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Abstract. In recent years, a large number of papers have re- At ionospheric altitudes, the latitudinal excursions of the
ported the response of the cusp to solar wind variations undecusp/cleft region in response to the series of the IMF po-
conditions of northward or southward Interplanetary Mag- larity changes were clearly captured by both the ESR and
netic Field (IMF) Z-componentKz). These studies have the Pykkvibaer radar of the SuperDARN HF network. The
shown the importance of both temporal and spatial factorfOpen-Closed field-line Boundary (OCB) inferred from the
in determining the extent and morphology of the cusp andHF radar observations underwent latitudinal variations in re-
the changes in its location, connected to variations in the response to the IMF polarity changes that are in accordance
connection geometry. Here we present a comparative studwith those predicted by Newell et al. (1989). Furthermore,
of the cusp, focusing on an interval characterised by a seriesariations in the ionospheric parameters yielded by the EIS-
of rapid reversals in th8,-dominated IMF, based on obser- CAT VHF and ESR radars are basically consistent with infer-
vations from space-borne and ground-based instrumentatiorences drawn from the HF radar observations. We conclude
During this interval, from 08:00 to 12:00UT on 12 Febru- that Cluster spacecraft 1 and 3 crossed the cusp for a second
ary 2003, the IMFBz component underwent four reversals, time as a result of the latitudinal migration of the cusp in re-
remaining for around 30 min in each orientation. The Clus-sponse to the IMF polarity reversals; at that time, however,
ter spacecraft were, at the time, on an outbound trajectoryhe cusp lay poleward of spacecraft 4. Snapshots of the cusp
through the Northern Hemisphere magnetosphere, whilst thérom two DMSP satellite passes provide further support for
mainland VHF and Svalbard (ESR) radars of the EISCAT fa-this interpretation.

cility were operating in support of the Cluster mission. Both Keywords. lonosphere (Polar ionosphere) — Magneto-

grL\J/Sz’atleroT)girt/ri]ﬁ Etlk?ecﬁ\;rswire&i:r? O'T'ﬁislsoenrig:”or:‘glls/lhlf r'g:spheric physics (Magnetopause, cusp, and boundary layers;
; g p region. Plasma convection)

versals resulted in a sequence of poleward and equatorward
motions of the cusp; consequently Cluster crossed the high-
altitude cusp twice before finally exiting the dayside magne-
topause, both times under conditions of northward I1BY= 1 Introduction

The first magnetospheric cusp encounter, by all four Cluster

spacecraft, showed reverse ion dispersion typical of lobe reThe cusp is commonly regarded as that region of the mag-
connection; subsequently, Cluster spacecraft 1 and 3 (onlyhetospheric cavity where solar wind plasma has direct ac-
crossed the cusp for a second time. We suggest that, duringess to the upper atmosphere. It is widely accepted that cusp
this second cusp crossing, these two spacecraft were likely tdynamics are highly influenced by the nature of the inter-
have been on newly closed field lines, which were first recon-action of the solar wind with the magnetosphere, especially
nected (opened) at low latitudes and later reconnected agaiim terms of reconnection between the Interplanetary Mag-
(re-closed) poleward of the northern cusp. netic Field (IMF) and the geomagnetic field. Both observa-
tions and theoretical modelling indicate that the site of mag-
netic reconnection is principally determined by the polarity

Correspondence td:. T. Cai of the IMF. Generally, reconnection on the dayside occurs in
BY (htcai@whu.edu.cn) the vicinity of the sub-solar magnetopause under southward
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IMF conditions, whereas for steadily northward IMF, recon- this is magnetic reconnection; the Z component of the IMF
nection can take place between the IMF and the field linescontrols the site on the magnetopause where magnetic recon-
of the tail lobe (Dungey, 1963; Russell et al., 1972; Burch nection takes place, and thus directly affects the latitudinal
et al., 1980; Reiff et al., 1980; Cowley et al., 1981, 1983; location of the cusp. This hypothesis also provides an expla-
Lockwood et al., 1999; Milan et al., 2000). Low-latitude nation for the fact that the cusp generally lies further equa-
reconnection (hereafter used to refer to reconnection neatorward when the IMRBz component is negative, and that it
the sub-solar magnetopause) during southward IMF differanoves back and forth in latitude when the INB; compo-
from the lobe reconnection for northward IMF mainly in the nent changes its orientation. McCrea et al. (2000) reported a
fact that, as discussed by Lockwood and Moen (1999), thecase in which the cusp was observed to move equatorward in
former generates open flux, whereas the latter reconfiguresesponse to a southward turning of the INB; component,
flux which is already open. Recent work, however, revealswhilst poleward motion of cusp has been observed in the case
the actual situation to be far more complex than this ideal-of a northward turning (Pitout et al., 2001). How the cusp re-
istic description would suggest. Low-latitude reconnectionacts to changes of the IMF from southward to northward, or
can sometimes continue after the IMF has turned northwardrice versa, is currently a topic of great interest (Bogdanova
(e.g. Freeman et al., 1993; Onsager et al., 1994; Scurry et alet al., 2007; Hu et al., 2008; Escoubet et al., 2008). Ad-
1994a, b; Phan et al., 1996; Fuselier et al., 1997; Chandler dlitionally, “triple” cusp crossings, observed by Cluster have
al., 1999). Moreover, lobe reconnection may also take placdeen reported, and explained in terms of the motion of a sin-
for some time after the IMF has turned southward (McCreagle cusp due to either changes in the azimuthal component
et al., 2000). Low-latitude and lobe reconnection have beerof the solar wind (Zong et al., 2004) or oscillations of the
reported to occur simultaneously undgf-dominated IMF ~ magnetosphere (Zong et al., 2008).
conditions (Wing et al., 2001), and during intervals of vari- ~ While cusp behaviour during southward IMF conditions
able IMF Bz (Pitout et al., 2002). Dual lobe reconnection, has been extensively reported, there has recently been in-
identified by either distinctive auroral and ionospheric con-creased interest in the cusp under northward IMF (Maynard
vection signatures (Imber et al., 2007) or from satellite obseret al., 2000; Pryse et al., 2000a, b, c; Pitout et al., 2001;
vations (Bogdanova et al., 2005), has been observed duringavraud et al., 2002, 2004; Bogdanova et al., 2005; Hu et al.,
periods of steadily northward IMF. 2008), particularly in case studies which combine spacecraft
The cusp exhibits characteristic features depending on thend ground-based facilities. In the present paper, satellite ob-
location of the reconnection site. Under southward IMF con-servations are combined with ground-based radar measure-
ditions, the cusp ion flux exhibits “typical” energy disper- ments during an interval characterised by multiple rapid IMF
sion, in that its peak energy decreases with increasing latB, reversals, in a bid to investigate IMB; control of the
itude; this is generally interpreted as evidence of magnecusp.
tosheath plasma entry following reconnection. Field lines,
newly opened at low latitudes, are swept poleward with
the magnetosheath flow, driving anti-sunward high-latitude2 Observations
ionospheric plasma convection. Transient ionospheric signa-
tures of low-latitude reconnection during southward IMF are During the interval extending from 08:00 to 12:00 UT on
observed to move poleward in the cusp/cleft region, entrained.2 February 2003, Cluster was flying sunwards from the
in the anti-sunward flow (Lockwood et al., 1998). Under magnetotail, towards apogee on the dayside; the Cluster
steadily northward IMF conditions, “reverse” ion dispersion spacecraft 4 (SC4) was leading the tetrahedral configuration
signatures are observed in the cusp (Burch et al., 1980; Reifivhilst spacecraft 3 (SC3) lagged behind at distance of about
etal., 1980; Woch et al., 1992); these are understood in term6000 km, as shown in Fig. 1. The radars of the EISCAT fa-
of the expected lobe reconnection, occurring poleward of thecility were operating in support of Cluster, in their so-called
cusp. In such a scenario, the plasma convection in the cus@luster-mode. In this mode, the steerable ESR 32 m radar
is sunward, as discussed by Phan et al. (2005). Maezawa @ind the EISCAT mainland VHF radar, located at Tromsg,
al. (1976) provided the first observational evidence of suchwere both directed poleward at low elevation {8With az-
sunward flow in the polar cap during lobe reconnection, us-imuths of —24° and —0.5, respectively. Note that the 42 m
ing ground-magnetometer observations. Milan et al. (2000)ish of the EISCAT Svalbard Radar (ESR) at Longyearbyen
have since presented SuperDARN HF radar observations df fixed such that it points permanently in the field-aligned
sunward convection in the cusp/cleft region under northwarddirection. The configuration of the EISCAT radars is shown
IMF conditions. in Fig. 2, on which the magnetic ground track of Cluster,
The latitudinal position of the cusp is reported to vary with mapped along the field lines of the Tsyganenko 96 model
the orientation of the IMF. Statistical work (e.g. Newell etal., (Tsyganenko, 1995) is also marked at 30-min intervals start-
1989; Pitout et al., 2006) suggests that the effect of the IMFing at 08:00 UT. The spacecraft map to a location slightly
Bz component on the cusp’s latitudinal location outweighs poleward of Longyearbyen, and their footprints are pre-
that of the other two components. A plausible explanation fordicted to intersect with the ESR 32 m radar beam at around
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Fig. 1. llustration of the Cluster orbit in the X-Z plane of the
GSE coordinate system during the interval extending from 08:00
to 12:00 UT on 12 February 2003. The 4-spacecraft configuration
is also shown in the figure, with the inter-spacecraft distances muIFig_ 2. Geometric configuration of Cluster, DMSP and the EISCAT
tiplied by a factor of 3 for clarity (SC1: black; SC2: red; SC3: aqars on 12 February 2003. The footprint of Cluster SC1, predicted
green and SC4: magenta). The magnetospheric field lines are al§Q, ihe T96 model between 08:00 and 12:00 UT, is plotted at 30-min
displayed for guidance. time intervals as a black dot. Overpasses of DMSP F13 and F14
are also displayed in the figure as red and green lines, respectively.

The trajectory of F13 between 09:50 and 09:54 UT, and that of F14
11:00 UT. Overpasses of two of spacecraft of the DMSP fleet{rom 09:28 to 09:30 UT, are highlighted by thick red and thick green

F13 and F14, are also displayed in Fig. 2, as red and greeline segments. Black arrows indicate the direction of travel of the
lines respectively. The trajectory of DMSP F13 during the Cluster and DMSP spacecrafts. The ESR 32 m and EISCAT Tromsg
interval 09:50 to 09:54 UT and that of F14 from 09:28 to VHF radar beams are plotted using magenta and black solid lines,
09:30 UT are highlighted as thick line segments, these beingespectively. The ESR radar location is marked by a red asterisk,
the times at which the spacecraft map to locations close t@nd the site of the EISCAT Tromsg VHF radar as a red circle.
Svalbard. Black arrows indicate the directions of flight of

Cluster and the DMSP spacecraft. magnetosphere and ionosphere. This additional delay is to
) _ allow for the propagation of solar wind effects across the
2.1 Solarwind and IMF observations magnetosheath —we use a value of four minutes, based on the

. . . work of Khan and Cowley (1999) — and the effective Afv
Flgure_ 3 presents sqlar Wmd and IMF observathns from bOthtravel time from the magnetopause to the ionosphere — a fur-
Aciz('rllzrid) andz\é)Vé)réd (";].bl;:e) fr?m 08&0,? ut';]t'l 12:00 lﬂh ther two minutes, (Khan et al., 1999). These delays actually
8” h ekruat;y ined f w I?\]Aaérz SI%/IQI\TIWOb eSn?se 0 q %epend on factors such as IM#y and By orientation and, in

ow shock (obtained from eb). Solar win ality, any predictions for the timings of IMF effects in the

. . . e
;j_)r/]natr;uc pressure 1s tpreff[ahnteliml:n _thz;i)/lpermods_t pfmel (aghagnetosphere and ionosphere are only likely to be accurate
€ three components ot the 1N coordinates, ar§y, \yithin about five minutes. In the following discussion, we

ISICIIOZWT inkpanells (bgl t? (d()j' Thilower t)arelz(()%)(spresents theadopt the convention that the timings given for changes in
clock angleg, defined as (Pryse etal., ). the IMF are those at the nose of the bow shock, and point out

6 =tan1(|By/Bz|)(Bz > 0) where additional delays should be added to compare with the
responses seen by Cluster and the ground-based radars.
6 =180° —tan (|By/Bz|)(Bz < 0) The solar wind and IMF components from the Wind and

ACE spacecraft, shown in Fig. 3, are basically consistent
6 values less than 90represent positivesz; andf greater  with each other. During this interval, ACE was located
than 90 denotes southward IMF. The reader should remem-at around (222.5-40, 9.1)Rg, whilst Wind was around
ber that an additional time shift, relative to the calculated s0-(195.6,—4.9,—15.2) Rg. Thus solar wind observations from
lar wind transit time, must be added in order to obtain theWind are employed in the present study, due to its shorter dis-
time at which these solar wind effects are experienced in théance to the Earth and closer location to the Sun-Earth line.

www.ann-geophys.net/27/2721/2009/ Ann. Geophys., 27, 272372009
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Fig. 3. Lagged solar wind observations at the nose of the bow shock from the OMNIWeb database. ACE data are shown in red, Wind in blue.
Solar wind dynamic pressure is displayed in pgagl The three components of the IMF vector in GSM coordinates are shown in §ajpels
to (d). The lower panefe) presents the IMF clock angle.

During the interval of interest, the IMBz componentun- by ACE, the solar wind dynamic pressure monitored by both
derwent four reversals, as shown in panel (d) of Fig. 3. Ini-spacecraft increased nearly by a factor of two (panel a). The
tial conditions were characterised by a steady and stronglyhird IMF B turning, back to a southward orientation, oc-
northward IMF, withd < 45° (panel e). The IMF clock angle curred at around 10:18 UT, albeit more slowly than the two
then rotated rapidly, exceeding 9@t 09:01 UT, indicating previous turnings. Subsequently, after having been south-
the first southward turning. About 45 min laté; returned  ward for nearly 50 min, theB; component turned rapidly
northward, withd ~ 30°. Around the time of this second ro- northward, for a second time, near 11:08 UT. The 1M}
tation, which was observed some 10 min later by Wind thancomponent was predominantly negative prior to 10:15UT

Ann. Geophys., 27, 2722+37, 2009 www.ann-geophys.net/27/2721/2009/
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Fig. 4. Cluster FGM, PEACE and CIS data from 08:10 to 11:30 UT on 12 February 2003. The times of IMF polarity reversals, derived from
the Wind observations but lagged to the location of Cluster, are marked by vertical black lines. IMF conditions are indicated by “N” (for
northward) and “S” (southward) at the top of the figure. Successive regions crossed by each spacecraft are indicated below each panel o
PEACE data. See details in the text.

www.ann-geophys.net/27/2721/2009/ Ann. Geophys., 27, 272372009



2726 H. T. Cai et al.: Cusp observations during a sequence of fasBiMieversals

and positive thereafter. Over the majority of the interval, theet al., 2006). Plasma convection remained weakly tailward,
IMF was dominated by it8, component. Th& , geomag-  with Vx ~ —30km/s, throughout the initial period of north-
netic index was no higher than 3 throughout the interval.  ward IMF.
The cusp crossing by Cluster SC4 lasted for a period

2.2 Cluster spacecraft of about 40 min, the spacecraft exiting the cusp at around

09:17 UT after the first IMF southward turning. After this
Cluster data during the interval 08:10 to 11:30 UT are shownsouthward turning, the equatorward edge of the cusp might
in Fig. 4. The top panel of Fig. 4 presents the magneticbe expected to move to lower latitude; the motion of Cluster
field inclination (5) from the FGM instrument (Balogh et SC4 along its track meant, however, that it would inevitably
al., 1997, 2001) on all four Cluster spacecraft (SC1: black;cross into the high-latitude dayside closed field line region
SC2: red; SC3: green and SC4: magenta). The second pangdee Fig. 1). The exit of SC4 from the cusp proper was iden-
presents the corresponding ion density from Cl®r(RRe et tified by a reduction in the magnetosheath-like particle fluxes
al., 2001) for SC1, SC3 and SC4 (the CIS instrument is notwhich, although clear in the PEACE observations, was some-
operational on SC2). The remaining 6 panels illustrate elecwhat less clear in the CIS data. Between 09:20 and 09:50 UT,
tron spectrograms from PEACE (Johnstone et al., 1997) anéfter having exited the cusp, SC4 flew through a region char-
ion spectrograms from the CIS instruments on Cluster SC4acterised by relatively low fluxes of both ions and electrons.
SC1 and SC3, respectively. The PEACE differential electronThis region would appear to represent the development of a
energy flux shown is that parallel to local magnetic field. The boundary layer on the equatorward edge of the cusp, during
CIS data from SC1 and SC3 are from the HIA experiment,southward IMF conditions, having lower flux and higher ion
whereas those from SC4 are from CODIF, since HIA doestemperature and perhaps marking the open-closed field line
not work on that spacecraft. The CODIF instrument providesboundary (OCB).
the mass per charge composition with an angular resolution Subsequently, at 09:50UT, SC4 encountered a region
of 22.5; HIA does not provide mass resolution but has a bet-marked by the clear presence of magnetospheric-like ions.
ter angular resolution @me et al., 2001). Note that whereas At this time, the ion temperature was greatly enhanced, from
the CIS-HIA data presented in this paper are from all ions,about 700 eV to 4 keV. Within this region, the electrons, as
the CODIF data are from the'Hons (i.e. protons) only. Ver- measured by PEACE, were primarily of magnetosheath-like
tical lines indicate the times at which the IMF, reversals  energies, implying that SC4 was likely to be still in the
are expected to reach Cluster: an additional four minutes idboundary layer. The second IMF reversal (back to north-
included relative to the transit time to the bow shock includedward) was expected to reach SC4 around 09:51 UT, after the

in the OMNIWeb data. spacecraft had entered into the region of dayside closed field
lines. As we have already noted, a strong increase in the so-
2.2.1 Cluster spacecraft 4 lar wind dynamic pressure occurred around the time of this

second reversal, back to IMF north.
Observations from SC4, which led the Cluster formation and Many transient events were observed before SC4 finally
cut deeper into the cusp and dayside magnetosphere, amossed the magnetopause into the magnetosheath at around
selected to first illustrate the successive regions crossed b$1:02 UT. The majority of these occurred at a time which co-
Cluster during the interval of interest. Initially, Cluster SC4 incided closely with the second cusp encounter by Cluster
was in the northern lobe characterised by a low ion den-SC1 and 3 (we will discuss this in detail later), after the dy-
sity, ~0.01cn13, and low plasmas ~ 10~2 (not shown).  namic pressure increase. They could, therefore, have resulted
At around 08:32 UT, SC4 entered the high-altitude cusp, evfrom a compression of the magnetosphere, which would have
idenced by an increase in plasma density (up to 159m had the effect of moving the magnetopause boundary in-
and the presence of typical magnetosheath-like ion fluxesvards such that SC4 moved nearer to the outer cusp bound-
(~100 eV-1keV) in the CIS data. Cusp entry was also fairly ary.
clear in the PEACE data, corresponding to an enhancement It should be noted that the response of the high-latitude
in the electron fluxes with energies from tens to several hunand exterior cusp region is likely to be different from the
dred eV. Entry into the cusp was less recognisable in thdow-altitude cusp and ionospheric response (see Sect. 2.3).
FGM data, as the magnetic field strength was continuouslyDayside reconnection is expected to widen the cusp throat,
decreasing during this period, although there was a correwhile compression may move it to lower latitudes (Pitout
sponding increase in the level of magnetic field fluctuations.et al., 2006). SC4 therefore appeared to sample a predomi-
At the poleward edge of the cusp, CIS detected downwardhnantly spatial sequence during its traversal, crossing the pole-
moving H" ions, with Vz ~ —150km/s in the GSM coor- ward cusp boundary during stable northward IMF conditions
dinate system. Inside the cusp, CIS observed a number adnd crossing the equatorward cusp boundary (OCB) during
ion injections, displaying a hint of reversed ion dispersion, southward IMF conditions.
whereas PEACE observed relatively steady electron fluxes,
typical of cusp populations (Lavraud et al., 2004; Bogdanova

Ann. Geophys., 27, 2722+37, 2009 www.ann-geophys.net/27/2721/2009/
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2.2.2 Cluster spacecraft 1 and 3 magnetospheric-like electrons-{ keV) were observed by
the PEACE instrument. The inclination of the magnetic
Cluster SC1 and SC3 entered the cusp later than SC4 bfield reduced at around 09:45 UT in association with a tran-
around 20 and 30min, respectively. Thus, the first IMF sient decrease in field magnitude. In this region, a high ion
southward turning occurred while SC1 and SC3 were lo-density, up to 20 cm?, was detected, as well as the pres-
cated near the poleward edge of the cusp. When within thence of magnetosheath-like ions with no obvious signatures
cusp, these spacecraft initially observed distinct ion injec-of dispersion. In contrast to that associated with the two
tions clearly exhibiting reversed dispersion, indicating that apreviously mentioned cusp encounters, the ion temperature
site of magnetic reconnection was located poleward of then this region showed no notable variations, however, the
spacecraft. Unlike that of SC4, the cusp exits of SC1 andmagnetosheath-like electron population was slightly colder,
SC3 were far from clear in the CIS data, since these spacewith energies no higher than 100 eV.
craft observed temporal as well as spatial changes. Atthese The Cluster SC1 and SC3 observations before 10:05UT
times, however, PEACE observed clear reductions in the fluxyere indicative of temporal variations occurring on the pole-
of magnetosheath-like electrons, accompanied by a progresyard side of the high-altitude cusp; the spacecraft only en-
sive decrease in the mean electron energy. Both SC1 angbuntered the equatorward cusp boundary some time after
SC3 appeared to enter the inner boundary layer at arounghe second IMF reversal, back to northward IMF. We infer
10:36 UT, so it is likely that they crossed the equatorwardthat, due to the different orientations of the polar and equa-
cusp boundary under southward IMF conditions. torward boundaries of the high-altitude cusp region, SC1 en-
Cluster particle observations between 09:40 and 10:30 UTcountered the poleward boundary earlier than SC3, whereas
suggest that SC1 and SC3 crossed quite different regiongoth spacecraft (SC1 and SC3) crossed the equatorward cusp
from SC4 during this interval. In particular, a different poundary and entered the dayside plasma sheet boundary
cusp configuration was crossed by SC1 and SC3 from 10:0%ayer at almost the same time.
to 10:30 UT, fOllOWing the IMF northward rotation near Near 11:18 UT, all Cluster Spacecraft crossed the magne-
09:51 UT. We refer to this region as the cusp because typitopause, and subsequently sampled a sharp solar wind dis-
cal magnetosheath-like ion and electron fluxes were detectegontinuity, as indicated by the abrupt rotation in the and
inside, with a high plasma density, up to 30ctm Thisre- g, components sampled by FGM. The normal direction de-
gion was encountered by the spacecraft after the solar wingived using the Minimum Variance Analysis (MVA) tech-
dynamic pressure had increased by a factor approaching tWayique (Sonnerup et al., 1967) applied to FGM data from SC1
as mentioned above; this pressure increase was expected ye|ds n=(0.690; 0.123; 0.713) in GSM coordinates, which
reach Cluster at around 09:34 UT. We can attribute the cusfve expect to be close to the magnetopause orientation. The
entry of SC1 and SC3 to the resultant compression of thegpplication of the Planar Discontinuity Analysis Method to

magnetosphere, moving the magnetopause inwards so thgiie magnetic field time series (Dunlop et al., 1997) gives an
these spacecraft, like SC4, effectively moved out into the ex-average normal speed of70 km/s.

terior cusp region during the period of northward IMF.

Unlike in the earlier cusp encounter around 09:00UT, ion2.3 ESR and EISCAT VHF radars
dispersion signatures were absent and the particle fluxes re-
mained fairly consistent throughout this region. In addi- Figure 5 illustrates observations from the ESR and EISCAT
tion to a magnetosheath-like population, magnetospheric\/HF radars from 08:00 to 12:00 UT. Panel (a) presents elec-
like ions were also detected, suggesting that the cusp wason density measured by the 32 m dish of the ESR, the beam
likely to be on closed field lines. As noted above, the of which was directed at 3Celevation towards the magnetic
cusp entry at 10:05UT was under northward IMF condi- pole. Panels (b) and (c) present electron density and electron
tions, when the cusp boundary was likely to be moving totemperature measured with the ESR 42 m antenna, pointing
higher latitudes. At around 10:27 UT, both SC1 and SC3 ex-in the field-aligned direction, while panels (d) and (e) show
ited the cusp into the cusp/dayside plasma sheet boundampe line-of-sight plasma velocity (positive away) measured
layer (DPSBL) during southward IMF, a region character- using the ESR 32m dish and the VHF radar, respectively.
ized by the presence of field-aligned bi-directional stream-Parameters are plotted in a time versus altitude format for
ing electrons of 20-500eV (not shown). In this region, the ESR 42m data, and as time versus geographic latitude
the ion temperature was relatively lowc{ keV). The in-  for the ESR 32m and VHF radars. A short gap in the ESR
ner boundary layer of the dayside plasma sheet was encounlata after 08:04 UT represents a brief interruption in radar
tered at~10:36 UT, indicated by a sharp enhancement oftransmission. The four vertical lines show the lagged times at
ion temperature (up to 5keV) and a reduction in the flux of which the changes in direction of the IMF; component are
magnetosheath-like ions. predicted to reach the ionosphere, dividing the plot into five

Prior to the second cusp crossing, during the interval ex-numbered sub-intervals. The appropriate time lag was calcu-
tending from 09:40 to 10:05UT, SC1 and SC3 traversed dated using the OMNIWeb estimate of the solar wind transit
region similar to the cusp in character. At about 09:43 UT, time to the nose of the bow shock (derived from solar wind
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Fig. 5. lonospheric observations from the ESR and EISCAT VHF radars during the interval 08:00 to 12:00 UT on 12 February 2003. The
four vertical lines represent the times at which the IMF polarity changes are expected to be detected in the ionosphere. At the top of the
figure, each of the 5 sub-intervals is numbered, and its IMF orientation noted (N: north, S: south)(®aoéty present observations from

the ESR radars an@) shows data from the EISCAT VHF radar.

velocity data) with a further six minutes added to allow for  During interval (2), following the southward turning in
propagation of solar wind effects across the magnetosheat8,, the electron density observed by both ESR antennas in-
and down to the ground. creased significantly, and a series of poleward-moving den-
During interval (1), characterised by northward IMF, the sity structures was detected by the 32 m dish, consistent with
ESR 32m dish observed a low-density F-region with little the idea that field lines, reconnected at low latitudes un-
obvious structure, while the 42m dish measured typical F-der Bz southward conditions, were being convected anti-
region densities of around>310"m—2 and electron tem-  sunward through the polar cap. A marked increase in elec-
peratures around 2500 K. The velocity measurements madion temperature was measured by the ESR 42 m dish near
by the ESR 32 m and EISCAT VHF radars suggest that con09:30 UT, which we suggest to be the signature of the Open-
vection was primarily sunward. At this time, the Cluster ob- Closed field line Boundary (OCB) as it expanded over the
servations confirmed that the cusp was located poleward anthdar (Lockwood et al., 2005). This inference is supported by
geographically eastward of Svalbard, and was not intersectedn intensification in the anti-sunward convection observed by
by any of the EISCAT beams. Thus, EISCAT observed sun-the ESR 32 m radar (panel d) and the presence of an expand-
ward convection equatorward of the cusp, on closed fielding region of anti-sunward flow detected by the Tromsg VHF
lines. radar (panel e). Around 09:46 UT, a second sharp electron
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temperature boundary (this time a reduction) was observed Magnetic longitude 109°
by the ESR 42 m radar, suggesting that the cusp precipitatior , 85 ™ N ' ] 450 _
had either ceased or had moved to a location equatorward o= ] 30 &

the radar; the IMRB; continued to be strongly southward. _

The convection measured by the Tromsg VHF radar @ ;5[

(panel e) responded quickly to the northward turning in the i &“
IMF at the start of interval (3), although poleward-moving 7ot L
density structures continued to be seen in the ESR 32 m dat:
as fossil remnants of earlier (southward IMF) reconnection
events (panel a). A second distinct electron temperature:
increase was observed by the ESR 42m radar (panel c) a
10:06 UT, which can be interpreted in terms of the region of
cusp precipitation crossing back over Svalbard in response 2
to the northward turning in IMRB;. By the end of inter-

val (3) poleward-moving density structures were no longer
observed by the ESR 32m radar (panel a), cusp-type den- g
sity enhancements were no longer detected by the ESR 42n= o[
dish (panel b), and the convection measured by the ESR 32n
(panel d) and Tromsg VHF radars (panel e) had become dom:
inated by sunward flow, all as expected ¢ north condi-
tions.

Interval (4), following the second southward turning in
Bz, was comparable with interval (2) in that poleward-
moving density structures reappeared in the po|ar cap, aglg 6. SuperDARN Pykkvibaer HF radar spectral width as a func-
observed by the ESR 32m dish (panel a), cusp-like dention of UT and magnetic latitude along a magnetic meridian west-
sity and temperature signatures once again became evidelf@'d Of (109), over (114) and eastward (1£9 of Svalbard, re-
in the ESR 42 m data (panels b and c), and anti-sunward rov?peCt'Vely' T.he four vertical lines, as well as .SymbOIS in the top

. . anel of the figure, are the same as those in Fig. 5. Dark asterisks
reappeared in the ESR 32 m data (panel d) and in the nortdﬁ} the figure mark the equatorward boundary of the cusp scatter,
grnmosF ranges of the mamla_nd VHF dgta (pangl €). It iSyeduced from the HF radar echoes.
interesting to note that there is a short time period around
10:40 UT during which both anti-sunward and sunward flows
were observed along the line of sight of the 32 m dish. Such asity structures seen by the ESR 32 m dish, whose motion took
feature of plasma convection has previously been interpretedhore than 10 min to become establishedBgrsouth condi-
as either the signature of reconnection taking place simultions, and equally took a similar time to decay following a
taneously poleward and equatorward of the cusp (Pitout ehorthward turning. Some of the responses were complex, for
al., 2002), or just as a transition phase after an IMF rotationinstance the modulation of electron density and temperature
(Pitout et al., 2006). in the ESR 42m data as features expanded and contracted

Around 11:15UT, the IMFBz component turned north- over the radar site.
ward once again. The initial period of interval (5) can be
compared to the beginning of interval (3) with the appar-2-4 SuperDARN

ent persistence of poleward-moving density signatures in L
panel (a). However the progressively later magnetic local!"® SUPErDARN CUTLASS radars at Hankasalmi (Finland)

rand Pykkvibaer (Iceland East) provide an extremely use-
data in terms of the cusp response to changing IMF contul conti_nuous mc_mitor of HF cohere_nt backscatter location,
ditions, despite the fact that the prevailing positive valuesCOnvection velocity and spectral width over the European
of IMF By would favour a cusp displaced toward the post- S€ctor of the polar ionosphere (Greenwald et al., 1995). The
noon sector (Cowley et al., 1992). We note that the closestPectral width parameter, in particular, has been identified
predicted magnetic conjugacy between Cluster and the Es@S an important indicator of the cusp location in a number

occurred shortly after 11:00 UT~(14:00 MLT), around the of previous studigs, with high spectral yvidth indicating cusp
time that the CIS data showed that all of the Cluster spaceScatter (.. Davies etal., 2002; Woodfield etal., 2002a, b, c).

craft were passing out into the dayside magnetosheath. In addition, the observations contributed by the other radars
In summary, the observations from the EISCAT VHF of the worldwide SuperDARN network help to constrain the

radar, and from both dishes of the ESR, showed clear re_high—Iatitude convection pattern, whose shape and extent also

sponses to the changes in IMF; direction. Some of these provide further powerful clues to the location of the cusp.
responses were delayed, such as the poleward-moving den-
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Fig. 7. lon and electron spectrograms from DMSP F14 between 09:20 and 09:35 UT (upper panel) and from DMSP F13 between 09:40 and
10:00 UT (lower panel).

Although very little ionospheric HF scatter was observed During interval 1, before 09:00 UT, wheB; was north-
by the Hankasalmi radar, the Pykkvibaer (Iceland East) datavard, the CUTLASS Pykkvibaer radar detected very little
revealed the cusp location during the period under study. Figionospheric backscatter of any kind over Svalbard. In in-
ure 6 shows the coherent scatter spectral width as a functioterval 2, after the IMF southward turning, ionospheric scat-
of magnetic latitude at three fixed magnetic longitudes duringter with high spectral width became increasingly evident
the interval of interest, as measured by the Pykkvibaer radamaround 78 magnetic latitude, appearing first at more east-
The values of the three fixed magnetic longitudes are selectediard longitudes. It is likely that this region of high spectral
to illustrate HF scatter along a magnetic meridian westwardwidth backscatter corresponded to the cusp. Subsequently
of (109), over (114) and eastward of (129 Svalbard. The during interval 3, from around 09:52 UT when the IMF re-
equatorward boundary of the cusp, indicated by the southturned northward, the equatorward boundary of this region of
ern edge of the region of high spectral width (e.g. Yeomanbackscatter appeared to retreat poleward. During the follow-
et al., 2002), is also indicated by dark asterisks in the figureing 30 min interval, a smaller region of cusp scatter appeared
The latitude of the equatorward cusp boundary is determinedo be primarily situated at longitudes west of Svalbard, al-
along each magnetic meridian by requiring that three adjathough there is a suggestion that Svalbard remained close to
cent “pixels” in latitude have a spectral width greater thanits eastern boundary.
150m/s. This avoids the false identification associated with  After around 10:24 UT (interval 4) when the IMF had
noise. The four vertical lines in Fig. 6 are the same as thos@gain turned southward, a longitudinally extended region of
inFig. 5. The time resolution of the HF radar observations ishjgh spectral width ionospheric backscatter, again indica-
1 min. tive of the cusp, was detected by the CUTLASS Pykkvibaer
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radar, expanding down te73° magnetic latitude. As inthe 3 Discussion

interval prior to 09:00 UT, whem, was also northward, the

final interval of B; northward (interval 5) was characterised 3.1 The northward IMF cusp
by a lack of ionospheric scatter.

Itis clear from Fig. 6 that the equatorward boundary of the As shown in Sect. 2.2, Cluster SC1 and SC3 crossed the
HF radar cusp moved back and forth in latitude in responsehigh-altitude cusp twice before finally exiting into the mag-
to the IMF polarity changes. There were minor differences innetosheath, both crossings being under northward IMF con-
the form of this variation between the three selected magnetiglitions.  Although the following paragraphs refer only to
meridians, likely to be caused by longitudinal displacementCluster SC1, the same regions were crossed by Cluster SC3,

of the cusp due to the IMBy component. and the observations from that spacecraft can be interpreted
similarly.
2.5 DMSP During both encounters, the poleward edge of the cusp ap-

peared to be quite sharp, as indicated by the rapid enhance-

Figure 7 shows observations from two Northern Hemisphergment in plasma density (Fig. 4). It is interesting to note that
passes of the DMSP spacecraft. The upper panel presenige first high-latitude cusp crossing was made by all Clus-
electron and ion energy spectrograms from DMSP F14 durter spacecraft, whereas the second crossing was missed by
ing the interval extending from 09:20 to 09:35 UT. Although gc4. During the first cusp crossing, the ions exhibited be-
there is, unfortunately, a data gap from 09:24 to 09:27 UT,haviour typical of positive IMFB, in agreement with the
the most relevant interval here is that between 09:28 andatistical study of Lavraud et al. (2005). The second cusp
09:30UT when the footprint of the spacecraft was slightly crossing, however, appeared to be quite different from the
equatorward of the ESR (see Fig. 2) under south condi-  previous one, with rather steady ion fluxes and no evident ion
tions. The spacecraft encountered the OCB at 11:58 MLT gjispersion. Note that the IMF histories leading up to the two
at~73.8 magnetic latitude, indicated by the appearance ofcysp crossings were very different: strongly northward IMF
magnetospheric{1keV) electrons and the disappearance of persisted for about an hour before SC1 first encountered the
magnetosheath-like{1 keV) electrons (Newell etal., 1988). cysp, whilst Wind detected around 40 min of steadily south-
A Low-Latitude Boundary Layer-like region was observed \ard B, before a reversal back to IMF north associated with
poleward of the OCB, inside which both magnetosheath-likethe second cusp crossing. In this section, we will focus on the
and magnetosphere-like ion populations were detected. Nosecond cusp crossing and the possible formation mechanism
tably, magnetosphere-like ions were observed directly poleyf the cusp at that time.
ward of the boundary, suggesting that magnetic reconnection pyior to the second cusp encounter, between 09:40 and
was likely to be ongoing at the section of the OCB intersected; .o5 UT, Cluster SC1 crossed a region similar in charac-
by the spacecraft (Loclfwood etal., 1995). _ ter to the cusp. In this region, a high ion density, exceeding

DMSP F13 observations of the northern polar regions be-g i3, was detected, as well as significant magnetosheath-
tween 09:40 and 10:00 UT are displayed in the lower panelike jon fluxes with no obvious dispersion. The ion tem-
of Fig. 7 (note the track shown in Fig. 2). During this pass, perature showed no notable variations, however, and the
the satellite skimmed the dayside ionosphere close to theyagnetosheath-like electron population was much colder
magnetic noon meridian, reaching a maximum magnetic latthan that observed during the previous cusp encounter, with
itude of approximately 77°1 Durmlg the interval from 09:51 energies no higher than 100 eV. One has to keep in mind that,
to 09:54 UT, F13 crossed a region, poleward of #ag- gt the start of this interval, the IMF was steadily southward
netic latitude, inside which relatively cole~00eV) elec-  pefore its northward turning at about 09:52 UT.
tron precipitation was observed. We identify this region as  £.om 09:50 to 09:54 UT, a typical southward-IMF cusp
the cusp, since it was characterised by a significant flux of, 55 observed by DMSP F13 (Fig. 7b). F13 was located
100eV to 10keV ions. These ions exhibited typical disper-girectly equatorward of the magnetic footprint of SC1 at
sion, in that the ion average energy increased as latitude depg.q0 T (Fig. 2). In other words, the cusp-like region
creased. The DMSP F13 spacecraft intersected the ESR 32 i} ysseq by SC1 during the interval 09:40 to 10:05UT was
radar beam around 09:52UT, close to 76magnetic lati-  4giacent to, and slightly poleward of, the southward-IMF

tude, around which time the radar was observing poleward—cusp_ The CIS ion observations do not exclude the possi-

moving plasma structures in the polar cap, which likely orig- jjir that the region in which SC1 was located could have

inated in the cusp/cleft region due to pulsed magnetic reconpaan 4 part of the cusp. However, most of the cusp elec-

nection (Lockwood et al., 1998; Davis et al., 1996). trons detected by DMSP F13, had mean energies higher than
100eV (Fig. 7b), whereas the PEACE instrument on Cluster
SC1 detected fluxes of rather colder electrons, with energies
generally no higher than 100 eV. Therefore, we identify the
region traversed by Cluster SC1 between 09:40 and 10:05UT
as being the poleward boundary layer.
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Fig. 8. RAPID IES and CODIF observations from SC1. The top panel presents the suprathermal electron flux as a function of UT and pitch
angle from RAPID-IES. Subsequent panels present thdl@x from CODIF, the energy (middle panel) and pitch angle (bottom panel) as a
function of UT. See text for details.

Cluster SC1 encountered the northward-IMF cusp for ameasurement. Nevertheless, Fig. 8 appears to show bursts of
second time at around 10:05UT, at a location soniz=2 upward-flowing O ions with energies of several hundred eV
sunward, along the spacecraft trajectory, of the previousduring the interval from 09:40 to 10:30 UT. This is the period
cusp crossing near 09:00 UT. This second encounter with theluring which SC1 traversed the poleward boundary layer of
northward-IMF cusp, unlike the previous one, was characthe southward-IMF cusp (09:40-10:05UT) and then made
terised by rather steady ion fluxes, with no obvious disper-its second encounter with the northward-IMF cusp (10:05—
sion. The ion pitch angle distribution revealed no dramatic10:30 UT). It is worth reminding the reader that the orien-
variations, except for a brief excursion into the magneto-tation of the IMF B reversed at 09:52 UT, from southward
sphere around 10:14 UT. The IMF clock angle was smallto northward. We interpret these observations as indicating
(6 < 100) as the spacecraft entered the cusp, and increasetthat, throughout the interval from 09:40 to 10:30 UT, SC1
gradually to almost 90before its cusp exit. was likely to have been located on field lines opened at a low

The top panel of Fig. 8 displays the pitch angle distribution latitude reconnection site. Before 10:05 UT, these field lines
of suprathermal electrons, as a function of time, observedemained open, but after the northward turning, the observa-
by the RAPID IES instrument on Cluster SCL1. Subsequentt'ons suggest that they were being re-closed by high-latitude
panels present the energy spectrogram and pitch angle digéconnection.
tribution of O™ from CODIF on the same spacecraft. One During the interval from 09:40 to 10:05 UT, when the IMF
has to bear in mind that the presence of strong fluxes of oxy-B; was predominantly southward, the field lines sampled by
gen ions at the inner boundary of the dayside plasma sheefluster SC1 did not appear to be closed, since neither mag-
and the magnetosheath should be treated with some suspietospheric ions, or fluxes of high-energy electrons were ob-
cion, as they may be due to “spillover” effects in the ion served. The ion spectra measured by DMSP F14 from 09:28
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to 09:30 UT (Fig. 7a) confirmed that magnetic reconnection & — T T T T T
was ongoing at low latitude; F13 observations from 09:50 to
09:54 UT (Fig. 7b) suggested that the southward-IMF cusp
was located equatorward of the magnetic footprint of Clus-
ter SC1. Highly efficient low latitude reconnection was im-
plied by the strongly anti-sunward ionospheric plasma con-
vection observed by the ESR (Fig. 5d and e); the observedéﬁ
ion velocities being up to 1000 m/s. The ESR 32 m radar ob- 2
served clear poleward-moving plasma structures in the polar%
cap (Fig. 5a), consistent with the strongly anti-sunward iono- =
spheric convection. The newly-opened field lines were thus
being swept tailward, across the cusp, due to a combination
of solar wind and magnetic tension force. This implies that 7 PR SR E I R
the oxygen ions detected by SC1 were streaming outward ¢ ® uTih) " 12
from the polar ionosphere, along open field lines.

During the second northward-IMF cusp crossing (10:05-Fig. 9. Cusp boundaries derived from observations by Cluster,
10:30 UT) by SC1 and SC3, poleward-moving structuresPMSP, ESR and the CUTLASS Pykkvibaer radar. The variation
continued to be observed by the ESR 32m dish (Fig. 5a)of the expected latitudinal location of the cusp is also superposed,
these being fossil remnants of earlier reconnection eventdased on the work of Newell et al. (1989) with laggegl compo-
These “old opened field lines” produced by earlier reconnec—nent shown in Fig. 3.
tion events (during the previous interval of southwaigl),
continued to be swept tailward and were then re-closed pole-

ward of the cusp by the lobe reconnection now taking pIaceThe latitudinal motion of the ionospheric footprint of the

during the steadily northward IMF. This inference is sup- Nigh-altitude cusp is apparent in observations from ground-
ported by the presence of trapped {9bigh-energy elec- based radars, particularly the SuperDARN Pykkvibaer radar

trons observed by RAPID (Fig. 8), indicative of a region (S€€ Fig. 6). Based on the combined observations from
of closed field lines (Wilken et al., 2001). Note that fairly SPace-borne and ground-based instruments, we infer that the

large pitch angle bins were required to produce the suprathels-eConOI cusp _Cros_sing O_f CIL_’Ster SC1 and SC3 was primarily
mal electron pitch angle distribution due to the low fluxes due to the latitudinal migration of the cusp governed by the

involved, which may have broadened the peak arourid 90 MF polarity.

Nonetheless, we can conclude that theiGns observed dur- ~ The high-altitude poleward and equatorward cusp bound-
ing the second high-latitude cusp crossing (under northwardries crossed by the Cluster spacecraft during this interval are
B conditions) were likely to be out-flowing from the polar displayed as a function of magnetic latitude and UT in Fig. 9.
ionosphere along a closed field structure (e.g. Fuselier et al.The first cusp crossing by Cluster is referred to as “cusp 1"
2001). It is also interesting to note that these up-flowing O and the second as “cusp 2". The ionospheric footpoints of
fluxes, detected on closed field lines, were much more inthe high-altitude cusp boundaries were obtained by mapping

tense than those observed on open field lines at earlier time§lown along the magnetic field lines of the T96 model. The
equatorward boundaries of the cusp, inferred from measure-

3.2 Latitudinal variations of the cusp ments from DMSP, the 42 m ESR radar and the CUTLASS
Pykkvibaer radar, are also presented in the figure. For com-
The occurrence of a double cusp during strongly parison, the expected latitudinal position of the cusp equa-
duskward/dawnward and weakly southward IMF con- torward boundary from Newell et al. (1989) is superposed in
ditions was predicted by Wing et al. (2001) and, in the Fig. 9, based on the lagge), component shown in Fig. 3.
same study, their model prediction was confirmed by DMSP  Statistical results (e.g. Newell, 1989; Pitout, 2006) suggest
observations. Recently, Cluster observations of multiplethat the cusp location is expected to show equatorward (pole-
cusp crossings have been reported, which were interpretediard) displacement during southward (northward) IMF, with
in terms of temporal rather than spatial effects (Zong etan average latitudinal position around®#Bagnetic latitude.
al., 2004, 2008). In the present interval, Cluster crossedrhe latitudinal variation of the equatorward boundary of the
the high-altitude cusp twice, both times during steadily cusp, indicated by the southern edge of the high spectral
northward IMF, before exiting into the magnetosheath,width region observed by the CUTLASS Pykkvibaer radar,
while the IMF Bz component reversed in polarity four times is basically in accordance with that predicted by Newell et
during the period of interest. The location of the cusp isal. (1989). This implies that the cusp is moving equator-
strongly influenced by the IMB; component, whilst it is  ward/poleward in response to the IMF polarity changes. The
also affected by the solar wind dynamic pressure and theDCB passed over Svalbard twice during this interval — this
IMF By component (Newell et al., 1989; Pitout et al., 2006). was well recorded in observations from the ESR 42 m dish:

&—e—@ Newell etal. 1989

SuperDARN 109°

SuperDARN 114°

SuperDARN 1190

Cusp 1 poleward BL
%X Cusp 1 equatorward BL

& & Cusp 2 poleward BL

o o o Cusp 2 equatorward BL

& o DMSP F14

% @« & DMSPF13

@ @ @ ESR42m Radar

e (degree)
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the first OCB crossing~09:30 UT) was due to its equa- reversed ion dispersion, a typical feature of lobe reconnec-
torward motion under IMF south conditions and the secondtion. The second cusp crossing, however, was characterised
(~10:06 UT) was due to its poleward retreat after the IMF by steady ion fluxes with no obvious dispersion. We sug-
had reversed northward. The location of the OCBs deducedjest that, during the second cusp encounter, Cluster SC1 and
from the DMSP F13 and F14 observations agrees well withSC3 were likely to have been located on newly closed field
the latitudinal variation of the cusp discussed above. Welines, which were first reconnected (opened) at low latitudes
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