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[11 There is increasing evidence that plasmaspheric hiss is formed by the evolution of a
portion of chorus waves that are excited in the plasmatrough and propagate into the
plasmasphere. Comparison between the statistical spatial distributions of these two
emissions in the morning sector during active times from THEMIS over ~3 years shows
that the two emissions have comparable peak intensities but are distinct in their spatial
distributions. We present a modeling study of the hiss spectrum, based on ray tracing,

by taking the observed chorus source region as an input in the magnetosphere, which
contains cold and suprathermal electrons. Our modeling results show that we are able to
reproduce the main features of typical hiss, including the frequency spectrum, wave
normal angle and spatial distribution. However, the simulated hiss intensity is weaker
(~15 dB less) than the observed intensity, which suggests some modest internal
amplification inside the plasmasphere. The responses of hiss to variations in the spatial
distribution, wave normal angle distribution and frequency distribution of the source
chorus are examined. We find that the majority of hiss formation is due to a small portion
of chorus emission originating within ~3 Ry from the plasmapause, with wave normal
directions pointing toward the Earth at an angle of 30°-60°, and over a frequency range of
0.1-0.3 f... If the chorus power is made to increase closer to the plasmapause, the

hiss intensity and the peak frequency also increases, which roughly mimics active
geomagnetic conditions. Variations of the chorus source distribution do not significantly
affect the wave normal angle distribution and frequency distribution of hiss, but does

impact the absolute intensity of the resulting hiss.

Citation: Chen, L., J. Bortnik, W. Li, R. M. Thorne, and R. B. Horne (2012), Modeling the properties of plasmaspheric hiss:
1. Dependence on chorus wave emission, J. Geophys. Res., 117, A05201, doi:10.1029/2011JA017201.

1. Introduction

[2] Plasmaspheric hiss (PH), as its name suggests, is a
structureless, band-limited, natural emission that is generally
confined to the plasmasphere [e.g., Russell et al., 1969;
Thorne et al., 1973] and associated high density regions
such as plumes [Summers et al., 2008]. PH typically occurs
in the frequency range from ~200 Hz to a few kHz, although
the main power spectral intensity of hiss is concentrated
below 1 kHz [Hayakawa and Sazhin, 1992]. The broad band
amplitude of PH depends on the level of geomagnetic
activity, ranging from ~10 pT during quite times, up to
>100 pT during active periods [e.g., Smith et al., 1974;
Meredith et al., 2004].

[3] PH plays an important role in controlling the structure
and dynamics of the Earth’s radiation belts. Pitch angle
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scattering loss of energetic electrons due to resonance with
PH waves is primarily responsible for the formation of the
quiet time, two zone equilibrium radiation belt structure,
comprised of the inner (1.3 <L <2.5) and outer 3 <L <7)
belts, and separated by a slot region [e.g., Lyons and Thorne,
1973; Thorne et al., 1973; Albert, 1994; Abel and Thorne,
1998a, 1998b; Meredith et al., 2009]. During storm times,
PH including waves in the plume can efficiently induce
precipitation loss of outer zone electrons (100 keV—-1 MeV)
[Summers et al., 2008; Meredith et al., 2007] and also the
outer part of the inner belt [ Tsurutani et al., 1975].

[4] A number of ideas have been proposed for explaining
the origin of PH. Wave growth calculation inside the plas-
masphere yields small gain (~20 dB) and alone is unlikely to
account for the observed hiss emission, which suggests the
need for an embryonic source [Huang et al., 1983; Huang
and Goertz, 1983; Church and Thorne, 1983]. Lightning
has been considered as a potential source [Draganov et al.,
1992; Sonwalkar and Inan, 1989; Green et al., 2005],
based on the correlation between the geographic distribution
of lightning strikes and hiss intensity. However, such corre-
lation occurs only at wave frequencies above 2 kHz while the
main frequency band (below 2 kHz) does not show such
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Figure 1. (a) Schematic illustration of the raypath of a cho-
rus wave over 10 seconds, as well as the variation of the
wave vector direction during propagation, indicated by the
short straight line segments. The dashed line represents
the outer edge of the plasmapause (L = 4.5). (b) Statistical
distribution of chorus and hiss wave amplitude from THEMIS
observation (8 < MLT < 12).

correlation [Meredith et al., 2006]. Recently, it has been
proposed by Bortnik et al. [2008] that PH originates from a
portion of chorus emissions, which are excited outside the
plasmasphere and are able to propagate into and become
trapped inside the plasmasphere (illustrated by Figure 1a).
The high-correlation between hiss and chorus wave power,
simultaneously observed by two THEMIS spacecraft, lends
strong observational support to the idea of chorus as the
source of PH [Bortnik et al., 2009]. A similar correlation has
also been recently reported from the Cluster spacecraft
observations [Wang et al., 2011].

[5] In contrast to PH, chorus is an intense and coherent
electromagnetic emission occurring naturally outside the
plasmasphere. Chorus is typically observed over the fre-
quency range 0.1-0.8 f.., exhibiting two distinct frequency
bands (lower and upper band) separated by 1/2 f.. It is
generally believed that the generation of chorus waves is
due to cyclotron resonance with anisotropic electrons (a few
keV-100 keV) [e.g., Jordanova et al., 2010], in the low
density plasma trough region [e.g., Meredith et al., 2003;
Lietal., 2009]. Like PH, the chorus intensity increases as the
level of geomagnetic activity increases [e.g., Li et al., 2009].
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The location of peak intensity of chorus waves shows local
time dependence, ranging from relatively low L-shells L ~ 5
on the nightside to L ~ 8 on the dayside [Li et al., 2009].
Upper band chorus, and even lower band chorus on the
nightside, is confined within a few degrees of the equator,
suggesting that they are unlikely to contribute to the origin
of PH. However, on the dayside lower band chorus can
extend to high latitudes (>35°) [e.g., Meredith et al., 2003;
Li et al., 2011b], has strongest intensity, and occurs more
frequently than at other local times [Li et al., 2009]. There-
fore, the dayside lower-band chorus is considered to be an
important source of hiss emissions inside the plasmasphere
[Bortnik et al., 2011b]. Lower band chorus usually consists
of discrete elements, each of which lasts over timescale
<1 sec and shows fine frequency structure (e.g., falling and
rising tones) [e.g., Goldstein and Tsurutani, 1984; Li et al.,
2011a], and sometimes short impulsive bursts [e.g.,
Santolik et al., 2003]. The wave normal angles of chorus
near the equatorial source region can vary over a range of
values from nearly field-aligned [e.g., Burton and Holzer,
1974; Santolik et al., 2003], to oblique [e.g., Lauben et al.,
2002; Tsurutani et al., 2009; Santolik et al., 2009;
Breneman et al., 2009]. A recent observational study shows
that the wave normal angles of lower band chorus at low
latitudes (<15°) are predominately less than 30° [Li et al.,
2011a, 2011b]. Lower band chorus observations from
POLAR also shows another peak occurrence rate for wave
normal angles of 50° < ¢) < 70° just off the equator, at a
latitude range of 10°-25° [Haque et al., 2010].

[6] Various propagation characteristics of chorus waves
have been demonstrated by Bortnik et al. [2011a] and the
main observed features of hiss and its wave normal angle
distribution are reproduced by our newly developed model
based on ray tracing [Bortnik et al., 2011b]. The model
considers the magnetosphere as a system box containing a
distribution of cold plasma (<1 eV) and suprathermal
(~0.1-10 keV) electron fluxes, which determines the
chorus wave propagation and damping characteristics
respectively. The chorus intensity distribution is provided
as an input of the system, and the hiss intensity distribution is
obtained as the output. In the present study, a direct com-
parison between hiss and chorus wave intensity observed in
the prenoon sector 8 < MLT < 12 from multiple THEMIS
spacecraft is made. To model the characteristic hiss spec-
trum, including the frequency range, the wave normal angle
distribution, and the spatial distribution, we use the observed
statistical distribution of chorus as the input and compare
the output hiss with the statistical distribution of PH
observations. To consider the variability of the chorus
emissions mentioned above, we also investigate how the
hiss (the output) responds to changes in the chorus distri-
bution (the input) as a function of L, wave normal angle,
and wave frequency, for a prescribed system, while the
responses to the change of the system itself, i.e., the change
in the cold plasma density distribution, for a prescribed
chorus input is considered in a companion paper by Chen
et al. [2012] (hereinafter referred to as paper II). In section 2,
the statistical distributions of chorus and hiss wave emission
intensity observed by THEMIS, and of suprathermal elec-
tron flux are presented. In section 3, a model of the cold
plasma density distribution is described. In section 4, the
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methodology for simulating the hiss spectrum is described.
Simulation results are presented in section 5. The response
of hiss wave properties to the variation of chorus distribu-
tion is investigated in section 6, followed by conclusions
and a discussion in section 7.

2. Chorus and Hiss Emissions and the
Suprathermal Electron Flux Distribution From
THEMIS

[7] The THEMIS spacecraft [Angelopoulos, 2008] are
well situated to measure chorus and hiss wave intensity in the
equatorial magnetosphere. The Search-Coil Magnetometer
(SCM) measures the low frequency fluctuation in magnetic
field over a frequency range from 0.1 Hz to 4 kHz [Le Contel
et al., 2008; Roux et al., 2008], which covers the frequency
range of PH emission and most of lower band chorus emis-
sion. In the present study, filter bank data of wave magnetic
field [Cully et al., 2008] from 1 June 2008 to 1 May 2011
from all three inner spacecraft (THEMIS A, D, and E) are
analyzed to obtain the root mean square of chorus and hiss
wave amplitude in the prenoon sector between 8 and 12 MLT.
Chorus wave amplitude is obtained using the same method as
in the work by Li et al. [2009], and hiss wave amplitude is
calculated from the top three frequency bands (80-4000 Hz),
which cover the essential hiss wave power. Hiss and chorus
emissions are distinguished by the total plasma density fol-
lowing the method introduced by Li et al. [2010b], since hiss
is predominantly observed in the high density plasmasphere-
like region, whereas chorus is typically observed in the
low density plasmatrough-like region. Figure 1b shows the
averaged hiss and chorus wave amplitudes in the prenoon
sector 08—12 MLT in the L bins from 2 to 10 with a bin size
0.2 during active times AE* > 300 nT, where AE* represents
the maximum AE (auroral electrojet) index over the pre-
ceding 3 hours. The averaged chorus wave intensity peaks at
L ~ 8 with a maximum amplitude near 61 pT, while the PH
amplitudes inside the plasmapause are about 54 pT, with a
sharp drop below L = 2.5. The overlapping region of those
two emissions, 4 < L < 6.5, is associated with variation of
the plasmapause location, potentially due to the variation of
geomagnetic activity.

[8] To model the evolution of chorus waves, it is nec-
essary to take into account wave damping along each
raypath away from the equatorial generation region, espe-
cially Landau damping with suprathermal electrons (100 eV—
10 keV) since it is the most severe. The models of
suprathermal electron distribution both inside and outside the
plasmasphere are constructed based on electron phase
space density (PSD) measurement collected by the Electro-
Static Analyzer (ESA) [McFadden et al., 2008] at the six
energy channels 108, 324, 975, 2927, and 8788 eV for
AE* > 300 nT, binned in L from 2.5 to 10 at all MLT
with bin sizes of 0.5in L and 1 hin MLT [see Li et al., 2010a,
Figures 3 and 4]. An isotropic power law velocity distri-
bution 4" (4 and n are parameters to be fitted, and v is
velocity) is used to fit the averaged PSD data at each of
6 energies in each L-MLT bin, similar to the method used
by Bortnik et al. [2007], to obtain the global model of
suprathermal electron distributions during active times. This
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distribution is then used to evaluate the wave attenuation
along the raypaths.

3. Cold Electron Density Model

[9] To study wave propagation in the inhomogeneous
magnetosphere, we use a ray tracing code HOTRAY [Horne,
1989] to follow the trajectories of a large group of rays
from their source region in the plasma trough. Ray tracing
requires analytic models of the magnetic field (we use a
dipole field) and plasma density. A simple but realistic and
analytic plasma density distribution representative of the
dayside meridian plane (MLT = 10) is constructed as follows:

where the characteristic regions are, the ionosphere (N,), the
plasmasphere (V) and the trough (V), which are all
included and analytically connected. The transition function
g(L) controls the shape of the plasmapause (the transition
from the plasmasphere to the plasma trough), defined as,

1 ifL > Ly

g(L) = exp (— (Li_ Lo p°)2> otherwise ’ 2

Lypw

where Ly, is the outer edge of plasmapause and L.,
represents the width of plasmapause.

[10] The low altitude ionosphere V;, is characterized by a
density peak (np;) at the F2 location rp,, and is modeled as a
function of geocentric distance :

N ngy eXp <f(r — rpz)z/Ar21> ifr < rp
i\r) = ) .
ngpy €Xp (—(r — rpz)z/Aé) ifr > rp

Different spatial scales over which density decreases away
from the F2 peak are applied, i.e., A = 140 km, A, =
500 km, typical F2 peak is assumed to have ng, = 10° cm ™ at
rex = 350 km + 1 Rg [Richards and Torr, 1985; Reinisch
et al., 2007], where the Earth’s radius Rz = 6380 km.

[11] The plasmaspheric density N, is constructed as:

Mﬂﬂ—%ﬂ(ﬁwﬂ @)

7

where the equatorial density inside the plasmasphere
Neps(L) = 107 031450439043 o1 =3 [Carpenter and Anderson,
1992], and variation along a field line is assumed to have a
form of (L/r)*» [Denton et al., 2002, 2006]. cy,s(L) is chosen
such that Nps(L, ¥ = 1) = ngp,s, independent of L, i.e., N tends
to merge toward a constant np, at 7 = 1 along any field line
inside the plasmasphere. ngps = 5000 cm ™ is used, which
yields o ~ 1.5 inside the plasmasphere, comparable to that
found by Denton et al. [2006].

[12] A similar distribution is applied to obtain the plasma
trough density N:

vt =nat)(£) )
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Figure 2. (a) Electron density distribution in the meridian
plane (MLT = 10) and (b) the corresponding equatorial den-
sity profile. The outer edge of the plasmapause is denoted by
the vertical dashed line.

where the equatorial density in the plasma trough
new(L) = 13200L° ¢cm™> and trough slope index 8 = —4.5
[Carpenter and Anderson, 1992], and a(L) is chosen such
that Ny(L, r = 1Rg) = ngy, independent of L, i.e., N, tends to
merge toward ng, at » = 1 along any field line in the plasma
trough. Ny = 500 cm > is used, giving oy ~ 2.5, a value
typical of the plasma trough [Denton et al., 2002].

[13] Our nominal density distribution uses the parameter
values listed above together with L., = 0.7, and Ly, = 4.5.
The corresponding meridian distribution and equatorial pro-
file of plasma density are shown in Figures 2a and 2b,
respectively. This nominal density distribution will be used
throughout this study. The density model used in our study
provides a simple, analytical density distribution (which is
required for ray tracing), where the equatorial density distri-
bution is realistic, based on the statistical results of Carpenter
and Anderson [1992], and the distribution along the field line
is reasonably well represented according to previous studies
[e.g., Denton et al., 2002]. Our density model consists of four
characteristic regions in the inner magnetosphere, the iono-
sphere, plasmasphere, plasmapause, and trough, whose
shapes can be adjusted easily to represent background plasma
density distribution at different conditions. Previous studies
demonstrated the variability of the trough density [e.g.,
Harris, 1974; Kitamura et al., 2009], and the variability of
the plasmapause location with geomagnetic activity [e.g.,
Grebowsky, 1970; Chappell et al., 1970; Goldstein et al.,
2003]. Our density model is able to vary trough density and
the plasmapause independently, which is very important
since it gives us an opportunity to study separately the effect
of trough density on the chorus wave propagation into the
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plasmasphere and the effect of the plasmapause on the dis-
tribution of chorus waves that are able to gain access into the
plasmasphere. These effects are presented in paper II. The
effect of a fine density structure associated with the plasma-
pause [e.g., Fu et al.,2010] is beyond the scope of our current
study. The density model used in this study is rather simpler
than the density model used previously, e.g., the diffusive
equilibrium model [Bortnik et al., 2011a], but is able to
reproduce a similar group of chorus rays that penetrate into
the plasmasphere from outside and thus contribute to the hiss
emission.

4. Hiss Modeling

[14] The methodology of modeling the hiss spectrum is
based on a ray tracing technique, explained in detail in our
previous work [Bortnik et al., 2011b]. Here we review the
modeling briefly. We launch rays from the equator outside
the plasmapause in the meridian plane corresponding to
MLT = 10, to represent the excited chorus rays, with a
range of L-shell, L,,, < L; <9 with spacing AL = 0.1, the
entire lower band wave frequency 0.05f.. < f; < 0.5f;. with
spacing Af = 0.05 f.., and all wave normal angles ;
within the resonance cone angle (Icos ;1 > o8 Ve = filfee)
with spacing A = 1°. Note that positive and negative signs
of ¢ denote ani-Earthward and Earthward pointing wave
normals, respectively. In total ~10° rays are traced. Each
chorus ray is assigned with an initial power according to

- 2
AP, (Lifith) = B (L) Arexp <— (XXiX)>

- exp (- vi }zf"’) >ALAfA1/J, (6)

where X; = tan v;, X,, = tan v,,, X,, = tan ¢,,, ¥, and 1, are
wave normal peak and width respectively, f,, and f,, are the
frequency peak and width respectively, B%(L) is wave mag-
netic field power as a function of L, and A4; is the normali-
zation factor such that

fi X; — X,)? i=f?\ _
AL//1 df/dqbexp(—T)exp(—T)—l (7)

with £ and f; denoting the lower and upper cutoff frequency
of lower band chorus respectively.

[15] In addition to computing the wave propagation,
we also carefully treat the wave damping primarily due to
Landau resonance with suprathermal electrons (0.1-10 keV)
after the waves are generated. We use a modeled supra-
thermal electron distribution both inside and outside the
plasmasphere at MLT = 10 as described in section 2.
Subsequently, these rays are subject to Landau damping, the
rate of which is evaluated according to Chen et al. [2010,
equation (2)]. Rays are terminated when the power attenu-
ation exceeds 40 dB or the ray refractive index n exceeds 10°,
where wave phase speed becomes comparable to the thermal
speed of plasmaspheric electrons (a few eV) and thus cold
plasma ray tracing is not valid [Bortnik et al., 2011Db].
A geometric contraction factor of ray power variation to
represent the convergence of magnetic field lines is also
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Figure 3. (a) Spatial distribution of the modeled wave amplitudes in the meridian plane both inside and
outside the plasmapause. (b) The equatorial wave frequency spectrum. (c) The equatorial wave amplitude
profile. The red crosses are statistical chorus wave amplitudes (Figure 1b), which act as the source of the
wave emission. The blue circles are statistical hiss wave amplitude (Figure 1b). (d) The equatorial wave
normal angle spectrum. Dashed line in Figure 3a denotes the field line of the outer edge of plasmapause
(L =4.5). Dotted lines in Figure 3a represent contours of constant latitude from —80° to +80° with a spac-
ing of 10°. Vertical dashed lines in Figures 3b—3d represent the outer edge of the plasmapause. The dot-
dashed lines in Figure 3b, from top to bottom, denote 0.5 f.., 0.1 f.., and fj,,, respectively.

taken into account [Bortnik et al., 2011b]. It should be noted
that the chorus generation is not considered in the present
study, instead the generated chorus wave power is specified
according to equation (6). Based on tracing the raypath, the
wave normal, and the wave power of all the rays, we recon-
struct the wave power as P,,(L, \, £, 1) in units of pT*/Hz/deg,
as a function of spatial coordinates L and latitude )\, wave
normal angle v and wave frequency f.

[16] We choose as a nominal spectral distribution
Sf1=0.1 fee, 5= 0.5 fee, ¥, = 0°, 1p,, = 45°, £, = 0.25 f;.. and
fw=0.15 f.., based on chorus observations [see Bortnik et al.
2011b, and reference within]. Figure 3 shows the results
using as an input the chorus with the above nominal spectral
distribution and the statistical spatial distribution from
THEMIS (red in Figure 1b). Figure 3a shows the simulated

spatial distribution of wave amplitudes in pT, \/ [ P,dfdy.
Clearly as chorus waves propagate away from the equatorial
generation region, the wave power decreases due to Landau

damping. Although the chorus intensity peaks at L ~ 8 at the
equator, at high latitudes (>~20°) chorus intensity is stronger
at the inner region of the plasma trough (L < ~ 7) because of
stronger Landau damping due to an increase in suprathermal
electron flux at the higher L-shells. A secondary wave power
peak is apparent at high latitudes and is associated with the
spatial convergence of the magnetic field. Chorus wave
power is able to access to the plasmapause mostly over a
range of latitudes 30° < A < 60° and —60° < A < —30°, and
thus contribute to the subsequent hiss formation. This is
consistent with the observation on OGO 3 [Russell et al.,
1969], identifying the region above L = 6 near magnetic
latitudes of 45° as a source of steady noise. The entrance at
high latitude results in a minimum of wave power just inside
the outer edge of the plasmapause near the equatorial region
Al <~ 30°. The simulated equatorial wave amplitude profile

(black line in Figure 3c), \/ [[ Pyl\=odfdi), also shows a

peak hiss amplitude of 10 pT at L ~ 3.6 with a significant
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Figure 4. The fractional contribution of chorus rays to the hiss emission within the plasmasphere
(L £4.3) due to (a) varying launch locations L;, (b) varying the initial wave normal angle ;, and (c¢) vary-

ing the initial normalized wave frequency (f/fce):-

decrease at L ~ 2, consistent with the observed hiss profile.
However, the modeled wave amplitude is a factor of ~5
lower than the observed peak hiss wave amplitude 54 pT
(~15 dB less in power), which we attribute primarily to the
lack of consideration of wave growth inside the plasma-
sphere. The path-integrated gain of hiss inside the plasma-
sphere can be up to ~20 dB, based on the calculation
performed by Church and Thorne [1983], which is too small
to excite the hiss from the thermal noise inside the plasma-
sphere but could sufficiently account for the discrepancy
between observed and simulated hiss wave amplitude. The
frequency spectrum from our simulation agrees well with the
typical hiss frequency range ~200 Hz to 2 kHz (Figure 3b).
In addition, our model can also simulate the wave normal
angle distribution of hiss (Figure 3d), showing near field-
aligned distribution at lower L and oblique distribution in the
outer plasmasphere. Characteristics of wave frequency and
the wave normal angle spectrum off the equator have been
shown by Bortnik et al. [2011b]. We concentrate on the
equatorial emission only in this study. As pointed out by
Bortnik et al. [2011b], there is a symmetry about ¢ = 4+ 90° in
the equatorial wave normal angle distribution due to the
symmetry of northward and southward propagation of chorus
rays and the symmetry of dipole field.

[17] To examine how chorus emissions contribute to the
equatorial hiss emission, we first define the total equatorial
hiss emission 7 as the integration of the wave power over the
spatial region inside the plasmasphere (1 < L < 4.3 where the
plasma density is greater than ~100 cm>):

1= /L : /f / PealLf,0)d Ldf d

where Peq = P, (L, A=0, f; v) is the equatorial power density
in units of pT?/Hz/deg. The relative fraction of / contributed
by various groups of chorus rays is then calculated.
Figures 4a—4c show the relative fraction of the contribution
by chorus rays of varying initial launch location L;, those of
varying initial wave normal angle /; and those of varying

(8)

initial normalized wave frequency fi/f.., respectively. Clearly
the dominant source of hiss is from chorus within ~3 Ry of
the outer edge of plasmapause (~95%), with wave normal
angles —60° — —30° (~100%), and normalized wave fre-
quency f/fee 0.1 — 0.3 (~98%). Note that rays launched at
L > 8, although carrying the largest wave power, can not
access to the plasmasphere (Figure 3a) because of the severe
Landau damping at higher L and the longer propagation path
that the rays must execute before entering into the plasma-
pause. On the other hand, the rays launched too close to the
plasmapause (L < 5) are mostly trapped near the plasmapause
and thus can not penetrate into the inner region of the plas-
masphere. While the precise fractional contributions depend
on the adopted model of the chorus spatial and spectrum
distribution, the results shown in Figure 4 are representative
of the general trend. The sensitivity of the access of chorus
waves to the plasmasphere is explored below.

5. Hiss Response to the Variations in the Chorus
Source Distribution

[18] A sensitivity study has been performed to investigate
how the properties of hiss respond to changes in the chorus
source characteristics. Instead of the complex spatial distri-
bution exhibited in the statistical observations (Figure 1b), a
Gaussian distribution in L is adopted in our modeling for
simplicity,

BW(L) = Bpeak exp (— (L_Lpeak)> (9)

2
L w

with L,, = 0.15, Bpeak = 100 pT [Bortnik et al., 2011b], and a
peak location Lyc.c which is allowed to vary. We adopt a
peak chorus amplitude of 100 pT, which is more represen-
tative of storm time periods than 61 pT average observed by
THEMIS in recent years (Figure 1b), which was generally
obtained under relatively quiet geomagnetically conditions.
Because of linear summation of wave power, P,, scales as
Bgeak, and hence hiss amplitude scales as Bpc,k. The chorus
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Figure 5. The dependence of equatorial hiss emission on the spatial distribution of chorus emission.
(a) The equatorial hiss amplitude profile as a function of L and (b) averaged hiss power spectral intensity
as a function of frequency, for varying peak locations of chorus amplitude profile (color-coded).
(c and e) The frequency and wave normal distribution of equatorial wave emission for Lpe = 5.
(d and f) The same format for L. = 7 (the nominal case). The three black dot-dashed lines in Figures Sc¢
and 5d represents 0.5 f.., 0.1 f.., and f; yr. Vertical black lines indicate the outer edge of the plasmapause.

distribution is parameterized by the seven quantities in this
study, Lpeqx in radial distribution, 1, and 1,, in wave normal
angle distribution, and f,,, f,,, fi and f; in the wave frequency
distribution. We choose the nominal chorus distribution to be
Lycak = 7, ¥y = 0°, 1y, = 45°, £, = 0.25 foo, foo = 0.15 fo,
f1=0.1f., and f; = 0.5 f.., and then vary one of these seven
parameters to investigate how equatorial hiss responds to
the changes.

5.1. Variation in L,y

[19] Figure 5 shows the response of the hiss distribution to
the variation of Lpe, from 5 to 9. Variations of the spatial
distribution of simulated equatorial wave amplitude

\/ [[ Peqdf di) are shown in Figure 5a, and the frequency

spectrum averaged inside the plasmasphere over 1 <L <4.3,

([Peqdi)) ave are shown in Figure 5b. Also shown are simu-
lation results with Lyec = 5 of the equatorial frequency
spectrum [Pe,di) (Figure 5¢) and wave normal distribution
JPeqdf (Figure 5e), and similar results with Lyes = 7
(Figures 5d and 5f). It is clear from Figure 5a that as the
chorus source moves closer to the plasmapause (from
Lpcak = 9 t0 Lpear = 5), the amplitude of hiss can increase by
an order of magnitude from a peak value of ~2 pT to ~30 pT,
while the hiss frequency spectrum shifts to higher frequen-
cies (Figure 5b), due to the increase in chorus power at small
L (and consequently larger f..). The peak frequency of aver-
aged hiss increases from ~250 Hz for Lycac = 9 to ~900 Hz
for Lycax = 5. In contrast, the wave normal distribution does
not show any significant variation, although the absolute
intensity varies (Figures Se and 5f).
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Figure 6. (a) Analysis of the hiss two peak formation: equatorial hiss emission for the first equatorial
crossing (blue line), for the first two equatorial crossings (red line) and for all the equatorial crossings (black
line). The (b) frequency and (d) wave normal angle spectrum for the first equatorial crossing. (c and e) The
same spectrum as in Figures 6b and 6d except for the first two equatorial crossings, and Figures 5d and 5f
for all the equatorial crossings. Black vertical dashed lines denote the outer edge of the plasmapause. Black

dot-dashed lines represent 0.5 f., 0.1 fe. and f; yr.

[20] Also evident in these simulations are two consistent
peaks in the hiss intensity inside the plasmasphere (L < 4.3),
at L ~ 2.8 and L ~ 3.8, in Figure 5a, which are present
regardless of the value of L. Such a two peak distribution
is also observed in CRRES spacecraft data [e.g., Bortnik
et al., 2011b, Figure 5]. To investigate how these two peaks
form, we analyze the equatorial emission for the nominal
case (Lpeax = 7). Figure 6a shows the equatorial wave
amplitude of hiss for 3 cases: (i) when only the first equatorial
crossing of chorus rays is included (blue line), (ii) when the
first two equatorial crossings are included (red line) and
(iii) when all equatorial crossings are included (black line)
until waves damp out. The frequency spectrum and the
wave normal distribution corresponding to the first equatorial
crossing are shown in Figures 6b and 6d, those corre-
sponding to the first two equatorial crossings shown in

Figures 6¢ and 6e, and those corresponding to all the
equatorial crossings shown in Figures 5d and 5f. The hiss
wave power for the first equatorial crossing is limited to
an L-shell range of 2 < L < 4, with an intensity peak at
L ~ 2.8 (corresponding to the inner peak). Waves are
confined to intermediate wave normal angles ~45° and
~135° (Figure 6d), and occur over a broad frequency
range 200 Hz < f < 3 kHz (Figure 6b). A comparison of
Figures 6d and 6e indicates that the second equatorial
crossing adds field-aligned waves at inner L-shells (L < 3)
and oblique waves at outer L-shell (L > 3.5). Over multiple
equatorial crossings, the wave intensity spreads both out-
ward and inward from the inner peak due to the evolution
of emissions trapped inside the plasmasphere, and tends to
accumulate at L ~ 3.8 due to propagation characteristics
associated with magnetospheric reflection, i.e., whistler
mode waves tend to settle down in a L-shell where f'is just
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Figure 7. The dependence of equatorial hiss emission on the wave normal angle distribution of chorus
emission. (a) The equatorial hiss amplitude profile for varying chorus peak wave normal angle ),
(color-coded). The (c) frequency and (e) wave normal angle spectrum of equatorial wave emission for
U =— 30°. (b, d, and f) The same format as Figures 7a, 7c, and 7e except for varying chorus wave normal
angle width ,,. Figures 7d and 7f show the frequency and wave normal angle spectrum of equatorial wave
emission for ¢, = 20°. The spectrum for the nominal case is shown in Figures 5d and 5f as comparison.

above the equatorial f yr and v approaches 90°. The set-
tling of waves contributes to the formation of the outer
peak. The inner peak of the hiss distribution is a measure of
the initial accessibility of chorus rays into the equatorial
plasmasphere from the first high latitude reflection, while
the remainder of the emission is simply due to the evolution
of the waves due to confinement inside the plasmasphere.

5.2. Variation in Chorus Wave Normal Distribution

[21] The response of hiss to variations of the chorus wave
normal angle distribution is investigated in Figure 7. Varia-
tions of the equatorial wave amplitude due to the change of
the wave normal angle peak v, and wave normal angle width
1, are shown in Figures 7a and 7b respectively. The fre-
quency spectrum and wave normal distribution for the case
¥, = —30° and 1), = 45° are shown in Figures 7c¢ and 7e,
while those for the case v, = 0° and 1, = 20° are shown in

Figures 7d and 7f. As the chorus peak wave normal direction
shifts toward the Earth (more negative 1,,), the hiss wave
power is enhanced (Figure 7a). When chorus wave normal
distribution becomes narrower and thus more confined to the
field aligned direction, the resulting hiss is subject to signif-
icant suppression (Figure 7b). These variations are consistent
with Figure 4b, showing that the dominant contribution of
hiss intensity comes from those chorus rays in the source
region with wave vectors inclined over the range from —30°
to —60° to the ambient magnetic field, and it is the power
weighting in this critical range of wave normals that deter-
mines the amount of power that is able to enter the plasma-
sphere and evolves into hiss. Compared with the results of the
nominal case (Figures 5d and 5f), the frequency spectrum
and wave normal distribution for both 1, = —30° (Figures 7¢
and 7e) and 1, = 20° (Figures 7d and 7f) look fairly similar,
except for the difference in the absolute intensity. In all these
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Figure 8. The dependence of equatorial hiss emission on the frequency distribution of chorus emission.
(a) The equatorial hiss amplitude profile for varying chorus peak wave frequency f,,/f.. (color-coded). The
(c) frequency and (e¢) wave normal angle spectrum of equatorial wave emission for f,,/fo. = 0.35. (b, d, and

f) The same format as Figures 8a, 8c, and 8e except

for varying frequency width f, /f... Figures 8d and 8f

show the frequency and wave normal angle spectrum of equatorial wave emission for f,,/f.. = 0.05. The
spectrum for the nominal case is shown in Figures 5d and 5f as comparison.

cases, the simulated hiss exhibits the two peaks, with the
inner peak at intermediate wave normal angles near 45° and
135° and the outer peak at very oblique wave normal angles
near 90°.

5.3. Variation in Chorus Frequency Distribution

[22] Figure 8 shows the response of hiss to the variation of
the frequency distribution of the chorus waves. The effects of
varying f,, and f,, are shown in Figures 8a and 8b, respec-
tively. The wave frequency and wave normal distribution for
the case f,,/fce = 0.35 and f,,/f.. = 0.15 are shown in Figures 8c
and 8e respectively, and those distributions for the case
folfee =0.25 and f,,/f.. = 0.05 are shown in Figures 8d and 8f.
As the peak frequency f,, increases, the hiss intensity
decreases due to the weakening power at the lower frequency
range of chorus, which is shown to contribute to most of hiss
wave intensity (Figure 4c). Although the change of f,, does

not change the hiss amplitude significantly, it introduces a
change in frequency spectrum. The narrower frequency dis-
tribution of chorus results in weaker wave power at the
lower frequency portion of chorus emission so that hiss
emission below f < 700 Hz is suppressed (Figure 8d).
Therefore, the wave frequency distribution of hiss intensity
becomes concentrated at 700 Hz — 1000 Hz. However,
the wave normal angle distribution does not show a signifi-
cant change except for the absolute intensity (comparing
Figures 8e and 8f with Figure 5f).

[23] Hiss also responds to the change in the lower (f)
and upper (f>) limit frequency of source chorus. Figures 9a
and 9b show the effects of varying f; and f;, respectively.
The resultant equatorial wave frequency spectrum and
wave normal angle spectrum for the case fi/fce = 0.15 and
folfee = 0.5 are shown in Figures 9c and 9e respectively,
while the spectra for the case f,/f.. = 0.1 and f5/f.. = 0.4 are
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Figure 9. The dependence of equatorial hiss emission on the cutoff frequencies of chorus emission. (a) The
equatorial hiss amplitude profile for varying lower cutoff frequency f/f.. (color-coded). The (c) frequency
and (e) wave normal angle spectrum of equatorial wave emission for f;/fc. = 0.15. (b, d, and f) The same
format as Figures 9a, 9c, and 9e except for varying upper cutoff frequencies f>/f... Figures 9d and 9f show
the frequency and wave normal angle spectrum of equatorial wave emission for f>/f.. = 0.4. The spectrum
for the nominal case is shown in Figures 5d and 5f as comparison.

shown in Figures 9d and 9f respectively. As the lower limit
frequency f; increases, the hiss intensity decreases because
the chorus power at lower frequency is the primary source
of the hiss emission (Figure 4c). It is evident that hiss
intensity below 500 Hz is reduced for the case f; = 0.15f.
(Figure 9c), compared with the case f; = 0.1f,. (Figure 5d).
The lower cutoff frequency of the chorus emissions is also
responsible for the formation of a sharp lower cutoff fre-
quency of the hiss emission, which has been reported in
earlier observations [e.g., Smith et al., 1974]. The change
in the upper cutoff frequency, which affects mostly chorus
wave intensities near this upper limit frequency, does not
affect the hiss intensity significantly. Both the frequency
spectrum and wave normal distribution for the case f, = 0.4 f..
(Figures 9d and 9f) resemble those of £, = 0.5 f.. (Figures 5d
and 5f), respectively. As shown in Figure 4c, the chorus

emission at frequency > 0.3 f. contributes little (<3%) to the
hiss intensity.

[24] Based on the variation of the chorus distribution
examined in our study (with fixed chorus peak amplitude of
100 pT), the maximum hiss amplitude varies from less than
1 pT (for the 7, = 10° case in Figure 7b) to >30 pT (for cases
with Lpe. from 5 to 6 in Figure 5a). However, none of the
simulations performed are able to reproduce the observed
ratio of 0.88 between the peak statistical amplitude of hiss
(54 pT) to that of chorus (61 pT), shown in Figure 1b. We
attribute this discrepancy to the omission of wave amplifi-
cation inside the plasmasphere, as discussed below.

6. Conclusion and Discussion

[25] We performed a detailed simulation of the origin of
plasmaspheric hiss from chorus emissions on the dayside.
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The spectral properties of hiss are modeled by using the
realistic properties of chorus as an input and evaluating
the wave propagation characteristics and wave damping. The
response of the hiss intensity to the change of chorus distri-
bution in L-shell, wave normal angle 1) and wave frequency
is also investigated. Our principle conclusions are as follows.

[26] 1. We identify the portion of chorus emission that
dominantly contributes to hiss intensity as those waves
excited within ~3 Rg from the plasmapause, within a finite
range of intermediate wave normal angles ranges —30° <) <
—60°, and at low frequencies /< 0.3 ..

[27] 2. We predict the formation of two peaks in the L-shell
distribution of hiss, consistent with observations. The inner
peak is associated with the preferential location where newly
entering chorus rays cross the equatorial plane on their first
passage through the plasmasphere. Subsequent evolution of
the entering chorus emission inside the plasmasphere gen-
erates the outer peak. The outer peak is mainly attributed to
the wave energy accumulation due to magnetospherically
reflected waves.

[28] 3. Hiss intensity is strongly dependent on the distri-
bution of the chorus source emission, especially the relative
location with respect to the plasmapause, the wave normal
distribution and the frequency distribution at lower frequency
<0.3 f..- As chorus wave power increases at the lower fre-
quency range, the wave normal direction points progressively
Earthward, and the peak chorus wave power shifts closer to
the plasmapause, the resulting hiss intensity increases.

[29] 4. Despite considerable variability of the hiss inten-
sity, the frequency distribution and especially the wave nor-
mal angle distribution is relatively robust. The simulated
hiss distribution is confined to the frequency range ~200 Hz—
2 kHz, which is consistent with typical observed hiss fre-
quency range. Wave intensity of hiss mostly concentrates near
the field-aligned direction in the inner plasmasphere, but
becomes very oblique just inside the plasmapause.

[30] 5. The statistical analysis of THEMIS wave data
reveals that the peak hiss amplitude is slightly weaker than
(a factor of 12% less than) the chorus peak amplitude.

[31] 6. Our simulated hiss based on observed chorus is
~15 dB lower than the observed hiss emission, suggesting
that it is necessary to include the internal amplification (pre-
sumably due to cyclotron resonant interactions) to account
for the observed hiss intensity.

[32] Although the ~15 dB deficit in simulated hiss peak
intensity can be partially accounted for by variability of
chorus distribution, including spatial distribution, frequency
distribution and wave normal angle distribution, even under
optimum conditions a discrepancy of ~10 dB remains, which
must be resolved by other processes not included in the
current modeling. We suggest that additional wave amplifi-
cation interior to the plasmasphere is possibly important to
address this discrepancy. Previous modeling [e.g., Church
and Thorne, 1983] indicates the possibility of internal
amplification comparable to ~20 dB. This was deemed too
small to account for the observed hiss intensity alone, but is
sufficient to account for the discrepancy if chorus acts as the
dominant embryonic source for hiss. Injected plasma sheet
electrons normally are confined outside their Alfven layer,
which is outside of the plasmapause. However, radial diffu-
sion, possibly associated with variation of convection elec-
tric field in the magnetosphere, can probably transport the
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energetic electrons with sufficient anisotropy into the outer
plasmasphere [Li et al., 2010a], and thus provide the source
of free energy for wave growth. Using the properties of
energetic electrons observed on the THEMIS spacecraft, we
plan to develop a model of such resonant electron flux inside
the plasmasphere and evaluate such internal amplification in
the future modeling.

[33] Variability of hiss intensity could arise simply due to
the variability of magnetosphere system itself, e.g., the cold
plasma distribution, which affects the wave propagation tra-
jectories and thus controls the distribution of wave power
carried by each individual chorus ray. The response of hiss to
the cold plasma density distribution is investigated in paper II.

[34] Modeling of hiss spectrum relies on the ray tracing
technique, which treats the propagation of wave energy of a
single wave packet in a prescribed (i.e., prescribed plasma
density and background magnetic field) medium. There are a
few possible sources of uncertainty in the modeling. First, the
model of smooth plasma density might not accurately rep-
resent in-situ plasma density observation, which usually
shows small length-scale density fluctuations. Second source
of inaccuracies comes from the decomposition of observed
chorus wave emission into many plane wave packets, which
involves how the wave energy distributes in wave frequency
and wave normal angle. Third, the potential growth of hiss
inside the plasmasphere is not treated as mentioned above.
Fourth, uncertainty might also come from the statistics of
chorus emission and Landau damping electron fluxes derived
from about 3 years THEMIS observation. Although our
current model can not simulate fine structure of hiss emis-
sion, it is capable of reproducing many bulk features of hiss
emission as discussed above.

[35] Two-dimensional ray tracing is a reasonable assump-
tion in the prenoon sector where the azimuthal density gra-
dient is not significant. Chorus emission in this sector is a
primary source of the hiss emission in the same local times.
However, Chen et al. [2009] have demonstrated that chorus
propagation in the afternoon sectors, involving the large
azimuthal density gradient associated with storm-time
plumes, requires the consideration of three dimensional ray
tracing. The 3D ray tracing links the chorus emission in the
prenoon sector to the strong hiss inside the plume, and also
potentially to weak hiss emission on the nightside, where
chorus emission can not access to the plasmasphere directly
in local nightside meridian plane. We plan to extend our 2D
model to 3D in the future to understand the global source
of hiss.
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