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Abstract

One of the major difficulties climate models face is the lack of data on the way in
which the atmosphere couples energy, dynamics and composition vertically in the
Earth's climate system. This PhD thesis focuses on planetary wave activity in the
mesosphere-lower thermosphere (MLT): How the observed planetary wave activity
is coupled to the underlying atmosphere and how it affects its surroundings. A
method has been developed to observe planetary wave activity in the northern
hemisphere (50-66°N) MLT using neutral atmosphere winds derived from meteor
trail drifts observed by a longitudinal chain of Super Dual Auroral Radar Network
(SuperDARN) radars as a "ground-based” satellite. Using these observations, the
PhD thesis investigates the intra and inter-annual variability of planetary wave
activity in the MLT, its effect on the atmosphere and coupling to the underlying
atmosphere. To investigate the coupling to the underlying atmosphere, reanalysis
and model results have been used.

The seasonal climatology of nine years (2000-2008) of planetary wave activity
in the MLT shows an enhancement of wave activity during winter, mid-summer
and autumn. The autumn enhancement has been shown to occur simultaneously
with a minimum in gravity wave forcing in the MLT and a poleward perturbation
of the meridional circulation, suggesting a temporary forcing through westward
momentum deposition by planetary waves. The enhancement in summer results
from a year-to-year consistent quasi-stationary planetary wave S; structure. Inves-
tigations of the source of this structure rule out direct propagation and modulation
of gravity wave filtering by planetary waves at the tropopause. Finally the winter
enhancement has been shown to be triggered by stratospheric sudden warmings

and their modification of the underlying wind field.
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1. Introduction

Vertical coupling in the atmosphere is primarily due to waves. Waves generated
in the lower atmosphere can propagate upwards through the atmosphere. When
they break they dissipate energy and deposit momentum in the atmosphere. This
leads for example to the planetary wave (PW) driven Brewer-Dobson circulation in
the upper troposphere-lower stratosphere or the gravity-wave driven mesospheric
meridional circulation. The strength of this meridional circulation determines the
strength of the vertical flow in the Polar Regions and hence determines how far
long-lived species are transported in the atmosphere. [e.g. Lindzen, 1981; Brasseur
and Solomon, 2005]

Changes in wave activity in the mesosphere-lower thermosphere (MLT) have
the ability to create variations in the strength of this meridional circulation. Thus
any change in the wave activity will lead to variations of the vertical flow and the
chemical transport between the stratosphere and the mesosphere.

The existence of the meridional circulation in the mesosphere has been shown to
be controlled mainly through momentum deposition of gravity waves (GWs). This
has been investigated in many model [e.g. Holton, 1983; Garcia and Solomon, 1985]
and observational studies [e.g. Fritts et al., 2012; de Wit et al., 2014b]. However
some model studies indicate that PW activity is also present in the MLT region
[e.g. Liu and Roble, 2002; Limpasuvan et al., 2012; Chandran et al., 2013a, b].
Observations focusing on PW activity in the MLT are, however, less common.
Furthermore, the effect of PWs on the MLT is relatively undocumented, and their
main generation mechanisms, as well as how they are coupled to conditions in the

underlying atmosphere, are still open questions. This thesis seeks to answer these



1. Introduction

questions through long-term, multi-station observations of PW activity in the MLT
and by investigating both the effect of variability in the underlying atmosphere on
PW activity in the MLT as well as the effect of the PW activity observed in the
MLT on the circulation and temperature of this region.

For the observation and characterization of PW activity in the MLT, simultane-
ous measurements of meteor winds from a chain of northern hemispheric Super-
DARN radars have been used to document the inter and intra- annual variability of
PW activity with zonal wave numbers 1 and 2. The SuperDARN community has
provided high quality meteor wind data over several decades for various northern
hemispheric stations. This, and the number and spatial distribution of SuperDARN
stations in the northern hemisphere, makes it possible to extract zonal wave num-
ber one and two PWs over several years. For this thesis, PW activity in the MLT
has been retrieved over nine years (2000-2008). Furthermore the PW observations
have been combined with model and re-analysis data to study how variations of the
atmospheric background conditions in the middle atmosphere affect PW activity in
the MLT, and to what degree PW activity in the MLT can affect the atmosphere.

The way in which the PWs in the MLT are viewed varies. Some view PWs
in the MLT as images of PWs in the lower atmosphere that are projected into
the MLT through GW filtering by the PWs in the lower atmosphere [e.g Smith,
2003]. Others see them as non-interacting individual waves, each with their own
period [Mitchell et al., 1999; Taylor et al., 2001; Day et al., 2012] rather than
the superposition of waves, interacting with the background wind, but maintaining
their zonal character. In this work PWs are observed along a longitude band and
characterised by their zonal wave number. This view shows the temporal variation
of the superposition of all PWs with the same zonal wave number in the background
atmosphere, but maintains the possibility to extract single temporal components.

This thesis is a collection of journal articles, meaning that the main results are
summarized and discussed in the main part of the thesis (Chapter 2-5) while the

full details on the studies can be found in the papers I-IV in Appendix A.



2. How does PW activity in the
MLT vary?

To answer this question, PW activity has been observed through simultaneous ob-
servation of hourly meteor winds from a chain of northern hemispheric SuperDARN
radars [Greenwald et al., 1985, 1995] along a latitude band (~ 60°N) in the MLT
(approximately 95 km, [Hall et al., 1997]). The simultaneous use of several similar
and continuously running observation sites that are located close in latitude and
widely spread in longitude allows for a global view at this latitude. This global view
is similar to what can be achieved by satellites. However, in contrast to a satel-
lite, no aliasing problems arise since all the observations occur simultaneously at
ground-based positions and hence do not move relative to the earth. Due to these
qualities, the network has been called a "ground-based satellite” in this thesis.
The " ground-based satellite” and how it is used to observe PW activity with wave
numbers 1 and 2 in the MLT is presented and validated in Paper | [Kleinknecht
et al., 2014] and explained briefly below.

2.1. The "ground-based satellite”

The advantage of a satellite compared to a single ground based station is its
ability to collect measurements at many different locations on earth and give a
global picture. However the satellite’s continuous change of position with time
leads to these different spatial locations being observed at different times, aliasing
the frequency of phenomena that vary both spatially and temporally [Wu et al,

1995]. Satellites in non-sun synchronous modes, as for example the satellite of the



2. How does PW activity in the MLT vary?

Thermosphere lonosphere Mesosphere Energetics and Dynamics (TIMED) mis-
sion (http://www.timed. jhuapl.edu/WWW/index.php), needs 60 days to scan
through all solar local times at a given location. This will strongly smooth temporal
variations of the atmosphere that occur on time scales shorter than this, including
those of PWs. Other satellites in sun-synchronous modes, as for example Aura
(http://aura.gsfc.nasa.gov/about.html), measure each individual location
at the same solar local time. One therefore has to assume that conditions do not
change in the time it takes the satellite to arrive at each new measurement location
or between measurements at the same location. That is, one must assume that
the amplitude and phase of the atmospheric tides remain constant over the course
of the satellite measurements.

This assumption is, however, not valid in general. Mitchell et al. [2002] have for
example shown that both the amplitude and the phase of the semidiurnal tide in the
high northern latidudes is highly variable. The assumption that the measurements
take place during a single tidal phase will therefore lead to wrong conclusions. To
illustrate that point Figure 2.1 shows the daily mean meridional wind derived from
the SuperDARN radar at Stokkseyri (64.7°N, -26.9°E) in comparison with the
meridional wind at Stokkseyri measured at noon (12 SLT). It can be seen that the
variations of the tidal amplitude of the wind with time will give a totally different
picture of the state of the atmosphere and its variation than the daily-mean wind.

As an alternative to satellites, global networks of ground-based stations can be
used to get a global view of our atmosphere. A global network of approximately
identical ground-based stations that continuously measure atmospheric quantities,
for example the wind velocity, could give a global picture of the atmosphere sim-
ilar to that covered by a satellite. However, unlike a satellite, tidal effects can
be removed if the ground-based measurements at each location were performed
frequently throughout a day (e.g. hourly measurement). Such geographically dis-
tributed stations measuring simultaneously are able to remove the spatial-temporal
aliasing present in satellite observations, and therefore are referred to as a ground-

based satellite in this thesis.
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Figure 2.1.: Daily-mean meridional meteor wind (dashed line) and the merid-
ional meteor wind at noon (solid) from the SuperDARN station at
Stokkseyri. The snapshot of the atmosphere at noon gives a different
picture than the daily mean due to the presence of atmospheric tides
with variable amplitude and phase.

2.2. The SuperDARN network

The Super Dual Auroral Radar Network [Greenwald et al., 1985, 1995], known as
SuperDARN, is a global network of over 30 high-frequency radars built to sense
backscatter from ionospheric irregularities in the E-region (Kennelly-Heaviside layer;

90-150 km) and F-region (Appleton-Barnett layer; 150-800 km) of the atmosphere.



2. How does PW activity in the MLT vary?

The focus area of the network has been the Arctic and Antarctic regions and most
of the radars are therefore placed at high-latitudes. However, stations at mid-
latitudes have also been established in recent years. Figure 2.2 gives an overview
of the expanded network as of year 2014.

The first radar at Goose Bay, Newfoundland (gbr) started its operation in 1983
and is still in operation today. The newest SuperDARN radar stations started
operation in 2013 and are placed at South Pole Station, Antarctica (sps) and
Dome-C, Antarctica (dce).
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Figure 2.2.: The expanded SuperDARN radar network in 2014. The circles display
the geographical location of the radar sites. The direction of the arrows
shows the boresite (viewing direction) of the radar stations and the
end point of the arrow approximately indicates the centroid location
of the beam for meteor echoes. The radar stations marked grey did
not have sufficient data coverage between 2000 and 2008. The radar
stations marked red have been used as a ground-based satellite for
the latitude band between 51 and 66°N (red lines). The stations are
referred to by their 3-letter abbreviations listed in Appendix C.



2.2. The SuperDARN network

The continuous operation of the radars over an extended time, as well as the
large number of instruments distributed around the earth, make the SuperDARN
network an important tool to study the upper atmosphere. A list of all current

radar stations and their abbreviations can be found in Appendix C.

2.2.1. Meteor winds from SuperDARN

SuperDARN radars were originally built to study large-scale dynamical processes in
the magnetosphere-ionosphere system through backscatter from ionospheric irreg-
ularities. However it was shown later [Hall et al., 1997; Jarvis et al., 1999; Hussey
et al., 2000; Yukimatu and Tsutsumi, 2002] that they can also be used to measure
the neutral wind in the region of the upper-mesosphere lower-thermosphere (MLT)
since the sporadic echoes received in the first few range gates are mainly due to
scatter from the ionization trails left by meteors ablating in the MLT. These trails
travel with the neutral wind, which makes it possible to deduce the line of sight wind
over the meteor ablation altitudes (80-100 km) [Hocking et al., 2001]. Meteors
observed in the lowest range gates of the multiple beams of the SuperDARN radars
can then be combined in order to determine the vector neutral wind at the centroid
location of the beams. Standard SuperDARN radars have no altitude discrimina-
tion within the lowest range gates used for meteor-trail detection, but the mean
altitude of the wind derived from meteor echoes has been estimated to be 94 (£
3) km by comparing the derived wind with that observed by a co-located MF radar
[Hall et al., 1997]. This result has been verified by comparing winds from an imag-
ing Doppler interferometer (IDI) radar at Halley (75°S, 26°W) and a co-located
SuperDARN radar [Hibbins and Jarvis, 2008]. Recently, Chisham and Freeman
[2013] developed a new method for calibrating SuperDARN interferometric data
to estimate the meteor altitudes directly, finding a broad distribution between 75
and 125 km with a peak near 102-103 km. Although the peak of this meteor
distribution is higher than the altitude of the wind that has been inferred through
comparisons with other radars, Chisham and Freeman [2013] have suggested that

this difference is likely due to the averaging over the vertical structure of the wind.



2. How does PW activity in the MLT vary?

For the studies performed during this thesis, hourly averaged neutral meteor winds
obtained by the SuperDARN community, as processed by the standard SuperDARN
analysis, have been used (http://psddb.nerc-bas.ac.uk/data/access/).

2.3. SuperDARN as a ground-based satellite

The first part of the work for this thesis was to develop and validate a technique to
extract the zonal character of PWs using the meteor wind measurements from a
longitudinal chain of SuperDARN radars as a ground-based satellite, presented in
Paper | [Kleinknecht et al., 2014] - see Appendix A. A series of operations has to
be performed on the radar wind data to extract the PWs with zonal wave numbers
1 and 2. Since most of the stations have a view direction close to the north, the
meridional wind is more accurately resolved than the zonal wind. Therefore the
meridional wind was used for the extraction of the PWs. The stations used are
marked with red dots in Figure 2.2 and the geo-locations of their centroid position
are listed in Table 1 of Paper |. These stations are all located between 51 and
66°N and have sufficient data coverage in the years 2000-2008. The chain of
SuperDARN radars used spans longitudes between 150°W and 25°E.

First the hourly mean winds with mean locations different from the geometric
centroid of the beam, magnitudes above 100 m/s or with standard deviations of
zero were excluded to assure data quality. These values were removed since they
either indicate a nonstandard operation mode of the radar or unrealistic solutions
of the wind fitting algorithm [Hibbins and Jarvis, 2008]. Figure 2.3 shows the
quality-checked hourly meridional meteor winds from the SuperDARN radar at
Hankasalmi (64.4°N, 25.2°E) as an example. The data coverage is similar at all
SuperDARN stations in the chain.

To remove the effects of tides and the quasi 2-day wave, daily-mean winds were
produced by fitting a bias (which constitutes the mean wind), the tidal components
(8, 12 and 24 h) and a 2-day-wave component to a four day sliding window that
was moved by one-day intervals. An example of such a fit to a four day window is

shown in Figure 2.4.
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Figure 2.3.: Quality-checked hourly meridional wind measurements at Hankasalmi.

Day in 4-day window

Figure 2.4.: Example of a tidal and two-day-wave fit (red) to a four day window of
meridional wind at Hankasalmi. Hourly meridional winds (purple dots)
were weighted with the number of meteors by the fitting algorithm.



2. How does PW activity in the MLT vary?

Since the precision of the radar winds improves as the number of meteor echoes
used in their determination increases, the hourly mean meridional winds were
weighted by the number of meteors in the fitting process. Only windows that
had sufficient data coverage (see Paper I) to ensure an unbiased fit were trans-
formed into daily-mean winds. This analysis was performed at all of the eight
SuperDARN stations independently. Figure 2.5 shows the retrieved daily-mean
wind at the eight stations during the years 2000-2008.
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Figure 2.5.: Daily-mean meridional wind at all eight SuperDARN stations during
year 2000-2008. The stations are referred to by their 3-letter abbrevi-
ations - see Appendix C
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2.3. SuperDARN as a ground-based satellite

The meridional circulation (Section 3.1.2) is clearly visible with negative (i.e.
southward /equatorward) winds during summer and positive (i.e. northward/ pole-

ward) winds during winter.

In addition to the daily-mean wind, the daily-mean wind anomaly has been
calculated by differencing the mean wind for a particular day from its climatological
value. Figure 2.6 shows the daily-mean anomaly for 2000-2008 for all 8 stations.
Since both types of waves are of interest, planetary zonal wave structures have been

extracted for the daily-mean wind and the daily-mean wind anomaly datasets.
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2. How does PW activity in the MLT vary?

The zonal characteristics of PWs have then be extracted day by day. For each
day, the meridional wind (or wind anomaly) was fitted as a function of station
longitude using a constant bias as well as 360° and 180° sinusoidal functions, as
shown in Figure 2.7. These components represent the Sg, S; and Sy zonal wave
numbers, respectively. The fit was performed for all days where data from at least
6 of the 8 stations, including the most eastward and most westward located radars,
were available. No PW activity could be retrieved before year 2000 because the
most eastward radar station (Kodiak) only started operation that year. Before that,
the longitudinal coverage of the SuperDARN chain was not sufficient to extract

the zonal PW components.

01-Sep-2000
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Figure 2.7.: Example of a PW zonal wave number fit. The colored dots mark
the longitudinal position (x-axis) and the daily-mean wind anomaly
(y-axis) recorded at the stations on the 1 September 2000. The bias
is displayed as a black line, the fitted S; component is shown in green
and the So component is colored magenta. The total fit is shown in
red.
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2.3. SuperDARN as a ground-based satellite

A plot of each day’s independent fit of the zonal wave number as a function of

longitude and time results in a so-called Hovmoller diagram shown in Figure 2.8

for the year 2000. Red and blue colors signify northward (poleward) and southward

(equatorward) wind perturbations, respectively.

Figure 2.8.:
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Hovmdller diagram of zonal wave number one (a) and two (b) of
the meridional wind anomaly for the year 2000. Red and blue col-
ors signify northward (poleward) and southward (equatorward) wind
perturbations, respectively.
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2. How does PW activity in the MLT vary?

A Hovmoller diagram makes it easy to identify each wave component'’s propa-
gation direction and amplitude variation throughout the year. One should keep in
mind that each zonal wave component is the superposition of all waves with the
same zonal structure, i.e. a superposition of many different wave periods. The
different wave periods can be extracted from the wave components through spec-
tral analysis at a single longitude using a fast Fourier transformation, a wavelet
analysis [ Torrence and Compo, 1998] or in the case of unevenly spaced data, the
Lomb-Scargle method [Press and Teukolsky, 1988]. An example of an extraction

of a specific wave period can be found in Paper |, Figure 4.

2.4. PW activity in the MLT

The intra-annual variation of PW activity in the MLT, visible in the Hovmoller
diagram shown in Figure 2.8 for the year 2000 and in Figure 5 and 6 in Paper | for
all years between 2000 and 2008, can be examined as a time series and seasonal
climatology of the observed PW amplitudes. This has been done for both the PW
amplitudes derived from the meridional wind as well as from the meridional wind
anomaly (the derivation of the meridional wind from its climatological mean).
Figures 2.9 (a) and (b) show the seasonal climatology of PW amplitudes (sum
of zonal wave numbers one and two) for (a) the meridional wind and (b) the
meridional wind anomaly, respectively. In addition Figures 8 and 9 in Paper |
[Kleinknecht et al., 2014] show the PW amplitudes for zonal wave number one
and two separately.

The climatology of both datasets shows an enhancement of the PW amplitudes
during autumn and late winter. In addition, a very strong enhancement can be
seen in the PW amplitudes retrieved from the meridional wind during mid-summer.
This observation leads us to the question as to where this activity comes from and

if its variability is related to the variability of the underlying atmosphere.

14



2.4. PW activity in the MLT

(a) daily-mean merid. wind
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Figure 2.9.: Climatology of MLT PW amplitudes (S1+S2) from the SuperDARN
chain derived (a) from the daily-mean meridional wind and (b) from
the daily-mean meridional wind anomaly. The white line shows the 15
day smoothed climatology. The black error bars depict the year-to-year
variability (1-0 standard derivation).
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3. How does the variability of the
middle atmosphere affect PW
activity in the MLT?

To be able to answer the question as to how and if PW activity in the MLT s
related to variability in the middle atmosphere we first have to recall how the
middle atmosphere varies throughout the year and how PWs are affected by the

atmosphere.

3.1. Variability throughout the middle atmosphere

Conventionally the atmosphere is divided in vertical layers according to the sign
change of the temperature gradient with height. Figure 3.1 shows (a) the zonal-
mean temperature and wind structure of the atmosphere during December solstice
and (b) the annual mean temperature distribution as derived from the Whole
Atmospheric Community Climate Model (WACCM), which is briefly described
in Appendix B. In the lowest layer, the troposphere, the temperature decreases
with altitude because the effect of surface heating reduces. It is bounded by the
tropopause at around 15 km and followed by the stratosphere, which is bounded by
the stratopause at around 50 km. In the stratosphere the temperature rises with
altitude due to absorption of solar ultra-violet radiation by ozone, known as ozone

heating. The temperature then drops again in the mesosphere due to diminished

17



3. How does the variability of the middle atmosphere affect PW activity in the MLT?

radiative heating and increased radiative cooling to space by, for example carbon
dioxide. The temperature maximum between the stratosphere and the mesosphere
is called the stratopause. Both layers together are often referred to as the middle
atmosphere and are bound by the mesopause at around 100 km. The region above
is called the thermosphere. Here the temperature rises again due to molecular

dissociation by very energetic solar radiation.
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Figure 3.1.: Atmospheric structure derived from WACCM. (a) Solstitial atmo-
spheric conditions of zonal-mean temperature (color plot), zonal-mean
zonal wind (black contour lines) and zonal-mean vertical and merid-
ional wind (white arrows). The vertical speed has been enlarged for
better visibility. (b) Annual-mean temperature structure.
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3.1. Variability throughout the middle atmosphere

In addition to the general change of temperature with altitude, strong latitudi-
nal variations between the summer and the winter hemisphere can be observed.
These variations are related to differences in solar insolation (i.e. more hours of
sunlight during summer) and to the dynamical forcing through waves that results

in adiabatic heating and cooling.

3.1.1. Variations in the stratosphere

The 24-hour heating in the polar stratosphere during summer, due to solar absorp-
tion by ozone, results in a decreasing temperature gradient towards the equator.
This results in a strong, westward, geostrophic, thermal wind in the summer strato-
sphere. In the winter polar stratosphere, where little or no solar heating takes place,
the temperature increases towards the equator leading to strong eastward thermal
wind [e.g. Andrews, 2010]. This cyclonic circulation (eastward flow around the
winter pole) maximizes at mid-latitudes (~ 50 ° latitude) at an altitude of approx-
imately 1 hPa (~ 50 km) and is called the polar vortex. This is illustrated in Figure
3.1 which depicts the climatological temperature and wind data from WACCM at

December solstice.

This stratospheric zonal wind interacts strongly with GWs (Section 3.1.2) and
PWs (Section 3.2). For example, the polar vortex can be weakened and disturbed
by PW interaction with the mean flow [Matsuno, 1971]. The Arctic polar vortex
is less stable than the Antarctic polar vortex since the zonal distribution of water
and land masses in the Northern Hemisphere is a source of PWs. The variability
of the northern polar vortex leads to strong variations in the stratospheric wind
conditions during winter and strong vertical coupling. One extreme example of this
is a stratospheric sudden warming (Section 3.1.3), where the polar vortex winds

can reverse briefly, reflecting summer time wind conditions.
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3. How does the variability of the middle atmosphere affect PW activity in the MLT?

3.1.2. Variations in the mesosphere

The mesosphere is strongly dynamically driven. The pole-to-pole residual circu-
lation established by wave breaking is strongest around solstice and called the
solstitial mesospheric circulation or meridional circulation. It is known to be driven
by non-isotropic momentum deposition by GWs in the mesosphere. Density oscil-
lations produced by these waves are coupled to temperature, pressure and wind-
velocity variations. Periods of GWs are typically short (i.e. several minutes to 1
day). However, the bulk of the energy and momentum are carried by waves with
periods less than 1 hour [Vincent, 1984].

GWs can have westward as well as eastward phase speeds. Their propagation
depends strongly on the zonal background winds of the atmosphere. GWs that
encounter a wind velocity equal or greater than their wave phase velocity will be
absorbed by the background flow [Fritts and Alexander, 2003]. When this occurs,
the waves are said to have reached a critical level.

As shown in Figure 3.1, stratospheric winds reach a maximum near the peak of
the ozone heating, and any wave coming from below with a phase velocity less
than the maximum wind velocity will reach critical levels below the stratopause.
This alters the GW spectrum that can reach the mesosphere, with a predominance
of eastward waves in the summer and westward waves in winter. This is illustrated
in Figure 3.2.

Since the energy density of a wave is preserved, its amplitude will increase
in proportion to the exponential decrease of atmospheric density with height as
it moves upward. If the amplitude of the wave gets too large the temperature
perturbations related to the wave cause the temperature gradient to exceed the
adiabatic lapse rate. This causes the wave to become unstable and break. The
momentum carried by the wave will then be transferred to the atmosphere. Waves
generally reach amplitudes that lead to breaking in the mesosphere [Lindzen, 1981].
Thus the change of the stratospheric wind direction and strength throughout the
year (Section 3.1.1) alters the GW momentum deposition in the mesosphere by

wave breaking.
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Schematic sketch of a gravity wave filtering by the tropospheric and
stratospheric winds. After Lindzen [1981]

This seasonal variation of the gravity-wave momentum deposition in the meso-

sphere, with net-eastward momentum deposited in summer and net-westward mo-

mentum in winter, results in a force that pushes the wind to the east in summer

and to the west in winter. Since this results in a deceleration of the zonal wind in

the mesosphere the force is often referred to as a drag force. However this force

does not approach zero when the wind speed approaches zero as is common for a

conventional drag force. Rather it continues to turn the zonal wind in the MLT

as illustrated in Figure 3.1, where the climatological temperature and wind data

from WACCM at December solstice are shown.
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3. How does the variability of the middle atmosphere affect PW activity in the MLT?

The turning of the wind results in an enhanced meridional flow towards the
equator in the summer and towards the pole in the winter hemisphere [e.g. Lindzen,
1981]. This leads to a residual circulation from the summer to the winter pole. The
result of this meridional motion is convergence and downwelling at the mesospheric
winter pole and divergence and upwelling at the mesospheric summer pole [e.g.
Brasseur and Solomon, 2005]. The adiabatic heating and cooling that results from
the downwelling and upwelling of air parcels at the poles leads to a warm winter
pole and cold summer pole, respectively. This is illustrated in Figure 3.1 with
climatological temperature and wind data from WACCM at December solstice.

Additional interaction of PWs with this meridional circulation might alter the
strength of the flow and hence result in a modulation of the vertical coupling. The
effect of PWs on the mesospheric meridional circulation has been investigated in
this thesis and is presented in Section 4.1.2 and 4.1.1 as well as in Papers Il and
1.

3.1.3. Stratospheric sudden warmings

As mentioned in Section 3.1.1, the polar vortex can be disturbed through inter-
actions with PWs. These disturbances range from local perturbations to total
breakdowns of the polar vortex and can lead to effects that are observable all the
way from the troposphere into the thermosphere and ionosphere [e.g. Limpasu-
van et al., 2004; Goncharenko et al., 2010; Pancheva and Mukhtarov, 2011; Yuan
et al.,, 2012]. These strong disturbances are referred to as stratospheric sudden
warmings (SSWs) because they were first observed through the sudden heating
in the polar stratosphere. SSW events are divided into major and minor events
by the World Meteorological Organization (WMO). Major events are defined as a
positive poleward temperature gradient between 60° latitude and the pole and a
zonal mean wind reversal at 10 hPa and 60° latitude. Minor events are defined as
those which show only a significant temperature increase at stratospheric altitudes
[Chandran et al., 2013a].
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3.1. Variability throughout the middle atmosphere

Recent studies of SSW events favour the use of polar cap temperatures or winds
to define the existence and strength of an SSW event [ Tweedy et al., 2013; Chan-
dran et al., 2014]. For the investigations in this PhD work SSW events have been
defined as those characterized by a wind reversal of the zonal-mean zonal polar
cap (70-90 © latitude) at an altitude of 0.7 hPa (~ 50 km), after Tweedy et al.
[2013]. Figure 3.3 shows SD-WACCM results for the general behaviour of the polar
cap zonal-mean temperature (a) and the zonal-mean zonal (b), meridional (c) and
vertical (d) winds during a polar cap wind reversal in December 2001. Early in the
event (days -30 to -10) there are general wintertime conditions. The temperature
(Figure 3.3 a) increases with altitude up to ~ 60 km, whereupon it decreases up
to the mesopause, with the maximum temperature, the stratopause, occuring near
60 km. The model zonal wind (Figure 3.3 b) is eastward in the stratosphere and
westward in the mesosphere. The meridional (Figure 3.3 c) and vertical (Figure
3.3 d) winds are respectively slightly poleward and downward in the lower meso-
sphere. During an SSW event strong stratospheric PWs interact with the eastward
polar vortex. They deposit westward momentum and decelerate and reverse the
zonal wind. Day zero (black vertical line) is set to the onset of the reversal of
the stratospheric polar cap zonal-mean zonal wind at 50 km. The deceleration of
the wind leads to a heating and decent of the stratopause. The deceleration of
the polar vortex also reduces the filtering effect on eastward waves, and during the
reversal, produces stronger filtering of westward propagating waves. This leads to
a change in the momentum deposition in the mesosphere, resulting in a reversal
of the mesospheric winds from westward to eastward and a corresponding change
of the meridional circulation [Limpasuvan et al., 2012], as can be seen in Figure
3.3. The resulting equatorward and upwelling flow in the polar mesosphere tem-
porarily produces summertime conditions. Wave interaction with the background

atmosphere results finally in a re-establishment of pre-SSW wintertime conditions.
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3. How does the variability of the middle atmosphere affect PW activity in the MLT?
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zonal (b), meridional (c) and vertical (d) wind variations during a
sudden stratospheric warming (here: 22.12.2001) extracted from SD-
WACCM.



3.2. Planetary waves

Some SSWs are followed by a nearly isothermal vertical temperature profile
in the upper stratosphere and lower mesosphere, after which the temperature
maximum (stratopause) forms again through convergence at altitudes around 75-
80 km [Chandran et al., 2014, and references therein]. Such an event is known as
an elevated stratopause (ES) event since the altitude of the stratopause is elevated
from its climatological wintertime location (~60 km). This elevated stratopause
will propagate downward to its pre-SSW altitude after the warming when the zonal
and vertical gradients return to general wintertime conditions. All SSWs have the
same general development as the SSW described above, but they vary widely in
strength, duration, extent and onset date. The effects of SSWs lead to enhanced
vertical coupling which can be seen throughout the whole atmosphere. Their effect
on PW activity in the MLT has been investigated in this thesis and is presented in
Section 4.2.1 and Paper IV [Stray et al., 2015].

3.2. Planetary waves

Here we briefly recall the concept of PWSs and how their propagation can be affected
by winds. PWs are large-scale motions of the atmosphere. They have horizontal
scales of thousands of kilometres, a vertical size of several kilometres and periods
on the order of days. Also known as rotational waves or Rossby waves, they are
important for the understanding of many large-scale atmospheric phenomena. The
latitudinal gradient of the planetary vorticity caused by the rotation of the earth
provides the restoring force for PWs. Briefly, atmospheric motion is controlled by
conservation of absolute vorticity (=relative vorticity of an air parcel + planetary
vorticity) under non-divergent conditions.

The displacement of an air parcel towards the north will reduce the planetary
vorticity and make the parcel spin up in a clockwise sense to conserve absolute
vorticity. This creates northward air motion to the west of the parcel and south-
ward air motion to the east of the parcel. This moves parcels west of the initial

perturbation northward, where they too spin up in a clockwise sense. On the other
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3. How does the variability of the middle atmosphere affect PW activity in the MLT?

hand, the parcels to the east of the initial disturbance are moved southward, slow-
ing their clockwise rotation and ultimately taking an anticlockwise rotation as they
pass south of their equilibrium position. Hence the initial northward displacement
will move towards the west and can be described by a westward propagating wave

motion, as shown in Figure 3.4.
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Figure 3.4.: Schematic sketch of a planetary wave. The blue line indicates the
equilibrium latitude of the parcel before the displacement. The sine
curves symbolize the propagation of the wave to the west, with the
dashed line following the solid line in time.

3.2.1. PW interaction with the atmosphere

The propagation of PWs depends strongly on the zonal background wind and
the zonal phase speed of the wave: Charney and Drazin [1961] used a simplified
analytical solvable system to derive that stationary PWs can only propagate into

regions of eastward wind that is not too strong. More generally speaking Volland

26



3.2. Planetary waves

[1988] states that planetary waves can only exist when the zonal mean wind (@)

is both smaller (more westward) than the Rossby critical velocity (U.),

u< U, (3.1)
and larger (more eastward) than the zonal phase velocity (c,) of the wave,

u > cp. (32)

The phase velocity,
a$) cos(¢)

Cp = —— =
P st

depends on the period, 7, and the zonal wave number of the wave, s, in addition
to the Earth’s radius, a, the angular velocity, €2 and the latitude of the disturbance,
¢ [Forbes, 1995]. The critical velocity, U, is defined as follows:

kHg i 1
C = . Q M M 2 - e — ,
U.=a cos() ( l92a2] 57')

where £ is the ratio of the gas constant to the heat capacity at constant pressure,

H is the scale height and g is the gravitational acceleration.

The intrinsic frequency of a PW entering an area where the wind is westward
with respect to its zonal velocity (@ < ¢p) will vanish. That is, the wave energy will
be absorbed by the background flow. Borders to such an area are called critical
lines or zero wind lines in the specific case of stationary waves (c,=0). PWs
entering areas where the eastward winds are too strong (u > U,) will be reflected

on so-called turning lines.

Typically PWs are observed with periods between 2 and 20 days with zonal wave
numbers between 1 and 3 [Forbes, 1995]. The zonal phase velocity of these waves
at 50° latitude is around -10 to -60 m/s and their critical velocity is between 10
and 50 m/s, as can be seen in Figure 3.5. Hence their phase speed and critical

velocity are on the order of the extratropical middle atmospheric summertime
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3. How does the variability of the middle atmosphere affect PW activity in the MLT?

and wintertime zonal wind speeds, respectively. Middle atmospheric winds can
therefore strongly alter PW propagation through the atmosphere. In particular the
summertime stratospheric westward winds absorb the majority of PWs propagating
into the high latitude summer stratosphere. The high latitude middle atmosphere
only generates turning lines during winter, and, in contrast to summer, is much

more disturbed by PWs.
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Figure 3.5.: (a) phase speed, c,, and (b) critical velocity, U., at 50°N of PWs
typically observed in the middle atmosphere.

In the atmosphere, stationary as well as propagating and travelling normal mode
waves with a variety of temporal periods can exist. However the atmosphere
responds not to a single mode, but to the superposition of all temporal modes. The
superposition of these temporal periods for all waves of a given zonal wave number
will itself have that same zonal wave number character, but with a temporally

varying amplitude and phase (longitude of maximum amplitude).
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4. How does PW activity in the
MLT affect the atmosphere?

4.1. PW effects on the atmosphere

The specific question to be addressed was whether PWs can affect the MLT, which
is commonly known to be strongly driven by the momentum deposition of GWs
[Section 3.1.2]. In Section 4.1.1 we show the presence of a strong, climatologically
stable wind and temperature structure in the summertime MLT that represents a
PW even through the underlying wind field is in the westward (blocking) direction.
In addition, evidence for temporary forcing of the meridional circulation by PW
momentum deposition during fall is presented in Section 4.1.2. The details of
these studies can be found in Paper Il [Stray et al., 2014b] and Paper Il [Stray
et al., 2014a] in Appendix A.

4.1.1. Quasi-stationary planetary waves in the summer MLT

Meridional winds in the MLT have been observed by the chain of 8 SuperDARN
radars as described in Section 2.2. The observed wind is located in a latitude
band at ~60°N and at an altitude of ~95 km. The climatology of the meridional
wind has been created for all stations from all available data until 2008. These are
presented in Figure 4.1 (a). During mid-summer, the magnitude of the wind is a
strong function of the station longitude. Examination of the average summertime
wind (from day 170 to 190) at the longitude of each station shows a strong wave-

like feature to be present, as can be seen in Figure 4.1 (b).
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4.1. PW effects on the atmosphere

This wave-like longitudinal variation can be decomposed into PW zonal wave
numbers. The technique described in Section 2.3 has been used to retrieve PW
zonal wave numbers 1 and 2 for all days with sufficient data coverage between
the years 2000 and 2008. The retrieved PW activity is presented as Hovmoller
diagrams for each summer (May-August) and each zonal wave number in Paper
[, Figure 3. The Hovmoller diagrams reveal a strong quasi-stationary wave with
the zonal wave number one (S1) component during mid-summer. The amplitude of
the retrieved PW is similar each summer as can clearly be seen in the climatology of
the PW amplitudes in Figure 2.9 and in Paper |, Figure 9. The longitudinal phase
of the zonal wave number 1 PW is not only quasi-stationary throughout each mid-
summer (June-August) it also occurs with the same longitudinal phase during all 9
years of observation. This stable phase represents a poleward perturbation of the
meridional wind above Russia and an equatorward perturbation of the meridional
wind over the Atlantic sector (~0-60°W).

The existence of such a perturbation of the meridional wind in the MLT suggests
a modulation of the meridional circulation in the MLT. The enhanced equatorward
winds above the Atlantic sector would suggest stronger upwelling and adiabatic
cooling and hence colder temperatures above the Atlantic sector. This could ex-
plain the high frequency of occurrence of polar mesospheric clouds (PMC) observed
in this sector [Chandran et al., 2010].

The source of the observed longitudinal variation of the meridional wind has
been investigated through studies of the wind structure and PW activity in the
underlying atmosphere using assimilated winds from the Modern-Era Retrospective
analysis for Research and Application (MERRA, Appendix B). The results of this
investigation indicate that neither PW modulated filtering of GWs in the lower
atmosphere nor direct vertical propagation through the stratosphere represents a
significant source. However, longitudinal differences in GW sources and barotropic
and baroclinic instabilities, as well as inter-hemispheric coupling, remain as possible

explanations for the longitudinal structure in the meridional wind in the MLT.
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4. How does PW activity in the MLT affect the atmosphere?

4.1.2. Temporary forcing of the meridional circulation by

planetary waves in the MLT

Here the effect of PWs in the MLT on the meridional circulation during fall is
investigated. The results, summarized here and presented in detail in Paper Il
[Stray et al., 2014a], show evidence for temporary PW forcing of the MLT dur-
ing the fall equinox. The effect of this temporary forcing by PWSs is a concurrent
poleward wind perturbation and subsequent temperature enhancement in the MLT
around fall equinox. The fall enhancement of PW amplitudes is coincident with a
minimum in the magnitude of the stratospheric winds, and consequently a mini-
mum in the stratospheric filtering of GW's [Section 3.1.2] and PW's [Section 3.2]
with non-zero phase speed. The GW filtering is reduced since the low zonal wind
magnitudes that occur during fall result in fewer GWs encountering critical levels.
However, this enhanced momentum deposition does not necessarily result in an
enhanced net-forcing. An isotropic source distribution of GWs encountering weak
winds with no preferential direction, a situation that occurs during equinox, results
in a similar amount of eastward and westward momentum deposition in the MLT
[Section 3.1.2]. Thus, there would be little net-forcing. This reduced net-forcing
by GWs in fall has been observed with a new generation All-Sky Interferomet-
ric (SKiIiYMET) meteor radar located in Trondheim (63°N,10°E), Norway [de Wit
et al., 2014a, b] and is presented in Paper IlI, Figure 5.

In contrast to GWs, the source spectra of PWs is not isotropic since PWs always
have a westward phase speed as discussed in Section 3.2. The weak westward and
eastward winds present around equinox will therefore result in few critical (z = ¢))
or turning (@ = U,) lines, respectively. As a result there is enhanced transmission of
PWs into the MLT and an increase of the westward momentum carried to the MLT
by PWs. This additional westward momentum temporarily drives the mesospheric
meridional circulation towards the pole and leads to increased poleward flow. Such
an increased poleward flow in the MLT was observed simultaneously with the

enhancement of PW activity in the MLT.

32



4.1. PW effects on the atmosphere

As an example Figure 4.2 shows the climatology of the daily mean meridional
wind (blue) in the MLT (~95 km) measured by the SuperDARN radar at Stokkseyri
(64.7°N, 26.9°W) and the 20 day smoothing of this climatology (green). A com-
parison with the seasonal change of meridional wind due to pure radiative and GW
forcing, represented by the annual and semi-annual components of the wind (red

line), shows a strong poleward perturbation around fall equinox.
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Figure 4.2.: Climatology of the daily mean meridional wind (blue) in the meso-
sphere (~95 km) measured by the SuperDARN radar at Stokkseyri
and the 20-day smoothing of the climatology (green). The red curve
depicts the seasonal effect due to pure radiative and GW forcing. A
poleward perturbation away from the standard picture is clearly visible
around fall equinox. From Paper Il [Stray et al., 2014a].

The increased poleward flow results in stronger convergence and downwelling

at the pole than that provided by the GW forcing during this time. This, in
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4. How does PW activity in the MLT affect the atmosphere?

turn, leads to a temporary enhancement of the mesospheric temperature. Such
a perturbation of the temperature has been observed using LIDAR [She et al.,
2000; Pan and Gardner, 2003; Kawahara et al., 2004]. These observations show
a temperature perturbation that propagates downward from the MLT in time.
In addition hydroxyl (OH) rotational temperatures at ~ 87 km show enhanced
temperatures following the PW enhancement observed in the MLT [e.g. Espy and
Stegman, 2002]. An example of such a temperature enhancement can be seen
in Figure 4.3 showing a superposed annual epoch of Meinel OH (3,1) rotational

temperatures (~ 87 km) from 1991 to 1998 above Stockholm, Sweden.

Figure 4.3.: Superposed annual epoch of Meinel OH (3,1) rotational temperatures
(~ 87 km) from 1991 to 1998 (points) from Stockholm, Sweden. The
error bars represent the standard error of the mean. The "shoulder”
of the enhanced temperature is seen after day 250. From Espy and
Stegman [2002].
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4.2. The effect of middle atmospheric variability on PW activity in the MLT

The study shows that at times when the GW forcing is at a minimum, the
westward momentum carried by PWs can become the primary driver of the residual
meridional circulation in the MLT and results in a perturbation to the smooth

seasonal transition.

4.2. The effect of middle atmospheric variability
on PW activity in the MLT

The strong PW activity observed during fall equinox showed a strong connection
between the stratospheric wind conditions and the occurrence of PWs in the MLT.
That is, low stratospheric wind speeds (eastward and westward) throughout the
middle atmosphere make the atmosphere transparent to PW propagation. In the
following section the correlation between sudden changes of the middle atmo-
spheric wind field and enhanced PW activity in the MLT are presented through
investigations of the effect of stratospheric sudden warmings on PW activity in
the MLT. Stratospheric sudden warmings have been defined in Section 3.1.3. All
details of the study presented below can be found in Paper IV [Stray et al., 2015]
in Appendix A.

4.2.1. MLT Planetary wave activity triggered by SSWs

As noted in Section 3.1.1 and 3.1.3 stratospheric sudden warmings (SSWs) often
appear in the northern hemisphere and lead to reversals of the polar vortex and
strong coupling throughout the atmosphere. This study investigates whether the
observation of PW enhancements in the MLT during winter, presented in Section
2.4, could be related to SSWs. Previous model results and a single case study of
a strong SSW event have shown the capability of SSWs to trigger enhanced PW
activity in the MLT [Limpasuvan et al., 2012; Chandran et al., 2013a, b]. Here

observations of MLT PW activity (zonal wave numbers 1 and 2) derived from
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4. How does PW activity in the MLT affect the atmosphere?

the SuperDARN network using the technique described in Section 2.3 have been
used to investigate whether the MLT PW enhancement is related to strong SSW
events only, or if it is in fact a general feature related to any reversal of the strato-
spheric (~50 km) polar cap (70-90°N) zonal-mean zonal wind that occurs during
SSWs, irrespective of the strength of that reversal. The study shows a drastic
enhancement of the MLT PW activity after strong SSW events, and this has been
confirmed by model results using the Specified Dynamics Whole Atmospheric Com-
munity Model (SD-WACCM, Appendix B). These strong events are all followed
by elevated stratopause events. In addition, a moderate but significant correlation
(correlation coefficient of 0.4) between all reversals of the stratospheric polar cap
zonal-mean zonal wind and PW enhancements in the MLT was found. This corre-
lation demonstrates that in general, polar cap stratospheric wind reversals during
SSW trigger PW activity in the MLT.

Indications as to the source mechanisms of the observed PW enhancement dur-
ing stratospheric wind reversals triggered by an SSW can be obtained from the
background condition and the PW activity from the ground to ~120 km that
has been modelled using SD-WACCM (Appendix B). The modelled PW activ-
ity indicates that the PW activity minimizes at altitudes around 80 km before it
strengthens again at higher altitudes in the MLT. This minimum suggests that
the PW activity in the MLT after the onset of the wind reversal might be locally
generated and is not a continuation of the enhanced stratospheric PW activity.
Furthermore, the modelled temperatures and winds in the middle atmosphere re-
veal strong vertical wind and temperature gradients during SSWs. The existence
of such strong gradients in wind and temperature favour the development of baro-
clinic and barotropic instabilities [e.g. Matsuno, 1971; Pedlosky, 1979; Nielsen
et al., 2010] which have the ability to generate secondary PWs in the MLT [e.g.
Chandran et al., 2013b]. However, secondary PWs in the MLT can also be gener-
ated in-situ by zonal asymmetric GW drag as a result of asymmetric wind conditions
during SSWs [e.g. Liu and Roble, 2002]. This asymmetric drag results from the

filtering of GWs by the zonally asymmetric stratospheric winds.
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4.2. The effect of middle atmospheric variability on PW activity in the MLT

Further modelling and altitude-resolved observational studies would be required
to determine the actual source of the enhanced PW activity. This study however
demonstrates not only that the variations in the middle atmosphere conditions can
control the PW activity in the MLT, but also that the strong influence of SSWs on
PW activity in the MLT is independent of the strength of the stratospheric wind
reversal during the events, demonstrating the strong dependence of PW activity

in the MLT on variations of middle atmospheric conditions.
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5. Conclusions

The importance of gravity waves (GWs) in affecting the mesosphere lower thermo-
sphere (MLT) and creating the meridional circulation has been widely recognized.
The existence of planetary waves (PWs) in the MLT and their additional effect on
that region is, however, less well documented and studied. This thesis shows how
PWs can affect the MLT region, especially the meridional circulation, and how
strongly the PW activity in the MLT depends on the variations of the underlying
atmosphere.

In this thesis it has been shown that during times when the GW forcing is low,
PW momentum deposition directly influences the strength of the meridional circu-
lation. Consequently, this influences the vertical transport in this region, changing
the temperature and composition not only in the MLT but also in adjacent regions.
At other times it has been shown that PWs modulate the longitudinal structure
of the meridional wind and temperature around the pole which, for example, can
modulate the longitude where polar mesospheric clouds preferentially form and
occur.

The strong correlation to conditions in the underlying atmosphere shows the
MLT region is strongly influenced by variations in the middle atmosphere. However
these variations occur not only in predictable annual cycles, but also show inter-
annual variability, even occurring suddenly during SSW events that influence the
entire atmosphere. This highlights the need to be able to predict the variations in
the middle atmosphere. In addition this shows the importance of understanding
how middle atmospheric variations couple into the MLT and modulate this region

through PW activity.
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5. Conclusions

This thesis developed a " ground-based satellite” using SuperDARN meteor wind
measurements to observe PW activity with zonal wave numbers one and two in the
MLT. This allowed the question as to when PW activity is present in the MLT to
be answered [Paper |, Kleinknecht et al., 2014], and it was shown that strong PW
enhancements occur during mid-summer, late winter and fall equinox. It was shown
that this enhanced PW activity during fall temporarily drives the global meridional
circulation [Paper Il, Stray et al., 2014a], and that the strong stationary PWs during
summer have the ability to modulate the longitudinal temperature structure and
composition of the MLT and the underlying region [Paper Ill, Stray et al., 2014b)].
In addition, this thesis has shown how the observed PW activity is coupled to
variations in atmospheric conditions in the underlying atmosphere, demonstrating
how polar cap wind reversals during SSWs [Paper IV, Stray et al., 2015] and low
stratospheric wind magnitudes during fall equinox [Paper Il, Stray et al., 2014a]
change the PW activity in the MLT. In addition, possible source mechanisms for
the PW activity that has been observed have been investigated using re-analysis
data and simulations with coupled chemical-dynamical assimilation models.

As a body, this work shows that PW activity in the MLT has a significant effect
on this region and adjacent areas, and that it is strongly related to variations of

atmospheric conditions in the underlying middle atmosphere.

The observations of PW activity in the MLT obtained in this work form a start-
ing point for examination how these variations of the neutral atmosphere drive
the variations in the ionosphere that have been the subject of recent attention
[e.g. Immel et al., 2006; Pedatella and Forbes, 2010] and form the basis for the
lonospheric Connection Explorer (ICON), a NASA mission scheduled for 2017 to
understand the physics that lies beneath the unpredictability of our space envi-
ronment. Thus, this work opens the opportunity to utilize the SuperDARN radar
system to understand how and when planetary wave activity in the MLT can couple

into the ionosphere, how strong this coupling is and how it affects the ionosphere.
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Abstract The zonal wave components 1 and 2 were extracted from the meridional wind along the
latitude band of 51-66°N for the years 2000-2008 using eight Super Dual Auroral Radar Network
(SuperDARN) radars spanning longitudes from 25°E to 150°W. Each extracted zonal component represents
the superposition of all temporal periods with that zonal structure and indicates the total planetary wave
energy available with that wave number. The Hovméller diagrams show stationary as well as eastward and
westward traveling planetary waves propagating in the background wind. The method used to detect the
zonal planetary wave components in the SuperDARN data are detailed and validated using UK
Meteorological Office data, which allows the evolution of S, and S, planetary wave energy between the
stratosphere and mesosphere to be assessed. The climatology of zonal wave number 1 and 2 planetary
wave activity in the mesosphere-lower thermosphere (MLT) is presented and compared to the activity in
the stratosphere. The MLT climatology of the mean wind anomalies shows stronger planetary wave
activity during winter and weaker activity during summer with enhancement around midsummer and
autumn equinox. The climatology of the mean wind displays similar amplitudes apart from very strong S,
planetary wave amplitudes during summer. In addition planetary wave activity during winters with major
and minor stratospheric warming events are examined and contrasted.

1. Introduction

The interaction of radiation, dynamics, and chemistry, coupled with the curvature and rotation of the Earth,
creates a complex structure in the atmosphere and a wide range of wave phenomena, such as tides, gravity,
and planetary waves, with time scales in the range from a few minutes to several weeks. The cause and effect
of planetary wave activity in the mesosphere-lower thermosphere (MLT) is still an open question. Some
studies [e.g., Dowdy et al., 2004; Espy et al., 2005; Chshyolkova et al., 2006; McDonald et al., 2011] suggest

an extension of the stratospheric wave field. Others found evidence for additional planetary wave activity
through in situ generation by dissipation or breaking gravity waves and/or propagation of planetary wave
activity from the winter hemisphere or equator to the summer MLT [e.g., Williams and Avery, 1992; Forbes,
1995; Espy et al., 1997; Mitchell et al., 1999; Smith, 2003; Garcia et al., 2005; Pancheva et al., 2008].

In this study the wind field is separated into zonal wave numbers 1 (S,) and 2 (S,). The sum or superposition
of all planetary wave modes of zonal structure 1 itself has zonal structure 1 with time-dependent amplitude,
similarly for wave number 2. Because the atmosphere responds to the total superposition of all wave energy,
not to a single period, wave number or propagation direction, the S, and S, wave energies have been used
as a standard technique to assess the total wave forcing and its zonal character in stratospheric analyses
[e.g., Labitzke, 1977, 1981; Bancald et al., 2012]. For that reason it has been adopted here. Not only does it
give the total planetary wave energy available (and its longitudinal character), but it may easily be com-
pared with stratospheric wave energy to assess the energy deposited in the background flow and its zonal
structure. Comparison of the climatology of zonal wave numbers 1 and 2 planetary wave structures in the
MLT and the stratosphere can be used to understand how MLT and stratospheric planetary wave activity
are related. In addition, it indicates those seasons where mesospheric waves might be an extension of the
stratospheric waves and when they are most likely generated locally in the mesosphere.

Planetary wave activity throughout the middle atmosphere has mainly been studied on a global scale

by satellites [e.g., Belova et al., 2008; McDonald et al., 2011]. However, some studies have also used multi-
ple ground-based radar stations to trace the propagation of planetary waves [e.g., Espy et al., 2005;
Baumgaertner et al., 2008] and to compare that multiple-station data with satellite observations [e.g., Bristow
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et al., 1999; Pancheva et al., 2008]. Satellites give the opportunity to scan the whole Earth, making obser-
vations of the global behavior of planetary waves possible. The disadvantage of satellites is that they alias
spatial and temporal information since it may take between 1 day and several weeks before a given geo-
graphic location is sampled at the same local time [e.g., Wu et al., 1995]. In addition, if they operate in a Sun
synchronous mode, only one phase of the migrating tide is observed.

Here the zonal wave numbers 1 and 2 planetary wave structures in the MLT have been observed using the
Super Dual Auroral Radar Network (SuperDARN) [Greenwald et al., 1985, 1995] around the North Pole oper-
ating as a so called “ground-based satellite” It has the spatial resolution required to trace longitudinal wave
components, but in contrast to satellites, it also has very good temporal resolution (1 h) for a fixed point on
Earth. This makes it possible to remove tides from the data accurately and give a global picture of longitudi-
nal wave components at the latitude band between 51-66° N. Since many of the radars in the SuperDARN
network have been in operation nearly continuously since the 1990’s, it is possible to utilize a long time
series of simultaneous data from 6-8 radars in order to determine individual longitudinal planetary wave
components and compose climatologies of these components.

2. Data

SuperDARN radars [Greenwald et al., 1985, 1995] were originally built for observation of the F region. Later
it was shown [Hall et al., 1997; Jarvis et al., 1999; Hussey et al., 2000; Yukimatu and Tsutsumi, 2002] that spo-
radic echoes received in the first few range gates are due to scatter from the ionization trails left by meteors
ablating in the lower thermosphere and upper mesosphere. These trails travel with the neutral wind, which
makes it possible to deduce the line of sight wind over the meteor ablation altitudes (80-100 km) [Hocking
et al., 2001]. Meteors observed in the lowest range gates of the multiple beams of the SuperDARN radars
over ~ 1 h are then combined in order to determine the vector neutral wind at the centroid location of the
beams. Standard SuperDARN radars have no altitude discrimination within the lowest range gates used

for meteor-trail detection, but the mean altitude of the meteor wind has been estimated to be 94 (+ 3)

km by comparing the derived wind with that observed by a colocated MF radar [Hall et al., 1997]. This has
been verified by comparing winds from an imaging Doppler interferometer radar at Halley (75°S, 26°W)
and a colocated SuperDARN radar [Hibbins and Jarvis, 2008]. Recently, Chisham and Freeman [2013] have
developed a new method for calibrating SuperDARN interferometric data to estimate the meteor altitudes
directly, finding a broad distribution between 75 and 125 km with a peak near 102-103 km. Although the
peak of this meteor distribution is higher than the average derived through wind comparisons, Chisham and
Freeman [2013] have suggested that this discrepancy is likely due to the averaging process. The hourly mean
meridional winds and uncertainty estimate (number of meteors) are taken from the SuperDARN data base
(http://psddb.nerc-bas.ac.uk/data/access/) and are processed as described in Hibbins and Jarvis [2008].

A more rigorous approach in determining accurate mean winds from a single SuperDARN radar would
employ interferometric height finding [Hussey et al., 2000] coupled with the techniques outlined in Yukimatu
and Tsutsumi [2002], Hussey et al. [2000], and Tsutsumi et al. [2009] to eliminate any sidelobe contamination
issues. However, not all the radars currently have this option, and those that do have have not been run con-
tinuously in this mode. The data need to be consistent, with good data coverage from one radar to the next
and from 1 year to the next in order to attempt the planetary wave analysis. Therefore, in order to maximize
the data coverage, while preserving the best longitudinal uniformity, the noninterferometric data was

used to derive the mean winds from all radars. Previous studies [Jenkins et al., 1998; Jenkins and Jarvis, 1999;
Hibbins and Jarvis, 2008; Hibbins et al., 2011] have taken this approach to meteor wind analysis and produced
effective comparisons on short and long time scales with winds derived from other types of MLT radars that
incorporated more conventional range determination of altitude.

The beam patterns of SuperDARN radars are known to have back lobes [Milan et al., 1997], and contami-
nation from meteors observed in the back lobes can lead to an underestimation of mean winds and tidal
amplitudes from noninterferometric SuperDARN radars [Yukimatu and Tsutsumi, 2002; Arnold et al., 2003]. If
the horizontal winds observed in all SuperDARN radars are affected similarly, then the planetary wave ampli-
tudes we derive will be similarly reduced. However, if the back lobe effects on the magnitude of the winds
differ between the different radars, this could generate spurious stationary waves. Comparative studies of
the mean wind have shown that the back lobe correction factors required for the SuperDARN radars are
similar for radars at different locations and with different boresight directions [Hussey et al., 2000; Arnold
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Table 1. SuperDARN Radars Used in the Data Analysis® et al., 2003; Hibbins and Jarvis, 2008]. However,
g Tsutsumi et al. [2009] show that the meteors

R Loc.(G Loc.(M Data Cov. o .

adar GelEEe) celiEd) ata ~ov distributions seen in the back lobes may be
Hankasalmi 64.4 N, 252 E 61N, 116 E 1995-2009 : .
Pykkvibaer I e “ON, 77 E 19962008 different between the Iceland a.nd Flrlland
Stokkseyri 64.7 N, —26.9 E 71N, 62 E 1994-2008  SuperDARN radars. Although wind differences
Goose Bay 555N, —60.3 E 65N, 16 E 1995-2008  induced by such site-specific back lobe effects
Kapuskasing 514N, —83.3 E 61N, —15E 1993-2009
Saskatoon 542N, —1052E 62N, —44E 19932008  IN the SuperDARN radars have yet to be quan-
Prince George  56.1N,—1232E 61N, —66E  2000-2009 tified, they could affect the planetary wave
Kodiak 59.5 N, —150.1 E 60 N, —96 E 2000-2009

amplitudes derived from longitudinal chains of

?Geographic (geo) and magnetic (mag) mean location (loc.)
of scatter and data coverage (data cov.) of the SuperDARN radars

used in the data analysis. Longitudinal wave components could only Differences in the amplitude of the semidiurnal
be retrieved during 2000-2008 when the longitudinal coverage was . . . .
sufficient. tide derived from noninterferometric Super-
DARN radars and other MLT radar systems can
largely be explained by the short vertical wave-
length of this tide combined with the poor vertical resolution of the SuperDARN radar winds, with back lobe
contamination of the SuperDARN radars playing a negligible role [e.g., Hibbins et al., 2011]. Although there
is relatively poorer agreement in the amplitude of the smaller diurnal tide between SuperDARN and other
radars, these differences have been ascribed to the diurnal variation in meteor count rate, with low meteor
counts in the evening creating large uncertainties in the inferred winds [Hussey et al., 2000; Thayaparan and
Hocking, 2002].

such radars if they prove to be significant.

Table 1 shows the SuperDARN radars used in the study including the centroid location of the beam and
years of data coverage used in the data analysis. All SuperDARN radars between 51-66°N with sufficient data
coverage are used in the study.

3. Data Analysis

To assure data quality, the raw wind data from all SuperDARN radars used were quality checked before pro-
cessing. Hourly mean winds above 100 m/s, winds with standard deviations of zero or a mean location dif-
ferent from the geometric centroid of the beams are excluded. These values are either unrealistic solutions
or indicate a nonstandard operation mode of the radar [Hibbins and Jarvis, 2008]. To extract zonal planetary
wave modes from the hourly averaged meridional wind of the eight radar stations, the data are processed
through several steps as outlined below.

3.1. Daily Mean Wind

To produce daily mean winds that are not influenced by tides and quasi-two-day waves (QTDWs), data are
treated in a similar fashion to Hibbins and Jarvis [2008]. First, the hourly mean winds are split into 4 day
segments. Then a bias (mean wind) and 8 h, 12 h, 24 h, and 48 h sine waves, representing the strongest
tidal components [Hibbins et al., 2006] and the QTDW, are fitted to this segment of hourly winds. To ensure
sufficient data coverage for the fit, only segments covering at least half of the hourly means and span-
ning at least 16 different hours are used [Hibbins and Jarvis, 2008]. In addition, 4 day segments that have
data gaps >3 h occurring at the same hours in each day are excluded. Similarly, 4 day segments with data
gaps >12 h that cover the same hours in both halves of the segment, are rejected. The 4 day segments are
then stepped by 1 day intervals to build up a time series of 4 day running mean winds. Monthly averages
of the mean wind and the QTDW as well as the amplitudes and phases of the tides for all eight radars are
in broad agreement with other climatological observations for similar latitudes [e.g., Manson et al., 1985;
Portnyagin et al., 2004; Chshyolkova et al., 2005]. As an example, Figure 1 shows the monthly average fit-
ting result for the meridional component of the wind recorded with the Hankasalmi SuperDARN radar
(64°N, 25°E).

The mean wind is clearly equatorward during summer and turns more poleward during winter. The ampli-
tude of the QTDW is observed to increase in summer, in agreement with Salby [1981]. The amplitude and
phase of the 24 h tide is relatively constant, while the amplitude and phase of the 12 h tide are more vari-
able. During equinox the amplitude of the 12 h tide is smallest and the local time of maximum phase occurs
earlier. The amplitude of the 8 h tide is generally small with a maximum in October when the amplitude

of the 12 h tide reaches a minimum. During summer the 8 h tide is nearly absent as indicated by small or
insignificant amplitudes and nearly random phases. The behavior of the observed phases and amplitudes of
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Figure 1. Monthly weighted mean of the mean wind, the 2 day wave and the 24 h, 12 h, and 8 h tides at Hankasalmi. The tidal phase
represents the local solar time of the first maximum. The error bars shown are the standard errors of the weighted means.

the tides at Hankasalmi are similar to tides at 95 km altitude observed with an All-Sky Interferometric Meteor
Radar at Esrange (68°N, 21°E) [Mitchell et al., 2002]. The smaller tidal amplitude measured by the SuperDARN
radars is a common feature that has been attributed to sidelobe effects [Yukimatu and Tsutsumi, 2002] or

to the combination of the large vertical integration of the SuperDARN radar together with a finite vertical
wavelength of the tide [Hibbins et al., 2011].

3.2. Climatology and Daily Mean Wind Anomaly

To eliminate the seasonal variation of the mean wind, a smoothed meridional wind climatology over all
years of the daily mean wind was produced for each of the eight radars. To form the climatology for each
radar, the individual daily means, V, , weighted by their individual fitting uncertainties, 6V, , were used
to calculate the climatology over all years of data available, C,, as shown in equation (1). Similarly, the
corresponding standard error of the mean, 6C,, for each day of the climatology was calculated following
equation (2).

Vd,y
; 6Vqy)?
= 2—1 (d = day,y = year) (1
T @vgy?
1
0Cg= ——mmm— (2)

1/2
Y
@y 2
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Figure 2. Smoothed (30 day running mean) climatology of all eight radar stations. Weighted mean (white line). Standard error of the
weighted mean (black error bars).

A 30 day running mean was used to smooth the resulting climatology in order to remove any vestigial plan-
etary wave effects. Figure 2 shows the smoothed meridional wind climatology for all stations, indicating
their locations and the years used for the climatologies. Each day of the climatology includes at least 4 years
of data.

Daily mean meridional wind anomalies (V;_’;") and their estimated uncertainties, 8VEe, were then created by
removing the smoothed climatology (C;) from the individual daily mean wind data for each radar as shown
in equations (3) and (4).

Ve = v, - C 3)
V3 = \[(8V4)? +(5C, @

Both anomaly mean meridional winds and mean meridional winds as a function of longitude are fitted
for planetary wave components as described below. A detailed discussion about similarity and difference
between the retrieved wave components can be found in section 5.

3.3. Longitudinal Fit

Longitudinal wave components are retrieved by fitting two sinusoids with 360° and 180° spatial periods as
a function of longitude to the daily mean wind anomaly at all available radar stations. These fitting compo-
nents correspond to wave modes with zonal wave number S = 1 and 2, respectively. The fit was weighted
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with the uncertainty (6V3;°) of the daily mean wind anomaly given in equation (4). The strongest zonal wave
number 3 component (a 120° sinusoid) represents the QTDW [Salby, 1981] which has already been removed
in the detrending process. Thus, it and higher order waves, are taken to be insignificant and the fitting was
stopped at S = 2. The zonal wave number S = 0 was calculated from the mean of the residual of the fit. Data
are only fitted if the westernmost (Kodiak —150.1°) and most easterly (Hankasalmi 25°) stations are present,
and at least four additional stations are available with no sequential data gaps (i.e., the missing stations are
not located next to each other). The method described above is validated in the next section.

4, Validation

The longitudinal fitting technique used has been validated in three different ways.

4.1. Comparison With the Single Sites

The first validation compares the daily wind anomaly for the time period (1 January 2000 to 31 December
2008) at each station with the sum of the longitudinally fitted zonal wave components (S, and S,) evalu-
ated at the longitude of each station. Only days where both a longitudinal fit and the daily wind anomaly
are available at the specific station were compared. The correlation coefficient between the daily wind
anomaly and the sum of the fitted zonal components was statistically significant at >99% confidence level
and greater than 0.75 at all but one station. The exception was Goose Bay where the correlation coefficient
was still 0.61, significant at the 99% level. This high degree of correlation shows that the longitudinally fitted
S, and S, components reproduce the majority of the observed variance in the daily wind at each station.

4.2. Comparison to a Full 360° Longitudinal Fit

A further validation of the technique was done by using meridional wind data from the UK Meteorological
Office (UKMO)-Stratospheric Assimilated Data [Swinbank and O’Neill, 1994; Met Office et al., 2013] at 6.8 hPa.
As with the mesospheric analysis, the stratospheric anomaly meridional wind was calculated by removing a
climatology for each longitude (2.5° spacing). A full 360° fit, using 2.5° longitudinal spacing, for the first four
zonal wave numbers was done (S, S;, S,, S;), at 51°N, 66°N, and for a latitude average between 51 and 66°N.
These latitudes correspond to the southernmost, northernmost, and average latitude of the radar stations
used in the SuperDARN analysis. Figure 3 (top left, top right, and bottom left) show Hovméller diagrams for
the first three zonal wave numbers during 2002 at 51°N, 66°N, and the average latitude band (51-66°N),
respectively. From the similarity between the Hovméller diagrams of the different latitudes and a correlation
coefficient larger than 0.83, it is clear that the 15° latitudinal extent does not have a strong impact on the
variability and phase of the S, and S, components as the phase progression is similar at all latitudes. The
resulting amplitude lies between the larger northern and the weaker southern amplitudes. However, one
should be aware that such a latitude span will have a larger effect in the midlatitudes and caution should be
exercised when applying a similar method to midlatitude radars. Since the Hough functions of the normal
modes which make up these wave components are not a function of altitude, the latitudinal extent of the
radar chain used in the SuperDARN analysis should not affect the amplitudes and phases retrieved in the
MLT. It is also clear from the plot that the S, component varies over the latitude band and that it is therefore
not possible to retrieve a unique S, component.

To verify that the longitudinal extent of the SuperDARN radar network used is adequate to retrieve a zonal
wave numberS = TandS = 2,the meridional UKMO anomaly wind was sampled at the locations (lon-
gitude and latitude) of the radar stations and the wave number components were fit again repeating the
aforementioned method. Figure 3 (bottom right) displays the resulting Hovmaller diagram for 2002. The
S, component was removed from the data before the fit to emulate the removal of the 2 day wave in the
SuperDARN winds. To verify this, fits with and without removal of the S, component were correlated and
show a good agreement (correlation coefficients > 0.83).

The variability, amplitude, and phase progression of the S = 1andS = 2 wave number retrieved using
only the radar locations compares well with the full, 360° fit. The correlation coefficients between the ideal
360° fits between 51° and 66°N and the fit at the coordinates of the SuperDARN stations for the amplitude
and the phase of the zonal wave numbers 1 and 2 components are larger than 0.9 for both wave numbers.
This indicates that the fit to the SuperDARN radar winds can accurately capture the temporal changes of
the planetary wave components. The amplitude of S, retrieved at the stations is approximately 20 + 20 %
higher than the amplitudes retrieved from the ideal fit. The amplitude of the S, wave agrees within the 10%
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Figure 3. Hovmoller diagram of longitudinal wave components S, (a), S, (b), S, (c)) using the “ideal” longitudinal fit for anomaly
meridional UKMO winds (top left) at 51°N, (top right) at 66°N, and for the latitude band (bottom left) 51-66°N for year 2002. (bottom
right) Hovmoller diagram of longitudinal wave components using the anomaly meridional UKMO wind only at the coordinates of the
SuperDARN chain for year 2002. Red and blue colors signify poleward and equatorward winds, respectively.

uncertainty of the two fits. Thus, the longitudinal extent of the SuperDARN radar stations can accurately
reproduce the true amplitude of the S, component, but overestimates the S, component slightly.

4.3. Comparison to Hydroxyl Rotational Temperatures

For any given longitude, the different temporal components of each zonal wave number can be found by
spectral analysis of the time series of the amplitudes and phases of that zonal component using Fourier,
Lomb-Scargle, or wavelet techniques followed by band-pass filtering. Similar analysis has been applied

to satellite- and ground-based data [e.g., Grytsai et al., 2005; McDonald et al., 2011; Demissie et al., 2013].
While there could be some distortion of the waveform using a band-pass filter, their use to extract planetary
waves has been demonstrated [e.g., Belova, 2008]. Figure 4 shows the quasi-16-day component of the zonal
wave number one (a), two (b), and the sum of both (c) at 18°E for the time period 15 November 2001 to

15 March 2002.

This longitude and time period was chosen because temperatures derived from the hydroxyl (OH) night-
glow from Stockholm (59.5°N,18.2°E) are available during that winter [Espy et al., 1997]. To extract the
quasi-16-day periodicity from the other wave components, a bidirectional fourth order Butterworth
band-pass filter [Stearns, 1975] with a band pass between 14 and 18 days was chosen. This filter sepa-
rates the quasi 16 day periodicity from other strong peaks in the power spectrum. The OH-temperatures
at Stockholm can be filtered in the same way, and the extracted quasi-16-day wave can be com-

pared to the sum of the zonal wave components from the longitudinal fit (Figure 4c). It can be seen
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Figure 4. Quasi-16-day wave of the (a) S, and (b) S, anomaly meridional wind component at 18°E and (c) the sum of both components
(solid line) together with the quasi-16-day component of the ground-based OH-temperature observation (dashed line) at Stockholm
(59.5°N, 18.2 °E).

that the wave character of the quasi-16-day wave extracted from the wind is dominated by the zonal
wave number 1 component and agrees well with the phase and relative amplitude of the wave in

the OH rotational temperatures. Observation of the quasi-16-day wave at OH-temperature altitudes
(~87 km), at SuperDARN altitudes as well as in the lower stratosphere [e.g., Alexander and Shepherd,
2010], and throughout the whole stratosphere and mesosphere during winter [e.g., McDonald et al., 2011]
suggest an upward propagation of this wave component from the stratosphere into the MLT region.

5. Results and Discussion

The meridional wind anomalies from eight SuperDARN meteor radars between 51 and 66°N have been used
to fit longitudinal planetary wave modes. Each resulting zonally fitted component (here S, and S,) represents
the superposition of stationary, as well as propagating and traveling normal mode waves with a variety of
temporal periods. Wave components were fitted from January 2000 to December 2008 allowing the sea-
sonal and interannual changes of the total planetary wave activity and its zonal character to be examined.
Hovmoller diagrams of the fitted wave components for all years are shown in Figure 5. Red and blue col-
ors signify poleward and equatorward winds, respectively. Throughout the 9 years of data, we typically see
larger planetary wave activity during the winter month and weaker, but still significant, planetary wave
activity during summer in both zonal wave components (S, and S,). The phase of the zonal components are
most stable during the summer months (see Figure 5) suggesting a quasi-stationary wave is the dominant
wave component then.

Even though the longitudinal fits to each day’s data are independent, Figure 5 shows that the phase of each
fitted component is relatively stable from day to day. In addition, the phase can be seen to shift smoothly in
time, indicating that the wave component is moving with respect to the ground-based stations. The change
in time of the phase and amplitude of each zonal component are the result of both interaction with the
background wind and the interaction of the different temporal components. At times the phase of the S,
and S, waves seems to jump 180°, for example, on 3 March 2005. A closer look at these phase changes shows
that the 180° phase transition occurs rapidly and systematically over the course of a few days. Similar 180°
phase jumps can also be seen in analysis of total ozone from the Total Ozone Mapping Spectrometer [Grytsai
et al., 2005] and have been attributed to rapid bursts of the zonal wind speed and interaction of similarly
strong eastward and westward wave packets with similar temporal periods.

The meridional wind climatologies at the different stations show large differences, especially in summer as
can be seen in Figure 2. To investigate whether this behavior is the result of long-lasting wave features with
a phase that is consistent year to year, zonal wave components were also fitted to the daily mean merid-
ional winds, i.e., the winds where the climatologies were not removed. Hovmoller diagrams of the wave
components for all 9 years are shown in Figure 6. Red and blue colors signify poleward and equatorward
winds, respectively. The wave components are similar in amplitude and phase to the mean meridional wind
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anomalies throughout the year apart from the summer season. During all summers a strong stationary wave
structure with a phase that is consistent year to year dominates the mean meridional wind wave compo-
nents. It is unclear if this persistent year-to-year summer time wave structure is a stationary Rossby wave,

or if it is produced by longitudinal differences in the gravity wave forcing [Smith, 2003]. It may even be the
result of the underestimation of the S, component resulting from the limited longitudinal range of the radar
chain, a limitation that will be relaxed as more SuperDARN radars are added to the chain in the future. The
existence of a stationary Rossby wave in the polar summer MLT is puzzling since propagation from below

is very unlikely due to the summertime westward stratospheric jet [Charney and Drazin, 1961]. However,
longitudinally varying gravity wave forcing has been shown to produce planetary wave-like features in the
MLT [Smith, 2003]. The appearance of a strong stationary S, wave only during the summer could be due

to the stronger gravity forcing in the summer MLT resulting from the seasonal difference in wave breaking
altitudes, i.e., approximately 80 km in summer and 50 km in winter [Lindzen, 1981]. Evidence for season-
ally persistent S,-like structures have also been found in other studies of the meridional wind in the MLT
region. For example Dowdly et al. [2007] observed evidence for similar structures in the climatology of the
meridional wind measured using two MF radars in the northern polar region which are approximately 180°
apart (Poker Flat and Andenes). The effect maximized at approximately 90 km around summer solstices and
approximately 70 km around winter solstices (see Figure 4) [Dowdy et al., 2007]. This seasonal variation with
altitude is consistent with gravity wave breaking as the cause of this phase-stable S, structure.

5.1. Interannual Planetary Wave Variability

Applying this longitudinal fitting technique to several years of data shows both eastward and westward
traveling waves as well as stationary waves. Shown in Figure 7 are examples for the winters (left) 2004/2005
and (right) 2005/2006. Evident in these data is a strong interannual variability of the mesospheric planetary
waves that may be associated with stratospheric warming events. For example, the wave activity during the
winter of 2005/2006, where a major stratospheric warming was observed [Manney et al., 2009a; Lima et al.,
2012], is stronger and more stationary than during the winter of 2004/2005 when only a minor warming
occurred. This strong stationary wave activity during 2005/2006 is consistent with the generally weak polar
vortex, higher stratospheric temperatures, and high ozone concentrations that occurred in the stratosphere
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Figure 8. (left) Stratospheric planetary wave climatology from UKMO and (right) mesospheric planetary wave climatology from Super-
DARN radar chain derived from the mean meridional wind anomalies. The white line shows the climatology of the 15 day smoothed
(top) S,, (middle) S, and (bottom) the sum of both. The black error bars depict the year-to-year variability of the zonal wave numbers.

during that winter [Angell et al., 2006], as suggested by Holton and Tan [1980]. Furthermore, a persistent
eastward traveling S, zonal wave packet in the mesosphere intensifies just before the start of the major
stratospheric warming event that occurred in January/February 2006 (zonal wind reversal onset at 10hPa,
60°N on 21 January 2006). Ushimaru and Tanaka [1992] have shown that an eastward traveling S, planetary
wave can interact with a strong stationary S, planetary wave in the stratosphere and create a major impact
on the zonal mean flow there.

In contrast to the winter of 2005/2006, the mesospheric wave activity observed here during the winter of
2004/2005 is generally weaker, as can be seen in Figure 7 (right). Rather than a strong stationary S, compo-
nent, this winter is characterized instead by a weaker westward traveling S, wave packet. Additionally, there
is an absence of a strong eastward traveling S, component in January. This generally weak wave activity, as
well as the absence of stationary S, and eastward traveling S, wave components in the mesosphere, is con-
sistent with the anomalously strong polar vortex conditions observed during 2004/2005. This includes low
stratospheric temperatures, ozone concentrations [Angell et al., 2005], and the absence of a major strato-
spheric warming event [Lima et al., 2012]. However, strong planetary wave activity in both wave numbers
can be seen in mid-March during the final warming events. A more complete analysis of the MLT planetary
wave evolution during major stratospheric warming events will be the subject of a future paper.
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Figure 9. (left) Stratospheric planetary wave climatology from UKMO and (right) mesospheric planetary wave climatology from Super-
DARN radar chain derived from the mean meridional wind. The white line shows the climatology of the 15 day smoothed (top) S,,
(middle) S,, and (bottom) the sum of both. The black error bars depict the year-to-year variability of the zonal wave numbers.

5.2. Planetary Wave Climatologies

In order to examine the climatological seasonal behavior of the zonal wave numbers 1 and 2 components
in both the stratosphere and the MLT, the daily average of the amplitudes retrieved in the fitting process
were calculated. Climatologies (2000-2005) of planetary wave amplitudes fitted to the UKMO 6.8 hPa

(~ 35 km) anomaly data at the radar stations are shown in Figure 8 (left) for the S, S, and the sum of S, and
S,. Similarly, climatologies (2000-2008) of wave amplitudes resulting form the fit to the SuperDARN radar
anomaly winds are shown in the right-hand panels. The wave activity is smoothed with a 15 day running
mean before averaging for better visibility of the general behavior.

In general the planetary wave activity of the zonal wave numbers 1 and 2 components has a similar mag-
nitude and year-to-year variability. In the stratosphere (Figure 8 (left)) the planetary wave activity in both
zonal wave numbers is low in summer and high in winter. This behavior reflects the filtering effect of the
zonal background wind in the lower stratosphere. Charney and Drazin [1961] showed for a simplified, ana-
lytically solvable system that planetary waves can propagate only into regions where the zonal mean wind
() is both larger (more eastward) than the zonal velocity (c) of the wave and smaller (more westward) than
the Rossby critical velocity (U,), where U, depends on the horizontal scale of the wave. The intrinsic wave
velocity of Rossby waves is always westward and their propagation is therefore strongly prohibited by the
stratospheric summertime westward jets. This explains the low values for both zonal wave numbers in the
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summer stratosphere. The higher values in the winter stratosphere are related to general eastward zonal
background winds and propagation of planetary waves from below. A strong year-to-year variability is
visible during winter as has been observed in previous studies [e.g., McDonald et al., 2011].

Large year-to-year variability can also be observed in the planetary wave activity of zonal wave numbers

1 and 2 in the MLT (Figure 8 (right)). The MLT magnitudes of both planetary wave zonal wave numbers
are smaller than in the stratosphere. The seasonal variation of the MLT planetary wave activity is similar

to that in the stratosphere but with smaller winter-summer ratios. In addition, the winter enhancement

is more restricted in the MLT, generally occurring from late December until the beginning of March. This
period represents times when stratospheric sudden warmings frequently occur in the Northern Hemi-
sphere [e.g., Manney et al., 2009a, 2009b; Lima et al., 2012; Matthias et al., 2012]. This supports the idea that
sudden stratospheric warmings increase the vertical coupling. During sudden stratospheric warmings the
stratospheric background wind is strongly reduced, or reversed during major events, and this favors the
propagation of stratospheric planetary waves into the MLT.

In addition to the winter-time enhancement an increase in planetary wave activity can be seen during mid-
summer and around autumn equinox. Strong perturbations in the temperature near 87 km have been seen
during the autumn equinox [Taylor et al., 2001] and have been interpreted and modeled [Liu et al., 2001] as
an increase in planetary wave activity at these altitudes. The midsummer increase in planetary wave activity
might be related to interhemispheric coupling above the strong summertime westward wind regime or to
planetary wave generation in the upper atmosphere [e.g., Williams and Avery, 1992; Forbes, 1995; Espy et al.,
1997; Mitchell et al., 1999; Garcia et al., 2005; Pancheva et al., 2008].

Figure 9 shows the climatologies of wave components for the mean meridional winds (station climatolo-
gies not removed). The seasonal behavior is similar to the climatology-removed case, with in general ~15%
higher amplitudes. The only exception is the MLT summer, where strong S, wave amplitudes appear. These
high amplitudes are related to the stationary summertime wave feature seen in Figure 6 arising from the dif-
ferences in the station climatologies seen in Figure 2. As mentioned before, this consistent wave feature can
be interpreted as a result of longitudinal differences in gravity wave forcing [e.g., Smith, 2003].

6. Conclusion

Planetary wave activity in the MLT has been observed using meridional winds from the high northern lat-
itude (51-66°N) SuperDARN network used as a “ground-based satellite’ The zonal wave numbers 1 and

2 components have been extracted from daily mean meridional winds and wind anomalies from 25°E to
150°W for the years 2000-2008. The technique was validated over the entire data range by first using the
wave components fitted over the entire longitude range to reconstruct the original observed wind at each
individual station. The correlation between the reconstructions and the original data exceeded a correla-
tion coefficient of 0.61, significant at >99% confidence level, for all stations. Further validation was done
by applying the fit to meridional UKMO wind data at just the longitudes of the radar stations and compar-
ing it to an ideal fit covering 360° (2.5° spacing) longitude. Finally, the planetary wave perturbation in the
meridional wind at a single longitude derived from the SuperDARN chain was compared with an indepen-
dent observation of OH-airglow temperatures over Stockholm. All three validation techniques indicate that
the longitudinal fitting method applied to the SuperDARN meridional wind data is able to extract accurate
planetary wave amplitudes that account for 40%-60% of the variation seen in the wind.

The climatology of planetary wave activity of zonal wave numbers 1 and 2 in the MLT (from SuperDARN)
and stratosphere (from UKMO) indicates vertical coupling throughout the middle atmosphere around the
autumn equinox and during winter when sudden stratospheric warming events occur frequently. The plane-
tary wave amplitudes observed during winter are approximately halved between the stratosphere (~ 35 km)
and the MLT, indicating significant planetary wave energy dissipation in the middle atmosphere. Thus, the
use of this method provides a way of monitoring the planetary wave activity in the MLT during stratospheric
sudden warmings allowing a better understanding of stratospheric warming effects and mesospheric pre-
cursors [Lee et al., 2009; Manney et al., 2009b; Kurihara et al., 2010; Coy et al., 2011]. Finally, the difference
between the mesospheric and stratospheric planetary wave activity during the summer indicates that any
MLT wave activity due to transfer of planetary wave activity from the winter hemisphere [Forbes, 1995]
occurs above the stratopause. However, it is also consistent with the regeneration of planetary waves in the
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MLT due to the forcing by breaking gravity waves whose transmission through the stratosphere have been
modulated by planetary waves in the lower stratosphere [Holton, 1984].

The SuperDARN chain is capable of providing a reliable measure of mesospheric planetary wave activity,
allowing a quantitative assessment of wave strength, propagation direction, and evolution throughout
the season. Furthermore, as the availability of SuperDARN and other wind measurements grows in both
hemispheres, the method will be an important tool in assessing interhemispheric coupling.

References

Alexander, S. P, and M. G. Shepherd (2010), Planetary wave activity in the polar lower stratosphere, Atmos. Chem. Phys., 10(2), 707-718.

Angell, J. K, L. T. Flynn, M. E. Gelman, D. Hofmann, C. S. Long, A. J. Miller, and S. Zhou (2005), Northern Hemisphere Winter Summary,
Oltmans, S. http://www.cpc.ncep.noaa.gov/products/stratosphere/winter_bulletins/nh_04-05/.

Angell, J. K, L. T. Flynn, M. E. Gelman, D. Hofmann, C. S. Long, A. J. Miller, S. Oltmans, and S. Zhou (2006), Northern Hemisphere Winter
Summary. http://www.cpc.ncep.noaa.gov/products/stratosphere/winter_bulletins/nh_05-06/.

Arnold, N. F, P. A. Cook, T. R. Robinson, M. Lester, P. J. Chapman, and N. Mitchell (2003), Comparison of D-region Doppler drift winds
measured by the SuperDARN Finland HF radar over an annual cycle using the Kiruna VHF meteor radar, Ann. Geophys., 21(10),
2073-2082.

Bancal3, S., K. Kriiger, and M. Giorgette (2012), The preconditioning of major sudden stratospheric warmings, J. Geophys. Res., 117,
D04101, doi:10.1029/2011JD016769.

Baumgaertner, A. J. G., A. J. McDonald, R. E. Hibbins, D. C. Fritts, D. J. Murphy, and R. A. Vincent (2008), Short-period planetary waves in
the Antarctic middle atmosphere, J. Atmos. Solar-Terr. Phys., 70(10), 1336-1350, doi:10.1016/j.jastp.2008.04.007.

Belova, A. (2008), Studies of planetary waves in ozone and temperature fields as observed by the Odin satellite in 2002-2007, IRF
Scientific Report, 298, 35.

Belova, A, S. Kirkwood, D. Murtagh, N. Mitchell, W. Singer, and W. Hocking (2008), Five-day planetary waves in the middle atmosphere
from Odin satellite data and ground-based instruments in Northern Hemisphere summer 2003, 2004, 2005 and 2007, Ann. Geophys.,
26(11), 3557-3570.

Bristow, W. A, J. H. Yee, X. Zhu, and R. A. Greenwald (1999), Simultaneous observations of the July 1996 2-day wave event using
the Super Dual Auroral Radar Network and the High Resolution Doppler Imager, J. Geophys. Res., 104(A6), 12,715-12,721,
doi:10.1029/1999JA900030.

Charney, J. G, and P. G. Drazin (1961), Propagation of planetary-scale disturbance from lower into upper atmophere, Geophys. Res. Lett.,
66(1), 83-109.

Chisham, G., and M. P. Freeman (2013), A reassessment of SuperDARN meteor echoes from the upper mesosphere and lower
thermosphere, J. Atmos. Solar-Terr. Phys., 102, 207-221, doi:10.1016/j.jastp.2013.05.018.

Chshyolkova, T, A. H. Manson, and C. E. Meek (2005), Climatology of the quasi two-day wave over Saskatoon (52 degrees N, 107
degrees W): 14 Years of MF radar observations, in Coupling Process in the MLT Region, Advances in Space Research, vol. 35,
edited by B. Clemesha and M. Taylor, pp. 2011-2016, 35th COSPAR Scientific Assembly, Paris, FRANCE, doi:10.1016/j.asr.2005.03.040.

Chshyolkova, T., A. H. Manson, C. E. Meek, S. K. Avery, D. Thorsen, J. W. MacDougall, W. Hocking, Y. Murayama, and K. Igarashi (2006),
Planetary wave coupling processes in the middle atmosphere (30-90 km): A study involving MetO and MFR data, J. Atmos. Solar-Terr.
Phys., 68(3-5), 353-368, doi:10.1016/j.jastp.2005.05.011.

Coy, L., S. D. Eckermann, K. W. Hoppel, and F. Sassi (2011), Mesospheric precursors to the major stratospheric sudden warming of
2009: Validation and dynamical attribution using a ground-to-edge-of-space data assimilation system, J. Adv. Model. Earth Syst., 3(4),
M10002, doi:10.1029/2011MS000067.

Demissie, T. D., N. H. Kleinknecht, R. E. Hibbins, P. J. Espy, and C. Straub (2013), Quasi-16 day planetary-wave oscillations observed in
ozone and temperature data from Antarctica, Ann. Geophys., 31, 1-6, doi:10.5194/angeo-31-1-2013.

Dowdy, A. J,, R. A. Vincent, M. Tsutsumi, K. Igarashi, Y. Murayama, W. Singer, and D. J. Murphy (2007), Polar mesosphere and lower
thermosphere dynamics: Mean wind and gravity wave climatologies, J. Geophys. Res., 112, D17104, doi:10.1029/2006JD008126.

Dowdy, A. J,, R. A. Vincent, D. J. Murphy, M. Tsutsumi, D. M. Riggin, and M. J. Jarvis (2004), The large-scale dynamics of the
mesosphere-lower thermosphere during the Southern Hemisphere stratospheric warming of 2002, Geophys. Res. Lett., 31, L14102,
doi:10.1029/2004GL020282.

Espy, P. J,, J. Stegman, and G. Witt (1997), Interannual variations of the quasi-16-day oscillation in the polar summer mesospheric
temperature, J. Geophys. Res., 102(D2), 1983-1990, doi:10.1029/96JD02717.

Espy, P. J,, R. E. Hibbins, D. M. Riggin, and D. C. Fritts (2005), Mesospheric planetary waves over Antarctica during 2002, Geophys. Res. Lett.,
32, L.21804, doi:10.1029/2005GL023886.

Forbes, J. M. (1995), Tidal and planetary waves, in The Upper Mesosphere and Lower Thermosphere: A Review of Experiment and Theory,
Geophys. Monogr. Ser., vol. 87, pp. 67-87, AGU, Washington, D. C.

Garcia, R. R, R. Lieberman, J. M. Russell, and M. G. Mlynczak (2005), Large-scale waves in the mesosphere and lower thermosphere
observed by SABER, J. Atmos. Sci., 62(12), 4384-4399, doi:10.1175/JAS3612.1.

Greenwald, R. A, K. B. Baker, R. A. Hutchins, and C. Hanuise (1985), An HF phase-array radar for studying small-scale structure in the
high-latitude ionosphere, Radio Sci., 20(1), 63-79, doi:10.1029/RS020i001p00063.

Greenwald, R. A, et al. (1995), DARN/SUPERDARN—A global view of the dynamics of high-latitude convection, Space Sci. Rev., 71(1-4),
761-796, doi:10.1007/BF00751350.

Grytsai, A., Z. Grytsai, A. Evtushevsky, G. Milinevsky, and N. Leonov (2005), Zonal wave numbers 1-5 in planetary waves from the TOMS
total ozone at 65 degrees S, Ann. Geophys., 23(5), 1565-1573.

Hall, G. E., J. W. MacDougall, D. R. Moorcroft, J. P. St.-Maurice, A. H. Manson, and C. E. Meek (1997), Super Dual Auroral Radar Network
observations of meteor echoes, J. Geophys. Res., 102(A7), 14,603-14,614, doi:10.1029/97JA00517.

Hibbins, R. E., and M. J. Jarvis (2008), A long-term comparison of wind and tide measurements in the upper mesosphere recorded
with an imaging Doppler interferometer and SuperDARN radar at Halley, Antarctica, Atmos. Chem. Phys., 8(5), 1367-1376,
doi:10.5194/acp-8-1367-2008.

Hibbins, R. E., P. J. Espy, and M. J. Jarvis (2006), Mean winds and tides in the mesosphere and lower thermosphere above Halley,
Antarctica, J. Atmos. Solar-Terr. Phys., 68(3-5), 436-444, doi:10.1016/j.jastp.2005.02.030.

KLEINKNECHT ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1306



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2013JD019850

Hibbins, R. E.,, M. P. Freeman, S. E. Milan, and J. M. Ruohoniemi (2011), Winds and tides in the mid-latitude Southern Hemisphere upper
mesosphere recorded with the Falkland Islands SuperDARN radar, Ann. Geophys., 29(11), 1985-1996, doi:10.5194/angeo-29-1985-2011.

Hocking, W. K., B. Fuller, and B. Vandepeer (2001), Real-time determination of meteor-related parameters utilizing modem digital
technology, J. Atmos. Solar-Terr. Phys., 63(2-3), 155-169, doi:10.1016/51364-6826(00)00138-3.

Holton, J. R. (1984), The generation of mesospheric planetary-waves by zonally asymmetric greavity-wave breaking, J. Atmos. Sci., 41(23),
3427-3430, doi:10.1175/1520-0469(1984)041<3427:-TGOMPW>2.0.CO;2.

Holton, J. R., and H. C. Tan (1980), The influenced of the equatorial quasi-biennial oscillation on the global circulation at 50 mb, J. Atmos.
Sci., 37(10), 2200-2208, doi:10.1175/1520-0469(1980)037<2200:TIOTEQ>2.0.CO;2.

Hussey, G. C,, C. E. Meek, D. Andre, A. H. Manson, G. J. Sofko, and C. M. Hall (2000), A comparison of Northern Hemisphere winds using
SuperDARN meteor trail and MF radar wind measurements, J. Geophys. Res., 105(D14), 18,053-18,066, doi:10.1029/2000JD900272.
Jarvis, M. J,, G. O. L. Jones, and B. Jenkins (1999), New initiatives in observing the Antarctic mesosphere, Adv. Space Res., 24(5), 611-619,

doi:10.1016/50273-1177(99)00479-2.

Jenkins, B, and M. J. Jarvis (1999), Mesospheric winds derived from SuperDARN HF radar meteor echoes at Halley, Antarctica, Earth
Planets Space, 51(7-8), 685-689.

Jenkins, B., M. J. Jarvis, and D. M. Forbes (1998), Mesospheric wind observations derived from Super Dual Auroral Radar Network
(SuperDARN) HF radar meteor echoes at Halley, Antarctica: Preliminary results, Radio Sci., 33(4), 957-965, doi:10.1029/98RS01113.

Kurihara, J., Y. Ogawa, S. Oyama, S. Nozawa, M. Tsutsumi, C. M. Hall, Y. Tomikawa, and R. Fujii (2010), Links between a stratospheric sud-
den warming and thermal structures and dynamics in the high-latitude mesosphere, lower thermosphere, and ionosphere, Geophys.
Res. Lett., 37, L13806, doi:10.1029/2010GL043643.

Labitzke, K. (1977), Innerannual variability of the winter stratosphere in the northern hemisphere, Mon. Weather Rev., 105, 762-770.

Labitzke, K. (1981), The amplification of height wave 1 in January 1979: A characteristic precondition for major warming in February,
Mon. Weather Rev., 109, 983-989.

Lee, J. N, D. L. Wu, G. L. Manney, and M. J. Schwartz (2009), Aura microwave limb sounder observations of the northern annular mode:
From the mesosphere to the upper troposphere, Geophys. Res. Lett., 36, L20807, doi:10.1029/2009GL040678.

Lima, L. M,, E. O. Alves, P. P. Batista, B. R. Clemesha, A. F. Medeiros, and R. A. Buriti (2012), Sudden stratospheric warming
effects on the mesospheric tides and 2-day wave dynamics at 7 degrees S, J. Atmos. Solar-Terr. Phys., 78-79(Sl), 99-107,
doi:10.1016/j.jastp.2011.02.013.

Lindzen, R. S. (1981), Turbulence and stress owing to gravity wave and tidal breakdown, J. Geophys. Res., 86, 9707-9714.

Liu, H. L, R. G. Roble, M. J. Taylor, and W. R. Pendleton Jr. (2001), Mesospheric planetary waves at northern hemisphere fall equinox,
Geophys. Res. Lett., 28, 1903-1906.

Manney, G. L., et al. (2009a), Satellite observations and modeling of transport in the upper troposphere through the lower mesosphere
during the 2006 major stratospheric sudden warming, Atmos. Chem. Phys., 9(14), 4775-4795, doi:10.5194/acp-9-4775-2009.

Manney, G. L., M. J. Schwartz, K. Kriiger, M. L. Santee, S. Pawson, J. N. Lee, W. Daffer, R. A. Fuller, and N. J. Livesey (2009b), Aura microwave
limb sounder observations of dynamics and transport during the record-breaking 2009 arctic stratospheric major warming, Geophys.
Res. Lett., 36, L12815, doi:10.1029/2009GL038586.

Manson, A. H., C. E. Meek, M. J. Smith, and G. J. Fraser (1985), Direct comparisons of prevailing winds and tital wind fiels (24-h, 12-h)
in the upper middle armosphere(60-105 km) during 1978-1980 Saskatoon (52-degrees-n, 107-degrees-w) and Christchurch
(44-degrees-s, 173-degree-e), J. Atmos. Terr. Phys., 47(5), 463-476, doi:10.1016/0021-9169(85)90112-6.

Matthias, V., P. Hoffmann, M. Rapp, and G. Baumgarten (2012), Composite analysis of the temporal development of waves in the polar
MLT region during stratospheric warmings, J. Atmos. Solar-Terr. Phys., 90-91(Sl), 86-96, doi:10.1016/j.jastp.2012.04.004.

McDonald, A. J., R. E. Hibbins, and M. J. Jarvis (2011), Properties of the quasi 16 day wave derived from EOS MLS observations, J. Geophys.
Res., 116, D06112, doi:10.1029/2010JD014719.

Met Office et al. (2013), Stratospheric assimilated data, [internet], NCAS British Atmospheric Data Centre, 2006, Available from http://
badc.nerc.ac.uk/view/badc.nerc.ac.uk__ATOM__dataent_ASSIM.

Milan, S. E., T. B. Jones, T. R. Robinson, E. C. Thomas, and T. K. Yeoman (1997), Interferometric evidence for the observation of ground
backscatter originating behind the cutlass coherent hf radars, Ann. Geophys., 15, 29-39, doi:10.1007/500585-997-0029-y.

Mitchell, N. J., H. R. Middleton, A. G. Beard, P. J. S. Williams, and H. G. Muller (1999), The 16-day planetary wave in the mesosphere and
lower thermosphere, Ann. Geophys., 17, 1447-1456, doi:10.1007/500585-999-1447-9.

Mitchell, N. J,, D. Pancheva, H. R. Middleton, and M. E. Hagan (2002), Mean winds and tides in the Arctic mesosphere and lower
thermosphere, J. Geophys. Res., 107(A1), 1004, doi:10.1029/2001JA900127.

Pancheva, D,, et al. (2008), Planetary waves in coupling the stratosphere and mesosphere during the major stratospheric warming in
2003/2004, J. Geophys. Res., 113, D12105, doi:10.1029/2007JD009011.

Portnyagin, Y. |, et al. (2004), Monthly mean climatology of the prevailing winds and tides in the Arctic mesosphere/lower thermosphere,
Ann. Geophys., 22(10), 3395-3410.

Salby, M. L. (1981), The 2-day wave in the middle atmophere: Observations and theory, J. Geophys. Res., 86(C10), 9654-9660,
doi:10.1029/JC086iC10p09654.

Smith, A. K. (2003), The origion of stationary planetary waves in the upper mesosphere, J. Atmos. Sci., 60, 3033-3041.

Stearns, S. D. (1975), Digital signal analysis, Hayden book, Rochelle Park, New Jersey.

Swinbank, R., and A. A. O'Neill (1994), A stratosphere-troposphere data assimilation system, Mon. Weather Rev., 122, 686-702.

Taylor, M. J., W. R. Pendleton Jr,, H. L. Liu, C. Y. She, L. C. Garnet, R. G. Roble, and V. Vasoli (2001), Large amplitude pertubationa in the
mesospheric OH meinel and 87-km Na lidar temperatures around the autumnal equinox, Geophys. Res. Lett., 28, 1899-1902.

Thayaparan, T., and W. K. Hocking (2002), A long-term comparison of winds and tides measured at London, Canada (43N, 81W) by
co-located MF and meteor radars, J. Atmos. Solar-Terr. Phys., 64(8-11), 931-946, doi:10.1016/51364-6826(02)00048-2.

Tsutsumi, M., A. S. Yukimatu, D. A. Holdsworth, and M. Lester (2009), Advanced SuperDARN meteor wind observations based on raw time
series analysis technique, Radio Sci., 44, R52006, doi:10.1029/2008RS003994.

Ushimaru, S., and H. Tanaka (1992), A numerical study of the interaction between stationary rossby waves and eastward-traveling waves
in the southern hemisphere stratosphere, J. Atmos. Sci., 49(15), 1354-1373, doi:10.1175/1520-0469(1992)049<1354:ANSOTI>2.0.CO;2.

Williams, C. R, and S. K. Avery (1992), Analysis of long-period waves using the mesosphere-stratosphere-troposphere radar at Poker Flat,
Alaska, J. Geophys. Res., 97(D18), 20,855-20,861.

Wu, D. L, P. B. Hays, and Wilbert R. S. (1995), A least-squares method for spectral-analysis of space-time series, J. Atmos. Sci., 52(20),
3501-3511, doi:10.1175/1520-0469(1995)052<3501:ALSMFS>2.0.CO;2.

Yukimatu, A. S., and M. Tsutsumi (2002), A new SuperDARN meteor wind measurement: Raw time series analysis method and its
application to mesopause region dynamics, Geophys. Res. Lett., 29(20), 1981, doi:10.1029/2002GL015210.

KLEINKNECHT ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1307



Stray, N. H., R. J. de Wit, P. J. Espy, and R. E. Hibbins,
Observational evidence for temporary planetary wave forcing
of the MLT during fall equinox, Geophys. Res. Lett., 41(17),
6281-6288, doi: 10.1002/2014GL061119, 2014a

69






QAGU

Geophysical Research Letters

RESEARCH LETTER

10.1002/2014GL061119

Key Points:

- Planetary wave activity increases
during NH fall equinox in the MLT

« Temporary planetary wave forcing of
the mesospheric residual circulation

« Previously observed meridional
wind and temperature increases
are explained

Correspondence to:
N. H. Stray,
nora.kleinknecht@ntnu.no

Citation:

Stray, N. H., R. J. de Wit, P. J. Espy, and
R. E. Hibbins (2014), Observational evi-
dence for temporary planetary wave
forcing of the MLT during fall equinox,
Geophys. Res. Lett., 41, 6281-6288,
doi:10.1002/2014GL061119.

Received 4 JUL 2014

Accepted 11 AUG 2014

Accepted article online 14 AUG 2014
Published online 2 SEP 2014

Observational evidence for temporary planetary wave forcing
of the MLT during fall equinox

Nora H. Stray’, Rosmarie J. de Wit', Patrick J. Espy'2, and Robert E. Hibbins"-2

1 Department of Physics, NTNU, Trondheim, Norway, 2Bjrkeland Centre for Space Science, Bergen, Norway

Abstract we present direct observations of zonal wave numbers 1 and 2 planetary wave activity in the
mesopause region derived from a longitudinal chain of high-latitude Northern Hemisphere (51-66°N) Super
Dual Auroral Radar Network radars. Over a 9 year period (2000-2008), the planetary wave activity observed
shows a consistent increase around the fall equinox. This is shown to be coincident with a minimum in the
magnitude of the stratospheric winds and consequently a minimum in the stratospheric gravity wave
filtering and the subsequent momentum deposition in the mesopause region. Despite this, the observed
meridional winds are shown to be perturbed poleward and mesopause temperatures rise temporarily,
suggesting that westward momentum deposition from planetary waves temporarily becomes the
dominant forcing on the mesopause region each fall equinox.

1. Introduction

The mesosphere and lower thermosphere (MLT) is driven far from radiative equilibrium by the deposition
of momentum by waves [Fritts and Alexander, 2003]. Generally, this forcing is due to gravity waves (GWs),
generated in all directions in the lower atmosphere, but filtered by stratospheric background winds as they
propagate upward. As GWs propagate into the MLT and break, they provide a net momentum source to the
region [e.g., Lindzen, 1981; Holton, 1982, 1983; Garcia and Solomon, 1985] and force the residual meridional
circulation. During equinox, when the zonal stratospheric winds approach zero, little net gravity wave filter-
ing takes place, and subsequently, little net momentum is deposited into the mesosphere by GWs. Hence,
the atmosphere should approach radiative equilibrium in the MLT around equinox [Andrews, 2010].

In this paper we present observations of enhanced planetary wave (PW) activity in the MLT during fall
equinox that occurs concurrently with increased poleward meridional flow and reduced gravity wave forc-
ing. Mean meridional winds as well as the zonal wave numbers 1 and 2 PW structures in the Northern
Hemisphere MLT have been extracted using a longitudinal chain of Super Dual Auroral Radar Network
(SuperDARN) radars. These are combined with winds from the UK Meteorological Office (UKMO) Strato-
spheric Assimilated Data [Swinbank et al., 2013] to investigate the relationship between the PW activity

in the MLT and the underlying wind field. A momentum flux meteor radar is also used to assess the forc-
ing of the MLT winds by gravity wave momentum deposition during the fall equinox [Hocking et al., 2001;
Hocking, 2005; Fritts et al., 2010]. Although some of these features have been previously modeled or
observed in isolation, here a suite of observations is presented and combined in order to examine the
primary forcing mechanism of the MLT residual circulation and its contribution to the mesospheric temper-
ature enhancements that have previously been reported [Taylor et al., 2001; Espy and Stegman, 2002; French
and Burns, 2004].

2. Data

PW activity with zonal wave numbers 1 and 2 for years 2000-2008 was extracted from daily mesospheric
meridional meteor wind anomalies using a longitudinal chain (150°W-25°E) of SuperDARN radars
[Greenwald et al., 1985, 1995] spanning latitudes from 51 to 66°N as described by Kleinknecht et al. [2014].
Tidal effects and effects of the 2 day wave were removed using the techniques outlined in Hibbins and Jarvis
[2008] and Kleinknecht et al. [2014] before the retrieval of the PW structures. Figure 1 shows Hovmoller dia-
grams of wave numbers 1 and 2 PW components for the year 2000 as an example. Blue and red colors signify
equatorward and poleward wind, respectively. Figures for all other years can be found in Kleinknecht et al.
[2014, Figure 5].

STRAY ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6281



@AG U Geophysical Research Letters 10.1002/2014GL061119

a) s1 b) s2 The UK Meteorological Office (UKMO)
T — = Stratospheric Assimilated Data winds
== - ——— m— [Swinbank et al., 2013] from the years
Dec [ —_— — r 1

2000-2008 were used to quantify the tro-
Nov |— — - — — pospheric and stratospheric wind regimes.
UKMO wind data are available for pressure
levels between 1000 and 0.1 hPa (0.3 hPa
Sep F— = = ——a———— before 28 October 2003 and 0.4 hPa

Octl- — — — — — — 4 F — = — = — =+

g ————— | E——— between 14 March 2006 and 14 May 2007)
Q Augf ] r ] and a horizontal resolution of 2.5° x 3.75°
2 ul e | I | (latitude x longitude).

o

E Vertical profiles of the density-weighted

Q Junf e + 4

§ GW momentum fluxes of zonal momen-

May | - L 4 tum, pW, have been determined using
a new generation All-Sky Interferometric
(SKiYMET) meteor radar [Hocking et

Mar L | | i al., 2001; Fritts et al., 2010] located in
Trondheim (63°N, 10°E), Norway [de Wit

il — T — .
Feb o — — - 1 et al,, 2014]. The system, operating at a
Jan ) ) frequency of 34.21 MHz, is optimized to
-180 0 180 -180 0 180  measure momentum fluxes by the use of

longitude longitude a circular transmitter array consisting of
eight antennas, which directs most of the
30 kW peak power between zenith angles
-10 0 10 of 15° and 50°. Maximum meteor count
meridional wind [m/s] rates are observed around 90 km, and

daily count rates range between 6000 and
12,000 unambiguous meteors at zenith
angles between 15° and 50° and altitudes of

Figure 1. Hovméller diagrams of zonal wave numbers 1 and 2
(S, S,) of the mesospheric (mean altitude around 95 km) merid-
ional wind, year 2000. Blue and red colors signify poleward and

equatorward wind, respectively. A period of westward propagat- 70-100 km. Momentum fluxes are derived
ing wave activity can clearly be seen around fall equinox in the S; in four altitude ranges (80-85 km, 85-90 km,
mode. Adapted from Kleinknecht et al. [2014]. 90-95 km, and 95-100 km) after removing

the background winds [Andrioli et al.,
2013] using the method proposed by Hocking [2005] to estimate their vertical divergence using densities,
p, taken from the COSPAR International Reference Atmosphere 1986 monthly mean density data set
[Fleming et al., 1990].

3. Results

Figure 2 shows the observed mesospheric PW activity (the sum of zonal wave numbers 1 and 2) at high
northern latitudes (51-66°N) between 1 March and 15 October for the years 2000-2008. The PW activity is
also shown smoothed over 10 days for better visualization. These data are representative of the PW activity
around an altitude of ~ 95 km [e.g., Hall et al., 1997; Hibbins and Jarvis, 2008]. The maximum eastward (red)
and westward (green) zonal mean zonal wind speed in the height column from 1000 to 0.1 hPa (ground to
~ 65 km) and at the latitude band between 51 and 66°N are displayed for the same time periods. These
winds are extracted from the zonal mean zonal UKMO winds.

Increased PW activity can be observed after spring equinox, during midsummer and around fall equinox.
The enhancements in spring and summer show strong interannual variability in both timing and strength.
The spring enhancements are related to the final breakdowns of the polar vortex, as discussed by Manson
et al. [2002] and Shepherd et al. [2002] who found good agreement between (final) stratospheric warming
events and springtime temperature perturbations. The midsummer peak in PW activity is consistent with
interhemispheric propagation of PW’s into the summer mesosphere [e.g., Forbes et al., 1995; Espy et al., 1997;
Hibbins et al., 2007; Ford et al., 2009; Hibbins et al., 2009] or in situ generated waves [Nielsen et al., 2010]. A
detailed description of this feature will be the subject of a subsequent publication. Although there is some
interannual variability in both the start date and peak amplitude, there is a persistent PW enhancement that
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Figure 2. Ten day smoothed (blue, left axis) and unsmoothed (black, left axis) mesospheric (mean altitude around 95 km)
PW activity (S1+S,) and maximum UKMO zonal mean eastward (red, right axis) and westward (green, right axis) wind
below (~65 km) between 1 March and 15 October for years 2000-2008. The vertical dashed lines mark the start and end
of the PW enhancement seen in Figure 3.

occurs around fall equinox (~days 230-270) in all years where data are available. To extract seasonal fea-
tures from the year-to-year variability, the PW amplitude and the maximum wind values between 1 March
and 15 October have been averaged over all 9 years. This climatology of PW activity is shown in Figure 3 and
shows the enhancement around fall equinox to be a climatologically consistent feature. It is also clear that
the observed enhancement in high-latitudinal mesosphere PW activity (the sum of zonal wave numbers

1 and 2) in fall occurs simultaneously with the climatological minimum in the zonal background wind
observed in the underlying column.

Coincident with this burst of PW activity, a temporary poleward wind perturbation can be seen in the daily
mean meridional wind of individual SuperDARN radars. As an example, Figure 4 shows the climatology of
the daily mean meridional wind (blue) in the mesosphere (~ 95 km) measured by the SuperDARN radar at
Stokkseyri (64.7°N, 26.9°W) and the 20 day smoothing of the climatology (green). The strength and direction
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Figure 3. Ten day smoothed climatology (2000-2008) of meso-
spheric (mean altitude around 95 km) PW activity (black, left
axis) with error bars of 16 (blue) and climatology (2000-2008)
of maximum eastward (red) and westward (green) zonal mean
UKMO wind below ~65 km (right axis) between 1 March and
15 October.

of the gravity wave forcing is related to the
net filtering below the MLT and hence the dif-
ference between the maximum eastward and
westward wind in the height column below
the MLT. Fourier decomposition of this differ-
ence reveals only an annual and semiannual
component (not shown). The expected merid-
ional wind in the mesosphere can therefore
be constructed by a fit of a bias, an annual,
and a semiannual component. This expected
wind is shown as the red line in Figure 4. There
are clear perturbations in the measured mean
wind (difference between green and red line)
that cannot be explained by the effect of grav-
ity wave forcing and radiation alone. During
autumn a poleward meridional wind per-
turbation is seen to occur just prior to day
250 coincident with the enhancement in PW
activity shown in Figures 2 and 3.

4. Discussion

The vertical propagation of a PW depends
on its phase speed relative to the zonal back-
ground wind in the atmosphere [e.g., Salby,
1996]. The maximum wind velocity in the

stratosphere therefore gives an indication as to when and which waves can propagate through the strato-
sphere into the mesosphere. Charney and Drazin [1961] showed for a simplified analytically solvable system
that PWs can only propagate into regions where the zonal mean wind (1) is both larger (more eastward)
than the zonal wave velocity (c) of the wave and smaller (more westward) than the Rossby critical velocity
(U.), where U, is dependent on the horizontal scale of the wave. PW activity in the middle atmosphere is
generally observed to be weaker in summer than in winter [e.g., Alexander and Shepherd, 2010; McDonald et
al., 2011; Day and Mitchell, 2010], since the intrinsic PW velocity is always westward and their propagation is
therefore strongly reduced by the summertime westward jets in the stratosphere. However, during the fall
equinox, stratospheric zonal winds are generally low, resulting in a high atmospheric transmission and the
enhancement of PW propagation into the MLT seen in Figures 2 and 3.

Stokkseyri
Apr May Jun Jul Aug Sep Oct

meridional wind [m/s]
o

160 15IO 260 250 360
day of year

Climatology
s Climatology smoothed
I ?2-component fit

Figure 4. Climatology of planetary wave activity (blue) and 20
day smoothed climatology (green) from the Stokkseyri (64.7°N,
26.9°W) SuperDARN radar. The red curve depicts the expected
seasonal variation of the meridional wind due to pure radiative
and gravity wave forcing. A poleward perturbation away from
the standard picture is clearly visible around fall equinox.

Bursts of 5 day and 16 day PW activity dur-
ing the fall equinox have previously been
observed in mesospheric winds derived from
single northern hemispheric meteor radars
at, e.g., Sheffield (53°N, 4°W), Esrange (68°N,
21°E), and Bear Lake (42°N, 11°W) by Mitchell
et al. [1999], Day and Mitchell [2010], and Day
et al. [2012], respectively. Day and Mitchell
[2010] present the seasonal behavior of the
quasi 5 day (4-7 days) wave in the MLT show-
ing a clear enhancement of its amplitude in
fall. This enhancement of a single temporal
component occurs at the same time as the
enhancement of the zonal wave numbers 1
and 2 PW structures observed here (Figure 3).
Indeed, spectral analysis of the PW observed
by the SuperDARN chain around fall equinox
reveals quasi 5, 10, and 16 day oscillations in
agreement with other PW observations at
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(@) summer single stations around the fall equinox [e.g., Day and
100 Mitchell, 2010; Day et al., 2012]. In addition, Hovm®ller
s=-6.3+1.4x 10  diagrams (Figure 1 and Kleinknecht et al., 2014,
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- wave transition toward the west at the time of the
80 P wave enhancement agrees with model simulations
(b) autumn [Liu et al., 2001].
100 ’
copsdin o s=-0.4205x 107 Riggin et al. [2003] observed an autumn equinox
. 95¢ enhancement of semidiurnal tidal amplitudes from
g e MF radar observations at these latitudes which was
L 90t localized between 82 and 90 km at the preferred alti-
E o tudes for these radars. The amplitude decay above
< g5} this altitude was attributed to refraction of the tide
e it by the background wind field. However, Mitchell et al.
80 . P [2002], using a SKiYMET meteor radar system located
100 (C) vyinter o at Esrange (68°N, 21°E), observed the amplitude of
: 6 the autumn equinox semidiurnal tide to continue to
_ $=3.240.7x10 ; .
o5l grow up to 97 km altitude. Although refraction of
g the wave energy would be expected to produce a
o ool westward and poleward forcing of the background
E winds, the tendency for MF radars to progressively
= gsl underestimate the winds and tidal amplitudes above
s 90 km is well documented [e.g., Manson et al., 2004;
80 ' Portnyagin et al., 2004]. So although tidal forcing of

5 4 -3 2 -1 0 1 2 3 4 5 the background wind may play a role during the
p<u'w’> (Pa) x 1074  autumn equinox, the SuperDARN radars lack the

altitude resolution to quantify its contribution.
Figure 5. Vertical profile of hourly values of pu’w’

(blue dots) and their 1o standard deviation (grey line) ~ UPWard propagation of gravity waves is also pro-

hibited if the background wind matches the phase
shown in figure) through all available data poi::ts for (a) VeIOCIty of .the wave [Fritts and Alexander, 2003].
days 156-166, (b) days 252-262, and (c) days 334-344 in However, since GWs can have both eastward and
the year 2013. westward phase velocities, the seasonal change of the
stratospheric background wind leads to the transmis-
sion of westward GWs in winter and, correspondingly,
eastward waves in summer. Those GWs that reach the MLT and break deposit their momentum. The result-
ing drag creates a meridional flow that redirects the wind away from the summer and toward the winter
pole [Lindzen, 1981; Holton, 1982, 1983; Garcia and Solomon, 1985]. During equinox the zonal winds are
generally low, and therefore, the filtering is at a minimum for gravity waves. Hence, GW forcing in the MLT
would be expected to minimize around equinox as the GW forcing makes a smooth transition from positive
(summer) to negative (winter) forcing [Andrews et al., 1987].

together with a linear best fit (black, slope s [k—m] + 1o

The net effect of GWs on the zonal momentum budget of the mesopause region can be derived from the
vertical divergence of the density-weighted vertical flux of horizontal momentum [e.g., Fritts and Vincent,
1987]. To illustrate how the GW forcing characteristically varies between solstice and equinox conditions,
vertical profiles of density-weighted GW fluxes of zonal momentum, p u’ w’, determined using the meteor
radar located in Trondheim [Hocking, 2005; de Wit et al., 2014] are presented in Figure 5. Figure 5b shows

p U W (blue dots) over a period of 10 days around fall equinox (days 252-262) in 2013 and their 1o standard
deviation (horizontal grey lines) at each altitude bin, together with a linear best fit through all available data
points representing the vertical profile of pu' W (black line). For comparison, vertical profiles of p U’ w’ rep-
resentative of summertime (days 156-166 2013) and wintertime (days 334-344 2013) forcing conditions are
shown in Figures 5a and 5¢, respectively. During summer (winter) p u’ w’ decreases (increases) significantly
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with height, indicating an eastward (westward) GW forcing. However, around the fall equinox, the vertical
divergence of pu’ W' is not statistically significantly different from zero, indicating no net zonal GW forcing
of the MLT region. Consequently, in the absence of other MLT dynamic forcing, the atmosphere should relax
toward radiative equilibrium around equinox with MLT meridional winds close to zero [Andrews, 2010].

In contrast, meridional wind observations in the MLT show a poleward directed perturbation during
equinox, as can be seen in Figure 4. Such poleward bursts of MLT meridional winds during the fall equinox
have previously been reported at similar northern and southern latitudes [e.g., Sandford et al., 2010] but not
related to specific forcing mechanisms. In addition, mesosphere temperature enhancements near equinox
have been observed at a variety of longitudes in both hemispheres [e.g., Taylor et al., 2001; Manson et al.,
2002; Shepherd et al., 2002; Espy and Stegman, 2002; French and Burns, 2004]. Both the enhanced poleward
flow and the temperature enhancement are evidence that the MLT is driven away from radiative equilib-
rium by westward wave forcing during the observed enhancement of PW amplitudes at the fall equinox,
when the net GW forcing minimizes. It appears that the westward momentum carried by PWs temporarily
dominates the forcing of the meridional wind, driving it toward the pole and enhancing temperatures in the
mesosphere during the fall equinox due to convergence and subsequent downwelling.

It should be noted that the observed enhancement of PW amplitude seems to occur slightly earlier than
climatological OH-temperature perturbations that have been observed [Taylor et al., 2001; Espy and
Stegman, 2002; French and Burns, 2004]. However, LIDAR temperature observations [She et al., 2000; Pan and
Gardner, 2003; Kawahara et al., 2004] tend to show that the fall temperature maximum occurs first at the
higher altitudes of the SuperDARN wind observations (95 km) and progresses downward in time to where
the OH-temperature observations take place (87 km). This downward phase progression of the temperature
perturbation is again indicative of a wave-breaking source [Plumb and Semeniuk, 2003].

Together, these observations indicate that the temporary increase in the westward momentum carried

by the PWs temporarily drives the ageostrophic meridional circulation when GW forcing is weak and in a
transition from positive (summer) to negative (winter) forcing during the fall equinox. This results in a tem-
porary increase in the poleward flow, increasing mesospheric temperatures beyond that which the weak GW
forcing alone would produce. As the stratospheric winds become steadily more eastward, the increasingly
filtered GWs again assume control of the meridional residual circulation and the mesospheric temperature.
Although a similar process occurs during spring equinox, its timing in the Northern Hemisphere is more
variable due to the timing of the final warming of the stratosphere. Hence, the climatological mean of the
springtime temperature enhancement in the Northern Hemisphere [Espy and Stegman, 2002; Manson et al.,
2002; Shepherd et al., 2002] is less pronounced. Thus, the enhanced flux of westward momentum carried by
PWs temporarily provides the main forcing of the MLT residual circulation, resulting in enhanced poleward
flow and the adiabatic heating observed in OH airglow and LIDAR temperature measurements in the MLT
during fall equinox.

5. Conclusion

Evidence for temporary PW forcing of the MLT during the fall equinox has been presented and discussed

as a possible cause of a concurrent poleward wind perturbation and subsequent temperature enhance-
ment in the MLT around fall equinox. PW activity of zonal wave numbers 1 and 2 has been extracted using
a longitudinal chain of high-latitude Northern Hemisphere SuperDARN radars over 9 years (2000-2008). A
clear and significant enhancement of the PW amplitudes in the MLT is observed each year, as well as in the
climatological composite, during the fall equinox. At this time the low zonal wind speeds in the underly-
ing atmosphere provide reduced filtering of the GWs and PWs. While the resulting enhanced transmission
of PWs increases the westward momentum carried to the MLT, the net momentum deposition of the more
isotropic GWs is observed to decrease due to the reduced filtering. This temporary increase of westward
momentum transmitted to the MLT by the PWs then controls the meridional residual circulation, resulting in
the increased poleward flows observed here and by other studies. This, in turn, raises mesospheric temper-
atures beyond that which the weakened momentum flux provided by the GWs would provide and results
in the enhanced mesospheric temperatures that have been observed previously. In the future the proposed
mechanism to characterize the role of PW forcing on the meridional circulation will be tested by appropriate
modeling efforts.
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Observations of planetary wave (PW) activity in the northern hemisphere, polar summer mesosphere
and lower thermosphere (MLT) are presented. Meteor winds from a northern hemisphere chain of Su-
perDARN radars have been used to monitor the meridional wind along a latitude band (51-66°N) in the
MLT. A stationary PW-like longitudinal structure with a strong zonal PW number 1 characteristic is
persistently observed year-to-year during summer. Here we characterize the amplitude and the phase
structure of this wave in the MLT. The Modern-Era Retrospective Analysis for Research and Application
(MERRA) of the NASA Global Modelling and Assimilation Office has been used to evaluate possible
sources of the observed longitudinal perturbation in the mesospheric meridional wind by investigating
the amplitudes and phases of PWs in the underlying atmosphere. The investigation shows that neither
gravity wave modulation by lower atmospheric PWs nor direct propagation of PWs from the lower at-
mosphere are a significant cause of the observed longitudinal perturbation. However, the data are not of
sufficient scope to investigate longitudinal differences in gravity wave sources, or to separate the effects
of instabilities and inter-hemispheric propagation as possible causes for the large PW present in the

summer MLT.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Planetary waves are global scale waves where the latitudinal
gradient of the Coriolis force serves as the restoring force. They can
be generated in the lower atmosphere and, due to their westward
intrinsic phase speeds (Forbes, 1995), they transport energy and
westward momentum as they propagate upward, growing in
amplitude.

Charney and Drazin (1961) showed using a simplified analytical
solvable system of the atmosphere that planetary waves can only
propagate into regions where the zonal mean wind is more east-
ward than the zonal phase velocity of the wave. The strong
westward stratospheric winds that form during summer at mid- to
high-latitudes should inhibit the upward propagation of planetary
waves from below. More detailed analyses showed that the re-
lationship is more complex and that vertical planetary wave pro-
pagation can be related to the effective refractive index (e.g. Smith,
1983; McDonald et al., 2011). In the quasi-geostrophic approx-
imation, this refractive index depends primarily on the zonal wind
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E-mail address: Nora.Kleinknecht@ntnu.no (N.H. Stray).
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and its latitudinal and vertical gradients (Smith, 1983). Never-
theless, vertical planetary wave propagation through the strato-
sphere from below is still unlikely during summer, and several
studies have shown that there is little planetary wave activity
present in the middle atmosphere during summer (e.g. Alexander
and Shepherd, 2010; McDonald et al., 2011).

In spite of this, signatures of planetary waves in the summer
mesosphere and lower thermosphere (MLT) have been modelled
and observed (e.g. Forbes et al., 1995; Espy et al., 1997; Wang et al.,
2000; Smith, 2003). Since vertical propagation through the stra-
tosphere is unlikely during summer, the existence of planetary
waves in the summertime MLT is puzzling. It has been suggested
that the planetary wave signatures in the MLT might arise from the
breaking of gravity waves whose momentum flux has been
modulated by the selective filtering of the planetary waves present
in the lower atmosphere (Smith, 2003). That is, gravity waves with
eastward momentum would reach their critical levels in the
eastward phase of the planetary waves (as manifested in the zonal
wind field), allowing gravity waves carrying westward momentum
to reach the MLT, and vice versa. The gravity waves that reach and
break in the MLT would deposit their momentum and force the
mean wind, imprinting in the MLT a mirror image of the planetary
wave in the lower atmosphere.

Please cite this article as: Stray, N.H., et al., Characterisation of quasi-stationary planetary waves in the Northern MLT during summer.
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Free travelling planetary waves are also possible in the summer
mesosphere. These waves are considered to be global normal
(resonant) modes that are not maintained by particular travelling
forcing effects (Andrews, 1987). As shown by Salby (1981), the
amplitudes of these wave disturbances can become large locally
when the background wind speed approaches their phase speeds.
The most prominent travelling wave in the summer mesosphere is
the so-called 2-day wave (e.g. Limpasuvan and Wu, 2003). These
features take on zonal wave numbers 2-4 and tend to amplify
shortly after the solstice. As discussed below, fluctuations asso-
ciated with the 2-day wave are removed in our analyses so their
impacts are not relevant to our results.

Additionally, in situ generation of planetary waves by the bar-
oclinic and barotropic instabilities created by the steep wind and
temperature gradients in the middle atmosphere near solstice (e.g.
Plumb, 1983; Baumgaertner et al., 2008) have also been proposed
as a possible source of planetary waves in the MLT. Finally, it has
been suggested that the source of the planetary waves in the
summertime MLT might be the winter hemisphere, where the
waves duct along the near-zero wind line that stretches from the
winter stratosphere into the summer mesosphere (e.g. Forbes,
1995; Espy et al., 1997; Hibbins et al., 2009). While all these me-
chanisms are plausible and fit the existing measurements, there
has been a lack of simultaneous observations of planetary wave
amplitudes and phases, as well as the underlying wind field during
summer that could be used to separate the relative importance of
these proposed mechanisms.

Here observations of summertime wave number 1 (S;) and 2
(S2) planetary wave activity in the MLT (~95 km) are derived from
meteor winds recorded with a chain of SuperDARN radars using
the technique described by Kleinknecht et al. (2014). The possible
sources of these planetary wave-like longitudinal perturbations of
the MLT meridional wind that show a stable phase behaviour from
year to year are evaluated using the underlying winds from the
Modern-Era Retrospective Analysis for Research and Application
(MERRA) of the NASA Global Modelling and Assimilation Office
(Rienecker et al., 2011). By combining these data sets we discuss
which of the proposed mechanisms for the appearance of plane-
tary waves in the summertime MLT are likely.

2. Data

In order to examine the wind and planetary wave field in the
mesosphere and the lower thermosphere (MLT), meridional winds
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have been retrieved from the meteor winds at each of 8 Super-
DARN radars (Greenwald et al., 1985, 1995) at high northern lati-
tudes (51-66°N). Since the orientation of most of the SuperDARN
radars is toward the north, the meridional component derived
from the line of sight winds of all beams is used due to its smaller
uncertainty. Planetary wave amplitudes with wave numbers 1 and
2 in the mesopause region (~95 km) have been retrieved from
these meridional meteor winds by taking advantage of the long-
itudinal chain (150°W-25°E) formed by these 8 SuperDARN radars.
The technique is fully described and the validation studies are
presented in Kleinknecht et al. (2014). Briefly, after an initial
quality check, a daily mean wind, the 24-h, 12-h and 8-h sinusoidal
tidal periods and a 2-day wave period were fitted to a 4-day
sliding window of the hourly meridional wind for each of the
8 SuperDARN stations. The window was shifted in 1 day intervals
to retrieve the time series of daily mean meridional winds at each
station. These daily mean meridional winds at each station are
then fitted as a sinusoidal function of longitude with 360° (S;) and
180° (S;) spatial periods to retrieve the amplitude and the phase of
the wave number 1 and 2 components for each day.

To quantify the lower atmosphere, the zonal and meridional
winds from MERRA (Rienecker et al., 2011) have been used to
monitor the wind structure in the troposphere and the strato-
sphere. The horizontal resolution of the MERRA data used in this
study is 0.5° x 3.3° (latitude x longitude). The vertical grid con-
sists of 72 pressure levels from the ground to 0.015 hPa (~80 km).
MERRA is measurement driven up to approximately 50 km
(~1 hPa), above which it is free running. For this analysis only the
measurement driven region of MERRA has been used. Since
MERRA outputs are produced four times a day (0, 6, 12, and 18 UT),
the daily means of the meridional wind averaged over the latitude
band between 51°N and 66°N were produced to minimise tidal
effects and to obtain wind profiles at latitudes similar to the lati-
tude coverage of the SuperDARN chain.

Fig. 1 shows an altitude-longitude profile of the meridional
(left panel) and the zonal (right panel) wind produced by MERRA
for the 18 July 2000 between the ground and 1 hPa averaged over
the latitude band of 51-66°N.

Red and blue colours signify poleward (eastward) and equa-
torward (westward) meridional (zonal) winds, respectively. While
the zonal-mean zonal wind is predominantly eastward in the
troposphere and turns westward in the stratosphere due to sur-
face and ozone heating, the zonal-mean meridional wind is close
to zero throughout the troposphere and the stratosphere due to
geostrophic balance. Fig. 1 also shows that there are strong
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Fig.1. MERRA meridional (left) and zonal (right) wind (m/s) for the 18 July 2000 between the ground and 1 hPa (~50 km) averaged over the latitude band between 51°N and
66°N. Red and blue colours signify poleward (eastward) and equatorward (westward) winds, respectively.
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longitudinal perturbations in both the tropospheric zonal and the
meridional wind. These perturbations are indicative of planetary
waves and reach a maximum amplitude around the tropopause
(~230 hPa, ~10 km) before rapidly falling in amplitude in the
stratosphere. To quantify the planetary wave amplitudes in the
lower atmosphere a longitudinal fit of the first four zonal wave
numbers (Sp, S1, Sz, and S3) of the meridional and the zonal wind
was calculated for each day and pressure level by fitting a mean
(So), and sine functions with 360° (S;), 180° (S;) and 120° (S3)
spatial periods as follows:

3 . .
i . -longitude
S S'Amplltude_s nl 2z ! SAPhase
o0+ E , in| 27 360t "

3. Results

Fig. 2(a) shows the climatology of the daily mean meridional
wind at each of the 8 SuperDARN radar stations. The meridional
wind is generally directed into the pole in winter (positive values)
and out of the pole in summer. This is due to the residual meso-
spheric meridional circulation caused by the breaking of gravity
waves that have been selectively filtered in the stratosphere (e.g
Lindzen, 1981; Garcia and Solomon, 1985).

The climatology of the different stations also shows that the
magnitude of the wintertime poleward meridional wind is gen-
erally smaller than the summertime equatorward winds. Model
studies and observations (e.g. Lindzen, 1981) have shown that the
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Fig. 2. (a) Climatology of daily mean meridional meteor winds for each of the
8 SuperDARN radar stations. The legend depicts the centroid longitude of the
meteor wind measurements for each station. (b) A 20-day average about summer
solstice of the daily mean climatological winds shown in (a) for each of the 8 sta-
tions, plotted as a function of the station longitude.

gravity wave breaking altitude, and hence the strongest mer-
idional forcing, varies between about 50 km in winter and 70 km
in summer due to the different vertical temperature profiles in the
middle atmosphere during winter and summer. Hence the mer-
idional wind in the MLT observed in the SuperDARN measure-
ments (~95 km) is generally stronger in summer than in winter.

Even though the SuperDARN radars are closely spaced in lati-
tude, Fig. 2(a) shows that the summer wind varies markedly as a
function of the different longitudinal locations of the radars. Sta-
tions that are located close to each other in longitude however
show similar wind magnitudes during summer as demonstrated in
Fig. 2(b). The equatorward meridional wind during summer is
observed to be strongest at longitudes around Greenland (30-
60°W) with values of up to —13 m/s. In contrast, at other long-
itudes the climatological meridional wind falls to less than half
this amount. Evidence for a longitudinal variation in the sum-
mertime MLT meridional wind that is stable from year to year has
also been observed by e.g. Dowdy et al. (2007).

This longitudinal variation of the meridional wind, visible in
Fig. 2(b), can also be seen on a daily basis and can be represented
by the planetary wave number 1 and 2 components that have been
retrieved for all days in summertime (May-August) for the years
2000-2008 as described in the previous section. The daily wave
components fitted are presented as a function of time and long-
itude in the Hovmoller diagrams in Fig. 3. The longitudinal dif-
ference observed in the climatology of the different stations is
clearly visible here as a quasi-stationary wave in both wave
components with a longitudinal phase during mid-summer that is
consistent year to year for all 9 years. The mean (summer solstice
+ 20 days) longitudinal position of the minimum (most south-
ward) meridional wind in the observed S; wave component varies
only between —64°E (year 2001) and —46°E (year 2007) and the
mean amplitude of the S; wave component varies between 5 m/s
(year 2007) and 13 m/s (year 2000).

The existence of such phase-stable wave components during
summer adds a perturbation to the general equatorward mer-
idional circulation. This results in a stronger meridional wind
blowing out of the pole above the Atlantic sector while the
equatorward winds are weaker over Russia. This longitudinal
variation in meridional wind would then result in stronger outflow
and more adiabatic lifting over the Atlantic sector, resulting in
colder mesopause summer temperatures there compared to war-
mer temperatures above Russia. The longitudinal temperature
perturbations associated with the meridional wind anomalies
observed here have been reported by Chandran et al. (2010) using
SABER temperatures as well as a temperature proxy, the occur-
rence frequency of Polar Mesospheric Clouds (PMC).

4. Discussion

As noted earlier, possible sources of the mesospheric planetary
wave-like perturbation of the meridional wind observed here are
(1) vertical propagation of the planetary waves from below, in situ
generation through either (2) modulation of gravity wave filtering
by planetary waves in the lower atmosphere, (3) longitudinal dif-
ference in gravity wave sources or (4) baroclinic and barotropic in-
stabilities, and finally (5) inter-hemispheric coupling of planetary
waves from the winter stratosphere. These different mechanisms
will be evaluated for consistency with the observed wind and wave
fields observed in both the MLT and the lower atmosphere.

4.1. Vertical propagation

Vertical propagation of planetary waves from the troposphere
through the summertime stratosphere is unlikely due to the
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Fig. 3. Longitudinal wave components S; (a) and S, (b) of the mean meridional wind for summertime (May-August), years 2000-2008 (1-9). Red and blue colours signify

poleward and equatorward wind, respectively. Adapted from Kleinknecht et al. (2014).

strong westward jet that theoretically inhibits vertical planetary
wave propagation (Charney and Drazin, 1961). MERRA meridional
winds have been used to monitor planetary-wave activity in the
lower and the middle atmosphere to investigate if direct planetary
wave propagation into the MLT from lower altitudes is possible.
Fig. 4 shows the climatology of wave number 1 and 2 amplitudes.
The upper panel shows the amplitudes in the MLT that have been
extracted from the SuperDARN chain, while the lower panel shows
planetary wave amplitudes in the troposphere and the strato-
sphere (up to 1 hPa, ~50 km) extracted from the data driven re-
gion of MERRA. The left panels show the climatology of the S;
planetary wave component and the right panels the climatology of
the S, planetary wave component.

In the troposphere and the stratosphere planetary wave am-
plitudes maximise in summer near the tropopause around 200-
300 hPa (10-12 km) together with the zonal-mean zonal wind
(Fig. 1). Above, the vertical gradient of the zonal wind becomes
negative as the mean wind adjusts to the westward stratospheric

wind regime, inhibiting vertical planetary wave propagation. This
leads to a summertime minimum of planetary wave activity in the
stratosphere. In contrast, observations in the MLT (~95 km) by the
SuperDARN network show an increase of planetary wave ampli-
tudes in summer. This indicates that direct propagation through
the stratosphere is an ineffective source of the year-to-year per-
sistent planetary waves observed in the MLT.

4.2. Modulation of gravity wave filtering by planetary waves in the
lower atmosphere

Zonal winds from MERRA have been used to investigate if the
filtering of gravity waves can be modulated by stationary planetary
waves in the lower atmosphere during summer and result in a
mapping of these planetary waves into the MLT when the gravity
waves break and deposit their momentum at mesospheric alti-
tudes. Such a mechanism has been shown to be a possible source
of stationary planetary waves in the wintertime mesosphere
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(Smith, 2003). During summer the planetary wave amplitudes are
weakest in the stratosphere due to the westward winds there
(Charney and Drazin, 1961). Thus, the strongest PW amplitudes
that would modulate the filtering of gravity waves occur near the
tropopause (~230 hPa ~10-12 km) where the winds are eastward.
At this altitude the zonal-mean eastward wind as well as the
planetary wave magnitudes maximizes in summer, as can be seen
in Figs. 1 and 4, respectively, and any modulation of the gravity
wave filtering by planetary waves would be expected to be
strongest there. Fig. 5 (upper panel) shows the climatologically
stable S; planetary wave component around the tropopause
(~230 hPa, 10-12 km) retrieved from MERRA (a) and at the MLT
(~95 km) retrieved from the SuperDARN network (b). At the tro-
popause the observed wave component shows a maximum am-
plitude of 6 m/s with the eastward phase of the wave above the
Atlantic sector (~0-60°W). The mean summertime background
wind at this altitude is eastward with a magnitude around 10 m/s.

Above the tropopause, the zonal wind turns westward in
summer throughout the middle atmosphere, and wind speeds
exceeding —30 m/s (Fig. 1) effectively filter the bulk of westward
propagating gravity waves (Lindzen, 1981). It has been shown that
the deposition of eastward momentum from the remaining east-
ward gravity waves in the mesosphere increases drag on the zonal
wind and increases the resulting residual circulation equator-
wards, with the strength of the effect dependent on the amount of
eastward momentum deposition (e.g. Lindzen, 1981; Fritts and
Alexander, 2003). The wind fluctuations associated with planetary
waves near the tropopause could modulate the upward gravity-
wave momentum flux, thereby modulating the momentum
transferred to the mesosphere by gravity waves.

Stronger eastward winds near the tropopause (red regions in
Fig. 5a) will filter more eastward gravity waves and hence lead to
less eastward momentum deposition in the MLT. This, in turn, will
decrease the associated residual MLT equatorward wind, produ-
cing a poleward (red) perturbation of the meridional wind. Con-
versely, decreased eastward winds at the troposphere (blue re-
gions in Fig. 5a) will result in less filtering and hence stronger
momentum deposition in the MLT. This will result in a stronger
equatorward residual circulation in the MLT, resulting in an

equatorward (blue) perturbation of the meridional wind.

If the modulation of the filtering described above were to have
a significant effect on the longitudinal modulation of meridional
wind in the MLT one would expect to see poleward (red) wind
perturbations above stronger eastward (red) wind at the tropo-
pause. Similarly there should be an equatorward (blue) wind
perturbations above less strong eastward (blue) winds at the tro-
popause. However exactly the opposite is the case as can be seen
from Fig. 5(b). Modulation of the gravity wave filtering by zonal
wave number 1 stationary planetary waves near the tropopause
seems therefore not to be the primary mechanism behind the
stationary summertime planetary wave-like longitudinal pertur-
bation of the meridional wind observed in the MLT. In addition,
the phase of the S; component at the tropopause can vary widely
throughout summer and shows strong inter-annual variations.
However, the S; wave in the MLT shows a stable phase throughout
the summer, and is consistent year to year. As an example, the
zonal wind at the tropopause (MERRA) and the meridional wind in
the MLT (SuperDARN) during summer 2001 are shown in Fig. 5
(c) and (d), respectively.

4.3. Longitudinal difference in gravity wave sources

In the previous section it has been shown that the westward
portion of the gravity wave spectrum will be nearly completely
filtered by the strong westward winds in the stratosphere. Thus,
the eastward gravity wave spectrum in the troposphere should
dictate the momentum delivered to the MLT (Fritts and Alexander,
2003). As this spectrum of tropospheric gravity waves will grow
and break in the mesosphere and force the mesospheric wind, any
longitudinal variation in the tropospheric eastward gravity wave
source spectrum could map into the mesosphere to provide the
longitudinal modulation of the meridional wind observed in the
MLT. For the longitudinal variations of the eastward gravity wave
spectra to be a possible source of the meridional wind modulation
observed by the SuperDARN chain in the MLT (~95 km) a strong
source of free eastward propagating gravity waves above the
Atlantic sector (30-60°W) has to exist. Studies by e.g. Limpasuvan
et al. (2007) show that there is strong gravity wave generation
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above Greenland. However a detailed analysis of the gravity wave
source spectrum and its longitudinal distribution at these latitudes
would be necessary to test this mechanism and is beyond the
scope of this study.

4.4. Generation through baroclinic and barotropic instabilities

No observational or theoretical evidence of baroclinic and
barotropic jet instabilities forcing climatologically stationary and
phase-stable waves has been reported. However baroclinic and
barotropic instabilities have been shown to be the cause of fast
travelling planetary waves in the mesosphere during summer
(Plumb, 1983; Limpasuvan and Wu, 2003; Baumgaertner et al.,
2008) and it is therefore mentioned as a possible source. The

necessary condition for instability states that the meridional gra-
dient of the zonal mean (quasi-geostrophic) potential vorticity
becomes negative. This condition reflects the zonal-mean zonal
wind changing rapidly in the meridional direction (leading to
barotropic instability) and/or vertical direction (related to thermal
meridional gradient and leading thus to baroclinic instability).
Initial results using the Whole Atmospheric Community Climate
model with Specified Dynamics (WACCM-SD, Tweedy et al., 2013)
indicate that there are potential source regions for the generation
of instabilities near 70-90°N above 80 km (not shown). However, a
thorough instability analysis is needed to examine unstable wave
growth rates (in the face of damping) and the corresponding
background conditions. Such analysis will be the subject of future
work.
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4.5. Inter-hemispheric coupling

Evidence for inter-hemispheric coupling of planetary waves has
been shown in several studies (e.g. Forbes, 1995; Espy et al., 1997;
Hibbins et al., 2009; Day and Mitchell, 2010). These studies focus
mostly on travelling wave components. However one should keep
in mind that the longitudinal wave components observed in this
paper are the sum of all stationary and travelling planetary waves
with the same longitudinal structure. While strong stationary
wave components might exist in the winter mesosphere and mi-
grate to the summer along the near-zero wind line, we currently
lack the data needed to test this hypothesis. This would require a
characterization of southern hemispheric stationary wave ampli-
tudes and a theoretical model of horizontal wave transport that is
beyond the scope of this paper. In addition several observational
studies suggest large inter-annual variability in the inter-hemi-
spheric propagation of PWs (e.g. Espy et al., 1997; Hibbins et al.,
2009), which is inconsistent with the relatively stable stationary
wave reported here. Thus, this must be considered as a viable,
albeit untested mechanism which will be subject of future mod-
elling work.

5. Summary and conclusion

Planetary wave observations in the mesosphere-lower ther-
mosphere using meridional meteor winds from a chain of Super-
DARN radars show strong quasi-stationary planetary wave activity
of the zonal wave numbers 1 and 2 during mid-summer. The ob-
served planetary wave activity shows a year-to-year consistent
quasi-stationary phase. Supporting longitudinal wind and tem-
perature variations in the mesosphere have been observed in
other studies and show the impact of these structures on the
longitudinal variability of PMC. Winds from the Modern-Era Ret-
rospective Analysis for Research and Application (MERRA) of the
NASA Global Modelling and Assimilation Office are used to in-
vestigate the source of the stationary planetary wave-like pertur-
bations of the meridional wind observed in the MLT. The analysis
downplays the role of planetary wave modulated filtering of
gravity waves as well as vertical propagation through the strato-
sphere as a source. However, longitudinal differences in gravity
wave sources, barotropic and baroclinic instabilities as well as
inter-hemispheric coupling remain as possible explanations for
the longitudinal structure in the meridional wind in the MLT and
will be investigated further.
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Abstract

This study investigates the effect of Stratospheric Sudden Warmings (SSWs) on Plan-
etary Wave (PW) activity in the Mesosphere-Lower Thermosphere (MLT). PW activity
near 95 km is derived from meteor wind data using a chain of 8 SuperDARN radars
at high northern latitudes that span longitudes from 150° W to 25° E and latitudes from
51 to 66° N. Zonal wave number 1 and 2 components were extracted from the merid-
ional wind for the years 2000—2008. The observed wintertime PW activity shows com-
mon features associated with the stratospheric wind reversals and the accompanying
stratospheric warming events. Onset dates for seven SSW events accompanied by
an elevated stratopause (ES) were identified during this time period using the Spec-
ified Dynamics Whole Atmosphere Community Climate Model (SD-WACCM). For the
seven events, a significant enhancement in wave number 1 and 2 PW amplitudes near
95 km was found to occur after the wind reversed at 50 km, with amplitudes maximiz-
ing approximately 5 days after the onset of the wind reversal. This PW enhancement
in the MLT after the event was confirmed using SD-WACCM. When all cases of polar
cap wind reversals at 50 km were considered, a significant, albeit moderate, correla-
tion of 0.4 was found between PW amplitudes near 95km and westward polar-cap
stratospheric winds at 50 km, with the maximum correlation occurring ~ 3 days after
the maximum westward wind. These results indicate that the enhancement of PW am-
plitudes near 95 km are a common feature of SSWs irrespective of the strength of the
wind reversal.

1 Introduction

Stratospheric Sudden Warmings (SSWs) are dramatic breakdowns of the polar vor-
tex occurring in the polar wintertime that can dynamically couple the atmosphere all
the way from the troposphere into the ionosphere (e.g. Limpasuvan et al., 2004; Gon-
charenko et al., 2010; Pancheva and Mukhtarov, 2011; Yuan et al., 2012). They occur
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frequently in the northern polar hemisphere but vary in strength and time of occurrence.
SSWs are caused by the interaction of Planetary Waves (PWs) with the mean flow
(Matsuno, 1971) that leads to an abrupt reversal of the zonal-mean winds in the middle
atmosphere as well as to a sudden warming (cooling) of the stratosphere (mesosphere)
(e.g. Manney et al., 2008; Chandran et al., 2014, and references therein).

A total breakdown of the polar vortex during a SSW can lead to a nearly isothermal
region around the stratopause, with the stratopause subsequently re-forming at higher
altitudes (Manney et al., 2008). Such an event is known as an elevated stratopause
(ES) event. Based on a case study with the WACCM model, (Limpasuvan et al., 2012)
suggested that during a strong warming accompanied by an ES event, PWs appear in
the Mesosphere-Lower Thermosphere (MLT). These are instrumental in initiating the
descent of the elevated stratopause, before the westward gravity wave forcing is re-
established. The sudden changes in atmospheric conditions related to an SSW alter
the transmission of planetary and gravity waves and result in large vertical and hori-
zontal temperature and velocity gradients that can lead to the generation of new waves
(Chandran et al., 2013b). In a high-resolution model study, Tomikawa et al. (2012)
demonstrated that the generation of the MLT planetary waves could arise from large-
scale flow instabilities. In a climatological analysis using both the WACCM model and
the MERRA analysis data, Chandran et al. (2013a) found that over half of the SSW
events were accompanied by an ES, and ~ 87 % of these combined events showed
enhanced planetary wave activity in the upper mesosphere.

In addition to these model results, Chandran et al. (2013b) also observed an en-
hancement of PW amplitudes and a change of their longitudinal propagation speed in
the MLT in connection with a strong SSW event in January 2012 using the Specified
Dynamics Whole Atmosphere Community Climate Model (SD-WACCM) and temper-
atures from the Sounding of the Atmosphere using Broadband Emission Radiometry
(SABER) instrument. This event was noteworthy in that it was strong, with the total
zonal-mean zonal wind at 50 km (averaged from 50-77° N) reaching westward wind
speeds of more than 40 ms™’ during the reversal. In addition it was accompanied by
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an elevated stratopause event. Chandran et al. (2013b) inferred that the PWs in the
MLT were generated in-situ by the instabilities associated with the large wind and tem-
perature gradients that resulted from this strong SSW event.

Here we examine whether PW enhancements in the MLT are a general feature con-
nected to SSWs or whether they are only associated with strong events. To do so, PW
activity around 95 km was examined during several SSW events that were character-
ized by a range of wind reversal magnitudes (-2 to —50ms'1). The PW amplitudes
were derived using the meridional meteor winds from a northern high latitude chain of
SuperDARN meteor radars for the winter seasons between 2000 and 2008.

2 Data

PW activity near 95 km has been derived from meteor winds measured by a chain
of SuperDARN radars at high northern latitudes (51-66°N). SD-WACCM has been
used to model PW activity throughout the middle atmosphere and monitor atmospheric
background conditions of wind and temperature.

2.1 Observational data (SuperDARN)

Hourly meridional meteor winds from eight SuperDARN radars (Greenwald et al., 1985,
1995) located between 51-66° N and 150° W—25° E have been used to extract the lon-
gitudinal structure of PWs with zonal wave number 1 and 2 (S; and S,) in the MLT,
at approximately 95km (Hall et al., 1997; Hibbins and Jarvis, 2008) for all winters
(November—March) between January 2000 and December 2008. This has been done
following the technique described and validated in Kleinknecht et al. (2014). Briefly, af-
ter an initial quality check, daily mean winds are produced by fitting and removing tidal
(8, 12, 24 h) and 2 day wave components to 4 day segments of the hourly winds which
are stepped in 1 day intervals. These resulting daily winds are then fitted as a function
of longitude to provide the amplitude and phase of the S; and S, PWs. The wave num-
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ber one (S;) and two (S,) components resulting from the fit to the chain of SuperDARN
radars are shown in Fig. 1 for all winter seasons (November—March) between 2000 and
2008. The independent fits from the individual days are presented in the form of a Hov-
méller diagram, where the phase vs. longitude of the S; and S, components can be
seen to evolve in time. Red and blue colors signify poleward and equatorward wind, re-
spectively. Each wave component represents the superposition of all stationary as well
as eastward and westward travelling waves with that zonal wavenumber. The temporal
changes in the amplitude and longitudinal phase of each wave component, shown in
the Hovméller diagram, indicate the interaction of the different temporal components of
the PW as they propagate in the zonal background wind.

2.2 Model data (SD-WACCM)

WACCM is a global circulation model of the National Center of Atmospheric Research
(NCAR) extending from the surface to 150 km (88 pressure levels) with fully coupled
chemistry and dynamics. Its horizontal resolution is 1.9° x 2.5° (latitude x longitude).
The WACCM version used in this study is a specified dynamics version of WACCM4
called SD-WACCM. The dynamics and temperature of the specified dynamics version
are nudged to MERRA, the Modern-Era Retrospective Analysis for Research and Ap-
plication of the NASA Global Modeling and Assimilation Office (Rienecker and et al.,
2011) up to 0.79hPa (~ 50km). Meteorological fields above this altitude are fully in-
teractive with linear transition in between. Due to the nudging SD-WACCM is capable
of representing atmospheric temperature and dynamics for individual dates and has
been shown to respresent ES events well (Eyring et al., 2010; Chandran et al., 2013a;
Tweedy et al., 2013).
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3 Data analysis

SSWs occur frequently in the Northern Hemisphere during winters (November—March).
However their time of occurrence and their strength vary due to differences in the
stratospheric wave forcing. To investigate the effect of SSWs on PW activity in the
MLT, a threshold to define an SSW event has to be set. Here, the onset day of an
event was defined as the point when the zonal-mean zonal polar cap (70-90° N) wind
at 0.7 hPa (~ 50 km) reversed from eastward to westward and persisted reversed for at
least 4 days. These criteria are similar to the criteria chosen by Tweedy et al. (2013)
who showed that this onset date corresponds to the day when the polar wind reverses
direction over an extended range of altitudes in the mesosphere. Zonal wind data from
MERRA were used to identify SSW events in the zonal-mean polar cap zonal winds.
In addition SSWs were divided into SSWs with and without elevated stratopause (ES)
events. An ES event was defined as having a temperature below 185K at 80 km imme-
diately after the wind reversal, and a stratopause elevation of at least 10 km after the
onset of the wind reversal. Here SD-WACCM was used to define the events due to the
limited top altitude of MERRA. Using these criteria, in total 23 SSW event have been
found during the years 2000-2008, among which 7 of these events were followed by
an ES event (11 December 2000, 29 January 2001, 22 December 2001, 29 Decem-
ber 2002, 19 December 2003, 9 January 2006, 23 January 2008). It should be noticed
that all the 7 SSW ES events occurred during undisturbed winter conditions; that is,
there were no polar cap wind reversals (lasting at least 4 days) that occurred in the
40 days preceding the selected events. Composites of these 7 SSW ES events were
made for the modelled temperature, wind and PW activity using SD-WACCM and for
the PW activity observed by the SuperDARN chain.
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4 Modelled wind and temperature during a composite SSW ES event

The composite of the SD-WACCM background conditions (temperature and wind) us-
ing these 7 SSW ES events is shown in Fig. 2 and demonstrates the general behaviour
of the atmospheric zonal-mean temperature and winds during an SSW ES event. The
upper panel depicts the zonal-mean zonal wind. Red and blue colors signify eastward
and westward winds, respectively. The lower panel shows the zonal-mean temperature
with red and blue colors signifying temperatures above and below 220 K, respectively.

The first days of the composite fields reflect undisturbed winter conditions. Briefly, the
zonal-mean zonal wind is eastward in the stratosphere, which leads to filtering of the
eastward-propagating gravity waves and hence westward gravity wave momentum de-
position and westward zonal-mean winds in the mesosphere. The vertical temperature
gradient is positive (increasing with altitude) in the stratosphere and negative in the
mesosphere, with the stratopause clearly visible as a temperature maximum around
60 km.

A SSW is created by the interaction of PWs with the mean flow that leads to a decel-
eration of the polar vortex and hence a reversal of the zonal-mean zonal wind (Matsuno,
1971). In Fig. 2a this reversal of the zonal wind can be seen as a strong, westward wind
regime in the stratosphere starting at day zero of the composite and lasting for several
days. This distortion of the polar vortex leads to sinking motion and hence to adia-
batic heating in the stratosphere, and a descent of the stratopause as can be seen
in Fig. 2b. In addition the distortion of the polar vortex leads to a change in gravity
wave filtering. During the wind reversal eastward gravity waves can reach the meso-
sphere while westward gravity waves are blocked (de Wit et al., 2014). This leads to
the deposition of eastward momentum and a reversal of the zonal mean wind in the
mesosphere as can be seen in Fig. 2a. In addition, there is an accompanying reversal
of the meridional circulation and hence a rising motion and cooling in the mesosphere
(e.g. Limpasuvan et al., 2012; Chandran et al., 2014, and references within), as can be
seen in Fig. 2b. When an SSW is accompanied by an ES event, the stratopause disap-
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pears temporarily and than re-forms at higher altitudes (Fig. 2b). The disappearance
of the stratopause is related to a complete breakdown of the polar vortex and a nearly
isothermal region between the stratosphere and the mesosphere. The stratopause can
then reform at higher altitudes (~ 70—-80 km) as a so-called elevated stratopause (e.g.
Manney et al., 2008).

5 Results
5.1 MLT planetary wave activity during SSW ES events

The Hovméller diagrams presented in Fig. 1 also show the onset of the stratospheric
wind reversal for each of the 7 SSW events that were accompanied by an elevated
stratopause, as marked by the horizontal black lines. The wind reversals triggering
those events cover maximum magnitudes between —-11 and ~30ms~" and last for
4 to 16 days. However the observations show consistent PW behaviour during SSW
events. That is, each event is accompanied by an increase in PW amplitude. The PW
activity after the onset of the wind reversal can be observed to propagate with quite
stable phase speed for approximately 10 days. The 7 SSW ES events investigated
here reveal phase speeds between —45 to 15° longitude per day. In addition many, but
not all events show the phase speed after the onset of the wind reversal to be stronger
westward than before.

We also observe a coherent PW response during a SSW ES event by forming a com-
posite of PW activity for the 7 SSW ES events. The composite of the PW activity ob-
served by the SuperDARN radar chain is presented in Fig. 3. It shows the PW ampli-
tudes in the MLT (~ 95km) for the S, (a), the S, (b) and the sum of both zonal wave
components (c). In addition the stratospheric (~ 50 km) polar cap zonal-mean zonal
wind is plotted in magenta, and the onset of the stratospheric wind reversal, day zero
of the composite, is marked with a vertical green line. A significant increase in PW ac-
tivity can be seen just after the stratospheric zonal-mean zonal wind reversal in both
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wave numbers. The enhancement occurs slightly earlier in the S; component but is
stronger in the S, component.

For comparison with the SuperDARN observations, Fig. 4 shows the composite of
the modelled PW activity, derived from the meridional wind of SD-WACCM, from the
ground to 10™* hPa (~ 110km) for the same seven SSW ES events. The zonal wave
number 1 component (S;) is shown in the upper panel, the zonal wave number 2 com-
ponent (S,) in the middle panel and the sum of both wave components in the lower
panel. The vertical green line marks the onset of the stratospheric wind reversal. The
horizontal blue line marks the approximate mean altitude of the SuperDARN wind ob-
servations. As expected, strong PW activity can be seen in the stratosphere leading
to the wind reversal and the SSW. In the model, the PW activity minimizes at around
80 km due to either strong gravity wave drag (e.g. Smith, 2003) and/or a strong negative
wind shear (e.g. Smith, 1983; McDonald et al., 2011). However, similar to the observed
PW activity, there is an enhancement in PW activity in the MLT (above 80 km) just after
the onset of the stratospheric wind reversal. While stratospheric PW activity seems to
be dominated by wave number 1, the amplitudes of the two zonal components (S; and
S,) are quite similar in the MLT, with the amplitudes of the S, component being slightly
stronger. Similar to the PW observed in the MLT, the modelled amplitudes of the S
component peak slightly before the S, component, although the modelled peaks occur
slightly earlier than in the observations.

In summary, the composite of the SSW events that are followed by an elevated
stratopause in both the observed (Fig. 3) and the modelled (Fig. 4) cases show a clear
increase in PW amplitude above 80 km after the onset of the SSW. In addition a shift
of the propagation direction often occurs after the onset of the SSW (Fig. 1). This indi-
cates that SSWs accompanied by an ES event in general have a strong influence on
PW activity in the MLT, irrespective of the strength of the reversal.
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5.2 MLT planetary wave activity during stratospheric wind reversals

The previous sections showed the typical behaviour of winds, temperatures and PWs
during the seven SSWs accompanied by ES events irrespective of the strength of the
reversal. In this section the correlation between all stratospheric wind reversals and
MLT planetary wave activity is investigated. This includes all 23 SSW events and also
6 additional events where wind reversal is shorter than 4 days. Figure 5 shows the PW
amplitudes (S +S,) observed by the SuperDARN radar chain (black) for all winters
between 2000/2001-2007/2008 together with the westward component of the polar
cap wind at 50 km retrieved from MERRA (magenta). The magnitudes of the reversals
vary between -2 and -50ms™" and last between 1 and 19 days. The SSWs used for
the composite study in the previous section are marked with vertical green lines.

A similar composite analysis to that presented in Sect. 5.1 using all stratospheric
wind reversals could not be used to investigate the relationship between the wind re-
versal and PW amplitudes in the MLT because many of them occur shortly after an
SSW ES event that has perturbed the background conditions. Therefore, to investi-
gate the general correlation between stratospheric wind reversals of variable strength
and the MLT PW amplitudes, polar cap westward winds at 50 km (MERRA) and the
observed PW amplitudes (SuperDARN) have been correlated between November and
March. Only days for which both the westward polar cap winds and PW measurements
exist were correlated. The correlation is shown in Fig. 6. The highest correlation (cor-
relation coefficient = 0.4) occurred with the westward polar cap wind maximum leading
the PW activity maximum by 3 days. The correlation between the westward wind and
PW bursts is only moderate but more than 99 % significant, and shows that MLT PW
enhancements are not just associated with SSWs that are accompanied by ES events
but are a general feature attendant with stratospheric polar cap wind reversals of any
strength. To make sure that the observed correlation is not being triggered by the SSW
ES events but by the bulk of wind reversals, the correlation has been repeated exclud-
ing the SSW ES events used in the previous composite study. The correlation coeffi-
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cient (not shown) becomes slightly smaller (0.3) but still peaks at a 3 days lag (polar
cap winds leading) and remains more than 99 % significant.

6 Discussion and conclusion

Limpasuvan et al. (2012) mentioned in a case study using WACCM that the ES event
was accompanied by a PW in the MLT region and Chandran et al. (2013a) later estab-
lished a climatology of SSW events using WACCM. Chandran et al. (2013a) reported
that the majority of SSW events studied were accompanied by an increase in PW am-
plitudes in the MLT. In addition, Chandran et al. (2013b) observed such an increase in
PW amplitudes, using SABER data, in a single, strong (polar cap zonal wind reversal at
50 km greater than -40ms™ (max westward wind)) SSW ES event in January 2012.
Our observations (Fig. 1) indicate the enhancement in PW amplitude approximately 5
days after the wind reversal (Fig. 3) to be a consistent feature of all 7 SSW ES events,
irrespective of the magnitude (-11 to —30 ms'1) and duration (4 to 16 days) of the wind
reversal. The consistent increase in planetary wave amplitudes near 95 km observed in
the SuperDARN wind data that occurs after the onset of the SSW ES events (shown by
the horizontal black lines) can be observed in the Hovmadller diagrams of Fig. 1 as well
as in the temporal evolution of the PW amplitudes and winds shown in Fig. 3. In addi-
tion these observations are consistent with the modelled increases of PW amplitude in
the MLT shown in Fig. 4. Furthermore the relation between the observed PW activity
and all wind reversals (Fig. 6), including a variety of polar cap zonal wind reversals
between —2 and —-50ms™" that last between 1 and 19 days, is striking. Their moder-
ate but significant correlation indicates PW bursts in the MLT to lag the maximum of
the stratospheric wind reversals by 3 days. This 3 day lag between the maximum wind
reversal and the maximum PW activity observed in the correlation analysis (Fig. 6) is
consistent with the timing observed in the composite analysis (Fig. 3) which shows the
maximization of PW activity approximately 5 days after the onset of the reversal and
hence approximately 3 days after the maximum of the wind reversal.
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Chandran et al. (2013b) observed not only an increase in PW amplitude after the
2012 SSW ES event, but also a change of the PW longitudinal phase speed towards
stronger westward propagation and the occurrence of 5-10 day westward propagating
waves following the onset of the event. Here we observe an increase in westward
propagation in many of the SSW ES events. However, during some SSW ES events
no clear phase shift and even eastward wave propagation can be observed after the
onset of the SSW.

All these observations together indicate that the enhancement of PW activity in the
MLT is a general feature connected to SSWs in the Northern Hemisphere and not just
related to strong events, confirming the modelling results of Chandran et al. (2013a).
Indications on how the PW in the MLT is related to the SSW can be collected from
the modelled background conditions and the modelled PW activity presented in Figs. 2
and 4, respectively. The modelled SD-WACCM PW activity clearly shows that the am-
plitudes of PWs propagating up from the stratosphere minimize when they reaches
altitudes around 80 km before building again in the MLT. This minimum could be re-
lated to ducting of PW (Limpasuvan et al., 2012) or indicate that the PW activity in
the MLT observed after the onset of the stratospheric wind reversal might be locally
generated and is not just a continuation of the stratospheric PW activity. Such in-situ
generation of secondary PW activity in the MLT due to zonal asymmetry imposed by
gravity wave drag during an SSW has been suggested by e.g. Liu and Roble (2002).
Furthermore the model result presented above (Fig. 2) show very strong temperature
and wind gradients to develop during all observed SSW events which favor the devel-
opment of baroclinic and barotropic instabilities (e.g. Matsuno, 1971; Pedlosky, 1979;
Nielsen et al., 2010; Limpasuvan et al., 2012; Tomikawa et al., 2012). This suggests
that, like in the strong SSW event studied by Chandran et al. (2013b), instabilities as-
sociated with those gradients are potentially an additional trigger for the enhanced PW
activity seen in the MLT during stratospheric (~ 50 km) polar cap wind reversals.
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Figure 1. Longitudinal wave components S, (a) and S, (b) of the mean meridional wind anoma-
lies for winters, 2000/2001-2008/2009 (1-9). Red and blue colors signify poleward and equa-
torward wind, respectively. The horizontal black lines indicate the onset of the wind reversal for
each of the SSW events that were accompanied by an elevated stratopause (see Sect. 3).
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Figure 2. Composite (based on 7 SSW ES events) of polar cap (70-90°) zonal-mean zonal wind
(upper panel) and temperature (lower panel) observed by SD-WACCM. Day zero (vertical green
line) marks the onset of the polar cap zonal-mean zonal wind reversal at 0.7 hPa (~ 50 km).
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Figure 3. Composites of PW activity observed by SuperDARN around SSW events for the S;
(a), S, (b) and S; + S, (¢) components (black) and the stratospheric (~ 50 km) polar cap zonal-
mean zonal wind (magenta). The onset of the wind reversal is marked with a vertical green line
at day zero.
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Figure 4. Composites of PW activity observed by SD-WACCM around SSW events for the
S, (upper panel), the S, (middle panel) component and the sum of both components (lower
panel) averaged over 48-65°N. The vertical green line marks the onset of the stratospheric
wind reversal. The horizontal blue line marks the approximate mean altitude of the SuperDARN
wind observations.
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Figure 5. MLT Planetary wave amplitudes from SuperDARN (black) and stratospheric west-
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from the SuperDARN data. The vertical green line marks the onset of the stratospheric wind
reversal of the composited events.
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spheric westward wind leads the PW enhancements in the MLT by approximately 3 days with
a moderate correlation coefficient of 0.4. the horizontal blue line represents the 99 % confidence
level.
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B. Models used

To get information about the state of the surrounding and underlying atmosphere
different models have been used. The models were used for validation of the fitting
technique and to investigate possible sources of the observed PW activity in the
MLT.

B.1 UKMO

The UK Meteorological Office (UKMO) stratospheric assimilated data set [Swin-
bank et al., 2013; Swinbank and O’Neill, 1994] contains temperature, geopotential
height and wind components. Model results were obtained through the British At-
mospheric Data Centre. The data is available as single daily output at 12 UT
and is based on the operational observations. The horizontal resolution is 2.5°
x 3.75° (latitude x longitude) before 13 March 2006, and 0.5625° x 0.375° after
this date. The vertical coverage presently extends from the ground to 0.1 hPa
( 65 km). However before 28 October 2003 and from 14 March 2006 to 14 May
2007 the top altitude was at 0.3 hPa and 0.4 hPa, respectively. The zonal wind
from UKMO has been used to quantify the tropospheric and stratospheric wind
regimes. In addition, the meridional wind from UKMO has been used to validate
the method for the extraction of PW zonal wave number components [Section 2.3]

and to extract stratospheric PW activity.
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B. Models used

B.2 MERRA

Wind components using the Modern-Era Retrospective Analysis for Research and
Application (MERRA) of the NASA Global Modelling and Assimilation Office [Rie-
necker et al., 2011] have been made available by Varavut Limpasuvan from the
School of Coastal and Marine Systems Science, Coastal Carolina University, South
Carolina, USA. The horizontal resolution of this data product is 0.5° x 3,3° (lat-
itude x longitude) and the vertical resolution contains 72 pressure levels between
the ground and 0.015 hPa (~ 80 km). Up to approximately 50 km the simu-
lations are measurement driven. Above that altitude the model is free running.
Outputs have been produced 4 times a day so that the daily average removes the
tidal oscillations present. The wind data from MERRA have been used to monitor

stratospheric wind conditions and retrieve stratospheric planetary wave activity.

B.3 SD-WACCM

The Whole Atmosphere Community Climate Model (WACCM) is a global circu-
lation model of the National Center of Atmospheric Research (NCAR) with fully
coupled chemistry and dynamics that can provide simulations up to ~ 150 km.
The dynamics and temperature of the specified dynamics version of WACCM (SD-
WACCM) assimilate MERRA [Appendix B.2] up to 0.79 hPa (~ 50 km). Mete-
orological fields above this altitude are fully interactive with a linear transition in
between. Due to the assimilation, the atmospheric temperature and dynamics for
individual dates can be represented by SD-WACCM [Eyring et al., 2010; Tweedy
et al., 2013]. The SD-WACCM winds and temperatures used in this thesis have
been provided by Yvan J. Orsolini from the Norwegian Institute for Air Research in
Kjeller, Norway and Varavut Limpasuvan from the School of Coastal and Marine
Systems Science, Coastal Carolina University, South Carolina, USA. The horizontal
resolution of this model output is 1.9° x 2.5° (latitude x longitude) and it covers

altitudes from the ground to approximately 150 km (88 pressure levels). Here the
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model has been used to analyse the effect of stratospheric sudden warmings on
PW activity in the MLT. Using the model, PW activity throughout the atmosphere
(0-150 km) could be simulated.
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C. Abbreviations

C.1 General

BAS

ES

GW

ICON

IDI

MLT
NASA
MERRA
OH

PMC

PW
QTDW
SABER
SD-WACCM
SKiYMET
SLT
SuperDARN
SSW
TIMED
UKMO
WMO

British Antarctic Survey

Elevated Stratopause

Gravity Wave

lonospheric Connection Explorer

Imaging Doppler Interferometer

Mesosphere Lower Thermosphere

National Aeronautics and Space Administration
Modern-Era Retrospective analysis for Research and Application
Hydroxyl

Polar Mesospheric Cloud

Planetary Wave

Quasi-Two-Day Wave

Sounding of the Atmosphere using Broadband Emission Radiometry
Specified Dynamics Whole Atmospheric Community Model
All-Sky Interferometric

Solar Local Time

Super Dual Auroral Radar Network

Stratospheric Sudden Warming

Thermosphere lonosphere Mesosphere Energetics Dynamics
UK Meteorological Office

World Meteorological Organization
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C. Abbreviations

C.2 SuperDARN radars

ade
bks
cve
dce
fhw
gbr
han
inv
ker
ksr
pgr
rnk
sas
sps
sye
tig
wal

Adak Island East
Blackstone
Christmas Valley East
Dome C

Fort Hays West
Goose Bay
Hankasalmi

Inuvik

Kerguelen

King Salmon
Prince George
Rankin Inlet
Saskatoon

South Pole Station
Syowa East

Tiger

Wallops Island

Table C.1.: Taken from
vt.superdarn.org/tiki-index.php?page=Radar+0verview.
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adw

cly
cvw

fhe
fir
hal
hok
kap
kod
mcm
pyk
san
sch
sto
sys
unw
zho

Adak Island West
Clyde River
Christmas Valley West
Fort Hays East
Falkland Islands
Halley

Hokkaido
Kapuskasing
Kodiak
McMurdo
Pykkvibaer
SANAE
Schefferville
Stokkseyri

Syowa South
Unwin
Zhongshan


vt.superdarn.org/tiki-index.php?page=Radar+Overview
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