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Abstract. The electron temperaturd), electron density Radar (130.96E, 30.38 N); and the Frequency Agile Radar
(N.), and two components of the electric field were measured131.03 E, 30.73 N), respectively. Details of the SEEK-2
from the height of 90 km to 150 km by one of the sounding campaign and experiment objectives are found in Yamamoto
rockets launched during the SEEK-2 campaign. The rockett al. (2005).
went through sporadic E layeE() at the height of 102 km— One of the rockets, S-310-31, was launched at 23:24 JST
109 km during ascent and 99 km—108 km during decent, re-on 3 August 2002, containing a glass-sealed Langmuir probe
spectively. The energy density of thermal electrons calcuto measurel, and N, an impedance probe to measwg
lated fromN, andT, shows the broad maximum in the height and an electric field probe.
range of 100—-110 km, and it decreases towards the lower and In the past,E; was examined mainly by using the height
higher altitudes, which implies that a heat source exists inprofile of N,, which were obtained by Langmuir probe
the height region of 100 km—-110km. A 3-D picture Bf, (Langmuir and Motto-Smith, 1924). Valenzuela et al. (1981)
that was drawn by usin@,, N,, and the electric field data, conducted a balloon observation to get the 3-dimensional (3-
corresponded to the computer simulation; the main structurd) structures by detecting resonance scattering from magne-
of E is projected to a higher altitude along the magnetic line sium ions, which are major ion constituentsif. However,
of force, thus producing irregular structures®f N, and  nobody was successful in drawing a 3-D structure by sound-
electric field in higher altitude. ing rockets as well as from ground observations. Further-
more, a study on energetics in the height regiorEpfis a
difficult task because of the small number of measurements
of T, in E, layer have been reported in the past and accu-
racy is difficult. As far as we know, the paper by Schutz et
al. (1976) briefly investigated the energetic5f
1 Introduction In this paper, we discuss the energetics in the lower E re-
gion and attempt to draw 3-dimensional structure& gfby
The SEEK-2 campaign was planned in order to studyusing7,, N, and electric field data that were simultaneously
the sporadic E layer, which accompanies quasi-periodicmbtained by the rocket.
(QP) echoes with two sounding rockets launched from the The outline of this paper is as follows. We first describe
Kagoshima Space Center (Geographic location;?Q3E, the instrumentation of the Langmuir probe and the electric
31°15 N). The campaign was conducted when two radarsfield probe. We then introduce the data in detail. We fur-
were set up at the temporary stations at the north andher discuss the energetics of E region associated ity
south of Tanegashima Island (Saito et al., 2005) to observeising the data that has been analyzed. Finally, we speculate
QP echoes. These were the Lower Thermosphere Profilevhat the 3-D structure of is, by using the height profiles
of T,, N., and electric field.
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figure from the cut on the glass tube 60s after the rocket
launch. The altitude of the rocket at 60s after the launch
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01 | Glassdut ‘ ‘ ‘ | Eslayer A electrons and ion currents, respectively. As Fig. 1 shows,
60 90 120 150 180 210 240 270 300 negative current starts appearing from approximately 73s.
Time from launch(s] At 78s, the whole measurement system, including current

_ _ ) and differential amplifiers, is calibrated. During the time pe-
Fig. 1. Currents of the probe biased at 0V and 2.5V during rocketjoq of 87-92.5's, the probe current reveals large ion current,
flight versus time (from 703 after rocket Iaunch_). Small negative which reaches approximately0.1.A. Expanded v-i current
current (ion current), which flows to the probe biased at 0V starts

o appear at 73s. Positive current of the probe biased at 2.5V iScharacterlst|c: curves show that the potential of the rocket,

electron current. Please note, that during 87 s—92.5s, large ion cu1Wlth respec? to the ambient plasma, drops Iowgr tharb V
rent is detected and a very small electron current is measured due t’%‘s the _maX|mum sweep voltage of the probe is 2.3V,is
the high negative potential of the rocket in thg layer. not available from the electron current.
The rocket reaches the maximum height of 152 km at 193 s
after the launch. During the descent, the most dénidayer
2 Instrumentation and flight details is detected at 297s. THE and N, are obtained by semi-
log.plotted electron current, which is derived when the ion
As the detail of the Langmuir probe measurement is de-current is subtracted from the v-i characteristic curve. Since
scribed in the separate paper (Oyama et al., 2008), a brighe subtraction of ion current from the v-i current charac-
description is presented here to provide the information.  teristic curve influences the evaluation of the electron tem-
The cylindrical electrode of the Langmuir probe is perature, we have developed the human-computer interactive
vacuum-sealed in a glass tube after the baking (Oyama angrogram, which allows us to choose the most probable lin-
Hirao, 1976). The glass tube is then removed before anyear line to the ion current region. Each curve is examined
measurements df, andN, start in the ionosphere. manually and then, finally, the electron current is obtained.
The duration of the triangular sweep voltage is 0.25SThe electron current is plotted on a semi-logarithmic scale
and, therefore, one v-i characteristic curve is obtained every|ogarithmic current versus probe voltage) and only one line,
0.125s. The output voltages of Gain L and H are sampledyhich fits best, is chosen. Finally, the electron temperature is
with 400 Hz and digitized with an 8-bit AD converter. The calculated from the slope. This time and energy-consuming

output voltage of Gain M is sampled with 3200 Hz and digi- procedure is repeated for all v-i curves, both for ascent and
tized with an 8-bit analog-digital converter. These 3 channelsjescent of the rocket.

are then transmitted to the ground station by real time. The
M gain data, which is obtained between 78s and 108 s af-
ter the rocket launch, is sampled by 6400 Hz and digitized
with a 12-bit analog-digital converter. The data is stored in
memory and at 193 s after the rocket launch, the data trans-
mission is initiated by using M gain channel and completed3-1 Overview of height profiles df. andN,
at 313 s after the launch. Therefore, the real time M gain sig-
nal that is sampled with 400 Hz is not available during 193 sFigure 2 shows a height profile of,, calculated from a DC
and 313s. This dual sampling allows us to check the effect.angmuir probe for ascent (left panel), and descent (right
of the sampling rate as well as the effect of digitization on panel) of the rocketX, in the height range of 100-105km
the T, calculation. is not shown here, as the detailed discussion orfithe the
To measure the electric field of both DC and AC compo- E; layer, is treated in another paper (Oyama et al., 2008).
nents, a dual set of orthogonal double probes of 4.0 m (tip<Ve below the height of 105km, which is used in Sect. 3.3
to-tip) length is provided. Spherical sensors, with a 4.4 cmto discuss energetics, is obtained by normalizing the electron
diameter, are used to gather the potentials which are detectegiirrent that was measured by using the fixed bias spherical
by high impedancex{10'2 Q) preamplifiers, using the float- Pprobe, with ionosonde. Thus, the, data obtained corre-
ing (unbiased) double probe technique. The potential differ-sponds with data obtained with an impedance probe onboard
ences on the two main orthogonal axes are digitized on boarthe same rocket.
using 16-bit analog-digital converters, sampled at 1600 sam- At the height of 127km,N, starts to fall at 128km
ples/s with anti-aliasing filters at 800 Hz (Pfaff et al., 2005). and peaks at 129 km, and then decreases at the height of
Figure 1 shows the minimum and maximum probe cur-129.5 km. Similar features are also found in the electron cur-
rents, which correspond to the ion and electron currents taent obtained with a fixed-bias spherical Langmuir probe (see

3 Results
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Fig. 2. Height profile of electron density for ascent (left) and descent (right). Data below the height of 106 km during up leg was not available
by a glass-sealed Langmuir probe.

Fig. 3, Oyama et al., 2008). The height profile during descent As in the case of sporadic E layer at the 100-110km,
indicates a smalk; at the height of 100—-107 km. which was discussed in another paper (Oyama et al., 2008),
Figure 3 shows a height profile @ for ascent (left) and T, shows anti-correlation witiV,. At the height of 127.7 km
descent (right). Neutral temperature, which is calculatedwhereN, shows the minimum7, shows the maximum, and
from a MSIS-86 model, is also included (Hedin, 1987). It is 1000 K higher than that of ambient plasma at 126 km. The
is noted thatf, around the heights of 100 km, is much higher value is nearly 2 times of that at the height of 126 km. At
than modelled neutral temperature. the height of 128.8 km wher#&/, shows the maximumf,
Heights, which show an unusual feature, are marked as Ireduces. Inverse relation betwe®p and 7, implies a heat
2,3,4,5, and 6 in Fig. 3. First irregular feature appears atsource in the ionospheric E region even at night.
the height of 127.5 km (at the height 1) with a strong jump of The electric field changes from southwest to east at the
T, to 2500 K. At the heights of 139 km and 149.5 km which height of 126 km as the height changes from 125km to
correspond to the heights 2, and 3, respectively, small spike428 km, and shows the peak value of 8-9 mV/m at the height
of T, are recognized. At the height of 152 km marked as 4, aof 127.3 km. Difference in height exists between the peak of
small and sharp increase ©f exists. In addition to these 4 T,, N, minimum, and peak of the electric field.
height regions7, is found to increase up to about 1400K at  In the middle panel of Fig. 4¥,, T, and electric field at
the heights of 119 km—-126 km. the point 2 are shown. Nearly the same features as those at
During descent, two peaks @} are found at the heights point 1 can be found, although they are not clear as point 1.
of 133km and 120 km (marked as 5, and 6), respectively. InN, gradually reduces from 135 km, and takes the minimum
the height region below 95 knT, scatters and is not reliable at the height of 138.5km. AfteN, shows a small peak at
because the measurement is done in the disturbed wake ardid9.5 km, it gradually reduces toward the height of 143 km.

the rocket surrounding is heated by aerodynamics. T, slightly increases from 135 km and takes a small peak at
) o 138.5km, then shows a lower value at 139.5 km. In the same
3.2 Detail structure oN,, 7, and electric field way as at point 1, inverse relationship is again found between

T, and N,. The electric field rapidly changes its direction

Figures 4_’ 5.’ and 6 proyide thg fine structu.reg\/@I_Te, and from southwest to east in the height region of 137—139 km,
the electric field at 6 points, which are mentioned in Sect. 3.1.

o ) and above that height the direction changes slowly toward
The N, _Te and electric f'eld, at three points 1, 2, and 3 southwest. The magnitude of the electric field shows the
are shown in three panels of Fig. 4. The numbers that are a Seak of 3.5mV/m at 139 km. The height appears to corre-
tached to each panel correspond to the points shown in Fig. %pond to thef, maximum andvV, minimum.
As the bottom panel of Fig. 4 showd, decreases at the
height of 128 km and increases at the height of 128.8 km.

www.ann-geophys.net/26/2929/2008/ Ann. Geophys., 26, 2Z2235-2008
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Fig. 3. Height profiles of electron temperature for ascent (left) and descent (right). Numbers indicated as 1-6 are the height regions which
we discuss in Figs. 4, 5, and 6. Neutral temperature calculated from the MSIS-86 model is also indicated by a solid line.73dslal$or
applied to the neutral temperature.

The top panel of Fig. 4 shows th&¥,, T, and electric  northwest. The maximum intensity of the electric field of
field at point 3. N, gradually reduces from 148 km toward 4.7 mV/m appears at 201 s. However, this peak does not co-
149.5km, takes the minimum at the height of 149.7 km.incide with theT, peak andV, minimum at 195s. It appears
Between the height of 150-150.5 k¥, appears to show to agree with7, peak, andV, dip at 200s.

a higher value that at 151km; a smal peak exists at Figure 6 shows the expanded height profiles of points 5
150.5km. T, shows gradual increase toward 149.5 km, and(upper panel), and 6 (lower panelN, shows a faint min-

the peak at 149.7 km. Pedk at 149.7 km is 2 times df, at imum at 134.5km, and shows a peak at 135.4km. Above
the height of 148 km. At the height of 150.5 kifi, appears ~ 135.5km,N, shows a constant value of 1500 elsfgrimdi-

to be the minimum. Again, as in the case of points 1, and 2 cates a small peak at 137 km, and gradually increases towards
N, andT, show the inverse relation at point 3 as well. The 139 km. Features, which appeared at points 1, 2, 3, and 4, are
electric field changes its direction from southwest to north-not clear at point 5. That ig,, minimum, which is supposed
east in the height range of 146—148 km and from northeast tdo appear at th&/, maximum at 135.5km, is not clear. The
southwest at the height of 150 km. The peak intensity of thedirection of the electric field gradually changes from west at
electric field, 7.5 mV/m is observed at the height of 149.6 km.133 km to northwest at 136 km. Above the 136 km, the di-
This height appears to be different from tivg minimum, rection suddenly recovers to a westerly direction. The peak
andT, maximum heights by about 0.1-0.2 km. of the electric field is not observable. The behavior of the

In Fig. 5, the same parameters are plotted for point 4. Aselectnc.fleld is different from the cases 1, 2, 3, and 4.
this region is around the rocket apogee and the rocket height At Point 6, N. gradually reduces towards 116.5 km, shows
does not change so rapidly, the data is plotted versus tim& Peak at 118.2km, and takes a minimum at 118.3km.
after the rocket launch at the left side of the figure and cor-APove the height of 118.3kmy, gradually increases to-
responding heights at the rightv, gradually reduces from Wards 124km. 7, shows the broad maximum at 116 km,
185's, and shows the minimum at 195 s. Between 200205 dakes the minimum value at 118 km, and again illustrates
N. shows the broad peak. After the broad peak,gradu- the peak at 118.5km. Above 118.5 ki, reduces toward
ally reducesZ, gradually decreases towards 193 s and showsL24 km. o _ o
the peak at 195s. At 200s and 2058, indicates small The electric field shows an abrupt change in the direction
humps. The inverse correlation betweénand7, is seen at from 115 km, pqints virtually east at 116.2 km, and staysin a
1955, and at 200-205s. During 185-210's, the electric fieldoutherly direction above 118 km.
changes the direction from southwest, northeast, and then to
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The description above is summarized in Table 1. Al-

though, in the table, only the reduction®f is mentioned at
the point of 2, 3, and 4, a small increaseNyfis also found
at these points after the reduction 8§ similar to points 1,
5, and 6.

3.3 Energetics in the lower E region

Fig. 6. Same as Fig. 4 but for points 5 and 6. Direction of electric
field is not superimposed, because down leg dafé.cdnd7, does

not show clear common features that are revealed at points 1, 2, 3,
and 4.

In the descent, below the height of 100 km, the value may

Figure 7 shows energy densities of thermal electrons duringiot be accurate, becauggis estimated higher than the true
ascent (left panel) and descent (right panel), that are calcuvalue due to the aerodynamic heating as we mentioned in

lated as N. xkT,, wherek is Boltzmann constant).

Sect. 3. The profile shows a peak at the height of 102.2 km,

In the ascent, minimum of energy density appears at thednd the second small peak at the height of 106 km, respec-

height of 107 km, whereV, shows the lowest. After the

tively. A small minimum is shown at the height of 108 km.

peak, which appears at the height of 109 km, the energy denfowards the height of 152 km, the energy density slowly re-
sity gradually reduces with a small minimum at the height duces.

of 117 km. Above the height of 123 km, the energy density We conclude from Fig. 7 that (1) energy density in the
illustrates a small negative height gradient (or constant) up tdheight range of 100-110 km is higher than in other heights,
the maximum altitude. and (2) it reduces towards both higher and lower altitudes

www.ann-geophys.net/26/2929/2008/ Ann. Geophys., 26, 2Z2235-2008
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Table 1. Electron temperature, electron density, and electric field (peak value is referred to the value below the peak).

Deviation of three parameters (height)

100

Region Electron temperature  Electron density Electric field
1 +100% (127.7km)  —10% (128.0km) 5-9mV/m (127.3km)
—30% (128.8 km) +60% (128.8km)  No peak
2 +40% (138.9 km) —3% (138.9km)  3mV/m (138.6 km)
3 +100% (149.7km)  —15% (149.7km) 7-8 mV/m (149.7 km)
4 +13% (151.9 km) —9% (151.9km)  4.5mV/m (151.6 km)
+10% (136.4 km) —10% (136.4 km)
5 _gu(135.6km) +129% (135.5km) N0 Peak
6 +50% (119.0 km) —20% (118.8km) 3mV/m (118.8 km)
—20% (118.0 km) +30% (118.4km)  No peak
Pl
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Fig. 7. Energy density of thermal electrons calculated frismand ~ F19- 8. Height profile of N, and electric field, computed by

T,. Note the small negative and positive height gradients, extending’okoyama et al. (2004). Note that, first drops at the height of

from the height of about 105 km to the higher and lower heights, re-131 km, shows a peak at 133km, and again drops at 135km. This

spectively, which suggests the existence of some heat source arourfifUcture resembles the structures, which appear at points 1, 2, 3,

105 km. and 4 in Figs. 4 and 5. Number 60 [s] at the top of the figure is the
time after the initiation of computation, and number of 0.0164325
(16.4325 mV/m) shows the largest electric fields, which are shown

from 100-110km. This fact seems to suggest that heat? the figure by arrows.

source is confined to a height region whékeappears.

3.4 Spatial structure of N, and the electric field are uniform in the direction vertical
to the paper. The figure shows the followings.
We speculate the 3-D structure 6f by usingT7,, N, and The polarization of the electric field is produced at the

electric field data, which were shown in Figs. 3, 4, and 5.boundary of rod-like£,; where strong gradient d¥, exists.
We try to discuss our result by referring the result of com- As a result, a region of highV, appears in the rod-like struc-
puter simulation conducted by Yokoyama et al. (2003). Theture at the upstream of neutral wind. Inside the high-density
assumptions for the computer simulation are 1) Rod ike  region, plasma irregularities appear and the electric field is
extends east-west direction at the height of 100 km, 2) Magnorthward (opposite to the neutral wind direction). Loiy
netic line of force has 45 degrees with respect to the groundregion is produced in the downstream of neutral wind. In
pointing from south to north, 3) Neutral wind blows from the background, which is far from the rod-like structures at
north to south with the maximum speed of 70 m/s around thel00 km, the electric field prevails in a southerly direction,
height of 100 km, and 4) No external electric field is applied. which is the same direction as the neutral wind. In Figs. 4,
The 2-D structure o, and electric field arounfl result- and 5, the directions of electric field inferred from the com-
ing from the computer simulation is shown in Fig. 8, where puter simulation by Yokoyama et al. (2003), which shows the

Ann. Geophys., 26, 2922936 2008 www.ann-geophys.net/26/2929/2008/
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Table 2. Comparison between observed features and those of model structure proposed by Yokoyama et al. (2004).

Parameters Model*  Region 1 Region 2 Region 3 Region 4
Direction of neutral wind ~ SW SSW SSW SSW SSW
Variation of electric field SW SW (125 km) SW (135km)  SW (145km) SW (150 km)

—NE  —E(128km) —E(138km) —NE (149km) —NE (151km)

—-SW  —SE (142km) —S(142km) —SW (150km) —NW (151.5km)
Variation pattern oiV, Dec* —10% —3% —15% —9%

—Inc*. —+60%

* SW, SSW, and NE: Southwest, Southsouth West, and Northeast
Variation of electric field: from lower altitude to higher altitude
Dec. and Inc forV,.: decrease and increase.

direction changes by 18@t the density perturbed region, are
superimposed on the observed values. It is noted that the di-
rections of the electric field measured at points 1, 2, and 3,
agrees with the theoretical result.

The simulation suggests that a sheet-like structure extends
along the magnetic filed line from the original rod shaggd

We presume from the measurements\pf 7, and elec-
tric field that rod-like structure extends southeast/northwest
with southwest neutral wind as shown in Fig. 9. Larsen
et al. (2005) measured neutral wind by using TMA ejected
from the rocket S-310-32, 15 min after the launch of S-310-
31. The zonal and meridional winds are 10 m/s westerly and
40 m/s southerly at the height of 100 km, and reach 50 m/s
and 80 m/s at 103 km, respectively. At the height of 105 km
and 108 km, meridional wind becomes zero m/s. Between
these heights the wind shows 50 m/s southerly at 106.3 km.
Zonal wind shows 0 m/s at the height of 106.3 km and the ve-
locity reaches 80 m/s westerly at the height of 108 km. On an
average, the direction of neutral wind is between south and
southwest.

Under the influence of the neutral wind, a sheet structure
extending southeast/northwest along the geomagnetic line of
force, is considered to be generated. The structure originates
from the rod-like structure at the height fL05 km. N, be-
comes lower at the southwest side and higher at the northeast
side. The electric field inside the sheet is in a northeasterly
direction and in other places the electric field should be in a
southwesterly direction.

These features correspond to the result of Yokoyama eEurement ofly, N, and electric field. Numbers 1, 2, 3, and 4 corre-

al. (2003), which is rotated at 45 degrees in the horizo_ntalspond the heights, 128 km, 139 km, 149 km and 151 km which are

plane. Itis presumed that the rocket went through the fieldmentioned in Figs. 3, 4, and 5. Distance between two rods, which is

aligned sheet structure, which we described above. Then thgresumed from the rocket measurements, is 13-14 km at the height
behavior of the electric field, and electron density with re- of 105 km.

spect to the height generally agrees with the features, which

are derived from the computer simulation as we summarize

in Table 2. The directions of theoretical electric field were 4 Conclusions

already shown in Figs. 4 and 5. The spacing of two rod-like

structures af; height is 13—14 km, which we can presume We studied energetitcs and spatial structure of nighttime spo-
from the features observed at points 1, 2, 3, and 4. radic E layer in mid latitude by using/., 7, and electric

Altitude [/

20 130 140 150 160

770

ig. 9. Spatial structure of, which is speculated from the mea-

www.ann-geophys.net/26/2929/2008/ Ann. Geophys., 26, 2Z2235-2008
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