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[1] The Stanford University VLF beacon transmitter located at South Pole operates at
19.4 kHz, transmitting for 1 min intervals every 15 min throughout the day. The beacon
serves as a tool to measure changes in the D region ionospheric conductivity owing to
energetic particle precipitation and is capable of providing coverage that spans the
Antarctic continent. We present VLF beacon signal amplitude and phase data measured
at Palmer Station, Antarctica. Diurnal and seasonal variations are discussed first, followed
by analysis of data from two periods of high geomagnetic activity, in July 2004 and in
May 2005, with a phase advance and an amplitude depression of the beacon signal (as
recorded at Palmer) observed for both cases. Data from the MEPED instrument aboard
the NOAA-16 and 17 POES satellites show an increase in energetic electron (>100 keV)
and proton (>16 MeV) precipitation fluxes coincident with the VLF beacon signal
perturbations. The fluxes measured on POES are used as an aide to generate profiles of
secondary ionization along the great circle path from South Pole to Palmer. These profiles
are then applied to a quantitative model of subionospheric VLF signal propagation to
estimate the phase and amplitude variations expected. Results indicate that the observed
VLF amplitude and phase data are in reasonable agreement with theoretical calculations

in both cases, indicating that the model captures the ionospheric disturbance in effect

during both of the disturbed periods.
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1. Introduction

[2] The flux of energetic electrons (>100 keV) in the
outer radiation belts (3 < L < 7) typically exhibit dramatic
increases during geomagnetic storms. For relativistic
(>1 MeV) electrons, the fluxes can vary by up to two orders
of magnitude on the timescale of a few hours to days
[Paulikas and Blake, 1979; Baker et al., 1986]. One of the
primary loss mechanisms for both energetic and relativistic
electrons is precipitation into the upper atmosphere [e.g.,
Green et al., 2004]. Precipitation may result from pitch angle
scattering owing to increased field line curvature as well as
interactions with plasma waves such as electron cyclotron
harmonic (ECH) waves [Horne and Thorne, 2000], electro-
magnetic ion cyclotron (EMIC) waves [Summers and Thorne,
2003; Albert, 2003], and whistler-mode chorus waves [e.g.,
Lorentzen et al., 2001; Horne and Thorne, 2003]. Regardless
of the precipitation mechanism, these energetic electrons
penetrate into the lower ionosphere and mesosphere to
altitudes below 85 km to as low as 40—60 km, depending
on the energy, and with an energy flux which is 3—4 orders of
magnitude greater than the galactic cosmic ray or solar EUV
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deposition [Reagan, 1977; Baker et al., 1987, 1993; Gaines et
al., 1995]. The rate of energy deposition into the upper
atmosphere during intense precipitation events may be as high
as ~10"-10°" ergs/day [Imhof and Gaines, 1993] and may
affect the neutral and ion chemistry of the middle atmosphere
[Spear et al., 1984; Callis et al., 1991, 1996, 1997].

[3] Solar particle events (SPE) can also result in the
precipitation of energetic ions (0.1 to >100 MeV/nucleon)
into the atmosphere. In contrast to energetic electron pre-
cipitation events, SPEs occur less frequently but cover the
entire polar cap regions down to ~60° magnetic latitude
[e.g., Lanzerotti, 1971; Reagan, 1977]. The energy input
from the moderate to large SPEs can greatly increase the
ionization as well as significantly affecting the neutral
chemistry causing large (20—-70%) depletions of ozone at
high latitudes and mesospheric altitudes [Solomon et al., 1983;
Jackman et al., 1993], altering neutral winds [Johnson and
Luhmann, 1993], and leading to a cooling of the atmosphere at
45—65 km altitudes [Zadorozhnyy et al., 1992].

[4] VLF sounding (i.e., the measurement of the amplitude
and phase of subionospheric signals) is a sensitive tool for
the measurement of ionospheric conductivity (i.e., electron
density and temperature), especially at altitudes below
~85 km, the nighttime reflection height for VLF waves.
Precipitating electrons (>50 keV) and protons (>16 MeV)
penetrate below 85 km, creating secondary ionization there-
in as a result of collisions with atmospheric constituents.
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