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[1] Global modes, trapped fast mode magnetohydrodynamic (MHD) waves in the
Earth’s magnetosphere, may exhibit a monochromatic frequency spectrum even in the
presence of a driver with a broadband frequency spectrum; they can in turn drive standing
Alfvén waves at discrete frequencies via field line resonance (FLR). Direct observations
of global modes are limited to a few case studies due to unique challenges associated with
detecting them in situ. In this study, we use electric field, magnetic field, and plasma data

from multiple THEMIS spacecraft as well as ground-based observations to identify and
characterize global modes outside the nominal plasmapause location. We establish a
lower bound of 1.0% for the global mode occurrence rate in the 3-20 mHz frequency
range in that region and show that global modes occur more frequently during high-speed
solar wind intervals. We also show that global modes with frequency between 10 and

20 mHz occur preferentially in the noon local time sector and are likely driven by

processes in the ion foreshock.

Citation: Hartinger, M. D., V. Angelopoulos, M. B. Moldwin, K. Takahashi, and L. B. N. Clausen (2013), Statistical study of
global modes outside the plasmasphere, J. Geophys. Res. Space Physics, 118, 804-822, doi:10.1002/jgra.50140.

1. Introduction

[2] The shear Alfvén and fast (compressional) magneto-
hydrodynamic (MHD) wave modes are coupled in realistic
representations of the Earth’s magnetosphere [Radoski,
1971]. However, when the azimuthal wave number is low
but finite, they are only weakly coupled. Several models
have shown that waves similar to the decoupled fast mode
(found in isotropic plasma) may strongly couple to standing
shear Alfvén waves at the field line resonance (FLR) loca-
tion, where the fast mode frequency matches the Alfvén
wave frequency [Tamao, 1965; Chen and Hasegawa, 1974;
Southwood, 1974]. Sometimes these fast mode waves may
be trapped or radially standing between different bound-
aries in the Earth’s magnetosphere. Known as global modes
[Kivelson et al., 1984; Wright and Rickard, 1995], these
waves have also been referred to generally as fast mode
resonance [Waters et al., 2002], and more specifically,
depending on the boundary conditions and other parameters
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chosen for the model, as cavity modes [Kivelson and
Southwood, 1985], waveguide modes [Samson et al.,
1992], tunneling modes [Zhu and Kivelson, 1989], or
virtual resonance [Lee, 1998]. The MHD approximation
describes global modes satisfactorily because their typical
frequencies are well below the proton gyrofrequency and
they have perpendicular wavelengths much larger than a
proton gyroradius.

[3] Arrays of ground stations first showed ultra-
low frequency (ULF) waves that may have constant
monochromatic tones over a large range of latitudes
[Samson and Rostoker, 1972]. When standing Alfvén waves
are excited by an energy source with a broadband frequency
spectrum, one would expect a different scenario, frequency
change with latitude change [e.g., Waters et al., 1995]. This
apparent discrepancy can be resolved by the global mode,
which provides a mechanism for frequency selection in the
presence of a driver with a broadband frequency spectrum
[Wright and Rickard, 1995]; the frequency is determined by
the dimensions of the magnetospheric cavity and the plasma
conditions within it.

[4] A number of numerical models and simulations have
demonstrated the suitability of the global mode mecha-
nism for generating monochromatic ULF waves in the
Earth’s magnetosphere [e.g., Wright and Rickard, 1995,
Claudepierre et al., 2009]. In only a few case studies, how-
ever, could global modes be identified in situ. Although most
of the events studied occurred inside the plasmasphere [e.g.,
Takahashi, 2010], a few occurred outside it [Kivelson et al.,
1997; Mann et al., 1998; Eriksson et al., 2006; Hartinger
et al., 2012]. This paucity of data precludes analysis of
global mode behavior (e.g., spatial occurrence, preference
for different driving conditions).
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[s] Statistical evidence for global modes is mixed.
Although statistical analysis of ground observations pro-
vides some support for the operation of the global mode
mechanism [e.g., Samson et al., 1991], statistical analy-
sis of in situ observations of ULF wave data gives little
support for the global mode mechanism and casts doubt on
its importance, particularly in the region outside the plas-
masphere. For example, when examining spacecraft mag-
netometer data, Engebretson et al. [1986], Anderson et al.
[1989], and Anderson and Engebretson [1995] found no
evidence of global modes apart from broadband compres-
sional perturbations. Anderson [1993] and Anderson and
Engebretson [1995] also found that global modes do not
play an important role in the excitation of standing Alfvén
waves, except potentially in the noon local time sector.
Clausen and Yeoman [2009] did not find any evidence for
persistent frequencies (often referred to as “magic frequen-
cies”) which are often presented as evidence for global
modes in studies that use ground-based observations. Zhu
and Kivelson [1991] found that most compressional wave
activity in the Pc5 frequency range (2—7 mHz) has phase
relationships (thermal and magnetic pressure out of phase)
inconsistent with fast mode (global mode) waves. Lessard
et al. [1999] examined magnetic field data and found that
narrowband compressional perturbations occur frequently in
the noon magnetosphere; this could be evidence of global
modes or of propagating, narrowband compressional waves.
Anderson [1993], summarizing the results from many statis-
tical studies with data from various spacecraft covering the
Pc3-5 frequency range and radial distances from 5 to 15 Re,
found that global modes were not the major source of
compressional wave activity.

[6] Kivelson et al. [1997] listed several reasons why so
few global mode waves have been observed; one was that
they may have very small amplitudes and be difficult to
observe, either because they are not within the detection
capability of instruments or because they are obscured
by larger amplitude waves. Using numerical models, Waters
et al. [2002] proposed several techniques that may be more
effective than previous methods in detecting global modes.

[7] In this study, we use multiple lines of evidence from
single and multi-point observations, based on tests pro-
posed by Waters et al. [2002] and other previous wave
mode identification studies, to identify and characterize an
ensemble of global modes. This endeavor was motivated
by recent case studies using data from the Time History
of Events and Macroscale Interactions (THEMIS) probes,
which successfully identified such wave modes [ Takahashi,
2010; Hartinger et al., 2012]. The THEMIS probes (THA,
THB, THC, THD, and THE) have comprehensive instru-
mentation appropriate for detecting global modes using
multiple lines of evidence. Their observations near the
magnetic equator during quiet solar minimum conditions
also enhance the chances of detecting these wave modes
[Kivelson et al., 1997].

2. Instrumentation

[8] For in situ observations, we use data from the five
THEMIS probes [Sibeck and Angelopoulos, 2008]. For
the probes used in this study, the perigee was 1.5 Re,
the apogee varied from 10 to 13 Re, and the inclina-
tion varied from 5° to 12° (an example orbit is shown

in Figure 1) [Frey et al, 2008]. Each spinning probe
(3 s spin period) is equipped with a fluxgate magne-
tometer (FGM) [Auster et al., 2008], an electric field
instrument (EFI) [Bonnell et al., 2008], an ion and
electron electrostatic analyzer (ESA) [McFadden et al.,
2008], and ion and electron solid state telescopes (SST)
[e.g., Turner et al., 2012]. ESA measures three-dimensional
particle distributions and moments (electrons 5 eV-30 keV,
ions 5 eV-25 keV) once per spin. SST measures the three-
dimensional particle distributions and moments once per
spin and is sensitive to energies above 25 keV.

[o] We used amplitude detection thresholds of 0.18 nT
and 0.35 mV/m for ULF magnetic and electric field per-
turbations, respectively. ULF wave amplitude and phase
measurement by EFI is affected by several sources of con-
tamination [Bonnell et al., 2008; Hartinger et al., 2012].
Hartinger et al. [2012] discussed contamination sources for
EFI and how contaminated intervals can be identified on a
case-by-case basis for ULF wave studies. A statistical study
such as the present one requires a routine method of iden-
tifying and removing contaminated intervals. To that end,
we developed quality control flags designed to identify con-
taminated intervals by comparing the electric field measured
by the short (40 m tip to tip) and long (50 m tip to tip)
EFI booms (in the spin plane) in the frequency domain. The
short boom is usually more strongly affected by sources
of contamination than the long boom; agreement between
measurements from both booms is a strong indicator of
high quality data. The procedure for making this compari-
son and computing the flags is described in the Supporting
Information (Figure S1).

[10] We also use ground magnetometer data from the
THEMIS ground-based network [Russell et al., 2008],
Canadian Array for Realtime InvestigationS of Magnetic
Activity (CARISMA) [Mann et al, 2008], Geophysi-
cal Institute Magnetometer Array (GIMA) (http://www.
asf.alaska.edu/program/gdc/project/magnetometer), United
States Geologic Survey network [Love and Finn, 2011],
Magnetometer Array for Cusp and Cleft Studies (MACCS)
(http://space.augsburg.edu/maccs/about.html),  Athabasca
University THEMIS UCLA Magnetometer Network
(AUTUMN)(http://autumn.athabascau.ca/), and Canadian
Magnetic Observatory Network (CANMON) (http://www.
geomag.nrcan.gc.ca).

3. Methodology

[11] In this section, we outline our global mode iden-
tification procedure and its limitations. The main lines of
evidence we use are wave polarization consistent with
radially standing electromagnetic waves [Chi and Russell,
1998; Waters et al., 2002], significant total pressure pertur-
bations indicating the MHD fast mode [e.g., Song et al.,
1994], and multi-point observations indicating globally
coherent signals that could not be directly driven by the solar
wind [Anderson and Engebretson, 1995; Kepko et al., 2002].

3.1. Data Processing

[12] For the initial, automatic selection of global mode
events, we analyzed an interval that began on 1 February
2008 and ended on 1 April 2010, and we used data from
two THEMIS probes, THA and THE. (Our event selec-
tion criteria required electric field data, and these data were
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Figure 1. Flag for contaminated electric field data (1 = uncontaminated, 0 = contaminated) (first panel);
the magnetic field z (black) and electric field y (pink) perturbations in nT and mV/m, respectively (second
panel); the cross-phase between these perturbations masked where the signal is below the noise threshold
and the perturbations are not coherent (coherence < 0.7) and their cross-phase is not between 45 and
135 (third panel); the same cross-phase but with an additional mask where none of the tests for fast
mode waves are satisfied (fourth panel); and the flag for global modes (1 = global mode, 0 otherwise)
(fifth panel). Black boxes mark frequencies/times where at least four consecutive FFT windows met
the criteria for automatic selection of global modes. The magnetic field z (black) and electric field y
(pink) perturbations (sixth panel) and the total (black), thermal (green), and magnetic (blue) pressure
perturbations for a shorter interval (marked off by black lines) (seventh panel). The inset shows the GSM
xy view of the entire orbit on 5 February 2009 as a dashed line, the portion of the orbit shown in the main
plot as a solid black line, the magnetopause as a blue line, and the portion of the orbit where the global
mode was detected as a red line.

not available routinely before January 2008, motivating the
choice to begin on 1 February 2008.) The apogee of the
THEMIS orbit moves 24 h in local time on a time scale of
about 13 months; thus, the apogee moves through all local
times twice during the selected interval. We ended our anal-
ysis on 1 April 2010 because the THEMIS orbits changed
significantly then, with two probes leaving Earth orbit and

the other three probes decreasing their typical spatial sepa-
rations. These new configurations were not ideal for several
tests we conducted to validate the automatic global mode
selection. Finally, we chose to use THA and THE because
they spend more time in the magnetosphere than THB and
THC, and THD’s orbit is so similar to that of THE that it
does not provide much additional data coverage.
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[13] To obtain high quality data for these observations
and perform EFI diagnostics, fast-survey data are required.
This effectively excludes half the THEMIS data set, leaving
roughly 800 days of data from both probes (see Support-
ing Information for fast-survey data coverage, Figure S2).
Because of electric field signal contamination by electro-
static wake effects, we also exclude data that are typically in
the plasmasphere by restricting our analysis to observations
made at distances greater than 5 Re from the Earth. Finally,
we require that the probe be in the magnetosphere (not in
the magnetosheath or solar wind) when making the obser-
vations. To remove magnetosheath intervals, we require that
the probe be in a region of density less than five parti-
cles per cm? (further restricting the chances of being in the
plasmasphere) and with perpendicular flux (integrated over
ESA energies) less than 2 x 107 particles per second per
cm?; through visual inspection of data from several orbits,
we found that the density and perpendicular flux were typi-
cally elevated above these values in the magnetosheath. For
data to be considered in our analysis, all of these criteria
must be satisfied for an interval of at least 85 min, the mini-
mum time we require for the removal of background trends
and Fourier analysis. We verified that these criteria removed
most plasmasphere data and nearly all magnetosheath and
solar wind data through visual inspection of magnetic field
and plasma data from several randomly selected orbits. With
these restrictions, 407 days of data were left.

[14] For all intervals that meet these criteria, we obtain
EFI, FGM, ESA, and SST data from the THEMIS website
(http://themis.ssl.berkeley.edu/index.shtml) and apply the
latest calibrations and corrections using the software pack-
age distributed by the THEMIS science team. We remove
any gaps and interpolate all data sets to the same time res-
olution, 3 s. We then check the quality of the electric field
data in the spin plane using quality control flags described in
the Supporting Information (Figure S1). If the data are con-
taminated, we exclude them from our analysis. We obtain
the component along the spin axis using the £- B = 0
approximation, which is devoid of random errors when the
normal of the spin plane is at a large angle to the back-
ground magnetic field direction. This is normally the case
with the THEMIS probes; in all but one global mode event
in our final database, the angle is greater than 10° (usually
it is greater than 20°). Out of 407 days of fast survey data in
the magnetosphere and outside the plasmasphere, there were
135 days of data with uncontaminated electric field data that
were above the noise level (see Tables 1 and 2); these are
the data we used to search for global modes.

Table 1. Tests for § < 0.5 Intervals

Test Discriminator or Available Passing
Confirmation Data (Days) Data (Days)
EFI D 194 62.5
b.Ey D 62.5 <7.50
Common peak D <7.50 1.97
Not DD D N/A? N/A?
Multi-sc C 0.716 0.397
Groundmag C 0.773 0.598
PPy C 1.97 0.782

4There are too little data for a meaningful comparison (see section 3.3.1).
The solar wind dynamic pressure test was only conducted for seven events,
six of which passed.

Table 2. Tests for § > 0.5 Intervals

Test Discriminator or Available Passing
Confirmation Data (Days) Data (Days)

EFI D 213 72.6
bEy, PPy D 72.6 <181
Common peak D <1.81 0.412
Not DD D N/A? N/A?
Multi-sc C 0.260 0.183
Groundmag C 0.236 0.145

3There are too little data for a meaningful comparison (see section 3.3.1).
The solar wind dynamic pressure test was only conducted for seven events,
six of which passed.

[15] We high-pass filter (frequency > 2 mHz) the elec-
tric and magnetic field data and rotate these data into a
field-aligned coordinate system in which z is along the back-
ground magnetic field, y points eastward, and x completes
the right-hand orthogonal set (pointing radially outward at
the equator); the background field is obtained by low-pass
filtering the magnetic field data (frequency < 2 mHz). We
then compute the power spectral density (PSD) of each com-
ponent of the magnetic and electric field data using a 26 min
fast Fourier transform (FFT) window with a three-fourth
overlap between windows; a Hanning window is applied
to the data before the FFT is conducted. We also calculate
the cross-phase and coherence between the z component of
the perturbation magnetic field and the y component of the
perturbation electric field. These components are expected
to be associated with global modes [Waters et al., 2002].
Before conducting any cross-spectral analysis, we apply a
two-point smoothing window in the frequency domain.

[16] We calculate the thermal pressure using ESA and
SST ion and electron data, and the magnetic pressure using
FGM data. We high-pass filter these pressures, compute the
cross-phase between them, and compute the total pressure
perturbation. We then calculate the noise threshold associ-
ated with the thermal pressure perturbation as a function of
frequency and time using Poisson counting statistics from
the original ESA and SST measurements. Finally, we obtain
the PSD for the thermal, magnetic, and total pressure per-
turbations. We use these data to identify global modes in the
frequency domain, as described in the next two sections.

3.2. Event Selection and Culling I: Single-Point
Observations

[17] Global modes, whether they are cavity modes or
waveguide modes with small azimuthal wave vector, are
observationally similar to radially standing fast mode waves
[Wright, 1994]. As such, they should have electric field
y and magnetic field z components that are 90° out of
phase [Chi and Russell, 1998; Waters et al., 2002]. Their
thermal and magnetic pressure perturbations should be in
phase, however [e.g., Song et al., 1994]. If they are being
observed at a location remote from an FLR, they should
have significant compressional magnetic field perturbations
and east-west electric field perturbations [Waters et al.,
2002]. Our initial, automatic event selection criteria were
motivated by these features and designed to select inter-
vals with perturbations consistent with radially standing fast
mode waves.
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[18] To select an event, we first require that the electric
field y and magnetic field z perturbations be above the noise
thresholds of each instrument and have a coherence greater
than or equal to 0.7. In addition, the absolute value of the
cross-phase between them must be greater than 45° or less
than 135°. These criteria suggest the presence of an electro-
magnetic wave with a radially standing component [ Chi and
Russell, 1998].

[19] We next determine whether the wave is a fast
mode wave using tests designed to find significant total
pressure perturbation. The relationship between thermal,
magnetic, and total pressure perturbations has been
modeled for various wave modes in the Earth’s magneto-
sphere, including the drift-mirror mode [Hasegawa, 1969;
Pokhotelov et al., 1985], the shear Alfvén (toroidal mode)
[Southwood, 1977], the compressional Alfvén (poloidal
mode) [Southwood, 1977], and the drift-compressional
Alfvén mode [Pokhotelov et al., 1985]. In all of these wave
modes, the thermal pressure perturbation should be out of
phase with the magnetic pressure perturbation. In some, the
total pressure perturbation should be negligible, whereas in
others (e.g., drift-mirror mode), it may be non-negligible
but less than the magnetic or thermal pressure perturbation.
These relationships have been confirmed through observa-
tion [e.g., Baumjohann et al., 1987].

[20] Unlike the above mentioned modes, the fast mode
should be associated with significant (exceeding both the
magnetic and thermal pressure perturbation) total pressure
perturbations and thermal and magnetic perturbations that
are in phase [Song et al., 1994]. We seek to discriminate fast
mode waves from all other wave modes. When the thermal
pressure perturbation is detectable (above noise threshold),
one of two conditions must be met for wave activity to be
considered a fast mode: (1) the total pressure perturbation
must be greater than the magnetic and thermal pressure per-
turbations or (2) the cross-phase between the thermal and
magnetic pressures must be less than 90°. When the thermal
pressure perturbation is not detectable (below noise thresh-
old), we require that the wave be compressional: the ratio
of the sum of the x and y components of the magnetic field
PSD to the z component must be less than one. This second
test was used only in a small number of very low § intervals.
During these intervals, only the MHD fast and shear Alfvén
modes are expected to be present, with the Alfvén mode
expected to have primarily transverse magnetic field pertur-
bations near the magnetic equator. Non-global mode events
however could be selected using these criteria; therefore,
when the thermal pressure perturbation is not detectable, we
require additional lines of evidence, described in section 3.3,
to select a global mode event.

[21] We conduct tests in the frequency domain using
Fourier analysis. Although the accuracy of Fourier analysis
in capturing the true nature of time-variable wave activ-
ity in space plasmas is limited [e.g., Paschmann and Daly,
2000], it can be increased by using multiple FFT windows.
To reduce the chances of selecting events that may match
our global mode selection criteria because of the uncertainty
inherent in the Fourier analysis (e.g., noise with a broad-
band frequency spectrum), we require our criteria to be met
at the same frequency for at least four consecutive FFT win-
dows. Despite the three-fourth window overlap used in our
analysis, the first and last of the four FFT windows contain

practically independent measurements due to the application
of a Hanning function (see section 3.1), which suppresses
the signal at the beginning and end of each window.

[22] For this analysis, we only consider the 3—-20 mHz
frequency band. The 3-20 mHz frequency band is appro-
priate for this study because several previous observations,
simulations, and models of global modes in this region
found frequencies within or very close to this frequency
range [e.g., Lee and Lysak, 1989; Claudepierre et al., 2009].
The lower frequency cutoff at 3 mHz was chosen to exclude
ULF waves that may be driven directly by the solar wind; it
is difficult to differentiate these waves from global modes.
Because of the decreasing precision of our 26 min FFT
window in identifying spectral features at higher frequen-
cies, the upper frequency cutoff was chosen. These tests
could be repeated at higher frequencies with a different FFT
window, but we leave that as a topic for future work.

[23] In Figure 1, we show an example event selection
interval. The electric field data were uncontaminated during
the beginning of the interval, as indicated by the ULF elec-
tric field quality control flag in the first panel. ULF pertur-
bations are seen in both electric field y (black) and magnetic
field z (pink) components in the second panel. The third
panel shows the cross-phase between these two components.
The dynamic cross-phase spectrum has been masked at fre-
quencies/times when the signal is below the noise threshold
of either EFI or FGM, the coherence between the two per-
turbations is less than or equal to 0.7, or the cross-phase
between the two perturbations is less than 45° or greater
than 135°. It has also been masked when the electric field
data are contaminated (note the correspondence between
large periods of missing data in this panel and the quality
control flag in the first panel).

[24] An additional mask applied to the data in the fourth
panel removes all frequencies/times that did not pass the
fast mode test, resulting in the data in the fifth panel. In one
interval, there are at least four consecutive FFT windows at
a constant frequency in which data remain unmasked. These
data have been automatically identified as a global mode,
as indicated by the flag in the fifth panel. That these data
are consistent with the global mode event selection criteria
is further demonstrated in the smaller time range in the
sixth and seventh panels. In the sixth panel, wave activity is
shown with the electric field y (pink) and magnetic field z
(black) perturbations 90° out of phase. In the seventh panel,
the total (black), thermal (green), and magnetic (blue) pres-
sure perturbations are shown. They are all in phase, and the
total pressure changes as expected for a fast mode wave.

[25] We identified many events such as the one shown
in Figure 1. We removed the subset of these events that
exhibited a broadband frequency spectrum as follows. Inter-
ested in only events that can unambiguously be identified as
global modes, we removed those in which either the electric
or magnetic perturbation exhibited a broadband frequency
spectrum. We conducted two tests: an automated examina-
tion of the power spectrum and a visual inspection of each
signal and the associated cross-phase, coherence, and power
spectral densities. For both tests, we required that the power
spectral density for the magnetic field z and electric field y
perturbations peak at the frequency and time automatically
identified as a global mode. An example of this test is shown
in Figure 2. The electric field y (pink) and magnetic field
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Figure 2. (a) Magnetic field z (black) and electric field y (pink) perturbations observed during an auto-
matically identified global mode event. (b) The power spectral density with background trend (power law)
removed for the magnetic field z (black) and electric field y (pink) perturbations at 18:47:30 UT, a time
chosen with visual inspection. The green line indicates a frequency with a common spectral peak. Clear
peaks at 4 mHz were not chosen as common spectral peaks because wave activity at this frequency did not
meet the global mode selection criteria. (c) The power spectral density with background trend (power law)
removed for the magnetic field z (black) and electric field y (pink) perturbations for an FFT window at
a later time; here, the criteria for a common spectral peak are not met at the expected frequency for the

global mode (19 mHz).

z (black) perturbations are shown for an interval when a
global mode was detected in Figure 2a. Figures 2b and 2c are
for power spectra for each component at two different times.
The green line in Figure 2b indicates that a peak in power
was seen in both the electric and magnetic field at 19 mHz,
the frequency at which a global mode was detected (note that
a green line is not shown at 4 mHz because the perturbations
at that frequency did not meet the single spacecraft criteria
for a global mode): this event passes the common spectral
peak test. During the later period shown in Figure 2c, there
is not a common spectral peak at 19 mHz and the event does
not pass the test at this time. As we conducted the common
spectral peak test, we also removed non-unique global mode
events from our analysis. (We define a unique global mode
event as one that does not occur within 15 min of another
global mode event; thus, it must be separated from other
events by at least two consecutive FFT windows.)

[26] After automatic selection and culling through visual
and automatic inspection of power spectral density peaks,

we had identified 93 unique events that passed all tests.
Twenty-nine were identified by THA, and 64 were identi-
fied by THE. To further reduce the chance of identifying
non-global mode events, we then performed three additional
tests based on multi-point observations.

3.3. Event Selection and Culling II: Multi-Point
Observations

3.3.1. Solar Wind Observations

[27] In section 3.2, we intentionally excluded events that
may have been directly driven by the solar wind because the
magnetosphere is not expected to respond to the solar wind
quasi-statically at frequencies above 3 mHz [e.g., Kepko and
Spence, 2003]. Thus, part of the motivation for choosing
3 mHz as a lower frequency cutoff was to avoid contami-
nation of our global mode dataset by directly driven waves.
There is some recent observational evidence, however, that
the solar wind can directly drive ULF waves in the magneto-
sphere with frequencies as high as S mHz [Viall et al., 2009].
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Since this falls within the range of frequencies examined
in this study, we conduct the following analysis to estimate
how many global mode events in the frequency range below
5 mHz could be directly driven.

[28] In seven events in our database, THA or THE iden-
tified a global mode with a frequency below 5 mHz while
another THEMIS probe (THB or THC) was located in the
pristine solar wind (i.e., not in the ion foreshock, magne-
tosheath, or magnetosphere). We performed a 52 min FFT
on the solar wind density, solar wind dynamic pressure, and
b; perturbation associated with the magnetospheric global
mode. Time delays caused by propagation of the solar wind
from THEMIS probes to the subsolar point were typically
less than 1 min, very small compared to the size of the
52 min FFT window we used, so we do not correct for them.

[29] We performed a least squares fit to a power law
function for each power spectrum, and then subtracted this
power law from the original spectrum to identify peaks
more clearly. Finally, we determined whether the event was
directly driven by comparing the power spectra of the three
signals. If either the solar wind dynamic pressure or density
had a common spectral peak with the magnetic perturbation
(peaks within 1.3 mHz of each other as determined by visual
inspection, same as in section 3.2), we identified that event
as directly driven.

[30] An example of this test is shown in Figure 3.
Figure 3a, from top to bottom, shows the solar wind
dynamic pressure at THC (in the solar wind), solar wind
density at THC, and magnetic field z perturbation at THE
(in the magnetosphere). An approximately 10 min period
wave is seen at THE from roughly 1640 to 1750; how-
ever, it is only seen at THC before 1700 and after 1730.
Figure 3b shows the power spectrum at 1721 UT (the time of
the global mode event observed at THE) for each perturba-
tion normalized to their respective maximum values. A peak
is seen at roughly 2 mHz in the magnetic field z perturba-
tion (blue) but not in the solar wind dynamic pressure (pink)
or density (black), indicating that the global mode was not
directly driven by the solar wind. However, it is possible that
the 2 mHz pulsation in the solar wind observed before 1700
supplied energy to the global mode, which persisted after
1700; indeed, when the power spectra from periods before
1700 UT are examined in the same manner as Figure 3b,
we find a common spectral peak in both the solar wind and
magnetosphere at 2 mHz.

[31] In one case out of seven, there was a peak in power
spectral density in both the global mode b perturbation and
either the solar wind dynamic pressure or density fluctua-
tions. This result should not be directly compared with that
of Viall et al. [2009], since they only considered events in
the noon local time sector, whereas this test was conducted
on events which occurred at all local times. Our sample size
is limited, and it is difficult to estimate an occurrence rate
of directly driven waves in our ensemble of global mode
events. However, because only one of seven events was
directly driven, and the majority of our events do not have
frequencies below 5 mHz, we do not think that directly
driven waves mistakenly identified as global modes would
significantly affect the results of this study.

[32] Note that events that fail the above analysis may
still be global modes. For example, perturbations in the
solar wind may have a monochromatic frequency spectrum
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Figure 3. (a) Solar wind dynamic pressure and density
measured by THC (which is located in the pristine solar
wind), and the magnetic field z perturbation measured by
THE in the magnetosphere. (b) A comparison between
the power spectral densities at 1721 UT, which have been
detrended and normalized to their respective maximum val-
ues. Blue is for the magnetic field z perturbation measured
by THE, pink is for the solar wind dynamic pressure mea-
sured by THC, and black is for the solar wind density
measured by THC. There is no corresponding peak in the
solar wind for the peak seen in the magnetosphere at roughly
2 mHz, suggesting that this event was not directly driven by
monochromatic solar wind fluctuations (although a 2 mHz
pulsation observed in the solar wind before 1700 UT may
have supplied energy to the global mode). Note this event
has a frequency of 2 mHz, which is less than the lowest
frequency that we considered in the automatic selection pro-
cess, 3 mHz. The peak in power associated with the global
mode, although at 2 mHz, overlapped enough with that
lowest frequency FFT bin (3 mHz) to be identified.

with a peak that happens to overlap one or more of the
resonant global mode frequencies in the magnetosphere
[Wright and Rickard, 1995]; in such events, it would be very
difficult to differentiate between global modes (a resonant
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magnetospheric response) and a directly driven, quasi-static
magnetospheric response without knowing detailed infor-
mation about the transit time of fast mode waves in the
magnetosphere (to check whether the observed frequency
is consistent with a quasi-static response or an accessible
global mode frequency).

3.3.2. Multi-Spacecraft Observations

[33] Next, we examined the same global mode events
from a multi-probe perspective. We expect global modes
to exhibit coherent wave activity over large spatial scales
[Waters et al., 2002]. Unlike standing Alfvén waves, which
have radial spatial extents of roughly 0.5 Re when energy is
provided by a monochromatic driver [Mann, 1997; Yeoman
et al., 1997] and exhibit a continuum of frequencies as radial
distance changes [Anderson et al., 1989], global modes
should have coherent signals at the same frequency over
several Re in radial distance. Thus, a test that examines the
coherence between signals observed at spatially separated
probes could be used to identify and further characterize
global modes [Anderson and Engebretson, 1995].

[34] For each unique global mode event, we determined
whether at least one of the other four THEMIS probes
was located at a radial distance greater than 1 Re from
the observing probe and within the magnetosphere. We
computed the coherence between the magnetic field z pertur-
bations observed by each spatially separated pair of probes.
If any of them had a coherence greater than 0.7, we would
consider the signal to be globally coherent, consistent with
a global mode.

[35] An example of a global mode event identified by
THE that passed the global coherence test is shown in
Figure 4. Figure 4a shows the positions of four THEMIS
probes, including THE, in the GSM xy plane. Figure 4b,
from top to bottom, shows the magnetic field z and electric
field y perturbations, an overplot of the band-pass-filtered
electric (red) and magnetic (blue) field perturbations, and
an overplot of the plasma pressure (green), magnetic pres-
sure (blue), and total pressure (black) perturbations at THE;
a global mode was detected at this time, as indicated by
the 90° phase relationship between the electric and mag-
netic field perturbations and the presence of a total pressure
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Figure 4. (a) GSM xy probe locations. (b) THE observations: the magnetic field z and electric field y
perturbations, an overplot of the band pass filtered electric (red) and magnetic (blue) field perturbations,
and an overplot of the plasma pressure (green), magnetic pressure (blue), and total pressure (black)
perturbations. (c) the original (black) and filtered (pink) magnetic field z perturbations at each probe.
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perturbation. Figure 4c shows the original (black) and fil-
tered (pink) magnetic field z perturbations at each probe. A
roughly 1 min signal is seen at all probes, which have a wide
separation in MLT and radial distance; the perturbations are
nearly in phase at THD and THE, indicating a low azimuthal
wave number as expected for a global mode.

[36] There are several caveats when applying the multi-
spacecraft test; most importantly, it is possible for spatially
separated probes to be within a global mode, yet not observe
coherent signals because one probe is located at a node of
the radial standing wave structure. Thus, we could not use
this test to exclude events from our database. However, in
35 events in our database, two probes were separated by
at least 1 Re in radial distance in the magnetosphere, less
than 3 h in magnetic local time, and not located near perigee
(where wave analysis is not possible). Of these, 24 events
(69%) exhibited coherence between probes, indicating that
the signals were global and providing additional validation
of the event selection in section 3.2. Relaxing these cri-
teria to include larger separations in magnetic local time
decreases the number of events exhibiting coherence, as
expected for wave activity that is locally excited or affected
by dispersion in the magnetospheric waveguide.

[37] For the 24 events that exhibited coherence, we con-
ducted tests on the magnetic field z and electric field y
perturbations to determine if they were coherent and approx-
imately 90° out of phase, as in section 3.2; if the probe that
did not originally detect the global mode passes this test,
it provides independent confirmation of the global mode
event. We do not require fast survey data for these tests
(imposing the same requirements as in section 3.2 would
substantially reduce the number of events to be tested).
Eleven of 24 multi-spacecraft events were independently

confirmed by a second probe. In the other 13 events,
the other probe may have been located at a node in the
electric field perturbation. Alternatively, it is possible that
some of these 13 events that were identified as a global
mode were actually short-lived superpositions of other ULF
wave modes that mimicked the observational signatures of
global modes. We discuss this alternative hypothesis more
in section 3.4.

3.3.3. Ground Magnetometer Observations

[38] In the third and final type of multi-point analysis,
we examined multi-station ground magnetometer data. One
of the original observations that led to the development of
global mode theories was the detection of monochromatic
ground magnetometer pulsations with the same frequency
over a wide range of magnetic latitudes corresponding to
a wide range of radial distances in the magnetosphere
[Samson and Rostoker, 1972]. This was unexpected, since
different radial distances have different characteristic stand-
ing Alfvén wave frequencies; a constant frequency at a wide
range of latitudes suggests that some mechanism, such as
global modes, imposes a frequency selection. Examination
of data from a latitudinal chain of ground magnetometers
may thus be one way of testing for the presence of global
modes [e.g., Piersanti et al., 2012].

[39] We conducted tests using ground magnetometers in
North America, the locations of which are shown in the
Supporting Information (see Figure S3). Before beginning
the testing, we determined whether the THEMIS probe
observing the global mode was conjugate to North America
(conjugacy determined using International Geomagnetic
Reference Field dipole model). We then computed the
coherence between the probe’s magnetic field z perturbation

(a) (b)  2009-09-21, different scales (c) 2009-09-21, same scale
N 0. N 0.4
ke 0. Q 0.2
g g o wE g \/\/\/\/\/ b
= -0 = -0.4
g g€ o0
® o ®m o5

yke
B (nT)
44500

Y
Unfiltered

Filtered

fsmi
B (nT)

2Y

fsmi
B (nT)
5 o
o

atha
B (nT)

atha
B (nT)
5 o
o

O DOVMOUIO 4 O = N VOKIOUION = O =N RNONAD
e

redr
B (nT)

!

)

S ean
A RARUANLS

redr
B (nT)
5 o
o

ukia
B (nT)

B

cenv
B (nT)

hhmm 1844
2009 Sep 21

=
£ 5 oop NN ] Y
m 05
> o osf E
é £ 00 NS P AN~ Y
o o5k 3
1846 1848 hhmm 1844 1846 1848
2009 Sep 21

Figure 5. (a) Map of ground magnetometer station locations and the mapped position of THE. (b) The
compressional magnetic field perturbation at THE and the east-west magnetic field perturbations at each
station from north to south. Red = unfiltered, black = filtered. (c) Same as Figure 5b, with only filtered
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and the east-west component of the magnetic field perturba-
tion observed by all ground stations. Finally, we calculated
the mean coherence at the frequency and time correspond-
ing to the global mode observation. If stations separated by
more than 5° in magnetic latitude and less than 20° in lon-
gitude had signals that were coherent with the global mode
signal observed by the THEMIS probe (coherence > 0.7 at
the global mode frequency), the event passed the test.

[40] Figure 5 shows an event that passed the test; this is
the same event as in Figure 4. The positions of the ground
magnetometer stations and the footpoint of THE, the probe
that detected the global mode, are shown in Figure Sa.
Figure 5b, from top to bottom, shows the magnetic field z
perturbation at THE and the east-west magnetic field pertur-
bation at each station; the red traces are the raw data and the
black traces are the filtered data. The order of the stations is
given by their latitude, with the northernmost station on the
top. Figure Sc shows only the filtered data from Figure 5b,
with all traces on the same scale. All stations see the approx-
imately 1 min signal; the lack of a significant phase shift
precludes the possibility that the ground stations are detect-
ing compressional waves that are propagating inward from
the magnetopause (since the transit time would introduce a
substantial phase shift over this range of latitudes).

[41] The choice to use the east-west component in these
tests was based on numerical models of fast mode propaga-
tion from the magnetosphere to the ground which showed
that the east-west perturbation can be much larger than
the north-south perturbation [Sciffer et al., 2005]. How-
ever, the polarization observed on the ground may vary
for a variety of reasons independent of the wave polariza-
tion in the magnetosphere (e.g., magnetic field dip angle,
variations in ionospheric conductivity). To our knowledge,
there is no universally agreed upon method for detect-
ing fast mode waves on the ground, particularly at high
latitudes; in some cases, the north-south perturbation or
total horizontal perturbation may be a better indicator of
the presence of global modes, the global mode may only
be detectable through the driving of Alfvén waves at the
FLR location, or there may be no evidence of the global
mode in ground magnetograms [Kivelson and Southwood,
1988]. To determine whether the choice to use the east-west
magnetic perturbation significantly affected our results, we
tried the same tests with the north-south perturbation and
total magnetic field perturbation. We found that for nearly
all events, events which passed the test using the east-west
perturbation also passed using the north-south and total
horizontal perturbation.

[42] In 30 events, magnetometers in North America with
a separation of at least 5° in magnetic latitude and a separa-
tion in longitude of less than 20° observed coherent signals
(east-west magnetic field perturbations). In 39 total events,
North America was conjugate to the global mode observa-
tion; thus, ground observations, when available, confirmed
the in situ global mode observation 77% of the time. We do
not discard the nine events that failed this test because of the
uncertainties involved in observing fast mode wave signa-
tures on the ground [Kivelson and Southwood, 1988; Sciffer
et al.,2005].

[43] In 26 of the 30 passing global mode events, one or
more additional probes were conjugate to North America;
we repeated the ground magnetometer test for the other

probes in these events (at the global mode frequency), find-
ing that 20 of 26 events had one or more additional THEMIS
probes that passed. In other words, a second probe passed
the ground magnetometer test 77% of the time.

3.4. Summary of Event Selection and Limitations

[44] We used data from both automatic and visual tests
to identify a final list of global mode events. All events
must satisfy the following criteria, which are based on
single-probe observations at one frequency for at least four
consecutive FFT windows (26 min):

[45] 1. Electric field data are uncontaminated and above
the noise threshold, so the cross-phase between electric and
magnetic field perturbations is trustworthy.

[46] 2. Electric field y and magnetic field z perturbations
are above the noise threshold and have a coherence greater
than or equal to 0.7.

[47] 3. The absolute value of the cross-phase between
these two perturbations is greater than 45° or less than 135°,
suggesting a radially standing fast mode wave.

[48] 4. These two perturbations exhibit a monochromatic
frequency spectrum and have a common spectral peak.

[49] 5. Wave activity is consistent with fast mode MHD
waves. If B < 0.5, we require that either the magnetic field
perturbation is compressional or there is a significant total
pressure perturbation (or, equivalently, that the thermal and
magnetic pressure perturbations are in phase). If only the
former is satisfied, we require that the event pass either the
multi-point space or ground observation tests as an addi-
tional line of evidence. If 8 > 0.5, we require a significant
total pressure perturbation; if this criterion is not satisfied,
we discard the event.

[s0] After these tests, we used a solar wind monitor
test described in section 3.3.1 to cull one event from our
database of 93 events. We also used multi-spacecraft and
ground magnetometer tests, described in sections 3.3.2 and
3.3.3, to confirm the presence of global modes (one of these
tests must be passed when 8 > 0.5 or when § < 0.5 and
the thermal pressure perturbation is below the noise thresh-
old). Twenty of 92 events did not pass at least one of these
tests, and they were culled. We were left with 72 global
mode events for further study in section 4. The time of
each of these events are listed in the Supporting Information
(Table S1).

[s1] Tables 1 and 2 show the amount of data available
after each step in the culling process. Each test in the culling
process is classified according to whether it is a discrimina-
tor (i.e., an event will be discarded if it fails the test) or if it is
used as confirmation of a global mode event (i.e., the event
will not necessarily be discarded if it fails the test or if the
test cannot be conducted). “Available Data” is the number
of days of data available for the test to be conducted, and
“Passing data” is the number of days of data that passed the
test. Table 1 is for the selection process during 8 < 0.5 inter-
vals, whereas Table 2 is for 8 > 0.5 intervals. “EFI” refers
to item 1 in the above list (the test also discards data that
are below the EFI noise floor), b.E), collectively refers to
items 2 and 3 in the above list, “Common Peak” refers to
item 4, “Not DD” refers to the test discussed in section 3.3.1,
“Multi-sc” refers to the test in section 3.3.2, “Groundmag”
refers to the test in section 3.3.3, and Py, Pp, refers to the total
pressure perturbation test in item 5 above (a discriminating
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test for 8 > 0.5 intervals and a confirming test for 8 < 0.5).
The < symbol indicates that some events may have been
double counted, leading to an overestimate of the number of
days of data.

[52] Ourevent selection methodology has some important
limitations. According to Wright [1994], dispersion of fast
mode waves in the flank magnetosphere can play an impor-
tant role in determining the observed signal. Rickard and
Wright [1995] showed that signals associated with a super-
position of waveguide modes with different azimuthal wave
vectors are rarely smooth and monochromatic, making it
difficult to unambiguously identify waveguide modes or dif-
ferentiate them from ambient noise. Our study cannot detect
a superposition of waveguide modes; discrete waveguide
modes with high azimuthal wave number will also be
excluded, as they are not radially standing. However,
this study will detect waveguide modes that appear as
monochromatic, radially standing waves. This can occur
when the waveguide modes are being driven by a source
in the same local time sector or long after transient driving
occurs [ Wright, 1994].

[s53] An additional limitation of this study is that it
requires coherent electric and magnetic field perturbations
above the noise threshold of the respective instruments.
Global modes are nodal structures, and when a spacecraft
is located near a node in either the electric or magnetic
field, it may not measure a signal above the noise. As such,
this study may exclude some global modes during periods
when the probes are not appropriately positioned to detect
them. Furthermore, it is possible that global modes will not
be detected at their peak amplitudes (since electric field
nodes correspond to magnetic field anti-nodes, and vice
versa). Previous models and simulations predict different
minimum amplitudes/spatial extents for the global mode
nodes (due to, for example, different assumptions for the
plasma mass density distribution, magnetosphere geometry,
and energy input); in some models, perturbations at nodes
would be detectable with THEMIS instrumentation [e.g.,
Claudepierre et al., 2009] whereas in others they would not
[e.g., Waters et al., 2002]. Given this variability in predic-
tions for nodal structure and amplitude, it is not clear how
significantly the THEMIS instrument noise thresholds affect
the detection of global modes near nodes.

[54] Finally, a superposition of ULF wave modes could
mimic the observational signatures of a global mode. Thus,
it is possible that some of the events in our database of
events are not global modes. This is more likely to occur
when the event duration is very short. It is also more likely
when a multi-point observation (ground magnetometer or
spacecraft) is not available or does not confirm the single-
spacecraft observation of the global mode: it is less likely
that a superposition of wave modes would mimic a global
mode signature at two points simultaneously (provided the
observation points are far enough apart). Out of 72 events,
22 did not pass either the ground magnetometer or multi-
spacecraft test and were short in duration (<26 min, or four
FFT windows). These events are the most likely to have
been mistakenly identified as global modes. A future study
could examine the events in our database (listed in Table S1)
in greater detail to better quantify this problem.

[55] Despite the limitations in our study, the majority of
events in our final database are global modes. All of the

events in our database satisfy the observational selection
criteria for global modes described by Waters et al. [2002].
Furthermore, we applied several tests in addition to Waters
et al. [2002] to remove any possibility of selecting non-
global mode events, such as mirror mode or compressional
Alfvén waves.

4. Statistical Results

[s6] In section 3, we identified global mode events using
an automated selection technique followed by both auto-
mated and visual culling techniques to obtain a list of 72
global mode events. The locations of these events in the
GSM xy plane are shown as black dots in Figure 6. Data
coverage is also shown as color contours; we define each
FFT window eligible to be counted as a global mode as
an observation. Since four consecutive FFT windows are
required to detect a global mode, two FFT windows at the
beginning of each fast-survey interval and one at the end
of each fast-survey interval are not included as observa-
tions. Intervals with contaminated electric field data, those
without fast-survey data, those inside 5 Re or outside the
magnetopause, and those that were too short for the required
detrending and Fourier analysis were also not included
as observations (see Figure S2 for full fast-survey data
coverage).

[57] In the past, supporting statistical evidence for
global modes came from ground-based observations [e.g.,
Samson et al., 1991; Mathie and Mann, 2000] and
statistical results from in situ observations provided mixed
evidence for global modes, with little evidence of the
existence/importance of global modes outside the plasma-
sphere [e.g., Anderson et al., 1989]. In this study, we
identified 72 global mode events outside the plasmasphere.

Data Coverage and Global Mode Locations
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Figure 6. The GSM xy view of all global mode events.
Each black dot indicates the position of the THEMIS probe
in the GSM xy plane when it detected a global mode
signature. Color contours are for the data coverage. Each
observation corresponds to one FFT window and only FFT
windows which are eligible to be counted as a global mode
are included (i.e., FFT windows at the beginning or end of
data intervals and FFT windows with contaminated electric
field data are not included).
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Many events had very low wave amplitudes compared to
other typical sources of ULF wave activity and would be
difficult to detect solely through visual inspection of traces
or dynamic power spectra, perhaps explaining why so few
have been observed in the past. The interval chosen for
statistical analysis also had few periods of elevated geomag-
netic activity, so there were fewer sources of ULF wave
activity that could obscure the presence of global modes.

[s8] This is the first study to detect a large number
global modes using in situ wave mode identification; as
such, it provides strong evidence for the existence of global
modes outside the plasmasphere, complementing a small
number of previous case studies using in situ observations
[Kivelson et al., 1997; Mann et al., 1998; Eriksson et al.,
2006; Hartinger et al., 2012]. This ensemble of events can
be used to characterize the behavior of global modes in
aggregate, gaining additional information to that provided
by case studies.

[59] We can obtain a normalized occurrence rate for
global modes in different regions and under different driving
conditions by determining the length of time (% time) global
modes persisted in that region/during those conditions. The
total amount of observation time is defined as the total num-
ber of observations multiplied by 6.5 min (since 75% of
each FFT window overlaps another FFT window, we count
each 26 min FFT window as being equivalent to 6.5 min).
The total observation time, defined in this manner, including
both THA and THE, is 135.07 days.

[60] We define the total duration of global mode events
using the start and stop times for each individual global
mode event. The total global mode observation time from all
72 events is 1.35 days. We define the overall occurrence rate
of global modes (1.0%) as the total global mode observation
time divided by the total observation time. We can esti-
mate how this occurrence rate could change if we repeated
our observations and used the same event selection method-
ology during other 26 month periods with similar driving
conditions. We must also assume that the same sources of
systematic bias would be present in the new sets of obser-
vations. From period to period, we would then expect the
number of observed global mode events to be well repre-
sented by the Poisson distribution. The standard deviation
for the number of observed events can then be represented
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as the square root of 72 (the number of global mode events),
8.49. Assuming that the average duration of global mode
events is 1.35 days divided by 72 events, or 0.0188 days, we
can obtain a range for the expected occurrence rate of global
mode events, from (1.35—0.0188 x 8.49)/(135.07) x 100 =
0.881% to (1.35+0.0188 x 8.49)/(135.07) x 100 = 1.12%.
This is an estimate of the random counting error associ-
ated with our global mode observations; we reiterate that it
does not include sources of systematic error. To our knowl-
edge, this is the first attempt to estimate the occurrence rate
of global modes using in situ observations. Several limita-
tions of our methodology would lead to fewer global modes
being observed, as discussed in section 3.4. We should thus
regard 1.0% as a lower bound for the true occurrence rate of
global modes.

[61] In the following sections, we examine the proper-
ties of global modes using normalized occurrence rates
that depend on spatial position and driving conditions. We
also examine whether the frequency of global modes varies
as a function of spatial position or driving condition and
compare our results to earlier models, simulations, and
observations of global modes.

4.1. Favored Locations of Global Modes

[62] Figure 6 indicates that some local time sectors and
radial distances are better covered than others, suggesting
that the apparent clustering of global mode events at differ-
ent locations may be misleading. For this reason, we will
examine normalized occurrence rates at various locations.

[63] The occurrence rate in various local time sectors,
defined in the same manner as the normalized overall occur-
rence rate, is shown in Figure 7a. The total observation time
(hours), total global mode observation time (hours), total
number of global mode events, and range for the occurrence
rate are shown for each local time sector and defined in the
same manner as for the calculation of the overall occurrence
rate. The overall occurrence rate is shown as a line in red for
reference. Global modes are far more abundant at noon than
in all other local time sectors. They are the least abundant
at midnight. The dawn and dusk local time sectors have an
intermediate occurrence rate.

[64] There are three likely reasons for the local time
asymmetry in the global mode occurrence rate. The first is

Normalized Occurrence vs. L, All MLT
3 T

2
All regions
15 3241 obs. hr
. 32.4 GM hr
72 events
0.88-1.12%

% of time global modes occur

Figure 7. (a) The normalized occurrence rate of global mode events versus MLT. (b) The normalized

occurrence rate of global mode events versus L.
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that the primary energy sources for global modes are located
in the noon sector. This is consistent with previous obser-
vations that suggest that the ion foreshock and solar wind
dynamic pressure are important drivers of global modes
[e.g., Kivelson et al., 1997; Eriksson et al., 2006]. Generally,
ion foreshock and solar wind dynamic pressure fluctuations
are most effective at driving ULF waves in the noon local
time sector [Takahashi et al., 1981; Takahashi et al., 1984,
Takahashi and Ukhorskiy, 2007].

[65s] The second reason for the local time asymmetry
of the occurrence rate is the biasing of our study with
regard to observing certain waveguide modes. At local
noon, assuming a wave energy source that is symmetric with
respect to the noon meridian, a superposition of waveguide
modes propagating both eastward and westward would be
observed. This superposition is observationally similar to a
waveguide mode with 0 azimuthal wave vector. The obser-
vational signature, which is identical to a monochromatic,
radially standing fast mode wave, would be detected during
our event selection. In other local time sectors, a superpo-
sition of wave modes with a continuum of azimuthal wave
vectors would be observed; this superposition would change
as a function of time if the driving is transient [Wright,
1994]. Such modes may include both azimuthally propagat-
ing and radially standing wave behavior farther from noon
and may not appear monochromatic. A signature similar to a
monochromatic, radially standing fast mode wave would be
less likely to be generated or observed [Rickard and Wright,
1995]. Thus, our event selection methodology, designed to
detect radially standing fast mode waves, is biased to detect
global modes close to the noon local time sector.

[66] A third reason for the local time asymmetry is that
the magnetospheric cavity/waveguide may not be able to
sustain global modes equally well in different local time
sectors. This could explain the relatively low occurrence
rate for global modes on the nightside, where there is no
fixed outer boundary such as the magnetopause to reflect
and trap fast mode wave energy. In fact, it is surprising that
any radially standing fast mode waves exist in this local
time sector, as fast mode wave energy would be expected to
rapidly escape into the magnetotail (Figure 1 shows a night-
side event). Further examination of the trapping and driving
mechanisms of these few nightside events is a topic of
future studies.

[67] In Figure 7b, we examine the occurrence rate of
global modes as a function of L, or the radial distance at
which a dipole magnetic field line crosses the magnetic
equatorial plane [Mcllwain, 1966]. All global modes were
observed between L of 5.9 and 12.3 Re. The occurrence rate
for global modes is highest for low L (5.9 < L < 7.5) at
2.6%, lower for moderate L (7.5 < L < 9.5) at 1.3%, and
lowest for high L (9.5 <L < 12.3) at 0.54%.

[68] There are three potential reasons for the dependence
of global mode occurrence rate on L. Higher L values
are closer to the magnetopause, where wave activity with
a broadband frequency spectrum is commonly observed
because of transient magnetopause perturbations or waveg-
uide modes with a continuum of azimuthal wave vectors,
which appear as wave activity with a broadband frequency
spectrum [Rickard and Wright, 1995]. Both types of wave
activity would tend to obscure monochromatic, radially
standing global modes, making it more difficult to identify

events in this region. Also, waveguide modes with low
azimuthal wave vector are expected to have their turning
points at lower L values than waveguide modes with high
azimuthal wave vector [Wright, 1994]. Thus, only waveg-
uide modes with low azimuthal wave vector would be
observed at low L values; a superposition of waveguide
modes would be observed at higher L values. These isolated
waveguide modes with low azimuthal wave vector are more
likely to be identified during the event selection process.
[69] A third reason for the L dependence could be that
there is a preferred global mode radial structure. The plas-
masphere plays an important role in determining the radial
structure of global modes [Zhu and Kivelson, 1989; Lee,
1998]. The plasmapause is most likely to be located at
approximately 4.5 Re during the predominately quiet geo-
magnetic conditions of this study [Moldwin et al., 2002].
The L dependence in the global mode occurrence rate, if
interpreted in the context of radial structure, suggests that
the region between 5 and 7.5 Re (just outside the plasma-
pause) is where the electric and magnetic perturbations asso-
ciated with the global mode are easily detectable (whereas at
higher L shells they are not). This is consistent with the idea
of a persistent global mode trapped within the plasmasphere,
with decaying amplitude with increasing distance from the
plasmaspause [Lee and Lysak, 1999; Takahashi et al., 2003].

4.2. Favored Driving Conditions for Global
Modes—Geomagnetic Activity

[70] We obtained hourly geomagnetic activity indices and
solar wind data from OMNIweb for use in computing occur-
rence rates for different driving conditions. The solar wind
data were time referenced to the subsolar magnetopause.

[71] We examined the dependence of the global mode
occurrence rate on the Kp and AE indices, and we found
no strong relationships. The observation interval occurred
during solar minimum, however, when the nominal level of
geomagnetic activity is expected to be lower. We note that
of 72 events, only three occurred during intervals when Kp
was greater than or equal to 4 and only 15 occurred during
intervals when AE was greater than or equal to 200 nT. This
suggests a preference of global modes for lower geomag-
netic activity, as suggested by Kivelson et al. [1997], but we
do not regard it as conclusive evidence because of a paucity
of observations during intervals with higher geomagnetic
activity. The paucity could also be due to obscuration of
global mode signals by other high amplitude ULF waves
driven by storms and substorms.

4.3. Favored Driving Conditions for Global
Modes—IMF Cone Angle

[72] The ion foreshock is an important energy source for
ULF waves in the dayside magnetosphere, particularly dur-
ing intervals of radial IMF [Troitskaya et al., 1971; Fairfield
et al., 1990; Engebretson et al., 1991; Clausen et al., 2009;
Eastwood et al., 2011]. Waves originating in the ion fore-
shock have been suggested as a driver of global modes
[Kivelson et al., 1997; Takahashi, 2010]. Because the ion
foreshock is most effective at generating ULF waves in
the magnetosphere during intervals of radial interplanetary
magnetic field (IMF), we examine the dependence of the
global mode occurrence rate on IMF cone angle. Cone angle
values close to 0 or 180° are associated with radial IMF and
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Figure 8. (a) The cone angle of global mode events with frequencies less than or equal to 10 mHz versus
GSM xy position. To focus on differences between radial and perpendicular (to Earth-Sun line) IMF, we
apply the transformation 6 — [180 — 6| when the cone angle is larger than 90°. (b) The same but for

frequencies greater than 10 mHz.

intervals of strong driving of magnetospheric ULF waves
[Troitskaya et al., 1971]. They would also be associated with
a higher occurrence of global modes, if the ion foreshock is
an energy source for the global modes.

[73] We found that the normalized occurrence rate for
global modes was more elevated during intervals of low
cone angle (0 < 6 < 45), at about 1.5%, than during
intervals with higher cone angles. This trend is most evi-
dent when the cone angle is plotted versus position for each
event and sorted by frequency. In Figure 8a, the cone angle
is plotted for all events with frequencies less than or equal
to 10 mHz. Here, we only want to differentiate between
cases when the IMF is radial and those when the IMF is
perpendicular to the Earth-Sun line; we thus transform all
cone angles greater than 90° according to 6 — [180 — 6)|.
There is no clear relationship between cone angle and global
mode occurrence here, with all events spread throughout the
magnetosphere and displaying a wide range of cone angles.

[74] The situation is different in Figure 8b, where the cone
angle is plotted for all events with frequencies greater than
10 mHz. First, most events with frequencies greater than
10 mHz are clustered near pre-noon and noon, in contrast to
those in Figure 8a. Second, all events in this cluster occurred
when the cone angle was either close to 0 or 180°. This evi-
dence strongly suggests that the ion foreshock is the most
important source of energy for global modes with frequen-
cies greater than 10 mHz near the noon local time sector. It
is consistent with the identified ion foreshock driver in the
Kivelson et al. [1997] case study in which the wave activity,
like the events in Figure 8b, had a frequency above 10 mHz.
This evidence is also consistent with earlier observations of
magnetospheric ULF waves driven by ULF waves in the ion
foreshock occurring most often at these locations and fre-
quencies [Takahashi et al., 1981; Takahashi et al., 1984].
The propagation speed of these ULF waves is less than the
bulk flow of the solar wind [e.g., Burgess, 1997]; when the
cone angle is low and the ion foreshock is near the subso-
lar point, these waves will impinge on the bow shock and
can ultimately provide energy for global modes. Conversely,
when the cone angle is larger and the ion foreshock is

further from the subsolar point, any ULF wave energy in
the ion foreshock will be swept downstream with the bulk
flow of the solar wind without affecting the magnetosphere
or providing energy for global modes.

4.4. Favored Driving Conditions for Global
Modes—Solar Wind Flow Speed

[75] We next examine the dependence of global mode
occurrence rate on solar wind flow speed. We expect that
the occurrence rate should generally increase with increas-
ing solar wind flow speed. One reason is that more energy
is available for global modes during these intervals, either
through surface waves generated by flow-shear instabili-
ties, increased fluctuations in the IMF [Kim et al., 2011], or
through perturbations originating in the ion foreshock that
can affect the magnetosphere during radial IMF conditions
(both fluctuations in IMF and radial IMF conditions often
occur during intervals of high solar wind speed). Another
reason is the change in the nature of the boundary condition
at the magnetosheath at high solar wind speed, which can
effectively energize global modes [Mann et al., 1999].

[76] Figure 9a shows the dependence of the global mode
occurrence rate on solar wind flow speed. We separated the
data into two local time regions before computing the occur-
rence rate. The first region included the dawn and dusk
sectors (3 < MLT < 9 or 15 < MLT < 21). Data for
this region are shown in the left two bars in Figure 9a; as
expected, the occurrence rate increases from 0.7% to 1.3%
as the solar wind velocity increases from 263 < vy, < 450
to 450 < vg, < 751. The second region included the noon
sector (9 < MLT < 15). Data for this region are shown in
the right two bars in Figure 9a; here, the occurrence rate also
increases, from 1.8% to 3.2%. We do not show data from
the midnight sector (21 < MLT or MLT < 3), as there were
too few events to make a significant comparison; however,
no correlation between solar wind speed and occurrence was
immediately obvious when examining the 11 events found
near midnight.

[77] It is unclear from Figure 9a what is causing the
occurrence rate to increase at higher solar wind speeds.
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Figure 9. (a) The occurrence rate of global mode events versus solar wind flow speed for all events. The
left two bars are for data that includes the dawn and dusk magnetic local time sectors, and the right two
bars are for data that includes the noon local time sector. (b) The same as in Figure 9a, but only including

events with frequency below 10 mHz.

One possibility is that the increased solar wind speed is
correlated with radial IMF conditions, which are ideal for
driving ULF waves via processes originating in the ion fore-
shock. Figure 8 showed that global mode events with fre-
quencies above 10 mHz were strongly correlated with radial
IMF conditions, but those with frequencies below 10 mHz
had little apparent correlation. In Figure 9b, we present nor-
malized occurrence rates in the same manner as Figure 9a,
but we only include events with frequencies below 10 mHz,
to determine whether the increase in occurrence at high solar
wind speeds is only due to a preference for lower cone
angles/radial IMF during these conditions. Figure 9b shows
that the increase in occurrence is still present both at noon
and in the flank magnetosphere. We conclude that solar wind
flow speed affects the occurrence rate of global modes at
all frequencies, and that the effect may not be due solely
to a preference for radial IMF conditions at higher solar
wind flow speed. We cannot presently determine whether
this increase occurs because more energy is available for
global modes during these intervals or because of changes
to the magnetosheath boundary. However, if the former is
true, we expect that at least some of this energy must come
directly from the solar wind, since surface waves driven by
flow shear would be less likely to occur near noon, yet the
occurrence rate is still observed to increase substantially in
this sector.

4.5. Favored Driving Conditions for Global
Modes—Solar Wind Dynamic Pressure

[78] Solar wind dynamic pressure fluctuations are an
important energy source of ULF waves in the Earth’s
magnetosphere [e.g., Kepko et al., 2002; Takahashi and
Ukhorskiy, 2007], and they have been linked to global
modes in several case studies [e.g., Eriksson et al., 20006;
Hartinger et al., 2012]. Although these fluctuations can
provide energy for global modes, they can also preclude
their occurrence. Kivelson et al. [1997] noted that to grow,
cavity modes, a type of global mode, require a cavity
with stable dimensions, plasma parameters, and magnetic
field configuration. Global modes in the magnetosphere are
affected when the dimensions of the magnetosphere change,

and solar wind dynamic pressure plays an important role
in determining the dimensions of the magnetosphere—in
particular, the magnetopause location [Shue et al., 1997].

[79] Changes in solar wind dynamic pressure that are
comparable to global mode periods can drive global modes
[e.g., Claudepierre et al., 2009], but they can also preclude
their occurrence if the fluctuations are sufficiently large
that they cause a significant change in the dimensions of
the magnetospheric cavity. We demonstrate this with a 1-D
model of a fast mode wave standing between two perfectly
reflecting boundaries, one of which is the magnetopause.
The inner boundary is at location r(y and the outer boundary
is at the magnetopause location, ». The fast magnetosonic
speed, v, is uniform everywhere. The fundamental fre-
quency of the standing fast mode wave is then

__ Vm
C2(r—ro) M

When the outer boundary is displaced by an amount Ar, the
frequency changes by an amount

Vi Ar

Af= 2(r—ro)r—ro+ Ar)

2

Equation (2) shows that the larger the displacement of the
boundary, the larger the frequency change. It also shows
that an inner, or negative, displacement of the boundary
increases the frequency, whereas an outer displacement
reduces the frequency, consistent with decrease or increase
in the fast mode transit time as the boundary location
changes. The absolute value of the frequency change can be
compared to the original cavity frequency, assuming Ar is
small compared to r — r, using

S r=n
IAf] - |Ar]

3)

As the displacement of the boundary becomes larger relative
to the original cavity size, the frequency change becomes
larger relative to the original frequency.

[s0] This 1-D model can be used to show qualitatively
how the occurrence rate of global modes should depend on
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changes in the boundary location in the magnetosphere due
to solar wind dynamic pressure, with the understanding that
other factors, such as the inner boundary condition, can also
play a role in determining their occurrence. We consider the
magnetopause location as the outer boundary and the equa-
torial ionosphere as the inner boundary (rg = 1 Re). Using
the Shue et al. [1997] empirical model, the magnetopause
location at the subsolar point when the z component of the
IMF is 0 is

r=11.4P56 @)

where P is the solar wind dynamic pressure. To use
equation (3), we also require an estimate of the displace-
ments of the outer boundary due to dynamic pressure.
Takahashi and Ukhorskiy [2007] showed that instantaneous
measurements (1 min) of solar wind dynamic pressure and
the amplitude of solar wind dynamic pressure fluctuations
in the Pc5 frequency band are extremely well correlated.
Using the results from Figure 14 in that study, we find that
the relationship between them is given by

§P(Pc5) = 0.0026P"% (5)
Using equations (3)—(5), we find the dependence of
(r—rg)/Ar on the solar wind dynamic pressure based on
the 1-D model for global mode frequencies in the mHz
range (Pc5). Figure 10a shows how (» — r() /Ar changes as
a function of solar wind dynamic pressure (red line). In the
absence of other effects, increasing the dynamic pressure
will decrease (r—rg)/Ar, or render the magnetospheric cav-
ity/waveguide less effective at sustaining global modes. As
(r — ro)/ Ar decreases, the energy supplied to global modes
by dynamic pressure fluctuations will increase, as indicated
by equation (5) and the black line in Figure 10a. Although
these two effects may both be important, one will tend to
decrease the occurrence of global modes, whereas the other
will increase it.

[81] Figure 10b shows the occurrence rate of global
modes as a function of solar wind dynamic pressure. There
is no significant difference between the occurrence rates in
the first two bins, but the occurrence rate is significantly
lower in the highest bin (1.2 < P < 3.76 nPa) compared

a .
@) Dependence of boundary stability
on solar wind dynamic pressure
25 0.15
(1 — 10 ) / dr
m— Pc5 dP
22.8 0.12
2 206 0.09
=
184 0.06
16.2 0.03
14 0
0 1.6 3.2 4.8 6.4 8

Dynamic Pressure (nPa)

to the first two bins. This is the opposite trend from what
is expected for magnetospheric ULF waves directly driven
by solar wind dynamic pressure fluctuations; the amplitude
of these waves should and does increase as the amplitude of
the dynamic pressure fluctuations increases [ Takahashi and
Ukhorskiy, 2007]. However, this trend is expected for global
modes if the effect of (»—ry)/Ar decreasing with increasing
dynamic pressure is more important than the increase in the
energy supplied to global modes.

[82] This result is not inconsistent with the correlation
between global mode occurrence and upstream wave activ-
ity (section 4.3). Upstream waves generate dynamic pres-
sure fluctuations that could perturb the magnetopause, but
their perturbation amplitudes are less than 20% of the
perturbations in the pristine solar wind [Le and Russell,
1994; Greenstadt et al., 1995]. Furthermore, their magne-
topause perturbations ought to be more restricted in local
time (consistent with the location of the quasi-parallel bow
shock) than those generated by the pristine solar wind,
so they would not necessarily preclude the occurrence of
global modes at all local times. Finally, the amount of
energy from upstream waves that ultimately penetrates the
magnetosheath perturbs the magnetopause may be small
[Engebretson et al., 1991].

[83] The reduction in the occurrence rate at higher
dynamic pressure values may also be partially caused by
a biasing against intervals when global modes can be
unambiguously identified: The presence of ULF wave activ-
ity, whether directly driven monochromatic ULF waves
or waves with a broadband frequency spectrum, may be
obscuring global modes during intervals when solar wind
dynamic pressure fluctuations have larger amplitudes.

4.6. Favored Frequencies for Global Modes

[s4] Global mode frequency depends on the properties
of the magnetospheric cavity/waveguide. Cavity size will
affect the frequency; for example, larger cavities will tend
to have lower frequencies (equation (1)). The plasma con-
ditions inside the cavity/waveguide also affect frequency;
for example, a significant population of heavy ions will
decrease it. Frequency can also be affected by boundary
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Figure 10. (a) The dependance of (r — r9)/Ar, a measure of boundary stability, on solar wind dynamic
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wind dynamic pressure (black). (b) The occurrence rate of global mode events versus solar wind

dynamic pressure.
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conditions [Mann et al, 1999]. It is noteworthy that
more than one type of cavity/waveguide mode is possi-
ble; the equatorial ionosphere, plasmapause, magnetopause,
and bow shock have all been proposed as potential cav-
ity/waveguide mode boundaries, leading to a number of
possible cavities, each having its own distinct frequency.
Proposed and observed global mode frequencies have
ranged from < 1 mHz to tens of mHz [e.g., Lee and Lysak,
1989; Kivelson et al., 1997; Claudepierre et al., 2009].

[85] Given this wide range of possibilities for global
mode frequency, it is difficult to predict exactly what trend,
if any, should be expected when an ensemble of global mode
observations at a range of radial distances and magnetic
local times is examined. We have already demonstrated in
Figure 8 that global modes with frequencies above 10 mHz
are preferentially driven by the ion foreshock in the pre-
noon and noon local time sectors. This is consistent with
reports from MHD simulations and observations of cav-
ity mode frequencies in that region [Kivelson et al., 1997;
Claudepierre et al., 2009]. However, these are not the only
global mode frequencies that can be excited in that region,
as evidenced by Figure 8a. The ion foreshock is only effec-
tive at driving global modes in that region when the driving
frequency spectrum from the ion foreshock overlaps one
or more of the accessible global mode frequencies in the
magnetosphere [ Wright, 1994]. These frequencies could cor-
respond to a subset of possible cavity/waveguides in the
dayside magnetosphere; the cavity/waveguides correspond-
ing to the lower frequency global modes that were found on
the dayside may be larger and may not be effectively driven
by the ion foreshock.

[s6] Figure 11 shows the frequency of all global mode
events versus position in the GSM xy plane. Apart from the
clustering of higher frequency (10 < ' < 20 mHz) global
modes on the dayside, there are no immediately obvious
trends. The lower frequency (3 < f < 10 mHz) global
modes occur at all local times and radial distances. Notably,
they do not have decreasing frequencies with increasing
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Figure 11. The position of each global mode event in
the GSM xy plane. The global mode frequency (mHz) is
indicated in color.

radial distance. This trend would be expected for standing
Alfvén waves, which nominally have decreasing frequen-
cies with increasing radial distances in this region (outside
the plasmasphere). The absence of this trend is further evi-
dence that our methodology has selected global mode events
rather than standing Alfvén waves.

[87] The lack of a clear trend with respect to radial dis-
tance or magnetic local time or a preference for specific
frequencies suggests that there is significant variability in
the properties of magnetospheric cavities/waveguides. This
is reasonable when considering the variability expected in,
for example, the magnetopause location or the distribution
of plasma mass density from event to event. We note here
that we only searched for events in the frequency range
3 < f < 20 mHz, and thus we cannot comment on global
mode frequencies outside that range, such as the ULF waves
observed on the ground at discrete frequencies below 3 mHz
[Samson et al., 1991]. In the frequency range we considered,
we found that 36 out of 72 events had frequencies in the
Pc5 frequency range, suggesting a preference for Pc5 fre-
quencies in the region we considered (radial distance greater
than 5 Re). There was no statistically significant preference
for global modes to occur at discrete frequencies. How-
ever, it is possible that with more events such trends could
be identified.

[s8] To summarize, global modes with frequencies
between 10 and 20 mHz occur almost exclusively on the
dayside. Those with frequencies in the range 3 < f <
10 mHz occur at all local times and radial distances consid-
ered in this study (5 < r < 13 Re), with no clear frequency
trends evident. Half of the global modes in our database had
frequencies in the Pc5 frequency range.

5. Summary

[89] We used data from multiple THEMIS spacecraft to
identify 72 global mode events. Our event selection crite-
ria were designed to use magnetic field, electric field, and
plasma data from a single probe as well as multi-probe and
ground observations to identify these global modes while
excluding other ULF wave modes. This is the first study
to identify a large number of global modes using in situ
wave mode identification, providing strong evidence for the
existence of global modes outside the plasmasphere. It also
provides an opportunity to study the the behavior of global
modes in aggregate, something not possible in case studies.

[90] Using an ensemble of 72 events (listed in Support-
ing Information, Table S1), we characterized the behavior
of global modes, obtaining a lower bound of 1.0% for their
overall occurrence rate in the Earth’s magnetosphere. We
also found that global modes are more likely to occur in
the noon local time sector and at radial distances less than
7.5 Re. The ion foreshock is an important source of energy
for global modes with frequencies greater than 10 mHz, and
the occurrence of all global modes generally increases with
increasing solar wind flow speed and decreasing solar wind
dynamic pressure. Half of the global modes we identified
had frequencies in the Pc5 range.

[o1] After visually inspecting band-pass-filtered data
from each event, we found that only 10 global mode events
out of 72 had magnetic field z perturbations greater than
1 nT. Although our study may be biased to observe lower
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amplitude global modes (see section 3.4), it is noteworthy
that so many events in the database had low wave ampli-
tudes compared to other ULF wave modes generated during
nominal or geomagnetically active conditions [Zhu and
Kivelson, 1991]. These low amplitudes would make it diffi-
cult to identify global modes in the presence of other ULF
wave modes with similar frequencies, perhaps explaining
the paucity of in situ global mode observations.

[92] Global modes, regardless of whether they have low
amplitudes, can play an important role in driving standing
Alfvén waves, which can have significant amplitudes, as
shown in previous models and observations [Kivelson and
Southwood, 1985; Hartinger et al., 2012]. Thus, they are a
viable mechanism for coupling energy from the solar wind
into the magnetosphere and ionosphere (via Alfvén waves),
and this study suggests that they may occur more frequently
than previously thought. Studying the importance of global
modes relative to other energy transfer mechanisms is a
topic for future work.

[93] In light of these results, we suggest two possibili-
ties for future studies using multi-spacecraft observations to
advance the understanding of wave mode coupling in the
Earth’s magnetosphere. A study that uses statistical anal-
ysis with simultaneous observations at the magnetopause,
in the magnetosphere, and on the ground could exam-
ine the response of the magnetosphere to magnetopause
surface waves or pulses; in particular, the excitation of
standing Alfvén waves. This study could be used to deter-
mine whether global modes routinely play a role in wave
mode coupling with shear Alfvén waves and whether they
are an important mechanism for coupling energy from the
solar wind to the magnetosphere and ionosphere. A second
study that uses statistical analysis with routine identification
of waveguide modes using azimuthally separated spacecraft
(as in Mann et al. [1998]) or with ground observations (as in
Mathie and Mann [2000]) could be used to obtain a nominal
occurrence rate for global modes rather than a lower bound,
as in this study.
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