Ann. Geophys., 28, 30326, 2010 ~ "*

www.ann-geophys.net/28/309/2010/ G An n_ales
© Author(s) 2010. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Comparison of eight years magnetic field data from Cluster with
Tsyganenko models in the inner magnetosphere

Q.-H. Zhang®?"*, M. W. Dunlop?, R. Holme!, and E. E. Woodfield

IDepartment of Earth and Ocean Sciences, University of Liverpool, Liverpool, UK

2Space Science and Technology Department, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, UK
3Department of Communications Systems, University of Lancaster, Lancaster, UK

“now at: SOA Key Laboratory for Polar Science, Polar Research Institute of China, Shanghai, 200136, China

Received: 26 August 2009 — Revised: 8 January 2010 — Accepted: 14 January 2010 — Published: 29 January 2010

Abstract. Eight years of magnetic field data, taken while thickness of~0.17-0.54Rg, and cusp FACs, with a thick-
the four Cluster spacecraft pass through, or adjacent to, thaess 0f~0.06—0.12Rg, are very stable in size and location.
equatorial ring current, have been surveyed to investigate the

effects on the Earth’s magnetic field of the externally driven . . )

X i . Keywords. Magnetospheric physics (Current systems;
current systems connecting the ionosphere, cusp and ”nﬁ/lagnetopause cusp, and boundary layers; Magnetospheric
current regions. This study extends previous work to cover . . ' C '

] ) - configuration and dynamics)
a greater range of orbit location and external conditions. We
compare the modeled magnetic field from different global
field models (Tsyganenko, 1989, 1996, and 2001, hereafter
T89, T96 and TO1) with data from the four Cluster space-1 Introduction
craft. Comparing with the different models allow us not only
to characterize each model's performance, but also providegvoodfield et al. (2007) surveyed the contribution of iono-
insight into the physical sources of observed signals. Thespheric and magnetospheric current systems to the Earth’s
data generally deviate much less from the expected modeahagnetic field, by using perigee pass data from the Clus-
field during the years close to the solar minimum, implying ter spacecraft, based on predictions of the Tsyganenko 2001
that the models perform better during weaker geomagneti¢T01) (Tsyganenko, 2002a, b) global field model. The results
activity. There are particular deviations from the models as-showed that the TO1 model performs very well in a global
sociated with the ring current (well-defined smooth trends)sense, although absolute residuals between the data and the
and region 2 field aligned currents (FACs) or low-altitude model can reack-20 nT near perigee, often with stable bipo-
cusp FACs (sharp bipolar signatures). During the ring cur-lar signatures, which repeat on the phase period of the Cluster
rent crossings (through perigee, at 44, the T96 model  orbit and were assumed to be observed field-aligned currents
always overestimates the ring current, while the TO1 and T8QFACs). In order to further investigate the external current
models sometimes underestimate it. The sharp bipolar sigsystems in the magnetosphere, this paper extends the study
natures are not always sampled, implying a localized extentof Woodfield et al. (2007) to compare eight years magnetic
but only the T96 and TO1 models include forms for the re- field data from the 4-spacecraft Cluster array with the Tsy-
gion 2 FACs and TO1 appears to model these better. Overallganenko models.
all deviations from TO1 are much smaller than for the other The semi-empirical Tsyganenko magnetic field models
models, indicating that this model achieves the best fit to thehave been widely utilized in the space physics community
data. The 4 Cluster spacecraft observe nearly the same sigor many years. They are best-fit representations for the
natures at small separations (during the early years of thenagnetic field, based on a large number of satellite observa-
mission) but do sample different signatures at the large septions (IMP, HEOS, ISEE, POLAR, Geotail, GOES, etc). The
arations (during the later years). Using the four-spacecrafinodels include contributions from major external magneto-
technique, we infer that the region 2 FACs, with a transversespheric sources: the ring current, magnetotail current system,
magnetopause currents, and the large-scale system of field-
aligned currents.

Correspondence tdQ.-H. Zhang There are currently four main versions. The 1989 ver-
BY (qinghe.zhang@stfc.ac.uk) sion (T89) (Tsyganenko, 1989) was primarily developed as
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a simple empirical approximation for the global magneto- the full magnetic field at the Cluster orbit. The following
sphere, binned into several intervals of the disturbance inanalysis assumes that both the ionospheric and crustal con-
dex Kp. The 1996 version (T96) (Tsyganenko, 1996) hastributions to the magnetic field at the altitude of the Cluster
an explicitly defined realistic magnetopause, large-scale Reerbit are not significant.
gion 1 and 2 Birkeland current systems, and Interplanetary The mathematical structure of the T89 model includes the
Magnetic Field (IMF) penetration across the boundary. T96major magnetospheric current systems: magnetotail current
is parameterized by the solar wind ram pressure, distursystem, ring current, and Chapman-Ferraro currents, while
bance storm time index (Dst (Sugiura and Kamei, 1991) —the T96 model adds the large-scale Region 1 and 2 Birkeland
or its high time resolution counterpart SYM-H (Wanliss and current systems and a parameterisation for the interplanetary
Showalter, 2006)), and transverse componeBis&nd Bz) magnetic field penetration. In addition to the current sys-
of the IMF. The 2001 version (T01) (Tsyganenko, 2002a, b)tems mentioned above, the TO1 model also includes the par-
represents the variable configuration of the inner and neatial ring current with the associated dawn-dusk asymmetry
magnetosphere for different interplanetary conditions andof the inner magnetosphere, and a more detailed form of par-
ground disturbance levels. It also takes into account the obtial IMF penetration. The pertinent features of these current
served dawn-dusk asymmetry of the inner magnetospherstructures are summarized below. For a full description the
due to the partial ring current that develops during magne+eader is referred to Tsyganenko (1989, 1996, 2002a, b) and
tospheric disturbances. The TO1 model is driven by the sameeferences therein.
input parameters as the T96 model: solar wind ram pres- The TO01 ring current includes both an axisymmetric and a
sure, Dst or SYM-H, and transverse componeritg énd partial ring current, with field-aligned closure currents. The
Bz) of the IMF, but it also requires a one-hour time his- cross-tail current sheet, which is allowed to warp in response
tory of external inputs to the magnetosphere. The 2004 verto the geo-dipole tilt, has a thickness that varies both across
sion (T04S) (Tsyganenko, 2005) is a dynamical model of theand along the tail. The location of the inner boundary of
storm-time geomagnetic field in the inner magnetospherethis current sheet along the Sun-Earth line varies with chang-
based on space magnetometer data taken during 37 majang geomagnetic disturbance levels. The contribution of the
events in 1996—-2000 and concurrent observations of the samagnetopause currents to the total magnetic field is repre-
lar wind and IMF. Most of the data set used in the currentsented using a potential field and is optimized so that, when
study does not correspond to storm time conditions, so onlyadded to the field from internal sources, it provides the re-
the first three model versions have been used here. quired distribution of the net normal component at the model
In order to analyze and characterize the modelled and acmagnetopause boundary. The general magnetopause shape
tual magnetospheric field contributions, the output from theis defined by the empirical model of Shue et al. (1998) and is
T89, T96 and TO1 models has been compared to magnetialso allowed to be geo-dipole tilt-dependent. The FAC rep-
field data from the Cluster mission (Escoubet et al., 2001)resentation includes both region 1 and region 2 FACs (lijima
during its ring current crossing (through perigee, at =h and Potemra, 1976) which are allowed to vary with inter-
Orbits separated in time but “in-phase” relative to the day-planetary conditions such that their ionospheric footprints
side, nightside and dawn-dusk flanks are compared, such th&an move in latitude. Finally, the interconnection field, con-
the changes in ring current and FACs existing in the magnetrolled by the IMF, allows the model magnetosphere to as-
tosphere are investigated. The results from a particular orbisume open configurations (by allowing a finBenormal to
sample are shown to recur in an analysis of eight full yearshe magnetopause).
of data. Such a comparison with Cluster data provides an The magnitude of the total external magnetic field contri-
independent assessment of the accuracy of the Tsyganenkwtions from the Tsyganenko models can reach tens of nano-
models, since these data are not included in the empiricalesla within£1 h of Cluster perigee. The majority of this
database of the models. This comparison also allows thés due to the ring current since, at perigee, Cluster is close
magnetic field behaviour observed by Cluster to be assessd@ 4 Re radial distance and passes adjacent to or through the
in a large-scale context. ring current region. At that distance, the dominant IGRF con-
tribution from the Earth’s internal magnetic field is hundreds
of nano-Tesla.

2 Data sources and methodology The other field models use similar mathematical structure,
but with different emphasis and definitions of the various
2.1 Field models sources. For the intervals covered in this paper, the geo-

magnetic activity input to the T89 model is provided by the
Since the Tsyganenko models represent only the magnetd<p index resulting in quasi-static model output. The inter-
spheric contributions to the overall magnetic field of the planetary input data for the T96 and TO1 models (i.e. solar
Earth, we have used the International Geomagnetic Referwind dynamic pressure, IMBy and Bz) were the lagged
ence Field (IGRF) version 10 (Maus et al., 2005a, b) to rep-solar wind and magnetic field data from the OMNIWeb site
resent the Earth’s internal magnetic field in order to model(http://omniweb.gsfc.nasa.ggy/an extra shift of 5min has
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Fig. 1. Orbit plots in XZ or YZ plane in GSM coordinates for night-side orientations orbit 558/559 on 13 Februarye)@owl 1018/1019

on 12 February 200pb), for dayside orientations orbit 630/631 on 2 August 2(0€}4and 1096/1097 on 16 August 20QF), and for dusk-

dawn orientation orbit 594/595 on 8 May 200# uskside) and 528/529 on 4 December 2003léwnside), respectively. The orbit also

shows the configuration of the Cluster spacecraft array as a tetrahedron (size scaled up by a factor of 80 for Fig. 1a and f, 5 for Fig. 1b and
d, and 20 for Fig. 1c and e). Model geomagnetic field lines are drawn from the TO1 model with the average inputting parameters during the
interval of interest on each orbit.

been added to the OMNIWeb data to account for the convec2.2  Cluster data

tion from the bow shock nose to magnetopause. A one-hour

time history of solar wind data was used to calculate the pa-The ESA Cluster mission is composed of an array of four
rametersgy and g, for TO1 (Tsyganenko, 2002b). The ge- gspacecraft carrying identical payloads. The spacecraft were
omagnetic activity input to T96 and TO1 is provided by the jaunched in pairs in July and August 2000 into similar ellip-
dynamic SYM-H index (Wanliss and Showalter, 2006). tical, polar orbits, each with a perigee o# Rg, an apogee
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GSM coordinates are used throughout. The Cluster orbits
are, by convention, numbered from perigee to perigee and,
for our purpose to generate a set of data for the whole avail-
able eight years of the Cluster mission, we have investigated
partial orbits centered on perigee. Data from all 4 Cluster

Fig.la 166 -2.38 —-455 -25 spacecraft are used for these comparisons.
Fig.1b 1.16 -3.75 -057 -9
Fig.1c 0.71 -1.24 -0.62 -14
Fig.1d 1.36 —4.10 -0.62 -10
Fig.le 093 —3.32 142  _27 3 The modeled and measured external current

Fig.1f 105 -3.11 -3.87 -1 contributions

Table 1. Input parameters for TO1 model as used in Fig. 1.

Figure Pdyn IMFBy IMF Bz Dst
(nPa) (nT) (nT) (nT)

Figure 1a and b shows two orbit plots projected into the XZ
plane in GSM coordinates for orbit 558/559 on 13 February
i i ) . . 2004 and 1018/1019 on 12 February 2007, which represent
of ~19.6Re and identical orbital periods of 57h. A typi- 4 night-side orientations at small and large spacecraft sep-
cal orbital orientation with respect to the model field lines ;oo Figure 1c and d shows orbits 630/631 on 2 August
is shown in Fig. 1. Due to the Earth's orbital motion, Clus- 54504 and 1096/1097 on 16 August 2007, which represent the
ter’s orbit precesses in the Geocentric Solar Magnetosphenaayside configurations at small and large separations, pass-
(GSM) coordinate system, so that every year all magneticing through the cusp. Figure 1e and f shows the YZ plane
local times (MLT) are covered. The orbital parameters of;, GSM for orbits 594/595 on 8 May 2004 and 528/529 on 4
eagh spacecraft produce a te'trahedral ;pacecraﬁ formatiorIi)ecember 2003, representing the dawn-dusk, flank orienta-
which evolves around the orbit. The orbits are adjusted apyjons. The plots show the configuration of the Cluster space-

proximately once every 6 months via a sequence of manoeUs ot array as a tetrahedron every two hours along the orbit

vres to vary the spatial scales between 100km and &%eW (i, scaled up by a factor of 80 for Fig. 1a and f, 5 for Fig. 1b
Each Cluster spacecraft has eleven experiments on boar

nd d, and 20 for Fig. 1c and €). Model geomagnetic field

here, we have used 1min averaged data from thg fIUXg"’_‘t%nes are drawn from the TO1 model with the input parame-
magnetometer (FGM) (Balogh et al., 2001). In-flight cali- ;¢ given in Table 1.

brations on the FGM data routinely determine the maximum

error in the data for each spacecraft to within 0.1 nT. 3.1 Cluster orbit coverage

2.3 Method From Fig. 1a (b), we find that on 13 February 2004 (12
February 2007) the spacecraft moved from the pre-midnight
We have used a combination of approaches to compare th@nidnight) sector south of the magnetic equator through
residuals between different models and between differenperigee at 01:00 MLT (02:00 MLT) to the midnight (pre-
spacecraft to reveal pertinent features in the data. Firstly, wenidnight) sector north of the equator. The Cluster space-
have compared the predicted contributions to the magnetieraft array passed through or near the outer radiation belt or
field from the various external current systems at the Ol'bitring current near to perigee and passed into the high-latitude
tracks of Cluster, using the outputs from T89, T96 and TO1cusp region in the Northern Hemisphere after about 19:00 UT
models, respectively, to assess the behaviour of the differon 13 February 2004 and after 06:00 UT on 12 February
ent models. Secondly, we have analysed the magnetic field007. Comparing Fig. 1a and b, we find the Cluster orbit
data observed by Cluster S/C 1 by differencing (subtractinghas clearly dropped southward by 12 February 2007, which
the predicted static IGRA}eo = Bobserved— Bicrr) @ndthe  leads to a middle altitude cusp crossing about 2 h earlier than
modeled magnetic field datd B = Bopserved— B-r — Birr,  that on 13 February 2004, and demonstrates the southward
whereB _t is the Tsyganenko magnetic field) from T89, T96, motion of the Cluster apogee in later years. For the dayside
and TO01, respectively. Finally, we have compared the magperigees (Fig. 1c and d), the change in the line of apsides is
netic field data from the 4 Cluster spacecraft with that mod-not so significant. From Fig. 1c (d), we find that on 2 August
eled by TO1 to make spatial comparisons during similar €x-2004 (16 August 2007) the spacecraft moved from the post-
ternal conditions. This methodology is designed to unravelnoon sector south of the magnetic equator through perigee at
the predicted and measured effects of both the time depent4:00 MLT to the pre-noon sector north of the equator. The
dence and spatial sampling of the external current systems. Cluster spacecraft array passed through or near the ring cur-
In the following assessment, the data residuals are formedent close to perigee and passed into the low altitude cusp
by subtracting the model values of magnetic field (the Tsyga+egion in the Northern Hemisphere after about 08:00 UT on
nenko model and/or IGRF) from the data (note that we have2 August 2004 and after 15:00 UT on 16 August 2007. The
used absolute rather than percentage residuals). A positiveomparison from Fig. 1b and e also shows the southward mo-
residual, therefore, suggests the model value is too smaltion of the Cluster apogee in later years. In addition, the
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Fig. 2. External magnetic field predicted by T89 (black), T96 (red) and TO1 (green) models and measured by Cluster S/C 1 (the observations
minus the predictions from IGRF model, magenta) at the tracks of Cluster S/C 1 on 13 Februafg)2R@Ligust 2004b), 8 May 2004(c)

and 4 December 200@l), respectively, together with the IMBz and SYM-H index. From top to bottom panels in each figure are for the
Xasm: Yasw, Zgswm and the magnitude of the field. The black vertical dashed lines show the ring current region crossing.

Cluster array shows that Cluster S/C 3 and 4 move close toside) sector north of the equator on 8 May 2004 (4 December

gether in the orbit phase for the 12 February and 16 Augus2003).

2007, which leads to triangular rather than tetrahedral con-

figurations. The dawn-dusk flank orbits show the spacecraft Since the orbital period is 57 h, successive passes do not

moves from dawnside (duskside) sector south of the mageross perigee at the same time of day, i.e. for the same dipole

netic equator through perigee at 20:30 MLT (07:00 MLT) on tilt. This issue has already been discussed by Woodfield et

the duskside (dawnside) and back to the dawnside (duskal. (2007), who chose to compare every 8th orbit in pairs (19
days apart) in order to sample the same dipole phase. In this

www.ann-geophys.net/28/309/2010/ Ann. Geophys., 28, 3082010
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paper we acknowledge the issue of changing magnetospheriesolution) shows the smoothest features with a small jump
locations, using the Bryant style format (Bryant et al., 1985) at the beginning when the Kp index changed (the Kp index
to summarise the magnetic sampling during the mission, anghanges to 4+ at the beginning and remains-atet the later
concentrate on the comparative modelled and actual residunterval). The dynamic output from the T96 and TO1 models
als monitored over the wider data range (these plots are 2-[through input of solar wind dynamic pressure, Ik and
colour plots with the colour scale representing the residu-Bz, and SYM-H at 1 min resolution) in Fig. 2 shows that they
als, the x-axis representing the orbit number and y-axis beingredict the magnetic field in the region 2 FAC at both bound-
time relative to perigee). aries of the ring current, but at a lower amplitude than ob-
served. This is especially clear in tBg component, where
3.2 Comparison of the output from different Tsyga-  TO1 estimated a bigger signature than T96. In fact, the ob-
nenko models and Cluster S/C 1 served field excursions are more than twice those of the T01
model. During this interval, the solar wind dynamic pressure
In Fig. 2, we show the predicted external magnetic field con-varied between-1.2—2.8 nPa, IMRBz and By in GSM var-
tributions from the T89 (black), T96 (red) and TO1 (green) ied between-5 and +5nT, and SYM-H varied betwees#2
models for the MLT sectors: nightside, dayside, dusksideand—22 nT (see the bottom two panels in Fig. 2a).
and dawnside. The estimated external field contributions Figure 2b shows the dayside pass from 2 August 2004
observed by Cluster S/ICIBEo=Bobserved— BigrF) at the  where the low-altitude cusp is encountered (see Fig. 1c).
tracks of Cluster S/C 1 is shown in magenta. From top toThis figure shows th&y component predicted by TO1 (green
bottom, the panels are th&gsm, Bycsm, Bzgsm, the mag-  line) is much larger than that from the other models near the
nitude of the field, IMFBz and SYM-H index. boundary of the ring current, whereas the Cluster observa-
Figure 2a shows the night-side pass from 13 Februarytions (magenta line) show a persistent ring current signature
2004. During the interval of interest, the predictions of all not predicted by the models. During this pass, the IBF
three models (for example, of the ring current field) are sim-varies between about5 and 5nT, and SYM-H varies be-
ilar. The approximate times of entry into and exit from the tween about-15 and—30 nT through the central region. The
ring current region of Cluster S/C 1 are highlighted by the By components from the three models increase from nega-
grey region between the two grey vertical dashed lines (thigive (about—20 nT) to positive near the boundary of the ring
was determined by the high electron and proton flux observedurrent region, slightly decrease to negative (abebinT) at
by RAPID (Wilken et al., 2001), not shown here). From the center of the ring current region and then increase (cross-
Fig. 2a, we find that the predicted components from the thredng zero near the boundary of the ring current region) again
models vary as follows: th&8x components vary from neg- to positive (about +20 nT) (see first panel in Fig. 2b). Hye
ative (about—40nT), via zero in the ring current region, to andBy components in the measured data are near zero at the
positive (about +40nT) (see first panel in Fig. 2a); e beginning and the end of this interval and vary like a distorted
components are near zero at the beginning and the end ¢8” shape, which slightly increases to positive (about 8 nT),
this interval, and vary from negative (abeul5nT), viazero  then decreases to negative in the ring current region (later
at the middle of the ring current, to positive (about +10nT) increasing to near zero about 2 h after perigee: see second
(see second panel in Fig. 2a); tlB2 components are al- panelin Fig. 2b). Thedz components all show negative val-
most always negative and decrease during pre-perigee crosaes, but are much more complicated between ab&iand
ing to reach about-50~ —80nT (i.e. for TO1,~ -50nT +3 h relative to perigeeA Bmodel Shows a “V” shape for this
, for T96, ~ —70nT, for T89,~ —80nT) at the middle of interval with minimum magnitude betweerl0 and—30nT
ring current region (see third panel in Fig. 2aA Bmodel (for TO1,~ —20nT; for T96,~ —30nT; for T89,~ —10nT)
(A Bmodel= | BIGRF+ Bmodel — | Bicrr|) shows an “M” shape  (see fourth panel in Fig. 2b). These effects arise because the
with minimum magnitude of about50~ —80nT in thisre-  magnetic field due to the ring current is oppositely directed
gion (i.e. for TO1,~ —50nT, for T96,~ —65nT, for T89,  to the main field in the equatorial inner magnetosphere (Sug-
~ —80nT) (see fourth panel in Fig. 2a). This signature arisesiura et al., 1971). It is worth noting the bulges on the green
because the combined field of the ring and tail currents is didines (T01) and red lines (T96) at the boundary of ring cur-
rected southward, opposite to the main field, in the equatoriatent, which may be related to low-altitude cusp FACs and
inner magnetosphere (Sugiura et al., 1971). show clear signatures which are of the order of the observed
For the February 2004 pass, the magnitude estimated bgxternal currents. Itis apparent from these day and night-side
T89 is maximum at the center of the ring current crossing,passes that the models can predict either the smooth ring cur-
and shows the most significant deviation in #Bg and Bz rent or the short period FACs accurately, but do not always
components, overestimating the observed ring current. Irdo so, and generally do not show the smaller-scale structure
contrast T96 produced the biggest magnitude at the centgftransients) in the FACs.
of ring current crossing for most of the eight years data, as Figure 2c and d shows a duskside and dawnside pass on
is shown in some detail below. The magnetic field estimateds May 2004 and 4 December 2003, respectively. The con-
by the quasi-static T89 model (input of a single Kp at 3 h ditions during the duskside pass are relatively active (IMF
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Bz varies between about5 and 5nT, and SYM-H varies Comparing the data and model panels of Fig. 3, we find
between about-10 and—35nT). The dawnside pass occurs that the observed external field is broadly similar to the
under quiet conditions (IMBz varies between abowt5 and  TO1 modeled external field (the predictions from T89 and
5nT, and SYM-H varies between aboufl0 and 5nT). The T96 (not shown) show similar but weaker features to those
Bx, Bz and A Bmodel panels in Fig. 2c and d show similar from T01). For the whole eight year period, tiBg com-
features to those for the nightside pass. Byecomponents, ponents are negative during pre-perigee crossing and posi-
however, show a positive to negative polarity for the dusk-tive during post-perigee, with “step-like” colour signatures
side pass and negative to positive polarity for the dawnsidenear the perigee crossing at arountl h to perigee starting
pass between about4 h and +2 h relative to perigee; T96 from each June to December. TR¢ components are much
estimated the biggest magnitude at the center of ring currentveaker during the midnight sector perigee crossing between
crossing. It is also worth noting that there are some bulgeghe middle of February and March and during the noon sec-
on green lines (TO1) and red lines (T96) at the boundary oftor perigee crossing between the middle of August and Oc-
ring current, which are related to region 2 FACs. Comparingtober. Relative to perigee, they are negative (in blue) around
the different phases of the Cluster crossings, we find all the-2 h, positive (in red) around +1 h, and negative around +5 h
components are smallest during the dayside pass and largelsétween the middle of October and next February, and are
during the nightside pass. There is a clear asymmetry at botpositive (in red) around-2 h, negative (in blue) around +1 h,
boundaries of the ring current during the dayside pass, whictand positive around +5 h relative to perigee from the mid-
leads to a single bipolar signature at one boundary of the ringlle of March to the middle of August. It is worth noting
current associated with the low altitude FACs in the cusp re-that the weaker values around +3 h to perigee tend to move
gion. from about +3 h to about +2 h during the later years, which
In a similar manner to the test performed by Woodfield arises from the southward drop of the Cluster orbit as shown
et al. (2007) we compare the measured external field within Fig. 1.
the modelled ones. If one of the Tsyganenko models gave a From Fig. 3 we find that the TO1 model predicts the ring
perfect representation of the external magnetic field, the preeurrent, which appears as the seasonally-dependent trough in
dicted traces (black, red, or green line) would be identical tothe Bz component and i\ Byogel @round perigee: strongly
the magenta lines. In Fig. 2 we find the magenta lines gennegative in winter and spring (when perigee is on the night-
erally lie close to the three model lines for the whole interval side and passing close and through the ring current), and
but they show clear short bipolar signatures at the boundaries/eakly positive or negative in summer and autumn (when
of the ring current crossing and similar monopolar signaturesperigee is on the dayside). The ring current crossing (be-
during the middle altitude cusp crossing (see Fig. 1). It istween the boundaries of the trough represented by deep blue
worth noting that the magenta lines are closest to the greewolour around the perigee) occurs betweer-0.5 to 0.5h
line (TO1) for the whole interval in each phase, which sug- around perigee at the beginning and end of the dataset and
gests that TO1 achieves the best fit to the data. extends to~ —1.0to 1.0 h in the middle. In the orbits around
Figure 3 shows an overview of the external magnetic field420, 600 and 780, dating from spring and summer in 2003,
predicted by TO1 at the tracks of Cluster S/C 1 for the whole2004 and 2005 respectively, the time taken to pass through
eight years data (from orbit 93 on 1 February 2001 to or-the ring current is particularly long. The extension of the
bit 1244 on 31 August 2008), together with the measured ex+ing current does not change smoothly from orbit to orbit,
ternal field relative to the IGRFREo = Bopserved— BIGRF: but has a sawtooth shape at both boundaries at about +1 and
as shown in Fig. 2). In this plot format each vertical strip —1h relative to perigee. Near both boundaries of the ring
is a section of an orbit: the x-axis gives the orbit number, current, we find that there are small signatures (positive to
the y-axis is time relative to perigee and the colour scale isnegative or negative to positive in pre-perigee crossing and/or
the value ofBxgsm, Bycsm, Bzesm: ABmodelOF ABobserved 1N POSt-perigee crossing) in tiB, component, especially for
(A Bobserved= | Bobserved — | BIGre])- The left column shows the TO1 prediction (see the example in the second panels in
the output from TO1 and the right column shows the mea-Fig. 2), which are associated with the region 2 FAC or cusp
sured external fieldBgp). Note that in this figure (and also FAC. As an example, we show a region, highlighted by the
in Figs. 5 and 6) there are some regular and irregular datdlack ellipse in each column, when the Cluster spacecraft
gaps in the measured field (white areas on the plots). Thevere crossing the region 2 FAC. We find the FAC signature is
regular gaps, such as the ellipse-shaped gaps near perigagereasingly prominent from T89, through T96 to T01. This
from the middle of February to the middle of March in each is because the T89 model (not shown) does not include re-
year, and the short white bars near +4 from the end of Octogion 2 FAC, the T96 model (not shown) underestimates it
ber to the beginning of July in 2002—2007, arise for variousand the TO1 model (the left column in Fig. 3) performs better
operational reasons. There are also missing data between aand closest to the measured FAC (the right column in Fig. 3).
bit 719 (2 March 2005) and 745 (2 May 2005), which can be Comparing the modelled, external magnetic field from
seen as a discontinuity in the colours shown in the plots.  the different models, we find that thex component was
stronger, and th@&y and Bz components and Bpmogel Were
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Fig. 3. Plots of the three components and magnitude of external magnetic field predicted by TO1 and measured by Cluster S/C 1 (minus
IGRF) at the tracks of Cluster S/C 1 for the whole eight years data. Each vertical strip is a section of an orbit — the x-axis is the orbit number,
y-axis is time relative to perigee and the colour scale is the valixgikm, Bygsm, Bzgsm: aNdA Bmodel OF A Bgpserved(€ach row), for

the panels of the left column from TO1 and the measured (minus IGRF) for the right column.
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weaker for the TO1 model compared with the others. Notethe measured behaviour on these days. The residuals show
that the time variation in input conditions causes signifi- that the models overestimate or underestimate the contribu-
cant deviations inB (see detailed discussion in Sect. 4.1). tions of the ring current, underestimate the contributions of
The residuals of the Cluster S/C 1 observations with thethe FAC, especially the region 2 FAC, and do not identify the
IGRF model (the observed external fieBlgo = Bobserved— contributions from the cusp current (about 5 h after perigee in
B\GRrE, column 2 of Fig. 3) show that Cluster S/C 1 observed Fig. 4a). The offset between the data and the predicted value
the ring current magnetic field around perigee and observedf the magnetic field within the region 2 FAC reaches a max-
prominent sharp, bipolar signatures in all three componentsmum of approximately 50 nT (e.g. Fig. 4a), and a maximum
before perigee~ —1.5h) and after perigee~(+1h) (also  of about 20nT within the ring current. These differences
seen in Fig. 2a, b, ¢ and d). The location of these bipo-also depend on the global orbital orientation, represented by
lar features is closely aligned with the boundary of the ring each pass in Fig. 4a—d (dayside, nightside, and both flanks).
current during the perigee pass. There are some sharp sig-he sharp signatures, associated with the region 2 FAC or the
natures around 5 and 6 h after perigee (see Fig. 2a). Thessusp FAC, are shown in all three components for the night-
are suggestive of crossings through regions of enhancedide pass, mainly irBy with weaker signatures iBy for
plasma pressure and might be contributed to by the currenthe dayside pass, mainly By with weaker signatures iBy
in the cusp region. Support for this hypothesis comes fromfor the duskside pass and mainly shownBg with weaker
the sharp increase in the electron and ion flux observed bwignatures inBy and Bz for the dawnside pass. This might
RAPID (not shown here). These sharp changes in the residreflect the distribution of FACs at different local times. Com-
ual component fields are mainly monopolar in shape and arg@aring the residuals from the different models, we find that
much more complicated at the cusp region (about 5 to 6 ithey all show similar features during the whole interval, par-
away from perigee). ticularly in the By component. From the residual of the mag-
Woodfield et al. (2007) suggested the bipolar signatureshitude, we find that for these cases, T96 overestimated the
that Cluster sees close to the ring current are the result ofing current (positive residuals) and the other models under-
passing through, or close to, a region 2 FAC. The componentgstimated it (negative residuals). None of the models identify
and magnitude of the observed external fields are indeed corthe cusp current.
sistent with the spacecraft passing a tube of current, albeit Comparing the residuals relative to the Tsyganenko mod-
including additional filamentary structure. During the space-e€ls with those relative to IGRF only (in Fig. 2), we find the
craft cusp crossing, the residuals show monopolar structure$syganenko models estimate the ring current well, but give a
with a decrease in magnetic field magnitude, which mightpoor estimate of the field strength arising from region 2 FAC.
indicate that the spacecraft passes through or close to a cuf-he cusp currents remain largely un-modeled. Thus, we find
rent system not parallel to the main magnetic field, poorlythat, while clear signatures of FACs and cusp persist in the
estimated by the Tsyganenko models (magnetic field depregraces in Fig. 4, the deviations in the ring current are differ-
sions associated with the cusps were extensively discusseght for each model. It is interesting to note that in most of
by Tsyganenko and Russell, 1999, and Tsyganenko, 2009).the regions sampled, th®y component shows very similar
residuals from the 3 models. Additionally, in the dawnside
and dayside regions (Fig. 4b, djx shows similar residuals

4 Results for the measured residuals for all models. These effects are reflected in the trends seen
over the whole mission as discussed below (in Fig. 5).
4.1 Comparison between Cluster data and the different Figure 5 shows the residuals from the comparisons of
Tsyganenko models Cluster S/C 1 observations with T89, T96 and TO1 models

(d B = Bopserved— BT — BigrF) for the whole eight years of
Figure 4 shows the data residuals after differencing thedata in a similar format to Fig. 3. Residuals are shown from
Cluster S/C 1 observations with the predictions from theT89, T96 and TO1 respectively from left to right columns.
T89 (black), T96 (red) and TO1l (green) modelsB(= The T89 and TO1 models generally underestimated the ring
Bopserved— B_1 — BicrF) respectively for: (a) the nightside current in the earlier 4 or 5 years, while the T96 overesti-
pass on 13 February 2004, (b) the dayside pass on 2 Aumated it almost for the whole 8 years. For T89, dtBx com-
gust 2004, (c) the duskside pass on 8 May 2004 and (d) th@onent in GSM coordinates deviates much more than the oth-
dawnside pass on 4 December 2003. From top to bottom thers, so that the pre-perigee crossing (in the Southern Hemi-
panels in each of Fig. 4a—d are for th®xcswm, d Bygswm, sphere) is underestimated and the post-perigee crossing (in
dBzgsm and the residuals in the magnitude of the field. As the Northern Hemisphere) is overestimated. @By com-
in Fig. 2, the grey shaded region shows the ring current exponent is similar for all the models, and the behaviour is gov-
tent as defined by the energetic particle flux. The residualerned more by the external conditions, but is progressively
are almost zero except during the crossings of the ring curunderestimated during the later years. For T88x and
rent, region 2 FAC and cusp current regions. These residd By vary between the results for T89 and TQidBz shows
uals measure the degree to which the model currents matcsimilar, but more complicated, behaviour. For TO1, all of the
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Fig. 4. Residuals from the comparisons of Cluster S/C 1 observations with T89 (black), T96 (red) and TO1 (green) and IGRF (magenta)
models for the nightside pass on 13 February 2@)4dayside pass on 2 August 20(#), duskside pass on 8 May 2002) and dawnside

pass on 4 December 2008). From top to bottom panels of Fig. 5a—d are for #®xcgsm, d Bygsm, ¢ Bzgsm and the magnitude of the

field. The black vertical lines show the ring current region crossing.

components of the deviations are much smaller than from the As mentioned above, the lines of apsides of the Cluster
other models, indicating that this model best fits the data. Thespacecraft drop southward in the later years,. In order to
time-varying input parameters return a time-varying modelinvestigate the regions encountered at different times due
field since the magnetospheric response is partially containetb this dropping, we compare in detail three months (Jan-
in TO1. Although this time varying input provides a better fit uary to March) of results from 2004 and 2007. Figure 6a
to the data the residuals have less meaning. Nevertheless,and b shows the residuals from the comparisons of Cluster
is clear that the features indicated by the line plots (Fig. 4),S/C 1 observations with the T89, T96 and TO1 models for
for FAC and cusp, persist throughout. The TO1 deviationsthe orbits 540-578 and 1001-1038, which are from 1 Jan-
revealed are weaker during the later years, which might bauary to 31 March in 2004 and 2007, respectively. Figure 6a
because of the approach to solar minimum with reducing geand b shows clear bipolar signatures (sharp blue/red trends
omagnetic activity. (The IMF conditions and SYM-H index or red/blue trends) corresponding to the contributions of re-
(not shown) confirm that conditions are broadly active dur-gion 2 FAC at~1.0 h either side of perigee for the whole
ing the first four and a half years (from orbit 93+800) and  three months of 2004, and —2.0 h and 0.5 h relative to the
quiet in the later years (from orbit800 to 1244)). perigee for the whole three months of 2007 (most clear in the
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Fig. 6. Plots of the residuals from the comparisons of Cluster S/C 1 observations with T89, T96 and TO1 models for the orbits 553-566 and
1014-1026, which are from 1st to 29 (28) February in 2004 and 2007, respectively.

By component). These tend to show underestimated signathat the residuals are almost the same at all 4 spacecraft.
tures around:1.0 h of perigee i Bz. The T89 model, how- There are some clear differences iné®x andd By compo-

ever, does not include (and the T96 model does not well renents in later years, as a consequence of the larger spacecraft
produce) the region 2 FACs, resulting in larger residuals. Theseparations. At the boundary of the ring current in the later
deviations also show that there are underestimated signaturg®ars, the Cluster S/C 2 observed the strongest signatures,
(redder colour, especially idBz), reflecting the contribu-  followed by S/C 1; S/C 3 and 4 measured almost the same
tions of the cusp current system, between3.0 and +6.0h  features. This might be because Cluster S/C 2 is always lo-
for the whole three months of 2004, and betweerl.0 and  cated outermost, S/C 1 follows and S/C 3 and 4 are located
+3.0 h for the whole three months of 2007, again a result ofinnermost (and move almost together: see, for example, the
the progressive dropping southward of the Cluster orbit asconfigurations in Fig. 1), resulting in each spacecraft cross-

shown in Fig. 1. ing or passing close to different parts of the FAC.
_ Figure 7 demonstrates the effects of the different space-
4.2 Comparisons between the 4 Cluster spacecraft craft separations and orientations on the magnetic field resid-

uals. Figure 7a shows the nightside passes on 13 February
In order to further investigate the cause of the bipolar signa-2004 (small average separation160km) in the left-hand
tures we have attributed to FACs in the previous section wepanels and on 12 February 2007 (large average separation,
make use of the multi-spacecraft nature of the Cluster mis-~1600 km) in the right-hand panels. The left and right pan-
sion. By studying the individual spacecraft residuals fromels in Fig. 7b similarly show the dayside passes on 2 Au-
TO1 for the whole eight years of data (not shown), we find gust 2004 (middle average separatiot¥,20 km) and on 16
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Fig. 6. Continued.
August 2007 (large average separatief2058 km), respec- From Fig. 7, we find all four spacecraft observed the same

tively. In the same format, Fig. 7c shows the pair of flank signatures when they were at small separation and observed
passes on 8 May 2004 and 4 December 2003. In each afimilar signatures, successively with small differences, when
the plots in Fig. 7, the top four panels are residuals (datathey were at large separation. The bipolar signatures, which
model) of magnetic field in GSM coordinates and the fifth are thought to be the contributions from region 2 FACs, are
panel shows the magnetic field magnitude from the 4 Clus-clearly shown in the residuals from all the four spacecraft, the
ter spacecraft for the two orbits. In addition, at the bottom differences between the spacecraft to spacecraft give an indi-
of each plot, the normal components of the residuals avereation of FAC spatial extent. In Fig. 7a there are also some
aged over the 4 Cluster spacecraft are shown. These are tlm@mplicated structures between +1.8 and +2.8 h of perigee in
projections o# Bayg and Beo—avg ONto the normal direction  the February 2007 pass (about three hours earlier than the one
of the current tubes for each FA@Bnavg= d Bayge i, and in February 2004). This may suggest the Cluster spacecraft
BEeo-Navg= Beo-avg®1v. IN Beo_navg the bipolar signa-  are crossing the cusp current system at mid to high altitudes.
ture is attributed to a current tube crossing by the spacecratft,
while in dBnayg, it is due to the contributions of the un- Since all four spacecraft typically sample the region 2
derestimated part of the observed current tube. This meanBACs, we may apply four-spacecraft timing analysis (Rus-
the model performs better when the offset is larger betweersell et al., 1983; Dunlop and Woodward, 1998) to calculate
dBnavg and BEo-Navg. The x-axis in these lower panels is the motion and scale of the FACs observed by Cluster, us-
time relative to the perigee for each orbit. ing the known tetrahedral spacecraft configuration. The re-
sults are given in Table 2, which are similar in each case and
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Comparisons of Cluster Magnetic field with T01 model
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Fig. 7. Results from six orbits with different separations and different orientations of Cluster 4-spacecraft on 13 February 2004 and 12
February 20074, in small and large separation, nightside pass), on 2 August 2004 and 16 Augusb200imiddle and large separation,
dayside pass), and on 8 May 2004 and 4 December 20@3¢mall separation, both flanks pass), together with the average residual normal
component ofl Bayg (black trace) andBeo_avg (Magenta trace) for each FAC. The x-axis is time relative to the perigee for each orbit. Top
four panels are residuals (data-model) of magnetic field in GSM coordinates. Fifth panel shows the magnetic field magnitude from the 4
Cluster spacecraft for the two orbits.

give the average direction of the magnetic field from the 4Angles betweeripa“,g andn, range from 86.8 to 111°5the
Cluster spacecrafb,a\,g (the third column of Table 2) and the sixth column of Table 2), suggesting that these structures are
normal of the current tubeg,, (the fourth row of Table 2). likely to be FACs, and are crossed perpendicularly. From
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Comparisons of Cluster Magnetic field with T01 model
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Fig. 7. Continued.

Table 2. Catalogue of the average magnetic field and FACs motion for the FACs observed by Cluster spacecraft in the orbit shown in Fig. 1,
together with the angle between the average magnetic field and the FACs motion. The diregti@ml(the speeds$¥|) of the motion are
obtained from four-spacecraft techniques, and the diga¢) of each FAC observed by Cluster was estimated by using the velocity and the
duration of the whole bipolar signature of each FAC.

Date Hours to perigee BaygGSM ny GSM V| Angle Dpac
X,Y,Z X,Y,Z «kmis) ) (Rp)
~_14 —0.87,-0.48,-0.09 —0.24,0.92-0.31 073 1017 021
13 Feb 2004 ~ 406 0.95,029-0.12 —0.39,0.92-0.06 077 968 0.54
2 Aug 2004 ~ 415 ~0.68,—-0.45,—0.58 —0.54,0.84,0.09 0.13 935 0.6
~_22 —0.24,0.84,050 —0.41,-0.73,055 021 1040 0.15
8 May 2004 ~4+0.4 0.29,-0.50,—0.82 —0.94,-0.32,0.13 0.17 1025 0.09
~_25 0.04,-0.92,-0.39 —0.76,0.18-0.63 0.42 86.8 0.25
4 Dec 2003 ~ 106 ~0.00,0.80~0.60 0.20-0.57,—-0.80 053  89.0  0.32
~-21 ~0.72,-0.36,—0.59  0.88,0.01-0.47  1.42 1115 0.43
12 Feb 2007 ~402 0.88,0.45-0.14  —0.24,0.97-0.03 035 1028 0.7
16 Aug 2007 ~ 104 ~0.79,-0.18,-0.58 —0.34,0.71,0.62 022 1025 0.12

Table 2, we also find that for nightside passes (the FACsward) components. For the duskside pass (the FACs on 8
on 13 February 2004 and 12 February 2007) the directiondviay 2004), the implied directions of motion are all dawn-
of motion, along the components #f, are southward and ward (westward), northward and tailward. For dawnside pass
tailward and strongly duskward (eastward), except for the(the FACs on 4 December 2003), the implied direction of
FAC at~ —2.1h to perigee on 12 February 2007 which is motion is duskward, dominated by southward and tailward
southward and duskward, but dominated by a sunward moeomponents for the FAC at —2.5h to perigee and dawn-
tion. For the dayside passes (the FACs on 2 August 2004vard and sunward, dominated by a southward component for
and 16 August 2007), the implied directions of motion are the FAC at~+0.6 h to perigee.

all northward and tailward with very strong duskward (east-
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The timing analysis is calculated relative to the spacecrafta matter of necessity. In general, we find that T96 and TO1
motion during the crossing of the structure. The FAC speedsmodel the location of the observed FAC system signatures
V| in Table 2, range from about 0.22 km/s to 1.42 km/s, sug-well but the magnitude and fine structure are less well repro-
gesting that the structures are very stable and are almost stauced, as there are additional filamentary structures embed-
tionary during the Cluster crossings. Assuming a cylindricalded within each FAC. It is unrealistic to expect the model
current tube we can estimate the maximum current tube sizéo be able to estimate accurately the detailed structure. It is
(transverse thickness)rac using Deac = | V| - At where of prime concern, however, to obtain a realistic prediction of
At is the duration of the whole bipolar signature surround-the magnitude of the effect the FAC system has on the mag-
ing each FAC.Deac ranges (see Table 2) from about 0.17 netic field. As the individual events showed, the intensity of
to 0.54Rg for the region 2 FACs, and from about 0.06 to the magnetic field perturbation due to the FAC system varies
0.12 Re for the cusp FACs. We project the average residualsgreatly. This increases the need for accurate and large data
of d Bayg and Beo-_avg(defined earlier) from the 4 spacecraft sets to be used in generating a model. The results presented
onto the relative normal direction, for these FACs. The here demonstrate the need for empirical models of the ex-
results show clear bipolar structures (see the lower panels iternal field to better exploit Cluster magnetic field measure-
Fig. 7a, b and c) with a peak-to-peak magnitude-60 and  ments, especially in the Birkeland current region.

~70nT for the FACs on 13 February 2004, and~0 and The time that the FACs are encountered with respect to
~25nT for the FACs on 12 February 2007. This also sug-perigee alters over the course of a year as the plane of the
gests the residuals are much weaker in the later years. Cluster orbit precesses through 24 h in local time (see Wood-

field et al., 2007, Fig. 13). It would be expected, given

the day-night asymmetry mentioned above, that orbits with
5 Discussion a dayside perigee would observe any region 2 current sig-

natures further towards the poles (see, for example, Tsyga-
The comparisons of eight years of magnetic field data fromnenko (2002a), Fig. 4). This is in agreement with our re-
the 4 Cluster spacecraft with the predictions from Tsyga-sults; the FAC signatures occur further away from perigee
nenko models confirm the frequent occurrence of sharpfrom about July to December.
bipolar features in the residual values (data minus model) in The separations of the 4 Cluster spacecraft vary over the
all three GSM magnetic field components, which were at-mission from about 100 km to 2-/&, which allows us to
tributed to region 2 FAC by Woodfield et al. (2007). These make spatial comparisons during similar external conditions.
bipolar signatures place the observed FACs on or near thét small separations, all the spacecraft observed the same
boundary of the ring current. The morphology of the Birke- features with clear bipolar signatures resulting from the re-
land current system suggested by lijima and Potemra (1976¢ion 2 FACs (see Fig. 7). The 4-spacecraft technique (timing
closes the region 2 system via the ring current; the ring cur-analysis) works very well for calculating the normal direction
rent can extend from-65 to 65 in latitude all over the and scale of these FACs and the results confirm the presence
evening and the post-midnight sector (Vallat et al., 2005).of FACs. The deviations in the normal directions show a pos-
It is therefore possible that the FACs we have observed werétive to negative bipolar signature at the pre-perigee cross-
indeed part of the region 2 current circuit (Woodfield et al., ing and a negative to positive bipolar signature, with some
2007), or the region 2 FACs located at the boundary of theturbulence at the end, during the post-perigee crossing (see
ring current. This is in agreement with Vallat et al. (2005) the bottom panels in Fig. 7). This indicates that the Cluster
where the authors used the four Cluster spacecraft to estispacecraft array is crossing one or two poleward FACs in the
mate the current using the curlometer technique (e.g. Dunlofpre-midnight, post-noon and dusk sectors, and tailward FACs
et al., 2002). A curlometer analysis has not been includedn the dawn sector, which confirms the statistical distribu-
here since the quality is expected to be low in view of thetion of region 2 FACs above the polar region in the Northern
spacecraft configuration in some of the relevant regions inHemisphere (liima and Potemra, 1976). We intend to im-
these orbits. Nevertheless, such a study is being attemptegrove the curlometer technique to calculate the current accu-
through improvements to the curlometer technique. rately for confirmation and investigation of the distributions

The quasi-static model (T89) takes into account the tailof the region 2 FACs at the altitude of 4R% in the future.

current, ring current and Chapman-Ferraro currents, but does At large separations, all four spacecraft observed similar
not include the larger scale region 1 and 2 FAC. The dynamicsignatures one by one with few differences other than those
models (T96 and T01) take a detailed approach to modellinglue to convection of the FACs in time. The large separations
the region 1 and 2 Birkeland currents, including the changeand the abnormal tetrahedral configuration of the Cluster
of ionospheric latitude with activity, dipole tilt-related defor- spacecraft array may reduce the validity of the 4-spacecraft
mation and the observed day-night asymmetry (Tsyganenkdechnique. Nevertheless, the similar bipolar signatures ob-
1996, 2002a). It is a difficult task to model these FAC sys- served one-by-one by the 4 Cluster spacecraft also suggest
tems realistically, however, and any attempt to include themthat the region 2 FACs are very stable and are almost sta-
in a global model is almost certain to be a simplification astionary during the Cluster array crossing, which indicates
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the timing analysis should work well under these conditions.size 0f~0.17-0.54Rg, and cusp FACs, with a size 610.06—

For example, the results from timing analysis confirm the 0.12Rg, are very stable and are almost stationary during the
FACs referred to in Sect. 4.2 for the events on 12 Febru-Cluster array crossings.

ary 2007, when the average large separation between the 4 |n future, we hope to better map the magnetospheric re-
Cluster spacecraft is about 1600 km. The deviations in th%ponse in this region generally, and to study the quiet and
normal direction in this case also show a positive to nega-storm time ionospheric current systems linked via the re-
tive bipolar signature at the pre-perigee crossing (see the lefgion 2 FAC.

panel of the right part of Fig. 7a), and a less common nega-
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