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Precipitation of radiation belt electrons induced by
obliquely propagating lightning-generated whistlers

D. S. Lauben, U. S. Inan and T. F. Bell

Space, Telecommunications and Radioscience Laboratory, Stanford University, Stanford, California

Abstract. A new combined ray tracing and test particle formulation is presented
which calculates the spatiotemporal electron precipitation flux signatures at
ionospheric altitudes induced by obliquely propagating lightning-generated whistler
waves. The formulation accounts for the variation in wave characteristics (frequency-
time dispersion, wave normal angle, and power density) as the whistler generated
by an individual lightning discharge propagates through vast volumes of the
magnetosphere in the absence of field-aligned cold plasma density enhancements,
and calculates the detailed gyroresonance scattering of trapped energetic electrons
into the atmospheric loss cone over a broad range of field lines (L shells) to determine
the precipitation flux over extensive ionospheric regions. Results show that peak
precipitation flux patches (hotspots) several tens of degrees of latitude and longitude
in size develop at locations ~7° to ~20° poleward of the discharge as a consequence
of propagation paths which convey wave energy from lower to higher L shells.
For oblique whistler intensities matching satellite observations (10 to 30 pT) peak
flux levels of several milli-ergs cm~2 s~! are indicated, arriving as early as ~1 /4s
and lasting ~1/2 s at lower observing latitudes (e.g., ~32° for North American
longitudes), while being delayed to ~1 s or more and lasting up to ~2 s at higher
latitudes (~47°), creating a sense of poleward hotspot motion. Summary profiles
integrated over time, latitude and L shell suggest that lightning-generated oblique

whistler-induced electron precipitation deposits appreciable energy to the upper
atmosphere at midlatitudes and contributes significantly to the loss of energetic
(>100 keV) radiation belt electrons, particularly over 2.2 < L < 3.5 where the slot

region forms.

1. Introduction
1.1. Wave-Induced Radiation Belt Losses

Since the discovery of the Earth’s radiation belts
[Van-Allen et al., 1959], much progress has been made
in understanding the source and loss processes con-
trolling the fluxes of these highly energetic (100 eV to
>100 MeV) particles (for an overview the reader is re-
ferred to articles by Walt [1997] and McIlwain [1997]).
Early attempts to understand the balance of mecha-
nisms governing the equilibrium densities of radiation
belt particles, particularly loss mechanisms, quickly rec-
ognized that Coulomb collisions with atmospheric con-
stituents alone could not account for the observed loss
rates throughout the majority of the magnetosphere.
Furthermore, detailed satellite surveys during sustained
periods of relatively quiet magnetospheric conditions re-
vealed a peculiar density depletion or “slot” region at
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several Earth radii appearing regularly over the course
of only a few days following particle injection events
[Lyons and Kennel, 1972], indicating the operation of
some loss mechanism exhibiting pronounced selectivity
over certain energy ranges for particular field lines.
1.1.1. Incoherent and coherent waves. These
and similar observations led Dungey [1963], Cornwall
[1964], and others to suggest that the coherent elec-
tromagnetic wave fields comprising lightning-generated
whistlers might be particularly effective at scattering
energetic electrons in pitch angle via cyclotron reso-
nance interaction, possibly leading to the high particle
loss rates considering the continual occurrence of light-
ning on a global scale. Soon thereafter, Kennel and
Petschek [1966], successors Lyons and Thorne [1973],
and others proposed a companion mechanism wherein
a form of turbulent incoherent wave energy termed
hiss would also, through many successive random-walk
particle scatterings, lead to enhanced pitch angle dif-
fusion and high particle loss rates, especially noting
that hiss regularly occurs following disturbed magne-
tospheric conditions associated with injection events,
and demonstrating that such models could be tuned to
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account for the formation of the slot region. A later
variation on the early coherent wave mechanism con-
sidered pitch angle scattering with signals from ground-
based VLF transmitters; details of this interaction are
addressed by Inan et al. [1978], Koons et al. [1981] and
Vampola and Adams [1998].

Since the coherent and incoherent wave mecha-
nisms both make appeal to the same general condition
for wave-particle gyroresonance [Brice, 1964; Dysthe,
1971], they necessarily select the same resonant particle
energies for the same combination of resonance order,
wave frequency, wave normal angle, and magnetic field
and latitude. Consequently, careful attention must be
paid to the occurrence statistics and precise effects of
all forms of wave energy present in the magnetosphere
to properly account for the observed radiation belt dy-
namics. To this end, Abel and Thorne [1998a, b] have
recently presented results suggesting that hiss, oblique-
mode lightning-generated whistlers and VLF transmit-
ter signals each play an important role within particu-
lar regimes in energy/field line/pitch angle parameter
space. Most notably, their results show that oblique
whistlers must be included for a complete treatment.

1.1.2. Lightning-induced electron precipita-
tion. Using the SEEP detector aboard the $81-1 satel-
lite, Voss et al. [1984] showed the association of strong
(~100x background), transient (~1 s) enhancements
to the precipitating energetic electron flux with indi-
vidual lightning-generated whistlers, thus establishing
lightning-induced electron precipitation (LEP) as both
detectable and appreciable on an event-by-event basis.
For instance, estimates based on these observations in-
dicate that a single LEP burst can empty ~0.001% of
the radiation belt energetic electron population along
the affected field line, depositing an energy fluence of
~1073 ergs/cm? to the upper atmosphere, in turn lead-
ing to at least one form of the so-called “Trimpi” effect
seen frequently on manmade subionospheric VLF/LF
signals [Carpenter et al., 1984; Inan et al., 1985a; Inan
and Carpenter, 1986; Burgess and Inan, 1993].

For further reference, the significance of wave-particle
interactions in determining the loss rates for radiation
belt energetic electrons, and in particular the role of
burst precipitation events such as LEPs, has been dis-
cussed in detail by Imhof et al. [1983, 1986, 1989], Vam-
pola and Gorney [1983], Chang and Inan [1985], Burgess
and Inan [1993], Walt et al. [1996], Imhof et al. [1997],
and others, while the relative role played by short-
duration coherent wave packets as compared with sus-
tained incoherent wave activity (e.g., VLF/ELF hiss)
has been addressed by Inan et al. [1982], Inan [1987],
and most recently by Abel and Thorne [1998a, b]. Re-
garding the effects of electron precipitation bursts on
the upper atmosphere and perturbations to subiono-
spheric ELF /VLF waves, the reader is referred to Inan
et al. [1985, 1988, 1990, and references therein].

1.1.3. Burst precipitation models. Efforts to
model burst precitation events induced by discrete VLF
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wave pulses progressed with Inan et ol. [1978], Chang
et al. [1983], and Inan et al. [1985], leading to Inan et
al. [1989] which presented simulated energy-time pre-
cipitation spectra to match a single event taken from
Voss et al. [1984]. In that case the responsible whistler
wave energy was taken to have propagated in the so-
called ducted mode, parallel to the particular magnetic
field line during its traverse through the magnetosphere
[Helliwell, 1965; Carpenter et al., 1971] by virtue of its
emergence from the magnetosphere in the hemisphere
conjugate to the lightning source.

While these models were successful, the inherent re-
striction to ducted waves precludes treatment of the
far greater portion of whistler wave energy propagating
throughout vast volumes of the magnetosphere in the
oblique mode at nonzero wave normal and ray path an-
gles with respect to the Earth’s field lines and thus not
confined to isolated L shells. To address this general
case, a new formulation is developed which calculates
the electron precipitation over an entire hemisphere in-
duced by such obliquely propagating whistlers whose
characteristics match in situ observations as generated
by individual lightning discharges of specified strength
and location [ Lauben, 1998]. The resulting precipitation
fluxes strongly suggest that lightning-generated oblique
whistler precipitation leads to appreciable energy depo-
sition to the upper atmosphere and contributes signif-
icantly to the loss of energetic radiation belt electrons
from the magnetosphere, particularly over the range
2.2 < L < 3.5 where the slot region forms.

1.2. LEP By Oblique Whistlers

1.2.1. Canonical event sequence. In assessing
the transient electron precipitation induced by indi-
vidual lightning-generated oblique whistlers over large
ionospheric regions, it is expedient to first calculate the
precipitation at the foot of individual magnetic field
lines separately and combine results afterward. Accord-
ingly, Plate 1 illustrates the canonical event sequence
along a typical field line:

1. Impulsive broadband VLF electromagnetic wave
energy radiated by a single lightning discharge (mod-
eled as a vertically oriented dipole) spreads through-
out the Earth-ionosphere waveguide, suffering subiono-
spheric attenuation and absorption consistent with mul-
timode waveguide models [Poulsen et al., 1993].

2. A fraction of this wave energy couples through the
horizontally stratified ionosphere over a wide range of
latitudes and longitudes, exciting a whistler-mode wave
packet which propagates obliquely throughout vast vol-
umes of the smoothly varying magnetosphere, suffering
additional frequency-dependent spatial refraction, at-
tenuation and temporal dispersion to form an oblique
whistler [Lauben, 1998; Lauben et al., 1999].

3. As this discrete oblique whistler illuminates the
field line, a fraction of the otherwise trapped energetic
electrons initially near the edge of the atmospheric loss
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cone matching the condition for Doppler-shifted gy-
roresonance (given below) become scattered into the
loss cone.

4. The lowered mirror height of those particles de-
flected into the loss cone allows them to be precipitated
at their next encounter with the relatively dense upper
atmosphere.

As a result of the ubiquitous propagation of each
oblique whistler throughout the magnetosphere, scat-
tering occurs over a broad range of field lines leading to
precipitation at ionospheric altitudes over a wide range
of latitudes generally northward and southward of the
lightning source. In addition, precipitation also occurs
over a wide range of longitudes to either side of the
meridian containing the lightning source, diminishing at
a moderate rate with increasing longitudinal displace-
ment from the source in accordance with the assumed
lightning dipolar wave radiation pattern and subiono-
spheric attenuation. Each lightning discharge thus leads
to an associated transient precipitation event depositing
flux over an extensive two-dimensional ionospheric area.
In general, a large fraction will backscatter and undergo
multiple bounces along the field line within the loss cone
before being finally depleted; for simplicity herein all
electrons are treated as lost to the atmosphere at their
first encounter.

1.2.2. Test-particle formulation. The present
formulation takes as precedent that of Chang and Inan
[1985] for the precipitation at the foot of a single field
line for discrete ducted whistler propagation along that
same field line, and of Ristic-Djurovic et al. [1998] for
test-particle gyroresonance with obliquely propagating
but steady state monochromatic waves. In combining
and extending these formulations to the cover the gen-
eral case of discrete obliquely propagating whistlers,
further challenge is encountered in two areas:

i. The first area regards the interaction of a test
particle with prevailing transient, frequency-dispersing
oblique wave fields along its trajectory. Here the
basic equations of motion for oblique-mode gyrores-
onance developed by Bell [1984] (given below) and
first implemented by Jasna et al. [1992] and most re-
cently by Jasna et al. [1998] (the later which treats
the single-pass interaction of an ensemble of energetic
electrons through monochromatic steady state oblique-
mode wave fields) must be adapted to accommodate the

Figure 1. (a) Local Cartesian coordinate system at
each point C=(L,)\) along the field line corresponding
to guiding center rg.. (b) Energetic electron helix in
local Cartesian frame in which the elliptically polar-
ized wave fields are applied. The wave normal angle
0y lies in the z-z plane. (c) Gyroaveraged angle n be-
tween particle velocity vector v, (at Larmor phase ¢)
and the transverse right-hand circularly polarized wave
magnetic field vector B = 1/2 (XB} + ¥B,’) at wave
phase &.
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transient nature of the discrete oblique whistler wave
packet.

ii. The second area regards specification of the tran-
sient oblique wave fields at all points along the field
lines of interest arising from an individual lightning dis-

a) Guiding Center Coordinate System
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charge at a given location. As no closed-form expression
for the required oblique whistler wave characteristics
(wave normal angle, wave power density, and propa-
gation delay) exists, a comprehensive VLF ray tracing
methodology is employed to establish these properties.
The general relativistic equation of motion for a test
particle having rest mass m and charge ¢ in the com-
bined Earth dipole B, and oblique whistler-wave elec-
tromagnetic EV, B"Y fields may be written

f:%[EW+fx(BO+BW)], 1)

where v = 1/4/1 —v?/c? for total particle velocity
= |f|, with r measured in the rest frame. In the

absence of the wave fields (EW,B%¥=0) this equation
specifies classic adiabatic magnetic mirroring for which
the path traced by a particle consists of cyclotron mo-
tion about the static field line B, plus linear translation
along B,, which when superposed forms a helix con-
forming to the field line as depicted in Figure la. Such
helix has local gyroradius p = m~yv, /¢B and pitch an-
gle a = tan™! v /v), where v, and v are the particle
velocities transverse and parallel to B, both of which
vary with local field strength B(\) = |B,| according to
le.g., Walt, 1994, pp.42-43]

v = vcosa(A), vi = vsina()) (2a)
sin® a(A) = (B())/Beq) sin® aeq , (2b)
where Boq and aeq denote equatorial values. For a

given value of oeq, mirroring occurs at that A, for
which a(Ay) — 90°, defined implicitly by B(A,) =
Beq/ sin? 0eq- The dipole geometry and field strength
for a given field line are given respectively by

R(L,\) = Lcos®* A (3a)
1 V1+3sin® A
B(L,\) = B A
( ; ) ®L3 COSﬁA ’ (3b)

where R is the radius to points at latitude A along a
given field line, L is equal to the geocentric distance
at which the field line intersects the magnetic equa-
tor (R and L in Earth radii), and Bg is the equa-
torial field strength at the Earth’s surface, taken as
Bg = 3.12 x 1075 T. Then given some effective iono-
spheric height h, above which particles are assumed
free to mirror but below which they are considered lost
due to atmospheric collisions (that is, precipitated) the
corresponding equatorial loss cone pitch angle at the
magnetic equator oqy, is given by Inan [1977]

[m/\/1+3(1—em] ()

where €, = (1/L) (Re + hp)/(R.) and R, = 6370 km.
Hence, in this basic model, the quiescent equatorial en-
ergetic partlcle dlstrlbutlon is taken as nonzero for pitch
angles aeq > o, but void for aeq <aeq, whereupon the

sin Ol =
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presence of the whistler wave fields causes a fraction
of the electrons to be scattered to (equatorial) pitch
angles oeq <aeq, giving rise to precipitation. As an ex-
ample, for L =2 and h, =100 km, the equatorial loss
cone pitch angle is a‘c ~16.8°, and for a particle ini-
tially at this pitch angle and subsequently scattered by
~(.2° into the loss cone, the mirror altitude is reduced
to h;, = 60 km, well within the relatively dense upper
atmosphere.

1.2.3. Gyroaveraged equations of motion. At
each point C=(L,)\) along the field line, a local cartesian
coordinate system with Z || B, and % pointing towards
higher L provides a reference frame for the electron helix
and wave field components as shown in Figures 1a and
1b. Bell [1984] gives the equations of motion developed
from (1) for an energetic electron in terms of the particle
velocity v, vo parallel and perpendicular to # and the
gyroperiod-averaged phase angle 7 between the particle
velocity vector, at Larmor phase ¢, and the suitably
decomposed right-hand circularly polarized component
BR = 1/2(XBy + §BY) of the wave total magnetic
field vector BY, itself at generalized wave phase ® =
Jwdt — [k-dr [cf. Bell, 1984; Jasna et al., 1993; and
Figures 1b and 1]

w2
. _ % 1 /UJ_ awh
by = m’yk sing — o, Bz (5a)
01 = —[wi(vAR1)Jo(B) — wa(v,—Ry)J2(6)] sing
VU &uh
2w, Oz’ (5b)
’f] = ‘fﬁ — W — k 1)”, (5(3)
Y

where w is the instananeous whistler wave frequency,
wp /v = qB°/m is the local relativistic gyrogrequency
of the energetic electron, and

— kZUL/wh )

kcosO, = %n(Gk) cos Oy,
ksin@y = %n(@k) sin 0y, ,

w? = W2, [Jo(B) — a1 Ja(B) + yaa i (B)]

wr, = wikvy,

wip = (g/2m.)(By + By),

a = wifws,

oy = qE/(mywivy),

R, = (BY + E))/(By £ By),

where n(6}) is the refractive index for wave normal an-
gle O with respect to Z (Figure 1b and Section 2), and
Jo,1,2 are Bessel functions of the first kind. Especially
important is the value of k, in the fundamental reso-
nance condition found by setting (5¢) equal to zero so
that the time rate of change of the angle n (Figure 1c)
is nominally zero
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(6)

When this condition is satisfied the Doppler-shifted fre-
quency of the wave as seen by the energetic particle is
matched to the particle’s cyclotron frequency, and the
gyroaveraged electromagnetic wave fields appear tem-
porarily stationary in the particle frame. When this
match prevails for some appreciable distance (or equiva-
lently, time) along the field line, appreciable cumulative
scattering can take place depending on the particular
value of 5 in (5a) and (5b) unique to each particle.

Substituting v = (1—v?/c?)"1/2 with v? = v2/ cos® a
(where «a is local particle pitch angle) and solving the
resulting quadratic equation for parallel velocity yields
the condition for oblique-wave gyroresonance

ﬁ:wh/ql—w»—kz v, =0,

—wk,+ \/w2k§ + (w,zl 2) (k2 +m)

» (7)

Ures =
2

k2 Yh
c2cos? a

The value of vyes indicates the parallel velocity which a
particle must have in order to be in resonance with the
wave, where in general all quantities are understood to
be functions of magnetic latitude A along the L shell to
which the particle guiding center is bound. The plus or
minus sign on the radical indicates resonance for par-
ticles either approaching (positive root) or overtaking
(negative root) the wave, the former which includes
electron energies in the keV to MeV range, the later
which is limited mostly to the MeV range. Following
previous formulations, counterstreaming electrons (pos-
itive root) are considered herein, for which the generally
lower resonant energies permit more appreciable scat-
tering for equivalent wave intensities.

1.2.4. Oblique whistler wave fields. The wave
fields E¥, B" at each point C' are developed after
Stiz [1962], where for a general magnetoplasma de-
scribed by a suitably defined anisotropic dielectric ten-
sor K for static field B,, the phasor solution to the time
harmonic Maxwell equations

VxE =
VxB

—]QJB ’
(jw/c*)KE,

gives electromagnetic field component ratios expressed
in the coordinate system of Figure 1b

Ey _ _iD,
E.  S.—

E, _ ngn,
n?’ E,  nZ2-P,’

P,n, B, iDyny
= (P, —n2)? E.  c¢(8,—n2)’

Bo _ —iDyn; By
E.  c(S.— 7)’ EE

8)

with refractive index components n, and n, transverse
and parallel to B, given by

9)

where the angle 6 of the k vector (normal to planes of
constant wave phase) measured with respect to Bo is
taken to be in the -z plane (Figure 1b). The squared

ng =nsinf, n, =n cosb,
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total refractive index is given by

e B/(R, L P,S,)? sin® 0, +4P2D? cos? 6 W)

24
with the sign on the radical chosen such that n? > 0,
and with A and B given by
A=8,+(P;—8,)cos? by,
B =P,S; + R,L; + (P;S, — R,L,) cos? 0,

where, for wave frequency w = 2r f and for k species of
charge g, the Stix parameters are

Ss;(Rs+Ls)/2, D;=(Rs—Ls)/2, P3=1—Ek “_’132’1
w
Rszl—zkwL;(w'Hdhk) Ly=1- Zk (“"“’"")

where w2, = Niqi/e,my, and wpr = g B°/my.
From the ratios in (8) the magnitude of the time-
averaged Poynting flux S* =< |S¥|>, where S* =
(1/2) Re {E™ x B% /u}, may for convenience be related
to the single reference component By as [Bell, 1984;
Jasna et al., 1993]

fB;,”|2 — ZcﬁSsz

n cos

) \/(tan9k—P1P2)2 +(1+p3X)%, (11)

where X = P, /(P; — n?sin® 6) and

Ew

E‘lll
p=gy=

—_ nz—S’,

(n?—5,)n?sin 0, cos 0
P2 = Ew D,

D, (n?sin? 6, —P,)

Thus, for a specified cold plasma supporting oblique
waves having wave normal angle 6;, and wave power
density S*, the full wave field components required by
(5) may be found from (11) and (8).

2. Oblique Whistler Model
2.1. Oblique Whistler Simulation

The required oblique whistler wave fields at any point
are completely specified by the propagation delay or
group time t, (the variation of which gives the f-¢ dis-
persion), the wave normal angle 6 and the wave power
density S¥. In general these parameters vary with
frequency and location throughout the magnetosphere
and as such may be written t,(}, f, L), 6x(), f, L), and
SY(A\, f,L).  As no closed-form expression for these
wave properties exists, a comprehensive VLF ray trac-
ing methodology is developed to determine these quan-
tities after the pioneering efforts of Edgar [1976], as fol-
lows.

The propagation of whistler-mode electromagnetic
waves in the magnetosphere is determined largely by
the static Earth magnetic field and cold plasma density
gradients. Here the Earth field is taken to be dipolar,
and the cold background plasma density is assumed to
be in a state of diffusive equilibrium along any par-



29,750

LAUBEN ET AL.: OBLIQUE WHISTLER ELECTRON PRECIPITATION

' density (/cc)

Cold Eléctl'lon Density Radial Profile along A=0 |

T T T T T T T R R I eRe St A e ate it

_ P,i'qfi|e R

—— ,
4 5 6 7

L—shell (Earth radii)

Figure 2. Assumed cold plasma equatorial density radial profile used for ray tracing.

ticular field line [Angerami and Thomas, 1964], and to
vary smoothly throughout the magnetosphere. Figure 2
shows the assumed equatorial electron density profile
set to match (approximately) the form log g Neg(L) =
—0.31 L + 3.90 (dashed-line) offered by Carpenter and
Anderson [1992] for poststorm conditions, extending to
a plasmapause “knee” L value [Carpenter et al., 1971]
sufficiently high to permit the ray paths to reach L > 4.

Using the Stanford VLF ray tracing program [Inan
and Bell, 1977], bundles of ray paths for each frequency
f of a set spanning 200 Hz to 10 kHz are traced from
the topside ionosphere throughout the magnetosphere,
and the wave properties at the ensuing ray path/field
line intersections are tabulated along selected L shells
of interest over 1.8 < L < 4.0. Plate 2 shows a rep-
resentative ray bundle for the whistler packet midband
frequency f=>5 kHz. Here rays are injected at altitude
h; = 1000 km over the latitude range 15° < \; < 62°
with initial wave normal angles at the injection points
taken as locally vertical, representing the mean value
for the cone of wave normal angles transmitted through
the horizontally stratified ionosphere [Helliwell, 1965).
Rays are traced over the first traverse through the mag-
netosphere until at the southernmost latitudes the wave
normal angles become highly oblique, leading either to
possible landau damping [Thorne, 1968; Sazhin, 1991]
and/or total internal reflection within the magneto-
sphere (MR reflection) [Draganov et al., 1992; Ristic-
Djurovic et al., 1998], depending on the prevailing hot
plasma density distribution. For brevity, consideration

is limited herein to the primary effect induced by the
first traverse of the whistler through the magnetosphere.

In Plate 2 the sequence of dashed lines transverse to
the ray paths indicate wavefronts advancing at the ray
group velocity, while the solid circles along L = 2.6 in-
dicate a representative set of ray/L shell intersection
points at which the group propagation time and wave
normals (short line segments rooted along L = 2.6)
are available directly. Here the particular ray paths to
these intersection points are shown heavier for clarity.
A rather fine injection latitude spacing of A\; = 0.15°
and corresponding high spatial density of rays is neces-
sary to ensure a suflicient number of ray path/L shell
intersections in order to adequately sample the variation
in wave properties along all L shells of interest. In the
Southern Hemisphere the rays become naturally field-
aligned for considerable distance so that the crossings
become sparse; here the wave properties are interpo-
lated from closest approach rays on either side of the
field line.

Ray tracings are repeated at 200 Hz spacing for fre-
quencies 200 Hz < f < 10 kHz. As the frequency is
changed the corresponding variation in refractive index
value (10) alters the propagation delay and ray path
curvature. This curvature variation warrants special at-
tention as illustrated in Plate 3, which shows ray paths
for two representative frequencies near the limits of the
broadband whistler frequency range, namely f=1 kHz
and f =10 kHz, plotted in two equivalent coordinate
systems for clarity. Referring to Plate 3a, rays at higher
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frequencies (f =10 kHz) generally exhibit tighter radius
of curvature than those at lower frequencies (f =1 kHz),
while rays at intermediate frequencies vary in a smooth
manner between these representative limits.

An important consequence of this frequency-
dependent curvature is that for any two distinct fre-
quencies to reach the same point C = (L, ), as they
must do in order to account for the coherent oblique
whistlers actually observed [Lauben et al., 1999], they
must originate at different ionospheric injection lati-
tudes as illustrated. Then even as the wave energy
follows distinct paths to reach C, phase coherency is
maintained throughout the whistler packet by virtue of
the essentially simultaneous impulsive VLF wave ex-
citation over all input latitudes and assumed smooth
variation of the magnetosphere, considered on respec-
tive time and spatial scales set by the whistler mode.

While the group time ¢, and wave normal angle 6,
are available directly at the intersection points, the local
wave power density S* must be assessed from the com-
bined effects of geometric ray-bundle defocusing and
whistler-mode frequency-time dispersion determined by
comparing rays launched at incremental latitudes and
at successive frequencies. Accordingly, the wave power
density is expressed as S* = S’ Sy, where S}’ is the ge-
ometric defocusing factor and Sy is the dispersion fac-
tor, and where S’ and Sy’ together vary in a way which
conserves the total wave energy entering the magneto-
sphere. More specifically, the first factor S}’ is associ-
ated with the change in wave power density transverse
to the direction of power flow which occurs as the ge-
ometric cross-sectional area varies with increasing dis-
tance along the ray paths. This area varies in two di-
mensions as (1) the separation between a pair of rays
emanating from adjacent launch points within the same
meridional plane varies with position along the rays due
to ray bundle defocusing (labeled as “width variation”
in Plate 3a), and (2) the separation between two implied
adjacent meridional planes containing mirror-image ray
bundles at infinitesimal angular separation varies with
distance from the Earth. Thus the cross-sectional area
is defined by four rays in total (two in each mirror-image
meridional plane), and S}’ is estimated from the ratio
in area at each ray/L shell intersection point to that at
the ray launch points.

The second factor S is associated with the frequency
dispersive nature of the medium which causes the elec-
tromagnetic energy of the whistler wave packet to be-
come spread out in space along the direction of prop-
agation with increasing distance along the ray paths.
This effect is illustrated in Plate 3b by the two dark
patches indicated by the two arrows which show the
comparative length of a 1 kHz bandwidth pulse at both
early (t=0.02 s) and later (¢=0.43 s) times. This longi-
tudinal spreading likewise reduces the local energy den-
sity in a manner independent from ray bundle defocus-
ing. To conserve wave energy, Sy obeys the relation
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W = S¥ [0t,/0f])"! (after Chang [1983]) where S¥ is
the reference input spectrum at the ray injecting points,
and Oty /0f is estimated numerically at each point from
the variation in group time (), f) between successive
frequencies.

2.1.1. Oblique whistler wave packet. In gen-
eral, ty, 0 and S™ are tabulated over frequency along L
shells spaced at AL = 0.2 over the range 1.8 < L < 4.0,
and afterward interpolated onto a finely spaced uniform
latitude grid with AX < 0.1° required by the resonance
scattering calculation. Plate 4 shows the resulting dy-
namic behavior and characteristic properties of the sim-
ulated whistler wave packet. Plate 4a (top left) shows
wave packet snapshots at four selected times (¢ = 0.01,
0.15, 0.5, and 1.5 s) color-contoured at 1 kHz intervals.
Note that in general the spatial extent of the packet
grows at higher latitudes as the ray paths diverge and as
dispersion causes the lower frequencies to lag behind the
packet leading edge at later times. Note also the sub-
stantial increase in arrival time to the magnetic equator
(and beyond) for higher L shells as compared with lower
L shells, and how for later times (e.g., t=1.5 s) at high
L shells (e.g., L=4) the leading edge is no longer de-
fined by f=10 kHz, consistent with the development of
a whistler “nose” (i.e., the frequency of minimum de-
lay, see Plate 4b for L=4, A=0), where this term, origi-
nally applied to ducted whistlers received on the ground
[Helliwell, 1965] is here extended to the case of oblique
whistlers within the magnetosphere. Plate 4b (top
right) shows the dispersing whistler f-t traces which
are “observed” from the simulation at L = 2, 3, and
4 at magnetic latitudes A = —20°, 0°, and 20° as the
wave packet passes these fixed points. Note once again
the large difference in arrival times over the range of
L values, and the development of the whistler nose at
frequencies f <10 kHz at higher latitudes for higher L
shells.

Figures 4c, 4d, and 4e show wave field properties
which develop along representative L = 2.0. Plate 4c
shows the group time ¢, over latitude A, parametric in
frequency f, which by comparison with the lower panel
of Plate 4b for L=2 can be seen to lead to these indi-
cated f-t traces. In like manner, Plate 4d shows the
variation in effective wave power density normalized to
1 W m~2 Hz™! at the ray injection points. Note that
the wave power decreases by ~ 30 dB near the magnetic
equator owing to the combined effects of S and SY,
increasing somewhat at locations south of the equator
(more so at higher frequencies) from the reconverging
ray paths (see Plate 2). This form and amount of wave
power density variation is typical for most frequencies
along most L shells. Finally, Plate 4e shows the varia-
tion in wave normal angle with A, seen to vary nearly
linearly with latitude and essentially identically for all
frequencies except at the southernmost latitudes; this
behavior is typical for all L shells, although the 6())
slopes differ somewhat for each L shell.
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Oblique Wave / Energetic Particle Interaction
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Plate 1. Lightning-induced electron precipitation (LEP) from oblique wave/energetic particle scattering along
a particular magnetic field line. The lightning discharge leads to oblique mode propagation throughout the
magnetosphere so that particles along field lines both inside and beyond the field line shown are also affected.
The event sequence 1-4 is discussed in the text.

i=3

Plate 2. Representative oblique whistler-mode ray path bundle for f=5 kHz. Dashed lines show wavefronts at
the indicated group times; solid circles indicate ray/L shell intersections for (representative) L=2.6. Actual ray
spatial density used is twice that shown. Propagation group times are in seconds.
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a) Ray Convergence (Spherical Coords.) b) Ray Convergence (Rectiinear L-A)
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Plate 3. Ray convergence to a common point C from distinct injection latitudes for f=1 kHz and f=10 kHz rays,
shown in both (a) geophysical and (b) rectilinear L-) coordinates. In general, rays at higher frequencies exhibit
tighter radius of curvature as shown. The two sets of arrows in Plate 3a indicate the variation in separation
between two adjacent f=1 kHz (co-meridional) rays. The pair of arrows in Plate 3b indicate dark patches which
depict pulse stretching due to f-t dispersion for a 1 kHz bandwidth (exaggerated for clarity) at times ¢=0.02 and
0.43 s. The much shorter pulses along the f=10 kHz ray paths (the second beyond point C) in Plate 3b are for
the same two times.
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density profile; (c) wave power absorption through the ionosphere (quiet nighttime
conditions).
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Plate 6. (left column) Lightning energy incident at 4, = 1000 km where
tracing starts after accounting for coupling loss and ionospheric
absorption, for lightning at latitude A, = 20°, 30°, 40°, and 50° (bottom
to top), for model parameters given in the text. (center column) Wave
power spectral density profiles versus latitude for the indicated slices
along constant longitude. (right column) Whistler B;’ component.
intensities for f=5 kHz throughout the magnetosphere, after accounting for
ray bundle defocusing and f~¢ dispersion as determined by ray tracing,
shown over all time. Equatorial intensities along the most strongly
illuminated ray paths range ~10 to 30 pT.
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2.2. Lightning-Magnetosphere Illumination
Model

The whistler model developed thus far assumes
a normalized wave input power spectral density of
1 Wm—2Hz ! at all ray injection points and for all
frequencies. In order to accurately determine the lat-
itude/longitude extent of the magnetospheric region
over which significant scattering and precipitation oc-
curs it is necessary to take into account the strong spa-
tial dependence and nominal frequency dependence of
the electromagnetic wave intensity radiated by a par-
ticular lightning discharge occurring at a specified loca-
tion.

Plate 5 illustrates the approach and assumptions used
to estimate the radiated wave spectral power density
at magnetospheric altitude h; = 1000 km where ray
tracing begins. Plate 5a shows the location within
the Earth-ionosphere waveguide of the assumed light-
ning discharge (where R; = 0 corresponds to a given
source geomagnetic latitude A,) and the association be-
tween a representative point (Ry,£) at which wave en-
ergy enters the ionosphere at altitude h, = 100 km
and the location at which the ray tracing wave input
power is specified at h; = 1000 km. Then for a verti-
cal cloud-to-ground lightning discharge, from the defi-
nition for current I = dQ/dt and lightning dipole mo-
ment M = 2h.QQ, where h, is the height of the initial
+(Q charge above ground, the electric field at a distant
point (Ry, &) is given by Uman [1984, p. 61]

o ] -t on 4] 0

where Ry is the distance from lightning source to obser-
vation point, £ is measured with respect to local vertical
and where the brackets [] denote evaluation with time
delay t, = Ry/c. Radiation at VLF frequencies can be
modeled using the discharge current proﬁle [after Cum-
mer and Inan, 1997]

E=p,

I(t) = L(e™™ —e™®), (13)
giving radiated far-field time domain electric field E and

power spectral density S{w)

E —u(,:”;f (2h.I,) [ae® —be ™],  (14)
pohelo\" (sing w? (a—b)*
Sw) = Zo< 2 ) ( R, > (w2 +a?)(w?+b2)’ (15)

where Z,=377 1 is the impedance of free space and a
and b are spectrum model parameters.

In general, the impulsive cloud-to-ground light-
ning discharge radiates electromagnetic wave energy in
all directions within the Earth-ionosphere waveguide
(Plate 5a) according to (15). However, since (15) is
for unbounded radiation, the ideal factor 1/R,* must
be modified to account for additional subionospheric
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attenuation due to absorption and wave mode inter-
ference. For the present work it is sufficient to adopt
the approach of Inan et al. [1984], which notes from
the multimode waveguide calculations of Crary [1961]
that to first order the radiated power falls as 1/R,*
for 100 km < Ry < 1500 km and 2 dB/1000 km there-
after for Ry > 1500 km (for points measured along
the ground). Accordingly, the wave power density for
points along the base of the ionosphere is taken to be
that given by (15) but with the 1/R,> factor modi-
fied to match the indicated power versus distance pro-
file. Then since only a fraction of this power is di-
rected vertically upward (especially at large Ry), an ad-
ditional factor cos £ is applied to (15) to conservatively
estimate the available power flowing across the free-
space/ionosphere boundary. A typical resulting pattern
is shown in Plate 5a as the double-peaked profile situ-
ated at altitude hy = 100 km (relative scale). Then
after accounting for coupling and polarization loss (3
dB) the wave energy is taken to propagate vertically
from h =100 km to h; = 1000 km where ray tracing
begins, suffering significant additional absorption along
the way owing to collisional losses occurring primarily in
the denser regions of the ionosphere (100 <h <700 km,
Plate 5b) after the frequency- and latitude-dependent
loss profiles taken from Helliwell [1965] and reproduced
for reference in Plate 5c. A representative wave power
profile at h; =1000 km in the magnetosphere is shown
in Plate 5a (using the same relative scale as the profile
at hp = 100 km) which matches low-altitude satellite
overflight measurements of ground-based VLF trans-
mitter signals [Crary, 1961; Rastani et al., 1985]. Fi-
nally, lightning discharge current parameters a=5x 103,
b =1 x 10% are selected to give a typical spectrum
broadly-peaked between f=2 and f =6 kHz, and stroke
height h, = 5 km and reference current |I,| = 10.53 kA
are adopted to give rather strong but not uncommon
whistler intensity values B;’ ~ 10 to 30 pT at points
along the magnetic equator matching in situ measure-
ments [Lauben, 1998; Lauben et al., 1999].

2.3. Complete Oblique Whistler Model

The lightning illumination model is evaluated for the
set of source latitudes A\; = 20°, 30°, 40°, and 50°,
and applied as input to the normalized whistler model
of the previous section. Plate 6 shows column-wise
from left to right (1) lightning magnetospheric illumi-
nation contours for representative midband frequency
f=5 kHz at the injection altitude h; = 1000 km as
seen from overhead the lightning source, (2) power spec-
tral density profiles versus latitude for both central and
slightly off-center longitudinal meridians (to avoid the
dipole pattern null) indicated by the dashed vertical
lines in the adjacent contour plots, and (3) the result-
ing whistler B wave field spatial intensity patterns
evaluated throughout the magnetosphere (from (11))
in the off-center meridional plane, for all time. Each
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lightning source is seen to lead to a maximum wave
intensity in the range ~10 to 30 pT for some point
along the magnetic equator at an L shell higher than
that of the source. These wave magnetic field inten-
sities with the f-t forms and wave normal angles of
Plate 4 are well representative of a fundamental class
of oblique whistlers commonly observed in the magne-
tosphere [Lauben, 1998; Lauben et al., 1999].

3. Precipitation Signatures
3.1. Scattering Calculation

The scattering calculation procedure is similar to
that of Chang and Inan [1985]; here a concise overview
will suffice. Referring to Plate 7a, as the wave prop-
agates from northern to southern latitudes (Plate 4),
at each of a succession of wavefront encounter latitudes
Awr along a given L shell of interest, a distribution of
northward streaming energetic electrons (1 keV up to 3
MeV in general, but tailored to each Awf and L) having
pitch angles initially at the edge of the loss cone enters
the advancing wave packet. The test particles subse-
quently undergo gyroresonance scattering at locations
Ares > Awt for which the resonance condition (7) is sat-
isfied specific to each particle’s local parallel velocity
v);. The wave fields which prevail along each test par-
ticle trajectory are determined by first noting the time
of initial wavefront encounter tws = t,(Awt, f5;) defined
by the group time required for the leadmg frequency

£ ¢ to arrive at Awr (see Plate 4b), and thereafter accu-
mulating the particle transit time ¢,(\) associated with
the particle advance through the wave packet to track
the overall total laboratory time 155(A\) = twr +2,()) at
each integration step. Knowledge of #1,5(A) at each step
prescribes the instantaneous frequency f(\) < f; seen
by the particle whose group time matches the lab time
tg(A, f) = tiab(A), and this knowledge of (), f) in turn
selects the corresponding wave normal angle (], f)
and wave power density S* (), f) at that point in space
and time.

Each value of initial parallel velocity v), spanning
the range of resonant energies at resolution Ay, =
0.1 x 10° m/s is applied to a constellation of twelve
test partlcles all having initial loss cone pitch angles
Qgq = Qqq (from (4)) distributed uniformly over initial

- relatlve Wave—part1cle gyrophase 7, between the particle
velocity and wave BE vectors (Equation (5¢) and Fig-
ure 1c), since he specific value of 71, determines whether
a given particle is scattered to ultimately greater or
lesser pitch angle. As the equations of motion are in-
tegrated over latitude A\ each particle takes a unique
trajectory in velocity-gyrophase space {v” UL, n} o in-
dexed to 7,, and at the point of exit from the wave
the final pitch angles of = tan='v, /v are calcu-
lated and adiabatically mapped to corresponding equa-
torial reference values ae{l. These aefq are subtracted
from the assumed initial af, = o, value to obtain the
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set of pitch angle deviations Aaeq(v)o,70) over initial
velocity v), and gyrophase 7,, where the set of final
scattered pitch angles ag’q may thus be recovered from
av);q(vllo:no) = aiq + Aaeq(v]}ovno)' In genera‘lv rOUghly
half the particles are scattered to larger pitch angles
(Aceq > 0) and half to smaller pitch angles (Aaeq < 0)
the latter with correspondingly lower mirror altitudes.

It necessary to also account for those particles not
initially at the edge of the loss cone which are nonethe-
less scattered to some angle o, < o, within the loss
cone. As it turns out, the set of dev1at10ns Adeq(V)j0,10)
remain essentially unchanged as the initial pitch an-
gle a(;q is varied even up to several degrees to either
side of the loss cone; thus the one set Aceq(v),,7)
may be apphed to the remaining aeq over the range
o, < ofy < (0, + max|Aaeq)) to efficiently complete
the calculation. The full set of test particle deflections is
then convolved with an assumed ambient energetic elec-
tron phase space density fi (vg Qeq) scaled to give ref-
erence flux j, = 1x108 el cm™2 57! keV~! at E=1 keV
having velocity dependence f,~1/v% (after Inan et al.,
[1982], Ristic-Djurovic et al. [1998]) and taken as ini-
tially void for aeq < al¢ o (Plate 7b), to determine the
perturbed phase space densmy fp(v”, Qeq), Which gen-
erally becomes non-void for aeq < o, (Plate 7c). This
perturbed fP(v), aeq) is then converted to an equiv-
alent flux distribution function j(E,aeq) suitable for
subsequent calculations [Chang and Inan, 1985b], with
mapping (v), Qeq) = (E, 0ieq) after Ristic-Djurovic et al.
[1998].

This procedure is repeated for wavefront latitudes
Awt over the range —36.5° < Ay¢ < 32.5° at spacing
Adyr = 1°, and the resulting set of wavefront-indexed
flux distribution functions jur(E,aeq) are integrated
over the loss cone (0 < aeq < o), adjusting for
solid angle and magnetic flux tube convergence [Ristic-
Djurovic et al., 1998] for the L shell dependent precip-
itation latitude A, given by

cos®> A\p = (Re + hy) /(L R,), (16)

where h, is the assumed precipitation altitude, and
then combined to give the precipitation flux signature
®(E,t) at the foot of each L shell (Plate 7d) according

to
\/1+ 3sin? ),
2t ——

6
cosb A,

2

Awt

B(E,t) =

Jwt(E,a) cosa sinada, (17)

where the summation ) indicates the superposition of
the consecutive wavefront-indexed precipitation energy-
time (E-t) profiles which develop as each ju¢(E,a) is
adjusted for the energy-dependent particle transit time
required to reach A, from each Ay¢ [Inan et al., 1982).
Finally, the number of precipitating electrons N (t) and
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Scattering Trajectories for y=231.6x 10°mss, A =—125, L=2.2
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Figure 3. Typical oblique resonance and scattering trajectories (top down): (a) frequency f (kHz) and wave
intensity By (pT) (on common log scale) seen by a particle moving along L = 2.2 with initial equatorial velocity
V||,eq = 231.6 X 10° m/s and entering the wave packet at Aws = —12.5°, (b) resonance parameter € = (V)| —Vres) / Vres
with 1% resonance band shown, (c) wave-particle relative gyrophase 7 (dotted, with one trajectory shown solid
over the latitude range of strongest interaction) for twelve test particles sharing v|| o4, distributed uniformly over
initial phase 7,, also, wave normal angle ) (solid), (d) resonance velocity vres and scattered particle parallel
velocity vy (X, 7o) for these twelve particles, (e) resulting Aceq (A, 7,) scattering trajectories; with max |Aceq| over

7, indicated.

the associated energy flux Q(t) which they represent are
found by integrating ®(E,t) over energy

N(t) = /E PR (18)

Q) = / E 8(E,1)dE (19)
E>E,

where a lower limit of integration Eiy is introduced to

explore the energy dependence of these results and to

facilitate comparison with particle detector measure-

ments made above some given minimum energy sen-
sitivity threshold.

3.1.1. Scattering trajectories Figure 3 shows
the set of scattering trajectories {v" U1, n}no for a rep-
resentative case of twelve test particles sampling 7,
having v} = 2.316 x 108 m s~!, traveling north-
ward along L = 2.2, and entering the whistler wave
packet at A%, = —12.5° (Plate 7a). Figure 3a (top
panel) shows, on a common log scale, the frequency
(solid line) and wave magnetic field B;’ component in-
tensity (dashed line) seen by these 12 particles. Here the
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wave intensity ranges ~16 to ~8 pT as the frequency
falls from f=10 kHz to 300 Hz (and lower for A > 5°).
Figure 3b shows the value of the resonance parameter
€ = |(V) —Ures) /Vres| With a 1% resonance band indicated
(appropriate for this velocity). Figure 3¢ shows, on a
common scale, the wave normal angle 6 ~ 60° (solid)
and the 12 gyrophase (A, 1,) trajectories (dotted), ini-
tially uniform over £180° (i.e., for A < 12.5°) and sub-
sequently altered during resonance, with one trajectory
shown solid over the range of latitudes for which 7 re-
mains within a ~ /2 band, representing a particularly
extended solution to (6) for which the cumulative scat-
tering is maximized. Figure 3d shows the twelve paral-
lel particle velocity trajectories v) perturbed from their
otherwise adiabatic values during resonance, as well as
the vres curve from (7) corresponding to A,f = —12.5°.
Last, Figure 3e shows the resulting pitch angle devi-
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ations Adeq(A,7,) from the otherwise constant equa-
torial loss cone value alf;l = 14.28°. The peak abso-
lute deviation max |Aaeq| (over 7,) is indicated at the
right-side end of this panel, where for the present case,
those particles most scattered have been deflected by
max [Aceq| ~ 0.4° into the loss cone. This (v7 ., Ayy)
pair happens to be that combination for which the wave-
particle interaction length is maximized, thus leading to
the maximum peak |Aaeq| deflection for any set of par-
ticles traveling along this L shell.

Since for the conditions considered herein particles
are scattered predominantly via momentum deflection
induced by the wave magnetic field (versus accelera-
tion by the wave electric field), and since in addition
no prolonged particle Larmor-phase bunching occurs
(as would indicate opportunity for reradiated coher-
ent waves), no significant wave-particle energy exchange
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Figure 4. Precipitation signatures for A\; = 30° at the foot of three L shells sampling the region of maximum
wave intensity (Plate 6¢.3). Top to bottom: loss cone differential flux ®(E,t), total electron flux N(¢) and total

energy flux Q(t) deposited to the upper atmosphere.
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Plate 11. Precipitation hotspot sequence for A, = 50°, E > 100 keV. Format same
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Figure 5. Precipitation signatures for A; = 40° at the foot of four L shells sampling the region of maximum
wave intensity (Plate 6b.3). Format same as for previous figure.

takes place and to first order, the waves are neither am-
plified nor damped during the interaction. This decou-
pling permits the whistler intensities to be established
a priori and applied without subsequent adjustment.

3.2. Precipitation Signature Case Studies

Precipitation signatures for several cases are pre-
sented here. It is of interest to explore the manner in
which the precipitation signatures vary depending on
the particular “cut” made by a field line through the
spatially varying whistler intensity patterns shown in
the right most columns of Plate 6. The three figures
show the variation in signatures for respective sets of
three adjacent L shells (AL = 0.2) straddling the most
intense ray paths illuminated by lightning at latitudes
As = 30°,40°, and 50°.

3.2.1. Lightning source at A\, = 30°. Figure 4
shows the case for a lightning source at magnetic lati-
tude A; = 30°. The top row shows differential electron
flux ®(E, t), the second row, electron number flux N (¢)
and the lower row, precipitation energy flux Q(¢), for
L =20, 2.2, and 2.4. Note that in this case although
the maximum electron number flux N(¢) occurs for
L=2.4, the maximum energy flux Q(t) actually occurs
for L =2.0 since the generally higher resonant energies
of these scattered particles for L = 2.0 offset for their
reduced number flux. This contrast stresses the signif-
icance of the assumed spectral hardness (f, ~ 1/v%) in
computing ®(E,t), N(t), and Q(¢) from Aceq.

3.2.2. Lightning source at A, = 40°. Figure 5
shows the case for A; = 40°. Here the effective energy-
time slope of the constant ®(E,t) flux contours (i.e.,
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Figure 6. Precipitation signatures for A; =50° at the foot of four L shells sampling the region of maximum wave
intensity (Plate 6a.3). Format same as for previous figure.

upper edges of the constant grey-level regions) varies in
a systematic manner depending on whether the maxi-
mum wave intensities are encountered relatively close
to, or far from, the lightning source. Specifically,
with reference to the L shell having maximum equa-
torial wave intensity (L ~ 2.8 at the representative fre-
quency f =5 kHz, Plate 6b.3), at higher L shells the
strong wave intensities south of the magnetic equator
combine with the longer interaction lengths along these
higher field lines (which expressed in degrees of lati-
tude A hold roughly constant), to the effect that parti-
cles arriving relatively late after the lightning discharge
are those most strongly deflected, giving upward slop-
ing contours in the ®(E, t) signatures (e.g., for L=3.0).
Conversely, at lower L shells the strongest wave intensi-
ties are encountered closer to the lightning source with
the result that particles arriving relatively soon after

the discharge are those most strongly deflected, giving
downward sloping contours (e.g., for L = 2.6). This
systematic slope variation occurs over sufficiently sepa-
rated L shells for any lightning source, as a direct result
of the cross-L propagation of the ray paths.

3.2.3. Lightning source at A\; = 50°. Figure 6
shows the case for A\, = 50°. Note the tremendous flux
of ~10 keV electrons (exceeding 1 x 10° el cm~2 s71)
precipitated over 3.4 < L < 3.8 (and also outside this
range) in response to this high-latitude lightning dis-
charge. Note that the peak energy fluxes are on the
order of several tens of milli-ergs cm~2 s™!, compara-
ble to weak auroral fluxes, albeit persisting for only a
short time after the discharge. These flux levels are
especially intense due to the combination of very long
interaction lengths, higher available flux, and reduced
momenta of the generally lower resonant energy (and
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Figure 7. Comparative precipitation energy flux pulses at L=2, 3, and 4 (bottom to top) for A\; =30°, 40° and

50° (left to right).

thus more readily deflected) particles at these high L
shells, since the peak whistler intensities are essentially
no greater than those which occur for other lightning
source latitudes. This result suggests that of all factors
considered, the variation in linear interaction length
with L value may well be the most dominant in deter-
mining which L shells are most affected on average for a
typical global-average distribution of lightning sources
covering many tens of degrees of latitude.

3.2.4. Summary over L and \,. Figure 7
presents Q(t) signatures at the foot of L=2, 3, and 4
(bottom to top rows) for lightning locations A, = 30°,
40°, and 50° (left to right columns) on common log
scales for direct comparison. Note that the arrival of
the precipitation pulse for lower L shells always pre-
cedes that for higher L shells. This earlier arrival at low
L shells is due to both the shorter propagation paths for
the wave and the faster velocities of the generally higher
resonant energy particles. Conversely, the later arrival
at high L shells is due to the longer wave paths and
slower velocities of the generally lower resonant energy
particles. Note also the regularity in precipitation onset
delay for each L shell. These pulse timing relationships
are independent of lightning source latitude since for
any interaction region, the wave propagation time and
resonant particles energies are governed by the assumed
(common) cold plasma properties; as such they reflect
the state of the magnetosphere.

In contrast, the pulse intensity variation versus L
shell (or equivalently, versus precipitation latitude) di-
rectly reflects the lightning source latitude in accord
with the respective whistler spatial intensity patterns

of Plate 6. That is, at L = 2 the energy flux is great-
est for A\; = 30°, at L = 3 the flux is greatest for
As = 40° and at L = 4, for A; = 50°, consistent with
the equatorial crossings of most intensely illuminated
ray paths. For A;=30° the peak flux at all three L
shells is nearly equal despite the reduced whistler inten-
sities for L> ~2.5 due to the increased linear interaction
lengths and greater abundance of generally lower reso-
nant energy (and thus more easily deflected) particles at
high L shells. These factors, intrinsic to wave-particle
gyroresonance in a dipole magnetic field for such typ-
ical prevailing energetic electron spectra, combine to
promote generally enhanced scattering efficiencies and
greater flux at higher L shells for equivalent wave in-
tensities at respective L-adjusted resonant frequencies.
For A\; =30° these factors just balance the decreasing
wave intensities to maintain nearly constant peak flux
over all L shells, while for A; > 30° these factors rein-
force the peak wave intensities to give greatly increased
flux for higher L shells.

4. Precipitation Hotspots
4.1. Hotspot Dynamic Behavior

In the previous section the precipitation energy-time
signatures ®(E,t) and associated energy flux profiles
Q(t) were calculated for selected L shells contained in
a single magnetic meridian. Here consideration is ex-
tended over a range of magnetic meridians displaced up
to several tens of degrees in longitude from that of the
lightning source to determine the extent and behavior
of the two-dimensional dynamic precipitation footprints
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or “hotspots” which develop over extensive ionospheric
regions. As a practical matter, the energy flux Q is
first calculated for a fixed set of L shells and longitude
displacements & (cf. Plate 6) and subsequently interpo-
lated to form the quantity Q(),,d,t), where the triple
(Ap,d,t) denotes evaluation of the energy flux over es-
sentially continuous values for magnetic latitude, lon-
gitude and time, and where (16) is employed to map
L — ). For convenience in the discussion to follow,
Q()p,0,t) is referred to equivalently as Q(L, d,t) by this
same mapping.

The next four figures each present three reference
plots along the top row and a succession of two-
dimensional spatial slices through Q(\p,d,t) taken at
fixed time steps and projected onto geographic coordi-
nates using a simple tilted-dipole mapping (sufficient
for illustration purposes). These slices show precipita-
tion hotspot development over space and time, and in
particular their substantial displacement poleward rela-
tive to the location of the causative lightning discharge.
Results are shown for several lightning source latitudes
and lower energy limits Fyp, used in (19).

4.1.1. Lightning source at \; =30°, all energies.
Plate 8a (top left) repeats for reference the magneto-
spheric whistler wave intensity pattern of Plate 6c.3.
Plate 8b (top center) shows an overlay of the individual
precipitation energy flux profiles Q(L,d = 0,t) of the
type shown in Figure 7 evaluated for selected L shells
spanning 1.8 < L < 4.0 in the central meridian. In
this case the highest peak flux occurs at L = 2.0 due
to the particularly intense wave fields along this L shell
in conjunction with the general trend towards higher
resonant energies at these lower L shells. This partic-
ular case exhibits the quite remarkable property that
for L > 2.0 nearly all Q(L,d = 0,t) flux profiles have
the same peak value of 1 milli-erg cm~2 s7!; specifi-
cally, this result indicates that the greater numbers of
predominantly lower energy electrons at higher L shells
deposits the same peak energy flux as does the lesser
flux of predominantly higher energy electrons at lower
L shells (exclusive of L = 2.0), again further empha-
sizing the importance of the much longer interaction
lengths at higher L shells which compensate for the re-
duced wave intensities at those locations.

Plate 8c (top right) replots the profiles of Plate 8b
with energy flux taking a color value, and L shell ori-
ented along the y axis. Here the contour boundaries
for flux onset, flux peak, and flux termination all man-
ifest smoothly sloping forms over time, consistent with
the trend shown earlier in Figure 7. In particular, the
red-colored peak flux contour defined by (somewhat ar-
bitrary) @ > 10735 ~ 0.32 milli-erg cm~2 s~ begins
at the point ¢t ~ 0.1 s, L ~ 1.8 and exhibits an initially
linearly sloping L-t onset edge which expressed in form
tp(L) behaves as dt,,/dL ~ 0.25up tot ~ 0.5s, L ~ 3.5,
breaking to a gentler arch thereafter up tot ~ 1.2 s,
L = 4, where the flux persists at this level for duration
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~1.2 s. This well-defined behavior suggests that ob-
servation of such smooth, continuous ¢,(L) spread over
many L (or equivalently, ¢,()\,) spread over many de-
grees of latitude) for individual LEP events constitutes a
robust, readily testable criteria for oblique-mode precip-
itation which is not sensitive to the particular lightning
discharge characteristics nor specific energetic electron
spectral hardness.

Considering the precipitation flux onset versus time
profiles of Plate 8c simultaneously incident upon the
upper atmosphere over a continuum of latitudes, the
resulting precipitation burst appears first at low lati-
tudes and moves rapidly poleward with time. To clearly
illustrate this effect, Plates 8d.1 through 8d.8 (lower
two rows) show the spatiotemporal development of the
precipitation flux hotspots Q()p,d,nAt) at time steps
At = 1/4 s, projected onto geographic latitude and lon-
gitude coordinates over the eastern United States (us-
ing the same energy flux scale as Plate 8c). Note that
the mapping from magnetic dipole coordinates to geo-
graphic coordinates has the effect of subtracting ~11°
(the approximate dipole axis tilt) from the lightning
magnetic latitude for the chosen longitude (~ 80° W),
so that this source at A; =30° appears at a geographic
latitude of ~19°. A more precise mapping using an
IGRF model subtracts an additional ~1.5° latitude at
these longitudes [Johnson et al., 1999].

The first time frame (Plate 8d.1) at ¢t = 1/4 s rep-
resents the earliest arrival of significant energy flux
(~1 milli-erg cm™2 s7!). At its widest points the
hotspot size for this flux level already extends ~20°
in longitude and ~8° in latitude, and is centered at
L ~ 2.2 or ~36° geographic latitude, or some 17° pole-
ward of the causative lightning discharge. As men-
tioned previously, this poleward displacement arises
from the cross-L shell propagation of the oblique
whistler waves from injection latitude to the magnetic
equator (Plate 8a) where the strongest scattering takes
place [Lauben, 1998]. By the next frame (Plate 8d.2)
at t = 1/2 s the hotspot center has moved further pole-
ward to ~41°, and has increased in longitudinal width
to nearly 30°. The subsequent frames (Plates 8d.3-8d.8)
show that significant levels of flux continue to precipi-
tate for up to ¢t = 3 s, finally forming a thin band near
50° geographic latitude having width at least as wide
as the extrapolation limit of 36° used here.

4.1.2. Lightning Source at )\; = 30°, energies
E > 100 keV. Since significant transient perturba-
tions to the lower ionosphere (especially at altitudes
< 90 km accessible to measurement using VLF remote
sensing techniques [Inan et al., 1990]) are thought to
be caused primarily by energetic electrons in the range
E > 100 keV, it is of special interest to isolate the flux-
time behavior of just these higher energies in a man-
ner which is not obscured by the otherwise tremendous
flux of precipitating lower energy electrons, which al-
though substantial do not penetrate to low altitudes
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to cause significant secondary ionization [Inan et al.,
1985a]. Accordingly, Plate 9 shows hotspot time slices
for this same A, = 30° lightning source but for ener-
gies E > 100 keV (FEgn = 100 keV in (19)) and at
shorter time steps At = 1/8 s. Here at time t = 1/8 s
(Plate 9d.1) the most intense region of the spot first
appears below L = 2.0, or some ~14° poleward of the
source, passing L = 2.2 at t = 1/4 s and just reach-
ing L ~ 2.6 by t = 1/2 s, or equivalently ~42° geo-
graphic latitude, notably less that the previous maxi-
mum latitude of ~50°, before quickly diminishing for
times ¢t > 1/2 s. This hotspot upper latitude spatial
cutoff effect occurs whenever Ey, > 0 since the gener-
ally lower resonance energies associated with higher L
shells (from (7), for a given frequency band) are thereby
excluded from . In the present case the £ > 100 keV
peak precipitation spot is limited to locations L < 2.6.
Note further that the peak flux is centered generally
about L = 2.2, consistent with the L shell of maximum
equatorial whistler intensity (Plate 9a). In fact, prelim-
inary review of recent multiple-path Trimpi event data
shows good agreement with both the L-t contours of
Plate 9¢ and the location and size of the precipitation
hotspot shown in Plates 9d.1-9d.6 for lightning occur-
ring in central Texas [Johnson et al., 1999].

4.1.3. Lightning sources at \; = 40° and 50°,
energies E > 100 keV. Plates 10 and 11 show dy-
namic precipitation hotspots for lightning sources at
As = 40° and \; = 50°, respectively, also for energies
E>100 keV. For these cases the majority of the precip-
itated flux is deposited at higher L shells as would be
expected for such higher latitude lightning. Once again,
the strong whistler intensities at higher L shells combine
with the generally longer interaction lengths along these
field lines to markedly increase the precipitation flux in-
tensity, spatial extent and duration as compared with
the previous case. Finally, note the manner in which the
shape and extent of each (red-colored) maximum flux
patch in Plates 9¢, 10c, and 11c selects a distinct region
of the otherwise common energy flux L-t signature in
keeping with the common wave and particle kinemat-
ics but distinct spatial wave intensity patterns for each
lightning source.

4.2. Precipitation Fluence

To readily compare the effect of different lightning
source locations and E > Ey, minimum energy thresh-
olds, Plate 12 shows the fluence spatial density (time-
integrated precipitation energy flux per cm?) arranged
as three rows of three panels each, with lightning lat-
itudes A; = 30°, 40°, and 50° increasing over the
columns from left to right and minimum energy thresh-
old values Ey, = 0, 100 keV, and 1 MeV increasing
over the rows from bottom to top, where common flux
scales are used across each row. Above each plot panel
is shown the total energy (in kilojoules) precipitated
over the entire affected spatial region. For these equal
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strength lightning discharges giving the indicated mid-
band equatorial whistler intensities of ~10 to 30 pT
along the most intense ray paths (Plate 6), the total
precipitated energy integrated over all particle energies
(E > 0), space and time ranges from E;,; = 1.8 MJ for
As = 30° to Eypy > 7.5 MJ for A\; = 50°, per lightning
discharge.

For the higher energy ranges E > 100 keV and
E>1 MeV, the location of the fluence peak spot tracks
the lightning source in a clear monotonic fashion, in-
creasing in latitude along with the source. Considering
E > 100 keV electrons specifically (center row), for the
lowest latitude source (A\;=30° or 19° geographic, cen-
ter left) the separation between the lightning discharge
and the precipitation fluence center is ~20°, while for
the highest latitude source (A;=50° or 39° geographic,
center right) this separation diminishes to ~7°, owing
to the tighter field line convergence at higher L shells
(cf. Plate 6, right-most column). Such convergence be-
tween lighting source and peak precipitation latitudes
is in fact manifest in observations of lightning-induced
electron precipitation [Lauben et al., 1999].

4.3. Energy Flux and Electron Count Profiles

The dynamic hotspot and fluence summary plots pre-
sented in the previous sections all show a marked ten-
dency for the precipitation energy and number fluxes
to exhibit especially intense values at higher L shells
and, equivalently, higher precipitation latitudes. It is
of interest to summarize this poleward bias by inte-
grating energy flux Q(\,, d,¢) and electron number flux
N(L,d,t) (similarly constructed from (18)) over both
longitude § and time ¢ to obtain profiles Q(),) and
N (L) over latitude A and L shell, respectively, for each
lightning latitude A, and energetic electron lower energy
threshold Eyy.

4.3.1. Energy flux versus latitude. Figure 8
gives the resulting Q()) profiles versus latitude for light-
ning at A, = 20°, 30°, 40°, and 50°, for E > 0,
E > 100 keV, and E > 1 MeV, expressed in units of
Joules/degree of latitude. The curves corresponding
to all energies £ > 0 (Figure 8a) reveal that roughly
3 orders of magnitude greater energy is delivered to
~50° as compared with ~25° geographic latitude (for
an eastern United States mapping) nearly indepen-
dent of lightning source latitude. As the minimum
energy threshold Ey, becomes nonzero, these curves
flatten as shown in Figures 8a and 8b, owing to the
spatial cutoff effect mentioned previously, illustrating
once again how for high latitudes (Figure 8a) most of
the energy delivered to the upper atmosphere is car-
ried by large fluxes of generally lower-energy electrons,
while for low latitudes the energy is carried by lesser
fluxes of higher-energy electrons. Considering that the
higher-energy (E > 100 keV) electrons are those most
likely to penetrate to the lowest altitudes to cause de-
tectable subionospheric perturbations, experimental ob-



LAUBEN ET AL.: OBLIQUE WHISTLER ELECTRON PRECIPITATION

a) Energy Flux, E>0 keV

. b) Energy Flux, E>100 keV
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Figure 8. Longitude- and time-integrated precipitation energy flux profiles Q(),) for energy ranges E > 0,
E>100 keV, and E>1 MeV (left to right). Each panel shows curves for each lightning source latitude A, = 20°,

30°, 40°, and 50°.

servations of such LEP effects can be expected to yield
profiles similar to those in Figures 8b and 8c.

4.3.2. Electron count versus L shell. Figure 9
gives the resulting N(L) distribution profiles over L
shell expressed in units of log el/L (log electron num-
ber count per incremental L shell), for the same light-
ning latitudes and energy ranges as the previous fig-
ure. These curves show very similar behavior to the
Q curves; in particular, the curves for E > 100 keV
in Figure 9b exhibit a broad peak over L = 2.2 — 3.5,
indicating that lightning-generated whistlers are most
efficient at removing energetic (E > 100 keV) electrons
over these L shells, again nearly independent of light-
ning source latitude.

Figures 8 and 9 together indicate that the net effect
of all the essential factors of lightning source location,
latitude-dependent attenuation, resonance interaction
length, energetic electron spectral hardness, etc., causes
maximal precipitation regions for these E > 100 keV

energies to be confined to roughly the range ~30° to
~50° geographic latitude (for North American longi-
tudes), remarkably consistent with the locations of the
vast abundance of Trimpi events detected over the con-
tinental United States [Inan et al., 1990], and equiva-
lently, ~2.2 < L < 3.5, remarkably consistent with the
location of the slot region. This result strongly moti-
vates further in-depth study of the total impact of all
global lightning activity on the trapped radiation belt
populations, including contribution to the formation of
the slot region.

5. Discussion and Conclusion
5.1. Related Theory and Observations

5.1.1. Chang and Inan [1985]. Direct compar-
isons may be made with Chang and Inan [1985] (here-
after referred to as Chang) which presents precipita-
tion energy flux pulses similar to those in section 3 but

a) Electron Flux, E>0 keV b) Electron Flux, E>100 keV c) Electron Flux, E>1000 keV
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Figure 9. Longitude-integrated electron precipitation number flux profiles N(L) versus L shell. Format similar

to previous figure.



29,768

for parallel-propagating (i.e., ducted, for which 8; = 0)
whistlers. In making these comparisons it should be
kept in mind that (1) for parallel-propagating waves
the resonant electron energies are somewhat lower than
for oblique waves [Lauben, 1998], (2) the whistler in-
tensities given by Chang assume a somewhat different
(but roughly equivalent) input wave power spectrum,
and (3) the cold plasma density model used by Chang
is somewhat different, affecting the wave propagation
times. Nonetheless, as a first example, at L = 2 Chang’s
Figure 7 gives a peak flux (after scaling Chang’s normal-
ized ®, =1 ®,=1x108 elcm 2 s 1 sr~! keV~! to
make comparison for identical phase-space densities f,)
of ~0.8 milli-erg cm™2 s™1 at t=0.25 s for wave inten-
sity 2 pT at f = 1 kHz (from Chang’s Figure 5), while
Figure 4 (As = 30°) of the present work shows a peak
flux of 1.5 milli-erg cm=2 s~1 at slightly earlier time ¢ =
0.2 s, which must here be adjusted downward for com-
parison at equal wave intensities (the present whistler
model gives B)’,, =7 pT at f = 1 kHz for this case,
requiring a factor of 3.5 reduction to match Chang’s
2 pT), resulting in a comparative peak precipitation
energy flux of 0.43 milli-erg cm~2 s—1, about one-third
that of the ducted case. For L = 3.5, Chang gives a
peak flux (also after scaling ®,) of 9 milli-erg cm=2 s—1
occurring at t ~ 1.2 s for a wave magnetic field inten-
sity of ~8 pT at f = 5.1 kHz, while from Figure 6
(As = 50°), interpolating Q(t) profiles between L =3.4
and L=3.6 gives ~32 milli-erg cm~2 s~ at slightly ear-
lier t ~1 s, which again after scaling downward (from
By ., =30 — 8 pT) gives a comparative energy flux of
~8.4 milli-erg cm~2 s, just 7% less than that for the
ducted case. Finally, at L =4, Chang gives peak flux
(after scaling ®,) just exceeding 10 milli-erg cm=2 s~!
at t ~ 1.9 s for wave intensity ~0.5 pT at f =1 kHz,
while the oblique whistler results (this case not shown)
give 14 milli-ergs/cm?/s at t = 2.1 s, which after scal-
ing for equivalent wave intensity (from BY, =1.65pT)
becomes 4.2 milli-erg cm™2 571, just less than half that
for the ducted case.

These comparisons show that in general the peak pre-
cipitation energy fluxes for oblique whistlers are within
a factor of only ~2 to 3 below those calculated by Chang
for ducted whistlers having equivalent wave intensities,
and in some cases are within 10% of those fluxes for
ducted whistlers. This result is completely in keep-
ing with the moderate decrease in scattering efficiency
for a given wave intensity as the wave normal angle
becomes nonzero [Lauben, 1998]. At the same time,
given that the volume of the magnetosphere filled by
any oblique whistler is vastly greater than that occu-
pied by a ducted whistler (assumed limited to a typical
duct cross-sectional size estimated to be ~0.02 to 0.05
L), the total electron precipitation induced by oblique
whistlers should indeed be substantial.

5.1.2. Abel and Thorne [1998a, b]. As men-
tioned in the introduction, Abel and Thorne [1998a,
b] have presented comprehensive diffusion rate and
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equilibrium flux distribution calculations for energetic
electrons in the inner magnetosphere using a classic
bounce-trajectory /wave path integrated pitch angle dif-
fusion/precipitation formulation [Kennel and Petschek,
1966; Lyons and Thorne, 1973], assuming the si-
multaneous presence of the three major classes of
whistler-mode wave energy, namely, plasmaspheric hiss,
lightning-generated oblique whistlers, and VLF trans-
mitter signals. Although the model used to represent
the oblique whistlers therein is greatly simplified by
comparison (the whistlers are assigned a limited fre-
quency range f = 4.5 = 2 kHz, a fixed wave normal
angle of 45° at all locations, and, to represent the to-
tal effect of all such midlatitude lightning-generated
whistlers within the context of the sustained-stochastic
wave field formulation, an effective occurrence rate of
3% over the particle bounce trajectories), their results
indeed show that lightning whistlers significantly reduce
the precipitation lifetimes for certain electron energies
over certain L shell ranges.

In particular, Figure 10 of Abel and Thorne [1998a]
(as well as Figure 10 of Abel and Thorne [1998b]) shows
an additional order of magnitude decrease in the pre-
cipitation lifetimes of E = 100 keV electrons over the
range 2.8 < L < 3.4 (with continued effect outside this
range) when lightning-generated oblique whistlers are
included as a loss mechanism. This result may be re-
lated, albeit somewhat indirectly, to Figure 9b of the
present work, which shows that a lightning source at
similar intermediate latitude (i.e., A; = 40°) leads to
maximum E > 100 keV electron flux over a similar
range of 2.5 < L < 3.3, while noting from Figures 5
and 6 that the rapid decrease in precipitation flux lev-
els for energies above 100 keV evident in the ®(FE,t)
signatures indicates that the curves of Figure 9b reflect
trends for energies more or less near E ~ 100 keV, so
that this comparison is meaningful.

5.1.3. Voss et al. [1984, 1989]. As also men-
tioned previously, Voss et al. [1984] documented the
first direct one-to-one association between transient en-
ergetic electron precipitation events at L ~ 2.2 and
individual whistlers taken to have propagated in the
ducted mode. These events are also presented by Inan
et al. [1989] which indicates a peak energetic electron
loss cone count rate approaching 10* el s™!, nearly
100x the background rate of ~10? el s7! el/s for these
events, which are reported therein as being within the
strongest 10% of those generally observed. By com-
parison, Figure 4 shows a peak count rate for L = 2.2
reaching 3 x 10% el s~! (for an implied idealized parti-
cle detector optimized to observe exactly the loss cone),
which is thus 30x above the background flux levels ob-
served by Voss et al. [1984]. These results suggests that
oblique whistler-induced electron precipitation may well
be detectable using present-day instruments, at least for
strong lightning and optimum detector location with re-
spect to the maximally affected field lines.

A comprehensive survey has been published [Voss
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et al., 1998] which shows that LEP pulses manifest a
preferred distribution at 2 < L < 3 over the United
States, at least for those events which can be correlated
with ducted whistlers measured at ground stations. It is
curious that this range in L shell shows good agreement
with the broad precipitation profile peaks for A, = 30°
and A\, = 40° shown in Figure 9b. At the very least, it
should be kept in mind that the emergence of a ducted
whistler from the magnetosphere at some particular L
shell does not preclude the concurrent propagation of an
oblique-mode whistler which itself does not emerge but
which nonetheless induces precipitation in accord with
the present calculations. Indeed, it may be the case
that the enhanced scattering efficiency associated with
0 ~ 0 wave normals [Chang and Inan, 1985a; Lauben,
1998] maintained by the presence of an occasional duct
(or inside edge of a primary or secondary plasmapause)
along some particular field line simply increases the de-
tectability for that L shell, thus leading to the high ap-
parent, correlation of strong LEP with ducted whistlers
as reported by Voss et al. [1998]. At the same time,
since as of this writing the simultaneous measurement of
an LEP event along with causative whistler wave normal
angle has yet to be made, it is difficult to know for cer-
tain the characteristics of those whistlers causing these
observed LEP events. Indeed, recent review of exist-
ing ground-based Trimpi data [Lauben et al., 1999], as
well as exciting new results [Johnson et al., 1999], gives
indication that certain events previously attributed to
ducted whistlers may have in fact been produced by
oblique whistlers. These last points emphasizes the im-
portance of further study regarding the precipitation
levels and occurrence rates for LEP induced by whistlers
propagating in each respective mode.

5.2. Conclusion

In summary, these results indicate that lightning-
generated oblique whistler electron precipitation de-
posits appreciable energy to the upper atmosphere
over widespread midlatitude geographic regions dis-
placed universally poleward from the causative light-
ning source. The calculated flux levels should prove
readily detectable for sufficiently strong whistler inten-
sities and sufficient available near-loss cone energetic
electron flux. Finally, these results strongly suggest
that oblique whistler precipitation contributes signifi-
cantly to the loss of energetic radiation belt electrons
from the magnetosphere, particularly over the range
2.2 < L < 3.5 where the slot region forms.
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