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Abstract In the region between L=2 to 7 at all Magnetic Local Time (MLTs) plasmaspheric hiss was detected
32% of the time. In the limited region of L=3 to 6 and 15 to 21 MLT (dusk sector), the wave percentage
detection was the highest (51%). The latter plasmaspheric hiss is most likely due to energetic ~10–100 keV
electrons drifting into the dusk plasmaspheric bulge region. On average, plasmaspheric hiss intensities are an
order of magnitude larger on the dayside than on the nightside. Plasmaspheric hiss intensities are considerably
more intense and coherent during high-solar wind ram pressure intervals. A hypothesis for this is generation
of dayside chorus by adiabatic compression of preexisting 10–100 keV outer magnetospheric electrons in
minimum B pockets plus chorus propagation into the plasmasphere. In large solar wind pressure events, it is
hypothesized that plasmaspheric hiss can also be generated inside the plasmasphere. These new generation
mechanism possibilities are in addition to the well-established mechanism of plasmaspheric hiss generation
during substorms and storms. Plasmaspheric hiss under ordinary conditions is of low coherency, with small
pockets of several cycles of coherent waves. During high-solar wind ram pressure intervals (positive SYM-H
intervals), plasmaspheric hiss and large L hiss can have higher intensities and be coherent. Plasmaspheric hiss in
these cases is typically found to be propagating obliquely to the ambient magnetic field with θkB0 ~30° to 40°.
Hiss detected at large L has large amplitudes (~0.2 nT) and propagates obliquely to the ambient magnetic field
(θkB0 ~70°) with 2:1 ellipticity ratios. A series of schematics for plasmaspheric hiss generation is presented.

1. Introduction

Plasmaspheric hiss is a “structureless,” low-frequency electromagnetic whistler-mode emission detected
within the plasmasphere. When it is played through a loudspeaker, it has a hiss-like sound, thus the name
[Thorne et al., 1973]. Since the original discovery of these waves in the magnetosphere by Russell et al.
[1969] and Dunckel and Helliwell [1969], there have been numerous studies concerning the wave properties
[Thorne et al., 1974; Solomon et al., 1988; Gail et al., 1989; Gail and Inan, 1990; Storey et al., 1991; Hayakawa and
Sazhin, 1992; Cornilleau-Wehrlin et al., 1978, 1993; Santolik et al., 2001; Shinbori et al., 2003; Meredith et al.,
2004, 2006; Green et al., 2005; Tsurutani et al., 2012; Summers et al., 2014].

Hiss-like waves have also been detected in detached high density plasma regions outside of the nominal
plasmaspheric region, particularly in the dusk-evening side region [Chan and Holzer, 1976; Cornilleau-Wehrlin
et al., 1978; Parrot and Lefeuvre, 1986]. These waves have characteristics that are similar to plasmaspheric
hiss and are believed to be the same emission. We will call the latter waves “hiss” to distinguish them from
hiss detected within the plasmasphere proper.

Plasmaspheric hiss is known to occur during geomagnetic quiet intervals [Russell et al., 1969; Dunckel and
Helliwell, 1969]. It is also detected at intensified levels during substorms [Thorne et al., 1973, 1974, 1977;
Hayakawa et al., 1986; Meredith et al., 2004; Li et al., 2013] and magnetic storms [Smith et al., 1974; Tsurutani
et al., 1975; Delport et al., 2012; Golden et al., 2012]. Thorne et al. [1979] proposed the generation of quiet time
plasmaspheric hiss as due to recycling of trapped waves through an equatorial amplification region just inside
the plasmapause. Chum and Santolik [2005] and Santolik et al. [2006] showed that earthward propagating
chorus could be considered as a possible candidate for the source of plasmaspheric hiss. These results were
confirmed and expanded upon by Bortnik et al. [2008, 2009a, 2009b]. The latter authors argued that during
geomagnetic active times, outer zone chorus penetrates into the plasmasphere at low altitudes and becomes
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plasmaspheric hiss. Ray tracing studies by Chen et al. [2012] and wave propagation observations byWang et al.
[2011] and Tsurutani et al. [2012] have shown general agreement with the Bortnik et al. model. However one
should be cautious in this assessment. Please see arguments in Santolik and Chum [2009].

Meredith et al. [2006] have attempted to identify how much hiss within the plasmasphere is naturally
generated by either energetic (~10 to 100 keV) electron instabilities or by lightning-generated whistlers
[Dragonov et al., 1992].Meredith et al. [2006] concluded that the wave power above ~2 kHz is more related to
lightning-generated whistlers, whereas lower frequency emissions are generated by plasma instabilities.
Li et al. [2013] have found that hiss is generated locally inside the plasmasphere by substorm electrons in
the outer portion of the plasmasphere. The naturally generated emissions can have frequencies as low as
~20Hz. Chen et al. [2014] have shown that generation of such unusually low-frequency plasmaspheric hiss
can be explained by the recycling of waves through the equatorial amplification region as proposed by
Thorne et al. [1979].

It is the purpose of this present effort to study plasmaspheric hiss using 1 year of Polar spacecraft data. The
frequency range of the waves studied will be limited to ~22Hz to 2 kHz, focusing this study on naturally
generated waves (by instabilities). Magnetosonic waves have been removed from the data set. We also
remove chorus waves which are identified by their bursty, elemental (~0.2 s) structures. We perform statistical
studies to determine the L-MLT location and intensity of the emissions, the geomagnetic activity (AE and
SYM-H) dependences, and the wave occurrence frequency and intensities as functions of magnetic latitude
(MLAT). The purpose of this study is to provide a database for future wave-particle modeling. Detailed case
studies will be performed to determine differences in wave properties as a function of MLAT (equatorial and
high latitude), and those in extended L regions (presumably within plasma tails) from those within the
plasmasphere proper. Wave coherency analyses will be performed on the above cases as well. From these
results, comments will be made about applications for wave-particle interaction modeling and also about
plasmaspheric hiss origins. A somewhat new perspective for both will be proposed in section 5 of the paper.

2. Method of Data Analyses

One year of Polar Plasma Wave Instrument (PWI) data [Gurnett et al., 1995] has been analyzed to study
plasmaspheric hiss: 1 April 1996 to 4 April 1997. Only waves at and inside the plasmapause were included.
The plasmapause was identified by the in situ electron plasma frequency characteristics in the wave data
plots [Santolik et al., 2001]. As previously mentioned, magnetosonic and chorus waves were removed from
the data set. This was done by hand inspection [see Tsurutani et al., 2014a].

Because there were instrumental problems with the electric field E measurements within the high density
plasmasphere (at times, there were preamplifier oscillations which corrupted the measurements), the wave
surveys that follow will be conducted for only the magnetic field component (B) of the waves. For the
statistical surveys, the ~2 kHz bandwidth High-Frequency Waveform Receiver (HFWR) data covering the
frequency range ~20Hz to 2000 Hz, obtaining ~0.5 s snapshots every ~2min interval [Santolik et al., 2001],
were used. The ~2min interval is used as a basis for our statistical studies and will hereby be called an
“interval” or “background.” If plasmaspheric hiss was detected during the interval, it will be called a
“wave event.”

It should be noted that plasmaspheric hiss often was continuous detected for tens of minutes. All of those
data were used. These data are not statistically independent. In fact no spacecraft wave survey done in the
past was statistically significant, nor have the authors claimed that they were.

There were 1013 Polar inbound and 1013 outbound crossings, or a total of 2026 passes during the year of the
study. Of these, there were 814 passes where the Polar HFWR wave data overview plots were available.
For each pass, there are many 2min intervals and thereby many possible wave events. As previously
mentioned, these latter 814 passes with many ~2min intervals are the basis for the statistical part of this
study. We call these possible intervals of waves our background for our study.

The ~2min plasmaspheric hiss events were examined in detail for specific cases. For these studies, the
high time resolution ~0.5 s plasma wave data (PWI 2 kHz HFWR data) [Gurnett et al., 1995] were analyzed.
A minimum variance method [Smith and Tsurutani, 1976] was used to identify the wave direction of
propagation, k [Verkhoglyadova et al., 2010], and the wave polarization. The maximum variance field

Journal of Geophysical Research: Space Physics 10.1002/2014JA020518

TSURUTANI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2



component (B1) and intermediate variance field component (B2) obtained from the output of the
minimum variance analyses were cross correlated to identify the level of wave coherency. See Tsurutani
et al. [2009, 2011a] for examples of prior results from this method.

The wave “noise” is not well known in the plasmasphere. To our knowledge, no one has tried to identify this
phenomenon. It also may be time varying. Thus, when minimum variance analyses were performed on
several cycles of the waves in our analyses, the wave intervals were typically selected because they indicated
one wave was clearly present. In the minimum variance analyses, λ1, λ2, and λ3 correspond to the maximum,
intermediate, and minimum eigenvalues, respectively. The ratio λ2/λ3 which gives the accuracy or “error”
in the determination will be given in each case. A value of >10 for the ratio indicates that the wave was well
determined. The typical case where it was found that the waves were incoherent, it is suspected that there
may be many waves propagating in different directions causing the incoherence. A technique has been
developed for identifying two separate wave packets [Storey and Lefeuvre, 1979; Lefeuvre et al., 1981; Buchalet
and Lefeuvre, 1981; Goldstein and Tsurutani, 1984] but not one for many wave packets. This topic is beyond the
scope of the present paper and thus will not be addressed here.

The λ1/λ2 ratio gives the degree of wave polarization (however, see caveats in Tsurutani et al. [2011a]). A ratio
of 1.0 corresponds to circular polarization and higher values to elliptical polarization.

Magnetosonic (MS) waves were also detected inside the plasmasphere [Tsurutani et al., 2014a]. This mode of
electromagnetic (EM) waves is linearly polarized and has magnetic perturbations aligned with the ambient
magnetic field, B0. The direction of B0 is obtained from the magnetometer instrument on board Polar.
Plasmaspheric hiss is a transverse EM mode with magnetic perturbations orthogonal to B0 (when k is parallel
to B0), so the two modes are easily distinguished from each other. In all of the MS wave cases near the
magnetic equator, the MS wave intensities were higher than those of the hiss. These MS events were
removed from the data set and are not used in the statistical survey portion of our study. Chorus elements
have sharp frequency-time structures of ~0.2 s duration [Tsurutani et al., 2013]. These emissions were easily
identified in the data set and were removed when identified.

The time period of data analyses was solar minimum. This is a general time period with a lack of intensemagnetic
storms [Tsurutani et al., 2006, 2011b]. The geomagnetic activities expected are High-Intensity Long-Duration
Continuous AE Activity (HILDCAA) events [Tsurutani and Gonzalez, 1987; Hajra et al., 2013] with somewhat weaker
solar wind streams and HILDCAA intensities than during the solar declining phase [Tsurutani et al., 2011b].

The solar wind datawere obtained from the OMNI website at http://omniweb.gsfc.nasa.gov/. The interplanetary
data had already been time adjusted to take into account the solar wind convection time from the spacecraft to
the magnetosphere. The AE and SYM-H data used in this study were obtained from the World Data Center for
Geomagnetism at Kyoto University.

In the section 3 of the paper, we attempt to determine the dependence of plasmaspheric hiss on geomagnetic
activity, specifically for the AE and SYM-H indices. The question is how can one do this properly? This is a difficult
problem. What kind of time lags should one take? Almost all plasmaspheric hiss generation mechanisms
proposed in the literature assume that the waves are generated by energetic ~10–100 keV anisotropic
electrons. For the portion of plasmaspheric hiss that is generated during substorms and storms by direct
midnight sector injection [Thorne et al., 1973, 1974, 1977; Smith et al., 1974] this time delay with AE and
SYM-H should be small or zero. The gradient and curvature drift speed of electrons to the dayside will be
tens of minutes (depending on the energy) and to the duskside region, still larger. This is simple if the
electrons drift to the duskside plasmaspheric bulge and then enter the plasmasphere there. However, if the
bulge extends with time to go to the L shell of the drifting electrons, these delay times will be hours or even
days. Another possible hiss generation mechanism is outer zone chorus which is generated in the outer
magnetosphere and then propagates into the plasmasphere. Using the drift time for the energetic
electrons to drift to the spacecraft local time presumes that the hiss was first generated as chorus and the
waves propagate along constant MLT zones inward to become plasmaspheric hiss. But this does not
address the possibility of the chorus propagation to other MLT zones.

Wewish to avoidmaking presumptions prior to doing the statistical surveys. Thus, for the initial part of the survey,
wewill assume no time delays whatsoever. After we obtain some initial results, wewill attempt to analyze the data
with specific time delays. This will be discussed in the body of the text in the appropriate sections.
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3. Results
3.1. Hiss Location

Figure 1 shows the magnetospheric coverage for the study. Figure 1a gives the L-MLT distribution of coverage.
The legend at the bottom right gives the number of ~2min passes in each of the ΔL=1 and ΔMLT=1h bins.
The coverage in space from L=2 to 14 and all MLT is quite good. For reference, we call this the background
distribution. Figure 1b shows the distribution of plasmaspheric hiss in percent occurrence. This is the number of
wave events divided by the background for each bin. The legend is given in the lower right-hand side. Several
interesting features can be noted in this distribution. First, plasmaspheric hiss can be detected at L=2 to 7
(red rings for both panels) and all MLTs. Plasmaspheric hiss has a strong tendency for its greatest occurrence
(up to 75%) for L = 3 to 6 and MLT from 15 to 21 (dusk sector). There is also a small region of enhancement
near MLT ~0600. The regions of minimum occurrence frequency are near noon and midnight.

There are some intervals where the waves extend to relatively large L values (~10). These intervals are
mostly on the dusk-evening side. Since these events may be occurring in “plasma tails,” “plumes,”
[Grebowsky, 1970] or “plasmaspheric bulges” [Chappell, 1974], these events will be referred to simply as
hiss to distinguish these emissions.

To determine the general distribution of
plasmaspheric hiss, the averages of the
bin percentages shown graphically in
Figure 1 were calculated. It is found that
from L= 2 to 7, for all local times, the
average was 32%. If one limits the
magnetic local time to 15 to 21 MLT, the
average is higher, 42%. If one further limits
L to the range from 3 to 6 (for the same
MLT range), the percent occurrence rate is
51% (with peak intensities up to 75%,
shown in Figure 1).

The plasmaspheric hiss magnetic latitude
distribution is shown in Figure 2. Two
histograms are shown in this figure, the
background (spacecraft coverage)

Figure 1. (a) The distribution in L and MLT of the spacecraft coverage over the year. Noon is at the top and dawn is on the
right. The L coverage extends from 2 (the outer edge of the white area at the center) to 14, radially outward. The legend
gives the number of ~2min intervals for each ΔL-ΔMLT bin. (b) The percent occurrence of plasmaspheric hiss events for
each ΔL-ΔMLT bin. Red rings are shown at L = 2 and L = 7 in both panels for general guidance to the L values.

Figure 2. The latitude distribution of plasmaspheric hiss (grey/white bars).
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distribution is given in black and the
percent plasmaspheric hiss occurrence rate
in grey/white. The background is the same
2min events as in Figure 1. The background
is plotted behind the percent occurrence
of plasmaspheric hiss, so where the two
plots overlap, the background appears
as dark grey. The scale for the background
“number of intervals” is on the right y axis,
and the scale for the percent plasmaspheric
hiss occurrence is on the left y axis.

The percent occurrence of plasmaspheric
hiss is greatest at the equator, 38%. This
value decreases to ~25% at 20°–30°
latitude and then falls off quite rapidly
at higher latitudes. There was no
plasmaspheric hiss detected at MLAT
values above 60° due to Polar orbital
constraints. The spacecraft was not within
the plasmasphere at MLAT > 60°.

3.2. Hiss Geomagnetic Activity Dependence

One of the fundamental questions concerning the property of all magnetospheric plasma waves is “do the waves
occur during enhanced geomagnetic activity?”We address the AE (substorm) dependence of plasmaspheric hiss
in Figure 3 and the SYM-H dependence of plasmaspheric hiss in Figure 4.

Figure 3 shows the plasmaspheric hiss dependence on the AE index in light grey. The scale is on the right. As
previously mentioned, no time delay was taken into consideration in assigning the AE value for a particular
interval. This is what one would assume if all of the plasmaspheric hiss were generated by plasma sheet
injection of ~10–100 keV electrons into the nightside sector of the plasmasphere. The background number of
events is shown in dark grey, with the scale on the left-hand y axis. The main feature that can be noted in the
figure is that plasmaspheric hiss occurs at all values of AE. The percent occurrence is between 4.7% at
AE=0 nTand 8.6% at AE= 800 nT. Actually, plasmaspheric hiss has slightly higher percent occurrence rates for
the lowest AE range (~0 to 500 nT).

To address one referee’s question, we examined the plasmaspheric hiss using the AE values 30min and 1 h
prior to the hiss detection. The same general AE distributions were obtained. Since these provided no new

interesting information, they have not
been shown to save space.

Figure 3 also shows that most of the
plasmaspheric hiss detected in this survey
occurred when AE was less than 250 nT or
outside of substorms. This is because the
most of the intervals (see the background)
occurred during these low-AE values.

Figure 4 shows the plasmaspheric hiss
dependence on the magnetic storm
index, SYM-H. The SYM-H background is
given in solid black, with the legend of
number of events shown as the y axis
on the left. The percent occurrence of
plasmaspheric hiss with no delay time
is given in red, with the scale on the
right. There are two striking features in

Figure 3. The plasmaspheric hiss dependence on geomagnetic
activity (AE). The format is similar to that in Figure 2. There are no
time delays assumed between AE and the waves here. Plasmaspheric
hiss percent occurrence is shown in light grey and the background in
dark grey.

Figure 4. Plasmaspheric hiss dependence on the SYM-H index. The format
is similar to those in Figures 2 and 3. The SYM-H indexes 0 h (red), 1 h
(brown), 2 h (green), and 3 h (blue) before the wave event are also shown.
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this figure. The first and perhaps more interesting feature is that plasmaspheric hiss is present during positive
SYM-H intervals. One can notice that plasmaspheric hiss has its highest occurrence rates for the range
SYM-H= +15 nT to +75 nT. This will be addressed further later in this section.

The second feature is that plasmaspheric hiss is clearly present during intervals of negative SYM-H or during
continuous substorms (HILDCAA intervals). There was no plasmaspheric hiss detected for SYM-H<�45 nT,
but it is thought that this is an artifact due to the low number of storms during the interval of study and the
spacecraft orbital constraints.

Prior SYM-H values of 1 h (brown), 2 h (green), and 3 h (blue) are also shown in the figure. This was included at
the request of a referee. These latter delays show essentially the same results with each other. The only
difference is that they do not include the extreme SYM-H events near +75 nT. The other histograms do,
however, show the same small positive SYM-H dependences as in the zero lag data. Unfortunately, there are
too few events to display a global view of these events. We will, however, show some detailed specific
plasmaspheric hiss and hiss cases later in the paper.

3.3. Plasmaspheric Hiss Intensities

The plasmaspheric hiss average log intensities for different L andMLTare given in Figures 5 and 6 for different
frequency ranges of the emission. Figure 5a gives the ~30Hz to 100Hz distribution, and Figure 5b the
~100Hz to 300Hz distribution. Figure 6a gives the ~300Hz to 1 kHz distribution, and Figure 6b the ~1 kHz to
2 kHz distribution. The same color scale is used on all four panels of the two figures so that intercomparisons can
be made among them. Thus, it can be noted that the lowest-frequency distribution, the plasmaspheric hiss
component, is the most intense, and the highest-frequency component is the least intense.

The plasmaspheric hiss log intensities are relatively constant as a function of L and MLT. This is true for all four
frequency ranges. One slight deviation from this general picture is that hiss is generally higher in some of the
extended L shell events at the lowest-frequency ranges. Examples of this are the high-intensity (magenta)
events at L> 7 in the dusk-premidnight sector of Figure 5a (~22 to 100Hz).

A second noteworthy feature is that the waves have (~0.5 to 1 order of magnitude) greater intensities on the
dayside in comparison to the nightside. This can be noted in Figures 5b and 6a for the ~100Hz to 300Hz
(a difference of ~0.5 in log intensity) and ~300Hz to 1 kHz (a difference of ~0.7 in log intensity). These two
bands are the frequency range within which plasmaspheric hiss is typically detected.

The plasmaspheric hiss log-intensity distribution as a function of magnetic latitude is shown for all L inside
the plasmasphere and all MLAT values in Figure 7. The vertical scale is in units of log intensity, and the
statistical ± 1σ error bars are shown. The wave intensities are almost a constant 10�7 nT2/Hz from the equator

Figure 5. Plasmaspheric hiss intensity dependence on L and MLT. (a) The log of the wave intensity distribution for the
~22 Hz to 100 Hz band and (b) the log-intensity distribution for the ~100 Hz to the 300 Hz band.
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to ~55° (the 50° to 60° bin). There is a slight tendency for the emissions to be somewhat more intense
near the equator. However, this difference is much below the 1σ level. The 50° to 60° MLAT range is the
highest available due to spacecraft orbital constraints.

3.4. Plasmaspheric Hiss Waveforms and Coherency

A typical example of equatorial plasmaspheric hiss is shown in Figure 8 for a 5 April 1996 interval. The spacecraft
was near local midnight (0044 MLT) and was in the equatorial plane (MLAT=�1.3°). The geomagnetic activity
level was low (AE=29nT and SYM-H=�9nT). The coordinates are in the minimum variance system for this
particular ~0.4 s duration, where B1, B2, and B3 correspond to the wave magnetic field in the maximum,
intermediate, andminimum variance directions. It can be noted that there aremagnetic fluctuations in all three
components, including the B3 component which is directed along the ambient magnetic field. Thus, there are
fairly significant magnetic magnitude (compressional) components to the waves as well.

A smaller interval of Figure 8, 0.200 to 0.225 s, is shown in Figure 9. The three panels are the variation of the
magnetic field magnitude, the B1 and B2 minimum variance components both in the middle panel, and the
cross correlation between B1 and B2 at the bottom panel. It is noted that the cross correlation at �0.25
wavelength lag is ~0.5 whereas the value at +0.75 wavelength lag is ~0.2. The average cross correlation is
thus ~0.35. Larger lags lead to even lower cross correlation coefficients. One would say that this wave interval
is of general “low coherency.” This is typical of plasmaspheric waves detected under ordinary conditions.

In the above figure there are many short
intervals where there are several wave
cycles that are adjacent to each other. One
such interval is found near ~0.220 s. The
insert of Figure 9 shows higher time
resolution data for that interval. The
coordinate system is the minimum
variance for the shorter interval, and the
format is the same as the main figure. It
can be noted in Figure 9 (top) that there
are variations in the magnetic field
magnitude. The magnetic field deviations
are largest when the wave amplitudes
(Figure 9, middle) are also the largest.
Examples can be found at ~0.204, 0.215,
and 0.217 s. Obliquely propagating
electromagnetic waves could cause such
“compressional” effects.

Figure 6. Same as in Figure 5 but for (a) ~300 Hz to 1 kHz and for (b) ~1 kHz to 2 kHz.

Figure 7. The plasmaspheric hiss intensity distribution as a function of
MLAT for waves with frequencies between 22 and 100 Hz.
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Two individual wave cycles were examined
in detail using the minimum variance
technique for the specific intervals. The
waves were found to be right-hand
polarized, propagating slightly obliquely
to the ambient magnetic field with
θkB0 = 29° and 37°, where θkB0 is the angle
between the wave k and the ambient
magnetic field B0. The waves are slightly
elliptically polarized. The values of λ1/λ2
and λ2/λ3 were 1.8 and 44.5 and 1.6 and
8.0 for the above two cases, respectively.

The insert of Figure 9 shows a different
story however. This interval is focused on
only ~2 wave cycles. The wave amplitudes
are ~0.006 nT. What is notable about this
smaller time interval of waves is that the

wave coherency is quite high. The cross-correlation coefficient for �0.25 wavelength lag is 0.95, and the
cross correlation for the +0.75 wavelength lag is 0.8, giving an average c.c. of ~0.9. So although the 0.200 to
0.225 s interval has overall low wave coherency, the shorter ~2 wavelength cycle from ~0.215 to 0.220 s has
a high level of coherency. This latter feature is almost as high as chorus detected in the equatorial
(generation) region [Tsurutani et al., 2011a]. The values of λ1/λ2 and λ2/λ3 were 1.3 and 1.6 and 2.9 and 13.1
for above two cases, respectively.

The above plasmaspheric hiss interval was selected because it was typical of hiss detected in the
plasmasphere. Plasmaspheric hiss is generally of low coherence (Figure 8) but with small pockets of high
coherency as shown in the inset of Figure 9. This property of hiss was pointed out for modelers of
wave-particle interactions.

Figure 8. A typical example of equatorial plasmaspheric hiss. The
waves were detected on 5 April 1996 at L = 4, at 0044 MLT, and
MLAT =�1.3°.

Figure 9. A ~0.022050 s section of Figure 8 in high time resolution. (top) The magnetic field magnitude perturbations.
(middle) The B1 and B2 values. (bottom) The B1-B2 cross correlation as a function of lag. The insert (shown by a circle)
is the same for a higher time resolution interval between ~0.215 and 0.220 s.
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3.5. Hiss at Large L

Figure 10 shows hiss detected on 5 June
1996 at L=7. The event was detected at
0918MLTat a MLAT of 43°. The geomagnetic
activity at the time was moderate with
AE= 249 nT and SYM-H=�8 nT. The
characteristics of the hiss are different
from the examples shown in Figures 8 and
9. The magnetic field components are
shown in minimum variance coordinates.
The waves have the largest amplitudes in
the B1 and B2 components with B3 being
the smallest. The B1 and B2 components
are as large as ~±0.2 nT, considerably
larger than those in Figures 8 and 9. The
waves also appear far more coherent than

those lower inside the plasmasphere. There are many consecutive wave cycles where B1 and B2 are
correlated (not shown for brevity).

Figure 11 shows an example of hiss taken at L= 8.9, an even farther distance from the Earth than in
Figure 10. The event occurred at a MLT = 0913 and a MLAT = 43° on 11 June 1996. The geomagnetic activity
at the time was quiet, with AE = 89 nT and SYM-H = 0 nT. The wave characteristics of this event are similar to
those of Figure 10: the waves that appear to be coherent are mainly transverse and have only small
compressional components.

Figure 12 shows the wave coherency for an ~4 wave cycle interval from 0.220 to 0.240 s of Figure 11. The
format is the same as in Figure 9. These waves are only slightly compressional with an ~0.010 nT component
and with a ~0.025 nT peak-to peak transverse component. The peak correlation coefficient (Figure 12,
bottom) is ~0.7 for the interval. These waves are coherent over many cycles. This is quite different from the
character of waves detected deeper in the plasmasphere (Figures 8 and 9).

Minimum variance analyses were performed on individual wave cycles. A representative result is shown
in Figure 13. The field in the B1, B2, and B3 directions is shown at the top. The B1-B2 hodogram is given
in the bottom left panel, and the B1-B3 hodogram in the bottom right-hand panel. For the B1-B2
hodogram, the ambient magnetic field is into the paper. Thus, the polarization of the wave is right-hand
elliptically polarized. The wave θkB0 value is 73°. The degree of ellipticity, λ1/λ2, is ~2.0. The λ2/λ3 value
was 13.1.

Three other wave cycles were examined. They too were right-hand elliptically polarized with highly obliquely
directions of propagation (θkB0 = 68°, 69°, and 76°).

3.6. Plasmaspheric Hiss Inside
the Plasmasphere During Intervals
of High SYM-H

It was noted earlier that hiss occurred
during geomagnetic quiet and also during
intervals of high positive SYM-H values.
The latter corresponds to intervals where
the magnetosphere gets compressed by
the high-solar wind ram pressure (see
Tsurutani et al. [2011a] for a discussion of
positive SYM-H intervals). This appears to
be a case for a different hiss generation
mechanism than was discussed in
section 1. This topic will be discussed
further in section 5.

Figure 10. Hiss detected at L= 7. The same format as in Figure 8 is used.

Figure 11. Hiss at L = 8.9. The format is the same as in Figure 8.
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It is important to note what the characteristics of hiss are under these conditions. In Figure 14, we show a
representative example of this type of hiss.

Figure 14 shows an example of hiss inside the plasmasphere on January 11, 1997 at 0145 UT. The Polar
spacecraft was located on the dusk side at 1813MLTand far off the equator at MLAT=�41°. AEwas low, 137 nT,
and the SYM-H was unusually high, +66 nT. The plasmaspheric hiss transverse amplitudes were ~ ±0.03 nT
in the B1 component and ~± 0.02 nT in the B2 component. These values are considerably larger than that in
Figures 8 and 9. This event is typical of a high-solar wind pressure event.

This plasmaspheric hiss is more coherent than what was shown in Figure 9 during nonhigh-pressure
intervals. This is shown in more detail in Figure 15. This figure shows over 6 wave cycles. The format is
the same as in Figure 9. The cross correlation for the B1 and B2 components is given in the third panel,
and the value is ~0.8 for the interval for the range of �0.25 to +0.75 wavelengths. In this case the
cross-correlation value decreases for ± 1 more wavelength and then increases again for ± 2 wavelengths.

Thus, one notes that the wave train is
coherent in general.

The properties of the individual wave
cycles of Figure 15 were examine by
the minimum variance method. The
waves were found to be right-hand
elliptically polarized, propagating
obliquely to the ambient magnetic
field. One example is shown
in Figure 16.

The wave cycle in Figure 16 is
representative of the waves in
Figure 15. The θkB0 for this event was
39°. The wave was elliptically polarized
with λ1/λ2 = 2.2 and λ2/λ3 = 3.9. Several
other cycles were examined in this
interval. They were also elliptically
polarized with angles of propagation
of 31° and 37°.

Figure 12. A small interval (0.220 to 0.240 s) from Figure 11. The format is the same as in Figure 9.

Figure 13. A wave cycle from Figure 12: 0.2200 to 0.2250 s. The wave is
propagating at a 73° angle to the ambient magnetic field and has an
ellipticity of ~2.0.
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4. Summary

Analyses of a 1 year interval of Polar plasmaspheric hiss were performed. Magnetosonic and chorus waves
were removed from the study by hand. The major plasmaspheric hiss findings were the following:

1. Electromagnetic whistler-mode plasmaspheric hiss was detected 32% of the time for all MLT and L=2 to 7
during this study. Plasmaspheric hiss was detected at all magnetic local times, but occurred most frequently
(51%) at dusk for the range L=3 to 6 and 15 to 21 MLT. The source of these waves are most likely due
to energetic (10–100 keV) electrons drifting into the plasmaspheric bulge region. The high thermal densities
in the bulge lead to anisotropic electron instabilities, leading to local wave growth.

2. Plasmaspheric hiss was detected most frequently at the magnetic equator (38%). The occurrence
frequency decreased with increasing magnetic latitude (Figure 2). Plasmaspheric hiss intensities in the

Figure 14. Plasmaspheric hiss inside the plasmasphere during high-solar wind pressure (SYM-H = +66 nT).

Figure 15. Wave coherency for 0.210 to 0.230 s of Figure 14. The format is the same as in Figure 9.
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frequency range of 22 Hz to 100Hz
have a constant average intensity of
~10�7 nT2/Hz as a function of MLAT
(Figure 7).

3. Plasmaspheric hiss in the frequency
range from 22Hz to 2 kHz has slightly
higher intensities on the dayside
(Figures 5 and 6), but other than that is
nearly isotropic in L and MLT.

4. Plasmaspheric hiss was found to occur
during both intervals of low AE and
high AE. The majority of the waves
were detected with AE< 250nT or
during geomagnetic quiet. Analyses
assuming 30min and 1h delays in the
plasmaspheric hiss from AE did not
change this general picture.

5. One surprising new feature is that plasmaspheric hiss was frequently detected during high positive
SYM-H values. This would correspond to high-solar wind ram pressure events (Figures 3 and 4). These
plasmaspheric hiss emissions were more intense (up to ±0.03 nT) and had higher coherency properties
during these intervals (Figures 14–16), even at large MLAT values. One obvious interpretation is that these
are freshly created emissions which populate the plasmasphere. The Lakhina et al. [2010] wave-particle
interaction model is appropriate here.

6. Plasmaspheric hiss under ordinary conditions is incoherent (Figure 8). Theoretical models which assume
incoherent waves such as Kennel and Petschek [1966] are appropriate for modeling wave-particle
interactions in these instances. However, there are small time intervals interspersed among the incoherent
waves where the waves are quasi-coherent for a few cycles (Figure 9). For these cases, models involving
coherent waves [Lakhina et al., 2010; Bellan, 2013] would be more appropriate.

7. When hiss was detected at large L values (up to 10), it occurred generally on the dusk-evening
side (Figure 1). This hiss was large amplitude (up to 0.2 nT), quasi-coherent to coherent (Figures 10–13),
and had higher intensities than those detected at lower L. Examples showing oblique propagation
(θkB0 = 70°) and ellipticities of 2:1 were noted. Intense precipitation of energetic ~10–100 keV electrons
may occur in the dusk local time sector due to these waves after substorm/storm electron injections at
midnight, and the particles have drifted all the way through noon to the dusk region.

5. Discussion and Conclusions

We have performed a survey of plasmaspheric hiss for the purpose of understanding the wave properties in
order to provide information for wave-particle modeling. We have obtained the basic numbers for wave
intensities as functions of L, MLT, and MLAT.

Perhaps more importantly, we have also determined the wave coherency for different spatial locations and
under different conditions. Plasmaspheric hiss under ordinary circumstances is almost incoherent with small
patches of a few cycles of coherency. However, when solar wind density enhancements compress the
magnetosphere, the wave intensities and coherency become considerably higher. Hiss detected at large L
(>7) is generally more intense and coherent. This may be caused by energetic electrons drifting into plasma
tails/plasmaspheric bulges and generating the hiss locally. This high coherency finding is in agreement with
Summers et al. [2014] results, but during high-pressure intervals.

5.1. Plasmaspheric Hiss Day-Night Intensity Asymmetry

We first discuss past publications on plasmaspheric hiss properties during sudden impulse (SI+)/interplanetary
shocks because the topic is relevant to the interpretation of the plasmaspheric hiss day-night intensity
asymmetry results found here. Plasmaspheric hiss intensifications have been noted during SI+ events [Gail and
Inan, 1990; Shinbori et al., 2003, and references therein]. SI+s are mostly caused by interplanetary fast forward
shock impingement onto the magnetosphere. The shocks cause a sudden (approximately seconds to minutes)

Figure 16. Awave cycle fromFigure 15. The format is the same as in Figure 9.
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compression of the outer magnetosphere and the SI+s at the ground [Tsurutani et al., 2008, 2014b]. Kokubun
[1983] showed that themagnetosphericmagnetic fieldwas compressed only on the dayside (~0600 to ~1500MLT)
during SI+ events. Korth et al. [1985] noted that both ELF-VLF wave amplitudes and electron pitch angle
anisotropies increased if the spacecraft was on the dayside. Gail and Inan [1990] found that the waves were
most enhanced in the region 3< L< 6, or in the plasmasphere, during SI+ events. However, the latter authors
found no LT or MLAT dependences in the waves.

Shinbori et al. [2003] has attempted to determine the source of the waves by studying 13 years of Akebono
wave and energetic electron data during SI+ events. They used the delay times between the SI+ pulses
and plasma wave and energetic electron changes to identify the signal propagation routes. They concluded
that there were two propagation routes, one which “crosses the geomagnetic equatorial plane” and a second
“which starts at the dayside cusp region and propagates from dayside to nightside through the polar
ionosphere.” They also note the triggering of auroral kilometric radiation (AKR) waves with some delay times.
Shinbori et al. [2003] noted that there was no local time dependence of the plasma waves, similar to the
results of Gail and Inan [1990].

In addition to the above SI+ plasma wave studies, there have been UV auroral studies during SI+ events as well.
Zhou and Tsurutani [1999] and Tsurutani et al. [2001] have identified dayside auroras associated with shock
impingement onto the magnetosphere. Their hypothesis was that the shocks compress preexisting dayside
~10–100 keV magnetospheric electrons, in agreement with the Korth et al. [1985] and Kokubun [1983]
observations and conclusions [see also Perona, 1972]. Zhou and Tsurutani [1999] discussed only the compression
of outer zone dayside ~10–100 keV remnant electrons and chorus generation. The chorus waves pitch angle
scatters the electrons leading to precipitation into the ionosphere and the auroras that they observed. These
chorus emissions could enter the plasmasphere by the Bortnik et al. [2009a, 2009b] mechanism. If the pressure
increases associated with the shocks are particularly strong, energetic electrons drifting within the dayside
plasmasphere could be compressed as well. These electrons could generate plasmaspheric hiss directly, but if the
electron anisotropy is insufficient for direct instability, the wave circulation mechanism of Thorne et al. [1979]
might be in operation.

The anisotropic ~10–100 keV dayside electrons will gradient and curvature drift from the dayside to the
duskside plasmaspheric bulge. Electrons on relatively low L shells will drift into the plasmasphere and can
generate plasmaspheric hiss directly.

Zhou and Tsurutani [2001] and Tsurutani and Zhou [2003] noted that the same shocks could trigger nighttime
substorms as well. Since auroral kilometric radiation or AKR (detected during the previous cited SI+ wave studies)
are indications of substorms [Calvert, 2001], this indicates that substorm influences were present in the Gail and
Inan [1990] and Shinbori et al. [2003] plasmaspheric hiss data sets as well. It is well known that substorms lead to
plasma sheet energetic electron injections into the nightside magnetosphere [Thorne et al., 1973, 1974, 1977].

More recently, Meredith et al. [2004] have shown plasmaspheric hiss intensification dependence on
substorms. Their hypothesis is that substorm convection electric fields will bring ~10–100 keV plasma sheet
electrons into the plasmasphere, leading to local nightside plasmaspheric hiss generation. Gradient and
curvature drift of electrons that are outside of the plasmasphere will cross the plasmasphere on the dayside
leading to plasmaspheric hiss in that local time sector as well.

Thus, from the above discussion, there are at least three distinct local time regions of possible wave generation
during SI+/shock events, the dayside due to magnetospheric compression, the duskside due to electron
gradient drift into the plasmaspheric bulge, and the nightside due to substorms. We need to consider all
regions to better understand the plasmaspheric hiss MLT distributions found here. We also need to consider
whether chorus is first generated in the outer magnetosphere and then propagates into the plasmasphere
becoming plasmaspheric hiss [Chum and Santolik, 2005; Bortnik et al., 2008, 2009a; Tsurutani et al., 2012] or if the
plasmaspheric hiss is generated directly inside the high density plasmasphere as proposed by Thorne et al.
[1973] and Meredith et al. [2004].

As previously mentioned, there are very few interplanetary shocks or magnetic storms during this interval of
study. That is because 1996–1997 was solar minimum. Thus, strong, impulsive, pressure pulses would not
be expected to occur very often throughout this year of study nor would strong nightside inward convection,
as occurs during magnetic storms. However, the solar wind is really never totally steady, especially in its
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density variations. Thus, the physical principles will be the same. Small variations in the ram pressure may
continuously generate chorus in the far outer zone minimum B pocket regions [Tsurutani and Smith, 1977;
Tsurutani et al., 2009a]. The chorus generated there could find its way into the plasmasphere via the
Bortnik et al. [2009a] propagation scenario. This would give the stronger plasmaspheric hiss dayside
intensities as shown in this paper and in Meredith et al. [2004]. What could be a cause of these small pressure
variations? It has been shown that interplanetary nonlinear Alfven waves phase steepen forming intermediate
shocks and dissipate forming localized high density plasma regions through the ponderomotive force
[Tsurutani et al., 2002a, 2002b, 2006, 2011c; Dasgupta et al., 2003]. These density variations can be a factor of
~2, causing sudden, but short duration, localized pressure variations on the magnetosphere. In this way,
solar wind ram pressure fluctuations may be pumping free energy into the magnetosphere, ending up as
plasmaspheric hiss waves.

It should be noted that this same argument cannot be used for the explanation of nightside plasmaspheric
hiss being associated with chorus. Chorus generated in that local time sector during substorms is confined to
~10° MLAT [Tsurutani and Smith, 1974, 1977; Tsurutani et al., 2013; Meredith et al., 2001, 2012]. The waves are
strongly Landau damped at higher MLATs and therefore cannot get to the high-latitude regions where they
enter the plasmasphere (in the Bortnik et al. [2009a] scenario). Nightside plasmaspheric hiss must be
generated directly by substorm energetic electrons [Meredith et al., 2004].

5.2. Intervals/Locations of High Wave Coherency

Plasmaspheric hiss has been found to be more intense and more coherent during high-solar wind pressure
events. It should be noted that with coherent plasmaspheric hiss, modelers should consider the Lakhina et al.
[2010], Bellan [2013], or other coherent wave theories to model wave-particle interactions.

The wave coherency for hiss detected outside of the plasmasphere (L> 7) is quite high. The wave
amplitudes are high as well. These waves are most probably generated by energetic ~10–100 keV electron
gradient drifting into plasma tails or extended plasmaspheric bulges. The higher plasma thermal densities
lead to wave instability in these local regions. What is the source of these energetic electrons? They are
most likely particles that are remnants of previous substorm or storm injections, as suggested by Meredith
et al. [2004].

5.3. A Possible Plasmaspheric Hiss Scenario

Wewill try to summarize the sources of plasmaspheric hiss by three schematics given in Figure 17. Figure 17a
shows the quiet time scenario, Figure 17b the high-solar wind pressure scenario, and Figure 17c the
substorm/HILDCAA scenario. We do not show a magnetic storm model because of the lack of storm events
during this survey.

Figure 17a shows a nominal plasmasphere and plasmaspheric hiss during quiet times (in black). Plasmaspheric
hiss is generated in the duskside plasmaspheric bulge as remnant energetic electrons gradient drift into this
region of space. Also shown in the figure (in color: Quiet +ΔT) is the recovery of the plasmasphere from
continuous substorm (HILDCAA) activity. The plasmaspheric expansion causes remnant energetic electrons
to be engulfed by the expanding plasmasphere, and hiss will be generated in the outer regions of the
plasmasphere at all local times.

The color portion of Figure 17b shows chorus generated in the dayside outer magnetosphere during
high-solar wind pressure events. This chorus propagates into the plasmasphere and becomes hiss. If the
solar wind pressure is intense enough, energetic electrons within the plasmasphere may become unstable
to hiss generation as well. Energetic electrons entering the plasmaspheric bulge region will generate hiss
through the loss cone instability, as indicated in Figure 17a.

Figure 17c shows plasmaspheric hiss and chorus generation during sustained substorm (HILDCAA) intervals.
Hiss will be generated in the nighttime sector by plasma sheet injection. As the outer zone energetic
electrons gradient drift to dawn and local afternoon, they will generate chorus which may propagate into the
plasmasphere and become hiss. Since sustained substorms will lead to convection electric fields which will
convect the dayside plasmapause outward, energetic electrons will gradient drift into this region and
generate hiss at these local times as well.
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One topic which has not been discussed above is the possible conversion of magnetosonic waves into hiss
though wave-particle interactions [Tsurutani et al., 2013]. For this, we refer the reader to magnetosonic wave
generation local time dependences [Meredith et al., 2008; Thorne, 2010; Tsurutani et al., 2013].

We note that some current works using GPS occultation data [Verkhoglyadova et al., 2014] (A. J. Mannucci
et al., Use of radio occultation to probe the high latitude ionosphere, submitted to Atmospheric Measurement
Techniques, 2014) have identified enhanced ionization in the ~100–200 km altitude range at all local times
during HILDCAA intervals. This is presumably due to energetic electron precipitation. This precipitation may
be related to wave-particle interactions with enhanced plasmaspheric hiss. Further effort is needed to
determine if this is correct or not.

6. Final Comments

Modeling of wave-particle interactions with hiss will depend on the location of the hiss and the solar wind
and geomagnetic activity conditions at the particular time.

Hiss detected at large L has been shown to be coherent and large amplitude. Most of these events were
noted to occur in the dusk-evening sector. It is assumed that these are freshly created waves at the location of
detection. The wave-particle interactions should therefore be intense and the electron precipitation rate
high. One would expect the bremsstrahlung X-rays detected at balloon altitudes to be broadband in energy,
structureless, and have the overall profile of the electron cloud drifting through the plasma tail.

a b

c

Figure 17. Plasmaspheric hiss generation regions during different solar wind and geomagnetic activity conditions:
(a) during quiet (black plasmapause) and quiet time expansion (red plasmapause), (b) during high-solar wind pressure,
and (c) during continuous substorms/HILDCAA intervals.
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We reiterate that this was a survey done during solar minimum conditions when there was a lack of magnetic
storms. The plasmaspheric hiss profile and properties might be considerably different under storm time
conditions. We suggest that interested scientists conduct a survey of hiss properties under more
geomagnetically active times as well.
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