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Abstract Throat aurora is defined as south-north aligned auroral arcs equatorward of the dayside
cusp aurora and was suggested to be the results of cold magnetospheric plasma interaction with
magnetopause reconnection, but its observational properties have not yet been well established. In this
paper we carefully examine a sequence of throat auroras observed over Svalbard on 27 December 2003.
Observations from 630.0 nm [OIl] show that poleward moving throat auroras frequently show brightening
followed by dimming in auroral intensity, and sometimes, the brightening throat aurora is a precursor of
poleward moving auroral forms. Simultaneous all-sky images and HF radar backscatter observations

along geomagnetic meridian show that the throat aurora brightening is drifting with ionospheric Ex B
convection and is colocated with enhanced spectral width poleward of the convection reversal boundary
(CRB), while its dimming tends to be in the vicinity of the CRB. This leads us to propose that the throat aurora
brightening and dimming may be on the open and closed field lines, respectively. Particle data from NOAA
16 confirm that the dimming throat aurora is associated with precipitation of magnetosheath-like particles
mixed with magnetospheric ions (>30 keV), which is characteristic of the low-latitude boundary layer. For
particle data from Defense Meteorological Satellite Program F16, we notice that the dimming throat aurora
is associated with lower fluxes of magnetosheath-like electrons accompanied with magnetospheric
electrons, which is most likely on closed field lines. The dynamic properties of throat aurora presented in
this paper are thus important to understand its generation mechanisms.

1. Introduction

Auroras observed from the ground can be classified into discrete and diffuse auroras based on their morpho-
logical properties [e.g., Sandholt et al., 1998]. The discrete auroras normally show structured forms, such as
arcs, bands, and rays, and are generated by particle acceleration along magnetic field lines [e.g., Li et al.,
2013]. The diffuse aurora represents a region of relatively homogenous and weak luminosity at the equator-
ward edge of the auroral oval [e.g., Lorentzen and Moen, 2000; Moen et al., 1998; Sandholt et al., 1998] and is
regarded as resulting from scattering of central plasma sheet (CPS) electrons into the loss cone by electron
cyclotron harmonic waves [Horne et al., 2003; Liang et al., 2010; Ni et al., 2011a] or whistler mode chorus waves
[Li et al., 2010; Ni et al., 2011b; Nishimura et al., 2013; Thorne et al., 2010] on closed field lines. Diffuse auroras
also sometimes show structured forms [Han et al., 2015; Lui et al., 1973; Nishimura et al., 2013]. The structured
diffuse aurora is suggested to result from cold plasma structures interacting with hot plasma sheet electrons
[Demekhov and Trakhtengerts, 1994; Liang et al., 2015].

Dayside auroras, especially around magnetic local noon (MLN), are believed to be the instant response to
the interaction between the solar wind and the magnetosphere [e.g., Sandholt et al, 1986]. Based on
ground observations, Sandholt et al. [1998] classified the dayside auroras into five types depending on
the orientation of the interplanetary magnetic field (IMF) and the magnetic local time (MLT), among which
the type 1 and type 2 cusp auroras observed near MLN are believed to be due to low- and high-latitude
reconnections for southward and northward IMFs, respectively. A central feature for the type 1 cusp aurora
is the phenomenon of poleward moving auroral forms (PMAFs), which is an ionospheric manifestation of
pulsed magnetopause reconnection [e.g., Sandholt and Farrugia, 2007]. Sandholt et al. [1998] noticed that
the diffuse aurora can often be observed equatorward of the auroral oval from morning to MLN, and they
called it type 3 aurora.
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Recently, Han et al. [2015] carried out a systematic study of the type 3 aurora [Sandholt et al., 1998] and found
that the dayside diffuse auroras include both unstructured and structured forms. The structured ones often
show stripy, patchy, and irregular forms and are predominantly occurring around MLN. The orientation of the
stripy diffuse aurora was consistent with the ionospheric convection. When the stripy diffuse aurora extends
poleward toward the persistent east-west (E-W) aligned auroral oval, a south-north (S-N) oriented discrete
auroral arc is often observed equatorward of the auroral oval. The S-N aligned arc was called throat
aurora by Han et al. [2015] because it occurs only in the ionospheric convection throat region near MLN.
Observational properties and the factors affecting generation of throat aurora have been proposed by Han
et al. [2017]. It was suggested that the stripy diffuse aurora is magnetically conjugated to a wedge-like cold
plasma structure in the dayside outer magnetosphere, and the throat aurora is generated when the cold
plasma flows into the magnetopause reconnection site [Han et al., 2015, 2016]. Interaction of cold magneto-
spheric plasma with the dayside magnetic reconnection region has attracted much attention in recent years
[Borovsky and Denton, 2006; Fuselier et al., 2016; Walsh et al., 2014], but it is still poorly understood. The studies
of Han et al. [2015, 2016] imply that continuous ground-based observations of throat aurora may provide
important information on the interaction of cold magnetospheric plasma with the magnetopause reconnec-
tion region. Although Han et al. [2016] suggested that the throat aurora is the ionospheric signature of mag-
netosheath particles penetrating into the magnetosphere along open field lines, the dynamic properties of
throat aurora have not yet been investigated in great detail.

In this paper we will use multiple satellite and ground-based instrumentation to examine a sequence of
throat auroras showing a brightening followed by a dimming feature. Observations of the throat aurora
include HF radar backscatter, optical emission intensity, and satellite particle observations. An intimate rela-
tionship between the brightening of the throat aurora and PMAFs will also be studied. The dynamic proper-
ties of the throat aurora are critical for understanding how it relates to the solar wind/magnetosphere
coupling when the cold magnetospheric plasma interacts with the dayside reconnection region.

2. Data and Instrumentation
2.1. All-Sky Imager

An auroral observation system was set up at the Yellow River Station (YRS) at Ny-Alesund (geographic:
78.92°N, 11.93°E; magnetic latitude: 76.24° MLAT) in Svalbard in 2003. Three all-sky imagers simultaneously
record the wavelengths at 427.8 (blue line), 557.7 (green line), and 630.0 (red line) nm, respectively. Each
image is captured by a CCD of 512 x 512 pixels every 10's, including 7 s exposure time and 3 s readout time.
The recorded absolute Rayleigh intensity was initially calibrated at the National Institute of Polar Research,
Japan [Hu et al., 2009]. The discrete aurora is simultaneously monitored in both the red and green lines which
originate at different altitudes, but the diffuse aurora is predominantly observed in the green line. Each image
is cut at 80° zenith angle, before it is projected to the assumed emission heights of 200 (red) and 150 (green)
km (we will discuss this choice below) and transformed into Altitude Adjusted Corrected Geomagnetic
Coordinates (AACGM). The MLT at YRS is approximately equal to universal time (UT) plus 3 h.

2.2. Super Dual Auroral Radar Network Finland Radar

The Finland HF radar forms part of the Super Dual Auroral Radar Network (SuperDARN) array and is located at
Hankasalmi (62.3°N, 26.6°E). It is ideally situated for making observations of the cusp ionosphere over
Svalbard [e.g., Moen et al., 2001, 2002]. When the refracted radar wave vector is nearly orthogonal to the local
magnetic field, and field-aligned ionospheric irregularities satisfy the Bragg scale, maximum backscatter
power is obtained. By transmitting a seven-pulse sequence and processing the received signals, the iono-
spheric plasma Doppler spectral power, line-of-sight velocity, and spectral width can be derived for each
beam and range gate [Greenwald et al., 1995].

On 27 December 2003 the radar was operating around 11.3 MHz using a dual scan mode (channels A and B).
Channel A utilizes a 16-beam scan, with each beam separated by 3.24°, resulting in a 52° wide azimuthal scan
starting from 12° west of geographic north, while channel B employed a single beam. Using a dwell time of
3’5, the radar scanned through beams 15 to 0 in descending order every 1 min. In this study only channel A
data are used. With a distance to the first range gate of 180 km and 75 sampled range gates at each beam
(each range gate is 45km long), range gates 40-45 typically correspond to the location of Ny-Alesund,
depending on propagation conditions [e.g., Chen et al., 2015, 2016; Yeoman et al., 2008]. This is due to the
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Figure 1. (top row) A snapshot of the throat aurora in the red and green lines observed by all-sky imagers. Magnetic north, south, west (dawn), and east (dusk) are
marked on each image. (bottom) Simultaneous measurements of the dayside ionospheric plasma convection from SuperDARN in MLAT/MLT coordinates are pre-
sented (the Sun is to the top). The field of view of the red line aurora is overlaid, using an assumed emission altitude of 200 km and a cutoff at 80° zenith angle.

fact that SuperDARN currently employs a simple virtual model, i.e., assuming a fixed scattering height, to
determine the location of its echoes, instead of a direct calculation of the ray path. A recent statistical
observation [Chen et al., 2016] of the SuperDARN Finland radar spectral width boundary, transferring from
narrow to broad, showed that the location of radar echoes near Svalbard is, on average, overestimated by
~2° (~1°) latitude in the poleward direction during solar maxima (solar minima). This is consistent with the
theoretical analysis of Chisham et al. [2008]. For the current study, we thus estimate the location of radar
echoes over Ny-Alesund to be around range gate 42.

2.3. Particle Data From NOAA 16

Data from the Space Environment Monitor (SEM-2) on board the polar-orbiting environmental satellites
NOAA 16 spacecraft in 864 km altitude are used. The onboard Total Energy Detector (TED) monitors ion
and electron energies in 16 channels ranging from 50 eV to 20 keV in two directions, both inside the loss cone
(0° and 30° off zenith). The Medium Energy Proton and Electron Detector (MVEPED) measures ion and electron
energies above 30 keV at two directions, including one inside (10° off zenith) and one outside (80° off zenith)
the loss cone. MEPED makes one measurement every 2 s, and TED makes one measurement every 8 s. For TED
we use data from four energy channels (154-224, 688-1000, 2115-3075, and 6503-9457 eV). For MEPED we
use fluxes of ions (30-80 keV) and electrons (>30, >100, and >300 keV) at angles of 10° and 80° to zenith. A
more detailed description of the NOAA spacecraft and the SEM-2 instrumentation is provided by Evans and
Greer [2000].
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2.4. Particle Data From Defense Meteorological Satellite Program F16

The Defense Meteorological Satellite Program (DMSP) F16 spacecraft flies in a Sun-synchronous circular polar
orbit at ~840 km altitude, where it records the fluxes of electrons and ions with energies from 30 eV to 30 keV,
once per second, in 19 logarithmically spaced energy steps [Hardy, 1984]. Penetrating radiation at times pro-
duces a nearly constant background across the 19 energy channels, which can be detected by the Special
Sensor J (5) particle detector and is removed.

2.5. Solar Wind and IMF Data

The upstream solar wind and IMF conditions are monitored by the Advanced Composition Explorer (ACE)
satellite at the L1 Lagrange point. For this study, ACE was located around (240, —20, and 20) Rg in GSM
coordinates. The solar wind and IMF data with 64 and 16 s resolution are presented from the solar wind
experiment [McComas et al., 1998] and the magnetometer instrument [Smith et al., 1998].

3. Observation

A sequence of throat auroras entering the field of view of all-sky imager is observed between 09:00 and
09:40 UT (i.e., ~12:00-12:40 MLT) on 27 December 2003. Figure 1 shows a snapshot of the red and green line
auroras observed at ~09:21 UT (top row), as well as the relative location and field of view (red line) of the YRS
all-sky imager (bottom). Simultaneous measurements of ionospheric plasma convection derived from the
SuperDARN map potential model [Ruohoniemi and Baker, 1998] are also overlaid in MLAT/MLT coordinates.
Magnetic north, south, west (dawn), and east (dusk) are marked in the Figure 1 (top row). Five throat auroras
are observed in this time interval, but only three are shown in Figure 1 (see the dashed yellow lines in the red
image) equatorward of the persistent E-W aligned auroral oval. In the green image, we notice some diffuse
auroras (marked by arrows) with stripy features equatorward of the throat auroras, consistent with Han
et al. [2015] who demonstrated that throat auroras are always observed in association with stripy diffuse
auroras. A full evolution of the throat auroras is shown in Movies S1 (red line) and S2 (green line) of the
supporting information.

3.1. Auroral Signatures in Response To the Solar Wind and IMF

Figures 2a-2c show the time-shifted solar wind density, speed, and IMF components. With an average solar
wind speed of ~377 km/s, using an equation given by Liou et al. [1998] and adding ~10 min transit time of the
solar wind from the bow shock to the magnetopause and from the magnetopause to the ionosphere, we
must apply a ~75 + 3 min solar wind propagation delay before signatures at ACE are seen in the ionosphere.
This delay is also consistent with the auroral signatures at 08:55 UT in Figures 2d and 2e, i.e., that the sudden
decrease of diffuse auroras and following increase of discrete auroras in Rayleigh intensities are correspond-
ing to a polarity change in IMF B,.

Keograms of the green and red auroras shown in Figures 2d and 2e are obtained by extracting all-sky image
data along the geomagnetic meridian of Ny-Alesund in an area that is one pixel wide. The blank area in
Figure 2d is due to missing data. The horizontal dashed lines denote the zenith location of Ny-Alesund.
Indicated in Figures 2c and 2e, with horizontal magenta bars, are four intervals of red aurora emission
enhancements, i.e.,, ~09:01:20-09:11:30 UT for interval /, ~09:17:20-09:20:10 UT for interval I/, ~09:27:00-
09:29:00 UT for interval /I, and ~09:35:00-09:44:10 UT for interval IV. In intervals | and IV the equatorward
motion of the red line is well correlated with the negative shift of IMF B,, which is favorable for subsolar
reconnection; while the enhancement of the red emissions in intervals Il and Il is more expected to be
due to the rapid fluctuations of IMF B, during the high-latitude magnetopause reconnection. With the
equatorward motion of the discrete aurora such as in the interval |, the diffuse aurora with bright features
can sometimes stretch poleward (see the arrows in Figure 2d). This has the resemblance of the stripy diffuse
aurora described by Han et al. [2015]. However, the throat auroras in Figure 1 cannot be easily identified only
from the keogram.

3.2. Throat Aurora Associated With lonospheric Backscatter

In order to investigate the throat aurora in some detail, Figure 3 shows a sequence of two-dimensional
images of the red line every 4min, with spectral width data from the Finland HF radar overlaid. The
magenta dots mark locations of enhanced spectral width (>150m/s), and the black solid line represents
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Figure 2. (a—c) Solar wind density, speed, and the interplanetary magnetic field (IMF) in geocentric solar magnetic (GSM)
coordinates measured by ACE on 27 December 2003. The solar wind data have been time shifted using a 75 min time lag.
(d and e) Keograms along the geomagnetic meridian of green and red line data from all-sky imagers.

the approximate location of MLN. It is generally believed that the boundary of the auroral oval is roughly a
smooth curve [e.g., Feldstein et al, 2014]. The general equatorward boundary of the auroral oval using
weighted average is thus sketched as a black dotted curve in each image by identifying the maximum
gradient of the auroral emission intensity along the geomagnetic meridian of Ny-Alesund. The throat
auroras can be easily identified equatorward of the auroral oval boundary.

The numbers and arrows denote the successively observed throat auroras. The first throat aurora (labeled “1”)
with a brightening feature started at 09:00:03 UT. A few minutes later (at 09:04:03 UT), the second and third
throat auroras (labeled “2" and “3") are observed in the postnoon sector. For these three throat auroras, it is
noticed that each throat aurora can span over ~2-3° in geomagnetic latitude (~71.5°-75.5° MLAT) assuming
that the auroral height profile is reasonable. All throat auroras from high to low geomagnetic latitudes drift
westward (i.e., toward MLN) with speeds on the order of tens to hundreds of meter per second. In addition,
the ray-like first and third throat auroras move poleward and show brightening followed by dimming, which
can be more clearly seen from Movie S1 in the supporting information. The first throat aurora at ~09:04 to
09:16 UT in Figure 3 is well colocated with enhanced spectral widths. The colocation between the third throat
aurora and the enhanced spectral width is observed from ~09:04 to 09:12 UT, as well as at ~09:20 UT for their
northern part. The rest of the time, the area of enhanced spectral widths, is sporadically observed equator-
ward of the auroral oval boundary.
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Figure 3. A sequence of red line throat aurora images every 4 min and using MLAT/MLT coordinates, with Finland radar
spectral width data overlaid. The magenta dots mark locations of enhanced spectral width (>150 m/s). The black

dotted curves illustrate the general auroral oval boundary, and the black solid line represents the approximate location
of MLN. A sequence of throat auroras is labeled by numbers. The trajectories of NOAA 16 and DMSP F16 are also overlaid
and mapped to the same height as the auroral emissions.

As mentioned in section 2 there are mapping uncertainties for both HF radar backscatter and the assumed
auroral emission height, which means that we must be careful when we compare the colocation between
the throat aurora and the enhanced spectral widths. Figure 4 shows simultaneous observation of the red line
intensity and the ionospheric backscatter as a function of time (08:50-09:50 UT) and MLAT to verify their colo-
cation. The intensity in Figure 4a is the same as Figure 2e, but it is mapped to MLAT based on the assumed
200 km emission height. Figures 4b and 4c show median-filtered ionospheric line-of-sight velocity and
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Figure 4. (a) The red line intensity along the geomagnetic meridian as a function of time and MLAT. The dotted curve
represents the auroral equatorward boundary, which is also superimposed on Figure 4c. (b and c) Simultaneous mea-
surements of the median-filtered line-of-sight velocity and spectral width along the geomagnetic meridian. Positive
velocities are toward the radar. The dashed curve represents the spectral width boundary, while the short solid lines in
Figure 4b show the structure of two poleward moving radar auroral forms. The convection reversal boundary is delineated
by the solid line.

spectral width that are based on adjacent beam range gates close to the geomagnetic meridian (see Chen
et al. [2015] for more details). Positive velocities are toward the radar. The black dotted curve in Figure 4a
represents the auroral equatorward boundary (AEB), while the black dashed curve in Figures 4b and 4c
represents the spectral width boundary (SWB). Although the AEB is still determined by the maximum in
the gradient of the emission intensity, it is characteristic of the equatorward boundary of the red line
emission along the geomagnetic meridian of Ny-Alesund. This means that the AEB is sometimes different
from the weighted-average auroral oval boundary shown in Figure 3, when the brightening throat
aurora is not along the geomagnetic meridian. The SWB is determined by a certain spectral width
threshold value (i.e., >150m/s) [Chisham and Freeman, 2003], and a more reliable criterion has been
considered by Chen et al. [2015]. The horizontal dashed lines in Figures 4a and 4c also denote the zenith
location of Ny-Alesund. In addition, the AEB in Figure 4a is also overlaid in Figure 4c for easy comparison
of their colocation. The two-dimensional images in Figure 3 confirm that the enhanced red auroral
emission in intervals | and IV represent the dynamic behaviors of the first and third throat auroras,
respectively. During interval | both AEB and SWB shift equatorward to ~73.2° MLAT at ~09:09:20 UT. After
that, with the northward turning of the IMF B,, the brightening of the first throat aurora moves away from
the geomagnetic meridian, and the AEB retreats to near zenith in Ny-Alesund at ~09:10 UT. While the
poleward motion of the SWB is slower than that of the AEB, the SWB moves to near zenith in Ny-Alesund
at ~09:16 UT. During the intervals Il and Ill, both AEB and SWB are located in the vicinity of zenith in
Ny-Alesund. However, in the interval of ~09:20-09:24 UT, the SWB was located more equatorward at
~75.5° MLAT. The AEB in interval IV is characterized by the third throat aurora that shifts equatorward to
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Figure 5. (a) The time-shifted IMF B, and B, components. (b) Time series of the peak emission intensities of the cusp aurora
(red) and the first (black) and third (blue) throat auroras. The horizontal bars (black and blue) indicate times when the
first and third throat auroras exceed 1500 Rayleigh in intensity. See text for a more detailed description. (c) The time-shifted
IMF B,, and B, components for the third throat aurora event. (d and e) Keograms along the magnetic meridian for the
green and red emission lines, with the third throat aurora, PMAFs and type 1 and type 2 cusp auroras indicated.
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~75° MLAT at ~09:38 UT. The SWB remains in the northward vicinity of Ny-Alesund although there is also a
small equatorward migration at ~09:38 UT.

3.3. The Relationship Between Throat Aurora and PMAFs

The first throat aurora with antisunward flow at ~09:02-09:09 UT is detected by ionospheric backscatter asso-
ciated with poleward moving radar auroral forms [e.g., Milan et al., 2000], which is denoted by the short black
solid lines in Figure 4b. Sometimes, we also observe dim throat auroras that rebrighten, such as at 09:28:03
and 09:36:03 UT in Figure 3 (white arrows). The throat auroras have brightening and dimming features in aur-
oral intensity, but without information on the vertical column emission profile of the throat aurora, we cannot
make an accurate definition for the brightening and dimming properties of the throat auroras. To consider
how the throat aurora brightening and dimming features are associated with signatures in the cusp aurora,
Figure 5b shows time series of the peak emission intensities for different auroras, together with the time-
shifted IMF B, and B, components (Figure 5a). Figures 5d and 5e give a zoom in of the green and red lines
in the same format as Figures 2d and 2e for the time interval of 09:30-09:50 UT. Because auroral rays may
affect the mapping of the aurora, here we use the peak emission intensities of the first and third throat aur-
oras for comparison with the cusp aurora. The peak intensities for different auroral types can be identified
because of separation of the first and third throat auroras, as well as the cusp aurora (see Figure 3). Thus,
the throat aurora features can be compared with the cusp aurora.

In Figure 5b we see that the peak emission intensity of the cusp aurora (red line) can reach above 1500
Rayleigh during the interval of 09:00-09:40 UT. Thus, the throat auroras are considered as brightening when
their peak emission intensity is above that value, as is marked by the thick horizontal bars. Colors black and
blue correspond to the intervals of the first and third throat auroras, respectively. The intervals of the bright-
ening throat auroras are almost aligned with enhancements of the red aurora in Figure 2 (i.e., the magenta
horizontal bars in Figure 5b). On the other hand, the peak emission intensity of the dimming throat auroras
is distinctly lower than 1500 Rayleigh and the intensity of the cusp aurora. Compared to the IMF conditions in
Figure 53, it is seen that most brightening throat auroras are associated with southward shifts of IMF B,,
although parts of the throat aurora may still be within the interval of northward IMF B,.

The rebrightening of the third throat aurora starts at 09:36:03 UT and is aligned along the local geomagnetic
meridian. This gives us a chance to survey the relations between the poleward moving throat aurora and the
cusp PMAFs. At ~09:35-09:39 UT three different auroral emission regions are clearly shown in the red emis-
sion line (Figure 5e), which include the brightening of the third throat aurora 10°-45° south of zenith, the type
1 aurora with PMAFs in the close vicinity of zenith, and the type 2 aurora farther north (5°-50° north of zenith).
In the literature the simultaneous presence of both type 1 and type 2 cusp aurora is referred to as a bifurcated
or double cusp and it is believed to be due to the coexistence of subsolar and lobe reconnection driven by
the B,-dominated IMF orientation [Sandholt et al.,, 2001; Wing et al., 2001]. The throat aurora brightens twice
and is roughly accompanied by two southward turnings of IMF B, (indicated by the two vertical dashed black
lines in Figure 5c¢). Both brightening are just prior to the formation of PMAFs (indicated by the tilted solid
black lines in Figures 5d and 5e). The third throat aurora brightening is observed at ~09:39:00-09:39:30 UT
in the red emission line and is followed by dimming that is consistent in time with particle precipitation
detected by DMSP F16.

3.4. Throat Aurora in Relation To Particle Precipitation

The vertical dotted lines in Figure 2 indicate the times when NOAA 16 and DMSP F16 intersected the
throat auroras, which give us a chance to investigate the particle precipitation. The orbits of both NOAA
16 and DMSP F16 have been traced down the field line to the assumed altitude of the red line emission,
using AACGM.

3.4.1. NOAA 16

The NOAA 16 spacecraft intersected the third throat aurora and the cusp aurora as indicated in Figure 3. The
trajectory of NOAA 16 is in the all-sky field of view at ~09:19:45-09:23:50 UT. Figures 6a-6d present the
particle observations from NOAA 16. Figures 6a and 6c represent the fluxes of precipitating electrons and
ions, respectively, in four energy channels (154-224, 688-1000, 2115-3075, and 6503-9457 eV). Figure 6b
shows fluxes of magnetospheric electrons with energies >30 (black), >100 (red), and >300 (green) keV, and
Figure 6d shows the flux of magnetospheric ions with energies between 30 and 80 keV. In Figures 6b and 6d,
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the solid and dashed curves represent fluxes measured at pitch angles near 10° and 80°, respectively. The
vertical solid lines at “t1” (09:20:32 UT) and “t2" (09:21:40 UT) indicate when the satellite entered the third
throat aurora and the cusp aurora, respectively. t1 and t2 are also marked by white arrows in Figures 6e-6f
(09:20:33 UT) and 6g-6h (09:21:43 UT), which are zoom-in panels of the all-sky data corresponding to the
white rectangle at 09:20:03 UT in Figure 3.
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To compare the brightness of the throat aurora and the cusp aurora with the electron precipitation, Figure 7
presents time series of the flux of magnetosheath-like electrons at 154-224 and 688-1000eV (Figure 7a),
together with the red and green line auroral intensity along the trajectory of the NOAA 16 spacecraft
(Figure 7b). The auroral brightness along the satellite track is extracted from mapped auroral images by using
the pixel intensity closest to the point of the field line traced satellite. Due to the spatial and temporal evolu-
tions of the auroral brightness, we have used mapped images every 10s.

At t1 the throat aurora boundary corresponds to a transition from particles at energies >688 eV to energies
<224eV. It is also aligned with the poleward boundary of precipitating >30 keV magnetospheric electrons
(the solid black curve in Figure 6b). As electrons with energies between 0.5 and a few keV are the source
of the 557.7 nm emissions, the stripy diffuse aurora (denoted in Figure 6f) farther equatorward of t1 is collo-
cated with precipitation of magnetospheric electrons, which is in favor of closed field lines. The third throat
aurora around 09:20:53 UT (i.e., the red arrow in Figure 7b) is associated with precipitation of 154-224 eV low-
energy electrons mixed with minor fluxes of near-isotropic magnetospheric ions (>30keV in Figure 6d),

CHEN ET AL.

DYNAMIC PROPERTIES OF THROAT AURORA 3479



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023033

which is a typical signature of the low-latitude boundary layer (LLBL). Measurements at t2 show typical cusp
dispersion signatures, which are characterized by bands of magnetosheath ion precipitation showing
decreased energy with increased latitude (t2—09:23 UT; see Figure 6c).

3.4.2. DMSP F16

The DMSP F16 spacecraft traversed a sequence of dimming throat auroras from postnoon to MLN at
~09:37:20-09:41:10 UT (see Figure 3). Figures 8a and 8b show the electron and ion precipitation data from
DMSP F16. Figures 8c and 8d show mapped images of the red and green line auroras at 09:39:03 UT.
DMSP F16 observed precipitation of moderate beam-like magnetosheath electrons and magnetosheath ions
(see the black ellipse in Figure 8b) before it traversed the dimming throat auroras. It is consistent with the
discrete aurora in the right side of Figure 8c (i.e., to the east) being on open field lines. Four throat auroras
with dimming features (labeled “5,” “4,” “3,” and “1") are centered at 09:38:30, 09:39:02, 09:39:22, and
09:39:45 UT. Events 1 and 3 were also reported in Figure 3, while event 2 vanished at ~09:30 UT. All four dim-
ming throat auroras are associated with high fluxes of magnetosheath-like 30-500 eV electrons and no pre-
cipitation of magnetosheath ions. For the dimming throat aurora labeled 5 the flux of magnetosheath
electrons is significantly higher than for the other events, but it is also located at higher latitudes and closer
to the cusp aurora.

4, Discussion

In this paper, we report a sequence of throat aurora observed near MLN (i.e., 1200-1240 MLT) on 27
December 2003. The throat auroras are always located equatorward of the general discrete dayside auroral
oval. By examining the dynamic properties of the throat aurora in the red line, we find that the throat auroras
with a poleward moving form normally consist of a brightening followed by dimming feature (see Figure 3
and Movie S1 in the supporting information). Observations show that, sometimes, the brightening of
the throat auroras is well colocated with enhanced spectral width as seen by SuperDARN Finland radar (inter-
val l), and it is a precursor of PMAFs (interval IV). By comparing the brightness of the throat auroras with the
varying IMF conditions, both the throat aurora brightening and dimming processes are occurring not only for
southward IMF B, but also for northward IMF (see Figures 5a and 5b). While the brightening throat aurora
associated with PMAFs (intervals | and IV in Figure 5) is more attributed to the negative shift of IMF B,, this
dynamic nature implies that the brightening throat aurora is likely related to low-latitude magnetopause
reconnection. lonospheric signatures of transient magnetopause reconnection are often associated with
pulses in dayside reconnection rate and plasma flow such as PMAFs and poleward moving radar auroral
forms [Lockwood et al., 1995; Milan et al., 2000; Moen et al., 1995, 2008; Oksavik et al., 2004a; Pinnock et al.,
1995; Rinne et al., 2007]. The transient brightening of the throat auroras is associated with PMAFs (interval | in
Figure 4b) and equatorward of it (interval IV in Figure 5d), while the throat aurora-related AEB is colocated
with the SWB in interval | in Figure 4c. These lead us to consider whether the brightening and dimming of
the throat auroras are on open and closed field lines, respectively.

4.1. The Brightening Throat Auroras and Its Associated lonospheric Spectral Width

Previous studies have confirmed that the equatorward boundaries of cusp auroral emissions and the transi-
tion from narrow to broad spectral width are good empirical proxies for the ionospheric open/closed
field line boundary (OCB) [e.g., Baker et al., 1995; Lorentzen et al, 1996; Yeoman et al., 1997]. It is well
known that the cusp auroral signatures are an important indicator of magnetopause reconnection on open
field lines [e.g., Newell and Meng, 1995; Sandholt and Newell, 1992]. The intimate colocation between the
equatorward edge of the HF radar cusp and the cusp aurora has also been confirmed by many studies
[e.g., Milan et al., 1999; Moen et al., 2001, 2002; Oksavik et al., 2004b; Rodger et al., 1995; Yeoman et al.,
19971. In Figure 4, simultaneous 630.0 nm AEB and HF radar SWB measurements show that the AEB in the
vicinity of zenith is well colocated with the SWB (intervals Il and lll), which means that the cusp aurora is very
likely on open field lines. The first throat aurora brightening is well colocated with large spectral widths (inter-
val 1), but this colocation is not well established in interval IV for the brightening of the third throat aurora,
which is most likely attributed to the mapping accuracy of the HF radar echoes.

After 09:30 UT, the SWB is always poleward of the AEB, which can be due to the fact that the mapping of HF
radar echoes does not take into account the prevailing conditions for radio wave propagation in the cusp
ionosphere, and transient magnetopause reconnection can increase the inflow of high-density plasma
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which causes enhanced refraction of HF radio signal and worse mapping accuracy [Chen et al., 2015].
Moreover, plasma patches with higher density than the background are known to exist in the dark cusp near
MLN [Carlson et al., 2002; Lockwood et al., 2005a, 2005b; Lorentzen et al., 2010; Moen et al., 2006; Oksavik et al.,
2006, 2010, 2015; Zhang et al., 2011, 2013] and create space weather challenges in the polar ionosphere
[Moen et al., 2013]. Both the AEB and the SWB observed an equatorward migration at ~09:38 UT, which means
that the SWB may delineate the motion of the OCB at this time, but the SWB is overestimated. The PMAFs in
Figure 5e must be on open field lines due to magnetopause reconnection; however, the PMAFs are sug-
gested to be on closed field lines if only identified by the SWB.

The colocation of AEB and SWB is well observed in interval I. Although we have assumed that the
630.0 nm emissions are concentrated around an altitude of 200 km for the throat aurora, the altitude of
the red line emission in the cusp may range from 200 to 400km or even higher [e.g., Carlson et al,
2013]. The upper part of a tall auroral ray bundle will appear at a shorter radial distance from the obser-
ving site, and the bottom part will be mapped farther away. For throat auroras we have therefore chosen
the bottom part of the red line emission where the mapping will be most accurate. To estimate the
mapping error, we use intensity profiles modeled by Johnsen et al. [2012], which show that the red line
emission is most peaking at ~256 km altitude southward of the observing site. Thus, the mapping uncer-
tainty for the assumed emission height is about 28% (i.e., the mapping error is Apjat_200 X (256 — 200)/200,
where Anjat 200 represents the latitudinal span of the throat aurora). For the southernmost point of the
AEB at 73.2° MLAT (interval | in Figure 4), it means that the mapped auroral uncertainties should be equa-
torward to within 0° to ~0.84°. If so, the mapping of the SWB will be overestimated by ~0.84° at most. If
we move the AEB equatorward by ~0.84° (i.e., two range gates), the AEB will still be well colocated with
the ionospheric backscatter. It means that the brightening throat aurora is well colocated with the iono-
spheric backscatter, at least in time interval I.

4.2, The Throat Aurora and Its Associated Dynamic Properties

Since the magnetopause maps to the ionosphere through the cusp, phenomena occurring at the equator-
ward boundaries of the cusp provide two-dimensional images of merging activity. In intervals | in Figure 4
and IV in Figure 5 the time evolution of the throat aurora indicates an intimate relationship from the initial
brightening of the throat aurora to the subsequent development of PMAFs. This process is very similar to
the fine structure of auroral transients at the cusp equatorward boundary reported by Moen et al. [1996]
and Sandholt et al. [2002]. Low-latitude magnetopause reconnection is expected under the negative IMF B,
conditions [Lockwood, 1998; Newell and Meng, 1998; Onsager and Lockwood, 1997], and both Moen et al.
[1996] and Sandholt et al. [2002] reported that auroral transient events were characterized by recurrent
(2-3 min) equatorward boundary intensifications, and they suggested that the auroral transients are related
to LLBL on open field lines. Particle data from NOAA 16 in Figure 6 also indicate that the throat aurora was in
the LLBL. Sandholt et al. [2002] observed an ~100 km wide gap in latitude between the auroral fine structure
and the diffuse aurora, which was suggested to be due to a loss of plasma sheet particles along newly open
field lines that is faster than the entry of magnetosheath particles along open field lines [Gosling et al., 1990],
as the open field lines move poleward. This scenario is not seen in our study. To the contrary, the throat
aurora brightening is followed by dimming and the associated stripy diffuse aurora at the equatorward side
of it (see Figure 6 images). Han et al. [2016] suggested that the throat aurora should occur when cold
magnetospheric plasma is flowing into the magnetopause reconnection site. From the current optical
and particle observations, the equatorward part of the brightening throat aurora followed by dimming man-
ifests the residual of magnetosheath-like particles in this region, which may indicate some effects of cold
magnetospheric plasma interaction with magnetic reconnection.

Previous studies [Milan et al., 1999; Thorolfsson et al., 2000] have already associated a poleward moving aur-
oral transient with a narrow flow channel in SuperDARN data but without specifying their location relative to
each other. Here we present a detailed observation on the relative location of the ionospheric signatures
between the red line and HF radar backscatter. At ~72°-76° MLAT in Figure 4b and 09:00-09:40 UT, we
observed that the brightening throat aurora is located well inside the poleward flow before 09:18 UT, while
the dimming throat aurora is located in the vicinity or southward of the convection reversal boundary (CRB)
after that (see the convection map in Figure 1). The CRB is a feature of the ionospheric convection pattern
that separates sunward (i.e., equatorward) plasma flow from antisunward (i.e., poleward) plasma flow (see
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the solid line in Figure 4b), which originates from distinct magnetospheric regions [e.g., Newell et al., 1991].
The existence of equatorward return flow is suggested to be outside a newly opened reconnected flux tube
as modeled by Southwood [1987], while the newly opened flux tube is convecting poleward under the influ-
ence of the reconnection electric field [e.g., Rodger and Pinnock, 1997]. If the enhanced electron precipitation
of the brightening throat aurora is controlled by the pulsed reconnection electric field, the motion of the
brightening throat aurora should follow the ExB convection drift. To simplify our consideration, in
Figure 4b, using the SuperDARN line-of-sight velocity during the interval 09:00-09:12 UT we find a velocity
of ~273 m/s on average in the poleward direction of the CRB. SuperDARN HF radars can underestimate the
velocity by ~20%, because the refractive index in the scattering volume has not been taken into account
[Gillies et al., 2011]. During this time interval the convection electric field will shift the ionospheric plasma
poleward by at least 2.34° in latitude. This is consistent with the latitudinal extent of the first brightening
throat aurora.

4.3. The Dimming Throat Auroras and Its Associated Particle Precipitation

For the dimming throat auroras we look at the particle measurements from NOAA 16 and DMSP F16. The
NOAA 16 particle data in Figure 6 show that the dimming of the third throat aurora at 09:20:53 UT is
associated with weak precipitation of magnetosheath-like electrons (see also Figure 7b) mixed with intense
precipitation of magnetospheric ions (>30keV). The DMSP F16 particle data in Figure 8 show that the
dimming of the third throat auroras is associated with decreased fluxes of magnetosheath-like electrons,
accompanied with fluxes of magnetospheric electrons, which is sometimes referred to as the trapping
boundary [Nishida et al., 1993]. The trapping boundary is never located poleward of the LLBL [Lockwood
et al.,, 1996; Onsager and Lockwood, 1997]. Nevertheless, there is no detection of any magnetosheath ion
precipitation in the NOAA 16 and DMSP F16 data.

An important characteristic of magnetosheath particles on newly open field lines is the ion energy dispersion
[Lockwood et al., 1998; Newell and Meng, 1991, 1995]. In Figure 6¢ this signature was only observed at t2,
which also suggests that the dimming throat aurora could be on closed field lines. By using simultaneous
low-altitude satellite and ground-based all-sky images, Han et al. [2016] have confirmed that the throat aur-
ora is associated with low-energy electron and ion precipitation of magnetosheath origin on open field lines.
However, they only provided a “snapshot” of the throat aurora, and they did not compare the intensity of the
throat auroras to the cusp aurora. In our study the time series in Figure 7 show that the dimming throat aurora
is much weaker in intensity than the cusp aurora, which is caused by soft electron precipitation. When com-
paring the data sets in Figure 7, we should pay attention to the potential mapping error arising from our
assumption of a fixed auroral emission height, instead of a vertical column emission profile. Moreover, there
is also a slight difference and offset in time resolution between the two data sets: 8-16 s time resolution for
the NOAA 16 data and 10 s time resolution for the optical data (so some misalignment is expected). The high
fluxes of magnetosheath-like electrons at 09:21:25 UT in Figure 7a appear to be slightly offset compared to
the auroral emission at ~09:21:14-09:21:22 UT in Figure 7b. However, the chosen mapping altitude appears
to be quite reasonable for the throat aurora and the cusp aurora.

We noticed that a dimming of the third throat aurora shown in Figure 8 is accompanied by a rapid
poleward contraction of the brightening throat auroras (see also Movie S1). The dimming throat aurora
was associated with precipitation of magnetosheath-like electrons with energies of 30-500e€V detected
by DMSP F16 (and 154-224 eV detected by NOAA 16) and could be due to pitch angle scattering on
closed magnetic field lines. The cross-field diffusion of magnetosheath-like plasma can be supported by
wave particle interaction between low-frequency waves and a steady state plasma source of the LLBL
[Tsurutani et al., 1989]. The particle data in Figure 6a also illustrate that the magnetosheath-like electrons
associated with the generation of throat aurora can penetrate to much lower latitude [Han et al., 2016;
Lyons et al., 1994]. It shows that the flux of 154-224 eV magnetosheath-like electrons has some weak fluc-
tuations before t1 (see the spikes intersecting the horizontal dotted line). Magnetosheath-like electrons in
the magnetosphere are possibly caused by high-latitude magnetopause reconnection before 08:54 UT due
to prolonged periods of northward IMF B, [Shi et al., 2009, 2013; @ieroset et al., 2008]. Jieroset et al. [2008]
suggested that when the IMF clock angle is as large as 60 (i.e., northward with a strong IMF B, component)
the solar wind particles can enter across the dayside magnetopause through a reconnection site either
poleward of both cusps or poleward of one cusp in one hemisphere and equatorward of the cusp in
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the other. Magnetosheath-like electrons inside the CPS were also detected by NOAA 16 when it traversed
the east coast of Svalbard at ~07:40 UT (data not shown), which is similar to the event we presented at
~09:20 UT in Figure 5. The ground-based data also confirm that the fairly dim auroral emissions appear
at the equatorward side (70°-75° MLAT) of the auroral oval in the postnoon sector before 09:00 UT (see
first image in Figure 3).

5. Conclusion

In this paper we report a sequence of throat auroras near MLN (1200-1240 MLT) on 27 December 2003.
By examining the dynamic properties of throat aurora, and comparing with earlier studies [Han et al,
2016], we find that the dynamic process of throat auroras consists of brightening and dimming features.
Simultaneous HF radar measurements show that the brightening throat aurora is colocated with the region
of enhanced spectral widths, while its poleward motion follows the ionospheric E x B convection drift. The
throat aurora is sometimes a precursor of PMAF. Particle observations from NOAA 16 show that the dimming
throat aurora is associated with precipitation of injected magnetosheath-like electrons mixed with magneto-
spheric ions (see Figure 6). The dimming of the throat aurora is followed by a poleward contraction of the
brightening throat aurora, with more precipitation of magnetosheath electrons than magnetospheric
electrons detected by DMSP F16. Based on the observations of the ionospheric £x B poleward drift and
comparison of the AEB and the SWB in intervals | and IV, we suggest that the brightening throat auroras
are likely on open field lines. However, the NOAA and DMSP observations as well as CRB locations suggest
that dimming auroras are related to the LLBL on closed field lines.
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