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Abstract. The dynamics of the polar cap boundary and energized by waves, which at Cluster altitudes were observed
auroral oval in the nightside ionosphere are studied duringas BBELF (broad band extra low frequency) fluctuations.
late expansion and recovery of a substorm from the region The four-satellite configuration of Cluster revealed a sud-
between Tromsg (6626cgmLat) and Longyearbyen (75.2 den poleward expansion of the PSBL by during ~5 min.
cgmLat) on 27 February 2004 by using the coordinated EIS-The beginning of the poleward motion of the PCB was as-
CAT incoherent scatter radar, MIRACLE magnetometer andsociated with an intensification of the downward FAC at the
Cluster satellite measurements. During the late substorm exsoundary. We suggest that the downward FAC sheet at the
pansion/early recovery phase, the polar cap boundary (PCBPCB is the high-altitude counterpart of the Earthward flow-
made zig-zag-type motion with amplitude of 2.6gmLat  ing FAC produced in the vicinity of the magnetotail neutral
and period of about 30 min near magnetic midnight. We sug-ine by the Hall effect (Sonnerup, 1979) during a short-lived
gest that the poleward motions of the PCB were producedeconnection pulse.
by byrsts of enhanced reconnection at the near—Eqrth If]euKeywords. lonosphere (Auroral ionosphere; Electric fields
tral line (NENL). The subsequent equatorward motions of .

.~ and currents; Storms and substorms)
the PCB would then represent the recovery of the merging
line towards the equilibrium state (Cowley and Lockwood,
1992). The observed bursts of enhanced westward electrojet
just equatorward of the polar cap boundary during polewardl Introduction
expansions were produced plausibly by particles accelerated
in the vicinity of the neutral line and thus lend evidence to 1-1 Polar cap boundary and reconnection

the Cowley-Lockwood paradigm. ) . e
During th bst h the footpoints of th The reconnection between the terrestrial magnetic field lines
uning the substorm recovery pnase, the 1ootpoints o€, ihe |\vF field lines was first discussed by Dungey (1961).
Cluster satellites at a geocentric distance ofRlzdmapped

) - . During southward IMF, merging of closed geomagnetic field
in the vicinity of EISCAT measurements. Cluster data in- ; ; : )
dicate that outflow of Fi and OF ions took place within the lines with the IMF may take place on the dayside magne

I heet boundary | PSBL od i i topause at low latitudes. The subsequent tailward transport
plasma sheet boundary ayer ( : )as notedin some earligy open field lines, reconnection at the tail neutral line and
studies as well. We show that in this case the PSBL corre-

ded t . fenh d electron t wre | thsunward convection of closed field lines produce a two-cell
sponded 1o a region of eénhanced electron temperature in g, , o +jon pattern in the ionosphere. In a steady state picture
ionospheric F region. It is suggested that the ion outflow

. . ) ~"all the open flux created by dayside reconnection is closed
originates from the F region as a result of increased ambipo

e ; ) ; by reconnection at the nightside distant neutral line (DNL)
lar diffusion. At higher altitudes, the ions could be further and at any moment the reconnection rates are equal. How-

ever, it has been suggested already by Russell (1972) that the
Correspondence toA. T. Aikio dayside and nightside reconnection are separate processes,
(anita.aikio@oulu.fi) which may have different rates. Especially during substorms,
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88 A. T. Aikio et al.: EISCAT and Cluster observations near the polar cap boundary

sudden reconnection is expected to take place at the neafellowed. The advantage of this method is good spatial and
Earth neutral line (NENL). This reconnection starts to affect temporal resolution.

the amount of open flux only when the last closed field line

is reconnected. 1.2 Phenomena occurring in the vicinity of the nightside

Siscoe and Huang (1985) modelled unbalanced dayside re- ~ Polar cap boundary

connection by assuming that magnetic flux from the closed he nightsid | has b died b li f
field line region enters the polar cap through a restricted! '€ Mghtside oval has been studied by satellite passes for

part of the circular open-closed boundary (OCB) on the day_sgvera.l decadgs. l\'lowada}y.s thg plasma er?vironmen't in the
night side oval is typically divided into two main populations,

side (obviously mapping to the neutral line along the dayside
( y mapping d ¥ e central plasma sheet (CPS) and the plasma sheet bound-

magnetopause) and they termed this curved line segment t .

“merging line” or “merging gap”. When the dayside merg- ary quer (PSBL). There is no one cqmmonly accepted way to
ing rate was assumed to exceed that of the nightside merdd€ntify these regions. An early definition comes from East-

ing, the polar cap at all local times was increasing in radius.Man et al. (1984): Thg plasmasheet boundary layeris a tem-
Plasma flow accross the polar cap boundary occured onl orally variable transition region located between the magne-

at the merging gaps, whereas at other local times the OC otail lobes and the central plasma sheet”. Even though much

moved with the plasma flow. Thus, the OCB outside merg-Of the oval dynamics is attributed to the PSBgwell et al.
ing lines was termed “adiaroic” ' (1996ab) note that discrete arcs may lie within the CPS and

that CPS is not independent of substorm cycle.
Lockwood et al. (1990) and Cowley and Lockwood (1992) 1,4 plasma sheet boundary layer is often occupied by

discussed the polgr cap motion and excitat'ion of flows asfilamentary (Alfvenic) FACs, intense fluxes of upward and
a result of solar wind-magnetosphere coupling. They CONownward electron beams and intense low-energy ion out-

sidered the case when merging on the dayside (flux transf lows (e.g. Keiling et al., 2001; Tung et al., 2001). Veloc-
events, FTE) or/and in the nightside (substorm) is a Iocalizejiy dispersed ions of typé-z, VbIS-Z, are ty[,)ically observed

and impglsive process. In dayside (nights_ide) fecoqnectionthere and they are considered as a signature of quasi-steady
the addition (decrease) of flux on the dayside (nightside) Crtaconnection (Sotirelis et al., 1999). The VDIS-2 ion spec-

ates a two-cell flow pattern, which _tends to move the O_CBtra show sharp low energy cutoffs, which are smoothly dis-
equatorward (poleward) of the previous location. The foci of

X ) ) ersed in latitude (high energies occurring poleward of low
the convection vortices are displaced from the dawn—to—duslg (hig g gp

- . : . . nergies).
”.‘e“d'a“ towarQs day (night) in the case of dayside (night- lon outflow from the ionosphere to the magnetosphere is
side) reconnection.

a complicated phenomenon, which may be produced by a

During northward IMF, merging may happen poleward of humber of mechanisms. lon outflows as a function of loca-
the cusps. For pure northward orientation, this merging oftion, season, solar and magnetic activity have been studied in
open geomagnetic field lines with the IMF generates lobe-several papers (see e.g. Yau and Andre, 1997, and Wilson et
cell convection in the magnetosphere and in the ionosphergy,, 2001, 2004, and references therein). Substorm effects on
(Reiff and Burch, 1985). However, when the IMF; com-  jon outflows have been studied by Wilson et al. (2004), who
ponent is non-zero, closed field lines also reconnect withfind that regardless of substorm size, the nightside auroral
the IMF on the equatorward side of the cusp and generzone outflow rate increases by about a factor of 2 after onset,
ate merging-cell convection (Nishida et al., 1998; Tanaka,reaching its peak level after about 20 min. The PSBL, espe-
1999). Open field lines generated by the reconnection orjally during substorms, is an important source of upflowing
closed field lines convect tailward and subsequently reconjons in the nightside (Tung et al., 2001; Ober et al., 2001).
nect in the twisted neutral sheet producing asymmetric merg- Magnetic reconnection merging open field lines in the
ing cells in the ionosphere as shown, for example, by Grocotinagnetotail affects first plasma within the PSBL. The ef-
etal. (2005). fect of the Hall term in magnetic reconnection was first pro-

The ionospheric projection of the OCB is the polar cap posed by Sonnerup (1979), who predicted that the Hall term
boundary (PCB). The polar cap boundary determination carproduces an additional four current loops in the vicinity of
be done by using particle boundariée(vell et al, 1996ab), the reconnection site. The FACs of this current system are
optical images Baker et al. 200Q Brittnacher et al.1999 such that in the outermost region near the plasma sheet/tail
Hubert et al. 2006, incoherent scatter (I1S) radarde(la  lobe boundary, field-aligned currents flow out of the mag-
Beaujardiere et 311991, Blanchard et a).1995 1996 Moen netic reconnection site. In the adjacent region, just inside the
et al, 2004 Ostgaard et gl.2005 Aikio et al.,, 200§ and  outflowing current layer, field-aligned currents flow into the
coherent radarsQhisham et a).2004 Wild et al, 2004. magnetic reconnection site. Hence, the FACs of the Hall cur-
These methods are discussed in detail in the paper by Aikigent circuit form a thin double-sheet structure near the sepa-
et al. (2006) as well as the new IS-radar method that will beratrix layer. Hall-MHD simulations showed that such small-
utilized in this study. Since it is not based on satellite over-scale currents can be seen even away from the reconnection
passes, the temporal evolution of the PCB location can besite (Yamade et al., 2000).
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Geotail observations in the vicinity of the magnetic recon-
nection site of the near-Earth magnetotail during substorm
onsets by Nagai et al. (2001, 2003) and Ueno et al. (2002,
2003) have confirmed the existence of the Hall current sys-
tem near the PSBL/lobe boundary. Nagai et al. (2001)
demonstrated that the counterstreaming electrons in the out- 8
ermost layer are common characteristics of magnetic recon- -
nection at substorm onsets, and they identified outflowing
currents with 6-13nAm? in the outermost layer of the
plasma sheet/tail lobe boundary in the immediate vicinity
of the magnetic reconnection site. Nagai et al. (1998) sug-
gested that the outflowing current is carried by the measured “.
medium energy (near 3 keV) electrons, which stream into the ~ 70°
magnetic reconnection site. Recent Cluster observations of ~ - -
the magnetic effect of the Hall currents and the 500—2000 eV
electrons flowing towards the reconnection site in the tail at
a distance of about 18 R have given more support to the _65°
Hall-current concept (Asano et al., 2006). ' . R _

Some evidence that the FACs associated with the Hall cur- 120°
rents in the vicinity of the reconnection site would continue 80 90°
to the ionosphere was provided by observations of Ober et
al. (2001). They studied an event, where the Polar s/c crossed
the PCB near the end of the expansion phase and close tl(:)ig 1. Cluster orbit for satellites C1 and C4 mapped to the altitude
magnetic midnight and found that the boundary was associ- 2 _ X .
ateg with severg east-west plasma flow shear)s/ and muItipIgf 100km by using the T89c model witki,=3. The coordinate

; . . system is cgm. The footpoints of C2 and C3 are located between
FACs. At the boundary, Alfen waves carried a FAC pair those of C1 and C4. The projection of the EISCAT VHF beam and

with upward FAC on the equatorward and downward FAC yhe mapped FAST orbit are also shown. The sites of the VHF radar
on the poleward side. Yamade et al. (2000) estimated fromTr0), the ESR radar (LYR) and Kilpiivi all-sky camera (KIL)
their simulation that the current densities at the ionosphericare indicated by dots. Squares show the northernmost stations of
level would be SuA /m?. the MIRACLE magnetometer chain.

The aim of the paper is to study the dynamics of the polar
cap boundary and the oval during one substorm event giving
insight into reconnection processes. The polar cap boundarienna was directed at 3@levation to azimuth of 0%5to the
and the poleward part of the oval is studied by using EISCATWest from geographic north. In this paper, we will not utilize
VHF radar measurements while MIRACLE magnetometersthe 32m data. The VHF and ESR42m beam locations are
give information of the distribution of electrojets within the shown in Fig.1.
oval. Sections 3 and 4 concentrate on ground-based obser- In this study, we estimate the location of the polar cap
vations of substorm expansion and early recovery. Clusteboundary (PCB) by the EISCAT radar measurements using
pass provides valuable data of plasma environment at an alt@ method, which is described in detail by Aikio et al. (2006).
tude of about 21 000 km above the auroral ionosphere durindelectron precipitation in the nightside ionosphere increases
late recovery phase of the substorm. These satellite-grounthe electron temperatuf® due to the collisional heating of

coordinated measurements are discussed in Sect. 5. Finallpackground plasma by the primary and secondary electrons.
conclusions are given in Sect. 6. Since the energy flux of precipitating electrons in the oval is

typically higher than that in the polar cap (polar rain precip-
itation), electron temperature changes can be used to track
2 Measurements and data analysis the polar cap boundary. When a radar is measuring at a low
elevation angle in the north-south direction, theprofile
The EISCAT radar experiments used in this paper had thelong the beam depends both on the horizontal variations
following characteristics. The EISCAT VHF radar, located in in the temperature as well as the height profile of the tem-
Tromsg (TRO, geographic: 69.58, 19.22 E, cgm: 66.58, perature with each measurement point representing different
102.94), was pointed at 30elevation with azimuth of 05  altitude-latitude pair. Typically7, increases with altitude.
to the west from geographic north. The EISCAT Svalbard When the PCB is situated between Tromsg and Longyear-
Radar (ESR) 42m antenna in Longyearbyen (LYR, geo-byen, the ESR 42 m antenna, measuring in the field-aligned
graphic: 78.15N, 16.03 E, cgm: 75.22, 111.924) is fixed direction, provides the height profile @ in the polar cap.
to point in the field-aligned direction and the ESR 32 m an- We subtract from the VHF, profile the polar caf, profile

85 ..

100° 110
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2004-02-27 The northernmost of the stations (NAL, LYR, BJN and SOR)
‘ ; P used are shown in Fid.

The Cluster orbit during the studied event is explained in
: : — Sect. 5.1. We have utilised measurements from four Cluster
-0} i § b instruments: the Electric Field and Wave Instrument, EFW

] ‘ P (Gustafsson et g11997), the Fluxgate Magnetometer, FGM
(Balogh et al, 1997, the Plasma Electron And Current Ex-
periment, PEACE Johnstone et gl1997 and the Cluster
lon Spectrometry, CISRéme et al.2001).

The EFW experiment consists of two pairs of spherical
probes deployed in the spin plane to measure the electric
field. The component of the electric field along the spin axis
is not measured. To study the electric field fluctuations, we
use high time resolution, 40 ms. These data are presented in
the DSI (despuned inverse) coordinate system, which is very
close to GSE. In DSI the x-axis is in satellite spin plane as
close as possible to the x-axis in GSE, the z-axis is along the
satellite spin axis with the inversed sign of spin vector be-
Fig. 2. Two top panels show IMBy and B; in the GSM coor-  cayse then it is as close as possible to there z-axis in GSE,
dinat_es as measured by the AQE satellite. The time is delayed by, y-axis closes the right-handed coordinate system.

55 min to account for propagation to the subsolar magnetopause. Data from the EGM instrument is used to calculate the

Bottom panel shows the AL index. The two time intervals marked field-ali d td ities f h s/ telv. Th
by vertical lines relate to the PCB fluctuations as observed by EIS- Ieic-alignead current densities for each s/c separately. e

CAT, and the Cluster pass in the PSBL in the end of the recoverycONtribution of the Earth’s average geomagnetic field is sub-
phase, respectively. tracted from the spin-resolution (4s) measurement and the

remaining variations are fitted to the magnetic field of an in-
finite current sheets.

at corresponding altitudes to ge\d, profile. Then, a pos- The HEEA (High-Energy Electron Analyser) sensor of the
itive value of AT, indicates that electron temperature at that PEACE instrument is used. It covers the energy range from
latitude (and altitude) is enhanced as compared to a corre36-2 €V 10 23.7 keV. The full # solid angle coverage is com-

sponding altitude in the polar cap. By searching the p0|e_posed of a grid of 12 polar bins by 32 azimuthal bins; each

wardmost latitude where the temperature difference is posiPin i 15 by 11.25. The data are acquired simultaneously
tive, we get a proxy for the PCB location. in all 12 polar bins while the azimuthal data are gathered as

. o the satellite spins.
In this paper, we have used two criteria for the PCB search. ; . e
bap The CIS experiment consists of two distinct instruments

Method 1 puts the boundary in the polewardmost location

where the electron temperature difference plus error staygzacstgﬁgtg:n\jﬁ:gﬁ 3s_eD :;rggit;fg“rﬁg.s(;rﬂ;gncLS':é;gI%'_'F
above zero (as in Aikio et al., 2006) and Method 2 in the b b J P

++ Het i i
location, where the actual electron temperature di1‘ferenceHe . He*, and O7), with energies up to 40 keV/e and the

curve crosses zero. If thE errors are small and the elec- glljts;ﬁglsp‘r::;m?;:)v}/gi] E?gl\fzt&eégi:\';g'bu“ons (with-
tron temperature gradient sharp at the boundary, these curves '
are close to each other.

The temporal resolution of the PCB location is defined by 3 |MF and mainland optical observations
the resolution used in the low-elevation radar data analysis.
In this event, a 2-min resolution is used until 21:30UT, 4- The IMF was measured by the ACE satellite at
min resolution during 21:30-22:00 UT and 5-min resolution x ;q\~218R5. During the studied time interval, the
22:00-22:40 UT. The integration time of data was increasedsolar wind speed stayed rather steady, at about 410 km/s,
as the received signal power decreased to keep the errors ghich resulted in a time delay of about 55 min to the dayside
an acceptable level. The range integration in the data anakubsolar magnetopause at aboutRk0 In the following
ySiS resulted in a latitude resolution ranging from 0.18 discussion, we use these delayed times. The dynamic
0.36" cgmLat, higher resolutions corresponding to lower lat- pressure of the solar wind remained small (2-3.5nPa)
itudes. throughout the time interval. After being several hours in the
The equivalent east-west currents in the ionosphere weraorthward direction, the IMRB, decreased abruptly from
calculated from the magnetic X components of a north-souttb nT to—15nT at about 18:45 UT (Fi@). For the next two
chain of MIRACLE magnetometer stations by using 1-D- hours, the IMFB, varied between-15 and—-5nT andB,
upward field continuation metho&¥gnhanéki et al, 2003. was about 10nT. The IMF turned northward at 21:10 UT,

BGSMY (nT)

BGSMZ (nT)

-200

—400}

AL (nT)

-600

-800

Ann. Geophys., 26, 87:05 2008 www.ann-geophys.net/26/87/2008/



A. T. Aikio et al.: EISCAT and Cluster observations near the polar cap boundary 91

but was again negative for a short time interval during Lockwood and Fuller-Rowell (1987a, b) and Lockwood et
21:30-21:40 UT, after which the IMF remained northward al. (1988) introduced the idea that a band of highmight
(value about 10 nT) until the end of the studied time interval, form on the equatorward (poleward) side of a contracting
22:40 UT with an exception of a short-lived decreaseBof  (expanding) polar cap near dawn and dusk so that the en-
to zero at 22:08 UT. hancedr; would always be located on the trailing side of the
The optical observations were made on the mainland byboundary. The explanation required two things. First, ini-
the Kilpisjarvi (KIL, geographic: 69.02N 20.7% E; cgm: tially an equilibrium state had been reached where the ther-
65.76 104.49) all-sky camera (see Figl). The cam- mospheric winds and ion flows had adapted to each other.
era showed a very faint auroral arc drifting southward atThen, a sharp boundary of ion flows would move rapidly in
19:00 UT, which is a typical feature during a growth phase horizontal direction producing ion frictional heating at loca-
of a substorm (data not shown). In spite of an onset oftions where ion flows had turned into opposite direction than
Pi2 pulsations at about 19:20UT at mid-latitude magne-the winds. Experimental evidence of this effect were pro-
tometers (NUR, UPS, HAD), the activated arcs continued tovided by Lockwood et al. (1988) showing observations of the
drift equatorward. At 19:41 UT a westward travelling surge motion of a sharp flow reversal boundary in the dawn sector
(WTS) appeared from the east and produced poleward exand by Davies et al. (2002) using data from the pre-noon sec-
pansion of auroras in the studied MLT zone. So, obviouslytor. However, Moen et al. (2004) noted that the trailing edge
the substorm onset time was within the 19:20-19:40 UT timeconcept of enhancefi by Lockwood et al. was not consis-
interval and the onset location was to the east of KIL. The AL tent with their observations made near noon. They observed a
index in Fig.2 shows also a rapid decrease starting at abouband of hight; which persisted for 8 h and zig-zagged north-
19:40 UT. south. This band of higi; could locate on the equatorward
The WTS stayed in the field-of-view (f-o-v) of the KIL side of the flow reversal boundary as it was moving equa-
all-sky camera (ASC) until 20:08 UT. After that, the WTS torward, on both sides of the flow reversal boundary, and at
moved towards west and the auroral bulge was left belimes it was not related to the flow reversal boundary at all.
hind. The bulge expanded poleward and disappeared bdh addition, the band of high daysidg was located on open
yond the KIL ASC f-o-v (70 cgmLat in the northern direc- field lines, but its equatorward edge was not a good proxy for
tion) at 20:08 UT. The AL index shows a sharp minimum the OCB.
at 20:02 UT (Fig2), but the equivalent currents of the west-  In this nightside event, the poleward edge of the High
ward electrojet (WEJ) integrated along the whole north-southband follows quite well the PCB determined by the pole-
chain of the MIRACLE magnetometers reach their maximumward edge of highf, until 21:14 UT. Data from the coherent
only at 20:20 UT (curve not shown, but look at F&. Tra- HF radars of the Super Dual Auroral Radar Network (Su-
ditionally, the time of the AL minimum (WEJ maximum) perDARN, Greenwald et al., 1995) (not shown) reveal that
would mark the end of the expansion phase and beginnindgéefore 19:30 UT a two-cell convection pattern prevails, with
of the recovery phase (e.g. McPherron, 1995). However, théhe VHF radar measuring the south-westward plasma flow
magnitude of the AL index stays high until 21:40 UT and a in the evening convection cell. There has been enough time
rapid recovery starts only after that. for the neutral wind to adapt itself to the 2-cell pattern. The
In this paper, we concentrate on the time interval af-Substorm onset is followed by the arrival of the WTS to the
ter 20:00 UT, which covers the late expansion and recoveryongitude of EISCAT during 19:41-20:08 UT. The auroral
phases of the substorm. From this time period we have ndulge behind the head of the WTS expands poleward, carry-
optical observations from the region of interest. ing along eastward plasma flows (westward current, see also
Fig. 5). When these eastward plasma flows meet the assumed
westward winds, increased ion frictional heating is expected
4 EISCAT radar and ground magnetic observations on the equatorward side of the poleward expanding boundary
according to the trailing edge concept. This is exactly what
4.1 PCB and F-region electron and ion temperatures is seen during 20:10-20:26 UT (period A) and also 20:42—
20:58 UT (period C).
Figure3 shows theT, of the VHF radar in the time-latitude Since the PCB spends only a relatively short time interval
coordinate system and the black curve is the PCB determinedt higher latitudes, the neutral winds are not expected to be
by using this data together with the ESR field-aligiedata  affected much by the ion drag and the trailing edge concept
(Method 1). The figure shows that the electron temperaturamay not work during an equatorward recovery of the PCB.
is increased at all latitudes equatorward of the PCB down tdndeed, during 20:26—-20:42 UT (period B), the band of in-
69.6’, which is the lowest latitude provided by the method creased; is very wide and even though some part of it is on
(corresponding to a height of 200 km). the poleward side of the PCB, the main part of it is equator-
lon temperatures shown in Fig behave differently. They ward of the boundary. During 20:58-21:12 UT (period D),
are increased within a relatively narrow zone in the vicinity 7; is clearly less enhanced and coincides with the PCB. Af-
of the PCB, and only during a part of the observing time. ter a temporal maximum at 21:12 UT, tlie enhancement
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Electron temperature 27 Feb 2004
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Fig. 3. Electron temperature measured by the VHF radar. The black curve is the PCB based on this data and the ESR field-aligned Te

measurement. Cluster C1 (black) and C4 (blue) orbits are marked by triangles at locations of ion outflow.

lon temperature 27 Feb 2004
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Fig. 4. lon temperature measured by the VHF radar in the same format a3. Higne intervals denoted by A to E are shown in the lower
part of the figure.

disappears entirely and is not visible during period E (the4.2 Equivalent currents and the PCB
poleward motion of the PCB). Since tlie enhancement is
proportional to(vi—vn)?2, obviously the velocity difference

. The equivalent east-west currents are shown in BigAf-
between ions and neutrals has become small. 9 A

ter 19:30 UT, a westward current region drifting southward
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27 Feb 2004 lonospheric eq. currents in mA/m (>0 eastward)
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Fig. 5. Equivalent east-west current as deduced from the MIRACLE data. The thick (thin) black line indicates the polar cap boundary
from the EISCAT VHF radar by using Method 1 (Method 2). The dotted lines are mapped Cluster s/c C1-C4 locations and the filled circles
indicate positions where C1 and C4 observe ion outflow. The triangles with tip down are the locations of the s/c at 21:05 UT. The orbits of
the satellites in latitude and longitude are shown in Eigrhe triangles with tip up are the locations of the PCB by each s/c (see text). The
black square shows the PCB location from FAST data. Letters from A to E are same time intervals ad.in Fig.

becomes visible. It is obviously associated with the activatedocated magnetometers within this region combined with
aurora, also drifting equatorward. The steplike poleward ex-bursts of intense currents.
pansion and intensification of the westward electrojet (WEJ) The WEJ has three short-lived intensifications close to the
at 19:45 UT, is due to intrusion of the WTS to the magne- PCB, which are associated with a simultaneous poleward ex-
tometer meridian from the east, as shown by the KIL all-sky pansion of the PCB. These start at 20:18 (period A), 20:49
camera. The poleward edge of the substorm current wedgéperiod C) and 21:15 UT (period E), i.e. they are separated by
(SCW) stays at about a constant latitude (abott agm- 25-30 min. These rather short-lived (duration about 10 min)
Lat) until 20:08 UT, after which a poleward expansion oc- intesifications of the WEJ are restricted to latitudes poleward
curs. At the same time, a significant equatorward expansiomf approximately 70 cgmLat.
of the SCW currents occurs, which results in a very wide Each expansion is followed by contraction, so that the
oval, about 10in cgmLat. result is a periodic oscillatory motion (zig-zag-type) of the
PCB with an amplitude of about 2.5Alltogether 2.5 oscil-
The PCB can be estimated by the EISCAT radar methodations occur. When the last oscillation has reached its max-
after 20:08 UT and then the PCB traces rather closely thgmum at about 21:25 UT, the PCB doesn't return to a lower

poleward edge of the WEJ. An exception occurs in the veryjatitude, but stays in the north. At that time the IMF has be-
beginning (20:08—20:24 UT) of the time interval, when the come northward.

intense WEJ seems to extend to the poleward side of the
PCB. This may not be a real effect, but related to the sparsely
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During period C, the FAST satellite passes from north to show any evidence of global ULF waves. Therefore we rule
south about 1.5 h earlier in MLT time (see Fiy. The FAST  out this mechanism.
ions show the VDIS-2 signature and the polar rain electrons a The third mechanism is provided by variations in the re-
velocity dependent cutoff (data not shown) indicating ongo-connection rates between the terrestrial magnetic field lines
ing reconnection. For a polar cap boundary, we selected a loand the IMF field lines. This issue is discussed in Introduc-
cation where high-energy (25 keV) ions appear and electroriion. The balance between the dayside and nightside recon-
energy fluxes start to increase (20:54:00 UT). The mappedection determines the location of the PCB. If a nightside re-
cgm latitude of the boundary is marked by a solid square inconnection pulse (relatively short-lived period of increased
Fig.5and it is very close to the PCB location at the EISCAT reconnection rate) takes place, the localized region of in-

longitude. creased closed flux is pushing the PCB poleward within that
region. After the pulse has decayed, the polar cap boundary
4.3 Origin of PCB fluctuations is relaxing to equilibrium position at all local times.

In this event, we observe three clear poleward expansions
During late substorm expansion, the polar cap boundary exand two first of them are also associated with recoveries. In
hibits a zig-zag-type motion between about ?P0eid 73 addition, Fig.5 shows that poleward expansions during pe-
cgmLat with a period of 25-30 min. The PCB motions can ripds A, C and E are associated with an enhanced WEJ in
be explained by at least by three different mechanisms: (1ine vicinity of the boundary. We suggest that the cause is en-
Large-scale spatial structures drifting in the east-west direchanced precipitation, which obviously originates from field-
tion along the boundary, (2) Global oscillatory motions of the |ines Earthward, but rather close to the neutral line. These en-
magnetosphere, and (3) Variations in flux reconnection rateshancements remain local and don’t extend to the main oval,
We will discuss these options below. so obviously there is no large-scale effect on the magnetotail.
The poleward boundary of oval may sometimes host dif-We also checked geostationary particle data from the LANL
ferent wavelike structures or regions of enhanced luminositysatellites (data not shown) and noted that these periods are
which can travel along the boundary (see e.g. Elphinstongot associated with particle injections to the geostationary
et al., 1995). Since no global images of the auroral ovalorbit unlike the substorm onset before 20:00 UT.
are available, we can’t make the distinction (the KIL all-sky  Since the EISCAT experiment mode used in this measure-
camera doesn't see far enough north). However, the oscillament didn’t allow determination of the 2-D plasma velocity
tions observed are quite large in amplitude,°2rblatitude  and boundary orientation, we were not able to calculate the
and hence, if spatial features, they are very large in size.  jonospheric reconnection rates. However, since the poleward
Lyons et al. (2002) suggested that global mode Ps6 freexpansions of the PCB are associated with enhanced elec-
quency oscillations could play a role in polar boundary inten-trojets and hence plausibly of particle precipitation in the
sification (PBI) events. Those events occur at the polewardjicinity of the boundary, and since FAST data suggest that
boundary of the oval and the typical period is 10 min, but the boundary motion occurs at least within a region 1.5 MLT
sometimes 25-30 min periods are seen. Lyons et al. (2002)ide, we favour option 3 (reconnection pulses) as the expla-
proposed that the PBI events would be manifestations of anation of these fluctuations.
global oscillatory mode of the magnetosphere. Those global There are some observations of the typical time scales as-
ULF waves would modulate particle transport and magneticsociated with PCB motions. On the daysid@ckwood et
fields in the whole nightside magnetosphere. al. (20095 reported motions of the entire dayside PCB both
Global magnetospheric MHD cavity and/or waveguide poleward and equatorward during different substorm phases.
modes are generally attributed to frequencies higher tharThose motions occurred on time scale of hour(s). In addition
1 mHz (periods shorter than 15 min). For excitation of cavity to that pulsing on time scales of 220 min during southward
modes, a pressure pulse or a sudden change in IMF could a@¥IF was observed. As mentioned earlier in this section, Ost-
as a trigger. Indeed, Ostgaard et al. (2005) found oscillationgjaard et al. (2005) found oscillations of the nightside PCB
of the nightside PCB at periods of 10-15 min. at periods of 10-15min. In the very beginning of substorm
Also sub-mHz oscillations have been found from the mag-expansion, poleward expansion has been observed to occur
netosphere, especially at 0.5 mHz (30 min period) (Kepko etin the form of individual bursts, which are separated by 2—
al., 2002; Kepko and Spence, 2003). It has been suggestetd min (Aikio et al., 2006). One could also note that bursty
that at sub-mHz frequencies, the magnetosphere could be laulk flow (BBF) events in the central plasma sheet organize
passive oscillator, driven by external periodic forcing by the themselves in 10-min time scale flow enhancements (Naka-
solar wind. mura et al., 2005). It is believed that fast flows are due to
In this event, the period of the PCB oscillations is 25— acceleration in the reconnection region. The 30 min period
30 min. However, none of the magnetometer data we havebserved in this study is longer than the time scales quoted
checked (the MIRACLE magnetometers, the INTERMAG- above, but with the same order of magnitude.
NET mid/low latitude magnetometers, and the GOES 10 and
12 magnetometers at the geostationary orbit on the dayside)
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orbits are located to the east of the VHF beant, dgmLon

at 22:14 UT. The four satellites form a closely spaced string-
€21 of-pearls in the order C4, C2, C3 and C1 from west to east.
A The orbits in the time-latitude coordinate system are shown
. in Fig. 5, where it can be seen that C1 leads the northward
motion, then come C3, C2 and C4.

Figure6 is selected to show the electron populations en-
countered by the C1 satellite. The change from the CPS to
1 the PSBL plasma takes place around 21:50 UT, where the
i high-energy (up to several tens of keV) particle populations
i start to decrease in energy. In addition, downgoing and up-
. going electrons with energies down to the lower limit of the
8oL i P i P instrument, typical of the PSBL, appear. The PSBL termi-

27-Feb-2004 nates at the polar cap boundary and is followed by polar rain

Fig. 9. Electric field components from the EFW instrument in the electrons with energies of a few hundred eV.
o8 ot syt o G2 (o) and 4 (oo The L FOUTEET 2160 104 1 Sorgen popuitons for 0L oo
and Polar rain regions are marked by vertical lines. For s/c C4, the . . :
time interval of ion outflow is indicated by the horizontal line and !ons Sh_OW very sw_mlar b(_ehawour (data not shown). The CPS
the time of maximum flux intensity by a thicker line. is dominated by isotropic several tens of keV ions. In the
PSBL, the low-energy edge of the energy spectrum for the
high energy population increases with latitude, which is a
5 Cluster observations during substorm recovery characteristic signature of velocity-dispersed ions of type 2.
The VDIS-2 signature is interpreted to be produced by re-

5.1 Magnetospheric regions traversed and ion outflow ~ connection in the magnetotail: the highest energy ions arrive
poleward of the lower energy ions, which spend a longer time

The four Cluster satellites were on the perigee pass over th@hen traveling from the reconnection site to the ionosphere

Northern Hemisphere during the substorm recovery phaseand thus suffer from a greater inward drift.

The Cluster orbit mapped along magnetic field lines to a
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Fig. 10. Downward FAC for C1 (top panel) and PEACE data in the same format a$ figttom panels).

Both satellites show upflowing (see the bottom panel for Figure 9 shows the full resolution (40 ms, correspond-
pitch-angle of low-energy ions) Oand H" ions within the  ing frequencies up to 12.5Hz) electric fields measured by
PSBL region with energies of 50-500 eV. Hydrogen fluxes satellites C2 and C4 (no data was available from C1 and C3).
exceed 16cm2s1 while oxygen fluxes are somewhat Two bursts of intense fluctuations can be seen. The most in-
smaller. This region of ion outflow is marked by filled dots tense flux of upflowing ions measured by C4 occurs at about
in Fig. 5. One can see that thi$ 4gmLat (6 cgmLat) wide  22:17UT and at the same time enhancement in the ampli-
region by C1 (C4) corresponds to the poleward part of thetude of electric field fluctuations are seen. These fluctuations
oval and the poleward part of the westward electrojet regiorbelong to the family of broad band electrostatic extra low
up to the PCB. In Figs3 and 4 the ion outflow region is  frequency (BBELF) waves which extend from DC to several
shown by triangles. lon outflow coincides with a region of hundred Hz. At least some of the wave modes classified as
enhanced electron temperature rather than increased ion terBBELF can heat the ionsAfidré et al, 1998 Lynch et al,
perature in the ionospheric F region. Elevated electron tem2002. The heated ions are then pushed upward along mag-
perature increases the scale height of ions and the ambipolanetic field lines by the mirror force. The region of BBELF
diffusion coefficient. For example, the measured ion tem-waves may extend well below the Cluster altitudes.
perature of 2500K (at an altitude 400 km) corresponds to a
thermal energy of 0.3 eV for ions. If the observed ions are
of ionospheric origin, they must be energized between the
ionosphere and the Cluster altitude (R4). One possibility
is energization by waves.
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Fig. 11. Downward FAC for C3 (top panel) and PEACE data in the same format a$ Higttom panels).

5.2 Cluster measurements of electrons and field-alignedise this definition to characterize polar rain (PR) electrons
currents in Figs.10-13. The location where the PR electrons are en-
countered is marked by a solid line. However, intense fluxes

Comparison of the PEACE electron data and the calculate@f @ few keV electrons drop off at a lower latitude and de-
FACs for all four Cluster satellites from the poleward part of fine another boundary for C1, which is marked by a dashed
the PSBL and beginning of the polar rain region are shownline (Fig. 10). Equatorward of this boundary, the electron
in Figs.10-13. We first turn attention to the electron data to POPUlation is characteristic of the PSBL. Between these two
determine the location of the PCB. boundaries, electron fluxes at C1 are structured and weak, but
At the polar cap boundary, the energetic electron quxeseX.tenOI _somewhat above _the 1-kev limit. We_ hgve marked
) o7 . . this region by PSBL/PR since it has characteristics of both
drop off and polar rain begins. However, even in a statlonaryregions
situation the boundary may be somewhat ambiguous, since '
field lines are convecting earthward after reconnecting at the The satellite to follow C1 on the poleward orbit is C3.
neutral line and only electrons with infinite speed would trace The unstructured polar rain is observed continuously on the
the neutral line to the ionosphere. Determining which elec-poleward side of the last solid line and the PSBL is located
trons are polar rain electrons on open field lines is also amequatorward of the first dashed line in Fifl. Inside the
biguous because the energy of polar rain electrons varie®SBL/PR region, fluxes have increased from that of C1 and
from event to event. In this case, it seems that polar rain elecin the middle of this region there is a short interval when

trons occur at energies below 1 keV (see also 6jgand we  electrons are typical of polar rain.
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Fig. 12. Downward FAC for C2 (top panel) and PEACE data in the same format a$ Higttom panels).

C2 follows C3 and and for a short period of time C2 is downward FAC is obtained, which is in accordance with the
embedded in a region of low-energy weak fluxes, marked afRegion 1 current direction in the post-midnight sector. Ear-
PSBL/PR in Fig. 12. After that, a pronounced enhancement lier observations of magnetospheric FACs in the PSBL have
of electron fluxes is observed by C2. For C4 the increasealso been in accordance with the Region 1 current directions
of fluxes is observed almost immediately poleward of the(e.g. Ohtani et al., 1988).

dashed line (Figl3). Satellites C1 and C3 measure a similar broad (width about

We argue that the PSBL has suddenly expanded poleward.4° in latitude) fluctuating FAC region with preference of
and this expanded region we denote by PSBL downward FAC and intensity up to Ou2\/m? in the vicin-

The top panels of Figd.0to 13show the FACs. The field- ity of the poleward edge of the PSBL. Satellites C2 and C4
aligned current densities have been calculated by assumingross this boundary 30-60's later and they observe that the
that they are stationary sheet currents aligned perpendiculstownward FAC structure just at the boundary has intensified
to s/c orbit (sheet alignment in the east-west direction). Theand become narrower. The FAC density is 0%/m? at C2
values shown are at the satellite altitude and to get the valueand 0.4uA/m? at C4. For all s/c, the downward FAC region
in the ionosphere they must be multiplied by about 100 dueextends on both sides of the boundary and upward FAC re-
to the decrease of the flux tube cross-sectional area towardgions of clearly smaller intensities are observed on both sides
the ionosphere. of the downward FAC.

Alternating upward and downward currents are seen inthe The current carriers of the intense downward FAC are up-
PSBL by all four s/c. When averaged over the PSBL, a netgoing electrons of broad energy range up to 2keV at C2
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Fig. 13. Downward FAC for C4 (top panel) and PEACE data in the same format a$ Higttom panels).

(22:13:52UT) and upto 400 eV at C4 (22:14:12 UT), as seendata not shown) show a similar gap and the recovered fluxes
in the second panel of Figd2 and 13 (feature is encir- are more intense than those of Ghown, but smaller than in
cled). As discussed by Aikio et al. (2004), these are probablythe original PSBL. These Hfluxes also extend to the loca-
electrons of ionospheric origin, which have been acceleratedion of the final PCB.

below the satellite. The_re seems to be a positive correlation The low-energy & population at C4 which is flowing up-
between the FAC density and the maximum energy of theard from the ionospheric direction, doesn’t show a similar

upflowing electrons. gap, but maximum fluxes and energies are encountered at the
point where the high-energy ion population recovers. The
5.3 Interpretation of Cluster observations in terms of a tem-poleward boundary of upflowing ions extend to the location
poral change of the new PCB.

To clarify the event in terms of spatial and temporal evolu-
We turn our attention again to Figé.and8, where the time  tion, we show the downward FAC by all the four s/c as a func-
instants corresponding to the first vertical line (first exit from tion of time and corrected geomagnetic latitude in Hig.
the PSBL) and the last vertical line (final exit to polar rain) The FAC intensity is color coded with yellow and red col-
from Figs.10and13are added. At C1, no ions are observed ors corresponding to downward FAC, blue color to upward
poleward of the PSBL. At C4, higher energy ions disappearFAC and green color to no FAC. (The interpolation used in
at the time of the first exit from the PSBL and then after a plotting the s/c data causes some artificial structuring in the
few minutes fluxes recover at lower intensity. Hydrogen ionscurrents so that typically the current sheets seem to contain
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. . . Jdown 2004-02-27
four fluctuations). The data from satellites show a consis- : : ‘ : : . .
o

tent picture: several FAC structures drifting southward are 0C3
seen by all the satellites, e.g. around 22:06, 22:09, 22:1: oC2
and 22:13 UT. The FACs tend to occur in pairs with upward 74
FACs equatorward of the downward FACs, which is a typical 1 2l POB_y -k ]
signature of morningside arcs (Aikio et al., 1993). The slope _ A 02
of the structures remains about the same and corresponds g (M

drift speed of about 1 km/s equatorward. So, the FAC struc-5 wl o
tures are likely to be associated with auroras drifting equa-% 72 | i ”h& 1
torward in the poleward part of the auroral bulge. The drift 8 | v'ﬂ"' h o‘ri‘ginal PCB i
speed is rather high, but the line-of-sight measurements fron f ‘ |ﬂ;" °
the Iceland East SuperDARN radar (data not shown) revea . ]', )
similar plasma convection velocities during this time interval - 4 '

-0.4

slightly north of Cluster footpoints.
The ionospheric current density at the original PCB can be . ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

get by multiplying the FAC density estimate based on an as: 4 6 8 10 12 14 16 18 20 22 24
sumption of a stationary current sheet at Cluster altitude by time 22 UT + min

a factor of 1000.3=30, where 100 Comes from the geometry Fig. 14. Downward FAC in time-latitude coordinates. The FAC
of the flux tubes and 0.3 fr(?m the mptlon of the current Sheermagnitude is color coded and data from all four satellites is used.
towards the poleward moving satellites.The equatorward ve-
locity of the current sheet can be deduced from Egand

it is about 1000 m/s, whereas the mapped satellite velocity_ _ ) ) . . T
in the poleward direction is 460 m/s. By inserting them in 22:19-22:20 UT and the final PCB latitude (solid white line)

equationvsa (vsat-viac) (€.9. Aikio et al., 2004), we geta PECOMes as 736

|
ll |
70 L " i
b
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correction factor 0.3. Thus 0;2A/m? and 0.6uA/m? at C1 To summarise the observations we note the following. All
and C4, respectively, correspond to 6 andu28/m? at the the poleward moving Cluster satellites cross a spatial bound-
ionospheric level. ary between 22:13-22:14 UT. After the crossing, polar rain

A clear change in the drift pattern of Figi4 occurs close  type electrons are observed by all the other satellites but the
to 22:15UT. The equatorward drift has stopped and rathetast (C4). The most poleward satellite, C1, continues to see
poleward moving structures can be seen. The plus-marks deelectrons of polar rain energies after that and ions disappear.
note the exit from the PSBL and it is denoted by “original For other satellites, the electron fluxes recover again and after
PCB”. The final crossing to the polar cap is marked by stars2 pause, high-energy ions reappear at C4. The drift patterns
and it is denoted as “final PCB". identified from FACs and electron structures indicate that

In Fig. 15 only the perpendicular electron fluxes are se-around 22:15UT a poleward expansion of the PSBL plasma
lected from each s/c and they are stacked so that the commd?fcurs. The velocity of the poleward expanding boundary is
horizontal axis is the geomagnetic latitude. The String-of- Only a little faster than the satellite VelOCity in the pOIeward
pearls configuration during the studied time interval was sucHirection, so that the boundary catches C2 and to some ex-
that the satellites were at a given latitude with 1-min sepa-tent C3, but not properly C1. The duration of the poleward
ration. The two red lines show how a simultaneous eventexpansion is order of 5min. We suggest that we have ob-
at all satellites would look like in the figure. The white Served a short-lived and possibly spatially localized recon-
dashed line shows the location of the “original PCB”, which nection burst at the nightside neutral line during substorm
is drifting equatorward with the plasma (slope is larger thanf€covery.
that of the red line which also corresponds to poleward mo- The interesting observation is the downward FAC at the
tion at the same velocity as the satellites). At about 22:15 UToriginal PCB, just when it was about to start expanding
a change from equatorward drifting structures to polewardpoleward. The theoretical model of the Hall current system
moving structures takes place, in accordance with FAC driftsin the vicinity of the neutral line predicts field-aligned cur-
in Fig. 14. The three black lines show structures which rent out of the reconnection site. To our knowledge, there
are moving poleward with a velocity that is slightly faster has not been conclusive evidence that this field-aligned cur-
than the mapped satellite velocity in the poleward directionrent component would continue to the ionosphere. However,
(the slopes of black lines are somewhat smaller than that ofhe data by Ober et al. (2001) and the data presented above,
the red line). The identified structures are first observed bysuggest this might be the case. Simultaneous and conju-
C4, then C2 and they seem to extend even to C3 producingate observations in the ionosphere and in the mid-tail would
there weak fluxes of electrons above 1keV. Enhancement obe needed to conclusively confirm this hypothesis. In this
low-energy fluxes at C1 occurs also in connection with thisstudy, we find that the downward FAC is carried by anti-
poleward expansion. The poleward expansion stops at abouydarallel moving electrons of energies up to 2 keV, which is
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Fig. 15. Perpendicular electron fluxes from C1 (top panel), C3, C2 and C4 (bottom panel) presented as a function of geomagnetic latitude.
The time interval covered by each of the satellites is 22:08-22:22 UT. The white dashed line shows the drift motion of the “original PCB”
and the solid white lines the approximate locations of the final PCB. For details, see the text.

in good accordance with the mid-tail observations of Nagaialso note that the curves for the PCB by Methods 1 and 2
et al. (2001) and Asano et al. (2006) of anti-parallel moving (see Sect. 2) in Figh are rather close to each other before
3keV and 0.5-2keV electrons, respectively, towards to the21:30 UT, whereas after that time larger deviations occur.
reconnection site. The time resolution of the EISCAT PCB analysis was only

The absence of a similar downward FAC Signature durings min dUring this time interval. One has to also remember
the poleward expansion of the PCB beyond the satellites i¢hat there is a longitudinal difference of abotit @mLon
easy to understand. If a boundary passes by the p0|ewaraetween the EISCAT VHF beam and Cluster footpoints. The
moving satellites from the equatorward direction, the calcu-triangles with tip up show the final crossing of Cluster s/c to

lated FAC (assuming a stationary FAC sheet) would producéhe polar cap and they are located between these two curves
an apparent upward FAC sheet. for the PCB, so a reasonable agreement is found.

The cause of the suggested reconnection burst should ob-
viously be driven by the IMF. Figur@ shows a decrease g conclusions
in the IMF B, component to zero at about 22:08 UT under
large B, positive conditions at the magnetopause. As dis-We have studied the dynamics of the polar cap boundary and
cussed in the Introduction, reconnection may be expecteghe poleward part of the nightside oval during 27 February
even during northward IMF when th®, componentis large. 2004. The first part of this study is utilizing the method
The observed temporal change in the IMF (with appropriateof determining the polar cap boundary (PCB) from the EIS-
time delays) may produce a reconnection burst in the twistedCAT measurements by Aikio et al. (2006) and the EISCAT
magnetotail Klishida et al. 1998 Grocott et al. 2009. Af-  measurements are put in the context of upward continued
ter 22:10 UT theB, component of the IMF slowly increases equivalent currents by MIRACLE magnetometer measure-
whereas thé8, component decreases and conditions may notments. It was found that in the late expansion/early recov-
be favourable to reconnection of closed field lines on the dayery phase, the PCB made a zig-zag-type motion with ampli-
side and nightside anymore. tude of 2.8 cgmLat and a period of about 30 min near the
The final comment concerns comparison of Cluster PCBmagnetic midnight. We suggest that the poleward motions of
and PCB from EISCAT measurements. During the Clusterthe PCB were produced by bursts of enhanced reconnection
pass, the WEJ was decaying and the PCB determination fromat the near-Earth neutral line. The subsequent equatorward
the EISCAT data was no longer straightforward. One canmotions of the boundary may then be associated with the
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