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ABSTRACT

This report describes a modified ray-tracing technique
used in the synthesis of oblique-incidence, step-frequency
ionograms. Ionograms of this type are obtained experi-
mentally to aid in the real-time seleetion of frequencies
for point-to-point communications and propagation studies.
When it is desirable to identify the modes of propagation,
computer-calculated ray tracings have proved quite valuable,

The Kift-Fooks ray-tracing technique was chosen because
it is a rapid program capable of tracing rays when only a
minimum of ionospheric data is available. One could utilize
this technique in the analysis of propagation data either
by synthesizing an oblique-incidence lonogram for direct
comparison with experimentally observed results or by com-
paring plots of maximum usable frequency (predicted) with
receiving-station log sheets., The detaills of the computer
program are included with instructions that may be used as
a gulde by anyone familiar with computers and programming

operations to perform his own calculations.

i1l SEL-63-103
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LIST OF SYMBOLS

distance to any point along the great-circle
path

frequency
gyro frequency

critical frequency of a layer
FOE = critical frequency of the E layer

of the F1
of the F:c

FOF1
FOF2

critical frequency layer

critical frequency layer

FOES = critical frequency of the ES layer

height

height at the bottom of a parabolic layer

height of reflection

height
layer

of the maximum electron density of a

height of the maximum electron density of the
E layer

height of the maximum electron density of the
F1 layer

HT FOF2 = height of the maximum electron
density of the F2 layer

angle between ray path and vertical at any
point along the path

time delay
ratio of the F2 4000 MUF to the fOFE

distance ray propagates
attenuation due to D-layer absorption

maximum usable frequency for 1-hop F2-layer
propagation

lowest observed frequency
maximum observed frequency
ratio of the F2 3000 MUF to the fOFZ

numbey of ray passages through the D layer
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R radius of the earth
SSN sunspot number
T time in hours (universal time)
Y semi thickness of a parabolic layer

Y E semi thickness of the parabolic E layer
YmFl semi thickness of the parabolic Fl layer

a bearing of receiver from transmitter (degrees
East of North)

B take-off angle (above the horizon)
6 longitude of transmitter

6, longitude of point on path
92 longitude of the sun

AO latitude of transmitter

A latitude of point on path

A declination of sun

¢o ¢ . = angle ol incidence, measured from vertical,
at the bottom of the ionosphere

ﬂr %, = angle of 1ncidence, measured from vertical,
at the real height of reflection

ﬂD Yp = angle of 1ncidence, measured from vertical,
at the bottom of the D layer

solar zenith angle
take-off angle (above the horizon)

X

A

AD  ground distance for a ray passing through a
layer

AP!' virtual distance along a ray passing through -
a3 layer
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1. IKTRODUCTION

in an effort to understand better the propagaticn cnar.
acteristics assoclated with {lrxed-frequency transmissions
over a long {8000-km), cast-west path {1.e., Hawall to
Massachusetts), 1t was decided o instrument this path with
a step-frequency (4.6U4-Mc) transmitter and a synchronized
receiver, With the above equipment operating on a round-
the-clock basis, 1t was hoped that records could be obtalned
that would permit deduction of the mode ctructure and appar-
ent ray path of the propagating cignalco.

Examination of the records taken on thic path, coon
tadleates that the usual simplifying assumptions {(such as &
uniform ionosphcre over the entire path) are often not
rcpresentative of what 15 happening. The path, 3000 km long,
13 Just on the edge ot the normally assumed "allowable" two-
hop, FP-layer propagation, Records show tLhat the zFe mede
propagates for only chort periods around noon and midnight,
local time, at the midpolint of the path, At other tlimes
(:speclally sunrisc and curset ), the progressive change
acros; the path Crom a daytime ionospherc (with E, F1, and
#2 layer:) to a nigshttime torosphere (F2 layer only) produces
a bLewildering varlety of propagation modes. Analysls soon
becomes fairly complex. To assist in the understandlng of
the mode ctructure, it wasd fclt that a ray-tracing program
that simulated the expepilmental data would help,

Familiarity with the experimental technlque and rccord
form will help in umleratanding the type of Informaticon that
would be degireble from eomputed ray tracings. The experl-
wental data were obtained in the following way. The trans-
mitter and rcceiver include electronically tuned apnd syn-
chronized circuitry that ranges in frequency from & Lo G4 Me
in 360 stepsekD linecarly spaced steps per octave band.
Puldes, H0psec 16 gyration, are transmitteqd over the Hawail-

e §J - ‘31‘3.'63-103



Massachusetts path, and the peceived pulses (dlfferentielly
delayed in time as & result of the different modes of
propagation) are recorded on film using the following tech-
nique, An oseilloscope 1s intensity modulated wlth the
detected video output of the recelver. Ags the transmlitter
and recelver step in frequency over the operating range, the
display is recorded on moving {1ilm, producing a rceord showe
ing time delay as & functlon of frequency. This presentatlon
1s referred to as zn oblique-incidence lohogram. An artlstts
sketch of this type of record is shown in Fig, 1.

The primary characteristics that one would hope to
obtain from a ray-tracing aralysis for comparison with the
experimental resuits are summerlzed telow:

1. The Maximum Qbserved Frequency (MOF) and the Lovest

Observed Frequency (LOF) for each of the modes
(e.g., mode 1,2,3,,,.).

2. The differential group time delay separatlng each

of the modes at any glven frequency {e.g., fl).

In addition, it would be desirable to obtaln a proflle vlew
of the propagation path showlng the rays, thely ground-
reflection polnts and the apparent path of the rays through
the lonosphere, An czample of this 1s glven in Fle. 2,
showinz the three modes of the lonogran of Flg. 1, at a
fixed frequency fl'

SEl-£3-10% -2 -



II. AVAILABLE RAY-TRACING TECHNIQUES

The problem in synthesizing an oblique-incidence
ionogram by a ray-tracing approech {3 actually twofold:

1. Can the mode structure be duplleated by a ray-tracing
approach if suffielent lonospheric data arec avallable?

2. In the absenge of this lonospheric data, could the CRPL
ionospheric-propagation predictions, avallable threc months
in advance, be used in conJunction with the ray-traclng
program to predict the mode structurc llkely %o be obgserved?

With this problem in mind, it was declded Llrst to flnd
out how other researchers had solved this or simllar problems,
Inquiry into the available ray-tracing technlques necessl-
tated visiting various establishments to flnd out the latest
Information; at that time, much of it was as yet unpubllshed,
However, since then, a meebing has been held in Lindau,
Germany, to discuss oblique-ineidence soundings and lono-
spheric ray tracing.

Table 1* 1s a summary of ray-tracing techulaquere,

An alternate possibility, the use of an analog computer
to solve the ray-tracing equations, has been uttilized by
Wong [Ref. 17]. The difficulty in uslng an analog compuier
138 that the output, height vs range (as a functlon of fre-
quency), glves the distribution of encrgy along the great
circle but does not "home-in" on the receiver (a polnt atl a
f£ixed range).

* This information is based on material that appeared lIln the
“Report of the Lindau Meeting on Okligue Soundling of the
lonosphere," May 6-10, 1663, Meeting held at: Institut
Fiir .Ionsopharen-Physik, Max-Planck-Institus Jlir Acronomie,
Liadau Uber Northeim, Germany.

*3- SENLe63.10%
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ghe "nome-in® capability afforded by a digital-cemputer
program 1s &n attractive feature. Sorting by modes and range
discrimination greatly simplifies the handling of the enormous
amounts of data %hat are calculated by the computer, One 1s
thus able ta coneentrate on the path in questlon, having al-
ready sorted out the rays thabt nhaver reach the recelver.

MODE 3 (5F2)

SN —

MODE 2 (4F2)

f - MODE 1 (3F2)

TIME DELAY

i !
I H i
L i ] |
LOF h MOF
FREQUENGY so—mte

£1G6. 1. THEORETICAL VERSION OF AN OBLIQUE- INCTDENCE, SWEEP.
FREQUENCY TONQGRAM.
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I. CHOICE OF THE KIFT-FOOKS TECHNTQUE

To synthesize an obllque-incidence ionvgram (Fig. 1).
1t 1s necessary to conslder only those rays that reach the
receiver, Detalled knowledge of tha ilonospherg ls not
always avallable and, where predictlons are cone rncd, a
detailed ray-tracing approach tz not Justlifled, In fact,
most of the tim=, only a pare minimum of data oxlstg oone
cerning the true electreon-density profiile along any glven
path, FEven with electbron-donsliivy digtributlons, assunpe
tions «.o 'o the svructure of Lhe magnoetic fleld, the offe
groat-circle profiles, az well as a choler of a mugnetoe
ionic theory, nced to te made prior to tho use of a conmplote
threc-dimensional analyslis [Ref. 1],

With thes o llmitubions, it was belleved that a progran
which takes 1nto account Lhe grouc changec in the lornosphers
alonz a path at sunrice ard sunset, by the incluslon of the
daytime FE and ¥1 layers and a specularly reflectlng sporadic
E layer, would sulfice,

Fhe major Cacturs overni:igg the choice of the Kift-Fooks
technlque were provatly the rapldity with which the progorar
could be run on a truly high-speed digltal computer (eltnor
the IBM7090 or the IBM /094) and the raet that predletlonc
could be madce, uctng the CRPL lonospherle propagatblorie
predictions in thelr present card formal [Ref, 18], on &
highly automated buasls,

Thus, it was decided to usc the ray-iLraclnz teehnlaue
suggested by Kift [Ref, 11] and programmed for use on th
Yegasus computer by Fooks [Ref. 12]. Thc advantages of thtils
program are that 1t ascumes a set of parabolic layerg §or
the jonospheric profile and then caleulatea the ray path 1In
(o through) a parabolle tlayey by the Appletonebevaors
[Res. & equations.

-T . STL-63-103



Some of the “naccuraeies ol this technlque are polinted
out by Kift at the end of hls artlele, with refercnce to the
work of Vickers [Ref. 19]. A report that Gomwparce the Kifte
Fooks technique with a more accurate techniqus, developed by
Croft [Ref. 201, 1s soon to be published as another repor®
in this series,

e e o
AR ARG0 SO0

OiSTANGE (W)

FlG., 2¢ CROSS SPETION @F TONOSPHERIC RAY PATHS,
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IV, HOW TO UPILIZE “HE XIFT-FOOKS TECHNLIQUE

Refore atbtempting to utlllze the Xift-Fooks Lechinlqus
in the analysts of poinb=to=polnt propasation charasteristliaes,
one should know wha% daka are avallable in the priht=ogue ol
the program and how Yo usa these data,

Table 2 1ists the lonosphericeprolllc pavrametera along
the great-circele path {from the transmitter to the recelver)
tn 100-km intervals. The values glven are the erltlesa) f're -
quencles of the £, F1, and F2 layers, and ti tietghitt nt whieh
Lhe maximum of the F2 layer occurs !s glven for the polnis
mentiop-d above, Detalls of the exact computer output format
(Taubles #,3,4) are given on pp. 11, 12, and 13.

Fach ray-tracing group 1o ldentified by the transmitter
latbltude and longltude, the bearing Lo the receiver, and
the time, month, and yesr for which the lonosphere was
complicd,

An ezamplc of the provent data rormatb 1S glven in Table
3, The desceriptlon of "rach mol includess names of Succes-
alve retlcebing layers, frequency, take-oi'f" angle, ©roup

time delay, and atbenuation., ne terminolosy used In this

-

ormat 18 diftferent from that recommended 1or ude in obliaue-

oS

tnetdenc: work (Appordix A). Howevo e, sines this report i
intended to cxplain th ray-tracing programn 1 its present

form, lncluslon ¢f Lhe recommendea nomeniclature would have

nceeseltated further delays.

The modoo are licted In terms of inercasing frequency
and take-off angle (for any one frequcnuy).

In addition, an optlon available to the propraﬁ priri?
out the ground range and helght of Lhe xay for potute of
entry or exit of a layer and the grounders ficetion poliis
(Table 4), Thus a ray plot similar te Lhut <hown in Figuse
> could be plotted from the data of Table %,

With knowledge of the outpub formab la hagl, ope gan
now procetd With the dlscusaiaon of how these data can o2

e & o SrLs63+103



used in the syntheslis of an obligus-incidence ionogram
(Fiz. 1). Refferring to Table 3 and establishing the samns

set of coordinatecs &

@]

that schieved experimentally, oas
would then plot and Jjoln together polnte having bthe camg
1.

1%
-
then be compared dilrectly with the experimentally achleved

1

mode description (i.c., . . .E .E), This plo® could
data, Flease note, howeyer, that there will be an oxigslon
of the high-anzle rars cccauce of the method used in pPro=-
zramming the computer for mode calculatior and retentlon,
wher the take-off anczle and the atteruation assoclated
with a given mode are taksn into account, & [ 60
approziration carn te wade to 2liminate many of the predicted
modec that experlerce tvelle us Just wouldn't ge
a

Using vertlcal-lncldence sourdlings made

c
she great cirele, ac a flrst- rder correctlion

O

predletion, enables greater accuracy to be achleved, par-
tilecularly if patches of sporadlc = ars present which were
not takern into acro.nt in ine predictions, A csuctsequent
report, will be lsiued sutlinirg the procedure used in this
cace {L.e., an afver-the-fact analyzis).

However, 1t lo moct Lmporde
v maln advantag: U tha ¥.1{t -Fooks technicue as a pre-

PR}

dietor of propagatlorn condltlons. Certalr

£ S
taformatlon regarilng the lorocpherle proflle 15 avallable,
14 would make cense Lo utlllze onc of the more detalled
ray-traclng programns currecntly avallable [Refs, 9,14,15,20].

By directly converting the CRPL lonospherlc propagatlon
predictlions into values of f Fe and 13000 (the ratlo of the
3000 Km MUF to the fOFE) and subsequently uslng the atsurp-
tion of Kift and Fooks [Refe. 1l and 13, respeetivelyj, the
computer can calculate the valuec of helght of the wadlada
of the F2 layer and trace a1l subsequead rays Lhat reach the
recelver.

Thus we have a highly automated prediction profram, the

Qgrails of which ave spestfled dn toe follouing sections,
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PATH LENGTH

o2
52
ol
of}
o2
ob2
ot
o2
ot2
of2
o#2

of2

2

k2
of2
of2
.2
o2

ixs

ofF2

o1
2
o2
of

o2
of2
of2
o2
o$2
o2

o2

o2

of2
N
o*2
oF2

-F2

SE2,-53-108

8045,35 «M

~00E

N3 N3

o€ of o€

o€ N3

of oF

ot 113

o N3 o

N3 of

o o

of oF

ofF2  o82 o2

ot ot

ol oFf1 LI}

of2 82 o2

PLY S LY

of o¥ ot

of2 82 WF2

of2  oF2  oFe

oF2 o2 o#2

2 Jf2 %2

o#2 P2 82

oFd  oF2  eF2

o#2  SF2 92

o2 of2 o¥2

of2 o2 otd

oF2  oF2 W%

LY S

2 2 W02

o2 JF2 o022

2 S22

o2 2

B2 W82 eF2

PLE S A 1

2

o#2 02

oF2 o2 ot2

ok2

of2  .F2

F2 of2 of2

F2

«F2 oF2

oF2 oF2 ofF2

2

«F2 of2

«F2

WF2 o2

WF2

«F2

«F2

«F2

Tx LAY

o2
o2

o2
o2

o2

o2

of2

o2

o2

o2

of2

19,50

of2

o’2

2

52

F2

52

ot

OFG

ot2

2

of

- 13 o

TP LONG =1.4.95

FREQ

1K 07
18.00
15400
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19,00
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22400
23.00
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V. THE KIFT-FOOKS RAY TRACLNG PROGRAM

The ionospheric ray-tracing program descrlbed herc is
essentially the same as ihat described by G. Foe Fooks 4n hls
report [Refl. 12}). The same equations are used and theg eame
paslce procedure 1s followed; however, certaln wodiftcatlons
and additlons to the program have been made to allow the
ealculablons of reflectlon heights from the fonospherie
layers, and to allov che calculation of an approximate value

for ray attenuatlon due to D-layer absorption along the path,

A, FEHYCICAL ASSUMPTIONS

The program uscS & Cury j-earth, curved-lonosphare
geometry, and the lonosphers 1s assumed to consict of" a
number ol curved layers, each with a paratolic electrorn-
density distritutlon. The 1lonospheric layers congidersd are
E, Fl and Fo. A sporadlc ¥ layer (ES) may also be ircluded
in the ealculatlons: however, when 1t 1s, it i1s treated not
as a parabollc layer, but rather as a thin, specularly reflec-

ting sheet. The eaptn's magnetlic rleld and layer tlilts are

a

Filgure 3 1lluctrates the geometry of the ionospheric
g 3 L

¢

toE  foFy foF;

$
F1Ge 3., TONOSPHERIGC-LAYER
STRUGCTURE {PARABOLTGCIe

SEL-63«10% « %} e



B. GENERATION OF THE IONOSPHERE

Figure 4 illustrates the geometric parameters for an

arblitrary parabolic layer.

b, J b

fa

FiIG., t.  GEOMETRIC PARAMETERS
FOR AN ARBITRARY DPPARABOLIC

I AYER.

Siree the cohavior ott Lhe ¥ oa

i Pl layoers 1o well undror-

stood, Lheze layers are ponerat.od Ly geveral analytlic crxpreo-
slonz, which talke lrnto conainerutlon Lhe sunipol number and
v: v”, , .4 '. .
For th bayer W By ‘
£ o= 3.0 (1.0 s 00T W Y3 e °'3°x
X €0 R
:, @
Dt = ¢ y < 700
h &= 122.0 k
m
yrrlE = 20.0 km,
whero g

f = critical f{requency o the
) . . .
‘ (vertlcal lncidence)

95N = sunspod hwumber

[SID]

& = ®olum g nlth angle,

35 -

layer o wegacyeles
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Forr the ¥, layer:

1
£ F1 = 1.4(f E)
O O
h F = 210.0 kn (2)
y,Fy = 60.0 kn |

(W)}

¥or the F_ layer, valucs of [ _F, and h F, ar supplied to

the program elther as predicted values or observed values
at arbltrary polats along the path, and fhe program con-
tructs a parabolic FE layer under the assumptlon:

Yol p = 08 Bofps (3)

where Vo ™ h - ho

m

Values of fOES, 1f they arz different from zero, are
supplled to the prograw in terms of their position on the
path, The height of the ES layer 1s assumed constant at
100.0 k:n,

An egquatlon for cos x usiig the path geometry 1s pre-
sented 1in Appendlx B,

In Appendlx C a method 18 given for obtaining values of
h Fe using predleted values of f Fe and F2 4000 MUF., These

are the two paramelers obtained from the CRPL lonospheric

predictlions,

SEL-63-103 - 30 =



Ce EQUATIONS FOR RAY-PATH CALGULATTONS

Below the %onosphere and betwgen ilonospreric layers the
ray 1s sassumed %o travel in = sbralght 1tine.

The L, layer elther specularly reflects the ray or allows
16 Lo pas; undeviated, For the parsbolie layers the follow-
Ing equations apply:

2r
AP' = ™ jfm « argtanh (-i-: cos i.) (“)
(e} O

if the ray is reflected by the layer, and

_ 21 A .
AP' = oy, arccoth (¢ cos i) (%)
0 o

If the luyer Sransmits the ray, bul causss bending, where

AP'" = virtual path in the layer

f = wave frequency
fo = layer critical frequency
i = angle bueLw the ray, eztrapolated along a stral, ho
line to the level of marzinmum €1 eLro density, and
the wertical auv that level (as illustrated ir Fi,-,
).
F‘_‘_____.-—-'-"'__
— — — —_—
— z — — _ MAXIMUM

T OF LAYER

AP’ = VIRTUAL
DISTANCE
ALONG RAY

iR ET T,

FIGs 5S¢ OBLIQUE-INCIDENCE RAY-PATH GEOMETRY.
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For transmission through a
the bottom of & layer,

AD

=

m

1

e o 3 ARt

aysY v aoy xeflgction irom

(©)

If the ray is reflected from the top of & layer,

R
AD:R_——_T‘-L;ISiniAP"

(7)

where AD is the range along the path covered vhile the ray

is in the layer,

In the course of the ray traclng, as the

layer,
1.

nd R 1s the earth's radius.

ray enters a

there are three pocsible conseguenced:
The ray 1s reflected rrom the layer.
2. The ray is transmltted through the layer arnd deviated,

3. The ray l1s transmitted through the layer undeviated
(straight-line transmission).
Let
K= (f fo) . cos 1.
Then 1if
K <1 tne ray 1s reflected
K=1 P' =0, the next ray ls laken
1 <K < = the ray L& transmitted and de=viatzd
K <2 ¢ Lhe ray ls transmltted and undeviat-d)
The equations us—d tor und viated Ltransmliselion througsn
a laver, between layers, and from the ground Lo the tolton
ol' the lonosphere are:
s R ¥ 1
sli 1 = (R + hy) aln by (9)
(R + h.)
o
(R +n.) sin (1] - i)
APV = - sin i (lfﬂ
(el _Ll
R(i, -1
m = Rl o) (11)

(8)

for straight-line tyansmission between two points at helghts
hy and h, wleh essoatated vertical angles 1., and dne
[_J

SEL-63-103
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During the course of the ray-tracing procedure, two
layers may happen to overlap (most Jikely the F1 and F2
layers). When this occurs, the ray !s extrapolated back
along a stralght-lline path, tangentlal to lts dircectlon
when 't emerges from the flrst layer, to its polnt of entry

to the seccond layer, (Fig. ©).

LAYER 2

LAYER |

FiG. 6. OVERLAPPING-LAYER PROCEDURE

- 10 - SEL-63-103



VI, STANFORD VERSION OF KIFT-FOOKS RAY-TRACING PROGRAM

A. BASIC COMPUTATIONAL PROCEDURE

Figure 7 1s a loglcal flow ddagram of the computational
procedure; it 1s not intended ac a detailed flow chart of
the program, but merely as a gross logical descriptlon of
the computational process.

The input data to the program are the path length
between the receiver and the transmitter, the coordinates of
the transmitter, the true vearing of the recelver from the
transmitter, sunspot numter, sun declination, apparent solar
time at Greenwlchg Fz-layer data 1r the form of either foFE
and hmFQ

range ol frequencles and a range of take-off angles to be

or fOFc and T, LOOO MUF: Z_ data, 1f any, plus a

investigated for the glven fonosphere, and a set of fre-
quencies for which r'y-ru?lectlon-heigh: tnformatllion is

deslred. F2 and & data are descrived in terms of thelr
-]

range along the puth {1or the transmitter,

Once the datu tor the path nave oecn read by the program,
a table of iloncspheric aata 1is produced lor use Ly the
program. Equations (1) and (2) are evaluated at 100-km
intervals along the path., A second-depgree polynomlal 1S

fitted to successive triplets of fOF, and hrFE Jata polnts
[ il

and thege polynomlals ar~ evaluated at 100-km lnterv.’s
along the path, Tubles of ES, 1f regulred, are complled ab
10-km intervals within cach ES patch congldered, Wher,
during ray traclng, valucs within the lonospheric tables
are required between the calculated 100-km {(10-km for TS)
points, llnear interpolation 1s used.

After the generation of the ionospherle tabies, the values
of the critical fLrequency, fo and height vs range for cach
layep are printead Qut (Table 2) and the actual ray-tracing
process beglnse
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For each frequency of the specified frequency range,
rays are traced from the transmitter for all take-off anglegs
of the specified take-off angle range, A ray is traced until
1t falls within 1000 km of the receiver, each reflectlon
from a layer belng recorded, 1n coded form, in a "reflection
index". A maximum of ten reflectlons per ray 1ls allowed.
When a ray falls beyond the recelver range 41000 km, tracing
oi'* that ray is termlnated, the reflectlon Index and accumu-
lated values ot F' and D are restored to zero and the next
ray of the serles is traced., When the ray falls within
11000 km of the recelver range 1ts reflectlion index is stored
in a taoble, along with P' ani D for that particular ray, ard
the rcxt rav of the serles 1ls traced,

Once all rays for' a given frequency have been traced,
the table of reflection indlces is searched for rays of 1like
modes, a linear lnterpolation of take-off angle with respect
to the actual ranze of the ray and the range of the receiver
1s performcd, ard a new ray with the interpolated take-off
angle 1s traced, At thls time the height of the ray at 1ts
reflection polnts is calculated in additlion to an estimate
of D-layer attenuatiorn. (These eauations appear in Appen-
1izes D and E, respeetlvely,) If this nevw ray does not fall
within $100 km of' the rocelver, 1t is ignored and the next
pair of like rays (1 any) 1s considered. If It falls with-
in #100 km of the recoiver, itec delay time 1s calculated
f'rom

Delay tlme (ms) = E;_:_LEEPEEBSPORange - D) (1

r

)

and the final results are printel., The next pair of llke
rays (1f any) in the table is then considered,

The printed output (Table 3) for each mode consists of
the path parameters, the reflections that take place for the
mode in "decoded" form, the frequency, take-off angle,
ground range, and delay tims for the podse # Ji®t ©f heights
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vs range for the retflection polnts on the path is printed
1f this information is requested of the program (Table 4).
This process continues for each frequency 1in the
specified range untll the frequency range ls exhausted or
until some frequency in the range fails to propagate any rays
between the transmitter and recelver, At thils polnt new
fonospheric and/or new path data may be read into the progran
and the process may be repeated,

B, PROGRAM DETAILS

The ray-tracing program is wrltten iln the FORTRAN II
computer language, specifically for an IBM 7090 data-
processing system. With modificatlons to the input /output
statements, the program could provably be adapted, with
1ittle trouble, to other systems such as the IBM 709, CDC
1604, etc, The program requlres two magnetlc-tape units,
one designated logical unit 11 and the other designated as
loglcal G, The tape on logical unlt 1l serves as an input
tape and the tape on loglcal unlt © I1s the output tape.

Data for the ray-traclng program are prepared by a
second prograrn, wnlch thall be referred to as the "date
program", The data progran requlres, as 1ts input, tables
of foFE and M 3000 factor coeftf'leclents for the month for
which ray traclng ls to ke done, 1n adultion to parameters
associated with the paths which are to ve ray-traced, The
output of the data program ls & magretlc tape that lg used
as the lnput tape for the ray-traclng program.

The tables of foF2 and M 3000 factor coefficlents (Dsk)
may be obtalned in punched-card form from the Bureau of
Standards CRPL at Boulder, Colorado. (See CRPL Ionospheric
predictions, Handbook 90, [Ref. 18)) These tables also con-
tain the sunspot number for the month.
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The data program wlll alse accept as Input, actual
measured values of foFg-and Fz-layer real height ac a
function of their position on the path, to be used by the
ray-tracing program.

Appendix F contalns llstings of the FORTRAN source pro-
grams for both the data and ray-tracing programs in addition
to sample output from the ray-tracing program which has
already appeared as Tables 2,3, and 4, and sample input for
the data program,

C. OPTIONS AVAILABLE ON THE DATA PROGRAM

in preparing data for paths to be ray traced for a given
month, the tables (on cards) of D1 need be read only once
by the program. When the program reads the Dsk tables from
cards 1t places them on magnetic tape (logical unit 10), in
binary form, where they are available for future use.

Normally, ray tracing 1s done over a given path, for a
24-hour period, once each hour: however, provisions have
been made in the data program to allow tracing for an arbi-
trary number of selected times (at most 100) on any given
path., The number of times to be traced 1s specified to the
program, followed by the actual times to be used. For exam-
ple, in the normal case 24 times would be specified followed
by each hour from O through 23.

When empirical data are to be used for ray tracing a
given path, that 1s, ionosonde records of foFg- and Fg-
layer real heights, even though the CRPL tables of DSk
are not used, the Dsk tape must be mounted on unit 10 none-
theless. These empirical data are presented to the data
program in the form of fon- and Fe-layer height as
a functlon of distance along the great-circle path, measured
in kilometers from the transmitter, Thera must be an odd
number of measurement polnts specifled,

- 2] = SEL-63-103



Sporadic-E data may also be included when the empirical
data form is used. No provisions have been made to include
sporadic-E when the predictilon tables are used. However,
this omission may be remedled with only minor difficulty:
and procedure will be dlscussed after a description of the
output from the ray-tracing program.

The data program writes a BCD tape on unit 11 which is

used as an input tape by the ray-tracing program,

D. INPUT TO AND OUTPUT FROM THE RAY-TRACING PROGRAM

Input to the ray-tracing program 1is provided by a
binary-coded decimal (BCD) tape written by the data program.
It is to be mounted on unit 11. Output from the ray-tracing
program consists of an lonospheric profile (Table 2), con-
structed from either the CRPL predlctions or empirical data,
at 100-km intervals along the path; path ldentification
information cuch as the name or number of the path, the time,
month and day for which the tracing 1s belng done, etc.

The actual path-identification Intormation uged is up to the
user and will bo cxplained 1ln the sectlon on the preparation
of input cards for the data progsram.

The length of the great-clrcle path vetween the tranc-
mitter and receiver, the latlitude and longltude of the
transmitter (Tz), the bearing from the transmitter to the
receiver are all printed and labeled for each time a seriecg
of rays is traced. (In the normal case, once each hour for
the 24-hour pertlod.)

Actual informatlon concerning the rays traced appears
in Table 3 under the following column headlngs, with the
associated definitlions:

MODE: The mode structure of the ray propagated between

—===' the transmitter and receilver, The symbol "-E"
tndicates a ray reflectlon from the bottom side
of the § layer, The symbol "eE" indicales a ray
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reflection from the too side of the L layer. The
same definitions apoly to ES F., and Fp layers.
Obviously, "-FE" is not defined and will not occur,

FREQ: The frequency (in megacycles) of the ray traced.

BETA: The take-off angle (in degrees) of the ray traced.

DIST: The actual ground distance (in kilometers) the ray
travels between transmitter and recelver, Because
of inaccuracies in the ray-tracing technique this
distance will, in general, not be equal to the actual
path length.

TIME: The delay time (in milliseconds) of the ray traced,
corrected to the actual path lergth,

DIFF: The difference (in kllometers) between the ground
distance the ray travels and the actual path length.

DB: The attenuation, (in decibels) the ray experlences

Information concerning reflection heights of the rays 1is
also printed (Table 4), but only 1if 1t is specifically re-
quested of the program. The detalls for obtaining thls
information are discussed in the next sectlon.

If the reflection-height informatlion 1s requested 1it
appears in the following form: the path parameters and
identification are printed, the IMODE is specified (as above),
along with the ray frequency and take-off angle. The heights
appear under a column headed HEIGHT and the corresponding
range appears unrder a column headed RANGE: both are 1in
kilometers.

In all cases an ionospheric profile along the path is
printed prior to the printing of any other Information. It
consists of the path-identificatlon information and columns
headed FOE, FOFl, FOF2, HT FOF2 and RANGE. The £ values are
in megacycles and the fon height column is in kllometers,
as are the ranges. The range 1s measured from the trans-
mitter end of the path, and the values fall on the great
circle between the transmitter and recelver. The path
parameters printed consist of the gﬁzﬁ_&gﬂgg@, TX LAT
(transmitter latitude), TX LONG (transmitter ongitude),
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and RX BEARING (the great-circle VYearing from the transmitter

to the receiver),

In order to provide sporadic-E anformation on ray
tracings that make use of the CRPL prediction tables, it 1s
necessary, first, to accomplish the required tracings with-
out ES data, and then, using the foFg' and F2-1ayer real-

height informatlon provided by the ray-tracing program,
resubmit this Informatlon to the data program in the
empirical-data format, along with the required E_ data.

This technique was adopted 1ln the interest of pr;gramﬂing
simplicity and, since the inclusion of ES is usually done on
an "after-the-fact" basis, it would seem a justifiable
approach.

E. INPUT-CARD FORMATS FOR THE DATA PROGRAM

1. First Card

The first card of every data set contains the pro-
gram variables call=d IDATA, IDSKC, IEND, 1n that order,
This card is read under a FORTRAN format of (312). The
value of each of these variables may be "1" opr "O" (zero),

If IDATA = 1: Data are to be supplied to the pro-
gram in the empirical formatb,

If IDATA = O: Data are vo be supplled to the pro-
gram ln the form to mak- use of the CRPL Dsk tables,

If IDSKC = 1: The Dsk tables for the month 1in
question have no%t yet been put on magnetic tape and

immediately follow this first card,
If IDSKC = O: The D tables for the month 1in

question are on magnetic-tape unit 10.
If IEND = 1: An END OF FILE mavk is to be written
1mmediately on magnetlc-tape anit 11 and program executlon

e - — - - -

ig to be terminated,
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If IEND = Q¢ Additional sets of path data follow.

2, Cards for Program Usinggggk Tables
The following cards constitute the Information
required to generate data for the raye.tracing program using

the Dsk tables: .
Card #1: Contalns the program variables.TXLAT, TXLON,
RXTAT, RXLON, SUNDEC.
TXLAT: The latitude of the transmitting point 1in
degrees and hundredths of degrees, North latitude
1s +; South latitude 1s -. Format F7.2.
TXLON: The longitude of the transmitting point 1n
degrees and hundredths of degrees, East longlitude is

+; West longitude is -. Format F8.2.

RXLAT: The latitude of the receiving polnt. Same as
TXLAT.

RXLON: The longitude of the receiving polnt. Same as
TXLON.

SUNDEC: The declination of the sun in degrees,
Format FT7.2.

This information is obtained from the Nautical
Almanac.

card #2: Contains the program variables FREQL, FREQD,
FREGQH, ANGLL, ANGLD, ANGLH.

FREQL: The lowest frequency to be traced, in mega-
cycles, Format F7.3.

FREQD: The frequency increment to be used between the
lowest frequency and highest frequency, 1n megacycles.,
Format F7.3.

FREQH: The highest frequency to be traced, in mega-
cycles, Format F7.3.

ANGLL: The lowest take-off angle to be traced, in
degrees., Format F7.3.

ANGID: The take-off angle lncrement to be used between
the lowest angle and highest angle, in degrees,
Format FT7.3.

ANGLH: The highest take-off angle to be traced, in
degrees, Format F7.3

Card #3: Contalns the program variables NTIMES.
S: The number of speciflc times of day to be
used by the ray-tracing program for the path described,
O < NTIMES < 100. Format I3.

Card Set #4: Contains the program variable TIME (I). One
caTI Tor each value of TIME (), in GMT, to be used. The
number of cards must correspond to NTIMES., Format F6.2.

card #5: Contains the program variable NCHT. NCHT is
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the number of discrete frequencies for which detailed ray-
reflection-height informaticn is desired. If no such
information is desired, NCHT = 0., Format I4. O < NCHT < 50.

card Set #6: Contains the program variable HFREQ (I),
I1=1, 2,... NCHf. There are NCHT cards 1n this set, each
containing a dlscrete frequency for which ray-reflection-
height- information is required, If NCHT =0 there are no
cards in this set. Note - frequencles specified must corre-
spond to frequencies specified to be traced by the program.
Format F7.3.

card Set #7: Contains alpha-numeric data in columns 1
thTa B0 Tor 1dentificatlon purposes. One card must appear
for each time used. The actual information used 1s at the
user's discretion,

Additional sets of path data may follow, providing
each set is prefaced by a card as described in Sec. 1.

A card of the iLype described in Sec. 1 with IEND = 1
should immediately follow the last cet of path data.

3. Cards for Program Using Real-Helght Measurements

The following cards constitute the information
required to generate data for the ray-tracing program using
actual measurements of foFe- and Fz-layer real height.
Remember, it is necessary to have the Dsk tape mounted on
unit 10, even though the Esk tables are not used!

A card as described in Sec. 1 with IDATA = 1.

card #1: Came as card #1, Sec. 1.

Card #z: Same as card #z, Sec. 1.

card #3: Contains the program variable NSETS. NSETS:
The number of sets of empirical data, for the path
described by cards #1 and #2, to be read, 0 < NSETS.
Format I3.

Card #4: Same as Card #7 of Sec. 1.

Card #5: Contalns the program variables NPT3, SSN, HOUR.
NPTS: The number of measurements along the path as
described by cards #1 and #2.

3 < NPTS < 100 and must be odd. Format 13.

SSN: Sunspot number. Format F5,.1.
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HOUR: The time, in GMT, of the measurements. Format

F6.2.
card Set #6: Contains the program variables AFOF2(1),
AWT(T), DIST(I). I =1, 2, ... . NPTS.

AFOF2(I): f_F, in megacycles at the point I. Format
F6.2. ©
AHT(I): Real height of the F, layer maximum at the

point I, in kilometerc. Format F7.2.

DIST(I): The distance from the transmitter along the
great-circle path to the point I, in kilometers. The
first measurement must be at the transmitter
(DIST (1) = 0) and the last measurement must be at
the receiver (DIST (NPTS) = path length). Format F9.c.

Card #7: Contains the program variable IES.
S = 0, no Eg data are to be considered.
If IES = 1, Es data immediately follow. Format I3,

4. Cards for Program Using Sporadic E Data

card #1: Contailns the program variable NPATCH.
NPATCH: The number of sporadic E patches on the path
this particular time. O < NPATCH < 10. Format I4.

Card Set #2: Contains the program variables PSTART(I),

PEND(I), I =1, 2,...NPATCH.

PSTART(I): The distance from the transmitter, along the
great-circle path, of the starting point of ES patch
number I,

PEND (I): The distance from the transmitter, along the
great- circle path, of the ending point of E_ patch
number I. Format 1X, 2F9.2. N

card #3: Contains the program variable NPT.
T NPT: The number of fOES values to be read in for

patch number "I". O < NPT < 10. Format 14,
rard Set #4: Contains the program varlables ESDIST (r,J),
TFOES (I,J) I = l, 2.--.NPATCH’ J = l’ g’cchPT’

2oDIST (I,J): The distance from the transmitter along
the great.circle path to the point (I,7). Note that
FESDIST (I,1) must=PSTART(I) and ESDIST(I,NPT) must
= PEND (I).

TFOES(1,3): £ E, at the point (I,J). Format 1X, 2F9.2,
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F. DATA-SET EXAMPLES

Three sets of examples are Ilncluded at the end of this
report to illustrate graphically the preparation of data
sets in the form described above 1n Sec. E.

G. PROGRAMS

card decks of the FORTRAN source programs for both the
data and ray-traclng programs are available from the Stanford

Radioscience Laboratory.

H. RUNNING THE PROGRAMS

To run the data program, prepare the appropriate data-
input deck in the appropriate format, and submit this with
the 7090 binary deck for the data program, along with the
appropriate control cards tor the FORTRAN MONITOR in use.
(This varies with the 7090 installation.) Specify the
tapes to be mounted on logical units 10 and 11. Naturally,
if Dsk
ce mounted on unit 10. At the end of the run, unit 11 will

tables arc to be read from tape, a specific tape must

contalin the input data to be used by the ray-tracing pro-
gram,

To run the ray-tracing program, mount the appropriate
data tape on logical unit 11. Submit the 7090 binary deck
for the ray-tracing program along with the appropriate
FORTRAN MONITOR control cards, Output from this program
appears on the "normal" FORTRAN output tape unit 6.

Neither program makes use of any sense switches or other

console features,
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VII. CONCLUSIONS

In describing the reasons why the Kift-Fooks technique
was chosen, how it would be used in the analysis of prop-
agation data, and giving detalls of the program for use on
a high-speed digital computer, no comparisons were made with
actual records taken, It remained the Intention of the
authors to outline the work done here at Stanford and their
reasons for doing 1it.

Comparison of ray tracings with experimental data has
been done on several paths and the results of these com-
parlisons are scheduled for arnother report.

Hoperully, the reader of this report will find suffi-
clent information to enable him to reproduce this version
of the ray-tracing program for use on available computers
should he desire to do so. Duplicate decks of the program
can ve obtained from the authors by written request,
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APPENDIX A. TERMINOLOGY

This Appendix has been taken dlrectly from the "Report
of the Lindau Mecting on Obllque Soundlng of the Ionosphere,”
May 6-10, 1963. The recommendationg listed below are to be
submitted to URSI and are also scheduled to be published 1in
the IQ3Y notes.

It was recognized that, for purposes of data interchange,
a need exists for the standardlzation of certain terms. AS
a first step in this direction, the followlng recommendatlons
are made.

1. Capital letters should be used in oblique-incidence
work in contrast to the small letters agreed upon
in vertical-incidence work,

2. In view ol the ambiguity in the meaning of << usable >3,
the term maximum usable frequency (MUF) should be
eliminated in tne description of oblique-incidence
ionograms.

3. The use of the word "virtual path" should refer to the
time of flight (group delay) in oblique propagation
work.,

4, 1In ray tracing the following symbols are suggested
(Fig. Al).
a. ﬂo the angle of ircidence at the bottom of the
iorosphere.
b. @ the angle of incldence, al the real height
I of reflection, of the extension of the linear
ray patin btelow the ionosphere.

c. i the angle between the ray path and the
vertical at any point along the path,

d. . the angle of elevation at the ground.
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REAL HEIGHT OF
REFLEGTION

———___ BOTTOMOF
IONQSPHERE

0
FIG. Al RECOMMENDED RAY-PATH GEOMETRY.

The following terminology 1s suggested for the

description of path structure (Fig. AZ).

5.

For propagation paths involving reflections by
different layers, the reflectlons (or hops) should be
specified in order of their position with respect to
the transmitter. Thus 5E - 3F2 indicates five
reflections from the E layer near the transmitter
follgwed by three reflections from the F2 layer (Fig.
A2-a).

F2
M
T 5E.3F2 R
F F F F2
Eg 2
-
T F-Es'Fz R T FEst R

m

FIG. A2 RECOMMENDED MODE IDENTIFICATION.
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6. The use of a dash 1s convenient for the representation
of a ground reflection. The absence of a dash will
then show up M-type ray paths and "supermodes,"
example F - E_ - F2 (Fig. A2-b) represents an F-layer

hop followed by ground reflection to the lower side
of the E_ layer, reflection back to ground, then

reflection to the lower side of the Fz layer and finally
back to ground. On the other hand F E_ Fe (Fig. A2-c)

represents an M-type path in which the ray is reflected
from the F layer to the upper side of the Edzlayer,

back up to the lower side of the F2 layer and down to
the ground. The symbol FzFz (Fig. A2-d) means an F2

reflection followed by another Fz reflection without

an intermediate ground reflection (supermode) .

The following terms are suggested for the description
of oblique lonograms (Fig. “3).

7. MOF (Maximum Observed freguency) means the highest
frequency on which the sounder-transmitter signals are
observed on the lonogram, regardless of the propagation
path involved,

8. LOF (Lowest Otserved Frequency) means the lowest
frequency on which the sounder-transmitter signals are

observed on the ionogram, regardless of the propagation
path 1nvolved.

9. These terms (MOF and LOF) may be used also to describe
1dentii'iable modes. For example 2F2 LCF means the
lowest freaquency (observed on the lonogram) which 1is
propagated by two reflections at the F2 layer and an
intermediate ground reflection. The 2F2 MOF means the
highest observed frequency associated with two-hop
Fz propagation, regardless of whether the signal 1S
propagated by refraction, by scatter, or by a com-
bination of both mechanisms.

10. The lowest observed frequency of the high-angle ray
may be distingulshed rom that of the low-angle ray
by the letters H and L respectively. Thus 2F2 HLOF
is the lowest frequency (observed on the fonogram) of
the signal that 1s propagated via the high-angle,
two-hop, F2 path and 2F2 LLOF is the lowest frequency
(observed on the fonogram) of the signal that 1s
propagated by the low-angle, two-hop, F2 path.

SEL-63-103 - 4o -



[N
}=3
.

The one-hop modes do not need the number l{one) in
front. For example, F2 LLOF means the low-angle ray
LOF for the one-hop, F2 ray path,

When it is requlred to distinqulish between the ordlnary
and extraordinary ray paths an "o" or "x" may follow
in parentheses., The F2 MOF(x) is the maximum observed
frequency of the extraordinary wave that 1s reflected

once at the F2 layer.

Often the MOF for an identiflable path 1t greater than
the frequency on which the regularly refracted com-
ponents of the high-and low-angle rays Join. It 1Is
suggested that the latter frequency be called the
"Jjunction frequency" and that it be denoted by JF,

/

A

e o
-——

]

]

H ]

| 2F2HLOF [ 2F2MOF | MOF
2F2LLOF 2F2F  F2MLOF

f—»

FIG. A3 RECOMMENDED TONOGRAM-SCALING PARAMETERS.
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APPENDIX B, CALCULATION OF THE SUNSS ZENITH ANGLE, X

where

cos X = sin ll sin ke + cos hl cos Xa cos (62 - 61)

_ o d d
sin ?\l = sin 7\0 cos (R)+ cos 'Ao 3in (R’) cos a

- o ay| .
cot (61 - eo) = [%in ko cos a - COS Ko cot (R)] sin a

0

o [12-12 ]. o1 (neglecting equation of time) (B.1)

A = latitude of transmltter

D
il

longlitude of transmitter

o
T = time in hours (U.T.)

kg = decllnation of sun

a = bearing E. of N. of receiver from transmitter
62 = longltude of sun

kl = latitude of point on path

6, = longitude of point on path

d = distance from transmitter to point on path

R = radius of earth

The data program computes a and the path length, using

the latitude and longitude of both the transmltting and
receiving points and supplles the ray-tracing program with

these parameters, 1ln addlition to the latitude and longitude

of the transmitter. The data program also supplies a set

of distances di at roughly every 500 km along the path at
which f_F2 and F2 4000 MUF are supplied by the data program.
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APPENDIX C. A METHOD FOR COMPUTING F2 LAYER HEIGHT h FROM
VALUES OF f F2 AND F2 4000 MUF

A romogram of helght hm versus the ratio of F2 4000 MUF
and fOF2 for a parabollc layer with Ym = 0,4 ho 1s presented

in the Fooks report [Ref, 12], A polynomlial expression,
valid for

Fe 4000 MUF _ .
2.15 < T_FZ < 4,09, (c.1)

which approximates the nomogram with maximum error in

h of 6 km, 1s used 1n the program to compute h_.

F2 4000 MUF
[ 2218.59 i _ (c.2)

+ 46.0 (3.0 - x) (4.09 - x) (x - 2.15)
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APPENDIX D. CALCULATION OF REFLECTION HEIGHTS OF THE RAY IN
A LAYER

The height of reflectlon hr is calculated as followse

h,=h +Y [1 -% -(%.. cos 1)2'] (D.1)

in the case of a ray reflecting from the bottom of a layer,

2
h,=h +2Y - Y [1 -\/& -(%z cos 1)'] (D.2)

in the case of a ray reflecting from the top of a layer.

and

1

The definitlon of. the parameters is the same as 1n
Egs. (k) and (5).
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APPENDIX E, CALCULATION OF RAY ATTENUATION DUE TO D-LAYER
ABSORPTION

The following expression, taken from RPU No, 9
[Ref. 21] 1s an estimate of the absorption in the D layer

_ 615.5 (1.0 + 0.0037-55N) . cos'*3 (0.881x) N-sec gy
(£ +£,) 7 (E.1)

DB

where
SSN

X
N = number of ray passages through the D layer

sunspot number

i

sun's zenith angle

f = ray frequency
% = vertical angle which ray makes with the D layer
fh = gyro-frequency
DB = number of decibels of ray atternuatlion

In the ray-tracing program the D layer 1s assumed to
be at a height ot 70 km. This height plus ray take-off
angle allows the calculation of Pp Since the program

assumes a constant ray take-off angle, this quantlty Py

is computed only once for each mode, An average value of
cos X is used for each mode and an average value of fh

along the path is used in the calculatlon.
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APPENDIX F. LISTING OF DATA AND RAY-TRACING PROGRAMS, SAMPLE
OUTPUT AND INPUT FORMATS

The following figures consist of sample input data for
the data program, a listing of the data program, a 1isting
of the ray-trace program, and sample output from the ray-

trace program.
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6 OCTOBER 1962 1737,36 GMT PAHOA/BEOFDRC PATH

PATH LENGTH 8045,35 KM
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«F2
oF2
oF2

«F2

«F2
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oF2
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«F2
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«F2
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F2
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«F2
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»00€

«E

«F2
«F2
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«F2

«F2
«F2

2

oF2

«F2

TX LAT

o€

<F2

«F2

oF2
F2

«F2
oF2

19,50 0E%

N3

«E

«F2

TX LONG -154.95
FREO

4.00

o€ 3 «€ 4,00
5.00

[ 214

7.90

+F o€ 7.60
8.00

9.00

10,00

10.%0

11.00

il.n0

ile30

oF2 11.6¢
12,00

12.00

12.0C

«F2 12,00
13.00

13,00

13,00

«F2 13,00
16,50
16.CO
14,00
15,00

15.60

1%.00
15.0C
16.00
16.,9C
16400
17.0¢C
11.90
i7.07
18,00
18.00
18,0C
1e.00
19.00
19.00
19.00
20,00
27400
21.00
21.00
22400
23,00
26,00
25400
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OEG

8ETA
.18

13.19
1.22
1.2

13.20
21.70
24,17

7.01
18.4)
20.90
23.91
15.03
17.66
20.65
26.35
14417
17.32
20.86
10,72
13.72

10.22
8.09
5.29
5.68

6.71

RX QEARING

olsT
8039,09
B8G41, 61
8037.90
806,66
8035, 48
8326450
6034,57
8034,34
805,43
B015.76
8039.26
1989,22
8024414
BCal.84
#043.03
2021.89
804C.18
8042,95
8042.09
§931.97
042,70
8037.02
[LETPRE)
8037.78
6048,51
8018,50

8033,6)

8042.26
8045.07
864,89
8036.26
8067,48
8026.02
B8C4C.63
LILEPRE
B805%5.66
MNbo. 42
8042,59
8040.5%9
8040,53
B8042,76
8033.20
8062.2¢
B8042,64
8044 .62
8045,00
8042,56
6037.81
8040.43

8016411

TIME

27.10
27.98
27,09
27.09
27,09
27.0¢
27.¢9
21,10
27,12
30.17
27,16
20,10
29.M7
30,5)
27.4)
29.2)
29,80
30,48
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29.1%
29,77
30.58
28,68
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29.87
28416
28,57
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28.24
28,56
29.3)
27.85%
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28,60
27.74
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28,22
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27.86
27.86
27.9)

27.91

57426 JEG

01FF
-6.26
-3.9¢
~7.45
-8.69
-9,87
-18.85
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-29.59
-6.09
-56.13
-21a7
-1.81
-2.32
~23.46
-5
-2.40
-3.2¢
-13.38
-2.68
-a.3
-6.56

~1.57

08
669,57
894,86
417.28
290,56
213,86
275.91
163.91
129.54
164,188

66,07

Bb.48

60,34

57,77

60,41

T1.98

47,56

50.14

$1.30

19,52

41,7

43,22

43.1)

35.6)

.79

37.01

29.89

.79

32,05
r.a0
21.36
28,27
27,83
22.57
26,79
25401
16468
20,08
72.3%
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l9.12.
20,05

18,64

14,45
13.09
11.79
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