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Abstract. Simultaneous observations were conducted withl Introduction
a Fabry-Perot Interferometer (FPI) at a wavelength of

5h57.7nm, an a”'Skﬁ/ camera ata wavelength of 557.7 nm, f”m‘a’ulsating aurora is a typical phenomenon of the recovery
the European Incoherent Scatter (EISCAT) UHF radar during,, ;e of magnetic substorm and is frequently observed in the

the Dynamics and Energetics of the Lower Thermosphere iry, iy sector (Omholt, 1971). The pulsation period statis-
Aurora 2 (DELTA-2) campaign in January 2009. This paper e jies in two ranges, 2—20's and 0.2-0.5 s (Sandahl et al.,
concentrated on two events during periods of pulsating AU+ 980: Stenbaek-Nielsen, 1980 Yamamoto and Oguti, 1982;
rora. The lower-thermospheric wind velocity measured with Yamamoto, 1988; Nemzek et al., 1995). While our under-
.the FPI showed obvious fluc.tuatlops in bot'h vertical and h_or'standing of pulsating aurora has not yet reached maturity, the
izontal compo_nents. Of part|CL_JIar interest is that the IocatlonWidely accepted generation mechanism causing pulsations in
of the fluctuations was found in a darker area that appearef o .isjtating electrons is related to wave-particle interactions

within the pulsating aurora. During the same time period, 5, nd the equatorial plane in the magnetospheric tail (San-
the EISCAT radar observed sporadic enhancements in thﬂahl et al., 1980; Yamamoto and Oguti, 1982; Yamamoto

F-region backscatter echo power, which suggests the Pr€Sr988; Davidson, 1990). The closure current system in pul-

ence of low-energy electron (1keV or lower) precipitation gqiny aurora may not be as strongly evolved as compared to
coinciding with increase in amplitude of the electromagneticy o i, the discrete arc because of smaller precipitation flux
wave (at the orderpf 10Hzor h|gher). Wh.'le we have not.yet (or upward field-aligned current) and weaker perpendicular
identified the dominant mechanism causing the fluctuations o ctric field (or the Pedersen current). Thus one may assume

in. FPI-deriveq wind velocit_y d'uring the pulsating aurora, the that Joule energy dissipation does not play an important role
frictional heating energy dissipated by the electric-field Per-¢tor modifications of the thermospheric wind dynamics dur-
turbations may be responsible for the increase in ionospheriﬁqg pulsating aurora

thermal energy thus modifying the local wind dynamics in

the lower thermosphere. Lower-thermospheric wind dynamics at auroral latitudes

have been studied extensively using instruments such as

. ) _Fabry-Perot interferometer (FPI), incoherent scatter (IS)
Keywords. lonosphere (Auroral ionosphere; lonosphere radar, and satellites. One of the important issues remain-

magne'tosphere mteractlpns)— Mgteorology and atmospherll%g in this field is to gain a quantitative understanding of
dynamics (Thermospheric dynamics)

the ionospheric/thermospheric energy budget during peri-
ods of geomagnetic disturbance. Fluctuation in the lower-
thermospheric wind velocity near discrete auroral arcs is
an appropriate research objective because of coinciding en-
hancements in the electron density, the perpendicular electric

Correspondence td5. Oyama field, the Joule/particle heating rate, and ion drag (Ishii et al.,
BY (soyama@stelab.nagoya-u.ac.jp) 2004, and references therein). In this paper we address the
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lower-thermospheric wind variations during pulsating auroraquential measurements by selecting one of the optical filters
as this has not yet been studied. Recent work by Hosokawéchannel 1: 557.7 nm, channel 2: 630.0 nm, and channel 3:
et al. (2008, 2009) showed the presence of electric-field fluc-732.0 nm) and directions of the line-of-sight (any azimuth
tuations (about 5-10 mV rt) in association with pulsating and elevation angles). The diameter of the etalon is 116 mm.
aurora. Theoretical predictions suggest that rapidly fluctu-One of the notable characteristics is the number of fringes
ating electric fields can induce large enhancements in thémaged on the CCD camera (1024024 pixels). More than
Joule heating rate due to the time derivative term in the ion-ten fringes can be captured simultaneously in one CCD im-
momentum equation (Codrescu et al., 1995, 2000; Brekkeage due to relatively wide field-of-view (the full width of half
and Kamide, 1996; Brekke, 1997; Matsuo et al., 2002, 2003maximum is about?). The Doppler shift or the line-of-sight
2005; Shepherd et al., 2003; Matsuo and Richmond, 2008)speed is calculated from individual fringes then averaged for
although these studies did not specifically address the presach image. The statistical standard deviation derived from
ence of electric-field perturbations in pulsating aurora. the averaging process is taken as the measurement uncer-
The vertical component of the lower-thermospheric wind tainty and displayed as error bars in the plots presented in this
velocity is on average considerably smaller than the hori-paper. Data taken on 26 and 19 January 2009 are analyzed in
zontal component (Oyama et al., 2005). However, it is well this paper. The FPI was operated with the 557.7 nm optical
known that the vertical wind speed at high latitudes can fluc-filter. Four cardinal points with zenith angle of°1&nd the
tuate with notable amplitudes in excess of a few tensts geographic vertical (i.e. five directions) were measured se-
during periods of geomagnetic disturbance (Oyama et al.quentially. The exposure time at each position was 15s and
2008, and references therein). Fluctuation in the verticaleach sequence including the laser fringe measurement was
wind speed during disturbed periods can be regarded as amin 45s. The combination of data from the four cardinal
tracer to identify the thermospheric response to the geomagpositions provides the horizontal components of the neutral
netic activity because of quick response (within a few min- wind velocity (see the methodology developed by Shiokawa
utes) to changes in the geomagnetic activity (Kurihara et al.gt al., 2003).
2009; Kosch et al., 2010) and the nearly zero average of the A new all-sky camera (ASC, camera #12 of the Optical
vertical wind speed. Mesosphere Thermosphere Imagers (OMTIs); Shiokawa et
This paper focuses on two events for which wind fluc- al., 2009) was also installed at the Tromsg EISCAT radar
tuations were measured with an FRI=£557.7nm) at the  site. This camera includes a filter wheel used to select one
Tromsg European Incoherent Scatter (EISCAT) radar siteof the six optical filters (channel 1. 557.7 nm, channel 2:
(geographic coordinate: 69.8l and 19.2 E; geomagnetic 630.0 nm, channel 3: OH band (7201000 nm), channel 4:
coordinate: 66.7N and 102.2E; 6.4 L value) during pulsat- 589.3nm, channel 5: 572.5nm, and channel 6: 732.0 nm).
ing aurora. The details of the experiment configuration areFor the nights of 26 and 19 January 2009, the ASC was oper-
presented in Sect. 2. Section 3 shows the observational reated by choosing sequentially one of the optical filters among
sults. These observations of lower-thermospheric wind fluc-557.7 nm (5s), 630.0nm (105s), OH band (1), background
tuations within pulsating aurora are, to the best of our knowl-(25s), and 732.0 nm (30s) (number in the parenthesis is the
edge, the first report of such an occurrence, even thouglexposure time). The operating sequence represented by the
an in-situ measurement of the neutral wind velocity duringchannel numberis 1, 2,6,1,2,6,3,1,2,6,1,2,6,3,1, 2,6,
pulsating aurora has been previously carried out using thd, 2, 6, 3, and 5. Data taken with the 557.7 nm filter are pre-
trimethyl aluminum (TMA) trail released during the JOULE- sented in this paper because it is the optimum wavelength to
Il sounding rocket campaign (Sangalli et al., 2009). While investigate the morphology of aurora, although the time res-
we have not yet identified the dominant mechanism, if any,olution is not sufficient to estimate the pulsation frequency.
this paper discusses effects of the electric-field perturbation The pulsation frequency is estimated from data taken with
associated with pulsating aurora in Sect. 4. The summarn@ high-speed (29.97 Hz sampling rate) all-sky TV camera
and conclusions are presented in Sect. 5. (with no optical filter) at the Tromsg site. First, areas for
which the pulsating patches have relatively stable spatial
features are selected visually, then the pulsation “on” and
2 Experiment “off” intervals in the time domain are measured, and spec-
trum analysis with the Fast Fourier Transform method is per-
Installation of the Fabry-Perot Interferometer (FPI) wasformed. This process is better than analyzing data taken at
made at the Tromsg EISCAT radar site in January 2009 ta fixed point because we can avoid decreases in the pulsa-
coordinate with the Dynamics and Energetics of the Lowertion period due to streaming patches across the fixed point
Thermosphere in Aurora 2 (DELTA-2) campaign, the EIS- (Yamamoto, 1988).
CAT UHF radar, and other ground-based optical and radio The EISCAT UHF radar was operated with two kinds of
instruments. A Japanese S-310-39 rocket was launched fromntenna position sequence as summarized in Table 1. The
the Andgya Rocket Range at 00:15UT on 26 January 2009time interval between two successive antenna positions was
The FPIlincludes a filter wheel and a sky scanner allowing seabout 90 s, and the duration of one antenna position sequence
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25 Jan. 2009 26 Jan. 2009

Table 1. Antenna positions of the EISCAT UHF radar for the ex- . !
periments on 26 and 19 January 2009. Azimuth angle is clockwise ™ d ' &L U (i
from north (e.g., 90is east).

30 (kR)

25

direction symbols azimuth elevation 0 i 20
southeast SE 1333 56.8 = 5
south S 166.5 59.# o 6
19January 2009 fie|g.aligned B, 1858 774 .
vertical z N/A 90.0 68
southwest SW 2267 61.6° o j 5
south S 1935  64.0
26 January 2009 fie|d.aligned  B;, 1858  77.4 0
vertical Z N/A 90.00 21 22 23 00 01 02 03 04
e S VNP SUUY A | N . — | LYR
(78.20)
was 6min. The pulse scheme used was “beata,” which is _ 4 [ B
the 64 subcycle alternating codes employed by the EISCAT * I
— — — | SOR
(70. 54)

radars with 32 bits and 20 us baud length or about 3 km range
resolution. The backscatter echo power every data dump (5s)
is presented in this paper.

TRO
(69. 66)

(69.02)

X-COMPONENT

KIR
(67.84)

3 Observational results

— | PEL
(66.90)

3.1 Event1l: 26 January 2009

21‘2‘2‘23‘0‘0‘01‘0‘2‘03‘04
The EISCAT UHF radar operated from 17:00 on 25 January UT (hour)
to 05:00UT on 26 January. To understand the aurora ac-
tivity that night, a meridional keogram was made from the Fig. 1. (a) Keogram showing meridional auroral motign from
all-sky camera (ASC = 557.7nm) as shown in Fig. 1a. the ASC ¢ =557.7nm) at the Tromsg EISCAT radar site from
While there was no auroral activity for the first 4.5 h (17:00 to 21:00 UT on 25 January to 04:00UT on 26 January 2009. The

21:30UT), some auroral displays started at latitudes higherC olor scale corresponds to intensity (from 0 to S0kR) as shown

. in the color bar. Horizontal dashed lines indicate the five magne-
than 7Q after 21:30 UT then moving equatorward down to tometer sites selected in panel () Temporal variations in the x-
68" latitude at 00:00 UT. The substorm breakup occurred aicomponent (N-S) of the geomagnetic field measured at seven sites
00:23UT on 26 January. This temporal evolution of the au-of the IMAGE magnetometer chain from 21:00 UT on 25 January to
roral morphology is consistent with that in the x-component04:00 UT on 26 January 2009 in Longyearbyen (LYR), Bear Island
(meridional component) of the magnetometer data, which(BJN), Sgrgya (SOR), Tromsg (TRO), Kilgisyi (KIL), Kiruna
show obvious negative deviations or westward ionospheridKIR), and Pello (PEL). The number in the bracket is geographic
current seen from Sgrgya (SOR) to Pello (PEL) as presentetgtitude for each site. The scale is illustrated at the left-hand-side.
in Fig. 1b.

While one cannot find signatures of pulsating aurora into extend along the zonal direction. The pulsation sequence
the keogram due to low time resolution, pulsating aurora be-consisted of pulses with “on” time being shorter than “off”
gan equatorward of Tromsg 7 min after the breakup (i.e. atime, which is one of the typical characteristics of Type 1 or
00:30 UT) according to the high-speed all-sky TV camera.positive pulsations according to the classification proposed
For the first 14 min after starting of the pulsation (i.e. from by Yamamoto and Oguti (1982).

00:30 to 00:44 UT), some bright discrete arcs randomly ap- The pulsating aurora for this event had 2—-4 Hz modula-

peared in the northern half of the all-sky image from Tromsgtions in intensity superimposed on the slower variations in

while pulsating aurora remained in the southern half. Af-the range of 50-200 mHz. This frequency combination has
ter the last discrete arc moved past the westward horizoralso been found in previous studies (Rgyrvik, 1978; San-
at 00:44 UT, the pulsating aurora came over the zenith ofdahl et al., 1980; Yamamoto, 1988; Nemzek et al., 1995).

the Tromsg camera. The pulsating aurora that appearet@ihe pulsating auroras did not have notable deformations; but
from 01:15 to 01:40UT was characterized by highly com- sometimes showed so-called streaming. After 01:40 UT, the
plex spatio-temporal behavior. Individual luminous patchesauroral luminosity faded away except for the northern edge
surrounded by darker areas had irregular shapes; but tendexf the all-sky image.

www.ann-geophys.net/28/1847/2010/ Ann. Geophys., 28, 1822010
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557.7 m 26 January 2009 tensity at the zenith measured with the FPI. The color panels
b present aurora images taken with the ASCH557.7 nm)

from 01:15 to 01:39 UT. They are mapped in geographic co-

ordinates assuming an emission height of 110 km. The five

| black dots and four red crosses illustrate observation posi-

| tions with the FPI and the EISCAT UHF radar, respectively,

\ : at 110 km height. Black arrows present the horizontal wind

| 3

I

pulsating aurora

Upward speed (m/s)

vector derived with the FPI.
Of particular interest is the fluctuation in the wind veloc-
o0 00 | TR 260 ity that appears in a darker area within the pulsating aurora.
. While the auroral intensity gradually decreases with time at
-~ -~ the zenith after 01:00 UT (as shown in the middle panel of
\ Fig. 2), a darker area (enclosed by white dashed line in the
\ colored panels of Fig. 2) develops and extends to the FPI ob-
! servation area from the northwest side at 01:15 UT (the first
: colored-panel from the left). The darker area arrives at the
| zenith of the FPI at 01:26 UT (the fourth colored-panel) as
| the middle panel shows a small but clear drop of the fringe
\
\
\
\
\

Peak Count
(x1000 a.u.)

68 Aooms . .y 0 5 10 15

peak count at that time. As the darker area approaches to
the zenith, the vertical speed clearly shows oscillations with
amplitudes larger than 10 m&. The vertical speed does not
show notable oscillations for other time intervals shown here.
The horizontal neutral wind velocity also shows an obvi-
ous variation coinciding with the vertical speed fluctuation.

Fig. 2. Top and middle panels show the temporal variations in the _ . R -
vertical wind speed and the fringe peak count at the zenith, respec-SIX of the seven wind vectors in Fig. 2 are directed southeast-

tively, measured with the FPI (557.7 nm) from 00:30 to 02:00 UT Ward. While all temporal variations in the horizontal compo-
on 26 January 2009. Vertical bars are theuhcertainty (see inthe ~Nnentare not shown here, this southeastward wind lasted from

text). The bottom color panels show the horizontal aurora images23:30UT on 25 January to 02:30 UT on 26 January. How-
taken with the ASC at 557.7 nm from 01:15 to 01:39 UT during ever, the horizontal wind velocity at 01:26 UT (the fourth
pulsating aurora (corresponding time interval is marked by blackcolored-panel) flows almost westward, completely differ-
dashed line in the top two panels). The color scale of optical inten-ent from the other wind vectors, then the wind velocity at
sity is shown at the right middle. These images are mapped in geg1:31 UT goes back to the southeastward direction but with
o%rafhicb?ooliddinate azsm;‘mi‘ng thedpeak emiss(ijon hei%htlis 110 kmfa larger amplitude. These temporal variations appear approx-
The five black dots and the four red crosses indicate the location o . . .
mately at the same time as the vertical-speed fluctuations.

the FPI and the EISCAT UHF radar observation positions, respec- . . . .
tively. The black arrows correspond to the horizontal component of One may think that the peak emission height in the darker

the FPI-derived neutral wind velocity (the scale is presented at the?"€@ iS from @ higher altitude than that in the brighter area be-
right bottom corner of the first panel from the left). White dashed Cause the 557.7 nm emission can spread above 150 km. How-

lines in the colored panels are drawn to easily identify the darker€Ver, the emission rate above 150km is lower than that in
area. the E-region by about two orders of magnitude (Rees, 1984).
The emission intensity measured with the ASC (557.7 nm) in
the darker area is about 5 kR, which is unlikely for the emis-
The top panel in Fig. 2 shows temporal variations in the sion at heights above 150 km.
vertical-wind speed measured with the FRI557.7 nm) A careful analysis is necessary for the horizontal compo-
from 00:30 to 02:00 UT. The vertical bar at each data pointnent of the lower-thermospheric wind velocity because of
represents thec2uncertainty, where is the standard devia- the vertical shear of the horizontal wind velocity at E-region
tion derived from 10 fringe values (see Sect. 2). To deriveheights (e.g. Johnson and Virdi, 1991; Salah et al., 1991;
the vertical wind values, the running-average method wasSalah, 1994; Azeem and Johnson, 1997; Larsen, 2002; Fuji-
employed to the mean values calculated from the 10 fringewara et al., 2004) and variations in the peak emission height
values. This is because variations in the room temperaturef 557.7 nm. The vertical component is not affected signif-
of the FPI hut shift the FPI etalon gap, causing counter-icantly by the peak emission height change within the E-
feit temporal variations in the wind value typically longer region because the vertical component does not have large
than a few hours. To remove the longer trends, we used aertical shear on average (Oyama et al., 2005). The FPI-
running-average window length about 1-h time interval (22 derived vertical wind fluctuation is thus considered as one
data points). The middle panel shows temporal variations irof the lower-thermospheric responses to the energy input
the fringe peak count, which corresponds to the emission inand/or the momentum transfer into the lower thermosphere.

Ann. Geophys., 28, 1847857, 2010 www.ann-geophys.net/28/1847/2010/
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This result suggests that the lower thermospheric wind can
quickly deviate from its large-scale motions in a localized
area when the energy input and/or the momentum transfer

18 Jan. 2009

19 Jan. 2009
557.7 nm

n

1851

15 (kR)

occurred, even though on average the large-scale motion is
predominant in the lower thermosphere.

3.2 Event 2: 19 January 2009
69
This section presents an event that shows lower-
thermospheric wind fluctuations during pulsating aurora
that appeared from 01:40 to 03:00 UT on 19 January 2009.
Figure 3a is a keogram of ASQ & 557.7 nm) images from
23:00UT on 18 January to 06:00UT on 19 January 2009.
From 23:30 to 01:15UT, a faint arc appeared along the
northern horizon (around 70.8l latitude) on the all-sky
image measured in Tromsg and gradually moved toward
the zenith increasing in luminosity. At about 01:25 UT,
a bright “blob” appeared on the westward edge of an arc
then propagating eastward along the arc. That blob might
be a part of the initial brightening of the substorm breakup
that occurred far westward from Tromsg. In about 15 min
(~0L40UT), most of the area seen in the all-sky camera,
except for its southern and northern edges, was covered by
spatio-temporally complex pulsating aurora. The pulsating
aurora was observed until about 03:00 UT weakening in
luminosity with time. Patchy faint tropospheric clouds
passed over the zenith from 02:34 to 02:49 UT. However,
pulsating aurora was visually identified in the all-sky TV
camera data through the thin clouds. . . o
The pulsating aurora moved mostly westward keeping itsFig. 3. Same as Fig. 1 but for time interval from 23:00 UT on 18
shape but streaming pulsation was not identified for this case/2"Ua’y to 06:00UT on 19 January 2009. Note that the maximum
The predominant pulsating frequency was 0.5-1 Hz in thisof the color scale is 15 kR instead of 30 kR used in Fig. 1a.
case. This temporal evolution of the auroral morphology is

consistent with the x-component of the magnetometer datgpich js almost surrounded by brighter patches except in the
shown in Fig. 3b. The negative deviation (corresponding t0gq,,hest side (see image at 02:53 UT). After 02:53 UT the
the westward ionospheric current) coincides with enhanceygica| wind speed does not show notable fluctuations as the
ments of auroral intensity after 01:25 UT. Pulsating auroray, nqary between the darker and the brighter area gradually
appeared during the recovery phase of subs.torm.. becomes unclear due to the decrease in auroral intensity.

For the event of 26 January 2009, fluctuations in the lower The horizontal wind (illustrated by black arrows in the
thermospheric wind velocity were found in a darker area aS<tolored-panels of Fig. 4) flows southeastward from 02:50
sociated with pulsating aurora. A similar signature as the 264 03:05 UT. The southeastward wind has been predominant
January case was also observed in the 19 January case. Figgm 00:30 to 04:00UT on 19 January though containing
ure 4 shows the vertical wind speed and the fringe peak coun{sme fluctuations in the amplitude and the direction. The
from 02:30to 04_:00 UT. Data observed durlng_ the cloudy pe-pqrizontal wind magnitude promptly responds to the appear-
riod are shown in gray. The mapped aurora images are présnce of the darker area in pulsating aurora in the event 2.
sented from 02:50 to 03:05UT (corresponding to the timeéThe norizontal wind velocity seems to be fully accelerated

interval marked by black dashed line). Pulsating auroras,y 30 m s to the southeastward direction when the vertical
have appeared approximately from 01:40 to 03:00 UT. Dur-ying speed reaches 25 ms

ing the appearance of pulsating auroras, the vertical wind
speed does not have notable fluctuations except for the pe-
riod from 02:50 to 03:00 UT. A decrease in the fringe peak
count, or the auroral intensity, at 02:50 UT corresponds to
the appearance of a darker area at the zenith as shown in the
color panels. Upward wind speed greater than 25his

seen at 02:54 UT. At that time, the darker area is at the zenith,

LYR
(78.20)

BUN
(74.50)

300nT

|

SOR
(70.54)
TRO
(69. 66)

KIL
(69.02)

X-COMPONENT

KIR
(67.84)

PEL
(66.90)

06

UT (hour)
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o sim 19 January 2009 the sum of the first and second terms of the right-hand-side
& in Eq. (1), provides the following equation:

- dV  Be(E'

T —=—|—=+V'xb)—vpV’ 2

H dt  mj (B Y > Vin @

whereb is the unit vector oB, andE’ is equal toE + U x B.

VT \,\M_\W Since the ion energy equation, which is widely used to dis-
fpusatingawora ] cuss the ionospheric/thermospheric heating process, includes
B ) |00 03:30 04:00 a term related to square af’, the square oV’ is derived
- from Eq. (2). Equation (2) can be replaced by

Peak Count
(x1000 a.u.)

then

" 02:50 £ v
s, = VinV/—Qi(V/Xb)ZQi<§>—E , 3)
i
| 5
68 “. 68,

| B8 21 2 518 21 24 E/ 1 dV

Vi—k(V'xb)=ki| = | ——— . 4
| (VD) (3) v di “
|
|
|

[ aaaa— |
2

(V/)2+ki2 { (V/)Z_ (V/,/)Z} _ { (ﬁ) E — <i ﬂ) } (5)
Fig. 4. Same as Fig. 2 but for the event on 19 January 2009. The ver- B Vin dt
tical speed and the fringe peak count are made of data obtained fromvherek; is the ion mobility coefficient defined bRi/vin (R
02:30 to 04:00 UT. Data during the cloudy condition are plotted by is the ion gyrofrequency). Since the fie|d_a|igned ion mo-
gray curves in the top two panels. The mapped auroral images igion does not play an important role for the frictional heating
the bottom color panels are made of data from 02:50 to 03:05 UT. process compared with the perpendicular component (almost
equivalent to the horizontal component), we can ignore the
last term of the left-hand-side of Eq. (5). Then Eq. (5) can be
written as Eq. (6):

4 Discussion
4.1 Theory

el G- ()] ®
This section discusses effects of the electric-field perturba- ~  1+k? [\ B vin dt )]
tion on ionospheric/thermospheric heating. Enhancement oﬁ_
the Joule heating rate by the electric-field perturbation an
appearance of the electric-field perturbation during pulsatin

he time derivative term in Eq. (6) may be expressed as
g. (7) if B is stable.

aurora have already been addressed by other researchers@y 1 /JE

mentioned in Sect. 1. The Joule heating process increases thg,” — g2 (E X ) : )
thermospheric temperature even at the lower thermospheric

heights (Shinagawa and Oyama, 2006), and the temperatufeduation (6) can be modified by substituting Eq. (7):
increase can directly affect the wind dynamics due to modi- 1 & 1 dE 2

fication of the pressure gradient (Oyama et al., 2008; Tsudqy’)? = {<_'> E — <__ X B)} , 8)
et al., 2009). Therefore we investigate the temperature varia- l+ki2 B vinB? di

tions induced by the electric-field perturbations. then

We start from the ion momentum equation including the

time derivative term as shown in Eq. (1). (V)2 =

1 <E>2(E’)2— 2k; (d_E (BxE’))
1+k2 |\ B vinB3\ dt

av
miNji— = —V P +miNig+eNi(E+V x B) ) 5
« i Nivin (V —U 1 4t dEN"p2_ (g 9B (9)
—miNjvin(V —U) 1) U%B‘l dt dt .

wherem;, Nj, and P; are the mean ion mass, the ion density, o ) o
and the ion pressure, respectivelys the charge of electron, For simplicity, we assume that magnitude of the electric field
vin is the ion-neutral collision frequency,, g, E, B, andU varies with time but not for the direction. In this case the
are vectors of the ion velocity, the gravitational acceleration,time derivative term of the electric field in Eq. (9) can be
the electric field, the magnetic field, and the neutral wind 9iven using the unit vector afby

velocity, respectively. Substituting the relative speed of dE dE

U by V'’ and neglecting the diffusion velocity term, whichis ——~=—-e. (10)
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Then Eq. (9) can be replaced as following: 50 -~ ¥

1 [/k\2 2k (dE B vl ] ]
v/ 2 _ M E’ 2 i “E L (BxE i m m : ]

(V) 1+ki2{<3> (E") v B3 dte (BXE) 40 35mV/ .
2 35 - . |

1 dE ‘
- s 11 —~ 301 ¥ ,

+<UinB dt ) } ( ) é "
251 . T
then g 20k il
= (B o 2o dEy, (L dEY i 7
T 142 |\ B vinB dr " \vinB di 10}

(12) 5 . - 1
where Ug is the neutral wind parallel to the electric field. ° ]
The second term between the braces on the right-hand-sidc o l(;l
of Eq. (12) is considerably smaller than the third one by 5-6 Frequency (Hz)

orders of magnitude. The ion energy equation provides the
ion temperature variation, which is a function of the relative rig 5. profile of the ion-temperature increase estimated with
velocity V’ (St.-Maurice and Hanson, 1982; Oyama et al., Eq. (13) taking into account the time derivative term of the elec-
2004, 2009). Since Eqg. (12) shows that the relative veloc-ric field. The oscillation amplitude is classified by gray-scale color
ity is a function of the time derivative of the electric field, and line style.
which corresponds to the electric-field perturbation, the ion-
temperature variation can be finally expressed as Eq. (13):

) wind fluctuations during pulsating aurora. Both events have
My 1 (i d_E) (13) occurred in the depression phase of the auroral activity or the
3kp 1+ki2 vinB dt ) recovery phase of substorms. Since this paper shows only

. . . . WO events, we need more experimental evidence to assess
Figure 5 shows the ion-temperature increase estimated fror% P

Eq. (13) as a function of the electric field perturbation ampli- statistically the validity of these observations. However, it

. . . . is useful to consider possible mechanisms that may explain
fi . While th I : L
tude and frequency lle there IS no experimenta eVIdenC?hese data. We suggest that previous hypotheses considering

regarding amplitude of the electric-field oscillation for the e Lo )

. . . Joule energy dissipation to explain wind fluctuations may not
two events, a magnetospheric observation with FAST Satelbe appropriate in this case because the electric fields mea-
lite shows that the amplitude at 10 Hz is about 30 mVArim- pprop

. . o S sured with the EISCAT UHF radar for the two events are
creasing with decreasing in the oscillation frequency (Naka_relatively small (at most 20 mV - not shown here). How-

jima et al., 2008). In this case the ion temperature may in_ever the Joule heating rate can be increased by electric field
crease by 20-30K according to Fig. 5. We compared with ' ; 9 . y
erturbations as suggested by Fig. 5.

the ion temperature measured with the EISCAT radar, buf® The EISCAT radar d ) h h
clear increases were not identified for the time interval of e radar data present signatures that suggest the

the vertical-wind fluctuations. This may be because the meaP'esence of electric-field perturbations. Figure 6 shows the

surement uncertainty of the EISCAT ion temperature at that:)aglis_zgtbe_lt fpower (iolore(; ?anelcs))z.fzg fo (r)n?:hléf[j);n_ 0#]15
time is almost equivalent to 20—30 K. We should note that a° >+ orevent 1 and from bz:25 10 93.215U1 1 the
vent 2). The antenna configuration is shown in the bot-

neutral temperature increase by a few degrees is enough o) ) .
change the wind dynamics in the lower thermosphere (Surjiom panel for azimuth (blue) and elevation (black) angles.

et al., 1995; Shinagawa and Oyama, 2006). However Wé:or convenience, vertical dotted lines mark each antenna se-
are not sure if the increased thermal energy of ions is enoug uence, and antenna directions are illustrated by symbols at

the top of the colored panel.

to elevate that of neutral particles or the neutral temperature. : h i th K h
More theoretical work is needed to understand the energy Cl€@r enhancements in the backscatter echo power can be

transfer process between ions and neutral particles. seen in the E-region because of high energy particle precip-
itation causing the pulsating aurora. The gradual decrease

4.2 Generation mechanism of the lower-thermospheric  in the E-region backscatter echo power is consistent with
wind fluctuations attenuation of the fringe peak count shown in Figs. 2 and

4. Of particular interest is the F-region backscatter echo

The two events clearly demonstrate that notable fluctuationpower, which sporadically increases independently from the
in the lower thermospheric wind velocity are measured in as-E-region variations. Enhancements of the F-region backscat-
sociation with pulsating aurora. To the best of our knowl- ter echo power do not always appear at a specific antenna
edge, there is no literature regarding lower-thermospherigosition. Observation with antenna at zenith at 01:31UT

Tiric_dr =
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116 What is the ionospheric response to the suprathermal electron burst?

I
| E

Can the suprathermal electron burst coexist with pulsating aurora?

112
Can the electromagnetic wave in the magnetosphere penetrate

into the ionosphere?

108 ' ) ' ’
Can we find observation evidences to prove increases

in the ionospheric/thermospheric thermal energy?

104
Is the thermal energy enough to modify winds in the lower thermosphere?

0285 48 B b4 5 0 03 06 09 2 5 " Fig. 7. Summary of the hypothesis in this paper. Experimental ev-
T IR T e R S, idences of the pulsating aurora and the lower-thermospheric wind
: : perturbation are hatched by gray. The physical mechanism pro-
S , S W posed here has four steps from the suprathermal electron burst,
02:45 48 51 54 GB] G00 (03 06 09 (12 15 which was predicted by the EISCAT radar data, to the wind per-
UT (hour) turbation measured with the FPI. Five open questions to be studied
in more detail are enumerated.
Fig. 6. Backscatter echo power in dB measured with the EISCAT
UHF radar from 01:15 to 01:45 UT on 26 January 2009 (upper color The precipitation particle energy required to cause F-

panel) and from 02:45t0 03:15 UT on 19 January 2009 (lower color,o. iy enhancements must be lower than 1keV according
panel). The antenna beam direction is marked by individual sym—to the stopping-height theory (Rees, 1989). This is impor-
bols at the top of the color panel (See in Table 1 for symbols’ de- ppIing 9 y ’ ) P

scription). The vertical white lines show the boundary from a beamtant experimental information because sporadic precipitation
direction to the next one. The temporal variations in the azimuthOf €lectrons of energy less than 1 keV may be related to the

and elevation angles are plotted in the bottom panels. The verticapuprathermal electron bursts (Johnstone and Winningham,
dotted lines indicate each antenna sequence. 1982). The suprathermal electron burst coincides with the

electric- and magnetic-field perturbations or Afvwaves in

the magnetosphere (Dombeck et al., 2005). Simultaneous
on 26 January presents a sudden depression in the E-regigbservations with FAST and Polar satellites (Nakajima et al.,
backscatter echo power but increase in the F-region one2008) suggest that the AlBn waves at oscillation frequency
Around that time, the FPI-derived wind velocity has notable higher than 1 Hz seem to be generated between FAST (about
fluctuations as shown in Fig. 2. The backscatter echo poweB500 km) and Polar (about 7 Re) altitudes. The amplitude
also presents such a synchronized variations between E- ansf the electric-field perturbation is dependent on events; but
F-regions at 02:53 UT on 19 January when the FPI measuredome examples of the FAST observation present the ampli-
large upward speed as shown in Fig. 4. tude of 30mV ! at 10 Hz for the electric-field perturba-

tion.

90

Azm/Elv (deg)
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While the observation showed coexistence of the lower-the time-derivative term in the continuity equation (Vickrey
thermospheric wind perturbation with pulsating aurora, theet al., 1982). However, more theoretical work needs to be
hypothesis connecting these two phenomena is based on sedone regarding the effects of electron-density oscillation on
eral assumptions. Figure 7 summarizes the observation rethe particle heating rate. While this paper does not address
sults and discussion in this paper. The hypothesis is that théhis issue, it should be studied in future. As reference, the
energy that causes perturbations in the lower-thermospheribeight-integrated particle heating rate derived from EISCAT
wind velocity during pulsating aurora is dissipated by Jouleradar data for the two events is at most 3 mWarwhich is
heating in association with electric-field perturbation. The only ~ 10% of the typical Joule heating rate for active peri-
EISCAT radar presents sporadic enhancements in the Feds (Oyama et al., 2008; Kurihara et al., 2009).
region density (see Fig. 6), which are regarded as an iono- To prove the hypothesis it is necessary to have simulta-
spheric response to the suprathermal electron burst. Satelliteeous observation between the ionosphere and the magneto-
observations in the magnetosphere suggest that the suprathejphere during pulsating aurora. While the backscatter echo
mal electron burst coincides with enhancements in the elecpower measured with the EISCAT radar is analyzed in this
tromagnetic wave or electric/magnetic field perturbationspaper to find evidence of the suprathermal electron bursts,
(Dombeck et al., 2005). Theoretical equations predict enthere are some publications that propose other mechanisms
hancements in the ion temperature due to electric-field peras the cause of F-region enhancements during pulsating au-
turbations at lower-thermospheric heights. The thermal enrora. Prasad et al. (1983) and Evans et al. (1987) suggest
ergy of ions is transferred to neutral particles, causing perturthat the low-energy <€ 1 keV) particle precipitation during
bations in the lower thermospheric wind velocity. pulsating aurora is caused by secondary electrons produced

The hypothesis suggests future directions to be investiin the conjugate hemisphere. Williams et al. (2006) propose
gated in more detail. They are marked by Q1 to Q5 inanother mechanism, which suggests that secondary electrons
Fig. 7. Q1 and Q2 are “What is the ionospheric responseproduced in the lower ionosphere travel upward along the
to the suprathermal electron burst?” and “Can the suprathemagnetic field line then reflecting backward or downward at
mal electron burst coexist with pulsating aurora?” This pa-the upper ionosphere boundary due to a parallel electric field.
per analyzed the backscatter echo power measured with then the other hand, Lu et al. (1991) report observations of the
EISCAT radar in order to find ionospheric signatures dur-suprathermal electron bursts in the diffuse aurora, which typ-
ing pulsating aurora. While magnetospheric signatures of thécally contains pulsating aurora. Sato et al. (2002) have ob-
suprathermal electron burst have been reported in many pulserved inverted-V structure over pulsating aurora with peaks
lications, there are no publication regarding the ionosphericdownward energy in the range of 0.1-1 keV, which can cause
response. Furthermore there is no experimental evidencinization in the F-region. There are at least four hypothe-
that shows a relationship between pulsating aurora and thees available to explain the low-energy particle precipitation
suprathermal electron burst. Q3 is “Can the electromagnetieluring pulsating aurora.
wave in the magnetosphere penetrate into the ionosphere?”

It is well known that large-scale electric fields map down on

the ionosphere (Lyons, 1980; Weimer et al., 1985). How-5 Summary and conclusions

ever, high-frequency components of the electric field (higher

than ~ 10Hz) may be attenuated considerably before get-We conducted simultaneous observations using an FPI, an
ting down to the ionosphere (Reid, 1965). Q4 is “Can we ASC, and the EISCAT radar in Tromsg, Norway during
find observational evidences to prove increases in the ionothe DELTA-2 campaign in January 2009. This paper con-
spheric/thermospheric thermal energy?” The Joule/particleeentrated on two events during periods of pulsating aurora.
heating rate can be estimated using, for example, 1S-radafhe FPI ¢ =557.7nm) observed notable fluctuations of
data. However, it is difficult to understand the relationship the lower-thermospheric wind velocity in a darker area that
between the heating rate and the temperature variation beappeared within pulsating aurora. At that time, the verti-
cause the temperature elevation may be smaller than the meaal wind speed clearly showed oscillations with amplitudes
surement uncertainty of the IS radar at E-region heights. Q3arger than 10msl. The electric field magnitude mea-

is “Is the thermal energy enough to modify winds in the lower sured with the EISCAT radar for the two events was at most
thermosphere?” The theoretical equation in this paper sug20 mV mL. This value is considerably smaller than the elec-
gests large temperature enhancements in excess of a few tetrg field adopted in previous simulation studies for calculat-
of degrees due to the electric-field perturbation. However,ing the Joule heating rate. This paper discussed effects of
the prediction should be directly proved by observation datathe inferred electric-field perturbations because the F-region

Direct heating due to particle precipitation, may also bebackscatter echo power measured with the EISCAT UHF
significant but we think that it is of secondary importance radar suggested the presence of suprathermal electron burst.
as estimated below. Estimation of the particle heating rateThis magnetospheric phenomenon tends to coincide with in-
has been established under several assumptions, includingeases in amplitude of the electromagnetic wave on the or-
steady state conditions in the ionosphere, that is, negrectinder of 10 Hz or higher. The theoretical prediction suggested
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that the ion-temperature increased by more than 20-30 Krujiwara, H., Maeda, S., Suzuki, M., Nozawa, S., and Fukunishi,
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