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Abstract A localized Pc4‐5 ultralow‐frequency (ULF) wave event associated with a plasmaspheric plume
was observed by THEMIS‐E on the dawnside near L = 6, which was identified as a second harmonic
poloidal wave. The plume was identified as a sudden density enhancement during an outbound pass. The
charged particle populations in the plume have a variety of periodic modulation characteristics at different
energies. First, there is an antiphase relationship between magnetic field Br and particle flux across a
wide energy range both for ions and electrons (~50 keV to 1 MeV). Second, there is a 180° phase shift in the
modulated ion flux within an energy range of ~2–6 keV, with negative slope dispersions of ion pitch angle
distributions at ~2–6 keV and ~50–75 keV, which are characteristic of drift‐bounce resonances. Third,
the lower‐energy (<32 eV) ion flux is modulated at double the wave frequency, which are the result of E × B
effect. Considering the generationmechanism of this poloidal mode wave within the plume, we find that it is
likely generated by drift‐bounce resonance from an unstable population of ions, due to an inward radial
phase space density gradient. We suggest that the localization of waves to the plume is because the high
plasma density reduces the local poloidal mode eigenfrequency, enabling a match to the drift‐bounce
frequencies of these ions, and resonant energy transfer from these particles to the eigenfunction at this
location. This generates the Pc4‐5 second harmonic poloidal waves at a much lower L region than would
otherwise be expected.

1. Introduction

The Earth's plasmasphere consists of cold, dense plasma from the ionosphere. The dynamics of the plasma-
sphere can be understood by considering the balance between source and loss processes, due to ion outflow
from the ionosphere and transport to themagnetopause, respectively. This transport is in turn understood by
a balance of competing processes, namely, corotation with the Earth's rotational motion, and magneto-
spheric convection, driven by dayside and nightside magnetic reconnection rates. During intervals of strong
convection during geomagnetic storms, the dayside outer plasmasphere surges outward by enhanced sun-
ward convection, forming a plasmaspheric drainage plume in the dusk sector, which transports the cold
plasma from the plasmasphere to the dayside magnetopause. Under sustained strong convection this struc-
ture can become increasingly narrow and localized to the afternoon sector as the remnant of the outer plas-
masphere is gradually lost to the magnetopause. Then, as sunward convection weakens during the storm
recovery phase, the remnant plume, now a narrow filamentary structure, corotates eastward with the
Earth and becomes wrapped around nightside and morning sector (e.g., Fu & Sun, 2016; Goldstein et al.,
2005; Spasojević et al., 2003). The plasmaspheric plume is usually detected as a “detached plasma” region,
which is a distinctly isolated region with sudden and significant increase in the total plasma density (e.g.,
Chappell, 1974; Chappell et al., 1970).

The Pc4‐5 ultralow‐frequency (ULF) waves are electromagnetic oscillations in the Earth's magnetosphere
with frequency between ~1 and 22.2 mHz. According to whether the magnetic field perturbations are in
the radial or azimuthal directions, they are classified as toroidal or poloidal mode. Pc4‐5 toroidal waves
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with low m are usually considered to be caused by external sources, such
as Kelvin‐Helmholtz instability along the magnetopause (e.g.,
Claudepierre et al., 2008; Ling et al., 2018; Rae et al., 2005; Zhang et al.,
2018), solar wind dynamic pressure impulse (e.g., Allan et al., 1986;
Degeling et al., 2014; Lee & Lysak, 1989; Shen et al., 2015, 2017; Shi
et al., 2013, 2014; Tian et al., 2016; Zong et al., 2012), and foreshock tran-
sients (e.g., Hartinger et al., 2013; Shen et al., 2018). Pc4‐5 poloidal waves
with high wave number are usually driven by localized kinetic plasma
instabilities such as the drift‐bounce resonance instability (e.g., Oimatsu
et al., 2018; Southwood, 1976; Yang et al., 2010), the free energy could
be generally provided by bump‐on‐tail distribution at low‐energy (~1–10
keV; e.g., Liu et al., 2013; Shi et al., 2018; Takahashi et al., 2018) or inward
gradient of ion phase space density (PSD) at high energy (tens to hundreds
of keV; e.g., Dai et al., 2013; Min et al., 2017; Yamamoto et al., 2018).

Alfvénic standing waves are characterized by a 90° phase difference
between the electric field and magnetic field components (e.g., Singer
et al., 1982). The sign of phase delay can be used to diagnose the harmo-
nics mode of Pc4‐5 ULF waves; for instance, the poloidal mode could be
second harmonic (fundamental) wave if the phase of the radial magnetic
field Br leads (lags) the azimuthal electric field Ea by 90°, if measured
slightly south of the magnetic equator (e.g., Hao et al., 2014; Liu et al.,
2013; Takahashi et al., 2011, 2014; Zhang et al., 2018). For poloidal mode
waves, the second harmonic mode is the most common phenomenon in
the Earth's magnetosphere, which is usually observed on the duskside
near L ~ 5–6 with frequency in Pc4 band (6.7–22.2 mHz; e.g., Dai et al.,
2015). Occasionally, fundamental poloidal waves are also observed in
the dawnside magnetosphere near L ~ 5–6 with frequency in Pc4 and

Pc5 bands (1–6.7 mHz) and have been identified as giant pulsations on the ground (e.g., Glassmeier et al.,
1999; Rostoker et al., 1979; Takahashi et al., 2011; Wang et al., 2018).

In this paper, we present a 6.7 mHz (the boundary between the Pc4 and Pc5 bands) second harmonic poloi-
dal ULF wave event near L ~ 6 in the dawnside plasmaspheric plume. We find that the observed poloidal
oscillations are associated with a variety of periodic particle modulations at different energies and are likely
generated by drift‐bounce resonance of ions with an inward radial gradient of the PSD. In addition, we also
confirmed the controlling effect of the plasmaspheric plume in the generation of Pc4‐5 ULF wave.

The remainder of this paper is organized as follows. In section 2, we introduce the data set and the satellite
orbits used in this study. In section 3, we present the satellite observations. In section 4, we discuss the wave‐
particle modulations and generation mechanism of the wave. Section 5 gives the main conclusions.

2. Data Set and Orbit

The magnetospheric measurements used in this study are mainly from the THEMIS mission, which consists
of five identical satellites (TH‐A, B, C, D, and E) with orbital inclination of about 10° (Angelopoulos, 2008).
We use ~3 s resolution spin‐fit magnetic field data from the fluxgate magnetometer (Auster et al., 2008), ~3 s
resolution ion (5 eV to 25 keV) and electron (6 eV to 30 keV) data from the electrostatic analyzer (ESA;
McFadden et al., 2008), ~3 s resolution ion (25 keV to 6 MeV) and electron energy fluxes (25 keV to 900
keV) from the solid state telescope (SST; Larson et al., 2008), and electric field data and spacecraft potential
data from the electric field instrument (Bonnell et al., 2008). The ESA provides 22.5° × 11.25° inherent angu-
lar resolution (~22.5° pitch angle resolution) over 4 str. The SST provides 30° × 11.25° inherent angular reso-
lution (~22.5° pitch angle resolution) over 3 str (Angelopoulos, 2008). Figure 1 shows the orbits of TH–A,
TH–D, and TH–E in the GSM X‐Y plane. The waves in the plume are observed by TH‐E, whose orbit was
outbound in the morning sector (the radial distance R ≈ 5.3–7 RE, MLT ≈ 5.3–6.1 hr, MLAT ≈ −11°) during
01:00–02:10 UT on 22March 2013. The results of the test particle code by Goldstein et al. (2014), showing the
simulated plasmapause location during this event, were used in Figure 1 and are publicly available online

Figure 1. Orbits of TH‐A (gray), TH‐D (purple), and TH‐E (red) in the GSM
X‐Y plane during 01:00–02:10 UT on 22 March 2013 are marked by the thick
solid lines. The dashed curves represent the orbits of the whole day. The
magnetopause is plotted based on the Shue et al. (1998) model with the
averaged solar wind dynamic pressure = 1.37 nPa and IMF Bz = 5.8 nT. The
green region indicates the plasmaspheric plume region at 01:00 UT on 22
March 2013, derived from the plasmapause test particle simulations of
Goldstein et al. (2014).
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(http://enarc.space.swri.edu/PTP/). These results provide an estimate of the time‐varying global plasma-
pause location in 15 min time steps over a time range from 2012 to 2015, based on the solar wind data
and Kp geomagnetic index.

A local field‐aligned‐cartesian (FAC) coordinate system with parallel (z), azimuthal (a), and radial (r) com-
ponents is used to study waves, which is defined by

z ¼ B0

B0j j ;a ¼ z×R
z×Rj j ; r ¼ a×z (1)

where B0 is derived by taking a 20 min running average of the magnetic field data and R is the outward posi-
tion vector from Earth's center to the satellite.

3. Observation
3.1. The Pc4‐5 Poloidal Wave in the Dawnside Plume

Figure 2 is an overview of this wave event. Figure 2a shows the electron density derived from spacecraft
potential measurements. A density enhancement over the radial distance range from 5.3 to 7 RE is observed,
suggesting the presence of a plasmaspheric plume, which is also in good morphological agreement with the
plume model shown in Figure 1. Figures 2b–2j show the magnetic field, velocity, and electric field compo-
nents in the FAC coordinate system; all these components show clear wave characteristics. Figures 2k–2s
show the PSD of the components in corresponding left Figures 2b–2j, which are derived by the fast Fourier
transform analysis. We can see that there is an obvious single spectral peak at 6.7 mHz for each panel, and
the PSD of the wave components Br, Vr, and Ea dominate over the other components. Therefore, this event
is considered a quasi‐monochromatic poloidal Pc4‐5 wave event. One of the interesting features is that this
wave exists after the TH‐E enters into the plume region (two black vertical lines in left panels), which suggests
that the ULF wave event is likely associated with the plasmaspheric plume. Furthermore, a minor geomag-
netic stormwith aminimumDst value of−54 nT occurred about 1.5 days before this event, whichmay be the
reason that the plume was observed in the dawnside as introduced in section 1.

3.2. Energy Spectrum and Particle Flux

Figures 3a and 3b show the omnidirectional ion energy spectrum measured from the SST (25 keV to 6 MeV)
and ESA (5 eV to 25 keV) at 01:00–02:10 UT, respectively. We can see that there are three different modula-
tions in higher, middle, and lower energies. The line plot in Figures 3e–3g show the omnidirectional ion flux
at different energies, providing more clear information for these modulations as follows. Figure 3e shows
antiphase modulations between Br and higher‐energy ions (>50 keV); the characteristics of drift‐bounce
resonance (180° phase shift) at ~2–6 keV are shown in Figure 3f (Southwood & Kivelson, 1981; Zhou et al.,
2016); and double peaks at lower energy (<32 eV) are shown in panel g, which could be the result of E cross B
effect (Hirahara et al.,2004; Sakurai et al., 2014). In addition, Figures 4c and 4d show the electron energy
spectrum measured by SST (30 to 900 keV) and ESA (6 to 30 keV), respectively. There is also an antiphase
modulation between Br and higher‐energy electrons (30 to 700 keV), although the line plots are not shown
here. Additionally, there are no clear modulations at ~8–25 keV (as shown in Figure 3b).

3.3. Pitch Angle Spectrogram

Figure 4 shows the pitch angle distribution of ion energy flux in six different energy channels. We can see
that there are steady periodic flux modulations and clear pitch angle dispersions with negative slope in these
energy channels (~2–6 keV and ~50–75 keV). In each wave cycle, the peak (or valley) of flux has the largest
time lag at 0° pitch angle and decreases with increasing pitch angle. This is another characteristic of drift‐
bounce resonance, which may be caused by the time of flight effect to the satellite in the Southern
Hemisphere (MLAT ≈ −11°; Ren et al., 2017; Yang et al., 2011; Zhu et al., 2019).

3.4. Azimuthal Wave Number

Azimuthal wave number can be estimated by twomethods: One is to analyze the phase delay betweenmulti-
ple satellites or ground magnetometers and radars (Shi et al., 2018; Takahashi et al., 2013; Tian et al., 2012)
and the other is to use finite Larmor radius effects of energy flux at one satellite (Min et al., 2017; Takahashi
et al., 2018). In this study, we use the second method, because only a single satellite (TH‐E) detected this
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wave event and no ground signal response was observed. This may be due to the highly localized wave
structure and the ionospheric screening effect (Hughes & Southwood, 1976).

An observable gyrophase dependence in particle flux can develop at energies where the particle gyroradius
qL is comparable with the perpendicular wavelength ?⊥ (Kivelson & Southwood, 1983). As shown in Figure 5
a, the gyrocenters of measured particles are located away from spacecraft by qL, and they will be located in
different phases of the wave for different gyrophases. Therefore, the spin modulation of the measured par-
ticle flux j can be expressed as (Min et al., 2017)

j∼exp ik⊥· ρL
�!−iωt

� �
(2)

where k⊥ is the perpendicular wave number, ρL
�! is the vector form the spacecraft to the gyrocenter of mea-

sured particle, and ω is the wave frequency.

Figure 2. Observations by TH‐E on 22 March 2013: (a) Electron density derived from the spacecraft potential measure-
ment; (b–d) magnetic field components, (e–g) velocity components, and (h–j) electric field components in the FAC
coordinate system; (k–s) FFT analysis to the components in corresponding left panels b–j.
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Figure 3. The omnidirectional energy spectrum and particle flux of ions and electrons. Panels a and b (c and d) are the energy spectrum for ions (electrons) mea-
sured by SST and ESA, respectively. Panels e–g show the ion flux at different energies. Panels h and i show the perturbation of total and radial magnetic field
strength Bt and Br, respectively. The black lines in panels e–i indicate the location of the troughs in Br.

Figure 4. Pitch angle spectrogram for ions with different energies. The color indicates the residual flux (J − J0)/J0 (Hao
et al., 2017), where J is the original energy flux measured by TH‐E and J0 is the 20‐min running average of J.
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Figure 5b shows the energy flux as a function of gyrophase near 90° pitch
angle for ions with energy ~57 keV. We can see that there are clear peri-
odic modulations, and the flux modulations are earlier at 90°(270°) than
180°, which indicates that the wave is propagating westward. Figure 5c
shows the line plot of energy flux at 90° and 180° in Figure 5b, respec-
tively. Figure 5d shows the band‐pass‐filtered results for the measure-
ments in Figure 5c, and we can see that the average phase delay
between the energy flux at 90° and 180° is ԏ ≈ −38.6s. From equation (2),
we can estimate the wave number by calculating the phase delay ԏ in the

90° and 180° as ԏω = k⊥·ρL. Finally, assuming that the resonance ions
are protons, the azimuthal wave number is calculated to be m = k⊥·R ≈
[−257,−216], where R is the distance from Earth's center to the spacecraft
(as shown in supporting information Figures S1a–S1c). Moreover, it is
clear that the fluxes are higher in the 90–180° sector than in 180–270° sec-
tor, which means that there is an inward radial gradient of ions of
~57 keV.

4. Discussion
4.1. Harmonic Mode

Figure 6 shows the process of analyzing harmonic mode of this poloidal
wave event. In Figure 6b, the 5.7–7.7 mHz band‐pass‐filtered signals of
radial magnetic field Br and azimuthal electric field Ea are plotted for this
wave event. The phase differences between the band‐pass‐filtered Br and
Ea are shown in the Figure 6c.We can find that the phase of Br leads Ea by
~90°. Because the satellite is located slightly south of themagnetic equator
(MLAT ≈ −11°), this event can be identified as an even harmonic stand-
ing wave, as discussed in section 1. Furthermore, we also compare the
observed wave frequency with the numerically calculated field line eigen-
frequency (calculated following the method of Rankin et al., 2006, and
Degeling et al., 2010), as shown in Figure 6d. In the numerical calculation,
the background ions are considered as protons, and the mass density on
the equatorial plane is retrieved from satellite measurements. We can
see that the wave frequency of 6.7 mHz (dashed line) is close to the simu-
lated second harmonic eigenfrequency (red line). Therefore, we confirm
that the observed ULF waves in the plume are second harmonic poloidal
oscillations. In addition, it is noteworthy that the second harmonic poloi-
dal eigenfrequency decreases rapidly to the wave frequency at the begin-
ning of Figure 6d. This is attributed to the sudden increase of the

plasma density when TH‐E enters the plume. Moreover, TH‐A and TH‐D detected 17.1 mHz second harmo-
nic poloidal waves and 3.6 mHz fundamental toroidal waves, respectively. Their frequencies and wave
modes are different from the wave detected by TH‐E. This implies that the waves observed by TH‐E may
occur only in the plume and are localized second harmonic poloidal wave.

4.2. Wave‐Particle Modulation

As shown in sections 3.2–3.3 (Figures 3f and 4), there are three different modulations between the wave and
ions, including (1) the double peaks at lower energy ions (<32 eV), (2) the drift‐bounce resonance at ~2–6
keV and ~50–75 keV, and (3) an antiphase modulation between Br and higher‐energy particles (>75 keV).
The first two modulations will be discussed in the following section, and the third modulation could be
the result of the radial oscillation of the field line carrying particles with large inward flux gradient.
4.2.1. E Cross B Effect
Figure 7a shows the ion fluxes of lower energy ions (6 and 11 eV) in Figure 3g at 01:00–02:10 UT. It is clear
that there are double peaks in each wave cycle, which are indicated by the vertical dashed lines. We calcu-
lated the increased particle energy produced by accounting for E cross B drift motion, as shown in Figure 7b.

Figure 5. The finite Larmor radius effects shown in ion energy fluxes. (a)
Illustration of measured particle from different look directions. The four
lines represent the trajectories of particles with the guiding center located at
0°, 90°, 180°, and 270°. (b) Energy flux in different gyrophase for ions with 57
keV. (c) Energy flux of ions with the guiding center located at 90° (red) and
180° (blue). (d) Band‐pass‐filtered signals of energy flux in panel c.
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We can see that the trend in Figure 7b is in good agreement with that in Figure 7a, which means that the
double peaks are the results of the cold plasma in the plume being modulated by the observed wave
through the E cross B effect.

Figure 6. (a) The radial magnetic field Br (black) and azimuthal electric field Ea (red). (b) Band‐pass‐filtered (5.7 to 7.7
mHz) signals of Br and Ea in panel a. (c) The phase differences between the band‐pass‐filtered Br and Ea. The three
black dashed lines indicate the 60°, 90°, and 120° phase differences, respectively. (d) The simulated fundamental poloidal
eigenfrequency (blue) and second harmonic poloidal eigenfrequency (red), respectively.

Figure 7. (a) Ion flux for energy of 6 and 11 eV, which is the same as that of Figure 3g during 01:00–02:10 UT, and (b) the
calculated ion energy by E cross B effect. The black lines are the same as that in Figure 3.
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4.2.2. Drift‐Bounce Resonance
The theory of interaction between charged particles and ULF waves via the drift‐bounce resonance has been
well developed (Southwood, 1976; Southwood & Kivelson, 1981; Zhou et al., 2016). The condition of drift‐
bounce resonance can be expressed as

ω−mωd ¼ N ωb (3)

where ω is the wave angular frequency, ωd is the particle drift angular frequency, ωb is the particle bounce
angular frequency,m is the azimuthal wave number, and N is an integer (e.g., N = ±1 representing the sec-
ond harmonic mode; Southwood et al., 1969). The proton angular drift frequency ωd and bounce frequency
ωb can be calculated based on the following equations (Chisham, 1996; Hamlin et al., 1961; Li et al., 1993):

ωb ¼
π

ffiffiffiffiffiffi
W
2mi

q
LRE 1:3−0:56sin αð Þ (4)

ωd ¼ −
3LWRE 0:7þ 0:3sin αð Þ

qk0
þ 90 1−0:159KP þ 0:0093KP

2ð Þ−3L3REsin θ
k0

þΩE (5)

whereW is particle energy,mi is the ion mass, α is the particle's equatorial pitch angle, q is electric charge of
particle, k0 is the magnetic moment of Earth's dipole, RE is the Earth's radius, Kp is the geomagnetic activity
index,θis the azimuthal angle (θ = MLT/24 × 360), and ΩE is the angular frequency of the Earth's rotation.

Therefore, we can calculate the drift‐bounce resonance energy of ions for the observed 6.7 mHz second harmo-
nic poloidal wave withm‐number range of [−257, −216] at L ≈ 6.6 and MLT ≈ 6 from equations (3)–(5). The
calculated resonant energy is ~4.9 keV forN= 1 resonance of protons and 59.5–76 keV forN=−1 resonance of
protons (as shown in supporting information Figure S1d). In this work, both the energy spectrumand the pitch
angle distribution show that the drift‐bounce resonance occurs at ~2–6 keV, which is consistent with the cal-
culated resonant energy 4.9 keV for N = 1 proton resonance. The pitch angle distribution in Figure 4 also
shows that the drift‐bounce resonance exists at ~50–75 keV, which are also consistent with the calculated reso-
nant energy 59.5–76 keV for N = −1 proton resonance. Unfortunately, we cannot prove the type of resonance
particles more precisely because THEMIS satellite cannot distinguish the composition of particles.

4.3. Source of Free Energy

Several generation mechanisms can produce second harmonic Pc4‐5 poloidal mode waves. Poloidal waves
generated by an external source are usually global waves with a lowm number, and a strong compressional
component (Dai et al., 2015; Liu et al.,2013), which are different from the observations in this paper. We also
checked the solar wind data (e.g., from the GEOTAIL satellite) and found no evidence supporting the excita-
tion of the observed waves by an external source. For internal sources, it has been well accepted that second
harmonic poloidal waves are frequently generated by the drift‐bounce resonance. Whether a given drift‐
bounce resonance contributes to wave generation depends on the ion PSD and whether free energy in the
particle distribution exists that can be transferred to the wave. The condition for instability is given by
(Southwood & Hughes, 1983)

dF
dW

¼ ∂F
∂W

����
M;L

þ dL
dW

� �
∂F
∂L

����
M;W

>0;
dL
dW

≈
mREL2

qωk0
(6)

where F is the particle PSD,W is particle energy,M is the magnetic moment, q is electric charge of a particle,
k0 is the magnetic moment of Earth's dipole, and RE is the Earth's radius. This equation indicates that both
the bump‐on‐tail structure distribution (the first term) and a radial inward gradient of particles (the second
term) could provide free energy to the generation of wave.

Figure 8a shows the PSD distribution of ions for different energies and pitch angles at L ~ 6.18. The thick
black (red) lines in the figure are contours of constant magnetic moment for the resonant protons (Mres1
= 57 (keV) sin2(90°)/137 (nT) and Mres2 = 4 (keV) sin2(90°)/137 (nT)). Figure 8b shows the relationship
between the PSD and energy along the thick black and red lines of Figure 8a. We can see that there are
no obvious positive PSD gradients (∂F/∂W|M, L ~ −118 s3 km−6 keV−1) for 4 keV, which means that this
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wave event could not be generated by bump‐on‐tail distribution at low energy. Figures 8c and 8d show the
PSD distribution of 57 and 4 keV ions for different L and pith angles. The thick red lines in the figure also are
contours of constant magnetic moment. Figures 8e and 8f show the relationship between the PSD and
L‐shell along the red thick lines of Figures 8c and 8d. A significant inward gradient (∂F/∂L|M, W ~ −4.11
s3 km−6) in the plume for 57 keV is shown in Figure 8e, which is consistent with the results of Figure 5.
From equation (6), we find the following:

For 57 keV: dF
dW ¼ ∂F

∂W

��
M;L þ dL

dW

� �
∂F
∂L

��
M;W∼−0:2−0:18× −4:11ð Þ

∼0:54 s3km−6keV−1� �
>0:

For 4 keV: dF
dW ¼ ∂F

∂W

��
M;L

þ dL
dW

� �
∂F
∂L

��
M;W

∼−118−0:18×200

∼−154 s3km−6keV−1� �
<0:

This suggests that the free energy for wave generation could be provided by the inward radial gradient of
~57 keV.

Figure 8. (a) Phase space density (PSD) for different energy and pitch angle. (b) PSD as a function of energy. (c, d) PSD of
57 and 4 keV ions for different L and pitch angle. (e, f) PSD as a function of L for ions with 57 and 4 keV.
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4.4. The Effect of the Plume

Figure 9 shows the overviews of TH‐D (left), TH‐E (middle), and TH‐A (right) in the region of this wave
event. The top three panels show the orbits of TH‐A (sienna), TH‐D (purple), and TH‐E (red) at different
times. The green regions indicate the simulated plasmaspheric plume regions. Figures 9a–9j display the

Figure 9. Orbits of TH‐A (gray), TH‐D (purple), and TH‐E (red) and observations by TH‐D, TH‐E, and TH‐A. (a) Electron
density derived from the spacecraft potential measurement, (b–d) magnetic field components, (e–g) velocity components,
and (h–j) electric field components in the FAC coordinate system.
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electron density, magnetic field, velocity, and electric field components in the same format as Figures 2a–2j.
We can see that TH‐D and TH‐A traversed through the same region 2h before and 3 hr later when there is no
plume, and neither satellite observed waves. We also checked the PSD distributions of TH‐D and TH‐A and
found that both of them detected similar radial inward gradient distribution near 57 keV with that of TH‐E.
These suggest that the existence of the ULF wave is likely associated with the observed plasmaspheric
plume. The possible reason is that the standing ULF waves can only be observed at the locations where
the drift‐bounce resonance frequency matches the local eigenfrequency. In this study, we suggest that the
high plasma density in the plasmaspheric plume plays a role in reducing the local eigenfrequency (as shown
in Figure 6d) to match the drift‐bounce frequency and excite the second harmonic poloidal oscillations in
the dawnside.

5. Conclusion

High‐m localized second harmonic poloidal oscillations were observed in a dawnside plasmaspheric plume.
We find that the observed waves are likely generated by drift‐bounce resonance with an inward radial gra-
dient distribution at higher energy (~50–75 keV). These waves can also modulate particles through drift‐
bounce resonance at 2–6 keV and E × B effect at lower energy (<32 eV). In addition to the duskside plasma-
spheric plume, this study confirms that the dense and cold plasma in the plasmaspheric plume controls the
generation of Pc4‐5 poloidal ULF waves on the dawnside by reducing the local field line eigenfrequency to
the resonant frequency.

References
Allan, W., White, S. P., & Poulter, E. M. (1986). Impulse‐excited hydromagnetic cavity and field‐line resonances in the magnetosphere.

Planetary and Space Science, 34, 371–385. https://doi.org/10.1016/0032‐0633(86)90144‐3
Angelopoulos, V. (2008). The THEMIS mission. Space Science Reviews, 141, 5–34. https://doi.org/10.1007/s11214‐008‐9336‐1
Auster, H. U., Glassmeier, K. H., Magnes, W., Aydogar, O., Baumjohann, W., Constantinescu, D., et al. (2008). The THEMIS fluxgate

magnetometer. Space Science Reviews, 141, 235–264. https://doi.org/10.1007/s11214‐008‐9365‐9
Bonnell, J. W., Mozer, F. S., Delory, G. T., Hull, A. J., Ergun, R. E., Cully, C. M., et al. (2008). The electric field instrument (EFI) for THEMIS.

Space Science Reviews, 141(1‐4), 303–341. https://doi.org/10.1007/s11214‐008‐9469‐2
Chappell, C. R. (1974). Detached plasma regions in the magnetosphere. Journal of Geophysical Research, 79, 1861–1870. https://doi.org/

10.1029/JA079i013p01861
Chappell, C. R., Harris, K. K., & Sharp, G. W. (1970). The morphology of the bulge region of the plasmasphere. Journal of Geophysical

Research, 75(19), 3848–3861. https://doi.org/10.1029/ja075i019p03848
Chisham, G. (1996). Giant pulsations: An explanation for their rarity and occurrence during geomagnetically quiet times. Journal of

Geophysical Research, 101(A11), 24,757–24,763. https://doi.org/10.1029/96JA02540
Claudepierre, S. G., Elkington, S. R., & Wiltberger, M. (2008). Solar wind driving of magnetospheric ULF waves. Pulsations driven by

velocity shear at the magnetopause. Journal of Geophysical Research, 113, A05218. https://doi.org/10.1029/2007JA012890
Dai, L., Takahashi, K., Lysak, R., Wang, C., Wygant, J. R., Kletzing, C.,… Chen, L. (2015). Storm time occurrence and spatial distribution of

Pc4 poloidal ULF waves in the inner magnetosphere: A Van Allen Probes statistical study. Journal of Geophysical Research: Space
Physics, 120(6), 4748–4762. https://doi.org/10.1002/2015ja021134

Dai, L., Takahashi, K., Wygant, J. R., Chen, L., Bonnell, J., Cattell, C. A., et al. (2013). Excitation of poloidal standing Alfvén waves through
drift resonance wave‐particle interaction. Geophysical Research Letters, 40, 4127–4132. https://doi.org/10.1002/grl.50800

Degeling, A. W., Rankin, R., Kabin, K., Rae, I. J., & Fenrich, F. R. (2010). Modeling ULF waves in a compressed dipole magnetic field.
Journal of Geophysical Research, 115, A10212. https://doi.org/10.1029/2010JA015410

Degeling, A. W., Rankin, R., & Zong, Q.‐G. (2014). Modeling radiation belt electron acceleration by ULF fast mode waves,
launched by solar wind dynamic pressure fluctuations. Journal of Geophysical Research: Space Physics, 119, 8916–8928. https://doi.org/
10.1002/2013JA019672

Fu, S. Y., & Sun, W. J. (2016). Models of the Earth's plasmapause position. Science China Earth Sciences, 59(4), 871–872. https://doi, https://
doi.org/10.1007/s11430‐016‐5266‐z

Glassmeier, K.‐H., Buchert, S., Motschmann, U., Korth, A., & Pedersen, A. (1999). Concerning the generation of geomagnetic giant pul-
sations by drift‐bounce resonance ring current instabilities. Annales Geophysicae, 17(3), 338–350. https://doi.org/10.1007/s00585‐999‐
0338‐4

Goldstein, J., Pascuale, S. D., Kletzing, C., Kurth, W., Genestreti, K. J., Skoug, R. M., et al. (2014). Simulation of Van Allen Probes plas-
mapause encounters. Journal of Geophysical Research: Space Physics, 119, 7464. https://doi.org/10.1002/2014JA020252

Goldstein, J., Sandel, B. R., Forrester, M. F., Thomsen, T. F., & Hairston, M. R. (2005). Global plasmasphere evolution 22–23 April 2001.
Journal of Geophysical Research, 110, A12218. https://doi.org/10.1029/2005JA011282

Hamlin, D. A., Karplus, R., Vik, R. C., & Watson, K. M. (1961). Mirror and azimuthal drift frequencies for geomagnetically trapped par-
ticles. Journal of Geophysical Research, 66(1), 1–4. https://doi.org/10.1029/JZ066i001p00001

Hao, Y. X., Zong, Q.‐G., Wang, Y. F., Zhou, X.‐Z., Zhang, H., Fu, S. Y., et al. (2014). Interactions of energetic electrons with ULF waves
triggered by interplanetary shock: Van Allen Probes observations in the magnetotail. Journal of Geophysical Research: Space Physics, 119,
8262–8273. https://doi.org/10.1002/2014JA020023

Hao, Y. X., Zong, Q.‐G., Zhou, X.‐Z., Rankin, R., Chen, X. R., Liu, Y., et al. (2017). Relativistic electron dynamics produced by azimuthally
localized poloidal mode ULF waves: Boomerang‐shaped pitch angle evolutions. Geophysical Research Letters, 44, 7618–7627. https://doi.
org/10.1002/2017GL074006

10.1029/2019JA027319Journal of Geophysical Research: Space Physics

ZHANG ET AL.

Acknowledgments
We acknowledge the THEMIS project
team for THEMIS data at http://themis.
ssl.berkeley.edu/ website. Specifically,
we thank Goldstein, J., for the results of
time‐varying simulated plasmapause
location at http://enarc.space.swri.edu/
PTP/ website. The authors thank
Jasmine Sandhu for valuable
discussions in the preparation of this
work. This work was supported by the
Shandong University (Weihai) Future
Plan for Young Scholars
(2017WHWLJH08), the National
Natural Science Foundation of China
(Grants 41574157, 41774153, and
41961130382), the Science and
Technology Facilities Council (Grant
ST/N000722/1), and the Natural
Environment Research Council (Grants
NE/L007495/1, NE/P017150/1, and
NE/P017185/1). Project Supported by
the Specialized Research Fund for State
Key Laboratories.

9996

https://doi.org/10.1016/0032-0633(86)90144-3
https://doi.org/10.1007/s11214-008-9336-1
https://doi.org/10.1007/s11214-008-9365-9
https://doi.org/10.1007/s11214-008-9469-2
https://doi.org/10.1029/JA079i013p01861
https://doi.org/10.1029/JA079i013p01861
https://doi.org/10.1029/ja075i019p03848
https://doi.org/10.1029/96JA02540
https://doi.org/10.1029/2007JA012890
https://doi.org/10.1002/2015ja021134
https://doi.org/10.1002/grl.50800
https://doi.org/10.1029/2010JA015410
https://doi.org/10.1002/2013JA019672
https://doi.org/10.1002/2013JA019672
https://doi.org/10.1007/s11430-016-5266-z
https://doi.org/10.1007/s11430-016-5266-z
https://doi.org/10.1007/s00585-999-0338-4
https://doi.org/10.1007/s00585-999-0338-4
https://doi.org/10.1002/2014JA020252
https://doi.org/10.1029/2005JA011282
https://doi.org/10.1029/JZ066i001p00001
https://doi.org/10.1002/2014JA020023
https://doi.org/10.1002/2017GL074006
https://doi.org/10.1002/2017GL074006
http://themis.ssl.berkeley.edu/
http://themis.ssl.berkeley.edu/
http://enarc.space.swri.edu/PTP/
http://enarc.space.swri.edu/PTP/


Hartinger, M., Turner, D., Plaschke, F., Angelopoulos, V., & Singer, H. (2013). The role of transient ion foreshock phenomena in driving
Pc5 ULF wave activity. Journal of Geophysical Research: Space Physics, 118, 299–312. https://doi.org/10.1029/2012JA018349

Hughes, W. J., & Southwood, D. J. (1976). The screening of micropulsation signals by the atmosphere and ionosphere. Journal of
Geophysical Research, 81(19), 3234–3240. https://doi.org/10.1029/JA081i019p03234

Kivelson, M. G., & Southwood, D. J. (1983). Charged particle behavior in low-frequency geomagnetic pulsations: 3. Spin phase dependence.
Journal of Geophysical Research, 88(A1), 174. https://doi.org/10.1029/JA088ia01p00174

Larson, D., Moreau, T., Lee, R., Canario, R., & Lin, R. P. (2008). The solid state telescope for THEMIS. Space Science Reviews.
Lee, D., & Lysak, R. L. (1989). Magnetospheric ULF wave coupling in the dipole model: The impulsive excitation. Journal of Geophysical

Research, 94, 17097–17103. https://doi.org/10.1029/JA094iA12p17097
Li, X., Hudson, M., Chan, A., & Roth, I. (1993). Loss of ring current O+ ions due to interaction with Pc5 waves. Journal of Geophysical

Research, 98, 215. https://doi.org/10.1029/92JA01540
Ling, Y., Shi, Q. Q., Shen, X.‐C., Tian, A. M., Li, W. Y., Tang, B. B., et al. (2018). Observations of Kelvin‐Helmholtz waves in the Earth's

magnetotail near the lunar orbit. Journal of Geophysical Research: Space Physics, 123, 3836–3847. https://doi.org/10.1029/2018JA025183
Liu, W., Cao, J. B., Li, X., Sarris, T. E., Zong, Q.‐G., Hartinger, M., et al. (2013). Poloidal ULF wave observed in the plasmasphere boundary

layer. Journal of Geophysical Research: Space Physics, 118, 4298–4307. https://doi.org/10.1002/jgra.50427
Mcfadden, J. P., Carlson, C. W., Larson, D., Bonnell, J., Mozer, F., Angelopoulos, V., et al. (2008). THEMIS ESA first science results and

performance issues. Space Science Reviews, 141(1‐4), 477–508. https://doi.org/10.1007/s11214‐008‐9433‐1
Min, K., Takahashi, K., Ukhorskiy, A. Y., Manweiler, J. W., Spence, H. E., Singer, H., et al. (2017). Second harmonic poloidal waves

observed by Van Allen Probes in the dusk‐midnight sector. Journal of Geophysical Research: Space Physics, 122, 3013–3039. https://doi.
org/10.1002/2016JA023770

Oimatsu, S., Nosé, M., Takahashi, K., Yamamoto, K., Keika, K., Kletzing, C. A., et al. (2018). Van Allen Probes observations of drift‐bounce
resonance and energy transfer between energetic ring current protons and poloidal Pc4 wave. Journal of Geophysical Research: Space
Physics, 123, 3421–3435. https://doi.org/10.1029/2017JA025087

Rae, I. J., Donovan, E. F., Mann, I. R., Fenrich, F. R., Watt, C. E. J., Milling, D. K., et al. (2005). Evolution and characteristics of global Pc5
ULF waves during a high solar wind speed interval. Journal of Geophysical Research, 110, A12211. https://doi.org/10.1029/
2005JA011007

Rankin, R., Kabin, K., & Marchand, R. (2006). Alfvenic field line resonances in arbitrary magnetic field topology. Advances in Space
Research, 38(8), 1720–1729. https://doi.org/10.1016/j.asr.2005.09.034

Ren, J., Zong, Q. G., Zhou, X. Z., Rankin, R., Wang, Y. F., Gu, S. J., & Zhu, Y. F. (2017). Phase relationship between ULF waves and drift‐
bounce resonant ions: A statistical study. Journal of Geophysical Research: Space Physics, 122, 7087–7096. https://doi.org/10.1002/
2016JA023848

Rostoker, G., Lam, H.‐L., & Olson, J. V. (1979). Pc 4 giant pulsations in the morning sector. Journal of Geophysical Research, 84, 5153–5166.
https://doi.org/10.1029/JA084iA09p05153

Sakurai, T., Tonegawa, Y., Kitagawa, T., Nowada, M., Yamawaki, A., Mukai, T., et al. (2014). Double‐frequency oscillations of low energy
plasma associated with transverse Pc 5 pulsations: GEOTAIL satellite observations. Earth, Planets and Space, 51(1), 43–53. https://doi.
org/10.1186/BF03352208

Shen, X. C., Shi, Q. Q., Zong, Q.‐G., Tian, A. M., Nowada, M., Sun, W. J., et al. (2017). Dayside magnetospheric ULF wave frequency
modulated by a solar wind dynamic pressure negative impulse. Journal of Geophysical Research: Space Physics, 122. https://doi.org/
10.1002/2016JA023351

Shen, X.‐C., Shi, Q. Q., Wang, B., Zhang, H., Hudson, M. K., Nishimura, Y., et al. (2018). Dayside magnetospheric and ionospheric
responses to a foreshock transient on 25 June 2008: 1. FLR observed by satellite and ground‐based magnetometers. Journal of
Geophysical Research: Space Physics, 123, 6335–6346. https://doi.org/10.1029/2018JA025349

Shen, X. C., Zong, Q.‐G., Shi, Q. Q., Tian, A. M., Sun,W. J., Wang, Y. F., et al. (2015). Magnetospheric ULFwaves with increasing amplitude
related to solar wind dynamic pressure changes: The Time History of Events and Macroscale Interactions during Substorms (THEMIS)
observations. Journal of Geophysical Research: Space Physics, 120, 7179–7190. https://doi.org/10.1002/2014JA020913

Shi, Q. Q., Hartinger, M. D., Angelopoulos, V., Tian, A. M., Fu, S. Y., Zong, Q.‐G., et al. (2014). Solar wind pressure pulse‐driven
magnetospheric vortices and their global consequences. Journal of Geophysical Research: Space Physics, 119, 4274–4280. https://doi.org/
10.1002/2013ja019551

Shi, Q. Q., Hartinger, M. D., Angelopoulos, V., Zong, Q.‐G., Zhou, X.‐Z., Zhou, X.‐Y., et al. (2013). THEMIS observations of ULF wave
excitation in the nightside plasma sheet during sudden impulse events. Journal of Geophysical Research: Space Physics, 118, 284–298.
https://doi.org/10.1029/2012JA017984

Shi, X., Baker, J. B. H., Ruohoniemi, J. M., Hartinger, M. D., Murphy, K. R., Rodriguez, J. V., et al. (2018). Long‐lasting poloidal ULF waves
observed bymultiple satellites and high‐latitude SuperDARN radars. Journal of Geophysical Research: Space Physics, 123(10), 8422–8438.
https://doi.org/10.1029/2018JA026003

Shue, J.‐H., Song, P., Russell, C. T., Steinberg, J. T., Chao, J. K., Zastenker, G., et al. (1998). Magnetopause location under extreme solar
wind conditions. Journal of Geophysical Research, 103, 17691–17700. https://doi.org/10.1029/98JA01103

Singer, H. J., Hughes, J. W., & Russell, C. T. (1982). Standing hydromagnetic waves observed by ISEE 1 and 2: Radial extent and harmonic.
Journal of Geophysical Research, 87(A5), 3519–3529. https://doi.org/10.1029/JA087iA05p03519

Southwood, D. J. (1976). A general approach to low‐frequency instability in the ring current plasma. Journal of Geophysical Research, 81,
3340–3348. https://doi.org/10.1029/JA081i019p03340

Southwood, D. J., Dungey, J. W., & Etherington, R. J. (1969). Bounce resonant interaction between pulsations and trapped particles.
Planetary and Space Science, 17(3), 349–361. https://doi.org/10.1016/0032‐0633(69)90068‐3

Southwood, D. J., & Hughes, W. J. (1983). Theory of hydromagnetic waves in the magnetosphere. Space Science Reviews,
35(4). https://doi.org/10.1007/bf00169231

Southwood, D. J., & Kivelson, M. G. (1981). Charged particle behavior in low‐frequency geomagnetic pulsations: I. Transverse waves.
Journal of Geophysical Research, 86, 5643–5657. https://doi.org/10.1029/ja086ia07p05643

Spasojević, M., Goldstein, J., Carpenter, D. L., Inan, U. S., Sandel, B. R., Moldwin, M. B., & Reinisch, B. W. (2003). Global response of
the plasmasphere to a geomagnetic disturbance. Journal of Geophysical Research, 108(A9), 1340. https://doi.org/10.1029/
2003JA009987

Takahashi, K., Denton, R. E., Hirahara, M., Min, K., Ohtani, S., & Sanchez, E. (2014). Solar cycle variation of plasma mass density in the
outer magnetosphere: Magnetoseismic analysis of toroidal standing Alfvén waves detected by Geotail. Journal of Geophysical Research:
Space Physics, 119, 8338–8356. https://doi.org/10.1002/2014JA020274

10.1029/2019JA027319Journal of Geophysical Research: Space Physics

ZHANG ET AL. 9997

https://doi.org/10.1029/2012JA018349
https://doi.org/10.1029/JA081i019p03234
https://doi.org/10.1029/JA088ia01p00174
https://doi.org/10.1029/JA094iA12p17097
https://doi.org/10.1029/92JA01540
https://doi.org/10.1029/2018JA025183
https://doi.org/10.1002/jgra.50427
https://doi.org/10.1007/s11214-008-9433-1
https://doi.org/10.1002/2016JA023770
https://doi.org/10.1002/2016JA023770
https://doi.org/10.1029/2017JA025087
https://doi.org/10.1029/2005JA011007
https://doi.org/10.1029/2005JA011007
https://doi.org/10.1016/j.asr.2005.09.034
https://doi.org/10.1002/2016JA023848
https://doi.org/10.1002/2016JA023848
https://doi.org/10.1029/JA084iA09p05153
https://doi.org/10.1186/BF03352208
https://doi.org/10.1186/BF03352208
https://doi.org/10.1002/2016JA023351
https://doi.org/10.1002/2016JA023351
https://doi.org/10.1029/2018JA025349
https://doi.org/10.1002/2014JA020913
https://doi.org/10.1002/2013ja019551
https://doi.org/10.1002/2013ja019551
https://doi.org/10.1029/2012JA017984
https://doi.org/10.1029/2018JA026003
https://doi.org/10.1029/98JA01103
https://doi.org/10.1029/JA087iA05p03519
https://doi.org/10.1029/JA081i019p03340
https://doi.org/10.1016/0032-0633(69)90068-3
https://doi.org/10.1007/bf00169231
https://doi.org/10.1029/ja086ia07p05643
https://doi.org/10.1029/2003JA009987
https://doi.org/10.1029/2003JA009987
https://doi.org/10.1002/2014JA020274


Takahashi, K., Glassmeier, K.‐H., Angelopoulos, V., Bonnell, J., Nishimura, Y., Singer, H. J., & Russell, C. T. (2011). Multisatellite obser-
vations of a giant pulsation event. Journal of Geophysical Research, 116, A11223. https://doi.org/10.1029/2011JA016957

Takahashi, K., Hartinger, M. D., Angelopoulos, V., Glassmeier, K.‐H., & Singer, H. J. (2013). Multispacecraft observations of fundamental
poloidal waves without ground magnetic signatures. Journal of Geophysical Research: Space Physics, 118, 4319–4334. https://doi.org/
10.1002/jgra.50405

Takahashi, K., Oimatsu, S., Nosé, M., Min, K., Claudepierre, S. G., Chan, A., et al. (2018). Van Allen Probes observations of second‐
harmonic poloidal standing Alfvén waves. Journal of Geophysical Research: Space Physics, 123, 611–637. https://doi.org/10.1002/
2017JA024869

Tian, A. M., Shen, X. C., Shi, Q. Q., Tang, B. B., Nowada, M., Zong, Q. G., & Fu, S. Y. (2016). Dayside magnetospheric and ionospheric
responses to solar wind pressure increase: Multispacecraft and ground observations. Journal of Geophysical Research: Space Physics, 121,
10,813–10,830. https://doi.org/10.1002/2016JA022459

Tian, A. M., Zong, Q. G., Zhang, T. L., Nakamura, R., Du, A. M., Baumjohann, W., et al. (2012). Dynamics of long‐period ULF waves in the
plasma sheet: Coordinated space and ground observations. Journal of Geophysical Research, 117, A03211. https://doi.org/10.1029/
2011JA016551

Wang, C., Rankin, R., Wang, Y., Zong, Q.‐G., Zhou, X., Takahashi, K., et al. (2018). Poloidal mode wave‐particle interactions inferred from
Van Allen Probes and CARISMA ground‐based observations. Journal of Geophysical Research: Space Physics, 123, 4652–4667. https://
doi.org/10.1029/2017JA025123

Yamamoto, K., Nosé, M., Kasahara, S., Yokota, S., Keika, K., Matsuoka, A., et al. (2018). Giant pulsations excited by a steep earthward
gradient of proton phase space density: Arase observation. Geophysical research Letters, 45. https://doi.org/10.1029/2018GL078293

Yang, B., Zong, Q.‐G., Fu, S. Y., Takahashi, K., Li, X., Wang, Y. F., et al. (2011). Pitch angle evolutions of oxygen ions driven by storm time
ULF poloidal standing waves. Journal of Geophysical Research, 116, A03207. https://doi.org/10.1029/2010JA016047

Yang, B., Zong, Q.‐G., Wang, Y. F., Fu, S. Y., Song, P., Fu, H. S., et al. (2010). Cluster observations of simultaneous resonant interactions of
ULF waves with energetic electrons and thermal ion species in the inner magnetosphere. Journal of Geophysical Research, 115, A02214.
https://doi.org/10.1029/2009JA014542

Zhang, S., Tian, A., Shi, Q., Li, H., Degeling, A. W., Rae, I. J., et al. (2018). Statistical study of ULF waves in the magnetotail by THEMIS
observations. Annales Geophysicae, 36, 1335–1346. https://doi.org/10.5194/angeo‐36‐1335‐2018

Zhou, X.‐Z., Wang, Z.‐H., Zong, Q.‐G., Rankin, R., Kivelson, M. G., Chen, X.‐R., et al. (2016). Charged particle behavior in the growth and
damping stages of ultralow frequency waves: Theory and Van Allen Probes observations. Journal of Geophysical Research: Space Physics,
121, 3254–3263. https://doi.org/10.1002/2016JA022447

Zhu, Y. F., Gu, S.‐J., Zhou, X. Z., Zong, Q.‐G., Ren, J., Sun, X. R., et al. (2019). Drift-bounce resonance between charged particles and
ultra‐low frequency waves: Theory and Observations. Journal of Geophysical Research: Space Physics.

Zong, Q.‐G.,Wang, Y. F., Zhang, H., Fu, S. Y., Zhang, H., Wang, C. R., et al. (2012). Fast acceleration of inner magnetospheric hydrogen and
oxygen ions by shock induced ULF waves. Journal of Geophysical Research, 177, A11206. https://doi.org/10.1029/2012JA018024

10.1029/2019JA027319Journal of Geophysical Research: Space Physics

ZHANG ET AL. 9998

https://doi.org/10.1029/2011JA016957
https://doi.org/10.1002/jgra.50405
https://doi.org/10.1002/jgra.50405
https://doi.org/10.1002/2017JA024869
https://doi.org/10.1002/2017JA024869
https://doi.org/10.1002/2016JA022459
https://doi.org/10.1029/2011JA016551
https://doi.org/10.1029/2011JA016551
https://doi.org/10.1029/2017JA025123
https://doi.org/10.1029/2017JA025123
https://doi.org/10.1029/2018GL078293
https://doi.org/10.1029/2010JA016047
https://doi.org/10.1029/2009JA014542
https://doi.org/10.5194/angeo-36-1335-2018
https://doi.org/10.1002/2016JA022447
https://doi.org/10.1029/2012JA018024


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




