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Abstract. The mesosphere and lower thermosphere (MLT) is a dynamic layer of the earth’s atmosphere. This
region marks the interface at which neutral atmosphere dynamics begin to influence the upper atmosphere and
ionosphere. However, our understanding of this region and our ability to accurately simulate it in global circu-
lation models (GCMs) is limited by a lack of observations, especially in remote locations. To this end, a meteor
radar was deployed from 2016 to 2020 on the remote mountainous island of South Georgia (54◦ S, 36◦W) in
the Southern Ocean. In this study we use these new measurements to characterise the fundamental dynamics of
the MLT above South Georgia including large-scale winds, solar tides, planetary waves (PWs), and mesoscale
gravity waves (GWs). We first present an improved method for time–height localisation of radar wind measure-
ments and characterise the large-scale MLT winds. We then determine the amplitudes and phases of the diurnal
(24 h), semidiurnal (12 h), terdiurnal (8 h), and quardiurnal (6 h) solar tides at this latitude. We find very large
amplitudes up to 30 m s−1 for the quasi 2 d PW in summer and, combining our measurements with the meteor
SAAMER radar in Argentina, show that the dominant modes of the quasi 5, 10, and 16 d PWs are westward 1
and 2. We investigate and compare wind variance due to both large-scale “resolved” GWs and small-scale “sub-
volume” GWs in the MLT and characterise their seasonal cycles. Last, we use our radar observations and satellite
temperature observations from the Microwave Limb Sounder to test a climatological simulation of the Whole
Atmosphere Community Climate Model (WACCM). We find that WACCM exhibits a summertime mesopause
near 80 km altitude that is around 10 K warmer and 10 km lower in altitude than observed. Above 95 km altitude,
summertime meridional winds in WACCM reverse to poleward, but this not observed in radar observations in
this altitude range. More significantly, we find that wintertime zonal winds between 85 to 105 km altitude are
eastward up to 40 m s−1 in radar observations, but in WACCM they are westward up to 20 m s−1. We propose
that this large discrepancy may be linked to the impacts of secondary GWs (2GWs) on the residual circulation,
which are not included in most global models, including WACCM. These radar measurements can therefore
provide vital constraints that can guide the development of GCMs as they extend upwards into this important
region of the atmosphere.
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1 Introduction

The mesosphere and lower thermosphere (MLT) is an atmo-
spheric region that marks the transition between the neu-
tral dynamics of the middle atmosphere and ionised pro-
cesses in the thermosphere and ionosphere above (Smith
et al., 2011, 2017; Jackson et al., 2019; Sassi et al., 2019).
The unique features of this region set the MLT apart from
other atmospheric layers (Smith, 2012), including the cold-
est naturally occurring temperatures at the summertime polar
mesopause, enormous local dynamical variability due to at-
mospheric tides and planetary waves (PWs), and a residual
circulation that is to first order driven by small-scale atmo-
spheric gravity waves (GWs).

The dynamics and circulation in the MLT are important for
global transport of important trace chemical species (Smith
et al., 2011; Kvissel et al., 2012), including transporting NOx
and meteor smoke into the winter polar stratosphere, which
can affect stratospheric ozone and surface climate (Funke
et al., 2017; Garcia et al., 2017), whereas the annual forma-
tion and depletion of polar mesospheric clouds (PMCs) at the
summertime mesopause has an impact on sensitive chemi-
cal processes (Thurairajah et al., 2013; Siskind et al., 2018).
Neutral winds in the MLT can also have first-order effects
on the impacts of space weather in the ionised atmosphere
above (Jackson et al., 2019; Sassi et al., 2019).

The MLT is also where the impact of solar tides on the neu-
tral winds is greatest. Direct solar heating of the stratosphere
below causes tides to propagate upwards and grow exponen-
tially in amplitude, leading to wind reversals in the MLT that
can be up to 100 m s−1 over the course of one day (e.g. Ja-
cobi et al., 1999; Mitchell et al., 2002; Murphy et al., 2006;
Vincent, 2015). Planetary scale waves, which occur at peri-
ods from 2 d to more than 16 d and can reach amplitudes up
to several tens of m s−1 (Schoeberl and Clark, 1980; Salby,
1981a, b), also play a key role in the dynamics of the MLT by
modulating GW breaking (Holton, 1984) and through non-
linear interactions with solar tides (Beard et al., 1999).

One fundamental aspect of the MLT is its strong response
to the forcing due to atmospheric GWs, which results in up-
welling in the middle atmosphere over the summertime pole
and downwelling over the winter pole (Soloman and Garcia,
1987; Vargas et al., 2015). These adiabatic cooling and heat-
ing conditions drive the thermal structure of the atmosphere
away from that expected under radiative equilibrium, lead-
ing to a global-scale pole-to-pole residual circulation from
the summer pole to the winter pole in the MLT (Houghton,
1978; Holton, 1983; Becker, 2012).

The sensitivity of the residual MLT circulation to GWs
makes its simulation in high-top global models especially
challenging (Becker, 2012; Yasui et al., 2018; Jackson et al.,
2019). The majority of GWs in global models and their gen-
eration mechanisms are sub-grid scale, and the momentum
deposition and subsequent driving due to these waves must
be parameterised (Alexander et al., 2010). In nearly all cur-

rent GW parameterisations, however, the magnitude and di-
rection of GW momentum that reaches the MLT is almost
entirely dependent on the selected GW launch spectrum near
the surface, the vertical columnar propagation of GW mo-
mentum, and filtering by the background winds below. Cir-
culations in the MLT can therefore be highly sensitive to the
tuning of these GW parameterisations in ways in which the
lower atmosphere is not. Further, concepts such as oblique
GW propagation (e.g. Hasha et al., 2008; Song and Chun,
2008; Choi et al., 2009; Kalisch et al., 2014), the in situ gen-
eration of GWs in the middle atmosphere from jets and fronts
(Fairlie et al., 1990; Sato and Yoshiki, 2008, e.g.), and sec-
ondary GWs (Vadas et al., 2018; Vadas and Becker, 2018;
Kogure et al., 2020) can change the magnitude and direc-
tion of GW momentum reaching the MLT, but these are not
currently included in standard operational parameterisation
schemes in most global models.

Developments of advanced models employing realistic pa-
rameterisations of subgrid-scale GW influences and high
time cadence observations of neutral winds, waves, and
tides in the MLT are required to make progress in this re-
gard. Satellite observations can provide a global picture, but
they lack the sampling cadence to accurately constrain short
timescale variability of GW processes. Meteor wind radars
(MWRs), however, offer one of the best methods for measur-
ing the neutral winds in the MLT. By measuring the radial
Doppler shift of reflected radio pulses from ionised meteor
trails near 90 km altitude, MWRs can derive continuous mea-
surements of the neutral winds in the MLT at one location
(Hocking et al., 2001).

To this end, a meteor radar was installed on the remote is-
land of South Georgia (54◦ S, 36◦W) in the Southern Ocean.
The radar made near-continuous measurements of neutral
winds in the MLT from February 2016 to November 2020.
South Georgia is located near to the global GW “hot spot” of
activity in the stratosphere of the southern Andes and Antarc-
tic Peninsula (Hindley et al., 2015; Hoffmann et al., 2013;
Hindley et al., 2020), and is also an intense source of win-
tertime GW activity itself (Hoffmann et al., 2014; Hindley
et al., 2021). Further, recent modelling and observations have
indicated significant generation and propagation of 2GWs in
the mesosphere and thermosphere in the region (Vadas and
Becker, 2019; Heale et al., 2020; Kogure et al., 2020; Lund
et al., 2020; Fritts et al., 2021; Heale et al., 2022).

The goal of this study is to use these measurements to char-
acterise the fundamental dynamics of the MLT at this remote
location. In Sect. 2 we describe the radar, satellite, and mod-
elling data sets used in this study, and in Sect. 3 we describe
a new method for the localisation of derived radar winds.
There then follow five results sections: in Sect. 4 we show
mean winds and temperatures over the island; in Sect. 5 we
characterise the solar tides; in Sect. 6 we investigate PWs;
and in Sect. 7 we investigate GW activity. Last, in Sect. 8
we compare observed winds and temperatures in the MLT to
climatological dynamics from the Whole Atmosphere Com-
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munity Climate Model (WACCM). Our results are discussed
in Sect. 9 and we summarise the study and draw our conclu-
sions in Sect. 10.

2 Data

2.1 The South Georgia meteor radar

A SKiYMET VHF meteor radar was installed at King Ed-
ward Point (KEP) on the island of South Georgia (54◦ S,
36◦W) in the Southern Ocean in January 2016. The radar
was deployed in an “all sky” configuration and consists of a
single solid-state transmitter operating at 35.24 MHz with a
pulse repetition frequency (PRF) of 625 Hz and 7-bit Barker
code, and a five-element receiver array. Peak power is around
7.5 kW. Receiver interferometry was used for simultaneous
measurement of range, zenith angle, and azimuth of ionised
meteor trials and enables the height and location of these
trails to be determined. The Doppler shift of the returning
radio pulses can be used to infer a radial “drift velocity” for
each detected trail, which can be interpreted as a radial wind
vector measurement at the given height, location, and time.
For a full description of the SKiYMET meteor radar system,
see Hocking et al. (2001).

An overview of the meteor trail detections by the KEP
radar is provided in Fig. 1. The radial component of meteor
trail drift velocities are measured between altitudes of around
70 to 110 km (Fig. 1b), centred near 90 km. The peak height
of the meteor distribution is related to neutral density and can
vary seasonally by a few kilometres.

Meteors are detected at angles up to∼ 80◦ from the zenith
(Fig. 1c); however, in this study we only select meteors be-
tween zenith angles of 15 and 65◦ (dashed lines in Fig. 1c).
This is to avoid potential errors in the projection of horizon-
tal wind from meteor echoes near the zenith, and errors in the
measured height of meteor echoes at large zenith angles.

Meteors are detected in all horizontal directions, as illus-
trated in Fig. 1a. Receivers are blanked during each transmit-
ter pulse to avoid saturation of the receivers, resulting in a
small band of arrival times during which reflected pulses are
not detected. This results in the horizontal ring between 200
and 250 km from the radar, where no drift velocity measure-
ments can be made. Despite the island’s highest mountains
lying to the west and south, there is also an obstruction of
detections at large zenith angles to the north east due to the
proximity of the relatively small Mount Duce.

The number of unambiguous meteor detections per day is
shown in Fig. 1f. The radar began collecting data on 3 Febru-
ary 2016, typically detecting between around 2000 and 5000
meteor echoes per day. This increased to around 4000 to
8000 meteors per day from 2017 onwards. There are some
time periods during 2016, 2017, and 2019 when the radar had
to be taken offline due to power limitations at the KEP base,
which is supplied by a hydroelectric plant on the island; how-
ever, the use of the hydroelectric energy prevented any un-

wanted interference from power generators on the base. The
radar was uninstalled on 25 November 2020 and is expected
to be redeployed at Halley research station in Antarctica.

In this study we also use measurements from the Southern
Argentina Agile Meteor Radar (SAAMER) system deployed
at Rio Grande (54◦ S, 68◦W) in Tierra del Fuego, Argentina,
as described by Fritts et al. (2010a, b). The SAAMER radar is
located around 2000 km to the west of South Georgia at the
same latitude, which provides an opportunity for an inves-
tigation into eastward and westward propagating planetary
wave modes in Sect. 6. Throughout the study, identical data-
processing steps to derive winds are applied to the meteor de-
tections from the SAAMER and KEP radars for consistency.
Derived winds from the KEP radar have also contributed to
the studies by Liu et al. (2021) and Stober et al. (2021a).

2.2 Microwave Limb Sounder

Here we use version 5 of the level 2 temperature retrieval
from the Microwave Limb Sounder (MLS) (MLS, Waters
et al., 2006), which flies aboard NASA’s Aura satellite. Aura
was launched in 2004 and is part of the “A-train” constel-
lation, following a sun-synchronous polar orbit and cross-
ing the Equator at 01:30 and 13:30 local time each day
(Schoeberl et al., 2006). MLS measures vertical profiles of
microwave emissions of the atmospheric limb in five spec-
tral bands over the altitude range of approximately 261 to
0.001 hPa (around 10 to 100 km). Temperature and pressure
are retrieved from the 118- and 239 GHz bands with an esti-
mated temperature precision in the middle atmosphere better
than 3–4 K and an accuracy of between 2 and 3 K (Livesey
et al., 2015; Schwartz et al., 2008). The vertical resolution
of MLS varies from around 3.6–5 km between 10 and 25 km
altitude to∼ 10 km above 40 km altitude, and the along-track
spacing of the vertical profiles is approximately 170 km.

2.3 WACCM

WACCM is a comprehensive global climate model that ex-
tends from near the surface to the lower thermosphere,
at around 140 km altitude. Here we use an ensemble of
three WACCM simulations for the period 1950–2014 that
have specified sea surface temperatures based on observa-
tions. Other external input, such as anthropogenic pollutants
and volcanic emissions, is also based on the observational
records. The atmospheric simulations are free-running and
coupled to interactive chemistry and radiation. This specific
configuration is part of the Coupled Earth System Model
(CESM) version 2 (Danabasoglu et al., 2020) and was com-
pleted as a contribution to the sixth round of the Coupled
Model Intercomparison Project (CMIP6, Eyring et al., 2016)
using the latest version (version 6) of the model (Gettelman
et al., 2019). Improvements of WACCM6 over previous ver-
sions include a finer horizontal grid (0.95×1.25◦), improved
atmospheric chemical processes and aerosols (Tilmes et al.,
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Figure 1. Distributions of meteor echoes detected over King Edward Point (KEP) on South Georgia. Panel (a) shows the horizontal distribu-
tion of meteor echoes on 21 June 2018, where echoes are coloured according to their time of detection (see e for colour scale), whereas (b),
(c), (d) and (e) show histograms of the average height, zenith angle, horizontal (ground) range, and local time of all detected meteor echoes
respectively per day for all operational days. Panel (f) shows the number of meteor echoes detected per day for each day of operation during
2016 to 2020.

2019), an expanded database of volcanic eruptions (Neely
and Schmidt, 2016), additional fluxes of energetic particles
due to space weather (Marsh et al., 2007; Matthes et al.,
2017), and realistic magnitudes and occurrence rates of the
Quasi-Biennial Oscillation (QBO) and El Niño Southern Os-
cillation (ENSO). For a detailed description of WACCM ver-
sion 6 and its validation, we refer the reader to Gettelman
et al. (2019).

3 Methods

3.1 Improved time–height localisation of radar winds
using a Gaussian weighting approach

Time–height localised measurements of zonal and merid-
ional winds u and v from meteor radar systems are usually
derived by binning the measured radial velocities of individ-
ual meteors into time–height bins (e.g. Hocking et al., 2001).
Then, for all meteor echoes i = 1,2, . . .,N in each bin, a
least-squares fit of the function
vh1

vh2
...

vhN

=


sin θ1 cos θ1
sin θ2 cos θ2
...

...

sin θN cos θN


(
u

v

)
+


ε1
ε2
...

εN

 (1)

is performed to recover estimates of u and v, where vh =

vr/sin φ is the horizontal projection of the measured radial
velocity vr of the meteor trail, φ is the angle from the zenith,
θ is azimuth (defined clockwise from north), and ε is an er-
ror term for each meteor measurement. These time–height
bins can be typically around 1–2 h in time and ∼ 3 km in
height (Hocking and Thayaparan, 1997; Mitchell et al., 2002;
Mitchell and Beldon, 2009). A threshold value of at least 20
meteor echoes in a bin can be applied to ensure a reliable
fit (Mitchell and Beldon, 2009). Note that because meteors
from all azimuths are used in this fit, and the cosine function
is unique over one period, the slightly uneven distribution of
meteors with azimuth in Fig. 1a does not significantly affect
the results of our wind fitting method.

This method is simple and effective, but it has several im-
portant limitations, namely (1) meteors near the boundaries
of the time–height bin count 100 % to the centre of the bin,
but not to neighbouring bins; (2) the fit is not constrained
by the fits of neighbouring bins, that is, we would not ex-
pect a wildly different value for u and v from one hour to
the next to be physical, yet this is permitted by the method;
and (3) in bins with low meteor counts the cutoff threshold is
applied and the fit is not performed, even if the fit could be
constrained by using neighbouring bins.
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Here we describe a new approach to mitigate these prob-
lems. Instead of defining a time–height bin centred at time t0
and height z0, we define a two-dimensional Gaussian weight-
ing function centred at (t0,z0). This Gaussian function has
standard deviations σt = 0.85 h and σz = 1.275 km, which
correspond to full-width-at-half-maximum (FWHM) values
of 2 h and 3 km in time and height respectively. The central
location of the function (t0,z0) is then moved through time
and height in steps of 1 h and 1 km. For a given height and
time at each of these steps, each meteor echo i has a weight-
ing wi , which is the product of its weightings in time wti and
height wzi , given by

wi = wti wzi

= exp
(
−(ti − t0)2

2σ 2
t

)
exp

(
−(zi − z0)2

2σ 2
z

)
. (2)

These weightings are then used to perform a weighted least-
squares fit of the function in Eq. (1). The fit is performed
using a weighted matrix inversion method as(u
v

)
=

(
X> (W2 ◦X)

)−1
X>(W ◦Y ), (3)

where X is an N × 2 matrix containing the sine and co-
sine terms of azimuth as in Eq. (1), W = (w1,w2, . . .wN )
is an N × 1 column vector containing the weightings, Y =(
vh1 ,vh2 , . . . vhN

)
is anN×1 vector containing the measured

horizontal velocities, and W2 is simply anN×2 duplicate of
the weighting vector W . Here, ◦ denotes elementwise mul-
tiplication (Hadamard product) between two matrices, X−1

denotes the matrix inverse, and X> denotes the transpose.
Although Eq. (3) can be rearranged to be written more

simply, we found that this formulation was the most efficient
to solve computationally. To further improve computation
speed, we only consider horizontal velocities from meteor
echoes with a combined time–height weighting of wi > 0.05
(around two standard deviations) for each fit, which keeps
the above matrices relatively small. This cutoff means that
winds derived at least two standard deviations apart in height
(± 1.7 km) or time (±2.55 h) are entirely independent.

Due to the irregular distribution of meteors in time and
height, for each fit we use the same weights in the vector W
to compute a weighted mean of the altitude and time to which
the derived winds correspond. This is usually offset from the
centres of the tim–height Gaussians because of irregular dis-
tributions of meteors, especially with height. This means that
our derived horizontal winds vary smoothly and accurately
with the true distribution of meteor detections in height and
time, which is not necessarily the case with the traditional
time–height bin approach where fixed bin centres are used,
as in, for example, Mitchell et al. (2002).

3.2 Comparison with a traditional height gates approach

The new Gaussian weighting method is compared with a
traditional time–height bin method in Fig. 2. Derived zonal

(top) and meridional (bottom) winds from radar measure-
ments at KEP during the period 3 to 8 May 2017 are shown
for a time–height bin method (left) and the new Gaussian
weighted method described above (right).

The height bins chosen follow those used by Mitchell et al.
(2002) and are at altitudes of 78–83, 83–86, 86–89, 89–92,
92–95, and 95–100 km. They are 2 h wide in time and are
stepped along in 1 h steps. A threshold of at least 20 meteors
for the fit is applied in both methods, and the hatched regions
indicate where this condition is not met.

Periodic oscillations near 12 h in the zonal and meridional
winds are found in Fig. 2 in both methods. This is the semidi-
urnal solar tide, which is dominant at this latitude and season.

Several advantages to the new Gaussian weighting method
are found. First, the full altitude range of the available mea-
surements is revealed and reliable winds are automatically
found at higher and lower altitudes during the morning (local
time) when meteor counts are high. On some occasions, we
found that winds can be derived up to 110 km altitude (not
shown) with a realistic tidal phase progression with height,
suggesting that altitude independence can be maintained with
this method despite low meteor counts.

Second, winds are successfully derived by the Gaussian
weighting method for time periods where too few meteors
were detected to ensure a reliable fit using the traditional
method, such as during the afternoon of 6 May 2017. This
is because additional meteor echoes, which would have been
in adjacent bins in the traditional method, are available to
constrain the fit in Eq. (3). These missing periods cannot be
filled in simply by the interpolation of the surrounding wind
measurements. This also has the advantage of reducing spu-
rious wind fits during periods of low meteor counts, because
the inclusion of neighbouring meteor measurements helps to
prevent unphysically large changes in wind between two ad-
jacent time steps or height levels.

We note that the wind measurements in the Gaussian
weighting method appear to warp away from a regular time–
height grid at upper and lower altitudes. This is due to the de-
rived winds being correctly allocated to the weighted mean
time and height of the available meteors, which is not con-
sidered in the traditional method.

This effect is quantified in panels (e) and (f) of Fig. 2,
which show differences between the time and altitude at the
centre of the Gaussian function (as in a binning approach)
and the average Gaussian-weighted time and altitude of the
meteors used for the wind derivation. We can see that, due
to the irregular distribution of meteor echoes with time and
height, if the times and heights of derived values are sim-
ply assigned to the centre of a “bin” this can result in up
to around 20 min or 1 km from the correctly weighted time–
height average of the meteor echo locations. Accounting for
this time offset is less important for the mean winds, but it
can be important for accurately fitting the phases of the solar
tides, especially higher order tidal modes.
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Figure 2. Derived zonal and meridional winds from the South Georgia meteor radar during May 2017 using (a, c) a traditional time–height
binning approach and (b, d) the new Gaussian time–height weighting approach described here. Hatched areas show regions with too few
meteors to reliably derive winds. Lower panels (e) and (f) show differences between the Gaussian-weighted mean time and height of each
derived wind measurement using the new method and the time and height at the centre of the weighting function (as would be used in a
traditional binning method).

This new approach can help to extend reliable wind mea-
surements to the full vertical extent of meteor echo detec-
tions, allow for derived winds on shorter time scales, more
accurately derive the time and height of derived quantities,
and is applicable to any meteor wind radar system.

4 Large-scale winds and temperatures in the MLT
over South Georgia

The general dynamics of the large-scale zonal and meridional
winds over South Georgia are characterised in the power
spectra in Fig. 3, which shows a normalised Lomb–Scargle
periodogram of hourly winds at 90 km altitude for the pe-
riod February 2016 to November 2020 inclusive. The large
semidiurnal solar tide S2 dominates, with the diurnal (S1)
and terdiurnal (S3) tides showing roughly equal amplitudes
at this latitude. At periods longer than 1 d, peaks near 2, 5,
10, and 16 d are found, which correspond to known planetary
wave periods, although other periodicities are also present
(e.g. quasi-6 d). At periods shorter than the inertial period
(f ∼ 14.8 h at this latitude) but excluding tidal periods, the
spectra are dominated by gravity waves and follow a −5/3
gradient (solid red line) as expected from theory (e.g. Smith

et al., 1987). A significant peak is also found near 12.4 h,
which likely corresponds to the semidiurnal lunar tide M2,
suggesting that this radar dataset at South Georgia could be
useful for investigating lunar tides, although the diurnal lunar
tide M1 appears to be very weak at this latitude.

It should be noted in Fig. 3 that the standard 90 % signifi-
cance level shown inherently assumes a flat frequency spec-
trum, which is not the case for most atmospheric spectra.
Consideration therefore should also be given to the relative
size of peaks compared with their neighbouring frequencies,
such as for the quardiurnal (S4) solar tide, but this is chal-
lenging to quantify.

Further, there is an apparent change in the slope of the GW
part of the spectrum at periods less than around 4 h, which is
due to our sensitivity limits. Although we sample the winds
hourly (which implies a 2 h Nyquist resolution limit), the
fact that we apply a sliding Gaussian window with a FWHM
equal to 2 h as described in Sect. 3.1 above means that we are
not sensitive to oscillations with periods less than around 2–
4 h, meaning that this part of the spectrum in Fig. 3 is likely
to be indistinguishable from retrieval noise and measurement
error.

Atmos. Chem. Phys., 22, 9435–9459, 2022 https://doi.org/10.5194/acp-22-9435-2022
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Figure 3. Normalised power spectra of the hourly zonal (a) and meridional (b) winds at 90 km altitude measured by the South Georgia
meteor radar for the period 2016 to 2020. Annotations show peaks corresponding to solar tides S1–4, lunar tides M1–2 and planetary waves,
where shaded grey regions for the latter show an approximate range of periods. The dashed horizontal line shows the 90 % confidence level,
f denotes the inertial period (∼ 14.8 h) at 54◦ S, and the black line illustrates an idealised −5/3 power law for gravity waves.

To explore the dynamics of the MLT on monthly
timescales, Fig. 4 shows derived monthly zonal (top) and
meridional (bottom) winds against altitude for 2016 to 2020.
These winds are derived as monthly composite days where,
for each month, all meteor measurements in that month are
assumed to occur on the same day. Hourly winds are fitted
via the method in Sect. 3.1 and the average wind for each
monthly composite day is found. The rightmost panels in
Fig. 4 show a composite year using the same 30 d sliding
window, except that all measurements are assumed to occur
in the same year.

The zonal winds in Fig. 4a, b indicate a clear annual cy-
cle, with eastward winds in austral winter and a strong wind
shear that descends in altitude during summer. The onset and
descent of this summertime wind shear follows a character-
istic “triangular” pattern when plotted on time–height axes,
with a rapid (∼ 1 month) onset during spring followed by
a gradual descent in altitude throughout summer into au-
tumn over approximately 5 to 6 months. This is consistent
with other meteor radar wind observations at high midlati-
tudes in both hemispheres (e.g. Fritts et al., 2010b; Sandford
et al., 2010; Stober et al., 2021c). The vertical gradient of
the zonal wind in summer is particularly strong, from around
−20 m s−1 (westward) to up to +40 m s−1 (eastward) over
only 10 to 15 km altitude.

In the monthly mean winds shown here, there does not
appear to be a significant change in the observed zonal winds
over South Georgia during the southern sudden stratospheric
warming (SSW, e.g. Rao et al., 2020) in September 2019.
This is likely because, as shown recently by Liu et al. (2021),
wind responses occurred on timescales of up to around 10 d,
which are shorter than those shown in the results here.

Meridional winds in Fig. 4c, d are northward and up to
20 m s−1 during summer, and southward wind during winter.
This flow is part of a summer-to-winter pole circulation in the
MLT that is sometimes referred to as the mesospheric branch

of the Brewer–Dobson circulation (BDC) as described by
Murgatroyd and Singleton (1961), although the BDC is most
significant in the tropical troposphere and lower stratosphere.
The summertime northward flow maximises near 80 km al-
titude, whereas the wintertime southward flow is weaker but
persists for approximately 1 to 2 months longer than the sum-
mertime conditions. Interestingly, during 2016, 2017, and
2020 there is a brief reversal of the southward flow to north-
ward during winter. This also occurs at altitudes above 90 km
and 95 km during 2018 and 2019 respectively. This weak
wintertime reversal was also found in radar observations at
high latitudes in both hemispheres by Sandford et al. (2010),
which could suggest a weak semiannual modulation of the
summer-to-winter pole flow in the MLT. This modulation
could be connected to the mesospheric component of the
tropical semiannual oscillation (SAO, e.g. Smith et al., 2017;
Ern et al., 2021). The weak meridional wind reversal seen
here during winter coincides with the eastward phase of the
tropical SAO in the mesosphere, which is known to be out of
phase with the stronger stratospheric component of the SAO.
Another explanation for this could be shifts in the amplitude
and/or phase of quasi-stationary planetary waves in the win-
ter stratosphere and lower mesosphere, which could play a
major role in modulating the flow observed at a single loca-
tion.

Observed winds during the winter of 2016 show differ-
ences from the other years in this 5-year period. The zonal
winds are more than 10 m s−1 weaker on average below
90 km altitude during July–August, and more than 20 m s−1

weaker than the following year during June–July above
90 km altitude. Meridional winds during 2016 also show the
largest wintertime reversal from southward to northward and
back to southward again during June to October. Although
meteor counts were lower than those for other years (Fig. 1f),
the sliding 30 d composite window still provides at least
∼ 30 000 measurements from which to fit winds in a given
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Figure 4. Monthly mean zonal and meridional winds (a–d) in the MLT from radar measurements over South Georgia during 2016 to 2020.
Panels (e) and (f) show monthly mean temperatures from MLS satellite measurements. Rightmost panels show winds and temperatures
derived from an average (composite) year using all meteor detections and all temperature measurements during 2016 to 2020.

composite day; thus, our results are unlikely to be affected
by this.

The reason for the unusual winds observed during 2016 is
not immediately clear. It is known that the El Niño Southern
Oscillation (ENSO) and Quasi-Biennial Oscillation (QBO)
can have a significant effect on MLT dynamics (e.g. de Wit
et al., 2016; Laskar et al., 2016; Sun et al., 2018). In 2016,
ENSO was in an unusually strong warm phase, and there
was an unprecedented disruption of the QBO (Osprey et al.,
2016). As mentioned above, it is also likely that changes in
quasi-stationary planetary waves in the winter hemisphere
play a major role in the observed interannual variability. A
study that could explore a possible link between these dy-
namical processes and the reduced wind speeds observed
over South Georgia in 2016 could provide valuable infor-
mation into coupling processes between atmospheric layers.
Such a study would, however, require a longer time series
of observations for sufficient statistics and a numerical mod-
elling component for exploring a plausible mechanism, and
so is outside the scope of this article.

The bottom panels of Fig. 4 show monthly mean tempera-
tures in the MLT from MLS satellite observations, averaged
over a horizontal region within a 400 km radius of the is-
land for each height level, which is close to the size of the
horizontal collecting area of the meteor radar. These show
the annual cycle of temperatures in the MLT, including the
cold summertime mesospause where temperatures fall below
160 K between 95 and 100 km altitude around the summer
solstice, despite the polar mesosphere being subject to con-
stant sunlight. This temperature structure is different from
that expected under radiative equilibrium (Geller, 1983), and
is instead driven away from this state by the effects of atmo-

spheric waves (e.g. Smith, 2012; Becker, 2012). The winter-
time mesopause is warmer and occurs above 105 km altitude
each year.

5 Solar Tides

The diurnal variability of the MLT region is dominated by
solar tides, which have periods that are integer fractions of
1 d. Tides measured in the MLT have typically propagated
upwards from the stratosphere and troposphere below, where
the atmospheric response to solar heating is largest, rather
than being directly excited in the MLT (Smith, 2003, 2012).
As shown recently by Dempsey et al. (2021), tidal ampli-
tudes and variability at high latitudes are not always well
simulated in numerical models; thus, characterising the tidal
magnitudes and seasonal variability here can have value.

To characterise the solar tides, we use a sliding compos-
ite day method (sometimes referred to as a superposed epoch
analysis), which is a common approach to meteor radar mea-
surements (Davis et al., 2013). Here, meteors that are de-
tected within a specified range of days before and after a
specific day are assumed to have been measured on that same
day. The Gaussian-weighted wind-fitting method outlined in
Sect. 3.1 is then followed to create a composite day of hourly
zonal and meridional winds at each height level for all mea-
surements in this time window.

We then fit sinusoids of 24, 12, 8, and 6 h to these hourly
winds simultaneously. This is done by assuming that the
daily hourly winds for each height consist of a sum of four si-
nusoidal waves at tidal periods n= 24, 12, 8, 6 h described by
constants An and Bn oscillating around a mean background
wind C. For the hourly zonal wind u(t) at one height, this

Atmos. Chem. Phys., 22, 9435–9459, 2022 https://doi.org/10.5194/acp-22-9435-2022



N. P. Hindley et al.: Meteor radar observations over South Georgia 9443

can be written as

u(t)=
(
A B C

)cos(2πt/τ )
sin(2πt/τ )

1

 , (4)

where t contains the weighted average times of the hourly
wind measurements in hours, A= (A24,A12,A8,A6) and
B = (B24,B12,B8,B6) are row vectors containing the tidal
amplitude coefficients for the cosine and sine terms respec-
tively, C is the mean, and τ = (24, 12, 8, 6) is a column vec-
tor containing tidal periods in hours. The two matrices in
Eq. (4), therefore, have sizes 1×9 and 9×24 respectively. By
taking the transpose of both matrices on the right-hand side,
we can arrange Eq. (4) as P =Mx and solve as x =M−1P

to yield the tidal coefficients. Amplitudes and phases for
each tidal period n= 24,12,8,6 are given by

√
A2
n+B

2
n and

tan−1(An/Bn) respectively, and C is the mean background
wind for the composite day. We then repeat this process to fit
meridional tidal coefficients to the composite day meridional
winds v(t).

Figure 5 shows the monthly amplitudes and phases of the
zonal and meridional tidal components, averaged for the pe-
riod 2016 to 2020. Monthly composite tidal amplitudes and
phases for the full period 2016 to 2020 are also included in
Figs. S1 and S2 in the Supplement.

Our results show that the semidiurnal tide is dominant at
this latitude, especially during winter, with amplitudes that
can reach up to 60 and 80 m s−1 in the zonal and merid-
ional directions respectively during April to May each year,
broadly consistent with previous studies (e.g. Murphy et al.,
2006; Conte et al., 2017). The intra-annual variability of
the semidiurnal tide is broadly characterised by an “equinox
high” and “solstice low”, although we find a lag of around
1.5 months in the tidal maxima after the solstice and equinox
dates. We also find that the meridional component of the
semidiurnal tide is consistently around 25 % to 35 % larger
than the zonal component throughout the year.

The amplitudes of the diurnal and terdiurnal tides in
Fig. 5a, b and i, j are weaker, reaching values up to 15 and
10 m s−1 respectively. The diurnal tide maximises in sum-
mer, where the meridional component is as much as three
times as large as the zonal. Largest average values for the
meridional component are up to 15 m s−1 above 100 km al-
titude during December to March, but can be as large as
25 m s−1 during individual years. The altitude structure of
the diurnal tide is also somewhat opposite to the semidiur-
nal, maximising above 100 km and below 85 km, whereas the
semidiurnal tide maximises in between these altitude ranges.

The amplitude of the terdiurnal tide broadly follows the
annual and semiannual cycle of the semidiurnal tide, espe-
cially in the meridional direction in Fig. 5j, with maxima
of around 5 to 10 m s−1 around May and September. The
autumnal maximum of the terdiurnal tide is broadly con-
sistent with averaged amplitudes from December to March
from satellite measurements by Smith (2000) at latitudes near

60◦ S. The timing of this maximum is an interesting result,
because it has been suggested (Moudden and Forbes, 2013)
that the observed terdiurnal tide could primarily be the re-
sult of non-linear interaction of the diurnal (D) and semidiur-
nal (S) tides, rather than by direct solar excitation. Moudden
and Forbes (2013) used global satellite measurements from
SABER to decompose the terdiurnal tide (T) into its con-
stituent eastward (E) and westward (W) propagating modes
and zonal wavenumbers (1, 2, . . ., N ). They found that the
dominant mode of the terdiurnal tide was TW3, which could
be the result a non-linear interaction between DW1 and SW2.

However, as discussed in detail by Lilienthal et al. (2018),
excitation mechanisms of the terdiurnal tide, in particular
the role of direct solar heating versus non-linear interactions
is still under debate. In the modelling studies of Lilienthal
et al. (2018) and Lilienthal and Jacobi (2019), they found that
the solar heating was dominant, but that non-linear interac-
tions could become significant at midlatitudes during winter.
The wintertime maximum of the terdiurnal tide in our results
could therefore be consistent with the results of both Moud-
den and Forbes (2013) and Lilienthal and Jacobi (2019) and
suggest that both factors could be important during this time.

The quardiurnal (Fig. 5) tide at this latitude is weaker in
amplitude than the other dominant modes, reaching maxima
of only 5 and 2.5 m s−1 in the zonal and meridional directions
respectively during April to May. These amplitude values
and seasonality, however, are broadly consistent with mea-
surements of the quardiurnal tide in the northern hemisphere
by Smith (2004) and Pancheva et al. (2021). This is a use-
ful result, because the quardiurnal tide can be challenging to
measure due to its small amplitudes, which often fall below
measurement accuracy.

The zonal and meridional tidal phases, which we define as
the local time of the first positive (eastward for zonal, north-
ward for meridional) wind maximum in hours, are shown in
the two right-hand columns of Fig. 5. White hatched areas
indicate regions where measured tidal amplitudes are rela-
tively low; thus, measured phases may be less reliable. A
seasonal cycle is revealed for each of the four tidal modes
considered here. One interesting result is that when the am-
plitudes of each tide are large, the measured phases exhibit a
π
2 phase lag between the zonal and meridional components,
where the meridional phase lags behind the zonal by a quar-
ter cycle. This is consistent with the circular polarisation and
anticlockwise rotation of the tidal wind vector (when viewed
on a hodograph), which is indicative of an upwardly prop-
agating tide in the southern hemisphere. Further, when the
tidal amplitudes are relatively large, there also appears to be a
negative change in tidal phase with increasing height, which
is again consistent with an upwardly propagating tide. This
is the case for the diurnal tide during late summer and the
semidiurnal and terdiurnal tides during winter.

This implies that, when tidal amplitudes are relatively
large, our phase measurements are robust and realistic. This
phase consistency is especially encouraging for our measure-
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Figure 5. Zonal and meridional wind amplitudes and phases of the diurnal (24 h), semidiurnal (12 h), terdiurnal (8 h), and quardiurnal (6 h)
solar tides in the MLT over South Georgia averaged for the years 2016 to 2020. Tidal amplitudes and phases are fitted to composite daily
winds derived using a sliding 30 d time window of measurements. Phases are given in hours since midnight local time. Hatched regions show
where the measured tidal amplitudes are low (less than 5 m s−1 for the 24, 12, and 8 h tides, and less than 2.5 m s−1 for the 6 h tide) and
phase measurements may less reliable.

ments of the terdiurnal tide, whose small amplitude generally
makes accurate measurements challenging. However, dur-
ing time periods when tidal amplitudes are relatively small
(hatched areas in Fig. 5), this phase consistency breaks down,
indicating that our tidal phase analysis is poorly constrained
during these times.

6 Planetary Waves

In this section we investigate PWs in our radar wind observa-
tions over South Georgia. PWs are global-scale propagating
waves with small zonal wavenumbers and periods of order
days that arise as one of several rotational Hough modes in
the earth’s atmosphere, where conservation of angular mo-
mentum is the restoring force that governs the oscillation
(e.g. Smith, 2012). Note that we can only investigate trav-
elling PWs using our single-site measurements here and not
stationary PWs, which we are unable to separate from the
large-scale flow.

To characterise the spectral properties of travelling PWs
here, we use the S-transform (Stockwell et al., 1996). The
S-transform is a spectral analysis technique that can provide
time-frequency localisation of the complex spectrum, allow-
ing us to probe the temporal variability of various periods
present in our wind measurements. This is particularly use-
ful for the study of PWs, whose amplitudes and periods may
vary significantly over just a few cycles. The spectral coef-

ficients of the S-transform are also directly related to wave
amplitudes without the need for further scaling, which is an
advantage over traditional forms of the continuous wavelet
transform (CWT). The S-transform has also been used pre-
viously by Fritts et al. (2010b) to characterise PWs in me-
teor radar wind observations. Here we use the S-transform
analysis of Hindley et al. (2019), which follows the same
analytic approach as that of Stockwell et al. (1996) but in-
cludes several scaling options and significant improvements
in computation speed. We select a scaling parameter of c = 1
to provide a fair balance between temporal and spectral local-
isation (see Hindley et al., 2019) meaning that any measured
PW amplitudes can be considered to be “averaged” over ap-
proximately one wave cycle.

Figure 6a shows 6-hourly zonal and meridional winds at
95 km altitude for the time period 2016 to 2020. These winds
are found by subtracting a daily fit of the 24, 12, 8, and 6 h
solar tides as described in Sect. 5, and then low-pass filtering
the residual winds with a cutoff of 6 h. Figure 6b, d show PW
amplitudes measured by our S-transform analysis for periods
from 1.75 to 35 d. Hatched areas indicate missing time peri-
ods (due to the radar being offline) and unusable regions due
to the “cone-of-influence” effect.

Periodic signals at known PW periods near approximately
2, 5, 10, and 16 d are observed. During December to Febru-
ary each year, a periodicity near 2 d is observed in both
the zonal and meridional directions with amplitudes exceed-
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Figure 6. S-transform spectral analysis of planetary wave periods over South Georgia from meteor radar observations. Panel (a) shows
6-hourly zonal (blue) and meridional (orange) radar winds at 95 km altitude. Panels (b) and (d) show measured S-transform amplitudes
of these zonal and meridional winds respectively, whereas (c) and (e) show the corresponding co-varying phase relative to 6-hourly wind
measurements from the SAAMER meteor radar located 2000 km to the west. Here, a positive (negative) phase shift indicates a dominant
eastward (westward) propagating PW mode. Hatched regions in (b) and (c) indicate unusable regions of spectral analyses due to missing
data periods and “cone-of-influence” effects around these times.

ing 10 m s−1. This is indicative of the Q2DW, which max-
imises during summer at high midlatitudes (e.g. Tunbridge
and Mitchell, 2009). The largest measured amplitudes of the
Q2DW seen here occur during January 2019, exceeding 15
and 30 m s−1 in the zonal and meridional directions respec-
tively. We found that the phase of the large-amplitude merid-
ional Q2DW during this time (not shown in Fig. 6) is con-
sistently around 03:00 local time throughout January 2019.
Interestingly, the phases of the meridional components of
the diurnal and semidiurnal tides shown in Fig. 5 are also
both around 03:00 to 06:00 local time, which could suggest
a phase locking of the tides and the Q2DW, which could lead
to the large amplitudes observed.

Planetary wave activity at longer periods near 5, 6, 10,
16, and 20 d is also observed in both the zonal and merid-
ional directions in Fig. 6b, d, with amplitudes greater than
10 m s−1 persisting for more than a month on occasions.
These periodicities likely correspond to presence of the quasi
5 d wave (Q5DW, Day and Mitchell, 2010a), the quasi 6 d
wave (Forbes and Zhang, 2017; Yamazaki et al., 2020), the
quasi 10 d wave (Q10DW, Forbes and Zhang, 2015; Wang
et al., 2021), and the quasi 16 d wave (Q16DW, (Day and
Mitchell, 2010b). Each of these PWs typically reach a maxi-
mum at high midlatitudes during mid to late winter, which is
consistent with each of the previous studies listed above. One
interesting time period occurs during June to August 2017,
where there is an apparent superposition of periods near 6–8,
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10–11, and 20–21 d in the zonal wind measurements, each
up to 15 m s−1 in amplitude. It is likely that these periodici-
ties correspond to the Q5DW, Q10DW, and Q16DW respec-
tively, but their periods may be modulated due to non-linear
interactions with each other. In the subsequent years 2019
and 2020, these PWs are measured again during June to Au-
gust but with periods closer to their traditional periods near
5, 10, and 16 d, where they occur at slightly weaker ampli-
tudes near to 10 m s−1. For these periods, the measured zonal
wind PW amplitudes are almost always larger than the merid-
ional, which is in contrast to the Q2DW amplitude during
summer. We should note that there also exists a quasi 4 d
wave (Yamazaki et al., 2021) that grows and maximises dur-
ing summer at high latitudes, and this may be apparent during
June 2017 in our results.

Eastward and westward propagating modes

Planetary waves observed at a single location can consist of
a superposition of eastward (E) and westward (W) propagat-
ing modes, each with a zonal wavenumber, e.g. 1, 2, 3. To
investigate this we combine our results at KEP with wind
measurements at the same altitude from the SAAMER me-
teor radar system at Rio Grande, in Tierra del Fuego (TDF),
Argentina (54◦ S, 68◦W) to provide information on these
eastward and westward propagating modes. We apply the
same S-transform analysis to mean winds from TDF, and
then find the co-varying PW signals between the two sites
as Ca,b = Sa S

∗

b , where Sa and Sa are the S-transform spectra
for TDF and KEP respectively, Ca,b is the complex covari-
ance spectrum and S∗b denotes the complex conjugate. We
then find the phase difference of any co-varying signals be-
tween the two sites as tan−1

(
R(Ca,b)
I(Ca,b)

)
, where R and I denote

the real and imaginary parts of Ca,b.
The results of this analysis are shown in Fig. 6c, e for the

zonal and meridional direction respectively. Here, a positive
(negative) phase shift indicates a dominant eastward (west-
ward) propagating mode. The KEP and TDF radars are lo-
cated approximately 2000 km apart, which is around 1/12 of
the circumference of the earth at this latitude (∼ 23 500 km).
Therefore, measured phase differences near π6 , π3 , and π

2 cor-
respond to dominant zonal wavenumbers of 1, 2, and 3, and
so on. Regions where the measured PW amplitude at KEP is
less than 5 m s−1 are coloured white, and the 10 m s−1 con-
tour lines from panels (b) and (d) are added to indicate when
PW activity is significant.

We find that the PW periods near 5, 10, and 16 d that oc-
cur at large amplitudes in the zonal direction during winter
in Fig. 6b consistently correspond to small negative (blue)
phase shifts in Fig. 6c, which indicates a dominant west-
ward propagating mode for these PWs. For example, during
June to September 2019 the measured phase shift PWs near
5, 10, and 16 d are between −π6 and −π3 , indicating domi-
nant modes close to W1 and W2 (westward modes 1 and

2). The westward propagating Q10DW mode here is consis-
tent with the results of Wang et al. (2021), who found ev-
idence of a strong W1 mode of the Q10DW using meteor
radar winds from Rothera and McMurdo, Antarctica during
the months leading up to the 2019 southern sudden strato-
spheric warming (SSW Rao et al., 2020, ,). During August
to September 2020 in Fig. 6c, the small negative phase shift
corresponding to the Q16DW is indicative of a dominant W1
mode, as predicted by Salby (1981b).

We should note that this analysis can only determine
the dominant PW mode at any given time and period, and
with only two sites we cannot unambiguously determine PW
modes due to possible aliasing effects. However, because our
two sites are relatively close together, this means that aliasing
is unlikely for PW zonal wavenumbers smaller than perhaps
4 or 5. On the other hand, because the sites are so close, the
phase shift for zonal wavenumber 1 is relatively small, ∼ π

6 ,
which may be susceptible to measurement error.

The measured phase shifts for the Q2DW during summer
each year in Fig. 6d, e also exhibit some unexpected results.
Tunbridge et al. (2011) and Pancheva et al. (2018) used MLS
temperature measurements to provide a global decomposi-
tion of the Q2DW into its eastward and westward propa-
gating modes. They found that the large summertime ampli-
tudes at high midlatitudes primarily correspond to the west-
ward propagating zonal wavenumbers 2 and 3 (W2 and W3)
modes. During winter, both studies also showed evidence of
a weaker eastward propagating zonal wavenumber 2 (E2)
mode of the Q2DW, which, although maximising near the
stratopause, was visible near 90 km. The MLS observations
in Pancheva et al. (2018) were also supported by numerical
simulations from the NOGAPS-ALPHA model, which sup-
ported the observed seasonal change in the dominant modes
(Pancheva et al., 2016).

In our results, however, we do not find a consistent phase
shift during summer for the Q2DW. In the meridional direc-
tion, instead, we measure a range of large positive phases
shifts, which would indicate eastward modes E3 and higher,
which is not consistent with the studies mentioned above.
Close inspection of the wind time series (not shown) indi-
cates that these large positive phase shifts are clearly visi-
ble in the measurements. Further, the recent study of Fritts
et al. (2021) found that although the W3 mode was domi-
nant at this latitude during a large-amplitude Q2DW event,
secondary modes of W1, W2, and W4 and eastward modes
E1 and E2 were also present. This suggests that we are un-
likely to recover consistent phase information using only two
sites, and more measurements around the circle of latitude
are likely required to accurately characterise the dominant
modes of the Q2DW.
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7 Gravity waves

In this section we explore GW activity over South Georgia
in meteor radar observations. GWs are major contributors to
the momentum forcing in the MLT that drives the residual
circulation, including the cold summertime polar mesopause
and much of the vertical transport of trace chemical species
(e.g. Smith, 2012). Despite their importance, GWs are chal-
lenging to simulate in global models due to their small scales
compared with model grid sizes, but their impacts can be on
a global scale (Alexander et al., 2010). Further understanding
and quantification of the GW impacts in the MLT is needed
to drive the development of the next generation of high-top
numerical models that extend into the thermosphere.

There have been recent advances in sophisticated radar
systems and analysis techniques for measuring GW proper-
ties from meteor radars, including the derivation of GW hor-
izontal and vertical wind vectors using measurements from
single sites and multiple arrays of radars (e.g. Manson et al.,
2004; Stober et al., 2013; Gudadze et al., 2019; Stober et al.,
2021b; Conte et al., 2022). The South Georgia radar, how-
ever, is isolated and does not share its field of view with any
other radar systems, but such methods may be applicable to
these data in the future.

7.1 Resolved and sub-volume GWs in radar
measurements

Here we apply two simple methods to characterise GW ac-
tivity in the radar observations over South Georgia. The first
method is to consider “resolved” GWs that can be resolved in
the hourly derived winds over the whole radar collecting area
(e.g. Song et al., 2017; Vargas et al., 2021). To do this, we
subtract the fitted 24, 12, 8, and 6 h tidal components and the
daily mean from the zonal and meridional winds, and apply a
low-pass filter to remove any remaining periods longer than
6 h, leaving residual hourly wind perturbations ures and vres,
which we assume are due to GWs. These residual winds can
be further explored, for example, using hodograph analysis
as in the study by Song et al. (2017), but here we simply esti-
mate the variance due to these resolved GW perturbations for
comparison with the second method below. We derive vari-
ance due to resolved GWs by adding the resolved residual
perturbations in the quadrature Ures =

(
u2

res+ v
2
res
)1/2 and

take the monthly variance of Ures for each height.
One important consideration for the resolved GW method

is the careful removal of tidal components from the resid-
ual wind perturbations, particularly the dominant semidiur-
nal tide. We found that simply removing the tidal compo-
nents by fitting sinusoids can still result in residual periodic
features near 12 h that can sometimes have large amplitudes.
These arise because of gradual changes in the tidal phase
throughout the year, which mean that the semidiurnal tidal
period may be very close to, but not exactly 12 h, which can
cause side lobes around 12 h as visible in Fig. 3. Further, non-

linear interactions between the semidiurnal tide and large
amplitude planetary waves (e.g. Beard et al., 1999), espe-
cially during winter, can result in periodicities close to 12 h,
which may not be adequately removed by a simple sinusoidal
fit. For this reason, although GW periods can be up to ∼ 14 h
(the inertial period at 54◦ S), we apply the 6 h cut off filter to
avoid this tidal contamination for our resolved GWs, and we
assume that any higher order tides (4.8, 4 h etc.) are small.

The second method of characterising GW activity is to use
the simple “sub-volume” variance method as described by
Mitchell and Beldon (2009). For this method we take the
measured radial meteor drift velocity for each meteor echo
and subtract the radial projection of the hourly horizontal
zonal and meridional winds, which are interpolated to the
time and height of each meteor position. These residual ra-
dial velocities of each meteor echo are assumed to be due
to small-scale GWs that are not resolved in the derived hor-
izontal winds. We then take the monthly variance of these
residual perturbations for each height.

One limitation of the sub-volume method is that it cannot
distinguish between random errors in the radial velocity mea-
surement or meteor geolocation (derived using interferome-
try between detections from the antenna array) and perturba-
tions due to GWs. Over time, freeze–thaw weathering effects
on the cables connecting the antennae array to the receiver
can cause degradation of the signal, affecting the accuracy of
meteor position determination. However, as has been shown
in previous studies (e.g. Mitchell and Beldon, 2009; Beldon
and Mitchell, 2009), this approach exhibits a clear seasonal
cycle that cannot be explained by systematic or random er-
rors due to hardware degradation, and is supported by GW
observations from satellite observations in the MLT (e.g. Liu
et al., 2019).

7.2 The observational filter

The observational filter refers to the range of GW horizontal
and vertical wavelengths and/or periods of GWs that the in-
strument is sensitive to (Preusse et al., 2002; Alexander and
Barnet, 2007). The two methods for estimating GW variance
applied here have mutually exclusive observational filters.
That is, they are sensitive to different and non-overlapping
parts of the GW spectrum.

The resolved GW variance method is sensitive to GWs
with (i) periods 2.τ.6 h and (ii) horizontal scales greater
than around 400 km (the approximate horizontal collecting
area of the radar) and (iii) vertical scales greater than around
3 km. These limits are determined by the specifications for
the derived winds chosen in Sect. 3 and the 6 h cutoff filter.
GWs detected by this method are likely to be inertia–gravity
waves (IGWs) for which the effects of the earth’s rotation are
important (Fritts and Alexander, 2003).

The sub-volume GW variance method is sensitive to GWs
that have (i) periods τ.2 h or (ii) horizontal scales less than
around 400 km, or (iii) vertical scales less than around 3 km.
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Note that a GW only needs to satisfy one of these criteria
to be detected (Davis, 2014). Note that this is quite different
from the observational filters of, for example, satellite obser-
vations, where a GW must satisfy all resolution limits to be
resolved. We expect that this sub-volume method is predom-
inantly sensitive to GWs that are relatively small-scale, that
is, smaller than the collecting area of the radar, which we
expect to be the dominant factor of the three listed above.

7.3 Comparison of GW variances

Figure 7 shows monthly resolved (panels a, b) and sub-
volume (panels c, d) GW variance against height over South
Georgia for 2016 to 2020. As in Fig. 4, the rightmost pan-
els (panels b, d) show an average composite year for the pe-
riod 2016 to 2020. Note that values are around 4 to 5 times
smaller in the resolved GW variance than in the sub-volume
variance. This is expected because the sub-volume variance
is of individual meteor drift velocities, which can vary much
more significantly than the large-scale horizontal winds. It
can also include some error in radial velocity and position.

Climatological zonal (black, bottom axis) and meridional
(orange, top axis) wind speeds against height are shown in
panels (e)–(h) for four seasons during 2016 to 2020 from
ERA5 (Copernicus Climate Change Service, 2017) reanal-
ysis produced at the European Centre for Medium Range
Weather Forecasts (ECMWF). ERA5 winds are averaged
over a horizontal region 400 km radius from the island for
each height level to simulate the radar’s field of view. Winds
in the MLT from the South Georgia radar for the same time
periods are shown by the dotted lines.

Both GW variance methods exhibit annual and semiannual
cycles in Fig. 7. Above 90 km altitude, a large wintertime
maximum is observed and a smaller maximum is found dur-
ing summer, with local minima near the spring and autumn
equinoxes. At altitudes below 90 km, there is a summertime
maximum with smaller values near the spring and autumn
equinoxes in September and March and a weaker maximum
during mid winter. These seasonal patterns are consistent
with those of previous studies of high latitude GW variance
in the MLT (Mitchell and Beldon, 2009; Song et al., 2021),
but to our knowledge this is the first time these two GW vari-
ance methods have been compared using measurements from
the same radar.

One interesting result is how closely the resolved GW vari-
ance follows a seasonal cycle, with a clear symmetry around
the winter solstice in Fig. 7b. This is encouraging consid-
ering that the method is sensitive to only a small range of
GW periods 2.τ.6 h. The summertime maximum in the re-
solved variance is also proportionally larger than the equiva-
lent summertime maximum in the sub-volume variance, sug-
gesting a significant role for large-scale internal GWs in the
MLT in summer.

The result that both methods exhibit similar seasonal activ-
ity suggests that GWs at a wide range of GW scales broadly

follow the same seasonal pattern in the MLT at this location.
There does not appear to be a significant period where one
method shows large variance but the other does not, suggest-
ing that the sources and filtering of these waves could follow
similar patterns. It could also be the case that the small-scale
GWs in the sub-volume method could be secondary GWs
(2GWs) generated in situ from the breaking or dissipation of
the larger-scale GWs in the resolved method, as discussed
by Vadas and Becker (2018). Although the modelling study
of Becker and Vadas (2018) predicted scales of several hun-
dreds of kilometres for these 2GWs, the recent studies of
Lund et al. (2020) and Fritts et al. (2021) used a higher spatial
resolution localised model over the southern Andes to sug-
gest that 2GWs at much smaller scales of less than 100 km
could be generated. Note that GW-breaking, large-scale tur-
bulence and secondary GW generation are all expected to
be detectable in the simple GW variance, not just propagat-
ing GWs. Further exploration of this topic is needed to con-
strain the origins of the GW variance in radar observations
over South Georgia, such as the inclusion of coincident nadir
sounding satellite observations (e.g. Kogure et al., 2020).

Regarding GW directions, we can infer that, by consider-
ing the summertime zonal wind profile in Fig. 7e, the mea-
sured GW variance in the mesosphere over South Georgia
during summer is likely to be due to GWs with eastward
(positive) phase speeds that can propagate freely upwards to
the MLT without breaking at critical levels where the wind
speed equals the phase speed. These GWs are likely to be of
non-orographic origin, considering the eastward winds near
the surface. GWs westward (negative) phase speeds with
sources in the troposphere, such as orographic “mountain”
waves, are unlikely to reach the mesosphere during summer
due to critical filtering by westward winds in the stratosphere
and above.

Conversely, GW variance in the MLT during winter is not
expected to be due to GWs with eastward phase speeds prop-
agating up from near the surface due to the strong filtering
effect of the eastward zonal winds below (Fig. 7g). Despite
this, as discussed by Becker (2012), the thermal structure
of the MLT at polar and high midlatitudes exhibits a resid-
ual circulation that is likely indicative of an eastward mo-
mentum forcing due to GWs. They proposed that this issue
can be explained by the impact of 2GWs generated in the
breaking regions of orographic “primary” GWs with west-
ward phase speeds. The significance of this is discussed fur-
ther in Sects. 8 and 9 below.

8 Comparison of radar winds and satellite
temperatures with WACCM

In this section, we compare the observed winds from the
South Georgia meteor radar and temperature measurements
from MLS to climatological winds and temperatures in
WACCM. WACCM is a comprehensive global climate model
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Figure 7. Wind variance against height due to gravity waves (GWs) for (a, b) large-scale “resolved” GWs in the derived winds and
(b, c) small-scale “sub-volume” GWs. Panels (e)–(h) show seasonal averages of zonal u (black, lower axis) and meridional v (orange,
upper axis) winds against height from ERA5 reanalysis (solid) and the meteor radar (dotted) over South Georgia for the period 2016 to 2020.

that extends from near the surface to the lower thermosphere,
at around 140 km altitude. As global-scale numerical climate
models are being cautiously extended into the mesosphere
and lower thermosphere, meteor radar measurements of wind
remain one of the only continuous long-term wind measure-
ment techniques that can be used to constrain circulations
and guide future development of these models. As discussed
in Sect. 2.3, the WACCM simulations cover the period 1950
to 2014 and were prepared for the CMIP6 model intercom-
parison project.

Here we show the WACCM monthly-mean zonal and
meridional winds and temperatures against height interpo-
lated to the location of South Georgia. The selected run used
an ensemble of three realisations from which we take the en-
semble mean. We take a climatological average of WACCM
monthly mean winds and temperatures for all years during
2000 to 2014 inclusive. This time period was carefully se-
lected to be long enough for any oscillations near 11 years
(e.g. solar cycle) to average out, but not so long that any
changes due to long-term climate indices (e.g. CO2) could
have an impact (Ramesh et al., 2020). WACCM monthly
mean winds and temperatures in the MLT for this time period
were carefully inspected (see Fig. S3), and interannual vari-
ability (such as the magnitude and sign of the zonal winds in
winter or the height of the summertime zonal wind reversal)
was found to be relatively small (that is, a few kilometres or
a few metres per second. Therefore, we can have good con-

fidence that a meaningful comparison can be made between
the climatological average of WACCM winds and tempera-
tures for 2000 to 2014 and an average of meteor radar winds
and MLS-derived temperatures over South Georgia for 2016
to 2020.

8.1 Comparison of zonal and meridional winds

Figure 8 shows average years of monthly mean meteor radar,
WACCM, and MLS winds and temperatures over South
Georgia from 60 to 105 km altitude. The MLS temperatures
are averaged over a horizontal area less than 400 km radius
from the island for each height level to simulate the radar’s
field of view. In panels (b), (d), and (f), tick marks on the right
hand axis indicate the approximate altitudes of the WACCM
vertical grid levels.

During summer, both the radar and WACCM exhibit a
realistic zonal wind reversal from westward to eastward in
the MLT. However, the wind reversal in WACCM occurs at
around 75 km altitude compared with around 85 km in the
radar observations, and the magnitude of the summertime
eastward jet is around 20 m s−1 larger in WACCM. Further,
the duration of these summertime conditions is shorter than
observations indicate, lasting from only November to Febru-
ary in WACCM but from October to March in the radar.
Another interesting point is that, below 90 km altitude, the
observed zonal wind in the MLT at high midlatitudes typi-
cally exhibits a rapid reversal from eastward to westward at
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Figure 8. Comparison of an average year of meteor radar-derived zonal (a, b) and meridional (c, d) winds and satellite-derived temperature
measurements from MLS (e, f) in the mesosphere and lower thermosphere with climatological winds and temperatures from WACCM
simulations over South Georgia.

the onset of spring followed by a slowly descending reversal
with height back to eastward throughout summer into autumn
(e.g. Fritts et al., 2010b; Sandford et al., 2010; Stober et al.,
2021c). The zonal winds in WACCM do not appear to fol-
low this characteristic structure in the wind reversal, instead
showing a relatively smooth and equal transition in and out
of summertime conditions.

The most significant difference, however, between the
radar observations and WACCM in Fig. 8 is the direction of
the wintertime zonal winds. Radar and satellite observations
indicate that the wintertime winds are eastward throughout
the MLT at high midlatitudes during winter, forming part of
a mesospheric extension of the eastward stratospheric po-
lar vortex (e.g. Beldon and Mitchell, 2009; Harvey et al.,
2019). In WACCM, the zonal winds decelerate and even-
tually reverse to westward above 85 km altitude throughout
April to September. This was the case in every year of the
WACCM run during 2000 to 2014 (see Fig. S3) and is also
the case for the 1850 to 2014 mean, as shown by Ramesh
et al. (2020). This difference is well known (e.g. Smith, 2012;
Harvey et al., 2019) and may be considered one of the most
significant biases in numerical simulations of the MLT, with
important impacts for MLT chemistry. There is a growing
body of literature that suggests that this reversal of the mod-
elled zonal winds could be due to an incomplete represen-
tation of drag due to GWs, in particular, 2GWs (Vadas and

Becker, 2018; Becker and Vadas, 2018; Vadas et al., 2018;
Heale et al., 2020, 2022). This aspect is discussed further in
Sect. 9.

In the meridional direction, the magnitude and altitude
of the largest northward winds during summer shows good
agreement between WACCM and the radar, reaching max-
ima of around 14 m s−1 between 75 and 80 km.

However, in the radar observations, this summertime flow
remains northward and extends to 105 km altitude, but in
WACCM it weakens and reverses to southward above 90 km
altitude during November to February. This southward flow
in WACCM is part of a summertime winter-to-summer pole
flow in the lower thermosphere discussed by, for example,
Liu (2007) and Qian et al. (2017), that occurs at higher alti-
tudes (above around 100 km) than the well-known summer-
to-winter pole circulation in the MLT region.

Our radar observations, however, do not show evidence
of this flow in the height range considered here and are
consistent with other meteor radar observations sites around
the world, as shown recently in the study by Stober et al.
(2021c). Of the six radar sites considered by Stober et al.,
including four high-latitude locations in Argentina, Antarc-
tica, and Scandinavia, none showed a significant summer-
time meridional wind reversal from equatorward to pole-
ward flow between altitudes of 80–100 km, as predicted by
the WACCM simulation used here. Observations from the
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powerful SAAMER radar system at Rio Grande, the closest
radar site to South Georgia, extend to 110 km altitude but do
not show a meridional wind reversal either. Further, merid-
ional wind observations from an equatorial meteor radar site
on Ascension Island do not show a reversal between 82 and
95 km, as shown in the study by Davis et al. (2013). These
results suggest that the summertime winter-to-summer flow
simulated in WACCM is likely to occur at altitudes well
above around 105 to 110 km in the real atmosphere.

During winter, meridional flow in the radar observations in
Fig. 8c is southward at around 2 to 10 m s−1 below 100 km
altitude, above which there is a weak reversal to northward
up to 10 m s−1. In WACCM, this reversal appears to oc-
cur nearly 20 km lower at around 80 km altitude. There is
also an interesting feature of a brief reversal from southward
to northward in the radar winds during midwinter (around
June–July) that is found to occur in 3 of the 5 years in the
radar observations (see Fig. 4) but is not seen in any year in
WACCM during 2000 to 2014 (see Fig. S3). As discussed
in Sect. 4 above, this could also be due to quasi-stationary
PWs, which can introduce an apparent bias into the observed
MLT winds when only a single location is considered, such
as here over South Georgia. Meridional winds in WACCM
in Fig. 8d, however, do not show features to suggest that any
such planetary waves might have similar effects in the model.

8.2 Comparison of temperatures in the MLT

Temperatures from MLS and WACCM are shown in Fig. 8e,
f. The temperature structure of the MLT is one of the pri-
mary drivers of the residual circulation that we observe in
our mean wind measurements from the radar (Becker, 2012;
Smith, 2012). As both winds and temperatures affect wave
propagation and dissipation, realistic simulations of both are
necessary to adequately represent the interactive dynamics.

The seasonal cycle is characterised by a cold summertime
mesospause below 160 K and a warmer wintertime upper
mesosphere of more than 200 K. The seasonal temperature
variability in panels (e) and (f) of Fig. 8 closely corresponds
to the wind patterns seen in panels (a) to (d). In WACCM,
the summertime mesopause is approximately the same tem-
perature as that observed by MLS, but it is tightly located
to between 75 and 80 km altitude, which closely corresponds
to the strong zonal wind gradient with height in panel (b)
and the largest northward winds in panel (d). Conversely, the
observed MLS temperature structure during summer has the
same summertime mesopause temperatures below 160 K, but
it is centred at around 15 km higher in altitude and spread
over a larger vertical region. This corresponds to a large ver-
tical spread in the northward meridional wind in the radar
in panel (c) and a smaller zonal wind gradient with height
in panel (a). As discussed above, the summertime tempera-
ture conditions in WACCM do not start as early or persist as
long as the observations suggest. Cold polar mesopause tem-
peratures have a first- order effect on the formation of polar

mesospheric clouds, which are involved in the annual cre-
ation and destruction of key chemical species. An improve-
ment in simulating these cold polar temperatures is therefore
likely to lead to improved long-term forecasts of atmospheric
chemistry at climate timescales in WACCM simulations that
include these chemical processes.

During winter, the mesopause occurs at approximately the
same altitude in both MLS and WACCM, but in WACCM it
is around 20 K warmer. This could be indicative of an anoma-
lous westward GW drag in the polar region in WACCM that
causes an anomalous polar warming (Becker, 2012), driv-
ing a westward vertical shear of the residual wind with in-
creasing altitude, which eventually reverses, as shown in
Fig. 8b. Further, a strong positive temperature gradient above
the mesopause in WACCM indicates a faster transition into
the thermosphere than observed by MLS throughout the year.
This aspect could help to explain the reversal of the summer-
time meridional winds in WACCM from northward to south-
ward above 90 km altitude and the lower vertical extent of
northward winds during winter.

9 Discussion

9.1 Secondary GWs and differences between radar
observations and WACCM

In Sect. 8 we highlighted several differences between the ob-
served and simulated temperature structures and residual cir-
culations in radar and satellite observations and WACCM.
One key discrepancy is westward winds during winter in
WACCM that are not observed by the radar.

Unlike the lower atmosphere, the temperature structure
and residual circulation of the MLT region is highly sensitive
to the drag and driving effects of atmospheric waves, partic-
ularly GWs (e.g. Smith, 2012; Becker, 2012). In global mod-
els, however, parameterisations must be used to account for
GW processes due to their relatively small size (particularly
near their sources) compared with the model grid (Holton,
1983; McLandress and Scinocca, 2005). The GW parameter-
isation in WACCM uses a discrete spectrum of GWs and is
based on the approach of Lindzen (1981), with several up-
dates (Richter et al., 2010; Garcia et al., 2017).

Westward wintertime winds in the simulated polar MLT
are a long-standing feature of WACCM (Harvey et al., 2019;
Ramesh et al., 2020; Stober et al., 2021c), but they are also
found in the thermospheric extension WACCM-X (Liu et al.,
2010; Pedatella et al., 2014; Liu et al., 2018; Pancheva et al.,
2020) and in other high-top models such as the MUAM
(Lilienthal et al., 2018). Although not all global model con-
figurations yield this feature, models that do simulate the ob-
served eastward winds in winter may each have other biases
of their own in other altitude regions, as shown by Pedatella
et al. (2014) and more recently by Stober et al. (2021c). Care-
ful tuning of the GW parameterisation scheme in WACCM
may likely produce a closer agreement to the observations

https://doi.org/10.5194/acp-22-9435-2022 Atmos. Chem. Phys., 22, 9435–9459, 2022



9452 N. P. Hindley et al.: Meteor radar observations over South Georgia

for a given season; however, this may give rise to other bi-
ases in different regions and seasons.

The long-standing nature of this discrepancy is indicative
of the complexity of the processes involved, and likely the
importance of accurately simulating the momentum deposi-
tion effects of GWs.

Although authors suggest impacts of secondary GWs as
a promising mechanism to improve the MLT simulations
of whole atmosphere models based on recent studies (e.g.
Becker and Vadas, 2018), there are also substantial uncer-
tainties regarding impacts of GW generation due to flow im-
balance in the upper stratosphere and lower mesosphere.

As discussed by Becker and Vadas (2018) and Vadas and
Becker (2019), it has been proposed that at high latitudes dur-
ing winter, primary GWs propagate upwards from near the
surface and undergo wave breaking and/or diffusion, which
provides a local body force on the background flow. These
local body forces then act to generate 2GWs, which they
themselves break and generate tertiary waves, and so on. This
multi-step vertical coupling changes the direction of the mo-
mentum deposition in the MLT, as secondary waves are gen-
erated in concentric rings in all directions except for perpen-
dicular to the direction of the initial primary wave (Vadas
et al., 2018; Lund et al., 2020; Kogure et al., 2020; Fritts
et al., 2021; Heale et al., 2022). This anomalous eastward
drag causes and anomalous cooling over the polar cap, which
results in an eastward wind shear with altitude in the resid-
ual circulation of the MLT, as observed by the KEP radar
in Fig. 8. It should also be mentioned that there is substan-
tial additional uncertainty surrounding GWs generated due
to flow imbalance in the upper stratosphere and lower meso-
sphere itself, a process that is also not included in standard
model parameterisations. The impact of these additional non-
orographic primary GWs on the MLT region is still not fully
understood.

These issues mean that even if the filtering of surface-
launched parameterised GWs by the background winds
is correctly specified in model parameterisations, and the
columnar assumption of vertical wave propagation is rea-
sonably valid, it is the final step of directional GW momen-
tum deposition (either by primary or by secondary GWs)
that must be accurately simulated to develop realistic cir-
culations in the MLT. The proposal of Vadas and Becker
(2018) and Becker and Vadas (2018) is to resolve these
2GWs through the accurate simulation of local body forces
on the atmosphere during wave breaking and dissipation,
which then spontaneously generate propagating 2GWs. An-
other approach could be to develop a multi-height GW drag
parameterisation scheme (e.g. Ribstein et al., 2022) which
may be computationally cheaper to implement.

9.2 On the directional separation of sub-volume GW
variance

In Sect. 7 we used the simple method of Mitchell and Beldon
(2009) to derive estimates of sub-volume GW variances from
meteor radar observations over South Georgia. In the initial
submission of this paper (available online), we went further
to explore the separation of this sub-volume GW variance
into different directions, namely the variance of GW pertur-
bations in the east–west (zonal) and north–south (meridional)
directions. Given a long enough time window for sufficient
meteor echoes (we used a rolling monthly window), this can
be done by binning (or weighting) the residual velocity per-
turbations by azimuth to obtain an estimate of the directional
orientation of the measured GW variances. The initial results
yielded an apparent seasonal cycle in the directionality of the
sub-volume GW variance.

However, we include an important note here regarding one
problem with this method. The problem derives from the
error in the height determination of meteor echoes and the
subtraction of the local background wind to yield residual
wind perturbations (which are assumed to be due to GWs). If
the background wind conditions were always uniform with
height, the method would work perfectly despite this error.
However, during summer there is a strong zonal wind shear
located near the meteor echo detection peak between 85 and
90 km altitude (see Fig. 4). This significant change in the
zonal wind speed with altitude means that errors in the me-
teor echo height determination could lead to significant inac-
curacy in the subtraction of the local background wind com-
ponent. This would lead to increased variance in the residual
wind perturbations during summer, especially when consid-
ering only the zonal direction, which could be incorrectly at-
tributed to increased variance due to zonally orientated GWs.
This is what was observed in the initial submission of this
paper, but we are unable to separate variance because of this
effect of genuine changes in GW variances in different di-
rections. We therefore include this note as a caution until a
method is developed that can separate variance in the zonal
direction due to these two effects during summer with confi-
dence.

10 Summary and Conclusions

In this paper we have described a new SKiYMET meteor
radar system deployed at King Edward Point on South Geor-
gia island (54◦ S, 34◦W). The radar system made near-
continuous measurements of winds in the mesosphere and
lower thermosphere from February 2016 until it was re-
moved in November 2020. Here, we described a new Gaus-
sian weighting method for improved time–height resolution
of meteor radar winds, characterised the mean winds, solar
tides, PWs, and GWs in the MLT over South Georgia and
compared our measurements with a climatological WACCM
simulation from the CMIP6 project. We find that:
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1. The large-scale zonal winds in the MLT above South
Georgia are characterised by eastward flow up to
40 m s−1 during winter and a zonal wind shear from
around 20 m s−1 westward to 40 m s−1 eastward dur-
ing summer. The large-scale meridional winds are
characterised by poleward flow during winter below
100 km and equatorward flow during summer from 75
to 105 km altitude.

2. The semidiurnal solar tide is dominant at this latitude,
reaching up to 80 m s−1 during April and May and ex-
hibiting a clear annual and semiannual cycle. The ter-
diurnal and quardiurnal tides are also found to max-
imise during May with amplitudes of more than 10 and
5 m s−1 respectively, whereas the diurnal tide is com-
paratively weak (around 10 m s−1) at this latitude, espe-
cially during winter.

3. The Q2DW in the MLT reached very large amplitudes
of more than 30 m s−1 in the meridional direction during
January 2019. We also measure zonal amplitudes of up
to 15 m s−1 at PW periods near 5, 6, 10, and 16 d during
winter and, by combining our measurements with those
from the nearby SAAMER meteor radar at Rio Grande,
we find that these PWs have predominantly westward
propagating modes 1 and 2.

4. The variance of wind perturbations due to both large-
scale “resolved” GWs and small-scale “sub-volume”
GWs exhibit similar annual and semiannual cycles
throughout the MLT. Comparatively larger variance
is due to large-scale GWs during summer, which
we propose corresponds to eastward propagating non-
orographic waves from below.

5. The climatological WACCM simulation exhibits a sum-
mertime mesopause that is up to 10 K warmer and
∼ 10 km lower in altitude than observed by the South
Georgia radar and by MLS, above which simulated east-
ward zonal winds are up to 20 ms larger than observed.
Simulated summertime meridional winds also reverse
to poleward above 95 km, implying a winter-to-summer
pole circulation in the lower thermosphere in WACCM
that is not found in this altitude range in our radar ob-
servations.

6. Most significantly, the observed wintertime zonal winds
throughout the MLT are eastward up to 40 m s−1 but
in the WACCM simulation they are westward up to
20 m s−1 above 80 km altitude. This coincides with a
wintertime mesospause in WACCM that is nearly 20 K
warmer than that observed by MLS. We propose that
this large discrepancy could be due to the impact of an
anomalous eastward forcing by secondary GWs that is
not currently simulated in WACCM, leading to an unre-
alistic thermal structure and residual circulation.

These results highlight the important contribution that mea-
surements of the MLT made at remote locations such as
South Georgia can provide to develop our understanding of
MLT wind, wave, and tidal dynamics. These insights can be
used to constrain and guide the development of general circu-
lation models as they are extended into this dynamic region
of the earth’s atmosphere.

Code availability. The data analysis and figure production code
used in this study (written for Matlab) are archived and freely avail-
able at https://doi.org/10.5281/zenodo.6819061 (Hindley, 2022).

Data availability. Meteor radar data from KEP are archived
at the UK Centre for Environmental Data Archival (CEDA)
(Mitchell, 2019) and are freely available to registered users at
https://doi.org/10.5285/061fc7fd1ca940e7ad685daf146db08f.
MLS satellite data are available from NASA at
https://disc.gsfc.nasa.gov/ (last access: 13 July 2022;
https://doi.org/10.5067/AURA/MLS/DATA2520, Schwartz et
al., 2021). The WACCM modelling data is an average of three
realisations from an AMIP-style configuration produced for the
CMIP-6 project (Danabasoglu, 2019), and is archived at several
locations including the UK CEDA at https://catalogue.ceda.ac.uk/
uuid/c592c08ed77640f3859447e090ec7db9.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-22-9435-2022-supplement.

Author contributions. The South Georgia meteor radar at KEP
was installed by NJM and NC in 2016. It was supported by the SG-
WEX grant for which NJM and TMF were investigators, and later
the DRAGON WEX grant for which NJM, TMF, and CJW were
investigators. The WACCM data were provided by AKS, and the
SAAMER meteor radar data are provided by DCF and DJ. The
radar, satellite, and model data analysis, written manuscript and
publication figures were produced by NPH, and all authors con-
tributed to the final manuscript wording.

Competing interests. The contact author has declared that nei-
ther they nor their co-authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We would like to thank the government of
South Georgia and the South Sandwich Islands for their coopera-
tion. In addition we would like to thank the relevant staff at GEN-
ESIS, King Edward Point, British Antarctic Survey, and Univer-
sity of Bath for all their help in ensuring the successful delivery
of the instrument campaign. The SG-WEX project that deployed

https://doi.org/10.5194/acp-22-9435-2022 Atmos. Chem. Phys., 22, 9435–9459, 2022

https://doi.org/10.5281/zenodo.6819061
https://doi.org/10.5285/061fc7fd1ca940e7ad685daf146db08f
https://disc.gsfc.nasa.gov/
https://doi.org/10.5067/AURA/MLS/DATA2520
https://catalogue.ceda.ac.uk/uuid/c592c08ed77640f3859447e090ec7db9
https://catalogue.ceda.ac.uk/uuid/c592c08ed77640f3859447e090ec7db9
https://doi.org/10.5194/acp-22-9435-2022-supplement


9454 N. P. Hindley et al.: Meteor radar observations over South Georgia

the radar was supported by the United Kingdom Natural Envi-
ronment Research Council (NERC) under grants NE/K015117/1,
NE/K012584/1, and NE/K012614/1. Its continuation was supported
by the NERC DRAGON-WEX project under grants NE/R001391/1
and NE/R001235/1. The WACCM data used here derive from the
CESM project, which is supported primarily by the United States
National Science Foundation (NSF) and is based upon work sup-
ported by the National Center for Atmospheric Research (NCAR)
sponsored by the NSF under Cooperative Agreement No. 1852977.
Computing and data storage resources, including the Cheyenne su-
percomputer (https://doi.org/10.5065/D6RX99HX), were provided
by the Computational and Information Systems Laboratory (CISL)
at NCAR. Finally, we would like to thank the three anonymous re-
viewers for their helpful comments on the manuscript, and to also
provide a special mention for Erich Becker for his friendly support
and technical advice on the topics presented in this study.

Financial support. This work was supported by the UK
Natural Environment Research Council (NERC) under grants
NE/K015117/1, NE/K012614/1, NE/R001391/1, NE/R001235/1
and NE/S00985X/1 and the Royal Society under grant number
UF160545.

Review statement. This paper was edited by William Ward and
reviewed by three anonymous referees.

References

Alexander, M. J. and Barnet, C.: Using satellite observa-
tions to constrain parameterizations of gravity wave ef-
fects for global models, J. Atmos. Sci., 64, 1652–1665,
https://doi.org/10.1175/JAS3897.1, 2007.

Alexander, M. J., Geller, M., McLandress, C., Polavarapu, S.,
Preusse, P., Sassi, F., Sato, K., Eckermann, S., Ern, M., Hertzog,
A., Kawatani, Y., Pulido, M., Shaw, T. A., Sigmond, M., Vin-
cent, R., and Watanabe, S.: Recent developments in gravity-wave
effects in climate models and the global distribution of gravity-
wave momentum flux from observations and models, Q. J. Roy.
Meteor. Soc., 136, 1103–1124, https://doi.org/10.1002/qj.637,
2010.

Beard, A., Mitchell, N., Williams, P., and Kunitake, M.: Non-linear
interactions between tides and planetary waves resulting in pe-
riodic tidal variability, J. Atmos. Sol.-Terr. Phy., 61, 363–376,
https://doi.org/10.1016/s1364-6826(99)00003-6, 1999.

Becker, E.: Dynamical Control of the Middle Atmosphere, Space
Sci. Rev., 168, 283–314, https://doi.org/10.1007/s11214-011-
9841-5, 2012.

Becker, E. and Vadas, S. L.: Secondary Gravity Waves in the
Winter Mesosphere: Results From a High-Resolution Global
Circulation Model, J. Geophys. Res.-Atmos., 123, 2605–2627,
https://doi.org/10.1002/2017JD027460, 2018.

Beldon, C. L. and Mitchell, N. J.: Gravity waves in the mesopause
region observed by meteor radar, 2: Climatologies of gravity
waves in the Antarctic and Arctic, J. Atmos. Sol.-Terr. Phy., 71,
875–884, https://doi.org/10.1016/j.jastp.2009.03.009, 2009.

Choi, H.-J., Chun, H.-Y., and Song, I.-S.: Gravity wave tempera-
ture variance calculated using the ray-based spectral parameteri-
zation of convective gravity waves and its comparison with Mi-
crowave Limb Sounder observations, J. Geophys. Res.-Atmos.,
114, D08111, https://doi.org/10.1029/2008JD011330, 2009.

Conte, J. F., Chau, J. L., Stober, G., Pedatella, N., Maute, A., Hoff-
mann, P., Janches, D., Fritts, D., and Murphy, D. J.: Climatol-
ogy of semidiurnal lunar and solar tides at middle and high lat-
itudes: Interhemispheric comparison, J. Geophys. Res.-Space,
122, 7750–7760, https://doi.org/10.1002/2017ja024396, 2017.

Conte, J. F., Chau, J. L., Liu, A., Qiao, Z., Fritts, D. C., Hor-
maechea, J. L., Salvador, J. O., and Milla, M. A.: Com-
parison of MLT Momentum Fluxes Over the Andes at Four
Different Latitudinal Sectors Using Multistatic Radar Con-
figurations, J. Geophys. Res.-Atmos., 127, e2021JD035982,
https://doi.org/10.1029/2021JD035982, 2022.

Copernicus Climate Change Service: ERA5: Fifth generation of
ECMWF atmospheric reanalyses of the global climate, Euro-
pean Centre For Medium-Range Weather Forecasts (ECMWF),
https://cds.climate.copernicus.eu/ (last access: December 2018),
2017.

Danabasoglu, G.: NCAR CESM2-WACCM model output prepared
for CMIP6 CMIP amip, Earth System Grid Federation [data set],
https://doi.org/10.22033/ESGF/CMIP6.10041, https://catalogue.
ceda.ac.uk/uuid/c592c08ed77640f3859447e090ec7db9 (last ac-
cess: 13 July 2022), 2019.

Danabasoglu, G., Lamarque, J.-F., Bacmeister, J., Bailey, D. A.,
DuVivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., Gar-
cia, R., Gettelman, A., Hannay, C., Holland, M. M., Large,
W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M.,
Lindsay, K., Lipscomb, W. H., Mills, M. J., Neale, R., Ole-
son, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes,
S., Kampenhout, L., Vertenstein, M., Bertini, A., Dennis, J.,
Deser, C., Fischer, C., Fox-Kemper, B., Kay, J. E., Kinnison,
D., Kushner, P. J., Larson, V. E., Long, M. C., Mickelson, S.,
Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J., and
Strand, W. G.: The Community Earth System Model Version
2 (CESM2), J. Adv. Model. Earth Sy., 12, e2019MS001916,
https://doi.org/10.1029/2019ms001916, 2020.

Davis, R.: Wave Dynamics of the Middle Atmosphere, PhD thesis,
University of Bath, 2014.

Davis, R. N., Du, J., Smith, A. K., Ward, W. E., and Mitchell,
N. J.: The diurnal and semidiurnal tides over Ascension
Island (◦S, 14◦W) and their interaction with the strato-
spheric quasi-biennial oscillation: studies with meteor radar,
eCMAM and WACCM, Atmos. Chem. Phys., 13, 9543–9564,
https://doi.org/10.5194/acp-13-9543-2013, 2013.

Day, K. A. and Mitchell, N. J.: The 5-day wave in the Arctic and
Antarctic mesosphere and lower thermosphere, J. Geophys. Res.-
Atmos., 115, D01109, https://doi.org/10.1029/2009JD012545,
2010a.

Day, K. A. and Mitchell, N. J.: The 16-day wave in the Arc-
tic and Antarctic mesosphere and lower thermosphere, Atmos.
Chem. Phys., 10, 1461–1472, https://doi.org/10.5194/acp-10-
1461-2010, 2010b.

de Wit, R. J., Janches, D., Fritts, D. C., and Hibbins, R. E.:
QBO modulation of the mesopause gravity wave momentum
flux over Tierra del Fuego, Geophys. Res. Lett., 43, 4049–4055,
https://doi.org/10.1002/2016gl068599, 2016.

Atmos. Chem. Phys., 22, 9435–9459, 2022 https://doi.org/10.5194/acp-22-9435-2022

https://doi.org/10.5065/D6RX99HX
https://doi.org/10.1175/JAS3897.1
https://doi.org/10.1002/qj.637
https://doi.org/10.1016/s1364-6826(99)00003-6
https://doi.org/10.1007/s11214-011-9841-5
https://doi.org/10.1007/s11214-011-9841-5
https://doi.org/10.1002/2017JD027460
https://doi.org/10.1016/j.jastp.2009.03.009
https://doi.org/10.1029/2008JD011330
https://doi.org/10.1002/2017ja024396
https://doi.org/10.1029/2021JD035982
https://cds.climate.copernicus.eu/
https://doi.org/10.22033/ESGF/CMIP6.10041
https://catalogue.ceda.ac.uk/uuid/c592c08ed77640f3859447e090ec7db9
https://catalogue.ceda.ac.uk/uuid/c592c08ed77640f3859447e090ec7db9
https://doi.org/10.1029/2019ms001916
https://doi.org/10.5194/acp-13-9543-2013
https://doi.org/10.1029/2009JD012545
https://doi.org/10.5194/acp-10-1461-2010
https://doi.org/10.5194/acp-10-1461-2010
https://doi.org/10.1002/2016gl068599


N. P. Hindley et al.: Meteor radar observations over South Georgia 9455

Dempsey, S. M., Hindley, N. P., Moffat-Griffin, T., Wright, C. J.,
Smith, A. K., Du, J., and Mitchell, N. J.: Winds and tides of
the Antarctic mesosphere and lower thermosphere: One year of
meteor-radar observations over Rothera (68◦ S, 68◦W) and com-
parisons with WACCM and eCMAM, J. Atmos. Sol.-Terr. Phy.,
212, 105510, https://doi.org/10.1016/j.jastp.2020.105510, 2021.

Ern, M., Diallo, M., Preusse, P., Mlynczak, M. G., Schwartz, M.
J., Wu, Q., and Riese, M.: The semiannual oscillation (SAO)
in the tropical middle atmosphere and its gravity wave driv-
ing in reanalyses and satellite observations, Atmos. Chem.
Phys., 21, 13763–13795, https://doi.org/10.5194/acp-21-13763-
2021, 2021.

Eyring, V., Gleckler, P. J., Heinze, C., Stouffer, R. J., Taylor,
K. E., Balaji, V., Guilyardi, E., Joussaume, S., Kindermann,
S., Lawrence, B. N., Meehl, G. A., Righi, M., and Williams,
D. N.: Towards improved and more routine Earth system
model evaluation in CMIP, Earth Syst. Dynam., 7, 813–830,
https://doi.org/10.5194/esd-7-813-2016, 2016.

Fairlie, T. D. A., Fisher, M., and O’Neill, A.: The de-
velopment of narrow baroclinic zones and other small-
scale structure in the stratosphere during simulated ma-
jor warmings, Q. J. Roy. Meteor. Soc., 116, 287–315,
https://doi.org/10.1002/qj.49711649204, 1990.

Forbes, J. M. and Zhang, X.: Quasi-10-day wave in the
atmosphere, J. Geophys. Res.-Atmos., 120, 11079–11089,
https://doi.org/10.1002/2015JD023327, 2015.

Forbes, J. M. and Zhang, X.: The quasi-6 day wave and its interac-
tions with solar tides, J. Geophys. Res.-Space, 122, 4764–4776,
https://doi.org/10.1002/2017ja023954, 2017.

Fritts, D. C. and Alexander, M. J.: Gravity wave dynamics and
effects in the middle atmosphere, Rev. Geophys., 41, 1003,
https://doi.org/10.1029/2001RG000106, 2003.

Fritts, D. C., Janches, D., and Hocking, W. K.: Southern Ar-
gentina Agile Meteor Radar: Initial assessment of gravity
wave momentum fluxes, J. Geophys. Res., 115, D19123,
https://doi.org/10.1029/2010jd013891, 2010a.

Fritts, D. C., Janches, D., Iimura, H., Hocking, W. K., Mitchell,
N. J., Stockwell, R. G., Fuller, B., Vandepeer, B., Hormaechea,
J., Brunini, C., and Levato, H.: Southern Argentina Agile Me-
teor Radar: System design and initial measurements of large-
scale winds and tides, J. Geophys. Res.-Atmos., 115, D18112,
https://doi.org/10.1029/2010JD013850, 2010b.

Fritts, D. C., Lund, T. S., Wan, K., and Liu, H.-L.: Numerical sim-
ulation of mountain waves over the southern Andes, Part 2: Mo-
mentum fluxes and wave/mean-flow interactions, J. Atmos. Sci.,
https://doi.org/10.1175/jas-d-20-0207.1, 2021.

Funke, B., Ball, W., Bender, S., Gardini, A., Harvey, V. L.,
Lambert, A., López-Puertas, M., Marsh, D. R., Meraner, K.,
Nieder, H., Päivärinta, S.-M., Pérot, K., Randall, C. E., Red-
dmann, T., Rozanov, E., Schmidt, H., Seppälä, A., Sinnhuber,
M., Sukhodolov, T., Stiller, G. P., Tsvetkova, N. D., Verro-
nen, P. T., Versick, S., von Clarmann, T., Walker, K. A., and
Yushkov, V.: HEPPA-II model–measurement intercomparison
project: EPP indirect effects during the dynamically perturbed
NH winter 2008–2009, Atmos. Chem. Phys., 17, 3573–3604,
https://doi.org/10.5194/acp-17-3573-2017, 2017.

Garcia, R. R., Smith, A. K., Kinnison, D. E., de la Camara,
A., and Murphy, D. J.: Modification of the Gravity Wave Pa-
rameterization in the Whole Atmosphere Community Climate

Model: Motivation and Results, J. Atmos. Sci., 74, 275–291,
https://doi.org/10.1175/JAS-D-16-0104.1, 2017.

Geller, M. A.: Dynamics of the Middle Atmosphere, in: Progress
in Solar-Terrestrial Physics, 359–375, Springer Netherlands,
https://doi.org/10.1007/978-94-009-7096-0_28, 1983.

Gettelman, A., Mills, M. J., Kinnison, D. E., Garcia, R. R.,
Smith, A. K., Marsh, D. R., Tilmes, S., Vitt, F., Bardeen,
C. G., McInerny, J., Liu, H.-L., Solomon, S. C., Polvani, L. M.,
Emmons, L. K., Lamarque, J.-F., Richter, J. H., Glanville,
A. S., Bacmeister, J. T., Phillips, A. S., Neale, R. B., Simp-
son, I. R., DuVivier, A. K., Hodzic, A., and Randel, W. J.:
The Whole Atmosphere Community Climate Model Version
6 (WACCM6), J. Geophys. Res.-Atmos., 124, 12380–12403,
https://doi.org/10.1029/2019jd030943, 2019.

Gudadze, N., Stober, G., and Chau, J. L.: Can VHF radars
at polar latitudes measure mean vertical winds in the pres-
ence of PMSE?, Atmos. Chem. Phys., 19, 4485–4497,
https://doi.org/10.5194/acp-19-4485-2019, 2019.

Harvey, V. L., Randall, C. E., Becker, E., Smith, A. K.,
Bardeen, C. G., France, J. A., and Goncharenko,
L. P.: Evaluation of the Mesospheric Polar Vortices in
WACCM, J. Geophys. Res.-Atmos., 124, 10626–10645,
https://doi.org/10.1029/2019JD030727, 2019.

Hasha, A., Bühler, O., and Scinocca, J.: Gravity Wave Refraction
by Three-Dimensionally Varying Winds and the Global Trans-
port of Angular Momentum, J. Atmos. Sci., 65, 2892–2906,
https://doi.org/10.1175/2007jas2561.1, 2008.

Heale, C. J., Bossert, K., Vadas, S. L., Hoffmann, L., Dörn-
brack, A., Stober, G., Snively, J. B., and Jacobi, C.: Sec-
ondary Gravity Waves Generated by Breaking Mountain Waves
Over Europe, J. Geophys. Res.-Atmos., 125, e2019JD031662,
https://doi.org/10.1029/2019jd031662, 2020.

Heale, C. J., Bossert, K., and Vadas, S. L.: 3D Numerical Simulation
of Secondary Wave Generation From Mountain Wave Breaking
Over Europe, J. Geophys. Res.-Atmos., 127, e2021JD035413,
https://doi.org/10.1029/2021JD035413, 2022.

Hindley, N. P.: nhindley/acp-2021-981: Analysis and Figure code
for ACP publication acp-2021-981 Hindley et al., (2022), Zen-
odo [code], https://doi.org/10.5281/ZENODO.6819061, 2022.

Hindley, N. P., Wright, C. J., Smith, N. D., and Mitchell, N. J.: The
southern stratospheric gravity wave hot spot: individual waves
and their momentum fluxes measured by COSMIC GPS-RO, At-
mos. Chem. Phys., 15, 7797–7818, https://doi.org/10.5194/acp-
15-7797-2015, 2015.

Hindley, N. P., Wright, C. J., Smith, N. D., Hoffmann, L.,
Holt, L. A., Alexander, M. J., Moffat-Griffin, T., and Mitchell,
N. J.: Gravity waves in the winter stratosphere over the
Southern Ocean: high-resolution satellite observations and 3-
D spectral analysis, Atmos. Chem. Phys., 19, 15377–15414,
https://doi.org/10.5194/acp-19-15377-2019, 2019.

Hindley, N. P., Wright, C. J., Hoffmann, L., Moffat-Griffin, T.,
and Mitchell, N. J.: An 18-Year Climatology of Directional
Stratospheric Gravity Wave Momentum Flux From 3-D Satel-
lite Observations, Geophys. Res. Lett., 47, e2020GL089557,
https://doi.org/10.1029/2020gl089557, 2020.

Hindley, N. P., Wright, C. J., Gadian, A. M., Hoffmann, L., Hughes,
J. K., Jackson, D. R., King, J. C., Mitchell, N. J., Moffat-Griffin,
T., Moss, A. C., Vosper, S. B., and Ross, A. N.: Stratospheric
gravity waves over the mountainous island of South Georgia:

https://doi.org/10.5194/acp-22-9435-2022 Atmos. Chem. Phys., 22, 9435–9459, 2022

https://doi.org/10.1016/j.jastp.2020.105510
https://doi.org/10.5194/acp-21-13763-2021
https://doi.org/10.5194/acp-21-13763-2021
https://doi.org/10.5194/esd-7-813-2016
https://doi.org/10.1002/qj.49711649204
https://doi.org/10.1002/2015JD023327
https://doi.org/10.1002/2017ja023954
https://doi.org/10.1029/2001RG000106
https://doi.org/10.1029/2010jd013891
https://doi.org/10.1029/2010JD013850
https://doi.org/10.1175/jas-d-20-0207.1
https://doi.org/10.5194/acp-17-3573-2017
https://doi.org/10.1175/JAS-D-16-0104.1
https://doi.org/10.1007/978-94-009-7096-0_28
https://doi.org/10.1029/2019jd030943
https://doi.org/10.5194/acp-19-4485-2019
https://doi.org/10.1029/2019JD030727
https://doi.org/10.1175/2007jas2561.1
https://doi.org/10.1029/2019jd031662
https://doi.org/10.1029/2021JD035413
https://doi.org/10.5281/ZENODO.6819061
https://doi.org/10.5194/acp-15-7797-2015
https://doi.org/10.5194/acp-15-7797-2015
https://doi.org/10.5194/acp-19-15377-2019
https://doi.org/10.1029/2020gl089557


9456 N. P. Hindley et al.: Meteor radar observations over South Georgia

testing a high-resolution dynamical model with 3-D satellite
observations and radiosondes, Atmos. Chem. Phys., 21, 7695–
7722, https://doi.org/10.5194/acp-21-7695-2021, 2021.

Hocking, W. K. and Thayaparan, T.: Simultaneous and colocated
observation of winds and tides by MF and meteor radars over
London, Canada (43◦ N, 81◦W), during 1994–1996, Radio Sci.,
32, 833–865, https://doi.org/10.1029/96RS03467, 1997.

Hocking, W. K., Fuller, B., and Vandepeer, B.: Real-time de-
termination of meteor-related parameters utilizing modern
digital technology, J. Atmos. Sol.-Terr. Phy., 63, 155–169,
https://doi.org/10.1016/s1364-6826(00)00138-3, 2001.

Hoffmann, L., Xue, X., and Alexander, M. J.: A global view of
stratospheric gravity wave hotspots located with Atmospheric
Infrared Sounder observations, J. Geophys. Res., 118, 416–434,
https://doi.org/10.1029/2012JD018658, 2013.

Hoffmann, L., Alexander, M. J., Clerbaux, C., Grimsdell, A. W.,
Meyer, C. I., Rößler, T., and Tournier, B.: Intercomparison of
stratospheric gravity wave observations with AIRS and IASI, At-
mos. Meas. Tech., 7, 4517–4537, https://doi.org/10.5194/amt-7-
4517-2014, 2014.

Holton, J. R.: The Influence of Gravity Wave Breaking
on the General Circulation of the Middle Atmosphere,
J. Atmos. Sci., 40, 2497–2507, https://doi.org/10.1175/1520-
0469(1983)040<2497:TIOGWB>2.0.CO;2, 1983.

Holton, J. R.: The Generation of Mesospheric Planetary
Waves by Zonally Asymmetric Gravity Wave Breaking,
J. Atmos. Sci., 41, 3427–3430, https://doi.org/10.1175/1520-
0469(1984)041<3427:tgompw>2.0.co;2, 1984.

Houghton, J. T.: The stratosphere and mesosphere, Q. J. Roy. Me-
teor. Soc., 104, 1–29, https://doi.org/10.1002/qj.49710443902,
1978.

Jackson, D. R., Fuller-Rowell, T. J., Griffin, D. J., Griffith, M. J.,
Kelly, C. W., Marsh, D. R., and Walach, M.-T.: Future Di-
rections for Whole Atmosphere Modeling: Developments in
the Context of Space Weather, Space Weather, 17, 1342–1350,
https://doi.org/10.1029/2019sw002267, 2019.

Jacobi, C., Portnyagin, Y., Solovjova, T., Hoffmann, P., Singer,
W., Fahrutdinova, A., Ishmuratov, R., Beard, A., Mitchell, N.,
Muller, H., Schminder, R., Kürschner, D., Manson, A., and
Meek, C.: Climatology of the semidiurnal tide at 52–56◦N from
ground-based radar wind measurements 1985–1995, J. Atmos.
Sol.-Terr. Phy., 61, 975–991, https://doi.org/10.1016/s1364-
6826(99)00065-6, 1999.

Kalisch, S., Preusse, P., Ern, M., Eckermann, S. D., and Riese,
M.: Differences in gravity wave drag between realistic oblique
and assumed vertical propagation, J. Geophys. Res.-Atmos., 119,
10081–10099, https://doi.org/10.1002/2014JD021779, 2014.

Kogure, M., Yue, J., Nakamura, T., Hoffmann, L., Vadas, S. L.,
Tomikawa, Y., Ejiri, M. K., and Janches, D.: First Direct Ob-
servational Evidence for Secondary Gravity Waves Generated
by Mountain Waves Over the Andes, Geophys. Res. Lett., 47,
e2020GL088845, https://doi.org/10.1029/2020gl088845, 2020.

Kvissel, O.-K., Orsolini, Y. J., Stordal, F., Limpasuvan, V.,
Richter, J., and Marsh, D. R.: Mesospheric intrusion and
anomalous chemistry during and after a major stratospheric
sudden warming, J. Atmos. Sol.-Terr. Phy., 78–79, 116–124,
https://doi.org/10.1016/j.jastp.2011.08.015, 2012.

Laskar, F. I., Chau, J. L., Stober, G., Hoffmann, P., Hall, C. M.,
and Tsutsumi, M.: Quasi-biennial oscillation modulation of the

middle- and high-latitude mesospheric semidiurnal tides during
August–September, J. Geophys. Res.-Space, 121, 4869–4879,
https://doi.org/10.1002/2015ja022065, 2016.

Lilienthal, F. and Jacobi, C.: Nonlinear forcing mechanisms
of the migrating terdiurnal solar tide and their impact on
the zonal mean circulation, Ann. Geophys., 37, 943–953,
https://doi.org/10.5194/angeo-37-943-2019, 2019.

Lilienthal, F., Jacobi, C., and Geißler, C.: Forcing mechanisms
of the terdiurnal tide, Atmos. Chem. Phys., 18, 15725–15742,
https://doi.org/10.5194/acp-18-15725-2018, 2018.

Lindzen, R. S.: Turbulence and stress owing to gravity
wave and tidal breakdown, J. Geophys. Res., 86, 9707,
https://doi.org/10.1029/jc086ic10p09707, 1981.

Liu, G., Janches, D., Lieberman, R. S., Moffat-Griffin, T.,
Mitchell, N. J., Kim, J.-H., and Lee, C.: Wind Varia-
tions in the Mesosphere and Lower Thermosphere Near
60S Latitude During the 2019 Antarctic Sudden Strato-
spheric Warming, J. Geophys. Res.-Space, 126, e2020JA028909,
https://doi.org/10.1029/2020ja028909, 2021.

Liu, H.-L.: On the large wind shear and fast meridional trans-
port above the mesopause, Geophys. Res. Lett., 34, L08815,
https://doi.org/10.1029/2006gl028789, 2007.

Liu, H.-L., Foster, B. T., Hagan, M. E., McInerney, J. M., Maute, A.,
Qian, L., Richmond, A. D., Roble, R. G., Solomon, S. C., Garcia,
R. R., Kinnison, D., Marsh, D. R., Smith, A. K., Richter, J., Sassi,
F., and Oberheide, J.: Thermosphere extension of the Whole At-
mosphere Community Climate Model, J. Geophys. Res.-Space,
115, A12302, https://doi.org/10.1029/2010ja015586, 2010.

Liu, H.-L., Bardeen, C. G., Foster, B. T., Lauritzen, P., Liu, J., Lu,
G., Marsh, D. R., Maute, A., McInerney, J. M., Pedatella, N. M.,
Qian, L., Richmond, A. D., Roble, R. G., Solomon, S. C., Vitt,
F. M., and Wang, W.: Development and Validation of the Whole
Atmosphere Community Climate Model With Thermosphere
and Ionosphere Extension (WACCM-X 2.0), J. Adv. Model.
Earth Sy., 10, 381–402, https://doi.org/10.1002/2017MS001232,
2018.

Liu, X., Xu, J., Yue, J., Vadas, S. L., and Becker, E.: Orographic Pri-
mary and Secondary Gravity Waves in the Middle Atmosphere
From 16-Year SABER Observations, Geophys. Res. Lett., 46,
4512–4522, https://doi.org/10.1029/2019GL082256, 2019.

Livesey, N. J., Read, W. G., Wagner, P. A., Froidevaux, L., Lam-
bert, A., Manney, G. L., Millán Valle, L., Pumphrey, H. C., San-
tee, M. L., Schwartz, M. J., Wang, S., Fuller, R. A., Jarnot,
R. F., Knosp, B. W., and Martinez, E.: Earth Observing Sys-
tem (EOS) Aura Microwave Limb Sounder (MLS) Data Qual-
ity and Description, version 4.2, NASA, https://mls.jpl.nasa.gov/
eos-aura-mls/data-documentation (last access: 13 July 2022),
2015.

Lund, T. S., Fritts, D. C., Wan, K., Laughman, B., and Liu, H.-
L.: Numerical Simulation of Mountain Waves over the South-
ern Andes. Part I: Mountain Wave and Secondary Wave Char-
acter, Evolutions, and Breaking, J. Atmos. Sci., 77, 4337–4356,
https://doi.org/10.1175/jas-d-19-0356.1, 2020.

Manson, A. H., Meek, C. E., Hall, C. M., Nozawa, S., Mitchell,
N. J., Pancheva, D., Singer, W., and Hoffmann, P.: Mesopause
dynamics from the scandinavian triangle of radars within
the PSMOS-DATAR Project, Ann. Geophys., 22, 367–386,
https://doi.org/10.5194/angeo-22-367-2004, 2004.

Atmos. Chem. Phys., 22, 9435–9459, 2022 https://doi.org/10.5194/acp-22-9435-2022

https://doi.org/10.5194/acp-21-7695-2021
https://doi.org/10.1029/96RS03467
https://doi.org/10.1016/s1364-6826(00)00138-3
https://doi.org/10.1029/2012JD018658
https://doi.org/10.5194/amt-7-4517-2014
https://doi.org/10.5194/amt-7-4517-2014
https://doi.org/10.1175/1520-0469(1983)040<2497:TIOGWB>2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040<2497:TIOGWB>2.0.CO;2
https://doi.org/10.1175/1520-0469(1984)041<3427:tgompw>2.0.co;2
https://doi.org/10.1175/1520-0469(1984)041<3427:tgompw>2.0.co;2
https://doi.org/10.1002/qj.49710443902
https://doi.org/10.1029/2019sw002267
https://doi.org/10.1016/s1364-6826(99)00065-6
https://doi.org/10.1016/s1364-6826(99)00065-6
https://doi.org/10.1002/2014JD021779
https://doi.org/10.1029/2020gl088845
https://doi.org/10.1016/j.jastp.2011.08.015
https://doi.org/10.1002/2015ja022065
https://doi.org/10.5194/angeo-37-943-2019
https://doi.org/10.5194/acp-18-15725-2018
https://doi.org/10.1029/jc086ic10p09707
https://doi.org/10.1029/2020ja028909
https://doi.org/10.1029/2006gl028789
https://doi.org/10.1029/2010ja015586
https://doi.org/10.1002/2017MS001232
https://doi.org/10.1029/2019GL082256
https://mls.jpl.nasa.gov/eos-aura-mls/data-documentation
https://mls.jpl.nasa.gov/eos-aura-mls/data-documentation
https://doi.org/10.1175/jas-d-19-0356.1
https://doi.org/10.5194/angeo-22-367-2004


N. P. Hindley et al.: Meteor radar observations over South Georgia 9457

Marsh, D. R., Garcia, R. R., Kinnison, D. E., Boville, B. A.,
Sassi, F., Solomon, S. C., and Matthes, K.: Modeling the
whole atmosphere response to solar cycle changes in radia-
tive and geomagnetic forcing, J. Geophys. Res., 112, D23306,
https://doi.org/10.1029/2006jd008306, 2007.

Matthes, K., Funke, B., Andersson, M. E., Barnard, L., Beer, J.,
Charbonneau, P., Clilverd, M. A., Dudok de Wit, T., Haber-
reiter, M., Hendry, A., Jackman, C. H., Kretzschmar, M., Kr-
uschke, T., Kunze, M., Langematz, U., Marsh, D. R., May-
cock, A. C., Misios, S., Rodger, C. J., Scaife, A. A., Seppälä,
A., Shangguan, M., Sinnhuber, M., Tourpali, K., Usoskin, I.,
van de Kamp, M., Verronen, P. T., and Versick, S.: Solar forc-
ing for CMIP6 (v3.2), Geosci. Model Dev., 10, 2247–2302,
https://doi.org/10.5194/gmd-10-2247-2017, 2017.

McLandress, C. and Scinocca, J. F.: The GCM Response to Cur-
rent Parameterizations of Nonorographic Gravity Wave Drag, J.
Atmos. Sci., 62, 2394–2413, https://doi.org/10.1175/jas3483.1,
2005.

Mitchell, N. J.: University of Bath: King Edward Point
Skiymet meteor radar data (2016–2020), Centre for
Environmental Data Analysis (CEDA) [data set],
https://doi.org/10.5285/061fc7fd1ca940e7ad685daf146db08f,
2019.

Mitchell, N. J. and Beldon, C. L.: Gravity waves in the
mesopause region observed by meteor radar: 1. A simple mea-
surement technique, J. Atmos. Sol.-Terr. Phy., 71, 866–874,
https://doi.org/10.1016/j.jastp.2009.03.011, 2009.

Mitchell, N. J., Pancheva, D., Middleton, H. R., and Hagan,
M. E.: Mean winds and tides in the Arctic mesosphere and
lower thermosphere, J. Geophys. Res., 107, SIA 2-1–2-14,
https://doi.org/10.1029/2001JA900127, 2002.

Moudden, Y. and Forbes, J. M.: A decade-long clima-
tology of terdiurnal tides using TIMED/SABER ob-
servations, J. Geophys. Res.-Space, 118, 4534–4550,
https://doi.org/10.1002/jgra.50273, 2013.

Murgatroyd, R. J. and Singleton, F.: Possible meridional circula-
tions in the stratosphere and mesosphere, Q. J. Roy. Meteor. Soc.,
87, 125–135, https://doi.org/10.1002/qj.49708737202, 1961.

Murphy, D. J., Forbes, J. M., Walterscheid, R. L., Hagan, M. E.,
Avery, S. K., Aso, T., Fraser, G. J., Fritts, D. C., Jarvis, M. J.,
McDonald, A. J., Riggin, D. M., Tsutsumi, M., and Vincent,
R. A.: A climatology of tides in the Antarctic mesosphere and
lower thermosphere, J. Geophys. Res.-Atmos., 111, D23104,
https://doi.org/10.1029/2005jd006803, 2006.

Neely III, R. R. and Schmidt, A.: VolcanEESM: Global vol-
canic sulphur dioxide (SO2) emissions database from 1850 to
present – Version 1.0, Centre for Environmental Data Analysis
(CEDA) [data set], https://doi.org/10.5285/76EBDC0B-0EED-
4F70-B89E-55E606BCD568, 2016.

Osprey, S. M., Butchart, N., Knight, J. R., Scaife, A. A., Hamilton,
K., Anstey, J. A., Schenzinger, V., and Zhang, C.: An unexpected
disruption of the atmospheric quasi-biennial oscillation, Science,
353, 1424–1427, https://doi.org/10.1126/science.aah4156, 2016.

Pancheva, D., Mukhtarov, P., Siskind, D. E., and Smith,
A. K.: Global distribution and variability of quasi 2
day waves based on the NOGAPS-ALPHA reanaly-
sis model, J. Geophys. Res.-Space, 121, 11422–11449,
https://doi.org/10.1002/2016ja023381, 2016.

Pancheva, D., Mukhtarov, P., and Siskind, D. E.: Climatology
of the quasi-2-day waves observed in the MLS/Aura measure-
ments (2005–2014), J. Atmos. Sol.-Terr. Phy., 171, 210–224,
https://doi.org/10.1016/j.jastp.2017.05.002, 2018.

Pancheva, D., Mukhtarov, P., Hall, C., Meek, C., Tsutsumi,
M., Pedatella, N., and Nozawa, S.: Climatology of the main
(24-h and 12-h) tides observed by meteor radars at Sval-
bard and Tromsø: Comparison with the models CMAM-
DAS and WACCM-X, J. Atmos. Sol.-Terr. Phy., 207, 105339,
https://doi.org/10.1016/j.jastp.2020.105339, 2020.

Pancheva, D., Mukhtarov, P., Hall, C., Smith, A., and Tsutsumi, M.:
Climatology of the short-period (8-h and 6-h) tides observed by
meteor radars at Tromsø and Svalbard, J. Atmos. Sol.-Terr. Phy.,
212, 105513, https://doi.org/10.1016/j.jastp.2020.105513, 2021.

Pedatella, N. M., Fuller-Rowell, T., Wang, H., Jin, H., Miyoshi, Y.,
Fujiwara, H., Shinagawa, H., Liu, H.-L., Sassi, F., Schmidt, H.,
Matthias, V., and Goncharenko, L.: The neutral dynamics dur-
ing the 2009 sudden stratosphere warming simulated by different
whole atmosphere models, J. Geophys. Res.-Space, 119, 1306–
1324, https://doi.org/10.1002/2013ja019421, 2014.

Preusse, P., Dörnbrack, A., and Eckermann, S.: Space-based mea-
surements of stratospheric mountain waves by CRISTA 1. Sensi-
tivity, analysis method, and a case study, J. Geophys. Res., 107,
8178, https://doi.org/10.1029/2001JD000699, 2002.

Qian, L., Burns, A., and Yue, J.: Evidence of the Lower
Thermospheric Winter-to-Summer Circulation From SABER
CO2 Observations, Geophys. Res. Lett., 44, 10100–10107,
https://doi.org/10.1002/2017GL075643, 2017.

Ramesh, K., Smith, A. K., Garcia, R. R., Marsh, D. R.,
Sridharan, S., and Kishore Kumar, K.: Long-Term Vari-
ability and Tendencies in Middle Atmosphere Tempera-
ture and Zonal Wind From WACCM6 Simulations During
1850–2014, J. Geophys. Res.-Atmos., 125, e2020JD033579,
https://doi.org/10.1029/2020JD033579, 2020.

Rao, J., Garfinkel, C. I., White, I. P., and Schwartz, C.:
The Southern Hemisphere Minor Sudden Stratospheric
Warming in September 2019 and its Predictions in S2S
Models, J. Geophys. Res.-Atmos., 125, e2020JD032723,
https://doi.org/10.1029/2020JD032723, 2020.

Ribstein, B., Millet, C., Lott, F., and de la Camara, A.: Can
We Improve the Realism of Gravity Wave Parameteriza-
tions by Imposing Sources at All Altitudes in the Atmo-
sphere?, J. Adv. Model. Earth Sy., 14, e2021MS002563,
https://doi.org/10.1029/2021MS002563, 2022.

Richter, J. H., Sassi, F., and Garcia, R. R.: Toward a Phys-
ically Based Gravity Wave Source Parameterization in a
General Circulation Model, J. Atmos. Sci., 67, 136–156,
https://doi.org/10.1175/2009jas3112.1, 2010.

Salby, M. L.: Rossby Normal Modes in Nonuniform Back-
ground Configurations. Part I: Simple Fields, J. At-
mos. Sci., 38, 1803–1826, https://doi.org/10.1175/1520-
0469(1981)038<1803:rnminb>2.0.co;2, 1981a.

Salby, M. L.: Rossby Normal Modes in Nonuniform Back-
ground Configurations. Part II. Equinox and Solstice Conditions,
J. Atmos. Sci., 38, 1827–1840, https://doi.org/10.1175/1520-
0469(1981)038<1827:rnminb>2.0.co;2, 1981b.

Sandford, D. J., Beldon, C. L., Hibbins, R. E., and Mitchell,
N. J.: Dynamics of the Antarctic and Arctic mesosphere and
lower thermosphere – Part 1: Mean winds, Atmos. Chem.

https://doi.org/10.5194/acp-22-9435-2022 Atmos. Chem. Phys., 22, 9435–9459, 2022

https://doi.org/10.1029/2006jd008306
https://doi.org/10.5194/gmd-10-2247-2017
https://doi.org/10.1175/jas3483.1
https://doi.org/10.5285/061fc7fd1ca940e7ad685daf146db08f
https://doi.org/10.1016/j.jastp.2009.03.011
https://doi.org/10.1029/2001JA900127
https://doi.org/10.1002/jgra.50273
https://doi.org/10.1002/qj.49708737202
https://doi.org/10.1029/2005jd006803
https://doi.org/10.5285/76EBDC0B-0EED-4F70-B89E-55E606BCD568
https://doi.org/10.5285/76EBDC0B-0EED-4F70-B89E-55E606BCD568
https://doi.org/10.1126/science.aah4156
https://doi.org/10.1002/2016ja023381
https://doi.org/10.1016/j.jastp.2017.05.002
https://doi.org/10.1016/j.jastp.2020.105339
https://doi.org/10.1016/j.jastp.2020.105513
https://doi.org/10.1002/2013ja019421
https://doi.org/10.1029/2001JD000699
https://doi.org/10.1002/2017GL075643
https://doi.org/10.1029/2020JD033579
https://doi.org/10.1029/2020JD032723
https://doi.org/10.1029/2021MS002563
https://doi.org/10.1175/2009jas3112.1
https://doi.org/10.1175/1520-0469(1981)038<1803:rnminb>2.0.co;2
https://doi.org/10.1175/1520-0469(1981)038<1803:rnminb>2.0.co;2
https://doi.org/10.1175/1520-0469(1981)038<1827:rnminb>2.0.co;2
https://doi.org/10.1175/1520-0469(1981)038<1827:rnminb>2.0.co;2


9458 N. P. Hindley et al.: Meteor radar observations over South Georgia

Phys., 10, 10273–10289, https://doi.org/10.5194/acp-10-10273-
2010, 2010.

Sassi, F., McCormack, J. P., and McDonald, S. E.: Whole Atmo-
sphere Coupling on Intraseasonal and Interseasonal Time Scales:
A Potential Source of Increased Predictive Capability, Radio
Sci., 54, 913–933, https://doi.org/10.1029/2019rs006847, 2019.

Sato, K. and Yoshiki, M.: Gravity Wave Generation around the Po-
lar Vortex in the Stratosphere Revealed by 3-Hourly Radiosonde
Observations at Syowa Station, J. Atmos. Sci., 65, 3719–3735,
https://doi.org/10.1175/2008JAS2539.1, 2008.

Schoeberl, M. R. and Clark, J. H. E.: Resonant Plan-
etary Waves in a Spherical Atmosphere, J. At-
mos. Sci., 37, 20–28, https://doi.org/10.1175/1520-
0469(1980)037<0020:rpwias>2.0.co;2, 1980.

Schoeberl, M. R., Douglass, A., Hilsenrath, E., Bhartia, P., Beer,
R., Waters, J., Gunson, M., Froidevaux, L., Gille, J., Bar-
nett, J., Levelt, P., and DeCola, P.: Overview of the EOS
aura mission, IEEE T. Geosci. Remote Sens., 44, 1066–1074,
https://doi.org/10.1109/tgrs.2005.861950, 2006.

Schwartz, M. J., Lambert, A., Manney, G. L., Read, W. G., Livesey,
N. J., Froidevaux, L., Ao, C. O., Bernath, P. F., Boone, C. D.,
Cofield, R. E., Daffer, W. H., Drouin, B. J., Fetzer, E. J., Fuller,
R. A., Jarnot, R. F., Jiang, J. H., Jiang, Y. B., Knosp, B. W.,
Krüger, K., Li, J.-L. F., Mlynczak, M. G., Pawson, S., Russell,
J. M., Santee, M. L., Snyder, W. V., Stek, P. C., Thurstans, R. P.,
Tompkins, A. M., Wagner, P. A., Walker, K. A., Waters, J. W.,
and Wu, D. L.: Validation of the Aura Microwave Limb Sounder
temperature and geopotential height measurements, J. Geophys.
Res., 113, D15S11, https://doi.org/10.1029/2007jd008783, 2008.

Schwartz, M., Livesey, N., and Read, W.: MLS/Aura
Level 2 Temperature V005, NASA Goddard Earth Sci-
ences Data and Information Services Center [data set],
https://doi.org/10.5067/AURA/MLS/DATA2520, 2021.

Siskind, D. E., Merkel, A. W., Marsh, D. R., Randall, C. E.,
Hervig, M. E., Mlynczak, M. G., and Russell III, J. M.:
Understanding the Effects of Polar Mesospheric Clouds
on the Environment of the Upper Mesosphere and Lower
Thermosphere, J. Geophys. Res.-Atmos., 123, 11705–11719,
https://doi.org/10.1029/2018JD028830, 2018.

Smith, A. K.: Structure of the terdiurnal tide at 95 km, Geophys.
Res. Lett., 27, 177–180, https://doi.org/10.1029/1999gl010843,
2000.

Smith, A. K.: The Origin of Stationary Plane-
tary Waves in the Upper Mesosphere, J. Atmos.
Sci., 60, 3033–3041, https://doi.org/10.1175/1520-
0469(2003)060<3033:toospw>2.0.co;2, 2003.

Smith, A. K.: Observations and modeling of the 6-hour tide
in the upper mesosphere, J. Geophys. Res., 109, D10105,
https://doi.org/10.1029/2003jd004421, 2004.

Smith, A. K.: Global Dynamics of the MLT, Surv. Geophys., 33,
1177–1230, https://doi.org/10.1007/s10712-012-9196-9, 2012.

Smith, A. K., Garcia, R. R., Marsh, D. R., and Richter, J. H.:
WACCM simulations of the mean circulation and trace species
transport in the winter mesosphere, J. Geophys. Res., 116,
D20115, https://doi.org/10.1029/2011jd016083, 2011.

Smith, A. K., Garcia, R. R., Moss, A. C., and Mitchell, N. J.:
The Semiannual Oscillation of the Tropical Zonal Wind
in the Middle Atmosphere Derived from Satellite Geopo-

tential Height Retrievals, J. Atmos. Sci., 74, 2413–2425,
https://doi.org/10.1175/jas-d-17-0067.1, 2017.

Smith, S. A., Fritts, D. C., and VanZandt, T. E.: Evidence for a sat-
urated spectrum of atmospheric graity waves, J. Atmos. Sci., 44,
1404–1410, https://doi.org/10/dnvtfc, 1987.

Soloman, S. and Garcia, R. R.: Current understanding of meso-
spheric transport processes, Philos. T. R. Soc. S.-A, 323, 655–
666, https://doi.org/10.1098/rsta.1987.0112, 1987.

Song, B.-G., Song, I.-S., Chun, H.-Y., Lee, C., Kam, H.,
Kim, Y. H., Kang, M.-J., Hindley, N. P., and Mitchell,
N. J.: Activities of Small-Scale Gravity Waves in the Up-
per Mesosphere Observed From Meteor Radar at King Se-
jong Station, Antarctica (62.22◦ S, 58.78◦W) and Their Poten-
tial Sources, J. Geophys. Res.-Atmos., 126, e2021JD034528,
https://doi.org/10.1029/2021JD034528, 2021.

Song, I.-S. and Chun, H.-Y.: A Lagrangian Spectral Pa-
rameterization of Gravity Wave Drag Induced by Cu-
mulus Convection, J. Atmos. Sci., 65, 1204–1224,
https://doi.org/10.1175/2007JAS2369.1, 2008.

Song, I. S., Lee, C., Kim, J. H., Jee, G., Kim, Y. H., Choi, H. J.,
Chun, H. Y., and Kim, Y. H.: Meteor radar observations of ver-
tically propagating low-frequency inertia-gravity waves near the
southern polar mesopause region, J. Geophys. Res.-Space, 122,
4777–4800, https://doi.org/10.1002/2016JA022978, 2017.

Stober, G., Sommer, S., Rapp, M., and Latteck, R.: Investi-
gation of gravity waves using horizontally resolved radial
velocity measurements, Atmos. Meas. Tech., 6, 2893–2905,
https://doi.org/10.5194/amt-6-2893-2013, 2013.

Stober, G., Janches, D., Matthias, V., Fritts, D., Marino, J., Moffat-
Griffin, T., Baumgarten, K., Lee, W., Murphy, D., Kim, Y. H.,
Mitchell, N., and Palo, S.: Seasonal evolution of winds, atmo-
spheric tides, and Reynolds stress components in the South-
ern Hemisphere mesosphere–lower thermosphere in 2019, Ann.
Geophys., 39, 1–29, https://doi.org/10.5194/angeo-39-1-2021,
2021a.

Stober, G., Kozlovsky, A., Liu, A., Qiao, Z., Tsutsumi, M., Hall,
C., Nozawa, S., Lester, M., Belova, E., Kero, J., Espy, P. J., Hib-
bins, R. E., and Mitchell, N.: Atmospheric tomography using the
Nordic Meteor Radar Cluster and Chilean Observation Network
De Meteor Radars: network details and 3D-Var retrieval, At-
mos. Meas. Tech., 14, 6509–6532, https://doi.org/10.5194/amt-
14-6509-2021, 2021b.

Stober, G., Kuchar, A., Pokhotelov, D., Liu, H., Liu, H.-L., Schmidt,
H., Jacobi, C., Baumgarten, K., Brown, P., Janches, D., Mur-
phy, D., Kozlovsky, A., Lester, M., Belova, E., Kero, J., and
Mitchell, N.: Interhemispheric differences of mesosphere–lower
thermosphere winds and tides investigated from three whole-
atmosphere models and meteor radar observations, Atmos.
Chem. Phys., 21, 13855–13902, https://doi.org/10.5194/acp-21-
13855-2021, 2021c.

Stockwell, R. G., Mansinha, L., and Lowe, R. P.: Localization of
the complex spectrum: the S transform, IEEE T. Signal Proces.,
44, 998–1001, https://doi.org/10.1109/78.492555, 1996.

Sun, Y.-Y., Liu, H., Miyoshi, Y., Liu, L., and Chang, L. C.: El Niño
Southern Oscillation effect on quasi-biennial oscillations of tem-
perature diurnal tides in the mesosphere and lower thermosphere,
Earth Planet. Space, 70, 85, https://doi.org/10.1186/s40623-018-
0832-6, 2018.

Atmos. Chem. Phys., 22, 9435–9459, 2022 https://doi.org/10.5194/acp-22-9435-2022

https://doi.org/10.5194/acp-10-10273-2010
https://doi.org/10.5194/acp-10-10273-2010
https://doi.org/10.1029/2019rs006847
https://doi.org/10.1175/2008JAS2539.1
https://doi.org/10.1175/1520-0469(1980)037<0020:rpwias>2.0.co;2
https://doi.org/10.1175/1520-0469(1980)037<0020:rpwias>2.0.co;2
https://doi.org/10.1109/tgrs.2005.861950
https://doi.org/10.1029/2007jd008783
https://doi.org/10.5067/AURA/MLS/DATA2520
https://doi.org/10.1029/2018JD028830
https://doi.org/10.1029/1999gl010843
https://doi.org/10.1175/1520-0469(2003)060<3033:toospw>2.0.co;2
https://doi.org/10.1175/1520-0469(2003)060<3033:toospw>2.0.co;2
https://doi.org/10.1029/2003jd004421
https://doi.org/10.1007/s10712-012-9196-9
https://doi.org/10.1029/2011jd016083
https://doi.org/10.1175/jas-d-17-0067.1
https://doi.org/10/dnvtfc
https://doi.org/10.1098/rsta.1987.0112
https://doi.org/10.1029/2021JD034528
https://doi.org/10.1175/2007JAS2369.1
https://doi.org/10.1002/2016JA022978
https://doi.org/10.5194/amt-6-2893-2013
https://doi.org/10.5194/angeo-39-1-2021
https://doi.org/10.5194/amt-14-6509-2021
https://doi.org/10.5194/amt-14-6509-2021
https://doi.org/10.5194/acp-21-13855-2021
https://doi.org/10.5194/acp-21-13855-2021
https://doi.org/10.1109/78.492555
https://doi.org/10.1186/s40623-018-0832-6
https://doi.org/10.1186/s40623-018-0832-6


N. P. Hindley et al.: Meteor radar observations over South Georgia 9459

Thurairajah, B., Bailey, S. M., Nielsen, K., Randall, C. E., Lumpe,
J. D., Taylor, M. J., and Russell, J. M.: Morphology of polar
mesospheric clouds as seen from space, J. Atmos. Sol.-Terr. Phy.,
104, 234–243, https://doi.org/10.1016/j.jastp.2012.09.009, 2013.

Tilmes, S., Hodzic, A., Emmons, L. K., Mills, M. J., Gettelman,
A., Kinnison, D. E., Park, M., Lamarque, J.-F., Vitt, F., Shrivas-
tava, M., Campuzano-Jost, P., Jimenez, J. L., and Liu, X.: Cli-
mate Forcing and Trends of Organic Aerosols in the Community
Earth System Model (CESM2), J. Adv. Model. Earth Sy., 11,
4323–4351, https://doi.org/10.1029/2019ms001827, 2019.

Tunbridge, V. M. and Mitchell, N. J.: The two-day wave in the
Antarctic and Arctic mesosphere and lower thermosphere, At-
mos. Chem. Phys., 9, 6377–6388, https://doi.org/10.5194/acp-9-
6377-2009, 2009.

Tunbridge, V. M., Sandford, D. J., and Mitchell, N. J.:
Zonal wave numbers of the summertime 2 day plane-
tary wave observed in the mesosphere by EOS Aura Mi-
crowave Limb Sounder, J. Geophys. Res.-Atmos., 116, D11103,
https://doi.org/10.1029/2010JD014567, 2011.

Vadas, S. L. and Becker, E.: Numerical Modeling of the Ex-
citation, Propagation, and Dissipation of Primary and Sec-
ondary Gravity Waves during Wintertime at McMurdo Station
in the Antarctic, J. Geophys. Res.-Atmos., 123, 9326–9369,
https://doi.org/10.1029/2017JD027974, 2018.

Vadas, S. L. and Becker, E.: Numerical Modeling of the Gener-
ation of Tertiary Gravity Waves in the Mesosphere and Ther-
mosphere During Strong Mountain Wave Events Over the
Southern Andes, J. Geophys. Res.-Space, 124, 7687–7718,
https://doi.org/10.1029/2019JA026694, 2019.

Vadas, S. L., Zhao, J., Chu, X., and Becker, E.: The Excitation
of Secondary Gravity Waves From Local Body Forces: The-
ory and Observation, J. Geophys. Res.-Atmos., 123, 9296–9325,
https://doi.org/10.1029/2017JD027970, 2018.

Vargas, F., Swenson, G., and Liu, A.: Evidence of high fre-
quency gravity wave forcing on the meridional residual circu-
lation at the mesopause region, Adv. Space Res., 56, 1844–1853,
https://doi.org/10.1016/j.asr.2015.07.040, 2015.

Vargas, F., Chau, J. L., Charuvil Asokan, H., and Gerding, M.:
Mesospheric gravity wave activity estimated via airglow im-
agery, multistatic meteor radar, and SABER data taken during
the SIMONe–2018 campaign, Atmos. Chem. Phys., 21, 13631–
13654, https://doi.org/10.5194/acp-21-13631-2021, 2021.

Vincent, R. A.: The dynamics of the mesosphere and lower
thermosphere: a brief review, Prog. Earth Planet. Sc., 2, 4,
https://doi.org/10.1186/s40645-015-0035-8, 2015.

Wang, J. C., Palo, S. E., Forbes, J. M., Marino, J., Moffat-
Griffin, T., and Mitchell, N. J.: Unusual Quasi 10-Day Plan-
etary Wave Activity and the Ionospheric Response Dur-
ing the 2019 Southern Hemisphere Sudden Stratospheric
Warming, J. Geophys. Res.-Space, 126, e2021JA029286,
https://doi.org/10.1029/2021JA029286, 2021.

Waters, J., Froidevaux, L., Harwood, R., Jarnot, R., Pickett, H.,
Read, W., Siegel, P., Cofield, R., Filipiak, M., Flower, D.,
Holden, J., Lau, G., Livesey, N., Manney, G., Pumphrey, H.,
Santee, M., Wu, D., Cuddy, D., Lay, R., Loo, M., Perun, V.,
Schwartz, M., Stek, P., Thurstans, R., Boyles, M., Chandra, K.,
Chavez, M., Chen, G.-S., Chudasama, B., Dodge, R., Fuller, R.,
Girard, M., Jiang, J., Jiang, Y., Knosp, B., LaBelle, R., Lam, J.,
Lee, K., Miller, D., Oswald, J., Patel, N., Pukala, D., Quintero,
O., Scaff, D., Snyder, W. V., Tope, M., Wagner, P., and Walch,
M.: The Earth observing system microwave limb sounder (EOS
MLS) on the aura Satellite, IEEE T. Geosci. Remote Sens., 44,
1075–1092, https://doi.org/10.1109/tgrs.2006.873771, 2006.

Yamazaki, Y., Matthias, V., Miyoshi, Y., Stolle, C., Siddiqui,
T., Kervalishvili, G., Laštovička, J., Kozubek, M., Ward, W.,
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