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[1] A multipoint analysis of conjugate magnetospheric and ionospheric flow vortices
during the formation of the substorm current wedge (SCW) on 19 February 2008 is
presented. During the substorm, four Time History of Events and Macroscale Interactions
during Substorms (THEMIS) spacecraft were located close to the neutral sheet in

the premidnight region between 9 and 12 Ry geocentric distance, of which three closely
(~1-2 Rp) clustered at ~23 MLT and one was farther west at ~21 MLT. The closely
clustered spacecraft were engulfed by a counterclockwise plasma flow vortex, while the
single spacecraft recorded a clockwise plasma flow vortex. Simultaneously, a pair of
conjugate flow vortices with clockwise and counterclockwise rotation appeared in the
ionosphere, as inferred from equivalent ionospheric currents. The counterclockwise space
vortex, which corresponded to a downward field-aligned current, was at least 1 -2 Ry in
diameter and had rotational flow speeds of up to 900 km/s. Current density estimates
associated with the formation of the space vortex in the first 30 s 5yielded 2.8 nA/m?

(14 A/m* mapped to the ionosphere), or a total current of 1.1 x 10

A. Model

calculations based on midlatitude ground magnetometer data show a gradual increase of
the field-aligned current, with 1-2 x 10° A within the first minute and a peak value of
7 x 10° A after 10 min, associated with the SCW, and a matching meridian of the
downward current of the SCW and the downward current (counterclockwise) space
vortex. The combined ground and space observations, together with the model results,
present a scenario in which the space vortices generated the field-aligned current of

the SCW at the beginning of the substorm expansion phase and coupled to the ionosphere,

causing the ionospheric vortices.

Citation:
114, A00C22, doi:10.1029/2009JA014114.

1. Introduction

[2] The substorm current wedge (SCW) is a current system
that forms during substorms [e.g., McPherron, 1979], and
electrically couples the near-Earth plasma sheet with the
ionosphere via (at least) one pair of downward and upward
field-aligned currents (FACs). These FACs cause a multitude
of phenomena during the course of a substorm, one of
which is the substorm-related aurora. An understanding of
the formation of this current system is of key importance for
an understanding of the substorm phenomenon as a whole.
Two sources for the SCW have been suggested, namely the
inertial current and the pressure gradient current, both of
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which are perpendicular currents and are believed to be
diverted to form the field-aligned portion of the SCW:

jL:%xpi—?—i—%xVP (1)
The inertial current, first term on the right-hand side, is
considered to be more relevant for the generation of FAC
during the initial dynamic phase of substorms [Haerendel,
1992; Shiokawa et al., 1997]. Equation (1) does not show,
however, how the perpendicular current is diverted into the
field-aligned direction, and how much of it is diverted.
Alternatively, starting from equation (1) and using V| e J; =
—V, eJ |, adirect expression for the FAC due to the change
of vorticity and the magnetic field can be derived [Hasegawa
and Sato, 1979]:

) ion p d /0
J| = B; / E E <E)dlu7 (2)

q

[I3%2]
1

where ) is the vorticity, B is the magnetic field (subscript
refers to the ionosphere), p is the mass density, and the
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integration is along the magnetic field line from the equator
to the ionosphere to obtain the current density at the top of the
ionosphere. The derivation yields additional terms, which
can contribute to the FAC, one of which is

) ion 2 .
Ji :Bi/ gL VB (3)
eq

and accounts for the spatial variation of the magnetic field in
the direction of the perpendicular current. Whereas Hasegawa
and Sato [1979] argued that (2) is the dominant cause of the
FAC during the dynamic phase of substorms, Lui [1996]
argued for (3). We note that (2) can be derived from the
inertial current term in equation (1) alone, whereas (3) requires
both terms in equation (1). The focus in this report is the FAC
generation due to flow vorticity. Several substorm scenarios,
such as plasma flow breaking/diversion and magnetic pileup
[e.g., Shiokawa et al., 1997; Birn et al., 1999], cross-field
current instability [e.g., Lui et al., 1991; Lui, 1996], and
ballooning instabilities of various types [e.g., Voronkov et al.,
1997; Bhattacharjee et al., 1998], allow for the formation
of flow vorticity and associated FAC generation (among other
FAC generation mechanisms). The significance of the vortex
mechanism operating in the magnetotail has also been
suggested from MHD simulations [Birn and Hesse, 1996;
Ashour-Abdalla et al., 2002].

[3] Vortical plasma flows also exist in the ionosphere
[e.g., Kosch et al., 1998], and it is thought that they are
created by plasma flow vortices in space [e.g., Borovsky and
Bonnell, 2001]. Thus the ionospheric flow vortex forms an
image of activity in the magnetosphere [4kasofu, 1976], and
one attempts to infer properties of the magnetospheric flow
vortex from ground data. Direct observational evidence for
this connection, however, does not exist, partly due to the
difficulty of finding conjunctions and, if one is found, it is
questionable as to how accurate the estimate for the con-
junction is. Furthermore, single-spacecraft measurements of
possible vortical structures in space must be considered
ambiguous because of the multitude of activities occurring
during substorms. In steady state, vorticity is conserved
along field lines, in which case one might infer much about
the magnetospheric vortex from ionospheric vortex obser-
vations [e.g., Pudovkin et al., 1997]. On scales of the Alfvén
transit times (~1 min), dynamic changes need to be
considered [e.g., Pudovkin et al., 1997]. Thus vortices
related to substorms, which have time scales of minutes,
clearly require a dynamical approach. Ultimately, conjugate
multipoint observations of the magnetospheric source re-
gion and the ionosphere need to be provided to determine
the coupling properties in comparison with simulation
models and theory.

[4] Vortex structures are also identified in equivalent
ionospheric currents (EICs) [e.g., Untiedt et al., 1978;
Kiippers et al., 1979], which can in turn be interpreted as
ionospheric plasma flow vortices. Under the assumption of
uniform ionospheric conductance, the EICs equal the Hall
currents which flow in the —(E x B) direction. Hence, the
opposite of the EIC direction yields an estimate of the
convectional flow direction. Both clockwise and counter-
clockwise rotations of EIC vortices when viewed along the
magnetic field direction exist and are associated with
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downward and upward field-aligned currents (FACs), re-
spectively [Untiedt et al., 1978; Opgenoorth et al., 1980].
EIC vortices have been reported during both substorm
expansion and growth phase [e.g., Steen and Collis, 1988;
Lyatsky et al., 2001; Weygand et al., 2008], and during the
sudden brightening of an auroral arc [Kosch et al., 1998].
Evidence suggests that some EIC vortices are collocated
with the substorm surge [Lyatsky et al., 2001].

[5] In this report, we present a multisatellite, observation-
based comparison of conjugate magnetospheric and iono-
spheric vortices (via EICs), and we demonstrate that the
ionospheric vortices were driven by the space vortices.
Moreover, evidence is given that the space vortices con-
tributed to the field-aligned current of the SCW by applying
equation (2) and by comparison with model results of
a reconstructed SCW. Properties of one space vortex are
described using multipoint measurement from the Time
History of Events and Macroscale Interactions during Sub-
storms (THEMIS) spacecraft [Angelopoulos, 2008; Sibeck
and Angelopoulos, 2008; Bester et al., 2008; Auster et al.,
2008; McFadden et al., 2008; D. Larson et al., Solid state
telescope for THEMIS, manuscript in preparation, 2009).
Optical data of the aurora and ground magnetometer data
were obtained from THEMIS’s ground-based observatories
[Mende et al., 2008; Russell et al., 2008].

2. Event: 19 February 2008
2.1. Ground-Based Observations

[6] On 19 February 2008, an isolated substorm occurred
with onset at approximately 0525 UT, as evidenced in the H
component of ground magnetometer data (Figure 1). A
negative H bay was first recorded at Fort Smith (FSMI)
and then expanded westward and eastward with the most
intense deflection (~500 nT) near Gillam (GILL) and
Rankin Inlet (RANK). The locations of the ground stations
are shown in Figure 2. The auroral onset and expansion are
seen in the selected sequence of all-sky images (ASI)
(Figure 2; note that the bright spot in each ASI image is
the Moon). The expansion was poleward, westward, and
strongly eastward with an estimated (from ASI images)
speed of the brightening region of 9 km/s. At 0525:41 UT, a
very prominent auroral spiral had formed while curling up
counterclockwise. The red dots in Figure 2 (top left) mark
the proximate locations of the THEMIS spacecraft foot-
prints using the T96 magnetospheric model [7syganenko,
1995]. Thus, the onset location was between TH-C and the
group of three spacecraft (TH-A, D, and E). The
corresponding space signatures are shown in section 2.2.

[7] Figure 3 shows equivalent ionospheric currents
(EICs) derived from a matrix inversion technique that uses
the measured ground magnetic disturbance of the THEMIS
ground magnetometer array. This technique is described by
Amm [1997] and Amm and Viljanen [1999]. The vectors
indicate the current direction and intensity (scale is shown
in the bottom right corner of each plot and varies among
plots). Before 0525 UT, the EICs were relatively weak
except of a stronger eastward electrojet. From 0525 UT to
0530 UT, the westward (substorm) EIC electrojet formed
and intensified. Simultaneously, two EIC vortices with
opposite rotational sense and approximate size of 600—
800 km formed. Clockwise and counterclockwise rotations
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Figure 1. Ground magnetometer data (H component) on

19 February 2008. The dashed line marks the substorm
onset.

correspond to downward and upward FAC, respectively.
The yellow and red circles approximately mark the center of
each vortex, which is not necessarily the center of the
associated FAC, depending on the detailed distribution of
the ionospheric conductance [e.g., Kosch et al., 2000]. The
upward current vortex was connected at its poleward rim to
the onset region of the brightening aurora. Immediately after
the auroral onset, both the auroral brightening region and the
upward current vortex moved eastward (note the changing
location of the yellow circle). The downward current vortex
remained approximately at the same location until 0530 UT.
It is also noted that the intense auroral spiral mentioned
earlier formed between both EIC vortices, a region of intense
currents and flows, approximately at the time when they
reached their closest separation.
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[8] The reconstructed SCW using THEMIS and
INTERMAGNET ground magnetometer data is shown in
Figure 4. The longitudinal locations of upward and down-
ward FACs, as well as their magnitude as a function of time
were modeled to fit the midlatitude magnetic field variations
[Horning et al., 1974; Sergeev et al., 1996]. The current
wedge started to develop at approximately 0525 UT with the
upward and downward currents located at ~20.5 MLT and
~23 MLT, respectively. The meridian of the downward
current coincided with those of the footprints of TH-A, D
and E (labels a, d, and ¢) and the clockwise EIC vortex
(downward current). The current magnitude gradually in-
creased and reached its peak value ~7 x 10° A at 0535 UT.
The current longitudes fluctuated within 0.5 h MLT around
their initial locations until ~0545 UT.

2.2. Space Observations

[9] At the time of auroral onset, the five THEMIS
spacecraft were located in the nightside magnetosphere
(Figure 5). TH-C was at ~21 MLT and ~11 Ry radial
distance. TH-A, D, and E were closely clustered around 23
MLT and 9.5 to 12 Ry with separations in the X-Y (GSM)
plane of ~1-2 Rz while their Z (GSM) separation was <0.2
Rg. Here we do not consider TH-B because it was located too
far to the east for the purpose of this study. The four
spacecraft were inside the plasma sheet and close to the
neutral sheet. Plasma flow data and magnetic field data
(Figure 5) show that in space, a disturbance was first
observed at TH-C and then at TH-D, E, and A. All the
spacecraft recorded dipolarizations (see B. components).
While TH-C, D, and E recorded strong plasma flow in the
positive X direction (GSM), TH-A recorded strong flow in
the negative X direction. The flows of the clustered space-
craft (TH-A, D, and E) show characteristics of a counter-
clockwise vortex, when viewed along the magnetic field
direction, which is demonstrated below. This space vortex
temporally and spatially coincided with the EIC vortex asso-
ciated with the downward current (compare section 2.1).
TH-C also recorded the signature of a passing vortex of
opposite sense, as shown below.

[10] Figure 6 shows the temporal variations of the plasma
flows in the X-Y plane (GSM). To the right, the flow vectors
for four THEMIS spacecraft are plotted versus time. Num-
bered dashed lines mark the times for which the flow vectors
are placed at the spacecraft locations in the X-Y (GSM) plane
to the left in Figure 6. The flow vectors at TH-A, D, and E
initially indicate steady azimuthal westward flow (#1, #2, and
earlier times), whereas at TH-C the flow direction is variable.
At #3, the flow at TH-C had strongly increased and at TH-A,
D, and E the flow had rotated toward Earth. These signatures
were the first space indicators of the substorm onset. At #4
the flow at TH-A, D, E had rotated further so that an azimuthal
castward flow component existed. Starting with #5, the flow
shows signs of a circular flow pattern at TH-A, D, and E,
indicating that a flow vortex had formed. TH-C also shows
signs of a passing flow vortex (#5 through #8) in the form of a
rotation of the single flow vector. Figure 7 illustrates qualita-
tively the flow patterns recorded by spacecraft traversing a
flow vortex from three different directions (dashed lines). A
simple solid-body rotation with a velocity profile indicated in
the center is assumed. As can be seen in Figure 7, the flow
pattern can be quite variable. The three flow patterns can
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Figure 2. A sequence of ASI images for the substorm on 19 February 2008 with explanation labels in
different colors. The red circles are the footprints of the THEMIS spacecraft. Each ASI field of view is
approximately 800 km when mapped to a 110-km altitude.

indeed be seen for the four spacecraft (right in Figure 6).
Particularly, it is interesting to note that depending on which
side the vortex is traversed, the rotation of the flow vector can
have the opposite sense (compare paths 1 and 2 with TH-A
and TH-D of Figure 6). It is noted that time delays and
amplitude variations, as seen in Figure 6, are not exactly
reproduced in Figure 7, which suggests that the flow vortex is
not simply a solid vortex. Furthermore, although not con-
firmed, it is suggestive that the flow vortex at TH-C has the
opposite sense than the vortex at TH-A, D, and E. In section
3, we provide an estimate of the FAC intensity, using equation
(2), generated by the forming space vortex at TH-A, D, and E.

[11] Since the three clustered THEMIS spacecraft (TH-A,
D, and E), which were engulfed by a downward current
plasma vortex, and the downward current EIC vortex were
conjugate, a direct comparison of flow vectors at these two
locations is attempted in Figure 8. The spacecraft positions
relative to each other and the associated plasma flow vectors
are rotated (by hand) so that they can be directly compared
with the ionospheric plasma flows which point in the
opposite directions of the EIC currents (see section 1 for
an explanation). Each panel also shows a square which

encloses the locations of the THEMIS footprints. For this
comparison, we applied the in situ flow vectors that occurred
several tens of seconds earlier than the time shown above
each panel as to account for possible travel time delays from
the space vortex to the ionosphere. The reader is also
cautioned that this comparison is only a rough and qualitative
attempt since no reliable magnetospheric model exists that
would accurately represent the very active expansion time of
substorms. Furthermore, the ionospheric plasma flow direc-
tion as inferred from EIC is not valid at every point because of
gradients in the ionospheric conductance which have not
been considered here. Nevertheless, one can identify a
remarkable similarity. The ionospheric flow inside the square
of Figure 8 (top) is southwestward, which is the same for the
projected flow recorded by THEMIS. In Figure 8 (middle),
a clear rotation southeastward had occurred in both the
ionospheric flow (inside the square) and the space flow. At
that time, an EIC vortex had formed. Inside the square of
Figure 8 (bottom), it is apparent that the flow speed had
significantly increased (note the different current scales in
each panel). Similarly, THEMIS recorded faster plasma flow.
In addition, the space flow showed signs of a vortex which
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Figure 3. Equivalent ionospheric currents (EICs) for different times during the substorm on 19
February 2008. Red and yellow circles indicate inferred downward and upward currents, respectively.

can be argued is associated with the EICs vortex seen inside
the square.

[12] Figure 9 shows an expanded view of the plasma
velocities recorded by the THEMIS spacecraft together with
keograms from FSMI and GILL. Both ground stations were
close to the footprints of TH-C and the clustered TH-A, E,
and D, respectively (see Figure 2 for spacecraft footprints and
locations of stations). As mentioned earlier, a strong flow
(X component) occurred first at TH-C, and then at the cluster
TH-E, A, and D. On the ground, FSMI recorded the auroral
expansion first followed by GILL (see keograms in Figure 9).
The onset time delay between TH-C and FSMI was approx-
imately 1 min (see yellow and black dashed lines), which is
comparable to the Alfvén transit time from 9 to 11 Ry in the
magnetotail to the ionosphere. Approximately the same delay
was observed between TH-A and GILL (yellow and black
dashed lines). The ion flow velocities were calculated from
the ESA instrument [McFadden et al., 2008] which covers
energies from a few eV to 25 keV. During injection events,
the energy of the bulk plasma can exceed this energy range.

This was the case for the plasma recorded by TH-E, where
almost the entire ion population was raised in energy above
the ESA threshold (not shown). Hence, we also consulted
data from the SST instrument (35 keV—~500 keV (Larson
et al., manuscript in preparation, 2009)) to compute the flow
velocity by combining data from both instruments. This
estimate is shown as a dashed line in Figure 9f, which shows
that the sharp drop in the ESA flow velocity at approximately
0525:15 UT was simply due to this ion energization. (Note
that the flow vectors in Figure 6 utilize the combined
velocity from ESA and SST as described here.)

3. Summary and Discussion

[13] The substorm on 19 February 2008 developed a
substorm surge that propagated poleward, westward, and
eastward which is typical for substorms [Akasofi, 1976],
but it is the westward traveling surge which typically causes
the most intense aurora. However, on this day the eastward
expansion of the brightening region was dominant with a
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Figure 4. Reconstructed substorm current wedge (SCW)
using THEMIS and INTERMAGNET ground magnet-
ometer data. The longitudinal locations of upward and
downward FACs as well as their magnitude as a function
of time were modeled to fit the midlatitude magnetic
variations. (a) Intensity of SCW. (b) Longitude in MLT
of downward FAC (crosses), upward FAC (circles), and
footprints of TH-A, B, C, D, and E (dashed lines).

speed of ~9 km/s, as inferred from ASI images and
resembled an eastward traveling surge. This speed is in
the range of earlier reports showing up to 10 km/s for both
westward and eastward propagation [e.g., Steen and Collis,
1988]. Associated with the eastward expansion on 19
February 2008 was a pair of vortices in EICs with opposite
rotational sense, that is, each vortex was associated with
an FAC of opposite direction [e.g., Opgenoorth et al.,
1980]. The auroral onset occurred at the northern edge of
the upward current EIC vortex. The center of the upward
current vortex moved eastward after onset while the down-
ward current vortex remained nearly stationary. Simulta-
neously, four THEMIS spacecraft monitored in situ the
conjugate space vortices. One space vortex engulfed the
three clustered spacecraft, which were separated in a
triangular-like constellation (~1-2 Rg), allowing an unam-
biguous identification of a counterclockwise flow. The asso-
ciated clockwise vortex was tentatively inferred from the
single spacecraft located further west. The rotational senses
of the space vortices were consistent with the conjugate
ground EIC vortices. The onsets of the space vortices were
recorded approximately 1 min before the optical aurora. This
delay is consistent with the Alfvén transit time from the
spacecraft locations to the ionosphere.
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Figure 5. (a) Positions of the THEMIS spacecraft during
the substorm on 19 February 2008. Software is provided by
http://sscweb.gsfc.nasa.gov/tipsod. (b—e) Magnetic field
components and (f—1i) plasma flow velocities of TH-A, C,
D, and E in GSM coordinates.
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[14] Using equation (2) and data from the clustered
constellation TH-A, D, and E, we estimate the contribution
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Figure 6. (right) Vector plots of flow velocities (projected onto the X-Y GSM plane) for four THEMIS

spacecraft. The vector lengths for TH-E are scaled down to 0.4 in comparison to those of the other
spacecraft. Numbered vertical dashed lines indicate times which are shown in Figure 6 (left). (left)
THEMIS spacecraft positions overlaid with flow vectors. The times of each snapshot are indicated in
Figure 6 (right), as denoted by the numbers 1-8 above the first vector plot (TH-A).

to the field-aligned current by the counterclockwise-rotating
space vortex. Equation (2) shows that temporal changes of
vorticity, d€2/dt, and the magnetic field, dB/dt, contribute to
the current. To isolate the effect of the vorticity, we use a
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simplified expression which assumes a uniform, incom-
pressible plasma [Sato and Iijima, 1979]:
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Plasma Flow
Vortex

®

Time

Figure 7. Cartoon of a “solid-body” plasma flow vortex
in the equatorial plane as seen from above in the Northern
Hemisphere. The bottom three graphs show the velocity
vectors versus time recorded by a spacecraft (SC) following
trajectories 1, 2, and 3. The length and direction of each
vector are only qualitatively accurate.

The symbols are the same as for equation (2). An ap-
proximation of (4), assuming all quantities are constant inside
the vortex and do not vary with time except vorticity, is

Ji &2 (1 miz/Begavg) (Viinat /7) (L /) (5)

In addition, we used the assumption of a solid-body rotation
for the vortex, that is, 2 =2 - v/r (Figure 7). Using B, 4ve =
10 nT (approximate value of the equatorial magnetic field
averaged over the three spacecraft near the beginning of the
vortex formation), vs,, = 500 km/s (approximate final
rotational vortex speed averaged over three spacecraft), » =
1 Ry (radius of vortex), L = 1 Ry, (vertical scale height), 7 =
30 s (formation time of vortex), and n = 1/cc, we obtain a
current density in the equatorial region of approximately
5.6 nA/m? or a total current of 2.2 x 10> A using a cross-
sectional area of 1 RZ. Note that it is not necessary to integrate
along the entire field line from the equator to the ionosphere,
as indicated in equation (2), because most of the plasma flow
is typically concentrated near the equatorial region sur-
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rounded by the region of magnetic field distortion caused by
the flow vortex [Birn and Hesse, 1996].

[15] From Figure 5, it can be seen that both the vortex
formation (enhanced flows) and an increase in B (dipolari-
zation) occurred simultaneously. Including the effect of a
changing magnetic field, dB/dt, see (2), and using zero
vorticity at the start of the integration, an approximation of
the equatorial current density yields

jH ~2- (n mH/Beq,ﬁnal) (Vﬁnal/T) (L/r) (6)

Here B.,fina expresses the amount of change of B.
Comparing (5) and (6) suggests that (6) could also be
interpreted as describing a vortex with a constant magnetic
field of Bey jinar UsINg Bey fina = 20 nT (from Figure 5), we
obtain a current density of about 2.8 nA/m? or a total current
of 1.1 x 10° A, again using a cross-sectional area of 1 R%.

19-Feb-2008 05:24:00

200 mA/m

Figure 8. Comparison of conjugate flows in the iono-
sphere as inferred from EICs (note: the opposite of the EIC
directions yields an estimate of the ionospheric plasma flow
direction) and in space as measured by THEMIS. The
selected panels are a subset of those in Figure 3.
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Figure 9. Comparison of optical signatures and flow
velocities. (a) THEMIS AE index (calculated from THEMIS
ground stations only). (b and d) Keograms taken at Fort
Smith (FSMI) and Gillam (GILL). The intense luminosity
around 100° is due to the Moon. (c and e—g) Flow velocities
for four THEMIS spacecraft determined from the ESA
instrument. The dashed line in Figure 9f indicates the flow
velocity determined from both the ESA and SST instrument
data (see text for additional information).

This shows that the increase in B has a current-reduction
effect on the vortex-generated field-aligned current. In
comparison, the modeled SCW (Figure 4) showed a gradual
increase in current with a peak value of ~7 x 10> A about
10 min after onset, and a downward current that long-
itudinally coincided with the space vortex. Closer to the time
of the space vortex observations, the modeled current was
between 1 and 2 x 10° A. Therefore, this comparison
suggests that the space vortex contributed a significant part or
all of the FAC of the SCW at onset of the substorm expansion
phase, which could later be replaced by other current-
generating mechanisms such as the pressure gradient [e.g.,
Birn et al., 1999].

[16] Earlier studies [Shiokawa et al., 1997; Kepko et al.,
2001], using the expression for the inertial current in
equation (1), have given slightly smaller values of 0.3—
0.7 x 10° A for the initial substorm current. These studies
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did not compare their current estimates with the peak
current of the investigated substorms, however, so that no
comparison with the substorm reported here regarding its
peak intensity can be made. In spite of the small differences
to these studies, we find our result comparable, since both
their and our estimates rely on approximate values which
could not be measured and thus must be used with caution.
Similarly, the assumption of a solid-body vortex is not valid,
and a more realistic velocity distribution is unobtainable
even in the near future since it would require many more
spacecraft, simultaneously probing the space vortex. Here,
the novel result is the calculation of the substorm current by
direct application of (2) which relates the field-aligned
current generation to the forming space vortex. Other effects
also generate field-aligned currents (compare section 1). For
example, Lui [1996] estimated the field-aligned current
density due to the gradient in the magnetic field inside
the current disruption region at substorm onset [see also
Hasegawa and Sato, 1979] and reported 4 pA/m? at the
ionospheric level, which is comparable to the mapped current
density caused by the space vortex reported here, namely
14 pA/m* (shown in the next paragraph).

[17] The space dimensions and the current density of the
flow vortex at the magnetic equator can be mapped to the
upper ionosphere using Ri/R. = M™% and ji/jc = M, where
the subscripts “i”” and “e” denote ionospheric and equato-
rial quantities, and M is the mirror ratio [Robert et al.,
1984]. Using M = 5000, we obtain for the ionospheric
counterpart 14 1A/m? (2.8 nA/m? at the equator) and 180 km
in diameter. This current density is in the range of observed
low-altitude values which have been associated with down-
ward currents and also with auroral arcs [e.g., 4ikio et al.,
2002, and references therein]. Stasiewicz and Potemra
[1998] showed that current densities can vary over a large
range and correspond to different spatial scales. Using their
results, a current density of 14 /A/m* would correspond to a
spatial scale closer to 100 km. However, here we cannot
verify whether the current generated in the magnetosphere at
the equatorial region was possibly striated into smaller
current structures at lower altitudes due to magnetosphere-
ionosphere coupling processes. Regarding the mapping of a
flow vortex from the magnetosphere to the ionosphere,
Borovsky and Bonnell [2001] showed theoretically that the
ionospheric footprint of a positive (downward current) vortex
is larger than the mapped footprint of the corresponding
magnetospheric vortex because of a spreading of the associ-
ated electric potential from high to low altitude. Hence, the
larger EIC vortex (~600—800 km reported here) versus the
smaller mapped footprint (~180 km) could be explained by
this spreading and/or because the THEMIS spacecraft did
not enclose the entire space vortex. Assuming conservation
of angular speed, the flow speed of 300—900 km/s corre-
sponds to 4—12 km/s in the ionosphere. However, this
assumption is most likely not valid because of ionospheric
drag, and thus the mapped speeds should only be considered
as an upper limit.

[18] The combined ground and space observations sug-
gest a scenario in which both EIC vortices were directly
driven by two space vortices as illustrated in Figure 10,
which follows from the good ground-space correlations of
the following features: (1) conjugacy of ionospheric and
space vortices, (2) same rotational sense of conjugate
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Figure 10. Model and observations demonstrating the connection of two flow vortices in space to two
EIC vortices in the ionosphere. The cartoon at the top is modified from Birn et al. [2004].

vortices, and (3) consistency of Alfvén wave travel time and
onset delay between ionosphere and space. Significantly, we
provided observational evidence that flow vortices in space
contribute to the SCW, likely by launching Alfvén waves
which carry the FAC toward the ionosphere. What created
the space vortices is a different question and has not been
investigated in this study. Here we only mention briefly two
competing models. Earlier studies have suggested that
bursty bulk flows and ballooning instability could provide
the disturbance which lead to vortex formation [e.g.,
Angelopoulos et al., 1996; Voronkov et al., 1997; Shiokawa
et al., 1997; Birn et al., 2004]. The vortex cartoon shown in
Figure 10 has been proposed for bubbles in the magnetotail
[Birn et al., 2004]. However, an application of this scenario to
vortex formation in the near-Earth plasma sheet (~10—12 Rg)

could be envisioned as well. An abrupt interchange of plasma
(ballooning instability) causing both vortices is likely, too.

[19] Finally, we reported a large auroral spiral (~300 km)
during the substorm on 19 February 2008. The auroral spiral
was among the brightest auroral features and formed be-
tween the two EIC vortices, approximately at the time when
they reached their closest separation. The region between
both vortices was a region of strong flow as inferred from the
EICs. An association of strong shear flow and auroral spiral
has long been suggested [e.g., Steen and Collis, 1988] and
later by others [e.g., Voronkov et al., 1997]. The EIC vortices
on 19 February 2008 lasted longer than the auroral spiral,
suggesting that the strong flow is not the only criterion for
auroral spiral formation. Additional analysis of the auroral
spiral will be presented in a separate study.
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