
SECONDARY PHASELAG
COMPUTATION

T. B. MAHMOOD

October 1986

TECHNICAL REPORT 
NO. 125



PREFACE 
 

In order to make our extensive series of technical reports more readily available, we have 
scanned the old master copies and produced electronic versions in Portable Document 
Format. The quality of the images varies depending on the quality of the originals. The 
images have not been converted to searchable text. 



SECONDARY PHASELAG COMPUTATION 

Tuan Baharom Mahmood 

Department of Surveying Engineering 
University of New Brunswick 

P.O. Box 4400 
Fredericton, N.B. 

Canada 
E3B5A3 

October 1986 

©1986 Tuan Baharom Mahmood 



PREFACE 

The technical report was originally issued in September, 1986, in partial fulfilment of the 

requirements for the degree of Master of Engineering in Surveying Engineering. This work was 

supported in part by a Strategic Grant entitled Marine Geodesy Applications, awarded by the 

Natural Sciences and Engineering Research Council of Canada to David Wells. 



ABSTRACT 

The success of using electronic posltior.ing systems depends on a reasonably precise 

lmowl~ of the speed of propagation of the electrom~net1c w~e. In those systems ut111ztng 

low frequency rtw:lio w~es. the ground w~e becomes very dominant and therefore the speed of 

propagation is affected by the electrical char~teristic of the ground path. For a homogeneous 

smooth earth mooal, this characteristic is mainly determined by the conductivity and dielectric 

constant (permlttMty) of the ground. both of which give rise to the complicated problem of 

secondary phaselag. Using two existing programs developed by Brun~s and Gray, based on 

Johler's mooal to compute the secondary phase lag, a study on the method of computation and the 

behaviour of secondary phase lag with distance, conductivity and permittivity at 1OOKHz 

frequency is carried out here. The results of this study are then used to modify these programs 

for better efficiency. 

The above method of computation has been found to be very complicated and time 

consuming. Brunavs hoo developed an approximate formula using coefficients to compute total 

phase lag at 1OOKHz frequency. However, the range of conductivity and permittivity in his 

tabulated coeficients is 1 imited. This report expands Brunavs' work on the approximate formula 

so that it can be used for a wider range of conductivity and permittivity. An attempt Is also made 

to fit the coefficients with another approximate formula so that interpolation can be made 

easily. Finally the results of this extension work are used to develop a commputer program to 

compute total phase lag at 1OOKHz frequency using the approximate formula over a conductivity 

range of 0.00001 to 5.5 siemens/metre and permittivity range of 3.0 to 80.0 esu 

respectively I which In most cases agree with the results using the Johler model to within 

5.0m I for distances of 2 to 2000Km. 
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Chapter I 

INTRODUCTION 

The development of electronic positioning system ( EPS) was initiated during the 

second world war with the invention of r81ar {Radio Detection And Ranging) for direct ranging 

of passive targets using line of position (LOP) derived from signals transmitted from fixed 

ground stat1on (transmitter). In this system, the range ts obtained by measuring against an 

accurate built-in time base, the transit times of microwave signal pulse from the transmltting 

antenna to a passive reflector (target) and back. After the war, Electronic Positioning System 

was further developed with the development of atomic clocks, the semiconductor and later by 

micro-miniature circuttry. These developments have contributed to massive advances tn 

accur~, reliability and, of signlflcant importance to surveyors and hydrographers, 

portability. 

With the a1vancement of Electronic Positioning Systems, the use of visual methros 

(sextant and celestial observations) have been abandoned over the past 30 years and become 

secondary methods to be used only when electronic method proves impractical. However, the 

success of using Electronic Positioning Systems depends on a reasonably precise knowledge of 

the speed of propegation of electromagnetic wave. The speed is a value dependent upon the 

environmental factors and the effect of wave path on dtffertng terrain, the effect of whtch 

varfes wfth the carrier frequenc,y of the signal tn use. 
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1. 1 FREQUENCY SPECTRUM OF RADIO WAVES. 

The total spectrum of electromagnetic wwes 1n electronic and electro-opt1cal 

distance measurement systems ranges from wwelength of 5 x 1o-7m to 3 x 1 o4 m. Within 

the range of radio waves, the frequency spectrum is divided into bands in order to distinguish 

the different orders of frequencies used for different purposes. The classification commonly 

used in radio wwes is given in Tablel.l. The last two bands are combined together and usually 

called microwave band with SHF and EHF bands classified asS-band and X-band respectively. 

Radio waves are divided into two main groups called long wwe and short wave. The former 

consists of LF and MF, and the latter VHF, UHF, SHF and EHF. 

With the exception of satalllte navigation and positioning systems, all offshore 

nwigatlon or positioning systems use long waves. Within long wwes group. there are certain 

frequency 'winoows' reserved for navigation signals. They are 1OKHz (Omega). 1OOKHz (Loran 

and Decca) and 2M Hz ( Hifix ,Reydist and Arrp). Shore or inshore positioning systems use either 

400MHz (UHF systems) or 5GHz (microwave systems) frequency windows. 

CLASSIFICATION SYMBOL FREQUENCY WAVELENGTH( rn} 

Very Low Frequency VLF 10-30 KHz 30000-10000 

Low Frequency LF 30-300 KHz 10000-1000 

Medium Frequency MF 300-3000 KHz 1000-100 

High Frequency HF 3-30 MH2 100-10 

Very High Frequency VHF 30-300 MHZ I 0-1.0 

Ultra High Frequency UHF 300-3000 MHZ 1.0-0.1 

Super High Frequency SHF 3-30 GHz 0.1-0.01 

Extremely High Frequency EHF 30- GHz 0.01-

Table t. t R!rlig EIEwm~ SQectcum and Cl~1fi~1im. 
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1.2 PROPAGATION OF RADIO WAVES 

Rooio wtNes may be propagated through or along the surface of the earth, through 

the atmosphere or by reflection or scattering from natural or artificial reflectors depending 

on the type of wrNes. 

a) Short WrNes - Short wrNes generally propagate along a line that Is slightly bent and 

require line-of-sight condition. For this reason the measurement range Is restricted to 

a relatively short one. The propagation Is affected by the property of the atmosphere, 

that is, the v~uum velocityof light of 299 792 458 metre I sec (recommended by 

IUOO, 1975) is reduced in the atmosphere due to the density variation in the 

atmosphere. The velocity in the atmosphere is computed using the refractive index 

which indicates the dielectric properties of the atmosphere ( Section2.3 ). Figure 

t. 1 illustrates the propagatlon of short wrNes. The presence of ground swing or 

sometimes called ground reflected wtNe, as shown in the figure should be 

removed in order to obtain satisfactory results. 

b) Long Waves - Unlike short waves, antenas used for long waves systems are usually 

ommdirectional. For this reason the propagation is divided into two components; surface 

wave AB, normally called ground wave, and sky wave ACB es shown in Figure 1.2. 

Sky wave can be used for long range navigation. It is, however, not very stable due to 

the variation in the height of reflecting layers in the ionosphere. For 

shorter distances, the more stable ground wave is used in most systems utiltzing low and 

medium frequencies. Ground wave not only travels along the surface of the earth but 

penetrates into the ground to some extent. Since the conductivity and dielectric 

constant ( perm1tt1v1ty) of the ground vary considerably from those of the atmosphere, 

correction due to this effect must be considered (Sections 1. 4 and 2. 4 ). 
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1.3 RADIO WAVES TRANSMISSIONS 

Low and medium fra:luency wENes may be transmitted by either of the following 

methods: 

a) Pulse Type- In this case, the distanceD is basically determined by observing the timet 

needed for pulses to trove! from the transmitter to the target ond b~. Using the 

ENerage veloolty c of the electromagnetic prop~tion, the distance Is computed simply 

by using the following formula : 

D = ct/2 

b) Continuous WENe (CW)- In this case,the position of o point with respect to two known 

stations is basically determined by measuring the phase difference between signals 

transmitted by the two stations. 

The phase comparison used in CW ground wave transmission may be contaminated 

by sky wave. Pulse type transmission is not affected by sky W8Ve and therefore is very stable. 

Loran-e Is an example of a system using pulse transmission. CW transmission is used in the 

Dexa system. 

1.4 PWtSELAGS 

Phaselags are the difference In phase between the real wENe and a reference wm 

trENelling at a specified oonstant velooity. This reference velooity can be the vacuum speed of 

light ( 299 792 458 metre I sec). In the case of the ground wENe, the real wENe travels 

through the atmosphere, and over the earth's surfo of land and water, both of which have a 

retardation effect. The two effects vary considerably and they are termed as: 
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a) Primary phase!~- due to the atmosphere ( Section 2.3 ) 

b) Secondary phcseleg- due to the ground (Section 2.4) 

1.5 DEVELOPMENT OF SECONDARY PHASELAG COMPUTATIONS 

Unt ill the end of 19th Century I electromagnetic wfNes were thought to propagate 

mainly In straight lines. The remonstration by Marconi in 1901 that It was possible to transmit 

r~lo signals across the Atlantic (Smith-Rose, 1957) m~ it necessary to study the 

prop~tlon of electromagnetic wfNes along the surface of the earth. Since then I the prob lam of 

ground wfNe propagation over a hom~neous smooth earth has been researched under two 

different theories; plane earth and spherical earth. 

Under the plane earth theory I the problem was first solved by Sommerfield 

in 1909 and Newton in 1937 presented this solution in a suitable form for computation. 

MacDonald in 1903 was the first to present the solution under the spherical earth theory. His 

poorly convergent series was later converted into a highly convergent one by Watson in1918. 

This series was later modified by Vander Pol and Brammer in 1939. Further researches were 

then carried out not only for a smooth hom~neous earth but also for the inhomogeneous case 

as well as the effect of terrain by authors like Millington in 1949, Pressy in 1953 end Hufford 

in 1952 (see Samea!ar, 1979 for further detail). 

Most of the authors above only considered the amplitude of the ground wfNes In 

their computations. Johler and co-workers ( 1956) was the first to present the computation of 

the phase of low frequency ground WfNe based on the mathematical models presentEl1 by their 

pr~s. Thts work. whtch ts of the tntrest to hydrographers, has been used to compute the 

corrections to the measured distances In low frequency positioning and nfNigation systems. 
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Brunavs and Wells ( 1971) and again Brunavs ( 1973) confirmed the reliability of this 

computation using Decca Lambda. Brunavs ( 1977) presented two approximate formulas to 

rep Ieee the Intricate Johler's moclel to compute the total (secondary + primary) phase lag using 

a number of coefficients. 

1.6 OBJECTIVES AND SCQPE 

The main objective of this report is to extend the worl< by Paul Brunavs ( 1977) on the 

approximate formulas where only a single value for land permittivity ( 15 esu) was 

considered. To support this objective, the followings are carried out: 

i. The procedure of computing the secondary phaselag suitable for our purpose 

based on Johler's moclels is presented (Chapter 3). 

ii. Two computer prcgrams developed by Paul Brunavs and David Gray of the Canadian 

Hydr~raphic Service and mooifications oone to them are described and dxumented 

(Section 4.1.4) 

iii. Secondary phaselag can be computed using plane and spherical earth theories. The 

validity of one over the other is examined (Section 4.1. 1) 

iv. t 5 represents one of the most important parameters in the computation of secondary 

phase lag using spherical earth theory ( Sectlon 3. 1. 1 ). It can be computed by two 

methros. Situations under which these methros are used are examined (Section 4.1.2). 

v. The variation of secondary phaseleg with input parameters: distance, conductivity and 

permittivity is studied (Section 4.2) 
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vi. The C coefficients for a wide range of conductivity and permittivity values, which are 

typically found in the field, are determined and tabulated (Chapter 5). 

vit An attempt ts made to ftt the C coefficients into a simple formula to facil1tate 

interpolation (Section 6. 1 ) 

vii. Finally, a computer prOJram is developed to compute the 100KHz total phaselag using 

the results obtained for the approximate formula (Section 6.2). 

To arrive at the above objectives, the computations are carried out for 1OOKHz 

frequency assuming that the earth Is smooth and homogeneous. All formulas involved in Chapter 

3 are accepted from Johler ( 1956) w1thout further derivation and explaination. Distance, 

conductivity and permittivity are the main input parameters in the computation of secondary 

phaselc.;J. However, methOOs of determination and occuracies of these input parameters are not 

within the scope of this report. 



Chapter 2 

6ROUND WAVE PROPAGATION 

2. 1 COMPONENTS OF GBOUND WAVE 

Ps mentioned before, long wr:Nes may propagate as sky wr:Ne or ground wr:Ne. 

Ground wave is generally divided into three components (Fig. 2. 1 ): 

i) surf~ wave 

ii) direct wave 

iii) ground reflected wr:Ne. 

Close to the surfoce, direct and ground reflected waves cancel each other ler:Ning only the 

surface wr:Ne as the principle means of propagation. Surfoce wr:Ne is usually referred to as 

ground wr:Ne. 

2.2 PENETRATION OF GROUND WAVE. 

The earth acts liKe a capacitor and resistor in parallel in carrying current induced 

by the ground wr:Ne. This current Is attenuated wlth depth Into the earth. The effective depth of 

penetration is a function of conductivity and freQuency; it decreases with freQUency and 

conductivity (Fig. 2.2,Bige1ow ,1963). It is usually defined as the depth at which the intensity 

of the radiation has fallen to I /e of its value at the surfoce (Gray, 1975); i.e. 

9 
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where x0 = the depth ( m) 

oo = angular frequency ( r~lsec) 

p.0 = permeab11lty of free spoce 

= 4n x I o-7henrys I m 

c = absolute permltttvtty 

= Crel X I /36n X I o-9 far~ I m 

c,.e1= relative permittivity 

o = earth conductivity (siemens I metre) 

2.3 PRIMARY PHASELAG 

Ground wCNe is not confined to the earth surf~ or to the depth it penetrates into 

the earth. It also extend upwards a considerable height. The tropospheric refractivity slows 

oown the signal. This is referred to as primary phase lag. This Is accounted for by applying the 

refractive index correction In the same prooedure as with microwCNe distance measurements. 

The correction is given by: 

Cp = N X 10-6 . d 

where Cp = primary phase lag correction (metre) 

N = refrecttvtty of the atmosphere (Essen and Froome, 1951) 

d = measured distance (metre) 
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2. 4 SECONDARY PHASE LAG 

As mentioned earlier, groundwave induces charges in the earth that travel w1th the 

wave and so constttute a current. Therefore, the earth conductivity and dielectric constant 

describe its characteristics as 8 conductor. Because the earth surface Is not 8 perfect conductor, 

the ground OOg6 of the wavefront retards, causing it to tilt forward (Fig. 2.3). The tilt 

increases with frequency and 03creases with conductivity (Table 2. 1, B lgelow, 1963 ). For 

this reason, short waves are not capable of long range propagation; the propa;)atlon Joss 

becomes excessive. The combined effect of the ground conductivity, curvature of the earth, 

dielectric constant and permittivity lapse rate give rise to the complicated problem of 

saxmdary phasei6J which describes the disturbing influence of the earth surface on the 

propagation of ground wave. 

FREQUENCY 

20 KHz 
200 KHz 
2 MHz 
20 MHZ 

ANGLE OF TILT 

0 = 5 siemens/metre 0 = 1 o-3siemens/metre 

0° 02.'5 
0° 08.'0 
0° 25.'0 
1° 23.'0 

4° 18' 
13° 30' 
32° 12' 
35° 00' 

Table 2.1 Angle of Tilt Variation With frequency and Concluct!yltv 
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e) Perfect Conductor b) Poor Conductor. 

Figure 2.3: Tilt of Gr·oundwave. 
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2.5 GROUND CONDUCTIVITY 

The electrical characteristic of the earth Is descrl~ by Its conducttvHy, 

dielectric constant (permittivity) and permeability. However, at long wet~es frequencies, the 

conductivity becomes the most Important parameter in the determination of secondary phase I~. 

Since the ground wet~e may penetrate the earth, the effective conductivity Is determined by the 

nature of the sotl profile. 

The conductivity and the dielectric constant of the so11 vary with the nature of the 

soil, with moisture content as the main determining factor. An example of the effect of moisture 

on the conductivity is in the case of loam; I o-2 siemens/metre at normal condition and 1 o-4 

siemens I metre when It is dry. Typical example of the variation In ground conductivity and 

dielectric constant Is given in Table 2.2. (ITT, 1975). Figure 2.4 shows the conductivity map 

of CaM:Ia (Ireland, 1961 ). 

TYPE OF TERRAIN 

S&l water 
Fresh water 
Dry, sandy, flat coastal land 
Marshy, forested flat land 
Rice ~riculturalland, low hill 

CONDUCTIVITY 
(siemens/metre) 

5 

Pastoral land,medlum hfll and forestration 
Rocky land, steep h11Js 

8 X 10-3 
2 X 10-3 
8 X 10-3 
I X 10-2 
5 X 10-3 
2 x 1o-3 
1 X 10-3 
I X 10-4 

Mountainous ( h111s up to 1OOm) 
Cttles, Industrial areas 

DIELECTRIC 
CONSTANTS ( esu) 

80 
80 
10 
12 
15 
13 
10 

5 
3 

Table 2.2 Ground CooductMtv and Dielectric Constents. 
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With offshore navtgat1on, ground wave propagates mostly over the sea water. As 

shown in Table 2.2, sea water and fresh water differs greatly in conductivity. This clearly 

shows that conduct1v1ty of water varies with salinity and to a certain extent temperature as 

sallnity varies wlth temperature. Typical variation of conductlvity with temperature is given 

in Table 2.3 (Bigelow ,1963). 

TYPE OF WATER 

SEA WATER 

FRESH WATER 

St\LINITY 

35 
20 

TEMPERATURE 

20 
10 

20 
10 
0 

CONDUCTIVITY 

a (siemens I metre) 

4.78 
2.29 

4 X 10-2 
3 X 10-2 
2 X I o-2 

Table 2.3 Conductivity Variation with Salinitv and Temoerature. 
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Chapter 3 

COMPUTATION OF SECONDARY PHASELAG 

Formulas and prooedures in romputing the secondary phaselWJ have been developed 

by Joh ler and ro-work.ers ( 1956) and since then has been the accepted methcxl. Using this 

methOO two prcgrams have been ooveloped by Paul Brunavs and Dave 6rfty'. These prcgrams 

were then mooified and ~umented here (Section 4. t. 4 ). In this chapter, these methros are 

laid out without further romment. 

For better understanding, the main parameters used in the computetion are first 

given here:-

Input d = distance ( m) 

f = frequency ( Hz) 

0 = conductivity of medium (siemens/m) 

s = permittivity of earth (esu) 

Assumed c, = permittivlty of atmosphere 

= 1.000676 (esu) 

a = radius of earth 

= 6.36 7390 x 1 o6 m 

a = vertical lapse rate of permittivity of air 

= 0.75 

18 
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JL0 = permeability of free space 

= 4Jt X 1 o-7 henry/m 

c = velocity of electromagnetic wwe 

= 299 792 500 ms-1 

(note: in Chapters 5 and 6 we will be reveloptng polynomials with 

coefficients labelled Ct· These are not to be confused with this velretty c) 

6) = angular freQuency ( = 2Jtf) 

Kl = wwe number of the atmosphere 

k2 = wave number of the earth 

se = the conductivity and permittivity parameters for a vertical dipole source 

Ke = the modulus or amplitude of se 

ts = solution of Ricatti's eQuation 

~ = secondary pha<'...elag 

3. 1 SPHERICAL EARTH THEORY METHOD 

The secondary phase lag ., is given as 

( 3.1) 
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or 

(3.2) 

where 

F = [ 2m2/3 (I< a) 1/3 d I ] 1/2 L ( [f ( h ) f ( h )] /[ 2t _ 1 /o )2] } r 1 a sls2 s e 
s•O 

(3.3) 

f5( h 1) = f5( h2) = 1, both radlat1ng source and observer are at the surf~ of 

the earth. 

oe = Ke exp { l [ 3n I 4 - cpe l } (3.4) 

( 3.5) 

( 3.6) 

(3.7) 

and 

t 5 1s the solution of R1catt1's equation ( Section 3. 1. 1 ). 
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3.1.1 Computation of t 5 . 

In oroor to solve equation ( 3.3) I the values oft5 Is= 0 I oo have to be ootermlned. 

15 describes the special roots of Ricattl's differential equation: 

~ I crt - 2~ 2t + 1 = o e s e s (3.8) 

According to Johler and co-worKer ( 19561 1959)1 these roots are ootermined by expanding 

equation ( 3.8) above in power series:-

and 

or 

\ = l: 11 n! [d't/~e nlae=O ~en 
n-o 

(3.9) 

\ = L 1/n![cfit/d(t/oe)O)oe=co Oe-n; 1tPt5 l > 1/2 (3.10) 
n·O 

and 

crt /d ( t/li ) = - ~ 2 dt /~ = If[ 1/~ 2- 2t ) s e e s e e s 

Equation ( 3.9) and ( 3.1 0) g1ve (Johler et all 1959): 
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't = 't (0)- ~ - [2/ 't (0)]~ 3 + 1! 8 4- [4/ t2 (0)]~ 5 + s s e 3s e 2e 55 e 

where 15 ( 0) is an initial approximation ( ~tually the limiting root) to 15 • 

and 

1 = 't (oo)-[ 1!2t (oo)] 1/o - [1/~ (oo)] 11~ _ [ 1/t2t2 (oo) + 
55 5 e 5 e s 

' /t6~ coo) 1 11 s 3 - r 7/9614 coo> + s/12 et7 < oo) J 11s 4- c 3. 12 > s e 5 5 e 

where\( oo) Is an 1n1tlal approximation ( ~tually the llmlttng root) to t 5 . 

t 5( 0) and t 5( oo) are computed as follows:-

where 

(3.15) 

and 

(3.16) 
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These inlt1a1 approximat1ons, t 5( 0) and \( oo) for S8 = 0 and S8= oo have been tabulated by 

Johler and co-workers ( 1959). 

Howe ( 1960) modified equation ( 3.9) and ( 3.1 0) to cater for longer terms In 

( 3. 11) and ( 3.12) so that better accuracy could be obtained. His modif led series were called 

Ascending and Decending Series and they were more pr~tical when using computers. 

a) Ascending Ser les 

.... 

t =! B· s J 
J"'O 

where 

for j < 3 

and 

j-2 

Bj = ( ( J - 2) I j J S82 ! B0Bj _ n _ 2 for j ~ 3 

b) Descending Series 

where 

and 

.... 

'~s = ! A J 
j•O 

n .. o 

(3.17) 

( 3.18) 

( 3.19) 

(3.20) 

( 3.21) 



24 

j -1 

A j = ( -1/2Ao){ 2 AnA j _ n- [ ( j-2) I j ] 1/~e 2A j _2 } for j ~ 2 
n .. , (3.22) 

Ao and 60 are the constants of integration and may be chosen arbitrarily. However 

they have an amplitude of n I 3 and therefore A0 and 60 are given the following values: 

and (3.23) 

where 15(0) andt5(•) are computed as in equations (3.13), (3.15), (3.14), 

( 3. 16) respect1vely. 

In equation ( 3.3), the summation is shown to involve the computation of eech of the 

t 5 , for s = 0 ,oo. Since in practice we will sum only over a finite number of terms, we can 

choose either to start with using either equation ( 3.17) or ( 3.20) respectively. The 

computation of Aj or Bj are continued until Aj orB j is small enough to be ignored. At this point 

the sum of all A J or Bj gives the value of 15 . However, 1f the series In use doos not converge at 

a certain st~ of computation, the computation should cease and switch to the other series. The 

conver~nce crlterton to be used here ts I o-6 or less (Gray and Brunavs used 1 o-7 to I o-9). 

These power sertes fn ~en and ~e-n seem to lose precision near the circle of 

conver~nc:e. I & 5 21 = 1 I 2 (Walters and Johler, 1962), for a finite number of terms. This 
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problem is highly prevalent at low conductivities (see 4.1.2). To overcome this problem 

Walters and Johler ( 1962) developed another met~oo of computing t 5 using Hankel Functions. 

In this methoo, R1catt1's equation Is expressed as a rat1o of Hankel Functions: 

l/(-2t )112(~0 113[1/ (-2t )312]/H(l) [1;3(-2t )312} expf 1n;3 ] + ~ = o 
s 3 s 2/3 s e 

(3.24) 

The Hankel Functions H Ct.2)113,213 are then evaluated to obtain iterative 

solution of Ricatti's equaUon using the following:-

a l 

H/1>( z) = 1/n Jexp [ i z sin 9 - vi a ]d9 + lj m Jexp [ z;2 ( u- 1; u ) ] [ u- v -1 

0 0 

+ uv -I exp (- v n f ) ]du ( 3.25) 

for Re ( z) > 0 

and 

:It 1 

H/2)( z) = 'In Jexp [- i z sin e + v i e ]d9 + t;1t Jexp [ Z/2 ( u - lj u ) J [ u- v-1 

0 0 

+ uv -I exp ( v 1t i) )du (3.26) 



26 

The integrals in ( 3.25) and ( 3.26) may be evaluated by Gaussian qui:Kirature: 

b M 

f f(x)dx = L wm F(Ym) + f: (M) (3.27) 
a m •l 

(3.28) 

where 

Xm = Gaussian abscissa 

ct m) = error term 

Detail prooedure is explained in Waltrs and Johler ( 1962). It should be noted that 

this methoo is used only when the power series fail to converge. This is because the power 

series ls morestralght forward and involves less of an approximation process as wfth the 

Hankel Function. That is for every t 5 , the power series are used first and only if both of them 

fai1 to converge, this method is U1en applied. 

3. 1.2 Method of Computation of t 5 used in Grav and Brunvs Prwram 

a) Gray - using modified power series by Howe for t 5 • s = 0, 2500. 

b) Brunav -using modified power series by Howe and Hankel Function for t 5 , s = 0, 620. 
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3.1.3 Restrictions in Spherical Earth Computation 

The summation term in equation ( 3.3) 

-
2 I I ( 2t - I I~ 2 ) exp [ i [ ( K 1 a) 113 t a213 d I + ad ; 2 + 1t I ] ) s e s a a 4 
S"'O 

is oopenrent mainly ont5. It should be noted that the value oft5 Increases w1th s. Therefore as 

many s as possible should be used to obtain a !pX1 estimate. However, it Is found that 

d(distance) plays a major role In the convergency of the summation equation. For great 

distances, a reasonably small number of terms are used but as the distance decreases the 

number of term begins to increase. For very short distances it requires too many terms. 

The Brunav and Gray programs oomonstrate that even with 620 and 2500 number of terms, it 

roes not converq3. Another point to note is that if too many terms are used in the computation, 

the precision ooteriorates and it takes too much computing time 

3.2 PLANE EARTH THEORY METHOD. 

As mentioned before (3.1.3). computation of secondary phaselag for short 

distances using the spherical earth theory is laborious and inaccurate. Therefore, it can be 

assumed that the earth is a plane. The secondary phaselag +z in this case is given by (Johler et 

al, 1956): 

~ = Arg (Fz) = tan- 1[ lmag (fz)IReal (fz)] radians (3.29) 



28 

or 

tz = Arg ( Fz) x C/ w metre 

where 

(3.30) 

-
Y(p 1) =1,f(np 1) e-P,+ I ([ (-1)n2n(n!)]/2n!}(2p1)n (3.31) 

n=O 

or 
.... 

Y(p 1) = -2: [ (2n!) /2n(n!) J [ 1/(2p1)0J (3.32) 
n =1 

(3.33) 

(3.34) 

k - W!c [ c iou CL/w] l/2 '2 - 2 + ro 
(3.35) 

and 

k 1 and ~e are as equations ( 3. 7) and ( 3.4) respectively. 

The validity of this method ts given tn Section 4. 1. I. 



Chapter 4 

ANALYSIS ON SECONDARY PHASELAG 

COMPUTATION AND ITS VARIATION 

With the objectives laid out In Section 1.4, tt was therefore neccessary to compute 

the secondary phaselEfJ value for different parameters, namely distance, conductivities and 

perm1tt1v1ty. For this purpose, a computer prtv;Jram was developed based on the two extst1ng 

prcvams written by Paul Brunavs and Dave Gray. Paul Brunavs prtv;Jram incorporated Hankel 

function for the solution of\ but did not have the plain earth theory computation while Dave 

Gray's prtv;Jram was the reverse. Therefore the new prtv;)ram was developed to incorporate both 

of them. 

In this prtv;Jram called SEPLA6, the values of secondary phaselag using both plane 

and spherical earth theories were computed for distances from I to 2000 km with conductivity 

and permittivity as the input parameters. Using the conductivity and permittivity values given 

in Table 2.2 as a guide, the computations were carried out for conductivity and permittivity 

values of 0.00001 to 5.5 siemens/metre and 3 to 80 esu respectively. With the results 

obtained from these computations, the following analysis can be made:-

4.1 ANALYSIS ON THE COMPUTATION OF SECONDARY PHASELAG. 

In this section, the limitations of plane earth computation and computation of t5 

using Ascending and Decending series wm be given t•ther with a suooestion on how to reduce 

computing time. 

29 
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4. 1.1 Identical Results of Plane and SPherical Earth Theory Computations 

In the secondary phasel~ computation using both p180e and spherical theories, it 

was f~nd that at short distances the plane theory gives Jerger values than that of the spherical 

theory. At certain distances, these two values become identical and beyond those distances the 

spherical values become 1¥ger than that of the plane value. Table 4.2 shows where these two 

values coincide at various conductivities and permittivities. Beyond these distances, the 

difference between the two values Increases with distance. It was also found that the spherical 

theory computation needs a great number of terms to compute the secondary phase!~ at short 

distances but only a few in the plane theory computation. For this reason it was felt that errors 

may exist in the spherical theory computation especially at very low conductivity. Therefore 

for shorter distances than those In Table 4.1, values obtained from the plane theory 

computation should be used. 

4.1.2 limitation of Computing t 5 Using Ascendjng and Descending Series 

Table 4.2 shoWs that Ascending and Descending Series (as explained In Section 

3. I. I) can on Jy be used for conductivity values higher than 0.00 I siemens/metre If 

permittivity is ignored. At 0.00 I siemens/metre and below t 5 converge only for values of s that 

are small or large. The gap of nonconvergence increases as conductivity and permlttiv1ty 

G:aeases. At these conductivity values, and for the nonconvergence gaps 1n s values 't5 should 

be computed using Hankel Functfon. 
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CON~UCTIVITY I~ENTICAL RESULTS QF PLA~E AND SP~ERICAL THEQBY 
(a) D TP TS 

5.0 10 2 620 ~ 
3.0 10 2 620 D - DISTANCE WHICH BOTH 
1.0 10 2 620 THEORIES GIVE IDENTICAL 
0.8 10 2 620 INDEPENDENT RESULT 
0.5 10 2 620 
0.3 10 2 620 OF TS- NUMBER OF TERMS USED 
0.1 10 3 620 IN SPHERICAL COMPUTATION 
0.08 10 3 620 PERMITTIVITY 
0.05 10 3 620 TP- NUMBER OF TERMS USED 
0.03 10 3 620 IN PLANE COMPUTATION 
0.01 10 4 620 

t2 = 3 t2 = 10 t2 = 20 

D TP TS D TP TS D TP TS 

0.008 10 4 620 10 4 620 10 4 620 
0.006 10 4 620 10 4 620 10 4 620 
0.004 10.5 4 620 10.5 4 620 11 4 620 
0.002 11 5 620 11 5 620 12 5 620 
0.001 13 5 620 14 6 620 15 6 596 
0.0008 15 6 606 16 6 558 18 6 479 
0.0006 18 7 491 19 7 458 20 7 429 

0.0004 23 9 412 25 9 358 26 9 338 
0.0002 34 12 257 35 12 249 35 12 241 
0.0001 43 19 194 41 17 210 40 14 199 
0.00008 45 21 210 42 19 205 40 15 197 
0.00006 45 25 210 42 20 200 40 16 194 
0.00004 45 30 205 42 22 195 40 16 190 
0.00002 44 39 225 42 24 200 40 16 185 
0.00001 44 44 282 42 25 195 42 20 195 

Table 4.1 Identical Results of Plane and Spherical Earth Theorv Computation. 
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CONDUCTIVITY [o] NON- CONVERGED 15 USING ASCENDING/DECENDING SERIES 

(in siemens/metre) FROM IQ_ 

5.0 NIL NIL NOTE: 

1.0 NIL NIL 15 • S = 0,620 IS COMPUTED 

0.8 NIL NIL TO DETERMINE SECONDARY 

0.5 NIL NIL PHASE LAG; 

0.3 NIL NIL INDEPENDENT FROM AND TO INDIC'J\TE 

0.1 NIL NIL WHERE 15 DO NOT CONVERGE 

0.08 NIL NIL OF USING THESE SERIES. 

0.05 NIL NIL 

0.03 NIL NIL PERMITTIVITY 

0.01 NIL NIL 

0.006 NIL NIL 

0.002 NIL NIL 

~ ~ = 10 ~ = 15 ~ 
FROM TO FROM TO FROM TO FROM TO 

0.001 0 1 0 1 0 0 1 

0.0006 0 2 0 2 0 2 0 2 

0.0004 1 4 1 4 1 4 1 4 

0.0002 5 13 5 12 4 12 4 11 

0.0001 15 36 12 30 10 24 8 20 

0.00008 21 49 15 37 I I 29 9 22 

0.00006 31 72 19 47 14 34 10 25 

0.00004 54 116 25 58 16 39 1 I 27 

0.00002 106 212 30 70 17 42 12 29 

0.00001 137 265 32 73 18 43 12 29 

Table 4.2: Non - Convergency of 1s Usina Ascmding and Decending Series. 
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4.1.3 Number of Terms in SPherical Earth Theory Computation 

Table 4.3 shows the number of terms required for the computation of secondary 

phaselag at different distances. This table was rerived at permittiVity of 15 esu and therefore 

slight changes in the values should be expected at different permittivity values. It should be 

noted here that 620 was the maximum number of terms used in the SEPLAG pr()'Jram. 

From the table, it can be seen that short distances need greater number of terms 

which also means that greater computer time is neean It was also found that there was no 

substantial improvement in the value if the number of terms were increased. For example, the 

maximum number of terms was increased to 2500 and the following results were obtained for 

1 Okm distance:-

!) At a conductivity of 5 siemens/metre and permittivity value of 80 esu, the 

secondary phase lag value was 26.7 metres needing 91 0 terms. The value computed 

using 620 terms was 25.9 metres and the plane computation was 25.9 metres. 

ii) At conductivity of 0.001 siemens/metre and permittivity value of 15 esu, the 

value was 224.7 metres needing 1020 terms. The value computed using 620 terms 

was 224.6 metres and the plane computation was 226.4 metres. 

For considerably longer distances, the table shows that much fewer number of 

terms were needa1. It Is therefore a waste of time to compute 620 values of t 5 when only, say 

20. are neean 

4.1. 4 Prooram SEPLAG 

~mentioned earlier In this chapter, this program computes secondary phaselag 

uslno both the plane and spherical earth theories for distances from 1 to 2000 l<m wfth the 
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following input and output data: 

!MY!- 1. Conductivity (a siemens/metre) 

2. Permittivity { ~ esu) 

MIDrt- 1. Distance ( km) 

2. Plane secondary phaselag (m) 

3. Spherical secondary phase lag ( m) 

With the results obtained in Table 4.1 and Table 4.3, the prcgram was further 

mooified to allow two options in computing the secondary phaselag. 

AppendiX I 

OPTION 1: 

To compute the secondary phaselag values for distances from 1 to 2000 km at 

given values of permittivity and conductivity. The output wfll be only one 

secondary phase lag value for ~ distance. In this option, the prcgram 

computes the secondary phaselag using the spherirel theory for distances of 

50km and greater. For distances shorter than 50 Km, both plane and 

spherirel secondary phase lag are computed and the greater value is taken as the 

more ta:urate value (see Section 4.1. 1 ). 

OPTION 2: 

To compute the secondary phaselag value for a given distance, permittivity 

and conductivity. With this option, the results obtained in Table 4.3 were used 

in the prcgram to reduce computing time for distances greater than SOKm. 

The ltsttng of the prcgram, tts bestc structure and user's gutde are given tn 
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CONDUCTIVITY NUMBEROFTERMSWITH DISTANCE(k.m)AT s= 15esu 

(siemens/metre) 10 50 100 250 500 1000 1500 2000 

5.0 620 167 72 25 14 9 8 8 

3.0 620 168 71 25 14 9 8 8 

1.0 620 167 71 26 14 9 8 8 

0.5 620 168 73 26 14 9 8 8 
0.3 620 168 73 26 14 9 8 8 

0.1 620 167 73 26 14 10 8 8 

0.08 620 168 73 25 14 10 8 8 

0.05 620 168 72 26 14 10 8 8 

0.03 620 167 72 26 14 10 8 8 

0.01 620 166 74 27 15 10 9 8 

0.008 620 106 73 27 15 10 9 8 

0.005 620 109 74 27 15 10 9 8 

0.003 620 114 73 28 15 10 9 8 

0.001 620 127 72 29 16 1 1 9 8 

0.0008 620 131 71 28 16 1 1 9 8 
0.0005 620 139 61 30 17 11 9 8 

0.0003 620 148 65 32 17 11 9 9 

0.0001 620 155 92 33 17 1 1 9 9 

0.00008 620 153 94 33 16 11 9 9 

0.00005 620 147 95 32 16 I I 9 9 
0.00003 620 213 95 32 17 1 1 9 9 
0.00001 620 215 94 32 17 11 9 9 

Table 4.3 Number of Terms used 1n Spher1cal Earth Theory Comoutat1on. 
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4.2 VARIATION OF SECONDARY PHASELAG WITH INPUT PARAMETERS. 

Using the results of the computation explained 1n th1s chapter, Table 4.4, Figures 

4.1, 4.2, 4.3 and 4.4 were OO!'ived. From these tables and figures, the following analysis can be 

made:-

4.2. 1 Secondary Phaseloo Yarlat1on wtth Distance 

Figures 4. Ia and 4. 1 b show that at relatively long distances the secondary phasel8J 

increases with distance. At very long, distances the secondary phasei8J increases linearly with 

distance. At very short distances, however, the secondary phasel8J recreases with distance 

(Figure 4.2). This phenomenon Is absent with very low conductivities ( F tgure 4.3 ). 

4.2.2 ·Secondary Phase!® Variation with Permittivity 

Table 4.4 end Figure 4.4 show the secondary phase!ag variation with permittivity. 

From Table 4.41 it can be seen that at high conduct1v1t1es, the secondary phase lag does not vary 

with permittivity. However I at low conductivity I say 0.005 siemens/metre I the secondary 

phaselag mcreases as the permittivity decreases. 

4.2.3 Seconro Phase I® Variation w!th Conductivity 

Figures 4.1, 4.2, 4.3, and 4.4 and Table 4.4 show that the secondary phasel8J 

Increases as the conductivity decreases. However, this phenomenon Is not true at very low 

conductivities (below 0.0005 siemens/metre). Figures 4.18 and 4. 1 b show that ·at relatively 

long distances (say over 200 ~m). the secondary phasel8J recreases with conductivity. At very 

short distances this relationship fs more complex. 
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This very low conductivity phenomenon was ftrst thought to be due to problems in 

the summation series. However, by refering to Tables 4.2 and 4.3 it can be seen that, for low 

conductivities (e.g. at 0.0001 siemens/metre), distances above 1 000 km, oo not r~ire more 

than 15 terms and t 5 can be computed using Ascending and Descending Series. This means that 

not much roundoff errors were expected. At very short distances where a large number of 

terms were neeOOd, the summation series may have caused some roundoff errors t~ther w1th 

roundoff errors in determining t 5 using Hankel Function to produce irregular variation In 

secondary phase lag as shown in Figures 4. l band 4.3. 
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CONDUCTIVITY SECONDARY PHASELAG(m) WITH PERMITTIVITY l2 

(siemens/metre) l2 = 15 l2= 50 l2= 75 l2 = 80 l2 = 85 

5.0 531.1 531.1 531.1 531.1 531.1 
4.0 535.1 535.1 535.1 535.1 535.1 
3.0 541.0 541.0 541.0 541.0 541.0 
2.0 550.8 550.8 550.8 550.8 550.8 

l2 = 5 l2 = 10 l2 = 15 l2= 20 l2 = 80 

0.5 604.5 604.5 604.5 604.5 604.5 
0.1 736.8 736.8 736.8 736.8 736.8 
0.075 773.8 773.8 773.8 773.8 773.8 

l2 = 3 l2 = 5 l2 = 10 l2 = 15 ~=20 ~=40 

0.05 835.6 835.6 835.6 835.6 835.6 835.6 
0.025 974.2 974.2 974.2 974.1 974.1 974.0 
0.01 1243.4 1243.3 1243.1 1242.9 1242.6 1241.7 
0.0075 1353.4 1353.3 1352.9 1352.5 1352.0 1350.2 
0.005 1532.6 1532.2 1531.2 1530.1 1529.1 1524.7 

~= 3 ~= 5 ~ = 10 ~= 15 ~= 20 ~=30 

0.0025 1902.7 1901.0 1896.8 1892.5 1888.1 1879.1 
0.001 2430.8 2421.9 2399.8 2377.7 2355.6 2311.8 
0.0008 2529.1 2516.9 2486.7 2456.7 2427.1 2359.2 
0.0005 2645.4 2625.5 2576.8 2529.4 2483.4 2395.9 
0.0002 2625.3 2587.4 2496.9 2412.4 2335.9 2205.7 
0.0001 2532.7 2470.0 2331.8 2221.4 2134.6 2010.2 
0.00008 2493.6 2420.5 2267.8 2154.9 2071.3 1957.1 
0.00005 2393.7 2298.1 2129.7 2026.6 1957.6 1868.9 
0.00003 2255.5 2148.8 1998.9 1920.2 1870.0 1805.3 
0.00001 1948.8 1904.5 1836.8 1800.5 1775.5 1739.3 

Table 4.4 Secondact eb~lf1J ~aciatiQD wUb Conduclivj~ and e~rmittivitv all QOQ km. 
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Chapter 5 

APPROXIMATE FORMULA 

From Chapters 3 and 4, it could be seen that the computation of secondary phase lag 

using plane earth theory is quite simple. However, it could only be used for very short 

distances (Table 4.1 ). For longer distances, the spherical earth method has to be used. This 

methOO, as shown in the last two chapters, requires a lot of computation time. Figures 4.1 to 

4.3 showed that the secondary phaselag versus distance curves were smooth and therefore 1t 

would be possible to fit these curves wtth a simple maool or an approximate formula. 

5.1 EARLIER WORK BY BRUNAVS. 

Paul Brunavs ( 1977) developed two approximate formulae to compute total 

phase!~ (primary and secondary) and he named them Formula 8 and Formula C as shown 

below:-

c5s 

FormulaC: TPL = C1 + ~S + (C3S + C4)e + C6t( 1 + C7S + CaS4) +2.227/S 

where 

TPL = Total phaselag 

S = Distance( m )/1 00,000 

s, and ci = Coefficients 

44 
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He showed that Formulae B and C were accurate to ..:!:.. 20m and ..:!:.. 6m respectively 

when compared to the ~.'£CUrate computation of total phasel~ for a range of 2 km to 5000 km 

distances. In this work he assumed the following:-

!) N = 338 for the primary phaselag value and can therefore be changed 

accordingly 

if) Sea water conductivity ranges from 2.0 to 5.5 siemens/metre with 

permltttvfty of 80 esu. 

111) Land conductivity ranges from 0.00001 to 0.03 siemens/metre with 

permittivity of 15 esu. 

He has also tabulated the B and C coefficients for selected conductivities (see Table II. I in 

Appendix II for C coefficients) 

5.2 EXTENSION ON APPROXIMATE FORMULA. 

There are a few reasons why these extension work needs to be done to fill in the 

gaps left by Brunavs· work so that his approximate formulae can be used in a wider scope. They 

are:-

i ) As mentioned in Section 4.2.2, secondary phase lag varies with permittivity at 

conductivities lower than 0.005 siemens/metre. Therefore, the coeff1cients 

of the approximate formulae at perm1ttlvity values other than 15 esu 

tabulated by Brunavs have to be determined. 

i1 ) land conductivities can be as high as 1.0 siemens/metre (see Figure 5. 1) and 

therefore the gap between 0.03 to I siemens/metre, left by Brunavs earlier 

work has to be computed. 
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1i0 For completeness, the gap between J.O to 2.0 siemens/metre (sea 

water conductivities) left by Brunavs needs also to be filled. 

tv) for fresh water whose conductivity and permittivity values of 0.005 

siemens/metre and 80 esu (see Figure 5. 1) respectively, a separate set of 

coefficients has to be ootermined. This is because the difference in the 

permittivity value with lend permittivity values is too great. 

Since formula CIs more ~urate, tt wl11 be used In this extension work. 

5.2.1 Selecting Corresoondina Conductjvitv and Permittivitv Values 

Figure 5.1 (Wells et al, 1984) shows the correlation between conductivity and 

permittivity. From this figure it can be seen that all types of water (dist1lled, fresh or sea 

water) have a permittivity value of 80 esu while land permittivity varies with conductivity. 

For the purposes of this work, Table 5.1 can be oorived from this figure for land 

conductivities. 

CONDUCTIVITY (siemens/metre) 

> 0.005 

0.0001 to 0.001 

0.00001 to 0.0001 

PERMITTIVITY (esu) 

Independent of permittivity: 

talcen at I 5. 

3 to 30 

3to5 

Table 5.1 Correlation between Conductfyftv and Perm!ttfy!tv for Land. 
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W1th the help of Table 5.1 and Figure 5.1, it was decided to rompute the C 

coofficients at the following permittivity values:-

1 ) For ronductlvltles of 0.0001 to 0.005 siemens/metre, the permittivity values 

used are 3, 5, 1 0, 15, 20, 25 and 30 esu. 

ii )For ronductfvltles 0.00001 to 0.0001 siemens/metre, the permittivity 

values used are 3,4 and 5 esu. 

5.2.2 MethOO of Computation 

In his work, Brunavs did not mention the methOO used to determine the C 

cooffients. In this report, the normal methOO of parametric least square adjustment with 

weighted parameters and with the weight of observable set to unity is used. The mathematical 

mOOel is his C formula:-

css 

f< X,l ) = C1 + ~S + (C3S + C4)e + C5/( 1 + C7S + CaS4) + 2.227/S- TPL = 0 

and the least squares solution is: 

with residuals 

r = -(A~+ W) 



where 
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A = f1rst design matrix = of I ox 

W = f(X,l) 

Px = the weight of weighted parameters 

X0 = initial values of X 

x = [ c1 c2 c3 c4 Cs c6 c7 c8 J 1 

= TPL 

S = constant = D1stance/1 00000 m 

It should be noted here that all the C coefficients were weighted by 1 0~ of the 

epriori values. The apriori coefficient values were taken from those determined by Brunavs . 

The main objective in this computatlon was to obtain the C coefficients that give residuals of 

less than 6 metres. 

In Brunavs' work. he used distances from 2 to 5000 km. The program SEPLAG was 

developed for distances ranging from 1 to 2000 km only. Since low frequency positioning 

systems such as LORAN - C has a maximum rang3 of 2000 Km, the use of distances from 2 to 

2000 Km is therefore more practical. 

5.3 RESULTS. 

During a test computation using a conduct1vlty value alretrly computed by Brunavs, 

it was found that there were some discrepancies fn the coefficients obtained although the 

residuals were within the acceptable 11m it. It was first attributed to the difference fn the 
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r~ of Input data. However, the result were almost identical when the same set of data Input 

as used by Brunavs were used. Therefore It was decided to use the results obtained in this 

computation whenever necessary. 

5.3. t Conduct I vi tv between 0.000 1 60d 0.005 siemens/metre 

The coefficients computed at this conductivity ra~ for seven permittivity values 

are tabulatoo tn Table 11.2 to 11.8 of Appendix II. Except for conducttvttles of 0.0001 and 

0.0002 at permittivity values of 3,5 and 10 esu, all sets of coefficients were found to give 

residuals less than 3.0 metres. At those three permittivity and two conductivity values, the 

occuroc:y deteriorated but were still less than 5.0 metres. Examples of the difference between 

the occurate and approximate values are shown in Appendix Ill. 

5.3.2 Conducttvitv between 0.00001 and 0.0001 siemens/metre 

The crefficientscomputed at this conductivity range for three permittivity values 

are tabulated in Tables 11.9 to 11.11 of Appendix II. For these sets of coefficients, the worst 

discrepancy is 10.0 metres. Examples of the difference between the accurate and approximate 

values are shown in Appendix Ill. 

5.3.3 Conductivity between 0.005 and 1.0 siemens/metre 

For this conductivity range, the coefficients at conductivity values alr~ 

computed by Brunavs were rlnMllputed to be consistent with the new conductivity values 

ranging from 0.03 to 1.0 and are tabulated in Table 11.12 of Appendix II. These new sets of 

coefficients were found to be tK:CUrate to within 3.0 metres. Example of the difference between 

accurate and approximate values are shown In Appendix Ill. 
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5.3. 4 Sea Water Conduc1ivitv between 1 and 2 siemens/metre 

Table II. 12 shows that at high conductlvity, ~ apprC~£hes zero and therefore can 

be neglectro. This puts the values of C, and Ce also to zero. For this reason Brunavs tabulated 

~.~end Ca as zero. He went further ahead to make the computation of total phase lag for sea 

water easier by holding c1 ,c4 and C5 constant for all conductivity values and only varied~ 

and C:3· This procedure was I:Kbpted to compute the ~ and ~ coefficients for conductivity 

values of 1.5 and 1.0 siemens/metre. At other conductivity values, Brunavs coefficients were 

I:Kbpted and the expanOOd coefficients are tabulated in Table 11.13 of Appendix II. The 

differences between accurate and approximate values at these conductivities are also shown in 

Appendix Ill. 

5.3.5 FRESH WATER CONDUCTIVITY. 

The coefficients computed are tabulated in Table II. 14 of Appendix II. The accurocy 

of this set of coefficients were found to be less than 2.0 metres ( Appendix Ill). 



Chapter 6 

FITTING Of COEFFICIENTS AND PROGRAM TOPLAG. 

In Chapter 5, the C crefflc!ents were determined for a selected values of 

conduct1vlty and permittivity only. In this chapter, an attempt is made to fit those creff!clents 

with an approximate formula( e) so that interpolation can be made for other values. 

6.1 FITTING Of COEFFICIENTS 

From the results obtained in Chapter 5, 1t could be seen that, except for c1, c4, Cs· 

c6, ~ and Cs at sea water conductivity, all crefficients vary with conductivity. For 

conductivities lower than 0.005 siemens/metre, they also vary with permittivity. To see the 

variation in etdl of the crefficients with conductivity, and permittivity at low conductivity, 

they were plotted in Figures IV. t to IV.26 of Appendix IV 

These figures show that~ and~ (Figures IV. t to IV.2) at sea water conductivity 

and C1 to Ca (Figures IV.3 to IV.10) at land conductivity higher than 0.005 siemens/metre 

vary smoothly with conductivity. For low and very low land conductivity values, only some of 

the coefficients show uniform changes with conductivity and permittivity. For this reason, it 

was lilci!Ed to fit only those coefficients at land conductivities higher than 0.005 

siemens/metre, and ~ and ~ of the sea water conductivity. Due to their smooth variation with 

conductivity, a very simple function can be obtained. 
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6. 1. 1 Fitting of ~~at Sea Water Conductivity 

Using the methocl of least Squares, the two model curves were found to be best 

fitted by the following equation: 

c = A +"'-/a + A I o t/2 + A I o 1/4 1 • p.l n 3 n 4 n 

where C = ~or c3 to be used in the approximate formula 

A i = coefficients as shown in Table 6.1 below 

on = conductivity x 1 0.0 

97.882 

- 18.496 

- 11.437 

63.283 

40.006 

5.844 

- 13.576 

7.714 

Table 6.1 Coefficients for Fittina ~~for Sea Water. 

(6.1) 

The maximum residuals were found to be 0.04 and 0. 12 respectively for c2 aand 

~·These residuals are too small to affect the accuracy of the approximate formula. The 

examples of the difference between the oocurate and approximate total phaselags where the C 

coefficients were calculated using this equation are shown in Appendix V. 



54 

6.1.2 fittino of c1 to Ga for Land Conductivity above 0.005 siemens/metre 

Figure IV.3 to IV. I 0 in Appendix IV show that all the curves except for c7 and Ca 

are quite smooth. However, ~ and Ca are not very sensitive and therefore wfll not affect the 

occuracy of the approximate formula computation. These figures also show that they have the 

same char~terisUc with those in Figure IV.1 and IV.2. For that reason they were ntted with the 

same equation (equation 6. 1) given in Section 6. I. I and found to give satisfedory result. Their 

coofficients and maximum residuals are shown In Table 6.2 . 

c, At A3 A4 MAXIMUM 

RESIDUAL 

ct - 128.059 1.085 65.474 5.902 0.2 

C:? 97.3809 - 0.615 20.238 - 4.107 0.07 

c3 19.048 0.049 - 4.812 22.139 0.3 

c4 126.620 - 0.901 - 38.415 -11.674 0.3 

Cs - 0 5273 - 0.0025 0.0387 - 0.0927 0.002 

c6 - 4.055 - 0.024 - 30.266 23.080 0.7 

c7 8.421 - 0.494 5.677 - 5.644 0.11 

Ca 315.57 22.37 - 346.46 448.31 40.0 

Table 6.2 ~ffiQien~ for Fitting Q ~ffiQimJt~ for Land Conducti~i~ 

~bove Q. OQ~ si~men~/m~r~. 



Chapter 7 

CONClUSIONS AND RECOMMENDATIONS 

In this chapter I the results of this report are summarized. Conclusions and 

recommendations are mooa on the Johler's model for computing the secondary phaselagl 

secondary phase lag variation with Input parameters and the approximate formula of computing 

the total phase lag. 

7.1 COMPUTATION Of SECONDARY PHASELAG 

Two methocls of computing secondary phase lag heve been studied (Chapters 3 and 

4) and the following conclusions and recommendations are drawn. 

7. 1. 1 Spherical Earth Theory 

At distances over 250 km, this method has been shown to be quite easy, requiring 

not more than 50 terms. However, the method becomes more complicated as the distance 

()?.creases. For very short distances, say below 50 km, the number of terms needed to obtain an 

oc:curate result becomes very large and requires a Jot of computing time. It has also been found 

that by increasing the maximum number of terms in the computation to greater than 620 used 

in this stucty, no substantial improvement was obtained. Therefore for distances of t 0 km and 

below I plane earth theory computation should be used. 
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7.1.2 MethOO$ of Computing t 5 

It has been found that the Ascending and Descending Series of computing t 5 were not 

suitable for conductivity values lower than 0.001 siemens/metre due to convergency 

problems (Table 4.2). This becomes more critical as conductivity and permittivity decrease. 

Therefore at certain stages where this methoo falls to converge, the methoo of using Hankel 

function should be used. 

7.1.3 Plane Earth Theory 

It has been found that, at higher conductivity values (above 0.005 

siemens/metre), the plane earth theory computation gives i~ntical result with the spherical 

earth methoo for distance of 10 km (Table 4.1 ). However, at lower conductivity values, the 

distance where the two methods of computation give i~ntical results, increases as conductivity 

decreases. 

7. 1.4 General Remarks 

It has been found that the conductivity value where computation of t 5 using 

Ascending and Descending series does not converge and where the identical results of plane and 

spherical theory computation becomes greater than I 0 km, is almost the same (Tables 4. 1 and 

4.2). As conductivity decreases, the non-convergency of the series increases and the distance 

where the two methOOs of computing secondary phaselag give 1dent1cal results also Increases 

The number of spherical terms however decreases. It Is therefore felt that the spherical earth 

computation, due to the approximation in the Hankel Function which forces the computation of 

'15 to converge a little too early. Is not quite EK:Curate. 
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7.2 SECONDARY PHASELAG VARIATIONS WITH INPUT PARAMETERS 

The study on these variat1ons have been made 1n Chapter 4 and the following 

conclusions are drawn. 

7.2.1 Variation With Distonces 

At distances greater than 30 km, secondary phase lag Increases with distance. At 

long distances (over 500 km), the increment is linear. In between this two distances, the 

variation pattern differs depending on the conductivity values. At very short distances, the 

variation differs greatly depending on the conductivity values. For higher conductivity volues, 

there is a pattern where secondary phaselag decreases with distance. This pattern which 

sometimes called near-field pattern and varies with conductivity. In another words, the near­

field pattern decreases in distance as conductivity decreases. 

7.2 2 Variation With Conductivity 

Generally. secondary phase lag increases as conductivity decreases. However, this 

pattern is reversed at very low conductivities (below 0.0005 siemens/metre). 

7.2.3 Variation With Permittivity 

At high conduct1vltfes, permfttfvlty has no effect on the secondary phaselag. For 

low conductivities (lower than 0.005 siemens/metre), secondary phase lag increases as 

permittivity dect eases. 
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7.3 APPROXIMATE FORMULA 

The scope on the use of approximate C Formula developed by Brunavs has been 

expanded in Chapters 5 and 6. Brunavs original 40 sets of eight C coefflcients (Table 11.1) has 

now been expanded to 206 sets. All these are collected together in Appendix II. With the results 

obtained in these chapters, the following conclusion and recommendation can be made. 

7.3. 1 Scope of Use 

This C Formula can now be used to cover a much wider scope of conductivity and 

perm1ttlvlty. Mjitlonal C coefficients have been computed In this report and tabulated for 

conductivity values from 0.00001 to 5.5 siemens/metre and permittivity values from 3 to 80 

esu. These conductivity and permittivity ranges are typical of those usually found In the field. 

7.3.2 Accuracv 

For conductivity higher than 0.0001 siemens/metre, the coefficients computed for 

tr,e approximate formula are capable of giving accura...ry better than 5.0 metres. If this formula 

is used for distances between 3 to 2000 km, an accuracy of better than 2.0m can be expected. 

For conductivity between 0.00001 and 0.0001, the ~uracy has been found to deteriorate. For 

this range of conduct1vlty, the worst discrepancy Is 1 0.0 metres. 

7.3.3 lnteroolatlon 

The coefficients for the approximate formula have determined for selected 

conductivity and permittivity values which therefore gives rise to Interpolation problems. 

However, for conductivities higher than 0.005 siemens/metre, this problem has been tal::en 
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care off with the development of 'A' Formula (equation 6.1) in Sections 6.1.1 and 6.1.2. 

For conductivities lower than 0.005 siemens/metre, the variation of some 

coefficients with conductivity and permittivity were found to be rather irregular. Therefore 

simple function as eQuation 6.1 could not be used. However, the selected conductivity and 

permittivlty values as shown in Section 5.2.1 are very close together which make interpolation 

quite et!JS'f. If occurote results ore required, compute at leost four volues straddling the 

required conductivity and plot these results to form a smooth curve. A guide for the 

interpolation in between permittivity is that for conductivities higher than 0.0005 

siemens/metre, secondary phase lag varies linearly with permittivity. 

7.4 SUGGESTIONS FOR FUTURE WORKS 

The following areas are recommended for further investigations. 

As rnentioneo 1n .Section 7.1.4, tr1e meHtOd of computing t., using Han~.el Function is 
..J 

suspected quite inaccurate. Hterefore it srtould be investigated to improve the accuracy or 

another method should be looked into as an alternative. 

:2. There are some interpolation problems in using approximate formula for conductivities 

below 0.005 siemens/metre as mentioned in Section 7.3.2. Therefore o study should be 

carried out to obtain a simple function quite simillar to that of equtlon 6.1so that 

interpolation can be oone mathematically. 

3. Refering to Figures 4.1a, 4.1b, 4.2 and 4.3, a new approximate formula should be 

developed for relatively long distances. For short distances, plane computation can be 

used. Separate al(pr1thms should be considered for short and long 11nes. 



REFERENCES 

Bigelow, H.W. ( 1965) Electronic Surveying : Accuracv of Electronic Positioning Svstem, 
International Hydrographic Review. Vol. 6, pages: 77- 112. 

Brunavs, P. and Wells, D.E. ( 1971) Accurate Phaseloo Measurements OVer Sea Water Using 
Decca Lambd8.Canadian Hydrographic Service Internal Report. 

Brunavs, P. ( t 973) Phase Laos OVer Freshwater Path : Tests in Lake Ontario, Canadian 
Hydrograph1c Service COnference. 

Brunavs, P. ( 1977) Phase Lags of 1OOKHz Radiofreauency Ground Weye and Approximate 
formulas for Computation. Canadian Hydrographic Service Internal Report. 

Brunavs, P. ( 1978) lnvestloation of Ground Foctors Affecting Phase of loran- C East Coast 
Areas. Part I, Terrain Effect, Canooian Hydrographic Service Internal Report. 

Brunavs, P. ( 1979) Investigation of Ground Foctors Affectino Phase of Loran- C East Coast 
Areas, Part II. Land Segments in Sea Path, Canooian Hydrographic Service Internal 
Report. 

Campbel, L.W. ,Doherty, R.H. and Johler, J.R. (1979) Loran- C System Dvnamic Mroel 
Temporal Propaootlon Variation StucN, United States Department of Transportation 
Report. 

Clarett, P.H. ( 1975) Advances In Low- Freauencv Navioation Methods, IEEE Transection on 
Aeroso~ and Electronic Systems, Vol. P.ES- 11, No.4 (July), pages: 562- 574. 

Eaton, R.M., Mortimer,A.R. andGray, D.H. (1979)AccurateChart Latticing for Loran- C. 
lnternatlonal Hydrographic Review, LVI( t), July, pages: 21 - 33. 

Es..c-.en, L. and Froome, K.B. ( 1951) The Refroctive Index of Air for Radio WfS-fes and 
Microwaves, Proceedings of Physics Society, B64, Lonoon. 

frank, R.L. ( 1983) Current Development in Loran- C, Proceedings of the IEEE, Vol. 71, No. 
10 (October), pages: 1127- 1139. 

Gray, D.H. ( 1975) Propagation Yelocitv of Decca Frooueocy Transmissions OVer Sea Ice, The 
Carmlan Surveyor, Vol. 29, No. 3 (September), pages: 277 - 288. 

Howe, H.H. ( 1960) Note on the Solution of Ricattl's Differential Eauatfon, Journal of Research 
of the National Bureau of Standards - B. Mathematics and Mathematical Physics, Vol. 
64B, No. 2 ( Aprll - June), pages: 95 - 98. 

62 



63 

Ireland, G.C. ( 1961) A Provisional Ground Conductivity Map for canada, Pro::eedings of the 
IRE, November, p8Q3S: 1674- 1678. · 

ITT ( 1975} Reference Data for R~Ho Engineers, Sixth Ed1tion, International Telephone and 
Telegraph Corporation. 

Johler, J.R. , Kellar, W.J. and Walters, L.C. ( 1956) Phase of the Low Radio Froouency Ground 
Wrt~e, National Bureau of Standards Circular 573. 

Johler, J.R. , Kellar, W.J. and Walters, L.C. ( I 959) Low and Yerv Low Radlo[Ceouency T8bles 
of Ground WeNe Parameters for the Soherjcal Earth Theory : The Roots of Ricatti's 
Differential Eauation, Supplementary Numerical Data for National Bureau of Standards 
Circular 573. 

Johler, J.R. ( 1962) Propooatlon of the Low freauency Radio Signal,Pro::eedings of the IRE, 
April, PtJJSS: 404 - 427 

Johler, J.R. ( 1981) Temooral Stabtl!tv Analysis of a Proposed Norw1gjan Loran - C Chain, 
Color600 Research and Prediction laboratory Inc. Report 81 - 2. 

Jones, H. E. ( 1982) Surveving Offshore Ganooa Lands for Mineral Resources Development, 
Third Edition, Survey and Mapping Branch, Energy, Mines and Resources canooa. 

Millington, 6. ( 1949) Ground Wf/1/e Propagation Over an lnhomcmneous Smooth Earth, 
Proceedings of the lEE, ptJJSS: 53- 64. 

Millington. G. ( 1950) Ground Wave Propagation Over an Inhomogeneous Smooth Earth I Part 2 I 
Experimental Evidence and Practical Implications. Proceedings of the lEE, Vol. 97, Pt. 
Ill, p~: 73-84. 

Pressey, B.G. , fl.shwell I G.E. and Fowler, C.S. ( 1953) The Measurement of the Phase Velocity of 
Ground - Weye Propggation at Low Freauencies Over a land Path, Proceedings of the 
lEE, Vol. 100, Pt. 3, pages: 73 - 84. 

SamQ()jar, S.N. ( 1979) The Theory of loran - C Ground Wave Propaoation -A review, Journal 
of the Institute of Navigation, Vol. 26, No.3, pages: 173- 187. 

Smlth - Rose, R.L ( 1957) Ra1io Weye Propaoatjon :A Review, Advances fn Electronics and 
Electron Physics, Vol.9, Academic Press, New Yor~. 

Thomson, D.B. , Wells, D.E. and Fal~enberg, W.H. ( 1979) An Introduction to Hvdrooraohic 
Surveylog, Lecture Note No. 53, Dept. of SUrveying Eng1neer1ng, University of New 
Brunswiclc 

Walt, J.R. ( 1970) Propagat1on of Electronic Weyes OVer a Smooth Mult1sect1on curved Earth­
An ExiX<t Theory, Journal of Mathematlcal Physics, Vol. I 1, No. 9 (September), pages: 
2851-2860. 



64 

Wait, J.R. ( 1974) Recent Analvtical lnvestiaations of Electromanetic Ground Waove 
Propagation OVer lnhomcreoeous Earth MOOel. Proceedings of the IEEE. Vol. 62, No. 8 
(August) , pages: 1 06 1 - 1 0 71. 

Walters, l.C. and Johler, J.R. ( 1962) On the Dtfferactfon of Spherical R~fo Weyes bV a 
finately Conducting Soberical Earth, Journal of Research of the National Bureau of 
Standards- D. R~io Propagation, Vol. 66d, No. 1 (January- febuary), p~ 101 -
106. 

Wells, D.E. and Kraklwsky, E.J. ( 1971) The Method of Least Sauares, Lecture Note No. 18, 
Dept. of Surveying Engineering, University of New Brunswick. 

Wells, D.E. and Davidson, D.A ( 1983) Loran- C Phaselaa lnvestlaatlon, Technical Report No. 
96, Dept. of Surveying Engineering, University of New Brunswick. 

Wells, D.E. , Nickerson, B.G. and Davidson, D ( 1983) Differential Loran- C for Bow Position 
Checking. Technical Report No. 99, Dept. of Surveying Engineering, University of New 
Brunswick. 

Wells, D.E. , Davidson, D.A and Janes, H.W. ( 1984) Loran - C lmperence Mcxlelling, 
Department of Surveying Engineering, University of New Brunswick( unpublished 
report). 



1.1 INTRODUCTION 

Appendix I 

PROORAM SEPLA6 

This proJram computes the secondary phaselag at a gtven dtstance,conducttvtty 

and permittivity. It has two options as follows: 

1. To compute the secondary phaselag for distances from 1 to 2000Km for a given set of 

conductivity and permittivity values. 

2. To compute the secondary phaselag for a given d1stance,conduct1v1ty and permittivity 

values only. 

Since frequency forms one of the input data, Option 1 can also be used for 

frequencies other than I OOKHz. Opt ion 2 incorporates the finding of this report at 1OOKHz 

frequency and therefore some errors can be expected at other frequencies. lt should be noted 

that Option 2 is designed to reduce computing time especially at large distances and therefore 

necessary care should be given so that it serves the purpose. 

The user's guide to this program is given in Section 1.2 and its listing and basic 

structure are given in Section 1.3 and Figure 1.1 respectively. 
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1.2 USER'S GUIDE TO PROOBAM SEPLAG 

1. PURPOSE 

2. OPTIONS 

3. INPUT DATA 

......... First data 

To compute the secondary phaselag correction to measured distances in 

electronic positioning systems employing low and medium frequency radio 

~es at a given conductivity and permittivity values. 

This programs allows the user to select one of the two options available for 

different purposes. 

1. OPTION I : To compute the secondary phase lag for distances from 1 to 

2000 Km for a given set of conductivity and permittivity. This option 

should only be used If the computations are needed at many distances 

within the range ot I to 2000 l<m where all these distances have the 

same values of conductivity and permittivity 

2. OPTION 2: To compute the secondary pheselag at a very specific 

distance with a specific set of conductivity and permittivity values. To save 

some computing tlme,this option also allows the computatlon at few other 

distances tf and only if the conductivity and permittivity remain the same. 

However, the user must be very careful with the input d8ta. 

All input data are free formatted and therefore a sp~blanl<) is required 

tn between d8ta. 

The first data input is 1 QB. 2 to select the option 



....... Option 

......... sigle set 

.... multiple set 

........ Option 2 
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If the OPTION is 1 the the followings should be followed: 

Enter NCODE ,frequency( Hz) ,conductivity( siemens/metre), 

perm lttlvlty( esu). 

e.g. 0 1 00000.0 0.005 15.0 

NCODE indicates the end of data if entered as 1 or greater (integer). 

If there is only one set of data,the Input data should be as below: 

0 I 00000.0 0.005 15.0 

1 0.0 0.0 0.0 

if there are two or more sets of data, the following example can be used: 

0 I 00000.0 0.005 15.0 

0 I 00000.0 I .5 80.0 

0 I 00000.0 0 0005 I 0.0 

1 0.0 0.0 0.0 

If the OPTION is 2, the followings should be followed: 

a) frequency( Hz) ,conductivity( siemens/metre) ,permittivity( esu) 

b) distance( metres) 

e.g . 

... ... one distance 2 

1 00000.0 0.005 15.0 

100000.0 

0.0 
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...... few distances 0.0 indicates the end of distance input. 

if there are afew distances to be computed at the~ conductivity and 

perm1ttivity,just 001 the distance input and end lt with 0.0. However the 

user must remember that the distance input must be in increasing order. 

e.g. 

2 

1 00000.0 0.005 15.0 

50000.0 

100000.0 

150000.0 

500000.0 

1000000.0 

0.0 

If the order is not right, an error maas893 will be given. 
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4. HOW TO USE This pr~ram is in the department's library and therefore the following 

AND JCL CARDS JCL cards can be used : 

5. REM.A.RKS 

II 

I*JOBPARM 

/*SERVICE 

II* 

II 

I /STEP LIB 

1/SYSIN 

JOB ,SE 1234 

5=5 ,L =99 ,R=512K 

-4 

EXEC FORTVG,RG=512K ,OOPGM=SEPLAG 

DO DSN=A.M 12129.SELIBOJ,DISP=SHIR 

DD * 

DATA FOR THE PROGRAM 

II 

i. Option 2 should be used if there are only a few distances need to be 

computed at a set of conductivity and permittivity. It was designed to 

eliminate unneccessary computation. Since the design was based on findings 

at 1OOKHz frequency, some errors are to be expected If used at other 

frequencies. 

ii. Option 1 can be used for frequencies other than 1OOKHz without 

expecting much problems. It was desin~ for research works and should 

therefore be used sparely to avoid unneccessary wasting of computing tfme. 
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ERROR 
MESSAGE 

Figure I. 1 Basic Structure of Program SEPLAG. 
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I.3 - Program Listing 

IMPLICIT REAL +8(A-B,D-H,O-Z),COMPLEX +16(C) 
REAL +8 K1,KE 
DIMENSION CTS(625),SPL(250) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME SEPLAG + 
C+ + 
C+ TYPE MAIN + 
C+ + 
C+ PURPOSE TO COMPUTE THE SECONDARY PHASELAG CORRECTION(M) + 
C+ USING SPHERICAL AND PLANE EARTH THEORIES + 
C+ + 
C+ AUTHOR P.BRUNAVS,1977 + 
C+ MODIFIED BY T.MAHMOOD,AUGUST 1986 + 
C+ + 
C+ EXTERNALS TSZERO,TSINTY,QUAD,ASYMP,PLANE,SPHERE,TRAPS + 
C+ NOTE:TRAPS IS AN IBM ROUTINE TO TRAP + 
C+ EXPONENT UNDERFLOW + 
C+ + 
C+ PARAMETERS + 
C+ NOPTN = OPTION : 1 OR 2 + 
C+ !CODE= END OF DATA(GT.O) FOR OPTION 1 + 
C+ FRQ = FREQUANCY (HZ) + 
C+ SG = CONDUCTIVITY (MHOS/METER) + 
C+ V = VELOCITY (METERS/SEC) + 
C+ A = RADIUS OF THE EARTH(METER) + 
C+ ALF = VERTICAL LAPSE RATE OF THE OF + 
C+ THE PERMITTIVITY OF THE ATMOSPHERE + 
C+ D DISTANCE (METER) + 
C+ W = ANGULAR FREQUENCY (RADIANS/SEC) + 
C+ E1 = PERMITTIVITY OF THE AIR (E.S.U) + 
C+ = 1.000676 (ASSUMED) + 
C+ E2 = DIELECTRIC CONSTANT OR PERMITIVITY + 
C+ OF THE EARTH (E.S.U) + 
C+ K1 = WAVE NUMBER OF THE ATMOSPHERE (RAD/METER) + 
C+ CDE = CONDUCTIVITY AND PERMITTIVITY PARAMETER + 
C+ FOR A VERTICAL DIPOLE SOURCE + 
C+ KE = THE MODULUS DR AMPLITUDE OF CDE + 
C+ CTS = TAU S ;SOLUTION OF RICATTI EQUATION + 
C+ IS = SUBSCRIPT ASSOCIATED WITH CTS + 
C+ LFA = CODES USED TO DETERMINE THE CONVERGENCY + 
C+ OF THE METHODS OF COMPUTING TAU S + 
C+ = l DOES NOT CONVERGE,)0.1 + 
C+ 2 DOES NOT CONVERVE + 
C+ 3 DOES NOT CONVERGE AFTER FULL ITERATION + 
C+ = 4 CONVERGE AFTER FULL ITERATION + 
C+ = 5 CONVERGE, <CTS+10++-9 + 
C+ (USING ASCENDING/DESCENDING SERIES) + 
C+ > 32 ... USING HANKEL FUNCTION + 
C+ SPL = SECONDARY PHASELAG (METERS) + 
C+ SPLINC= SECONDARY PHASELAC INCREMENT (METER) + 
C+ NC DENOTES THE METHOD USED IN THE COMPUTATION+ 
C+ = 1 .. PLANE EARTH THEORY + 
C+ = 2 .. SPHERICAL EARTH THEORY + 
C+ + 
C+ LANGUAGE FORTRAN + 
C+ + 
C+ REFERENCES JOHLER ET AL (1956) : NBS CIRCULAR 573 + 
C+ HOWE (1960) : NBS JOURNAL,VOL.64B,#2 + 
C+ WALTERS ET AL (1962) : NBS JOURNAL,VOL.66D,#1 + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DATA IR,IP,IW/5,6,6/ 
READ(IR,+) NOPTN 
IF(NOPTN.EQ.1) GO TO 100 
READ(IR,+) FRQ,SG,E2 
READ(IR,+) D 



100 

101 

c 

c 
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IF~O.LT.50000.000) NMX 620 
IF O.LT.100000.00.ANO.D.GE.50000.DO) NMX: 250 
IF O.LT.250000.DO.AND.D.GE.100000.DO) NMX 120 
IF O.LT.500000.DO.AND.D.GE.250000.DO) NMX =50 
IF O.GE.500000.00) NMX 25 
GO TO 101 
READ (IR,+) ICODE,FRQ,SG,E2 
IF(ICOOE.GE.1)GO TO 200 
NMX = 620 
CC1 = DCMPLX~1.DO,O.DO) 
CC2 = OCMPLX 0.00,1.00) 
C1 = DCMPLX 0.5D0,-0.5DO+DSQRT(3.00)) 
C2 = DCMPLX -0.5D0,-0.500+DSQRT(3.DO)) 
PI = 4.00+DATAN(1.DO) 
v = 2.9979250+8 
E1 = 1.00067600 
A = 6.367390+6 
ALF = 0.7500 
W = 2.00+PI+FRQ 
K1 = ~W/V)+DSQRT(E1) 
SMC = SG+PI+V+V+4.0D-7)/W 
KE ((V+ALF)/(A+W+E1+E1))++4+(E2+E2+SMC+SMC)++6 

A /((E2-E1)++2+SMC+SMC)++3)++(1.D0/12.DO) 
PSI = DATAN(E2/SMC)-0.500+DATAN((E2-E1)/SMC) 
PP = PI+0.75DO-PSI 
CPPI = DCMPLX(O.DO,PP) 
CDE DCMPLX(KE,O.DO)+CDEXP(CPPI) 
FRC = (K1+A+ALF+ALF)++(1.00/3.00) 

IF(NOPTN.EQ.2.AND.D.LE.10000.000) GO TO 121 

C+++++++++ COMPUTATION OF TAU S(CTS) ++++++++++ 
c """"""""""""""""""""""""" 

c 

ER3 = 0.100 
KP : 1 
KOUT = 0 
N = 0 

102 N =N+1 
IS = N-1 
AMT= ER3 
CTS(N)= OCMPLX~O.DO,O.OO~ 
CTSST = DCMPLX 0.00,0.00 
CDIFT = OCMPLX 0.00,0.00 
IF(KP.EQ.2) GO TO 105 

C ........... USING ASCENDING SERIES 
c """""""""""""""""""""" 

c 

CALL TSZERO(IS,CDE,CTSV,AMA,LFA) 
CTSST:CTSV 
AMT =AMA 
GO TO (103,200,104,114,114),LFA 

103 KOUT=l 
104 KP =2 

c ............ . USING DESCENDING SERIES 
c """"""""""""""""""""""" 

105 CALL TSINTY(IS,CDE,CTSV,AMA,LFA) 
GO TO (106,200,107,114,114),LFA 

106 IF (KOUT.EQ.l) GO TO 200 
107 KP=l 

IF(AMA.GT.AMT) GO TO 108 
KP=2 
CTSST:CTSV 
AMT =AMA 

108 CTSS =CTSST 



c 

TIM =0.000100 
TRE :0.000100 
J =25 
ITS =0 
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C ............. USING HANKEL FUNCTIONS 
c ""R""""""""""""""""""" 

c 

109 ITS :ITS+1 
CTSI :CTSS 
DO 112 IK=1,3 

IF(IK.EQ.2) CTSI=CTSS+DCMPLX(TRE,O.DO) 
IF(IK.EQ.3) CTSI=CTSS+DCMPLX(O.DO,TIM) 
CZH =(CDSQRT(CTSI+2)++3+DCMPLX(O.D0,-1.D0))/3.DO 
CRUTS:CDSQRT(-CTSI+2) 
KIND =1 
CKNDM=DCMPLX(O.D0,1.DO) 

C..... IF(KIND.EQ.2) CKNDM=-CKNDM 
c 
C..... EVALUATION OF HANKEL FUNCTIONS 
c 

c 

DO 110 KV=1,2 
VK3=DFLOAT(KV)/3.DO 
IF(N.LE.J) CALL QUAD(CKNDM,VK3,CZH,CHNK) 
IF(N.GE. (J+1)) CALL ASYMP(CKNDM,VK3,CZH,CHNK,IRT) 
IF(KV.EQ.1) CHNK1=-CHNK 

110 CONTINUE 
CHNK2=-ChNK 
CZH=DCONJG(CZH) 
DO 111 KV=1,2 

VK3=DFLOAT(KV)/3.DO 
IF(N.LE.J) CALL QUAD(CKNDM,VK3,CZH,CHNK) 
IF(N.CE. (J+1)) CALL ASYMP(CKNDM,VK3,CZH,CHNK,IRT) 
IF(KV.EQ.1)CHNK1:CHNK1-DCONJG(CHNK)+C1 

111 CONTINUE 
CZH =DCONJC(CZH) 
CHNK2=CHNK2+DCONJG(CHNK)+C2 
CHTS =(CHNK1/CHNK2)+DCMPLX(O.SDO,O.SDO+DSQRT(3.DO))/CRUTS 
IF(IK.EQ.1) CDEH:CHTS 
IF(IK.EQ.2) CAA =CHTS-CDEH 

112 CONTINUE 
CBB :CHTS-CDEH 
CC :CDE-CDE>-' 
DTRE =(DI~AG~CC/CBB)/DIMAC(CAA/CBB))+TRE 
DTIM =(DIMAG~CC/CAA)/DIMAG(CBB/CAA))+TIM 
CDTSI:DCMPLX(DTRE,DTIM) 
CTSS :CTSS+CDTSI 
IF(CDABS(CDTSI).LT.l.OD-7) GO TO 113 
IF(ITS.LT.10) GO TO 109 
LFA =1 

113 LFA =LFA+32 
CTSV =CTSS 

114 CTS(N)=CTSV 
IF(N.LT.NMX) GO TO 102 

C+++++++++ COMPUTATION OF SECONDARY PHASELAG ++++++++++ 
c """"""""""""""""""""""""""""""""" 

IF (NOPTN.EQ.2) GO TO 121 
c 
c ............ . OPTION 1 
c """""""" 

WRITE~IW,1001~ 
WRITE IW,1002 
WRITE IW,1003 
FYP = O.ODO 

FRQ,SG,E2 



116 

117 

118 

119 

120 

c 
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DO 120 K=1,219 
IF~K.LT.20) D=K+1000.DO 
IF K.GE.20) D=(K-20)+10000.00+20000.00 
IF D.LE.10000.0DO) GO TO 118 
IF D.GT.50000.0DO) GO TO 117 
CALL PLANE(D,FRQ,V,SG,E1,E2,ALF,A,PLP) 
CALL SPHERE(D,V,A,CDE,CTS,K1,FRC,W,NMX,FYP,FYN,PLS) 
IF(PLS.GE.PLP) GO TO 116 
SPL(K) = PLP 
NC = 1 
GO TO 119 
SPL(K) = PLS 
NC = 2 
GO TO 119 
CALL SPHERE(D,V,A,COE,CTS,K1,FRC,W,NMX,FYP,FYN,SPL(K)) 
NC = 2 
GO TO 119 
CALL PLANE(D,FRQ,V,SG,E1,E2,ALF,A,SPL(K)) 
NC = 1 
~F(K.EQ.1) SPL~NC = 0.000 
~F(K.GT.1) SPL~NC = SPL(K)-SPL(K-1) 
FYP = FYN 
WRITE(IW,1004) O,SPL(K),SPL~NC,NC 

CONTINUE 
GO TO 100 

C ............ OPTION 2 
c """""""" 

121 WRITE~IW,1001~ 
WRITE IW,1002 FRQ,SG,E2 
WRITE IW, 1005 
FYP = 0.000 
IF(D.LE.10000.000) GO TO 125 
CALL SPHERE(1000000.00,V,A,CDE,CTS,K1,FRC,W,NMX,FYP,FYN,SPLO) 

122 IF(D.GT.SOOOO.ODO) GO TO 124 
CALL PLANE(D,FRQ,V,SG,E1,E2,ALF,A,PLP) 
CALL SPHERE(D,V,A,CDE,CTS,K1,FRC,W,NMX,FYP,FYN,PLS) 
IF(PLS.GE.PLP) GO TO 123 
SPL1 = PLP 
NC = 1 
GO TO 126 

123 SPLl = PLS 
NC = 2 
GO TO 126 

124 IF (D.LT.lOOOOOO.DO) GO TO 1241 
CALL SPHERE(D,V,A,CDE,CTS,K1,FRC,W,NMX,FYP,FYN,SPL1) 
IF(SPL1.LT.SPLO) SPL1 =SPL1+V/W 
GO TO 1242 

1241 CALL SPHERE(D,V,A,CDE,CTS,K1,FRC,W,NMX,FYP,FYN,SPL1) 
1242 NC = 2 

GO TO 126 
125 CALL PLANE(D,FRQ,V,SG,E1,E2,ALF,A,SPL1) 

NC = 1 
126 WRITE(IW,1006)D,SPL1,NC 

DOLO = D 
127 READ(IR,+)D 

IF~D.LE.O.ODO) GOTO 200 
IF O.LE.10000.000) GO TO 125 
IF O.GT.DOLD) GO TO 128 
WRITE(IW,1007)0 
GO TO 127 

128 GO TO 122 
1001 FORMAT ( '1',' ') 
1002 FORMAT(///10X,'FREQUENCY =',F9.1,3X,'HZ'/10X,'CONDUCTIVITY =', 

& F10.6,2X,'SEIMENS/METER'/10X,'PERMITIVITY =',F5.1,7X,'E.S.U'//) 
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1003 FORMAT(10X,'DISTANCE',10X,'SEC.PHASELAG',10X,'INCREMENT', 
& 10X,'1 = PLANE'/13X,'(M)',17X,'(M)',17X,'(M)',13X,'2 =SPHERE'/) 

1004 FORMAT(9X,F9.1,13X,F6.1,14X,F6.1,16X,I1) 
1005 FORMAT(10X,'DISTANCE',10X,'SEC.PHASELAG',10X,'1 = PLANE'/13X, 

& '(M)',17X,'(M)',14X,'2 =SPHERE'/) 
1006 FORMAT(8X,F10.2,13X,F6.1,17X,I1) 
1007 FORMAT(/10X,'+++++ ERROR .... ERROR+++++'/ 

& 10X,'YOUR DISTANCE:',F10.2,' NOT IN ORDER ...... '/) 
200 WRITE(IW,1001) 

STOP 
END 
SUBROUTINE TSINTY(IS,CDE,CTSV,AMA,LFA) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME TSINTY + 
C+ + 
C+ TYPE SUBROUTINE + 
C+ + 
C+ PURPOSE TO COMPUTE TAU S(CTS) USING DESCENDING SERIES + 
C+ + 
C+ AUTHOR P.BRUNAVS, 1977 + 
C+ MODIFIED BY T.MAHMOOD, OCT.1981 + 
C+ + 
C+ EXTERNALS NONE + 
C+ + 
C+ CALLING CALL TSINTY(IS,CDE,CTSV,AMA,LFA) + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN + 
C+ INPUT : IS,CDE + 
C+ OUTPUT: CTSV,AMA,LFA + 
C+ + 
C+ LANGUAGE FORTRAN + 
C+ + 
C+ REFERENCES JOHLER ET AL(1956) : NBS CIRCULAR 573 + 
C+ HOWE (1960) : NBS JOURNAL,VOL.648,#2 + 
C+++++++++++++++++++++++++++++++++++++++~+++++++++++++++++++++++++++++ 

IMPLICIT REAL +B(A-B,D-H,O-Z),COMPLEX +16(C) 
DIMENSION CA(70),TU(6) 
TF(Y)=((Y+Y/2.D0)++(1.00/3.00))+(l.00-(7.00/(48.00+Y+Y)) 

& +(35.00/(288.00 +Y+Y+Y+Y))) 
TU(ll=0.8086l651600 
TU(2 =2.5780961300 
TU(3 =3.8257152800 
TU(4 =4.8918202900 
TU(5 =5.8513009700 
TU(6 =6.7373163800 
PI =4.D0+0ATAN(l.DO) 
N =IS+l 
TAU =TF((DFLOAT(IS)+4.DO+l.DO)+PI+0.375DO) 
IF(N.LE.6) TAU=TU(N) 
CTAUC=DCMPLX(0.5DO,O.SDO+DSQRT(3.0DO))+TAU 
ER =TAU+l.OD-9 
ER2 =TAU+l.OD-7 
EMX =l.ODO 
ER3 =O.lDO 
CAD =-0.5DO/CTAUC 
CDE2 =1.DO/CDE++2 
CA(1)=CTAUC 
CA(2)=CAD/CDE 
CTSV =CA(1)+CA(2) 
LFA =l 
DO 22 I=3,50 

DCI =(DFLOAT(I)-3.DO)/(DFLOAT(I)-l.DO) 
ME =l-1 
CSUM=DCMPLX(O.DO,O.DO) 
DO 21 M=2,ME 
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CSUM =CSUM+CA(M)+CA(ME-M+2) 
CA(I)=(CSUM-CA(I-2)+CDE2+DCI)+CAD 
CTSV =CTSV+CA(I) 
AMA =CDABS(CA(I)) 
IF(AMA.GT.EMX)GD TO 24 
IF(AMA.LT.ER )GO TO 23 

22 CONTINUE 
IF(AMA.GE.ER3) GO TO 24 
LFA=3 
IF(AMA.LT.ER2) LFA=4 
GO TO 24 

23 LFA=5 
24 RETURN 

END 
SUBROUTINE TSZERO(IS,CDE,CTSV,AMA,LFA) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME TSZERO + 
C+ + 
C+ TYPE SUBROUTINE + 
C+ + 
C+ PURPOSE TO COMPUTE TAU S(CTS) USING ASCENDING SERIES + 
~ + 
C+ AUTHOR P.BRUNAVS, 1977 + 
C+ MODIFIED BY T.MAHMOOD, OCT.l981 + 
C+ * 
C+ EXTERNALS NONE + 
C+ "' 
C+ CALLING CALL TSZERD(IS,CDE,CTSV,AMA,LFA) + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN + 
C+ INPUT : IS,CDE + 
C+ OUTPUT:CTSV,AMA,LFA + 
C+ + 
C• LANGUAGE FORTRAN + 
c... "' 
C• REFRENCES JOHLER ET AL (1956) : NBS CIRCULAR 573 "' 
C+ HOWE (1960) : NBS JOURNAL,VDL.648,#2 + 
C+++++++++++++++•+++•+•+++++•++++++++++++++•++++++•+•++++++•++++++++++ 

IMPLICIT REAL +8(A-B,D-H,D-Z),CDMPLEX •16(C) 
DIMENSION CA(70),TU(6) 
TF(X)=((X•Xf2.DO)++(l.D0/3.D0))•(1.D0+(5.D0/(48.DO+X+X)) 

& -(5.DC/(36.DO+X+X+X•X))) 
TU(1l=1.85575708DO 
TU(2 =3.2446076200 
TU(3 =4.3816712400 
TU~4 :5.3866137800 
TU 5 =6.3052630100 
TU 6 =7.1612827200 
N =IS+1 
PI =4.DO+DATAN(1.00) 
TAU =TF((DFLDAT(IS),..4.00+3.DO)+PI+0.37500) 
IF(N.LE.6) TAU=TU(N) 
CTAUC=DCMPLX(0.5D0,0.5D0+0SQRT(3.DO))•TAU 
ER =TAU+l.OD-9 
ER2 =TAU+1.0D-7 
EMX =1.00 
ER3 =0 .100 
CDES =COE++2 
CA~1~=CTAUC 
CA 2 =-COE 
CA 3 =DCMPLX(O.OO,O.DO) 
CTSV =CA(1)+CA(2)+CA(3) 
LFA = 1 
DO 32 I=4,50 

OCI=(DFLOAT(I)-3.DO)/(OFLOAT(I)-1.DO) 



ME =I-2 
CSUM=DCMPLX(O.DO,O.DO) 
DO 31 M:l,ME 
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31 CSUM=CSUM+CA(M)+CA(ME-M+1) 
CA(I)=CSUM+CDES+DCI 
CTSV =CTSV+CA(I) 
AMA =CDABS(CA(I)) 
IF(AMA.GT.EMX)GO TO 34 
IF(AMA.LT.ER )GO TO 33 

32 CONTINUE 
IF(AMA.GE.ER3) GO TO 34 
LFA=3 
IF(AMA.LT.ER2) LFA=4 
GO TO 34 

33 LFA= 5 
34 RETURN 

END 
COMPLEX FUNCTION CSX(CKNDM,VK3,CZH,T) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME CSX + 
C+ + 
C+ TYPE COMPLEX FUNCTION (+16) + 
C+ + 
C+ PURPOSE TO COMPUTE THE VALUE OF THE FIRST TERM OF + 
C+ THE HANKEL FUNCTION + 
~ + 
C+ AUTHOR P.BRUNAVS, 1977 + 
C+ MODIFIED BY T.MAHMOOD, OCT.l9B1 + 
C+ + 
C+ EXTERNALS NONE + 
C+ + 
C+ CALLING X=CSX(CKNDM,VK3,CZH,T) + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN AND SUBROUTINE QUAD + 
~ + 
C+ LANGUAGE FORTRAN + 
C+ + 
C+ REFERENCES ~ALTERS ET AL (1962) :NBS JDURNAL,VOL.66D,#1 + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

IMPLICIT REAL +8(A-8,D-H,O-Z),COMPLEX +16(C) 
CALL TRAPS(O,O,SOO,O,O) 
CSX=CDEXP((CZH+DCMPLX(DSIN(T),O.DO)-DCMPLX(T,O.DO)+ 

& DCMPLX(V~3.C.~O))+CKNDM) 
RETURN 
END 
COMPLEX FUNCTION CSU(CKNDM,VK3,CZH,VV) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME CSU + 
C+ + 
C+ TYPE COMPLEX FUNCTION (+16) + 
c... + 
C• PURPOSE TO COMPUTE THE VALUE OF THE SECOND TERM + 
C+ OF THE HANKEL FUNCTION + 
C+ + 
C+ AUTHOR P.BRUNAVS, 1977 + 
C+ MODIFIED BY T.MAHMOOD, OCT.1981 + 
~ + 
C+ EXTERNALS NONE + 
~ + 
C+ CALLING CALL CSU(CKNDM,VK3,CZH,VV) + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN AND SUBROUTINE QUAD + 
C+ + 
C+ LANGUAGE FORTRAN + 
C+ + 
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C+ REFRENCES WALTERS ET AL (1962) : NBS JOURNAL,VOL.66D,#1 + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

IMPLICIT REAL +8(A-B,D-H,O-Z),COMPLEX +16(C) 
PI =4.DO+DATAN(1.DO) 
FV =(VV-1.00/VV)+O.SDO 
PV =-PI+VK3 
U =VV++VK3 
CU =DCMPLX(U,O.DO) 
CPV=CKNDM+PV 
CEZ:CZH+FV 
CSU=DCMPLX(O.DO,O.DO) 
IF((DREAL(CEZ)+670.00).LT.O.DO) GO TO 50 
CALL TRAPS(0,0,500,0,0) 
CM =(CKNDM+CDEXP(CEZ))/VV 
CALL TRAPS(0,0,500,0,0) 
CSU=CM/CU+(CM+CDEXP(CPV))+CU 

50 RETURN 
END 
SUBROUTINE QUAD(CKNDM,VK3,CZH,CHNK) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME QUAD + 
C+ + 
C+ TYPE SUBROUTINE + 
~ + 
C+ PURPOSE EVALUATION OF DEFINITE INTERGRAL OF F(X)+DX FROM + 
C+ X=A TO X=B USING GAUSS-LEGENDRE QUADRATURE + 
C+ OF ORDER 48 TO EVALUATE THE HANKEL FUNCTIONS + 
C+ OF ORDER VK3 + 
C+ + 
C+ AUTHOR P.BRUNAV, 1977 + 
C+ MODIFIED BY T.MAHMOOD, OCT.1981 + 
~ + 
C+ EXTERNALS CSU,CSX + 
~ + 
C+ CALLING CALL QUAD(CKNDM,VK3,CZH,CHNK) + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN + + 
C+ R = GAUSSIAN ABSCISSAS TABULATED BY KOPAL + 
C+ W = GAUSSIAN WEIGHT TABULATED BY KOPAL + 
C+ INPUT : CKNDM,VK3,CZH + 
C+ OUTPUT: CHNK + 
C+ + 
C+ LANGUAGE FORTRAN + 
C+ + 
C+ REFRENCES WALTERS ET AL (1962) : NBS JOURNAL,VOL.SSD,#l + 
C+ F.KOPAL (1955) : NUMERICAL ANALYSIS + 
C+ (J.WILEY & SON,N.Y) + 
c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IMPLICIT REAL +8(A-B,D-H,O-Z),COMPLEX +16(C) 
DIMENSION R(24),W(24) 
EXTERNAL CSU,CSX 
PI=4.DO+DATAN(1.DO) 
DATA N/24/ 
DATA R/.03238 

& .22476 
a. .40868 
& .57722 
& .72403 
a. .84358 
& .93138 
& .98412 

DATA W/.06473 
a. .06311 
a. .05911 
a. .05289 

01709 
37903 
64819 
47260 
41309 
82616 
56907 
45837 
76968 
41922 
48396 
01894 

62869, 
94689, 
9072 • 
8397 • 
2382 • 
2439 • 
0655 • 
2283 • 
12684, 
86254, 
98396, 
85194, 

.09700 

.28736 

.46690 

.62886 

.76715 

.87657 

.95298 

.99353 

.06446 

.06203 

.05727 

.05035 

46992 
24873 
29047 
73967 
90325 
20202 
77031 
01722 
61644 
94231 
72921 
90355 

09463, 
5546 • 
5096 • 
7651 • 
1574 • 
7425 • 
6043 • 
6635 • 
35950, 
59893, 
00403, 
53854, 

.16122 

.34875 

.52316 

.67787 

. 80706 

.90587 

.97059 

.99877 

.06392 

.06070 

.05519 

.04761 

23560 
58862 
09747 
23796 
62040 
91367 
15925 
10072 
42385 
44391 
95036 
66584 

68892, 
9216 • 
2223 • 
3266 • 
2944 • 
1557 • 
4625 • 
5243 1 
84648, 
65894, 
99984, 
92490, 
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& .04467 45608 56694, .04154 50829 43465, .03824 
& .03477 72225 64770, .03116 72278 32798, .02742 
& .02357 07608 39324, .01961 61604 57356, .01557 
.t. .01147 72345 79235, .00732 75539 01276, .00315 
cz =DCMPLX(O.DO,O.DO) 

c 
C ..... EVALUATION OF THE FIRST TERM OF THE HANKEL FUNCTION 
c 

XMD=0.25DO•PI 
SCL=0.25DO•PI 
XMI=0.75DO•PI 
CQX=CZ 

13510 65831, 
65097 08357, 
93157 22944, 
33460 52306/ 

DO 61 K=1,N 
S=R(K)•SCL 

61 CQX=CQX+(CSX(CKNDM,VK3,CZH,XMD+S)+CSX(CKNDM,VK3,CZH,XMD-S)+ 
.t. CSX(CKNDM,VK3,CZH,XMI+S)+CSX(CKNDM,VK3,CZH,XMI-S))• 
& DCMPLX(W(K),O.DO) 

CQX=CQX ... SCL 
c 
C ..... EVALUATION OF THE SECOND TERM OF THE HANKEL FUNCTION 
c 

XMD=0.5DO 
SCL=0.5DO 
CQU=CZ 
DO 62 K=1,N 

S=R(K)+SCL 
52 CQU=CQU+(CSU(CKNDM,VK3,CZH,XMD+S)+CSU(CKNDM,VK3,CZH,XMD-S))+ 

& DCMPLX(W(K),O.DO) 
CQU =CQU+SCL 
CHNK=(CQX-CQU )/DCMPLX(PI,O.DO) 
RETURN 
END 
SUBROUTINE ASYMP(CKNDM,VK3,CZH,CHNK,IRT) 

c ........................................................................................................................................................................................................ ... 
C+ NAME ASYMP + 
c. ... 
C+ TYPE SUBROUTINE + 
C+ + 
C+ PURPOSE EVALUATION OF HANKEL FUNCTION + 
C+ USING ASSYMTOTIC EXPANSION + 
C+ + 
C+ AUTHOR P.BRUNAVS, 1977 + 
C• MODIFIED BY T.MAHMDOD, OCT.l9Bl + 
C+ + 
C+ EXTERNAL NONE + 
c. * 
C+ CALLING CALL ASYMP(CKNDM,VK3,CZH,CHNK,IRT) + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN • 
C+ INPUT :CKNDM,VK3,CZH + 
C• OUTPUT:CHNK,IRT + 
~ ... 
C• LANGUAGE FORTRAN + 
c. ... 
c ... REFRENCES UNKNOWN ... 
c ........................................................................................................................................................................................................ ... 

IMPLICIT REAL •8(A-B,D-H,O-Z),COMPLEX •16(C) 
PI =4.DO+DATAN(1.DO) 
CEPX =(CZH-DCMPLX((0.5DO+VK3+0.25DO)•PI,O.DO))+CKNDM 
CM =CDSQRT(DCMPLX(2.DO/PI,O.DO)/CZH) 
CZ8 =DCMPLX(O.l25DO,O.DO)/CZH 
V42 =VK3++2+4.00 
CSUMA=DCMPLX(1.DO,O.DO) 
CTlA =DCMPLX(l.DO,O.DO) 
DO 71 L=1,50 
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FL =DFLOAT(L) 
VNA =(V42-(FL+2.D0-1.D0)++2)/FL 
CT2A=(CZ8+CKNDM++L)+VNA 
IF(CDABS(CT2A).CT.0.99DO) CO TO 72 
CT2A =CT1A+CT2A 
CSUMA=CSUMA+CT2A 
DCRIT=CDABS(CT2A)/CDABS(CSUMA) 
IF(DCRIT.LT.1.0D-11) GO TO 73 
CT1A=CT2A 
KEA =L 

71 CONTINUE 
72 IRT =3 

CO TO 74 
73 CALL TRAPS(O,O,SOO,O,O) 

CHNK=CSUMA+CM+CDEXP(CEPX) 
IRT =5 

74 RETURN 
END 
SUBROUTINE PLANE (D,FRQ,V,SC,E1,E2,ALF,A,SPL) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME PLANE + 
C+ + 
C+ TYPE SUBROUTINE + 
C+ + 
C+ PURPOSE TO COMPUTE SECONDARY PHASELAC + 
C+ USING PLANE EARTH THEORY + 
c. + 
C+ AUTHOR D.GRAY,l977/78 + 
C+ MODIFIED BY T.MAHMODD, SEPT.l986 + 
C+ + 
C+ EXTERNALS DCBRT + 
c. + 
C+ CALLING CALL PHASE2(D,FRQ,V,SG,El,E2,ALF,A,SPL) + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN + 
C+ INPUT :D,FRQ,V,SG,El,E2,ALF,A + 
C+ OUTPUT:SPL + 
C+ + 
C+ LANGUAGE FORTRAN + 
C+ + 
Co!< REFRENCES JOHLER ET AL (1956) : NBS CIRCULAR 573 * 
C+++++++>~<++>l<++++++++>~<++++>l<++>~<>l<+>l<>l<++>l<+>l<+++++++++>l<++++++++++>l<+++++++++++ 

I~PLICIT ~E~L +B(A-B,D-H,O-Z).COMPLEX +16(C) 
REAL +8 Kl, KE, MUD 
PI 4.DO+DATAN(l.DO) 
MUD 4.CD-07+PI 
W = 2.DO+PI>!<FRQ 
Kl = W+DCBRT(El)/V 
AK = SC+MUD+V+V/W 
CK2 = (W/V)+CDSQRT(DCMPLX(E2,AK)) 
IF(AK.NE.O.DO) GO TO 201 
PSIE = O.SDO+PI 
GO TO 202 

201 PSIE = DATAN(E2/AK)-0.5DO+DATAN((E2-E1)/AK) 
202 KE = DCBRT(V+ALF/(El+E1+W+A))+DSQRT(E2+E2+AK+AK)/((E2-E1)+ 

& (E2-El)+AK+AK)++0.25DO 
PP = 0.75DO+PI-PSIE 
CPPI = DCMPLX(O.DO,PP~ 
CALL TRAPS(O,O,SOO,O,O 
CDELE = DCMPLX(KE,O.DO +CDEXP(CPPI) 
CRHOC = -D+DCBRT(K1+A+ALF+ALF)/(A+2.DO+CDELE+CDELE) 
CRH01 = CRHDC+DCMPLX(O.D0,1.DO) 
CFUNC = 1.DO-Kl+Kl/(CK2+CK2)+(K1/CK2)++4 
CALL TRAPS(O,O,SOO,O,O) 
CY = (CDSQRT(PI+CRH01)+CDEXP(-CRHOl))+DCMPLX(O.DO,l.D0)+ 



DCM~LX(1.DO,O.DO) 
CADD = DCM~LX(1.DO,O.DO) 
DO 203 I = 1,1000 

KEY2 = I 
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CADD = CADD+(-4.DO+CRH01)/DFLOAT(4+I-2) 
CY = CY+CADD 
IF(CDABS(CADD) .LT. 1.0D-7+CDABS(CY)) GO TO 204 

203 CONTINUE 
204 DCORR = 1.00/~Kl+D) 

FZR = OREAL CY+CFUNC~-DCORR+DCORR 
FZI = OIMAG CY+CFUNC +DCORR 
FYCT = (DATAN(FZI/FZR )/W 
S~L = FYCT+V 

205 IF(S~L.GT.O.DO) GO TO 206 
S~L = SPL+V/(2.00+FRQ) 
GO TO 205 

206 RETURN 
END 
SUBROUTINE S~HERE(D,V,A,CDE,CTS,K1,FRC,W,NMX,FYP,FYN,SPL) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ NAME S~HERE + 
~ + 
C+ TYPE SUBROUTINE + 
C+ + 
C+ PURPOSE TO COM~UTE SECONDARY ~HASELAG + 
C+ USING S~HERICAL EARTH THEORY + 
~ + 
C+ AUTHOR P.BRUNAVS,l977 + 
C+ MODIFIED BY T.MAHMDOD, SEPT.l986 + 
C+ + 
C+ EXTERNALS NONE + 
C+ + 
C+ CALLING CALL S~HERE(D,V,CDE,CTS,Kl,FRC,W,NMX,FY~.FYN,S~L) + 
~ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN + 
C+ IN~UT : D,V,A,CDE,CTS,Kl,FRC,W,NMX + 
C+ OUTPUT : FYP,S~L + 
C+ + 
C+ REFERENCE JOHLER ET AL (1956) : NBS CIRCULAR 573 + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

IMPLICIT REAL +8(A-B,D-H,D-Z).COM~LEX+l6(C) 
REAL +8 Kl 
DIMENSION CTS(620) 
~I = 4.0DO+DATAN(l.ODO) 
CCl = DCMPLX(1.0DO,O.ODO) 
DBIG = 50000.000 
OCR = 1.DO/(K1+D) 
FWC = DSQRT(2.DO+PI+FRC+D/A) 
CSUM = DCMPLX(O.DO,O.DO) 
ALF = 0.7500 
FYI = O.ODO 
MLT = 0 
DO 101 M = 1,NMX 

CT = CTS(M) 
CFX = CT+DCMPLX(O.DO,FRC+D/A)+DCMPLX(O.D0,0.5DO+ALF+D/ 

A+0.25DO+~I) 
CALL TRA~S(0,0,900,0,0) 
CSUM = CSUM+CDEX~(CFX)/(CT+DCMPLX(2.DO,O.DO)-CC1/CDE++2) 
CFR = CSUM+FWC+DCM~LX(l.DO-DCR++2,DCR) 
FY = DATAN2(DIMAG(CFR),DREAL(CFR)) 
MR = M 
IF(DABS(FY-FYI).LT.O.OOOOOlDO) MLT=MLT+l 
IF(MLT.GT.5) GO TO 102 
FYI = FY 

101 CONTINUE 
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102 IF(FY.LT.O.DO) FY = FY+PI~2.DO 
IF(D.LT.DBIG) GO TO 104 
DO 103 I = 1,3 

IF(FY.GE.FYP) GO TO 104 
FY = FY+PI~2.0DO 

103 CONTINUE 
104 SPL = FY+V/W 

FYN = FY 
RETURN 
END 
FUNCTION DCBRT(X) 

C++++++++++~+++++++++~~+++++++~++~++~+++++++++++++++++++~+++++++++++++ 
C+ NAME DCBRT(X) + 
C+ + 
C+ TYPE DOUBLE PRECISION FUCTION + 
C+ + 
C+ PURPOSE TO COMPUTE THE CUBE ROOT OF A REAL NUMBER ~ 
C+ + 
C+ AUTHOR D.GRAY 1977/78 + 
c... + 
c... PARAMETERS X=THE NUMBER TO BE COMPUTED + 
C+ + 
C+ LANGUAGE FORTRAN + 
C++++++++++++++++++++++++++++++++++++++++++~+~++++++++++++++++++++++++ 

IMPLICIT REAL +8(A-H,O-Z) 
IF(X.GE.O.OO) DCBRT=X++(1.DOf3.DO) 
IF(X.LT.O.DO) DCBRT=-(DABS(X))~~(1.D0/3.DO) 
RETURN 
END 



Appendix II 

TABULATION OF C COEFFICIENTS 

In this appendix all results obtained In Chapter 5 are tabulated. They are arranged 

as follows 

Table II. 1 Brunavs' original C coefficients 

Table 11.2 - 11.8 C coefficients for conductivity between 0.0001 and 0.005 

siemens/metre at seven different permittivity values. 

Table 11.9- 11.11 C coefficients for oonducttvlty between 0.00001 and 0.0001 

siemens/metre at three different permittivity values. 

Table II. 12 

Table 11.13 

Table 11.14 

C coefficients for land conductivity higher than 0.005 siemens/metre. 

C coefficients for sea water. 

C coefficients for fresh water. 
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l 00 KHz• 
GROUND WAVE PHASE LAGS 

DATUH VELOCITY C=299792.5 KHISEC 
AIHOSPHERE El=l.U00b76t ALFA~0.7S 

COEFFICIENT FDHHULA 
P=PH~SE LAGtHETRESt D=DlST~tHE1RESt S::D/10~000. 

foo rr > ?aDO H 

~uo~c~r~·----~----------~s~F~~~~wF~?~=~H~lLl __________________ __ 
HHO/H Cl C2 C3 C4 CS C6 C7 C8 

5,5 -111,0 9do08 -13,75 112,8 -.25~ 0.0 0,00 0 
5 I 0 -, 1 1, 0 c ::l 1 ? 0 -) '3 t:,' 1 ) ? . p. - • 2 5" 0 0 n I! n 0 

4.5 -111.0 9d.35 -13.23 112.a -.2~4 o.o o.oo o 
4,0 -111.0 9~.53 -12.90 112.8 -.254 o.o o.oo 0 
3 • 5· - l l l I n c H I 7 5 - ) ? . 5 n. ' ' 2 . H - I 2 c; 4 0 0 0 . 0 0 0 
3,0 -111.0 9~.01 -12.00 112.8 -.254 o.o o,oo 0 
2.5 -lil.O 9~,35 -11.36 112,8 -.254 0,0 0,00 0 
2.0 -1)).0 00 eo. -10 so 112.8 -.2~6 0 0 n no 0 

LAtm tE2=15) 
.03000 1.2 126.77 63,7 3b.Q -,bOO -30.3 13,6~ ~10 

,02500 15,4 129.63 43,9 2Y,2 -,bOO -35,2 14.08 310 
,02000 31.0 133.~9 45.1 1B,4 -,600 -40,0 14,30 310 
,p175Q 42,1 11~.oo ___ 6~5~·~'--~l~,~·~n~-~·t~n~n ____ -~4-3~·~c~J~~~·~"~7~---~'~0 
,OlSOO 55,7 13~.05 46,6 2.1 -,bUO -48,1 14.42 290 
,01~50 73,6 142,~4 47.0 -H,9 -,bOO •54,3 14.,13 270 
~1000 c~.p lt.o,)l 67,0 -24,0 -,600 -~O.A 14,QQ ?uS 
,oo7s~ 133,7 155.47 49.o· -47,0 -.buo -72.5 13.20 22& 
,oo&oo lb6.0:l61.o7 49.2 -c6,7 -.coo -83.3 12.67 167 
~~~O~D--~1-u~~~·-c;~·,~~-7~,n~u----u~e~-·-u~---·~--~~~·~Q---~-·-~~~9~R~ __ -_c~"~·3~~1~?~,~?~~~1-~~1 
J00400 23b,2 173.8~ 47.5 -105,9 -.~e7 -lOU,7 10.76 9b 
,·oo3oo 297.1 1B2.95 48.3 -143.1 -.SSb -127.7 10,42 74 
,nn?t;o "<41.< 1:::llo~,f,:::> L.7,r:::. -'~'.8 -,53" -'"-6,4 0.1~ ~6 

.oozoo 402.7 1Y~.13 4~.e -lY~.3 ~.~ae -169.3 8,29 31 
~ool75 442.6 198.63 51.4 -21e,o -,4Y6 ~183.5 e.oz 28 

~4,< -?:~.5 -,4~7 -?OP.,? 7,1~ ?1 

.ool4D ~l~.~ 203.43 55.3 -241.1 -.433 -223.2 6.62. 11 

.oo13o -~41.1 204.70 57.o·-24'3,7 -,415 -237.4 6 • .36 14 

.nnl?Q t.,ou.1 :::>n"-,R? ~1.6 -?6"<,1 -,L.Qf-> -?40,3 t..,?t:: 13 

.oo-110 5Y9,·8 zot.75 o7.3 -zso.2 -,402 -2.59.7 &.22 13 

.oolo~ 633.3 207,42 75,0 -299,4 -.4oo -271.4 6.3o 13 

.nnpco 660.3 ?07.7~ ~s.~ -<Jq,7'-.<uu -~Pr:::.,7 ~.4~ 13 
~0008~ 707.5 207.5B 98.9 -339,9 -,401 -3U2.3 6,74 1~ 
.ooo7o· 74&.5 zo&.a7 l1B.2 -3bl.l -,409 -316.9 6.97 l& 
~~o~o~--·~7uH~s~·~,~~z~o~~~-~~~s~_,~4~~~.~H-=-~3~s~z~-~s~-~-~4~2~n~-=-~3L2~B~.~n~~7~~~-3~1L-~2~D~ 
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Table II.l 'Brunavs C Coefficients ----------------------



a 

0.005 

0.004 

0.003 

0.0025 

0.0020 

0.00175 

0.0015 

0.0014 

0.0013 

0.0012 

0.0011 

0.0010 

0.0009 

0.0008 

0.0007 

0.0006 

0.0005 

0.0004 

0.0003 

0.0002 

0.0001 
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c, ~ s c4 Cs Cr, C? 

199.7 167.01 43.2 - 85.4 -0.596 -90.0 9.97 

240.6 173.99 42.0 -107.8 -0.583 -105.8 9.46 

302.1 183.31 41.7 -142.4 -0.556 -128.5 8.97 

347.1 189.22 42.0 -166.8 -0.534 -146.2 8.60 

410.2 196.10 42.6 -199.1 -0.507 -172.7 8.02 

452.6 199.87 44.3 -223.7 -0.495 -187.8 7.85 

503.7 203.85 49.7 -246.6 -0.457 -211.9 7.36 

527.2 205.45 52.5 -253.0 -0.434 -226.8 6.98 

553.9 206.95 55.2 -261.6 -0.417 -242.5 6.66 

584.4 208.32 59.7 -279.4 -0.410 -253.2 6.65 

618.9 209.49 65.3 -300.6 -0.406 -264.3 6.68 

656.6 210.44 73.7 -325.1 -0.402 -275.2 6.79 

698.4 211.03 84.3 -350.5 -0.399 -288.9 6.87 

743.1 211.19 I 00.8 -381.3 -0.398 -300.0 7.16 

790.4 210.77 124.5 -415.5 -0.402 -310.1 7.61 

838.8 209.64 158.1 -449.1 -0.414 -321.5 8.21 

886.0 207.70 205.2 -475.0 -0.436 -338.3 8.85 

933.1 204.65 271.2 -492.0 -0.478 -362.2 9.61 

976.7 200.32 335.8 -426.2 -0.534 -453.1 8.12 

1016.8 194.08 40 1.8 -285.3 -0.632 -605.5 7.11 

985.5 187.47 160.7 229.7 -0.514 -1040.9 6.62 

Table 11.2 C Coefficients at~= 3 esu for Cordlctivitv 

between 0.0001 and 0.005 siemens/metre. 

<;, 

142.0 

94.0 

69.0 

53.0 

33.0 

29.0 

21.0 

16.0 

12.0 

12.0 

12.0 

13.0 

13.0 

17.0 

23.0 

34.0 

44.0 

54.0 

15.0 

14.0 

30.0 



a 

0.005 

0.004 

0.003 

0.0025 

0.0020 

0.00175 

0.0015 

0.0014 

0.0013 

0.0012 

0.0011 

0.0010 

0.0009 

0.0008 

0.0007 

0.0006 

0.0005 

0.0004 

0.0003 

0.0002 

0.0001 
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Ct c2 c4 cs % ~ 

199.4 167.00 43.9 -85.4 -0.596 -89.6 10.03 

240.5 173.94 42.1 -107.8 -0.584 -105.6 9.49 

301.7 183.23 42.0 -142.4 -0.556 -128.2 9.01 

346.7 189.09 42.2 -166.6 -0.534 -145.9 8.59 

409.5 195.91 42.9 -198.5 -0.507 -172.4 7.99 

451.5 199.64 44.9 -222.7 -0.495 -187.6 7.85 

502.3 203.53 50.1 -245.4 -0.457 -211.7 7.36 

525.5 205.10 53.1 -251.6 -0.434 -226.5 6.99 

552.1 206.56 55.5 -259.7 -0.417 -242.4 6.65 

581.9 207.90 60.3 -276.7 -0.410 -253.2 6.64 

615.5 279.04 66.0 -297.0 -0.406 -264.4 6.66 

652.5 209.94 74.4 -320.8 -0.402 -275.2 6.77 

693.4 210.47 84.9 -345.3 -0.399 -288.8 6.85 

737.2 210.56 100.6 -374.1 -0.399 -301.0 7.09 

782.6 210.12 124.2 -405.9 -0.403 -311.4 7.52 

829.1 208.95 156.9 -437.2 -0.416 -323.1 8.10 

873.9 206.98 202. 1 -459.8 -0.437 -340.6 8.70 

914.2 204.08 254.5 -443.9 -0.467 -387.3 8.42 

956.6 199. 52 320.3 -398.4 -0.532 -459. 1 7.87 

984.0 193.45 359.4 -233.5 -0.609 -621.9 6.76 

930.9 186.62 164.8 201.7 -0.512 -959.2 6.92 

T 8b le II. 3 c Coef{icieots at '<l = 5 esu for Q:rWctjyUy 

between 0.000 I and 0.005 sjemens/metre. 

145.0 

95.0 

71.0 

54.0 

33.0 

29.0 

21.0 

16.0 

12.0 

12.0 

12.0 

13.0 

13.0 

16.0 

22.0 

31.0 

40.0 

25.0 

14.0 

14.0 

30.0 



a 

0.005 

0.004 

0.003 

0.0025 

0.0020 

0.00175 

0.0015 

0.0014 

0.0013 

0.0012 

0.0011 

0.0010 

0.0009 

0.0008 

0.0007 

0.0006 

0.0005 

0.0004 

0.0003 

0.0002 

0.0001 
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c, c2 c3 c4 Cs ~ ~ 

199.1 166.92 44.1 -85.5 -0.597 -89.2 10.07 

240.2 173.81 42.3 -107.8 -0.585 -105.4 9.54 

301.2 182.99 42.3 -142.2 -0.556 -127.8 9.05 

345.7 188.76 42.7 -165.9 -0.534 -145.6 8.63 

408.0 195.41 43.2 -196.8 -0.507 -172.5 7.98 

449.3 199.01 45.5 -220.6 -0.495 -187.2 7.83 

498.9 202.74 51.1 -242.5 -0.457 -211.0 7.37 

521.2 204.24 54.3 -248.3 -0.434 -225.3 7.02 

546.9 205.61 56.7 -255.0 -0.417 -241.7 6.66 

575.6 206.85 61.4 -270.6 -0.409 -252.7 6.62 

607.6 207.88 67.5 -289.7 -0.405 -263.5 6.66 

642.5 208.68 75.9 -310.8 -0.401 -274.8 6.74 

680.9 209.10 86.3 -333.0 -0.399 -288.2 6.82 

721.4 209.08 101.6 -358.0 -0.400 -300.7 7.03 

763.2 208.52 123.4 -384. t -0.405 -313.0 7.38 

805.3 207.24 153.6 - 409.8 - 0.419 - 325.6 7.89 

844.9 205.14 194.0 -425.1 -0.442 -344.6 8.38 

877.9 202.15 237.0 -397.9 -0.469 -394.4 7.97 

906.2 197.66 284.1 -333.7 -0.523 -470.2 7.38 

908.4 191.76 293.9 -161.0 -0.574 -618.6 6.64 

81 1.6 184.68 166.1 154.7 -0.507 -798.3 7.31 

T 8b le II. 4 C Coefficient at ~ = 1 0 esu for Conductivity 

between 0.000 1 end 0.005 siemens/metre. 

Ca 

149.0 

96.0 

73.0 

55.0 

33.0 

29.0 

21.0 

16.0 

12.0 

12.0 

12.0 

13.0 

13.0 

15.0 

19.0 

26.0 

32.0 

20.0 

13.0 

13.0 

28.0 



(J 

0.005 

0.004 

0.003 

0.0025 

0.0020 

0.00175 

0.0015 

0.0014 

0.0013 

0.0012 

0.0011 

0.0010 

0.0009 

0.0008 

0.0007 

0.0006 

0.0005 

0.0004 

0.0003 

0.0002 

0.0001 
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c, ~ ~ c4 ~ ~ ~ 

198.9 166.84 44.2 -85.3 -0.598 -89.2 10.10 

239.9 173.68 42.4 -107.4 -0.585 -105.3 9.51 

300.5 182.76 42.6 -141.6 -0.556 -127.7 9.04 

344.7 188.43 43.1 -165.1 -0.534 -145.3 8.63 

406.2 194.91 43.7 -195.3 -0.507 -172.2 7.97 

446.8 198.39 46.3 -218.6 -0.495 -186.7 7.84 

495.2 201.96 52.0 -239.2 0.457 -210.5 7.36 

516.8 203.38 55.3 -244.4 -0.434 -224.7 7.02 

541.0 204.69 58.7 -251.4 -0.416 -239.4 6.73 

568.2 205.85 63.5 -264.8 -0.407 -251.0 6.66 

598.8 206.78 69.5 -282.2 -0.403 -262.0 6.68 

632.3 207.44 77.2 -301.1 -0.401 -274.0 6.73 

668.2 207.75 87.4 -320.7 -0.400 -287.4 6.79 

705.9 207.62 101.7 -341.6 -0.40 I -300.9 6.95 

744.4 206.94 122.0 -364.1 -0.409 -313.5 7.27 

782.2 205.56 150.5 -385.9 -0.424 -325.6 7.77 

816.5 203.38 187.1 -396.0 -0.447 -344.2 8.21 

842.2 200.32 222.3 -360.3 -0.472 -394.9 7.74 

857.6 195.91 257.9 -289.9 -0.517 -464.9 7.28 

839.6 190. 14 260.6 -135.9 -0.555 -577.8 6.91 

717.0 183.06 162.6 124.5 -0.501 -681.9 7.38 

Table 11.5 C Coefficients at~= 15 esu for Conductivity 

between 0.000 1 and 0.005 siemens/metre. 

<;, 

149.0 

96.0 

73.0 

55.0 

33.0 

30.0 

21.0 

17.0 

13.0 

13.0 

13.0 

13.0 

13.0 

14.0 

18.0 

24.0 

30.0 

18.0 

14.0 

16.0 

24.0 



a 

0.005 

0.004 

0.003 

0.0025 

0.0020 

0.00175 

0.0015 

0.0014 

0.0013 

0.0012 

0.0011 

0.0010 

0.0009 

0.0008 

0.0007 

0.0006 

0.0005 

0.0004 

0.0003 

0.0002 

0.0001 
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c, ~ ~ c4 Cs % c., 

198.7 166.76 44.3 -85.2 -0.598 -89.1 10.09 

239.5 173.55 42.6 -107.1 -0.585 -105.2 9.51 

299.7 182.53 42.9 -140.9 -0.556 -127.5 9.03 

343.6 188.10 43.4 -164.1 -0.534 -145.1 8.62 

404.4 194.42 44.4 -193.7 -0.507 -171.7 7.97 

444.4 197.77 46.9 -216.5 -0.495 -186.2 7.84 

491.4 201.18 52.9 -235.9 -0.457 -209.8 7.36 

512.4 202.52 56.1 -240.3 -0.434 -224.0 7.01 

535.5 203.76 59.5 -246.3 -0.416 -238.8 6.72 

561.5 204.83 64.5 -258.7 -0.407 -250.2 6.66 

590.6 205.66 70.5 -274.6 -0.404 -261.0 6.67 

622.1 206.22 78.2 -291.5 -0.401 -273.0 6.70 

655.5 206.45 88.3 -308.7 -0.400 -286.2 6.77 

689.9 206.24 102.3 -326.4 0.402 -299.7 6.91 

724.9 205.45 121.1 -344.2 -0.410 -313.3 7.17 

758.9 203.97 146.8 -361.0 -0.427 -326.2 7.59 

788.5 201.69 179.8 -367.4 -0.451 -343.9 8.04 

806.9 198.61 209.5 -327.6 0.473 -391.6 7.61 

810.8 194.28 234.3 -249.7 -0.509 -458.0 7.14 

777.7 188.62 234.7 -116.5 -0.540 -538.5 7.09 

643.3 181.72 157.5 103.0 -0.494 -596.0 7.30 

Table 11.6 C Coefficients st &:2 = 20 esu for Conductivity 

between 0.000 1 and 0.005 siemens/metre. 

C13 

149.0 

97.0 

73.0 

55.0 

33.0 

30.0 

21.0 

17.0 

13.0 

13.0 

13.0 

13.0 

13.0 

14.0 

17.0 

21.0 

27.0 

18.0 

14.0 

18.0 

21.0 



0.005 

0.004 

0.003 

0.0025 

0.0020 

0.00175 

0.0015 

0.0014 

0.0013 

0.0012 

0.0011 

0.0010 

0.0009 

0.0008 

0.0007 

0.0006 

0.0005 

0.0004 

0.0003 

0.0002 

0.0001 
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c1 ~ C:5 c4 ~ Cr, c., c;, 

198.4 166.68 44.4 -84.7 -0.597 - 89.2 1 0.06 145.0 

239.0 173.42 42.8 -106.6 -0.584 -105.2 

299.0 182.30 43.1 -140.1 -0.556 -127.5 

342.5 187.76 43.8 -163.0 -0.534 -144.9 

402.5 193.91 45.0 -192.3 -0.506 -171.2 

441.7 197.15 57.8 -214.6 -0.495 -185.2 

487.6 200.40 53.6 -232.3 -0.457 -209.3 

508.1 201.63 56.6 -236.6 -0.435 -223.3 

530.2 202.81 59.9 -241.1 -0.417 -238.4 

555.8 203.75 64.3 -253.2 -0.412 -249.6 

583.5 204.49 70.4 -268.2 -0.408 -260.0 

613. I 204.96 78.1 -283.8 -0.406 -271.5 

644.1 205.09 88.3 -299.4 -0.405 -284.0 

676.2 204.77 102.4 -317.4 -0.410 -294.9 

709.0 203.84 121.9 -339.5 -0.423 -302.6 

738.8 202.28 146.4 -352.8 -0.439 -314.9 

762.7 199.99 176.3 -352.7 -0.461 -333.2 

774.4 196.90 203.6 -314.0 -0.482 -373.9 

767.9 192.70 218.6 -226.9 -0.506 -439.5 

722.4 187.23 215.2 -102.8 -0.528 -500.4 

585.9 180.58 153.6 84.7 -0.490 -529.5 

Table 11.7 C Coefficients at~= 25 esu for Conructivitv 

between 0.000 t and 0.005 siemens/metre. 

9.51 95.0 

9.02 71.0 

8.61 54.0 

7.98 33.0 

7.86 31.0 

7.35 21.0 

7.01 17.0 

6.69 13.0 

6.62 12.0 

6.65 12.0 

6.69 12.0 

6.78 13.0 

7.00 15.0 

7.48 22.0 

7.90 27.8 

8.25 33.0 

7.96 25.0 

7.27 16.0 

7.23 19.0 

7.28 20.0 



0.005 

0.004 

0.003 

0.0025 

0.0020 

0.00175 

0.0015 

0.0014 

0.0013 

0.0012 

0.0011 

0.0010 

0.0009 

0.0008 

0.0007 

0.0006 

0.0005 

0.0004 

0.0003 

0.0002 

0.0001 
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c, ~ c3 c4 Cs ~ ~ 

198.0 166.60 44.5 -84.3 -0.596 -89.2 10.00 

238.5 173.29 43.0 -106.1 -0.583 -105.1 9.48 

298.3 182.05 43.1 -139.2 -0.556 -127.6 8.98 

341.4 187.42 44.0 -161.9 -0.534 -144.9 8.59 

400.4 193.43 45.8 -190.6 -0.506 -170.6 7.99 

439.0 196.53 48.6 -212.5 -0.495 -184.6 7.88 

483.4 199.64 54.5 -228.8 -0.457 -208.5 7.36 

502.9 200.83 57.9 -232.7 -0.-436 -221.9 7.03 

524.5 201.89 60.4 -235.7 -0.418 -237.9 6.66 

548.7 202.76 65.1 -246.8 -0.412 -248.8 6.61 

575.1 203.40 71.0 -260.3 -0.409 -259.3 6.63 

602.7 203.79 78.7 -274.3 -0.407 -270.5 6.68 

632.0 203.81 88.7 -289.3 -0.408 -281.8 6.79 

661.6 203.39 102.8 -307.4 -0.415 -290.5 7.09 

691.6 202.36 121.9 -328.7 -0.431 -296.1 7.62 

717.2 200.76 144.3 -336.8 -0.446 -309.3 7.96 

736.3 198.43 171.2 -332.1 -0.466 -327.3 8.26 

741.8 195.35 193.9 -290.83 -0.483 -365.3 7.95 

727.4 191 .23 205.2 -207.0 -0.503 -420.5 7.37 

673.8 185.93 199.7 -92.5 -0.519 -465.9 7.33 

540.3 179.57 148.7 71.4 -0.486 -479.1 7.20 

Table 11.8 C Coefficients at~= 30 esu for Conductivity 

between 0.0001 and 0.005 siemens/metre. 

<1s 

143.0 

95.0 

70.0 

53.0 

34.0 

31.0 

21.0 

17.0 

12.0 

12.0 

12.0 

12.0 

13.0 

17.0 

24.0 

30.0 

34.0 

26.0 

18.0 

20.0 

18.0 
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0 c, C:z C;s c4 Cs c6 c., Ca 

0.00001 533.9 174.44 135.0 274.8 -0.517 -513.8 27.00 3386.0 

0.00002 697.8 176.50 151.2 260.7 -0.538 -707.1 24.43 2621.0 

0.00003 803.9 178.34 165.4 246.8 -0.554 -827.4 19.64 1485.0 

0.00004 867.2 180.10 164.4 245.3 -0.547 -906.1 15.68 685.0 

0.00005 901.0 182.02 126.5 276.7 -0.492 -979.6 12.36 258.0 

0.00006 925.9 183.53 117.8 286.4 -0.477 -1019.6 10.28 136.0 

0.00007 946.0 184.73 120.0 283.2 -0.477 - 1041.3 8.88 84.0 

0.00008 961.9 185.75 129.1 271.9 -0.484 -1050.6 7.88 57.0 

0.00009 975.3 186.64 144.1 252.7 -0.500 -1049.3 7.17 41.0 

0.00010 985.9 187.45 162.0 228.2 -0.516 -1039.7 6.63 30.0 

Table 11.9 C Qlefficients at~ = 3 esu for Conduclivitv 

between 0.00001 and 0.0001 siemens/metre. 

a c, C:z C;s c4 Cs % c., Ca 

0.00001 513.8 174.20 146.7 255.9 -0.531 -494.2 23.17 2197.0 

0.00002 649.6 176.09 160.7 242.6 -0.547 -644.3 21.62 1728.0 

0.00003 749.9 177.88 171.4 231.2 -0.557 -757.3 18.44 1072.0 

0.00004 814.4 179.7"1 157.0 241.4 -0.533 -847.8 15.04 479.0 

0.00005 853.7 181.64 126.2 269.5 -0.487 -922.9 12.10 203.0 

0.00006 885.6 183.03 121.4 273.1 -0.478 -964.7 10.26 119.0 

0.00007 910.5 184.20 126.3 266.6 -0.481 -988.7 8.98 79.0 

0.00008 930.4 185.22 137.5 252.1 -0.492 -999.3 8.05 56.0 

0.00009 946.2 186.13 151.5 232.9 -0.505 -1000.8 7.35 41.0 

0.00010 959.1 186.97 168.4 208.5 -0.520 -993.9 6.82 31.0 

T 8ble II. 1 0 C Coefficients et ~ • 4 esu for Conductivity 

between 0.00001 and 0.0001 siemens/metre. 
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a c, ~ ~ c"' Cs ~ ~ Ca 

0.00001 495.0 174.03 153.3 241.7 -0.537 -477.9 20.68 1509.0 

0.00002 612.0 175.80 164.1 230.2 -0.549 -602.2 19.55 1165.0 

0.00003 703.5 177.61 163.6 228.1 -0.543 -710.2 17.06 682.0 

0.00004 757.3 180.02 100.3 285.4 -0.449 -830.5 13.29 191.0 

0.00005 811.2 181.30 122.4 264.9 -0.479 -874.5 11.71 157.0 

0.00006 848.0 182.58 124.0 261.6 -0.478 -915.0 10.17 104.0 

0.00007 877.0 183.71 131.6 251.2 -0.486 -940.0 9.03 73.0 

0.00008 899.8 184.72 142.8 235.8 -0.496 -952.8 8.17 54.0 

0.00009 918.2 185.65 157.4 215.2 -0.509 -955.8 7.51 41.0 

0.00010 932.9 186.51 172.8 191.9 -0.522 -951.9 6.99 32.0 

Table 11.11 C Coefficients at~= 5 esu for Concluctivitv 
between 0.00001 end 0.000 1 siemens/metre. 

a cl ~ ~ c4 Cs Co c., Ca 

1.0 -104.0 101.37 30.3 108.0 -0.569 -0.7 6.90 460 

0.75 -100.4 102.19 30.6 105.4 -0.569 -1.1 7.01 460 

0.50 -94.6 103.58 31.5 101.4 -0.571 -2.2 7.20 460 

0.25 -81.5 106.72 33.4 92.5 -0.577 -4.8 7.39 460 

0.10 -55.6 112.93 36.4 75.6 -0.584 -11.4 7.88 460 

0.075 -44.6 115.53 37.4 68.4 -0.586 -14.3 8.29 440 

0.050 -26.3 119.88 38.9 56.4 -0.588 -19.0 8.70 420 

0.040 -14.5 122.66 39.4 49.1 -0.589 -22.9 9.03 380 

0.030 2.9 126.70 40.4 38.0 -0.590 -28.3 9.51 320 

0.025 15.5 129.56 40.9 30.0 -0.591 -32.3 9.79 320 

0.020 32.5 133.39 41.6 t 9. t -0.592 -38.0 10.21 320 

0.0175 43.7 135.88 42.1 11.5 -0.592 -40.-4 10.-45 320 

0.0150 57.8 138.92 42.4 2.6 -0.593 --45.4 10.78 300 

0.0125 75.8 142.81 43.0 -8.9 -0.594 -51.1 11.09 270 

0.010 100.3 147.97 43.6 -24.6 -0.595 -59.0 1 1.38 250 

0.0075 136.8 155.28 44.4 -48.3 -0.596 -70.6 11.79 225 

0.006 169.1 161.49 45.1 -68.5 -0.598 -81.5 1 1.86 170 

0.005 199.0 166.83 45.3 -87.9 -0.601 -91.1 12.05 155 

Table 11.12 O:lefficients for lend et hiah Cord.lctivities 
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a c, C:2 ~ c4 Cs ~ c7 Ca 

5.5 -111.0 98.08 -13.75 112.8 -0.254 0.0 0.0 0.0 

5.0 -1 1 1.0 98.20 -13.51 t t 2.8 -0.254 0.0 0.0 0.0 

4.5 - 1 11.0 98.35 -13.23 1 12.8 -0.254 0.0 0.0 0.0 

4.0 - t 11.0 98.53 -12.90 112.8 -0.254 0.0 0.0 0.0 

3.5 -111.0 98.75 -12.50 1 12.8 -0.254 0.0 0.0 0.0 

3.0 -111.0 99.01 -12.00 112.8 -0.254 0.0 0.0 0.0 

2.5 -111.0 99.35 -11.36 112.8 -0.254 0.0 0.0 0.0 

2.0 -111.0 99.80 -10.50 112.8 -0.254 0.0 0.0 0.0 

1.5 -111.0 100.58 -8.75 112.8 -0.254 0.0 0.0 0.0 

1.0 -111.0 101.75 -6.00 112.8 -0.254 0.0 0.0 0.0 

Table 11.13 Coefficients for Sea Wster Conductivities. 

0.005 195.0 165.72 46.0 -82.4 -0.600 -87.8 10.13 150.0 

Table II. 14 Coefficients for Fresh Water(~= 80 esu). 



Appendix Ill 

DIFFERENCE BETWEEN ACCURATE AND APPROXIMATE COMPUTATIONS 

In this appendix, a ffNi examples of the difference in the values of total phaselag 

between ~urate and approximate computations are given. These examples are taken at 

different conductivity and permittivity values and some of them are at the worst attainable 

~ur~. From this ex81Tlples, It is hoped that some measure of confidence could be given so 

that this approximate formula can be used without much hesitation. ks mentioned In Section 

7.3.2, the worst ((:CUr~ occured at very low conductivity, i.e, below 0.000 l siemens/metre 

where the expected lJ::Cllroc:y is within I 0.0 metres. At higher conductivity ,the worst can be 

expected is in the region of 5.0 metres but in most cases it is within 2.0 metres if distances 

grooter than 2Km are uSed in the computation. 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAQ 

Frequency = 100000.0 
Conduc~lvl~y = 1.500000 
Perm1~1v1~y = 80.0 

Hz 
slemens/me~er 
esu 

Coefflcien~s C(I), 1=1 ~o 8 ere 

-111.000 100.580 -8.750 112.800 
-0.254 0.000 0.000 0.000 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 121.2 116.9 
3000.0 81.1 79.6 
4000.0 62.1 61.3 
5000.0 51.2 50.5 
6000.0 44.2 43.6 
7000.0 39.4 38.8 
8000.0 35.9 35.4 
9000.0 33.4 32.8 

10000.0 31.5 30.9 
11000.0 30.8 29.5 
12000.0 29.9 28.4 
13000.0 29.3 27.6 
14000.0 28.7 27.0 
15000.0 28.3 26.6 
16000.0 28.0 26.3 
17000.0 27.9 26.1 
18000.0 27.8 26.0 
19000.0 27.8 26.0 
20000.0 27.9 26.1 
30000.0 30.8 28.9 
40000.0 35.5 33.7 
50000.0 41.0 39.3 
60000.0 47.1 45.5 
70000.0 53.4 52.0 
80000.0 60.0 58.7 
90000.0 66.7 65.5 

100000.0 73.6 72.6 
200000.0 146 3 148.6 
300000.0 230.7 231.9 
400000.0 318.4 320.1 
500000.0 410.0 411.7 
600000.0 504.4 506.0 
700000.0 600.9 602.1 
800000.0 698.8 699.5 
900000.0 797.6 797.9 

1000000.0 897.1 897.0 
1100000.0 997.0 996.6 
1200000.0 1097.2 1096.5 
1300000.0 1197.4 1196.7 
1400000.0 1297.7 1297.0 
1600000.0 1398.1 1397.4 
1600000.0 1498.4 1498.0 
1700000.0 1598.8 1598.5 
1800000.0 1699.1 1699.1 
1900000.0 1799.6 1799.7 
2000000.0 1899.8 .1900.3 

DIFFERENCE 
(M) 

4.3 
1.5 
0.9 
0.7 
0.6 
0.6 
0.6 
0.6 
0.5 
1.2 
1.5 
1.e 
1.7 
1.; 
1. e. 
1.8 
1.8 
1.8 

1 " 

1.[;. 
1. ·;· 
1.6 
1, L .. 

1.2 
1.1 
1.( 

-O.C' 
-1.::< 
-1.7 
-1.8 
-1.6 
-1.2 
-0.7 
-0.3 

0.1 
0.4 
0.6 
0.7 
0.7 
0.6 
0.5 
0.3 
0.0 

-0.2 
-0.5 



Fl"equeney 
Conduct.lvlt.y 
Pel"mlt.ivit.y 

Coefficlent.s 

-111.000 
-0.254 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 1.000000 
= 80.0 

C (I) • I=1 

101.750 
0.000 

t.o 

Hz 
siemensfmet.er 
esu 

8 .,.. 

-6.000 112.800 
0.000 0.000 

ACCURATE APPROXIMATE 
(M) (M) 

121.7 117.0 
81.7 79.7 
62.9 61.4 
52.1 50.7 
45.1 43.8 
40.4 39.1 
37.0 35.7 
34.5 33.2 
32.6 31.3 
32.0 29.9 
31.2 28.9 
30.6 28.1 
30.1 27.6 
29.8 27.2 
29.5 26.9 
29.4 26.7 
29.4 26.7 
29.5 26.7 
29.6 26.8 
32.9 30.0 
37.9 35.1 
43.7 41.1 
50.0 47.6 
56.5 54.4 
63.3 61.4 
70.3 68.6 
77.3 75.9 

153.7 154.3 
237.4 239.3 
326.2 326.7 
418.9 421.5 
514.4 516.6 
611.8 613.5 
710.7 711.8' 
810.6 811.0 
911.1 910.9 

1011.9 1011.3 
1113.0 1112. 1 
1214.3 1213.2 
1315.6 1314.5 
1416.9 1415.9 
1518.3 1517.4 
1619.6 1619.0 
1721.0 1720.7 
1822.3 1822.4 
1923.6 1924.1 

DIFFERENCE 
(M) 

4.8 
2.0 
1.5 
1.3 
1.3 
1.3 
1.3 
1.3 
1.3 
2.1 
2.3 
2.5 
2.5 
2.6 
2.6 
2.7 
2.7 
2.7 
2.6 
2.9 
2.8 
2.( 
2.4 
2.2 
1.9 
1.7 
1.!: 

-0.6 
-1.9 
-2.5 
-2.6 
-2.3 
-1.7 
-1.0 
-0.4 
0.2 
0.6 
0.9 
1.1 
1.1 
1.0 
0.8 
0.6 
0.3 

-0.1 
-0.4 



Frequency 
Conduct.lvlt.y 
Permlt.lvlt.y 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 0.750000 
= 15.0 

Hz 
siemens/met.er 
esu 

Coefflclent.s C(I), I=1 t.o 8 are 

-100.400 
-0.569 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 

102.190 
-1.100 

30.600 
7.010 

ACCURATE 
(M) 

122.2 
82.3 
63.5 
52.8 
45.9 
41.2 
37.9 
35.5 
33.6 
33.1 
32.3 
31.7 
31.3 
31.0 
30.8 
30.7 
30.7 
30.8 
31.0 
34.6 
39.8 
45.9 
52.4 
59.2 
65.2 
73.3 
80.5 

158.2 
243.0 
332.8 
426.4 
522.7 
621.1 
720.8 
821.'5 
922.8 

1024.5 
1126.4 
1228.5 
1330.6 
1432.8 
1535.0 
1637.2 
1739.3 
1841.5 
1943.7 

105.400 
460.000 

APPROXIMATE 
(M) 

119.3 
82.2 
64.0 
53.4 
46.5 
41.9 
38.6 
36.2 
34.4 
33.1 
32.1 
31.4 
30.9 
30.6 
30.4 
30.3 
30.4 
30.4 
30.6 
34.3 
39.8 
46.0 
52.7 
59.5 
66.6 
73.8 
81.1 

158.5 
242.7 
332.3 
426.0 
522.6 
621.2 
721.1 
821.8 
923.1 

1024.7 
1126.6 
1228.6 
1330.6 
1432.7 
1534.8 
1637.0 
1739.2 
1841.3 
1943.5 

DIFFERENCE 
(M) 

2.9 
O.l 

-0.5 
-0.6 
-0.6 
-0.7 
-0.7 
-0.7 
-0.8 
-0.1 
0.2 
0.3 
0.3 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0 ·=~ 
0.0 

-0.1 
-0.2 
-0. ~: 
-O.t. 
-0.5 
-0.5 
-0. ::. 

0 .~~ 
0.5 
o . .::. 
0.1 

-0.:. 
..:o.3 
-0.3 
-0.3 
-0.2 
-0.1 
-0.1 
0.0 
0.1 
0.1 
0.2 
0.2 
0.2 
0.2 



Frequency 
Conduct.lvit.y 
Perrnlt.ivit.y 

Coef'ficlent.s 

15.500 
-0.591 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1600000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAO 

= 100000.0 
= 0.025000 = 15.0 

C(I). I=1 

129.560 
-32.300 

t.o 

Hz 
siemens/rnet.er 
esu 

8 are 

40.900 30.000 
9.790 320.000 

ACCURATE APPROXIMATE 
(M) (M) 

137.1 135.4 
100.6 101.0 
84.7 85.3 
76.4 77.0 
71.8 72.3 
69.2 69.6 
67.8 68.1 
67.2 67.4 
67.1 67.3 
68.0 67.6 
68.9 68.1 
69.8 68.9 
70.8 69.8 
71.9 70.9 
73.0 72.1 
74.3 73.3 
75.5 74.6 
76.9 76.0 
78.2 77.4 
92.4 92.4 

106.8 107.2 
120.7 121.1 
134.4 134.6 
147.8 147.8 
160.9 160.9 
173.8 173.7 
186.6 186.5 
309.7 310.0 
430.7 430.9 
552.8 552.5 
676.4 676.0 
801.6 801.2 
928.0 927.8 

1055.3 1055.4 
1183.5 1183.7 
1312.1 1312.5 
1441.2 1441.6 
1570.4 1570.8 
1699.9 1700.2 
1829.4 1829.7 
1969.0 1959.1 
2088.6 2088.7 
2218.2 2218.2 
2347.8 2347.7 
2477.5 2477.3 
2607.1 2606.8 

DIFFERENCE 
(M) 

1. 7 
-0.4 
-0.6 
-0.5 
-0.4 
-0.3 
-0.3 
-0.2 
-0.2 
0.4 
0.8 
0.9 
0.9 
1.0 
1.0 
0.9 
0.9 
0.9 
0.8 
0.0 

-0.4 
-0.4 
-0.2 
-0.1 
0.0 
0.1 
0.1 

-0.4 
-0.1 
0.3 
0.5 
0.4 
0.2 

-0.1 
-0.3 
-0.4 
-0.4 
-0.4 
-0.3 
-0.3 
-0.2 
-0.1 
o.o 
0.1 
0.2 
0.3 



Frequency 
Conduet.lvlt.y 
Permlt.lvlt.y 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 0.005000 
= 15.0 

Hz 
siemens/meter 
esu 

Coefficients C(I), I=l to 8 are 

199.000 
-0.601 

DJ:STANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000 .o 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 

166.830 
-91.100 

45.300 
12.050 

ACCURATE 
(M) 

159.9 
128.4 
116.8 
112.3 
111.1 
111.6 
113.1 
115.2 
117.7 
120.8 
124.0 
127.2 
130.4 
133.6 
136.7 
139.9 
143.1 
146.3 
149.4 
179.6 
207.4 
233.2 
257.5 
280.7 
303.0 
324.5 
345.4 
534.5 
707.6 
975.2 

1040.8 
1205.9 
1371.0 
1536.4 
1702.1 
1868.1 
2034.5 
2201.0 
2367.7 
2534.5 
2701.4 
2868.4 
3035.3 
3202.3 
3369.4 
3536.4 

-87.900 
155.000 

APPROXIMATE 
(M) 

156.8 
128.0 
117.1 
113.0 
112.0 
112.7 
114.3 
116.4 
118.9 
121.6 
124.5 
127.5 
130.5 
133.5 
136.6 
139.7 
142.8 
145.9 
148.9 
179.1 
207.2 
233.2 
257.3 
280.2 
302.1 
323.4 
344.2 
534.6 
708.2 
875.3 

1040.5 
1205.4 
1370.5 
1536.2 
1702.2 
1868.4 
2034.9 
2201.5 
2368.2 
2534.9 
2701.7 
2868.5 
3035.3 
3202.1 
3368.9 
3535.7 

DJ:FFERENCE 
(M) 

3.0 
0.4 

-0.3 
-0.7 
-0.9 
-1.0 
-1.1 
-1.2 
-1.2 
-0.9 
-0.5 
-0.:£ 
-0.1 

0.0 
0.2 
0.3 
0.3 
0.4 
0.5 
0.5 
0. :c 
0.0 
0.2 
0.5 
0.8 
l.l 
1.2 
o.c 

-0.5 
-O.l 
0.3 
o.r. 
0.4 
0.2 

-0.1 
-0.3 
-0.4 
-0.5 
-0.5 
-0.4 
-0.3 
-0.1 

0.1 
0.3 
0.5 
0.7 



Frequency 
Conduct..1v1t..y 
Perm 1 t.. i v 1 t..y 

Coeffic1ent..s 

642.500 
-0.401 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

== 100000.0 
== 0.001000 
== 10.0 

C (I), I==1 

208.680 
-274.800 

t..o 

Hz 
siemens/met..er 
esu 

8 are 

75.900 -310.800 
6.740 13.000 

ACCURATE APPROXIMATE 
(M) (M) 

211.3 211.6 
191.1 191.2 
188.9 188.5 
192.7 192.0 
198.9 198.4 
206.3 205.9 
214.1 214.1 
222.2 222.4 
230.3 230.8 
238.3 239.1 
246.3 247.3 
254.1 255.3 
261.9 263.2 
269.6 270.8 
277.1 278.3 
284.6 285.7 
291.8 292.9 
299.0 299.9 
306.0 306.8 
370.2 369.4 
426.2 424.6 
476.6 475.1 
522.7 522.1 
565.7 566.1 
606.2 607.4 
644.5 646.2 
681.1 682.9 
989.2 988.5 

1244.3 1244.1 
1475.8 1476.3 
1695.1 1695.6 
1907.7 1908.0 
2116.9 2116.9 
2324.4 2324.2 
2531.2 2531.0 
2737.8 2737.7 
2944.6 2944.5 
3151.7 3151.7 
3359.1 3359.2 
3566.7 3566.9 
3774.7 3774.9 
3982.8 3983.0 
4191.1 4191.3 
4399.5 4399.6 
4608.0 4608.1 
4816.6 4816.6 

DIFFERENCE 
(M) 

-0.3 
-O.l 
0.5 
0.6 
0.6 
0.3 
0.1 

-0.2 
-0.5 
-0.8 
-1.0 
-1.2 
-1.3 
-1.2 
-1.2 
-1.1 
-1.0 
-0.9 
-0.8 
0.6 
1.6 
1.5 
0.6 

-0 . .::. 
-1.2 
-1.7 
-1.6 
0.7 
0.2 

-0.5 
-0.5 
-0.3 
0.0 
0.2 
0.2 
0.2 
0.1 
0.0 

-0.1 
-0.2 
-0.2 
-0.2 
-0.2 
-0.1 
o.o 
0.0 



Frequency 
Conduct.lvit.y 
Permlt.ivlt.y 

Coefficlent.s 

873.900 
-0.437 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 0.000500 = 5.0 

C(I), I=1 

206.980 
-340.600 

t.o 

Hz 
siemens/met.er 
esu 

8 ere 

202.100 -459.800 
8.700 40.000 

ACCURATE APPROXIMATE 
(M) (M) 

250.0 250.0 
238.3 238.1 
243.0 242.6 
252.9 252.5 
264.6 264.5 
277.0 277.1 
289.5 289.9 
301.9 302.5 
314.1 314.8 
326.0 326.8 
337.6 338.5 
349.0 349.8 
360.0 360.7 
370.8 371.4 
381.3 381.8 
391.6 391.9 
401.6 401.8 
411.4 411.5 
420.9 420.9 
508.7 506.9 
583.8 582.3 
650.1 650.2 
710.0 711.6 
765.1 767.2 
816.1 818.2 
863.9 865.5 
909.0 909.8 

1266.2 1265.3 
1534.5 1535.0 
1762.5 1763.1 
1971.0 1971.2 
2171.0 2170.8 
2368.1 2367.9 
2565.2 2565.1 
2763.6 2763.6 
2963.5 2963.7 
3165.0 3165.3 
3367.9 3368.2 
3571.9 3572.2 
3776.7 3777.0 
3982.2 3982.4 
4188.1 4188.3 
4394.4 4394.5 
4600.9 4600.9 
4807.5 4807.6 
5014.2 6014.2 

DIFFERENCE 
(M) 

0.0 
0.2 
0.4 
0.4 
0.1 

-O.l 
-0.4 
-0.6 
-0.7 
-0.8 
-0.8 
-0.8 
-0.7 
-0.6 
-0.5 
-0.4 
-0.2 
-0.1 
0.0 
1.8 
1. ·! 

-0.1 
-1.5 
-2.:1. 
-2.0 
-1.5 
-0.8 

0 <: 
-0 . .::. 
-0.6 
-0 .~· 

0.:. 
0.2 
0.1 
0.0 

-0.1 
-0.3 
-0.3 
-0.3 
-0.3 
-0.2 
-0.1 
-0.1 
0.0 
0.0 
o.o 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAQ 

... 100000.0 
0.000200 
3.0 

Fl"equency 
Conduot.lvlt.y = 
Pe l"m I t. 1 v 1 t.y = 

Hz 
alemena/met.er 
eau 

Coef.flo1ent.a C(I). I=1 t.o 8 .,.. 

1016.800 194.080 401.800 -285.300 
-0.632 -605.500 7.110 14.000 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 327.3 330.6 
3000.0 331.4 331.4 
4000.0 349.2 347.6 
5000.0 370.5 368.4 
6000.0 392.4 390.6 
7000.0 414.0 412.7 
8000.0 436.0 434.3 
9000.0 466.2 466.2 

10000.0 474.8 476.3 
11000.0 493.6 494.6 
12000.0 511.7 613.1 
13000.0 529.2 530.9 
14000.0 546.1 648.0 
15000.0 562.4 564.4 
16000.0 578.2 580.3 
17000.0 593.6 595.6 
18000.0 608.6 610.4 
19000.0 622.9 624.8 
20000.0 637.0 638.7 
30000.0 759.8 759.8 
40000.0 860.9 859.3 
60000.0 947.4 945.4 
60000.0 1022.3 1021.3 
70000.0 1088.2 1088.5 
80000.0 1146.8 1148.0 
90000.0 1199.3 1200.7 

100000.0 1246.6 1247.7 
200000.0 1552.5 1560.0 
300000.0 1735.1 1737.4 
400000.0 1897.1 1899.0 
600000.0 2061.7 2060.7 
600000.0 2232.5 2229.6 
700000.0 2409.0 2406.0 
800000.0 2590.2 2688.4 
900000.0 2775.3 2775.0 

1000000.0 2963.3 2964.5 
1100000.0 3153.4 3155.8 
1200000.0 3345.3 3348.3 
1300000.0 3538.2 3541.3 
1400000.0 3732.0 3734.8 
1600000.0 3926.4 3928.6 
1600000.0 4121.1 4122.5 
1700000.0 4316.0 4316.4 
1800000.0 4511.1 4510.4 
1900000.0 4706.2 4704.6 
2000000.0 4901.3 4898.5 

DIFFERENCE 
(M) 

-3.4 
0.0 
1.7 
2.1 
1.8 
1.3 
0.7 
0.1 

-0.5 
-1.0 
-1.4 
-1.7 
-1.9 
-2.0 
-2.0 
-2.0 
-2.0 
-1.9 
-1.7 
0.0 
1.6 
2.0 
1.0 

-0.3 
-1.2 
-1.5 
-1.1 
2.5 

-2.4 
-2.0 
1.0 
2.9 
3.0 
1.9 
0.2 

-1.3 
-2.4 
-3.0 
-3.1 
-2.8 
-2.2 
-1.4 
-0.4 
0.6 
1.7 
2.8 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
0.000050 
3.0 

Frequency 
Conductivity= 
Perm I t.l v I t.y = 

Hz 
siemens/meter 
esu 

Coefficients C (I). I=1 t.o 8 are 

901.000 182.020 126.500 276.700 
-0.492 -979.600 12.360 258.000 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 514.3 509.6 
3000.0 545.8 544.2 
4000.0 585.0 586.3 
5000.0 623.8 627.0 
6000.0 650.3 564.5 
7000.0 694.4 598.7 
8000.0 726.0 729.8 
9000.0 755.4 758.2 

10000.0 782.8 784.3 
11000.0 808.4 808.4 
12000.0 832.3 830.8 
13000.0 854.8 851.7 
14000.0 875.9 871.4 
15000.0 895.7 889.9 
16000.0 914.4 907.5 
17000.0 932.1 924.3 
18000.0 948.7 940.3 
19000.0 964.5 955.6 
20000.0 979.4 970.3 
30000.0 1093.2 1090.6 
40000.0 1163.7 1170.3 
50000.0 1211.9 1220.3 
60000.0 1248.3 1253.1 
70000.0 1275·. 7 1276.8 
80000.0 1297.5 1296.0 
90000.0 1315.9 1312.8 

100000.0 1332.1 1328.2 
200000.0 1463.7 1454.0 
300000.0 1595.8 1597.7 
400000.0 1738.1 1739.0 
500000.0 1889.5 1889.2 
600000.0 2048.4 2047.6 
700000.0 2213.2 2212.6 
800000.0 2382.7 2382.6 
900000.0 2555.8 2556.3 

1000000.0 2731.7 2732.7 
1100000.0 2909.6 2910.9 
1200000.0 3088.9 3090.3 
1300000.0 3269.3 3270.6 
1400000.0 3450.5 3451.5 
1500000.0 3632.0 3632.8 
1600000.0 3813.9 3814.3 
1700000.0 3995.9 3996.0 
1800000.0 4178.1 4177.9 
1900000.0 4360.3 4359.7 
2000000.0 4542.5 4541.7 

DIFFE::;:ENCE 
(M) 

4.7 
1.5 

-1.2 
-3.2 
-4.2 
-4.3 
-3.8 
-2.8 
-l.f. 
0.0 
l.E 
3. :, 
4. ~) 
5.8 
6.9 
7.8 
8.5 
e. s 
9.1 
2.7 

-6.6 
-8.5 
-4.7 
-1.: 

l " 
3 .l 
3.9 
-0.~ 
-1.9 
-0.9 

0 . .:. 
0.8 
0.6 
0.1 

-0.5 
-1.0 
-1.3 
-1.4 
-1.3 
-1.1 
-0.8 
-0.4. 
-0.1 
0.2 
0.5 
0.8 



Frequency 
Conduct.lvlt.y 
Pe'rmlt.lvit.y 

Coefflclent.s 

853.700 
-0.487 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAO 

= 100000.0 
= 0.000050 
= 4.0 

C (I). I=1 

181.640 
-922.900 

Hz 
s 1 emens/met.e r 
esu 

t.o 8 are 

126.200 269.500 
12.100 203.000 

ACCURATE APPROXIMATE 
(M) (M) 

502.1 497.5 
528.9 527.3 
564.5 565.5 
600.1 602.9 
633.9 637.8 
665.5 669.6 
694.9 698.6 
722.3 725.2 
747.8 749.5 
771.6 772.0 
793.9 792.9 
814.8 812.4 
834.5 830.7 
853.0 847.9 
870.5 864.3 
887.0 879.8 
902.6 894.6 
917.3 908.8 
931.3 922.4 

1038.8 1034.3 
1106.7 1111.8 
1154.7 1163.0 
1191.6 1197.5 
1219.9 1222.7 
1242.8 1242.9 
1262.3 1260.5 
1279.4 1276.5 
1415.1 1414.9 
1548.1 1549.7 
1690.5 1691.2 
1841.7 1841.2 
2000.2 1999.2 
2164.6 2163.6 
2333.6 2333.1 
2506.2 2506.3 
2681.6 2682.1 
2859.0 2859.8 
3037.8 3038.7 
3217.7 3218.6 
3398.3 3399.1 
3579.4 3579.9 
3760.8 3761.0 
3942.3 3942.3 
4123.9 4123.7 
4305.6 4305.2 
4487.3 4486.8 

DIFFERENCE 
(M) 

4.6 
1.6 

-1.0 
-2.8 
-3.8 
-4.1 
-3.7 
-2.9 
-1.8 
-0.5 

1.0 
2.4 
3.8 
5.1 
6.2 
7.2 
8.0 
8.6 
9.0 
4.5 

-5.1 
-8.<1 
-5.9 
-2.8 
-0.1 
1.8 
2.9 
0.2 

-l.C 
-0.7 

O.J:I 
1.0 
0 c 
0.5 
0.0 

-0.5 
-0.8 
-0.9 
-0.9 
-0.7 
-0.5 
-0.3 
0.0 
0.2 
0.3 
0.5 



F.-equency 
Conduct.ivit.y 
Pe.-mit.ivit.y 

Coefficients 

757.300 
-0.449 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 0.000040 
= 5.0 

C (I), I=1 

180.020 
-830.500 

t.o 

Hz 
siemens/met.et" 
esu 

8 lilt"& 

100.300 285.400 
13.290 191.000 

ACCURATE APPROXIMATE 
(M) (M) 

508.9 503.5 
530.6 529.6 
652.0 553.6 
593.8 597.2 
624.1 628.3 
652.3 556.6 
578.5 682.2 
702.7 705.5 
725.2 726.8 
745.2 746.4 
765.7 754.5 
783.9 781.2 
801.0 795.9 
815.9 811.6 
832.0 825.5 
845.1 838.6 
859.4 851.1 
872.0 853.0 
883.8 874.4 
973.5 957.5 

1029.5 1032.9 
1070.1 1077.5 
1102.1 1108.5 
1127.4 1131.5 
1148.4 1150.2 
1166.7 1166.6 
1183.1 1181.7 
1317.5 1316.2 
1449.5 1450.5 
1590.6 1591.9 
1740.3 1741.2 
1897.2 1897.8 
2059.9 2060.4 
2227.1 2227.7 
2397.9 2398.6 
2571.5 2572.2 
2747.0 2747.7 
2924.0 2924.5 
3102.0 3102.4 
3280.7 3280.9 
3459.9 3459.9 
3639.3 3639.2 
3818.9 3818.7 
3998.7 3998.4 
4178.4 4178.2 
4358.2 4358.1 

DIFFERENCE 
(M) 

5.4 
1.2 

-1.6 
-3.4 
-4.2 
-4.3 
-3.8 
-2.8 
-1.6 
-0.2 
1.2 
2.7 
4.1 
5.3 
6.5 
7.5 
8.3 
9.0 
9.4 
6. 1 

-3.3 
-7.A. 
-6.3 
-4.1 
-1.8 

0.1 
1, L: 
1. :~ 

-0.9 
-l. 2 
-0.9 
-0.6 
-0.5 
~0.6 

-0.7 
-0.7 
-0.7 
-0.6 
-0.4 
-0.2 
0.0 
0.1 
0.2 
0.2 
0.2 
0.1 



Frequency 
Conductivity 
Perm 1 t i v 1 ty 

Coefficients 

195.000 
-0.600 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 0.005000 
= 80.0 

C (I). I=1 

165.720 
-87.800 

to 

Hz 
siemens/meter 
esu 

8 .,.. 

46.000 -82.400 
10.130 150.000 

ACCURATE APPROXIMATE 
(M) (M) 

160.1 158.6 
128.5 129.0 
116.8 117.4 
112.3 112.8 
111.0 111.6 
111.6 111.9 
112.9 113.4 
115.0 116.4 
117.4 117.8 
120.3 120.4 
123.6 123.2 
126.7 126.2 
129.8 129.2 
133.0 132.2 
136.1 136.3 
139.3 138.4 
142.6 141.5 
145.6 144.6 
148.7 147.7 
178.6 178.3 
20€.2 206.8 
231.8 232.7 
255.9 255.7 
278.8 279.3 
300.9 301.0 
322.2 322.0 
342.9 342.5 
53C.2 530.4 
701.6 702.1 
867.7 867.7 

1031.9 1031.4 
1195.6 1195.0 
1359.4 1359.0 
1523.5 1523.4 
1688.1 1688.2 
1853.0 1853.4 
2018.1 2018.7 
2183.6 2184.2 
2349.1 2349.7 
2514.8 2615.4 
2680.6 2681.0 
2846.6 2846.7 
3012.3 3012.4 
3178.2 3178.1 
3344.1 3343.8 
3510.1 3509.5 

DIFFERE~ 
(M) 

1.4 
-0.4 
-0.6 
-0.6 
-0.5 
-0.5 
-0.4 
-0.4 
-0.4 
-0.1 
0.3 
0.5 
0.7 
0.8 
0.9 
0.~ 
1.0 
1.0 
l.O 
0 . .?, 

-O.t. 
-0.9 
-0.8 
-o . .::, 
o.c 
0.2 
0 .. ~ 

-0.: 
-0. !> 

0.0 
0.5 
O.L 
0.4 
0.1 

-0.2 
-0.4 
-0.6 
-0.6 
-0.6 
-0.5 
-0.4 
-0.3 
-0.1 

0.1 
0.3 
0.5 



Appendix IV 

COEFFICIENT VARIATION WITH CONDUCTIVITY AND PERMITTIVITY 

In this appendix, those coefficients that vary with conduct lvlty are shown. They 

were plotted using UNB GRAPH PACK available in the main frame which joins the data points 

with spline curves. For sea water conductivity and land conductlvtty above 0.005 

siemens/metre, each Ci coefficients was plotted individually. For land conductivity between 

0.0001 and 0.005 siemens/metre,the same c1 coefficients at seven different perm lttlvlty 

values were plotted together ( 7 graphs in each plot) to show their variation with conductivity 

and permittivity. This methoo was also used for land conductivity between 0.00001 and 

0.0001 siemens/metre for three different permittivity values. These plots are showns by the 

follcrwing figures: 

Figure IV.l C2 Variation at Sea Water 

rigure IV.2 C3 Variation at Sea Water 

Figure IV.3 to IV.l 0 c1 to Ca Variation at Land Conductivlty higher than 0.005 

siemens/metre 

Figure IV.11 to IV.18 c1 to Ca Variation at Land Conductivity between 0.000 I and 

0.005 siemens/metre 

Figure IV.19 to IV.26 C1 to Ca Variation at land Conductivity between 0.00001 and 

0.000 1 siemens/metre 
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c 
3 

-6 

-7· 

c -1 
0 
E 
F' 
F' 
I 
C-11 
J 
E 
N 
T 

-12-

-I 

-14 

~~ 

~~ 

-I 
~~~~~~~~~----~~~~~~~-·~-~~~~~---~~~~-.-~--~--~~~~~~~~~~~~~~~~~ 

1.0 1.2 1.4 t.6 J.a 2.0 2.2 2.-1 2.6 2.a 3.o 3.2 3.4 3.& 3.6 4.0 4.2 4.4 4.6 4.8 s.o 5.2 .'5.-' 

C ONOUC T J VI T Y < S JEMENS/t1ETER > 

Figure IY.2·: c3 Variation with Conductivity for Sea Water 

1-' 
1-' 
1-.J 



c 
I 

c 
0 
E 
F 
F 
I 
c 
I 
E 
N 
T 

... ________ _ 
--------------~-------------

-1.5 
"T 

o.oo 0 •. 16 O.Ae 0.46 0.60 0.66 0.72 0.76 0.64 
-~r------·------.---~-.--~---.------.~---,---~-T-----.r-----• 

0.90 0.96 1.02 
0.1?. 0.1 tl 

, ~~-~.---~.,.---~ ...... ---·-·-.-,--·..-.---r·---.-----.-.-- ....... -...-.-..,-
0.06 0.;>.4 0.30 0.54 

CPt-J(IUC T I VI TV 1 r-J 1'!1EN'> II·IE ll>n > 

Figure IV.3 c1 V;1rl~tion with Land Conductivity abo~e 0.005 siemens/metre 

I-' 
I-' 
VI 



c 
e 

Ill 
c 
0 
E 
F 13 
F 
I 
c 
I 13 
E 
N 
T 

123-

115 

110 

----------------------------
10 ,...--.--.-1. ---r--~--~-----r--~--·-------r---~----r~--~~~--~ 

,...,~--.~~~r-~~-r~~.....,.-~~·, 

o.n o.76 o.64 o.~o o.96 1.02 
0.00 0.06 0.12 0.16 0.?.4 o.Jo o.JG o.4e o.ll6 o.::H O.GO 0.66 

CONDUCTIVITY < Sl F.t1F.NS 1~1F. T Ef'll 

Figure IV.4 c2 Variation with Land Conductivity above 0.005 siemens/metre 

...... 

...... 

.j::. 



... -.... ...._ ...... .._ 

-----....__ ·--------.._ , ____ ______ 
-----------------------------

r---..·-~-• .......... ~ ·- .. -,- .............. '--.----~......--------,--- .... --.- ... -...-,------.--~--~ -~..-..~~~-.-~~ 

o.oo 0.06 0.12 0.16 0.24 O.JO 0.36 0.42 0.40 0.54 0.60 0.6G 0.72 0.76 0.64 0.90 0.96 

CONDUCTIVITY ISJEt1ENSn1ETERI 

Figure IV.S c3 Variation with Land Conductivity above 0.005 siemens/metre 

1.02 

,_. ,_. 
t.n 



c 
4 

c 
0 
E 
F 
F 
I 
c 
I 
E 
N 

12 

100: 

T -20 

-4 

-G 

-8 

------------------------------------- ---------------------
--------

O.OG 

-I Ov;-.-~---,~-...,...-~r--~-~~ 0.00 --r· ···------r-~----r~-
o.:; 4 O.GO 0.72 1.02 0.12 0.18 0.(!~ o.Jo O.JI; o.~? 0.4('1 0.78 O.f:\4 0.90 0.% 0.(;1; 

COI•IDUCTIVITY < S I H1EN51HE T F.R > 

Figure TV. (1 c4 V~riation with Land Conductivity above 0.005 siemens/metre 

...... 

...... 
0'< 



c 
.'5 

c 
0 
E 
F' 
F 
I 
c 
I 
E 
N 
T 

-0.567 

-0 • .'572 

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

~---
-0.57 5 _// 
-0.:'177 

-0.602~·~----~--~-r~~~~~~-----
0.00 0.06 0.1?. o.J6 0.24 O.JO O.J6 0.4<?. 0.4t' 0.54 0.60 0.136 0.72 0.76 O.fH 0.90 

COI~IJUCTJVITY < 51f:~lf.NS/Mf.T F.:R l 
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Figure IV.9 c7 Variation with Land Conductivity above 0.005 siemens/metre 
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Figure IV .10 c8 Variation with Land Conductivity above 0.005 siemens/metre 
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Figure IV. 13 c3 Variation witl1 Conductivity and Permittivity (0.0001 to 0.005 siemens/metre) 
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Figure IV.l6 c6 Variation witl1 Conductivity and Permittivity (0.0001 to 0.005 siemens/metre) 

,__. 
N 
(]\ 



c 
7 

c 
0 
E 
F 
F 
I 
c 
I 
E 
N 
1 
s 

9.5 

9.2 

9.0 

6.75 

/ 
6.2 

6.0o-. / 
~~-

/t'!fV 

7.7 s. 
J 

7.5 

7.2 

7 .oo-

G.7 5~ 

G.5~ _ ...... .......,........ .......,._. ................................ -r•-r-..-r-•· ... -·-....... 1 ...................... -.- ... -.-- ... ,....... .... r ~..,.-.-..-..-~-r-f"""""_..............--r-r,-....- ................ ,__....._. _,..,~----- ~-,..,. 

0.0000 0.0004 0.0008 0.001 c 0.0016 O.OOcO 0.0024 0.0026 0.0032 O.OOJG 0.0040 0.0044 0.0046 

CONDUCTIVITY SIEMENS/METER 

Figure IV .17 c7 Variation with Condttctivity and Permittivity (0.0001 to 0.005 siemens/metre) 
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Figure IV.19 c1 Variation with Condttctivity and Permittivity (0.00001 to 0.0001 siemens/metre) 
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Figure IV.20 c2 Variation \~ith Conductivity and Permittivity (0.00001 to 0.0001 siemens/metre) 
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Figure IV.21 c3 Variation with Conductivity and Permittivity (0.00001 to 0.0001 siemens/metre) 
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Figure IV.32 c4 Variatjon with Conductivity and Permittivity (0.00001 to 0.0001 siemens/metre) 
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Figure IV. 23 c5 Variation witl1 Conductivity and Permittivity (0.00001 to 0.0001 siemens/metre) 
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Figure IV. 24 c6 Variation with Conductivity and Permittivity (0.00001 to 0.0001 siemens/metre) 
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Figure IV.25 c7 Variation with Conductivity and Permittivity (0.00001 to 0.0001 siemens/metre) 
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Appendix V 

DIFFERENCE BETWEEN ACCURATE AND APPROXIMATE COMPUTATIONS 

WHERE THE C COEFFICIENTS WERE COMPUTED USING 'A' FORMULA 

In this appendix, a few examples of the difference between oc:curate and 

approximate computations are given. In this case, the C coofficients were oorived from the 'A' 

Formula developed in Chapter 6. 

It is hoped that the results shown here wlll give a measure of oc:cur~ of the 'A' 

Formula so that it can be used with confidence. 
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Frequency 
Conduct.1v1t.y 
Perm l t. i v 1 t.y 
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Appendix V- Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 5.000000 
= 15.0 

Hz 
siemens/meter 
esu 

Coefflclent.s C(I), I=1 t.o 8 are 

-111.000 98.206 -13.503 112.800 
-0.254 0.000 0.000 0.000 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 120.2 116.8 
3000.0 79.8 79.4 
4000.0 60.6 61.0 
5000.0 49.5 50.2 
6000.0 42.4 43.1 
7000.0 37.4 38.3 
8000.0 33.8 34.8 
9000.0 31.1 32.2 

10000.0 29.1 30.2 
11000.0 28.3 28.8 
12000.0 27.3 27.6 
13000.0 26.5 26.7 
14000.0 25.9 26.0 
15000.0 25.4 25.5 
16000.0 25.0 25.2 
17000.0 24.8 24.9 
18000.0 24.6 24.8 
19000.0 24.5 24.7 
20000.0 24.5 24.7 
30000.0 26.7 26.8 
40000.0 30.7 31.0 
50000.0 35.7 36.1 
60000.0 41.2 41.6 
70000.0 47.1 47.5 
80000.0 53.2 53.7 
90000.0 59.5 60.0 

100000.0 66.0 66.5 
200000.0 137.5 138.2 
300000.0 217.2 218.1 
400000.0 302.6 303.7 
500000.0 392.0 393.2 
600000.0 484.4 485.5 
700000.0 578.8 579.9 
800000.0 674.7 675.6 
900000.0 771.6 772.2 

1000000.0 869.1 869.5 
1100000.0 967.0 967.3 
1200000.0 1065.2 1065.3 
1300000.0 1163.4 1163.5 
1400000.0 1261.8 1261.9 
1500000.0 1360.1 1360.2 
1600000.0 1458.5 1458.7 
1700000.0 1556.9 1557.1 
1800000.0 1655.2 1655.5 
1900000.0 1753.6 1753.9 
2000000.0 1851.9 1852.2 

DIFFERENCE 
(M) 

3.4 
0.4 

-0.4 
-0.6 
-0.8 
-0.9 
-1.0 
-1.1 
-1.2 
-0.5 
-0.3 
-0.2 
-0.2 
-0.2 
-0.2 
-0.2 
-0.1 
-0.1 
-0.1 
-0.2 
-0.3 
-0.4 
-0.4 
-0.4 
-0.5 
-0.5 
-0.5 
-0.7 
-0.9 
-1.1 
-1.2 
-1.1 
-1.0 
-0.8 
-0.6 
-0.4 
-0.2 
-0.1 
...!.o.1 
-0.1 
-0.1 
-0.2 
-0.2 
-0.2 
-0.3 
-0.3 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

Frequency = 100000.0 
Conductivity = 3.750000 
Permltlvlty = 15.0 

Hz 
siemens/meter 
esu 

Coefficients C(I), I=1 to 8 are 

-111.000 98.624 -12.737 112.800 
-0.254 0.000 0.000 0.000 

DJ:STANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 120.4 116.8 
3000.0 80.0 79.4 
4000.0 60.9 61.0 
5000.0 49.8 50.2 
6000.0 42.7 43.2 
7000.0 37.8 38.4 
8000.0 34.2 34.9 
9000.0 31.5 32.3 

10000.0 29.5 30.4 
11000.0 28.7 28.9 
12000.0 27.8 27.7 
13000.0 27.0 26.9 
14000.0 26.4 26.2 
15000.0 25.9 25.7 
16000.0 25.6 25.4 
17000.0 25.4 25.1 
18000.0 25.2 25.0 
19000.0 25.2 24.9 
20000.0 25.2 24.9 
30000.0 27.4 27.2 
40000.0 31.6 31.4 
50000.0 36.7 36.6 
60000.0 42.3 42.3 
70000.0 48.3 48.3 
80000.0 54.4 54.5 
90000.0 60.8 60.9 

100000.0 67.4 67.5 
200000.0 139.5 139.9 
300000.0 219.7 220.4 
400000.0 305.6 306.5 
500000.0 395.4 396.4 
600000.0 488.1 489.0 
700000.0 583.0 583.7 
800000.0 679.2 679.7 
900000.0 776.5 776.7 

1000000.0 874.4 874.3 
1100000.0 972.7 972.4 
1200000.0 1071.2 1070.8 
1300000.0 1169.8 1169.3 
1400000.0 1268.5 1268.0 
1500000.0 1367.2 1366.8 
1600000.0 1466.0 1465.6 
1700000.0 1564.7 1564.4 
1800000.0 1663.5 1663.2 
1900000.0 1762.2 1761.9 
2000000.0 1860.9 1860.7 

DIFFERENCE 
(M) 

3.6 
0.6 

-0.1 
-0.4 
-0.5 
-0.6 
-0.7 
-0.8 
-0.9 
-0.1 
0.1 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.3 
0.3 
0.3 
0.1 
0.1 
0.0 
0.0 
0.0 

-0.1 
-0.1 
-~.,:,.. 

-0.7 
-0.9 
-1.0 
-0.9 
-0.7 
-0.5 
-0.2 

0.1 
0.3 
0.4 
0.5 
0.5 
0.5 
0.4 
0.4 
0.3 
0.3 
0.2 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

Frequency = 100000.0 
Conductivity= 3.000000 
Permitivity = 15.0 

Hz 
siemens/meter 
esu 

Coefficients C(I), I=1 to 8 are 

-111.000 99.004 -12.024 112.800 
-0.254 0.000 0.000 0.000 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 120.5 116.8 
3000.0 80.2 79.5 
4000.0 61.2 61.1 
5000.0 50.1 50.3 
6000.0 43.0 43.3 
7000.0 38.1 38.4 
8000.0 34.6 35.0 
9000.0 31.9 32.4 

10000.0 29.9 30.5 
11000.0 29.1 29.0 
12000.0 28.3 27.9 
13000.0 27.5 27.0 
14000.0 26.9 26.4 
15000.0 26.4 25.9 
16000.0 26.1 25.5 
17000.0 25.9 25.3 
18000.0 25.7 25.2 
19000.0 25.7 25.1 
20000.0 25.7 25.1 
30000.0 28.1 27.5 
40000.0 32.4 31.9 
50000.0 37.6 37.1 
60000.0 43.3 42.9 
70000.0 49.3 48.9 
80000.0 55.6 55.3 
90000.0 62.0 61.8 

100000.0 68.7 68.5 
200000.0 141.3 141.5 
300000.0 222.0 222.6 
400000.0 308.2 309.0 
500000.0 398.4 399.3 
600000.0 491.4 492.3 
700000.0 586.6 587.2 
800000.0 683.2 683.5 
900000.0 780.8 780.8 

1000000.0 879.0 878.7 
1100000.0 977.6 977.1 
1200000.0 1076.4 1075.7 
1300000.0 1175.4 1174.6 
1400000.0 1274.4 1273.6 
1500000.0 1373.5 1372.7 
1600000.0 1472.6 1471.8 
1700000.0 1571.6 1571.0 
1800000.0 1670.7 1670.1 
1900000.0 1769.8 1769.3 
2000000.0 1868.8 1868.4 

DIFFERENCE 
(M) 

3.7 
0.8 
0.1 

-0.1 
-0.3 
-0.3 
-0.4 
-0.5 
-0.6 
0.2 
0.4 
0.5 
0.5 
0.5 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.5 
0.5 
0.4 
0.4 
0.3 
0.3 
0.2 

-0.3 
-0.6 
-0.8 
-0.9 
-0.8 
-0.6 
-0.3 
0.0 
0.3 
0.5 
0.7 
0.8 
0.8 
0.8 
0.7 
0.7 
0.6 
0.5 
0.4 



Frequency 
Conductivity 
Permitlvity 

Coefficients 

-111.000 
-0.254 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 Hz 
2.750000 siemens/meter 

= 15.0 esu 

C(I), I=1 to 8 are 

99.167 -1i. 712 112.800 
0.000 0.000 0.000 

ACCURATE APPROXIMATE 
(M) (M) 

120.6 116.8 
80.3 79.5 
61.3 61.1 
50.2 50.3 
43.1 43.3 
38.2 38.5 
34.7 35.0 
32.1 32.4 
30.1 30.5 
29.3 29.0 
28.4 27.9 
27.7 27.1 
27.1 26.4 
26.6 25.9 
26.3 25.6 
26.1 25.4 
26.0 25.2 
25.9 25.2 
26.0 25.2 
28.4 27.6 
32.7 32.0 
38.0 37.3 
43.7 43.1 
49.7 49.2 
56.0 55.6 
62.5 62.1 
69.2 68.9 

142.1 142.2 
222.9 223.5 
309.3 310.1 
399.6 400.5 
492.8 493.6 
588.1 588.7 
684.9 685.1 
782.6 782.5 
880.9 880.6 
979.7 979.1 

1078.7 1077.9 
1177.8 1176.9 
1276.9 1276.0 
1376.1 1375.3 
1475.3 1474.5 
1574.6 1573.8 
1673.8 1673.1 
1773.0 1772.4 
1872.2 1871.7 

DIFFERENCE 
(M) 

3.8 
0.8 
0.2 

-0.1 
-0.2 
-0.2 
-0.3 
-0.4 
-0.4 
0.3 
0.5 
0.6 
0.6 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.8 
0.7 
0.6 
0.6 
0.5 
0.4 
0.4 
0.3 

-0.2 
-0.6 
-0.9 
-0.9 
-0.8 
-0.6 
-0.2 
0.1 
0.4 
0.6 
0.8 
0.9 
0.9 
0.9 
0.8 
0.7 
0.6 
0.6 
0.5 
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Appendix V - Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

Frequency = 100000.0 
Conductivity = 0.750000 
Pe~mitlvity = 15.0 

Hz 
siemens/meter 
esu 

Coefficients C{I). I=1 to 8 a~e 

-100.440 102.206 30.675 105.418 
-0.570 -1.163 7.018 462.945 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 122.2 119.3 
3000.0 82.3 82.1 
4000.0 63.5 63.9 
5000.0 52.8 53.3 
6000.0 45.9 46.5 
7000.0 41.2 41.8 
8000.0 37.9 38.5 
9000.0 35.5 36.1 

10000.0 33.6 34.4 
11000.0 33.1 33.1 
12000.0 32.3 32.1 
13000.0 31.7 31.4 
14000.0 31.3 30.9 
15000.0 31.0 30.6 
16000.0 30.8 30.4 
17000.0 30.7 30.3 
18000.0 30.7 30.3 
19000.0 30.8 30.4 
20000.0 31.0 30.6 
30000.0 34.6 34.3 
40000.0 39.8 39.8 
50000.0 45.9 46.0 
60000.0 52.4 52.6 
70000.0 59.2 59.5 
80000.0 66.2 66.6 
90000.0 73.3 73.7 

100000.0 80.5 81.0 
200000.0 158.2 158.5 
300000.0 243.0 242.7 
400000.0 332.8 332.3 
500000.0 426.4 426.1 
600000.0 522.7 522.7 
700000.0 621.1 621.3 
800000.0 720.8 721.2 
900000.0 821.5 821.9 

1000000.0 922.8 923.2 
1100000.0 1024.5 1024.9 
1200000.0 1126.4 1126.7 
1300000.0 1228.5 1228.7 
1400000.0 1330.6 1330.8 
1500000.0 1432.8 1432.9 
1600000.0 1535.0 1535.1 
1700000.0 1637.2 1637.2 
1800000.0 1739.3 1739.4 
1900000.0 1841.5 1841.6 
2000000.0 1943.7 1943.8 

DIFFERENCE 
(M) 

2.9 
0.2 

-0.4 
-0.5 
-0.6 
-0.6 
-0.6 
-0.7 
-0.7 
0.0 
0.2 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.3 
0.1 

-0.1 
-0.2 
-0.3 
-0.4 
-0.5 
-0.5 
-0.3 
0.3 
0.5 
0.4 
0.1 

-0.2 
-0.4 
-0.4 
-0.4 
-0.4 
-0.3 
-0.2 
-0.2 
-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.1 



Frequency 
Conduct.ivlt.y 
Permit. 1 v i t.y 

Coe'f'ficient.s 

-97.377 
-0.571 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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Appendix V- Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 Hz 
= 0.600000 siemens/met.er 
= 15.0 esu 

C(I). I=1 t.o 8 ere 

102.915 
-1.668 

31.237 
7.050 

ACCURATE 
(M) 

122.6 
82.7 
64.1 
53.4 
46.6 
42.0 
38.7 
36.3 
34.5 
34.0 
33.3 
32.7 
32.3 
32.1 
31.9 
31.9 
31.9 
32.1 
32.2 
36.1 
41.6 
47.9 
54.6 
61.5 
68.7 
75.9 
83.3 

162.2 
248.0 
338.7 
433.0 
530.1 
629.2 
729.7 
831.1 
933.1 

1035.6 
1138.2 
1241.0 
1343.9 
1446.8 
1549.7 
1652.6 
1755.5 
1858.4 
1961.4 

103.328 
464.300 

APPROXIMATE 
(M) 

119.8 
82.7 
64.6 
54.0 
47.2 
42.6 
39.4 
37.0 
35.3 
34.0 
33.1 
32.4 
31.9 
31. 7. 
31.5 
31.5 
31.5 
31.6 
31.8 
35.8 
41.5 
48.0 
54.8 
61.8 
69.0 
76.4 
83.8 

162.5 
247.6 
338.1 
432.6 
529.9 
629.3 
729.9 
831.4 
933.4 

1035.7 
1138.3 
1241.0 
1343.8 
1446.6 
1549.5 
1652.4 
1755.3 
1858.2 
1961.1 

DIFFERENCE 
(M) 

2.7 
0.0 

-0.5 
-0.6 
-0.7 
-0.7 
-0.7 
-0.7 
-0.8 

0.0 
0.2 
0.3 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.3 
0.1 

-0.1 
-0.2 
-0.3 
-0.4 
-0.5 
-0.5 
-0.2 
0.3 
0.6 
0.4 
0.2 

-0.1 
-0.2 
-0.3 
-0.2 
-0.2 
-0.1 
0.0 
0.1 
0.2 
0.2 
0.3 
0.3 
0.3 
0.3 



Fr-equency 
Conductivity 
Per-mltlvity 

Coefficients 

-68.543 
-0.581 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 

144 

Append i x V - Cont 1 d 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAC 

= 100000.0 Hz 
= 0.150000 siemens/meter-
= 15.0 esu 

C(I), I=1 to 8 er-e 

109.783 35.157 84.105 
-7.928 7.627 452.689 

ACCURATE APPROXIMATE 
(M) (M) 

126.3 124.5 
87.3 87.9 
69.4 70.3 
59.3 60.2 
53.1 53.8 
48.9 49.7 
46.1 46.8 
44.2 44.8 
4:2.9 43.5 
42.7 42.6 
42.4 42.0 
42.3 41.7 
4:2.2 41.6 
42.3 41.7 
42.5 41.9 
42.8 42.2 
43.1 42.5 
43.5 43.0 
44.0 43.5 
50.6 50.4 
58.4 58.4 
66.6 66.7 
75.1 75.2 
83.7 83.9 
92.3 92.6 

101.1 101.4 
109.8 110.2 
200.1 200.5 
295.0 294.7 
393.8 393.1 
495.7 495.0 
600.1 599.6 
706.2 705.9 
813.7 813.5 
922.0 921.9 

1031.0 1030.8 
1140.3 1140.1 
1249.9 1249.5 
1359.6 1359.1 
1469.4 1468.8 
1579.2 1578.5 
1689.0 1688.2 
1798.9 1797.9 
1908.8 1907.7 
2018.6 2017.5 
2128.5 2127.2 

DIFFERENCE 
(M) 

1.9 
-0.6 
-0.9 
-0.9 
-0.8 
-0.7 
-0.7 
-0.6 
-0.6 

0.1 
0.4 
0.5 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.5 
0.2 
o.o 

-0.1 
-0.1 
-0.2 
-0.3 
-0.3 
-O.L. 
-0.3 
0.3 
0.6 
0.7 
0.5 
0.3 
0.2 
0.1 
0.1 
0.:2 
0.3 
0.5 
0.6 
0.7 
0.9 
1.0 
1.1 
1.1 
1.2 



Frequency 
Conduct.ivity 
Permitivit.y 
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Appendix V - Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 0.050000 
= 15.0 

Hz 
siemens/met.er 
esu 

Coefficient-s C(I), I=1 t.o 8 are 

-26.276 119.887 38.669 56.608 
-0.588 -19.459 8.750 403.462 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 131.8 130.1 
3000.0 94.0 94.6 
4000.0 77.1 77.8 
5000.0 67.9 68.6 
6000.0 62.5 63.0 
7000.0 59.2 59.6 
8000.0 57.1 57.4 
9000.0 55.8 56.1 

10000.0 55.1 55.3 
11000.0 55.5 55.0 
12000.0 55.8 55.0 
13000.0 56.2 55.3 
14000.0 56.6 55.7 
15000.0 57.2 56.3 
16000.0 57.9 57.0 
17000.0 58.7 57.8 
18000.0 59.5 58.7 
19000.0 60.4 59.6 
20000.0 61.3 60.6 
30000.0 71.7 71.6 
40000.0 82.8 83.0 
50000.0 93.9 94.2 
60000.0 105.:. 105.2 
70000.0 116.1 116.2 
80000.0 127.0 127.1 
90000.0 137.8 137.9 

100000.0 148.6 148.8 
200000.0 255.5 256.0 
300000.0 363.7 363.7 
400000.0 474.3 474.0 
500000.0 587.2 586.8 
600000.0 702.2 701.9 
700000.0 818.6 818.6 
800000.0 936.2 936.4 
900000.0 1054.6 1055.0 

1000000.0 1173.6 1174.1 
1100000.0 1293.0 1293.4 
1200000.0 1412.6 1413.0 
1300000.0 1532.3 1532.7 
1400000.0 1652.1 1652.5 
1500000.0 1772.0 1772.3 
1600000.0 1891.9 1892.1 
1700000.0 2011.9 2012.0 
1800000.0 2131.8 2131.8 
1900000.0 2251.7 2251.7 
2000000.0 2371.7 2371.6 

DIFFERENCE 
(M) 

1.6 
-0.6 
-0.8 
-0.7 
-0.5 
-0.4 
-0.3 
-0.3 
-0.3 

0.5 
0.7 
0.9 
0.9 
0.9 
0.9 
0.9 
0.8 
0.8 
0.7 
0.1 

-0.2 
-0.2 
-0.2 
-0.1 
-0.1 
-0.1 
-0.1 
-0.4 
-0.1 
0.3 
0.4 
0.2 
0.0 

-0.2 
-0.4 
-0.5 
-0.5 
-0.4 
-0.4 
-0.3 
-0.2 
-0.2 
-0.1 
0.0 
0.0 
0.1 



Frequency 
Conductivity 
Permitivity 

Coefficients 

-20.839 
-0.588 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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Appendix V - Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

= 100000.0 
= 0.045000 
= 15.0 

C (I), I=1 

121.168 
-21.047 

to 

Hz 
siemens/meter 
esu 

8 are 

39.014 53.099 
8.895 396.158 

ACCURATE APPROXIMATE 
(M) (M) 

132.5 130.8 
94.9 95.4 
78.1 78.8 
69.0 69.7 
63.7 64.2 
60.5 60.9 
58.5 58.8 
57.3 57.5 
56.7 56.9 
57.1 56.6 
57.5 56.7 
57.9 57.0 
58.5 57.5 
59.1 58.2 
59.9 58.9 
60.7 59.8 
61.6 60.7 
62.5 61.7 
63.5 62.8 
74.4 74.4 
86.0 85.2 
97.4 97.7 

108.9 109.0 
120.2 120.3 
131.4 131.5 
142.5 142.6 
153.5 153.7 
262.6 263.1 
372.5 372.5 
484.6 484.3 
598.9 598.6 
715.2 715.0 
832.9 833.0 
951.8 952.1 

1071.5 1072.0 
1191.8 1192.3 
1312.4 1313.0 
1433.3 1433.8 
1554.3 1554.8 
1675.4 1675.8 
1795.6 1796.9 
1917.8 1918.0 
2039.0 2039.2 
2150.2 2160.3 
2281.4 2281.5 
2402.6 2402.6 

DIFFERENCE 
(M) 

1.6 
-0.5 
-0.7 
-0.6 
-0.5 
-0.4 
-0.3 
-0.2 
-0.2 
0.5 
0.8 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.8 
0.8 
0.1 

-0.2 
-0.3 
-0.2 
-0.1 
-0.1 
-0.1 
-0.1 
-0.5 
-0.1 

0.3 
0.4 
0.2 
0.0 

-0.3 
-0.4 
-0.5 
-0.6 
-0.5 
-0.5 
-0.4 
-0.3 
-0.3 
-0.2 
-0.1 
-0.1 
0.0 
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Appendix V - Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

Frequency = 100000.0 
Conduc~lvl~y = 0.030000 
Permi~lvi~y = 15.0 

Hz 
siemens/me~er 
esu 

Coefficien~s C(I), I=1 ~o 8 are 

3.071 126.730 40.340 37.707 
-0.590 -28.207 9.513 363.326 

DISTANCE 
(M) 

ACCURATE APPROXIMATE 
(M) (M) 

2000.0 135.5 133.8 
3000.0 98.6 99.1 
4000.0 82.4 83.0 
5000.0 73.9 74.4 
6000.0 69.1 69.5 
7000.0 66.2 66.5 
8000.0 64.6 64.8 
9000.0 63.8 64.0 

10000.0 63.5 63.7 
11000.0 64.3 63.8 
12000.0 65.0 64.2 
13000.0 65.7 64.8 
14000.0 66.6 65.6 
15000.0 67.5 66.5 
16000.0 68.5 67.5 
17000.0 69.6 68.7 
18000.0 70.8 69.9 
19000.0 72.0 71.1 
20000.0 73.2 72.4 
30000.0 86.3 86.3 
40000.0 99.7 100.0 
50000.0 112.8 113.1 
60000.0 125.7 125.8 
70000.0 138.3 138.4 
80000.0 150.8 150.8 
90000.0 163.1 163.1 

100000.0 175.3 175.3 
200000.0 293.6 294.0 
300000.0 410.8 411.0 
400000.0 529.5 529.3 
500000.0 650.0 649.7 
600000.0 772.1 771.9 
700000.0 895.5 895.6 
800000.0 1020.0 1020.4 
900000.0 1145.3 1145.9 

1000000.0 1271.1 1271.8 
1100000.0 1397.3 1398.0 
1200000.0 1523.7 1524.5 
1300000.0 1650.3 1651.0 
1400000.0 1776.9 1777.6 
1600000.0 1903.6 1904.3 
1600000.0 2030.4 2030.9 
1700000.0 2157.1 2157.6 
1800000.0 2283.9 2284.4 
1900000.0 2410.7 2411.1 
2000000.0 2537.4 2537.8 

DIFFERENCE 
(M) 

1.7 
-0.4 
-0.6 
-0.5 
-0.4 
-0.3 
-0.2 
-0.2 
-0.2 
0.5 
0.8 
1.0 
1.0 
1.0 
1.0 
1.0 
0.9 
0.9 
0.8 
0.0 

-0.3 
-0.3 
-0.2 
0.0 
0.1 
0.1 
0.0 

-8.5 
-0.2 

0.2 
0.3 
0.1 

-0.1 
-0.4 
-0.6 
-0.7 
-0.8 
-0.8 
-0.7 
-0.7 
-0.6 
-0.6 
-0.5 
-0.5 
-0.4 
-0.3 
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Appendix V - Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAC 

Frequency = 100000.0 
Conductivity = 0.017500 
Pe~mltlvity = 15.0 

Hz 
siemens/mete~ 
esu 

Coefficients C(I). I=1 to 8 are 

43.779 135.894 42.054 11.593 
-0.592 -40.857 10.443 308.304 

DISTANCE ACCURATE APPROXIMATE 
(M) (M) (M) 

2000.0 140.7 138.8 
3000.0 105.0 105.3 
4000.0 89.7 90.3 
5000.0 82.1 82.6 
6000.0 78.0 78.4 
7000.0 75.9 76.3 
8000.0 75.0 75.3 
9000.0 74.8 75.0 

10000.0 75.1 75.3 
11000.0 76.4 76.0 
12000.0 77.6 76.9 
13000.0 78.9 78.0 
14000.0 80.2 79.3 
15000.0 81.6 80.7 
16000.0 83.1 82.2 
17000.0 84.7 83.7 
18000.0 86.2 85.4 
19000.0 87.8 87.0 
20000.0 89.5 88.7 
30000.0 106.2 106.2 
40000.0 122.7 123.1 
50000.0 138.5 138.9 
60000.0 153.9 154.1 
70000.0 168.9 168.8 
80000.0 183.5 183.2 
90000.0 197.8 197.4 

100000.0 211.8 211.5 
200000.0 345.6 346.0 
300000.0 475.2 475.5 
400000.0 604.8 604.7 
500000.0 735.5 735.2 
600000.0 867.3 867.1 
700000.0 1000.2 1000.2 
800000.0 1134.0 1134.3 
900000.0 1268.5 1269.0 

1000000.0 1403.5 1404.1 
1100000.0 1538.8 1539.5 
1200000.0 1674.4 1675.1 
1300000.0 1810.2 1810.8 
1400000.0 1946.0 1946.6 
1500000.0 2081.9 2082.4 
1600000.0 2217.9 2218.3 
1700000.0 2353.8 2354.1 
1800000.0 2489.8 2490.0 
1900000.0 2625.8 2626.9 
2000000.0 2761.8 2761.8 

DIFFERENCE 
(M) 

1.9 
-0.3 
-0.6 
-0.5 
-0.4 
-0.4 
-0.3 
-0.3 
-0.3 

0.4 
0.7 
0.8 
0.9 
0.9 
0.9 
0.9 
0.9 
0.8 
0.8 
0.0 

-0.4 
-0.4 
-0.1 

0.1 
0.3 
0.3 
0.4 

-0.3 
-0.3 

0.1 
0.3 
0.2 
c.o 

-0.3 
-0.5 
-0.6 
-0.7 
-0.7 
-0.6 
-0.6 
-0.5 
-0.4 
-0.3 
-0.2 
-0.1 
0.0 



Frequency 
Conductivity 
Permitlvity 

Coefficients 

100.333 
-0.695 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
1"-000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 
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Appendix V - Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAQ 

= 100000.0 
= 0.010000 
= 15.0 

C (I), I=1 

147.925 
-58.962 

to 

Hz 
siemens/meter 
esu 

8 are 

43.690 -24.629 
11.397 240.831 

ACCURATE APPROXIMATE 
(M) (M) 

147.8 145.7 
113.7 113.8 
99.8 100.4 
93.3 94.0 
90.3 91.0 
89.1 89.8 
89.1 89.8 
89.8 90.4 
90.9 91.6 
92.9 93.0 
94.8 94.6 
96.8 96.4 
98.8 98.3 

100.9 100.3 
103.0 102.4 
105.2 104.5 
107.4 106.7 
109.5 108.9 
111.7 111.1 
133.5 133.4 
154.2 154.5 
173.7 174.1 
192.5 192.5 
210.5 210.2 
228.0 227.4 
245.0 244.3 
261.6 260.8 
416.3 416.4 
562.5 562.7 
706.7 706.5 
850.8 850.3 
995.5 995.0 

1141.0 1140.5 
1287.1 1286.8 
1433.7 1433.7 
1580.9 1580.9 
1728.3 1728.4 
1876.0 1876.0 
2023.8 2023.8 
2171.8 2171.6 
2319.8 2319.4 
2467.9 2467.3 
2616.0 2615.2 
2764.1 2763.1 
2912.2 2911.0 
3060.3 3058.9 

DIFFERENCE 
(M) 

2.1 
-0.2 
-0.6 
-0.7 
-0.7 
-0.7 
-0.7 
-0.7 
-0.7 
-0.1 

0.2 
0.4 
0.5 
0.6 
0.6 
0.6 
0.6 
0.7 
0.6 
0.1 

-O.L 
-0.3 
0.0 
0.3 
0.6 
0.7 
0.8 

-0.: 
-0.2 

0.2 
0.5 
0.6 
0.4 
0.3 
0.1 
0.0 

-0.1 
0.0 
0.1 
0.2 
0.4 
0.5 
0.7 
0.9 
1.1 
1.3 
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Appendix V - Cont'd 

ACCURATE VERSUS APPROXIMATE TOTAL PHASELAG 

Frequency = 100000.0 
Conductivity= 0.005000 
Permltivity = 15.0 

Hz 
siemens/meter 
esu 

Coefficients C(I), I=1 to 8 are 

198.931 
-0.600 

DISTANCE 
(M) 

2000.0 
3000.0 
4000.0 
5000.0 
6000.0 
7000.0 
8000.0 
9000.0 

10000.0 
11000.0 
12000.0 
13000.0 
14000.0 
15000.0 
16000.0 
17000.0 
18000.0 
19000.0 
20000.0 
30000.0 
40000.0 
50000.0 
60000.0 
70000.0 
80000.0 
90000.0 

100000.0 
200000.0 
300000.0 
400000.0 
500000.0 
600000.0 
700000.0 
800000.0 
900000.0 

1000000.0 
1100000.0 
1200000.0 
1300000.0 
1400000.0 
1500000.0 
1600000.0 
1700000.0 
1800000.0 
1900000.0 
2000000.0 

166.902 
-91.080 

45.326 
11.994 

ACCURATE 
(M) 

159.9 
128.4 
116.8 
112.3 
111.1 
111.6 
113.1 
115.2 
117.7 
120.8 
1::24.0 
1::27.::2 
130.4 
133.6 
136.7 
139.9 
143.1 
146.3 
149.4 
179.6 
207.4 
233.2 
257.5 
280.7 
303.0 
3::24.5 
345.4 
534.5 
707.6 
875.2 

1040.8 
1205.9 
1371.0 
1536.4 
1702.1 
1868.1 
2034.5 
2201.0 
2367.7 
2534.5 
2701.4 
2868.4 
3035.3 
3202.3 
3369.4 
3536.4 

-87.885 
161.505 

APPROXIMATE 
(M) 

156.7 
1::27.9 
117.0 
112.8 
111.8 
112.5 
114.1 
116.3 
118.8 
121.5 
1::24.4 
127.3 
130.4 
133.4 
136.5 
139.6 
142.7 
146.8 
148.9 
179.1 
207.3 
::233.3 
257.4 
280.2 
30::2.2 
323.5 
344.2 
534.7 
708.3 
875.6 

1040.8 
1205.7 
1371.0 
1536.7 
170::2.7 
1869.1 
2035.6 
2202.3 
2369.0 
2535.8 
2702.7 
2869.5 
3036.4 
3203.3 
3370.2 
3537.1 

DIFFERENCE 
(M) 

3.1 
0.6 

-0.2 
-0.5 
-0.7 
-0.9 
-1.0 
-1.0 
-1.1 
-0.7 
-0.4 
-0.::.. 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.5 
0.5 
0.0 

-0.1 
0.1 
0.5 
0.8 
1.0 
1.1 

-0.1 
-0.7 
-0.4 
0.0 
0.1 
0.0 

-0.3 
-0.7 
-0.9 
-1.1 
-1.3 
-1.3 
-1.3 
-1.3 
-1.2 
-1.1 
-1.0 
-0.8 
-0.7 



Vl.l INTRODUCTION 

Appendix VI 

PROGRAM TOPLAG 

This program computes the total (secondary + primary ) phase lag using approximate 

formula for the following conductivity and perm ittlvlty values at I OOKHz frequenLY: 

i. at any sea water conductivity between 1.0 and 5.5 siemens/metre(~= 80 esu) 

ii. at fresh water conductivity of 0.005 siemens/metre( ~= 80 esu) 

iii. at any land conductivity between 0.005 and 1.0 siemens/metre and permittivity 

between 5 and 40 esu. 

iv. at 21 selected conductivity and 7 permittivity values for land conductivity between 

0.000 1 and 0.005 siemens/metre. 

v. at 10 selected c.onductivity end 3 permittivity values for land conductivity between 

0.0000 I and 0.0001 Siemens/metre. 

Fori and iii above, the C coefficients are derived from the 'A' Formula developed in 

Chapter 6. Therefore any value in the range of 0.005 to 5.5 seimens/metre can be used. For 

this conductivity range a subroutine was developed to compute the C coefficients at any input 

conductivity. 

For 1i,iv and v above, a subroutine was developed at each permittivity value to 

store the C coefficients for the selected conductivity values. The user's guide to this program 

and its listing are given In Sections V1.2 and V1.3 respectively. 
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Vl.2 USER'S GUIDE TO PROORAM TOP LAG 

1. PURPOSE To compute the 1OOKHz total (primary + secondary) phasel~ at a given 

distance between 2 and 2000Km and at any refr~tlvity index ( N) value 

for the the following conductivity and permittivity values: 

i. at any conductivity between 0.005 and 5.5 siemens/metre. 

11. at the following 21 conduct1vfty and 7 permitt1vity values for 

land conductivity between 0.0001 and 0.005 siemens/metre: 

Conductivity=O.OOO I ,0.0002 ,0.0003 ,0.0004 ,0.0005 ,0.0006. 

0.0007,0.0008,0.0009 ,0.00 1 0 ,0.00 II .0.0012' 

0.0013,0.0014 ,0.0015 ,0.00175 ,0.002 ,0.0025' 

0.003,0.004 ,0.005. 

Permittivity= 3.0,5.0, I 0.0, 15.0 ,20.0,25.0,30.0. 

iii. at the following I 0 conductivity and 3 permittivity values for 

land conductivity between 0.00001 and 0.0001 siemens/metre: 

Conductivity= 0.0000 1 ,0.00002,0.00003,0.00004,0.00005, 

0.00006,0.00007,0.00008,0.00009,0.00010. 

Permittivity= 3.0 ,4.0 ,5.0. 

iv. at fresh water conductivity and permittivity values of 0.005 

siemens/metre and 80.0 esu respectively. 

Note: 

For 1i and IH above, the user must select the pair of conductivity and 

permtttlvtty values requtred as data tnput. for an example, tn H 

above, the pair can be 0.0004 and 3.0 or 0.0004 and 5.0 ...... 



2. INPUT DATA 

.......... 1 set 

........... many sets 
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All input data are free formatted and therefore a space in between each of 

them is required. The required data are conductivity, perm ittivlty, 

refractivity inoox ( N) and distance in that oroor. As many sets of data 

input can be run together with this pr()Jram but it must end w1th 0.0 

0.0 0.0 0.0 as the last data input. Below are two examples on how to 

input the data: 

0.005 15.0 338.0 I 00000.0 

0.0 0.0 0.0 0.0 

0.001 15.0 340.0 50000.0 

1.5 80.0 330.0 12000.0 

0.0002 20.0 340.0 1000000.0 

0.0 0.0 0.0 0.0 

.t1Q11t 

For land conductivity between 0.00001 and 0.005, the user must be 

very careful to input only the listed conductivity with corresponding 

listed perm1ttivity, otherwise error massage will be given. 

3. HOW TO USE This pr()Jram is in the Surveying Engineering computer library and the 

AND JCL CARDS following JCL cards can be used: 



II 

/*JOBPARM 

/*SERVICE 

II* 

II 

I /STEPLIB 

//SYSIN 
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JOB,SE1234 

S=5 ,L =99 ,R=512 

-4 

EXEC FORTVG,RG=512K ,GEOPGM=TOPLAG 

DO DSN=A.M 12129.SELIBn.J,DISP=SHIR 

DO * 

DATA FOR THE PROORAM 

II 

4. INTERPOLATION For conductivity higher than 0.005 siemens/metre, total phaselag Is not 

affected by permittivity. Therefore this program can be used for any 

value from 0.005 to 5.5 siemens/metre. If tltere ls a need to oo tile 

computation at conductlvity or permittivity or both which are not listed, 

the user is advised to oo the computation at few close-by values and plot 

the results. These points are then joined with a smooth curve (as it 

should be) and obtain the required result from the plot. As a guide In the 

Interpolation between permittivity, total phase lag variation with 

permittivity for conductivity above 0.0005 siemens/metre is QUite 

uniform. 
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VI.3 - Program Listing 

IMPLICIT REAL +4(A-H,O-Z) 
DIMENSION CL1(21),CL2(10),PL1(7),PL2(3) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ NAME TOPLAG + 
C+ + 
C+ TYPE MAIN + 
C+ + 
C+ PURPOSE TO COMPUTE TOTAL PHASELAG USING APPROXIMATE FORMULA: + 
C+ + 
C+ TPL :C1+C2S+(C3S+C4)EXP(C5S)+C6/(1+C7S+C8S++4)+2.277/S + 
C+ + 
C+ AT 100 KHZ FREQUENCY FOR THE FOLLOWING GROUND PATH + 
C+ AT RESPECTIVE CONDUCTIVITY AND PERMITTIVITY VALUES: + 
~ + 
C+ GROUND WAVE CONDUCTIVITY PERMITTIVITY + 
C+ PATH (SIEMENS/METRE) ( ESU ) + 
C+ """"""""""" """""""""""" """""""""""" + 
C+ 1.SEA WATER 1.0 TO 5.5 80 + 
C+ 2.FRESH WATER 0.005 80 + 
C+ 3.LAND SOIL 0.005 TO 1.0 ANY VALUE(3 TO 40) + 
C+ 4.LAND SOIL 0.0001 TO 0.005 3,5,10,15,20,25,30 + 
C+ 5.LAND SOIL 0.00001 TO 0.0001 3,4,5 + 
C+ + 
C+ ====> FOR PATH 4,THE SELECTED CONDUCTIVITY VALUES ARE : + 
C+ 0.0001,0.0002,0.0003,0.0004,0.0005,0.0006,0.0007, + 
C+ 0.0008,0.0009,0.001,0.0011,0.0012,0.0013,0.0014, + 
C+ 0.0015,0.00175,0.002,0.0025,0.003,0.004,0.005. + 
C+ ====> FOR PATH 5,THE SELECTED CONDUCTIVITY VALUES ARE : + 
C+ 0.00001,0.00002,0.00003,0.00004,0.00005,0.00006, + 
C+ 0.00007,0.00008,0.00009,0.00010. + 
C+ + 
C+ AUTHOR TUAN BAHAROM MAHMOOD, SEPTEMBER 1986 + 
C+ + 
C+ EXTERNALS COEFOO,COEF03,COEF05,COEF10,COEF15,COEF20,COEF25, + 
C+ COEF30,COEF3L,COEF4L,COEFSL,COEFFW + 
C+ NOTE: SUBROUTINE COEFOO COMPUTES THE COEFFICIENTS + 
C+ """" TO BE USED IN THE APPROXIMATE FORMULA FOR + 
C+ PATH 1 AND 3 ABOVE. + 
C+ OTHER SUBROUTINES STORE THESE COEFFICIENTS + 
C+ AT THIER RESPECTIVE PERMITTIVITY VALUES. + 
C+ * 
C+ PARAMETERS + 
C+ COND = GROUND/WATER CONDUCTIVITY (SIEMENS/METRE) + 
C+ PER GROUND/WATER PERMITTIVITY (ESU) + 
C+ REF =REFRACTIVITY INDEX (N),E.G: N = 338.0 + 
C+ DIST = DISTANCE (METRES) + 
C+ C1 TO C8 = COEFFICIENTS TO BE USED IN THE FORMULA + 
C+ PPL = PRIMARY PHASELAG + 
C+ SPL = SECONDARY PHASELAG + 
C+ TPL = TOTAL PHASELAG + 
C+ S DISTANCE/100000.0 + 
C+ N = TO DETERMINE THE COEFFICIENTS TO BE USED + 
C+ WITH RESPECTIVE CONDUCTIVITY AND + 
C+ PERMITTIVITY FOR PATH 4 AND 5 + 
C+ + 
C+ DATA INPUT COND,PER,REF,DIST + 
C+ OUTPUT : PPL,SPL,TPL + 
~ . 
C+ LANGUAGE FORTRAN + 
C+ + 
C+ REFERENCE MAHMOOO,T.B(1986) "COMPUTATION OF SECONDARY PHASELAG", + 
C+ MASTER OF ENGINEERING REPORT, DEPT. OF SURVEYING + 
C+ ENGINEERING, UNIVERSITY OF NEW BRUNSWICK. + 
~ + 
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C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
DATA CL1/0.0001,0.0002,0.0003,0.0004,0.0005,0.0006,0.0007,0.0008, 

& 0.0009,0.001,0.0011,0.0012,0.0013,0.0014,0.0015,0.00175, 
& 0.002,0.0025,0.003,0.004,0.005/ 

DATA CL2/0.00001,0.00002,0.00003,0.00004,0.00005,0.00006,0.00007, 
& 0.00008,0.00009,0.0001/ 

DATA PL1/3.0,5.0,10.0,15.0,20.0,25.0,30.0/ 
DATA PL2/3.0,4.0,5.0/ 
WRITE ( 6, 1000) 

100 READ(S,+)COND,PER,REF,DIST· 
IF(COND.LE.O.O) GO TO 400 
IF(COND.LE.S.5) GO TO 1 
WRITE(6,1002) COND 
GO TO 300 

1 IF(COND.LT.O.OOS) GO TO 101 
CALL COEFOO(COND,C1,C2,C3,C4,C5,C6,C7,C8) 
GO TO 200 

101 ID1 = 0 
ID2 = 0 
IF(CONO.EQ.0.005.AND.PER.GT.30.0) GO TO 109 
IF(COND.LE.0.0001.AND.PER.LE.5.0) GO TO 105 
DO 10 I=1,21 

IF(COND.NE.CL1(I)) GO TO 10 
ID1 = 1 
N = I 
GO TO 102 

10 CONTINUE 
102 DO 20 I=1,7 

IF(PER.NE.PL1(I)) GO TO 20 
ID2 = 1 
GO TO 103 

20 CONTINUE 
103 IF~ID1.EQ.1.AND.ID2.EQ.1l 

IF ID1.EQ.O.AND.ID2.EQ.O 
IF ID1.EQ.O.AND.ID2.EQ.1 
IF ID1.EQ.1.AND.ID2.EQ.O 
GO TO 300 

GO TO 104 
WRITE (6,1001~ COND,PER 
WRITE (6,1002 COND 
WRITE (6,1003 PER 

104 IF(PER.EQ.3.0) CALL COEF03(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IF(PER.EQ.S.O) CALL COEF05(N,Cl,C2,C3,C4,C5,C6,C7,C8) 
IF(PER.EQ.10.0l CALL COEF10(N,C1,C2,C3,C4,C5,C6,C7,C8l 
IF(PER.EQ.15.0 CALL COEF15(N,C1,C2,C3,C4,CS,C6,C7,C8 
IF(PER.EQ.20.0 CALL COEF20(N,Cl,C2,C3,C4,C5,C5,C7,C8 
IF(PER.EQ.25.0 CALL COEF25(N,Cl,C2,C3,C4,C5,C6,C7,C8; 
IF(PER.EQ.30.0 CALL COEF30(N,Cl,C2,C3,C4,C5,C6,C7,C8) 
GO TO 200 

105 DO 30 r::::::1,10 
IF(COND.NE.CL2(I)) GO TO 30 
ID1 = 1 
N = I 
GO TO 106 

30 CONTINUE 
106 DO 40 I=1,3 

IF(PER.NE.PL2(I)) GO TO 40 
ID2 = 1 
GO TO 107 

40 CONTINUE 
107 IF~ID1.EQ.1.AND.ID2.EQ.ll 

IF IDl.EQ.O.AND.ID2.EQ.O 
IF ID1.EQ.O.AND.ID2.EQ.1 
IF ID1.EQ.1.AND.ID2.EQ.O 
GO TO 300 

GO TO 108 
WRITE~6,1001~ COND,PER 
WRITE 6,1002 COND 
WRITE 6,1003 PER 

108 IF~PER.EQ.3.0~ 
IF PER.EQ.4.0 
IF PER.EQ.S.O 
GO TO 200 

CALL COEF3L.~N, C1,C2 ,C3, C4, CS, C6 ,C7, CS~ 
CALL COEF4L N,C1,C2,C3,C4,C5,C6,C7,C8 
CALL COEFSL N,C1,C2,C3,C4,C5,C6,C7,C8 
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109 CALL COEFFW(Cl,C2,C3,C4,C5,C6,C7,C8) 
200 S = DIST/100000.0 

TPL = Cl+C2+S+(C3+S+C4)+EXP(C5+S)+C6/(1.0+C7+S+C8+5++4)+2.277/S 
PPL = (DIST/1000.0)+0.338 
SPL = TPL-PPL 
IF(REF.EQ.338.0) GO TO 110 
PPL = (DIST/lOOO.O)+(REF/1000.0) 
TPL = SPL+PPL 

110 WRITE~6,1004~ COND,PER,REF 
WRITE 6,1005 Cl,C2,C3,C4,C5,C6,C7,C8 
WRITE 6,1005 DIST,PPL,SPL,TPL 

300 GO TO 100 
400 WRITE(6,1000) 

1000 FORMAT('1',' ') 
1001 FORMAT(////lOX,'+++++ ERR 0 R +++++'//lOX, 

& 'YOUR CONDUCTIVITY',Fl0.6,' AND PERMITTIVITY',F5.1, 
& 'NOT IN THE LIST'/lOX,'+++++++++++++++++++++++++++++++++', 
& '++++++++++++++++++++++++++++++++') 

1002 FORMAT(////10X,'+++++ ERR 0 R +++++'//lOX, 
& 'YOUR CONDUCTIVITY',Fl0.6,' NOT IN THE LIST'/lOX, 
& '+++++++++++++++++++++++++++++++++++++++++++') 

1003 FORMAT(////lOX,'+++++ ERR 0 R +++++'//lOX, 
& 'YOUR PERMITTIVITY',F5.1," NOT IN THE LIST'/10X, 
& "++++++++++++++++++++++++++++++++++++++') 

1004 FORMAT(////10X,'CONDUCTIVITY =',F9.6,2X,'SIEMENS/METRE"/ 
& 10X,'PERMITTIVITY =',F5.1,7X,'ESU'/ 
& 10X,'REFRACTIVITY =',F6.1//) 

1005 FORMAT(lOX, 'THE COEFFICIENTS C(I),I = 1 TO 8 ARE:'// 
& 10X,4F10.3/10X,4F10.3//) 

1006 FORMAT(10X,'DISTANCE(M)',5X,'PRI.PHASELAG(M)', 
& 5X,'SEC.PHASELAG(M)',5X,'TOT.PHASELAG(M)'//11X,F9.1, 
& 10X,F6.1,15X,F6.1,13X,F5.1) 

STOP 
END 
SUBROUTINE COEFOO(CDND,Cl,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ NAME COEFOO + 
C+ + 
C+ TYPE SUBROUTINE + 
C+ + 
C+ PURPOSE TO COMPUTE THE C COEFFIENTS TO BE USED IN THE + 
C+ COMPUTATION OF TOTAL PHASELAG USING APPROXIMATE + 
C+ FORMULA FOR SEA WATER AND LAND CONDUCTIVITY ABOVE + 
C+ 0.005 SIEMENS/METRE. + 
C+ + 
C+ AUTHOR TUAN BAHAROM MAHMOOD + 
C+ + 
C+ EXTERNALS NONE + 
C+ + 
C+ PARAMETERS ALL EXPLAINED IN THE MAIN + 
C+ INPUT : COND + 
C+ OUTPUT: Cl,C2,C3,C4,C5,C6,C7,C8 + 
C+ + 
C+ CALLING CALL COEFOO(COND,Cl,C2,C3,C4,C5,C6,C7,C8) + 
~ + 
C+ LANGUAGE FORTRAN + 
~ ... 
C+ REFERENCE MAHMOOD,T.B(l986) "COMPUTATION OF SECONDARY PHSELAG" + 
C+ M.ENG REPORT,DEPT. OF SURVEYING ENG.,UNB + 
~ ... 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
CN = COND+lO.O 
CN12 = CN•+O.S 



CN14 = CN++0.25 
IF(COND.LT.1.0) GO TO 10 
C1 = -111.0 
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C2 = 97.882-11.437/CN+40.006/CN12-13.576/CN14 
C3 = -18.496+63.283/CN+5.844/CN12+7.714/CN14 
C4 = 112.8 
cs = -0.254 
C6 = 0.0 
C7 = 0.0 
C8 = 0.0 
GO TO 20 

10 C1 = -128.059+1.085/CN+65.474/CN12+5.902/CN14 
C2 = 97.380-0.615/CN+20.238/CN12-4.107/CN14 
C3 = 19.048+0.049/CN-4.8l2/CN12+22.139/CN14 
C4 = l26.620-0.901/CN-38.415/CN12-11.674/CN14 
CS = -0.5273-0.0025/CN+0.0387/CN12-0.0927/CN14 
C6 = -4.055-0.024/CN-30.266/CN12+23.080/CN14 
C7 = 8.42l-0.494/CN+5.677/CN12-5.644/CN14 
C8 = 315.570+22.365/CN-346.462/CNl2+448.310/CN14 

20 RETURN 
END 
SUBROUTINE COEF03(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT SELECTED CONDUCTIVITIES (SEE MAIN) + 
C+ ......... AND PERMITTIVITY OF 3 ESU . . ....... + 
C+ N IS DETERMINED IN THE MAIN TO INDICATE THE POSITION + 
C+ OF THE INPUT CONDUCTIVITY WITHIN THE LIST AND C1 TO C8 ARE + 
C+ RETURNED TO THE MAIN. + 
C+ + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(21),CC2(21),CC3(21),CC4(21),CC5(21) 
DIMENSION CC6(21),CC7(21),CC8(21) 
DATA CC1/985.5,1016.8,976.7,933.1,886.0,838.8,790.4, 

& 743.1,698.4,656.6,618.9,584.4,553.9,527.2, 
& 503.7,452.6,410.2,347.1,302.1,240.6,199.7/ 

DATA CC2/187.47,194.08,200.32,204.65,207.70,209.64,210.77, 
& 211.19,211.03,210.44,209.49,208.32,206.95,205.45, 
& 203.85,199.87,196.10,189.22,183.31,173.99,167.01/ 

DATA CC3/160.7,401.8,335.8,271.2,205.2,158.1,124.5, 
& 100.8,84.3,73.7,65.3,59.7,55.2,52.5, 
& 49.7,44.3,42.6,42.0,41.7,42.0,43.2/ 

DATA CC4/229.7,-285.3,-426.2,-492.0,-475.0,-449.1,-415.5, 
& -381.3,-350.5,-325.1,-300.6,-279.4,-261.6,-253.0, 
& -246.6,-223.7,-199.1,-166.8,-142.4,-107.8,-85.4/ 

DATA CC5/-0.514,-0.632,-0.534,-0.478,-0.436,-0.414,-0.402, 
& -0.398,-0.399,-0.402,-0.406,-0.410,-0.417,-0.434, 
& -0.457,-0.495,-0.507,-0.534,-0.556,-0.583,-0.596/ 

DATA CC6/-1040.9,-605.5,-453.1,-362.3,-338.3,-321.5,-310.1, 
& -300.0,-288.9,-275.2,-264.3,-253.2,-242.5,-226.8, 
& -211.9,-187.8,-172.7,-146.2,-128.5,-105.8,-90.0/ 

DATA CC7/6.62,7.110,8.12,9.61,8.85,8.21,7.61, 
& 7.16,6.87,6.79,6.68,6.65,6.66,6.98, 
& 7.36,7.85,8.02,8.60,8.97,9.46,9.97/ 

DATA CC8/30.0,14.0,15.0,54.0,44.0,34.0,23.0, 
& 17.0,13.0,13.0,12.0,12.0,12.0,16.0, 

·~~; ~~ ~~1.0,29.0,33.0,53.0,69.0,94.0,142.0/ 

CS = CCS N 
C6 = CC6 N 



C7 = CC7(N) 
C8 = CC8(N) 
RETURN 
END 
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SUBROUTINE COEF05(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 5 ESU + 
C+ """""""""""" """"" + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(21),CC2(21),CC3(21),CC4(21),CC5(21) 
DIMENSION CC6(21),CC7(21),CC8(21) 
DATA CC1/930.9,984.0,956.6,914.2,873.9,829.1,782.6, 

& 737.2,693.4,652.5,615.5,581.9,552.1,525.5, 
& 502.3,451.5,409.5,346.7,301.7,240.5,199.4/ 

DATA CC2/186.62,193.45,199.52,204.08,206.98,208.95,210.12, 
& 210.56,210.47,209.94,209.04,207.90,206.56,205.10, 
& 203.53,199.64,195.91,189.09,183.23,173.94,167.00/ 

DATA CC3/164.8,359.4,320.3,254.5,202.1,156.9,124.2, 
& 100.6,84.9,74.4,66.0,60.3,55.5,53.1, 
& 50.1,44.9,42.9,42.2,42.0,42.1,43.9/ 

DATA CC4/201.7,-233.5,-398.4,-443.9,-459.8,-437.2,-405.9, 
& -374.1,-345.3,-320.8,-297.0,-276.7,-259.7,-251.6, 
& -245.4,-222.7,-198.5,-166.6,-142.4,-107.8,-85.4/ 

DATA CC5/-0.512,-0.609,-0.532,-0.467,-0.437,-0.416,-0.403, 
& -0.399,-0.399,-0.402,-0.406,-0.410,-0.417,-0.434, 
& -0.457,-0.495,-0.507,-0.534,-0.556,-0.584,-0.596/ 

DATA CC6/-959.2,-521.9,-459.1,-387.3,-340.6,-323.1,-311.4, 
& -301.0,-288.8,-275.2,-264.4,-253.2,-242.4,-226.5, 
& -211.7,-187.6,-172.4,-145.9,-128.2,-105.6,-89.6/ 

DATA CC7f6.92,6.75,7.87,8.42,8.70,8.10,7.52, 
& 7.09,6.85,5.77,6.66,6.64,6.65,6.99, 
& 7.36,7.85,7.99,8.59,9.01,9.49,10.03/ 

DATA CCS/30.0,14.0,14.0,25.0,40.0,31.0,22.0, 
& 16.0,13.0,13.0,12.0,12.0.12.0,16.0, 
& 21.0,29.0,33.0,54.0,71.0,95.0,145.0/ 

Cl = CC1(N) 
C2 = CC2(N' 
C3 = CC3~N 
C4 CC4 N 
C5 = CC5 N 
C6 = CC6~N 
C7 CC7 N 
CS = CCS N 
RETURN 
END 
SUBROUTINE COEF10(N.Cl,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,D-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 10 ESU + 
c. " " " " " " " tt " " " " " " " " " " + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(21),CC2(21),CC3(21),CC4(21),CC5(21) 
DIMENSION CC6(21),CC7(21),CC8(21) 
DATA CC1/811.6,908.4,906.2,877.9,844.9,805.3,763.2, 

& 721.4,680.9,642.5,607.6,575.6,546.9,521.2, 
& 498.9,449.3,408.0,345.7,301.2,240.2,199.1/ 

DATA CC2/184.68,191.76,197.66,202.15,205.14,207.24,208.52, 
A 209.08,209.10,208.68,207.88,206.85,205.61,204.24, 
& 202.74,199.01,195.41,188.76,182.99,173.81,166.92/ 

DATA CC3/166.1,293.9,284.1,237.0,194.0,153.6,123.4, 
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& 
& 

DATA 
& 

101.6,86.3,75.9,67.5,61.4,56.7,54.3, 
51.1,45.5,43.2,42.7,42.3,42.3,44.1/ 

CC4/154.7,-161.0,-333.7,-397.9,-425.1,-409.8,-384.1, 
-358.0,-333.0,-310.8,-289.7,-270.6,-255.0,-248.3, 

& 
DATA 

-242.5,-220.6,-196.8,-165.9,-142.2,-107.8,-85.5/ 
CC5/-0.507,-0.574,-0.523,-0.469,-0.442,-0.419,-0.405, 

-0.400,-0.399,-0.401,-0.405,-0.409,-0.417,-0.434, & 
& -0.457,-0.495,-0.507,-0.534,-0.556,-0.585,-0.597/ 

DATA 
& 

CC6/-798.3,-618.6,-470.2,-394.4,-344.6,-325.6,-313.0, 
-300.7,-288.2,-274.8,-263.5,-252.7,-241.7,-225.3, 

& 
DATA 

& 

-211.0,-187.2,-172.5.-145.6,-127.8,-105.4,-89.2/ 
CC7/7.31,6.64,7.38,7.97,8.38,7.89,7.38, 

7.03,6.82,6.74,6.66,6.62,6.66,7.02, 
7.37,7.83,7.98,8.63,9.05,9.54,10.07/ & 

DATA CCS/28.0,13.0,13.0,20.0,32.0,26.0,19.0, 
& 
& 

C1 = CC1 
C2 = CC2 
C3 = CC3 
C4 = CC4 
C5 = CC5 
C6 = CC6 
C7 = CC7 
C8 = CC8 
RETURN 
END 

15.0,13.0,13.0,12.0,12.0,12.0,16.0, 
21.0,29.0,33.0,55.0,73.0,96.0,149.0/ 
N 
N 
N 
N 
N 
N 
N 
N 

SUBROUTINE COEF15(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,D-Z) 

(++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++•++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 15 ESU + 
C+ """""""""""" """"" + 
(+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(21),CC2(21),CC3(21),CC4(21),CC5(21) 
DIMENSION CC6(21),CC7(21),CC8(21) 
DATA CC1/717.0,839.6,857.6,842.2,816.5,782.2,744.4, 

& 705.9,668.2,632.3,598.8,568.2,541.0,516.8, 
& 495.2,446.8,406.2,344.7,300.5,239.9,198.9/ 

DATA CC2/183.06,190.14,195.91,200.32,203.38,205.56,206.94, 
& 207.62,207.75,207.44,206.78,205.85,204.69,203.38, 
& 201.96,198.39,194.91,188.43,182.76,173.68,166.84/ 

DATA CC3/162.6,260.6,257.9,222.3,187.1,150.5,122.0, 
& 101.7,87.4,77.2,69.5,63.5,58.7,55.3, 
& 52.0,46.3,43.7,43.1,42.6,42.4,44.2/ 

DATA CC4/124.5,-135.9,-289.9,-360.3,-395.0,-385.9,-354.1, 
& -341.5,-320.7,-301.1,-282.2,-264.8,-251.4,-244.4, 
& -239.2,-218.6,-195.3,-165.1,-141.6,-107.4,-85.3/ 

DATA CC5/-0.501,-0.555,-0.517,-0.472,-0.447,-0.424,-0.409, 
& -0.401,-0.400,-0.401,-0.403,-0.407,-0.415,-0.434, 
& -0.457,-0.495,-0.507,-0.534,-0.556,-0.585,-0.598/ 

DATA CC6/-681.9,-577.8,-464.9,-394.9,-344.2,-325.6,-313.5, 
& -300.9,-287.4,-274.0,-262.0,-251.0,-239.4,-224.7, 
& -210.5,-186.7,-172.2,-145.3,-127.7,-105.3,-89.2/ 

DATA CC7/7.38,6.91,7.28,7.74,8.21,7.77,7.27, 
& 6.95,6.79,6.73,6.68,6.66,6.73,7.02, 
& 7.36,7.84,7.97,8.63,9.04,9.51,10.10/ 

DATA CC8/24.0,16.0,14.0,18.0,30.0,24.0,18.0, 
& 14.0,13.0,13.0,13.0,13.0,13.0,17.0, 

·~~: ~~~!~l1.0,30.0,33.0,55.0,73.0,96.0,149.0/ 

C4 = CC4~N 



~~ ~ ~~~~~l C7 = CC7 N 
C8 = cc8 N 
RETURN 
END 
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SUBROUTINE COEF20(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL ~4(A-H,O-Z) 

c~~~~~++++++++++++~•~~•••~•••~~~~··~~~~++++++++++~~~~~·~~•••~••~+++~++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 20 ESU + 
C+ """""""""""" """""" + 
C+++++++++++++++++++++++++~++++++++++++++++++++++++++++~+++++++~+++~++ 

DIMENSION CC1(2l),CC2(21),CC3(21),CC4(21),CC5(21) 
DIMENSION CC6(21),CC7(21),CC8(21) 
DATA CC1/643.3,777.7,810.8,806.9,788.5,758.9,724.9, 

& 689.9,655.5,622.1,590.6,561.5,535.5,512.4, 
& 491.4,444.4,404.4,343.6,299.7,239.5,198.7/ 

DATA CC2/181.72,188.62,194.28,198.61,201.69,203.97,205.45, 
& 206.24,206.45,206.22,205.66,204.83,203.76,202.52, 
& 201.18,197.77,194.42,188.10,182.53,173.55,166.76/ 

DATA CC3/157.5,234.7,234.3,209.5,179.8,146.8,121.1, 
& 102.3,88.3,78.2,70.5,64.5,59.5,56.1, 
& 52.9,46.9,44.4,43.4,42.9,42.6,44.3/ 

DATA CC4/103.0,-116.5,-249.7,-327.6,-367.4,-361.0,-344.2, 
& -326.4,-308.7,-291.5,-274.6,-258.7,-246.3,-240.3, 
& -235.9,-216.5,-193.7,-164.1,-140.9.-107.1,-85.2/ 

DATA CC5/-0.494,-0.540,-0.509,-0.473,-0.451,-0.427,-0.410, 
& -0.402,-0.400,-0.401,-0.404,-0.407,-0.416,-0.434, 
& -0.457,-0.495,-0.507,-0.534,-0.556,-0.585,-0.598/ 

DATA CC6/-596.0,-538.5,-458.0,-391.6,-343.9,-326.2,-313.3, 
& -299.7,-286.2,-273.0,-261.0,-250.2,-238.8,-224.0, 
& -209.8,-186.2,-171.7,-145.1,-127.5,-105.2,-89.1/ 

DATA CC7f7.30,7.09,7.14,7.61,8.04,7.59,7.17, 
& 6.91,6.77,6.70,6.67,6.66,6.72,7.01, 
& 7.36,7.84,7.97,8.62,9.03,9.51,10.09/ 

DATA CC8/21.0,18.0,14.0,18.0,27.0,21.0,17.0, 
& 14.0,13.0,13.0,13.0,13.0,13.0,17.0, 
& 21.0,30.0,33.0,55.0,73.0,97.0,149.0/ 

C1 CC1~N 
C2 = CC2 N 
C3 CC3 N 

~~ = ~~~~~ 
C6 CC6 N 
C7 = CC7 N 
C8 = cc8 N 
RETURN 
END 
SUBROUTINE COEF25(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+~++++++~+~~+~+~+++~+++~~·~~+++~+~++++++++++++++++++++++++++++++++++~ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 25 ESU + 
C+ """""""""""" """""" • 
C++++++++++++++++++++++++~~~++~+++++++++++++++++++++++++++++++++~+++++ 

DIMENSION CC1(21),CC2(21),CC3(21),CC4(21),CC5(2l) 
DIMENSION CC6(21),CC7(21),CC8(21) 
DATA CC1/585.9,722.4,767.9,774.4,762.7,738.8,709.0, 

& 676.2,644.1,613.1,583.5,555.8,530.2,508.1, 
& 487.6,441.7,402.5,342.5,299.0,239.0,198.4/ 

DATA CC2/180.58,187.23,192.70,196.90,199.99,202.28,203.84, 
& 204.77,205.09,204.96,204.49,203.75,202.81,201.63, 
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& 
DATA 

& 

200.40,197.15,193.91,187.76,182.30,173.42,166.68/ 
CC3/153.6,215.2,218.6,203.6,176.3,146.4,121.9, 

102.4,88.3,78.1,70.4,64.3,59.9,56.6, 
53.6,47.8,45.0,43.8,43.1,42.8,44.4/ 

CC4/84.7,-102.8,-226.9,-314.0,-352.7,-352.8,-339.5, 
-317.4,-299.4,-283.8,-268.2,-253.2,-241.1,-236.6, 

& 
DATA 

& 
& 

DATA 
-232.3,-214.6,-192.3,-163.0,-140.1,-106.6,-84.7/ 

CC5/-0.490,-0.528,-0.506,-0.482,-0.461,-0.439,-0.423, 
-0.410,-0.405,-0.406,-0.408,-0.412,-0.417,-0.435, & 

& 
DATA 

A 

-0.457,-0.495,-0.506,-0.534,-0.556,-0.584,-0.597/ 
CC6/-529.5,-500.4,-439.5,-373.9,-333.2,-314.9,-302.6, 

-294.9,-284.0,-271.5,-260.0,-249.6,-238.4,-223.3, 
& 

DATA 
-209.3,-185.2,-171.2,-144.9,-127.5,-105.2,-89.2/ 

CC7/7.28,7.23,7.27,7.96,8.25,7.90,7.48, 
7.00,6.78,6.69,6.65,6.62,6.69,7.01, 
7.35,7.86,7.98,8.61,9.02,9.51,10.06/ 

A 
& 

DATA 
A 

CC8/20.0,19.0,16.0,25.0,32.0,28.0,22.0, 
15.0,13.0,12.0,12.0,12.0,13.0,17.0, 
21.0,31.0,33.0,54.0,71.0,95.0,145.0/ & 

C1 = CC1 
C2 = CC2 
C3 = CC3 
C4 = CC4 
C5 = CC5 
C6 = CC6 
C7 = CC7 
c8 = cc8 
RETURN 
END 

N 
N 
N 
N 
N 
N 
N 
N 

SUBROUTINE COEF30(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 30 ESU + 
C+ """""""""""" """""" + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(21),CC2(21),CC3(21),CC4(21),CC5(21) 
DIMENSION CC6(21),CC7(21),CC8(21) 
DATA CC1/540.3,673.8,727.4,741.8,736.3,717.2,691.6, 

& 661.6,632.0,602.7,575.1,548.7,524.5,502.9, 
& 483.4,439.0,400.4,341.4,298.3,238.5,198.2/ 

DATA CC2/179.57,185.93,191.23,195.35,198.43,200.76,202.36, 
& 203.39,203.81,203.79,203.40,202.76,201.89,200.83, 
& 199.64,196.53,193.43,187.42,182.05,173.29,166.60/ 

DATA CC3/148.7,199.7,205.2,193.9,171.2,144.3,121.9, 
& 102.8,88.7,78.7,71.0,65.1,60.4,57.9, 
& 54.5,48.6,45.8,44.0,43.1,43.0,44.5/ 

DATA CC4/71.4,-92.5,-207.0,-290.3,-332.1,-336.8,-328.7, 
& -307.4,-289.3,-274.3,-260.3,-246.8,-235.7,-232.7, 
& -228.8,-212.5,-190.6,-161.9,-139.2,-106.1,-84.3/ 

DATA CCS/-0.486,-0.519,-0.503,-0.483,-0.466,-0.446,-0.431, 
& -0.415,-0.408,-0.407,-0.409,-0.412,-0.418,-0.436, 
& -0.457,-0.495,-0.506,-0.534,-0.556,-0.583,-0.596/ 

DATA CC6/-479.1,-465.9,-420.5,-365.3,-327.3,-309.3,-296.1, 
& -290.5,-281.8,-270.5,-259.3,-248.8,-237.9,-221.9, 
& -208.5,-184.6,-170.6,-144.9,-127.6,-105.1,-89.2/ 

DATA CC7f7.20,7.33,7.37,7.95,8.26,7.96,7.62, 
& 7.09,6.79,6.68,6.63,6.61,6.66,7.03, 
& 7.36,7.88,7.99,8.59,8.98,9.48,10.00/ 

DATA CC8/18.0,20.0,18.0,26.0,34.0,30.0,24.0, 
A 17.0,13.0,12.0,12.0,12.0,12.0,17.0, 
& 21.0,31.0,34.0,53.0,70.0,95.0,143.0/ 

C1 = CC1(N) 
C2 = CC2(N) 



g! : gg!!~l 
C5 = CC5 N 
C6 = CC5 N 
C7 = CC7 N 
C8 = cc8 N 
RETURN 
END 
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SUBROUTINE COEF3L(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 3 ESU + 
C+ """""""""""" """"" + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(10),CC2(10),CC3(10),CC4(10),CC5(10) 
DIMENSION CC5(10),CC7(10),CC8(10) 
DATA CC1/533.9,697.8,803.9,867.2,901.0,925.9,946.0,961.9, 

& 975.3,985.9/ 
DATA CC2/174.44,175.50,178.34,180.10,182.02,183.53,184.73, 

& 185.75,185.54,187.45/ 
DATA CC3/135.0,151.2,165.4,164.4,126.5,117.8,120.0,129.1, 

& 144.1,162.0/ 
DATA CC4/274.8,260.7,246.8,245.3,276.7,286.4,283.2,271.9, 

& 252.7,228.2/ 
DATA CC5/-0.517,-0.538,-0.554,-0.547,-0.492,-0.477,-0.477, 

& -0.484,-0.500,-0.516/ 
DATA CC6/-513.8,-707.1,-827.4,-906.1,-979.6,-1019.6,-1041.3, 

& -1050.6,-1049.3,-1039.7/ 
DATA CC7J27.00,24.43,19.64,15.68,12.36,10.28,8.88,7.86,7.17,6.63/ 
DATA CC8/3386.0,2621.0,1485.0,685.0,258.0,136.0,84.0,57.0, 

& 41.0,30.0/ 
C1 = CC1(Nl 
C2 = CC2(N 
C3 = CC3(N 
C4 = CC4(N 
C5 = CC5(Nl 
C6 CC6(N 
C7 = CC7(N 
CS = CC8(N 
RETURN 
END 
SUBROUTINE COEF4L(N,Cl,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C+ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 4 ESU + 
C+ """"""""""""""" + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(10),CC2(10),CC3(10),CC4(10),CC5(10) 
DIMENSION CC6(10),CC7(10),CC8(10) 
DATA CC1/513.8,649.6,749.9,814.4,853.7,885.6,910.5,930.4, 

& 946.2,959.1/ 
DATA CC2/174.20,176.09,177.88,179.74,181.64,183.03,184.20, 

& 185.22,186.13,186.97/ 
DATA CC3/146.7,160.7,171.4,157.0,126.2,121.4,125.3,137.5, 

& 151.5,168.4/ 
DATA CC4/255.9,242.6,231.2,241.4,269.5,273.1,266.6,252.1, 

& 232.9,208.5/ 
DATA CC5J-0.531,-0.547,-0.557,-0.533,-0.487,-0.478,-0.481, 

& -0.492,-0.505,-~.520/ 
DATA CC6/-494.2,-644.3,-757.3,-847.8,-922.9,-954.7,-988.7, 

& -999.3,-1000.8,-993.9/ 
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DATA 
DATA 

CC7/23.17,21.62,18.44,15.04,12.10,10.26,8.98,8.05,7.35,6.82/ 
CC8/2197.0,1728.0,1072.0,479.0,203.0,119.0,79.0,56.0, 

41.0,31.0/ 
C1 = CC1 
C2 = CC2 
C3 = CC3 
C4 = CC4 
C5 = CC5 
C6 = CC6 
C7 = CC7 
c8 = cc8 
RETURN 
END 

N 
N 
N 
N 
N 
N 
N 
N 

SUBROUTINE COEF5L(N,C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
~ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA AT THE SELECTED CONDUCTIVITY AND PERMITTIVITY OF 5 ESU + 
C+ """"""""""""""""" + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

DIMENSION CC1(10),CC2(10),CC3(10),CC4(10),CC5(10) 
DIMENSION CC6(10),CC7(10),CC8(10) 
DATA CC1/495.0,612.0,703.5,757.3,811.2,848.0,877.0,899.8, 

A 918.2,932.9/ 
DATA CC2/174.03,175.80,177.61,180.02,181.30,182.58,183.71, 

& 184.72,185.65,186.51/ 
DATA CC3/153.3,164.1,163.6,100.3,122.4,124.0,1S1.6,142.8, 

& 157.4,172.8/ 
DATA CC4/241.7,230.2,228.1,285.4,264.9,261.6,251.2,235.8, 

& 215.2,191.9/ 
DATA CC5/-0.537,-0.549,-0.543,-0.449,-0.479,-0.478,-0.486, 

A -0.496,-0.509,-0.522/ 
DATA CC6/-477.9,-602.2,-710.2,-830.5,-874.5,-915.0,-940.0, 

A -952.8,-955.8,-951.9/ 
DATA CC7/20.68,19.55,17.06,13.29,11.71,10.17,9.03,8.17,7.51,6.99/ 
DATA CC8/1509.0,1165.0,682.0,191.0,157.0,104.0,7S.0,54.0, 

& 41.0,32.0/ 
C1 = CC1 N 
C2 = CC2 N 
C3 = CC3 N 
C4 = CC4 N 
C5 = CC5 N 
C6 = CC6 N 
C7 = CC7 N 
C8 = CC8 N 
RETURN 
END 
SUBROUTINE COEFFW(C1,C2,C3,C4,C5,C6,C7,C8) 
IMPLICIT REAL +4(A-H,O-Z) 

C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
~ + 
C+ THIS SUBROUTINE STORES THE C COEFFICIENTS FOR THE APPROXIMATE + 
C+ FORMULA FOR FRESH WATER,CONDUCTIVITY AND PERMITTIVITY OF + 
C+ 0.005 SIEMENS/METRE AND 80 ESU + 
c. """""""""""""""""""""""""""""" + 
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

C1 = 195.0 
C2 = 165.72 
C3 = 46.0 
C4 = -82.4 
C5 = 0.600 
cs = -87.8 
C7 = 10.13 
C8 = 150.0 



RETURN 
END 

$ENTRY 
5.0 80.0 350.0 1000000.0 
0.005 15.0 338.0 1000000.0 
0.0005 10.0 338.0 1000000.0 
0.00005 5.0 338.0 1000000.0 
0.003 15.0 338.0 1000000.0 
0.0 0.0 0.0 0.0 

165 



55 

The residual inCa seems fairly large. However due to rather small values in ~. 

it will not 03teriorate the ~uraty of the approx~mate formula. Other residuals are also too 

small to affect the ~raty of the approximate formula.The examples of the difference between 

the ~urate and approximate total phaselags where the C coefficients were calculated using 

equation 6. 1 are shown in Appendix V. 

6.4 PROGRAM TOPLAG. 

Using the results obtainoo in Sections 6.1.1 and 6.1.2, Tables 11.2 to 11.11 and 

Table 11.14 in Appendix II, a program called TOP LAG was reveloped. There were 12 subroutines 

whose main function is to supply the C coefficients to the main prcgram. The first subroutine is 

called COEFOO. It incorporates the results obtained in Sections 6.1 .I and 6.1.2. Each of the 

other subroutines stores the coefficients computed at different permittivity values. This 

program also allows for different refractive indexes to be used other than N = 338 previously 

used in the approximate formula. 

Usmg this program, a user can obtain the total phase lag (primary and secondary 

phaselags are also given) at any distance (2 to 2000 km) and refractive index (N) for the 

following: 

I. Arry conductivity value between 0.005 and 5.5slemens/metre. 

11. fresh water conductivity and permittivity values of 0.005 siemens/metre and 

80 esu respectively. 

111. At selected conductivity values between 0.0001 and 0.005 siemens/metre and 

permltt1v1ty values between 3 to 30 esu as shown tn Tables 11.2 to 11.8. 
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lv. At selected conductivity values between 0.00001 and 0.0001 siemens/metre 

and permittivity values between 3 and 5 as shown in Tables 11.9 to 11.11. 

The data input for this prcgram are conducttvlty, permittivity, refrtctive Index 

and distance. If any Input is not In the specified range or list, an error message will be given. 

Therefore the user has to be very careful with the data input, especially for 111. and lv. above. 

The listing and user's guide for this prcgram are given in Appendix VI. 




