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Abstract Dayside cusp aurorae are created from particles precipitating into the cusp, and ionospheric
convection is driven by solar wind electric fields. In this study, we coordinated the observations obtained
from the all-sky camera on Svalbard, the Super Dual Auroral Radar Network, SuperMAG magnetometer
data, and far ultraviolet imagers on board the Defense Meteorological Satellite Program satellites for the
event January 4, 2014 to examine the morphology of aurorae and the patterns of ionospheric convection
for radial interplanetary magnetic field (IMF). During the event, a poleward-moving auroral form and
antisunward ionospheric convection were observed when the IMF turned into almost purely radial.
Moreover, both types of antisunward and sunward convection were simultaneously observed near the
footprint of the cusp at different times during the radial IMF period. The antisunward convection and
sunward convection are typically an indicator of the dayside reconnection for the southward IMF and
the lobe reconnection for the northward IMF, respectively. All those observations support the concept

of low-latitude dayside and high-latitude lobe reconnection for the radial IMF. This study further shows
that the coexistence of the two types of reconnection for radial IMF, resulting in an interplay of repetitive
antisunward and sunward convection.

Plain Language Summary The event for January 4, 2014 enables us to study the features
of dayside cusp aurorae and ionospheric convection for the radial IMF. During the event, a poleward-
moving auroral form and antisunward convection were observed near the footprint of the cusp, which
provides indirect evidence of the magnetic reconnection that occurs at the dayside magnetopause for the
radial IMF. S-shaped aurorae, named from their morphology, near the cusp were also observed during the
event. This type of aurora was possibly created by magnetosheath plasma jets impinging on the surface
of the magnetopause or magnetic reconnection occurring locally on the magnetopause. For ionospheric
convection, the primary convection pattern for the radial IMF was similar to that for the southward IMF,
particularly for antisunward convection near the cusp. However, sunward convection near the cusp was
also observed at the same time, indicating the lobe reconnection coexists with the dayside reconnection.
In summary, the features of dayside cusp aurorae and ionospheric convection for the northward and
southward IMFs can be seen at different times during the radial IMF event.

1. Introduction

The solar wind carries solar magnetic fields into the interplanetary space and forms the interplanetary
magnetic field (IMF). In near-earth space, the IMF orientation is typically in the form of an Archimedean
spiral. However, in the region where the solar wind velocity decreases gradually or follows an interplane-
tary coronal mass ejection, a satellite there can observe the direction of an IMF in alignment with (parallel
or antiparallel to) the solar wind velocity (Neugebauer & Goldstein, 1997), forming what is best known as
the radial IMF. In the present study, we chose a radial IMF event with the duration >1.5 h from the criteria
|B,//B>0.9 (Piet al., 2014), where B, is the component of the IMF in the direction of the Sun-Earth line and
Biis the total magnitude of the IMF.
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Many studies (e.g., Huang et al., 2015; Merka et al., 2003) have revealed that the radial IMF considerably
influences the location of the bow shock and magnetopause, causing the bow shock to move closer and the
magnetopause further away from the center of the Earth. Under the radial IMF condition, the foreshock
moves from dawnside to near noon, and a quasi-parallel shock (shock normal angle less than 45°) forms
in front of the bow shock. The plasma can easily cross the bow shock along the field lines and high-speed
plasma flows can be observed in the magnetosheath (Plaschke et al., 2013). A characteristic of the magne-
tosheath jets is higher dynamic pressure than that of that upstream solar wind. In the magnetosheath, a few
tens of seconds of antisunward plasma jets were observed (Plaschke et al., 2013), which could deform the
magnetopause (Shue et al., 2009).

Auroral luminescence is caused by energetic particles from the magnetosphere moving into the upper at-
mosphere at high latitudes. From ground-based optical auroral images, their morphology can be divided
into discrete and diffuse aurorae. Discrete aurorae are structured and include bands, arcs, and rays. The
generation mechanism is related to particle acceleration due to a potential drop along magnetic field line
(Christensen et al., 1987). The luminosity of diffuse aurorae is relatively homogenous and lacks any struc-
tured pattern (Lui et al., 1973). The discrete auroral arcs exhibited a gap across the midday zone of the auro-
ral oval (Dandekar & Pike, 1978), and intense and structured auroral emission occurred in the morning or
afternoon sector. The energy range that creates dayside aurorae for electrons is 100-500 eV, which is lower
than that for typical nightside aurorae. The characteristics of the precipitating particles can be used to infer
where these particles originate from in the magnetosphere, such as central plasma sheet (CPS), boundary
plasma sheet (BPS), low-latitude boundary layer (LLBL), or polar cusp and mantle (Newell & Meng, 1992).

Svalbard, which is located near the northern geomagnetic cusp latitudes, is a prime location for observing
dayside cusp aurora. Sandholt, Farrugia, et al. (1998) divided dayside aurora observed at Svalbard into five
types, two of which are observed in the cusp at noon, types 1 and 2 aurorae. Type 1 aurora is located within
70°-75° magnetic latitude (MLAT), whereas type 2 aurora forms at slightly higher latitudes, 75°-80° MLAT.
Type 1 auroral form is created by the magnetic reconnection process that occurs near the subsolar magneto-
pause for southward IMF. Type 2 auroral form is associated with lobe reconnection for northward IMF. The
electron precipitation related to the type 1 aurora originates from the cusp and frontside LLBL, whereas the
particles for the type 2 aurora come from poleward of the cusp and the mantle (Newell & Meng, 1992; Sand-
holt, Farrugia, et al., 1998). The type 1 aurora is often presented in a poleward-moving auroral form (PMAF;
Sandholt, Moen, et al., 1998). PMAF can be a signature of reconnection projected from the magnetospheric
boundary layers to the polar ionosphere, such as flux transfer events (FTEs) (Haerendel et al., 1978; Russell
& Elphic, 1978), magnetic reconnection (e.g., @ieroset et al., 1997), and magnetic impulse events (Mende
et al., 1990). Furthermore, the occurrence of PMAF is not limited to southward IMF (Fasel, 1995). It can
also be driven by B,-dominant IMF orientation (Sandholt et al., 2004). Maynard et al. (2001) also indicated
that IMF B, can establish both dayside and lobe reconnection under strong IMF B, condition. As a result,
type 1 and type 2 aurora occurred successively. Han et al. (2017) found that the occurrence rate of throat
aurora increases with decreasing cone angle of IMF. The throat aurora is analogous to the “crewcuts” form
(Rodriguez et al., 2012). The probability of observing throat aurora also increases during quiet geomagnetic
periods (Han et al., 2017).

Ionospheric convection is driven by electric fields mapped to the high-latitude ionosphere through solar
wind and magnetosphere interactions. The pattern of high-latitude ionospheric convection is determined
by the orientation of IMF (e.g., Lockwood, 1991 and references therein): Two-cell convection pattern for
southward IMF, and four-cell convection pattern for northward IMF. The IMF B, can deform the convection
pattern, causing the formation of asymmetrical cells in the dawn-dusk direction. During southward IMF,
the open magnetic field lines are detected near the dayside magnetopause at the reconnection region be-
tween the IMF and the Earth’s magnetic field. These open field lines move over the northern and southern
cusps and reconnect in the magnetic tail. In the polar ionosphere, plasma drifts over the polar cap in an
antisunward direction at noon and then returns back in a sunward direction at the equatorward regions of
the auroral oval on the dawnside and duskside, forming the two-cell convection pattern. The convection
type is more complicated for the northward IMF. The open magnetic field lines located behind the polar
cusp form a four-cell convection pattern under a strong northward IMF condition, and form a three-cell
convection pattern under a weak northward IMF condition. The size of their convection cells is smaller than
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that of convection cells in the southward IMF. Sunward flows can be observed in the polar cap at noon for
the northward IMF. Significant antisunward flows near the noon were found under the condition of small
IMF B, and B, components (Kustov et al., 1998). Another type of convection developed on closed field lines
is the viscous interaction between the solar wind and magnetosphere (Axford & Hines, 1961), which can
contribute to the formation of ionospheric convection at the lower latitude.

In the present study, we examined the auroral and convection patterns obtained from all-sky images and
Super Dual Auroral Radar Network (SuperDARN) data in the northern hemisphere for January 4, 2014.
The weather conditions of this day enabled us to simultaneously study auroral morphology and convection
development under a radial IMF event. In the following sections, we will describe the observational results
from the Wind spacecraft, an all-sky camera, the Defense Meteorological Satellite Program (DMSP) satel-
lites, the SuperDARN radar, and the SuperMAG magnetometer. In the Discussion section, we will provide
physical explanations for our results. Understanding the responses of the polar cusp to the radial IMF can
provide new insight into the magnetosphere-ionosphere coupling in the context of magnetic reconnection.

2. Observations

In this section, we present observations obtained from the Wind spacecraft, an all-sky camera at Svalbard,
DMSP’s ultraviolet auroral imagers and particle spectrometers, the SuperDARN data, and the SuperMAG
magnetometer.

2.1. Wind Spacecraft and Its Observations

The Wind spacecraft was deployed at the L1 Lagrange point for collecting the solar wind and IMF data.
The Wind spacecraft was located at the geocentric solar magnetic (GSM) coordinates of (196.2, —39.8,
—12.6) Rg at 07:00 UT on January 4, 2014. The 3-s IMF data from the Magnetic Field Investigation (Lepping
et al., 1995) and 92-s solar wind data from the Solar Wind Experiment (Ogilvie et al., 1995) were used in this
study. Figure 1 presents the solar wind data from the Wind spacecraft during 06:30-09:30 UT. The X, Y, and
Z components of the IMF in the GSM coordinates, cone angle, clock angle, dynamic pressure, solar wind ve-
locity, AE index (World Data Center for Geomagnetism, Kyoto et al., 2015), and SYM-H index are displayed
from top to bottom. The radial IMF event, which is defined as when the cone angle was below 25°, began at
07:20 UT and ended at 08:55 UT, as delimited by the two black vertical dash lines. The cone angle increased
to again exceed 25° during 07:50-07:56 UT, and then dropped below 10° during 08:00-08:23 UT (delimited
by the two red vertical dotted lines) even less than 3° (almost purely radial IMF, 08:04-08:16 UT). A south-
ward IMF turning was observed at 08:55 UT with a minimum value of —2.8 nT outside the radial IMF pe-
riod. Within the interval of the radial IMF, southward IMF could be seen, but its magnitude was small and
its duration lasted no more than 10 min. The average values of the B,, B,, and B, components were —3.79,
—0.49, and 0.61 nT, respectively, during the radial IMF interval. The negative B, (B,) component reached a
minimum of —4.65 (—2.04) nT at approximately 07:32 (07:54) UT. Dynamic pressure decreased from 07:25
to 07:40 UT. After 08:00 UT, the dynamic pressure remained relatively constant at approximately 1.5 nPa.
The average solar wind speed was approximately 490 km/s. The AE and SYM-H indices were used as the
indicators of geomagnetic variations. The AE index was less than 50 nT before 08:00 UT and increased to
58 nT from 08:00 to 08:30 UT. The AE index reached the maximum value of 113 nT at 08:49 UT, indicating
that a substorm did not occur within the interval of the radial IMF. The values of the SYM-H index varied
between —12 and —16 nT, with the mean value being —13 nT.

We estimated the delay time of the IMF effect from the WIND spacecraft to the dayside ionosphere. The
delay time was estimated according to the solar wind velocity, and the positions of the bow shock and mag-
netopause. The positions of the bow shock and magnetopause were calculated using the models developed
by Farris and Russell (1994) and Shue et al. (1997), respectively. In terms of error estimation, Suvorova
et al. (2010) reported that magnetosphere expansion exceeds model predictions for the radial IMF. We al-
lowed a 10% estimation uncertainty in the positions of the bow shock and magnetopause. The solar wind
took 40 (+0.3) min to move from the WIND spacecraft to the subsolar bow shock. We assumed that the solar
wind speed decreased by a factor of four across the bow shock (Spreiter et al., 1966). The time required for
the solar wind to arrive at the magnetopause through the magnetosheath was 1.3 (+0.2) min. The transit
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Figure 1. Interplanetary magnetic field (IMF) and solar wind conditions measured by the Wind spacecraft. The parameters include (a) the three components
(X, Y, and Z) of the IMF in the geocentric solar magnetic (GSM) coordinates, (b) cone angle, (c) clock angle, (d) dynamic pressure, (e) solar wind velocity, (f) the
AE index, and (g) the SYM-H index. The radial IMF occurred from 07:20 to 08:55 UT on January 4, 2014, as delimited by the two vertical dash lines. The cone
angle was less than 10° from 08:00 to 08:23 UT, as marked by the two red vertical dotted lines. The IMF and solar wind parameters were shifted by 50 min to
reflect the time delay from the Wind spacecraft to an effect in the high-latitude ionosphere.
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time from the magnetopause to the ionosphere as a result of Alfvén propagation was approximately 2 min.
As for the time delay in the appearance of ionospheric plasma flows, Qieroset et al. (1997) revealed that
sunward flows appeared at noon after approximately 8 min when the IMF was switched from southward to
northward. In this study, we assumed that plasma flows (sunward or antisunward flows) would appear at
noon with a time delay of 6 (+2) min for the radial IMF. The estimated total time delay was between 49 and
53 min. We shifted the solar wind and IMF data with a 50 min delay. Note that this time delay calculation
has a limitation because no observations were available at that time to verify the arrival of the radial IMF
near the nose of the bow shock. Here we refer to another radial IMF event by Pi et al. (2016) that show a
steady propagation of radial IMF. In their event, the magnetic structures of radial IMF just outside the bow
shock were not distorted in comparison with the observation at L1. We also examined the magnetic field
data of observed by the ACE satellite at 12 MLT and 243 Ry and those observed by THEMIS-B at 15 MLT
and 58 Ry (upstream of the Moon). Their magnetic field data (not shown) still show the existence of radial
IMF in the study period, but the magnetic field data of THEMIS-B did not show the feature of almost purely
radial IMF. We speculate that, since, the Moon lacks a significant atmosphere and an intrinsic magnetic
field, solar wind particles can be absorbed or backscattered to space when they collide with the solid Moon
surface. Those particles scattered back into space by the solid Moon can interact with the upstream solar
wind, changing the fore-Moon interplanetary magnetic field structure by the diamagnetic current system
(e.g., Nishino et al., 2020). Fortunately, the Moon was located at a different side (duskside) from Wind
(dawnside) during the event. The IMF observed by Wind, therefore, was least affected by the Moon when
arriving near Earth. We calculated the delay time of the solar wind using the flat time-shift method (e.g.,
Cash et al., 2016) and empirical method (Cameron & Jackel, 2016). We also examined the time shift between
the initial appearance of the almost purely radial IMF of the OMNI database and the enhanced antisunward
flows of the HAN radar Beam 9. The most likely time delay was ~50 min.

2.2. All-Sky Imager and Its Observations

The all-sky imager was equipped with an electron multiplier charge-coupled device camera (Hamamatsu,
C9100-13, Hamamatsu, Japan), producing high-resolution auroral images in 512 X 512 pixels with two
wavelengths, 557.7 and 630.0 nm. The shooting interval and exposure time for the 630.0 nm emissions set
to 4 s. Every 56 s camera change filter to observe 557.7 nm emissions with an exposure time of 2 s (Taguchi
et al., 2012). The imager has been in service at Longyearbyen, Svalbard, Norway (geographical latitude
78.1°N, longitude 16.0°E; AACGM-v2 latitude 75.75°N, longitude 110.02°E) since October 2011. The mag-
netic local time (MLT) of Longyearbyen is calculated as 3 h past universal time. Due to the shooting interval
of 630.0 nm emissions, the camera can clearly identify the dynamic nature of the cusp aurora. We also ex-
amined images of 557.7 nm emissions for the signature of throat aurora (Han et al., 2015), but this signature
was not found in the images for our event. The equatorward edge of the 630.0 nm auroral oval in a keogram
can serve as a proxy of the open/closed boundary on the dayside (Milan et al., 1999; Sandholt et al., 1990).
Because of the bad weather over Svalbard and strict criteria of radial IMF events, the January 4, 2014 event
was the only one for our case study. Figure 2 presents the keogram derived from 557.7 and 630.0 nm all-sky
images at Longyearbyen for the event. The auroral intensity increased considerably from 07:44 to 07:48
UT, and increased again from 07:58 to 08:05 UT. Auroral brightness suddenly intensified in the first period
(07:44-07:48 UT) and remained at the location between 75.5° and 76.1° MLAT. However, in the second
brightening period (07:58-08:02 UT), the main structure of the aurora was moving up approximately 76.7°
MLAT. Equatorward- and poleward-moving aurorae occurred from 08:03 to 08:05 UT (Figure 2b). For the
temporal and spatial variations of the 630.0 nm of the aurora activities from 07:30 to 08:29 UT, readers are
referred to Movie S1 included in the supporting information. The 630.0 nm all-sky images assumed an emis-
sion altitude of 250 km (Lockwood et al., 1993) and then mapped to the MLAT-MLT coordinates (Figure 3).
The all-sky images for 557.7 nm represent high-energy electrons precipitation (E20.5 keV, e.g., Maynard
et al., 2004) into the ionosphere. Figure 4 displays these images taken from 07:40 to 08:12 UT on January 4,
2014. The emission was assumed to be taken at the altitude of 110 km. Before 07:44 UT, the auroral intensity
was weak, as indicated in Movie S1 and Figure 3a. Because of a cloud coverage, the aurora was invisible at
11:45-12:15 MLT (Figure 3a). The brightness of the aurora intensified considerably at 07:44 UT (Figure 3b).
At 07:46 UT (Figure 3c), the morphology of the aurora presented a feature of narrow continuous band that
concentrated near the zenith. This feature is also shown on the 557.7 nm image (Figure 4c). The auroral
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Figure 2. (a) Keogram of 630.0 nm emissions along the magnetic meridian from 06:30 to 09:30 UT on January 4, 2014. Brightness is expressed as a function

of UT and magnetic latitude in the keogram. The scale for the magnitude of brightness is provided by the color bar on the right. The radial IMF occurred from
07:20 to 08:55 UT on January 4, 2014, as delimited by the two vertical solid white lines. The cone angle was less than 10° from 08:00 to 08:23 UT, as indicated by
the two vertical dash white lines. The white irregular zigzag curve represents the variable equatorward boundary of the auroral oval. The equatorward boundary
was identified at each column of the keogram from the threshold value of the mean value plus 0.2-times its standard deviation. (b) The zoom-in version of the
keogram of 630.0 nm emissions along the magnetic meridian from 07:30 to 08:30 UT on January 4, 2014. (c) The zoom-in version of the keogram of 557.7 nm

emissions along the magnetic meridian from 07:30 to 08:30 UT on January 4, 2014.
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Figure 3. Sequence of 630.0 nm images captured by the all-sky imager at Longyearbyen from 07:40 to 08:13 UT on January 4, 2014. (a) Because of cloud
(marked by a yellow arrow), the aurora was invisible at the region 11:45-12:15 MLT. (c) At 07:46 UT, the morphology of the aurora presented a feature of
narrow continuous band and concentration at the region between 75.5° and 76.1° MLAT. (i) The cusp aurora split near noon (75°-78° MLAT, 10:30-12:00 MLT).

The scale for the magnitude of brightness is provided by the color bar on the bottom.
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brightness was confined between 75.5° and 76.1° MLAT. This pattern lasted for approximately 5 min and
ended at 07:48 UT. After 07:49 UT (Figure 3d), the aurora was no longer a continuous band. In addition to
rupturing of the continuous band, a poleward-moving phenomenon appeared from 07:49 to 07:51 UT and
an arc emerged at the lower latitude at 07:55 UT (Movie S1). From 07:57 to 07:59 UT, the aurora brightened
at approximately 76.5°-77.3° MLAT (Figure 3f) and poleward movement at 07:58 UT (Figure 4f). An arc ap-
pears at the lower latitude at 07:59 UT (Movie S1). A “tongue” located at the higher latitude (~77.5° MLAT)
of bright band at 11 MLT was found from 08:01 to 08:02 UT (Movie S1). Another arc extends westward at
lower latitude from 12 to 11 MLT during 08:01—08:02 UT (Figures 3g and 4g). At 08:03 UT (Figure 3g), the
aurora moved much further to the equator; subsequently, a PMAF was observed from the keogram during
08:04-08:06 UT. Figures 3h and 4h show that the cusp aurora split near noon (75°-78° MLAT; 10:30-12:00
MLT) at 08:05 UT and a poleward-moving phenomenon appeared. After 08:08 UT, the aurora splits into the
different shape arcs and the brightness are darker than the previous period.

2.3. DMSP Satellites and Their Observations

The DMSP satellites, which operate in a Sun-synchronous orbit, monitor space environments at a typical
altitude of 830 km. The Special Sensor Ultraviolet Spectrographic Imager (SSUSI) provides cross-orbital
scanning images of the Earth’s ultraviolet and far ultraviolet (FUV) auroral emissions, enabling us to mon-
itor the characteristics of aurorae with a global view (Paxton et al., 2002). The SSUSI employs five spectral
channels on the image: H Lyman « (121.6 nm), LBHS (N, Lyman-Birge-Hopfield short band emission, from
approximately 140 to 150 nm), LBHL (N, Lyman-Birge-Hopfield long band emission, from approximately
165 to 180 nm), OI (130.4 nm) and OI (135.6 nm). By comparing these bands, we found that the 135.6 nm
emission clearly presented the dynamic structure of the aurora. The 135.6 nm emission in the auroral re-
gion was mainly produced from excited atomic oxygen from the impact of secondary electrons created by
precipitating particles. The particle spectrometers on the DMSP satellite measure ions and electrons ener-
gies from 30 eV to 30 keV (Hardy et al., 1984). During the studying period, the three DMSP satellites passed
near Svalbard at different times: 07:33 UT (F17), 08:04 UT (F18), and 08:12 UT (F16), one of which (F17)
passed directly over Svalbard, although its view did not intersect the main region of interest in the present
study. The SSUSI data of F18 was contaminated by unknown reasons on the morning side, we could not
use it for this study. Figures 5a and 5b show the particle observations and the 135.6 nm FUV images for
the F17 pass. The integral energy flux and average energy of the electrons and ions are arranged in the top
two panels, together with the energy fluxes of the electrons and ions in the bottom two panels. The auroral
activity was weak (Figure 2a) when F17 passed near the Svalbard area during the period of 07:31-07:34 UT.
Since F17 obliquely intersected the main auroral oval and missed right over the Svalbard station during
the period, the equatorward boundary of precipitation can only be determined from a comparison of the
MLT distribution with Figure 2 of Newell and Meng (1992). Without considering transient behaviors of the
aurora, we believe that the precipitation particles observed after 07:33 UT (10:33 MLT) originate from the
plasma sheet. The auroral brightness near noon was weak at 07:31 UT (Figure 5b). The S-shaped aurora ap-
peared near noon (75°-78° MLAT; 10:30-12:00 MLT) at 08:13 UT (Figure 5c), which is similar to the auroral
structure displayed in Figure 3i.

2.4. SuperDARN and Its Observations

The SuperDARN consists of more than 30 low-power high-frequency radars that explore Earth’s upper at-
mosphere from mid-latitude to polar region. The SuperDARN radars continuously transmit and receive ra-
dar echoes reflected from the motion of ionospheric irregularities to infer large-scale plasma convection and
electric fields in the high-latitude ionosphere (Greenwald et al., 1995). In the standard operation mode, each
radar measures the line-of-sight (LOS) velocity of an ionospheric irregularity along 16 beam directions. The
coverage region of a radar is approximately 3,500 km in range and approximately 56° in azimuth. The time
resolution of a full scan is approximately 1 or 2 min. In this study, we mainly used the ionospheric scatter
radar data from Hankasalmi (HAN, Finland) station that has a predominance of the near noon LOS meas-
urements to study the plasma flows of the ionosphere near noon for the radial IMF. Figure 6 illustrates the
LOS velocity of the Hankasalmi radar at 07:40, 07:44, 07:46, 07:49, 07:52, 07:59, 08:03, 08:05, and 08:13 UT,
respectively. The red and yellow colors indicate the plasma flowing away from the Hankasalmi radar station
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Figure 5. Auroral FUV 135.6 nm images captured by the SSUSI and particle observations on board a DMSP satellite
between 07:31 and 08:13 UT (satellite orbit apex time) on January 4, 2014. (a) DMSP F17 particle data were observed
during the period. The top two panels show the electron and ion integral energy fluxes, and the electron and ion
average energy. The bottom two panels present the energy fluxes of the electrons and ions. (b) The FUV image displays
weak auroral features near noon (75°-78° MLAT, 10:30-12:00 MLT) at 07:31 UT. (c) The S-shaped auroral structure
appeared near noon (75°-78° MLAT, 10:30-12:00 MLT) at 08:13 UT, as marked in the red rectangle. The images are
plotted using the MLAT-MLT coordinates.

(poleward direction) along the beam, and the green and blue colors indicate the plasma flowing toward the
Hankasalmi radar station (equatorward direction). The coordinates used here are from the MLAT-MLT sys-
tem, with noon located at the top of each panel. The substantial antisunward flows at noon (75°-79° MLAT;
11:30-12:30 MLT) were observed to start at 07:40 UT (Figure 6a). This flow pattern lasted for approximately
4 min until 07:43 UT. From 07:44 to 07:48 UT, antisunward flows (at higher latitudes; 77°-79° MLAT) and
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Figure 6. LOS velocities measured using Hankasalmi radar from 07:40 to 08:13 UT on January 4, 2014. The field of view of the radar station is plotted in the
fan-shaped region bounded by gray lines and curves. The red and yellow colors represent the velocity of movement away from the radar station along the beam
(negative sign), and the green and blue colors represent the velocity of movement toward the radar station (positive sign). The horizontal magnetic field vectors
from the SuperMAG magnetometer arrays around the Svalbard, Greenland area, blue arrows, have been rotated 90° anticlockwise to obtain the ionospheric E X
B drift pattern.
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sunward flows (at lower latitudes; 75°-77° MLAT) coexisted at noon (07:44 UT; Figure 6b). The locations
of antisunward flows (at lower latitudes; 77°-78° MLAT) and sunward flows (at higher latitudes; 78°-79°
MLAT) at noon were switched at 07:49 UT (Figure 6d). Sunward flows detected at noon (75°-80° MLAT;
11:00-13:00 MLT) peaked at 07:52 UT (Figure 6e). Thereafter, the sunward flows weakened at 07:53 UT
(not shown). From 07:54 to 07:56 UT, antisunward flows appeared again at noon (not shown). At 07:57 UT,
the sunward flows appeared at 78°-80° MLAT and the antisunward flows remained at 77°-78° MLAT (not
shown). From 07:58 to 08:00 UT (07:59 UT; Figure 6f), the pattern of the sunward flows at noon was similar
to that at 07:49-07:53 UT (cf. 07:52 UT; Figure 6e). The antisunward flows were enhanced at 08:01 UT and
appeared between 77°-80° MLAT and 11:00-13:00 MLT. The sunward flows were located at 76°-77° MLAT
at 08:01 UT. From 08:03 to 08:24 UT (08:03 UT, Figure 6g; 08:05 UT, Figure 6h; 08:13 UT, Figure 6i), the
antisunward flows moved to between 76°-80° MLAT and 10:00-11:30 MLT. Afterward, the antisunward
flows moved to approximately 10:00 MLT. The plasma flows were too weak to identify the direction during
08:30-08:43 UT (not shown). The antisunward flows at noon developed again from 08:44 to 08:55 UT (not
shown). All these observations indicated that antisunward and sunward convection appeared near noon at
different times during the radial IMF period (07:20-08:55 UT). Figure 6 also show the SuperMAG magnetic
field vectors around the Svalbard, Greenland area on which the quiet-time baselines are removed at 07:40,
07:44, 07:46, 07:49, 07:52, 07:59, 08:03, 08:05, and 08:13 UT. These horizontal magnetic field vectors, which
are marked with blue arrows, have been rotated 90° anticlockwise to show the ionospheric E x B drift pat-
terns (e.g., Juusola et al., 2010). The equivalent ionospheric E X B drift patterns observed at 08:03, 08:05, and
08:13 UT are consistent with the SuperDARN LOS velocity. The plasma flows began to acquire a poleward
component at 08:03 UT and markedly increased the velocity at 08:05 UT. The poleward intensification in
velocity continued through 08:13 UT. It should be noted that the coverage of the SuperDARN radar echoes
was not spatially coincident for the most part with the magnetometers observing over Svalbard during the
event. We think that the inconsistency observed before 08:03 UT is likely related to this dislocation. After
08:03 UT, the received radar echoes were located near the magnetometer station of Svalbard. Both the flow
directions well matched to each other, especially a large swing to poleward flows observed at 08:05 and
08:13 UT. Figure 7 shows the backscatter power and LOS Doppler velocities measured on beam 9 of the
Hankasalmi radar (near Longyearbyen, Svalbard) during 07:50-08:10 UT. The color scale of the Doppler
velocities is the same as that for the convection maps in Figure 6. The plot presents positive (negative) LOS
velocities which indicate sunward/equatorward (antisunward/poleward) flows. It shows the general flow
direction was not stable during 07:50-08:10 UT. Sunward flows were above 79° MLAT during 07:51-07:54
UT. From 07:54 to 07:57 UT, the antisunward flows occupied the area of beam 9, which is consistent with
the poleward motion of the aurora activity shown in Movie S1. At 07:57 UT, the sunward flows appeared
at 79°-80° MLAT and the antisunward flows remained at 77°-78° MLAT. At 07:59 UT, the aurora activity
shown in Figure 2 demonstrates an equatorward motion, which is consistent with the equatorward convec-
tion shown in Figure 7. During 08:02-08:03 UT, sunward flows occurred near the auroral observatory. After
08:03 UT, antisunward flows occurred near the auroral observatory. The blue and red arrows on Figure 7
indicate that the position of LOS Doppler velocity was close to the aurora observatory. The blue arrow indi-
cates that plasma flows had a significant equatorward component at 08:02 UT. Compared to Figure 2, the
corresponding auroral activity at about 77.5° MLAT at this time had a tongue shaped feature. The red arrow
indicates that flows had a poleward component at 08:05 UT, which is consistent with the poleward-moving
aurora activity shown in Figure 2.

3. Discussion

Using auroral images and plasma flow data, we examined the variations of auroral morphology and convec-
tion patterns in the polar cap region in the period of radial IMF. We explored the possible mechanisms that
control the generation of aurorae and ionospheric convection.

3.1. Auroral Phenomena

Figure 2b shows that the brightness of the aurora did not increase until 07:44 UT during the period of the ra-
dial IMF. The aurora considerably increased in brightness during the two periods of 07:44-07:48 and 07:58-
08:05 UT. The optical characteristics of the 630.0 and 557.7 nm emission from the first period were confined
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Figure 6.

near the zenith between 75.5° and 76.1° MLAT. According to its position, the aurora can be classified into
the type 2 aurorae (e.g., Sandholt, Farrugia, et al., 1998). The B, component of the corresponding IMF was
actually positive. However, no plasma flows over Svalbard were observed (Figures 6a-6¢). There are two
conditions for receiving radar backscatters with a SuperDARN radar. The first is the presence of plasma ir-
regularities. The second is suitable conditions for the HF radar wave propagation. At this time of the year, it
is possible that both of these are important, although the lack of irregularities could be the main cause. The
all-sky images displayed the morphology of a continuous and uninterrupted band (Figures 3c and 4c). We
note that in Movie S1, Figures 3c and 4c, the peak intensity did not spread out substantially, which indicates
that precipitation particles along the close field line enter the ionosphere. The auroral morphology and sud-
den brightening were similar to those in a case studied by Wang et al. (2018), who explained that the aurorae
were created by magnetosheath high-speed jets that occur at a high occurrence rate for the radial IMF. On
the other hand, the impact of the magnetosheath high-speed jets on the magnetopause has two effects. One
is a small-scale distortion by the localized compression over the magnetopause (Shue et al., 2009), resulting
in auroral brightness near the cusp (Wang et al., 2018) and the other is a buildup of field-aligned currents
near the magnetopause, creating the aurorae in the polar ionosphere (Fujita et al., 2003). Since the DMSP
satellite did not cross the bright band at 07:46 UT, we indirectly used a ratio of Iss; /I3 to infer the sources
of precipitating particles (e.g., Qiu et al., 2017). The Iss;,/Is3, ratio is about 3 for the continuous and unin-
terrupted band (Figures 3c and 4c). The source of particles may, therefore, come from the plasma sheet. We
speculate that the magnetosheath high-speed jets created electron acceleration electric field (e.g., Eriksson
et al., 2016) and then the auroral transient at 07:46 UT. However, no data near subsolar magnetosheath
during this event were available; therefore, we were unable to verify this speculation.
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The aurorae moved poleward during 07:49-07:51 UT (Movie S1). The IMF B, variations during 07:44-08:01
UT reflected the variable shear angles in references to the magnetopause. Sandholt et al. (2004) reported that
the IMF B, affected the evolution of the auroral morphology of poleward moving. In addition, the center of
cusp precipitation was longitudinal shifted by the IMF B, (Newell et al., 1989). These precipitation particles
entered the ionosphere and altered the morphology of the aurora (such as 07:55 UT; Movie S1). The aurora
detected from 07:58 to 07:59 UT also presents a poleward moving feature. The intensity of auroral bright-
ness from 08:00 to 08:02 UT, however, was stronger than that in the previous period, signifying that more
particles entered this area and that the aurorae were widely expanded. The solar wind dynamic pressure in-
creased from 0.78 nPa at 07:31 UT to 1.58 nPa at 08:01 UT. The increased dynamic pressure can be balanced
by an increase in the magnetic flux of the lobe. The increased lobe pressure roughly enhanced the total
pressure of the plasma sheet. As such, the plasma sheet releases energy into the polar cap (e.g., Boudouridis
et al., 2003). The auroral transient at 08:01 UT was similar to a bright aurora caused by the enhanced solar
wind dynamic pressure. In addition, the plasma flows associated with the “tongue” feature at ~77.5° MLAT
had an equatorward motion, which is likely related to lobe reconnection. During 08:01-08:02 UT, the po-
larity of the B, was changed from negative to positive and a lower-latitude auroral arc moved westward and
poleward finally, which is likely related to dayside reconnection. The cone angle dropped below 10° during
08:00-08:23 UT even less than 3° (almost purely radial IMF, 08:04-08:16 UT). The charged particles can en-
ter the ionosphere more easily. From 08:01 to 08:05 UT, the keogram (Figure 2b) displays a phenomenon of
equatorward and poleward movement. The range-time velocity plot (Figure 7) showed equatorward (blue
arrow) and poleward (red arrow) flows on 77.5° MLAT during 08:03-08:05 UT. The movement of aurora on
the keogram during 08:01-08:05 UT coincided with the range-time velocity plot. The poleward-moving au-
rora occurred in the area containing the direction of the tangent to the magnetic field line lines at Longyear-
byen, that is, the magnetic zenith at Longyearbyen. The Iss;,/Is30,0 ratio is approximately 0.2 in the magnetic
zenith (~75.1° MLAT, Figures 3h and 4h). This kind of low ratio can be explained as being a result of elec-
trons precipitating along open field lines in the cusp (e.g., Lorentzen & Moen, 2000; Taguchi et al., 2019).
The equatorward motion of the open/closed boundary location and PMAF could be linked to magnetic
reconnection or FTE that occurred on the magnetopause (Sandholt et al., 1986, 1990). The 557.7 nm data
also reflected a similar phenomenon (08:02, 08:04 UT; Figures 4g and 4h). The enhanced 557.7 nm emission
can be regarded as a signal of reconnecting on the magnetosphere (e.g., Maynard et al., 2001, 2004). Ener-
getic electrons moving along the open field line at reconnection sites are the sources of 557.7 nm emission.
The reconnection between Earth’s and interplanetary magnetic field increases 557.7 nm emission bright-
ness. The all-sky image (08:13 UT; Figure 3i) revealed that the morphology of the aurora became irregular
arc. The auroral emission on 135.6 nm presented S-shaped at 08:13 UT (Figure 5c), which indicates that
the dayside magnetopause might severely deform. Three possible mechanisms causing the magnetopause
deformation were the impact of magnetosheath high-speed jets related to the radial IMF (Shue et al., 2009;
Wang et al., 2018), local erosion of the magnetopause from magnetic reconnection (e.g., Sibeck, 1994), and
a rolled-up structure created from the Kelvin-Helmholtz instability by shear flows on the dayside magnet-
opause (Grygorov et al., 2016).

We believe that the physical mechanism was different between the two periods of auroral brightness,
07:44-07:48 and 07:58-08:05 UT. The first period was related to the magnetosheath high-speed jet. The sec-
ond period came from the effect of reconnection and dynamic pressure. On the other hand, the foreshock
moved from the dawnside to near noon under the radial IMF condition. The plasma could easily cross the
bow shock front along the field lines entering the magnetosphere via magnetosheath high-speed jets. Its
influence was reflected in the manifestation of aurora. From Figure 2, aurora had significant activity during
07:44-08:25 UT. The position of foreshock may be a key indicator. As the radial component gradually weak-
ened after 08:30 UT, the foreshock moved back to dawnside subsequently. In addition, the equatorward
boundary of the red line aurora is considered to be the open/closed boundary (Johnsen & Lorentzen, 2012;
Lorentzen et al., 1996; Taguchi et al., 2015). By evaluating the white zigzag curve shown in the keogram,
we find that the footprints of the open/closed boundary changed drastically on small scales during the
period of the radial IMF, which indicated an oscillating magnetopause (Suvorova et al., 2010). This phe-
nomenon was particularly noticeable in the cusp where the aurora was particularly bright (07:44-08:10
UT). This interval reflected auroral quasi-periodic movement in the poleward and equatorward directions,
which indicates that the magnetic field lines of the magnetopause were intermittently open. Changes in the
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open/closed boundary also represents relative contributions of particles and energy entering from the solar
wind and/or magnetosphere into the high-latitude ionosphere.

3.2. Convection Phenomena

Antisunward or sunward plasma flows were observed in the cusp region, which could be accompanied to
PMAFs (e.g., Thorolfsson et al., 2000), FTEs (e.g., Oksavik et al., 2004, 2005), reversed flow events (e.g.,
Rinne et al., 2007) or throat aurora (Han et al., 2015, 2016). Antisunward flows are created by reconnec-
tion on the dayside for the southward IMF, and sunward flows are created by lobe reconnection for the
northward IMF. From the SuperDARN convection patterns of this event, the occurrence frequency of an-
tisunward flows at noon was higher than that of sunward flows. When we examined the development of
convection during the radial IMF, we observed that the antisunward flows at noon appeared most of the
time. However, we also noted evidence of sunward flows that appeared at noon. These two patterns alter-
nately occurred during the period of the radial IMF, that is, when the sunward flows developed at noon,
the antisunward flows were suppressed, and vice versa. Moreover, we also observed a short duration of
coexisting sunward and antisunward flows in the noon. We believe that the reconnection sites occurred
simultaneously on the dayside magnetopause and lobe of the northern hemisphere, which is in accordance
with Maynard et al. (2001).

Co-existing sunward and antisunward flows at noon (11:30-12:30 MLT) were observed during the 07:44-
07:48 UT, 07:49-07:50 UT, 07:53 UT, 07:57 UT, and 08:01-08:02 UT periods. These two flows alternately
occurred during this event, but the duration of coexisting antisunward and sunward flows is short. Maynard
et al. (2000, 2001) reported that IMF B, bifurcated the reconnection source region. This B, effect tilted the
dayside magnetopause X line such that the draped IMF encountered new “anti-parallel region” on the geo-
magnetic field, which means that the variation of the clock angle within a certain range can add the source
region of reconnection and increase the reconnection voltage (e.g., Fedder et al., 1991). The short duration
may be due to the new anti-parallel region being destroyed by the B, tilted effect.

Antisunward flows were enhanced at 08:01 UT and remained stable from 08:05 to 08:23 UT. The loca-
tions of the antisunward flows matched those of the aurora on 08:05 UT. The plasma flows over the open/
closed boundary indicated an electric field along the reconnected X line at the magnetopause (Vasyliunas,
1984). The IMF clock angle at approximately 08:03 UT was over 100°. When the magnetic shear on the
magnetopause is large, the reconnection occurs, consequently creating the electric field across the polar
cap (Pudovkin & Semenov, 1985; Sandholt et al., 1996). From 08:03 to 08:05 UT, the keogram displayed an
auroral feature of poleward and equatorward movement, which could be linked to magnetic reconnection
or flux transfer events. According to the events discussed by Maynard et al. (2000, 2001) and Pi et al. (2017)
a dayside reconnection site was located in the southern hemisphere. The stable antisunward flow observed
at noon after 08:03 UT can be considered as the evidence of reconnection at the dayside magnetopause
(Lockwood & Morley, 2004). Here we note that the radial IMF will eventually evolve into the B, or B, com-
ponent just outside the magnetopause because of the draping effect over the magnetosphere. More stable
antisunward convection generated in the ionosphere is an indicator of more southward B, generated by the
draping effect.

Sunward flows at noon were observed in the periods of 07:51-07:52 UT and 07:58-08:00 UT. In those mo-
ments, the B, component of the IMF was positive, which is consistent with the occurrence of the lobe
reconnection for the northward IMF and further northward IMF resulted from a conversion of IMF B,.
Therefore, the sunward flows at noon developed in the high-latitude ionosphere could suppress the existing
antisunward convection. When lobe reconnection in the northern hemisphere stopped, the antisunward
flows at noon restored. We also noted that its duration was not as long as that of the antisunward flows.
On the basis of this observation, we suggest that the ionospheric convection pattern under the radial IMF
generally matched with that under the southward IMF. Unlike the convection for the southward IMF, its
intensity was not strong enough. Thus, the convection for the radial IMF could be easily changed by the
lobe reconnection.

Hietala et al. (2018) examined magnetosheath high-speed jets observed by THEMIS and reported that they
could trigger magnetopause reconnection. It generated a transient response of reconnection during a period
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of radial IMF. The computer simulation by Tang et al. (2013) revealed that the magnetopause reconnection
was present under the radial IMF. We found that the convection was not stable until 08:05 UT, which means
that the position of magnetic reconnection was variable in between the lobe and dayside magnetopause.
Pi et al. (2016) compared the IMF structure with the magnetic field in the magnetosheath under the radial
IMF condition. They showed that the B, component of the radial IMF was converted into the other two
components, forming an enhanced B, component in the magnetosheath. This enhanced B, component may
extend its direction to further south or north when approaching the magnetopause, creating similar phe-
nomena that resemble the situation for the southward or northward IMFs. That is another possible cause of
unstable convection pattern. Here we note that because of a lack of the radial IMF observational evidence
just outside the bow shock, it may reduce the validity of the interpretation.

4. Conclusions

The major findings of this study included several consequences of magnetic reconnection, such as PMAF,
and antisunward/sunward flows, under radial IMF conditions from an analysis of all-sky images and iono-
spheric convection patterns. We found that PMAF appears during the period of almost purely radial IMF in
our event. When we examined the IMF data, no major B, << 0 components were detected. However, the ra-
dial IMF could be converted into B, < 0 in the southern hemisphere and B, > 0 in the northern hemisphere
because of the diverting effect by the magnetosphere (Pi et al., 2017). The negative (positive) B, results in
the subsolar (lobe) reconnection. Thus, both types of antisunward and sunward convection were observed
in the cusp region. When radial IMF close to purely radial state, IMF B, enhanced the dayside reconnection
effect, and the antisunward flows were more stable. On the basis of the magnetospheric configuration by
Maynard et al. (2000, 2001) and Pi et al. (2017) and the development of ionospheric convection for the al-
most purely radial IMF, we suggest that the associated two-cell convection pattern is similar to that of the
southward IMF. During the radial IMF, the convection pattern in the polar cap region can become sunward
due to lobe reconnection. It also indicates that the strength of the dayside reconnection for the radial IMF
is not as strong as that for real southward IMF. The footprints of the open/closed boundary vary drastically
in small scales in agreement with auroral morphology observed near the cusp. Based on the results of our
analysis, we further suggest that magnetic reconnection in both hemispheres under radial IMF is realistic.
However, the duration of the magnetic reconnection is not as long as that for the reconnection by real
northward or southward IMF.
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