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[1] Field line resonances (FLRs) are important for
transferring energy from fast mode waves to shear Alfvén
waves in the Earth’s magnetosphere. Using simultaneous
multi‐satellite observations from THEMIS and the IMAGE
ground magnetometer array, we report on the transfer of
energy from compressional magnetopause undulations
through an FLR to the ionosphere. Energy diversion from
the magnetosphere to the ionosphere took place at the FLR:
we find net energy flux there to have comparable values in
the radial and the field‐aligned directions. The field‐
aligned energy flux, when mapped to the ionosphere, was
0.70 mW/m2 and consistent with the inferred Joule
dissipation rate at that time. IMAGE’s regional monitoring of
wave activity reveals that the temporal evolution of the FLR
wave power and energy transfer were correlated with the
amplitude profile of magnetopause undulations, confirming
these waves to be the FLR driver. Citation: Hartinger, M.,
V. Angelopoulos, M. B. Moldwin, K.‐H. Glassmeier, and
Y. Nishimura (2011), Global energy transfer during a magneto-
spheric field line resonance, Geophys. Res. Lett., 38, L12101,
doi:10.1029/2011GL047846.

1. Introduction

[2] The Earth’s magnetosphere is an inhomogeneous
medium. This facilitates energy transfer between different
plasma wave modes at plasma boundaries. Early models of
magnetohydrodynamic (MHD) wave propagation in Earth’s
magnetosphere suggested that the shear and compressional
MHD wave modes could couple via a field line resonance
(FLR) mechanism [Tamao, 1965]. Energy transfer near an
FLR has been modeled in several studies [e.g., Junginger,
1985; Kouznetsov and Lotko, 1995]. If the FLR is being
driven by a source in the solar wind or a surface wave at the
magnetopause, net energy flux directed earthward into the
resonance region is expected. This energy flux is both
kinetic and electromagnetic (Poynting vector). Electromag-
netic energy transfer will be the focus of this study; how-
ever, it should be noted that kinetic energy flux can

significantly alter the expected behavior of the MHD wave
modes associated with field line resonance [Kouznetsov and
Lotko, 1995]. In the FLR region, the earthward energy flux
is converted to net field‐aligned energy flux, as the FLR
loses energy to the ionosphere through Joule dissipation
[Newton et al., 1978; Glassmeier et al., 1984]. It is expected
that earthward energy flux (perpendicular to the background
magnetic field) should be larger near the magnetic equator,
as models and observations show that compressional MHD
waves are confined to this region [Zhu and Kivelson, 1991;
Lee, 1996].
[3] Junginger et al. [1985] examined the Poynting vector

for Pc5 pulsations, finding values from 10−10 to 10−5 W/m2

that were often directed radially inward and tailward. Rae
et al. [2005] identified a specific FLR that was steady over
several hours and using ground and satellite measurements
they examined the associated Poynting vector averaged over
several wave cycles. They found that the radial Poynting
vector component was smallest, followed by a significant
azimuthal (tailward) and a dominant field‐aligned compo-
nent. Rae et al. [2007] examined the energy balance between
the average field‐aligned Poynting vector and Joule dissi-
pation rate in the ionosphere, finding that they were nearly
equal.
[4] The goal of this study is to examine the energy

transfer associated with a shear Alfvén mode generated
through the FLR mechanism. We present simultaneous
observations of an FLR near the magnetic equator (i.e.,
where compressional‐to‐shear Alfven wave coupling is
strong), at the magnetopause boundary (i.e., where the solar
wind driver imparts energy) and on the ground, where a
network of stations removes the space‐time ambiguity
associated with single spacecraft crossings of a resonant
L‐shell. The fortuitous conjunction occurred on 31 October
2008 near the dawn terminator.

2. Instrumentation

[5] We use magnetospheric data from the five‐satellite
Timed History of Events and Macroscale Interactions
(THEMIS) mission, solar wind data from OMNIweb that
have been time‐referenced to the subsolar magnetopause,
and ground magnetometer data from the International
Monitor for Auroral Geomagnetic Effects (IMAGE) array
[Sibeck and Angelopoulos, 2008]. Observations from the
five THEMIS satellites are particularly useful for ULF wave
studies [e.g., Agapitov et al., 2009; Sarris et al., 2010]. Each
satellite has a 3 second spin period and is equipped with a
fluxgate magnetometer (FGM) [Auster et al., 2008], an
electric field instrument (EFI) [Bonnell et al., 2008], and an
ion and electron electrostatic analyzer (ESA) [McFadden
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et al., 2008]. EFI provides its highest‐quality low frequency
measurements in the spin‐plane. The third component of the
electric field is obtained by assuming E*B = 0 when the
normal of the spacecraft spin plane is sufficiently far from
the background magnetic field direction. ESA measures the
three‐dimensional particle distributions and moments (elec-
trons: 5 eV–30 keV, ions 5eV–25 keV) once per spin.

3. Observations

[6] The FLR event occurred during a period of quiet
geomagnetic activity, elevated (∼650 km/s) solar wind
velocity, weak dynamic pressure, and some IMF fluctua-
tions (see Figure 1a, top). The high value of the solar wind
speed suggests that the magnetopause was most probably
Kelvin‐Helmholtz unstable [e.g., Engebretson et al., 1998].
Magnetopause undulations were observed by THEMIS‐B
(TH‐B, P1) between 0230 to 0400 UT near the magneto-
pause boundary, as shown in Figure 1b: The energy‐time
spectrogram from ESA data (Figure 1b, top) shows the
characteristic signatures of alternating hot (1 keV) magne-
tospheric and cold (100 eV) magnetosheath electrons, con-
sistent with multiple magnetopause crossings. We follow

Liu et al. [2008] and compute the component of the ion
velocity (from ESA on board moments) normal to the
nominal magnetopause. Several strong negative/positive
excursions in the normal velocity occur inside the magne-
topause just before/after sheath crossings in (Figure 1b,
middle). These magnetopause velocity undulations have an
approximate frequency of 5 mHz (as determined by the
spacing between negative excursions) and clearly increase in
amplitude from 0310 to 0330 UT. TH‐C is located several
Earth Radii (RE) inside of the magnetopause (Figure 1c).
The high‐pass filtered (>0.5 mHz) total magnetic field at
TH‐C is shown in Figure 1b (bottom). ULF waves of about
5 mHz frequency, consistent with the velocity perturbations
observed by TH‐B, are evident there.
[7] Similarly high‐pass filtered electric and magnetic field

vectors observed at TH‐C were rotated into a field‐aligned
coordinate system in which y points eastward, z is along the
background magnetic field (direction obtained from low
pass filtered data, frequency <0.5 mHz), and x completes the
orthogonal set pointing approximately radially outward. In
Figure 2a, the x component of the electric field is shown,
and Figure 2b is for the corresponding dynamic power
spectrum. A large enhancement in wave activity occurred

Figure 1. (a) From top to bottom, solar wind velocity, dynamic pressure, IMF Bx (GSE/GSM), IMF By (GSM), IMF
Bz (GSM), and the AE index from OMNIweb. (b) From top to bottom, a dynamic energy flux spectrogram from TH‐B
(electrons), the plasma velocity component normal to the magnetopause inferred from TH‐B ESA ion measurements, and
detrended magnetic field magnitude from TH‐C. (c) The orbits of TH‐B and TH‐C in the GSM equatorial plane during
the interval from 0230 to 0400 UT.
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from 0310 to 0340 UT. The frequency of the enhanced wave
activity was ∼5 mHz, with several harmonics at higher
frequencies. Figures 2c and 2d show the y component of the
detrended magnetic field and corresponding dynamic power
spectrum; an enhancement is also seen there at ∼5 mHz.

[8] To examine the phase relations amongst various
components we next band pass filter (3–6 mHz) these data
and plot the radial electric and east–west magnetic field
components in Figure 2e. It is evident that the electric and
magnetic field were approximately 90 degrees out of phase
during the period of enhanced wave activity. We next

Figure 2. (a) Radial electric field, (b) radial electric field dynamic power spectra, (c) east–west magnetic field, (d) east–
west magnetic field spectra, (e) band pass filtered (3–6 mHz) radial electric (black) and east–west magnetic field (blue) data,
(f) instantaneous amplitude of radial electric field, (g) instantaneous phase of radial electric field, (h) radial Poynting vector
(black) and time averaged radial Poynting vector (red), (i) east–west Poynting vector, and (j) field‐aligned Poynting vector.
The time average is computed with a running 10 minute boxcar window.
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employ the method of the analytic signal to determine the
instantaneous amplitude and phase of the x component of
the electric field during the period of enhanced wave activity
[Glassmeier, 1980]. Figures 2f and 2g show a clear change
in phase of about 180 degrees across the amplitude peak. All
of the observations presented in Figures 2a–2g are therefore
consistent with a toroidal wave mode associated with an
FLR: there was a localized peak in amplitude in both the
radial electric and east–west magnetic field; the two field
components were 90 degrees out of phase; there was a clear
jump in phase of approximately 180 degrees across the
FLR; and harmonics were observed. Finally, the frequency
of 5 mHz is expected for a toroidal mode in this region [Lee
and Lysak, 1989].
[9] Figures 2h–2j show, in black lines, the Poynting flux

components computed using the band‐pass filtered data in a
field aligned coordinate system. Red lines are component
running averages (10 minute window), showing the net
energy transfer over several wave cycles. It is clear that the
strongest energy flux in all three directions occurred at
∼0310–0330 UT. Figure 2h shows the radial component,
with a net energy flux towards Earth. The east–west com-
ponent, in Figures 2i, shows a net energy flux westward, i.e.,
towards the magnetotail, given the spacecraft location at the
dawn terminator. The field‐aligned component, in Figure 2j,
shows a net energy flux towards the northern ionosphere, as
expected for a damped standing wave.

[10] Finally, we examine 10 sec magnetic field data from
the IMAGE magnetometer array. The IMAGE magnet-
ometers were in the same local time sector as TH‐C at the
time the FLR was observed (Figure 3a). To compare with
TH‐C observations, we overplot lines of constant L param-
eter [McIlwain, 1966], calculated at time 0315 UT using
software from the French National Aerospace Research
Center (ONERA). This McIlwain parameter, L, is a proxy of
the equatorial distance of a ground point. We chose to use
Mead and Fairfield’s [1975] external magnetic field model,
combinedwith an International Geomagnetic Reference Field
(IGRF), to compute these constant‐L lines, because this
combination provides the best match of the magnetic field at
TH‐B and TH‐C during this interval. A red line shows the
ground track of TH‐C between 0300‐0345UT, mapped using
the same model and software.
[11] The component of the magnetic field that points

towards magnetic north, or H component, is shown in
Figure 3b. The hourly mean is subtracted from these data,
and data from two stations are overplotted in each panel.
Figure 3b (top) is for the two stations at the highest magnetic
latitudes, HOR and BJN, the next for intermediate latitudes,
BJN and SOR, and the bottom for lowest latitudes, SOR and
MUO. A 5 mHz signal is most clearly seen in the stations
that map to locations close to THC (BJN and SOR), but this
signal is also visible at other stations. A black line indicates
a time when a 180 degree phase difference between BJN
and SOR is clearly visible, whereas the other station pairs

Figure 3. (a) The positions of IMAGE magnetometer stations are plotted on a geographic grid (dotted lines) and solid
black lines of constant McIlwain L parameter are overplotted in steps of 2 Re. The red line is the ground track of TH‐
C, mapped from TH‐C’s position using field line tracing in the Mead and Fairfield magnetic field model. (b) In each panel,
the H component of the magnetic field with hourly means subtracted is plotted for pairs of stations. The H component of the
magnetic field observed at (top) HOR and BJN, (middle) BJN and SOR, and (bottom) SOR and MUO. A black line indi-
cates a time when a 180 degree phase difference between BJN and SOR is particularly clear, whereas the other stations are
in phase.
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have signals that are in phase. This phase jump at 5 mHz
between BJN and SOR is apparent for several wave cycles
and provides further confirmation that TH‐C crossed through
the center of an FLR, even though the FLR was evolving in
time (see auxiliary material for additional dynamic power
spectra and cross‐phase spectrograms).1 The observations at
all four stations suggest that the wave activity increased after
0310 UT.

4. Discussion

[12] The FLR and associated wave activity observed by
TH‐C and ground magnetometers beginning at ∼0310 UT
appears to be strongly linked to the change in the character
of the boundary undulations that occurred from ∼0310–
0330 UT. We conclude that the increase in amplitude of the
magnetic field perturbations observed by TH‐C beginning
at 0310 UT was the result of the temporal evolution of the
driver rather than the spatial motion of TH‐C through the
FLR. However, the rotation in phase of the radial electric
field at TH‐C (Figure 2g) and the phase variation observed
by the ground magnetometers (Figure 3b and auxiliary
material), argue that TH‐C also fortuitously passed through
the center of the FLR at approximately 0325 UT, i.e.,
approximately near the time of FLR absolute peak power.
[13] The average Poynting vector (from band pass fil-

tered electric and magnetic field data, 3 to 6 mHz) observed
by TH‐C from 0310–0330 UT was −4.3*10−7 W/m2 for
the radial component (earthward), −8.6*10−7 W/m2 for the
azimuthal component (tailward), and 3.3*10−7 W/m2 for
the field‐aligned component (towards the northern iono-
sphere). Net field‐aligned energy flux was comparable to
radial energy flux, suggesting that strong coupling was
occurring between the driving wave and the Alfvèn waves
via FLR.
[14] Our results differ from Rae et al. [2005], who

observed “very small radial, significant azimuthal, and
dominant field‐aligned” Poynting vector near an FLR. In
our case, the azimuthal component of the Poynting vector
was the strongest for both net and instantaneous energy
transfer. Additionally, the net radial Poynting vector was
larger than the net field‐aligned Poynting vector. Finally, the
instantaneous radial Poynting vector was about 3 times
larger relative to the instantaneous field‐aligned Poynting
vector in this study compared to Rae et al. [2005]. One
potential explanation for these differences is the different
positions of the satellites used in each study; Rae et al.
[2005] used observations from POLAR, which was located
between 4 and 15 degrees magnetic latitude, whereas TH‐C
was within 3 degrees of the magnetic equator (location
determined using Mead and Fairfield’s [1975] model).
Compressional MHD waves propagate near the magnetic
equatorial plane, leading to higher perpendicular Poynting
vectors in this region [Zhu and Kivelson, 1991; Lee, 1996].
Our observations suggest that TH‐C is directly observing
strong coupling between fast mode and shear Alfvén waves
via FLR because of its location near the magnetic equator, as
the observed radial and field‐aligned energy transfer is
comparable.

[15] The energy contained in the FLR region was gradu-
ally lost to the ionosphere through Joule dissipation [Newton
et al., 1978], manifested by the time‐averaged energy flux
towards the ionosphere. A positive net flux towards the
northern ionosphere is expected near the magnetic equator
when the conductivity is lower in the northern ionosphere
(compared to the southern one) and the fundamental standing
wave has a magnetic node at southern latitudes [Allan, 1982].
The Poynting flux from the FLR into the ionosphere should
be comparable to Joule dissipation rates, if Joule dissipation
is the primary damping mechanism for the shear Alfvén
wave. Using IMAGE magnetometers, Hardy et al.’s [1987]
statistical study of ionospheric conductivity, and the tech-
nique of Ozeke et al. [2009], we map the ground magnetic
perturbation to an electric field in the ionosphere, Ei, and
calculate the Joule dissipation rate using

WJD ¼ SpjEij2 ð1Þ

where Sp is the Pedersen conductivity [Greenwald and
Walker, 1980]. We estimate a Joule dissipation rate of
0.16–1.0 mW/m2, in good agreement with rates obtained
from radar data in previous studies [Greenwald and Walker,
1980; Rae et al., 2007]. See the auxiliary material for more
details on this estimate.
[16] With regards to the Poynting flux, since TH‐C passes

through the center of the FLR between 0310–0330 UT, we
use the time‐averaged field‐aligned Poynting vector from
that interval to map to the ionosphere and compare it with
estimates of the Joule dissipation rate. Assuming that the
cross‐sectional area of a flux tube is inversely proportional
to the magnetic field strength we have:

S2
jB2j ¼

S1
jB1j ð2Þ

where ∣B2∣ is the magnetic field strength observed on the
ground, ∼53000 nT, ∣B1∣ is the magnetic field strength at
TH‐C, ∼25 nT, and S1 is the time averaged Poynting vector
observed from 0310 to 0330 UT by TH‐C, 3.3*10−7 W/m2.
We thus find the energy flux into the ionosphere is S2 =
0.70 mW/m2. Evidently, the Joule dissipation rate obtained is
between 23% and 150% of the energy flux into the iono-
sphere, both measured near the center of the FLR, implying
that Joule dissipation is an important damping mechanism.

5. Summary and Conclusions

[17] The simultaneous, fortuitous crossing of a clearly
identifiable FLR center by an equatorial THEMIS space-
craft, observation of the magnetopause by another space-
craft, and observation of the FLR on the ground by a
regional network of magnetometers provides an opportunity
to study the transfer of wave energy from compressional
waves, to shear Alfvèn waves via FLR, and on to the ion-
osphere. The simultaneous observations of the solar wind,
the magnetopause, and the FLR enable us to conclude that
magnetopause surface waves are the source of energy for the
FLR. The radial trajectory of TH‐C near the magnetic
equator allows us to quantify the energy transfer associated
with the FLR in the radial (−4.3*10−7 W/m2) and field‐
aligned (3.3*10−7 W/m2) direction. These observations sug-
gest a strong coupling between the fast mode waves driven

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL047846.
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at the magnetopause and the shear Alfvén waves via the
FLR mechanism. Ground magnetometer observations dem-
onstrate that TH‐C crossed through the center of the FLR
near the time that magnetopause undulations were the most
pronounced and had the same frequency as the magneto-
spheric ULF waves. A comparison of the energy balance
between the field‐aligned energy flux observed by TH‐C and
the Joule dissipation rate in the ionosphere shows that Joule
dissipation is an important damping mechanism.
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