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Abstract: We present a study of polar cap absorption events occurred from 

September 1967 to November 1974 and their effects on phase records of very low 

frequency (VLF) signals on NWC (Australia)-Sao Paulo (Brazil) propagation 

path, crossing the Antarctic continent. Nearly 50 PCAs from that period, of 

different intensities, were studied and the most relevant ones were analyzed in 

more detail. A good correlation between nighttime VLF signal phase advances 

and total proton flux content of energy 10 MeV <E<30 MeV measured by 

satellites (Explorer 34 and 41, NOAA 2 and 3 and ATS-1) was obtained for strong 

PCA events. Geomagnetic storms with sudden commencement, associated or 

not with proton precipitation, also produces well defined VLF signal phase 

advances. Comparison of these results with those obtained in the northern hemi­

sphere during PCA events may provide relevant information on the behavior of 

the ionospheric D-layer over the Antarctic region. Simultaneous analysis of 

VLF on non-polar propagation paths were also included for the major PCA dis­

cussed. Well defined phase deviations were detected showing the significant 

contribution of the South Atlantic Geomagnetic Anomaly to the ionization of 

the lower part of the ionospheric D-region. 

1. Introduction 

Polar Cap Absorption is the term applied to the intense absorption of radio waves 

of certain frequencies. It is observed in high geomagnetic latitudes when the iono­

sphere becomes intensely ionized as a result of the arrival of energetic charged particles 

originating from the Sun. The particles responsible for the observed absorption are 

for the most part protons in the energy range from roughly 5 to 300 MeV (BAILEY, 

1964). These particles precipitate in the polar regions causing an excess of ionization 

in altitudes corresponding to the ionospheric D-region, or below it. 

This work analyses experimentally about 50 PCAs observed as long-enduring 

phase advances in very low frequency signal propagating from NWC (Australia) to 

Sao Paulo, SP (Brazil), from September 1967 to November 1974, and simultaneous 

phase advances observed in non-polar propagation paths during selected events that 

allows one to estimate comparatively the effective contribution of the D-region ioniza­

tion due to particle trapped in the region of the South Atlantic Geomagnetic Anomaly 

(SAGA). 

Following the PCA model proposed by HAKURA (1967), a typical PCA develops 

starting from an optical flare often of importance 2B or greater, is accompanied by an 
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X-ray burst and by a type IV radio burst. The X-ray emission produces the effect 
known as SID (Sudden Ionospheric Disturbance) and is identified in a VLF record as 

a SPA (Sudden Phase Anomaly) that occurs in the sunlight portion of the propagation 

path. It is assumed that all the energetic particles (electrons, protons, alpha particles 
and heavier nuclei) are produced simultaneously in the explosive phase of the optical 
flare and that all particles are in the same rigidity range (what makes them to propa­

gate with different velocities). Satellite measurements reported by LIN and ANDERSON 

(1967) showed that electrons in great quantity are the first to reach the Earth (from 30 

min to one hour after the flare onset), precipitating near the geomagnetic pole at a 

geomagnetic latitude of approximately 80°. Later on (roughly one hour) it is noticed 
that arrival of protons, the major component of energetic particles flux, and the PCA 

effect spreads out to geomagnetic latitudes below 65°. Some hours later take place 

alpha particles and heavier nuclei precipitation extending the affected area to 60° 

(FICHTEL and McDONALD, 1967). The shock wave produced by the solar explosion 

travels at a velocity ranging from 500 to 1000 km/s and reaches the vicinity of the 

Earth 1.5 to 3 days later, causing the magnetic storm that reduces the cutoff latitudes 

and sometimes makes the PCA to spread out to latitudes as low as 50° (WESTERLUND 

et al., 1969). 
Satellite measurements also show that the particle flux is roughly isotropic in the 

whole polar region (WILLIAMS and BOSTROM, 1967; KRIMIGIS and VAN ALLEN, 1967). 

There is a marked anisotropy in particles arrival directions which remains only in the 
initial phase of PCA. The degree of anisotropy depends on the position of the flare 

in the solar disk because after OBAYASHI (1964), the time versus particle intensities 

profile depends on heliographic longitude. This is due to Sun's rotation responsible 
for the spiral structure of the solar magnetic field lines into the interplanetary space. 

2. Propagation Path and Frequencies 

The long distance propagation path NWC-SP is a peculiar one. It is a trans­

antarctic path propagating completely over sea water from December to May and 

partially (4500 km) over the Antarctic ice cap from June to November. Figure 1 shows 

the propagation path on a polar projection, the geographic and geomagnetic poles 

and the contour of maximum accumulated ice on the Antarctic continent, that occurs 
in September. The highest geomagnetic latitude reached by the propagation path is 

about 70°S (geographic: 66°S). 

In the initial period of data acquisition (from September 1967 to September 1968), 

the transmitter operated in three different frequencies (15.5, 19.8 and 22.3 kHz) weekly 

alternated. From April 1968 to September 1968 the frequency of 19.8 kHz was re­

placed by 18.0 kHz. From October 1968 onwards the transmission frequency was 
maintained at 22.3 kHz. The events that occurred in the initial period were submitted 
only to a qualitative analysis, because of the lack of continuity of data acquisition in 

a single frequency. 

Figure 2 shows the geometry of VLF propagation paths including the 0.3 G con­

tour of constant B at 100 km altitude given by RoEDERER et al. (1965). Excluding the 
NWC-SP propagation path, the remaining ones are all transequatorial, mid-latitude, 
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FffJ. 1. Polar projection of NWC-SP propagation path. 
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Fig. 2. Gnomonic projection of all VLF propagation paths studied. Dashed line represents the 
0.3 G contour of constant magnetic field at an altitude of JOO km. 
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Table 1. Characteristics of monitored VLF transmitters. 

Transmitter Location Geographic 
call sign coordinates 

NWC North West Cape 21 ° 49'S 11 4°1o'E 
(Australia) 

GBR Rugby (U.K.) 52°22'N 1°11'w 
NAA Cutler, Maine (USA) 44°39'N 67°1 2'W 
ALDRA South of Bod0 66° 25' N  13° 9'E 

( Norway) 

Receiver site 
Umuarama Observatory 22° 48'S 45°3 0'W 
S. Paulo (Brazil) 
( until August 1 970) 
Itapetinga Radio 23°1l'S 46°33'W 
Observatory 
S. Paulo ( Brazil) 
(after August 1 970) 

Frequency 
(kHz) 

22.3 

(15. 5) 

16.0 

17.8 

12.3 

301 

Total Distance 

distance inside 

(Mm) the SAGA 
(Mm) 

14.6 3.0 

9.5 3.0 

7.9 2. 7 
11 . 3 2.8 

non-polar and cross to some extent the SAGA. Table 1 summarizes the characteristics 

of VLF propagation paths analyzed. 

3. Description of the Events 

The events were selected based on PCA effects reported by HAKURA (1967), REDER 

(1968-1974) and PIGGOTT and HURST (1976). Among the selected events, following the 

criterion adopted by PIGGOTT and HURST (1976), about 10 of them considered as weak, 
very weak or event doubtful did not show any remarkable effect on VLF data and 

were neglected. Another 10, although of medium importance occurred in the period 

of variable transmission frequency or during the months of June to October, when the 

quality of data is questionable because of the increase in signal attenuation due to the 

low conductivity of ice (WESTERLUND and REDER, 1973) and also, signal propagation is 

deeply affected by modal conversion (WESTERLUND and SvENNESSON, 1971). 
Table 2 shows the analyzed events, observed on NWC-SP propagation path to­

gether with associated optical flare, proton counting rates for proton energies greater 

than 10 MeV and phase advances observed in VLF signals. Column labeled by '1H(70 
km, D=3.6 Mm) presents the variation in the reflection height of the earth-ionosphere 

waveguide calcu]ated after WAIT (1959) for a reference height of 70 km and consider­

ing the distance D (3.6 Mm), the extension of propagation path of which after WESTER­
LUND et al. (1969) (for the northern hemisphere) lies beyond the geomagnetic latitude of 

62.5°S, considered as the normal boundary for PCA development. Last column shows 

the same calculations but using as reference height 60 km and the propagation path 

affected was extended to 6.6 Mm because the distance of path that propagates inside 

the SAGA was included (see Table 1). 

This PCA analysis was complemented with data of proton fluxes measured by 
satellites (Explorer 34 and 4 1, NOAA 2 and 3, ATS-1), optical flares, geomagnetic 



Table 2. PCA effects and its association with optical flares, geomagnetic indices, proton flux and ionospheric D region lowering. 

Date 

13 Oct 67 
2 Nov 67 

15 Feb 68 
28 Mar 68 
31 Mar 68 
*4 Apr 68 
*9 June 68 
*9 July 68 
26 July 68 
29-31 Oct 68 
18 Nov 68 
4 Dec 68 

24 Jan 69 
25 Feb 69 

16 Mar 69 
21-27 Mar 69 
29-31 Mar 69 
5 Nov 70 

23 Nov 70 
24 Dec 70 
8 June 72 

16 June 72 
19 June 72 
4 Aug 72 

3 July 74 

PCA 

,19? (µs) 

7 (14 Oct) 
6 (3 Oct) 

13 (18 Feb) 
8 (29 Mar) 

12 (2 Apr) 
7 (8 Apr) 

32 (11 June) 
15 (14 July) 
7 (27 July) 

21 (29 Oct) 
44 (18 Nov) 
19 (6 Dec) 
5 ( 24 Jan) 

25 (25 Feb) 

7 (17 Mar) 
25 (23 Mar) 
30 (31 Mar) 
11 (7 Nov) 
8 (23 Nov) 

13 (26 Dec) 
12 (10 June) 
23 (18 June) 
28 (22 July) 
58.5 (4 Aug) 

33 (5 July) 

Flare data 

Type Observed UT Importance 

D not identified 
D 2 Nov 0855 2B 
D not identified 
D not identified 
D not identified 
D not identified 
A 9 June 0835 2B 
A 9 July 1805 2B 
D not identified 
A 20 Oct 1115 2B 
B 18 Nov 1026 1B 
A 2 Dec 2027 3N 
C 24 Jan 0707 2N 

B 23 Feb 0500 1B 
24 Feb 2330 2B 
25 Feb 0928 2B 

D 12 Mar 1744 1B 
C 21 Mar 0142 2B 
C 30 Mar 0248 2B 
B 5 Nov 0312 3B 
D not identified 
C not identified 
C 8 June 1357 -F 

C not identified 
C not identified 
A 2 Aug 0310 1B 

2 Aug 1959 2B 
4 Aug 0619 3B 
7 Aug 0348 1B 
7 Aug 1505 3B 

B 3 July 0833 -B 

A=Strong, B=Medium, C=Weak, D=Very weak, *frequency 15.5 kHz. 

Ap J (Ep>lO Me V) .dH, 70 km .dH, 60km 
index particles/cm2 ·s·sr D=3.6 Mm D=6. 6 Mm 

13 (14 Oct) - 4. 3 2. 4 
23 (3 Nov) 3. 7 2. 1 
35 (20 Feb) - 8. 1 4.5 

27 (30 Mar) - 5. 0 2. 8 
27 (1 Apr) - 7.5 4. 2 
36 (6 Apr) 3. 9 1. 2 

103 (11 June) 354 (10 June) 24.0 11. 1 
35 (10 July) 54 (13 July) 8. 5 3. 6 
15 (26 July) - 4. 3 2.4 

122 (1 Nov) 1200 (31 Oct) 13. 1 7. 3 
22 (18 Nov) 849 (18 Nov) 33.0 15.9 
25 (5 Dec) 152 (6 Dec) 11. 8 6.6 
29 (25 Jan) 6 (24 Jan) 3. 1 1. 7 
32 (27 Feb) 25 (25 Feb) 15.6 8.7 

38 (17 Mar) - 4.3 2. 4 
79 (24 Mar) 5 (22 Mar) 15. 6 8. 7 
24 (1 Apr) 66 (31 Mar) 18. 7 10. 4 
58 (7 Nov) 42 (4 Nov) 6.8 3. 8 
30 (21 Nov) 1 (23 Nov) 5.0 2.8 

14 (24 Dec) 5 (24 Dec) 8. 1 4. 5 

14 (9 June) 10 (9 June) 7. 5 4. 2 
126 (18 June) 21 (17 June) 14. 3 8.0 

33 (25 July) 25 (20 July) 17. 4 9. 7 
132 (4 Aug) 68486 ( 4 Aug) 43. 7 20. 3 
182 (5 Aug) 13740 (8 Aug) 

130 (6 July) 300 (5 July) 20. 6 11. 5 
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indices Kp and Ap, magnetic storms, ionosonde, riometer, and other VLF effects supplied 
by Solar Geophysical Data Bulletins (NOAA, 1968, 1969, 1972, 1973, 1974). 

Among the events analyzed, the most relevant ones were selected and are described 
in detail. 

3.1. PCA of 18 November 1968 
This event originated after a type 1 B optical flare that occurred at 1026 UT on 

November 18. A magnetic planetary index of 22 was observed on November 18 and 

three strong magnetic storms occurred: one on November 16 at 0916 UT, on November 

20 at 0905 UT and on November 24 at 1558 UT. 

A peak proton flux of 849 particles/cm2•s•sr of energy greater than 10 MeV was 

measured by Ex-plorer 34 at 1400 UT on November 18 recovering to background level 

on November 26. A second sharp peak occurred on November 24 at 0500 UT. Pio­

neer 9 (E> 13.9 MeV) indicated largest value (3.5 orders of magnitude above back­

ground) at 2346 UT on November 23. 

A maximum phase advance in VLF signal of 44.0 µs was observed on November 

18 around 2200 UT. There are evidences of phase advances also following the two 
magnetic storms reported above. The superposition of the two effects does not allow 

a precise evaluation of phase deviation produced by field perturbation. VLF signal 

recovered to normal quiet phase pattern on November 26. Plots of nighttime phase 
advances versus proton flux of energy greater than 10 Me V showed a better correlation 

than that of daytime phase advances. Figure 3 shows the observed phase advance 

compared to (a) normal phase pattern and (b) corresponding proton flux measured by 
satellite for this event. 

Simultaneous analysis of ALDRA (Norway)-SP (Brazil) propagation path 
showed a maximum phase advance of 28.0 µs on November 19, corresponding to a 

JH=15.9 km. The two first magnetic storms would be responsible for such lowering 

of the reference height in the Anomaly region, once an additional lowering of 6.3 km 

occurred on NWC-SP propagation path on November 25, probably caused by the last 

magnetic storm (November 24). 

3.2. PCA of 4 August 1972 
This event is considered as a sequence of several consecutive effects. A first pro­

ton peak flux with 68486 partic1es/cm2•s•sr detected by Explorer 41 occurred at 2200 

UT on August 4, a second one occurred at 0500 UT on August 8 with maximum of 

13740 particles/cm2•s•sr. ATS-1 satellite detected a proton peak flux of 6633 particJes/ 
cm2•s for proton energies of 5-21 MeV at 1900 UT on August 5. Five optical flares 

were responsible for this major event: August 2 at 0310 UT of importance 1 B, August 
2 at 1959 UT of importance 2B, August 4 at 0619 UT of importance 3B, August 7 at 

0348 UT of importance 1 B and August 7 at 1505 UT of importance 3B. Five strong 

magnetic storms were also reported in this period: on August 4 at 0119, 0220 and 2054 

UT, on August 8 at 2354 and on August 9 at 0037 UT. Planetary index Ap was 182 on 
August 5, the highest value observed in 1972. 

VLF phase advances were observed in NAA (USA)-Inubo (Japan) (17.8 kHz), 

GBR (England)-lnubo (Japan) (16.0 kHz) and NPG (USA)-Inubo (Japan) (18.6 

kHz) propagation paths with maximum deviation of 65.0 µs (on August 4 at 2100 UT), 
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Fig. 3. ( a) Hourly values of VLF phase advances compared with average quiet-day curve. (b) 
Corresponding proton fluxes measured by satellite for energies greater than 10 and 30 Me V, 
for the PCA event of 18 November 1968. 

59.0 µs (on August 4 at 1430 UT) and 18.0 µs (on August 4 at 1200 UT) respectively 

(HAKURA et al., 1973). 

The maximum phase advance on NWC-SP was 58.5 µs on August 4 coincident 

within one hour with peak proton flux of energy greater than IO MeV. Daytime 

phase came back to normal average values on August 11 but nighttime phase reached 
the normal value only on August 15. The correlation between log of nighttime phase 
in micro-seconds versus log of proton flux of energy E> 10 MeV is approximately 98% 
while the correlation coefficient for higher energy ranges (E> 30 and E> 60 MeV) 

were not so good. Based on such a good correlation it was assumed that nighttime 

phase values recovered to normal on August 15. Figure 4 illustrates the observed 
phase deviation compared to (a) quiet days phase pattern and (b) corresponding proton 

flux measured by a satellite for this PCA. 
The second proton peak of lower intensity did not produce any lowering in the 

ionosphere, that allows us to suppose that the saturation level has been attained earlier, 
during the arrival of the first higher energy proton precipitation. 

On NAA-SP propagation path a phase advance of 13.0 µs was recorded on August 
7 and during the following days a constant phase advance of 5.0 µs was maintained 
until August 19 when it recovered to its normal average value. 
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Fig. 4. (a) Hourly values of VLF phase advances compared with average quiet-day curve. (b) 
Corresponding proton fluxes measured by satellite for energies greater than JO and 30 Me V, 
for the PC A event of 4 August 1972. 

3.3. PCA of 9 June 1968 

This PCA, associated with the 2B optical flare that occurred at 0835 UT, was one 
of the few analyzed in the period from September 1976 to September 1968 in the fre­

quency of 15.5 kHz. Despite its occurrence in an unfavorable month (June), a maxi­
mum phase advance of 32 µs was observed on June 11, in VLF signals. This was a 

large type PCA with a maximum absorption of 5. 7 dB measured by 30 MHz ionosonde 

(PIGGOTT and HURST, 1976). Although the period of observation at 15.5 kHz did not 

permit us to determine when signal recovered to the normal level, the analysis of sub­
sequent data in the frequency of 22.3 kHz shows phase stability from June 14 onwards, 
which suggests that the recovery of signal phase occurred on June 12  or 13, in accord­

ance to riometer data. 

Proton counting of energy E> 10 MeV measured by Explorer 34 started at 1100 
UT (June 9) with a maximum of 354 particles/cm2•s•sr at 0600 UT (June 10) returning 
to the background level at 1000 UT (June 12). The magnetic activity was high, with 

an SSC on June 10 and the average planetary index Ap indicated the highest value of 

the year (103) on June 11. 

The reflection height variation calculated for a normalized path of 3.6 Mm resulted 
in a L1H=24.0 km, a value excessively high for the measured proton flux (REDER, 1981). 

To explain such a high LJH, three hypothesis were admitted: a) This frequency has a 
reference reflection height lower than that for 22.3 kHz (REDER, 1981; PAES LEME, 

1985). Calculations made using a reference reflection height of 60 km as suggested by 

LARSEN (1971) instead of 70 km (adopted as reference) result in a L1H=20.3 km. b) 
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The PCA development could spread out to lower latitudes, depending on the energy 
and type of incident particles. Calculations made using a path length of 6.6 Mm, 

admitting a superposition of two effects, one along the polar region (3.6 Mm) and 
another across the SAGA (3.0 Mm) would result in a JH=l3.0 km. c) Both regions 

are very sensitive to field perturbations, a consequence of the high planetary index ob­

served during this event. 

A phase advance of 6.0 µs, measured on NAA (USA)-SP (Brazil) propagation 
path, considering as the affected region that given in column 6 of Table 1, produced a 
lowering of the reflection height of 5.1 km on June 12. 

Assuming an isotropic distribution of ionization inside the Anomaly, we can 

immediately distinguish a lowering of the reflection height of 24.2 km in the anomaly 

region (normalized to NAA-SP propagation path) and a corresponding lowering of 

about 19.1 km along the polar region for the NWC-SP propagation path. This value, 

compared to that calculated above (L1H = 13.0 km) shows that this PCA spread out to 
latitudes lower than 62.5°S. 

3.4. PCA of 9 July 1968 

An event considered by PIGGOTT and HURST (1976) as very strong occurred after 

an optical flare type 2B at 1805 UT on July 9. Proton countings detected by Explorer 

34 started on July 7 at 0100 UT with maximum of 54 particles/cm2•s•sr (E> IO MeV) 

on July 13 at 2200 UT recovering to background values on July 17 at 1900 UT. Two 

magnetic storms of SC occurred: one on July 9 at ,...._,2155 UT and another on July 13 

at 1612 UT. VLF phase advance of 15.0 µs was observed on July 14. Recovery to 

normal quiet-day curve is uncertain because of frequency change. Magnetic planetary 

index Ap was 35 on July 10, the highest of the month and Kp index indicated 5+ on 
July 10. 

The phase advance on NAA-SP propagation path reached a maximum of 12.0 µs 

on July 15, that gives a lowering in the diurnal reflection height of 8.3 km, restricted 

to the Anomaly region. In this case, the proton flux measured by a satellite was less 

intense but the occurrence of the two magnetic storms probably caused this lowering on 

July 15, later than the maximum phase deviation observed on NWC-SP on July 14. 

3.5. PCA of 4 December 1968 

The optical flare of importance 3N that occurred on December 2 at 2027 UT was 

responsible for the PCA reported by PIGGOTT and HURST (1976) as a strong one. A 

gradual enhancement of proton counting was detected by satellite (Explorer 34) 

starting at 1000 UT on December 3 with peak value of 152 particles/cm2•s•sr at 0400 

UT on December 6 recovering to background level on December 13. Magnetic plane­
tary index Ap was 25 on December 5 with a strong magnetic storm (H= I l 50r) reported 
on December 3 at 0400 UT and another one on December 5 at 0633 UT. 

Maximum phase advance in VLF signal of 19.0 µs occurred on December 6, with 

recovery to average value observed on December 12, following very closely the proton 
flux distribution of energy greater than 10 MeV. 

During this period, measurements of phase advances on ALDRA-SP propagation 
path showed a maximum phase deviation of 10.0 µs on December 4, (L1H=5.7 km) one 

day after the occurrence of the strongest magnetic storm. 
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3.6. PCA of 25 February 1969 

A proton event labelled by REDER (1968-1974) as medium with ground level effects. 
Associated flares occurred on February 23 at 0500 UT (of importance l B), on February 

24 at 2330 UT (of importance 2B) and on February 25 at 0928 UT (of importance 2B). 

Magnetic planetary index Ap was 32 on February 27 and magnetic activity (Kp index) 
was less than 3 until February 25. On February 21 an SC started at 0158 UT. A 
weak proton flux with a maximum of 25 particles/cm2•s•sr of E> 10 MeV measured by 

Explorer 34 at 1200 UT on February 25, was too low to produce such maximum phase 

advance (25.0 µs) observed in VLF signal propagation on February 25. 

Phase data recorded in this period on NAA-SP propagation path showed a maxi­
mum phase advance of 10.0 µs on February 27 corresponding to a JH =9.0 km. 

3.7. PCA of 3 July 1974 

An optical flare occurred at 0833 UT on July 3, of importance-B. Four magnetic 

storms followed this flare in the period from 4 to 8 July : July 4 at 0100 UT and at 1533 

UT, on July 5 at 1931 UT, on July 6 at 0320 UT. Magnetic planetary index Ap showed 

a maximum of 130 on July 6. NOAA 2/NOAA 3 detectors attained maximum flux 

levels of about 300 particles/cm2•s•sr at 1 800 UT on July 5 for energy E> IO MeV, 

and about 20 particles/cm2•s•sr for energy E> 30 MeV. At 0000 UT on July 8 NOAA 
2/NOAA 3 detectors for energy greater than 10 MeV were at background. Thule 30 

MHz riometer recorded a first maximum attenuation of 1.8 dB at 2300 UT (July 3) and 
a second maximum of 4.6 dB at 2100 UT and 2315 UT (July 5). 

Maximum daytime phase advance of 15.5 µs was observed at 1 000 UT and maxi­
mum nighttime phase advance of 29. 5 µs occurred at 2100 UT on July 5. Maximum 

phase advance of 33.0 µs occurred at 1700 UT on July 5. VLF propagation paths GBR 
(England)-Thule (Norway) and NLK (USA)-Thule (Norway) showed a maximum 

phase advance of about 40 µs and 20 µs respectively on July 5. 

Simultaneous signals received from GBR during this period were useless because of 
lots of interruptions which make the analysis difficult. 

4. Data Analysis 

From a general point of view, it is possible to separate the analyzed events in two 

types: the fast ones which have their maximum phase advance until 12 hours after the 
onset of proton arrival and the slow ones which show a maximum phase advance a few 

days after the first proton detection by satellite. Both types are well correlated with 

the temporal evolution in the proton flux distribution detected by satellite for energies 
greater than 10 MeV. According to WESTERLUND et al. (1969), the immediate particle 

precipitation on the Earth is related to the flare position on the Sun's disk, being the 

most favorable position approximately 60° of Sun's central meridian when the mag­
netic field lines link the flare directly to the Earth ; under these conditions are observed 
the fast effect events. 

In the majority of the analyzed events it was possible to identify the associated 
optical flare. In some cases, however, the identification of the associated flare was 

doubtful because the delay between the flare onset and the PCA onset is very long, or 
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because the PCA onset is not clearly defined, or else because the flare occurred on the 

back side of the Sun (BURLAGA, 1967). 

The analysis of the events showed that PCAs considered as very weak present a 
maximum phase deviation ranging from 6-13 µs and no proton fluxes were detected by 

a satellite for energies greater than 10 MeV. This leads us to suppose that these devi­

ations are produced by the incidence of particles with energy lower than 10 MeV. 

After WESTERLUND et al. (1969), protons with energies greater than 7 MeV penetrates 

in ionospheric daytime altitudes of 70 km. In nighttime altitudes of 90 km are present 

protons of energy above 1 MeV. ISHII et al. (1973) reported that PCA events with maxi­
mum flux greater than or equal to 0.7 particles/cm2•s•sr, for energy greater than 10 MeV, 

produce considerable phase anomalies on VLF propagation .  
It is  also possible that the phase advances observed during weak PCAs were 

related to magnetic activity, once in all examples the planetary magnetic index Ap was 

reasonably high. This is in agreement with the proposition given by WESTERLUND 

et al. (1969) that the magnetic activity is a remarkable factor in modulating particle 
flux whose effects are more sensitive for lower flux intensities. 

In general, the events considered as weak or very weak that showed well defined 

phase advances occurred in the period from November to April, when the ice cap is 

reduced to the Antarctic Continent. In the period from May to October when the ice 

cap reaches its maximum extent, only the events classified as strong or medium show 

phase advances clearly defined, as can be seen from observation of Table 2. 
For the event of 4 August 1972, the calculated variation in reflection height (LlH = 

43. 7 km) was extremely high, even if we take into account the excessively high count­

ing of protons detected by satellite. Following WESTERLUND et al. (1969), above a 

certain number of particles/cm2•s•sr that should produce a lowering in the reflection 

height of about 10 km, less sensitive is the phase variation to enhancements in particles 

flux. HAKURA et al. (1972), analyzing the effect of this event along the propagation 

path GBR (England)-lnubo (Japan) observed a lowering in the reflection height of 

23.0 km, showing a good agreement with other analyzed events where the ionization 
responsible for the PCA is concentrated mainly in altitudes ranging from 45 to 75 km 

approximately (BAILEY, 1964). 

Figure 5 shows diurnal phase deviations from quiet day curves for the majority of 
PCA events analyzed. Uncertainties in the phase calculation was about 2.0 µs. 

The well defined and persisting phase advances, observed on non-polar paths 

crossing the SAGA during the PCA events analyzed, seems to point to strong enhance­

ment in the ionization in the Anomaly during these events (MENDES et al., 1970). It 

is fairly well known that the mirroring height for trapped electrons in the inner radi­

ation belt zone dips low in the atmosphere in the vicinity of the SAGA and the particles 
are lost through interactions with atmospheric constituents. 

Table 3 resumes the effects produced during these selected PCA events described 

in Section 3 on non-polar VLF propagation path, that crosses the SAGA to some 
extent. The third column indicates the maximum daytime phase deviation observed 

and the last one shows the lowering in the reflection height of the earth-ionosphere 
waveguide for VLF signals calculated using a reference height of 60 km that is more 
representative for high latitude propagation paths according to LARSEN (1971). 
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Fig. 5. Representation of some diurnal phase deviations listed in Table 2. 
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For NWC-SP propagation path calculations of JH were carried out considering an 
affected distance of 6.6 Mm, assuming that two regions were responsible for the ob­

served effect: one due to the polar region limited to a maximum geomagnetic latitude 

of 62.5° (WESTERLUND et al., 1969) defining a path length of 3.6 Mm and another due 

to the presence of the SAGA which limits the affected path to 3.0 Mm (inside the 

0.3 G profile of constant total magnetic field). 

Figure 6 shows daytime phase advances compared to quiet day curves observed 
on non-polar propagation paths crossing the SAGA. Remarkable lowerings in the 

reflection height of the lower ionospheric D-region are observed for the events discussed 

in Section 3 which values (LJH) are given in Table 3. Other relevant cases were in­

cluded to emphasize the effect of the SAGA on VLF signals propagation. 
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Table 3. 

Event 

9 June 68 

9 July 68 

18 Nov 68 
4 Dec 68 

25 Feb 69 
4 Aug 72 

27 July 69 

14 Mar 70 

29 Mar 70 

10 July 70 
7 Nov 70 

Aracy MENDES DA COSTA and Liliana RIZZO PIAZZA 

PCA effects observed on non-polar VLF propagation paths crossing the SAGA. 

Transmitter 
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NAA 

NAA 

NAA 

NAA 

GBR 

GBR 

GBR 

9 June 1968 NM-SP 

12 
days I 10 i1sec 

9 July 1968 NAA-SP 

18 November 196 8  ALDRA-SP 

(a) 

iJ <j>  
(µs) 

6. 0 
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7 . 3 

5 . 5 

7 . 6 

1 1 .  7 

5. 0 
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Fig. 6. Corresponding diurnal phase shifts on non-polar VLF propagation paths observed; ( a) during 
the major events described in Section 3 and ( b) during other PCA events or periods with 
high geomagnetic activity. 

5. Conclusion 

Based on the results obtained from the analysis of phase advances of VLF signals 

produced by PCA events in a transantarctic propagation path it was possible to con­
clude that: 

(a) PCA events considered as weak or very weak can generally be clearly identified 
in the months from November to April. 
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(b) The events considered as strong with measurements at ground level even if 

observed from May to October are clearly defined. 

(c) Phase deviations observed during weak events are apparently more directly 
related to the magnetic activity, or to precipitating protons of energy less than 10 MeV. 

(d) Phase advance observed on the PCA of 6 June 1968 suggests that the reference 
height for the reflection of waves in the frequency of 15. 5 kHz must be lower than that 

for waves propagating at 22.3 kHz. 

(e) Strong or very strong PCAs can ionize the polar ionospheric D-region so 

efficiently to bring it down to altitudes as low as 45 km for reflection of VLF waves. 
(f) Phase advances observed on VLF propagation paths that crosses the Anomaly 

during PCA's can provide means of detecting the trapped flux of particles penetrating 

into the lower atmosphere and identifying geomagnetic field perturbations because of 

its sensitivity to this kind of phenomena. 

Acknowledgments 

The authors acknowledge Prof. P. KAUFMANN for his suggestions, discussions and 

encouragement during the preparation of this paper. This research was supported 
partially by Brazilian Antarctic Program (PROANTAR), CNPq and by INT-VLF 

Program and U.S. Army Element Defense Research Office Latin America, grant No. 

DA-AR0-49-062-G 77. 

References 

BAILEY, D. K. (1964) : Polar-cap absorption. Planet. Space Sci. , 12, 495-541 .  

BURLAGA, L.  F. (1 967) : Anisotropic diffusion of solar cosmic rays. J .  Geophys. Res. , 72, 4449-4466. 

FICHTEL, C. E. and McDONALD, F. B. (1 967) : Energetic particles from the Sun. Annu. Rev. Astron. 
Astrophys. ,  5, 351-370. 

HAKURA, Y. (1967) : Entry of solar cosmic rays into the polar cap atmosphere. J. Geophys. Res. , 
72, 1461-1472. 

HAKURA, Y., ISHII, T. , ASAKURA, T. , TERAJIMA, Y. (1972) : Polar cap phase anomalies of VLF waves 
in August 1972. Rep. Ionos. Space Res. Jpn. , 26, 280-284. 

HAKURA, Y. , ISHII, T. , ASAKURA, T. , TERAJIMA, Y. (1973) : Polar disturbances of VLF waves ob­
served at Inubo. Rep. Ionos. Space Res. Jpn. , 27, 59-60. 

ISHII, T. , HAKURA, Y .• ASAKURA, T. , TERAJIMA, Y. (1973) : Polar disturbance of VLF waves observed 
at Inubo. Q. Rev. Radio Res. Labs. , 19, 175-197. 

KRIMIGIS, S. M. and VAN ALLEN, J. A. (1967) : Observations of the February 5-12, 1965, solar particle 
event with Mariner 4 and Injun 4. J. Geophys. Res. , 72, 4471-4486. 

LARSEN, T. R. (1971) :  Short path VLF phase and amplitude measurements during a stratospheric 
warming in February 1 969. J. Atmos. Terr. Phys. , 33, 1251-1256. 

LIN, R. P. and ANDERSON, K. A. (1967) : Electrons >40 keV and protons > 500 keV of solar origin. 
Solar Phys. , l, 446-452. 

MENDES, A. M. , ANANTHAKRISHNAN, s. , PAES DE BARROS, M. H. (1970) : Phase and amplitude changes 
of VLF signals associated with PCA events, with reference to the South Atlantic Geomagnetic 
Anomaly. Ann. Geophys. ,  26, 483-492. 

NOAA (1968) : Solar-Geophysical Data. Part I, 286, 287, 288, 289, 292, 293. 
NOAA (1969) : Solar-Geophysical Data. Part I, 294, 295, 296 ; Part II, 300, 301. 
NOAA (1972) : Solar-Geophysical Data. Part I, 337, 338. 
NOAA (1973) : Solar-Geophysical Data. Part II, 342. 



312 Aracy MENDES DA COSTA and Liliana RIZZO PIAZZA 

NOAA (19 74) : Solar Geophysical Data. Part I, 360, 362. 
OBAYASHI, T. (196 4) :  Streaming o f  solar particles between Sun and Earth. Planet. Spac e Sci., 12, 

463- 485. 

PAES LEME, N .  M. (19 85) :  Comparative study of frequencies 1 0. 2  and 13.6 kHz on long distanc e 
propagation path in the region of the South Atlantic Geomagn etic Anomaly. Master's 
thesis, I NPE, SP. 19 86. 

PIGGOTT, W. R. and HURST, E. (19 76) : Solar proton and electron precipitation effects detected by 
ionosondes. J. Atmos. Terr. Phys., 38, 619 -6 22. 

REDER, F .  H .  (196 8-19 74) :  Privat e communication . I NT-VLF Bu lletins. 
REDER, F .  H. (19 81) : Omega and VLF (COMM) propagation . Proc. 6th JOA Ann . Meet .  Montreal, 

Canada, 25.1-- 25. 29. 
ROEDERER, J .  G., HESS, w. N. ,  STASSINOPOULOS, E. G. (196 5) :  Conjugat e intersects to select geo­

physical stations. NASA GSFC Rept. ,  X-6 42-6 5-1 82. 
WAIT, J .  R. (19 59) : D iurnal change of ionosphere heights deduced from phase velocity measurements 

of VLF. Proc. IRE, 47, 589 -596. 
WESTERLUND, S. and SvENNESSON, J. (19 71) : Mode conversion and auroral effects observed on a 

polar VLF propagation path. J .  Atmos. Terr. Phys., 33, 1 079 -1 09 7. 
WESTERLUND, S. and REDER, F. H. (19 73) : VLF radio signals propagating over the Greenland ice­

she et . J .  Atmos. Terr. Phys. , 35, 1 475-1 491. 
WESTERLUND, S., REDER, F .  H., ABoM, C. (1969) : Effects of polar cap absorption events on VLF 

transmissions. Plan et . Spac e Sci. , 17, 13 29 -13 74. 

WILLIAMS, D .  J .  and BosTROM, C. 0. (196 7) :  The February 5, 196 5, solar proton event. 2. Low-energy 
proton observations and their relation to the magn etosphere .  J. Geophys. Res., 72, 449 7-

4506. 

( Received November 10, 1986 ; Revised manuscript received February 19, 1987) 


