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[1] Using the location of maximum region 1 current determined by the Active
Magnetosphere and Planetary Electrodynamics Response Experiment as a proxy for the
open/closed field line boundary, we monitor the evolution of the amount of open
magnetic flux inside the magnetosphere during 772 substorms. We then divide all
substorms into three classes, depending on the amount of open flux at expansion phase
onset. Studying the temporal variations during the substorms of each class for a number
of related geophysical parameters, we find that substorms occurring while the amount of
open flux is large are generally more intense. By intense we mean that the auroral
electrojet, region 1 current, auroral brightness, tail dipolarization and flow speed, ground
magnetic signatures, Pi2 wave power, as well as the intensity and extent of the substorm
current wedge (SCW) are all larger than during substorms that occur on a contracted polar
cap. The SCW manifests itself as an intensification of the nightside R1 and R2 current
system after onset. Our analysis shows that to dispose of large amounts of accumulated
open magnetic flux, large substorms are triggered in the terrestrial magnetosphere.
Citation: Clausen, L. B. N., S. E. Milan, J. B. H. Baker, J. M. Ruohoniemi, K.-H. Glassmeier, J. C. Coxon, and B. J. Anderson
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Space Physics, 118, 2958–2969, doi:10.1002/jgra.50308.

1. Introduction
[2] Substorms have been studied for the past 50 years

[Akasofu, 1964], primarily, because they have been recog-
nized as one of the major agents in the coupling of the
magnetosphere and the ionosphere. Substorms are preceded
by a growth phase during which previously closed magnetic
flux is opened and added to the magnetospheric tail through
dayside reconnection. At some point, the magnetospheric
tail becomes unstable due to the continued accumulation of
open magnetic flux and magnetic reconnection inside the
tail is triggered. The initial phase of tail reconnection is
called the expansion phase, and during this phase, the previ-
ously open magnetic flux is closed. The expansion phase is
followed by the recovery phase during which the magneto-
sphere gradually returns to a quiescent state. The combina-
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tion of growth phase, expansion phase, and recovery phase
is what constitutes a substorm.

[3] From the above qualitative description, it is clear that
the amount of open magnetic flux inside the magnetosphere
is a crucial parameter in determining the magnetospheric
state. Its dynamics are governed by dayside and nightside
reconnection rates, which are generally not equal [Siscoe
and Huang, 1985]. Whereas the cause for dayside recon-
nection is relatively well understood and can be predicted
quite well by monitoring the interplanetary magnetic field
(IMF) upstream of the magnetosphere, the trigger of night-
side reconnection, i.e., the trigger of the substorm expansion
phase onset, is still debated. Boakes et al. [2009] identified
the open/closed field line boundary (OCB) in global auroral
images made by the IMAGE spacecraft which allowed them
to estimate the amount of open magnetic flux in the mag-
netosphere. By comparing the relative occurrence of certain
open magnetic flux values at substorm expansion phase
onset with the occurrence of those values at other times, they
were able to estimate the probability of a substorm occur-
ring once a certain amount of open magnetic flux had been
reached. They found a linear increase in the probability of
a substorm occurring with increasing values of open mag-
netic flux. Their results indicated that there exists no critical
threshold value of open magnetic flux at which a substorm
is triggered. Studying the temporal evolution of the magne-
tospheric open magnetic flux content allows one to estimate
the net reconnection rate and might help understand the trig-
gering process. Furthermore, as substorms close previously
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open magnetic flux, it is germane to ask how the amount
of open magnetic flux at expansion phase onset influences
the intensity of the substorm. Milan et al. [2009] previously
showed that the intensity of the auroral signatures of sub-
storms are dependent on their onset latitude; in this study,
we bring a much wider data set to bear on this question,
including in situ magnetotail observations.

[4] One way of estimating the amount of open magnetic
flux in the magnetosphere is by identifying the boundary
between open and closed magnetic field lines in the polar
ionosphere. Once the OCB is found, the vertical compo-
nent of some magnetic field model can be integrated over
the area enclosed by the OCB to yield the amount of open
magnetic flux. Such an identification of the OCB has been
implemented by looking at particle precipitation spectra
of low-Earth orbit satellites [Newell et al., 1996], global
auroral emissions [Milan et al., 2003], spectral width of
high-frequency radar backscatter [Rodger et al., 1995], or
ground-based magnetometer data [Kamide et al., 1981].

[5] Shukhtina et al. [2004] presented a method based on
work by Petrinec and Russell [1996] to derive the amount of
open magnetic flux in the magnetospheric tail by estimating
the lobe magnetic field and the tail radius from measure-
ments of satellites crossing the magnetotail. In Shukhtina et
al. [2004], they show that the total lobe flux is significantly
enhanced during substorm intervals, consistent with mag-
netic flux loading of the tail. More recently, Shukhtina et al.
[2009] expanded their methodology to allow for the predic-
tion of lobe magnetic flux values based on upstream solar
wind conditions.

[6] Recently, Clausen et al. [2013] showed that the max-
imum of the region 1 current [Iijima and Potemra, 1976]
extracted from data by the Active Magnetosphere and Plan-
etary Electrodynamics Response Experiment (AMPERE)
is located about 1ı equatorward of the OCB specified by
Defense Meteorological Satellite Program (DMSP) data. In
this study, we use AMPERE data to determine the location of
the OCB and determine the strength of the magnetosphere-
ionosphere coupling currents.

[7] Rostoker et al. [1980] defined three essential ingre-
dients to the substorm expansion phase: (1) the intense
brightening of an auroral arc and its rapid poleward expan-
sion; (2) perturbations in midlatitude ground magnetometer
data caused by field-aligned currents (FACs); and (3) at
least one burst of Pi2 wave activity. Spacecraft measure-
ments of plasma processes in the magnetospheric tail during
substorms showed that substorms are associated with high-
speed flows in the magnetotail [e.g., Angelopoulos et al.,
1994] as well as a change in the tail magnetic field configu-
ration from more stretched to more dipolar [e.g., Hesse and
Birn, 1991]. The latter process is commonly called “dipolar-
ization” and usually identified in the magnetic field normal
to the cross tail current sheet (BZ).

[8] In this paper, we study how the amount of open mag-
netic flux at expansion phase onset influences the temporal
variations and the intensities of all of these substorm sig-
natures for 772 expansion phase onsets identified in all-sky
imager data between January 2010 and April 2010.

2. Observations
[9] In this paper, we study average substorm intensities as

a function of the amount of open magnetic flux in the mag-

netosphere. As a proxy for the auroral oval size, we use the
amount of open magnetic flux in the magnetospheric system
at substorm onset Rf(t = T0), or Rf0 in short, where T0 is the
onset time of the substorm expansion phase. We determine
Rf at any given time using data from the Active Magneto-
sphere and Planetary Electrodynamics Response Experiment
(AMPERE). AMPERE is a facility funded by the National
Science Foundation that increased the time resolution of the
magnetic perturbation data provided by the Iridium® satel-
lites by a factor of 10 to 20 s/sample during normal mode and
by a factor of 100 in high-rate sampling when the resolution
is increased to 2 s/sample. Using the technique described in
Waters et al. [2001], the magnetic perturbations measured at
�700 km altitude by about 70 satellites in six orbital planes
can be used to calculate the global distribution of vertical
current densities, which at magnetic latitudes above �60ı
correspond to the Birkeland currents or field-aligned cur-
rents (FACs) commonly associated with the region 1 (R1)
and region 2 (R2) current system [Iijima and Potemra, 1978;
Cowley, 2000]. Using AMPERE, the global radial current
density can be estimated every 2 min, although a true update
of the data occurs every 10 min commensurate with the inter-
satellite time spacing in each orbit plane. The data used here
were provided with a latitudinal resolution of 1ı and a longi-
tudinal resolution of 1 h magnetic local time (MLT), i.e., the
resolution is double that provided by the orbit plane spac-
ing of the spacecraft. Clausen et al. [2013] have shown that
the oval of maximum R1 current automatically extracted
from the AMPERE data set [Clausen et al., 2012] is sta-
tistically located about 1ı equatorward of the open-closed
field line boundary (OCB) determined by DMSP precipita-
tion data. For this study, we integrate the vertical component
of the International Geomagnetic Reference Field over the
area enclosed by the R1 current oval shifted poleward by
1ı to obtain an estimate of the amount of open magnetic
flux in the magnetosphere Rf. The average of all Rf values
determined for this study was 0.55 GWb.

[10] A list of 829 substorms identified using all-sky
imager data is available for January 2010 through March
2010 on the website of the Thermal Emission Imaging Sys-
tem (THEMIS) mission and was used in this study to give
T0, i.e., the substorm expansion phase onset time. The sub-
storm onset times are determined by visual inspection of the
all-sky images. For 772 of these events, we are able to deter-
mine the amount of open magnetic flux Rf0 at the time of
auroral onset (T0) using the method described above. The
distribution of Rf0 is shown in Figure 1a. We divide the
distribution into three classes, such that each class contains
roughly an equal amount of events, about 250 onsets. Class
I is those substorms that occurred on a contracted auroral
oval, i.e., when the amount of open magnetic flux was small
at onset (Rf0 less than 0.56 GWb). Note that most of these
onsets occurred on ovals that were smaller than the average
oval (0.55 GWb) of the entire data set. Substorms occur-
ring on a medium-size auroral oval belong to class II, and
class III encompasses all those substorms that occurred on an
expanded auroral oval (Rf0 greater than 0.65 GWb). Figure 1
shows the extent of each class and the colored shaded areas
give the parts of the distribution belonging to each substorm
class. We show the distribution of the onsets in magnetic lat-
itude (Figure 1b) and magnetic local time (Figure 1c). As
mentioned, the onsets were identified in all-sky imager data,
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Figure 1. (a) Histogram of the open magnetic flux at sub-
storm onset Rf0. The distribution was divided into three
classes I, II, and III with a roughly equal number of events,
as indicated by the color shading and the markings. (a and b)
Using the color scheme introduced in Figure 1a, the distri-
bution of the substorm expansion phase onsets in magnetic
latitude (Figure 1b) and magnetic local time (Figure 1c)
is shown.

and we take the location of the center of the all-sky imager
field-of-view at onset to produce Figures 1b and 1c. Both
distributions are consistent with earlier, larger occurrence
distributions were published by Frey et al. [2004]. Note also
that, during onsets occurring while the amount of open mag-
netic flux in the magnetosphere is large (class III events),
the onset latitude moves to lower values whereas the MLT
distribution stays centered around 23 MLT.

[11] We then go on to perform superposed epoch anal-
yses on important magnetospheric parameters centered on
the time of substorm expansion phase onset. The analysis is
done for the events in the three classes independently, such
that for each parameter included in this study, we obtain
three plots: each representing the average conditions dur-
ing one of the substorm classes. As indicated in Figure 1,
in our superposed epoch analysis, we use the color blue to
represent class I behavior, black traces correspond to class
II, and finally red lines are used to show the behavior dur-
ing class III substorms. The analyzed parameters are shown
in Figures 2–4, the median of the parameter distribution is
shown as a thick line, upper and lower quartiles are shown
as thinner lines. In both figures, the top panel shows the
evolution of magnetic flux inside the R1 oval Rf for refer-
ence. As its value at T0 is used to group the events, it is not
surprising that class III substorms are associated with more
open magnetic flux at onset. What is surprising, however, is

that class I substorms are—on average—not closing any sig-
nificant amount of flux according to our analysis. For this
class of substorms, the amount of open magnetic flux is rel-
atively constant throughout the 4 h interval centered around
substorm onset. Only substorms of class II and III show
a gradual increase prior to substorm onset and a gradual
decrease following T0. Two hours after T0, the open flux con-
tent reaches levels around 0.55 GWb for all three substorm
classes, indicating that class III substorms close significantly
more magnetic flux after onset than class I and II substorms.

[12] The second row in Figure 2 shows the radius of the
circle that was fit to the R1 current oval in the method of
Clausen et al. [2012], i.e., the radius of the R1 oval R1s in
degree. The dynamics of the open magnetic flux presented
in the first row of Figure 2 is caused by the increase in R1s
prior to substorm expansion phase onset, whereas the R1
oval contraction after T0 causes a decrease in the amount of

Figure 2. Superposed epoch analysis of various param-
eters for three classes of substorms as explained in the
text. Medians during class I/II/III substorms are shown
as thick blue/black/red lines, respectively. The upper and
lower quartiles are shown as thinner traces. The parame-
ters shown are the open magnetic flux, the median R1 oval
radius, the median R1 current, the median auroral bright-
ness, the SymH index, AU and AL indices, and the dayside
reconnection rate.
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Figure 3. Superposed epoch analysis of various parame-
ters for three classes of substorms as explained in the text.
Medians during class I/II/III substorms are shown as thick
blue/black/red lines, respectively. The upper and lower quar-
tiles are shown as thinner traces. The parameters shown are
the open magnetic flux, the IMF BY and BZ components, the
solar wind proton density, the solar wind velocity, and the
IMF clock angle.

open magnetic flux. During the expansion phase of class III
substorms, the amount of open magnetic flux decreases by
about 0.13 GWB while the R1 oval shrinks by about 2.5ı.

[13] The method by Clausen et al. [2012] allows one to
extract the maximum R1 and R2 current density at all MLTs
from AMPERE measurements. In the third row of panels
in Figure 2, we show a superposed epoch analysis of the
median of the R1 current over all MLTs. Grouping the sub-
storms by Rf0 nicely orders the amount of current flowing in
the R1 system as well; the more the auroral oval is expanded
at onset, the higher the current density both before and after
T0. Note that the maximum current is reached about 20 min
after onset.

[14] All substorms studied here were identified using all-
sky auroral imagers, and in the fourth row of panels of
Figure 2, we show the evolution of auroral brightness for the
three substorm classes. We calculate the brightness by inte-
grating over the entire field-of-view of each imager at which
the specific substorm was observed. Each brightness trace
shows a distinct step of similar size at onset, however, the
background brightness before onset is significantly lower for
the class I and slightly lower for the class II events when
compared to the class III events. About 20 min after onset,
the brightness in class I events is still significantly smaller
whereas class II and III events are virtually identical.

[15] In the following fifth, sixth, and seventh rows, we
show the temporal behavior of geomagnetic indices; SymH
is similar to Dst and is an indicator of the ring current inten-
sity, AU and AL are used to characterized the eastward and
westward electrojets, respectively. Again, sorting the sub-
storms by the amount of open magnetic flux at onset orders
the behavior of these indices: the larger the auroral oval at
onset, the stronger the ring current at onset and the stronger
the east- and westward electrojets during the growth and
expansion phase of the substorm. The magnetic bay in the
AL index, commonly associated with an enhanced westward
electrojet due to the substorm current wedge, is significantly
larger for class III events than for class I substorms. In the
last row of Figure 2, we show the estimated rate of dayside
reconnection ˆ, following Milan et al. [2012] as

ˆ = ƒ v4/3
X

q
B2

Y + B2
Z sin9/2

�
�

2

�
(1)

Figure 4. Superposed epoch analysis of various parame-
ters for three classes of substorms as explained in the text.
Medians during class I/II/III substorms are shown as thick
blue/black/red lines, respectively. The upper and lower quar-
tiles are shown as thinner traces. The parameters shown
are the open magnetic flux, the magnetic BZ component in
the magnetospheric tail, the flow speed in X GSM direc-
tion in the magnetospheric tail, the midlatitude magnetic H
(North-South) perturbation on the ground, the midlatitude
magnetic D (East-West) perturbation on the ground in the
pre-midnight sector followed by the magnetic D perturba-
tion in the post-midnight sector, and the wave power in the
Pi2 band observed at midlatitudes on the ground.

2961



CLAUSEN ET AL.: OPEN MAGNETIC FLUX CONTROL OF SUBSTORM INTENSITY

where vX is the solar wind speed in the geocentric solar
magnetospheric (GSM) X direction, BY and BZ are the inter-
planetary magnetic field (IMF) components in the Y and Z
GSM plane, and � is the IMF clock angle, i.e., the angle
between the IMF direction and the GSM Z direction. If BZ
is positive, we set ˆ equal to zero. For the characteristic
scale length ƒ, we use 3.8 Re/(4 � 105ms–1)1/3 [Milan et al.,
2012]. As input for ˆ, we use the OMNI solar wind data
which is time shifted to the subsolar bow shock. Whereas
for class I substorms, the dayside merging rate is nearly con-
stant throughout the substorm interval; for class II and III, it
shows significant increases prior to onset, indicating higher
rates of dayside reconnection during the growth phase.

[16] As outlined in section 1, the solar wind conditions
play a crucial role in the preconditioning of the magneto-
sphere prior to substorm expansion phase onset. In Figure 3,
we show some important solar wind parameters for the three
substorm classes. In the first row, we again show the evolu-
tion of the amount of open magnetic flux for reference. The
following panels show the IMF BY and BZ components, the
solar wind proton density, the solar wind flow velocity in
the GSM X direction, and the solar wind clock angle, i.e.,
the angle of the IMF direction in the GSM YZ plane. For
substorms of class III, the IMF BY component is on average
negative, the BZ component shows a negative bay prior to
substorm expansion phase onset. This is consistent with the
increase in dayside coupling as expressed by the ˆ parame-
ter shown in the last row of Figure 2. The solar wind proton
density and bulk flow velocity are relatively steady through
the substorm phases. The same description qualitatively fits
the observations during substorms of class II, however, the
values of the IMF BZ component prior to expansion phase
onset are less negative than during the class III events. For
class I, the IMF BZ component is only slightly negative
prior to the zero epoch. Furthermore, the auroral brighten-
ing observed on the ground seems associated, on average,
with an IMF BY turning, as evident from the second and last
panels. The bulk plasma parameters during class I events
do not differ significantly from those during class II or III
substorms.

[17] In Figure 4, we show more substorm related param-
eters. In the top row of Figure 4, we again show the average
evolution of the open magnetic flux during our three classes
of substorms for reference. In the next two panels, we show
how the magnetospheric tail responded to the substorms
studied. During those substorms where the THEMIS A satel-
lite passed through the magnetospheric tail, we perform
the same superposed epoch analysis in each of the three
substorm classes as before. We only include satellite mea-
surements obtained beyond a distance of –5 Re downtail and
within˙5Re in the Y GSM direction. Even with these rather
crude selection criteria for THEMIS data, Rf0 orders the
satellite measurements surprisingly well. The second row of
panels displays the average magnetic BZ component as mea-
sured by the flux-gate magnetometer on board the THEMIS
A probe [Auster et al., 2008]; the magnetic field was avail-
able during 617 of the 772 substorms studied here. The
magnetic BZ component is commonly associated with dipo-
larizations, i.e., with transitions of the magnetospheric tail
from a stretched to a more dipolar field configuration. We
can see from the second row of panels that, although the BZ
component is for all three classes around 10 nT 2 h before

onset, just prior to onset BZ is the smallest during class III
events. The larger the open magnetic flux at onset, the more
the magnetospheric tail is stretched prior to onset. The size
of the dipolarization, i.e., the step in the BZ component also
increases with increasing auroral oval size at onset. Already
10 min past onset, the magnetic BZ component is virtually
the same for all three classes, recovering to slightly larger
values 2 h after onset than it was at 2 h before. In the third
row of panels, we show the bulk plasma speed in the X GSM
direction; note that we show the average of the absolute
flow speed, such that no conclusions about the direction of
the flow can be made, i.e., whether the plasma was moving
toward or away from Earth. These flow data were obtained
by the ESA particle detector on board the THEMIS A probe
[McFadden et al., 2008], and data were available for 451 of
the 772 substorms studied. The panels show that class III
substorms are associated with the largest flow speeds just
around onset. Note that, if we were to average the X direction
flow speeds including their sign (not their absolute values as
we have done here), the observed signature would disappear
in the noise.

[18] In the fourth, fifth, and sixth rows of Figure 4, we
show the magnetic perturbation in the H (North-South) and
D (East-West) component observed at midlatitudes on the
ground. At midlatitudes, i.e., relatively far away from the
auroral electrojets, ground-based magnetometers observe
magnetic perturbations due to the FACs associated with the
substorm current system. This current system, the substorm
current wedge (SCW), consists of a downward FAC on the
eastern edge of the auroral electrojet and an upward FAC
on its western edge [McPherron et al., 1973]. The field-
aligned parts of the SCW cause magnetic perturbations on
the ground such that in the H component, a positive bay is
observed at midlatitudes on the ground; at magnetometers
located close to the upward part of the SCW, the D pertur-
bation is positive, whereas near the downward FACs, the D
perturbation is negative [Clauer and McPherron, 1974].

[19] The data shown in the fourth and fifth rows
of Figure 4 were obtained by six magnetometer stations
belonging to the THEMIS array located around 50ı mag-
netic latitude in the American sector (see Table 1 for infor-
mation about their locations). For each substorm event, we
subtracted the mean value from the 4 h long time series
of all three magnetic components and then performed the
superposed epoch analysis. The resulting trace of the H
perturbation in all three substorm classes shows a positive
bay after substorm onset, however that bay associated with
class III substorms is most pronounced. The same ordering
appears when looking at the D (East-West) perturbation (see
fifth and sixth rows). Here we have calculated the average
evolution for the pre- and post-midnight sector indepen-
dently in the same manner as described when discussing
the H perturbation. It can be seen that after substorm onset
all traces show a negative bay in the post-midnight sector
and a positive bay in the pre-midnight sector. As the plots
in both rows show, the larger the amount of open magnetic
flux at substorm onset, the larger the magnetic perturbation
observed on the ground at midlatitudes.

[20] Finally, in the last row of Figure 4, we show the wave
power in the Pi2 band (periods between 40 s and 150 s,
see Jacobs et al. [1964]). As mentioned earlier, Pi2 wave
activity around expansion phase onset has been identified as
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Table 1. Names, Abbreviations, and Locations in Geographic and Geomagnetic Coordinates
of the Stations Used in the Analysis Presented in Figure 4

Name Tag Geog. Lat. [ı] Geog. Lon. [ı] Gmag. Lat. [ı] Gmag. Lat. [ı]

Carson City CCNV 39.19 240.22 45.35 304.84
Hot Springs HOTS 47.59 245.34 54.31 307.96
Pine Ridge PINE 43.11 257.40 51.39 323.14
Remus RMUS 43.60 274.84 53.25 343.78
Loysburg LOYS 40.17 281.62 50.08 352.21
Derby DRBY 44.95 287.87 54.93 359.67

an integral part of the substorm process [Baumjohann and
Glassmeier, 1984; Keiling and Takahashi, 2011]. For each
magnetometer station listed in Table 1, we band-pass fil-
ter the data in the X (along magnetic North-South) and Y
(along magnetic East-West) components between 6.6 mHz
and 25 mHz. From each component time series, we calculate
a moving FFT of length 1024 s and average the wave power
over the two nearly field-perpendicular components. The Pi2
wave power is then the average Fourier power observed by
all six magnetometer stations at midlatitudes in both the X
and Y direction. Note that the y axis of those panels showing
the Pi2 wave power is scaled logarithmically. Except for a
small interval around substorm onset, the pulsation power is
comparable for all three substorm classes. However, during
this interval between about 10 min before and about 20 min
after onset, the traces separate: class III substorms are asso-
ciated with most Pi2 wave power, whereas during class I
substorms, the Pi2 wave power is weakest.

[21] Our analysis of the ground-based magnetometer data
shows that the larger Rf0, the larger the magnetic perturba-
tions both in the North-South and the East-West component
(see fourth, fifth, and sixth rows in Figure 4). More pro-
nounced magnetic bays indicate that the current flowing in
the substorm current wedge (SCW) [McPherron et al., 1973]
was larger during the class III substorms than it was during
the class I events [Clauer and McPherron, 1974]. Whereas

the presented ground-based data are an indirect measure of
the SCW intensity, AMPERE gives us the opportunity to
study its strength more directly. In Figures 5–7, we show the
average radial current density derived from AMPERE in the
northern hemisphere on the nightside for the three classes
of substorms, respectively. In each of the six panels of each
figure, we show the currents at different times relative to
the auroral onset, as given in the panel title. The median
current densities were calculated for the three classes in a
superposed epoch sense and are shown as non-filled blue
and red contours in Figures 5,–7. Blue contours indicate cur-
rents flowing downward, i.e., into the polar ionosphere; red
contours are used for the upward currents. The thick black
trace in each panel shows the location of the R1 oval iden-
tified in the superposed current data using the methodology
described in Clausen et al. [2013].

[22] Figure 5 shows that both R1 and R2 currents were—
on average—well defined during the class I substorms.
These currents were relatively stable in location and inten-
sity throughout the period shown in Figure 5, which suggests
that any activity in the FACs related to substorms is rel-
atively weak when compared to the R1/R2 currents. To
highlight changes in current density, we have calculated
differences in current density on each grid cell between
AMPERE current maps separated by 6 min and overlay
these differences as filled contours. The filled contours are

Figure 5. (a–f) View of the average radial currents in the northern hemisphere on the nightside during
class I substorms (see text for details) at several times with respect to onset (T0).
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Figure 6. (a–f) View of the average radial currents in the northern hemisphere on the nightside during
class II substorms (see text for details) at several times with respect to onset (T0).

colored according to the color bar located right of the pan-
els such that yellow-red contours denote increased upward
current whereas green-blue contours indicate locations of
increased downward currents.

[23] Our analysis shows that at expansion phase onset,
the upward section of the nightside R1 current intensifies.
This increased upward current is joined by a localized inten-
sification of the downward section of the R1 current. The
direction of these currents is consistent with the SCW. The
center of the two current intensifications is shifted slightly

toward the dusk sector, in agreement with the peak in onset
MLT presented in Figure 1. We note that although no signif-
icant magnetic flux closure was observed during the class I
events (compare second left panel in Figure 2), we do find
evidence for the formation of the SCW and that it seems to
be part of the R1 current system.

[24] In Figure 6, we show AMPERE current density data
in the same format as Figure 5, however now for the class
II substorms occurring on an average sized auroral oval.
The R1 and R2 currents are stronger and located at lower

Figure 7. (a–f) View of the average radial currents in the northern hemisphere on the nightside during
class III substorms (see text for details) at several times with respect to onset (T0).
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Figure 8. (a–d) The evolution with epoch time of the
latitudinal variation of AMPERE current densities along
four magnetic local times (“current keograms”) is shown.
Figures 8a–8d show the latitudinal current profile averaged
between 14 to 16 MLT (dayside dusk), 08 to 10 MLT (day-
side dawn), 20 to 22 MLT (nightside dusk), and 02 to 04
MLT (nightside dawn), respectively. In this figure, we show
the currents resulting from the superposed epoch study for
class I substorms in the northern hemisphere. The color bar
gives the intensity of the currents with yellow to red col-
ors representing current flowing out of the ionosphere, green
to blue colors indicate current flowing into the ionosphere.
The dashed horizontal line marks the substorm expansion
phase onset.

latitudes when compared to the averages shown for class I
events. When studying the current differences, we again find
convincing evidence for the presence of the SCW. From the
time of auroral onset until about 14 min after the current dif-
ferences show a clear enhancement of the downward current
(colored green) in the post-midnight sector at the R1 current
location and a similarly intensified upward current located
on the pre-midnight R1 current. The center of the transient
current system is again shifted toward the dusk sector. Fur-
thermore, the upward current of the SCW located in the
dusk sector, which is associated with the auroral brighten-
ing, clearly moves poleward and slightly westward between
onset and about T0+10 min. This is consistent with auro-
ral observations during substorms, showing the formation of
a bright auroral bulge after onset that moves westward and
poleward [Akasofu, 1964].

[25] Signature of the SCW becomes even more pro-
nounced during class III substorms as shown in Figure 7.

Although the magnitudes of the current changes do not
increase significantly, the extent both in time and space of
the SCW signature does. Again, the upward current of the
SCW was moving poleward and slightly westward during
the expansion phase, in agreement with the movement of the
auroral bulge. At its most intense, AMPERE measurements
suggest that the SCW carries about 0.3 MA which is a much
smaller value than that inferred by Clauer and McPherron
[1974], however, the magnetic perturbations on the ground
(see Figure 4) are also much smaller and more importantly
consistent with this estimate.

[26] In Figures 8–10, we show the evolution with epoch
time of the superposed AMPERE current densities along
four magnetic local times located in the dayside dusk, day-
side dawn, nightside dusk, and nightside dawn sector for the
three classes of substorms (“current keograms”). Figures 8a–
10d display the temporal evolution of latitudinal current
profiles averaged over 3 h MLT in each respective sector.
Figures 8a–10d are arranged such that the location of each
panel corresponds to the sector of which the data are shown
when looking down onto a magnetic latitude/magnetic local
time grid with the Sun toward the top, e.g., the latitude pro-
files of the dayside dawn sector are located in Figures 8b, 9b,
and 10b.

[27] As in our previous plots of the current density distri-
bution for class I substorms (Figure 5) in Figures 8a–d, the
R1 and R2 currents are well defined between 2 h before and

Figure 9. Current keograms around 15, 09, 21, and 03
MLT in the same format as Figure 8 but for class II sub-
storms. The dashed horizontal line marks the substorm
expansion phase onset.
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Figure 10. Current keograms around 15, 09, 21, and 03
MLT in the same format as Figure 8 but for class III
substorms. The dashed horizontal line marks the substorm
expansion phase onset.

after substorm onset. Figures 8a and 8c are from data mea-
sured at MLTs located in the dusk sector, such that the R2
current is directed into the ionosphere (colored green-blue)
and the R1 current is directed outward (colored yellow-red).
Accordingly, the poleward R1 current on the dawn flank
(Figures 5b and 5d) is directed downward, whereas the R2
current is flowing out of the ionosphere. The data shown in

Figures 8a and 8b are from the dayside and show an inten-
sification of the R1 current prior to substorm onset, which
is marked by a horizontal dashed black line. After onset, the
dayside R1 current intensity decreases whereas an increase
in nightside current density both on the dawn and dusk flank
is observed (Figures 5c and 5d ).

[28] During class II substorms (Figure 5), we do observe
a latitudinal movement of the R1/R2 currents, particularly
on the nightside (Figure 7c and 7d). The nightside current
intensity peaks about 10–20 min after onset, consistent with
the duration of the SCW shown in Figure 6. We note that the
enhancement in dayside currents is observed during class II
events also, however, it extends well into post-onset epoch
times. The same observations apply to current keograms of
substorms of class III (Figure 10). During these most intense
events of our data set, the latitudinal movement of the cur-
rents is, in accordance with the significant accumulation and
destruction of open magnetic flux, quite pronounced. Again
the dayside currents dominate during the growth phase but
are intensified until after expansion phase onset.

3. Discussion
[29] Clausen et al. [2012] have shown that the AMPERE

data set provides the opportunity to estimate the location
of the OCB by finding the ring of maximum region 1 cur-
rent. From the OCB location estimate, we can compute the
amount of open magnetic flux in the magnetosphere and then
categorize substorms based on the amount of open magnetic
flux at expansion phase onset. Furthermore, AMPERE gives
us the opportunity to bin AMPERE current density mea-
surements with respect to substorm expansion phase onset,
i.e., compute global maps of FACs in a superposed epoch
sense. The results presented in the previous section show
that, on average, the amount of open magnetic flux present
in the magnetosphere at substorm expansion phase onset
determines the intensity of the substorm. The more open
magnetic flux is stored inside the magnetosphere at onset, the
stronger the substorm. By stronger, we mean that the auroral
electrojet and the ring current are more enhanced, the dipo-
larization of the tail magnetic field is stronger, bulk plasma
flows observed in the magnetospheric tail at onset are faster,
and currents flowing in the R1/R2 current system as well as
the substorm current wedge are stronger.

[30] An important aspect of the substorm process is the
dipolarization of the magnetic field [Hesse and Birn, 1991],
usually observed as a sudden increase of the magnetic
BZ component inside the magnetotail. Around the time of
dipolarization, strong earthward and tailward flows are com-
monly observed [Nakamura et al., 2001]. We find that the
flow speeds and the dipolarization signature are strongest for
substorms occurring on expanded ovals, consistent with our
observations that more open magnetic flux is closed during
these events. The observed increase in flow speed for sub-
storms occurring on expanded ovals is also consistent with
the increased amount of Pi2 wave power observed on the
ground, as these flows are believed to drive Pi2 pulsations
[e.g., Frissell et al., 2011].

[31] In Figures 5–7, we showed with the help of AMPERE
data that the signature of the SCW is a localized current
density enhancement colocated with the R1 current system,
being an amplification of the same [Barfield et al., 1986].
This intensification is stronger when the substorm occurs on
an expanded auroral oval. Interestingly, whereas the SCW
signatures in AMPERE data are very transient features that
disappear within about 20 min of substorm onset, the depres-
sion in the AL index, which is a measure for the strength of
the auroral electrojet that is thought to close the SCW in the
polar ionosphere, lasts for much longer. As Figure 2 shows,
AL only returns to at onset values about 1 h after onset for
the class III events. Note that, in agreement with the short
duration of the SCW in AMPERE data, the magnetic per-
turbations observed on the ground as well as the Pi2 wave
power recover to pre-onset values within about half an hour
after onset. The difference in duration between the SCW
in AMPERE data and the recovery of the AL index might
be explained by the fact that there exists significant current
inside the R1 system even before and after expansion phase
onset. The R1 current during the growth phase is mainly
driven by increased dayside reconnection and must be closed
by horizontal ionospheric currents which will create a sig-
nature in ground magnetograms. In fact, during events of
all classes, the AL index begins to recover as the current
flowing in the R1 system begins to decrease.
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[32] Another apparent discrepancy is the delay between
the maximum of the current in the R1 system and the max-
imum amount of open magnetic flux that can be seen in
the first two rows of Figure 2. At expansion phase onset,
the amount of open flux readily begins to decrease, whereas
the R1 current maximizes about 20 min after onset. To
investigate this offset, we produced plots of the R1/R2 cur-
rent distributions in different local time sectors, particularly
contrasting the current dynamics on the dayside (panels a
and b in Figures 8–10) and on the nightside (panels c and
d in Figures 8–10). In the expanding/contracting polar cap
paradigm (ECPC) [Lockwood and Cowley, 1992; Cowley
and Lockwood, 1992] dayside and nightside reconnection
drive ionospheric convection which in turn is responsible
for the generation of the R1 and R2 currents. This paradigm
implies that dayside R1 currents are stronger during peri-
ods of dayside reconnection, whereas nightside reconnection
drives FACs on the nightside. As shown in Figures 8–10, the
nightside R1 and R2 currents intensify after substorm expan-
sion phase onset, in agreement with the ECPC paradigm
of nightside reconnection driving FACs there. This post-
onset enhancement of the dayside currents together with
the increasing nightside currents after onset is the cause for
the continuous increase in R1 current even after onset. In
summary, the continuing increase in overall R1 current past
substorm expansion phase onset can be explained by the
ongoing dayside merging even after onset while nightside
reconnection intensifies nightside R1 currents. The sum of
these two components produces the maximum of R1 current
after substorm onset.

[33] In agreement with our observation that the amount
of open magnetic flux inside the magnetosphere is hardly
affected by class I events, no latitudinal movement of the
R1 and R2 currents was observed (see Figure 8). How-
ever, because increased dayside and nightside currents were
observed prior and after substorm expansion phase onset,
which indicates increased dayside and nightside reconnec-
tion, we believe that these events are actual substorms and
not pseudo-onsets. The fact that no change in the amount of
open magnetic flux was detected by our method is indicative
of the limits of accuracy of finding the amount of open mag-
netic flux using the R1 current oval as a proxy for the OCB.
Note that all onsets of class I substorms occurred when the
amount of open magnetic flux at onset was below the overall
average flux value.

[34] Nightside dawn R1 currents were, during all three
classes of substorms, about a factor of two smaller than
their dusk counterpart, whereas the R2 currents in these two
sectors are of comparable magnitudes. There was no such
stark difference between the dayside currents. This nightside
effect even persists if we choose the MLT range at which the
current profiles are selected to reflect the shift of substorm
onset MLT toward 23 h. Anderson et al. [2008] presented
statistical distributions of FACs derived from Iridium mag-
netometer data as a function of upstream IMF conditions.
Their results show that the IMF BY component influences the
nightside R1 current intensity on both the dawn and dusk
flank while the R2 current intensity is hardly affected. While
the IMF BY positive conditions tend to decrease/increase the
R1 currents on the nightside dusk/dawn flank, respectively,
the R1 currents are weaker on the dawn side and stronger on
the dusk side during IMF BY negative conditions. Since the

substorms in our data set occurred during predominant IMF
BY negative (compare second row of panels in Figure 3),
weaker/stronger nightside dawn/dusk R1 currents are con-
sistent with the statistical results presented in Anderson et al.
[2008].

[35] We also note that, as Figures 5–7 show, there appears
to exist no current continuity over the SCW, i.e., the upward
current density in the west is larger than the downward cur-
rent density in the east. This feature has been also reported
by Hoffman et al. [1994] who use satellite magnetometer
data to investigate the small scale features of FACs on the
nightside during the substorm expansion phase. These obser-
vations are consistent with the fact that, in the region of
the upward FACs, both the westward and eastward electro-
jets converge [Kamide and Akasofu, 1976]. The analysis by
Hoffman et al. [1994] also show that the nightside FACs
are composed of filamentary currents, a feature that can-
not be resolved with the relatively coarse resolution of the
AMPERE project.

[36] Zaharia and Cheng [2003] modeled the inner mag-
netospheric region during the substorm growth phase under
the “slow-flow approximation,” i.e., assuming that the tem-
poral evolution of the magnetospheric state can be described
as a series of snapshots, each of which depicting the system
in force balance between the pressure gradient and Lorentz
forces. Their results showed that by changing the magnetic
field on their simulation boundary and the plasma pressure
distribution in the equatorial plasma sheet, a realistic mag-
netospheric tail configuration as well defined R1/R2 currents
on the nightside are produced. Furthermore, they showed
that, compared with quiet time magnetic fields and plasma
pressure distribution, during conditions that mimic the sub-
storm growth phase, the R1/R2 currents on the nightside
intensify and move to lower magnetic latitudes by about
4ı. Although the simulation by Zaharia and Cheng [2003]
did not include explicitly the effect of dayside reconnec-
tion, their results are consistent with our findings in the
sense that adding open magnetic flux to the magnetospheric
system will produce a more stretched magnetospheric tail
which will in turn lead to a thinning of the plasma sheet
and hence a change in the equatorial plasma pressure dis-
tribution. The current keograms presented in Figures 8–10
also show the intensification of the nightside R1/R2 cur-
rents prior to substorm expansion phase onset which, in view
of the simulations by Zaharia and Cheng [2003], is due to
changes in the gradients of the magnetic flux tube volume
and the plasma pressure gradient [Vasyliunas, 1970].

[37] Numerical modeling of flow braking and low entropy
bubbles propagating earthward has consistently shown that
these features can form a current system compatible with
the model of a SCW [Birn et al., 1999; Yang et al., 2012].
They also predict a secondary current loop, located equator-
ward of the SCW and with an opposite current sense, i.e.,
downward current in the dusk sector and upward current in
the dawn sector. In Figure 6c, an increase in the downward
R2 current on the dusk flank is observed 4 min after onset,
in agreement with modeling results. We do not, however,
observe an increased upward current in the dawn sector.
In fact, the increase in current density seen in Figure 6c
remains the only indication of the existence of a secondary
current system associated with substorms using the data pre-
sentation shown in Figures 5–7. However, in the current
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keograms of the nightside currents (Figures 8c and 8d, 9c
and 9d, and 10c and 10d), clear enhancements of the R2
current after substorm expansion phase onset are observed.
These enhancements last for roughly the same amount of
time as the enhancements in the R1 current system, indi-
cating that these are indeed signatures of the secondary R2
current system associated with earthward propagating low
entropy bubbles predicted by numerical models.

[38] Our observations suggest that the SCW is formed
after substorm expansion phase onset, centered on the MLT
of the substorms auroral brightening, and that the SCW is an
enhancement of the nightside R1 current system. At the same
time, the R2 current system on the nightside also intensifies,
consistent with numerical predictions of flow breaking. The
enhancements in the R1 and R2 current systems are stronger
for substorms that occur on expanded auroral ovals.

4. Summary
[39] Clausen et al. [2013] have shown that the R1 oval

extracted from AMPERE data can be used as a meaning-
ful proxy for the open/closed field line boundary such that
one is able to estimate the amount of open magnetic flux in
the magnetosphere around the time of substorm onset. We
have investigated in a superposed epoch sense the temporal
evolution of several magnetospheric parameters related to
substorms. We divided a list of substorms into three classes:
class I substorms occurred on a relatively contracted auroral
oval, i.e., when the amount of open magnetic flux at onset
was small. Class II substorms occurred when the auroral oval
was of average size, and substorms belonging to class III
appeared on an expanded auroral oval that enclosed a large
amount of open magnetic flux. The more open magnetic flux
is present at onset, the more current is flowing inside the
R1 current system, the stronger the dayside merging electric
field prior to onset, the stronger the auroral electrojet after
onset, the greater the amount of current flowing inside the
SCW, the larger the extent of the SCW, the more the tail mag-
netic field is dipolarized, the faster the flows observed in the
magnetotail, and the stronger the Pi2 wave power observed
on the ground. In conclusion, we find that the amount
of open magnetic flux in the magnetosphere at expansion
phase onset determines, on average, the intensity of the
substorm. Studying the SymH index at substorm onset, we
find that larger substorms tend to occur when the ring cur-
rent is enhanced. Closer inspection of the distribution of the
currents within the R1 system reveals that, in accordance
with the expanding/contracting polar cap paradigm, dayside
R1 currents dominate the growth phase, whereas nightside
currents dominate the expansion phase. Due to continued
dayside merging even after expansion phase onset, how-
ever, the dayside portion of the R1 current remains elevated
even after substorm onset such that adding increased night-
side currents due to initiated tail reconnection causes the
overall R1 current to continuously increase. Only when the
intensity of dayside merging decreases do the dayside R1
currents decay which, together with slowing reconnection in
the tail as the substorm progresses, causes the overall R1 cur-
rent to decrease about 20 min after expansion phase onset.
The AMPERE current densities suggest that the SCW is an
enhancement of the nightside R1 current system. At the same
time, the R2 current system on the nightside also intensifies,
consistent with numerical predictions of flow breaking.
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