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Abstract: In Earth's high-latitude ionosphere, the poleward motion of east–west elongated auroral arcs has been attributed to standing
hydromagnetic waves, especially when the auroral arcs appear quasi-periodically with a recurrence time of a few minutes. The validation
of this scenario requires spacecraft observations of ultra-low-frequency hydromagnetic waves in the magnetosphere and simultaneous
observations of poleward-moving auroral arcs near the spacecraft footprints. Here we present the first observational evidence from the
multi-spacecraft THEMIS (Time History of Events and Macroscale Interactions during Substorms) mission and the conjugated all-sky
imager to support the scenario that standing hydromagnetic waves can generate the quasi-periodic appearance of poleward-moving
auroral arcs. In this specific event, the observed waves were toroidal branches of the standing hydromagnetic waves, which were excited
by a pulse in the solar wind dynamic pressure. Multi-spacecraft measurements from THEMIS also suggest higher wave frequencies at
lower L shells (consistent with the distribution of magnetic field line eigenfrequencies), which indicates that the phase difference across
latitudes would increase with time. As time proceeds, the enlarged phase difference corresponds to a lower propagation speed of the
auroral arcs, which agrees very well with the ground-based optical data.
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1.  Introduction
In the high-latitude ionosphere, the quasi-periodic appearance of

poleward-moving auroral  arcs  (PMAAs)  has  attracted  consider-

able research interest (e.g., Samson et al., 1996; Milan et al., 1999,

2001; Kozlovsky and Kangas, 2002; Rankin et al., 2005). This specif-

ic type of  auroral  arc  is  usually  elongated in the east–west  direc-

tion,  which propagates poleward at a typical  velocity of  150–300

m/s  and  appears  quasi-periodically  with  a  recurrence  time  of  a

few minutes (Milan et al., 2001; Kozlovsky and Kangas, 2002).

In the past decades, the generation and poleward propagation of

auroral arcs  on  closed  geomagnetic  field  lines  have  been  attrib-

uted to the ultra-low-frequency (ULF) hydromagnetic wave activ-

ities associated with field line resonances (FLRs). The resonance of

geomagnetic field lines enables standing ULF waves to form at a

frequency  close  to  the  field  line  eigenfrequency  (Chen  L  and

Hasegawa,  1974; Southwood,  1974; Mann,  1997; Hartinger  et  al.,

2011; Zong QG et  al.,  2017),  which accelerates  electrons  into  the
ionosphere to form auroral arcs (Hasegawa, 1976; Greenwald and
Walker,  1980; Lyatsky  et  al.,  1999; Rae  et  al.,  2005; Rankin  et  al.,
2005). Milan  et  al.  (1999, 2001) reported  that  the  PMAAs  show
clear  characteristics  of  FLRs  and  that  the  recurrence  frequency  is
consistent  with  observations  of  geomagnetic  pulsations.  These
observations  suggest  a  close  correlation  between  FLRs  and
PMAAs.

In the theoretical  framework developed by Greenwald and Walk-
er  (1980) and Milan  et  al.  (2001), the  PMAAs  reflect  the  distribu-
tions  of  FLR-associated  field-aligned  currents  (FACs).  In  a  region
with upward FACs, the downward-moving electrons could be ac-
celerated by a parallel electric field (which appears if the electron
flow exceeds a certain threshold magnitude) and result in auroral
luminosity  enhancements.  Interested  readers  may  refer  to Stas-
iewicz et  al.  (2000) for  a review of the relationships among FACs,
parallel electric fields, and small-scale auroral arcs.

To  better  illustrate  the  poleward  motion  of  auroral  arcs  in  the
presence of geomagnetic pulsations, one may follow the scenario
proposed by Greenwald and Walker (1980) to estimate the latitud-
inal distribution  of  FACs  (as  the  proxy  to  variations  in  auroral  lu-
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minosity) associated with standing ULF waves. Here the magnetic

field perturbations above the ionosphere are assumed to be in the

azimuthal direction (i.e., we focus on the toroidal branch of hydro-

magnetic waves), with the wave field profile (at a fixed longitude)

given by

By ∝G (t, x)cos
[
ωt+ϕ0 (x)

]
, (1)

in  which  the x direction  points  poleward,  the z direction  points

vertically upward (which is nearly parallel or antiparallel, depend-

ing  on  the  hemisphere,  to  the  geomagnetic  field  lines),  and  the

azimuthal y direction  completes  the  triad.  In  the  standard  FLR

model  (Kivelson  and  Southwood,  1985; Samson  et  al.,  1992),  the

ULF  waves  are  confined  within  a  certain  region  where  the  field

line eigenfrequencies are close to the driver frequencies. In other

words, the wave frequency ω in equation (1) is constant within the

wave active region (with its spatial and temporal extents given by

G(t, x)).  The  wave-associated  FACs  can  then  be  calculated  based

on Ampère’s law:

Jz =
1
µ0

∂By

∂x
=

1
µ0

[
G′ cos(ωt+ϕ0)−Gϕ0

′ sin(ωt+ϕ0)
]
, (2)

G′ G (t, x)
x ϕ′0 ϕ0 (x)

where  represents the partial  derivative of  with respect

to ,  and  is  the  gradient  of .  Therefore,  in  this  simplistic

model, the wave-associated FACs and magnetic fields both clearly

show quasi-periodic oscillations.

∂By

∂x

Figure  1 provides  two  examples  of  the  wave-carried  magnetic

field  (as  solid  lines)  and  FAC  perturbations  (as  colored  patches),

which  are  shown  as  functions  of  time  and  latitude.  In Figure  1a,

the  ULF  waves  are  assumed  to  be  excited  first  at  low  latitudes

(small  L  shells)  and  then  propagate  to  high  latitudes  (large  L

shells). In this case, upward FACs (i.e., positive  values) appear
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Figure 1.   Schematic illustration of the latitudinal–temporal evolution of field-aligned currents (FACs) in toroidal-mode standing hydromagnetic

waves. The black lines represent the azimuthal magnetic field oscillations, and the red and blue stripes correspond to the regions with upward

and downward FACs, respectively. (a) In the model with a fixed wave frequency, the FAC stripes propagate at a constant speed. (b) In the model

in which the wave frequency depends on the latitude, the propagation speed of the FAC stripes changes with time.
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ω

mostly during the descending stages of the magnetic field oscilla-
tions, and  the  phase  shift  of  the  waves  across  latitudes  corres-
ponds to the poleward motion of  the auroral  arcs.  When given a
latitude-independent wave  frequency,  the  phase  shift  and,  con-
sequently,  the  propagation  speed  of  the  auroral  arcs  hardly
change with time or location. However, if the ULF wave frequency
is locally determined by field line eigenfrequencies (see the obser-
vations in Sarris et al., 2009, 2010), the wave frequency  in equa-
tion (1) would gradually decrease with increasing latitude. In this
case,  the  phase  shift  across  latitudes  would  increase  with  time,
which  corresponds  to  the  decreasing  propagation  speed  of  the
auroral arcs shown in Figure 1b.

However, the aforementioned scenario has not yet been fully es-
tablished, partially  because conjugate magnetospheric and iono-
spheric  observations  for  PMAAs  are  lacking.  In  this  paper,  we
present the first observations of PMAAs associated with standing
hydromagnetic waves in the magnetosphere,  which serve as  dir-
ect evidence supporting the scenario of PMAA formation and en-
able  better  insights  into  the  nature  of  ULF  waves  in  the  coupled
system of Earth’s magnetosphere and ionosphere.

2.  Data Presentation
The solar  wind  and  interplanetary  magnetic  field  (IMF)  measure-
ments were obtained from the WIND satellite (Farrell  et al.,  1995;
Gloeckler  et  al.,  1995) and,  for  comparison  purposes,  the  space-
craft-interspersed near-Earth  solar  wind  data  (OMNI  data,  cour-
tesy  of  NASA’s  Space  Physics  Data  Facility).  The  magnetospheric
observations  are  available  from  the  THEMIS  (Time  History  of
Events and Macroscale Interactions during Substorms) spacecraft
(Angelopoulos,  2008),  which  include  the  spin-fit  magnetic  field

data  from  a  fluxgate  magnetometer  (Auster  et  al.,  2008)  and  the

plasma  measurements  from  an  electrostatic  analyzer  (McFadden

et al., 2008). The aurora data used in this paper were derived from

the all-sky imager at the Inuvik station in northern Canada, which

has a 180° field of view and a resolution of 512 pixels×512 pixels.

3.  Observations
On 18 January 2009,  an isolated pulse of  the solar  wind dynamic

pressure occurred at 14:16 universal time (UT). The solar wind dy-

namic pressure and the three IMF components in geocentric solar

magnetospheric (GSM) coordinates,  observed by the WIND satel-

lite  in  the solar  wind at  GSM (222.4,  –97.7,  –2.7) RE,  are  shown in

Figure 2a and 2b. Associated with the pressure pulse, the IMF dir-

ections  changed sharply,  indicating the  presence of  a  solar  wind

discontinuity.  The  near-Earth  OMNI  data,  given  in Figure  2c and

2d,  show  profiles  very  similar  to  those  of  the  WIND  observations

except for a time shift of approximately 42 min.

When the solar wind discontinuity arrived at the magnetosphere,
three  THEMIS  satellites  (THEMIS  A  [THA],  THEMIS  D  [THD],  and
THEMIS E [THE]) were closely clustered in the dawnside magneto-
sphere.  Their  locations in GSM coordinates were (–4.1,  –9.6,  –2.6)
RE,  (–3.7,  –9.5,  –1.4) RE,  and  (–4.8,  –9.7,  –2.0) RE,  respectively.  The
THEMIS three-spacecraft observations of plasma bulk velocity and
magnetic field presented in Figure 3 show quasi-sinusoidal  wave
signatures  soon  after  the  arrival  of  the  pressure  pulse.  We  next
define  the  field-aligned  coordinates  based  on  a  15-min  window
for the background magnetic field (e.g., Hartinger et al.,  2011),  in
which the parallel (p) direction is along the background magnetic
field,  the  azimuthal  (a) direction  is  perpendicular  to  the  back-
ground  field  and  pointing  eastward,  and  the  radial  (r)  direction
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Figure 2.   Solar wind dynamic pressure and interplanetary magnetic field (IMF) measurements from the (a, b) WIND satellite and from the (c, d)

near-Earth OMNI data.
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completes  the  triad.  The  observed  magnetic  and  electric  fields
(obtained via  –V × B)  are  then transformed into the field-aligned
coordinates presented in Figure 4. In all three spacecraft measure-
ments,  the  quasi-sinusoidal  magnetic  field  perturbations  are
clearly more significant in the azimuthal direction than in the radi-
al  direction,  and the electric  field perturbations are mostly in the
radial  direction.  The  phase  difference  between  the  radial  electric
field and the azimuthal magnetic field oscillations was approxim-
ately  90°,  which  indicates  the  dominance  of  standing  toroidal
waves. Figure 4 also shows the wavelet power spectra for the azi-
muthal  magnetic  field  oscillations  at  the  three  spacecraft.  The
wave power peaks at 2.3 mHz, 3.5 mHz, and 2.7 mHz for the THA,

THD, and THE observations, respectively.

The  magnetic  footprints  of  the  THEMIS  satellites  in  the  northern

hemisphere  are  shown  in Figure  5.  Here  the  magnetic  mapping

was carried out  based on the T96 model  (Tsyganenko and Stern,

1996)  with  realistic  solar  wind  and  IMF  parameters.  The  grids  in

Figure  5 are given  in  AACGM  (altitude-adjusted  corrected  geo-

magnetic) coordinates (Baker and Wing, 1989), with latitudes ran-

ging from 50° to 70°. The latitudinal and longitudinal grid sizes are

5°  and  15°,  respectively.  According  to Figure  5,  the  footprints  of

the  THEMIS  satellites  were  all  located  within  the  field  of  view  of

the Inuvik all-sky imager (the magenta circle).

THEMIS Observations
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Figure 3.   THEMIS observations of the ultra-low-frequency magnetic field and plasma flow perturbations. (a–c) Plasma bulk velocities observed

by the THEMIS A (THA), THEMIS D (THD), and THEMIS E (THE) spacecraft. (d–f) Magnetic field measurements made by the THA, THD, and THE

spacecraft. Here the observed Bz components are subtracted by 35 nT, 28 nT and 25 nT, respectively, to have three magnetic components fit in

respective panels.
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Figure 4.   THEMIS A (THA), D (THD), and E (THE) observations of the electric and magnetic field variations in the field-aligned coordinates. (a, d, g)

Azimuthal magnetic field and radial electric field perturbations, which correspond to the toroidal-mode ultra-low-frequency waves. (b, e, h) Radial

magnetic field and azimuthal electric field perturbations, which correspond to the poloidal-mode waves. (c, f, i) Wavelet power spectra of the

azimuthal magnetic field perturbations, in which the solid black lines indicate the frequencies with maximum power.
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From the Inuvik  all-sky imager,  we show in Figure 6 the selected

time sequence of auroral images from 15:12 to 15:38 UT. The au-

roral images are displayed with west to the left and south on the

bottom. At ~15:14 UT, an east–west elongated auroral  arc began

to  form,  which  moved  poleward  with  increasing  luminosity.  At

~15:20  UT,  another  east–west  elongated,  poleward-moving  arc

began  to  form,  which  coexisted  with  the  former  arc  before  the

two arcs faded out at ~15:25 and ~15:32 UT, respectively. A third

poleward-moving  arc  was  also  present  between  ~15:29  and

~15:36 UT, although its luminosity was less significant than those

of  the  former  arcs.  The  progression  of  auroral  activity  is  also

presented  as  a  keogram  in  the  bottom  panel  of Figure  6,  which

shows the auroral intensity as a function of magnetic latitude and

time. From  this  keogram,  one  may  calculate  the  average  pole-

ward speed of the auroral arcs as 0.5 km/s, although a clear trend

was also that the speed decreased with time. One may also estim-

ate the latitudinal widths of the auroral arcs and the inter-arc sep-

arations  (which  are  most  accurate  when  the  arc/gap  has  passed

the zenith of the imager field of view) as ~20 km and ~130 km, re-

spectively. These characteristics are very similar to those reported

by Samson  et  al.  (2003).  More  interesting,  it  is  evident  from  the

keogram that the poleward-moving arcs appeared quasi-periodic-

ally,  which  coincided  in  space  and  time  with  the  toroidal-mode

ULF waves shown in Figures 3 and 4. From Figure 6 one may also

determine the recurrent frequency of the auroral arcs as being in

the  range  of  1.9–2.3  mHz  (depending  on  the  magnetic  latitude),

which is consistent with the ULF wave observations.

4.  Discussion
We  next  utilized  the  model  by Rankin  et  al.  (2006) to  show  that

the  ULF  wave  frequencies  observed  by  the  THEMIS  satellites

matched  the  geomagnetic  field  line  eigenfrequencies  under  the

observed  solar  wind  and  magnetospheric  conditions.  The  input

parameters for  the model  included the solar  wind dynamic pres-

sure, 1.1 nPa; Dst (disturbance storm time) index, –5 nT; the IMF x
and y components,  –3  nT  and  –0.5  nT;  the  plasma  density,  0.34

(THA),  0.41  (THD),  0.39  (THE);  and the  L  shells,  12.95  (THA),  10.75

(THD),  12.28  (THE).  The  model  yielded  eigenfrequencies  of  2.4

mHz, 3.5 mHz, and 2.6 mHz for the magnetic field lines threading

THA, THD, and THE, respectively. These eigenfrequencies were al-

most identical to the observed ULF wave frequencies (2.3 mHz, 3.5

mHz, and 2.7 mHz; see Figure 4).

In other words, the magnetospheric ULF wave frequency was not

determined  by  a  global  driver  in  this  event  (such  as  the  cavity

mode or magnetopause surface waves; see the FLR models in Kiv-

elson and Southwood, 1985, and Samson et al., 1992). Instead, the

observed waves were hydromagnetic waves standing on their re-

spective  field  lines.  This  could  be  because  the  observed  ULF

waves  were  triggered  by  a  solar  wind  pressure  pulse,  which

provided a broadband energy source in the frequency domain for

the excitation of  standing waves at  the respective eigenfrequen-

cies. In fact, the outermost and innermost THEMIS spacecraft, THA

and THD, observed the lowest (2.4 mHz) and the highest (3.5 mHz)

wave frequencies, respectively. These features also agree with the

expectation  of  decreasing  frequencies  at  increasing  L  shells  (or,

equivalently, latitudes). Therefore, the scenario given in Figure 1b

(rather than Figure 1a) applies in this event. As discussed in the In-

troduction,  this  latitude-dependent  wave  frequency  results  in  an

increasing phase shift across latitudes as time proceeds, which in-

dicates a gradual decrease in the wave phase velocity in the pole-

ward direction.  Therefore,  one would expect  an auroral  keogram

similar  to Figure  1b,  with  the  increasingly  tilted  red  and  blue

stripes corresponding to the upward and downward FAC regions

with enhanced and reduced auroral luminosity. This result is very
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6.00 MLT

12.00 MLT
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THD

THA

 
Figure 5.   The magnetic footprints of the THEMIS satellites in the northern hemisphere. The magenta circle indicates the field of view of the

Inuvik all-sky imager.
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consistent with the auroral observations in Figure 6. Moreover, we

noted  that  the  damping  of  the  ULF  waves  in Figure  1b (which

could be modeled by a Gaussian envelope of the wave amplitude;

see Zhou  XZ  et  al.,  2016)  corresponded  to  the  gradual  fading  of

the auroral pattern. This image is also supported by the observa-

tions of damping ULF waves in Figure 4 and fading auroral arcs in

Figure 6.

5.  Summary
In this study, we used multiple-instrument observations to invest-

igate the quasi-periodic appearance of PMAAs in association with

standing hydromagnetic waves in the dawnside magnetosphere,

which  occurred  soon  after  the  impact  of  a  solar  wind  dynamic

pressure pulse on 18 February 2009. To our knowledge, this is the

first  study  on  the  formation  of  PMAAs  that  includes  all  evidence

from solar  wind,  magnetospheric,  and  ground-based  optical  ob-

servations.

In this specific event, the three THEMIS satellites observed strong

ULF  wave  activities,  identified  as  toroidal-mode  hydromagnetic

waves standing on their respective field lines.  The wave frequen-
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Figure 6.   Auroral observations from the Inuvik station. The upper panels show the selected time sequence of the auroral images from the all-sky

camera, displayed with west to the left and south on the bottom. The bottom panel shows the keogram of auroral brightness as a function of

time and latitude during the interval between 15:00 and 15:50 UT.
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cies were very close to the eigenfrequencies of the magnetic field
lines  threading  the  satellites,  which  showed  a  clear  decreasing
trend for  increasing L  shells.  Near  the  magnetic  footprints  of  the
THEMIS satellites,  the  all-sky  imager  at  the  Inuvik  station  ob-
served a series of recurrent PMAAs. The poleward speed of the au-
roral  arcs,  which  averaged  0.5  km/s,  clearly  decreased  with  time.
These observational characteristics are all consistent with a simple
model of FACs carried by toroidal ULF waves (estimated based on
the curl of the wave magnetic field). In this model, the latitude de-
pendence of  the ULF wave frequency contributes  to  the increas-
ing phase shift across latitudes, which in turn can manifest as the
decreasing propagation speed of the auroral arcs.

In addition  to  showing  a  strong  association  between  the  mag-
netospheric ULF  waves  and  quasi-periodic  auroral  arcs,  the  res-
ults  of  this  study  suggest  that  different  drivers  of  the  ULF  waves
may correspond to different auroral  signatures.  In this  event,  the
ULF waves  were  triggered  by  a  broadband  source  in  the  fre-
quency domain (a sudden pulse of solar wind dynamic pressure),
which enabled the excitation of ULF waves with different frequen-
cies  at  different  locations.  As  discussed  above,  this  is  the  reason
the auroral arcs propagate poleward at a decreasing speed. If the
ULF  waves  were  triggered  by  a  more  monochromatic  global
source  (such as  the  magnetospheric  cavity  mode,  surface  waves,
or  both),  a  more constant  speed of  the auroral  motion would be
expected. This expectation will be examined in a future study.
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