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Abstract. Ps 6 disturbances and associated omega bands asphere, as described by Samson (1991), but result from the
often considered to be part of the phenomenology of the repassage of a current system over observing points (Amm,
covery phase of substorms. We note cases of the initiatio1996). Thus, we prefer and make use of the more general
of Ps 6 activity at or very near the time of onset, either of aterm Ps 6 disturbances. Saito noted the association of Ps 6
substorm expansive phase, a pseudobreakup, or a polewavdth substorms in a general way and did not specifically at-
border intensification. Thus, we claim that Ps 6 disturbancegsempt to place Ps 6 in the context of a growth-expansive-
need not be viewed primarily as phenomena of the recoveryecovery phase scenario. However, he did note that each Ps 6
phase. This produces both the challenge of explaining Ps Bevent” was associated with a Pi2 “event” (Saito, 1978), and
within a broader context and the opportunity to use Ps 6 ob-he attempted to identify the time delay between the start of
servations to better understand magnetospheric phenomendhe two types of event, finding that the delay is proportional
ogy, including expansive phase onsets. We further examingo the longitude difference of the stations where each was
the position of the causative currents for Ps 6 and find thabbserved. Pi2, impulsive pulsations in the 40 to 150s pe-
they may be located at either the equatorward or polewardiod range, are generally accepted to have a close connection
border of the auroral oval, or within it. In the first case, the to substorm onset (Olson, 1999). Thus, implicit in Saito’s
relationship of expansive phase onset and time delay to Ps &ttempt to identify time delays after onset was the idea that
initiation appears to be very short. In the latter case, there is 6 follow the expansive phase and are causally linked to
an association with poleward border intensification, but withit. Interestingly, Akasofu’s (1964) paper, which defined the
a measurable time delay. We present HF radar data to discus®ncept of auroral substorm phases, mentioned omega bands,
how the electric field at onset time favors the growth of Ps 6now known to be closely associated with Ps 6, as part of the
current systems. late expansive phase. Over time, this view has changed, and
it is widely stated in recent literature (e.g. Opgenoorth et al.,
1983, 1994; Pulkkinen et al., 1991a, b, 1998; Baker et al.,
1996; Lewis et al., 1997; Jorgensen et al., 1999) that Ps 6 are
associated with the substorm recovery phase. Recently, Wild
et al. (2000) noted a Ps 6 activation in the morning sector that
1 Association of Ps 6 with substorm phase coincided with onset in the midnight sector, and suggested a

follow-up to see whether such an association took place of-

Ps 6 and corresponding auroral omega bands were identifiefl, since ps 6 have figured in the discussion of models such
by Saito in the early 1970s (Saito, 1974) as moming SeCtOLg the near-Earth neutral line model, we regard it as essential
features associated with substorms. Ps 6 are observed P, the giscussion of substorm models, to clarify at which

marily in thg dgchnanon or eastward(or Y) component of stage of the substorm cycle Ps 6 and omega bands in fact
the magnetic field, as observed at the ground, and have amyec. e present here several cases in which there is di-

plitudes from 10 to more than 500nT, with a period range ot association between Ps 6 initiation and onset, either of

of 5 to_40 min (Sait(_), 1978). _Ps 6 are often r_eferred to asy, expansive phase (EP), a pseudobreakup (Koskinen et al.,
“pulsations”, but their generation method remains unknown

) . ) . . o~ '1993), or of a poleward border intensification (PBI) which is
although likely involving Kelvin-Helmholtz instability (Con- o qistinct phenomenon (Lyons et al., 1999).

nors and Rostoker, 1993). They are not true pulsations di- . ) o
) y b A typical sequence for Ps 6 observations at an individual

rectly reflecting the activity of ULF waves in the magneto- : -
y g y g observatory is shown in Fig. 1. The upper panel shows the
Correspondence tadvl. Connors (martinc@athabascau.ca) northward component of the interplanetary magnetic field as
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Fig. 1. (a) Northward component of interplanetary magnetic field o% NN .— N
on 10-11 April 1997 as observed at the Wind spacecraft and prop- & =s T S[EDM™ N
agated to Earth at the solar wind velocitfp) Magnetogram for o e % /T\\\ 4

Pello, Scandinavia, on 10-11 April 1997. A major onset near this
station took place at roughly 22:20 UT 10 April, and Ps 6 signals _.

are seen in th& andZ components starting at about 03:00 UT on Fig. 2. Map showing geographic Igcations of magnetic stations
11 April. Traces have been shifted vertically for clarity. used. Labels correspond to codes in Table 1. Corrected geomag-

netic (CGM) latitude lines for 1997 at +80+7(°, and +80 are
shown with labeling along the CGM Oneridian.

propagated from the Wind spacecraft to Earth (the earlier part

verified by comparison to the IMP-8 spacecraft which was

near Earth). Shortly after 21:00 UT on 10 April 1997, the

IMF turned southward. A small expansive phase onset took

place shortly afterward, at 20:31 UT. A rapid decrease in the

northward () component, typical of an expansive phase on-in the midnight sector, while Ps 6 disturbances are normally
set as observed at an auroral zone station, is seen at 22:19 Udbserved in the morning sector. As a station rotates from the
Several hours later, close to 03:00UT on 11 April, a clearmidnight local time sector into the morning, the signature
Ps 6 event began, with a distinctive eastward ¢ompo-  of activity it detects will change from onsets to Ps 6 distur-
nent increase correlated with variations in the downwand ( bances. The direction of rotation of the Earth, rather than
component. We regard a clear signature of Ps 6 in the Northany necessary sequence within a substorm, determines that
ern Hemisphere to show a peak in tHecomponent, while  a single station may first see onset signatures and then Ps 6.
the Z component is increasing with its perturbation passingSeeing this pattern at a single station thus does not necessar-
through zero. Such a signature is expected in a simple modely mean that Ps 6 are associated with recovery phase. We
(Kawasaki and Rostoker, 1979) wherein a localized equatoreoncur with Pellinen and colleagues (1992) in stressing the
ward equivalent current drifts eastward over a morning sectoimportance of using simultaneous ground magnetic observa-
observatory (this model also applies in the Southern Hemitions from many local time sectors when attempting to un-
sphere but leads to reversed signg’adind Z perturbation).  ravel the complex global phenomenology of substorms. We
We do not discuss further the current systems responsible fonave further found radars to be very useful since they now
the ground signature here, but other configurations are posprovide extensive coverage of the auroral zone (Greenwald
sible (Amm, 1996). Examination of a magnetic record suchet al., 1995), and have included analysis of Pi2 pulsations
as Fig. 1 could lead one to think that the Ps 6 train is associto assist in the identification of onsets. For one event we
ated with the late recovery phase, since the several hour lonbave used satellite imaging, which is a useful adjunct when
negativeX bay disturbance declines and thievalue returns  analyzing complex magnetic records. When this global ap-
to pre-disturbance levels. We suggest that such single statioproach was taken for several Ps 6 events, we found a close
observations, showing a time lag between onset signatureemporal relation between initiation of Ps 6 disturbances in
and the occurrence of Ps 6 at one location, can be misleadhe morning sector and onsets in the midnight sector, as we
ing. Onset signatures are generally seen when a station isow proceed to discuss.
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Table 1. Auroral zone stations
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Station Code  Geodetic E Longitude Geodetic N Latitude
Kilpisjarvi(EISCAT) KIL 20.7 69.1
Sgraya (EISCAT) SOR 22.2 70.5
Pello (EISCAT) PEL 24.1 66.9
Dikson (Russia) DIK 80.6 73.5
Kotel'nyy (210 meridian) KTN 137.7 75.9
Talkeetna (Alaska) TLK 209.9 62.3
College (Alaska) CMO 212.2 64.9
Poker Flat (Alaska) PKR 2125 65.1
Fort Yukon (Alaska) FYU 214.7 66.6
Kaktovik (Alaska) KAK 216.4 70.1
Sitka (Alaska) SIT 224.7 57.1
Dawson (CANOPUS) DAW 220.9 64.1
Victoria (Canada) VIC 236.6 48.5
Fort Simpson (CANOPUS) SIM 238.8 61.8
Yellowknife (Canada) YKC 2455 62.4
Edmonton (Canada) EDM 246.5 53.5
Meanook (Canada) MEA 246.6 54.6
Athabasca (Canada) ATH 246.7 54.7
Fort Smith (CANOPUS) SMI 248.1 60.0
Ft. McMurray (CANOPUS) MCM 248.8 56.7
Gillam (CANOPUS) GIL 265.4 56.4
Churchill (CANOPUS) CHU 265.9 58.8
Eskimo Point (CANOPUS) ESK 266.0 61.1
Pinawa (CANOPUS) PIN 264.0 50.2
Poste-de-la-Baleine (Canada) PDB 282.2 55.3
Paamiut (Greenland) FHB 310.3 62.0
Daneborg (Greenland) DNB 339.9 74.2
Leirvogur (Iceland) LRV 338.4 64.2
Table 2. Pi2 stations
Station Code Geodetic E Longitude  Geodetic N Latitude
Los Alamos, NM (USA) LAL 253.6 35.9
USAF Academy (USA)  AFA 255.1 39.0
Melbourne, FL (USA) FIT 279.3 28.0
JHU APL, MD (USA) APL 283.1 39.1
Jacksonville, FL (USA)  JAX 278.3 30.3

2 Association of Ps 6 with onset pansive phase onset. Pellinen et al. (1992) noted the coinci-

dence of omega bands and Ps 6 with evening sector activity

increases in general, and the simultaneous occurence in a lo-

Saito (1978), using bays and Pi2 as signatures of the expansy| auroral activation and the appearance of omega bands in
sive phase onset, showed cases in Wh|ch_the start of Ps & |east one case. Connors (1998), in a study of general on-
followed onset_ by up to an hour and o@hers in which the two gt phenomenology, using primarily global ground magnetic

events were simultaneous at one station. He concluded thafata sets, noted activation of Ps 6 appearing to coincide with
the delay of Ps 6 initiation in a given local time sector was gngets, without necessarily a time delay associated with dis-
proportional to that sector’s longitudinal distance from the {3nce from the onset location. In a recent study of one event

onsetregion. Mravlag et al. (1991) studied optical, magneticy,sing radar data, Wild et al. (2000) noted that Ps 6 activation
and radar data from a wide longitudinal range and found that, ine morning sector coincided with onset in the midnight
Ps 6 initiation seemed to be simultaneous over that range angg oy

thus unrelated to longitude. This is contrary to Saito’s re-
sult, and they did not remark on any causal relation to ex- We show here that under certain circumstances, coinci-
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L L) 2.110—11Apr||1997event

1 -7 v [ \\ N - Beginning shortly after 21:00UT (as corrected to an Earth
[ :‘,’ ' AR - location) on 10 April 1997, the IMF was basically southward
' P N | i for nearly 10 h with values of about5 to —8nT, as seen
‘ in the top panel of Fig. 1. A major expansive phase onset
i took place at 22:19 UT on 10 April and magnetic conditions
T A R . at most nightside stations for many hours after this were dis-
] L turbed. Figure 1 also shows perturbations at the Scandina-
3 T o vian station Pello during the relevant time period. There is
a clear signature of onset at 22:19 UT, followed by a period
S AU AN N AP of depressedX component values without further similarly
i distinct onsets. Currents of 1 to 2 MA in the morning sector
- westward electrojet were inferred through forward modeling
- for this period. This involves variation of electrojet parame-
i ters in a model until an optimal match between model predic-
i tions and observed ground perturbations is obtained (Kisa-
r beth, 1979). This technique has been automated (Connors,

1998) based on the Levenberg-Marquardt algorithm (Press
et al., 1992), and will be described in detail elsewhere. This
period of enhanced activity during predominantly southward
IMF conditions had ground signatures resembling those of
a steady magnetospheric convection (SMC) interval as de-
2 3 4 5 scribed by Sergeev and co-workers (1996). Spacecraft data
UT Hour from the magnetotail are lacking for this event. Although
we thus cannot compare to the tail characteristics of SMC

(dashed) and” (dotted) component perturbations from Pello be intervals that Sergeev et al. (1996) listed, for this event we
urbati - . :
tween 02:00 UT and 05:00 UT on 11 April 1997. Traces have beenhave goo_(lzl ;olar (;JL/I LB.HL (Brtlt??r(]:her ?t al., .1993) Im-'th
shifted vertically for clarity. Change in pulsational character of Ps 6 ages avaiiable gn ave inspecte em. In conjunp ion V.VI
takes place at the time of onset, despite the longitudinal separatioground magnetic data they show that much of this period

of the stations. In subsequent non-colored diagrams the component¥as characterized by a double auroral oval with transient ac-
are indicated as here, with a solid line f§ a dashed line for,  tivations on the poleward border. A second major expan-

and a dotted line foZ. sive phase onset at 02:54 UT on 11 April took place in the
evening sector over the Churchill line of the CANOPUS ar-
ray. Simultaneously, large Ps 6 disturbances started in the
dence with onset is normal and that Ps 6 activation is parimorning sector as observed at IMAGE array stations in Scan-
of the overall onset phenomenology. A relation between on-dinavia. Figure 3 emphasizes this by plotting the onset sig-
set, generally in the near-midnight sector, and Ps 6 activanature  bay) from Churchill meridian station Gillam, to-
tion, appears to exist both for expansive phase onsets and f@ether with theY and Z perturbations from Scandinavian
poleward border intensifications. We present here four eventstation Pello. Ps 6 characteristics of correlateand Z per-
during which there were cases of Ps 6 activation simultaneturbations were present in the IMAGE array magnetic data
ous with onset, even at stations distant from the onset regiorbefore the 02:54 UT onset, particularly the more northerly
The association with onset identified by Saito (1978) is thusones. However, their amplitude strengthened and the corre-
borne out. We find indications that a delay related to distancdation of Y and Z became greater, shortly after onset. The
from the onset region may exist for Ps 6 activations associ-onset timing shown was determined, independently of mag-
ated with poleward border intensifications, but here we donetic signatures, from UVI images.
not systematize that delay in a general way. We did not find Having noted this connection between midnight and morn-
a delay associated with Ps 6 activation associated with exing sector activity, we returned to the satellite image se-
pansive phase onset. Locations of auroral zone stations useglience to attempt to find other evidence of a relationship be-
in this study are listed in Table 1, and many of their loca- tween onsets and Ps 6 activity. We note three distinct types
tions are depicted in Fig. 2. We used mid-latitude stationsof “onset” whose character may be established through in-
recording data every second, listed in Table 2, to identify Pi2spection of the magnetic data in conjunction with the images.
pulsations and specify onset times as accurately as possibl@hese include expansive phase onsets, involving activation
Vector magnetic fields were recorded at these locations alongt the equatorward border of the auroral oval followed by
theX, Y, andZ directions as defined above, in the local mag- poleward expansion (Rostoker, 2002) and pseudobreakups
netic system whose horizontal components we desigiigte  (Koskinen et al., 1993), which are similar but do not expand
andYy,, or as horizontal field? with declinationD. in a significant way. The third type is the poleward border

500 nT

Gillam

Fig. 3. X component perturbation from Gillam (solid) arid



M. Connors et al.: Ps 6 disturbances

497

intensification or PBI (Lyons et al., 1999) that appears to be 20 * 20
a separate phenomenon and, as the name implies, takes place0{ 2 10
at the poleward border of the auroral oval. All of these on- = °© VMM/WVW\\} 0
sets have among their magnetic signatures a decline in the *° e 10
X component near the region of activation, and changes in ~ 2t.22 . 2. .0 1. .2 ‘ S A 2 BT
the other components that are consistent with enhancement { b Ak MM }w'v‘\m'\ iy -
of ionospheric current. On satellite images they are signaled AL ) M VUM WM@E
by a brightening in the region of activation. Through study 1 VY MW\W“X‘M\W” ‘\/M‘ f‘w /ﬂ\ }h\f\ Vﬁ"M ‘ g
of magnetic signatures at many stations, the location of ac-  } o A I W/ (Kl
tivations with respect to the auroral oval may be determined 1 ATV (T
provided that adequate data is available. On a global scale | -
this proves to be difficult to obtain. For this particular event, DKV
satellite images allow activation locations to be determined ] DNBX |-
unambiguously. Another ambiguity that is resolved through 1 e
the use of satellite images is that associated with poleward : = N -
motion of the border of the electrojet. As the electrojet moves . ARV "~ N ;
poleward after an EP onset, it causes hhe&eomponent to 1 K / -
decline, sometimes abruptly, at successively more poleward \\\/ il N
observing points. This decline can be easily misinterpreted E|\5°°”T i
as an immediate signature of the onset, leading to inaccurate 1| A w@}
timing. We note below a similar effect taking place after a 1 /M“MWW,mW M -
PBI as well. a7 w5 15 3 4 5 & 1
The next onset signature visible in Fig. 3 was that of a April 10 ut April 11

large amplitude PBI, near Gillam at 03:37 UT. At this time,

the Ps 6 pulsation amplitude declined dramatically at all IM- Fig. 4. Overview of onset and Ps 6 activity on 10 and 11 April 1997.
AGE stations. From magnetic data alone, it would have beerVertical lines indicate the times of expansive phase onsets in blue,
difficult to distinguish one onset as EP and the next as PBIPBIs in cyan, and one pseudobreakup in green, as determined from
However, the satellite images show that the 03:37 UT onsef’olar UVIimages. Line width corresponds to the 3-min uncertainty
took place at the poleward border of the auroral oval, and a|_|nherent in the image data set usé&dcomponent perturbations are

lowed the best onset time to be determined. The magneti@ePicted in the lower part of the plot in black, aticcomponent in

e
. . . . e upper part in red¥ component at DIK (Dixon) appeared to be
perturbation at Gillam was delayed with respect to this Onseizpp”ed with an erroneous scale and was scaled by 0.1 for plotting.

time since the region carrying Curr_ent moved poleward afterShort horizontal lines near the bottom indicate two data gaps in the
the PBI started. In both cases, with about 8h of MLT sep-pojar UvI data set used. The useful imaging sequence ended at

arating the onset region from the meridian featuring strongapout 05:30 UT on 11 April.
Ps 6 activity, there was a pronounced relationship between
onset times at the more westerly station and changes in the
Ps 6 character in the morning sector. There did not appeaincluding periods when the auroral oval appears to be dou-
to be a significant time delay between expansive phase onséted. During the period of 10 h shown on Fig. 4, only four
and the change in Ps 6 character, whereas there did appeardapansive phase onsets and one pseudobreakup took place,
be a delay between onset at the poleward border and suchas identified from the satellite images, which had a good
change. view of the midnight sector throughout. This confirms the
Figure 4 presentX component perturbations from Scan- results of inspection and inversion of ground magnetic data
dinavia, Greenland, and Canada, along witlttomponent as described above. There were, however, fourteen clearly
perturbations from Scandinavia and Russia. We have useitlentifiable PBI episodes. The lack of expansive phase ac-
Polar UVI images as the determinant of onset timing andtivity and the prevalence of PBI is characteristic of SMC, as
type, and the results of this determination are presented asientioned above in reference to the interpretation of ground
vertical bars. Although images were acquired during thisdata. The onset at 21:57 UT has been classified as an expan-
event at a rate of one every 36 seconds (G. Germany, prisive phase, since poleward motion was seen in the images:
vate communication, 2002), we had available for this largeits magnetic signature was subdued, not exceeding 100 nT at
time period only images from only one filter (LBHL), mak- LRV, which was the station best placed to detect it. The as-
ing the best time resolution approximately three minutes. Wesociated data are not shown. The major expansive phase on-
intend to present multispectral analysis with higher time res-set at 22:19 UT had classical signatures at many stations (of
olution at a later time, but feel that the cadence used herewhich PEL shows it most clearly in Fig. 4, with several other
along with one-minute spacing on magnetic data, is sufficientstations showing smaller and delayed signatures) and led to
for the initial investigation of the relationships between on- the formation of a doubled auroral oval. Starting at 22:55 UT,
sets and very low frequency signals like Ps 6. The generah series of discernable PBIs took place. We emphasize the
nature of activity can also be distinguished using the imagesword “discernable”, since the poleward expanding poleward
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border of the electrojet was bright during the period follow- ously associated with a strong Ps 6 enhancement, without a
ing onset, until this first recorded PBI and from this data setnoticeable time delay between its occurrence in the midnight
we cannot eliminate the possibility that PBIs took place dur-sector and the change fhcomponent behavior in the morn-
ing the poleward motion. In addition, it is likely that smaller ing sector. Since Ps 6 signatures were present before this
PBIs, not easily detected on satellite images, also took placeEP onset, we now examine whether they started abruptly and
Detecting magnetic signatures during the poleward motionwhether an another onset was involved. This possibility can
of the poleward border, or from small PBIs, would similarly be investigated using images and magnetic data.
be difficult. There were no major expansive phase intensifi- Figure 5 shows a short sequence of UVI LBHS images
cations after the 22:19 UT event, until 02:54 UT on 11 April. from Polar for the time period relevant to the 00:26 UT
We note that this event was also followed by a period with-11 April PBI. Such images indicate primarily the locations
out discernable PBIs for about 45 min, and again stress thabf soft electron precipitation (Britthacher et al., 1997). The
although this may be an indication of a physical process, wemoving patch of auroral luminosity ejected from the PBI is
cannot exclude that PBIs did in fact take place while the pole-reminiscent of those discussed by Henderson et al. (2001),
ward border of the electrojet moved poleward. At 01:24 UT although not apparently associated with north—south aligned
on 11 April, a pseudobreakup took place, with subdued magauroral forms. The motion of this patch is eastward at
netic signals. A final expansive phase took place at 05:06 UTL.0 km/s, as measured from the LBHS images, once the mo-
11 April in a greatly expanded auroral oval. From magnetiction is clearly established. This is comparable to the speed of
signatures at PIN and MCM it may be deduced that this onsetuminous patches that Connors and Rostoker (1993) associ-
took place near 58magnetic latitude. ated with the equatorward boundary of the auroral oval, and
We now turn to the association between onsets and Ps & the convection drift velocity in active times (Amm, 1996).
initiations that Fig. 3 suggests. The two onsets near the beThe motion of this patch may be traced in the images to the
ginning of the active period did not appear to be accompaniedongitude of the Scandinavian stations whose magnetic sig-
by the initiation of Ps 6 activity. Both were EP onsets, a mi- natures are shown in Fig. 4. At the time of arrival at that
nor one at 21:57 UT, and a major one at 22:19 UT. Althoughlongitude (00:41 UT), Ps 6 pulsations began there. We fur-
there wasY’ component activity at stations east of the onsetther note that extrapolation of the motion to the longitude of
regions, it was not correlated with ti#& component in the  Dixon would make the auroral patch arrive close to the time
way Ps 6 signals must be. The first true Ps 6 signals duringf the initiation of Ps 6 there shortly after 01:00 UT. Whether
this event started at 00:40 UT (11 April), as detected at Scanthis extrapolation is justified could not be verified with the
dinavian stations (such as SOR in Fig. 4), followed by acti-images presently available to us. We can say that, at least
vation further east at DIK at 01:00 UT. The pseudobreakupin the case of the Scandinavian stations, and possibly in the
at 01:24 UT appeared to take place at the same time as minarase of Dixon as well, the arrival of this patch of luminos-
changes in¥ component behavior at several of the stationsity, which had an origin in a PBI, coincided with the start
showing Ps 6 activity, but the evidence of this in Fig. 4 is not of Ps 6. The time delay to initiation of Ps 6 after onset is
strong. As noted in relation to Fig. 3, however, the expan-not inconsistent with the claim of Saito (1978) that there is
sive phase at 02:54 UT, which was centered in North Amer-a time delay between Pi2 (i.e. onset) and the start of Ps 6
ica, coincided with a dramatic change in Ps 6 activity in the pulsations. In this case the time delay was associated with a
morning sector in Scandinavia and, as may be seen in Fig. 42Bl and not an EP onset. Lyons et al. (1999) showed that Pi2
also in Russia. In Scandinavia, the activity became more cobursts in the auroral zone were associated with PBI activity
herent, with a longer period and greater amplitude. At Dixon,and recently, Sutcliffe and Lyons (2002) have demonstrated
the amplitude of Ps 6 activity declined dramatically, most no- mid-latitude Pi2 associated with PBIs under otherwise quiet
tably in theY component Z is not shown). There does not conditions. Thus, we suspect that in cases involving a time
appear to be a time delay between the onset and the changkelay from Pi2 onset, Saito may, in fact, have examined Ps 6
in pulsational behaviour, although the large amplitude Ps Gassociated with PBIs. We noted above (Fig. 3) that an EP
appear to build up over a period of a few minutes. The finalonset appeared to coincide with a change in Ps 6 behavior
expansive phase onset took place at 05:06 UT and did not apwithout delay, while a large PBI appeared to have a delay be-
pear to have a direct and immediate correlation with change$ore the response in the morning sector. In the present case,
in Ps 6 activity. Within a few minutes, however, Ps 6 activity the delay from PBI to Ps 6 activation appears to be longer
died away. We note that the IMF turned briefly northward (15 min versus 6 to 10) than in the previous case, despite the
shortly after this onset as well. Upon its return to negativeeastern edge of the PBI luminosity being in much the same
values, and with a high dynamic pressure (over 10 nPa) unfocation as that of the earlier PBI.
til the northward turning, magnetic activity continued to be  We have noted two instances of association between PBIs
strong, as evidenced by the GIL and PBQ traces in Fig. 4and the initiation of a train of Ps 6 pulsations. However, dur-
However, we did not detect Ps 6 activity during the period ing this event, there are more PBIs than there are changes in
after about 05:15 UT, when the last Ps 6 pulse died away at component behaviour. Thus, we conclude that not all PBIs
SOR, and the imaging sequence was also not useful in deproduce changes in Ps 6 activity. Similarly, there appear to
tecting activity after that time. Thus, one major EP onsetbe more individual Ps 6 pulses than there are PBIls, so that we
in the middle of a period of steady convection is unambigu-do not feel that PBIs relate on a one-to-one basis with Ps 6
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Fig. 5. Polar UVI view of a drifting patch of auroral luminosity in the LBHS band (140-160 nm). At upper left is an image corresponding
to initiation of a PBI at 00:26 UT on 11 April 1997. In the image to the upper right, at 00:32 UT, a bright patch is sdfl¢below)

the Greenland coast. By 00:38 UT, the patch had drifted yet further eastward (lower left). Finally, its arrival in the meridian of the IMAGE
stations (lower right) at 00:41 UT corresponded to the time of initiation of Ps 6 pulsations at those stations.

pulses, but rather that under some circumstances, both PBlarge negativeX perturbations of magnitude, up to 2500 nT,
and expansive phase onsets are associated with the initiationere observed at nightside stations, as seen in Fig. 6, where
of a train of Ps 6. We now proceed to look for other instancesthe SC signature is also clear. This period was characterized

of possible onset — Ps 6 relationships. by numerous shar component bays, characteristic of sub-
storm expansive phase onsets. In addition to the discrete fea-
2.2 18 February 1999 event tures, most nightside stations, and particularly those at lower

magnetic latitudes, showed a broader envelope of depressed
Ground stations detected a sudden commencement (SC) & component values. It is well known (Liou et al., 1998)
roughly 02:50 UT on 18 February 1999. The WIND space-that magnetic bays can be misleading in determining onset
craft, located atXgsm of —9.5Rg and Ygsm of roughly timing, but useful satellite images were not available. Since
—45Rg, detected nearly simultaneously an increase in solathis disturbed period features numerous bay-like features, we
wind pressure from about 1 to 8 nPa, and a speed from beexamined a large set of data from nightside auroral and sub-
low 400 to 650 km/s. The solar wind remained disturbed un-auroral stations, optical data from the CANOPUS network,
til about 17:00 UT, with negativ, of —5 to —20nT from  and Pi2 pulsations as onset indicators (Olson, 1999). In the
03:12 UT until about 10:30 UT, whereupon a northward turn- latter case, the onset time was determined using data from
ing to values averaging 15 nT took place, terminating the pe-mid-latitude North American stations listed in Table 2, by de-
riod of interest here. During this disturbed period, extremelytermining the envelope of the Pi2 signal at multiple stations
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‘ ‘ ‘ ‘ ‘ ‘ ‘ o 1 Fig. 7. Magnetic perturbations at Alaskan station, Sitka, western
uT Canadian station Athabasca, and central Canadian station Pinawa,
from 09:00 to 11:00 UT on 18 February 1999. Long vertical bars
Fig. 6. (a) Northward component of interplanetary magnetic field indicate onset times as determined from Pi2 analysis. A shorter
as observed at the Wind spacecraft on 18 February 1999 and proprertical bar at 09:24 UT indicates the time of a changk imbserved
agated to Earth at the solar wind velocitfp) Overview of onset ~ at Sitka and initiation of Ps 6 at Pinawa.
and Ps 6 activity on 18 February 1999. Onset times are indicated
by vertical lines. For the earlier onsets, times were determined from
Pi2 records and a sha’pbay was verified at the stations listed near Ps 6. The latter part of this period featured equatorward mo-
the bottom of each vertical line. tion of the westward electrojet as may be inferred from the
return of X perturbations to near-baseline values at the high-
est latitude stations while it became more negative at the two
(Kepko and McPherron, 2001). The earliest onset activity, most southerly.
as indicated by the Pi2 signal, was at 03:11 UT; however, the At 09:24 UT a clearly defined Ps 6 pulse pair was detected
earliest onset identifiable in thé component magnetic data at Pinawa, the most southern of the CANOPUS stations (see
(at Leirvogur, LRV) was at 03:28 UT. A second Pi2 onset Fig. 6). Although several stations showed changes in mag-
took place at 04:36 UT with near-simultaneous bay activity netic behavior at this time, we could not identify an onset as
and a second major onset at 04:54 UT. Both of these interhaving taken place at any station including Pinawa itself. An
vals of activity featured sustained power in the Pi2 band forall-sky camera and meridian scanning photometer at Gillam
about 20 min and neither appeared to be associated with sigietected activation of 630.0 nm emission well south of that
nificant Ps 6 activity. A sharp onset in the Churchill sector station shortly before 09:30 UT, and we associate this with
at 07:30 UT also did not appear to correlate with the start ofthe Ps 6 initiation. At 09:30 UT, an onset took place at low
Ps 6 activity, although there were some Ps 6-like signaturesatitude as recorded at Sitka, Athabasca/Meanook, and a tem-
slightly before the time of onset. This onset does appear t@orary station at Edmonton, with strong Ps 6 signal at the lat-
have initiated a period of activity similar to SMC (Sergeev ter stations. The disturbances started at 09:30 UT, as shown
et al., 1996), as evidenced by the depressed values df the in Fig. 6, although the Pi2 signal strengthened only slightly
component from 07:00 UT to slightly past 09:00 UT, seen inlater, at 09:32 UT. At this time larg& ; bays (1500nT)
Fig. 6. We did not find evidence of expansive phase onsetsvere observed at these stations, whileerturbations, re-
during this interval, either from inspection of magnetic data ferred to pre-disturbance levels, were slightly positive with
directly, nor from Pi2 analysis, despite a high level of varia- brief negative excursions associated with the Ps 6. Data from
tion in the magnetic field. During this perio#l,component  Ft. McMurray further north also showed positize at the
positive perturbations of as much as 1000 nT were observetime of this onset, but littl& perturbation, suggesting a loca-
but their duration of roughly 1/2 h and their lack of correla- tion for the onset currents near or equatorward of Athabasca.
tion to theZ component do not allow us to classify them as Roughly—500 nT ofX perturbation was also recorded at this
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specific Ps 6 activation associated with this onset, although
large changes in thE and Z components observed at many
ground stations did ensue.

From this complex period of activity we can make some
inferences about the relation of Ps 6 activation and expansion

[eo)

] phase onsets. Several onsets were noted that did not appear
to coincide with Ps 6 activity. An extended period without

. clear-cut onsets preceded the earliest manifestation of clear
] Ps 6 pulsations, which was at low latitude. Their initiation

E preceded an onset by about 5 min at low latitude. When this
] onset did take place, Ps 6 again was excited at low latitude.
1 A second onset at low latitude affected the character of the
1 o Ps 6 disturbances, but they continued. A subsequent onset at
. YRV \P ¥ ,W higher latitude brought about the cessation of the Ps 6 at low
] latitude and caused a change in the charact&rasfdZ com-

. \mw N ponent fluctuations at higher latitude. In these cases an onset
: NW/ took place at the same time as a change in pulsational char-
EWWWW acter, and the onset currents and those associated with Ps 6
] MW M\/ﬁ I\ /J\/W/ can be inferred to be at the same relative latitudinal positions
] "M W within the electrojet. Although we have cited a case in which

] | the Ps 6 activation preceded onset, we cannot completely rule
1 T A out an earlier onset time from the limited data available. In

: ™ L]

EI s00nT W\/ any case we would not consider this Ps 6 activation to be
] i b characteristic of the recovery phase from the preceding ac-
s o 10 11 12 13 14 15 16 17 tive period since the auroral oval was moving equatorward,

ut not poleward, and the IMB; was still strongly southward.
We infer that Ps 6 can be associated with onset and that their

Fig. 8. (a) Northward component of interplanetary magnetic field |atitude of activation is associated with the latitude of the on-
as observed at the Wind spacecraft on 27 April 2000 and propagatedgt.

to Earth at the solar wind velocityb) Overview of onset and Ps 6
activity on 27 April 2000. Onset times determined from Pi2 are :
indicated by vertical lines. Shorter vertical lines at 14:41 UT and 2:3 27 April 2000 event

14:47 UT indicate other activations when Pi2 bursts were frequent .
and a unique time determination could not be done. A southward turning was observed at the Earth-Sun La-

grange point X = 223Rg) by the ACE spacecraft, at

X = 82Rg by Wind, and atX = 30Rg by IMP-8, lead-

ing to a consistent interpretation that it was observed at Earth
time (with comparable negativg perturbation) at Victoria at 08:30 UT on 27 April 2000. An increase in Pi2 power was
(slightly off the map of Fig. 2), supporting the southerly loca- observed at 08:29 UT, which we do not classify as an onset
tion of the onset current. Onset signatures at Alaskan stationsignature. With predominantly negative IM#, of about
more northerly than Sitka were delayed slightly. Two further —5nT until about 15:40 UT, and solar wind speed and den-
onsets were indicated by the Pi2 data, one at 09:47 UT andgity at near-nominal values of roughly 400 km/s and 10 pro-
one with a weaker signal at 10:00 UT. The 09:47 UT onsettons/cc through most of this period, a convection bay (Pytte
appears to have been at relatively low latitude and to havestal., 1978; Sergeev et al., 2001) resulted. Figure 8 shows the
reinitiated Ps 6 activity at Pinawa (see Fig. 7). At 10:00 UT, solar windBz and relevant ground magnetic fields. Smooth
a sharp onset at higher latitude was observed at Eskimo Poirtecreases in th& component that we associate with the
in the Churchill sector, and Fort Simpson and Fort Smith fur-growth phase took place in the Churchill meridian starting
ther west. Perturbations in thé and Z components com- at 09:00 UT. However, the earliest discrete magnetic field
menced at these stations at that time, although these did nefffects identified were sharp decreases of roughly 50 nT in
have a definitive Ps 6 signature (specHie- Z correlationas the X andZ components at Alaskan stations Fort Yukon and
described above) and are not shown. We also note a declineearby Dawson at 09:25 UT. We interpret these as being due
in Ps 6 activity at Pinawa and Athabasca/Edmonton at thigo a westward ionospheric current north of the stations, but
time (Fig. 7). The final onset that we consider took place atdo not have magnetic data from that area. A sharp increase
10:30 UT, and seems to have been associated with dramatia Pi2 pulsational power at 09:25 UT also indicates the time
changes in the solar wind. There was a rapid change fronof onset. Due to weak magnetic signal before the activation,
—20nT to420nT in the Bz component (see Fig. 6a) and we cannot identify the position of this enhanced current rel-
a dynamic pressure increase from 5 to nearly 20 nPa assocétive to pre-existing growth phase currents, whose signature
ated with a similar factor increase in density. We did not notedid not appear as strong in the Alaska sector as it was on
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the Churchill meridian (where it was as much as 100nT at s :
09:30 UT). As observed by most CANOPUS stations, Xhe 31
component negative bay that started at 09:00 UT lasted un-= © %
til 16:30 UT, with sustained values of several hundred nT, as 2 ]
seen in Fig. 8, giving the signature typical of a convection 8 9 0 11 12 13 14 15 16 17
bay. A further Pi2 signal and sharp decreas&imompo-
nent at the Alaskan stations and Dawson signaled a second A
onset at 10:00 UT, which may correlate with changes in the
Y component at Poste-de-la-Baleine that developed a Ps 6-
like character; however, the component did not develop as
would be expected in Ps 6. Due to sparsity of stations in east-
ern Canada, itis difficult to establish whether there was a cor-
relation of Ps 6 initiation with this onset. Although other Pi2
bursts were observed around 12:00 UT, they may be found

during convection bays in the absence of onsets (Sergeev et \W

al., 2001). Absence of Pi2 pulsations was used in the original ’ML

definition of the term convection bay by Pytte et al. (1978), | M/

but our ability to detect them may reflect the fact that mod- s

ern instruments can detect lower levels of pulsations. Inany | \ \/W

case, sharply defined bays were not found in magnetic data | [\~~~

to accompany these Pi2 bursts, and we conclude that onsets |

did not take place. In the absence of either onsets or Ps 6 | wa\/

activation, we conclude that, like the periods preceding Ps 6 | m | e o

activation in the events previously described, the period from b

10:00 UT to 13:30 UT primarily featured steady convection. 8 9 10 11 12 13 14 15 16 17
A Ps 6 activation took place at 13:30 UT and was most ut

clearly detected at College, as shown in Fig. 8. There was .

o : S _ Fig. 9. (a) Northward component of interplanetary magnetic field
also a positiveZ perturbation there, indicating the onset Cur- < observed at the Wind spacecraft on 19 March 1999 and propa-
rents to be south of College. A clear and sharp drop in

- gated to Earth at the solar wind velocif) Overview of magnetic
the H-value at Alaskan station Talkeetna took place only atactivity on 19 March 1999

13:38 UT, however, so the currents at 13:30 UT must have
been close to College. Ps 6 disturbances initiated at College
then and even more prominently at Fort Yukon to its north. after a period of steady convection appeared to correlate with
Kotel'nyy station, on the 210 magnetic meridian, detected aps g activation.
sharp drop of about 190 nT beginning at 13:30 UT. Pi2 sig-
nals for this period are weak at all stations, including those2.4 19 March 1999 event
in China; thus, we cannot say for certain whether two onsets
were involved or whether the delay&dcomponent decrease The Wind, ACE, and IMP-8 spacecraft detected a period
at Talkeetna was due to the motion of the electrojet. Collegepf about 15h of generally southward IMF beginning on
Dawson, and Fort Yukon further north were located under thel9 March 1999. As corrected (a 3-min delay from IMP-8)
electrojet and detected a clear Ps 6 signal, while the onset wdsr Earth arrival, this period began at 11:41 UT on 19 March.
at the southern border of the convection electrojet. This isOn that day, ACE indicated the solar wind density to remain
consistent with the simple Ps 6 model of Kawasaki and Ros-close to a nominal 7 particles/cc and speed to remain near
toker (1979), which features equatorward current flow overa moderate 375 km/s, the values that prevailed at southward
several degrees of magnetic latitude. turning. Until 23:00 UT,Bz (GSM) was steadily southward

A mid-latitude Pi2 and the start of a decrease of overand approaching 10 nT; the first part of this interval may be
200nT in X at Ft. Yukon lead us to believe that a further seen in Fig. 9. During the period 12:00 UT to 17:00 UT, there
onset took place at 14:24 UT. Little change in Ps 6 behaviomwas little evident expansive phase activity, but pronounced
was noted at this time. Sharp dropsXrat College and Daw- convection bays as viewed by CANOPUS stations (see bot-
son at 14:41 UT and 14:47 UT (respectively) correlated withtom panel of Fig. 9). In the interval 13:30 to 14:00 UT, about
changes in Ps 6 activity, the latter most notably at Fort Smith,2 h after the southward turning, clear Ps 6 signatures were
where Ps 6 pulses of several hundred nT began at 14:47 UBeen to start at several stations in western North America.
Several bursts of Pi2 activity took place during this time pe- The lower panel of Fig. 10 shows a clear onset-fkeompo-
riod. With northward turning at 15:40 UT, the magnetic ac- nent signature at 13:36 UT at Kaktovik, located at aboudt 70
tivity declined rapidly and the Ps 6 pulse train died away. magnetic latitude on the northern shore of Alaska. The onset
During this event, onsets at different latitudes affected thetime as determined from mid-latitude Pi2 (average maximum
Ps 6 characteristics at stations near those latitudes. Onsegnplitude 0.4nT) was 13:34 UT. This high latitude event ap-
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pearsto have hadaclosetemporal Connectlon to |n|t|at|0n 200 -

of relatively low amplitude Ps 6 activity observed at Eskimo Eskimo Point
Point, 4 MLT zones eastward, as shown in the upper panel of 100 \ -
Fig. 10. A positiveZ component of roughly 300 nT observed L "f‘,"‘/‘n,’ LAY .

at Kaktovik during the convection bay shows the station to ol ENRRURY m»k\ PRV

have been north of the electrojet. The fact that both the onset

and Ps 6 were associated with the poleward border is sup- -1 1
ported by the Alaska magnetic signatures, in each case very
clear and with several hundred nT of perturbation, as shown g
in Fig. 11. At Fort Yukon and College, south of Kaktovik, '
near-zero and negativé signatures (respectively) were as- « 3y
sociated with the negativ¥ signatures, resulting from the
westward electrojet during the convection bay. Similarly, bay
signatures from the Churchill line of the CANOPUS array
(some shown in Fig. 9) indicate that the westward electrojet’s
poleward border was located at about H@agnetic latitude.
Other studies have found that the poleward border was host to -300 | -
the current systems associated with Ps 6 (Opgenoorth et al.,
1983; Pellinen et al., 1992). Thus, our conclusion that the

Ps 6 current is at the poleward border may not be surprising: Kaktovik
however, the clear onset-like signature of several hundred nT ‘ ‘ ‘ ‘ ‘
observed at Kaktovik also suggests that the associated cur- 12 13 14 15 16 17 18

UT Hour

rents flowed only near the poleward border. We conclude
that the ground signature, despite its resemblance to that cEig. 10. X component perturbations at at Kaktovik, Alaska (bot-

an EP_ onset,' including having an associated .Pi2, is inSteaQ)m), andY andZ perturbations at Eskimo Point (top) on 19 March
associated with a PBI. (As noted above, Sutcliffe and Lyonsjggg, showing an extremely close correlation of onset time at

(2002) have demonstrated other examples of PBIs with assot3:36 UT and Ps 6 initiation.
ciated Pi2). Current clearly flowed near the poleward border
for this onset and also for the associated Ps 6 system.

A second intensification at 14:00 UT is clear on the mag-0bservations, including that due to the low frequency signals
netograms from Alaska in Fig. 11, and we present evi-involved. These results are consistent with the observation of
dence of the same intensification from Dawson, where théMravlag et al. (1991) that Ps 6 disturbances simultaneously
X change was sharpest, in the bottom panel of Fig. 12. Weswitched on over a wide longitudinal range, but go further
did not detect an unambiguous Pi2 at the time of this intensiin that we causally connect the Ps 6 activation or change of
fication. A near-zer® component observed at Dawson and character to EP onsets. Ps 6 initiation seems to be essentially
at College/Poker Flat suggests a central location in the aurosimultaneous with EP onset, even for stations distant from
ral oval. Similarly Yellowknife was nearly central or slightly the onset region.

poleward of the centre of the electrojet, based oXitom- We have also found that onsets associated with Ps 6 ini-
ponent (see Fig. 12). At this second onset time, typical Ps @iation are located at the same relative position within the
disturbances initiated at Yellowknife. auroral oval as the currents associated with Ps 6, and that the

For this event, we have shown two onset-Ps 6 initiationlocation may be equatorward, central to the auroral oval, or
correlations within a short time of each other. In this case theeven at its poleward border. The last fact implies that PBIs
first “onset” was apparently a PBI, and in both cases thergmay be associated with the initiation of Ps 6 trains. In the
was a latitudinal correspondence between the region of excases of strong Ps 6 signal near the centre of the oval, it is
pansive phase onset and Ps 6 initiation. We revisit this evenlikely that the current systems extend to near the equator-

using radar data in Sect. 3 of this paper. ward border, although we have not shown this here. This
would be consistent with imaging observations (Connors and
2.5 Summary Rostoker, 1993), where localized patches of UV emission

associated with upward field-aligned current were observed
We have provided several examples in which Ps 6 initiationat the equatorward border of the auroral oval. Further, we
or change of character coincided temporally with expansivenote that in each case presented above, we found two sep-
phase (EP) onset, as detected either nearby or to the wesdrate latitudinal regions to be active. There have occasion-
in some cases many time zones westward. In these latteally been observations of two latitudinally separated rows
cases, at least, any initiation front travelling at the speed sugef omega bands being present in one all-sky imager field
gested by Saito (1978) would have taken many minutes tmf view (Opgenoorth et al., 1994). Connors and Rostoker
arrive, yet we find the Ps 6 activation to coincide with onset.(1993) also noted a high latitude set of discrete features dur-
This coincidence is well within the time uncertainty in these ing an event of 3 May 1986, in addition to bright drifting
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Fig. 11. X (solid traces) and (dotted traces) perturbations at sta- . . .
tions College, Ft. Yukon, and Kaktovik, straddling the convection aftermath of previous substorm activity or during a convec-

electrojet on 19 March 1999. The negativeperturbation at all sta-  tiOn bay. Strong Ps 6 events seem to occur when convec-
tions indicates a westward electrojet, and the negatiaeCollege, ~ tion is strong, corresponding to large electric fields in the
near-zerdZ at Ft. Yukon, and positive at Kaktovik confirm their ~ ionosphere. A possible explanation for Ps 6 initiation be-
respective locations near southern, central, and northern positiongig at the time of an onset would be a rapid increase in
relative to the electrojet. the morning sector electric fields at that time. Rostoker and
Barichello (1980) considered the statistical aspects of Ps 6 in
light of electric field measurements and particle precipitation
patches associated with Ps 6 at lower latitude. The Kelvin-and concluded that the electric field had a dominant influence
Helmholtz instability mechanism can readily explain growth in the formation of the Ps 6 current system. It is reasonable
of two (or more) regions of growth of instability if there is  to infer that increased electric fields in the morning sector
more than one boundary at which shear can occur. We haveuring periods of enhanced convection favors growth of the
shown that the onset and associated Ps 6 occur at the sang@lvin-Helmholtz instability (KHI) and that this is associ-
latitude, and it is not inconsistent to claim that this common gted with the Ps 6 current systems (Connors and Rostoker,
latitude marks a shear surface. 1993). This is reminiscent of a mechanism proposed by Ros-
We have further concluded that activation at the polewardtoker et al. (1984) for an observed increase in Pc 5 pulsation
border is associated with PBI onset. In this case, howeverpower in the dawn sector associated with expansive phase
and in distinction to the simultaneous EP onset and Ps 6 actienset. In addition, however, one must bear in mind that the
vation, there appears to be a delay from the time of PBI onsemagnetic signal is directly proportional to the electric cur-
to that of Ps 6 activation. This is consistent with the claim of rent flowing in the ionosphere and that the current responds
Saito, although it is not easy now to determine whether theto both electric field and conductivity. It may be necessary to
cases he studied, in fact, dealt with PBI onsets or EP onsetsalso invoke a role for sudden conductivity changes to explain
the rapid appearance of the Ps 6 signal.
To investigate the role of the electric field at onset time
3 Discussion in creating conditions for Ps 6 growth through the Kelvin-
Helmholtz instability, we turned to radar data. The observed
A common feature of the events studied here is that Ps 6rregularity drift velocity is directly related to the electric
took place when the driven system was active, either in theield in such measurements (Lewis et al., 1997; Amm, 1996).
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Fig. 13. Maximum velocity amplitudes from SuperDARN radar Fig. 14. Vector velocity of F-region ionospheric flow at the longi-
data for 19 March 1999 in the vicinity of Eskimo Point (data marked tude nearest Eskimo Point, displayed as a function of UT and lati-
by circles, scale at left). The number of range-delay intersectiongude for 19 March 1999. Onset times of 13:36 UT and 14:00 UT are
contributing is marked by squares with scale at bottom right. Onsetindicated by vertical lines. Velocity magnitude scale is at lower left.
times of 13:36 UT and 14:00 UT are indicated by vertical lines.

general ENE trend of the velocity vectors. The velocity az-

We present in Fig. 13 radar measurements of maximum velMuth throughout the post-onset period averaged 0d the
locities over the Churchill CANOPUS line obtained by the yeIOC|t|es averaged_lO(_)O _m/s in this generally eastward direc-
joint Saskatoon and Kapuskasing SuperDARN HF radardion. The geometry is similar to that observed for a Ps 6 event
(Greenwald et al., 1995) on 19 March 1999, when the evenby Wild et al. (2000) using the similar CUTLASS radar, al-
discussed in Sect. 2.4 (Figs. 9-12) took place. The HF radar#ough the flow velocities in our case are higher by a factor
attempt to detect echoes from the F-region of the ionospher@f two. Reversals to equatorward flow are not a prominent
and vector velocity may be determined when both radars givdeature of our data set, although they were observed by Wild
good echo returns in a common target region. During theet al. (2000) as correlated with Ps 6 features. We do note
period shown, conditions for F-region detection appear tovariations in the north-south velocity component and more
have been favorable, possibly since the onset in question idetailed examination has shown these to correlate with Fhe
a PBI. During the Ps 6 event itself, echoes from SaskatoorPassage of the Ps 6 component peaks over the magnetic
alone show a pattern that is convincingly associated with arptation, showing a more northerly velocity at those times.
eastward-moving coherent field-aligned current system fronHSing E = —v x B we find that these radar observations
many points within the antenna pattern. The merged datamply a nearly equatorward electric field of about 60 mv/m.
shown are, however, available only for a smaller number Opr—Z o_bservations of the region east of the auroral bulge du.r-
intersections. Figure 13 shows data from two-minute scand"d active times show an equatorward component of electric
for intersections between 8&nd 92 W, and 58 and 64N. field of about this magnitude (Fujii et al., 1994). This av-
At 13:35 UT, very close to the time of the onset (likely PBI), €rage moming sector electric field and conductivity allow
the maximum flow velocity increased by about 50% (roughly closure of field-aligned currents through Pedersen currents.
500 m/s) and remained high for roughly one hour. In ad- The more northerly vel_ocity component correlated with
dition, the number of cells from which strong echoes werec0mponent peaks implies that the southerly overhead elec-
detected increased significantly at the time of the onset, a§fiC currents associated with Ps 6 are Hall currents, as also
seen in Fig. 13. The post-onset returns came from an aveiconcluded in the more detailed study by Wild et al. (2000)
age latitude of 61 geodetic (about 7Omagnetic), which is  and earlier by Nielsen and Sofko (1982).

the latitude of Eskimo Point, where the Ps 6 were observed We have demonstrated that measured electric fields (as im-
to occur. Thus, the only significant and prolonged group ofplied by velocities) were higher immediately after PBI onset
echo returns showing consistently very high velocities tookin a case where Ps 6 were also observed to initiate at the onset
place after onset time, and Ps 6 were observed to start at théime. However, we cannot exclude a large role for conduc-
time. To further clarify, we present in Fig. 14 the derived vec- tivity changes in the formation of the Ps 6 current system.
tor velocity set near onset time in a longitudinal range®(90 Amm (1996) stresses that both electric fields and conductiv-
to 92 W) close to Eskimo Point. This clearly shows the in- ity must play a role in determining the current system re-
creased number of echo returns after onset time and also theponsible for Ps 6. Our conclusion that the electric field was
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enhanced at onset at first appears to contradict observatiorsslarge morning sector convective flow velocity, or equiva-
of suppression of electric fields in pseudobreakups (Yeomarently electric field, is needed for growth of the instability.
et al.,, 2000) and in onsets (Lewis et al., 1997). Those auThe association of Ps 6 with onsets would be explained in
thors proposed that the electric field could be suppressed duthis view if an increase in the electric field in the morning
to precipitation of energetic particles, enhancing conductiv-sector is a result of onsets (EP or PBI). It is not inconsistent
ity and thus reducing electric fields, at onset. This would bethat Ps 6 also occur at other times, nor may an important role
expected in the midnight sector, where those studies were fofor conductivity changes be excluded. Gaps in data may ex-
cused, but our measurements are in the morning sector. plain why it is often difficult to find onsets associated with
may also be true that the precipitation mechanism for supPs 6. Even if the onset association found here is common-
pression of electric fields is active in some onsets, yet not irplace, the data required from widely separated stations at the
others. Our results show an enhancement of electric field irsame relative location in the auroral oval may not be available
the morning sector at the time of an onset associated witho allow the association to be made for a particular event. On
Ps 6 disturbances. Since other studies find that the electrithe other hand, it is likely that Ps 6 events also occur when
field in the midnight sector is suppressed at onset, we sugeonvection is strong, in the absence of onsets. In all cases we
gest that further study of global electric fields at the time of have examined, the Ps 6 phenomenon took place during con-
onsets is needed. vection bays or steady magnetospheric convection. It may
be that Ps 6 and omega bands should be added to the list of
diagnostic characteristics of such intervals.

4 Conclusion In a broader sense, the inclusion of Ps 6 when examin-
ing phenomenology of the growth and expansive phases, and

We have presented here evidence that Ps 6 initiation and oroleward border intensifications, may be useful in coming

sets, both of substorm expansive phases and at the polewagg ynderstand substorm onset. We also infer that Ps 6 may

border, may be linked in at least some cases. This evidencgot be directly associated with recovery phase, but with any

strengthens the arguments of Connors (1998) and Wild efime when high convection velocities are present, which may

al. (2000) of a causal link or common origin for these as-include times when onset increases those velocities.

pects of substorms. It reinforces the arguments of those au-

thors that a wider-ranging and statistically meaningful study )
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