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Abstract Intense ~300-Hz to 1.0-kHz plasmaspheric hiss was studied using Polar plasma wave data. It is
found that the waves are coherent in all local time sectors with the wave coherency occurring in
approximately three- to five-wave cycle packets. The plasmaspheric hiss in the dawn and local noon time
sector are found to be substorm (AE*) and storm (SYM-H*) dependent. The local noon sector is also solar wind
pressure dependent. It is suggested that coherent chorus monochromatic subelements enter the
plasmasphere (as previously suggested by ray tracing models) to explain these plasmaspheric hiss features.
The presence of intense, coherent plasmaspheric hiss in the local dusk and local midnight time sectors is
surprising and more difficult to explain. For the dusk sector waves, either local in situ plasmaspheric wave
generation or propagation from the dayside plasmasphere is possible. There is little evidence to support
substorm generation of the midnight sector plasmaspheric hiss found in this study. One possible
explanation is propagation from the local noon sector. The combination of high wave intensity and
coherency at all local times strengthens the suggestion that the electron slot is formed during substorm
intervals instead of during geomagnetic quiet (by incoherent waves). Plasmaspheric hiss is found to
propagate at all angles relative to the ambient magnetic field, θkB. Circular, elliptical, and linear polarized
plasmaspheric hiss have been detected. No obvious, strong relationship between the wave polarization and
θkB was found. This information of hiss properties should be useful in modeling wave-particle interactions
within the plasmasphere.

Plain Language Summary Plasmaspheric hiss is found to be coherent (at all local times). The
coherency occurs in packets of ~3 to 5 cycles. For the dawn and noon local time sectors, a scenario of
substorm and solar wind pressure generation of outer zone chorus with further propagation into the
plasmasphere is supported by the data analysis results. The predominant wave polarization of hiss is found to
be elliptical, with some minor presence of circular and linear polarizations. This is in general agreement with
theoretical expectations.The presence of intense, coherent plasmaspheric hiss strongly supports the new
hypothesis that the electron slot is formed during substorms rather than geomagnetic quiet periods. The loss
of relativistic E ~ 1MeV electrons for the inner magnetosphere (L > 6) may be due to wave-particle
interactions with coherent plasmaspheric hiss.

1. Introduction

Plasmaspheric hiss is a whistler mode wave with a frequency range between ~20 Hz and ~2.0 kHz, observed
by satellites inside the plasmasphere (Agapitov et al., 2013, 2014: L. Chen et al., 2014; Cornilleau-Wehrlin et al.,
1978, 1993; Delport et al., 2012; Falkowski et al., 2017; Gail & Inan, 1990; Gail et al., 1990; Gao et al., 2015;
Glauert et al., 2014; Green et al., 2005; Golden et al., 2012; Hayakawa & Sazhin, 1992; Kim et al., 2015; Korth
et al., 1986; Li et al., 2013, 2014, 2017; Li, Chen, et al., 2015; Li, Ma, et al., 2015; Liu et al., 2017; Malaspina
et al., 2016, 2017; Meredith et al., 2004, 2006, 2007, 2018; Orlova et al., 2014; Santolik et al., 2001, 2006;
Shinbori et al., 2003; Smith et al., 1974; Solomon et al., 1988; Spasojevic et al., 2015; Storey et al., 1991;
Summers et al., 2014; Su et al., 2015; Thorne et al., 1973, 1974; Tsurutani et al., 1975, 2012, 2015; Yu et al.,
2017). Thorne et al. (1973) named the waves hiss for the sound it made when played through a loudspeaker.

Plasmaspheric hiss has been observed during geomagnetic quiet (Carpenter, 1978; Thorne et al., 1977),
during substorms (Agapitov et al., 2014; Kim et al., 2015; Li, Chen, et al., 2015; Li, Ma, et al., 2015; Malaspina
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Key Points:
• Intense plasmaspheric hiss is

coherent at all local times
• Approximately 3 to 5 cycle coherent

plasmaspheric hiss are outer zone
chorus subelements that have
propagated into the plasmasphere

• Most of plasmaspheric hiss is
elliptically polarized with some
circular and linear polarizations;
these features are consistent with
theory
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et al., 2016, 2017; Meredith et al., 2004, 2018; Spasojevic et al., 2015; Thorne et al., 1973; Tsurutani, Falkowski,
et al., 2011; Tsurutani et al., 2012, 2015; Yu et al., 2017), and during magnetic storms (Bortnik et al., 2008;
Bortnik, Li, et al., 2009; Bortnik, Thorne, et al., 2009; Kim et al., 2015; Smith et al., 1974; Tsurutani et al.,
1975). The electromagnetic waves have been observed at all local times, with statistically more intense events
observed on the dayside (Falkowski et al., 2017; Kim et al., 2015; Li, Ma, et al., 2015; Malaspina et al., 2016,
2017; Meredith et al., 2004, 2018; Spasojevic et al., 2015; Tsurutani et al., 2015; Yu et al., 2017) than on the
nightside. A hiss-like emission has also been detected in high-density plasma regions outside of the plasma-
sphere, that is, in plasma tails (A. J. Chen & Grebowsky, 1974; Falkowski et al., 2017; Tsurutani et al., 2015).

Thorne et al. (1979) suggested a local generation of plasmaspheric hiss, with the waves circulating many
times through an equatorial amplification region. This possible mechanism has not been ruled out. It has
recently been shown that plasmaspheric hiss is most often present in the dusk sector of the plasmasphere
(Tsurutani et al., 2015), indicating that ~10–100-keV electrons drifting into the plasmaspheric bulge may be
a source of the waves via a local generation mechanism similar to the Thorne et al. (1979) concept.

Meredith et al. (2004) in a seminal result showed that plasmaspheric hiss was most intense in the dayside sec-
tor of the plasmasphere. More recently, Meredith et al. (2018) studying all local times of plasmaspheric hiss
has found that hiss is most intense on the dayside and increases with increasing geomagnetic activity (AE)
from midnight through dawn to dusk. The authors mention that plasmaspheric hiss is most intense and spa-
tially extended in the ~200–500-Hz frequency band during active conditions. They also found that the aver-
age plasmaspheric hiss intensity in this frequency range in the prenoon sector exhibited two peaks, one near
the magnetic equator and one at high latitudes. They also found that in the premidnight sector, the intensity
of plasmaspheric hiss decreased with increasing geomagnetic activity.

Falkowski et al. (2017) studying dayside sector plasmaspheric hiss found that the waves were associated with
both substorms and solar wind pressure pulses (for solar wind pressure effects, see also Gail & Inan, 1990;
Kokubun, 1983; Shinbori et al., 2003; Tsurutani et al., 2015, 2016; Remya et al., 2015; Yue et al., 2017). The
substorm-dependent scenario is that substorm-injected electrons gradient drift from their midnight sector
injection to the dayside magnetosphere, generate chorus there (Meredith et al., 2001; Tsurutani & Smith,
1974, 1977), and the waves then propagate into the plasmasphere (Bortnik et al., 2008; Bortnik, Li, et al.,
2009; Bortnik, Thorne, et al., 2009; Breneman et al., 2009; L. Chen et al., 2012; Li et al., 2013; Li, Chen, et al.,
2015; Santolik, 2008; Santolik & Chum, 2009; Thorne et al., 1973, 1974; Tsurutani et al., 2012). Parrot et al.
(2004) have shown that chorus waves could, through magnetospheric reflection, propagate into the plasma-
sphere (Bortnik et al., 2008; Bortnik, Li, et al., 2009; Bortnik, Thorne, et al., 2009; Parrot et al., 2004; Wang
et al., 2011).

For the geomagnetic quiet events, the Falkowski et al. (2017) hypothesis is that solar wind pressure variations
generate chorus in the dayside minimum B pockets via compression of remnant ~10–100-keV electrons. Their
scenario is again that chorus propagates into the plasmasphere at low altitude regions of the plasmapause.

Tsurutani et al. (2015) and Falkowski et al. (2017) demonstrated that some dayside plasmaspheric hiss were
coherent. This is an extremely important feature of plasmaspheric hiss because wave-particle interactions can
be three orders of magnitude more intense than for incoherent waves (Bellan, 2013; Lakhina et al., 2010). This
present work is intended to give a more complete, global picture of Polar plasmaspheric hiss. This study will
cover the most intense plasmaspheric hiss frequency range of ~300 Hz to ~1.0 kHz. Low frequency plasma-
spheric hiss, less than ~200-Hz waves (Artemyev et al., 2013; L. Chen et al., 2014; Gao et al., 2015; Li, Ma, et al.,
2015; Malaspina et al., 2017; Meredith et al., 2018), will be specifically excluded because it is believed to have a
different generation source than higher frequency plasmaspheric hiss.

To characterize plasmaspheric hiss at all local times, we will focus on the 10 most intense Polar wave events
separately in each of the four magnetic local time (MLT) sectors: midnight (21 < MLT < 03), dawn
(03<MLT < 09), noon (09<MLT < 15), and dusk (15 <MLT < 21). There is no overlap between the events,
and they are all statistically independent. From these 40 events, we will identify the spatial location of the
events, the wave coherency, and directions of propagation as well as the AE* and SYM-H* dependences
(the * designates incorporation of gradient-drift time delays of ~25-keV electrons: this delay is ~1 hr to drift
from midnight to noon). The instantaneous solar wind ram pressure effects will also be studied. The wave
polarization (circular, elliptical, and linear) as a function of spatial location will be studied to obtain further
information on the wave sources.
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2. Method of Data Analyses

In this study we consider plasmaspheric hiss in the frequency range from ~300 Hz to ~1.0 kHz using ~1 year
(April 1996 to April 1997) of Polar satellite data. This frequency bandwas found by Falkowski et al. (2017) to be
the most intense plasmaspheric hiss band (see also Meredith et al., 2018), and we thus limit our present study
to this region. We purposely have not considered low frequency (LF) plasmaspheric hiss which may have dif-
ferent distributions and sources of generation. The data can be obtained from http://cdaweb.gsfc.nasa.gov,
NASA’s CDAW website.

The plasmasphere was identified (Falkowski et al., 2017) using the electron plasma frequency characteristics
in wave data summary plots (Santolik et al., 2001). The statistical portion of our study covers the region L = 2
to L = 13. Chorus andmagnetosonic waves were detected and removed from the data set by hand inspection
(Tsurutani et al., 2014). The Polar Plasma Wave Instrument (Gurnett et al., 1995) data were used to determine
the plasmaspheric hiss intensities and occurrence rates as a function of L and MLT. The average wave log
intensities as a function of L and MLT were used for the statistical studies.

For the statistical surveys, the ~2-kHz bandwidth High Frequency Waveform Receiver data were used. This
data cover the frequency range ~300 Hz to ~1.0 kHz in six frequency band steps, obtaining a ~0.4-s snapshots
for every ~2-min interval (Santolik et al., 2001). The ~2-min intervals were then used as the main elements for
our statistical studies. These will be called intervals in the text. If plasmaspheric hiss is detected during an
interval, it is called a wave event. Data were binned by L and MLT with a bin size of 1-L by 1-hr MLT. The aver-
age plasmaspheric hiss crossing event was ~92 min, with a minimum of ~6 min and a maximum of ~224 min.
It should be noted by the reader that these time interval values are due to a combination of the satellite tra-
jectory through the wave region and the hiss duration. The detected emissions themselves can last tens of
minutes to hours. No one presently knows the exact values because of single spacecraft orbital limitations.
Thus, our ~2-min samples are not statistically independent. The reader should be aware of this in interpreting
our results/conclusions.

In this ~1-year statistical study, Polar crossed the plasmasphere over 1,000 times. Of the total, ~800 passes
occurred when the Polar ~2-kHz wave data were available. Each pass consists of many ~2-min intervals
and thereby many potential wave events. These latter ~800 passes with many ~2-min intervals are the basis
for the statistical part of this study.

This study will focus on the 10 most intense ~2-min wave events in each of four local time sectors. We will
analyze both the specific ~2-min wave event and also the plasmaspheric hiss throughout the Polar satellite
pass for that particular event. Thus, once an intense ~2-min event was identified, the ~2-min interval before
and after and so on were studied to have the whole plasmaspheric hiss data for that satellite pass. This satel-
lite pass data will be called an intense plasmaspheric hiss interval. The purpose is to characterize the plasma-
spheric hiss at different local times. This information will be used to help identify possible sources of the
waves. It should be mentioned that since the 10 events are taken during different Polar passes, these events
are statistically independent.

For case studies, we use the high time resolution ~0.4-s plasma wave data. The minimum variance method
(Smith & Tsurutani, 1976) is used to determine the wave k and the direction of wave propagation
(Verkhoglyadova et al., 2010). From the k direction and the magnetic field direction Bo (determined from
the d.c. magnetometer), the wave polarization will be obtained.

The wave coherence is analyzed for the above 40 cases of 10 maximum wave intensities (in the four MLT sec-
tors). A cross correlation of the B1 (maximum variance) and B2 (intermediate variance) components of the
magnetic wave was performed on the entire ~0.4-s interval, on a selected five-wave cycle sample of each
event, and on the individual five-wave cycles. This was done for all forty ~0.4-s intervals. We will present only
a short summary of the findings for purposes of brevity.

The year of study occurred during the solar minimum phase of the solar cycle. During this phase, there is typi-
cally a paucity of intense Interplanetary Coronal Mass Ejection (ICME)-generated magnetic storms (Gonzalez
et al., 1994; Tsurutani et al., 2006; Tsurutani, Echer, et al., 2011). High-speed stream-slow speed stream inter-
actions form Corotating Interaction Regions at their interface (Smith & Wolfe, 1976). The Corotating
Interaction Regions can cause weak magnetic storms (Tsurutani et al., 1995). However, the high-speed
streams themselves are the dominant interplanetary feature resulting in geomagnetic activity during this
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part of the solar cycle. The embedded Alfvén wave southward Interplanetary Magnetic Field (IMF)
components within the high-speed streams can cause High-Intensity Long-Duration Continuous AE
Activity (HILDCAA) events (Hajra et al., 2013, 2014; Tsurutani et al., 2006; Tsurutani & Gonzalez, 1987).
HILDCAAs are a series of intense substorms/small injection events with concurrent midnight sector
plasmasheet injections that occur continuously for days to weeks.

We will statistically study the 40 plasmaspheric hiss events using the solar wind ram pressure from solar wind
velocity and density measurements taken from the OMNI website. Since solar wind pressure has an immedi-
ate effect on the dayside outer magnetosphere and the energetic ~10–100-keV electrons therein, no further
time delays were used. When we consider plasmaspheric hiss associated with substorms and plasma injec-
tion events, we need to determine the AE and SYM-H values assuming midnight injection and gradient drift
of the energetic electrons to the local time of detection. For this part of our study, we will assume a model of
gradient drift of ~25-keV electrons. This model was found to be a good measure of chorus delay times by
Tsurutani and Smith (1977) and more recently by Falkowski et al. (2017). It should be noted that HILDCAA
intervals have been shown to be a mixture of continuous substorms and injection events (Tsurutani et al.,
1995, 2004). HILDCAAs are therefore not simply isolated substorms. Although not part of the scope of this
paper, it should be mentioned that the details of these injection events have yet to be identified.

The solar wind data were obtained from the OMNI website (http://omniweb.gsfc.nasa.gov/). These data are
time adjusted to take into account the solar wind propagation time from the spacecraft to the magneto-
sphere, so no further adjustments were made to the data. The AE and SYM-H data were obtained from the
WDC at Kyoto University (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html). In studies done in this paper, we will
use precursor AE and SYM-H values which we will refer to as AE* and SYM-H*.

3. Results
3.1. Data Coverage and Plasmaspheric Hiss Data Set

Figure 1 shows the Polar satellite coverage (Figure 1a) and the plasmaspheric hiss average occurrence fre-
quency for the year of data analysis study (Figure 1b). Polar has an elliptical orbit with perigee at ~2 Re from
the center of the Earth and apogee at ~9 Re. The orbital period is ~17.5 hr. Figure 1b is for the plasmaspheric
hiss frequency range of ~300 Hz to ~1.0 kHz, the focus of the present study. Here we have limited the L range
from 2 to 13.

The principal feature to be noted from Figure 1a is that all L and MLTs are well covered by the Polar satellite
transits and ~2-min intervals of data. Figure 1b shows that the greatest plasmaspheric hiss occurrence fre-
quency occurs in the dusk sector. In the region between L = 2 and 7 at all MLTs, plasmaspheric hiss was

Figure 1. (a) Polar satellite coverage for the study, given as a function of L and MLT. Noon is on the top, and dawn is on the
right. The coverage extends from L = 2 to L = 13. The legend gives the number of ~2-min intervals for each ΔL-ΔMLT
bin. (b) The plasmaspheric hiss occurrence frequencies for ~300-Hz to ~1.0-kHz waves. Each bin size is 1-hr MLT and
1 L-shell. The color code on the lower right gives the occurrence percent frequencies. MLT = magnetic local time.
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detected 32% of the time. In the dusk sector from L = 3 to 6 and 15 to 21
MLT, plasmaspheric hiss was detected 51% of the time.

Figure 2 shows the average plasmaspheric log intensity as a function of
L and MLT. Plasmaspheric hiss is found to be most intense on the day-
side sector of the plasmasphere. The bin size for averaging was ΔL = 1
and ΔMLT = 1. The intense waves (red) extend out to L = 7. This is a
duplication of the Falkowski et al. (2017) result. However, it is noted
that Falkowski et al. also examined LF hiss in the range ~22 to
100 Hz and found no local time asymmetry. For this reason (and others
stated previously), we have excluded LF plasmaspheric hiss in this
present study.

It should be noted that in Figure 2, there are many plasmaspheric hiss
intervals that occur outside of L = 6 to 7, the normal location of the plasma-
pause. These waves are thought to be associated with hiss inside of plas-
maspheric plumes or tails (Summers et al., 2008; Tsurutani et al., 2015).
From detailed analyses, these waves were found to be both coherent
and of high intensity. It is noted from this figure that their intensities are
lower than the maximal intensities that occur in the noon sector. We will
comment on this further later in the paper.

Figure 3 shows the ~300 Hz to ~1.0 kHz 40 most intense ~2-min plasma-
spheric hiss average log intensity interval locations in L and magnetic lati-
tude (MLAT). As mentioned previously, the 40 events are composed of the
top 10 events for each of four local time sectors: midnight, dawn, noon,
and dusk. What is interesting in this figure is that there is a cluster of
intense (red) points at low L (~2.9 to 3.4) within ~18° of themagnetic equa-

tor. Another feature that should also be noted is that intense plasmaspheric hiss is also detected beyond
50° MLAT.

Figure 3b shows the spacecraft L-MLAT coverage. It is noted that Polar covers the magnetic equator well
between L = ~2.4 and ~4.3 but not for higher L. At L = 6 to 7 (the nominal plasmapause location), Polar covers
the MLAT range of ~20° to ~40° well. However, at lower and higher MLATs outside this range, the coverage is
poor to nonexistent.

The plasmaspheric hiss data in Figure 3a have not been normalized. However, one can note from the space-
craft tracks given in Figure 3b that the greater number intense emission events detected at low L near the
magnetic equator might be an artifact of a greater number of spacecraft passes through that region of
phase space.

Figure 2. Approximately 300-Hz to 1.0-kHz plasmaspheric hiss average log
intensity as a function of L and MLT. The same format as in Figure 1.

Figure 3. (a) shows the distribution of the 40 most intense ~2-min intervals of plasmaspheric hiss. (b) gives the spacecraft
coverage for this data survey. MLAT = magnetic latitude.
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3.2. The Properties of the 10 Most Intense Plasmaspheric Hiss ~2 min
in the Four MLT Sectors

The 10 most intense ~2-min average hiss intervals for each of the four MLT
sectors were identified. Thus, 40 intervals were examined in detail. Each
interval was found to be composed of small intervals (approximately three
to five cycles) of coherent to quasi-coherent waves. There were no inter-
vals of totally incoherent waves detected within the forty ~2-min intervals
studied. Thus, it is possible that even lower intensity plasmaspheric hiss is
also coherent to quasi-coherent in nature. However, this is beyond the
scope of the present work and will not be discussed further.

All of the clearly identifiable waves were right-hand polarized. The whole
range of polarizations, circular, elliptical, and linear was detected. There
is no apparent local time dependence on these three general polariza-
tions. Examples of each of these three types of right-hand wave polariza-
tions are shown below.

3.3. Polarizations of Whistler Mode Plasmaspheric Hiss

Figure 4 is an example of circularly polarized plasmaspheric hiss. The ~0.4-
s interval occurred at L = 6.4, an MLT of 7.5 hr (local dawn sector), and a
MLAT of 35.4°. The event started on 3 July 1996 at ~0433:59.915 UT.
From top to bottom are the wavemagnetic field B1 (max variance) compo-
nent, the B2 (intermediate variance) component, the B3 (minimum var-
iance) component, and B magnitude. The bottom left box displays the
B1-B2 hodogram and the bottom right box the B1-B3 hodogram.

The top two panels which contain the B1 and B2 magnetic field compo-
nents show that the two components have essentially the same ampli-

tudes. The B3 variations (third panel from the top) have substantially lower amplitudes than either B1 or
B2. These features are consistent with circular polarized waves. The bottom left hodogram confirms this
average picture. The hodogram on the bottom right shows that the waves are either a mix of planar waves
propagating nearly parallel in direction or slightly nonplanar waves.

To examine this further, a five-wave cycle interval from Figure 4 is shown in Figure 5. The start of the inter-
val is at 0433:60.140 UT. The left-hand panels (Figure 5a) are given in the same format as in Figure 4. The
B1 and B2 wave amplitudes are approximately the same, with a wave phase shift between the two

Figure 4. A ~0.4-s interval with circularly polarized plasmaspheric hiss. Five
different colors have been added at equal time intervals to allow the
reader to follow the evolution of the waves. MVA = minimum variance ana-
lysis; MLT = magnetic local time; MLAT = magnetic latitude.

Figure 5. (a) Five cycles of plasmaspheric hiss in the same format as in Figure 4. Five different colors for equal time intervals
have been used to allow the reader to follow the wave progression. At the bottom of (a) are the B1-B2 hodogram and the
B2-B3 hodogram. (b) gives the field magnitude, the B1 and B2 components superposed, and the cross correlation of B1 and
B2 results. MVA = minimum variance analysis; MLT = magnetic local time; MLAT = magnetic latitude.
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components of approximately 90°, as expected for circularly polarized
electromagnetic waves. The B1-B2 hodogram at the bottom left confirms
that the wave polarizations are circular. The B1-B3 hodogram indicates
that these are planar waves.

Figure 5b from top to bottom gives the magnetic field magnitude, B1 and
B2 components (plotted superposed in the same panel), and the cross cor-
relation between B1 and B2. The bottom graph clearly shows that the
waves are coherent with a ~0.9 cross-correlation coefficient.

Figure 6 is a 0.4-s interval that started at 1837:00.087 UT on 23 October
1996. The spacecraft location was at L = 2.9, MLT =12.1 (noon sector),
and a MLAT of �16.8°. The format is the same as in Figure 4.

In Figure 6, the B1 fluctuations are slightly larger than the B2 fluctuations.
The B2 and B3 fluctuations are nearly equal. The B1-B2 hodogram shows
that there are mainly circularly polarized waves present with some ellipti-
cal polarization. The B1-B3 hodogram indicates that the polarizations are
varying with time. However, neither of these latter two points is totally
clear from these hodograms. Thus, a five-wave cycle interval is analyzed
again (Figure 7).

Figure 7 gives an example of five cycles of elliptically polarized waves start-
ing at 1837:00.474 UT in Figure 6. It can be noted from the B1 and B2 mag-
netic components in Figure 7a that B1 has a larger amplitude than B2. The
B1-B2 hodogram at the bottom clearly indicates that the waves are ellipti-
cally polarized with a ratio of ~2 to 1. The B1-B3 hodogram shows that the
waves are planar.

The right-hand bottom panel of Figure 7b shows a cross-correlation coefficient of ~0.95 when the lag is
approximately one-fourth wavelength. These waves are highly coherent. For longer lags, the correlation coef-
ficient decreases to 0.7 to 0.8. This feature will be discussed in more detail later in the paper.

Figure 8 shows a ~0.4-s interval of linearly polarized plasmaspheric hiss starting at 1112:02.343 UT on 18
November 1996. The location was L = 3.2, an MLT of 10.1 (noon sector), and a MLAT of �28.4°. From this fig-
ure, it can be noted that the B1 component variations are much larger than either the B2 or B3 variations. The
latter two variations are comparable in amplitude. The B1-B2 hodogram indicates that the waves are ellipti-
cally polarized or linearly polarized with some variation in polarization planes. The B1-B3 hodogram is difficult
to interpret for this linear wave case.

Figure 6. A ~0.4-s interval that contains elliptically polarized plasmaspheric
hiss. The format is the same as in Figure 4. MVA = minimum variance analy-
sis; MLT = magnetic local time; MLAT = magnetic latitude.

Figure 7. Same format as in Figure 5. An example of five cycles of elliptically polarized waves. MVA = minimum variance
analysis; MLT = magnetic local time; MLAT = magnetic latitude.
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Figure 9 shows a five-cycle interval of linearly polarized plasmaspheric hiss
from the same time interval, 18 November 1996 starting at 1112:02.668 UT.
The B1 component of Figure 9a is substantially larger than that of the B2
component. The B1-B2 hodogram at the bottom clearly shows the nature
of the linearly polarized waves. There is a circularly polarized wave cycle at
the very end of the interval.

The bottom data trace in Figure 9a gives the magnetic field magnitude.
There are substantial variations in the wave field magnitude with periods
half that of the B1 wave. This indicates that the magnetic oscillations are
along the ambient magnetic field causing the substantial
compressive variations.

One might ask the question could this be a magnetosonic wave interval
instead of plasmaspheric hiss? At a distance of L = 3.2 and a
MLAT = �28.4°, the standard generation mechanisms for magnetosonic
wave generation would be difficult to invoke (see Horne et al., 2000;
Perraut et al., 1982; Santolik et al., 2002; Tsurutani et al., 2014). For magne-
tosonic waves, the wavemagnetic oscillations are also along Bo. Most typi-
cally, there are little or no oscillations in the other components. Here there
are very few variations in B2 except at the tail end of the interval (second
panel in Figure 9a). This is the circularly polarize wave cycle. This circular
wave can be noted in the bottom left B1-B2 hodogram.

Figure 9b, bottom panel, shows the B1-B2 cross correlation. The maximum
value is ~0.6. This wave interval is quasi-coherent.

3.4. Statistics of the 40 Intense Event Intervals

The 10 most intense plasmaspheric hiss events during each of four local time sectors were identified and dis-
cussed above. It was also previously noted that plasmaspheric hiss detected by Polar could last from 6 min to
3.7 hr with a mean duration of 1.5 hr. Thus, each of the forty ~2-min intervals of intense plasmaspheric hiss
was not isolated. Plasmaspheric hiss was detected in the ~2 min prior and in the ~2 min after the intense ~2-
min interval wave events. For each of the 40 intense ~2-min events, we traced the plasmaspheric hiss for that
particular satellite inbound or outbound pass. We call this total accumulation of consecutive ~2-min events,
the plasmaspheric hiss event interval. We will now discuss the properties of the plasmaspheric hiss in the 40
event intervals.

Figure 8. A ~0.4-s interval of linearly polarized plasmaspheric hiss. The for-
mat is the same as in Figure 4. MVA = minimum variance analysis; MLT =
magnetic local time; MLAT = magnetic latitude.

Figure 9. A linearly polarized plasmaspheric hiss event. Same format as in Figure 5. MVA =minimum variance analysis; MLT
= magnetic local time; MLAT = magnetic latitude.
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Figure 3 showed the top 10 most intense plasmaspheric hiss ~2-min events in log intensity for each of four
local time sectors. Figure 10 shows the distribution of the event intervals. By the event intervals, we mean all
of the plasmaspheric hiss ~2-min events along that spacecraft track.

The most (average log) intense (red) plasmaspheric hiss regions are found
throughout the noon sector. The intense waves are found for L < 7.
Intense plasmaspheric hiss is also detected for the first 2 hr (7 to 9 MLT)
of the dawn sector also inside L = 7. There is a region of intense waves
detected in the dusk sector from 15 to 19 MLT inside L = 5. The dusk sector
shows an extended feature in L from 15 to 16 MLT. As mentioned pre-
viously, this is most likely hiss associated with a plasmaspheric tail (A. J.
Chen & Grebowsky, 1974). It should be noted that the waves are most
intense inside L = 8 and less intense in the region 8 < L < 13. This is the
same dependence previously noted in Figure 2 for the general case of
plasmaspheric hiss.

The MLT sector with the weakest intensity plasmaspheric hiss is local mid-
night. Similar features were found in Tsurutani et al. (2015). This was
explained by the idea that magnetospheric chorus in the midnight sector
is present only near the magnetic equator (Meredith et al., 2001; Tsurutani
& Smith, 1974, 1977). The waves are presumably strongly Landau damped
as they propagate away from the equatorial generation region to higher
latitudes (however, opposite arguments are presented later in why there
is hiss in the midnight sector during solar wind pressure events later).
Assuming that chorus is the source for plasmaspheric hiss, the chorus will
typically not reach high magnetic latitudes to be able to enter
the plasmasphere.

Figure 10. The top 10 plasmaspheric hiss event intervals for (a) the noon sector, (b) the dawn sector, (c) the dusk sector, and
(d) the midnight sector. The format is the same as in Figure 2.

Figure 11. The average plasmaspheric hiss log intensity as a function of
absolute magnetic latitude. This survey was taken over all magnetic local
times. MLAT = magnetic latitude.
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Each of the four MLT sectors were first studied independently. All four sectors showed essentially the same
features that there was no obvious intensity dependence on magnetic latitude. Thus, all four MLT sectors
have been put together for Figure 11. There is very little or no dependence on log intensity as a function
of magnetic latitude. This result is somewhat surprising and in contrast to the finding of Meredith et al.
(2018). This will be discussed later.

3.5. A Summary of Plasmaspheric Hiss Properties for the 40 Wave Events

As previously mentioned, for each of the 40 maximum wave intensity events, five consecutive individual
wave cycles were analyzed. Examples of circularly polarized waves (Figures 4 and 5), elliptically polarized
waves (Figures 6 and 7), and linearly polarized waves (Figures 8 and 9) were shown previously. For all 40
five-wave cycle intervals (200 cycles total), each wave cycle was further analyzed. Some of the results of this
detailed analysis is shown in Figure 12, the wave angle of propagation relative to the ambient magnetic field
direction, θkB.

Figure 12a shows θkB as a function of L. Figure 12b gives θkB as a function of absolute MLAT. The main finding
is that there is no strong dependence of θkB on either plasmasphere location parameters. There might be a
slight dependence of θkB on |MLAT| shown in Figure 12b. For |MLAT|< 20°, most waves have θkB< 40°. Higher
θ kB values are detected at higher |MLAT| values. If there was a simple single source of chorus which is pro-
pagating first to high magnetic latitudes (low altitudes) and into and throughout the plasmasphere as indi-

cated by Bortnik, Li, et al. (2009) and Bortnik et al. (2011), then one
would expect to see some definite order of the plasmaspheric hiss
wave angle of propagation in L and MLAT. The results of Figure 12
might be explained by the existence of many chorus sources (at a vari-
ety of L), propagating into the plasmasphere. The waves may be
refracting and also making multiple passes. There are other interpre-
tations as well. The one positive finding of this result is that this might
simplify wave-particle interaction modeling. This finding will be
discussed further later in the paper.

The wave cycles were separated into circularly polarized, elliptically
polarized, and linear polarized cycles. The three types of polarizations
were divided into 10° θkB bins. The results are shown in Figure 13.

Figure 13 shows that most of the intense event wave cycles were ellip-
tically polarized (Verkhoglyadova et al., 2010). This feature is present
at all angles of wave k relative to the ambient magnetic field.
Circularly polarized waves were also present at all θkB angles and were
most prominent at low angles, 10° ≤ θkB ≤ 40°. Linearly polarized
waves were present only for θkB ≥ 50°.

Figure 12. (a) Wave normal angle θkB as function of L and (b) θkB as a function of MLAT. The 200 individual wave cycles
analyzed are shown in this figure. MLAT = magnetic latitude.

Figure 13. The percent circular, elliptically, and linearly polarized plasmaspheric
hiss as a function of angle of wave k relative to the ambient magnetic field
direction (B).
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A quantitative estimate of the wave coherency for the 10 most intense
event wave cycles for each of the four local time sectors was sought.
What was done is to take two wave cycles from each of the 10 five-wave
cycle intervals, adjust their wavelength to match a common size, and then
superpose them together. Figure 14 shows the results for the noon
sector events.

Figure 14 shows the wave coherence for each of the 10 intense events
detected during the noon sector. The individual events are shown by color,
and the average value is shown as the black curve. It can be seen that the
average correlation at one-fourth wavelength shift (near 0 on the horizon-
tal axis) is ~0.8, and it remains at approximately that value for a further shift
of one wavelength (+1 wavelength offset) and a negative one wavelength
offset (�1 wavelength offset). Thus, these waves are coherent over two
cycles at least.

3.6. Substorms and Small Injection Events

The plasmaspheric hiss AE* distributions of the 40 intense event intervals
are shown in Figure 15 in white and gray tones. The time adjustments
were made between AE and AE* assuming a gradient drift time of ~25-
keV electrons assuming a local midnight injection of the particles. The
scale is given on the left as percent occurrence. The black background dis-
tribution is AE for the year of study. This scale is the same for the percen-

tage of 1-min data points. It is clear that the two distributions are fairly similar. The main difference is that
there is some hint that plasmaspheric hiss occurs at middle AE* values (270 to 360 nT) and very high AE*
values (~540 to 780 nT) than the yearly distribution. Thus, intense plasmaspheric hiss seems to have a slight
substorm dependence.

Figure 16 shows the intense plasmaspheric hiss AE* distributions in four local time sectors. The top three
panels are (a) midnight sector, (b) dawn sector, and (c) noon sector. The bottom panel, (d), shows the AE* dis-
tribution for the plasmaspheric hiss in the dusk sector. The format is the same as in Figure 15, with the plasma-

spheric hiss given in percent occurrence in white/gray. The percent AE for
the year of study is given in black.

The distribution of percent AE* occurrence is different at the four local
time sectors. On the top showing the dawn and noon sectors, the plasma-
spheric hiss percent occurrences indicate strong AE* dependences. The
distributions are weighted toward much higher AE* than the background
AE normalized distribution. Themidnight sector in Figure 16a is a bit differ-
ent. There is a preponderance of events occurring at low AE* values, AE
less than ~90 nT. However, there is a small amount of high intensity AE*
events. This will be addressed again later.

In Figure 16d, the dusk sector shows little to no plasmaspheric hiss AE*
dependence. The percent occurrence distribution is oriented to low AE*
values, even lower than that of the AE (background) distribution.

One simple interpretation of the results of Figure 16 is that these distri-
butions correspond to the distributions of outer zone magnetospheric
chorus. Chorus has been typically detected in the midnight, dawn, and
noon sectors with a general absence in the dusk sector (Meredith
et al., 2001, 2012; Tsurutani & Smith, 1977). It is also noted that the drift
of ~10- to 100-keV midnight sector substorm injected electrons go from
midnight through dawn to noon. One possibility is that the electron-free
energy is depleted by the time that they pass the noon sector, and gen-
eration of chorus is terminated. This will be discussed in more
detail later.

Figure 14. Two-wave cycles from each of the 10 most intense noon sector
five-wave cycle intervals. The plot is the cross-correlation results from the
wave B1 and B2 minimum variance components.

Figure 15. The normalized percent distribution of all local time sectors of
plasmaspheric hiss event interval AE* values (white/gray tone bars) and the
percent occurrence of AE for the year of study (black). The scale for both the
plasmaspheric hiss and the AE background is given on the left.
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The general lack of midnight sector chorus away from the magnetic equator (outside of ±15° MLAT; Tsurutani
& Smith, 1974) has been interpreted as strong off-axis Landau damping. This may explain the lack of plasma-
spheric hiss in this local time sector.

Figure 17 shows the distribution of SYM-H* values of all plasmaspheric hiss
40 intense event intervals in white/gray. The normalized percent occur-
rence scale is shown on the left. Again, similar to the AE* calculations,
the SYM-H* value calculations assume a midnight injection of ~25-keV
electrons and gradient drift to the MLT of observation. The SYM-H 1-min
value percent occurrences for the year of study are shown in black.

The intense plasmaspheric hiss SYM-H* distribution has a slightly stronger
negative SYM-H* component and a lesser positive SYM-H* component.
This result implies that these very intense plasmaspheric hiss events are
oriented more toward geomagnetic activity than toward solar wind pres-
sure pulse events. However, the above results might be local time sector
dependent. We will show that next.

Figure 18 gives the plasmaspheric hiss event interval SYM-H* percent
occurrence distributions for the four MLT sectors separately. The format
of each panel is the same as that in Figure 16 but for SYM-H* values.
Two of the top three panels, that of (a) dawn and (b) noon, indicate that
the intense 10 event intervals were associated with negative SYM-H* inter-
vals. Surprisingly, it is noted that at noon, very few of the 10 events were
associated with positive pressure SYM-H* values. This is quite different
than for plasmaspheric hiss in general (Falkowski et al., 2017). Since these
SYM-H* values are not less than�50 nT, the geomagnetic activities are not
magnetic storms (Gonzalez et al., 1994) but most likely associated with
shallow substorm injection events, such as HILDCAA intervals (Tsurutani

Figure 16. The same format as in Figure 15 but for all four local time sectors separately. (a) shows the AE* distribution of
plasmaspheric hiss in the midnight sector, (b) plasmaspheric hiss in the dawn sector, and (c) plasmaspheric hiss in the noon
sector. (d) displays plasmaspheric hiss in the dusk sector. The AE distribution for the year of study is shown in black in each
panel. MLT = magnetic local time.

Figure 17. Same general format as in Figure 15 but for plasmaspheric hiss
event interval SYM-H* values for all local time sectors. The SYM-H* plasma-
spheric hiss histogram is given in white/gray with the annual background
SYM-H in black. The percent occurrence scale is on the left.
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et al., 2006). The dusk sector in Figure 16c shows both negative SYM-H* dependence and some positive SYM-
H* dependence.

These results in Figure 18 are, in general, consistent with the plasmaspheric hiss substorm dependence
results of Figure 16. It should be noted that for the noon sector results, there are only a few positive SYM-
H* values, perhaps indicating a lack of solar wind ram pressure dependence. However, SYM-H* is a time-

advanced index, and in this figure, the SYM-H is not taken at the same time
as the plasmaspheric hiss is taken. A more accurate method would be to
compare the measured solar wind ram pressure which will be examined
next in this paper.

What is unexpected in distribution is that of the plasmaspheric hiss per-
cent occurrence distribution in the midnight sector, Figure 18d. In this
panel it is apparent that some of the waves were associated with high
positive SYM-H* values. Some of the plasmaspheric hiss also occurred at
negative SYM-H* values.

Figure 19 gives the solar wind ram pressure during the intense plasma-
spheric hiss event intervals. This has been done for all local times. The plas-
maspheric hiss is shown in white/gray bars, and the annual solar wind ram
pressure distribution is shown in black. It can be noted that some of the
intense plasmaspheric hiss studied in this paper have occurred during
high solar wind pressure intervals, with Psw > 4.5 nPa.

Falkowski et al. (2017) showed that the dayside sector plasmaspheric hiss
was related to both solar wind ram pressure and to substorms (with delay
of gradient drifting ~25-keV electrons). So part of the result in Figure 19 is
expected for the highest intensity waves as well. However, here the

Figure 18. Plasmaspheric hiss SYM-H* value distributions for the four MLT sectors. On the top are the (a) dawn sector,
(b) noon sector, and (c) dusk sector, and on the bottom is the (d) midnight sector. Plasmaspheric hiss normalized per-
cent occurrence is given in white/gray, and the year background SYM-H is given in black. MLT = magnetic local time.

Figure 19. Same general format as in Figure 15 but for plasmaspheric hiss
event interval solar wind ram pressure for all local time sectors. The solar
wind ram pressure-hiss histogram is given in white/gray with the scale on the
left. The plasmaspheric hiss distribution is normalized to 100%. The solar
wind ram pressure 2-min average percent occurrences for the year of study is
shown in black.
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amount of the dependence on high solar wind ram pressure is more subtle. There is only a small percentage
where high pressure has been important.

Figure 20 shows the solar wind ram pressure during the high intensity plasmaspheric hiss intervals for the (a)
dawn sector, (b) the noon sector, (c) the dusk sector, and (d) the midnight sector. The plasmaspheric hiss is
shown in the white/gray bars in normalized percent occurrence, and the annual ram pressure percent occur-
rences is shown in black bars.

The important result from this figure is that the intense plasmaspheric hiss part of the time occurs during high
solar wind ram pressure intervals for both the noon sector and the midnight sector. The results for the noon
sector are expected from Falkowski et al. (2017). See the scenario in the discussion of Figure 18. The midnight
sector result, although somewhat surprising is supportive of the high SYM-H* value dependence found for
the waves in Figure 18d.

The local time sector is the dusk sector, Figure 18d. Almost all events occurred when the solar wind ram pres-
sure was less than 2 nPa.

4. Summary

The following are the main findings of our study of intense plasmaspheric hiss:

1. Using 1 year of ~300-Hz to ~1-kHz plasmaspheric hiss events (April 1996 to April 1997), detailed minimum
variance analyses were performed on the 10 most intense plasmaspheric hiss event intervals (satellite
tracks) for four MLT sectors (midnight, dawn, noon, and dusk). Themost important result of this study is that
plasmaspheric hiss was found to be coherent in all 40 event intervals. This will have important conse-
quences for particle precipitation through coherent wave-particle interactions.

2. It was found that plasmaspheric hiss can be circularly, elliptically, and linearly polarized (Figures 4–9).
There is no particular dependence on MLT or L for the elliptical and linearly polarized plasmaspheric hiss.
Studying the 200 individual wave cycles, no strong θkB dependence on either L or MLAT was found
(Figure 12). However, having stated that there is a slight dependence for low θkB (<40°) values to occur
close to the magnetic equator and higher θkB values to be at larger |MLAT|. Most waves were determined
to be elliptically polarized (Figure 13). Elliptical polarizations were detected for all θkB from 0° to 90°.
Circular polarizations were also detected for all θkB but with less frequency than for elliptical

Figure 20. Same format as Figure 19 but the four local time sectors are analyzed separately. (a)–(d) correspond to the
dawn, noon, dusk, and midnight sectors. MLT = magnetic local time.
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polarizations. Linearly polarized waves were detected only for θkB ≥ 50°. It should be noted that the mag-
netic component elliptical hiss is expected for the high plasma density plasmasphere, whereas the low
density outer magnetospheric chorus is always (magnetically) circularly polarized (Verkhoglyadova
et al., 2010).

3. The intensities of the selected plasmaspheric hiss wave event intervals display no obvious latitudinal |
MLAT| dependences (Figure 11). The waves are equally intense at 50° to 60° |MLAT| as at the magnetic
equator.

4. The intense wave percent occurrence dependences on AE* was determined (Figures 15 and 16). It was
found that the dawn and noon waves were strongly substorm (AE*) dependent. There was a lack of
AE* dependence in the dusk sector.

5. The same study as summarized in item 4 was done for SYM-H* (Figures 17 and 18). It was found that
the local time sector with the largest negative SYM-H* dependence was noon. This is consistent with
the substorm AE* dependence mentioned above and the results of prior studies. The midnight sector
showed a positive SYM-H* plasmaspheric hiss dependence. This is unexpected and needs physical
explanation.

6. The solar wind ram pressure was studied for the intense plasmaspheric hiss event interval data. No time
delays were assumed. Solar wind ram pressure dependences on the waves were found in the noon sector
and the midnight sector. The noon sector result is consistent with the previous Falkowski et al. (2017)
result. The midnight sector result is consistent with the SYM-H* result mentioned in item 5.

7. Statistical analyses indicated that plasmaspheric hiss occurs most frequently on the duskside of the plas-
masphere (Figure 1). A similar result for a different frequency range of plasmaspheric hiss was previously
shown in Tsurutani et al. (2015). A slightly different statistical survey indicated that the waves are most
intense (by an order of magnitude in nT2/Hz) on the dayside (Figure 2). This result is the same as the
Meredith et al. (2004) result.

5. Discussion and Conclusions

Ten of the most intense ~2 min of plasmaspheric hiss data were selected from each of the four local time sec-
tors. All 40 of the events contained many coherent approximately three to five cycles of coherent waves. This
implies that the presence of high intensity, coherent plasmaspheric hiss at all local times should dominate
wave-particle interactions in the plasmasphere. It was previously shown that coherent wave-particle interac-
tions will be approximately three orders of magnitude faster than incoherent wave-particle interactions
(Bellan, 2013; Lakhina et al., 2010). It is our thought that coherence is thus perhaps a more important property
than wave intensity for wave-particle interaction calculations concerning plasmaspheric hiss. One possibility
of this result is that the L = 2 to 3 energetic electron slot/trough is formed by cyclotron interaction with these
coherent waves. These interactions will take place not only at local noon but at all local times.

The plasmaspheric hiss waves were found to be not only circularly polarized but also elliptically and linearly
polarized as well. There was no obvious dependence of the elliptically and linearly polarized waves on plas-
maspheric location such as L andMLAT. The waves were equally intense at 50° to 60° MLAT as at themagnetic
equator. The wave intensities were statistically nearly the same at all |MLAT| values.

It should be mentioned that the obliquely propagating plasmaspheric hiss may have other consequences for
the precipitation for electrons in and near the slot region. Artemyev et al. (2013, 2015, 2016) have argued that
energetic electron interaction with obliquely propagating electromagnetic waves could lead to further par-
ticle energy gain. This might be particularly true in the plasmasphere where large amplitude oblique waves
are present everywhere in the plasmasphere with comparable intensities both in the equatorial plane and at
high MLATs. It also should be noted that inner zone plasmaspheric hiss is exceptionally intense during mag-
netic storms (Smith et al., 1974; Tsurutani et al., 1975). Comparison of the equatorial electron spectrum to the
precipitating spectrum could assess how big of a factor this mechanism is.

How can one interpret the above findings? If it is outer zone chorus that is the source for the intense and
coherent plasmaspheric hiss, it should first be noted that the ~0.1- to 0.5-s chorus elements are composed
of many coherent, monochromatic subelements composed of ~3 to ~10 wave cycles (Lakhina et al., 2010;
Tsurutani et al., 2009; Tsurutani, Falkowski, et al., 2011). For rising tone chorus elements, all of the
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subelements will occur at different frequencies (shown in Figure 21). This is
our idea of what a chorus rising element looks like in high resolution.

Figure 22 shows a schematic of how each subelement, starting at themag-
netic equator with the same parallel propagating (θkB = 0) wave direction,
propagates into the plasmasphere. Three subelements are depicted with
~0.1, 0.2, and 0.3 fce, where fce is the electron cyclotron frequency. The
entry of the subelements into the plasmasphere will occur at different phy-
sical locations of the plasmapause. The subsequent subelement wave
refraction inside the plasmasphere will be different as well. Thus, one pos-
sible picture is that all of the monochromatic subelements originating at
different L in the outer magnetosphere will be populating the inner plas-
masphere at different MLATs, giving this observational result of small
intervals of wave coherence.

The presence of obliquely propagating waves with a variety of polarizations
(circular, elliptical, and linear) will have strong effects onwave-particle inter-
actions. It is clear that models using parallel propagating, circularly polar-
ized waves will only be a first step in computer modeling efforts.

The fact that the waves are intense at all magnetic latitudes can be explained by this picture of the entry of
many, many small subelement approximately three- to five-cycle coherent wave packets. This should be
simpler for modeling purposes. It is noted that this result is different than the recent Meredith et al. (2018)
finding of two distinct bands, one near the equator and a second one at higher magnetic latitudes.
However, the reader should note that the present result is not inconsistent with that of Meredith et al.
(2018). Here only the most intense plasmaspheric hiss has been studied.

Plasmaspheric hiss intense event interval data were examined for AE* (substorm) dependences. For AE*,
there was a clear high AE* value distribution for the dawn and noon sectors. This is consistent with intense
plasmaspheric hiss being related to substorms (HILDCAAs) and chorus generation, a result in good agree-
ment with Meredith et al. (2018). Energetic ~10- to 100-keV anisotropic electron injection in the midnight
sector during substorms with subsequent drift to the noon sector will result in chorus generation during
these sectors. Subsequent chorus subelement propagation into the plasmasphere can explain the observa-
tions presented here.

Plasmaspheric hiss intense event interval data were also examined for SYM-H* and solar wind ram pressure
dependences (Figures 17–20). The SYM-H* results were similar to that for AE* for the dawn and noon local
time sectors. The results are consistent with outer zone chorus generation during substorm/HILDCAA inter-

vals. The solar wind ram pressure results (with no time delays) confirm
prior results indicating that local noon plasmaspheric hiss can also be asso-
ciated with high solar wind pressures at times (Falkowski et al., 2017; Kim
et al., 2015; Tsurutani et al., 2015). So the intense dayside plasmaspheric
hiss has two origins, substorm gradient drifting outer zone ~10- to 100-
keV electrons and also ram pressure betatron acceleration of remnant
outer zone radiation belt electrons in minimum B pockets. From this study
it appears as if the substorm source is the more important of the two.

A surprise is themidnight sector intense plasmaspheric hiss event intervals
on positive SYM-H* values (no time delays are taken for this sector). The
dependence of these waves on high solar wind ram pressures is confirma-
tion of the positive SYM-H* results. It was also noted earlier that the mid-
night sector intense plasmaspheric hiss was AE* (again, no time delays
were taken for this time sector) dependent. What could be the physical
explanation for the above findings?

Another puzzling result is that although plasmaspheric hiss is detected
most frequently in the dusk sector (Figure 1), intense plasmaspheric hiss
is not substorm AE* dependent (Figure 16). Intense dusk sector

Figure 21. Chorus rising tone elements and monochromatic subelements.
Each element is composed of many monochromatic subelements, the next
being at a higher frequency than the previous subelement. This sequence of
higher frequency subelements within an element gives the rising tone
(increase in frequency) appearance of the chorus element.

Figure 22. Three subelements of a chorus element propagating from their
equatorial generation region to the plasmasphere (indicated in blue) and
refracting into the high plasma density region.
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plasmaspheric hiss occurs during slightly negative SYM-H* intervals (Figure 18). Dusk sector plasmaspheric
hiss also occurs during low solar wind ram pressure intervals. One possible scenario explaining all of these
dusk sector features is that the ring current recovery time scale for HILDCAA events is several hours or more
in duration. Thus, although the SYM-H* value for a plasmaspheric hiss event is slightly negative, indicating
prior ring current activity, it might be a remnant ring current that is being measured.

What is the source for the dusk sector plasmaspheric hiss? Our thought is it may be remnant substorm ~10–
100-keV electrons drifting into a recovering (expanding) plasmaspheric bulge in the evening sector. This sce-
nario was previously mentioned in Tsurutani et al. (2015) and still remains a possibility. How would such
waves be generated? It could be the Thorne et al. (1979) mechanism of circulation of local plasmaspheric hiss
with multiple passages through the generation region. However, it should be mentioned that the waves in
this local time sector look essentially the same as in other local time sectors (not shown for brevity).
Another piece of information is that hiss is detected outside the nominal L = 6 to 8 location of the plasma-
pause (Summers et al., 2008; Tsurutani et al., 2015). These hiss fingers are most likely associated with hiss
inside plasmaspheric plumes/tails. For waves to be generated as ~10- to 100-keV electrons gradient drift
through such small spatial regions of high density plasma indicates possible evidence of much more rapid
wave growth. Thus, we suggest that theoretical plasma physicists try to employ nonlinear wave growth form-
alisms to determine if both dusk sector intense plasmaspheric hiss and plasmaspheric tail hiss can be
generated locally.

5.1. Midnight Sector Intense, Coherent Waves

Because intense, coherent plasmaspheric hiss was detected in the midnight sector, we looked into this
further with hopes of understanding the seemingly anomalous results of both high and low solar wind
ram pressures and high and low AE values. To look at things in a different way, the solar wind data were
plotted (without time delays) for all 10 event intervals. This is shown in Figure 23.

The solar wind data for the 10 midnight sector intense event wave intervals are given in Figure 23. From top
to bottom are the solar wind velocity, density, IMF Bz, solar wind ram pressure, and the AE index. No time
delays were used for any of the above parameters (other than the normal solar wind propagation from the
spacecraft to the Earth’s bow shock). What is quite apparent is that there are a couple of outlier events.
Two of them have high solar wind speeds (>500 km/s), densities, and thus high ram pressures (first, second,
and fourth bottom panels, respectively). There is one event with large negative IMF Bz (third panel) and cor-
respondingly high AE (bottom panel). This is the same event. If one looks around these outlying events, the
typical solar wind speed is Vsw< 400 km/s, density is<5 cm�3, ram pressure< 2 nPa, and AE< 200 nT. These
properties are those of a quiet solar wind and also a geomagnetically quiet magnetosphere.

One possible suggestion is that these are not substorm-generated midnight sector chorus waves which have
propagated into the plasmasphere. There seems to be little or no evidence for this argument. If this is correct,
then what is the source of intense plasmaspheric hiss in this local time sector? One possibility is that these
waves enter the plasmasphere in a different local time sector and then propagate to the midnight sector
(L. Chen et al., 2009). Another possibility is that during high solar wind ram pressure events, the distortion
of the nightside magnetospheric magnetic fields readily allow chorus penetration into the plasmasphere.
Further studies will be needed on this topic to see which scenario is the correct one or if there is some other
more plausible explanation.

5.2. Final Comments

The main purpose of this paper was to show that plasmaspheric hiss is coherent, contrary to many published
statements in the past. The coherency occurs in bunches of approximately three- to five-wave cycles. Besides
showing a few examples of five-wave cycles, we have shown large stretches (~0.4 s) of waves so that the
reader can see that these subelements exist everywhere. This was our general finding for all of the 40 plasma
hiss wave event intervals studied. A nonwave person might say, “just a bunch of wiggles in the magnetic (and
electric) fields, so what?” Coherent (and incoherent) waves have strong effects on the losses of energetic
electrons. For example, Horne and Thorne (1998) suggested that outer zone chorus could parasitically
interact with relativistic electrons at off-axis locations (large MLATs) and cause pitch angle scattering and loss
to the ionosphere as ~0.1- to 0.5-s relativistic microbursts. However, with the discovery that chorus
subelements were coherent in the equatorial plane generation region, but not at off-axis locations
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(Tsurutani et al., 2009, 2013; Tsurutani, Falkowski, et al., 2011), the latter authors questioned the existence of
relativistic microbursts (unless there were plasma ducts guiding the chorus). It was shown that coherent
electromagnetic ion cyclotron waves could easily cause the loss of relativistic E > 1–2-MeV electrons in the
outer L > 6 magnetosphere during solar wind pressure pulses and fast forward shocks (Hajra & Tsurutani,
2017; Remya et al., 2015; Tsurutani et al., 2016).

Coherent plasmaspheric hiss could be the phenomenon that causes the loss of relativistic electrons in the
inner (L< 6) magnetosphere. Because of the high plasma densities inside the plasmasphere, the electromag-
netic wave phase speed will be substantially smaller than in the low-density outer magnetosphere. The local
magnetic field will be considerably higher at these distances closer to Earth. Both factors will lead to higher
cyclotron resonant energies of electrons. The finding that intense plasmaspheric hiss is present at all mag-
netic latitudes indicates that the electrons will cyclotron resonate with multiple subelement wave packets
during a bounce period. Calculations of the details of relativistic electron precipitation in the inner magneto-
sphere are beyond the scope of the present paper, but we encourage others to attempt to do this.
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