
1.  Introduction
The plasmasphere is a vast torus-shaped region in the inner magnetosphere filled with dense 
( 2 6 310 10 #/ cm ) and cold (less than 10 eV) ions and electrons. Controlled by the co-rotation and convec-
tion electric fields, plasmasphere erosion and refilling occur regularly due to the increase and decrease in 
geomagnetic activities, respectively (Carpenter & Anderson, 1992; Darrouzet et al., 2013; Grebowsky, 1970). 
The outer boundary of the plasmasphere, called plasmapause, is a sharp plasma density boundary that 
separates the closed and open drift paths for cold plasma. Due to the dramatic variation of the plasma prop-
erties across the plasmapause (Liu, Chen, & Xia, 2020), the plasmapause plays a crucial role in determining 
energetic and relativistic particle distributions (Lorentzen et al., 2001) and controlling the growth and prop-
agation of various electrostatic and electromagnetic emissions in the inner magnetosphere (Liu et al., 2015, 
and reference therein). For example, as shown by satellite observations and numerical simulations, elec-
tron cyclotron harmonic (ECH) waves (e.g., Horne et al., 2013; Liu, Chen, Engel, & Jordanova, 2020; Liu, 
Chen, & Xia, 2020; Ma et al., 2016; Meredith et al., 2009, and references therein), and whistler-mode chorus 
waves (e.g., Jordanova et al., 2010; Li et al., 2009; Santolík et al., 2004, and references therein) usually occur 
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Plain Language Summary  Whistler-mode waves play important roles in controlling 
the dynamics of the Earth's radiation belts. Whistler-mode chorus waves are responsible for pitch-
angle scattering of energetic electrons and the resulting formation of diffuse aurora at  8L . Density 
irregularities near the plasmapause affect the plasma wave excitation and propagation. In this study, 
we find five density irregularity events during a geomagnetic storm from 14 to 19 October 2013 based 
on the twin Van Allen Probes. We report a frequency-dependent modulation of whistler-mode waves 
by background density irregularities on October 18, 2013. By an instability analysis and a ray-tracing 
simulation, we demonstrate that higher-frequency whistler-mode waves are trapped in density troughs 
due to the small refractive index near the parallel direction, while lower-frequency whistler-mode waves 
are trapped in density crests due to the refractive index maximum along the parallel direction. We also 
show that wave amplitude of higher- (lower-) frequency whistler-mode waves is highly anti-correlated 
(correlated) with the relative density variation. This study shows that density irregularities are of great 
importance to the occurrence, frequency range, and amplitude of whistler-mode waves and should be 
taken into account when modeling whistler-mode waves in the magnetosphere.
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outside the plasmapause, while plasmaspheric hiss waves often occur inside the plasmasphere (e.g., Cao 
et al., 2005; Chen et al., 2012a, 2012b; Thorne et al., 1973; Yu et al., 2017, and references therein).

However, distinct plasmapauses with a sharp density variation account for only 16% of all plasmapause 
crosses observed by the Combined Release and Radiation Effects Satellite (CRRES) (Moldwin et al., 2002) 
and occur preferentially at the post-midnight and dawnside (with an occurrence rate of  50%) rather than 
the duskside (with an occurrence rate of  45%) in the Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) satellite observations (from Figure 2 of Liu et al., 2015). Most plasma-
pauses, however, are accompanied by significant density irregularities (Carpenter et al., 2000; Darrouzet 
et al., 2004; Kazama et al., 2018; Moldwin et al., 2002), which are thought to play an important role in 
controlling wave excitation and propagation, such as the excitation of electromagnetic ion cyclotron (EMIC) 
(Chen et al., 2009; Yue et al., 2020) and magnetosonic (MS) waves (Yue et al., 2020) and the propagation of 
EMIC (Yuan et al., 2019) and MS waves (Liu et al., 2018; Ma et al., 2014; Yuan et al., 2019).

In this study, we use twin Van Allen Probes (VAPs) to demonstrate a distinct frequency-dependent modula-
tion of whistler-mode waves by density irregularities near the plasmapause. The organization of this study 
is as follows. The dynamics of the plasmasphere and accompanying density irregularities during a geomag-
netic storm are shown in Section 2. In Section 3, a frequency-dependent modulation event of whistler-mode 
waves by density irregularities is presented, followed by an instability analysis for this modulation event. 
In Section 4, a wave propagation analysis for this modulation event is performed by a dispersion relation 
analysis and a ray-tracing simulation. A quantitative relation between wave amplitude and relative density 
variation of the density irregularities is shown in Section 5, followed by the conclusion and discussion in 
Section 6.

2.  Plasmasphere Dynamics and Density Irregularities During a Geomagnetic 
Storm
Figures 1a–1c show the Kp, AE, and Dst indices from 14 to 19 October 2013. A geomagnetic storm started 
approximately 8 h after 00:00 UT on October 14, 2013 ( 0t ), and the Dst index reached a minimum approxi-
mately 27 h after 0t . Then, the storm took the next 4–5 days to recover. During the main phase, the Kp and 
AE indices were greatly enhanced with peak values above 4 and 800 nT, respectively. Several substorms 
occurred during the recovery phase, as indicated by the peaks of the AE index (also see supporting infor-
mation of Forsyth et al., 2015). During this storm event, VAP-A (black lines in Figure 1d) and VAP-B (red 
lines in Figure 1d) passed a similar spatial region 16 times (indicated by gray and red shading regions in 
Figures 1a–1c, respectively), with an L shell from 6 to 2 and magnetic local time (MLT) from 17 to 23 over 
their consecutive inbound orbits (Figure 1d). Plasma density inferred from the measured upper hybrid res-
onant (UHR) frequency by the high-frequency receiver (HFR) (Kletzing et al., 2013) of VAP-A during these 
16 inbound orbits is shown in Figure 1e as a function of orbit sequence and L shells. A black contour of 

3100 #/ cm  is added as a reference to indicate the plasmasphere dynamics (erosion and refilling). Six erosions 
(Orbits 1 to 3, Orbits 4 to 5, Orbits 6 to 7, Orbits 9 to 11, Orbits 13 to 14, and Orbits 15 to 16) and five refillings 
(Orbits 3 to 4, Orbits 5 to 6, Orbits 7 to 9, Orbits 11 to 13, and Orbits 14 to 15) occurred during this storm 
event. Figures 1f–1k show the detailed plasma density profiles (solid lines for VAP-A and dashed lines for 
VAP-B) on these 16 inbound orbits as a function of the L shell and universal time.

Four density irregularity events (indicated by black arrows in Figures 1g–1i, and 1k) can be found near the 
plasmapause (Orbits 4, 6, and 14) or the plume (Orbit 10) by at least one VAP. By comparing the plasma den-
sity profiles over these consecutive orbits, one event occurs near the plume (Figure 1i) during plasmasphere 
erosion, while the other three events (Figures 1g, 1h, and 1k) occur during either plasmasphere erosion or 
refilling.

Another event with significant density irregularities (where the density variation is comparable to the back-
ground density) can be found near the plasmapause on Orbit 12 (indicated by a red arrow in Figure 1j) when 
the plasmasphere undergoes refilling following a prior erosion (due to the increased AE index near 88 h af-
ter 0t ). Associated with this large density irregularity event, whistler-mode waves with different frequencies 
are modulated in a different way, which will be shown in the next section.
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3.  Two Whistler-Mode Wave Modulations With Background Plasma Density 
and Instability Analysis
Figure 2 shows a frequency-dependent modulation event of whistler-mode waves by background plasma 
density during 11:06−11:48 UT (11.1−11.8 UT) on October 18, 2013, observed by VAP-A. Figure 2a shows 
the HFR electric field spectrum. A clear and highly perturbed upper hybrid resonant frequency line can be 
found above equatorial electron cyclotron frequency cef  (the white solid line), and thus, plasma density can 
be derived (the black line in Figure 2e). Two types of whistler-mode waves can be found with strong wave 
electric (Figure 2b) and magnetic (Figure 2c) field power spectral densities and small wave normal angles 
(less than 40  in Figure 2d), observed by a waveform receiver (WFR) (Kletzing et al., 2013). Higher-frequen-
cy whistler-mode waves with wave frequencies of approximately 0.5 cef  (denoted by white dashed lines in 
Figures 2b–2d) occur in density valleys and disappear in density crests. Lower-frequency whistler-mode 
waves with wave frequencies centered near 150 Hz and below the equatorial lower hybrid resonant frequen-
cy (denoted by white dotted-dashed lines in Figures 2b–2d) occur in density crests, and disappear in density 
valleys. Figure 2f shows the wave magnetic field amplitude of lower-frequency whistler-mode waves over 
the frequency range from 100 to 1,000 Hz (red) and higher-frequency whistler-mode waves over the fre-
quency range 4–11 kHz (blue). Then, we can find that peak values of the wave amplitude of lower- (higher-) 
frequency whistler-mode waves, marked by red (blue) circles in Figure 2f, coincide with the corresponding 
plasma density peaks (valleys), marked by red (blue) circles in Figure 2e. This comparison demonstrates 
that the wave amplitude of lower- (higher-) frequency whistler-mode waves is correlated (anti-correlated) 
with the plasma density variation. To examine the quantitative relation between the whistler-mode wave 
amplitude and density variation, which will be shown later in Section 5, a lower envelope line (a red line in 
Figure 2e) and an upper envelope line (a blue line in Figure 2e) for the plasma density are identified via eye 
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Figure 1.  Plasma density observed by the twin Van Allen Probes (VAPs) on their 16 consecutive inbound orbits from 14 to 19 October 2013. (a) Kp, (b) AE and 
(c) Dst indices. Gray (VAP-A) and red (VAP-B) shading regions indicate time intervals of the inbound orbits of two VAPs. (d) L and MLT of 16 inbound orbits 
of VAP-A (black) and VAP-B (red). (e) Plasma density as a function of orbit number and L for VAP-A. The black contour indicates 3100 #/ cm  of each orbit. (f–k) 
Detailed plasma density as a function of L and universal time after 00:00 UT October 14, 2013 with orbit number shown in the title. Four black arrows indicate 
four density irregularity events, and one red arrow indicates a density irregularity event where the density variation is comparable to the background density.
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inspection by connecting local minima and maxima of the plasma density, respectively, showing that the 
density along the two envelope lines increases monotonously as the satellite moves inward.

To understand the correlation (anti-correlation) between the lower- (higher-) frequency whistler-mode 
waves and plasma density, we perform a wave instability analysis (wave gain) here and a propagation 
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Figure 2.  Two whistler-mode wave modulations by the background density irregularities observed by Van Allen Probe-A in October 18, 2013. (a) Burst high-
frequency receiver spectrum. (b) Electric and (c) magnetic field spectra of waveform receiver (WFR). (d) Wave normal angle derived from the WFR magnetic 
field spectrum. (e) Plasma density derived from the upper hybrid resonant frequency. The green dashed line indicates the modeled density used in ray-tracing 
simulations. A red (blue) line indicates the lower (upper) envelope line of the plasma density. (f) Wave magnetic field amplitude of lower-frequency (LF) 
whistler waves (red) and higher-frequency (HF) whistler waves (blue). (g) Electron omnidirectional differential flux observed by HOPE. (h) Wave gains of the 
whistler-mode waves. The white solid line indicates the equatorial electron cyclotron frequency cef . The white and magenta dashed, dotted and dotted-dashed 
lines indicate 0.5 cef , 0.1 cef , and equatorial lower hybrid frequency, respectively. The red (blue) circles in (f) indicate the peak values of the wave magnetic field 
amplitude of LF (HF) whistler-mode waves and the corresponding plasma density in (e).
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analysis in the next section to address the wave excitation and propagation effects, respectively. Here, wave 
gain in units of dB is used to describe the relative change in wave power on a logarithmic scale (e.g., 10 dB 
corresponds to a wave power enhancement by one order of magnitude) when the wave propagates from 
one location to another. To calculate the wave gain of whistler-mode waves, the iK  component of the con-
vective growth rate ik , which is along the group velocity and contributes to convective amplification along 
a wave path, is calculated by  / | |iK vg  (Chen et al., 2010), where v

g
 is the group velocity and   is the 

temporal growth rate calculated by Equation 6 in Liu and Chen (2019). For the   calculation, following He 
et al. (2019), a function  2

1 2( )eF Pexp P sin  is used to fit the phase space density for each energy channel 
from 25 eV  to 51 keV  observed by the helium, oxygen, proton, and electron (HOPE) mass spectrometer 
(Funsten et al., 2014), where   is the electron pitch angle and 1P  and 2P  are two fitting parameters. The wave 
normal angle is set as 0  and wave gain is estimated based on a propagation path from the magnetic equator 
(  0 ) to   20  (satellite location), where  is magnetic latitude. Figure 2g shows the electron omnidi-
rectional differential flux observed by HOPE. Figure 2h shows the calculated wave gain during this event. 
Positive wave gain is in density crests with a small peak value of  2 dB between 0.1 cef  (denoted by a magen-
ta dotted line) and 0.5 cef  (denoted by a magenta dashed line). Higher-frequency whistler-mode waves are 
damped or weakly amplified, as suggested by negative wave gain above 0.5 cef  and small positive wave gain 
below 0.5 cef . Lower-frequency whistler-mode waves are not damped or amplified, corresponding to  0 dB 
wave gain. Thus, the small wave gains (2 dB) suggest that these frequency-dependent whistler-mode waves 
are not locally generated, while the observed wave intensity enhancement may be due to propagation con-
finement by density variations, as explained in the next section.

4.  Propagation Effect of Whistler-Mode Waves by Density Irregularities
Following the suggestion at the end of Section 3, we investigate the whistler-mode wave propagation effect 
in this section. Figure 3a shows the wave refractive index surface ( n  vs. n‖

) using the cold plasma dispersion 

relation with the observed electron density and background magnetic field at UT = 11.2, where 



 
ckn  

and 



ck

n ‖
‖  are components of the refractive index vector in the perpendicular and parallel directions, 

respectively. c is the speed of light, k  is the wavenumber, and  is the wave frequency. For a wave refractive 
index surface at a given wave frequency, for example, 150 Hz (the red curve in Figure 3a), a vector (denoted 
by a black arrow labeled by pV ) from the original point to any point on the surface represents the reciprocal 
of the normalized wave phase velocity (by c). Wave group velocity is perpendicular to the surface. The black 
arrow labeled by gV  indicates the direction of the group velocity. The wave normal angle (WNA) is the angle 
between the magnetic field direction and phase velocity. For the wave frequency between the lower hybrid 
resonant frequency lhrf  ( 0.02 cef ) and 0.5 cef , the wave refractive index surface looks like a “W” shape, 
such as the wave surface for 0.1 cef  (the green curve in Figure 3a). The WNAs corresponding to the two 
minima of n‖

 (at two wells of “W”) are called Gendrin angles (GAs), at which the group velocity is along the 
parallel direction. The GA decreases from 90  to 0  when the wave frequency increases from lhrf  to 0.5 cef . 
Then, the wave surface becomes a “U” shape with a single well near the parallel direction. In a uniform 
magnetic field, a density crest can lead to wave trapping near the maximum n‖

 of the wave refractive index 
surface (for the wave with frequency  0.5 cef f ), while a density valley can lead to wave trapping near the 
minimum n‖

 of the wave refractive index surface (for the wave with frequency  0.5 cef f ). This has been 
explained by Smith et al. (1960) based on Snell's law.

Figures 3b and 3c show ray-tracing simulations of whistler-mode waves (Horne, 1989) (with the five frequen-
cies shown in Figure 3a) inside a density crest and a density trough, respectively. The setup of ray-tracing 
simulation is as follows. (a) The density model (indicated by gray color in Figures 3b and 3c) follows Bortnik 
et al. (2011). It is based on a diffusive equilibrium model with model parameters defined in Equations 1–5 
of Bortnik et al. (2011) (  1100DET K  and  33000 #/bN cm ). A plasmapause (  4.12pL ,  0.01w ,  1.5a , 
and  6500cR km), a one-side duct (  4dd ,  1.1dL , and  2.55dW ), a trough (  0.92dd ,  3.96dL , and 

 0.07dW ), and a crest (  2.7dd ,  4.33dL , and  0.04dW ) are added to fit the measured electron density. 
The other parameters, which are not shown here, are the same as those for the modeled dayside plasmas-
phere in Bortnik et al. (2011). The modeled plasma density along the satellite trajectory is shown by a green 
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dashed line in Figure 2e. (b) A dipole magnetic field model is used. (c) Five rays are launched from the 
magnetic equator at the center of the outer density crest (  4.33L ) in Figure 3b and at the center of the 
density trough (  3.96L ) in Figure 3c. The initial WNA is set as 5 . The satellite trajectory is denoted by a 
black solid line.

In Figure 3b, rays with frequencies less than 0.5 cef  (red, green, and blue rays) are ducted inside the density 
crest. The corresponding WNAs are much less than GAs (as shown in the small panel of Figure 3b), and 
thus, these rays are trapped near the parallel direction by the density crest (Smith et al., 1960). The rays 
with frequencies equal to and above 0.5 cef  (yellow and cyan rays) do not experience ducting. Instead, their 
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Figure 3.  (a) Wave refractive index surfaces for different wave frequencies by using the cold plasma dispersion relation. 
Ray-tracing simulations with five rays launching at (b)  4.33L  (center of outer density crest) and (c)  3.96L  (center 
of density trough) from the magnetic equator with the launched frequency shown in panel (a). The gray colormap 
indicates the plasma density. The black solid lines indicate the trajectory of Van Allen Probe A (VAP-A). The quarter of 
the black sold sphere indicates the Earth. The small panels in panels (b) and (c) show the ratio of wave normal angles 
(WNAs) to Gendrin angles (GAs) corresponding to each ray as a function of the geomagnetic latitude.
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wave normals are refracted outward (to larger L shells), but the rays propagate inward (to smaller L shells) 
because of opposite perpendicular directions of the group velocity and phase velocity at those frequencies.

In Figure 3c, rays with frequencies equal to and larger than 0.4 cef  (blue, yellow, and cyan rays) are ducted 
inside the density trough. According to the theory of Smith et al.  (1960), in the uniform magnetic field, 
whistler-mode waves above 0.5 cef  can be trapped by density valleys, while whistler-mode waves below 
0.5 cef  can be trapped by density crests. However, the observation shows that wave intensity with frequency 
just below 0.5 cef  (Figures 2b and 2c) can also be enhanced in density trough regions, supporting these waves 
trapping in density troughs (blue ray in Figure 3c). The discrepancy between Smith's theory and ray tracing 
simulations is because of the dipole magnetic field and small GAs for these waves (see the zoomed-in part 
in Figure 3a). As waves propagate away from the equator, the dipole magnetic field tends to refract waves 
outward from the initial field line. As a consequence, the waves become oblique, and their WNAs surpass 
the GAs (blue, yellow, and cyan lines in the small panel in Figure 3c). The wave refractive index surface 
(for example, for 0.4 cef  in Figure 3a) exhibits a local n‖ maximum along the parallel direction and local 
n‖ minima along GAs. However, the surface essentially behaves as a well shape over a finite WNA range 
because the local n‖ maximum along the parallel direction is very close to the local n‖ minima along GAs, 
leading to effective wave trapping in density troughs. The rays with frequencies much smaller than 0.5 cef  
(red and green rays in Figure 3c) propagate away from the density trough region and are reflected back to 
the magnetic equator because both the wave normal and group velocity of these waves are bent away from 
the density trough region (due to Snell's law).

5.  Wave Amplitude and Relative Density Variation
In addition to explaining the frequency-dependent modulation of whistler-mode waves, we will examine 
the quantitative relation between the whistler-mode wave amplitude and relative density variation in this 
section. As shown in Section 3, two envelope lines of plasma density are denoted by red and blue lines in 

Figure 2e, respectively. Thus, the relative density variations 
 base

base

Ne Ne
Ne

 and 
top

top

Ne Ne
Ne

 can be calculated, 

respectively, where Ne is the measured plasma density corresponding to the lower- (higher-) frequency 
whistler-mode waves (red and blue circles in Figure 2e), baseNe  is the plasma density along the lower enve-
lope line, and topNe  is the plasma density along the upper envelope line.

A quantitative relation between peak values of lower-frequency whistler-mode wave amplitude and the 
crest-associated relative density variation ( ( ) /base baseNe Ne Ne ) is shown in Figure 4a (red circles) and then 
linearly fitted (the red line in Figure 4a). The correlation coefficient between the two parameters is 0.6672, 
and the 95% confidence interval of the fitting slope ranges from 1.05 to 2.83, suggesting that the amplitude 
of the lower-frequency whistler-mode waves is positively correlated with the relative density variation. Sim-
ilarly, a quantitative relation between peak values of higher-frequency whistler-mode wave amplitude and 
trough-associated relative density variation ( ( ) /top topNe Ne Ne ) is shown in Figure 4b (blue circles) and 
then linearly fitted (the blue line in Figure 4b). The correlation coefficient between the two parameters 
is −0.6248, and the 95% confidence interval of the fitting slope ranges from 30.54 to 3.66, suggesting 
that the amplitude of the higher-frequency whistler-mode waves is anti-correlated with the relative density 
variation.

These two clear relationships of the wave amplitude and relative density variation in Figure 4 show that in 
addition to effectively trapping whistler-mode waves, density irregularities can quantitatively control the 
whistler-mode wave amplitude.

6.  Conclusion and Discussion
In this study, we have shown that density irregularities occur near the plasmapause when the plasmasphere 
experiences alternating erosions and refillings during the recovery phase of a geomagnetic storm event from 
14 to 19 October 2013. During plasmasphere refilling after a substorm, density irregularities modulate whis-
tler-mode wave intensity differently for different frequencies. We have performed an instability analysis and 
a propagation analysis to explain the modulation. Our principal conclusions are summarized as follows:
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1.	 �Density irregularities usually occur near the plasmapause when plasmasphere erosion and refilling oc-
cur alternately due to a variation in geomagnetic activity, especially in a geomagnetic storm or substorm.

2.	 �The whistler-mode wave intensity shows frequency-dependent modulations with higher-frequency 
waves ( 0.5 cef ) concentrated at density troughs and lower-frequency waves (<flhr) concentrated at den-
sity crests.

3.	 �The modulations of the whistler-mode waves are formed primarily due to wave trapping by density 
irregularities. The higher-frequency whistler-mode waves are trapped in density troughs due to the 
small wave refractive index near the parallel direction, while lower-frequency whistler-mode waves are 
trapped in density crests due to the maximum wave refractive index along the parallel direction.

4.	 �Density variations can quantitatively control the whistler-mode wave amplitude. The wave amplitude is 
correlated (anti-correlated) with the relative density variation amplitude for lower- (higher-) frequency 
whistler-mode waves.

During a geomagnetic storm, the plasmasphere experiences faster erosion on the time scale of hours due 
to enhanced convection during the main phase, followed by gradual refilling over a time scale of days (Gal-
lagher et al., 2021). For the storm event presented in this study, density irregularities are found during the 
recovery phase, while no density irregularity is found during the main phase, when plasmasphere erosion 
is dominant over the refilling process. These results suggest that density irregularities occur preferentially 
during the recovery phase, when convection weakens so that the difference between the time scales of con-
vection and refilling decreases.

The modulation of the whistler-mode wave intensity by density irregularities is a common phenomenon in 
the Earth's inner magnetosphere. For example, during the geomagnetic storm event presented in this study, 
both VAPs observe the enhancement of lower-frequency whistler-mode wave amplitude in density crests on 
Orbits 4, 6, 10, and 14. VAP-B observes both lower- and higher-frequency whistler-mode waves in density 
crests and density troughs on Orbit 12, respectively (not shown).
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Figure 4.  Whistler-mode wave amplitude dependence on relative plasma density variation. The data samples (circles) 
and linear fitting (straight lines) for (a) lower-frequency whistler-mode waves and (b) higher-frequency whistler-mode 
waves. The correlation coefficients corresponding to these two fittings are 0.6672 and −0.6248, respectively.



Geophysical Research Letters

Density irregularities can regulate the propagation paths of whistler-mode waves and thus confine the wave 
power inside density crest/trough regions. Thus, stronger density deviations can trap more wave power, 
which is revealed by the correlation (anti-correlation) between the wave amplitude and relative density 
variation.

Our results show a strong physical connection among geomagnetic activity, plasmasphere dynamics, and 
whistler-mode wave dynamics. Density irregularities can control the occurrence and frequency of whis-
tler-mode waves. Furthermore, as shown in our study, there is a quantitative relation between the ampli-
tude of density irregularities and the amplitude of whistler-mode waves. Since whistler-mode waves play 
important roles in radiation belt electron acceleration and loss, the effects of density irregularities will be 
of direct relevance. Thus, we suggest that density irregularities should be considered in a physical plasmas-
phere model, whistler-mode wave model, and radiation belt model.

Data Availability Statement
The Kp, AE, and Dst indices are provided by the WDC for Geomagnetism, Kyoto (http://wdc.kugi.kyo-
to-u.ac.jp/wdc/Sec3.html). The instability analysis and ray-tracing simulation data are available at this site 
(https://doi.org/10.5281/zenodo.4556416).
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