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We present a new rocket instrument which measures total atmospheric density with great precision and resolution
by Rayleigh scattering of infrared light. Comparison with a ground-based lidar shows: (a) both instruments measure
the same physical parameters, even though they have different integration times and volumes. (b) The observed
density structures change little over the course of an hour and the horizontal distance of 14 km. The rocket instrument
has a basic vertical resolution of approximately 8 m and a number density precision of 4.2 · 1019 m−3. Above 56
km we integrate over an increasing vertical range, reaching 80 m at 70 km. The measured number density profile
shows remarkable alternations between very stable layering and metastable layering (adiabatic lapse rate) in the
atmosphere between 52 km and 71 km. Comparison with the hodograph of the horizontal wind profile measured
by a falling sphere 29 minutes later shows that the metastable height regions coincide with height regions where the
hodograph deviates from an ideal spiral. The observation is tentatively interpreted as a gravity wave that is saturating
(or encountering a critical level) in these height regions. The comparison of the fine-scale neutral number density
observations with measurements of ion density by electrostatic skin probes on board the same vehicle shows a
number of ion density enhancements in the stably-layered height regions. With one exception out of six cases, these
enhancements occur where the vertical gradient of the meridional wind would collect positive ions as in sporadic E
layers. This may be the first observation of such ion density enhancements in the height region 55 to 70 km.

1. Introduction
The density structure of the mesosphere is routinely mea-

sured by ground-based lidars with height resolutions of typ-
ically 100 m and a time resolution of one to several hours
(e.g., Fiedler et al., 1997). VHF radars (e.g., Hoppe and
Fritts, 1995), MF radars (e.g., Manson and Meek, 1987;
Fritts et al., 1998; Vincent et al., 1998) and meteor wind
radars (e.g., Nakamura et al., 1996; Chang and Avery, 1997)
are capable of routinely observing wind profiles in the upper
mesosphere and lower thermosphere, (VHF radars only in
summer). The radars have typical height resolutions of one
to several km, and time resolutions from 10 minutes to an
hour. For small-scale studies of the mesosphere, and at short
time scales, in-situ methods are necessary. This has been
done by rocket instruments measuring trace constituents like
ions or electrons (PIP, EPIP; Blix et al., 1990) and total num-
ber density (TOTAL, CONE; Giebeler et al., 1993). The
rocket instrument to be described here, TROLL, measures
the atmospheric total number density by Rayleigh scatter-
ing of near-infrared light. The results from this instrument
are therefore independent of the ionisation state of the atmo-
sphere.
The instrument was developed at the Norwegian Defence

Research Establishment and launched on 12 October 1997 at
01:19 UT as part of the German-Norwegian rocket campaign
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RONALD. The launch took place at Andøya Rocket Range
at 69.28◦N, 16.01◦E. A second instrument was launched on
31 January 1998.
In this paper, the data from the TROLL instrument will be

interpreted alongwith ionmeasurements performed from the
same payload, withwindmeasurements from a falling sphere
launched 29minutes after RONALD, and with ground-based
lidar measurements of atmospheric number density from the
ALOMAR RMR lidar done before, during, and after the
RONALD launch.

2. Experiment Description
2.1 TROLL design and performance
Figure 1 shows a sketch of the measurement geometry.

The scattering volume is determined by the divergence of
the laser beam and the field of view of the detector, as well as
their geometric orientation. The latter is chosen in such away
that photons scattered inside the vehicle’s shock front do not
reach the detector. The laser is pulsed for technical reasons,
and to estimate the background signal between laser pulses,
but no range information is used from the pulses. Figure 2 is
a photograph of the instrument. The section is 60 cm long,
has 44 cm diameter and weighs 60 kg (see Table 1).
The cross section for Rayleigh scatter decreases with the

fourth power of the wavelength. The number of photons per
Watt increases linearly with the wavelength. Therefore, the
maximum number of scattered photons is achieved by max-
imising the product of available output power divided by the
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Fig. 1. Geometry of rocket-borne lidar instrument. The scattering volume is the geometric overlap between the laser beam and the detector field of view.

Fig. 2. The TROLL instrument: 1. Transmitter collimating lens.
2. Circulation pump. 3. Coolant container. 4. Laser power-supply.
5. Receiver lens. 6. Avalanche photodiode detector housing.

third power of the wavelength. At the time of purchase, a
diode laser array near 800 nm was near the maximum of
this parameter. Typical airglow spectra have an intensity of
50–70 Rayleigh/nm at 800 nm, and typical aurora 150–700
Rayleigh/nm (Taylor and Henriksen, 1989). Both airglow
and auroral spectra have a local minimum at 800 nm, com-
pared to the 780 nm–820 nm that were available as laser
wavelengths. The instrument was designed for background
light levels of 300 Rayleigh/nm, therefore there should not
be strong aurora at the time of launch, and the moon should
be below the horizon, as viewed from the upper cloud surface

Fig. 3. The vertical smoothing necessary to achieve a given number density
precision. The thick, stepped line between 8 m and 1 km shows the
smoothing that was applied to the data used in this paper. The full, slanted
line shows the smoothing that is necessary to achieve a 1% precision in
number density, the dotted line below is for 0.1% and the dotted line
above for 10% precision, respectively. Typical profiles of the buoyancy
scale LB and the inner scale l0 are shown for reference.

or from ground level. Furthermore, the sun must not directly
illuminate the instrument at any time, that is, the sun must
be below the horizon viewed from apogee.
Laboratory calibrations showed that the standard deviation

of absolute number density is 4.2 · 1019 m−3 at all heights.
This is the atmospheric number density near 93 km (signal
to noise ≈1; standard deviation of relative number density
=100%). At 56km, the standarddeviation is 10−3 = 0.1%of
the total number density. This number was confirmed from
the actual atmospheric observations. After the removal of
datapoints that were obviously influenced by microphonics
in the payload or other interference (<4% of the data points),
the distribution of differences between adjacent datapoints
was approximately Gaussian with a standard deviation of
4.2 · 1019 m−3.

As the number density uncertainty can be improved by
averaging over several samples, there is a trade-off between
height resolution and density resolution. Figure 3 shows
the vertical smoothing necessary to achieve a given standard
deviation of the relative number density, 1% as a solid line
and 0.1% and 10% as dotted lines. Representative values for
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Table 1. Instrument characteristics.

Physical dimensions

Section length 60 cm

Section diameter 43.8 cm

Section mass 60 kg

Transmitter 20-bar stacked-array diode laser

Peak output power 500 W

Pulse length 459 μs

Pulse rep rate 135 Hz

Duty cycle 6.2%

Average power 31 W

Wavelength 805 nm

Bandwidth >90% of energy within ±4 nm

Divergence after collimation ±4.2◦

Receiver

Detector Large-area avalanche photodiode

Detector diameter 10 mm

Quantum efficiency 80%

Responsitivity 0.52 A/W

Gain 200

Dark current at −20◦C 2 · 10−9 A

NEP 3.8 · 10−19 W/Hz0.5

Objective diameter 20 cm

f-number 1.16

Field of view ±1.3◦

Interference filter bandwidth 10 nm

Range to scattering volume 2 m

Trajectory

Spin rate 0.1 s−1

Apogee 121 km

Nominal observation range 50 km to apogee

Velocity at 50 km 1200 m/s

Velocity at 75 km 950 m/s

Sample spacing at 50 km 8.9 m

Sample spacing at 75 km 7 m

Performance

Single-sample error bar 4.2 · 1019 m−3

Observation range this analysis 52 km to >75 km

Possible observation range 20 km to 92 km
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Table 2. RMR Lidar instrument parameters.

Transmitter

1 single-mode cw Nd:YAG seeder laser:

Spectral stability better than 10−8 at 532 nm by iodine absorption spectroscopy

2 injection seeded pulsed Nd:YAG power lasers:

Repetition rate 30 Hz,

Spectral width <70 MHz at 532 nm,

Beam pointing stability <20 (rad for each axis before beam widening,

Beam diameter 200 mm with full divergence <100 μrad after beam widening.

Wavelengths:

1064 nm, pulse power/energy/width 11.0 W/360 mJ/15ns,

Elliptically polarised

532 nm, pulse power/energy/width 12.0 W/400 mJ/12 ns,

Horizontally polarised

355 nm, pulse power/energy/width 6.5 W/215 mJ/10 ns,

Vertically polarised

Telescopes

2 quasi-Cassegrain telescopes:

Diameter 180 cm, field-of-view <180 μrad full angle

1 telescope: Diameter 60 cm, field-of-view 190–560 μrad, optional, full angle

1 telescope: Diameter 50 cm

Detectors

12 RMR channels in photon counting mode:

Detected wavelengths: the same as emitted at 1064, 532, 355 nm

Vibrational Raman lines for N2 at 387, 607 nm

Vibrational Raman line for H2O at 660 nm

Rotational Raman lines for air at 529.1, 530.4 nm

Spectral widths: ≈10 pm at 1064 nm, ≈4 pm at 532 nm, ≈4 pm at 355 nm

Resolution: 150 m in altitude, 167 s in time

1 Doppler wind and temperature system (DWTS) channel at 532 nm

the buoyancy scale LB and the inner scale l0 are also shown
for reference. Below56km, the error bar is smaller than 0.1%
even for single samples without smoothing. For the analysis
presented in this paper, we have chosen to consider only
height resolutions up to 1 km. We have therefore smoothed
our data as shown by the thick solid line, with no smoothing
below 56 km, and smoothing over 125 samples above 82 km.
The smoothing was realised with a non-recursive low-pass
digital filter with the number of terms adapted to the varying
value of the cut-off frequency.
The background is sampled 15 times between laser pulses.

The background during each laser pulse is estimated from
a linear regression of the background measured before and
after each pulse. Although the raw data contains significant
airglow signal each time the detector is looking horizontally

(once every 5 s), this background is precisely subtracted by
our algorithm.
The output power of the laser ismonitored by a photodiode

staring at the emitting surface from the edge of the cone of
light transmitted.
A detailed technical description of the instrument is given

by Eriksen et al. (1999).
2.2 Electrostatic skin probes
Two electrostatic skin probes were flown on the RONALD

rocket payload. One measured electrons, the other positive
ions. Both probes consisted of a circular plate collectorwith a
diameter of 6 cmand an outer guard ringwith awidth of 4mm
and an outer diameter of 7.5 cm. The electron probe collector
and the guard ring were biased by +6 V with respect to the
payload skin (floating potential) while the ion collector and
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Fig. 4. Observed relative number density profile from TROLL and from the ALOMAR RMR lidar. Heavy line: TROLL 1, 12.10.97 01:19 UT, upleg.
Dashed line: RMR-lidar 00:50–01:50 UT. Arrows refer to discussion in Section 4, Table 3, and Fig. 8, below.

guard ring were biased by−6 V. The guard ring is necessary
in order to have a well-defined electric field configuration in
front of the collector plate. Both probes were mounted flush
with the skin of the payload such that the supersonic plasma
flow around the payload was directed approximately 90◦ to
the collecting electric field of the probes. This configuration
has to our knowledge not been flown before, but calibration
testswere performed in the plasma chamber at theNorwegian
Defence Research Establishment prior to launch. In this
paper we will use the measured current directly to compare
relative ion density with the neutral density measured by
the TROLL experiment. The sampling frequency of both
probes was 2170 Hz, giving a spatial resolution of better
than about 0.5 m, taking into account the vehicle velocity,
which was nearly 1000 m/s in the altitude range of interest.
The electron probe was designed to measure a current in the
range 5 ·10−11 A to 5 ·10−5 A, and the ion probe in the range
5 · 10−11 A to 5 · 10−6 A. Both probes had automatic gain
control between 1× and 1000× in steps of 10 and a 14-bit
ADC. In addition, 2 bits were used for range indication.
2.3 ALOMAR Rayleigh/Mie/Raman lidar
The ALOMARRayleigh/Mie/Raman lidar (RMR lidar) is

part of the ALOMAR facility (Thrane and von Zahn, 1995;
von Zahn, 1997) at Andøya (69.28◦N, 16.01◦E) in Northern
Norway and has been developed and is being operated jointly
by research groups from Germany, the United Kingdom and
France. The systemwas designed for long-term observations
of the Arctic middle atmosphere on a climatological basis
in the altitude range from 10 to 90 km. To obtain as many
atmosphericmeasurements as possible, theRMRlidar is used
in a routine observation mode. In June 1994 the RMR lidar
collected the first atmospheric data and since January 1995
it has been in routine operation.
For a more detailed description of special system features,

see Table 2, Fiedler et al. (1997), Rees et al. (1997) and
Fiedler and von Cossart (1998).
The air density and temperature profiles used in this paper

have been obtained from the RMR channels at 532 nm.
2.4 Falling sphere
The falling sphere technique has been described in the lit-

erature (Schmidlin, 1991; Lübken et al., 1994). The sphere,
made of metallised mylar, is typically released at 110 km
altitude and inflated to 1 m diameter. It passively falls in the
atmosphere, and its descent trajectory is tracked by a high-
precision radar. From the radar-determined position the first
and second derivatives of the sphere trajectory with respect
to time are obtained, which are then used in the equations
of motion to determine atmospheric density and horizontal
winds. Temperatures are obtained by integrating the density
profile assuming hydrostatic equilibrium.

3. Observed Profile of Neutral Number Density
Figure 4 shows the ratio of observed number density to

model number density from our instrument in the full line
with the greatest height resolution. The smallest-scale fluc-
tuations by about ±0.1% are due to the instrumental noise
described above. CIRA 1986 was chosen as a model sim-
ply to emphasise variations from an established reference
profile. For this purpose, it does not matter if CIRA 1986
describes a good climatological mean at high latitudes or not
(Lübken and von Zahn, 1991). The observed profile clearly
shows the height resolution decreasing at greater heights due
to the filtering described above. The dashed profile is from
the ground-based ALOMAR RMR lidar, where the data has
been integrated for one hour centred on the time of launch.
There is surprisingly good agreement between the profiles
measured by the rocket instrument and the ground-based in-
strument, given the following differences in observing con-
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Fig. 5. RMR lidar profile during launch, as Fig. 4, solid line. RMR lidar profiles from the preceding and succeeding hours, dotted lines. The latter two
have been displaced by −0.05 and +0.05, respectively, for clarity.

ditions: The rocket instrument TROLL observed during a
25-s time interval along a trajectory located approximately
14 km north of ALOMAR and the ALOMAR profile is av-
eraged for one hour. The deviations by 2% near 61 km and
by 6% at 69 km and 10% near 71 km may be due to the
differences in space and time in the presence of (assumed)
slowly propagating waves, as is suggested by the ALOMAR
RMR profiles from the hour before and after (Fig. 5).
Neither the ALOMAR RMR lidar nor the TROLL in-

strument are calibrated precisely enough to give an absolute
number density profile. Therefore, the relative number den-
sity profiles are normalised to a standard atmosphere at one
height. We use the COSPAR International Reference At-
mosphere (CIRA). The standard calibration height used for
the RMR lidar is 40 km. The TROLL instrument could not
measure as low as that, so we chose 52.5 km as a calibration
height, where the RMR lidar profile happened to be equal
to the CIRA value at that time. The absolute agreement be-
tween the RMR and TROLL number density profiles is due
to this calibration, but the agreement in height and relative
change of the variations is of geophysical significance. It
shows that the observed density structures persist for a time
period of an hour or more, and that their horizontal scale is
greater than some tens of km.

4. Discussion
The observed relative number density profile fromTROLL

is expanded in Fig. 6. The full lines marked � show the rela-
tive density profile for an adiabatic lapse rate. If the relative
density were to increase with height faster than shown by
this line, the atmosphere would be statically unstable. These
gradients have been determined as the ratio of the density
gradient of the adiabatic lapse rate at the actual temperature
(from the RMR lidar) to the density gradient of the adiabatic

lapse rate in CIRA86. At 57 km, the choice of density ratio to
CIRA as a coordinate leads to the curious fact that � is more
negative than CIRA. The reason is that the actual tempera-
ture at this height was larger than CIRA. Note that the actual
adiabatic lapse rate or its density gradient do not depend on
CIRA at all, we only need CIRA to identify unstable regions
in this plot. Areas of very stable layering with

∂(density ratio)

∂z
< 0

are separated by areas of metastable layering(
∂(density ratio)

∂z

)
∼= �.

Intermediate gradients exist only at few heights. One pos-
sible interpretation is that a number of turbulent regions (or
regions that have recently been mixed by turbulence) are in-
terspersed with very stable layers. Turbulence would drive
the density gradient towards the adiabatic gradient. Then
very stable gradients would be required to connect the gra-
dient in the turbulent regions to the average background gra-
dient.
From measuring the relative vertical distances in Fig. 6

between maxima, minima, and maxima and minima of the
gradient, respectively, another possible interpretation can be
proposed: Figure 6 may show the signature of a saturated
gravity wave of approximately 5 km vertical wavelength (3
km below 58 km, 6 km above). Due to the saturation, the
relative density profile is sawtooth-shaped instead of har-
monic. In order to test this last hypothesis, we have plotted
the horizontal wind data from a falling sphere launched at
01:48:00 UT in hodograph format (Fig. 7). The wind profile
below 50 km is a fairly regular clockwise spiral (not shown
here), as expected for a non-saturated gravity wave. From
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Fig. 6. Expanded relative number density profile with alternating stable and metastable layers.

50 km to 53 km and from 67 km to 70 km, we also see pieces
of a regular, clockwise spiral, which is stretched WSW to
ENE. The spiral contains nearly one full rotation from 50
km to 53 km, lending independent support to the 3-km verti-
cal wavelength proposed from the TROLL data. The ratio of
the axes of the spiral is approximately two to one. Between
53 km and 67 km, the spiral has been distorted with at least
four changes of the sense of rotation. The zonal wind com-
ponent is close to 60 m/s in this whole height region. The
metastable height regions from Fig. 6 are marked as thick
lines in Fig. 7. Note that the height regions most distorted
from a spiral are metastable in Fig. 6. Note also that all of
these height regions have a zonal wind of approximately 60
m/s, independent of the meridional wind. A possible inter-
pretation is that a wave with a phase speed of approximately
60 m/s towards eastnortheast is interacting with the back-
ground mean flow, accelerating the mean flow towards that
value. More work is needed to verify these hypotheses.
We now turn to another aspect of the TROLL data: The

height regions near 69.6 km, 67.3 km, 64.6 km, 61.3 km, 57.2
km, and 55 km are shown by arrows in Fig. 4. The six panels
of Fig. 8 show the ion current measured with the skin probes
in the same height ranges. Note that we have pronounced
enhancements of the ion density in the stably stratified re-
gions (negative gradient of density ratio to CIRA), except at
55 km. We have other stably stratified height regions where
we do not observe ion density enhancements. If there is
an ion layering mechanism at work at a given height, the
layer will be destroyed by turbulence if the atmosphere is
unstable, but the layer can build up where the atmosphere is
stable. Evidently we need both a layering mechanism and
a stable atmosphere to create ion enhancements. Assuming
that the wind shear in the geomagnetic field is generating
the ion layers (as in a sporadic-E layer), we have listed the

Fig. 7. Hodograph of horizontal wind observed by falling sphere 29minutes
after RONALD launch. Altitude is given in km next to the graph. The
thicker lines correspond to the (nearly) unstable regions identified in
Fig. 6: 52.9–54.35 km, 55.65–57.2 km, 57.6–61.0, 65.52–67.1 km.

stable layers from Fig. 6 and the presence or absence of ion
maxima with the zonal wind gradient (Fig. 8) in Table 3. The
zonal wind is positive (towards east) in the complete height
region. With the northward component of the geomagnetic
field, this wind will drive positive ions upward. Where the
zonal wind decreases with height (du/dz negative), positive
ions are driven upward less at greater heights, concentrat-
ing them in a layer. We find five cases out of six that agree
with the assumptions made. The disagreement at 64.6 km
is small, as the zonal wind gradient is small. It is much
more likely for the wind gradient to change from a negative
value to +0.5 m s−1km−1 within the 29 minutes between the
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(a) (b)

(c) (d)

(e) (f)

Fig. 8. Ion current to the skin probe near 69.6 km (a), 67.3 km (b), 64.6 km (c), 61.3 km (d), 57.1 km (e), and 55 km (f).
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Table 3. Ion layering truth table.

Stable region Ion maximum du/dz Agreement

69.6 km yes −11 m s−1km−1 yes

67.3 km yes −10 m s−1km−1 yes

64.6 km yes +0.5 m s−1km−1 no

61.3 km yes −3 m s−1km−1 yes

57.2 km yes −6 m s−1km−1 yes

55.0 km no +3 m s−1km−1 yes

Fig. 9. Zonal wind profile from falling sphere. The arrows mark the heights
in Table 3 and Fig. 8.

RONALD launch and the falling sphere than to change sign
from any of the other values in Table 3. Alternatively, there
could be an uncertainty of 0.7–1 m s−1km−1 in the observed
wind gradients. Figures 8(b) and (d) show three and one
other small enhancements of ion density, respectively, that
we do not have an explanation for.
Obviously, the influence of the dynamic processes on the

temporal and spatial variations in the plasma depends on the
lifetimes of the ions and electrons relative to the dynamic
time scales. This problem has been treated in some detail by
Fritts and Thrane (1990) and by Thrane et al. (1994). We
can make a rough estimate of the ion lifetime in the lower D-
region during the RONALD flight. The continuity equation
for positive ions in the D-region may be written:

dN+
dt

= q − αD + λαi

1 + λ
N2

+ = q − αeffiN2
+

where q is the ion production, λ = N−/ne the ratio of neg-
ative ion density to electron density, αD the dissociative re-
combination coefficient for water cluster ions, αi the ion-ion
recombination rate and αeffi the effective recombination rate.
The average lifetime of an ion is then τ = 1/(2αeffiN+).
We choose the following representative values, based upon
published values of λ, αD and αi, as well as the ion current
measurements by the skin probes, this time combined with

the laboratory calibration of these probes:
λ(60 km) 1000 Torkar et al., 1981

λ(70 km) 100 Torkar et al., 1981

N+(60 km) 5 · 107 m−3 Skin probe

N+(70 km) 3 · 108 m−3 Skin probe

αD 3 · 10−12 m3s−1 Torkar and Friedrich, 1988

αi 5 · 10−14 m3s−1 Conley, 1974
With these values, the typical lifetime of a positive ion is
200,000 s at 60 km and 20,000 s at 70 km, respectively.
This lifetime should be sufficiently long to collect the ions
in a thin layer, provided that molecular diffusion does not
redistribute the ions with a shorter time constant. The typical
time constant for molecular diffusion is

τm = L2

ν

where L is a length scale and ν the kinematic viscosity. At
70 km and for a layer thickness of 100 m the time constant
is τm ≈ 6 · 104 s.

5. Summary
The rocket instrument presented here, TROLL, measures

total atmospheric density with great precision and resolution.
Comparison with a ground-based lidar shows:
(a) both instruments measure the same physical parame-

ters, even though they have different integration times and
integration volumes.
(b) The observed density structures change little over the

course of an hour and the horizontal distance of 14 km.
The rocket instrument has a basic vertical resolution of ap-

proximately 8 m and a number density precision of 4.2 ·1019
m−3. Above 56 km we integrate over an increasing verti-
cal range, reaching 80 m at 70 km. The measured number
density profile shows remarkable alternations between very
stable layering and metastable layering (adiabatic lapse rate)
in the atmosphere between 52 km and 71 km. Comparison
with the hodograph of the horizontal wind profile measured
by a falling sphere 29minutes later shows that the metastable
height regions coincide with height regions where the hodo-
graph deviates from an ideal spiral. We tentatively inter-
pret this observation as a gravity wave that is saturating (or
encountering a critical level) in these height regions. The
comparison of the fine-scale neutral number density obser-
vations with measurements of ion density by skin probes
on board the same vehicle shows a number of ion density
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enhancements in the stably-layered height regions. A truth
table is shown testing the following hypothesis: “An ion den-
sity enhancement occurs every time the atmosphere is stably
layered and the horizontal wind gradient supports the wind-
shear/geomagnetic mechanism for sporadic E layers.” The
one disagreement out of six cases that we find has a very
small vertical gradient of the zonal wind of the wrong sign,
and may be due to changes in the wind profile over the 29
minutes. Thismay be thefirst observation of such ion density
enhancements in the height region 55 to 70 km.
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