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1. INTRODUCTION

Large�scale undulations were for the first time
detected in the DMSP photographs [Lui et al., 1982].
Undulations with amplitudes of 40–400 km and wave�
lengths of ~200–900 km were observed at the equator�
ward boundary of diffuse auroras (Φ' ~ 60°) in the
evening sector near the ring current maximum.
According to [Kelley, 1986], the undulations originate
as a result of development of the Kelvin–Helmholtz
instability, caused by the generation of intense electric
fields directed poleward and localized equatorward of
auroral electron precipitation.

The origination of subauroral polarization streams
(SAPSs) [Foster and Burke, 2002] is one of the vivid
manifestations of intense electric fields in the region of
the main ionospheric trough. Foster and Vo [2002]
studied the SAPS morphology and characteristics
based on the data of the Millstone Hill incoherent
scatter radar for 1979–2000. They indicated that such
streams are registered from evening to early morning
hours at Kp > 4. In the premidnight sector the polar�
ization stream is observed equatorward of L = 4 occu�
pying latitudes of 3°–5° and has a maximal velocity of
>900 m/s.

Several cases of large�scale undulations were regis�
tered with a GUVI instrument on the TIMED satellite
[Zhang et al., 2005]. Large�scale undulations were
observed at the equatorward boundary of diffuse pro�

ton aurora during magnetic storms (Dst < –60 nT) on
the dayside, nightside, and morning side. On the day�
side, the undulations were accompanied by a consid�
erable convective shift in the region of their observa�
tion. The synchronous DMSP and TIMED measure�
ments during the periods when undulations were
registered indicated that high drift velocities (>1000
m/s) and their steep gradient along latitude (>0.1 s–1)
are the necessary conditions for generation of large�
scale undulations.

The aim of this work is to study the spatial–tempo�
ral dynamics and generation conditions of large�scale
undulations registered in the evening sector on
December 12, 2004 during the synchronous ground�
based and satellite measurements.

2. ANALYSIS OF OBSERVATIONS

We analyzed the TV observations at Tixie Bay with
a time resolution of ~4 s [Shiokawa et al., 1996],
DMSP satellites, magnetic field variations measured
in the scope of the CARISMA and CPMN projects,
and ionospheric disturbances at Tixie Bay (Parus Rus�
sian ionospheric station) and Zhigansk (DPS�4
digisonde). The geomagnetic and geographic coordi�
nates, international codes, and geomagnetic local
time of the used stations are presented in table. The
data on IMF were obtained from the GEOTAIL satel�
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lite (20.2, 21.9, 3.1) RE in GSE coordinates. The dis�
turbance propagation time from the satellite to the
subsolar point was ~3 min.

Figure 1 illustrates the geomagnetic conditions in
the midnight and evening sectors from 0730 to 1100
UT on December 12, 2004. Figure 1 presents the IMF
variations, auroral station magnetograms, and the
variations in auroral luminosity in the north–south
direction (a keogram) according to the TV camera
data at Tixie Bay station (the lower panel). The keo�
gram was constructed in the geographic latitude–uni�
versal time coordinates taking into account the alti�
tude of auroras (~110 km). Figure 1 indicates that the
Bz component oscillated from –3 to 3 nT, and the IMF
By values remained positive (~5 nT) during the entire
considered period. The solar wind density measured
by the ACE satellite at X = –240RE was about 14 cm–3,
and the velocity was ~440 km/s (not shown). Note that
the Dst index was –43 nT. The magnetic field varia�
tions at auroral stations testify to the development of
the DP2 two�vortex current system and enhancement
of convection at ~0730–1000 UT and to the substorm
onset at ~1000 UT. The intensities of the westward
electrojet in the midnight sector (GILL and ISLL)
and eastward electrojet in the evening sector (KTN
and TIX) were comparable (ΔH ~ 200 nT). The varia�
tions in the diffuse luminosity equatorward boundary
can be traced on the keogram. The keogram was dark
because of cloudiness during the observation period. It
is clear that the equatorward boundary moved south�
ward (from ~74° to ~71°) at a velocity of ~200 m/s at
0830–0900 UT. The region of the maximal intensity of
the eastward (westward) electrojet in the evening
(midnight) sector moved synchronously with this
boundary.

Eight undulations were registered with a TV cam�
era at 0910–1000 UT. We should note that large�scale
undulations were localized within the diffuse zone but
the position of the diffuse aurora equatorward bound�
ary remained unchanged (~71°).

We now consider in more detail the dynamics of
large�scale undulations. Figure 2 shows the keogram
in the direction north–south (Fig. 1a) and the TV
frames of the observed undulations (Fig. 1b). The neg�

ative TV frames of auroras are presented. The frames
show a weak gray background owing to cloudiness;
therefore, a discrete auroral arc located north of the
Tixie Bay zenith and distinctly registered on the
DMSP satellites (see Fig. 5) merges with wave�like
structures on the keogram. Large�scale undulations
were observed at geographic latitudes of 74°–72.5°,
i.e., within the diffuse zone. The estimates indicated
that the undulation amplitude varied from ~100 to
150 km and the wavelength was ~200–300 km.

To determine the propagation velocities of undula�
tions, we constructed the keogram in the direction
east–west at a geographic latitude of 73° using the TV
camera data (Fig. 3). Seven westward undulations are
clearly defined on the keogram. The eighth undula�
tion, localized at a latitude of ~72.5° is not observed
because the region of undulation formation is shifted
southward. Undulations first propagated at a constant
velocity of ~800 m/s, and the velocity decreased to
~700 m/s at the end of the analyzed interval.

The development of ionospheric disturbances at
0815–0900 UT is presented in Fig. 4 which presents
the ionograms at Tixie Bay and Zhigansk stations. The
data of vertical sounding at Tixie Bay indicated that
this station was in the zone diffuse auroras and the ion�
ogram at 0815 UT illustrates a typical pattern with dif�
fuse traces of irregular reflections in the ionospheric F
and E regions. At 0830 UT, a sporadic Esr layer with a
frequency of 2.7 MHz caused by high�energy proton
precipitation was observed at Tixie Bay. A regular F2
layer with critical frequencies of 3.1 and 2.7 MHz was
registered at Zhigansk at 0815 and 0830 UT, respec�
tively. The absence of reflections from the E layer and
a decrease in the foF2 critical frequencies at Zhigansk
indicate that the latter station was localized within the
main ionospheric trough. At 0845, the critical fre�
quency of the Esr layer decreased to 2 MHz at Tixie
Bay, and a diffuse irregular trace appeared in the F
region. At Zhigansk the foF2 critical frequency
decreased to 2.0 MHz at that instant. Ionospheric
absorption began at Zhigansk at 0900 UT. Beginning
from 0900 UT, a sporadic trace (Esa) appeared at Tixie
Bay which indicates that a discrete auroral arc
appeared near the station zenith [Brunelli and Nam�

The list of the stations used in an analysis

Ser. no. Station name Code
Geographic coordinates Geomagnetic coordinates Local magnetic 

midnight (UT)latitude, deg longitude, deg latitude, deg longitude, deg

1 Kotelny KTN 76.0 135.9 70.3 200.1 1553

2 Tixie Bay TIX 71.6 128.9 66.1 197.7 1602

3 Zhigansk ZGN 66.8 123.4 61.4 194.6 1613

4 Gillam GILL 56.4 265.4 66.3 332.5 0634

5 Island Lake ISLL 53.9 265.3 63.9 332.8 0633
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galadze, 1988]. A trace of the Ess sporadic layer (slant
Es) which indicated that a strong electric field
appeared was also observed here [Olesen et al., 1986].

A successful pass of the DMSP satellites made it
possible to obtain additional information about elec�
tric fields and particles and compare the dynamics and
parameters of undulations on the Earth and satellite.
The satellite data are presented in geographic coordi�
nates in Fig. 5. The left�hand panels of Fig. 5 present
the auroral photographs from the DMSP satellites: (a)
F15, (b) F13, and (c) F14. The right�hand panels of
Fig. 5 shows the spectrograms of electron and proton
precipitation, the variations in the horizontal drift
velocity Vy (a solid line), and the velocity gradient (a
dotted line) measured on the DMSP satellites: (d) F15
and (e) F13. The gradient (shear according to the
[Kelley, 1986] terminology) of the drift velocity (Vy)
was calculated along the satellite trajectory during the
5�min period. The scanning zone along the satellite
pass is ~3000 km. The time shown on the photographs
corresponds too the time when the satellite crossed the

region of undulation observation. The Tixie Bay (TIX)
station position is marked by a cross.

The DMSP F15 satellite registered the formation
of the first undulation at ~0910 UT (~1800 MLT) ~6°
east of the TIX meridian (Fig. 5a); therefore, a TV
camera at TIX registered this undulation at 0912–
0915:35 UT (Fig. 2a). The undulation with an ampli�
tude of ~150 km and a wavelength of ~250 km was
localized within the diffuse zone which is related to
precipitation of protons with an energy of >10 keV
(Fig. 5d, ~0909–0911 UT).

Figure 5d indicates that the first increase in Vy at
0908:20–0909 UT was related to the subauroral polar�
ization stream and was observed equatorward of the
diffuse zone. The second increase in Vy related to the
region of energetic proton precipitation began at
0909:10 UT, i.e., within the diffuse auroral zone. An
abrupt increase in Vy which coincided with the instant
of undulation formation (~0910 UT) was observed at
0910:10–0910:40 UT (marked by a gray rectangle). At
that instant high azimuthal velocities were observed
(185–850 m/s) and the Vy gradient varied in a wide
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Fig. 1. From top to bottom: the variations in the By (a dashed line) and Bz (a solid line) components according to the Geotail
satellite data; the variations in the magnetic field X(H) component at the auroral stations in the evening (KTN and TIX) and post�
midnight (GILL and ISLL) sectors; and the keogram in the direction north–south at Tixie Bay for the event of December 12,
2004.
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range (from –0.045 to 0.078 s–1). We also note that
precipitation of electrons with an energy of ~1 keV
increased by an order of magnitude at the latitude of

undulation registration (0910:25–0910:30 UT), and a
trough is observed in precipitation of 10 keV protons
(0910:25–0910:40 UT). A discrete arc caused by elec�
tron precipitation of the inverted�V type (0910:55–
0911:15 UT) was localized ~1° north of the undula�
tion formation region. Higher drift velocities were
observed at that time.

Figures 5b and 5e show the DMSP F13 data at
0937–0942 UT (~1700 MLT). The satellite registered
several undulations (Fig. 5b). As during the previous
satellite pass, undulations with an amplitude of
~150 km and a wavelength of ~300 km were localized
within the diffuse zone ~1° south of a discrete auroral
arc (Fig. 5b). Two maximums were observed in the
drift velocity (Vy) variations (Fig. 5e). The first velocity
maximum (~600 m/s) at 0937:50–0938:20 UT was
observed outside the diffuse zone and was related to
SAPS. The second maximum (0939:25–0939:50 UT)
was registered within the diffuse zone and was charac�
terized by lower velocities (~500 m/s) and small Vy
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gradients. Precipitation of high�energy particles was
registered during that period.

At ~0949 UT (~10 min after the F13 pass), the
DMSP F14 satellite registered undulations with an
amplitude of ~150 km and a wavelength of ~300 km
(Fig. 5c). The average velocity of undulations esti�
mated from Fig. 5b is ~800 m/s. A difference in the
undulation velocity and drift velocity Vy (Fig. 5e) is
apparently caused by the fact that the DMSP F13 tra�
jectory did not pass exactly along the meridian. The
undulation parameters estimated using the satellite
data generally agree with the ground�based observa�
tions.

3. DISCUSSION

The analyzed event was unusual because the first
large�scale undulations in the evening sector (~1700–
1800 MLT) were registered within the diffuse zone of
auroras. Many works on the satellite (see e.g., [Lui et
al., 1982; Kelley, 1986; Yamamoto et al., 1993, 1994;
Zhang et al., 2005]) and ground�based [Baishev et al.,
1997, 2000] observations are devoted to studying
large�scale undulations. These works studied undula�
tions that were registered at the equatorward boundary
of diffuse auroras. It is considered that undulations are
the characteristic manifestation of magnetic storms.
Our analysis indicated that large�scale undulations on
December 12, 2004, were observed during enhance�
ment of the two�vortex current system and magneto�
spheric convection as was previously reported in [Bai�
shev et al., 1997, 2000].

The Kelvin–Helmholtz (K–H) instability is the
most probable mechanism by which the generation of
undulations is explained [Lui et al., 1982; Kelley,

1986]. This instability originates at a strong shear flow
of plasma near the auroral oval equatorward boundary
as a result of the appearance of intense northward
electric fields. Such fields result in the origination of
SAPSs [Foster and Burke, 2002]. During our event,
SAPS is registered south of the diffuse aurora equator�
ward boundary in the region of the main ionospheric
trough (see [Foster and Burke, 2002]).

According to the model calculations [Yamamoto
et al., 1993, 1994], undulations can be identified with
spatial modulation of energetic protons drifting in the
magnetic field by Kelvin–Helmholtz waves. The K–
H instability originates in the region of closed azi�
muthally extended layers with increased plasma den�
sity (arc sheets according to the author’s terminology),
localized equatorward of diffuse proton auroras. In the
event considered by us, the regions of increased pre�
cipitation of keV electrons (Fig. 5) and generation of
strong electric fields (Fig. 4) are localized within the
diffuse auroral zone. The ionospheric data from Tixie
Bay—the appearance of a slant Es reflection on the
ionogram at 0900 UT (Fig. 4)—testifies to the gener�
ation of strong electric fields.

Based on the DMSP data, Zhang et al. [2005]
determined the necessary conditions for formation of
undulations at the equatorward boundary of diffuse
proton auroras: high�velocity ion drifts (>1000 m/s)
and a large their gradient (>0.1 s–1). In the event ana�
lyzed by us, the DMSP F15 observations (Fig. 5d)
made it possible to determine the initial conditions of
undulation generation: the drift velocity is Vy ~ 850 m/s
and the velocity gradient is ~0.08 s–1. These values of the
drift velocity and its gradient correspond to the values
previously obtained in [Zhang et al., 2005].
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4. CONCLUSIONS
(1) Large�scale undulations in the evening sector

(~1700–1800 MLT) were for the first time registered

within the diffuse aurora zone. Eight undulations with
an amplitude of ~100–150 km and a wavelength of
~200–300 km were registered at 0910–1000 UT on
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Fig. 5. The left�hand panels: aurora photographs from the DMSP satellites (a) F15, (b) F13, and (c) F14. The right�hand panels:
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December 12, 2004. The undulations propagated
westward at a velocity of 0.7–0.8 km/s. The parame�
ters of the undulations, registered during the TV
observations agree with the DMSP satellite measure�
ments.

(2) A comparison of the synchronous ground�
based and satellite observations made it possible to
determine the conditions of formation of large�scale
undulations in the evening sector. High drift velocities
(>800 m/s) and a steep gradient of these velocities
(>0.08 s–1) are the necessary conditions for generation
of large�scale undulations. Strong electric fields are
interrelated to the regions of increased precipitation of
keV electrons.
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