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[1] We present in this paper multi-instrumental observations and analyses of fast
earthward flows, electrostatic electron cyclotron harmonic (ECH) waves, and diffuse
auroras, during 8–9 UT on February 5, 2009. The event began with a series of fast
earthward flows detected on mid-tail probe THEMIS-C. Subsequently, magnetic
dipolarizations and strong ECH wave intensifications were observed on THEMIS-D/E
probes at L � 11 in the equatorial plasma sheet. Concurrently, Ground optical instruments
detected diffuse auroral intensifications in the region surrounding the ionospheric
footprints of the THEMIS probes. Together with the theoretical simulation performed
by Ni et al. (2011e), we establish a causal conjunction between the ECH waves and
diffuse auroras for the reported event. We also propose that the ECH wave and diffuse
auroral intensification were likely triggered by the fast flow activity from the mid-tail and
its resulting magnetic dipolarization. We discuss possible mechanisms linking the fast
flow and its associated dipolarization to the intensification of ECH wave and diffuse aurora
in the outer magnetosphere.

Citation: Liang, J., B. Ni, E. Spanswick, M. Kubyshkina, E. F. Donovan, V. M. Uritsky, R. M. Thorne, and V. Angelopoulos
(2011), Fast earthward flows, electron cyclotron harmonic waves, and diffuse auroras: Conjunctive observations and a synthesized
scenario, J. Geophys. Res., 116, A12220, doi:10.1029/2011JA017094.

1. Introduction

[2] The Earth’s diffuse aurora is a weak belt of emissions
extending over a broad latitude range around the entire
auroral oval [Petrinec et al., 1999; Newell et al., 2009]. It
has been well understood that the diffuse aurora results from
the pitch angle scattering of central plasma sheet (CPS)
electrons, in the energy range from �100 eV to tens of keV,
into the loss cone by wave-particle interactions. Two candi-
date wave modes at play are the electron cyclotron harmonic
(ECH) wave and the whistler mode chorus. The ECH wave
[Ashour-Abdalla and Kennel, 1978; Horne et al., 2003;
Meredith et al., 2009; Liang et al., 2010; Ni et al., 2011a] is
an electrostatic emission occurring at frequencies between
harmonics of electron gyrofrequency nfce (n = 1,2,3…),
while the whistler mode chorus [Li et al., 2009; Ni et al.,

2008, 2011b; Nishimura et al., 2010] is an electromag-
netic emission often existing in two gapped bands, 0.1–0.5
fce (lower-band) and 0.5–1 fce (upper-band). The question
that which wave mode is more influential in producing
diffuse auroras has long been a controversial issue. Recent
advancements on this subject suggest that the whistler mode
chorus likely plays the dominant role in the production of
diffuse auroras in the inner magnetosphere (L < 8) or
roughly <68° in terms of magnetic latitude (MLAT) in the
nightside auroral oval based upon reasonable magnetic field
mapping, where the activities of both whistler mode chorus
and diffuse aurora are typically most intense [Li et al., 2009;
Thorne et al., 2010]. However, both the statistical results
[Petrinec et al., 1999; Newell et al., 2009] and event studies
(e.g., work by Liang et al. [2010] and this paper) illustrate
that diffuse auroras also exist well above 68° MLAT. On
the other hand, the chorus wave intensity is found to
decrease substantially at L > 8 [Li et al., 2009], while a
recent statistical survey reveals that strong (>0.1 mV/m)
ECH waves can extend to much larger radial distance (up to
L � 12, see Ni et al. [2011c]). For example, in the event
study by Liang et al. [2010], as well as in that to be pre-
sented in this paper, we both identify strong ECH waves at
L � 11, but with no evidence of whistler mode chorus from
available observations. The above results give implication
that the ECH wave might play a leading role in producing
the diffuse auroras in the outer magnetosphere (L > 8).
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[3] The investigation of the diffuse aurora and its con-
junction to the plasma wave activity in the outer magneto-
sphere involve some extra complications, as compared to
similar studies in the inner magnetosphere. Most outstand-
ingly, in the nightside outer magnetosphere the magnetic
field configuration is usually irregular and heavily deviates
from dipolar geometry. This uncertainty introduces massive
difficulties in efforts to properly connect the magnetospheric
process to the auroral phenomenon. Empirical magneto-
spheric models, such as the Tsyganenko series, were usually
applied for the purpose of magnetosphere-ionosphere (M-I)
mapping. The limitation of those empirical models is com-
monly recognized (e.g., see the Introduction in the work
Kubyshkina et al. [2009]), and their resulting mapping is
often suspicious in a dynamically varying magnetospheric
condition, e.g., with magnetic dipolarization. The unknown
magnetic field configuration also brings large uncertainty in
the calculation of bounced-averaged diffusion coefficients
driven by the waves. For example, Orlova and Shprits
[2010] and Ni et al. [2011d] investigated the influence of
magnetic field model to resonant scattering rate of radiation
belt relativistic electrons and diffuse auroral electrons by
whistler mode chorus in the inner magnetosphere, and con-
cluded that on the night side diffusion coefficients signifi-
cantly depends on the assumed field model for both types of
magnetospheric electron population. Such dependence
would undoubtedly be more critical in the outer magneto-
sphere, e.g., around the radial distance of our observation
and interest (L � 11). For our intended research goal to
determine a possible relationship between the in situ wave
and the diffuse aurora, better scheme of magnetic field
modeling around the region of interest is imperative in this
study as well as in the companion theoretical study by Ni
et al., [2011e, hereinafter referred to as NB11].
[4] The other interesting issue regarding the diffuse aurora

and plasma wave activity in the nightside outer magneto-
sphere is that they are understandably more liable to be
affected by magnetospheric processes originated from the
mid-tail. Le Contel et al. [2009] reported the intensification
of quasi-parallel whistle-mode waves upon the arrival of fast
earthward flow and dipolarization front. Zhou et al. [2009]
reported the emergence of strong ECH waves in associa-
tion with fast flows and dipolarization fronts at L � 11.
Also, in a few event studies the auroral precipitations asso-
ciated with the fast earthward flows were interpreted as
diffuse aurora-like, e.g., mainly caused by the pitch angle
scattering of CPS electrons [Kepko et al., 2009; Liang et al.,
2011]. The potential inter-relationship among the fast flows,
the ECH waves, and the higher-latitude diffuse auroras, arises
as an interesting and promising direction of research.
[5] The paper is organized as follows. In section 2 we

briefly introduce the observational instruments involved in
this study, we then detail the observations of all phenomena
of interest in section 3: the fast flow, the magnetic dipolar-
ization and electron injection, the ECH emission, and the
diffuse auroral intensification. We also hereby introduce the
magnetic field modeling scheme used in this section. Based
upon the observations and the theoretical calculations con-
ducted in NB11, we establish an unambiguous connection
between the ECH waves and diffuse auroras for the reported
event. We further discuss a few possible underlying linkages

among the fast flow activity, the ECH wave, and the diffuse
aurora in the outer magnetosphere in section 4. Section 5
concludes this paper.

2. Instruments

[6] The THEMIS [Angelopoulos, 2008] onboard instru-
ments used in this study include the Fluxgate Magnetometer
(FGM, see Auster et al. [2008]), the Electrostatic Analyzer
(ESA, seeMcFadden et al. [2008]), the Solid State Telescope
(SST), and the Electric Field Instrument (EFI, see Bonnell
et al. [2008]). The FGM instrument measures the in situ
magnetic field. The ESA instrument measures the flux of
thermal particles over the energy range from 5 eV to 25 keV
for ions, and 6 eV to 28 keV for electrons. The Solid State
Telescope (SST) measures the flux of high-energy (≥30 keV)
particles. We combine the ESA and SST measurements
in all of our following calculation/presentation of particle
moments and energy flux spectrograms. The EFI provides
differential electric field measurements, which can be
selected as either DC-coupled (EDC) or AC-coupled (EAC),
in three directions. The sample rate is 8192/16384 per
second for EDC/EAC channel, corresponding to a Nyquist
frequency of 4 kHz/8 kHz, respectively. Based upon the
EFI measurements two spectral data sets are produced:
the Filter Bank (FBK) and Fast Fourier Transform (FFT).
The FBK data represent the mean of the absolute value of
the bandpass-filtered signals from the spin-plane sensor, in
6 spectra bands. The FFT data set is only available during
the particle-burst mode interval. It contains the FFT power
spectrum with up to 64 frequency bins. For a complete
list of the frequency bins and band widths of the FBK and
FFT data sets see Cully et al. [2008]. The data rate or
temporal resolution is 4 s for the FBK and 1 s for the
FFT data set. During the particle-burst mode interval the
THEMIS probe is occasionally run in a wave-burst mode,
which typically lasts for only 8 s, but in this brief interval
full raw data time series (8192 sample/sec) from all three
sensors are saved.
[7] For ground optical auroral observations, we shall

mainly use the multispectrum imager (MSI) and the merid-
ian scanning photometer (MSP) of the Northern Solar Ter-
restrial Array (NORSTAR) project. Both MSI and MSP
contain multiple auroral emission channels, and have a
temporal resolution of 30s. Due to the special design of the
MSI, it is more sensitive to low-intensity auroral emissions,
usually characteristic of the diffuse aurora, than the
THEMIS whitelight all-sky-imager (ASI). Particularly, for
the 557.7 nm emission the camera has been optimized for
very low light level imaging. Coupled with a 12-bit detector
this would produce saturation for even moderate aurora, as
one may view from the green-line auroral movie,
Animation 1.1 In this paper we shall mainly use the blue-
line (427.8 nm) aurora from NOSTAR MSI to depict the
dynamic evolution of the diffuse aurora (Animation 2).
We however provide as well the whitelight images from
THEMIS ASI (Animation S1 in the auxiliary material), and
the green-line (557.7 nm) images from NORSTAR MSI
(Animation 1), and shall briefly mention some notable

1Animations are available in the HTML.
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features of them wherever applicable in the text.2 The raw
data counts in MSI have not been properly calibrated into
optical Rayleigh values yet, but the MSP intensity during
the event interval has been carefully calibrated. There is no
427.8 nm channel on NORSTAR MSP; therefore the
557.7 nm Rayleigh brightness will be used to estimate the
incident electron energy flux. In this study we also use the
riometer observations at GILL. The NORSTAR riometer has
dual dipole broad-beam antennae operating at 30 MHz. It
measures the cosmic radio absorption by the ionosphere,
which can be used as a proxy of the high-energy electron
injection in the magnetosphere [Spanswick et al., 2007;
Liang et al., 2007].

3. Observations

[8] The event of interest occurred during 8–9 UT on
February 5, 2009. From available magnetic and auroral
observations, a moderate substorm onset occurred in the
sector amid Fort Simpson and Fort Smith at �0745 UT
(�23 h MLT). The THEMIS-AE index reached a peak of
�200 nT during this substorm intensification. Figure 1a
gives the GSM-XY positions of THEMIS probes TH-A/C/
D/E during the event interval. TH-A, D, and E were closely
spaced and clustered at L � 11 in the postmidnight sector.
TH-D and E were relatively close to the magnetic equator,
while TH-A was somewhat off the equator. TH-C was in
the mid-tail region (X � �18 RE). Figure 1b presents the
trajectories of the ionospheric footprints of TH-D/E/C in
AACGM coordinate. The magnetic field model used to map
the THEMIS probes to the ionosphere will be introduced in
section 3.3. We also overplot the field-of-view (FoV) of the
GILL MSI and the scan line of GILL MSP. The local
magnetic midnight at GILL occurs at �0630 UT; therefore
the observations presented in this paper took place roughly
within 0130–0300 MLT sector.

3.1. In Situ Observations: Fast Earthward Flows
and Flow-Related Dipolarization

[9] Figure 2 gives the observations from the mid-tail probe
TH-C. From top to bottom the figure shows the magnetic
field in GSM coordinate, the ion bulk flow in GSM coordi-
nate, the dawn-dusk convective electric field Ey =�(v� B)Y,
the ion number density, and the plasma-b. We see that Bz was
the dominant magnetic field component, and plasma-b was
above 1 during the event interval, implying that the probe
was in the CPS. TH-C actually started to detect a series of
moderate-to-fast earthward flows as early as �0700 UT, but
those precedent flow activities ceased at �0745 UT and
produced little macroscopic change in the inner plasma sheet
as inferred from concurrent TH-D/E observations. Instead, a
series of fast earthward flow bursts after �0800 UT seen on
TH-C were likely the trigger of subsequent dynamic phenom-
ena of this paper’s interest, as we shall substantiate later. Those
fast flow bursts were mainly convective, and were accompa-
nied by a local decrease of the ion number density, consistent
with the common notion of “bursty bulk flow” (BBF [e.g.,
Angelopoulos et al., 1992; Runov et al., 2009, 2010]).

[10] Figures 3a and 3b give the observations from two
probes of our core interest in this study, TH-D and E,
respectively. Since both probes were located in the inner
plasma sheet, their magnetic fields, shown in the top of each
figure, are presented in VDH coordinate, where the H-axis is
antiparallel to the Earth’s dipole axis, the V-axis is radially
outward and parallel to the dipole equator, and the D-axis
completes the right-hand orthogonal system. On both
probes, Bh was the dominant magnetic field component, and
plasma-b (the bottom row of each figure) was well above
1 during the entire event interval, indicating that the two
probes were close to the magnetic equator. Both TH-D and
E detected noticeable magnetic dipolarization, i.e., a strong
increase of Bh; the dipolarization started slightly earlier on
TH-E (�0805 UT) than on TH-D (�0808 UT). The 2nd
and 4th rows in Figures 3a and 3b show the ion bulk flow in
GSM coordinate, the electron temperature, and the plasma-b.
The ion flow magnitude was not very appreciable because
the two probes were located in the inner plasma sheet. On
both probes, before the local dipolarization the electron
temperature underwent slow and gradual increase, and the
parallel electron temperature Te∥ was essentially equal to the
perpendicular temperature Te?, suggesting a near-isotropic
pitch angle distribution. Accompanying the local dipolar-
ization, there was a strong and stepwise increase of the
electron temperature, and the electrons became anisotropic
with Te? < Te∥. Observations on TH-A (not shown), which
was relatively off-equator, also revealed two features con-
sistent with those on TH-D/E, namely a magnetic dipolar-
ization at �0807 UT, and the accompanying development
of electron temperature anisotropy (Te? < Te∥). The differ-
ence in the variation slope and the isotropicity of the elec-
tron temperature before and after the local dipolarization
strongly implies that they were led by separate processes.
The gradual and near-isotropic increase of Te before the
dipolarization was presumably owing to a dispersed injec-
tion of energetic electrons from remote substorm onset ori-
gin. The local dipolarization, which led to a more abrupt
increase of Te with anisotropy Te? < Te∥, was likely trig-
gered by some other dynamic processes, of which the fast
flow activity from the mid-tail naturally looms as a rea-
sonable candidate. Note that the emergence of electron
anisotropy Te? < Te∥ on the inner THEMIS probes when the
fast flow and the associated dipolarization front intruded
into the near-Earth CPS is also at times identified in other
flow events [Runov et al., 2010; Deng et al., 2010].
[11] One might argue that the ratio between the average

perpendicular and parallel temperatures may not properly
reflect the detailed properties of the CPS electron anisotropy.
In particular, the CPS electrons may have very different
anisotropy levels at different energy ranges [Li et al., 2010].
In this regard, we present in Figure 4 the electron anisot-
ropy index A for 4 different energy ranges, from ESA full-
angular-resolution mode (peef) measurements. For the def-
inition and computational details of the electron anisotropy
A see Li et al. [2010]. In short, A = 0 corresponds to pitch
angle isotropy. A > 0 denotes pitch angle distribution
peaking at 90°, while A < 0 indicates a pitch angle distri-
bution minimum at 90°. The definition naturally reduces to
A = Te?/Te∥ � 1 for a formal bi-Maxwellian distribution. As
shown in Figure 4, though the anisotropy level is indeed

2Auxiliary materials are available in the HTML. doi:10.1029/
2011JA017094.

LIANG ET AL.: FAST FLOWS, ECH WAVES AND DIFFUSE AURORA A12220A12220

3 of 22



Figure 1. (a) GSM X-Y positions of four THEMIS probes during 8–9 UT. (b) Their ionospheric projec-
tions in AACGM coordinate, based upon the KM magnetic field-line mapping. The FoV of the GILL ASI
is shown in gray circle, and the GILL MSP scan line is shown as dark line.
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energy-dependent, A is exclusively negative for all energy
ranges during our interested interval �0806–0850 UT. This
result has important implication to our understanding of the
plasma wave features to be discussed in the next section.
[12] Figure 5 is devoted to a detailed exploration of

the potential relationship between the fast flows from the
mid-tail and the dipolarization and electron injection in the
near-Earth CPS. For this purpose we reproduce the ion Vx

component from TH-C observation in the top row to mark
the fast flow episodes, and the Bh component from TH-E

and D observations in the 2nd and 4th rows to mark the
local dipolarization. The 3rd and the bottom rows show the
omnidirectional electron energy flux spectrogram from ESA
and SST measurements of TH-E and D, respectively. Note
that the high-energy (>30 keV) electron flux measured by
the SST is multiplied by a factor of 40 to make it more
visible in the plot, such that the color scales for the ESA
flux and the SST flux are actually different. To guide the
readers we label a few salient structures that can be identi-
fied on the electron flux spectrograms, and shall explain

Figure 2. (top to bottom) The magnetic fields in GSM coordinate, ion bulk flow velocities in GSM
(X: black; Y: green; Z: red, for the top rows), dawn-dusk convective electric field, ion number density,
and plasma-b, respectively, observed on TH-C.
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Figure 3. (a) From top to bottom: the magnetic fields in VDH coordinate, the ion bulk flows in GSM
coordinate, the electron temperature (red: parallel; blue: perpendicular), and plasma-b, respectively,
observed on TH-D. (b) The same format as in Figure 3a but for TH-E observation.
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their physical implications and potential linkage to the fast
flow activity as follows.
[13] After 0750 UT there was an enhancement of SST

electron flux (labeled as ‘1’). This enhancement occurred
before the signature of fast flows observed on TH-C
(�0800 UT), and thus could not be attributed to a fast flow
effect. Instead, such high-energy electron flux enhancement
was likely a consequence of drifting electrons from a sub-
storm injection origin, whose onset began at �0745 UT and
2.5–3 h MLT west of the TH-D/E locations. An eastward
drift speed of �100 km/s, which is not unreasonable for
high-energy electrons, would explain the propagation delay.
Such high-energy electron flux enhancement though, grad-
ually diminished after �0815 UT. Starting from �0803 UT
on TH-E and �0804 UT on TH-D, namely after the initial
emergence of fast flows but before the start of local dipo-
larization, new injection features (labeled as ‘2’) showed up
in the ESA spectrograms of both probes. This new electron
population emerged earlier at the higher-energy level and
slightly later at lower energies, forming a somewhat “slant”
trace in the spectrogram. Such energy dispersion is a typical
consequence of the energy-dependent curvature/gradient
drift of electrons from certain source. Based upon the
“slope” of such traces (<2 min between �15 keV and
�3 keV electrons), we exclude the possibility that they
resulted from remotely drifting electrons of substorm onset
origin which was 2.5–3 h MLT away. Instead, on a rea-
sonable modeling of the curvature/gradient drift speed of
energetic electrons (generally on order of a few tens of km/s
for �10 keV electrons at L � 11), it can be estimated that
the source is well within 1 RE in azimuthal distance to the
probes. In this regard, we deem the �0800 UT flow bursts
observed by TH-C as more likely source for the feature ‘2’.
Suprathermal electrons carried by fast earthward flows from
the mid-tail undergo adiabatic acceleration and feature

substantial curvature/gradient drift when they approach the
near-Earth CPS; their drifts are energy-dependent and thus
produce the “slant” trace in the energy-time spectrogram.
TH-E was west to TH-D and presumably closer to the flow
source, and thus showed the trace slighted earlier. To add
more proofs to the above scenario, we note that at the end
time of each trace ‘2’ there was also a sudden enhancement
of soft electron flux at around �100 eV (labeled as ‘3’).
This feature cannot be attributed to an injection from remote
substorm origin since the required drift time for �100 eV
electrons would have been much too long. We have also
carefully examined the pitch angle distribution (not shown)
of this soft electron flux enhancement in full-angular-
resolution measurements, and found it is unlikely to be
composed of field-aligned electron beam of ionospheric
origin either [e.g., Abel et al., 2002]. One reasonable inter-
pretation to such soft electron flux enhancement is that it
was contributed by the “cold” electrons carried by the fast
flows from the mid-tail. Due to their small adiabatic invar-
iants those flow-carried cold electrons undergo insignificant
acceleration and thus remain at low energy level. Since such
cold electrons largely co-move with the convective plasma
flows, their emergence could be arguably regarded as a sign
of the approach of the flow channel to the probe, even
though the flow itself was strongly decelerated inside the
near-Earth CPS as seen from TH-D/E observations. Such
intruding flows might act to initiate the dipolarization pro-
cess, which is hinted by the observation that the emergence
of feature ‘3’ roughly coincided with an initial rise of the Bh

component on both TH-D and E. This initial rise of Bh was
then quickly followed by stronger magnetic dipolarization
and distinct dispersionless injection feature (labeled as ‘4’),
i.e., a stepwise energization of the entire CPS electron
population. To synthesize the above observations and
analyses, we propose that the particle features ‘2’ and ‘3’

Figure 4. Electron anisotropy A at four energy levels (see legends to the right) from the full-angular-
resolution ESA measurements on (bottom) TH-D and (top) TH-E. For details of anisotropy index A see
Li et al. [2010].
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signify the penetration of fast flows and their carrying
electrons, both energetic and soft, into the near-Earth CPS,
while the subsequent dipolarization and the associated
injection feature ‘D’ are likely triggered by an interaction

between the intruding flows and the near-Earth CPS. Such
flow-driven dipolarization is often explained in terms of the
magnetic flux pileup in a flow “braking” process [e.g.,
Shiokawa et al., 1997; Birn et al., 1999]. It is interesting to

Figure 5. (top row) The ion Vx component from TH-C observation; the 2nd and 4th rows show the Bh

component from TH-E and D observations, respectively. The 3rd row and the bottom show the omnidirec-
tional electron energy flux spectrogram from ESA and SST measurements of TH-E and D, respectively.
Note that the SST (>30 keV) electron flux is multiplied by a factor of 40 to make it more visible in the
combined spectrogram plots.
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note that that, the fast flows observed on TH-C disappeared
after �0810 UT, while both the dipolarization and the
injection feature ‘4’ survived for much longer duration. We
suggest that, the fast flows trigger a large-scale reduction of
the tail current system, and the inner probes TH-D/E were
remotely sensing this current reduction which causes the
dipolarization. The dipolarized CPS configuration may then
sustain for long duration as the large-scale current system
takes to recover, without the necessity of continuing pres-
ence of fast flows. This scenario is partly evidenced in an
OpenGGCM simulation by Ge et al. [2011], who found that
the simulated dipolarization in response to intruding BBFs
in the inner plasma sheet can sustain for several tens of
minutes, much more persistent than the triggering BBFs
themselves. This type of flow-related dipolarization is thus
different from the so-called “dipolarization front” [Runov
et al., 2010, 2011], which is usually confined to the lead-
ing edge of a flow burst and thus has lifetime shorter than
that of the fast flow. The distinction between the above
two fashions of dipolarization is also noticed in a recently
undergoing survey of flow-driven dipolarization events
in the near-Earth CPS (Y. Ge, private communication,
2011). We of course do not deny another possibility that,
since TH-C gradually moved away from the midnight sec-
tor it might fail to detect the fast flow activities occurring
after 0810 UT.
[14] To summarize, in this section we present the in situ

observations of the magnetic fields and particles in both
mid-tail and near-Earth CPS. In particular, based upon
detailed analyses on the timing and energy-dispersion of
the electron injection features on two inner probes TH-D/E,
we propose a causal relationship between the fast flows from
the mid-tail and the dipolarization/injection phenomena in
the near-Earth CPS.

3.2. In Situ Observations: ECH Waves

[15] Figure 6a gives the FBK wave data from TH-D and E.
Both probes show strong wave intensifications in the FBK
band 316–904 Hz. Referring to the local magnetic field we
notice that such band mainly occupies the frequency range
between fce and 2fce, such that the measured waves in this
FBK band are very likely composed of the ECH emissions.
Such wave intensification began earlier on western probe
TH-E than on TH-D. Wave amplitudes from two lower-
frequency bands (80.2–227.4 Hz and 20.1–57 Hz), which
mainly covers the nominal whistler mode frequency range,
are rather weak during the entire event interval. Despite their
poor spectral resolution the FBK data at least reveal that
there was no strong and persistent whistler mode wave
intensification during the event interval.
[16] FFT data with 64 frequency bins were available

during 0801–0822 UT on TH-E and 0834–0843 UT on
TH-D, when the probes were run in particle-burst mode.
The FFT data from the EDC34 sensor during the above two
intervals are presented in Figure 6b. On both probes the
FFT spectrograms reveal unambiguous existence of strong
ECH waves, mainly banded within 1–2 fce. In contrast,
there is an absence of wave activity in the frequency range
0.5–1 fce, excluding the existence of upper-band chorus.
The FFT data at frequencies lower than �200 Hz have
periodic occurrences of spurious power due to the sha-
dowing of the EFI spheres by the spacecraft (see http://

themis.ssl.berkeley.edu/beta/dfb_caveats.shtml for technical
details). However, as the sampling is uncorrelated with the
spin period, there exist samples unaffected by this spurious
power. Those intervals of “contaminated” and “clean” FFT
data are interleaved with each other and are roughly equal in
duration. To recover those “clean” data, we apply the fol-
lowing technique. For the frequency bins within 40–200 Hz,
which essentially cover the frequency range of lower-band
chorus as one can see in Figure 6b, we evaluate the top 50%
(in terms of power) data points of the time series of the FFT
power in each frequency bin as potential spin contamina-
tions. We then integrate the wave power in the 40–200 Hz
band and plot the resulting wavefield in the bottom of
Figure 6b. As one can see, our procedure successfully dis-
cerns the periodically recurring contamination spikes. After
removing those spikes the remaining data persist at very low
wave intensity, strongly suggesting that there is no strong
lower-band chorus during the event interval.
[17] There are also 6 wave-burst mode occurrences on

TH-D and E during the event interval. During such a wave-
burst mode interval raw data samples (8192/sec) from all
three boom pairs are saved. The data enable us to investigate
the 3D wave spectra without the contaminations led by the
spin effect. We exemplify the EFI wave data and spectra
during two wave-burst mode intervals in Figure 7, 08:17:35–
08:17:43 on TH-E, and 08:38:43–08:38:51 UT on TH-D,
respectively. In the figure, the leftmost plots show the E-field
in mean-field-aligned coordinate, in which the z axis is
parallel to the mean B-field during the wave-burst mode
interval, the y axis is perpendicular to both the mean B-field
and the radial vector of the probe, and x axis completes the
orthogonal system. The 2nd-to-right plots of the top and
bottom of Figure 7 show the wavelet scalogram of three
components of the E-field. Two salient features are revealed
in Figure 7: (1) there are “textbook” demonstrations of ECH
emissions within 1–2 fce. The ECH wave amplitudes are
rather strong and are polarized as dominantly perpendicular
to the ambient B-field; (2) there is an absence of chorus
wave activity within 0.1–1 fce frequency range. The above
two features are also confirmed for all other available wave-
burst intervals. Although the wave-burst mode occurred
only fortuitously, the available data nevertheless further
confirm the scenario that the ECH emission was the domi-
nant and persistent wave mode during the event interval,
while the wavefield in the chorus frequency range was
weak.
[18] To summarize, in this section we present the plasma

wave measurements from FBK, FFT and wave-burst mode
data on TH-D and E. From available observations, we
unambiguously confirm the existence of strong ECH wave
intensifications, but find no sign of noticeable chorus waves.
The absence of chorus wave activity during the event inter-
val can be partly understood from the property of electron
anisotropy shown in Figures 3 and 4. On both probes we have
noted that the electron pitch angle anisotropy is exclusively
negative at all energy ranges after �0806 UT, a condition
known as unfavorable for the growth of whistler mode
waves [e.g., Kennel and Petschek, 1966]. The observations
also indirectly support the previous notion that the ECH
instability is driven unstable by the loss cone distribution of
energetic electrons instead of the temperature anisotropy
[Ashour-Abdalla and Kennel, 1978; Horne et al., 2003],
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though the actual loss cone distribution is not practically
measurable from our instrument.

3.3. Magnetospheric Magnetic Field Modeling

[19] Magnetic field-line mapping has always been an issue
in any effort to link an auroral phenomenon to a magneto-
spheric process. This difficulty becomes most outstanding in
the nightside tail where the magnetospheric field topology is
stretched with high variability, particularly during disturbed
times. One common approach is to use the Tsyganenko
series of empirical magnetic field models. The traditional
Tsyganenko models are constrained by global parameters
such as the Kp index or the solar wind condition. However,
those global parameters may fail to properly describe the
status of the near-Earth CPS when, for example, local
dipolarization develops. An obviously better way to con-
strain the model for a specific event is to use the actually
observed magnetic fields from multiple spacecrafts during the
event interval, and to tune the traditional empirical models to
fit the observations [Pulkkinen et al., 1991; Kubyshkina et al.,
1999, 2002]. The launch of THEMIS mission gave great
impetus to this approach. Typically, during the THEMIS tail
seasons there are often three closely spaced probes (usually
TH-A/D/E) in the near-Earth plasma sheet, and at least one in
the mid-tail. Such geometry makes possible a better model-
ing of the tail magnetic field configuration, in particular
around the region of three closely spaced inner probes.
[20] Kubyshkina et al. [2009] (referred to as KM model

hereafter) presented the most successful and best-developed
attempt so far toward an event-adaptive, time-dependent
magnetospheric model. In their model they not only use the
observations from five THEMIS probes but also include
other complimentary (e.g., GOES) spacecraft if available. The
model was proved successful in describing a highly disturbed
magnetosphere during a substorm onset [Kubyshkina et al.,
2011]. In this study, we shall use the AM-01 version of the
KM model, in 1-min resolution, to obtain the satellite
footprints during the event interval. Figure 8 compares the
observed magnetic fields on four THEMIS probes TH-D/E/
A/C, and those calculated from the adapted KM model at
the probe positions. They are certainly not without differ-
ence. Nevertheless, for the three closely spaced probes
TH-A/D/E, which are located in the region of our main
interest, the modeled magnetic fields to say the least follow
the variation trends of, and do not deviate heavily from, the
observed values. The discrepancies are understandably
somewhat larger on TH-C, which was in the mid-tail with
strong flow perturbations, but in this study we do not use
the TH-C mapping for any serious purpose (except that it is
overploted in the 557.7 nm auroral Animation 1 for refer-
ence only). Though it is still difficult to precisely evaluate
the mapping accuracy of the modeled magnetic field

configuration, we have arguably made the best attempt,
based upon available observations and existing techniques,
toward a better credibility of the M-I mapping in the tail
region of our interest.

3.4. Ground-Based Observations

[21] In this event, optical auroral observations are avail-
able from the THEMIS whitelight ASI, the NORSTAR MSI
and MSP, all located at GILL. An emission height of 110 km
is assumed for both blue-line (427.8 nm) and green-line
(557.7 nm) auroras. The auroral movies from the THEMIS
whitelight ASI (Animation S1), the NORSTAR blue-line
imager (Animation 2) and green-line imager (Animation 1)
are all provided. Among those imagers, The THEMIS ASI
[Mende et al., 2008] has the best temporal resolution (3 s)
and thus capable of detecting the pulsating auroras embed-
ded in the ambient diffuse auroras. The NORSTAR MSI and
MSP have low temporal resolution (30s) but much better
sensitivity to weak auroral intensity generally characteristic
of the diffuse auroras, and are less vulnerable to con-
taminations from other light sources, which indeed cause
problems to the whitelight images in our event, as can be
seen from Animation 2. Since the research interest of this
paper is on the ambient diffuse auroras, we shall mainly
focus on the NORSTAR MSI and MSP measurements in the
following presentation.
[22] On top of Figure 9 we present the ground magne-

tometer observations from GILL station. The magnetic dis-
turbances are <50 nT during the event interval, indicating
that the current density associated with the auroral pre-
cipitations is rather weak and unlikely pertinent to a sub-
storm intensification. The 2nd row presents the riometer
observation at the GILL, which essentially reflects the
injection of high-energy electrons in the magnetosphere
[Spanswick et al., 2007; Liang et al., 2007]. There is a
gradual increase of the riometer absorption before�0800 UT,
and a more abrupt and stepwise increase at �0802 UT. This
observation can be compared to the Te measurements on
TH-D/E shown in Figure 3. Similar to the arguments
applied to the in situ particle observations, we attribute the
initial gradual rise of absorption to a dispersed injection of
electrons from remote substorm origin, and the abrupt rise
of absorption to the flow-related dipolarization and in turn
the dispersionless injection. Since the GILL riometer is
located west of TH-D/E by then and thus longitudinally
closer to (or within) the flow channel (see Figure 1), it
manifests the dispersionless injection signature earlier than
the in situ probes. The measured absorption level is how-
ever much smaller than that of a typical substorm injection
[Liang et al., 2007]. The third panel shows the MSP
observation of green-line auroras. The initial auroral mor-
phology is characterized by a latitudinally confined “arc” at

Figure 6. (a) FBK data of EFI wave measurements on (top) TH-D and (bottom) TH-E. Four dashed curves, from low
to high frequencies, denote 0.1fce, 0.5fce, fce, and 2fce, respectively, in each plot. (b) (top) The FFT spectrograms of
EDC34 sensor measurements on (right) TH-D and (left) TH-E for two particle burst mode intervals. Four dashed curves,
from low to high frequencies, denote 0.1fce, 0.5fce, fce, 2fce, and 3fce, respectively, in each FFT spectrogram. (bottom)
The E-wave intensity integrated in 40–200 Hz frequency range. The dotted gray lines indicate the contamination spikes
identified by our technique (see text for details), while the dark solid lines mark the “cleaner” data less affected by
the contamination.
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�67° MLAT and some high-latitude structures near the
poleward edge of the MSP FoV. After �0806 UT, there is
an abrupt poleward expansion of the auroras, which is
presumably a consequence of the dipolarization. The overall

auroral morphology evolves into a more latitudinally spread
configuration after �0810 UT, but the overall brightness
remains weak or moderate (<6 kR), much smaller than
that of typical substorms. More crucially, there is no sign

Figure 7. Two examples of wave-burst mode measurement of raw E-fields on (bottom) TH-E and (top) TH-D. The left
plots show the measured E-fields in mean-field-aligned coordinate (see text for explanation). The 2nd-to-right plots of the
top and bottom of the figure show the wavelet scalograms of three E-field components. The frequency axis of the wavelet
scalogram is scaled by the mean fce during the wave-burst mode interval.

Figure 8. Comparison between the realistically observed magnetic fields (black) in GSM-XYZ coordi-
nates on four THEMIS probes TH-D/E/A/C, and those calculated from the KM model at the probe posi-
tions (red).
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of poleward-moving auroral bulge that usually character-
izes the substorm auroral expansion. We conclude that
the auroral activity of interest cannot be classified as a
substorm intensification.

[23] The bottom of Figure 9 warrants special explanation
and attention, and serves as one key underlying rationale
why we classify the auroral type of this paper’s interest as
“diffuse auroras.” This row presents the upper limit of loss

Figure 9. (top) The ground magnetic fields form GILL magnetometer. (middle) The GILL riometer
observation of the ionospheric absorption; the GILL MSP green-line observations. (bottom) The upper
limit of the loss cone fluxes estimated from TH-D/E ESA measurements under the assumption of fully
filled loss cone.
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cone fluxes, or equivalently the total precipitating energy
flux in the absence of any midway auroral acceleration
process, which is defined by [e.g., Chang and Inan, 1985],

F ¼ BI

Beq
⋅
ZZZ

fLC v;að Þ ⋅ E ⋅ v∥dv

¼ BI

Beq
⋅ 2p ⋅

Z aLC

0

Z ∞

0

2E2

m2
e

⋅ fLC E;að Þ ⋅ sin a cos a ⋅ dEda

ð1Þ

where the ratio between the magnetic field strength at the
ionospheric footprint and at the magnetic equator, BI/Beq, is
attributed to the change of flux tube cross-section when
mapping from the equatorial magnetosphere to the iono-
sphere. aLC is the equatorial loss cone angle. fLC(E, a) is the
electron distribution as a function of energy E and pitch
angle a inside the loss cone. Under the assumption of a fully
isotropic loss cone, i.e., fLC is independent of a, equation (1)
can be simplified to,

F ¼ 2p ⋅
Z ∞

0

E2

m2
e

⋅ fLC Eð Þ ⋅ dE

¼ p ⋅ J ð2Þ

J is the total electron energy flux which we obtain from
TH-D/E ESA full-angular-resolution (peef) measurements
by using the flux data in the angular bin closest to the
direction of ambient magnetic field. The above assumptions
also hereby imply that the mean energy of the precipitating
electrons would be equivalent to the parallel electron tem-
perature in the equatorial CPS, which is �3 keV as inferred
from Figure 3. The bottom of Figure 9 presents the result
according to equation (2). An empirical ratio between the
green-line auroral intensity and the precipitating energy flux
with �3 keV characteristic energy is found as �1.23 kR per
erg/cm2/s [Steele and McEwen, 1990]. On the other hand,
using the above-depicted KM model we infer that TH-D/E
map to 67.9–68.4° MLAT during the event interval; the
auroral intensities in this latitudinal range are 2.5–4 kR from
the MSP measurement. Using Steele and McEwen’s [1990]
empirical ratio we find that the precipitation fluxes shown in
the bottom of Figure 9 may predict auroral emission inten-
sities comparable to, yet somewhat larger than, the actually
observed values. The overestimation is of course expected:
the pitch angle diffusion coefficients are usually energy-
dependent such that the loss cone can never be fully filled
for all electron energies. Nevertheless, based upon the
above observations and considerations we are able to make
a semiquantitative evaluation as follows. Provided that the
strong diffusion limit could be reached for a main popula-
tion of the CPS electrons, or more specifically, in case that
the cut-off energy for a strong diffusion limit was distinctly
above the CPS Te, (NB11), the resulting loss cone electron
flux could by itself roughly account for the observed optical
auroral emissions near the footprints of TH-D/E, without
the necessity of extra auroral acceleration process. We thus
infer that the CPS “hot” electron population must not have
undergone significant parallel acceleration in precipitating
into the ionosphere, otherwise the resulting flux would have
been too large to match the actual optical auroral brightness.
The above analyses may not entirely exclude the possible

existence of inverted-V precipitation with characteristic
energy distinctly lower than that of the CPS hot electrons
[Lessard et al., 2007] and/or the electron acceleration by
Alfven waves [e.g., Chaston et al., 2002], but such precip-
itation type is found as associated with either growth phase
arcs or small-scale Alfvénic structures (�1 km), and irrel-
evant of the large-scale, latitudinally diffusive auroral
manifestation of interest in this study.
[24] In Figures 10a and 10b we provide several selected

images of the NOSTAR 427.8 nm auroral observations. See
Animation 2. We overplot the footprints of TH-D/E which
are estimated from the KM model, as well as the FBK wave
measurements from the two probes in the figures and
Animation 2 for reference. The initial auroral configuration is
characterized with a pre-existing auroral arc at �67° MLAT,
and a faint structure near the poleward edge (>70° MLAT) of
the ASI FoV. By 0803 UT, the poleward structure has
substantially brightened. In the following minutes such
poleward structure progressively extends southward, and
finally touches the pre-existing arc at �0805 UT. This
north–south structure, often known as “auroral streamer,” is
widely considered as an ionospheric manifestation of fast
earthward flows [e.g., Angelopoulos et al., 1992; Zesta
et al., 2000; Sergeev et al., 2004; Nishimura et al., 2010].
This notion is substantiated by the observation of fast flows
on TH-C. From then on, magnetic dipolarization develops
as shown by in situ observations, and the footprints of
TH-D/E shift to higher latitudes accordingly. Meanwhile,
diffuse auroras start to develop at latitudes >67° MLAT. In
particular, they appear to stem from the “streamer” and
spread eastward. As a consequence, the original arc mor-
phology gradually deforms and turns into more diffusive
auroral configuration. Since in the Earth’s reference frame
the two probes move westward, the western probe TH-E
first encounters the diffuse auroral region, and also first
registers the intensification of ECH waves. For example, by
�0810 UT TH-E has already reached the diffuse auroral
region and shows ECH wave activity, while TH-D is still
located east of the diffuse auroras, and shows no ECH
emission. Both probes are well immersed in the diffuse
auroras by �0815 UT. The two probes then traverse the
diffuse auroral region in the following tens of minutes,
and both record strong ECH wave intensifications. After
�0845 UT, both the diffuse auroras and in situ ECH waves
gradually diminish.
[25] To further check the correspondence between the in

situ ECH waves and the diffuse auroral intensification, we
sample the auroral brightness within �0.3° MLAT and
�2° MLON around the footprints of TH-D/E during the
event interval. We allow for a larger MLON sampling range,
based upon the consideration that the KM model shows rela-
tively large discrepancies in By component as compared to the
actual observations (see Figure 8), implying certain errors in
longitudinal mapping. In Figure 11, we plot the ECH wave
intensity from the FBK measurements of TH-D/E, as well as
the averaged blue-line intensity sampled around the foot-
prints of the two probes. There are moderate enhancements
of auroral intensity at about 0803 UT when the two probes
approach the pre-existing arc (see Figures 10a and 10b). Such
arc likely owes its generation to mechanisms other than the
ECH wave [e.g., Lessard et al., 2007]. After �0808 UT,
when the diffuse auroral intensification begins to develop
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and spread eastward as one can see from Figures 10a and 10b
and/or in Animation 2, an overall correlation between the in
situ ECH wave and the diffuse auroral intensity is readily
discernible on both probes, with a couple of notable com-
plications: (a) Admittedly, though we have used much
improved technique as described in section 3.3, there is def-
initely remnant ambiguity in the field-line mapping, which
may affect the correlation between the ECH wave intensity
and the sampled diffuse auroral brightness. (b) The ECH
waves feature rapid fluctuations with periods of several to
tens of seconds. Such fluctuating fine structures are found as
common for the ECH waves observed in the tail, and can be
interpreted as resulting from a recurring interaction between
the ECH instability and the loss cone electron distribution

[Davidson, 1990; Liang et al., 2010]. Those fluctuations are
likely related to the pulsating auroral components embedded
in the ambient diffuse aurora. The existence of such pul-
sating auroras can be better viewed from Animation S1
(auxiliary material) in 3-s cadence. However, due to the
average process in our sampling of the auroral intensity
around the satellite footprints, and also due to the relatively
low temporal resolution of the MSI observation, those
small-scale auroral pulsations are understandably smoothed
out. (c) Theoretically, a correlation between the ECH wave
intensity and the diffuse auroral precipitation would be best
manifested during a transition from weak diffusion to mar-
ginally strong diffusion (or vice versa), as can be checked in
Figure 11, when the loss cone flux is primarily controlled

Figure 10a. Selected frames of blue-line auroral images from GILL MSI during the event interval. In
each image we overplot the footprints of TH-D (eastern asterisk) and TH-E (western asterisk), as well
as the FBK wave measurements from the two probes for reference. A vertical dashed line in the FBK data
plot in each frame marks the time tick of the current auroral image.
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by the wave-driven scattering rate. However, when the
scattering rate has risen above the threshold of the strong
diffusion limit, the loss cone flux tends to be “saturated,”
and is controlled more by the variation of the ambient
omnidirectional electron flux than by the ECH wave inten-
sity. Despite the above complications, based upon the
observations shown in Figures 10a, 10b, and 11, it is rea-
sonable to conclude that the ECH waves and the diffuse
auroral intensification are intimately correlated. Certainly,
we cannot exclude the existence of chorus earthward of the
probes, but at least at the location of TH-D/E probes there is
no sign of chorus — and those spacecraft map into the
observed diffuse auroral intensification region, so it is fairly
justifiable to propose that, the observed ECH waves act as
the leading candidate in producing the diffuse auroras, at
least around the L-shell (L � 11) and MLAT (�68°) region
of our interest.

[26] One other interesting observation we have noted in
Figures 10a and 10b lies in that, higher-latitude auroral
activation and “streamer” structure precede the diffuse
auroral intensification, and the diffuse auroras appear to
stem from the “streamer” and spread eastward subsequently.
Such evolution sequence can also be viewed from the green-
line auroral observations of NORSTAR MSI. Readers are
encouraged to watch the 557.7 nm Animation 1. Though the
green-line auroras are “saturated” in brightness counts due to
the camera operation mode (see section 2), they nevertheless
depict the morphological change of the auroras. In
Animation 1 we overplot the footprint of TH-C and the Vx

component from TH-C observation for reference. Before
0800 UT, besides the pre-existing arc there are also some
higher-latitude auroral structures near the poleward edge of
the FoV. Those structures are somewhat distorted in geom-
etry due to the low elevation angle of measurement there.

Figure 10b. Continuation of Figure 10a.
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The existence of those higher-latitude auroras before
�0800 UT can also be viewed from the MSP green-line
observation in Figure 9. After the fast earthward flows
appear on TH-C observation at �0800 UT, a north–south
structure develops from higher-latitude auroras and pro-
trudes southward, and eventually touches the pre-existing
lower-latitude arc. Subsequently, the north–south auroral
structure gradually expands eastward in longitudinal exten-
sion, and finally evolves into a large auroral “blob,” which
corresponds to diffuse auroral region as we have shown in
the blue-line observations. To summarize, the green-line
auroral observations are basically consistent with the blue-
line observations, and reveal a clear evolution sequence of,
(1) higher-latitude aurora activations; (2) north–south struc-
ture with concurrent fast flows observed in the mid-tail; (3) a
change from arc-like to diffuse aurora morphology.

3.5. Quantitative Comparison Between the Loss Cone
Flux and 557.7 nm Auroral Intensity

[27] Though the above analyses, particularly that with
Figure 11, have clearly revealed an overall correlation
between the diffuse auroral precipitation and the ECH
emission, the results remain to be somewhat semiquantita-
tive, since we still need to prove that the observed ECH
waves are capable of resonantly scattering the ambient CPS
electrons to strong diffusion limit, and can result in the
precipitating flux responsible for the realistic auroral
emissions. This unfortunately cannot be done based upon

NORSTAR MSI measurements, since the MSI has not been
fully calibrated to the optical Rayleigh values yet and thus
carries no inference about the precipitation flux. However,
the MSP observation may serve as viable alternative as long
as the footprint of the probe is close to the MSP scan line.
On the other hand, the calculation of the ECH-driven scat-
tering rate requires high-resolution wave and plasma mea-
surements, which are not often available. The companion
paper NB11 focuses a particular time interval during which
TH-D was run in wave-burst mode and thus provides 3D
wavefield data and high-angular-resolution particle mea-
surements. This interval also coincided with a MSP scan
time centered at 08:38:45, and the footprint of TH-D was
only �2° east of the MSP scan line by then. NB11 performs
the calculation on the ECH-driven diffusion coefficient, and
obtains the differential energy flux spectrum of precipitating
electrons led by the pitch angle scattering of CPS electrons
into the equatorial loss cone. Via an auroral electron trans-
port model [Lummerzheim, 1987], NB11 compares their
derived precipitating electron flux spectrum to the actual
observed MSP 557.7 nm auroral intensity, and achieve
good agreement. Since such comparison is essential to the
key research interest and result of both NB11 and this
paper, it is not a redundant effort to further substantiate the
comparison by using independent approach. In this paper,
we are to perform the comparison based upon established
empirical relationship among the auroral intensity, the total
energy flux and the characteristic energy of the precipitating

Figure 11. ECH wave intensity from the FBK measurements on (top) TH-D and (bottom) TH-E, as well
as the averaged 427.8 nm auroral intensities (shown in blue curves) sampled around the footprints of the
two probes.
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electrons. The results by Steele and McEwen [1990] are
particularly applicable to our analysis due to a few reasons.
First, the measurements by Steele and McEwen [1990] were
made at Rabbit Lake, which is geometrically close to the
GILL station in our observations. Second, their observations
were made during winter time and under low to moderate
geomagnetic and solar activities, similar to the conditions in
our event. Third, their derived auroral excitation efficiency
is mostly pertinent to weak-to-moderate auroras (<6 kR),
which fit our interest of diffuse auroras.
[28] In Figure 12a, we adopt the precipitating energy flux

spectrum calculated in NB11, but transfer in into a number
flux spectrum which is more conventional in auroral studies.
Figure 12b shows the MSP intensity over latitudes for the
interval of interest. We have subtracted the nightglow com-
ponent according to the near-constant background emission
at sub-auroral latitudes (see the equatorward part of the
3rd row of Figure 9), such that the brightness shown in
Figure 12b presumably represents the contribution exclu-
sively from auroral precipitation. The footprint of TH-D
estimated form KM model, with �0.3° MLAT mapping

uncertainty, is highlighted in a gray band; averaging over this
band gives a brightness value of�2.4 kR. We particular note
that, since the actual auroral intensity is relatively stable
over a broad latitudinal range �67–68.7° MLAT, which is
consistent to the notion of ambient diffuse aurora of our
interest, the potential M-I mapping uncertainty of our
adopted KM model should not seriously affect the quality of
comparison here. Since the low-energy electrons (<1 keV)
is inefficient in producing 557.7 nm auroras, we follow the
approach by Steele and McEwen [1990] to perform a
Maxwellian-type fitting to the energetic part (>1 keV) of the
precipitating spectrum, which dominantly contributes to the
557.7 nm auroral emissions. A Maxwellian-type differential
flux spectrum has the form,

J Eð Þ ¼ Q0

2E3
a

⋅ E ⋅ exp � E

Ea

� �
ð3Þ

in which Q0 and Ea denote the total energy flux and the
characteristic energy, respectively. A best fit of (3) to the
NB11 precipitation flux spectrum with the parameter
Q0 = 2.1 erg/cm2/s and Ea = 2.9 keV is shown in Figure 12a.
Steele and McEwen [1990] found an empirical ratio of
1.23 � 0.44 kR/erg/cm2/s between 557.7 nm auroral emis-
sions and �3 keV Maxwellian-type electron precipitation.
Using the ratio of 1.23, we expect an auroral intensity of
�2.6 kR with Q0 = 2.1 erg/cm2/s, which is in reasonable
agreement with the actual MSP observations.
[29] To summarize, in this section as well as in NB11,

we have adopted two independent approaches to compare in
quantitative manner the precipitating energy flux resulting
from the pitch angle scattering of CPS electrons by the ECH
waves, and the MSP-observed 557.7 nm auroral intensity.
Reasonably good agreement is achieved via both methods.
Though the calculation made in NB11 and the comparison
presented here are only designed for a short time interval
when high-resolution in situ data set and ideal conjugate
geometry are available, the result nevertheless provides
strong support to the advocated scenario that the ECH waves
drive the diffuse auroral precipitations for the event studied
in this paper and NB11.

4. Discussion

[30] We have presented a diffuse auroral intensification
event, with related magnetospheric wave and flow dynamics,
based upon THEMIS and NORSTAR observations. The
study is devoted to two research goals. The first is to establish
a causal connection between the ECH waves and the diffuse
auroras. The second is to unveil a possible link between the
fast earthward flows and the diffuse auroral intensifications.
[31] For our first research purpose, the study in this paper

has the following distinguished features. (1) We present a
“pure” ECH wave event with no evidence of whistler mode
chorus from available observations, such that the role of the
ECH wave in generating the observed diffuse auroras
becomes relatively unambiguous. (2) We use an advanced
technique [Kubyshkina et al., 2009] in modeling the mag-
netospheric magnetic field. Though we still may not assert
the accuracy of the resulting M-I mapping, we believe that
our scheme should be reliable than any previous version
of empirical model. Based upon the improved mapping

Figure 12. (a) Differential flux spectrum of precipitat-
ing electrons as calculated by Ni et al. [2011e]. (b) MSP
observations at 0:38:45 scan over latitudes. The footprint
of TH-D estimated form KM model (with � 0.3° MLAT
mapping uncertainty) is highlighted in a gray band.
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technique, we confirm an overall correlation between the in
situ ECH waves and the diffuse auroral intensities around
the footprints of the probes. (3) We have used the predicted
energy flux spectrum of precipitating electrons, as a conse-
quence of the pitch angle scattering of CPS electrons by
ECH waves as modeled in NB11, to compare to the actually
observed auroral brightness, and achieved a satisfactory
agreement. Based upon the above qualities, we are able to
assert with certain confidence that the ECH waves are the
cause of the diffuse auroras at ≥68° MLAT for our reported
event. For the auroras well below 68° MLAT, which are a bit
stronger in brightness (see Figures 9, 10a, and 10b) and
presumably map to radial distances earthward of available
probes, we however cannot exclude the existence of other
precipitation mechanisms, such as scattering by whistler
mode chorus and/or involving certain auroral acceleration
process.
[32] Our second research object, namely that the initiation

of the diffuse auroral intensification appears to be related to
the mid-tail fast flows, opens a rather new direction in dif-
fuse auroral studies. We shall briefly discuss a few possible
underlying relationships among the fast flow activity, the
ECH wave, and the diffuse aurora in the outer magneto-
sphere. It is well known that the growth of ECH waves
requires the presence of “hot” electron fluxes with free
energy source contained in their pitch angle distribution,
[Ashour-Abdalla and Kennel, 1978; Horne et al., 2003].
Such “hot” electron population is often attributed to drifting
electrons from substorm injection origin. In this regard,
diffuse auroras predominantly occur in the postmidnight
sector during the late expansion and/or recovery phase of a
substorm. This scenario is also partly true for our event.
However, both the in situ particle and the ground riometer
observations suggest separate injection process in addition to
the dispersed injection from remote substorm origin. We
have presented evidences and arguments that fast flows from
the mid-tail likely triggered the magnetic dipolarization in
the near-Earth plasma sheet and in turn provided a local
source of electron injection in our event. We have noted that
the intensification and spread of diffuse auroras followed the
appearance of a north–south auroral “streamer” structure.
Based upon a common notion that such “streamer” likely
results from the flow and magnetic shear along the duskside
of a fast flow channel [e.g., Sergeev et al., 2004], our
observations point to the scenario that the fast flows with
finite azimuthal width, whose duskside boundary may be
approximated by the “streamer” structure, trigger the dipo-
larization in the near-Earth CPS, which subsequently
expands dawnward and causes the overall intensification and
spread of the diffusion auroras. The dipolarized field con-
figuration can sustain for long periods, even though its trig-
gering flows are relatively limited in duration [Ge et al.,
2011; Y. Ge, private communication, 2011]. In this regard,
the flow-related dipolarization revealed in this study is dif-
ferent from the so-called “dipolarization front,” which is a
transient feature tied to the leading edge of the fast earth-
ward flow [e.g., Runov et al., 2010, 2011]. Instead, our
interested type of dipolarization is likely caused by the
magnetic flux pileup when the flows are “braked” in the inner
plasma sheet [Shiokawa et al., 1997; Birn et al., 1999]. Note
that the physical distinction between the above two types
of flow-related dipolarization phenomena was also noticed

by other researchers [Nakamura et al., 2009; Ge et al.,
2011]. Zhou et al. [2009] reported in an event study the
emergence of strong ECH waves upon the arrival of fast
earthward flow and dipolarization front. In their event both
the dipolarization front and the ECH wave intensification are
much shorter-lived (<2 min) than in our event. Therefore, we
suggest that the two types of flow-related dipolarizations,
despite their notable differences in timescale and underlying
mechanism, both can lead to energetic electron injections, and
in turn potentially contribute to the growth of ECH waves.
[33] It is certainly not a fresh idea that the fast earthward

flows can result in the dipolarization and particle injection in
the near-Earth CPS, but their potential relationship to ECH
wave intensification was not commonly addressed. One
possible reason for such failure lies in the fact that that many
previous studies on ECH waves were confined in the inner
magnetosphere (L < 8). The substorm injections are often
most intense near the inner edge of the plasma sheet. Also,
electrons from a remote substorm dipolarization/injection
origin, when they drift eastward and move out of the dipo-
larized region, tend to be diverted earthward due to the
gradient drift [see Liang et al., 2007, Figure 4]. Therefore,
the substorm injection has its most influential effect in the
inner magnetosphere. Those substorm-injected electrons at
postmidnight/dawn sectors are often found to feature posi-
tive anisotropy (A > 0) [e.g., Li et al., 2010], and thus favor
the generation of whistler mode chorus that dominates the
contribution to the diffuse aurora in the inner magnetosphere
[Thorne et al., 2010]. However, it is reasonable to speculate
that, toward farther radial distances in the tail plasma sheet,
the flow-related dipolarization/injection may become grow-
ingly important and act as a main supplier of energetic
electrons to the growth of ECH waves, provided that the
distribution function of the enhanced energetic electron
fluxes contain free energy source. Such free energy source is
presumably a loss cone property in our case, since the
overall electron anisotropy is found as exclusively negative
(see Figure 4), and hereby no whistler mode waves are
expected. In a recent statistical survey Ni et al. [2011c]
find that, as compared to the global distribution of strong
whistler mode chorus which is largely confined in L < 8 and
peaks at postmidnight/dawn MLT sectors [Li et al., 2009],
the ECH emissions can extend to larger radial distances
(L < �12) and show distinct occurrence rate at premid-
night and near-midnight. Based upon the results and above
analyses in this paper we suggest that the fast flow activ-
ities might contribute to some occurrences of those higher-
L-shell ECH waves.
[34] The flow-related dipolarization may have one other

significant consequence. We have noted that the auroral
morphology was initially arc-like but evolved into diffuse
auroras in our event. Though it is not completely clear so
far where the arc’s counterpart is in the equatorial magne-
tosphere, it is commonly speculated that an arc might map
to a azimuthally elongated but radially confined region,
where sharp radial gradients of magnetic field and/or plasma
exist. For example, Galperin and Bosqued [1999] suggested
that the aurora arc roots in a minimum-∣B∣ region inside
the inner plasma sheet. Based upon the KM model we infer
that the initial arc mapped earthward of the probes TH-D/E
(L � 11). With the flow-related dipolarization the near-
Earth CPS configuration was modified. In particular, an
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originally sharp transition boundary from a tail-like to a
dipolar-like magnetic field topology was presumably relaxed
in the inner plasma sheet. This change would weaken the
condition for an arc generation and, together with the
intensification of ECH waves, lead to a transition to diffuse
auroral morphology.
[35] The above consideration on the potential relationship

among the fast flow activity, the ECH wave intensification,
and the diffuse aurora, are admittedly tentative. So far as we
have realized, diffuse auroral intensification preceded by
fast flow activities is also at times seen in other events
(L. Lyons, private communication, 2010). In one event
study (V. Uritsky et al., manuscript in preparation, 2011)
with high-resolution NORSTAR MSI observations, the
authors investigate two intervals of diffuse auroras and
related ECH waves at L � 11. The first interval is preceded
by flow perturbation, optical auroral streamer, and magnetic
dipolarization, similar to the event reported in this paper.
The second ECH intensification interval however, is
accompanied by neither flows nor “streamers.” The corre-
spondence between the fast flow and the intensification of
the ECH wave and the diffuse aurora is understandably not
one-to-one. More event analyses and theoretical investiga-
tions on when and how fast flows play a role in the diffuse
auroral intensification will be the task of future research.

5. Conclusion

[36] In this paper, we present an event study based upon
THEMIS and NORSTAR observations. Three inter-related
phenomena are investigated, the fast earthward flows in the
mid-tail, the ECH waves in the near-Earth CPS at L � 11,
and the diffuse auroras in the high-latitude ionosphere.
Together with the companion paper NB11, we establish a
confirmative conjunction between the ECH wave and the
diffuse aurora for the reported event. We also present evi-
dences that both the ECH wave and diffuse auroral intensi-
fication are apparently “triggered” by the fast flow activity.
We discuss several possible mechanisms linking the mid-tail
fast flows to the intensification of ECH waves and diffuse
auroras in the near-Earth CPS. We suggest that the flow-
related dipolarization and its accompanying electron injec-
tion may act as the main supplier of energetic electrons
fluxes required for the growth of ECH waves in the nightside
outer magnetosphere. Besides the scientific results, the novel
methodologies introduced in this paper and NB11, such as
the adoption of event-adaptive magnetic field modeling in
the M-I mapping and the calculation of diffusion efficient,
would also be instructive in future studies of the diffuse
aurora in the outer magnetosphere.
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