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Abstract A study of dayside plasmaspheric hiss at frequencies from ~22Hz to ~1.0 kHz was carried out by
using 1 year of Polar data. It is shown that intense, dayside plasmaspheric hiss is correlated with solar wind
pressure with P> 2.5 nPa. The dayside effect is most prominent in the ~300 to ~650Hz range. Intense dayside
waves are also present during SYM-H<�5 nT. The latter is centered at local noon, with the greatest
intensities in the L = 2 to 3 region. Assuming drift of ~25 keV electrons from midnight to the wave magnetic
local time, plasmaspheric hiss is shown to be highly correlated with precursor AE* and SYM-H* indices,
indicating that the hiss is associated with substorms and small injection events. Our hypothesis is that both
sets of waves originate as outer zone (L = 6 to 10) chorus and then propagate into the plasmasphere.
Fourteen high-intensity dayside plasmaspheric hiss events were analyzed to identify the wave k, polarization,
and the degree of coherency. The waves are found to be obliquely propagating, elliptically polarized and
quasi-coherent (~0.5 to 0.8 correlation coefficient). It is hypothesized that the dayside plasmaspheric hiss is
quasi-coherent because the chorus has been recently generated in the outer magnetosphere and have
propagated directly into the plasmasphere. It is possible that the quasi-coherency of the dayside hiss at L = 2
to 3 may be an alternate explanation for the generation of the energetic particle slot region.

1. Introduction

Plasmaspheric hiss is generally thought to be a structureless, whistler mode wave with a frequency range
between ~20Hz and ~2.0 kHz, observed by satellites inside the plasmasphere [Dunckel and Helliwell, 1969;
Russell et al., 1969; Thorne et al., 1973, 1974; Smith et al., 1974; Solomon et al., 1988; Korth et al., 1986; 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; Golden
et al., 2012; Tsurutani et al., 2012, 2015; Agapitov et al., 2013, 2014: Summers et al., 2014; Kim et al., 2015;
Spasojevic et al., 2015; Li et al., 2015]. It was named for the sound it made when played through a loudspeaker
[Thorne et al., 1973]. Several recent papers [Spasojevic et al., 2015; Kim et al., 2015] have stated that plasma-
spheric hiss is “incoherent.” This will be addressed in this paper.

Plasmaspheric hiss has been observed during geomagnetic quiet [Carpenter, 1978; Thorne et al., 1977], during
substorms [Thorne et al., 1973, 1974, 1977; Meredith et al., 2004; Tsurutani et al., 2011a, 2012, 2015; Agapitov
et al., 2014; Kim et al., 2015; Li et al., 2015], and during magnetic storms [Smith et al., 1974; Tsurutani et al.,
1975; Bortnik et al., 2009a, 2009b; Kim et al., 2015]. The electromagnetic waves have been observed at all local
times, with statistically more intense events on the dayside [Meredith et al., 2004; Tsurutani et al., 2015] than
on the nightside. A hiss-like emission has also been detected in high-density plasma regions outside of the
plasmasphere, i.e., in plasma “tails” [Chen and Grebowsky, 1974; Chan et al., 1974; Tsurutani et al., 2015].

Thorne et al. [1979] has suggested a local generation of plasmaspheric hiss, with the hiss passing many times
through an equatorial amplification region. It has been shown that plasmaspheric hiss is most often present
in thedusksectorof theplasmasphere [Tsurutani etal., 2015], indicating that~10–100 keVelectronsdrifting into
theplasmaspheric bulgemaybe a source of thewaves. Another suggested source of plasmaspheric hiss is elec-
tromagnetic whistler mode chorus which is generated near the equatorial plane outside the plasmasphere
[Tsurutani and Smith, 1974, 1977;Meredith et al., 2001] with propagation of the chorus into the plasmasphere
[Thorne et al., 1973, 1974; Santolik et al., 2001, 2006; Santolik, 2008; Santolik and Chum, 2009; Breneman et al.,
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2009; Bortnik et al., 2008, 2009a, 2009b; Tsurutani et al., 2012; Chen et al., 2012; Li et al., 2013]. Specifically, ray
tracingstudieshavebeenperformed that showthat it ispossible for chorus topropagate into theplasmasphere
in the low-altitude region of the plasmapause [Bortnik et al., 2008, 2009a, 2009b;Wang et al., 2011].

Plasmaspheric hiss is a wave that can cyclotron resonate with energetic electrons, leading to their pitch angle
scattering and loss to the ionosphere [Kennel and Petschek, 1966]. A “slot region” exists from L ~2 to ~3 where
there is a decrease of energetic electron fluxes in the magnetosphere. Lyons et al. [1972]; Lyons and Thorne
[1973], Albert [1994], Abel and Thorne [1998a, 1998b], and Meredith et al. [2006, 2007] have shown that (inco-
herent) plasmaspheric hiss can cause the formation of the slot.

Thepurposeof this study is to investigate theplasmaspheric hiss intensification atdayside local times. As noted
from above, different studies have indicated different possible sources for plasmaspheric hiss in general.
Plasmaspheric hiss has beendetectedduringbothquiet andgeomagnetic active times. Theprimary aimof this
paper is to attempt to resolve this mystery. Plasmaspheric hiss intensity distributions in L and magnetic local
time (MLT) at several frequency ranges, andcorrelationswithAE,SYM-H, and solarwindpressurewill be studied.
Using high-resolution data we will examine the waveforms from a subset of high-intensity events to identify
specific properties of the waves, such as their coherence, their angles of propagation relative to the ambient
magnetic field, and their ellipticity. All three features are important for modeling wave-particle interactions.

2. Method of Data Analysis

In this study we consider plasmaspheric hiss in the frequency range from ~22Hz to ~1 kHz using ~1 year
(April 1996 to April 1997), of Polar satellite data. The data can be accessed at http://cdaweb.gsfc.nasa.gov,
NASA’s Coordinated Data Analysis Workshop website. The study does not cover the higher-frequency range
of 1 kHz< f< 2 kHz. This frequency region was specifically not used in order to avoid contamination by
lightning-generated sferics.

The plasmasphere was identified by using the electron plasma frequency characteristics in summary wave
data plots [Santolik et al., 2001]. The statistical portion of our study covers the region L = 2 to L = 14 with a
focus on the region L = 2 to 7, the location of the plasmasphere. Chorus and magnetosonic waves were
removed from the data set by hand inspection [see Tsurutani et al., 2014a]. We performed statistical studies
by using the Polar Plasma Wave Instrument data [Gurnett et al., 2004] to determine the occurrence rate as a
function of L and magnetic local time (MLT). We calculated the average wave log intensity as a function of L
and MLT for the statistical studies.

For the statistical surveys, the ~2 kHz bandwidth High Frequency Waveform Receiver (HFWR) data were used.
The HFWR covers the frequency range of ~22Hz to ~1 kHz in 20 frequency band steps, obtaining ~0.45 s
snapshots for every ~2min interval [Santolik et al., 2001]. The ~2min interval was then used as the main ele-
ment for our statistical studies and will hereby be called an “interval.” 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 h MLT. The
average hiss crossing event was ~31min, with a minimum of ~13min and a maximum of ~56min (informa-
tion requested by one referee). It should be noted by the reader that these time intervals are due to a com-
bination of the hiss duration and the satellite trajectory through the wave region. Just as chorus events, the
emissions themselves can last tens of minutes to hours. Thus, our ~2min samples are not statistically inde-
pendent. Unfortunately, all satellite plasma wave surveys done in the past suffer from this same limitation.
The reader should be aware of this in interpreting the results.

During the course of this study Polar crossed the plasmasphere 2026 times. Of the total 2026 passes, there
were ~800 passes where the Polar ~2 kHz wave data were available. Each pass consists of many ~2min inter-
vals, and thereby many possible wave events. As previously mentioned, these latter ~800 passes with many
~2min intervals are the foundation for the statistical part of this study.

For case studies, the high time resolution ~0.45 s plasma wave data were analyzed. We use the minimum var-
iance method of Smith and Tsurutani [1976] to determine k, the wave direction of propagation
[Verkhoglyadova et al., 2010]. From k and the magnetic field direction Bo, the wave polarization is determined.

The wave coherence was analyzed for the above cases. A cross correlation of the B1 (maximum variance) and
B2 (intermediate variance) components of the magnetic wave was performed on a selected five wave cycle
sample of each event. Individual wave cycles were also analyzed.
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The year of study was during solar minimum. During this phase of the solar cycle, there is a paucity of intense
interplanetary coronal mass ejection (ICME) magnetic storms [Gonzalez et al., 1994; Tsurutani et al., 2006,
2011b]. Stream-stream interactions forming corotating interaction regions (CIRs) [Smith and Wolfe, 1976]
can cause weak magnetic storms [Tsurutani et al., 1995]. However, the high-speed stream proper will be
the dominant interplanetary feature causing geomagnetic activity during this part of the solar cycle. The
embedded Alfvén waves within the high-speed streams can cause High-Intensity Long-Duration
Continuous AE Activity or HILDCAA events [Tsurutani and Gonzalez, 1987; Hajra et al., 2013, 2014] or a series
of intense substorms/small injection events with concurrent plasmasheet injections.

We will statistically study plasmaspheric hiss using the solar wind pressure from solar wind velocity and den-
sity measurements taken from the OMNI website. Since solar wind pressure has an immediate effect on the
dayside outer magnetosphere and the energetic ~10–100 keV electrons therein, no further time delays were
considered. When we consider plasmaspheric hiss associated with substorms, magnetic storms, and plasma
injections, we need to determine the AE and SYM-H values assuming midnight injection and gradient drift to
the local time of detection. For this part of our study, we use the gradient drift of ~25 keV electrons which was
shown to be a goodmeasure of chorus delay times by Tsurutani and Smith [1977]. We further note that during
the declining phase of the solar cycle and solar minimum, there are often HILDCAA intervals which are the
predominant form of geomagnetic activity. These 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.”
These references are mentioned for the interested reader. We realize that the details of this topic are beyond
the scope of the present paper, and thus, no more will be stated here.

It has been shown by Tsurutani et al. [2011b] that the solar wind speeds, Alfvénic fluctuation amplitudes, and
magnetic field magnitudes are lower in solar minimum than in the declining part of the solar cycle. Thus, one
can expect both the CIR storms and the HILDCAAs to be weaker in this study than from intervals from the
declining phase of the solar cycle.

We obtained the solar wind data from the OMNI website (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, so no further adjustments were made in this study. We obtained the AE and SYM-H
data from the World Data Center (WDC) at Kyoto University (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html).
In some cases we use precursor AE and SYM-H values which we will refer to as AE* and SYM-H*.

3. Results
3.1. Solar Wind Pressure Dependence

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 h.

Figure 1a shows the Polar coverage as a function of L (radial direction) and MLT (azimuth) during the interval
of study. Approximately 8 h of the Polar orbit is spent in the plasmasphere at distances from L= 2 to 7 (indi-
cated by red circles). All magnetic local times (MLTs) were covered.

Figure 1a gives a binning of ~2min intervals. Noon is at the top of the panel and dawn on the right. There is
no coverage inside L = 2 (shown in white). L = 2, 4, and 7 are indicated for the reader. Each bin has a size ΔL = 1
and ΔMLT= 1h. The number of intervals in each bin is indicated by color. The red bins represent a maximum
value of 420 intervals, and the lightest yellow color represents a minimum of 35 intervals. Coverage is inde-
pendent of MLT but varies by L shell. The largest amount of time was spent between L = 3 and L= 4 as can be
noted by the color in Figure 1a.

Figure 1b is the average log intensity of ~300 to 1 kHz plasmaspheric hiss found for the coverage given in
Figure 1a and is the focus of this paper. The dayside plasmaspheric hiss day-night asymmetry is clearly notice-
able in the figure. This dayside intensification is the focus of the present study.

Tsurutani et al. [2015] previously noted that some of this dayside plasmaspheric hiss intensification was due
to unusually high solar wind pressure intervals. The corresponding plasmaspheric hiss was particularly
intense and coherent. To examine the effects of somewhat lower solar wind pressures (allowing more events
and better statistics), we have examined intervals when P> 2.5 nPa. To show this in a statistical manner for
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various frequency ranges, we have constructed Figure 2. From Figure 2a in a clockwise sense, the frequency
ranges are ~22Hz to ~100Hz, ~100Hz to ~300Hz, ~300Hz to ~650Hz, and ~650Hz to ~1 kHz. For each fre-
quency range, the plasmaspheric hiss average log intensities were calculated for cases when the solar wind
pressure Pwas>2.5 nPa. The log intensities of the hiss events were averaged over ΔMLT= 1h and ΔL = 1, the
size of each bin. The scale for each panel is on the bottom right. The scale is the same for all panels so that
intercomparisons can be made.

Figure 2 visually shows that for P> 2.5 nPa, there is clearly a dayside-nightside asymmetry in the average log
intensities of the plasmaspheric hiss. The plasmaspheric hiss has higher intensities on the dayside. To get a
quantitative estimate of the magnitude of the asymmetries, we have taken the dayside average over all bins
(the bin log averages were calculated first) and the nightside average over all bins. We find that the dayside is
more intense than the nightside for three of the four frequency ranges. When we calculate how much more
intense the dayside was compared to the nightside, we get the following values �3%, +6%, +12%, and +9%
for the ~22–100Hz, ~100–300Hz, ~300–650Hz, and ~650–1000Hz intervals, respectively. The highest per-
centage asymmetry is for the ~300–650Hz frequency range (dayside log average =�6.6 versus nightside
log average =�7.5). We will focus on that frequency interval for further studies.

For modeling purposes, the average dayside log intensity is �6.9, �6.5, �6.6, and �7.4, for the four ascend-
ing frequency bands, respectively. The average power is highest in the frequency range ~100 to 650Hz.
However, if one takes the region between 10 and 14 MLT for the 300 to 650Hz range, a sector where the
waves are most intense, we get a log average power of �6.1.

The plasmaspheric hiss events during P> 2.5 nPa were removed from the data set of Figure 1b, and it was
noted that the dayside asymmetry was still present. So to try to understand what those remainder events
were due to, we studied the plasmaspheric hiss distribution for P< 2.5 nPa. Intense events were still present.

3.2. Substorms and Small Injection Events

A number of different interplanetary parameter and geomagnetic indices were studied. One parameter that
was found with the dayside plasmaspheric hiss was with SYM-H<�5 nT (Figure 3). For high solar wind pres-
sures (P> 2.5 nPa) SYM-H has positive values. Thus, the plasmaspheric hiss events using a criteria of
SYM-H<�5 nT will be almost separate and distinct from those with a selection criteria of P> 2.5 nPa. In
Figure 3, we show the hiss for ~300 to 650Hz average log intensities for SYM-H<�5 nT.

Figure 3 shows the ~300Hz to 650Hz plasmaspheric hiss average log intensities for events with
SYM-H<�5 nT. The dark green represents the lowest intensities (between �9 and �8 log nT2/Hz), and the

Figure 1. (a) Polar coverage for 1 year of plasmaspheric wave data from ~22 Hz to ~1 kHz 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 = 14. The legend gives the number of ~2min
intervals for each ΔL-ΔMLT bin. (b) The ~300 Hz to ~1 kHz plasmaspheric hiss average log intensities. Each bin contains log
intensities averaged over 1 h MLT and 1 L shell. The color code which gives the intensities is on the bottom right.
Reproduced from Tsurutani et al. [2015].
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dark red represents the highest-intensity (between �5 and �4 log nT2/Hz) waves. The white indicates a lack
of wave events. The vertical scale is magnetic local time with midnight at both the top and the bottom. Noon
is in the middle of the figure. The horizontal scale is L with L = 2 on the left and L = 14 on the right.

There is a dayside region of high-intensity plasmaspheric hiss (the yellow orange and red colors outlined in
blue). It has a triangular shape when plotted in MLT versus L. We will call this the “wedge” for shorthand. It
ranges from ~0400 to ~1900 MLT at L ~2 to ~3 and then narrows to ~0900 to ~1600 MLT at L ~6 to ~7. The
highest intensities are found from L= 2 to 3 in a narrow range from ~1000 to ~1400 MLT or centered at local
noon. Intensities in surrounding areas are ~1 or ~2 orders of magnitude less intense than the high-intensity
region. The lowest intensities are detected at high L and from ~0000 MLT to ~0400 MLT and ~1800 MLT to
2400MLT for L> 5. Since none of the plasmaspheric hiss events occurred when SYM-H<�50 nT (to be shown
in Figure 5), these are not magnetic storm events [Gonzalez et al., 1994]. They will be shown to be related to
continuous substorms and small injection events [Tsurutani et al., 2004, 2006].

Figure 4 shows the distribution of AE during the year of study. This is shown by black bars. Intervals of plasma-
spheric hiss detection when SYM-H<�5 nT within the high-intensity wedge of Figure 3 (grey) are shown by
white bars. However, instead of assigning the plasmaspheric hiss the AE value at the time of detection, the
local time of the plasmaspheric hiss was used to find the AE value when ~25 keV electrons would have been

Figure 2. Plasmaspheric hiss during high solar wind pressure conditions (P> 2.5 nPa). The pressure measurements were
taken from 1 AU satellite measurements. From top left in a clockwise sense is the plasmaspheric hiss in four frequency
bands: (a) ~22 to ~100 Hz, (b) ~100 Hz to ~300 Hz, (c) ~300 Hz to ~650 Hz, and (d) ~650 Hz to ~1 kHz.
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injected into local midnight; e.g., we backdated the hiss AE (AE*). This particular energy of electrons was cho-
sen because Tsurutani and Smith [1977] previously showed that it worked well for identifying chorus delay
times from substorm (AE) onsets. For a local time of noon plasmaspheric hiss detection, the electron drift time
was ~2 h. The hiss percentage occurrence is plotted with the scale on the right.

This plasmaspheric hiss AE* distribution is clearly different than the background AE distribution. Dayside plas-
maspheric hiss in the wedge of Figure 3 occurs within high AE* intervals, assuming delay times for ~25 keV
electrons drifting from midnight to the local time of plasmaspheric hiss detection.

Figure 5 shows the distribution of SYM-H* values during the plasmaspheric hiss events for the wedge of
Figure 3. A ~25 keV electron delay timewas assumed for the electrons drifting frommidnight to the local time
of plasmaspheric hiss detection. This is the same delay time method that was used previously in Figure 4.

The plasmaspheric hiss occurs only when the preceding SYM-H* is negative, ranging from ~�45 nT to ~0 nT.
Since magnetic storms are events where SYM-H*<�50 nT [Gonzalez et al., 1994], none of these events are
storm events. This result is in agreement with that of Figure 4, that the dayside plasmaspheric hiss is related
to substorms and small injection events (HILDCAAs). As previously mentioned the data for our study were

Figure 3. Plasmaspheric hiss average log intensity distribution as a function of MLT and L shell for events during SYM-H<�5 nT. MLT is given on the vertical axis, and
L is the horizontal axis. Bins are 1 h by 1 L shell. Intensity is represented by color with each color representing 1 order of magnitude. The legend is on the right. The
highest intensities (10�5 to 10�4 log nT2/Hz) are dark red; the lowest are dark green (10�9 to 10�8 log nT2/Hz).

Figure 4. The distribution of AE values for the 1 year interval of study (black bins). The vertical scale is number of ~2min intervals for each AE value bin. Displayed in
grey are hiss events with SYM-H<�5 nT in the wedge of Figure 3. An AE precursor (AE*) time was applied to account for ~25 keV electron drift to the local time of the
plasmaspheric hiss detection.
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taken during solar minimumwhere there is a general lack of ICMEmagnetic storms. The prime causes of geo-
magnetic activity during this phase of the solar cycle are high-speed solar wind streams and related High-
Intensity Long-Duration Continuous AE Activity (HILDCAA) intervals [Tsurutani et al., 1995, 2006; Hajra et al.,
2013]. We caution the reader that the results may be different than those taken during the maximum phase
of the solar cycle.

3.3. Waveform Analysis

Detailed information of plasmaspheric hiss properties for the dayside waves were also studied, the results of
which should be taken into account for future construction of wave-particle interaction models. Thus, 14

Figure 6. A typical high-intensity dayside wave interval. The plasmaspheric hiss was detected on 18 November 1996 at
1101 UT. The Polar satellite was at 1020 MLT and at L = 3.0. The top three panels show the B1, B2, and B3 magnetic field
components, respectively. The B1-B2 hodogram is in the bottom left. The B1-B3 hodogram is in the bottom right.

Figure 5. Distribution of SYM-H* during plasmaspheric hiss events. The black histogram is the distribution of SYM-H values
over the entire year. The grey histogram is the percentage of SYM-H* values found in the wedge region in Figure 3 delayed
in time associated with a gradient drift of ~25 keV electrons in the outer magnetosphere to the MLT of the hiss event.
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~0.45 s snapshots of the highest-intensity events with SYM-H<�5 nT (the wedge region) were selected for
more detailed study. The highest-intensity emissions were selected. From the 14 intervals, events with
greater than ~100 cycles were first analyzed by using the minimum variance technique. Cross correlations
were calculated between the B1 and B2 magnetic field components to determine the degree of coherence.

Figure 6 shows ~0.4 s of a typical high-intensity wave interval in minimum variance coordinates. The event
was observed on 18 November 1996. At the time Polar was at L ~ 3, 1007 MLT, and the SYM-H at the time
was �22 nT. The first three panels show the three magnetic field components as a function of time. The B1
component shown in Figure 6 (top) has a maximum wave amplitude of ~2.5 nT. The other two components
are comparable but slightly smaller in magnitude.

Figure 6 (bottom left) shows a graph of B1 versus B2, the maximum variance direction field component
plotted against the intermediate variance direction field component, respectively. Over many cycles the
polarization appears to be nearly circular. However, this panel shows many superposed wave cycles, and this
supposition is not conclusive. Smaller time intervals need to be studied to better determine the
wave polarization.

Figure 6 (bottom right) is B1 plotted against B3, the maximum variance component plotted against the mini-
mum variance component. If the waves are planar in nature, this type of distribution could indicate a some-
what isotropic distribution of wave propagation directions.

Figure 7 shows the results of aminimum variance analysis of a single cycle of the plasmaspheric hiss shown in
Figure 6. The format is the same. Figure 7 (top) is the B1 wave component with amplitude of about 0.15 nT.
The B2 component has a value of ~0.10 nT. The plot in Figure 7 (bottom left) is the B1-B2 hodogram showing
that the wave is elliptically polarized. The direction of wave propagation is 11.9° from Bo. The ambient mag-
netic field is into the paper; thus, the wave is right-hand polarized.

Figure 7 (bottom right) indicates that the wave cycle is planar in nature. This supports the hypothesis that the
hodogram of Figure 6b was composed of many planar waves propagating at a variety of angles relative to
the spacecraft.

The wave cycle in Figure 7 is typical of the ~100 cycles of waves that were analyzed. Almost all were ellipti-
cally polarized. The average value of λ1/ λ2 was 3.9. However, many angles of propagation were noted, ran-
ging from 10° (quasiparallel propagation) to ~60° (highly oblique propagation or a mixture of several

Figure 7. A single wave cycle of the plasmaspheric hiss shown in Figure 6. The format is the same as in Figure 6.
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waves present at the same time) relative to Bo. Essentially, no clear direction of propagation was found. This
too is in support of a distribution of multidirectional wave propagation indicated in Figure 6.

Figure 8 shows a series of five consecutive cycles. This interval is also taken from Figure 6. From the top two
panels it is easy to see that there is a definite relationship between B1 and B2, but neither forms are sinusoidal
in nature. Figure 8 (bottom left) shows that the individual cycles are elliptically polarized. Similar behavior has
been observed in plasmaspheric hiss at high positive SYM-H (reported in Tsurutani et al. [2015]) but not at
negative SYM-H.

When the minimum variance analysis is performed on individual cycles it is found that they propagate at the
following angles with respect to Bo: 21°, 37°, 63°, 26°, and 57°. The waves appear to be propagating to the
spacecraft from many angles.

The approximate frequency of the waves is ~420Hz, which is in the range of values included in the statistical
analysis in Figure 2. Other high-intensity events analyzed in high time resolution also showed
elliptical polarization.

The panels of Figure 9, from top to bottom, are the B0 field magnitude, B1 and B2 superposed on top of each
other, and the cross correlation between B1 and B2 as a function of lag.

Figure 9 (middle) with B1 superposed on top of B2 indicates that there are distinct correlations between the
two field components, but they are not one to one. One possible explanation is that there are several wave
sources present and the search coil sensors are detecting this wave superposition.

Figure 9 (top) indicates that there are small B0 variations. These are due to the magnetic field aligned com-
ponents of the obliquely propagating waves superposed on the ambient magnetic field.

Figure 9 (bottom) shows the cross-correlation coefficient between the B1 and B2 component of thewaves. The
correlation at 0.25 and 1.25wavelength lag are ~0.8. The correlation coefficient is generally lower at larger lags.
The wave is thus quasi-coherent. In this example Polar was at L ~ 3. There are numerous examples of quasi-
coherent plasmaspheric hiss at low L in this in situ data. Quasi-coherent waves are characterized by “intermit-
tent” coherence lasting several cycles as described by Tsurutani et al. [2009, 2011a, 2011b]. By intermittent
coherence, we mean that the waves are quasi-coherent for a few cycles, then low in coherence, then quasi-
coherent again for a few cycles. No particular time intervals between quasi-coherent intervals were noted.

Figure 8. Five consecutive wave cycles from the event in Figure 6. The format is the same as in Figure 6.
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All 17 high-intensity wave intervals were examined in detail, and the above results are typical of our findings.
The waves are propagating obliquely to the ambient magnetic field, are ~2:1 elliptically polarized, and are
quasi-coherent with a correlation between B1 and B2 of 0.5 to 0.8. These properties should be incorporated
in any realistic wave-particle interaction model.

4. Summary

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

1. Statistical analyses of 1 year of Polar plasmaspheric hiss events (April 1996 to April 1997) indicate that in
the frequency range of ~300Hz to ~650Hz, plasmaspheric hiss is ~1 order of magnitude more intense on
the dayside than on the nightside (Figure 1). The ~100Hz to ~350Hz and ~650Hz to 1000Hz frequency
ranges showed similar but smaller-intensity asymmetries. There was little or no asymmetry detected in
the ~22Hz to ~100Hz frequency range.

2. Dayside plasmaspheric hiss intensifications are detected during high solar wind pressure conditions
(P> 2.5 nPa), accounting for part of the dayside asymmetry (Figure 2).

3. During SYM-H<�5 nT, the region of enhanced dayside plasmaspheric hiss ranges from ~0500 to ~1900
MLT at L ~2 to ~3 and then narrows to ~0900 to ~1600 MLT at L ~6 to ~7 (Figure 3). The peak enhance-
ment is at approximately local noon. We have called this triangular shaped region the wedge for short-
hand. It is noted that the most intense plasmaspheric hiss is detected at the location of the energetic
electron slot region.

4. The wedge in item 3 is correlated with prior enhanced AE (AE*) and SYM-H (SYM-H*), indicating a sub-
storm or small midnight injection origin of ~25 keV electrons to generate outer zone chorus [Tsurutani
and Smith, 1977]. In our scenario we presume this chorus to be the origin of the hiss. A time delay
was assumed for the electrons to drift to the dayside local time where the hiss was detected
(Figures 4 and 5).

5. Intense wedge plasmaspheric hiss is elliptically polarized (Figure 7), obliquely propagating (Figure 8), and
quasi-coherent with B1-B2 correlation coefficients of 0.5 to 0.8 (Figure 9). Specific cases studied indicate a
wide distribution of propagation angles (Figure 6). Parallel propagating plasmaspheric hiss was found to
be circularly polarized (not shown). Plasmaspheric hiss was found to typically be elliptically polarized by a
ratio of 2 to 1. For a theoretical discussion of elliptically polarized whistler mode waves we refer the reader
to Remya et al. [2016].

Figure 9. (top) The magnetic field magnitude, B0. (middle) The B1 and B2 components superposed on top of each other.
(bottom) The cross correlation of B1 and B2 as a function of lag.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023289

FALKOWSKI ET AL. DAYSIDE PLASMASPHERIC HISS 1652



5. Discussion and Conclusions

There have been recent previous results on plasmaspheric hiss day/night intensity asymmetry [Meredith et al.,
2007; Tsurutani et al., 2015], the wave’s propagation angles [Agapitov et al., 2013; Tsurutani et al., 2015], and its
geomagnetic activity dependence [Meredith et al., 2007; Golden et al., 2012; Spasojevic et al., 2015; Kim et al.,
2015; Li et al., 2015]. Golden et al. [2012] and Tsurutani et al. [2015] addressed solar wind pressure dependence
as well. All of the above results give a very nice picture of plasmaspheric hiss properties that will help enable
wave-particle interaction modeling. What is new in this paper that can be used to aid in improving
such modeling?

By looking at specific high solar wind pressure intervals (P> 2.5 nPa) alone, we have been able to find dayside
plasmaspheric hiss intensifications. Also by assuming ~25 keV electron drifts from approximately midnight to
the plasmaspheric hiss local time, the AE* and SYM-H* features clearly indicate substorm or small injection
event (nonstorm events) dependence, consistent with midnight injection of energetic electrons. Thus, for
the first time we have shown that dayside plasmaspheric hiss has two distinct and separable origins.

Some caveats should also be added to the above statements. Plasmaspheric hiss can also be generated in the
duskside plasmaspheric bulge and in plasma plumes [Tsurutani et al., 2015] as well as possibly being gener-
ated by a recirculation through the equatorial region [Thorne et al., 1979]. It should also be noted that a rela-
tionship with AE does not necessarily imply only substorm dependence. Tsurutani et al. [2004] have shown
that during HILDCAAs (during the declining phase of the solar cycle) injection events also occur in addition
to the classic Akasofu [1964] optical substorms. At this time this is still not well understood. Thus, we have
added the phrase “small injection events” in the text (small in contrast to magnetic storms which are large
injection events [Gonzalez et al., 1994]).

Using intense dayside plasmaspheric hiss events, it is found that the waves are typically elliptically polarized.
A wide range of propagation directions are found, indicating either a multisource nature of the waves in the
inner plasmasphere or a single unducted source with wave reflections. Elliptical polarization, and not the
standardly assumed circular polarization (used in most models), will affect wave-particle interactions (causing
a lessening of the efficiency).

Some of the recent past authors have used the phrases “unstructured” [Spasojevic et al., 2015] and “incoher-
ent” [Kim et al., 2015] to describe plasmaspheric hiss. However, we have shown that under certain conditions
plasmaspheric hiss can be quasi-coherent. This can make an important and large difference in wave-particle
interaction calculations. In fact, wave coherency may be equal in importance as wave intensity. It has been
shown that for the case of outer zone chorus, wave coherency can increase the pitch angle diffusion rate
of energetic electrons by 3 orders of magnitude [Tsurutani et al., 2009, 2011b; Lakhina et al., 2010; Bellan,
2013] compared to the incoherent wave-particle scattering rate [Kennel and Petschek, 1966; Tsurutani and
Lakhina, 1997]. Thus, low-amplitude coherent waves can have an equal particle pitch angle scattering effect
as high-amplitude incoherent waves. Coherent chorus waves have been used to explain the extremely rapid
pitch angle diffusion needed for ~10 to 100 keV electron microburst precipitation [Tsurutani et al., 2013].

5.1. Sources of the Dayside Plasmaspheric Hiss Under High Solar Wind Pressure and Associated With
Geomagnetic Activity

It is thought that the most likely source for both types of dayside plasmaspheric hiss is dayside outer zone
magnetospheric chorus. Chorus has been shown to be generated by solar wind compression of the outer
magnetosphere and remnant ~10–100 keV particles therein [Kokubun, 1983; Gail and Inan, 1990; Shinbori
et al., 2003; Tsurutani et al., 2008, 2014b, 2016; Remya et al., 2015]. Chorus is also well known to be substorm
dependent [Tsurutani and Smith, 1974, 1977;Meredith et al., 2001, 2004]. Chorus propagation into the plasma-
sphere has been shown by a number of ray tracing works [Bortnik et al., 2008, 2009a, 2009b; Parrot et al., 2003;
Delport et al., 2012].

The quasi-coherency of the waves found in the dayside plasmaspheric hiss wedge supports the idea that the
waves were recently generated and have propagated into the plasmasphere. A previous study of plasma-
spheric hiss detected in plasma plumes indicated the same (actually higher) level of the wave coherency
[Tsurutani et al., 2015]. The argument was made that this plasmaspheric hiss was generated by ~10–
100 keV electrons drifting through the high-density plasma plumes and was thus freshly generated waves.
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What about the local time dependence of plasmaspheric hiss associated with solar wind pressure? Spasojevic
et al. [2015] noted a distribution centered at local noon, similar to the one found here. Kim et al. [2015] found
two different locations: a prenoon sector peak associated with IMF Bz (substorms and small injection events?)
and a postnoon sector peak associated with Vsw (solar wind pressure?). At this time we do not have a very
good explanation for the slight differences between the results of the different studies. They were done at
different times, and as previously mentioned, none of the studies are strictly statistically significant. We do
offer one possible explanation of the local noon peak found in the present study however. During the mini-
mum phase of the solar cycle, continuous injection of ~10 to 100 keV electrons at midnight occurs through
HILDCAAs. Drift shell splitting of ~10 to 100 keV electrons [Roederer and Zhang, 2014] as the electrons drift to
the outer dayside magnetosphere into minimum B pockets will leave the energetic electrons with high
T⊥/T||> 1 anisotropies there. A search for such electron anisotropies and chorus in minimum B pockets during
HILDCAA intervals would be a test for this idea.

There is good agreement that the intensity peak of hiss is located quite deeply inside the plasmasphere.
Spasojevic et al. [2015] found a plasmaspheric hiss intensity peak between L = 3.25 and 3.5; Kim et al. [2015]
found it between L = 3 to 5. Here in this paper we find a maximum located between L = 2 and 3. If chorus
is indeed the origin of plasmaspheric hiss, ray tracing can be employed to determine where in the outer mag-
netosphere any particular hiss wave event had its origin [see Bortnik et al., 2008]. This would be an additional
test of the idea of chorus origination.

The very nice work of Li et al. [2015] following the seminal works ofMeredith et al. [2006, 2007] have indicated
that the dominant power of plasmaspheric hiss occurs in the frequency range below ~550Hz. Our present
results are in agreement with this finding. Our peak dayside plasmaspheric hiss intensity occurs in the
~100Hz to ~300Hz and ~300Hz to ~650Hz frequency ranges.

5.2. A New Scenario for the Electron Slot

We have illustrated the difference in coherency and wave propagation results that one gets using different
time intervals of the waves. It is on the smallest scale that energetic particles resonate with the waves, not
the aggregate or average wave properties. Thus, when one considers modeling wave-particle interactions,
one should look at the partial cycle wave intervals to understand particle reactions.

Meredith et al. [2006, 2007] have analyzed plasmaspheric hiss as a possible wave emission responsible for elec-
tron loss from the radiation belts, particularly the slot region (2< L< 3). In their modeling they had assumed
incoherent waves and assumed that the interaction occurred at all local times over long time periods. Here we
find that substorm and small injection events cause intense quasi-coherent plasmaspheric hiss in the dayside
sector. The maximum plasmaspheric hiss intensity occurs at L = 2 to 3, the electron slot region. The main dif-
ference between this present hypothesis and that of the “steady drizzle”model is in this case electron preci-
pitationwill occur when there are substorms/injection events (HILDCAAs) populating the outer radiation belts
with ~10 to 100 keV electrons. So in this picture, the losses will be sporadic. We urge modelers to consider
examining this alternate hypothesis. The question is not which process is the “correct one.” Certainly both pro-
cesses are occurring. The question is which process is more dominant and under what conditions.

We note that there is a new result by Verkhoglyadova et al. [2016] who have found evidence for subauroral
enhanced ionization in the E layer. The authors were studying a (pure) high-speed solar wind stream iono-
spheric response,much likewe expect is dominating the interplanetary causes of our plasmaspheric hiss statis-
tical data here. Verkhoglyadova et al. [2016] have surmised that the precipitation is due to E> 10 keV electrons.

One might ask why plasmaspheric hiss is intensified on the dayside and not the nightside during
substorm/small injection events? It has been shown that on the nightside chorus propagating away from
its equatorial generation region gets quickly damped [Tsurutani and Smith, 1974, 1977; Meredith et al.,
2004]; thus, the waves will not reach the low altitudes necessary to enter the plasmasphere.

We offer one final caveat. Most of the plasmaspheric hiss surveys have been performed with data taken dur-
ing the solar declining phase/solar minimum intervals. During solar maximum when geomagnetic activity is
associated with ICME storms [Tsurutani and Gonzalez, 1997], the nightside plasma injections will be far deeper
into the magnetosphere. Thus, the sources and location of plasmaspheric hiss may be different during this
epoch of the solar cycle.
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