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Abstract

Previous studies have shown that dynamic pressure impacts (e.g., shocks
initiating CME storms) with southward IMF promptly lead to strong auroral nightside
activity and concurrent poleward expansion (indicating strong nightside reconnection),
and strong enhancements in convection and currents. Here we use a combination of
ground-based ASI and radar observations to further describe this response, to address
what is driving the strong activity, and to suggest similar driving in other situations.
Consistent with some previous studies, we find that shock driven auroral activity and
poleward expansion resembles a substorm, but starts from an already broad MLT sector
without much subsequent azimuthal expansion and without classical brightening of the
equatorward-most arc. We furthermore find a large enhancement of meso-scale
ionospheric polar cap flows heading towards the nightside separatrix immediately after
shock impact. Recent studies have shown that such enhanced flows often cross the
separatrix leading to plasma sheet flow bursts, poleward boundary intensifications (PBIs),
streamers, and poleward motion of the polar cap boundary from reconnection. Thus these
flow enhancements, which must extent outward along field lines from the ionosphere, are
an attractive candidate as the driver for the almost immediate strong auroral, current, and
reconnection activity resulting from shock impact. We also discuss and present some
evidence that this phenomenon may be more general, leading to similar oval responses
without a shock impact, including during and following the expansion phase some
substorms. These suggestions could lead to some possibly fundamental questions, such
as when do polar cap convection enhancements lead to a substorm growth phase versus
leading directly to strong polar expansion of, and strong activity along, the auroral oval
field line region?

Keywords: Magnetic storms; aurora; convection; polar cap; substorm; reconnection
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1. Introduction

Abrupt enhancements of solar wind dynamic pressure (Pgyn), such as the shocks
that initiate coronal mass ejection (CME) storms, cause dramatic effects when they occur
under southward interplanetary magnetic field (IMF) conditions. They drive nearly
immediately strong auroral activity, poleward expansion of the auroral oval that can
reach as much as 10° in latitude, and strong enhancement in global convection,
ionospheric currents, and Region 1 and Region 2 field-aligned currents (Boudouridis,
2003; Lyons et al., 2016; Zesta et al., 2000). The rapid poleward expansion of the
nightside auroral oval implies strong nightside reconnection in the presence of a nearly
simultaneous increase in the strength of convection.

The nightside auroral activity resembles a substorm, but initiates over a
substantially broader range of MLT without much subsequent azimuthal expansion as
poleward expansion occurs over a broad longitudinal range (Chua et al., 2001; Lyons et
al., 2000; Zesta et al., 2000). These and other features, such as the lack of brightening of
an equatorward arc, have lead to the suggestion that the disturbance is different from
substorms (Liou et al., 2003; Yue et al., 2013). However, other studies have indicated
that the disturbance may be a substorm (Kokubun et al., 1977; Lyons, 2005; Zhou and
Tsurutani, 2001), and dipolarizations as occur during substorms are seen at
geosynchronous orbit in response to solar wind dynamic pressure impacts on the
magnetosphere (Lee et al., 2005; Lee and Lyons, 2004).

In this paper, we describe the dramatic nightside response using modern ground-
based all-sky imager (ASI), radar, and low-altitude spacecraft observational capabilities,
and we address what is driving the strong auroral, current, and reconnection activity. We
take particular advantage of the 17 March 2013 storm, a CME-driven event initiated by a
shock that impacted the magnetosphere at 06 UT (Baker et al., 2014). There has been
much interest in ring current particle injections (e.g., Gkioulidou et al., 2014) and

radiation belt electrons (Hudson et al., 2015; Li et al., 2014, 2015) for this event. Of
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importance for the current study is the excellent radar and auroral observation coverage at
times just before and just after the shock impact (Lyons et al., 2016; hereafter referred to
as Paper 1), allowing for excellent evaluation of the effects of the shock. Consistent with
some previous studies, we find that the onset of the shock-driven activity appears to be
very different from the onset of a substorm. However, we find that the activity following
shock impact appears to be driven by enhancements of meso-scale flows along polar-cap
field lines, and this has important similarities to what has been suggested to drive
prolonged activity during the expansion phase of some substorms. This, and additional
evidence we present here, suggest that the driving of activity we show here may apply
more generally than just to the impact of Pgyn enhancements.
2. Observations

Observations for the magnetic storm on 17 March 2013 in Paper 1 show that the
shock impact with concurrent southward IMF immediately drove dramatic poleward
expansion of the poleward boundary of the auroral oval (implying strong nightside
reconnection), strong auroral activity, and strong penetrating mid-latitude convection and
ionospheric and field-aligned currents. Figure 1 shows, from top to bottom, the WIND
solar wind dynamic pressure Pgyn, the OMNI interplanetary magnetic field (IMF) as
propagated to the dayside magnetopause, the SuperMAG (Gjerloev, 2012) ground
magnetometer upper U and lower L auroral magnetic index, and the SuperMAG ring
current index for all MLT and within the dusk, noon, dawn, and midnight sectors. The
SuperMAG indices are based on the traditional AU, AL, and SYMH indices, but with
many more stations. The OMNI IMF data is shown further shifted by ~10 minutes so that
the shock impact time agrees with the 0600 UT impact time seen by the dayside ground
magnetometers. The WIND Pgyy, is shown because of data gaps in the OMNI Pgyy, around
the time of the shock and is further shifted by ~30 min relative to the IMF data to agree

with the time of shock impact.
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The U and L indices reflect immediate and large increases in ionospheric current
that were driven when the shock impacted the magnetosphere, as indicated by the large
increase in Pgyn. The lower panels show the strong increases in Region 1 and Region 2
currents that were seen from AMPERE magnetic perturbations observed along Iridium
satellite trajectories during the 10 min interval immediately before, and the second 10
min interval after, the shock impact. Red and blue shadings give upward and downward
FACs, respectively, obtained from the curl of fits to the magnetic perturbations (Waters
etal.,2001).

Figure 2 shows mergers of auroral images over Canada from the array of
THEMIS ASIs (Mende et al., 2008) overlaid with line-of-sight (LOS) flow velocities
from the Super Dual Auroral Radar Network (SuperDARN) radars from the period a few
min before to 18 min after the Pgyn impact. The ASI images are displayed so as to
emphasize the radar echoes within the polar cap from the pair of PolarDARN radars
(Koustov et al., 2009) at Inuvik to the west and Rankin Inlet to the east. Observations
from the lower latitude SuperDARN radars have been emphasized in Paper 1. The top
three panels of Figure 2 show a narrow band of moderately active aurora that lay along
the poleward boundary of the evening-to-midnight auroral oval prior to the shock impact.
This activity, and the lower than average location of the auroral poleward boundary
(magnetic latitude A ~ 68° -70°), likely resulted from the pre-storm southward IMF of a
few nT. The dramatic enhancement in activity and poleward expansion of the auroral
oval that initiated almost immediately after the shock impact can be seen over several
hours of MLT in the next four panels (0602 to 0611 UT) of Figure 2, as well as in movie
S1 in paper 1. This includes a rapid, large poleward expansion of the auroral oval over a
broad MLT range.

The enhancement and poleward expansion of the aurora also shows vividly in the
auroral observations from the Special Sensor Ultraviolet Spectrographic Imager (SSUSI)

(http://ssusi.jhuapl.edu/) onboard polar-orbiting Defense Meteorological Satellite
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Program (DMSP) spacecraft in Figure 3. SSUSI measures FUV emissions in five spectral
bands simultaneously (Paxton et al., 2017). Algorithms have been applied to properly
remove the dayglow, and the LBH emission intensities shown in Figure 3 reflect
precipitating auroral electron energy flux (Paxton et al., 1992, 1998, 1999).

The auroral images in Figure 3 are essentially keograms made along the trajectory
of a spacecraft from horizon to horizon imager scans in the direction normal to the
trajectory. The DMSP spacecraft had extremely fortuitous crossings of the nightside
auroral oval in the southern hemisphere, F17 crossing just 12 to 4 min before the 0600
UT shock impact, and F18 and F16 crossings from 1 to 14 min after the impact. Strong
auroral enhancement and poleward expansion can be seen as the F18 and F16 spacecraft
passed the dawnside oval at ~0602 to 0604, just 2 to 4 min after shock impact, and the
F16 observations show that the oval expanded poleward by ~5° in latitude by ~0606-
0607 UT. The poleward expansion can also be seen in the precipitating electron energy
fluxes measured by DMSP and plotted along the spacecraft trajectory (the full
precipitating particle energy spectra from the F16 and F17 crossings are shown in Figure
3 of Paper 1).

As seen from the SuperDARN observations in Figure 2, LOS velocities were
moderately strong within the nightside polar cap during the period preceding the shock
impact. They had an anti-sunward LOS component, and show considerable meso-scale
structure with longitudinal scales of ~0.5 to 1 hr in MLT. Immediately following the
impact, the anti-sunward LOS ionospheric flows seen by the radars and their meso-scale
structure enhanced considerably within the polar cap region encircled by the ellipses, and
peak values above 600 m/s can be seen directed towards the nightside auroral oval. These
flows can be seen down to magnetic latitudes A of ~ 77-789°, just a few degrees poleward
of the expanded auroral oval. (The few radar echoes at A ~ 73-76° are echoes for the E-
region, where speeds are substantially reduced from the electric field drift speed). The

polar cap flows and auroral activity decreased approximately simultaneously starting at
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0614 UT, as the IMF briefly turned northward. A similar enhancement of polar cap flows
and their meso-scale structure can be seen in SuperDARN observations in Figure 3 from
the southern hemisphere SuperDARN radars. In Figure 3, enhanced polar cap flows seen
by SuperDARN near midnight and near 04 MLT appear to impact the poleward boundary
of the auroral oval. The inference is supported by the flows measured by the DMSP F17
and F16 spacecraft in the direction normal to the spacecraft trajectory, these flows being
shown by the violet bars in Figure 3.

Figure 4 shows the poleward expansion of the oval in the southern hemisphere
based on the precipitating electron energy fluxes from both the Polar Operational
Environmental Satellites (POES) and the DMSP spacecraft. Though the two post-shock
POES passes crossed the nightside auroral oval several minutes after the shock-related
activity started to subside, they clearly show that the oval poleward boundary had
expanded to A ~78°, which is ~10° poleward of where it was prior to the shock impact.
Figure 4 also includes the polar cap flows seen by SuperDARN at times during the period
of rapid auroral poleward expansion. The enhanced flows can clearly be seen to have
extended from the polar cap into the region that became occupied by the expanded oval.
As in Figure 3, the flows from the polar cap appear to be directed so as to impact the
auroral poleward boundary, though the lack of direct observation of flows impacting the
auroral poleward boundary prevents definitive determination of whether this occurred.

Before addressing the possible role of the enhanced polar cap flows in the
magnetosphere responses to dynamic pressure impacts and their possible generalization
to other activity, we discuss observations from two additional storm events initiated by
impacts of CME shock increases in Pqyn under southward IMF at times appropriate for
ASI viewing over North America. The first storm was a CME storm on 19 February
2014 (Durgonics et al., 2017). Figure 5 shows the OMNI interplanetary magnetic field
(IMF) and Pgyn as propagated to the dayside magnetopause, the SuperMAG ground

magnetometer upper U and lower L auroral magnetic index, and the SuperMAG ring
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current index for all MLT and within the dusk, noon, dawn, and midnight sectors for this
event. The OMNI data have been shifted by ~12 minutes so that the shock impact time
agrees with the 0348 UT impact time seen in the ring current indices. As for the 17
March 2013 storm, the U and L indices show immediate and large increases in
ionospheric current that where driven as the shock impacted the magnetosphere, as
indicated by the large increase in Pgyn
Figure 6 shows mergers of auroral images over Canada from the THEMIS ASIs
overlaid with line-of-sight (LOS) flow velocities from the SuperDARN radars from the
period a few min before to 30 min after the shock impact. Moderately active aurora can
be seen prior to the impact in the first two panels, the activity likely associated with the
substantially negative IMF B, during that period. Poleward expansion of the oval by a
few degrees in latitude and an enhancement in activity can be seen over several hours of
MLT during the 20 min period after the shock impact in the next five panels (0350 to
0410 UT) of Figure 2. It can be seen that the rapid, large poleward expansion of the
auroral oval occurred over a broad MLT range. The SuperDARN observations in Figure
6 (encircled by the yellow ellipse) show an enhancement of LOS velocities directed anti-
sunward within the nightside polar cap during the period of auroral poleward expansion.
As indicated by yellow arrows, the observations at 0350 and 0352 UT show enhanced
LOS flows at 20-22 MLT (the midnight meridian is given by the blue line) at A’s from
~68° to 72°. These flows appear to be enhanced over those prior to shock impact, to
impinge upon the nightside auroral poleward boundary, and to extend to within the
auroral oval. We note that the numbers of radar echoes in this region prior to the shock
impact were limited, preventing definitive determination of whether the flows were
enhanced by the shock impact.
Enhancement of anti-sunward polar cap flows also occurred in the southern
hemisphere for this storm. This can be seen from the SuperDARN LOS flows in Figure 7,

the region of the polar cap echoes being quite near the magnetic pole. The poleward
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expansion of the auroral oval is seen quite clearly in Figure 7 to have been ~5° in latitude
by 0357 UT (9 min after shock impact), based on the precipitating electron energy fluxes
from the POES spacecraft that are shown in the lower-right panel.

The third event with southward IMF had an onset at 0826 UT at 5 April 2010 and
was studied by Yue et al. (2013) (See their Figure 7-9) and Loto’aniu et al. (2015). (This
was the storm that brought down the Galaxy 15 satellite for about 1 year.) Quick and
very strong increases in nightside, anti-sunward polar cap flows with meso-scale structure
were seen also for this event, as shown by the nightside SuperDARN LOS velocities in
Figure 8. For this event, there were THEMIS spacecraft nicely positioned near the
northern hemisphere outer boundary of the plasma sheet near midnight at Xq,, =-11.3 R.
These spacecraft saw the initiation of plasma sheet flow bursts just ~2-3 min after the
dynamic pressure impact, consistent with the entry of the enhanced meso-scale flow from
open polar cap field lines to the plasma sheet. (Note that ionospheric flows impacting the
poleward boundary of the auroral oval would be expected to extend outward along field
lines into the magnetosphere and impact the outer boundary of the plasma sheet at all X
distance along the open-closed field line boundary that lie earthward of the distant
magnetic X-line. This is assuming that magnetic field lines are approximately
equipotentials and that the poleward boundary of the auroral oval and outer boundary of
the plasma sheet both lie along the boundary between open and closed field lines.)

3. Possible role of enhanced polar cap flows

Enhancements in polar cap convection are often viewed as leading to substorm
growth phase conditions (Juusola et al., 2011; McPherron, 1970). However, the
observations here indicate that, under some conditions, enhancements in polar cap
convection can lead to dramatic poleward expansion of, and activity within, the auroral
oval, a response that is more like a substorm expansion phase than a substorm growth
phase. Based on these observations, we suggest that the enhanced meso-scale polar cap

flows heading towards the poleward boundary of the nightside auroral oval may be
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important for the enhancement of auroral activity and auroral poleward expansion
associated with shock impacts. We also address evidence that this phenomenon may be
more general than being only a response to abrupt Pgyp increases.

A large number of studies have shown that such flows often can cross the auroral
poleward boundary, and lead to plasma sheet flow bursts, intensifications along the
auroral poleward boundary (PBIs), and auroral streamers (de la Beaujardiere et al., 1994;
Lyons et al., 2011; Nishimura et al., 2010; Ohtani and Yoshikawa, 2016; Pitkédnen et al.,
2013; Shi et al., 2012; Zou et al., 2014). This corresponds to externally driven localized
reconnection, assuming the auroral poleward boundary is approximately collocated with
the open-closed magnetic and flows cross that boundary. Driving of PBIs and streamers
by the enhanced polar cap flows may explain the enhancement in auroral activity
following the shock impact, which has been found in Paper 1 to consist of streamers.
Furthermore, poleward expansion of the auroral poleward boundary has been seen in
PBIs that result from incoming meso-scale flows from the polar cap (Zou et al., 2014,
2015). This indicates that poleward expansion of the auroral oval can be a result of the
reconnection and PBIs triggered by incoming polar cap flows.

To account for the poleward expansion of the oval that extends over several hours
of MLT and brings the auroral poleward boundary poleward by up to several degrees in
latitude, enhanced meso-scale flows would have to impact the auroral poleward boundary
over the entire longitudinal extend of the auroral poleward expansion and throughout the
period of that expansion. Consistent with this, as can be seen from Figures 2, 6, and 8,
enhanced flows with meso-scale structuring are seen over ~7-8 hours of MLT within the
nightside polar cap and heading towards the auroral poleward boundary. Furthermore, in
our cases, the flow initiates as the poleward boundary starts to move poleward. The flows
continue as the boundary continues to move poleward, and the flows reduce in magnitude

as the poleward motion of the oval ceases and activity decreases within the oval.
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A limitation in our observations is that we do not have radar echoes just poleward
of the auroral poleward boundary at the time of the shock impact for the 17 March 2013
or 5 April 2010 storms, though we do have a limited number of such echoes for the 19
February 2014 storm. The activity along the auroral poleward boundary just prior to
shock impact indicates that enhanced meso-scale flows were impinging on the polar cap
boundary prior to the shock impacts. However, it is necessary for such flows to increase
with the shock impact as we have seen for the flows a few degrees further poleward in
order to account for the nearly simultaneous flow and auroral activity enhancement.
While do have the limited direct observation of the enhancement of these flows for the 19
February 2014 storm, as well as direct evidence from the increases observed deeper in the
polar cap, we cannot say for certain that, in general, flows adjacent to the polar cap
boundary increase at onset. Furthermore, the enhancement in field-aligned currents by
the shock compression would be expected to contribute to the shock-associated auroral
brightening, though we are not aware of evidence that such currents could contribute to
the poleward expansion of the aurora oval following shock impact.

In this paper, we have focused on Pgyn increases that initiate CME-driven
geomagnetic storms. However, substantially enhanced meso-scale flows occur under
other conditions as well, and they may also drive enhanced aurora activity and poleward
expansion during these conditions. For example, in one of our earlier substorm studies
(Lyons et al., 2011), we noted unexpected observations from a limited number (8) of
substorm onsets that had good radar coverage within the polar cap region poleward of
substorm expansion phase activity. We found that four of the onsets were followed by
prolonged periods of strong ionospheric flow channels directed toward the polar cap
boundary from the polar cap. The expansion phases after these onsets had large auroral
poleward expansion and prolonged periods of PBI and streamer activity
contemporaneous with the enhanced equatorward-directed flow channels. The other four

onsets were not followed by such prolonged polar-cap flow channel activity, and the
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resulting substorm expansions after these onsets were far more limited in duration and in
poleward expansion.

The strong poleward expansion and auroral activity that occur during the
expansion phase of some substorm, such as the 4 of 8 mentioned above, looks very
similar to that following Pgyn enhancement impacts. This suggests that strong meso-scale
flows (common to both) may be a property of the driver of activity for both situations,
suggesting that the post Pgqyn enhancement impact activity and extended substorm
expansion phase activity may be quite similar phenomena. Another variant of this
possibility is shown in Figure 9, and appears quite dramatically in the supplemental
movie. Figure 9 shows mergers of images from the THEMIS ASIs overlaid with line-of-
sight (LOS) flow velocities from the SuperDARN radars for selected times throughout an
event that started as a typical substorm onset at ~0803 UT during a storm on 13 October
2010. Onset was identified from a brightening and activity along the equatorward-most
arc at A ~ 61.5°. The movie shows the same event at the highest possible time resolution
(3 s) of the ASIs (though the time resolution of the radar observations is 1 min). This
event was chosen because of the excellent coverage from the Inuvik radar of echoes
within the polar cap and within the longitude range of the observed auroral activity.

After onset, the expansion phase activity expanded poleward and azimuthally
until, at ~0813 UT, it reached the pre-existing arc that lay along the poleward boundary
of the auroral oval (at A ~ 66°, near 21 MLT, and marked by an orange dashed line). The
expansion phase aurora subsequently did not protrude further into the pre-existing polar
cap region and visible streamers stopped penetrating into the equatorial portion of the
oval. Then, at ~0829 UT, the activity enhanced. It began along the auroral poleward
boundary, and was followed by poleward expansion to A ~ 70° and numerous streamers
extending to within the equatorward portion of the oval. The radar observations show
moderate LOS flows (a few hundred m/s) as the post-onset auroral activity expanded

poleward to the pre-existing auroral poleward boundary and became stalled at that
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boundary. Then, starting at ~0827- 0828 UT, the LOS flow velocities strongly increased
to near 1 km/s, and the further auroral activity and poleward expansion commenced at
~0829 UT. Both the flows and activity reduced considerably starting at ~0840 UT. The
renewed activity after 0828 UT for this event resembles that from the Pqyn enhancements
in that the activity started from the polar cap boundary, initiated as the flows directed
toward the auroral poleward boundary increased, and decreased as the incoming flows
decreased. A difference is that the re-enhancement of auroral activity for this event
appears to have occurred ~1-2 min after the first detection of the polar-cap flow increases,
indicating that the enhanced flows may have propagated from the dayside. We suggest
that the flow enhancement driven by the shock impact likely occurred approximately
simultaneously over the entire polar cap, including adjacent to the auroral poleward
boundary. Also, the longitudinal extent of the activity was much smaller for this event
than for the Pqyn enhancement impacts. We suspect that this reflects a smaller longitude
range of the enhanced polar cap flows; however, there were not sufficient radar echoes
away from the activity region to determine whether or not this was the case.
4. Summary and Conclusions

We have used a combination of ground-based ASI, radar, and low-altitude
spacecraft observations to further describe the response of the magnetosphere-ionosphere
system to abrupt enhancements of Pqyn under southward IMF conditions, such as can
occur when CME shocks impact the magnetosphere and lead to magnetic storms.
Consistent with previous studies, we find that Pgy, enhancements promptly lead to
enhanced nightside auroral activity and large auroral poleward expansion, which
indicates strong nightside reconnection. The auroral activity and poleward expansion
appears to be very similar to what occurs during the expansion phase of substorms, and
includes numerous auroral streamers, which indicate plasma sheet flow bursts (as directly

seen for the 5 April 2010 event). However, the activity is much broader in MLT, has
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limited azimuthal expansion, and does not show the classical brightening of the
equatorward-most arc that demarcates a substorm onset.

The radar observations within the nightside polar cap have given possible insight
into what is driving this shock-driven auroral response, including the associated
enhancement in auroral-oval ionospheric and field-aligned currents and in reconnection
activity along the auroral poleward boundary. Specifically, we have found a quick and
large enhancement of meso-scale polar cap flows heading towards the nightside
separatrix after shock impact. Recent studies have shown that such enhanced meso-scale
flows often lead to localized, enhanced flows across the nightside separatrix, (i.e,
localized reconnection), and that these flows lead to plasma sheet flow bursts, PBIs, and
streamers. Furthermore, PBI observations have shown that the polar cap boundary can
move poleward associated with the reconnection that results from the impact onto the
plasma sheet of enhanced flows from along open, polar cap field lines.

Based on these previous observations, we suggest that the flow enhancements
along polar-cap field line that are promptly driven by Pqyn enhancement impacts are an
attractive candidate for driving the almost immediate strong auroral, current, and
reconnection activity resulting from the impact. These flow enhancement after Pgyn
impact would have to extend to just poleward of the auroral poleward boundary to
account for the rapid auroral response of impact. However we are not able to definitively
show that this occurred due to the lack of sufficient flow observations adjacent to the
aurora boundary at impact. To account for the poleward expansion of the oval that
extends over several hours of MLT and brings the auroral poleward boundary poleward
by up to several degrees in latitude over a period of several minutes, enhanced meso-
scale flows would have to impact the auroral poleward boundary over the entire
longitudinal extend of the auroral poleward expansion and such impacts must persist
throughout the period of the auroral poleward expansion. The observations presented

here are consistent with this scenario, the enhanced flows and their persistence during the
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period of auroral activity and expansion being seen within regions of polar cap radar
echoes. However, we do not have radar echoes over the entire longitude extent of the
auroral activity. Additionally, the enhancement in field-aligned currents by the shock
impact may be an additional contributor to the shock-associated auroral brightening and
current enhancement.

We have also noted that enhanced meso-scale flows along polar-cap field line
occur under other conditions, and they may drive enhanced auroral activity and poleward
expansion during these conditions. In particular, we have previously found evidence that
prolonged periods of auroral activity and auroral poleward expansion during the
expansion phase of substorms accompany prolonged periods of strong polar-cap flow
channels directed toward the nightside auroral oval boundary. More limited expansion
phase activity was seen when such flow channels where absent following substorm onset.
In this paper, we presented an example showing variation of this phenomenon. In the
example, auroral activity after a substorm onset continued only for the several minutes
that it took for the activity to expand poleward to the pre-existing auroral poleward
boundary. Then, after a delay of ~15 min, polar cap flows towards the nightside auroral
poleward boundary strongly increased to near 1 km/s, and further auroral activity started
from along the auroral poleward boundary. This was followed by further auroral
poleward expansion and numerous streamers extending to within the equatorward portion
of the oval. Both the flows and activity reduced considerably starting at the same time
after ~15 min of activity.

It is potentially interesting that we have seen common features of, and possibly
common driving of, the activity after Pgyn enhancement impacts and following substorm
onsets. The common features include auroral activity protruding into the pre-existing
polar cap and numerous streamers penetrating towards the equatorial portion of the
auroral oval. These common features make activity following Pgyn enhancements under

southward IMF look very similar to that in post-substorm onset examples. Furthermore,
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the activity is associated with enhanced meso-scale flows heading towards the nightside
separatrix in both sets of cases, and the enhanced flows and activity ceases essentially
simultaneously in both sets. It is also interesting that for the Pqyn enhancement impact
events, and the post-substorm event presented here, activity starts from the auroral polar
cap boundary and not from the brightening and breakup of an equatorward auroral arc as
in the sequence that initiates a substorm. We thus suggest that enhanced meso-scale
flows heading toward the nightside polar cap boundary may be common to the driving of
auroral activity that extents into the pre-existing polar cap, and that such events may start
from the auroral poleward boundary and may not necessarily be associated with a typical
substorm onset.

If further investigation indicates that above suggestion may be true, it would open
up some new potentially significant questions. For example, enhancements in polar cap
convection are often viewed as leading to substorm growth phase conditions. Under what
conditions do such enhancements lead to a substorm growth phase, versus leading
directly to strong poleward expansion of, and strong activity within, the region of auroral
oval field lines? Another question is what leads to and causes the enhancements in meso-
scale polar cap flows. Clearly, enhancements in Pgyn do so, but how do they do this?
Also, what drives the polar-cap flow enhancements when there is not an enhancement in
Pdyn? Southward turnings of the IMF are one obvious possibility, but such a turning was
not observed for the example presented here.
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1: From top to bottom, the WIND Pgyp, the OMNI IMF, the SuperMAG upper U
and lower L magnetic index, and the SuperMAG ring current index for all MLT
and within the dusk, noon, dawn, and midnight sectors on 17 March 2013. At the
bottom are magnetic perturbations observed along Iridium satellite trajectories
during the two 10 min intervals identified by the purple arrows. Red and blue
shadings give upward and downward radial current, respectively, obtained from
the curl of fits to the magnetic perturbations (based on Figurers 1 and 6 of Paper
).

2: Representative mergers of auroral images over Canada from the array of
THEMIS ASIs for the shock impact event on 17 March 2013 overlaid with LOS
flow velocities from the SuperDARN radars. UT times are given in the upper left
comer of each panel. LOS flow velocities within the polar cap are primarily from
Inuvik to the west and Rankin Inlet to the east. There are also some LOS
velocities from the from lower latitude SuperDARN radars. Yellow ellipses
encircle the enhanced anti-sunward LOS flows seen within the polar cap by the
radars after the shock impact.

3: Auroral images over the southern hemisphere from the Special Sensor
Ultraviolet Spectrographic Imager onboard polar-orbiting DMSP spacecraft at the
LBH2 (165-180 nm) (135.6 nm/) band. The images are essentially keograms
made along space trajectories from horizon to horizon imager scans in the
direction normal to the trajectory. Precipitating electron energy fluxes measured
along the DMSP trajectories are color coded along the trajectories. Flows
measures by the DMSP F17 and F16 spacecraft in the direction normal to the
spacecraft trajectory are shown by violet bars normal along the trajectories. UT
times indicated along each trajectory.

4: (modify to make SuperDARN flows scales the same) Precipitating electron

energy fluxes from both the POES (left panel) and DMSP (right panel) spacecraft



over the southern hemisphere. Polar cap flows seen by the southern hemisphere
SuperDARN radars at times during the period of rapid auroral poleward
expansion are also shown, as are the flows measures by the DMSP F17 and F16
spacecraft in the direction normal to the spacecraft trajectory (black bars along the
trajectories). UT times indicated along each trajectory

Figure 5: From top to bottom, the OMNI Pgyp, the OMNI IMF, the SuperMAG upper U
and lower L magnetic index, and the SuperMAG ring current index for all MLT
and within the dusk, noon, dawn, and midnight sectors on 19 March 2014.

Figure 6: Same as Figure 2, except for19 February 2014.

Figure 7: SuperDARN LOS flows in the southern hemisphere for times before and after
the shock impact on 19 February 2014. Precipitating electron energy fluxes from
the POES spacecraft that are shown in the fourth panel, with UT times indicated
along each trajectory.

Figure 8: SuperDARN LOS flows in the northern hemisphere for times before after the
shock impact on 5 April 2015.

Figure 9: Mergers of images from the THEMIS ASIs overlaid with LOS flow velocities
from the SuperDARN radars for selected times during an event that started as a
typical substorm onset at ~0803 UT on 13 October 2010.

Supplemental Movie: Mergers of images from the THEMIS ASIs overlaid with LOS
flow velocities from the SuperDARN radars at the high possible time resolution
(3 s) of the ASIs during the event that started as a typical substorm onset at ~0803

UT on 13 October 2010. Time resolution of the radar observations is 2 min.
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