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Abstract

The main phase of the 2013 March 17 storm had excellent coverage from ground-based
instruments and fromlow-and high-alttude spacecraft,allowing for evaluation of the relations
betwqi.ﬂor stormtime phenomena that are often considered separately. The shock impact
with rrent southward IMF immediately drove dramatic poleward expansion of the
pol ewagdalgindary of the auroral oval (impying strong nightside reconnection), strong auroral
activ'nsland strong penetrating middattude convection and ionospheric currents. This was
foIIow@_b) periods of southward IMF driving of electric fields that were at frst relatively
smoothen employed in storm model ing, but then became extremely bursty and structured
associ ith equatorward extending auroral streamers. The auroral oval did not expand much
furthe?ﬁward during these two latter periods, suggesting a lower overall nightside
reconn@ rate than that during the first period and approximate balance with dayside
reconnc'q. Character istics of these three modes of driving were reflected in horizontal and

field-al igned currents. Equatorward expansion of the auroral oval occurred predominantly during

the struct convect ion mode, when el ectr ic fields became extremely bursty. The period of this
third mode also approximately corresponded to the time of largest equatorward motion of the
ionospELctrough, of apparent transport of high TEC features into the auroral oval fromthe
polar d of largest earthward injection of ions and electrons into the ring current. The
enhaannses of theaurora,currents, TEC, andthering current indicatea common dr iving

of aILLEor mtime features dur ing the bur sty convect ion mode per iod.
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>

<C

This article is protected by copyright. All rights reserved.



1. Introduction

An essential feature of magnetic storms is the spatial extension of the disturbance
convect ion, ionospher ic currents,and particle precipitation to mid-and low{at tudes during the
main‘plme.'The features of interest herearethe earthward penetrat ion of the plasma sheet inthe
magnuatorward in the ionosphere), the equatorward expansion of the auroral oval, of
oval » cheteslmionospher ic currents,and of the Region 2 (R2) field-al igned current (FAC) system,
the eqMard mot ion of the pol eward edge of mid4at tude ionospher ic trough,the inject ion of
particl @ormthe storntime ring current, and ionospheric density enhancements that move
througmhe nightside auroral oval. Generally, these signatures are treated separately even
though hare underlying physical processes. However ,therichness of the extensive array of
overlapping data sets for the 2013 March 17 storm gives us the opportunty to identify
relatiorm between these disparate features and place ther development in the context of a
comm amical origin.

013 March 17 storm is a Coronal Mass Ejection (CME) driven event with a shock
that im the magnetosphere at 06 UT [Baker et al., 2014], and there has been much
interest inring current particle injections [e.g., Gkioulidou et al.[2014] and radiation belt
el ectrou.g., Hudson et al., 2015; Li et al., 2014, 2015]for this event {he stormtime
radiati@\ el ectron enhancement occurred after the period of interest here). During the main
phase of this storm, we have excellent and overlapping coverage of the aurora fromthe array of
THE«:und-based all sky imagers (ASIs) [Mende et al., 2008], of ionospheric flows
from tRe ground-based Super Dual Auroral Radar Network (Super DARN) and the Poker Hat
Incoheaatter radar (PFISR), of the global distribution of magnetic field-aligned currents
(FA@the Act ive Magnetosphere and Planetary H ectrodynamics Response Ex per iment
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(AMPERE, htt p:/lampere.jhuad edu/indexhtml) [Anderson et al., 2014], and of insitu

plasma sheet particles fromthetwo Van Allen Probes (VAP Aand B) [Mauk et al., 2013]
andthe THEMIS probes near the equator el gdane [Angel opoul os, 2008]. In addi iontothese,
we a&-hu"e the routinely available maps of vertical total electron content (TEC) from the
Madr i tabase [Rideout and Coster, 2006], magnetic fields from ground-based
magmeeweeter s, and particle measurements from the low-alttude, polar-orbting, Defense
Metem%ﬂg'ltal Satell te Program (DMSP) spacecraft. Here, we use these data to expore the
possiblwmon driving by middattude electric fields of the penetration of the pasma sheet,
aurora% and its ionospheric currents, and of the R2 currents, major ionospheric density
featur the formation of the storntime ring current. We find the existence of different
modegid-lattude electric fields and currents during the main phase of this storm, and
presen@nce for which of the three modes is the most important for the dr iving of the above
stornt enomena.
2.R nd ASI Observations

e 1 shows, fromtopto bottom,the WIND solar wind dynamic pressure Pgyn, the
OMNI inter danetary magnetic field (IMF) as propagated to the dayside magnetopause, the
Su per m[Gjerl oev, 2012] ground magnetometer upper U and lower L auroral magnetic
index, per MAG ring current index for all MLT and within the dusk, noon, dawn, and
midnight sectors,and ground magnetometer observations from North Amer ican stat ions near 66-
670 ﬁ with increasing UT of midnight (indicated by small vertical arrows). These
Supe‘r-l\,IA_G'indices are based on the tradtional AU, AL, and SYMH indices, but with many
more,amll distributed stations. The OMNI IMF data is shown further shifted by ~10 minutes

S0 th@ock impact time agrees with the 0600 UT impact time seen by the dayside ground
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magnetometers. The WIND Pqyp, is shown because of data gaps in the OMNI Pyyn around the
time of the shock. It is further shifted by ~30 min relativetothe IMF datato agree withthetime
of shock impact, and shows the large increase in Pgyn of the shock that impacted the
magnebsﬂ*re. Maroon-colored dashed boxes identify the four main periods (periods 1-4) of
southF that were seen after the shock arrival and during the storm main phase, each
being redesked in theauroral L index.

%U'I'Ihg the main phase period shown,thering current index for all MLT decreased to -
110 nwing this a moderate intensity storm. The individual magnetometer stations in Figure
1 shom@rous fluctuations of the N (northward) component , however , only one decrease was
assocCi ith a substorm that could be identified in the auroral observations. Some decreases
were Qassociated with the major southward turnings of the IMF, whie most of the others
do notmate well between stations and were most | ikely associated with the longtudinally
local izeﬁoral streamersand flow burststhat are discussed later and seen in subsequent figures.
Bec the localized nature of flow bursts, and the inclusion of substantilly more
magnet stations,theauroral L index isrelatively smooth.

2.1 Post-shock southward IMF period 1 (0600-0616 UT)

We S1 shows auroral images overlaid with line-ofsight (LOS) flow velociies from
the Su RN radars from 0540-1300 UT, which includes the shock impact and the storm
main ph evelopment. Panels are shown every 30 s and include mergers of the images from
all aﬁASIs over Canada and Alaska,and,fromwest to east, LOS flow veloct ies fromthe
mid -ImChr ist mas Valley west and east (CVW and CVE) and the Fort Hays west and east
(FHW EHE) radars (data taken with 60 s resolution). Occasional echoes are also seen inthe
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polar capregion, which are fromthe radar at Rankin Inlet. Representative snapshots fromthe
movie are shown in Figure 2.

As seen in S1andthe firg two panels of Figure 2, a narrow band of moderately active
auromluy-!ﬂ ong the poleward boundary of the eveningto-midnight auroral oval prior to the
shock This activity, and the lower than average location of the auroral poleward
bourvawsfmsa gnet ic lat tude A ~ 680 -709), 1 ikel yresulted fromthe pre-stormsouthward IMF of
a few r}FI'he flows seen by the Super DARN radars show weak,andrelativel y unifor m, east to-
west flwsub-auroral mid4at tudes (A ~ 520 to 620) as indicated by the observed flows being

towarmadars in the eastward looking and away fromthe radars in the westward looking

beams.
;e dramat ic effects of the shock impact can be seen in S1andthe next two panels (0602
and OGE) of Figure 2. This includes a rapid, large poleward expansion of the auroral oval

over a MLT range, which is a well studied response to dynamic pressure impacts under
prior, rd IMFconditions [Boudouridis et al ., 2003; Zesta et al ., 2000]. Thereis
also a large increase in the middattude, sub-auroral westward electric fields. These

penetrating electric fields are part of the well known global response to solar-wind dynamic

pressurmgacts [eg., Horiet al., 2012; Kikuchi et al ., 2001; Takahashi et al ., 2015;

Zest @I ., 2000].

The change in the auroral oval precipitation can be seen very clearly in the precipitation
obse-uﬁshown in Figure 3 from DMSP F17 and F16, which, respectively, traversed the
soutrmnisphere auroral oval and polar capseveral minutes before and several minutes after

the shmpact. For each spacecraft, integrated precipitating el ectron energy flux is shown in
thetqel and energy4 ime spectrograms of precipitating electron and ion energy fluxes are

This article is protected by copyright. All rights reserved.



shown in the lower two panels. The auroral arc along the auroral boundary before the shock can
clearly be seen as inverted-V structures in the F17 data on both the pre- and post-midnight
crossings of the oval ,and an ~2.59 wide band of diffuse auroral precipitation can be seen at ~1-
10 ke-!hmﬂe post -midnight crossing. This region of diffuse el ectron precipitation continuesto
be seem small ~19 equatorward displacement, on the post shock F16 crossing ~18 min
latermt imemewmer gy and fluxes of the precipitating electrons having been increased by the shock
comprém'l'l'ofthe magnetosphere.

ver, in addi ion, the post-shock crossing shows a broad region of strong structured
el ectroUBipitation,with peak energies within inverted-V regions extending to >10 keV. This
region ds polewardto A = 72.59 and includes strong precipitation of ~10to >30 keV
protochat ing that, within the ~10 min per iod following the shock,a broad,active region of
new ﬂEsheet with high proton energies had for med within a ~4% wide region of previously
open IMield lines. A similar feature is seen on the pre-midnight crossing, but over a
sub i narrower ~1.79 wide lattude range. This new particle population, associated wih
the preyjee®y known rapid nightside reconnection across the nightside plasma sheet boundary
that is dr iven by solar wind dynamic pressure impacts [Boudouridis et al., 2004, 2005],
gives WVo'r of energetic plasma that could be convected Earthward in the plasma sheet to
becom ture of the stor mt ime disturbance phenomena at lower lat tudes.
2.2Second southward IMF period (0635-0718 UT)

—ﬁe 4 shows overviews of the ASI and radar data from 0500-1430 UT. The top 2
panel?'g-lv-e'keograrns along a magnetic meridian somewhat to the west/east of the central
mer idiamhe Fort Smith (FSMI)/Pinawa (PINA) ASI the imager fields-of-view being shown
in F%). The FSMI keogram shows that the rapid poleward expansion and small
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equatorward expansion of the oval after the shock impact during period 1 was followed by
equatorward expansion of the oval to A ~ 669 during period 2, the second per iod of southward
IMF. An auroral enhancement at A ~ 669 can also be seen to the east in the PINA keogram,
whervllnlen!it lesrise to just above background at the end of thistime period. The narrow, br ight
featur& FSMI keogramthat extend across several degrees of lattude prior to southward
IMFwpemeesi ar e keogram signatures of intense auroral streamers. However, such signatures of
strong &'%I'hers areabsent during period 2,and the equatorward expansion appearsto berelated
to that(ﬁ_)]e diffuse auroral electron precipitation. This different behavior of the aurora
betwemods land 2isalsoapparent in movie S1.

wer four panelsof Figure 4 show LOS veloct ies of the mid{at tude radarsthat are
averagtgi 2 or 3 beams alongthe four directionsthat are drawn in the insert in thetopr ight
portiormm Figure. The frst and third of these panels are from CVW and FHW beams
Iookithwestward toward the Gulf of Alaska and towards western Canada, respectively.
The js from CVW beams looking approximately poleward toward FSMI, and the fourth
panel i FHE beams|ooing northeastward over eastern Canada. The large blue dots givethe
equatorward boundary of plasma sheet electron precipitation as observed on the multide
crossithhe southern hemisphere auroral by the DMSP F16-F18 spacecraft, the MLT of
observ iven in blue above each dot. Pre-midnight crossings are shown in the poleward
looking CVVW panel ,though these radar beams are only at pre-midnight MLTs unti ~09 UT, and
post tt crossings are shown in the panel for the eastward looking FHE beams, which
measms't -might after ~06 UT. The modest equatorward expansion of the auroral oval is seen
foIIowEr iod 2 in the electron precipitation boundaries between periods 2 and 3. That the
precw boundar ies area few degrees equatorward of the detectabl e auroral boundary onthe
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pre-midnight side, is Iikely a result of the ASI detection threshold. As expected from particle
drifts,the electron precipitation boundary is seen a few degrees further equatorward on the post -
midnight side, wherethe DMSP crossings are dawnward of the PINA fiel d-of view at t imes pr ior
to peridenesd

&1 by the CVW and FHE radar beams in Figure 4andthe 0620and 0701 UT panels
of Figuwesilma fter decreasing substant elly dur ing the northward IMF in between periods 1and 2,
there m%M/ery large increase in the mid4attude, sub-auroral westward flows dur ing period 2.
While w speeds were similar to those seen during period 1,there was a dist inct difference
in the Wr ing of the convection. During the frst period,the LOS plots in Figure 4 1ooked
striped esult of substant al flow var iations that can be seen within the 60 s period fromone
radar SQO the next. These strong variations can be seen over many more radar beams in

movie E)n the other hand, the flow had far less structuring during period 2. Ik is interesting

that a r difference between the two periods is seen in the auroral observations at much
high es, there being several shortdived bright features on the FSMI keogram during
per iod only much more smoothly varying aurora during period 2. Consistent with the

rapidly varying auroral activiy seen during period 1, the DMSP F16 electron precipitation
observm in Figure 3 show a large number of closetogether, strong electron precipitation
featur
23 Thirdsouthward IMFperiod (0757-1034 UT)

mg the first 1 ¥4 hr of southward IMF period 3, the equatorward boundary of the
auror?'m_m/fed several degrees equatorward, from A ~66° to A ~60°0 in the PINA keogram.
FurtherE, much more streamer activity occurred during per iod 3than during period 2,as can

be s%l and the FSMI keogram. Also, a coupe of omega bands become apparent at A <

10
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~640 in the auroral observations from PINA, omega bands being a common feature on the
mor ning side dur ing per iods of enhanced convection. The streamers cont inued throughout per iod
3,though they were not as intense and close together as dur ing the post shock period 1. Dueto
Iight'ehm!lination at lower latiudes, the streamers are seen only to A ~67° by the FSMI
keogral @ a few streamers can be discerned in S1that extendedto A ~629.

= siylem ( iffer ent mid 4 at tude convect ion features wer e seen dur ing per iod 3 ascomparedto
what \/\%Een during period 2. As can be seen for all the beams in Figure 4, the convection
becam@ bursty with LOS flow speeds varying from ~500 m/s to closeto 0 m/s repettively
over ~wmin per iods. These bursts of enhanced flow have a strong equatorward component
as sho the poleward looking CVW beams (17,19,20), and the strong bur sty behavior of the
flows \Ques into the region of post-midnight eastward flows seen in the FHW and FHE
panelsme these radar echoes are at the same midattudes as during periods 1 and 2,the
regionmhoes appear to move equatorward with the equatorward boundary of the aurora,

part in the poleward looking CVW panel. This suggests that these mid4at tude echoes

are witha®e expanding aurora oval, consistent with the equatorward boundar ies of electron
precipitation seen by the DMSP spacecratft.

Mdicated by the pink and white arrows in the bottom panels of Figure 2, each
indivi w burst during per iod 3 hadalongtudinal width =1 hr in MLT, some being « 1 hr
in MLT_Additionally, based on the LOS flow speeds, many individual bursts did not extend
acrosﬁll lattudinal extent of the radar echoregion. While we are unableto track the two-
dimemevolut ion of individual flow burstsas function of time with onlythe LOS flowsand
1 min tmesolution,the existence of eastward going bursts on the dawnside of the echo region

sugg% many flow bursts onthe morning side turnazimuthally towardsthe east . We do not

11

This article is protected by copyright. All rights reserved.



have sufficient echoes during period 3to deter mine if evening side burststurntowardsthe west
as has previously been seen [Kauristie et al., 2003; Zou et al ., 2009]. However ,there is
evidence for a westward excursion of flow bursts near midnight,as indicated by the short whie
| ines w919 and 0920 UT panels of Figure 2.

naIIy,there are some radar echoes during per iod 3that appear to be sub-auroral
and showsiswr sty flows, as ident ified in Figure 4. These have an equatorward component as seen
by the %‘I‘EWard looking CVW beams, and a westward component in the eastward looking FHE
beams.(ﬁse flows are al most certainly within the sub-auroral polarization streams (SAPS)
region(ﬁ the flows lay equatorward of the equatorward DSMP electron precipitation
boundasiees=The fact that these flowsare bursty is consistent with some of the flow burstswithin
the augval extending equatorward into the SAPS region and turning towards the west. We
thus se@ence for a general guiding of the flow bursts by the large-scale convection pattern,
flow b{ﬁvihin the duskside convect ion being azimuthallyturnedtothe west (some withinthe
SAP ian) and those within the dawn cell being turned towardthe east, consistent with recent
impl icatje#®'fromobservations [Lyons et al ., 2015].
22Fourth southward IMF period (1100-1213 UT)

mursty flow pattern continued dur ing southward IMF per iod 4,the pattern being very
similar, at during period 4. Enhanced bursts of flow can be seen in the equatorward and
eastwar ws, as well as in the westward sub-auroral flows. However, based on the DMSP
equal electron boundaries in Figure 4 and the Alaskan ASI images in movie S1, the

equato’wara boundary of the auroral precipitation did not expand discernibly further
equatoEdur ing this per iod.

3. qunt ionospheric and field-aligned current systems.

12

This article is protected by copyright. All rights reserved.



The radar observations have indicated the existence of three different modes of mid-
lat tude el ectric field enhancements following the stor m shock and dur ing the storm main phase.
In this section, we show how the post-shock, smoothly enhanced, and bursty enhanced
conved-ion-'nodes arereflected in ionospheric and field-al igned current systems. Figure 5 show
ionosu ivalent currents over North America obtained from ground based magnetometers
(ocatiomemgeiven by yellow stars) using the spherical elementary currents systems (SECS)
approa&'m‘nm and Vil janen, 1997; Weygand et al., 2011]. Thetop panel reproduces
the po@d looking CVW panel from Figure 4, the four southward IMF periods being
ident ifw maroon dashed | ines and vertical magenta | ines ident ifying the times of the SECS

panels# | ower two rows.

g‘irst equivalent current panel shows the pre-shock eastward current of the duskside
DP2 cmng at A =680 (above the magenta solid curve, which is repeated in subsequent
panels(ﬁeference). Just after the shock, as seen in the SECS panel B, eastward currents
beca nced at al most all longitudes at A’s below the solid magenta linetothe lowest A of
observatje#® (~420). A dashed magenta line outlines this region. This panel shows the
ionospher ic currents of the enhanced penetrating el ectric fields seen by the radars, as expected,
and al Qhuwsthat they extended to much lower lattudesthan could be seen by theradars. The
mid-a currents returned to near ther pre-shock configuration level during the northward
IMF interval between periods 1and 2 (panel C). They then increased again during southward
IMF nsef (panels Dand E), indicat ing that the penetrating el ectr ic field pattern dur ing per iod
2was‘!mr tothat during period 1. At higher lattudes,the dawnside DP2 current cell ,as well

asthe dmde cell,became visible over North America,as did the sunward current between the

dusk@ dawnside cells.

13
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During the periods 3 and 4 of longitudinally narrow, bursty flows (panels F-I), the
ionospher ic equivalent currents became substantially different than duringthe previous intervals.
In particular, longitudinal narrow regions of current appear to extend to the lowest A of
obser'vll-iun‘ It should be noted, however ,that there are an insufficient number of magnetometer
stationurately discern the longitudinally dependent detais of the current structure,
part isubsshst A‘s < 4590 where longiudinal coverage is | imited. However, it is clear that the
currentLI'IHVe more longiudinal structure than during the earlier periods, indicating that the
associa@ng'tud inally structured el ectr ic fields penetrated to A‘s at least 109 equatorward of
the eqm/ard boundary of auroral electron precipitation as seen by the DMSP spacecraft
obser vaksiesg in Figure 2. Such electric fields have the potent ial for injecting particlesto low L-
shellspw;;]this stormmain phase.

me 6 show the AMPERE magnetic perturbations observed along Iridium satellie
trajectmur ing the 10 min intervals identified by blue dashed vertical lines @-f) in the upper
pane gure 5. Red and blue shadings give upward and downward FACs, respectively,
obtaine m the curl of fits to the magnetic perturbations [Waters et al., 2001]. The
currents are denoted as J- since they are actually radial, being calculated from the curl on a
spher iMface. It can be seen that field-aligned currents were weak just before the shock
impact | a). Awell-defined Region 1 (R1)and R2 FAC par formed during the post shock
period 1 (panel b), the duskside R2 currents extending equatorward to A ~ 629, which is ~3°
equal of the equatorward boundary of el ectron precipitation dur ing the per iod as seen by
the DMISP boundar ies in Figure 4, consistent with these being the downward currents that are
driven m partial ring current and giveriseto SAPS. Dur ing the per iod of smoothly enhanced
convq(per iod 2, panel c), the well defined R1 and R2 current system amg ified, and

14
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extended equatorward by ~1-29, which is similar to the equatorward expansion seen in the
duskside DMSP spacecraft equatorward boundar ies after period 2 but before period 3.

As with the ionospheric equivalent currents, the FACs became significantly different
dur in'gl{!eﬁ!li 3 (panelsd-f)thanat earl ier times. Whil ethe current fitting procedure significantly
smootudinal varations, the current system near midnight changes from that of the
typios|wmdmR? system to one of multigde, smaller scale currents, consistent with the increased
structuh'l'gﬁeen in the electric fields and the ionospheric equivalent currents. The lattudinal
structu&g} most evident in the magnet ic perturbation vectors, which exhibit multid e east west
reversa(sﬁm one or moretracks near midnight . Significant magnet ic perturbations extendto A
~520 ijls eand f, which is wherethe sub-auroral burstsare seen in theradar data in Figure
4,

4. I(theric densities revealed by vertical TECand PFISR.

Mmeasurements at 21, 24,and 04 MLT fromavaiable ground GPS stations are shown
in F s a function of A and UT. Magenta dots identify the equatorward boundary of
plasma electron precipitation, based on precipitating el ectron energy flux of 10'%v/ccm?
ster s), and magenta crcles give the poleward boundary of auroral particle precipitation (i.e, of
el ectrommitation, since its poleward boundary was at or poleward of the proton boundary).
Mage s extending to lower lattudes give the equatorward boundary of less-intense, but
detected sma sheet proton (<23 MLT) or soft electron (>23 MLT) precipitation, which
extemdo mewhat lower lat tudesthan did the main plasma sheet el ectron precipitation.
-'ﬁ:'val ues werelow prior tothe shock impact,and there may have been a small increase

at A ;;Efter the shock. Thelargest TEC values are seen after ~07 UT and appear as features
that @uatorward fromthe highest lattude shown (A = 809). This latitude appearsto be

15
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within the polar cap, several degrees poleward of the poleward boundary of the auroral oval as
indicated by the DMSP measurements, the auroral observations in movie S1, and the poleward
boundary of R1 fieldaligned currents in Figure 6. However, we note that the poleward
bounul!h-u‘the oval is not very clear in the auroral images and that there are uncertainties in
using hern hemisphere DMSP values for the poleward boundary in the northern
hemmspmemem Thus there is some uncertainty in our determination of the auroral poleward
bounda%.-l'ne equatorward boundary of the TEC enhancements, which also represents the
pol ewaQ_QJndary of the middat tude trough, moves equatorward after ~07 UT, in approximate
agreemth what is seen for the auroral oval electron precipitation by DMSP and the auroral
imager as previously beenreported by Zou et al.[2011]. Additionally,the equatorward
boundaghe mid at tude trough appearsto move equatorward in the 24 MLT panel ,although
examirﬁof the TEC at all MLT indicates this may be related to azimuthal motion of a
Iongtu{lﬁfeature.

quatorward moving TEC enhancement features, having the character ist ics of polar
cap pat ' are seen within the auroral oval (based on being equatorward of the DMSP
poleward boundaries) from ~0730 to ~1200 UT. Hectron density and temperature profiles
measuw PFISR (Figure 8) in the pre-midnight sector (1000-1115 UT) confr mthe typical
patch res (enhanced densities above 300 km and lower el ectron temperature than of the
surrounding auroral features)as structures moving equatorward across the PFISR field-of view.
The ﬁ of these are identified by dashed diagonal lines. This roughly corresponds to
soutrm-I'MF per iods 3and 4, during which convection was dominated by flow bursts. These
densityEncement features appear to move from the polar capto the auroral oval as has

prev%een by Zhang et al.[2013]and from simulation results by Crowley et al.
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[1996]. That they occur during the period of flow bursts suggests that the enhancements are
brought intothe auroral oval by flow channels fromthe polar capthat crossthe open-closed field
line boundary and enter the plasma sheet. Such entry of polar cap flow bursts into the pasma
sheet-il.llnn! bel ieved to be a common featurethat leadsto plasma sheet flow bursts, giving rise
to aurward boundary intensifications (PBls)and streamers [de |a Beaujardiere et
al ., d9e«msmy 0ns et al ., 2011; Nishimura et al., 2010; Pitkanen et al ., 2013; Shi et
al ., 2&!,-Zou et al., 2014], and would be expected to carry the TEC enhancements
equato@wthinthe auroral oval .

wistent with the TEC flux enhancements being transported equatorward by flow
bursts, dar flow vectors in Figure 8 show that equatorward flow bursts wer e seen by PFISR
at A :;7.50 a few minutes before the patches appeared in the densities along the local
magnemd line (A = 65.40, beam 12). To exporethe possibil ty further, Figure 9 shows TEC
and Lwows along 4 radar beams. The beams were selected to maximize overlapping
cov TEC measurements and radar echoes as well as to illustrate various features of
interest each TEC measurement has been averaged over the 3adjacent beams centered on
the beam illustrated in the upper left hand corner. For each beam,thick horizontal dashed I ines
ident istAin both the LOS and TEC panels that has been selected to maximize overlapping
flow b@d TEC enhancement coverage. Thinner dashed vertical | ines give visually estimated
times of init iation of flow bur st crossings of the A [T TIT€ hor izontal lines.

—ﬁen in the auroral oval, flow bursts extend over several degrees of lattude asthey
movmquatorward and azimuthally throughthe plasma sheet . Thus a pparent motion of TEC
and flomst features along a radar beamreflects how both therr equatorward and azimuthal
flow% crossing of that beam. If the TEC enhancements are carried by the flow bursts,
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there should be an association between ther crossing of the radar beam and that of the flow
bursts. Such an associat ion seems clear fromthe CVW west beams on the |l eft side of Figure 8,
which look north-northwestward. These beams give the best views of density structures having a
beam-d-uusfwg that moves equatorward with time, beam 11 having better TEC coverage and
beam ng broader LOS velocty coverage. While there is not a precise oneto-one
assomiotwesslact \ween the flows and the TEC enhancements,there is a general associat ion between
thetinhrvals of flow bursts and of TEC enhancements (~0845-1215 UT). Further more, a
TEC erﬁg@ement is seen near most of the locations wherethe vertical dashed I ines @t A = 60°)

crossemor izontal dashed line,and most of TEC enhancements along the dotted | ine occur

near th ssings.

mbeam 81ooks northwestward and saw flow bursts having a beam crossing locat ion
that m@quatorward withtime. The hor izontal I ine shown in this panel isat A =58 andat a
beam IMn a | ktle morethan 1 hr to the east of that for the | ine shown in the CVW panels.
Simi res are seen as for the CVW beams, though with a more clear association between
the two Lua#® per iods of LOS flow and TEC enhancements, from ~9-10and from ~11-12 UT, and
the clear gap in between. The CVE beamlooks east northeastward,and thus sees the flow bursts
as awammthe radar flows (blue color) moving eastward in the dawn convection cell. The
Crossi he radar beam by these flow bursts moves to higher lattudes (further range gates)
with time which reflectsthe bursts eastward mot ion within the dawn convection cell. The TEC
enhaucs also show such mot ion of theirr crossings of the radar beam to higher range gates.

Furthemore,as with the FHW beam, there is clear association between the two regions on LOS

flow arBC enhancements and a clear gap in between. Both of these features along the CVE

<
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beam support the suggestion that the TEC enhancements are carried with the auroral oval by the
flow bursts.

Figures 7 - 9 give evidence that the flow bursts bring TEC enhancements fromthe polar
cap mll!-l'h! plasma sheet. These enhancements are brought further and further equatorward
during s 3and 4to near the equatorward boundary of the auroral ,and this occurs at the
sa masawsmenf| 0w bur ts also expand the auroral oval equatorwardto AT below 559. We note
that th;ﬂ'ﬂence from Figures 7-9 is qual tative, so that it would be desirable developa more
quant t@compar ison between the flow bursts and TEC enhancements. This would requre
taking WCount the LOS nature of the Super DARN flow veloct ies and the tendency for high
TECst ssociated with enhanced radar backscatter ,a tendency that can be seen in Figure 8.
5.Ring current particle injection.

@quatorward expansion of the auroral oval should correspondtoan earthward mot ion
of the Medge of the plasma sheet. The plasma sheet particles, energized with the increasing
maggetic fiel d strength as the flow bursts move them earthward, should be expected to become
part of orntime ring current. We examine this possibil ty by examining the equator al Van
Allen Probes (VAP) particle observations. VAP-B preceded VAP-Aasthey both moved inbound
inthe Midnight sector and outbound in the pre-midnight sector .

e 10 showstime profies of el ectrons and ions measured by the MagEIS instrument
[Bl ake al ., 2013] fromthe last VAP pass (VAP-B outbound) before the storm shock
impaudthe next VAP-B and VAP-A passes (inbound and outbound)dur ing the storm main
phase {middle), and the subsequent inbound and outbound passes during the beginning of the
stormr, y phase (bottom). The quiet time passes show the typical quiet time structure of

the r@em ions,their outer zone peak moving earthward with increasing energy,and of the
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ring current and radiation belt electrons with their two-zone structure. The flux enhancement
duetothe 06 UT shock impact was seen at L =~ 6 onthe VAP-B inbound pass.

On each post shock pass, the inner edge of ion injection as seen in the line pots is
identﬂ!d-vﬁh a solid maroon line, and the location of the pasmapause based on the density
measu (inferred from the upper hybrid resonance line using the EMFISIS wave
measunemeent s [Kl et zing et al ., 2013; Kurth et al., 2015] is identified by a dotted dark-
green I*E.-I'he el ectron data show approximate correspondence between ther inner injection
bound@d that of the ions. On the frst VAP-B inbound pass,the ion injection edge and the
plasmﬁs} can be seen at ~0730-0800, just after period 2. They were located at L = 4.2 and
3.5 re #vely, which is somewhat earthward from ther typical quiet time location. The
subseql;:/AP-A pass observed the boundaries at ~09-0930 UT, and shows that they had
movedERE further earthward dur ing the first half of period 3. As seen in the profile for the
out bOLMt ions of these passes,and addi ional ~0.9 Re of inward mot ion was seen for the ion
innet, uring the remainder of period 3. However, some of this later inward motion was
I ikely LT effect from particle drift trajectories, as can be seen by the ion edge being
earthward of the plasma pause on the duskside. The recovery phase orbit showsthat a further few
tenths MRE earthward penetration occurred dur ing, or somewhat after ,the flow burst period 4.
Simila ions for the inner edge of ion injection can be seen in Figure 3of Gkioulidou et
al. [2014L where it is also seen that the peak in ring current pressure moved into L ~ 3.5,
conse ith what is expected for a storm of the strength [eg., Antonova, 2006;
Anto-rqo_vafand Stepanova, 2015]

aobserved L-value was mappedto ALTMITT T T T4d a dipole field (which is valid at
these{s). The corresponding A’s are shown by magenta X’s for the ion edges and P’s for

20

This article is protected by copyright. All rights reserved.



the plasmapause in Figure 4, wih the addiion of the corresponding A’s from the equator il
THEMIS spacecraft given by brown X’s and P’s. Values from duskside (dawnside) portions of
spacecraft orbits are shown in the more duskside CVW panel (beams 17,19,20) and the more
dawnsll!Hi‘IE panel ,respectively. The MLT of each observation point isalso indicated.
ear the time of the shock impact,the THEMIS spacecraft showed the boundar ies
laying -emsbeyy degrees equatorward of the DMSP electron precipitation boundaries, |ikely
represeﬁ'll'l'g' previous weak activiy. Based on the dawnside THEMIS and VAP passes, | itle
equatow mot ion was seen during periods 1and 2, with most of the equatorward mot ion of
the bOWGS occurring during period 3. This is consistent with what is seen in the DMSP
boundassieesthe radar echo boundar ies, and the auroral observations. These observat ions indicate
that thge major ty of the injections of ring current particlesto lower L occurred during the
fl ow-bm'ne per iod of most rapid and furthest equatorward penetrat ion of the auroral oval and
associaMIrrents. This inference is consistent with observations [Gkioul idou et al ., 2014]

and ng [Yu et al., 2014] of this storm that indicate the importance of multige ion
inject io he for mation of ther ing current dur ing the storm main phase.
6. Summary

Wg advantage of the excellent coverage of the 2013 March 17 stor m main phase from
groun instruments and from low- and high-altiude spacecraft, we have evaluated the
driving of fundamental main-phase phenomena and found evidence for common dr iving of the
aurouﬁ, nightside ionospheric currents, the R2 field-aligned current system, ionospheric
densﬂgs,_arfd injection of particlesto formthe stor mtime ring current. The stor m shock impact
drove Ey almost immediately: dramatic poleward expansion of the poleward boundary of

the qoval, strong auroral activiy, and strong penetrating middatitude convection and
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ionospheric currents. Equatorward expansion of the auroral oval was limited. The dramatic
poleward expansion, which impl ies rapid reconnect ion along the nightside polar cap boundary, is
associated with a broad, activeregion of new plasma sheet with high proton energiesthat appears
to haﬂ-ﬁul-ﬂ‘.ed within a region of previously open lobe field lines. Additionally,a very large
increa e middattude, sub-auroral westward el ectr ic fiel ds was observed.
= miieee the initial ~15 min period 1 of southward IMF, there was a less active ~15 min
per iod %‘H‘U{thward IMF and then a second period of southward IMF that lasted for ~45 min.
The a@observations showed an equatorward penetration of the oval by ~3° to A ~ 66°
dur ingmer iod 2. After decreasing substant ally during the preceding northward IMF per iod,
there ery large increase in the middattude, sub-auroral westward flows during period 2.
Whil evgow speeds were similar to those seen during period 1, the flow had far less
structumur ing per iod 2and this difference between thetwo per iods is reflected in theauroral
observm.
ection became very different during the ~4 hr time of southward IMF of periods 3
and 4. bur sty flows were observed, with LOS speeds varying from ~500 m/s to closeto 0
m/s repettively over ~10-20 min per iods. The flow bursts had a strong equatorward component,
and a%d to turn azimuthally as would be expected from a guiding by the large-scale
conve ttern. Some of the bursts within the dusk convection cell appear to have penetrated
equatorward of the electron pasma sheet, becoming bursts of enhanced flows that were seen in
the Hﬁion. Auroral streamers were seen throughout the first ~2 hours of this period, after
wh ic‘h-'erA!SIS with good viewing rotated too far toward the morning section to see streamers,

The eq ard boundary of the observed aurora moved rapidly equatorward,from A ~66° to A

.,GOO{n in the PINA keogram. Based on the radar echo locations and the DMSP el ectron
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precipitation observations, the oval continued to expand to A ~559 during the first two hours of
this southward IMF interval but did not subsequently expand further.

The above three different modes of el ectric field occurred following the stor m shock and
dur ingllhu!orm main phase and were identified using the radar and auroral observations. We
have L@ hat the different modes were reflected in the ionospheric and field-al igned current
syst amemimsdaancement of the DP2and R2 current system were seen dur ing period 1and became
stronglhl'l'l'lanced during period 2. Similar penetration of the ionospheric currents to mid-
Iatlud&g)s seen during both periods. During periods 3 and 4, when nightside convection
consistmstrong bursts with significant spatal structure, both current systems changed from
ther esssiogtypical patterns associated with large-scale convection to patterns reflecting the
enhancgucture of the electric fields. Also,the currents continued to intensify, the region of
strong mnts continued to expand equatorward with the auroral oval, and penetrating
ionospmurrents continued but with substant ial enhanced spatial structure.

ifferent driving modes were also reflected in the ionospheric densities obtained
fromvepide® TEC measurements. The equatorward boundary of the TEC enhancements, which
also represents the poleward boundary of the middattude trough, moved equatorward most
rapidlm ~07 UT, in approximate agreement with what is seen for the auroral oval electron
precipi ,the equatorward mot ion being the most rapid dur ing approximately the fi st half of
per iod 3_Further more,the TEC measurements showed large equatorward moving enhancement
featmyﬁin theauroral oval during periods 3 and 4 of bursty convect ion, some of which were

traceae over ~25-3090f latkude. Simultaneous TEC and radar flow measurements suggest that

the TEEancements were brought into the auroral oval fromthe polar cap, and subsequently

<
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moved equatorward and azimuthally within the auroral oval, due to their being carried by the
flow burstsasthey move fromthe polar captothe plasma sheet and then within the plasma sheet.

The earthward injection of particles to form the storntime ring current was found to
corresﬂyndlllell with the period of most rapid and furthest equatorward penetrat ion of theauroral
oval aiat ed currentsthat wasassociated with bursty convection.

= mm==bnclusions

*I'Eﬂnclusion, during the course of the storm expansion phase, the radar observations
indicat@ existence of three different southward IMF modes of electric fields that drove
stormwenomena. These three modes were reflected in the aurora, and in ionospheric and
field-alw current. Poleward expansion of auroral oval, which indicates rapid nightside
reconntg, occurred primariy during the frst driving period, which initiated immediately
after tEock impact. Equatorward expansion of the auroral oval occurred predominantly
dur inng iod of thethird dr iving mode, when the el ectr ic field became extremely bursty with
muc gl structure,this structure being reflected by equatorward extending auroral streamers
and hj structured ionospheric and field-aligned currents. This also approximately
corresponded to thetime period of the largest equatorward mot ion of the ionospher ic trough,the
biggeWward injection of ions and electrons into the ring current, and equatorward and
azimut moving high TEC features within the auroral oval that appear to come fromthe
polar cap_This indicates a common driving of all these storntime features, which are often
consgeparately. Why the electric field enhancements had these three different
maniﬁ@fo’ns, and why the bursty enhancement interval was more effective in driving storm
phenorEis not clear from our analysis of this one storm. Coordinated and simultaneous

mult Liae®Ument observations of main phase phenomena for addi ional stor ms would allow for
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evaluating the general ty of the results presented here, and they might also hel p us under sand

why certain driving condit ions may be mor e effective than others.

e
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Figure 1. FFomtopto bottom,the WIND Pq4y, the OMNI IMF, the Super MAG upper U and
lower L magnetic index,the Super MAG ring current index for all MLT and within the
dusk, noon, dawn, and midnight sectors, and ground magnetometer observations from

M} American stations near 66-67° MLAT with increasing UT of midnight (indicated
&II vertical arrows) from CARISMA and the Universty of Alaska. N and E

= seimeet iONS are local magnetic north and east, respectively, and Z-direction is vertically
%UWI'I. The IMFand Pqyn data are shifted so that the shock impact time agrees with the
@UT impact time seen by the ground magnetometers. Maroon dashed boxes ident ify
@r}min per iods of southward IMF seen after the shock arr ival .

Figur esse presentat ive snapshots from Movie S1. Each panel shows auroral images overlaid
gLOS flow veloci ies fromthe Super DARN radars. The images are mergers fromall
E@bl e ASIs over Canada and Alaska,and, from west to east, LOS flow velocties are
Mthe mid4attude CVW, CVE, FHW, and FHE radars. Occasional radar echoes seen

polar capregion are fromtheradar at Rankin Inlet. ASI station locations are given

frrst panel. Yellowarrows in the upper and middle panels illustrate the magnitude

of mid4attude westward flow. Pink and white arrows in the bottom panels ident ify

m_'tudinally localized flow bursts seen in LOS flows drected toward a radar and

ard flow bursts seen in the easternmost radar echoes. Short white I ines in the 0919

nd 0920 UT panels illustratethe westward excursion of the western edge of a flow burst
ﬁwidnight.

e

Figure™3. DMSP F17 and F16 observations several minutes before and several minutes after,

Ect ively, the shock impact. For each spacecraft, integrated precipitating electron
{gy flux is shown in the top panel and energy+time spectrograms of precipitating
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electron and ion energy flux are shown in the lower two panels. Latitudes of poleward
and equatorward boundar ies are given,and a region of weak polar caparc precipitation is
ident ified.

Figurvh.-derviews of the ASI and radar data from 05-1430 UT. Top 2 panels give keograms
magnetic meridian somewhat to the west (east) of the central meridian of the
= sm@dll (PINA) ASI. The imager fields-ofview are shown in Figure 2. Lower four panels
%I'ngure 4 show LOS veloct ies of the mid4atitude radars that are averaged over 2-3
@s along the four directions shown in the insert in the topright corner. Heavy blue
efs}ive the equatorward boundary of plasma sheet el ectron precipitation observed on
ern hemisphere crossings by DMSP F16-F18 spacecraft, the MLT of observation
given in blue above each dot. Mapped A’s for the inner edge of ion injection and the
@-apauselocation are show with magenta and brown X’s for the ion edges and P’s for
Masrrapause fromthe VAP and THEMIS spacecraft,respectively, in the equator il
. Maroon dashed boxes identify four main per iods of southward IMF seen after the

arrival . “Bndry” isabbreviat ion for “boundary”.
Figure 5: lonospheric equivalent currents over North America obtained from ground based
Metometers (ocations given by yellow starts) calculated from SECS method. Thetop
reproduces the poleward looking CVW panel from Figure 2, maroon dashed I ines
ident ify the four southward IMF per iods, vertical magenta | ines ident ifying the times of
ECS panels in the lower two rows, and blue dashed vertical |ines identifying the
-lﬂFeg of the AMPERE panels in Figure 6. The pre-shock eastward current of the duskside
Ecell in panel Alies at A’s above the magenta solid curve, which is repeated in
{%quent panels for reference. In subsequent panels,a dashed magentaline outl inesthe
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region of enhanced currentsat A’s belowthe sol id magentaline.
Figure 6: Magnetic perturbations observed along Iridium satell te trajectories during the 10 min
intervals ident ified by blue dashed vertical | ines (a<f) in the upper panel of Figure 5. Red
-hndlﬂl ue shadings give upward and downward radial current,respectively,obtained from
offitstothe magnet ic perturbat ions.

Figume sl C measurements at 21, 24, and 04 MLT from available ground GPS stations as a
%‘I'I'El'ion of Aand UT. Magenta dots ident ify the equatorward boundary of plasma sheet
won precipitation, based on precipitating el ectron energy flux of 10%v/(cm?-ster ),
wlagenta circles give the poleward of auroral particle precipitation. Magenta bars

ding to lower lattudes give the equatorward boundary of less-intense, but detected,

asma sheet proton (<23 MLT) or soft electron (>23 MLT) precipitation, which

@ded to somewhat lower lattudes than did the main plasma sheet electron

mmtation. Dashed diagonal lines identify the clearest equatorward moving TEC
cement features. “Bndry” is abbreviat ion for “boundary”.

Figure Se®-ISR measurements on March 17 2013 as a function of magnetic lattude and
universal time. (@) Nightside convection flow vectors with a measurement uncertainty
mm/s. (b) Raw electron densit ies with no correction for Te/Tior Debye | ength effects

red by beam 12 (upward along the magnetic field). Alttude is indicated on the | eft

Y axis and magnetic latitude is indicated on the right Y axis. (c) Hectron temperature

—¢Jred by the beam 12 long pulse mode. Dashed magenta I ines indicate the start of

-'mes as marked by enhanced F+egion densit ies above ~300 km with reduced Te, and
E{tch connect ion equatorially drected flow burds.

Figuv{EC and LOS flows averaged over the 3 adjacent beams centered on the beam
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illustrated in the upper left hand corner. For each beam, thick horizontal dashed Iines
identify a Ain both the LOS and TEC panels selected to maximize overlapping flow

burst and TEC enhancement coverage. Thinner dashed vertical lines give visually
-hl-i!'ated times of the initiation of flow burst crossings of the A [I[]I1Td horizontal I ines.
Figuree profiles of electronsand ions fromthe last VAP pass (VAP-B outbound) before
= shsemgt Or m shock impact ¢top), the next VAP-B and VAP-A passes (inbound and
%ﬂ'l'ﬂbund) during the storm main phase (middle), and the subsequent inbound and

und passes dur ing the beginning of the stormr ecovery phase (bottom). On each post
pass, the inner edge of ion injection as seen in the line plots is identified with a

maroon line, and the location of the plasmapause based on the densiy

USE

measurements is identified by a dotted dark-green line. L-values and mapped A’s for

Eofthese boundar ies are ident ified.
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