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Abstract Using the Van Allen Probes A and B observations from 01 January 2013 to 28 February 2018,
we surveyed statistically the occurrence rate, intensity, and propagation properties of hiss waves in the inner
radiation belt (1.1 < L < 2). Like the outer plasmaspheric hiss (L > 2), the occurrence rate and amplitude

of lower-band hiss (<600 Hz) are higher in the dayside high-L region (L > 1.3 and magnetic local time
[MLT] = 6-20 hr) than the nightside (MLT ~ 20-6 hr) and increase with enhanced substorm activities (AE
increases). Furthermore, their peak power spectral densities are located nearly in the same band (~200—

500 Hz). The equatorward propagation of middle-latitude hiss suggests that the lower-band hiss waves in the
inner radiation belt mostly originate from the outer plasmaspheric hiss at high latitudes. Although the outer
plasmaspheric hiss is also a likely source of weak upper-band hiss (>600 Hz) in the dayside high-L region

(L > 1.3 and MLT = 6-20 hr), the intense upper-band hiss waves mostly appear in the dayside low-L region
(L < 1.3) and most nightside regions. In the low-L region, the amplitude of the upper-band hiss has no obvious
substorm dependence, and the average of its wave normal angles is comparable to that of lightning-generated
whistlers reported in the past.

Plain Language Summary Whistler-mode hiss waves act like space sweepers, removing the
high-energy radiation belt electrons and thereby creating a slot region relatively safe for satellites. Although
ionospheric hiss (L < 1.15) and outer plasmaspheric hiss (L > 2) are frequently observed, most properties

of hiss waves remain unclear in the inner radiation belt (1.1 < L < 2). Here, by surveying statistically the
occurrence rate, intensity, and propagation properties of hiss waves observed by Van Allen Probes A and B in
the inner belt region, we found that the amplitude of lower-band hiss (<600 Hz) is larger in the dayside high-L
region (L > 1.3 and magnetic local time [MLT] = 6-20 hr) and increases with enhanced substorm activities,
whereas that of upper-band hiss (=600 Hz) is larger in the dayside low-L region (L < 1.3) and most nightside
regions (MLT ~ 20-6 hr) but has no obvious substorm dependence. The averaged wave normal angle (WNA) in
the upper band in the low-L region is comparable to that of lightning-generated whistlers. However, the WNA,
peak power distribution, and strong substorm dependence of lower-band hiss are very similar to the outer
plasmaspheric hiss.

1. Introduction

Whistler-mode hiss waves (tens of Hz to several kHz) mostly exist in the Earth's plasmasphere or plume and
hence are known colloquially as “plasmaspheric hiss” (Meredith et al., 2004; Su et al., 2018; Thorne et al., 1973;
Wang et al., 2020). When naturally generated hiss and man-made VLF waves (tens of kHz) appear in the same
region, they can play complementary and catalytic roles in the loss of radiation belt electrons (L. Y. Li, Wang,
et al., 2021). Hiss waves mainly remove relativistic electrons (E > 0.5 MeV) and thereby create a slot region
relatively safe for satellites (Lyons & Thorne, 1973; Meredith et al., 2007; Yu et al., 2015, 2020).

Under different solar or geomagnetic activities, the space distribution variation of intense hiss waves effectively
modifies the radial range of the slot region (L. Y. Li, Cao, et al., 2008; L. Y. Li, Yang, et al., 2019). Even though
there are fast magnetosonic waves in the high-density plasmasphere, intense hiss waves are also able to remove
most of the relativistic electrons (L. Y. Li, Yu, et al., 2017). The combined diffusions by the two kinds of waves
cause different pitch angle distributions of energetic electrons under different ambient plasma densities (L. Y. Li.,
Yu, et al., 2022).
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Past studies mainly investigated the amplitude of hiss waves in the region of L > 1.4 (Agapitov et al., 2013;
W.; Li, Ma, et al., 2015; Meredith et al., 2018). Yu et al. (2017) showed the propagation characteristics of hiss
waves in the outer plasmasphere (L > 2). Some low-earth orbit (LEO) satellites (e.g., Freja and DEMETER)
also observed ionospheric hiss at the altitude of hundreds of km (Cao et al., 2005; Chen et al., 2017; Santolik &
Parrot, 1999; Xia et al., 2019; Zhima et al., 2017). However, the hiss occurrence rate, propagation property, and
frequency-spectral distribution remain unclear in most regions of the inner radiation belt (1.1 < L < 2). These
unknowns add to the uncertainty about the source of the inner belt hiss waves.

Here, using the Van Allen Probes A and B observations from 01 January 2013 to 28 February 2018, we surveyed
statistically the occurrence rate, intensity, and propagation properties of hiss waves in the entire inner belt region.
Data and methodology are introduced in Section 2. Statistical results are presented in Section 3. The potential
sources of the inner belt hiss waves in different bands are discussed in Section 4, and conclusions are summarized
in Section 5.

2. Data and Methodology

Figure 1 displays two examples of whistler-mode hiss waves observed by Van Allen Probes A and B in the inner
radiation belt (1.1 < L < 2) under different geomagnetic conditions. The 1-min averaged AE index comes from
the OMNI database in the Coordinated Data Analysis Web. The power spectral densities (E, and B)) of electric
and magnetic fields are measured by the Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) on board the Van Allen Probes. The EMFISIS can measure plasma waves from 10 Hz to 12 kHz in the
inner magnetosphere (L ~ 1.1-6.5) (Kletzing et al., 2013). Wave normal angle (WNA) and polarization ellipticity
are calculated with the singular value decomposition (SVD) method (Santolik et al., 2003). The polar angle (6 ) of
the Poynting vector is estimated with the magnetic spectral matrix (Santolik et al., 2010). MLAT is the magnetic
latitude (in degrees), and MLT is the magnetic local time (in hours).

Whistler-mode hiss waves are right-handedly polarized (Ellipticity > 0.6), and their frequency (f) is above the
gyrofrequency of local protons (f,)). The power spectral densities (E, and B)) of hiss waves are significantly
larger than the background values (E, > 5 x 107" (V/m)*/Hz and B, > 5 x 107® nT*/Hz) and they propagate
nearly parallel to the background magnetic fields (WNA ~ 10°-40°). Except for sporadically vertical stripes
above 600 Hz (Figures 1c and le), the power spectral densities of most hiss waves are continuous in the inner
radiation belt; and their lowest frequency remains nearly invariant at different L-shells, which is different from
the frequency dependence of locally excited waves on the cyclotron frequency of local plasma.

According to the criterions of right-handed polarization and effective wave intensity (ellipticity > 0.6,
E, >5x% 10~13 (V/m)%*/Hz, and B, >5x% 10~8 nT?/Hz), we picked out the inner belt hiss waves (., <f< 3000 Hz)
observed by Van Allen Probes A and B during the period from 1 January 2013 to 28 February 2018. The hiss
wave amplitude (B,) and WNA are calculated with the same methods as Yu et al. (2017). The radial distance
(L ~ 1.1-2), magnetic latitude (MLAT ~ —22.4°-18°), and magnetic local time (MLT ~ 0-24 hr) of the selected
hiss waves are divided into 40 grids, respectively. Finally, we obtained the average of hiss amplitude (B,,) and
the medians of propagation angles (WNA and ) in each statistical grid ([0.6 MLT x 0.025 L] [0.6 MLT and
1.01MLAT], or [0.025 L and 1.01MLAT]) under different geomagnetic (AE) conditions. AE index is an indi-
cator of substorm intensity (L. Y. Li, Cao, et al., 2006, 2009; Li & Wang, 2018). AE < 100 nT for quiet times;
100 < AE < 300 nT for moderately active times; and AE > 300 nT for intensely active times.

3. Statistical Results
3.1. Hiss Occurrence Rate and Power Distribution in the Inner Radiation Belt

Figures 2a—2c displays the total number of times of Van Allen Probes A and B passing through the inner radia-
tion belt during the statistical period (01 January 2013 to 28 February 2018). Figures 2d—20 displays the sample
numbers and occurrence rates of hiss waves in the lower and upper bands under different geomagnetic (AE)
conditions. The occurrence rate of hiss waves is the quotient of its sample number divided by the times of
satellite passing in each statistical grid (0.6 MLT x 0.025 L). Although the orbit coverings of Van Allen Probes
A and B are relatively uniform at different MLTs, the sample number and occurrence rate of lower-band hiss
waves (fcp < f< 600 Hz) are much larger on the dayside (MLT ~ 6-20 hr) than the nightside (MLT ~ 20-6 hr).
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Figure 1. Whistler-mode hiss waves observed by Van Allen Probes A and B in the inner radiation belt (1.1 < L < 2). AE index is an indicator of substorm intensity.
E, and B, are the power spectral densities of electric and magnetic fields, respectively. wave normal angle (WNA) is the wave normal angle, and Ellipticity is the
polarization ellipticity. 6 is the polar angle between the Poynting vector and background magnetic fields. White curve denotes the local proton gyrofrequency (f,,).

Analogously, the sample number and occurrence rate of upper-band hiss waves (f > 600 Hz) have also signif-
icant day-night asymmetry in the high-L region (L > 1.3) of inner radiation belt (above the red dashed lines in
Figures 2j—20). In the dayside high-L region (between two vertical dashed lines), the occurrence rates of the inner
belt hiss waves in the two bands gradually decrease as L decreases but slightly increase with enhanced substorm
activities (AE increases). In contrast, the nightside hiss waves in the two bands have no obvious substorm
dependence.

Figure 3 displays the hiss sample numbers and power spectral densities at different frequencies. The sample and
power of hiss waves are mostly distributed in the lower band (covered by vertical shades), and their peak power is
located between 200 and 500 Hz. The power spectral density (B,) of the lower-band hiss (<600 Hz) increases as
substorm activities are enhanced (AE increases). Under the same geomagnetic (AE) condition, the power spectral
density of the lower-band hiss in the high-L region (L > 1.3) is larger than that near the inner boundary (L < 1.3).
On the contrary, the power spectral density of the upper-band hiss (=600 Hz) in the high-L region is less than
that near the inner boundary, and their intensity (B,) is nearly independent of substorm activities. The different
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Figure 2. (a—c) Total number of times of the Van Allen Probes A and B passing through the inner belt region (1.1 < L < 2) during the statistical period (1 January 2013
to 28 February 2018). (d-i) The sample number and occurrence rate of lower-band hiss waves (<600 Hz). (j—o) The sample number and occurrence rate of upper-band
hiss waves (>600 Hz).

spatial variations and different substorm dependences indicate that the lower- and upper-band hiss waves come
from different source regions. Potential wave sources are discussed in Section 4.

The stochastic frequency-spectrum distribution of the upper-band hiss waves cannot be fitted well with a fixed
function, whereas the substorm-dependent power distribution of the lower-band hiss waves can be fitted with
different Gaussian distributions, as indicated by the solid (observed values) and dashed curves (fitted values)
in Figures 3¢ and 3d. The fitting functions are expressed as Equation 1, and the fitting parameters are listed in
Table 1.
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Figure 3. Hiss sample number and power spectral density VS frequency. Vertical shades roughly mark out the maximum
sample number and peak power of the lower-band hiss waves (<600 Hz), while the frequency of the upper-band hiss waves is
higher than 600 Hz.
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B = e L ) 4 p M

where B, is the power spectral density of wave magnetic field (nT%Hz). f is the wave frequency. Joeax and Af are
the peak power frequency and the frequency width, respectively. A and B are the fitting parameters.

;;:)eltj Il’arameters for the Frequency-Spectrum Distribution of Hiss Waves in the Inner Radiation Belt
f< 600 Hz f> 600 Hz
A A B
Region (L (1077 nT% B(x10~7nT¥ (10~7 nT?% (1077 nT%
inR,) AE index (nT) Hz) fpeak Af Hz) Hz) fpeak Af Hz)
1.1<L<13 AE < 100 4 310.0 160.0 2.5 7.5  2400.0 1,000.0 2.5
100 < AE < 300 6.7 1.7
AE > 300 14 33
13<L<L2 AE <100 3 300.0 180.0 7.0 500.0  2672.0 1,367.0 1.7
100 < AE < 300 11 800.0
AE > 300 18 1,100.0
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Figure 4. Spatial distributions of the amplitudes (B,,) of the lower- and upper-band hiss waves under different geomagnetic (AE) conditions. B, is the statistical average
of hiss wave amplitudes in each grid (0.6 MLT X 0.025 L) or (0.6MLT, 1.01MLAT).

3.2. Spatial Variations of Hiss Wave Amplitude and Propagation Angle

Figure 4 displays the L-MLT distributions of hiss wave amplitudes in the lower and upper bands under different
geomagnetic conditions. The hiss amplitudes are averaged in each grid (0.6 MLT X 0.025 L) only considering the
times when hiss waves are observed (i.e., amplitude > 0). The hiss amplitudes have significant radial variations
but have no latitudinal difference. Like the power spectral densities, the amplitude (B,,) of the lower-band hiss is
larger on the dayside than the nightside, and the dayside hiss amplitude increases as AE increases (Figures 4a—4f).
Under the same AE level, the amplitude of the lower-band hiss decreases as L decreases. On the contrary, the
larger amplitude upper-band hiss waves (>600 Hz) mostly appear in the low-L region (below the V-shape curve in
Figures 4g—4i) and they also extend into the high-L region (L > 1.3) on the nightside (MLT ~ 206 hr). Except for
the weak substorm dependence in the dayside high-L region, the amplitude of the upper-band hiss in other regions
is nearly independent of substorm activities (AE). These differences suggest that the upper-band hiss waves in
different regions have different sources.

The effect of substorm intensity (AE) on the different-band hiss waves is quantitatively evaluated in Figure 5. The
hiss wave amplitudes under different AE levels are plotted as different color histograms and its relative change
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Figure 5. Hiss wave amplitude (histogram) and relative change rate (solid curves) under different geomagnetic (AE)
conditions. (a) and (b) Lower-band hiss waves (<600 Hz). (c) and (d) Upper-band hiss waves (>600 Hz).

rates (ABw / Bquiet = Bguiet — Bactive/ Bquie,) are plotted as blue and red solid curves, respectively. As indicated by
Figures 5a and 5b, as substorm activities are enhanced (AE increases), the amplitude of the lower-band hiss waves
increases remarkably in the morning-side low-L region (L < 1.3 and MLT ~ 612 hr) and in the entire dayside
high-L region (MLT ~ 6-20 hr and L > 1.3, where AB,,/Bqe > 0). This is consistent with the color panels
in Figures 4a—4f. The relative change rate of the lower-band hiss amplitudes can exceed 50% during intense
substorm activities (AE > 300 nT). However, the amplitude of the upper-band hiss waves has no regular variation
during different substorm activities (Figures Sc and 5d), and the average change rate at all MLTs is nearly equal
to zero.

Figure 6 displays the radial (L) and latitudinal (MLAT) distributions of the wave normal angle (WNA) and
Poynting vector (polar angle 6) of the dayside and nightside hiss waves. Near the inner boundary (L < 1.3), the
propagation directions of most hiss waves in the two bands are very oblique relative to the ambient magnetic field
(WNA > 40°), and they can propagate toward the magnetic equator (0 > 90° for MLAT > 0° and € < 90° for
MLAT < 0°) or away from the magnetic equator (6 < 90° for MLAT > 0° and 6 > 90° for MLAT < 0°) or along
the azimuthal or radial directions (8 ~ 90°). However, in the high-L region (L > 1.3), the WNAs of the lower-
and upper-band hiss waves gradually decrease as MLAT decreases, and the nightside WNAs (Figures 6b and 6f)
are generally larger than the dayside at the same L-MLAT location (Figures 6a and 6e). Interestingly, both the
lower- and upper-band hiss waves at middle latitudes ((MLATI > 10°) propagate toward the magnetic equator in
the high-L region but their propagations are along azimuthal or radial directions at low latitudes (IMLATI < 10°).

4. Discussions

The equatorward propagation of the middle-latitude hiss waves suggests that most of the inner belt hiss waves
come from high latitudes (IMLATI > 22.4°). Previous ray tracings indicate that outer plasmaspheric hiss (Chen
et al., 2017; Zhima et al., 2017) and lightning generated whistlers (LGWs) (Santolik et al., 2009) can propa-
gate along magnetic field lines to high latitudes and then are refracted inwardly or outwardly. Therefore, outer
plasmaspheric hiss and LGWs are two potential sources of the inner belt hiss waves but their contributions are
perhaps different in different-L regions.
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Figure 6. The radial (L) and latitudinal (MLAT) variations of hiss wave normal angles (WNA) and Poynting vector
(polar angle ) in the inner radiation belt (1.1 < L < 2). WNA and @ are their statistical medians in each grid (0.025 L and
1.01MLAT), respectively.

The frequency of the upper-band hiss waves (f > 600 Hz) is overlapped with the lower band of LGWs (Zihlava
et al., 2019). The averaged power spectral density of the upper-band hiss waves in the high-L region (L > 1.3) is
less than that near the inner boundary (L < 1.3) (Figures 3c and 3d). This is consistent with the power decay of
upward propagating LGWs with propagation distance (see Figure 1a in Zahlava et al., 2019). In the left panels of
Figure 1, the sporadic power enhancements are similar to the power spectral shapes of LGWs (Green et al., 2020).
Since the upward propagating LGWs experience stronger ionospheric damping on the dayside than the nightside
(Ripoll et al., 2020), the amplitude of the upper-band hiss waves in the nightside high-L region (L > 1.3) is larger
than the dayside (Figures 4g—4i). The day-night asymmetry of the upper-band hiss amplitude in the high-L region
is also consistent with that of the LGW powers (Green et al., 2020). The larger hiss amplitudes in the Low-L
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region (L < 1.3) suggest that LGWs mainly contribute to the upper-band hiss waves near the inner boundary
of the inner radiation belt. Since LGWs rely strongly on the seasonal lightning strokes in the lower atmosphere
(Ripoll et al., 2020), the power and amplitude of the upper-band hiss waves have no obvious substorm dependence
in Figures 3-5.

Of course, LGWs are not the only source of the upper-band hiss waves in the inner radiation belt. In the dayside
high-L region (L > 1.3 and MLT = 6-20 hr), the weak substorm dependence of the amplitude of the upper-
band hiss waves (Figures 4g—4i) is similar to that of outer plasmaspheric hiss in the region of L > 2 (Meredith
et al., 2004, 2007; Yu et al., 2017), suggesting that some of the upper-band hiss waves also originate from the
outer plasmaspheric hiss. In the right panels of Figure 1, the continuous power spectral density at high frequen-
cies (>600 Hz) is different from the separated stripes of LGWs reported by Green et al. (2020). In our statistical
results (Figures 2-6), the upper-band hiss waves originating from outer plasmaspheric hiss are not separated from
those coming from LGWs. Thus, the occurrence rate of the mixing upper-band hiss waves is higher in the dayside
high-L region than the nightside (Figures 2m—20). This is different from the occurrence rate distribution of the
pure LGWs reported by Green et al. (2020).

In contrast to the mixing upper-band hiss waves from multiple sources, the power and amplitude of the lower-
band hiss waves have more significant substorm dependence and day-night asymmetry in the inner radiation belt.
These properties are very similar to those of outer plasmaspheric hiss (L > 2) (Meredith et al., 2004, 2007; Yu
et al., 2017). Comparing the lower-band hiss waves (f < 600 Hz in Figures 3c and 3d) with the outer plasmas-
pheric hiss (Figure 2 in Meredith et al. (2007) and Figure 2b in Spasojevic et al. (2015)), it can be found that their
peak powers are distributed nearly in the same band (~200-500 Hz). These pieces of key evidence support that
the outer plasmaspheric hiss is a dominant source of the low-band hiss waves in the inner radiation belt. From
the high-L to low-L region, the amplitude decay of the lower-band hiss waves (<600 Hz) also agrees with the
dissipation of wave energy with propagation distance (Liu et al., 2020).

In the high-L region (L > 1.3), the latitudinal variations of the WNAs of the upper- and lower-band hiss waves
(Figure 6) are nearly the same as the outer plasmaspheric hiss (Agapitov et al., 2013; Yu et al., 2017). However,
in the low-L region (L < 1.3), the WNA of the upper-band hiss waves (dayside median ~ 41.9° and nightside
median ~ 45.4°) is comparable to that of LGWs in the region of L < 2 (Green et al., 2020). The inner belt hiss
waves with different WNAS could result in the different diffusion rates of the radiation belt electrons as suggested
by previous simulations (Gao et al., 2015). We will use the statistical model of the inner belt hiss to simulate
wave-particle interactions in the future.

5. Summary and Conclusions

Based on the Van Allen Probes A and B observations for more than 5 years, we obtained the occurrence rate,
amplitude, propagation angle, and frequency-spectrum distribution of the inner belt hiss waves under different
geomagnetic conditions. We found that the intense lower-band hiss waves (<600 Hz) mostly appear in the dayside
high-L region (L > 1.3 and MLT = 6-20 hr), whereas the intense upper-band hiss waves (=600 Hz) mostly appear
in the dayside low-L region (L < 1.3) and most nightside regions (MLT ~ 20-6 hr). Like the outer plasmaspheric
hiss (L > 2), the amplitude of the lower-band hiss increases with enhanced substorm activities (AE increases), and
their peak power spectral densities are located nearly in the same band (~200-500 Hz). The equatorward propa-
gation of middle-latitude hiss suggests that the lower-band hiss waves in the inner radiation belt mostly originate
from the outer plasmaspheric hiss at high latitudes.

Although the outer plasmaspheric hiss is also a likely source of the weak upper-band hiss (>600 Hz) in the
dayside high-L region (L > 1.3 and MLT = 6-20 hr), the amplitude of the intense upper-band hiss has no obvious
substorm dependence in the dayside low-L region and most night regions. In the low-L region, the averaged wave
normal angle of the upper-band hiss is comparable to that of LGWs reported in the past. These results suggest that
LGWs are the dominant source of upper-band hiss near the inner boundary of the inner radiation belt.

Data Availability Statement

The EMFISIS data of Van Allen Probes are publicly available at the Web https://emfisis.physics.uiowa.edu/. The
AE index is publicly available from the OMNI database at the CDAWeb http://cdaweb.gsfc.nasa.gov/sp_phys.
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