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The Turbulent Alfvénic Aurora
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It is demonstrated from observations that the Alfvénic aurora may be powered by a turbulent cascade
transverse to the geomagnetic field from large MHD scales to small Alfvén wave scales of several electron
skin depths and less. We show that the energy transport through the cascade is sufficient to drive the
observed acceleration of electrons from near-Earth space to form the aurora. We find that regions of
Alfvén wave dissipation, and particle acceleration, are localized or intermittent and embedded within a
near-homogeneous background of large-scale MHD structures.
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Recent observations have demonstrated that auroral
electron acceleration occurs not only via the closure of
large-scale geomagnetic field-aligned currents in the iono-
sphere but also through the action of small-scale Alfvén
waves [1]. Figure 1 presents observations from NASA’s
FAST [2] spacecraft above the auroral oval along a trajec-
tory through an aurora imaged in UV light [Fig. 1(a)] from
the Polar spacecraft [3]. Figure 1(b) shows the electric (E,)
and magnetic field (B,) measured through this aurora in a
coordinate system where the x and y directions point nearly
along and perpendicular to the FAST spacecraft trajectory,
respectively, with both orthogonal to the local geomagnetic
field (B,). From Ampere’s law these observations can be
ordered using the sign of the gradient in B, as upward
(yellow) and downward geomagnetic field-aligned currents
(blue) and regions of fluctuating or filamentary current
structure (green). It has previously been demonstrated
that the regions of fluctuating current shown in green are
dominated by interactions in Alfvén waves [4]. These
regions of “Alfvénic aurora” are generally represented in
spacecraft plasma measurements by electron energy flux
spectrograms flat with energy up to a few keV and intense
fluxes of accelerated ionospheric ions with energies ex-
tending up to a few 100 eV as represented in Figs. 1(c) and
1(d), respectively.

Particle acceleration in the Alfvénic aurora drives a
significant fraction of auroral luminosity [5,6]. However,
for observed wave and plasma properties small-scale
Alfvén waves are so strongly damped that their observation
at large distances from their source should be rare [7,8].
Consequently, a mechanism whereby wave energy at small
scales is constantly replenished along geomagnetic field
lines is required to account for observations. Models pro-
posed to address this include phase mixing on transverse
Alfvén speed gradients [9,10], feedback from the iono-
sphere [11-13], and various local instabilities [8,13—15].
In this Letter we show that this energy transfer may occur
as a turbulent cascade composed of large-scale MHD
structures and Alfvén waves on small scales transverse to
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the geomagnetic field of the order of 27A, (~ 27 X
330 m) and less. Here A, is the electron skin depth.
These scales project to widths of the order of 1 km at an
altitude of 100 km where ionization of the atmosphere by
electrons accelerated in these waves provides the auroral
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FIG. 1 (color). (a) UV auroral image from Polar UVI instru-
ment and FAST spacecraft trajectory. (b) FAST E| (red) and B,
(black) fields as defined in the text. (c),(d) FAST electron and ion
spectrograms.
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light seen from the ground. While turbulent cascades have
long been studied in the solar wind [16] and more recently
in Earth’s magnetosheath [17] and plasma sheet [18], our
results reveal the operation of such a cascade above the
auroral oval.

Figure 2 shows averaged spectral results in B, and E,
compiled from observations recorded from August 6 to
September 9, 1998 from FAST at an altitude of ~4000 km
through the Alfvénic aurora above the night-side auroral
oval near local midnight. In Fig. 2(a) the spectrogram for
B, is expressed as a function of wave frequency in the
spacecraft frame (fsp), and, in the inset, wave number (k,)
measured via interferometry. Interferometric measurement
of the wave field is made possible by multipoint electric
field measurements in the spacecraft spin plane [19,20].
The k spectra in By, is then constructed under the assump-
tion that at a given spacecraft frame frequency the k,
measurement applies to both field quantities. Comparison
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FIG. 2 (color). (a) Average Bg(fsp, k,) spectra. (b) Average
Eﬁ(fsp) spectra for survey and burst data collection modes.
The latter is down-shifted by 4 orders of magnitude. The black
bars are composed of points representing individual measure-
ments in each f, or k, bin.

of the spectral results in f,, and k, reveals that they are
related through spacecraft Doppler shift as 27 f, = kv,
where v, is the spacecraft speed ( ~ 5 km/s) transverse to
the geomagnetic field. For those variations at wave num-
bers smaller than those measurable from interferometry,
27fp = kovg, remains valid and is commonly used in
auroral science on these scales to determine field-aligned
current strengths [21]. Consequently, to within the error of
the spectral estimates, the scaling laws in f, and k, over
the ranges shown are approximately the same.

The spectral trends shown in Fig. 2(a) have features
generally found in fluid turbulence [22] and turbulence in
the solar wind [16]. With f, and k, related through space-
craft Doppler shift we find for fy, <0.15 Hz or k, <
0.1/A, that Bi(k,) varies as k7703 where the error
defines the range of indices observed for all auroral tra-
versals surveyed. We note that to within experimental
uncertainty this dependency is equivalent to a

Kolmogorov [22] scaling law (kx 5/3) and predictions for
strongly magnetized anisotropic incompressible MHD tur-
bulence [23]. Over the next two decades in f, or k, we find

a k; 23502 (~ k73 law applies. This is similar to that
found for kinetic Alfvén waves and mirror mode waves in
the solar wind [24,25] and magnetosheath [17], respec-
tively. Beyond this range, and over the next decade, a
steeper slope is observed with B3(k,) o k;*3*%2. The
break point in this case occurs at k. p; = 1 where p; is
the ion gyroradius in the geomagnetic field. Here we have
assumed T; = 1 eV for O ions, which dominate the
plasma at this altitude, based on expected ionospheric
temperatures and the energy required to balance gravita-
tion and the upward force due to the ion’s magnetic mo-
ment in the Earth’s diverging magnetic field. Figure 2(b)
shows spectral estimates in E, from both the continuously
sampled survey observations and high resolution burst
intervals (down-shifted by 4 orders of magnitude).
Overall, for k, = 0.1/A,, E2(k,) varies as ~k; 7 similar
to a previous case study [20]. However, in these statistical
results, a power-law constant over more than a decade in k,
or fyp, is not clear.

Figure 3 shows the observed averaged E, /B, ratio for
these wave fields and that expected from local Alfvén wave
dispersion. For k, = 3.0 X 107* m™! (k, = 0.1/A,) the
wave field statistics obey the local model in agreement
with previous case studies [26,27]. Over this wave number
range these waves are described as inertial Alfvén waves
[28] and carry an electric field aligned with the geomag-
netic field (E,) which can drive geomagnetic field-aligned
electron acceleration through Landau damping [7,8]. The
resulting dissipation of wave energy over this range in &,
will power the aurora [28] with widths mapped to 100 km
altitude of ~10 km and less. Conversely, at wave numbers
k, <3.0X107*m~! (k, <0.1/A,), the observations de-
viate from that expected for the local dispersion of Alfvén
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waves. These waves or structures occur on scales that are
comparable to the distances over which the plasma pa-
rameters along the geomagnetic field vary and so have
characteristics not well described by local wave dispersion.
These waves or structures provide no measurable field
compression and do not provide an E,. Together with the
Kolmogorov-like spectral scaling shown in Fig. 2, these
observations suggest that fluctuations over this range in k,
may constitute what is known in turbulence phenomenol-
ogy as an inertial subrange [22].

Further insight into the nature of the turbulent fluctua-
tions observed is provided by the probability density func-
tions (PDFs) [16] given by 6B,(6x) = B,(x + 6x) —
B,(x) and shown in Fig. 4(a). 6x =~ vy,At represents a
spatial step along the spacecraft trajectory, or in this case
through Doppler shift, equivalently a time step (Ar). For
each 6x considered, SBy is binned in standard deviations
(o) from the mean with a bin width of Ao = 0.2¢. These
PDFs have also been normalized by Ao N where N is the
total number of differences taken. To quantify the inter-
mittency of the fluctuations observed we fit a Castaing
distribution [29] [shown by the dotted lines in Fig. 4(a)]
to each PDF where the deviation from a Gaussian PDF of
fluctuation amplitudes with increasing intermittency is
represented by increases in the parameter A, from a value
of zero. Figure 4(a) shows that for the largest 6x the PDF is
close to Gaussian in form with A, — 0. However, for
8x/(2mA,) — 1 we find a roughly exponential dependence
of the PDF on o and for the smallest scales considered we
find that the wings of the distribution are curved outwards
with A, — 1 representing intermittency.

Taking the moments of these PDFs we obtain the struc-
ture functions [16] defined as S,(6x) = (|6B,(6x)|”) and
presented in Fig. 4(b). The first two scale-invariant ranges

FIG. 4 (color). (a) Normalized PDFs. Solid lines show obser-
vations, dotted lines are fits of the Castaing model. (b) Structure
functions based on PDFs in (a). The blue and red dotted lines
correspond to fits of §, « 5x"P)_ (¢) The scaling exponent 7
derived from the fits shown in (b).

suggested from the spectral plot of Fig. 2(a) can be iden-
tified as the linear portions overplotted by S, = SxMP)
shown by the blue and red dashed lines. The scaling
exponent 7 derived from these fits is shown in Fig. 4(c).
In the case of the larger scale range (blue) we find that for
p = 1-3 the magnetic field approximately obeys the ex-
pected trend for homogeneous Kolmogorov turbulence
with n(p) = p/3. This result provides evidence for the
existence of an inertial subrange over this range of scales
(e, k,<3.0X10*m™! or k,<0.1/A,). For the
smaller scale range (red) the scaling exponent has gener-
ally convex form in p, suggesting a multifractal scaling of
the field variations. Physically this is indicative of turbu-
lence where the occupancy of space by the turbulent fields
varies along the spacecraft trajectory and across scales
suggestive of a stretching of eddies into filamentary vorti-
ces. These observations together with those shown in
Figs. 2 and 3 provide statistical evidence for the existence
above the auroral oval of a Kolmogorov-like background
of near-homogeneous MHD turbulence on large scales in
which more localized or intermittent regions of dissipation
are embedded.

Since the inertial subrange spectra and structure func-
tions are consistent with the Kolmogorov model [22] we
invoke Kolmogorov’s 1941 two-thirds law to determine if
the energy transport rate through the cascade is sufficient to
power the electron acceleration observed. We note that this
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is identical to that derived for anisotropic incompressible
MHD turbulence in a strongly magnetized plasma [23] as
we observe. Formulated in terms of the magnetic field
energy spectrum this is given by [24]

.- 2—”@ a)3/2[F(fsP)]3/2f252, (1)
sp

where & is the energy transport rate in Jkg~'s~! through

the cascade. For large Reynolds number [30] @ = 1.5 and
F(fy) = B,(fs)?/Q2u,p) where p is the mass density.
Averaging this expression over the inertial subrange iden-
tified in Fig. 2 we find that the energy transport rate through
the cascade is eppasy = 2.5 X 107 Jkg~!'s™! or in spatial
units 2.5 X 107! W/m3. From conservation of energy
and the guidance of Alfvén waves and electrons along
the geomagnetic field, it can be shown that the change in
down-going electron energy flux at the FAST satellite due
to electron acceleration in the turbulent wave fields over a
distance Az along the geomagnetic field above FAST is
AépasT = epasTAz. Averaging electron measurements
over the same intervals for which the spectral data were
collected we find &pagr = 1.6 mW/m?. Consequently, to
account for &pagr requires Az = 6000 km. This result is
consistent with observations and simulations of the elec-
tron acceleration process in Alfvén waves above the aurora
which has been demonstrated to occur over a distance
along geomagnetic field lines of a few Earth radii
[4,7,31]. These statistical results then demonstrate that
the Alfvénic aurora may be driven by the transport of
energy through a turbulent cascade from large nondissipa-
tive MHD scales to kinetic Alfvén waves scales ( =< 27A,)
where electron acceleration and wave dissipation are ob-
served to proceed.

These observations provide a statistical argument that
the Alfvén wave driven aurora may be powered via a
turbulent cascade. The scaling law we observe in the
inertial range is consistent with the predictions of
Goldreich and Sridhar [23] for anisotropic Kolmogorov-
like incompressible MHD turbulence where energy flux is
directed through the cascade to larger k,. The cascade is
facilitated by the interaction of counterpropagating Alfvén
waves which are naturally provided in the auroral context
through wave reflection from the ionosphere [13].
Dissipation occurs through field-aligned electron accelera-
tion for k, A, > 0.1 for which the wave carries a significant
E.. The second spectral break point at k,p; = 1 suggests
ion acceleration also contributes to dissipation. Measure-
ments of the bursty or intermittent nature of these field
fluctuations show the existence of a near-homogeneous
background of nondissipative MHD structures in which
localized regions of dissipation and particle acceleration
are embedded. Observations at altitudes above the FAST
spacecraft [31] suggest that this cascade proceeds on geo-
magnetic field lines extending from the source regions of
the large-scale fluctuations in the outer magnetosphere to
the auroral ionosphere. These large-scale fluctuations in-

ject energy into the cascade which is transported to smaller
scales along geomagnetic field lines to drive electron ac-
celeration and ultimately power the Alfvénic aurora.
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