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Abstract we present a global model of plasmaspheric hiss, using data from eight satellites,
extending the coverage and improving the statistics of existing models. We use geomagnetic activity
dependent templates to separate plasmaspheric hiss from chorus. In the region 22-14 magnetic

local time (MLT) the boundary between plasmaspheric hiss and chorus moves to lower L* values with
increasing geomagnetic activity. The average wave intensity of plasmaspheric hiss is largest on the
dayside and increases with increasing geomagnetic activity from midnight through dawn to dusk.
Plasmaspheric hiss is most intense and spatially extended in the 200 to 500 Hz frequency band during
active conditions, 400 < AE < 750 nT, with an average intensity of 1,128 pT? in the region 05-17 MLT from
1.5< L* < 3.5.Inthe prenoon sector, waves in the 100 to 200 Hz frequency band peak near the
magnetic equator and decrease in intensity with increasing magnetic latitude, inconsistent with a

source from chorus outside the plasmapause, but more consistent with local amplification by
substorm-injected electrons. At higher frequencies the average wave intensities in this sector exhibit

two peaks, one near the magnetic equator and one at high latitudes, 45° < |4,,| < 60°, with a minimum at
intermediate latitudes, 30° < |4,,| < 40°, consistent with a source from chorus outside the plasmapause.
In the premidnight sector, the intensity of plasmaspheric hiss in the frequency range 50 < f < 1,000 Hz
decreases with increasing geomagnetic activity. The source of this weak premidnight plasmaspheric hiss is
likely to be chorus at larger L* in the postnoon sector that enters that plasmasphere in the postnoon sector
and subsequently propagates eastward in MLT.

1. Introduction

Plasmaspheric hiss is a broadband electromagnetic emission typically observed in the frequency range from
~10Hz to several kilohertz (Li et al., 2015). This emission is characteristically restricted to high density regions,
namely, the plasmasphere (Dunckel & Helliwell, 1969; Russell et al., 1969; Thorne et al., 1973) and plasmas-
pheric plumes (Chan & Holzer, 1976; Cornilleau-Wehrlin et al., 1978; Parrot & Lefeuvre, 1986; Summers et al.,
2008). Plasmaspheric hiss persists during geomagnetically quiet times (Carpenter, 1978; Thorne et al., 1977)
but intensifies during geomagnetic storms (Smith et al., 1974; Tsurutani et al., 1975) and substorms (Meredith
etal., 2004; Thorne et al., 1973).

Broadband amplitudes of plasmaspheric hiss typically range from 10 pT or less during quiet conditions to
>100 pT during active periods (Meredith et al., 2004; Smith et al., 1974; Thorne et al., 1974, 1977). Plasmas-
pheric hiss is observed at all local times but tends to maximize on the dayside during geomagnetically active
conditions (Li et al., 2015; Meredith, Horne, Glauert, et al., 2006; Meredith et al., 2004; Tsurutani et al., 2015).
Plasmaspheric hiss is found to propagate over a wide range of wave normal angles, with predominantly field
aligned propagation near the magnetic equator and more oblique propagation at higher latitudes (Agapitov
etal, 2013; Parrot & Lefeuvre, 1986; Santolik et al., 2001). The emissions have traditionally been thought of as
incoherent although cases of coherent waves have recently been reported (Summers et al., 2014; Tsurutani
etal, 2015).

Plasmaspheric hiss is an important magnetospheric emission due to its role in radiation belt dynamics.
It is largely responsible for the formation of the slot region between the inner and the outer radiation belt
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(Albert, 1994; Abel & Thorne, 1998a, 1998b; Lyons & Thorne, 1973; Lyons et al., 1972; Meredith et al., 2007,
2009). Further out, scattering by plasmaspheric hiss contributes to electron loss during geomagnetic storms
(Lam et al., 2007; Summers et al., 2007) and can explain the quiet time decay of outer radiation belt electrons
(Lam et al.,, 2007; Meredith, Horne, Glauert, et al., 2006). More recently, Thorne et al. (2013) showed that plas-
maspheric hiss could explain the slow decay of the unusual narrow ring of multi-MeV electrons following the
September 2012 geomagnetic storm.

The origin of plasmaspheric hiss has been a subject of active debate for over 40 years (e.g., Bortnik, Thorne,
etal., 2009). Recent studies suggest that plasmaspheric hiss is generated by a number of different mechanisms
that largely depend on frequency. Plasmaspheric hiss below 150 Hz, which is observed close to the plasma-
pause and reaches peak amplitudes near 15 magnetic local time (MLT) (Malaspina et al., 2017), is thought to
be generated by local amplification of the background whistler mode noise due to substorm-injected elec-
trons in the outer plasmasphere (Chen et al., 2014; Li et al,, 2013). At higher frequencies, plasmaspheric hiss in
the frequency range 150 Hz < f < 2,000 Hz is found to extend further Earthward and reaches peak amplitudes
near 12 MLT (Malaspina et al., 2017). Plasmaspheric hiss in this frequency range is thought to originate from
bursts of short duration (~0.1 s) chorus emissions that are excited outside the plasmapause and then prop-
agate into and become trapped inside the plasmasphere (Bortnik et al., 2008; Bortnik, Li, et al., 2009; Chen
etal, 2012a, 2012b). At higher frequencies (2 < f < 5 kHz) the waves inside the plasmapause are more corre-
lated with land mass, where most lightning occurs, and are likely generated by lightning in thunderstorms as
lightning generated whistlers (Meredith, Horne, Clilverd, et al., 2006). However, there is also a population of
waves observed in this frequency range that peaks on the dayside during active conditions (Meredith et al.,
2007) and is most likely generated by chorus outside of the plamapause.

Plasmaspheric hiss can be organized by a combination of distance from the plasmapause and plasmapause
distance from Earth (Malaspina et al., 2016), but radiation belt models generally use a coordinate system based
on the adiabatic invariants and require wave intensities as a function of position and geomagnetic activity.
In order to use a model of plasmaspheric hiss based on distance from the plasmapause and distance of the
plasmapause from Earth models of the wave intensity in this coordinate system as a function of magnetic local
time and magnetic latitude would be required together with an accurate model of plasmapause position as a
function of MLT and geomagnetic activity. Further developments of this potential method are thus required
before a technique based on the distance from the plasmapause and plasmapause distance from Earth can
be tested against existing models based on magnetic coordinates and geomagnetic activity. In this study we
model the average intensity of plasmaspheric hiss as a function of spatial location in magnetic coordinates
and geomagnetic activity as monitored by the AE index.

Previous models of plasmaspheric hiss based on the analysis of the Combined Release and Radiation Effects
Satellite (CRRES) plasma wave observations (Glauert et al., 2014a, 2014b; Meredith et al., 2004) have some
limitations due to limited frequency coverage, limited spatial coverage on the dayside, and perhaps most
significantly, lack of wave magnetic field measurements. In these former studies the wave magnetic field was
derived from the measured wave electric field using the cold plasma dispersion relation assuming parallel
propagation. The effects of plasmaspheric hiss propagating at different wave normal angles on electron loss
rates were examined in Meredith, Horne, Glauert, et al. (2006) and Meredith et al. (2007) where it was shown
that the observed loss rates could be explained by waves propagating at small and intermediate wave normal
angles but that highly oblique waves overestimated the loss time scales by over an order of magnitude. Recent
theoretical and modeling studies have shown that parallel propagation is a reasonable approximation for
waves near the magnetic equator but not at intermediate magnetic latitudes (15° < |4,,,| < 30°) where the
wave normal angle can become highly oblique (Agapitov et al., 2013; Glauert et al., 2014a; Ni et al., 2013). For
this study we exclude the CRRES plasma wave data from the analysis so that we do not require a conversion
from wave electric to magnetic field through a potentially inaccurate assumption. The results can then be
compared with the results from a model of plasmaspheric hiss based on CRRES measurements alone to see
where the agreement is good and where it is likely to break down.

There are several dynamic global radiation belt models that are based on diffusion models (Albert et al., 2009;
Fok et al.,, 2008; Glauert et al., 2014a; Li et al.,, 2016; Ma et al., 2015; Su et al., 2011; Subbotin et al., 2010; Tu
etal.,, 2014; Varotsou et al., 2005, 2008). These models all require diffusion rates for the relevant wave modes,
including whistler mode chorus, magnetosonic waves, plasmaspheric hiss, lightning generated whistlers,
and electromagnetic ion cyclotron waves (e.g., Thorne, 2010). Diffusion rates are proportional to the wave
magnetic field intensity, which in turn, for any given wave mode, can vary significantly with both spatial loca-
tion and geomagnetic activity (Kim & Shprits, 2017; Li et al., 2011, 2015; Meredith et al., 2007, 2014, 2012).
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Table 1

Satellite Initial Orbits

Perigee Apogee Inclination Period

Satellite (km) (km) (deg) (hr)

DE1 568 23,289 89.9 6.8

Cluster 1 17,200 120,500 90.7 57

TC1 562 78,970 28.2 27

THEMIS-A, THEMIS-D, and THEMIS-E 470 87,330 16.0 31

RBSP-A and RBSP-B 620 30,500 10.0 8.9

Note. DET = Dynamics Explorer 1; RBSP = Radiation Belt Storm Probes; THEMIS = Time
History of Events and Macroscale Interactions during Substorms.

Accurate modeling thus requires the development of global models of the wave magnetic field intensity for
the various relevant wave modes as a function of geomagnetic activity. Improved spatial and temporal cov-
erage may be achieved by combining data from several satellites (Meredith et al., 2012). Here we develop a
new model of plasmaspheric hiss by combining data from eight satellites equipped to study plasma waves
in the inner magnetosphere. The satellites, associated instrumentation, and data analysis techniques used
to develop the model are described in section 2. Methods used to distinguish between plasmaspheric hiss
and other wave modes are described in section 3. The global morphology of plasmaspheric hiss as a func-
tion of geomagnetic activity is then presented in section 4. Finally, the results are discussed in section and the
conclusions are presented in sections 6.

2. Instrumentation and Data Analysis

To build a comprehensive model of plasmaspheric hiss in the inner magnetosphere, we combined plasma
wave data from eight satellites. We used approximately 3 years of data from Dynamics Explorer 1 (DE1), 1 year
of data from Double Star TC1, 10 years of data from Cluster 1, 17 months of data from each of Time History
of Events and Macroscale Interactions during Substorms (THEMIS)-A, THEMIS-D, and THEMIS-E, and 3 years of
data from the Van Allen probes, Radiation Belt Storm Probes (RBSP)-A and RBSP-B. The initial orbital parame-
ters of the satellites used in this study are tabulated in Table 1. The instruments, together with the associated
frequency ranges and number of frequency channels, are tabulated in Table 2. The observational periods of
the missions used to build the wave database are plotted in Figure 1 (top panel). A trace of the 27-day average
sunspot number is included in this panel, to show the coverage of the various satellites with respect to the
phase of the solar cycle. For reference, traces of the daily averaged AE and Dst indices, which are measures of
substorm and storm activity, respectively, are also included in Figure 1 (middle and bottom panels). In terms
of the phase of the solar cycle, the data from DE1 and Double Star TC1 were recorded during the declining
phase of solar cycles 21 and 23, respectively, the THEMIS data were collected during the ascending phase
of solar cycle 24, the data from the Van Allen probes were collected during the maximum of solar cycle 24,
and the Cluster data were recorded over an entire solar cycle. Different types geomagnetic activity are thus
well represented in our study, including geomagnetic storms driven by coronal mass ejections that peak dur-
ing solar maximum (St. Cyr et al., 2000), geomagnetic storms driven by high speed solar wind streams that
maximize in the declining phase (Burlaga & Lepping, 1977; Gonzalez et al., 1999), isolated substorms, and the
geomagnetically quiet period around the solar minimum in 2009.

Table 2
Instrumentation

Number of
Satellite Instrument Frequency range frequency channels
DE1 PWI SFR 105 Hz to 410 kHz 128
Cluster 1 STAFF 8Hzto 4 kHz 27
TC1 STAFF 8 Hzto 4 kHz 27
THEMIS-A, THEMIS-D, and THEMIS-E SCM 0.1 Hz to 4 kHz 32
RBSP-A and RBSP-B EMFISIS WFR 10 Hz to 12 kHz 65

Note. DE1 = Dynamics Explorer 1; RBSP = Radiation Belt Storm Probes; THEMIS = Time History of Events and
Macroscale Interactions during Substorms; PWI SFR = Plasma Wave Instrument Step Frequency Receiver;
STAFF = Spatiotemporal Analysis of Field Fluctuations; SCM = Search Coil Magnetometer; EMFISIS WFR =
Electric and Magnetic Field Instrument and Integrated Science Waveform Receiver; Inc. = Inclination.
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Satellite Coverage for the Plasmaspheric Hiss Model
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Figure 1. Satellite coverage for the global model of plasmaspheric hiss together with traces of (top) the 27-day average
sunspot number, (middle) the daily averaged AE index, and (bottom) the daily averaged Dst index.

Our previous model of plasmaspheric hiss (Meredith et al., 2004), based on CRRES plasma wave observations,
ordered the data using AE*, the maximum value of the hourly averaged AE index in the previous 3 hr, to order
the observations of plasmaspheric hiss. At the time plasmaspheric hiss was thought to be generated locally
by electrons in the energy range 10-100 keV (e.g., Church & Thorne, 1983). This time delay took into the
account the finite drift time of the electrons from their injection region on the nightside to the prenoon sector
in the region 2 < L* < 4. However, more recent observations show that chorus, in the prenoon sector, is the
likely source of the bulk of plasmaspheric hiss (Bortnik et al., 2008, 2009; Chen et al., 2012a, 2012b). During
active conditions injected electrons with energies of the order 10-100 keV can rapidly drift to this region on
a timescale of less than 1 hr (e.g., Chen et al., 2003). Indeed, chorus is well ordered by the hourly averaged
value of AE (Meredith et al., 2001, 2012). Since chorus rapidly evolves into plasmaspheric hiss, on a timescale
of tens of seconds (e.g., Bortnik et al., 2008), we use the hourly averaged AE index as opposed to AE* to order
the data in this study.

Details of the methods used to analyze the wave data from DE1, Double Star TC1, and THEMIS A, D and
E are given in Meredith et al. (2012) and those used to analyze the RBSP-A and RBSP-B wave data are
given in Li et al. (2015). For each satellite the average magnetic field wave intensity and the correspond-
ing number of samples were binned as a function of fixed frequency band, L*, MLT magnetic latitude (4,,)
and geomagnetic activity as recorded by the AE index. L*, which is related to the third adiabatic invariant
(Roederer, 1970), and MLT were computed using the Olson-Pfitzer quiet time model (Olson & Pfitzer, 1977)
and the International Geomagnetic Reference Field (IGRF) field at the middle of the appropriate year. Since

L* is calculated for particles and we are using it for waves we assumed a local pitch angle of 90° in the
determination of L*. The magnetic latitude was calculated using a simple dipole magnetic latitude. The

nine fixed frequency bands used to determine the plasmaspheric hiss wave power were 10 to 20, 20 to
50, 50 to 100, 100 to 200, 200 to 500, 500 to 1,000, 1,000 to 2,000, 2,000 to 3,000 and 3,000 to 4,000Hz.
The bin ranges are tabulated in Table 3, and the definition of the geomagnetic activity levels used in
this study are tabulated in Table 4. We then combined the data from each of the satellites, weighting
the data in each bin from each individual satellite by the corresponding number of samples, to create a
combined wave database as a function of frequency band, L*, MLT, 4,,, and geomagnetic activity.
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3. Identification of the Wave Mode

= In the inner magnetosphere, plasmaspheric hiss which is typically observed
able . . .
Format of the Wave Model in the frequency range from several tens of hertz to several kilohertz (Li
) et al., 2015) can overlap in frequency with magnetosonic waves, which are

ST s observed at frequencies between the proton gyrofrequency and the lower
L 90linearstepsfrom L* =1t0L* =10 hypyrig resonance frequency (Russell et al., 1970; Santolik et al.,, 2004). For
MLT 24 linear steps from 0 to 24 MLT the Van Allen probes wave data we excluded magnetosonic waves, which
Am 60 linear steps from —90° to 90° typically have large wave normal angles and hence low ellipticity values,
Activity 10 activity levels as monitored by AE. by excluding waves with ellipticity less than 0.7. We do not routinely have

Note. MLT = magnetic local time.

information on the ellipticity for the wave data from the other satellites, and

so for these satellites, a different technique is required to exclude magne-

tosonic waves. Gurnett (1976) analyzed equatorial crossings in the region
2.0 < L < 3.5 and found that the waves were mostly restricted to within 3° of the magnetic equatorial plane.
For the other satellites we, therefore, excluded emissions observed within +3° of the magnetic equator.

Plasmaspheric hiss can also overlap in frequency with whistler mode chorus, which is typically observed in
the frequency range from 0.1 to 0.8f,, (Koons & Roeder, 1990; Tsurutani & Smith, 1977), where f_, is the elec-
tron gyrofrequency. Thus, we cannot distinguish between plasmaspheric hiss and chorus based on frequency
alone. However, plasmaspheric hiss tends to be confined to high-density regions associated with the plas-
masphere (e.g., Thorne et al., 1973) and plasmaspheric plumes (e.g., Summers et al., 2008), whereas whistler
mode chorus waves are largely confined to the low-density region of the plasma trough (Meredith et al., 2001;
Tsurutani & Smith, 1977). In previous studies using CRRES plasma wave data a criterion based on the presence
or absence of electron cyclotron harmonic (ECH) waves was used to define whether a particular observation
was inside or outside the plasmapause, since ECH waves tend to be excluded from the plasmasphere and
plasmaspheric plumes (e.g., Meredith et al., 2004; Meredith, Horne, Glauert, et al., 2006). Specifically, we used
the criterion that the ECH wave amplitude for frequencies in the range f,, < f < 2f,, must be less than or
greater than 0.0005 mVm~' for an observation to be inside or outside the plasmapause respectively. How-
ever, this method cannot be used for our global multisatellite model as some of the satellites did not measure
ECH waves.

A method to distinguish between plasmaspheric hiss and chorus, which can be universally applied to each
satellite data set, is therefore required. Figure 2 shows the global distribution of waves in the 200 to 500 Hz
frequency band in the near-equatorial region, 0° < |4,,| < 15°, as a function of L* and MLT for the five levels
of geomagnetic activity tabulated in Table 4. Each plot is oriented such that noon is at the top and dawn is
to the right and extends linearly out to L* = 10. The average intensities are shown in the large panels and
the corresponding sampling distributions in the small panels. Two clear populations of waves can be seen.
An inner population that peaks on the dayside during active conditions, 400 < AE < 750 nT, in the region
2 < L* < 4, consistent with previous observations of equatorial plasmaspheric hiss (Meredith et al., 2004)
and an outer population that peaks on the dawnside, typically beyond L* = 5 during active conditions from
22 to 13 MLT. The location of the emissions of this second population moves to lower L* values for higher
frequencies (Meredith et al., 2013). Furthermore, the intensities of this second population are greatly reduced
in the predawn sector at higher latitudes (Meredith et al., 2013). The local time distribution, varying radial

extent as a function of fixed frequency, and latitudinal dependence of the second population are all consistent
with previous observations of whistler mode chorus waves (Li et al., 2011;

Table 4 . .

Definition of the Geomagnetic Activity Levels for the Wave Study N.lere.dltI‘T et al, 2001, 2012, 2013). W? ca.n use these two different global
distributions to separate plasmaspheric hiss and chorus.

Level AE (nT)

] 0 < AE < 50 To develop a method to distinguish between plasmaspheric hiss and cho-

5 s0<AE<100 TUS t;ased.on t?il*r.glo:al dlstrlbutlons., \lNe ﬁ.rst r;lottedl;cl,:/elzl_\_:_vave |nt.en5|t|es

g 100 < AE <200 252 unction of L* in the near—equatorle? regl.or.m or eac sector in steps
of 1 hr of MLT for the five geomagnetic activity levels. We found that the

4 200 < AE < 400 . L . ‘
resulting plasmaspheric hiss and chorus profiles as a function of L* could

5 400 < AE < 750

each be represented in Gaussian form with the peak in the chorus profile for
any given fixed frequency band moving to smaller L* with increasing geo-
magnetic activity. By performing radial fits for the different frequency bands
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Figure 2. Global maps of the average wave intensity in the 200 to 500 Hz frequency band in the near-equatorial region,
0° < |An| < 15°, as a function of L* and magnetic local time for five geomagnetic activity levels as monitored by the AE
index. The maps extend linearly out to L* = 10 with noon at the top and dawn to the right. The average intensities are
shown in the large panels and the corresponding sampling distributions in the small panels.

for each hour of MLT, we found that plasmaspheric hiss was best identified in the 200 to 500 Hz frequency
band for AE < 200 nT and in the 500 to 1,000 Hz band for AE > 200 nT. In contrast the chorus was best
identified at higher frequencies in the 1,000 to 2,000 Hz frequency band for AE < 200 nT and the 2,000 to
3,000 Hz frequency band for AE > 200 nT.

To help separate the plasmaspheric hiss and chorus emissions, the L* profiles of the average intensity of plas-
maspheric hiss and chorus were separately fitted with Gaussian profiles for the specified frequency bands.
To avoid the inclusion of chorus while fitting to the radial profile of plasmaspheric hiss, the wave intensities
above a chosen cutoff value, L* _, were set to zero. Similarly, the average intensities below L* _were set to zero

for fitting to the radial proﬁlescuotf chorus. By inspection, the value of L} | was setto 4.0 for/fzft< 400 nT and to
3.0 for 400 < AE < 750 nT. The fits were performed using a nonlinear least squares fitting routine for all five
levels of geomagnetic activity and for each MLT sector. The boundary between plasmaspheric hiss and cho-
rus was taken as the location where the Gaussian fits intersected. Examples illustrating the process are shown
in Figure 3 for 100 < AE < 200 nT (top panels) and 400 < AE < 750 nT (bottom panels) for four different
MLT sectors. The average intensity of plasmaspheric hiss and whistler mode chorus in the defined frequency
bands are shown as a function of L*, where the dotted lines to the left of L}, depicted by the vertical green
lines, represent average intensities of plasmaspheric hiss in the defined frequency band and those to the right
represent the average intensities of chorus in the defined frequency band. The solid blue and red lines repre-
sent the Gaussian fits to the L* profiles. The intersection of the two Gaussian fits, shown as a dashed vertical
line in each panel, defines the boundary that separates the plasmaspheric hiss wave power from the chorus
wave power. The boundary is observed to move to lower L* with increasing geomagnetic activity and can be

thought of as a rough proxy for the plasmapause location.

We created a template to identify plasmaspheric hiss based on the boundary between plasmaspheric hiss and
chorus in the region 22-14 MLT for each hour of MLT and each geomagnetic activity level. On the duskside,
where chorus waves are typically not present, we used a boundary derived from the CRRES wave measure-
ments using the ECH wave criterion to define the boundary between plasmaspheric hiss and chorus for each
of the five geomagnetic activity levels.

MEREDITH ET AL. GLOBAL MODEL OF PLASMASPHERIC HISS 4531
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Figure 3. Plot of the average wave intensity (dotted line) as a function of L* for 100 nT < AE < 200 nT (top row) and
400 nT < AE < 750 nT (bottom row) for four different MLT sectors. The data left of the green line corresponds to the
plasmaspheric hiss frequency band (top: 200 Hz < f < 500 Hz, bottom: 500 Hz < f < 1 kHz), while the data right of the
green line corresponds to the chorus frequency band (top: 1 kHz < f < 2 kHz, bottom: 2 kHz < f < 3 kHz). The Gaussian
fits to the L* distribution in each band are indicated by the blue and red lines. The intersection of the two Gaussian fits,
which defines the boundary that separates the plasmaspheric hiss wave power from the chorus wave power, is shown
as a dashed vertical line in each panel.

4. Global Morphology

4.1. MLT Distribution

Figure 4 shows the results of applying the template to the near-equatorial waves in the 200 to 500 Hz fre-
quency band in the same format as Figure 2. Waves on the dawnside at high L*, attributed to chorus, have been
removed, while the waves at lower L*, attributed to plasmapheric hiss, remain. Consistent with previous stud-
ies of plasmaspheric hiss, the largest intensities are typically seen on the dayside, in the region 2.0 < L* < 4.0,
where they are observed to increase with increasing geomagnetic activity.

During quiet conditions, AE < 50 nT, the largest intensities, of the order 500 pT? are restricted to the region
2.0 < L* < 4.0 from 9 to 17 MLT. The largest intensities increase in magnitude and extent as the geomagnetic
activity increases with intensities typically exceeding 1,000 pT? in the region 1.8 < L* < 3.7 from 06 to 16 MLT
during active conditions, 400 < AE < 750 nT. The average wave intensities are much weaker in the region
20-03 MLT with intensities typically less than 150 pT2. While the average intensities generally increase with
increasing geomagnetic activity, the reverse is true in the premidnight sector, 20—24 MLT, where the average
intensities are observed to decrease with increasing geomagnetic activity.

To study the frequency, MLT, and geomagnetic activity dependence of the near-equatorial distribution of
plasmaspheric hiss in more detail, line plots of the average wave intensities for the region 1.5 < L* < 2.5
(bottom) and 2.5 < L* < 3.5 (top) are shown for each frequency band and each geomagnetic activity level in
Figure 5.1n the near-equatorial region waves in the 50 to 100 Hz frequency band peak during active conditions
with an average intensity of 237 pT? in the region 9-13 MLT from 2.5 < L* < 3.5. Much weaker intensities,
typically less than 50 pT? are seen on the nightside. At higher frequencies the wave intensities in the 100 to
200 Hz band peak during active conditions with an average intensity of 579 pT? in a more extended region
06-15 MLT from 2.5 < L* < 3.5. The average intensities are largest and most extensive in the 200 to 500 Hz
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Figure 4. Global maps of the average wave intensity of plasmaspheric hiss in the 200 to 500 Hz frequency band in

the near-equatorial region, 0° < |4,,,] < 15°, as a function of L* and magnetic local time for five geomagnetic activity
levels as monitored by the AE index. The maps extend linearly out to L* = 10 with noon at the top and dawn to the right.
The average intensities are shown in the large panels and the corresponding sampling distributions in the small panels.

frequency band, extending down to L* = 1.5, with an average intensity of 1,128 pT2 during active conditions
in the region 05-17 MLT from 1.5 < L* < 3.5. At higher frequencies the average intensities decrease with
increasing frequency with, for example, average intensities during active conditions in the region 05-17 MLT
from 1.5 < L* < 3.5 falling to 357, 99, 12, and 3.1 pT? in the 500- to 1,000-, 1,000~ to 2,000-, 2,000~ to 3,000-,
and 3,000 to 4,000 Hz frequency bands, respectively. The tendency for the wave intensity to decrease with
increasing geomagnetic activity is evident in the premidnight sector for wave frequency bands up to and
including the 500 to 1,000 Hz band.

The global distribution of plasmaspheric hiss as afunction of L* and MLT for different magnetic latitude regions

is shown in Figure 6. Here the average wave intensities are shown for, from bottom to top, increasing wave
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Figure 5. Average wave intensity of plasmaspheric hiss in the near-equatorial region, 0° < |4,,| < 15°, as a function of MLT for five levels of geomagnetic activity
as monitored by the AE index for, from left to right, increasing wave frequency for the regions 1.5 < L* < 2.5 (bottom row) and 2.5 < L* < 3.5 (top row).
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Figure 6. Global maps of the average wave intensity of plasmaspheric hiss as a function of L* and magnetic local time during active conditions, 400 < AE <
750 nT, for, from bottom to top, increasing wave frequency, and for, from left to right, increasing magnetic latitude. The maps extend linearly out to L* = 6 with
noon at the top and dawn to the right. The average intensities are shown in the large panels and the corresponding sampling distributions in the small panels.
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Figure 7. Global maps of the average wave intensity of plasmaspheric hiss in the meridional plane during active conditions, 400 < AE < 750 nT, for, from bottom
to top, increasing wave frequency and for, from left to right, increasing magnetic local time. To aid visualization of the data, dipole field lines and lines of
constant magnetic latitude are included on the plot. The average intensities are shown in the large panels and the corresponding sampling distributions in the
small panels. In the prenoon sector the purple arrows point to the location of the high-latitude plasmaspheric hiss.

frequency, and for, from left to right, increasing absolute magnetic latitude. The maps are oriented such that
noon is at the top and dawn is to the right and extend linearly out to L* = 6. The average intensities are again
shown in the large panels and the corresponding sampling distributions in the small panels. At midlatitudes,
15° < |4,| < 30°, the plasmaspheric hiss is again strongest on the dayside in the 200 to 500 Hz frequency
band with an average intensity of 413 pT? in the region 0517 MLT from 1.5 < L* < 3.5.The average intensities
weaken for all frequency bands at higher midlatitudes, 30°< |4,,| < 45°. However, at the highest latitudes
sampled, 45° < |4,,| < 60°, the average wave intensities intensify again in the prenoon sector for frequencies
above 200 Hz.
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Figure 8. Average wave intensity of plasmaspheric hiss in the prenoon sector as a function of absolute magnetic latitude for five levels of geomagnetic activity
as monitored by the AE index for, from left to right, increasing wave frequency for the regions 1.5 < L* < 2.5 (bottom row) and 2.5 < L* < 3.5 (top row).

4.2, Latitudinal Distribution

The latitudinal distribution of plasmaspheric hiss is examined in more detail in Figure 7. Here the average wave
intensities during active conditions are plotted in the meridional plane for, from bottom to top, increasing
wave frequency and for, from left to right, increasing MLT. The average intensities are shown in the large panels
and the corresponding sampling distributions in the small panels. To aid visualization of the data dipole field
lines and lines of constant magnetic latitude are included on the plot. The largest intensities are seen in the
prenoon sector in the 200 to 500 Hz frequency band, and they tend to be confined to the region 1.7 < L* < 3.8
within £15° of the magnetic equator. A second population of larger intensities, highlighted by the purple
arrows (second column from left), are seen at high magnetic latitudes (45° < [4,,,| < 60°), primarily in the
prenoon sector, for frequencies greater than 200 Hz.

To further examine the latitudinal and geomagnetic activity dependence in the prenoon sector, where the
waves maximize, the average wave intensities in this sector are plotted as a function of absolute magnetic
latitude for the same five levels of geomagnetic activity in Figure 8 for, from left to right, increasing wave
frequency for the region 1.5 < L[* < 2.5 (bottom) and 2.5 < L* < 3.5 (top). At low frequencies, waves in
the 100 to 200 Hz frequency band peak near the magnetic equator and decrease with increasing magnetic
latitude. At higher frequencies the average wave intensities exhibit two peaks, one near the magnetic equator,
0° < |4,,] < 15° and one at high latitudes, 45° < |4,,| < 60°, with a minimum at intermediate latitudes,
30° < |4,,] < 40°.In the 200 to 500 Hz frequency band in the region 2.5 < L* < 3.5 the equatorial and
high latitude peak intensities during active conditions are of the same order of magnitude being 1,975 and
1,211 pT?, respectively. At higher frequencies the equatorial peak during active conditions in the region 2.5 <
L* < 3.5 decreases with increasing frequency, falling to 575, 149, 21, and 5.4 pT? in each consecutive frequency
band. In contrast, the high-latitude peak increases with increasing frequency, reaching a peak of 6,794 pT? in
the 1,000 to 2,000 Hz frequency band before falling to 833 and 337 pT? in the two highest frequency bands.

5. Discussion

The average wave intensity of plasmaspheric hiss at frequencies above 200 Hz in the prenoon sector in the
region 2.5 < L* < 3.5 exhibits maxima near the magnetic equator and at high magnetic latitudes with a
minimum in between. The high-latitude power maximum is consistent with a chorus source at higher L*,
since chorus coming in from high L* tends to focus at higher latitudes and create a power maximum there
(e.g., Figure 6 of Bortnik et al., 2011). The waves then spread throughout the plasmasphere with a result-
ing reduction in intensity (Bortnik et al., 2011). The secondary maximum in the equatorial region cannot be
explained by propagation effects alone and is consistent with wave amplification of this embryonic source,
ultimately from chorus at higher L*, by cyclotron resonance inside the plasmasphere (Chen, Li, Bortnik, &
Thorne, 2012). The intensities increase with increasing geomagnetic activity at both locations, which is also
consistent with a source from chorus at higher L* values. In the 200 to 500 and 500 to 1,000 Hz frequency bands
the equatorial and high-latitude intensities are of a similar order of magnitude. However, at higher frequen-
cies the high-latitude intensities can be up to 2 orders of magnitude higher than the equatorial intensities.
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This suggests that the waves that enter the plasmasphere at higher frequencies at high latitude have a
greater difficulty in reaching and/or being amplified in the near-equatorial region. Alternatively, there is a
possibility that some of the high-latitude emissions at high frequencies could be from penetrating chorus
(Bortnik et al., 2007).

In sharp contrast, the average wave intensity of plasmaspheric hiss in the 100 to 200 Hz frequency band in the
prenoon sector in the region 2.5 < L* < 3.5 show no evidence for a second peak at higher magnetic latitudes.
The average wave intensity peaks at around 1,000 pT? near the magnetic equator during active conditions and
is typically 2 to 3 orders of magnitude higher than that observed at a magnetic latitude of 60°. These results
suggest that the source of equatorial plasmaspheric hiss in the 100 to 200 Hz band in the prenoon sector is not
chorus propagating into the plasmasphere from higher L shells since waves in this frequency range are not
seen at high latitudes. This is consistent with recent findings, which suggest that low-frequency plasmaspheric
hiss is a separate population (Malaspina et al., 2017) generated by local amplification by substorm-injected
electrons in the outer plasmasphere (Chen et al., 2014; Li et al., 2013; Shi et al., 2017).

The average intensities of plasmaspheric hiss and whistler mode chorus generally increase with increasing
geomagnetic activity. However, in the frequency range 50 < f < 1,000 Hz in the in the premidnight sector
(18 < MLT < 24) the reverse is true and the average intensities of plasmaspheric hiss are found to decrease with
increasing geomagnetic activity. Interestingly, at large L* (L* > ~6) in the postnoon sector (12 < MLT < 18),
the chorus intensities also decrease with increasing geomagnetic activity (Meredith et al., 2012). This raises
the intriguing possibility that the dominant source of the weak plasmaspheric hiss in the premidnight sector
is chorus at larger L* in the postnoon sector that enters that plasmasphere in the postnoon sector and subse-
quently propagates eastward in MLT due to strong azimuthal density gradients imposed by the plasmaspheric
drainage plume, as first demonstrated by Chen et al. (2009) using a density distribution appropriate for the
main phase of a storm. Further evidence in support of this mechanism is to be found in the frequency and MLT
dependence. Chorus at high L* (L* > 6) in the frequency range 0.1-0.3f,,, which is the dominant frequency
range of the chorus source of plasmaspheric hiss (Chen et al.,, 2012a), typically has an absolute frequency
below 1,000 Hz. The trend of decreasing plasmaspheric hiss intensities with increasing geomagnetic activity
in the premidnight sector would thus be expected to breakdown above 1,000 Hz, as is observed. Furthermore,
the average intensity decreases with increasing MLT in the premidnight sector for all levels of geomagnetic
activity, which is also consistent with the eastward migration of rays injected in the prenoon sector.

A previous global model of plasmaspheric hiss based on CRRES observations revealed a second population
of waves at midlatitudes, in the latitude range 15° < |4,,| < 30° (Meredith et al., 2004). However, no such
population is apparent in the new global model based on wave magnetic field measurements alone. The pre-
vious model was constructed using a conversion from wave electric to magnetic field intensities based on the
cold plasma dispersion relation that assumed parallel propagation at all magnetic latitudes. While this may
be true near the magnetic equator, observations and modeling studies shows that the rays become oblique
at midlatitudes (e.g., Agapitov et al., 2013; Glauert et al., 2014a; Ni et al., 2013). However, derived intensities for
intermediate and large wave normal angles are typically a factor of 1.5 to 5 lower than those assuming paral-
lel propagation respectively (Meredith, Horne, Glauert, et al., 2006). This is confirmed by comparing the new
model intensities with those based on CRRES data alone. For example, in the near-equatorial region the aver-
age wave intensities on the dayside in the region 2.5 < L* < 3.5 for the CRRES model and the new model are
similarin magnitude being 1,837 and 1,767 pT?, respectively. However, at midlatitudes the average intensities
on the dayside in the region 2.5 < L* < 3.5 for the CRRES model and the new model are 1,951 and 781 pT?,
respectively, suggesting that CRRES observations overestimate the average intensities by a factor of 2.5 in this
region. The second population of enhanced intensities at midlatitudes observed by the CRRES satellite was
thus most likely due to an overestimation of the wave magnetic field in this region due to obliquely propa-
gating waves. To avoid issues associated with the conversion from wave electric to wave magnetic field, our
new global model of plasmaspheric hiss uses direct measurements of the wave magnetic field and excludes
the CRRES wave data from the analysis.

More recently, Li et al. (2015) have produced a new global model of plasmaspheric hiss based on Van Allen
probe observations. The distribution of plasmaspheric hiss in the near-equatorial region shows a very similar
distribution to the current model. However, there is a marked difference, primarily on the dawnside, outside
L* =4.0.1f we consider that plasmaspheric hiss is normally observed inside the plasmasphere and chorus out-
side, then the boundary between plasmaspheric hiss and chorus can be considered to be an approximation
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of the plasmapause. Our model then suggests that the plasmasphere typically does not extend beyond
L* = 4.0 in this region during moderately active and active conditions. This is consistent with an indepen-
dent method based on application of the ECH criterion, which shows that the plasmasphere tends to be
restricted to the region L < 4.0 on the dawnside during active conditions (Meredith et al., 2004) and with an
MLT-dependent empirical model of the plasmapause location, based on CRRES density data, of L = 3.5 + 0.7
in the prenoon sector during active conditions defined as Kp,,., = 4 where Kp,.., is the maximum value of the
Kp index in the previous 12 hr (Moldwin et al., 2002). However, the Li et al. (2015) model show that plasmas-
pheric hiss intensities are strong out to L* = 6.0 in the prenoon sector during active conditions as defined by
AL* < —=500nT.Lietal.(2015) use plasma density measurements determined from the upper hybrid resonance
frequency (Kurth et al., 2015) to determine if the observed emission is inside the plasmasphere. Specifically, if
the in situ plasma density at the time of any given observation is greater than the larger value of 10x(6.6/L)*
and 50 cm~3, the observation is defined to be inside the plasmasphere. In the Li et al. (2015) model, the num-
ber of samples at L > 4 is extremely small in the dawn sector at 6 MLT. The number of samples tends to increase
with increasing local time in the prenoon sector, and this may be due to the presence of plumes. Although
plumes typically occur in the afternoon sector, they sometimes occur in the prenoon sector (Darrouzet et al.,
2008), which is consistent with the larger number of samples in the afternoon sector than that in the prenoon
sector in Figure 2f of Li et al. (2015).

The previous model of plasmaspheric hiss used in the current British Antarctic Survey (BAS) global radiation
belt model is based on CRRES observations and does not extend inside L* = 2 (Glauert et al., 2014a). The new
model presented here extends down to L* =~1.1 and will enable us to establish the role of plasmaspheric
hiss in radiation belt dynamics in the inner radiation belt. While the inner radiation belt is relatively stable,
the flux of relativistic electrons may increase significantly during strong geomagnetic storms. For example,
during the Halloween storms the inner belt increased significantly, with a factor of 50 increase in the flux of
2-6 MeV electrons atL = 1.5 (Baker etal.,, 2007), producing a “new” inner zone. Further out, at L = 2.0+0.2 the
flux increased by as much as 5 orders of magnitude and then decayed quite rapidly back to prestorm values.
Knowledge of the wave power of plasmaspheric hiss in the inner zone will enable better modeling of the inner
radiation belt following strong geomagnetic storms and permit an assessment of the role of plasmaspheric
hiss in electron loss in the inner zone as a function of energy and location.

6. Conclusions

We have developed a new global model of plasmaspheric hiss using data from eight satellites to extend the
coverage and improve the statistics of existing models. Our main conclusions are as follows:

1. Geomagnetic activity-dependent templates can be used to separate plasmaspheric hiss from chorus
emissions.

2.In the region 22-14 MLT the boundary between plasmaspheric hiss and chorus moves to lower L* values
with increasing geomagnetic activity.

3. The average wave intensity of plasmaspheric hiss is largest on the dayside and increases with increasing
geomagnetic activity from midnight through dawn to dusk.

4. Plasmaspheric hiss is most intense and spatially extended in the 200 to 500 Hz frequency band during
active conditions, 400 < AE < 750 nT, with an average intensity of 1,128 pT? in the region 05-17 MLT from
1.5<L* <3.5.

5.In the prenoon sector waves in the 100 to 200 Hz frequency band peak near the magnetic equator and
decrease in intensity with increasing magnetic latitude, inconsistent with a source from chorus outside the
plasmapause but more consistent with local amplification by substorm-injected electrons.

6. In the prenoon sector waves above 200 Hz exhibit two peaks, one near the magnetic equator, 0° < [4,,,| <
15°, and one at high latitudes, 45° < |4,,,| < 60°, with a minimum at intermediate latitudes, 30° < |4,,| <
40°, consistent with a source from chorus outside the plasmapause.

7.1n the premidnight sector the intensity of plasmaspheric hiss in the frequency range 50 < f < 1,000 Hz
decreases with increasing geomagnetic activity. The source of this weak premidnight plasmaspheric hiss is
likely to be chorus at larger L* in the postnoon sector that enters that plasmasphere in the postnoon sector
and subsequently propagates eastward in MLT.

The new, multiple-satellite model of plasmaspheric hiss will be used to compute pitch angle and energy dif-
fusion coefficients inside the plasmasphere. The new diffusion coefficients will be incorporated into the BAS
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