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An 1n~e.ttgation has heen made of the effects of energetic particle precipitaikin into
the atmosphere en the trans mission of ELF algisals based on coordinated data acquired
durtng the Greenlazxl Sea ezercise In 1B77 sad at other tImes.-~ The energetic particle
data were obtai ned with the Lockheed payload on the po1ar-ort~Itthg satellit e 107$-
07S, end the E LF signal str. ~egth data were provided by P,~R. Bannister at the Naval
Underwater System. Center near New Lo .t1o~, Conssct$cu t~~ In the Greenland Sea
emrcl.e slgniftc*nt fluxes of pr.c~ ttatiug electrons were measured on many of the
.at.llit. passes and un~asua1ly h1i Ii*.nslUes were observed on several oconglens ,.‘ A
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two of which wer e selected for special study. A search was made for possib le correla-
tion between electron precipitation and E Li s ignal strength , but no evidence was found
for a cons istent variation between the two par ameters . This finding may partly reflect
the ugwin~trolltd ~tnd variable receiving conditions during the Greenland Sea exercise .

For Iwo of the mg)or electr on precipitation event s observ ed tn the Apr Il-May 1977
Greenland Sea exerc is e , detailed analyses w ere performed of the electron energy
spectra and Intensities, and of the resulting energy deposition profiles. For each of the
electron dens ity profiles , calculations of the ELF signal strengths were performed with
the wzn eguide-mude computer program developed at the Naval Ocean System s Center.
F r’~m t hese cakuI.ec~ons taken together with computations for other events it became
c le.t r th at they received signal m.t~ eithe r lncreaa t~ or decrease , depending upon the 1.p~iiia l e~1cnt and locati on of loni, .~t ion . The predicted effect s of a single relativ istic
electron precipitation event ar e not severe . hut due to tht,ir fruq ucnt occurrence they
may provide the opportunlt~ to ~ert1~ e~ierimentaIly the pred icted effect s of more
srs ri• aixi ra rely o~currtng phenomena uch as solar particle events .._ for a more
p rvv l~ . ‘~~~ alu:etton of their  continued m u  In regard to F I.E propagat.loL’4be acquisition
and analysis of dat a on more eoo rd in:tt ~d ;~~~ se~s shou ld he performed.

For  electron ;)r(’cipitatlon events att empt s were’ made to tak e better account of the
ful l tr a nsm ission geomet r~. The calculations w e re perform ed with position-dependent
t ’nosphertc ~‘Lev t ron and ion proffl i for the salellttr l ass on 26 March 1976 durIng an
i lec t r i n  ~ rrcip it .e~ton event . Du ri ng tha t pass two electron energy spectra were
de ki ’,’d and rnu rgv tk’poelti n r atc ~. anti elec t ron and ion deflfiIt~ profiles (kdUCVd lot
t oth spectra. ~oe sum1n~ that th e electron precip itat ion Lwcurred uniform l~ along the
I. shells at all longitude’s c~~~ e r l  b ~he F I.F pat h~ uniter study, the two sets of
lot sphi rle i rolik . wer e applied t o the various portions of the propagation paths.
The’ calculations so performed provided vi t~ good agre ement with the measurements
at Mars l and anti Tromso . whereas (o r Thuh and Pisa the res ults were lees satisfying.
The lack .d agreement t nav indicate that amb ient n ight t ime conditions we re not applic-
ahi to the ent i re p:alhs and t h .t t  in ge ner al mo re comple te Informat io n is needed all
a long a propagat ion path.

.~dditional calculations ~* r e  made fo r solar P ;% rt ic le event (SPE) conditions ,
Including f i r  the f i rd r i m c d:ivt t m  cond ition s . Speciflcn ll~ . electron and ton dens ity
pro f iles f o r th e SPE of 4 August 1972 at 1144 UT w i re used . Elect ron dens it ies above
) 9 km were de ’ r tvvtt  from tncnhe rent sc att e r rada r hs ervat ion~ made at Chat anika.
I Icetr on and ion 1.’nstt ies down to 40 km w ere ca lculated using an ion chemistry
model , and tern drnsttte~ below 4o km w r e  cakulated ass umi ng loss of charge by Ion
ncutr ali rat lon on1~ . The resu lts , ca lcul ated for da~ t ime conditions . indicated sl ightl y
more . t t en uatlon th an earli er cal iuhit ton s for 5))} nighttime conditions. In other
calculations f r  SI’E ev ent s a considera ble .r ns i t l v t tv  to chang e s In ion denatty pro—
Ii Irs belires 35 km w as demonst rate ’ I. —

The effect of variation of solar zcn ith angle and ion chemistry over a long ELF
pre~ agation path f rom WTF to Trorn so under sl’i; conditions was found to have a aIgnif 1-
eati effect on ELF signal st rength *t the receiver.

The ~ aveguide mode comput er code o rigi naili used 32 amu for Ioni c masses to corn-
puw coniki et ivi t es at all altitud es . When a more realist ic var iation of ionic mass was
intrn&ced, the resulUng attenuation for SPE conditions over the path from WTF to
I r~wn an was litt le changed.

During an electron prec ipitation event bremsit rahiung x- rays are produced which pene-
Irate the atmo sphere and can prexluce ion production rates between 35 and 60 km greater
that t5lose of cosmic rays . In one such case inclu sion of the x-ray source led to an
Inc rease In attenuat ion over a ntghIt” nc path from WTF to Coimecticut .
In a further study cii sporadic E layereffeets , aneaper1mentalprofile..iqerlmposevt~~i

~~~ Ki~~~& niglif I Ims t’~i.’w4II 4~~~s si Ilk k.~~ L..4 Itt — ~~~~~~~~~~~ I.. r~~~iv~I niaTtaJ ii r~~~tn ov. r me
WTF to Ccnvwrtleul path. 
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SectIon 1
INTRODUCTION

Extremely low frequency (ELY) transmission at nighttime is Iu~own to be
quite variable. Trnnnin lasions from the U.S. Navy operated Wisconsin Test
Facility (WFF) to receiving sites in Connecticut. Maryland, Greieiilajid, Norway,
and ftaly are observed to experience anomalous and sIgnificant signal strength
reductions of up to ~ 3 db on approximate ly 60 to 80 nights per year. In recent
years, it has been recognized that at leas t some of the observed anomalies are
due to enhanced Ionization caused by the prec ipitation of energetic electrons and
protons Into the earth’s atmosphere (Davis . 1974, 1976; Davis and Meyers, 1975;
Larsen. 1974). For the first tIme In 1976 . a succosaful correlation was made between
the anomalous sIgnal st rength and the precipitating partic les (Imhot et al., 1976;
Reagan. et *1., 1978a). This was based primarIly on the measured transmissions
between the WIsconsin Test Facil ity (W” and the mid- latitude receiving site
In Connecticut and direct satellite m tnaurements of precipitating particle.. This
preliminary tiNting has formed a bails for further more quantitatIve studies of
the cause-and-effect relationship.

Subsequent studies of the effects of energetic particle precipitation on EL F
transmission signal strength have been made at the Lockheed Palo Alto Research
Laboratory (LPARL) based partl~ in data acquired with scientifIc payloads on the
Low altitude polar orbiting satellites 1971-089A and 1972-076B developed by the
Space Sciences Laboratory of LPARI. for the Office of Naval Research, the Defenie
Nuclear Agency and the Defense Adv anced Research Projects Agency. In these
investIgatIons, supported by the Office of Naval Research, ELF propagation data
were ot~akw d from Dr. John Davis of the Naval Research Labo rato ry , Washington,
D.C. ,  and P. IL. Bannister of Naval Underwater Systems Center, New London,
Connecticut. ml. large data set Includes measurements taken during coordinated
exerci se s Involving ELF transmission between the U.S. Navy WIsconsin Test
Facility and receiving statIons in Connecticut. Maryland, Greenland, Norway, sad
Italy performed in March - April 1975, and March - April 1W76. These studies
have provkled further verification of the Importance of particle precipitation. Since
the details of the horizontal and vertical distributions of the enhanced Ionization are
clearly very Important, a large body of coordinated data Is required to provld.
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quantitative Interpretations of the results azxl to assess the Impact of Important
chemIstry parameters on the transmItted ELF signal strength.

With the energetIc particle data obtained from payloads on the low altitude
polar-orbIting satellites 197 1-089A and 1972-07613 , in 1976 a qualitative correla-
tion was established between anomalous F IS signal levels received at Connecticut
and the precipitation of signifIcant fluxes of electrons from the radiation belts.
However , a detailed quantitative correlation between the sign (signal enhancement
versus degradation) and severity of the anomalies and particle characteristics such

as intensities and spectra was not fIrmly established because of the limited data
base used. Stimulated by these I tNtingh, special coordinated exerc ises were
concklctod in March - AprIl 1976 invok ing satellite measurements of the precipItating
particles and ELF transmissions between the U.S. Navy Wisconsin Test Facil ity

and receiving statIons In Mary land, Greenland , Norw~L , and Italy. Coordinated
sate llite /ELF t ransm iss ion measurements we re also made In March - April 1975
and July 1975.

Detailed discussions of the investigations perf k~rmcd from the coordinated data
sets a(x4uired in 1975 and 1976 are prov ided in the previous annual reports (Imhof.
et al. , 1976 , 1977) and by Reagan, et *1. (1978a). Briefly, the following ma)or con-
clus ions have fo llow ed f rom thc~e study efforts :

• From coordinated satellite and ELF attenuation measurements , it has been
found that direct particle precipItation into the atmosphere can cause ELF
transmi ssion anomalies. In these anoma lies the signal strengths may be

either attenuated or enhance d depending upon the gcometry sad details of
the ion and electron density profiles resulting from the particLe
precipitation.

• Sensitivity studies were made to assess the dei endence of the ELF signal
strengths on such parameters as the elect ron and ion density profile, and
their distribu t ion along the prop agation path.

• The signal strengths tend to decrease with Increasing electron density

*1 altitudes of ~ 6O kin or lower.

• The effect of a given Ionization profile depends strongly on Its location.

• The ELF signal strengths are mos t sensitive to positiv e ion density profile.
at altitudes of -45 km or lower.
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• The ELF signal strengths are very sensitive to sporadic E-layers , with the
&Ilitude of the ledge being a very crItical parameter.

• The measured and predicted effec ts of energetic elec t ron precipitation events
can prov ide a readily available verification of the effects on ELF t ransmission
of more rarely occurring and possibly mor e severe phenomena such as solax
particle events.

• Variations in the nighttime Elk ’ signal strengths on a tine time scale are
observ ed which may be due entirel y to elect ro n precipitation, but cannot be
accounted for quantitatively due to present limi tations in the measurement..
and computational techn iques .

• The geometry for the effect of electron p recipitation on nighttime ELF trans-
mIss ion is ve ry complex and as a result the follo w ing recommendations were made
fo r future investigntlons:

• New techniques far mapping elect ron precipitation profiles simultaneously over
a broad spatial region should be used in a coordinated measurement program.

• Exist ing ELF way Ide- mode computer progr am s should be modified to
Include treatment of variation s in the electron and ion density prof iles along
a direct Ion perpendicular to the i ropagation path.

The pur xise of this report is to present tb f indings of an InvestigatIon under-
taken with ~oonI1naicd satellite-F LI traj ismLeaion measuremen ts performed during
the Greenland Sea exercise in April - May 1977. At the same time that the trans-
mission measurements were performed , the Lockh eed experiment on the 1972-076B
satellite was ~~ersted in special coordination to measu re the fluxes and energy
spectra of the prec ipitating elect rons. This coordinated data set encompassed
periods of major geomagnetic disturbance and moderate ly Intense electron
precipitation. Calculations of the expcctcd ELF attenuatians were made using
the wavegulde model com puter program develeped at the Naval Ocean Systems
Center and ionization profiles derived from the satellite measurements of the
precipitating electrons. The results have confirmed the previous conclusion
that the eLect ron precipitation events occurring along the signal path may lead to
either an Increase or a decrease In ELF signal attetsiation depending on Intensity
and location of the ionization.
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Further studies have been made with data a~~u1red during the electron
precipitatIon event of 26 March 1976. The ELI’ signal propagation was calculated
for a number of paths, from WT F to Maryland. Connecticut , Pisa, Tromso, and
Thule. The paths were segmented to tak e into account the variations of Ionization
and earth conductivity along the direction of propagation. The results hav e again
emphasiz ed the need for comple t e information along the path and the difficulty
of obtaining it in electron precipitation w erds with a lim ited number of satell ite
passes and without the use of a widespread a- rn~ mapping technique from a satellite .

Calculation s were also performed of the ELF signal t ransmission from the
t ransm it te r at WTF to a receiver at i rom so , Norway during a simulated solar
particle event (SPE) under daytime conditions. For these calculations the ion and
electro n density altitude profiles we re based largely on the SPE of 4 August 1972.
These daytime results predict a large increase in attcrvatlon over ambient night-
time conditions and a smaller increase ov er a similar calculation for SPE
nighttime c~ xfttions .

The experimental results during the Greenland Sea Exercises and the various
s ignal st rength calculations are presented in this report. Many individuals have
cont ributed significantly to this program. Special acknowledgments are extended
to Mr. H. G. Joiner of the Off ice of Naval Research and to Dr. T . Quinn. while
at the Office of Na~a1 Research. for their important cooperation, support , and
dire ction under Cont ract N00014—75-C’-0954 . P. R. Bannister at the Naval
Underwater System (‘enter , New london, (‘otmect icut genercxasl% provided the
experlnientai ELF data used In this stud) . Mr. W . Moler of the Naval 0 can System
Center (NOBC) kindly cooperated in providing the N(~~C wave propagatIon code. We
acknowledge the cooperation of the Norwegian Defence Research Establishment In
g ranting Dr. T. Larsen a leave of absence to engage In this ELF study activit y while
in residence at LPARL.
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Section 2
THE GREENLAND SEA EXE RCISE

2.1 The Satellite Data

The spathd coverage of the data acquIred during selected coordinated passes of
the satellite in the April-May 1977 Greenland Sea exercise is illustrated schematically
in Figure 2— i .  The area of coordinati on during the exercise is Indicat ed by the bro-
ken lines , Several examples of the energeti c (>150 key) electron flux profiles
measured f rom the sate llite are shown in Figure 2-2. In addition to the countIng rate
modulation normally assoc iated with trapped electrons, on certain spIns of the
a ite li ite the counting rates remained high during the upward viewing of the electron
spectromete r indicating an isot ropic angular distribut ion. This meant~ that the
fluxes of precipitat ing elect rons were equal to the trapped fluxes.

Surreys we re made of the piecipitating electron and proton data taken during 92
acquisitions of the satel lite 1971-07GB in the time period 15 Apri l to 20 May 1977.
In these detailed surveys strip plots we re made of the outputs of 5 electron spectro-
meters and one proton detector in the AIt PA- 501 pay load . An example of a porti on of
one of these surveys is sho wn in Figure 2- 3 . SignIficant fluxes of precipitatIng
electrons we re measured on many of the passes , and unusually high intensiUes were
observed on several occasions two of which have been selected for special stud y.
The precipitating electron flux profiles measured on two of the passes are plotted in
FIgure 2-4 on a schematic presentation of the satellite path. For these electron
precipitation events , the energy t pectra are shown in Figure 2-5 . The two spectra
arc quite different , wi th one containing slgnthcaid Intensities at energies of

several hundred keV . For each of these electron ene rgy spect ra the ion-electron
production rates in the atmosphere have been calculated as a function of altitede,
using the computer program AURORA . The ion paIr production profiles are shown
in Figure 2-6.
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FIgure 2-5 The energy spectra of precIpitating electrons measured during
two events In the Aprll-Ma~- 1977 coordInated exercises illust rated
In Figure 2-4.
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2.2 The ELF Signal Strength Data

The ELF signal strength data for April , 1977 f rom the Greenland Sea exercise
wer e transm itted to us from P. It Banniste r at the Naval Underwater System
Center . New London , Co~mecticut - in addition to these data, Bannister also sent
signal st rength lev els from all available recordings in 19V at the Connecticut
site. The latter dat a have been of great value In interpreting the Greenland Sea
measurements . ~~~ F LI’ Ueld strengths recorded at hoth sites are plotted as a
function of lime In Figure 2-7 , along with the ~~ geomagnetic Index. in addition,
Figure 2-7 shows the fluxes of precipitating electrons (- ‘- 150 key) measured with
the EEM elect ron spect rometer on the ~72- I satellite - The electron measurements
were all performed In the longitude interv al 120°W to 4S°~V at latitudes north of 40°N.
The experimental data on electron fluxes and field strengThs are given in Table 2-1.
It should be noted that some ma$or geomagnetic disturbances occurred during the
t ime of the Greenland Sea coordinat ions and that on several occasions the
precipitating elect ron fluxes w ere quit e high .

Figu re 2.-I Illu st rates an effort to correlate the observ ed signal strengths with
the fluxes of precip itating energet ic elect r~w ia . The F I.E f ignal strengths were
taken at the time of the satellite obse rvatio ns , There is no evidence (or a
consis ten t variation betwee n the two parameters at either sue.
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Table 2-1 Measured Precipitating Electron Fluxes and ELF Signal Str~ igtha During
the Greenland Sea ExercIse, April - May, 1977

Precipita ting Measured ELF
Elect ron Flux Field St rengths

E >150 key (dB wr t 1 A/rn )

I’ m2 ~~~~~~~ 
WTF to

Date Time (UT) ‘ ‘ ‘ Greenland Sea Connecticut

April 15 1650 0 0
AprIl 16 0548 0 - 150.4 - 145. 1
April 17 0324 4 .1  + 3 - 145.6

0503 1.4 + 3 - 146.6
0642 5 . 0 + 4  - 146.6

0 - 143.4
April 1~’ 0418 5.5 + 4 - 145.6

0556 2.2 ~ 4 - 
- 147.6

0738 0 - 148.6
1752 5.5 • 2 - 14 8 .9 - 143.6
193 1 0 - is o .o I,
0650 1.4  + b - 145.3
0837 4 .1  44  - 145.3
1708 2 . 8 + 5
1848 2 .2~~ 4

April 20 0606 ~~0 + 5 - 146. 2
1942 1 . 4 + 4

Ap ri l 21 0521 1 . 9 + 4  - 150.6 - 145.2

0708 1.1 ‘ 6 - 150.2
1M~~ 0

April 22 0436 1.6 4 - 152.0 - 144.0
0616 4. 0 4 4  - 1~~L 8 - 146.1
1812 1.6 • 3 — 153 . 3

AprIl 23 0352 1 . 1~~ 4 - 145.0
0530 1 . 4 + 5  - 144.4
0710 4 .1~~ 3 - 145. 7
1728 1.6 + 4 — 142.0

i 1906 3.6 3 - 142.6
April 24 0307 1 .6 k  4 - 155. 5 - 144. 8

0623 1 .9 ’ 4  - 155.4 - 145. 8
182 1 3.9 + 4 - 143.4
2001 2 .2~ 4 - 142.9

April 25 1916 0
Apr11 26 0445 8.3 .. 3 — 151.0 - 144.0 •

2010 1 . 1 4 3
AprIl 27 0550 8.3 + 3 - 144.6
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Table 2-1 (Cou~Iai.d)

Precipitating ured ELF

E>l5O keV (dB wrt l A/rn)
WTF to

Da~ Tth~ (UT) (el/cm2 soo-sr) Greenland Sea connecticut
April 27 0731 1.9. - 147.3
April28 0646 2 . 8 + 2

20~0 3 .9+  3 - 143. 2
April 29 042) 2.2 + 4 - 145.6

0600 5 . 5 + ’ - 146.9
I: Apr il 30 0336 1.1 * 4

0514 2 .8+5
2028 0

May l 1944 0
May 2 0523 2.0+ 6
May 4 0547 0 - 144.7

1909 0
May 5 0449 8.3 + 4  - 145.4

0629 3.6+ 5 - 143.4
2003 0 * 142.9

May S 0405 2 .8+4 - 144.5
054 ’ 1. 6 • 5 - 145.4
1920 4.1~~~5 - 143.6

May 7 0320 4.1 + 3 - 145.1
0459 1.6+ 5 - 145.6
0638 7 .2 ’  5 - 145.6

May a 04.14 1.9.4 - 144.2
0554 1 .4’4 - 145.4

Msy 9 0329 1.4+4 - 146.2
2022 0 - 143.8

May 10 0603 1 .1 + 4 - 145.8
1939 1.4+3 - 144.5

May 11 0431 4 .1  + 3 - 146.6
0612 3 . 6 +  3 - 148 .3

0755 0 - 145. 8

0938 1. 9 + 5  - 144.6
1945 0 - 143.6

May 15 0329 2.8.4
May 16 0244 6 . 9 + 3  - 144. 8
May 19 0348 2.2~~ 4 - 144.3
May 20 0333 1 . 9 + 5  - 145.1
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2.2 Search for Correlations Between Particle Fluxes arid ELF Signal Strength

Several efforts were made to correlate the observed ELF signal strength with
the fluxes of precipitating energetic electrons. One of the Investigations is
summarized in Figure 2-8, where the measured signal strengths are plotted as
a function of the flux of precipitating electrons > 160 key measured at the same time.
Under this Investigation we are primarIly concerned with nighttime measurements
when the effects of energetic particle precipitation can beat be studied, but both
noon and midnight data have been used. In the presentation, the local noon flux
measu n’mcnts arc plotted with solid symbols. With exclus ion of either dayside
or nighiside data there is less scatter In the points , but even under such conditions,
the re Is no evidnnce for a con~ istcn1 varIation between signal strength and electron
flux. SimiLt r conclusions followed from a search for correlation between the signal
strength and the fluxes of much low - r enc rgy elect tons in the energy range
0.6 - 1.5 key. The dat~i used in the latter stud~ ~ire presented In Figure 2-9.

Since the WTF transmItter Is at a relatively low magnetic latitude , it is
important to Investigate whether there is any correlation between the measured
s ignal stre ngths and the Invariant latitude of the elect ron prec ipitation , particularly
as rela ted to the signal strengths received at Connecticut, With this consideration
in mind, in Figure 2-10 the signal strengths measured at Connecticut and at
Greenland are plotted as a function of the minimum Invariant latitude of electton
precipitation. h ere again there is no c~1dencc for a positive correlation.
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SectIon 3
CALCULATIONS OF ELF PROPAGATIO N CHARACTERISTICS

3.1 CalculatIons for Propagation Path WTF to Coia~ect icut and Greenland During
19 AprIl and 7 May 1977 REP Events

For two of the ma)or relativistic elect ron precipitation (REP) events observed
in the April - May 1977 Greenland Sea exercise a more detailed analysis has been
performed of the electron energy spectra and Intensities and of the resulting energy
deposition profiles. The inferred electron density contours are shown In Figure 3-1
along with one previously obtained during an intense relativistic elect ron precipitation
event on 26 March 1976. It is clear that during the 19 Apr11 1977 event the Ionization
proukactd at lower altitudes, ~. 80 km. was much great er.

For each of the elect ron density prt flles shown in Figure 3-1 calculations of the
ELF signal strengths have been performed with the wavegulde- mode computer program
developed at the Naval Ocean Systems (‘enter. The computations we c performed with
v ar iou s path segmentations for the great-circle propagation to the receiving site at
Tromso, Norway. For the calculations the electron precipitation intensities WI re
assumed to be Independent of longitude and to fol low the known ni;~gnetic invariant
latitude contours , as shown in Figure 3-2. The results are summarized In Table 3-1.

For the relativistic electron prcclpilstion events on 19 April 1977 and 7 May 1977 .
calculations wr’re also male of the hignal strengths at Thu le and at Connecticut.
These arc provided in Tables 3-2 and 3-3.

From the results of the calculati orm for the electron proclptththm events on
26 March 1976 . 19 AprIl 1977 , and 7 May 1977 . as ~‘~.1l is other events , it is c lear
that either increases or decrc .~~~ f signal may occur , depending upon the spatial
extent and location of the ionization In relation to the transmitter and receiver. This
coniplicaled aspect of the signal transmission, ‘ ‘ i~’Ied with the comp lex spatial
dist ribution of electron precipitati on events, emphasizes the need ~.‘r future electron
precipitation ma~~thg techniques each as ma’. be accomplished with bremsstrahlung
x-ray spect rometers on a satellite. Although the predicted effec ts of a single
relativistic electron precipitation event are not severe , due to their frequent
occurrence they may provide the opp~rtunIt to verify experimentally the predicted
effects of more severe and rarely occurring phenomena su h  as solar particle
events.
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Table 3-1 Calculated Field Strengths for Electron Precipitation Event s .
Tranamlss bns from the Wisoonelu Test Facility to the
Receiving Station at Tromso , Norway

Observed Invariant Calculated Field Strength
Latitud e Range of Path Segment at 75 Hz WTF - Trom so ’

Fv ent [)atc Precip itation for Precipitation (dB wrt to IA/rn)

Ambient Sight - - - 154 .7
26 Mar . 1976 57.7 ° - 6,4.8° - 900 km - 153.6
19 Apr. 197 7 61.5° - 65 . 7° 0 - 900 - 153 .5

200 - 900 - 154 .6
whole path - 151.9

7 M a~ 1977 65.2°- 68.9
0 0- 1800 - 153.4

1000 — 1800 — 154.4

whole patti - 151.9

• The whole path length Is 6000 km

• These values have been normalized to include the signal of the WTF EW antenna
In addition to that of the NW antenna which ii. computed by the waveguide mode code.
The FW antenna conditions are : antenna current : 300A ; anteri’.a length : 22.5 km
conductivity under antenna 3.2 x ~~~ mho/m . 0

0 phasing between EW and NS

antennas.
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Table 3-2 Calculated Field Strengths WTF - Greenland for 19 Apr11 and 7 May 1977
Precipitating Electron Profiles

Profile Path Segments Calculated Field CsJcuIated Change
Date for Precipitation Strength at 75 Hz from Ambient Night

(dB wrt I A/m)~ (dB vii I A/m)t

19 AprIl 0- 1200 km - 152 .1 + 1.2
300 - 1200 km - 152.2 + 0.1

7 May 0- 12fl0 km - 15 1 . 2  + 1.1

300-1200 km - 152.1 +0 .2

Am blent
Night - 152 .3

• Total path length 3500 km

• Norma lized as Indicat ed In Tal k 3- 1
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Table 3-3 Calculated Field Strengths WTF - Connecticut’ for 19 April and 7 May 1977
Electron Profile.

Profile Path Segment. Calculatei Field Streng th Measured FIeII Dlflerenoe
Date for Precipl tUion (75Hz) in dB wrt 1 A/rn St rength Is ~)B)

dB wit lA/rn

19 AprIl 0-1300 km - 144.3 1.0 L I
- 145.3

Whole Path F]
- 143.1 ~2.2

7 M*y 0- 1300 km - 144.4 . 1 . 2
- 145.6

Whole Path - 143.5 2.1

Whole path length was 1550 km
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3.2 CalculatIons for the 26 March 1976 REP Event Over Several Propagation Paths
With Better Account of Full Transmission Geometry

Calculations of the E IS sigual strengths have been m~dc with a better account
of the full transmission geometry. The calculations were performed with position -
dt endent iot~ sphertc electron and ton profile , for the satellite pass on 26 March 1976
during an electron precipitation event. During that event the satellite passed close to
WI’F at 0602 UT and the particle detectors recorded enhanced fluxes of precipitating
electrons between - 41

0 ~~ 55
0
5 geographIc latitude. The fluxes were particularly

strong between 45° and 50°N.
Two elect ron ener~~’ spect ra were deô.accd for th is pass , the data being

averaged over:

a) 3.66 ..~- L .r4 .2 1 : - “hard” spectrum
b) 4.21 ~-L <5. 10; - “ soft ” spectrum

From each of the electron cner~ ’ spect ra the ion-electron production rates In
the atmo.pbere were calculated using the computer program AURORA (Walt, ci al. .
196$) as discussed In the earlier report (Inihot , ci al. , 1977). The electron density
altitude profiles above 60 km were calculated using effcctir electron loss rates
Inferred from SPE measurements as described In that same report . In those
events elect ron production rates and elect ron densities were high, comparable to
those of this electron precipitation ev ent . Elect ron densities at altitudes below
60 km at night are very small. Po.itlve ion densities were assumed ix~ua1 to
electron densities at and above 80 km. At alt itudes below 40 kin , ambient N~ profiles
were uacd. In between these altitude limits a smooth fit interpolation was
assumed .

Assuming that 11w electron precipitation occurs uniformly along the L-sheUs
at all long itudes covered by the E 12 paths under study (between 90°W and 20°E In
longitude), these two sets of 1c~K spber1c profiles were applied to the various portions
of the propagation path. as shown In Figure 3-3. OutsIde the areas of electron
precipitation , the nighttime ambient electron and ion profiles were used. As an
example , the path from WTF to PIaa was t reated as follows:
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Distance from WTF Net N,, Profi les for:

0 - 200 km “hard” spect rum
300 - 3900 km “soft” spectrum

4000 - 4900 km “hard” spectrum
5000 - 5500 km “soft ’ spectrum
5600 - 7500 km amb ient conditions

The results arc presented In Table 3-4 whIch compares the predicted normalized
field strengths at 75 Hz with the ambient nighttime field strength for five ELF recording
stations. The f ifth column gives the predicted change of field strength (In dB) during
the event . It Is noted th*t signal Increases of 0.6dB to 1.9dB were predicted for the
various stations using this procedure.

In Table 3-5 we show the predicted and measured absolute field strengths. The

last column shows the actually measured signal changes (between 0.0 and + 3.2 dB).
The predicted changes for the three longest paths were all of the rIgh~ sense , hut

complete razmcrtcai agreement was not obtained. However , taking into account the

uncertainties Involved the results are regarded as showing satisfactory agreement .

There Is very good agreement between predictions sal measurements at Maryland,

fai r agreement at Tromso, whereas for Thule and P us the results are less satisfying.
The measured signal st rength at Thule averaged over a three hour interval around
0600 UT is withIn 0.2 dB of the measured value for Norway. Since the latter path
1. 2.4 Mm longer than the path to Thule, it is quite obv ious that the Thule path is

experiencing nonambient condition, also outside the precipitation region indicated In

Figure 3-3. ThIs finding stresse s the need for more complete information about the
condition , all along the propagation path in order to make good signal strength
p~ed1ctions.

The agreement between the predicted and measured absolute f ield levels at Pisa,
Italy is also poorer than desired. When correction Is made for adding the E-W
anteena contribution to the N-S anteima signal calculat ed by the wavegulde mode code
the factor Is the rather large value ‘ 4.8 dB. This correction is much larger
then th. corrections for the other ELF sites and any ~moertsthty In this value will,

of course, have a relatively larger effect on the absolute values for Pisa. Another
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explaia’Ice is that the ambient nighttime o~~~Ittons used may ant be applicable Ito the southernmost portion of the path to Plia.
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IL Table 3-4 Calculated ELF Field Strengths For the REP Event of 26 March 1976

F ~

- r
Segment Calculated Field Strengths at

Receiving for 75 Hz in dB wrt 1 A/rn
.-. 

- 

Station Precipitation Ambient Night buring Event Predicted Change
S.

Connecticut , USA - 145.2 - 143.3 + 1.9
Maryland , USA See - 147.9 - 147.3

Thu le, Greenland FIgure 3—3 - 151.3 - 151.3 + 1.0
Tromso , Norway - 154.7 - 153.6 + 1.1
Pies, Italy - 154.0 - 152.3 + 1.7

• Normalized as indicated In Table 3-1.
(.
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Table 3-5 ComparIson of Predicted and Measured ELF Field Strengths for the
REP Event of 26 March 1976

-~~ELF Field Strengths at 75 Hz Change In Field Strength
during event 

_________________ 

during 
~~~~~~Predicted Measured Predicted Measured

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(dB wri 1 A/rn) (dB wrt 1 A/rn) (dB) (dB)

Connecticut , USA - 143.3 no meas • + 1.9 no mess.

Maryland, USA - 1 4 7 . 3  - 147.2 -+0.6 0.0

Thuic, Groenland - 151.3 - 155.0 + 1.0 + 0.5
Tromso, Norway - 153. 6 - 155.2 + 1.1 + 2.0

Pisa , Italy - 152.3 - 15.4.7 + 1.7 + 3.2

• Normalized as indicated In Table 3-1

I
,

.
‘

P
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3.3 (‘alculations for Hypothesized SPE Profiles

An earlier report (hnbof, et al.. 1977) Included resu lts of some calculations

for typIcal SPF electron and ion density altitude profiles applied to the path WTF to
Tromso, Norway. The main conclusions of t )~~se calculations were: 1) typical STE
nighttime condit Ions from the August , 1972 event will dcc rtase F LF signal strength
at 75 Hz h’, sever”tl dli for uniform conditions all over the path ; 2) the received ELF
field strength in Norway was predicted to he reduced by an additional 1 3 dB when the
WTF transmitter area was outside the SPE disturbed region; 3) the ELF signal
strength was especlilly senaitive to changes in the positive Ion density altitude
profile below 45 - 50 km.

In the px- t~iunt report , we present some additional results of ELF calculations
for SPE conditions including for the first time results for daytime propagation
conditions.

3 .3. 1 D;iytlme Cor~litlons

For the d~~timc ionospheric conditions WC have taken the resulta Obtained In an
earlier studs (Reagan, 1975; Gunton , Mev erott and Reagan , 1977; Ounton, prIvate
communicatIon. 1978). The electron and Son densities and ion pair production rates
are Listed in Table 3-6 and their profiles are shown in Figure 3-4. The data refer to the
SPF of August 1972 at 1508 UT on 4 August , near the peak of this unusually intense
event. The local time at Chatanika, Alaska, where the data we re obtai ned , was

0508 LT. correaponding to a solar zenith angle of ~* 
- -- 79.5°. The peak ionization

rate occurred at approximately 40 km with 4.5 ~ 10~ ion palrs/cm 3-sec . The

electron density prof ile was measured between 90 and 55 km (Reagan, 1975). Values
at lower altitudes were predicted using the chemistry code of Gunton, at al., (1977).
The values for the positi ve lone between 80 and 40 km are likewise obtained using the
same chemistry code. At lower altitudes the values for the poslvive ion density
N, are obtained using the formula

N,

where height and temperature dependent value, of the ion-Ion recomblnafton
rate are used, ci. Table 3-7. These valu es of N, are labeled “original
profile” In FIgure 3-4.
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Table 3-6 Electron and Ion Density Profiles for 4 August 1972 1508 UT of
Chatanlka, Alaska Together W ith the Calculated Ion Pair Production
Rates From the Precipitating Protons

AltItude Electron Density Positive 1ot~ Density Production R11e
(kin) (cnr3) (cm’~~) (Ion pairs/cm -sec)

5 2100 5. 0 ~~ 5.0 10 1.91 10
95 1. 0 10~ 1.0 lo s 4.86 io 2

90 6.5 ~~ 6.5 1.06
85 4 .8 1O 4 4 . 8  IO~ 1. 99 

-.
80 3 . M 1O

4 3.8 1O~ 3 .2 1 IO~
75 5.0 1O4 5 .0 5.16
70 5.5 10~ 7.0 LO~ 8.17 1O3

65 5.0 1O4 1.4 iO~ 1.24 1O 4

60 3.6 1O4 2. 5 10~ 1.79 1O4

55 2.0 ~~ 3.7 10~ 2.4-6 ~~
50 1.0 1O4 s. 0 10~ 3.25 1O4

45 1.1 ~~ 6.0 10~ 4.03 io~
40 2.15 10 6.0 i°~ 4.47 10

1 r 43-5 1.0 10 5.4 i~
’
~ 3.91 10

30 Am blent 3. 7 10~ 1.89 1o

25 1.15 Ia ” 3.74 10
20 2 .05 t O4 2.17 io 2

15 AmbIent

10
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Tabk 3-7 Ion - ion Recomb ination Rates (~ ) Calculated
for 65°N , August

P T
Altitude Pressure Temperature
(kin ) (Dynes/cm2) (K) (cm3 See 1)

2.869 10 261 5.16 10~~
55 5.366 io

2 
274 5 . 26 lO~~

50 9.834 10 278 5.46 10~~
45 1.801 1O

3 
!74 5.~ 7 IO

U

40 3.383 IO~ 261 6 .~ 4 IO~~
3~ 6. 571 10~ 247 9.11 10

_ s

1. 305 ~~~ 236 1 . 4 1  10 ’

25 2 . 800 1O 4 2.~~
20 5 .900 lO~ 225 5 . 16

iS 1. 2~10 10 225 1.05 10
5 6I~

) 
~~~~~~ 10 225 2 . 17 10

5 5.410 10 260 3.03 10
k’

0 1 .017 io6 289 4.35 io
6

II _ _ _

Note: These v alues for have been calculated using the formula

~~ ‘ 5 * 1 Q ’ + 6 x 1 0 6 P T
_ 5

~
’2

,

where P is pressure In dynes/czn2 
ant! T is temperature in degrees Kelv in .

Th is formula is from Niles (1976) with the ‘t rst term changed from 3 x io 8 to

s x lo 8 in light of the latest laboratory measurements by Smith and Church (1977).
The model atmosphere is i ’ r August at 65°N latitude .
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The prq agaz.lon characteri sti cs at 75 Ui for the path segmenis from WTF to
Troinso are given In Table 3-8. The resulting sttenuationa are s&rsvn In Table 3-9.
It m~~ ~~ noted that the atlcnuattons for SPI . daytime condItions (4 August [972 ,
1508 UT) are greater than previously calculated for ambient nighttime conditions
(Imhof . ci *1.. 1977) by 3.3 dIl when the WTF transmitter is Inside the SPE region

~~~ ~~ 6. 7 dU when it is zilaide. A lso, as shown in Table 3-9 , such d*ytlme SPE
condI t ions are expected to cause ELF signal attenuaUon i&, be ~he same as the vah~es

calculated earlier for api; nighttime conditions (lmhof . ci al .. 1977) wIth the WFF
transmitter lnitdc the SPI region, and to he 1arge~r h!, 0. ” d8 with the transmitter
outs ide.
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Table 3- ~ Propagation Characteristics at 75 Hz Calculated for the WTF to Norway
Path for Daytime SPE ConditIons (4 Aug . 72 1508 UT)

I Rangt~ from Path Attenuation rate Relative Phase Excitation
wri Segmeid Velocity Factor
(kin) 

____________________ 
(cmIvm) vie (dB)

0-200 WT F 2.62 0.74 3.21

200- 1000 Canada 2. 51 0.74 3. 13

1000—1800 lludson itay 2 .37 0.75 3.02

1800-2900 North Canada 2. 51 0.74  3. 13

2 9O0~-33o s ’ Davis Strait 2 . 37  0. 75 3.02

Grs~’nlaM 3 ,72 0. 7~ 4.05
- 

Ns~~~~ t~u~ ~.37 0.75 3.02

~i$00- 6000 Tromso Area ...~ d 0. 74 3 . 13
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- - Table 3-9 Calculated Field Strengths for Transm ission From the Wisconsin
Teat Facili ty to Troinso, Norway

Calculated Field Strength
at 75 Itt 0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(dB wrt IA/rn)

Ambient Nighttime • -154.7

SPE Daytim e Condttloni
4 Aug . 1972 . 1508 UT ( -‘ 79. 5
WiT Ins kie SPE RegIon -158.0
W~ R (~itsIdc SPE RegIon -181.4

SPE Nighttime Condltion.
4 Aug. 1972 , 1144 t’T (

~ “ 95. 3
WT~’ Inside SPE Region -151.0
WTF thats ide SPE RegIon -160.6

• Normalized as indicated in Table 3-1

• See lrnhof , et al., (1977)
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Same numerical tests have been made to e~q 1orv the sensitivity of the ELF

field strength calculations dIaring solar particle events to change. in the ion and
electron density profiles at altitudes below 60 km. Some ~an’pIe. are presented

for dsytlmc and nighttime SPE conditions.
The first case is based on SPE conditions on 4 August 1972 at 1508 UT

shown in Figure 3-4. ELF field strength calculations have been made for tour
m (xldtcaU (ms of the N, profile in the altitude ’ regIme 35 - 15 km a~ shown In
Figure 3-4. In this altitude regime ions completely dominate over the’ electron
contribution to the coiziuct iv i ts.  The calculated field strengths are given In
Table 3-10, and the propagatl&m characteristics :trv shown in Table 3-11.

T*blt• 3-10 ELF field strengths for prnpagation over the path from WTF to
Tromso rr~ zltlng f rom changes In the positive Ion prattle at
low altitudes (Figu re 3-4)

Change. tn N~ ELF Field Strength
in AltThidr at 75 Hz

Profile Region (dE wri IA/rn)

Original None -158.0

1 30— 15 km -156.7
2 35-15 km -155.0
3 35-15 km -153.6
4 30-15 km -158.9

Ambient Night -154.7

Normaltzed as lsxftcat uxl In Table 3- 1
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This investigation has indicated the major effort a solar particle event may
have on ELF signal propagation. Under daytime SPE oondltions. it was found that
the signal attenuatlons are slightly larger than for the same SPE h~~u1 under night-
time conditions. Illustrating the importance of the sol ar &ontth angle parameter.
The FLF field strengths are also found to be very sensitlve to details of the
positive ion density profile below 35 kin. As a consequence of the Latter f inding.
il ls clearly important to take accurate account of the inn pair proibaction by the
high energy tai l of the solar proton spectrum which produces loniraflon at low
altitudes .

3.3 2 VarIation in Electron Profile

The elect ron and Ion profiles used In our earlier study (Imbof . et si. 1977)
of ELF propagation during nightti me SPE condttionh. those of 4 August 1972 at

01144 t I  
~
, 95 .3 ), are shown in Figure 3-5. The original profil e gave a cal-

cul*tcd F l.F signal .crrngths WTF to Tromso of -157.7 dli wri I A/rn normalized
as Indicated in Table 3- 1. Changing the electron density below 55 km according to
Figure 3-5 . the signal strength was the slightly higher vakae - 15t. 6 dB wrt IA/ rn .
Analysis of this result showed that the inc reased electr on densi ties around 40 - 50 ~ n
led to lower attenuation rates for the various path segnierts by about 0. 14 to 0. 16
dR -Mm and increases in the excitat ion facto r by 0.20 to 0.22 dB adding up to a L i
dli Inc rease In signal strength .

3 3.3 Variations in Ion Profile

SPE conditions at Chatanika on 5 August 1972 1254 UT (, -- 91. 4°) arc shown
in Figure 3-6. Electron densities above -60 km are measu red values and below
— 60 km are — 2 orde rs of magnitude smaller than the calculated ion densities. A
little below 60 km the ion cos~~ictivities dominate over electron effects . Ion
densities at and above 60 km. marked by squares were computed with the code
developed by Gurdon. et *1. (1977). From 60 km down to 30 km positive Ion profiles
I through 3 were calculated using the relation N, ~~~ where q Is the ion
production rate and is the ion neutralization rate. For profile 1, an older
“Incorrect ’ ~ profile was uaed. This result does however serve to illustrate the
Importance of positive ions. Profile 2 was calculated using a constant value
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• 1. x l0~~ cm
3 eec ’ and profile 3 was calculated usi ng the 

~ 
profile of

Table 3-7 presently thought to best represent the laboratory measurements of
for a1mo~~theric ions. The positive ion densities in profile 3 below - 30 Ion are

t~~ical ambient nighttinie dens ities. The results of these calculations are summarized
ln TabIe 3-12.

The large change In signal strength (2.2 dfl) between prattle 1 and profile 2
shows the Importance of Ion densities in the 60 - 30 km region when electron
densities are low there. Profile 4 Ii nearly Identical to profIle 3 down to about 30 kin
but exhibits larger values below 30 kin. The very small differenc e in signal strength,
0. 1 dB,between the two indi catea that the region below 30 km Is relatively unimportant
I or propagation at 75 Hz , unless it ii ionized well above ambient conditIons as was
the came in FIgure 3-4 above.

Table 3-12 ELF Field Strengths for Propagation from WTF to Troinso Resulting
From Change. in the Positive Ion Profile Below 60 kin

Profile Profile Signal Strength at 75 Hz

_ _ _ _ _ _ _ _ _ _ _  
60 - 30 km (dB wrt 1 A/rn ) 

—

1 “incorrect” - 154.6
2 — 1. x 10 ’cm3sec ” - 156.8

f rom Table 3—7 - 156.8

4 lIk e 3 , but N5 larger below 30 km - 156.9

~ Normaliz ed as IndIcated In Table 3-1
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Section 4
IMPACT OF IMPORTANT CHEMISTRY PARAMETERS ON ELF PROPAGATION

4.1 Importance of Solar Zenith Angle

At any one time, e.g. • 1200 UT, the local time at each point along an ELF
transmission path is different , and hence the molar zenith angle (x) is different.
SinCe electron and ion densities depend on the sol~r zenith angle, it is necessary in
a comp lete treaUnent to take solar ‘enith angle variation into account. Some calcula-

t ions ha’e been made for a path from WTF to Trom so , Norway using hypothesized
prof Ike to represent conditions on 31 March at 2100 UT. These conditions are

shown in Table 4-1.

The season and time have been chosen so that data from the Aug ust 1972 SPE

at solar zenith angles of 95.3° and 79. 5° could be matc hed fairl y well to average

solar zenith angles of some of the eight segments of the WFF- Trom so path (see

Table 4-2). The calculations of electron density profiles we re made using the ion
pair production rates 01 the 4 August 1972 event at 1144 UT (Reagan, et al., l978b)

for both ~ 
95,30 and ~ 

-
~ 79,50~ However, the elect ran loss rates were derived

from mea~ a remente of the event (Reagan and Watt . 1976) at two tImes: 1144 UT on
4 August for ~ ‘ 95.3° and 1508 UT on 4 August for -, - 79,50, Electron density
profiles were calculated using N .~ ‘~j7T w here q Is the production rate and

Is the effective elect ron loss rate. Electron densi ties needed at x 89.5° for

one segme nt of the path were obta ined by inte rpolation between the results for

• 95.3° and 79. 50.

Since the transm itter at WTF as well as the first half of the path are In darkness,
a prof ile for night , not derivable from the 4 August 1972 SPE data , was needed.
Electron los, rates were taken from data given by Imhof , et ii. , (lfl7) for

nighttime conditions. The Ion pair proc~acUon rates a lo  were those 0( 1144 UT on
4 August 1972. The result ing elect ron density altitude profiles are shown in
FIgure 4-1.

The positive ion density profile in FIgure 4-1 was calculated at 80 , 70, and

60 km using the chemistry oode of Owdon, et sI.. (1977). Densities below 60 kin
were a~~r*~cimated using the relation N~ - ~~~~ where the ion production rates
were those of Reagan, at al., (197~~)~~d ~ was given the constant value
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I
Table 4-1 Appr~ dmate Conditions Along the Transmission Path From

WTF to Troenso on 21 March at 2200 UT )
Range from Latitude Longitude Solar Zenith

Segment WTF (kin) Nrth East Angle

1 0-200  48° 271° 68.50

2 200 - 1000 52° 274
0 

72°
3 1000 - 1800 570 279

0 
77 0

1 1800 - 2900 640 290° 83~
5 2900 - 3300 68° 302° 89.5°

6 3300 - 4400 710 318° 9.40

7 4400 - 5800 72° 3550 104°
$ 5800 - 6000 69° 18° 110°

- - - ----~~~~~~~~~~~~~~~~~~~

I ~ ~~~~~~ L I ~~~~~~~~~~ A L I ~_ . ~ ~~~ I k ~~ L ~ I A £ A 1

*
1 l~~ Id I? Id

h$( 110.4 ~~~~~~ ICiI ’~~

FIgure 4-1 Electron density profiles for the 4 t4 ugust 1972 (1144 UT) olar
particle even t at the fon r indicated aolar zenith angle .. The
positiv. ion density, taken to be independent of solar zenith angle,
a also shown .
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1 x 10”7cm
3sec’1. The positive ion density profile was arbit rarily held constant

over the path in order that the effect of variation of electron density pro file s only - 
-

might be determined.
An Initial calculation was made in which the fir st four segments were assigned

the elect ron density prattle for day ( x  - 79.5~ . Segments 5 and 6 were assigned
profIles for x ‘89.5°and 

~ 
95° , respectively. Segments 7 and 8 were given

the profile corresponding to ~~ 1100 . The results are shown In Table 4—2. When
the attenuation over the path was calculated, the result wus 1~ M . 1 dB wrt 1 A/rn ,

which may be compared with the value of -154.7 dli for standard ambient nighttime
conditions.

In a further test , a calculation was made with all segments having the ~ 
- - 79,5 0

electron profile yield an attenuation 01-156.6dB . When all segments were given the
110° profile , the result was -159 . 6 dli . In Table 4-3 some result s of the latte r

t~~ caleulatlons are shown segment-by-segment along wi th comparison s of the
simulated SPE profiles with ambient nighttim e condit ions.

These results indicate that there is a potentially impo rtant eff ect of variation

of solar zenith angle along the E L F  transmission path during a solar particle event .
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Table 4-2 Calculated Field Strength.. WTF - Norway for SPE of 4 Aug . 1972. - 
-

Variations in Electron Density with Solar Z enith Angle

Solar Path Calculated Field Strength Calculated Change from
Zen ith Segment (75 Hz (dli wrt lA/rn) Ambient Night

(dB wrt l A/rn ) —1
~~~~ Whole path - 156.6 - 1.9

Whole path - 159. 6 - 4.9

~~~~~ • ) 0-2900 km
89.5° 2900 - 3300 I

-1 58 .1 — 3 . 4
95

1) 

3300 - 4400
110° 4400 - 6000
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4. ~ E ffective Collision FrequencIes
Ion masses and mobtitties affect the conductlvit.Ies , but are not considered to

change a~s ton sp ec ies change with altitude. In this section the eff ect of thi s assump-
t l ~~n is considered.

r1w 1~ IS waveguk~ mode computer proi~ram developed .~~~ the Naval Ocean Systems
(‘enW r (Nt *~t ’) takes 11w ion coixI ueth -ttit -~ to be

. 2N e
(1)

wht rv is the electronic ch.’tnge . N i~ t b’- ion densit~’ , Is the collision
I requencv and is the m ;i, ’s of the- ~s it l\ e or iwgat Ire Ion. At low aititude~
the conducttvit~ can also 1w expressed in ti- rms of the ionic mobilit~ , K .

- S e K  (2)

lle’nce . the ~‘~ l itsion I rt’quencv can 1w related t~ the ionic mass and the ion ic

mot)iiit~ b~

I /KM (3)

In prey Ions alculatlons , the inn coll isi o n f rit’qurn e hclnw 100 km has
hcen t. i ka ’ n to be independent of th e ma~ ii and tO var ~ with altitude h
.-is 1 .~

)7 10 10 and ~.0O ~ 1O~ .~i h - 0 and h - 100 km. respecti vely . The positive
and negative Ion coll isi on f rvs ~uei~c tcs were assumed equal. Both ion masses were
taken to be 32 aniu. Since it is known that the massee~ of the positive and negative
ions at low altitude ma~ he - 100 amu, some conec rn has been expressed as to the

of ‘. ariatton of the Ion mas s a~ a fundlon of alt itude.

Expressing the eorKkactivity in the form given in Equation (1) impl Ies at ti rsi
gl ance a i ’M dependence on ionic mass. However , the collision f requency depends
on mass as M l

~
’2 because of the mass depetxlence of the mobility . Hence, the

conductivity shou ld vary as M~~ ’2. This dependence Is best determined by using
Equation (3) to relate :M to the mobili t ies and to examine the dependence of the
Ionic mobilit~ on mass .

The mobility of ions as a function of temperature , T. zuid pressure, P. is
usually expressed as
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K(T I,P) -~~

where I is In °K and P is in Torr , and K° Is the reduced mobility at atmospheric
pressu re and 273K. Table 4-4 aho~ s Ow measured values of the reduced mobilliles
of the hydruniwn ions as a function of the mass of the Ions.

For a more comp lete discussion of the mob ili t les of atmospheric Ions in air based
on tx~ih laborator~- anti In situ measurement s , s~~~ M.yerott and Reagan (1978). It can

be see n from Table 4-4 that the total range of the reduced rnobibt~ at the atmospheric
Ions in the m ass range from 19 to 127 is onl y 2 . 7  to 1.8 cm /volt-aec .

In order to Incorporate an est imate of the (-
~I)ected ‘ti value into the NOSC ELF

Wive 1~Ui(te- mcx lc program , it was decided for convenience to keep the mas s of the
positive and negati ve ton s Il~ed at the presen t v :tha e 32 amu and to introduce an efl ect lve
&o)ltston fruquence . • . adj usted to rela te 11) the mobilittes according to Equation (3) .

In T*blc 4-5 is presented the e xpected masses of the po~itivt’ ions and their reduced
mobilitles as a fun ct ion of altitude. The~v 1~ 1s-eti- d mass values have been taken from
Smi th and Caurch (1977) . Also shown in Table 4-5 are the effective collision frequencies
calculated from Fquation (3). The mobility ri,. :s function of altitud e was calculated using
the reduc ed mobility K° shown in l ab le 4-5 and the atmosphere temperature and
pressure for the atmosphere as ~ tsun  hy Johnson l%l . Also shown in Table 4- S (or

comparison is the collision trequene’ .u~ a (unction of alt itude determined b~ the pre-
viously used e r ~~~~i.~~ 1. 07x10 °i -xp (— 0 . 1411 h ) .

Table -I— i Measured Hydrontum 1~n M~htltt Ie~~
_____________ 

Reduced Mobilit~ (cm~ ’tül1-eccJ 
______________

Ion Dr~~ard , et al. I)otan . et al Young & Fa lconer Huertas , et al.
- (H O)~ (1972) 

— 

(197’ i (1972) (1974)

i Mass Air V 9 N., Air

0 19 — 2. 7! 11 . 14 2.17 —

1 37 - 2 .2k 0 . 11 2.4 -

2 55 - 2 ,13 4 0.11 2.2 —

3 73 2 .1  2 .1  2.05

4 91 - 2 .1 1.9

5 109 - 1.8

‘ The ~ithora are Indebted to H. Turen for this table .
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It can be seen from Table 4-5 that the eff ective coll is ion frequencIes are - 1.5
times those previously ~~iployed.

The effect of this change was, however, smal l In a special test run (or SPE 
{

conditions. A run was made with electron and Ion prof iles derived from data

obtained at 5 August 1972 1254 UT used wer the t ransmission path from WTF to
Tromso. With the previous collision f requency profile , the resulting attenuation
was - 156.9 dli wit l A/rn at 75 Hz . The new effective collision frequonciss

preduct’d a smaller attenuation - 156.7 dli.

Table ’ 4-5 Eff ect Ive Coll ision Frequonce, ~ -
_______________________

Ii M K~ Previ a,s v al ueao i
(kin) (am ) (cm 2/volt-sec ) C _ 1  1.07 x lo 7ezp (—01411h)(see ) (~~~~1)

0 127 1. 5 1.58 * 1010 
10 7  * 10

10 a
10 127 1. M 5.37* 10~ 2. 61 a 10~
20 127 1.8 1.14 * IO

9 6.37 x io 8

30 100 1. 5 2 .33 * 10
8 

1.55 * io 8

40 100 1. 5 5 .19 * 3 7 9 * 1O7

50 80 2 .1 1.23~~ 10~ 9 . 23z 1 0~
60 80 2.1 4.03*10

6 
2.25* 106

70 55 2.1 1.05 * 10~ 5.49 * 10~
80 55 2.1 1 .S2x1 0~ 1.34 x 10~
90 32 2.3 4.39 * 1O

4 
3.27 *

100 32 2.3 2.96 * 1O
3 8.00 *

It ~~n be seen from Table 4-5 thai the effective collis ion frequ~~~Ie.
are 1,5 tImes those previously employ ed.

I
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4,3 Effect of Increased Positive Ion De~~iUes due’ to Rremsstr.hlwig X-Ray.

In an car-tier report (lmhof . c i  al .. 1977) the’ nighttime ambient field
strength for the path to (‘onnecticut was calculated to be:

- 145 ,2 dli wrt 1 A/rn at 75 Hz ,

as indicated earlier in fable- 3-4.
Using the spectrum of the electron precipitation deduced for 1 November 1972

(0405 t’T), new ELF field strength calculations have been made with the path seg-

meniation desc ribed in the previous report (lmhof . e( al.. 1977). In the present
caiculations , proper attrnt ton has been gi~en the ionization at low alt itudes due to
bresns.tra hlung X-r ay s from ttv precipitating electrons . The ion pair product-

ion rates from the X— rn~ s e’zcccdt’d those of the cosmic ra~’a abov e 35 km . and
X- rays were the major Ionizat ion source’ between 35 km and 62 km. Above 62 km
ionization from elect rons dominates , ti e. FIgure 4-2. The resulting N, densities ,

calculated as described c-artier , v ari ed between 1.03 1 x IO~ cm
3 

at 60 kin arid
7.2 10~ cm 3 

at 30 km . fac tors of S and ~~2 abov e the ambient concentrations .
The N, profile was smoothl~ joIned with the N profile at 85 km as in FIgure 4-3.

The romputed result using these input parameters ove r the complete V.7F
to Connecticut path was:

- 14.1. 5 d B  w rt I A - ’m at 75 Hz ,

an enhancc’m ent o f ’  I . 7 d li ov c r ambient conditions.
Similar calculations for the cas e of 1 Nov . 72 made b~ (linhof . et al . ,

1976) also Indicated an enhancement ( + 2 .5  dli) . but those calculations did not
include any contribution from bremsst rahlung X- rays to the ionization. One can
therefore conclude that Inclusion of inc reased pos itive ion densities (due to

X-rsys) especiall~ between 30 and 65 km contributes to the attenuation of the
F LF ii gnal stre ngth. However, the Increase In the E IS excitation factor for

these electr on and ion profiles is still large enough to off set the incresse In the

attenuation rates , as shown in T*ble 4-6. It may be noted that the computations
made in 1976 used a more simple path aegmertatlon. The ambient nighttime value
at 75 Hi (- 146.8 dli) and other computations differ from thoe made in 1977 and
l~P78 by appr~~imately 0 .5 dli.
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4.4 Effects of Sporadic F Layers

Earlier calculations (Imhof , et aL , 1976, 1977) have shown that
sproadic F (F5) layers may be an important cause of F IS attenuation, and that
the attenuation Is very sensitive to the height of the F5 layer superposed on the
ambient nighttime conditions. Independently, Barr (1977) has studied the effects
of sporadic- E on the nocturnal propagation of F LF waves He showed that the
presence of nocturnal sporadic- F produced marked maxima and minima In the
propagation characterIstIcs of ELF radio waves. He considered that these maxima
and minima are produced by Interference between the ELF waves reflected from
the lower nighttime ionosphere and the F IS waves which penetrate this region to
be reflected from the sporadic ionization shove . These reaults may explain the
marked variability of nocturnal F LF propagation observed by Bannister (1975)
and DavI s (1974) .

The need for furthe r and more com plete inves t igatIons of the possible

influence of F. layers upon F 15 propagation has been emphasized by some of our
recent calculations based on the electron density profiles measured by Voss (1977).

For these calcu lations the I~~ layer measured b~ Voms was moved up in altitude
so as to peak at 11 8 km instead of at 105 km. For this profile, shown In
Figure 4-4, positioned over a part of the path (400 to ~00km) from the WTF trans-
mitter to the Connecticut receiving station, the computed signal strength was

- 145.7 dB wr t lA/rn at 75 Hz ,

a value which Is lower than the ambient signal by 0.5 dB.
The propagation cha racteristics for this cilculation are given to Table 4-6 in

column headed where again It may be notcd that the attenuation factors are
Ineressed over the ambient night values. These Increases are partially offset by
Increases in the excitation factors -

Clearly significant variation In signal strength can result from the type of
spo radic E laye rs that are sometimes measu red .
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SectIon 5
SUMMA RY

During the Greenland Sea exerc ise , special coordinated measurements of the
prec ipitating electrons and protons were performed during 92 passes of the
satellite 1972-076B across the region of interest. Significant fluxes of
precipitating electrons were measured on many of the passes , and unusually high

intensities we re observed on several occasions , two of which were selected for
special study. The ELF signal strength data were provided by P. H. Bannister
at the Naval Underwater System Center. New London , Connccticut .

Based on the coordinated F I.E signal st rength/energetic particle input

measurements , a search w:is made for possible corre lation between electron

precip itation and ELF signal strength. From this investigation, including a

separation of local noon aM midnight data, no evidence was foutid for a consistent

variation between the two parameters. This finding ma partly reflect the uncon-

trolled and variable receiv ing conditions during the Greenland Sea exercise.

For two of the major electron precipitation events observed in the AprIl-

May 1977 Greenland Sen exercise , detailed analyses we re performed of the

electron energy spectra and intensities and of the resulting energy depositIon

profiles. For each of the elect ron density profiles , calculati ons of the ELF signal

strengths were performed w ith the wavegulde- mode computer pr*~~ram developed

at the Naval Ocean System s Center. From these calculations taken together with

computations for other events, It became clear that the received signal may either

increase or decrease , depending upon the spat ial extent and location of ionization.

The predicted effects of a single relativistic electron precipitation event are not

severe, but due to their fr cqutmt occurrence , they may provide the opportunit y to
verify experimentally the predicted effects of more severe and rarely occurring phenomena

such as solar partic le events. For a more precise evaluation of their continued role

In regard to F IF prcps.gation, the acquisition and analysis of data on more coordinated

passes should be performed.
For electron precipitation events , attempts were made to take better account of

the full transmission geometry. The calculation. were performed with position-dependent

Ionospheric electron and Ion profiles for the satellite pass on 26 March 1976 durIng an
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electron pr ecipitation event . During that pass , two electron energy spect ra :1
were deduced and energy deposition rates and elect ran and ion density prof iles
deduced for both spect ra. Assuming that the electron precipitation occurs
uniformly along the L shells at all longitudes covered by the E LF paths under
st udy , the two set5 of tonotpheric profiles were applied to the various portion. of
the propagation paths . The calculations so performed provided very good agree-
ment with the mcasurement.s at Mary land and T romso, wherea s for Thul e arid Pins the
results were lead satisfying. The lack of agreement may iixh cate that ambient
ntghtt tme conditions were not applicable to the entire paths and that In general
more complete information i~ needed all along a propagation path.

Addltionai calculations were made for solar particle event (SPE) conditions,
including for the first lime daytime conditions. Specifically , elect ron and Ion density
profile. (or the SPE of 4 August 19 72 at 1144 U I  we re used. Electron densities
abov e ~9 km were derived from incoherent scatter rads.r observations made at Chatanika.
Electron and Ion densities down to 40 km were calculated using a model developed
by Gunton, et al. (1977) and ton densities below 40 km were calculated assumi ng loss
of charge b~ u~n neut ralization only. The results, calculated for daytime conditions,
indicat ed s lightl y more ;ittt’nuation than earlier calculations for SPE nighttime coo-
(Ittions . In othe r calcul ation s fo r SP)~ e’. cuts , ~t considerable sensitivity to changes
in Ion density profiles below 35 km was demonstrated .

The effec t of variation of sola r zen ith angle and Ion chemistry over a long ELF

propagation path From WTF to Tromso under SI’E conditions was found to have a
significant effect on El.)’ signal strength at the receiver .

The wa-iegut dc mode computer code originally used 32 amu for Ionic masses
to comp ute conductivities at all altitudes . W hen a more realistic variation of ionic
mass was Introduced, the resulting attenuation for SPE conditions over the path from
WiT to Tromso was little changed. 

—

During an electron precipitationev cot bremastrablung x-ray. are produced whIch

penetrate the atmosphere and can produce ion production rates between 35 arid 60 Ian

greeter than those of cosmic rays. In one such case inclusi on of the x-ray source
led to an increase in attenuatIon ov r a nighttime path from WTF to Connecticut.

In a further study of sporadic F layer effects , an experimental profile si~ er-
imposed on ambient nlg)dtime conditions at 118 km led to a reduction in receiv ed

signal strength over the WI)’ to Connecticut path.
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