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We report on the first observation of a descending layer of atomic potassium (K) in the thermosphere.
This observation was made with the K Doppler lidar at the Arecibo Observatory in Puerto Rico (18.35°N;
66.75°W) on 12 March 2005. The layer was first observed before 08:00 UT (04:00 AST) centered near
145 km with the vertical extent up to ∼155 km, and then it descended to near 126 km just over 2 h later
at dawn. The descent rate of 2.56±0.38 m/s matches the vertical phase speed of the GSWM09-computed
semidiurnal tide between 120 and 150 km. This also matches the descent rates of the thermospheric
semidiurnal tides measured at Arecibo. Although the K density above 120 km remains less than 1 cm−3,
its presence is unequivocal and has strong similarities to the neutral iron (Fe) layers in the thermosphere
over 155 km recently discovered by lidar observations at McMurdo, Antarctica. The thermospheric K
layer is plausibly explained by radiative electron recombination with Kþ within a tidal ion layer, which
descends with the downward phase progression of the semidiurnal tide. Based on the production rate of
K atoms and using current knowledge of tidal ion layer composition, we calculate an electron density of
near 5×104 cm−3 and Kþ concentration of 650 cm−3 at 135 km immediately prior to the layer formation.
This discovery of a thermospheric K layer, coupled with the McMurdo discovery of similar Fe layers, may
lead to a new approach to studying the thermosphere in the altitude range of ∼100–150 km with
resonance fluorescence lidars.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Observations of neutral metal atoms have been reported in the
lower thermosphere, up to 130 km as the ‘layer topside’ (Höffner
and Friedman, 2004,2005). These were first seen as the exponen-
tial decay of the topside of the main metal layer that is normally
observed from roughly 80 to 105 km and attributed to micro-
meteoroid influx (Höffner and Friedman, 2004). In addition,
specific events have been observed as high-altitude sporadic layers
that occur up to 120 km, above and separate from the main layer
(Collins et al., 1996; Gerding et al., 2001; Gong et al., 2003; Höffner
and Friedman, 2005; Ma and Yi, 2010; Wang et al., 2012). These
tend to exhibit downward phase propagation. From these obser-
vations, it appeared that neutral metal atoms did not exist above
about 130 km. However, a recent report by Chu et al. (2011) has
radically changed our view on the extension range of the neutral
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metal atoms and hint at their source. Their report on the lidar
observations of iron (Fe) over McMurdo, Antarctica, showed for
the first time distinct, concentrated descending layers of neutral
Fe atoms in the thermosphere, appearing at altitudes as high as
155 km with clear gravity wave signatures (Chu et al., 2011).
Lübken et al. (2011), in work focused on temperature tides in the
main Fe layer at Davis, Antarctica, reveal converged and descend-
ing Fe layers to 130–140 km, strongly supporting the McMurdo
discovery. It is evident from the McMurdo layers that there is a
relationship between ion layers enhanced in the descending phase
front of a gravity wave or tide and the observed thermospheric
neutral metal atom layers. Here, we report an event, similar to that
observed over McMurdo, of a distinct layer of neutral potassium
(K) atoms descending from ∼150 km in the thermosphere over
Arecibo.

The source of metal atoms and metallic ions in the thermo-
sphere is not resolved. Höffner and Friedman (2004) speculate on
a micrometeoric source, and that the observed high altitude
extensions were the result of direct meteor deposition of metal
atoms. Sputtering of high-velocity, low mass meteoroids is possi-
ble in the 120–160 km altitude range, and in this mechanism
ospheric descending layer of neutral K over Arecibo. Journal of
.1016/j.jastp.2013.03.002i
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Fig. 1. A log-density range-time color plot of the potassium concentration above
Arecibo on the night of 12 March 2005. The descending layer appearing above
145 km around 08:00 UT is the subject of this report.
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differential ablation is not a factor (Popova et al., 2007; Vondrak
et al., 2008). However, neutral atoms released by meteoroid
sputtering cannot directly account for narrow neutral layers in
the thermosphere because of the high contrast and descent of the
layers (Chu et al., 2011), although they may be a source for the
metallic ions at high altitudes. At tropical latitudes meteoric metal
ions are transported to the thermosphere by the equatorial
fountain effect (Martyn, 1955; Duncan, 1960). This is expected to
be limited to latitudes within about ±20° of the magnetic equator
(Hanson and Moffett, 1966). However, Carter and Forbes (1999)
have shown how this effect can contribute to the observed tidal
ion layers (TILs) over Arecibo, whose geographic location at 18.35°
N, 66.75°W is 28.5°N geomagnetic latitude.

Descending or tidal ion layers (TILs) are a ubiquitous feature of
the thermosphere between 120 and 200 km over Arecibo (Bishop
et al., 2000; Bishop and Earle, 2003; Mathews et al., 1993;
Mathews and Morton, 1994; Earle et al., 2000). These are regularly
observed with the incoherent scatter radar (ISR), but they have
also been studied with in situ measurements using sounding
rockets (Bishop et al., 2000; Roddy et al., 2007). They are thought
to consist largely of metallic ions (Behnke and Vickrey, 1975;
Tepley and Mathews, 1985; Bishop and Earle, 2003; Roddy et al.,
2007). TILs are generated by compression of ionization in the E
region by the descending phase front of a tide or gravity wave.
They are formed through the electrodynamic coupling among the
ions, the Earth's B-field, neutral wind shear, and local electric field
(Mathews, 1998; Carter and Forbes, 1999).

During the pre-dawn hours of 12 March 2005, a neutral K layer
was observed by the potassium resonance Doppler lidar in the
thermosphere above the Arecibo Observatory. It first appeared
around 08:00 UT (04:00 AST) centered at an altitude above 145 km
and extending to near 155 km. The layer centroid descended to
near 126 km at 10:14 UT, at which time observations were forced
to end due to sunrise. Throughout the observations, the observable
vertical extent of the layer was about 15 km. Until the observations
of thermospheric Fe layers above McMurdo, we took this event to
be a unique occurrence. The McMurdo events and the plausible
explanations by Chu et al. (2011) have convinced us that the
thermospheric K layer may not have been an anomaly, but may be
correlated to a tidal ion layer rich in Kþ ions, which enhanced
production of neutral K and made the layer detectable. The
description of that event, discussion of its possible nature, and
what this may portend for future studies of the thermosphere are
the subject of this paper.
2. Observations

The K Doppler resonance lidar at Arecibo has been described in
some detail (Friedman et al., 2003; Friedman and Chu, 2007). The
2005 observation of thermospheric K described here benefitted
greatly from the optimizations required for best performance of a
Doppler lidar, in that the signal is maximized through excellent
transmitter performance and finely adjusted receiver throughput,
and that background noise is minimized through finely tuned
spatial and spectral filtering. This lidar is thus sensitive to very low
metal densities (e.g., Höffner and Friedman, 2005), of under
0.1 cm−3 in 1.5 km bins and averaged over 12 min.

The observation discussed here is shown as the color contour plot
in Fig. 1. The K densities are plotted logarithmically with
6-min integrations and 1-km range resolution, having been boxcar
smoothed with a 12-min, 1.5-km window and rebinned from the
original 1-min×0.15-km resolutions. Observations started shortly
after midnight UT (20:00 AST), and the K layer morphology and
behavior throughout most of the night appear to be fairly typical. A
short-lived sporadic layer occurred around 103 km at about 01:00 UT
Please cite this article as: Friedman, J.S., et al., Observation of a therm
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and lasted for about 1 h. The upper extent of the main K layer at the
beginning of observations was just over 100 km, and following the
sporadic layer it climbed slowly, reaching over 110 km at dawn. The
sharp lower edge began at slightly below 80 km and lifted to about
84 km, while being modulated by wave activity. At the same time,
the main K layer peak presented an almost linear downward move-
ment from ∼95 km at ∼00:00 UT to �89 km at ∼10:00 UT.

Separate from the main K layer, and beginning prior to 08:00
UT, a weak (peak ∼0.15 cm−3) layer can be discerned centered near
145 km with a detectable vertical extent of over 10 km. The layer
descends and strengthens over the subsequent two hours, until
observations were forced to end due to sunrise (10:14 UT). At that
point, the layer was centered at 126 km, with a ∼20 km extent. The
peak density of the layer increased during this time to near
0.75 cm−3. To more clearly present the descending K layer,
Fig. 2 shows the data isolated to the thermospheric layer. Panel
(a) shows the data extracted from Fig. 1. For the contour in panel
(b), we removed high-frequency noise by decomposing the signal
in time and altitude and reconstructing the new signal (model)
without the high frequencies (noise) using Finite Fourier series.
This procedure was made possible by the fact that the measure-
ments displayed dominant periodicities. For the thermospheric K
density, its respective harmonics were calculated by altitude and
each harmonic was leveled using the altitude as reference (for
more details see Prado-Garzón et al., 2011). Panel (b) has a thick
black line that tracks the thermosphere layer altitude center of
mass, flanked by finer black lines showing the envelope within
which the center of mass was calculated. In panel (c), we plot the
center of mass altitude versus time along with a linear fit (red
line). The fit shows the K layer descending at a near-constant rate
of 9.20±1.36 km/h (2.56±0.38 m/s). Panel (d) of Fig. 2 shows the
peak K concentration as a function of time, which increases
throughout the measurement, as the layer descends.

In Fig. 3, we have plotted a single profile recorded in a 12-min
integration around 09:08 UT (05:08 AST). This profile, plotted on a
linear scale, shows the layer extent quite clearly from above ∼120 to
over 150 km, with a peak density of ∼0.55 cm−3. Integrating through
the individual profiles for data above 115 km (comfortably above the
lower layer), we are able to show the contribution of this thermo-
spheric K to the column abundance of K in Fig. 4. Up until almost
08:00 UT, there is no discernable K in the integrated data above
115 km, but after that time the K abundance rises rapidly, eventually
reaching over 106 atoms in a 1 cm2 cross-section column (values
below 0 in Figs. 3 and 4 are the result of the statistical noise and mean
background subtraction). The main K layer between 80 and 110 km at
09:08 UT exhibits a peak density and column abundance of 52.3 cm−3

and 3.1×107 cm−2, respectively.
ospheric descending layer of neutral K over Arecibo. Journal of
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Fig. 2. (a) Lidar data showing the thermospheric K layer only; (b) Lidar data after removing high-frequency variation in both time and altitude, and including the layer center
of mass (thick black line) as calculated between the thin gray lines; (c) Location of the layer center of mass in time and altitude plus a linear fit showing the descent rate and
error bars indicating the RMS uncertainty, and; (d) Peak density of the layer as a function of time with statistical error bars.
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Fig. 3. A profile cut of the K layer over Arecibo at 09:08 UT (05:08) AST. Error bars
show one standard deviation.
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3. Discussion

3.1. Tidal Characteristics of the thermospheric K layer

The descending phase speed derived from the thermospheric K
layer is measured to be 2.56±0.38 m/s (Fig. 2c), which is slower
than the descent rate of ∼10 m/s observed in the thermospheric Fe
Please cite this article as: Friedman, J.S., et al., Observation of a therm
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layer at McMurdo, but it is consistent with the semidiurnal tide
descent rate of ∼2.5 m/s as calculated by the Global Scale Wave
Model, GSWM09 (Zhang et al., 2010a,2010b). During the 1989
Arecibo Initiative in Dynamics of the Atmosphere (AIDA) cam-
paign, from April 9–10, ion layers were observed descending from
150 to 120 km at a rate close to 2.5 m/s (Mathews et al., 1993). In a
study of thermospheric tides over Arecibo, Zhou et al. (1997)
report a vertical wavelength of 110 km at 144 km for the semi-
diurnal tide in zonal winds, implying a phase speed of 2.55 m/s,
identical with the K layer discussed here. In this section we use
GSWM09 to evaluate the possibility that the thermospheric K
comes from Kþ in a TIL descending with the semidiurnal tide.

GSWM is a two-dimensional, linearized, steady state numerical
tidal and planetary wave model that extends from the ground to
the thermosphere (Hagan et al., 1995,1999). It solves the linearized
perturbation equations in the presence of a background atmo-
sphere, prescribed infrared and ultraviolet solar forcing, and
dissipation profiles. Nonmigrating atmospheric tides are simulated
in the earlier GSWM02 by including latent heat release associated
ospheric descending layer of neutral K over Arecibo. Journal of
.1016/j.jastp.2013.03.002i
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Fig. 5. GSWM09 computations of (a) amplitudes of diurnal (black) and semidiurnal
(red) temperature tides, (b) same as (a) except for vertical phase speeds in m/s at
Arecibo. The rectangle indicates the altitude range of the K observation.
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with deep tropical convection (Hagan and Forbes, 2002,2003).
New tidal solar radiative and latent heating rates based on the
observations from the International Satellite Cloud Climatology
Project (ISCCP) and Tropical Rainfall Measuring Mission were used
for the GSWM09 update, and the results are shown to capture
many observed features of tidal longitudinal variability (Zhang
et al., 2010a,2010b). This is important for the interpretation of
ground-based measurements. In this study, the semidiurnal tide
retrieved from the GSWM09 includes both migrating and nonmi-
grating components, with wavenumbers from −6 to þ6.

GSWM09 predicts that the amplitude of the semidiurnal
thermal tide dominates over that of the diurnal tide in the
thermosphere over Arecibo, as is shown in Fig. 5(a). Due to the
longer vertical wavelength of the semidiurnal tide when compared
to the diurnal tide, it is less susceptible to molecular viscosity in
the altitude range of 120–150 km, and thus has larger amplitude in
the thermosphere (Forbes, 1995). Fig. 5(b) shows the phase speeds
of the GSWM09-computed diurnal and semidiurnal tides as a
function of altitude (black and red lines, respectively). Most
notable is the near-constant descent rate of ∼2.5 m/s in the 130–
150 km altitude range for the semidiurnal tide, which is denoted
by the box surrounding the data. This is quite close to the 2.56 m/s
descent rate of the observed neutral K layer (black vertical dashed
line). The nearly constant phase speed of the semidiurnal tide
would explain the nearly straight phase line of the observed K
layer in this altitude range. In contrast, the vertical phase speed of
the diurnal tide gradually varies with altitude, and it is normally
1–2 m/s, much smaller than that of the observed descending K
layer. Given the large differences in phase speeds and amplitudes
between 12-h and 24-h tides, if this observed K layer is indeed
associated with tidal activity it is very likely that the semidiurnal
tide, not the diurnal tide, is responsible for its downward
progression.

The above tidal features predicted by GSWM09 are fully
consistent with the results of Zhou et al. (1997) on the semidiurnal
tides in the thermospheric zonal winds and temperatures over
Please cite this article as: Friedman, J.S., et al., Observation of a therm
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Arecibo. Furthermore, Harper (1981) and Zhou et al. (1997)
identify the semidiurnal tides as the strongest tidal component
at Arecibo above 110 km, in good agreement with the GSWM09
results. The weight of past observations, the most modern and
complete tidal modeling, and the characteristics of the observed
thermospheric K layer together paint a convincing picture that,
whatever the nature of the source and neutralization processes,
the thermospheric K layer reported here is closely connected to
the semidiurnal tide.

3.2. Formation of the thermospheric K layer

Descending thermospheric ion layers are tied to upward
propagating tidal or gravity waves and descend with the phase
progression of those waves. The waves produce compressed
regions of ionization at the node where the winds above and
below couple to the Earth's magnetic field and local electric field
to force ions together, and the enhanced concentration of ions and
electrons makes them detectable with instruments such as ISRs.
These layers are known to produce very high metal ion concen-
trations (Chimonas and Axford, 1968; Mathews and Bekeny, 1979;
Bishop and Earle, 2003), and if those concentrations are sufficient,
radiative recombination should occur at high enough levels to
make lidar-detectable neutral metal atom concentrations as
argued in Chu et al. (2011). Unlike the ions, the neutrals are not
electrodynamically tied to the wind node of the descending
gravity wave phase front, so there is no a priori reason to believe
that we are observing the same K atoms as the layer descends.
Rather, the continuing descent of the layer indicates production of
new K atoms, so recombination must continue as long as the
neutral metals are detectable. Because of the similar phase speed
as discussed above and considerable supporting evidence from
prior observations (e.g., Harper, 1981; Mathews et al., 1993; Zhou
et al., 1997), we hypothesize that the observed thermospheric K
layer is linked to a descending TIL rich in Kþ ions. However,
neither the tide nor a TIL alone is sufficient to explain the
observation of the thermospheric K layer as these are ubiquitous
and common features of the thermosphere above Arecibo, but the
layer is apparently a rare event at Arecibo. Thus, it is the purpose
of this section to determine conditions of a TIL that could result in
the observed K layer.

In our analysis below, we consider only ion-neutral chemistry
leading to net production of neutral K locally, neglecting horizon-
tal advection due to the one-dimensional nature of the observa-
tions. We base this analysis assuming the existence of a
thermospheric TIL, in which the ion concentration, or at very least
Kþ ion concentration, reaches a level where neutralization
exceeds ionization, and a detectable level of K atoms results. The
observation of neutral K in a descending layer above 130 km is
taken to be the result of production in a TIL through radiative
electron recombination, which is shown in Reaction R1. In order
for this mechanism to function, the production rate of neutral K
must exceed the ionization rate via charge transfer causing loss of
K. Reaction R2 shows the formula for charge transfer.

Kþþe−-Kþhv (R1)

KþMþ-KþþM(M¼NO, O2) (R2)

Formulating the net production rate results in Eq. (1):

R¼ kKþ ½Kþ �½e−�−ðkO2
þ ½K�½Oþ

2 �þkNOþ ½K�½NOþ �Þ ð1Þ

where R is the net production rate, kKþ is the radiative recombina-
tion rate coefficient, [Kþ] is the concentration of Kþ ions, [e−]
(also denoted as Ne) is the concentration of electrons, kOþ

2
and

kNOþ are the charge transfer ionization rate coefficients for M¼O2
þ

ospheric descending layer of neutral K over Arecibo. Journal of
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and NOþ , respectively, and [K], [O2
þ] and [NOþ] are the concen-

trations of each of these components of the reactions.
We evaluate the layer at an altitude of 135 km, which is indicative

of the production and where the signal-to-noise ratio is relatively
high. Figs. 1 and 2 indicate that at 135 km the initiation and peak of
the layer are both observed before sunrise. These are required for the
subsequent analysis. In Fig. 6, we show the production of K at 135 km
in both the original and filtered data (black and red circles,
respectively). The filtered data allow us to determine a starting time
for production of K. Fitting a line to the filtered data after that time
gives an estimate for the production rate for that altitude, in this case
R≈5�10−5 cm−3 s−1. Recombination by Reaction R1 is very slow,
with a rate coefficient of (Plane et al., 2006; Pavlov, 2012)

kKþ ¼ 2:63� 10–12 300=Te
� �0:9 cm3=s ð2Þ

Meanwhile, the rate coefficients for the molecular ions in
Reaction R2 are measured to be kOþ

2
¼5.6�10−9 cm3/s and

kNOþ ¼4�10−9 cm3/s (Delgado et al., 2006), as reflected in Eq.
(1). The substantially higher rates for charge transfer ionization
both put stringent requirements on the availability of Kþ ions and
support the assumption of localized neutralization.

At the time when production of neutral K begins, charge
exchange ionization of neutral K cannot occur because there are
no K atoms, so the second term on the right hand side of Eq. (1) is
zero, and the measured production rate is simply R¼ kKþ ½Kþ �
½e−� ¼ 5� 10−5cm−3s−1 with no loss term. Next, assuming that the
neutralization has negligible impact on the overall ionization, we
presume that this term is conserved during the layer lifetime.
Once neutral K atoms are produced, the second (depletion) term of
the right hand side of Eq. (1) kicks in. This leads to the equilibrium
state over two hours later, when the layer peaks so R¼0, and the
depletion term is also equal to 5×10−5 cm−3/s.

At this point, we employ the rocket-borne mass spectrometer
results of Roddy et al. (2007) to provide the molecular fractions.
They find that the fraction of O2

þ is nearly negligible (⪡1%) at the
altitudes of interest. This allows us to say, from the right hand side
of Eq. (1), that kNOþ ½K�½NOþ � ¼ 5� 10−5cm−3=s. At R¼0, [K] is
∼0.5 cm−3, which leads to the result that [NOþ]¼2.5×104 cm−3.
This value is high, considering the current reference model (IRI)
ambient value of ca. ∼600 cm−3 for Arecibo's location at this date
and time (Bilitza, 2001). However, Arecibo TILs have often been
observed with concentrations greater than 104 cm−3 (Earle et al.,
2000; Roddy et al., 2007).

Roddy et al. (2007) also found that molecular ions correspond to
roughly half of the ionization in the observed intermediate layers.
Please cite this article as: Friedman, J.S., et al., Observation of a therm
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Taking that assumption, we then determine that [e−]∼5×104 cm−3.
Applying this to the initial case, when t¼0, and employing NRLMSISE-
00 (Picone et al., 2002) to give us a value for electron temperature Te
of 544 K, we find that [Kþ]¼650 cm−3. Thus, Kþ constitutes ∼1.3% of
the total ionization (2.6% of the total metals). We have so far found
only one report of Kþ abundance in the thermosphere from rocket-
borne mass spectrometer measurements, which gives its concentra-
tion to be 0.33% of the measured metal ions (including Feþ , Naþ ,
Mgþ , Alþ , Kþ , Caþ , and Niþ), though these measurements represent
an integration from 70 to 115 km (Kopp, 1997). Therefore, the Kþ ratio
estimated above is about one order of magnitude larger than the result
of Kopp (1997). This is also the case when comparing to the neutral
metal concentration ratios between 110 and 125 km reported by
Höffner and Friedman (2004,2005). On the other hand, our estimate
is compatible with the results of Delgado et al. (2012), who show that
a sporadic E layer centered near 103 km above Arecibo contained
1.55% Kþ .

It is worth pointing out that the above results are based on the
assumption that the K production is solely achieved through
(direct) radiative electron recombination with Kþ ions. If it is
possible for dissociative electron recombination to operate, then
the Kþ concentration required could be much less than that
derived above. However, dissociative recombination is not antici-
pated for altitudes over 120 km, based on studies of Fe and K
layers (Plane, 2003; Zhou et al., 2008; Chu et al., 2011; Delgado
et al., 2012). Thus, we feel that radiative recombination is the only
effective neutralization process above 120 km, which in turn
demands high Kþ concentration. This requires convergence
of available ions in a layer, and a source of extra Kþ . Given the
1-dimensional nature of the observations, we do not know if
dynamical or electrodynamical effects may have converged back-
ground ionization horizontally. It is conceivable that horizontal
convergence could compress hundreds of km of ions down to tens
of km, thus concentrating Kþ to the required levels, though this
would in turn produce a much higher overall level of ionization.
Detailed investigation of such a mechanism is beyond the scope of
this paper and should be addressed in future collaborative model-
ing and observational efforts.

Finally, we investigated other possibilities of correlative data
that could indicate a source of the thermospheric K. Carter and
Forbes (1999) predicted that under highly-active circumstances
the equatorial fountain effect could reach Arecibo's latitude. This
would deposit metal ions from equatorial regions to higher
latitudes, and potentially seed the observed layer. Total electron
content (TEC) measurements reveal the fountain effect by detect-
ing the geographic distribution and dynamics of TEC. However,
investigation of TEC data for this period (not shown here) found no
activity to indicate an active fountain effect.
4. Conclusions

We have reported on a March 2005 observation of a thermo-
spheric layer of neutral potassium atoms descending from an
altitude centered near 145 km, with upper extent reaching
155 km, to about 126 km. Although the K density above 120 km
is less than 1 cm−3, its presence is unequivocal and has strong
similarities to the lidar observations of thermospheric Fe layers at
McMurdo, Antarctica (Chu et al., 2011). This is, to our knowledge,
the first observation of such a phenomenon of a K layer in the
thermosphere above 130 km. In contrast to the multiple phase
fronts of the descending thermospheric Fe layers observed at
McMurdo, the downward phase progression of the K layer was
observed only once because Arecibo observations were ended by
sunrise. While the McMurdo Fe layers exhibit a clear gravity wave
downward phase progression, the Arecibo K layer morphology is
ospheric descending layer of neutral K over Arecibo. Journal of
.1016/j.jastp.2013.03.002i
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similar to that of the GSWM09-computed semidiurnal thermal
tide, as both have descending rates near the measured 2.5 m/s.
Furthermore, the observed K layer shape and phase speed are also
very similar to prior observations of semidiurnal tides and tidal ion
layers at Arecibo. This leads us to hypothesize that the descending
thermospheric K layer is possibly the result of neutralization of Kþ

ions within a tidal ion layer that descends with the downward
phase progression of the semidiurnal tide. With this hypothesis,
we have computed the ion density at 135 km, assuming radiative
electron recombination as the neutralization process and charge
transfer from NOþ to K as the ionization loss process. By
considering only ion-neutral chemistry leading to net production
of neutral K locally while neglecting horizontal advection due to
the one-dimensional nature of the observations, our estimate
requires a moderately strong TIL with peak ion densities exceeding
5×104 cm−3 and a Kþ ion concentration of 650 cm−3 at 135 km.

Combining these characteristics with the thermospheric K layer
morphology and descent rate, we find it convincing that the
observed neutral K is the product of neutralization of Kþ ions
within a TIL carried downward by the semidiurnal tide. However,
TILs are common over Arecibo, while this neutral layer is a rare
event. In over 150 nights and 1000 h of K lidar observations at
Arecibo, we have only one such detection of a descending thermo-
spheric K layer above 130 km. This implies that this particular TIL
was unusual, and its unusual characteristic is in the Kþ concen-
tration. The calculated Kþ concentration (650 cm−3) corresponds
to 1.3% of the total ions (2.6% of the metals), which is about an
order of magnitude higher than other measurements of metal ions
in the thermosphere. Because K layers are observed occasionally as
high as 130 km at Arecibo, there is likely a metal ion reservoir that
acts as a source for these layers. As it is known that Feþ and Mgþ

dominate the converged ion layers in the E region, thermospheric
layers consisting of neutral Fe should be far more observable than
those consisting of K. This is borne out in the Antarctic observa-
tions (Chu et al., 2011; Lübken et al., 2011). Furthermore, near-
ideal observing conditions are required to detect the low signals
when atom densities fall under 1/cm3, and such conditions are
present for only a fraction of the ∼1000 h of total data. This will
certainly impact the detection frequency of thermospheric metal
layers. Nevertheless, as noted above we have found a number of K
layers that reach above 120 km, even as high as 130 km at Arecibo.
Therefore, neutral metal atom layers in the thermosphere prob-
ably occur more frequently than they are observed, and it is
probable that if observed in Fe (or even Na), they will be seen
with higher frequency.

These results point to a potential opportunity for the resonance
lidar community. There is a great desire to extend the altitude range
of lidar detection to 100–200 km. We hope this may be partly
addressed through the discovery of metal atoms in the thermo-
sphere. Resonance lidars for the detection of meteoric metals have
greatly matured and are broadly distributed throughout the world. In
particular, the development of resonance fluorescence Doppler and
Boltzmann lidar technologies have enabled the probing of winds
and temperatures. Considerable progress has been made in improv-
ing system efficiencies, which are now getting close to theoretical
optimum. Should these improvements result in more detections of
neutral metal atom layers above 110 km, we see this as potentially a
new method to study the thermosphere, measuring neutral tem-
peratures and winds along with metal atom densities by resonance
fluorescence lidar.
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