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Abstract we present unique coordinated observations of the dayside auroral oval, polar cap, and nightside
auroral oval by three all-sky imagers, two Super Dual Auroral Radar Network (SuperDARN) radars, and Defense
Meteorological Satellite Program (DMSP)-17. This data set revealed that a dayside poleward moving auroral
form (PMAF) evolved into a polar cap airglow patch that propagated across the polar cap and then nightside
poleward boundary intensifications (PBIs). SuperDARN observations detected fast antisunward flows associated
with the PMAF, and the DMSP satellite, whose conjunction occurred within a few minutes after the PMAF
initiation, measured enhanced low-latitude boundary layer precipitation and enhanced plasma density with a
strong antisunward flow burst. The polar cap patch was spatially and temporally coincident with a localized
antisunward flow channel. The propagation across the polar cap and the subsequent PBIs suggests that the
flow channel originated from dayside reconnection and then reached the nightside open-closed boundary,
triggering localized nightside reconnection and flow bursts within the plasma sheet.

1. Introduction

Plasma convection in the magnetosphere-ionosphere system can be thought of as composed of large-scale
slower two-cell convection punctuated by dynamic mesoscale fast flows of the order of 100 km size in the
ionosphere. Those flow channels are often seen in the high-latitude ionosphere near the cusp [Oksavik et al.,
2004, 2005; Rinne et al., 2007; Moen et al., 2008] and in the nightside auroral oval [Lyons et al., 2012]. Dayside
ionospheric flow channels are associated with auroral intensifications and subsequent poleward moving
auroral forms (PMAFs), which are understood as ionospheric signatures of localized dayside magnetic
reconnection events [Sandholt et al., 2003; Carlson et al., 2006; McWilliams et al., 2000]. PMAFs are associated
with high-density F region plasma called polar cap airglow patches that continue propagating poleward after
PMAFs decay [Lorentzen et al., 2010]. lonospheric flow channels in the nightside auroral oval are associated
with poleward boundary intensifications (PBIs), their subsequent equatorward propagation as auroral
streamers, and with major geomagnetic disturbances such as substorms [Nishimura et al., 2010a]. The PBIs
and streamers are the ionospheric manifestation of nightside reconnection and plasma sheet flow bursts
[Sergeev et al., 2000], which are a critical component of nightside plasma transport [Angelopoulos et al., 1994].
However, the process that initiates nightside reconnection and plasma sheet flow bursts has remained elusive.
Dayside and nightside flow channels observed in the ionosphere have similarities in terms of their bursty nature
and their associations with localized reconnection within the large-scale convection system. These similarities
open the question of whether dayside and nightside flow channels are related to each other, which would
give a possibility that dayside flow channels may be an important driver of nightside flow channels.

PMAF and airglow patch observations are usually limited to the dayside polar region, and they rarely have been
observed to extend deep into the polar cap except for large-scale tongues of ionization, which seem to follow
large-scale convection velocities [e.g., Foster et al., 2005; Hosokawa et al., 2010; Thomas et al., 2013].

Nightside PBIs and streamers have been related to mesoscale flow enhancements within the polar cap
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[de la Beaujardiére et al., 1994; Nishimura et al., 2010b; Lyons et al., 2011; Zou et al., 2014], indicating that
fast flows crossing the nightside open-closed field line boundary often trigger tail reconnection, giving
energetic electron precipitation toward the ionosphere near the polar cap boundary and illuminating
PBIs. Such connections can also be inferred from nightside polar cap patches that have been observed
to drift toward the auroral poleward boundary and connect to PBIs [Lorentzen et al., 2004; Moen et al.,
2007; Nishimura et al., 2013]. However, these nightside observations were limited by spatial coverage
that extended only up to the vicinity of the magnetic pole.

Visualization of plasma transport over large distances has been attempted using localized density
enhancements associated with polar cap patches measured by the Super Dual Auroral Radar Network
(SuperDARN) radars [Oksavik et al., 2010] and the GPS network [Zhang et al., 2013]. They showed propagation
of high-density plasma from the dayside ionosphere reaching the nightside, suggesting that polar cap
patches forming on the dayside can propagate all the way across the polar cap. Their observations were,
however, limited by coverage gaps near the magnetic pole, and no distinction was made between large-scale
and mesoscale flows. Also, the lack of auroral imaging did not allow finding the influence of the patch on the
nightside aurora.

Optical observations in the 630.0 nm wavelength are important for detecting patch propagation with larger
spatial coverage as well as examining patch initiation in the dayside auroral oval and consequence in the
nightside auroral oval. Simultaneous ground-based optical observations in the 630.0 nm wavelength that
cover dayside, polar cap, and nightside have been very difficult due to the limited number of days sufficiently
near the winter solstice and unfavorable sky conditions. Sandholt et al. [1986] presented simultaneous
observations of a dayside imager and a nightside meridian-scanning photometer. They treated dayside and
nightside signatures separately, however, and did not discuss their optical connections. Hosokawa et al.
[2014] used two imagers for studying the patch size, but their imager data were limited by sunlight
contamination within the dayside portion of the imager field of view (FOV).

In the present paper, we report simultaneous observations of the dayside, polar cap, and nightside polar
region by three all-sky imagers (ASls), two SuperDARN radars, and a Defense Meteorological Satellite Program
(DMSP) satellite. These instruments provided a nearly continuous optical sequence of a PMAF and polar
cap patch propagating across the polar cap from the dayside polar region toward the nightside auroral oval.
The patch in the nightside polar cap was associated with a narrow flow channel, indicating that fast
mesoscale flows initiating on the dayside transported the enhanced density over a limited longitude range
toward the nightside auroral oval. Then PBIs occurred along the nightside auroral poleward boundary,
suggesting that nightside reconnection and plasma sheet flow bursts were triggered by the fast flow channels.

2. Data Set

The ASI at Ny-Alesund (NYA, 78.9°N and 11.9°E geographic, 75.9°N and 127.9°E geomagnetic, magnetic local
time (MLT) = UT + 3 h) detects aurora in 557.7 and 630.0 nm wavelength above 20° elevation in 30 s resolution.
This camera has been used widely for detecting dayside aurora and polar cap patches [Moen et al., 2012]. The
ASI at Resolute Bay (RES, 74.7°N and 265.1°E geographic, 82.8°N and 56.4°W geomagnetic, MLT =UT + 7 h) also
provides 557.7 and 630.0 nm wavelength data with 2 min resolution and at all elevations above the horizon
[Shiokawa et al., 1999]. The Time History of Events and Macroscale Interactions during Substorms (THEMIS) ASI
at Rankin Inlet (RKN, 62.8°N and —93.11°E geographic, 71.6°N and 31.2°W geomagnetic) measures aurora in
white light in 3 s cadence [Angelopoulos, 2008; Mende et al., 2008]. When mapping ASI data to the sky, 557.7 nm
and white light data were mapped to 110 km altitude (corresponding to ~10 keV electron precipitation),

and 630.0 nm data were mapped to 250 km altitude. More details of RES and THEMIS ASI imager data
processing are described in Nishimura et al. [2013].

lonospheric flows were obtained from the SuperDARN radars at Hankasalmi (HAN, 62.3°N and 26.6°E
geographic, 59.2°N and 115.9°E geomagnetic) and Rankin Inlet (RKN, colocated with the THEMIS ASI)
[Chisham et al., 2007]. Ground-scatter echoes were removed. Their measurements give line of sight (LOS)
flows but not information on flows perpendicular to the radar beam directions. The DMSP-17 satellite
provides precipitating particles, plasma density, and cross-track plasma flows at 850 km altitude on the
dayside near the NYA imager FOV.
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Figure 1. Time series of the (a) 630.0 and (b) 557.7 nm NYA imager keograms using all longitudes, (c) HAN radar LOS flow
keogram from beams 10-13, (d) RES 630.0 nm imager keogram along the line shown in Figure 2a, (e) RKN radar LOS
flow keogram from beam 11, and (f) RKN white light imager keogram. Positive flows are directed toward the radar. The
DMSP orbit is drawn in Figure 1a in gray.

3. Results

Figure 1 shows a time series of the imager and radar data as north-south keograms at 4 -8 UT on 27
November 2011. The NYA imager was located in the prenoon sector and detected the poleward
boundary of the dayside auroral oval at ~78° magnetic latitude (MLAT) at the beginning of this time
interval. The oval at 630.0 nm was steady and moderately intensified at 4-5 UT. Soon after 0500 UT, the
poleward edge of the auroral oval showed a weak brightening followed by poleward propagation that
appeared to stop at ~80° MLAT. A stronger brightening occurred at 0546 UT, followed by rapid poleward
propagation of a faint emission that reached the high-latitude edge of the imager FOV. The 557.7 nm
data also show this brightening along the poleward boundary and a small (~1°) poleward extension.
In contrast, no significant 557.7 nm emission was seen beyond 78° MLAT. This contrast indicates that
the brightening along the poleward boundary and part of the poleward propagation is a PMAF
associated with electron precipitation, and the subsequent poleward propagation dominated by
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630.0 nm wavelength is a typical signature of a polar cap airglow patch. The intensification lasted for
~30 min, and the auroral condition then returned to the preintensification level.

The interplanetary magnetic field (IMF) B, from the OMNI database and four satellites in the solar wind are
shown in Figure S1 in the supporting information. While the OMNI data indicate southward IMF throughout the
period of interest (4-8 UT), the polarity of the B, component differed significantly between the available
upstream satellite monitors, probably due to small-scale structure in the solar wind. In particular, the ACE, TH-B,
and Geotail satellites measured northward IMF albeit with inconsistent timings; however, these all lay on the
duskside under positive V,, conditions. While none of the solar wind vectors measured at the satellites was
directed toward the subsolar magnetopause, the OMNI propagation analysis, which combines multiple-satellite
data with realistic propagation, represents the best estimate of the IMF conditions that prevailed there and

is primarily due to Wind observations, which showed negative B,. Moreover, the AE index showed small
excursions consistent with negative B, after 4 UT followed by a steady increase. The large-scale pattern of
convection inferred from SuperDARN radar observations depicted in Figure S2 for 2 min scans that span the
primary period of interest shows moderately enhanced flows of the two-cell type extending to about 65° MLAT
with sustained antisunward flows across the polar cap. These features indicate that the effective IMF at
the magnetopause was in fact negative B,, consistent with the OMNI analysis and AE. Thus, we infer that
significant solar wind driving occurred during the PMAF and the subsequent airglow patch and flow
channel propagated across the polar cap. Note, however, that this approach does not tell us the stability
of the IMF so that the IMF could have had substantial fluctuations and thus may not have been
stably southward throughout the entire period.

The HAN radar shares the FOV with the NYA imager FOV, as shown in Figure 2. Beams with the strongest flows
during this time interval (10-13) were selected, and maximum values were calculated when creating the
combined keogram shown in Figure 1c. The flow magnitude was small (~100 m/s) between 0500 and
0544 UT. Then the flow speed near the auroral poleward boundary increased to ~300 m/s directed away from
the radar (approximately antisunward) at 0545 UT and further to ~900 m/s at 0556 UT. The initiation of the
enhanced flows coincided well with the initiation of the PMAF. Although the echoes were initially confined
to the equatorward side of the PMAF, they later extended to higher latitudes.

The RES imager was located in the nightside polar cap, and its keogram (Figure 1d) shows an isolated polar
cap patch that propagated antisunward. Based on its location, timing, and isolated nature, this nightside
polar cap patch is likely a continuation of the dayside polar cap patch seen in Figure 1a. The propagation
speed change at ~83° MLAT is an apparent effect because the keogram line (drawn in Figure 2a) has a large
angle to the north-south direction at higher latitudes. The RKN radar beam 11, which goes through the
airglow patch, detected an antisunward fast flow channel at the same time as the airglow patch (Figure 1e).
The flow speed (~500 m/s) is roughly consistent with the optical propagation speed (~3° MLAT per 10 min), as
can be seen from the similar tilt angles in the keograms.

This airglow patch reached the equatorward edge of the RES imager FOV, and then two PBIs were seen by the
RKN imager (Figure 1f). The first PBI occurred ~7 min after the airglow reached the equatorward boundary
of the RES imager FOV. Although the white light imager is not capable of detecting airglow emissions, based
on this timing, this PBI appears to occur when the airglow patch approaches the airglow patch and flow
channel in a similar way as in the Nishimura et al. [2013] events. The airglow patch continued propagating
equatorward and still existed at the time of the second PBI, although the azimuthal motion of the patch
carried it away from the keogram meridian before 0710 UT (seen in the Figure 2 snapshots). This multistation
observation shows a link between the dayside and nightside auroral activity via a localized flow channel
and an airglow patch. We do not discuss the substorm intensifications that occurred before these PBls.
Although polar cap emissions were present before the substorm, the NYA imager at that time was too far
from noon to identify a connection to dayside aurora.

The spatial structure of the optical and radar flow signatures can be seen in the 2-D snapshots in Figures 2
(630.0 nm wavelength of NYA and RES and RKN) and 3 (557.7 nm wavelength of NYA and RES and RKN). The
whole sequence of Figure 2 is given in Movie S1 in the supporting information. At the time of Figure 2a, the
auroral oval in the prenoon sector seen by the NYA imager was steady and had moderate intensity. The
poleward boundary of the auroral emission (polar cap boundary) is traced by the gray line. The poleward
boundary at this time was located at a quite high latitude. This is because of the auroral poleward expansion
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Figure 2. Snapshots of imager and radar data. Imagers shown are NYA (630.0 nm), RES (630.0 nm), and RKN (white light).
The LOS flows from SuperDARN radars (HAN and RKN) are color coded using the color bar shown in the bottom right
corner. The pink lines mark the duskward edge of the airglow patch. The light blue line in Figure 2a indicates the keogram
slice used in Figure 1e. The red and blue lines mark the magnetic noon and midnight meridians. The magnetic latitude and
longitude contours are given every 10° and 15°. The DMSP-17 footprint is shown in an orange square, and the satellite track
is shown in orange.

during the substorm expansion phase that occurred before this time, and we checked that the poleward
expanding arc location seen by all available THEMIS ASls falls within the poleward boundary emission seen in
Figure 2. The echoes from the HAN radar did not show any enhanced flows. A sudden auroral brightening
occurred near the duskside edge of the NYA imager FOV at ~11 MLT (Figure 2b) and then expanded poleward
as a PMAF and also dawnward (Figure 2c). The HAN radar detected enhanced flows directed away from the
radar just near the PMAF, as identified in Figure 2c. The RES imager and RKN radar did not observe any
substantial change up to this time.

The PMAF was followed by a polar cap airglow patch (Figure 2c) that moved into the RES imager FOV
(Figures 2d and 2e). The duskside edge of the airglow patch is marked by the pink line. The lack of
corresponding emissions in the 557.7 nm wavelength (Figures 3c-3e) indicates again that this is not a polar
cap arc but an airglow patch. Although the preexisting auroral emissions obscured the antisunward edge of
this airglow patch, the entire shape was seen when the auroral emission moved equatorward, and the
airglow patch became detached entirely from the auroral oval (Figure 2f). The airglow patch then moved well
into the RKN radar echo coverage in the nightside polar cap, and the whole azimuthal extent of the patch
was covered by the available echoes at the times of Figures 2g and 2h. Fast flows directed toward the radar
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Figure 3. Same as Figure 2 but using the 557.7 nm data from NYA and RES.

were seen on the airglow patch and were confined to the patch azimuthal width. This indicates that the fast
flows formed an azimuthally narrow flow channel aligned with the patch (The channel shape is seen more
clearly in Figure 3.). In spite of the LOS measurements, the sharp gradient of the LOS flow speed at the dawnside
and duskside edges of the patch and flow continuity suggests that the flows are directed along the patch
orientation and antisunward. Polar cap convection during this event was dominated by this narrow flow
channel, which had flows twice as fast flows as the large-scale background flow seen outside the channel.

By the time of the Figure 2f snapshot, the antisunward edge of the airglow patch reached the nightside edge
of the RES imager FOV. A PBI was then seen within the RKN imager FOV near the meridian of the airglow
and flow channel (Figures 2g and 2h). The airglow patch moved farther equatorward and duskward, and the
RKN imager shows that another PBI then developed near the airglow meridian in the RKN imager FOV
(Figure 2i). Bright emissions in the 557.7 nm wavelength are not polar cap auroras but emissions in the auroral
oval and polar cap gravity waves.

At the time of the dayside auroral brightening, the DMSP-17 satellite passed just to the east of the NYA imager
FOV, as shown in Figure 2b. Since this is a Northern Hemisphere pass, our field line mapping using the
International Geomagnetic Reference Field magnetic field model is accurate. Although the azimuthal extent
of the auroral brightening is unknown, the enhanced electron and ion precipitation of the low-latitude
boundary layer type [Newell and Meng, 1994] seen at the time of the brightening (0548-49 UT, Figure 4g)
suggests that the satellite passed over the brightening. A very fast flow burst exceeding 4000 m/s together
with an enhanced plasma density and large upflow was detected within this precipitation region. The flow
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Figure 4. DMSP-17 satellite data before and during the dayside auroral brightening. Shown are the (a and e) plasma density, (b and f) drift speed, (c and g) electron

flux, and (d and h) ion flux.

was directed antisunward and across the satellite path. Such a fast flow channel and enhanced precipitation
were not seen on the previous orbit about 100 min before (Figures 4a—4d), when the dayside auroral oval based
on the NYA imager data was steady and only showed moderate intensity (Figure 1a). The existence of the fast
flow in association with the enhanced precipitation is consistent with the fast antisunward flow measured by
the HAN radar. The radar flow magnitude is much smaller, but this could be due to the different LOS directions
and measured locations. The large upflow colocated with the antisunward flow suggests that the F region
plasma was lifted up, giving a longer lifetime of the high-density region to propagate across the polar cap
before quenching by recombination. Thus, the DMSP data support the idea that a fast flow channel formed in
association with enhanced density and precipitation along the dayside auroral poleward boundary and that the
flow channel propagated deep into the polar cap together with the enhanced plasma density, which can be
seen as the airglow patch in the 630.0 nm data.

4, Conclusion

We have presented extraordinary simultaneous observations by ground-based auroral imagers, SuperDARN
radars, and a satellite that cover the polar ionosphere on the dayside, in the polar cap, and on the nightside
during a transient disturbance in the ionosphere. The optical data provide a nearly continuous view of a
sequence that starts from a dayside PMAF and is followed by a polar cap patch propagating across the polar
cap and then nightside PBIs. Although we cannot determine what triggers the PMAF, the DMSP observations
show that the PMAF was associated with enhanced precipitation and density and fast antisunward flows
that are consistent with the poleward propagation of the optical signature. A flow enhancement associated
with the PMAF was also seen by SuperDARN. The antisunward enhanced flow extended deep into the polar
cap as a longitudinally narrow channel aligned with the antisunward propagating airglow patch, which
continued propagating toward the nightside polar cap boundary and precedes the PBIs.
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This optical and flow sequence provides observational evidence that transient flows and airglow patches
initiating on the dayside can propagate across the polar cap and impact nightside auroral intensifications.
The existence of the narrow flow channel in the nightside polar cap in association with the airglow patch
indicates that the dayside mesoscale flows propagate deep into the polar cap without diffusing away and
that the polar cap patch was transported by the enhanced flow channel rather than by slow, large-scale
convection. Considering that electric fields between the ionosphere and magnetosphere can communicate
in a much shorter time scale (of the order of minutes) than the patch propagation across the polar cap
(~hour), the fast flow channel in the polar cap propagating toward the nightside polar cap boundary likely
represents a flow channel in the lobe propagating toward the nightside plasma sheet. Thus, the connection
to the PBIs suggests that such flow channels reaching the nightside open-closed boundary trigger localized
reconnection and lead to plasma sheet flow bursts.

The PMAF and the associated precipitation and fast flows on the dayside can be attributed to enhanced
reconnection at the magnetopause under the southward or fluctuating IMF, and subsequent poleward
propagation of newly reconnected flux tubes [Sandholt et al., 2003; Carlson et al., 2006], although the precise
cause of this dayside transient is not clear from our data set. Another issue to note is that not all PMAFs are
followed by patches that propagate deep into the polar cap. The earlier PMAF and airglow patch, seen at
0505-0540 UT in Figure 1a, disappeared before reaching the RES imager FOV. While this might be related to
the lack of fast flows (Figure 1c), further investigations are needed to understand the conditions that lead to
patches propagating deep into the polar cap.
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