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Section 1 

INTRODUCTION 

This report. the thirteenth lind final. progreas report on the McDonnell Douglas 

Geopb7sical. Obaervatory Progra. 11 made up of two parts: the firat (compr1l1ng 

Section6 2 through 1) is a comprehenaive report on the history of the program 

from 1962 through 1913; the second part (the lublequent Sectional 18 • report on 

the resulta o! the research carried ~n in 1914. 
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Section 2 

STATION OPERATION 

The MDAC Antarctic Geophysical Observatory (17°51'S, 166°43'E) at McMurdo 

Scund began operation in February 1962. The magnetically conjugate Arctic 

Observatory (68°29'N, 93°26'w) at Shepherd Bay, Canada (See Figure 1) began 

operation in August 1963. These stations, at a magnetic latitude of 80° 

(L = 32), were established to study the characteristics of solar cosmic ray 

events continuously, at a fixed location, and at a reasonable cost. The loca­

tions were chosen inside the polar cap regions, removed poleward from the 

auroral zones to minimize auroral interference and geomagnetic cutoff effects. 

Radio techniques were used which monitor effects taking place at altitudes from 

30 to 90 kilometers with gro'.md-based equipment. Riumeters were operated that 

measure the signal strength of galactic radio noise at 30 and 50 MHz. The 

ionization produced by the interaction of the charged particles with the 

atmosphere increases the electron density so that radio waves passing through 

the ionosphere are signifj.cantly absorbed. The absorption of the radio wave 

at a given frequency is proportional to the square root of the intensity of 

charged particles for a fixed en~rgy spectrum. This technique is sensttive 

to protons from about 5 to 100 MeV. 

0 

Two photometers were also operated at 5517 A, to measure the line emission of 
0 + 01, and at 3914 A measuring band emission of N2 First Negative . Each \Olas 

° equipped with a 30A bandpass interference filter with the center line of 

transmission at the respective 'Wavelengths given above. The full viewing ccne 

of each was about 60 0 at the apex and the axis of the viewing cone pointed to 

the zenith of the observatory. The signa.l output was analog mode and was 

recorded on the same strip chart and magnetic tape as the other experiments. 

Magnetometers were also operated at the stations, triaxial at Shepherd Bay 

and single &.Xis at McMurdo Sound. 

Preceding page blank 
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Stilt ion Map Figure 1. 
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The objectives of the program included: 

A.· Investigation and f-1oni toring of Solar Pi1Ll'ti ele Act! vi ty--We obperved and 

monitored each solar particle event which occurred, in a continuous and 

intercomparable manner tor 13 years. This required standardized, veIl 

maintained e~uipment, located at high latitudes poleward of the auroral 

zone to minimize interference and in both polar regions to get daytime 

coverage throughout the year. 

D. F. Smart and H. A. Shea proposed a polar proton classification system 

(Smart and Shea. 1970). This system vas approved by the Inter-Union 

Commission on Solar Terrestrial Physics and CaSPAR. The system uses 

three digits: the first is E > 10 r-1eV proton flUXi the second, 30-MHz 

riometer absorption by a daylight polar riometeri and the third, a 

high-latitude sea-level neutron monitor. Because of the high quality 

and consistency of our rianeter data and the importance of our tvo 

locations, Shea and Smart have selected the results of our stations as 

an international standard to be used in the classification system and, 

with Vi~gini6 Lincoln, have requested that in the future ve make the 

data available to World Data Center A so that they can be included in 

Solar Geopqysical Data on a regular basis. The solar proton event 

observations vill then be available to all U. S. and foreign scientists. 

B. Joint ATS-Pclar Station Particle Access and Propagation Study--~ he 

polar ground-based observations play a key role in conjunction with 

observations made by the MDAC experiment on ATS-6 launched in July 1974. 

The Polar Station-ATS~6 combined exp~riments vere planned to study the 

complex problem of solar cosmic ray access propagation using simultaneous 

observations at synchronous orbit (L • 6.6) and in the North and South 

Pvlar regions (Figure 2). Solar cosmic rays and trapped particles have 

been measured directly parallel and perpendicular to the magnetic line 

of force on ATS. The polar stations provided the only observation of the 

important group of particles reaching the polar region. The 30 MHz 

riometer data can be di rectly and accurately converted to the > 10 HeV 

protor, flux as hIlS been shovn by Kane and MaRley (1973). 

5 
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c. Magnetospheric Studies--The stations were located near the cusp lat­

itude or region ~80 deg geo~agnetic) where the geomagnetic field l ines 

part on th~ sunside and sweep in the antisolar eli rect ion &, l()n~ the 

boundary of the magnetospheric tail. The access of solar particles 

to the magnetosphere has been investlgat~d using the riometer data in 

conjunction with the OGO-6 measurem~nts. Local time and geomagneti c 

activity effects were considered. Also a th~oretical study of particle 

trajectories using Olson's magnetosp~eric model was made. The Sources 

of particles reaching particular locations in the polar cap can there­

fore be identified. 

D. Ionospheric Physics--Auroral precipitation in Il1gh polar regions was 

investigated and the ionospheric ele~tron density determined utilizing 
o 

measl).rements of the 3914A emission. Se83011al aJld diurr.tu variations of 

the electron density are not well known e.t high latitutie since mo ' ~ 

previous investigations ccncen~rated on the auroral zone. The high-

lati tude phenomena are c·f basic interest and are important wi th r~spect 

to radio communications .. The photometer data allow the high-lac.1 tude 

study of precipitating particle type (el~L~rons and protons), their 

energy fluxes. and the relation between their precipit~tion and the l ocal 

K-index. Our studies have indicated that the probability of electron 

precipitation increases with local K-index < 4 whereas the probabi l ity 

of proton precipitation increases with l ocal K-index > 4. Further 

stUdies are requir~d to determine the configuration of the high-aJtltude 

polar precipitation t and comparisons between the north and south polar 

caps ~d with the auroral zone regions. 

7 



Section 3 

IONOSPHERIC WOEK 

In the early stages of this program (1964-1965) our original work contributed 

to solving the proton-ionos,here interaction problem for the first time. This 

was done quantitatively and in great detail (Adams and Masley 1965b. 1966a . 

1966b). The results of this work have been used and quoted regularly ntition­

ally and internationally up to the present time including two major review 

arttcles which appeared in 1970. The work has been verified experimentally 

during the past few years. Seme of the results concerning the response of 

riometers to different intensities and energies of particles (s ee Figure 3) 

can be summarized as fo110y1s: 

70K 

A. The proton energy which is most efficient fo~ causing absorption 

goes from 35 MeV at 10 MHz to 90 MeV at 100 MHz. 

B. The minimum intensi t;r (i. e .• the i ntensity of protons at the most 

efficient energy) required to give 0.1 db is 0.15 pro~ons/cm2-
2 sec-ster at 10 MHz, 0.9 protons/cm -sec-ster at 30 MHz, and 2. 0 

2 
protons/cm -sec-ster at 50 MHz. For typical solar proton spectra, 

suc't'! as an exponential rigidity, where p = 75 MY, rathe:r than 
o 

monoener~~tic beams, the required intensities are 0 .3, 4. 0 , and 
2 

20 protons/~m -sec-ster at 10, 30, and 50 MHz. 

C. The absorntion var ies as the square root of the intensity when the 

shape of the spectrun is constant arId when che absorption is much 

greater than the absorption resulting from the normal ionosphere . 

Fer absorption values close to the ambient abe orpt ion , the absorp­

tion varies directly as the intensity. 

D. In general, the riometer is sensitive to protons with energies 

bet'l,reen 5 &.nd 80 MeV, altho'~gh "his range depends on the frequency 

of the riometer and the shape of the E:nergy spectrum . 

Preceding page blank 
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One specific problem cla~ified by our work relat ed to tie relative contributi on 

of a- particles to Polar Cap absorption . Calculations by Weir and Brown ( J r; )11) 

~ dicated that riometers were often responding primarily t.o alpha particlcs 

rather than protons . This was investigated in detail (Adams and Masl cy, 

1966b, d). I~ was fo~~d that the alpha particle contribution to riomet e r 

measurements is a strong function of the alpha- proton ratio and the geoma.gneti c 

cutoff . The cutoff prefe:r.entially eliminates the proton contribution; this is 

consequence of the fact that a cutoff is a rigidity selector, whil e t i e 

ri ometer is sen&itive to the energy/nucleon of the par ticles . 

10 
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Weir and Brown used a cutoff of 112 MeV in their calculations _ a cutoff 

appropriate to somewhere on the equatorial side of the auroral zones. For 

cutoffs appropriate to the auroral zones and the polar caps, Adams and Masley 

found that the riometer absorption io almost always dominated by protons, 

rather than by alpha particles. 

11 
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~;ection 4 

SOLAR STUDIES 

A complete, continuous, and accurate monitoring of particle production by the 

sun has been carried out by the McDonnell Douglas conjugate polar observatories. 

This was done through the past solar minimum (1962) up to the present, which 

encompasses one complete solar cycle (see Figure 4). This was the first time 

high quality observations had been made on the increasing side of the solar 

cycle. This has contributed much to understanding solar particle acceleration, 

propagation and interaction with the earth's magnetosphere. Although sunspot 

numbers have been recorded over 100 years, low energy solar cosmic rays wer~ 

just discovered in 1957-1958. Therefore reasonable quality data was collected 

only for the decreasing side 0 ":" cycle 19 and cycle 20. Figure 5 shows the 

number of events per year as a ~~ction of size and sunspot number for the 

years 1962 through 1974. This, of course, is only a beginning in the pioneer­

ing effort to understand the sun. Through 1974, we have taken datn on over 

100 significant peA events, essentially all of which ha\re been analyzed and 

the results published. 

Some years ago, based on our analysis, we proposed that solar particle produc­

tion does not fellow the sunspot cycle but in fact lags by 2 to 3 yeru's and 

has a very broad maximum (see Figur'7 4). We also presented the concep that 

solar particles are present in a non-uni form distribution over t he polar cap. 

At that time it was popularly believed that the particles were uniformly dis­

tributed. above some geomagnetic lati tu(].e or L value. This has important 

implications for access into and propagation within the magnetosphere. We 

also showed that the major production of particles by the sun is due to one 

or two active regions per year although ~ents do occur throughout the year. 

For example on Figure 4 the abo~t 3 x 108 protons per year is due t o an inte­

gral over many medium events, but the 109 to 1010 integrated intensities are 

due primarily to one series of events during that year. We also presented for 

the first time the unique situation during 1967 and 1968 when most of the 

events observed originated in the NE and SE quadrants of the solar disk. For 

13 
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all preceding years and since this period the NW quadrant has originated most 

events observed at earth. This unique observation has important impl ications 

on propagation and the solar acceleration mechanism. 

Cycle 20 has generated 5 x 108 to 4 x 109 protons/cm
2
-yr (see Figure 4). 1~e 

production plateau is broad with no evidence for decrf'ase until 1973. The 

large in~egrated intensity in 1972 is alm0st entirely due to the Augus t ev~nt s , 

consistent with the effect in 1959 (July) and 1960 (November). 

The results of the work have been used by numerous groups to assi:; t ttl ' TIl iCl 

interpreting their data or to carry out related studies. This includE!3 th~ 

key university groups, government laboratories and industrial laboratori es . 

It has been used for basic studies and also contributed to both the NASA and 

DOD space programs. The results of this program have been referenced in the 

leading space and geophysical journals. 
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5.1 HIGH-LATITUDE STUDY 

Section 5 

MAG~OSPHERIC STUDIES 

A high-latitude magnetospheric study was undertaken based on the MDAC-WD 

conjugate stations located at 80° geomagnetic latitude. These locations, be­

tween the auroral zones and the geomagnetic poles (and near the cusp latitude), 

present a unique opportunity for high-latitude magnetospheric investigation. 

The measurements have been conducted with 30-MHz and '50-MHz riometers. The use 

of several years of data continuously collected from the stations allows inves­

tigation of seasonal effects. The study of these daJ.;a and correlation with 

simultaneous satellite data provides information on the SOUlce of the particles 

that are causing absorption and their acceleration process. The events selected 

were not associated with solar flares, were generally small (on the order of 

0.5 dB), and were usually of short duration (averaging about 1 hour). Thes e 

events occuyred at a rate of approximately 14 per month. The study was con­

cerned w·th the diurnal distributions of these events throughout the year and 

their correlation with three other types of data: those obtained by uther 

ground stations; electron "island" intensities observed by particle detectors 

on IMP I, II, and III; and direct particle measurement by polar-orbiting 

satellites. Most of the large events occurred near local magnetic midnight, 

which is 0700 UT. When the much larger number of eyents above 0.1 dB are in­

cluded, the peak occurs near 1900 UT, which is local magnetic noon. It is 

also found that the large events, which occur near midnight, tend to be of 

short duration, whereas the n~on group includes those often lasting longer 

than 2 hours. These studies were reported by Satterblom and Masley (19C7); 

Satterblom, Masley, and Santina (1967); and Satterblom and Masley (1968). 

5.2 MAGNETOSPHERE MODELS 

A general method for determining the shape of the magnetopause for all angles 

of incidence of the solar wind upon the geomagnetic dipole was developed (Olson, 

1968). In this model, the magnetopause is found where the dynamic solar wind 
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pressure is equal to the pressure of the total magnetic field just inside the 

boundary. To acc\~ately determine this field, it is necessary to calculate the 

contribution from the magnetopause current system. This made necessary the use 

of a self-consistent field model similar to the one developed by Mead and Beard 

(1964). Unlike their procedure, here the "pressure balance" equation had to be 

solved simultaneously at several points. The model results are compared and 

found ~o be in good agreement with the final surface values of Mead and Beard 

for perpendicular incidence of the solar wind upon the geomagnetic dipole. For 

oblique incidence angle~ the results of the present model are exactly the swme 

as those obtained by Spreiter and Briggs (1961) for the cross-section of the 

boundary in the plane containing the dipole and solar wind direction vectors. 

The nose of the magnet opaus e , for all "tilts," resembles a hemisphere with its 

center displaced from ~he e~~h's center. Cross-sections of the boundary in 

the "tail region are almost c"ircular. The angle between the earth-wind line 

and the neutral points (points on the boun~ary where the total magnetic field 

is zero) varies annually from 45° to 115°. One of the neutral points is always 

closer to the earth (from 9.5 to 8.3 earth radii) than any other point on the 

boundary. The magnetopause cross-sections in the solar-magnetospheric equator­

ial plane are almost completely independent of the tilt angle. 

Havirg det ermine the shape of the boundary for all "tilts" the magnetopause 

current system can be computed. Integration over this current system (using 

the Biot-Savart law and several coordinate transformations) yields the magnetic 

fiel d produced by these boundary currents. The model can therefore be used t o 

study the tempor~ variations in these m~gnetic fields. It predicts both 

annual and semiannual variations in addition to the daily variations produced 

by the older models. 

An improved model of t he currents flowing in t he neutral sheet and magneto­

spheric tail was developed (Olson and Cummings, 1968). The tail currents flow 

across a neutral sheet and return on an approxi mately cylindrical boundary. 

The neutral sheet is hinged to the geomagnetic equatorial pl ane and parallel 

to t he solar-magnetospheric equatorial plane. This model, too, is under the 

i nf luence of the changi ng angle between the solar wind and the geomagneti c 

dipole axi s . 
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The ~agnetic fi~lds from these two current systems can then be added to the 

earth's main field to yield the magnetic fields anywhere in the magnetosphere. 

At geocentric distances larger than about 9 earth radii, the combined magnetic 

field of the boundary and tail current system is larger than the dipole field. 

It is, therefore, important to include these fields in the calculation of the 

motion of charged particlec, e.g., solar cosmic r~vs and geomagnetically trapped 

radiation. Generally, these fields must play an important role in the dynamics 

of the magnet0sphere. 

A quantitative model of the near earth total magnetic field which includes the 

contribution for distributed currents has been developed. Work on the tail 

field has indicated that the neutral sheet currents are small and that the 

field line geometry in the tail of the magnetosphere can best be explained in 

terms of diamagnetic effects - currents flowing on the boundary of the plasma 

sheet. Diamagnetic currents should also be strong near the plasmapause. 

Gradient and curvature drifts also contribute to the currents in the outer 

magnetosphere. A model of the magnetospheric magnetic field, with distributed 

currents included, was compared with the ~B contours empirically determined 

(Sugiura et al., 1971) and found to be in excellent agreement. This model 

has also been used to examine field line geometry and cosmic ray cutoffs 

(Olson, 1972a; Masley, Olson and Pfitzer, 1973a). Preliminary comparison 

of model results with observed cosmic ray cutoffs reveals a difference of 

about 2° in latitude on the midnight meridian. Older models are 6° to 8° in 

error (Masley, Olson and Pfitzer, 1971). The model has also been used to 

study the shape and location of the trapping bo~mdary and is in good agree­

ment with observations (Pfitz'Jr, 1972). 

A quantitative model of the diGtributed magnetospheric currents (Olson, 1974) 

has been used together with a model of the magnetopause currents (Olson, 1969) 

and a dipole representation of the earth's main field to represent the total 

magnetospheric magnetic field (Olson, 1972, 1973a, b; Olson and Pfitzer, 

1973, 1974; Pfitzer, 1972). ~or one of a kind calculations (constant B 

contours, 6B contours, S patterns, etc.) B is accurately determined by 
q 
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direct integration over the current systems. Hovever, for repeated usage 

(calculation of particle trajectories, field lines, drift sheets, etc.) 

direct integration is too expensive and instead an analytic representation 

must be used vith some base of accuracy (Olson, 1970). 

5.3 SOLAR COSMIC RAY ENTRY AND PROPAGATION WITHIN THE MAGNETOSPHERE 

Trajectories of solar cosmic rays vere calculated to determine the cutoff 

latitude and entry and propagation paths for specific cases. This was done 

using the best field models available (Olson's tilted magnetosphere and a 

realistic tail model and the Fairfield-Mead empirical model) (Masley and 

Olson, 1971 a, b; Masley, Olson and Pfitzer, 1971). Over 200 t~ajectories 

were run for 5 MeV protons at noon and midnight. These theoretical results 

were directly compared to measurements by the MDAC experiment on OGO-6. The 

careful calculations gave cutoffs 6° higher at midnight and 8° higher at 

noon than observed, indicating that there was still much to be understood 

a~out solar cosmic ray entry and propagation in the magnetosphere. 

Additional detailed analysis of the 2 Nov 1969 event vas carried out (Masley 

and Satterblom, 1970 b, c, d; Satterblom and Masley, 1971). This event, 

which vas one of the largest during this solar cycle, has quiet magnetic 

conditions throughout and high intensities of solar protons (Figure 6), 

a-particles, and electrons. The MDAC OGO-6 data provid~ detailed information 

on the entry and pl~opagation of solar cosmic rays vithin the magnetosphere. 

The location of the first open field line at lov latitude on the noonside has 

been directly measured. 

This location was monitored for 30 crossings during t e 2 Nov 1969 event 

during quiet magnetic conditions. The average value vas 76° for the northern 

hemisphere and 75° for the southern hemisphere. The location of the first 

open field line is demonstrated by a sharp increase in the intensity of 

> 350 keV solar electrons (Figure 7 upper section). This location is then 

used as an onboard reference for interpretation of proton and a-particle 

measurements. During the 2 Nov 1969 event the earth vas in a positive inter­

planetary magnetic sector. The northern hemisphere, with possible merging 
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along the tail, had a better connection to the intp.rplanetary field than the 

southern hemisphere. There vas a large variation in intensity across the 

southern polar cap for protons (Figure 7, lover section) and a-particles. 

The variation for 5 ~eV protons in the south decreases from a maximum of 

285:1 to 1.4:1 over a 20 hour period. In the northern hemisphere the va~ia­

tion ranged from 2C:l to 1.4:1 during the same period. The tvo lov-latitude, 

high-intensity regicns sr.~wn in Figure " are located belov the predicted c~t­

off latitudes. Protons are nearly absent on the first open field line and 

the boundary of the southern tail. 

5.4 AURORAL STUDIES 

o 0 

Photometers at 3914A and 5577A have teen operating at the McMurdo Sound obser-

vatory since 1967 and at the Shepherd Bay observatory since 1968. Operation 

at a high-latitude station provides data on ~uroras inside the auroral zone. 

By comparisons of aurora betveen the bolO locations, much can be learned about 

the magnetosphere, acceleration mechanisms, particle types, and particle 

energies. 

o 0 
Studies of the ratio of 5577A to 3914A emission intensities in groups of 

events has shown tha+' the ratio fluctuates frequently and with large amplitude, 

much more so than typical auroral zone emissions. Suggested causes for the~e 

differences are: differences in the type and energy spectrum of precipitatinF, 

particles; frequent changes in the particle type and energy spectrum in the 

high latitude area; or a higher probability of proton precipitation in the 

high latitude area with increases in the local K index above 4, These studies 

were reported by Mukherjee (1969, 1970 a,b) and Mukherjee and Masley (1969 . 

1970) • 
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6.1 000-6 

Section 6 

SATELLITE MEASUFEMENTS 

000-6 was launched on 5 June 1969, and the f.fcDonnell Douglas expl!riment 

operated successfully and continuously from turn on until September 1970. 

On 7 June 1969, one day after turn on, the first solar cosmic ray event was 

recorded. 

The gener.al scientific objective was to perform a basic investigation of 

solar cosmic radiation e."ld to relate the results to cosmic ray and ionospheric 

studies and rianeter measurements. In particular the measurement of proton 

spectra between 5 and 80 ~~v dOd alpha particle spectra between 18 and 84 MeV 

over the polar caps (sep. Table 1) and occasionally across the riometer antenna 

pattern permits a direct calibration of the riometer response to ionizing 

radiation in the ~st important energy ranges. The effect of a varying proton 

to alpha particle ratio can also be studied. Cases wherein a north-south 

ab&orpt ion asymetrJ occurs can be studied for indicat ions of effects on 

particle entry. Measurements were made by MDAC-W on the Polar Orbiting OGO-6 

during passage over the north and south polar regions. A tva-element solid­

state detector telescope with a geometry factor of 0.545 cm2-ster was used. 

One complete proton spectrum, one complete alpha particle spectrum, and 

several integral channels of inform&tion were determined every 0.86 seconds 

or 7 km along the polar trajectory. The experiment was designed to allow 

measurement of all events from the minimum-size to the largest ever recorded, 

a J of l05jcm2-sec-ster or 3 x 104 
> 5 MeV. The data handling technique 

o 
perIni tted the onboard accumulation of counts 'vi thin channels of fixed energy 

incremen~ti rather than telemetering the pair of amplj tudes resulting from 

each particle. The experiment included a complete electronic infliEht. cali­

bration system and a radioactive source. The inflight calibration was a 

preprogrammed pulse generator modulated by a precision voltag~ ramp, whi ch 

separately checkp.d the threshold level of each dhcriminator on each detector 

and m~8Sured th~ 4i rferent.1al linearity of the pulse height analyzer. 'l'he 

flight u.."li t was environmentally labor ato ry t ested and also calibrated by 
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Channel 
No. 

PI 

P2 

P3 
p4 

P5 
p6 

P7 

P8 

P9 
PIO 

Pll 

P12 

P13 

P14 

Al 

A2 

A3 

A4 

A5 
A6 
A7 
AS 

A9 

11 

13 

70K.3 

Table 1 

000-6 CHANNEL ENERGY BOUNDARIES 

Kinetic Energy 
(MeV) 

5.3 to 6.0 

6.0 to 8.2 

8.2 to 10.5 

11.0 to 12.7 

12.7 to 16.0 

16.0 to 20.7 

20.7 to 24.5 

24.5 to 29 

29 to 35 

35 to 41.5 

41.5 to 49 

49 to 59 

59 to 70 

70 to 78 

17.5 to 20.0 

20.2 to 21.8 

21.8 to 26 

26 to 34.2 

34.2 to 46 

46 to 53 

53 to 62 

62 to 72 

72 tc 84 

Protons 5 -78 MeV 

Alpha particles 20.2 - 125 MeV 

Protons greater th811 78 MeV 

Electrons greater than 270 keV 

26 

Protons 

Alpha particles 

Integral channels 



prot om; and alpha particles from accelerators. 

6.2 RIOMETER - OGO-6 STUDIES 

Proton energy spectra and proton/a-particle ratios measured on OGO-6 at the 

times of passes c' ose to the geomagnetic field line terminating at the McMurdo 

Sound riometer station were used in the computer program H067 to calculate the 

30 MHz riometer absorption expected (Adams and Masley. 1965b. 1966a. b). 

Figure 8 shows the results for the latgest event of that period. 2 November 

1969. During the first six hours of the evect. the particle intensities 

measured on OGO-6 varied by as much as two orders of magnitude during a single 

polar pass. ~he relat ively large differences between the calculated and mea­

sured absorption during this period (even at the near overpass at 1158 UT) are 

eASily explained by this spatial variation; a difference of only a factor of 

2.6 in particle intensity would account for the largest discrepancy seen. In 

general. the curve illustrates good agreement and follows the rele~ionship 

A = KJl/2 with K = 0.32. This is discus3ed in more detail in Section 6.5. 

All significant events during the period when OGO-6 was active were studied. 

'rhe results were very satisfactL.. ,Y and support the use of riometer measurements 

to deduce solar proton intensities (Baker et al •• 1972b. 1973a. 1973b). 

6.3 SOLAR PARTICLE CUTOFF OBSERVATIONS 

Direct measurements of charged particles entering the polar cap were made by 

the McDonnell Douglas Experiment on OGO-6 from June 1969 through August 1970. 

The solid state telescope measured a 14 channel proton spectrum from 5 to 80 

14eV. an a-particle spectrtml from 18-84 MeV and electrons > 270 MeV every 0.86 

secoujs. A study of t he complex parameters related to charged particle access 

was carried out (Masley and Satterblom. 1973). Six of the larger events were 

chosen; 3 observed near noon-cidnight local time and 3 near dawn-dusk local 

time. The study includes 650 polar cap boundary crossings. The dependences 

of the cutoff latitude on K • daily and seasonal tilt. interplanetary field 
p 

polarity. local time, north and south polar regions. and S.C. effects were 

investigated. The relationship between the cutoff and K • and the zero K 
p P 

cutoff latitude were determined for the four local times for 5. 20, and 70 MeV 
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protons. A cutoff dependence on tilt was observed during several of the 

events especially at daWl. and dusk. 

The measured geomagnetic cutoff (Invariaat Latitude) for 5, 20, and 70 HeV 

protons at the four local times is shown in Table 2 along with more recently 

calculated cutoffs. 

Table 2 

PROTON CUTOFFS 

5 MeV 20 Mev 70 Mev 

Calculated Measured Calculated Measured Calculated Mea;.ured 
1 II II 1 II II II II 

Noon 73 71 68 
(Direct) 

Noon 68 69 69.9 +0.7 68 68 65.8 +1.0 66 63.4 +3.3 
(Dri ft) - -

t4i.dnight 65 66 66.7 +0.4 61, - 65 65. 2 :,0.7 62 63 . 4 :,0. 9 

Dawn 69 70 67. 6 +0.8 6'T 68 65.5 +2. 0 67 62 . 1 +7. fJ - -
Ousk 70 71 67. 3 +0.6 67 68 67.5 :.1. 7 67 I 61.0 +7.4 -

6.4 SOLAR PARTICLE ENTRY CALCULATIONS 

Particle trajectories were calculated in C1S'Yl' s 1972 distributed current model 

of the magnetosphere in order to identif~' t he 30urce region for particles which 

reach specific locations in the polar cap (Masley, Olson, and Pfitzer, 1973a). 

This was done for 5, 20, and 70 MeV ~rctons for a series of latitudes on the 

noon-midnight meridian and the daWlI-dusk meridian. Particles which define 

the cutoff in the low latitude drift around region enter the magnetosphere 

at ~ 3250 (350 toward dawn from earth sun line) and within about 100 of the 

ecliptic plane and not up the tail neutral sheet as suggested by previous 

authors. Furthermore, good agreement between calculated and measured cutoffs 

29 



has been obtained for the first time without involving complex entry mechanisms. 

Trajectories were calculated for 1000 km altitude for 5, 20, and 10 MeV protons. 

A latitude series was carried out on t e noon-midnight meridian and the dawn­

dusk meridian. This was accomplished in 5° latitude steps at the higher 

latitudes and in 1° intervals near the cutoff latitude and the boundaries 

between regions of different access mechanisms. Most runs were made at 0° 

pitch angle, although selec~ed runs were made at 90° and other pitch angles 

in order to investigate a possible pitch angle dependence on the cutoff. 

About 300 trajectories were run in this series. 

6.5 RELATIONSHIP BrrwEEN POLAR RIOMETER AND SPACE MEASUREMENTS - A JOINT 
STUDY WITH DR. S. R. KANE, UNIVERSITY OF CALIFORNIA, BERKELEY 

Observations by the Minnesota ion chamber on OGO-3 and the MDAC Polar Riometer 

were used in this analysis. Regression plots were prepared for each of the 

eight events investigated. In general, hourly values were used for the com­

p~ison. The data agree well with the relationship A = KIl/2 where A is the 

riometer absorption in dB, I the ion chamber rate in the units of NPPS x 103 

and K is a constant. For the largest four of the events studied here, the 

average val ue of K is (1.0!. .05) X 10-2• This value is also consistent within 

20 percent for the smaller events where it is more difficult to determine the 

value of K. If it is assuaed that protons> 12 MeV are nearly isotropic, then 

8 ( ) -2 -1 -1 I = 12 J >12 MeV where J is in units of particles cm sec ster • Hence 

A = 0.3 J(>12 MeV)1/2 Figure 9 illustrates the excellent agreement during 

the increasing and decl~asing portions of the 28 January 1967 events. The 

good correlation between the OGO ion chsmber and polar riometer absorption 

suggests that riometer absorption i s due primarily to solar particles in the 

energy range 12-32 MeV per nucleon for typical spectra. To further verify 

this conclusion regression plots were made of the riometer absorption and the 

hourly averages of the intesral proton intensity J above 10, 30 and 60 MeV 

observed by the IMP-F satellite (Solar Geophysical Data) during three solar 

particle events. For protons> 10 MeV the relat10nship between the absorp­

tion A and prot.on intensity J can be well represented by A = Kl J( >lO HeV)1/2 

where ~ = 0.32, A is in dB, and J is in protons cm-sec-l ster-I • Since the 
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relationship holds throughout the event and over a range of spectral distri­

butions, it indicates that K1 is independent of the energy distribution for 

greater than 10 MeV protons . For intensities greater than other minimum 

energies such as 30 MeV or 60 MeV, Kl is dependent on the energy distribution. 
(Kane and Masley. 1973). 
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Section 7 

INTERNATIONAL PARTICIPATIJN 

From the beginning of this program to the present we have participated in 

numerous international programs r projects and data exchanges. 

A. We were requested to submit a report of our measurements made 

during the August 1972 solar cosmic r~ events for inclusion in 

a compendium on those events published by World Data Center A 

(Masley and Baker, 1973a). During the August events we passed 

our data within hours to both the World Data Center and to the 

Air Force. 

B. Our data for the 28 May and 16 June 1972 events were sub­

mitted to the Campaign for the Integrated Observation of Solar 

Flares (CINOF) at their request, and were published by them 

(Masley and Baker, 1974). 

C. The adoption of a Solar Proton Classification System at a recent 

IAGA-COSPAR meeting in the U.S.S.R. This system WE'.S presented 

by Shea and Smart of AFCRL. They used our riometer data for the 

20th solar cycle in the study and in the propusal for classific­

ation. A significant amount of the data was furnished to t hem, 

to provide comprehensive coverage for this cycle, at their request. 

D. Data on all events occurring during a two year period was provided 

to Dr. Rao of India and Dr. McCracken of Australia to enhance their 

studies and interpretation of Pioneer observations. 

E. Our preliminary unpublished data during the 7 July 1965 event was 

provided to Dr. Hakura of Japan who was preparing an international 

summary of this event. His report indicates that our station has 

the highest sensitivity, was the first ground station to observe 

the onset of the event and the only station to see the critical 

part of the event of interest for his study. 
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F. Our program was part of the IQSY. 

G. We regularly present results at key international meetings thereby 

sharing our data and research with all of the participating 

countries of the world. Our results were presented at the 

"Invitation only" closed International Cosmic R~ Conferences in 

Calgary, Budapest" Hobart, and Denver and an invited paper at the 

IQSY meeting in London. We regularly present results at the 

International Cos ar Meetings. 

H. Presented Invited Survey of Solar Phenomena to the Polar Cap Panel 

of COSPAR meeting at Alpbach, Austria in 1963. Also contributed 

to writing the document which outlined recommendations for future 

polar cap research. 

J. We have served on numerous international scientific committees 

including COSPAR, IAGA. URSI, IUCSTP. 

K. Our data or our research results have been used in M.S. and Ph.D. 

theses at a nlunber of Universities including University of 

California, Berkeley, University of Iowa, and the Air Force 

Acad~. 
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Section 8 

1974 RESEARCH 

8.1 SOLAR ACTIVITY 

Since this is solar minimum, the period of four to five years when the sun is 

very inactive, th~ three sizable solar cosmic r~ events observed by the NDAC 

Geophysical Observatories were somewhat unexpected. However, this is in 

keeping with the sporadic nature of these events and the general lack of 

understanding of their causes. Tue July 1974 event is shown in Figure 10. 

It is a very ordinBry event, exhibiting some absorption at 30 MHz on July 4 

and rising rapidly to a peak of 3.8 db on the 5th. It decayed rather rapidly 

with little evidence of absorption on the 7th. It should be noted that these 

measurements were made at the southern station at McMurdo Sound, Antarctica, 

where the sun was below the horizon continuously. It is well known that 

absorption is surpressed under these conditions, so the values shown are 

minimal. The northern station (at Shepherd Bay, Canada) was in continuous 

sunlight at this time, but unfortunately the experiment was inoperative at 

that time. 

The second significant event occured in September. Preliminary analysis of 

the She~~erd Bay 30 ~rnz riometer data indicate a moderate event starting on 

11 September and reaching about 2.6 db on the 13th, after which the event 

decayed rapidly . The third event started on 20 September , and reached a peak 

absorption of 2.6 db that same day. It showed no unusual characteristics and 

slowly decayed until 25 September. Detailed aaalYFis of the May and June 1972 

solar cosmic ray events were made as part of a widespreen cooperative effort 

to observe these particular events as thoroughly as possible (Masley and Baker ~ 1974). 

8.2 ATS-6 STUDIES 

The MDAC ATS-6 experiment was first operated on 14 June 1974 and has been in 

continuous use since that date. Three periods of high solar activity have been 

observed. The first vas during the central meridian passage of Solar Active 

Region 433. Thi~ region with 12 flares of importance lD or greater vas 
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detected at synchronous orbit by the arrival of protons and a-particles with 

energies up to 30 MeV/Nucleon. The other solar active periods are 11-15 

September and 18-22 September 1914. This latter activity is from the same 

433 region two solar rotations later. 

The experiment uses two orthogonal magnetic electron spectrometers to measure 

50-1000 keV electron intensities in four differential channels. With the 

lowest energy proton channel (.3 - 1.2 MeV) and a high energy electron channel 

(>1.5 MeV), these compose a data set which show the effects of substorm 

injection of fresh particles and their subsequent gradient drifts. Effects of 

sudden field inflation are evident by the non-energy dependent intensity 

changes. Drifting electrons show energy dispersion in their profiles, the 

higher energy particles arriving earlier at ATS-6. Data from the on-board 

magnetometer are used to determine the local field direction and magnitude. 

The excellent time resolution of the MDAC ATS-6 experiment allows studies of 

wave particle interactions from periods of 1 second to hours. Initial studies 

limited by the 32 second time resolution of the computer graphics have demon­

strated many particle waves at synchronous orbit in the 1-5 minute frequency 

domain. The wave structure covers the entire observed electron energy band 

from 50 keV - 1 MeV. PreliminarY analysis gives no specific tendency in local 

time distribution, energy distribution, or phase relationship. The observed 

waves demonstrate both broad band as well as narrow band phenomena. 

ATS-6 experimental results have been reported by Satterblom and r·1asley (1974), 

Masley et ale (1974), and Pfi tzer et ale (1974). 

8.3 MAGNETOSPHERIC PHYSICS 

Quantitative representations of the magnetic fields associated with the magneto­

pause currents and the distributed currents (tail and quiet ti~e ring currents) 

have been developed. These fields are used together with a dipole representa­

tion of the main field of the ~arth to model the total vector magnetospheric 

magnetic field. The model is based on quiet time dat&. averaged over all "tilt 

angle" values. The weak field in the equatorial region of the inner magneto­

sphere and the tail field structure are included in the model. T~.e depressed 
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field region in the inner magnetosphere is essentially impo~ant for the accurate 

modeling of s~veral observed particle and magnetic field phenomena. The field 

representation is analytic and given in Cartesian coordinates with power series 

and expotential terms. It is valid from the subsolar magnetosphere to beyond 

lunar orbit. This series expansion allows the magnetic field to be accurately 

modeled over an extended region of the magnetosphere and permits the representa­

tion of the field in the same region as its source currents. The model has be 

te&ted by using it to calculate several observed magnetospheric particle and 

field properties. The latitude cutoffs for solar cosmic rays and the trapping 

bO~ldary of thp low energy particles computed from the model agree well with 

observations. Model calculations also yield field line shapes in agreement with 

barium cloud observations (Olson and Pfitzer, 1914a). 

The solar wind is an electri~ally neutral plasma. The charged particles that 

comprise it are deflected when they encounter the geomagnetic field. These 

motions produce elec rical currents whose fields modifY the geomagnetic field. 

The magnetosphere i s formed by this interaction and is described in terms of 

these particles and fields. Recent observations of the high latitude dayside 

magnetosphere have shown that some of the solar wind particles penetrate down 

to the atmosphere where they influence the density of both neutral and ionized 

particles. The solar wind "carries" with it a magnetic field. This inter­

planetary magnetic field interacts with the geomagnet ic field and controls the 

magnitude of magnetic storms that intermittently disrupt the near earth environ­

ment. It has also been recp.nt l y demonstrated that these high latitude phenomena 

influence the earth's surface w·:oa.ther. Many features of the interaction of the 

solar wind with the geomagnetic field are now understood. However, several 

important phenomena that exert important influences OIl the near earth environ­

ment are not well understood. A general description of the state of our know­

ledge of the magnetosphere and upper atmosphere was presented with emphasis on 

recent observations of the high latitude atmosphere and magnetosphere (Olson, 

1914a) • 
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The sospe of a planetary magnetosphere as described by pressure balance formalism 

has been quantitatively determined fer the case of solar wind il:cidence parallel 

to the planetary magnetic di~ \ )le axi s. The planet Uranus may posses such a 

magnf"t.osphere during part of its orbit around the sun. This magnetosphere 

posse~ses only one cusp (around the sunward pole), the other having been 

removed to infinity. Shocked solar wind articles penet . te through this 

cusp directly into the planetary ionosphere. The magnetic field, B, has been 

found throughout the magnetosphere by integrating over the magnetopause currents. 

An analytic representation of B has been developed. The magnetic equator, as 

defin~d by the local minimum field, is not planar, but extends down the tail. 

It divides the tail into two concentric cylindrical regions, one containing 

field lines with a tailward direction, the other with the returning segments 

of those lines. Field lines surrounding the tailward pole (corresponding to 

field lines in the sunward cusp region) connect with the i nterplanetary field 

e.t large distances dovn the tail (Baker and Olson, 1975). 

8.4 STATION OPERATION 

In December, 1974, operation of the ~IDAC Geophysical Observatory at McMurdo 

Sound Antarctica, was terminated. All usable equipment was packed and an 

agreement reached among AFOSR, NSF, MDAC, and th~ New Zealand DSIR regarding 

its disposition. DSIR will use most of the equipment to continue measure­

ments at their locations at Arrival Heights and Scott Base, Antarctica. The 

remainder was either scrapped or, if usable, returned to MDAC. The shipment 

arrived at MDAC in Ma~ch, 1975. 

In February, 1975, operation of the MDAC Geophysical Observato17 at Shepberd Bay , 

N.W • • , Canada, was terminated, All equipment was packed and placed in storage 

at Shepherd Bay , pending possible renewal of operation in conjunction with the 

International Magnetospheric Study commencing in 1976. 
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