
1. Introduction
In the inner magnetosphere, magnetosonic waves phenomenologically refer to the nearly linearly polar-
ized, compressional, electromagnetic emissions (Boardsen, Gallagher, et al., 1992; Perraut et al., 1982; Rus-
sell et al., 1970; Tsurutani et al., 2014). One school of thought is that they grow from the Bernstein instability 
of velocity ring distributions of hot protons injected from the plasmasheet (Boardsen, Gallagher, et al., 1992; 
Chen, Thorne, Jordanova, & Horne, 2010; Curtis & Wu, 1979; Gary et al., 2010; Gulelmi et al., 1975). For 
a sufficient cold plasma background, the ion Bernstein mode couples to the magnetosonic-whistler mode 
(Chen, 2015; Gary et al., 2010; K. Liu et al., 2011). After the theoretical works (Bortnik & Thorne, 2010; 
Horne, Thorne, et al., 2007; Shprits, 2009) highlighting the contribution of magnetosonic waves to the ra-
diation belt electron dynamics, the generation, propagation, and distribution of these waves have received 
much attention in recent years.

Abstract Inner magnetospheric magnetosonic waves are usually considered to grow from the 
near-equatorial ion Bernstein instability below the lower hybrid resonance frequency and contribute 
significantly to the radiation belt electron dynamics. We here present unusual observations of 
magnetosonic waves extending above the local lower hybrid resonance frequency in the midlatitude 
∼15° plasmasphere after the substorm proton injection. Linear instability analyses and ray-tracing 
simulations show that, because of the latitudinal variation of normal angles, these waves have little 
growth near the equator but are amplified accumulatively to the observable level over broad latitudes 
|λ| < 30° during the bounce-drift propagation. Our data and modeling illustrate a previously unexplored 
scenario that off-equatorial proton ring distributions could be a significant source of magnetosonic waves 
in the inner magnetosphere. Such off-equatorially generated magnetosonic waves might differ from the 
near-equatorially generated ones in latitudinal coverage, wavevector distribution, and then effect on the 
radiation belt electrons.

Plain Language Summary Magnetosonic waves refer to the nearly linearly polarized, 
compressional, electromagnetic emissions in the inner magnetosphere. They have recently received an 
increased interest for their contributions to the Van Allen radiation belt electron dynamics. A fundamental 
question has been where and how the magnetosonic waves are generated. In contrast to the traditional 
view that magnetosonic waves grow from ion Bernstein instability near the magnetic equator, we here 
propose the possibility of off-equatorial sources for magnetosonic waves on the basis of the analysis of 
the unusual magnetosonic waves extending above the local lower hybrid resonance frequency in the 
midlatitude plasmasphere. Our modeling shows that these waves have little growth near the equator but 
are amplified accumulatively to the observable level by substorm-injected protons over latitudes |λ| < 30° 
during the bounce-drift propagation. Because of the differences in latitudinal coverage and wavevector 
distribution, the off-equatorially and near-equatorially generated magnetosonic waves are expected to 
have different effects on the radiation belt electrons.
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Magnetosonic waves are usually detected within ±5° latitude away from the equator and below the lower 
hybrid resonance frequency (Boardsen, Hospodarsky, Kletzing, et al., 2016; Ma, Li, Bortnik, et al., 2019; 
Meredith et al., 2008; Němec et al., 2005; Yuan et al., 2019). These near-equatorially confined waves are 
commonly considered to grow spontaneously around the equator, with the growth rates peaking at the 
quasi-perpendicular normal angles (Gary et al., 2010; K. Liu et al., 2011; Ma, Li, Chen, et al., 2014; Min 
& Liu, 2015). They are able to bounce near the equator and propagate over a broad range of radial and 
azimuthal distances, as shown by ray-tracing simulations (Chen & Thorne, 2012; Horne, Wheeler, & Al-
leyne, 2000; Kasahara et al., 1994; Santolík et al., 2016; Xiao, Zhou, et al., 2012) and multi-point observations 
(Santolík, Pickett, Gurnett, Maksimovic, & Cornilleau-Wehrlin, 2002; Su et al., 2017).

According to Liouville's theorem, the velocity ring distributions of hot protons should exist over a broad 
range of latitudes along the field lines (e.g., Boardsen, Gallagher, et al., 1992). Whether the off-equatorial 
proton rings can effectively promote the growth of magnetosonic waves remains unclear. There have been 
reports of magnetosonic waves far away from the equator (Boardsen, Hospodarsky, Kletzing, et al., 2016; 
Ni et al., 2018; Tsurutani et al., 2014; Zhima et al., 2015) or above the lower hybrid resonance frequency 
(Boardsen, Hospodarsky, Kletzing, et al., 2016). This gives rise to at least two possibilities. One possibility is 
these waves originate from the near-equatorial instability. The waves capable of reaching higher latitudes 
should have wavevectors deviating more significantly from the perpendicular direction at the equatorial 
source region (Figure 5 of Zhima et al., 2015). Above the lower hybrid resonance frequency, the wavevectors 
have to fall out of the resonance cone determined by tan2ψres = −P/S (Stix, 1962) particularly at the equator 
with relatively weak magnetic fields. However, according to previous simulations for the observed proton 
distributions (e.g., Su et al., 2017), there is little growth associated with intermediate normal angles for the 
magnetosonic waves. Another possibility is these waves grow mainly in the off-equatorial region where 
the wavevectors have become close to the perpendicular direction. This possibility is explored in this letter.

We here report the unusual observations by Van Allen Probes (Mauk et al., 2013) of the magnetosonic waves 
extending above the local lower hybrid resonance frequency in the off-equatorial plasmasphere. On the 
basis of wave and particle observations, linear instability calculations and ray-tracing simulations, we show 
that these waves likely originated from the off-equatorial region and grew accumulatively to the observable 
level during the bounce-drift propagation.

2. Van Allen Probes Observations
The Van Allen Probes mission, formerly known as the Radiation Belt Storm Probes (RBSP) mission (Mauk 
et al., 2013), comprises two probes in the slightly different elliptical Earth orbits with the apogees ∼6 RE and 
the perigees ∼0.1 RE (RE is the Earth radii). Because of the low orbital inclination of ∼10°, the Van Allen 
Probes made only ∼15% measurements at latitudes |λ| > 15° in the inner magnetosphere (Mauk et al., 2013). 
We here use the data from the Electric and Magnetic Field Instrument and Integrated Science suite (EM-
FISIS; Kletzing et  al.,  2013), the Helium Oxygen Proton Electron Mass Spectrometer (HOPE; Funsten 
et al., 2013) of the Energetic particle, Composition and the Thermal plasma suite (ECT; Spence et al., 2013), 
and the Radiation Belt Storm Probes Ion Composition Experiment (RBSPICE; Mitchell et al., 2013) onboard 
the Van Allen Probes mission. Specifically, the tri-axial search coil magnetometer (MAG) of EMFISIS de-
tected the in situ magnetic fields; the High Frequency Receiver (HFR) of EMFISIS measured the upper hy-
brid resonance frequency, allowing the derivation of cold electron density (Kurth et al., 2014); the Waveform 
Receiver (WFR) of EMFISIS provided the electromagnetic power spectra of waves from 2 Hz to 12 kHz; 
HOPE and RBSPICE sampled the proton fluxes from ∼1 eV to ∼400 keV.

Figure 1 shows an overview of the unusual magnetosonic wave event observed by the twin spacecraft of Van 
Allen Probes mission on August 13, 2013. Within the time period of interest, the magnetosphere was free 
from storms (with SYM-H > −10 nT) but affected by strong substorms (with AE reaching up to 600 nT). 
During the outbound passes (L > 5.2) after ∼19:05 UT, both probes encountered the energy-dispersive in-
jection of hot protons in the duskside sector. In response to the enhancement of >1 keV protons, intense 
electromagnetic waves centering near the local lower hybrid resonance frequency were detected in the 
off-equatorial (λ∼15°) plasmasphere (Ne > 100 cm−3), and became unobservable outside the plasmapause 
(characterized by an obvious decrease in the cold electron density around 20:00 UT in Figures 1b and 1g). 
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Applying the singular value decomposition technique to the electromagnetic spectral matrices (Santolík, 
Pickett, Gurnett, & Storey, 2002, 2003), we find that these intense waves had the nearly linear polarizations 
EB∼0 and the quasi-perpendicular and westward-pointing wavevectors (with normal angles |ψ − 90°| < 10° 
and azimuthal angles φ = 40° − 90°). Therefore, we identify these waves as the off-equatorial magnetosonic 
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Figure 1. Overview of the unusual magnetosonic wave event observed by Van Allen Probes on August 13, 2013: (a) 
Geomagnetic indices SYM–H (black) and AE (blue); (b and g) proton differential flux j at the pitch angle α = 90° 
(color-coded), with the electron density Ne overplotted as the black solid line; (c and h) magnetic power spectral density 
PB (color-coded), with the lower hybrid resonance frequency at λ =    25

lhr25 f , at the probe RBSP
lhrf  and at the equator 

 0
lhrf  overplotted as three black dashed lines; (d and i) magnetic ellipticity EB; (e and j) wave normal angle ψ defined 

as the angle between the wavevector and the magnetic field; (f and k) wave azimuthal angle φ defined in the plane 
perpendicular to the magnetic field, with 90°, −90°, ±180°, and 0° for the projected wavevectors pointing westward, 
eastward, earthward, and anti-earthward directions, respectively. Note that near the boundary of magnetosonic wave 
bands, the polarization information might have been contaminated by the coexisting plasmaspheric hiss waves.
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waves excited by hot protons. The magnetosonic waves were accompanied by the weak hiss waves in the 
plasmasphere, similar to the situation reported by (Tsurutani et al., 2014). The transverse field contamina-
tion by the coexisting plasmaspheric hiss and the phase error between electric and magnetic measurements 
could have significantly distorted the derivation of azimuthal angles φ of magnetosonic waves, as discussed 
by Boardsen, Hospodarsky, Min, et al. (2018).

Boardsen, Hospodarsky, Kletzing, et  al.  (2016) briefly mentioned the existence of magnetosonic waves 
above the lower hybrid resonance frequency. We here present the first detailed investigation of magnetoson-
ic waves substantially extending above the local lower hybrid resonance frequency RBSP

lhrf  in the midlatitude 
∼15° plasmasphere. In the high-density region (fpe ≫ fce), the lower hybrid resonance frequency is approxi-
mated as lhr ce cpf f f , with the electron plasma frequency fpe and the gyrofrequencies of electrons fce and 
protons fcp. Assuming that the geomagnetic field is scaled by the TS04 model (Tsyganenko & Sitnov, 2005), 
we can estimate the lower hybrid resonance frequencies at different latitudes along the field lines. In the fre-
quency-time spectrograms, the intense magnetosonic waves are roughly bounded between the lower hybrid 
resonance frequencies at the equator  0

lhrf  and at the latitude     25
lhr25 f . Such a frequency extension 

implies, under the cold plasma approximation, a significant deviation of wavevectors from the perpendicu-
lar direction even at the observer (λ∼15°) and then the ability of waves to reach higher latitudes. These un-
usual observations prompt us to reconsider the possibility of off-equatorial amplification of magnetosonic 
waves in the inner magnetosphere.

3. Latitude-Dependent Instability of Magnetosonic Waves
We evaluate the linear growth rates of magnetosonic waves at different latitudes along the magnetic field 
lines using our previously developed code (N. Liu et al., 2018a, 2018b; Su et al., 2018) based on the approach 
of Kennel (1966) and Chen, Thorne, Jordanova, and Horne (2010). Our code does not include the nonreso-
nant growth process proposed by Chen (2015) for magnetosonic waves exactly at ψ = 90°. There are mainly 
three inputs: (1) the magnetic field magnitude scaled by the TS04 model (Tsyganenko & Sitnov, 2005); (2) 
the field-aligned cold plasma density modeled by Denton et al. (2002)

  2
e eq cosN N (1)

with the latitudinal index η = 0.5 near L = 5.5 in the plasmasphere and the equatorial density Neq derived 
from the in situ measurements; (3) the proton phase space density (Figure S1), which consists of a series of 
the smooth cubic spline approximations (Reinsch, 1967) of the measurements along the pitch-angle direc-
tion at the observer and then is mapped to other latitudes along the field lines according to Liouville's theo-
rem (expediently involving the smooth cubic spline extrapolation near 90° pitch angle at latitudes below the 
observer). At an arbitrary point in the pitch angle-energy space, the phase space density and its derivatives 
are obtained through the two-dimensional B-spline fitting (De Boor, 1977).

Because of the close proximity of the two spacecraft, we make the data-to-model comparison for Probe 
A only (Figure 2). As shown in Figure 2b and Figure S1, the modeled proton phase space densities agree 
reasonably well with available data at different times (L-shells) and latitudes. Figures 2d, 2f, 2h, and 2j plot 
the growth rates at latitudes of λ = 0°, 14.3°, 25°, and 30° with the normal angles 86.3°, 88.0°, 89.8°, and 
89.8°, respectively. In general, the linear growth rates of magnetosonic waves tend to increase as the normal 
angles approach 90°. When the local lower hybrid resonance frequency at low latitudes is below the upper 
cutoff frequency of magnetosonic waves, we perform calculations at the resonant angle ψres; otherwise, in 
the absence of nonresonant treatment (Chen, 2015), we select the normal angle ψ = 89.8° for calculations. 
Around 19:30 UT, Probe A observed the magnetosonic waves whose upper frequency cutoff had the larg-
est positive deviation (Figure 2a) from the local lower hybrid resonance frequency RBSP

lhrf . At the equator 
(λ = 0°) and the observer (λ ≈ 15°), the corresponding resonant angles are about 86.3° and 88.0° (Figures 2c 
and 2e). With the normal angles far away from 90°, the obtained growth of waves is allowed from slightly 
below  25

lhrf  to frequencies much lower than observations and the growth rates are at a quite low level 
(Ki∼10−8 m−1). At higher latitudes, the strong growth of waves tends to occur at higher frequencies. As the 
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normal angle increases to ψ = 89.8° at λ = 25° and 30° (Figures 2g and 2i), the modeled waves can have the 
peak growth rate of 5 × 10−6 m−1 above  0

lhrf . These calculations imply that the off-equatorial amplification 
could be indispensable for these unusual magnetosonic waves.

In the calculations above, the specific normal angles are not extracted from the available measurements but 
simply selected according to the dispersion relation of waves with the extreme frequency extension around 
19:30 UT. At a different time with a different upper frequency cutoff of waves, the allowed normal angles 
would vary to some extent. With the propagation effect, the allowed normal angles would deviate further 
from 90° particularly at latitudes below the observer. As pointed out by an anonymous referee, the actual 
instability of hot protons would produce waves within a certain range of normal angles (rather than at a 
fixed normal angle). Nevertheless, our calculations have taken into account the trend that the wave normal 
angles move toward 90° with the latitude increasing and the obtained results should qualitatively represent 
the latitudinal dependence of the growth rates of waves of different frequencies.
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Figure 2. Latitudinal dependence of linear instability: (a) magnetic power spectral density PB from 50 to 300 Hz 
observed by Probe A at 19:30 UT, with  0

lhrf , RBSP
lhrf  and  25

lhrf  overplotted as the vertical black dashed lines; (b) 
energy-dependent proton phase space density F at α = 90° observed (circles) by Probe A and modeled (lines) at 
different latitudes (dashed, solid, dash-dotted and dotted lines for λ = 0°, 14.3°, 25°, and 30°, respectively); frequency-
dependence of the square of the refractive index μ2 for magnetosonic waves (c) at λ = 0.0° with ψ = ψres = 86.3°, (e) at 
λ = 14.3° with ψ = ψres = 88.0°, (g) at λ = 25.0° with ψ = 89.8° and (i) at λ = 30.0° with ψ = 89.8°; (d, f, h, j) convective 
growth rate Ki (color-coded) at the corresponding latitudes and normal angles. In Figure 2b, following previous studies 
(e.g., Kistler et al., 2016; Min et al., 2018), the HOPE data have been multiplied by 2 (red) to match the RBSPICE data 
(blue).
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4. Propagation and Amplification of Magnetosonic Waves
To understand the propagation and path-integrated amplification of magnetosonic waves, we perform the 
backward ray-tracing simulations from the location of Probe A at 19:30 UT. We determine the ray trajecto-
ries using the code of Kimura (1966) and calculate the local growth rates Ki and then path-integrated gains 
G using our previously developed code (N. Liu et al., 2018a, 2018b; Su et al., 2018). We have terminated the 
ray-tracing simulations when |Ki/Kr| > 0.01 (with the cold plasma wavenumber Kr). Such singular points 
with |Ki/Kr| > 0.01 may correspond to the situation with the wave normal angles too close to 90° and the 
wave frequencies extremely close to the local proton gyrofrequency harmonics (Chen,  2015). The back-
ground magnetic field is simply assumed to be the typical dipole field, with a ∼10% difference from the 
observation at the location of Probe A (λ = 14.3°). The azimuthal variation of cold electron density has been 
ignored expediently, and the distribution of cold electron density in the meridian plane is modeled with the 
technique of Bortnik, Chen, et al. (2011). This model well reproduces the observed density profiles of the 
Van Allen Probes (Figure 3a) and exhibits the similar latitudinal dependence as described by Equation 1 
(Figure S2). In our calculations (Figure 3a), the rays are found to migrate mainly within a relatively narrow 
range of L ∼5–6 (Chen & Thorne, 2012; Gulelmi et al., 1975; Kasahara et al., 1994) and their azimuthal 
drifts are restricted to be within 2 h of the magnetic local time (MLT) away from the observer. In this limited 
computational domain, the hot proton distributions are assumed to depend on the latitude only. According 
to Liouville's theorem, the hot protons observed by Probe A at 19:30 UT (λ = 14.3°) are mapped to other 
latitudes along the field lines. At latitudes below the observer, the smooth cubic spline extrapolation is used 
to estimate the proton phase space density near 90° pitch angle from the available measurements.

We have launched waves in the frequency f range from 50 to 260 Hz, with interval spacing at every 15 Hz. 
At each frequency, we have initialized waves of the backward normal angles ψBW = 180° − ψ ∈ [84°, 96°] 
with 0.5° spacing and of the backward azimuthal angles φBW = φ − 180° ∈ [−180°, 0°] with 3° spacing. The 
computational domain of ψ is generally consistent with the observations (Figure 1), and given the potential-
ly significant error of φ derived from observations, its computational domain has been expanded to cover 
all the possible values in the azimuthally symmetric environment. We record the “maximum gain” Gmax(f, 
ψBW, φBW) = max{G(t, f, ψBW, φBW), t ∈ [0, te]} for each ray during its propagation from the beginning t = 0 to 
the end t = te (as exemplified in Figures 3b–3e), and then define the “super gain” Gsup(f) = max{Gmax(f, ψBW, 
φBW), ψBW ∈ [84°, 96°], φBW ∈ [−180°, 0°]} at each frequency. For higher-frequency waves, the super gains 
tend to occur when the initial ψBW deviating more significantly from 90° at λ = 14.3°. In other words, the 
substantial amplification of waves at higher frequencies requires contributions of ion instabilities at higher 
latitudes (Figure 2). The super gain reaches the peak of ∼110 dB around 170 Hz and gradually decreases 
toward both frequency flanks (Figure 3f). The modeled super gain has an analogous frequency dependence 
to the observed wave power, seemly supporting the possibility of accumulative amplification of the unusual 
magnetosonic waves over broad latitudes.

To understand the dependence of wave gain on the frequency and propagation angles, we compare the 
trajectories of waves launched with different values of f, ψBW, and φBW in Figure 4. The f = 170 Hz wave 
initialized with ψBW = 93.5° and φBW = −87.0° has an integrated gain of ∼110 dB within 150 s. This wave 
ray is trapped near the plasmapause, bounces between latitudes of ±30°, and drifts azimuthally toward 
the noonside. This wave gains energy mostly in the off-equatorial region λ > 15° with the normal angles 
close to 90° (see the zoom-in view of Figure S3). As this wave passes through the equator with the normal 
angles far away from 90°, it is amplified little or even damped. When the initial ψBW decreases to 92.0°, the 
wave has a limited amplification before experiencing the lower hybrid resonance (e.g., Horne, Wheeler, & 
Alleyne, 2000; Xiao, Zhou, et al., 2012). When the initial ψBW increases to 94.5°, the wave drifts azimuth-
ally faster, bounces fewer rounds in the restricted MLT range, and then acquires less energy from the hot 
protons. Similarly, the decrease of initial φBW enlarges the range of radial migration, increases the time-av-
eraged azimuthal drift velocity, and tends to reduce the wave gain. As for the wave at a lower frequency of 
f = 95 Hz, it prefers to grow in the region with a high Alfvén velocity, that is at low L-shells, in the plasma-
pause boundary layer or at relatively high latitudes. The wave initialized with a ψBW closer to 90° and a lower 
φBW migrates over a broader radial range and acquires more energy at low L-shells and in the plasmapause 
boundary layer. In contrast, an initial ψBW close to 90° is not conducive for the wave to reach relatively 
high latitudes and gain energy from the off-equatorial hot protons. Meanwhile, the azimuthal drift velocity 
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controlled by the initial ψBW and φBW also affects the final gain. A competition among these factors explains 
the dependence of 95 Hz wave gain on the initial propagation angles.

5. Discussion
In the analyses above, we have assumed the waves are propagating in the fast magnetosonic mode of the 
cold-plasma dispersion relation. K. Liu et al. (2011) and Min and Liu (2015) have demonstrated that the 
dispersion relation will change from the fast magnetosonic mode to the ion Bernstein mode when the pro-
portion of ring-like distributed hot protons density increases to a considerably high level (Np/Ne > 0.1). For 
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Figure 3. Path-integrated gains of 50–260 Hz waves from backward ray-tracing simulations: (a) modeled equatorial 
distribution of the cold electron density Ne in gray scale, with the overplotted orbit of Probe A mapped to the equator 
along the field lines (magenta solid line for 19:00–20:00 UT and magenta dashed line for 18:00–19:00 UT and 20:00–
21:00 UT), the mapped trajectories of rays (color-coded according to the wave frequency) initialized at the “optimal” 
propagation angles to reach the super gain, and the superimposed data-to-model comparison of radial profiles of cold 
electron density; dependence of (b) 80 Hz, (c) 95 Hz, (d) 155 Hz, (e) 200 Hz wave maximum gain Gmax (color-coded) 
on the initial ψBW and φBW, with the gray shadow for the stop band of the cold-plasma wave dispersion relation and the 
blank region for the negative values or related to the singular points; (f) frequency-dependence of the modeled super 
gain Gsup (black) and the observed magnetic power spectral density PB (blue) from Probe A at 19:30 UT.
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the event of interest in the high-density plasmasphere, the proportion of hot protons above Ek = 30 eV was 
lower than 0.01 (Figure S4), more than one order of magnitude smaller than the proposed threshold for the 
dispersion relation transformation (Min & Liu, 2015). Therefore, our assumption of the cold plasma disper-
sion relation may still be reasonable (Figure 1 of Chen et al., 2016).

Our results suggest the off-equatorial generation of magnetosonic waves observed by Van Allen Probes 
in the duskside plasmasphere during the outbound pass (Figure 1). During the subsequent inbound pass 
(Figure S5), the Van Allen Probes detected again the magnetosonic waves extending above the lower hybrid 
resonance frequency at λ ≈ 12° in the nightside plasmasphere. Probably due to the enhanced hot proton in-
jections, the power of the inbound magnetosonic waves was more than one order of magnitude larger than 
that of the outbound waves. These observations imply that such off-equatorially generated magnetosonic 
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Figure 4. Temporal evolution of 170 Hz (left) and 95 Hz (right) rays: (a and h) L-shell; (b and i) magnetic local time 
MLT; (c and j) magnetic latitude λ; (d and k) backward normal angle ψBW; (e and l) backward azimuthal angle φBW; (f 
and m) convective growth rate Ki; (g and n) path-integrated gain G, with the dot marking the maximum value for each 
ray. Colors help differentiate among the results with different initial ψBW and φBW (indicated).
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waves could last 5 h or more over a broad radial and azimuthal range. We speculate that strong proton 
rings may produce such magnetosonic waves in the outer plasmasphere. A sufficiently strong proton ring 
allows the growth of waves over a broad range of latitudes, and the near-plasmapause trapping (Chen & 
Thorne, 2012; Gulelmi et al., 1975; Kasahara et al., 1994) favors their repeated growth over a broad range of 
magnetic local times.

The proposed generation mechanism here is based on the linear instability theory, essentially different 
from the nonlinear wave-wave interaction mechanism to generate magnetosonic waves beyond the lower 
hybrid resonance frequency in the magnetotail (Huang et al., 2020). Our mechanism is also a plausible 
candidate to explain other off-equatorial magnetosonic waves below the lower hybrid resonance frequency 
(e.g., Boardsen, Hospodarsky, Kletzing, et al., 2016; Ni et al., 2018; Tsurutani et al., 2014; Zhima et al., 2015). 
With appropriate distributions of hot protons, the central frequency of magnetosonic waves generated in 
the off-equatorial region might move toward the low-frequency end. Because of the bounce motions, all 
these waves should be observable over a broad range of latitudes. By analyzing ∼1 year of wave data from 
Polar spacecraft, Tsurutani et al. (2014) have found the magnetosonic waves occur over the latitudes λ from 
−60° to 20° and ∼10% of the wave events emerge at the off-equatorial latitudes of |λ| > 15°. As shown in 
our simulation, the superimposed contributions of ion Bernstein instabilities over a broad range of latitudes 
have smeared out the sharp harmonic structures. Tsurutani et al. (2014) have reported the large-amplitude 
(∼1 nT) magnetosonic waves without clear harmonic structures at the equator. The extreme intensity of 
waves may be attributed to the accumulative linear growth over a broad range of latitudes and magnetic 
local times with extremely strong proton rings or the additional nonlinear growth, by analogy with whis-
tler-mode chorus waves (Omura et al., 2008).

There have been mainly three mechanisms proposed for magnetosonic waves to affect the radiation belt 
electron dynamics: Landau resonance (Horne, Thorne, et al., 2007), bounce resonance (Shprits, 2009), and 
transit-time scattering (Bortnik & Thorne,  2010). The range and efficiency of Landau and bounce reso-
nances are sensitive to the wavevector distribution and the background parameters (X. Li et al., 2015; J. Li 
et al., 2016; Maldonado & Chen, 2018; Ni et al., 2018; Xiao, Yang, et al., 2015), and the transit-time scattering 
is favored by the limited latitudinal coverage (Bortnik & Thorne, 2010; Bortnik, Thorne, Ni, & Li, 2015; Yu 
et al., 2020). Compared to the near-equatorially generated magnetosonic waves, the off-equatorially gener-
ated waves cover a broader latitudinal range and have the wavevectors deviating more significantly from the 
perpendicular direction at low latitudes. Therefore, these magnetosonic waves of distinct sources may have 
quite different effects on the radiation belt electrons.

6. Summary
Magnetosonic waves are commonly considered to be generated below the lower hybrid resonance frequency 
near the magnetic equator in the inner magnetosphere. In this letter, we present the unusual observations 
of magnetosonic waves substantially extending above the local lower hybrid resonance frequency in the 
off-equatorial plasmasphere. These unusual magnetosonic waves are found to be closely related to the sub-
storm injection of hot protons and roughly bounded between the lower hybrid resonance frequencies at 
the equator and at the latitude of 25°. We evaluate the linear growth rates of magnetosonic waves for the 
observed hot proton distributions at different latitudes along the magnetic field lines. According to the 
cold-plasma wave dispersion relation, the allowed propagation cone for these high frequency waves deviates 
more significantly from the perpendicular direction at lower latitudes with weaker magnetic fields. In our 
simulation, the equatorial growth of magnetosonic waves at normal angles far from 90° is quite weak. In 
contrast, as the allowed normal angles move close to 90° at relatively high latitudes (>15°), the magnetoson-
ic waves could grow at a high rate beyond 10−6 m−1. Moreover, on the basis of available data, we construct 
an idealized model to investigate the propagation and path-integrated amplification of magnetosonic waves. 
At each frequency, we determine the super gain among waves initialized with different propagation angles. 
With the appropriate propagation angles, these waves accumulatively gain energy from the hot protons over 
latitudes |λ| < 30° during the bounce-drift process inside the plasmasphere. The effective amplification of 
waves at higher frequencies tends to require contributions of ion instabilities at higher latitudes. The mod-
eled super gain reaches a peak of ∼110 dB around the central frequency and decreases gradually toward 
both frequency flanks, seemly responsible for the observed frequency-dependence of magnetosonic wave 
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power. Our data and modeling illustrate a previously unexplored scenario that off-equatorial proton ring 
distributions could be a significant source of magnetosonic waves in the inner magnetosphere. Because 
of the differences in the latitudinal coverage and wavevector distribution, the off-equatorially generated 
magnetosonic waves would affect the radiation belt electrons in a quite different way from the equatorially 
generated ones.

Data Availability Statement
Van Allen Probes data are obtained from the following websites: http://emfisis.physics.uiowa.edu/Flight/, 
http://www.rbsp-ect.lanl.gov/data_pub/, and http://rbspice.ftecs.com/. Geomagnetic indices are obtained 
from the website: http://wdc.kugi.kyoto-u.ac.jp. Ray-tracing code is obtained from the website: http://
waves.is.t.kanazawa-u.ac.jp/.
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