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A High-Latitude Emp irica l Model
of Scintillation Excu rsions: Phase 1

1. INTRODUCFION

In order to provide a realistic series of values to determine scintillation oc-
currence at sub-auroral and auroral latitudes , the Trans-Ionospheric Branch of
the Space Physics Laboratory in collaboration with Logicon , Inc. initiated a model
development.

The dat a base was to be a series of measurements of the scintillations of
synchronous satellite beacons at 137 MHz extending over several years. The initial
model was to provide mean scintillation excursions as a function of time of day.
month , solar flux , and magnetic index. Wit h forecasting of solar flux and magnetic
index , a user in the lat itude range covered would have an indication of mean scintilla-
tions to be expected.

The information would be useful in estimating scintillations at higher frequen-
cies such as 250 to 400 MHz and at other geometries in the sub-auroral and auroral
ovals. In addition the data could be used to forecast clutter problems on HF back-

.

‘ 

~ scatter systems that show difficulties from the same F layer irregularities that
produce scintillations.

(Received for publication 15 September 1976)
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2. THE DATA BASE

Observations of the scintillations of the ATS -3 satellite beacon at 137 MHz
form the data base. The data was reduced by the method outlined by Whitn ey
et al. 1 Sci ntillation excursions in dB for 15-mm periods are used; these approxi-
mately corr espond to the 1% percentile levels in the cumulative amplitude probabil-
ity distribution function for the 15-mm period . The dB exc ur sions are convert ible
into S4 indices by an empirical relationship. The three stations are situated near
the 70 0  \~ est meridian , and their propagation paths to the ATS -3 satellite are sh own in
Figu i e  1. Thei r geomagnetic and geometr ical parameters are given in Table 1.

~~~~~~~~~~~~~~~~~~~~~~~~~~~ /2~JN Figure 1. Observing Stations (ATS-3
60° ‘

~ ~~~~~~~
-
‘ / i / at 70°W LES-6 at 39°W , ATS-5 at

— -°—~~~~ GOOSE B4Y~~~~
/j

~~~~~/ 10 5°W) . Thule data was not used in
aX~°~ .~ — 

5~toi~~~~ Phase 1. X denotes the 350 km
N \ intersection point to the satellite .

50° ~ --
,
/ Propagation paths to ATS -3 are shown

- 
__ 

.. SAGAM O R E HI LL as well as those to LES-6 and ATS-5 .£0 ~~~~ Only data from ATS-3 was used in

~
°‘:~~~ 

1. Other data will be used in

50 INVAR IA NT ,~~ >—~LATITUDE 
~~~~~~~~~~~~~ \

30° ‘
. \ —~~90 0’ 70 60’

Table 1. Geomagnetic and Geometrical Parameters for ATS-3

m v .  lono.

________________ 

Lat. 
— 

El. Az . Z. A . 
-

Narssarssuaq 63. 2 ° 18.0° 208 0 64°
Goose Bay 60 .3° 28 .8° 191° 56°

• Sagamore Hi11 53 .5 ° 40 , 9° 178 0 46° 4

1. Whitney, H. 1 ., M alik , C,, and Aarons , J. ( 1969) A proposed index for
measuring ionospheric scintillations , Pla net, Space Science, 17:1069-1073.

________________
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3. DATA BASE CREATI ON AND MODELIN G

Fifteen-minute samples of scintillation index (dB ) data for the ATS -3 satellite
• from the above three stations have been augm ented into complete dat a bases on tape .

Data associated with each 15-mm sample include: Station ID , Satellite ID, Frequen-
cy (137 MHz) . Dat e and UT , Scintillation Index (dB), 3-hourly magnetic index (K

r
).

2695 MHz solar flux , (S f ). 4995 MHz solar flux , sub-ionospheric latitude and longi-
t ude . and corresponding geomagnetic latitude and magnetic local time.

Narssarssuaq 9/17 /68  - 9/1/74  146 , 7 0 0 +  samples
Goose Bay 1/1/72 - 12/31/74 71. 000 + samples
Sagainore Hill 12/1/69 - 11/30/74 148. 000 + samples

Goose Bay dat a for 1974 cover mainly November and December.

4. THE FORCING FUNCTIONS

In t he init ial developm ent , termed Phase 1, a relatively simple equation was
developed to reproduce the mean scintillation excursions at each station.

The forcing parameters included the following:
(a) Planetary magnetic index , K~ . It has been shown that at high latitudes

(whi ch in this case include the Narssarssuaq and Goose Bay observations and , dur-
ing severe magnetic storms , the Sagamore Hill observations) K is a forcing func-

2 p
tion.

(b) Ea rly work by Aa rons et al 3 showed that solar flux , even when divorced
from magnetic indexvariations , had an effect on scintillation behavior. Ut ilizing the
2695 M H z solar measur ement s at Sagamore Hill . we separat ed observat ions into
three reg imes of solar flux units (S f ); ( 1) 0-95 , (2) 96-120 , a nd (3) 121 and
greater . As will be shown scintillations do not in every month increase with increas-
in g solar flux but vary as a function of season.

(c) The seasonal parame ter . A ve ry dramatic r I l i n i m i zi n g  of diurnal
effects is shown in the Narssarssuaq observations over the winter . A similar
pattern is seen on the Goose Bay records , This would have to be reflected in the
mod el.

2. Aarons, J. and Alle n , R.S ,  ( 1971) Scintillation boundaries during quiet and
disturbed magnetic conditions , J. C.eophys. Res ., ,~,~ :170-l77 ,

3. Aarons , J.,  Whitney , H, E ., and Allen , R.S. ( 1971) Global morphology of
ionospheric sci ntillations , Proc. IEE E., ~~ :159.

4 . Solar-Geoph ysical Data, IER -FB 289-304 , 305-364 Part I, U. S. Department of
Commerce (Boulder , Colorado, U. S.A. 803 02) .

5 , Basu , Sunanda (1975 ) Universal time seasonal variations of auroral zone mag-
netic activity and VHF scintillations , J. Geophy s. Res. • 80:4725-4728.
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(d) The diurnal  pattern would have to be shown. This would inc lude  the
variations as a function of local t ime under magneti ’~allv q uiet and dis turbed condi-
tions as modulated by the seasonal function.

Analyses  were conducted separately for each stat ion.  The data  were  f u r t h e r

partitioned into 12 months , 7 K
9

, 3 Solar Flux (2 . 7 GHz 1 , and 24 UT ranges. The

date , K
9

, Sf and SI readings were averaged in each block. A compact  fi le was

thus made available for high speed i terat ive modeling studies.  The seven

ranges are 0-1 , 1÷ to 2 , 2+ to 3, 3+ to 4 , 4+ to 5, 5-4- to 6 . 6+ and up. The three
Sf ranges are 0 to 95 , 96 to 120 , 121 and up. Tables of the averaged SI are pro-

• vided for each of the stations.
Out of a max imum possible 6048 blocks ( 1 2  x 7 x 3 x 24) , the averaged files

comprise the following:

Narssarssuaq  4985 blocks

Goose Bay 4217  blocks

Sagamore Hill 5065 blocks.

The empty blocks generally correspond to the highest  two K
9 

ranges , that  is , 5+

and up, and occasionally the highest S
~ 

range.

3. MODELING

An extensive search was conducted to derive empirical models of SI for each
of the three stations (Figure 2a) . Analyt ica l  forms of the model were preferred  to
ensure smooth transi t ions as a func t ion  of the known d r i v i n g  func t ions , namel y,

day of year , K~ . Sf and universa l  t i m e .  These forms also permitted use of re-

gression techniques  for least squares  f i t t i ng td tlTe averaged data  f ile .  In the course

of the search for improved fi ts , special  cha rac t e r i s t i c s  of the data were  noted w h i c h

- . 
suggested elaborations of the model form.  Examp les are the delayed peak in the

diurnal  SI var ia t ion with higher  N~~. the seasonal effect on d iurna l  var ia t ion amp li-

tude relat ive to the average SI , the  seasonal effect  on inf luence  of K
9 

and S .f.. and

the need for h igher  harmonics  to represent the d iu rna l  va r i a t i on .
The models for ave rage  SI 1dB) for the three stations are  provided. rn the

model equat ions , the cosine a r g u m e n t s  ( i n  r ad iansl  that  i nc lude  the terms for day
number (DA ) and hour (BR )  a s s u m e  a m u lt i p l i c n 4 iv ~- t e rm of 2 w/ 3 6 5  and 2e ’24 re-

spectively. Though not shown in the equation for reasons of convenience, these
must be inc luded  in the calculat ions.

Figure 2b presents  the model for each station in terms of local t ime.  The dif-

ference between universa l  t i m e  and local t i m e  at the sub- ionospher ic  point (350 km)

was taken to be 3. 4 hr at N a r s s a r s s u a q.  4. 1 hr at Goose Bay, and 4. 7 hr at S-ga-

more Hill. Subsequent work directed towards  develop ing b r idg ing  models used local
t ime rather than universal  t ime ~is t he argument .

• 10
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In Figures 3 to 6 typical comprehensive comparative plots of the averaged

• data and the model are provided for each station. The model predictions used
the actual averaged data , K and S for each hour , and are therefore absent whenp f
data are absent. These best fit models may occasionally predict small negat ive

SI s; these are made to asymptotically appr oach zero by replacing a value V which
is less than 0. 5 by e2

~”~~ 
85) This ensures continuity in the predictions near 0. 5

and introduces minimal distortion since only the very low scin t i l lat ions are
adjusted.

6. THE E QUATIONSANDTHE DATA

To illustrate the behavior of the data and of the best fitting model equations,

Narssarssuaq data is shown in Figure 3 for the month of March.  One can note ,

for example, along the left-hand side for the solar flux set of 0 to 95, that scm -

tillations increase with increasing K
9
. The dotted line is the model equation and

the continuous line connects 1-hr means of scintillation excursions.

NARSSARSS UAQ MONTH 3
SOLAR FLUX 0 - 9 5  96- 120 12 1-UP

20 I I I I I I I I I 1 [ T I  I I I 1
Kp 0-I  Kp 0 1  J Kp 0-I 1

IO~~~~~~~~~~~~~~~~~~~~~~~ ..i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.. - --

I 0 F - ~- - . - - - - - -- 
~~~~~~~~~~~~~~~~~~~~~~~~

. . . . .. H-- - -- - -H
- - . - . - - - - - -H H- -H

d B I OEP H F~~ 
- .. 

~ ~~~ 
- 

- .. - 1
- .- . . •

~~~~~ F~~~~ - - - -H 
~ P 5 ~~~6 H F H ~~~ 

. - - 

H h
~~~

6 
.

~~~~~~~

. • • F ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- H ~~~~~~~~ 

t~~~~~~~~~

. 

0 12 24 0 12 UT 24 0 2 24

Figure 3. Typical Comparative Plots of Averaged Data and the \ lode l ;
Na r s sa r suaq ,  March
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Along any series of boxes with identical K~ one can note that the model and
the data indicate that the general trend is for the scinti l lat ion excursions to in-
crease with increasing solar flux.

In the Narssarssuaq data for October (Fi gure 4)  it can be noted tha t  wi th

increasing K (for  a — onstant  solar f lux)  scintil lation excursions increase , and the

scintillation excursions decrease with increasing solar flux (and cons tan t

NARSSA RSSUAQ MONTH 10
SOLAR FLUX 0 - 9 5  96-120 121-UP

Kp O - I 
0 ~~~~~ ~~ 

I 

I 0

Kp I+- 2 -

IO

~ 

lO~~~~~~~~~~~~~~~~~~~~~~~

2+-3
0 L ~ 

J ° 4 0

d B i Q ~~~~~~~~~~~~~~~~~~ .40~~~~~~~
.-
_

~~~~~~~ - - I O ~~~~~~~~~ 

2O~~~~~~~ Kp 4+-5Jfl [-
~~~J~~~~~~~~~~~~~~~~~~~0- ~~IO~~~~~ \

20  
K 5 + -6 - - 

. - - . 
-- -

H I O  ~~~~~IO

- - L ~~~~~~~~~~~~~~~~~~~~ 
I ~~~~~~~~~~~~~~~~~~~~~

0 2 24 0 2 uT  24 0 12 24

-
~ Figure 4. Typical  Compa rative Plots of Averaged I)ata and the Model;

Narssarssuaq, October
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GOOSE BAY MONTH 3
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~~~ -
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Figure 5. Typical Comparative Plots of Averaged Data and the Model;
Goo se Bay, M arch

The behavio r of the Goose Bay dat a (solid line) and best-fitting model (dashed
line) for March are shown in Figure 5. Wi thin  each particular solar grouping
scin tillations increase with increasing K

9
. For the sam e K

9 
group ing, the scintilla-

tion excursions increase with increasing solar flux.
Behavior of the Sagamore Hill data and model for March are shown in Figure

- ‘ 6. For the low solar flux group (0 to 95), a very slight increa se in scint illat ions
asso— iated with increasing K

9 
is seen. The same is true of the solar fl ux group

96 to 120 while for high solar flux , t he increase with K becom es more not iceable.p
In general, within a part ic ular K~ grouping, sci nt illa t ion in dex in crease s with
increasing solar flux.

Although equations were developed for Sagarnore Hill , Goose Bay , and Nars-
sarssuaq observat ions , it is not certain whether or not to join the Sagarnore Hill

V observations to the high latitude data in the model which will be finally developed.
The sub-auroral to middle latitudes traversed (at 53’ invariant latitude) present a
different morphology from the hi gh latitu de ionosphere e x cept dur ing per iods of

15
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Fi gure 6. Typical Compara tive Plots of Averaged Data and the Model;
Sa gamore Hill, March

intense magnetic activity when auroral effects at F layer heights cover this region. 6

Further work on this is exhibited in A ppendi x B.

1: 7. DISTRIBUTION OF SCINTILLATION IN D E X  READINGS

Distribution analyses were conducted for each of the three stations. The effect
of the solar flux was not evaluated , but part i t ioning by month , K 11, and hour was
retained. Wi thin each partition the average SI was calculated , and the percentage
of reading s fal l ing in consecutive ranges was determined.  Signif icant  features of
the distributions have been obtained by examination of the tabulations , a nd are dis-

~
-

• cussed below. For selected average -SI, the percentage SI readings found in the
ranges 0-1 , 1-3. 3-6 , 6-9 , 9- 12 , and 12 and up are presented in Table 2 .

6. Aarons , J. ( 1976 )  High-lati tude i r regula r i t i es  dur ing  the magnet ic  storm of
October 31 to November 1, 1972 , •J. Geophvs. Res. • 81:661-670.
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— Table 2. Distribution of SI Readings for Var ious  Average sr

Perce nt Oc curren ce
ST R ange 

________ ________

Avg. SI 0- 1 1-3 3-6 6-9 9-12 12 up

Na r ssa rssu aq 50 45 5 0 0 0
1. 0 Goose Bay 55 35 9 1 0 0

Saga rnore Hill 70 15 10 3 2 0
Nars sarssuaq 20 55 20 4 1 0

2. 0 Goose Bay 40 40 15 3 1
Sagamore Hill 55 25 10 5 3 2
Narssarssuaq 20 40 25 10 3 2

3. 0 Goose Bay 30 33 18 10 5 4
Sagamore Hill 50 20 12 7 5 6

4 .0  Nar ssarssuaq 10 38 28 15 4 5
Goose Bay 20 33 20 15 5 7

5.0 Narssa rssuaq 6 33 30 18 5 8
Goose Bay 12 30 25 18 6 9

6 .0  any 3 25 35 20 6 11
8.0 any 2 15 25 20 16 22

10.0 any 1 6 15 18 20 40
13.0 any 1 1 8 10 20 60

For each station, no marked variat ions i n the dis t r ibut ions  are ev i dent for
different months . K

9 
ranges or time of day. Thus, given an average SI value for

any time-K partition for a specific station, the expectation of any range of read-

ings may be predicted. Differences in distr ibution patterns among the three sta-
t ions are pri m ar i l y du e to t he con sist ent ly hi gher SI readings at \ a rssarssuaq  on
the one hand , and the extremely low activity at Sagamore lu ll on the other; 0 to

1 dB readings are rarer at Narssa r ssu aq so that average SI of 1 to 3 dB are found

with neg lig ible occurrence at the higher SI readings. A t Sagamore Hill 0 to 1 CIB

readings cons titute more than 50 pe rcent of the samp les at any t ime so that  an aver-
age of even I dB i mp lies t he presence of som e hi gh SI re adi ngs . Tho ug h the 1 to 3 dl3

averages usuall y occur in the daytime at Narssarssuaq and in the night sector at
— Sagamore Hill , no particular diurnal influence is evident on the distr ibutions.  T h U S ,

the instances where low average SI are found in the n ight t ime at Nar s s ar s suaq  are
4 devoid of hi gher SI readin gs as in the daytime; the instances where average SI at

Sagamore Hill a re over 1 dB in t he dayt i m e, hi gher sporadic SI readings are c l ear -

ly the cause.

The above di scussion covers the latitudinal and SI a c t i v i t y  extremes. Goose

Bay lies in between and characteris t ics  consistent with the above a rguments  are
exhibited in the d is t r ibut ions  for this station. As seen in Table 2 , below an aver-
age of 6 dB , Goose l O Iy  readings tend to include more high SI samples than N ars-
sit rssuaq.

17
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8. ( ; I - O ME TRIC A L PARAMETERS

The development of the equations in the form given fails to correct scintilla -

tions for the  geometry of observations. Scint i l la t ions m a x i m i z e  at low ang les of

elevation and when the signal is observed parallel to the lines of force of the earth’ s
field.  The complexi ty of arr iving at a physical model which determines the elonga-

t ion of the i r regular i t ies  as a funct ion of latitude , tim e, and geomagnetic conditions

is such that only a sim plif ied solution can be attempted at this  t ime ,

In a pre l iminary  attempt to give to the user of this Phase 1 model a correction

factor  for u eomet ry  we have , from studies at Nar ssarssuaq, Goose Bay, and Saga-

more Ii1ll~ presented -an elliptical column model of individual irregularit ies of

1 km N-S . 2 km orthogonal to the lines of force and 5 km along the lines of force .

A s s u m i n g  a Gaussian irregulari ty spectrum , it was determined that the correction

for the S4 value derived from each index would be a factor of —2. 0 greater at the

a z i m u t h  and elevation of the ATS -3 satelli te from Narssarssuaq than at zenith.

F’rom Goose Bay the correction factor  using the same model would be -l . 3 , and

from Sagamore Hill it would be —1 . 4.

Grap hs of these correction factors have been developed , t hese are give n in
Fi gures 7 , 8, and 9. It should be noted that the model equations have not uti l ized

these correction factors; the fac tors are given me rel y to help the reader. It is
expected that  in Phase 2 of the model development a geometrical  correction factor

will be utilized. 

360’
NSSQ

a ’ 5 , y ’2 3 4 .  - S3Z IM UT U

r
~~~

l 

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

1e0

7. Singleton , I). G. (1975) Private communication.
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GOOSE BAY 360’
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Figure 8. Graph of ( o rr ect ion  I t  c -t o r s  for Goose Rav  I tider
Assum ption of E l l ip t ica l  (~~~l un  r Ir r e g u l a r i t y  .Mo lei

SAGAMORE HILL - . —

a 

(

~~~~~~~~~~~~~~

6

~~~~~~~~~~~~~~~~~~~~

4

~~~~~

T: 

69

-~ — Z [ N I T t t — \

) 2 ~~~~~~~~~~~~~~~~~

180 °

Fi gure 9 . Grap h of Correction Factors for Sagamore Hill  Under
Assum ption of Elliptical Column Irregularity Model
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9. FREQL I-;M:Y DEPENDENCE

In addition to the geometrical parameter another factor for the f requency  -Ic-

pendence must be put into the model development . The f requency  correct ion is

quite comp l e <  and depends d ramat i ca l ly  on whether  the  sc in t il l a t ions  are i n  the

strong scattering or weak scat ter ing reg ime . For weak sca t t e r ing  (wi th  II ~ e xcu r -

sions less than about 8 in our data reduct ion scheme)  the expected f requency  -Ic -

pendence using 54 values is a factor of 1, ~ , 8 U s ing  fade depth in dB (below mean  j
level)  the frequency dependence is 1.9. These  re la t ionships are shown in 1- i gure

10 and can he used for extrapolat ing 137 MHz data to higher frequencies  under  con-

ditions of weak scatter.

I 0 
NORMALIZ ED TO 137 MHz WEAK SCATTERING

— VARIA T1 ON OF $4
8 WITH FREQUENCY

I — — —  — VARIATION OF FADE DEPTH
~ WITH FREQUENCY

6~~

4 -  \

I..
0
0 3 -

4
a

2 4 —

IL~~~~L ~-_- - -‘ 100 200 400 600 800 1000

FREQUENCY - MHz

Figure 10. Var ia t ion of 54 
and Fade Depth w i th  l- t - e q u e i i - y :

-
- Weak Scat ter ing - 

-

8. Whitney , H. T- . ( 1 1 7 4 )  N otes  on the  R e l a t i o n s h i p  of S ci n t i l  la t i~~ii a lex t o  l roh -
abil i ty  Dis t r ibut ions  a n d  Their  Uses for  Sys tem I ) e s i 1 n, -\ I - C R L — T R  —7 1 —

a 0004 .
\V h i tney ,  H. I . , Aarons , 1. , and  Seernan , I) . H . (197 1) [ - i t i n i a t i o n  of t h e

Cumula t ive  A m p li tude I ’ r oh ah il i ty  I ) i s t r i h u t io n  F u n ct i o n  I I f I n i i o s p he r ic
Sc in t i l lat i ons ,  A ppendix I , AF C R L- 7  1-0525 .
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With strong scattering the  f requency dependence term for S4 wi ll  vary from

zero to 1. 5. The zero frequency dependence occurs when reduced simultaneous
data at two frequencies both disp lay Ray leigh distr ibutions. Frequency dependence

• then may vary from iero to the weak scatt ering regime value of 1. 9 based on
fade depth.

With a frequency dependence term, a proper model for the irregularity config-

uration, and a geophysically val id model of the effect of the polar cap, auroral and

sub-auroral terms, it will be possible to further develop this  m odel so that it can

service systems designers and operators who have radio t r ansmiss ions  affected by

hig h latitude irregulari t ies.  This will  be attempted in Phase 2 .

10. FUTURE MODEL DEVELOPMENT

Phase 2 of tile model development will incorporate in its equations , correc-

tions for geom etry u t i l i z ing  newl y developed dat a on power law ta l l  off of i r regu lar-

itv  spectra as a function of latitude and geomagnetic  conditions . An a t t empt  w i l l  be

made to ut i l ize th e data set out in this development by  d iv id ing ~ ie observations into

weak and strong scatter regimes to de te rmine  frequency dependence for var ious

scintillation excursions .
Phase also envisages additional vali~iation studies of the modei .  l)ata from

new satellites wil l  he used to check the observations in the auroral  ann sub -auroral

reg ions and to extend the observations into the polar area . The Goose Bay data base

was considerably smaller than the other stations ’ ; it will be expanded for the final

model.
The use of satelli tes at low and high altitudes t ransmi t t ing  at several f requen-

cies will allow for hi gh latitude studies.
Mul t i - f requency  transmissions will also allow additional studies of frequency

- 
4 dependence to determine how best to extend these 137 MHz data to higher frequen-

cies .

a 21
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Appen dix A
Comparison of Model With Millst one Hill Data

In order to va l ida te  the model using an independent set of — ‘b servations at a
higher f requency  it was de termined  that  the \ - l i l l s tone  H i l l  data  obtained by observ-
ing sc in ti l lat ions  at 400 \ I I -Iz t racking Trans i t  sa tel l i t e s  would he used. The data
base for the comparison was tha t  in the publ ica t ion  “The \ I i l l s t o n e  Hi l l  R a d a r  Pro-
pagation Stud y: Scientif ic  R € - s u l t s ”1° by J. U v a n s .

Since Evans ’ data was in the f o r m a t  It 400 T h I z . a convers ion  using weak
scatter relationships must first he made to dB at 137 \ i l J z .  This  is plotted in
Figure A l .

The measured S4 
(400 \ I I I z l  as a func t i on  of i n v a r i a n t  l a t i t u d e  is shown in F ig-

ure A2 .  These values , in th ree  d i f f e r en t  K g roup ings , at the  i n v a r i a n t  l a t i t u d e  of
N a r s s t r s s ua q .  Goose Bay, a nd Sagamore 11111 . along wi th  the conversion to dB

~~~~~1 9~~( 137 M H z )  is shown below.
-i

\SSQ ( ‘  = 63 ° )

(400 M H z )  dB (137 MHz)

K � 1-4- .0375 2.5p
2 �K � 3-~ .05 3.6

K
r

-. 4o .0760 6.2

10. Evans , 1 . \ . ,  ed. ( J r 17 3 )  [‘he M i l l s t o n e  Hi l l  R a d a r  Propagat ion Stud y: S c i e n t i f i c
Results,  Lincoln I t t . T m - c h n i c a l  Report.
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Goose flay (~~ = 60°~

S
4 (400 MHz ) dii 1 137 M H z )

K ~ l-~ . 025 1. 5p
2 ~~K ~~3° .028 1 .8
0 p

K ~~4 .055 4 . 0p 0

Sagamore  Hi l l  (~ = 5 4 ° )

S4 (400 \lHz) dli (137 M H z )

K � l ~- .016  .8p
2 � K � 3-~ . O 1 - ~ 1.0
0 p

K > 3  .0 2 1  1. 2
p 0

S4

1400 r
MHZ)

~ 

-
~~~~~~~~‘d B ( I 37M Hz )

I - i~~u r c  -\ 1. Rela t i onsh i p I le tween  at 100 MH z and S c i n t i l i a t i e n  ( I l l )  at 137 MH z
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• K p ° 4 U P

0 12  -
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I K p ~~~I+

— 010  2 0~~K p 5 3 +  /
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VI 008 - 

-H Scintillation Index for
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/ ,‘ , . Magnet ic  Activi ty
~ 

0O6~— (~ / ,‘ ..
. -

- I  / o i .
~/:::~~~~~~~~ .~~~~~~

_0 ~~~~~~-- I I I I I I~~~~~~~~i I
42 46 50 54 58 62 66 70

INVA NIANT LAT IT U DE ( degl

This data used by Evans was taken in 1972 and 1973 , and was averaged over local
time to include all passes. The model dB values are obtained by using the local
time equations shown in Figure 2h for each station for three pa r t i cu la r  U values.

A solar flux level of Sf = 108 was used since solar flux in 1972 and 1973 was of this
magnitude. The result ing averages over all hours and all months are:

Nar s sar s suaq  (63° ~~

dB ( 137 M I I z )  S4 (400 M H z )

K = . 5  2 . 5  . 0375p 
-

K = 2 .5  4 .0  . 053p
K = 5 . 0  6 . 3  . 0775p

Goose Bay (60° )~~

dB (137 M h z) 54 (400 MHz)

-

~ K = .5 .3 .0 12
a P

K = 2.5 1.6 .026
p

K =5.0 4.8 .063
p
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Saganlore  II i l l  (54°  ‘)

dii ( 137  MHz) 54 (400 MH z )

K = .5 .55 . 0 14p
K = 2.5  . 7 5  . 0155p

K 5.0 1. 12 .020

The model dB values (converted to K 4
( are shown as i n d i v i d u a l  p o i n t s  in  F ig u r e  -\2

to fac i l i t a te  comparison wit h  L v i t n s  I l a t a . The resul ts  of Evans data nd t h t -  model
dB values predicted are in good agreement  for  (111t h \ar s sar s suaq  and Sagam ore
11111. -\t Goose l t a \ . the model va lues  ar e  much  lower for t i l e  1~~w m a g n e t i c  t c t i v -
itv case , somewhat lower  for the c:l~~e K 2 . 5 and hi gher  for  t i n  case  K = ~. 0.- p

It is believed that  the posit ion of the  tco I l i 1( l  is appro~dm - t e l - . f l i t - - i n- 1-~ r i i n t
la t i tude of Goose hia \ -  under  quiet  n i a C i n - t i c  condit ions . n i o v i n~ i t l i e t  ~et n t ! I  as the
l ev e l  of n - a j n t ’ t n -  a c - t L v I t v  increases . The - l a t a  of ( cnIse H ay  n a y  he IH I t, ’ I by

this  I } l en e n en c l n . \ t - i i  l~~- r -  t he  \ 1 i l l s tone  I- Till ( a t a  nor  t i le ni odel I l l  ~- a l ue~ ha ve
taken  into COIlS He rat  u n  the ‘ - i e w i n ~ i~e O r I  ( ‘ f r ’ - . As ! e f lt  one I earl i  et - , t l i i ~~ wi l l  he
part of Phase  2 .
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Appen dix B
High Latitude Model s and Averaged vs Median Data

In J - igu r e  Bi is shown the equat ion w h i c h  results in the best - fit t in ~ model for
Narssarssuaq  and (;oose Bay, for the  latitude range 60° to 63° ’ . The 12 monthly
plots , i n  local t ime , are shown in F igures  B la  throug h 1311 for the cases of low and
hi gh solar flux (80 and 140) under  four selected magnet ic  conditions (K = 0. 5,
2 . 5. 1. 5 and 6 . 5) . r o l l e r  comparison wi th  the ind iv idual  station plots exhibited
earl ier , the  malor  cause of inaccuracy in the  fit is seen to be due to the  errat ic

high K model in ce r t a in  nionths , part icularly at Goose Bay. This is possibly the
result  of i n su f f i c i en t  data .

In order to substantiate the exclusion of Sagamore Hill data in the g lobal model ,

an addit ional  equat ion was produced ( I - igure 132) which results in the  bes t - f i t t ing
model when data f rom all three  s ta t ions  were  used. These equations are restricted
to the  la t i tude  range 53° to 63° - . These monthl y plots (Figures B2a through B2l )
compare surprisingly well wi th  those generated by the two-stat ion model.

The actual data plotted in Figures 3, 5, and 10 , upon which the model is based ,
are the averaged scintillati on data in dB. It was desired to compare this  mean with
the calculated m edian for  the same t ime , K

9
, and solar fl ux blo cks . Figures B3a

B3b , and 113c i l lus t ra te  bot h t h e  mean and median  dB values for Narssarssuaq,
Goose flay, and Saganin re  Hill , r e spec t ively .  This ciata is for the same t ime  per-
iod ( M a r c h )  as I l escr ihed  in the  ear l ie r  f igures.  It can he seen that  no substantial
d i f fe rences  occur between the averaged and median  dB values at any of the stations ,
exc ept tha t  as d i scussed  under  the top ic of I l i s t r ihUt iOn  of SI readings , for low scm-
t i l l a t i o n  act i v i t y  averaged values  tend to  he hi gher than  median values .
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I. Na rssorssu aq — Goose Boy based .

SI - l 3 - 2 7 C L + 6 . 2 ( l - . l7( l + 2 6 C L ) F D )~~l+ .33( l - .3 5 ( l - .8CL ) FD)COS ( HL+2 l - 4K P)

+ .O5C~ 5 ( 2 ( H L - 9 ) ) + 0 2 c o S ( 3 ( H L + 3 . 5 ) ) ] ( l - .9CL) EXA

-- 
w he r e E X A . 2 [ 2 K P + l3F 75

~~~~~~~~~~~~~

A s ’  Sf / 100

HL local time (hr. )
FD: cos ( DA— 2.6 )+ .2c os (2 ( DA-30) )

PF Geomag . Lot.  (deg. )
CL cos ( ( PF-535)  ,r/25 ) 2v 2w  - . -implied in o I l

annual & diurnal periodic terms

(see te xt)

Figure BI. Mathematical Model of Scintillation Based
Upon Narssarssuaq and Goose Has- l)ata

t
Legends for data shown in Figures Bla throug h Fi l l  and B2a throug h B2 l:

Bla through Bil B2a throug h B2l

• 
— Narssarssuaq —— — — — — Narssarssuaq

‘I, 4 Goose Bay — Goose Bay 

Saganlo re Hill
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fl. Narssarssuaq — Goose Bay — Sagamore Hi l l  based -

SI - 2 . O + l . 2 C L + 6 . 5 ( l — . 2 F D ) [ I+ .6 ( l_ . l6F D ) ( I _ 5 S L ) c o s ( H L + 2 — 4 K p )

+ .O5 cos (2 ( HL — .9 )) -s . .O 2cos (3 ( HL+3 .5 ) ) ]  ( I — C L )  EXA

I [ . 2 K p ( I + .2CL ) ( I - . l x O ) + A s ( I - . 8 S L ) ( l + . 45F0)]
- - where EXA 2

C C L :  c o s ( ( P F — 5 4 4 ) - , r / 2 5 )  CDL r I+ . 7SL
where IL S L : s I n ( ( P F _ 5 4 4 ) , , - / 2 5 )  S D L = I _ .3SL

PD:cos (DA+16)+ .3cos(2(D4_30)); FD = CDLx PD XDrSDLx PD

1- igure  132. M a t h c - C l l a t i c a l  Model of Scin t i l la t ion  Based UTIOn
N ar s s a r s s u a q,  ( ;oc-csc-  Bay . and Sa~~~I C L o r e  lu ll Data

I! ~ 43

— ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~ ~~~~~~ • — - — I Z



- -_- T1T~~~~~~~T~~~~ _ _ _

~
—

~~~~
- 

—I

I
I~~~~~~~ 

~~~~~~~~~~~~~~~~~ ~~

(/) 

— 

I 4 C X _

(

F

’ 

— 

1/  

I 
I 

I 

/

I~~~~~



..—- -—-_ . , ,
~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ -. ——---.- ----- 

-- - - -

- — 
~~~~~~~~~ 

--I lifr~~~ _~ __5I=-I11~ -

~ 
p r 

I~~~~~~~~ n~~I 
F

\

~lc~ 
I
I
I
I
~ 

I ~~~ \ 
I~

~ 
F~~~ I I . 

-~

- 

I 
I
I 

±
I

~~~~

1
1

1
1 

I 

I \ 4/
I 

I

I I

— - I — I — I
I I i - ~-I I 

L I ’

- C I  C-I 
F

- I

~~~~~ -~ _ 

- F

If) I CX) I U) F

/ ! / 
— / -

- —  1 I I / I -
I ‘ / P -

— ! I I ( -/ L ~ 
~

I

Ci 

~~~~~ ~ I
’ 

L ( LI
II

L
45

C



~ _ 

~~~~~~~~~~~~~ TTIiiTIIi . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I~~~~~~: ~~~~~~~~~~~~~~~~: 
p,, H

— 
I 

: - - I 
F

L I 

1
F
I - I

- I I I  
I~~~

I 

L - 
~~F 

- 
I~ 

I~~ 

I~ 

/ 
/ 

/ 

(I 

~

t

C
~
I 

I
F_ _ 

-
~ ~~~C-_I 

\ ~~~~ ~~ 
-

- I 
I, I

I F~~~~ F \ ~~~~ . I

I 

F 

I 

I

)

~~~ ~

- —-
I I~ 

~I
/

—_ I I

I 

I 
4

I I  - ,
/ U) I U) 

,
/

I F  F / / 4 / ; I  F
- F / / I / / F- 

- 

I I I —
I 

~~ 

- 

~ / ( I i I

I

l 
.

46 

--



-‘--I- — —•-- — 
~:~;- -~-‘-- ‘— -

~~~~ :~~ —~~--- --— •- 
~~~~~~ 

—.- . —- ~~~~~~~~~~~~~~~~~~~~ 
—-

~~~~~~:•
-/-;

~~~
--

~
--,--—------ - - -

- ~~~~~~~~
- - - -- --- — --- - -  

—__

CD 

~I 

~ 

I
1
1
1 

I 

I

I ~

_ ~ ~ 1I~L 
~~~~~ 

/ 
/ 

/ 
/~

/

~~ 

I~~~

-
~ T I\  

I 

I~~~~~~~~~~~~~~ 

I
I
I
\
\
\

~~ 

~~~~~~~~~ 

H
-
. 

- 

1 I \ :  I
I
~~~~ 

I
I~~~~~~~~~~~

-

. 
‘- -i U) 

I 

I U) 
I~ 

) ~ 
/
/ 

/
1 

~~~

~~~~~~ I
I 

/ 

~~

-i 

(±: // 
: 

(I

F
4 47



_ _ _ _ _ _ _  

___ 

—- -~~~~~~~~~~~~~~~~~ - -----‘- --~~~~ —~~

p
I~ I 1 I

\ \
I I I \ \ 

- _ C l i
/ i F
I F F ‘- F L -

/ -_ \ I  F I F -— 
I \ X X )  I~~c’ 

- F - -
I I
I I I I -
I 

c-i 
I
I 

I
I c--i - I .’-

U) I~ U) ‘ I~~~ 

~I

I j
/ / 

/ 
/ 

I

_ 1/ /  
~~

±
‘~ J::’

1
F

1 
— -4 - n 

\ 

\~~~
-
~~ 

7

I I \
- I I -

- 
S \ ~~

I I 
I I

- 1 /  

~:.
-—- 1_~i I/ F  —I-.

I I

, 

/
/ 

/ / / 

/ 
/ / / 

~ 
/ 1

- -

/ 
/ 

/ 

_

_

/ 
_i- / 

/ 
f 

/ 
I

I I
I

C)
C) ~~ ~ I L 

I~ 

- -

F 48

‘I

- c



I \ I

~ 
r 

“H-
IL 

- -  
~~~~~

F

~
I 

I I I
I Cr- I (I F / I - - ~ 

/ 
-

/ / F // F

/ /-~
• 

I 
/ ~~~~~ F F 

/ !~~~s / / / .•,

-
- - ~I -  ,L + ~. ~

2

I 
I \  

-

/
/ / 

- 

/ / I

/ 
- - 

/

/ - I / / - 

I ( /

~

‘ )-  I -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -~ —rI~~~

1
/ T1 1, flY

J /
1 / / I 

/ 

-

/ / - I  / ~I /

~ I~~~ 
/ / ;~~~

‘ / 
I I / / —~~ -

I / F - / - / I
I - I / I I  I

C I F - - I p
I - - - I F I p -

I——- — ----fr - —i-- - C) - t - IC  - I - - 
~~ ~_-i-___ - I-~ ---~- -4-

C) CD CI C) CI CD C) C)
C- -i — C) C-i • - - C) C_i - - CI Cli —. ~~

-4
-s a)

1 ç~ r ———
~~~~—r - I I T~~~~~fC-i ~~~~~~~~~~~~ 

C-~
- F — - I I I I

I I I IIF I I - I - F -
C) I l C D  I C )

I — I 
I 

I 1 I
i C-

I I F I - c.
~CD I I I I

I I I 
a)

I I I I I
- I I I
I I I I I

>< I I - -
I I  I - 1 ‘- -~

Li_ I I I

-J I I
CD I II

- 
- If) I I I U) I U) / 

F
I F / - / I

/ / - /

/ / / I / /
F / I~~~ 

/ / I/ / I / - F I

I I I - I
• I I C I - I

• - 
I I •~__  

_
~

_
C) C) C) C) CD C) Cl C)
Cli — C) Cli — C) C-i .- 0 C I  - -  C)

50



-- TI~ 

-- 
~~~

---—- - -——--

~~~~~~~~~~~~~~~~~

—--

~~~

--

~~~ 

--‘—--- ------- - —

_ _ _  - - 

1 ‘
I
/
~ F

F
/

\

~ 

I F

1

1 

I

I 1
/ :- F II- 

I

I

I 

~~ 

/
/ / I

F 
I

1 
I 

C

I I F
I I I I F

- 

I 
I l~ ~

I 

I
- I I 

I

I / : 
‘

~~~ 

,
/ : 

I 

I
I
I

’

~~: ~

-

~~~~ ~ H ~~~~

- - ~~~ -L H ~~ 4

- - - 
51

_ 
-A



— ----- —---w-~~ ~~~~~~~~~~~~~~~~ 
- - 

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

-~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - - - -~~~~~~ - -- - - - - - -~~~~~~-- -—- —

I T I~~~~~~~~
F~ 

Ci 
I 

I \ I I
~L

\ ~~F Cli I •

/ 

I 

~ 

Ci 
-- 

~ - 

F ~ 

Ci

I \ ~~~~ 
- / I ~ F

— I~ 1

/ 

I

I I H

L~~~~~~~~ 

~~~~~~~~~~~~~~~ 

L~~

I ~F 
~ 

I \ ~ -4

- F I I \ 1  ~ \ I I  a
I 1

/ 
~ \ I

- 
I ~ - 

I 
~I \ - 

I -

I II F _Il I ~~ ~
- I 

~~~~~~ 
I

I I a
4 

- 

I
I -

I — / —
. 1 U) ~~ / •~ ) / J !CC I / ~

/ 
~F~

1 I 
~~

‘ / F 
F 

/ 
~ /

— 
F 

~~

_ 

~~~ I~ F 

I / I

Cli 

~~~~~~ 

I 

—

Xj 2



r—w _
~

__ 
- — —_ —- 

~~~~~~~~~~~~~ 

—__— 1_F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~ —— -
_ _ _ _ _ _ _ _ _ _ _ _ _  _ _  _ _  —--

I

\

I
I T  -~L \ P-L

I 

I CD 
I

~ / 
I 

/ 

/ 

F

~
F
/

F

~ 
: 

I 

/ 
/ ( I 

I

: 

~ 

/ 
/ / / 1 

I 
X

7. I r - J  CI C 

~~~~~~~~~~ 
~~~~~~

-

~~~~~~~

-

I I~~~~~~~~~~~
F I 

-- - 

I \ 
I

/

~~~~~

I I
1/ \ I

/ I

I 
.F~. I

- 
-J

- — I 

I~~~ 

-I _ i  

— I  I /
I 

I I I  

) 

j
• I  

-

/ 

/~~~~~
4 

I / / / / -
I I / I F

/ 1 1 - s  / . - ,  / /

- ‘ I I  - / I• I - I  I - F -
I - - — I I I I F

— / - I - /_ ~~~ I - —i -- _ I _ _ _ I_ _ _
~~~_ _ 

~~~~~ I - CF - - C) CD C_i C) C
- I 

C I .—. C) Ci — C 1 C-J —-  C) C - _i — - - - -

53



TTTTTITITI

r I~~~~~~~~~ /CD 1 /

I 
I
I 

I
I 

- 

I

F

I I I
I f)  U) 

/ 

I

; - I~ 
-

C) 

1/  

~~~~~~ 

I~~~~~ 

~~

I I I 
( 
~

ii

54



-~~~~~,- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•~ —

~ ‘-~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —--~~~~~~~~~~~~ 

~~~~~

: r - - -- - - - - - 
- I - C-I

I \ I

F 
-
~ I I I~~~ 

- 
I \ \ ~~

I \ 
I 

~

- 

I 
I 

I 
- I

I ~I 

I
~

I I~~ I

I I ~~~ 
1 / :  I ) I I~~~ ~

-

- 
i / ’

. 

,

/ I

F / 
/

1 S  
-
/ / 4

I I I - - I I—I

I I —  — I —  — — P — - .2
— - — — — ~~~~~~~~~ F C- - 4- - - j C- - I- - - — CIt) C) C CD C_i C- C

C — C) _i - - CD Cli - — C C-) - - — C a)
4—

P 
- - - -

~~~ P 
- 

I ~ - 

PTH 
~

I~ 

C- 

I 

F 

‘

I

F 

F

— - 

: 1  I 
— 

I - I
- -~~ I I -

— 
I H i  

1 /

I
1 

— 
I 

F~ 

I 

/ 1U)

I

I 1 - s  F 

-
~~ I I~

’ 



______ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

f -  ~~ - - - • — ~D - - - —~~~~~r - - -

F 
—

I I I I I  I I L t~~ 1 1 1 1  I i I I I
a ) O  o 0 0 0 0 0 o 0 0 0 0 0 0 0-V C-I — (‘A — (‘A — (‘A — (Ii — (‘A (‘-1 —

t

w
a - 1’ ‘

~
0 ~. 

LD

/44 6

— - -- - 
~~~~~~~~~~~ ~~

_ 
‘~~~~ _ _ -4 - —~~ ~~~~~~ —--~~~~~~~~-— —--—



_ _ _ _ _ _  ~~~~~~ T~~~~:T: HT~~ 
-- 

- - - 

~~r— - - — — — —-
~~~~~~~

- - 
~~1 —

~~~~~
- 

F 
\ I 4 - F F~

- I - -:L~ r
C- - I- 

~
I- -

~ ~-I
I _ _~ - - —

1

I 
I 

I- - - - ~ - — 0

— 
~~~ r -~~i~~~~~~

- I ~~~ - D 
- 

-

~~F 

~~~~I 

C

H I

- I  —

-- 
~~ 

- -

/
_i 0 ~- 

I 
H

5

F 
I~ 

I

I I I I  I I L ~~~ I i t J _ j L I I I  I !~ I
2 ~ 2 ~ 2 ~ 2 ~ 2 ~ 2 ~ 2 0

L~J

57

I— _ _ _ _  ---~~. - ______________________________ 
_ _ _ _



~~~~~~~~

- rr 

F
F 0

I ~~F L — ( ‘ A
I - -

I - - -I~~~~~ ~
J, 1 4- 4-

- —
F I - - F 

F

0 

-
- I -

FL FF ~~~~— (‘A F
C I j I  I I
-~~ - 

F
~~ I II F~~ ,I —

— 

~— I I ~- / l -

C 
~~F f r-I ~~ I 

- —

L~ L - ~FI L - 
IL 

- - -

- : I iLl _lU JL L_lL I IL I II I
~~~~0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
~~ c.J — c-j — N — (‘A — c~

j — N — N —
I

IiJ

- N 1~
I I + + +

Q 0 + in ID

58

ii

4

- .  - 
. - -- --


