. e !‘:.W
Armed Senitesﬁﬁzchnical Information Agency

ARLINGTON HALL STATION; ARLINGTON 12 VIRGINIA

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR
OTHER DATA ARX USED F'OR ANY PURPOSE OTHER THAN IN CONNECTION
WITH A DEFINITELY RELATED GOVERNMENT PROCUREMENT OPERATION,
THE U. 8. GOVERNMENT THEREBY INCURS NO RESPONSIBILITY, NOR ANY
OBLIGATIQN WHATPOEVER; AND THE FACT THAT THE GOVERNMENT MAY
HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE SAID
DRAWINGS, SPLCIFICATIONS, OR OTHER DATA I8 NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER
OR ER I Y'RS8ON OR CORPORATION, OR CONVEYING ANY RIGHTS OR
PER’ JO MANUFACTURE, USE OR SELL ANY PATENTED INVENTION
- THAR MAY J) ANY WAY BE RELATED TRERETO. ¢

LASSIFIED



L

FILE cOPY

ASTIA
ARLINGTON NALL STATION

ARLINGTON 12, VIRGINIA
©

Arttn: TiSSS

:
. o= . ‘\/°“ -
<< e
—
2

sthyth research associates " SAN DIEGO, CAUT,

L)

n: ASTIA



e B P

et

Smyth Research Associates
Research Park

San Liego 11, Calif,

FINAL REPORT:
prepared under the
sponsorship of
ROME AIR DEVP.:.I.OH‘IEM‘ CENTER

Air Research an! Development Command

Griffiss AFB, New York

Contract No. AF30 (602)-1624
Engincering Changes A and B
Purchase Requests Nos. 01694 and 02135
Project No, 5535

Task No. 45774

SRA-0.L
RADC TR-59-84
AD 217406

TROPOSPHULIC AND IONOSPHERIC
RADAR HEFRWCTIGN EFFECTS
FINAL REPGRT
BY
J. Anderson
Weisbrod

L.
S.
L, A. Morgan
H. D. Loucks



s RIS T e ¢ x

; TABIE OF CONTENTS

!
I t .
LIST OF PIGURES

LIST OF TABLES
ABSTRACT

Re-distribution of Enorgy .

Tarrain and Sea Clutter . .

ICNOSPHERIC EFFECTS ., o v 4 o o o

Ionospheric Model . . . . .

Operational Procedurs , . .

.

R“uct ion Or D&ta o * L] o . "~ L] L d -

Ionospharic Elevation Angle Error at

INTRODUCTION o ¢ o o o o o ¢ o o o o o 2 ¢ c ¢ o o o o s 4
TROP(BPHE{.IC REFRACTION EFFECTS . . . ¢ o v o o ¢ ¢ o o o
Statistical Analysis . . ¢« ¢ ¢ ot 0 6 0 uv e s o s
Extropolation to Greater Target Heights . . . . . .
h‘ Tropospheric Ducts . . . o ¢ v o v o v 4 ¢ 6 ¢ o o &

L S T 2R TR Il

Lt ® © & e & &

Finite Heights

F&radaynotationaevoooo.oolotloonu

Interpretation of Or' and d* Distribution Plats , .

Explanation of Tables for bi and tlr'i c e o 0 n s e a

COMBINATION OF IONCGSPHERIC ANOD TROPCSFHERYC RESULIS . , o .

APPLICATION OF OPKRATIONAL FROCEDURES . . , & ¢ e » o o &

SUMIARY AND KRECOM'ENDATIONS ., . . 5 o 2 4 o ¢ o v o 5 o &

REFEitFNCES
FIGURES 1 - 29
TABLES I - XXX

s 7 ® w B8 & & & ® ¢ e ¢ ® ¢

v

“ e o a & 2 e

Page No.,

15

18
21

24
26
27
29
33

55



-

i
[ 4

Figure No,

~ OO o > O N

o @

20

12

14
15
16
17
18
19
20
21
22
25

LIST OF FIGURES
Title

Ray Refraction Geometry

§00 Tan B in the Troposphare
Trapping Criteria for Surface Ducts
§00 Tan o in the Ionosphere

Ratio of d/e in the Ionosphere
JO00 Sin ¢ in the Ionosphere

Model of the lonosphere

Normalized bl a, 0 mr

it

Normalized b a, = 100 mr

it

Normalized &> a, = 300 ur

Normalized &> a, = 1000 nr

Normalized Ari a, O mr

L]

Normalized Art a, = 100 mr

Normalized Ari a,

]

300 mr

Nornalized &r g = 1000 mr

bi vs a and h for various layer paramcters
Ari ve o and h for various layer parameters
Diurnal and Seasonal Distributions of & 1954
Diurnal and Seasonal Distributions of > 1957
Diurnal and Seasonal Distributions of Ar® 1954
Diurnal arnd Seasonal Distributions of 4rd 1957

Diurnal and Seasonal Contowurs of’ 61 and Ari Inverness 1954

Diurnal and Seasonal Contours of bi 1957



Figure No.

24
25
26
27
28
29

LIST QF FIGURES (cont)

Title

Diurnal and Seasonal Contours of Ari 19587

Statistics of Combined d va a, Inverness h
Statistica of Combined o vs a, Inverriss h
Statistics of Combined & vs a, Inverness. h

Statistics of Combined & vs a, Inverness h

f1

it

300 n.mi. 1954
2500 n.ni. 1954
300 n.mi. 1957

2500 n.mi. 1957

Sample Ionogram and Normalized Characteristics Fairbanks, 12/8/57



ST

R

LIST OF TABIES
(i ;
- Table No. ' Title
I Tropospheric &'s Isuchars, Scotlend
I Iropospheric &'s Thule, Greealand
111 Tropospheric &'s Fairbanks, Alagka
v Tropospheric Range Error
v Percentage Occurrence of Tropospheric Ducts
VI Duct Characteristics
VII Farudey Rotation Fsctors
VIII Ionospheric d's Thule, Greenland !
IX Ionospheric d's Resoluta Bay, Canada
X Ionospheric 3's Fairbenks, Alaska
X1 Icnospheric &'s Invefneas, Scotland

XII Ionospheric Range Error, Thule

XIIT Tonospheric Rangs Error, Hesolute Bay
1w Iunospheric Range Error, Fairbarks
XV Ionospheric Range Iirror, Inverness
Xvz Tropospheric d's ab Great Heights, leuchars

XVII Tropospheric 3's av Great Heights, Thule
IVIlI Trovospheric &'s at Great Yeights, Fairbanks

XI1xX Combined &'s Thule, December 1957

XX Combined &'s Thule, June 1957
XX1 Combined &'s Fairbanks, December 1957 Mid-Duy
XXII Combined &'s Fairbanks; December 3957 Night

XXII1 Conmbined &'s Fair»anks, June 1957 '



e e e ARSI AK WA ne ion g s,

Table No.

X1V
Xxv
VI
XXVII
XXVIII
XIX

LIST OF TABLES (conmt)
Title

Combined d's Inverness, December 1957 Mid-day
Combined &'s Inverness, December 1957 Hight
Combined b's Invernoss, June 1957

Combined b's Inverness, December 1954 Mid-day
Combined &'s Inverness, December 1954 Night
Combined d's Inverness, June 1954

Sample Computation of y and b in the Troposphere

o e ey i o ey, ot



e ———————
A

p
&

This report describes simple methods for computing refraction effects,
such as radar elevation angle and range errors, total ray bemding and Faraday
rotation, caused by the troposphere and the ionosphers. These methods are
applied to radiosonde and ionogram data for Fairbanks, Thule and Leuchars, Scot-
lard, to obtain the statistical di;tribution of refraction effects st these
locations,

The application of the methods to the computation of refraction effecte
at a given time and location is described in detail, end numerical examples are
given, .

g An interesting property wac discovered of the ionospheric component of
elervation\ angle error. Unlike the tropospheric component, this quantity actually
increases with incressing elevation angle, reaching a maximum value at an eleva-
tion angle of between 100 and 200 millix;adi.ans and then decreasea., The tropo-~
spheric component decreases rapidly emough to make the combined elevation angle
error decrease with increasing elevation angle (at frequencies above 50 mc), but‘
at a albie:r rate than would otherwise be expected, |

‘The statistical analysis shows that tropospheric refraction is greatest
and most varieble at Fairbanks. There is a seasonal trend at all stations, vith-
maximun refraction at Thule and Fairbanks in winter, and in Scotland in summcr,
Ducting is weak at all stations; the lowest trapped radar frequency being 800
megacycles.  Maximum terrain clutter ranges for particular terrain features of
850 miles éa}, be expected at Fairbanks, and less than this at the other statioms,

Ionospharic effects exhibit a strong diurnal trend in winter at Fair-
benks and Scotland, with a maximum in the afternoon., Little diurnal trend exists
at Thule., Summertime diurnal variations are small at all stations, The effects
dvring 1954 (sunspot minimum) are similar to those during 1957 (sunspot maximum)

excopt that they are scaled down by an order of magnitude,
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© The purpou of -the work done under Engineering Changes A & B of this
‘ , oontnct is to investigate the effects of the troposphere and the ionosphere on
FQM radar tracking of high altitude targets., The investigation has been
divided into the following three phases,

(1) Mathematical analysis of refractive bending, radar elevation
angle error, range error, and polarization rotation, as well as
the effects of tropospheric ducts,

(_2) Development of procedures for computing the above effects using
available radiosonde and ionogrsm data.

(3) Analysis of data for three specified locations, to determine the
statistical distributions of the above parameters at these locations,. _

The details of the mathematical development were pz:esented in SRA Report Mo, 68,
dated September, 1958, In this report, the tasic expressions for determining
total bending y , elevation angle errar &, range error Ar, and polarization ro-
tation Q, were derived, Subsequent SRA Reporta (numbers 80 and 87) described
the various approximations which are justified in the development of computa-
tional procedures for determining y, 3, Ar and () from radiosonde and ionogram
date,

In the preseni report we shall be concerned primarily with presenting

computational technigques and with the results of applying these techniques to

i
i
I

actual data at three specific locations. Statistical distributions of the para-
meters, seasonally and diurna2lly will be presented for each location, Tropo-
spheric effects are treated separately from ionospheric effects, since the latter
are frequency sensitive and the former are not, Methods are given for combining
the two components for any desired frequency {above 100 mc). Finally, sample
curves are presented in which the components have been combined for frequencies

™~ of 100 mc and 400 me¢, for some typical and extreme refraction conditions. The
) frequency of o~currence of tropospheric ducts at each location is also presented,

together with the resulting maximum ranges for sea and ground clutter echoes,

B v s
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The two tropospheric refraction effects of direct interest in radar
tracking are the elevation angle error b and the range error &r. In order to
obtain 3, it is first necessary to compute the actual ray bending y. This is
done by dividing the tropoepheric column into layers whose boundaries are the
radiosonde significant levels., Since these levels were originally chosen such
that linear interpolation of temperature and/or dew point between levels gives
-a good recovery of the original radiosonde trace, we are guite justified in
assuming a constant gradient of refractivé index n, within & given layer.

For such a layer the incremental ray berding is

2 (a, - n) '
&g * - (1)
tan B, + ta By

and the incremental range error is

Ar:‘“j”’k) (b - by) (@)
Sin 35 + Sin Bk

In these expressions the j subscript refers to the lower boundury of the layer
and the k subscript refers to the upper boundary of the layer. The m's are refrac-
tive indices at these heights, the h's the heights of the boundaries, and the
f's are the ray inclinatjon angles a% the Jayar boundaries (see Figure 1), The
value of B at each layer bourdary is detormined from Snell'’s law

np cos f =n acosa

vhere a is the earih's radius

ard p i3 a + h, the height of the layer boundary
Since one customarily computes the refractivity N = (n-i) x 106 from radiosonie

data, one can express ly a9
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N, -
brg (o) = aa | (3)
500 (tan ﬁj + tan B, )

Figure 2 is a graphical solution of Snell's law giving 500 tan (. To
use the figure, enter the left margin at the value of No - N appropriate to the
boundary level of interest; move horizontally to the curve correspondiig to the
layer height (the numbers on the curves are in thousands of feet). Now move
vertically to the curve corresponding to the desired a in milliradiens. Finally
move horizontally to the right margin and read 500 tan B. Using these curves, it
is relatively simple to compute the Ay's for eny arbitrary set of points defin-
ing the N profile, A numerical example of such a computation is given in the
last eection,

In order io obtain the elevation angle error by for a target at a par-
ticular height H, one sume up the &y's from radar height (assuned to be zero) to
the target height to obtain Yye

then . -4 2

vy tan By - (N - N xi0™ + vy /2

by = -— 2 (4)
Yu + tan ﬁu -~ tan a,

In the case of range errors, cne simply adds the Or's for sach layer
between O and H to obtain the total range error Arﬁ.. The range error is such a
small percentage of the total range that one is not usually concerned with tropo-
spheric Ar's when tracking aircraft and other relatively low altitude targets.
In the case of missile tracking, one is concerned with both the total tropospheric
component and at least part of the ionospheric component of range error.

The statistjical analysis of range errors has therefore been limited to
that caused by the total troposphere, Since this component is small compared to

the ionospheric range error component (at 100 mc), it was felt justified to use

.3 s
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an approximate method for computing Ar for the troposphere, rather than the more
scourate (but more expensive) method of summing individual layer increments,

In the approximate method, the troposphere is assumed to have a con-
stant N gradient of 12 units/1000 £t up to the height where N becomes zero, N

thus being the only remaining variable. In such an atmosphere

. N
= &
H= 55 (1)
then from (R)
. BN N % x 10712
or” = 2 = 2
Sin Py + Sina_ 012 (Sin By + Sinaq, )

From Snell's law

Sin p=vSin"q -2 N x10" + 2 Ha

=J§1n‘ao+6 NoxlOT

which gives finally

" = 2 %772 (5)
012 Lsm a,+ (Sin‘g +6 N x107)

Comparisons of this expression with the more accurate, layer by layer
method showed that if the approximate results were multiplied by a constant fac~
tor of 1.60, they agreed with the more accurate results within 10 ft at all ele-~
vation angles, It also turnad_ out that Art is rather insensitive to the actual
structure of the N profile, and is & function primarily of b!o at a given eleva-
tion angle. One can compute Art with negligible error therefore by the foilowing
expression:

2
.000136 N
ar® (1) = ~ o ‘ 6)

-s) 1/2

2
sinao4(siu a, +6N x10

-4 -
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This is the expression used in the statistical computations of the tropospheric
component of the range error,

Since the methods which have been developed for computing refractive
effects are equally applicable to the troposphere and the ionosphere, superscripts

"t" and "i" will be used to distinguish between the two cases whenever necessary,

Statistical Analysis

The methods described above were used to compute & and L\rt for various
target heights and elevation angles, Three years of radiosonde data (1955
through 1957) were obtained for leuchars, Scotland; Thuls, Greenland; and Fair-
banks, Alaska. Four radiosonde ascents a day wc:ie available from Thule and two
per day from the other two stations, For ecach ascent, b was computed for target
heights of 10, 5C, 100 and 300 thousand feet and for a°°s of 0, 10, 30, 100, 300
and 1000 milliradians. A statistical distribution was run by calendar month on
these computations, as well as on the Art computations for the same ao's.

It was found that all of the distributions were very nearly normally
distributed, hence the required statistical informa%ion can be well represented
by tabulations of the medinn. values and stancdard deviations, Tables I, II and
I1I 1list these parameters for the 3 distributions for leuchars, Thule and Fair-
banks, respectively. Teble IV lists the same parameters for the A':t distribu-
tions for all stations,

A distinct seasonal change of & and Art is apparent at leuchars, with
the highest values occurring during the summer and the lowest during the winter,
This is caused by higher N's during the summer, because of increased moisture,
At Thule, the trend is roversed, with higher values occurring in winter, This
is due to thicker surface ducts being built up during the long winter night.

Because of low temparstures, the moisture increase during summer ic too small

-5 -
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to be effective, At Fairbanks, a double maximum ie observed, one in winter and
one in sumer. Since this station is located almost midway (in latitude) be-
tween lsuchars and Thule, it is reasonable to expect that the winter night ducts

and the increascd summer moisture are about equally effective in influencing the

- d's.

kxtrapolation to Greater Target Heights

In order to combine the &'s at Heights above the top of the troposphere
(arbitrarily teken to be 300,000 ft), one must first\compute the tropospheric %'s
at the desired heights, and then combine thess values with corresponding iono-
spheric &'s,

Since the tropospheric computations terminate at a height of 300,000
ft, we require a method of performing the extrapoleticn Lo greater heights using
the information at 300,000 ft. One can show from the geometry of tiropospheric
rafraction thet the value of 6%, the tropospheric componant of & at height H, is

given by:

tan a., - tan

t ot % % H %200

= %00 * Wsoo = 2300 (7a)
tan aH - Lan ao

o
¥

2] P 2 1
(sin“ao + 2H/a » H“/aafﬁ-(sin”ao + ,028906 )2

Y

I Cfb ¥
¢ S VS X, 3 = T
500 500 78 (sin“q, + 2i/a + /8°)¢ - sin Oy

wvherc arbscripic GO0 and & refler to the values of the varic:s parametars at the
heigute of 300.000 feet and some preatcr height H.
Fguation 7 may be dorived in the following manner. At heights above

500,007 fcet equaticns relating v and b reduce to (see eguatior 12 and 14)

1]

fod
o

Y - (NG - H) tan ¢

B = €_tan q
ten ¢ ~ tan ac

L m e e




. Adbove 300,000 feo’ N i= essumsd to be zero and we can writs
t _,t

t500 = 500 ~ Yo/ *an 300

e‘l’.

H

i

%
dyon = N ftan ay

%

ot
5800 = Ex0 tan oz, / (tan Gy ~ tan ao)
N
B
Eliniating N_, €5, and € from the above set of four equations

t
g, ten ay / (tan ay - tan c:o)

yields (7a)
Form (7b) is obtained by noting that

(a+h)cosa=ac o

and using appropriate numerical values for ths height of 300,000 feet.

At ionospheric heights or above, Equati;'m 7a may be reudily evaluated

with the aid of Figure 4.

A

The value of the square bracketed tarm is a funchion only of a, and H,
and has heen computed for heights of 100, 30C, 1000 and 2500 n.mi. for g o's of O,
{ 10, 30, 100, 300 and 1000 milliradiars.
‘ 5 t : :

In obtaining the values of bH then, the distributions of 6300 and Y300
"wers plotted, Since 6300 and Yznp C&0 be corsidered to be well correlated, one

t
obtains the median value of by from the median values of bgn, and Yzop* Tne
standard deviutions were nearly the same for both of these quantities in all
cases, so the standard deviaticn of b;r'l wes obtained by interpolation of the stan-
4

dard deviations of by, and y,,. The values of b, at the heights and o 's
specified above are tabulatec in Tables XVI, XVII and XVIIL for leuchars, Thule

and Falrbanks, respectively.

Tropospheric Ducts

Table V shows the percentage of totel radiosonde ascents in which strong

-7 -
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surfeoe N gradients (D45 N units / 1000 ft) were observed, It can be seen that
. Leuchars shows a definite increass in occurrence during the summer, while Thule '
has the maximum in winter., However, the occurrence at both of these stations
is siall compared to that at Fairbanks, At this station there are frequent
trapping gradients during wintor months, and a marked decrease during summer.
Apalyses of the surface duct characteristics, during the month of max-
imum occurrence, were made at each station, These analysis showed that the ducts
are rather thin (under 300 ft on the average) and that relstively few of them

are capable of trapping redar energy. Table VI shows the numerical results for

1955, '5¢ and '57, The minimum radar frequency which is trapped at each station
wes determined using the SRA trapping criteria for thin surface ducte shown in

Figure 3, These criteria curves were derived by applying S. 4, Schelkunoff's

e e e — | ——

approximate solution to the wave equation to exponential surface layers, (1)

They are tne only sucn curves wnicn nuve successfully stood the test of exper- ) ;,

imental confirmation. In Figure 3, the ordineie is the height h of the top of

the layer and the abscissa is the minimum AB reeded for trapping, where 4B =
No - N’l‘op ~,012h, To use the curves, plot the point at I and 4B corresponding
to the layer in question, if the point lies to the right of the curve for a

given frequency, that frequency will be trapped.

Re-distribution of Energy ‘

One can cxpect that for the percentazezs of time listed in Table ', the
lowest lobe of the radar intarference pattern (below elevation angles of 0.50)
will be distorted somewhrt, This is due to extraction of some of the energy
rormally contained in this lobe to incireasa the [ields at very iou elevation
apngles, The effect of this re-distribution of energy, will be tc reduce the
detection probability for targets at elevation angles somewhat below the max-

( o !

imuw line of the lowest lobe, The energy which appears at angles just above v

s 1

-8 -
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the horizon line will be stronger than normal in these cases, but it will still

’ be considerably weaker than it is just below the first lobe maximum line, so

it will not provide increased detection probability just above the horizon, It
is characteristic that under neer-trapping conditions, the lobe structure in the
lowest 0,5° is quite eratic both in time and space, Thus, the detection proba-
bility under such conditions may be expected to vary considerably and will ina
general not be as great nor as predictatle as it is under mere normal condi-
tions.

The refractign vhich occurs under near-trapping conditions results in
an outward displaocement of the lobe petiern, such ithat the lowast lobe will

occupy a position farther out than usurl. This will increase the range of in-

it ial dstection at low angles, Since the lowest lobe is displaced more than the

next higher one, there will bs2.larger gap bstween lobes, but one can conclude
that the overall initial detection probabilily at extreme range and at low

elevation angles will he somewhat improved, although the precise determination
of elevation angle will deteriorate because of the large &'sc and its standard

deviations which occur under thesse conditions,

Terrain and Lez Clutter

Examinetion of the surface ducts occurring in Jenuary in Fairbanks
(strongest ducting conditions found in the amilysis) indicate that the ducis
[resent will cause a moderat. inerzase ia elulier range Auring the percentage of
tire listed in Table VI, Although tie ducts fouad ere not capuble of trapping
redar erergy at Irequencies hHelow 800 me, the atcenuation rates in near-trarpying
ducts are lover for frequencies lower than this limit, hence one can expect soumo-
what greatver extensions in clutler range at 400 me than at 1000 me, If one
assumes a radar capable of detecting a tarpos of 1 sq ft radar cross section at

1600 n.m:., one can determine Lhe detection renge of a tynical terrcin feature

-9 -
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as a function of radar wavelength and duct characteristics., Measurements indicate
that a steep sided mountain face 2000 ft high and 80 miles long has a radar cross
section of about 77 db above 1 sq ft.

Applying measured attenvation rates in surface ducts to the ducts found
at Fairbanks, indicates that maximum detection ranges of the above type of moun-
tain face will be about 300 n.mi. at 1000 mc end 350 n.mi. at 400 mc. Fewer cases
of extreme ranges will be found however at 400 mc then at 1000 mc because only the
thickest ducts will give maximum rarges at 400 mc, whereas at 1000 mc, the range
is relatively insensitive to duct thickuness from 150 - 400 ft, which is the range
of heights found. Similar analyses wera carried out for Thuls and Leuchars, and
the results are also indicated in Table VI, It can be seen that the clutfer
effects are less severe at these stations than at Fairbanks,

Sea clutter will be no problem at any of these locations. At 400 mec,
maximum range will be about 50 miles or less. At 1000 mc one can expect maximum

sea clutter ranges of about 100 mi.

~- 10 -
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JQNQGPHERIC EFFECTS R
' SRA Report #68 describes in detail a simple and uccurate method for
computing refractive effecta of the tropot shere and the ionosphere. A brief
review of this method and its application to ionospheric refraction is given. bélow.
As pointed out in the previous section, a ray passing through a layer
bounded by heights h.i and hk and whose index of refraction varies linearly from

uj and Ny is refracted by a small angle Aij wvhich is given by

Sl o n)

by %= (8)
(tan p g ¢ tan By)

“where B = ray inclination angle as determined from Snell's law.

The contributions to y due to the passage of the ray through other layers are

directly additive, Thus the total bending y in milliradians is given by

kK_n -
v (ur) =§_ %"k (9)

o~ 500 (tan B, ,, * tan i)

where N=(n-1)x 10°

The application of Equation 8 to thse trépospheric bending has already
been discunsed. 1Its application to the ionosrheric bending is essentially the
same but some modificétions are desirable, 1In the caese of the ionosphere, the
refractivity N is a negative quantity and is inversely proportional to the square

of the signal frequency., It is given by

N = 4,05 (N /t‘z) x 107 (20)
" where Ne = electrorn density per cubic meter

f = signal frequency in mcgacycles
The superscripts "i" and "t" will be used in this section to differ-

l entiate beiween the ionospheric and the tropospheric quantities.

-1 -
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Ni is also a function of the Earth’s magnetic field. However at fre-
t quencies above 100 mc, the effect of the terrestrial field on refractive bending
is negligible, but it is important since it is responsible for the Faraday rota-

tion of the plane of polarization., More will be said about this later.

In the case of the ionospheric bending, the minimum value of £ even
for a tangentially departing ray (ao = 0) is about 200 milliradians. Under these
conditions the difference between the ray inclination angles of the refracted and
the unrefracted rays is very small such that very little error is introduced if
Equation 9 is written &s,

i oL 1
& ) = Zl“ml |5 | 1) |
k

500 (tan @,y ¢ tan ak)

The limits of the summation are the bottom ecge of the ¥ layer and the 3
) target height., 7The number of terms in the summution that are required to approx- '
imate an analytic model of the ionosphere is surprisingly small, For instance,
for the case of a parabolic iayer, where Yi can be evaluated by a direct (but
tedious) integration, five: equal steps betwcen the base and the vertex yield Yi

which agrees within a snall fraction of one percent with the exact value. Evalu-

i
i

!

p
H
!
!
13
i

ation of Iquation 11 caun be greatly facilitated by the use of Figure 4 which is a
plot of 500 tan ¢, corrected for tropospheric refraction, versus height for
various angles of elevation in milliradians.

The refractive bending can also be expressed in terms of the angle sub-

tended at the Earth's center between the refracted and the unrefracted rays,

[
i
!

This angle, €, is given by

e=d - (a -p)
=b—(N°-N) cot q (12)
t i
where E=E *+ E
{ 5= 8 + al

- 12 -




surface value of the refractivity

°
N

value of the refractivity at the target height
At infinite distances cot g approaches zero and € and & become equal to '
sach other. For computational reasons it is usually convenient to split Equation

12 into the tropospheric and the ionospheric components,

t
€

e:l

bt - N cot (13a)

3« ¥ ot (18b)
The quantity of the greatest practical interest is the elevation angle
error &, which can convenisntly be expressed in terms of &

€ tan g + c°/2

b= (14) !
€ + tan g - tan ao

Equation (14) is an alternate form of Equation 4. The details of the

derivation of both forms are given in SRA 68, In general Bquation 4 is more
§ convenient for low angle tropospheric work. At greater heights or higher angles
, the numerator of Equation 4 involves subtraction of two nearly equal terms and
; therefore the form of Equation 14 is preferable,

It should be noted that the tropospheric and the ionospheric contri-
butions to & are not strictly additive, Hecwever, in nearly all practical cases
€/2 1s much less than tan q and & is much less than tan a - tan a,, 80 that only
a negligible error is introcuced if 3 is considered to be directly proporticnal |
to €. Tnis approximation is sxtremely convenient since it permits a separate |
treatment of the tropospheric and the ilonsopheric d's. The ratio of b/¢ versus
height for various values of g is plotted in Figure 5,

The renge errors can be evaluated by a method analogous tc that used

for computing v

PO
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' Ar™ = (15)

1000 (ain @, * 8in ak)

vwhere h = height in kilometers
and Ari = range error in meters

The accuracy of Equation 15 is adequate for all practicil purposes,
For layer laminations of less then 100 km, and a tangentially departing ray,
the values of Ari are within 5% of the exact values. For thinner lamirations,
(which is normally the case) or higher angles of elevation, the agreement is
even better, Equation 15 can be readily eveluated with the aid of Figure 6,
which is a plot of 1000 sin g corrected for tropospheric refraction versus height
for various angles of elevation in milliradians,

Equation 15 also offers a convenient method for computing the Faraday
rotation, It turns out that the number of rotations of the plane of polariza-
tion is very nearly proportional to Ari. Fcr the case of a thin layer the rela--
tionship between the PFaraday rotation and Ari is

=290l Ad (16)
N
g
where {Q = the number of rotations of the plane of polarization for a
double passage through the layer
0 = the angls between the wave normal and the magnetic field
A, = gyro wavelength

g

Both § and )‘k are functions of position, However the rate of change of
these quantities is sufficiently slow so that F region velues of these pnrameters
nay be treated as constants applicable to the entiro path, This poini will be

discussed in more detail in the section dealing with Faraday rotation,
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Ionospheric Model
F For the purpose of somputation of refractive effects from ionosonde
- data, it was necessary to postulate a model of the ionosphere which would approx-
imate the observed data, The normally available data contain information from
vhich one can obtain the height of the base of the layer, ho’ the height of the
maximum electron densit);, hm’ and the ceritical frequency of the layer, f°, It

is therefore desirable to choose a model which has three degrees of freedom and

is also in accord with available experimental data regarding the electron den-

| sity profiles.

f The shape of the ioncspheric electron demsity profile below the max-
imum can be fairly well approximated by a parabolic distribution. The shape of
i the profile above the region of the maximum density is virtually unknown, It is
believed that the electron density above the peak of the F ragion does not fall

; off as rapidly as it might have been expected from the Chapman distribution. Also,

: the Faraday rotation experiments indicate that the total electron content abtove
the maximum density is about three times es large as below it, Using these facts

the following model was selected,

Ne/N°=1—(1-G)2 0Sog1 '
: (a7)
= pech ¢ nt (o0 - 1) a21
whare Ne = electron density per cubic meter

N = paximum density

o =(-n)y
In = half thickness of the parabolic layer
= hm - h
o
h = height above the ground

= height of the base of the layer

height of the maximum électron density

...
g o
i

- 15 -

L




yowr

This model has the following desirable characteristies.,,

a, The model has three degrees of freedam, (ho' y, and ‘"m’) which can
be obtained firom ionogramic data. These parameters uniquely specify
the entire distribution.

b, The distribution is parabolic below the maximum density,-nearly
twice as thick parabolic immediately above the maximum and
exponential at great heights,

c. The electron content of the distribution above the maximum is
three times that below it,

d. The entire elecfron density profile and its derivative are con~
tinuous everywhere,

Figure 7 is a plot of the ionospheric model., The heights of the base,

the maximum density and the point of interest define g, and the ionospheric N1

unit is obtained from

M=o/ n) e/ 0% xad (18)
where fc = critical frequency of the layer
= 8,97 Nﬁg x 10~6 negacycles
f = signal freéuency in megacycles

The ho’ hm and fc parameters refer to the F layer,

In this report the refractive effects of the D and E layer are not
singled out, The reason for this is that they are quite small in compariscn with
thgse due to the F layer and are approximately accouﬁted for by allowing the elec-
tron density at the bottom edge of the F layer to be zero. Furthermore, the shape
of the electron density profile above the maximum is not too well known\and since

this region, as far as the refractive effects of the ionosphere are concerned, is

probably much more important tharn the D and E layers, it was felt that the intro-

- 16 -
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duction of a more complicated ionospheric model was not justifiable.

Operational Procedurs
Using the computational method described and essuming the ionospheric
model of the previous section, the elevation angle error, bi, and range retard-
ation Ari were computed for a variety of layer heiguts and thicknessea, Since
the magnitude of these effects is proportional to the square of the ratio of
critical to signal frequencies, it was convenient to normalize the magnitude by
assuming the critical frequency of 1 mc and sigmal frequency of 100 me,
Figures 8 - 11 are plots of normalized 4" for various layer configu-
rations, Computations were carried out for angles of elevation, a, of 0, 100,
300 and 1000 milliradians and target heights &, of 300 and 1000 n.miles, Since
above 1000 n.miles the ionosphere effects are presumably negligible, bi for
this region may be readily obtained from Figure 5 by noting that e  beyond the =
layer is constant,
Pigures 12 - 15 are plots of normalized Ar™ for a_'s of 0, 100, 500
and 1000 milliradians., Above 1000 n.miles Ari is gssumed to remain constant.
For elevation ang_les greater than 1000 mr, Ari is very nearly proportional to
.86 coc g, where q is determined in the F region, At vertical incidence csc a
is equal to unity. K
From Figures B through 15, 6> and Ar' can be readily obtained if the N
ionospheric parameters are given, This procedure becomes exceedingly tedious if
it is employed on a large amount data. The fallowing altermate proceduro has been !
adopted. Since the accuracy of the data, as well as that of the ionospheric
model is limited, very little is lost if 5  and Ar® are quantized in 10% steps.
Thus, for a given combination of ho, a’ © and the tairget height 4, an integer

()
"ph is defined sc that normalized d (or Ari) is approximately equal to 1.1F,

-17 -
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Por a fixed valus of a  and & target height h, a mutrix of "p" oun be constructed
3 where rows and columns represent equal values of ho and Y with 10 km incraments,
Similarly, an integer "q" is defined so that fez = 1,19, The total 61 (or Ari)
is then approximetely equal to 1.1P*q. Thies method is particularly convenient
since the values of p rang. from about -5 to +25 and those of q from about 5 to
60 such that for any one ionogram where ho’ I and f o are known, p + q can be
obtained immediately. Since it is preferable to plot bi (or Ari) on a logarithmic
soale, p + q oan be plotted directly on an appropriate linear scale and thus
minimize date handling problems.

It was also found that over & considerable range of ho and ym,ratios
of bi and Ari as computed for a, = 0 to those at other elevation angles remain f
reasonably constant., Since at any one location, time of day and year the values
of ho and Y from day to day do not differ appreciably, very little error is

i

introduced by computing &~ and Ar1 for the case of q, = 0 and scaling them to

other angles of elevation by multiplying by an appropriate factor based on the
avorage values of ho. and In’ The atatistical parameters obtained by this method
were spot checked against those obtained using the more accurate but much more

time corauming procedure and the agreement was found to be within a few vercent.

Reduction of Date !
As stated in the introductory remarks, one of the aims of this invest- |
igation was to obtain statistical information on elevation angle and range errors
at three different locations; Inverness or Leuchars, Scetland; Thule, Greenland; !
and Fairbanks, Alaska, Since ionospheric parameters are subject to wide fluctu-
ations, it was necessary to select representative situations and group them in
- come logical fashion, The three mest important parameters are the sun-spot cycla,
the seasonal, and the diurnal variations., In order %o keep the amount of detailed
( analysis down to a reasonable amount and still obtain meaningful results, it was | .

decided that the apalysis would bs carried out for March, June, September and

.18 -
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Decenber of 1954 and 1957, These two years represent, respectively, low and hub'

; sunspot activity, Sinoe thers is no 1854 data available for Thule, the data for

Resolute Bay, Canada were used instead. Thule and Roaolut.g Bay lie in reasonably
comparable geogrsphic and geomagnetic latitudes and thus ionospheric data from
the two locations are similar,

Three types of ionospheric data were used to obtain the statistical
information on elevation angls and range errors. These were,

a, 535 mm lonogramic £ilm

b. Detailed ionospheric tabulation from the U S and the Canadian

operated lonospheric stationa

. Detailed lonospheric tabulations from the British operatad

ionospheric stations,
The problem was to obtain from this data the parameters of the approximating
parabolic distributions.

The British data which were used to obtain information on Inverness
during 1954 and the first rell of 19567, wore already tabulated in terms of the
parabolic parameters obtained by the Appleton-Beynon method., Consequently,
aside from a magnetic correction which is described laterk the reduction of the
British data was quite straightforward,

The American and the Camadian tabulations posed more of a problem sinoe
the approximating parabolic parameters had to be computed indirectly from the
listings of the h'f and the M (5000) 12 parameters, The details of this procedure
are described in SRA Report #80, but a v ery brief resuné is given below., It has
been shown by Shimanki(a) that there is a very good one-to-one correspondence
betueen the M(S000)F, factor and the h . One might also expect that since h'F
and ho represent the height of the bottom edge of the P layer, barring a serious
retardation in the E region, the two quantitiss should be identical, if the layer
were truly parabolic., Unfortunately this is not the case. In general, there ir

-19-
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a difference between the two and this difference is dus pc-imriiy to the fact that

: the approximating parabolic distribution is derived on the basis of the best fit, ‘
in the region of the greater eleotron density. It is, however, reasonmable to
expect that fluctuations in one quantity should be approximately equal to the
fluctuations in the other, It was noticed from the examimation of the British
tabulations that at higher latitudes the average value of ¥, W88 reasonably in-
sensitive to change in location. Thus a correction to h'F for obtaining ho was
specified by requiring that the average value of Y at a particular time should
correspond to the value observed at the British staticns, The results using this

procedure appeared to compare quite well with the results obtained from the ex-
amination of the 35 mm film, This particular procedure was used for the following
data: 1954 Fairbanks and Resolute Bay; 1957 Thule; March and June 1957 Fairbanks;

and September and December 1957 Inverness., The reason for using this method on

the Inverness data was that starting with the IGY the British began to tabulate

their data in terms of the h'F and the M(3000) F,. The remaining (and inciden-

tally the most important) paramster, the critical frequency of the P layer, is

. tabulated by both the British and the American sources,
The 355 mm ionogramic {ilm data were used to reduce September and Decem-

ber 1857 Fairbanks data. The procedure used was a hybrid between the Appleton-

Beynon and the modified Xelso methods. Essentially what was done was to reduce %

the ionogram into the best fitting perabolic distribution by the use of the ]

Appleton-Beynon method and then to apply a magnetic correction which was obtained

in the following manner, ’ !
Using the no-field vertical heights of idealized parabolic distributions,

which fits surprisingly well more than 80% of ionograms, true height profiles

wers obtained by the use of the x;xodified Schmerling-Kelso coefficients as pub-

( lished in tne NBS Report #6031, (4) The resulting true height distributions were
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then fitted into parabolic curves and the differences between the original and
the modified parabolic parameters were tabulated as a function of layer height,
thickness, and critical frequency., It was found that the main effect of the
magnetic correction was to reduce the no-field value of Yo by 30, 25 or 20%
depending whether the critical frequency wes less than 4.5 mc, between 4.5 and
8.0 me or greater than 8,0 mc, This very simple rule of thumb, which was also
used to correct the tabulated data, results in the maximum error in Vn of 23 km,

Ionoapheric Elevation Angle Error at Finite Heights .

A rather interesting phenomenon can Le seen if bi is plotted versus a o
for a variety of target he;lghts; h, as shown in Figure 16, For all f'inite target
heights the slope, db'/dq, is positive for small g . Far target heights of 200
or 500 n.miles the valus of maximum 61 occurs betwesn 100 and 200 milliradians
and is about 10% higher then the value at zero elevation angle. Due to the
obvious implications that this type of behavior would have on tracking problems,
this phenomenon was investigated in some detail,

If it is assumed that the ionosphere consists of a layer defined by
heights h, and b, and whose refractivity decreases linearly from zero to -Iv,
it follows from equations 11, 12 and 14 that

o \Nit (tan ay = tan a,)

(19)
(tan a, + tan al) (tan a, - tan ao)

where subscripts 1 and 2 refer to the value of the parameters at the base and the
top of the layer.

It was shown by L. Colin of R.A.D.C. that when equation 19 is differ-
entiated with respect to a4, and evaluated for the special case of a, equal to
zero the result is

i
i € tan a
?ﬁ‘ = L 2 (20)
ola

e n 7.1
0= 0 (s +tana1)

ko
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i is always a positive quantity it follows that the slope of 61 at finite

Since ¢
heights evaluated at a, = 0 must always be pcsitive, On the other hand, the

tropospharic counterpart of equation <0, equation 21 is always negative,

t 2N x 10.6
db. = (21)
da (et + tan )2
° a, = 0 ap
where N°.= surface refractivity
and ap = inclination angle at the top of the troposphere,

Colin estimated that under typical conditions the signal frequency
would have to be below 20 or 30 mc before the initial slope of the total & be-
comes positive, This does not, however, preclude the possibility of a hump or a
shoulder in 61 vs a, at higher frequencies at angles of elevation greater than
zero.

To determine the value of a, at which bi is maximum, equation 19 is
different iated with respect tc oy and the derivative is set equal to zero., The
resulting expressiocn is quite complicated but it can be greatly simplified 1 it
is assumed quite correctly, that the required value of a, is small, Under these

conditions the following approximations can be made,

n}

8in 2 a, 3 sin 2 a, = 2 sin (az,*_ul)
end sin 2 g ~sin2c1°§2 sin (62 -ao)

The resulting expression for a, at vwhich bi is raximum is

2 2 2
ay= [6F %)/ ap ~a2)] ¥ (22)
where a, = elevation angle in radians )
a = Earth's radius
p = distance from the Earth's center to the bace of the layer

For typical F region paramaters one might expect maximum elevation

angle error due to the lonospheric refraction at ionospheric target heights to
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ocour bstween 100 and 200 milliradians.

Pigure 16, which 1s & plot of 8" vs g_ for the much more realistic
models of the ionosphere shown in Figure 7, is in good agresment with the rough
estimate of Equation 22, |

Figure 17 is a plot of Ari Ve a for several different ionospheric
models and target heights. Unlike bi, the range error continuously decreasss

with an increase in the elevation angle,

Faraday Rotation
It was shown in SRA Report #68 that the number of rotations due to the
Faraday rotation is very nearly proportional to the ionospheric range error, Ari.
It is given by
Q=2 " con 0 4r' (25)
where { = number of rotations due to a double passage through the jonosphere
0 = angle between the magnetic field and the direction of propagation
Xg = gyro wavelength in netere
= 107/B
B = Intensity of the Farth's magnetic field in gauss
Ari = range error in meters
The value of 7\8 and O vary sufficiently slowly along a path so that 1little error
is introduced 1f they are treated as constants based on the F region values,
For target heights within the ionosphere, these constants were evaluated at
500 ln height and for target heights above the iocnosphere the values are based
on the 500 lm height.

Table VII lists the values of 2 kg"l cos § for a variety of aszimuths and

elevatlon engles, at the three sites., The magnetic field orientation was assumed
to be the same as on the surface and the intensity was assumed to be inversely

proportional to the cube of the distance from the Earth’s center., This table has

- @ -
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%o be used in conjunction with corresponding Arl tables (XII through XV). For
D exanple, ot Pairbanks in midday December 1957 et slsvation angle o = 100 ur,

target height 500 n.mi., asimuth + 50° (measured East from true Narth) and

signal frequency 100 mc, the expected median number of rotations of the polar-

ization plane for a double passage through the ionosphers is

(3.44 x 10°) (2,30 x 10°) = 7.9 rotetions

Interpretation of &t and »* Distribution Plots
The distributions of Ari and bi for zero slevation angle and a targst
height of 1000 n.mi, are shown in Figures 18 through 2}, These figures are plois

of the number of points with a given error at 100 me (horizontal scale) as a

function of time of day (vertical scale) for each station-month analyzed.
These distribution plots show the following interesting charactaeristics:
a, When there is a diurnal variation it is strcngest in December and
veakest in June.
b. The shape of the diurnal variation is the s:me throughout the sun-
spot cycle, but the values of the errors ar. epproximately five
times as great during the sunspet maximum a: curing the sunspot

minimum.

¢, The diurnal variation is greatest at the stution farthest from
the geomagnetic pole and almost non-existuni rear the pole.

d. The relative spread of values at any one hour is greater during

the night time howrs than during the daylight hours and is
larger near the pole than away from the pole.

e, The diurnsl variation may exceed an order of magnitude,
i

Of the three factors which affect the magnitude of &  and Avi, the criticel

‘.‘ frequency of the layer appears to be the most daminant, It is for this reason
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that the diurnal shapes of &' and &r' are quite similar, The second factor
which influsnces the magnitude of the error is ho' The lower the layer the more
oblique is the angle of entrance into the layer and consequently the greater the
error, The third factor, A has a greater effect on A:'1 ‘_thln bt.

In general the critical frequency has a more pronounced diurnal vari-
ation in winter than in summer, is greater at Inverness than at Thule, and is
generally higher during the peak of the sunspot cycle than at its minimum, How-
ever, the affects of b on b and tr* cannct be neglected. In December, b de-
creases during the day and increases at night approximately in phase with fc.
The cowbimation of effects greatly acoentuates the diurnmal variation in b" and
m-‘. In June, ho is approximately oonstant, but the variation which does ocour
is in such a direction as to partially cancel out the smaller effects of fc’
resulting in almost no diurnel variation of 3', The variations iny_ heve a
sinilar effect on Ari.

This behavior is most clearly illustrated by means ocontours of constant

61

and Ar" plotted versus tive of day and year. These contours, shown in Figures
22, 28 and 24 have been prepared by taking the monthly mean valuse of ho’ I and
the aritical frequency of the F layer and computing b" and Ari for the case of
zero elevation angle and 1000 n. mile target heights.

The diurnal variations are most accentuated at Tnverness and during the
winter months, A three dimensicnal pictorisl representation gives a "hill" in
nmidday winter and a valley during the winter night. During the summer, diurnal
variution is almost nonexistent, Fairbanks displays a similar situetion but it
is less pronounced. The .3itvaticn at Thule ie vary poor.y duf ned. Figure 22
is a contour plot of bi and Lri for Invernes: during 1954, The oveit.ll :hina
1s quite similar to that of 1957 although the magnitudes are very much smaller,
An interesting point about these contours is a tendency for a second minimum

vhich occurs at 0300 in September, Both the 1954 and the 1957 data exhibit this
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behavior. The reason for this not clear,

Explanation of Tables for 3* and Ar'
= The distribution 'fs]otl of b1 and Ari, Figures 18 thru 21, show a pro-
nounced diurnal trend on most of them, Because of this diurpal behavior, it was
‘thought advisable to split the day into parts in crder to arrive at more mean-
ingful means and standard deviations, The procedure was %o choose a few hours
around the maximum which appeared fairiy homogenecus for one part,, a few hours
around the minimum for a second part, and the remaining hours for the third part.
In the case of Thule and Resoclute Bay, which showed 1o pronounced diurnsl be-
havior, the _entire day was lumped together. Since it was found that most of the
distributions obtained in this manner are approxinately rormal distributions,
they were plotted on probmbility paper. From such plots the medians end standerd
deviations were obtained,
The results are given in Tables VIII thru XV, wnere the mediansz end
standard deviations ¢, of these distributions are given as a function of eleva-
~.}ion angle, Qe target height, h, station, ysar, month and time of day, These
results are for a gigmal frequency of 100 mes, To find the value of the error

at any other frequency these values must be divided by the sguare of the fre-

quency in hundreds of megacycles.

A
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As previously stated, both the ionospheric and tropospheric distri-
butions of b and Ar are approximately normal, Furthermore, under the assump-
tions made, the tropospheric b°'s and Ar’'s and the lonospheric di's and Artts
are additive,

From the elementary theory of probubility(s) it can be shown that the
sum of two independent normal distributions is itself a normal distribution with

Faeg P * ¥y

2) +*

- 2
OA'.'B - (OA + UB

where ¢ = median

o = standard deviation

Subscripts A, B and A + B refer to the separate and the combined
distributions,

Consequently, to obtain the statistics of the combined troposrheric
and lonospheric effects it is only necessary to add the individual mediens to
find the median valus of the comvined effects, and take Lhe square root of the
sun of the squares of the imdivijual standard deviations to obtain the standarc
deviation of the combined effects. This has bsan done for a few of the nore
significant cases covered in this study. The extreme results arz shown in
graphical form in Figures 25 thru 28, which are plots of the mean and standard
deviation of b at Inverness for the months of Dacember and June as a function of
a, with frequency as a parameter for a given target height. The tropospheric
distributions of 6t for target heights of 100, 300, 1000 and 2500 n.mi. are tab-
ulated in Tables XVI, XVII and XVIII, These distributions were made by month

and station only, since no significant diurnal variations oceurred.
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Tables XIX thru XXIX give the combined results at 100 mc and 400 mc for
. the extremes (December, day and night) and for a more normal situation (June) for
oach site in 1957, In addition, the same results are given for Inverness for the
year of 1954, The combined resulte at all sites are close to the tropospheric
values even at a signal frequency of 100 mc in 1954.

As an example of the procedure for combining components, let us find
tﬂe combined elevation angle error, &, at Fairbanks, for December 1857 noom for
a target height of 300 n.mi., an elevation angle of 10C mr and a signal fre-
quency of 100 me,

looking at Tables XVIII and X we find

median b° = 2.84 mr ,

5.98 nr

», median b*
:l t
X o

01 = 2,25 mr

+18 nmr

The median value of the combined d's is 2.84 + 5,38 = 8,22 mr, and

the combined standard deriation is [(.18)2 + (2.25)2] % = 2,26 nr,
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’ The following is a detailed illustration of the operational procedures
which may bovusod to compute refractive elevation angle error, range error and
the Paraday rotation from availsble radiosonde and ionogramic data.

A typical radiosonde ascent was selected as an example, This date,
as well as point by point computation of tropospheric bending yt, and the
elsvat‘on angle error 6t, is shown in Table XXX,

The first and second columns list the value cf N as a function of h

as found from the radiosonde data, Column3 three and four give the values of

No - I& and NJ - Nk at various heights, Columns five and six give the values

of 5C0 tan § for a, 's of O mr and 300 mr al these heights. The values of 500

tan B have been obtained from Figure 2, The detailed procedure for tha use of
Figure 2 is given in the section on tropospheric refraction., These values are
combined to give the values of Ly given in the seventh and eighth columns. The
Oy's are then summed to give the values of y given in the ninth and tenth columns,
Table XXX also lists the steps used to find b from y at target heights of 10 X £%,

50 K £t and 300 K £t respectivaly at the two elevation angles,

As explained in the tropospheric section, these o's must be extended
to greater heights in order to combine with the ionosphoric d's. To do this we

must use the expresaion for b; given in the tropospheric section,

R TR e

tan aH - tan "300

tan aH - tan Go

L,
By = dgao * {rz00 = B3np)

The totel tropospheric range error Art in thie case is

. 000136 (513.1)°
art = =

sin a, ¢ (sin2a° + .001879)5
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15,5

oin g + (sin‘a, + .001879)F

For a, = 0; ot = 508 ft, and for a, = 300 mi; art

= 22 f%,

The reduction of the ionospheric’daté requires some knowledge of ionogram
interpretation. This subject is traatéd in detail in a number of different places,
An excellent introductery treatment may be found in Vol., 3 pt. I of the Annals
of the International Geophysical Year {Pergamon Press 1857), For the purpcse of
this illustration a few very brief remarks will he made,

The ionogram shown in Figure 29 is essentially a plot of virtunl height
of reflection versus frequency. The virtual height is defined us the height that
the radio pulse would have reached had it travelled with a free space velocity,

Due to the Earth's magnetic field, the signa! upon entering the ionospherie

Jayer splits up into two elliptically polarized componenis with opposite sense
of rotation and slightly different signal velocities, These compeonents labelled
0 and X are called the ordinary and the extreordinary couponents, The critical
frequency is the minimum frequency at which the signal psnetrestes the .iorospheric
layer and the virtusl height becomes infinite. In the illustr.tion, the critical
frequency of the ordinary componeant is 10.4 mc. The trace in the 500 to 706 loa
region is a double reflection. The trace between 600 eni 900 ki and in the
vicinity of 5 mc is an interfering signal,

To obtair the approximating parabolic parameters (by the Appleton-

Beynon method) we plot virtual height versus the parameter @(f/f¢) which :is

defined by
1+ £/fc
o(f/fc) = % (t/fc) 1n =————— (24)
1l - f/fc

where fc is the critical fregiency of the ordinary comporent.

- 30 ~




Ao GV, ML,

PR 57 S e

IS st

If the electron profils were truly parabolic the plot of virtual height
L' versus @(f/fc) would result in a straight line given vy
' =
h'=h +y elt/fc)

The details of the ionogram reduction are given by the following table,

£/te .648 .725 757 .834 867 .901 .925
p(f/fc) =1/2 -1/3 =1/4 0 1/4 1/3 1/2
h? 270 280 290 305 330 340 550

From the plot of o(f/fc) vs h* shown in Figure 29 and Equation 24
we obtain Vg = 85 km ho = 225 kn,
Since the critical frequency is greater than 8 mc, the magnetic cor-

rection for Y is 20% and the corrected values are

yy = 68 km

h
o

Using figures 8, 10, 12 and 14, we find the values of normalized 6i

225 km

i
and Ar 3 i
normalized & (mr) normalized Ar~ (meters)
aN 300 n.mi. 1000 n.mi. 300 nemi. 1000 n.mi,
0 mr .041 .042 45 269
300 mr 037 0248 1.90 205

Since the critical frequency is 10.« mc and assumed sizhal frequercies
are 100 and 400 mc, the factoz:s by which the normalized parameiars hive to be
multiplied are (10.4/1)° {100/100)" and (10.4/1)° (1n0/400)* rospect _vely.

The results are:

5" (milliradians)

100 me 400 me
GN 300 n.mie 1000 n.mi, 300 _neui. 1000 nomi,
0 mr 4,44 4,54 .27¢ .84
300 mr 4,00 2.68 .250 .187
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' Ar‘t (meters) ”
. 100 me
aN %0 gunie 3000 nmis 800 numie - 3000 nusi
0 mr 2660 - 200 . 186 181
300 m 2080 2220 120 . - 188

The totcl elevation angle and range error are simply the sum 6f the tropospheric
and the ionospheric componenis,

The Faraday rotation is obtained by multiplying Ari by the appropriate
factor from Table VII. Thus, if the true azimuth is 300° and the elevation
angle 560 x;tr, the multiply’/ng factors for Ari to obtain the pumber of rotations
far a double passage throuzh the ionosphere are ,00367 for the 300 n.mi. target
height and ,00580 for the 1000 n.mi target height., Using these values one ob-
tains the following:

{2 {revolutions)

100 mc 400 me
N 300, 300 n.mi, 1000 p.mi,
0 mr 9,71 11,05 0,61 0.69
300 mr 7.55 8.48 0.47 0,51
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SUMMRY AND RECQMENDATIONS

As a result of ihe work done under Engineering Changes A and B of Con-
tract AF50(602)-1824, and reported herein, simplified methods have been developed
for computing radar elevation angle and range errors, as well as total ray bend-
ing and Faraday rotation. These methods are in a form to utilize radiosonde and
ionogram da.t; for defining refractivity profiles. Deteils of these methods have
been presented in this report, as well as sample calculations on a neerly simul-
taneous set of radiosonde and ionogram data.

The methods were used on radiosonde and ionogran data for Fairbanks,
Thule and Northern Scotland. Statistical distributions were derived for these
locations, which allow one to assess the radar refrection errors as a function
of radar frequency, target height, elevation angle and time. The occurrence of
surface ducta, wa.a also determined at each location and the effects on terrain
and sea clutter were determined at various radar frequencies.

It is recarmended that the methods presented in this report be used in
conjunction with radiosonde and io;:ogra.m data for a particular time and station
to obtain the refraction effects to be expected for a particular radar location.

The statistical data presented, together with the procedures given
for its use, will give an adequate picture of the average values (and the

standard deviations) of the effects to be expocted at the chree specified sites,
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(1) Schelkunoff, S.A.; Bell Telephone Lab, Report MM-44-110-53 (July 1944)
(2) Shimazaki, T.; Jow’. Radio Res. lab, 2, 85 (1955)

(3) Munroe, W. E.; Zm‘ ry of Probabjlity McGraw--Hill 1951 pp 92, 93
(4) Wright, J, W. and Norton, R. B.; NBS Report 6031 (Feb., 1959) '
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i 30U 9.6 0.9  7.90 .25 5.5 ..  £.50 BT .89) L0%3 177 0026
guns
f
: W 4.0 0.6 2.7 31 1.47 04 0,50 LOMB L184 005 .0%6 L0005
j 50 7.i 0.6 563 .29 3,86 i)  i.58 ,052 535 ..007 301 L0020
100 8.4 0.7 6.7¢ .31 4.75 .11 2.08 088 .72, 009 .142 0022
300 9.9 0.8 8.0 .29 5,58 .12 2,50 .042 &8N 034  L,177 U6
t .
- (
}

C e g vy oy —




AT T TN

T oy
e

R

e

o =Omr a_=10mr a_=3Dmr aQ=100mr a, =300mr a‘jxlOOOmr
h(kft) med o med o med o med o med o ned o
Jduly
10 4.2 0.7 2.9 .35 1.48 .06 0.50 020 ,164 007  .028 0009
50 7.4 0.8 5,72 ,55 3.89 ..4 1.5 L0580 B35 011 102 L0082
100 8.7 0.8 6.9% .3€  4.77 .16 2.U9 089 .725 014 .l44 L0037
300 0,2 0.8 8.0 .37 5,862 .18  2.51 065 .890 021 .i79 .0043
August
bt 4,9 0.6 2.7 .34 1.48 .05 (.50 .014 165 005 .028 .0005
50 7.5 0.7 5.67 .33 3,89 .:1  1.80 .0%6 .537 .007 .102 .0018
100 e6 0.8 6.85 ,33 4,77 .13 2,10 ,042 729 009 .3 .0020
300 9.9 0.7 8.0 .3¢ 562 .:4 2,52 ,047 .895 .013 .27S 0024
September
10 5.6 0.5 2,60 .29 1,42 .04 0.48 ,013 .IBD .008 .0N28 0006
50 6.8 0.5 5.43 .25 &, 70 .10 1.5 ,033  ,528 007  .097 0022
100 8.2 0.5 6.5 .25 4,67 .11 2,05 .40 718 009 .14l 0025
300 9,5 0.5 7.74 .25 546 .12  2.47 .0a4 .877 014 .75 .0C29
“etober
10 5.4 1.0 2,65 .31 1.42 .05 0.48 .04 .60 .005 .028 .09%
50 64 1.0 5.4 ,27 Z.73 'z 1.85 .34 528 ,007 .000 .DU23
100 7.8 1.. 6,88 .27 464 .4 2,04 M0 ,717 .009 .i4. .0026
300 9.5 Q,° 7.8) .26 5.46 .1& 2,46 .45 878 ,014 .i75 .COZ0
November
10 3.9 17 2.84 .43 1.47 .04  0.8D 014 154 005 028 00M
50 7.1 1.8 5,68 %6 3.8 . 1,59 035 535 ,008  .099 .00%&
300 8.8 1.8 6.77 .39 4,74 .11 2,09 04> .726 010 ..47 .00i7
800 10.0 1.8 7.98 37 5,50 .2 2,51 046 892 .01 .i75 .002)
Decegber
10 6.0 2.4 3,23 .48 1.50 .4 0,51 .0i8 .67 .00  ,029 .0D98
50 7.5 2,8 6.12 .40 5.89 . 1.62 (046  .540 009 .:01L .0029
100 10.9 2,7 7,20 45 4.8¢ ,i2 2,12 .034 734 .02 .145 .0033
300 12,0 2,3 645 .45 570 .13 2,54 (062 .91 018  .180 .JJ39

e -




TaBlE 111
TRCPU SIS b's  (mr)

Feirbanks, Alaska

a ,=Onr a,=10mr a,=30mr a,,*100mr EgtSJOmr a_=1000mr
h(kft) med o med o med o med 2 ned o med o
danpuary
0 5.7 4.2 3.42 1,60 1.%8 .15 0.82 X4 172 015 .029 ,00.8
S0 9.5 4.2 6.50 1.50 4,08 .36 1.64 11 .546 .022 102  .0067
100 10,7 4.0 7.60 1.5 §,04 .40 2.15 .12 740 ,028 147 L0077
300 2.1 4.0 8,85 1,65 5.82 .45 2,58 Lli4 ,912 .043 ,182 0090
February
10 5.6 3.4 3.55 85 1.54 .10 0.51 .02 LAiT7C L,009 L0029 L0010
50 9.2 3.3 6.0 20 4,00 .23 L2 ,08 & L0130 103 L0040
i i0.5 3,7 7.00 1,04 4,92 .20 2,15 .07 L7366 .016  ,245 .45
200 31.9 3.8 8.55 .85 5.81 .29 2.% .03 LO07 028 180 L0083
March
10 5. 6.2 3.4 L0 1.48 09 0.50 .8 ,1i66 O 029 .C0L6
50 8,5 6,3 6.32 1.15 3.89 .2 1,54 .207R LE37 019 LG L0060
100 9,7 6,5 7.40 1,20 4,77 .28 2,09 .20 . 729 025 .143  ,0268
300 11.6 5.0 8,30 .60 562 28 2,50 098 RIS 036 .178 0080
Aerdl
10 5.4 1.5 2,97 .42 1,45 .06 0.49 017 ,160 007 ,028 ,0008
53 8.4 2,1 5.85 .45 3.77 .14 1.56 043 527 010 099 .0028
100 9.8 2,3 6.96 A7 4,89 15 2,06 3%, (718 .013 L1417 0032
300 11.1 1.9 7.97 L4 5,88 10 2.47 )7 876 ,020 .17% ,0036
Yay
10 £§.2 2.1 2.4 .46 1.44 % 0.42 L8 L1899 (007 LIRS L 008
50 8,2 2.0 5.€8 .92 3.74 .4 .85 046 L2858 010 L1102 0031
1006 9.6 2.1 8,7 B 456 16 2,04 024 713 L0483 142 ,003§
309 10.8 2.3 7.90 L2 5.8 iR 2,46 .0 875 .020 177 .0041
Jung
12 4.0 5.9 3.%6 57 ILER .29 J,81 .08 .68 010 RS 0011
5¢ 8.0 5,2 6.30 L7 3,93 .22 1.6 [ 0DF .540 016 03,0043
0 9.0 5.4 7.49 BB  4.87 .25 2,10 08 L7335 020 ,14F ,0048
300 11,5 4.5 ~ 8,60 .67 5,714 .28 2,85 W& L9901 080,182 .0087




TABLE TIT

(cont, )
qg:Onr a2=10mr aozSOmr nglOOnr aQ=500mr uQ:lOOOmr
h(kft) med 0 med o med ¢ med o ned o med o
July
10 6.0 5.0 3.60 70 1.69 .11 0.4 .03 +180 .01l L0830 0032
50 9.2 6.2 6.55 .70 4.12 .26 1.68 ,08 .568 ,016 .108 0047
100 11.4 7.0 7.78 . TR 5,09 .29 2.20 ,09 -T68 320 L1580 00863
300 12.6 4.3 9,02 90 5,98 ,32 2,63 .10 .934 051 . 186 0062
Aygugt
10 56 1.4 3.42 .47 1,63 .06 0.54 ,020 .18C .08 .030 .0009
50 8.2 1.5 6.50 L0 4,19 .14 1.70 050 .60 012 .108 L0034
100 0.6 1.5 7.72 55 5..7 .is 2.22 ,059 LI 014 L1531 ,0088
300 .1 2.0 8.39 L0 8,07 .17 .66 ,065 .937 022 187 0048
September
30 5.5 2.4 3.29 B1 1.54 10 0.52 .028 L7 01 D29 L0012
50 8.9 27 6 .20 00 4,00 .24 1.64 070 .545 .018 .103 ,0048
100 10.4 2.7 7,39 LT 4,95 .27 2,4 .083 738 020 .46 0054
300 12,0 2.9 8.6 17 5 82 30 2,57 .032 ,909  .031 .18y L0064
}
: October
% 10 5.2 2.0 3,12 .45 i.48 .06 0.5 .,015 L6885 0B LO29  ,0007
i 50 8.6 2.0 6.04 .37 3,85 L1l 1.58 .J39 535 (09 ,102  ,0028
; 100 9.9 1.9 7.15 47 4,78 .i8 2.08 046 L7128 (1L , 142 ,0029
! 300 13,2 290 8.29 .58 563 .14 2.80 IS¢ .88e 017 L1770 0034
! November
i 5.5 2.5 3.45 G 1.54 .11 0,81 032 ..169 LS .29 ,0013
59 9.0 2.8 €.17 .8 3,98 27 1,61 .081 542 047 103 0049
100 0.4 28 7.25 92 4,93 .30 2..2 ,096 734 G20 ,145 ,0068&
332 170 490 8.43 .95 5.80 .34 2.54 .18 L2004 031 ,180 0085
Jecem
; Y 7.2 8.6 3.85 95 1.64 2J 0,88 ,J08 L185 21 030 L0024
; 50 8.2 10.0 7.24 .75 4,22 47 1.68 .i4 .55 ,082 .108  ,2090
! 100 1.2 9.4 8.22 1.78 5,20 ,82 2,20 .16 784 040 L4580 0100
300 2.2 6.0 0,44 145 6,0 .58 2,64 .18 948 (61 I LO1R0

w—o . ww i o




aBlE 1V

TROPUSTIERIC RANGE ERROR IN FRET

a =0mp ' a = 10mr a.,)“-“SOmr a\,:"lOOmr « Q;‘-SO(W an: 1000nr
Month med q med o med o med o med o] med o]
leuchars
Jan, 810 12 247 9 163 7 64.8 2.8 22,75 1. 8.0 .28
Feb, 312 12 248 8 1684 6 65.5 2.6 25,0 .v B.0 .35
Mar, 334 13 253.5 8 166 6 5.8 2.5 23,1 .88 8.6 .30
Apr, 314 13 251 1o 166 7 66,0 3.1 23,2 1..0 8.49 .28
May 312 12 249 10 166 9.5 (6.4 4,0 23.3 130 8,27 .88
June 323 15 258 12,5 1M 9 67.7 4.8 23,8 1.65 6.4 .60
July 340 18 278.4 11.0 182,6 7 73.2 3.4 25.8 1.8 9.09 .48
Aug, 335 18 268 13 178 8 L 4 25,2 1.3 9.0 .45
Sept. 3290 18 264,5 10,8 174.2 10.9 69.9 4.4 24,55 1.50 8.67 .52
Oct.. 326 8 2€1.2 10.0 173.8 7.2 69.2 3.2 24,35 1.i0  8.59 .40
Nov. 31t 1 254.2 7.8 167.4 6,0 67.0 2.5 2%.45 .98 8.29 .33
Dec, 3.7 4R 253.5 10.2 167.2 7.2 66.4 3,i 23.40 1.11 8.26 .4U
Thule
, Jan, 310 9 251,4 7.3 165.,8 5,5 658 2,9 23,2 .83 8,19 .29
\ Fab, 312 10 255 7.5 167 6.0 66.5 2.2 25,6 .9 8.4 .3
. Mar, %W 9 280 7.1 164 5.3 65,2 2,. 28,1 .8 8.2 .3
4 Apr, 311 8.0 247.3 7.0 163.2 5.. 64.8 2.3 22,70 .80 8,03 %)
May 299 7.0 237C {2 LW, 48 625 1.8 21.55 .70 7.6: .23
. June 30 8 2558 €.3 (55,8 4.2 51,9 2.2 21,72 .17 7.68 .2
- suly 302 10,0 2400 86 158.5 68 62.5 2.8 20,00, .98 7.73 .32
p Aug. 3J1.5 6.5 2%39,5 5.5 1576 4.0 62.7 1.8 21,98 6t 7,73 .21
Sept. 293.1L 6.7 2328 6.0 52,4 4.1 6€0.¢ 1.9 1.;83 .68  7.47 .24
? Oct. 292.0 7.0 232,00 8.3 15i,) %0 59.8 13 2.0 L7 7.4 .25
Nov. 30 6,5 238 5,0 157 45 615 70 Y105 L7 7.65 .28
3 Dec. 3 6.5 240 §.) .59 S0 620 2.5 2,0 .9 7.8 .29
i
. Fa:rbanks
3
{ Jan, 502 16 247 17 62 4 £5.5 C.2 22,7 2.2 8.0 .8
» Feb, 507 i5- 245 iz 161 9 65.6 &.& 22.4 1.2 7.9 .45
Mar, 299 12 239 20 1% 1a 62,2 €.4 £1.9 2.4 7.8 .75
Apr. 287 9 228 6,5 a2 6 59.8 2.5 21,9 0.9 7.4 32
May 290 9 231 7.5 162 3.0 5.7 2.9 21,0 0.2 7.5 30
June 304 10 242 33 159 9 3. F 2.9 22,0 1.5 7.9 .47
July 37 15 254 2 168 9 66.5 3.5 23,5 1.3 8.3 .40
Aug. 318 16 256 13 17: 10 68,0 4.2 25.9 1.5 8.5 .55
Sept. 308 12 247 13 62 10 64 4.4 213 2% 8,0 .51
Cet, 297 9 237 8 165 5.6 061 2.3 21,6 ° .85 7.6 .%0
] Nov., 307 15 244 13 158 10 63.5 4.0 22,2 1.5 7.8 .51
; Dec. 31 W 257 1@ 187 1 €8 £.5 23.8 2.2 8.4 .5
1 .
\




TABLE V7,
e DUCT CHARACTERISTICS

Fairbanks Thule Leurharsa

Maximum % occurrence
of surface AN/h > 45/.000° 19 (Jan) 3 (Jan) 4 (July)

Average thickneas 501 B85 270!

Minimum frequen:y
trapped 800 m~ 3000 m2 3300 m-

€ Occurrence of irapp:ng
at 1200 mc

at 5000 me 7

w
«
o

Maximum terrain
slutter range ®m. mi. (mountain face 2000' high, 30 miles long)

400 mc 350 200 350
1wl me 3N 200 259

% O-currence of maximum
¢lutter rangee

420 mc 2 0,3
1000 m« 5 2.3 3

P s o - - ppu— - - . S e v
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v morn a2 s san ap———" A7t S A\ SRR 3 o ch b e 1 v+

TABIE yil!
' TONOSPHERIC &'s (mr)

Thule, Oreeniand

a0 mr a= 130 or a ¢ 300 mr a.* 1000 mr
h(n.mi.) med o med a med o med o
Mar:h 1957  0000-2800
500 1.95 .80 2.34 1,08 1.95 .90 624 .29
K 2,1 .90 2 31 .99 1.47 .63 6885 .29
2500 2,10 .90 2,16 .93 1.21 .52 382 17
inf, 2,10 Y 1.94 .83 860 .38 136 059
v 7 _oR1n
300 1.60 .52 1.92 .62 1.60 .52 520,37
1000 1.85 52 2.4 _S6 1.30 .36 647 .18
2500 1.85 .51 .91 ES 1.06 .29 372 .10
inf, 1.85 .51 1.7% .48 .75¢ .21 1129 08s
September 1957 0002300
500 1.52 .78 1.82 .94 1.37 RN 486 .25
1000 1.60 .74 1.76 .81 R0 .8 .52) .24
2500 1.60 .74 1 65 7 920 .43 298 14
inf. 1.60 .74 L 47 68 654 .31 %048
Degrember 1957  0037-2300

300 1.25 55 1,50 66 . .50 L400 .18
1000 1.35 86 1.49 .78 877 .43 .439 2,
2500 1.38 .66 1.39 .68 120 .85 252 L2
inf, 1.85 .66 1.25 61 .S11 25 LO87 242

ALL TIMES IN MEAN LOCAL TIME

_ R . S AT i, 1t

i e

T s i i s et i M

e i e o ————




TABIE 1X
IONOSPHERIC 5's (mr)
Resolute Bay, Canada
a= Om a = 100 mr a = 500 mr
hi(n.mi.) med o med o med g
March 1954 _ 2000-2300

300 495 190 545 200 .408 157
1000 525 «200 o925 «200 «315 . 120
2500 .528 200" .493 «188 .258 099
inf, 525 .200 .442 . 169 . .58 070

' 51 _ 000023

300 778 . 1456 856 . 160 647 120
1000 2820 . 155 820 + 158 . 492 003
2500 820 «158 .770 . 145 . 404 .07
inf, .820 +155 £91 « 130 .288 054

Se 1954 0C0Q-

S0 622 .98 6856 218 .5.4 . 163
1000 .860 <220 860 .220 598 132
2500 860 220 620 208 325 108
inf, 660 « 220 .558 .188 237 W77

December 1954  0000-2300

300 .440 220 .485 242 L3R2 .1B1
1000 4580 JR18 .450 L15 270 . 129
250C .450 215 .422 . 202 .222 . 108
inf, .450 .R15 379 «iB1 . 156 075

ALL TIMES IN MEAN

I0CAL TIME

a_= 1000 mr
e S

med

. 108

0638
0221

. 163
7%

:0352

.i81
L1358
.08V
L0277

.0925

L0545
.018¢

g

1436

~0260
.J90

S e i i g ot WA Dbt S i



Il‘@k@ é
TONOSPHERIC &'s (mr)

Fairteanks, Alaska

\ ao= 0 mr ac= 100 mr a.* 300
h{n.mi.) med o med 0 med
ch 54 12007
300 .685 , 150 . 754 143 .68
1000 142 +R43 ' ,742 243 45
2500 . 142 .43 .696 .e28 .366
anf, 142 .243 825 Te’ } 260
Merch 195¢ 190080
300 R77 228 3382 .268 250
1000 281 .238 81 .258 .183
2500 .281 238 266 224 ]
inf, .281 .238 .38 201 .08
March 1954 Q7C0-1100
300 477 08 .573 <19 .A20
1000 JE12 LLE .S512 215 «333
2500 .512 at) .490 202 74
inf. .512 L15 .439 . Bl . 194
June 3954 _ 0C00-2300
30) 595 . 150 06585 .68 535
1000 665 o175 865 L1758 <432
2500 665 o215 B25 .164 .555
inf, 665 175 L5690 . 147 R52
Sogtﬂbeg 1954 100J-1899
- 330 .585 +180 645 .198 - 026
1000 835 <172 035 . 172 413
2500 885 .12 .596 TP .540
inf, .658 W A7 585 .44 .42
300 .00 165 240 .198 . 180
1000 R25 17 248 -487 . 146
250 25 <170 +R33 Y ] . 120
inf. 285 <170 209 .158 088

ur

.07
. 146
. 120
L0BE

L2001
L1856
4

090

o242
« 140
o216
.082

. 185
.114

.87

<149
« 110

~084

a.= 1000mr

I R—
med o

. 164 L0312
L 163 L0638
094 L0810
«J32 WJLl1
089 L0557
0738 819
042 L3860
014 «ViRS
A7 387
. 128 L0837
.\)74 00310
LUR6 0107
. 149 0375
... 73 04868
..30 .62
038 L0390
o145 0442
.59 » 44
LJ91 LJ253
eUd 0088
86 . 462
064 . 0485
.56 280

.012

rernanaeron—




300
1000
2500
inf.

300
1000
2500
1nf,

500

2500
inf.

320

" 2500
inf.

300
1000
2500
inf,

h{o.mi, )

LABLE X
{cont.,
a = 0 ur 6= W0 ome a - &) mr a = 1000 mr
P e e —im 13
Hed o med o med ) med o
December 1954  1000-150Q
,960 410 1.060 .451 .720 . 807 <1635 .0895
.960 870 .960 870 . 528 .04 .157 . 810
.880 370 L8R .548 .454 ..68 .080 LUB50
.960 370 808 303 338 .9 L30 L127%
December 1954  0520-0800 and ,800-:19%)
. 185 LO0B7 w174 074 . 128 .055 39 L0168
158 085 .155 .084 .008 .051 04l 0225
.168 085 . 148 080 .076 .042 024 0129
188 .085% .81 072 .058 . 080 008 0048
Degember 1994  1600-1700, 0900 and 2000-0400
340 . 140 374 194 .280 L1168 078 .0308
+340 135 340 i35 LR . JBE 075 .0297
.340 9.1 .320 L1R7 .iB2 072 043 0171
+340 .35 RE7 .113 29 .05 018 L0059
March 3957 _ .000-1900
3.90 2.0C 4,68 2.4 3.51 %.82 1.170 .600
4.00 2,40 4.40 2.64 2.60 LS8 % .200 .720
4 .00 2.4 4,13 2,48 2. 14 1.28 0.6%0 424
4.00 2.40 3.70 2,22 1.82 9 0.259 . 148
March 19857  2000-0900
1.70 <20 2,04 1,08 1.58 .8 ,420 270
i.79 &7 1.94 96 -8 57 . 537 261
1.7 .87 1.82 ,80 .954 .47 ~308 <150
1.79 .87 1.63 81 €8 .33 . 408 . 252
Juge 1957 _ 0C00-280
1.69 .89 2.03 1.07 1.69 .89 558 294
1.98 »59 2.18 .65 1,39 A4 . 704 209
1.98 .52 2,04 63 1.14 .34 L4085 120
.08 .59 1.85 .54 1.00 24 . 140 .042




h(n.mi,)

300
1000
2500
inf.

500

2500
inf,

1000
2500
irfo..

2500
inf,

500

-

1
2500
inf,

TABLS 4
cont. )
qo= 0 mr o= 00 mr - ap‘: 300 mr ag‘ 1000 mr
med a med o med ] med c
September 3957 1200 -1900
1.81 <96 2.18 1.18 1,638 .88 .61 S04
2.C0 .98 2,20 1.08 1.40 .69 .620 .504
2,00 .98 2.06 1.01 1.15 .57 + 356 .175
2.00 .98 1,868 .90 62 .41 . il3 061
Sentember 1957 _ 2200-0600
&2 .52 .98 28 .82 29 268 «106
.87 ol .98 .34 61 .2 .296 .l
.87 31 <0 .32 .50 .18 N )] 061
,87 35 81 .29 «35 o3 059 LR1
Sept 57 ___2000-2100 snd 0700-4200
1,45 .59 1.74 11 1.51 .53 457 I ]
1.61 B85 3.7 .72 1.08 .42 .515 .208
1.61 K13 1,64 .68 .86 .34 .96 o119
1.61 65 1.49 L1 61 24 .02 041
D er S7 -1700
4.48 1.87 5.38 2.25 4,03 1.67 1.295 .048
4,93 1.62 5.43 1.78 3.20 1.08 1.49% ,470
4,93 1.62 5.10 1.67 2.63 .86 .660 270
4.98 1.62 a.57 1.44 1.8) b1 298 .093%
Dec 87 800 20¢
1,05 .45 1.26 .54 .95 .41 541 Lle4 -
1.21 .39 1.33 .68 .85 .41 .40 ¢ 196
1.21 «99 1.28% .61 .10 .24 *, 250 o112
1.21 .59 1.2 .55 « 0 L Lre L59

ALL TLES TN MEAN LOCAL TIME

s i AP M

- RS S




TARIE X

IONOSPHERIC 3's (mr)

- Inverness, 3cotland

a=0m a= 100'mr ‘a_= 500 mr
e s s - ek s
h (n.mi.) med - g med o med o
ch

300 1.1% 326 1,25 392 Lo 221

1000 1.18 385 1.13 323 855 .60

2500 1.18 585 1.08 304 .559 .131
inf, 1.18 585 952 R4t .382 0910

ch 2

300 L83 .147 .186 L1556 . 128 «100
1000 183 147 LJI28 L1453 0876 0955
2500 133 147 <121 154 .70 07858
inf, <183 » 147 +109 120 L0511 .0558

March 1954 2000 apd 07000800

J00 .88 ,198 .585 ,168 .454 147

1000 « 850 <185 <550 +188 330 il

2500 «580 .1856 516 174 L7 +J91

inf. +580 .185 .464 «1956 192 .06E

Jupe 1954 _ 0000-2300

300 950 415 1.02 .466 .76€ 342

1000 990 440 .990 .440 .64% 286

2500 990 .40 950 414 . 529 L35

inf, .990 440 .835 372 275 .167

September 195¢ 10001920

500 .860 <347 945 .382 L1710 .286

1000 1.18 .400 1.15 .400 890 .R40

2500 1.15 .400 1.08 376 67 .197

inf. 1.15 400 .970 358 .403 . 140

September 1954 0300-0500

300 «130 051 «156 L0621 L 217 046

1000 156 075 156 078 .101 .049

2500 <156 078 146 070 083 040

inf, 156 D75 .18 + B3 089 .0R8

a = 1000 mr
med o
239 .08B2
.248 0809
142 Q465
049 0181
L0566  .0405
L0872 0412
o214 .02%6
.007¢  .00B2
119 .41
J115 L0578
L0850  .0217
0225 .007S
214 .0955
218 L0970
525 0560
L0453 .0194
295 077
.258  .090
48 .082
L0513  .018
L0858  .0152
.0405  .0185
0232 0110
0080 .00B8




ir

TABLE
(cont.)

a= O mr a.= 100 mr ao—‘- 300 mr a.= 1000 mr
h{n.mi.,) med o ned o med o med @
Sept 964 06 apd 2 9}

300 455 208 .o00 . 226 -.375 . 169 . 102 0461
1000 960 250 . 560 250 <336 «150 126 0562
2500 560 .80 .528 235 R78 . 123 0724 0320
inf, .580 250 471 L11 «196 .087 851 L0111

December 1904  1000-1500

300 900 200 L9920 220 630 . 140 .155 080
1000 955 200 L9588 200 -478 . 100 . 143 .030
2500 985 000 .898 . 188 -398 ~082 0821 017
inf, 955 , 200 .806 .169 LR7T9 088 .0284 .0059

Decepber 1954 1900 0

300 L80 031 .088 O34 L7 28 0186 L0076
1000 «090 39 «990 039 <049 LR 0825 . 0098
250G 090 089 088 037 « 040 017 L0129 0056
inf, 090 .039 076 . 083 . 028 012 L0045 0018

Degember 4954 0900 and 1600-1800

800 330 .185 363 <204 .247 .139 L0595 .033Z
1000 .369 .85 .569 165 . 240 <107 .0665 0297
2500 «369 .185 .548 1585 .197 088 .0382 L0270
inf, .369 .165 3510 . 159 .140 063 0136 .0059

' March 1957 1000-1800

300 5,38 1.84 6,40 2.21 4,898 1.66 1.63 . b1
1000 .80 1.85 6.39 2,04 4.06 1,29 1.83 588
2500 5,80 1.8% 6.00 1.82 3.33 1.08 1.05 536
inf, 5,80 1.85 5.49 1.7% 2.36 . 758 364 <116

Mapch 1957 2100

300 800 90 960 .60 .BE0 .98 .332 21
1000 1.06 58 1.16 681 797 .41 .451 .24
2300 1,05 -1 1.09 .07 655 .34 «280 .14
inf. 1.08 .55 .960 .51 465 R4 390 048
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Econt.. !

a=0me a= 100 mr a = 300 mr a = 1000 mr
hi{n.mi,) . med o med o med o med g
March 1957 _ 1900-2000 apd Q700-0900

300 5.42 1.52 4,10 1.83 3.08 1.37 956 .425
1000 5.10 1,15 3.0 1,15 2.02 « 750 1,18 437
2500 3.10 1,15 2,91 1,08 1.66 617 678 .252
inf, .10 1.18 2,61 970 1.1i8 .439 234 .07

dupe 1957  0000-2300

300 1.88 .75 2.22 .90 1.85 .75 684 .28
1000 2.47 .85 2.72 .94 1.85 .64 .966 .54
2500 2.47 .88 2,58 .88 1.52 «58 561 «20
inf, 2.47 .85 2.50 .79 1.08 .38 .194 069

Sept 1957 9}

300 4. 28 2.11 4,67 2.32 3 5. 1,74 1,04 .495
YL ) 4,45 2,02 4.45 2.2 2.89 1.31 1.0l » 980
2500 4.45 2,02 4,49 1.90 2.58 1,08 639 .330
inf. 4.45 2,02 3.7 1.7 1,69 . 766 Rl .14

September 1957 0000-0500

300 1.08 600 1.23 .720 922 . 540 «323% . 266
1000 1.05 650 1.6 .715 .682 422 315 .280
2500 1.08 650 1.09 B872 . 560 .350 .18 « 150
inf, 1.05 65 979 504 -396 .248 063 .082

September 1957 _ 0600-0E00 and 2009-2300

300 2,05 1.17 2.26 1.29 1.69 .985 482 75
1000 2.20 1.27 2.20 1,27 1.43 .830 528 .309
2500 R.20 1.27 2.07 1.20 1.17 .680 303 .180
inf, .20 1.27 1,68 1.08 .B30 483 .87 » B2

em 7 17

300 8.1 8.90 8,90 4.30 6.68 3.22 1.86 896
3000 9.20 2,85 9.20 2.85 5.581 1.71 2.12 656
2500 9.20 2,.85 8,65 2.68 4.53 1.41 1.22 .380
inf, 9,20 2.85 7.7 2.41 3.22 1.00 423 .131

-
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0

h(n.mi.) med

300
1000
2500
inf,

300
1000
2500

* "'r..? ‘
R S

‘7_:‘-. BT
soont.é
a=0mr a = 100 mr a_= 800 mr
o med o med o
Dec 57 02-07
900 +-450 «990 +495 630 315
«200 450 .930 415 519 «260
900 .450 835 372 368 .185
Dec 7 8002 apd 08
2,60 1.65 2.86 1.82 2,34 1.49
2.80 1,70 2.80 1.70 1.82 1.11
2,80 1.70 2.63 2.60 1.80 <910
2,80 1.7 2,36 1.44 1,07 645
ALL TIMES [N MEAN LOC.L TIME

s i weow

412
.452
-R80
.097

T " . W
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TABLE X7
TONOSPHER1C RANGE FRRCR TN METERS

Thule, Greenland

a0-= 0 mr uo= 130 mr a.* 330 me ao“-‘- 3000 mr

h(nmi,) med o med o med g med o
c 7 0000-2300

300 1420 690 1351 656 1066 §i8 S50 260

>100 1680 740 i568 703 1239 565 660 300

Supe 1857  9000-2300

300 1250 370 1188 3561 936 77 478 340
21000 1850 420 1472 399 1161 315 635 170

September 1957 _ 0000--2300

800 1220 650 1150 617 014 488 466 250
>1000 1310 650 1245 €620 282 490 524 &

Lecember 1957  0000-230Q

3C0 1000 530 950 503 789 398 383 200
>1000 1100 650 1044 617 825 488 440 260

ALL TIMES IN MEAN LOCAL TIME

v - - -
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TABLE XI1
1ONTE PHFR.C RANGE ERROR IN METERS

Resolute Bay, Canzda

ALL TIMEC TN MEAN TOCAL TIME

aQ-’— 0 mr (10: 100 mr uD= 300 mr a= 1300 mr
h(n.mi.) med g med o med a med 0
Merch 1954 _ Q000-2300
300 290 13D 266 124 203 9i 101 45
21000 312 172 290 155 218 121 105 60
June 1956  0000-2300
300 455 85 432 8% z18 6 159 30
~1000 5086 120 455 ic8 - 354 84 176 42
Geptenber 1984 0000-2300
300 360 118 242 112 252 83 126 41
21000 400 160 260 144 280 112 140 S8
Neccmber 1984 0000 -2300
300 260 140 247 33 182 98 9% 49
21000 270 1f5 250 149 189 1R 95 £8

T bttt g o i
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h{n.mi,)

500
21000

300
>1000

300
>.000

300
>1000

500
>1000

300
21000

300
21000

500
>1000

300
21000

ABLE
IONGSPHERIC RANGE ERRORS IN METEHS

Fajrbanks, Alaska

= = = = 1000
a,= 0 mr a, 10C mr a, 300 mr ¢, 1000 mr
med o- med o med o med o
Mapch 1954 = 0900Q-1900
400 160 3860 152 280 1i% 140 S6
425 185 04 47 318 116 154 56
tvapch . 1954 _ 2000-0800
208 118 195 109 154 86 74 41
225 140 214 133 169 106 84 52
June 1954 00002
420 95 380 an 320 71 144 34
455 12% 432 119 341 94 170 47
September 1954  1000-1800
405 e7 385 83 304 65 1 31
445 %08 422 130 334 79 166 39
Sentember 1954  18N0-0900
186 85 157 £l 124 64 62 .1
200 110 i) 105 150 83 75 4]
December 1854 _ 1200-1400
s62 105 534 o8 394 72 197 36
58v 195 540 176 410 137 204 68
Decomber 1954 __ J83C-08(0) and 17002000
120 60 114 57 84 42 42 21
120 26 114 34 a0 27 43 13
December 1954 23100-0400, 09001000 and 1508-1600
250 14%8 258 .38 175 102 88 51
283 135 254 122 198 95 99 47
Mapch 1957 _ 11°0-1800
26350 1270 2500 1210 1970 950 285 476
3180 . 1540 2990 1460 2360 1150 1230 600

i & B W S T i T -
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(cont, ) !
a=0nmn a= 00 mr a = 300 n:. a= 2200 mr-
h{n.mi.) med o med o med o med ] !
h 1057 2000--
300 1220 470 1160 445 915 352 457 176 s
21000 1430 870 1360 635 1070 500 557 261 P

June 1957 _0000-2300

300 1390 440 1320 417 1040 330 542 71
21000 1680 490 1570 465 1240 370 676 200 .
September 1957 10001900
300 1440 740 1370 701 1080 585 540 280 , !
> 100N 1470 802 2400 %0 1100 600 S8 3RO i
Sept. 7 2
300 880 280 8385 360 660 285 334 140
21000 920 400 875 360 690 300 368 60
Decemb 957  1200-1800
500 3620 1160 3440 1190 2720 870 1570 440
21000 3950 1210 3750 1150 2960 910 1410 45¢

December 1957 2000-0900

300 710 300 674 284 532 225 27 pdv)
T 21600 790 230 790 230 591 178 284 30

December 1957  1700-190") and 1000~ i

300 1920 40 1820 796 1440 630 730 320
>1000 2020 1320 1920 1060 1520 840 749 330

ALL TIMES IN MEAN LOCAL TIME

-
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2.;'@!7 u
IONCS PHERIC RANGE ERROR IN METIRS

Inverness, Scotland

a* 0 mr a.F 100 mr a. = 300 mr a. ® 1000 mr
h(p.mi,) med o med o med o med )
Marcn 1954  :300-:8 —
200 710 160 674 152 497 112 243 . 56
> 1000 730 175 694 157 511 123 282 60
March 1954  2200-0600
300 72 24 68 23 55 8 27 9
21000 82 84 77 80 6l 63 32 23
Yarch ;954 _31900-2100 apd 07001200
300 469 i686 445 158 328 116 i64 58
21000 469 180 445 162 328 126 64 68
Jun 1954 70023090
30 GES 168 632 159 485 118 256 60
21000 870 205 - 636 298 503 153 240 74
Junz 1954  QA0C~060C
302 405 110 384 104 284 77 142 38
21000 415 150 394 142 3il 113 14¢ 54
Soptember (954 100Q-2200
300 520 170 494 i61 564 119 182 6
>1000 565 175 536 66 423 3l 97 61
September _ 1954 2.00-050)
302 96 29 91 28 72 22 35 11
>100C 96 3 oL 33 72 26 36 18
Septenber 1084 _ 7600-0900_and 2100-2000
300 270 107 258 102 . 189 75 98 87
21000 290 25 276 118 218 94 108 44
Cocember 19054 1000-1699
300 550 160 522 152 385 112 181 83
21000 613 222 552 200 428 185 202 75

b e A
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\cont,)
a= 0mr @, = 100 mr o= 300 mr
- B e e ] [PRU- S S e
hin.mi,) med g med a -med o
Docember 1954 _ 1900--080Q
300 66 22 63 21 45 18
>1000 84 49 80 16 63 37
December 1934 U900 and 1700-1800
300 197 72 ie7 67 338 42
21000 225 £g 20% 79 187 62
March 1957 1000-1800
300 3900 A300 . 300 1240 2920 980
21000 5750 €309 &8t 2320 4310 1580
Msrch_ 1957 _ 21000600
300 700 3co 865 285 525 225
21000 1090 550 00 58 850 470
Margh 1857 )70-0900 and 1900-2000
500 080 653 1350 820 1849 490
>1000 3250 000 3080 950 2444 750
June 1357 _ 0000-2300
300 8630 50 1810 HE0 1980 440
>.000 1970 €10 1470 6.0 87 520
Sentember 1957 _ .000-1700
300 2900 1102 760 L350 2282 830
>.000 2950 112 2830 1060 2220 850
Sapilember 39357  2100-06J0
500 840 463 798 456 839 330
231000 86C L€ . Bif 435 645 335
September 1957 _ 0700-090C_and 1600-200)
SC¢ 1780 1000 1500 05 1280 700
21000 1950 1070 L7440 96 1450 800

TABLE £V

a = 1000 mr
(o
med o
24 8
31 8
6& €3
7 29
1480 495
2300 RA0
294 126
430 236
764 042
1240 385
644 224
837 2672
1040 400
1100 4
34 37
325 180
623 350
895 390

T 8 B A




h(n.mi.)

800
23000

500
>1000

500
21000

~a

:'%!&ﬂ )
gont, |

a.= 0 o o °= 300 mr a = 300 mr uof-' 1000 mr

ned (o " med o med ] med o]
Dec 7 16 )

8200 1770 5890 16880 4340 1200 2180 620

8300 1770 5980 1880 4410 1200 2260 600
December 1957 _ 0000-07090

470 300 446 290 352 225 179 116

650 300 617 290 468 225 20 120

December 1957 __1700-2500 and 0600-0900
1430 1380 1360 1310 1070 1040 544 819
1600 1500 1520 1430 1200 1130 810 570

ALL TIMES IN MEAN LOCAL TIME

.
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) 3 ' | TABLE V1
‘ . TROPOSPHERIC b's AT GREAT HEIGHTS (a;) (mr)
Leuchars, Scotlend

a_=Omr o Sdour a_=50mr a_=100mr a =8500mr a =1000mr -
Q ( (- - () 2 9
H(ami,) med o ned o md o© med o med o med o©
Japuary

11,10 1,04 8.50
300 12,00 1.07 9.07
1000 12,86 1.09 9,44 .45
2500 12,82 9.62 .45

Q01 .19 2,68 .085 ,958 ,021 .192 .0043
25 .20 2.7 .066 .98 .021 .199 .0044
44 .20 2,84 ,066 999 021 .201 0044

1.10 .55 .21 2,87 067 1,003 ,022 202 ,0045

100 1.2 .97 B.45 .45 593 .19 2,65 .05 ,960 .020 .1985 .004D
500 12,0 .99 9.10 .45 6.80 .20 2.78 .05 .990 .02 .200 .0041
R 1000 12.4 1.02 9.5 .46 6,50 .22 2.8% 065 1,002 ,021 .202 ,0042
2600 12.6 1.05 9.60 .45 6,57 .21 2.8 .6 1.005 ,021 .235 ,0045
March
100 10.80 1.10 8.66 .40 6.01 .20 2.72 .064 .986 ,020 .194 0034
500 11.7 110 9.24 .40 €.,39 .2. 2.81 .064 .984 020 201 .0054
1000 12,8 1,10 9,62 .40 6.62 .22 2.86 .064 1.007 .020 ,208 .0035
2500 12.6 1.0 9.79 .4 6.72 .25 2,88 .04 1.011 .02 .204 ,0035
April
100 11,0 1.35 8.61 .55 5,88 .22  2.71 071 .95 .02 .194 .0O43
500 11,7 1.6 9,21 .55 6,51 .25 ©£.81 .07% 998 .025 .201L 0043
1000 12.2 1.38 9.61 .55 6.52 .24 2.8 .072 1,006 .J26 .208 .0044
2500 12.5  1.59 0,79 .55  6.61 .25  £.829 .07 1.010 .02  .204 OM5
tay
00 13.%5 1.5 8.64 .36 B8.07 .25 2.73 .0 .971 .026  .18% .00SS
. 300 12,0 1.57 9.2%5 .57 6.45 .25 2,61 .077 ,999 .026 .200 0053
1000 1.6 1.58 9,61 .59 6.58 .%  2.86 078 1.012 .07 .20 ,0054
2500 12,9 1.59 9,79 .61 6.65 .26  2.89 .079 1.016 .0R7 .208 0055
June
100 11.8 1.70 8.71 .52  6.16 .25 R2.77 .068 .985 .0%2 .197 .0061
$00 12.5 1,70 9.50 .54 6.49 .25 2.87 .088 1.0013 .032 .204 .0062
1000 13.1 1.70 9.67 .57 6.74 .26  2.93 .089 1.025 .J)33 .208 .0082
2500 1%.4 1.70 9.85 ,60 6.75 .27 2,96 _090 1.030 .03% .207 .CO8%

A
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XV1
oont .

_29::0- a,=10mr 29$Cir a = 100mr a,=800ar o_=1000mr
Homi,)med 0 asd o med o md o0 med o wed o
100 15,0 1.47 9.86 .5% 6.55 .25 2,87 .080 1,081 .082 .204 .0OSS
800 15.7 1.44 10,20 .58 6.82 .25 2,97 080 1.069 .0%2 .211 .0054
1000 14,7 1.4 10.885 .80 7.08 .25 .08 .08 1,072 .0%% .213 .0054
2500 4.6 1,48 10,82 .82 7,15 .25 5,08 080 1.07% .035 .214 .008S

August
100 12,7 1.8 9,52 .85 6.38 .25 2.87 .,080 1,081 .,082 .204 .,008B5
800 15.7 1,60 10.08 .67 6,70 .25 2,97 .08) 1.050 .082 .2i1 .00%4
1000 14,5 1.70 10,48 .70 6.80 .28 B.03 ,080 1.07 .0885 .218 .0054
2500 4.8 1,80 10.65 .75 6.9 .27 5.08 .080 1.0 .085 .214 .0085
September
100 1.6 1.5 9,17 .70 6.22 .27 2.77 .085 .994 .089 .199 .0086
S0 12.4 168 9,78 .71 6,57 .27 2,87 .085 1.022 .0%9 .208 .0087
1000 13,1 1.72 10,0 .72 6,77 .27 2,95 .085 1.085 .039 208 0087
2500 18.4 1.77 110.28 .75 8.8 .27 2.9 .085 1.039 .040 .200 ,0068
Ogtober
00 1.6 1.2 9.10 .65 6.22 .20 2,78 .078 .995 .025 .199 0048
300 12,8 1.2 9.66 .64 6,57 .29 2,88 .76 1.021 .025 .206 .0048
1000 12,9 1.2 10,07 .64 6,77 .29 2,94 078 1.084 .02 .208 .0049
250 15,2 1.2 10.28 .65 6,87 .29 2.£; .578 1.088 ,J26 .209 .0049
Novepber
100 1.2 1.1 8,95 .42 6,09 .18 2,72 ,058 ,975 .019 .19 .0038
300 12.0 1.5 9.4 .4* 6,42 .18 2.82 .05 1.005 .019 .20%5 .0038
1000 12,6 1,24 9.AR¢ .44 6,65 .18 2.8 .059 1.016 .020 .208 .00%9
2500 1.9 1,28 10,02 45 6,72 ,18 2,81 .060 1.020 .020 .206 .0039
Deceaber
00 1.3 1,2 8,78 .40 6,08 ,17 2.70 .070 .870 .020 .195 .0046
800 11,9 1.2 9.52 .40 6.%9 .17 2.80 .07% .998 .021 .202 .0046
1000 12,8 1.2 9,70 .41 6,60 .18 2.8 .075 1.011 .02 .204 ,0047
2500 12.8 1.2 9.89 .42 6,69 ,18 2.89 .077 1.0i§ .028 .205 .0048

. e———— -
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TROPUSPHERIC 3's AT GREAT HEIGHTS (b:) )
Thule, Greenland

ao=o- a.0=10mn a : =30mr a°=100nr a °=500nr a Q=1000mr
H(nmi.) ned ¢ med O med o med o med o med o
January
00 . 12.9 2.5 8.99 .47 6.07 .17 2,70 .60 .989 .017 .194 ,0045
500 5.6 2.5 9.5 .47 6.40 .17 2,80 ,085 ,997 ,017 .201 .0045
1000 4.2 2.6 9.87 .48 6.861 .17 2.8 ,085 1.010 ,018 ,202 ,0048
28500 14.5 2.7 10.05 .49 6.69 .17 2.8 .068 1.014 .018 .205 .0047
February
100 11.9 2.5 9.07 .45 6.06 .17 2.70 070 .860 .018 .194 .0045
500 128 2.4 9.57 .46 6,38 .17 2.0 .070 .988 .018 ,.201 .0045
1000 15.4 2.5 10.00 .45 6.59 .17 2.8 .070 1.001 .018 .208 .0048
2500 18.7 2.6 10.15 .46 6,86 .17 2.89 .070 1.005 .018 .208 .0047
March
100 2.3 2.0 9.01 .48 6.00 .17 2.70 .070 .30 .018 .194 .0045
300 15.0 2,0 9.50 .46 6.55 .17 2.80 .070 .988 ,018 .201 .004S
1000 3.6 2.1 9.8 .46 6.54 .17 2.88 .070 1.001 .018 .202 .0046
2500 13.9 2.1 10.06 .46 6.62 .17 2.89 .070 1.005 .018 .208 .0047
doril
100 1.1 3.0 .72 .48 5,87 .17 2.69 .050 .959 .016 .132 .00S3
300 11.9 3.0 9.25 .48 6,531 .17 2.79 .050 .97 .016 .199 .0088
1000 12,5 3.0 9.61 .48 6.52 .17 2.85 .050 1.000 .01 .201 .0084
2500 12,6 5.1 9.78 .48 6.60 .17 2.88 .050 1.004 .017 .202 .0085
Moy
100 9.8 .9 8,10 .25 5,72 .12 2.60 .038 .95 .015 .1687 .0026
300 106 .9 8,86 .26 8.05 .12 2.70 .)59 .95 .015 .194 .0026
1000 1.1 .9 9.08 .25 6.25 .13 2.7 .)40 .97 .0i4 .196 .0027
2500 11,4 .9 9.18 .25 6.55 .15 2.79 .04l .960 .014 .197 .0028
Jupe
100 10,2 .63 8.19 .29 5.78 .13  2.60 .042 .985 .014 .187 .0028
500 0.9 .64 8.72 .29 6.05 .14 2.70 .042 .963 .04 .194 .0028
1000 1.4 .85 9.10 .29 6.2¢ .15 2.76 .0485 .97 .0)4 .198 .0027
2500 11.7 .6 9,286 ,30 6.82 .15 2.79 .044 .980 .015 .197 .0028
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a°=mr ao": 10mr a°=50u- a Q‘-'lOOnr a°=80mr a C=1000mr
H(n.mi.) med o ned o med o md o med o med o
July
100 0.6 .81 8.2¢ .58 5.7 .18 2,81 .06 .935 .021 .189 0043
500 13,2 .82 8.82 .59 6,08 .18 2.71 .046 .983 .021 .196 .00AS
1000 11.7 .85 9.20 .39 6.28 .18 2.77 .046 .978 .022 .198 .0044
2500 11.9 .8¢ 9.% .40 6.3 .18 2,80 ,046 980 ,022 .199 .0045
Auguet
100 10.2 .65 8,22 .34 5,77 .14 2.62 .048 .940 .015 .189 .0024
300 0.9 .65 8.78 .54 6,10 .14 2.72 .048 .968 .015 .19 .0024
1000 1.4 .65 8.8 .35 6.50 .14 2.78 .046 .931 .014 .198 .0025
2500 11,7 .65 9.33 .36 6,58 .14 2.81 .046 .985 .014 .199 .0026
Sextenber
100 9.8 .51 7,95 .25 562 .12 2,57 .045 .92 .014 .185 .00R9
%00 0.5 .52 8,47 .25 5.95 .12 2.67 .046 .950 .014 .192 .0029
1000 11,0 .55 8,82 .26 6,15 .12 2.7 .047 .95 .014 .14 .0030
2500 1.3 .54 6.9 .27 6.25 .12 2.7 . ,967 015 .195 005
otober
100 9.6 .8 8,01 .26 564 .15 2.5 .045 .925 .014 .35 .00%0
500 0.4 .8 8,52 .28 5,9 .15 2,66 .045 .951 .04 .192 .0U80
1000 0.9 .8 8,87 .28 6,16 .18 2.72 .046 .954 .04 194 .003)
2500 1.2 .8 9,05 .27 6.24 .17 2,75 .087 .988 .015 .95 .0US2
Novegber
100 10,8 1.8 8,17 .37 5,75 .1 2,61 .042 ,9%7 .0i5 .185 0020
300 110 1.8 8,7 .57 6,08 .12 2.71 .042 .965 .015 .192 .0020
1000 1.5 1.8  9.10 .87 6.28 .12 2,77 .042 .98 .015 .194 .0021
2500 1.8 1.8 9,27 .38 6.3 .15 2.80 .042 .92 0%  .195 .0022
December
100 12.3 2.5 - 8.65 .45 5,86 .14 2.64 .055 .94 .018 .190 .0039
500 .9 2,3 9,16 .45 6,20 ,15 2.74 .055 .974 .08 .187 .0039
1000 3.5 2,5 9,54 ,45 6,40 .16 2.80 .055 .987 .018 .199 0040
2500 15.8 2.4 0.7 .46 6,48 .17 2.85 .055 .991 .019 .200 .0041

o
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TROPCSPHERIC 4's AT GREAT HEIGHIS (dy) (mr)

Fairbanks, Alasks

aQ=Qm' u°=10mr a.=50nr a_g“--‘- 100mr a =500me a= 1000mr
H(n.mi.) med o med o med o med ¢ med g med O

danuary
100 12,3 4.3 9,06 1.66 6,06 .45 2,68 ,if  .957 043 .192 009
500 12,7 4,5 9.52 1.67 6,89 .45 2,78 .16 .685  .043 .89 009
1000 3.1 4.7  9.69 1,68 6.589 .46 2.84 ..€ .998 044 .201 .009
2500 3.2 4.9 10.06 1,68 6.67 .47 2,87 .i7 L.002 .045 202 ,009
Pebruary
100 2.2 3,5 87 % 595 29 266 .® .952 L0256 L1980 .0083
500 . iz.8 3.6 9,46 .57 6,27 L&y 2,78 .08 36U 028  .i97 .00S3
1000 8.3 3.7 9,63 .58 5.46 .29 2,82 )8  .993 026 .i89 0054
2500 3.6 3,9 9,81 .59 6.54 .30  2.85 ,08  _997 027 .200 L0085
Magch
100 11.7 5.2 £8.49 .62 5.7 .28 2,81 095 ,S4) .06 .IE> 0S8
300 12,3 5,5 8,91 A3 6,10 .28 2,71 .95 .85 0% .192 0038
1000 12.9 5,8 9,44 64 6,29 .29 2,77 0%  .Sf1 .0F7 (104 L0089
2500 3.1 6.2 9,61 6% 6,37 30 2,80 .097 985 .U3€ .195 .004
Apci?

100 1.3 2.0 &,i7 .46 56 .17 2,57 089 .,921 020 ,:84 L0038
300 1.9 2.1  8.70 .45 6.30 .17 267 ,X%0 .949° 020 .191 .0038
1000 12,4 2,2 9,07 .45 6,12 07 2,75 061 .962 020  .193 .00B9
2500 2,6 2,4 2,24 45 6,27 .18 2.7 083 ,966 ,02. .i94 0040
Fay
100 1.2 23 8,08 .52 566 v 286 061 LGi8 .020 .187 004!
800 1n.e 2,3 8.61 .52 5,90 .7 2866 ,%62 946 .020 .184 .004.
1000 12,4 2,4 8.5 .82 6,18 .17 2,72 .55 950 022 1% 0042
2500 12,6 2.5 9.i12 .52 6,28 ¥ 2,75 |04 983 021 .197 L2043
June
i00 1.7 4,7 881 .68 §.8 .28 263 .10 L8460 030 190 L0057
300 1.3 4,9 9,30 .69 6.2% .28 275 1D 974 030 .197 0057
1000 2.9 5,2 966 .70 6.41 .25 2,79 ,i0 L987 030 [199  .0088
2500 i3.2 5,5 9.84 .71 8,49 .31 2,82 .0  .991 031 .200 .00S9

e

T — - Y—

C e m— e -




uo=0|r

Mok

H(n.mi.) med

100 2.8
500 1.3
1000 149
2500 14.2

100 12.4
800 15.1
1000 13.7
2600 15.9

100 12.3
80) 12,9

13.5
2509 5.8

100

1200
2800

100

1000
2500

100 12.4
800 15,0
3000 15.8
2500  15.8

a.= a Qz.‘i.m a_=300mr a,=1000mr
med o med o [} med
July y
6.13 .32 2,75 .10 W31 198
6.48 .52 2,85 .10 081 208
6.68 .35 2,89 .12 082,205
6,76 .34 2,82 .1 085 206
August
6.21 .17 2.7 .082 o2 197
6.5 .17 2,86 082 JRe 204
6.75 .17 2,92 082 .025 206
6.84 .18 2,85 ,082 O2¢ 207
Septenber
5.98 .30 2.67 .094 0351 191
6.85 .30 2,77 .09 .032  .198
6.55 51 2,88 .)98 082,200
6.61 .32 2.8 .99 L0888 ,20i
tober
5.78 .14 2,80 052 L7 ,187
6.1 .: 2.70 .08 W17 194
6.29 .16 2.76 054 018  .196
6.3 .1¥ 2,79 ,055 018,197
November
5.94 .54 2,64 .106 O51 180
6,26 .54 2,74 .08 032 197
6.45 .35 2,80 ,107 L032 199
6.55 .35 2,83 ,108 .035 200
Degember
6.24 .58 2,74 .i8 .082 196
6.5 .59 2,84 .i8 L0683 203
6,78 .5 2.9 .18 .084 205
6.87 .60 2.95 .18 085  ,206
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v et e s e i bt o o

TADLE Xx
COMBINED b's (mr)

THULE JUNE 1957

Trop, '- lon, 100 mc lon, 400 mc Total 300 Tota} 400
med a med o med o

qQ mr mned 0 med (o]

300 N, Miles

L 10,9 0.64 1.860 .52 0.100 0,035 12,5 0,82 11.0 0.64

10  8.72 0.20 1.72  0.56 C.208 0,335 10.44 0.6% 8.85 0.29

30  6.05 0.14 1,78 0.58 0.4l 0036  7.85 0,60 6.1 0.14
100 2.7 0.042 1,92 0.824  0.120 0.039  4.62 0.62 2.82 0,057
300  0.963 0.034  1.60 0.52 0.100 0,033  2.56 0.52 1,063 0,086
1000  0.184 0.0026 0.520 0,17 0.0825 0,011  0.714 0O.1% 0.227 0.011

S0 N, Miles

L 1.4 (.65 ©.85 9.5l 2,116 0.082 1A% 0885 11,6 .65

1 8.0 0.29 2.4 0% 0.128 0,05 te.d  0.63 9.25 0.29

30 6.24 0.15 2.07 0,57 0,30 0.0%6  6.31 0.59 6.57 0.15
100 2.7 0,043 2.04 0.5 J..28 0.08%  4.80 O.56 2.89 0.046
30 0.376 0.014 13 0.36 0.0813 0,325  2.°8 .36 1.057 ).027
I0C 0.i9%  0.0027  0.647 O.18 0.404 0.011  2.843 0,38 0,238 0.011

R6U0_N, Miles

L1177 Q.8 1.85 0.4 0.id6 0.032 1%.6  O.8% il.8  0.66

1) 9.28 0,30 2,00 056 0,126 0085 11.87  0.83 9.30  0.5)

30 6.32 .5 2.02 0.5 0,25 0,035 8 34 0.S8 6,45 0,38
GO R.79 .44 1.91 0.53 0,120 J.03%5  4.70 0.58 2.91  0.055
B0C 0,980 .05 .M D).29 J.0664 0,018 2,04 .20 1066 0,028
JHC 0 0LI87 0.0025  0.372 010 0,J222 00063 0.568 0,10 0.22) 0.0 %88




e mr—— D A VT % v ©

TBE X | '
COMBINED »'s (mr) :
- PAJRBANKS DECEMBER 1957 MID-DAY oot

—tE0B . Ion. 100 me Jon, 400 mc lotal 100 ~Total 400
a, or med g med o] med d med 0 med g
200 N, liiles
i
i 3.0 7.0 4.48 1.87 0,270 0,117 17.48 7.4 13,27 7.0 {
10 10,18 1.48 4.04 2,02 0,502 0.128 15.0 2.50 10,46 1.485 '
80 6.58 0,59 4.98 2.09 0.8311 0,181 11.% 2.17 6.9 0,74
100 2.84 0.18 5.38 2.25 0.536 0,141 8.22 2,25 8.1 0.224
800 1.021 0,068 4,03 1,68 0.252 0.105 6,05 1.88 1.27% C.12%8
1000 0.203 0.0:2 1.295 0,543 0.081 0.034 1.498 0,543 0.284 0,0566 '
1900 N, Myl
- i 13,6 7.5 4,93 1.62 0.808 0,101 18,883 17.85 13.908 7.5 !
10 10,44 1.49 5.43 1.78 J.589 0,110 15.87 2.32 10,779 1.48
30 6.78 0.59 5.50 1.80 U.344 0,112 12,28 1.89 T.124 0.60
100 2,90 0.18 5.43 1.78 0.58%9 0,110 8,53 1.7 3.239 0.211
300 1.084 0.064 3.20 1.0% 0.200 0,06€ 4.28%4 1.05 1.234 0,092
1000 0,205 0,013 1.493 C.470 0.08% 0,029 1.698 0.47 0.298 0.0518
2 N, Mis
1 5.8 8.0 4,93 1.62 0.508 0.101 18,73 8.2 14,108 8.0
10 10,76 1.50 5.39 1.76 0.387 0.i10 i8.15 2.31 11.097 1.50
80 6.87 0.60 5.40 1.77 0.338 0.111 12.27 1.86 7.208 0.615 i
100 2.93 0.18 5,10 .67 0.518 0.104 8.03 1.68 3.249 0.218 ;
300 1.038 0.06% 2.65 0.804 0.164 0.054 3.668 0.864 1.202 0,084 |
1000 0,206 0.013 0.860 0.270 0.0§38 0.0.89 1.066 0,270 0.259e 0,0214 I
|
1
1




TABLE XXII
COMBINED 3's (umr)
FAIRBANKS DECEMBER 1957 NIGHT

I + <) - . don, 100 mc don. 400 me <Lotad 100 ~lotel 4Q0
nmed o med g med (4 med

a, mor med g qg
300 N, Miles
1 1s.0 7.0 + "1.06 0.45 0.066 0.028 14.05 7.0 13,07 7.0
1 10,16 1.48 1.135 0.485 0.07F2 0,030 11.30 1.56 10.23 1.48
- 6,58 0,59 1.168 9,500 0,073 0,031 7.7 0,77 6.65 0.59
100 2.84¢ 0,18 .28  0.54 2,079 0.0%4 4.10 0.57 2.92 0,183
300 1.021 0.083 0.945 0.405 0.089 0,025 1.966 0,44 1,080 0,068
1000 0.208 0,012 0.341 0.344 0,021 0.0090 0.544 0,144 0.224 0,015
1000 K Miles
1 13,6 7.6 1.21 0,59 0.076 0.037 4,81 17.5 13.68 .8
10 10,44 1,49 .33 0.65 0.08% 0.0408 11.77 1.82 10.52 .49
80 6.7 0,59 i.345 0.66 0.084 0,041 8.13 0.89 6.86 0.59
100 2,90 0.18 1.33  0.65 0,083 0.0406 4.23 0.67 2.88 0,185
300 1.084 0,064 0,846 0.413 0.053 0.026 1.88 0.4:8 1.087 0.069
W00 0.205 0,013 0.400 0,195 0,025 0.012 0.605 0.195 0.2%0 0.018
2500 N, Miles
1 13.8 8.0° 1.23 0.59 0.07 0,037 15,0 8.0 13.88 8.0
1 10.76 1.8 1.32 0,644 0,082 ©,040 12.08 1.8% 10.84 1.50
30 6.87 0.60 1.52 0.644 0.032 0,040 8.i19 0.88 6.95 0.80
100 2.9%5 0.18 1.25 0.61 0.078 0.038 4.18 0.64 .01 0.184
300 1,088 0,085 0.698 0.%4 0,044 0,02 1.734 0.348 1.082 0,088
1000 0.208 0,013 0.230 0,112 J.01¢4 0,007  0.436 0,118 0.220 0.015

2o samcrn ai




(nr)

FAIRBANKS JUNE 1957

COMBINED d's

Jon, 100 me lon, 400 mc
med o med 0

0.287
0.108

1.080 0.064

"w
0.69

0.232 0,0192

6.33

12,41
9¢
2.86

0.030
0.0067

4
7

0.298
0.108

5.20
0,70
1.074 0.30

0.243 0.0145

-18.08
9.80
6,55
2,98

28

.96

T2
51
229

S
0
0
0
a
3

8.61
4.97
2,58
J.908

14 .88

0,041
0.0408

0.136 0.0408 11.82

3.157

2.136

0,087 0.028
0.044 90,0131

0.124 0,087

0.59
0.85
0.56
0.66
0.4}

0.704 0.209

96
18
20
18
1.59

2500 N, Miles

nlmw nvn.1me
358883
ouwcocCcC
4557“5
AR9A8S
cCcooOCcoOo
B3 0B
DO CO0O0

w0
$28398

-
.
.

14.22210

r——=— -

T e
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TARLE XXVI

INVERNESS JUNE 1957
COMBINED d's (mr)

o med g med o ned o med o
S00 N, Miles
1.70 1.86 .75 +116 047 14,35 1.88 12,62 1.7
54 1.88 .763 .118 .048 11,18 .985 9.42 .54
25 1.95 .80 122 050 8.44 887 6.61 «255
LOBL 2,22 B0 139 088 5,08 .80 S.01 .04
.032 1.85 75 .11€ M7 2.883 .75 1. 129 0567

0082 884 .278  .085  .0174 888  .278  .247  .0184

W00 N, Hiles
.70 2.47 .85 .165 .08 15.57  1.90 13.26 1,70
ST  2.49 .86 1% 054 12,36 103 9.83 .57
26 2,52 .87 .158 054 9.26 807  6.90 .266
089 2.7 .94 L7 059 5.65 94 3L .107
033  1.85 .64 i 040 2.8% .64 1.142 052
L0062 986 34 L0617 021  1.192 .34 268 022

2500 N, Miles
1.7 2.47 .85 .15 083 15,87 1,80 13,58  1.70
80 2,48 B854 155 ,0Ss3 12.335 1.04 10.0 .60
.27 2.49 8% 156 0585 9.24 906 6,91 .27
090 2.56 .885 .80 .055 §5.52  .888 35,12 205
L0835  1.52 530 0951 033 2,55 580 1.126 047
0088 .56 .20 0852 0125 .767 20 262 014

s rin nan ol



TABLE LXVIX
INVERNESS FMBER 1954 MID-DAY
COMBINED 3's (wr)

W dog, 400 me ~Total 100 -Iotal 400
med (o med g ned o

a, or  med o med i
800 N, Miles
1 1.9 1.2 900 .20 LO86 0125 12.8 1.22 11.88 1.2
NIy 9.32 .40 0800 .20 0586 0125 10,22 .45 9.58 40
30 6,39 17 940 21 089 013 7.5% 27 6.45 .17
100 2.80 078 .890 .22 062 014 3.7 .25 - 2.86 074
300 998 021 630 .14 L0898 ,0087 1,628 ,i4 1.087 ,028
1000 202 0048 .155 ,080 0084 0048 357 .030 L1 0086
1 12,8 i.2 985 .20 L080 0125 13,5 1,22 12.6 1.2
10 9.70 .41 989 .21 82 013 10,69 .48 8.7 41
80 6.60 ot 995 .21 082 013 7.60 .28 6.66 .18
m 2-“ 0075 u955 .20 ‘mo .0125 5.82 .21 2.92 ,om
8500 1,011,022 .478 .10 L0350 LU083 1.489 103 i.041 025
1000 204 D047 .143 " 030 0088 L0048 .,347 ,030 2183 0087
1 12.8 1.2 955 .20 080 ,0125 13.8 1.22 12,86 1.2
30 .89 .42 984 20 L060 .0125 10.85 .46 9.95 .42
30 6.69 .18 984 .20 080 ,0125 7.85 L7 6.75 .18
100 2.69 077 .898 .19 088 ,012 3.79 .20 2.95 .078
300 1.015 025 293 082 028 ,0051 1,408 ,085 1.040 .024

1000 .05 :0048 :0821 :01‘7 .0061 .0011 :287 .018 210 0049




IABLE JXV 114

INVeRNESS DECEMBER 1954 NIGHT
COMBINED 3's (mr)

a, me med (o] med g med o med 4] ned o4

30C N, Miles
1 1l.9 198 0,080 U.0%1 0.0080 0.0019 12,0 1.2 i1.9 1.2
10 9.52 0.40 0,080 0,083 0.0080 0.0019 9.40 o.41 9.32 .40
80 6.59 0,17 0.0835 0,082 0.,0062 0,0020 6.47 0.17 6.39 0.17
100 2.80 0,078 0.088 0.034 0.0088 0.0021 2.89 0.80 2.81 p.O73
800 0.808 0,021 0.072 0.028 0.0045 0.0017 1.070 0.5 1.002 0.021
000 0,202 0,0046 0.0298 0,007 0,0Ci2 0.00048 0,222 0.0089 0.208 0.0046
2000 N, Miley
1 12,5 1.2 0.080 0,088 0.0058 0.0024 12.6 1.2 12,5, 12
10 9.7 0.41 0.0932 0,040 0.0058 0,002 9.79 0.41 9.71 o0.41
30 6.60 0,18 0.0937 0.041 0.0069 0.00268 6.69 (.18 6.61 0.18
100 2.86 0,075 0,080 0,089 0,005 00,0024 2,95 0.084 2.87 0.075
500 1.011 0,022 0.049 0.021 0.0051 60,0018 1.06 0,030 1.0i14 0.022
1000 0.204 0,0047 0.0225 0,0098 00,0014 00,0006 0.227 0,0108 0.205 0.0047
l 12.8 1.2 v.080 0,039 0., 0086 00,0024 12.9 1.2 i2.81 1.2
0 0.89 0.42 0.091 0.040 0.0057 0,0025 9,98 .42 9.90 0.42
6.6, 0.8 0.091 0.040 0.0057 0,025 6.78 2.18 6.7 .18
100 2.89 0.077 0.085 0,037 0.0055 20,0023 2,98 0.082 2,90 0.077
800 1.015 0,023 0.04C 0.017 0.0025 0.0021 1.055 0.029 1.018 0.023
1000 0.205 ($.0048 5.0129 0.005%  0.000810.00086 0.218 0,0074 0.206 0.0048




COMBINED 3's (mr)

e e — ¢ —

i

TIERNESS JUNC 1954

220D o0, 100 mo Zon, 400 mc ~Zotal 10O ~lotal 400
med g med o med o med o med o

(]
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lO 0000
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1

10
30
100
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1000

esgBB%

~o0o0occo

t~
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~ng %83
~OODDO
Q<
2e3a8Y
Klv.960~ <D
4 wn W
28888
'Y [ ] [ ] & ? L]
~O OO DO
90729%
SERGES
mmwns 40
3858355
[eXeoNoNoReKs)
NP <
BRERIZ
COOODO
o~
IH8IZZ

v
»
L
»
-
3

0
0
o
0
c
o

g8ng?

¢ 8 » o &
O~ ~“O0O00

2300 N, Milea

~35 385

100000

Mlewz

wwq uluwxo

0,082 90,028

0.062 0,028

0.082 .02¢
0.
J.015

.44
.44
0.068
0,038
0.0075 0,0035

O 950 0.41

0
2
0

2832

000

0.125 0,066

0.529 0,24

7

.8

2
0.080
0 0,038

.07 0.0083

4

8v
75
98
03

L]
[
.
.
»

15
9
6
4
1
0

1

10
50
200
300
1¢00
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| GAMPLE COMPUTATION oF y end b T

n-feet N n ~N
Q
o Bl O
669 299,7 13.4
2516 283,7 29.4
2779 276 .8 %8 ,5
4507 289 .6 53,5
5246 252 .6 60.5
- 613% 242 .6 70.9
7535 229.9 83.2
a674 219.% 0%.8
8844 217.9 05.3
11780 195.7 117.4
18128 156 .0 167.%
19723 145.5 167.8
21464 155.7 177.4
28124 104.9 208 .2
%2305 84.8 228,85
56886 68.6 244.5
Sopms 612 251
479684 40.5 27%.
60000 26.1 237,.0
100000 %,9 209,2
300000 o 313.1
i {mr)
NO‘NH
1000 tan ﬂﬂ
'n Lan ﬁﬁ
v e
R t&nﬁ * Y?/a ~(Nofﬂﬁ)

. tag @
{4

Fairbanks

TABLE XXX

pecember 8, e

500 tan P
aomo u0~5@
) 159
3,13 165
6 .50 155
6 .80 158
9.10 185
9.7 18D

10.6 16¢
11,8 166
12.4 165
12.8 155
14.6 165
19.0 155.5
19.5 155.5
20.5 155.5
23.2 156
25.7 156
27,2 156.5
28.0 157
3.2 158
35,8 159.5
41.5 163
84.0 185

a = a =300
o} (3}
9.87 3558
104.1 10444
27.0 %10,
266 .5 104.5
48,9 096
56,9 14
5,72 .18
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