
Ann. Geophys., 26, 1415–1430, 2008
www.ann-geophys.net/26/1415/2008/
© European Geosciences Union 2008

Annales
Geophysicae

Global observations of electromagnetic and particle energy flux for
an event during northern winter with southward interplanetary
magnetic field

H. Korth 1, B. J. Anderson1, J. M. Ruohoniemi1, H. U. Frey2, C. L. Waters3, T. J. Immel2, and D. L. Green3

1The Johns Hopkins University, Applied Physics Laboratory, Laurel, MD, USA
2Space Sciences Laboratory, University of California Berkeley, Berkeley, CA, USA
3School of Mathematical and Physical Sciences, The University of Newcastle, Callaghan, NSW, Australia

Received: 6 October 2007 – Revised: 25 January 2008 – Accepted: 26 March 2008 – Published: 11 June 2008

Abstract. The response of the polar ionosphere–
thermosphere (I-T) system to electromagnetic (EM) energy
input is fundamentally different to that from particle precip-
itation. To understand the I-T response to polar energy in-
put one must know the intensities and spatial distributions
of both EM and precipitation energy deposition. Moreover,
since individual events typically display behavior different
from statistical models, it is important to observe the global
system state for specific events. We present an analysis of
an event in Northern Hemisphere winter for sustained south-
ward interplanetary magnetic field (IMF), 10 January 2002,
10:00–12:00 UT, for which excellent observations are avail-
able from the constellation of Iridium satellites, the Super-
DARN radar network, and the Far-Ultraviolet (FUV) instru-
ment on the IMAGE satellite. Using data from these assets
we determine the EM and particle precipitation energy fluxes
to the Northern Hemisphere poleward of 60◦ MLAT and ex-
amine their spatial distributions and intensities. The accu-
racy of the global estimates are assessed quantitatively using
comparisons with in-situ observations by DMSP along two
orbit planes. While the location of EM power input evalu-
ated from Iridium and SuperDARN data is in good agree-
ment with DMSP, the magnitude estimated from DMSP ob-
servations is approximately four times larger. Corrected for
this underestimate, the total EM power input to the North-
ern Hemisphere is 188 GW. Comparison of IMAGE FUV-
derived distributions of the particle energy flux with DMSP
plasma data indicates that the IMAGE FUV results similarly
locate the precipitation accurately while underestimating the
precipitation input somewhat. The total particle input is es-
timated to be 20 GW, nearly a factor of ten lower than the
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EM input. We therefore expect the thermosphere response to
be determined primarily by the EM input even under winter
conditions, and accurate assessment of the EM energy input
is therefore key to achieving a comprehensive understanding
of the I-T system, particularly during active times when the
energy input increases markedly and expands well equator-
ward of nominal auroral latitudes.

Keywords. Ionosphere (Electric fields and currents;
Ionosphere-magnetosphere interactions; Particle precipita-
tion)

1 Introduction

The interaction of the solar wind with the Earth’s magnetic
environment in space gives rise to an electromagnetic dy-
namo that is coupled to the ionosphere–thermosphere (I-T)
via electromagnetic fields, currents, and particle precipita-
tion. This coupling results in tens to hundreds of gigawatts
of power input to the high-latitude I-T (e.g.Anderson et al.,
1998; Sharber et al., 1998; Burns et al., 2004). During in-
tense storms the power may rise to nearly a terawatt (Lu
et al., 1998). Climatological estimates for this energy input
have been obtained with statistical studies (e.g.Hardy et al.,
1989, 1991; Gary et al., 1995). The fact that the system re-
sponds within tens of minutes to changes in the interplane-
tary magnetic field (IMF) (Murr and Hughes, 2001) implies
that the statistical results may not represent any actual state of
the system since they represent amalgams of observations for
many different situations. Consequently, the statistically de-
rived climatologies are probably insufficient to describe the
actual distribution and intensity of the energy input to the
I-T system. Thus, to understand the true consequences of
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the energy transfer into the I-T system, one needs to obtain
globally distributed measurements of the actual high-latitude
energy input for specific events.

The two major mechanisms of energy input at the top-
side ionosphere are particle precipitation and electromag-
netic (EM) power or Poynting flux. Precipitating particles
deposit their energy in ionization through collisions in the
ionosphere, enhancing the ionospheric density and conduc-
tivities, and heating the ionosphere (Roble and Rees, 1977).
Electromagnetic energy incident on the topside ionosphere is
either dissipated as Joule heating (e.g.Cole, 1962, 1975) or
converted into mechanical energy of the neutral winds (Fujii
et al., 1999; Thayer, 2000). To understand the I-T response
one must characterize both inputs. Particle precipitation and
EM energy flux have different spatial distributions, and pre-
vious studies suggest that the latter commonly exceeds the
former by about a factor of about four in total power (Rich-
mond and Kamide, 1988; Lu et al., 1995, 1998; Anderson
et al., 1998).

We understand the particle energy input better because
measurements of precipitating particle fluxes and the conse-
quent auroral emissions have been conducted for some time.
Particle precipitation can be measured directly by spacecraft
at altitudes between the ionosphere and the auroral accelera-
tion region (Haerendel et al., 1994; Newell, 2000) and can be
inferred by auroral luminosity (e.g.Rees et al., 1988; Lum-
merzheim et al., 1997). Converting luminosity to energy in-
put requires knowledge of the precipitating species and the
spectral character of the incident particles (Germany et al.,
1994). The reliability of energy deposition estimates can
be further improved by using observations in multiple UV
bands.

Electromagnetic energy input is more difficult to measure
because it requires both electric and magnetic field obser-
vations. The most reliable determinations use in-situ mag-
netic and electric field (or plasma drift) measurements from
low-altitude satellites, which are combined to estimate the
Poynting vector (Gary et al., 1994, 1995; Mishin et al., 2003).
The advantage of this approach is that the measurements are
sampled closely in both space and time so that the obtained
Poynting vectors represent instantaneous observations. How-
ever, single satellites give information only along the satellite
track and cannot “image” the EM input to yield the distri-
bution of incident power. Global distributions of the large-
scale parallel Poynting vector, providing a complementary
perspective to in-situ observations, have recently been evalu-
ated from measurements of the magnetic perturbations at the
ionosphere by the constellation of Iridium satellites and ob-
servations of the ionospheric electric field by the Super Dual
Auroral Radar Network (SuperDARN) (Waters et al., 2004).

The Iridium constellation consists of more than 70 satel-
lites distributed over six 780-km circular polar orbit planes.
Each satellite is equipped with an engineering magnetometer
providing magnetic field measurements with 30-nT digitiza-
tion resolution and noise commensurate with the least signif-

icant bit (Anderson et al., 2000). Because the engineering
uses for the data only require coarse time resolution, the time
interval between telemetered samples on an individual satel-
lite is roughly three minutes. For this reason, global distri-
butions of the magnetic perturbations are obtained using ob-
servations accumulated over intervals one or two hours long
(Anderson et al., 2000). These data are routinely used to de-
rive global distributions of the large-scale Birkeland currents
and globally distributed maps of the magnetic perturbation
field, b, above the ionosphere by applying a spherical har-
monic fit to the perturbations (Waters et al., 2001).

The Northern Hemisphere SuperDARN network consists
of nine HF radars in the polar region providing coverage
over more than twelve hours of local time (Shepherd and
Ruohoniemi, 2000). Technical details of the radars are de-
scribed inGreenwald et al.(1995). In common mode, the
radars scan through 16 successive azimuthal directions or
beams spaced by 3.3◦, with an integration time of 7 s per
beam (Ruohoniemi and Baker, 1998). The Doppler shifts in
the backscattered returns provide estimates of the plasma ve-
locities, which are used to derive the electric field,E. The
radars rotate with the Earth. For integration into the analy-
sis of EM flux using Iridium data, the effect of corotation is
removed from the velocity measurements by subtracting the
projections of the radar velocity along the lines of sight. The
resulting velocities and, hence, electric fields are evaluated
in an Earth-centered, non-rotating frame.

A recent study byKorth et al.(2005) compared distribu-
tions of EM and particle energy flux during an interval of
northward IMF. Because the event occurred during North-
ern Hemisphere summer and the Birkeland currents were lo-
cated poleward of 75◦ invariant latitude, the ionospheric re-
gion of EM energy input was in sunlight. It was therefore
possible to estimate the Poynting flux from the global dis-
tribution of magnetic perturbations obtained from the Irid-
ium constellation by using a solar-EUV based conductance
model to estimate the convection electric field. The DMSP
satellites provided tracks through the region of interest and
the conductance was scaled to yield results in agreement
with DMSP drift meter observations. The global estimates
of magnetic perturbations were also compared against the
in-situ observations by DMSP to derive adjustment factors
for the Iridium-derived magnetic perturbation distribution.
Simultaneous IMAGE FUV observations showed a single
prominent emission co-located with the NBZ-system upward
current. The particle precipitation estimated using IMAGE
FUV together with DMSP particle data was 6 GW while the
total EM energy input was 51 GW, about eight times greater.
Although the EM energy input was confined to latitudes pole-
ward of 78◦, the hemispheric power was similar in magnitude
to that observed for southward IMF conditions byWaters
et al.(2004). We note, however, that theWaters et al.work
did not derive correction factors using comparisons with in-
situ observations of bothE andb, so it is possible that their
results underestimate the actual EM input.

Ann. Geophys., 26, 1415–1430, 2008 www.ann-geophys.net/26/1415/2008/



H. Korth et al.: Global electromagnetic and particle energy flux observations 1417

The findings ofKorth et al.(2005) were dramatically dif-
ferent from climatology estimates for the energy input and
reflect the need to evaluate the energy transfer for specific
states of the system. Here we extend this work to simultane-
ously evaluate particle and EM energy input for an event dur-
ing southward IMF and with the ionosphere in darkness. The
interval of interest is from the Northern Hemisphere from
10:00–12:00 UT on 10 January 2002. The approach to es-
timating the convection electric field from the magnetic per-
turbations used inKorth et al.(2005) cannot be applied when
the ionospheric conductance is not dominated by solar EUV
because the uncertainties in model estimates for the particle
contribution to the auroral conductance are very large. Thus,
here we follow the approach ofWaters et al.(2004), and use
SuperDARN to estimate the electric fields. Section2gives an
overview of the event, observations used for the analysis, and
the initial energy input distributions derived from the glob-
ally distributed data. Section3 presents detailed comparison
with DMSP in-situ observations and the corrections derived
for the initial energy input estimates. The results and impli-
cations are discussed in Sect.4 and summarized in Sect.5.

2 Data sets and event overview

2.1 Event description

The interval 10 January 2002, 10:00–12:00 UT, was se-
lected for study from a database of events with simultane-
ous broad coverage in SuperDARN radar returns and con-
sistent distributions of magnetic perturbations over the Irid-
ium constellation. The event occurred during northern win-
ter and for southward IMF making it ideal for our purposes.
Moreover, IMAGE FUV obtained excellent auroral images
throughout the event. Observations of the particle precipita-
tion and Poynting flux are available from two DMSP satel-
lites, F13 and F15, which we use for independent valida-
tion of the global energy input distributions along the satel-
lite tracks. Figure1 shows the solar wind (McComas et al.,
1998) and IMF conditions (Smith et al., 1998) observed by
the Advanced Composition Explorer (ACE) spacecraft, lo-
cated at the first Lagrangian point (L1). In this plot the
ACE data have been time-shifted by the average advective
delay from L1 to Earth implied by the solar wind speed.
The interval studied here is marked by two vertical dashed
lines. From top to bottom the panels show the IMFBx, By
and Bz components in GSM coordinates; the IMF magni-
tude, Bt; the IMF clock angle defined by arctan(By/Bz);
the proton number density,np; the proton bulk speed,vp;
and the proton dynamic pressure,pdyn. The time averages
and standard deviations for the IMF magnitude and its three
GSM components areBt=11.1±1.8 nT, Bx=−3.3±2.6 nT,
By=5.6±3.6 nT, andBz=−6.9±4.2 nT. This corresponds to
an IMF clock angle of 129◦±62◦ with respect to the north-
ward direction. The average solar wind proton number den-

sity is 12.3 cm−3, and the mean solar wind flow speed is
419 km/s, giving an advective delay of 60 min from L1. The
variability of IMF orientation is larger than that of the “stable
IMF” criterion applied to the event selection process in pre-
vious studies with Iridium observations, where the maximum
deviation of the IMF orientation from the average direction
was required to be at most±25◦ (Korth et al., 2004, 2005,
2008).

The Iridium observations for the interval are shown in
Fig. 2. The figure shows the Iridium cross-track component
of the magnetic perturbations (panel a) and their spherical
harmonic vector fit (panel b). The perturbations are obvi-
ously dominated by the signatures of the large-scale Birke-
land currents. Since the Iridium samples are collected over
a two-hour period, and since the IMF orientation was some-
what variable, it is important to verify that the morphology
of the magnetic perturbations is consistent over the sample
interval so that the spherical harmonic fit faithfully repre-
sents the large-scale current system. Close examination of
the observations in Fig.2a shows that the Iridium data are
generally self consistent, that is, different samples in close
proximity are in the same direction and have similar magni-
tudes, so while some smaller-scale variations may be missed,
the large-scale current structures should be reliable.

SuperDARN observations provide additional confidence
in the stability of the ionospheric convection and associ-
ated Birkeland currents. Figure3 shows six distributions of
the ionospheric plasma vector velocity derived from Super-
DARN line-of-sight Doppler shifts, color-coded according to
their magnitude, each of which is derived from two minutes
of data. The associated electric potential, represented by the
contour lines in Fig.3, corresponds to a two-cell large-scale
circulation of plasma in the ionosphere. The convection pat-
tern is dominated by the dawn convection cell and is fairly
stable in its overall configuration.

Observations of the far-ultraviolet aurora by IMAGE
FUV/WIC (Fig.4) demonstrate a persistent auroral morphol-
ogy during the interval of interest. The auroral snapshots,
shown at ten minute intervals, bear no indications of major
substorm activity, consistent with the quick look AE index
that was<300 nT during this period. The WIC images show
multiple arc structures in the pre-midnight region which cor-
respond to magnetic signatures evident in the Iridium obser-
vations between 60◦ and 70◦ MLAT near 21:00 MLT. In the
pre-midnight sector the magnetic perturbations display two
maxima indicating an additional set of Birkeland currents as-
sociated with the double auroral structure. This meso-scale
structure in the currents is not resolved in the spherical har-
monic fit which uses a comparatively coarse latitude reso-
lution to accommodate the relative sparsity of the Iridium
sampling data elsewhere.
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Fig. 1. ACE solar wind and IMF conditions on 10 January 2002 in GSM coordinates time-shifted to Earth. The interval of this study is
marked by vertical dashed lines. See text for details.
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Fig. 2. Iridium observations on 10 January 2002, 10:00–12:00 UT:(a) Iridium cross-track magnetic perturbations,(b) spherical harmonic
vector fit of the magnetic field,b.

2.2 Global EM flux estimation

To estimate the global EM flux distribution, we followWa-
ters et al.(2004) and calculate the radial component of the
Poynting vector,Sr, from distributed fits of the magnetic per-
turbations,b, recorded by the Iridium constellation and the
ionospheric electric field,E, from SuperDARN radar scatter
using

Sr =
1

µ0
(E × b)r . (1)

At high latitudes the magnetic field is nearly radial so we de-
fine the parallel Poynting vector asS‖=Srr̂, wherer̂ is the
radial unit vector. The use of Eq. (1) assumes that the condi-
tions at the ionosphere are approximately time stationary.

The global electric field distribution was calculated as fol-
lows. The SuperDARN observations acquired with a two-
minute cadence were used to determine a spherical harmonic
representation of the ionospheric flow velocities,v, for each
two minute interval. In regions with no radar returns, a sta-
tistical model constrained the fit. Using a model magnetic
field, B0, the electric fields were calculated from the plasma
velocities asE=−v×B0. The average electric field for the
interval was then calculated by averaging the northward and
eastward components separately at each grid point over all
of the patterns acquired during the two-hour period. Equiv-
alent flows are obtained by rotating the electric field vectors
counter-clockwise by 90◦ to show the corresponding flows.
The average equivalent flow distribution is shown in Fig.5a.

The distribution of the EM energy flux computed from the
SuperDARN electric field and the Iridium magnetic pertur-

bations (Fig.5a and b) is shown in Fig.5c, where the en-
ergy flux is positive downward and regions without radar re-
turns are gray-shaded. EM energy deposition is evident at
nearly all local times in a 5◦−10◦ wide annulus centered near
70◦ MLAT. Within this annulus, the distribution ofS‖ shows
peaks at dawn (9 mW/m2) and dusk (6 mW/m2), where the
magnetic perturbations are largest and are oriented nearly
perpendicular to the electric field. The total EM power in-
tegrated over the annulus is 34 GW. Furthermore, the EM en-
ergy deposition appears elevated over nearly the entire polar
cap region. Upward directedS‖ of small magnitudes are ob-
served in several regions, all of which are close to minima
in E or b, or both. Relatively small errors in the baselines
would change the locations and intensities of these upward
EM flux regions. We therefore do not regard these results
as providing evidence for upward EM flux above the obser-
vational uncertainties. The total EM power integrated over
the Northern Hemisphere region poleward of 60◦ MLAT is
47 GW. This estimate includes the region near the geomag-
netic poles, where the SuperDARN coverage is sparse, and
the magnitudes of the Poynting vector determined in this re-
gion may be less reliable. However, the contribution to the
total EM power at latitudes>80◦ MLAT is only about 5 GW,
or 10%, so that uncertainties arising from including the pole
region in our estimate are small compared to the overall un-
certainties associated with our analysis discussed below.

2.3 Particle energy flux estimation

Auroral emissions observed in multiple UV bands can be
used to infer energy deposition due to precipitating particles.
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Fig. 3. SuperDARN maps of ionospheric plasma velocities and electric potential on 10 January 2002 between 10:00 UT and 12:00 UT for
six intervals with 2-min data accumulation each.

As seen in Fig.4, IMAGE FUV had excellent viewing of the
Northern Hemisphere ionosphere for the event. The FUV
instrument consists of a Wide-Band Imaging Camera (WIC)
and a dual-wavelength Spectrographic Imager (SI). The WIC
provides broad-band UV images of the aurora by imaging
the nitrogen lines and bands between 140 and 180 nm wave-
length. The dual-channel SI images both Doppler-shifted
Ly-α emissions, produced by precipitating protons, and OI
135.6 nm emissions in the SI-12 and SI-13 channels, respec-
tively. The technique to estimate the particle energy flux
from the multi-wavelength auroral images is described in
detail byFrey et al.(2003). In brief, we first estimate the
precipitating proton energy flux from the luminosities in the
Ly-α band and a model prediction for the proton mean en-
ergy (Hardy et al., 1989, 1991). We then subtract the proton
contribution from the WIC and SI-13 images, leaving an es-
timate for the signal from electron precipitation. Comparison
of the WIC and SI-13 signals provides a measure of the elec-
tron mean energy, which can then be used to determine the
electron energy flux. These estimates are typically accurate

to within a factor of two (Frey et al., 2003). The total par-
ticle precipitation energy flux is the sum of the proton and
electron contributions. The robustness of this technique has
been tested by comparison with in-situ observations of the
electron energy flux by the FAST satellite (Frey et al., 2001,
2003).

The IMAGE FUV particle inputs were processed for com-
parison with the EM energy flux by re-registering the two-
minute resolution IMAGE FUV flux results in magnetic co-
ordinates and averaging over the same interval used for the
EM energy flux analysis. All particle energy flux distribu-
tions obtained during the two-hour period were averaged by
sorting each distribution into bins according to magnetic lat-
itude and local time and calculating the average within each
bin. Figure6 shows from left to right the average (a) electron,
(b) proton, and (c) total particle energy flux for the interval
10 January 2002, 10:00–12:00 UT. The electron precipitation
(Fig. 6a) occurred in a 5◦−10◦ wide latitude band at all lo-
cal times except within a small region near local noon. On
the duskside, the electron energy flux peaks near 70◦ MLAT,
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whereas at dawn the maximum is observed approximately
5◦ further toward the equator relative to dusk. The maximum
electron energy flux is 2.4 mW/m2 and is in the pre-midnight
region. The proton precipitation flux (Fig.6b) is mostly on
the nightside and extends from post-midnight through the
evening sector into the late afternoon sector. The proton
energy flux maximizes in the pre-midnight sector about 5◦

equatorward of the electron precipitation. The total hemi-
spheric power due to particle precipitation integrated pole-
ward of 60◦ MLAT from Fig. 6c is 19 GW, with contributions
from electrons and protons amounting to 13 GW and 6 GW,
respectively.

3 Comparison with DMSP observations

Both the particle and EM energy input estimates above are
subject to uncertainties so it is essential to independently
evaluate the results. The EM energy flux is computed from
distributed fits of magnetic perturbations and electric fields.
Obviously, the spherical harmonic fit cannot resolve features
smaller than the shortest wavelength basis function. Fluctu-
ations on spatial scales<4◦ are not represented by these fits.
Thus we need to estimate the fraction of the total power re-
solved by the maps. In addition, the native resolution of the
input magnetic field or radar data may not be high enough
to capture the actual extrema in the magnetic or electric
field signatures. By comparison of in-situ observations of
the magnetic perturbations by Ørsted and DMSP with Irid-
ium fits evaluated along the satellite orbit, it was found that
the maximum magnetic perturbations are underestimated by
the fit, commonly by 30%–50% (Korth et al., 2004, 2005).
Statistical comparison of SuperDARN line-of-sight veloci-
ties with DMSP drift meter observations byDrayton et al.

(2005) showed that the SuperDARN velocities tend to be
somewhat smaller then concurrent DMSP ion drifts, espe-
cially for larger electric fields. Finally, the IMAGE FUV-
derived particle flux input relies on a number of assumptions.
For example, the proton energies are estimated from statisti-
cal models. We therefore checked results for each parameter
against in-situ observations from DMSP satellites.

3.1 EM energy flux

The DMSP satellites carry instrumentation from which both
particle and EM energy flux can be calculated along the
DMSP track. The trajectories of DMSP F13 and F15 used in
this study are shown in Figs.5 and6. Figure7 compares the
DMSP F13 (left panel) and F15 (right panel) observations of
the eastward component of the magnetic perturbations (top
panel) and the northward electric field component (middle
panel), with the spherical harmonic fit results evaluated along
the respective satellite trajectory. The 1-s resolution magne-
tometer data and 4-s resolution drift meter data from DMSP
are shown as solid black lines, and the corresponding eval-
uations of the Iridium and SuperDARN spherical harmonic
fits are represented by dashed black lines. While we com-
pare both the northward (N) and eastward (E) components
of E andb in our analysis, we display justEN andbE since
their product gives the dominant contribution toS‖. The par-
allel Poynting vector, evaluated from the complete horizon-
tal DMSP fields, positive downward, is shown in the bottom
panel. Comparison of the DMSP F13 data with the fit evalua-
tions shows that the location of the maxima in both the mag-
netic perturbations and the electric field at dawn and dusk
agree within the latitude resolution of the fits. However, the
peak magnitudes in both the magnetic perturbations and the

Ann. Geophys., 26, 1415–1430, 2008 www.ann-geophys.net/26/1415/2008/



H. Korth et al.: Global electromagnetic and particle energy flux observations 1423

60.0
17.4

73.4
16.4

81.7
12.5

73.6
8.4

60.0
7.4

-10

0

10

20

30

P
oy

nt
in

g 
F

lu
x 

[m
W

/m
2 ]

MLAT
MLT

60.0
20.1

70.6
18.8

75.8
15.8

70.8
12.9

60.0
11.6

-10

0

10

20

30

60.0
17.4

73.4
16.4

81.7
12.5

73.6
8.4

60.0
7.4

-1000

-500

0

500

1000
dB

 E
as

t [
nT

]

MLAT
MLT

60.0
20.1

70.6
18.8

75.8
15.8

70.8
12.9

60.0
11.6

-1000

-500

0

500

1000

60.0
17.4

73.4
16.4

81.7
12.5

73.6
8.4

60.0
7.4

-100

-50

0

50

100

E
 N

or
th

 [m
V

/m
]

MLAT
MLT

60.0
20.1

70.6
18.8

75.8
15.8

70.8
12.9

60.0
11.6

-100

-50

0

50

100

F13: 11:28 - 12:07 F15: 10:29 - 10:55

Fig. 7. Comparison of eastward magnetic perturbation, northward electric field, and Poynting flux from the Iridium/SuperDARN fits (dashed
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The dashed red lines represent the scaled componentsbE andEN and the Poynting flux computed therefrom. The dashed blue lines result
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electric fields obtained from the fits are significantly lower
than those observed by DMSP.

To determine how much of the underestimation in the fits
is due to the coarse spatial resolution of the fits and how
much is due to a true underestimation of the large-scale
fields, one needs to evaluate contributions of long and short
length-scales to the DMSP results. To illustrate this quali-
tatively, the green line shows a 70-s running average of the
DMSP data, commensurate with the 4◦ latitude resolution
of the Iridium and SuperDARN fits. The peak magnitudes
of the boxcar-averaged magnetic perturbations and electric
fields from DMSP are significantly lower than the observed

maxima, but are still a factor of∼2 larger than those eval-
uated from the Iridium and SuperDARN fits. Consequently,
the peak magnitude of the parallel Poynting vector from Irid-
ium and SuperDARN is only about one-fourth of the cor-
responding large-scale energy flux observed by F13. The
DMSP F15 comparison gives similar results for the magnetic
perturbations, reproducing maxima at both dusk and noon
with a somewhat lower magnitude. The SuperDARN elec-
tric field is much smaller in magnitude than that measured
by DMSP F15, especially near noon where the latter exceeds
the former by a factor of∼5. This comparison is made more
rigorously below by comparing the global estimates with the
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Fig. 8. Power spectra of DMSP (solid line) and Irid-
ium/SuperDARN (dotted line) electromagnetic energy flux.

DMSP data via spectral analysis to compare only the range
of wavelengths resolved in the global estimates.

Analyzing the DMSP and Iridium/SuperDARN results
in the frequency or wave number domain allows us both
to derive correction factors to scale the large-scale Irid-
ium/SuperDARN results and to determine how much EM
power is present at shorter scales but missed in the global
estimates. First, we evaluate the magnetic perturbations and
the electric fields along the DMSP track from the spherical
harmonic fits and calculate the parallel Poynting vector us-
ing Eq. (1). The time series ofE, b, andS‖ are then de-
composed into their spectral components using Fast Fourier
Transform (FFT) analysis to yield wave number power spec-
tra. Figure8 shows the power spectra for the parallel Poynt-
ing vector from DMSP F13 and F15 (solid line) and those
obtained from the corresponding Iridium and SuperDARN
fits (dotted line). The Nyquist wave number for the DMSP
results is approximately 1.5×10−5 m−1, corresponding to 4-
s drift meter sampling. For both F13 and F15, the DMSP
data yield power-law spectra while the spectra of the Irid-
ium/SuperDARN fits have a sharp decrease in power at ap-

proximately 10−6 m−1 wave number at the ionosphere, cor-
responding to a wave length in degrees of∼8◦. This fall off
in power reflects the half-wave-length resolution of both the
Iridium and SuperDARN spherical harmonic fits.

These power spectra are used to measure the degree of
underestimation of the large-scale energy flux in the Irid-
ium/SuperDARN results. We take the ratio of the inte-
grals of the spectral densities from DMSP,PDMSP, and Irid-
ium/SuperDARN,PIrSD, over the long wavelength range:

c =

νmax∫
0

PDMSP(ν) dν

νmax∫
0

PIrSD(ν) dν

, (2)

whereνmax is the cutoff wave number. Applying Eq. (2) to
the power spectra in Fig.8, we find scale factors ofc=3.6
andc=4.4 for the DMSP F13 and F15 passes, respectively.
The dashed blue lines in the bottom panels of Fig.7 rep-
resent the EM energy flux from Iridium and SuperDARN
multiplied by the above scale factors. In the regions, where
the EM energy flux deposition maximizes, the peak magni-
tudes of the scaled Poynting vector are found to be in good
agreement with the DMSP observations with running aver-
age (green line in Fig.7). The integral power of the scaled
EM energy flux obtained from the Iridium and SuperDARN
fits matches that measured by DMSP on spatial scales larger
than 4◦ to within 4% and 6% along the F13 and F15 passes,
respectively. Applying an average scale factor ofc=4.0 glob-
ally, we obtain a hemispheric power of 188 GW for our best
estimate of the total EM energy deposition.

We also use power spectral analysis to determine the rel-
ative underestimation ofE andb in the global estimates by
applying Eq. (2) separately to the magnetic perturbations and
the electric fields. Along the F13 trajectory, we find a scale
factor of 1.6 for both the magnetic perturbations and the elec-
tric field, while, along the F15 orbit, we obtain scale factors
of 1.2 and 2.8 forbE andEN, respectively. The scaled mag-
netic perturbations and electric fields and the parallel Poynt-
ing vector are shown as dashed red lines in Fig.7. Compari-
son of DMSP and SuperDARN electric fields along the F15
orbit shows that the largest discrepancies in the electric field
magnitude exist on the dayside where many radar returns are
obtained, so the underestimate cannot be simply attributed to
low observational coverage. Although the convection pattern
is stable in its overall configuration, some temporal variabil-
ity of the plasma velocities does exist in the SuperDARN
maps along the dayside pass of the F15 orbit near the con-
vection “throat”. This may lead to increased departure of the
averaged electric field from the in-situ observations.

The spectral analysis also provides information on the en-
ergy flux deposited in smaller scales than resolved by the
Iridium/SuperDARN technique. To estimate this quantita-
tively we integrate the DMSP energy flux spectra separately
for wave numbers smaller and larger thanνmax and compare
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these integrals to the total energy flux. Along the F13 or-
bit 82% of the energy flux is attributed to spatial scales as-
sociated with wave numbers≤νmax. For the F15 pass, the
long wavelength range captures 94% of the power. These re-
sults indicate that the energy content of the small-scale struc-
tures is less than 20% of the total, demonstrating that the
distributed fits used in our analysis provide a suitable tool for
studying both the location and magnitude of the EM energy
deposition on a global scale.

3.2 Particle energy flux

The DMSP observations can also be used to check the par-
ticle energy flux estimates derived from auroral imaging by
comparing the particle energy flux distribution from IMAGE
FUV (Fig. 6c) with measurements by the SSJ/4 particle de-
tector (Hardy et al., 1984). Although the low energy ion de-
tectors on both DMSP spacecraft, F13 and F15, are known
to be degraded, the decreased sensitivity in the energy range
below 1 keV is expected to have only small impact on the
calculation of the total particle energy flux. On a global
scale the ion contribution to the total particle energy flux is
much smaller than that of the electrons, typically no more
than 20% (Gérard et al., 2001; Hubert et al., 2002). In addi-
tion, the energy range affected by the degradation does not
contribute significantly to the ion energy flux in the proton
aurora, where the characteristic ion energy is a factor of five
or more greater (Newell et al., 2005) than the highest en-
ergy of a degraded channel. The DMSP observations should
therefore reasonably reflect the particle energy deposition of
the natural system.

Figure9 shows from top to bottom the total particle, pro-
ton, and electron energy flux observed by DMSP (black) F13
(left) and F15 (right) together with respective quantities eval-
uated from IMAGE FUV auroral emissions (red), registered
at the time and location of the DMSP observations. That
is, the FUV image-derived flux is not taken from a single
average image but from the pixel closest to the DMSP loca-
tion and from the image closest in time to each DMSP par-
ticle data measurement. The particle energy flux along the
DMSP F13 orbit peaks at dawn and dusk associated with the
precipitation into the auroral oval. At dusk, the latitude at
which the peak in the precipitation is observed corresponds
well with that inferred from the auroral images. Here, the
peak energy flux observed by DMSP exceeds that inferred
from the FUV data by a factor of∼1.5. Comparison of the
proton and electron energy flux shows that the electrons pro-
vide the dominant contribution to the total particle flux and
that the underestimate of the electron energy flux is the cause
for the difference in the peak amplitude. At dawn, the dis-
crepancy between the DMSP and IMAGE FUV peak flux is
about twice as large. The larger difference on the dawnside
is due to the fact that in this region the DMSP F13 track is
located sunward of the terminator so that uncertainties asso-
ciated with the dayglow correction lead to less reliable de-

terminations of the electron energies and hence the electron
energy flux. Along the DMSP F15 orbit, a peak in the total
particle energy flux is measured in the pre-midnight sector
near 70◦ MLAT. A peak of similar magnitude is also evident
in the auroral data, where, however, it is observed about 5◦

equatorward.
The proportions of electron and proton energy flux mea-

sured by the two platforms are significantly different. The
F15 particle data indicate a total particle flux consisting
largely of electrons with only small contributions from pro-
tons. On the other hand, the auroral imaging data show a
total particle flux that is comprised nearly equally of contri-
butions from electrons and protons. While the electron pre-
cipitation is observed at approximately the same latitudes by
F15 and IMAGE FUV, the FUV-derived proton flux extends
further equatorward and shows a peak magnitude about four
times larger than observed by F15. During the latter half
of the orbit, the F15 position magnetically maps to the day-
side ionosphere, where, similar to the F13 orbit, the electron
flux inferred from auroral data deviates in some locations sig-
nificantly from the DMSP particle data. The multiple peak
structure evident in the IMAGE FUV data is not observed
by F15. The IMAGE FUV technique relies on the ratio of
counts measured in the WIC and SI13 channels, whereby the
count rates in the SI13 channel are generally only between 20
and 50 counts in the aurora. A lower-end cutoff of 5 counts
is imposed on the SI13 channel, below which no attempt is
made to calculate the mean electron energy. The scattered
dropouts in the mean energy calculation adversely effect the
conversion of the WIC auroral luminosity to energy flux and
are the cause of the spurious peaks.

The DMSP particle observations can be used to derive
suitable scale factors for the particle flux estimates inferred
from the auroral emissions. We calculate the scale factors
separately for electrons and protons from the ratios of the
integrated energy fluxes obtained from DMSP and IMAGE
FUV. Owing to uncertainties in the dayglow correction dis-
cussed above, the electron energy flux estimates are less ac-
curate on the dayside than they are on the nightside. We
therefore restrict the analysis of the particle flux scale fac-
tor to the nightside. The energy flux ratios from DMSP and
IMAGE FUV for electrons and protons are 1.12 and 0.58 for
F13 and 1.61 and 0.17 for F15. From the above ratios we
obtain average scale factors of 1.37 and 0.38 for the electron
and proton energy flux, respectively. Applying these scale
factors to the electron (13 GW) and proton (6 GW) energy
deposition found above, the corrected energy deposition for
these species are 17.8 GW and 2.3 GW, respectively, yielding
a corrected total particle input of about 20 GW.

4 Discussion

The distribution of EM energy flux is qualitatively con-
sistent with previous global estimates for southward IMF
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Fig. 9. Comparison of DMSP F13 (left panel) and F15 (right panel) particle energy flux estimates (black) with IMAGE FUV calculations
(red) along the satellite orbits. The top, middle, and bottom panels show the total particle, proton, and electron energy flux, respectively.

(e.g.Waters et al., 2004). The global mapping of the paral-
lel Poynting vector in Fig.5 shows that the transport of EM
energy to the ionosphere occurs over a large fraction of the
high-latitude ionosphere. Most of the EM energy flux, about
72%, is deposited in a 5◦−10◦ wide annulus centered near
70◦ MLAT, coinciding with the locations where the magni-
tudes of the magnetic perturbations and the electric fields are
largest. In addition, there is a broad region of flux incident
over the polar cap at higher latitudes. Within the auroral zone
annulus, the energy deposition maximizes pre-dawn and pre-
dusk, where the electric field and the magnetic perturbations
are not only largest but also nearly perpendicular, and de-

creases toward local noon and midnight, where the magnetic
perturbations assume smaller magnitudes. The Poynting vec-
tor from Iridium and SuperDARN observations was com-
pared to in-situ observations by two DMSP satellites and the
locations of enhanced energy flux were found to be in good
agreement.

In the pre-midnight region, the Iridium constellation mea-
sures large eastward magnetic perturbations, yet the mag-
nitudes of the associated Poynting vectors are small. This
is caused by the absence of SuperDARN radar returns in
this region where the missing observations are padded with
pseudo-data from a statistical fit, which often inadequately
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represents the natural system. Thus, the Poynting vector in
the lower-latitude pre-midnight region is probably underes-
timated. Figure5c also shows modest EM energy deposi-
tion in the polar ionosphere, which amounts to about 10%
of the total EM power. However, due to the sparseness of
radar observations in the region near the geomagnetic pole,
the SuperDARN electric field is least reliable in this region.
In addition, the Iridium fitted magnetic perturbations in the
polar cap deviate significantly from the observations and fall
largely below the 2σ confidence level, defined byKorth et al.
(2004). Therefore, the EM energy deposition in this region is
less reliably determined than elsewhere. Similarly, we have
low confidence in the upward Poynting fluxes since most
of the upward directed Poynting vectors are observed in or
near areas where SuperDARN radar returns were unavail-
able. Also the magnitudes of the EM energy flux leaving
the ionosphere are small compared to the error margins as-
sociated with the technique. We emphasize that we are not
arguing that energy transfer from the I-T system to the mag-
netosphere does not occur, but rather that our technique does
not reliably resolve such transfers.

Precipitating electrons and ions contribute to the particle
precipitation energy flux in different regions. While the pre-
cipitation of both species is observed in a 5◦

−10◦ wide lat-
itude band within the auroral oval, the electron and ion pre-
cipitation regions are spatially distinct (cf. Fig.6). The elec-
tron precipitation is observed at all local times except within
about 2 h of local noon, but occurs on the duskside at lat-
itudes approximately 5◦ further poleward than observed at
dawn. The reason for the latitude difference is that the elec-
tron precipitation is tightly controlled by the Birkeland cur-
rents coupling the ionosphere to the magnetosphere. The
Birkeland currents can be derived from the Iridium magnetic
perturbations using the Curl-B approach described byWaters
et al. (2001). The distribution of the large-scale Birkeland
currents obtained in this manner is shown in Fig.10 where
upward field-aligned currents are shown in red and down-
ward currents in blue. Regions were the Birkeland current
density is below the 2σ confidence level (Korth et al., 2004)
are gray-shaded. The Birkeland currents resemble the Re-
gion 1/Region 2 current system documented statistically by
Iijima and Potemra(1976, 1978). Overlaid on the Birkeland
currents are the contours of the electron energy flux observed
by IMAGE FUV (Fig. 6a) showing that the electron energy
flux precipitates in the regions of upward field-aligned cur-
rent at both dawn and dusk. Since precipitating energetic
electrons give rise to discrete auroral arcs, our observations
are consistent with previous observations of upward field-
aligned currents in regions of discrete aurora byKamide and
Akasofu(1976); Kamide et al.(1979). Furthermore, they are
consonant with works by other authors suggesting that the
upward Birkeland currents are carried at least in part by pre-
cipitating electrons (Arnoldy, 1974; Evans et al., 1977; Guo
et al., 1999).
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Fig. 10. Iridium Birkeland currents 10 January 2002, 10:00–
12:00 UT, with IMAGE FUV electron energy flux contours.

The ion energy fluxes are not as tightly linked to the Birke-
land currents. The ion fluxes (Fig.6b) exhibit a maximum
in the pre-midnight region, equatorward of the electron pre-
cipitation, producing the multiple arc structures seen in sev-
eral WIC frames in Fig.4. At dusk, the ion precipitation
extends into the dayside, whereas on the dawnside it is con-
fined to the nightside. The peak magnitude of the ion energy
flux is approximately a factor of two lower than for the elec-
trons. The correlation between ion precipitation and down-
ward field-aligned currents is not strong. On the duskside,
the ion precipitation coexists with the downward Birkeland
currents, but on the dawnside the ion precipitation overlaps
with upward currents.Kamide et al.(1979) argued that in
the diffuse auroral region for a given energy protons carry
less than 1% of the field-aligned currents carried by elec-
trons and suggest that the downward Birkeland currents are
carried by upward flowing thermal electrons instead. The
low correlation between the ion precipitation and downward
field-aligned currents observed here is consistent with this
scenario.

Electromagnetic and particle energy deposition differ not
only in their spatial distribution but also in their integrated
intensity. The integrated EM energy flux poleward of
60◦ MLAT (Fig. 5c) is 47 GW. The comparisons with DMSP
observations show that the integrated EM energy flux is in
each case approximately four times larger than we estimate
from Iridium/SuperDARN. Applying this factor, our best es-
timate for the hemispheric EM power is 188 GW. On the
other hand, the total energy flux from particle precipitation
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integrated over the same region is 20 GW, so that the hemi-
spheric EM power is about ten times larger than that from
particle precipitation. This result is consistent with the
spread of ratios determined from statistical analysis of mag-
netic field observations byAhn et al. (1983) albeit a bit
higher than the ratio of four inferred byLu et al. (1995) for
the period 28–29 March 1992, using the AMIE technique
(Richmond and Kamide, 1988). Interestingly, our result for
this interval is consistent with the factor of eight difference
found during the strongly northward IMF interval for a sunlit
ionosphere discussed byKorth et al.(2005).

Both the EM and particle energy flux estimates are associ-
ated with significant uncertainties. For the determination of
the EM power, the sources of error include those intrinsic to
the Iridium/SuperDARN technique discussed above and the
fact that the scale factor is determined along two DMSP tra-
jectories only and cannot be verified globally. Nevertheless,
we can establish lower and upper limits for these uncertain-
ties. The gaps in the data sampling and the limited spatial
resolution of the Iridium and SuperDARN fits lead necessar-
ily to an underestimate of the global EM power. It is there-
fore reasonable to assume that the EM energy deposition of
47 GW determined without the scale factor applied presents
a lower limited to the analysis. An upper limit can be es-
tablished from the partitioning of the EM energy deposition
with respect to the spatial scales. We found that the resolu-
tion of Iridium and SuperDARN fits captures on average 88%
of the EM energy deposition determined from the DMSP ob-
servation. Thus the upper limit the total EM energy deposi-
tion during the interval of our study is 12% higher (211 GW)
than our best estimate. On the other hand, the uncertainty
for the particle energy flux is determined by the accuracy of
the theoretical relations (Brittnacher et al., 1997; Germany
et al., 1998) between the energy of the precipitating popu-
lation and the photon energy flux.Frey et al.(2003) found
that the particle energy flux derived from the IMAGE FUV
auroral images and that measured in-situ typically differs by
up to a factor of two. This assessment is consistent with the
discrepancies observed between IMAGE and DMSP on the
duskside, albeit the difference at dawn is somewhat larger.
The true hemispheric power for the particle precipitation is
thus somewhere in the range between 10 GW and 40 GW.

While the ratio of electromagnetic and particle energy flux
may be readily derived from the observations, caution is ad-
vised in inferring the relative effectiveness of the two en-
ergy forms on the physics of the thermosphere-ionosphere-
magnetosphere system from these results. The energy con-
version processes are not only very distinct in their nature but
also occur at different the altitudes. Most of the electromag-
netic energy is dissipated in the lower ionosphere, where it
mainly heats ions and neutrals, and also does work in mov-
ing the neutral atmosphere. This is clearly important for
ionosphere-thermosphere coupling. On the other hand, par-
ticle energy flux is dissipated at higher altitudes, where ions
and electrons are preferentially heated, rather than neutrals.

This may therefore have a greater effect on magnetosphere-
ionosphere coupling via conductivity changes, and enhanced
mass outflows. Therefore, although the particle energy flux
may be lower in magnitude, it may have a greater effect on
the ionosphere.

5 Summary

In this study we have estimated the large-scale EM and parti-
cle energy flux distributions to determine their relative loca-
tions and intensities. In comparison with DMSP in-situ ob-
servations we have confirmed that the Iridium/SuperDARN
technique to determine the EM energy flux reliably locates
the regions of enhanced EM energy deposition provided:
(1) the Iridium and SuperDARN data are globally distributed
and have sufficient sample density; (2) the energy deposi-
tion of interest occurs on spatial scales exceeding the half-
wavelength latitude resolution of the spherical harmonic fits;
and (3) the morphology of the magnetic perturbations and
the electric field are stable over the length of the sample pe-
riod. We have found that the morphology of the EM en-
ergy flux for the event presented here is adequately repre-
sented by the Iridium/SuperDARN technique, but its over-
all magnitude is approximately a factor of four low. Cor-
recting for this underestimate, the EM energy flux is found
to be nearly ten times the energy flux from auroral parti-
cle injection, consistent with previous studies. It is particu-
larly interesting that the EM flux is dominant even for a dark
ionosphere for which one expects an enhancement of auro-
ral precipitation. The spatial distributions of EM and par-
ticle flux differ significantly with proton precipitation being
strongest in regions usually associated with diffuse precipita-
tion whereas the electron deposition correlates with regions
of upward Birkeland current. Analyses of the energy inputs
for a range of conditions will allow quantitative generaliza-
tion of these results and provide a robust description of these
energy inputs to the high-latitude I-T system.
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Hubert, B., Ǵerard, J.-C., Evans, D. S., Meurant, M., Mende, S. B.,
Frey, H. U., and Immel, T. J.: Total electron and proton energy
input during auroral substorms: Remote sensing with IMAGE-
FUV, J. Geophys. Res., 107, SMP15–1–12, 2002.

Iijima, T. and Potemra, T. A.: Amplitude Distribution of Field-
Aligned Currents at Northern High Latitudes Observed by
TRIAD, J. Geophys. Res., 81, 2165–2174, 1976.

Iijima, T. and Potemra, T. A.: Large-Scale Characteristics of Field-
Aligned Currents Associated With Substorms, J. Geophys. Res.,
83, 599–615, 1978.

Kamide, Y. and Akasofu, S.-I.: The location of the field-aligned
currents with respect to discrete auroral arcs, J. Geophys. Res.,
81, 3999–4003, 1976.

Kamide, Y., Murphree, J. S., Anger, C. D., Berkey, F. T., and
Potemra, T. A.: Nearly simultaneous observations of field-
aligned currents and visible auroras by the Triad and Isis 2 satel-
lites, J. Geophys. Res., 84, 4425–4431, 1979.

Korth, H., Anderson, B. J., Wiltberger, M. J., Lyon, J. G., and An-
derson, P. C.: Intercomparison of Ionospheric Electrodynamics
From the Iridium Constellation With Global MHD Simulations,
J. Geophys. Res., 109, A07 307, doi:10.1029/2004JA010428,

www.ann-geophys.net/26/1415/2008/ Ann. Geophys., 26, 1415–1430, 2008



1430 H. Korth et al.: Global electromagnetic and particle energy flux observations

2004.
Korth, H., Anderson, B. J., Frey, H. U., and Waters, C. L.: High-

Latitude Electromagnetic and Particle Energy Flux During an
Event With Sustained Strongly Northward IMF, Ann. Geophys.,
23, 1295–1310, 2005,
http://www.ann-geophys.net/23/1295/2005/.

Korth, H., Anderson, B. J., Wiltberger, M. J., Lyon, J. G., and An-
derson, P. C.: Comparison of Birkeland Current Observation
During Two Magnetic Cloud Events With MHD Simulations,
Ann. Geophys., 26, 499–516, 2008,
http://www.ann-geophys.net/26/499/2008/.

Lu, G., Richmond, A. D., Emery, B. A., and Roble, R. G.:
Magnetosphere-Ionosphere-Thermosphere Coupling: Effect of
Neutral Winds on Energy Transfer and Field-Aligned Current,
J. Geophys. Res., 100, 19 643–19 659, 1995.

Lu, G., Baker, D. N., McPherron, R. L., Farrugia, C. J., Lum-
merzheim, D., Ruohoniemi, J. M., Rich, F. J., Evans, D. S., Lep-
ping, R. P., Brittnacher, M., Li, X., Greenwald, R. A., Sofko,
G., Villain, J., Lester, M., Thayer, J. P., Moretto, T., Milling,
D., Troshichev, O., Zaitzev, A., Odintzov, V., Makarov, G., and
Hayashi, K.: Global energy deposition during the January 1997
magnetic cloud event, J. Geophys. Res., 103, 11 685–11 694,
1998.

Lummerzheim, D., Brittnacher, M., Evans, D., Germany, G. A.,
Parks, G. K., Rees, M. H., and Spann, J. F.: High Time Resolu-
tion Study of the Hemispheric Power Carried by Energetic Elec-
trons Into the Ionosphere During the May 19/20, 1996 Auroral
Activity, Geophys. Res. Lett., 24, 987–990, 1997.

McComas, D. J., Bame, S. J., Barker, P. L., Feldman, W. C.,
Phillips, J. L., Riley, P., and Griffee, J. W.: Solar Wind Electron
Proton Alpha Monitor (SWEPAM) for the Advanced Composi-
tion Explorer, Space Sci. Rev., 86, 563–612, 1998.

Mishin, E. V., Burke, W. J., Huang, C. Y., and Rich, F. J.: Electro-
magnetic wave structures within subauroral polarization streams,
J. Geophys. Res., 108, 1309, doi:10.1029/2002JA009793, 2003.

Murr, D. L. and Hughes, W. J.: Reconfiguration timescales of iono-
spheric convection, Geophys. Res. Lett., 28, 2145–2148, 2001.

Newell, P. T.: Reconsidering the inverted-V particle signature: Rel-
ative frequency of large-scale electron acceleration events, J.
Geophys. Res., 105, 15 779–15 794, 2000.

Newell, P. T., Wing, S., Sotirelis, T., and Meng, C.-I.: Ion aurora
and its seasonal variations, J. Geophys. Res., 110, A01 215, doi:
10.1029/2004JA010743, 2005.

Rees, M. H., Lummerzheim, D., Roble, R. G., Winningham, J. D.,
Craven, J. D., and Frank, L. A.: Auroral Energy Deposition Rate,
Characteristic Electron Energy, and Ionospheric Parameters De-
rived From Dynamics Explorer 1 Images, J. Geophys. Res., 93,
12 841–12 860, 1988.

Richmond, A. D. and Kamide, Y.: Mapping electrodynamic fea-
tures of the high-latitude ionosphere from localized observations:
Technique, J. Geophys. Res., 93, 5741–5759, 1988.

Roble, R. G. and Rees, M. H.: Time-dependent studies of the au-
rora: Effects of particle precipitation on the dynamic morphology
of ionospheric and atmospheric properties, Planet. Space Sci.,
25, 991–1010, 1977.

Ruohoniemi, J. M. and Baker, K. B.: Large-scale imaging of high-
latitude convection with Super Dual Auroral Radar Network HF
radar observations, J. Geophys. Res., 103, 20 797–20 811, 1998.

Sharber, J. R., Frahm, R. A., Link, R., Crowley, G., Winningham,
J. D., Gaines, E. E., Nightingale, R. W., Chenette, D. L., An-
derson, B. J., and Gurgiolo, C. A.: UARS particle environment
monitor observations during the November 1993 storm: Auroral
morphology, spectral characterization, and energy deposition, J.
Geophys. Res., 103, 26 307–26 322, 1998.

Shepherd, S. G. and Ruohoniemi, J. M.: Electrostatic potential pat-
terns in the high-latitude ionosphere constrained by SuperDARN
measurements, J. Geophys. Res., 105, 23 005–23 014, 2000.

Smith, C. W., L’Heureux, J., Ness, N. F., Acuña, M. H., Burlaga,
L. F., and Scheifele, J.: The ACE Magnetic Fields Experiment,
Space Sci. Rev., 86, 613–632, 1998.

Thayer, J. P.: High-latitude currents and their energy exchange
with the ionosphere-thermosphere system, J. Geophys. Res., 105,
23 015–23 024, 2000.

Waters, C. L., Anderson, B. J., and Liou, K.: Estimation of global
field aligned currents using the Iridium System magnetometer
data, Geophys. Res. Lett., 28, 2165–2168, 2001.

Waters, C. L., Anderson, B. J., Greenwald, R. A., Barnes, R. J., and
Ruohoniemi, J. M.: High Latitude Poynting Flux From Com-
bined Iridium and SuperDARN Data, Ann. Geophys., 22, 2861–
2875, 2004,
http://www.ann-geophys.net/22/2861/2004/.

Ann. Geophys., 26, 1415–1430, 2008 www.ann-geophys.net/26/1415/2008/

http://www.ann-geophys.net/23/1295/2005/
http://www.ann-geophys.net/26/499/2008/
http://www.ann-geophys.net/22/2861/2004/

