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Abstract. A study of the interaction of solar wind magnetic
field rotations with the Earth’s magnetosphere is performed.
For this event there is, for the first time, a full coverage over
the dayside magnetosphere with multiple (multi)spacecraft
missions from dawn to dusk, combined with ground magne-
tometers, radar and an auroral camera, this gives a unique
coverage of the response of the Earth’s magnetosphere. Af-
ter a long period of southward IMFBz and high dynamic
pressure of the solar wind, the Earth’s magnetosphere is
eroded and compressed and reacts quickly to the turning of
the magnetic field. We use data from the solar wind moni-
tors ACE and Wind and from magnetospheric missions Clus-
ter, THEMIS, DoubleStar and Geotail to investigate the be-
haviour of the magnetic rotations as they move through the
bow shock and magnetosheath. The response of the magne-
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tosphere is investigated through ground magnetometers and
auroral keograms. It is found that the solar wind magnetic
field drapes over the magnetopause, while still co-moving
with the plasma flow at the flanks. The magnetopause re-
acts quickly to IMFBz changes, setting up field aligned cur-
rents, poleward moving aurorae and strong ionospheric con-
vection. Timing of the structures between the solar wind,
magnetosheath and the ground shows that the advection time
of the structures, using the solar wind velocity, correlates
well with the timing differences between the spacecraft. The
reaction time of the magnetopause and the ionospheric cur-
rent systems to changes in the magnetosheathBz seem to be
almost immediate, allowing for the advection of the structure
measured by the spacecraft closest to the magnetopause.

Keywords. Magnetospheric physics (Magnetosheath;
Magnetosphere-ionosphere interactions; Solar wind-
magnetosphere interactions)
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1 Introduction

The main driver of the dynamics of Earth’s magnetosphere
is the solar wind, through e.g. reconnection at the mag-
netopause during southward Interplanetary Magnetic Field
(IMF) Bz eroding the magnetic field at the dayside or com-
pression of the magnetosphere during high ram pressure with
northward IMFBz. Nishida (1983) already described how
the IMF influences the Earth’s magnetosphere. The inter-
action of specific structures in the solar wind and how they
transport energy from the solar wind to the magnetosphere
is discussed e.g. byLundin (1988). The compression of
the magnetosphere by a period of high ram pressure solar
wind, ∼4.5 nPa (similar to the ram pressure for the event
discussed in this current paper) was observed during a pas-
sage of WIND through the magnetosheath and magnetopause
(Phan et al., 1996). The reaction of the Earth’s magneto-
sphere to interplanetary coronal mass ejections (ICMEs), ob-
served by ACE and Wind, was studied in a set of papers by
e.g.Farrugia et al.(1993a,b, 1995, 2002) and for low Mach
number CMEs by e.g.Lavraud and Borovsky(2008).

Single spacecraft measurements of the solar wind inter-
action with the bow shock and the magnetopause include
studies of Flux Transfer Events (FTEs) by Geotail (see e.g.
Sibeck and Siscoe, 1984; Korotova et al., 2009). The motion
of the magnetopause and its statistical location was studied
using Geotail (Ivchenko et al., 2000). And the erosion of
the magnetopause during southward IMF was studied by e.g.
Pudovkin et al.(1997); Shue et al.(2001).

In this age of multi-spacecraft missions, as Cluster and
THEMIS, it has become easier to investigate the motion of
solar wind structures and their properties in various loca-
tions. For instance FTEs have been studied with THEMIS
by Wild et al. (2005); Fear et al.(2008); Lui et al. (2008);
Hasegawa et al.(2010) and with Cluster byLockwood et al.
(2001); Wang et al.(2007). The motion of interplanetary
shocks through the magnetosheath have been studied using
Cluster (Keika et al., 2008, 2009; Pallocchia et al., 2010) and
THEMIS (Zhang et al., 2009).

The connection between something happening in the solar
wind, such as an IMF rotation, and what happens deeper in
the magnetosphere has been studied bySandholt et al.(1998,
2004, and references therein). They discuss the dayside au-
rora and its relation to the IMF magnetic field orientation.
They show that for “intermediate” clock angle (By dominant
and 90◦ < θ < 135◦) the aurora moves to higher latitudes.
For strongly southward field (135◦ < θ < 180◦) they find a
strong erosion of the magnetopause.Sandholt and Farrugia
(2002) found that observations of the dynamics of the aurora
could well be used to monitor global changes in the magne-
tospheric magnetic topology.

The changes in the location of the aurora are often related
to changes in the location of the open-closed magnetic field
line boundary. The determination of the location of the open-
closed boundary can be done by various methods. In the

case of the dawn sectorWild et al.(2004) used SuperDARN,
IMAGE, Cluster, Fast and DMSP data to find this location.
It was found that narrow band UV emissions (130–140 nm)
were most reliable.

The motion of the magnetopause (and the bow shock)
caused by its interaction with an interplanetary shock was
studied byZhang et al.(2009), where they found that the
magnetopause moves Earthward at a velocity of∼47 km s−1.
This Earthward motion is caused by the increase of dynamic
pressure and not through erosion of the magnetopause. In-
deed, the response of the magnetosphere to changes in dy-
namic pressure in the solar wind have been discussed by
Sibeck(1990); Sibeck and Gosling(1996). The response to
variations in the IMF direction were discussed inSibeck et al.
(2000), where it was found that the magnetopause moved
outward when the magnitude of the IMFBy decreased. How-
ever, the link between IMFBz and region 1 Birkeland cur-
rents, together with the inward motion of the magnetopause
and a decrease in magnetospheric field strength was shown
in Sibeck et al.(1991).

The erosion of the magnetopause through southward IMF
Bz is discussed by e.g.Mühlbachler et al.(2003, 2004) where
the reduction of the total magnetic field at geostationary orbit
is modeled as a function of the IMFBz. Lockwood et al.
(2005) also showed the erosion for southward IMF, however,
they found that the open-closed boundary moves poleward
regardless of IMF direction when there is a substorm growth
phase in the tail.

Lately, some studies have been done on the open-closed
field line boundary and the cusp and the dependence on the
IMF (Pitout et al., 2006; Hu et al., 2007; Cai et al., 2009),
where it was found that the reconnection line moves equator-
ward/poleward of the cusp when the IMF changes sign, and
compatible with the pictures obtained from statistical studies
(Lavraud et al., 2004, 2005). The cusp was observed to re-
act rather fast to local (i.e. lagged to the position of Cluster)
turnings of the IMF as also shown in numerical modeling by
Wiltberger et al.(2003).

In the past the lack of simultaneous coverage by space-
craft in the solar wind and in the magnetosphere has pre-
vented (comprehensive) coordinated studies of the interac-
tion of IMF rotations with the magnetosphere. In this paper
we combine the data from a special conjunction of THEMIS
and Cluster, with the former near the dusk flank and the lat-
ter near the dawn flank. With the help of two other missions,
DoubleStar and Geotail, we can get information about what
is happening near the nose of the magnetopause. The so-
lar wind monitors ACE and Wind show what kind of struc-
tures interact with the bow shock and magnetopause. Ground
based magnetometers, ionospheric radars and and an auroral
camera show what is happening inside the magnetosphere.
This is the first time that such a comprehensive data set is put
together to investigate the response of the Earth’s magneto-
sphere to rotations in the solar wind magnetic field.
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In this paper we investigate how north-south rotations of
the IMF, as measured by Wind and ACE are interacting with
the Earth’s magnetosphere and what signatures are measured
on the ground. We use data from various space experi-
ments: in the solar wind ACE and Wind; in the magne-
tosheath THEMIS, Cluster, DoubleStar and Geotail; on the
ground CARISMA, south pole auroral camera, SuperDARN
and IMAGE and equivalent currents are determined from
data delivered by 48 stations from various ground magne-
tometer chains (CANMOS, CARISMA, GIMA, Greenland,
MACCS and THEMIS GMAG). The paper is built up in the
following way: Sect.2.1discusses the observations by ACE
and Wind and the IMF rotations are identified and the proper-
ties of the rotational fronts passing by the spacecraft is stud-
ied. Section2.2discusses the observations of these rotations
by the spacecraft in the Earth’s magnetosheath. Section2.3
looks at the behaviour of the magnetopause and the aurora
and Sect.2.4discusses the data from ground magnetometers
and the SuperDARN radars. In Sect.3 we discuss the data
presented in the previous section and in Sect.4 a summary
and conclusion is given.

2 The data

Unless stated otherwise, the data from the spacecraft are
given in the GSE coordinate system.

2.1 Observations in the solar Wind

On 14 June 2007, Wind, located at(262,33,24) RE, and
ACE, located at(232,−37,14) RE, measured the solar wind
magnetic field (Smith et al., 1998; Lepping et al., 1995) and
plasma (McComas et al., 1998; Lin et al., 1995) shown in
Fig. 1. During the interval of 14:00–20:00 UT it is clear in
the data that there are several magnetic structures in the so-
lar wind, mostly rotations of the field. We have marked the
north-south (NS) and south-north (SN) IMF rotations with
yellow shadings in Fig.1 and numbered them 1 through 6.
There are changes in magnetic field magnitude,Bt, up to
30 % for some field rotations, at the first SN rotation # 1
at ∼16:18 UT the total field increases by 2 nT and after the
first NS crossing (# 2) the field decreases by 2 nT. After
∼18:38 UT there is a significant change inBt during the NS
rotation # 6 with a drop of 3 nT.

ACE is lagging Wind by approximately 12 min, which is
about twice the solar wind travel time in the x-direction with
the solar wind velocity as shown in Fig.1. This means that
these fronts are not moving outward as a plane wave structure
with its normal in the x-direction. We will discuss this further
below.

The solar wind is rather fast at∼584 km s−1, with a den-
sity of ∼6 cm−3, which corresponds to a strong dynamic
pressure ofPdyn ≈ 4.6 nPa. This leads to a strong compres-
sion of the magnetosphere. Furthermore, the solar wind mag-
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Fig. 1. Wind (magenta) and ACE (blue) data for 14 June 2007,
showing in GSE coordinates the solar wind magnetic field param-
eters (3 components and total field) and the solar wind velocity (3
components) and density. The data from ACE have been shifted
backwards in time by 12 min. The yellow shaded areas are the six
magnetic field rotations that will be discussed in this paper.

netic field was southward since∼14:30 UT (see Fig.1) and
thus a strong erosion of the magnetosphere is expected (this
will be discussed in Sect.2.3below).

For the purpose of this paper, we identified the follow-
ing structures in the Wind data during the interval 16:00–
19:00 UT (magenta in Fig.1). First there are two south-north
– north-south (SN-NS) turnings of the solar wind magnetic
field starting at∼16:26 UT (# 1) and ending at∼16:58 UT
(# 2) and then starting at∼17:06 UT (# 3) and ending at
∼17:24 UT (# 4). These structures are followed by a saw-
tooth looking behaviour, i.e. a gradual SN rotation of the
magnetic field starting at∼17:46 UT followed by a fast NS
rotation at∼18:21 UT (# 5), followed by another slow SN
rotation and again a fast NS rotation at∼18:38 UT (# 6).

A minimum variance analysis was performed on the mag-
netic field data for the rotations. The results can be found in
Table1 and the specific intervals are highlighted in Figs.1
and2. The normal of rotation # 1 has only slightly different
values at Wind and ACE, so we can assume a plane propagat-
ing wave. The front is tilted in the XY-plane by∼ 20◦ with
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Fig. 2. The Bz data for ACE (blue) and Wind (magenta),
THEMIS A, Cluster 1, TC1 and Geotail. The shaded (yellow for
ACE and cyan for Wind in the top panel) and numbered areas are
the time intervals for which minimum variance analysis was per-
formed (the results shown in Table1). The black shaded intervals in
the Geotail panel show where the spacecraft was inside the magne-
tosphere. The bottom panel shows the clock angle of the magnetic
field for Wind, THEMIS A, Cluster 1 and TC1, with the data shifted
as to match with Cluster 1. The grey shaded area around shows a
region ofθc,wind±30◦.

respect to the y-axis. This means that atYACE the front needs
to move an additional 25RE to reach the spacecraft, almost
doubling the1X between Wind and ACE from 30 to 55RE,
leading to a∼12 min travel time.

Using the criteria bySmith (1973) we have determined
whether these rotations of the magnetic field direction are
rotational or tangential discontinuities. We have calculated
Bn/Bl,max and1Btot/Bl,max, whereBn andBl are the mag-
netic field components in the minimum and maximum vari-
ance directions, respectively. According to the qualification
by Smith(1973) rotational discontinuities haveBn/Bl,max>

0.4 and1Btot/Bl,max< 0.22, whereas tangential discontinu-
ities haveBn/Bl,max< 0.22 and1Btot/Bl,max> 0.22. Dis-
continuities withBn/Bl,max< 0.4 and1Btot/Bl,max< 0.22
are considered ambiguous, and any values outside these three
limits are labeled as not fitting any classification.

The results are given in Table1, which shows that for Wind
# 1 is a tangential discontinuity, # 2 is ambiguous and # 3
trough 6 are do not fit in Smith’s classification. For ACE we
only find that # 5 is a rotational discontinuity and all others
do not fit any classification.

It should be noted that for ACE the eigenvalue ratioλ1/λ2
of rotations # 2 and 3 is rather large, so the normal direction
may not be well defined. In order to be able to make some
analysis of the front motion, we have set a, relatively large,
limit to the eigenvalue ratio of 0.2. Also, “nested MVA”
analysis (see e.g.Zhang et al., 2005; Volwerk, 2006) should
give the approximately same normal direction. This analysis
showed that there is little difference in the normal determi-
nation for slightly different time intervals over the rotations,
and did not result in a better ratio forλ1/λ2. For a discussion
of the MVA technique and its limitations see e.g.Volwerk
(2006) and references therein.

In Fig. 3 left column, we have plotted the normal direc-
tions for the first four rotations (# 1 through 4) and the plane
of the front for ACE and Wind. These four rotations make
up a set of “square wave” fast SN-NS turnings, which we
can easily compare with each other. Using the front normals
(minimum variance direction) we make an assumption on the
shape of the front moving with the solar wind, which is dis-
played as a yellow curve in the figure.

It is clear that for rotation # 3 the minimum variance direc-
tion is very different between ACE and Wind, and it seems
that this front is concave as seen from the Earth, instead of
plane or convex as one would expect coming from the Sun
and as the other three fronts are, see Fig.3 left column. Such
conclusions must be looked at skeptically, though, because
of the ambiguous normal direction.

Not only is there a difference in the “front normal” of the
magnetic field rotations # 2, 3 and 4 for ACE and Wind, the
shapes of the structures are also different, as can be seen
in Fig. 1. At this point, it is difficult to say whether these
changes in shape are temporal variation related to the travel
time from ACE to Wind or if they are spatial changes re-
lated to the different locations of the two spacecraft in the
solar wind. As for rotations # 2 and 3 the MVA direction is
well determined for Wind, we can make a similar calcula-
tion as for rotation # 1 to check whether the front is a plane
or a convex/concave structure. Assuming a plane propagat-
ing front we find for rotations # 2 and 3 an angle/extra1X

of 32◦/44RE and 47◦/75RE, respectively. With a nearly
constant solar wind velocity, this means that the time delay
between Wind and ACE should be greater than the∼12 min
as determined for # 1. Observed is that the delay has not
changed, indicating that the front has to be concave, as seen
from the Earth. Rotation # 4 shows a different sign y-
component of the normal which results in an angle/extra1X

of −17◦/21RE. Again, assuming constant solar wind ve-
locity and constant time delay between Wind and ACE, the
front needs to be convex. This is consistent with the (badly)
determined normals for ACE.

Ann. Geophys., 29, 1549–1569, 2011 www.ann-geophys.net/29/1549/2011/
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Table 1. Minimum variance directions for the south-north and north-south turnings for the various spacecraft for the intervals marked
in Fig. 2, including the ratio of minimum and intermediate eigenvalue and discontinuity parameters. Any values in italics mean that the
minimum variance direction was not well defined.

Time λ1/λ2 Wind λ1/λ2 ACE

1 <10−3 (0.88, 0.32,−0.34) 0.07 (0.87, 0.45,−0.15)
2 <10−3 (0.65, 0.41,−0.63) 0.4 (0.94,−0.10,−0.33)
3 0.02 (0.67, 0.72,−0.15) 0.4 (0.31,−0.79, 0.53)
4 0.06 (0.89,−0.25,−0.36) 0.15 (0.72, 0.38,−0.58)
5 0.40 (0.88, 0.45,−0.11) 0.11 (0.78, 0.11,−0.61)
6 0.12 (0.85, 0.35,−0.39) 0.21 (0.87,−0.21,−0.44)

Time Bn/Bl,max 1Btot/Bl,max Bn/Bl,max 1Btot/Bl,max

1 0.19 0.28 0.26 1.43
2 0.11 0.03 0.67 0.88
3 0.56 0.91 0.88 0.01
4 0.55 0.56 0.41 0.60
5 0.12 1.17 0.41 1.19
6 0.30 0.43 0.52 0.14

λ1/λ2 C1 λ1/λ2 ThA

1 0.3 (0.61,−0.75,−0.21) – –
2 0.6 (0.92, 0.19,−0.34) 0.2 (0.67, 0.73,−0.08)
3 0.2 (0.13, 0.96, 0.24) 0.2 (0.90, 0.42,−0.05)
4 0.1 (0.57,−0.61, 0.54) 0.3 (0.94, 0.30,−0.13)
5 0.7 (0.80,−0.53,−0.25) 0.19 (0.93, 0.34, 0.09)
6 0.22 (0.36,−0.85, 0.39) 0.25 (0.80, 0.59,−0.03)

Timing C Timing Th

1 tim (0.94,−0.17,−0.28) tim (0.98,−0.15, 0.13)
2 tim (0.97,−0.11,−0.23) tim –
3 tim (0.99, 0.01,−0.15) tim (0.97,−0.18, 0.12)
4 tim (0.76, 0.56,−0.32) tim (0.98,−0.16, 0.13)
5 tim (0.94, 0.33,−0.08) tim (0.90,−0.26, 0.34)
6 tim (0.97,−0.09, 0.23) tim (0.99,−0.07, 0.14)

λ1/λ2 TC1 λ1/λ2 Geo

1 0.6 (0.67,−0.67, 0.29) 0.16 (0.86,−0.50,−0.10)
2 0.2 (0.90, 0.07,−0.42) – –
3 0.09 (0.89,−0.16, 0.42) 0.14 (0.86,−0.50,−0.01)
4 0.09 (0.94,−0.12, 0.31) – –

The sawtooth-looking rotation #5 has slightly different
front normals for ACE and Wind, however, the main differ-
ence between the two spacecraft is the time length difference
and normal direction for the second sawtooth-looking rota-
tion # 6. Figure1 shows that rotation # 6 happens approxi-
mately 12 min later for ACE as compared with Wind in the
time shifted data set. It will be shown below that all mag-
netosheath spacecraft observe the longer sawtooth-looking
structure as observed by ACE. The normals for # 5 at Wind
and # 6 at ACE are badly determined, however similar to
above a case can be made that the normals are acceptable
for rotation # 5 and the propagation of the rotational front.
However, for rotation # 6 it is not so clear. In the XY-plane

the two normals are pointed towards each other (i.e. opposite
sign of y-component) and thus a concave structure for the
front can be assumed comparable with that of rotation # 3.
From the inferred shape of the front there is no compelling
reason for the second interval (between # 5 and # 6) to be
so much shorter, thus a spatial difference in the solar wind
structure must be assumed to explain this phenomenon.

2.2 Observations in the Earth’s magnetosheath

During the time interval discussed in the previous subsec-
tion, several spacecraft are located in the magnetosheath:
THEMIS at ∼15:00 LT, Cluster at∼05:00 LT, DoubleStar
TC1 is near local noon and Geotail skims along the

www.ann-geophys.net/29/1549/2011/ Ann. Geophys., 29, 1549–1569, 2011
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Fig. 3. Left column: the location of ACE (blue) and Wind (ma-
genta) and the minimum variance direction of the magnetic field ro-
tations as arrows and the tangential plane in the XY-plane. The yel-
low curve shows an interpretation of the spatial shape of the fronts
moving with the solar wind and should only be used as a guide.
Right column: the location of Cluster (black), Geotail (green) Dou-
bleStar TC1 (blue) and THEMIS (red) in the XY-plane, with the
average location of the bow shock (solid black) and magnetopause
(dashed black) taken fromFairfield (1971) and the yellow curve
shows how the draping of the solar wind over the magnetopause can
look like. Spacecraft labeled in grey indicate an ill-defined normal
direction.

magnetopause from∼07:00 to∼11:30 LT. The locations of
the spacecraft are shown in Fig.4.

We use data from the flux gate magnetometers on the var-
ious spacecraft (Auster et al., 2008; Balogh et al., 2001; Carr
et al., 2005; Kokubun et al., 1994). TheBz of all spacecraft
are shown in Fig.2. It is clear that THEMIS, Cluster and
TC1 show a similarBz-behaviour as the solar wind moni-
tors. The first clear difference between the solar wind and
the magnetosheath is that the amplitude of the magnetic ro-
tations is much larger in the magnetosheath. Naturally, such
an amplification is expected after a crossing of the Earth’s
bow shock (see e.g.Sckopke et al., 1983; Burgess, 1995).

The THEMIS spacecraft are close to the bow shock af-
ter having crossed it and entered the magnetosheath at
∼17:25 UT. THEMIS A even crosses back into the so-
lar wind at ∼18:06 UT, in the middle of the SN-NS rota-
tion while Bz was northward. Therefore, we use THEMIS
to check the shock relation for a quasi-perpendicular bow
shock. For the exactly perpendicular shock one can write the
following relation between upstream (u) and downstream (d)
shock normal velocity and shock tangential magnetic field
(see e.g.Burgess, 1995):

vunBut = vdnBdt. (1)

In order to find the normal of the bow shock we use copla-
narity theorem (Schwartz, 1998). Using the various tech-
niques we find an average normal ofn̂ ≈ (0.87,0.42,−0.25).
Similarly, in order to find the speed of the bow shock in the
spacecraft frame of reference we use the mass-flux algorithm
(Schwartz, 1998), which leads tovsh≈ 38.5 km s−1 along the
normal. Having determined these two quantities for the bow
shock we can then relate the upstream and downstream quan-
tities through Eq. (1). For example comparing the minimum
in Bz at ThA near∼18:00 UT compared to the same mini-
mum in the solar wind data: upstreamvnBt ≈ 4.72 mV m−1

and downstream 4.86 mV m−1, a rather good agreement.
A minimum variance analysis was performed on the same

structures as in the ACE and Wind data, for the magne-
tosheath spacecraft. The result is shown in Table1 and the
intervals are highlighted in Fig.2. The MVA determination
has a very large eigen value ratioλ1/λ2 for many of the struc-
tures. Therefore, the normals for the multi-spacecraft mis-
sions Cluster and THEMIS have also been determined using
timing analysis. We have performed timing analysis (Har-
vey, 1998) on the magnetic field data for all 6 structures, us-
ing the BX = 0 crossing for all spacecraft. In Fig.3 right
column the structure normals and their tangents are plotted,
where the locations of the bow shock (solid line) and mag-
netopause (dashed line) are taken fromFairfield(1971). The
figure shows how the magnetic field (structures) get draped
over the Earth’s magnetopause at the nose of the magne-
topause and pulled out again at the flanks. The bottom panel
in Fig. 2 shows the clock angle of the magnetic field, defined
asθ = atan{Bz/By}, where the gray shaded area around the
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Fig. 4. Schematic of the location of the near-Earth spacecraft in the XY- and XZ-plane over the period of 16:00 (*) till 20:00 (O) UT, which
shows how the spacecraft are moving in the magnetosheath (C1 black, Geotail green, TC1 blue, ThA red). The solid curved line is the bow
shock and the dashed curved line is the magnetopause as in Fig.3.

Wind trace showsθW ±30◦ asColeman(2005) showed that
70 % of the draping events fall within this region.

Similarly, we can compare the velocities of the magnetic
field structures upstream and downstream of the shock using
spacecraft for which plasma measurements are available, i.e.
Cluster (Rème et al., 2001) and THEMIS (McFadden et al.,
2008). The temporal length of the second SN-NS structure is
slightly different for both solar wind monitors: ACE shows a
time interval of∼12.3 min, whereas Wind shows a time in-
terval of∼14.0 min. For the spacecraft in the magnetosheath
we find that the time interval for Cluster is∼9.6 min, for
THEMIS∼11.7 min and for TC1∼12.1 min. Assuming con-
tinuity and frozen-in field, the ratio of the time intervalsRT
in solar wind and magnetosheath should be comparable to
the ratio of the plasma velocityRv in the solar wind and in
the magnetosheath. We find the following ratios:

1. Cluster:

(a) ACE RT ≈ 0.78 –Rv ≈ 0.69

(b) Wind RT ≈ 0.69 –Rv ≈ 0.69

2. THEMIS:

(a) ACE RT ≈ 0.95 –Rv ≈ 0.46

(b) Wind RT ≈ 0.83 –Rv ≈ 0.46

3. TC1:

(a) ACE RT ≈ 0.98 –Rv NA

(b) Wind RT ≈ 0.86 –Rv NA

This means there is a good/reasonable correlation between
Cluster and Wind/ACE. However, there is very little agree-
ment between THEMIS and either ACE or Wind. Possi-
bly, this could be related to the “squeezing” of the mag-
netic flux tube as described byZwan and Wolf(1976) af-
ter it has moved into the magnetosheath proper. Near the

quasi-perpendicular shock, the crossing of the bow shock
can squeeze the plasma out of the magnetic flux tube along
the field lines, whereby the plasma pressure is reduced and
the flux tube itself will become thinner because of the non-
changing magnetic tension. The assumptions made in the
bullet list above are no longer valid then, and thus the calcu-
lated ratios will not be in agreement.

In Table3 the result of the timing analysis is shown for ro-
tations # 3, 4, 5, and 6. These rotations were chosen as they
represent two different kind of structures in the solar wind,
the “square” and the “sawtooth-looking” rotations. Rotation
# 1 is rather unclear in the THEMIS data and thus this one
and # 2 have been omitted here. The determined structure ve-
locity is compared with the measured plasma velocity. As the
timing method only determines the velocity of the structure
along the normal (and thus implicitly also the normal itself),
we have also projected the plasma velocity onto the normal
direction. In Fig.5 we show a graphical representation of the
result. The velocity for rotation # 4 at Cluster is ill defined
because of a variation in the C2 magnetic profile, which also
means that the normal is ill defined. However, for the Clus-
ter spacecraft is seems clear that the motion of the magnetic
structure agrees well with the motion of the plasma, i.e. the
magnetic field is most likely frozen into the plasma, as the
timing analysis will under-estimate the actual velocity of the
structure (see e.g.Harvey, 1998). For THEMIS the discrep-
ancy between the velocity determined from the timing anal-
ysis and that from the plasma instrument is greater. The con-
stellation of the THEMIS spacecraft, however, is not good
for timing analysis. When the spacecraft are in a quasi-2-D
or quasi-1-D configuration, the correct determination of the
normal and velocity loses integrity as the the “disappearing”
dimensions cannot be probed and thus do not add their con-
tribution to the determination of the normal. For an overview
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Fig. 5. The location (marked by x) and motion (marked by a line starting from the x) of the cluster (top) and THEMIS (bottom) spacecraft
during the period 17:00–19:00 UT. The plasma flow velocity is shown as a pink arrow from C1 and ThA. The structure velocities, determined
by timing analysis, are shown as black arrows.

of multi-satellite techniques see e.g.Paschmann and Daly
(1998); Volwerk (2006); Paschmann and Daly(2008). We
will return to this in the discussion section.

The magnetic field structures observed by the solar wind
monitors were slightly different in shape, where it was not
know if it were temporal or spatial differences that were ob-
served. Comparison of the sawtooth-looking structure with
the solar wind monitors shows that in shape there is good
agreement between Wind, THEMIS and TC1 (slow ramp up
of Bz), then there is the other combination of ACE, Cluster
and Geotail (quick jump ofBz). These combinations are also
related to the spacecraft positions, based on the spacecraft
being located on the dusk or dawn side of the Earth, with
TC1 near noon counted as a dusk. This clearly indicates that
there is a dawn-dusk spatial variation of the structure in the
solar wind.

In Table2 we show the time difference between the struc-
tures observed by Wind (farthest from the Earth) and the
other spacecraft and in the magnetosheath the time difference
between ThA (closest to the bow shock) and the other near-
Earth missions. We have chosen structure # 3 (see Fig.2) and
the sharp drops in the middle and at the end of the sawtooth-
looking structure (# 5 and 6), which are available, and clear
sharp structures, in all spacecraftBz signatures (albeit that
for Geotail the latter may be in the magnetosphere). There is
good agreement with1TW for # 3 and # 5, but there is a dis-
crepancy of∼0.2 h for # 6, i.e. there is a structural difference
of 0.2 between the1TW for rotations # 3/5 and rotation # 6.
This difference in timing between Wind and the other space-

craft is caused by a variation in the magnetic structure that
is only observed by Wind. Clearly, in Fig.1 panelBz it can
be seen that ACE and Wind do not show the same rotation.
The rising part of Wind at∼18:30 UT is shorter by∼12 min
when compared with ACE and the spacecraft in the magne-
tosheath. Table1 shows that the normals for rotations # 5
and 6 have the same direction (albeit # 5 is badly determined
for Wind) thus is seems unlikely that the previously deter-
mined curvature of the front is responsible for the difference
in duration.

Also note that the time differences between ThA and the
other magnetosheath spacecraft is different for these struc-
tures. For rotation # 3 the order is ThA – TC1 – Geo – C1
whereas for # 5 C1 moves before Geo (ThA – TC1 – C1 –
Geo) and for # 6 also C1 also moves before TC1 (ThA –
C1 – TC1 – Geo). This could argue for a differently shaped
structure crossing the bow shock. We will address this in the
discussion section below.

2.3 Observations along the Earth’s magnetopause and
aurora

After the long period of southwardBz in the solar wind, the
magnetopause is very close to the Earth. TC1 is located
near local noon at (9.41,−0.33, −6.22)RE and Geotail is
located near (4.73,−9.39,−1.20)RE around 18:00 UT. Geo-
tail seems to be skimming the magnetopause, the blacked re-
gions in Fig.2 Bz (Geo) panel are showing the time intervals
that Geotail is in the magnetosphere. The magnetospheric

Ann. Geophys., 29, 1549–1569, 2011 www.ann-geophys.net/29/1549/2011/



M. Volwerk et al.: From L1 to ground 1557

Table 2. Time differences between different spacecraft of observed magnetic structures. Shown are the times of observation in decimal hours
and the differences of all spacecraft with Wind (the furthest out) and the differences between all magnetosheath spacecraft and ThA (nearest
the bow shock).

SC # 3 1TW 1TThA # 5 1TW 1TThA # 6 1TW 1TThA

Wind 17.14 – NA 18.39 – NA 18.66 – NA
Ace 17.34 0.20 NA 18.52 0.13 NA 19.03 0.37 NA
ThA 18.02 0.88 – 19.26 0.87 – 19.67 1.01 –
C1 18.11 0.97 0.09 19.32 0.93 0.06 19.77 1.11 0.10
TC1 18.05 0.91 0.03 19.31 0.92 0.05 19.80 1.14 0.13
Geo 18.10 0.96 0.08 19.37 0.98 0.11 19.85 [1.19] [0.18]

Table 3. Shown are the plasma velocity as measured by the spacecraft an the velocity of the magnetic structures resulting from the timing
analysis. The time at which the timing analysis has been performed is given for THEMIS A. Also the angleθ between the plasma flow
velocity and the structure normal velocity is given. The velocities in italics are the plasma velocity projected onto the normals of the
structure. The plasma velocity did not change significantly over the interval and an average value is used for comparison.

Event UT Cluster |v| θCl THEMIS |v| θTh

Plasma (−380,−80,−100) 401 (−200, 175,−50) 270

3 18:02 (−270,−117,−40) 297 13◦ (−150, 29, 19) 154 35◦

(−355,−153,−52) 390 (−215, 41, 27) 221
4 18:12 (−92, 27, 33) 101 – (−116, 19, 16) 119 37◦

5 19:15 (−231,−82,−21) 246 12◦ (−92, 27, 35) 102 39◦

(−368,−130,−33) 392 (−188, 55, 71) 208
6 19:40 (−215, 20, 50) 222 32◦ (−101, 8, 15) 102 41◦

(−328, 30, 73) 337 (−200, 15, 29) 203

regions are determined from the plasma instrument (Mukai
et al., 1994), setting the limit that the ion temperature is
greater than 500 eV (see also theTi panel in Fig.2). This
puts the magnetopause at the subsolar point at a distance well
within 10RE.

It is clear from the GeotailBz andTi data in Fig.2 that
whenever Geotail is in the Earth’s magnetosphere, the tem-
perature is high andBz is positive. However, in the last
∼10 min of the interval shown in Fig.2 the temperature
Ti > 500 eV (much higher than the magnetosheath value of
Ti ≈ 250 eV), but there is a strong oscillation of theBz from
positive to negative. This is accompanied by strongBy os-
cillations with1By ≈ 50 nT in phase withBz. Most likely,
Geotail is in a boundary layer and shows the sameBz oscil-
lations as TC1, but this fall outside the scope of this paper.

In Fig. 6 we have plotted theBz of TC1 and Geotail (with
the black markings showing when Geotail is in the magne-
tosphere) below the keograms for 4278 and 6300Å from the
Amundsen-Scott base at South Pole (lat.−90◦). With Geo-
tail skimming the magnetopause we can use TC1 to evaluate
the response of the magnetopause to changes in the magnetic
field of the magnetosheath upstream.

Looking at the keogram there are two starts of poleward
motion of the aurora at∼17:39 and∼18:18 UT, marked with

a green vertical line in Fig.6, the end of the poleward motion
is marked with pink vertical lines at∼18:12 and∼18:33 UT.
The poleward motion of the aurora happens when Geotail
and TC1 have been showing positive, i.e. northwardBz for
a while. This means that the reconnection at the magne-
topause has stopped and the magnetosphere is growing out-
ward again, expanding over Geotail for a while. A schematic
is shown in Fig.7, where after the northward turning of
the IMF the magnetopause starts to expand outward and en-
velops Geotail and after the southward turning of the IMF the
magnetopause is eroded again and Geotails enters the mag-
netosheath.

Analysis of the polar motion of the auroral boundary in ge-
omagnetic coordinates shows that it moves with a velocity of
530 m s−1 for the interval 17:45–17:58 UT and 370 m s−1 for
the interval 18:10–18:27 UT. That corresponds to an outward
motion of the magnetic field lines in the dayside equatorial
plane of 44 km s−1 and 32 km s−1, respectively, which is well
within the range of velocities determined by e.g.Berchem
and Russell(1982). To determine the velocity of the aurora,
in each frame a line was drawn from the center of the frame
towards the magnetic pole. The lower border of the aurora
was determined along that line and the arc position (and thus
speed) was determined assuming an altitude of 110 km for
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Fig. 6. (A) The south-polar keograms for 4278 and 6300Å.
(B) GeotailBz, black markings show intervals that the spacecraft
is in the magnetosphere.(C) TC1 Bz, with arrows pointing from
Bz = 0 crossing to change in aurora behaviour. The vertical green
and pink lines show the start and end of the poleward motion of the
aurora, respectively.

the arc lower border. The estimate for the outward field line
motion at the equator is made through a simple dipole mag-
netic field.

The arrows in the TC1 panel show the relation between the
Bz = 0 crossings to the changes in the keogram. A remark-
able correlation is found for three of the four cases, i.e. a sim-
ilar time delay of∼18 min between TC1 and the keogram
signature. When a SN crossing takes place at TC1 this is
followed by an expansion of the magnetopause and poleward
motion of the aurora, and when a NS crossing takes place, the
magnetopause retreats and the poleward motion is stopped.
There is a discrepancy with the second onset of poleward
motion, unless the grey arrow is used, starting at the near
northward crossing at∼17:57 UT.

Bz

Bz

Bz northward
magnetospause expansion
poleward auroral motion
Geotail enters magnetosphere

Bz southward
magnetospause erosion
equatorward auroral motion
Geotail exits magnetosphere

Fig. 7. A schematic showing the behaviour of the magnetopause
(solid curved line) and aurora (green slinky) after northward and
southward turing of the IMF. Top: the magnetosphere is compressed
and both TC1 and Geotail are in the magnetosheath. Middle: after
the northward turning the magnetopause expands (from dashed to
solid curve) and Geotail moves into the magnetosphere. The au-
rora moves poleward at the same time. Bottom: after the IMF
turns southward, the magnetosphere is eroded again and the magne-
topause moves inward again and Geotail exits the magnetosphere.
The aurora moves equatorward again.

2.4 Observations on the ground

There are several magnetometer chains that can be used to
look at the signatures on the ground. On the day side we use
CARISMA around∼10:00 LT. We show the data for “high”
and “low” latitude stations in Fig.8, where for each station
the average value of the magnetic field over the interval is
subtracted from the data. The locations of the various ground
stations can be found in Table4.

During the interval of poleward expansion of the aurora
discussed above,∼17:39–18:12 UT, an increase inBH of up
to 400 nT is observed in the high latitude stations. There
is not direct evidence of conjugacy of the south polar sta-
tion and the ground station, however, various studies have
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Fig. 8. The1BH and1BD components of the high latitude (top)
and low latitude (bottom) ground magnetometers from the Canopus
chain. For each trace the mean value over the 3 h period is sub-
tracted. The vertical dashed lines represent the times A through F
at which SuperDARN measurements are shown in Fig.10 and the
solid vertical lines show the start and end times of the poleward
motion of the aurora as in Fig.6.

been done where the different hemispheres were compared
(see e.g.Østgaard et al., 2004, 2005; Parkinson et al., 2005;
Laundal et al., 2010) for symmetries and asymmetries. In
this case, the good correlation between the poleward motion
of the aurora and the outward motion of the magnetopause as
observed by Geotail, leads to the expectation that the ground
stations in the Northern Hemisphere show related signatures.

There is a disparity between RANK and the other stations
(KIAN, BETT, FYKN, EAGL) in both field components, In
BH RANK increases during a period when the other stations
decrease, starting at∼17:12 UT. At∼17:45 UT RANK starts
to follow the other stations. InBD RANK decreases when
other stations (KIAN, BETT, FYKN) increase and EAGL re-
mains almost constant, starting at∼17:24 UT. KIAN, BETT
and FYKN then start to decrease successively to EAGL level.
RANK, however, remains different from the other stations,
after ∼18:12 UT, but does follow the trend, only at greater
amplitude. This can be caused by both the longitudinal dif-
ference between the various stations, with RANK much more
east and the latitudinal difference with RANK at the low-

Table 4. Ground based magnetometers geographic location for the
THEMIS magnetometers and from the Scandinavian IMAGE chain.

Station Geo lat Geo lon Station Geo lat Geo lon

High latitude Low latitude

KIAN 67.0 199.6 CCNV 39.2 240.2
BETT 66.9 208.4 PINE 43.1 257.4
FYKN 66.6 214.8 BMSL 46.2 275.6
EAGL 64.8 218.8
RANK 62.8 267.9

NAL 78.9 11.9 BJN 74.5 19.2
LYR 78.2 15.8 SOR 70.5 22.2

est latitutde. As will be seen in the equivalent currents plots
(Fig. 11), RANK is located below a different current flow
system as the other three stations. At∼18:06 UT EAGL is
probably right below the field aligned current, with noBD
variation.

The low latitude stations (CCNV, PINE, BMLS) are lo-
cated south of RANK. Starting at∼17:24 UT they show a
slowly increasing(decreasing)BH(BD) and there is a gradual
oscillation of the magnetic field strength indicating a varying
ionospheric current.

The sawtooth-looking event does not have any significant
signature in the high-latitude stations. The low-latitude sta-
tions, including RANK, show a decrease ofBH and BD
starting at∼19:00 UT, although the lowest latitude station
CCNV shows very little variation, suggesting that the ero-
sion has not reached such low latitudes. This is also the time
that the sawtooth-looking structure reaches Geotail, the clos-
est spacecraft to the magnetopause. The magnetosheathBz
starts to turn northward again (at∼19:10 UT), and the ero-
sion of the magnetopause stops. At this point the ground
magnetometers have reached a minimum and theBH and
BD start to increase again, showing the ionospheric and field
aligned currents created by the expansion of the magne-
topause.

In Fig. 9 the magnetic field data from the IMAGE chain
are shown, where again the mean value of each component
is subtracted. The IMAGE chain is at the dusk terminator for
this time interval. There is strong variation in the magnetic
field between 16:30 and 18:00 UT. First there is a strong neg-
ative bay in BJN1Bx combined with signatures in the other
two components. This negative bay moves to higher latitude
stations LYR and NAL, approximately 30 min later. How-
ever, before this negative bay there is a positive bay in the
lowest latitude station SOR and a negative bay in1Bz.

The signature at BJN is similar to that at the five high-
latitude stations of the Canopus chain. The minimum of the
negative bay is accompanied by a maximum in1By, which is
usually associated with the presence of field aligned currents.
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motion of the aurora as in Fig.6.

The higher 2 stations (LYR and NAL) show a positive bay in
1Bz, whereas the lower two stations (SOR and BJN) show
a negative bay with a positive excursion in the middle for
BJN. This indicates that the start of the electrojet and the
field aligned currents is somewhere between SOR and BJN
and then successively there is a north-westward motion of
the westward electrojet and associated field aligned currents
and that the electrojet remains between the lower and higher
latitude stations. There is no clear indication in the solar
wind or magnetosheath data what sets up this activity, e.g.
Cluster shows a rather constant magnetic field in the mag-
netosheath. The THEMIS spacecraft are in the afternoon
sector of the magnetosheath and show little variation in to-
tal field strength (at∼30 nT). However, before 17:30 UT it
can be seen in Fig.2 that there is the northward turning of
the IMF seen by Cluster, TC1 and Geotail. This means that
the stopping of the reconnection at the nose of the magne-
topause lets the field aligned current region move northward
in the IMAGE region. The current systems were already in
place at that time, as Fig.9 clearly shows and the northward
turning IMF may only move the current system.

SuperDARN measurements for six times are shown in
Fig. 10, which we now can compare, panel-by-panel, with
the interpretation of the ground magnetometer data in Fig.8
where the vertical dashed lines show the times for which the
SuperDARN data are shown in Fig.10 and the vertical solid
lines show the start and end times of the auroral poleward
motion. The specific times shown in Fig.10 have been cho-
sen based on maxima in the observed convection during the
inteval of interest.

In order to visualise the SuperDARN data, we employ
the “map potential” technique developed byRuohoniemi and
Baker(1998). This technique yields large-scale global con-
vection maps from the line-of-sight (l-o-s) velocity measure-
ments from multiple radars, via mathematical fitting of the
data to an expansion of the electrostatic potential in spheri-
cal harmonics. The electric potentials of the solution repre-
sent the plasma streamlines of the modelled convection pat-
tern. As backscatter targets are not always available, infor-
mation from the statistical model ofRuohoniemi and Green-
wald (1996), parameterised by IMF conditions, is used to
stabilise the solution where no measurements are made. Fig-
ure10presents Northern Hemisphere ionospheric convection
patterns, each averaged over 2-min intervals. Dotted concen-
tric semi-circles indicate lines of constant magnetic latitude
in 10 degree increments whilst local noon is located at the
top of each plot, midnight at the bottom, dawn on the right-
hand side and dusk on the left, as if the observer were looking
down from a location above the northern magnetic pole.

The solid (dashed) black lines represent the negative (pos-
itive) equipotential contours, and therefore, the ionospheric
plasma flow streamlines, determined from the map poten-
tial algorithm. The coloured dots indicate locations where
radar l-o-s velocity data are available. The vectors drawn
from these dots are calculated by combining the measured l-
o-s velocity and the component of the convection flow (from
the fitted solution) that is orthogonal to the l-o-s direction
(i.e. the radar beam) at each location. Both the vectors and
the dots are colour coded according to the vector’s velocity
magnitude, as indicated by the colour scale; the length of
the vector also indicates the magnitude of the velocity at that
location.

A: At ∼17:24 UT the increase inBH starts for both high
and low latitude stations (except for RANK) indicating
an increase in the ionospheric currents. SuperDARN
data indicate that there is strong ionospheric convection
in the post-noon region and near the Geotail footpoint
at the same time.

B: When theBH levels out at∼17:30 UT, indicative that
the increase of the ionospheric currents has stopped, the
ionospheric convection is significantly reduced.

C: At ∼17:42 UT, the post-noon convection has increased
again and moved partly to pre-noon, around which an
increase inBH for the high-latitude stations starts.
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Fig. 10. SuperDARN backscatter and (mainly dayside) convection plots.(A) 17:22–17:24 UT;(B) 17:34–17:36 UT;(C) 17:42–17:44 UT,
(D) 17:52–17:54 UT;(E) 18:00–18:02 UT and(F) 18:08–18:10 UT. The coloured circles show the location of the high-latitude ground
stations and the traced footpoint of Geotail.

D: BH levels off after a dip for the high latitude stations at
∼17:52, at which time the ionospheric convection starts
to reduce, leading to a leveling off of theBH and subse-
quent decrease.

E: At ∼18:00 UT the ionospheric convection starts to in-
crease again, with still decreasingBH

F: At ∼18:08 UT the ionospheric convection has intensi-
fied again and both high and low latitude stations show
increasingBH.

It seems that the dayside convection behaviour is well corre-
lated with the magnetic signatures on the ground and their
associated currents in the ionosphere. The field aligned
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Fig. 11.The averaged equivalent currents for six 2-min intervals.(A) 17:22–17:24 UT;(B) 17:34–17:36 UT;(C) 17:42–17:44 UT,(D) 17:52–
17:54 UT;(E) 18:00–18:02 UT and(F) 18:08–18:10 UT. The green dots show the locations of the high/low latitude ground stations from
Fig. 8, and RANK is labeled with a green “R”. The direction of the Sun is indicated by the large green arrow in each panel.

currents are associated with the ionospheric drifts through
(Chisham et al., 2007):

J‖ = 6PB(∇ ×v)+(v×B) ·∇6P+|B|v ·∇6H, (2)

where6P and6H are the Pedersen and Hall conductivity, re-
spectively, and assuming a uniform ionospheric conductance
this reduces to:

J‖

6P
= B ·(∇ ×v). (3)

Thus stronger vorticity in the ionosphere drives stronger field
aligned currents, which is exactly what is seen in the list
above (points A through F) with sometimes a time difference
between the convection and the magnetic signature measured
on the ground (point E).
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In order compare the SuperDARN and ground signatures
better, the latter are turned into equivalent ionosperic cur-
rents. In Fig.11 the averaged equivalent currents (Amm and
Viljanen, 1999; Weygand et al., 2011) for the 2 min intervals
chosen from the SuperDARN data are shown, based on 48
ground magnetometer stations of the CANMOS, CARISMA,
GIMA, Greenland, MACCS and THEMIS GMAG chains.
These plots show that RANK is situated in an active region
where the currents strongly change direction, when com-
pared with the more westward stations at the same latitude.

Comparing the direction of the ionospheric currents near
RANK with the observed flows shows that in the vortex
in the currents and the flows are anti-parallel. This is ex-
pected when the assumption is made that all the measured
currents are Hall currents (see e.g.Untiedt and Baumjohann,
1993; Benkevitch et al., 2006) and if there is no conductance
gradient perpendicular to the electric field direction (Amm,
2002). When looking at the SuperDARN and equivalent cur-
rent maps, overall there is a very good correspondence of the
patterns. Also for instance the weakening of the potential at
17:52 UT is clearly seen as a weakening of the currents. Fur-
ther, the postnoon enhanced flow corresponds to enhanced
currents for most of the event. The prenoon flow channel ex-
tension at 17:22 UT is well seen in the currents, too. On the
other hand, the curl structure at high latitudes e.g. at 17:42
and 17:52 UT is much more pronounced in the equivalent
currents than in the SuperDARN data, which is likely due to
lack of radar backscatter further north.

3 Discussion

We have followed magnetic field rotations in the solar wind,
that interacted with the Earth’s bow shock and magnetic field
after a long period (≥1.5 h) of southwardBz and high solar
wind dynamic pressure, with a set of six different spacecraft
located all around the Earth. This unique configuration gives
us the possibility to observe how solar wind structures inter-
act with and move through the bow shock, magnetosheath
and magnetopause.

Before these rotations arrived at the Earth’s magneto-
sphere there was a∼1.5 h interval of southwardBz (see
Fig. 1) from ∼14:45 till ∼16:20 UT. During this interval
the magnetosphere is rather quite, with an low AE index of
∼200 nT over a longer period from∼12:00 till ∼16:00 UT.

The time delay between ACE and Wind does not change
between rotations # 1 through 5 even though the orientations
of the normals vary strongly and the front is changing from
plane to concave and convex. This probably means that all
the rotations that are observed are part of one larger structure
moving from the Sun towards the Earth. Possibly, observa-
tions by STEREO can be used to check if such a large scale
structure is moving from the Sun towards the Earth.

We found that the south-north and north-south rotations of
the IMF were accompanied by smallvy and vz variations,

turning the solar wind flow almost completely along the sun-
ward direction when the IMFBz was northward. There is
no significant density variation associated with the first rota-
tion, but for the second there is an increase in density and an
almost doubling of the dynamic pressure (see Fig.1). This
means that the expansion of the magnetopause will be less
for this interval (∼17:00–17:30 UT) than would happen dur-
ing constant solar wind dynamic pressure. The two solar
wind monitors (ACE and Wind) show that the normals of
the rotation are pointed in different directions. Also, there is
a difference in the overall shape of the magnetic signature ,
which turned out to be a spatial effect when compared with
the various spacecraft near Earth, showing a clear pre-noon
– post-noon dichotomy.

As expected, the solar wind magnetic field drapes around
the Earth’s magnetopause. In the solar wind the minimum
variance direction of the rotations are mainly aligned with
the solar wind direction (see Table1), however in the mag-
netosheath we can see that, except for Cluster, the minimum
variance directions of the rotations are basically perpendic-
ular to the plasma velocity and the velocity of the magnetic
structures resulting from the timing analysis (see Table3),
but still moving with the plasma down the magnetosheath
towards the tail. The difference in the Cluster data is the
location of the spacecraft in the pre-dawn sector, combined
with the direction of the Parker spiral during this period. This
tends to bend the magnetic field back again perpendicular to
the direction of the magnetosheath along the magnetotail.

The various structures crossing over the spacecraft have
different timing order as shown in Table2. Inside the magne-
tosheath the propagation of these structures over the various
spacecraft is different from that in the solar wind. The nor-
mal directions shown in Fig.3 already indicated that spatial
differences occur between Wind and ACE, and the compar-
ison in shape of the magnetic signature with pre- and post-
noon spacecraft. The shape of the rotation fronts # 5 and 6
as inferred from the normals at ACE and Wind is concave,
similar to rotation # 3. However, the difference in normal di-
rection for # 5 and 6 is much less than for # 3, indicating a
less curved front.

Interestingly, none magnetosheath spacecraft show the
∼12 min length difference associated with the second and
shorter sawtooth-looking structre measured by Wind, clearly
visible in theBz traces in Fig.1. All spacecraft in the mag-
netosheath observe the second sawtooth-looking structure
with the same time length as ACE. This indicates that, apart
from the different structures ofBz for the pre- and post-noon
spacecraft, there is more spatial structure in the solar wind
which we cannot observe due to lack of more solar wind
monitors.

Looking at the solar wind data, another difference between
the “square” and “sawtooth-looking” structures is that thevz
is positive for the former and negative for the latter. Since
TC1 was the northernmost spacecraft in the magnetosheath
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(see Fig.4) this southward motion of the structure may lead
to TC1 observing it later than all other spacecraft.

There is a strong deviation of the plasma velocity and the
velocity obtained from the timing analysis for THEMIS. The
reason for this can be found in the so called Q-parameter
(Robert et al., 1998), which determines how well (four of) the
spacecraft form a tetrahedron. Clearly from Fig.5 one can
see that the THEMIS spacecraft are mainly lined up alongX

with a spread inZ (a string-of-pearls configuration), which
will limit the accuracy of the direction information that we
can obtain from the timing method. Indeed, the timing anal-
ysis is dominated by the large elongation inX.

After the long period of southwardBz the magnetosphere
has been eroded, which is evident from TC1 and Geotail be-
ing in the magnetosheath at radial distances less than 10RE
from the Earth. Combined with the strong dynamic pressure
of the solar wind compressing the magnetosphere, this means
that any significant change in the solar wind, e.g. a south- to
northward turning, will have a strong effect on the location
of the magnetopause.

Dušik et al. (2010) recently showed statistically that the
cone angle of the solar wind influences the location of the
magnetopause, where the difference could be as much as
1RE for IMF aligned with and IMF perpendicular to the
solar wind flow because of a less effective transformation
of the solar wind dynamic pressure to the pressure imposed
onto the magnetopause during intervals of a radial IMF. In-
deed, that is what is observed in Fig.6: after TC1 measures a
south- to northward turning of the magnetic field in the mag-
netosheath, Geotail gets engulfed by the magnetosphere.

It is clear from Fig.6 that it takes some time between the
polarity change of the magnetic field and the magnetopause
reaction. With both spacecraft (TC1 and Geotail) in the mag-
netosheath just after 17:00 UT, we can see that the SN turn-
ing at both spacecraft is separated by∼6 min. Looking at
the Geotail data, it takes∼9 min for the magnetopause to
cross over the spacecraft after the SN turning has passed over
Geotail.

It was estimated from the keograms that the magnetic field
lines move outwards at∼44 km s−1 at the magnetic equator.
Note that this is similar to the bow shock velocity that was
determined at∼38.5 km s−1. The SN turning at∼17:18 UT
at TC1 takes∼6 min to move to Geotail as can be seen in
Fig. 6 (1XTC1−Geo≈ 4RE). It then takes∼12 min for the
aurora to start moving poleward and another∼9 min for the
magnetopause to move over Geotail. The field line outward
motion thus takes 9 min to reach Geotail, which means that
the field line at the magnetic equator would move∼3RE out-
ward. Phan et al.(1996) showed that the magnetopause at
similar solar wind dynamic pressure was located at∼8.2RE
for small negativeBz ≥ −10 nT in the magnetosheath. For
this eventBz ∼ −20 nT and thus we can expect the magne-
topause to be even closer to Earth. Geotail at (4.73,−9.39,
−1.20)RE would be well within the nominal magnetopause
(see Fig.3) with its subsolar point at∼11RE (Fairfield,

1971). Phan et al.(1996) showed that the subsolar point was
moved to 8.2RE under similar circumstances, which would
agree well with the estimate∼3RE outward motion of the
magnetopause found in this study.

Looking at the second arrow in Fig.6 panel (c), we find
that after the southward turning measured by TC1 it takes ap-
proximately the same time for the auroral poleward motion
to stop and return to low latitudes again. However, Geotail
moves out of the magnetosphere much earlier, approximately
11 min after TC1 measures the southward turning. The ero-
sion of the magnetopause for southwardBz thus takes longer
than the expansion for northwardBz. This might be the rea-
son why after the next northward turning Geotail gets en-
gulfed more quickly than at the first northward turning and
the quicker response, i.e. poleward motion, of the aurora.

Although there are only south pole aurora observations,
we can compare its activity with the data from ground mag-
netometers. The start of the poleward motion of the aurora
at ∼17:45 UT happens during the increase inBH. This is
in agreement with the poleward motion of the aurora. The
motion is related to increased ionospheric convection (see
Fig. 10 panel c). The poleward motion of the aurora at
∼18:20 UT is only related to an increase in theBH com-
ponent. It should also be noted that theBD component of
RANK is similar to that of the low latitude stations, which is
in agreement with the discussion above that in the beginning
RANK is on the low-latitude side of the field aligned current.

The data from the ground magnetometer chains, trans-
formed to equivalent ionospheric currents, were compared
with the SuperDARN radar data. It was shown that there
was good correspondence between both data sets: enhanced
flows corresponding to increased currents. Slight discrepan-
cies between the two data sets are most likely due to a lack
of radar back-scattering, as clearly the region of interest is on
the border of the viewing of the SuperDARN radars.

How do the results from this study compare to other ob-
servations? The draping of the IMF over the Earth’s magne-
tosphere was studied byColeman(2005) using Geotail and
Interball-Tail data. This was done in order to study whether
“perfect draping” (i.e. the clock angle of the magnetic field
θc = atan{Bz/By} does not change through the draping) takes
place. In the study it was found that 30 % of the events
showed perfect draping (i.e.1θc ± 10◦) and 70 % of the
events were within±30◦. The draping in this current pa-
per shows that the variation in clock angle is 0≤ θc ≤ 40◦, as
shown in Fig.2 bottom panel. The larger differences between
Wind and the other spacecraft observed after∼19:00 UT are
caused by incorrect time shifts of the data for those struc-
tures. Our data set fits well in the 70 % as found byColeman
(2005).

RecentlyWiltberger et al.(2003) studied magnetopause
erosion using an MHD code, where they showed a marked
delay between the arrival of the southwardBz and the motion
of the magnetopause, where a delay of up to 20 min is ex-
pected from the build-up of nightside current systems which
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drives the decrease of the dayside field. However, the motion
of the open-closed field line boundary at the poles is almost
simultaneous (on the scale of minutes) with the arrival of the
southwardBz at the magnetopause. The study of this cur-
rent paper shows indeed that the arrival of the southwardBz
has a direct influence on the location of the open-closed field
line boundary (as shown from the keograms), however, the
inward motion of the magnetopause is also almost simulta-
neous. This can be explained by the fact that the nightside
current systems have already been set in place by the previ-
ous interval of southward IMF.

Observations byPitout et al.(2006) with Cluster near the
mid-altitude cusp showed that for northward turnings of the
IMF there was a quick poleward displacement of the cusp.
During multiple directional changes of the IMF the cusp
crossed over Cluster back and forth repeatedly. The cusp
reacts very fast to these changes in IMF, and they conclude
that the reconnection quickly reorganizes, within a few min-
utes, not unlike whatWiltberger et al.(2003) found. Mea-
surements showed that the cusp poleward boundary moved
at (at least)∼30 km s−1 in the north-south direction. This
velocity is comparable with the estimated field line velocity
found from the keograms in this paper. Similarly, Geotail
was crossed by the magnetopause repeatedly, linked to IMF
turnings. The magnetosphere has been prepared by the long
southwardBz interval before the rotational structures, so that
it can react immediately to changes in the IMF, unlike the
numerical model ofWiltberger et al.(2003).

4 Summary and conclusions

In this paper we have used a unique set of combined space
and ground based monitors to investigate the response of
the Earth’s magnetosphere to rotations of the IMFBz from
southward to northward and vice-versa. For the first time
there are multi-spacecraft missions at both the dawn flank
(Cluster) and the dusk flank (THEMIS) whilst two other mis-
sions (Geotail and TC1) are located near the subsolar point
of the magnetopause. These space data are enhanced with
a set of various ground based observations by magnetome-
ters (CARISMA, IMAGE), radar (SuperDARN) and a south-
polar auroral camera.

A quick summary of the event is given below:

– Long southward IMF and high ram pressure before ro-
tations have eroded the magnetopause;

– Fast south-north and north-south rotations of the IMF
are observed by Wind and ACE;

– Rotational fronts are not always plane between Wind
and ACE, but can be curved concave and convex;

– There is spatial difference between the two sawtooth-
looking rotations, which also shows up as a difference
in pre- and post-noon spacecraft in the magnetosheath;

– The rotations pass the bow shock and the field strength
increases accordingly (in agreement with the quasi-
perpendicular shock relations for THEMIS A) and the
IMF drapes around the magnetopause;

– Timing analysis and plasma data show that the rotations
are moving with the plasma (frozen in);

– Northward turning of the IMF:

– an immediate expansion of the magnetosphere
(Geotail);

– poleward moving aurora (south pole observatory);

– strong ionospheric currents (ground magnetometers
and equivalent currents);

– strong convection (superDARN radar);

– northwest-ward moving electrojet and field aligned
currents (IMAGE)

– Southward turning of the IMF:

– erodes the magnetosphere quickly;

– equatorward motion of the aurora;

– decrease of the ionospheric convection;

– weakening of the ionospheric currents;

Comparing pre- and post-noon spacecraft, it has been shown
that the rotations of the IMF have a spatial variation over the
pre-post noon direction. In the magnetosheath the magnetic
field is draped around the magnetopause and the rotations
are moving with the plasma flow (frozen in) down the tail,
although the normals of the rotations are perpendicular to the
flow through the draping effect.

Through a long period of southward IMFBz and high solar
wind dynamic pressure the magnetopause has been eroded
significantly. After northward turning of the field the mag-
netopause moves outward, resulting in poleward moving au-
rora and the engulfing of Geotail by the magnetosphere. The
following southward turning erodes the magnetopause again,
letting Geotail enter the magnetosheath again and stopping
the poleward motion of the aurora. The erosion of the mag-
netosphere after the next southward turning of the IMF is
slower than the expansion after the northward turning, indi-
cated by the fact that Geotail is engulfed much earlier by the
magnetosphere after the following northward turning.

The associated magnetospheric and ionospheric currents
show their signatures in the ground magnetometers and the
associated ionospheric convection following/driving the cur-
rent were measured by SuperDARN.

The reaction of the magnetopause and the ionospheric and
field aligned currents to changes in the magnetosheathBz is
almost immediate, allowing for the advection time from the
spacecraft closest to the magnetopause.

This has been a very clear and clean example of the in-
teraction of a high ram-pressure solar wind IMF rotations
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with the Earth’s magntosphere after an extended period of
southward IMFBz for which an almost perfect conjuction of
spacecraft in the magnetosheath was available.
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Mühlbachler, S., Farrugia, C. J., Biernat, H. K., and Torbert, R. B.:
The geostationary field during dayside erosion events 1996–
2001: A joint Wind, ACE, and GOES study, J. Geophys. Res.,
108, 1418,doi:10.1029/2003JA009833, 2003.
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