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[1] We report the first lidar observations of neutral Fe
layers with gravity wave signatures in the thermosphere
from 110-155 km at McMurdo, Antarctica in May 2011.
The thermospheric Fe densities are low, ranging from
~200 cm > at 120 km to ~20 cm > at 150 km. The
measured temperatures from 115-135 km are considerably
warmer than MSIS and appear to be related to Joule heating
enhanced by aurora. The observed waves originate in the
lower atmosphere and show periods of 1.5-2 h through 77—
155 km. The vertical wavelength increases from ~13 km
at 115 km to ~70 km at 150 km altitude. These wave
characteristics are strikingly similar to the traveling
ionospheric disturbances caused by internal gravity waves.
The thermospheric Fe layers are likely formed through the
neutralization of vertically converged Fe® layers that
descend in height following the gravity wave downward
phase progression. Citation: Chu, X., Z. Yu, C. S. Gardner,
C. Chen, and W. Fong (2011), Lidar observations of neutral Fe
layers and fast gravity waves in the thermosphere (110-155 km)
at McMurdo (77.8°S, 166.7°E), Antarctica, Geophys. Res. Lett.,
38, 123807, doi:10.1029/2011GL050016.

1. Introduction

[2] Thermospheric gravity waves with periods of 1-2 h
have been observed as traveling ionospheric disturbances
(TIDs) in electron density between 120 and 400 km [e.g.,
Djuth et al., 2010, and references therein]. These waves
exhibit downward phase progression and their phase
speeds and vertical wavelengths increase substantially with
increasing altitudes. However, such waves have never been
observed in the neutral metallic atoms in the thermosphere
above 110 km, because the meteoric metal layers such as Fe,
Na and K are normally confined to altitudes of 75—115 km
[Plane, 2003]. Although the ‘topside layer’ has been reported
up to 130 km [Héffner and Friedman, 2005], and sporadic
Fe, Na and K layers have been observed above 100 km [e.g.,
Kane et al., 1993], lidar observations have shown neither
the neutral layers above 130 km nor the gravity waves
above 110 km. Consequently, the studies of dynamics and
thermal structure by lidars have been limited to the lower
thermosphere.
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[3] In this paper we report the first (to our knowledge)
observations of thermospheric gravity waves in the neutral
Fe layers from 110 to 155 km, made with an Fe Boltzmann
temperature lidar on 2 and 28 May 2011 at McMurdo
(77.83°S, 166.66°E), Antarctica. As a southern polar site,
McMurdo is located at high geographic and magnetic lati-
tudes, and is near the poleward edge of the aurora oval. The
low solar background during long dark polar nights facil-
itates the detection of weak metallic layers in the thermo-
sphere. The unique geomagnetic conditions at McMurdo
may also provide opportunities to study how the neutral and
ionized Fe layers are connected in the E-region and how the
thermosphere is affected by Joule heating. It is now known
that Fe atoms are the most abundant metal species in the
Earth’s upper atmosphere, while Fe* ions are a major com-
ponent of sporadic E layers [Plane, 2003]. Photo ionization
and charge transfer are usually strong above 110 km, which
facilities the production of Fe* and loss of Fe. As a result,
the existence of neutral Fe layers up to 155 km poses inter-
esting questions of how the neutral Fe atoms are formed in
the thermosphere and how gravity waves produce signatures
in the Fe layers. Several hypotheses will be discussed fol-
lowing our report of the observations.

2. Observations

[4] The University of Colorado lidar group installed the Fe
Boltzmann lidar at Arrival Heights, McMurdo in Dec 2010,
with support from the United States Antarctic Program and
Antarctic New Zealand [Chu et al., 2011]. This lidar consists
of two independent channels probing respectively the 372
and 374 nm absorption lines of neutral Fe atoms. By
employing the Fe Boltzmann technique, temperatures can be
inferred from the signal ratios between these two channels.
Principles, capabilities and error analysis of the lidar are
described by Chu et al. [2002].

[5] Ilustrated in Figures la and 1b are the normalized
photon counts of neutral Fe layers from 70 to 155 km mea-
sured by the 372- and 374-nm lidar channels, respectively, on
28 May 2011. In both plots, the main layers are distributed
from ~75 to 110 km with sharp bottom edges but slower
decay on the topside, which is consistent with observations
of Fe layers elsewhere [e.g., Plane, 2003]. However, the
distinct Fe layers above 110 km with apparent wave features
are unique and have never been reported before. The ther-
mospheric Fe is clear at the beginning of the observation
(11.5 UT) with a distinguishable layer up to 133 km. The
layer descends with time and merges with the main layer at
~110 km around 13.5 UT. In the meantime, another Fe layer
develops at ~145 km and then descends downward. The
third and highest Fe layer occurs around 14.7 UT at 155 km
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Figure 1. Observations of neutral Fe layers by the 372- and 374-nm lidar channels on 28 May 2011 (UT) at McMurdo,
Antarctica. (left) Plotted in log;, scale are contours of Fe photon counts normalized to the Rayleigh signals at 45 km for
the (a) 372-nm and (b) 374-nm channels. (right) The vertical profiles of Fe densities derived for (c) 14.8 UT and for
(d) 18.8 UT. The raw data with resolutions of 1 min and 48 m are smoothed with Hamming windows of 0.25 h and
0.5 km for Figures la and 1b and 0.25 h and 2 km for Figures 1c and 1d (FWHM). The uncertainty of 372-nm Fe density
in Figure 1c is 20-30% above 120 km and much less below 110 km.

and then descends with time. The wave-like features repeat
four more times before the termination of the observations
due to clouds, but the starting altitudes of the Fe layers
become lower as time progresses. The 6th and 7th layers
starting below 120 km are barely visible. Interestingly, when
the 4th and 5th layers descend below 115 km, two distinct
sporadic Fe layers occur in the range of 105-115 km
between 18 and 20.5 UT, standing out clearly in both Fe
contours. The striking similarities between these two inde-
pendent channels and the clear wave signatures make the
lidar detection of thermospheric Fe layers unequivocal.

[6] To further quantify the thermospheric Fe layers, we
compute Fe temperatures from two channels of normalized
photon counts using the Boltzmann technique, and convert
the 372-nm counts to Fe densities [Chu et al., 2002]. In the
density derivation, the lidar effective cross sections are cal-
culated using the derived Fe temperatures in the MLT region
and MSIS-00 temperatures above 110 km. Two representa-
tive vertical profiles of Fe densities are plotted in Figures 1c
and 1d. The profiles of the highest Fe layer at 14.8 UT
exhibit appreciable Fe densities above 115 km in both 372
and 374 nm channels, when compared to the profiles for
18.8 UT. The noise levels above 130 km in Figure 1d, where
the Fe layer disappears, establish detection limits for both
channels of ~3 cm . The number densities in the 372-nm Fe
layer vary from ~65 cm ™ at 130 km to ~20 cm > at 150 km,
as inferred from Figure 1c, which are small when compared
to the main layer peak density of ~20,000 cm . The 374-nm
densities are about 2—4 times lower than the 372-nm densities
from 120 to 150 km, but well above the background noise.

[7] A contour of thermospheric Fe density is illustrated in
Figure 2a. The wave signatures in the Fe layers are very
clear. The peak densities vary, with a maximum close to
110 em ™ around 125 km at 13.5 UT. In between two dis-
tinct crests the Fe densities vary from ~10 cm > at 130 km
to ~3 cm > at 150 km. Consequently, the ratios of the Fe
densities between crests and troughs are about 4—15 in this
altitude range. Such wave-induced Fe density perturbations
are much larger than the concomitant perturbations in the
neutral atmosphere and the electron density [e.g., Djuth
et al., 2010]. Fe temperatures plotted in Figure 2b for the
main Fe layers show apparent wave perturbations through-
out the observations. The dominant wave has a period of
~8 h and vertical phase velocity of —0.7 m/s. Shorter-period
waves of ~1.5 h are clearly visible below 90 km. The
mesopause is located near 100 km with a temperature of
~190 K. Taking the highest Fe layer that goes to 155 km, we
derive the Fe temperatures from 75 to 150 km using the
Boltzmann technique. Combining with the Rayleigh inte-
gration technique, the Fe lidar is able to measure tempera-
tures from 30 to 150 km as shown in Figure 2¢. Also plotted
are the MSISE-00 temperatures for McMurdo location on
28 May 2011. The MSIS temperatures are close to the lidar
data below 110 km. Above 115 km and below 135 km, the
Fe temperatures are much warmer than MSIS, and the dif-
ference is up to ~600 K at 132 km.

[8] Both lidar channels show the same wave features in the
thermosphere from 110 to 155 km. The wave has a down-
ward phase progression. The vertical phase speed is the
largest at the highest altitude but around 125 km the phase
speed decreases quickly with decreasing altitude. The
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Figure 2. Event on 28 May 2011 at McMurdo, Antarctica: (a) contour of thermospheric Fe densities from 110 to 155 km,
showing fast gravity waves in the thermosphere, (b) contour of Fe temperatures from 75 to 115 km, showing waves in the
MLT region, and (c) the vertical profile of temperatures for 1 h integration around 15 UT. The temperature errors plotted as

horizontal bars in Figure 2c are less than 5 K below 110 km.

vertical wavelength is shortest at 115 km and increases sig-
nificantly with increasing altitude. Spectral analysis of the Fe
layers using wavelet shows that the period T of the wave
(~1.5 h) is nearly constant through the 115-155 km range
(Figure 3a). By tracking the peak Fe contour, we obtain the
phase line (altitude vs. time) in the thermosphere, and then
the vertical phase speeds c, are derived by taking the deriv-
ative of the phase line altitude with respect to time. The
vertical wavelengths ), are then calculated as A, =c, - T. As
shown in Figure 3b, the downward phase speed increases
from ~2 m/s at 115 km to over 10 m/s above 135 km. The
vertical wavelength )\, varies from ~13 km at 115 km to
~70 km around 150 km. These wave characteristics, espe-
cially the changes of c, and A, with height, closely resemble
the thermospheric gravity waves observed as TIDs in the
electron density perturbations by incoherent scatter radar
(ISR) [e.g., Djuth et al., 2010]. The wave period of ~90 min
in the Fe layer is longer than the TIDs observed at Arecibo
Observatory by Djuth et al. [2010], but TIDs can have
periods from 20 min to several hours according to Thome
[1964]. The downward phase progression indicates the
upward propagation of the wave energy. The wave likely
originated from the atmosphere below 75 km [Vadas and
Nicolls, 2009], not from an aurora source above 150 km
[Richmond, 1978]. In the MLT region, the Fe temperature
contour (Figure 2b) exhibits short-period waves in addition
to the dominant 8-h wave. In order to extract such wave
information, we derive the relative temperature perturbations
from Figure 2b. After subtracting the dominant 8-h wave,
a wavelet analysis reveals the wave period around 1.5 h
with errors less than 0.3 h from 75 to 115 km, as plotted
in Figure 3a. The corresponding c, and )\, are plotted in

30

Rayleigh lidar temperatures are plotted below 70 km.

Figure 3b. Note that the observed wave period can change
in time if the background wind changes rapidly [Eckermann
and Marks, 1996]. The waves in the MLT region are in
general consistent with the thermospheric gravity waves,
supporting the hypothesis that the waves originated from
the lower atmosphere below 75 km.

[9] A similar thermospheric wave event was also observed
on 2 May 2011 at McMurdo. As illustrated in Figure 4a,
signatures of neutral Fe layers occur in the thermosphere
three times around 9.7, 11.8 and 14 UT, with a wave period
of slightly over 2 h. The strongest layer occurs around
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Figure 3. Ground-based (a) gravity wave period along with
(b) vertical phase speed (blue diamonds) and vertical wave-
length (red squares) derived for the event on 28 May 2011 at
McMurdo. The period errors are plotted as horizontal bars in
Figure 3a.
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Figure 4. Event on 2 May 2011 at McMurdo, Antarctica: (a) the 372-nm Fe density contour in the thermosphere, (b) the
372-nm Fe density in the MLT, and (c) the lidar temperature profile for 1-h integration around 14 UT. The temperature errors
(horizontal bars) are less than 5 K below 105 km. Rayleigh lidar temperatures are plotted below 70 km.

14 UT, reaching the highest altitude of ~155 km and with
the maximum Fe density of ~200 cm™> at 120 km. The
shape of the layers is similar to the event on 28 May 2011.
Figure 4b shows the main Fe layers in the MLT. The Fe
Boltzmann temperatures within the strongest layer were
derived from 75 to 150 km in Figure 4c. Also plotted are the
Rayleigh lidar temperatures and the MSIS-00 temperatures
at McMurdo for 2 May 2011. The lidar and MSIS-00 tem-
peratures agree well below 105 km. Above 105 km and
below 135 km, the Fe temperatures are significantly warmer
than the MSIS, similar to the situation on 28 May 2011. The
similarities between these two events observed on two dif-
ferent days further confirm the robustness of the lidar
detection of neutral Fe layers, elevated temperatures and
gravity waves in the thermosphere. Among the 233 h of lidar
observations made on 14 days from May through August
2011, thermospheric Fe layer events above 120 km occurred
on at least 5 other days. These events were observed for at
least 41 h, giving an occurrence frequency of ~18%.

3. Discussion

[10] We believe that this is the first report of neutral Fe
layers up to 155 km and also the first observations of gravity
waves in metal layers at such high altitudes. How the neutral
Fe layers are formed in the E region and how they exhibit
such wave signatures are challenging questions. It is
unlikely that these neutral atoms are ejected or diffused
directly from the main Fe layers in the MLT region, because
the expected shape in the time-altitude domain would extend
upward from, rather than descend towards, the main layer.
The second possible source of neutral Fe is the direct meteor
ablation or sputtering off smoke particles. Plane [2003]

40

points out that the ablation altitude depends on the entry
velocity of meteoroids, and even very fast meteoroids of
40 km/s ablate below 125 km with peak ablation at 101 km,
while slow meteoroids peak at 92 km. Furthermore, the dif-
ferential ablation process releases the volatile constituents
(Na and K) first. Fe and Mg are released from the molten
meteoroid only after the temperature exceeds ~1800 K. As a
result, Fe has peak injection rates around 85 km, with Na and
K ~8 km higher [Vondrak et al., 2008; Janches et al., 2009].
Such a height profile of ablation cannot explain the obser-
vations. If we assume sputtering exists above 110 km or
molecular diffusion somehow distributes neutral Fe to
155 km, waves are unlikely to cause sufficient perturbations
of the neutral atmosphere to account for the observed “high
contrast” of the Fe layers.

[11] Most likely the observed thermospheric Fe layers are
linked to the layered Fe' ions that are then neutralized to
produce neutral Fe atoms. First, the shape of the observed
layers in Figures 2a and 4a indicates descending layers from
higher to lower altitude as time progresses, similar to the
motions of ion layers observed by the ISR [Mathews et al.,
1993]. Secondly, the ratio of the wave crest and trough
being far larger than any perturbations in the neutral atmo-
sphere suggests that the Fe layers are related to ions that
have been layered by various forces in the thermosphere
[Carter and Forbes, 1999]. Thirdly, the changes of vertical
wavelengths and phase speeds are similar to the TIDs [e.g.,
Djuth et al., 2010] and are consistent with theoretical
expectations for gravity waves [Vadas, 2007; Vadas and
Nicolls, 2009].

[12] The hypothesis of layered Fe" being converted to
neutral Fe faces several critical issues: the sources of Fe®,
the formation of Fe' layer and its shape, neutralization
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mechanisms to convert Fe' to Fe, and transport of Fe and
Fe'. Aurora heating in the polar cap may cause upwelling
and thus upward transport of Fe" or Fe into the thermo-
sphere [Burns et al., 1991]; however, this mechanism is
unproven at these low altitudes. Carter and Forbes [1999]
point out that the redistribution of meteor deposited Fe' in
the meridional plane by electric fields is most pronounced
at low latitudes in connection with the “fountain effect”.
Gravity and diffusion redistribute Fe" along field lines,
and Fe' can reach the F region. Although the fountain
effect may not be effective in the Polar Regions, Mg" ions
have been observed by satellites in the thermosphere up to
300 km in the polar region [Viereck et al., 1996]. Consid-
ering Fe and Mg have similar ablation altitudes [Vondrak
et al., 2008], it is reasonable to assume that Fe™ ions are
distributed in the E and F regions over McMurdo. The for-
mation of Fe" layers at McMurdo should share the same
mechanisms as the TIDs and sporadic E layers at high lati-
tudes. The observed shape indicates that vertically converged
ion layers descend in height with time, following the gravity
wave downward phase progression. The wave-induced wind
shears in combination with the geomagnetic and electric
fields provide the needed vertical convergence of ions [e.g.,
Hines, 1963; Kelley, 1989; Bristow and Watkins, 1991,
Carter and Forbes, 1999; Djuth et al., 2010]. Layers formed
by electrical fields have no systematic vertical motion, unlike
the layers produced by gravity-wave wind shears. Wind
shears descend with the downward phase velocities of the
wave, resulting in the downward transport of the layers. The
simultaneous occurrence of two layers at the bottom and top
of the profiles in Figures 2a and 4a, and the repeated layer
shapes, supports the wave phase idea. Because the shorter
vertical wavelength, slower phase speed waves dominate the
power spectral density in the MLT region but dissipate rap-
idly when propagating upward [Vadas, 2007], the longer
wavelength and faster vertical phase speed waves show up
more clearly at higher altitudes as we observed. The increase
of )\, with altitude above 115 km is likely due to a decrease
of N? (buoyancy frequency) and an increase of the neutral
wind component in an opposite direction to the wave prop-
agation [Vadas and Nicolls, 2009].

[13] Conversion from Fe' ions to neutral Fe in the ther-
mosphere is likely through the direct electron recombina-
tion: Fe' + e~ —Fe + hv, as Fe' is neutralized essentially
only by radiative recombination with electrons at altitudes
above ~120 km [Plane et al., 2003; Zhou et al., 2008].
Although the value of the reaction rate coefficient is small
and given as 4 x 1072 cm’ s to 1 x 107" ecm® s7' by
Plane [2003] and Plane et al. [2003], it is large enough to
produce the Fe densities observed. This is because the Fe
density (20-100 cm ) is a small fraction of the Fe" density
in sporadic E layers, and the loss rate of neutral Fe in the dark
polar night is small. Note that 12.89 UT is the local midnight
at McMurdo. The lidar observations reported here span 8-
24 UT, corresponding to the local time from 19-11 LT.
The solar declination angles on 2-28 May 2011 were 15.6°—
21.6°, giving total darkness below 155 km when the ther-
mospheric Fe layers were observed, so photo-ionization of
Fe neutrals is absent. The recombination of O3 and NO™
with electrons proceeds fast with a rate coefficient of ~3 x
1077 em® s ', leading to 30 s to ~1 h lifetime of O3 and
NO" depending on electron density. Therefore, these ion
densities decay rapidly in the polar night. Assuming their

CHU ET AL.: THERMOSPHERE FE LAYER AND GW

L23807

total density is less than 1 x 10%* cm ™ and the reaction rate
coefficient of charge transfer between Fe and O, / NO" is
~1 x 107 em® s7! [Plane et al., 2003], the neutral Fe
loss rate by charge transfer is estimated as k([O5] + [NO']) =
107> s~'. This gives an Fe lifetime of ~27 h during dark
night, much longer than the wave period but comparable to
the Fe lifetime of 33 h estimated by Zhou et al. [2008]. On
the other hand, the production rate for converting Fe" to Fe
is given by k[Fe']N,, where N, is the electron number den-
sity. Assuming N, in the sporadic E layer is 1 x 10° cm >
and [Fe"] occupies most of the ion density, the Fe production
rate ranges from 4 x 102ecm s 'tol x 107 em > s™!

Therefore, neutral Fe densities of 40-100 cm ™, comparable
to observations, can be produced within 1000 s, much
shorter than the wave period (~5,500 s). The transport of
converted Fe is likely different than that of Fe". While the
wave transports Fe” downward, the wave motion may not
affect the neutral Fe atoms that are left in the wake of Fe"
layers. This leads to slight height difference with the Fe layer
located above the Fe' layer, as observed in sporadic Na and
E layers above 100 km by Kane et al. [1993].

[14] Strong aurora was observed at McMurdo on 28 May
2011, corresponding to a geomagnetic storm with the Kp
index increased to 6 after 6 UT and lasted until 15 UT.
In the case on 2 May 2011, the geomagnetic conditions were
relatively quiet but weak aurora was visually seen over
McMurdo during the lidar measurements. Auroral particle
precipitation may have several effects on the events. They
may increase the electron density to facilitate the conversion
from Fe' to Fe; but it may also shorten the lifetime of Fe by
direct ionization and by increasing the density of O; and
NO" to accelerate charge transfer. The electric fields asso-
ciated with aurora will increase the Joule heating of neutral
atmosphere and frictional heating of ions. Though frictional
heating can heat up ions to over 1000 K [Maeda et al.,
2005], what we measured directly is neutral Fe. The
freshly converted Fe can have elevated temperatures above
the background. Thermalization via collisions with sur-
rounding neutrals only takes about 1-2 s even at 150 km
where the collision rate is ~20 s~'. However, the above
analysis suggest that the neutral Fe atoms have a lifetime on
the order of 1000 s; therefore, majority of observed Fe
atoms are likely in thermodynamic equilibrium with the
surroundings. The mixture of freshly converted and ther-
malized Fe likely results in Fe temperatures closer to the
background neutrals, rather than the ions. Joule heating rates
measured by ISR range from 0.1 x 10 %to 1 x 107¢ W/m®,
and the neutral gas heating rates are 0.02-0.08 K/s from
110 to 135 km [Thayer and Semeter, 2004, and references
therein]. If the aurora-enhanced heating has been going on
for several hours before the lidar observations started, a
significant temperature increase in the neutrals can occur, as
observed. The observation of warmer temperatures on May
28 compared to May 2 is consistent with the geomagnetic
activities at McMurdo.

4. Conclusions

[15] Neutral Fe layers with gravity wave signatures were
observed for the first time in the thermosphere from 110
to 155 km by both the 372- and 374-nm channels of an
Fe Boltzmann temperature lidar at McMurdo, Antarctica
on 2 and 28 May 2011. The Fe densities are quite low
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(20-200 cm™?) in the altitude range of 120-150 km, but
sufficient for temperature derivation. Combining the Fe
Boltzmann and Rayleigh integration techniques, we are able
to derive temperatures from 30 to 150 km using the Fe lidar.
While comparable to the MSIS data below 110 km, the lidar
temperatures are significantly warmer than MSIS between
115 and 135 km during both events. These elevated tem-
peratures appear to be related to the Joule heating enhanced
by aurora. The observed waves originate from the lower
atmosphere and show nearly constant periods of 1.5-2 h
through the range of 75-155 km. The downward phase
speeds are large at high altitudes, decrease with decreasing
altitude and are curved towards increasing time. The vertical
wavelengths vary from 13 km at 115 km to ~70 km at
150 km. These wave characteristics closely resemble the
TIDs and are consistent with the theoretical expectations for
gravity waves. The observed thermospheric Fe layers are
most likely linked to the layered Fe' ions that are neutralized
to produce Fe. Vertically converged Fe' ion layers descend
in height with time, following the gravity wave downward
phase progression, which forms the observed layer shape. It
is likely that the direct recombination with electron converts
Fe' to Fe during the dark polar night. Geomagnetic activities
like aurora may have played roles in the observed events.
Quantitative explanations of these events require detailed
modeling studies of Fe" source and layering, Fe formation
and loss, gravity wave source and propagation, and the
transport of Fe" and Fe at high latitudes, along with simul-
taneous measurements of Fe, Fe' and electrons. Certainly,
the observations of neutral Fe layers, elevated neutral tem-
peratures and gravity waves in the thermosphere over
McMurdo challenge our understanding of upper atmosphere
chemistry, composition, dynamics and thermal structure.
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