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Abst r a c t   

The ma in phase of  the 2013 March 17 stor m had excellent  coverage from ground-based 

instrument s and from low- and high-alt itude spacecraft , allowing for  evaluat ion of  the r elat ions 

between major  stor m-t ime phenomena  that  are often considered separately. The shock impact  

with it s concurrent  southward IMF immediately drove dramat ic pol eward expansion of the 

pol eward boundary of  the auroral  oval  (implying strong night side r econnect ion), strong auroral  

act ivity, and strong penetrat ing mid-lat itude convect ion and ionospher ic currents. This was 

followed by per iods of  southward IMF dr iving of el ectr ic f ields that  were at  fir st  r elat ively 

smooth as often employed in  stor m model ing, but t hen became extremely bursty and structured 

associated with equatorward ext ending auroral  streamers. The auroral  oval did not  expand much 

further  pol eward dur ing these t wo latter  periods, suggest ing a  lower  overall  nightside 

reconnect ion rate than that  dur ing the f ir st  per iod and a pproximate balance with dayside 

reconnect ion. Character ist ics of  these three modes of  dr iving wer e r eflected in  hor izontal  and 

field-al igned currents. Equatorward expansion of  the auroral  oval  occurred pr edominantly dur ing 

the structured convect ion mode, when el ectr ic f ields became extremely bursty. The per iod of this 

third mode al so a pproximately corresponded to the t ime of  largest  equatorward mot ion of the 

ionospher ic trough, of  apparent  transport  of high TEC features into the auroral  oval  from the 

polar  cap, and of  largest  earthward inject ion of ions and el ectrons into t he r ing current . The 

enhanced r esponses of  the aurora, currents, TEC, and the r ing current  indicate a  common dr iving 

of all  these stor mt ime features dur ing the bursty convect ion mode per iod.   
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1. Int r o duc t io n 

An essent ial  feature of magnet ic stor ms is t he spat ial  ext ension of  the disturbance 

convect ion, ionospher ic currents, and part icle pr ecipitat ion to mid- and low-lat itudes dur ing the 

ma in phase.  The features of  int erest  here are the earthward penetrat ion of  the plasma  sheet  in the 

magnetotail  (equatorward in  the ionosphere), t he equatorward expansion of  the auroral  oval , of 

oval  r elated ionospher ic currents, and of  the Region 2 (R2) f ield-al igned current  (FAC) syst em, 

the equatorward mot ion of the pol eward edge of  mid-lat itude ionospher ic trough, t he inject ion of 

part icl es to for m the stor mt ime r ing current , and ionospher ic density enhancement s that  move 

throughout  the night side auroral  oval . Generally, t hese signatures are treated separately even 

though they share underlying physical  processes.  However , the r ichness of t he ext ensive array of 

overlapping data  set s for  the 2013 March 17 stor m gives us the opportunity to ident ify 

relat ionships between these disparate features and place their  development  in  the context  of a  

common dynamical  or igin. 

The 2013 March 17 storm is a  Coronal  Mass Eject ion (CME)  dr iven event  with a  shock 

that  impacted the magnetosphere at  06 UT [Ba k er  e t  a l ., 2014], and there has been much 

int erest  in  r ing current  part icle inject ions [e.g ., Gk io u l id o u  e t  a l . [2014] and radiat ion belt  

el ectrons  [e.g ., Hu d so n  e t  a l ., 2015; Li e t  a l ., 2014, 2015]for  this event  (the stor m-t ime 

radiat ion belt  el ectron enhancement  occurred after  the per iod of  int erest  here).  Dur ing the ma in 

phase of  this stor m, we have excellent  and overlapping coverage of  the aurora from the array of 

THEMIS ground-based all -sky imagers (ASIs) [Men d e e t  a l ., 2008], of  ionospher ic flows 

from the ground-based Super  Dual  Auroral  Radar  Network (Super DARN) and the Poker  Flat  

Incoherent  scatter  radar  (PFISR), of  the global  distr ibut ion of  magnet ic f ield-al igned currents 

(FACs) from the Act ive Magnetosphere and Planetary El ectrodynamics Response Exper iment  
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(AMPERE, htt p://a mpere.jhua pl .edu/index.ht ml ) [An d er so n  e t  a l ., 2014], and of  in-situ 

plasma  sheet  part icles from the two Van Allen Probes (VAP A and B) [Ma u k  e t  a l ., 2013] 

and the THEMIS pr obes near  the equator ial  plane [An g el o po u l o s , 2008]. In  addit ion to these, 

we al so have the rout inely available ma ps of  vert ical  total  el ectron content  (TEC) from the 

Madr igal  database [Rid eo u t  a n d  Co s t er , 2006], magnet ic f ields from ground-based 

magnetomet ers, and part icle measurement s from t he low-alt itude, polar -orbit ing, Defense 

Met eorological  Satell it e Pr ogram (DMSP) spacecraft . Her e, we use these data to explore the 

possibl e common dr iving by mid-lat itude el ectr ic f ields of  the penetrat ion of  the plasma  sheet , 

auroral  oval  and it s ionospher ic currents, and of the R2 currents, ma jor  ionospher ic density 

features, and the for mation of  the stor mt ime r ing current . We f ind the exist ence of different  

modes of  mid-lat itude electr ic f ields and currents dur ing the ma in phase of  this stor m, and 

pr esent  evidence for  which of  the three modes is the most  important  for  the dr iving of  the above 

stor mt ime phenomena . 

2. Ra da r  a nd ASI Obser v a t io ns   

Figure 1 shows, from top t o bottom, t he WIND solar  wind dynamic pr essure Pd y n , t he 

OMNI int er planetary magnet ic f ield (IMF) as pr opagated to the dayside magnetopause, t he 

Super MAG [Gjer l o ev , 2012] ground magnetomet er  upper  U and lower  L auroral  magnet ic 

index, t he Super MAG r ing current  index for  all MLT and within the dusk, noon, dawn, and 

midnight  sectors, and ground magnetomet er  observat ions from North Amer ican stat ions near  66-

67o MLAT with increasing UT of  midnight (indicated by small  vert ical  arrows). These 

Super MAG indices are based on the tradit ional AU, AL, and SYMH indices, but  with many 

mor e, and well -distr ibuted stat ions. The OMNI IMF data  is shown further shift ed by ~10 minutes 

so that  the shock impact  t ime agrees with the 0600 UT impact  t ime seen by the dayside ground 
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magnetomet ers. The WIND Pd y n  is  shown because of  data ga ps in  t he OMNI Pd y n  around the 

t ime of  the shock. It  is further  shift ed by ~30 min  relat ive to the IMF data  to agree with the t ime 

of shock impact , and shows the large increase in  Pd y n  of  the shock that  impacted the 

magnetosphere. Maroon-colored dashed boxes ident ify the four  ma in periods (per iods 1-4) of  

southward IMF that  were seen after  the shock arr ival  and dur ing the stor m ma in phase, each 

being r eflected in  t he auroral  L index.   

Dur ing the ma in phase per iod shown, t he r ing current  index for  all  MLT decreased to -

110 nT, making this a  moderate int ensity stor m. The individual  magnetomet er  stat ions in  Figure 

1 show numerous fluctuat ions of  the N (northward) component , however , only one decrease was 

associated with a  substorm t hat  could be ident ified in  the auroral  observat ions.  Some decreases 

were cl early associated with the major  southward turnings of  the IMF, whil e most  of  the others 

do not  correlate well  between stat ions and wer e most  l ikely associated with the longitudinally 

local ized auroral  streamers and flow burst s that  are discussed later  and seen in  subsequent  figures. 

Because of  the local ized nature of  flow burst s, and the inclusion of substant ially more 

magnetomet er  stat ions, the auroral  L index is r elat ively smooth. 

2.1 Po s t -sh o c k  so u t h w a r d  IMF per io d  1 (0600-0616 UT) 

Movie S1 shows auroral images overlaid with l ine-of-sight  (LOS) flow velocit ies from 

the Super DARN radars from 0540-1300 UT, which includes the shock impact  and the stor m 

ma in phase development. Panel s are shown every 30 s and include mergers of  the images from 

all  available ASIs over  Canada  and Alaska , and, from west  to east , LOS flow velocit ies from the 

mid-lat itude Chr ist mas Valley west  and east  (CVW and CVE) and the Fort  Hays west  and east  

(FHW and FHE) radars (data taken with 60 s r esolut ion). Occasional  echoes are al so seen in  t he 
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polar  ca p r egion, which are from the radar  at  Rankin Inl et .  Repr esentat ive sna pshots from the 

movie are shown in Figure 2.  

As seen in  S1 and the f irst  two panel s of  Figure 2, a  narrow band of  moderately act ive 

aurora  lay along the poleward boundary of  the evening-to-midnight  auroral  oval  pr ior  to the 

shock impact .  This act ivity, and the lower  than average locat ion of  the auroral  pol eward 

boundary (magnet ic lat itude Λ ~ 68o  -70o), l ikely r esulted from the pr e-stor m southward IMF of  

a  few nT.  The flows seen by the Super DARN radars show weak, and r elat ively unifor m, east -to-

west  flow at  sub-auroral  mid-lat itudes (Λ ~ 52o  to 62o) as indicated by the observed flows being 

towards the radars in  the eastward looking and away from the radars in t he westward looking 

beams.  

The dramat ic effect s of  the shock impact  can be seen in  S1 and the next  two panel s (0602 

and 0606 UT) of  Figure 2.  This includes a  rapid, large pol eward expansion of  the auroral  oval  

over  a  broad MLT range, which is a  well -studied r esponse to dynamic pressure impacts under  

pr ior  southward IMF condit ions [Bo u d o u r id is  e t  a l ., 2003; Zes t a  e t  a l ., 2000].  Ther e is 

also a  very large increase in  the mid-lat itude, sub-auroral  westward el ectr ic f ields.  These 

penetrat ing el ectr ic f ields are part  of the well -known global  r esponse to solar -wind dynamic 

pr essure impacts [e.g ., Ho r i e t  a l ., 2012; Kik u c h i e t  a l ., 2001; Ta k a h a sh i et  a l ., 2015; 

Zes t a  e t  a l ., 2000].   

The change in  the auroral  oval  pr ecipitat ion can be seen very cl early in  the pr ecipitat ion 

observat ions shown in Figure 3 from DMSP F17 and F16, which, r espect ively, traversed the 

southern hemispher e auroral  oval  and polar  ca p several  minutes before and several  minutes after  

the shock impact . For  each spacecraft , int egrated pr ecipitat ing el ectron energy flux is shown in 

the top panel  and energy-t ime spectrograms of  precipitat ing el ectron and ion energy fluxes are 
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shown in t he lower  two panels. The auroral  arc along the auroral  boundary before the shock can 

clearly be seen as inverted-V structures in  t he F17 data  on both the pre- and post -midnight  

crossings of  the oval , and an ~2.5o  wide band of  diffuse auroral  pr ecipitation can be seen at  ~1-

10 keV on the post -midnight  crossing. This r egion of  diffuse el ectron pr ecipitat ion cont inues to 

be seen, with a  small  ~1o equatorward displacement , on the post -shock F16 crossing ~18 min  

later , the energy and fluxes of  the pr ecipitat ing el ectrons having been increased by the shock 

compr ession of  the magnetosphere.   

However , in  addit ion, t he post -shock crossing shows a  broad r egion of  strong structured 

el ectron pr ecipitat ion, with peak energies within inverted-V r egions ext ending to >10 keV.  This 

region ext ends pol eward t o Λ = 72.5o  and includes strong pr ecipitat ion of  ~10 to >30 keV 

pr otons, indicat ing that , within the ~10 min  per iod following the shock, a  broad, act ive r egion of 

new plasma  sheet  with high proton energies had for med within a  ~4o  wide r egion of  pr eviously 

open lobe f ield l ines. A similar  feature is seen on the pr e-midnight crossing, but  over  a  

substant ially narrower  ~1.7o  wide lat itude range. This new part icle populat ion, associated with 

the pr eviously known rapid  night side r econnect ion across the night side plasma  sheet  boundary 

that  is dr iven by solar  wind dynamic  pr essure impacts [Bo u d o u r id is  e t  a l ., 2004, 2005], 

gives a  r eservoir  of  energet ic  plasma  that  could be convected Earthward in  t he plasma  sheet  to 

become a  feature of  the stor mt ime disturbance phenomena  at  lower  lat itudes.  

2.2 Sec o n d  so u t h w a r d  IMF per io d  (0635-0718 UT) 

Figure 4 shows overviews of  the ASI and radar data  from 0500-1430 UT.  The top 2 

panels give keograms along a  magnet ic mer idian somewhat  to the west /east  of the central  

mer idian of  the Fort  Smith (FSMI)/Pinawa  (PINA) ASI (t he imager  fields-of-view being shown 

in Figure 1).  The FSMI keogram shows that  the rapid pol eward expansion and small  
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equatorward expansion of the oval  after  the shock impact  dur ing per iod 1 was followed by 

equatorward expansion of the oval  to Λ ~ 66o  dur ing per iod 2, t he second per iod of  southward 

IMF. An auroral  enhancement  at  Λ ~ 66o  can also be seen to the east  in the PINA keogram, 

where int ensit ies r ise to just  above background at  the end of  this t ime per iod. The narrow, br ight  

features in  t he FSMI keogram that  ext end across several  degrees of  lat itude pr ior  to southward 

IMF per iod 2 are keogram signatures of  int ense auroral  streamers.  However , such signatures of 

strong streamers are absent  dur ing per iod 2, and the equatorward expansion a ppears to be r elated 

to that  of the diffuse auroral  el ectron pr ecipitat ion.   This different  behavior  of  the aurora 

between per iods 1 and 2 is al so a pparent  in  movie S1. 

The lower  four  panel s of Figure 4 show LOS velocit ies of  the mid-lat itude radars that  are 

averaged over  2 or  3 beams along the four  dir ect ions that  are drawn in  t he insert  in  the top r ight  

port ion of  the Figure.  The f ir st  and third of  these panel s are from CVW and FHW beams 

looking northwestward toward the Gulf of  Alaska  and towards west ern Canada , r espect ively. 

The second is from CVW bea ms looking a pproximately pol eward toward FSMI, and the fourth 

panel  is from FHE bea ms looing northeastward over  eastern Canada . The large blue dot s give the 

equatorward boundary of plasma  sheet  el ectron pr ecipitat ion as observed on the mult ipl e 

crossings of  the southern hemisphere auroral  by t he DMSP F16-F18 spacecraft , the MLT of  

observat ion given in  blue above each dot . Pr e-midnight  crossings are shown in t he poleward 

looking CVW panel , t hough these radar  beams are only at  pr e-midnight  MLTs unt il  ~09 UT, and 

post -midnight  crossings are shown in t he panel  for  the eastward looking FHE bea ms, which 

measure post -might  after ~06 UT.  The modest  equatorward expansion of  the auroral  oval  is seen 

following per iod 2 in  t he el ectron pr ecipitat ion boundar ies between per iods 2 and 3. That  the 

pr ecipitat ion boundar ies are a  few degrees equatorward of  the det ectable auroral  boundary on the 
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pr e-midnight  side, is l ikely a  r esult  of the ASI det ect ion threshold. As expect ed from part icle 

dr ift s, t he el ectron pr ecipitat ion boundary is seen a  few degrees further  equatorward on the post -

midnight  side, where the DMSP crossings are dawnward of  the PINA f ield-of-view at  t imes pr ior  

to per iod 3.   

As seen by the CVW and FHE radar  beams in  Figure 4 and the 0620 and 0701 UT panel s 

of Figure 2, aft er  decreasing substant ially dur ing the northward IMF in between per iods 1 and 2, 

there was a  very large increase in  t he mid-lat itude, sub-auroral  westward flows dur ing per iod 2. 

Whil e the flow speeds were similar  to those seen dur ing per iod 1, t here was a  dist inct  difference 

in  t he structur ing of  the convect ion.  Dur ing the fir st  per iod, t he LOS pl ots in  Figure 4 l ooked 

str iped as a  r esult  of substant ial  flow var iat ions that  can be seen within the 60 s per iod from one 

radar  scan to the next .  These strong var iat ions can be seen over  many mor e radar  beams in 

movie S1.  On the other  hand, t he flow had far  l ess structur ing dur ing per iod 2. It  is int erest ing 

that  a  similar  difference between the two per iods is seen in  t he auroral  observat ions at  much 

higher  lat itudes, t here being several  short -l ived br ight  features on the FSMI keogram dur ing 

per iod 1, but  only much mor e smoothly varying aurora dur ing per iod 2.  Consist ent  with the 

rapidly varying auroral  act ivity seen dur ing period 1, t he DMSP F16 el ectron pr ecipitat ion 

observat ions in  Figure 3 show a  large number  of close-together , strong el ectron pr ecipitat ion 

features. 

2.3 Th ir d  so u t h w a r d  IMF per io d  (0757-1034 UT) 

Dur ing the f ir st  1 ¼ hr  of southward IMF per iod 3, t he equatorward boundary of the 

aurora  moved several  degrees equatorward, from Λ ~66o to Λ ~60o  in the PINA keogram. 

Further more, much mor e streamer  act ivity occurred dur ing per iod 3 t han dur ing per iod 2, as can 

be seen in  S1 and the FSMI keogram. Al so, a  coupl e of  omega  bands become a pparent  at  Λ < 
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~64o in  t he auroral  observat ions from PINA, omega  bands being a  common feature on the 

morning side dur ing per iods of  enhanced convect ion. The streamers cont inued throughout  per iod 

3, t hough they were not  as int ense and close together  as dur ing the post -shock per iod 1.  Due to 

l ight  contaminat ion at  lower  lat itudes, t he streamer s are seen only to Λ ~67o by the FSMI 

keogram, but  a  few streamer s can be discerned in  S1 t hat  extended to Λ ~62o.  

Very different  mid-lat itude convect ion features were seen dur ing per iod 3 as compared to 

what  was seen dur ing per iod 2.  As can be seen for  all  the bea ms in  Figure 4, t he convect ion 

became very bursty with LOS flow speeds varying from ~500 m/s t o close to 0 m/s r epet it ively 

over  ~10-20 min  per iods. These burst s of enhanced flow have a  strong equatorward component  

as shown by the poleward looking CVW bea ms (17,19,20), and the strong bursty behavior  of  the 

flows cont inues into the r egion of  post -midnight  eastward flows seen in the FHW and FHE 

panels. Whil e these radar  echoes are at  the same mid-lat itudes as dur ing per iods 1 and 2, t he 

regions of  echoes a ppear  to move equatorward with the equatorward boundary of  the aurora, 

part icularly in  the pol eward looking CVW panel .  This suggest s that  these mid-lat itude echoes 

are within the expanding aurora oval , consist ent  with the equatorward boundar ies of  el ectron 

pr ecipitat ion seen by the DMSP spacecraft . 

As indicated by the pink and whit e arrows in t he bottom panel s of  Figure 2, each 

individual  flow burst  during per iod 3 had a  longitudinal  width 1 hr  in  MLT, some being « 1 hr  

in  MLT. Addit ionally, based on the LOS flow speeds, many individual  burst s did not  extend 

across the full  lat itudinal ext ent  of  the radar  echo r egion. Whil e we are unable to track the two-

dimensional  evolut ion of individual  flow burst s as funct ion of  t ime with only the LOS flows and 

1 min  t ime r esolut ion, t he exist ence of  eastward going burst s on the dawnside of  the echo region 

suggest s that  many flow burst s on the morning side turn azimuthally towards the east . We do not  
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have sufficient  echoes dur ing per iod 3 t o det er mine if  evening side burst s t urn towards the west  

as has pr eviously been seen [Ka u r is t ie  e t  a l ., 2003; Zo u  e t  a l ., 2009]. However , there is 

evidence for  a  westward excursion of  flow burst s near  midnight , as indicated by the short  whit e 

l ines in  the 0919 and 0920 UT panel s of  Figure 2.  

 Addit ionally, there are some radar  echoes dur ing per iod 3 t hat  a ppear  to be sub-auroral  

and show bursty flows, as ident ified in  Figure 4. These have an equatorward component  as seen 

by the poleward looking CVW bea ms, and a  westward component  in  the eastward looking FHE 

beams.  These flows are al most  certainly within the sub-auroral  polar izat ion streams (SAPS) 

region, since the flows lay equatorward of  the equatorward DSMP el ectron pr ecipitat ion 

boundar ies.  The fact  that t hese flows are bursty is consist ent  with some of  the flow burst s within 

the auroral  oval  ext ending equatorward into the SAPS r egion and turning towards the west . We 

thus see evidence for  a  general  guiding of  the flow burst s by the large-scale convect ion pattern, 

flow burst s within the duskside convect ion being azimuthally turned to the west  (some within the 

SAPS r egion) and those within the dawn cell  being turned toward the east , consist ent  with r ecent  

impl icat ions from observat ions  [Ly o n s  e t  a l ., 2015].  

2.2 Fo u r t h  so u t h w a r d  IMF per io d  (1100-1213 UT) 

The bursty flow pattern cont inued dur ing southward IMF per iod 4, t he pattern being very 

similar  to that  dur ing per iod 4. Enhanced burst s of  flow can be seen in t he equatorward and 

eastward flows, as well  as in  t he westward sub-auroral  flows. However , based on the DMSP 

equatorward el ectron boundar ies in  Figure 4 and the Alaskan ASI images in  movie S1, t he 

equatorward boundary of  the auroral  pr ecipitat ion did not  expand discernibly further  

equatorward dur ing this per iod.   

3. Equiv a l ent  io no spher ic  a nd f ie l d-a l ig ned c ur r ent  sy st ems. 
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The radar  observat ions have indicated the existence of  three different  modes of  mid-

lat itude el ectr ic f ield enhancement s following the stor m shock and dur ing the stor m ma in phase.  

In  t his sect ion, we show how the post -shock, smoothly enhanced, and bursty enhanced 

convect ion modes are r eflected in  ionospher ic and f ield-al igned current  syst ems. Figure 5 show 

ionospher ic equivalent  currents over  North America  obtained from ground based magnetometers 

(l ocat ions given by yellow stars) using the spher ical  el ementary current s syst ems (SECS) 

approach [Amm a n d  Vil ja n en , 1997; Wey g a n d  e t  a l ., 2011]. The top panel  r eproduces 

the pol eward looking CVW panel  from Figure 4, t he four  southward IMF per iods being 

ident ified by maroon dashed l ines and vert ical  magenta  l ines ident ifying the t imes of  the SECS 

panels in  t he lower  two rows.  

The f ir st  equivalent  current  panel  shows the pr e-shock eastward current  of the duskside 

DP2 cell  lying at  Λ 68o (above the magenta  sol id curve, which is r epeated in  subsequent  

panels for  r eference). Just  after  the shock, as seen in  t he SECS panel B, eastward currents 

became enhanced at  al most  all  longitudes at  Λ’s below the sol id magenta l ine to the lowest  Λ of  

observat ion (~42o). A dashed magenta  l ine outl ines this r egion. This panel  shows the 

ionospher ic currents of  the enhanced penetrat ing el ectr ic f ields seen by the radars, as expected, 

and al so shows that  they ext ended to much lower  lat itudes than could be seen by the radars. The 

mid-lat itude currents r eturned to near  their  pr e-shock configurat ion l evel dur ing the northward 

IMF int erval  between per iods 1 and 2 (panel  C). They then increased again dur ing southward 

IMF per iod 2 (panel s D and E), indicat ing that  the penetrat ing el ectr ic f ield pattern dur ing per iod 

2 was similar  to that  dur ing per iod 1. At  higher  lat itudes, t he dawnside DP2 current  cell , as well  

as the duskside cell , became visibl e over  North Amer ica , as did the sunward current  between the 

duskside and dawnside cells. 
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Dur ing the per iods 3 and 4 of  longitudinally narrow, bursty flows (panels F-I), t he 

ionospher ic equivalent  currents became substant ially different  than dur ing t he pr evious int ervals.  

In  part icular , longitudinal  narrow r egions of  current  a ppear  to ext end t o the lowest  Λ of  

observat ion.  It  should be not ed, however , t hat  there are an insufficient  number  of  magnetometer  

stat ions to accurately discern the longitudinally dependent  detail s of  the current  structure, 

part icularly at  Λ‘s < 45o where longitudinal  coverage is l imit ed.  However , it  is cl ear  that  the 

currents have mor e longitudinal  structure than dur ing the earl ier  per iods, indicat ing that  the 

associated longitudinally structured el ectr ic f ields penetrated to Λ‘s at  l east  10o  equatorward of 

the equatorward boundary of  auroral  el ectron precipitat ion as seen by the DMSP spacecraft  

observat ions in  Figure 2. Such el ectr ic f ields have the pot ent ial  for  inject ing part icl es to low L-

shells dur ing this stor m ma in phase.  

Figure 6 show the AMPERE magnet ic perturbat ions observed along Ir idium satell it e 

trajector ies dur ing the 10 min  int ervals ident ified by blue dashed vert ical  lines (a -f ) in  the upper  

panel  of  Figure 5.  Red and blue shadings give upward and downward FACs, r espect ively, 

obtained from the curl  of f it s to the magnet ic  perturbat ions [Wa t er s  e t  a l ., 2001]. The 

currents are denoted as Jr  since they are actually radial , being calculated from the curl  on a  

spher ical  surface. It  can be seen that  field-al igned currents were weak just  before the shock 

impact  (panel  a ).  A well-defined Region 1 (R1) and R2 FAC pa ir  for med dur ing the post -shock 

per iod 1 (panel  b), t he duskside R2 currents ext ending equatorward to Λ ~ 62o , which is ~3o  

equatorward of  the equatorward boundary of  el ectron pr ecipitat ion dur ing the per iod as seen by 

the DMSP boundar ies in Figure 4, consist ent  with these being the downward currents that  are 

dr iven by the part ial  r ing current  and give r ise to SAPS. Dur ing the per iod of  smoothly enhanced 

convect ion (per iod 2, panel  c), t he well  defined R1 and R2 current  syst em a mpl if ied, and 
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ext ended equatorward by ~1-2o , which is simil ar  to the equatorward expansion seen in the 

duskside DMSP spacecraft  equatorward boundar ies after  per iod 2 but  before per iod 3.  

As with the ionospher ic equivalent  currents, t he FACs became signif icantly different  

dur ing per iod 3 (panels d-f ) t han at  earl ier  t imes. Whil e the current  fitt ing pr ocedure significantly 

smooths longitudinal  var iat ions, t he current  system near  midnight  changes from that  of the 

typical  R1-R2 syst em to one of  mult ipl e, smaller  scale currents, consist ent  with the increased 

structur ing seen in  the el ectr ic f ields and the ionospher ic equivalent  currents. The lat itudinal  

structur ing is most  evident  in  the magnet ic perturbat ion vectors, which exhibit  mult ipl e east -west  

reversals along one or  more tracks near  midnight . Signif icant  magnet ic perturbat ions ext end to Λ 

~ 52o  in  panel s e and f , which is where the sub-auroral  burst s are seen in  the radar  data in  Figure 

4.  

     4. Io no spher ic  dens it ies  r ev ea l ed by  v er t ic a l  TEC a nd PFISR. 

TEC measurement s at  21, 24, and 04 MLT from availabl e ground GPS stations are shown 

in  Figure 7 as a  funct ion of  Λ and UT.  Magenta  dots ident ify the equatorward boundary of 

plasma  sheet  el ectron precipitat ion, based on pr ecipitat ing el ectron energy flux of  1010ev/(cm2-

st er -s), and magenta  circles give the pol eward boundary of  auroral  part icle pr ecipitat ion (i.e, of  

el ectron pr ecipitat ion, since it s pol eward boundary was at  or  pol eward of t he proton boundary). 

Magenta  bars ext ending t o lower  lat itudes give the equatorward boundary of  l ess-intense, but  

det ected, plasma  sheet  pr oton (<23 MLT) or  soft  el ectron (>23 MLT) pr ecipitat ion, which 

ext ended to somewhat  lower  lat itudes than did the ma in plasma  sheet  el ectron pr ecipitat ion. 

TEC values were low pr ior  to the shock impact , and there may have been a small  increase 

at  Λ  67o  after  the shock.  The largest  TEC values are seen after  ~07 UT and a ppear  as features 

that  move equatorward from the highest  lat itude shown (Λ = 80o). This l at itude a ppears to be 
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within the polar  ca p, several  degrees pol eward of t he pol eward boundary of the auroral  oval  as 

indicated by the DMSP measurement s, t he auroral  observat ions in  movie S1, and the pol eward 

boundary of R1 f ield-al igned currents in  Figure 6.  However , we note that  the poleward 

boundary of the oval  is not  very cl ear  in the auroral  images and that  there are uncertaint ies in 

using the southern hemispher e DMSP values for  the pol eward boundary in  the northern 

hemisphere. Thus there is some uncertainty in our  det er minat ion of t he auroral  poleward 

boundary. The equatorward boundary of  the TEC enhancement s, which al so r epr esents the 

pol eward boundary of  the mid-lat itude trough, moves equatorward after  ~07 UT, in  a pproximate 

agreement  with what  is seen for  the auroral  oval  electron pr ecipitat ion by DMSP and the auroral  

imagers, as has pr eviously been r eported by Zo u  e t  a l . [2011]. Addit ionally, the equatorward 

boundary of the mid-lat itude trough a ppears to move equatorward in  the 24 MLT panel , although 

examinat ion of  the TEC at  all  MLT indicates this may be r elated to azimuthal  mot ion of a  

longitudinal  feature.   

The equatorward moving TEC enhancement  features, having the character ist ics of polar  

cap patches, are seen within the auroral  oval (based on being equatorward of  the DMSP 

pol eward boundar ies) from ~0730 t o ~1200 UT. El ectron density and t emperature profil es 

measured by PFISR (Figure 8) in  the pr e-midnight  sector  (1000-1115 UT) confir m the typical  

patch signatures (enhanced densit ies above 300 km and lower  el ectron t emperature than of the 

surrounding auroral  features) as structures moving equatorward across the PFISR f ield-of-view. 

The cl earest  of  these are ident ified by dashed diagonal  l ines.  This roughly corresponds to 

southward IMF per iods 3 and 4, dur ing which convect ion was dominated by flow burst s.  These 

density enhancement  features a ppear  to move from the polar  cap to the auroral  oval  as has 

pr eviously seen by Zh a n g  e t  a l . [2013] and from simulat ion r esults by Cr o w l ey  e t  a l . 
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[1996]. That  they occur dur ing the per iod of  flow burst s suggest s that  the enhancement s are 

brought  into the auroral  oval  by flow channels from the polar  ca p that  cross the open-closed field 

l ine boundary and ent er  the plasma  sheet .  Such entry of  polar  ca p flow burst s into the plasma  

sheet  is now bel ieved to be a  common feature that  l eads to plasma  sheet  flow burst s, giving r ise 

to auroral  pol eward boundary int ensif icat ions (PBIs) and streamers [d e l a  Bea u ja r d ièr e  e t  

a l ., 1994; Ly o n s  e t  a l ., 2011; Nish imu r a  e t  a l ., 2010; Pit k än en  e t  a l ., 2013; Sh i et  

a l ., 2012; Zo u  e t  a l ., 2014], and would be expect ed to carry the TEC enhancements 

equatorward within the auroral  oval . 

Consist ent  with the TEC flux enhancement s being transported equatorward by flow 

burst s, the radar  flow vectors in  Figure 8 show that  equatorward flow bursts wer e seen by PFISR 

at  Λ = 66-67.5o  a  few minutes before the patches a ppeared in  the densit ies along the local  

magnet ic f ield l ine (Λ = 65.4o , bea m 12). To  explore the possibil ity further, Figure 9 shows TEC 

and LOS flows along 4 radar  beams. The beams were sel ected to maximize overlapping 

coverage of  TEC measurement s and radar  echoes as well  as to illustrate var ious features of 

int erest , and each TEC measurement  has been averaged over  the 3 adjacent  beams centered on 

the beam illustrated in  the upper  l eft  hand corner .  For  each beam, t hick hor izontal  dashed l ines 

ident ify a  Λ in  both the LOS and TEC panel s that  has been sel ected to maximize overlapping 

flow burst  and TEC enhancement  coverage. Thinner  dashed vert ical  l ines give visually est imated 

t imes of  the init iat ion of  flow burst  crossings of  the Λ e  hor izontal  lines.   

As seen in  t he auroral  oval , flow burst s ext end over  several  degrees of  lat itude as they 

move both equatorward and azimuthally through the plasma  sheet . Thus a pparent  mot ion of  TEC 

and flow burst  features along a  radar  beam r eflect s how both their  equatorward and azimuthal  

flow l eads to crossing of that  beam.  If  the TEC enhancements are carr ied by the flow bursts, 
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there should be an associat ion between their  crossing of  the radar  beam and that  of  the flow 

burst s. Such an associat ion seems cl ear  from the CVW west  beams on the l eft  side of  Figure 8, 

which look north-northwestward. These bea ms give the best  views of  density structures having a  

beam crossing that  moves equatorward with t ime, bea m 11 having better  TEC coverage and 

beam 14 having broader  LOS velocity coverage.  Whil e there is not  a  pr ecise one-to-one 

associat ion between the flows and the TEC enhancement s, t here is a  general  associat ion between 

the t ime int ervals of  flow burst s and of  TEC enhancement s (~0845-1215 UT). Further more, a  

TEC enhancement  is seen near  most  of  the locat ions where the vert ical  dashed l ines (at  Λ = 60o) 

crosses the hor izontal  dashed l ine, and most  of TEC enhancement s along the dotted l ine occur  

near  these crossings.  

FHW bea m 8 looks northwestward and saw flow burst s having a  beam crossing locat ion 

that  moved equatorward with t ime.  The hor izontal  l ine shown in this panel is at  Λ = 58o  and at  a  

beam locat ion a  l ittle more than 1 hr  to the east  of that  for  the l ine shown in the CVW panel s. 

Similar  features are seen as for  the CVW bea ms, t hough with a  mor e cl ear  associat ion between 

the two t ime per iods of  LOS flow and TEC enhancement s, from ~9-10 and from ~11-12 UT, and 

the cl ear  gap in  between.  The CVE bea m looks east -northeastward, and thus sees the flow bursts 

as away from the radar  flows (blue color ) moving eastward in  the dawn convect ion cell .  The 

crossing of  the radar  beam by these flow burst s moves to higher  lat itudes (further  range gates) 

with t ime, which r eflect s t he burst s eastward mot ion within the dawn convect ion cell .  The TEC 

enhancements al so show such mot ion of  their  crossings of  the radar  beam to higher  range gates. 

Further more, as with the FHW bea m, t here is cl ear  associat ion between the two r egions on LOS 

flow and TEC enhancement s and a  cl ear  gap in  between. Both of  these features along the CVE 
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beam support  the suggest ion that  the TEC enhancement s are carr ied with the auroral  oval  by the 

flow burst s.  

Figures 7 - 9 give evidence that  the flow burst s br ing TEC enhancements from the polar  

cap into the plasma  sheet . These enhancement s are brought  further  and further  equatorward 

dur ing per iods 3 and 4 t o near  the equatorward boundary of  the auroral , and this occurs at  the 

same as the flow burst s also expand the auroral  oval  equatorward to Λ below 55o.   We note 

that  the evidence from Figures 7-9 is qual itat ive, so that  it  would be desirable develop a  more 

quant itat ive compar ison between the flow burst s and TEC enhancement s. This would r equire 

taking into account  the LOS nature of  the Super DARN flow velocit ies and t he t endency for  high 

TECs to be associated with enhanced radar  backscatter , a  t endency that  can be seen in  Figure 8.     

5. Ring  c ur r ent  pa r t ic l e  injec t io n. 

The equatorward expansion of  the auroral  oval  should correspond to an earthward mot ion 

of the inner  edge of  the plasma  sheet . The plasma sheet  part icles, energized with the increasing 

magnet ic f ield strength as the flow bursts move them earthward, should be expect ed to become 

part  of the stor mt ime r ing current . We examine this possibil ity by examining the equator ial  Van 

Allen Probes (VAP) part icle observat ions. VAP-B pr eceded VAP-A as they both moved inbound 

in  t he post -midnight  sector  and outbound in  the pre-midnight  sector .  

Figure 10 shows t ime profil es of  el ectrons and ions measured by the MagEIS instrument  

[Bl a k e  e t  a l ., 2013] from the last  VAP pass (VAP-B outbound) before the stor m shock 

impact  (top), t he next  VAP-B and VAP-A passes (inbound and outbound) dur ing the stor m ma in 

phase (middle), and the subsequent  inbound and outbound passes dur ing t he beginning of  the 

stor m r ecovery phase (bottom).  The quiet  t ime passes show the typical  quiet  t ime structure of 

the r ing current  ions, t heir  outer  zone peak moving earthward with increasing energy, and of the 
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r ing current  and radiat ion belt  el ectrons with their  two-zone structure.  The flux enhancement  

due to the 06 UT shock impact  was seen at  L ≃ 6 on the VAP-B inbound pass. 

On each post  shock pass, t he inner  edge of  ion inject ion as seen in  t he l ine plots is 

ident ified with a  sol id maroon l ine, and the locat ion of  the plasma pause based on the density 

measurement s (inferred from the upper  hybr id r esonance l ine using t he EMFISIS wave 

measurement s [Kl et z in g  e t  a l ., 2013; Ku r t h  e t  a l ., 2015] is  identif ied by a  dotted dark-

green l ine. The el ectron data  show a pproximate correspondence between their  inner  inject ion 

boundary and that  of  the ions. On the f ir st  VAP-B inbound pass, t he ion inject ion edge and the 

plasma pause can be seen at  ~0730-0800, just  after  per iod 2.  They were located at  L = 4.2 and 

3.5, r espect ively, which is somewhat  earthward from their  typical  quiet  t ime locat ion. The 

subsequent  VAP-A pass observed the boundar ies at  ~09-0930 UT, and shows that  they had 

moved ~0.7 RE further  earthward dur ing the f ir st half of  per iod 3. As seen in  t he profil e for  the 

outbound port ions of  these passes, and addit ional  ~0.9 RE of  inward mot ion was seen for  the ion 

inner  edge dur ing the r ema inder  of  per iod 3.  However , some of  this later  inward mot ion was 

l ikely an MLT effect  from part icle dr ift  trajector ies, as can be seen by the ion edge being 

earthward of the plasma pause on the duskside. The r ecovery phase or bit  shows that  a  further  few 

tenths of  an RE earthward penetrat ion occurred dur ing, or  somewhat  after , t he flow burst  per iod 4.  

Similar  locat ions for  the inner  edge of  ion inject ion can be seen in  Figure 3 of  Gk io u l id o u  e t  

a l . [2014], wher e it  is also seen that  the peak in  r ing current  pr essure moved in  t o L ~ 3.5, 

consist ent  with  what  is expect ed for  a  storm of  the strength [e.g ., An t o n o v a , 2006; 

An t o n o v a  a n d  St epa n o v a , 2015] 

Each observed L-value was ma pped to Λg  a  dipol e f ield (which is val id at  

these low L’s).  The corresponding Λ’s are shown by magenta  X’s for  the ion edges and P’s for  
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the plasma pause in  Figure 4,  with the addit ion of the corresponding Λ’s from the equator ial  

THEMIS spacecraft  given by brown X’s and P’s.  Values from duskside (dawnside) port ions of  

spacecraft  orbit s are shown in t he more duskside CVW panel  (bea ms 17,19,20) and the mor e 

dawnside FHE panel , r espect ively. The MLT of  each observat ion point  is also indicated. 

Very near  the t ime of  the shock impact , the THEMIS spacecraft  showed the boundar ies 

laying a  few degrees equatorward of  the DMSP el ectron pr ecipitation boundar ies, l ikely 

represent ing pr evious weak act ivity. Based on the dawnside THEMIS and VAP passes, l ittle 

equatorward mot ion was seen dur ing per iods 1 and 2, with most  of  the equatorward mot ion of 

the boundar ies occurr ing dur ing per iod 3. This is consist ent  with what is seen in  t he DMSP 

boundar ies, t he radar  echo boundar ies, and the auroral  observat ions. These observat ions indicate 

that  the large major ity of the inject ions of  r ing current  part icl es to lower  L occurred dur ing the 

flow-burst  t ime per iod of most  rapid and furthest  equatorward penetrat ion of the auroral  oval  and 

associated currents. This inference is consist ent  with observat ions [Gk io u l id o u  e t  a l ., 2014] 

and model ing [Y u  e t  a l ., 2014] of  this storm t hat  indicate the importance of  mult ipl e ion 

inject ions to the for mat ion of  the r ing current  dur ing the stor m ma in phase.  

6. Summa r y  

Taking advantage of  the excellent  coverage of  the 2013 March 17 stor m main phase from 

ground-based instruments and from low- and high-alt itude spacecraft , we have evaluated the 

dr iving of  fundamental  ma in-phase phenomena  and found evidence for  common dr iving of the 

auroral  oval , nightside ionospher ic currents, t he R2 f ield-al igned current  syst em, ionospher ic 

densit ies, and inject ion of part icles to for m the stor mt ime r ing current . The stor m shock impact  

drove act ivity al most  immediat ely: dramat ic pol eward expansion of  the poleward boundary of 

the auroral  oval , strong auroral  act ivity, and strong penetrat ing mid-latit ude convect ion and 
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ionospher ic currents.  Equatorward expansion of the auroral  oval  was l imit ed. The dramat ic 

pol eward expansion, which impl ies rapid r econnect ion along the night side polar  cap boundary, is 

associated with a  broad, act ive r egion of  new plasma  sheet  with high proton energies that  appears 

to have for med within a r egion of  pr eviously open lobe f ield l ines.  Addit ionally, a  very large 

increase in  t he mid-lat itude, sub-auroral  westward el ectr ic f ields was observed. 

Aft er  the init ial  ~15 min per iod 1 of  southward IMF, t here was a  l ess act ive ~15 min  

per iod of  northward IMF and then a  second period of  southward IMF t hat  lasted for  ~45 min .  

The auroral  observat ions showed an equatorward penetrat ion of  the oval  by ~3o to Λ ~ 66o 

dur ing this per iod 2.  After  decreasing substant ially dur ing the pr eceding northward IMF per iod, 

there was a  very large increase in  t he mid-lat itude, sub-auroral  westward flows dur ing per iod 2. 

Whil e the flow speeds wer e similar  to those seen dur ing per iod 1, t he flow had far  l ess 

structur ing dur ing per iod 2 and this difference between the two per iods is refl ected in  the auroral  

observat ions.  

Convect ion became very different  dur ing the ~4 hr  t ime of  southward IMF of  per iods 3 

and 4. Very bursty flows wer e observed, with LOS speeds varying from ~500 m/s t o close to 0 

m/s r epet it ively over  ~10-20 min  per iods. The flow burst s had a  strong equatorward component , 

and a ppeared to turn azimuthally as would be expect ed from a  guiding by the large-scale 

convect ion pattern.  Some of  the burst s within the dusk convect ion cell  a ppear  to have penetrated 

equatorward of the el ectron plasma  sheet , becoming burst s of  enhanced flows that  were seen in 

the SAPS r egion. Auroral  streamers wer e seen throughout  the f ir st  ~2 hours of  this per iod, after  

which the ASIs with good viewing rotated too far t oward the morning section to see streamers, 

The equatorward boundary of  the observed aurora moved rapidly equatorward, from Λ ~66o to Λ 

~60o, as seen in  the PINA keogram. Based on the radar  echo locat ions and the DMSP el ectron 
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pr ecipitat ion observat ions, t he oval  cont inued to expand to Λ ~55o dur ing t he f ir st  two hours of 

this southward IMF int erval  but  did not  subsequently expand further . 

The above three different  modes of  el ectr ic f ield occurred following the stor m shock and 

dur ing the stor m ma in phase and wer e ident ified using the radar  and auroral  observat ions. We 

have found that  the different  modes were r eflected in  the ionospher ic and f ield-al igned current  

syst ems. Enhancement  of the DP2 and R2 current syst em wer e seen dur ing per iod 1 and became 

strongly enhanced dur ing per iod 2. Similar  penetrat ion of  the ionospher ic currents to mid-

lat itudes was seen dur ing both per iods. Dur ing per iods 3 and 4, when nightside convect ion 

consist ed of  strong bursts with signif icant  spat ial structure, both current  syst ems changed from 

their  earl ier  typical  patterns associated with large-scale convect ion to patterns r eflect ing the 

enhanced structure of  the el ectr ic f ields. Al so, t he currents cont inued to intensify, t he r egion of 

strong currents cont inued to expand equatorward with the auroral  oval , and penetrat ing 

ionospher ic currents continued but  with substant ial  enhanced spat ial  structure.  

The different  dr iving modes wer e al so r eflected in  t he ionospher ic densit ies obtained 

from vert ical  TEC measurement s.  The equatorward boundary of  the TEC enhancement s, which 

also r epr esents the pol eward boundary of the mid-lat itude trough, moved equatorward most  

rapidly after  ~07 UT, in  approximate agreement  with what  is seen for  the auroral  oval  el ectron 

pr ecipitat ion, t he equatorward mot ion being the most  rapid dur ing a pproximately the f ir st  half of 

per iod 3. Further more, the TEC measurement s showed large equatorward moving enhancement  

features within the auroral  oval  dur ing per iods 3 and 4 of  bursty convect ion, some of  which were 

traceable over  ~25-30oof lat itude.  Simultaneous TEC and radar  flow measurement s suggest  that  

the TEC enhancement s were brought  into the auroral  oval  from the polar ca p, and subsequently 
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moved equatorward and azimuthally within the auroral  oval , due to their  being carr ied by the 

flow burst s as they move from the polar  ca p to the plasma  sheet  and then within the plasma  sheet .  

The earthward inject ion of  part icl es to for m the stor mt ime r ing current  was found to 

correspond well  with the per iod of  most  rapid and furthest  equatorward penetrat ion of  the auroral  

oval  and associat ed currents that  was associated with bursty convect ion.  

7.  Co nc l us io ns  

In  conclusion, dur ing the course of  the stor m expansion phase, t he radar  observat ions 

indicated the exist ence of three different  southward IMF modes of  el ectr ic f ields that  drove 

stor mt ime phenomena . These three modes were refl ected in  the aurora, and in  ionospher ic and 

field-al igned current . Poleward expansion of  auroral  oval , which indicates rapid nightside 

reconnect ion, occurred pr imar ily dur ing the f irst  dr iving per iod, which init iated immediately 

after  the shock impact . Equatorward expansion of  the auroral  oval  occurred pr edominantly 

dur ing the per iod of  the third dr iving mode, when the el ectr ic f ield became extremely bursty with 

much spat ial  structure, t his structure being r eflected by equatorward ext ending auroral  streamers 

and highly structured ionospher ic and f ield-al igned currents. This al so a pproximately 

corresponded to the t ime per iod of  the largest  equatorward mot ion of  the ionospher ic trough, the 

biggest  earthward injection of  ions and el ectrons into the r ing current , and equatorward and 

azimuthally moving high TEC features within the auroral  oval  that  a ppear  to come from the 

polar  ca p. This indicates a  common dr iving of  all  these stor mt ime features, which are often 

considered separately.  Why the el ectr ic f ield enhancement s had these three different  

manifestat ions, and why t he bursty enhancement int erval  was mor e effect ive in  dr iving stor m 

phenomena , is not  cl ear from our  analysis of  this one stor m.  Coordinated and simultaneous 

mult i-instrument  observat ions of  ma in phase phenomena  for  addit ional  stor ms would allow for  
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evaluat ing the general ity of  the r esults pr esent ed her e, and they might  also hel p us understand 

why certain dr iving condit ions may be more effective t han others.        
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Figure 1: Fr om top to bottom, t he WIND Pd y n , t he OMNI IMF, t he Super MAG upper  U and 

lower  L magnet ic index, t he Super MAG r ing current  index for  all  MLT and within the 

dusk, noon, dawn, and midnight  sectors, and ground magnetometer  observat ions from 

North Amer ican stat ions near  66-67o  MLAT with increasing UT of  midnight  (indicated 

by small  vert ical  arrows) from CARISMA and t he Univer sity of  Alaska . N and E 

dir ect ions are local  magnet ic north and east , r espect ively, and Z-dir ect ion is vert ically 

down. The IMF and Pd y n  data  are shift ed so that t he shock impact  t ime agrees with the 

0600 UT impact  t ime seen by the ground magnetometers. Maroon dashed boxes ident ify 

four  ma in per iods of  southward IMF seen after  the shock arr ival . 

Figure 2:  Repr esentat ive sna pshots from Movie S1. Each panel  shows auroral  images overlaid 

with LOS flow velocit ies from the Super DARN r adars. The images are mergers from all  

available ASIs over  Canada  and Alaska , and, from west  to east , LOS flow velocit ies are 

from the mid-lat itude CVW, CVE, FHW, and FHE radars. Occasional  radar  echoes seen 

in  t he polar  cap r egion are from the radar  at  Rankin Inl et . ASI stat ion locat ions are given 

in  the f ir st  panel . Yellow arrows in  the upper  and middle panel s illustrate the magnitude 

of mid-lat itude westward flow. Pink and whit e arrows in  t he bottom panels ident ify 

longitudinally local ized flow burst s seen in  LOS flows dir ected toward a  radar  and 

eastward flow burst s seen in  t he east ernmost  radar  echoes. Short  whit e l ines in  the 0919 

and 0920 UT panel s illustrate the westward excursion of  the west ern edge of a  flow burst  

near  midnight . 

Figure 3. DMSP F17 and F16 observat ions several  minutes before and several  minutes after , 

respect ively, t he shock impact . For  each spacecraft , int egrated pr ecipitat ing el ectron 

energy flux is shown in t he top panel  and energy-t ime spectrograms of pr ecipitat ing 
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el ectron and ion energy flux are shown in the lower  two panel s.  Lat itudes of poleward 

and equatorward boundar ies are given, and a  r egion of  weak polar  ca p arc pr ecipitat ion is 

ident ified.  

Figure 4: Overviews of  the ASI and radar  data from 05-1430 UT.  Top 2 panels give keograms 

along a  magnet ic  mer idian somewhat  to the west  (east ) of  the central  mer idian of the 

FSMI (PINA) ASI. The imager  fields-of-view are shown in Figure 2. Lower  four  panel s 

of Figure 4 show LOS velocit ies of  the mid-lat itude radars that  are averaged over  2-3 

beams along the four  direct ions shown in t he insert  in the top r ight  corner . Heavy blue 

dots give t he equatorward boundary of  plasma  sheet  el ectron pr ecipitat ion observed on 

southern hemispher e crossings by DMSP F16-F18 spacecraft , the MLT of observat ion 

given in  blue above each dot . Ma pped Λ’s for  the inner  edge of  ion inject ion and the 

plasma pause locat ion are show with magenta  and brown X’s for  the ion edges and P’s for  

the plasma pause from the VAP and THEMIS spacecraft , r espect ively, in t he equator ial  

plane. Maroon dashed boxes ident ify four  ma in per iods of  southward IMF seen after  the 

shock arr ival . “Bndry” is abbreviat ion for  “boundary”. 

Figure 5: Ionospher ic equivalent  currents over  North Amer ica  obtained from ground based 

magnetomet ers (l ocat ions given by yellow starts) calculated from SECS method. The top 

panel  r eproduces the poleward looking CVW panel  from Figure 2, maroon dashed l ines 

ident ify the four  southward IMF per iods, vert ical  magenta  l ines ident ifying the t imes of  

the SECS panel s in  the lower  two rows, and blue dashed vert ical  l ines ident ifying the 

t imes of  the AMPERE panels in  Figure 6. The pre-shock eastward current of  the duskside 

DP2 cell  in  panel  A l ies at  Λ’s above the magenta  sol id curve, which is r epeated in 

subsequent  panel s for  r eference. In  subsequent  panel s, a  dashed magenta  l ine outl ines the 
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region of  enhanced currents at  Λ’s below the sol id magenta  l ine. 

Figure 6: Magnet ic perturbat ions observed along Ir idium satell it e trajectories dur ing the 10 min 

int ervals ident ified by blue dashed vert ical  l ines (a-f) in  t he upper  panel  of Figure 5.  Red 

and blue shadings give upward and downward radial  current , r espect ively, obtained from 

the curl  of f it s to the magnet ic perturbat ions. 

Figure 7: TEC measurement s at  21, 24, and 04 MLT from available ground GPS stat ions as a  

funct ion of  Λ and UT.  Magenta  dots ident ify the equatorward boundary of  plasma  sheet  

el ectron pr ecipitat ion, based on pr ecipitat ing el ectron energy flux of  1010ev/(cm2-st er -s), 

and magenta  circles give the pol eward of  auroral  part icle pr ecipitat ion. Magenta bars 

ext ending to lower  lat itudes give the equatorward boundary of  l ess-int ense, but  det ected, 

plasma  sheet  proton (<23 MLT) or  soft  el ectron (>23 MLT) pr ecipitat ion, which 

ext ended to somewhat l ower  lat itudes than did the ma in plasma  sheet  el ectron 

pr ecipitat ion. Dashed diagonal  l ines ident ify the cl earest  equatorward moving TEC 

enhancement  features. “Bndry” is abbreviat ion for  “boundary”. 

Figure 8: PFISR measurement s on March 17 2013 as a  funct ion of  magnet ic lat itude and 

univer sal  t ime. (a ) Nightside convect ion flow vectors with a  measurement  uncertainty 

<300 m/s. (b) Raw el ectron densit ies with no correct ion for  Te/Ti or  Debye l ength effects 

measured by bea m 12 (upward along the magnet ic f ield). Alt itude is indicated on the l eft  

Y axis and magnet ic lat itude is indicated on the r ight  Y axis. (c ) El ectron t emperature 

measured by the beam 12 l ong pul se mode. Dashed magenta  l ines indicate the start  of 

patches as marked by enhanced F-r egion densit ies above ~300 km with r educed Te, and 

the patch connect ion equator ially dir ected flow bursts. 

Figure 9: TEC 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, t hick hor izontal  dashed l ines 

ident ify a  Λ in  both the LOS and TEC panel s sel ected to maximize overlapping flow 

burst  and TEC enhancement  coverage. Thinner  dashed vert ical  l ines give visually 

est imated t imes of  the init iat ion of  flow burst  crossings of  the Λ e  hor izontal  l ines.   

Figure 10: Time pr ofil es of  el ectrons and ions from t he last  VAP pass (VAP-B outbound) before 

the stor m shock impact  (top), t he next  VAP-B and VAP-A passes (inbound and 

outbound) dur ing the stor m ma in phase (middle), and the subsequent inbound and 

outbound passes dur ing the beginning of  the storm r ecovery phase (bottom). On each post  

shock pass, t he inner  edge of  ion inject ion as seen in  t he l ine plot s is ident ified with a  

sol id maroon l ine, and the locat ion of  the plasma pause based on the density 

measurement s is ident ified by a  dotted dark-green l ine. L-values and mapped Λ’s for  

each of  these boundar ies are ident ified. 
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