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Abstract. The second Sporadic E Experiment over Kyushu namic parameters in a quasi-periodic (QP) radar echo event.
(SEEK-2) was carried out on 3 August 2002, during an ac-Radar echoes of this type were first identified unambiguously
tive sporadicE event that also showed quasi-periodic (QP) by Yamamoto et al(1991, 1992, although some earlier stud-
echoes. Two rockets were launched into the event fromies, such as that bRiggin et al.(1986, also showed evi-
Kagoshima Space Center in southern Japan 15min apartlence of similar structure, but these studies only provided
Both carried a suite of instruments, but the second rocket alsmmeasurements of some parameters, such as the radar echo
released a trimethyl aluminum (TMA) trail to measure the morphology or Doppler shifts. The first SEEK campaign, on
neutral winds and turbulence structure. In a number of earliethe other hand, provided measurements of a broad range of
measurements in similar conditions, large winds and shearparameters, including the detailed electron density structure,
that were either unstable or close to instability were observedhe electric fields, and the neutral wind profile across the alti-
in the altitude range where the ionization layer occurred. Thetude range where the sporadiclayer and QP structure were
SEEK-2 wind measurements showed similar vertical struc-detected by ground-based coherent scatter radar.

ture, but unlike earlier experiments, there was a significant - A important conclusion of the earlier experiment was that
difference between the up-leg and down-leg wind profiles.ihe enhanced ionization layer was found in a region of strong
In addition, wave or billow-like fluctuations were evident in ghear  The collocation of the shear layer and the sporadic
the up-leg p(_)rtlon of the trail, while the lower portion of the layer was not unexpected, of course (see, @bitehead
down-leg trail was found to have extremely strong turbulence; 97q and references therein), but the magnitude of the shear

that led to a rapid break-up of the trail. The large east-wes{y a5 |arge enough to suggest that Kelvin-Helmholtz billows
gradient in the winds and the strong turbulence have not beeﬁ/ere likely to be present in the altitude range where the ion-

obsgrvgd before. Thg vyind profiles and shears, as well as thg i1, layer was foundL@rsen et al.1998. These results
qualitative characteristics of the strong turbulence are prejgq Larsen(2000) to re-examine the data available from past
sented, along with a discussion of the implications of the dy-,, ket and radar measurements made in sporBdiondi-
namical features. tions, which consistently showed neutral wind shears in the
Keywords. lonosphere (Mid-latitude ionosphere; lono- Vicinity of the layers that were either unstable or close to
spheric irregularities; Electric field and currents) instability in the Richardson number sense. In fact, the ob-
served characteristics of the QP echo structures show spa-
tial structures and periodicities that are in general agreement
with those that would be expected for shear layers with the
vertical gradients and shear magnitudes that have been ob-

. . . served. Larsen(2000 therefore suggested that the neutral
The first Sporadic-E Experiment over Kyushu (SEEK) shear instability could be responsible for the initial vertical

(Fukao et al.1998 was carried out in August 1996 and pro- ispiacements of the ionization that would seed the plasma
vided the first comprehensive measurements of the electrodylhstabimy responsible for the coherent radar echoes.

1 Introduction

Correspondence tayl. F. Larsen The dynamics and instability processes responsible for the
(mlarsen@clemson.edu) QP echo phenomenon are still not clear. Recent modeling
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Aug. 032002 az=30 Tanegashima-S though a number of earlier experiments have provided wind
) \ LU TR o0 measurements in sporadit-or QP conditions, the condi-
20 25 tions observed in SEEK-2 showed significantly more vari-

e ability and larger gradients than in those earlier experiments

and thus provide additional information about the range of
25 variation that can be expected.
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100 Iy — 160
\A e v § The SEEK-2 launches were carried out during the night of 3
% ’ " "\Q; w140 August 2002, from Uchinoura Space Center in the southern
L L | | , L ] part of Kyushu Island in Japan. The coherent scatter radar
s 0 BB B 0000 0015 00:30 echoes from a 32-MHz radar during the launch event are
Time [LT] shown in Fig.1. The radar was located at the southern end of

Tanegashima Island. The echoes show typical QP echo struc-
Fig. 1. Coherent scatter radar echoes shown as a function of ranggres with striations that slant toward the radar with increas-
and time for the event studied in the expeniment. ing time and periodicities of 5-10 min between adjacent stri-

ations. The direct measurement provided by the radar is the

range to the echoes, which is shown in the right-hand scale in
results have shown that large polarization electric fields carthe figure. If the scatterers are aligned with the magnetic field
develop in conditions that are representative of sporadic- lines, as expected, then the perpendicularity condition can be
(see, e.gYokoyama et al.20043ab, 2005. Other studies used to convert the range measurement to corresponding al-
have developed the theory for new types of instabilities (seetitude, shown on the left-hand scale in the figure. The mea-
e.g.Kagan 2002 Tsunoda et a.2004. The instability de-  surements then indicate that the strongest scatter was from
scribed byTsunoda et al(2004 and references therein) is the altitude range betweer98—105 km. The radar observa-
particularly notable because it predicts the prevalent northtions are described in much greater detail in the companion
west to southeast orientation of the QP echo structurespaper bySaito et al(2005, as well as in the overview paper
Whichever mechanism or combination of mechanisms ulti-by Yamamoto et al(2005
mately provides the best explanation of the physics, it seems There were two launches in the SEEK-2 experiment. The
clear that the neutral winds are critical to the electrodynamicsirst rocket carried a compliment of instruments only and
and plasma physics of the sporadiclayer. Larsen(200  was launched at 23:24 LT (s&mamoto et a).2009. The
has shown that the winds and shears in the altitude ranggecond rocket carried instruments and a trimethyl aluminum
from 90 to 120km are larger than those predicted by gen{TMA) canister that released a trail used to measure the neu-
eral circulation models or tidal theory, presumably becauseral winds in the lower E region. The launch of the second
of gravity wave breaking or other small-scale instabilities rocket was at 23:39 LT, shown by the red arrow in BigThe
(e.g.Larsen et al.2004 that are not treated adequately by the flight of that rocket and the time during which the trail was

models or theory. The somewhat limited set of neutral windyisible thus occurred during a period when the echoes were
profile measurements made in sporaliconditions suggest  strongest.

that the shears and wind speeds in those conditions are at the The geometry for the experiment is shown in Fig.The

extreme end of the range, i.e. the shears and wind speeds aggherent scatter radar was located in the southern part of
consistently larger than the average values for that part ofranegashima, the launch site was at Uchinoura, and the
the atmosphere. In addition to acting as a driver for currentsocket trajectory is shown by the light line that extends east-
and electric fields, the large shears also provide a mechanisipytheastward from Uchinoura. The section of the trajectory
for generating structure within and vertical displacements ofyyhere TMA was released is shown as a thicker line. The re-
the ionization that can serve as a Seeding mechanism for th@ase was continuous across the f||ght apogee, so there was
various instabilities that have been proposed as an explang section near the midpoint of the trajectory where the trail
tion for the QP echoes. Random gravity waves can serve thgas close to horizontal. The map also shows the location
same purpose, but the Kelvin-Helmholtz billows have the ad-of the camera sites that were used for the observations and
vantage that they would be generated by the same shears thgfibsequent triangulation of the trail, namely Tanegashima,
are associated with the sporadic layers so that the seeding i$chinoura, and Kochi.
directly related to the same processes that are responsible for The electron density profiles measured during the flight
the electrodynamic and plasma instabilities. are shown in Fig8 and4. The peak layer density occurred
The objective of the SEEK-2 experiment was to provide near 102 km with peak values exceeding &2 on the up-
a set of comprehensive measurements of the electrodynamleg portion of the flight and slightly lower peak values on
and plasma parameters in the environment that produces Qe down-leg. There are several secondary layers, the most
echo structure, as described Yymamoto et al(2005. Al- prominent being the one located near 105 km on the up-leg.
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Fig. 2. Map showing the rocket trajectory and camera sites. The co-
herent scatter radar was located at the southern end of Tanegashima 80 ~- P ] ., — PE—
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Electron Density ( /cc)
S310-32 NEI
2002/08/03  23:39JST Fig. 4. Electron density measured on the rocket during the down-leg
160 T T portion of the flight. Values are in units of cm
Ascent

jectory. The release occurred over a period of a few min-
140 utes. The TMA was visible for approximately five to thirty
minutes, depending on the altitude. The triangulation was

= carried out using images from the three sites shown inZig.
=2, Because the apogee was very low, below 120 km, the top part
2120} 1 of the trail was nearly horizontal, making it difficult to trian-
§ o= ] gulate. The results presented here are therefore limited to
e s B .. SN 1 altitudes at and below 110 km where the trail was more ver-
155§ — ] tical and there was a clear separation between the up-leg and
100 e T - k down-leg sections of the trail.
— § The up-leg wind profile produced by the triangulation pro-
= cedure is shown in Figs. The winds are relatively small

r y in magnitude, with maximum wind speeds that do not ex-
' R S il ceed 80m 3. The down-leg wind profile shown in Fi@,
’ ! ’ on the other hand, has much larger maximum wind speeds,

80
10 10 10

Electron Density ( /cc) including winds exceeding 150 nT'5 near 96 km, 98 km,
and 109 km. The two profiles are significantly different with

Fig. 3. Electron density measured on the rocket during the up-legmuch greater structure in the eastern, i.e. down-leg, profile.
portion of the flight. Values are in units of cm

2.2 Shear profiles

The measurements and other aspects of the observations afbe wind shear profiles are shown in Figsand8. The

discussed in more detail Makabayashi et a(2009. shears overall are much larger in the down-leg profile than in
the up-leg profile, as would be expected from the wind pro-
2.1 Wind measurements files shown in the previous section. In the up-leg profile the

largest shears occur between 100 and 110 km. The down-leg
Trimethyl aluminum has been used extensively as a tracer oprofile shows large shears below 100 km that are not present
the neutral motion in the E region (e.barsen 2002 and  in the up-leg profile. The shears above 100 km in that profile
references therein). The trail was released during the flightare generally consistent with the shears in the up-leg profile
starting at an altitude of85 km, through apogee at 117 km, both in magnitude and in location, at least with respect to the
and to a similar altitude on the down-leg portion of the tra- shears in the zonal winds. The meridional winds have larger
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2.3 Stability and turbulence
Fig. 6. Wind components for the down-leg wind profile. The observations described in the previous sections suggest a

highly dynamic environment with significant variability and
large gradients in the winds along the flight trajectory. The

shears in the up-leg portion of the flight than in the down-legoverall stability, in the dynamical sense, depends on the to-
portion. tal shear magnitude, which is shown in F&. The largest

These observations are unusual in the context of the largeshear magnitudes occur in the up-leg profile between 100 and
set of wind measurements in the lower thermosphere de110km. The shears in that altitude range in the down-leg
scribed byLarsen(2000. The mid-latitude wind measure- profile show a similar vertical structure but with somewhat
ments in that data set in which both up-leg and down-legsmaller magnitudes. The down-leg profile, however, also has
trails were deployed is limited to a few dozen cases, but suctvery large shear magnitudes, i.e. low stability, between 90
measurements show generally similar features in the two proand 100 km.
files. The magnitudes of the winds and shears vary across the We have calculated the Richardson number profiles for
distance separating the two trails, but the same general fedoth parts of the flight by using the observed wind shears
tures are evident in both profiles. A more typical example and the thermodynamic parameters obtained from the MSIS
of the differences expected between the up-leg and down-leghodel. There may be significant differences between the ac-
wind profiles is shown by the data from the studyllarsen  tual temperature profiles and the MSIS temperature profiles,
et al. (2003, for example. Even in sporadiE-conditions,  as shown in the case study Bishop et al(2004), for exam-
which are expected to be more dynamic, the horizontal graple, but the calculated Richardson numbers should at least
dients in the winds and shears have not been as large as thopeovide a good indication of the stability of different atmo-
shown here. For exampl®Yilson (2002 studied the winds  spheric layers. The curves show the presence of a region of
from two separate observations made at Wallops Island, Vir{ow stability between 100 and 110 km in both the up-leg and
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Fig. 8. Panels show the shear profiles determined from the down-led=ig. 9. Figure shows the total shear magnitude obtained from the
portion of the TMA trail. up-leg and down-leg wind profiles.

down-leg profiles. In both profiles the Richardson numbers  The same type of structure was not discernible in the im-
are less than the critical val_ue of 1/4 in part of the helghtages of the down-leg portion of the trail. The down-leg trail
range. In the down-leg portion of the flight, there are alsogpove 100km appeared to be stable with little small-scale
height ranges with low Richardson numbers between 90 andycture. The down-leg trail below 100 km showed signs
100 km altitude. of very strong turbulence with a rapid mixing of the TMA
The apogee of the rocket was 117 km, i.e. just above theéhat was released. The strong mixing can be seen inljg.
altitude range where the layers were located. The trail wasvhich shows the lower portion of the down-leg trail seen
deployed in an unusual configuration therefore with a signif-from the camera site at Uchinoura. This type of structure
icant horizontal extent in the altitude range of interest. Thedeveloped within a few minutes after the trail was deployed,
image shown in Figllis a view of the up-leg portion of the and a few minutes later the trail had diffused so much that
trail taken from the camera site at Kochi (see Rg.Of par- it became difficult to identify distinct features in the images
ticular interest is the wave or billow-like structure evident in obtained from the three sites. Such strong turbulence has not
the trail. The section with the waves covers the altitude rangebeen evident in any earlier experiment to our knowledge. As
from approximately 100 to 115 km. Note that the oscillations noted above, the winds and shears were much larger in the
are evident throughout that height range, but the largest amdown-leg section of the trajectory than in the up-leg, espe-
plitudes occur in the lowest part of the altitude range, i.e. incially below 100 km, i.e. in the altitude range where the very
the same altitude range where the low Richardson numbestrong mixing was observed.
values are found in the stability analysis of the up-leg wind
profile (see Figl0). The values obtained from the triangula-
tion give a horizontal wavelength for the structure of approx-3 Conclusions
imately 5km and a vertical wavelength slightly greater than
2km. Periodic fluctuations were also observed in the elec-The maximum wind speeds and shear magnitudes observed
tric fields measured by the rocket that was launched 15 minn the SEEK-2 experiment are comparable to those observed
earlier. Those observations, as well as their relationship tan past experiments (e.garsen et al.1998 Larsen 2002,
the neutral wind fluctuations, are described in more detail bybut the horizontal gradients in the flow were unusual when
Pfaff et al.(2005. compared with the larger data set of past observations. A
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surements prior to and during the evelMafuyama et aJ.

] 2009 showed that fluctuations in the electron densities in

oo ] j the sporadicE layer were present for approximately 50 min
4rr—"‘ before the onset of the QP echoes. There is no direct evi-

] dence of a direct relationship between those fluctuations and
P S S S S the wave-like oscillations evident in the TMA trail, but the

Richardson No. structure in the trail indicates that fluctuations were present

in the neutral winds around the time of the experiment.
The same type of structure was not evident in the images

Fig. 10. Richardson number profiles calculated with the measuredgf the down-leg portion of the trail, but the velocity profile
wind_s and estimates of the background thermodynamic parameterg, g larger shears and low Richardson numbers over a broader
obtained from MSIS. altitude range in that part of the trajectory. The down-leg
portion of the trail showed evidence of very strong mixing,
especially in the lower part of the trail. Shear instabilities
would initially generate quasi-periodic billow structure, but
that eventually leads to a well-mixed layer as the unstable
region re-stabilizes. The observations suggest that the down-
leg region had a more developed instability while the up-leg
region had an instability in an earlier phase of its develop-
ment.

The sporadicE and QP event studied in SEEK-2 was un-
usual in that the event was very strong but developed from
relatively quiescent conditions. In other studies (&lgsell
_ _ ) _ and Burcham200Q Hysell et al, 2004 most nights were
Fig. 11. Image taken from the Kochi camera site showing wave or oharacterized by activity that changed in strength and charac-
billow structure in the up-leg portion of the TMA trail. teristics but was present through much of the night. In SEEK-

2, not only did the event develop very rapidly in a fairly un-

) ] usual way, but the observed winds were also unusual in the
wave-like structure was observed in the lower thermosphergense that there were much larger horizontal gradients in the
in the altitude range within and just above the sporddic- \yinds and much stronger turbulent mixing than observed in
layer. Such structure could be associated with random gravpast experiments.
ity waves propagating through the region, but the collocation’ e role of neutral shear instabilities in seeding the pro-
of the structures with the region of low Richardson numbers esses that lead to the QP echo structures is still not clear, but
suggest that the oscillations are most likely billows gener-ihe results presented here, as well as those from earlier stud-
ated by the shear instability. The images also suggest thagg cited above, suggest that such instabilities are a ubiqui-
the amplitude of the oscillations decreases rapidly with alti-yq ;5 component of the electrodynamic environment in which
tude above the heights with strong shears and low RiChard'sporadic £ layers and QP echoes occur.
son numbers, which would be consistent with the behavior
expected for a shear-instability structure. lonosonde mea-

Altitude (km)
)
8
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