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Abstract The relationship between auroral emissions in the polar ionosphere and the large-scale flow
of current within the Earth’s magnetosphere has yet to be comprehensively established. Under northward
interplanetary magnetic field (IMF) conditions, magnetic reconnection occurs at the high-latitude
magnetopause, exciting two reverse lobe convection cells in the dayside polar ionosphere and allowing
ingress of solar wind plasma to form an auroral “cusp spot” by direct impact on the atmosphere. It has
been hypothesized that a second class of NBZ auroras, High-latitude Dayside Aurora, are produced by
upward field-aligned currents associated with lobe convection. Here we present data from the Special
Sensor Ultraviolet Spectrographic Imager instrument and from the Active Magnetosphere and Planetary
Electrodynamics Response Experiment, from January 2010 to September 2013, in a large statistical study.
We reveal a northward IMF auroral phenomenon that is located adjacent to the cusp spot and that is
colocated with a region of upward electrical current in the clockwise-rotating lobe cell. The emission only
occurs in the sunlit summer hemisphere, demonstrating the influence of the conductance of the ionosphere
on current closure. In addition, fast solar wind speed is required for this emission to be bright. The results
show that dayside auroral emission is produced by IMF-magnetosphere electrodynamic coupling, as well as
by direct impact of the atmosphere by the solar wind, confirming the association of High-latitude Dayside
Aurora with NBZ currents.

Plain Language Summary Under certain incoming solar wind conditions, patches of aurora are
sometimes found not in the main bright auroral oval but inside the normally otherwise dark polar cap
region. These patches of auroral emissions are colocated with regions of upward flowing electrical current.
We present a study of these emissions using nearly 3 years of data from both the North and South
Hemispheres, combining simultaneous observations of the polar cap at ultraviolet wavelengths, and
measurements of field-aligned currents. This builds on the previous work of other authors, who observed
these auroral emissions in the Northern Hemisphere only. The upward current associated auroral emissions
occur when the incoming interplanetary magnetic field is northward and are shown to only be observable
in the summer hemisphere. This implies a dependence on the conductance of the ionosphere, via
photoionization, on the appearance of these auroras.

1. Introduction

Under northward interplanetary magnetic field (IMF, when component Bz > 0 nT), lobe reconnection may
occur at the high-latitude magnetopause (Sandholt et al., 1998), with magnetic field lines constituting the
open magnetospheric lobes. Two mechanisms have been proposed to link localized, nonfilametary (i.e., not
polar cap arcs) auroral emissions in the dayside polar cap with lobe reconnection under northward IMF. In the
first, it has been shown that under northward IMF conditions, auroral emissions resulting from precipitating
magnetosheath plasma, a “cusp spot,” can occur poleward of the dayside auroral oval at the footprint of this
reconnection site (Frey et al., 2002; Milan et al., 2000). The cusp spot has been shown to move in response to
the east-west (By) orientation of the IMF. For IMF By ≃ 0 it is located in the noon sector, and for By < 0 nT and
By > 0 nT in the Northern Hemisphere it is located in the prenoon and postnoon sector, respectively (Fuselier
et al., 2003; Milan et al., 2000). The cusp spot brightness does not vary with the polarity of IMF By. The effect
of the IMF By component on the high-latitude, high-altitude cusp location has also been reported via in situ
measurements, for example, Escoubet et al. (2013).
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The second mechanism has associated High-Latitude Detached Arcs (HiLDAs) with upward field-aligned
current (FAC) produced by lobe reconnection (Frey, 2007, and references therein). Magnetic field-aligned
electrical currents transmit stress from the magnetosphere to the ionosphere where they induce convective
motions under the influence of solar wind-magnetosphere coupling. Under northward IMF the NBZ current
system is found poleward of the main region 1-region 2 (R1-R2) system and consists of a pair of upward and
downward FACs either side of the noon-midnight meridian (Iijima & Potemra, 1976a, 1976b; Iijima & Shibaji,
1987) and is associated with reverse lobe convection cells in the dayside polar cap ionosphere. For positive By

in the Northern Hemisphere, the upward NBZ FAC expands across the noon sector, whereas for negative By the
downward FAC will be found to enlarge. The reverse scenario occurs for currents in the Southern Hemisphere
under a particular direction of By. Observations of the Northern Hemisphere, obtained from the Imager for
Magnetopause-to-Aurora Global Exploration (IMAGE) spacecraft, identified localized HiLDA auroral features
within the otherwise dark polar cap (Frey, 2007, their Figure 19, and references therein). In two HiLDA cases,
the Fast Auroral SnapshoT (FAST) satellite linked these auroral features to regions of upward FAC. The authors
speculated that the auroral features might be seen in the Southern Hemisphere, preferably during the summer
months. A previous case study by Korth et al. (2005), taken during a 3-hr period of prolonged northward IMF,
observed auroral emission coincident with NBZ FAC in the high-latitude ionosphere. Although the association
between HiLDAs and FACs has been demonstrated in a limited number of cases in the Northern hemisphere
(Frey et al., 2003, 2004; Korth et al., 2005), Frey (2007) called for a comprehensive statistical survey in both the
Northern and Southern Hemispheres to conclusively verify this link. That is the aim of this current study.

Using auroral observations from the Defense Meteorological Satellite Program Special Sensor Ultraviolet
Spectrographic Imager (SSUSI, Paxton et al., 1992) experiment, and FAC distributions constructed from the
Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE), from the Iridium
telecommunication satellite constellation (Anderson et al., 2000; Waters et al., 2001), we see a patch of auro-
ral emission that is colocated with the upward NBZ FAC in the dayside polar cap in both the Northern and
Southern Hemispheres under northward IMF conditions. The work presented here is the first comprehensive
statistical study of these phenomena under varying IMF conditions, using simultaneous auroral observations
from both hemispheres and with accompanying measurements of FACs for the entire period.

This paper is organized as follows. In section 2 we briefly describe our data sets and analysis methods. In
section 3 we present maps of the global distributions of the FACs and compare these to auroral emissions,
binned by solar wind conditions. In section 4 we discuss our results in context of two mechanisms for emission
in the dayside polar cap. We conclude in section 5.

2. Data

The statistical distribution of the FACs in the Northern Hemisphere, parameterized by IMF conditions, was
presented in Carter et al. (2016). Here we compare FAC distributions obtained from AMPERE to the auroral
distribution constructed from data obtained by the SSUSI instrument, flown on the latest Air Force Defense
Meteorological Satellite Program spacecraft (satellites F16, F17, and F18). The SSUSI scanning image spec-
trograph photon-counting detectors are sensitive to ultraviolet wavelengths at five spectral wavelengths or
bands. Images of the auroras are built up in swaths as the satellites move along their polar Sun-synchronous
orbital paths, building up a scan of the polar auroral emissions in approximately 20 min. Dayglow removal
algorithms are applied to the data by the SSUSI project team (Liou et al., 2011; Paxton et al., 2017; Strickland
et al., 1995, 2004; Zhang & Paxton, 2008). Dayglow is removed per pixel, maximizes at 80∘ solar zenith angle,
and falls off smoothly and sharply with increasing solar zenith angle and along the cross-track direction from
the dayside to the nightside. Dayglow is therefore not expected to introduce any strong edges or artifacts into
the SSUSI images (private communication with the SSUSI instrument team). Auroral swaths are constructed
for both hemispheres, with a cadence of approximately 1.5 hr. Radiances are rectified to pierce-point equiv-
alent nadir pointing to account for slanted to vertical line of sight conversion as part of the standard SSUSI
processing pipeline (Paxton & Anderson, 1992; Paxton & The SSUSI team, 2004). Here we present SSUSI radi-
ance data in the Lyman-Birge-Hopfield long (LBHl) band (165–180 nm), and we briefly consider Lyman-𝛼
(121.6 nm) data in section 3). The SSUSI data and AMPERE data are taken during continuous and concurrent
periods for both hemispheres and allow a direct comparison between FACs and auroral emissions.

Solar wind data, adjusted in time for propagation to the dayside bow shock, and from which the IMF clock
angles and field magnitudes were calculated, were obtained from the OMNI database (King & Papitashvili,
2005). An additional time delay to represent the propagation of the solar wind from the bow shock to the
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ionosphere was applied to the solar wind data. Following the calculations made by Jacobsen et al. (1995),
we apply a total delay of 6.5 min by approximating the delay from the bow shock to the magnetopause to
be 4 min, plus an additional 2.5 min to propagate from the magnetopause to the ionosphere. The data were
divided into eight IMF clock angle bins, each 45∘ wide with the first bin centered on 0∘ (northward IMF), and

four IMF magnitude bins (where |B| = √
(B2

Y + B2
Z)), from the dayside coupling parameter (Milan et al., 2012),

covering 0–5, 5–10, 10–15, and 15–20 nT. Time stamps of the individual pixels of the SSUSI images were used
to bin the data into average maps, in each IMF clock angle and magnitude bin.

Equivalently binned average AMPERE current density maps were taken from the work in Carter et al. (2016),
although in the present study we also include data from the Southern Hemisphere. To cover the same period
as our AMPERE data set, we only use SSUSI data from January 2010 to 5 September 2013.

3. Results

Average SSUSI maps in the LBHl band, using the entire data set period as described in section 2, under north-
ward IMF conditions, and for a particular IMF magnitude bin of 5–10 nT, are plotted in Figure 1. Data are
plotted using magnetic latitude and local time coordinates. Rows A and B show data from the Northern
and Southern Hemispheres, respectively. Neither hemisphere data cover all local time sectors; however, the
dayside polar cap is well imaged. The color scale for this figure has been saturated to highlight weaker emis-
sion features. Contours of the FAC distributions under the same IMF parameterization are plotted over the
maps of Figure 1, at absolute current magnitudes of 0.1 (solid line), and 0.3 (dashed line) μA/m2. Upward
and downward directed currents are denoted by red and turquoise contours, respectively. The SSUSI spec-
trograph has developed a slight change in reflectivity with scan angle, possibly caused by the pyrolization
of scan motor lubricant by solar UV radiation, that is then deposited onto the mirror (private communication
with the SSUSI team). This results in a low-level residual signal on the dawnside limb that has increased dur-
ing the lifetime of the satellite in orbit and is visible in Figure 1 and subsequent figures. In these images
we combine data from the three spacecraft F16, F17, and F18, which were launched in different years and
which therefore suffer different levels of limb degradation and independent instrumental effects. The phe-
nomena we examine below are, however, distinguishable above any residual instrumental noise within
each image.

In Figure 1 current contours (red and turquoise) for the R1-R2 system are clear and well defined as expected
(Iijima & Potemra, 1976b). NBZ currents are seen inside the dayside polar cap, poleward of R1. The position
of the NBZ currents within the polar cap are dependent on the By component (Cowley, 2000). For By = 0
the NBZ currents are symmetrical about the noon meridian, with the upward FAC in the morning sector,
and the downward cell in the afternoon sector. Under positive By conditions in the Northern Hemisphere or
under negative By conditions in the Southern Hemisphere, the upward cell becomes larger than the down-
ward cell and is shifted toward noon. Conversely, under negative By conditions in the Northern Hemisphere or
under positive By conditions in the Southern Hemisphere, the downward cell becomes enlarged and is shifted
toward noon.

The main auroral oval is well defined for all panels of Figure 1 and is colocated with both the R1 and R2 FAC
regions. There are, however, areas of additional auroral emission within the otherwise emission-free polar cap,
which are associated the upward NBZ FAC only. This emission is observed to move into the noon sector, in
conjunction with the upward NBZ current, dependent on the sense of By orientation. This emission is most
clearly seen for the Northern Hemisphere, for IMF By > 0. Panels where the downward NBZ cell dominates are
devoid of NBZ-associated auroral emission. This is consistent with the appearance of the auroral emissions
within the LBHl band, which are mainly driven by electron precipitation, for example, Dashkevich et al. (1993).
However, other authors have noted that a substantial percentage of LBHl emission as detected by SUSSI may
be driven by proton precipitation (Knight et al., 2012). We also constructed average maps at the Lyman-𝛼 band,
under the same parameterizations shown in Figure 1 (not shown). No discernible emission was seen inside
the structure of the main auroral oval, so we conclude that the emissions shown here, at LHBl wavelengths as
detected by SSUSI, are the result of electron precipitation.

The Southern Hemisphere dayside polar cap auroral emissions are weaker than those for the north. The period
of study here covers one additional Northern Hemisphere summer than Southern Hemisphere summer, which
may account for a small difference in conductivity via solar ionization between the hemispheres and hence
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Figure 1. Auroral emissions in the Lyman-Birge-Hopfield long (LBHl) band with overlaid field-aligned current contours, for interplanetary magnetic field
magnitudes 5–10 nT, under northward interplanetary magnetic field conditions in the Northern (row a) and Southern (row b) Hemispheres. Clock angles are
shown above each column. Field-aligned current contours are overlaid in turquoise (downward) and red (upward) at absolute magnitudes of 0.1 (solid line), 0.3
(dashed line) μA/m2.

slightly increased current in the Northern Hemisphere. Interhemispheric differences may be due to greater
variations in the Northern Hemisphere NBZ FACs during most of the year (Coxon et al., 2016), resulting in
stronger NBZ currents and therefore stronger associated auroral emissions. Upward FAC implies downward
flowing electrons into the ionosphere.

When the IMF is purely northward (central panels of Figure 1, rows a and b), auroral emissions are seen colo-
cated with the upward NBZ current in the prenoon sector of both hemispheres. In contrast, the cusp spot of
previously reported IMF northward periods (Milan et al., 2000, their Figure 3, Frey et al., 2002, their Figure 12),
occurred in the noon sector for the case with a near zero IMF By component. The auroral emissions and
NBZ upward current respond in the same way to changes in the IMF By direction further strengthening
their association.

We considered whether the upward NBZ-associated emission is controlled by the strength of various
parameters of the incoming solar wind. We examined (not shown) maps for fast solar wind speed (>460 km/s),
high solar wind density (>7 cm−3), and high-derived solar wind pressure (>1.7 nPa), setting the thresholds at
the top 20% for each OMNI parameter during our period of interest. In all cases, the auroral emissions within
the polar cap remain colocated with the NBZ upward cells. NBZ-associated auroral emissions are brightest
for fast solar wind speed. However, the NBZ-associated auroral emissions are less bright under the density or
pressure constraints.

To test for seasonal control of the emissions via asymmetric hemispheric variations in solar illumination pro-
duced ionospheric conductivity, the data were split into summer and winter periods, approximately centered
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Figure 2. Season 1 (Northern Hemisphere summer) auroral emissions in the Lyman-Birge-Hopfield long (LBHl) band with overlaid field-aligned current contours,
for the Northern (N, row a) and Southern (S, row b) Hemispheres. Clock angles are given in the left-hand column. Interplanetary magnetic field magnitudes are
between 5 and 10 nT. Field-aligned current contours are overlaid for upward (red) and downward (turquoise) currents, at absolute magnitudes of 0.1 (solid line),
0.3 (dashed line), and 0.5 (dotted line) μA/m2.

about the solstices. Season 1 (Northern Hemisphere summer) involved data from the months May, June,
and July inclusively. Season 2 (Northern Hemisphere winter) involved data from November, December, and
January. Figures 2 and 3 show northward IMF (|B| = 5–10 nT) emission maps with accompanying average FAC
contours that have been seasonally selected for season 1 and season 2, respectively. FAC contours are over-
laid in turquoise (downward) and red (upward) at absolute magnitudes of 0.1 (solid line), 0.3 (dashed line),
and 0.5 (dotted line) μA/m.

For both seasons, the NBZ-associated auroral emissions are again colocated with the upward NBZ cell as it
moves with the sense of IMF By. These NBZ-associated auroral emissions are only observed in the summer
hemisphere (Figures 2a and 3b) and are absent from the winter hemisphere (Figures 2b and 3a). It is known
that the magnitude of the FACs in both the main R1-R2 system and within the polar cap is dependent on
solar-produced ionospheric conductance (Milan et al., 2015), and hence, a seasonal variation in this associated
auroral emission is not unexpected. Previous auroral imagers have experienced considerable dayglow in the
dayside polar cap, and so this NBZ-associated emission may only now be readily observable, due to improved
instrumentation and dayglow removal techniques.

We also considered the standard deviation in the data, parameterized by IMF clock angle and magnitude.
In Figure 4 we plot the standard deviations (row a), standard deviations divided by the mean (row b), and
number of pixels that contributed to each map (row c) that applies to season 1 and the Northern Hemisphere.
This figure accompanies the maps of row a of Figure 2. The standard deviation in all cases (row a) is much
higher on the nightside main auroral oval compared to anywhere else in the polar cap. This is supported by
the images in row b, which show that the fainter emissions, for example, equatorward of the main auroral have
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Figure 3. Season 2 (Northern Hemisphere winter) auroral emissions with field-aligned current contours, in the same format as Figure 2.
LBHl = Lyman-Birge-Hopfield long.

much greater variability compared to the auroral oval and polar cap region. The central region of the maps,
running approximately dusk to dawn and including where the NBZ-associated emissions occur, has been the
most sampled area in all cases, as shown in row c, although the entire map is well sampled and shows little
overall variation. Similar distributions in standard deviation, variability, and pixel sampling are observed for
all other seasonal and hemispheric selections in this paper (not shown).

4. Discussion

This large statistical study, using data from simultaneous observations of auroral features in both hemispheres
with contemporaneous measurements of field aligned currents, presents comprehensive evidence of auroral
emissions associated with upward NBZ FAC in the dayside polar cap region. Using concurrent data sets we
have been able to compare observations of both hemispheres as parameterized by IMF condition. The loca-
tion of these emissions is robust under changing By orientation. These auroral emissions, also known as HiLDA
(Frey, 2007), have previously been investigated but only in the Northern Hemisphere. This feature is a result of
the vorticity of the reverse lobe convection cells that form in the polar cap under northward IMF conditions,
and frictional coupling between the ionosphere and atmosphere, requiring upward FAC carried by down-
ward traveling electrons. Auroral emissions are produced through the interaction of these electrons with the
atmosphere, and hence, a colocation of upward FAC and polar cap auroral emissions is observed. Therefore,
the location of the emission and the upward NBZ cell are inextricably linked under the influence of the IMF
By component. This mechanism, which we discuss below, is different from the well-established mechanism
producing the dayside polar cap cusp spot. The cusp spot is due to direct precipitation of magnetosheath
plasma from the lobe reconnection site, and which also occurs under northward IMF conditions (Frey et al.,
2003; Milan et al., 2000). A schematic of this mechanism acting in the Northern Hemisphere is presented in
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Figure 4. Season 1 (Northern Hemisphere summer) standard deviation on the average auroral emission (row a), standard deviation divided by the mean
emission (row b), and pixel coverage for each map (row c), for the Northern Hemisphere. Each plot has overlaid field-aligned current contours and is in the same
format as Figure 2.

Figure 5, for the IMF By positive and negative cases. Only the NBZ ionospheric convection cells are shown in
the figure (turquoise contours), with the approximate position of the main auroral oval given for reference
(green shaded area). The location of the cusp spot is also controlled by IMF By, as this determines where high
magnetic shear is found at the high-latitude magnetopause leading to lobe reconnection (dashed gray line,
Figure 5). The magnetosheath precipitation producing the cusp spot is expected to be colocated with the
convection downstream of the reconnection line, forming a reversed ion dispersion signature, as reported by
Woch and Lundin (1992). For a positive By component, this cusp spot (orange shaded areas, Figure 5b) will be
found post noon, and vice versa for a negative By component as shown in Figure 5a (Frey et al., 2002; Fuselier
et al., 2003; Milan et al., 2000). We have not been able to discern the traditional cusp spot in the result of the
present statistical study, and we postulate that this is because the cusp spot is likely to occur under extreme
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Figure 5. Schematic of the process of direct cusp spot precipitation compared to NBZ-associated auroral emissions. In
(a) we plot the IMF BY < 0 case, and in (b) we plot the IMF BY > 0 case, both for the Northern Hemisphere dayside polar
cap. Noon is toward the top of each panel. The converse situation occurs for the Southern Hemisphere for the same
sense of BY. Convection cells for NBZ (only) are shown in dark blue. The upward cell is found in the morning sector, and
the downward cell is found in the afternoon sector. In each panel, cusp spot emission is shaded orange, green
represents the main auroral oval, and the NBZ-associated emissions are shown in the magenta shaded areas, centered
on the upward current cell.

solar wind conditions (Frey et al., 2002) not observed here. However, for the NBZ-associated emission, under
By = 0 conditions the upward, clockwise NBZ cell is found in the morning sector (Cowley, 2000; Ohtani et al.,
2000), growing in size and moving toward noon under positive By (Figure 4b) for the Northern Hemisphere, or
negative By in the Southern Hemisphere (as postulated by Frey, 2007). The converse is true for the reverse con-
ditions; under negative By in the Northern Hemisphere (Figure 5a), or positive By in the Southern Hemisphere,
the upward FAC shrinks and is pushed up against the main auroral oval. Any NBZ-associated emissions in this
case may therefore be indistinguishable from the emissions of the main auroral oval. The detectability of the
auroral emissions is controlled somewhat by IMF conditions and is most evident under high solar wind speed
conditions. In addition, these auroral emissions are only observable in the summer hemisphere, as suggested
by Frey (2007), which is consistent with observations of NBZ currents which vanish during the equinox and
winter periods (Huang et al., 2017; Stauning, 2002). This indicates a dependence on ionospheric conductivity,
via photoionization in the predominantly sunlit hemisphere.

5. Conclusions

In this statistical study, we present maps of polar cap auroral emissions with accompanying FAC contours,
parameterized by IMF magnitude and direction, in the LBHl band. We have shown that high-latitude dayside
polar cap auroral LBHl emissions are colocated with regions of upward NBZ FAC, rather than at the ionospheric
footprint of the high-latitude lobe reconnection site, known as the cusp spot. The detectability of the auroral
emissions is controlled somewhat by IMF conditions and is brightest under fast solar wind speed conditions.
High solar wind density is less important for the appearance of the emission. In addition, these auroral emis-
sions are only observable in the summer hemisphere, indicating a dependence on ionospheric conductivity
via photoionization in the predominantly sunlit hemisphere, confirming the hypothesis of Frey (2007).
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