
1. Introduction
As large-scale polar arcs often span over the entire 1,500 km wide polar cap, connecting the nightside auroral 
oval with its dayside counterpart, they are commonly called transpolar arcs (TPAs). In this study, we refer to all 
large-scale auroral arcs poleward of the oval that are visible in global auroral images as TPAs. This includes polar 
arcs that remain close to the dawn or duskside oval during their entire lifetime (in Kullen et al. (2002) referred 
to as oval-aligned arcs, in Fear and Milan (2012) referred to as static TPAs), and the less frequent cases where 
an originally oval-aligned arc propagates from the dawnside or duskside oval into the middle of the polar cap, 
forming at some point of its lifetime a true theta aurora (in Kullen et al., 2002 and Fear & Milan, 2012 called 
moving TPAs). Included are also polar arcs that do not span (during their entire lifetime) over the entire polar 
cap from the nightside to the dayside oval. The latter is often the case for nightside originating arcs (in Kullen 
et al., 2002 called midnight arcs, see also the TPA studied by Goudarzi et al., 2008) which typically stretch from 
the nightside oval into the middle of the polar cap without reaching the dayside oval (during a major part of their 
lifetime). Since high-resolution images from SSUSI DMSP and TIMED GUVI became available, it became clear 
that simultaneously appearing multiple TPAs (Kullen et al., 2002; Newell et al., 1997) are much more common 
than previously anticipated. They are typically cusp-aligned (Zhang et al., 2016) and fill both the dawn and dusk 
oval sides simultaneously, resulting in a small teardrop-shaped polar cap area devoid of aurora (in e.g., Murphree 
et al., 1982, Hones et al., 1989, Tanaka et al., 2017, and Milan et al., 2020 described as horse-collar aurora). 
Occasionally, multiple TPAs fill the entire polar cap (for examples, see Zhang et al., 2016 their Figure 2 or Milan 
et al., 2022, their Figure 3).

The occurrence frequency, location and motion of TPAs depend strongly on the direction of the IMF. While 
the influence of IMF 𝐴𝐴 𝐴𝐴𝑧𝑧 and 𝐴𝐴 𝐴𝐴y is well understood, the effect of IMF 𝐴𝐴 𝐴𝐴x is less clear. For a complete cover-
age of reports about the IMF influence on TPAs since the 1980s, see the reviews by Zhu et  al.  (1997) and 
Hosokawa et al.  (2020), respectively. Here, we refer only to some of the existing papers. Since the very first 
studies about TPAs, it is known that these are a typical northward IMF phenomenon (e.g., Frank et al., 1986; 
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Gussenhoven, 1982). IMF 𝐴𝐴 𝐴𝐴y controls the location and motion of TPAs. This is known from numerous statistical 
TPA studies. The initial TPA location depends on the sign (Elphinstone et al., 1990; Kullen et al., 2002) and 
magnitude of IMF 𝐴𝐴 𝐴𝐴y (Fear & Milan, 2012). Dawnside TPAs of the northern hemisphere (NH) form typically 
during dawnward IMF (negative 𝐴𝐴 𝐴𝐴y ), and the majority of duskside TPAs in the NH appears during duskward IMF 
(positive 𝐴𝐴 𝐴𝐴y ). The motion of polar arcs is also controlled by IMF 𝐴𝐴 𝐴𝐴y (Cumnock, 2005; Kullen et al., 2002; Milan 
et al., 2005; Valladares et al., 1994). An IMF 𝐴𝐴 𝐴𝐴y sign change from negative to positive during northward IMF 
causes dawnside TPAs in the NH to move poleward (or over the entire polar cap from the dawnside to duskside 
oval). A 𝐴𝐴 𝐴𝐴y sign change in the opposite direction causes duskside TPAs to move into (or over the entire) polar 
cap (Cumnock, 2005; Cumnock et al., 1997; Kullen et al., 2002, 2015). Note, a significant increase or decrease in 
IMF 𝐴𝐴 𝐴𝐴y magnitude can cause a poleward TPA motion as well (Cumnock, 2005). Southern hemisphere (SH) TPAs 
form during the same IMF 𝐴𝐴 𝐴𝐴y conditions on the opposite oval side as expected for NH TPAs (Craven et al., 1991; 
Elphinstone et al., 1990). If a motion occurs, SH TPAs move in opposite direction as NH TPAs (e.g., Huang 
et al., 1989; Xing et al., 2018).

It is well-established that the IMF 𝐴𝐴 𝐴𝐴y component causes a large-scale deformation of the magnetic field topol-
ogy in the magnetosphere. This is known from statistical studies (Kaymaz et al., 1994; Tsyganenko et al., 2015; 
Tsyganenko & Fairfield, 2004), and MHD simulations (Kullen & Janhunen, 2004). During dominant IMF 𝐴𝐴 𝐴𝐴y , the 
ionospheric foot points of closed field lines are shifted in opposite azimuthal directions in the NH and SH. As a 
result, closed field lines are bent in the dawn-dusk direction during non-zero IMF 𝐴𝐴 𝐴𝐴y . The dawn-dusk shift of the 
open field lines in opposite directions in the NH and SH tail lobes corresponds to a rotation of the lobes along 
the x-axis, as well as a rotation of the tail plasma sheet (Kaymaz et al., 1994; Kullen & Janhunen, 2004). During 
duskward IMF, tail lobes and plasma sheet are rotated in the anti-clockwise direction (looking from the Earth 
tailward), during dawnward IMF in clockwise direction. The IMF 𝐴𝐴 𝐴𝐴y -induced deformation of the tail is stronger 
during northward than during southward IMF (Kullen & Janhunen, 2004; Tsyganenko et al., 2015; Tsyganenko 
& Fairfield, 2004). This is connected to the strongly deviating reconnection topologies during southward (dayside 
reconnection) and northward IMF (high-latitude lobe reconnection). Open field lines that reconnect during north-
ward IMF with a non-zero 𝐴𝐴 𝐴𝐴y component in the high-latitude lobes are draped over the dayside magnetopause 
with the ionospheric footpoint located, for example, on the dawnside in one hemisphere while the open field line 
end appears on the duskside below the neutral sheet in the opposite hemisphere. The recently-opened field line  is 
then successively dragged by the solar wind tailward along the duskside flank of the opposite hemisphere, exert-
ing a strong torque on the magnetotail (see Crooker & Rich, 1993, their Figure 1). During southward IMF with a 
non-zero 𝐴𝐴 𝐴𝐴y component, recently-reconnected open field lines at the dayside magnetopause are bent in the dawn 
or dusk direction due to non-zero IMF 𝐴𝐴 𝐴𝐴y but their tailward part remains in the same hemisphere, thus the torque 
on the magnetotail is much weaker.

Based on the observed IMF 𝐴𝐴 𝐴𝐴y effects on TPA location and on the magnetotail topology, different TPA models 
have been suggested, explaining the occurrence of a TPA with B-field mapping from a deformed plasma sheet to 
highest ionospheric latitudes. Oval-aligned TPAs have been suggested by Makita et al. (1991) to occur on the oval 
side that maps to the high-latitude part of a rotated (or asymmetric) plasma sheet. It has been proposed already by 
Frank et al. (1982) that a bifurcation of the plasma sheet would explain the occurrence of a theta aurora structure 
in the middle of the polar cap. In their conceptual TPA model, a plasma sheet filament stretches high into the 
lobe, and is mapped along the B-field lines to the TPA. Kullen (2000) merged these two ideas and showed with 
a modification of the semi-empiric Tsyganenko (1989) model that a TPA moving over the polar cap appears 
during a reconfiguration of a twisted plasma sheet following an IMF 𝐴𝐴 𝐴𝐴y sign change. The rotation of an IMF 

𝐴𝐴 𝐴𝐴y -induced original twist of the plasma sheet into the opposite direction affects first the near-Earth region of the 
tail before the far-tail region reacts resulting in a complicated plasma sheet topology with different rotations in the 
near-Earth and far tail. During the plasma sheet reconfiguration, a closed-field line filament rips off the dawnside 
flank and moves eventually over the entire lobe to the duskside flank. Mapping this strip to the ionosphere shows 
a "TPA" (closed field line strip) that moves over the polar cap from dawn to dusk. As discussed in Hosokawa 
et al. (2020), the field line topology of Kullen's (2000) TPA model was confirmed in a number of different MHD 
models by simulating an IMF 𝐴𝐴 𝐴𝐴y sign change during northward IMF (e.g., Kullen & Janhunen, 2004; Naehr & 
Toffoletto, 2004; Slinker et al., 2001; Tanaka et al., 2004). Milan et al.’s (2005) conceptual TPA model, focusing 
on plasma convection and magnetic field line bending during non-zero IMF 𝐴𝐴 𝐴𝐴y is in several aspects similar to the 
above described models. However, Milan et al. (2005) proposed that, in addition to nonzero IMF 𝐴𝐴 𝐴𝐴y , local tail 
reconnection is necessary for the buildup of a closed flux filament into the tail lobe. They base their suggestion 
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on TRINNI (Tail Reconnection during IMF-Northward, Non-substorm Intervals) observations. TRINNIs are fast 
azimuthal plasma flows occurring at times within the nightside oval during northward IMF, and are assumed 
to represent the ionospheric signature of local tail reconnection (Grocott et al., 2003). Fear and Milan (2012) 
confirmed with a statistical TPA study that in nearly all of their TPA cases, the initial location of the arc appears 
indeed at the starting point of a TRINNI flow.

As none of the above described TPA models or MHD simulations include possible effects of IMF 𝐴𝐴 𝐴𝐴x or dipole tilt, 
the 𝐴𝐴 𝐴𝐴y induced tail deformation appears exactly anti-symmetric in northern and SHs in those models. In conse-
quence, a second TPA appears simultaneously in the opposite hemisphere, but close to the opposite oval side. In 
case of a TPA motion, this motion is in opposite direction in NH and SH. Thus, according to the above presented 
conceptual TPA models and MHD simulations, TPAs are conjugate events.

Note, an interhemispheric TPA conjugacy is expected to occur for multiple cusp-aligned TPAs as well, as shown 
in simulations by Tanaka et al. (2017) and predicted in recent conceptual models about possible sources of multi-
ple TPAs. Zhang et al. (2016) proposed multiple TPAs to be caused by field-aligned current (FAC) filaments 
mapping into the polar cap that have been caused by local reconnection during Kevin-Helmholtz instabilities at 
the tail flanks. Milan et al. (2022) suggested that temporal dual-lobe reconnection during strongly northward IMF 
would cause alternating strips of open and closed field lines in the polar cap, ultimately leading to a closure of the 
polar in form of multiple cusp-aligned TPAs.

Although simultaneous measurements of the northern and southern polar cap were rare before images from the 
low Earth orbiting satellites DMSP and TIMED became available, the predicted interhemispheric TPA conjugacy 
with opposite initial location and motion of TPAs in the SH and NH has been reported in a number of observa-
tional papers before (Craven et al., 1991; Cumnock et al., 2006; Gorney et al., 1986; Mizera et al., 1987; Obara 
et al., 1988). A more recent paper using DMSP SSUSI and TIMED GUVI images confirmed those findings with 
high-resolution images from DMSP SSUSI and TIMED GUVI (Xing et al., 2018).

However, as Østgaard et al. (2003) and more recently Reidy et al. (2018) showed, at times, a TPA forms in only 
one hemisphere. The cause of the non-conjugacy has been suggested to be IMF 𝐴𝐴 𝐴𝐴x or the Earth's dipole tilt. Both, 
the IMF 𝐴𝐴 𝐴𝐴x component and a strong dipole tilt cause an interhemispheric asymmetry in magnetospheric topology, 
resulting in more favorable conditions for high-latitude lobe reconnection in one of the hemispheres. IMF and 
open field lines become more antiparallel, and the reconnection area is larger in the NH during negative IMF 𝐴𝐴 𝐴𝐴x 
and/or a positive dipole tilt (the dipole tilt is defined as positive for NH summer). Positive IMF 𝐴𝐴 𝐴𝐴x and/or a nega-
tive dipole tilt result in more favorable reconnection conditions in the SH. Theoretical calculations show that this 
would lead to stronger FACs in the favored hemisphere (Taguchi & Hoffmann, 1995), which could affect the TPA 
conjugacy. In the case study by Østgaard et al. (2003) focusing on two non-conjugate TPAs, the authors suggested 
IMF 𝐴𝐴 𝐴𝐴x to be the more important factor, as the dipole tilt was in the “wrong” direction in one of the cases. They 
proposed that FACs above the polar cap of the non-favorable hemisphere are too weak to cause TPAs, which is 
in agreement with Iijima et al.’s (1984) observations of a strong IMF 𝐴𝐴 𝐴𝐴x dependence of NBZ currents. The latter 
are field-aligned currents that appear in the dayside polar cap during northward IMF.

The results from several previous statistical TPA studies indicate that the TPA occurrence frequency depends 
on the sign of IMF 𝐴𝐴 𝐴𝐴x and/or the Earth's dipole tilt. Thus, at least some of the TPAs in the favorable hemisphere 
should be non-conjugate events. In Kullen et al. (2002), NH TPAs appear in a majority of cases during negative 
IMF 𝐴𝐴 𝐴𝐴x . Cumnock et al. (2009) and Elphinstone et al. (1990) examined auroral images from both hemispheres. 
Both studies show that NH TPAs appear more often during negative 𝐴𝐴 𝐴𝐴x , and SH TPAs more often during positive 
IMF 𝐴𝐴 𝐴𝐴x . In addition, Cumnock et al. (2009) found a dependence on the Earth's dipole tilt. The majority of the NH 
(SH) TPAs in Cumnock et al.’s (2009) dataset appear for positive (negative) dipole tilt angles.

In Kullen et al. (2002) it was shown that the TPA occurrence frequency strongly correlates with the magnetic 
energy flux of the solar wind (1/μ0)vB 2. Kullen et al. (2008) found a correlation between solar wind magnetic 
energy flux and arc luminosity for summer hemisphere TPAs from the Cumnock (2005) study. They speculated 
whether the magnetic energy flux influences the formation of TPAs or only the luminosity of the arcs in general, 
but could not prove this for the winter TPAs.

That the Earth's dipole tilt has an influence on the auroral brightness is well-known. The ionospheric conductiv-
ity is enhanced in the sunlit part of the ionosphere due to UV ionization (Fujii & Iijima, 1987), which leads to 
stronger FAC and in consequence, a higher auroral luminosity. Thus, the average auroral brightness in the auroral 
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zone is enhanced in the summer as compared to the winter hemisphere (Shue et al., 2001a) with exception of the 
substorm onset region at pre-midnight (Liou et al., 2001; Newell et al., 1996). Kullen et al. (2008) showed with 
the help of Cumnock's (2005) TPA dataset that this is the case for TPA luminosity as well.

1.1. Goal of the Study

In this study, we want to investigate the role of IMF 𝐴𝐴 𝐴𝐴x , the Earth's dipole tilt and also the solar wind magnetic 
energy flux in determining the conjugacy of TPAs, as all three parameters have been reported to influence the 
TPA occurrence frequency. To this aim, we re-investigate the four existing TPA datasets by Kullen et al. (2002), 
Cumnock (2005), Fear and Milan (2012) and Cumnock et al. (2009). To get non-biased results, we compare the 
statistical results for IMF, solar wind magnetic energy flux and dipole tilt distributions at TPA formation with 
the background distributions of those parameters during the time periods covered by the respective TPA datasets.

In addition, we set up a new TPA dataset, with the help of Special Sensor Ultraviolet Spectrographic Imagers 
(SSUSI) onboard four Defense Meteorological Satellite Program (DMSP) satellites. The new dataset covers 
6 weeks around autumn equinox in 2015. As DMSP SSUSI has a high image quality, even faint or thin TPAs are 
easily discovered. More importantly, due to the polar orbit of DMSP, the four satellites provide images from both 
hemispheres with a time gap from minutes up to some tens of minutes between the images. This makes it possible 
to examine the TPA conjugacy for individual TPA events including the location of the TPAs in each hemisphere. 
While the time resolution of the global imagers used in the earlier studies is much better (Cumnock, 2005; Fear & 
Milan, 2012; Kullen et al., 2002), a case-by-case examination of TPA conjugacy is not possible as those satellites 
typically observe only one hemisphere. Hence, to get an as complete a picture as possible about TPA conjugacy 
and possible reasons behind, it is necessary to analyze all five TPA datasets.

2. Instrumentation
2.1. Auroral Imagers

The four TPA datasets that have been previously published are based on global auroral UV images from the Polar 
satellite (Cumnock, 2005; Kullen et al., 2002), global images from two Far Ultra Violet (FUV) cameras on the 
IMAGE spacecraft (Fear & Milan, 2012), and on particle data from the SSJ/4 particle detector on the dawn-dusk 
orbiting DMSP satellite F13 (Cumnock et al., 2009).

The Earth-orbiting Polar satellite was operational between 1996 and 2008. It had a highly elliptical orbit with 
86° inclination, apogee at 9 RE and perigee at 1.8 RE. After launch, apogee was at highest northern latitudes, but 
thereafter moved southward at a rate of 16° per year. With its 8° field-of-view, the UV imager onboard Polar was 
able to image the entire auroral zone above 60° magnetic latitude as long as the spacecraft altitude was greater 
than 6 RE and the imager pointed toward the Earth. In consequence, Polar UVI provided near-global images of 
the NH during between 1996 and 1999 during about 75% of the time.

The TPA dataset from Kullen et al. (2002) covers all NH TPAs between 1 Dec 1998 and 28 Feb 1999 that are 
visible in Polar UVI. During that time period, the UV imager on Polar (Polar UVI) provided a near-global field of 
view of the NH auroral zone during 75% of the time. For that dataset, images with a filter for Lyman-Birge-Hop-
field molecular nitrogen emissions in the 160–180 nm wavelength region (LBH long) have been used with a long 
integration time of 36 s and a fixed color scale that enhances weak auroral structures as much as possible (0.2–20 
photons/cm 2s.). In the original work by Kullen et al. (2002), TPAs have been identified from image sheets with a 
cadence of 4–6 min between the images. In Kullen et al. (2015) the TPA start times have been refined by using all 
available LBH long images (including those with 18 s integration time). In addition, a dayglow removal algorithm 
and a wobble filter have been used to enhance weak auroral arcs additionally. The latter filter reduces the effect 
of a dawn-dusk wobble of the satellite that at times decreases the original spatial resolution of the images from 
50 × 50 km at apogee down to 50 × 250 km.

Cumnock's (2005) TPA list is based on Polar UV images of the NH with an integration time of 36 s from the NH 
in both, the LBH long and LBH short (149–160 nm) filter. Covering a 4.5 years long period between July 1996 
and Dec 2000, the Cumnock (2005) study also contains summer TPAs. These are extremely difficult to identify 
with Polar UVI due to a strong sunlight dilution of summer images. For this reason, not only the dayglow filter but 
also LBH short images have been used as these resolve faint auroral structures just above the instrument threshold 
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better than LBH long images (Germany et al., 1998). The problem with LBH short images is that light in these 
wavelengths is (in contrast to LBH long wavelengths) partly absorbed in the atmosphere. Thus, the pixel bright-
ness does not correspond to the electron energy flux into the ionosphere anymore but becomes dependent on the 
satellite altitude. This is a problem for satellites with varying orbit altitudes such as Polar or IMAGE. However, 
the effect is negligible for faint auroral arcs, as weak aurora appears at higher altitudes than bright aurora, where 
the atmospheric absorption becomes negligible (Germany et al., 2001). Kullen et al.  (2008) showed that this 
holds also for TPAs from the Cumnock (2005) dataset.

Fear and Milan's (2012) TPA dataset covers 5 years of data between June 2000 and September 2005. The NH 
polar cap was seen in IMAGE between 2000 and 2003, the SH polar cap between 2003 and 2005. The authors 
identified TPAs in Wideband Imaging Camera (WIC) images in the 160–190 nm wavelength range (LBH long), 
and the Spectrographic Imager 121.8 nm camera (SI12) imaging proton-induced aurora. Both imagers have a time 
resolution of 2 min. SI12 has a lower spatial resolution (92 × 92 km at apogee) than the WIC imager (52 × 52 km 
at apogee) but is less sensitive to dayglow. It thus enhances the possibility to detect summer hemisphere TPAs, 
which are otherwise difficult to see due to a strong dayglow dilution of summer FUV images from IMAGE.

In Cumnock et al. (2009), TPAs are identified with the help of ion data from the SSJ/4 particle detector on DMSP 
F13 between 1996 and 1998 in both the NH and the SH. As DMSP F13 had no imager onboard, the time period 
was chosen such that as many as possible TPAs could be confirmed with Polar UVI, which had a near global view 
on the NH during those years. The F13 spacecraft had a sun-synchronous circular polar orbit approximately along 
the dawn-dusk meridian with an orbit time of 101 min and an altitude of 833 km. The particle detectors measured 
electrons and ions from 32 eV to 30 keV with a spatial resolution of 7 km along the satellite path.

For further details about the instruments used in these studies, we refer to the corresponding technical papers. 
The Polar UVI instrument is described in Torr et  al. (1995), the FUV instruments on IMAGE in Mende 
et al. (2000a, 2000b, 2000c), and the DMSP particle detector SSJ/4 in Hardy (1984).

For the new dataset, TPAs are identified in auroral images measured by the SSUSI onboard four DMSP-Block 
5D3 satellites (F16, F17, F18, and F19). The SSUSI image data have been processed and visualized using the 
Python package GeospaceLAB (Cai et  al.,  2022). The package allows to overplot various space-based and 
Earth-bound datasets from the high-latitude ionosphere. The SSUSI dataset covers all TPAs appearing during 
6 weeks in autumn 2015 (1 Sep to 15 Oct). In 2015, the four SSUSI DMSP satellites are operated simultaneously 
along ∼98-min Sun-synchronous orbits with a constant orbital altitude of ∼840 km. With about 60 passages of 
the four DMSP satellites over the northern and southern polar cap per day, images from one polar region are typi-
cally available every 10–55 min (on a few occasions the image cadence can be down to 1 min or up to 75 min). 
SSUSI scans the polar region and produces one auroral image in about 20 min at five emission spectral bands 
with a spatial resolution of 10 × 10 km at nadir (Paxton et al., 2002). This study presents the SSUSI “EDR-AUR” 
data in the 140–152 nm wavelength band (LBH short). Compared with the 165–180 nm band (LBH long), the 
SSUSI images in LBH short show better discrete auroral structures (Sotirelis et al., 2013; Zhang et al., 2016). 
The altitude dependent atmospheric absorption rate of LBH short can be neglected, as DMSP satellites have a 
constant orbital altitude.

2.2. Solar Wind and Dipole Tilt Data

The solar wind velocity and interplanetary magnetic field (IMF) data are obtained in 1 min resolution from the 
OMNI database in GSM coordinates, which is easily accessible through the CDA Web (https://cdaweb.gsfc.nasa.
gov/index.html/). The OMNI data have already been shifted in time to correspond to solar wind conditions at the 
Earth's bow shock (King & Papitashvili, 2005). The dipole tilt angle used in this study is calculated by the Python 
package GEOPACK (https://github.com/tsssss/geopack). It is defined as the angle between the dipole axis in the 
northward direction and the GSM z-axis. A positive value means that the Earth's dipole tilts toward the Sun in the 
NH. The dipole tilt values range from +35° (NH summer) to −35° (NH winter).
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3. Method
3.1. TPA Selection Criteria and Number of Events in the Five Different Datasets

3.1.1. Kullen et al. (2002) Dataset

In Kullen et al. (2002) all polar auroral arcs that appear as clearly separated from the oval in at least two Polar UV 
images in a row (i.e., the background color appears between arc and oval on the image, and the arc has a lifetime 
of at least 4–6 min) have been taken into account. For 74 of the 92 large-scale polar arcs and for 146 small-scale 
polar arcs, the initial arc formation as well as a major part of the arc's lifetime can be followed on the images. 
These have been included in the Kullen et al. (2002) TPA dataset. During one third of the large-scale polar arc 
events, a second polar arc appears during the lifetime of the original TPA. Most of these secondary arcs are 
small-scale and/or faint arcs, which form typically on the opposite oval side. Neither the small-scale polar arcs 
nor the secondary polar arcs are examined any further in the present study. Here, we re-examine those 52 of the 
74 large-scale polar arcs from Kullen et al. (2002) that are regular TPAs, which includes all oval-aligned, moving, 
nightside originating and multiple (i.e., 3 or more arcs appear simultaneously) TPA events of the study. For these 
52 TPAs, we use the refined TPA start times from Kullen et al. (2015). Excluded are the 22 so-called bending 
arcs from the Kullen et al. (2002) study, where the tip of the arc splits from the dayside oval and bends eventually 
into the polar cap within typically 5–30 min before the arc disappears. As shown by Kullen et al. (2015), the 
deviating lifetime, arc evolution, plasma flow pattern and IMF conditions (𝐴𝐴 |𝐵𝐵y| ≫ 𝐵𝐵𝑧𝑧 , 𝐴𝐴 𝐴𝐴𝑧𝑧 ∼ 0 ) of bending arcs 
strongly suggest, these have a different origin than regular TPAs. Studying these deviations from regular TPAs in 
more detail, Carter et al. (2015) suggested, bending arcs are - similar to poleward moving auroral forms - caused 
by flux transfer events.

3.1.2. Cumnock (2005) Dataset

To prove that moving TPAs (i.e., TPAs that move considerably poleward or even over the entire polar cap) occur 
systematically when an IMF 𝐴𝐴 𝐴𝐴y sign change takes place during northward IMF, Cumnock (2005) searched for 
all time periods during 4.5 years where the IMF was at least 5 hr northward while one clear 𝐴𝐴 𝐴𝐴y sign change 
took place. Polar UV images from the NH were available for 19 of the 55 time intervals that fulfilled these 
IMF selection criteria. Moving TPAs could be identified on Polar UV images in 17 of the 19 cases. Kullen 
et al. (2008) found that the majority of these TPAs occur during coronal mass ejection (CME) events, as CMEs 
consist of slowly varying, strong IMF, including a northward IMF phase lasting many hours. Although a second-
ary oval-aligned TPA appears in several cases on the other oval side of the moving TPA, these secondary arcs 
have not been studied any further in Cumnock (2005) and are not part of the TPA dataset used in this study either.

3.1.3. Fear and Milan (2012) Dataset

Fear and Milan's (2012) TPA dataset consists of 131 TPAs that have been identified through visible inspection 
of IMAGE WIC and SI12 images in the same way as has been done in Kullen et al. (2002). There are only a 
few differences in the selection method. Fear and Milan (2012) counted simultaneously occurring TPAs in one 
hemisphere as different events. However, due to more restrictive selection criteria requiring an arc lifetime of at 
least 30 min, nearly all secondary and bending arcs have been ignored in their study, resulting in only one case 
with overlapping TPAs. The extremely low number of detected TPAs per month (2 TPAs/month) in Fear and 
Milan (2012) as compared to Kullen et al. (2002) (17 regular TPAs/month) depends partly on the exclusion of 
short-lived and/or faint polar arcs, but mainly on the inclusion of summer TPAs in their dataset. Only 10 TPAs 
have been identified during April–August in the NH and October - February in the SH during the 5 years long 
time period covered in Fear and Milan's (2012) study. The daylight dilution of summer images is as strong in 
IMAGE as in Polar, thus only very bright TPAs can be detected during summer months. Also the determination 
of the TPA start time in Fear and Milan (2012) deviates slightly from Kullen et al. (2002). When detecting a TPA 
that is clearly separated from the oval, Fear and Milan (2012) went back in time to find the first indication of a 
split from the oval and defined this as the start time. Thus, their TPA start times are often up to 5–20 min earlier 
than the start times in Kullen et al. (2002) for similar cases. The largest difference appears for oval-aligned TPAs, 
as the separation process from the dawn or dusk oval side often appears gradually within several 10s of minutes. 
Still, as Figure 5 in Kullen et al. (2015) clearly demonstrates, the statistical results regarding the IMF dependence 
of TPAs from the Fear and Milan (2012) and the Kullen et al. (2002) datasets are astonishingly similar, despite 
different instruments, start time definition of TPAs and time period covered by the statistics.
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3.1.4. Cumnock et al. (2009) Dataset

In Cumnock et al. (2009) 3 years of particle data from the dawn-dusk orbiting DMSP satellite F13 have been 
scanned through to detect ion signatures of TPAs that have reached the noon-midnight meridian in the NH or 
SH. The focus in Cumnock et al. (2009) was on arc width and particle precipitation of TPAs that occur in the 
center of the polar cap. Only those F13 orbits were considered that reach at least 88° magnetic latitude (Mlat) on 
the dayside and 86° Mlat on the nightside when passing the noon-midnight meridian. In 346 DMSP F13 orbits 
that fulfill this criterion, ion signatures occur between 87° and 90° Mlat in the DMSP particle detector. In 87 
of these cases, the region covered by ions is clearly separated from the dawnside and the duskside oval (i.e., no 
ion precipitation between "TPA" and oval). Note, with this selection criterion, all TPA events are ignored where 
secondary TPAs appear while the main TPA has reached the noon-midnight meridian. Fourteen of these 87 TPA 
cases are made up of multiple distinct thin arcs close to the noon-midnight meridian, while 73 cases consist of one 
constant ion band. The former 14 events have been studied in detail in Cumnock et al. (2009), and the latter 73 
events are examined in the present study. All NH cases with existing images from Polar UVI close to the time of 
the DMSP pass are found to be true TPAs (32 of 46 NH ion cases). The 27 SH ion events could not be confirmed 
as true TPAs with the help of Polar UVI, as global images were available mainly above the high-latitude NH in 
1996–1998 due to the spacecraft's orbit. A check for NH TPAs in Polar UV images around the time of the SH ion 
events reveals the simultaneous occurrence of a TPA in the NH in 16 of the 27 SH ion events. With a Polar UVI 
coverage of the northern auroral region of about 75% of the time during 1996–1998, this strongly suggests that at 
least 80% of all SH cases in Cumnock et al. (2009) are conjugate events with TPAs appearing in both hemispheres 
simultaneously. As it is highly probable that the SH ion events are true TPAs as well, we treat all 46 NH and all 
27 SH ion events as real TPAs in the present study.

3.2. New SSUSI DMSP Dataset

The new SSUSI DMSP dataset created for this study is based on data from SSUSI images during about 6 weeks 
centered around autumn equinox in 2015. This time period was chosen to get a similar image quality in both 
hemispheres, that is, the chance to detect a TPA in the NH or SH should be approximately the same. To be able to 
study the interhemispheric conjugacy on a case-by-case basis, only those TPAs are included in the dataset where 
the field-of-view of the images was large enough in both hemispheres to cover at least part of the dawn-dusk 
meridian in at least one image during the lifetime of a TPA. To avoid counting bright auroral structures along the 
oval boundary such as the poleward-most arc of an expanded (typically dawnside) oval or a substorm bulge that 
stretches (typically at the duskside) far into the dayside polar cap, we include only those TPAs that are located 
poleward of 77.1° at dusk and poleward of 79.4° at dawn along the dawn-dusk meridian in at least one image. The 
difference between the dawn- and duskside limits reflects the often-observed duskward displacement of the pole-
ward oval boundary from the noon-midnight meridian during non-substorm times. The numbers are chosen such 
that they correspond approximately to the average poleward oval boundary between geomagnetic quiet (Kp < 2) 
and moderate times (Kp ∼2–4) at 21 magnetic local time (MLT) and 3 MLT, as observed by Xiong et al. (2014). 
Additional constraints regarding the selection of TPAs from SSUSI images are a clearly visible separation of the 
arc from the auroral oval, and an arc length of at least 10° latitude (∼1110 km). Note, in six conjugate TPA events, 
the TPA in one hemisphere appears poleward of the imposed dawn-dusk limits, but the conjugate TPA does not. 
Both the NH and the SH TPA are removed in those cases. Following these criteria, we identified in total 66 TPA 
events with one or more TPA appearing in one or both hemispheres simultaneously. Unless otherwise mentioned, 
all plots in the present paper covering the new DMSP study, are based on these 66 TPA events. The DMSP data-
set consists of 48 conjugate TPA events (i.e., one or more TPA appear in the NH while one or more TPA appear 
simultaneously in the SH), while 18 cases are non-conjugate TPAs (i.e., one or more TPA appears in the NH or 
SH, while no TPA is observed in the opposite hemisphere during the entire lifetime of the observed TPA). Only 
two of the non-conjugate TPAs appear in the NH.

As the image quality of SSUSI is much improved as compared to the Polar or IMAGE images, much more faint 
and/or thin TPAs are detectable. We found in total 19 TPA events where multiple (3 or more) arcs fill a large part 
of the polar cap. In comparison, Kullen et al. (2002) observed multiple arcs in only 7 of 73 TPA cases. In 9 out 
of the 19 multiple TPAs identified in SSUSI DMSP, multiple TPAs appear in both hemispheres. In the 10 other 
events, multiple TPAs are observed in only one of the hemispheres while in the opposite hemisphere only 1 or 2 
TPAs are detected.
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Interestingly, in two-thirds of the cases, the multiple TPA event starts with the occurrence of one or two static 
TPAs before the polar cap quickly fills with many cusp-aligned arcs. There is only one case where multiple TPAs 
fill both hemispheres at TPA start, three cases where multiple TPAs appear immediately in the NH, and two cases 
where multiple TPAs appear immediately in the SH. A more detailed analysis of the multiple arcs from this new 
SSUSI DMSP dataset is given in a separate paper. As the focus of the present paper is on TPA conjugacy, we 
analyze IMF, solar wind and dipole tilt values only at formation of the first TPA in the NH and the first TPA in 
the SH, independent of how many more arcs form later-on during the same event.

In Table 1 the most important properties of all five TPA datasets are listed. These include information about the 
satellites and instruments that have been used, in which wavelength band the images have been produced, the 
time period covered in each dataset, the hemisphere monitored by the satellite during that time period, the time 
resolution of the images, the TPA selection criteria for each dataset and the number of identified TPAs.

3.2.1. Transpolar Arc Start Times

The TPA start times of the studies by Kullen et al. (2002), Cumnock (2005), and Fear and Milan (2012) are well 
defined due to a temporal resolution of only a few minutes between each image. As already described above, the 
time of the first image on which a TPA can be clearly discerned becomes the TPA start time.

For the Cumnock et al. (2009) TPA dataset on the other hand, we only know the point of time when a TPA is 
located close to the noon-midnight meridian. Based on the average time it takes for a TPA to move from the oval 
side to the middle of the polar cap in Cumnock's (2005) (∼3.3 hr) and Kullen et al.’s (2002) TPA datasets for 
moving TPAs (∼1.0 hr), we assume here that a TPA forms about 2 hr before it reaches the noon-midnight merid-
ian. Thus, we set the TPA start time for Cumnock et al.’s (2009) TPAs 2 hours earlier than the TPA identification 
time from Cumnock et al. (2009). As shown in Kullen et al. (2008, 2015) for three of the studied datasets, statis-
tically, the IMF conditions during TPAs change slowly over many hours, such that an error of a TPA start time of 
30–60 min does not change the results considerably.

As already mentioned above, in the new DMSP study, SSUSI images are available every 10–55 min in one hemi-
sphere (in a few occasions the image cadence can be down to 1 min or up to 75 min). Thus, a TPA that appears 
for the first time on a DMSP SSUSI image may theoretically have formed up to 75 min earlier in some cases. 
However, the time separation between the images is for a majority of cases less than 15 min. Also, most TPAs are 

Dataset Kullen et al. (2002) Cumnock (2005) Fear and Milan (2012) Cumnock et al. (2009) New dataset

Satellite Polar Polar IMAGE DMSP F13 DMSP F16, F17, F18, 
F19

Instrument UVI UVI WIC & SI12 SSJ/4 SSUSI

Wavelength LBH long LBH long & LBH short LBH long & 121.18 nm Ion precipitation LBH short

Time period 1/12 1998–28/2 1999 2/1996–8/2000 7/2000–9/2005 2/1996–9/2000 1/9–15/10 2015

Hemisphere NH NH NH + SH NH + SH NH + SH

Required TPA lifetime >4–6 min – >30 min – –

Region covered (Mlat) – – – Poleward of 87° 77.1° dusk < TPA 
<79.4° dawn

2nd TPA included/
excluded

2nd TPA excluded 2nd TPA excluded 2nd TPA counted as new 
event (1 case)

If more than one TPA, 
entire event excluded

2nd TPA excluded

Other selection criteria Bending arcs excluded 
(24 cases)

1 IMF 𝐴𝐴 𝐴𝐴y sign change 
during 5h IMF 

𝐴𝐴 𝐴𝐴𝑧𝑧  > 0

– No ions between TPA 
and oval

TPA length >1110 
km, images exist in 
NH + SH during 

TPA event

Number of TPAs in 
dataset

54 TPAs 17 TPAs 131 TPAs 72 TPAs 66 TPA events (48 
conjugate TPAs, 18 

non-conjugate TPAs)

Table 1 
Characteristics of Five Different TPA Datasets
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identified on SSUSI when they are still quite close to the oval. Thus, we estimate that the error in defining a TPA 
start time from DMSP images does not exceed 10–30 min in the majority of the cases.

3.3. Time Shift Between IMF and TPA Formation

For an analysis of solar wind parameters at TPA formation, we use 20-min averaged data to eliminate small 
variations in the solar wind. A time shift is added to account for the time it takes until a certain solar wind 
parameter has an effect on TPA formation. For the analysis of all five datasets, solar wind values are averaged 
over 100–120 min before TPA formation. This is done in all cases where OMNI IMF data exists for at least 1 
min within the 20-min averaging time period. This results in the loss of one case in the Kullen et al. (2002) TPA 
dataset, one case in the Cumnock (2005) dataset, five cases in Fear and Milan's (2012) dataset, and seven cases 
in Cumnock et al.’s (2009) dataset in all plots where the IMF distribution is analyzed at TPA start. In the new 
dataset, the number of TPA events is reduced by four (1 conjugate and 3 non-conjugate) TPA events due to lack 
of IMF data. For two more conjugate TPA events, IMF data is missing for one of the TPAs. Choosing a time 
delay of 110 min between a certain solar wind value and TPA start is motivated by the statistical results from 
Kullen et al. (2015). They found the highest correlation between IMF 𝐴𝐴 𝐴𝐴y and initial TPA location for a time shift 
of 100–120 min between IMF 𝐴𝐴 𝐴𝐴y measurement and TPA start. Note, we tested all time shifts from 0 to 200 min 
in 20-min steps without finding any major differences in the statistical results for the IMF distribution at TPA 
formation.

The Earth's dipole tilt is calculated throughout this study by taking the average dipole tilt value during the last 
0–20 min before TPA start. No time shift is added, as we assume the dipole tilt to affect the TPAs directly. Even 
if there would be a time delay between a certain dipole tilt angle and its effect on the polar ionosphere, the results 
of this study would still generally be the same, since the dipole tilt changes slowly over several hours.

4. Results
4.1. Dipole Tilt and IMF Bx Dependence of TPA Occurrence

We start with an investigation of the Earth's dipole tilt and IMF 𝐴𝐴 𝐴𝐴x distribution for each of the five different TPA 
datasets. In Figure 1, IMF 𝐴𝐴 𝐴𝐴x and dipole tilt values are plotted for each TPA event. Black crosses correspond to 
NH TPAs, while blue crosses mark SH TPAs. We have inverted the sign of the dipole tilt and the sign of IMF 

𝐴𝐴 𝐴𝐴x for all SH TPAs, as both parameters are expected to have the opposite effect on TPA occurrence in the SH as 
compared to NH TPAs.

As it is possible to examine the TPA conjugacy for each single event in the new SSUSI DMSP dataset, this infor-
mation is added in Figure 1e. For 15 of the 18 non-conjugate TPAs found in the new SSUSI DMSP dataset, IMF 

𝐴𝐴 𝐴𝐴x data exists. These are marked in Figure 1e as filled squares. For the conjugate TPA events, the NH and the SH 
TPAs are plotted as individual black and blue crosses, respectively.

Looking at the IMF 𝐴𝐴 𝐴𝐴x distribution in Figure 1, in all datasets (except for the Cumnock (2005) dataset in Figure 1d, 
which has a small sample size and pre-selected IMF conditions), the majority of the TPAs appear for negative 
IMF 𝐴𝐴 𝐴𝐴x as expected from previous work. The 𝐴𝐴 𝐴𝐴x dependence of TPAs is investigated in further detail in Figures 4 
and 5.

We now investigate the dipole tilt dependence. Comparing the results for the five different datasets, no common 
tendency regarding the dipole tilt distribution can be found. The abundance of negative dipole tilt TPAs in 
Figure 1a is a sampling bias, as the Kullen et al. (2002) dataset covers only winter months (see Table 1). The 
clear bias of the Fear and Milan (2012) dataset in Figure 1c toward negative dipole tilts has a similar reason. 
As discussed above, the strong daylight dilution of IMAGE satellite images in the summer hemisphere makes 
it extremely difficult to identify TPAs in the summer months. This means that we cannot draw any conclu-
sions regarding a possible dependence of TPA occurrence on the sign of the dipole tilt from Figures 1a and 1c. 
Figure 1d contains no seasonal bias, as all events in the Cumnock et  al.  (2009) dataset have been identified 
exclusively from ion data. For that dataset, there appears a clear shift toward positive dipole tilts of NH TPAs and 
negative dipole tilts of SH TPAs (see also Cumnock et al., 2009). If this holds in general, a similar distribution 
should occur in the new SSUSI DMSP dataset as well. The reason is twofold: First, the DMSP imagers have a 
much better luminosity threshold and spatial resolution than the global imagers on Polar and IMAGE. Second, as 

 21699402, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030987 by U
niversity O

f O
ulu, W

iley O
nline L

ibrary on [04/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

KULLEN ET AL.

10.1029/2022JA030987

10 of 26

Figure 1. Dipole tilt (average dipole tilt 0–20 min before TPA start time) and IMF 𝐴𝐴 𝐴𝐴x values at TPA formation (a time shift 
of 110 min is added, thus the values correspond to the average IMF 𝐴𝐴 𝐴𝐴x 100–120 min before TPA start time) for five different 
TPA datasets. For all southern hemisphere TPAs the sign of IMF 𝐴𝐴 𝐴𝐴x and the dipole tilt are reversed.
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the new SSUSI DMSP study covers a 6-week time period centered around equinox it should be equally likely to 
detect TPAs in both hemispheres. However, no clear shift toward positive dipole tilts can be found in Figure 1e. 
This is connected to the fact that a large majority (48 of 66 TPAs) are conjugate TPAs. If the dipole tilt angle 
were to have an effect on TPA conjugacy, it could be expected that non-conjugate TPAs appear during strongly 
positive dipole tilts while the conjugate events would form during smaller or also negative dipole tilt values. This 
is not the case, as can be seen in Figure 1e. The same holds for the IMF 𝐴𝐴 𝐴𝐴x distribution. The expected clear shift 
of non-conjugate TPAs toward strongly negative IMF 𝐴𝐴 𝐴𝐴x does not appear in Figure 1e either.

Figure 1e also reveals that most of the non-conjugate TPAs are located in the SH (16 of 18 cases). Checking 
the DMSP images for the non-conjugate TPAs in detail reveals that in only four cases (1 NH and 3 SH cases) 
the polar cap of the opposite hemisphere is completely devoid of auroral arcs. In nine cases there exist small 
polar arcs close to the oval in the opposite hemisphere, however, they are not large enough to be counted as 
TPAs according to our selection criterion (1 SH and 8 NH cases). For five non-conjugate events, the NH image 
contains much more background noise than the SH. The higher background noise appears in the NH, as the 
DMSP paths are shifted toward the dayside in the NH and thus are more affected by solar illumination. Note, 
most of the non-conjugate TPAs are seen only for a very short time in DMSP due to an often small field-of-view 
of the available images (12 of the 18 non-conjugate TPAs are discernible in only one or at most two images with 
a time separation of 5 min or less). Non-conjugate TPAs most probably have a much longer lifetime than that. 
More DMSP images with a larger field-of-view during the TPA events would possibly increase the number of 
identified conjugate cases. Hence, it is likely that the number of non-conjugate TPAs is considerably smaller than 
18 (corresponding to 27% of all TPA events).

For a more detailed examination of a possible dipole tilt dependence of TPAs, we compare in Figure 2 the dipole 
tilt distribution of the TPAs directly with the background distribution during the entire time period of each 
study. For example, in case of the Fear and Milan (2012) TPA dataset, the background distribution corresponds 
to the dipole tilt distribution from June 2000 to September 2005. Figure 2 is done with the help of a histogram 
with a range of 2° for each bin. The orange bins show the distribution of the 20-min averaged dipole tilts at 
TPA formation, and the blue bins the distribution of the dipole tilt during the entire time period covered by the 
respective study. The green curve shows the TPA distribution normalized by the dipole tilt distribution during 
the entire time period that is covered by the statistical dataset. It is calculated by dividing the value of each bin 
in the orange curve with the corresponding bin in the blue curve. If this curve has a value close to 1 (marked 
by the gray horizontal line), it means that the TPAs occur for a certain dipole tilt value as often as the dipole 
tilt value appears during the entire time period spanned by the statistical dataset, that is, there is no correlation 
between certain dipole tilt angles and TPA occurrence. Finally, the p-value gives the statistical significance of 
any deviation between the blue and orange curve based on a chi-square test. In order to make the test more statis-
tically reliable, neighboring bins are merged in case the number of TPAs is too low. The criterion is that each 
bin in the background (blue) needs to have a probability b such that 𝐴𝐴 𝐴𝐴𝐴𝐴 ≥ 5 , where n is the total number of TPAs 
in the dataset (orange curve). A p-value below 0.05 means that the difference between the two distributions is 
statistically significant, whereas a p-value of 1.0 means the two distributions are identical. TPAs from different 
hemispheres have been separated into different subplots to eliminate the potential error that would occur in case 
the background dipole tilt values are not uniformly distributed around 0°. No hemisphere-adjustment of the dipole 
tilt sign has been done in Figure 2 for the SH cases as NH and SH appear now in separate plots. Note, the datasets 
from Kullen et al. (2002) and Cumnock (2005) do not have subplots for SH cases, as these datasets only cover 
TPAs from the northern hemisphere (see Table 1).

Figure 2a shows the dipole tilt distribution at TPA formation and the dipole tilt background distribution over-
lap very well, indicating no dipole tilt dependence on TPA occurrence for the Kullen et al. (2002) dataset. In 
Figure 2b (Cumnock's (2005) dataset) there are almost too few cases to draw clear conclusions, but also these 
events seem to be quite uniformly distributed. For Fear and Milan's (2012) dataset we can see that the NH cases 
are clearly shifted toward negative dipole tilts (Figure 2c) and SH cases toward positive dipole tilts (Figure 2d). 
As discussed above, the reason is simply the extreme difficulty to detect TPAs in the summer hemisphere in 
IMAGE data. Since the peak of the TPA distribution aligns roughly with the peak of the background distribution 
for negative dipole tilts in Figure 2c, we conclude that the magnitude of the dipole tilt does not affect TPA occur-
rences here either. In Figure 2d, there are too few cases to draw clear conclusions regarding a possible influence 
of the dipole tilt magnitude. For the Cumnock et al. (2009) TPA dataset, shown in Figures 2e and 2f, the clear 
bias from Figure 1d remains, even when comparing the distribution with the background dipole tilt distribution. 

 21699402, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030987 by U
niversity O

f O
ulu, W

iley O
nline L

ibrary on [04/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

KULLEN ET AL.

10.1029/2022JA030987

12 of 26

Figure 2.
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The NH cases are clearly shifted toward positive dipole tilts and the SH cases are shifted toward negative dipole 
tilts, that is, the TPAs identified in Cumnock et al.’s (2009) dataset appear preferably in the summer hemisphere.

Figures 2g and 2h reveal that for the new SSUSI DMSP dataset, the TPA distribution is shifted toward positive 
dipole tilts in both hemispheres. This appeared already in Figure 1e: most SH TPAs (blue marks) form during 
positive dipole tilts (seen as negative dipole tilt values due to the hemisphere-adjusted signs in the plot). This 
unexpected shift toward positive dipole tilts for SH TPAs appears due to an orbit bias of the DMSP satellites. 
While the image coverage of the NH polar cap is good throughout the day, the DMSP images cover the dayside 
part of the southern ionosphere only between approximately 9:30 a.m. and 9:30 p.m., resulting in a shift of the 
average dipole tilt distribution of the SH TPAs toward positive tilts. As we include only those events where 
images covering the dawn-dusk meridian are available in both hemispheres, the dipole tilt distribution of NH 
TPAs is influenced by the orbit bias as well in Figure 2g.

To get rid of this artificial bias for the NH TPAs in the new dataset, we show in Figure 3 the dipole tilt distri-
bution for all 75 NH TPAs that have been originally identified in SSUSI within the given polar cap limits. This 
includes those 25 TPAs that have been removed throughout the remaining paper because of a lack of (or a too 
small field-of-view) of SH images during the NH TPA lifetime. Now, the shift of the NH TPAs toward positive 
dipole tilts has disappeared, which is also shown by a much-increased p value of 0.49. In conclusion, the TPA 
occurrence in the new SSUSI DMSP dataset does not depend on the Earth's dipole tilt.

We now study the IMF 𝐴𝐴 𝐴𝐴x dependence of TPAs in more detail. In Figure 4 the IMF 𝐴𝐴 𝐴𝐴x distribution at TPA 
formation is plotted against the IMF 𝐴𝐴 𝐴𝐴x background distribution of the respective dataset in the same way as in 
Figure 2. Figure 4 reveals that the clear shift toward negative 𝐴𝐴 𝐴𝐴x values for NH TPAs in Kullen et al. (2002) and 
in the new DMSP dataset is mainly caused by an asymmetric 𝐴𝐴 𝐴𝐴x distribution in the IMF itself. The 𝐴𝐴 𝐴𝐴x background 
distributions during the time periods of the Fear and Milan (2012) and the Cumnock (2005) datasets are approxi-
mately centered around zero, which fits well with the more equally distributed 𝐴𝐴 𝐴𝐴x values at TPA formation in both 
datasets. Note, the very small shift of NH TPAs toward negative and of SH TPAs toward positive 𝐴𝐴 𝐴𝐴x in Fear and 
Milan's (2012) list is not statistically significant (p∼0.15 and ∼0.9). Only for the Cumnock et al. (2009) dataset, 

Figure 2. Dipole tilt distribution at TPA formation (20 min averaged dipole tilt before TPA start), separated by hemisphere for five different TPA datasets. The x-axis 
gives the dipole tilt values, the y-axis the average probability distribution of TPAs for each 1.8° dipole tilt range. The orange curve corresponds to the dipole tilt 
distribution at TPA formation in each TPA dataset. The blue curve corresponds to the dipole tilt distribution during the entire time period covered by the corresponding 
TPA dataset. The green curve shows the dipole tilt distribution at TPA start normalized by the dipole tilt distribution of the entire dataset, that is, the orange curve 
divided by the blue curve. The gray dotted horizontal line is placed at the IMF normalized TPA distribution value of 1. The p-value indicates whether the blue and the 
orange distributions show a statistically significant deviation (p < 0.05) or overlap very well (p ∼1.0).

Figure 3. Dipole tilt distribution of all NH TPAs in the new SSUSI DMSP dataset, including those NH TPAs that have been 
ignored in Figures 1 and 2 as no SH images with sufficient field-of-view were available during the appearance of the NH 
TPAs. The format of Figure 3 is the same as in Figure 2.
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Figure 4. IMF 𝐴𝐴 𝐴𝐴x distribution at TPA formation for each dataset, separated by hemisphere. For the TPA distribution, 20-min 
averaged IMF 𝐴𝐴 𝐴𝐴x values with a time shift of 110 min before TPA start are used. The format is the same as in Figure 2.
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Figure 5.
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there appears a statistically significant shift between the 𝐴𝐴 𝐴𝐴x distribution at TPA formation as compared to the 𝐴𝐴 𝐴𝐴x 
background distribution. The entire 𝐴𝐴 𝐴𝐴x distribution at TPA formation is shifted toward negative IMF 𝐴𝐴 𝐴𝐴x in the NH 
and toward positive 𝐴𝐴 𝐴𝐴x in the SH, with p values clearly below 0.05.

To summarize, the 𝐴𝐴 𝐴𝐴x distribution at TPA start generally overlaps well with the background IMF 𝐴𝐴 𝐴𝐴x distribution 
in all datasets except for the Cumnock et al. (2009) TPA list.

4.2. Initial TPA Location Versus IMF B x -By Distribution

Figure 5 shows the IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y values as well as the initial location of the TPAs in all five datasets. Northern 
hemisphere TPAs are marked with crosses and SH TPAs with x-symbols. The color of the symbol shows whether 
the TPA appears initially at the duskside (white) or at the dawnside oval (red). Those events where arcs form on 
both oval sides at TPA start are marked in orange (only in new SSUSI DMSP dataset). In those cases where we 
do not have any information about where they have originally formed are marked in light blue (Cumnock's (2005) 
and Cumnock et al.’s 2009 datasets). The sign of IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y are reversed for all SH TPAs in Figure 5, as TPAs 
are known to form typically on opposite oval sides in the SH and NH for nonzero IMF 𝐴𝐴 𝐴𝐴y . Note, as IMF 𝐴𝐴 𝐴𝐴y is 
reversed for SH TPAs, the TPA location is not reversed in the plots. A background 2D color histogram displays 
the 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y distribution in the IMF during the time period covered by the respective TPA dataset.

Figure 5 shows that the 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y components of the background IMF have opposite signs most of the time. Also 
the majority of the TPAs forms during IMF conditions with opposite signs of IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y (i.e., most TPAs 
appear in the upper left and lower left quadrant) except for Cumnock (2005) which is biased due to the fixed IMF 
selection criteria.

The well-known correlation between IMF 𝐴𝐴 𝐴𝐴y and initial TPA location (e.g., Fear & Milan,  2012; Kullen 
et al., 2015 and references therein) is seen in Figure 5 as well: dawnside TPAs (white) appear mainly during 
dawnward and duskside TPAs (red) during duskward IMF in the NH, the opposite is true for SH TPAs. However, 
the plots in Figure 5 reveal an interesting additional feature: While nearly all dusk arcs form during duskward IMF 

𝐴𝐴 𝐴𝐴y (positive 𝐴𝐴 𝐴𝐴y ), a non-negligible number of dawn arcs occur during positive 𝐴𝐴 𝐴𝐴y (i.e., the “wrong” IMF 𝐴𝐴 𝐴𝐴y sign). 
Most of these TPAs forming during the “wrong” 𝐴𝐴 𝐴𝐴y sign, appear for small IMF 𝐴𝐴 𝐴𝐴y magnitudes.

Focusing on the magnitude of IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y at TPA formation shows that in Kullen et  al.’s  (2002), 
Cumnock's (2005), and Fear and Milan's (2012) datasets, IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y are for many TPAs much larger than 
the average IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y background values. This is not the case for the TPAs from the Cumnock et al. (2009) 
and the new SSUSI DMSP study (Figures 5d and 5e). In those plots, the 𝐴𝐴 𝐴𝐴x -𝐴𝐴 𝐴𝐴y distribution at TPA start overlaps 
roughly with the area of the most typical IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y background values.

4.3. The Dependence of TPA Occurrence on IMF and Solar Wind Magnetic Energy Flux

To study the IMF magnitude influence on TPA occurrence further, Figure 6 shows the distribution of IMF magni-
tude at TPA formation for all five TPA datasets. It is done in the same way as Figure 3. As the IMF magnitude 
has only positive values both the NH and SH cases are shown in one plot. Figure 6 confirms that the TPAs of the 
three first studies appear for higher-than-average IMF magnitudes. The strongest IMF values exist for the TPAs 
in Cumnock's (2005) dataset. The TPAs of the last two datasets form on average during IMF conditions which 
are slightly lower than the background IMF magnitude. Note, in all five cases, the shift in the TPA distribution as 
compared to the background distribution is statistically relevant with p values clearly below 0.05.

In Figure 7 we investigate whether the correlation between TPA occurrence and the solar wind magnetic energy 
flux (1/μ0)vB 2 that occurred in Kullen et al.’s  (2002) TPA dataset, appears in the other datasets as well. The 
magnetic energy flux distribution at TPA start in each dataset is compared to the background distribution in 
the same way as in Figure 6, but with a logarithmic scale along the x-axis. Figure 7 shows similar results as in 
Figure 6, but the shift is more pronounced. In Figures 7a–7c, the distribution of the magnetic energy flux for the 

Figure 5. IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y distribution at TPA start marked with a cross for NH TPAs and an x-symbol for SH TPAs, overlaid on a color plot corresponding to the 
distribution of the IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y components during the time period covered by the corresponding TPA dataset. A red symbol marks an initial TPA location at the 
duskside oval, and a white symbol an initial location at the dawnside oval. Orange crosses mark events where TPAs appear on both oval sides at TPA start, and light-
blue crosses mark those events where the initial TPA location is unknown. The IMF values are calculated as 20-min averages with a time shift of 110 min between IMF 
and TPA start. The signs of both IMF 𝐴𝐴 𝐴𝐴x and IMF 𝐴𝐴 𝐴𝐴y are hemisphere adjusted, that is, for southern hemisphere TPAs the sign is reversed.
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arcs is clearly shifted toward higher values than the solar wind background. 
As can be expected from the low IMF magnitude values in Figures 6d and 6e, 
such a shift toward high solar wind magnetic energy flux values does not 
appear in Figures 7d and 7e. For Cumnock et al.’s (2009) dataset, the TPA 
distribution curve is flattened compared to the background (1/μ0)vB 2 values. 
In the new SSUSI DMSP dataset, the TPA distribution is even slightly shifted 
toward smaller (1/μ0)vB 2 values than the average magnetic energy flux distri-
bution in the solar wind.

4.4. Location of Conjugate TPAs

In Figure 8, we examine the initial location of conjugate TPAs in the new 
SSUSI DMSP study in more detail. The magnetic latitude of each NH TPA 
and corresponding SH TPA along the dawn-dusk meridian is marked in the 
plot. Those TPA events where multiple arcs form at TPA start in only one 
hemisphere (gray dots connected with lines) while one single TPA appears 
on the other hemisphere have been included, while those multiple TPAs 
which form in both hemispheres simultaneously, are not shown. As in all 
other DMSP study plots shown in this paper, only those TPAs that are located 
poleward of 77.1° Mlat dusk and poleward of 79.4° Mlat dawn in at least one 
of the images during their lifetime are taken into account. However, as we 
mark the location of the TPA when it first appears, two duskside NH TPAs 
which start equatorward of the limit, but move eventually poleward after a 
while, are included in Figure 8 as well.

Three clusters of conjugate TPA events can be discerned in Figure 7: there 
exist two clusters where conjugate TPAs appear on opposite sides of the auro-
ral oval in the northern and SH (upper left and bottom right corner), and one 
cluster where both conjugate TPAs appear on the same side. Interestingly, 
nearly all conjugate TPAs that appear on the same oval side in both hemi-
spheres are found close to the dawnside oval. There are only four cases where 
both, the NH and SH TPA appears at dusk.

Marking all conjugate dawn-dawn TPA events in Figure  7e (not shown) 
reveals that 75% of all dawnside TPAs with the “wrong” 𝐴𝐴 𝐴𝐴y sign belong to the 
subgroup of conjugate dawn-dawn TPAs, seen in Figure 8, while only 20% of 
the dawnside TPAs with the “correct” 𝐴𝐴 𝐴𝐴y sign belong to this subgroup. This 
means, when a dawn TPA forms during the “wrong” 𝐴𝐴 𝐴𝐴y sign, it is most proba-
bly a conjugate event where the TPA in the opposite hemisphere also appears 
at dawn, having the "correct" 𝐴𝐴 𝐴𝐴y sign.

Figure  9 shows typical examples of non-conjugate and conjugate TPA 
events, taken with the SSUSI UV imager onboard DMSP F16, F17, F18, 
and F19 using the LBH short filter. The upper row consists of NH images 
and the bottom row of the corresponding SH images, taken 21–52 min later. 
Figures 9a and 9b show a non-conjugate TPA case where only one isolated 
TPA appears on the dawnside of the SH oval. Figures  9c and  9d show a 
conjugate dawn-dawn TPA event where both the NH and the SH TPA appear 
close to the dawn oval. Figures 9e and 9f show a conjugate TPA case where 
TPAs appear on opposite oval sides in each hemisphere (at NH dawn and SH 
dusk). The last two plots (Figures 9g and 9h) show an example of simultane-
ously occurring multiple cusp-aligned TPAs. Note the similar precipitation 
pattern in both hemispheres despite the long time interval between NH and 
SH images.

Figure 6. Distribution of the IMF magnitude of TPAs compared to the 
background IMF magnitude for the five different TPA datasets. The figure is 
in the same format as Figure 2.
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5. Discussion
5.1. Occurrence Frequency of Non-Conjugate TPAs

The existence of non-conjugate TPAs is known since Østgaard et al. (2003) 
published two such cases. As discussed above in more detail, in the Cumnock 
et al.  (2009) dataset, about 80% of all SH TPAs are most probably conju-
gate TPA events. This means, not more than 20% of the TPAs in Cumnock 
et al.’s  (2009) dataset can be non-conjugate. Reidy et al.  (2018) identified 
27 TPA events in SSUSI images from December 2015 where the interhem-
ispheric conjugacy could be determined. They observed that 30% of these 
are non-conjugate cases. In our new DMSP study we find that at most 27% 
of all TPA events are non-conjugate. As described above, for many of those 
cases, the image quality of the hemisphere devoid of TPAs was clearly lower 
than in the TPA hemisphere and/or the observation time was 5 min or less. 
Thus, the occurrence rate of non-conjugate TPAs in the new DMSP dataset 
is probably considerably lower than 27%. Note, the results from these three 
studies are based on visual identification of TPAs on images, and are only 
partly confirmed with particle data. Hence, the numbers give only an upper 
limit of possible non-conjugate TPAs. Still, the results from these three stud-
ies clearly show that while a majority of all TPAs appear simultaneously in 
both hemispheres, non-conjugate TPAs are not uncommon.

5.2. IMF  and Dipole Tilt Influence on TPA Conjugacy

If the conjugacy of TPAs is controlled by IMF 𝐴𝐴 𝐴𝐴x and/or dipole tilt, the TPA 
occurrence frequency should depend on those parameters. As discussed 
above, non-conjugate TPAs are expected to appear during strongly negative 
IMF 𝐴𝐴 𝐴𝐴y and/or large positive dipole tilts in the NH and during strongly posi-
tive IMF 𝐴𝐴 𝐴𝐴y and/or large negative dipole tilts in the SH while conjugate TPAs 
are expected to form during more moderate 𝐴𝐴 𝐴𝐴x and/or dipole tilt values.

Comparing the 𝐴𝐴 𝐴𝐴x distribution at TPA formation with the IMF 𝐴𝐴 𝐴𝐴x background 
distribution shows that in four of the five different TPA datasets, there is no 
clear dependence of TPA occurrence on the sign or magnitude of IMF 𝐴𝐴 𝐴𝐴x . 
The shift of the 𝐴𝐴 𝐴𝐴x distribution at TPA formation toward negative values, 
seen in Figure 1 for Kullen et al. (2002) and in the new SSUSI DMSP dataset 
appears due to a similar shift of the background IMF 𝐴𝐴 𝐴𝐴x distribution in the 
same direction (Figures 4a and 4g+4h). Also for the Cumnock (2005) and the 
Fear and Milan (2012) datasets, the 𝐴𝐴 𝐴𝐴x distribution at TPA formation overlaps 
fairly well with the background distribution (Figures 4b and 4c+4d). Devi-
ating from this are the results from the Cumnock et al. (2009) study which 
shows a clear, statistically relevant shift of the IMF 𝐴𝐴 𝐴𝐴x distribution at TPA 
formation toward more negative 𝐴𝐴 𝐴𝐴x values in the NH and more positive 𝐴𝐴 𝐴𝐴x 
values in the SH as compared to the 𝐴𝐴 𝐴𝐴x background distribution (Figures 4e 
and 4f).

The results for the possible dependence of TPA occurrence frequency on 
the Earth's dipole tilt are similar to those for the IMF 𝐴𝐴 𝐴𝐴x dependence. After 
having removed the orbit bias for the new SSUSI DMSP dataset by looking 
only at NH TPAs (Figure 3), and disregarding the dipole tilt distribution of 
summer hemisphere TPAs in Fear and Milan (2012) (the sunlit dilution of 
IMAGE images reduces drastically the probability to detect TPAs in IMAGE 
FUV in the summer hemisphere), no clear shift toward large dipole tilt 
angles is found in Kullen et al. (2002), Fear and Milan (2012) and the new 
SSUSI DMSP dataset. The TPAs in the Cumnock (2005) dataset also appear 

Figure 7. Distribution of the solar wind magnetic energy flux (1/μ0)vB 2 of 
TPAs compared to the background magnetic energy flux for the five different 
TPA datasets. Note that the scale of the x-axis is logarithmic. Other than that, 
the figure is in the same format as Figure 2.
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independently from the Earth's dipole tilt. Note, the dipole tilt distribution in 
that dataset should be unbiased, as most of the TPAs appear during CMEs, 
resulting in very bright arcs that are detectable even on summer images from 
Polar UVI (Kullen et al., 2008). Thus, the independence of the TPA occur-
rence on dipole tilt in Figure 2b should be real.

Not only the IMF 𝐴𝐴 𝐴𝐴x distribution, but also the dipole tilt distribution of 
the Cumnock et  al.  (2009) TPAs deviates clearly from the other datasets. 
Figures 2e and 2f show a statistically significant shift of the dipole tilt distri-
bution at TPA formation from the background toward the summer hemi-
sphere, with p values clearly below 0.05.

The reason why a clear IMF 𝐴𝐴 𝐴𝐴x and dipole tilt dependence of TPAs appears 
only in Cumnock et al.’s (2009) dataset, remains obscure. The data selection 
criteria from Cumnock et al. (2009) differ in several aspects from the other 
studies presented here. First, all TPAs from the Cumnock et al. (2009) list are 
identified exclusively from DMSP ion data. Second, only those events are 
picked where the TPA is located in the middle of the polar cap, forming a true 
theta aurora. Third, all identified TPAs are surrounded by an otherwise empty 
polar cap (at least along the dawn-dusk meridian). Thus, all cases where a 
second TPA appears close to the opposite oval side and all multiple TPA 
events have been excluded from that list.

Regarding the first selection criterion in Cumnock et al. (2009): an ion distri-
bution along a TPA means the arc should map to the plasma sheet and thus 
appear on closed field lines (Frank et al., 1986; Reidy et al., 2018). Hence, 
a conjugate TPA should appear in the opposite hemisphere for all Cumnock 
et al. (2009) TPA events. This makes it even more difficult to explain the 𝐴𝐴 𝐴𝐴x 
and dipole tilt dependence of TPAs in that dataset. However, an example of 

Figure 8. Initial TPA location (in Mlat) along the dawn-dusk meridian for 
all conjugate TPAs. The location of the TPA(s) in the northern hemisphere 
is shown along the x-axis, the location of TPA(s) in the southern hemisphere 
along the y-axis. Blue dots mark TPAs where one TPA is seen in each 
hemisphere. The gray dots connected with lines correspond to one TPA 
forming in one hemisphere while multiple TPAs form in the other hemisphere. 
Only those TPAs have been taken into account that appear in at least one 
image along the dawn-dusk meridian poleward of 77.1° Mlat dusk and 79.4° 
Mlat dawn.

Figure 9. TPA conjugacy examples from the new SSUSI DMSP dataset with the NH oval in the upper row and the corresponding SH oval in the lower row. The 
images are shown in MLT-Mlat coordinates with noon at the top and dawn to the right. Panels (a) and (b) show a non-conjugate TPA, panels (c) and (d) conjugate TPAs 
on the same oval side, panels (e) and (f) conjugate TPAs on opposite oval sides, and panels (g) and (h) conjugate TPAs consisting of multiple cusp-aligned TPAs in both 
hemispheres.

 21699402, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030987 by U
niversity O

f O
ulu, W

iley O
nline L

ibrary on [04/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

KULLEN ET AL.

10.1029/2022JA030987

20 of 26

a non-conjugate TPA with ion precipitation along the arc, shown in Reidy et al. (2018) demonstrates that even 
non-conjugate TPAs may appear on closed field lines. Thus, it cannot be ruled out that at least some of the 
Cumnock et al. (2009) TPAs are true non-conjugate events.

Regarding the second selection criterion: it might be possible that TPAs moving far into the polar cap show 
a different 𝐴𝐴 𝐴𝐴x and/or dipole tilt dependence than oval-aligned TPAs. To check that, we reproduced Figures 1, 
Figures 2 and Figure 4 for Kullen et al.’s (2002), Fear and Milan's (2012), and Cumnock's (2005) moving TPAs. 
Kullen et  al.  (2002) required a considerable poleward motion along the dawn-dusk meridian, and Fear and 
Milan (2012) required a motion of the TPA's nightside oval connection point of at least 2 MLT to categorize a 
TPA as a “moving TPA” (see Kullen et al., 2015 for further details). In Cumnock's (2005) dataset all but two TPAs 
move at least to the noon-midnight meridian, that is, 17 of 19 cases are true theta aurora. The results (plots not 
shown here) reveal no clear dependence on IMF 𝐴𝐴 𝐴𝐴x and/or dipole tilt in any of the three TPA datasets for moving 
TPAs. In conclusion, the 𝐴𝐴 𝐴𝐴x dependence of Cumnock et al.’s (2009) TPAs does apparently not depend on how far 
into the polar cap a TPA propagates.

Regarding the third selection criterion: Cumnock et  al.’s  (2009) list contains in contrast to all other datasets 
only isolated TPAs. Whether isolated TPAs differ from multiple TPA events regarding IMF 𝐴𝐴 𝐴𝐴x and/or dipole tilt 
dependence cannot be checked using the Kullen et al. (2002), Cumnock (2005), or Fear and Milan (2012) data-
sets, as too few multiple arc events have been identified due to the low image resolution of Polar and IMAGE. A 
detailed comparison of isolated TPAs with the 29% multiple cusp-aligned TPAs in the new DMSP dataset will 
be investigated in a separate paper.

In summary, the statistical analysis of a possible dependence of TPAs on IMF 𝐴𝐴 𝐴𝐴x and dipole tilt from five different 
TPA datasets shows that there might be special cases where the TPA occurrence depends on IMF 𝐴𝐴 𝐴𝐴x and dipole 
tilt (Cumnock et al., 2009 dataset TPAs). However, in general, the non-conjugacy of TPAs is neither driven by 
IMF 𝐴𝐴 𝐴𝐴x nor by the Earth's dipole tilt.

The strongest argument for this conclusion is based on the results from the case-by-case examination of the TPAs 
seen in DMSP SSUSI images. None of the non-conjugate TPAs from the NH appear for extremely large negative 
IMF 𝐴𝐴 𝐴𝐴x values or extremely large positive dipole tilts and none of the SH TPAs appear for large positive 𝐴𝐴 𝐴𝐴x or 
negative dipole tilt. In fact, the non-conjugate TPAs of the DMSP dataset show a very similar distribution as the 
conjugate events from the same dataset (Figure 1e).

It is known that IMF 𝐴𝐴 𝐴𝐴x and dipole tilt influence the location and width of the reconnection region. The reconnec-
tion region is displaced in the IMF 𝐴𝐴 𝐴𝐴x -direction/toward the winter hemisphere (Trattner et al., 2012, 2017) and 
becomes broader in the IMF 𝐴𝐴 𝐴𝐴x/dipole-tilt-favored hemisphere (Taguchi & Hoffmann, 1995). That the interhemi-
spheric difference during strong IMF 𝐴𝐴 𝐴𝐴x and/or dipole tilts would lead to a complete absence of high-latitude FACs 
and thus prevent the appearance of TPAs in the non-favored hemisphere (as suggested by Østgaard et al., 2003), 
could not be confirmed statistically in this study. Our results show that TPAs occur as often in the IMF 𝐴𝐴 𝐴𝐴x and/or 
dipole tilt favored hemisphere as in the non-favored hemisphere. It is more likely that IMF 𝐴𝐴 𝐴𝐴x and/or dipole tilt 
influence the strength of the FACs and thus the TPA luminosity. As shown in Kullen et al. (2008), the dipole tilt 
strongly affects the TPA luminosity, being on average much brighter in the summer hemisphere. This fits also with 
observations by Liou et al. (2001) and Shue et al. (2001a), observing an on average brighter auroral oval during 
the summer months with the exception of the substorm onset region at premidnight (Liou et al., 2001; Newell 
et al., 1996). The enhanced auroral luminosity appears most probably due to a higher ionospheric conductivity 
caused by enhanced UV illumination during summer (Shue et al., 2001b). The IMF 𝐴𝐴 𝐴𝐴x component influences 
the auroral luminosity as well resulting in brighter aurora in the IMF 𝐴𝐴 𝐴𝐴x -favored hemisphere. However, its effect 
is statistically relevant only during southward, not during northward IMF (Shue et al., 2002). It is thus doubtful 
that IMF 𝐴𝐴 𝐴𝐴x would affect the luminosity of TPAs. At least in Kullen et al. (2008) no such correlation was found.

The reason why the TPA formation is not prevented by a strong IMF 𝐴𝐴 𝐴𝐴x and/or dipole tilt is probably that the 
formation is more controlled by IMF-induced slow, large-scale changes in the magnetotail topology, as observed 
in various TPA simulations and assumed in most conceptual models for isolated TPAs (Hosokawa et al., 2020 and 
references therein). The slow formation process and long lifetime of TPAs (Kullen et al., 2002) as well as the long 
time delay between IMF conditions and their effect on TPA formation (Fear & Milan, 2012; Kullen et al., 2015) 
are further indications for this. The tail is much less influenced by (and reacts much slower to) a slight change of 
reconnection location and area due to IMF changes than the dayside magnetopause (Kullen & Janhunen, 2004).
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Assuming that magnetotail changes are the main cause for the formation of TPAs, it is still remarkable that 
the interhemispheric TPA conjugacy appears also during large dipole tilts. The tail neutral sheet becomes 
bowl-shaped during such conditions (see Tsyganenko et al., 2015, their Figure 5), causing a strong asymmetry 
between northern and southern parts of the magnetotail. Apparently, the hinging and warping of the tail neutral 
sheet does not influence the TPA formation itself. However, it is likely that the interhemispheric asymmetry of 
the tail results in deviating the shape and location of conjugate TPAs, which would be a topic for future studies.

There is of course one obvious connection between TPAs and the reconnection region. Not only multiple TPAs 
(Zhang et al., 2016) but also isolated TPAs are often cusp-aligned or move toward the cusp (Fear et al., 2015), 
indicating a direct connection between reconnection region and the dayside tip of a TPA. Still, the largest part 
of an often more than 1,000 km long TPA is topologically connected to the magnetotail (see, e.g., the mapping 
results by Slinker et al., 2001). FACs causing TPAs are most probably generated by shear flows along plasma 
boundaries in the magnetotail or along the tail flanks in a similar way as auroral arcs inside the main oval (which 
map to the plasma sheet boundary layer). How the cusp, which overlaps often with the dayside tip of a TPA, and 
tail source regions of the nightside part of a TPA are linked together, remains an open issue.

5.3. IMF Magnitude and Magnetic Energy Flux Influence on TPA Occurrence

In Figures 6 and 7 the influence of the IMF magnitude and of the solar wind magnetic energy flux (1/μ0)vB 2 is 
examined for all TPA datasets, as Kullen et al. (2002) previously reported that the TPA occurrence frequency 
depends on both parameters. As shown here, a dependence on IMF magnitude and magnetic energy flux appears 
also for the Cumnock (2005) and the Fear and Milan (2012) datasets. The largest shift toward high IMF magni-
tude and solar wind magnetic energy flux appears for Cumnock's (2005) dataset, as could be expected for TPAs 
occurring during CMEs with many hours of high IMF magnitude and often higher than average solar wind 
velocity (Kullen et  al.,  2008). In contrast, in both the Cumnock et  al.  (2009) and in the new DMSP dataset 
the IMF magnitude and the magnetic energy flux distributions at TPA formation are shifted toward slightly 
lower values than the background distribution, or (in case of the magnetic energy flux distribution for Cumnock 
et al.’s (2009) TPA dataset) have a broader distribution. This means, in both datasets, TPAs are also detected when 
IMF magnitude and solar wind magnetic energy flux values are low. As discussed above, these are the only two 
datasets where even weak arcs can be detected due to the high resolution and sensitivity to weak auroral arcs in 
SSUSI images (new DMSP dataset), and due to the selection of TPAs through ion precipitation instead of images 
(Cumnock et al., 2009 dataset). The difference between the first three datasets, which are based on low-resolution 
global images, and the last two DMSP datasets where even faint or thin TPAs can be detected, strongly suggest 
that IMF magnitude, and especially the magnetic energy flux of the solar wind do not influence the occurrence 
of TPAs, but rather the brightness of the arcs. This is in agreement with results from a recent DMSP study by 
Bower et al. (2022) who found no correlation between TPA occurrence frequency and solar cycle. During solar 
maximum, CMEs (and thus periods with a high solar wind magnetic energy flux) are much more common than 
during solar minimum. Thus, the results by Bower et al. (2022) are a further indication that the magnetic energy 
flux does not influence the formation of a TPA itself.

5.4. Dawn-Dusk Location of Conjugate TPAs

The comparison of the IMF 𝐴𝐴 𝐴𝐴x -𝐴𝐴 𝐴𝐴y distribution at TPA formation with the background IMF 𝐴𝐴 𝐴𝐴x -𝐴𝐴 𝐴𝐴y distribution in 
Figure 5 shows that in four of the five studies most TPAs form during IMF conditions where 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y have oppo-
site signs. Opposite IMF 𝐴𝐴 𝐴𝐴x and 𝐴𝐴 𝐴𝐴y directions in the solar wind are expected from the Parker spiral distribution 
(the distribution is ultimately caused by the Sun's rotation, see Parker (1958)). Thus, the 𝐴𝐴 𝐴𝐴x -𝐴𝐴 𝐴𝐴y correlation at TPA 
formation mirrors the IMF distribution itself. The well-known correlation between initial NH TPA location along 
the dawnside oval during dawnward IMF, and NH TPA formation along the duskside oval during duskward IMF 
(Fear & Milan, 2012; Kullen et al., 2015 and references therein) also appears clearly in all datasets.

The plots also reveal that, while nearly all dusk arcs form during duskward IMF 𝐴𝐴 𝐴𝐴y , a non-negligible number of 
dawn arcs occur during IMF conditions with the “wrong” IMF sign. A minority of dawnside NH TPAs occur 
during duskward IMF, and a minority of dawnside SH TPAs occur during dawnward IMF (note, the 𝐴𝐴 𝐴𝐴y sign is 
switched for SH TPAs in Figure 5). This appears in all except the Cumnock (2005) dataset where only those 
TPAs were selected that appeared around an IMF 𝐴𝐴 𝐴𝐴y sign change. That dawn TPAs may occur for the “wrong” 
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𝐴𝐴 𝐴𝐴y sign while duskside TPAs nearly always appear during duskward 𝐴𝐴 𝐴𝐴y was already reported by Elphinstone 
et al. (1990) using Viking images for their TPA statistics. The new discovery here is that IMF 𝐴𝐴 𝐴𝐴y is typically weak 
in case a dawn TPA forms during the “wrong” 𝐴𝐴 𝐴𝐴y sign. In principle, this appears already in Figure 5 of Fear and 
Milan (2012) and in Figure 7 (left column) of Kullen et al. (2015) for the respective datasets. In both figures a 
clear correlation between initial TPA location (in MLT) versus IMF 𝐴𝐴 𝐴𝐴y is seen, which the authors focused on. 
However, both plots also contain a slight offset toward weakly positive IMF 𝐴𝐴 𝐴𝐴y at 0 MLT, which was not discussed 
in those papers.

With the help of the new DMSP dataset we found out that 75% of the dawn TPAs occurring for the “wrong” 𝐴𝐴 𝐴𝐴y 
sign belong to a special type of conjugate TPA events where both NH and SH TPAs appear simultaneously at 
dawn. Figure 8 shows, while the majority of conjugate TPAs form on opposite oval sides in the NH and SH, in 
case TPAs appear at the same oval side in NH and SH, they typically form close to dawn (31% of all isolated 
conjugate TPAs are dawn-dawn TPAs, only 9% dusk-dusk TPAs). Most of those conjugate dawn-dawn TPA 
events form during rather weak IMF 𝐴𝐴 𝐴𝐴y .

The latter results are similar to the observation from a recently published study by Bower et al. (2022). Also, 
Bower et al.  (2022) report conjugate TPAs where both arcs appear at dawn during low IMF 𝐴𝐴 𝐴𝐴y values. Their 
database contains only TPAs appearing at very high latitudes (>77.5°), and is less accurate than ours due to the 
use of lower-resolution images and an automated detection algorithm. It contains on the other hand a much larger 
number of TPAs covering 7 years of data. Bower et al.  (2022) suggested that the conjugate dawn-dawn TPA 
events might be horse-collar aurora configurations that have been misinterpreted as single dawnside TPAs, as the 
duskside aurora is often very weak which would prevent a proper detection by their algorithm. A re-examination 
of all 11 conjugate dawn-dawn TPA cases of our DMSP dataset does not confirm this. A visual inspection of all 
existing images reveals that in only three cases, both oval sides are very broad and thus could be classified as 
horse-collar aurora events. In the majority of cases, a dawnside TPA forms close to a thick dawn oval while the 
duskside oval remains thin with a clearly defined poleward oval boundary (e.g., Figure 9 c and d). Interestingly, 
in seven of the 11 events the TPA event develops at a later point in time into a multiple TPA event. At least some 
of those multiple TPA events could also be classified as horse-collar aurora. Such an evolution into a horse-collar 
aurora form can be expected for prolonged times of northward IMF conditions with small 𝐴𝐴 𝐴𝐴y values (Hones 
et al., 1989; Milan et al., 2020).

Whether the dawn TPAs appearing for the “wrong” sign are the same as the in Hosokawa et al. (2011) reported 
𝐴𝐴 𝐴𝐴y -independent polar arcs remains to be shown. The latter occur according to Hosokawa et al. (2011) in a third 

of all TPA cases and are mainly seen on the dawn oval side. Due to the difference in propagation speed of 
𝐴𝐴 𝐴𝐴y -dependent and 𝐴𝐴 𝐴𝐴y -independent arcs, Hosokawa et al. (2011) suggested different source regions for the two 

types of arcs.

We believe, the appearance of TPAs close to the dawnside for weak 𝐴𝐴 𝐴𝐴y in the “wrong” direction is connected to 
the fact that the dawnside oval is during quiet times generally very broad (Shue et al., 2001a) and often contains 
multiple, thin adjacent arcs within this broad oval region. It is difficult to exactly define the poleward boundary of 
such a broad and structured oval, as seen, for example, in Figure 9. The poleward-most arcs of the dawnside oval 
are probably sometimes characterized as small-scale sun-aligned arcs in the polar cap, especially when these are 
observed from ground-based imagers. This might explain why dawnside small-scale sun-aligned arcs are reported 
to be much more common than duskside arcs (Valladares et al., 1994 observed 40% dawn and 10% dusk arcs; 
Hosokawa et al., 2011 reported of 51% dawn and 24% dusk arcs). In case the most poleward arc is very bright 
and elongated, it might be interpreted as an isolated morning TPA instead. There is a gray zone between what is 
seen as a poleward-most arcs of a broad dawnside oval, and an isolated TPA close to the oval (see corresponding 
discussion in Newell et al., 2009). The reason for the broadening and structuring of the dawnside oval during quiet 
times is not very well understood. It might be connected to dawn-dusk asymmetries in the magnetosphere. These 
include a generally broader and more structured magnetopause flank along the dawnside (Haaland et al., 2019), 
and dawnward drifting electrons in the inner plasma sheet due to gradient B and curvature drifts. The latter are 
believed to cause the diffuse aurora in the dawnside oval (Karlsson et al., 2017 and references therein).
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6. Summary
In this study, we focus on the interhemispheric conjugacy of TPAs and what parameters might influence the 
occurrence of non-conjugate TPAs. This is done by re-investigating four previously published TPA datasets 
based on Polar UVI (Cumnock,  2005; Kullen et  al.,  2002), IMAGE (Fear & Milan,  2012), DMSP ion data 
(Cumnock et al., 2009), and a new TPA dataset based on DMSP SSUSI images from 6 weeks around autumn 
equinox. While the time resolution of the first three TPA datasets is much higher (minutes between the images), 
the images of the new DMSP dataset have a much better luminosity threshold and spatial resolution (10 × 10 km 
resolution at nadir). In addition, a case-by-case examination of TPA conjugacy is performed for the new DMSP 
dataset. This is possible, as SSUSI images were available from four different DMSP satellites, all of which have 
a Sun-synchronous polar orbit.

Our results show that a large majority of TPAs appear in both hemispheres simultaneously; however, a 
non-negligible number of non-conjugate TPAs exists as well. In the two studies where the number of non-conjugate 
TPAs can be estimated, it is found that at most 20% (Cumnock et al., 2009) and at most 27% (new DMSP dataset) 
might be non-conjugate TPA cases.

By comparing the IMF 𝐴𝐴 𝐴𝐴x distribution at TPA formation with the IMF 𝐴𝐴 𝐴𝐴x background distribution during the 
time period covered by the respective datasets, we show that the TPA distribution overlaps fairly well with the 
background distribution in four out of five TPA datasets. This means, no dependence on IMF 𝐴𝐴 𝐴𝐴x appears in those 
TPA datasets. An analysis of the influence of the Earth's dipole tilt on TPA occurrence gives similar results. In 
four out of the five TPA datasets, no dependence on the dipole tilt is found. The comparison between conjugate 
and non-conjugate TPA cases in the new DMSP dataset shows no difference regarding IMF 𝐴𝐴 𝐴𝐴x and dipole tilt 
distribution between those two groups. This is further evidence that, in general, IMF 𝐴𝐴 𝐴𝐴x and dipole tilt are unlikely 
to be the drivers of TPA non-conjugacy.

Contrary to the other datasets, for the Cumnock et al. (2009) TPA list there occurs a statistically relevant bias of 
NH TPAs for negative IMF 𝐴𝐴 𝐴𝐴x and positive dipole tilt, and of SH TPAs for positive IMF 𝐴𝐴 𝐴𝐴x and negative dipole 
tilt, respectively. The reason for the deviating results is not clear, but has probably to do with the drastically 
different selection criteria for Cumnock et al.’s (2009) dataset (all TPAs contain ion precipitation and appear as 
isolated arcs in the middle of the polar cap).

Regarding the previously reported influence of the solar wind magnetic energy flux (1/μ0)vB 2 on TPA occur-
rence, our results strongly suggest that the higher occurrence frequency of TPAs for high magnetic energy flux 
values seen for the TPA datasets by Kullen et al. (2002), Cumnock (2005) and Fear and Milan (2012) appears due 
to a lower luminosity sensitivity of Polar and IMAGE images as compared to SSUSI DMSP. As the TPAs from 
Cumnock et al. (2009) and the new DMSP dataset occur for all magnitudes of magnetic energy flux including 
very low values, we conclude that the solar wind magnetic energy flux influences the luminosity of the arcs rather 
than their occurrence.

The well-known relation between IMF 𝐴𝐴 𝐴𝐴y and initial TPA location is confirmed for all datasets where the TPA 
start time and location are known. In the NH, most duskside TPAs form during duskward IMF and most dawnside 
TPAs form during dawnward IMF. The IMF 𝐴𝐴 𝐴𝐴y sign is reversed for SH TPAs. However, in three of the four TPA 
datasets with information about initial TPA location, a significant minority of dawnside TPAs appear during the 
“wrong” IMF 𝐴𝐴 𝐴𝐴y sign. In those cases, IMF 𝐴𝐴 𝐴𝐴y is rather weak. A case-by-case examination of TPAs from the new 
DMSP dataset shows that three quarters of these dawnside TPAs appearing for the “wrong” IMF 𝐴𝐴 𝐴𝐴y sign are 
conjugate events where the TPA in the opposite hemisphere appears at dawn as well. With the new DMSP data-
set, we show that most conjugate TPAs form on opposite oval sides in the NH and the SH. However, in the case 
where TPAs in both hemispheres appear on the same oval side, the TPAs form typically along the dawn oval side.

Data Availability Statement
The auroral image product (EDR-AUR) of DMSP SSUSI was obtained from https://ssusi.jhuapl.edu/ and processed 
by GeospaceLAB version v0.5.2. The latter is a python package for visualization space data, developed by Cai 
et al. (2022), which is available online at https://doi.org/10.5281/zenodo.5377318. Solar wind data was down-
loaded from the OMNIWeb: https://omniweb.gsfc.nasa.gov/. Polar UVI and IMAGE UV images can be obtained 
from the CDAWeb: https://cdaweb.gsfc.nasa.gov/. The dipole tilt angle used in this study has been calculated 
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using the Python package GEOPACK, which can be found at https://github.com/tsssss/geopack. The TPA event 
list from Fear and Milan (2012) is publicly available as article supporting material (jgra21708-sup-0002-ds01.
txt).
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