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Abstract Meteoroids of sub-milligram sizes burn up high in the Earth's atmosphere and cause streaks of
plasma trails detectable by meteor radars. The altitude at which these trails, or meteors, form depends on a number
of factors including atmospheric density and the astronomical source populations from which these meteoroids
originate. A previous study has shown that the altitude of these meteors is affected by long-term linear trends and
the 11-year solar cycle related to changes in our atmosphere. In this work, we examine how shorter diurnal and
seasonal variations in the altitude distribution of meteors are dependent on the geographical location at which the
measurements are performed. We use meteoroid altitude data from 18 independent meteor radar stations at a
broad range of latitudes and investigate whether there are local time (LT) and seasonal variations in the altitude of
the peak meteor height, defined as the majority detection altitude of all meteors within a certain period, which
differ from those expected purely from the variation in the visibility of their astronomical source. We find a
consistent LT and seasonal response for the Northern Hemisphere locations regardless of latitude. However, the
Southern Hemisphere locations exhibit much greater LT and seasonal variation. In particular, we find a complex
response in the four stations located within the Southern Andes region, which indicates that the strong dynamical
atmospheric activity, such as the gravity waves prevalent here, disrupts, and masks the seasonality and
dependence on the astronomical sources.

Plain Language Summary Small meteoroids burn up high in the Earth's atmosphere producing trails
of plasma detectable by ground-based meteor radar instruments. The altitude at which these trails occur depends
on a number of factors including atmospheric density and the astronomical source populations from which these
meteoroids originate. Previous work demonstrated that the altitude at which the majority of these meteoroids burn
up (termed “peak meteor altitude”) is affected by long-term atmospheric changes, such as those related to
greenhouse gas emissions and the 11-year solar cycle. Here, we focus on shorter timescales and analyze
meteoroid altitude data from 18 geographically diverse meteor radars to examine the local time (LT) and seasonal
variation in the peak meteor altitudes on a latitude basis. We find a consistent LT and seasonal response among the
six Northern Hemisphere meteor radar station locations irrespective of latitude. However, we find a more
complex response among the 12 Southern Hemisphere stations with much greater LT and seasonal variation. In
particular, we found a complex response in the four stations located within the Southern Andes region, a
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geographic region known for intense atmospheric gravity wave activity, which acts to mask and disrupt the
seasonality and dependence on the astronomical sources.

1. Introduction

The main source of cosmic dust into Earth's atmosphere is from a sporadic meteor background not thought to be
associated with meteor showers (Janches et al., 2009; Jones & Brown, 1993). Current estimates for the global
amount of cosmic dust input range from 22 to 32 t day_] (Carrillo-Sanchez, Bones, et al., 2020; Carrillo-Sanchez,
Goémez-Martin, et al., 2020; Dunker et al., 2013; Hervig et al., 2022), and the bulk of this input comprises of
meteoroid particles with diameters between 100 and 1,000 pm and entry velocities between 11 and 72 km s~
Upon interaction with ambient air molecules within the mesosphere and lower thermosphere region (MLT, 75—
110 km) (McKinley, 1961; Opik, 1958; Plane, 2003), these particles heat up, ablate, and produce plasma trails
detectable by ground-based meteor radars (Chau et al., 2021; De Wit et al., 2014; Fritts et al., 2010; Jacobi
et al., 2007; A. Liu et al., 2013; Marino et al., 2022; Poulter & Baggaley, 1977; Stober, Janches, et al., 2021,

Stober et al., 2023).

The sporadic meteor background is composed of particles typically originating from one of six different astro-
nomical source populations, each traveling from a unique direction relative to the Earth (Campbell-Brown &
Jones, 2006; Fentzke & Janches, 2008; Jones & Brown, 1993; Schult et al., 2017). The Helion and Anti-Helion
sources largely consist of particles originating from the Jupiter Family Comets (JFCs), characterized by low
inclination and relatively slow velocities while traveling either to or from the Sun's relative position (Nesvorny
et al., 2010). Modeling work has estimated that the main mass contributor to the sporadic meteor background
consists of particles originating from the JFCs (Carrillo-Sanchez, Gémez-Martin, et al., 2020; Nesvorny
et al., 2010; Rowan-Robinson & May 2013; Zook, 2001). The two Apex sources primarily comprise of dust
particles with much higher relative velocities (~ 55 km s~! (Fentzke & Janches, 2008; Schult et al., 2017) and
originate from Oort Cloud Comet and Halley Type Comet populations (Nesvorny et al., 2010, 2011; Pokorny
et al.,, 2014). Lastly, the north and south Toroidal sources comprise of meteoroids originating from HTCs
approaching Earth at high ecliptic latitudes (Pokorny et al., 2014).

The visibility, and thus the relative contribution to the observed sporadic meteor background, of the six different
astronomical source populations vary in both LT and season depending on the geographic latitude of an Earth-
based observer (Fentzke et al., 2009; Janches et al., 2004, 2015; Schult et al., 2017). The altitude at which in-
dividual meteoroids ablate is determined by factors such as the entry velocity, entry angle, particle mass, and
composition, all of which can depend on the contributing astronomical source and its relative visibility. In
addition, the atmospheric density profile at a particular geographical location also plays a role in the ablation
altitude of individual meteoroids (Carrillo-Sanchez et al., 2016; Dawkins, Stober, Carrillo-Sanchez, et al., 2023;
Fentzke & Janches, 2008; Plane et al., 2015; Stober et al., 2012, 2014). As individual meteors enter the meteor
radar field of view, the altitude of the observed meteor is determined using interferometric techniques (Hocking
etal., 2001). Although individual meteor trails have been used since the 1940s to detect and determine horizontal
neutral winds and dynamics within the MLT region, there are still only a relatively limited number of studies,
which have examined changes in the altitude at which the bulk of detected meteoroids ablate, and to what extent
these can be related to atmospheric dynamical variability on various timescales. For example, Clemesha and
Batista (2006) examined the centroid of meteoroid altitude distributions for five years of data from the Cachoeira
Paulista meteor radar in Brazil at ~23°S and found evidence of long-term linear changes across this short time
period. Lima et al. (2015) later examined data from the same station across solar cycle 23 (1999-2008) and looked
for changes in meteor echo height variations over this period. After removing any signal associated with the 11-
year solar cycle, they found a linear trend of the meteor echo height of —38 m year™" (i.e., a decrease in altitude),
which they interpreted as being caused by a long-term reduction in air density in the upper atmosphere associated
with increasing greenhouse gases.

A recent study by Dawkins, Stober, Carrillo-Sanchez, et al. (2023) utilized extensive data records from 12 in-
dependent meteor radar stations, representing a diverse range of geographic latitudes and looked for changes
associated with both the 11-year solar cycle and those associated with long-term anthropogenic climate change.
The authors found long-term linear decreases in the peak altitude of the individual meteor altitude distributions at
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Figure 1. Geographic coverage provided by the 18 meteor radar data sets used in this study clustered into geographic regions
(Nordic high-latitude, Northern mid-latitudes, Near-equatorial, Southern low/mid-latitudes, Southern Andes, and Mainland
Antarctica).

all latitudes varying between —10.97 and —817.95 m decade™", which was consistent with a hydrostatic cooling
and contracting of the middle and upper atmosphere due to increase in anthropogenic greenhouse gas emissions.
They found mixed responses of the meteor peak ablation altitudes with the 11-year solar cycle dependent on the
latitude of the meteor radar. At low- and middle-latitudes, they found a positive correlation whereby the meteor
peak ablation altitudes increased in height during solar maximum and decreased/lowered during solar minimum
as a result of changes in the exposure and absorption of solar extreme ultraviolet, which either heated and caused
atmospheric expansion or cooled and caused contraction. However, at high latitudes, they found that the meteor
peak altitudes were anticorrelated with the 11-year solar cycle. The latitude differences in the sign and magnitude
of the response were thought to be a result of a strong atmospheric dynamics influence that varied by latitude.
They found that the behavior of the three meteor radar stations located within the Southern Andes region (Tierra
del Fuego, King Sejong Station, and Rothera) differed from other stations at equivalent latitudes. They posited
that this could suggest a strong role of atmospheric dynamics in influencing peak altitudes as this region is a
known atmospheric gravity wave hotspot (Becker & Vadas, 2018; De Wit et al.,, 2017; Stober, Janches,
et al., 2021; Vadas & Becker, 2018; Vadas et al., 2018).

Although there is evidence that atmospheric variability can result in changes to meteor altitude distributions on
multiyear timescales (i.e., as in Dawkins, Stober, Carrillo-Sanchez, et al., 2023; Stober et al., 2014), it is not clear
to what extent atmospheric variability may influence these meteor altitudes on shorter timescales (both diurnal
and seasonal) and whether this varies by geographic location. In this work, we analyze individual meteor altitude
measurements from 18 different meteor radar stations obtained from a diverse range of latitudes to assess whether
there is variability on such timescales that differs from that purely expected due to variation in astronomical dust
source populations, and whether there is a latitude basis for this.

2. Materials and Methods

Meteor altitude observations were obtained from 18 different meteor radar stations at a broad variety of latitudes;
the geographic location of each of these stations is shown in Figure 1, whereas the station name, three-letter given
acronym, latitude (°N), longitude (°E), station time zone (UTC), radar operating frequency (MHz), and period of
observations from each of the stations is summarized in Table 1. These stations consist of a cluster in the Nordic
high-latitude sector, including Svalbard (SVA), Tromsg (TRO), Kiruna (KIR), and Sodankyld (SOD), the
Northern mid-latitudes, including Collm (COL) and Bear Lake Observatory (BLO), and the Near-equatorial
cluster, which includes Sdo Jodo do Cariri (CAR) and Ascension Island (ASI). The Southern low/mid-latitude
cluster includes Learmonth (LEA), Cachoeira Paulista (CPa), Santa Maria (SMa), and the CONDOR network
(CON, Chilean Observation Network De meteOr Radars). CONDOR comprises three separate radars, Andes
Lidar Observatory (ALO), Southern Cross Observatory (SCO), and Las Campanas Observatory (LCO), but in this
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Table 1
Latitude, Longitude, Longitudinal Time Zone, Operating Frequency, and Approximate Data Coverage of the 18 Meteor Radar Stations Used in This Work
Latitude Longitude UTC Frequency Approx.

Sector Station (°N) (°E) (hour) (MHz) Included date range Years

Nordic high-latitude ~ Svalbard (SVA) 78.2 16.0 +1 31.0 01/2002-06/2022 20
Tromsg (TRO) 69.6 19.2 +1 30.3 12/2003-04/2022 18
Kiruna (KIR) 67.5 20.3 +1 325 08/1999-04/2022 22
Sodankyli (SOD) 67.4 26.6 +2 36.9 10/2008-04/2022 13

Northern mid-latitudes Collm (COL) 51.3 13.0 +1 32.6 07/2004-03/2022 18
Bear Lake Observatory (BLO) 42.0 —111.3 -7 32.5 03/2008-01/2014, 08/2016-12/2017, 10

08/2018-05/2021

Near-equatorial Séo Jodo do Cariri (CAR) -74 -36.5 -2 35.24 05/2004-03/2009, 06/2018-12/2021 10
Ascension Island (ASI) -7.9 —14.4 -1 43.5 05/2001-04/2007, 02/2009-08/2012 10

Southern low/ Learmonth (LEA) =222 114.1 +8 35.24 01/2001-04/2002, 01/2005-12/2006 4

gl e Cachoeira Paulista (CPa) —222 —45.0 -3 35.24 03/1999-03/2008, 06/2012-12/2021 20

Santa Maria (SMa) —29.7 —53.8 —4 35.24 05/2004-04/2012 8
CONDOR (CON) -30.3 —70.7 -5 35.1 06/2019-01/2024 5

Southern Andes Tierra del Fuego (TdF) —53.8 —67.8 -5 32.6 01/2008-01/2022 15
King Edward Point (KEP) —54.2 -36.0 -2 325 02/2016-11/2020 5
King Sejong Station (KSS) —62.0 —58.0 —4 33.2 03/2007-06/2022 16
Rothera (ROT) —67.3 —68.1 -5 32.5 03/2005-04/2022 18

Mainland Davis (DAV) —68.6 78.0 +5 332 01/2005-09/2021 17

Antarctica (MA) - MeMurdo (MCM) -715 165.0 +11 36.17 03/2018-07/2022 4

work, these data sets are combined due to the relative geographic proximity of the respective stations. Finally, the
Southern Andes sector comprises of Tierra del Fuego (TdF), King Edward Point (KEP), King Sejong Station
(KSS), and Rothera (ROT), and we include both Davis (DAV) and McMurdo (MCM) to form the Mainland
Antarctica (MA) cluster. Each of these meteor radar data sets were chosen as they represent near-global coverage,
and the majority comprise long-term data sets (10+ years, see Table 1) with most currently still operational. The
operating frequencies of the meteor radars included in this work (Table 1) are sufficiently similar which results in
individual meteoroids of the same size (diameter) distribution being observed. This also ensures that any dif-
ferences in the altitude distribution are dominated by astronomical or atmospheric effects rather than observa-
tional bias due to the utilization of different frequencies (Olsson-Steel & Elford, 1987).

To find the peak meteor altitude, we form a histogram of all individual meteor altitudes between 83 and 103 km
(across the MLT region) in 0.5 km altitude and 1-hr LT bins for each day of the year (DOY) at each location
inclusive of data from all years. A flexible nonparametric kernel smoothing curve is fitted to the histogram to
determine the most common observed altitude, defined as “peak altitude,” at the curve maximum (shown in
Figure 2). From this, we obtain a multiyear peak altitude variation as a function of LT and DOY for each meteor
radar station location. We consider each LT and DOY bin only if it comprises at least 150 individual observations
to avoid low sample size bias.

3. Results and Discussion

Figure 3 presents the variation of peak meteor altitude as a function of LT and DOY for each of the 18 locations
organized by geographic cluster (Row 1: Nordic high-latitude cluster, Row 2: Northern mid-latitudes, Row 3:
Near-equatorial, Row 4: Southern low/mid-latitudes, Row 5: Southern Andes, and Row 6: Mainland Antarctica
(MA)). All data represent an average across all available years for each station. Data are shown for each LT and
DOY bin only if it comprises at least 150 individual observations inclusive of all years. There is latitude variation
in both seasonality and LT, with the smallest seasonal variation in peak altitudes at low- and mid-latitude lo-
cations (Figure 3, panels e-1) and more pronounced seasonal variation at higher latitudes toward the poles. For the
Nordic high-latitude sector locations (panels a—d), there is an apparent semiannual seasonality with higher peak
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Example of fitting to determine peak altitude altitudes occurring during spring and autumn, and lower peak altitudes in

102 ' ' ' ' "] summer and winter. For the MA sector, an annual variation in the peak

100
98
96
94
92

Altitude, km

90
88
86
84

altitude is seen with the lowest altitudes during the hemispheric wintertime
(DOY 150-250). There is some evidence of hemispheric mirroring among all
g stations, with slightly elevated peak altitudes occurring during hemispheric
autumn in most locations. The most pronounced LT variation is found at low-
and mid-latitudes and is typically centered around 06:00 LT. At high lati-
tudes, this LT variation is less pronounced. At low- and mid-latitude stations
(panels e-1), there is a clear bimodal LT variation in the peak latitudes.
However, the Southern Andes stations (panels m—p) exhibit a more complex
variation in peak altitude. Although both TdF and KEP (panels m—n) exhibit a
- very weak bimodal distribution in peak altitude close to day 90 that weakly
mirrors that of the Northern Hemisphere (NH) latitude stations, COL and
BLO (panels e-f), around day 270, this is not seen in the more poleward KSS
and ROT station data. However, common to each of the Southern Andes

0 50

Figure 2. Example of fitting method used to determine peak meteor altitude
for each day-of-year (DOY) and 1-hr local time (LT) bin. A nonparametric

Frequency

150 200 250 stations is an apparent LT peak altitude maximum, which drifts by season.

In Figure 4, we present the elevation angle (°) of the combined astronomical
sources as a function of DOY and LT for each of the 18 locations organized by
geographic cluster. This is calculated taking the instantaneous elevation of the

kernel smoothing flexible fit is applied to a histogram of all individual center of each source and weighted according to the source strength given by
multiyear meteor observations made for each given 1-hr LT bin for each Fentzke and Janches (2008): north and south Apexes (20% total), Helion
DOY at a specific location. The altitude at the maximum of the fit is (35%), Anti-Helion (35%), and either the north or south Toroidal (depending

recorded. In this example, a histogram is formed of all individual multiyear
meteor observations made at Svalbard (SVA) for DOY 275 and the 08:00 LT

on hemisphere, 10%).

bin before a flexible fit is applied to determine the peak meteor altitude as There is a considerable seasonal and LT variation in the combined astro-

93.63 km.

nomical sources; this is because the weighted elevation angle of the meteor

source population trajectories varies and is highly dependent on latitude and
season (Fentzke & Janches, 2008; Janches et al., 2008; Schult et al., 2017; Sparks & Janches, 2009). At higher
latitudes and during certain seasons, some of the sources may be so low in the sky that the Earth will mask part of
the incoming meteoroid flux. Thus, the seasonal variability in meteoroid flux is expected to be the largest at high
latitudes. In contrast, there is no significant change in the elevation angles at low latitudes, and the weighted
elevation angle remains largely consistent across seasons. Due to the observing geometry, the elevation angles
during hemispheric spring are typically a lot more shallow than those in the hemispheric autumn for most as-
tronomical sources and at all latitudes (Sparks & Janches, 2009). At high latitudes, this is most pronounced as the
Apex sources, which are dominated by higher speed particles, typically have very high entry elevation angles
during autumn and are thus more readily observed (Fentzke et al., 2009). At lower latitudes, there is less seasonal
variation in the contribution of the Apex sources. Instead, the bimodal altitude variation seen in the majority of
low- and mid-latitudes is largely due to the changing observing geometry of the Helion and Anti-Helion sources
(Fentzke et al., 2009 and references therein).

Although there is very little seasonal difference in the combined astronomical source elevation angles at low-
latitudes, the opposite is true in terms of diurnal variation. It is at these low-latitudes where there is the most
pronounced diurnal variation in elevation angle; the respective sources may be high in the local sky during part of
the day but then be below the observing horizon at other times. For higher latitudes, this diurnal variation in
elevation angle is not as pronounced within a given season. Sparks and Janches (2009) found that, for most
sources, the highest elevation angles occur between local midnight and 07:00 LT whereas the minimum occurs at
approximately 19:00 LT. This morning maximum is consistent with when the dominant astronomical sources are
highest in the local sky (Sparks & Janches, 2009).

For the majority of meteor radar station locations, there is a qualitative agreement between the seasonal and LT
altitude variation in the visibility of the combined astronomical source and that of the peak meteor variation;
higher meteor ablation altitudes typically coincide with higher elevation angles of the combined source. This is
particularly true for DOY 250-320 within the NH locations and to a lesser extent in DOY 50-150 in the Southern
Hemisphere (SH) locations (Figure 3). This is consistent with the hemispheric autumn maximum in the weighted
elevation angle of the astronomical sources; a higher elevation angle will result in faster velocities of the incoming
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Figure 3. Variation in peak meteor altitude as a function of local time and day-of-year (DOY) for each of the 18 locations: (a) SVA, (b), TRO, (c) KIR, (d) SOD, (¢) COL,
(f), BLO, (g) CAR, (h) ASI, (i) LEA, (j) CPa, (k) SMa, (1) CON, (m) TdF, (n) KEP, (o) KSS, (p) ROT, (q) DAV, and (r) MCM. Each row represents a different
geographic sector: (Row 1) Nordic high-latitude, (Row 2) Northern mid-latitudes, (Row 3) Near-equatorial, (Row 4), Southern low/mid-latitudes, (Row 5) Southern
Andes, and (Row 6) Mainland Antarctica. The color scale denotes the peak meteor altitude (units: km).

meteoroids, and they will heat up and ablate (and be detectable by meteor radars) at higher altitudes in the Earth's
atmosphere. For the majority of locations, a diurnal maximum centered around 06:00 LT can also be seen, which
matches the diurnal maximum in the elevation angle of the combined astronomical source. The pronounced daily
bimodal altitude variation seen throughout all DOY's at the majority of the low- and mid-latitude stations (COL,
BLO, CAR, ASI, LEA, CPa, SMa, and ALO, and to a much lesser extent, TdF and KEP around DOY 90) is likely
a result of the sharp diurnal variation of the combined astronomical source and the relative contributions of the
Helion and Anti-Helion sources (Fentzke et al., 2009) to the weighted elevation angle.

However, there is some seasonal and LT altitude variation apparent at a number of locations, which cannot be
explained solely by variation in the weighted elevation angle of the combined astronomical sources. These
include both the spring peak altitude maxima within the Nordic high-latitude region stations as well as the
enhanced peak altitudes in the Southern Andes sector stations during DOY 200-300 or within the MA sector
stations prior to DOY 50 and after DOY 250. This indicates some other factor is impacting or masking the
seasonal and LT variation than would be expected by changes in the visibility of the combined astronomical
source given by the elevation angles alone.
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Figure 4. Variation in the weighted elevation angle, theta, of the combined astronomical sources as a function of local time and day-of-year (DOY) for each of the 18
locations: (a) SVA, (b) TRO, (c) KIR, (d) SOD, (¢) COL, (f) BLO, (g) CAR, (h) ASI, (i) LEA, (j) CPa, (k) SMa, (1) CON, (m) TdF, (n) KEP, (0) KSS, (p) ROT, (q) DAV,
and (r) MCM. Each row represents a different geographic sector: (Row 1) Nordic high-latitude, (Row 2) Northern mid-latitudes, (Row 3) Near-equatorial, (Row 4),
Southern low/mid-latitudes, (Row 5) Southern Andes, and (Row 6) Mainland Antarctica. The color scale denotes the weighted elevation angle (units: °©).

To further investigate the nature of these seasonal and LT altitude variations demonstrated in Figure 3, we present
Figure 5, which focuses on the residual seasonal variation at four different local times (00:00 LT, 06:00 LT, 12:00
LT, and 18:00 LT). This residual seasonal variation is determined by subtracting the mean peak altitude across the
full-time series for a given 1-hr LT bin for each station. Each row represents stations grouped into one of the six
different geographic sectors. Data for all SH locations are shifted by ~180 days so as to align NH summer with SH
summer, etc. One can still see that the residual seasonal variation increases toward the poles irrespective of LT.
There are also differences in the seasonal response for different LTs, indicating there is a real LT variation in the
majority of locations. There is a very clear consistency in the semiannual variation in peak altitude seen across the
Nordic high-latitude locations (panels a—d) with an increase in peak altitude during spring and autumn, near-zero
variation during summer, and a wintertime minimum. There is also a consistent response in the Northern mid-
latitude locations with a small increase in peak altitude during spring and a larger increase during autumn for some
of the LTs presented. Although true for COL, this is not as pronounced for BLO, which likely reflects that the
BLO data set comprises fewer years of data (~10 years of nonconsecutive coverage) than that of COL (~18 years)
and thus likely exhibits increased shorter-term variability during certain LTs and DOY's where data coverage is
less uniform.
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Figure 5. Residual seasonal variation in peak altitude for each location at four different local times (different columns corresponding to 00:00 LT, 06:00 LT, 12:00 LT,
and 18:00 LT). Each row represents a different geographic sector: (Row 1) Nordic high-latitude, (Row 2) Northern mid-latitude, (Row 3) Near-equatorial, (Row 4),
Southern low/mid-latitudes, (Row 5) Southern Andes, and (Row 6) Mainland Antarctica. Each panel is a function of both DOY and normalized altitude (units: km). The
data for all Southern Hemisphere (SH) locations (Rows 3—6) are shifted by 180 days to allow for easier seasonal comparison (i.e., now the SH winter appears at the same

DOY as the NH winter).

In contrast to the largely consistent NH station response, there is a much more varied and complex response
among the SH locations. The LT and seasonal variation at the Near-equatorial stations (CAR and ASI, Row 3) is
minimal, and it should be noted that there is limited data coverage for ASI at 18:00 LT (panel 1). The most
pronounced and coherent seasonal variation for the Southern low/mid-latitude stations (LEA, CPa, SMa, CON)
occurs at 06:00 LT (panel n) with a hemispheric spring maximum and autumn minimum, but otherwise, there is a
minimal LT and seasonal response with some noticeable variation among stations. As with COL and BLO, the
difference in data period coverage could explain some of this intra-sector variability; although CPa comprises
nearly 20 years of data, LEA, SMa, and CON have much shorter data period lengths at approximately 4, 8, and
5 years, respectively. While the Southern Andes sector stations also exhibit pronounced LT variation, they largely
have a more muted seasonal variation overall and the actual response of individual stations is very variable despite
the data period lengths for three of the stations, TdF, KSS, and ROT, being substantial (15, 16, and 18 years,
respectively). The MA locations (DAV and MCM) show a striking annual variation in peak altitude, which
strongly differs from the semiannual response seen at many other locations particularly that of the NH station with
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Figure 6. The mean absolute deviation (MAD) of each of the different geographic clusters presented as a function of DOY for
four different local times (00:00 LT, 06:00 LT, 12:00 LT, and 18:00 LT). A 90-day moving average smoothing function is
applied to the MAD.

the closest equivalent latitude, SVA. Importantly, this distinct annual variation is seen across both MA stations,
despite MCM only comprising of ~4 years of data, compared to the much longer ~ 16 years data set of DAV.

If the variation in meteor peak altitude were purely astronomical, a symmetrical seasonal variation would be
expected (for a given LT) between the NH and SH locations, yet this is clearly not the case. This is illustrated by
the notable differences between the seasonal variation of the NH and SH station locations.

It is clear that for some geographic sectors, differences exist in the LT and seasonal peak altitude residuals be-
tween stations. To further examine this, Figure 6 depicts the mean absolute deviation (MAD) between the sea-
sonal peak altitude residuals among the different stations within each geographic sector for the four different local
times (00:00 LT, 06:00 LT, 12:00 LT, 18:00 LT). The MAD is estimated as 1/"2:;1 |x; — X|, and describes the
average distance between a sample (x;) and the mean (X), providing an estimate of variability while taking into
account sample size (n). A 90-day moving average smoothing function is applied to minimize the impact of
shorter-term (day-to-day) variation. The MAD varies between different local times and DOYs. For most DOYs,
the Nordic high-latitude, Northern mid-latitude, Near-equatorial, and MA clusters exhibit the least variation
between their different respective stations, while the Southern low/mid-latitude and Southern Andes clusters
exhibit substantially more variation. The MAD for the Southern Andes cluster is high but is very consistent as a
function of both LT and DOY (i.e., the different stations are consistently different in their responses). Meanwhile,
the MAD for the Southern low/mid-latitude cluster is also high but is more seasonally variable (i.e., during certain
LTs and seasons these stations exhibit more similar peak altitudes vs. other times in which there is divergence and

DAWKINS ET AL.

9 of 17

35U017 SUOWILLIOD SAIER1D) 3|qed! dde aup Ag pauieob ae sajoiie YO ‘8N JO'S3|NJ 40j Areiqi auliuO A3]1/M UO (SUOIIPUOD-PUe-SWUB) D" AS 1M Aleq 1 Bul JuO//:Sdiy) SUORIPUOD PUe SWLB | 8U1 39S *[7202/TT/8T] uo ARiqiauliuo A3|IM ‘S3d VO Ad 826070Ar202/620T 0T/10p/wod As|imArelq1jeutuo sgndnfe//:sdny wouy papeojumod ‘Tz ‘7202 ‘96686912



/. Yeld )
M\ Journal of Geophysical Research: Atmospheres 10.1029/20241D040978
9I0 150 2;0 SéO 0 9.0 150 2;0 3(.30
90 1é0 270 3;30 0 90 1é0 270 36;0
E —120
g
E 5
© ; . ! ! ’ . . . 2
5 90 180 270 360 0 90 180 270 360 | —100 ;
2 &
o 3
3
o 80

90

180 270 360 O 90 180 270 360

60

40

90

180 270 360 0 90 180 270 360

() DAV
100 ——— 20
90 = i
ol ———
90 180 270 360 0 90 180 270 360

Day-of-year (DOY)

Figure 7. Kinetic gravity wave energy as a function of time of year and altitude (km) for 12 locations: (a) SVA, (b) TRO, (¢) KIR, (d) SOD, (e) COL, (f) BLO, (g) CON
(Andes Lidar Observatory only), (h) TdF, (i) KEP, (j) KSS, (k) ROT, and (1) DAV.

more prominent differences). The Southern Andes sector is a known highly active gravity wave (GW) hotspot
(Becker & Vadas, 2018; Fritts et al., 2010; Stober, Janches, et al., 2021; Vadas et al., 2018); the consistently high
MAD for this cluster in Figure 6 could be indicative of a strong atmospheric variability reflective of this,
impacting the meteor peak altitudes, in addition to the variability given by the varying visibility of the astro-
nomical source.

From linear theory (Fritts & Alexander, 2003), we can estimate that medium frequency GWs can induce at-
mospheric neutral density changes of the order of a few percent (Stober et al., 2022). Thus, enhanced GW activity
should manifest in increased neutral density variability, which may affect the altitudes at which meteors are
detected. In Figure 7, we present the kinetic gravity wave energy (KGWE) derived from the hourly meteor wind
after subtracting the large-scale mean flow and the diurnal, semidiurnal, and terdiurnal tides using the adaptive
spectral filter with vertical regularization (ASF2D) (Baumgarten & Stober, 2019; Stober et al., 2020), which we
utilize here as a proxy for GW activity (Stober, Janches, et al., 2021). The KGWE is estimated as KGWE = 1/2
(u’* + v'*) where u’ and V' are the GW perturbation components of the zonal and meridional wind velocity field,
respectively. The ASF2D is most sensitive to GW periods longer than 2 hr and horizontal wavelengths larger than
300 km, which can sometimes be associated with secondary wave generation due to local body forces at the
stratosphere caused by breaking mountain waves (Becker & Vadas, 2018; Vadas & Becker, 2018; Vadas
et al., 2018). Shown are the KGWE as a function of time of year and altitude for six locations in the NH (SVA,
TRO, KIR, SOD, COL, and BLO) and six locations in the SH (CON, TdF, KEP, KSS, ROT, and DAV). In
general, one can see that the KGWE across each of the six NH locations is largely very consistent with one another
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in terms of both altitude and seasonal variation. There is enhanced KGWE activity during mid-late spring,
autumn, and winter across all six NH stations and enhanced KGWE activity during summertime at the higher
latitude locations. In contrast, the seasonal and altitude-related KGWE activity for each of the six SH station
locations varies significantly not only from one another but also compared to each of the NH locations. This is
most clearly seen when comparing the responses for the Southern Andes stations. TdF and KSS, which are located
close to the Drake Passage, exhibit the most pronounced deviations from all other stations. This is likely related to
their location close to the Southern Andes and Antarctic Peninsula, both strong sources of primary orographic
GWs (Becker & Vadas, 2018; Vadas & Becker, 2018), as well as their proximity to the stratospheric wind
maximum on the northernmost edge of the polar vortex (~50°S). This polar jet wind maximum, which can reach
up to 130 ms™! (Stober, Janches, et al., 2021), essentially becomes a source of GWs itself due to jet instabilities as
well as enabling larger scale orographic waves to propagate to higher altitudes without becoming convectively
unstable, thus preventing GW saturation and enabling GW propagation to higher altitudes. Each of these results in
increased KGWE activity during the hemispheric winter at both TdF and KSS. Although not captured by the
KGWE (which is sensitive to GWs with horizontal scales greater than 300 km), it is worth noting that the polar
vortex can also act as an efficient filter for vertically propagating GWs with much smaller horizontal wavelengths
(less than 30 km). Such small-scale wave are likely to be reflected or to tunnel through the evanescent region
created by the stratospheric winds (Heale & Snively, 2015; Mixa et al., 2021).

The relative location of each of the Southern Andes stations to the primary orographic GW sources and the
stratospheric polar jet maximum appears to influence the KGWE exhibited. The wintertime KGWE at TdF
exceeds that of KSS, most likely as a result of the Andes main ridge being a much stronger source of
orographic GWs than the Antarctic Peninsula. In addition, TdF is located closer to the latitude of the polar
vortex wind maximum, which likely further contributes to the much larger KGWE exhibited here than at KSS
and other stations. The importance of mountain waves generated by the Andes main ridge becomes more clear
when comparing TdF and KEP; although both are located at the same southern latitude (and thus are likely
similarly influenced by the polar jet maximum), they reflect substantial differences in the GW activity, which
results from their respective distances from the prominent orographic GW sources. The reduced KGWE at
ROT provides an additional example of the relative impacts of proximity to orographic GW sources and the
polar jet maximum to the KGWE; although ROT is located far inside the polar vortex and is thus further away
from the latitude of the stratospheric wind maximum, it is also located further from the orographic GW sources
that most heavily influence TdF and KSS in the Drake passage. These results highlight that the GW activity is
less coherent across different locations within the SH even for those within the same geographic region, which
further supports the suggestion that the variability we see within the SH meteor station altitude data sets is
more dominated by these dynamical effects than by astronomical source visibility compared to the NH
locations.

Focusing on the four stations within the Southern Andes cluster (TdF, KEP, KSS and ROT), we can simulate the
peak altitude variation that would be expected due to variations in the weighted elevation angle of the particle
source alone (i.e., excluding any atmospheric dynamical effects). We use the simulated mass profiles from the
University of Leeds Chemical Ablation model (CABMOD) (Vondrak et al., 2008) for a meteoroid particle of a
fixed initial mass (200 pg) and velocity (31 km s™') at a latitude of 60°S. Figure 8 presents the particle mass
profiles for four different months (March, June, September, and December) and for two example elevation angles
relevant to the Southern Andes stations (5° and 25° as demonstrated in Figure 5 (panels (h), (j), (1), and (n)). As
can be seen, the particle loses mass as it descends through the Earth's atmosphere due to ablation. However, the
mass profiles differ between different months and for different elevation angles; particles during June (Figure 8,
panel c) reach lower altitudes before losing all mass compared to the other months. Particles with lower entry
angles also survive longer in the atmosphere irrespective of month.

We determine the peak altitude as the altitude at which 80% of the original particle mass has ablated (Dawkins,
Stober, Carrillo-Sanchez, et al., 2023), and this is denoted and labeled in panels (b)—(e) by either a filled triangle
or filled circle for entry angles of either 5° and 25°, respectively. In Figure 9, we demonstrate that the observed
meteor peak altitude variation cannot be reproduced by only considering variations in the weighted elevation
angle of the astronomical source population. For the left-hand side column panels, we show the simulated altitude
using CABMOD mass profiles, whereas the observed peak altitudes are shown in the right-hand side column. For
all four locations, the observed LT and seasonal variation are stronger and much more complex than that simply
attributable to variation in the astronomical source, and instead better mirrors the KGWE activity presented in

DAWKINS ET AL.

11 of 17

251017 SUOLUWIOD SAIERID 30! [ddke ) A PoURA0B 18 SO WO ‘98N 0 SINI 10} AZRi 1T UIIUO ABIA UO (SUOTHPUGO-PUE-SLLLIBIWIOD"AB I ARG [BU 1 |UO//SdIY) SUOTPUOD PUE SWi | U1 05 *[202/TT/8T] Uo Areiqiauliuo A1 ‘S3d VD Ad 8260v0ArYZ02/620T OT/I0p/LICY" A 1w Aseiq1puliuo'sandnBey/:sdny woi pepeo|umod ‘Tz ‘v20z ‘96686912



I ¥edl

NI Journal of Geophysical Research: Atmospheres 10.1029/20241D040978

ADVANCING EARTH
AND SPACE SCIENCES

Mar Jun

105

Altitude, km

85 1 1

(c)

-
o
o

Altitude, km
©
a

90

105 (d) T T T

100 |

95

Altitude, km

90 ,«"/ —0 |
A 90.9 km

Dec - 25° 91.2 km

0 50 100
Mass, 1.9

85 . . > ’ - -
150 200 0 50 100 150 2000 50 100 150 200

Mass, 1.9 Mass, pg

Figure 8. Example vertical mass profiles from CABMOD for a meteoric particle with a fixed initial mass (178 pg) and velocity (31 kms™") at a latitude of 60°S. Panel
(a) presents mass profiles (units: pg) as a function of altitude (km) for four different months (Mar, Jun, Sep, and Dec), with meteoric particle entry of either 5° or 25°
(entry angles relevant to the Southern Andes stations seen in Figure 5). Panels (b)—(e) depict the vertical mass profiles for each of the 4 months. The altitude at which 80% of
the initial mass is lost is indicated by the filled triangle or filled circle for entry angles of 5° and 25°, respectively.

Figure 7. This suggests that the LT and seasonal variation in the peak altitude are instead dominated by atmo-
spheric dynamics, at larger scales by planetary waves (Stober et al., 2012) and tides and at shorter periods and
locally by GW activity for these locations. This atmospheric variation masks and disrupts any variation that would
be expected due to variation in the astronomical source alone. Although our analysis indicates a clear LT de-
pendency of the peak altitude, atmospheric tides are only a minor contributor to this variability. Atmospheric tides
often have a vertical wavelength that is comparable to the width of the meteor layer (Stober, Brown, et al., 2021;
Stober, Janches, et al., 2021; Stober, Kuchar, et al., 2021) and, thus, warm and cold phases of the tides cancel each
other out resulting in a suppressed response of our method to this type of variability. Furthermore, we mitigated a
potential contamination due to nonmigrating tides by removing the longitudinal dependence and presenting our
analysis in LT. The contribution of the migrating tide, assuming a vertical wavelength much larger than the
meteor layer, was estimated to only result in a change of 5% of the scale height (corresponding to approximately
10 K tidal amplitude) or to a variability of 300 m in the meteor peak altitude.

4. Summary and Conclusions

Meteoroids ablate in the Earth's MLT region (75-110 km), and the resulting plasma trails can be detected by
ground-based meteor radars. The altitude at which an individual meteoroid ablates depends on the mass, velocity,
composition, and entry angle of the particle as well as on atmospheric density (Janches et al., 2017; Vondrak
et al., 2008). The mass, velocity, composition, and entry angle of the particle depend on the astronomical source
population that the individual meteoroid may originate from and thus should reflect the diurnal, seasonal, and
latitudinal variation of the specific astronomical source population. However, on longer-term timescales (decadal,
11-year solar cycle), the mean (peak) meteor ablation altitudes primarily reflect long-term atmospheric density
changes (Clemesha & Batista, 2006; Dawkins, Stober, Carrillo-Sanchez, et al., 2023; Lima et al., 2015; Stober
etal., 2014). Currently, it is not clear to what extent atmospheric variation influences the peak meteor altitudes on
shorter diurnal and seasonal timescales, whether any altitude variation primarily reflects that of the astronomical
source populations, and whether there is any latitude basis to this atmospheric versus astronomical dependence.
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Figure 9. Simulated and observed meteor peak altitudes (km) as a function of DOY and local time for each of the four Southern Andes station locations (TdF, KEP, KSS,

and ROT).

In this work, the short-term (diurnal and seasonal) variation in the meteor peak altitudes was assessed as a function
of both LT and DOY for 18 meteor radar stations, representing six different geographic regions; Nordic high-
latitude, Northern mid-latitude, Near-equatorial, Southern low/mid-latitude, Southern Andes, and Mainland
Antarctica. We found evidence that, in less active GW regions, the visibility of astronomical sources plays a more
dominant role in the variation in the meteor peak altitude. However, we noted a divergence in the meteor peak
altitude variation from that expected due to astronomical source variation alone at all locations, which indicates an
additional dependence on atmospheric variability.

This dependence of the peak altitude on the atmospheric variability varies by geographic sector. Typically stations
within the same geographic sector exhibited very similar LT and seasonal variation to one another. In particular,
we found a very consistent LT and seasonal response in the peak altitudes of each of the NH locations regardless
of latitude. We found a coherent semiannual variation in the peak meteor altitudes across all NH stations with
altitude maxima in both spring and autumn. Although the elevated altitudes during autumn are strongly correlated
with the astronomical source, the springtime altitude maxima is likely due to the sudden breakup of the polar
vortex that occurs during the transition from hemispheric winter to summer and might also be linked to the
vertical coupling event of a sudden stratospheric warming, which causes large scale changes in the vertical wind
and temperature layering from the stratosphere to the mesosphere (Harvey et al., 2022; Matthias et al., 2021;
McCormack et al., 2017; Stober et al., 2012, 2020).
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In contrast to this coherent NH response, the response of the LT and seasonal altitude variation in the SH was
much more complex and diverse. The two Mainland Antarctica stations, DAV and MCM, both exhibit an annual
variation quite distinct from that exhibited by any other station in other geographic regions, including that of SVA
which is the most poleward NH location. Although the seasonal variation broadly reflects that of the astronomical
source, the lack of a springtime peak altitude maximum as seen at SVA likely reflects atmospheric changes due to
a smoother breakup of the SH polar vortex compared to the NH event. The combined lack of the planetary waves
within the SH polar region along with a more pronounced ozone depletion creates conditions that result in a more
stable and persistent polar vortex (Schoeberl & Newman, 2015). Due to this, sudden stratospheric warming events
are much less frequent in the SH and thus the transition from hemispheric winter to summer appears to be less
driven by dynamical processes compared to the NH (G. Liu et al., 2022; Stober, Janches, et al., 2021).

Although we typically found stations within the same geographic sector exhibit similar LT and seasonal variation,
this was not true for stations within either the Southern low/mid-latitude or Southern Andes sectors, and we found
the largest MAD in response between adjacent stations located near the Southern Andes (TdF, KEP, KSS, and
ROT). This is likely due to enhanced GW variability across the Andes, which impacts each station differently, and
this GW activity appears to mask any diurnal variation and seasonality that would be attributable to variation in
the different astronomical source populations alone.

Acronyms

ALO Andes Lidar Observatory (part of the CONDOR network)
BLO Bear Lake Observatory

CAR Séo Jodo do Cariri

COL Collm
CPa Cachoeira Paulista
CEDA Centre for Environmental Data Analysis

CON Chilean Observation Network De meteOr Radars (CONDOR). Comprises of the ALO, SCO and LCO
meteor radars

DAV Davis

DEL Delamere

GW Gravity Wave

KEP King Edward Point

KSS King Sejong Station

KIR Kiruna

LEA Learmonth

LCO Las Campanas Observatory (part of the CONDOR network)
LT Local Time

MA Mainland Antarctica

MCM McMurdo

NH Northern Hemisphere

ROT Rothera

SH Southern Hemisphere

SMa Santa Maria

SCO Southern Cross Observatory (part of the CONDOR network)
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