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Abstract. The unprecedented coverage of the THEMIS
GBO station network coupled with high temporal and spa-
tial resolution allowed us to determine the various stages of
the global scale developments of the optical aurora at sub-
storm onsets. We identified several steps of the substorm
onset auroral phenomena and we suggest that the most rapid
development is the starting of the Substorm Poleward Ex-
pansion (SPE) and it is most useful for accurate timing of
the substorm onset. The physical significance of this step is
the start of the large scale substorm energy dissipation in the
atmosphere due to particle precipitation and auroral electro-
jet currents. We also recognized several pre-cursor features.
We also measured the time of arrival of magnetic impulses
associated with the same substorms at the THEMIS satel-
lites. We used these times and a simple model with assumed
iono-acoustic speeds in the range of 300–800 km/s to cal-
culate the location and time of the origin of the magnetic
impulses propagating from substorm onset. The assumption
was made that the substorm occurred between two THEMIS
satellites and the impulses propagated away from a singu-
lar starting point in and out along the magneto tail GSM-x
axis. This technique is only useful in cases where the ground
based signature of the substorm is very close in local time
(or longitude) to the foot of the field lines of the THEMIS
satellites. The x distance of the calculated origins were natu-
rally highly dependent on the assumed propagation velocity
model and the associated magneto-sonic speed. The resulting
x distances of the starting point for the three events ranged
between 11 and 17.6RE . denoting a starting region that re-
quires highly stretched field lines to map to the auroral onset
latitude but which is generally considered to be too close for
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neutral line formation. The corresponding start times were in
the range of 0 to 170 s prior SPE depending strongly on the
assumed propagation speed.
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substorms)

1 Introduction

Substorms are large scale magnetospheric instabilities dur-
ing which magnetic energy is rapidly converted into particle
energy and some of the energy dissipated in spectacular au-
roral displays. Our understanding of how the magnetosphere
works is incomplete without understanding what triggers and
drives substorms. Since their early description e.g. Akasofu
(1964) a great deal of effort has been expanded in study-
ing substorms but we are still unable to settle fundamental
controversies about what drives substorms, where they start
in the magnetosphere and which direction they propagate
along the Earth magnetic tail. According to most current
substorm models the substorm process initiates either with
a decrease of cross tail current in the inner plasma sheet due
to some kind of instability at<10RE (Roux et al., 1991; Lui
et al., 1991) with an outward propagation of the phenom-
ena along the tail, or with the initiation point located at the
tail reconnection region at>20RE (Baker et al., 1996) with
an inward propagation of the phenomena towards the earth
while the initiation preceding the auroral signature visible
from the ground. The NASA program entitled “Time History
of Events and Macroscale Interactions during Substorms”
(THEMIS) (Angelopoulos, 2008a) provides fundamentally
new opportunities to resolve this problem. In this program
five identical probes (satellites) were placed on special orbits
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using the ground based data to establish substorm onset timing with sufficient accuracy to 
be useful in making significant timing comparison required by the THEMIS goals.  
Following that we will use the satellite magnetic data to find substorm related magnetic 
impulses and compare their time of arrival to determine the time and location of their 
origin in the magnetosphere.  We use the magnetic signatures because they have much 
longer-range effects than particle signatures and their propagation speed can be readily 
calculated from simple assumptions of particle density and magnetic field strength.  In 
rare cases where the satellites were in the central plasma sheet particle measurements can 
be used to calculate the flow velocity and direction and the properties of the onset region 
thus are derived directly [e.g. Angelopoulos et al. [2008b]. 
 
Substorm timing for February 2, 2008 7-9UT. 
 
On February 2, 2008 the THEMIS satellite constellation was in a favorable position to 
observe the geomagnetic tail region during several substorms as illustrated in Figure 1.  
During the period between 0700 and 0900 hours the THEMIS GBO-s showed that there 
were 3 major activation of the aurora at 0740, 0815 and 0836 UT.  The ground-based 
observations of these activations will be discussed in more detail later.   

 
Figure 1.THEMIS satellite positions GSM x and y in units of Re for February 2, 2008 at 
08:00 UT. 

Fig. 1. THEMIS satellite positions GSM x and y in units ofRE for
2 February 2008 at 08:00 UT.

which permit the alignment of the satellites in the tail and the
instruments on the satellite measure the in situ particles and
fields at their location. Correlative measurements from five
strategically located identical probes can observe substorm
associated magnetic field pulses and from their timing, the
direction of propagation can be infered. In rarer cases where
the satellites are located inside the substorm associated parti-
cle streams they can directly measure the propagation veloci-
ties. It is therefore a main goal of THEMIS to locate the point
and time of origin in the magnetosphere and compare it to the
auroral signature at substorm onset. The THEMIS satellite
constellation consists of three inner probes monitoring the
region at∼8 to 12RE , where the current reduction occurs,
while two outer probes, one at 20 and one at 30RE , moni-
toring plasma acceleration due to magnetic reconfiguration
such as tail flux re-connection and/or field dipolarization.
Detailed design of the THEMIS mission, the satellites and
their instrumentation is described by Angelopoulos (2008a)
and references therein. The satellite observations are supple-
mented by a set of ground observatories in North America
which measures the time of onset and the location of the au-
rora at substorm onset (Donovan et al., 2006; Mende et al.,
2008).

The THEMIS satellites were launched on 17 February
2007 and they were all placed into their planned orbits to
provide the desired tail sampling configuration by the win-
ter of 2007–2008. During prior years the THEMIS ground
based observatories GBO-s were built up and by the winter
of 2007–2008 all 20 stations across northern America, 16 in
Canada and 4 in Alaska, were operational. Thus the whole of
the THEMIS concept of observations was fully implemented
and data was collected during the conjunctions that occurred
in the January to March of 2008 time period.

In this paper we will study the timing of substorm sig-
natures using the ground and satellite based data from the
THEMIS observations. We will discuss several events dur-

ing two THEMIS conjunctions. We chose this set of con-
junctions because of the good weather conditions over North
America allowed us to monitor the detailed auroral displays
over the relevant regions. We will first focus on the de-
scription of one of the events to demonstrate the various
ground observables associated with substorm onset. Al-
though such discussions are abundant in the literature (e.g.
Akasofu, 1964; Lyons et al., 2002; Mende et al., 2007; Dono-
van et al., 2008) we focus our discussion towards using the
ground based data to establish substorm onset timing with
sufficient accuracy to be useful in making significant timing
comparison required by the THEMIS goals. Following that
we will use the satellite magnetic data to find substorm re-
lated magnetic impulses and compare their time of arrival to
determine the time and location of their origin in the mag-
netosphere. We use the magnetic signatures because they
have much longer-range effects than particle signatures and
their propagation speed can be readily calculated from simple
assumptions of particle density and magnetic field strength.
In rare cases where the satellites were in the central plasma
sheet particle measurements can be used to calculate the flow
velocity and direction and the properties of the onset region
thus are derived directly (e.g. Angelopoulos et al., 2008b).

2 Substorm timing for 2 February 2008 07:00–09:00 UT

On 2 February 2008 the THEMIS satellite constellation was
in a favorable position to observe the geomagnetic tail re-
gion during several substorms as illustrated in Fig. 1. During
the period between 07:00 and 09:00 h the THEMIS GBO-s
showed that there were 3 major activation of the aurora at
07:40, 08:15 and 08:36 UT. The ground-based observations
of these activations will be discussed in more detail later.

It is remarkable that the farthest satellite THEMIS B, lo-
cated far in the magneto-tail at 29.6RE geocentric distance
saw clear magnetic signatures associated with every one of
these events. Apparently magnetic signatures of the events
are longer range because there is no in situ plasma signatures
associated with these events except with the last event occur-
ring at 08:36 UT. Several minutes after this event there is evi-
dence of strong earthward (+x blue) plasma flow. During the
whole period presumably the relatively large GSM z coordi-
nate of THEMIS-B the satellite shows that they are mostly
located below the neutral sheet and only the relatively long
range magnetic signatures are seen. Nevertheless these sig-
natures can be very important in relating the timing of onset
phenomena.

In the following discussion we will describe the three
events and the associated ground based observations. For
each event we will observe the magnetic signatures of the
substorm onset at each satellite and will attempt to derive
the timing and the x coordinate of the initial event. If two
of the satellites were lined up along the neutral sheet and an
event occurred between the two then it would be possible to
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Figure 2. Observations with THEMIS B (x=-29.6, y=-1.38, z=-8.65) of magnetic field 
(nT), plasma velocity (km/s), plasma density (cm-3), higher and lower energy ion 
spectrogram on February 2, 2008 as a function of UT.. 
 
It is remarkable that the farthest satellite THEMIS B, located far in the magneto-tail at 
29.6 Re geocentric distance saw clear magnetic signatures associated with every one of 

Fig. 2. Observations with THEMIS B (x=−29.6,y=−1.38,z=−8.65) of magnetic field (nT), plasma velocity (km/s), plasma density (cm−3),
higher and lower energy ion spectrogram on 2 February 2008 as a function of UT.

calculate the time of and x location of the onset provided the
velocity of the magnetic signal is known. If the velocity of
propagation is a constant then we can simply calculate the
start positionx0 and start timet0. One of the waves traveling
with velocity v1 will reach the outer satellite located at dis-
tanced1 at timet1 and the other wave traveling withv2 in the
opposite direction will reach the inner satellite at distanced2
at timet2 then the starting timet0 is related by the following
equation

v2(t2− t0)−v1∗(t1− t0) = d2−d1.... (1)

In the case where the starting point is in between the satellites
located atd1 andd2 respectively and the propagation velocity
is constantv=−v1=v2 we get the result that the starting time
is:

t0 = ((d1−d2)/v+(t1+ t2))/2.... (2)

If the starting point is not located between the two the satel-
lites andv=v1=v2, i.e. the direction of propagation is the
same, then Eq. (1) becomes:

v = (d2−d1)/(t2− t1)
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2816 S. Mende et al.: THEMIS substorm onsets timing

May 15, 2009 

6 

few assumptions.  From Figure 2 satellite B seems to have briefly encountered the plasma 
sheet at about 08:45 UT and the measured density (panel 3) was about 0.2 cm-3  with a 
strong Bx component of about 20 nT. Figure 3  show examples of the iono-acoustic speed 
as a function of the thermal energy associated with the plasma expressed in keV and the 
Alfven speed as function of the plasma density (x10) with the ambient magnetic field 
being used as a parameter.  

 
Figure 3. Iono-acoustic and and Alfven velocities as a function of plasma parameters. 
The energy scale refers to the iono-acoustic velocity while the plasma density to the 
Alfven Wave curves.  Plasma sheet densities at >8Re are usually less than 1 cm-3  
(labeled as 10). 
  
 
In calculating the Alfven speed we used a combination of the IGRF internal reference 
field combined with the Tsyganenko 1989 external field in a low magnetic activity 
condition.  Within the neutral sheet itself the Bx component is very small and the models 
show that x>10 Re the VFM is dominated by the ion-acoustic speed.  We have used a 
constant plasma density of  0.3 cm-3.  This is consistent with THD and THE density 
measurements. kT  seen by this satellite was approximately 2000 to 3000 eV, which 
would yield an ion acoustic speed estimate of about 500 km/s. The assumption of using 
the Alfven/Magnetosonic speed itself can also be questioned on account of plasma inertia 
and the cumulative effects of reconnection forces. It is hard to know what the average 
propagation speed of these features is from the location of their generation to the probes 
where they were measured. Propagation speeds can be estimated from the measured ion 
speeds at THA, THD, at the time of dipolarization. From the flow velocity measurements 

Fig. 3. Iono-acoustic and and Alfv́en velocities as a function of
plasma parameters. The energy scale refers to the iono-acoustic ve-
locity while the plasma density to the Alfvén Wave curves. Plasma
sheet densities at>8RE are usually less than 1 cm−3 (labeled as
10).
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of the THD energetic ion moments the flow velocity seemed to reach about 200 km/s 
immediately after dipolariation. We recognize that the assumed propagation speed will 
have a profound effect on our result and we have therefore tried to bracket the problem 
by showing how the propagation speed affects the results. 
 

 
Figure 4. The propagation speed as a function of the radial distance, X  from the Earth 
along the neutral sheet using Tsyganenko 1989 and a plasma density of 0.3 cm-3.  At 
distances >10 Re the iono-acoustic speed becomes dominant and we assumed three 
constant values 300, 500 or 800 km/s.  
 
 
 
.  
 

Fig. 4. The propagation speed as a function of the radial distance,
X from the Earth along the neutral sheet using Tsyganenko 1989
and a plasma density of 0.3 cm−3. At distances>10RE the iono-
acoustic speed becomes dominant and we assumed three constant
values 300, 500 or 800 km/s.

This equation allows the computation of the propagation ve-
locity but provides no information about where the waves
had started. If we are reasonably confident that the starting
point of the waves was located between the two satellites but

v(t2− t1) > (d2−d1) (3)

Then the inequality shows that there had to be a timing error
because during the time difference of the wave arrival at the
satellite the waves should have covered a larger distance than
the distance between the two satellites.

The propagation velocity in the magnetosphere is not a
constant and is given byVFM=(V 2

A+V 2
s )1/2, whereVs is the
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Figure 5. Illustration of obtaining the X=0 T=0 graphically from the difference in arrival 
times (Tdiff), the x position of the satellites and the curve representing the integrated 
reciprocal of the propagation velocity (using the 300 k/s case)  as a function of radial 
distance. 
 
 
Figure 5 illustrates another possible graphical method for obtaining a starting location 
(x=0) and time (T=0) from measurements of the time difference of arrival of the 
magnetic impulse at two satellites with varying propagation velocity.  The red curve is a 
derivative of the propagation speed curve of Figure 4 corresponding to an iono-acoustic 
speed of 300 km/s.  In this plot we have integrated the reciprocal of velocity along the 
radial distance to produce the time taken by signals propagating along this dimension.  In 
this plot the ordinate represents a linear time dimension where simple linear equations 
can be solved for obtaining the starting location and time regardless of the intrinsically 
non-linear nature of the propagation velocity.  
 
As an example consider that a substorm was observed by satellite THEMIS A (located at 
8.5 Re yellow vertical dashed line) and the signature of the same substorm was picked up 
at THEMIS B (located at 29.5 Re red vertical dashed line) at Tdiff later.  Assuming that the 
signature had started at X=0 and T=0 and “propagated along” the red curve left to right to 
THEMIS B. We can subtract Tdiff from the ordinate value at THEMIS B and draw a 

Fig. 5. Illustration of obtaining theX=0 T =0 graphically from the
difference in arrival times (Tdiff ), the x position of the satellites and
the curve representing the integrated reciprocal of the propagation
velocity (using the 300 k/s case) as a function of radial distance.

ion acoustic speed = (kT/m)1/2 andVA is the Alfvén speed
= B/(4π nm)1/2 (e.g. Moore et al., 1987). Both speeds can
be calculated by making a few assumptions. From Fig. 2
satellite B seems to have briefly encountered the plasma
sheet at about 08:45 UT and the measured density (panel 3)
was about 0.2 cm−3 with a strongBx component of about
20 nT. Figure 3 show examples of the iono-acoustic speed as
a function of the thermal energy associated with the plasma
expressed in keV and the Alfvén speed as function of the
plasma density (x10) with the ambient magnetic field being
used as a parameter.

In calculating the Alfv́en speed we used a combination of
the IGRF internal reference field combined with the Tsyga-
nenko 1989 external field in a low magnetic activity condi-
tion. Within the neutral sheet itself theBx component is very
small and the models show thatx > 10RE theVFM is dom-
inated by the ion-acoustic speed. We have used a constant
plasma density of 0.3 cm−3. This is consistent with THD and
THE density measurements. kT seen by this satellite was
approximately 2000 to 3000 eV, which would yield an ion
acoustic speed estimate of about 500 km/s. The assumption
of using the Alfv́en/Magnetosonic speed itself can also be
questioned on account of plasma inertia and the cumulative
effects of reconnection forces. It is hard to know what the av-
erage propagation speed of these features is from the location
of their generation to the probes where they were measured.
Propagation speeds can be estimated from the measured ion
speeds at THA, THD, at the time of dipolarization. From the
flow velocity measurements of the THD energetic ion mo-
ments the flow velocity seemed to reach about 200 km/s im-
mediately after dipolariation. We recognize that the assumed
propagation speed will have a profound effect on our result
and we have therefore tried to bracket the problem by show-
ing how the propagation speed affects the results.
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Figure 5 illustrates another possible graphical method for
obtaining a starting location (x=0) and time (T =0) from mea-
surements of the time difference of arrival of the magnetic
impulse at two satellites with varying propagation veloc-
ity. The red curve is a derivative of the propagation speed
curve of Fig. 4 corresponding to an iono-acoustic speed of
300 km/s. In this plot we have integrated the reciprocal of
velocity along the radial distance to produce the time taken
by signals propagating along this dimension. In this plot the
ordinate represents a linear time dimension where simple lin-
ear equations can be solved for obtaining the starting location
and time regardless of the intrinsically non-linear nature of
the propagation velocity.

As an example consider that a substorm was observed
by satellite THEMIS A (located at 8.5RE yellow vertical
dashed line) and the signature of the same substorm was
picked up at THEMIS B (located at 29.5RE red vertical
dashed line) atTdiff later. Assuming that the signature had
started atX=0 andT =0 and “propagated along” the red curve
left to right to THEMIS B. We can subtractTdiff from the or-
dinate value at THEMIS B and draw a horizontal line to the X
radial location of THEMIS A. The ordinate of this line repre-
sents the time when the signal was seen by THEMIS A. If we
were to propagate back toward red curve at the speed the sig-
nal is traveling fromX=0 to THEMIS A then we could find
the point representingX=0 andT =0. To find the appropri-
ate right to left propagation speed we need to reflect the red
propagation curve about a horizontal axis and move it ver-
tically up and down until it passes through the intersection
of the previously drawn horizontal line and the X position of
THEMIS A (vertical yellow dashed line). We show this as
a green curve. The intersection of the reflected green curve
with the original red curve provides the point of origin of
substormX=0 andT =0.

It is interesting to note that ifTdiff has to be less than the
difference between the ordinates at THEMIS B and THEMIS
A to obtain a solution forX=0, T =0 between the two satel-
lites. This is the same condition that was discussed with re-
spect to Eq. (3) in the earlier timing discussion related to
constant velocities.

The speed is essentially constant at distances much larger
than 10RE . In addition to the graphical illustration presented
here we have used an iterative non-linear treatment to allow
for variable propagation speed (see Fig. 4) and used a non
linear iterative computation for getting the starting location
and times.

The first event under study is illustrated on Fig. 6.
The total integrated light curve gives a convenient quasi-
quantitative description of the substorm onset. We have iden-
tified four occurrences as distinct recognizable events, which
characterize most substorm onsets as seen by the THEMIS
all sky camera imagers. We have identified the first such
event (1) as the pre-onset fading of the arc as seen by the
dip in the intensity curve. Pre onset auroral fading has been
identified many times in the literature, e.g. Heikkila and Peli-
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horizontal line to the X radial location of THEMIS A.  The ordinate of this line represents 
the time when the signal was seen by THEMIS A.  If we were to propagate back toward 
red curve at the speed the signal is traveling from X=0 to THEMIS A then we could find 
the point representing X=0 and T=0. To find the appropriate right to left propagation 
speed we need to reflect the red propagation curve about a horizontal axis and move it 
vertically up and down until it passes through the intersection of the previously drawn 
horizontal line and the X position of THEMIS A (vertical yellow dashed line).  We show 
this as a green curve.  The intersection of the reflected green curve with the original red 
curve provides the point of origin of substorm X=0 and T=0.   
 
It is interesting to note that if Tdiff has to be less than the difference between the ordinates 
at THEMIS B and THEMIS A to obtain a solution for X=0, T=0 between the two 
satellites.  This is the same condition that was discussed with respect to equation (3) in 
the earlier timing discussion related to constant velocities. 
 
The speed is essentially constant at distances much larger than 10 Re.  In addition to the 
graphical illustration presented here we have used an iterative non-linear treatment to 
allow for variable propagation speed (See Figure 4) and used a non linear iterative 
computation for getting the starting location and times.  
 
 

 Fig. 6. Total light curves seen by the all sky imagers at Gillam Fort
Smith and Fort Simpson. The various ground based onset events
are shown with numerals 1 to 4, where 1 is the pre-onset fading of
the arc as seen by the dip in intensity, 2 is the time when the equa-
torward arc starts intensifying, 3 is the appearance of a new rayed
arc feature and 4 is the onset of the Substorm Poleward Expansion
(SPE) and rapid intensification of the aurora associated with the
substorm.

nen (1972). The second pre-cursor event is the intensification
of the pre-existing equatorward arc. The start of this period
was noted with a vertical line (2). We believe that Akasofu
in his original phenomenological definition of substorm on-
set, “the sudden brightening of an equatorward aurora near
mid-night” (Akasofu, 1964) was indeed this brightening.

Unfortunately this intensification phase can last for several
minutes and therefore it is difficult to use it as an exact time
mark for the type of timing accuracy required to determine
the step sequences critical to the THEMIS mission (Mende
et al, 2007). The next step (vertical line 3) is the appear-
ance of a new rayed arc. The appearance of a new arc at
substorm onset has been described by others e.g. Lyons et
al. (2002). This arc is highly structured with dynamic fea-
tures looking much like Alfv́enic aurora aurora as often seen
at substorm onset (Mende et al., 2003; Lessard et al., 2006).
The last event denoted with vertical line (4) is the onset of
the SPE and rapid intensification of the aurora. This step is a
relatively well defined and it does represent the initiation of
the major energy dissipation in the substorm. This step also
represents a magnetospheric configuration change, which is
signified by the rapid poleward expansion of the bright au-
rora.

Figure 7 shows the various events described above as de-
picted by a mosaic generated from the all sky images only
from stations where the weather was clear. It was assumed
that all luminosity was emitted at 110 km altitude in the
production of these mosaics. The all sky lens system pro-
duces substantial inherent distortions at the edges of the cam-
era field of views and the production of such mosaics in-
volves serious extrapolations and some method of dealing
with overlapping regions from neighboring cameras (Mende

www.ann-geophys.net/27/2813/2009/ Ann. Geophys., 27, 2813–2830, 2009



2818 S. Mende et al.: THEMIS substorm onsets timing
May 15, 2009 

12 

 
 
Figure 7.  Collage of image mosaics.  Stations displayed from right to left are, Gillam, 
Ft. Smith, Ft. Simpson then Gakona (South), Ft. Yukon (middle) and Inuvik (North).  The 
numerals on the top right are the identifiers of the various events as described in the 
caption of Figure 4.   
 
 

Fig. 7. Collage of image mosaics. Stations displayed from right
to left are, Gillam, Ft. Smith, Ft. Simpson then Gakona (South),
Ft. Yukon (middle) and Inuvik (North). The numerals on the top
right are the identifiers of the various events as described in the
caption of Fig. 4.

et al., 2008). A unique feature of this presentation (Fig. 7)
is that overlapping regions were superposed by calculating a
weighted average intensity of the intensities of the overlap.
The weighting function was the reciprocal of the linear dis-
tance of the pixel from the central pixel of the station. This
assured that any region was displayed with a resultant in-

tensity which was dominated by the pixel intensity from the
nearer station. This procedure created much greater continu-
ity of the intensity of quasi-global auroral displays eliminat-
ing sharp boundaries between station field-of-views that are
often discernable on mosaic displays.

At the time start of the sequence there was one auroral arc
in the field of view of Gillam and Ft. Smith (Fig. 7 top panel)
labeled “2”. The arc faded at first (as seen on Fig. 6) and
then intensified quite suddenly at 07:38:00 UT. The arc in-
tensification was denoted as step 2 being the second step in
the onset process. At 07:38:57 a new structure appeared lo-
cated adjacent or just poleward of the pre existing arc. This
is indicated with an arrow. In the subsequent frames (not
shown) this region intensified and became quite prominent,
The frame taken at 07:38:57 was chosen because that is the
first frame where this feature could be distinguished. The
next displayed frame (07:40:00) shows the rayed structure
often associated with substorm onset aurora. The appear-
ance of this aurora is very much like the Alfvénic auroras
which have been seen at substorm onset (Mende et al., 2003;
Lessard et al., 2006). The appearance of the Alfvénic au-
rora is step 3 marked the top right of the mosaic frame. The
last step is the SPE, the substorm poleward expansion and
large scale intensification and it is denoted as step 4 shown
on frame 07:41:00.

Figures 8 and 9 are the corresponding ground based mag-
netometer data for the same time period as Fig. 6. Since the
onset occurred closest to Gillam it has the largest response
in its negativeBx component representing a strong westward
current. In terms of the four steps in the substorm onset pro-
cess there is very good correspondence between step 2 and
step 4 in the increase in the electrojet current strength and
the auroral luminosity as seen in the all sky camera integrated
light.

Figure 10 shows the THEMIS satellite magnetometer sig-
natures for the∼07:40 UT event. The onset of the non-linear
intensification and poleward expansion in the optical aurora
is at 07:41:00 as determined from the all sky imager data
Fig. 7 labeled as (step) 4. It was shown with the vertical line
spanning the plot. The magnetic signatures of the satellites
occur in the sequence of THA, THD, THE and then THB.
From the images it is possible to argue that azimuthally THA
is closer to the “epicenter”of the intensification than D and E
and the surge only envelopes the latitude of D and E a little
later than that of A.

The choice of the magnetic signature of the “onset” at each
satellite is open to interpretation. The magnetic signals for
the inner satellites are relative impulsive and irregular con-
taining high frequency components. They are likely to be
caused by a mixture of the arrival of the magnetic signal and
other responses due to the high speed Alfvén waves reflect-
ing over relatively short distances near the Earth. Therefore
generally we followed the same procedure we adopted for the
ground based optical data and used the earliest point where
significant dB/dt was seen. For a distant satellite such as B at
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Figure 8.  The ground based magnetometer components, Bx, By and Bz (black, green and 
red) in full 0.5 sec time resolution from Fort Simpson, Fort Smith, Fort Yukon and 
Gillam.  The vertical bars represent the times identified in Figure 6 
 

Fig. 8. The ground based magnetometer components,Bx , By andBz (black, green and red) in full 0.5 s time resolution from Fort Simpson,
Fort Smith, Fort Yukon and Gillam. The vertical bars represent the times identified in Fig. 6.

approximately 30RE down tail the magnetic signatures were
relatively slowly varying signals consistent with a propagat-
ing magnetic structure slowly passing the satellite at some
distance from the satellite. In such a case it is the large ampli-
tude magnetic field change should be used for timing. There-
fore when timing these satellites we generally ignored the
slow rise of the field preceding the maximum slope and mea-
sured the timing when the magnetic signal reached a large
value because that represents the time when the structure
passes nearest to the satellite.

According to the above reasoning the magnetic signatures
THA was taken at 07:40:00 shown with the short red line.
For THD and THE, it seemed to occur just after 07:41:00
(the 07:41:00 line indicates the ground based onset of the
poleward expansion). Admittedly these choices are some-
what arbitrary for example we ignored the small positiveBz

step seen with THD at 07:38:40. This could be taken to be
a pre-cursor event similar to those existing in the optical au-
rora. As regards to determining the THB time of occurrence
we used the large downward slope of theBz signature oc-
curring at 07:43:39. Magnetic signatures are relatively long
range and we would expect an extended response when they
pass by in the vicinity of a satellite. We read the time when
the magnetic signature became fairly well developed rather
than at the earliest discernible impulse.

Assuming that the energy dissipation phase of the sub-
storm starts at a single point in space and propagates in the x
direction, both towards the earth and away from it, we calcu-

lated the time and location of the onset using the arrival times
of the magnetic signatures at two satellites. In these calcu-
lations we are using a simple 1-dimensional model that was
discussed in prior sections of this paper. Comparing the ar-
rival of the magnetic impulse at THEMIS B and THEMIS A
we obtained consistent solutions for two iono-sonic speeds
of 300 and 500 km/s indicating that the start was at a point
x ∼ −14.8RE and 11.1RE with a corresponding start time
of 07:38:26 and 07:39:44 which is 154 and 76 s prior to
the ground observed onset of the poleward expansion. For
the 800 km/s we did not get a consistent set of solutions.
When we compared the arrival times at THEMIS B and E
again using 300,500 and 800 km/s then we got a consistent
solutions for starting points atx = −16.9REx = −14.5RE

and x=−11.0RE . The corresponding starting times were
07:39:10, 07:40:26 and 07:41:10. These onsets preceded the
ground based onset of the SPE by 110, 34 and in the last case
the SPE onset preceded the onset by 10 s. These results have
been reproduced in Table 1.

To examine the inconsistency between the results obtained
by comparing the propagation from THEMIS B to A and
from THEMIS B to D can be best done by the graphical
method originally presented in Fig. 5. Here in Fig. 11 we
illustratred the curves describing integrated 1/v for 3 differ-
ent ionoacoustic speeds. We can estimate the substorm start
point, X=0 andT =0, by comparing the time of arrival of
the signatures at two satellites and following the construction
technique explained with reference to Fig. 5. By considering
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Figure 9. Magnetic fluctuations Bx, By and Bz at Gillam and Ft. Smith.  Larger 
amplitude fluctuations begin at Gillam at 7:40 UT.  
 
 

Fig. 9. Magnetic fluctuationsBx , By and Bz at Gillam and
Ft. Smith. Larger amplitude fluctuations begin at Gillam at
07:40 UT.

first the time differenceTdiff between B and A (shown as
a vertical black line on the right) and subtracting it from
the ordinates at the position of THEMIS B we find that the
800 km/s curve is too shallow and inconsistent with either
the large a time delay or with having the position of the start-
ing point between satellites B and A. Applying the technique
to the 500 km/s curve however, we obtain a starting point at
about 11RE-s as illustrated with the red circle. We were hop-
ing to be able to get consistency using a third satellite. How-
ever when we consideredTdiff between THEMIS B and D
and applied it to the 800 km/s curve we obtained nice agree-
ment with the starting point at about 11RE or so. However
we had to rule out the 800 km/s curve from the previous ar-
gument of being too large a velocity to account for the long
delay between B and A. We applied the B to D time differ-
ence to the curve representing the velocity of 500 km/s. We
got the intercept location of 14.5RE denoted by the blue cir-
cle. If we applied either time delays to the 300 km/s curve
then we would get intercepts at 14.8 and 16.9RE implying
substorm starts further away from the Earth.

3 Event occurring at 08:12

The next event can be discussed in terms of Fig. 12. Ig-
noring an intensification that had occurred at 08:06 UT
(seen at Gillam) the non-linear intensification and poleward
expansion associated with this substorm occured around
08:12:48 UT at Ft. Simpson. Figure 13 shows the magne-
tometer data from the four stations and once again the X
component traces show remarkable similarity to the total
light curve. The first magnetic bay was seen at Ft. Simp-
son and the response at Ft. Smith was slightly delayed but
actually reaching a higher intensity value than the Ft. Simp-
son negative bay. This delay and higher intensity behavior
is quite similar to what was observed in the total light curve
shown in Fig. 12.

Figure 13 shows that the negative bay at Ft. Simpson be-
gan simultaneously with the intensification of the total light
curve. Both figures show that although the signature started
at Ft. Simpson the resultant intensification of the strength of
the magnetic bay was larger at Ft. Smith. The fact that the
Ft. Smith signatures were delayed confirms that the event was
propagating eastward.

In Fig. 14 we presented the magnetometer data for the four
THEMIS satellites and in the caption we identified the time
of arrival of the propagating magnetic signature. On Fig. 15
we present the auroral image collages representing the au-
roral display at the time of these signatures. Figure 15a de-
picts the auroral situation at the time of the expansion onset.
Figure 15b shows the aurora when the magnetic signature
reaches THEMIS A. THEMIS A is in the correct local time
region to see the onset. However THEMIS D and E are off to
the east and therefore it is not surprising that they observe the
magnetic signature a lot later. Figure 15 (c) shows the aurora
when the magnetic signature reaches THEMIS B located at
29.5RE down tail. Figure 15d shows the aurora when the
magnetic signature reaches THEMIS D and E. By making
the assumption that the substorm started between THEMIS A
and THEMIS B we can calculate the onset x location and the
time of onset (see Table 1).

Kiehas et al. (2009) analyzed this same event and found
that the magnetic signature at THEMIS B was consistent
with their model of a “reconnection associated outflow re-
gion” traveling in the down tail direction. This is qual-
itatively consistent with our interpretation of the outward
traveling magnetic signature at THEMIS B and their model
predicts the onset location which is in agreement with the
17.6RE shown in Table 1 for an assumed iono-acoustic
speed of 300 km. For the other speeds the predicted distance
from the Earth is less.

For the second event the comparison between the ar-
rival of the magnetic impulse at THEMIS B and THEMIS
A yields self consistent starting points atx=−17.6RE ,
x=−15.9RE and x=−13.6RE wth corresponding starting
times of 08:10:36, 08:11:55 and 08:12:42 for assumed speed
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Figure 10.  THEMIS magnetometer data from THEMIS satellites A,B, D and E. The onset 
of the large scale intensification of the aurora as seen from the ground at 0741 UT.  The 
sequence of observations is THA, ground, THD, THE and THB 
 
Figure 10 shows the THEMIS satellite magnetometer signatures for the ~0740 UT event.  
The onset of the non-linear intensification and poleward expansion in the optical aurora is 
at 07:41:00 as determined from the all sky imager data Figure 7 labeled as (step) 4.  It 
was shown with the vertical line spanning the plot.  The magnetic signatures of the 
satellites occur in the sequence of THA, THD, THE and then THB.  From the images it is 
possible to argue that azimuthally THA is closer to the “epicenter”of the intensification 
than D and E and the surge only envelopes the latitude of D and E a little later than that 
of A. 
 

Fig. 10. THEMIS magnetometer data from THEMIS satellites A, B, D and E. The onset of the large scale intensification of the aurora as
seen from the ground at 07:41 UT. The sequence of observations is THA, ground, THD, THE and THB.

of 300, 500 and 800 km, respectively. These results are also
given in Table 1.

4 Description of the∼08:35 event

The next event can be discussed in terms of Fig. 16. The
non-linear intensification and poleward expansion (SPE) as-
sociated with this substorm occurred around 08:35:42 UT at
Ft. Simpson. Figure 17 shows the magnetometer data from
the four stations and once again the X component traces at
Ft. Simpson show remarkable similarity to the timing of to-
tal light curve.

In Fig. 18 we presented the magnetometer data for the four
THEMIS satellites and noted the ground based SPE signa-
ture with a vertical line at 08:35:42 UT. Accurate timing of
the arrival of the magnetic signal at the satellite is clearly
problematic and timing errors of the order of 10–20 s∼1 or
2RE are quite possible. We assumed that THEMIS B sit-
ting out at 30RE distance and most likely located outside
of the event would see a propagating magnetic structure go-
ing by. The slowly varying magnetic field signal is consis-
tent with this and the timing therefore should be taken when
the magnetic signal value is largest because that is when the
structure passes nearest to the satellite. Thus we ignored the
slow rise of theBz field between 08:36:00 and 08:37:20. We
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Table 1. Timing results from 3 substorms on 2 February 2008. First column shows substorm number designation and ground based
determination of time of Substorm Poleward Expansion (SPE) onset or step 4. Second and third columns THEMIS satellite designator
and time of arrival of magnetic impulse. Fourth column is the assumed ionoacoustic speed for the calculations. Fifth and sixth columns
are the computed time (time delay to SPE in minutes and seconds) and x distance of the “point of origin” of magnetic impulse from earth
respectively.

Substorm #/Poleward 1st Satellite/time 2nd Satellite/time Predicted onset time (time diff Predicted onset distance
(SPE) expansion start of signature of signature from SPE) min:s X (RE)

1/07:41:00 THB/07:43:39 THA/07:40:09
300 07:38:26 (2:34) 14.8
500 07:39:44 (1:16) 11.1
800 07:40:08–53 (<0:52) <8.5

1/07:41:00 THB/07:43:39 THE/07:41:09
300 07:39:10 (1:50) 16.9
500 07:40:26 (0:34) 14.5
800 07:41:10 (−10) 11.00

2/08:12:48 THB/08:14:50 THA/08:13:20
300 08:10:36 (2:12) 17.6
500 08:11:55 (0:53) 15.9
800 08:12:42 (0:6) 13.6

3/08:35:42 THB/08:37:20 THA/08:35:24
300 08:32:53 (2:49) 17.0
500 08:34:12 (1:30) 14.9
800 08:34:59 (0:43) 12.0
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Figure 11.  The three curves represent models of the integrated 1/v with 300, 500 and 
800 km/s iono-acoustic speeds (yellow, red and blue).  The satellite positions for the 
07:41:00 event of THEMIS A, D, and B are illustrated by the green, blue and red vertical 
dashed lines.  The time difference Tdiff  between the magnetic signature arrivals shown 
with the black vertical bars.  Following the graphical method of deriving  X=0 and T= 0 
from the signature arrival difference between satellite B and A we can show that using 
the 500 km speed curve X=0 was at 11 Re and is illustrated with a red circle. The blue 
and yellow circles represent the same calculation for the time difference between D and 
A for 500 and 300 km/s curves respectively  
 
To examine the inconsistency between the results obtained by comparing the propagation 
from THEMIS B to A and from THEMIS B to D can be best done by the graphical 
method originally presented in Figure 5.  Here in Figure 11 we illustratred the curves 
describing integrated 1/v for 3 different ionoacoustic speeds.  We can estimate the 
substorm start point ,X=0 and T=0, by comparing the time of arrival of the signatures at 
two satellites and following the construction technique explained with reference to Figure 
5.  By considering first the time difference Tdiff between B and A (shown as a vertical 
black line on the right) and subtracting it from the ordinates at the position of THEMIS B 
we find that the 800 km/s curve is too shallow and inconsistent with either the large a 
time delay or with having the position of the starting point between satellites B and A.  
Applying the technique to the 500 km/s curve however, we obtain a starting point at 
about 11 Re-s as illustrated with the red circle.  We were hoping to be able to get 

Fig. 11.The three curves represent models of the integrated 1/v with
300, 500 and 800 km/s iono-acoustic speeds (yellow, red and blue).
The satellite positions for the 07:41:00 event of THEMIS A, D, and
B are illustrated by the green, blue and red vertical dashed lines. The
time differenceTdiff between the magnetic signature arrivals shown
with the black vertical bars. Following the graphical method of
derivingX=0 andT =0 from the signature arrival difference between
satellite B and A we can show that using the 500 km speed curve
X=0 was at 11RE and is illustrated with a red circle. The blue and
yellow circles represent the same calculation for the time difference
between D and A for 500 and 300 km/s curves, respectively.

used 08:37:20 for our timing whenBz turned sharply neg-
ative. One may argue that for the maximum field signature
one should have taken it a few more seconds later whenBy

was maximum and when Bz was halfway between its maxi-
mum and minimum. For the inner satellites we assumed that
the satellite actually encountered the event. As the magne-
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Figure 12.  Auroral luminosity curves for ~8:12 event.   
 
 

Fig. 12. Auroral luminosity curves for∼08:12 event.

topshere is considerably “smaller” here at∼10RE and the
magnetic signals are a mixture of several nearby current sys-
tem we had no choice but to use the “sudden impulsive” start
of magnetic signature and we chose the sudden increase of
the By component at 08:35:24.

On Fig. 19 we present the auroral image collages rep-
resenting the auroral display at the time of these signa-
tures. Figure 19a depicts the auroral situation at the time
of the ground based expansion onset. Figure 19b shows
the aurora when the magnetic signature reaches THEMIS A.
THEMIS A is reasonably well placed to be near the local
time region nearest the onset. Figure 19c shows the au-
rora when the magnetic signature reaches the foot point of
THEMIS B located at 29.5RE down tail. Figure 19d is
the image collage of the aurora when the magnetic signature
reaches THEMIS E and D.
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Figure 13.  Ground magnetometer data Bx, By and Bz (black, green and red) associated 
with the second ~ 8:12 event. 
 
Figure 13 shows that the negative bay at Ft Simpson began simultaneously with the 
intensification of the total light curve.  Both Figures show that although the signature 
started at Ft. Simpson the resultant intensification of the strength of the magnetic bay was 
larger at Ft Smith.  The fact that the Ft Smith signatures were delayed confirms that the 
event was propagating eastward. 
 
 

Fig. 13. Ground magnetometer dataBx , By andBz (black, green and red) associated with the second∼08:12 event.

By making the same assumption that the substorm started
between THEMIS A and THEMIS B we calculated the on-
set x location and the time of the onset for the third event.
The time comparison between the arrival of the magnetic
impulse at THEMIS B and THEMIS A yielded a consis-
tent starting points atx=−17.0RE , at x=−14.9RE and at
x=−12.0RE with corresponding starting times of 8:32:53,
8:34:12 and 8:34:59 for the three assume speeds of 300, 500
and 800 km/s, respectively.

5 Discussion of the 29 January 2008 event

As discussed previously we had to take strict account of the
azimuthal (local time) positions of the THEMIS spacecrafts
with respect to substorm onset. Otherwise the timing results
could be flawed due to the delays caused by the aurora propa-
gating azimuthally into the region of the THEMIS satellites.
We note here that Lui et al. (2008) discussed the timing of
several events that occurred on 29 January 2008 with rela-
tively little regards to their relative local time position to the
THEMIS satellites. They based their analysis on preliminary
optical data and they identified three onset events at∼07:14,
∼07:42, 08:11 from the individual images in the 07:00 UT to
09:00 UT period. They used these ground based onsets and
they attempted to do a preliminary qualitative timing analy-
sis of the magnetic and plasma flow data. We have attempted
to re-analyze the same events using the techniques described
above. However examination of the global mosaic data of

these events showed that these events were not suitable for
this type of timing analysis.

The first event (∼07:14) had a significant auroral brighten-
ing but the auroral arc did not show the classic substorm pole-
ward expansion phase. In view of this it is debatable whether
this auroral intensification was really a substorm. The second
event did show the classic poleward expansion and our global
mosaic of the aurora associated with the onset intensification
is illustrated in Fig. 20 taken at 07:43:00 two frames after the
first sign of the poleward expansion at 07:42:42. This figure
shows the onset location was at Ft Smith and only THEMIS
A and GOES 11 satellites had their foot points near the on-
set local time or longitude. At 07:44 tailward moving event
is seen at THB however the magnetic impulse signature at
THA is seen only at 07:46. The substorm aurora reached C
and D only at 07:53:27. These delays are more or less con-
sistent with the local time propagation of the auroras from
the onset point to the location of the magnetic foot point of
the satellites and are too late to provide any sensible timing
measurement related to propagation in a direction parallel to
the x axis. A third major event started in Alaska and the
THEMIS satellites were located too far eastward to be of any
use in timing the onset initiation. Because of this difficulty
we were not able to derive any onset timing based on the
time of arrival of signatures at the satellites. In summary
the 29 January set of events (Lui et al., 2008) are examples
which were not suited for quantitative timing analysis and
their results ignore the errors caused by the local time longi-
tude propagation of the substorm.
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Figure 14.  Satellite flux gate magnetometer data.  The red vertical denotes the nominal 
onset of the poleward expansion (SPE) at 8:12:48.  The onset of the magnetic variation 
attributable to this substorm started at 8:13:21 for THEMISA, 8:14:50 for THEMIS B 
and at ~ 8:17:00 for THEMIS  D and E. 
 
In Figure 14 we presented the magnetometer data for the four THEMIS satellites and in 
the caption we identified the time of arrival of the propagating magnetic signature.  On 
Figure 15 we present the auroral image collages representing the auroral display at the 
time of these signatures.  Figure 15 (a) depicts the auroral situation at the time of the 
expansion onset.  Figure 15 (b) shows the aurora when the magnetic signature reaches 
THEMIS A.  THEMIS A is in the correct local time region to see the onset.  However 
THEMIS D and E are off to the east and therefore it is not surprising that they observe 
the magnetic signature a lot later.  Figure 15 (c) shows the aurora when the magnetic 
signature reaches THEMIS B located at 29.5 Re down tail.  Figure 15 (d) shows the 
aurora when the magnetic signature reaches THEMIS D and E.  By making the 
assumption that the substorm started between THEMIS A and THEMIS B we can 
calculate the onset x location and the time of onset (See Table 1). 

Fig. 14.Satellite flux gate magnetometer data. The red vertical denotes the nominal onset of the poleward expansion (SPE) at 08:12:48. The
onset of the magnetic variation attributable to this substorm started at 08:13:21 for THEMISA, 08:14:50 for THEMIS B and at∼08:17:00
for THEMIS D and E.

6 Discussion

We discussed 3 events that occurred on 2 February 2008
in detail where the azimuthal (local time) positions of the
THEMIS satellites and of the substorm onset were closely
aligned. As a counter example we briefly discussed another
set of events which occurred on 29 January 2008. Both
sets of events occurred during major conjunctions of the
THEMIS satellite constellation and when reasonably clear
weather permitting the observations of the Northern Hemi-
sphere auroral zone with the THEMIS GBO chain. These
were also moonless nights.

The first event on 2 February occurred at about 07:40 and
we described the onset development in detail to illustrate
the steps that constitute substorm onset as observed by the
THEMIS GBO network. We found that for accurate timing
the best marker was the start of the expansive phase sub-
storm poleward expansion (SPE) because it is readily ob-
servable through the sudden non-linear growth in total light
intensity accompanied by the poleward expansion. Never-
theless we also found that there are significant pre-cursor
or trigger events that are unmistakably substorm associated
features. The first one of these is the pre-onset fading of
the auroral arc (Pellinen and Heikkila, 1978). A relatively
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Figure 15 (a) onset at 08:12:48 (b), (c), and (d) the auroral image collages taken at the 
time when the magnetic signature is seen at the location of the satellite THEMIS A 
(8:13:21) THEMIS B and (8:14:50)  and THEMIS  D and E (8:17:00). 
 
For the second event the comparison between the arrival of the magnetic impulse at 
THEMIS B and THEMIS A yields self consistent starting points at x=-17.6 Re ,x=-15.9 

Fig. 15. (a)Onset at 08:12:48;(b), (c), and(d) the auroral image
collages taken at the time when the magnetic signature is seen at
the location of the satellite THEMIS A (08:13:21) THEMIS B and
(08:14:50) and THEMIS D and E (08:17:00).

brief time interval later the pre-existing arc intensifics which
was termed as the onset of the expansive phase by Akasofu
(1964). However this arc intensification is gradual and it can
take several minutes and it is somewhat difficult to use it as
a timing signature. Following that step we distinguish the
appearance of a highly dynamic new feature (Lyons et al.,
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Re and x=-13.6 Re wth corresponding starting times of 8:10:36, 8:11:55 and 8:12:42 for 
assumed speed of 300, 500 and 800 km respectively .  These results are also given in 
Table 1. 
 
Description of the ~8:35 event.  

 
Figure 16 ~08:35 UT event.  Strongest signature is at Ft. Simpson.  Vertical line labeled 
2 represents the arc intensification and 4 shows the onset of the large scale nonlinear 
intensification and accompanying substorm poleward expansion (SPE). 
 
The next event can be discussed in terms of Figure 16.  The non-linear intensification and 
poleward expansion (SPE) associated with this substorm occurred around 8:35:42 UT at 
Ft Simpson.  Figure 17 shows the magnetometer data from the four stations and once 
again the X component traces at Ft Simpson show remarkable similarity to the timing of 
total light curve.  
 

Fig. 16. ∼08:35 UT event. Strongest signature is at Ft. Simpson.
Vertical line labeled 2 represents the arc intensification and 4 shows
the onset of the large scale nonlinear intensification and accompa-
nying substorm poleward expansion (SPE).

2002) that suddenly appears usually on the poleward side of
the pre-existing arc. The dynamic nature and rayed appear-
ance of this arc suggests that it may be an Alfvénic aurora of
the type observed at substorm onset by Mende et al. (2003)
and Lessard et al. (2006). We call these features pre-cursor
phenomena because they precede the SPE which is the sud-
den large scale intensification and poleward motion of the
substorm aurora. Our findings also show that some of these
pre-cursor events precede the substorm onset in the magneto-
sphere as indicated by the satellite data. However these pre-
cursor events do not occur randomly and are definitely sub-
storm associated. These events therefore provide evidence
that in the substorm triggering phase the magnetosphere is
closely tied to the polar ionosphere. The substorm instabil-
ity, its energy storage and release is likely to be the result of
a yet poorly understood trigger action of the closely coupled
magnetosphere ionosphere system.

In addition to the practical advantage for using the SPE
for accurate timing, the sudden non-linear growth in total
light intensity represented by the SPE and the accompanying
rapid poleward expansion signifies the start of the substorm
energy dissipation phase in the ionosphere by precipitation
and electrojet heating. The SPE signifies the period where
the large scale energy release begins requiring simultaneous
large scale magnetic re-configuration to supply the needed
magnetic energy for particle acceleration.

We have derived the location and time of the substorm
onset in the magnetosphere using satellite data independent
of ground based observations. By using Tsyganenko 1989
magnetic field and plasma density distribution model cor-
roborated by the THEMIS satellite plasma measurements we
calculated the propagation speed,VFM=(V 2

A+V 2
s )1/2 of mag-

netic impulses in the magnetosphere. This speed results in
a speed very close to the magnetosonic speed at distances
greater than 10RE . The Alfvén/Magnetosonic speed should
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Figure 17 Ground base magnetometer data shows the largest magnetic signature at Fort 
Simpson in agreement with the optical data.   
 
 
In Figure 18 we presented the magnetometer data for the four THEMIS satellites and 
noted the ground based SPE signature with a vertical line at 08:35:42 UT. Accurate 
timing of the arrival of the magnetic signal at the satellite is clearly problematic and 
timing errors of the order of 10-20 second ~1 or 2 Re are quite possible.  We assumed 
that THEMIS B sitting out at 30 Re distance and most likely located outside of the event 
would see a propagating magnetic structure going by.  The  slowly varying magnetic field 
signal is consistent with this and the timing therefore should be taken when the magnetic 
signal value is largest because that is when the structure passes nearest to the satellite.  
Thus we ignored the slow rise of the Bz field between 08:36:00 and 8:37:20.  We used 
08:37:20 for our timing when Bz turned sharply negative.  One may argue that for the 
maximum field signature one should have taken it a few more seconds later when By was 
maximum and when Bz was halfway between  its maximum and minimum. For the inner 
satellites we assumed that the satellite actually encountered the event.  As the 
magnetopshere is considerably “smaller” here at ~10Re and the magnetic signals are a 
mixture of several nearby current system we had no choice but to use the “sudden 
impulsive” start of magnetic signature and we chose the sudden increase of the By 
component at 8:35:24  
 
 

Fig. 17. Ground base magnetometer data shows the largest magnetic signature at Fort Simpson in agreement with the optical data.

be limited by plasma inertia and the cumulative effects of
reconnection forces, furthermore the THEMIS D energetic
ion moments flow velocity measurements at the dipolariza-
tion showed only a max velocity of 200 km/s. In the ab-
sence of reliable data we adopted three values for the magne-
tosonic speed 300, 500 and 800 km/s and used a simple one-
dimensional (parallel to the x-axis) model of propagation of
the magnetic impulses to two satellites from an unknown on-
set region located between the two satellites. In our software
model we used an iterative approach of trying different the
onset locations between two of the spacecrafts until the ar-
rival times in the models fitted the observed arrival times.
This approach allowed for a non-linear, variable speed prop-
agation of the magnetic impulses. The results are tabulated
in Table 1.

Accurate timing of the magnetic signal at the satellites is
somewhat subjective and timing errors of the order of 10–
20 s or about 1–2RE are quite possible. The initial magnetic
signatures of the far away satellites such as THEMIS B were
relatively slowly varying signals consistent with a propagat-
ing magnetic structure passing by the satellite at some dis-
tance from it. For the inner satellites the magnetic signatures
were considerably sharper representing sudden magnetic ac-
tivity at the near vicinity of the satellite. Considering this
we justified using the observation of a large amplitude with
significant dB/dt for timing the arrival of the signal to the
vicinity of the satellite and ignored slowly varying precursor
signals.

In addition to the uncertainty of the magnitude of the prop-
agation speed it is important to remember that even a sin-
gle point of origin is questionable because if the timing at
the outer satellite (THB) represents the plasmoid core going
by and the magnetic impulse at THA represents the passing
edge of the dipolarization, it is unlikely that they would have
been launched from the same location. The core of the plas-
moid would have been accelerated probably a few Re tail-
ward of the X point and the dipolarization (Earthward of X
the point) are closer than the X line. However compared to
the relatively large separation between THA and THB these
are small, 1–2RE , errors.

In some cases especially for THEMIS D and E the longi-
tudinal offset between the observed auroral onset region and
the magnetic foot print of a THEMIS satellite was too large
for our analysis because the aurora took a considerable time
to reach the local time (longitude) region of the satellite foot
print. In such cases we tried to use a linear correction scheme
to take account of the azimuthal (longitudinal) propagation of
the substorm aurora by deriving the added time delay from
the time taken by the visible aurora to reach the satellite foot
print. However we were not successful in getting consistent
results in such cases.

In the cases discussed where the longitude of the satel-
lite foot points were reasonably close to the auroral onset re-
gion as seen from the ground consistent results were obtained
and the calculated location of the onset regions were surpris-
ingly consistent for the 3 events and their position depended
mostly on the propagation speed. These results need to be
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On Figure 19 we present the auroral image collages representing the auroral display at the 
time of these signatures.  Figure 19 (a) depicts the auroral situation at the time of the 
ground based expansion onset.  Figure 19 (b) shows the aurora when the magnetic 
signature reaches THEMIS A.  THEMIS A is reasonably well placed to be near the local 
time region nearest the onset. Figure 19 (c) shows the aurora when the magnetic signature 
reaches the foot point of THEMIS B located at 29.5 Re down tail.  Figure 19 (d) is the 
image collage of the aurora when the magnetic signature reaches THEMIS E and D.  
 
 
 

 
 
 
Figure 18 THEMIS A, B, D, and E magnetometer plots.  The ground onset of the 
expansion phase is illustrated with red vertical straight line. 

Fig. 18. THEMIS A, B, D, and E magnetometer plots. The ground onset of the expansion phase is illustrated with red vertical straight line.

reconciled with the mapping to the relatively low latitude of
the auroral onset region. If the visible auroral onset region
and the 11 to 17.6RE locations in the plasma sheet were cor-
related then we would have to assume substantial field line
stretching in the substorm growth phase. Auroral substorm
onsets are often observed in the atmosphere at 66.4 degrees
magnetic latitude (dipoleL ∼ 6) (Frey et al., 2004) and it is
conceivable that field lines from this dipole latitude would be
stretched momentarily to twice or three times of their normal
L distance distance at the end of the growth phase.

An interesting issue related to the time of origin of the
magnetic impulses in relation to the ground based observa-
tion of the SPE. They seem to be in the range of a few to

169 s. It is interesting to note that in many cases they more
or less coincide with step 2 or 3 in the substorm auroral on-
set process. How can we have such fast communication from
such relatively large distances in the magnetosphere down
to the ionosphere? All wave propagations such as Alfvén
waves or ion acoustic waves would be limited in their propa-
gation speed. At the time of dipolarization we would expect
to and we often see freshly energized electrons of energy of
several keV at the dipolarizing onset regions. The freshly ac-
celerated electrons could arrive at the ionosphere rapidly, in a
few seconds after onset. The newly injected particles would
likely to be quite diffuse, quite unlike the highly structured
characteristic of Alfv́enic or inverted “V” type aurora. These
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Figure 19. Image collage representation of the  ~836 event, (a) 8:35:42 ground base 
onset of the substorm poleward expansion phase (b) 8:35:24 magnetic signal arrival at 
THEMIS A (c) 08:37:24 arrival at THEMIS B (d) 8:46:21 magnetic impulse reaches 
satellite THEMIS E. 
 

Fig. 19. Image collage representation of the∼836 event,
(a) 08:35:42 ground base onset of the substorm poleward expan-
sion phase(b) 08:35:24 magnetic signal arrival at THEMIS A
(c) 08:37:24 arrival at THEMIS B(d) 08:46:21 magnetic impulse
reaches satellite THEMIS E.

latter would most likely require wave propagation from the
magnetosphere.

The earthward statistical limit of neutral line formation is
about 17RE (Nagai et al., 2005) from Geotail data with the
probability of occurrence rapidly rising at 20RE and beyond.

May 15, 2009 
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Figure 20. The January 29th 2008 ~07:41 event showing the auroal brightening at the 
start of the poleward expansion (SPE) and the position of the magnetic foot prints of the 
THEMIS and GOES satellites. 
 
Discussion. 
 
We discussed 3 events that occurred on the 2nd of February 2008 in detail where the 
azimuthal (local time) positions of the THEMIS satellites and of the substorm onset were 
closely aligned.  As a counter example we briefly discussed another set of events which 
occurred on the 29th of January 2008.  Both sets of events occurred during major 
conjunctions of the THEMIS satellite constellation and when reasonably clear weather 
permitting the observations of the northern hemisphere auroral zone with the THEMIS 
GBO chain.  These were also moonless nights. 
 
The first event on the 2nd of February occurred at about 0740 and we described the onset 
development in detail to illustrate the steps that constitute substorm onset as observed by 
the THEMIS GBO network.  We found that for accurate timing the best marker was the 
start of the expansive phase substorm poleward expansion (SPE) because it is readily 
observable through the sudden non-linear growth in total light intensity accompanied by 
the poleward expansion.  Nevertheless we also found that there are significant pre-cursor 
or trigger events that are unmistakably substorm associated features.  The first one of 
these is the pre-onset fading of the auroral arc [Pellinen and Heikkila, 1978]. A relatively 
brief time interval later the pre-existing arc intensifics which was termed as the onset of 
the expansive phase by Akasofu [1964].  However this arc intensification is gradual and 
it can take several minutes and it is somewhat difficult to use it as a timing signature.  
Following that step we distinguish the appearance of a highly dynamic new feature 
[Lyons et al., 2002] that suddenly appears usually on the poleward side of the pre-
existing arc.  The dynamic nature and rayed appearance of this arc suggests that it may be 
an Alfvenic aurora of the type observed at substorm onset by Mende et al., [2003] and 

Fig. 20. The 29 January 2008∼07:41 event showing the auroal
brightening at the start of the poleward expansion (SPE) and the po-
sition of the magnetic foot prints of the THEMIS and GOES satel-
lites.

The down-tail distance derived from our satellite onset tim-
ing is too close to the earth to be a likely place for near earth
neutral line formation and corresponding re-connection

Although there are several reports in the literature that re-
connection was seen to occur in individual cases nearer than
17RE , statistical studies overwhelmingly show that recon-
nection closer to the earth than 20RE is a rare occurrence.
The most recent one of these statistical studies from Geotail
data shows that the statistical limit of neutral line formation
is about 17RE (Nagai et al., 2005) with the probability of oc-
currence rapidly rising at 20RE and beyond. The down-tail
distances derived from our satellite onset timing for the three
independent onset events is too close to the earth to be con-
sistent with the statistical results regarding near earth neutral
line formation and corresponding re-connection.

7 Summary

The unprecedented coverage coupled with high temporal and
spatial resolution of the THEMIS GBO station network al-
lowed us to determine the various stages of the global scale
developments of the optical aurora at substorm onsets. We
used the mosaic collages of images taken during a substorm
that occurred at∼07:40 to demonstrate how to locate and
time the various auroral configuration and intensity changes
that signify stages of substorm onset. At the start of the Sub-
storm Poleward Expansion (SPE) the intensity of aurora in-
creases most rapidly and this occurrence can be timed most
accurately. The plot of the magnetic x component at the sta-
tion nearest to the onset is quite similar to the plot of the to-
tal auroral light intensity at the nearest station signifying the
onset of the electrojet current associated with the auroral cur-
rent wedge (McPheron et al, 1973). Because of the needed
accuracy in the timing to accurately predict locations in the
magnetosphere we advocate the use this point in time as the
reference to the auroral substorm onset. The physical signifi-
cance of this starting point is that it signifies the beginning of
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the large scale substorm energy dissipation in the ionosphere
due to particle precipitation and auroral electrojet currents.
Usually there are several distinct events preceding the SPE
for example the gradual dimming of the pre-existing equa-
torward arc occurring several minutes prior to SPE, the rel-
atively fast increase in the pre-existing arc intensity just a
few minutes prior to SPE, and the appearance of a new dy-
namic rayed arc feature usually on the poleward side of the
pre-existing arc. All of these pre-cursor features demonstrate
that the magnetospheric region where the substorm onset en-
ergization starts must be closely coupled to the ionosphere
where these precursor events occur.

Having determined the location and time of the ground
based onset of the expansive phase we attempted to indepen-
dently establish the location and time of the onset in the mag-
netosphere using only the satellite data. We used the mag-
netic signature of the substorm as seen by those THEMIS
satellites whose magnetic foot point was closest to the on-
set meridian as seen in the aurora. We made the assumption
that the substorm occurred between two THEMIS satellites
and it propagated in and out along the magnetic tail along
the x dimension. From the time of arrival at two satellites we
calculated the location of the starting point and the time of
start. In these calculations we used a model of propagation
velocity of magnetic impulses as calculated from the mag-
netic field models and a constant plasma density and energy
that was measured. The calculations allowed for a variable
propagation velocity but this made very little difference from
a simple linear calculation. In the valid cases where the time
difference between the two satellites detecting the onset sig-
nature was less than the propagation time of a magnetic im-
pulse traveling from one satellite to the other we found that
the onset location was in a range greater than 11 and less than
17.6RE . The time of onset in the magnetosphere preceded
the ground onset SPE between about 0 to 169 s. This means
that the step 2 and 3 precursor events can be occurring simul-
taneously with the initiation of the magnetic impulse in the
magnetosphere.

In several cases it was clear from GBO observations that
the local time (azimuthal) propagation of the substorm au-
rora took several minutes to reach the meridian of a THEMIS
satellite and therefore the timing from that satellite was
highly unreliable unless there was a way to correct for the
azimuthal propagation delay. We made several attempts at
such corrections but had no success in developing a consis-
tent model. It should be noted that in most such cases the
difference in time between the two satellites seeing the on-
set signature was larger than the time of propagation of a
magnetic impulse from one satellite to the other. This incon-
sistency could signify that the onset occurred outside of the
x dimension region of the two satellites but it is more likely
that we do not understand how to correct for delays due to
substorms propagating azimuthally or in local time.
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