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RESUMEN

Los perfiles de densidad electrénica medidos previamente usando la fase y la amplitud de radio sefiales VLF que se reciben
durante los eventos mas intensos de protones solares (SPE), junto con el espectro asociado de energias de protonges y electrones
los cuales se miden simultaneamente por satélite, nos permiten calcular la razén de prggh)deidos pares electron-ion, para
las regiones sub-Antartica y Sur Atlantica de la Anomalia Geomagnética (SAGA). Se usaron grgftogsrde con los perfiles
verticales de la densidad electrénica previamente determinados, para calcular el coeficiente efectivo de recai)macan
la region SAGA. Asumiendo que los procesos quimicos que se llevan a cabo en la baja ionosfera producidos por el impacto de los
constituyentes atmosféricos neutrales son basicamente los mismos, se estiman indirectamente los espectros de lasrparticulas ene
géticas responsables de la ionizacion detectada con cierto retraso en la region SAGA. Los parametros que se obtienen coinciden
con los resultados presentados por otros muchos autores para el hemisferio norte, ademas los espectros deducidoseestan dentro d
los limites impuestos por la rigidez magnética y la profundidad de penetracion de las particulas incidentes. Los datosgperime
que se presentan en este trabajo corresponden a las sefiales en VLF transmitidas desde Australia (NWC-QZTBikidayly
(13.6 kHz) y que se recibieron en Atibaia y Curitiba respectivamente, ambas en Brasil, durante el evento de particudas de agost
7,1972.
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ABSTRACT

Electron density profiles previously measured using the phase and amplitude of VLF radio signals during outstanding solar
proton events (SPE), together with the associated energy spectra of protons and electrons simultaneously measured by satellite,
allowed the calculation of the electron-ion pair productiongéi for the sub-Antarctic and South Atlantic Geomagnetic Anomaly
(SAGA) regions. Plots af(h) together with the predetermined electron density vertical profiles were used to calculate the effective
recombination coefficienp(h) for the SAGA region. Assuming that the chemical processes in the lower ionosphere due to the
impact of neutral atmospheric constituents are basically the same, the spectra of the energetic particles responsiidgéor the d
ionization detected in the SAGA were estimated indirectly. The parameters obtained are in good agreement with results for the
northern hemisphere and the spectra deduced are within the limits imposed by the cutoff rigidity and the penetrationedepth of t
incident particles. The experimental data correspond to VLF signals transmitted from Australia (NWC - 22.3 kHz )@nd from
Trinidad (13.6 kHz) and received respectively in Atibaia and Curitiba, Brasil, during the SPE of August 4-7, 1972.
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1. INTRODUCTION On the other hand, the South Atlantic Geomagnetic
Anomaly (SAGA), considered as a natural sink of energetic
Notwithstanding the new and updated techniques em- particles trapped in the Earth’s radiation belts, plays a fun-
ployed currently in the determination of the lower ionosphere damental role in the study of charged particles interactions
parameters, the propagation of VLF radio signals through in the lower ionosphere. The precipitation of energetic par-
the Earth-ionosphere waveguide is still a simple and useful ticles in the SAGA region, as well as the mechanisms re-
technique providing reliable information on the behavior of sponsible for such precipitating flux, have been extensively
the D-region. During daytime, negative ions dominate the discussed by many authors. Concerning electron precipita-
composition of the ionosphere below 70 km (Thomas and tion, Pinto Jr. and Gonzalez (1989) presents an excellent re-
Bowman, 1985). During solar flares and solar proton events view of recent theoretical and experimental work. With re-
(SPE), a large increase in the electron density at these alti- gard to proton precipitation at low L-values, Claflin and White
tudes is observed (Mitra, 1981; Wilkinson, 1995). At high (1974) show a temporal stability of the protons trapped in
latitudes, the precipitation of highly energetic particles causes the SAGA during quiet and disturbed periods, although pro-
an abnormal absorption in the polar caps; during very in- ton fluxes higher than predicted theoretically were measured
tense events followed by magnetic storms of sudden com- atL =1, 15 and L = 1,16 predominantly in the eastside of the
mencement (Lastoviscka, 1996), these effects can be detectedAnomaly. Gusewet al, (1987), Kohneet al, (1990), and
at geomagnetic latitudes as low as 50 Mukhtarov and Pancheva, (1996) provided new information
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on the current morphology of proton and electron trapping
regions and on the mechanisms involved, at medium to high
latitudes.

Electron density exponential fits were calculated for
the outstanding SPE of August 3-11, 1972, for different L-

values (Mendes da Costa and Rizzo Piazza, 1992; Mendes

da Costa and Rizzo Piazza,1995). The electron-ion produc-
tion rate,q(h) was given by Driatskgt al. (1970). This al-
lowed the determination of the effective recombination co-
efficient (h) for high latitudes and indirectly for the SAGA
region. Asy(h) varies only slightly with latitude and alti-
tude in the D-region, (Gledhill, 1986), it may be assumed to
be constant for quiet or disturbed conditions. The availabil-
ity of VLF phase and amplitude data recorded at five differ-
ent propagation paths, during the SPE of August 1972, led to

lowest part of the D-region during daytime (Selletsal,
1977). In Eq. 2, the air density profiles were corrected for
latitudinal and seasonal variations

3. EXPERIMENTAL RESULTS

Experimental data used in this analysis were the phase
and amplitude records of VLF radio signals transmitted in
the frequency of 22.3 kHz from NWC- Australia {2Q'S,
114°10°'E) to Atibaia(AT) - Brasil (2311'S, 4633'W) and
from Q-Trinidad-Caribbean Sea (42'N, 61°38'W) to
Curitiba (CT) - Brasil (2%3'S, 4916'W), in the frequency
of 13.6 kHz. The diurnal reference reflection heights for the
High Latitude and the SAGA regions are 60 and 67 km
(Mendes da Costa and Rizzo Piazza, 1992). By converting
the amplitude changes into relative changes of the electric

the calculation of characteristic parameters of the lower iono- ¢4 we may calculate the attenuation factor and the con-
sphere, in magnetically disturbed regions, such as the sub y,qyity narameter and gradient, after Kaufmann and Mendes

Antarctic and the SAGA regions.

The purpose of the present work is to estimate indi-
rectly the energy spectra of precipitating particles at differ-
ent L-values consistent with the phase and amplitude devia-
tions observed on VLF propagation paths passing through
the SAGA during an abnormal SPE event.

2. EFFECTIVE RECOMBINATION RATE COEFFI-
CIENT AND ELECTRON-ION PAIR PRODUCTION
RATE

For a photochemical equilibrium of the ionosphere, we
assume a steady state condition in which the electron-ion
production rateq(h) and the free electrons concentration,
N(h) are related to the effective recombination rate coeffi-
cienty(h), by the expression,

q(h) = YUhNe(h) 1)

For a known particle spectrum, the electron-ion pair
production rate is immediately found from the equation,

_ P(P) (B

a(h) _WJ.E mmD(Ek)f(Ek,P)dEk , 2

wherep(P) is the air density at a height with a pressBre
D(E) = KEY is the spectrum of primary particles measured
by satellite outside the magnetosphe(g,,P) is the energy
loss through ionization at the level with a pres$yrV is

the energy required for a single ion-pair production (35 eV)
andE,,, and E,. .. are the lower an upper energy limits of
particles responsible for absorption (Driatsky, 1970). These
limits were chosen to be respectively, 300 keV and 3 MeV
for electrons and 10 MeV and 100 MeV for protons accord-
ing to the efficiency of these energy ranges in ionizing the
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(1968). The measured phase advances led to diurnal refer-
ence height lowering by 14.0 km on August 4, and 3.6 km on
August 7 for the HL and LA regions respectively.

Adopting the collision frequency profile given by
Friedrich and Torkar (1983) for undisturbed conditions in
August, the electron density profile was determined at a given
disturbed height by means of the equation

— W.(hu(h)

-3
3.18x10° (cm™)

N(h) (3)

whereW, (h) is the calculated conductivity parameter a(i)

is the assumed collision frequency profiléh) profiles were
labelled with the corresponding L-values as High Latitude
(HL) for L greater than 4, and Low Anomaly (LA) from L =
1.08 to the center of the Anomaly (L = 1.15 in 1970).

Figure 1 shows the quiet and disturbed electron den-
sity vertical distributions obtained at 1000 UT on August 4
for the HL region and on August 7 for the LAregion, follow-
ing the procedure given by Mendes da Costa and Rizzo Pi-
azza (1992).

We assume that the additional ionization observed in
the lower ionosphere in association with this SPE was mostly
produced by solar protons, since these particles dominate the
total ionization profile at high latitudes and at altitudes be-
low 70 km (Reagan and Watt, 1976). Figure 2 shows the
spectra of protons measured on August 4, (A) at 1326 UT,
by the polar orbiting satellite 1971-089A (Reagan and Watt,
1976), (B) at 1102 UT (Reagatal, 1973), and (C) at 1200
UT, by satellite 1969-046B (Yates al, 1973).

Since theN(h) exponential fits had been obtained at
1000 UT, spectrum (B) was selected for use in Eq. 2 to get
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Fig. 1. Electron density disturbed profiles obtained at 1000 UT for the lower ionosphere on August 4, 1972, at High Inatitud&sgust
7, 1972, for the Low Anomaly region. The dashed lines represent the corresponding average quiet days profiles (MendasdiRiCosta
Piazza, 1992).
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Fig. 2. Spectra of protons measured on August 4, 1972: (A) at

1326 UT by satellite 1971-089A (Reagan and Watt, 1976), (B) at

1102 UT (Reagamet al, 1973) and (C) at 1200 UT, by satellite
1969-46B (Yatest al., 1973).

the corresponding(h) for the HL region of the propagation
path. By introducingj(h) andN(h) in Eq. 1, we derived the
effective recombination rate coefficiegxh) (Figure 3).

The same procedure was applied to the SAGA region
on August 7. Gledhill (1986) reported that the vertical distri-
bution of ¢(h) measured during flares, SPE or quiet condi-
tions varies only slightly in the altitude range considered.
Therefore thg/(h) profile obtained at the HL was reintro-
duced in Eq.1 together with the electron density exponential
fit calculated on August 7 for the SAGA. The(h) profiles
were inferred for that region. Figure 4 shows the electron-
ion production rates calculated for both regions HL and LA.
Proton and electron contributions to the total production rate
on August 4 as given by Reagan and Watt (1976) are shown
for reference.

As to PCA development, the ionization produced by
the energetic particles in the initial phase of the PCA over
the polar caps spreads out to lower latitudes and the particles
trapped by the Van Allen Radiation Belts are slowly precipi-
tated in the SAGA through different processes causing the
observed delayed ionization, (Paulikas, 1975; Pinto Jr. and
Gonzalez, 1989). Thus, electrons as well as protons must be
taken into account in the computation of the total amount of
ionization measured. Hence an attempt was made to split the
overall electron-ion production rate profile for the SAGA
into two distinct components. If ttegh) profile shown in
Figure 4 for the SAGA is due to protons only, the estimated
spectrum of protons is shown in Figure 5. Experimental
curves (dashed) given by Paulikas (1975), and theoretical
predictions (full lines) by Claflin and White (1974) are shown
for comparison.
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Fig. 3.Effective recombination rate coefficient calculated on August 4, at 1000 UT, for High Latitude, compared to results giagarty Re
and Watt (1976), for the same day at 1326 UT and on August 6, at 0235 UT. The average disturbed values given by Gledhill {1986)
disturbed profile presented by Larsetral.,, (1972) for the PCA of February 25, 1969 are also included for comparison.
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Fig. 5. Precipitating particle spectrum inferred for the SAGA re- Fig. 6. Precipitating particle spectrum inferred for the SAGA re-

gion on August 7, 1972 (experimental points) assuming a produc- gion on August 7, 1972 (experimental points) assuming a produc-

tion rate totally produced by protons and compared to the experi- tion rate totally produced by electrons in comparison with experi-

mental results given by Paulikas (1975) (dashed lines) and the theo- mental results given by Pinto Jr. and Gonzalez (1989) for the mag-
retical results by Claflin and White (1974) (solid lines). netically disturbed period of April 14, 1981.

Similarly, the spectrum of electrons is shown in Figure exponent to account for the different slopes shown by pro-
6. Theoretical values predicted by Claflin and White (1974), tons spectrum (B) in Figure 2.
and experimental results by Pinto Jr. and Gonzalez (1989)

for the magnetically disturbed period of April 14, 1981 at L The spectra shown in Figure 5 and in Figure 6 are lim-
= 1,13 are shown for comparison. iting approaches, based on the assumption that one hundred
percent of the ionization was produced either by protons or
4. DISCUSSION by electrons only. However, the results presented in Figure 6

are consistent with the experimental results provided by Pinto
The electron density profiles calculated for the SAGA Jr. and Gonzalez (1989). The fluxes obtained for the SAGA
on August 7 account for the ionization produced by elec- on August 7 for electrons of energy greater than 0,6 MeV
trons and eventually by protons. The surplus energy in the were about one order of magnitude higher than for the mag-
lowest part of the ionosphere caused a delayed ionization netically disturbed period of April 14, 1981. For lower en-
detected on August 7 and 8 as a lowering of the diurnal ref- ergy electrons, a better agreement was achieved.
erence reflection height of 3.6 km.
The results given by Pinto Jr. and Gonzalez(1989) for
In Eq. 2, the term representing the spectrum of primary electrons with energy lower than ~ 500 keV confirm the ef-
protons was replaced by a sum of three terms with the proper ficiency of this energy range in ionizing the lower ionosphere
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during the recovery phase of magnetic storms. This behav- mento Cientifico e Tecnolégico (CNPq), the Fundacgéo de
ior also shows that the obtained spectrum is more important Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP), and
when lower L-values are considered. the Programa Antartico Brasileiro (PROANTAR).
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