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1. INTRODUCTION

For more than fifty years now ionosphere reéflected
communication using HF band continues toc be the backbone
of long distance broadcasing and communications. With
the advent of high reliability technigues such as LOS
microwave system tropo-systems and geostationary satellite
based systems it seemed HF system will Secome outdated
one day. Bubt the last one or two decades have shown,

indisputably, that these systems of communications re-

main as impertant even today. In almost all the
countries HF band 1is getting overcrowded. There are
several reasons for this superimacy of ionospheric
communications especially at low latitudes, The low

latitude ionosphere is protected by the Earth's magnetic
field from invasion of solar charged particles and hence
disturbances due to particle effects are minimised.
Because of low solar zenith angles the charged particle
population is relatively higher resulting in a wide band
of available HF spectrum. HF system is best suited when
the reliability criteria are less stringent as the
operational costs are minimal. HF alsc is used as a back-
up service by most of the high profile users. The CCIR
Report 340 thus contains a class of ionospheric characteri-
stics that can be used for frequency prediction of

specific link feor predicted level of solar activity.
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however the present Atlas has several advantages ha recent years, the interest in this study has sky-rocketed

should dramatically improve the prediction capability because of its potential applications in a wide

variety
for India for reasons described in the following para- of areas of human interest, such as envi-onmental effects
graphs. . and biological aspects, sun-weather relationship, sate-

The charged particle population in the ionosphere 1lite lifetimes and manned space flights, Though the

naturally depends upon the neutral atmosphere which ionospheric prediction techniques(uéed at NPL is not very

presents the ionizable copstituents and on the ionizing different from other techniques, the wealth of data that

radiations from the sun (particle effects are also has gone into the 8ystem and the continuous updating,
important at high latitudes). While all radiations in- as the new data pours in, has instilled a certain
cluding visible and infrared may be responsible for the measure of confidence among the users in the east zone
neutral atmospheric preofile, the icnizing radiations are and especially in India where HF communications still
essentially the EUV and X-ray radiations which undergo remain as the backbone of long distance communications.
large variations with the sclar epoch. The ideal so- This brings in enormous pressure in conserving the HF

lution of course would be to measure these ionizing spectrum and consequently the assignments of frequencies

radiations and then predict. their level for future to users 1s rather involved and time-consuming. This is

years. These measurements are impossible on a routine cne reason why short-term forecasting was not very much

basis. One alternative, therefore, is to monitor the sun in demand until recently., We are presently giving swort-

using those radiations (like the VHF and SHF radio term forecasting a1so.

waves) which reach the ground based sensors unhindered 2. IONOSPHERIC PROOAGATION PREDICTIONS

by the intervening terrestrial atmosphere and correlate The presence of free electrons in the ionosphere

these measurements with ionosphere-producing radiations. produces the reflecting regions important for radio-
However, because of the availability o¢f long series wave propagaticn. n the principal regions, between the
of observations, the sunspot number has been found to approximate heights of 75km and 500km, the electrons are
be most suitable for statistical prediction technigues. produced by the ionizing effect of vultraviolet and

The solar activity study, which was started two ) soft x-rays from the sun. Tonosphere affects the pro-
hundred years ago out of scientific curiosity. hied . pagation of radiowaves in twa ways: advantaneously by
assumed great impertance by the second quarter of Lhir enal:ling communication(e.g., vreflection) and adversely
contury Lecause of 1onospheric  communications. Sitn by scattering, absorbing, producing multipath etc. that

interfere with optimum trafiic requirements, For  con-



[
venience in studies of radiowave propagation, the iono-
sphere is divided into three regions defined according
to height and ion distribution: the D/E, and F regions.
Each region is subdivided into layers called the D,E,
ES,Ft, and F2 layers, also according to height and
ion distribution. At HF, all the regions are important
and must be considered in predicting the operational
parameters of radio communication circuits. From the
view point of propagation, the E and F layers act
principally as radiowave reflectors and permit léng
range propagation between terrestrial terminals. E
region can support frequencies for commun}cations upto
distances of the order of 2000 kms. whereas F region
can support communications upto a distance of 4000 kms
in one single refleétion. The D region acts principally
as an absorber causing signal attenuation in the B#F
range (3-30 MHz). Basic atmospheric dx-ity and ioni-
sation data for these main ' layers is thus required
for prediction of propagation parameters.

2.1 F2-REGION TONIZATION AND PREDICTION

The jonization density of the F2 region is very
unstable and exhibits marked variationé with geogra-
phic latitude and longitude, local time, season of the
year, and solar activity. The characteristics of the
F2 region in terms of the vertical incidence critical
frequency (fcF2)} and the M (3000) F2 factor as deter-

mined from vertical ionosonde records, are used for

predictions.

-5
Solar activity changes are incorporated Dby
correlating observed F2 layer parameters with corres-
ponding smoothed suhspot numbers. Monthly median fofF2
and M{3000)F2 data for different stations is correlated
to twelve month running average sunspot numbers (R, for
the same month., for each of the local time hours from CG
to 23 hours. Maximum usable frequencies for a distance
of 4000 kms. is obtained by using the following rela-

tion.

MUF (4000)F2 = FaF2 x M(3000)Fx 1.1 (1
values for intermediate distances can be read
from nomogram in Fig.l and the _ procedure is described
in section 4. Contour mmsJAmgqﬁxAﬁorIWe levels of solar
activity corresponding to R =0,50,100,150 and 200, of
foF2? and MUF{4000)F2 have been drawn in local time VS,
latitude frame covering latitude range from 0 to 409N,
The values of the parameters at fixed R a2 have been

obtained from the statistical relationship:

foF2 = A + B x Ryg + C x Rz (2)
and M{3000)F2 = D + E x B,p + F x Rip (3)
These have been derived on a main frame computer

VAX-11/780 at NPL for all the stations shown in Tablel
and the amount of data used is the largest per station
as of now. The coefficients A.,B,C,D,E,F are also included
in the ATLAS for each station (Appendix C) for each
month and for each hour of the day. Normalised percentage
errors of fitting a second degree relation with sclar

activity are also included iy tabular form in Appendix D.

The database in table 1 shows that two Russian stations
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have been used in the north and Singapore from the

east to complete the latitude range of O to 40 degrees

north over the Indian Subcontinent. All the figures

Al AZ . iiieenvnanann A60 take care of diurnal, seasonal
ljatitudinal and solar activity variations of the F2Z

region and should be used for planning HF freqqencies

for any circuits within the Indian Subcontinent.

The Procedure to use this atlas is given in section 4.

A few examples are also worked out.

2.2 Fi-REGTON IONISATION AND PREDICTION

A Fl-layer prediction system has been developed
for the range 2000 to 3400 kms. (DuCharme et.al 1973).
The value of foFl can be determined for any value R

fom the following expressions:

foF1 = 1 Cos" (% ) (%)
Where

f = £ +0.0 (fSlOO - fso) x Ry, (%)

f, = 4.35 4+ 0.0058 A - 0.000120 » 6

[opg = %-35 + 0.0110 A- 0.000230 A~ (7)

on ok n o= 0.093 + 0.00461 A - 0.0000540 )\2 + O.OOOS]RIZ (8)
where A represents geomagnetic latitude in degrees.

The maximum sclar zenith angle at which the Fl1
layer is present is given by the fellowing expressions:
’}(,m = 10 + 0.m (I}C]OI) —'K.U) Rlz(degrees) 9
where
%, = 5000+ 0348 A (10)

Ly = BT+ 0500 N (1)

-7 -

The M factor for calculating the basic MUF's have
been derived and can be determined from the following
numerical expressioqs for Rll between 0 to 150:

M factor = Jo - ©0.01 (Jo - J 100} R

- 3 . -
0.16 + 2.64 x 10 D - 0.40 x 164 p?

(PR
Where Jo

300 = 0.52 + 2.69 x 107% D - 0.39 x 10 & ¥
and where D represents the great circle distance in
kilometers in the range 2000-34C0 km.

2.3 E-LAYER IONIZATION AND PREDICTION

For distances less than2000 kms E-layetr acts as
a reflector for HF radiowaves, Based on, all published
data for some 55 ionospheric stations following expre-—
ssions have been obtained and can be used to derive foE
at the point of reflection (Muggleton, 1975} and the
basic MUF for propagation purpcses. With foE expressed
in MHz
(foE)4= A.B.C.D (15)

Where A is a solar activity factor, given as (16)

A = 1+ 0.0021 R

R is the predicted sunspot number

B is a season factor, given as

(17)
8 = cos™ {(noon)
Where:
A noon is the value of the sclar =zenith angle
at noon for the point of reflection (can be read from
Fig.'s 8] to B4) for the month 1in gquestion

and m o= -1.93 + 1.9z cus A fﬁf[”{ga (15)

47¢
m = 0,11 - 0.4% cos A for A 2 (19}
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o r ] Figure 2 gives the M factor based o¢n ray-path cal-
C is the main latitude Y.ctor, given as
culations for a parabeclic model E-layer with h E=110C
C=X+Yecosh (20) .
km, H'E': = 20 km, when effects of the Earth's magnetic
Where field are .neglected. The curve may be approximated
) o (21) by the Lion:
¥ =23, Y =116 djor A <« 32 _ y eguation:
=092, Y =35 for {al 232° ) (22} M factor = 3.94 + 2.80 x -1.70 x* - 0.60 x>+ 0.96 ¥t (29)
with x; d - 1150 1150 30
D is the time of the day factor given as { )/ (30}
o Where d.represents the transmission distance in kilometers.
1st case: % £ 73 .
3. SOLAR ACTIVITY PREDICTIONS
D= Cosp% (23)

Using observed sunspot number data since 1749
. o
Where L is the solar zemith angle in degrees, For' }Algl?

smoothed sunspot number is predicter:l at NPL
p = 1.31; for{Al»12%, p=1.20

and

supplied to different user organisations, six months
0 . o -
2nd Case 73°<'L(90 in advance. A complete solar cycle prediction is also

D = Cos® (A-50 (24) : supplied for very long-term planning of HF circuits.

" 25 Table 2 shows a sample of predictions prepared every
Where §= 6.27 x 1072 (%-50)° (25)

month, Fig. 3 shows the complete cycle prediction
and p is as in the first case

for sclar cycle number twenty-two since 1749 which
3rd case: % 390°

started in September 1986.

The night time value of D, for 9 7, 90% , is taken as the greater 4. USE OF THE ATLAS FOR FREOQUENCY CALCULATIONS
of those given by: The procedure is explained here step wise in Lwo
- P o - (26)
D = (0.072)° exp (-1.4h) different parts. Part ] explains the use of the at-
and D = (0.072)P exp (25.2 - 0.28%) (27)

las to calculate freguencies with the heip of dia-

where h is the number of hours after sunset (‘K,=900) grams and ﬁomograms whereas Part2 is meant for use on

The minimum value of foE, based on Wakai (1971) is given by: a computer.

(EoE)L'minimum = 0.017 (1+0.0098R)2 (285 . 4.1 MANUAL METHOD FOR FREQUENCY CALCULATIONS

The MU¥ of a particular mode may be determined as the product Step l.Get the coordinates of the end points of

of the mid-path value of foE and M factor for a transmission distance circuit {%,, Y, ), (X;,¥,} where X denotes latitude

set equal to that of a single hop. Y denctes the longitude of the Jlocations involved.

Bl
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Step 2. Calculate the great circle distance between the two

locations using the following relation:

Cos d = Sin X, ¥ Sin X2 + Cos ¥l Cos X, Cos (Yl— ¥,

1 2 2

(31)
where d is in radians and the great circle distance D = Rxd,

R being Earth's radius = 6370 kms.

Step 3. Calculate latitude o the mid-point of the path as

= . {32)
xmid (X1+ xz)/z

Step 4. Get predicted value of running average sun-

spot numbers (RlzJ for the month under consideration,

Step 5. Check in which of the following intervals

intervals does this value lies: 0 - 50, 50 - 100, 100 -

150, 150 - 200.

Step 6. Chnose contour maps {appendix A) for the two

boundary values -f the interval in which RlZ lies e.g.

if Rl}4121 , chonse contour maps for R15100 and R12=150 for

the month under consideration, for beth foF2 and MUF (40002,

Step 7. Read the values of foF2 and MUF(4000)F2 at

X a’ for all the twenty four hours 00,0 ............ 123
mi

and for two levels of solar activity.

Step 6. Make linear interpolaticn for R between
values read at two levels of solar activity for each of the
local time honrs, This glves foF2 and MUF(4000)F2 for predic-

» R .
Led 1)

- 11 -

Stph‘g. To get the values for the distunce Di(calculated in

step 2} enter the nomogram at Fig.l with foF? and MUFLAX D)
separately for every hour 00,01,02,........ and
23 and read the value of MUF for distance D. This gives
MUF(D) values for all the 24 hours for the given circuit
that are available for support by the ionosphere for fifty
percent of the days for the month under consideration. To
obtain frequencies available for ninety percent of the days
scale down these values by a factor of 0.B5. These scaled
down frequencies are known as frequencies of optimum
transmission (FOT) i.e. FOT = 0.85% x MUF. OQut of
these twenty four frequencies, two fréquencies are selected
cne for the day and cne for the night sc¢ that all the

twenty four hours are covered atleast ninety percent of the

days by these two frequencies.

Step 10. For point to pecint communicaticn angle of
elevation is also important. 1If F}is the angle of elevat-

ion or the takeoff angle it can be derived as follows:
tanﬂ ={Cos(d/2) 7(5‘}”11)‘)} /sin {d/2) i
where h can be approximated f{rom:
h ={ 1490/ M (3000)F3-176 (34)
where M{3000}F2 = MUF({4CCO)F2/(foF2 x 1.1) (35)

an appropriate takecff angle can be chosen to meet the

antenna requirements and circuit planned finally.*

EXAMPLE | DELHT ~ MADRAS FOR THE MONTH OF JARUARY 1991
JANUARY 1991 PREDICTED SUNSPOT NUMBER 101
DELHI TO MADRAS

(28.6 N 77.2 E} (13.0 N 0.3 E)
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In case of difficult tarrain at either of the terminals if elevation
angles are too low change to double hop propagation. Take two peints
of reflection at a distance D/4 from both the terminals. Follow step
1 through 9 to calculate frequencies (MUF'Q) for distance D/2 at each
of the points of reflection. At each hour of the day take the lower
of the two MUFs and comvert to FOT's. The angles of (Eqﬁ. 33) of ele-
vation in this case will be calculated using coordinates of the terminals
and the mid-point of the circuit. The antenna will have to be adjusted
to accomodate Lhese angles on both the sides if reliable communication

link has to be established.

GREAT CIRCLE DISTANCE = 1750 kms.

LATITUDE X3, 4= (28.6 4+ 13,0)/2 = 20.6 OR 21 DEG. N

Step 1. Since predicted S5SN lies in the interval 100-150

select Figures A3 and A4,

Siepigf Read values of foF2 for SSN 100 and 150. (Cols.2
and 3 of Table 3) and MUF{4000)F2 for SSN = 100 and 150

(Cols. 5 and © of Tahle ).

§£?E_§' At each of the hours interpolate for SSN = 121 as

follows:

P{121) = P{100) + (121-100) P(150}-P(10C) /{150-100)

where P is the value of eigher of the two pavameters viz.
foF2 or MUF(4000)F2 for @ given hour. Cols. 4 and 7 of

the Table 3 give interpolated values for foF2 and MUF

(400C)F2 respectively.

Step 4. Col.8 gives the values of MUF(1750)F2 read trom

Fig.l. The value of FOT calculated using relation FOT =

0.85 x MUF are shown in Col.9.

4.7 COMPUTER BASED FREQUENCY CALCULATION

Following Paragraphsfie:p_lfalin th?dcalcﬁu-;lamuns of traffic fre-
quencies using a computeéﬂ Thé éomputer—bésed frequency calculation
for amy specific circuit in the Indian subcontinent require the
folluowing input parameters
1. Co-ordinates of the terminal-points.

2.  Predicted smoothed sunspot-numbers for the month for which

the prediction is requited.

L
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4.2.1 Mata Base 13 The data base comprises of the following
The co-efficients A, B, C, D, F, F'the values of which are
given in Appendix C for every month separately. Each of the

tables (C1 to C12) gives values of the co-efficients for every

station listed in table 1 and each hour of the day.

Procedure - After obtaining the above mentioned input parameters

the following steps will lead to the predicted values of optimum

working Trequency at each hour,
Step 1 - let Xps ¥p o eeeeens coordinates of transmitting location

Ygr Yo reeenes coordinates of receiving location

PDetermine the co-ordinates of the reflection point (x,y) from

the following relation '

Step 2 - Determine the great circle distance (D) between the termi-

nal points as explained in section 4.1.

Step 3 - Read the predicted sunspot-number (R) from fig.3 for
the required month for which prediction is needed.

Step & - Choose the two stations from Table 1 such that in their
latitudinal range, the latitude of the reflection point (x) lies.
e.g. if the latitude of the reflection point is 20.8°N as  in
example in section 4.1 then the stations Ahmedabad (230N) and

Bombay {(19"N) are chosen.

Step 5~ Read the wvalues of the cocfficients A, B

, &, b, E, F
Irom Appendis U for the required month for the two chosen stations
Cin Step 4) at a particular hour say (0 hour. Llet Al, Ri, €1,

- |4 -

N1, E1, F1 be the values of the coefficients for station A say

Ahmedabad and let A2, B2, C2, D2, T2, ¥2 Dbe the corresponding
values of the coefficients for station B say Bombay. While rcading

the values of the coefficients in Appendix C, one may come across

the label "DATA INSUFFICIENT". It simply means that the available

number of data pointé is less than seven for that particular
station and hour and hence the values of the co-efficients could
not he evaluated, In such a situation, interpolate between the

neighbouring stations to evaluate the missing value.

Step & - Calculate predicted values of fof2 and M{3000)F2 at
00 bours for station A {i.e. Ahmedabad in the present case) using

the following relations:

foF2 - Al + Bl ¥R + Cl w R’

(A)

M{3000)F2 (A) = D1 +E1 » R + F1 = R2

" Step 7 - Calculate predicted values of foF2 and M 3000)F2 at

00 hours for station B (i.e. Bombay in the present case) using
the following relations:

2

foF2 = A2 + B2 *R + C2 xR

(B}

o 2
M(3DOU)F2(B) =02+ E2ZwR + F2wR

Step B - Calculate foF2 and M{3000}F2 at the reflection point

(Lat = x as calculated in Step 1}

[oF2 (B) - fof2 (A) . (* = %) rorp (a)

(xz—xl) I

foF2 =

MOI000 )2 = M(ID0OIF2{R} - M(30002{A} * ’-j‘_‘,’fl,) SMOINGONE? (A)
- (xz-xl) }

The percentage errors from the Avpendix 1 (o the

detine the precision of these prodicted values.

peint ol reflect ton
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Step 9 - Convert the M-factor for a distance of 3000 kms i.e.
M{3000)F2 to the M-factor fora required distance D(calculated

in Step 2) i.e. M{D)F2 by using the factor distance table

(Table 4).

Step 10 - Calculate the maximum wusable £frequency for the

distance D i.e. MUF(D}F2 using the following relation

MUF(D)F2 = foF2* M(D}F2

Step 11 - Repeat Step 5 to Step 10 so as to calculate values

_of MUF{D)F2 at each hour of the day. ‘“Table 5 shows "the

computer output {using first wersion of the computer soft-

ware} (Lakshmi et gl;,) for'; point-to-peint circuit"nélhi--

Madras® for the month of "January 1991,

Step 12 -~ Calculate FOTs i.e. freguency of optimum trans:

mission at each hour separately using the rélation

FOT = 0.85 * MUF(D)F2

Step 13 ~ Plot values of MUF(D)F2 and FOT at gach of the 24

hours” (calculated in Step II and étep 12) as shown in Fig.4

and suggest one frequency for the day'timd and one frequency

for the night time.

5. SAMLE ILLUSTRATION FOR DESPATCH TQO THE OPERATOR

For operator in the field the planners have to give

information in the form of fig.5 fordifferent points of ref-

lections say 5°N; 1l0°N,...or 35°*N. In the diagram FOT values

!
for different distances are shown for January 1991 at a point
of reflection close to 20°N. Depending upon the great circle
. ‘ ) . > »
distance and poxnt,%eflect1on the operator canm have an idea

of the freguencies that will go through and choose one 1if

he has the provision for changing the frequencies or wait

for the time when the frequency (fixed) assigned to him

will go through.

1.

3.
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IaBLL 1
TABLE 2

LIS OF STATTONS AND THE DATA BASE FUR Tilk ATLAS Predicted values pﬁ 12 months running averape
Sunspet-Numbers

(Based cn observed sunspol numbers uplo August 1940)

( STATION P AL, LUNG. YEARS OF DATA ‘ _
Month ) R ! Month R
‘ !
ALMA  ATA : 47.3°N 76.9"E 40 yrs .‘
. o 0 April 1990 156 Oclober 132
X 5 [ o 40 yrs
ASHKIIABAD 17.9°N 58,71 0y May - 154 . Novemver 129
June . 153 1 be 12¢
DELHI 28.6°N 77.2°E o 35 yrs _ . ecenber ,
July 143 January 14991 123
AYMEDABAD 23,0% 72.6°E ~ 33 yrs August - 142 February )
September 136 " Marceh 12
HARINGIIATA 22.9°N - 88.6"E o230 yrs
CALCUTTA .
BOMBAY 19.6°N 72.8°% o35 yrs Natiomal Physical Laboratory
: Dr. K.S. Krishnan Road
. o 0 New Delhi - 110012.
HYDERABAD 17.4°N 78.5°F o 10 .
10th August 1990.
MANILA 14.7°N 120 .1°F a2 20542 yrs
BAGUIO 16.4°N 120.6°E e 12 ‘
MADRAS ‘ 13.0°N 80.3"E © e 17 yrs
I
[s]
TIRUCIEIRAPALLI 10.8°N | 78.7°E M0 yrs
+
KODAIKANAL 10.2°N . 77.57E ~ 43 yrs
THUMBA 8.6"N 76.9°¢ ™. 20 yrs ;
TRIVANDRUM ’
SINGAPORE 10N 141.3°R o 26 yrs
L. _

W T

e e



TABLE -

DELHT - MADRAS

3

JANUARY 1991

(28.6) (13,0) ©Great gircle distance 1750 kms
foF? HMUF¢ 4000)F2 MUF(1750)F2 | FOT(1750)

TIME/SSN3{ 100 150 121 100 150 121 121 121
00 6.9 9.5 8.0 23.0 30.0 25.9 17.0 4.4
01 6.2 8.9 7.3 20.0 28.0 23.4 15.3 13.0
. 02 5.8 8.0 6.7 18.0 26.0 21.4 14.0 11.9
03 4.9 6.8 5.7 16.5 22.0 18.8 12.2 10.4
04 3.9 5.4 6.8 13.0 17,0 14.7 9.5 1
0% 3.0 4.2 1.5 B.O 13.5 10.3 7.0 9
06 4.5 5.0 a7 14,0, 15.0 4.4 9.5 1
07 6.5 7.5 .9 24.0 26.0 24.8 15.9 13.5
08 10.1 1.1 10.5 32.3, 37.5 34.6 22.5 19.1
09 10.6 12.0 11.2 35.5 39.0 37.0 24.0 20.4
10 11.2 12.8 11.9 36.0 38.0 6.8 24.2 20.6
11 12,0 13.2 125 « 365 37.5 36.9 26.4 20.7
12 12.5 135 12.9 87.5 37.5 '37.5 25.0 21.2
13 13,2 13.9  13.5 39.0 38.0 39.0 26.0 22.1
14 13.3 141 13.6 40.0 38.0 40.0 - 26.8 22.8
15 13.2 14,1 11.6 40.0 38.0 40,0 26.8 22.8
16 13.0 14.0 13.4 62.0 38.0 42.0 27.8 23.6
17 2.9 13.5 13.1 41.0 38.0 41.0 27.0 22.9
18 12.9  13.2 13.0 39.0 38,0 39.0 26.0 22.1
19 11.7 132+ 12.3 38.0 38.5 38.2 25.6 21.8
20 1.2 13.1 12.0 37.0 38.0 . 37.4 4.4 20.7
21 10.5  12.5 11.3 35.0 38.0 36.3 24.0 20.4
22 9.1 11.6 10.} 32.0 ' 38.0 3.5 22.2 18.9
23 8.0 10.5 9.0 26.0 3.0 - 29.4 19.0 16.1
24 6.9 9.5 8.0 23.0 30.0 25.9 17.0 l4.4

T-'-JLElu '
L)

FACTOA-DISTANCE TaL

* DISTANCE A=FACTOR VALUSS (EafH FIgU<s T) 2C DEVIDED 7Y 1000
(K430 (1) €2 (33 téy (3 (A (7Y (0 {H (17 0 (123 (13)

* u 106130 1uw 100 12 133 100 190 100 102 100 100 100
= 10y 139 110 1960 101 18+ 141 a1 1 107 112 103 103 104
« 20V 100 100 101 t02- 192 172 193 103 19 105 106 107 108
» 300 100 10C 102 103 FJ4 1% 10 10n 132 110 112 114 118 -
400 163 131 133 105 "1gs 1@B7 103 110 113 115 118 122 129+
* 300 10t 102 195 108 110 i1 11s 117 121 125 131 139 14h e
* 600 102 104 107 112, 114 11y 119 24 130 13s 145 155 160 »
* 700 105 106 119 115 117 122 127 13é 142 1k9 160 173 177 ¢+
* 800 ty3 19% 114 117 124 17v 135 146 154 162 175 190 195
«  F0U tu7 112 118 123 130 135 143 175 1e5 174 190 205 212 «
« 1ugd 10¢ 1135 122 123 130 143 152 16s 174 187 205 220 230
* 1100 111 113 126 133 142 151 1e2 177 137 139 219 234 246 ¢+
* 1200 114 122 130 ,13% 148 157 1?7z 1@ 199 212 233 249 262
« 1300 117125 135 14% 1SE 1€7 181 1% 210 224 246 262 276 *
* 14U0 121 129 161 151 1s1 1735 te1 00 222 237 259 276 290 «
« 1520 t24 133 14% 153 183 1E& o0 1% 231 243 270 288 303 »
* 1600 127 137 152 165 7% 1%5 Ly iT. 241 259 281 300 316+
* 1700 150 14e¢ 157 171 142 20y 217 2in 259 263 291 311 327
* 1390 134 147 163 177 190 20, 2> Ti4s 259 274 302 322 339 -
* 1900 137 152 16t 14§ 197 215 3% - 257 26% 2R7M 312 332 349 4
* 2009 141 157 174 190 205 225 2a) 240 (77 297 322 343 359«
~ 2100 145 152 179 196 11 273 24° 47 235 305 330 351 368 «
» 2200 14% 147 184 20 21y P s F3% 275 233 315 339 360 374 4
* 2309 153 172 1§ 207 224 2L 741 2°r %00 370 345 367 3B e
x 2400 157 177 1% 213 231 2es 247 29 397 323 352 374 393
* 25u0 161 141 198 217 35 <¢Se 271 Iy 313 356 357 379 399
* Zowl 165 135 204 222 242 %) 270 371 320 340 383 3M5 405
® 270U 187 189 2U8 226 248 2% 24 508 325 345 368 389 409 .
* 28d0 123 193 212 2% L g31 274 290 311 331 351 373 394 414 o«
» 2900 176 195 214 233 -23% 275 95 E1s T3S 355 376 397 617 4
tt.iitltt.tﬂnlQDti.itdtalﬂ*iintltttﬁﬁtﬁocrbola‘nttint'ntltﬁﬁttt.lbi.&itﬁttttt
* 3000 140 200 220, 240 23 2%) 3u0 3P0 %45 350 330 400 420 »
l.inntntﬁ*llnittttt..'t..."'i'l.i.‘ltuntt-lﬁl-Qnnﬁttki'ttl—t'tn*tttﬁﬁt.ietﬂt
* 3100 142 202 2227 k2 62 2% RJ7 122 34) 362 3B2 402 Q «
x 5200 145 235 225 245 265 45 At 103 TS 565 335 403 0 »
= 3300 185 203 223 242 Is® Iev Jut 573 f4d 358 194 0 D+
* 3400 121 211 2310 2%1 271 2%t 111 311 ISt 571 39N 0 0 «
* 3500 194 214 234 2%« 274 25« 3L 33e 3540 3TL ] 0 0+
» 3600 196 216" 226 250 274 ¢&%3 314 75 134 Q 0 0 0
* 3700 199 219  23¢  2s3 2?9 lS2 1@ 537 %52 7 0 0 0 *
* 3800 200 222 242 26 ¥ 0 dir ez 0 0 0 0 0 *
= 3900 205 225 45 265 285 503 T2 i3 0 0 0 ] 0 *
* 4000 208 225 Cey  Zeg 297 Sl 217 p o 0 0 0 o »
t**.liltthﬁtnﬁitttit_ttnﬂtbnttitiilattitﬁtttqnvttqiitti&ilﬁhtttuttb'titttti.i

FROM THE 13 VERTICAL CULUMNS T4 80JACTNT CULUMNSG ARFE CHOSEN SUCH THAT
THE PREDICTED M{3DDQ)F2 VAaLU: 33TAINSD IN STEF, LTES QETWEEN THEM? E.G.
IF THE PREDICTeD M(300UIF2 VALUE I5 .37 THE CLLUMNS (5) AND (7) ARE CHOSEN.
ALONG THESE VERTICAL CuluMys TdE'M(FACTOi)AVALJES AL RTAD FOR THE GIVEN
DISTANCE.
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AFFENDIX A

MAFS OF F2 LAYER CUMMUNICATION MARAMNE TERS

CONTOUR MAFS OF foF2

A. 1

A. 2 CONTOUR MAPS OF fofF2
A. 3 CONTOUR MAPS OF fofF2
A. 4 CONTOUR MARS OF foF2
A. 5 CONTODUR MAPS OF fqF2
A. & CONTOUR MAPS OF ¥oF2
A. 7 CONTOUR MAPS OF foF2
A. B CONTOUR MAPS DF fofF2
A. 9 CONTOUR MAPS OF foF2
A.106  CONTOUR MAPS OF foF2

AND MUF {4000)YF 2
AND MUF (4000)F2
AND MUF (40O F 2
AND MU0 F 2
AND MUF {40003 F2
AND MUK (4000)F2
AND MUR (4000 F2
AND MUF (4000 F2
AND MUF (4000 F2
AND.HUF(4000)F2

MHz FOR
MHz FOR
MHz FOR
MHz FOR
MHz FOR
MHz FOR
Mtz FOR
MHz FOR
Mz FOR
MHz FOR

JANLIARY (55N = o)
JANUARY (S5N = S0
JANUARY (58N = 1o
JANUNRY {SSN = 150)
JANUARY (S9N = 2u)
FEBRUARY (55N = 0}
FERRUARY (SEN = 50)
FEERUARY (55N = 100)
FEBRUARY (SSN = 130)
FEBRUARY (56N = 200)
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JANUARY (33N =200}

JANUARY [3SSN

Bt THE SHN'S ZENITH ANGLE FOR JANUARY , FELRUANRY ANIE MAKRCH .
.2 1THE SUN'S ZENITH ANGLE FOR APRIL, MAY ARD JUNE.
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AFPENDIX C

TAELES COTAINING SECOND DEGREE COEFFICIENTS:A,B,C,D,E AND F.
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VALUES
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VALUES
VALUES
VALLES
VALUES
VALUES
VALUES
VALUES
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‘VALLES

oF
OF
oF

oF
oF
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OF
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oF
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,E AND F FOR
,E AND F FOR
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