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Abstract. A study of dipolarization fronts of the Earth’s meaning to include processes that occur in the Earth’s mag-
magnetotail has been performed using seven years (2001retotial. In order to keep homenclature consistent with the
2007) of Cluster data. Events both with and without high- many magnetotail papers that have been published over the
speed earthward flows are included. A superposed epoctast years (cited further below) we use terms dipolariza-
analysis of the data shows that the dipolarization is preceedetion and dipolarization front for the (reconnection) flow-
by a decrease aB, before the increase. The duration of the associated magnetic field turnings.

dipolarization tends to be decreasing with increasing veloc- These dipolarizations still leave a lot of questions open,
ity of the plasma flows. The thickness of the dipolarization with respect to the details of their structure like: What is
front is on average 1.8 plasma inertial lengths, independenthe thickness of the dipolarization front, defined as the quick
of the plasma velocity. We find that the events fall into two turning from By to B,?; Are there currents flowing on the
categories: Earthward and tailward moving dipolarizations.front, and if so, what is the nature of these currents?; Is the
The dipolarization fronts can be assumed to be tangentiastructure of the dipolarization front dependent on its veloc-
discontinuities and the currents on the front have mainly aity?; Why canB; decrease to become negative before it starts
perpendicular component. to increase? In this paper we will try to answer some of these
open questions after a short discussion on what has been done
before.

Single-spacecraft statistical studies and overall character-
istics of fast flows and dipolarizations were obtained, using
observations by GeotaiOhtani et al. 2004 and data from
1 Introduction Wind (Sigsbee et al.2005. The important characteristics

obtained in these two papers for this present study are:
Magnetotail dipolarizations are usually associated with sub-
storms (e.gBaumjohann et 311999, after reconnection has
taken place on the stretched field lines, the newly connected
field lines will move towards the Earth, releasing the mag-
netic tension. This creates fast earthward flows (seefag.
gelopoulos et a]1992 Baumjohann et 412002 and a turn-
ing of the magnetic field from the x-direction along the tail
axis into the z-direction perpendicular to the current sheetin 3 The plasma and total pressures decrease in the course of
the tail, making it look like a more dipole-like field, hence the fast flow.
the name dipolarization.

Note that, although true dipolarization only occurs aroundWith multi-spacecraft missions one can better determine the
geosynchronous distances, this term has been expanded @faracteristics of the dipolarization frontSergeev et al.
(1996 used ISEE 1 and 2 data, measuring a dipolarization of
the magnetotail caused by the passage of flux tubes or mag-

Correspondence tdd. Schmid netic bubblesNakamura et al(2002 discussed the motion
BY (schmd@sbox.tugraz.at) of a diplarization front. It was found that a slow moving
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1. The magnetic field becomes dipolar in the course of the
fast earthward flow;

2. Sharp dipolarization tends to be preceded by a transient
decrease iB,, which starts along with the fast flow and
is accompanied by an increase in the plasma density;
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front (at~77 kms'1) had an estimated size 62000km. A years 2001 to 2007, when the spacecraft were located be-

study on the propagation of dipolarizations has been done byween—20Rg < Xgsm < —10Rg and|Ygsm| < 15RE.

Takada et al(2006, where both Cluster and Double Stardata  To find the dipolarization events, we used similar selection

were used. It was found that flow-associated activity disi-criteria asTakada et al(2006 andSigsbee et ak2005. In

pates within a limited spatial scale (4R8) and that the ini-  contrast to these selection criteria we used a 3-min long slid-

tial topology of the inner magnetosphere contributes stronglying window instead of a 5-min window. This could result in

to how far fast flows can penetrate towards the Earth (see e.@nly “short” dipolarization events, however, it will be shown

Dubyagin et al.2011). that there is little effect by the window size. We put on the
The THEMIS mission Angelopoulos2002), designed to  following requirements on the events:

look at the time-history of substorms was used to show the

Earthward flowing of a dipolarization front fronry20 Rg to — The spacecraft is located in the plasma sheet, i.e.

~11Re at a velocity of~300kms™t. Using the passage- plasmag > 0.5 (Baumjohann et al1990.

time of the front over the spacecraft it was estimated that the

thickness of the front was-400-500km, i.e. at the size of = — The observed earthward plasma flow (perpendicular ve-

the ion inertial length, with the larger size found closer to the locity V, in XY plane) is at least in one data point (out

Earth Runov et al.2009. of 45 data points in the 3-min window) greater than
Li et al. (2011 studied the force balance around dipolar- Vix>150kms™.

ization fronts within bursty bulk flows by comparing curva-

ture force densities and total pressure gradient force den- — The difference in elevation angtebetween minimum

sities ahead of and behind the dipolarization fronts. In-  and maximumB; during the window exceeds6 > 10°

deed plasma acceleration immediatiely after the dipolariza- ~ andA B; also exceeds 4nT.

tion front can be explained by the resultant increased curva-

ture force density. — The elevation angle is at least in one data point greater
Dipolarization-associated currents in the magnetotail were ~ thané > 45° (Baumjohann et a|1999.

studied in a variaty of ways: concerning the substorm current . o )

wedge in the near-Earth regiohy et al, 2008 and fur- We have found 35_5 dipolarization eve_nts using Cluster 1

ther down the tail lakai and Kamidg200Q Volwerk et al, data. Here we r_estrlct the events for mainly earth_vvard domi-

2008. However, determination of the current specifically as- "ant flow. Thatis, we exclude those events for which the flow

sociated with the dipolarization front has been don@bgu  tUrns tailward, faster thar-100 km s within the 3-min .

et al. (2009, who found a current layer with a thickness of Window. From the 355 events 219 events were categorized

the ion inertial length.Zhang et al (2011 studied current @S earthward dominant flow. This means that there is a large

carriers observed within thin current sheets ahead of and duRercentage (38 %) of tailward flows witf < —100kms*
ing the passage of earthward-moving dipolarization fronts in?hen one compares this number with what is citedAy
the near-Earth plasma sheet using THEMIS measurement§€lopoulos et al(1994 for tailward BBFs in the same re-
Contributions by both diamagnetic and polarization currentsdion (7 %). HoweveAngelopoulos et a1994 set a higher
were found. velocity limit for tailward BBFs (V| > 400kms'). Naka-
However, in this paper we will use the data from Cluster MUra et al.(2004 found that 22% of the fast flows, with

and use multi-spacecraft analysis to obtain the characteristics’ | > 300kms’ ', observed in their study were tailward.

of the dipolarization fronts such as thickness and associateffloM these 219 events 160 events had only positive veloc-
currents. The special set-up of the Cluster spacecraft, i.e. in Y values and 59 events were categorized as tailward-mixed
tetrahedron-shape in regions of interest (e.g. the magnetotaiﬁarthward flow events. That means that these 59 events have

gives the possiblity of determining the currents through the® Slight tailward flow (@~ V x > —100km s ) within the

gradients in the magnetic fieltharvey, 1999. 3-m|n interval. As the majorl_ty of flows in the dataset is cat-
egorized as earthward dominant flow, only these 219 events
will be investigated further.

2 Data set and selection criteria To maintain that the spacecraft remains near the center of
the plasma sheet, close to the neutral sheet, we require ad-

For the event selection, we used the 4-s averaged magnetititionally: |Bx| < 5nT during the 3-min window. We also

field data obtained by the Flux Gate Magnetometer (FGM,set the condition{Ygsm| < 12 Re. Consequently 107 events

Balogh et al. 2001) and plasma data from the Composi- remained for further analysis.

tion lon Spectrometer (CISReme et al. 2001) on Clus- Figure 1 shows the positions of Cluster for the 107 dipo-

ter 1, and throughout the paper the Geocentric Solar Maglarization events in the GSM XY and YZ plane. As stated

netospheric (GSM) coordinate system is used. To survey thabove, the dipolarization is preceeded by a decread# in

dipolarization events in the nightside magnetotail, we usedand sometimes this decrease is so strong fthabecomes

the dataset from Cluster between July and October for thenegative. Out of these 107 events, 69 events had positive
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minimum B; values during the dipolarization (marked by cir-
cles in Fig.1) and 38 events had negative minimugp val-
ues (marked by stars in Fig). In the following we examine
these 107 events that took place close to the neutral sheet.

3 Observations

In this section the changes in the magnetic fiBjdassoci-
ated with the plasma flow are investigated. Superposed epocl
analyses are conducted, where the median and the upper ar
lower quartiles are used to get the general shape of the dipo:
larizations and the variation therein.

3.1 Eventview

Figure 2 shows dipolarization events on 29 August 2003 at
13:53UT and 1 October 2003 at 21:00 UT. The horizontal
axis in Fig.2 covers a 2-min interval centeredsat 0. This
reference timey =0, corresponds to the start time of the
sharpest increase iR; within the 2-min interval. We will
discuss two specific events first, before starting the super-
posed epoch analysis of all events chosen for this study.
The event on 29 August 2003 (Fi2a) shows a sharp dipo-
larization front where it took about 4 s to go froBy, min to
Bz max (panel d). The magnetic field elevation angle (panel c)
to the equatorial plane at Cluster 1 was abol80° before
the start of the magnetic dipolarization. There seems to be
some oscillations in front of the dipolarization, increasing
the elevation angle, after which it decreases to a minimum o
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1Fig. 1. Cluster spacecraft position in the XY and YZ plane for the
107 earthward flow events observed during the years 2001-2007.

~ 40 atr=0. The elevation angle then increased to a valuérpg gg events with positive minimuty, values are marked by cir-

of ~70° att =4 s and then decreases+®5°. The perpen-

dicular plasma flow is shown in panel (g). The maximum dipolarization are marked by stars.

perpendicular earthward flow in x-direction 6800 km s1
was observed 8s after the sharp chang®0&and decayed
gradually 28 s after the dipolarization. The plasma flow in y-
and z-direction was barely existing.

The event on 1 October 2003 (Figb) shows a dipo-
larization, where it took about 12s to go froBy min tO
Bz max (panel d). The magnetic field elevation angle to the
equatorial plane (panel c) at Cluster 1 wass0°. The
elevation angle first decreased to a minimum-~of-20°
and then increased back to a value-of7f0° at t+ = 20s.

was negligible.

flow due to the compression of the plasma.

www.ann-geophys.net/29/1537/2011/

cles. The 38 events with negative minimusg values during the

Panels (h)—(j) in Fig2 shows the electric currents deter-
mined by the curlometer technique with the currents perpen-
dicular to the magnetic field (shown as filled region under the
red curves). However this will be discussed in SBct.

3.2 Superposed epoch study of dipolarizations

Figure 3a shows the Z-component of the magnetic field for
The maximum perpendicular earthward flow (panel g) in x- the 107 dipolarization event8{, black lines) and the median
direction was~200km s during the dipolarization. The over plotted B, red line). The green lines are the upper and
maximum plasma flow in y-direction was significant higher lower quartiles ofB,. As one can see, for the median of all
at ~400kms?! at the dipolarization and decayed gradually these events th&, drops to a minimum before it starts to
~20 s after the dipolarization. The plasma flow in z-direction increase.
To examine howB; changes in association with the plasma
The plasmas, shown in panel (a), for both events was flow we have divided the dataset into 2 subsets accord-
20 and 250, respectively during the dipolarization, indicat-ing to the maximum speed of the horizontal perpendicu-
ing that the spacecraft was well situated in the plasma sheetar earthward plasma flow: 150 V| xy < 400kms? and
The increase in plasm@is caused by increasing the plasma 400kms?! < V1 xy- These two subsets are studied with a
density,Np (shown in panel b), in front of the dipolarization superposed epoch analysis. In F3b.the relation between
the earthward plasma flow velocity, xy in the horizontal

Ann. Geophys., 29, 183772011
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Fig. 2. Data for 29 August 2003 from 13:52 UT till 13:54 UT (left panel) and for 1 October 2003 from 20:59 UT till 21:01 UT (right panel).
Panel(A) the proton density; PanéB) the plasmas; Panel(C) the magnetic field inclination angle for C1; Pan@3—(F) the three magnetic

field components for all Cluster spacecraft, Panel G: The perpendicular plasma flow vegoftitsick), Vy (red) andV; (green); PanelgH)—

(J) the three components of the electric currents determined by the curlometer technique with the current perpendicular to the magnetic field
shown as the filled region under the red curves. The two specific times for the 'timing-method’ (marked by the horizontal colored solid lines

for Bz min and the dashed lines f@; max are also shown.

XY plane and the medians of the two superpoBeds plot-

ted. The result of the superposed epoch analysis shows that
the gradient of the dipolarization increases with enhanced
velocity. For the low velocity set we find B, ~3.5nT in

At =12s, whereas for the high velocity s&tB, ~ 6nT in

the same time interval. This observational result suggests
that the duration of the dipolarization is anti-correlated with
the plasma velocity. Also, the variation By is much greater

for the fast flow, a deeper decrease before the dipolarization
and a larger end value after the dipolarization. To obtain in-
formation about the temporal and spatial scale seperately, it
is necessary to use the data not only form Cluster 1 (as up to
now) but also from other Cluster spacecraft.

From the 107 dipolarization events, 38 events have an neg-
ative Bz min Value, see the negative values at0 in Fig. 3a.
There can be various possible reasons for a neg®&iv&n
value, with the spacecraft close to the center of the plasma
sheet. Amongst possible others, there are:

1. The magnetotail can be tilted in the YZ plane during the
observed event and thi® undershoot becomes negative
because of a non-zem®, component in the tail. In or-

Ann. Geophys., 29, 1537547 2011

3.

4.

der to test this first explanation, the relation between the
mean of the magnetic field in y-directiofBy, meard and
z-direction, Bz meanOf the 38 dipolarization events with

a negativeB; min (black circles) is shown in Figl. The
mean average @y, By meanaNd Bz, Bz meanWere eval-
uated during the steady state before the dipolarization
occurs.

2. Strong (diamagnetic) currents on the dipolarization

front can generate enough disturbance thatan be-
come negative durring the event.

A negativeB; min undershoot can also arise from mag-
netic flux passing over the SC.

Transient reconnection is another possible mechanism
producing asymmetric bipolaB;, variations, a¥Kiehas
et al.(2009 showed.

www.ann-geophys.net/29/1537/2011/
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A: Median and Quartil of the B, in 2001 - 2007 B: Correlation of Vxy and Bz in 2001 — 2007
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Fig. 3. The left figure shows th&; of the 107 dipolarization events (black line) and the median over these events (red line). The green lines
are the upper and lower quartile of the mediarBgf The right figure shows the relation between the maximum perpendicular plasma flow

velocity in XY plane and the median of the superposgdor the 107 events. From these 107 events 60 events had a maximum velocity in
horizontal XY planeV yy <400km s'1 and 47 events a maximum velocity xy >400km s during the dipolarization.

141 : called timing-method. Using the spatial configuration of the
© O 38 events withneg. B Cluster spacecraft, one can e.g. cross-correlate the magnetic
12 @) field data between the spacecraft to obtain the normal veloc-
ity of the magnetic structure from which the thickness of the
10 boundary can be inferred.
The timing-method is very sensitive to the resolution of the
- data. Hence we used 5-Hz resolution data for all 107 dipo-
o larization events which were identified with the 4-s dataset.
The high-resolution data are lowpass-filtered to smooth the
data and to conserve the profile of the 4-s resolution mag-
netic field data. The best results was obtained by the use
8 o) of a lowpass with a cutoff frequency gtut—of =2 Hz. In-
OO deed the profile of the high-resolution magnetic field data had
p

y,mean

B
(o]

O
@
00@:@8

0 2

9.0 ‘ ‘ ‘ ‘ roughly the same profile as the spin resolution magnetic field
6 8 10 12 14 data, which means that the “high” frequency noise cannot
B, mean influence the deformation @&, min and Bz max-
Panels (d)—(f) of Fig2 show the magnetic field data of
Fig. 4. The relation between the mean of the magnetic field in y- all 4 Cluster spacecraft with 5-Hz data. To obtain the normal
direction, | By, mearl and z-direction,Bz meanf the 38 dipolariza-  velocity of the magnetic structure accurately with the timing-
tion events withanegati_vEZ,min (black circles). The mean mag_ni- “method, we used two specific times (marked by coloured
Fudes are evaluated during the steady state before the dlpolarlzatlogond lines (“timing” B, min) and coloured dashed lines (“tim-
is about to occur. ing” Bzmay) in Fig. 2b. The particular times are selected
automatically by searching the minimum and maximum of
B;. Then we estimated the normal velocity of the magnetic
structure for each particular tim&ming, min 8Nd Viiming,max)-

] o . o ) For a first study we are interested in events that are quasi-
With the Cluster quartet it is possible to obtain time series a%tationary i.e. the velocity does not change too much over

different locations, which can be used to distinguish betweenng structure, and events that show approximately the same
the temporal and spatial behavior of the magnetic fields (segofile to limit spatial variations of the dipolarization within
e.g. Paschmann and Daly998 Volwerk, 200§. Harvey  the Cluster tetrahedron. In the following we will call these

(1998 showed a simple m_ethod to obtain the normal VelOCityquasi-stationary events “steady” dipolarization events.
of a plane boundary passing by the Cluster spacecratft, the so

4 Multi-satellite observations

www.ann-geophys.net/29/1537/2011/ Ann. Geophys., 29, 183722011
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A: Histogram: boundary size — proton gyroradius B: Histogram: boundary size - inertial length
07 ‘ ‘ ‘ ‘ ‘ ‘ : 0.5 \ \ ‘ ‘ ‘ ‘ :
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I o > 90° . o > 90
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normalized counts

boundary size boundary size

Tp,gyro inertial length

Fig. 5. The left panel (paneh) shows the histogram of the boundary size normalized by the proton gyro radius of the 24 dipolarization
events and the right panel (pari) shows the the histogram of the boundary size normalized by the ion inertial length. 15 events have an
anglea < 90° (marked blue), and 9 events have an angle90° (marked red). The vertical axis in both plots shows the counts normalized
with the total number of events of each group.

The two estimated timing velocitieSVf{mingmin and izontal perpendiclular earthward plasma flow velodity xy
Viiming,max) are compared and only events with a veloc- as shown in Fig3. However, there is no systematic be-
ity difference smaller than 25% are selected, which wehaviour between the thickness of the magnetic bounéary
will call “steady” dipolarizations. For further analysis the and theV, x,. 6p was obtained from the time difference be-
average of these timing velocitie®ining = (Viiming,min + tween the minimum oB; (timing,min) and the maximum of
Viiming,max)/2) Was obtained. From the 107 events 66 re- B; (timing,max), and the estimated average normal velocity
mained. Another 42 events had a different profile among theof the magnetic structure from the timing-methd@iding):
four spacecraft based on visual examinatiorBgf This in- 8p = (ttiming,max — ttiming,min) Viiming- Like in Sect.3.2 we
dicates that there are, indeed, both temporal and spatial varsplit the data into 2 bins based on the maximuiy: 150-
ations in the structures associated with the dipolarizations400kms ! and >400kms. From the 24 dipolarization
Therefore, for only 24 events “steady” structure timing ve- events 11 events have a maximufm xy < 400 km st and
locity could be found. We also obtained the angleetween 13 events have a maximum, x, > 400kms™®. The ob-
the estimated normal velocity of the magnetic structure andained average thicknest of the dipolarization front is
the maximum perpendicular plasma flow in XY plane within ~ 460+ 350 km and~ 430+ 350 km respectively. So the av-
the 3-min-long time window. From the 24 events 15 eventserage size of the boundary @50+ 350 km) seems to be in-
have an anglex < 90° (marked by stars in Fige) and 9  dependent of the plasma flow velocity and on the order of the
events have an angle> 90° (marked by triangles in Fid). evaluated average proton gyro radiusd$90+ 150 km. We
The estimated angle for the event from 29 August 2003also estimated the inertial length of the protons in the mag-
(Fig. 2a) isa ~ 3(° and from the event on 1 October 2003 netic structure:liny = wp/c ~ ZZW km, wherewy is the
(Fig. 2b) o ~ 150°. We will discuss the difference between plasma frequencyy,, is the proton density in cme. In ad-
these two flow directions in the discussion section. However diton the relationship between the estimated boundary size
in the following we examine these 24 “steady” dipolarization and the observed distance from Earth were considered, but

events. no clear correlation was found. Also between the temporal
_ duration of the dipolarization and the observed distance from
4.1 Thickness Earth no clear pattern is found.

The result of the timing-method for the 24 “steady” dipo- In Fig. 5a the histogram of the boundary size normal-
larization events confirmed the assumption that the temporailzed by the proton gyro radius is shown and in F.the
duration of the dipolarization is anti-correlated with the hor- histogram of the boundary size normalized by the ion inertial

Ann. Geophys., 29, 1537547 2011 www.ann-geophys.net/29/1537/2011/
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Fig. 6. Ratio of the estimated boundary size of the magnetic struc-
ture and the inertial length of_the protons in the magnetic §tructureFig_ 7. Relationship between the perpendicular plasma velocity, the
for the evaluated 24 events. is the angle between the estimated estimated timing velocity of the 24 dipolarization events. First we

norrg_al Yeloﬁ'ty of the ”?airft'f struglfﬁrelasng_ thf MaxImum Per-,hiained the mean average perpendicular plasma velugitgur-
pendicular plasma tlow in plane. The Ipolarization events ing the dipolarization (betweeB; min and Bz max). Then the ve-

with an thglea = gloo argeoomarked bﬁ/ ZtErS' .Thel 9 d$ﬁlar|zqt|orl1 locity difference between the estimated mean plasma velocity and
events with an angle > are marked by triangles. The vertica the estimated timing velocitytiming Was determined. Then the ve-

doted line indicate the 2 velocity bins. The horizontal line is the locity difference was projected onto the timing velocity vector and

mgdlap of the ratio boyndary size and |nert.|a| length of thg 24 dipo-y, ¢ parallelA vt and perpendicular componemtd/, were evaluated
larization events and is abottl.8. The horizontal green lines are and plotted

the upper and lower quartiles of the median. The event from 8 Au-
gust 2003 is the star, marked by a circle. The event from 1 October

2003 is the triangle, marked by a circle.
a factor of~2.5. The event from 1 October 2003 has a mag-

netic boundary size of 10604270 km, an inertial length of
~ 260+ 60 km and hence a factor of4 (see Fig6).

length. From the 24 dipolarization events 15 events have an gjince past studies used the plasma flow velocity in single
anglea < 90° (marked blue), and 9 events have an anglespacecraft observations to estimate such boundary size (e.g.
a > 90° (marked red). Since the total number of events of Runov et al, 2009, a scattered plot of the relationship be-
these two groups is quite different, the vertical axis in bothyyeen the perpendicular plasma velocity, the estimated tim-
plots has been normalized with the total number of eventsing velocity of the 24 events is given in Fig. First we ob-
For most of the events the estimated thickness of the front iQained the mean average perpendicu|ar p|asma Ve|®qty
between 1-3 proton gyro radius and independent.oDn during the dipolarization (betweeBy, min and Bz may). Then
the other hand the front thickness for most of the events Wlth:he Ve|0city difference between the estimated mean p|asma
a < 9 is less than 3 ion inertial lengths and for the 9Ve”t5velocity and the estimated timing velocit{iming Was deter-
with « > 90° no significant information can be obtained.  mjined. Then the velocity difference was projected onto the

In Fig. 6 the estimated thicknesses of the dipolarizationtiming velocity vector and the parall@ Vi and perpendicu-
fronts are scaled to the plasma inertial length. For the 19ar componentsA V,, were evaluated and plotted. It is often
events with an angle < 90°, the ratiosp/ lint is not exceed- ~ assumed that the dipolarization is a tangential dicontinuity
ing a factor of 4. The median of the ratio of these 15 events(See e.gSergeev et a.1996, which would mean thatV
is ~1.5. For the 9 events with an angte- 90° three events ~mainly have tangential component, which is indeed the case
have a much highesp/ lin ratio but do not exceed a factor for most of the events.
of 5. The median of the ratio for these 9 events-&9. The
dashed vertical line is the boundary between the two veloc-
ity bins. The horizontal red line is the median of the ratio 5 Dipolarization-associated currents
3p/Ilint Of all 24 dipolarization events and is1.8. The hor-
izontal green lines are the upper and lower quartite2.5  Any change in magnetic field is associated with current flow
and~1.0). The circles mark the two events from F2gThe  and thus it is expected that the dipolarizations found in
event from 29 August 2003 has a magnetic boundary size othis paper will also show current signatures. We examine
~ 9704240 km, a inertial length of 37060 km and hence the dipolarization-associated currents on different temporal
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181 @® direction, as can be seen in FRa, however, the result is off
180° by a factor of~2.
Similarly, we investigate the dipolarization for 1 October
141 150° 2003, shown in Fig2b. This event shows a much slower
dipolarization over~12s, with a plasma velocity mainly
b 11200 from the z-direction to the y-direction and a timing veloc-
10 © ity Viiming ~ (—48, —65,55 kms™1, i.e. in the tailward di-
1900 rection, corresponding to a physical size~af070 km. The
magnetic field at theB; peak isB ~ (—2,2,4)nT. The as-
sociated diamagnetic current in this case wouldjkge=
(44, —10,28) nAm~2 much higher than measured. However,
° a0° this is a different kind of diplarization as in the previous event
e asa > 90°. We will investigate this further in the discussion
g ‘ ‘ @ ‘ section.
0 5 10 o0 20 25 For each of the 24 events we have used the curlome-
Jy [nA/m] ter technique to estimate the current. We have then deter-
mined the current parallel and perpendicular to the magnetic
Fig. 8. Scatter plpt between the estima_tﬁg and jj|, each calcu- field and have produced a scatter pj'gtand ji, taken at
'?ted atBz min, with & color scale showing the angleof t.he 24 the dipolarization front. In Fig8 the scatter plot between
dipolarization events. The evenF from 29 August 2003 is the bluethe estimated, and ji;, each calculated at the front, with
dot (@ ~ 30°) marked by a black circle and the event from 1 October I . ’
2003 is the orange dot(~ 15(°) marked by a black circle. a color scale showmg the angle is shown. The event
from 29 August 2003 is the blue dak & 30°) marked by
a black circle and the event from 1 October 2003 is the or-

scales. Using the curlometer technigirfatvey, 1998 we ange dot ¢ ~ 150°) marked by a black circle. This shows

can deduce the currents from the magnetic fields measuretfiat the main current on the dipolarization front is perpen-
by Cluster. dicular to the magnetic field and there seems to be no corre-

Figure2 (left panel) shows the magnetic field data (pan- lation with «. Interestingly the 1 October 2003 event shows
els d—f) for 29 August 2003, where the separation of the? strong deviation from the main characteristic of the rest of

spacecraft was-500 km, and the components of the current the currents. .

are shown too (panels h—j), with the perpendicular part (with " @ recent papeiRRunov et al(20110 discussed the re-
respect to the magnetic field at the barycenter of the fourSults of a superposed epoch analysis of dipolarization fronts
spacecraft) shown as a filled region under the curve. On th@Pserved from THEMIS. It was found that the current den-

small scale it can be seen that there is strong perpendiculgtt€S associated with thg increase are on average 5-7 times
current in the the x- and y-direction after the minimimég, larger than the current density in the crosstail. This is in good

and basically in the dipolarization front. This current is re- 29reement with our results since the estimatedor half of
sponsible for the decrease B preceding the dipolarization the even'ts is greater than 4 nAdand therefore greater than
front. The estimated thickness of the dipolarization front is 1€ nominal crosstail current.

3p ~ 970 km (or~2.5 intertial lengths). This means that we
are sampling the current on a scale smaller than the structu
itself and at near the inertial length.

There is a plasma pressure drop over the dipolarization, ;s naner we studied dipolarization fronts observed by the
frpnt fr_om.Pp| ~ 0.4 nPa before taPy ~ 0.2nPa after the Cluster satellite at-20 Re < Xasy < —10 Re and|Yosul <
dlpollarlzanon ffom ha.\s passeq (not shown). This pressurelZRE. Our event selection is based on the perpendicular
gradient can drive a diamagnetic current through: Earthward plasma flow velocity in x-directiowi, ., the el-

evation angled, and it also requires that the spacecraft is in
(1) the plasma sheet close to the neutral sheet.
Superposed epoch analysis was performed to examine the
We can estitmate the diamagnetic current assumingduration of the dipolarization front based on 107 dipolariza-
Vipi =~ APy/ép along the front normal (see e.g. tionevents. Utilizing high resolution data from all four Clus-
Runov et al, 2011a Zhang et al. 2011); the nor- ter spacecraft, we also evaluated the thickness of the dipo-

i [nA/m?]

L
oce

R -

r . :
g Summary and discussion

BxV, P

Jdia= B2

mal of the front is determined by timing analysis~ larization based on the four spacecraft timing velocity for 24
(0.13,—-0.71,0.68); the magnetic field at dipolarization max- diplarization events.
imum B &~ (—2,5,14) nT. Using Eq. {) we find for the dia- From the statistical study, the main results are summarized

magnetic currentgia=~ (11,3,1) NnAm~2. Thisis in the right  as follows:
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1. The duration of the dipolarization front is found to show stretched field lines as they move Earthward. These dipo-
a tendency to decrease with increasing velocity of thelarizations occur when there is unimpeded flow.
plasma flow. The other category is when the plasma flow is Earthward
but the dipolarization motion is tailward. This means that
there is a pileup of the magnetic field in the tail. One would
expect that the plasma flow would be deflected by the barrier
which causes the pileup. Indeed, in the event on 1 October
2003 (see Fig2b) shows that the plasma flow is indeed de-
flected towards the dawn side of the tail (lafgg.
The diamagnetic current that was found for the 29 Au-
4. The estimated average inertial length of the ions in thegust event (see Fi@a), was in good agreement with theory,
magnetic structure is- 340+ 60 km and hence corre- and it flows over an interval of-4 s, which corresponds to
sponds to the size of the dipolarization front with a fac- a physical size 0f~1000km, just over 2 times the ion in-
tor of ~1.8. ertial length (see Fig6). Zhou et al.(2009 found that the
__ thickness of the current layer was just below one ion iner-
5. The angle between the Earthward plasma flow directionjg| jength, however, their event happened much closer to the
and dipolarization front motion can either be smaller or g4th atx > _10Rg, where the conditions may be different
greater than 99 distinguishing between flux transport pecayse of the more dipolar like magnetic field structure.
and flux pile up events. Further investigation of these structures is necessary and
planned to investigate the dependences of the thickness of
the dipolarization on various parameters in the Earth’s mag-
netotail and to study the large scale development of these
7. The currents flowing on the fronts have mainly a per- structures in the tail and their possible role in the braking of
pendicular component to the magnetic field. the associated flow.

2. The thickness of the dipolarization front, is found to be
independent of the plasma flow velocity and is on aver-
age~ 450+ 350 km.

3. The average size of the dipolarization front is in the or-
der of the evaluated ion gyro radiusef590+ 150 km.

6. The dipolarization fronts tend to be tangential disconti-
nuities.

The average size for the thickness of the dipolarization front,Ackn0W|ec|gementhe would like to acknowledge the Cluster Sci-

450km, just below the average ion gyro radius and justence Data System (CSDS) and the Cluster Active Archive (CAA).

above the ion inertial Iength, agrees well with estimates made  Guest Editor A. Masson thanks two anonymous referees for

for case studies by various other authofgatenkov et al.  their help in evaluating this paper.

(2007 showed a thickness of 400-500 km, wherBasov
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