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Abstract: The theory of equatorward moving east-west elongated auroral arcs associated with field
line resonance (FLR) has been proposed for decades. However, confirming this theory requires
in-situ observations of FLR within the magnetosphere and simultaneous all-sky imager observations
of equatorward moving auroral arcs near satellite footpoints. In this study, we present the first
observations of multiple equatorward moving auroral arcs related to impulse-excited FLR, using
datasets from the WIND, Geotail satellites, and an all-sky imager at China’s Zhongshan Station
(ZHS) in Antarctica. In the presented event, the ultra-low-frequency waves associated with solar
wind dynamic pressure pulse was mainly toroidal mode, which is consistent with the theory that the
toroidal mode waves usually related with external source. The all-sky imager located in Zhongshan
station recorded several equatorward moving auroral arcs, followed by reverse propagating ones.
The latitudinal width of the equatorward moving auroral arcs was on the order of 25 km and had an
average equatorward propagation of ~0.37 km/s, which is very similar to the value from previous
Er;)edc:t?sr work. To better illustrate the observed evolution of auroral arcs related with the FLRs we proposed
a simple model to evaluate the FACs induced by the FLRs in different latitudes. The latitudinal
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distribution evolution of FACs agrees well with the ground-based optical observations.
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universe9060249 1. Introduction

The phenomenon of equatorward moving aurora arcs (EMAAs) observed in the high
latitude area has caught considerable attention [1-3]. The EMAAs are usually elongated
in the east-west direction as observed by all-sky imager and exhibit a quasi-periodic
appearance with propagation speeds of several km/s [3]. In the past twenty years, the
generation mechanism and propagation characteristics of EMAAs have been attributed to
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waves induced by external source could drive toroidal modes FLR [6,7], and wave-particle

interactions inside magnetosphere would produce poloidal modes FLR [8,9]. The first type
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heating or some kind of collisionless dissipation mechanisms near the footpoints of field
lines [14]. The second type of FLR is poloidal mode standing waves, which are believed to
be generated inside magnetosphere via the process of injecting energetic particles into the
magnetosphere from the magnetotail region. After that process, ions and electrons would
propagate at the direction of westward and eastward, respectively. Then, the propagation
direction of waves would determine by the interacting driving particle population [15-17],
resulting in their azimuthal scale sizes are smaller than toroidal mode waves related with
external source [18].

Magnetospheric FLRs are often related to periodic auroral phenomena [19,20] and
associated with modulating existing auroral arcs [21] or shown to be capable of increasing
the intensity of auroral arcs [22,23]. FLRs can be observed on the nightside closed field
lines, and some works have indicated that FLRs can be excited even in stretched and nonax-
isymmetric magnetosphere configurations [1,24,25]. The characteristic of poleward phase
propagation associated with FLRs usually existed in closed field lines [26-28], but equa-
torward phase propagation can also occur when the magnetic field lines are stretched [29].
References [24,28] proposed that the area between the plasma boundary layer (PSBL) and
central plasma sheet (CPS) can act as a waveguide, generating fast mode compressional
waves inside that propagate earthward to excite Alfven waves with earthward propagation.
Equatorward phase propagation also can exist when the Alfven frequency raises as the L
shell increases. Besides, ref. [1] found that equatorward phase propagation could be in-
duced when phase lags from fast magnetosonic waves are larger than the typical poleward
phase propagation of FLRs.

In contrast to poleward moving auroral arcs associated with FLR, there have been lim-
ited studies on EMAAs [1,3]. The aforementioned scenario has not been firmly established
due to a lack of conjugate observations. In this paper, we present the first observations
of EMAAs induced by impulse-excited FLRs, providing direct evidence to support the
formation mechanism of EMAAs.

2. Data Presentation

In this paper, the solar wind and interplanetary magnetic field (IMF) parameters
are derived from the WIND satellite [30,31] and OMNI database. The magnetospheric
measurements are obtained from Geotail spacecraft, which provide the magnetic field data
from a fluxgate magnetometer and plasma parameters from an electric field detector. The
aurora data presented in this paper are obtained from the all-sky imager at ZHS station
located at the geographic coordinates (69.37° S, 76.38° E) and geomagnetic coordinates
(—74.66° MLAT, 96.80° MLON), which is one of Chinese Science and Research Stations in
Antarctica [32,33]. The all-sky imager has high detection accuracy from N, * 427.8 nm to O1
557.7 nm, which has a 10° latitudes field of view at 100 km altitude and time resolution is 2 s.

3. Observations

On 27 May 1997, a positive solar wind dynamic pressure pulse (from 2 to 2.5 nPa) in-
duced by an elevation in solar wind density was observed by WIND satellite at
1151 universal time (UT), as shown in Figure 1a—c, indicated by the arrows. The satellite was
positioned within the solar wind at GSM coordinates (147.1, 18.0, 6.5) Re, and concurrently
observed the three Interplanetary Magnetic Field (IMF) components given in Figure 1d.
The IMF exhibited distinct alterations correlated with the solar wind discontinuity accom-
panying the positive dynamic pressure pulse. The near-Earth solar wind dynamic pressure
and SYM-H index from the OMNI data show similar impulses with the WIND observations
at 1240 UT as presented in Figure le,f, which indicated the arrival of the positive solar wind
dynamic pressure pulse at the magnetosphere. It is worth noting that there is a time delay
between the solar wind dynamic pressure in the OMNI data and the SYM-H index. As the
OMNI data only shift solar wind data to the bow shock nose, the signals still require some
time to propagate to the magnetosphere.
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Figure 1. Solar wind dynamic pressure (a), density (b), velocity in three components (c) and interplan-
etary magnetic (IMF) in three components (d) from WIND spacecraft. Solar wind dynamic pressure
(e) and SYM-H index (f) derived from OMNI data. Geotail observations of the total magnetic field
(g) and three components of magnetic field (h) variations in the GSM coordinates.

A few minutes after the positive solar wind dynamic pressure pulse arrived at day-
side magnetopause, the GEOTAIL satellite located at duskside magnetosphere with GSM
coordinates [—8.5, 17.1, 0] Re detected noticeable magnetic field perturbations, as shown in
Figure 1gh. To show the wave properties clearer, the magnetic field data were converted
from GSM coordinates to field-aligned coordinates using a 15-min window for the back-
ground magnetic field, in which the p direction is parallel to the background magnetic, the
azimuthal (a) is at the direction of east and perpendicular to the background magnetic, and
the radial (r) is completes the triad. It is reasonable that the wave signatures observed by
GEOTAIL could be related to the impulse in WIND and OMNI data, as the impulse would
require several minutes to propagate from the dayside magnetopause to the GEOTAIL
position. In Figure 2, all three components of magnetic fields exhibit quasi-sinusoidal
perturbations, while the perturbations in azimuthal component being more significant than
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those in the radial component. Figure 2 also presents wavelet power spectra for the three
components of magnetic fields in FAC coordinates, with wave power peaking at 1.7 mHz,
1.4 mHz, and 1.7 mHz for Br, Ba, and Bp, respectively.

Geotail observations
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Figure 2. Geotail observations measured the three components of magnetic field variations in field-
aligned coordinates, utilizing a non-stationary filtering technique. Radial component of the magnetic
field is correspondent to poloidal mode waves, and azimuthal component of the magnetic field
is related to toroidal mode waves. Wavelet power spectra of three components of magnetic field
in field-aligned coordinate are presented in (b,d,f) column, in which the solid black lines are the
frequencies with maximum power (a,c,e).

In order to establish a connection with ground observations, the magnetic foot point
of GEOTAIL was derived by tracing magnetic field line from the satellite position to
the southern hemisphere based on T96 model with realistic solar wind and IMF param-
eters [34], as shown in Figure 3. The foot point of GEOTAIL was located at 177MLT in
AACGM (altitude-adjusted corrected geomagnetic) coordinates and in proximity to the
field of view of the Zhongshan all-sky imager (the solid red circle), which was located at
14-16 MLLT. Figures 4 and 5 present the auroral images obtained from the all-sky imager at
the Zhongshan station, selected at a certain time interval between 1301 UT and 1350 UT,
with magnetic north and west corresponding to the bottom and left sides, respectively. In
addition, Figure 6 presents the vector magnetic field measured by a fluxgate magnetometer
at Zhongshan station (ZHS), at —74.5° in magnetic latitude (MLAT). As Figure 6 illustrates,
prior to the arrival of the solar wind dynamic pressure pulse, geomagnetic perturbations
were weak. However, following the arrival of the solar wind dynamic pressure at the
magnetosphere, enhanced ULF waves were observed in the Bx component at ZHS. Figure 6
also includes wavelet power spectra for the components of the magnetic field at ZHS,
which shows that wave power peaked at 1.3 mHz for Bx. Notably, the frequency derived
from the ground magnetometer closely matched the frequency of waves observed by the
Geotail satellite, further supporting the scenario that ULF waves are generated by solar
wind dynamic pressure.
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Figure 3. The magnetic foot point of Geotail spacecraft in the southern hemisphere. The magenta

solid circle represents the field view of the ZHS all sky imager.
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Figure 4. Auroral images obtained from all-sky imager in Zhongshan station, in which the magnetic
north and west are on the bottom and left, respectively.
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Figure 5. Auroral observations obtained from all-sky imager in Zhongshan station, the upper images
indicate the time sequence of the auroral images same as Figure 4. The bottom row represents the
keogram of auroral arcs as a function of time and latitude between 1300 UT and 1400 UT.
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Figure 6. Three components of geomagnetic field observed at Zhongshan magnetometer, utiliz-
ing a non-stationary filtering technique (a,c,e). Wavelet power spectra of three components of
magnetic field are presented in (b,d,f) column, in which the solid black line is the frequency with
maximum power.
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The auroral images in Figures 4 and 5 show remarkable and captivating evolutions.
Between ~1304 UT and ~1322 UT, the first equatorward moving auroral arc (N1) began to
form in the lower-latitude area and moved equatorward with increasing luminosity. At
~1318 UT, another auroral arc (N2) started moving equatorward and arrived at equatorward
boundary at ~1331 UT. Meanwhile, an area of significant luminosity enhancement was
observed at high latitudes between ~1325 UT and ~1332 UT. After the disappearance
of arc N2, several poleward moving auroral arcs were detected. At ~1333 UT, an east-
west elongated auroral arc (N3) began to form at low latitudes and moved poleward. At
~1335 UT, the second east-west elongated poleward moving auroral arc (N4) began to form
and coexisted with the former auroral arc before both arcs fade out around 1340 UT. At
~1336 UT, another auroral arc (N5) appeared at low latitudes, although its luminosity was
lower than the former arc.

The keogram of the auroral activities is also showed at the bottom of Figure 5 as a
function of magnetic latitude and time. An auroral keogram is a type of graph that displays
the intensity and location of auroral emissions over time, created by stacking together
images taken by an all-sky camera over a period of several hours or more. The resulting
keogram shows the evolution of the aurora over time, with time on the horizontal axis
and magnetic latitude on the vertical axis. The keogram clearly demonstrates that discrete
auroral arcs first exhibit earthward phase propagation before transitioning to poleward
phase propagation, with phase shifts across latitudes increasing over time. It is worth
noting that during ~1327 UT and ~1332 UT, vertical stripes can be observed between
the equatorward and poleward moving auroral arcs at latitudes 74.5-75 degrees in the
keogram, corresponding to the area of significant luminosity enhancement at high latitudes
visible in the auroral images. Based on the keogram, the average speed of equatorward
moving auroral arc N2 is calculated to be 0.37 km/s. Ref. [3] has calculated the average
equatorward propagation speed is on the order of ~0.46 km/s, which is roughly equal to
the value in our event. The latitudinal width of the equatorward moving auroral arcs N2
is on the order of 25 km, which is also consistent with the findings of [3,11]. Notably, the
equatorward moving auroral arcs spatially coincide with the toroidal-mode ULF waves,
bearing a striking resemblance to the observations presented by [11].

4. Discussion

In this paper, we have presented multi-point observations of equatorward moving
east-west elongated auroral arcs related with toroidal mode ultra-low-frequency (ULF)
waves after positive solar wind dynamic pressure pulse in the dusk magnetosphere. In
this specific case, the WIND satellite observed clear solar wind dynamic pressure pulses,
followed by a sudden impulse recorded in ground-based data approximately 2940 s later.
The GEOTAIL satellite, located in the dusk-side magnetosphere, observed strong toroidal
mode ULF waves shortly thereafter. Near the magnetic footpoint of the GEOTAIL satellite,
the all-sky imager located in Zhongshan station recorded equatorward moving auroral
arcs, followed by reverse propagating ones. The average speed of the equatorward moving
auroral arcs is 0.37 km/s.

Discrete auroral arcs associated with ULF waves usually exhibit poleward phase
propagation when observed in meridian scanning photometer (MSP) and all-sky imager.
Under dipolar magnetic field configuration, the standing Alfven wave eigenfrequency
generally decreases with increasing latitude except near the plasmapause. Thus, poleward
phase propagation would be expected to present in wave-related fields, FACs and possibly
auroral signatures. However, refs. [24,28] proposed that in open field lines equatorward
moving auroral arcs could be induced. In their theory, fast mode waves originating from
nightside plasma sheet would propagate earthward in the waveguide between central
plasma sheet and plasma sheet boundary layer (PSBL) at a low group velocity. These fast
mode waves would drive Alfven waves, which then propagate earthward along open
field lines at a velocity larger than the earthward group velocity of the fast mode waves.
Thus, the driven Alfven waves in the open field lines that map to higher latitudes at
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the ionosphere will reach the Earth first, followed by waves on lower latitude field lines,
possibly leading to the equatorward phase propagation of auroral arcs. This hypothesis
may explain the equatorward phase propagation of auroral arcs mapping to open field
lines in the magnetotail, but not those associated with closed magnetic field lines. Further,
ref. [1] presented a similar concept, suggesting that equatorward propagating auroral
arcs could also occur on stretched closed field lines. When field lines are stretched out of
meridional planes and into the magnetotail, the distance between the equatorial crossing
points of the two field lines would increases, meanwhile, the group velocity of fast mode
wave would be low. Thus, the configuration of stretched closed field lines becomes like
that of open field lines. Sunward propagating fast mode waves in this configuration
can overcome the standard poleward phase propagation of typical field line resonances,
producing equatorward propagating discrete auroral arcs on closed field lines.

By comparing with the theoretical work [11,35,36], the moving auroral arcs associated
with FLRs are corresponding to the field-aligned currents (FACs) accelerated by a parallel
electric field due to the kinetic effects of the thermal electron interaction with FLRs [23].
To better illustrate the equatorward moving auroral arcs related with the FLRs under the
circumstance of geomagnetic perturbations, Greenwald and Walker et al. 1980 proposed
a model to evaluate the FACs induced by the FLRs in different latitudes. Following
the theoretical framework by [11], we use the same method to estimate the latitudinal
distribution of FACs associated with FLRs. The magnetic field perturbations at the height
of ionosphere are observed in the azimuthal direction, and the toroidal wave field profile
can be represented as

By o< G(t, x)cos[w(x)t + ¢o(x)] (1)

in which the x represents poleward direction, the azimuthal y directs westward direction,
and the z points vertically upward direction. w(x) represents the local field line eigenfre-
quency which varies with latitude, G(t,x) controls the spatial and temporal extents of the
waves, and ¢y (x) controls the phases of the waves. By setting G(t,x) and ¢ (x) as proper
functions, we could control the propagation direction and velocity of the fast mode driver.
We would like to emphasize that, as discussed in [11], when w(x) is set as a constant, as
in the standard FLR theory, the phase shift across latitudes remains unchanged over time,
resulting in constant propagation speeds for auroral arcs. However, a solar wind pressure
pulse can trigger earthward compressional pulsations, typically characterized by a broad
spectrum, and globally excite narrow-band FLRs at different frequencies that match the
local field line eigenfrequency [37,38]. In the present case, we adopt the second assumption,
as the propagation speed of auroral arcs varies with time. The FACs induced by FLR can
be obtained through Ampere’s law:

1 JdB
]z_ —

= 1 ox @

By using this simplistic calculation, We could illustrate the wave-associated FACs
following the configuration of stretched field lines in [1].

Figure 7 shows an example of the magnetic field (as solid lines) and FACs disturbance
(as color patches) associated with standing hydromagnetic waves as functions of time and
latitude, using the same method as [11]. In contrast to [11], the standing hydromagnetic
waves in Figure 7 are assumed to be excited first at high latitudes (large L shell) and then
propagate to low latitudes (small L shell) with a low velocity, which is in accord with the
situation proposed by [1]. In Figure 7, the magnetic field perturbations first arise at high
latitudes and then spread to low latitudes, corresponding to the earthward propagating

fast mode driver. The first upward FAC (corresponding to positive %) stripe appear
during the ascending stage of the magnetic field perturbations, presenting equatorward
phase propagation. After the excitation of standing hydromagnetic waves, the phase shift
across latitudes increases with time, because standing wave eigenfrequency decreases with
increasing latitude as mentioned earlier. The propagation direction of second upward FAC
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is still equatorward, but with a greater propagation velocity. It is striking that a Y-shape
downward FAC structure within an embedded upward FAC region is presented following
the second earthward propagating FAC stripe in Figure 7. The embedded upward FAC
region closely resembles the vertical stripes depicted in the keogram in Figure 5, serving as
the transition region between the equatorward and poleward propagating arcs. After that,
upward FACs start to exhibit poleward phase propagation with velocity decreasing over
time, as shown in [11]. Thus, one can find that the calculated evolution of FACs is very
similar to the observed auroral arcs as presented in Figures 4 and 5.
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Figure 7. Schematic diagram of the evolution along latitude of field-aligned currents associated with
toroidal ULF waves. The azimuthal component of magnetic is represented by black lines in different
latitudes, and the red and blue stripes are upward and downward field-aligned currents deduced
from azimuthal component magnetic field oscillations, respectively.

5. Conclusions

In conclusion, we establish a scenario in which equatorward moving auroral arcs are
induced by impulse-excited FLR, combining solar wind, magnetospheric and ionospheric
observations. We present the first observations of equatorward moving auroral arcs related
to FLR after positive solar wind dynamic pressure pulse, which seem to be a direct evidence
to clarify the formation and evolution of equatorward moving auroral arcs.
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