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Abstract. Based on a comprehensive catalogue with more
than 4000 magnetospheric substorm entries from the years
2000–2005, the spatial distribution of the substorm-related
magnetic signatures at mid and low latitudes around local
midnight was investigated. Superposed epoch analysis of
a larger number of recent observatory data from mid and
low latitudes revealed a field strength increase that is con-
sistent with the results of earlier studies. For the first time,
the magnetic signature of the substorm current wedge forma-
tion is studied also in near-Earth satellite data from CHAMP.
The average maximal deflection measured on board the satel-
lite is smaller by a factor of 2 than that determined from
ground observations. The recurrence frequency of substorms
as well as the amplitude of their magnetic signature depends
strongly on the prevailing magnetic activity. The observed
average substorm-related magnetic field signatures cannot be
described adequately by a simple current wedge model. A
satisfactory agreement between model results and observa-
tions at satellite height and on ground can be achieved only if
the current reconfiguration scenario combines four elements:
(1) the gradual decrease of the tail lobe field, (2) the re-
routing of a part of the cross-tail current through the iono-
sphere, (3) eastward ionospheric currents at low and mid lat-
itudes driven by Region-2 field-aligned currents, and (4) a
partial ring current connected to these Region-2 FACs.

Keywords. Ionosphere (Electric fields and currents;
Ionosphere-magnetosphere interactions) – Magnetospheric
physics (Storms and substorms)

1 Introduction

Substorms are regarded as an important part of the magneto-
spheric activity cycle. The loading by the solar wind is fol-
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lowed by an impulsive unloading of energy previously stored
in the magnetospheric tail. Different assumptions exist about
the physical conditions that initiate a substorm. For example,
the cross-tail current instability model postulates that plasma
instabilities in the near-Earth region (6–10RE) start the pro-
cess causing a cross-tail current disruption and a divergence
into the ionosphere via field-aligned currents (Lui, 1996). Al-
ternatively, the near-Earth neutral line model predicts that the
substorm is initiated at a further distance downtail (>20RE)
by reconnection (Baker et al., 1996). The disruption of cross-
tail currents is an intrinsic part of reconnection. In this model
the region of disrupted cross-tail currents expands earthward.
Common to both models is the formation of a substorm cur-
rent wedge. In a large-scale reconfiguration the disrupted
cross-tail current is rerouted along the field lines towards the
Earth and closed in the high-latitude ionosphere on the night
side. A schematic presentation of this current system was
published by Clauer and McPherron (1974).

As a consequence the substorm magnetic energy previ-
ously stored in the tail is converted to kinetic energy of the
plasma. The related tail lobe magnetic field reduction can be
observed as a clear signature in magnetic field measurements
at the Earth’s surface. In an earlier statistical study Caan et
al. (1975) attributed the field strength increase at mid lati-
tudes of about 10 nT subsequent to a substorm onset to the
lobe magnetic field change. This observation was obtained
using superposed epoch analysis. The substorm onset times
of the twenty events considered in that study were defined
by the first positive magnetic deflection evident in the night
time sector around midnight. The onsets had been verified
by observed tail lobe field fluctuations of the OGO 5 space-
craft. These early studies can be considered as a qualitative
proof-of-concept of the envisaged substorm current config-
uration. They are not sufficient for assessing the details of
the current systems. The question arises, whether the near-
Earth magnetic signatures at other latitudes are also consis-
tent with the substorm current model? Furthermore, can the
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Fig. 1. Occurrence of substorms with respect toKp. Top frame:
percentage of substorms that occur atKp levels 0–9; bottom frame:
substorm occurrence rate, normalised by the distribution ofKp

numbers during the entire time period covered by the onset cata-
log (May 2000–December 2005).

total current in the substorm loop be estimated from the low-
latitude ground signature?

The motivation for the study presented in this paper is to
reproduce and consolidate the results of Caan et al. (1975) by
using recordings from modern magnetic observatories and by
employing the high-resolution magnetic field measurements
of the CHAMP satellite. Another goal is to find out how
the substorm-related signatures depend on magnetic activity.
For the construction of high-degree geomagnetic field mod-
els typically CHAMP data from the night side are used. So
far, the occurrence of substorms has not been taken into ac-
count for data selection. Thus, we intend to determine the
average size of substorm signatures in CHAMP data at low
and mid latitudes.

To achieve these goals we make use of the extensive sub-
storm onset catalogue of Frey and Mende (2006). Statisti-
cally significant results for several aspects can be deduced
from its more than 4000 entries of identified events. For
the interpretation of the CHAMP magnetic field data we em-

ployed the latest field models (e.g. Potsdam Magnetic Model
of the Earth, POMME3.1) to subtract all magnetic effects
that are not related to a substorm.

In the following Sect.2 we introduce the substorm cata-
log and observatories whose data were used in this study. In
Sect.3we present the observations of a single substorm event
starting with its detection by Far Ultraviolet (FUV) Images.
We then show its magnetic field at high and low latitudes,
and on board the satellite CHAMP. Section4 describes the
statistical studies that were performed with ground observa-
tions and with satellite data. In Sect.5 we discuss the ob-
servational results and compare them with a simple and a
more detailed substorm current model. The final conclusions
in Sect.6 summarize the observations and the design of the
inferred current model.

2 Data sets

2.1 IMAGE FUV – substorm catalog

For this study we used a comprehensive catalog of substorm
onset times that was compiled by Frey and Mende (2006) and
spans the years 2000–2005. The substorm onset times (ap-
proximately 4200 events) were identified from the images
of the far ultra-violet (FUV) instrument on board the IM-
AGE spacecraft, using the Wideband Imaging Camera (WIC)
and the Spectrographic Imager Channel (SI-13). The con-
ditions for substorm recognitions were threefold: i) a clear
local brightening of the aurora; ii) its expansion to the pole-
ward boundary of the auroral oval and a minimum azimuthal
spread of 20 min in local time; iii) a gap of 30 min between
events. The IMAGE spacecraft observed the auroras of the
Northern Hemisphere in 2000–2003 and then moved to the
Southern Hemisphere. In the Northern Hemisphere, 2760
events were identified, while in the Southern Hemisphere
1430 substorm onsets were detected.

When averaged over all seasons and years the mean sub-
storm onset location is the same in both hemispheres: the
average magnetic local time (MLT) for a substorm onset is
22.9 h and the average magnetic latitude is 66.4◦, regardless
of the different general magnetic activities of the two sub-
sets (Wang et al., 2005, 2007). A look at the histograms in
Fig.1, top frame, shows that most substorms occur atKp<4,
whereas only few substorms can be expected for stronger
magnetic activity. Periods of strong activity, however, occur
less frequently – hence the relative occurrence rate of sub-
storms shows a gentle increase with increasingKp number
(bottom frame), with a plateau-like maximum of about 15%
for Kp>5. This means on a global average there is an onset
every 6 h during high activity periods. Locally, however, the
occurrence frequency depends on the longitude (Wang and
Lühr, 2007).
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Fig. 2. Substorm onset detection by FUV images of the IMAGE spacecraft in the Mlat/MLT frame. Example substorm event on 19
January 2002 at 21:29:20 UT (middle frame). Onset location: 60.14◦ Mlat, 23:50 MLT. Times on the left and right frames are 21:27:17 and
21:31:23 UT, respectively.

2.2 Magnetic observatories

For the statistics of ground-based observations we used four
observatories at similar magnetic longitudes (in the range
80◦–100◦ Mlon). At low-latitudes, we employed the mag-
netic field data of the stations at Bangui (BNG), situated at
4.36◦ Mlat, 90.8◦ Mlon (dipole coordinates) and Tamanras-
set (TAM), at 24.8◦ Mlat , 81.6◦ Mlon. Furthermore, at mid-
latitudes, data from L’Aquila (AQU), located at 42.45◦ Mlat,
94.6◦ Mlon, and, further north, Niemegk (NGK), at 51.9◦

Mlat, 97.9◦ Mlon, were considered.

2.3 CHAMP orbits and data

The satellite CHAMP (Reigber et al., 2002) was launched on
15 July 2000 into a circular, near-polar (87.3◦ inclination) or-
bit. From its initial altitude at 456 km the orbit has decayed
to about 350 km after 5 years. The orbital plane precesses
at a rate of 1 h in local time (LT) per 11 days, thus visiting
all local times within 131 days. The data used in this study
are the scalar and vector magnetic field measurements of the
Overhauser (OVM) and the Fluxgate Magnetometer, (FGM),
respectively, with a resolution of 0.1 nT. The vector data are
calibrated routinely with respect to the absolute scalar read-
ings.

2.4 Magnetic coordinates

We use the following coordinate systems to describe and
compare data and measurement locations: the locations of
the four mid- and low-latitude observatories, which respond
mainly to magnetospheric currents, are given in dipole coor-
dinates. The coordinates of the five IMAGE magnetometer
stations at high latitudes, responding to ionospheric currents,
as well as the substorm onset locations identified by IMAGE
FUV are given in corrected geomagnetic (cgm) coordinates
(Richmond, 1995). The horizontal magnetic field,H , of the

ground observations is compared to the three components of
the CHAMP observations in dipole coordinates. When stack-
ing the CHAMP data in the superposed epoch analysis we
used the cgm system for the positions of the satellite read-
ings.

3 Example of a substorm event

In the following we present as an example the observations
of a single substorm event at the IMAGE spacecraft, at high
and low latitude ground stations and at the CHAMP satellite.

3.1 IMAGE FUV auroral observations

Figure2 shows the auroral images of the detection of a sub-
storm event. Here, three consecutive snapshots, spaced by
2 min, show the brightening and expansion of the aurora. The
onset time was identified as 21:29:20 UT on 19 January 2002
in the middle plot. The onset location in the Mlat/MLT frame
is at 60.14◦ Mlat, 23:50 MLT.

3.2 IMAGE magnetometer network – high latitudes

The same event as identified with the IMAGE-FUV cam-
era in Fig.2 is clearly visible in the ground-based magne-
tometer readings of high latitude stations in the Northern
Hemisphere. Figure3 shows time-series of the X-component
of five stations of the IMAGE Magnetometer Network in
Scandinavia (L̈uhr et al., 1996). At this network the lo-
cal midnight is 21:30 UT, hence convenient for the observa-
tion of the example substorm. Baselines were determined
and subtracted using the advanced approach of Sillanpää et
al. (2004). Negative deflections associated with the substorm
electrojet are observed first at OUJ, the station closest to
the onset latitude. They start already a few minutes before
the reported onset time, 21:29 UT. Towards higher latitudes

www.ann-geophys.net/26/2781/2008/ Ann. Geophys., 26, 2781–2793, 2008
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Fig. 3. Substorm signature at IMAGE magnetometer network
stations BJN (74.50◦ Mlat), MAS (69.46◦), PEL (66.90◦), OUJ
(64.52◦, TAR (58.26◦)). Same event as in Fig.2. The reported
onset time is marked by the vertical dashed line. Station OUJ is
closest to the onset latitude.

the initiation starts later, but the electrojet strength increases.
This is consistent with the poleward expansion of the sub-
storm current closure. The largest excursions of more than
−500 nT are observed at MAS, about 9◦ north of the onset
latitude, at 22:30 UT. Station BJN, located at 74.5◦, does not
display any magnetic signature due to a current increase, in-
dicating that it is located too far north of the substorm elec-
trojet.

3.3 Observatory BNG – low latitudes

At mid and low latitudes the magnetic signature of a sub-
storm is expected to be generated by the distant disruption
of the cross-tail current during the current wedge formation
(Caan et al., 1975). This “missing” tail current starts at a dis-
tance of about 6–12RE , and accordingly, the effect of the tail
lobe magnetic field variation at the Earth’s surface is only of
the order of some 10 nT (e.g. Lopez et al., 1990). Figure4
shows the magneticH component for the same event as in-
troduced in Fig.2, measured at the near-equator observatory
Bangui. From the recorded data a recent main field model
was subtracted using POMME-3 (Maus et al., 2006) and, ad-
ditionally, the residuals were corrected for large scale magne-
tospheric variations with the help of theDst index. The local
time at BNG is 22.7 h, i.e. close to the average substorm on-
set time on the night side. The reported onset time,T0, is
marked by an asterisk on the curve. After an amplitude drop
of approximately 8 nT during the half hour before the onset
time the amplitude of the horizontal component increases by
about 20 nT within 1 h afterT0. The magnetic field enhance-
ment lasts for a time span of 1 h 15 min and peaks at the same
time (22:30 UT) as the electrojet strength in the auroral zone
(cf. MAS, Fig.3).
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Fig. 4. Substorm signature at the observatory BNG (4.36◦ Mlat),
same event as in Fig.2. The onset time is marked by an asterisk.

3.4 Satellite – CHAMP

The same event as presented above can be observed in the
CHAMP satellite data. The top frame of Fig.5 shows the
residuals of the magnetic field magnitude,dF , of three con-
secutive orbits. The satellite readings are corrected for main
field (POMME-3, Maus et al., 2006), for crustal field (MF-5
model, Maus at al., 2007) and for ring current effects param-
eterized by theDst index. Coming from the dayside equator
on the left side of the frame the CHAMP satellite passes the
North Pole (NP), crosses the magnetic equator in the mid-
dle of the frame and passes the South Pole (SP) on the right
side. The plot below gives the respective local time at the
satellite position. Again, the asterisk on the red curve marks
the onset time of the substorm event. Here, it marks the lo-
cation and local time of the satellite when the brightening
of the aurora occurred. This central orbit is plotted in red,
whereas the previous orbit is blue and the subsequent orbit
is coloured green. Approximately 10 min after the substorm
onset time the satellite passes the North Pole and descends
on the night side towards the South Pole. Within the latitude
interval (±50◦) the residuals of the red curve on the night-
side are shifted upward by about 10 nT compared to the blue
curve at these latitudes, that was attained from measurements
before the event. The positive shift is still evident during the
subsequent orbit (green curve), ca. 1.5 h later (23:30 UT).

Figure6 shows the difference betweendF measured be-
fore (blue curve) and after the substorm onset (red curve) in
the latitude range−50◦ to 50◦ on the night side. At higher
latitudes CHAMP quickly leaves the local time sector of in-
terest. The resulting amplitude shift seems to be caused by
the current redistribution in the tail lobe, as it is observed
by a near-Earth orbiting satellite. The maximum deflection,
13 nT, is less strong than the signature measured at the sur-
face. Note that the sampling of the curve in Fig.6 takes place
from right to left. ie. northern to Southern Hemisphere. The
large amplitude changes are caused by a mixture of tempo-
ral and spatial variations in account of the orbit separation of
93 min.
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Fig. 5. Scalar magnetic field residuals, dF, of 3 consecutive CHAMP orbits, grouped around the event picked in Fig.2. Each curve shows the
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previous orbit is marked blue, the subsequent one green. The substorm onset takes place during the “red” orbit – it is marked by an asterisk.

4 Statistical analysis

In order to assess the significance of the single event results
and to reproduce the observations at mid latitudes by Caan
et al. (1975) with data from today’s modern instrumentation
and with the large number of substorm events available in the
catalog of Frey and Mende (2006) we investigate the mag-
netic signature at the four observatories listed in Sect.2.1
and at the near-Earth orbiting satellite CHAMP.

4.1 Ground observations – BNG, TAM, AQU and NGK

We start by looking into magnetic observations at Bangui
Observatory (BNG). As this station is located not far from the
magnetic equator and away from the complex polar current
systems, one may expect to see the substorm magnetic sig-
nature most clearly during nighttime. To obtain a picture of
the average dynamics of the magnetic field variations around
a substorm onset,T0, a superposed epoch analysis was per-
formed. For that purpose all observations of a time span of
1 h before until up to 4 h afterT0 that occurred at night be-
tween 22:00 and 02:00 LT were stacked (607 events). Fig-
ure7 shows the mean deflection of theH -component at BNG
of all those 607 substorm events as a solid blue curve, re-
gardless of magnetic activity. All time series were corrected
for baselines as described for the example event in Fig.4 of
Sect.3.3, and leveled to zero at the onset time,T0.

As can be seen in the histogram in Fig.1, substorms occur
at all levels of magnetic activity, mostly at low and moderate
Kp values<4. The level of activity, however, is likely to in-
fluence the amplitude of the recorded magnetic field change.
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storm onset on 19 January 2002.

Therefore the dataset used for the superposed epoch analy-
sis was divided into two parts according to magnetic activity.
The green curves in Fig.7 reflect the signature for very low
activity, whenKp is smaller or equal 2 (164 events), whereas
the red curves present the signature forKp-values larger than
2 (443 events). The dashed lines mark the 68.2% confidence
intervals of the respective mean curves. All curves show a
distinct amplitude drop before the onset time,T0, reflecting
an intensification of the cross-tail current before the break-
up. The minimum amplitude is strongest for the red, “ac-
tive” curve. After the onset time the current wedge signature
is marked by a pronounced enhancement of the horizontal
magnetic field for about 1.5–2 h. For all levels of activity
the maximum ofH is reached at approximately 40 min af-
ter T0. As expected, the maximum amplitude depends on
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the magnetic activity. It gets up to 12 nT for events with
Kp>2, whereas for smallKp it hits only 3 nT. The blue and
red curves show a second increase at times>2.5 h indicating
the onset of subsequent events.

As the substorm signature described by Caan et et
al. (1975) were obtained using the data of several observa-
tories at mid-latitudes, we compared our results with data
from further observatories in the same time sector. Figure8
shows the combined results of the superposed epoch analysis
applied to the recordings of the four observations introduced
in Sect.2.2. The stations cover the latitudinal range from the
equator to 52◦ Mlat. Interestingly, despite the wide separa-
tion of the observatories, the magnetic deflections of the hor-
izontal components,H , are practically identical during the
substorm expansion phase. The peek amplitudes are almost
the same. Differences are evident during the recovery phase:
at higher latitudes, the signal decays faster. It is also inter-
esting that the field strength starts rising already before the
reported onset time,T0, at all four observatories. On average
the inflection point precedesT0 by 3–4 min. The comparison
of these observations – with their similarities and differences
– may help to constrain the concept of the substorm current
system.

4.2 Near-Earth observations – CHAMP

The time span covered by the substorm catalog of Frey
and Mende (2006) is well-overlapping with the high-quality
magnetic field measurements of the CHAMP satellite. Thus
it can be used broadly to perform similar statistics aiming to
disclose substorm-related features also in satellite data. For
this purpose the CHAMP data were corrected for the main
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Fig. 8. Superposed Epoch Analysis at the observatories BNG (4.36◦

Mlat, 90.8◦ Mlon), TAM (24.8◦ Mlat, 81.6◦ Mlon), AQL (42.45◦

Mlat, 94.6◦ Mlon), NGK (51.9◦ Mlat, 97.9◦ Mlon). Magnetic ac-
tivity level: Kp>2.

and crustal field as described for the single event at the be-
ginning of Sect.3.4. The average substorm signature in the
magnetic field reveals itself quite easily in ground observa-
tions when time series of measurements are stacked using
superposed epoch analysis. When looking into satellite data,
however, the statistical approach is less straight-forward and
data have to be selected carefully.

The data example presented in Fig.4 already shows the
difficulties that need to be handled when stacking and aver-
aging the satellite recordings. To start with, the measurement
is done from a moving observatory. As a result, the magne-
tometer readings contain a blend of time and spatial varia-
tions. Therefore, only data from a limited latitudinal interval
can be stacked. We selected nighttime orbital arcs at lati-
tudes between−50◦ to 50◦ Mlat, clearly off the polar current
systems. As we intended to compare data on the night side,
we selected only those orbit intervals that were sampled in
the local time sector 22:00–02:00 LT. The average local time
for a substorm onset,T0, is 23:00 h (Frey and Mende, 2006).
SinceT0 marks the western footprint of the substorm FAC
system, the LT interval chosen for stacking the data aims at
catching orbits crossing the current wedge loop between the
upward and the downward FAC paths connecting the tail cur-
rent with the polar ionosphere.

In order to identify the peak amplitude variation due to the
substorm reconfiguration, only orbital arcs before and after
a substorm onset were compared. To obtain well-timed “af-
ter” arcs, substorm onsets had to occur in the time interval
1 h to 20 min before the satellite entered the subsequent lati-
tudinal range±50◦ Mlat on the night side. The satellite then
needs approximately 25 min to cross the profile. The pre-
vious night-side pass, occurring 1.5 h earlier, was declared
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“before” pass. According to this definition CHAMP sampled
the magnetic field variations at the nightside equator at some
delay ranging between 32 and 72 min afterT0. As can be
seen from the ground based measurements in Figs.7 and8,
in that time interval the substorm-related field enhancement
ranges between 90%–100% of its peak value. Thus, the satel-
lite observations derived from the selected orbit arcs reflect
maximum deflections due to a substorm at middle latitudes
very well.

Following this procedure, 813 substorm events from the
substorm catalog of Frey and Mende (2006) could be used
for the CHAMP superposed epoch analysis. “Before” and
“after” arcs were stacked separately. One of the selected
events, for example, is the substorm shown in Fig.5. Here,
the blue and red curves were sorted into the “before” and
“after” datasets, respectively. The resulting average latitude
profiles of the signature in the scalar magnetic field residu-
als are shown in Fig.9. Again, dashed lines mark the 68.2%
confidence intervals of the respective mean curves. The red
“after” curve is clearly shifted upward compared to the blue
“before” curve. The shift is largest (about 4 nT) at the mag-
netic equator and decreases as the satellite moves towards the
poles. It is worth noting that the shifts are distributed asym-
metrically in both hemispheres: it amounts to 2 nT in the
northern half of the arc (right), and only to 1 nT at southern
latitudes (left).

The difference between the “before” and “after” curve re-
flects the latitudinal signature of a substorm reconfiguration.
It is shown as the blue curve in Fig.10. In this case, all avail-
able events are used irrespective of magnetic activity. The
mean difference between the “before” and “after” curves,

−50 −40 −30 −20 −10 0 10 20 30 40 50
−3

−2

−1

0

1

2

3

4

5

6

7

θ
cgm

B
 [n

T
]

Superposed Epoch Analysis, CHAMP 

S N

Kp<=2

Kp>2

all Kp

Fig. 10. Differences between the CHAMP scalar residuals,dF ,
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events) andKp>2 (red lines, 550 events).

i.e. the average amplitude of the magnetic signature is largest
(4.5 nT) near the magnetic equator. As we concluded already
for ground measurements in Sect.4.1, the amplitude of the
magnetic signature depends strongly on magnetic activity. In
satellite measurements this can be observed, too; the green
and red curves of Fig.10 present the average shifts for low
and highKp values, respectively. Events with low activity
(Kp<=2) show only a small enhancement of approximately
1.9 nT whereas for higherKp>2 the shift increases to al-
most 6 nT. Single events, like the example shown in Fig.6,
may exhibit much larger signatures (this event:Kp=4−,
shift: 10 nT). Obviously, the same is true for the ground data.

Figure11 presents the average substorm signature in the
three magnetic field components (Bx northward,By east-
ward, Bz vertically downward, dipole coordinates) for en-
hanced magnetic activity,Kp>2. The red line repeats the
variation of the scalar field signature of Fig.10. The black
curve reflecting theBx-component displays an average pos-
itive displacement of about 6 nT. The amplitude changes lit-
tle over the latitude range of±40◦ and at the equator it ac-
counts fully for the signature observed in the scalar field. The
By deflections change sign from negative to positive when
the satellite passes from the southern to the Northern Hemi-
sphere. The averageBz deflection changes from positive to
negative values when the satellite crosses the equator from
south to north.

5 Discussion

The aim of this study is to identify the magnetic signature of
a substorm in the near-Earth range at low and mid latitudes.
We used the multitude of substorm onsets cataloged by Frey
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Fig. 11. Differences between the components before and after the
substorm onsets: Red line:dF , black, blue and green lines mark
(Bx , By , Bz), respectively. The magnetic components are in dipole
coordinates. Magnetic activity level:Kp>2.

and Mende (2006) covering a period from the middle of 2000
to the end of 2005. The typical magnetic signature of one of
these substorms is shown for ground stations located at high
and low latitudes and is compared to measurements of the
CHAMP satellite along a mid- and low-latitudinal orbital arc.
From this single example already characteristic features of
the substorm-related magnetic variations could be deduced.
As has been reported in many previous publications, at auro-
ral latitudes a strong reduction of the northward component
can be observed on ground which is caused by the westward
flowing substorm electrojet. We will not discuss this well-
known high-latitude feature any further. Using all substorm
events, we performed a statistical analysis of the ground and
satellite observations at low and mid latitudes.

5.1 Observed substorm-related signatures

The average progression of theH -component of the near-
equator station BNG resulting from a superposed epoch anal-
ysis of numerous night side measurements supports the sub-
storm observations by Caan et al. (1975). The observed am-
plitude before, during and after the onset timeT0 reflects the
processes associated with the current wedge formation dur-
ing the substorm onset phase: the decreasing amplitude be-
fore the brightening of the aurora (i.e. in the loading phase)
is due to a partial increase of the ring current (Clauer and
McPherron, 1980; Hashimoto et al., 2002.) and/or an in-
crease of the cross-tail current density just before the break
up; the subsequent magnetic field enhancement stretching
over 1 h 15 min is caused by the current disruption and redi-
rection towards the polar ionosphere during the expansion
phase. A second increase of the mean amplitude at times

>2.7 h indicates the onset of consecutive substorms. This
leads to a discussion of how the processes associated with
the various substorm phases may be explained by the obser-
vations presented in this study.

In the observatory records in Fig.8 we can see that the in-
crease of the field strength starts 3–4 min before the reported
onset time. This may partly be caused by a tardy estimate of
the substorm onset from the two-min-spaced auroral images.
On the other hand, the earlier increase may partly reflect the
particle travel time from the tail to the high latitude iono-
sphere. In any case, the substorm initialization in the tail
starts generally a few minutes before the onset time reported
in the substorm catalog by Frey and Mende (2006); for an
example see also Wang et al. (2008).

During the expansion phase the maximum amplitude of
single events (e.g. Fig.4) can be remarkably larger than the
average magnetic deflection of approx. 9 nT. These large sig-
natures usually coincide with highKp values (4− in our ex-
ample) indicating elevated magnetic activity conditions dur-
ing these events. The significant difference between the av-
erage magnetic deflections from data subsets with small and
largeKp values, as shown in Fig.7, supports this assertion.
These subsets still contain a large enough number of time se-
ries to yield significant results. The mean curve for lowKp

shows no secondary increase towards the end of the time in-
terval. Obviously, at times of low magnetic activity, the time
gap between substorms is larger than 4 h. For higher mag-
netic activity the next substorm seems to follow after approx-
imately 3 h. This is consistent with the substorm recurrence
period of 3 h, as reported e.g. by Wang and Lühr (2007).

The superposed epoch analysis of the data from four ob-
servatories at similar longitudes (cf. Fig.8) reveals that the
onset-related deflection of theH component is independent
of latitude within a range of 0◦ to 50◦ Mlat. This is an in-
teresting result, and it poses constraints on the geometry of
the involved current systems. Below, we will come back to
this point. During the recovery phase, however, theH deflec-
tions show a latitudinal dependence. Here, the mid latitude
stations experience a faster decay of the signal than observed
in low latitude measurements.

For the CHAMP satellite data the superposed epoch analy-
sis had to be performed along a latitudinal profile rather than
over a time interval, as in the case of ground-based obser-
vations. Therefore, the two types of observations comple-
ment each other quite well. The difference of theBx aver-
age curves before and after substorm onsets yields the aver-
age magnetic signature as seen at satellite height. Although
these profiles contain a certain mixture of temporal and spa-
tial variations of the magnetic field, the obtained curve can be
regarded the average latitude profile for the time of maximum
substorm signal. In order to minimize the effect of unrelated
time variation between the two profiles, corrections of mag-
netospheric and ring currents (reflected byDst ) according
to Maus and L̈uhr (2005) were applied to the satellite mea-
surements. The spatial variations were minimized as far as
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Fig. 12. Model of a current system that may explain the magnetic
field due to the substorm current wedge (adopted from Clauer and
McPherron, 1974). The colored lines sketch the assumed current
loops.

possible by subtracting a recent crustal magnetic field model,
MF5 (Maus et al., 2007), from the magnetic vector data.

One significant result of the CHAMP observations is that
the amplitude of the northward component,Bx , is practically
independent of latitude in the investigated range of±50◦

Mlat. The deviation of the total field,dF , is, as expected,
equal to theBx amplitude at the magnetic equator. Based
on this relation, we may deduce the level of horizontal de-
flection from the peak value ofdF in Figs.10 and11. Also
worth noting is the low level of spatial variation in the verti-
cal component,Bz, within the latitude range±30◦.

If we compare the signatures measured by CHAMP and
on ground (e.g. Figs.7 to 11), several interesting features
emerge. Both systems indicate a latitude-independent de-
flection of the horizontal component during the expansion
phase. But we also find that the satellite observations are
smaller than the observatory results by a factor of 2. Fur-
thermore, there is a amplitude difference between the four
observatories during the recovery phase. A suitable model
of the current system should be able to reconcile all these
different observations.

5.2 The substorm current model

In order to interpret the average magnetic signature that re-
sults from the superposed analyses of the satellite and ob-
servatory measurements we computed the response to the
substorm current wedge model, as proposed by Clauer and
McPherron (1974). For this purpose two closed current loops
following the dipole field lines were placed in the magneto-
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Fig. 13.Model results of the magnetic signatures along a simulated
CHAMP orbit at the centre of the current system. Red line:dF ,
black, blue and green lines mark(Bx , By , Bz), respectively.

sphere, diverting the cross-tail current at 7RE into the polar
ionospheres of the Southern and Northern Hemispheres at
68◦ of invariant latitude. The two FAC branches are sepa-
rated by 2 h of local time. Figure12 shows a sketch of this
current configuration. A total current strength ofI=450 kA
was chosen in each loop to produce a magnetic field of 6
nT comparable to the mean observed signature at CHAMP
(cf. Fig.11). Figure13shows the predicted scalar field resid-
uals (red curve) and the magnetic field components along a
latitudinal profile−40◦...40◦ on a virtual orbit along the cen-
tral magnetic meridian within the loop. The colour codes of
Bx, By , andBz are the same as for the satellite measurements
presented in Fig.11.

The amplitude of the scalar field effect attains a maximum
at the equator and decreases towards the poles. Its shape is
similar to the measured field. Different from the simulated
values, the measured scalar field exhibits a slower decrease
towards the poles and the zero-crossings occur at higher lat-
itudes (−50◦ and 45◦). The modelledBx component, carry-
ing the major part of the onset-related magnetic field signal,
is also quite consistent with the observedBx : it is constant
over a latitudinal range of±20◦ off the magnetic equator
at an amplitude of approximately 6 nT. Towards higher lati-
tudes, however, the modelled horizontal field increases much
faster than the measurements. As expected, the modelledBy

equals zero along the complete profile because the virtual or-
bit is centered exactly between the upward and downward
arcs of the current reconfiguration loop. The measuredBy

component, however, runs from negative to positive values
from the Southern to the Northern Hemisphere. This differ-
ence may be due to the fact that the actual orbits contributing
to the average curve are not well-centered between the two
FAC branches of the substorm current loop, and implies that
the mean sampling may take place closer to the pre-midnight
upward FACs. TheBz deflection changes sign in opposite
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direction, from positive to negative values on the satellite’s
northbound path across the equator. The measuredBz shows
the same trend, but has a more gentle slope than the modelled
component.

From this comparison we may conclude that the simple
substorm current model can predict the signatures generated
during an onset only qualitatively but fails to account for the
details.

5.3 An improved substorm current model

In order to reconcile the apparently conflicting results we ex-
tend the simple current model of Fig.12. The amplitude dif-
ference between the satellite and ground-based observations
implies the existence of ionospheric currents. An eastward
flowing ionospheric current generates a northward directed
magnetic field on ground and a southward directed field at
satellite height. Such currents might explain the average dif-
ference of 6 nT in the measurements shown in Figs.8 and
11 (see also the single event displayed in Figs.4 and6). It
is known that the ionospheric conductivity is low during the
night, but some residual currents may still flow. The ques-
tion arises, what could be the driver for the eastward current
at middle latitudes? At high latitudes, the primary substorm-
related electric field points from dawn to dusk. For the mid-
and low-latitude currents an oppositely directed E-field is re-
quired. Therefore, we assume the existence of an accompa-
nying Region-2 current system that can support eastward cur-
rents when over-shielding occurs and the electric field pene-
trates to lower latitudes.

Another open issue is the deflection difference of theH

components at the four observatories during expansion and
recovery phases. This can also not be explained by the sim-
ple current model of Fig.12. Our interpretation approach is
to introduce two different sources of the magnetic field: (a)
the reduction of the tail lobe field strength and (b) the mag-
netic field originating from the current wedge circuit. For
an estimate of the total current flowing in this circuit we
may take into consideration observations at auroral latitudes.
In the case of the example presented in this study, station
MAS (cf. Fig. 3) reflects the strength of the substorm elec-
trojet quite well. During the intensification of the electrojet,
the field strength at the low-latitude station BNG increases
(cf. Fig. 4) in phase with the high latitude deflection. Both
observations reach their peaks at the same time. This implies
that both stations respond to the same current circuit. How-
ever, when the electrojet dies out at 23:00 UT still a signifi-
cant deflection of 15 nT can be observed at the equator. This
brings the second magnetic field source into play: the influ-
ence of the tail lobe field. The magnetic field is primarily
generated by cross-tail currents which close via the northern
and southern lobes. Since part of the cross-tail current is di-
verted into the ionosphere the tail field is reduced. After the
onset stations at low and mid latitudes record the effect of the
increase in the substorm current circuit and the decay of the

tail lobe field strength at the same time. Both provide north-
ward contributions. When the substorm currents cease only
the effect of the lobe field is observable.

In a statistical study, Maus and Lühr (2005) found that the
tail lobe magnetic field causes a southward directed magnetic
field at the Earth’s surface that is well-aligned with the GSM
Z-component. When averaged over several years it appears
to be aligned with the magnetic dipole axis. Thus, the re-
sponse of theH component to the tail lobe magnetic field
should be latitude-dependent. Its variation follows the co-
sine of magnetic latitude. When looking at theH deflections
displayed in Fig.8, approximately 2.7 h after the onset the
differences at the four observatories can well be explained
by the cosine law. This supports our idea that only the de-
creased tail lobe field is observed here.

Based on this new concept we propose a more detailed
model for describing the substorm-related magnetic signa-
tures. It combines three elements: the substorm current
circuit, the tail lobe magnetic field decay and the shielding
Region-2 FACs with their closing ionospheric current at low
and mid latitudes. In a series of model runs, we try to re-
produce the situation at the time of peak deflection, about
three-quaters of an hour after the onset. As an example we
take the mean situation for enhanced activity as presented in
Figs.8 and11. We pick the amount of reduced tail lobe field
effect after the substorm from theH deflection at BNG at a
time 2.7 h after the onset (cf. Fig.8). Its value is about 7 nT.
At the time of peak deflection (1t=0.72 h) all three contribu-
tions add up. At all observatories we obtain values of approx-
imately 12 nT, while CHAMP records only 6 nT at that time
(cf. Fig. 11). In order to explain this difference an eastward
ionospheric current covering the latitude range of±50◦ Mlat
is introduced. The current density required at low latitudes
is 5 mA/m, a rather weak current. Finally we adjust the main
current in the substorm circuit to match the deflections at the
observatories and CHAMP. To achieve this together with the
described intensities of the other two magnetic field sources
we need a total current of 300 kA to reproduce the substorm
scenery at elevated magnetic activity.

If we apply these values to our substorm current model
a satisfactory agreement with the observations close to the
equator is reached. However, there are significant deviations
from the observations at mid latitudes (not shown). In order
to obtain a good agreement at all latitudes, on ground as well
as at satellite height, we have to reduce the magnetospheric
field variation at the time of peak deflection to 5 nT and en-
hance the total current of the substorm FACs to 360 kA. A
Region-2 FAC system with a total current of 120 kA is in-
stalled at invariant latitudes around 60◦ to feed the eastward
ionospheric currents. The associated partial ring current, as a
fourth model element, reduces the effect of the tail lobe cur-
rent change by 2 nT on the ground. Figure14 shows the lat-
itudinal profiles of the modelled magnetic field components
both at CHAMP altitude and on ground at the time of peak
deflection, about 40 min after the onset. With these improved
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Fig. 14. Improved model: results of the magnetic signatures at
CHAMP altitude (top frame) and on the ground (bottom frame) at
the time of peak deflection, about 40 min after the onset. Red line:
dF , black, blue and green lines mark(Bx , By , Bz), respectively.

model parameters all features observed in the measurements
are reproduced well.

What do these new model parameters imply? We regard
the adjustment of the total magnetospheric field for our fi-
nal model estimates justified. The value of 7 nT for the
tail lobe field change, as determined 2.7 h after the onset,
is valid when the ring current has decayed. However, it is
too high to describe the situation at the time of peak deflec-
tion 1t=0.7 h. A completely new element in the substorm
scenario is the presence of eastward ionospheric currents at
mid and low latitudes. For their explanation we introduced
a R-2 FAC system at 60◦ of invariant latitude connected to
the ring current that provides an over-shielding of the auroral
electric field. This configuration is justified by the observa-
tions shown in the selected substorm example. In Fig.3 the
subauroral station TAR shows a positive deflection of 30 nT
in the north component during the substorm. This indicates
the presence of eastward currents at subauroral latitudes. The

Current wedge
loop

R-2
FAC

R-1
FAC

Westward ionospheric
current due to current wedge

Eastward ionospheric
current due to R2 FACs

0°

Ring current

Cross tail current

Fig. 15. Improved model of a current system displaying the clo-
sure of the current wedge loop in the ionosphere (orange-red color
scheme) and the eastward electrojet due to the equatorward Region-
2 FACs and enhanced ring-current (blue-green color scheme).

presence of eastward ionospheric currents at mid latitudes in
the context of substorms was reported earlier by Feldstein et
al. (1997). From our model we envisage an ionospheric cur-
rent configuration as sketched in Fig.15. For the total current
diverted from the current wedge into each hemisphere we ob-
tained 360 kA. This seems to be less than the total current in
the substorm electrojet. Obviously, an additional part of the
electrojet is closed as a toroidal current in the ionosphere.
For the R-2 FAC we had to use 120 kA to achieve a good fit
with the observations. These R-2 FACs are believed to be
driven by the pressure gradient in the near-Earth tail that is
build-up by the Earthward plasma flow during the course of
a substorm (e.g. Antonova, 2004).

The details of the current systems at high latitudes have
not been studied here. They should be the target of a dedi-
cated research effort in order to obtain a consistent picture of
substorm-related effects both at high and low latitudes.

6 Conclusions

In this study we provide a consistent picture of the near-Earth
current systems associated with magnetospheric substorms.
The main features are derived from the average magnetic de-
flections observed at mid and low latitudes after substorm
onsets. The constrains inferred from simultaneous ground-
based and satellite measurements enable us to design a de-
tailed current system. For one example we show the consis-
tency of this configuration even with high latitude magnetic
field recordings.
Important features of the substorm-related magnetic varia-
tions are:
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1. During the substorm expansion phase there is a latitude-
independent deflection of the horizontal componentH

in the±50◦ Mlat range.

2. During the recovery phase the decay of the deflection is
slowest near the equator.

3. At CHAMP altitude (≈400 km) theH component de-
flection is only half as strong as on ground.

The current system proposed to explain the magnetic field
variations consists of four elements:

1. The current wedge loop routing part of the cross-tail
current through the ionosphere,

2. The changing tail lobe current becoming weaker over
the course of a substorm,

3. An eastward ionospheric current covering the whole lat-
itudinal range from the subauroral region to the equator.

4. A partial ring current connected to the Region-2 FACs.

The nightside ionospheric current (3) has never been con-
sidered previously. Although being rather weak (only a few
mA/m) this current is needed to explain the amplitude differ-
ence between ground-based and satellite measurements.

According to our model these four elements contribute
with different percentages to the observed magnetic signals.
During the expansion phase they all add up, and at the time
of peak deflection (12 nT) we may attribute 7 nT (57%) to
the lobe field strength variation, 4 nT (33%) to the current
wedge loop, 3 nT (25%) to the ionospheric current, and
−2 nT (−15%) to the partial ring current. Interestingly, only
one-third of the near-Earth substorm signature is caused by
the re-routing of the tail current. At approximately 2.7 h af-
ter the onset only the change in lobe field strength is recorded
while the other currents have ceased.

A topic not studied here is the connection to related auro-
ral currents and their consistency with the proposed current
model. This may be addressed in a follow-up study.

The results of our investigations are of particular interest
also for main field modelling since there is no correction of
the employed data for substorm effects so far. Our statistics
show that a selection by lowKp values reduces the amplitude
of unwanted substorm signatures in the CHAMP magnetic
data to a large extend. The best approach, however, would
be to omit data of the time interval starting from substorm
onsets to 2 h afterT0.
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