
1. Introduction
In the Earth's inner magnetosphere, magnetosonic waves refer to highly compressional, nearly linearly polarized 
electromagnetic waves at frequencies from several to hundreds of hertz (Boardsen et al., 2018; Gao et al., 2021; 
Russell et al., 1970; Santolík et al., 2004; Tsurutani et al., 2014; X. Yu, Yuan, Yao, et al., 2021). Through cyclotron 
resonance (S. Curtis, 1985; Horne et al., 2000; Ma, Li, Yue, et al., 2019; Sun et al., 2017; Yuan, Yu, et al., 2018), 
magnetosonic waves can heat thermal ions of ionospheric origin and produce a warm plasma cloak (Asamura 
et al., 2021; Hill et al., 2020; Olsen, 1981). Through Landau resonance (Fu et al., 2019; Horne et al., 2007; J. 
Li et al., 2016; L. Y. Li et al., 2017; Xiao et al., 2015), transit-time scattering (Bortnik & Thorne, 2010; Bortnik 
et  al.,  2015; J. Li et  al.,  2014; J. Yu et  al.,  2019; X. Yu et  al.,  2020), bounce resonance (Chen et  al.,  2015; 
Maldonado & Chen, 2018; Shprits, 2016; Tao & Li, 2016), or even cyclotron resonance (Wu, Su, He, et al., 2022), 
magnetosonic waves can accelerate or scatter the Van Allen radiation belt electrons.

Magnetosonic waves inside and outside the plasmasphere differ statistically in occurrence rate, frequency, and 
intensity (Ma, Li, Bortnik, et al., 2019; Ma et al., 2013; Meredith et al., 2008). The Bernstein-mode instabilities 
of protons (Boardsen et al., 1992; Curtis & Wu, 1979; Gary et al., 2010; K. Liu et al., 2011; Xiao et al., 2013) or 
other species of ions (Claudepierre et al., 2021; H. Liu et al., 1994; Min et al., 2017) excite magnetosonic waves. 
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The differences in ion distributions and resonant parameters could lead to the local generation of different magne-
tosonic waves inside and outside the plasmasphere (Chen et al., 2010; Horne et al., 2000; Kim & Shprits, 2018; 
Yuan, Ouyang, et al., 2018). However, these waves are not confined near their source regions but are able to 
propagate over a broad range of radial distances and magnetic local times (Santolík et al., 2016; Santolík, Pickett, 
Gurnett, Maksimovic, & Cornilleau-Wehrlin, 2002; Su et al., 2017; Wu et al., 2021; Xiao et al., 2013). How the 
density interface separates magnetosonic waves inside and outside the plasmasphere remains not fully understood.

Under the Wentzel-Kramer-Brillouin (WKB) approximation, the plasmapause obstructs the outward spread-
ing of magnetosonic waves within a broad range of azimuthal angles but allows the free inward penetration of 
magnetosonic waves (Chen & Thorne, 2012; Horne et al., 2000; Kasahara et al., 1994; Santolík et al., 2016; 
Wu et al., 2021; Xiao et al., 2012). When the plasmapause boundary layer is sufficiently narrow or contains 
field-aligned density irregularities with a sufficiently small cross-field size, the WKB approximation becomes 
invalid (X. Liu et al., 2018; X. Yu, Yuan, Ouyang, & Yao, 2021). One-dimensional radial full-wave modeling (X. 
Liu et al., 2018) suggested that the plasmapause boundary layer had to narrow to the wavelength scale to partially 
reflect waves, and the embedded subwavelength-scale density irregularities effectively blocked the penetration 
of waves. In this letter, on the basis of Van Allen Probes observations (Mauk et al., 2013) and two-dimensional 
full-wave modeling, we show an unexpected filtering effect of the mesoscale (tens of wavelength wide) density 
interfaces on the magnetosonic waves propagating from outside to inside the plasmasphere. Such a density inter-
face, regardless of whether density irregularities of smaller scales are embedded in, allows the transformation 
of incident waves to surface waves and then exhibits a transmittance profile dependent on both frequency and 
orientation.

2. Van Allen Probe Observations
The Van Allen Probes mission contains two identical satellites, RBSP-A and RBSP-B, orbiting the Earth with 
the perigees ∼600 km altitude and apogees ∼30,000 km altitude. We use the data from the Electric and Magnetic 
Field Instrument and Integrated Science suite (EMFISIS; Kletzing et al., 2013), the Electric Field and Waves 
instrument (EFW; Wygant et al., 2013) and the Energetic particle, Composition and the Thermal plasma suite 
(ECT; Spence et al., 2013) onboard the mission. Specifically, the ambient magnetic fields are detected by the 
tri-axial search coil magnetometer (MAG) of EMFISIS; the electromagnetic spectral matrices of waves from 
2 Hz to 12 kHz are obtained from the Waveform Receiver (WFR) of EMFISIS; the cold electron density is 
derived from the upper hybrid frequency (Kurth et al., 2015) measured by the High Frequency Receiver (HFR) 
of EMFISIS; the satellite electric potential, as a high-resolution proxy of electron density (Wu, Su, Goldstein, 
et al., 2022; Wygant et al., 2013), is measured by EFW; the energetic proton fluxes of 0.1–700 keV are measured 
by the Helium Oxygen Proton Electron Mass Spectrometer (HOPE; Funsten et al., 2013) and the Magnetic Elec-
tron Ion Spectrometer (MagEIS; Blake et al., 2013) of ECT. Using the previously-proposed techniques (Santolík, 
Pickett, Gurnett, & Storey, 2002; Santolík et al., 2003, 2010), we calculate the wave normal angles, ellipticities 
and Poynting fluxes from the provided spectral matrices.

During 15–17 August 2013, the magnetosphere experienced a moderate geomagnetic storm and a series 
of substorms (Figures  1a and  1b). On 17 August 2013, RBSP-A observed two plasmaspheric plumes in the 
noon-dusk-midnight sector (Figure  1c). As discussed by Goldstein et  al.  (2005), the broad plume was likely 
created by the global convection electric field, while the narrow plume was likely created by the subauroral 
polarization stream electric field (Foster & Burke, 2002). In the channel between the plasmaspheric core and the 
narrow plume (Figure 1d), RBSP-A detected magnetosonic waves in the approximately fixed frequency range 
of 160–330 Hz (Figure 1e). These waves characteristically had normal angles close to 90° and elliplicities close 
to 0 (Figures 1f and 1g). In contrast, inside the plasmaspheric plume and core, the magnetosonic waves visually 
narrowed to the frequency range below 260 Hz and their Poynting fluxes decreased by up to several orders of 
magnitude (Figure 1e). An obvious question arises as to why the magnetosonic waves in such neighboring regions 
differed so significantly in frequency and power.

One possibility is that magnetosonic waves were locally excited at different frequencies with different powers 
in different regions. We input the measured proton phase space density (Figure 2a), cold electron density and 
magnetic field strength to our previously-developed code (N. Liu et al., 2018a, 2018b; Su et al., 2018) and obtain 
the linear growth rates of magnetosonic waves at a quasi-perpendicular normal angle ψ = 89.5° (Figure 2b). In the 
plasmaspheric plume, the Alfv𝐴𝐴 𝐴𝐴𝐴 n energy EA was far below the proton ring energy ER, unfavorable for the effective 
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growth of magnetosonic waves. The modeled convective growth of waves is allowed with a quite low rate of 
∼10 −8 m −1 in the frequency range roughly below 200 Hz. In the channel with density depletion, although the 
Alfv𝐴𝐴 𝐴𝐴𝐴 n energy has increased, the growth rates of magnetosonic waves from the weak proton rings remain insuf-
ficiently high. Moreover, the wave growth rates peak at lower frequencies than the observed magnetosonic waves 
(Figure 2c). In the plasmaspheric core without observable proton rings, no magnetosonic waves are allowed to 
grow effectively. These results do not support the local generation of magnetosonic waves in the spatial regions 
of interest.

Another possibility is that the spatial dependence of magnetosonic waves was a consequence of their reflection 
and transmission at the density interfaces. We speculate that the magnetosonic waves originated from the plasma-
trough that was connected to the channel. Compared to the channel, the plasmatrough could have stronger proton 
rings, Alfv𝐴𝐴 𝐴𝐴𝐴 n energies closer to the ring energies, and higher growth rates of magnetosonic waves. The repeated 
reflections and transmissions at the channel boundaries on both sides eventually disordered the azimuthal angles 

Figure 1. Overview of magnetosonic waves measured by RBSP-A close to the plasmaspheric boundary. Geomagnetic indices 
(a) SYM-H and (b) AE during 15–17 August 2013. (c) Equatorial plasmaspheric morphology (gray shadow) envisioned 
from the local density measurements (color-coded) in orbit during 02:00–10:00 UT on 17 August 2013. (d) Cold electron 
density and satellite potential as well as (e) wave Poynting flux magnitude S, (f) normal angle ψ, and (g) ellipticity EB during 
08:00–10:00 UT on 17 August 2013. In (d–g), the dashed curves represent the lower hybrid frequency flh and 10th harmonic 
of the proton cyclotron frequency fcp.
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of wave Poynting fluxes (Figure 2d). As shown by the low-resolution density profile of HFR (Figure 2e), the 
plume boundary layer (09:02:12–09:02:32 UT) had a width of ∼50 km (∼10–30 times the nearby magnetosonic 
wave wavelength in the channel). By fitting the density data of HFR, we obtain the high-resolution density profile 
from the satellite potential of EFW

𝑁𝑁e = 𝐶𝐶1e
𝐶𝐶3𝑈𝑈 + 𝐶𝐶2e

𝐶𝐶4𝑈𝑈 (1)

Figure 2. Instability and propagation of magnetosonic waves. (a) Proton phase space density F at 90° pitch-angle, overlain by 
the Alfv𝐴𝐴 𝐴𝐴𝐴  n energy EA (dots) and ring energy ER (rhombus). (b) Convective growth rate Ki at the normal angle ψ = 89.5°. (c) 
Magnitude S and (d) azimuthal angle φS of Poynting flux. Only the waves with magnetic power spectral densities PB > 10 −8 
nT 2 Hz −1, normal angles ψ > 75°, elliplicites |EB| < 0.5 are shown. φS = 0° and φS = 90° correspond to the anti-earthward and 
eastward propagation of waves. Magnified view of the (e) cold electron density Ne and (f) wave Poynting fluxes at different 
frequencies (indicated). The cold electron density derived from the upper hybrid frequency (black circles connected by a thin 
line) has a much lower temporal resolution than that derived from the satellite potential (black thick line). The time difference 
Δt relative to 09:02:35 UT and radial distance away from the plume boundary ΔR are labeled below. (g) Frequency-dependent 
ratio rS between wave Poynting fluxes inside and outside the plasmaspheric plume.
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with C1 = 1951.1 cm −3, C2 = 1939.5 cm −3, C3 = 2.25 V −1, and C4 = 2.16 V −1. We find two density bulges with 
radial widths of ∼14  km (∼2–9 times the nearby magnetosonic wave wavelength in the channel) embedded 
in the plume boundary layer. Near the foot of the plume boundary layer, the wave Poynting fluxes decreased 
sharply and dispersively (Figure 2f). To characterize magnetosonic wave weakening, we introduce an energy 
ratio parameter

𝑟𝑟S =
𝑆𝑆pl

𝑆𝑆ch

, (2)

where 𝐴𝐴 𝑆𝑆pl and 𝐴𝐴 𝑆𝑆ch are 30 s-averaged Poynting flux magnitudes in the plume (09:01:40–09:02:10 UT) and channel 
(09:02:40–09:03:10 UT). rS monotonically decreased from 0.132 at 178.4 Hz to 0.005 at 252.1 Hz (Figure 2g). 
Above 252.1 Hz, rS is unavailable because the corresponding wave Poynting fluxes had fallen to the noise level in 
the plume. Such a frequency-dependent weakening of magnetosonic wave power also occurred in the plasmaspheric 
core (Figure 2c). Compared to the plume boundary layer, the core boundary layer (09:20–09:50 UT) was wider 
and contained more prominent density irregularities (Figure 1d). These observations imply that higher-frequency 
(shorter-wavelength) magnetosonic waves had smaller transmission rates. This frequency dependency does not 
seem to be in line with the intuition that the propagation of lower-frequency (longer-wavelength) waves is more 
likely to be obstructed by density structures.

3. Two-Dimensional Full-Wave Modeling
We next investigate the behavior of magnetosonic waves near these density interfaces on the basis of full-wave 
modeling. The wave electromagnetic fields E and B are determined by Maxwell's equations.

∇ × 𝐄𝐄 = −
𝜕𝜕𝐁𝐁

𝜕𝜕𝜕𝜕
, (3)

∇ × 𝐁𝐁 = 𝜀𝜀0𝜇𝜇0

𝜕𝜕𝐄𝐄

𝜕𝜕𝜕𝜕
+ 𝜇𝜇0

∑

𝛼𝛼

𝐉𝐉𝛼𝛼 (4)

with the vacuum permeability μ0 and permittivity ɛ0. The electric current densities Jα carried by electrons (α = e) 
and protons (α = p) are determined by the linearized momentum equations

𝜕𝜕𝐉𝐉𝛼𝛼

𝜕𝜕𝜕𝜕
+ 𝜈𝜈𝛼𝛼𝐉𝐉𝛼𝛼 = 𝜀𝜀0𝜔𝜔

2
𝑝𝑝𝛼𝛼𝐄𝐄 −𝛀𝛀𝑐𝑐𝛼𝛼 × 𝐉𝐉𝛼𝛼 (5)

with the collision frequency να, plasma frequency ωpα, and cyclotron frequency vector Ωcα for α species. We solve 
the equations above with a modified finite-difference-time-domain method (e.g., X. Liu et al., 2018; Streltsov 
et al., 2006; Williams, 2014; Xu et al., 2020; Yang et al., 2011).

Compared with the plasmaspheric core boundary layer with multiscale nested density irregularities, the plas-
maspheric plume boundary layer had a more structured and composable density profile. Without loss of 
generality, we perform specific modeling under the spatial context of the plume boundary layer. To reduce the 
computational cost, we assume that magnetosonic waves are propagating with a fixed normal angle ψ = 90° 
in the equatorial plane. We define a local Cartesian coordinate system (Figure 1b) with the origin at the site 
of RBSP-A at 09:02:35 UT, the x-axis along the radial direction, the z-axis parallel to the magnetic field, and 
the y-axis completing the right-hand rule. For magnetosonic waves of 100–330 Hz, the magnetosonic wave-
lengths λch in the channel range from 2 to 10 km. For a specific wave, the computational domain is located 
in a square with Δx = Δy = 100λch. Within such a limited spatial region, we assume a constant background 
magnetic field B0 of 600 nT in the z direction (corresponding to the RBSP-A observation at 09:02:30 UT in 
Figure 2). Considering that the wave power was observed to change significantly near the channel boundary, 
we have ignored the density bulge embedded in the middle of the boundary layer. Neglecting the density vari-
ation tangential to the plume, we assume an x-dependent electron density profile Ne by fitting to EFW data 
(Figures 3a and 3b).

𝑁𝑁e = 𝑁𝑁0 +𝑁𝑁bg, (6)
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𝑁𝑁0 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

170 𝑥𝑥 ≤ 𝑥𝑥bg,

205 cos

(

𝑥𝑥 − 𝑥𝑥pl

𝑥𝑥pl − 𝑥𝑥bg

𝜋𝜋

)

+ 375 𝑥𝑥bg < 𝑥𝑥 ≤ 𝑥𝑥pl,

580 𝑥𝑥 𝑥 𝑥𝑥pl,

 (7)

Figure 3. Two-dimensional full-wave modeling of the propagation of magnetosonic waves with the frequency f = 178.4 Hz 
and incident angle φ = 55° at the gradual (left) and rough (right) density interfaces. (a and b) Modeled (black) and observed 
(green) electron density. (c and d) Normalized magnetic waveform 𝐴𝐴 𝐴𝐴z∕𝐴𝐴

0
z , with the green arrows indicating the wavevector 

directions and the black arrows indicating the wavefront. The waveform data in green rectangles are used for the spatial fast 
Fourier transform. (e and f) Spatial fast Fourier transform spectra scaled by the magnitude of black saturation. The spectral 
peak locations indicate the wavevectors ksf inside the interface (purple arrows), in comparison to the wavevectors kch in the 
channel (green arrows). The spectral grid size represents the error range of the calculated ksf. (g and h) Normalized Poynting 
flux magnitude |S|/|S0|, with the green lines indicating the beam centers of incident and reflected waves.
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𝑁𝑁bg = 50 exp

[

−100

(

𝑥𝑥 − 𝑥𝑥bg

𝑥𝑥pl − 𝑥𝑥bg

)2
]

, (8)

where N0 and Nbg (in unit of cm −3) represent the components for the background gradual interface and small-scale 
density bulge, xbg is the bulge center, and xpl is the inner edge of the boundary layer. All these density parameters 
are independent of wavelength and incident angle and fixed in the following simulations. For the gradual interface 
without the density bulge, its foot is xft = xbg; for the rough interface with the density bulge, its foot xft steps back 
∼10 km from xbg.

In the coordinate system defined above, magnetosonic waves have three electromagnetic components Bz, Ex, and 
Ey. At a horizontal line y = ys, we launch magnetosonic waves by specifying

𝐵𝐵z(𝑥𝑥𝑥 𝑥𝑥s) = 𝐵𝐵
0
z exp

[

−

(

𝑥𝑥 − 𝑥𝑥s

𝑤𝑤s

)2
]

sin

(

∫
𝑘𝑘xd𝑥𝑥 − 𝜔𝜔𝜔𝜔

)

𝑥 (9)

where 𝐴𝐴 𝐴𝐴
0
z is the peak amplitude in the channel, xs and ws are the center and width of the Gaussian wave source, 

kx = k cos φ is the parallel wavenumber from the cold plasma wave theory, and φ is the incident angle. With 
ws = 15λch, the wave amplitude varies quite slowly along the wavefront. The freshly launched waves could be 
approximated as plane waves. Near the boundary of the modeling domain, the collision frequency να gradually 
increases from 0 to a sufficiently large value to absorb the waves (X. Liu et al., 2018; Xu et al., 2020). The wave 
Poynting flux is defined as

𝐒𝐒(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) =
1

𝜇𝜇0𝑇𝑇 ∫

𝑥𝑥

𝑥𝑥−𝑇𝑇

𝐄𝐄(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) × 𝐁𝐁(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥)d𝑥𝑥 (10)

with the wave period T. When the modeling system reaches the steady state, S is nearly independent of t. The 
launched, reflected and transmitted wave power are defined as integrals of the Poynting flux along the wavefront

⟨𝑆𝑆⟩ =
∫

|𝐒𝐒|d𝑙𝑙 (11)

with the integral path l perpendicular to the wavevector k that is oriented along the major axis of the electric field 
polarization ellipsoid (Laakso et al., 1990). The reflection (transmission) coefficient CR (CT) are determined as 
the ratio between reflected (transmitted) and launched wave power.

In Figure  3, we present a comparison of the waveform and Poynting flux of the magnetosonic waves at the 
gradual and rough interfaces. These magnetosonic waves are launched with frequency f = 178.4 Hz and incident 
angle φ = 55°. It can be found that, once the incident plane wave penetrates the interface foot, its wavefront is 
abruptly bent toward the y-direction (Figures 3c and 3d). This deformed wave just inside the interface may be 
interpreted as a type of surface wave. Electromagnetic waves have long been known to propagate as surface 
waves if they can be “guided” by a grad-refractive-index medium or by an interface between two different media 
(Polo et al., 2013). We identify the position 𝐴𝐴

[

𝑥𝑥p, 𝑦𝑦p

]

 with the peak Poynting flux (Figures 3g and 3h) inside the 
interface and define the skin depth Dsf of the surface wave as the distance between the interface foot (xft, yp) and 
the position (x > xp, yp) with the Poynting flux dropping to |S(xp, yp)|/e. The identified skin depths of surface 
waves are 10 and 5 km at the gradual and rough interfaces, comparable to the wavelength of 5 km in the chan-
nel. In Figures 3e and 3f, we calculate the surface wavevector ksf by the spatial fast Fourier transform of Bz in 
the spatial domain 𝐴𝐴

{

𝑥𝑥 ∈ [𝑥𝑥ft, 𝑥𝑥ft + 2𝐷𝐷sf], 𝑦𝑦 ∈
[

𝑦𝑦p −𝐷𝐷sf, 𝑦𝑦p +𝐷𝐷sf

]}

 . Clearly, for both types of interfaces, the 
obtained parallel wavenumbers kx of the surface waves are much smaller than the incident ones. In contrast, the 
corresponding two perpendicular wavenumbers ky are consistent within the error range, which can be confirmed 
visually from the waveforms (Figures 3c and 3d). Because the waves just inside and outside the interface are 
in the same perpendicular phase, the incident wave continuously supplies energy to the propagating surface 
wave. Meanwhile, the surface wave create an alternating current system with the same frequency (Figure S1 in 
Supporting Information S1), which further emits waves toward both sides. Toward the outside, the emitted wave 
with the fixed f and ky is essentially the reflected magnetosonic wave. Inside the interface, the density gradient 
corresponds to a gradient in the wave phase velocity. Along with the propagation of surface wave, its wavefront 
tilts and kx increases. When kx becomes sufficiently large, the emitted wave can travel through the subsequent 

 19448007, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
103590 by C

ochraneC
hina, W

iley O
nline L

ibrary on [17/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

WU ET AL.

10.1029/2023GL103590

8 of 12

density gradient and becomes the transmitted magnetosonic wave. The simultaneous propagation and leakage of 
the surface wave and its external driving by the incident wave collectively lead to the spatial broadening of the 
reflected and transmitted beams and the shift of their centers along the y-direction at the interface (Figures 3c 
and 3d). Regardless of whether the density bulge is included, the partial reflection and transmission of magne-
tosonic waves mainly occur at the foot of the interface, consistent with observations (Figures 2e and 2f). The 
inclusion of a density bulge reduces the surface wave depth and causes the reflection coefficient to increase from 
45% to 96%. Because the surface waves are actually confined near the interface foot, the density gradient at the 
interface foot is a critical parameter to control the reflection and transmission coefficients (see the additional tests 
in Figure S2 in Supporting Information S1).

In Figure 4, we investigate the dependence of wave propagation characteristics on frequency f and incident angle 
φ. For the magnetosonic waves of interest, the transmission (reflection) coefficients are negatively (positively) 
related to the frequency and incident angle at both the gradual and rough interfaces (Figures 4a and 4b). At 
a fixed frequency, ky increases with the incident angle. Because the surface wave has to propagate along the 
y-direction, the increase of ky promotes the surface wave development, which is manifest in the dependence 
of both wavevector direction (Figures 4c and 4d) and skin depth (Figures 4e and 4f) on the incident angle. A 
more significant surface wave corresponds to a stronger reflection. At the sufficiently small incident angles, 
the surface waves are ignorable and the interfaces are nearly transparent; in contrast, when the surface waves 
develop substantially at the intermediate and large incident angles, the interfaces become translucent or opaque. 

Figure 4. Dependence of magnetosonic wave propagation characteristics on frequency and incident angle at the gradual (left) 
and rough (right) density interfaces. (a and b) Transmission (solid lines) and reflection (dashed lines) coefficients CT and CR. 
(c and d) Surface wave azimuthal angle φsf and (e and f) skin depth Dsf, with the blank regions denoting Dsf larger than half 
of the interface layer width or lower than one wavelength. An overlarge Dsf indicates that the surface wave does not form; a 
too-small Dsf is not conducive to the wavevector calculation.
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In view of the observed energy ratio of 0.1 or less between waves in the plume and channel (Figure 2g), we 
speculate that the magnetosonic waves on average had incident angles of 40°–60°. Similarly, at a fixed incident 
angle, ky increases with the wave frequency and higher-frequency waves have larger reflection coefficients, 
which is responsible for the frequency dependence of the observed plume-to-channel energy ratio of magne-
tosonic waves (Figures 2f and 2g). Compared to the gradual interface, the rough interface has a larger density 
gradient near the foot and reflects the magnetosonic waves more strongly over a broader range of frequencies 
and incident angles.

4. Conclusion and Discussion
On the basis of data and modeling, we find an unexpected filtering effect of the mesoscale density interfaces 
on the magnetosonic waves propagating from outside to inside the plasmasphere. Within 1 hr, Van Allen Probe 
A crossed the plasmaspheric plume and core separated by a low-density channel in the pre-midnight sector. 
Compared to the channel, the plasmaspheric plume and core had magnetosonic waves with weaker Poynting fluxes 
and in a narrower frequency range. Our linear instability analysis indicates that, in the sampling regions, the local 
growth rates of magnetosonic waves are at an extremely low level and exhibit different frequency-dependence 
characteristics from their Poynting fluxes. We speculate that these waves propagated from the plasmatrough into 
the channel and experienced reflections and transmissions at the density interfaces. Our two-dimensional full-
wave modeling demonstrates that, contrary to the prediction of previous modeling and analysis, such a density 
interface with a width of tens of wavelengths is translucent or opaque for magnetosonic waves with sufficiently 
large incident angles. Somewhat counterintuitively, the reflection is more significant for waves with smaller 
wavelengths in the frequency range of interest. Our modeled filtering for the magnetosonic waves with incident 
angles of 40°–60° can reasonably explain the observed frequency-dependent variations of wave Poynting fluxes 
across the density interface.

The filtering pattern described above is caused by the transformation of incident waves into surface waves near 
the interface foot. The corresponding density gradient is a critical parameter controlling the reflection and trans-
mission coefficients. The incident waves with larger wavenumbers along the interface are more prone to  trans-
formation into surface waves. The incident wavenumber is positively related to the frequency and incident 
angle. As a result, the density interface filters the magnetosonic waves in both frequency and orientation. This 
filtering pattern does not necessarily require the embedment of density irregularities in the density interface. 
Compared to the gradual interface, the rough interface with a density bulge has a larger density gradient at the 
foot and reflects the magnetosonic waves more significantly over a broader range of frequencies and incident 
angles.

Because of the rotation, erosion, and filling processes, the plasmasphere exhibits diverse structures and bound-
aries over a broad range of radial distances and magnetic local times (Borovsky & Denton, 2008; Darrouzet 
et al., 2009; Goldstein et al., 2004). Meanwhile, these boundaries are rich in density irregularities of smaller scales 
(Carpenter & Lemaire, 1997; Carpenter et al., 2002; Gu et al., 2022; Thomas et al., 2021; Wu, Su, Goldstein, 
et al., 2022). The incidence of magnetosonic waves toward density interfaces should frequently occur and the 
associated transmission and reflection processes would eventually affect the global distribution of magnetosonic 
waves. According to the event-specific observations, our present modeling concentrates on the tens of wavelength 
wide density interfaces and the several wavelength wide density irregularities. The variation in the spatial scale 
of density interfaces and irregularities could significantly change the transmission and reflection coefficients of 
magnetosonic waves. Our present modeling has simplified the density irregularity as a one-dimensional radial 
density oscillation. In fact, it may be more appropriate to interpret the density irregularity as a field-aligned 
density tube (Carpenter et al., 2002; Loi et al., 2015; Sonwalkar, 2006). At the plasmaspheric boundary, a group 
of density irregularities could form a grating-like system, potentially allowing diffraction and interference of 
waves (Woodroffe & Streltsov, 2014). More parametric studies on the propagation of magnetosonic waves near 
structured density interfaces are left for future work.

Data Availability Statement
Van Allen Probes data are available at https://spdf.gsfc.nasa.gov/pub/data/rbsp/; SYM-H and AE data are availa-
ble at http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html.
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