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Abstract In this study, we analyze the first conjugate observation of auroral finger-like structures using
ground-based all-sky cameras and the Time History of Events and Macroscale Interactions during Substorms
(THEMIS) satellites and investigated associated physical processes that are a cause of auroral fragmentation
into patches. Two events are reported: one is a conjugate event, and the other is a nearly conjugate event.
The conjugate event was observed at Narsarsuaq (magnetic latitude: 65.3∘N), Greenland, at 0720–0820 UT
(0506–0606 LT) on 17 February 2012. Analysis of the event revealed the following observational facts:
(1) variation of parallel electron energy fluxes observed by THEMIS-E shows a correspondence to the
auroral intensity variation, (2) plasma pressure and magnetic pressure fluctuate in antiphase with time scales
of 5–20 min, and (3) perpendicular ion velocity is very small (less than 50 km/s). In the latter event, observed
at Gakona, Alaska, on 2 February 2008, the THEMIS-D satellite passed across higher latitudes of finger-like
structures. The data from THEMIS-D also showed the antiphase fluctuation between plasma pressure and
magnetic pressure and the small perpendicular ion velocity. From these observations, we suggest that the
finger-like structures are caused by a pressure-driven instability in the balance of plasma and magnetic
pressures in the magnetosphere.

1. Introduction

Auroral emissions are caused by electron precipitation from the magnetosphere along Earth’s magnetic field
and project the magnetospheric plasma dynamics onto the ionosphere. Auroras are classified broadly into
two types: discrete and diffuse [Davis, 1978]. A discrete aurora is characterized by its longitudinally stretched
curtain-like structure and is considered to be a manifestation of the shear motion of plasma in the mag-
netosphere [e.g., Haerendel, 2007]. The intense brightness of discrete auroras is caused by the precipitation
of electrons that are accelerated by field-aligned potential differences [e.g., Reiff et al., 1988]. In contrast,
a diffuse aurora has a glimmering brightness and does not have a specific shape, which distinguishes it
from the discrete aurora. Pulsating auroras, one subclass of diffuse aurora, often become patchy struc-
tures. A possible origin of these patchy pulsating auroras is cold plasma irregularities in the magnetosphere
[e.g., Nakamura and Oguti, 1987]. The electron precipitation in the diffuse auroral region is controlled by
scattering of keV-energy electrons by electromagneric waves with frequencies of local electron cyclotron fre-
quency. The wave generation is related to fluxes and temperature anisotropies of keV-energy electrons as well
as density of ambient plasma [e.g., Kennel and Petschek, 1966].

Observations of these two major types of aurora have been made for a long time by using high-resolution
all-sky imagers (ASIs) [e.g., Mendillo et al., 1989; Nishitani et al., 1994] or magnetospheric satellites [e.g., Zhang
et al., 2005; Ebihara et al., 2010]. In recent years, simultaneous observations on the ground and in the magne-
tosphere have been reported [e.g., Sato et al., 2015; Donovan et al., 2008] and the “Conjunction Event Finder,”
a useful tool for finding conjugate observation events, was developed by Miyashita et al. [2011].

Recently, Shiokawa et al. [2010] found small-scale auroral finger-like structures, which are observed when
diffuse auroras fall apart into patchy structures. They suggested that a pressure-driven instability between
plasma and magnetic pressures in the magnetosphere could be a cause of these finger-like structures. Addi-
tional analysis of large-scale finger-like structures using ASIs was reported by Shiokawa et al. [2014]. The results
of that analysis provided further support for the proposition that pressure driven instabilities were a cause of
auroral fragmentation into patches through the finger-like structures. As described by Shiokawa et al. [2014],
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the pressure-driven instability can be either interchange or ballooning instabilities. The interchange instabil-
ity has zero wave number along the magnetic field line, and the whole magnetic flux tube moves together.
Ballooning instability has a finite wave number along the magnetic field line. Both instabilities develop in the
region where a force balance holds between earthward magnetic tension force and tailward pressure gradi-
ent force in the MHD fluid approximation [e.g., Gold, 1959; Voronkov et al., 1997; Cheng, 2004; Xing and Wolf ,
2007; Kozlovsky et al., 2007; Miura, 2009]. Hashimoto et al. [2015] reported, through statistical studies of small-
and large-scale finger-like structures, that finger-like structures start to develop when the substorm recovery
phase starts and that they tend to be observed at post-midnight local times.

In these previous studies, conjugate observations at the ground and in the source magnetosphere were not
analyzed to investigate auroral fragmentation through the finger-like structures. The purpose of this study is
to investigate the physical processes occurring in the magnetosphere in association with auroral finger-like
structures, by using cases for which the footprints of Time History of Events and Macroscale Interactions
during Substorms (THEMIS) satellites pass across the finger-like structures observed by ground-based ASIs.

2. Instruments

In this study, we used plasma, electric field, and magnetic field instruments on board the THEMIS-D and
THEMIS-E satellites [Angelopoulos, 2008] to obtain data associated with auroral finger-like structures in the
magnetosphere. The plasma instruments are the electrostatic analyzer (ESA) [McFadden et al., 2008] and the
solid state telescope (SST) [Angelopoulos, 2008; Angelopoulos et al., 2008; Larson, 2009]. The ESA measures
fluxes and pitch angle distributions of low-energy (5 eV to 25 keV) ions and electrons. The SST measures
the same information for high-energy (25 keV to 1 MeV) particles. The electric field and plasma waves are
measured by the electric field instruments (EFI) [Bonnell et al., 2008], which consist of four spherical sensors
mounted on 20 or 25 m booms. The fluxgate magnetometer (FGM) [Auster et al., 2008] measures the DC mag-
netic field. The sampling rate of these data for our analysis is the spin rate of the satellite, about 1 per 3 s. We
also used the ground-based all-sky imagers and magnetometers in Canada and Greenland that form part of
the THEMIS Ground-Based Observatory (GBO) [Mende et al., 2008; Harris et al., 2008]. These cameras have a
high time resolution (cadence: 3 s) and a 256 × 256 pixel image resolution. Assuming that auroral emissions
occur at an altitude of 110 km, the radius of the field of view of the imagers is about 600 km.

3. Observations

To find conjugate observation events, we investigated THEMIS ASI images and THEMIS footprints obtained
from the Conjunction Event Finder over the period between October 2007 and December 2014. First, we
searched for finger-like structures in THEMIS ASI images during which the THEMIS satellite was in the North
American longitudinal sector. We found 67 finger-like structure events. Then, a detailed investigation of
THEMIS footprints in these events produced only one conjugate observation event for which the THEMIS
footprint crossed the finger-like auroral structures, and six near-miss events for which the THEMIS footprints
passed near the finger-like structures. The THEMIS satellites pass across ∼70∘N at their apogee, while auroral
finger-like structures tend to appear at ∼65∘N. This difference of latitudes leads to this rather small number
of conjugate events.

The best conjugate event was observed at Narsarsuaq (magnetic latitude (MLAT): 65.3∘N), Greenland, at
0720–0820 UT (05:06–06:06 LT) on 17 February 2012. First, we will discuss this best event. Then, we
will discuss one of the near-miss events, observed at Gakona (62.4∘N, 214.8∘E, MLAT: 63.1∘N), Alaska,
on 2 February 2008.

3.1. Observation of the Conjugate Event (Event 1)
Figure 1 shows H component of ground-level magnetic field variations observed at Narsarsuaq and other sta-
tions at nearby latitudes from 2200 LT to 0600 LT. The two red lines in Figure 1 indicate the time interval during
which the finger-like structures appear at Narsarsuaq. The auroral substorm occurs at about 0640 UT around
Fort Churchill (58.8∘N, 265.8∘E, MLAT: 68.1∘N), Canada. The time interval of finger-like structures corresponds
to the substorm recovery phase. The fact that the finger-like structures appear during the substorm recovery
phase matches the result of the statistical study by Hashimoto et al. [2015].

Figure 2 shows the north-south keogram of the all-sky imager data obtained at Narsarsuaq on 17 February
2012. The aurora gradually expands southward from ∼0540 UT to ∼0630 UT. The substorm onset at 0640 UT
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Figure 1. Ground-level H component magnetic field variations observed at Narsarsuaq and other stations at similar
latitudes from 22 LT to 06 LT. The two red lines show the time interval during which the finger-like structures appear at
Narsarsuaq.

Figure 2. North-south keogram as a function of MLAT reproduced from all-sky images observed at Narsarsuaq for
05:00–08:30 UT on 17 February 2012. The boundary at 66.3∘N is a part of line shadow in south part of the all-sky images.
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Figure 3. All-sky images taken at Narsarsuaq between 0600 UT and 0830 UT on 17 February 2012 with a 30 min interval. The orange lines in each image indicate
the trajectory of the ionospheric footprint of the THEMIS-E satellite at an altitude of 110 km. The yellowish green lines indicate geomagnetic latitudes of 60∘N
and 70∘N.
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in the nightside local time sector seems not to affect these auroral features. We found auroral features corre-
sponding to the finger-like structures which develop northward during 0600–0630 UT (0346–0516 LT) and
during 0720–0800 UT (0506–0546 LT).

Figure 3 shows the auroral images taken by the all-sky camera at Narsarsuaq between 0600 UT and 0830 UT
with a 30 min interval. The plus symbols indicate the footprint of the THEMIS-E satellite mapped onto the iono-
sphere, and the yellowish green lines indicate geomagnetic latitudes of 60∘N and 70∘N. The orange lines cor-
respond to the trajectory of the footprint. This footprint is calculated using the Tsyganenko-96 magnetic field
model [Tsyganenko and Stern, 1996]. Due to the discrepancy between the model and the real magnetic field,
the footprint has some uncertainties, which we will discuss later. At 0600 UT, the finger-like structures start
to develop northwestward. THEMIS-E comes into the auroral region at around 0630 UT and moves westward,
passing across the finger-like structures several times from 0730 UT until 0830 UT in this figure.

Next, we will introduce the data obtained from the THEMIS-E satellite. Figure 4 shows the magnetic field and
plasma differential energy fluxes observed by the THEMIS-E satellite during 0530–0830 UT. The satellite posi-
tion is indicated below the bottom panel in GSM coordinates, where the satellite moves radially outward from
4.9 Re to 8.8 Re.

The solid curves in Figure 4a indicate the magnetic field variations. The blue, green, and red curves corre-
spond to the GSM x, y, and z components of the magnetic field, respectively. The dashed lines are values
obtained from the Tsyganenko-96 model. The difference between the two values is only about 10 nT, suggest-
ing that it is reasonable to use this model for the field line mapping from the THEMIS satellite to the ionosphere
(Figure 3). The magnitudes of the fields become smaller over time because the satellite was gradually moving
away from the Earth.

The other four panels show the differential energy fluxes of electrons and ions. Figures 4b and 4c are ion fluxes
obtained by the SST at energies of 25 keV to 6 MeV and the ESA at energies of 5 eV to 25 keV, respectively.
Figures 4d and 4e show electron fluxes obtained by the SST at 25 keV to 1 MeV and the ESA at 5 eV to 25 keV,
respectively. The high fluxes of both ions and electrons in Figures 4b and 4d before 0630 UT suggest that the
satellite is in the radiation belt until 0630 UT. After 0630 UT, the ESA of THEMIS-E observed high electron fluxes
at energies above 1 keV (Figure 4e). These fluxes probably correspond to the plasma sheet. In Figure 4e, we can
see clear signatures of electron injection with an energy dispersion at energies above 1 keV at 0615–0650 UT.
At 0650–0720 UT, two bands of electron fluxes at 10 keV and 1 keV are seen, suggesting that two injections
occurred before the present event. The region at 0730–0830 UT when THEMIS-E crossed of finger-like struc-
tures corresponds to the plasma sheet electrons with energies of more than 1 keV and is outside (higher
L shells) of these injection signatures in the magnetosphere.

Figure 5 shows a comparison of the satellite and ground auroral data for 0720–0830 UT. Figure 5a shows the
auroral intensities in the footprint of THEMIS-E in the all-sky images shown in Figure 3. Figure 5b shows the
electron energy flux parallel to the magnetic field by integrating the electron fluxes obtained by the ESA.
In this panel, positive and negative values indicate northward and southward fluxes, respectively. Both the
auroral intensities and the parallel electron fluxes show variations with time scales of 5–20 min. THEMIS-E is
expected to be in the bright regions of the auroral finger-like structures at the local peaks in Figure 5a. The
arrows between Figures 5a and 5b indicate a possible correspondence of peaks between the auroral inten-
sity and the parallel electron flux. The correspondence between the peaks becomes worse for the third and
fourth peaks, while the correspondence becomes better at fifth and sixth peaks. From this correspondence,
we conclude that THEMIS-E passes across the bright regions of the finger-like structures at the peaks of paral-
lel energy fluxes. The systematic time difference of a few minutes can be seen between the auroral intensity
peaks and the electron flux peaks. Their maximum correlation coefficient is 0.51 with a time lag of ∼120 s. We
consider that this systematic time shift can be due to the ambiguity of field line mapping from the THEMIS-E
satellite to the auroral ionosphere, rather than due to electron travel time from∼10 Re to the ionosphere along
geomagnetic field line, because the speed of 10 keV electron is ∼9 Re/s. As shown in Movie S1 in the support-
ing information, if the location of the satellite is slightly shifted southward or northward, the timing of the
satellite crossing of bright finger-like structure can be easily shift for a few minutes. We have also tried to find
better correlating footprints by shifting the footprint location to 5 or 10 pixels around the original footprints
to the directions of north, east, south, and west. However, the correlation coefficient was not improved.
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Figure 4. (a) The three-component magnetic fields in GSM coordinates observed by THEMIS-E (solid lines) and
calculated by the Tsyganeko-96 model (dashed lines). The blue, green, and red curves indicate the X , Y , and Z
components of the magnetic field, respectively. The lower panels show differential energy fluxes of (b) ions obtained by
the SST, (c) ions obtained by the ESA, (d) electrons obtained by the SST, and (e) electrons obtained by the ESA. The
numbers below the Figure 4 indicate the position of the THEMIS-E satellite.

Figure 5c shows the absolute value of the ion thermal pressure and magnetic pressure observed by the
THEMIS-E satellite in red and black curves, respectively. The two pressures are comparable each other during
the observation of the finger-like structures, indicating that this region is in the plasma sheet.

Figure 5d shows the deviation of the plasma pressure (red) and magnetic pressure (black) as measured by
THEMIS-E. The plasma pressure contains both ion and electron pressures obtained by the ESA. Running 30 min
averages were subtracted from the raw pressure data to show pressure variations shorter than 30 min clearly.
We can see from this panel that the plasma and magnetic pressures fluctuate in antiphase with time scales of
5–20 min, indicating that these pressure variations are diamagnetic.
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Figure 5. The top two panels show (a) auroral intensity at the satellite’s footprint in the all-sky images and (b) electron
energy fluxes parallel to the magnetic field obtained by the ESA. A positive value indicates fluxes which flow toward the
Northern Hemisphere. The arrows between Figures 5a and 5b indicate a possible correspondence between the
fluctuation peaks in the intensity and the flux. (c) The absolute value of thermal and magnetic pressure observed by
THEMIS-E. (d) The thermal and magnetic pressure deviations observed by THEMIS-E. These values are obtained by
subtracting 30 min running averages. (e) The ion velocity perpendicular to the magnetic field obtained from the ESA.
The blue, green, and red curves show GSM X , Y , and Z components, respectively. (f ) The electric field observed by the
EFI. The blue and green lines indicate the GSM X and Y components, respectively. (g) The electric field wave spectra
obtained from the EFI. The black line labeled fce indicates the electron cyclotron frequency. The numbers below the
panels show the position of the THEMIS-E satellite.
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Figure 6. Ground-level H component magnetic field variations observed at Gakona and other stations at similar
latitudes from 0130 LT to 0500 LT. The two red lines show the time interval during which the finger-like structures
appear at Gakona.

Figure 5e shows three component ion velocities perpendicular to the magnetic field. These ion velocities are
measured by the ESA. We find that perpendicular ion velocity is very low (less than 50 km/s) in the plotted
interval, indicating that the finger-like structures are not related to high-speed earthward flows, such as bursty
bulk flow (BBF) [Angelopoulos et al., 1992].

Figure 5f shows the electric field variations observed by the EFI. The blue and green lines indicate the GSM X
and Y components of the electric field, respectively. In the magnetic equatorial plane, the X component of the
electric field corresponds to the radial direction of E×B drift of the plasma, while the Y component corresponds
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Figure 7. North-south keogram as a function of MLAT reproduced
from all-sky images observed at Gakona for 05:00–08:30 UT on
2 February 2008.

to the azimuthal direction. We can see
large fluctuation during 0750–0800 UT
when the thermal pressure starts to
decrease. The negative Ex and positive
Ey corresponds to sunward and inward
plasma motion, while the plasma flow
data in Figure 5d show weak sunward
(Vx > 0) and outward (Vy < 0) motion
of plasma. The values of 0.2–0.5 mV/m
correspond to the drift speeds of
5–13 km/s, which are comparable to
the particle data in Figure 5d, and is
very small compared with the speed of
bursty bulk flow.

Figure 5g shows the wave spectra
in the electric field data of EFI. At
0720–0830 UT, we can see the inten-

sification of rather monochromatic waves at frequencies of 0.1–1 kHz, which probably correspond to the
electron cyclotron harmonic (ECH) waves. The correlation between these ECH wave intensities and parallel
electron fluxes is not clear. Similar ECH waves above diffuse/pulsating aurora have been reported by several
previous papers [e.g., Liang et al., 2010; Nakajima et al., 2012].

3.2. Observation of the Near-Miss Event (Event 2)
This event is one of the six near-miss events. The all-sky camera in Gakona captured clear finger-like structures
in the event. During the appearance of the finger-like structures, the THEMIS-D satellite passed across the sky
of Fort Yukon, which is located north of Gakona. Unfortunately, cloud prevented the all-sky imager at Fort
Yukon from capturing the aurora.

Figure 6 shows ground-level magnetic field variations observed at Gakona and other stations, in the same
format as in Figure 1. The red lines indicate the time interval of finger-like structures observed at Gakona.
According to Figure 6, an auroral substorm occurred around 1240 UT and the finger-like structures appeared
during the expansion phase of this substorm.

Figure 7 shows the north-south keogram of all-sky images taken at Gakona for a time interval of
1200–1430 UT. The aurora started to develop southward at around 1250 UT, about 10 min after the start
of substorm. The auroral finger-like structures appear at around 1300 UT, and their bright regions start to
develop northward, although it is difficult to see the direction of their development in this keogram. Then,
the finger-like structures became well-developed and auroral patches prevails in the auroral images around
1330 UT. Additionally, the north-south prolonged structure around 1335 UT corresponds to a torch-like
structure that appeared after the appearance of the finger-like structures.

Figure 8 shows the images taken by all-sky imager at Gakona and Fort Yukon from 1300 UT to 1320 UT with
a 5 min interval. As mentioned earlier, the sky at Fort Yukon was covered with cloud. The auroral finger-like
structures develop northward between 1300 UT and 1315 UT. Then, the finger-like structures fragment into
patches, as shown in Figure 8. The footprints of THEMIS-D were in the field of view of the camera at Fort Yukon,
which is at latitude ∼4∘ higher than the finger-like structures.

Figure 9 shows the background magnetic field and plasma energy flux data obtained by the THEMIS-D satel-
lite. The format of this figure is the same as that of Figure 4. In Figure 9a, the magnetic field intensity of this
event is smaller than that of Event 1 because the distance from the satellite to the Earth was larger in this case.
The difference of magnetic field intensities between the observations and values modeled by Tsyganenko-96
is at most about 20 nT. Compared with Event 1, it seems that the fluctuation of the magnetic field is larger.

In Figures 9c and 9e, we can see high ion and electron energy fluxes at energies of several kiloelectronvolts
between 1200 and 1310 UT, suggesting that the THEMIS-D satellite was located in the plasma sheet at this
time interval. Both the ion and electron energy fluxes at energies above 10 keV start rising at 1310 UT. Accord-
ing to Movie S2, this increase of the fluxes suggests that the THEMIS-D satellite was at the magnetospheric
counterpart of the extended auroral activity observed at Inuvik.
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Figure 8. All-sky images taken at Gakona between 13:00 UT and 13:20 UT on 2 February 2008 with a 5 min interval.
The orange lines in each image indicate the trajectory of the ionospheric footprint of the THEMIS-D satellite at an
altitude of 110 km.
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Figure 9. (a) The three-component magnetic fields in GSM coordinates observed by THEMIS-D (solid lines) and
calculated by the Tsyganeko-96 model (dashed lines). The blue, green, and red curves indicate the X , Y , and Z
components of the magnetic field, respectively. The lower panels show differential energy fluxes of (b) ions obtained by
the SST, (c) ions obtained by the ESA, (d) electrons obtained by the SST, and (e) electrons obtained by the ESA. The
numbers below Figure 9e indicate the position of the THEMIS-D satellite.

Figure 10 shows magnetic and plasma pressures and ion velocities obtained by THEMIS-D during this event.
According to Figure 9, the dominant energy range of both the ion and electron fluxes is several kiloelectron-
volts, so we use the data obtained by the ESA to estimate the plasma pressure in Figure 10. In Figure 10a, we
can see antiphase fluctuations between the two pressures, which are similar to those in Figure 5c, for almost
all the time period. However, antiphase fluctuation is not observed during 1300–1310 UT, when the finger-like
structures started to appear at Gakona. This exception may be due to a sudden intensification of the mag-
netospheric magnetic field associated with substorm tail current disruption, breaking the balance between
magnetic and plasma pressures.
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Figure 10. (a) The thermal and magnetic pressure deviations observed by THEMIS-D. These values are obtained by
subtracting 30 min running averages. (b) The ion velocity perpendicular to the magnetic field obtained from the ESA.
The blue, green, and red curves show GSM X , Y , and Z components, respectively. The numbers below the panels show
the position of the THEMIS-D satellite.

Figure 10b shows the ion velocity perpendicular to the magnetic field as obtained by the ESA. The velocities
are smaller than 100 km/s in almost all parts of the Figure 10b, suggesting that the BBF is not associ-
ated with the finger-like structures. We can see a sudden decrease of the perpendicular ion velocity during
1300–1310 UT, when the magnetic pressure increases at the substorm expansion phase.

4. Discussion

We have reported two finger-like structure events in this paper. One is a conjugate observation by a
ground-based all-sky imager and a THEMIS satellite flying in the magnetosphere near the same field line of the
finger-like structure (Event 1). The other is a near-miss event in which the THEMIS footprint passes at higher
latitudes than those of the finger-like structures (Event 2). Event 1 was observed in Narsarsuaq, Greenland, on
17 February 2012, and Event 2 was observed in Gakona, Alaska, on 2 February 2008.

Figure 11 is a schematic illustration of the possible source region of the finger-like structures in the magne-
tosphere, based on the observation of Event 1 (top view from above the North Pole). A wavy line shows the
finger-like structures which is considered to be the force balance surface between the magnetic pressure
PB and plasma pressure Pth. The shaded area shows the auroral bright region in which the plasma pres-
sure is high, and the other area shows the auroral dark region in which the magnetic pressure is high. A
curved red vector shows the trajectory of the THEMIS-E satellite moving from nightside to dayside in the
dawn sector.

The antiphase fluctuation of the magnetic pressure and plasma pressure shown in Figure 5c implies that the
THEMIS-E satellite passes across auroral bright and dark regions alternately, as shown in Figure 11. Given that
these regions correspond to the source region of auroral finger-like structures, the antiphase fluctuation of
the pressures supports the idea that pressure-driven instability is a cause of the development of finger-like
structures. Additionally, we consider that the macroscale pressure-driven instability can cause corresponding
variations of ambient plasma density that controls generation and propagation of kilohertz waves. Thus, the
pressure-driven instability can create the observed auroral finger-like structures.
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Figure 11. A schematic illustration of the possible source region
of the finger-like structures in the magnetosphere (top view
from the North Pole).

Similar diamagnetic (antiphase) pressure fluc-
tuations have been reported for the drift mir-
ror mode instability in the plasma sheet [e.g.,
Vaivads et al., 2001; Rae et al., 2007]. For the
present event, we checked the criteria of drift
mirror instability, which is expressed as follows
[e.g., Treumann and Baumjohann, 1997]:

∑

s

𝛽2
s⊥

𝛽s∥
> 1 +

∑

s

𝛽s⊥ (1)

The result of this calculation for Event 1 is shown
in Figure 12. This figure clearly indicates that
Event 1 does not satisfy the drift mirror condi-
tion of equation (1). Thus, we conclude that the
diamagnetic variations observed for the present
event is not by the drift mirror instability.

The footprints of the THEMIS satellites in Figure 3 are calculated by the Tsyganeko-96 magnetic field model in
this study. It is, therefore, necessary to estimate the ambiguity of this field line mapping. In order to estimate
this ambiguity, we shifted the position of the satellite in the magnetosphere. When the position is shifted by
−0.5 Re (1 Re = 6371 km) in the direction of the GSM Y axis, the footprint shifts northward about 60 km from the
original footprint at 0730 UT. Therefore, we can reasonably assume that 0.5 Re in the magnetosphere (GSM Y
direction) is mapped onto 60 km in the ionosphere (latitudinal direction). The difference between the original
magnetic field value and the shifted magnetic field value is about 11 nT (ΔBx = 0.6 nT, ΔBy = −7.7 nT and
ΔBz = 8.3 nT) in the Tsyganenko-96 magnetic field model. The difference between the modeled and observed
magnetic field values is also about 10 nT (ΔBx = −1.7 nT, ΔBy = −7.7 nT, and ΔBz = −6.6 nT). Comparing
these results, the uncertainty of the calculated footprint is estimated to be several tens of kilometers. Since the
north-south scale of the finger-like structures is more than 100 km in Figure 3, we consider that the THEMIS-E
satellite was in the magnetospheric source region of the finger-like structures.

As estimated from the Tsyganenko-96 model, the northward development of the aurora in the ionosphere is
mapped onto the negative GSM Y direction in the magnetosphere at around 07:30 UT in Event 1. We mea-
sured the northward speed of development of the finger-like structure by comparing the two successive
auroral images shown in Figure 13. Vectors in Figures 13a and 13b indicate the tip of an auroral finger-like
structure, showing a slight extension to the north. The length of the northward development is about 35 km
between these two images, giving a growth rate of about 145 m/s. Considering that 60 km northward in the
ionosphere is mapped onto −0.5 Re in the GSM Y direction in the magnetosphere, we obtain a development
speed of −7.7 km/s in the direction of the GSM Y axis for the finger-like structure in the magnetosphere.
Comparing to the GSM Y component of perpendicular ion velocity shown in Figure 5d (green line), the
estimated development speed is comparable to the perpendicular ion velocity, though this small velocity may

Figure 12. Mirror mode criteria check for the THEMIS-E satellite during
Event 1. The solid line indicates 1 + 𝛽⊥ .

be within the ambiguity of THEMIS
momentum measurements due to the
upper boundary of the measurable
energy (25 keV) of the ESA.

Hashimoto et al. [2015] reported based
on multiple event study (14 events)
that finger-like aurora structures tend
to develop when the substorm recov-
ery phase starts and AL index starts
to increase. In Event 1, the finger-like
structures started to develop during
the substorm recovery phase, as shown
in Figure 1, though the Event 2 was
observed during substorm expansion
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Figure 13. All-sky images showing the development of the finger-like structure. Orange arrows indicate the northern
edge of the finger-like structure. The yellowish green lines indicate geomagnetic latitudes of 60∘N and 70∘N.

phase. The start of the finger-like structure at the start of the substorm recovery phase suggests that the
ceasing of earthward flow at the recovery phase may be a trigger of the pressure driven instability.

In both cases, the finger-like structures appeared near the equatorward boundary of auroras. For our first
case, the particle data obtained by the THEMIS-A satellite (not shown) indicate that THEMIS-A was in the
plasma sheet at ∼2 Re inside of the THEMIS-E satellite in the same longitudinal sector. This indicates that the
THEMIS-E was located at the equator boundary of the aurora and not at the inner boundary of the plasma
sheet. The equatorward auroral boundary at magnetic latitudes of ∼65∘ probably does not correspond to the
inner boundary of the plasma sheet, because the typical inner boundary of the plasma sheet is well less than
L = 4 (magnetic latitude of ∼60∘ [e.g., Ejiri. M. et al., 1980; Kistler et al., 1992]). The equatorward auroral bound-
ary can be an inner boundary of electron precipitation region where electrons have sufficient energy flux to
produce observable auroral emission. The present observation suggests that the instability occur at least in
the morning sector in the inner part of the plasma sheet at ∼8 Re.

In Figures 5b and 5c, the correspondence between the parallel electron fluxes and pressure variations is not so
clear. We can discuss this possible correspondence using MHD equations of field-aligned currents. Assuming
that the inertial current is small compared to the diamagnetic current, because the observed ion velocity in
Figure 5d is very small, the current perpendicular to the magnetic field can be expressed as follows:

J⊥ =
B × ∇Pth

B2
(2)

From the current continuity and omitting the plasma flow shear and inertial current, we can obtain the
field-aligned current driven by the divergence of this perpendicular current as follows [Hasegawa and
Sato, 1979]:

J∥ = B∫
2

B2
J⊥ · ∇Bds∥ (3)

We can recognize from these equations that J∥ should correspond to the peak of ∇Pth rather than Pth. This
can be a reason why we do not see good correspondence between Pth in Figure 5c and electron fluxes in
Figure 5b, though the carrier of the possible upward field-aligned current in the auroral finger-like structure
is still not clear. At least we can see variations of similar time scales (5–20 min) in both data. It is difficult to
estimate ∇Pth from the single-satellite measurements.

5. Conclusion

In this study, we analyzed the first conjugate observation of auroral finger-like structures in ground-based
all-sky imagers and magnetospheric THEMIS satellites. The observed plasma and magnetic field variations
in the source magnetosphere are useful for understanding the physical mechanisms that may create the
finger-like structures.

In the conjugate event, observed at Narsarsuaq (MLAT: 65.3∘N), Greenland, the finger-like structures started
to develop at 0720 UT during a substorm recovery phase. The THEMIS-E satellite passed across the finger-like
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structures several times until 08:30 UT. The finger-like structures had spatial scale of 30–200 km and exhibited
various directions of development. The electron energy fluxes parallel to the magnetic field at THEMIS-E and
the auroral intensity in the footprint of THEMIS-E showed variations with time scales of 5–20 min and tend
to have a one-to-one correspondence. This result implies that the THEMIS-E satellite passes across the bright
regions of the finger-like structures at the peaks of the parallel electron flux. The deviation of the magnetic and
plasma pressures showed antiphase fluctuations, again with the time scale of 5–20 min. This antiphase varia-
tion does not contradict to the idea that the pressure-driven instability in the plasma sheet caused the auroral
finger-like structures. The ion velocity perpendicular to the magnetic field was small (less than 50 km/s), imply-
ing that the BBF does not contribute to the finger-like structures. The development speeds of the finger-like
structures estimated from auroral images are comparable to the observed perpendicular ion velocity.

In a near-conjugate event, observed at Gakona (MLAT: 63.1∘N), Alaska, the whole auroral structure expanded
southward, while finger-like structures started to develop northward at 1300 UT. The footprint of THEMIS-D
moved northwestward during the development of the finger-like structures over Fort Yukon, north of Gakona.
The variation of the plasma and magnetic pressures again showed antiphase fluctuations. The ion velocities
perpendicular to the magnetic field are also small (less than 100 km/s) compared to the BBF.

In this paper we investigated the plasma and magnetic field variations at the equatorial plane of the magne-
tosphere near the conjugate location of the auroral finger-like structures. However, we found that only one
conjugate event and only one satellite observed the variations of the magnetospheric magnetic field con-
nected to the source region of the finger-like structures in the event. Because of the small number of conjugate
events, we have not obtained sufficient data to elucidate the physical process causing the auroral finger-like
structures. Additional observations using other magnetospheric satellites (e.g., RBSP and ERG) will be needed
to understand the mechanism for the generation of finger-like structures. There is also still room to exam-
ine phase relationships between plasma and magnetic pressures in the magnetosphere, because antiphase
pressure fluctuation is seen in both cases.
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