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Abstract. Modelling plasma entry in the polar cusp has beenmotion of the cusp first dawnward and then back duskward

successful in reproducing ion dispersions observed in thelue to the effect of the IMBy component.

cusp at low and mid-altitudes. The use of a realistic convecs ; ;

tion pattern, when the IMBy is large and stable, allowed zﬁgvggrudnsaal\r/lalgnetosphenc physics (Magnetopause, cusp,
: . ; y layers)

Wing et al. (2001) to predict double cusp signatures that were

subsequently observed by the DMSP spacecraft. In this pa-

per we present a cusp crossing where two cusp populations

are observed, separated by a gap arouhthdariant Lati- 1 Introduction

tude (ILAT) wide. Cluster 1 (C1) and Cluster 2 (C2) observed

these two cusp populations with a time delay of 3 min, andThe polar cusp was first observed from space by Heikkila

about 15 and 42 min later Cluster 4 (C4) and Cluster 3 (C3)@nd Winningham (1971) using the low-altitude spacecraft

observed, respectively, a single cusp population. A peculiar!SIS 1 and a few months later by Frank (1971) using the

ity of this event is the fact that the second cusp popu|ationhigh-altitude satellite IMP-5. Since the electron and protons

seen on C1 and C2 was observed at the same time as the fild@d similar energy and flux as in the magnetosheath, these

cusp population on C4. This would tend to suggest that theduthors proposed that the solar wind plasma entered directly

two cusp populations had spatial features similar to the douinto the cusp through the high-altitude neutral point/ine at

ble cusp. Due to the nested crossing of C1 and C2 throughhe magnetopause. _

the gap between the two cusp populations, C2 being first to Only a few years later, based on the mechanism of en-

leave the cusp and last to re-enter it, these observations aff9Y dispersion first proposed by Rosenbauer et al. (1975),

difficult to be explained by two distinct cusps with a gap in Shelley et al. (1976) correlated the velocity of the precipitat-

between. However, since we observe the cusp in a narroWng ions with latitude and estimated the dawn—dusk electric

area of local time post-noon, a second cusp may have beekigld around 30-60 mV mt. lon dispersions were starting to

present in the pre-noon sector but could not be observed. ORE the key observations in the analysis of the entry mecha-

the other hand, these observations are in agreement with BISmS of particles in the polar cusp. Reiff et al. (1977) anal-
ysed in more detail the ion dispersions observed by AE-C
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satellite and showed that most dispersions were in agreemeffibur years of Cluster observations in the mid-altitude cusp
with the reconnection model, although a few were also con-and showed that the cusp with a “discontinuous” dispersion,
sistent with the cross-field diffusion mechanism. to which the V-shaped ones belong, occurred in the major-
Burch et al. (1980) showed a case study under northity when the IMF had a clear rotation during the cusp cross-
ward IMF-B; where the dispersion was forming a “V” with ing. Using multi-point observations with Cluster and Double
first a decrease in the energy of the ions and then an inStar spacecraft at the magnetopause, Berchem et al. (2008)
crease associated with stronger fluxes. Reiff et al. (1980and Dunlop et al. (2009) showed that indeed anti-parallel re-
analysed 60 passes of AE-D crossing in the polar cusp assonnection could occur at both high latitude and component
sociated with measurements of the interplanetary magneticeconnection near the sub-solar point quasi-simultaneously.
field. They showed that the poleward dispersions, energy de- Generally, at low altitude, only single spacecraft crossed
creasing with increasing latitude, were occurring under IMF-the cusp at any given time, except during some fortuitous
B; southward and the V-shaped dispersions under B4F- conjunction (Escoubet et al.,, 1997; Newell et al., 2010).
northward. At that time, to explain the V-shaped dispersion,There are therefore no low-altitude multi-point observations
the authors could not distinguish between (1) a cross-fieldhat could help us to understand the evolution of a double
diffusion mechanism, (2) a mixture of diffusion and recon- cusp. We could, however, use the four-point Cluster obser-
nection in the lobes or (3) a reconnection in the lobes and orvations in the mid-altitude cusp (4-Kx geocentric distance)
the dayside of the magnetosphere occurring simultaneousiyto investigate the evolution of double cusp. This study in-
This later entry mechanism was more hypothetical since itvestigates two cusp populations observed consecutively by
did not fit with the trapped particles location. the Cluster spacecraft on 20 August 2002 and uses multi-
It took many more years to demonstrate, using groundspacecraft capabilities, with the four spacecraft crossing the
based observations, modelling and multi-point observationscusp separated by a few minutes to a few tens of minutes, to
that the cusp could be populated by different sources simulebserve their evolution in time. A very puzzling feature of
taneously. Sandholt et al. (1998) showed that two types othat event is that the first two Cluster spacecraft observed a
auroras (one for IMF north and one for the south) could co-double cusp population and the last two spacecraft a single
exist when the IMF is rotating slowly from south to north one. We investigate if changes occurring in the interplane-
with a dominantBy component. The term “double cusp” tary medium could explain these observations. In Sect. 2 we
was first proposed by Wing et al. (2001) when they simu-present the interplanetary conditions during the cusp cross-
lated ion precipitation and introduced a more realistic electricings, and the Cluster spacecraft positions are presented in
field model with a north—south component. Their simulation Sect. 3. In Sect. 4 we present the Cluster observations and,
showed that the two reconnection sites (low and high lati-finally, these observations are discussed in Sect. 5.
tude) under strong and stable IMF- were producing two
plasma injections into the cusp that could be distinguished
by a gap of particle precipitation in between or by the dif- 2

ferent shape of the ion dispersion. Pitout et al. (2002) usedq.. . .
EISCAT and DMSP observations to demonstrate that reconc!:Igure 1 shows the solar wind conditions on 20 August 2002

. ) . . measured by ACE spacecraft. ACE measurements (propa-
nection at low and high latitude could take place simultane- :
. . . ated to the nose of the bow shock) were provided by Om-
ously, producing a double cusp in the ionosphere. Trattner e

. iweb at NSSDC. A 10 min delay was added to these data to
al. (2005) observed a double cusp with two Cluster SIO"’mecra'!t?ake into account the propagation from the bow shock to the

and, using IMAGE and ground based data, found that the . . )
two ion dispersions had a distinct origin, one in the South—mld altitude cusp. Figure 1 presents, from top to bottom, the

X . ; three components of the IMF in GSM, the solar wind den-
ern Hemisphere on the duskside and one in the Northern. : ; .

. . . sity, the solar wind speed and the solar wind dynamic pres-
Hemisphere on the dawnside, produced by anti-parallel re-

connection. About 75 % of the DMSP crossings (Wing et al., sure. Before 0400 UTBy was fairly constant around 4nT,

. . and B, and By were oscillating betweer-6 nT and—2nT,
2001) under strong positive or negative IMig-were show- . . . .
; ) L : being dominant alternatively for a few tens of minutes. Dur-
ing double cusps or cusps with extended latitudinal width. A.

few years later, Escoubet et al. (2008a) showed that the cus'rcr)]g the cusp-crossing intervals, marked by the tVYO vertical
, : .. "lines, B, and By were equal around-4 nT before 04:10 UT,
was changing from a poleward to a V-shaped dispersion in

few minutes after the turning of the IMF from southward to %her)By became smaller tha, (—6nT vs.—3nT) for about
) 6 min and after 04:18 UTB, was larger tharBy (—7 nT vs.

northward—westward. The poleward side of the V shape was : . . .
. . S : —3-0nT) up to 05:00 UT. The solar wind density was oscil-
consistent with reconnection in the lobes, while the equator-

: X . — lating between 2 and 4 cmd. The solar wind speed was fairly
ward side was consistent with closure of the reconnected field . : .
: . . igh and constant around 480 kmis Finally, the solar wind
lines in the Southern Hemisphere. In a case study, Escoube

et al. (2008b) showed that the cusp could be populated by tW(1ynam|c pressure was fairly low, oscillating between 0.6 and
. . . 4 nPa.

sources — one at low latitude and one at high latitude under

strong IMF-By. Subsequently, Pitout et al. (2009) analysed

Solar wind conditions
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Fig. 1. Interplanetary magnetic field on 20 August 2002 propagated

to the bow shock (omniweb), to which an additional 10 min has been

added for the propagation from the bow shock to the mid-altitude

cusp. Top panel shows the three components of the IMF in GSM

coordinate system. The 2nd panel from the top shows the solar wind
density, and the 3rd panel from the top the solar wind speed. Bottom
panel shows the solar wind dynamic pressure. Vertical lines mark
the interval when the cusp was crossed by the Cluster spacecratft.
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Fig. 2. Top: Cluster orbit inX — Yggw plane at 04:30 UT on 20 Au-

The Cluster mission consists of four spacecraft each Car{;ust 2002. Bottom: projection of orbit track in ILAT-MLT diagram.

rylng 11_ |d.ent|cal |nstrumen_ts that allow for the first t|_me The colours of the spacecraft are the usual Cluster colours (C1,
distinguishing between spatial and temporal changes in thjack; C2, red; C3, green; C4, blue). The times on the right of the
Earth’s environment (Escoubet et al., 2001). The spacecrafrbit tracks are associated with the positions of the three spacecraft
were launched in 2000 into a polar orbit oRé¢ x 19.6 R, C1, C2 and C4 and the times on the left to C3. The time delays of
allowing them to sample the mid-altitude cusp and the nearthe cusp entry, around 71LAT, are d¢12=5min, d14=15min
Earth tail when the apogee was on the nightside, and th@nd d13=50min.

auroral zone, external cusp/magnetopause and bow shock

when the apogee was on the dayside, 6 months later. In sum-

mer 2002 the spacecraft were placed into a perfect tetrahe- Figure 2 shows the Cluster positions in the mid-altitude
dron of 4000 km size in the tail, and due to orbital mechanics,cusp (only a portion of the orbit is shown) on 20 Au-
they followed each other in a “string of pearls” in the mid- gust 2002. The top panel displays the spacecraft positions
altitude cusp with a time difference from a few minutes to ain GSM and the field lines (Tsyganenko and Stern, 1996)
few tens of minutes. that passed by each spacecraft position at 04:30 UT. The first
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20IAug'ust|200'2 — 4  Cluster observations

Figure 3 displays ion and electron spectrograms as well as
, the energetic particle fluxes between 03:55 UT and 05:10 UT
18 on 20 August 2002. The spacecraft were moving from the

4‘|H.= =\"J.|l“|‘\ '
s 10 ‘ [“A\&m“'\“\ " "l“u‘ i ot 1

b S, o L “u\“‘\‘ﬁ”sm 10° equator to the pole, and the invariant latitude of C1 was
] 10 w‘lFM‘ '*r ‘LPL”MME‘ f w'v‘ W“ il [w‘ | 5
3 102 Wl 0T Wwﬂ,&u“ ARG 104 71.6° ILAT at 04:00 UT and 80.2ILAT at 05:00 UT. The top
i Y T aiia, (111 10 three panels (a, b and ¢) show C1, C4 and C3 ion omnidirec-

: tional spectrograms as the three spacecraft crossed succes-

&)

z = i
Kev cm?-2 sA-1 srh-1 Kev/-1

D 42 sively the cusp. The following 4 panels (d, e, f and g) show
= ] g the electron omnidirectional spectrograms from C1, C2, C4
s 10°E : b ‘ ‘ ‘ and C3, also in time order, and finally the last panel (h) shows
9 SR ; ” L the energetic particle (electrons above 50 keV) fluxes mea-

5 10° sured by the four spacecraft. At the beginning of the event,
102 before around 04:00 UT, all four spacecraft were on closed
187 field lines, characterised by trapped energetic ions and elec-
106 trons above a few keV (panels a to g) and high flux of en-
10 ergetic electrons above 50keV (panel h). C1 was the first

spacecraft to enter the polar cusp at around 03:59:13 UT,

characterised by high fluxes of ions from 100 eV to a few keV

ke\//cm"Z-s-str-keV

310 (panel a) and high fluxes of electrons from a few tens of eV to
- 10° T T T T a few hundred eV (panel d) of magnetosheath origin. The ion
ol i ; ; . precipitation observed by C1 presents an energy dispersion
3102 : . e with energy decreasing as the spacecraft moved poleward
qu& R . b e e between 04:03UT and 04:11 UT, typical for IM#; < O.
M & b == i Then at 04:11 UT, the dispersion seen by C1 stopped abruptly
§104% ] for about 6 min and then restarted at 04:17 UT with the en-
3 bt : R counter of a second dispersion. The first cusp at 04:08 UT
ll&;hg;";gﬁggo)“;goe 0746:310 0856020 is characterised by high flux of ions and electrpns and the
ILAT C2 (deg) 70.7 753 80.7 second cusp at 04:19 UT by lower fluxes and slightly lower
s Eg:gg o ke . energy. After 04:24 UT a very low energy population of ions

(below 100eV) is observed up to 05:10 UT; these are oxy-
Fig. 3. Omnidirectional ion (CIS) and electron (PEACE) spectro- gen ions outflowing from the cusp and filling up the plasma
grams on(a), (d) C1;(e) C2; (b), (d) C4; and(c), () C3on 20 Au-  mantle. C4, the third spacecraft (the second with ion data),
gust 2002. The last pangt) shows the integrated flux of electrons entered the cusp at 04:15 (panel b) and observed the pole-
(RAPID) between 50 and 400 keV from the four spacecratft. ward ion dispersion with energy decreasing with latitude up

to around 04:30 UT. After that time it observed the plasma

h Cl f C1 C2 and C4 | B‘nantle. It is interesting to note that the single cusp observed
three ) uster spacecraft ¢’ an were ¢ ose_to eac y C4 is detected at the same time as the second cusp ob-
other in the polar cusp, while C3 was lagging behind on

- served by C1. Finally, C3 entered the cusp around 04:42 UT

closed field lines. C1 was leading, followed by C2 (Smin and observed again a single cusp with a poleward ion disper-
later), C4 (15 min later) and finally C3 (50 min later). The sion (panel c). g g P P P

bottom panel shows the track of each spacecraft projected in There are no ion data on C2 (ion detector is off), but the

an ILAT-MLT diagram. Although very close in local time, the electron data can be used to get more information since C2

spacecraft were travelling in pairs separated by 0.1 to 0.4 rQNaS located in between C1 and C4. C2 entered the cusp at

Magnetichtc))caloTime (MLT). At %4:20 UT, C1 anddCZ Wsre 04:02:24 UT (panel e) as can be seen with the increase of
separated by O®2nvariant Latitude (ILAT), C1 and C4 by low-energy electrons (below 100 eV). C2 also observed the

z ILAT’ and C1and C3 by‘8ILAT. cusp disappearing around 04:10:30UT (panel e), which is
This study uses data from the ion spectrometer CES1R about 1 min before C1 (panel d). Then C2 observed a low

et al., 2001), the electron detector PEACE (Johnstone ®hux electron precipitation, comparable to the mantle region

aI.,. 1997), and the energetic electrons instrument I:z’l'\PlDobserved after 04:30 UT, for about 7 min. Note that this inter-
(Wilken et al., 2001).

val of low flux does not contain energetic electrons (red line
on panel h) and is therefore not due to the return of the space-
craft on closed field lines. C2 encountered the second cusp
at 04:18 UT, about 1 min later than C1. After 10 min in this

Ann. Geophys., 31, 713#23 2013 www.ann-geophys.net/31/713/2013/
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second cusp, C2 finally entered the plasma mantle arounc 1st Cusp ond Cusp
04:27:45 UT. Itis also clear on the electron spectrograms that

this second cusp observed by both C1 and C2 shows lowel C2 C1
fluxes than the first cusp. The electron density is also lower, - =
as can be seen in the top panel of Fig. 5. C1 and C2 density is —_—
in the range 3—4 cm? in the second cusp around 04:20 UT, Gap
while it is above 10 cm? in the first cusp around 05:08 UT.
The first and second cusp can also be compared simultane
ously with C4 density reaching 13 criin the first cusp and — S
C1/C2 density in the range 3—4 crharound the same time. €~
Since the solar wind density around 04:08 UT was 3.48m  Flux] 1st Cusp 2nd Cusp
and down to 2.6 cm? around 04:19 UT, it could explain the
decrease of density between the first cusp observed by C:
and C2, with a maximum around 17 cf) and the cusp ob-

served by C4 around 13 cth. Gap C1

The polar cusp, by definition, lies on open field lines, as C2
can be seen on Fig. 3 with the decrease of flux of energetic S
electrons above 50keV (panel h). The sharp decrease oc ~ time

curred on the equatorward boundary of the cusp at the time_, .

when lw energy electron and fon fom the magnetosheatf . & S f o epareed susps et b 1 e 02

started to b_e observed in the cusp. At 04:02 UT and 04:06 UTeq (black) and C2 (red) (bottom) as a function of time.

C1 (black line on panel h) and C2 (red line) observed, respec-

tively, a burst of energetic electrons a few minutes after the

drop-out at the entry of the cusp. This is most likely due to

the motion of the cusp poleward (since the speed of the cuspVing et al., 2001). However, since we are only interested in

at mid-altitude can be larger than the speed of the satellitesfomparing the order of the exit and re-entry of C1 and C2

causing the spacecraft to move out of the cusp and back ontm the cusp, this assumption should be valid. C1 would enter

closed field lines for a few minutes. the gap first, characterised by the decrease of flux, followed
by C2; later on, C1 would leave the gap first, followed C2. If
we compare these fluxes with the observations on Fig. 5 (2nd

5 Double cusp or motion of the cusp panel from the top), we do not observe the same profiles. Al-
though we observe the exit of the gap as expected with C1

We will investigate if the two cusps encountered by the first (04:17 UT) leading C2 (04:18 UT), C2 entered the gap first

two spacecraft could be two separate cusps, as observed tat 04:10:13UT and then C1 at 04:10:41 UT — the opposite

Wing et al. (2001), or whether they are the same cusp enef what we expected from the sketch. Therefore, this simple

countered twice due to its motion, driven by external changesscenario with a gap in between two cusps is not observed in

in solar wind conditions. this event.

If two separate cusps existed simultaneously, we should Could these observations be explained by the motion of the
be able to observe them at two different latitudes simulta-cusp? Since its discovery in early 1970s, the cusp has been
neously. We can test this hypothesis since we have multipl&known to change its position following changes in interplan-
spacecraft crossing the cusp. The fact that C1 and C2 obetary conditions (Burch, 1972). The IM& would move the
served the second cusp around 04:20 UT while C4 observedusp in the north—-south direction (e.g. Carbary and Meng,
the first cusp at the same time, even though being located 986; Escoubet and Bosqued, 1989; Woch and Lundin, 1992;
more than 21LAT equatorward, would suggest that we have Newell and Meng, 1994; Sandholt et al., 1994; Zhou et al.,
indeed two separate cusps. We cannot however exclude th&000; Wing et al., 2001; Pitout et al., 2006a, b), while the
these three spacecraft observe the same cusp at 04:20 UMF- By would move the cusp in the east-west direction (e.g.
since for IMF-B; = —3 nT, the cusp could be up to 2. B AT Candidi et al., 1983; Crooker et al., 1987; Newell et al.,
wide (Pitout et al., 2006b), which is larger than the separa-1989). The 3rd panel from the top of Fig. 5 shows the IMF
tion between C1 and C4. The second aspect that we can teshanges during the cusp crossing of C1 and C2. During the
in favour of a double cusp is whether we observe a spatial gagst cusp crossing, the IMBy and B, components were equal
between the two cusps. Figure 4 is a sketch of the two spacearound—4nT up to about 04:10 UT. TheBy started to be-
craft crossing two cusps separated by a gap of precipitationcome smaller tha®, reaching a minimum around6 nT at
We assume that no change occurs between the two spac84:12 UT before gradually increasing up to abedinT at
craft crossings separated by a few minutes and that the tw04:17 UT. The time interval wheBy was smaller thaiB, oc-
cusps are similar, which may not be the case in reality (seeurs at approximately the same time as C1 and C2 observed

www.ann-geophys.net/31/713/2013/ Ann. Geophys., 31, 7733 2013



718 C. P. Escoubet et al.: Double cusp encounter by Cluster: double cusp or motion of the cusp?

Electron Density €) (b)
4:08 12MLT 41 12 MLT

a‘\) 101 14 10 14 10
g @D &
E A
S 100 ¢a =>
=10 ) 2
z aC4 a Cé
<1 0’ 16 8 16 8
_9% 10° Electron Eneggy Fqucatd100 eV
"v:; \ T et 11 T ] T
* 108 i ! 80 ILAT 90 80 ILAT 90
€ 107 (© (@)
§ 417 12MLT 419 12MLT
o) 106 " 14 10 14 10
210 & D
x 10° o a
i IMF bow shock shifted + 10 minutes s\ " 2 81N ek
w 10 \ \ \ \ \ T on Aca A Ca
— —B 8 8
E 5L _BZ ] 16 16
s Ot ]
% -5 m 80ILAT 90 80 ILAT 90
m r | . e .
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2.0 : : : ‘ : ‘ 04:11UT, 04:17 UT and 04:19 UT. These four times are marked on
— Fig. 5 for reference. The IMF clock angle is indicated in the upper
& 1.5¢ _ ] right corner of each diagram. The motion of the boundary of the
< 1ol ’\—R/J ] cusp measured between C1 and C2 is given by the thin black arrow.
> T - The direction of motion of the cusp is sketched by the wide arrow.
o 0.5} ]
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0.0
03"55 04"00 04"05 0410 04M15 04720 04"25 04"30 (()'jgig ?Jé_\r),(FQ4116ldl)JTT h(Fig- 6b), 04il7| ut (FL@J-dGCg andh
2002/08/20 : . : ig. 6d). These times are also marked above the
Universal Time 2nd panel from the top of Fig. 5 (with a, b, ¢ and d) to com-
Fig. 5. Top: electron density measured by PEACE on C1 (black), C2pare them to the electron fluxes measured by the three space-
(red) and C4 (magenta). Second from top: electron energy flux forcraft. In addition, the possible cusp position was shown as
an energy around 100 eV from C1, C2 and C4. Third from top: IMF a grey oval. We have chosen to represent the cusp as an oval
in GSM. Bottom: solar wind dynamic pressure propagated to thefor simplicity since it is similar to statistics for low solar wind
bow shock with 10 min.addi.tional delay for the propagation from pressure obtained by Newell and Meng (1994).
the bow shock to the mid-altitude cusp. At 04:08 UT (Fig. 6a) both C1 and C2 were in the cusp,
while C4 was equatorward of it on closed field lines. The
centre of the cusp was shifted slightly dawnward siige
the gap in between the two cusps (Fig. 5, 2nd panel from thevas negative with a value 6£3.6 nT, approximately equal
top). In fact, almost immediately after the decrease of IMF-to B,. At 04:11 UT (Fig. 6b), due to the decreased INBE-
By, C2 left the cusp and, less than a minute later, C1. Thig(—5.5nT) and increased IMB; (—-2.9 nT), the cusp moved
would require a fast reaction of the cusp, which is sometimeslawnward and both C1 and C2 left the cusp. Using the time
observed (Etemadi et al., 1988; Sandholt et al., 2002; Escoudifference between the drop of the flux of 100 eV electrons
bet et al., 2008a, b). Of course, some caution must be usednd the positions of the spacecraft, we estimate the speed of
in the timing discussion since the propagation of the IMF this motion to be around 88 knt$ along the C2—C1 line. If
measured at L1 to the cusp can have an inaccuracy of a fewe project this speed in the plane perpendicular to the local
minutes. magnetic field, which may be closer to the real speed of the
According to Newell et al. (1989) and Wing et al. (2010) cusp, we obtain 73 knTs. This speed is, however, measured
the cusp would move dawnward in the Northern Hemi- along the line joining C2 and C1 and gives only an approx-
sphere as IMFB, becomes more negative. We have sketchedimation to the real speed of the cusp. After about 6 min, the
such motion on Fig. 6. The position of C1, C2 and C4 is cusp moved back duskward (Fig. 6¢) due to the increase of
shown in an ILAT-MLT diagram for four times: 04:08 UT the By component and decrease of tBecomponent, which

Ann. Geophys., 31, 713#/23 2013 www.ann-geophys.net/31/713/2013/
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Fig. 7. Top: altitude of injection from the C1 position deduced from Fig. 8. Same as Fig. 7, but for C4.

the low energy cut-off of the ion dispersion. The first dispersion is

marked with open diamonds and the second one with green dia-

monds. Bottom left: position of the injection K — Zggy along

the Tsyganenko 1996 field lines. In blue for the first dispersion same for the first and second dispersion: around the sub-solar
and in green for the second. The magnetopause (Petrinec and Rugpint on the post-noon side (Fig. 7 bottom panels). The sin-
sell, 1996) is shown as a black line. Bottom right: same as left ingle dispersion observed by C4 shows also a distance around

Y — Zgsw. The T96 model uses the Sibeck et al. (1991) magne-15_15p_ and a source around the equatorial plane on the

topause model which scales self-similar with pressure, while the . . . .
Pgtrinec and Russell (1996) model also consié)ers B4FUnder post-noon side (Fig. 8). This suggests that the source of ions

certain circumstances, the differences in the models can result ir?bserved by C1 and C4 in the polar cusp was located around

a Tsyganenko magnetic field line to be located outside the modefne Same place at the magnetopause. It is an additional argu-
magnetopause location. ment in favour of the cusp moving back and forth. We also

looked at the distance of injection of the ion dispersion de-

tected by C3 (not shown) and found it very similar to C1 and
are then both around5nT at 04:17 UT. The cusp is detected CA4.
first by C4 at 04:15:05 UT, followed by C1 at 04:17:05UT  Newell et al. (1989) examined the effect of IM#y- on
(Fig. 5, 2nd panel from the top); C2, being duskward of the position of the cusp in magnetic local time. They found
C1, has not yet entered the cusp. Finally, at 04:18:29 UTthat for|By| > 3nT underB; < 0, the peak probability to see
C2 entered the cusp as well. The speed of the cusp is nowhe cusp is shifted dawnward by 0.5 h MLT. Given that they
23kms! along the C1-C2 line and 14km%when pro-  found that the cusp width was about 2.8 h MLT, this would
jected in the plane perpendicular to the local magnetic fieldmean that the dusk border of the cusp would move from
The analysis of the exit and entry of the cusp by C1 and C213.4h MLT to 12.9h MLT. In our case, C1 and C2 were
is therefore consistent with a single cusp moving first dawn-at 12.6 h and 12.8 h MLT, respectively, when they left the
ward and back duskward after a change in the IBjFand cusp, but according to the statistics they should have stayed
Bz components. This also explains the nested crossing of thin the cusp, although close to its border. One reason to ex-
gap by C1 and C2, with C2 entering the gap first and leavingplain this difference is that Newell considergsl,| > 3 nT,
the gap last. while in our caseBy reaches-6 nT, which could explain why

We can estimate from the low energy cut-off of the ion the cusp moved further toward dawn. Crooker et al. (1987),

dispersion the distance of injection of the ions, and using thebased on magnetic field data, found a displacement of the
Tsyganenko 1996 model (Tsyganenko, 1995), the locatiorcusp of 0.75Rg at the magnetopause (their Fig. 5), equiv-
where ions have entered the magnetosphere (see Trattner @ent to 0.25h MLT whenBy| > | B;|. They showed, how-
al., 2004, 2007, for the method). Figures 7 and 8 show theever, that the cusp maximum displacement predicted by their
distance and source of injection deduced from the ion dispermodel could reach up toRg or 3 h in an extreme case. In our
sion observed on C1 and C4, respectively. In the case of Clgase, it seems that the cusp, assuming a width of 2.8 h MLT,
since two dispersions are observed, the two sources are disould have moved by at least 0.9 h MLT dawnward whyj
tinguished: open diamonds for the first dispersion and greefecomes twice as large g3, |.
diamonds for the second. Although we only have three points We must point out that the IMF observed during the first
for the second dispersion, they show the same distance afusp population is different from the IMF observed during
injection, around 10-1Rg, as the first dispersion. Further- the second population. During the first cusp, is equal
more, the location of the injection at the magnetopause is théo B, with a value around-4nT, and during the second
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encounteBy is around-3nT andB; around—7nT. There-  sure had increased or decreased during these 3 min, we would
fore, it is not exactly under the same conditions that we en-have expected the position of the cusp to go back to its posi-
counter the second cusp. The model from Crooker (1979}ion by 04:11 UT, but our observations show that the space-
would predict reconnection at the low-latitude magnetopauseraft left the cusp at that time. During the second encounter
under southward IMF and at the high-latitude pre-noon mag-of the cusp by C1 and C2 around 04:17 UT and 04:18 UT,
netopause under dawnward IMF. FBy ~ B, their model  respectively, the pressure had decreased slightly to 1.1 nPa.
would predict reconnection at intermediate latitude and onAccording to Newell and Meng (1994) (see their Figs. 1 and
the dawnside of the magnetopause. Given that the Cluster ol®), a decrease of solar wind dynamic pressure would cause
servations are slightly on the dusk side (between 12:30 andhe cusp to narrow and move poleward. Using the formula
13:00 MLT) and that the particle tracing places the equator-on the effect of the solar wind pressure on the position of the
ward entry points at low latitude magnetopause, we may notusp derived by Pitout et al. (2006a, b), a change of pres-
have encountered the field lines undergoing anti-parallel resure from 1.3 nPa down to 1.1 nPa would move the equator-
connection but most likely the ones reconnected by compoward boundary of the cusp poleward by OlLAT and the
nent reconnection (Moore et al., 2002). Since we do not haveusp poleward boundary poleward by C.O8AT. This is a
observations on the dawnside, we cannot exclude that besmall motion compared to the separation between C1 and C2
tween 04:00 UT and 04:11 UT a double cusp was not formedijn latitude, which was about ®4LAT at 04:17 UT. There-
as shown by Wing et al. (2001) and Escoubet et al. (2008b)fore, such a moderate change in solar wind dynamic pressure
however, the first cusp may be consistent with the lower lat-could not explain the motion of the cusp that we observe with
itude cusp of Wing et al. (2001) double cusp. What we how-C1 and C2.
ever can state is that the first cusp observed by C1 and C2 Crooker et al. (1991) and Newell et al. (2007b) showed
was shorter than usual (for comparison C4 and C3 observethat the cusp widens in local time as the merging rate in-
a longer cusp) due to the quick motion of the cusp towardcreases. The change of clock angle fr@jndominant toB,
dawn, and the second cusp was due to the return of the cusgominant will increase the merging rate, so the motion of
toward dusk. the cusp discussed before may also be associated with its
Measurements of the speed of the cusp have been done imidening. We calculated the Newell et al. (2007a) function
a few cases using Cluster spacecraft near the exterior cuspldyp/d¢, which gives the best solar wind magnetosphere
Lavraud et al. (2002) found a speed of around 10 kinaf coupling function, and found a value of 9767 at 04:15UT
the boundary between the exterior cusp and the dayside mag#8y dominant) and 13870 at 04:18 UB{ dominant). Ac-
netosphere; Vontrat-Reberac (2003) measured both the poleording to Newell et al. (2007b), these two values falls in
ward and equatorward boundaries of the cusp in the rangéhe high merging rate domain. If we extrapolate between the
1-21kms? with an average of around 11 km% Cargill mid- and high merging rates (we only have the lower limit
et al. (2004) estimated a speed of the boundary between thef the high merging rate cusps in Newell et al. (2007b), so
magnetosheath and the exterior cusp of around 30Kms we will certainly overestimate this widening), we obtain a
and between the exterior cusp and the mantle of aroundvidening toward dusk (the same toward dawn) of a max-
33kmsl. The speed estimates in this study of the mid-imum of 0.29h MLT between 04:15 and 04:18 UT. Given
altitude cusp are higher when the cusp moved dawnwardhat C1 and C2 separation distance in local time at 04:17 UT
(70-90km s1) and around the same values as near the exwas 0.21 h MLT, the widening of the cusp with the increase
terior cusp (10-25kms) when it moved back duskward. of the merging rate could have played a role in the return
A possible explanation of this difference in speed is theof the cusp encountered by C1 and C2. This effect would,
sharp rotation of the IMF between 04:10 and 04:11 UT andhowever, be smaller than the motion of the cusp itself esti-
the slow return to its original value that continues up to mated around 0.9 h MLT (see above). We can also compute
04:17 UT. We should, however, be careful with our speed esthe widening effect when C1 and C2 left the cusp around
timations since only two spacecraft observed the cusp boundd4:10 UT, and we found that the cusp would have shrunk by
ary and they can only measure the component of the speedbout 0.15h MLT. At that time, the separation between C1
along the line that joins them. and C2 in local time was 0.19 h MLT; therefore, the widen-
We investigated if changes in solar wind dynamic pres-ing of the cusp only would not explain why both C1 and C2
sure could explain the two cusp populations. Figure 5 (bot-left the cusp.
tom panel) shows the solar wind dynamic pressure between
03:55UT and 04:30UT. Although we have a gap in solar
wind data around 04:10 UT, the pressure was around 1.3nPa Summary and conclusions
at 04:08 UT, and about the same value at 04:11 UT. If the
pressure stayed constant during the three minutes, whichiVe have presented a case study of cusp crossings with a time
would be a fair assumption given the slow changes of presdelay between the four Cluster spacecraft varying from a
sures seen during the cusp time interval, it cannot explairfew minutes to a few tens of minutes. C1 crossed the cusp
why C1 and C2 are leaving the cusp at 04:11 UT. If the pres-first and observed two cusp populations separated by a gap
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of precipitation lasting about 6 min. Three minutes later, C2  Topical Editor L. Blomberg thanks P. E. Sandholt and one
also observed two cusp populations at slightly different timesanonymous referee for their help in evaluating this paper.

than C1. The third spacecraft, C4, observed a single cusp

population 15 min later and finally C3, 42 min later, also ob-
served a single cusp population.

Due to the nested crossing of C1 and C2throughthega;gaerchem J., Marchaudon, A., Dunlop, M., Escoubet, C. P

between the two cusp populgtlons, C2 being flrst to Iea_vg Bosqued, J. M., Reme, H., Dandouras, |., Balogh, A., Lucek,
the cusp and last to re-enter it, these observations are diffi- £ carr, ., and Pu, Z.: Reconnection at the dayside magne-

cult to be explained by two distinct cusps with a gap in be-  topause: Comparisons of global MHD simulation results with
tween. However, since we observe the cusp in a narrow area Cluster and Double Star observations, J. Geophys. Res., 113,
of local time post-noon, a second higher latitude cusp, which A07S12,doi:10.1029/2007JA012742008.

would be expected from the anti-parallel reconnection, mayBurch, J. L.: Precipitation of low-energy electrons at high latitudes:

have been present in the pre-noon sector but could not be Effects of interplanetary magnetic field and dipole tilt angle, J.
observed. Geophys. Res., 77, 6696-67@0i:10.1029/JA077i034p06696

On the other hand, these observations are in agreement 1972.

with a motion of the cusp first dawnward and then backBurCh’ J- L. Re'ﬁ’_ P.H., _Splro, R'. W .Hee“s’ R‘ A., and F'EIdS’
. ] S. A.: Cusp region particle precipitation and ion convection for
duskward since:

northward interplanetary magnetic field, Geophys. Res. Lett., 7,

— C1 and C2 recorded a motion of the cusp toward dawn 393-396, 1980.

with a speed around 70-90 kmisand a return toward Candidi, M., Kroehl, H. W., and Meng, C. |.: Intensity distribution
dusk with a speed around 1025 ks of dayside polar soft electron precipitation and the IMF, Planet.

Space Sci., 31, 489-498, 1983.
— during the cusp motion, the IMF changed for about Carbary, J. F. and Meng, C.-l.: Relations between the interplanetary
6 min, with By becoming more negative and larger in magpnetic fieldBz, AE index, and cusp latitude, J. Geophys. Res.,

absolute value thaR;; 91, 1549-1556, 1986.
Cargill, P. J., Dunlop, M. W., Lavraud, B., Elphic, R. C., Holland, D.

— the source of injection of ions estimated using the en- L., Nykyri, K., Balogh, A., Dandouras, |., andefe, H.: CLUS-
ergy Cut_oﬁ Of the |On d|Spers|OnS Observed by Cl and TER encounters with the hlgh alt|tude CUSp: boundary structure
C4 always lies around the equatorial plane at the mag- and magnetic field depletions, Ann. Geophys., 22, 1739-1754,

: : doi:10.5194/ange0-22-1739-2Q@D04.
netopause, slightly on the duskside. ) .
P gntly Crooker, N. U.: Dayside merging and cusp geometry, J. Geophys.

The moderate change in solar wind dynamic pressure around Res., 84, 951-95@l0i:10.1029/JA084iA03p00951979.

0.2 nPA would not explain the motion of the cusp observedCrooker, N. U., Berchem, J., and Russell, C. T.: Cusp displacement
since it would induce a motion of the cusp that is smaller than &t the magnetopause for large IMF Y component, J. Geophys.
the separation distance between C1 and C2. The widening, Res., 92, 13467-134700i:10.1029/JA092IA12p13461987.

of the cusp with the increase of the merging rate may have rooker, N. U., Toffoletto, F. R., and Gussenhoven, M. S.: Opening

. the cusp, J. Geophys. Res., 96, 3497-3503, 1991.
played a role in the encounter of the second cusp, but nobunlop Mp W th:\)ng)]/ Q.-H., Xiao, C.-J., He, J.-S., Pu, Z., Fear

when C1 and C2 left the first cusp. . R. C., Shen, C., Escoubet, C. P.. Reconnection at high lat-
All these observations clearly favour a motion of the cusp  jiydes: Anti-parallel merging, Phys. Rev. Lett., 102, 075005,
induced by the change of IMF orientation. The cusp would  doi:10.1103/PhysRevLett.102.0750@509.
have moved toward the dawn flank as INBywas becoming  Escoubet, C. P. and Bosqued, J. M.: The influence of IMF-Bz and/or
dominant and back toward the sub-solar point when the IMF- AE on the polar cusp: An overview of observations from the
B, was southward dominant. AUREOL-3 satellite, Planet. Space Sci., 37, 609—626, 1989.
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