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Abstract

Lightning discharges are well known sources of electromagnetic radiation in the
frequency range of a few Hz to many MHz, with the most intense radiation typically
being in the range of 5-10 kHz. Electromagnetic waves originating in lightning
discharges often propagate through the most densely ionized regions of the FEarth’s
atmosphere and populate the radiation belts. High-energy electrons in this region
constitute a hazard to the increasing number of scientific and commercial spacecraft
that orbit the Earth, and quantitative understanding of this radiation and its sources
and losses are thus important. Electromagnetic whistler waves injected into the
radiation belts by lightning discharges can pitch-angle scatter the energetic electrons
and cause them to precipitate out of their stably trapped radiation belt orbits and
onto the dense upper atmosphere of the Earth.

This dissertation examines the detection of lighting-induced energetic electron
precipitation via long-term analysis of in-situ observations of drift loss cone fluxes
(i.e., fluxes destined to be precipitated over the South Atlantic Anomaly within ~ 2
hours). The primary measurement tool used is an energetic electron detector (IDP)
on board the DEMETER satellite—a French micro-satellite in a sun-synchronous
low Earth orbit. Energetic electron flux data are analyzed alongside ground-based
lightning data recorded by the National Lightning Detection Network (NLDN) to
determine the relationship between drift loss cone fluxes and lightning. While lighting-
induced electron precipitation events occur globally, the best region for making
in-situ observations of fluctuations in drift loss cone fluxes is over the continental

United States. Measurements of VLF wave activity in the typical frequency range



of lightning-generated whistler waves (5-10 kHz) on DEMETER show a substantial
increase of electromagnetic wave power over the United States, particularly during
the northern summer months when lightning activity is at its highest.

Analysis of particle precipitation data on the DEMETER spacecraft over a three-
year period shows that energetic electron fluxes in the drift loss cone exhibit a
seasonal dependence consistent with lightning-induced electron precipitation (LEP)
being an important source of loss of such energetic radiation. Over the United States,
energetic electron fluxes in the slot region (2 < L < 3) are significantly higher in
the northern summer than in the winter, consistent with the seasonal variation of
lightning activity in the Northern Hemisphere. The variation of electron precipitation
in energy and L-shell is explored and found to be consistent with expected pitch-
angle scattering by lightning-generated whistler waves, indicating that lightning is a
significant contributor to the loss of slot region electrons.

To quantitatively relate IDP fluxes with NLDN lightning activity, a physical
model of lightning-induced energetic electron precipitation is utilized to determine
the size and location of the expected precipitation hot spot for each causative
lightning discharge. Incorporation of energy and L-dependent drift periods into the
calculation of the precipitation region results in a forward estimation of expected
energetic electron precipitation at the satellite location that is then used to quantify
the association between lightning and electron precipitation. Assessment of the
relationship between lightning and drift loss cone fluxes is performed by correlating
the relative fluxes expected from the electron precipitation model with the measured
fluxes on the IDP instrument. A peak correlation between measured and expected
fluxes of 0.42 for 126 keV electrons at L ~2.2 indicates that lightning is a significant
contributor to the loss of 126 keV electrons. Determination of the energy ranges
and L-shell regions for which a strong correlation between expected and measured
fluxes exists implies that lightning plays a continuous role in affecting the lifetime of
radiation belt electrons, particularly at low energies (100-300 keV) within the slot
region (2<L<2.5).
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Figure 2.2: Illustration of the lightning-induced electron precipitation process. 1.
Lightning discharge emits a broadband electromagnetic wave. 2. A portion of this
wave energy propagates obliquely through the magnetosphere. 3. Electrons encounter
the wave field and experience gyroresonance pitch-angle scattering. 4. Electrons
precipitate into the dense upper atmosphere.
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by as much as 1° [Inan et al., 1989], and can move electrons just above the loss cone
edge into the loss cone. If the pitch angle is sufficiently lowered into either the bounce

or drift loss cones, the electron is lost from the radiation belts.

2.3 Resonant Energy Calculations

Interaction of charged particles with an external electromagnetic wave field such as a
whistler wave is described by the Lorentz force equation. In the case of an external
wave field, the Lorentz force equation (1.5) is modified to include the presence of

magnetic (BY) and electric (EV) fields due to an electromagnetic wave as follows:

((11_1;’ — g{v x [B¥ + Bo(r)] + E"} (2.1)

At each point C = (L, \) along the field line, we establish a local Cartesian
coordinate system as shown in Figure 2.3a with z| Bo and X pointing towards
higher L-shells, providing a reference frame for the electron helix and wave field
components. Following the methods of Bell [1984], we use this reference frame to

provide expressions for the various field components in (2.1) as:

EY = —xE7sin® + yE7 cos ® — 2E] sin ® (2.2)

BY = RBY cos® + yB) sin ® — 2B} cos ® (2.3)

where ®(r) = [wdt— [k - dr is the wave phase, k is the wave vector, and r is the
position vector along the ray path. We assume that locally the Earth’s magnetic
field By is directed along the positive z-axis of our coordinate system. Because the
gyroradius of the resonant energetic particles is generally small at the L-shells of
interest, we additionally assume that By.(z,y, 2) =B.(0,0, 2) =By (z).

Inserting By, (2.2), and (2.3) into (2.1), we obtain the detailed equations of
motion of an energetic electron in an obliquely propagating whistler-mode wave field.

However, the dynamics of the resonant interaction are such that cumulative changes in
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Figure 2.3: (a) Energetic electron helix in local Cartesian coordinate frame in which
the elliptically polarized wave fields are applied. (b) Interaction geometry between
an energetic electron and an obliquely propagating whistler wave showing the gyro-
averaged angle n between v, and the right-hand circularly polarized wave magnetic
field vector By at wave phase ®. Figure modified from Lauben et al. [2001].

the pitch angle of the particle occur over time scales much greater than the gyroperiod.
Thus, it is useful to cast the equations of motion in a gyro-averaged form such that
rapid fluctuations occurring on the time scale of a gyroperiod are averaged out.

The whistler wave magnetic field is naturally elliptically polarized in the cold
magnetospheric plasma. It is convenient to decompose the wave magnetic field into

two circularly polarized components with opposite senses of rotation, i.e.,

By + By . .
B"}{:T[xcos@—i-ymn@]

By =By .. .
B} = T[X cos ® — ysin P| (2.4)

Using the above decomposition together with (2.1) and averaging over a gyroperiod,
we obtain the gyro-averaged equations of motion for a general harmonic resonance m

| Bell, 1984|. The full solution to this complicated set of equations is beyond the scope





