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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 ionosphere and space weather
:::::
upper

:::::::::
atmosphere

::::
and

:::::::::
ionosphere. However, our understanding of this region and our ability to accurately simulate it in global circulation 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 Oceanfrom 2016 to 2020. The5

goal of this study is to .
::
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 measurements and characterise the large-scale MLT

winds. We then explore
::::::::
determine the amplitudes and phases of the diurnal (24h), semidiurnal (12h)and ,

:
terdiurnal (8h)

:::
and

:::::::::
quardiurnal

::::
(6h)

:
solar tides at this latitude. We also explore PW activity and find very large amplitudes up to 30 ms-1 for the10

quasi-2 day wave
::::
quasi

:::::
2-day

::::
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 day waves are westward W1 and W2. We investigate
:::::
quasi

::
5-,

:::
10-

::::
and

::::::
16-day

::::
PWs

:::
are

::::::::
westward

::
1

:::
and

::
2.

:::
We

::::::::::
investigate

:::
and

:::::::
compare

:
wind variance due to GWs

::::
both

:::::::::
large-scale

:::::::::
“resolved”

:::::
GWs

:::
and

:::::::::
small-scale

::::::::::::
“sub-volume”

:::::
GWs in the MLT and use a new method to show an east-west tendency of GW variance of up

to 20% during summer and a weaker north-south tendency of 0-5% during winter. This is contrary to the expected tendency15

of GW directions in the winter stratosphere below, which is a strong suggestion of secondary GW (2GW) observations in

the MLT. Lastly, comparison of radar winds to a climatological
:::::::::
characterise

:::::
their

:::::::
seasonal

::::::
cycles.

::::::
Lastly,

:::
we

::::
use

:::
our

:::::
radar

::::::::::
observations

::::
and

::::::
satellite

:::::::::::
temperature

::::::::::
observations

:::::
from

:::::
MLS

::
to

:::
test

::
a
::::::::::::
climatological

:::::::::
simulation

::
of

:::
the

:
Whole Atmosphere

Community Climate Model (WACCM)simulation reveals a simulated summertime mesopause and zonal wind shear that occur

at altitudes .
:::
We

::::
find

::::
that

::::::::
WACCM

:::::::
exhibits

:
a
:::::::::::

summertime
::::::::::
mesopause

::::
near

:::::
80 km

:::::::
altitude

::::
that

::
is around 10 km lower than20

observed, and southward winds during winter above 90
::
K

:::::::
warmer

:::
and

::::::
10 km

:::::
lower

::
in

:::::::
altitude

::::
than

::::::::
observed.

::::::
Above

:::
95 km

altitudein the model that are not seen in observations. Further, ,
::::::::::
summertime

::::::::::
meridional

:::::
winds

::
in

::::::::
WACCM

::::::
reverse

::
to

::::::::
poleward
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:::
but

:::
this

:::
not

::::::::
observed

::
in

::::
radar

:::::::::::
observations

::
in

:::
this

:::::::
altitude

:::::
range.

:::::
More

::::::::::
significantly,

:::
we

::::
find

:::
that

:
wintertime zonal winds above

:::::::
between 85 km

:
to

:::::::
105 km altitude are eastward

::
up

::
to
:::::::
40 ms-1 in radar observations

:
, but in WACCM they are found to weaken

and reverse to westward . Recent studies have linked this discrepancy to the impact of
::::::::
westward

::
up

::
to
::::::::

20 ms-1.
:::
We

:::::::
propose25

:::
that

:::
this

:::::
large

::::::::::
discrepancy

::::
may

::
be

::::::
linked

::
to

:::
the

:::::::
impacts

::
of

:::::::::
secondary

::::
GWs

:
(2GWs)

:
on the residual circulation which

:::
that are

not included in
:::
most

::::::
global

:::::::
models,

::::::::
including WACCM. These measurements

::::
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.

1 Introduction

The mesosphere and lower thermosphere (MLT) is an atmospheric region that marks the transition between the neutral dy-30

namics of the middle atmosphere and ionised processes 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 coldest naturally occurring temperatures at the summertime polar mesopause, enormous local

dynamical variability due to atmospheric tides and planetary waves (PWs), and a residual circulation that is to first order driven

by small-scale atmospheric gravity waves (GWs).35

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), while the annual formation and depletion

of polar mesospheric clouds (PMCs) at the summertime mesopause has impacts on sensitive chemical 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 weather40

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 neutral winds is greatest. Direct solar heating of the stratosphere

below causes tides to propagate upwards and grow exponentially in amplitude, leading to wind reversals in the MLT that can

be up to 100 ms-1 over the course of one day (e.g. Jacobi et al., 1999; Mitchell et al., 2002; Murphy et al., 2006; Vincent, 2015).

Planetary scale waves, which occur at periods from 2 days to more than 16 days and can reach amplitudes up to several 10s45

:::
tens

:
of ms-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 upwelling

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 heating conditions drive the thermal structure of the atmosphere away from that50

expected under radiative equilibrium, leading 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 generation mecha-

nisms are sub-grid scale, and the momentum deposition and subsequent driving due to these waves must be parameterised55
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(Alexander et al., 2010). In nearly all current GW parameterisations however, the magnitude and direction of GW momen-

tum that reaches the MLT is almost entirely dependent on the selected GW launch spectrum near the surface, the vertical

columnar propagation of GW momentum and �ltering by the background winds below. Circulations in the MLT can therefore

be highly sensitive to the tuning of these GW parameterisations in ways that the lower atmosphere is not. Further, concepts

like oblique GW propagation(e.g. Kalisch et al., 2014)and/or secondaryGWs(Vadas et al., 2018; Vadas and Becker, 2018)60

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Hasha et al., 2008; Song and Chun, 2008; Choi et al., 2009; Kalisch et al., 2014)

:
,
:::
the

::::::
in-situ

:::::::::
generation

:::
of

:::::
GWs

::
in

::::
the

::::::
middle

:::::::::
atmosphere

::::
from

::::
jets

:::
and

:::::
fronts

::::::::::::::::::::::::::::::::::::::::
(Fairlie et al., 1990; Sato and Yoshiki, 2008, e.g.),

:::
and

:::::::::
secondary

::::
GWs

::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Vadas et al., 2018; Vadas and Becker, 2018; Kogure et al., 2020)

can change the magnitude and direction of GW momentum reaching the MLTand
:::
but

::::
these

:
are not currently included inthe

standardparameterisationsin operational
:::::::
standard

::::::::::
operational

::::::::::::::
parameterisation

:::::::
schemes

::
in

::::
most

:
global models.

Developments of advanced models employing realistic parameterisations of subgrid-scale GW in�uences and high time65

cadence observations of neutral winds, waves and tides in the MLT are required to make progress in this regard. 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 measuring the neutral winds in the

MLT. By measuring the radial Doppler shift of re�ected radio pulses from ionised meteor trails near 90 km altitude, MWRs

can derive continuous measurements of the neutral winds in the MLT at one location (Hocking et al., 2001).70

To this end, a meteor radar was installed on remote island 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 Antarctic

Peninsula (Hindley et al., 2015; Hoffmann et al., 2013; Hindley et al., 2020), and is also an intense source of wintertime

GW activity itself (Hoffmann et al., 2014; Hindley et al., 2021). Further, recentobservationsandmodelling
::::::::
modelling

::::
and75

::::::::::
observations

:
have indicated signi�cant generation and propagation of 2GWs in the mesosphere and thermosphere in the region

(Becker and Vadas, 2018; Kogure et al., 2020; Lund et al., 2020; Fritts et al., 2021)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(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 characterise the fundamental dynamics of the MLT at this remote

location. In Sect. 2 we describe the radar, satellite and modelling data sets used in this study, and in Sect. 3 we describe a80

new method for localisation of derived radar winds. There then follow �ve 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. Lastly, in Sect. 8 we compare observed winds and temperatures in the MLT to climatological dynamics

from WACCM. Our results are discussed in Sect. 9 and we summarise the study and draw our conclusions in Sect. 10.

2 Data85

2.1 The South Georgia meteor radar

A SKiYMET VHF meteor radar was installed at King Edward 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” con�guration and consists of a single solid-
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Figure 1. Distributions of meteor echoes detected over King Edward Point (KEP) on South Georgia. Panel (a) shows the horizontal distri-

bution of meteor echoes on 21st June 2018, where echoes are coloured according to their time of detection (see panel e for colour scale),

while panels (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.

state transmitter operating at 35.24 MHz with a pulse repetition frequency (PRF) of 625 Hz and 7-bit Barker code, and a �ve

element receiver array.It wasequippedwith aninterferometer
::::
Peak

:::::
power

::
is

::::::
around

:::::::
7.5 kW.

:::::::
Receiver

::::::::::::
interferometry

::::
was

::::
used90

for simultaneous measurement of range, zenith angle and azimuth of ionised meteor trials that 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).
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An overview of the meteor
::::
trail detections by the KEP radar is provided in Fig. 1.Radial

:::
The

:::::
radial

:::::::::
component

:::
of

::::::
meteor95

:::
trail

:
drift velocities are measured between heights of around 70 to 110 km altitude (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 km.

Meteors are detected at angles up to� 80� from the zenith (Fig. 1c), however in this study we only select meteors between

zenith angles of 15 and 65 degrees (dashed lines in Fig. 1c). This is to avoid potential errors in the projection of horizontal

wind from meteor echoes near the zenith, and errors in the measured height of meteor echoes at large zenith angles.100

Meteor are detected in all horizontal directions as illustrated in Fig. 1a.Thereceiverantennaeareswitchedoff
::::::::
Receivers

:::
are

::::::
blanked

:
during each transmitter pulse to avoidoversaturatingthereceiverarray

::::::::
saturation

::
of

:::
the

:::::::
receivers, resulting in a small

band of arrival times during which re�ectedradiopulses are not detected. This results in the horizontal ring between 200 to

250 km from the radar where no drift velocity measurements 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 the105

relatively small Mount Duce.

The number of unambiguous meteor detections per day is shown in Fig. 1f. The radar began collecting data on 3rd February

2016, typically detecting between around 2000 to 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 be taken of�ine due

to power limitations at KEP base, which is supplied by a hydroelectric plant on the island, however the use of the hydroelectric110

energy prevented any unwanted interference from power generators on the base. The radar was uninstalled on 25th 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 Fritts et al., 2010a, b)

::::::::::
(SAAMER) system deployed at Rio Grande (54� S, 68� W) in Tierra del Fuego, Argentina

::
as

::::::::
described

::
by

:::::::::::::::::
Fritts et al. (2010a)

:::
and

::::::::::::::::
Fritts et al. (2010b). The SAAMER radar is located around 2000 km to the west of South Georgia at the same latitude,115

which provides an opportunity for an investigation 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 detections from the SAAMER

and KEP radars for consistency. Derived winds from the KEP radar have also contributed to the studies of Liu et al. (2021) and

Stober et al. (2021a).

2.2 MLS120

Here we use version 5 of the level 2 temperature retrieval from the Microwave Limb Sounder (MLS, Waters et al., 2006) that

�ies aboard NASA's Aura satellite. Aura was launched in 2004 and is part of the “A-train” constellation, following a sun-

synchronous polar orbit and crossing the equator at 0130 and 1330 local time each day (Schoeberl et al., 2006). MLS measures

vertical pro�les of microwave emissions of the atmospheric limb in �ve spectral bands over the altitude range of approximately

261 to 0.001 hPa (around 10 km to 100 km). Temperature and pressure are retrieved from the 118 and 239 GHz bands with an125

estimated temperature precision in the middle atmosphere better than 3-4 K and an accuracy of between 2-3 K (Livesey et al.,

2015; Schwartz et al., 2008). The vertical resolution of MLS varies from around 3.6-5 km between 10 to 25 km altitude to

greaterthan5
::::
� 10 km above 40 km altitude, and the along-track spacing of the vertical pro�les is approximately 170 km.
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2.3 WACCM

The Whole Atmosphere Community Climate Model (WACCM) is a comprehensive global climate model that extends from130

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 speci�ed sea surface temperatures based on observations. Other external input such as

anthropogenic pollutants and volcanic emissions are also based on the observational records. The atmospheric simulations are

free-running and coupled to interactive chemistry and radiation. This speci�c con�guration is part of the Coupled Earth System

Model (CESM) version 2 (Danabasoglu et al., 2020) and was completed as a contribution to the sixth round of the Coupled135

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 versions include a �ner horizontal grid (0.95� 1.25 degrees), improved

atmospheric chemical processes and aerosols (Tilmes et al., 2019), an expanded database of volcanic eruptions (Neely III, R.R

and Schmidt, 2016), additional �uxes of energetic particles due to space weather (Marsh et al., 2007; Matthes et al., 2017) and

realistic magnitudes and occurrences rates of the Quasi-Biennial Oscillation (QBO) and El Niño Southern Oscillation (ENSO).140

For a detailed description of WACCM version 6 and its validation, we refer 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 meridional windsu andv from meteor radar systems are usually derived

by binning the measured radial velocities of individual meteors into time-height bins (e.g. Hocking et al., 2001). Then, for all145

meteor echoesi = 1 ;2; : : : ;N in each bin, a least-squares �t of the function
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is performed to recover estimates ofu andv, wherevh = vr =sin � is the horizontal projection of the measured radial velocity

vr of the meteor trail,� is the angle from the zenith, and� is azimuth (de�ned clockwise from north), and" is an error term

for each meteor measurement. These time-height bins can be typically around 1-2 hours in time and� 3 km in height (Hocking150

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 �t (Mitchell and Beldon, 2009).
::::
Note

::::
that

:::::::
because

:::::::
meteors

::::
from

:::
all

:::::::
azimuths

:::
are

:::::
used

::
in

:::
this

:::
�t,

:::
and

:::
the

:::::
cosine

::::::::
function

:
is

::::::
unique

::::
over

::::
one

::::::
period,

:::
the

::::::
slightly

::::::
uneven

::::::::::
distribution

::
of

:::::::
meteors

::::
with

:::::::
azimuth

::
in

:::
Fig.

:::
1a

::::
does

:::
not

::::::::::
signi�cantly

:::::
affect

:::
the

::::::
results

:::
our

::::
wind

::::::
�tting

:::::::
method.

This method is simple and effective, but it has several important limitations, namely (1) meteors near the boundaries of the155

time-height bin count 100% to the centre of the bin, but not to neighbouring bins; (2) the �t is not constrained by the �ts of
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Figure 2. Derived zonal and meridional winds from the South Georgia meteor radar during May 2017 using (a,b
:
c) a traditional time-height

binning approach and (c
:
b,d) a

:::
the

:::
new

:
Gaussian time-height weighting approach described here. Hatched areas show regions with too few

meteors to reliably derive winds.
:::::
Lower

:::::
panels

:::
(e,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).

neighbouring bins, that is, we would not expect a wildly different value foru andv 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 �t is not

performed, even if the �t could be constrained by using neighbouring bins.

Here we describe a new approach to mitigate these problems. Instead of de�ning a time-height bin centred at timet0 and160

heightz0, we de�ne a 2-dimensional Gaussian weighting function centred at(t0;z0). This Gaussian function has standard

deviations� t = 0 :85h and� z = 1 :275km, which correspond to full-width-at-half-maximum (FWHM) values of 2 hours 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 hour and 1 km. For a given height and time at each of these steps, each meteor echoi has a weightingwi , which is

7



the product of its weightings in timewt i andheightwz i :::
wt i :::

and
::::::
height

:::
wzi , given by165

wi = wt i � t i �
::

wz i zi:

= exp
�

� (t i � t0)2

2� 2
t

�
� �: exp

�
� (zi � z0)2

2� 2
z

�
(2)

These weightings are then used to perform a weighted least-squares �t of the function in Eqn. 1. The �t is performed using a

weighted matrix inversion method as

�
u
v

�
=

�
X > (W2�: X )

� � 1
X > (W 1�: Y) (3)170

whereX is anN � 2 matrix containing the sine and cosine terms of azimuth(as in Eqn. 1), W1 :
,

::::::::::::::::::
W = ( w1;w2; : : : wN )

:
is an

N � 1
::::::
column vector containing thecombinedtime-heightweightingswi , Y

:::::::::
weightings,

::::::::::::::::::::
Y = ( vh1 ;vh2 ; : : : vhN ) is anN � 1

vector containing the measured horizontal velocitiesvh i . Thedot � denotesmatrixmultiplicationandX > denotethetranspose.

:::
andW2 is simply anN � 2 duplicate of the weighting vectorW1. Notethatthisweightedinversioncanbearrangedanalytically

in severaldifferent ways,but this approachwasfound to havethe smallestcomputationalexpensebecauseit minimisesthe175

dimensionsof the matricesinvolved andavoidsan N � N weightingmatrix for W .
::::
Here,

::
�

:::::::
denotes

:::::::
standard

:::::::::::
elementwise

::::::::::::
multiplication,

::::
X � 1

:::::::
denotes

:::
the

:::::
matrix

:::::::
inverse

:::
and

::::
X >

::::::
denotes

:::
the

:::::::::
transpose.

::::::::
Although

::::
Eqn.

:
3

::::
can

::
be

:::::::::
rearranged

::
to

::
be

::::::
written

:::::
more

::::::
simply,

:::
we

:::::
found

::::
that

:::
this

::::::::::
formulation

::::
was

:::
the

::::
most

:::::::
ef�cient

::
to

:::::
solve

:::::::::::::
computationally.

:
To further improve computation speed, we only consider horizontal velocities from meteor echoes with a

combinedweighting
:::::::::
time-height

:::::::::
weighting

::
of wi > 0:05 (around two standard deviations) for each �t, which keeps the above180

matrices relatively small. This cut off means that winds derived at least two standard deviations apart in height (� 1.7 km) or

time (� 2.55 hours) are entirely independent.

Due to the irregular distribution of meteors in time and height, for each �t we use the same weights in the vectorW1

::
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

::::::::::
time-height

::::::::
Gaussians

::::
due

::
to

:::::::
irregular

:::::::::::
distributions

::
of

:::::::
meteors,

:::::::::
especially

::::
with

::::::
height.

::::
This

:
means that our185

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 �xed bin centres are used(Mitchell et al., 2002)

.,
::
as

::
in

:::::
(e.g.)

:::::::::::::::::
Mitchell et al. (2002)

:
.

3.2 Comparison to a traditional height gates approach

The new Gaussian weighting method is compared to a traditional time-height bin method in Fig. 2. Derived zonal (top) and190

meridional (bottom) winds from radar measurements at KEP during the period 3rd to 8th May 2017 are shown for a time-height

bin method (left) and the new Gaussian weighted method describe above (right).

The height bins chosen follow those used by Mitchell et al. (2002) and are between altitudes of 78-83 km, 83-86 km, 86-

89 km, 89-92 km, 92-95 km and 95-100 km. They are 2 hours wide in time and are stepped along in 1 hour steps. A threshold

of at least 20 meteors for the �t is applied in both methods, and the hatched regions indicate where this condition is not met.195

8



Periodic oscillations near 12 hours in the zonal and meridional winds are found in Fig. 2 in both methods. This is the

semidiurnal solar tide, which is dominant at this latitude and season.

Several advantages to the new Gaussian weighting method are found. Firstly, 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 a200

realistic tidal phase progression with height, suggesting that altitude independence can be maintained with this method despite

low meteor counts.

Secondly, winds are successfully derived by the Gaussian weighting method for time periods where too few meteors were

detected to ensure a reliable �t using the traditional method, such as during the afternoon of 6th May 2017. This is because

additional meteor echoes, which would have been in adjacent bins in the traditional method, are available to constrain the �t in205

Eqn. 3. These missing periods cannot be �lled in simply by the interpolation of the surrounding wind measurements. This also

has the advantage of reducing spurious wind �ts during periods of low meteor counts, because the inclusion of neighbouring

meteor measurements helps to prevent unphysically large changes in wind between two adjacent time steps or height levels.

Finally, we
::
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 derived winds being correctly allocated to the weighted mean210

time and height of the available meteors, which is not considered in the traditional method.

This new approachcanthereforebe usefulfor consideringthe
::::
effect

::
is

:::::::::
quanti�ed

::
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

::::::
simply

:::::::
assigned

::
to

:::
the

::::::
centre215

::
of

:
a

:::::
“bin”

::::
this

:::
can

:::::
result

::
in

:::
up

::
to

::::::
around

:::
20

:::::::
minutes

::
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

:::::
�tting

:::
the

::::::
phases

::
of

:::
the

::::
solar

:::::
tides,

::::::::
especially

::::::
higher

:::::
order

::::
tidal

::::::
modes.

::::
This

:::
new

::::::::
approach

::::
can

::::
help

::
to

::::::
extend

::::::
reliable

:::::
wind

::::::::::::
measurements

::
to

:::
the full vertical extent of meteorradarwindsat short

::::
echo

:::::::::
detections,

:::::
allow

:::
for

:::::::
derived

:::::
winds

:::
on

::::::
shorter

:
time scales,and

::::
more

:::::::::
accurately

:::::
derive

:::
the

:::::
time

:::
and

::::::
height

::
of

:::::::
derived220

::::::::
quantities,

::::
and is applicable to any meteor wind radar system.As mentionedabove,if theradarsystemis powerfulenoughto

detectsuf�cient numbersof meteors,thesewindscouldbereliablyderivedateven�ner time-heightscales.

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 period February225

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 day, peaks near 2, 5, 10 and 16 days are found

which correspond to known planetary wave periods, although other periodicities are also present (e.g. quasi-6 days). At periods
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