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[1] We simulate the 3‐D evolution of a thin current sheet as it impinges on the ionosphere
from a magnetospheric source in a manner analogous to that which may occur during
the onset of an auroral substorm. We consider two scenarios: one in which electron inertia
alone acts to allow motion between the plasma and the geomagnetic field, and a second
where a resistive layer at the interface between the ionosphere and magnetosphere is
included. These two scenarios in our fluid model are intended to represent what have
become known as “Alfvénic” and “Quasi‐static” or “Inverted‐V” aurora, respectively. In
the absence of resistivity the evolution is shown to be driven by a combination of Kelvin‐
Helmholtz and tearing instabilities leading to vortices similar to folds and the eventual
break‐up of the planar arc into distorted fine‐scale sheets and filamentary currents. The
later stage of this evolution is driven by an instability on the steep transverse current
gradients created by the former instabilities. With a resistive layer present the K‐H
instability dominates leading to the formation of auroral curls. We show how these
evolutionary processes can be ordered based on the ratio of the transverse electric and
magnetic fields (DEX/DBY) across the current sheet relative to the Alfvén speed, and
demonstrate how the evolution is dependent on wave reflection from the topside
ionosphere.
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doi:10.1029/2010JA015536.

1. Introduction

[2] The auroral substorm is a consequence of the explo-
sive release of magnetic energy in the Earth’s magnetotail
[Angelopoulos et al., 2008]. Observations exploiting optical
imaging and low‐altitude particle measurements along
auroral flux tubes [Mende et al., 2003] have demonstrated
that the onset of a substorm occurs in a thin layer containing
highly structured field‐aligned currents carried by electrons
having a mixture of flat‐top and peaked spectra in differ-
ential energy flux as a function of energy. These features are
the hallmark of acceleration processes in dispersive Alfvén
waves [Chaston et al., 1999] and quasi‐static potential
structures [Evans, 1974], respectively. When observed in
isolation these features in electron energy‐time spectrograms
are often used to identify the “Alfvénic” and “Quasi‐static” or
“Inverted‐V” aurora, respectively [Paschmann et al., 2003].
[3] Auroral forms observed at, and subsequent to, sub-

storm onset exhibit a range of scales extending from struc-
tures with wavelength greater than 50 km [Donovan et al.,
2006]; down to multikilometer folds [Hallinan and Davis,
1970] and kilometer and subkilometer vortical (curls) and
filamentary structures [Trondsen and Cogger, 1998]. On the
largest scales the generation of these features are thought to

be due to the action of instabilities in the Earth’s plasma
sheet [Roux et al., 1991], while on mesoscale and small
scales the structuring is thought to occur through the action
of instabilities along auroral field lines and in the ionosphere
[Hallinan and Davis, 1970; Seyler, 1990; Otto and Birk,
1993; Lysak, 1991]. Significantly, the electron inertial length
(le) at altitudes above the topside ionosphere has a value
of the order of 500 m to 10 km corresponding to the spatial
range of small‐scale folds and vortical auroral forms. Seyler
[1990] andWu and Seyler [2003] have demonstrated that the
action of instabilities arising due to the effects of electron
inertia such as tearing and instabilities on transverse current
gradients in addition to shear‐flow instabilities should play a
role in the evolution of auroral current sheets on these scales.
[4] Perhaps the simplest geometry appropriate for a con-

sideration of auroral current sheet stability consists of an
infinite planar geomagnetic field‐aligned (Bo; Z) current
sheet with half width “a” transverse (X) to Bo occupying a
shear layer between equal but opposing flows V1Y = −V2Y.
In this geometry the threshold velocity change for the
Kelvin‐Helmholtz (K‐H) instability is approximately DV >
2VA? [Chandrasekar, 1961] where DV = ∣V1Y−V2Y∣ is the
magnitude of the velocity change and VA? = BY/(mor)

1/2 is
the Alfvén speed given by the transverse magnetic field
(BY) outside the current sheet or shear layer. We note that
the scale of the current sheet is implicitly included in this
threshold through the magnitude of BY in VA?. Taking Vy =
EX/Bo the threshold can be written as ∣EX/BY∣ > VA where
EX is the transverse electric field outside the shear layer.
For current sheets which produce aurora the shear layer is
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also a negative charge layer [Hallinan and Davis, 1970].
Consequently, the threshold DV is generally larger due
to ion shielding which can limit extent of V1Y and V2Y in X
to widths comparable to the fastest growing wavelength
[Wagner et al., 1983]. For these more realistic geometries
solution of the specific eigenvalue problem is required to
determine the threshold [Wu and Seyler, 2003]. Nonetheless,
the simple condition can be used to qualitatively define a
maximum width of an auroral arc unstable to the K‐H
instability. For a field‐aligned current density Jk the condi-
tion DV > 2VA? requires

DV > 2Jka
ffiffiffiffiffi
�o

�

r
ð1Þ

where r is the plasma mass density and we have used
Ampere’s law to relate Jk and BY at the altitude where the
instability occurs. In this expression 2Jka(mo/r)

1/2 is the
minimum velocity change across a current sheet of width 2a
required to excite the K‐H instability for kk = 0. Since
nonzero values of kk tend to stabilize the instability larger
DV will be required to excite the instability in those cases
where kk > 0 [Peñano and Ganguli, 2000]. For the purpose
of estimating the maximum unstable width for small‐scale
current sheets (a < [SP/K]

1/2) however we take kk = 0 and
assume that Jk = K�msphere where K is the field line con-
ductance and �msphere is the electrostatic potential across the
current sheet at altitudes above the region of parallel electric
field [Lysak, 1990] in the magnetosphere. Taking V1Y =
EX msphere /Bo msphere = �X msphere /(Bo mspherea) and substi-
tuting the current voltage relation into 1 we find that the
range of auroral arc widths unstable to the K‐H instability is
given by

a2msphere <
1

Bo msphereK

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�msphere
�o

r
ð2Þ

This result demonstrates the growth of the K‐H instability
requires finite field‐line conductance and that more resis-
tive field‐lines will be more unstable to this instability.
Taking typical parameters above the topside ionosphere (n ≈
1 cm−3; Strangeway et al. [1998]; Bo = 10−5 nT) and K = 1 ×
10−9 (ohm m2)−1 [Lyons, 1981] we find that current sheets
with half‐widths less than ∼2km can be unstable to the K‐H
instability.
[5] Significantly this width is similar to the electron inertial

length above the topside ionosphere. At this scale slippage
between the geomagnetic field and the plasma becomes
significant and auroral current sheets become unstable to the
tearing instability [Seyler, 1990]. Consequently, for typi-
cally observed parameters on auroral field lines the K‐H and
tearing instabilities can be expected to operate on auroral
arcs of similar widths. The growth rate of the tearing
instability varies inversely with the transverse Alfvén transit
time across the sheet [Furth et al., 1963] so that current
sheets are increasingly unstable to this instability as they
become narrower and as Jk is increased. However, sheared
flows, which generally increase with decreasing current sheet
width, tend to stabilize the tearing instability [Chen et al.,
1997] when the time for the flow to traverse one wave-
length along the current sheet is less than the Alfven transit
time across the current sheet. For the same current sheet
geometry discussed above, this means that for wavelengths

of the order of 2a, tearing will be preferred under conditions
where ∣EX/BY∣ < VA. Consequently, a key factor in deter-
mining the evolution of auroral current sheets is the rela-
tionship between DV and Jk, or in terms of easily measured
electric and magnetic field quantities, the relationship
between the change of the electric field (DEX) and magnetic
field (DBY) across the current sheet.
[6] In this report we extend this qualitative discussion to

include the physics of inertial Alfven waves and examine
through simulations the evolution of current sheets on kilo-
meter scales such as those embedded within the onset arc
identified byMende et al. [2003]. We show how these sheets
evolve to form commonly observed auroral features and
discuss the instabilities and dynamics active in their forma-
tion. In performing these simulations our selection of plasma
parameters and current sheet equilibria are in part guided by
observations from the FAST spacecraft associated with
Mende’s and similar events. We note that this work differs
from that considered by Seyler [1990] and Wu and Seyler
[2003] through the use of a plasma model derived from
observations where the Kelvin‐Helmholtz instability in
addition to the tearing instability is active. It is largely the
interplay between these instabilities, the effective field‐line
conductance and reflection from the topside ionosphere that
determine the current sheet evolution. This interaction pro-
vides new insights into the evolution of auroral forms not
present in previous studies that are particularly relevant to
recent observations which identify distinct discrete auroral
acceleration mechanisms known as the “Alfvénic” and
“Quasi‐static” or “Inverted‐V aurora.”We note that while this
work is motivated by Mende’s observations, it is also relevant
to poleward boundary intensifications [Lyons et al., 1999] and
generally to the evolution of small‐scale auroral forms.

2. Simulation Approach

[7] We use a reduced‐MHD model for an incompressible
plasma where the evolution of the scalar (�) and vector (Ak)
potentials are governed by the vorticity and induction
equations given by

Bo
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þ ẑ�r?Ak � r?r2
?Ak

� �
¼ 0 ð3Þ

@

@t
Ak � �2

er2
?Ak
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respectively, where le is the electron inertial length. Because
similar models have been used previously to study the
evolution of auroral current sheets we present these equa-
tions here without derivation and refer to the work of Seyler
[1990] and others where their derivation and properties are
described in detail [Shukla and Stenflo, 1999; Streltsov et al.,
1990; Chmyrev et al., 1992]. We will discuss the important
differences in our implementation momentarily but first
describe some of the assumptions on which this model is
based. Primarily, the validity of this model above the aurora
is predicated on the strong geomagnetic field that exists
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there. For strong Bo structuring in the perpendicular direc-
tion is energetically preferable to that in the parallel direc-
tion and consequently we consider length scales L?/Lk � 1.
Under these conditions the plasma can be considered
incompressible so that magneto‐sonic waves are not included
in the model (hence the term “reduced” and the consideration
of Ak and � alone) and Fourier analysis of equations (3) and
(4) yields the dispersion relation for inertial Alfvén waves
[Lysak and Carlson, 1981]. It should also be noted that being
an MHD model equations (3) and (4) do not include the
physics of waves with frequencies approaching the ion
gyrofrequency nor does it include that of double layers but
does allow for resistive layers which may serve as a proxy
for the microphysics inaccessible to our fluid approach
[Lysak and Hudson, 1987]. In addition to differences in the
plasma model and initial equilibria used, our implementa-
tion differs from that performed previously in auroral studies
through the inclusion of resistivity (h) along the magnetic
field. This appears in the last term of equation (4) and is
included to provide finite K along our model field‐lines
similar to that observed through quasi‐static aurora as
described in the introduction. For the purposes of this work
we do not associated h(Z) with any specific microphysics
but rather define its profile along Bo from observations.
[8] Equations (3) and (4) are solved using a leapfrog

scheme in a domain representing a portion of the geomag-
netic field extending from the conducting ionosphere at
100 km up to 10,200 km in altitude (Z‐64 pts) and 20 km
and 10 km in the east‐west direction (Y‐256 pts) and north‐
south (X‐128 pts) directions, respectively. We have per-
formed runs with larger dimensions in Z (and also X and Y)
but the pertinent results remain unchanged. The density
profile includes magnetospheric and ionospheric compo-
nents taken to be H+ with nH

+ = 3 cm−3 and O+ with nO+ =
104.1e (−h/300) cm−3, respectively where h is the altitude in
kilometers. le above the topside ionosphere is 3100 m. The
geomagnetic field is assumed to be vertical and uniform with
a value of Bo = 1.3 × 10−5 T which is the approximate strength
of the geomagnetic field at 4000 km altitude. The use of a
uniform field means scale sizes are referenced to this alti-
tude (unless indicated otherwise). Based on a dipole field the
transverse spatial scaling factor between 4000 km and the
upper and ionospheric boundaries is ∼4 and ∼2, respectively.
This density profile and magnetic field provides an Alfvén
speed profile constant in altitude above 3500 km but decreas-
ing toward the ionosphere in a manner analogous to that
inferred from polar orbiting spacecraft.
[9] We use a spectral technique based on 2‐D Fourier

transforms for the solution of the nonlinear terms in the
plane perpendicular to the geomagnetic field. Aliasing is
avoided by filtering in k‐space using the function exp[−(kx/
kx_max)

n−(−ky/ky_max)
n] with n = 8. This function attenuates

variations at the largest wave numbers (smallest scales)
while leaving variations at the wave numbers of most
interest unaltered. We have implemented other antialiasing
techniques and find little difference in results at the cost of
longer computation time. A Heun technique is used for the
time advance and provides a stable solution over the dura-
tion of each run. The Courant condition is satisfied by a
factor of 2 throughout. The boundary condition at the iono-
spheric end follows from current continuity and is given by
Ak + mo�Sp = 0 for uniform SP which we take to be 1 mho.

At the magnetospheric end we use an open boundary condi-
tion defined by Lysak [1985] and given by the effective
impedance of inertial Alfvén waves as Ak + mo�SA = Ao(t)

where SA = [moVA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2?�

2
�

q
]−1. The boundary conditions

in the transverse directions are periodic. To provide a Jk
profile similar to a section of that observed in the onset arc of
Mende et al. [2003] we use Jo(x,t) =C(t)[cosh−2(�2px) − tanh
(�p)/(�p)] where −1 ≤ x ≤ 1 over the width of the simulation
domain in the north‐south direction and C(t) is function
representing the applied Jk amplitude at the magnetospheric
end of the simulation. C(t) increases from zero to 7.5 mA/m2

over a small fraction of the simulation time. The applied Jk is
uniform in the east‐west direction (Y) and for � = 2 consists
of a central upward current with width in the north‐south
direction of 3/4 le or 2.3 km bracketed by two broader
downward currents. The current is perturbed in the y direction
by the application of a ky

−2 noise spectrum composed of sine
waves with random phases. The amplitude of the perturbation
is ≤0.01 mA/m2. We note that we have tried alternative
functional forms for Jo and find similar results provided the
relative width of the upward and downward sheets is similar.
[10] The form of h(Z) follows from the Vlasov solutions by

Ergun et al. [2000] for observed particle distributions through
the “quasi‐static” or “inverted‐V” aurora. These indicate an
asymmetric profile in EZ at the interface between the mag-
netospheric and ionospheric plasma dominated sections of
the flux tube. To mimic such a feature in our fluid model,
and thereby the “quasi‐static” aurora, we impose a resistive

layer with the profile h(Z) = hoe
1� z�z�j j

h�
� exp � z�z�j j

h�

� �
where Zh

is the altitude of peak resistivity chosen to be 3500 km and
hh = 50 km and hh = 200 km below and above Zh, respec-
tively. We note that this layer may be composed of one or
more double layers [Ergun et al., 2004]. For consistency with
current‐voltage studies of the aurora as used in the derivation
of equation (2), we take ho = 2000 ohm m which provides a
field line conductivity of K = 1 × 10−9 (ohm m2)−1 as derived
from observations through inverted‐V arcs [Lyons, 1981].
[11] To aid in understanding the simulation results we

now consider the expected time‐scales for the evolution of
the system. For the plasma model described above the
Alfven transit time from the magnetospheric boundary to the
topside ionosphere is 0.04 s (without inertial correction) and
to the ionospheric boundary is 0.85 s. The approximate
Alfven transit time based on the imposed transverse mag-
netic field (a few nT) of the current sheet across the central
upward current sheet is ∼0.05 s. This is also the approximate
expected growth timescale or e‐folding time of the tearing
instability at kyle ∼ 1 [Seyler, 1990]. The magnetospheric
boundary condition for the magnetic field and scale of the
current sheet provides a transverse electric field (≤1 V/m) so
that the approximate expected minimum growth time scale
of the Kelvin Helmholtz instability ((DV/2a)−1) [Biskamp,
2003] is of the order of 0.03 s. We note that these time
scales are significantly less than the Alfven transit time from
the source region in the equatorial plane of the magneto-
sphere or the growth time scale for plasma sheet instabilities
which drive the evolution of larger‐scale auroral morphology
[Angelopoulos et al., 2008]. Consequently the small‐scale
structuring will be defined by the action of local instabilities,
as we study here, rather than processes active closer to the
current source regions.
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[12] Inclusion of resistivity in the simulation introduces
a diffusive time scale (trd) which for the profile we defined
above is sharply peaked at 3500 km altitude. At this altitude
trd = mo(2a)

2/ho = 0.0033 s and remains less than the growth
time scale of the K‐H instability over a range of ∼400 km
centered on this peak. Consequently diffusion will act to
broaden or smooth out the current over this narrow range
more rapidly than the instabilities mentioned above drive
structuring. This broadening may eventually stabilize the
instability over this altitude range. The effects of this are
apparent in the simulation results, however, we note that the
energetic electrons, which carry current and produce aurora,
will pass rapidly through this altitude range and may be
expected to faithfully represent the structure of the current
sheet above the resistive layer [Hallinan, 1981] as they
precipitate into the ionosphere.

3. Simulation Results

[13] We consider two scenarios: one where the resistivity
is zero everywhere and electron inertia acts alone leading to
a highly structured potential profile perhaps consistent with
the “Alfvénic aurora” (Figure 1), and a second including the

resistive layer defined above, leading to a “quasi‐static/
inverted‐V” like potential structure (Figure 2). Initially the
evolution observed in each scenario is identical and begins
with the time variation of Jo(t) at the magnetospheric boundary
giving rise to polarization currents which close‐upward and
downward Jk. This launches an inertial Alfvén wave which
propagates down the geomagnetic field. The upward and
downward Jk sheets following the wavefront form field‐
aligned layers of excess negative and positive charge, respec-
tively. The associated converging and diverging electrostatic
fields drive oppositely directed ExBo/Bo

2 flows on either side
of the charge layers so that a velocity shear exists across
each current sheet. Due to electron inertia, DV across the
upward Jk sheet exceeds 2VA?, or equivalently DEX/DBY >
VA, and we find based on the configuration of the vortices
formed (as wewill discussmomentarily) that the current sheet
is K‐H unstable. The K‐H instability therefore drives the
growth of vortices behind the wavefront as it propagates
downward and dominates the evolution of the current sheets
before the wavefront reaches topside ionosphere. After this
time the evolution for the cases with and without the resis-
tive layer diverge.

Figure 1. Current sheet evolution snapshots from the run without a resistive layer. (a and b) Vertical
slices in the South‐North (X) direction through the simulation domain taken 500 m from the eastern
boundary or left‐hand edge shown in Figure 1c; Figures 1a and 1b show Jk and �, respectively. (c) A
transverse slice through the simulation domain at 4500 km altitude; the color scale shows Jk and the con-
tours show �. Bo is out of the page. (d) The downgoing energy flux at 100 km altitude scaled with the
geomagnetic field. (e–h) The same as Figures 1a–1d but at the later time.
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[14] Figures 1a and 1b show a vertical north‐south slice
through the simulation at time t1 = 0.33s for the case with
the no resistive layer. By this stage the leading edge of the
current shown in Figure 1a has reached the topside iono-
sphere at 3500 km. The field‐aligned gradients in potential
shown in Figure 1b comprise the electrostatic portion of a
parallel electric field supported by electron inertia and given
by the parallel component of the electron momentum equa-
tion as Ek = le

2(∂Jk/∂t−zxE?/Bo · rJk) where ẑ along Bo.
The field‐aligned potential drop through the central upward
current sheet at this time is ∼1 kV ‐ this is however some-
what transitory as the presence of the parallel field at this
stage is partly dependent on temporal variations in the
current and reflection from the ionosphere can lead to partial
cancellation. At this time much of the downgoing Poynting
flux in fact is being reflected from the steep Alfvén speed
gradient just below this altitude. Because of the positive
gradient in SA = 1/moVA here, E? in the reflected wave-
front is reversed and partially cancels the electric field
established by the incoming wavefront in a manner previ-
ously discussed by Lysak and Dum [1983]. The reflection
process in this case progressively reduces DV (DE?) as the
Alfvén wavefront propagates back up the field‐line, thereby

stabilizing the K‐H instability, while simultaneously enhanc-
ing Jk (DB?).
[15] Figure 1c shows a transverse cross‐section of Jk at

4500 km altitude with Bo out of the page. The initially
planar current sheet now contains an array of semiperiodic
distortions and enhancements primarily as a consequence of
the K‐H instability. This interpretation is supported by the
potential contours, shown in black, which are centered on
the Jk enhancements and indicate counter clockwise rotating
flows around Bo consistent with the initial large‐scale flow
shear across the sheet. However, in addition, Figure 1c
reveals clockwise rotating vortices, shown by the white
contours, that constitute eddies in the larger‐scale flow shear
across the sheet. The resulting pattern of counter rotating
vortices has a quadrupolar structure canted relative to the
main axis of the current sheet in the same sense as the sheared
flow across the sheet and centered on the thinnest portions of
the sheet. This pattern is characteristic of the operation of the
tearing instability [Seyler, 1990] in the presence of a sheared
flow. This instability begins to dominate the evolution as the
flow shear is reduced through wave reflection as mentioned
above. In this case, reconnection of the current sheet’s
magnetic field is facilitated by electron inertia [Seyler, 1990]

Figure 2. Current sheet evolution snapshots from the run with a resistive layer. (a and b) Vertical slices
in the South‐North (X) direction through the simulation domain taken 500 m from the eastern boundary or
left‐hand edge shown in Figure 2c; Figures 2a and 2b show Jk and �, respectively. (c) A transverse slice
through the simulation domain at 4500 km altitude; the color scale shows Jk and the contours show �. Bo

is out of the page. (d) The downgoing energy flux at 100 km altitude scaled with the geomagnetic field.
(e–h) The same as Figures 2a–2d but at the later time.
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and acts to stretch the vortices initially formed by the K‐H
instability. To provide an indication of the aurora associated
with this structure Figure 1d shows the energy flux derived
from Jk shown in 1c multiplied by the potential difference
along the geomagnetic field between this altitude and the
ionosphere. This is the energy flux of electrons which carry
the wave current in the magnetospheric portion of the flux
tube and pass through the field‐aligned potential drop above
the topside ionosphere to form aurora. For the sake of
comparison with observations we have mapped the scales
and energy fluxes to the geomagnetic field strength at 100 km
altitude. The results show a series of small‐scale folds or
ripples similar to those found in narrow field camera obser-
vations of the aurora [Hallinan and Davis, 1970; Trondsen
and Cogger, 1998]. At subsequent times these forms steepen
in a counter‐clockwise sense to provide a series of parallel
bands.
[16] Figures 1e–1f show that this smooth structure ulti-

mately breaks up. At t2 = 0.46s the large‐scale regions of
upward and downward Jk still exist, however, they are
dominated by smaller scale more intense features. The
structuring is found to proceed in both the transverse and
parallel directions suggestive of the operation of a third
instability which unlike the K‐H and tearing instabilities
grows most strongly for finite kk. Inspection of Figure 1g
reveals both filamentary and distorted sheet like features
along the geomagnetic field at this time with structuring that
eventually extends to the grid scale. While not apparent
from these snapshots, the structuring appears first at those
locations with the largest transverse gradients in Jk suggesting
that the responsible instability is that identified by Wu and
Seyler [2003] as a “current convective interchange” insta-
bility. The potential contours associated with these fine‐
scale currents, as shown in Figure 1g, indicate a disordered
and highly structured flow pattern with counter‐clockwise
vortices (black contours) generally, though not exclusively,
colocated with regions of upward current. Mapping the
energy flux associated with these features to the ionosphere
as shown in Figure 1h provides fine structured auroral forms
which rotate in a counter‐clockwise sense around Bo. These
features may be consistent with what have been termed
“RUFFS” in recent high‐resolution camera measurements
[Dahlgren et al., 2010] and may account for the fine‐scale
features resolved by Maggs and Davis [1968].
[17] Figure 2 shows results for the same initial conditions

but with the inclusion of the resistive layer discussed in
section 2. Once the leading edge of the current sheet reaches
the resistive layer the hJk contribution to Ek dominates the
establishment of the net field‐aligned potential through the
simulation domain. This is manifest as the closely spaced
horizontal potential contours apparent below 4000 km in
Figures 2b and 2f. The generation of Ek here is largely
electrostatic with ∣∂�k/∂z∣� ∣∂Ak/∂t∣ and the stability of the
system is more closely represented by the current‐voltage
description used to derive equation (2) than the previous
run. Since the conductivity of the layer is much less than the
effective Alfven conductivity reflection of the leading edge
of the current (which propagates as an inertial Alfven wave)
from the layer causes a reversal of B?. This results in a
reduction of Jk (DB?) as the wavefront propagates back
up the field‐line and an enhancement of DV (DE?) and the
growth rate of the K‐H instability. A tearing instability does

not occur because of the flow along the current sheet sig-
nificantly exceeds the transverse Alfven speed and thereby
does not allow the formation of magnetic islands (at least on
scales that can fit within the simulation). The consequences
of the action of the K‐H instability are manifest in Figure 2c
where we find nearly circular counter clockwise rotating
vortices centered on regions of enhanced Jk.
[18] Mapping the energy flux to the ionosphere in Figure

2d we find elliptically shaped counter‐clockwise rotating
patches around Bo connected by narrower and less intense
energy fluxes that appear to be wound onto the rotating
forms. These features have the appearance of auroral curls
[Hallinan and Davis, 1970]. However, the thin filaments
usually observed adjoining adjacent vortices are broadened
and diminished somewhat due to diffusion through the
resistive layer in our simulation. Inspection of horizontal
slices in Jk at altitudes well above the resistive layer (not
shown) exhibit more pronounced adjoining filaments since
the diffusive time scales there are much longer than the
growth time scale of the instability. With this in mind a test
particle approach for determining the morphology of the
auroral forms from the simulation may be more appropriate.
At later times Figures 2e–2h show the production of smal-
ler‐scale features as observed in the case without the resis-
tive layer, however these features are less prominent and
there is evidence in Figure 2e that the resistive layer has
broaden the current sheet close to the 3500 km altitude peak
in h. The cross‐section of Jk in Figure 2g shows the same
localization of current observed at t = 0.37s albeit more
“wound up.” Mapping the energy flux of these features to
the ionosphere as shown in Figure 2h reveals isolated
rotating elliptical patches similar to those reported from
narrow field camera observations by Trondsen and Cogger
[1998]. At times later than shown here, these features merge
and elongate to reform a planar‐like arc, albeit with signif-
icant internal structure, and the process of K‐H vortex for-
mation is repeated.
[19] Figures 1 and 2 demonstrate that small‐scale auroral

forms at the foot points of nonresistive and resistive geo-
magnetic field‐lines evolve toward different forms. These
differences are a consequence of instabilities whose action is
dependent on the magnitude of the flow shear and the
strength of the field‐aligned current. As shown in the
introduction, and mentioned in the description of Figures 1
and 2 given above, this dependency can be expressed in
terms of the value of ∣EX/BY∣ relative to VA and in the case
of a simple current‐voltage relation can be used to define a
maximum unstable width (see equation (2)). We now show
quantitatively how the simulation results are in general
consistent with this dependency and demonstrate how the
value of ∣DEX/DBY∣ across a kilometer‐scale auroral cur-
rent sheet regulates its evolution. Figure 3a presents the
value of ∣DEX/DBY∣/VA averaged along the length of the
upward current sheet as a function of time. These averages
are performed at the same altitude as the snapshots shown in
Figures 1 and 2 (4500 km). The solid trace in Figure 3a
shows this ratio for the simulation run with no resistive
layer (Figure 1) and the dashed trace is for the case with the
resistive layer (Figure 2). The horizontal line at fixed ∣DEX/
DBY∣ is the Alfven speed. The relationship between DEX

andDBY is initially defined by the magnetospheric boundary
condition and the form of the applied current. Because of the
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narrow width of the current this provides a value ∣DEX/D
BY∣ > VA which progressively decreases with time as the
leading edge of the current sheet encounters the upper
reaches of the ionosphere. The effects of wave reflection
from the resistive layer become apparent after 0.09 s where
the dashed and solid lines begin to diverge. Subsequently the
value of ∣DEX/DBY∣ in the case without the resistive layer
(solid lines) continues to decrease and at the time of the
snapshots shown in Figures 1a–1d (t = 0.33 s) we find
∣DEX/DBY∣ < VA. As already described, in Figure 1c at this
time the morphology in Jk and 8 is consistent with action of
the tearing instability. Conversely, in the case with the
resistive layer (dashed lines) and at the time of the snapshots
shown in Figures 2a–2d we have ∣DEX/DBY∣ > VA. As
already described, in Figure 2c at this time we find the
morphology in Jk and 8 is consistent with the K‐H insta-
bility. These results are consistent with the qualitative pre-
dictions given in the introduction for the suppression of the
K‐H instability for flows less than the Alfven speed and the
suppression of the tearing instability at large flow speeds.
Inspection of the morphology in Jk and � at times other than
shown in Figures 1 and 2 generally adhere to this pattern
except after t = 0.4 s. At these times we find that the value of
∣DEX/DBY∣ in the case without the resistive layer increases
to values exceeding VA. This is a consequence of the growth
of the third instability identified above as the “current con-
vective instability” [Wu and Seyler, 2003] that operates on
smaller scales, grows on the steep transverse Jk gradients,
promotes large kk and generates large localized electric fields.
[20] The action of these instabilities in accordance with

the change in ∣DEX/DBY∣ can be identified from the growth
of the component of the electric field in the plane of the
current sheet (Ey or east‐west component). Initially this has
a value of zero but grows with structuring/vortex formation
along the current sheet due to the action of instabilities.
Figure 3b shows the average peak amplitude of this com-
ponent over a horizontal slice at 4500 km where again the
solid lines and dashed lines correspond to the cases without

and with the resistive layer, respectively. The solid line is
clearly not well described by a single exponential and is
indicative of the operation of more than one instability. As
the value of ∣DEX/DBY∣ decreases and the K‐H instability
is stabilized the tearing instability acts alone leading to a
decrease in the growth rate of Ey after 0.3 s where we find
an e‐folding time similar to that estimated in the introduc-
tion for this instability. Then after 0.38 s the growth rate
increases as the current convective instability drives growth
at small scales leading to the increase in ∣DEX/DBY∣ men-
tioned above. The localized nature of E? generated by this
instability however means the large‐scale flow remains less
than VA? and the tearing instability continues to be active.
This evolutionary sequence has been confirmed through the
inspection slices in � and Ak at this altitude which show the
suppression of the K‐H instability as the flow shear decreases
with ∣DEX/DBY∣, the formation X‐lines andmagnetic islands
in the plane perpendicular to Bo, and the distortion of these
at small scales with onset of the current‐convective insta-
bility. In contrast, with the resistive layer present, Figure 3b
(dashed line) shows a single exponential form indicative of
a single dominant instability up until saturation with an
e‐folding time of ∼0.04s similar to that predicted for the K‐H
instability in the introduction.

4. Discussion and Conclusion

[21] These simulation results demonstrate how the insta-
bility of narrow auroral current sheets, such as those observed
by Mende et al. [2003] at substorm onset, lead to the for-
mation of commonly observed features in the aurora and
drive the generation of small scales. These features are gen-
erally embedded within larger‐scale structures and corre-
spond to what are commonly called “arc elements” [Hallinan
and Davis, 1970]. Our simulations indicate that the evolution
of these elements is primarily due to the action of K‐H and
tearing instabilities followed by an instability which grows on
the steep transverse gradients in Jk generated by the former
instabilities. This instability is likely that identified by Wu
and Seyler [2003] as a “current convective interchange”
instability. The dominance of the K‐H or tearing instabilities
is determined by the relationship between DV and Jk or
equivalently the value ofDEX/DBY across the arc element or
current sheet. Current sheets with widths of the order of
kilometers above the topside ionosphere and ∣DEX/DBY∣
significantly larger thanVAwill evolve predominately through
the action of the K‐H instability and the tearing instability
will be suppressed. Conversely, if ∣DEX/DBY∣ is similar to
or less than VA then the K‐H instability will be suppressed
and the tearing instability will dominate. Under these low
flow shear conditions the simulations show that growth rate
of the current gradient instability is also larger. We note that
in addition to the case study example detailed in this study
we have performed simulation runs for a variety of Alfven
speed and resistivity profiles along Bo and current sheet
equilibria and find the same dependencies.
[22] The relationship between DEX and DBY is initially

defined by the “generator” which corresponds in our sim-
ulation to the magnetospheric boundary condition and the
form of the applied current, but at later times is modified
through reflection from the topside ionosphere. Reflection
from the positive density or negative Alfvén speed gradient

Figure 3. Time variation of average (a) DEX/DBY across
the current sheet and (b) peak EY at 4500 km altitude. Solid
lines correspond to the case without the resistive layer and
dashed lines to the case with the resistive layer.
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here decreases ∣DEX/DBY∣ favoring the tearing and current
gradient instabilities and the production of highly structured
forms. Conversely, reflection off a localized resistive layer,
such as a double layer, increases ∣DEX/DBY∣ favoring the
K‐H instability and the production of auroral curls. In this
sense auroral curls may be the optical signature of double
layers. These results suggest that for the same current sheet
geometry, nearly electrostatic features such as those which
occur in the “Quasi‐static” or “inverted‐V” aurora are more
likely to evolve with the K‐H instability. Conversely, the
more electromagnetic features found in the “Alfvénic”
aurora where ∣DEX/DBY∣ ≈ VA will have a more mixed
evolution with the K‐H, tearing and current gradient in-
stabilities all likely to play a role.
[23] Before closing it is appropriate to acknowledge two

important additional effects which may contribute to the
structuring of small‐scale auroral forms that are not included
in our simulation model. Auroral plasmas often show steep
transverse density gradients. These gradients can drive the
rapid production of smaller scales and hence the structuring
of auroral forms through the “phase mixing” of a larger‐
scale field‐aligned current or Alfven wave [Lysak and Song,
2000]. For gradients on observed scales this process has
been shown to produce many of the observed propagation
characteristics of small‐scale Alfvén waves above the aurora
[Lysak and Song, 2008]. How this process is manifest in
visible auroral forms is dependent on the morphology of the
density distribution across the geomagnetic field but can be
expected to contribute to the evolution observed. The sec-
ond process involves ionospheric feedback from conduc-
tivity gradients established by electron precipitation in
auroral arcs [Lysak, 1991]. Since the evolution we simulate
occurs largely before the wavefront reflected from the
conducting ionosphere returns to the acceleration region (i.e.,
that region above ∼3000 km were finite Ek is found) we
believe inclusion of an active ionospheric boundary condi-
tion would not significantly affect the results we present
here. However, at latter times this effect can be expected
to become important. A consideration of phase mixing and
ionospheric feedback therefore remains an important task
for future modeling efforts.
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