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Abstract Transpolar arcs (TPAs) are believed to predominantly occur under northward interplanetary
magnetic field (IMF) conditions with their hemispheric asymmetry controlled by the Sun-Earth (radial)
component of the IMF. In this study, we present observations of TPAs that appear in both the northern
and southern hemispheres even during a prolonged interval of radially oriented IMF. The Defense
Meteorological Satellite Program (DMSP) F16 and the Thermosphere Ionosphere Mesosphere Energetics
and Dynamics (TIMED) satellites observed TPAs on the dawnside polar cap in both hemispheres (one TPA
structure in the southern hemisphere and two in the northern hemisphere) during an interval of nearly
earthward-oriented IMF on October 29, 2005. The southern hemisphere TPA and one of the northern
hemisphere TPAs are associated with electron and ion precipitation and mostly sunward plasma flow
(with shears) relative to their surroundings. Meanwhile, the other TPA in the northern hemisphere is
associated with an electron-only precipitation and antisunward flow relative to its surroundings. Our
observations indicate the following: (a) the TPA formation is not limited to northward IMF conditions;

(b) the TPAs can be located on both closed field lines rooted in the polar cap of both hemispheres and
open field lines connected to the northward field lines draped over one hemisphere of the magnetopause.
We believe that the TPAs presented here are the result of both indirect and direct processes of solar wind
energy transfer to the high-latitude ionosphere.

1. Introduction

A particularly interesting phenomenon that occurs in the high-latitude ionosphere is the appearance of
optical auroral arcs at magnetic latitudes (MLATSs) poleward of the main auroral oval. The formation and
evolution of these arcs in response to the solar wind and interplanetary magnetic field (IMF) conditions
have been extensively studied over the past several decades, with the advent of satellite-based global obser-
vations of the arcs (Frank et al., 1982). A variety of names (i.e., transpolar arc, polar arc, oval-aligned arc,
sun-aligned arc, theta aurora, and so on) has been used to describe such arcs in terms of their morphology
(Kullen, 2012), although it is not clear whether they are generated by different mechanisms (see review by
Zhu et al., 1997). In this study, we refer to the auroral arcs formed within the polar cap as transpolar arcs
(TPAs) to avoid any confusion in terminology among them.

Previous studies reported the characteristics of TPA formation in relation to the IMF orientation. For the
north-south component of the IMF (IMF B,), TPAs predominantly occur under northward IMF conditions
(Ismail & Meng, 1982; Ismail et al., 1977; Kullen et al., 2002; Valladares et al., 1994) during intervals of low
geomagnetic activity (Berkey & Kamide, 1976; Ismail et al., 1977). Although the TPAs occurring under
northward IMF conditions could retain their form under southward IMF intervals (Valladares et al., 1994),
these auroral structures usually start to dissipate after the southward turning of the IMF with a time delay
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up to ~1 h (Rodriguez et al., 1997). These observational results imply that the particles producing TPAs
originate in the tailward side of the cusps, rather than in the sunward side of them.

The characteristics of TPAs in response to the dawn-dusk component of the IMF (IMF B,) are more compli-
cated than for IMF B,. It is not clear whether a sign change of IMF B, triggers the TPAs (e.g., Kullen, 2000;
Tanaka et al., 2004) or not (e.g., Fear & Milan, 2012; Milan et al., 2005). However, it has been pointed out
that the magnetic local time (MLT) at which stationary TPAs form depends on the sign of IMF B,, in such a
way that under dawnward (duskward) IMF conditions, TPAs are located on the dawnside (duskside) of the
polar cap in the northern hemisphere (Gussenhoven, 1982; Kullen et al., 2002) and on the duskside (dawn-
side) in the southern hemisphere (Gusev & Troshichev, 1986; @stgaard et al., 2005). Fear and Milan (2012)
found that the most favorable location for TPA formation indeed depends on IMF B, with the highest cor-
relation for ~3-4 h delay time prior to the TPA onset. Moreover, it has been revealed that the direction of
motion of TPAs can also be determined from the sign of IMF B, in such a way that the TPA moves dawnward
(duskward) in the northern hemisphere and duskward (dawnward) in the southern hemisphere for dawn-
ward (duskward) IMF conditions (Carter et al., 2017; Fear & Milan, 2012; Kullen, 2000; Xing et al., 2018).
Hosokawa et al. (2011) divided TPAs into two groups according to their motion in response to the IMF B,
orientation (IMF B,-dependent TPAs and IMF B,-independent TPAs) and suggested that the IMF B,-de-
pendent TPAs could be on open field lines (connected directly to the IMF) or on closed field lines (rooted
on the Earth) adjacent to the open-closed magnetic field boundary, whereas the IMF B,-independent TPAs
could be on closed field lines. These results imply that the origin of the particles producing the two TPA
types could be different.

Compared to the other IMF components, very little attention has been paid to the contribution of the Sun-
Earth component of the IMF (IMF B,) to the TPA formation. It has been suggested that TPAs occur more
frequently in the northern (southern) hemisphere under earthward (sunward) IMF B, conditions due to the
nonconjugate access of solar wind particles to the polar cap (Ismail & Meng, 1982) and the difference in
intensity of the flow shear (and electric field) between the north and south polar caps (@stgaard et al., 2003,
2005). However, previous studies focused on nonconjugate TPAs in relation to the IMF B, orientation cou-
pled to northward IMF, and their results led to conclusions in terms of the controlling drivers that suppress
TPAs. Therefore, it is still difficult to distinguish the origin of the particles that produce the TPA between so-
lar wind electrons precipitating along open field lines (e.g., Carlson & Cowley, 2005; Hardy et al., 1982) and
plasma sheet (and its boundary layer) electrons precipitating along closed field lines (e.g., Fear et al., 2014;
Milan et al., 2005), with respect to the IMF B, orientation.

Although the IMF usually follows the Parker spiral configuration (Parker, 1958), spacecraft observations in
near-Earth space have shown that the IMF is occasionally nearly aligned with the Sun-Earth line on a times-
cale of more than several hours, defined as a prolonged radial IMF interval (Neugebauer & Goldstein, 1997;
Neugebauer et al., 1997). During radial IMF intervals, the field lines draped southward and northward
about the magnetopause lead to magnetic reconnections sunward of the cusp in one hemisphere and tail-
ward of it in the other hemisphere (Pi et al., 2017; Tang et al., 2013), in addition to magnetotail reconnection
that generates closed field lines (Tang et al., 2013). Wang et al. (2014) examined the characteristics of the
field-aligned currents (FACs), ionospheric convection, and auroral activity in response to radial IMF and
showed that north-south hemispheric asymmetry in solar wind energy input to the polar cusp ionosphere
exists under these conditions. They proposed that such asymmetry is closely related to the different topolo-
gy of the terrestrial magnetic field lines connected to the radial IMF between the hemispheres.

In this study, we first present interhemispheric observations of TPAs during a prolonged radial IMF interval.
The characteristics of precipitating particles and plasma flow in the TPA regions are examined in order to
infer the field line configuration connected to these regions. This study is organized into five sections as
follows. The data set used in this study is introduced in Section 2. Our observations (interplanetary and ge-
omagnetic conditions, auroral emissions, precipitating particles, plasma flow, and magnetic perturbations)
are presented in Section 3. In Section 4, we discuss the terrestrial magnetic field topology associated with
the TPAs under radial IMF conditions based on our observational results. Section 5 provides conclusions.

PARK ET AL.

20f 17



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA029197

2. Data Set

In this study, we show auroral images deduced from remote-sensing observations of far ultraviolet (FUV)
emissions by the Special Sensor Ultraviolet Spectrographic Imager (SSUSI) aboard the Defense Meteorolog-
ical Satellite Program (DMSP) F16 satellite (Paxton et al., 1992) and the Global Ultraviolet Imager (GUVI)
aboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite (Chris-
tensen et al., 1994; Paxton et al., 1999) in order to present the TPAs occurring in both hemispheres during
the prolonged radial IMF interval on October 29, 2005.

The IMF and solar wind data provided by the OMNI database (King & Papitashvili, 2006) are time-shifted
from a solar wind monitor to the nominal bow shock nose (Farris & Russell, 1994). We use 5-min-averaged
OMNI IMF data to identify a prolonged interval of radial IMF that is exerted on the bow shock. The OMNI
solar wind data (solar wind speed and proton number density data at a 5-min resolution) are also used to
examine the solar wind properties in the event studied. We note that short timescale (less than tens of sec-
onds) disturbances in IMF/solar wind parameters that make it difficult to identify the long-duration radial
IMF event are not considered using the 5-min resolution data.

DMSP F16/SSUSI as well as TIMED/GUVI provides cross-track scanned images of FUV emissions in five
different wavelengths (Christensen et al., 1994; Paxton et al., 1992): 121.6 nm, 130.4 nm, 135.6 nm, and two
Lyman-Birge-Hopfield (LBH) bands (~140-150 nm short band and ~165-180 nm long band). Of the five
different wavelengths, FUV emissions in the LBH short (LBHS) and long (LBHL) bands are due to impact
of primary precipitating particles and secondary electrons (the electrons created by ionization of neutral
particles) on the molecular nitrogen (N,) in the atmosphere. In this study, we use FUV emissions measured
in the LBHS band to identify the TPAs.

In addition to auroral emissions, the characteristics of electrons and ions (with energy ranges from ~30 eV
to ~30 keV) precipitating into the TPA regions are examined using their differential energy fluxes recorded
every second by the Special Sensor for Precipitating Particles, version 4 (SSJ/4) sensor (Hardy et al., 1984)
on board the DMSP F13 satellite and version 5 (SSJ/5) sensor (Hardy et al., 1993, 2008) on board the DMSP
F16 satellite. The ionospheric plasma flows in the TPA regions are also examined using the horizontal
cross-track ion velocity data acquired using the Special Sensor for Ions, Electrons, and Scintillation (SSIES)
instruments on board the DMSP F13 (SSIES-2) and F16 (SSIES-3) satellites (Rich, 1994). For each version
of the SSIES instruments, the horizontal cross-track ion velocity data (4-s cadence for SSIES-2 and 1-s ca-
dence for SSIES-3) are quality flagged (“good”, “caution”, “poor”, and “undetermined”) based on the total
ion density and the fractional composition of oxygen ions (Hairston, 2018). In this study, we mainly use
the horizontal cross-track ion velocity data flagged as “good” and (use with) “caution”. The data flagged as
“undetermined” are used depending on the circumstances, that is, if they are consistent in trend with deter-
mined data obtained in the surrounding region (Hairston, 2018). We avoid using the data flagged as “poor”.

In order to infer the TPA-associated FAC system, we examine magnetic perturbations using the data for the
residual magnetic field vector, defined as the difference between the magnetic field vector (1-s cadence)
measured by the Special Sensor Magnetometer (SSM) instrument on board the DMSP satellites (Rich, 1984)
and the Earth's main magnetic field vector given by the International Geomagnetic Reference Field model
(that is, 6B; = Bi-Bi1crr, Where i = X, y, and z in spacecraft-centered coordinates). In the spacecraft-centered
coordinate system applied to the DMSP/SSM data, x points to spacecraft nadir (that is, positive downward
along the local vertical direction), y points to the direction of the spacecraft velocity vector, and Z (cross-
track component) completes the right-hand orthogonal system. A fraction of the actual FAC density (j in
spacecraft-centered coordinates) is then estimated from the single-satellite magnetic field measurements
(Liihr et al., 1996) as

.1 AJB,
S Hov At

€]

where ASB, is the spatial gradient of the residual cross-track magnetic field component (defined as
ASB,(t) = 6B, (t+At) — 8B,(t)), At is the sampling rate (1-s cadence for DMSP/SSM data), v is the spacecraft
speed (~7.5 km/s for DMSP satellites), and u, is the vacuum permeability. Equation 1 implies that the
upward (downward) FAC sheet is characterized by a region of negative (positive) gradient in 6B, along the
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Figure 1. One-day overview of (a) the vector components of interplanetary magnetic field (IMF) (black, blue, and

red lines for IMF B,, IMF B,, and IMF B,, respectively, in geocentric solar magnetospheric [GSM] coordinates) and the
magnitude of it (thick magenta line for IMF B and thin magenta line for -IMF B), (b) IMF B, / IMF B, (c) solar wind
speed, (d) number density of protons, (e) dipole tilt angle, and (f) AL (red) and AU (black) indices on October 29, 2005.
The time resolutions for the parameters are denoted in each panel. Two vertical dashed lines in Figures 1b-1f denote
the earthward IMF interval.

DMSP satellite track. Because we are interested in the FAC density profile in the high-latitude ionosphere
(inside the auroral ovals), the influence of the angle between the background magnetic field and the x-axis
(in spacecraft-centered coordinates) on the FAC density is neglected. Moreover, we assume that the satellite
track is perpendicular to an infinite FAC sheet.

3. Observations

3.1. Interplanetary and Geomagnetic Conditions

Figure 1a shows a 1-day overview of IMF conditions on October 29, 2005. We note that the vector mag-
netic field (black, blue, and red lines for IMF B,, IMF B,, and IMF B,, respectively) in geocentric solar
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magnetospheric (GSM) coordinates and the corresponding IMF magnitude (thick magenta line for IMF B)
are plotted here. In addition to IMF B, the values of -IMF B are plotted here as a thin magenta line to show
how close IMF B, is to IMF B in magnitude. As shown in Figure 1a, IMF B, was nearly constant (~—3.0 nT),
while IMF B, (~—0.9-2.1 nT) and IMF B, (~—2.1-1.0 nT) were varying during ~04:00-16:00 UT. However,
the values in —IMF B are similar to those in IMF B, during most of this interval, implying radially (earth-
ward) oriented IMF. In order to determine the radial IMF condition, we calculate and plot the IMF B, to
IMF B ratio (IMF B, / IMF B) in Figure 1b. The red horizontal dashed line at —0.9 (0.9), which corresponds
to an angle of ~25.8° between the IMF direction and the Sun-Earth line toward the Earth (Sun), represents
the threshold for the earthward (sunward) IMF condition (Neugebauer & Goldstein, 1997; Neugebauer
et al., 1997; Park et al., 2016; Pi et al., 2014; Watari et al., 2005). We identify ~7 hours from 08:22:30 to
15:37:30 UT (with £2.5 min uncertainties on either side) as a prolonged earthward IMF interval (marked
by two vertical dashed lines) including a few isolated subintervals showing -0.9 <IMF B, / IMF B <— 0.8
within 15 min (e.g., IMF B, / IMF B ~—0.89 at 09:27:30 UT). Overall, the IMF B, / IMF B ratio is about
—0.95 (equivalent to an angle of ~18.3° between the IMF direction and the Sun-Earth line toward the Earth)
on average during this interval. Figures 1c and 1d show a monotonically decreasing solar wind speed (from
~390 to ~360 km/s) and increasing number density of protons (from ~4.4 to ~10.0 cm™) until 18:00 UT,
which indicate that this prolonged radial IMF interval may be due to the passage of the trailing edge of a
high-speed stream (Borovsky & Denton, 2016).

During this interval, the dipole tilt angle (Figure 1e) varied continuously from ~ —20° to —4°, which implies
that the Earth's dipole axis was becoming approximately perpendicular to the Sun-Earth line. Therefore,
the dipole tilt angle has minor effect on north-south hemispheric asymmetries in the lobe cell convection
(Crooker & Rich, 1993) and in the ionospheric conductivity (Kullen et al., 2008; @stgaard et al., 2003; Reidy
et al., 2018). The AL and AU indices, which are derived from ground magnetometer observatories located
on average on the northern auroral oval (Davis & Sugiura, 1966), show nonsubstorm conditions (with ~
—50 < AL < 0 nT and AU = ~50 nT, except for the beginning of the radial IMF interval) during this inter-
val (see Figure 1f), even though the IMF was sometimes weakly southward (see Figure 1b). After 15:37:30
UT, the AL index sharply decreased (AL < —400 nT) with increasing IMF B, / IMF B (up to —0.29) under
southward IMF conditions. These observations indicate quiet geomagnetic conditions during the prolonged
radial IMF interval (Wang et al., 2014).

3.2. Auroral Emissions

Figures 2 and 3 show the cross-track scanned images of LBHS emissions in the northern and southern po-
lar regions (poleward of +£60° MLAT), respectively, measured by the TIMED/GUVI and DMSP F16/SSUSI
around 10:30-15:00 UT on October 29, 2005. The time interval and the satellite for each image are denoted
at the top of the corresponding figure. All images shown in Figures 2 and 3 are displayed in the MLAT-MLT
frame of Altitude-Adjusted Corrected Geomagnetic (AACGM) coordinates (Baker & Wing, 1989; Shep-
herd, 2014). The concentric dashed circles represent constant MLATSs at 10° intervals centered at +90°
AACGM latitude. We note that during the period of interest, the TIMED/GUVI (DMSP F16/SSUSI) pro-
vided cross-track scanned images in approximately the postnoon-postmidnight (prenoon-premidnight) lo-
cal time sector, which corresponds to its orbit direction. For each hemisphere, neighboring images have
~40-60 min time difference because these low-Earth orbiting satellites (with altitudes of ~840 km for the
DMSP F16 satellite and ~610 km for the TIMED satellite) were traversing the polar regions in opposite
hemispheres with orbital periods of ~100 min. Figures 2 and 3 show that the auroral ovals in the northern
and southern hemispheres were displaced a few degrees toward the midnight meridian with ~+70° MLAT
at nightside and ~+80° MLAT at noon over ~10:30-15:00 UT.

In the northern hemisphere, TIMED/GUVI observed a local emission peak at ~80° MLAT on the dawnside
(~0500 MLT) of the polar cap at 10:27-10:46 UT (Figure 2a). However, it is not clear whether this structure
is an isolated emission peak in the polar cap, a local emission peak inside the dawnside oval or the part
of a TPA. This structure is hardly seen in the following DMSP F16/SSUSI image (Figure 2b). As shown in
Figures 2c and 2e, TIMED/GUVI subsequently observed two clear TPAs (identified even by visual inspec-
tion): one TPA (~1 kR in radiance) located near the dawnside oval (~80° MLAT at 0600 MLT) and another
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Northern hemisphere

(a) 10:27-10:46 UT (b) 11:26-11:45 UT (¢) 12:05-12:23 UT
(TIMED) (DMSP F16) (TIMED)
12
T 0
- -1 E,
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w
(d) 13:07-13:27 UT (¢) 13:43-14:00 UT () 14:49-15:08 UT =
(DMSP F16) (TIMED) (DMSP F16) !
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2

Figure 2. Cross-track scanned images of Lyman-Birge-Hopfield short (LBHS) emissions measured by Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED)/Global Ultraviolet Imager (GUVI) and Defense
Meteorological Satellite Program (DMSP) F16/Special Sensor Ultraviolet Spectrographic Imager (SSUSI) around 10:30-
15:00 UT in the northern hemisphere (magnetic latitude [MLAT] > 60°). The time interval for each image is denoted at
the top of corresponding figure.

TPA (~0.1 kR in radiance) located near the magnetic pole (poleward of ~85° MLAT at 0600 MLT). DMSP
F16/SSUSI observed the TPA near the dawnside oval, but it is hard to identify the TPA near the magnetic
pole (Figures 2d and 2f). These are probably because of some differences between the two instruments (see
section 2.1 of Knight et al., 2018). The auroral images in the southern hemisphere, on the other hand, show
the auroral oval devoid of TPAs until ~12:00 UT (Figures 3a and 3b). A clear TPA structure with radiance
~1 kR appeared on the dawnside of the polar cap after that time (Figures 3c-3f). Therefore, Figures 2 and 3
show that these two satellites observed the clear TPAs in both hemispheres during ~12:00-15:00 UT. Al-
though it is difficult to determine its northern hemisphere counterpart (the TPA near the magnetic pole or
that near the dawnside oval), the auroral images shown in Figures 2 and 3 also reveal that TPAs can appear
in both hemispheres even under prolonged radial IMF conditions. The cross-track scanned images of LBHL
emissions show almost the same TPA structures in both hemispheres as the LBHS emissions, although the
LBHL band is not as sensitive as the LBHS band to the FUV emissions in the TPAs (see Figures S1 and S2
in supporting information).

In Figure 4, we plot the location of bright emission regions (where the LBHS emission is greater than or
equal to 0.1 kR) in the northern and southern hemispheres in order to examine how the TPAs in both
hemispheres move with time. The location of the bright emission regions in the northern (Figures 4a-4d)
and southern (Figures 4e-4h) hemispheres observed during ~12:00-15:00 UT (when the clear TPAs are
observed in both hemispheres) is reproduced based on the auroral images shown in Figures 2c-2f and
Figures 3c-3f, respectively. It is noted that in Figure 4, we only show bright emission regions poleward of
+70° MLAT to focus on the movement of the TPAs with time. The time intervals denoted in Figures 4a—4h
are therefore a bit (several minutes) different from those shown in Figures 2c-2f and 3c-3f. The concentric
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Southern hemisphere
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2

Figure 3. Same as Figure 2, but in the southern hemisphere (magnetic latitude [MLAT] < —60°).

dashed circles represent constant MLATSs at 5° intervals. It is revealed from Figure 4 that during ~12:00-
15:00 UT, the nightside parts of the southern hemisphere TPA and one of the northern hemisphere TPAs
with radiance ~1 kR (denoted by blue arrows) are likely to be connected to the auroral ovals in the post-
midnight sector (located slightly later than 0300 MLT for the northern hemisphere one and slightly earlier
than 0300 MLT for the southern hemisphere one) without any clear motion in MLT (less than ~1 h MLT).
The nightside part of the other northern hemisphere TPA with radiance ~0.1 kR (denoted by red arrows in
Figures 4a and 4c) is also likely to be connected to the auroral ovals in the postmidnight sector, but its MLT
location is slightly earlier than 0300 MLT during the interval of interest.

3.3. Precipitating Particles, Plasma Flow, and Magnetic Perturbations

Figure 5 shows the DMSP F16 satellite pass (in AACGM coordinates) between 14:03 and 14:15 UT over-
plotted on the zoomed-in view (poleward of —70° MLAT) of the corresponding auroral image (Figure 3e).
The time interval for the auroral image is also denoted at the top of the figure. We note that the zoomed-in
image is used to clearly show the satellite position with respect to the TPAs. The concentric dashed circles
represent constant MLATS at 5° intervals centered at —90° AACGM latitude. The white line and solid ma-
genta arrowhead indicate the satellite track and the orbital direction, respectively. The satellite locations at
1-min intervals between 14:05 and 14:10 UT are represented by small circles. As shown in Figure 5, DMSP
F16 passed through the southern hemisphere TPA (marked by the blue arrow) at ~14:08 UT.

Figures 6a-6e show the differential energy flux spectrum for precipitating electrons, that for precipitating
ions, integrated energy fluxes for these particle species, horizontal cross-track ion velocity, and residual
cross-track magnetic field component (and estimated FAC density), respectively, observed by the DMSP
F16 satellite at 14:05-14:10 UT. The satellite locations (MLAT and MLT in AACGM coordinates) are tab-
ulated at the bottom of Figure 6e. Applying the definitions of Newell, Wing, et al. (1991) to interpret our
data, Figure 6a shows that the transition region mapping between the central plasma sheet (characterized
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(e) 12:22-12:34 UT () 12:57-13:09 UT (¢) 14:04-14:15 UT
(TIMED)

Northern hemisphere

(a) 12:08-12:20 UT (b) 13:11-13:24 UT (¢) 13:46-13:57 UT (d) 14:52-15:05 UT
(DMSP F16) (TIMED) (DMSP F16)

Southern hemisphere

(DMSP F16)
12

LBHS = 0.1kR

Figure 4. Location of the bright emission regions observed at magnetic latitudes (MLATSs) poleward of +70° during ~12:00-15:00 UT. (a—d) In the northern
hemisphere (plotted based on auroral images shown in Figures 2c-2f) and (e-h) in the southern hemisphere (plotted based on auroral images shown in
Figures 3c-3f). The bright emission region is defined as the region where the Lyman-Birge-Hopfield short (LBHS) emission is greater than or equal to 0.1 kR.
The blue and red arrows denote the TPAs, respectively, with radiances ~1 and ~0.1 kR.

by a few keV electrons) and the plasma sheet boundary layer (PSBL; characterized by tens of eV up to a few
keV electrons) is located around —77° MLAT (~14:05:50 UT). Precipitating ions with energies of a few keV
and sunward flows at ~14:05:50-14:06:30 UT (shown in Figures 6b and 6d, respectively) are indicative of
particles that originated in the PSBL (Newell, Burke, et al., 1991). Comparing Figures 6a and 6b, low-energy
(up to a few hundred eV) electron precipitation without ions, called polar rain electrons (Winningham &
Heikkila, 1974), can be seen in the southern polar cap (poleward of ~—81° MLAT).

Interestingly, Figures 6a and 6b show that the DMSP F16 satellite observed ~1-10 keV ions accompanied
by the precipitation of electrons (with energies up to a few keV) at ~14:07:45-14:08:10 UT (denoted by
the blue bar between Figures 6a and 6b), when this satellite passes through the southern hemisphere TPA
(see the satellite position denoted by the blue bar in Figure 5). Figure 6c also shows that in this region
(marked by two vertical dashed lines), the integrated energy fluxes for both particle species are elevated (up
to ~10'°-10"* eV/cm?” s sr for electrons and ~10'° eV/cm? s sr for ions) compared to its surroundings (spe-
cifically, ~10°-10" eV/cm? s sr for electrons and ~10° eV/cm? s sr for ions at MLATs poleward of the TPA).
These observations indicate that the southern hemisphere TPA is associated with particle (both electrons
and ions) precipitation. The precipitating particles observed in this region are comparable in their energy
range with those originating in the PSBL (see Figures 6a and 6b), although the differential energy flux
spectrum for precipitating electrons shows an inverted-V structure at 14:07:50 UT. Figures 6a and 6b also
show precipitating electrons and ions at ~14:07:20-14:07:30 UT and at ~14:08:45-14:09:10 UT. However, it
is difficult to identify the corresponding TPAs in Figure 5. This is due probably to insufficient data quality
to distinguish the TPA from the auroral oval (in the first interval) or low TPA intensity to be detected by the
FUV instruments or the small-scale sizes to be identified as TPAs (in the second interval).
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Figure 5. Southern hemisphere Defense Meteorological Satellite Program
(DMSP) F16 satellite pass (in the magnetic latitude [MLAT]-magnetic
local time [MLT] frame of Altitude-Adjusted Corrected Geomagnetic
[AACGM] coordinates) between 14:03 and 14:15 UT (white line with solid
magenta arrowhead) overplotted on the zoomed-in view (poleward of —70°
MLAT) of Figure 3e (an auroral image taken by DMSP F16/Special Sensor
Ultraviolet Spectrographic Imager [SSUSI] at 14:04-14:15 UT). The small
circles on the white line represent the satellite positions at 1-min intervals
between 14:05 and 14:10 UT. The blue bar on the white line indicates the
position of the DMSP F16 satellite during 14:07:45-14:08:10 UT (see text
for details). The transpolar arc (TPA) with radiances ~1 kR is marked by
the blue arrow.

The horizontal cross-track ion velocity data flagged as “good” and “cau-
tion” (black and orange circles, respectively, in Figure 6d) indicate the
existence of sunward plasma flows (with magnitude up to ~600 m/s) in
most regions across the alignment of the southern hemisphere TPA (also
marked by two vertical dashed lines). Moreover, they show flow shears
with antisunward flows (maximum ~1,100 m/s in magnitude) on dawn-
side of the TPA and sunward flows (maximum ~600 m/s in magnitude)
on duskside of it. Because the satellite track is approximately orthogonal
to the alignment of the southern hemisphere TPA (see Figure 5), the flow
shears shown in Figure 6d (varying from antisunward to sunward along
the dawn-to-dusk satellite pass) are suggestive of an upward FAC region
with converging electric field structure (e.g., Lyons, 1980).

In Figure 6e, the residual cross-track magnetic field component (at 1-s
cadence) along the satellite track at 14:05-14:10 UT is denoted by the thin
black line. The noise-like structures in the residual cross-track magnet-
ic field component are smoothed by applying 7-s (which corresponds to
~50 km in the spatial scale) running averages (denoted by the thick black
line) to the 1-s cadence data. The FAC density estimated using Equa-
tion 1 with the running-averaged data is also plotted as the red line in
Figure 6e. We note that positive (negative) values of the FAC density cor-
respond to upward (downward) FACs (that is, j; = —j). It is obvious from
the FAC density profile that an upward FAC system (positive j, region)
exists in general in the southern hemisphere TPA (on the equatorward
portion at ~14:07:50-14:08:00 UT and on the poleward portion around
14:08:05 UT), which is generally consistent with the direction of the FACs
estimated from the horizontal cross-track ion velocity data (Figure 6d).

Unfortunately, there are no detectors for precipitating particles, plasma drift velocity, and magnetic field
on the TIMED satellite. Moreover, the DMSP F16 satellite orbited the postdusk-to-prenoon MLT sectors
and passed close to the auroral oval near noon MLT in the northern hemisphere during intervals presented
in Figures 2d and 2f (also see Figures S3 and S4 in supporting information, respectively, for more details).
Therefore, we cannot use DMSP F16 observations to examine the characteristics of the particle precipitation
and plasma flow in the TPA regions in the northern hemisphere. However, the DMSP F13 satellite orbited
the dusk-to-postdawn MLT sectors in the northern hemisphere. Figure 7 shows the DMSP F13 satellite pass
between 14:33 and 14:45 UT overplotted on the zoomed-in view (poleward of 70° MLAT) of Figure 2e (an
auroral image taken by TIMED/GUVI at 13:46-13:57 UT). The format of Figure 7 is the same as Figure 5,
except that the concentric dashed circles represent constant MLATS at 5° intervals centered at 90° AACGM
latitude. The DMSP F13 positions at 1-min intervals between 14:40 and 14:45 UT are denoted by small
circles on the satellite pass, and the TPA with radiance ~0.1 kR (~1 kR) is marked by the red (blue) arrow.
Figure 7 shows that the DMSP F13 satellite passed through the TPA near the northern magnetic pole be-
tween 14:40 and 14:41 UT, under the assumption that the TPA marked by the red arrow is a stationary arc,
but not seen in Figure 2f (the closest in time to the DMSP F13 satellite pass shown in Figure 7) due to some
differences between DMSP F16/SSUSI and TIMED/GUVI instruments.

Figures 8a-8c show the differential energy flux spectra for precipitating electrons and ions and their inte-
grated energy fluxes, respectively, observed by the DMSP F13 satellite during 14:40-14:45 UT. It can be seen
from Figures 8a and 8b that the DMSP F13 satellite detected precipitating electrons (with energies up to a
few hundred eV) without clear signatures of ion precipitation between ~14:40:25 and 14:40:40 UT (marked
by the red bar between Figures 8a and 8b), when this satellite was located close to the TPA near the northern
magnetic pole (see the satellite position denoted by the red bar in Figure 7). Figure 8c also shows that during

this time (marked by two dotted vertical lines), the integrated energy flux for precipitating electrons (black
line) is generally higher by a factor of ~100 (~10" eV/cm?® s sr) compared to before and after this interval
(~10% eV/cm® s sr), while that for precipitating ions (red line) is overall comparable in magnitude to its
surroundings (typically in the order of 10’-10° eV/cm? s sr). These observations indicate that the TPA near
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Figure 6. Defense Meteorological Satellite Program (DMSP) F16 observations at 14:05-14:10 UT. (a) Differential
energy flux spectrum for precipitating electrons, (b) differential energy flux spectrum for precipitating ions, (c)
integrated energy flux for precipitating electrons (black) and ions (red), (d) horizontal cross-track ion velocity, and (e)
cross-track residual magnetic field component (thin black line for 1-s cadence data and thick black line for their 7-s
running averages) and corresponding FACs (thick red line) are plotted. The horizontal cross-track ion velocity data in
Figure 6d are color-coded based on their quality flags (black being “good”, orange being “caution”, red being “poor”, and
aqua being “undetermined”). The blue bar between Figures 6a and 6b and the corresponding two vertical dashed lines
in Figures 6¢c-6e indicate the transpolar arc (TPA)-associated particle (both electrons and ions) precipitation region
observed during 14:07:45-14:08:10 UT.

the northern magnetic pole is associated with electron-only precipitation. The horizontal cross-track ion ve-
locity data flagged as “good” and “caution” (black and orange circles in Figure 8d) show antisunward flows
(maximum ~500 m/s in magnitude) in the electron-only precipitation region (also marked by two dotted
vertical lines), compared to background conditions (antisunward flows with magnitude ~100-200 m/s). The
data marked with “undetermined” (aqua circles) also show antisunward flows (with magnitude ~500 m/s)
at ~14:40:40 UT. This provides more evidence for the existence of strong antisunward flows in the TPA near
the northern magnetic pole (compared to its surroundings).

In addition to the electron-only precipitation, the DMSP F13 satellite observed both ion (with energies
of a few keV) and electron (with energies up to ~1 keV) precipitation at ~14:41:25-14:41:45 UT and at
~14:41:55-14:42:15 UT (denoted by two blue bars between Figures 8a and 8b and four vertical dashed
lines in Figures 8c-8e¢). Both precipitating electrons and ions observed in these intervals are comparable in
energy range with those observed at ~14:43:00-14:43:50 UT. The integrated energy flux for both electrons
and ions (Figure 8c) is higher during this time interval (in the order of 10°~10" eV/cm? s sr for electrons
and in the order of 10° eV/cm® s st for ions, respectively) compared to before and after the interval (typically
~10°-10° eV/cm® s sr for both electrons and ions). Figure 8d also shows the existence of sunward plasma
flows (with magnitude up to ~600 m/s), which are surrounded by antisunward flows (with magnitude up to
a few hundred m/s). Moreover, flow shears from sunward to antisunward along the dusk-to-dawn satellite
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Figure 7. Same as Figure 5, but northern hemisphere Defense

Meteorological Satellite Program (DMSP) F13 satellite pass between
14:33 and 14:45 UT overplotted on the zoomed-in view (poleward of
70° magnetic latitude [MLAT]) of Figure 2e (an auroral image taken
by Thermosphere Ionosphere Mesosphere Energetics and Dynamics

[TIMED]/Global Ultraviolet Imager [GUVI] at 13:46-13:57 UT). The small
circles on the white line represent the satellite positions at 1-min intervals

between 14:40 and 14:45 UT. The red bar and two blue bars on the white

line indicate the DMSP F13 satellite positions during 14:40:25-14:40:40 UT,

14:41:25-14:41:45 UT, and 14:41:55-14:42:15 UT, respectively (see text
for details). The transpolar arc (TPA) with radiances ~0.1 kR (~1 kR) is
marked by the red (blue) arrow.

pass (implying upward FACs with converging electric field structures)
can be seen in each of the precipitation regions. Although these precip-
itating particles/plasma flow properties are not collocated with the TPA
marked by the blue arrow in Figure 7, they are located in the TPA shown
in Figure 2d (also see supporting information Figure S3), or close to the
TPA shown in Figure 2f (also see supporting information Figure S4). This
is in agreement with our observation that the northern hemisphere TPA
near the dawnside oval (denoted by the blue arrow in Figures 4a-4d) is
the stationary one, although this structure is not clearly distinguishable
in the TIMED/GUVI image (Figure 7).

As shown in Figure 8e, the FAC density profile along the satellite track
(red line) also indicates the existence of an upward FAC system in the
northern hemisphere TPA near the dawnside oval. However, it is diffi-
cult to determine the FAC system on the TPA near the northern magnet-
ic pole because of the data gap in the magnetic field measurements at
~14:40:30 UT. We also note that although the FAC density is estimated
using the low-pass filtered magnetic field data (that is, 7-s running av-
erages of 6B,), there are fluctuations in the FAC density profile due to
noise-like structure in the residual cross-track magnetic field component
obtained from the DMSP F13 observations (thin black line).

4. Discussion

In this study, we have presented TPAs observed during a prolonged radial
IMF interval on October 29, 2005. The IMF B, / IMF B ratio (Figure 1b)
is about —0.95 on average during 08:22:30-15:37:30 UT, equivalent to an

angle of ~18.3° between the IMF direction and the Sun-Earth line toward the Earth. During this period,
low-Earth orbiting DMSP F16 and TIMED satellites were located in opposite polar regions. Therefore, FUV
emission measurements from these satellites provide a good opportunity for an interhemispheric study of
TPAs in response to the IMF orientation.

Fear and Milan (2012) observed that the MLT at which the TPA first forms is generally dependent on the
IMF B, orientation that affects the dawn-dusk component of the magnetic field in the magnetotail adjacent
to the plasma sheet. In the presence of IMF B, under northward IMF conditions, magnetic reconnection
between distorted tail field lines (Grocott et al., 2004, 2005) is responsible for the protrusion of closed field
lines into the tail lobes to form the TPAs mirrored about the noon-midnight meridian between hemispheres
(Milan et al., 2005). In the present event, however, the cross-track scanned images of auroral emissions
(Figures 2 and 3) show that TPAs with a radiance of ~1 kR are observed near the dawnside ovals in both
hemispheres during ~12:00-15:00 UT. Moreover, the AL and AU indices (Figure 1f) indicate nonsubstorm
conditions (with ~—50 < AL < 0 nT and AU = ~50 nT) during this period regardless of the IMF B, orienta-
tion (see Figure 1a), implying that the IMF B, orientation does not significantly affect geomagnetic activity.
Based on these observations, we speculate that the IMF B, as well as the IMF B, impinging on the Earth's
bow shock does not act significantly on the formation the TPAs presented here.

Grocott (2017) pointed out that the location of newly closed field lines in the plasma sheet would be offset
toward the dawn sector under dawnward IMF conditions on a long timescale (tens of hours). However, IMF
pointed duskward over much of the 1-day interval prior to the onset of the clear TPAs in both polar caps
except a few subintervals including ~01:00-04:00 UT interval shown in Figure 1 (IMF B, on October 28-29,
2005 is shown in supporting information Figure S5). Moreover, we have shown that the satellites observed
the clear TPAs in both hemispheres during ~12:00-15:00 UT (Figures 2c-2f and 3c-3f). The start time of
these TPA observations is therefore ~3-4 h after the onset time of earthward IMF conditions (08:22:30 UT),
which is comparable to the response time of TPAs to the IMF orientation (Fear & Milan, 2012). These imply
that the formation mechanism for our TPA event is independent of the IMF orientation prior to the pro-

longed earthward IMF interval.
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Figure 8. Same as Figure 6, but Defense Meteorological Satellite Program (DMSP) F13 observations at 14:40-14:45 UT.
Two blue bars and the corresponding four vertical dashed lines (at 14:41:25-14:41:45 UT and 14:41:55-14:42:15 UT)
indicate the transpolar arc (TPA)-associated particle (both electrons and ions) precipitation regions, while the red bar
and the corresponding two vertical dotted lines (at 14:40:25-14:40:40 UT) indicate the TPA-associated electron-only
precipitation region.

Based on our observational results, we propose the following terrestrial magnetic field configuration
connected to the TPAs during the interval of interest. Figure 9 presents a schematic illustration of the
noon-midnight meridional cross-section of the terrestrial magnetic field configuration (not to the scale) un-
der earthward IMF conditions. We note that a purely earthward IMF and 0° in dipole tilt angle are adopted
here for simplicity. Because of the draping effect of the radially oriented IMF (Petrinec, 2016; Pi et al., 2017),
the earthward-directed IMF is plotted to drape over the magnetopause, so that the southward draped field
lines lead to magnetic reconnection with oppositely directed terrestrial magnetic field lines sunward of the
southern cusp region. Consequently, the reconnected field lines are open, and their ionospheric footprints
are located in both the northern and southern hemispheres. On the other hand, the northward draped field
lines cause magnetic reconnection tailward of the northern cusp region. Although the field lines which are
reconnected on the tailward side of the northern cusp are also open, their ionospheric footprints are in the
northern hemisphere only. This implies that the northward draped IMF is exerted mainly in the northern
hemisphere.

The presence of electrons and ions that precipitate into the TPAs in both hemispheres is considered as a
proxy of a closed field line configuration (Carter et al., 2017; Fear et al., 2014; Reidy et al., 2017, 2018; Xing
et al., 2018). Previous studies pointed out that not only magnetic reconnection (Fear & Milan, 2012; Milan
et al., 2005; Nowada et al., 2018), strong plasma flow shears that cause pairs of FACs (Nowada et al., 2020;
Q.-H. Zhang et al., 2020), and the ballooning instability (Golovchanskaya et al., 2006; Rezhenov, 1995) in
the magnetotail but also the Kelvin-Helmholtz instability (Y. Zhang et al., 2016; Q.-H. Zhang et al., 2020)
and the interchange instability (Kozlovsky et al., 2007) on the flankside magnetopause can be considered as
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generation mechanisms for TPAs on closed field lines. In these scenarios,
the candidate sources on the flank magnetopause cause the TPAs in both
hemispheres to continually drift in MLT toward midnight as the source
region drifts tailward with the solar wind flow. This is inconsistent with
our observations that the TPAs in both hemispheres remained within 1 h
MLT of ~0300 MLT during ~12:00-15:00 UT (see Figure 4). Therefore, we
suggest that the precipitating particles that cause the TPAs in the dawn
sector of the polar caps are from the magnetotail, rather than from the
flank magnetopause. Moreover, the differential energy flux spectra for the
precipitating particles above these TPAs show similar properties in their
energy range to those above the main auroral oval (see Figures 6a, 6b
and , 8a and 8b). These TPAs are flanked on both sides by polar rain type
fluxes with antisunward flows (with respect to those in the TPAs). The
mostly sunward flows (Figures 6d and 8d) and upward FACs (Figures 6e
and 8e) observed during the TPA crossings also support our suggestion

Figure 9. Schematic illustration (not to the scale) of the terrestrial that the source region for these TPA structures is in the magnetotail, such
magnetic field configuration (in the noon-midnight meridional plane) as the PSBL (Newell, Burke, et al., 1991). However, it is unclear whether
with 0° in dipole tilt angle under purely earthward interplanetary particle precipitation along “newly” closed field lines by magnetic recon-

magnetic field (IMF) conditions. Two “star” symbols denote the potential
regions associated with the precipitating particles on closed (blue) and
open (red) field lines: in the magnetotail and on the northern nightside

nection in the magnetotail (e.g., Fear et al., 2015; Milan et al., 2005) or
along “already” closed field lines extruded from the plasma sheet into the

magnetopause, respectively. The thick arrows in blue and red represent the tail lobes (e.g., Huang et al., 1987; Kullen, 2012) leads to the formation of
motions of precipitating particles, respectively, on closed and open field the observed TPAs. The blue star symbol and the thick arrows in Figure 9

lines.

correspond to the potential region (in the magnetotail) and the motions

of the precipitating particles, respectively, associated with the closed field
line scenario. By applying the terrestrial magnetic field configuration shown in Figure 9 to our observation
(the TPAs on closed field lines in both hemispheres under earthward IMF conditions), we also suggest that
the TPA formation is not limited to northward IMF conditions.

If the TPA is on open field lines connected directly to the northward draped IMF, this arc structure would
occur in one hemisphere where magnetic reconnection tailward of the cusp takes place. We speculate that
the occurrence of the TPA with radiance ~0.1 kR near the northern magnetic pole (shown in Figures 2c
and 2e) is associated with magnetic reconnection tailward of the cusp under the earthward-directed IMF.
The magnetic reconnection tailward of the northern cusp region produces a low-latitude boundary layer
in the northern hemisphere, and the consequent field lines in the outer part of this region are open (Pi
et al., 2018; Tang et al., 2013). These imply that electron-only precipitation (so called type B polar showers),
which is on open field lines and originates in solar wind electrons, can occur more frequently in the north-
ern hemisphere polar cap (Shinohara & Kokubun, 1996). This is consistent with our observations that the
electron-only precipitation region at ~14:40:25-14:40:40 UT (shown in Figures 8a-8c) is close to the TPA
with radiance ~0.1 kR near the northern magnetic pole, under the assumption that the TPA in Figure 2e
(also see Figure 7) is the stationary one, but not seen in Figure 2f (also see Figure S4 in supporting infor-
mation) due to the differences between DMSP F16/SSUSI and TIMED/GUVI instruments. Therefore, we
suggest that the TPA with radiance ~0.1 kR near the northern magnetic pole is formed by accelerated polar
rain electrons occurring on open field lines (Carlson & Cowley, 2005; Newell et al., 2009; Reidy et al., 2017,
2018). The red star symbol and the thick arrow in Figure 9 show the potential region (tailward side of the
cusp) and the motion of precipitating electrons, respectively, associated with the open field line scenario
under earthward IMF conditions.

We note that it is unclear how the TPA on open field lines is extended to the nightside polar cap under
radial IMF conditions. Song et al. (1999) showed using global magnetohydrodynamic (MHD) simulations
that the antisunward convection region in the polar caps is on closed field lines (except in the cusps) under
purely northward IMF conditions. According to their result, the newly closed field lines on the dayside,
which are generated by magnetic reconnection on the tailward side of the cusps, convect antisunward
along the magnetopause with trapped solar wind plasma. Their ionospheric footprints are within the polar
caps and move to the midnight along both sides of them. The footprints of these field lines eventually re-
turn to the dayside through the polar caps as the magnetospheric flow moves further away from the Earth.
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If the IMF B, component is nonzero, however, the reconnected field lines may be open (Song et al., 1999).
We speculate that the TPA with radiance ~0.1 kR near the northern magnetic pole, which is associated
with the electron-only precipitation and the antisunward flow, is likely on the ionospheric footprint of the
open field lines (generated by magnetic reconnection on the tailward side of the northern cusp) dragged
tailward by the solar wind flow. Kan and Burke (1985) suggested that the arc structure on open field
lines occurs in the region of antisunward ionospheric flow in the dawn sector of the polar caps under the
assumption that such structure must be located in the upward FAC region. This is consistent with our
observations that the northern hemisphere TPA with radiance ~0.1 kR (marked by the red arrow in Fig-
ure 7) is located close to the antisunward flow region (see Figure 8d) in the dawn sector with respect to the
noon-midnight meridian. However, further studies (e.g., dealing with the global ionospheric convection
pattern in the vicinity of the observed TPAs) are required to understand the physical mechanisms under
these conditions.

In this study, we have proposed the magnetic field topology connected to the TPAs (open or closed field
lines) based on the characteristics of the precipitating particles, horizontal cross-track ion velocity, and
cross-track magnetic field component (and the corresponding FAC density) observed when the DMSP sat-
ellites passed through the TPA regions. Therefore, our interpretation is only strictly valid within a localized
region in the vicinity of the DMSP satellite as it passes above the TPAs, and not necessarily along the entire-
ty of the TPA structure in the ionosphere, as pointed out by Y. Zhang et al. (2016). However, it does not affect
our conclusions that TPA formation is not limited to northward IMF conditions and TPAs can occur on
both closed and open field lines. The studies of the characteristics of the precipitating particles, plasma drift
velocity, and FAC system along an entire TPA will provide more evidence for various mechanisms that form
the TPA and the corresponding magnetic field configuration connecting the TPA with its source region.
The large-scale plasma convection pattern in the polar ionosphere could be deduced from the line-of-sight
velocity observations via Super Dual Auroral Radar Network (SuperDARN) array of high-frequency radars
(Greenwald et al., 1995). Unfortunately, there is no relevant SuperDARN line-of-sight velocity data near the
TPA regions during the interval of interest (not shown), and we leave the plasma convection pattern in both
hemispheres during prolonged radial IMF intervals and its association with the TPAs as further studies.

5. Conclusions

For several decades, many studies have contributed to understanding how solar wind energy enters the
magnetosphere and penetrates to the ionosphere when the IMF is parallel/antiparallel to the Earth's mag-
netic dipole moment (Dungey, 1961, 1963; Song & Vasylitinas, 2010). In this study, we have turned our
attention to the solar wind-magnetosphere-ionosphere coupling under radial IMF conditions, via TPA ob-
servations. Our observational results have revealed that TPA formation is not limited to northward IMF
conditions. The TPAs presented here are associated with two distinct source regions that indicate widely
different magnetic topologies. In one case, the TPA appears to be located on open field lines connected to
the northward field lines draped over one hemisphere of the magnetopause, while in the other case the TPA
appears to be located on closed field lines rooted in the polar cap of both hemispheres. In other words, the
TPAs we observed are the result of both direct and indirect processes of solar wind energy transfer to local-
ized regions in the high-latitude ionosphere.

Data Availability Statement

DMSP F16/SSUSI data were obtained from https://ssusi.jhuapl.edu/. TIMED/GUVI data are available at
http://guvitimed.jhuapl.edu/. DMSP/SSJ data were obtained from https://www.ngdc.noaa.gov/stp/sat-
ellite/dmsp/. DMSP/SSIES and DMSP/SSM data are accessible from the Madrigal database (http://cedar.
openmadrigal.org/). The coefficients and software used to transform the DMSP satellite position from
geographic (obtained from https://sscweb.gsfc.nasa.gov/cgi-bin/Locator.cgi) into AACGM coordinates
are downloadable at http://superdarn.thayer.dartmouth.edu/aacgm.html. OMNI data were obtained
from https://omniweb.gsfc.nasa.gov/. The software used to obtain the Earth's dipole tilt angle is down-
loadable at http://ampere.jhuapl.edu/code/idl_geopack.html. AL and AU indices were obtained from
http://wdc.kugi.kyoto-u.ac.jp/.
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