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Abstract. Observations are presented of the 
changes in the solar wind proton parameters at 
0.8 and 2.2 AU as a result of the solar flares in 

August 1972. These observations were obtained by 
the NASA Ames Research Center solar wind plasma 
analyzer experiments on Pioneer 9 and Pioneer 10. 
High time resolution measurements are presented 
of the solar wind proton speed associated with 
the arrival of the interplanetary shocks at 
Pioneer 9 and Pioneer 10. For these events, 
differential ion energy per unit charge spectra 
are shown which indicate the changes in the solar 
wind ion distribution function associated with 

the arrival of each of the interplanetary shocks. 
Four fast shocks are identified at Pioneer 9, and 
it is found that previously the time of arrival 
of the first interplanetary shock at Pioneer 9 
was not correctly identified. Two fast shocks 
and one reverse shock are identified at Pioneer 

10. Calculations are performed to obtain the 
local shock speeds for each of these shocks 
observed at Pioneer 9 and Pioneer 10. On the 

basis of these calculations the Pioneer 9/ 
Pioneer 10 shock associations are reexamined, 
and it is found that contrary to previously 
published studies there was no significant 
deceleration of the interplanetary shocks between 
0.8 and 2.2 AU. 

1. Introduction 

In August 1972 during the descending phase of 
solar cycle 20, four flares occurred in McMath 
Plage 11976. Many of the specifics of the two 
2B flares and the two 3B flares that occurred 

during this time are summarized in Table 1. 
These solar data were obtained from World Data 

ß 

Center A for Solar Terrestrial Physic.s [1973]. 
There has been considerable interest in studying 
the various aspects of these events, including 
the entire energy spectrum of flare ejecta 
(e.g., solar particles and the solar wind), the 
interplanetary manifestation of these events 
(e.g., interplanetary shocks, Forbush decreases, 
etc.), magnetospheric effects, and possible 
interactions with comets. 

The Pioneer 9 and 10 solar wind observations 

particularly suitable for the study of the radial 
evolution of the flare-associated plasma as it 
propagated outward through the interplanetary 
medium. 

The ecliptic plane projection of spacecraft 
and celestial objects within 6 AU in early August 
1972 is shown in Figure 1, which is adapted from 
Dryer et al., [1975]. In early August 1972 the 
Pioneer 9 and Pioneer 10 spacecraft were at helio- 
centric distances of ~0.8 and 2.2 AU, respectively, 
approximately 450 east of the earth's solar longi- 
tude. Pioneer 9 was located approximately 11 to 
13 x 105 km north of the ecliptic plane during 
this time, and Pioneer 10 was located approxi- 
mately 11 to 12 x 106 km south of the ecliptic 
plane. Pioneer 9 was launched in November 1968 
[Intriligator and Neugebauer, 1975] into a helio- 
centric orbit with a period of 298 days. The 
spin axis of the spacecraft is perpendicular to 
the ecliptic plane, and the spin rate is stabi- 
lized at 60 rpm. Pioneer 10 was launched in March 
1972 [Intriligator, 1975] on a flyby trajectory to 
3upiter. The spacecraft successfully survived the 
3ovian environment in December 1973 and is now on 

, 

a solar system escape trajectory. The Pioneer 10 
spin rate is stabilized at ~4.7 rpm, and its spin 
axis is directed toward earth. 

The sequence of times of observation at Pioneer 
9, earth, and Pioneer 10 of several interplanetary 
shocks are indicated in Table 1. It should be 

noted that while this study focuses on these 
specific shocks, other shocks have also been iden- 
tified [Mihalov et al., 1974], and further ana- 
lyses of the data may reveal additional shocks. 
Throughout this paper we will use the convention 
of numbering sequentially the shocks studied at 
each location, indicating in parentheses the 

location. Therefore S1(9) denotes the first 
shock observed at Pioneer 9, Si(E) denotes the 
first shock observed on earth, and Sl(10) denotes 
the first shock observed at Pioneer -10. We will 

also use the convention of listing all times in 
terms of ground-received time for the Pioneer 
data. For Pioneer 9 in early August 1972 the one 
way light time was approximately 6 min; for 
Pioneer 10 it was approximately 13 to 15 min. 

In section 2 of this paper there is a discus- 
associated with the August events were obtained by sion of the general Pioneer 9 solar wind plasma 
the NASA Ames Research Center solar wind plasma observations, the Pioneer 9 shock identifications, 
analyzer. The Pioneer 9 and Pioneer 10 observa- and a comparison with simultaneous interplanetary 
tions provide the most continuous and unambiguous magnetic field observations. In section 3 there 
interplanetary monitoring of the events. Further- is a discussion of the general Pioneer 10 solar 
more, the location of these spacecraft with re- wind plasma observations, the Pioneer 10 shock 
spect to the first series of solar flares was identifications, and a comparison of simultaneous 

Pioneer 10 plasma and magnetic field observations. 
The calculated shock speeds associated with the 

Copyright 1977 by the American Geophysical Union. Pioneer 9 and Pioneer 10 observations are dis- 
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TABLE 1. Sum•nary of August Events 

SUN PIONEER 9 EARTH PIONEER 10 

Event Time Event Time Event Time Event Time 

flare 2B, 
McMath Plage 11976, 
13øN, 35øE 

H a flare 2B, 
McMath Plage 11976, 
13 ON 27øE 

H•flare 3B, 
McMath Plage 11976, 
14øN 08øE 

flare 3B, 
McMath Plage 11976, 
14øN, 36øW 

Aug. 2 (day 215) forward Aug. 3 forward Aug. 4 forward Aug. 6 
start O316 UT shock (day 216) shock (day 217) shock (day 219) 

end 0800 UT S1(9) <0430 UT Sl(E) 0120 UT Sl(10) 1520 UT 
max 0327 UT 

0410 UT 

0515 UT 

0739 UT 

Aug. 2 (day 215) forward Aug. 3 forward Aug. 4 reverse Aug. 9 
start 1958 UT shock (day 216) shock (day 217) shock (day 222) 

end 2355 UT $2 (9) 1117 UT S 2 (E) 0221 UT S 2 (10) 1540 UT 
max 2023 UT 

2058 UT 

Aug. 4 (day 217) forward Aug. 4 forward Aug. 4 forward Aug. 13 
start 0620 UT shock (day 217) shock (day 217) shock (day 226) 

end 1000 UT S 3 (9) 2323 UT S 3(E) 2054 UT S 3 (10) 0300 UT 
max 0635 UT 

Aug. 7 (day 220) forward Aug. 9 forward Aug. 8 
start 1443 UT shock (day 222) shock (day 221) 

end 1730 UT S 4(9) 0707 UT S 4(E) 2354 UT 
max 15 00 UT 

1527 UT 

cussed in section 4. In section 5 the Pioneer 9/ 
Pioneer 10 shock associations are summarized. 

Estimates of the thickness of some of the shocks 

are presented in section 6. And finally, sec- 
tion 7 is a summary of the results of this study. 

2. Pioneer 9 Observations 

In Figure 2 the solar wind plasma parameters 
observed in early August 1972 at Pioneer 9 are 
summarized. The Pioneer 9 plasma data in this 
figure and in subsequent figures were obtained 
from the NASA Ames Research Center solar wind 

plasma analyzer; John Wolfe was the principal 
investigator. This instrument is a 120 o curved 
plate electrostatic analyzer with three current 

SPACECRAFT AND CELESTIAL OBJECTS IN ECLIPTIC PLANE 

2-11 AUGUST 1972 

(FIXED SUN- EARTH AXIS) 

PIONEER 9 2 :5 4 5 6 A 

,A/ / , , , 
o01/ 
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Fig. 1. Ecliptic plane projection of spacecraft 
and celestial objects within 6 AU in early 
August 1972. 

collectors, each connected to an electrometer 
amplifier. This instrument is capable of deter- 
mining the incident plasma parameters over the 
energy range from ~200 to 15,000 eV for protons 
and from ~13 to 1000 eV for electrons. The solar 

wind proton parameters used in this figure and 
in subsequent figures were obtained from the NASA 
Ames Research Center least squares data reduction 
program that obtains the solar wind proton para- 
meters by a linear least squares fit that utilizes 
the flight data and the specific instrument re- 
sponse function obtained in the prelaunch cali- 
bration of the instrument in the Plasma Calibra- 

tion Facility at NASA Ames Research Center. The 
analyses assume an isotropic temperature for the 
convecting Maxwellian velocity distribution. The 
solar wind proton speeds shown in this figure and 
all subsequent figures have not been corrected 
for the spacecraft velocity [Mihalov et al., 1974]. 
Figure 3 shows the higher time resolution data of 
the solar wind proton speed and the magnetic field 
magnitude at the time of the first shock S1(9 ) 
observed at Pioneer 9. The Pioneer 9 magnetic 
field data in this figure and in subsequent fig- 
ures were obtained by the NASA Ames Research 
Center magnetometer; Charles Sonett was the prin- 
cipal investigator. This instrument is a tri- 
axial flux gate magnetometer [Mihalov et al., 
1974]. It is clear in the higher time resolu- 
tion data shown in Figure 3 that there is a sharp 
increase in the solar wind proton speed before 
0430 UT (see text below for a discussion of the 
uncertainties associated with these data). 
Figure 3 also indicates that the increase in 
speed before 0430 UT corresponds to an enhance- 
ment in the magnetic field magnitude. To examine 
more fully the change in the solar wind proton 
distribution function before 0430 UT, ion energy 
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Fig. 2. Solar wind plasma proton observations obtained on Pioneer 9 at ~0.8 AU 
during the period of August 2 (day 215) to August 18 (day 231), 1972, by the NASA 
Ames Research Center solar wind plasma analyzer. Hourly values of the solar wind 
proton streaming speed V, the solar wind proton number density N , and the solar 
wind proton temperature T are shown. P 
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Fig. 3. Simultaneous observations of the solar 
wind proton speed V and the magnetic field 
magnitude B in the vicinity of the Pioneer 9 

forward shock S1(9). The crosses in this and 
in subsequent figures are the preliminary least 
squares analyzed values of the solar wind 
proton speed obtained by the NASA Ames Research 
Center solar wind plasma analyzer. The times 
indicated for the crosses refer to the start 

of the cycle time. The Pioneer 9 magnetic 
field data in this figure and in subsequent 
figures were obtained by the Pioneer 9 
magnetometer. These preliminary data (see 
text) indicate that there is a jump in the 
solar wind proton speed before 0430 UT, 

per unit charge spectra obtained at approximately 
0417 and 0428 UT are shown in Figure 4. In this 
figure and in subsequent figures of this type 
the flux shown is the peak ion flux in ions per 
square centimeter per second for each energy per 
unit charge channel. The speed shown is the 
proton speed obtained from converting the energy 
associated with the energy per unit charge 
channel to the comparable proton speed in 
kilometers per second. The peak in the ion energy 
spectrum obtained at ~0417 UT has an associated 
solar wind proton speed of ~290 km/s. The space- 
craft transmission of fluxes for the 0428 UT ion 

energy spectrum was interrupted and resulted in 
the data gap after the peak point shown in Figure 
4. This peak is associated with a solar wind 

- proton speed of approximately 340 km/s which is 
plotted in Figure 3. It is possible that the 
actual peak may have occurred during the data gap, 

- and this would imply that the solar wind proton 
speed associated with the peak is higher than 
340 km/s. It is tempting to associate the in- 
crease of ~50 km/s in the solar wind proton speed 

0530 with the passage of the forward shock S1(9). 
This identification is further supported when the 
intensity of 0417 UT ion energy per unit charge 
spectrum is compared to the estimated intensity 
of the 0428 UT ion energy spectrum. Even the 
partial ion energy spectrum shown at 0428 UT has 
an enhanced intensity associated with it. 
Generally, in the ion energy spectra the first 
peak is associated with the solar wind proton 
intensity and the second peak with the intensity 
of alpha particles in the solar wind and with an 
enhanced high-energy tail associated with the 
solar wind proton distribution function. On the 
basis of the increase in the solar wind proton 
speed before 0430 UT (see Figure 3), the simul- 
taneous increase in the magnetic field magnitude 
(see Figure 3), and the increased speed and inten- 
sity associated with the ~0428 UT solar wind ion 

implying the passage of the shock before 0430 . distribution function (shown in Figure 4), we con- 
UT rather than.at ~0440 UT, as had been clude that the passage of the first forward shock 
previously reported by others on the basis of at Pioneer 9 occurred before 0430 UT rather than 
the magnetometer data only. at ~0440 UT, as was previously suggested by 
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Fig. 4. Differential ion energy per unit charge spectra. The flux shown is the 
peak ion flux for each energy per unit charge channel measured in ions per square 
centimeter per second in that channel. The speed shown is the proton speed obtained 
from converting the energy associated with the energy per unit charge channel to 
the comparable proton speed. The ion energy spectrum measured at 0417 UT was 
obtained before the passage of S•(9). The ion energy spectrum measured at 0428 UT 
peaks at a higher solar wind pro•on speed (see text), implying that it was measured 
after the passage of S1(9 ). 
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Fig. 5. Simultaneous observations of the solar 
wind proton speed V and the magnetic field 
magnitude B in the vicinity of the Pioneer 9 
forward shock S 2(9) . 

Mihalov et al. [1974]; and by Dryer et al. [1975, 
1976] on the basis of the magnetometer data only. 
(Dryer et al. [1976] now acknowledge the correct- 
ness of our earlier identification of the shock.) 

The arrival of the second forward shock S2(9 ) 
at Pioneer 9 is shown in Figure 5. In this fig- 
ure the higher time resolution data indicate that 
the increase in the solar wind proton speed 
occurred between ~1100 and ~1130 UT. The marked 
increase in the magnetic field magnitude during 
this time is also clearly shown. In Figure 6 the 
ion energy spectra obtained on day 216 at approxi- 
mately 1119 and 1126 UT are shown. This figure 
emphasizes the drastic change in the solar wind 
distribution function as a result of the arrival 
of S2(9 ). These ion energy spectra indicate the 
large increase in the peak solar wind proton speed 
from the value of 350 km/s associated with the 
peak of the 1119 UT energy spectrum to a speed of 
550 km/s associated with the peak of the 1126 UT 
energy spectrum. This figure also indicates the 
substantial increase in the intensity associated 
with the solar wind ion distribution obtained at 
~1126 UT and the increase in the temperature 
(some indication of which is given by the full 
width at half maximum) of the distribution. Each 
of the changes in the solar wind and magnetic 
field parameters discussed above is consistent 

with the arrival of the fast forward shock S2(9 ) at Pioneer 9. 
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Fig. 6. Differential ion energy per unit charge spectra measured at Pioneer 9 on 
day 216 (see legend of Figure 4 and text for an explanation of the format). The ion 
energy spectrum obtained at 1126 UT has a much higher intensity and peaks at a 
substantially higher solar wind proton speed than the ion energy spectrum obtained 
earlier at 1119 UT. 

The simultaneous solar wind proton speed data 600 to 1100 km/s. The ion energy spectra in 
and magnetic field magnitude data associated with Figure 8 show the large shift in the peak of the 
the arrival of the third shock S3(9) at Pioneer 9 
are shown in Figure 7. There is a definite in- 
crease in the solar wind speed and magnetic field 
magnitude at ~2330 UT. The ion energy spectra 
obtained on day 217 at •2323 and •2330 UT are 
shown in Figure 8. This figure is similar in 
format to Figures 4 and 6, although the vertical 
scale in Figure 8 has been expanded to show more 
fully the shape of these ion energy spectra, and 
the horizontal scale now covers the range of 
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Fig. 7. Simultaneous observations of the solar 
wind proton speed V and the magnetic field 

solar wind ion energy spectrum from a solar wind 
proton speed of 650 km/s at 2323 UT to a speed of 
920 km/s at 2330 UT. The 2330 UT ion energy 
spectrum in Figure 8 shows an increase in tempera- 
ture and an enhanced high-energy tail. Each of 
these features is consistent with the arrival of 

the forward shock S3(9) at Pioneer 9. 
The simultaneous high-resolution solar wind 

proton speed data and magnetic field magnitude 
associated with the arrival of the forward shock 

S4(9) at Pioneer 9 are shown in Figure 9. The 
large increase in both the plasma proton speed 
and the magnetic field magnitude occurs during 
the data gap at ~0700 UT. The ion energy spectra 
obtained just before and just after this data gap 
on day 222 are shown in Figure 10. In the ion 
energy spectrum obtained at ~0650 UT the solar 
wind proton speed associated with the peak is 
~400 km/s. The solar w. ind proton speed associ- 
ated with the peak of the 0725 UT spectrum is 
approximately 540 km/s. The solar wind distri- 
bution function measured at 0725 UT also shows 

an enhanced intensity, and increase in tempera- 
ture, and an enhanced high-energy tail. These 
changes in the solar wind plasma parameters and 
the increase in the magnetic field magnitude are 
consistent with the identification of S4(9) as a 
fast forward shock. 

3. Pioneer 10 Observations 

The solar wind plasma parameters observed in 
early August 1972 at Pioneer 10 are summarized in 
Figure 11. The Pioneer 10 plasma data in this 
figure and in subsequent figures were obtained 
from the NASA Ames Research Center solar wind 

plasma analyzer [Intriligator and Wolfe., 1976]; 
John Wolfe was the principal investigator of this 
experiment. The Ames Research Center Plasma 

magnitude B in the vicinity of the Pioneer 9 for- Analyzer Experiment on Pioneer 10 consists 

ward shock S3(9). [Int.rili•ator, 1975; Intrili•ator and Wolfe, 1976] 
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Fig. 8. Differential ion energy per unit charge spectra measured at Pioneer 9 on 
day 217 (see legend of Figure 4 and text for an explanation of the format). The 
ion energy spectrum obtained at 2330 UT peaks at a substantially higher solar wind 
proton speed than the spectrum obtained at 2323 UT. The temperature (some indica- 
tion of which is given by the full width at half maximum) of the spectrum measured 
at ~2330 UT is also higher. 

of dual 900 quadrispherical electrostatic 
analyzers (detector A and detector B), multiple 
charged particle detectors, and attendant 
electronics. The instrument is capable of deter- 
mining the incident plasma distribution para- 
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Fig. 9. Simultaneous observations of the sola r 
wind proton speed V and the magnetic field 
magnitude B in the vicinity of the Pioneer 9 

forward shock S 4(9) . 

meters over the energy range of 100 to 18,000 eV 
for protons and over the range of approximately 
1 to 500 eV for electrons. In this paper the data 
used are obtained from detector B, the analyzer 
with five flat surface current collectors, each 
having an associated electrometer amplifier. The 
Pioneer 10 solar wind proton data used in this 
paper were obtained from the NASA Ames Research 
Center least squares analyzed data reduction 
program, which utilizes flight data and the 
specific detector response function obtained in 
the prelaunch calibration of the instrument in 
the Plasma Calibration Facility at NASA Ames 
Research Center. Higher time resolution data 
of the solar wind proton speed and magnetic 
field magnitude at the time of the first shock 
Sl(10) observed at Pioneer 10 are shown in Figure 
12. The Pioneer 10 magnetic field data in this 
figure and in subsequent figures were obtained by 
the helium vector magnetometer on Pioneer 10 
[Smith et al., 1974]; Edward J. Smith was the 
principal investigator of this experiment. 
Figure 12 shows the increase in the solar wind 
proton speed at ~1500 UT and the jump in the 
magnetic field magnitude. In the ion energy per 
unit charge spectra obtained at ~1507 UT and sub- 
sequent ion energy spectra of this type the flux 
shown is the peak ion flux in digitized counts for 
each energy per unit charge channel. The speed 
shown is the proton speed obtained from convert- 
ing the energy associated with the energy per 
unit•Charge channel to the comparable proton 
speed in kilometers per second.- •n Figure 13 the 
peak in the io n energy spectrum measured at ~1507 
UT was measured before the arrival of the first 

shock S 1(10) at Pioneer 10. The solar wind pro- 
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Fig. 10. Differential ion energy per unit charge spectra measured at Pioneer 9 on 
day 222 (see legend of Figure 4 and text for an explanation of the format). The 

ion energy spectrum measured at 0650 UT was obtained before the passage of S4(9). 
The ion energy spectrum measured at 0725 UT shows a higher peak speed and tempera- 

ture, implying its association with the passage of S4(9 ) . 

ton speed associated with this peak is ~400 km/s. explored in Figure 13, the ion energy spectra 
The ion energy spectrum measured at ~1514 UT shows being measured at •1530 and ~1538 UT. A compari- 
an enhanced intensity and a general shift of the 
spectrum to higher speeds. The appearance of the 
ion energy spectrum measured at 1514 UT most 
likely implies that it is time aliased. The 
change in the solar wind ion distribution func- 
tion associated with the arrival of the first 

forward shock Sl(10) at Pioneer 10 is further 

son of the general shape of these ion energy 
spectra with the shape of the ion energy spectrum 
obtained at ~1507 UT emphasizes the change in the 
solar wind ion distribution function as a result 

of the arrival of the fast forward shock Sl(10) 
at Pioneer 10. The simultaneous increase in the 

solar wind speed and the magnetic field magnitude 
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Fig. 11. Solar wind plasma observations obtained on Pioneer 10 at 2.2 AU during 
the period of August 2 (day 215) to August 18 (day 231), 1972, by the NASA Ames 
Research Center solar wind plasma analyzer. Hourly values of the solar wind 
proton streaming speed V, the solar wind proton number density N , and the solar 
wind proton temperature T are shown. P 
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solar wind proton speed of ~500 km/s. The ion 
energy spectrum measured at ~0328 UT was obtained 
after the arrival of SA(10) at Pioneer 10. In 
contrast to the earlie• ion energy spectrum, 
the one obtained at ~0328 UT peaks at a solar 
wind proton speed of ~600 km/s, and it has a 
higher temperature. The 0328 UT ion energy 
spectrum also has an enhanced intensity of the 
solar wind proton and alpha particles and shows 
evidence of a high-energy tail to the solar wind 
proton (and perhaps alpha particle) distribution 
function. At the beginning of day 226 the 
simultaneous increase in the solar wind speed 
and in the magnetic field magnitude (Figure 16) 
and the accompanying change in the shape of the 
solar wind ion energy spectra are all consistent 
and imply the arrival at Pioneer 10 of the fast 

forward shock S3(10 ) . 
4. Shock Speeds 

A series of calculations have been carried out 

Fig. 12. Simultaneous observations of the solar to estimate the inertial speed of the shocks seen 
wind proton speed V and the magnetic field at Pioneer 9 and Pioneer 10 in association with 
magnitude B in the vicinity of the Pioneer 10 

forward shock S 1(10). The dots in this figure 
and in subsequeSt figures are the preliminary 
least squares analyzed values of the solar 
wind proton speed obtained by the NASA Ames 
Research Center solar wind plasma analyzer. 
The times indicated for the dots refer to the 

start of the cycle time. The Pioneer 10 
magnetic field data in this and in subsequent 
figures were obtained by the vector helium 
magnetßmeter on Pioneer 10. 

shown in Figure 12 and the change in the solar 
wind ion energy spectra shown in Figure 13 are 
all consistent with the arrival of the fast 

forward shock Sl(10) at Pioneer 10. 
The arrival 6f the second shock S.(10) at 

Pioneer 10 is shown in Figure 14. I• this figure 
the higher time resolution data indicate that 
there is a gradual increase in solar wind pro- 
ton speed on day 222 (August 9) between ~1200 
and 1640 UT. The higher time resolution mag- 
netic field data shown in Figure 14 (top) in- 
dicate that unlike the other shocks at Pioneer 9 

and Pioneer 10 there is a sharp drop in magnetic 
field magnitude at ~1540 UT. The increase in 
the solar wind speed and this drop in the mag- 
netic field magnitude has led to the identifica- 
tion of S2(10) as a reverse shock. The ion 

the August events. These calculations are based 
on the assumption that the shocks are quasi- 
perpendicular, since they are associated with 
significant changes in the magnetic field mag- 
nitude. Then the conservation of magnetic flux 
leads to the relation for the inertial speed of 
the shock: 

VShock<V, B> = (.V2B 2 - V1B 1)/(B 2 - B 1) (1) 

where V 1 and V_ are the values of the solar wind speed before a•d after the shock, respectively, 
and B and B are the values of the magnetic 1 2 
field magnitude before and after the shock, 
respectively. The shock speeds found from this 
relation for each of the shocks observed at 

Pioneer 9 are listed in Table 2. The shock speeds 
found from this relation for each of the shocks 
observed at Pioneer 10 are listed in Table 3. 

Shock speeds remarkably similar to those 
shown in Tables 2 and 3 are also obtained for each 

of the respective shocks at Pioneer 9 and Pioneer 
10 when the shock speed is calculated by using 
the equation 

VShock<V, N> = (V2Np2- ¾1Npl )/(Np - N ) (2) 2 Pl 

where V 1 and VA are the values of the solar wind z 
energy spectra associated with the arrival of speed before and after the shock, respectively, 
S2(10) at Pioneer 10 are shown in Figure 15. This and NPl and NP2 are the solar wind proton number figure shows the increase in the solar wind proton 
speed between 1530 and 1538 UT on day 222. densities before and after the shock, respectively. 

In Figure 16, hourly samples of Pioneer 10 The results from estimating the shock speeds at 
measurement of the solar wind proton speed and Pioneer 9 and Pioneer 10 by using this equation 
the simultaneous magnetic field magnitude are are shown in Tables 4 and 5, respectively. 
shown. The sharp increase in the solar wind A comparison of the Pioneer 9 shock speeds 
speed at the beginning of day 226 is accompanied obtained by these two methods for each of the fast 
by a dramatic jump in the magnetic field magnitude. forward shocks and by a Rankine-Hugoniot analysis 
TheSe changes are asSOCiated with the arrival of [Dryer et al., 1976] is presented in Table 6. 
the fast forward shock S3(10) at Pioneer 10. The 
changes in the solar wind ion energy spectra 'due 
to the arrival of S3(10) at Pioneer 10 are shown 
in Figure 17. The ion energy spectrum measured 
at ~0230 UT was obtained before the arrival of 

S3(10). This ion energy spectrum peaks at a 

The shock speeds are given (as in Table 2) from 
the calculations above (equation (1) by assuming 
that the shocks are quasi-perpendicular, and they 
are estimated (from (2)) by using the solar wind 
speed and the solar wind proton number density 
(as in Table 4). Also listed in Table 6 are the 
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Fig. 13. Differential ion energy per unit charge spectra. The counts shown are 
the peak ion counts for each energy per unit charge channel. The speed shown is 
the proton speed obtained from converting the energy associated with the energy 
per unit charge channel to the comparable proton speed. The ion energy spectrum 
obtained at 1514 UT peaks at a higher solar wind proton speed than the 1507 UT 
spectrum. The shape of the 1514 UT spectrum may possibly imply that it is 
time related. The general shapes of the ion energy spectra measured at 1530 and 
1538 UT should be compared to those measured earlier at 1507 and 1514 UT. 

radial shock speeds Vqp(Dryer) calculated by 
Dryer et al. [1976], 5•'ing the Rankine-Hugoniot 
relations. It should be noted that as was 
discussed in section 3 [e.g., Mihalov et al., 
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HOURS OF DAY 222 (AUG 9) 

Fig. 14. Simultaneous observations of the solar 
wind proton speed V and the magnetic field 
magnitude B• in the vicinity of the Pioneer 10 
reverse shock S2 (10) . 

1974; Dryer et al., 1976], the time of the 
first shock at Pioneer 9, S1(9), was incorrectly 
identified as ~0440 UT. We have suggested that 
the earlier (<0430 UT) identification and the 
shocks speeds VShock<V, B> for S1(9) and 
VShock<V, N> for S1(9) are based on the 
assumption that S_ (9) occurred at ~0420 UT, where- 
as the calculation 1 of the radial shock speed 
VsR(Dryer) employs the 0440 UT identification. 

Generally, the shock speeds VShock<V, B> 
calculated by (1), if we •ssume that the shocks 
are quasi-perpendicular, agree quite well (within 

+ <•i0%), with the VsR(Dryer) calculated by Dryer 
et al. [1976], using the Rankine-Hugoniot 
relations. Even the shock speeds VShock<V, N> 
calculated by using (2) agree quite well with the 
others. For S 2 (9), using (2), one obtains 

, N> of 575 km/s Mihalov et al. [1974] VShock<V ß 
calculated a shock speed of ~645 km/s for S2(9) , 

using V S = [(Np2V 2 - N V 1)/(N - N ]R Pl P2 Pl ) ' 
where R, the best fit shock norrural, was 
• = (-0.938, 0.341, 0.064). 

To date, no Rankine-Hugoniot analysis has been 
published for the Pioneer 10 data, but we can 
compare the shock speeds obtained at Pioneer 10 
by using (1) with those obtained by using (2). 
This comparison is summarized in Table 7. There 
is very good agreement (+ <•10%) between the 
calculated shock speeds at Pioneer 10. 
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Fig. 15. Differential ion energy per unit charge spectra. This figure is similar 
in format to Figure 13. The ion energy spectrum measured at 1538 UT peaks at a 
higher solar wind proton speed than the earlier (1530 UT) spectrum. 

5. Pioneer 9/Pioneer 10 Shock Associations 

The similarity of the shock speeds calculated 
for S2(9 ) and S](10) has led to a comparison 
of these shock õpeeds with the estimated average 
velocity of the shock obtained by assuming that 
the shock S?(9) propagated radially outward 
from Pione.e?. 9 to Pioneer 10, where it is 
identified as S 1(10). This leads to an estimated 
average shock speed of •770 km/s. With the good 
agreement between this average shock speed and 

the local shock speeds S2(9) and S l(10), it 
appears reasonable to conclude that the previous 

association by others between S3(9) and Sl(10 ) 
was incorrect. This conclusion'appears to be 
supported further by the Heos 2 data obtained 
near earth. Cattaneo et al. [1974] have cal- 
culated that the shock speed of S2(E) was of the 
order of 730 km/s. 

The association of S2(9) and Sl(10) is also 
important because it leads' one to the conclusion 
that there was no strong deceleration. of the 
shock as it propagated outward from Pioneer 9 
at 0.78 AU to Pioneer 10 at 2.2 AU. This con- 

clusion is emphasized in Figure 18 (top). In 

this figure the local shock speeds VsR(Dryer) 
and V.<V, B> at Pioneer 9 are shown, t]•e shock 

speed•Vs(Heos) of ~740 km/s calculated near 
earth by Cattaneo et al. [1974] is shown, and the 
local shock speed V_<V, B> at Pioneer 10 is 
indicated. The line VAv(Pn 9/Pn 10) represents 
the estimated average õ•5ock speed (~770 km/s) 
based on the elapsed time of observation between 

S (9) and S (10) at Pioneer 9 and Pioneer 10, 2 1 
respectively. It is evident in Figure 18 (top) 
that all of these speeds are similar and that 
contrary to some theoretical expectations and 
earlier reports there is no evidence between 
~0.8 and 2.2 AU for a strong deceleration of 
the shock with increasing heliocentric distance. 

Figure 19 summarizes the shock associations, 

S](9) was overtaken beyond 1 AU by S9(9), which 
p•opagated outward to become S• (10).-(As is in- 
dicated in Figure 19, S 1(9) isAidentified with 
Si(E) at earth, and S2(9) is identified with 
S 2(E) at earth.) 

A comparison of the estimated shock speeds 

for S4(9) in Table 6 with the estimated shock 
speeds for Sq(10) in Table 7 points out the 
similarity b•tween these two local shock speeds. 

If we identify S4(9) at Pioneer 9 with S3(10) 
at Pioneer 10, then on this basis we can estimate 
an average speed of ~635 km/s for the propagation 
from Pioneer 9 to Pioneer 10. In Figure 19 the 
shock identification of S/.(9) at Pioneer 9 with 
S3(10) at Pioneer 10 is clearly indicated. In 
Fropure 18 (bottom) this average estimated 
speed VAv(Pn 9/Pn 10) and the local shock speeds 
at Pioneer 9 and Pioneer 10 are shown. As is 

true in the case of the association of S2(9) and 
S•(10) discussed above, it is evident in this 
figure that all of the speeds are similar. There- 

fore the identification of SA(9) and Sq(10) and 
a comparison of their local õhock speeas leads 
to the conclusion that in this case, as in the 
other, there was no strong deceleration of the 
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Fig. 16. Simultaneous observations of the 
solar wind proton speed V and the magnetic 
field magnitude B from day 224 to day 230. 
The simultaneous jump in these parameters 
on day 226 is associated with the passage 

at Pioneer 10 of the forward shock S3(10). 

250 

shocks between Pioneer 9 at ~0.8 AU and Pioneer 
10 at ~2.2 AU. 

Our estimates above imply that there was no 
strong deceleration of these shocks between 0.8 
(Pioneer 9) and 2.2 AU (Pioneer 10). However, an 
estimate of the average speed of propagation 
from the sun to each spacecraft yields signifi- 
cantly higher speeds as is shown in Figure 20. 
The average speed of propagation of the shock 
associated with the second flare (see Table 1 
and Figure 19) from the sun to Pioneer 9 is 
VAv(sun/Pn 9) ~ 2200 km/s. The average speed 

of propagation from the sun to Pioneer 10 for 

this flare is VAv(SUn/Pn 10) ~ 1000 km/s. 
Similarly, for l•e fourth flare (see Table 1 and 
Figure 19) the average speed of propagation from 
the sun to Pioneer 9 is approximately equal to 
830 km/s, and from the sun to Pioneer 10 it is 
approximately equal to 700 km/s. These higher 
average speeds associated with the propagation of 
the shocks from the sun to the spacecraft are not 
necessarily inconsistent with our calculations 
of the local shock speeds and the implied lack 
of deceleration between Pioneer 9 (0.8 AU) and 
Pioneer 10 (2.2 AU). Instead, they imply an 
extremely strong deceleration closer to the sun 
(within 0.8 AU). 

6. Estimates of Shock Thickness 

Using the local shock speeds calculated above 
and the high-resolution magnetic field data, we 
can estimate the shock thickness for Sl(10), the 
first forward shock observed at Pioneer 10, and 
for S?(10), the reverse shock observed at 
Pioneer 10. The data gap at the time of S3(10 ) 
precludes the calculation of the shock thickness 
for this forward shock. For S 1 (10), using 
VShock<V, B> ~ 717 km/s and At - 2 s, we 
obtain AL ~ 1400 to 1500 km. For S2(10) , using 
VShock<V, B> ~ 534 km/s and At <• 1 s, we obtain 
AL ~ 500 to 600 km. These shock thicknesses are 

larger than the comparable C/•pi , the ion inertial 
length. 

The thickness obtained here for Sl(10 ) is 
substantially less than the upper limit for S2(9) 
for 11.6 x 104 km reported by Dryer et al. 
[1976]. In general the estimates of Dryer et al. 
[1976] appear quite high. By using the reported 
thickness of Dryer et al. [1976] for S2(9) and 
the local shock speed VShock<V, B> obtained 
above of ~613 km/s, a At ~ 3 min (189 s) is 
implied. Even if the shock thicknesses at 
Pioneer 9 were of the order of ~500 to 1600 km, 
as is the case at Pioneer 10, they would still 
be substantially larger than their respective 
ion inertial lengths as calculated by Dryer et al. 
[1976]. 

7. Summary 

The August 1972 solar events provided a 
unique opportunity to study the interplanetary 
features associated with major flares, since at 
this time there was a radial alignment of the 
Pioneer 9 and Pioneer 10 spacecraft with the 
solar site of two flares. This has allowed us to 

study many aspects of the radial evolution of 

TABLE 2. Local Shock Speeds at Pioneer 9 Obtained Using (1) 

Event Day Time, UT Vl, km/s B 1, gamma V2, km/s B2, gamma 
VShock<V, B>, 

km/s 

S1(9) 216 (Aug. 3) 
S2(9) 216 (Aug. 3) 
S3(9) 217 (Aug. 4) 
S4 (9) 222 (Aug. 9) 

0420 297 1.5 345 4 374 
1117 358 20 540 70 613 
2323 685 9 938 23 1100 
0707 403 8 546 18 660 
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Fig. 17. Differential ion energy per unit charge spectra (see legend of Figure 13 
for an explanation of the format). The ion energy spectrum measured at 0230 UT 
was obtained before the passage of Sq(10). The 0328 UT spectrum was obtained 
after the passage of S3(10) , since iT peaks at a higher solar wind proton speed 
and shows enhanced intensity and a higher temperature, as is indicated by the full 
width at half maximum. 

TABLE 3. Local Shock Speeds at Pioneer 10 Obtained Using (1) 

Event 

VShock<V, B>, 
Day Time, UT Vl ' km / s B 1 ' gamma V 2' km / s B 2 ' gamma km / s 

Sl(10) 219 (Aug. 6) 
S2(10) 222 (Aug. 9) 
S 3(10) 226 (Aug. 13) 

1520 412 2.5 615 7.5 717 
1540 592 5 631 3 534 
0300 502 1.2 605 3.5 659 

TABLE 4. Local Shock Speeds at Pioneer 9 Obtained Using (2) 

Event Day 

N N , 
Pl' P2 

Time, UT V1, km/s protons/cm 3 V2, km/s protons/cm 3 
VShoc k<V N >, ' p 

km/s 

S1(9) 216 (Aug. 3) 0420 297 6.3 345 14.2 
S2(9) 216 (Aug. 3) 1117 358 18 540 111 
S3(9) 217 (Aug. 4) 2323 685 0.7 938 1.4 
S4(9) 222 (Aug. 9) 0707 403 2.5 546 7.2 

383 
575 

1191 

622 
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TABLE 5. Local Shock Speeds at Pioneer 10 Obtained Using (2) 

Event Day 

N , N , 
Pl P2 

Time, UT Vl, km/s protons/cm 3 V2, km/s protons/cm 3 
VShock<V, N•, 

km/s 

S 1 (10) 219 (Aug. 6) 1520 
S2(10) 222 (Aug. 9) 1540 
S3(10) 226 (Aug. 13) 0300 

412 1.6 615 5.1 708 
592 1.2 631 0.4 573 
502 0.4 605 1.0 674 

TABLE 6. Comparison of Calculated Shock Speeds at Pioneer 9 

Event 

VShock<V, B>, VShock<V, N>, VsR(Dryer), 
Day Time, UT km/s km/s km/s 

S1(9) 
S2(9) 
S3(9) 
S4(9) 

216 (Aug. 3) 0420 374 383 431 
216 (Aug. 3) 1117 613 575 667 
217 (Aug. 4) 2323 1100 1191 1183 
222 (Aug. 9) 0707 660 622 672 
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Fig. 18. (Top) Summary of local shock speeds 
obtained (see text) for the forward shocks 
S?(9), S o(E), and S 1(10) and the average shock 
s•eed VA•(Pn 9/Pn 10) implied' (see text) by 
associating S 2 (9) with S 1 (10). The shock speed 
VE(Heos) of ~730 km/s was calculated near 
earth by Cattaneo et al. [1974]. This figure 
emphasizes the similarity of each of these 
speeds and implies that the fast forward shock 

the solar wind plasma as it propagated out to 
2.2 AU. Assuming quasi-perpendicularity, we have 
estimated the local shock speeds at Pioneer 9 and 
have found that they agree quite well with those 
obtained by a Rankine-Hugoniot analysis [Dryer 
et al..• 1976]. On the basis of the estimates 
of the local shock speeds at Pioneer 9 and 
Pioneer 10 we have proposed that the first fast 
forward shock S_ (10) seen at Pioneer 10 is 
associated withithe second fast forward shock 
S2(9) observed at Pioneer 9. The estimates of 
the local shock speeds at Pioneer 9 and Pioneer 10 

and this association of S2(9) with Sl(10) (and its 

13 [ I ,s$(IO) 
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9 / S4(E) 
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1972 :ER 
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S2(9) propagated between 0.8 and 2 2 AU without R(AU) 
s[rongly decelerating. (Bottom) •ummary of Fig. 19. Summary of flare and shock associa- 
local shock speeds obtained (see text) for the . tions based on the analyses of local shock 
forward shocks S 4 (9) and S3(10 ) and the average speeds. The times of the four flares (see 
shock speed VAT (Pn 9/Pn 10) implied (see text) Table 1) are indicated on the left by arrows. 
by associatin•VsA(9) with S (10). This figure The dots indicate the times of arrival of the 
also emphasizes •he similarity of each of shocks at Pioneer 9, earth, and Pioneer 10. 
these speeds and implies that the fast forward The straight lines connecting the dots in- 
shock SA(9 ) propagated between 0.8 and 2.2 AU dicate the shock associations at the various 
without'strongly decelerating. sites of observation. 
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TABLE 7. Comparison of Calculated Shock Speeds at Pioneer 10 

Vsh o ' , ck<V B> 
Event Day Time, UT km/s 

VShock<V, N>, 
km/s 

Sl(10) 219 (Aug. 6) 1520 
S2(10) 222 (Aug. 9) 1540 
S3(10) 226 (Aug. 13) 0300 

717 708 
534 573 
659 674 

implied average speed of •ropagation between the 
two spacecraft) have led us to conclude that 
there was no strong deceleration associated with 
the propagation of this shock from 0.8 to 2.2 AU. 
However, when we estimated the average speed 
of propagation from the sun to each spacecraft we 
obtained significantly higher speeds. Therefore, 
we were led to conclude that for this shock, 
extremely strong deceleration took place between 
the sun and 0.8 AU and that between 0.8 and 

2.2 AU there was no further deceleration. 

This association of S•(9) and Sl(10 ) and the 
second solar flare involved a radiR1 alignment 
of all three sites. However, we obtain similar 
conclusions regarding the propagation of the 
interplanetary shock associated with the fourth 
solar flare, which was widely separated in long- 
itude from the Pioneer 9 and Pioneer 10 sites. 

That is, we found that there was good agreement 
between the estimated local shock speeds of 
S4(9) and Sq(10) and the average speed of pro- 
pagation between these two sites. This implied 

2400 
s 2 (9) - 

i i 

-- S2(E) > S•00) 
I I 

2200 

2OO0 

1800 

VSHOCK 
km/sec 1600 

1400 

1200 

IOOO 

8OO 

600 

4OO 

VAV (SUN/PN 9) 

VSR (DRYER): 
v s <v,B> 

VAV (SUN/PN I0) 

VAV (PN 9/PN I0) 
I 

V E (HEOS) ß V S (V, B) 

SUN PIONEER 9 EARTH PIONEER I0 
2OO i I I I I 

I 2 
R(AU) 

Fig. 20. Summary of the average shock speeds and local shock speeds (see Figure 18 
and text) for the forward shocks S_(9), S2(E) , and S_(10). The high average speed of 
propagation from the sun to Pionee• 9, VAv(SUn/Pn 9)• and from the sun to Pioneer 10, 
VAv(SUn/Pn 10), are shown. These high average shock speeds emphasize the extremely 
st'•ong deceleration of the shock closer to the sun (within 0.8 AU). The local shock 
speeds and VAv(Pn 9/Pn 10) imply that between 0.8 and 2.2 AU there was no strong 
deceleration of shock. 
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again that there was no strong deceleration 
associated with the propagation of the shock 
between 0.8 and 2.2 AU. Once again when we 
estimated the average speed of propagation from 
the flare site to each spacecraft we obtained 
significantly higher speeds. We therefore con-- 
cluded again that strong deceleration of the 
shocks took place between the sun and 0.8 AU 
and that there was no significant deceleration 
between 0.8 and 2.2 AU. 

It is important to emphasiz• the tentativeness 
of these conclusions. Attempting to distinguish 
between spatial and temporal variations is 
always a complicated problem. We have been 
aided in this task by the availability of good 
observations. However, we have made some 
assumptions that only more detailed analyses 
can verify. On the basis of the good agreement 
between the shock speeds obtained at Pioneer 9 
by the Rankine-Hugoniot calculations and our 
estimates made by assuming quasi-perpendicularity, 
we have assumed similar validity of our estimates 
op. the basis of quasi-perpendicularity at Pioneer 
10. These estimates should be compared to the 
results obtained from a Rankine-Hugoniot analysis 
of the Pioneer 10 data. In this paper we have 
also focused only on certain aspects of specific 
shocks. The interplanetary manifestation of the 
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