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Response functions 

disvlacements, ~ravity 

ABSTRACT 

for radial 

perturbations 

and horizontal 

~nd tilt due to 

ocean tide loading were derived, using Green's functions 

computed by Farrell for the Gutenber~-Bullen A earth 

model. The general procedure of convolving response 

functions with an ocean tide model was used in this 

study. The ocean t itie model used was that developed by 

Sch'.o~iderski, using the six leading constituents of the 

tidal spectrum. 

The derived res~onse functions for gravity 

perturbations were tested against existin~ determinations 

of the effect from actual data, at ei~ht stations 

covering tha ~hole earth. This comp~rison yielded a mean 

of the absolute differences between the observed gravity 

perturbations and those obtained in this study of 0. 32 

~Gal with~ root-mean-square scatter of 0.19 ~Gal. · 

A bodv tide model was also developed. The ephemerides 

of the moon and the sun were based on approximate 

formulae. Tests performed on the above approximate 

formulae indicated that the ri~ht ascension and 

declination of the moon and the sun can be obtained with 

an accuracy of the order of one minute of arc with 

respect to the values obtained in the astronomical 

ephemerides. This uncertainty affects the evaluation of 
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the radial dis9lacement of the terrain by less than 1 em. 

The mathematical models for terrain deformations due 

to body tide and ocean loadin~ as well as an 

interpolation procedure for polar motion were added to 

the Canadian VLBI software package. VLBI data pertaining 

to the observing period May 1977, obtained by a 3-station 

VtBI array were used to test the above models. Due to 

the large standard errors of these data, there is little 

that can be concluded from the analysis at this time. 

There is an improvement in the distribution of the delay-

rate residuals. Their root-mean-square scatter decreases 
-5 by 9.2x10 picoseconds/second while the root-mean-square 

scatter of the group-delay residuals increases py 3 

picoseconds. Co-range and co-tidal charts for north 

Americ'3. w~re alsc 9roduced, showing th~ ratiial and the 

horizontal displacements of the terrain due to load for 

the six leading titial constituents. 
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CHAPTER I 

INTRODUCTION 

1 .1. General Background and Outline of the Present Study. 

The earth within the system of all celestial bodies is 

influenced by varying gravitational forces which produce 

deformations, generally called tides. The moon and the 

sun exert the most predominant forces whereas the forces 

due to the other celestial bodies are very small and can 

be neg~ected without any loss of accuracy. Concentrating 

on the deformations of the solid earth one talks about 

body tides, whereas tidal variations of sea level are 

called ocean tides. 

The body tide is rather well understood. Part of the 

deformation of the earth's crust under time varying 

forces is also due to the variations coming from the 

varying ocean tide which produces the so called "load 

tide". As :ices the body tide, the load tide influences 

geodetic quantities observed on the surface of the earth 

such as gravity, tilt ~nd terrain level. The body tide is 

a rather smoothly-varying phenomenon, depending upon the 

overall elastic properties of the earth, whereas the load 
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tide is more irregular due to the local features of the 

driving forces and the irregularities of the earth's 

lithosphere. Using the recent achievements in space 

geodesy, such as VLBI (very long baseline interferometry) 

and laser ranging, one can obtain repeatabilities of the 

order of a few centimetres for continental or 

transcontinental b~seline lengths. 

The deformation of the terrain due to ocean tide 

lo~ding is of the order of ~ few centimetres dependin~ on 

the locality and therefore it may play an important role 

for increasing the accuracy of VtBI baselines to the 

centimetre level. 

The primary objective of this study was to develop ~ 

ma the'D.atic::tl model which would eva.lull te the radial and 

horizontal displacements of the terrain due to ocean tide 

log,ding, to derive g,n improved approximation procedure 

for polar motion usin~ existing data coming mainly from 

BIH (Bureau International de l' Heure) Circular D tables 

~nd to update the Canadian VLBI software package to 

account for the above effects. 

As a mathematical model for the ocean tide loading, 

the general procedure of convolvin.g l3. known ocean tide 

model with appropriate Green's functions was used in this 

study. The ocean tide '!lo:iel used, is that developed by 

Schwiderski ( 1 g78), who uses empirical tidal constants 
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coming ·from about 2,000 tide ·,gauges scattered all over 

the globe. These em-pirical data were used as boundary 

conditions for the solution of the Navier-Stokes tidal 

equations on a 1°X'0 spherical grid system in connection 

with hydrodynamically-defined bathymetry recognizing 

barrier effects of large boundary and bottom anomalies. 

The tidal equations were augmented by turbulent f~iction 

terms with novel mesh-area, eddy-viscosity and bottom-

friction coefficients (Schwiderski, 1978). 

In this study, the six leading constituents of the 

tidal spectrum were used. Schwiderski's ocean tide model 

predicts the tidal height with an accuracy of better than 

5 em anywhere in the open oceans for each of the leading 

tidal constituents. This estimate is based upon the 

worldwide agreement of the co~?uted tidal constants with 

empirical data, which have the same accuracy. The 

accuracy for·the coastal waters is expected to be worse 

due to local effects such as rou~hness of the sea bottom 

and a-priori resolution limits of 
0 0 

1 X 1 im?osed on the 

solution of the discrete tidal equ~tions. 

The Green's functions were derived from the geometry 

of the load effect and they involve the infinite 

summation of the load deformation coP.fficients with the 

Legendre polynomials. This infinite summation .,.,as 

evaluated indirectly usin~ the Green's functions computed 
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by Farrell (1972). 

Althou~h gravity perturbations do not affect VLBI 

observations directly, Green's functions were derived for 

gravity, to indirectly test the present technique against 

existing actual determinations of gravity perturbations. 

Lagrange interpolation was used to determine the 

position of the earth's pole of rotation using BIK 

Circular D s~oothed values. The software, which exists at 

the Department of Surveyin~ Engineering was provided b~ 

the M.I.T. Department of Earth and Planetary Sciences ~nd 

was integrated into the Canadian VLBI software package tp 

give an im9roved estimate of the pole position. Data for 

the position of the pole are stored on ta!}e and include 

information for the time span January 1969-April 1981. · 

1 .2. Green's Functions and Load Deformation Coefficients. 

The evaluation of the load effect can be done through 

a convolution inte~ral by convolving an ocean tide model 

with aporopri~te Green's functions (integration kernels). 

The geometry of the effect dictates the shape of such 

Green's functions. These functions include infinite 

summation of the load deformation coefficients multiplied 

by the Legendre polynomials. To evaluate this infinite 

series one must know the infinitely many load deformation 
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coefficients. ·A direct evaluation of these would require 

infinitely many observations of the load effect, which 

clearly are not available. Instead, an earth model must 

be postulated and the load deformation coefficients can 

be evaluated theoretically through the numerical solution 

of the equations of equilibrium of the earth. Such a 

solution is given by Longman (1962; 1963). Longman 

evaluated the load deformation coefficients up to order 

40. Farrell ( 1972) determined these coefficients up to 

order 10,000 considering the Gutenberg-Bullen A earth 

model and tabulated (ibid, Table A3) Green's functions 

for different effects. 

1.3. General Context and Contributions of This Study. 

The Canadian VLBI software package GEOAIM (GEOdetic 

,Analysis of Interferometric Measurements), - - which was 

developed initially at York University, Toronto, Ontario 

(Lan~ley, 1979), accounted only for the body tide 

component of the earth tide. The correction for polar 

motion assumed a constant value for a whole observing 

period. As mentioned earlier, corrections of VLBI 

observations due to ocean tide loading and an 

interpolation routine for polar raotion are necessary to 

increase the accuracy of the determination of the 

baselines to the centimetre level. ~ethods used in 
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previous studies of this kind have had varying degrees of 

success. In this work, an alternative approach is 

developed for the evaluation of the load effects. Green's 

functions for terrain 

perturbations 

computed by 

are derived, 

Farrell ( 1 972) 

deformations and 

using Green's 

(Chapter III). 

gravity 

functions 

A Green's 

function for the relative tilt of the terrain is also 

derived (Appendix B). 

A contribution is also made in the evaluation of load 

response directly beneath the load where there is a 

singularity in the formulation of Green's functions. 

Although not of concern in evaluating displacements of 

VLBI stations, this -problem is treated for completeness 

in Appendix C based on the theory of Boussinesq (1885). 

Another contribution is made by drawing co-range and 

co-tidal charts for the radial and horizontal 

displacements of the terrain due to ocean loading for 

North America, \(hich represents a ·new source of 

information for deformations of this kind (Appendix A). 

In terms of improving the computational efficiency of 

GEOAIM, a contribution is made by developing a 

mathematical model for body tide deformations 

(Chapter IV). The ephemerides of the moon and the sun 

are determined through !lpproximate formul!le rather than 

from tables (e.g. Merriam, 1978). 
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Another contribution is made by modifying an existing 

routine (Chapter IV) for the netermination -of polar 

motion. 

Finally, so that the software developed here can 

easily be applied by others as separate routines, it has 

been documented and is now readily available from the 

Surveying Engineering Department at U.N.B. (Appendix G). 



CHAPTER II 

LOAD EFFECTS DUE TO OCEAN TIDE 

2.1. General Considerations. 

As the water masses of the ocean move under the 

gravi tationa.l a ttra.ct ion of the moon and the sun, they 

load and unload periodically the ocean floor. This action 

brings ~bout ~isplace~ents as w9ll as ch~ng~s in the 

gravity field not only on the oce~n floor but 3.lso on 

land. The defor~ations can h9 1P.scribe1 by the following 

three distinct but by no means inde~en1ent phenomena 

(Van!~ek, 1980): 

a) Defor~ation of the lithosphere under the weight of 

the additional water masses. 

b) Gravit~tion~l ~ttraction of the tidal waters. 

c) Gravitational attraction of the crustal deformation 

caused by the load (indirect effect). 

The most conspicuous effect is the first one. The amount 

of deformation deoends upon the cha.racteristics o.f the 

8 
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lithosphere, i.e. thickness and rheological !)roper ties. 

Also; the closer a point is to the load the more it is 

affected. Due to the attraction of the additi.ona:). wate.r 

masses, the gr~vitational 90tential is distu.rbed and a.. 

deformation of the lithosphere as well as a. ch~nge of the 

~ra.vity field occur. This is the second phenomenon. As a 

consequence of the first two deformations a. 

redistribution of ~asses is induced. This redistribution 

of ~asses changes the gravitational 

therefore a new deformation comes about. 

90tential ~nd 

Since the third 

phenomenon 11cts indirectly throu.gh the t i1al 9otent ial 

the description as "indirect effect" is used in the 

liter~ture (~.~- Van{cek and Kr~kiwsky, 1gs2). 

All three effects are inter-related and must be 

considered sirnul tan~ously. The :nagni tude of the total 

effect depends upon the rheology of the earth, which 

therefore h~s to be taken into account .. Rheolo~y can be 

regarderi 11s the study of the rieforma t ion and flow of 

rna.tter under stress. It is the theory which relates the 

rel~tive deformation (strain) of a medium due to stress. 

Stress is the actin~ force per unit area and rna.y be 

thought of as being composed of nor~al (o) and tangential 

(r) components (Eirich, 1g50). Th~ rheolo&y of the earth 

can be taken into consider11tion through the load 

deformation coefficients introduce1 by Munk and M11cDonald 

(1g60), which are simil~r to the ordinary Love numbers. 
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2.2. Load Deformation Coefficients. 

The elastic behaviour of the earth was first 

recognized by Kelvin in 1876. It is expressed through 

dimensionless quanti ties called Love numbers defined as 

follows (Van1cek and Krakiwsky, 1982): The ratio of the 

elastic radial displacement of a mass element of the real 

earth to the radial d isolacement of the corresponding - -
element of a hypothetical fluid earth is the first Love 

number and is denoted by h. The changes of the shape of 

the earth under the tidal forces cause redistribution of 

masses within the earth and subsequently changes i~ its 

gravity field. These changes in the gravity field can be 

expressed as chanp.;es in the potential, briefly called 

deformation potential. The ratio of the deformation 

potential to the potential which produces it (i.e. tidal 

potential) is the second Love number and is denoted by k. 

The ratio of the horizontal elastic displacement of an 

actual mass element to the horizontal displacement of the 

corresponding element of the hypothetical fluid earth is 

the third Love number (or Shida's number) and is denoted 

by 2.. 

The load deformation coefficients or load numbers, 

like the Love numbers, are dimensionless quantities. They 

depend on the extent of the load and on the depth of the 

deformation. To distinguish between the load and Love 
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numbers a prime will be used for the former. Let u~ 

denote the vertical displacement of the earth's surface 

due to 'the load, u 'a the displacement of a gravity 

equipotential surface caused by the attraction of water 

masses and u' the indirect effect on the vertical 
i 

di-splacement. The load deformation coefficients are 

defined as follows (Van!cek, 1980): 

h' = u'/u' , 
t a 

k' = u~/u' J. a 
, ( 2. 1 ) 

t' = v'/v' , 
2. a 

where v 't denotes the horizon tal displacement of a mass. 

element under the loa1 and v' the horizontal displacement 
a 

of a gravity equipotential surface caused by the 

attraction of additional water masses. The above 

definitions refer only to the geometry of the. 

deformations. Expressin~ the radial displacement of the 

gravity equipotential surface under the load as a 

function of potential one obtains (Van!5ek and Krakiwsky, 

1982) 

WL 
n 

(u') = -
a n g 

(2.2) 

The subscript of the potential denotes the wave number 

i.e. the spatial extent of the load. Taking into 
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consideration the extreme values for n, n=O describes a 

load that covers the \'ihole earth, whereas for n-- one 

deals with point mass load. Substituting (2.2) into the 

first two of the equations (2.1) yields 

WL 
(u') =h' n 

2. n n g 

WL 
(u!) =k'_..!!., 

~ n n g 

( 2. 3) 

The determination of the load numbers can be done 

through the numerical integration of the equations.· of 

equilibrium of a deformed earth, derived from the 

equations of free oscillations of the earth given by 

Pekeris and Jarosch (1958). The equations of equilibrium 

(Longman, 1962; Farrell, 1972) are differential equations 

of second order described in a ~eccentric spherical 

coordinate system. For the solution of these 

differential equations (Longman, 1962) a Green's function 

(in a closed form) can be derive·"i for ~ certain earth 

model in which the L8.me coefficients (A., lJ) and density P 

are given as functions of the radius of the earth. The 

Lame elasticity constant lJ expresses the rigid.i ty of a 

medium. Constant has no direct physical 

inte q>reta t ion. 

Using the derived Green's function which depends on 

the Lame coefficients A., lJ and densi tv P, the equations 



l3 

of equilibrium can be solved by numerical integration. 

Such a solution was attempted by Longman ( 1963) 

considering a point mass load on the surface of the 

-earth. 

It is obvious that the load numbers are intimately 

related to a Green's function which; in turn; is 

dependent on the chosen density model. Different sets of 

load numbers can be obtained by assuming different 

density and elasticity models for the earth. 

The load numbers obtained by Longman ( 1963) are not 

sufficient since the evaluation of th~ load effects 

includes infinite summation of the load numbers with the 

Legendre ~olynomials (Chapter III). 5'3.rrell ('1972) 

obtained numerical values for all three load numbers up 

to n=10;ooo (Fig. 2.1). 

The Gute~berg~Bullen A earth model belongs to the 

family of A-type models developed in late 30's. An earth 

model can be ~enerallv considered 3.S specified when 

numerical values of the set of variables (A,u,o) or some 

equivalent set are specified for all depths. The basic 

assumption for constructing the A-type models is that the 

density of the layer below the crust (approximate depth 

0-30 km) ~s well as the values for the velocities of p 

and s ·..raves h~ve to be assumed ( 3u llen, 1 97'5). The 

seismic wav~s p and s travel through the earth's interior 
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-rather than around the surf~ce ~nd the_y are called body 

waves. ·The prim~ry (p) wave is ~ compressional wave 

travelling with about twice the speed of the secondary 

(s) wave which is ~ transverse wave. In addition to the 

density P and the t.g,me coefficients I. ; 1-1, these rnodels 

include a distribution of the earth's incompressibility 

(expressed through the bulk modulus); pressure and 

gravitational intensitv (Bullen; 1975). 

2.3. Simplifying Assumptions. 

The load tide has different features from the body 

tide. It is ~ore irregular than the body tide in respect 

of amplitude ~nd phase and this is generally due to the 

loc~l rheological char~cteristi~s of the lithosphere as 

well as to the features of the coastal waters. For points 

more th~n about 1° inland (from the coast) the response of 

the lithosphere does not depend on the fine geologic~l 

structure. For coastal ooints the local geology as well 

~s the local tide govern the response. So, a global ~odel 

is i nsuffic ien t for such points. Also, the response of 

the earth is not -purely el~stic and ~ dissipation of 

energy will occur. The earth's response to harmonic 

surface loads will lag behind the driving force and the 

lag will vary with distance frorn the load as well as with 

frequency (Farrell, 1972). 
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In this study, the following simplifying assumptions 

were made: 

a) The point at which one wants to determine the 

load effect mus.t .be .an inland point i.e. a point 

which lies at least too km from the coast. 

b) The response of the earth to loading is considered 

to be elastic. 

For the first of the simplifying assumptions a distance 

of about 50 km might be sufficient, depending on the 

thickness of the lithosphere. Other investigators assume 

that points can be considered as inland points when they 

are 300 km to 500 k:u from the coast ( Zscha.u, 1 976), or 

500 km to 1000 km (Beaumont and Lambert, 1972), or 100 km 

('Farrell, 1972). The differences among the different 

models, beyond about 100 km are only a few percent. 

2.4. Loading Potential on a Rigid Earth. 

'For the formulation of the load effects it is 

expedient to·use the potential of the load. Considering a 

spherical earth, the loading potential induced a.t a point 

A by an infinitesimal water mass dtn, ljl distant from A 

('Fig. 2.2) can be written as 
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L dm 
dwA = G p , (2.4) 

where G is the gravitational constant and P the chord 

distance between the point of interest A and the point of 

load P. Further, the infinitesimal mass dm can be 

written as 

dm = c;o dS , 
w 

(2.5) 

where ~ is the tidal height above mean sea level, ow is 

the density of sea water and dS the infinitesimal surface 

element. By substituting ( 2. 5) into (2.4) and 

integrating (2.4) all over the oceans, the total loading 

potential at the point of interest is obtained: 

w~ = Gow JJ 
oceans 

.5. dS • 
p (2.6) 

It is expedient to expand the inverse of the chord 

distance in Legendre polynomials. Using Carnot's formula 

(cosine law) for the triangle AOP, the inverse of the 

distance becomes 

1 1 -1/2 
- = - (2-2 cos ~) , 
p R 

(2.7) 

where ljl is the ~eccentric angle between the point of 

interest and the load and R is the radius of the earth~ 

The term in parentheses is the generating function of the 

Legendre polynomials from which they are uniquel.Y 

determined (Rectorys, 1969). So, equation (2.7) can be 
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written as 

... 
1 1 ~ - =- £JP (cos~) . 
P R n=O n 

(2.8) 

Substituting (2.8) into (2.6), the total loading-

potential in terms of Legendre polynomials becomes 
CD 

WL = Gaw JJ r; L P (cos ljl)dS • 
A R oceans n=O n (2.9) 

Equation (2.9) can be written further as 

w~ = JJ K(~) z;ds , (2.10) 
oceans 

where K(,) is a Green's function (integration kernel) 

given by 

Ga "" 
K(~) = Rw L P n (cos ~) . 

n=O 
(2.11) 

In the above formulation there is a singularity involved 

when ill+ 0. This happens when the distance between the 

point of interest and the load tends to zero and (2.6) is 

not determined. This singularity does not affect the 

evaluation of the load effects since all the points under 

consideration are at least 100 km from the coast. 

Nevertheless, this singularity is physically meanin~less 

and can be removed (Appendix C). 



CHAPTER III 

LOAD EFFECTS ON AN ELASTIC EARTH 

3.1. Radial Displacement. 

The development of the potential of the load on a 

ri~id earth can be combined with the load numbers to give 

an exuression for the r~di~l iispl~cement of the terrain 

on an el~stic e~rth. Recalling the first of .the equations 

(2.1) ~n1 (2.9) one obtains for the r~ii~l 1i~place~ent 

Go 
u 1 = _w J J l; f h 1 P (cos ljl) dS • 

t Rg oceans n=O n n 

The inte~r~tion kernel reads 

( 3. 1 ) 

U 1 Go "" 
K 1 = ~ L hI p (cos ljl) • ( 3 . 2 ) 

n n 
Rg n=O 

ul 
The inte~r"'.t.ion kernel !{ t i'1volv~s the evaluation of the 

infinite summation of the ~roduct of the first load 

number h • •t~i th the Le~endre polynomials. This task is 

im?OSsible to carry out practic"!.lly. Instead, the 

infinite summation in (3.2) w~s obtained bv the Green's 

functions tabulated by F~rrell (1972, Table A;). 

20 



21 

Farrell gives the following expression for the radial 

displ~cement (ibid; ~q~ 37): 

CD 

u'(tli) = !.__ ~ h'P (cos ljl), (3. 3) 
Me n=O n n 

where R is the radius of the earth and M its rnass. 
e 

Furthermore; F~rrell tabulates (ibid; Table A3) the 

following: 

(3.4) 

where u'(~) is ~iven by (3.3), R is the radius of the 

earth in metres and tjl is the ·.~eocentri~ 'lngular distance 

between the point of interest and the load in radians. By 

substitutin~ J( ~ from (~.3) in~o (1.4) one gets 

2 "" 
~'(q.t = R tP 1012 ~h'P (cos ljl). 

Me n=O n n 
(3.5) 

By solving ( 3 .·5) with respect to th~ infinite summa. tion 

one obtains 

"" M 12 u'(·'·) • L h'P (cos ljl) = __!:. 10- "' 
n=O n n R2 tP 

(3.6) 

E~uation (3.6) gives an expression for the infinite 

summation as a function of J(tP), which can be taken from 

Farrell's tabl~s for a certain angle "'· Combining (3.2) 

and (~.6) the inte~r~tion kernel beco~es 

u' 
L 

K 

-, 
GM o 12 u(ljl) 

e w -= --10 --· 
R)g ljl ( 3. 7) 
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The above kernel is plotted in Fig. 3.1. The values of 

u~~) ~re tabulated in a form of discrete values for the 

angle ~. An analyt ic~l express ion for U'(.,) for 

intermediate values of ., is necessary for the evaluation 

of the derived kernel in ( 3. 7). For this reason cubic 

spline interpolation was use~. 

3~2. Horizontal Displacement. 

The horiiontal (l~teral) displacement due to an 

infini tes irna.l loading mass in the direct ion of the load 

can be writt~n ~s 

.e.. ;n..iL 
( V I ) = __!!. ____!! • 

2. n g 31f! 
(3.8) 

Differentiating (2.~) with respect to .,, (3.8) yields 

Ga 
vi = _.::!.. 

2. Rg 
f1 .,., 3P (cos ljl) 

r; L 2. I n a dS • 
oceans n=O n If! 

(3.9) 

Followin-g the same "9rocedure as in Subsection 3.1, the 

infinite summation in (3.9) can be \fritten as (Farrell 

1972, Bq. 45 and ~able A~) 

(3.10) 

-where v' is tabulated in Farrell (1972). Combining (~.9) 

and (~.10) one obtains 

Ga 
v' =--...:::!.. 

9.. Rg 
JJ oceans 

M ~· (If!) e 
2 12 C::dS ' 

R 10 ljl 

(3.11) 
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.and the integration kernel becomes 

-Ga 
w 

=-Rg 
(3.12) 

Since ;'(til) is always ne~ative the minus si~n was used in 

(3.12) to indicate that ~displacement i~ positive in the 

direction of the lo::td. The above kernel is plotted in 

Fig. 3. 2. 

It is expedient to express the horizontal displacement 

in terms of north-south and east-west components. The 

azimuth of tlje line connectin-g the poi:1t of interest A 

and the point of load P was used in this study. If 

(~A; >.A) and (~P, >.P) are the coordinates of the points A 

and P respectively, the azimuth of the connecting line PA 

is ( Rectorys, 1969) 

sin ~P - cos w sin ~A 
cos APA = sin til cos $ ('3.13) 

C::tre is nee1ed when using the ~hove formul~. When >.P is 
0 

smaller than >.A, the ~zimuth is 360-\,A and when >.P is 

.greater than >.A the azimuth is APA. ~inallv, the north­

south a.nd east-west displacements are ~iven bv 

(3.14) 

v' = v' >. 
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3.3. Gravity Perturbation. 

The gravity perturbation due to load on a rigid earth 

is 

Differentiating (2.9) with respect to R yields 

ff 
oceans 

CD 

c~ 
n=O 

P (cos l/l)dS • 
n 

The integration kernel becomes 

L Go .,. 
K~g = - ___!!. L P (cos lj.t) • 

R2 n=O n 

(3.15) 

(3.16) 

(3.17) 

Using the load numbers (Subsection 2.2), the integration 

kernel for ~n elastic earth yields 

L Ga "" 
K~g = + w2 L {n+2h'-(n+l)k' }P (cos 1/1). 

R n=O n n n 
(3.19) 

where the term in brackets is referred to as gravimetric. 

factor and it is explained in Subsection 3.4. Again, in 

this expression the infinite summation of the load 

numbers and the Legendre polynomials appears. Farrell 

(1972) tSives the following expression for the gravity 

perturbation (ibid, Eq. 46): 

... 
l<llll =} l; {n+2h'-(n+l)k'}P (cos ljl) • 

e n=O n n n 
(3.19) 

He also tabulates (ibid, Table A3) the following: 

(3.20) 
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where ~ E(!l') is the "elastic" perturbation ::1.risin.g from 

the earth1 s elastic deformation and is given by (Farrell; 

E E" N 
g (!~') = g (ljl) - g (1/1) , (3.21) 

where gE"( II') is the total perturbation due to load given 

by (3.1q) and ~N(!I') is the perturbation due to the 

Newtonian attraction of the load only ~nd is given by 

gN(ljl) = _ g (3.22) 
4M sin (ljl/2) 

e 

From (3.21) and (3.22) one obtains 

l(ljl) = l{ljl) - (1.23) 
4M sin (1/1/2) 

e 

Substituting 15E(Ijl) from (3.20) ~nd gF(!jJ) from (3.19), 

into (?.23) yields 

~ . .,her~: 

-
L A = ! 10-18 .2J..tl - _g.__ __ _ 

Me R ljl 4M sin (ljl/2) 
e 

"" 
A= ~ {n+2h'-(n+l)k'}P (cos 1/J) • 

n=O n n n 

(3.24) 

(3.25} 

Solvin,cs (3.~4) tvith respect to A ~nd substituting into 

(3.19), one obtains: 

(3.26) 
L Go M 1 Kt\g = +_!I {...!:. 10-18 g (q1) _ } 

R2 Rg ljl 4 sin ( ip/2) 
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The gravity perturbation l<ernel given by (3.26) is a 

function of ' and g(') only and is plotted in Fig. 3.3. 

Again, g(') is obtained from Farrell's tables and ~ cubic 

spline interpolation was used for intermediate values of 

Ill • -2 -2 The units of the integration kernel are m sec . 

3.4. Complications with the Gravimetric Factor. 

The gravimetric factor 

6' = {n+2h'-k'(n+l)} 
n n n (3.27) 

was originally derived by Longman (1963) to apply to 

gravity measure:n~nts made ~t a point situated below the 

tidal loading sheet (ibid. Eq. 35). Since gravity 

measurements normally are taken at stations situated 

above the level of the tides, the question arises as to 

what formula one should use. Pekeris (1978) states that 

the gravimetric factor (3.27) is valid only at points 

right under the load i n.cs sheet (Fig. 3. 4) . For 

observations made abov~ the tid~l level, one must add an 

additional correction to the one determined using the 

gravimetric factor given by (3.27) which is ~Go~. This 
w 

additional correction has to do with the increase in 

gravity as one crosses the tidal sheet from below. As a 

result of this correction, the gravimetric factor changes 
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to 

& '= {ih'-(n+l) (l+k')}. 
n n n 

(3. 28) 

According to Pekeris (1978), the gravimetric factor 

( 3. 28) applies to gravity measurements made at statio.ns 

situated right above the level of the tides. Care is 

needed when one applies (3.28) at island stations if 

gravity is measured right at the coast. 

For gravity measurements made inland or at the bottom of 

the sea the correction 411'Gl r; must be put equal to zero ...., 

(Pekeris, 1978). Other investigators (e.g. Goad, 1980) 

use the gravimetric factor given by (3.28) for. points 

situated above the tidal sheet, which contradicts the 

theory. In this study, the gravimetric fact.or given by 

(3.27) was used since all the points are situated inland 

and are above the level of the tides. 

3-5· Loads of Degree 0 and 1. 

Loads of degree 0 and ( n=O, n= 1 in the harmonic, 

expansion) deserve special attention. The term n=O 

describes a uniform load on the surface of the earth .. 

Thus, if the adopted tidal model preserves water masses, 

this term disapears. Extensive computer experiments using 

Schwiderski' s model showed that the inclusion or 

exclusion of the term n=O has practically no effect on 
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the results. ~or gravity a maximum differ.ence of about 

0. t ~o~Gals in ·the amplitudes and 2 in the phases was 

found. The corresponding effect on displacements would 

be about 0.2 ·em. 

Load n=1 is more complica.ted. Longman ( 1963) states 

that the· load deformation coefficients are undetermined 

when n=1 since they depend on the displaceme11t of. the 

earth as a whole, and therefore concludes that _load .n=1 

should not be included in the calculations. Ca~hles 

( 1971 ) showed that load n=t does not move the centre of 

mass of the earth in respect of surface mass loads such 

as ocean loading. The concensus appears to be that load 

n=t should be included in the evaluation of the loading 

effects. 

Experiments using the present ~ravi ty . model showed 

that the effect of including or excluding the term n=1 

depends on the locality. For 90ints surrounded by o~eans 

of generally high tides whose antipodes are open ocean~~ 

the use of the term n=1 gives erratic results compared to 

those obtained by actual observations. Alice Springs. 

(Australia) is an example: resulting gravity, excluding 

load n=t is very close to the observed value (Chapter. V, 

Table 5.1). A further investigation is needed to consider 

some other points located, for example, in Australia and 

Hawaii. 



CHAPTER IV 

BODY TIDE AND P'OLAR MOTION 

4.1. Radial Displacement. 

The absolute radial displacement of the terrain .due to 

body tide for an elastic 3arth is given.by (Vani~e~ and 

Krakiwsky; 1982): 

u = h ( 4. 1 ) 
n n g 

where wT is the tidal potentir.tl, ~ is the ma~n i tude of 
n 

gravity and h the first Love number. ~he potential due 
. n 

to a celestial body of mass M at a point P on 
* 

the 

surface of the earth is (Fig. 4.1) 

(4.2) 

Expanding 1/r. in Le~endre series ;;.nd disregarding the 

terms of the order n=O and n=1 (they do not produce any 

tidal effect), one obtains for the tid~l potential 

T GM* ~ R n 
w = - L <-l P c cos :z:. • l . 

P* n=Z P* n 
(4.3) 

where R is the radius of the earth, p is the apparent .. 
33 
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distance of the celesti~l body from the earth and z. is 

its ~pparent zenith distance. Keeping only the term n=2~ 

which is the most predominant and using the mean 

distance; c., between the earth ~nd the celestial body, 

one obtains 

3 
p* 

and the radial displacement becomes 

2 
3 GM*R l 3 

u* = 4 --3- h2 (cos 2z* + 3> k* , 
qc* 

(4.4) 

(4.5) 

where k.=cJp •. Substituting the constant terms in (4.5) 

for the moon and t~e sun yields 

(4.6) 

The total radi~l displacement due to the moon and the sun 

yields: 

+ u e (4.7) 

From the euhemerides of the moon and the sun one obt~ins 

3 
0.83 < k, 

0.95 < k: 
< l. 26, } 

< l. OS. 

(4.8) 
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4.2. North~South Displacement. 

The horizont.al displace'llent due to body tide for a~ 

elastic earth in north-south direction is given by 

(Vani~ek; 1980) 

(4.9) 

•..rhere t 2 is Shida's number and~ is given by (4 .. 4>.. 

Further, cos(z) is given by 

cos z. = sin ~ · sin o * + cos ~ · cos o * cos H* , 

whereo. ~nd H. are the declination and the hour angle of 

the c~lestial body ras~ectivelv. Sines tha tarm in 

parentheses in (4.4) is a furiction of ~. one obtains 

GM R2 
* 3 a 2 1 

3 k* ~ (cos z. - 3> . 
gc* 

Carryin~ out the differentiation one obtains 
2 

3 GM*R 3 . 2 2 2 
v ~ = 2 -l2 --3- k* {sl.n 2~ (sin o * - c:os o * cos .H.> + 

gc* 

(4.11) 

(4.12) 

The above formula ~ives the north-south displacement due 

to the moon or the sun and it is reckoned positive 

northwards. 
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4.3. East-West Displacement. 

Simil~r to the north~south, the east-west displace~ent 

is ~iven by (Van1~ek; 1980) 

1.2 a w~ 
v,_ - g cos ~ a). (4.13) 

Differentiating ( 4. 4) with respect to >. , yields 

(4.14) 

The above formula gives the east-west d isnlacemen.t due t.o. 

the moon or the sun and is reckoned ~ositive eastwards. 

~ote here th~t in t.he VL1H software oa~~cage, t~e east-

west component is considered nositive we~twards (Mer~iam, 

1 g78) thus in the VLBI programma, ( 4. 14) is used with 

opposite sign. 

4.4. Ephemerides of the Moon and the Sun. 

The zenith distance of the moon at a point P with 

geographic latitude ~ is given by 

cos z, = sin ¢» • sin o, + cos ¢'·cos o,. cos H« 1 (4.15) 

where o<r is the declination of the moon and He its hour 

angle. For the sun one obtains 
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sin 60 • cos (41-w) 

cos z0 = _....__~-----, tan w ""---. 
sin w cos H0 " 

(4.16} 

All the angles in the above formulae mus-t be used with 

proper signs. They can be derived from the astronomical 

triangles (Explanatory Su-pplement to the Astronomical 

Ephemeris and Nautical Almanac, 1978). North latitude is 

considered positive. The declination of the sun is given 

approximately by (Melchior, 1966, p.35) 

oe ,; arcsin (0.406 sin a 0 + 0.008 sin Ja•). 

The right ascension ~~of the sun is given by 

where 

180° a 0 ~ x' - 0.043 • sin(2x') w (degrees) , 

180° x' ~ h + 0.034 · sin (h-p) --degrees) , 
w 

(4-.17) 

(4.18) 

(4.19) 

where h is the geometric mean longitude of the sun and p' 

its paralax. They are given in analytic form in the 

Explanatory Supplement to the ~stronomical Ephemeris and 

Nautical Almanac (ESAENA) (1978). The ratio k• is given 

by Melchior (1966, p.35): 

k0 ~ 1 + 0.017 cos (h-p') . (4.20) 

Ratio k4 is given in Melchior (1978, p. 23). 

The orbit of the moon is very complicated. For the 

derivation of an approximate formula for the ecliptic 
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latitude, 'Brown's theory (Improved Lunar Ephemeris 

1952-195~, 1954) was used in this study. 

The declination of the moon is given by the rigorous 

formula (ESAENA, 1978) 

Sin 5< = COS ~([ • Sin .SC[ • Sin £ + Sin aC[ ° COS £ 1 (4.21) 

where ~ is the ecliptic latitude, s« is the mean 

longitude of the moon, measured on the ecliptic f~om the 

mean equinox of date to the mean ascending node of t.he 

lunar orbit and then along the orbit and e: is the 

obliquity of the ecliptic. The arguments s( and e: can be 

computed using the formulae included in the ESAENA 

( 1 978) . 

The ecliptic latitude of the moon acr is subject to 

complicated perturbations. It is expressed in Tables I,5 

(Improved Lunar Ephemeris. 1952-1959, 1954) in the form 

(ibid. p.398): 

(4.22) 
+planetary perturbations, 

where C, S and N are trigonometric series and y v y 
1 • 12 • 3 

are constants. These constants are given as (ibid. 

p.398) 

y1 = 18519'.'7, Y = -6'::241, 
:2 y3 = 0'.'004. (4.23) 
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-3 C in (4.22) is of the order of 4x10 (ibid. p.j58), y, 
2 

y 3 and the planetary perturbations are very small too. 

Without any significant loss of accuracy, (4.22) can be 

written as 

S( = 18519~7 sin S + N. (4.24) 

The principal part of N is (ibid. p.411) 

N = -526~ s.in (2h-sii -N ( ) , (4.25) 

where h is the mean geometric longitude of the sun, mean 

equinox of date, given in the ESAENA (1973). 

In (4.24) the argument S is (I~proved Lunar Ephemeris 

1952-1959, 1954, p.402): 

S = s, - N, + periodic terms. (4.26) 

The most predominant part of the periodic terms in (4.26) 

is that of N and is given approximately by (ibid. p.407) 

(4.27) 

Combining (4.24, -25, -26, -27) one obtains 

S(' = 18519~7 sin (set - N11 + o S) - 526~ sin (2h - s, - N,). (4.28) 

Using equations (4.21) and (4.28) the declination of the 

moon is determined with 9.n accuracy of better than one 

minute of arc with respect to the values obtained in the 
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astronomical ephemerides which, in turn, gives an 

uncertainty in the determination of the radial 

displacement of the terrain less than 1 em. 

4.5. Hour Angles of the Moon and the Sun. 

The hour angle of the moon or the sun can be 

determined by 

(4.29) 

where ST is the mean sidereal time at 00 hours UT, >. is 

the geographic longitude of the site and Cl* is the right 

ascension of the moon or the sun. The sidereal time is 

given by (ESAENA, 1978) 

ST = 99!69098333 + 36000!76892·T + 3!86708333.10-4 T2 , (4.30) 

where T is in Julian centuries (of 36525 days) elapsed 

since 1st January 1900.0 at 12.00 hours of ~T. In (4.29) 

longitude A is considered positive·eastwards. 

The right ascension of the sun is given by (4.18) and 

for the moon by (Melchior, 1966, ~-)5): 

Equations (4.15) and (4.31) are used in the software to 

evaluate radial and horizontal displacements given by 

(4.6), (4.12) and (4.14). 
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4.6. Pblar Motion. 

In 1765 Euler had predicted that if the rotation axis 

of the earth tlicin' t coincide with the axis of maximum 

moment of inerti~; then the axis of rotation would move 

with respect to the earth with a period of 10 months. 

This QOlar motion was first observed in 1891 and in 1895 

the International Union of Geodesy (now International 

Association of Geodesy) established the International 

Latitude Service (now under the direct ion of the 

International Polar Motion Service; IPMS}, consisting of 

five observatories at the latitude of )~08' north; which 

have been recordin~ the pol~r ~otion until today. 

~he obs3rved polar path is fairly cor.n1Jlicated anti up 

to now there is not ~ cle~r explanation of it. The mean 

amplitude of polar motion is ;:;.bo11t 0".2 but the perioci is 

not 10 months as Euler had predicted~ Ghand ler, at the 

end of the 19th cent11ry found that there are two basic 

periods; one of 1 4 months and one of 1 2 months. The 

period of 14 months has the same ori~in ~s ~uler's but is 

lon.ger because of the deformabi li tv of the earth. The 

other one ( 12 months) see'lls to have its ori.~in in the 

seasonal changes in· the redistribution of the mass of the 

atmosphere. Also, there is a suspicion that the pole 

moves secularly in the direction of the meridian 75°West. 
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Two of the major sources of information on polar 

motion are the International Polar Motion Service (IPMS) 

and the Bureau International de 1' Heure (BIH). Also, 

data are available from ·the Doppler Polar Motion Service 

(DPMS). The BIH produces polar motion data from data of 

the IPMS and from data provided by a large number of 

independent observatories. The DPMS is a part of the 

U.S.A. Department of Defense (DoD) and has no official 

commitments outside the Department (Henriksen, 1977). 

In this study, information for polar motion was 

obtained from BIH Circular D smoothed values o.f pole 

position based on the "1979 BIH system". The Circular D 

publication of Biij is ~ublished monthly and contains 

smoothed and raw values of UT1-UTC, UT2-UTC and 

coord inat~s of the pole ( BIH Annual Report for 1979, 

1980). 

Simultaneous computations of UT1 and polar motion were 
. 

initiated by BIH in 1967, based on available data in 

1966-1967. The initial solution was affected by annual 

errors due to star catalogues, errors in the astronomical 

constants, refraction and instrumental effects (BIH 

Annual Report for 1979, 1980). In the BIH annual report 

for 1 978, recommendations were included for correct ions 

to UT1 and pole position from the annual errors. The 

correction for UT1 was based on EROLD (Earth ROtation by 
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.1_unar ~istances) results and the ~orrections for the 

coordinates of the pole were based on the results of 

Doppler observations of TRANSIT satellites. The 

corrected values of the polar path form the so called 

"1979 BIH system". The maximum systematic errors 

remaining in UT1 and polar coordinates in the "1979 BIH 

system" should be of the order of 0.01 seconds and 0".001 

respectively, for the period 1972-1979 (BIH Annual Report 

for 1 979, 1 980) . 

The computational procedure used in the software 

provided by the M.I.T. Department of Earth and Planetary 

Sciences, is the Lagrangian interpolation, using cubic 

polynomials. Each time the t;>ole posit ion is desired, ·the 

Lagrange's interpolation is used for four values of the 

pole position; two before and two after the desired time 

(R. B. Langley, personal communication). The time 

interval between the known values is five days, although 

a monthly separation could be used with less prec.ise 

results. The values of the pole coordinates x, y are 

known at four epochs t1 , t 2 , t 3 , t 4 . A cubic polynomial P 

has to be determined to satisfy the following conditiqns 

for the x coordinate: 

and for the y coordinate 
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These polynomials~ if they exist, are unique (Apostol~ 

1962) and they are determined by the formulae 

4 
p (t) 

X 
"' t x(tk) 

k=l 
Lk(t), 

4 
(4.34) 

p (t) 
y = t y(tk) 

k=-1 
~ (t) • 

Each of the above for'llulae is called Lqgrange 's 

interpolation formula. Lk(t) is determined by 

~(t) = (4-.35) 

where t is the desired time for the interpolation, which 

in the present model, 8atisfie8 the inequality 

(4.36) 

The above interpolation scheme wg,s used in GEOAIM to give 

values for the uole position. 



CHAPTER V 

COMPUTATIONAL RESULTS 

5.1. Gravity Perturbations due to Body Tide and Ocean 

Loading. 

The mathematical ~od~l for the body tide developed in 

this studv was tested fl.CSainst Merriam 1 s ~odel (Merr.iam, 

1978) and ~gainst ac~ual recordtngs of the gravity 

perturbat.il'>n ~t t~e Univl3rsi tv of Ne'" 'Bruns~;icl(, using 

the recording ~ravimeter LaCoste and qomberg G-28. ~he 

comparisons indicate1 that there are scall differences of 

the order of a few 1.1 Gals between Merriam 1 s and that 

developed in this studv. Both models gave quite similar 

results to the flctual gravity ~erturbations (Fig. 5.1). 

The ~athematical model for the load effects. was 

indirectly tested against existing determinations of the 

load effect on gravity, based on actual data, since 

gravi tv perturbations are the only ones which ca.n be 

determined with h i~h enough ~ccuracy. Observed gravity 

perturbations of the semidiurnal principal lunar tide 

(M 2) were used for co~parisons. 
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As it can be seen (Table 5.1), the ~2 amplitudes for 

inland points such as 4lice Springs and Potsdam are 

almost identical with the observed. There is still a very 

good agree~ent at the 0~5 ~Gal level for points situated 

about 100 km from the coast (Canberra; Brussels, 

Mizusawa). The predicted phases for these stations are 

also in good agreement with the observed phases.: .-This 

agreement appears to be better than that obtained by Goad 

( 1979) . 

Including all the stations listed in Table 5.1; the 

mean of the absolute ~ifferences of the amplitudes 

between the observed and those obtained in this study is 

0. 5) JJ Gal wi t:1 a root--rne::~.n-squ"l.re ( rms) scatter of 0. 56 

~Gal. !xcluding La Jolla, which is a. coastal point; the 

"'lean reduces to 0. )2 IJ G<il with an rrn~ scatter of 0.19 

~Gal. Goad (197q) obtained a mean difference of 0.43 ~Gal 

with an rms scatter of 0.36 IJ Gal both" includin,cs and 

excluding 1::~. Jolla. In other words, the comparison using 

La Jolla does not affect his results. For the phases, a 
0 

mean of the absolute differences of 3.5 with an rms 

scatter of 5° was obt::~.ined. in this study ( ::~.11 stations 

included). 
0 

Goad ( 1979) gave 11.8 for the mean with an 
0 

rms scatter of B.5. 



49 

Mz GR~VIMETRIC TIDAL LOADING 

OBSERVATION SITE 
OBSERVED 

LA JOLLA' 

PINON FLAT' 

ALl CE SPRINGS 5 

(ANBERRA5 

8RUSSELS 6 

WALFERDANGE 7 

PorsoAM 8 

MIZUSAWA9 

•Amplitudes in pGals 

1Greenwich phase lag in loeal time 

2Local phase lag 

amp: 

3.64 

1.42 

0.53 

3.57 

2.02 

1.81 

0.86 

1.82 

JPtlase lead with respect to the theoretical tide 

Sources of observed tide 

4Warburton et al. (1975) 

Table 5.1 

phase 

-81 
1 

-741 

-48 
2 

-41 
2 

3 
60 

553 

443 

J 
46 

THIS STUDY' GOAD 
amp. phase amp. 

1 
1.68 -84 3.35 

0.90 -75 1 1.74 

0.60 -46 2 0.02 

3.32 -582 2.35 

1.53 59 3 2.02 

1.31 543 1.90 I 

i 

43 3 
! 

0.88 1.30 
I 

2.21 44 3 2.23 

5 Melchior (1978) 

6 Melchior et al (1976) 

7 Tor9e and Wenzel {1977) 

8 Altmann et at. (1977) 

9Hoseyama (t977) 

(19791 

phase 

-961 

1 
-107 

41 2 

-562 

66 3 

593 

38 3 

563 



50 

5.2. Terrain Deformations and VLBI. 

It was in 1967 that the first successful measurements 

using very long baseline interferometry (VLBI) were made. 

Nowadays, it is possible using this technique, to measure 

transcontinental distances with a precision of a few 

centimetres. A . VLBI system consists of an array of at 

least two antennae that observe the same set of compact 

extragalactic radio sources (such as quasars) 

simultaneously. These radio sources are at a grate enough 

distance from the earth to allow the assumption of being 

at infinity with negligible proper motion. The radip 

source is weak and so large directional antennae of 

between 20 and 40 metres in diameter have in general been 

used for reception. Because the signal- is coming from 

sources essentially at infinity, it reaches the earth in 

the form of plane wave-fronts and it is this property 

that i~ used for the VLBI observations (Fig. 5.2). 

The basic observables in geodetic VLBI experiments are 

(i) the difference in times of arrival at two antennae of 

a signal from the source; and (ii) the rate of change of 

this time difference. The first one can be a phase-delay 

difference or a group-delay difference. The phase-delay 

difference is obtained through phase measurements which 

generally are very precise but ambiguous (because of the 

difficulty to resolve the "2~n" problem); and the group-
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quasar 

·~ .. 
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Fig. 5.2 

Earth deformation an . d VLBI geometry. 
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del~y ·which is less precise but unambiguous, determined 

by the rate of change of phase-delay with frequency. The 

rate of change of the phase delay is called fringe 

frequency and is due principally to the earth's rotation. 

It is nothing else but the classical differential Doppler 

shift of the frequency of the signal between the moviqg 

antennae (Cannon, 1978). 

The situation encountered in VLBI is actually far more 

complicated than simply observing phase-delays and fringe 

frequencies. There are a lot of geodynamic phenomena as 

well as small effects due to the observing systems, which 

affect the observations and knowledge of the~ is 

necessary to reduce the uncertainties of the 

determination of baselines to the centimetre level. 

Geodynamic effects include precession and nutation of the 

earth, crustal motions, body tides, ocean loading~ 

variations in the rate of rotation of the earth and polar. 

motion. In the second category, clock instabilities, 

source characteristics and propagation medium effects. 

dominate. Under the heading of geodynamic phenomena, 

only body tides, ocean loading and polar motion are 

considered in the present study. 

Due to the very long distances between the VLBI 

antennae, the effects of body tide and ocean loading are 

different at each site. Simultaneous observations of a. 
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r~dio source give ?hase-del~ys and fringe frequencies 

pertaining to the baseline A'B' ('Fi~. 5.2, page 51). In 

Fi~. 5.2 the three orthogonal vectors at each site 

indicate the deformation of the terrain due to both body 

tide and ocean loading expressed in a local coordinate 

system. The x-y plane is perpendicular to ~he local 

vertical at the site (x- is positive towards west and y­

is pas it i ve towards north) !'lnd z axis 9.long the local 

vertical ( positive outwards). In order to determine the 

unperturbed length of the baseline AB, the radial as well 

as the horizontal ~is~laceme~ts (north-south~ east-west) 

must be known. 

Th~ d ~forma. t ions 1 u-e to boriv tide 9.nd ocean load i n,g; 

are entered into tha VLBI programme in terms of three. 

cornponen ts 9.S described llhove, ex?ressed in loc~l 

coordinate system. This system is rotated so that it 

becomes parallel to the ~eocentric coordinate system in 

which the components of the VLBI baselines are expressed. 

-If ~SA is the vector for the displace~ent of the terrain 

at q_ station A.( cjl , A ) due to body tide and ocean loq,ding 
A A 

expressed in the geocentric coordinate system, one can 

write 

~X 
A -~s = t:.'f = A A 

t:.zA 

sin 'A· COS AA: -sin AAlcos '·cos A 
I I A A 

---------,-------~----------· 
sin cj~A· sin A 1 cos A 1 cos cjl·sin A 

A1 A1 A A ----------,-----T---------
-COS cjiA : 0 sin 'A 

A v 
N-S 

A 
v 

E-W 
A 

u 

( 5. 1 ) 
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A A 
where vN-s, vE~w are the horizontal !lis-placements of th~ 

terrain due to body tide and oceqn loadin~ in north-south 

and east~west directions respectivel:v and u A is the 

rll.d i al tiisplacement. All three displacements qre 

expressed in a local left-handed coordinate s:vstem 

(Subsection 4.3) and can be obtained b:v 

A 
v N-S ,. v 41 + v ~ ' 

A 
u "' u + u' 

0 (.1 

(5.2) 

where u 0 , v• and v1 ~regiven by (4.7), (4.12) and (4.14} 

res~ectively. The displacements ui,vi ll.nd v~ due to load 

can be wri~ten a~ a su~eroosition of six har~onic ter~s 

as follows: 
6 

u' '"' I: .t 
i=l 

6 
v' = I: • i=l 

6 
v' = I: 1 

i=l 

Subscript i 

~ ~ cos ( w. t + v. - 0 ~) 
l. l. l. l. • 

~! cos(w.t + v. - 0 f>' (5.'3) 
l. l. l. 

f;~ I. cos(w.t + v. - 0 i)' l. l. l. 

in the above formulae denotes the 

constituent, superscripts .t , 41 , 1 denote radial, .north­

south and east-west dis-placements respectively, ~ and 6 

are the amplitude and the Greenwich phase lag of the 

deformation obt:;tined b:v the soft~fare developed in this 

study (Appendix G); w1 and Vi are the frequency and the 
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astronomical argument of the constituents. respectively 

and t the universal time (UT). In order to derive an 

analytical expression for the effect of load on the 

baseline length it is expedient to express radial; north-

south and east-west displacements in the direction of the 

baseline. For simplicity, only one of the loading 

constituents is considered for the derivation of th~ 

analytic expression. For the rest of the constituents the 

same formulae can be used by changing only the frequency. 

Consider a 3-D Cartesian coordinate system parallel to 

the geocentric system with origin at one end of the 

baseline (Fig. 5.3). Let X, Y and Z be the components of 

the baseline, ~ the direction angle of the projection of 

the baseline onto the X-Y plane with rest;>ect to X axis 

and ~the direction angle of the baseline with respect·to 

Z axis. Let o XA , oY A and 5 ~ be the variations of the 

coordinates of point A of the baseline due to load and 

oS , oS , oS the projections of the above variations on 
X y Z 

the baseline. From Fig. 5.3 one can write 

os 
0 XA 

= 
X sin 6 . cos a 

oS 
oyA 

= . , 
y sin a sin 6 

(5.4) 

os 
0 ZA 

= z cos B 

where 
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I' 
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, 
I 

I 

I 

. , 
I 

' ' 

Fig. 5.3. load effect on baseline length. Coordinate system 

parallel to geocentric system. 
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tan ex = 
y 

X 

From (5.1) one ~ets 

ox - sin q,A cos A V1 

A A ¢1 

oy = sin q,A sin A V1 

A A q, 

o z = -cos q, v 1 + A A$ 
sin 

Setting 

a = sin q,A cos 

b = -sin AA' 

c = cos cpA cos 

d sin cpA sin 

e = cos >..A' 

f = cos cpA sin 

k -cos ~A 1 

p = sin cpA ' 
one obtains from (C). 6) 
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(5.5) 

- sin A V1 + cos .PA·cos AA 
I 

A A u! ' 

+ cos AAV~ + cos ¢lA sin AA u~' (5.6) 

cpA u;_. 

AA , 

AA, 

,\A' 
( 5. 7) 

AA, 
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6 x = a v' + bv' + cu; , 
A ~ A .. 

(lyA = dv~ + evi + ful_, ( 5.8) 

6 z ,.. kv' + put' • 
A 4> 

~quations (5.8) describe harmonic motions along x; y and 

Z axes. Considering only one constituent of the loa.d 

effect, (5.3) can be written a.s 

1 2. 
u~ = E; cos (wt + V - 6 ) , 

v~ = c; 41 cos (wt + V - 6 ~), (5.9) 

A A 
vi = E; cos (wt + V - 6 ) • 

Combinin~ (5.8) and (?.9) one obtai~s 

~ A 1 6 xA = a 1 cos (wt+V-6 ) + b' cos (wt+V-o ) + c 1 cos (wt+V-6 ) 7 

~ A 1. o y A = d 1 cos (wt+V-6 ) + e' cos (wt+V-6 ) + f' cos (wt+V-6 ) , 
(5.10) 

6 zA = k 1 cos (wt+V-6 q,) + p' cos (wt+V-6.1.) , 

\"here 

a' af,;4> el A = = ef; , 
1 

bl = bE;\ f1 = ff,;R. 
' (5.11) 

c' 
2. 

k' kf,;~ = cf,; ' = , 

d' dE,;~ p' A = = pf,; • 
' 
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The first of the equations (5.10) can be written as 

.2. 6 x • 6 x 1 + c' cos (wt+V-6 ) , (5.12) 

where 

6 x1 •. a' cos (wt+V-6 41) + b' co.s (wt+.V-6 A) , (5.13) 

Equation (5.13) ex~resses a su~er~osition of two harmoniq 

motions with the same frequency and direct ion but with 

different phase. The result is a harmonic motion of the 

same frequency but with different amplitude and phase and 

can be written as 

(5.14) 

where 

2 2 tp A 1/2 
a" = {(a') +(b') + 2a'b'cos (6 -6 ) } (5.15) 

and 
a' sin 6 tp +b' sin o A 

tan e1 = tp >. 
a' cos o +b ' cos 6 

(5.16) 

Substituting (5.14) into (5.12) and following the same 

procedure one obtains 

ox = A cos (wt+V-6 ) 
X X 

(5.17) 

where 

(5.18) 
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a"sin 9 +cl . ., i 
1 s1.n u 

tan 9 = ___ .;;;._ __ --:-.-. • 
X a"cos 8 +C 1 COS 0 .. .. 1 

(5.19) 

Equation (5.17) gives the effect of loading along the X 

axis corresponding to one component. Combining the first 

of the equations (5.4) with (5.17) one obtains f.or the 

effect of load along the baseline due to the X compone.nt 

of load: 

A cos (wt+V-9 ) 
OS ::II X X • 

x sin 8 cos a 

Similarly, one obtains for ~S 

6 s = y 

y 

A cos (wt+V-9 ) 
y y 

sin a sin 8 

(5.20) 

(5.21) 

A.Y and9Y can be obtained from (5.15), (5.18) and (5.19) 

by changing a', b', c' with d', e', f' respectively. For 

o sz one obtains 

where 

os = z 

tan 9 
z 

A cos (wt+V-9 ) 
z z 
cos B 

= k 1 sin o cj> +p 1 sin o i 
k 1 COS 0 cj> +pI COS 0 1 

(5.22) 

(5.23) 

(5.24) 

The total load effect at one station, along the baseline 

is given by the super~osition of (5.20), (5.21) and 

(5.22): 
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6 S = .A cos (wt+V-8) , (5.25) 

where 

A (5.26) 

A' sin 8 +A' sin 8 
tan 8 

xy xy z z (5.27) 
A' cos 8 +A' cos 8z 

xy xy z 

and 

I 2 2 (8 -8 >}1/2 A' {A +A' +2A'A' cos 
xy X y X y X y 

(5.28) 
A' sin 8 +A' sin 8 

8 
X X y y 

tan 
xy A' cos 6 +A' cos 8 

X X y y 

where 

A 
A' = X 

X sin 6 COS a 1 

A 
A I = -~"----

y sin a sin e , (5.29) 

Using equation (5.25) for both ends of the baseline one 

obtains 

(5.30) 
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Combining equations (5.30) yields 

(5.31) 

where 

2 2 ca -a > > 112 AAB = {AA+~+2AA~ cos A B 

AA sin a A+~ sin as 
tan a = 

AB 
a A+~ as AA cos cos 

(5.32) 

Equations (5.31) and (5.32) give the effect of load on 

the baseline length due to one constituent. Similar 

equations hold for the rest of the constituents. As . an 

example of the effect of load on baseline length, 

baseline Chilbol ton-Owens Valley Radio Observator.y was 

selected (Subsection 5. 3, Table 5.2). For this 

particular baseline, the effect of loading on its length 

can reach 2.33 em (M 2:1.19, S 2 :0.23, K1 :0.30, 

~ :0.25, P1 :0.11) due to radial displacement, 

( M 2 : 0. 22, S2 :0.08, K 1 : 0. 06, 01 : 0. 02, N 2 :0. 03, 

due to north-south displacement and 0. 78 em 

01 : o. 25, 

O. 43 em 

p1 :0.02) 

(M :0.36, 
2 

S 2:0.10, l) :0.11, 01 :0.11, N2 :0.07, P 1 :0.03) due to east­

west displacement. 

The uncertainty in polar motion affects only the 

direction of the baseline, which is usually expressed by 

declination and longitude. This is because polar motion 

affects only the orientation of the orthogonal coordinate 

system. 
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0.26 : f.n 
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0.16 : o:21 

I 

0.09 : 151.33 

I 
I o 

0.10 I 11.57 
I 

I • I : . 0.02 1223.26 0.03 1333.31 
I 

I 

I 

0.04 i 13f.69l 0.14 l2eo"A6 
I 

0.02 ::l06'.871 0.04 9a.ssn o.aa 
I 

42'.241 o o l 8:33 
I 

I 

0.01 : 6'.621 0.02 
I 

64'.52H 0.52 26'.071 0.07 : 357~54 
I 

I 

I • I . . 0.01 1160.23 0.05 :326.06 
I I 

I • I I • 
0.01 :304.88 0.01 I 94.78 

I I 

0.13 i :346".20 
I 

I 

0.31 : .. 1.82 
I 

I • 
0.00 1256.94 

I 

I 

0.04: 5~46 

I _I I I I 
0.04 I 118~<1llij 0.40 : 34!f.94 0.02 I 11~50 

I I : 

I 
I o 

0.241 61.~ 
I 

I I I I ' I 0.51 I 194.36 0.06 123!(.84 
I 

I • 
0.19: 0.51 

I o 
0.19 1190.22 

I 
I 

I 

0.14 : 5d76 
I 

I I i I . I o.53 1 100.62 o.oo 114t.e9 o.1a ~59:10 
I I 1 

I 
0.36 :269'.38 

I 

I 

0.12 ~.52 
I 

I 
0.03 :35!f.:M 0.02! 7S:12 

I 

o.oa: s2:12l 0.11 l19~.7"' 
1 I 

0.02 i233:8o 
I 

I 

0.07 :195".58 
I 

1 Positive upwards 
2 Positive northwards 
3 Positive westwards 

Table 5.2 

Amplitudes(in centimetres) 
and Greenwich Phases 

Cl' 
w 
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The coordinates of the pole are entered into the VLBI 

programme in terms of x and y, in milliarcseconds. Then 

the Wobble matrix, which ia used in the programme, reads 

(Langley~ 1 979) : 

w = 

l 0 -x 

0 l y 

X -y l 

(5.33) 

In the wobble matrix, x and y are in radians and they are 

determined by equations (4. 34). The wobble matrix 

transforms coordinates expressed in the earth-fixed 

coordinate system to coordinates in ~ system defined by 

the instantaneous pole of rotation and the Greenwich mean 

astronomic meridian (GM~M). 

5.3. The Canadian VLBI Array.* 

The Canadian VLBI array consists cf three stations: 

Algonquin Radio Observatory (ARO), La~e Traverse, 

Ont~rio; Owens Valley Radio Observatory (OVRO),. Big Pine, 

*The name "Canadian VLBI Array" is used in this study only. 
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90 

270 

Fig. 5.4 

An equatorial projection of the Canadian VLBI array (langley, 1979 ). 
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California; !'lnd Chilbolton Observatory (CHIL), 

Chilbolton, ~ngland (Fig. 5.4). This system was used. in 

seven observing sessions between February 1975 and 

~anuary 1978 (Langley, 1979). The observations were mad~ 

at frequencies near 10 GHz. Two of the observing sessions 

yielded good quality data (fringe frequency and delay) 

and have been analysed in the p~st. The observing 

session in May 1977 was used to test the body tide, ocean 

loading and polar motion models developed in this study. 

Unfortunately very little can be concluded because of the 

noisy data and the resulting large standard errors of the 

baseline lengths which vary from 43 em (CBIL-ARO) to 80 

em (OVRO-ARO). 

Applying only the body tide model developed in this 

study, there is a considerable difference ir. the 

components of the baselines with those obtained by 

Merriam's model (Langley, 1979), ranging from -47 em to 

+14 em (Figures 5.5, -6, -7) and for the baseline len~ths 

from +4 em (OVRO-ARO) to +11 em (CHIJ1-0VRO) (Fig. 5.8). 

The rms scatter of the delay-rate residuals decreases by 
-5 

9.2x10 picoseconds/sec and of the group-delay residuals 

increases by 3 picoseconds ( 1 em). There is an 

improvement in the distribution of the standardized delay 

rate residuals when one applies the present body tide 

model. The x2 test on the standardized delay rate 

residuals passes while previously it failed. The 
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'VARlA TION OF X- COMPONENT 

·A CHIL-OVRO 
'9-··· 
. [ · ·o OVRO-ARO 

[ 1 em 
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· • CHIL-ARO 

(). ,·; 

--0 ...... . ....... 
A B c 0 

Fig. 5.5. Canadian VLBI Array. 

A-- No Tidal Correction applied. 

B-- Body Tide Correction applied (previous model). 

C-- Body Tide Correction applied (present study). 

0-- Body Tide and Ocean loading Corrections applied. 
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VARIATION OF Y- COMPONENT 
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Fig. 5.6. Canadian VLBI Array. 

A-- No Tidal Correction applied. 

B-- Body Tide Correction applied (previous model). 

C-- Body Tide Correction applied (present study). 

0-- Body Tide and Ocean Loading Corrections applied. 
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VARIATION OF l-: COMPONENT 
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Fig. 5. 7. Canadian VlBI Array. 

A--No Tidal Correction applied. 

B-- Body Tide Correction applied (previous model). 

C-- Body Tide Correction applied (present study). 

0-- Body Tide and Ocean loading Corrections applied. 
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BASELINE LENGTH VARIATION 
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Fig. 5.8. Canadian VLBI Array. 

A--No Tidal Correction applied. 

B-- Body Tide Correction applied (previous model). 

C-- Body Tide Correction applied (present study). 

0-- Body Tide and Ocean loading Corrections applied. 
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distribution of the group delay residuals remains almost 

unchanged. 

Applying load corrections, no significant change 

appears in the results. A change in the baseline 

components, ranging from -8.3 mm to +9 mm and in the 

baseline lengths from 0.0 mm to -2.5 mm was found. The 

standard errors for the components as well as for the 

baseline lengths improved sli~htly, although the 

improvement is less than 1 em. 

Polar motion affects only the orientation of the 

baselines and a maximum difference of 0".010 was found 

in the declination, from the previous version, which used 

a constant value for the pole position for- the whole 

observation period. 

The computational efficiency of the Canadian V.LBI 

programme (Appendix G) increases significantly. The 

simplicity of the body tide model developed in this 

study, increases the computational efficiency by 25~ with 

respect to the previous version. 8outine TIDEUP (.Fi.g. 

G.2, Appendix G) evaluates the deformation of the 

lithosphere in terms of radial, north-south and east-west 

components due to body tide and ocean loading. Entry DISP 

evaluates the body tide deformation. Routine LOAD 

evaluates the load effect, which is stored in terms of 

a111pli tudes and phases. The coordinates of the pole are 
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evaluated from r·outine WOBRED. The total computer time 

for the modified GEOA.INI is now used as follows; 83.0~ 

least squares adjustments and other corrections (e.g. 

precession and nutation); 1 -4~ body tide correction.s·; 

1.4~ ocean loading corrections; and 14.2~ polar motion 

corrections. 

The total time (CPU) for the VLBI programme is now 

35.27 seconds fer the 180 observations. For the previous 

version it was 39.5 seconds including only body tide 

corrections. 

Results of the effect of the ocean loadin~ using 

(3.12) and (3.13) on the three stations of the Canadian 

VLBI array are presented in ~able S.2 (p. 63). Also, co­

range and co-tidal charts for the radial displa.cements 

for North America are presented in Figures A.1 to A.12 

(Appendix A). Co-range maps for north-south and east­

west displacements were also produced for North America 

(Figures A.1) to A.24). 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

~he objectives of the work undertaken for this thesis 

were to develop a mathematical model for the evaluation 

of the deformation of the terrain due to body tide and 

ocean loading; to derive an R.p:proximation procedure for, 

polar mot ion; and to upd.at8 the Canad i q,n VLBI sofhrare 

package (GEOAIM) to account for the above effects. 

Green's functions \fere derived for radial and 

horizontal 1isplacements due to load as well as for 

gravity perturbations and tilt. These functions were 

based on the Green's functions published by Farrell 

(1972) for the Gutenberg-Bullen 4 earth model. They were 

derived under the assumptions that the points of interest 

;3,re .::tt least 100 km from th'9 coast and that the earth 

r8soonds elastically under tidal frequencies. 

~o test the derived Green's functions; gravi tv 

perturbations were determined for eight stations from 

Jifferent points of the earth. At these stations, gravity 

perturbations due to ocean loading have been determined 

in the p~st with high accuracy, from actual observations. 

73 
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The comparisons show very good agreement. A mean 

absolute difference between the observed and predicted 

effects for inland locations of 0. 32 J.!Gal with l:in rms 

scatter of 0.19 JJGal was obtained. 

The Green's functions tabulated by Farrell {1972) were 

interpolated for intermediate values of 1/J; usin~ cubic 

splines. There is some room here for improvements in 

this procedure. An approximatin~ function for the 

Green's functions computed by Farrell or even better for 

the Green's functions derived here (which seem to be 

smoother) would be ~o~~utationally more efficient. 

The body tide model develooed here gives results (in 

three dimensions) with an accurBcy of 1 em. Its algorithm 

is simpler than that of Merriam's (1978) and cqnsequently 

more efficient~ since it reduces the computer ~recessing 

time of GEOAIM by 25% with respect to the previous 

version. 

Polar mot ion was determined using ria ta based on the 

"1979 BIH system" and La.grangi'ln interpolation of four 

values separated by five days centered at the time of 

observation. The software for the interpolation was 

developed in the M.I.T. Department of Earth and Planetary 

Sciences and has been modified by the author to fit the 

Canadian VLBI programme. The data for the pole position 

are stored on tape. A transfer of these data on disk in a 
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form of a direct access file would improve the 

computational efficiency. 

The use of the above models with the Canadian VLBI 

data didn't show any significant change in the results, 

due to the large standard errors. Another set(s) of good 

quality data could be used such as, Mk III with a 

repeatability in the determination of the baseline 

lengths of a few centimetres. 

Ocean tide loading is a rather complicated phenomenon 

and it has been studied by sever~l investigators. qere; 

in this study, only a simple view of ~he mechanism of the 

phenomenon was given, allowing some simplifying 

assumptions to be macl ~. ~he ef:.? ~c t beco'!les ev~n r.10re 

complicated if one considers· points near the coast. The 

thickness of the li thr)sphere, lac ~1 ge')logy as well as 

uncertainties in the ocean tide models near the coast 

start playin~ an im~ortant role. Further investigations 

are needed for the evaluation of the load effect in 

coastal regions. 

With improvements in the VLBI dat-'1 <tquisi tion system 

and in the modellin~ of the load effects a lot can be 

concluded about the internal constitution of the earth 

and its response to load. 
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APPENDIX A 

CO~RANGE AND CO~TIDAL CHARTS 
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fig. A.l. M2 load. Radial displacement tn mm. 
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Fig. A.2. M2 load. Radial displacement Greenwich phases (degrees). 
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Fig. A.l S2 load. Radial displacement tn mm. 
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Fig. A.4. S2 load. Radial displacement Greenwich phases {degrees). 
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Fig. A.S. K 1 load. Radial displacement m m m. 
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NORTH AMERICA 

Fig. A.G. K, load. Radial displacement Greenwich phases (degrees). 
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0, load. Radial displacement 10 rnrn. 
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Fig. A.8. 0, load. Radial displacement Greenwich phases (degrees}. 
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Fig. A.9. N2 load. Radial displacement 1n mm. 
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Fig. A.lO. N2 load. Radial displacement Greenwich phases (degrees}. 
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Fig. A.12. P, load. Radial displacement Greenwich phases (degrees). 
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Fig. A.B. M2 load. H-S displacement 1n m m. 
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Fig. A.l4. S2 load. N-S displacement tn mm. 
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Fig. A.lS. K1 load. N-S displacement 1n mm. 
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Fig. A.16. 0, load. N-S displacement 1n mm. 
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Fig. A.l8. P, load. N-S displacement 1n mm. 
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fig. A.l9. M2 load. E-W displacement 1n mm. 



Fig. A.20. S2 
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Fig. A.21. K, load. £-W displacement m mm. 
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Fig. A.22. 01 load. E-W displacement 1n m m. 
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Fig. A.23. N2 load. E·W displacement rn mm. 



100 

fig. A14. P, load. E-W displacement 1n m m. 



APPENDIX B 

RELATIVE TILT OF THE TERRAIN AND OTHER EFFECTS DUE TO 

OCEAN TIDE LOADING 

B.1. Relative Tilt of the Terrain. 

The relative tilt of the terrain (observed by 

terrestrial means) is 

() WL 
R -1 n a = ( l+k I -hI ) CJ --
n n n a"' 

Combining (B.1) and (~.q) yields 

R Go w 00 a P ( cos Ill) 
a = 7ag JJ c,; L (l+kl-hl > n a Ill ds. 

oceans n=O n n 

Farrell (1972) gives for tilt (ibid. Bq. 47): 

00 a p (cos IIi) 
t (IIi) = - L L Cl+k 1 -h 1 > n 

M n=O n n a ljl 
e . 

He also tabulates (ibid. Table A3) the following: 

E 
\vhere t ('i') is the "elastic" tilt a.nd is ~iven by 

Here, tN(~) is the Newtonian tilt ~iven bv 

cos (1!1/2) 

4M sin2 (1!1/2) 
e 

( B .1 ) 

(B.2) 

(13.3) 

(B.6) 

Following the same procedure ~s in the derivation of the 
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gravity kernel'one obtains for tilt 

(B.7) 

where t( ljl) corresponds to Farr,!3ll' s tabulated values~ 

.JlR 
~ is plotted in Fig. B.1. The above formula refers to 

tilt in the direction of the load. Similar to the 

horizontal displacement, ( 3. 1 3) must be used to express 

tilt in north-south and east-west components. Ti 1 t is 

considered positive towards load. 

B.2. Other Effects. 

There are also some other effects of interest arising 

from the load phenomena. Only a list (Van1~ek, 1978) is 

given here for completeness, since they do not affect 

significantly VLBI observations. 

a. Vertical movement of the equi~otential surface 

with respect to the ~eocentre (variation in the geoid) 

00 

G 
u = :E <l+k' l 

n=O n 

WL 
n 
g 

(B.8) 

b. Relative movement of the terrain with respect to 

the equipotential surface (this is observable by 

terrestrial means) 
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(B. g) 

c. Tilt of the terrain in the direction of l/1 with 

respect to its undisturbed position 

oo aWL 
60= L h g-l __ n __ 

n=O n ~ 
(B.10) 

d. Tilt of the equi~otential surface with respect to 

its undisturbed position (v~ria.tion in the deflection of 

the vertical) 

(B.11) 



APPENDIX C 

EVALUATION OF,LOAD RESPONSE DIRECTLY BENEATH THE .LOAD 

It has been mentioned in Subsection 2.4; the potential 

of the load is undefined when the distance between the 

point of interest and the load becomes zero. This ha~pens 

when one is interested in evaluating the load effects at 

the bottom of the sea. This singularity must be treated 

as a special case. 

To evaluate the depression of the bottom of the sea 

due to tidal waters; in close vicinity to the point of 

interest (e. g. circular area '"i th radius approximately 

0°.5), on~~ '!lore the response of the earth to nearly 

diurnal and semidiurnal frequencies is considered to be 

elastic. Furthermore, the medium above some starting .. 

depth z 0 is considered as a uniform half-space. A uniform 

half-space (elastic, isotropic and homogeneous half-

space) can be regarded as a body of revolution . whose 

envelope and lower surface (defined by ~ ) are not loaded 
0 

and tend towards infinity; the upper surface is loaded in 

the axis of the body by a concentrated load (Fig. C.1). 

In other wor~s, the deformations coming from the load are 

present only in the half-space, whereas outside of it 

they are negligible. The depth z0 of the lower surface of 

the uniform half-space depends on the rheology of the 

medium and the wavelength of the deformation (Farrell; 

105 
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UNIFORM HALF-SPACE 
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~------------------~------------+-----~--~ r 

8 R z 

z 

Fig. C.l 
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1972). 

For the determination of strains and stresses in a 

uniform half-space; the following conditions must .be 

satisfied (Suklje; 1969): 

a) At infinity ( r -+ «>) stresses vanish and strains are 

zero. 

b) The shear stresses are zero over ~11 the boundary 

surface (z=O) of the half-space. 

c) The normal stresses ~t this surf~ce are zero also~ 

except at the point of the ~pplication of the load. 

d) ~he resultant of stresses actin~ at the surface of 

an arbitrary complete segment of the half-space (e.g. at 

the surface of the hemisphere) h~3 the iirection of the z 

axis and is in equilibrium with the force P. 

If 'R is the radius of the hemisph-9re and 6 is the 

radial distance of the complete segment from z axis, the 

following solution for the radial jis~lacement holds 

(Suklje, 1969) 

u = _£_! {2(1-v) + cos26} , 
4TTR r 

where r is the shear modulus ~iven by (Nadeau; 1964) 

(c. 1 ) 

(C.2) 
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E and v are the Young modulus an'd Poisson 1 s ratio 

respec-tively. The Young modulus E is defined as the 

ratio of a normal force p~r unit area applied to a body; 

to its relative longitudinal extension (Nadeau; 1964). 

Poisson 1 s ra,tio is defined as the negative ratio of a 

relative lateral contraction to the relative longitudinal 

extension. 

In order to obtain the radial displacement u0 of an 

arbitrary point P on the axis of a circular loaded area 

one has (Fig. C.2) 

dA = rdcpdr . (C.3) 

The elementary concentrated loa~ is 

P=q·dA, (C.4) 

or 

P = q· rdcpdr, (C.5) 

where q is the load per unit ~rea. qsing (C.1) and (C.5) 

one obtains 

du = qrd<jldr..!:, {2(1-v)+ cos 26} • 
41TR r 

Integration of (C.6) with respect to ¢and r yields 

u = ~ ~ {2(1-v)-(1-2v) cos a-cos2a} , 
o E sJ.n a 

(C.6) 

(C.7) 

where a is the radius of the loaded area. In the case of 
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the ocean loading, since the water is incompressible, a 

is transfered at the bottom of the sea unchan~ed and thus 

radial displacement is obtained by (C.7); setting a=90: 

(C.8) 

where the minus sign denotes depression. Equation (C.8) 

can be used to evaluate the load depression coming from 

an area of radius less than o: 5 and centered over the 

point of interest. 



APPENDIX D 

DATA SETS 

D.1. Ocean Tide Data Set. 

The ocean tide data set maintained at U.N.B. contains 

data for the six leading tidal constituents (M 2; ~-; K 1; 

i ) 0 v N 2, P 1), in the form of amplitudes ~m,n (in metres 

and Greenwich phases 5 !,n (in degrees, d-36cf) 
0 0 

on a 1 x1 

spherical grid system. This data was obtained from the 

NSWC GOTD-1978 tape. The entire data set ( ~i , oi ) is m,n m,n 

arranged by tables on dislc ( SE0002) in the following 

form: 

i 
~m,n 

nth file 

There are 168 such files corresponding to the same 

constituent i. The number of file corresponds to the co-

latitude number n, which takes values from 1 to 168. Each 

of the above tables consists of 360 values corresponding 
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to the longitude number m. 

6 ~~n) are representatives 

The t~dal constants ((i ; 
m1 n 

0 0 

of the 1x1 square with 

geographical centre point (Am, an ) (Schwiderski and 

Szeto; 1981); where 

A = (m-0!5) = East lonn1.'tude (m = 1 2 3 360°) m ., I I I •••1 I 

a = (n-0!5) = Co-latitude 
n (n = 1, 2, 3, ... , 168°) • 

For the rest of the constituents; the file number is 

determined by 

number of file= n + (i-1)·168° , 

where i is the constituent (i=1,2,3~4~5~1J~ and i=1 for 

M2 ). On land all tidal constants have been set to 

i 
(m,n 9.9999, 

D.2. Polar Motion Data Set. 

999.9 

Polar motion data in "1 979 BIH system" are stored on 

tape PEP583 (1600 bpi, SL), slot 3115 (U.N.B. Computing 

Centre), file 108 under the name 

PEPRLL.191.\YOBBIH79.DATA.B1. The file contains data for 

the time period January 1969-April 1981. 



APPENDIX E 

OCEAN TIDE 

The instantaneous partial ocean tide is determined by 

(Schwiderski, 1978) 

r,;. = E;. cos (w.t+V.-6 .) , 
l. l. l. . l. l. 

(E. 1 ) 

where the subscript i denotes the constituent, E;i' oi are 

the amplitude and the Greenwich phase of the i-th 

constituent respectively, w. is the frequency, t is the 
l. 

Universal Time (UT) of day and v1 the astronomical 

argument of the i-th constituent at 00 hours UT. The 

mean astronomical argument is given by Schwiderski (1979~ 

1981a-1981f) in terms of the mean orbital elements of the 

moon and the sun. Also, there are tables prepared by the 

German Hydrographic Institute, which give the 

astronomical argument for each individual constituent at 

the beginning of each year, at 00 hours UT for the years 

1900 to 2000, incorporating automatically the nodal 

correction (Godin, 1980). Using these values, t must be 

the UT elapsed since the beginning of the year. 
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APPENDIX .F 

PHASE LAGS 

Throughout this study; different tlefini tions for the 

phases of the lo~d effects were used. Since the ph~se 

varies with the time origin chosen for the analysis; it 

is always a source of confusion. It is expedient to give 

here the different definitions for the phase. 

F.1. Greenwich Phase Lag. 

The load effect as any other tidal phenomenon can b.e 

written as a superposition of n harmonic terms; e.g. the 

radial dis9lacement can be written as 

n 
u'(t) = L {a. cos (w.t+V.)+b. sin (w.t+V.l}, 

.1'. i=l l. l. l. l. l. l. 
(F. 1 ) 

or equivalently 

n 
u' (t) = L A. cos (w.t+Vi(t) -6 .) 

.1'. i=l l. l. 0 l. 
(F.2) 

where w. is the frequency of the constituent i, t is UT, 
l. 

Vi(tJ is the astronomic argument of the constituent i at 

00 hours UT and ~ i is the Greenwich phase lag. The 

amplitude of the constituent i i.e. Ai can be determined 

by 

A. 
l. 

and the Greenwich phase lag by 

114 

(F.3) 
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b. 
6 . = arctan -2:. • 
~ a. (F.4) 

~ 

Note here that (F.4) will give the Greenwich phase lag of. 

the i-th constituent if the effect is expressed by (F.1). 

Greenwich phase lag is the phase lag between the 

instant the component in the tidal force reaches its peak 

and the instant of maximum contribution of the 

constituent to the local tide. Physically, it is the 

delay between the time a force is applied and the time it 

causes maximum deformation (Godin; 1980). Needless to say 

the Greenwich phase lag is independent of the time 

origin. 

F.2. Greenwich Phase Lag in Local Time. 

In some cases it is expedient to use local time 

instead of UT for t in (F.1). Thus, one must use the 

Greenwich phase lag in local time for 6 .• 
.1. 

Suppose that 

one wants to translate the Greenwich phase lag oi for a 

local time zone Z=r, where r is the number of hours local 

time is behind U~. The Greenwich phase lag in local time 

is given by 

where 

6: = 6. 
1 ~ - rwi ' (F.5) 

w. is the frequency of the constituent i in degrees 
~ 
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per hour. 

For stations with east longitude; r is negative. 

F. 3. Local .Phase Lag with Respect to the Theor.etical 

Tide. 

Local phase lag with respect to the theoretical tide 

is defined as the time elapsed since the transit of the 

moon or the sun over the local meridian; up to the 

occurrence of maximum deformation. 

The local time of the transit of the moon or the sun 

over the local meridian is determined by the hour angle. 

When the hour an~le is zero, the cele;ti~l hody is over 

the local meridian. The local hour angle in local time 

can be determined as follows: 

Local 
H * = ST - 6 T + A - a* , (F. 5) 

where; (a) ST is the sidereal time at 00 hours T~; (b) nT 

is the local standard time and is considered uositive 

east of Greenwich; (c) A is the longitude of the site and 

is cons ide red positive east of Greenwich; (d) a. is the 

right ascension of the celestial body at 00 hours UT and 

is taken with its sign. 

If r is the local time at which maximum deformation 

occurs, then the local phase lag with respect to the 



117 

theor~tic~l tide can be determined by 

l3 = HLocal _ <. 
* 

(F.7) 

If e is positive~ the deformation will lead the 

theoretical tide. 



APPENDIX G 

SOFTWARE PACKAGES 

The programme for the evaluation of the load effects 

(LOADSDP) is stored on tape (TftPE:::TIDE; SL0~=3721; 1600 

bpi; NL) as separate subroutines as follows: 

FILE 1: SUBROUTINE AMPHA. 

FILE 2: SUBROU~INE AREA. 

FILE 3: SUBROUTINE AZMTH. 

FILE 4: SUBROUTINE KERNEL. 

FILE 5: SUBROUTINE PSIO. 

FILE 6: REAL FUNCTION SEVALS. 

FILE 7: SUBROUTINE LOAD. 

FILE 8: SUBROU~INE ~IDE. 

Three of the subroutines of GEOA-HI 1.,rhich have been 

changed in this study are also stored on the same tape as 

follows: 

FILB 9: SUBROU~INE FF$DLY. 

FILE 10: SUBROUTINE RDWR~. 

FILB 11: SUBROUTINE WOBRED. 

The rest of the subroutines of GEOAIM are stored on 

another tape (TAPE=YORK01, SL0~=3441, 1600 bpi, NL). 
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PROGRAM lOADSOP 

FlOWCHART 

(U. N.B. MAY '82) 
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CANADIAN FRINGE FREQUENCY AND DELAY ANALYSIS PROGRAM 

LEAST SQUARES ADJUSTMENT (U.N.B. MAY 1982) 

TIDEUP I 
ETIDE l DUMMY ROUTINES EARTH 

L---__,...---'----~ 
SCOORO 

I MDN1~~~ --·~ 

-
.. ·-~-:-·; . 1 ORT~O-~r- 1 UTT;IME-1 

- _,_.i...~----·-·-·-·-· -· -·-·-·-·-·-·-·-·-·-·-·-·. 11 L------------------------1 I 
t_ - - - • - - - - - - -; : I • i 

r-ffDEUf-: : : -1---------1 I I 
: EliDE I I : i 
'---------' I I . 

:-::---1 

[ANTGEO] 
L~ISP : : I 

r-LoA o r- E~~T~ -~ : sco~Ro -: ! ---~ 
... --------------~ 

~ MULPLY l. ........ ___ ~----------.: ~--------1 

Fig. G.2 

t-o 
1\J 
0 



c-----------------------------------------------------------------------c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
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P R 0 G R ~ H M E L a ~ o s o P 

THIS PROGR~M EV4LU~TES THE R~OI4L ~NO L~TER~L DISPL~CEMENTS OF THE 
TERRAIN DUE OCE~N TIDE LOADING. 

COMPUT~TION~L 4LGORITHM 

OCEAN TIDE MODEL 

CONSTITUENTS IN USE 

INPUT OAT~ 
========== 

CONVOLUTION OF ~PPROPRI~TE GREEN'S 
FUNCTIONS WITH KNOWN OCEAN TIDE MbDEL. 

N~VAL SURFACE WEAPONS CENTRE'S 
HYORODYNAMICALLY INTERPOLATED MODEL 
(SCHWIDERSKI, 1978). 

:H2o S2o Klo Olo H2o Pl. 

1. COLAT 
2 • ELON G 
3. STN 

= CO-L~TITUDE OF THE POINT OF INTEREST IN (0 MIN SEC). 
= EAST LONGITUDE OF THE POINT OF INTEREST IN CD MIN SEC) 
=NAME OF THE STATION (MAXIMUM 40 CHARACTERS). 

OUTPUT ------------
AMPLITUDES (CMI AND GREENWICH PHASE L4GS (DEGREES) FOR EACH OF THE 
CONSTITUENTS • 

EXTERN~LS ------------------
1. SUBROUTINE LOAD. 
2• SUBROUTINE ~MPH4. 

REFERENCES 
======== 
F~RRELL, w.E. (1972): DEFORM,TION OF THE E~RTH UNDER SURFACE MASS 

LOADS, REVIEWS OF GEOPHYSICS ~NO SPACE PHYSICS, 
VOL. 10, NO 3, PP.761-797e 

PAGI"TAKIS, S.o. ( 1982): OCEAN TIDE LOADING, BODY TIDE .AND POLAR 
MOTION EFFECTS ON VERY LONG BASELINE INTERFEROMETRY, 
M.SC. THESIS, DEPT. OF SURVEYING ENGINEERING, 
UNIVERSITY OF N. BRUNSWICKo FREDERICTON, ~.a. 

1-' 
N 
1-' 



ISN 0002 
ISN 0003 
ISN 000-\ 
ISN 0005 
ISN 0006 
ISN 0007 
lSN 0008 
ISN 0009 
ISN 0010 
l SN 0 0 11 
ISN 0012 
ISN 0013 
ISN 0014 
ISN 0015 
ISN 0016 
ISN 0017 
ISN 0018 
ISN 0019 
ISN 0020 
ISN 0022 
ISN 0023 
ISN 0024 
ISN 0025 
ISN 0026 
ISN 0027 
ISN 0028 
ISN 0029 
ISN 0030 
ISN 0031 
ISN 0032 

L 
C SCHWIDERSKio E.w. (1970): GLOBAL OCEAN TIDESo P~RT I: ~ DET~ILED 
C HYDRODYNAMICAL INTERPOLATION MODELo N~WC/OL TR-3866, 
C NAVAL SURFACE WEAPONS CENTREo DAHLGRENo VAo 
r 
C DEVELOPED BY SPIROS Do PAGIATAKIS, DEPT. OF SUR.VEYING ENGINEERING,-
C UNIVERSITY OF NEW BRUNSWICK, SEPT. 1981 - M~Y "1982. 
c 
c-----------------------------------------------------------------------IMPLICIT REAL •a (A-H,O-Z) 

REAL •a LLAToLLON,NORTH.LOADUP 
DIMENSION C(6)oNDRTH(2.6)oWESTC2e6),UPLIFT(2o6) 
RE~D (5ol000) Kl,K2oAKoL1oL2oALoSTNloSTN2oSTN3,STN4,STN5 
READ (5.1001) (C(I).I=1,6) 
WRITE (6,1002) STN1oSTN2,STN3,STN4,STN5,KloK2,AK.L1oL2oAL 
D=3.1415926535a979300/l80.DO 
COLAT=((((~K/60)+K2)/60)+Kl)*D 
ELONG=((((AL/60)+L2)/60)~Ll)*D 
DO 30 II=1o6 
J= 1 
AI1=66,62500 

10 C~LL LOAD (COLAT,ELONG.AI1oLOADUP,LLAT,LLON,II) 
UPLIFT(Joli)=LOADUP 
NORTH(J,Ill=LLAT 
WEST(J,II)=LLON 
A11=AI1+0.0416666666666666G66666700 
J=J+1 
IF (J.GT.2> GO TO 20 
GO TO 1 0 

20 CALL AMPHA (UPLIFT,C,II,AMP,GPL) 
WRITE (6.1003) C(li),AMP,GPL 
CALL AMPHA (NORTHoColl,AMP,GPL) 
WRITE (6o1004) AMP,GPL 
CALL AMPHA (WEST,Coii,AMP,GPL) 
W R I T E ( 6 ol 0 0 5) AMP, G PL 

.JO CONTINUE 
1000 FORMAT CI3o1Xoi2olX,F6.3o3Xoi3o1Xel2o1X,F6.3o3Xo5Aa) 
1001 FORMAT (6(A2)) 
1002 FORMAT ( 1 l 1 o//////o26X, * 'OCEAN TIDE LOADING DEFORMATIONS OF THE LITHOSPHERE•, * /,26Xo60(1H=),///,30Xo'STATION NAME = 1 o1Xo5A8e/o30Xe 

*'CO-LATITUDE = 1 1 1X 1 l3o1Xo12e1XoF6o3e2Xo•CD MIN SECJ'o/o30Xo 
*'EAST LONGITUDE =•,tX.I3elXoi2olXeF6o3o2Xo 1 (0 MIN SECJ',////o17X, 
••CONSTITUENT RADIAL DlSP. (CMJ N-S DISPo (CMJ 
•e-w ·o tSP. (CMJ •, 
$//o39Xe 1 (0UTWARDS +) 
*//,39X,'AMP. PHASE 
*I ,39x.•==== ===== 

(NORTH +) 
AMP. PH.\SE 
==== ===== 

(WEST +)',// 
AMPo PHASE', 
==== ====. J 

t-' 
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ISN 0002 

!SN 0003 
ISN 0004 
ISN 0005 
ISN 0006 
ISN 0007 
ISN 0008 
I SN 0009 
ISN 0010 
ISN 0011 
ISN 0012 
lSN 0013 
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ISN 0015 
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SUBROUTINE ~MPH4 (OEFORMoCoii.~MP 1 GPL) 

c----------------------~------------------------------------------------c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTINE ~MPH~ COMPUTES THE AMPLITUDE AND GREENWICH PHASE LAC OF 
THE LOADING CONSTITUENTS. 

CALLED FROM: MAIN 

INPUT 
===== 
1. DEFORM 

2. c 
3 • I I 

OUTPUT 
====== 

= THE DEFORMATION (UPLIFT, N-S OR E-W) OF THE TERRAIN 
IN CM CORRESPONDING TO THE DAY MARCH 7, 1976, 15.00 
AND 16.00 HOURS U.T. . 

= ARRAY OF THE CONSTITUENTS IN ~LPHANUMERIC C~ARACTERS. 
= THE CONSTITUENT NUMBER. 

1. AMP= AMPLITUDE OF THE DEFORMATION IN CENTIMETRES. 
2. GPL = GREENWICH PHASE LAG OF THE DEFORMATION IN DEGREES. 

WRITTEN BY SPIROS D. PAG·IATAKISo MARCH, 1962 

c-----------------------------------------------------------------------IMPLICIT RE~L *8 (~-H.O-Z) 
INTEGER I I 
DIMENSION DEFORM(2o6)oA(2o6loB(2,6}oX(2o6),Y(2o6),C(6} 
~(lo1)=0e369459644100 
A(1o2)=0e001745J28500 
A(l,J):0,598594901100 
4.C1o4)=0.946731146200 
A(1o5)=0.493512794DO 
~(1,6l~-o.B65419742SDO 
~(2.1l=0.7734686423DO 
A(2o2)=-0o4984677395DO 
~(2,3l=0.7859691301DO 
~(2,4)=0.9964J06632DO 
A(2o5l=0.0197556421DO 
~(2,6)=-0.9654253297DO 
B(lolJ=-0•929246776400 
8(1.2)=0·999998476900 
8(1.3J=-0.8010518987DO 
B(lo4J=-o.3220250563DO 
8(1.5l=0.8697385367DO 
8(1o6J=0.5010475714~0 

1-' 
1\1 
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ISN 0024 
ISN 0025 
ISN 0026 
ISN 0027 
ISN 0028 
ISN 0029 

lSN 0030 
ISN 0031 
ISN 0032 
ISN 0033 
!SN 0034 

ISN 0035 
ISN 0036 
ISN 0037 
ISN 0038 
1 s~~ o o 3 9 
ISN 0041 
ISN 0043 
ISN 0044 
ISN 0045 
ISN 0046 
ISN 0047 
ISN 0049 
lSN 0050 
ISN 0051 
ISN 0052 
ISN 0053 

8(2.11=-0.633834567800 
8(2.2)=0.866896749100 
8(2.3)=-0.61826574100 
0(2,4)=-0.084415244500 
8(2.5)=0.999804834300 
8(2.6)=0.260679751400 

c-----------------------------------------------------------------------c 
c 
c 
c 
c 
c 
c 
c 
c 

COMPUTE THE COEFFICIENTS ~~ ~NO 68 OF THE TRIGONOMETRIC EXPRESSION 

~~•COS(W*T+V)+BB*SIN(W*T+V), 

FOR THE CONSTITUENT II. WHERE W IS IT'S FREQUENCY, T-IS THE U.T. 
OF THE DAY AND V IS THE ASTRONO~IC 4RGUMENT OF THE CONSTITUENT 4T 
00 HOURS U.T. OF THE DAY. 

D=A(1,1Il*B(2,tt)-A(2,Itl•O(l,IIl 
DX=DEFORM(l,IIl*0(2,IIl-O(t,IIl*DEFORM(2,IIl 
D Y= 4 ( 1 , I I ) * D EF 0 R M ( 2, I 1 l- D EF 0 RM ( 1 , I I l * 'l 2, I I ) 
AA=DX/D 
BB=D Y /D (-----------------------------------------------------------------------

( 

c 
c 
c 
c 
c 

COMPUTE THE AMPLITUDE AND THE PHASE Of= THE CONSTITU-ENT II USING 
THE FORMULAE: 

4MP=SQRT('4**2+BB**2), 
GPH=ARCT4N(OB/AA). 

AMP=DSQRT(AA**2+BB**2) 
A 0= D ~ 8 S ( A A l 
BO=O.&.BS(BA) 
ARC=DATAN(B0/A0l*57.2957795131DO 
IF (8B.LTo0) GO TO 20 
IF (AAoLT.Ol GO TO 10 
GPL=ARC 
GO TO 40 

10 GPL=l60.00-ARC 
GO TO 4 0 

20 IF (AA.GT.Ol GO TO 30 
GPL=l80.00t-4RC 
GO TO 40 

30 GPL=360.DO-ARC 
40 RETURN 

END 

..... 
N 
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SUBROUTINE 4RE~ tCL~T.DZ1) 

c---------------------------------------------~-------------------------c 
C SUBROUTINE AREA DETERMINES THE AREA OF A MESH CELL OF lXl DEGREES 
C WITH CENTRE AT THE POINT (CLAT,LONG) IN SQUARE METRES. 
c 
C CALLED FROM: LOAD. 
c 
C INPUT 
c ====: 
c 
C CL~T ~CO-LATITUDE OF THE CENTRE OF THE MESH CELL. 
c 
C OUTPUT 
c ====== 
c 
C DZl = AREA OF THE MESH CELL IN SQUARE METRES. 
c 
C WRITTEN BY SPIROS D. PAGIATAKIS, DECEMBER 1981. 
c 
c-----------------------------------------------------------------------REAL *e DOoPI.AoAloA2,A3,BB,E,DZloCLAT,N 

A=6378160.0DO 
E=0.006694605DO 
IF (CLAT.LT.90.) N=DABS(90.5DO-CLAT) 
IF (CLAT.GTo90ol N=DA85(89.5DO-CLAT) 
PI=3.l4l59265358979300 
DO=Pl/180.DO 
A1=DSORTCl.ODO-E**2l 
A2=DSIN(DO•<N-0.500ll 
A3=1.0DO-(E**2)*(A2**2l 
BB=A*A1/A3 
DZl=2*Pl*(OB**2)*(DS1N(DO*Nl-DS1N(D0*(N-1ll!/360.000 
RETURN 
END 

,... 
IV 
0\ 



ISN 0002 

ISN 0003 
ISN 0004 
ISN 0005 
ISN 0006 
ISN 0008 
ISN 0010 
ISN 0012 
ISN 0014 
ISN 0015 
ISN 0016 
ISN 0017 
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ISN 0027 

SUBROUTINE AZMTH (LATA,LONA,LATwLONePSI,AZ) 
c-----------------------------------------------------------------------c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTINE AZMTH COMPUTES THE AZIMUTH OF THE LINE CONNECTING THE 
POINT OF INTEREST AND THE POINT OF LOAD. 

CALLED FRO~: LOAD. 

INPUT 
===== 
L o\T A 
LONA 
LAT 
LON 
PSI 

~ = CO-LATITUDE OF THE POINT OF INTEREST IN DEGREES. 
= EAST LONGITUDE OF THE POINT OF INTEREST IN DEGREES. = CO-LATITUDE OF THE POINT OF LOAD IN DEGREES. 
= EAST LONGITUDE OF THE POINT OF LOAD IN DEGREES. 
= GEOCENTRIC ANGLE BETWEEN THE POINT OF INTEREST AND THE 

POINT OF LOAD, IN DEGREES. 

OUTPUT ------------
A.Z = AZIMUTH OF THE LINE CONNECTING THE POINT OF INTEREST AND 

THE POINT OF LOAD IN DEGREES. 

WRITTEN BY: SPIRbS Do PAGIATAKIS, MARCH 1982. 

c-----------------------------------------------------------------------REAL *8 LATA,LONA,LAT,LON,LONAO.LONOoAlwA2.DOoAtAZ 
REAL *4 PSI 
D0=3.141592653589793D0/180.DO 
IF (L0NA.LEol80) LONAO=LONA 
IF (L0NAoGT.180) LONA0=180-LONA 
IF (L0NoLEol80) LONO=LON 
IF (LONoGT.180) LONO=l80-LON 
Al=DCOS(LAT*DOl-DCQS(PSI*DOl*DCOS(LATA*DO) 
A2=DSIN(PSI*DO)*DSIN(LATA*D0) 
A=Al/42 
IF (A.GE.ll A=1.DO 
IF (A.LE.~1) A=-leDO 
AZ=DARCOS(A) 
IF (LONO.GT.LONAO) AZ=AZ/DO 
IF (LONO.LEoLONAO) AZ=J60-4Z/DO 
RETURN 
END 

...... 
1\J 
-..1 
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SUBROUTINE KERNEL (KER,RKER~·PSI) 

c-----------------------------------------------------------------------c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUOROUTINE KERNEL EV~LU~TES THE INTEGR.~TION KERNEL FOR A CERTAIN 
GEOCENTRIC ANGLE PSI, USING CUBIC SPLINE INTERPOLATION. 

CALLED FROM: LO~D. 

INPUT ----------
PSI = GEOCENTRIC ~NGLE 

POINT OF LOAD. 
BETWEEN THE POINT OF INTEREST AND. THE 

OUTPUT ------------
RKER = R~DIA.L DISPL~CEMENT INTEGRATION KERNEL. 
KER = LATERAL DISPLACEMENT INTEGRATION KERNEL. 

EXTERNALS ------------------
REAL FUNCTION SEVALS EVALUATES THE KERNELS COMPUTED BY FARRELL 
(l972) FROM THE COEFFICIENTS OF A CUBIC POLYNOMIAL. 

VARI4BLES 
========= 
G 
ME 
R 
GR 
X 
s.c,o,y 

= GRAVITATIONAL CONSTANT IN CM3/GR SEC2o 
= MASS OF THE EARTH IN KG. = RADIUS OF THE EARTH IN METRES. = REFERENCE GRAVITY IN METRES/SEC2. = ABSCISSA VALUE CORRESPONDING TO ANGLE 
= COEFFICIENTS OF THE CUBIC SPLINE. 

WRITTEN BY SPIROS D. PAGIATAKIS NOVEMBER 198lo 

PSI. 

c----------------------------·------------.--------------------
RE~L *8 CI.G,MEeGR,RePSIO,S2oS3,KERoRKERoS31 
RE~L *4 PSioX(50),B1(50)oC1(50JoD1(50loY1(50),SloSllo 

* B(50)oC(50),0(50)oY(50) 
INTEGER N 
N=50 
C12J,14L59265358979JDO/l80.0DO 
G=6.672D-6 
ME=5.974D24 
R=6.371D6 
GR=9.81DO 

1-' 
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ISN 0012 
ISN 0013 

t SN 0 0 1 4 

ISN 0015 

ISN 0016 

tSN 0017 

PSIO=DBLE(PSI) 
*D~T~ X/0.0001o0o001o0o01o0.02,0.03,0o04,Q.06oOo08,0o1o0e16,0.2, 
0.2s,o.3,Q.4,Q.S,Q.6,0.8o1.0,l.2olo6t2oOo2o5o3oOo4oOoSo 1 6.,7.,8., 

*9 •• 1o •• 12 •• 16 •• 20 •• 25.,3o.,4o,,so •• 60.,7o.,ao •• 9o •• l00 •• 110 •• 120., 
*130.,140 •• 150 •• 160 •• 170 •• 180,/. 

DATA B/88.68365o89.09149o89.87742o88o52584,87o0204o85.39413o 
*8lo59371,75.73112o69o98127o50.45112o39o00871o27.87202o19e90376o 
*10.53396,6.060144,4.225441,3.327042.3.466377.3.50744.3.222597. 
*2o74966o2o210661o1o751688olol06537o0o7101553o0o4658393t0o3214873, 
*Oo2312117o0o1756652o0o1431246o0o109921o0o9297513E-1o0o9792816E-lo 
*0.1089537,Q.119657o0ol23149l,0.10114SS,0.626682E-l,0.1868154E-l. 
•-0.2309424E-1,-0.5830476E-lo-0.8478686E-1,-0.1029475,-0,1130224, 
•-0.1157619,-0.lll8291.-0.1014214t-0•8518505E-1e-Oo6333833E-1e0o0/ 

DATA C/237.749,215.414le-128.0876,-7.070815o-143.4733,-19ol5434o 
•-170.8666,-122.2634,-165.228.-160.2745.-125.7859,-96.94793. 
*-62.417l7o-3lo20083o-lJo45739o-4o889625oOo397628lt0o2990446o 
•-0.9373021E-l, 
•-0.6183763,-0,563968,-0.5140285,-0,4039167,-0.2412346o 
•-0.1551482,-0.8916753E-1,-0.551844E-1.-0.3509115E-1,-0.2045537E-1, 
*-0.1208516E-lo 
•-0.451669E-2,0o2802172E-J,0.9580501E-3,0.1247051E-2, 
* 0.8936205E-3,-0.5444141E-3,-0.l655951E-2,-0.219178E-2o 
•-0.220688SE-2,-0.1970693E-2.-0.1550356E-2,-0.1097854E-2, 
•-0.7182224E-3,-0.2892659E-3,0.1531781E-4o0o3779658E-3, 
* 0.662805E-3,0.9608315E-J,O.l223836E-2o0o0/ 

DATA D/-8272.195,-12722.26,4033.89S,-4546.75,4143.964o-2528•536, 
*810.0529,-716.0742.27.51896.287.406~192.253.230.205.103.7877, 
•S9.4115lo28o5592o8o812088,-0.1643058o-Oo6546252,-0.4372043o 
•0.4534025E-t.O.J3293E-l,0.7340788E-lo0o5422735E-1o0•2669545E-1, 
*0.2l99357E-1o0oll3272E-1,0.6697751E-2,0o4876591E-2,0.27900071E-2, 
•0.1261411E-2o0o3997422E-3,0.5648605E-4o0ol9266677E-3o-0.2356208E-4 
•.-0.4793447E-4,-0.37051121E-4,-0.1786096E-4,-0.S035195E-6o 
•0.7873098E-5,0.1401121E-4,0.150B339E-4,0.126544E-4o0•1429854E-4, 
•0.1015279E-4,0.120B827E-4,0.9494632E-5,0.9934215E-5o0o8766841E-5, 
•0.9000277E-5,0.0/ 
D~T~ Y/-33o63999,-33.55999e-32e75o-31o86,-30o97999e-30o11999o 

•-28o44,-26e86999,-25o4lo-21.8,-20o02o-18o368o-17o17999o-15o7l, 
•-14o90999 0 -l4e40999,-13o68999o-13e0le-l2o3lo-10e94999o-9o756999o 
•-8.519.-7.532999,-6.130999.-5.237,-4.659999.-4.272.~3.998999. 
•-3.798.-3.64.-3.392.-2.998999.-2.619.-2.102999.-1.529999. 
•-0.2919999o0o8479999o1o675999o2o083o2•057ol•642999o0•92o 
•-0.2499999E-lo-1el12o-2o260999,-3.404999o-4o475999o-5o413999o 
•-6.161.0.0/ 

t-' 
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ISN 0019 

ISN 0020 

!SN 0021 

ISN 0022 
ISN 0023 
!SN 0024 
ISN 0025 
ISN 0026 
ISN 0027 
ISN 0028 
I SN 0 0 29 
ISN 0030 

D4TA81/-0el089914,0.1084709,2e036993 1 3.982547o6e032793,7.886245, 
*1loll684,13.64647,15.29719,16.78269 1 15.30119o12.57496,9.758868, 
*5.396829,2o673806olo157958,0e1846549o0e3984202o0e7566754o 
*1.188lo1o24091olo120029o0o9569666o0e6581335o0e4454995 0 0e295867, 
*O.l95031l,Oel300093,0.8293056E-l,O.S426794E-l,0.2753351E-lo . 
*0.1201266E-1,0.l291584E-l,0.1720066E-l.0.2328102E-lo0o3261248E-1, 
*0.3196917E-1,0.1951079E-1,0.687588E-3.-0.l746118E-1,-0.3044285E-1, 
•-0.3596739E-l,-0.3328746E-1,-0.2378264E-lo-0.9282136E-2o 
*0.6111041E-2o0e266361E-lo0.4463656E-1,0.597156E-l,O~O/ 
DATACl/121.6815,119.9417,94.33859el00.2166,104.8079~80.53706, 
*80.99Jl3e45~48814o37.04786,-l2o28934o-24.74835o-29i77619o 
•-26.54576,-17.07464,-10.15557 ,-S.002902o0el363839,0.9324422o 
•o.asaaJsa.o.219727.-o.8770143E-t.-o.t5406o7.-o.t720664,-0.126766S, 
•-0.858674E-1,-0.6376487E-1,-0.3707101E-1,-0.2795077E-l,-0.19128E-1 
•,-0.9534657E-2,-0.J832558E-2,-0.4765622E-4o0.273453E-3, 
*0.5835094E-J,0.6325603E-3,0.3005855E-3,-0.3649157E-3,-0.8809212E-3 
•,-0.1001399E-2,-0,8134776E-3,-0.4846886E-3,-0.6776554E-4o 
*0. 3 35 75 85E- 3, o·.; 61 4 7 238E-3, 0. 83 53 258E-3, 0. 903991 E-3, 0 • 94 8 715 4 E-3 • 
*Oo8511305E-J,0.6567731E-3,0.0/ 

DATAD1/-644.3786 1 -948.2658,195.935ol53.0425o-809.0285o7•601165, 
•-591.75,-140~6709.~274.0954.-103.8252.-33.51892.21.53625. 
*31.5704t23e06358ol7o17555o0•565473o1e326763,-0.1226774o 
•-0.5325897o-0~2561906,-0.4423953E-lo-Oe120038E-lo0ol509996E-1o 
*0.1363305E-1,0.7367499E-2,0.8897967E-2,0.3040079E-2,0.2940922E-2, 
•0.3197782E-2.0.9S03~99E-3,0.3154084E-3,0.2675912E-4,0e2067041E-~. 
•0.3270068E-5,-0.1106583E-4,-0.2218337E-4,-0.1720017E-4, 
•-0.4015932E-S.0.6264051E-S,0.1095962E-4,0.1389744E-4,0.134508E-4, 
*0.929805E-S.0.7353391E-5,0.2288841E-5,0.1490814E-5, 
•-0.3252829E-5.-0.6478581E-5,-0.S833412E-S,O.O/ 
D~TAY1/-llo25,-11o25,-11.23999o-lle2lo-11.15999,-11,09o-10.89999, 

•-10.64999.-10.35999.-9.368.-8.722999,-8.024,-7.467,-6.725.-6.333. 
•-6.149999.-6.05.-5.996999.-5.880999.-5.475,-4.980999.-4.387999. 
•-J.868,-3.067999.-2.522999.-2.156,-1.914999.-1.753999.-1.649. 
•-1.581999.-1.503999.-1.435,-1.385999.-1.312.-1.211.-0.9259999. 
•-0.592,-0.3259999.-0.2229999.-0.31.-0.555.-0.89J9999.-1.246999. 
•-1.536999.-1.706.-1.713.-1.539999.-1.182.-0.657.0.0/ 
51l=SEV~LS(N,PSI.x.r,a,c,DI/tPSI*Cil 
S 3 1 = ( ME / ( R * * 2 l ) * 1 • C>- ·1 2 * D 8 L E ( S l 1 ) + 0 • 2 7 2 D 0 
51=SEVALS(N,PSieXeY1o8loCl,D1)/(PSI*Cll 
S2=-(G*lo02700)/(R*GR*1•04) 
S3=(ME/R**2l*l.D-12*DBLE(S1) 
KER=S2*S3 
RKER=S3l*G*1·0~700/(R*1•D4*GR) 
RETURN 
END 

..... 
w 
0 



ISN 0002 SUBROUTINE LO~D (COL4T.ELONG.~IloLO~DUP.LL~T.LLONollJ 
(-----------------------------------------------------------------------( 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTINE LO~D COMPUTES THE RADI~L AND LATERAL (N-S. E-W) 
DISPLACEMENTS OF THE EARTH'S CRUST DUE TO OCEAN TIDE LO~DING. 

CALLED FROM: M4tN. 

INPUT ----------
1. COLAT 
2. ELONG 
3. A.!1 

4 • 1 I 

OUTPUT ------------
1 • LOADUP 

2. LL.I\T 
3. LLON 

EXTE~N~LS ------------------

= COL~TITUDE OF THE POINT OF INTEREST IN RADIANS. 
= EAST LONGITUDE OF THE POINT OF INTEREST IN DEGREES. 
= MODIFIED JULI~N DAYS ELAPSED SINCE THE BEGINNING 

OF THE YEAR. 
= CONSTITUENT NUMBER. 

= RADIAL DISPLACEMENT OF THE EARTH'S CRUST IN CM 
(POSITIVE UPWARDS). 

=NORTH-SOUTH DISPLACEMENT IN CM (POSITIVE NORTHWARDS). 
=EAST-WEST DISPLACEMENT IN CM (POSITIVE wESTWARDS). 

1. SUBROUTINE TIDE COMPUTES THE PARTI4L OCE~N TIDAL HEIG~T FOR 
EACH OF THE FIRST SIX LE,DING CONSTITUENTS OF THE TID~L 
SPECTRUM. 

2. SUBROUTINE AREA COMPUTES THE AREA OF THE MESH CELL UNDER 
CONSIDERATION. 

3. SUBROUTINE PSIO COMPUTES THE GEOCENTRIC ANGLE BETWEEN THE POINT 
OF INTEREST 4ND THE POINT OF LOAD. 

4. SUBROUTINE KERNEL EVALUATES THE INTEGRATION KERNEL 
CORRESPONDING TO THE GEOCENTRIC ANGLE PSI DETERMINED BY 
SUBROUTINE PSIO. 

5. SUBROUTINE AZMTH COMPUTES THE AZIMUTH CONNECTING THE POINT OF 
INTEREST AND THE POINT OF LOAD. 

t-' 
w 
t-' 



rsu 0003 

1 s~ 0004 
ISN 0005 
ISN 0006 
ISN 0007 

ISN 0008 

lSN 0009 

lSN 0010 

ISN I) 0 1 1 
I SN 0012 
ISN 0013 
ISN 0014 
l SN 0 01 5 
ISN 0016 
ISN 0 01 7 

ISN 0018 
ISN 0019 
ISN 0020 
ISN 0021 
ISN 0023 
ISN 0024 

c 
c 
c 
c 
c 
c 
( 

c 
c 

c 
c 
c 
c 

v A.R I A.OLES ----------------
A.I1 = D~YS ELAPSED SINCE THE BEGINNING OF THE YE~R IYEA.R 

UP TO THE TIME OF OBSERVA.TION. 
NA = LONGITUDE NUMBER. 
K = CO-LATITUDE NUMBER. 
LAT = CO-LATITUDE OF THE POINT OF LOAD IN DEGREES. 

LON = EAST LONGITUDE OF THE POINT OF LOAD IN DEGREES. 

WRITTEN BY SPIROS D. PA.GIATAKIS, DECEMBER 1981. 

c-----------------------------------------------------------------------
REAL *8 A.tl.TZ,VOL.LOAD,LOADUP,COLAT,ELONG,LA.TA.oLONAoLAToLON, 

* DZloKER,DOoA.MJD,AJDloLLAT,LLON,AZ,RKER 
REAL *4 PSI.~MJDN 
INTEGER N 
D I ME N S I 0 N T A BL ( 3 6 1 ) , T A 8 L 2 ( 3 6 1 ) , L 1 ( 3 0 ) , L 1 1 ( 3 0 ) , M 1 ( 3 0 ) , M 1 1 ( 3 0 ) 
DATA L1/23o20o2lo64,47,47,64,30o28o40,27,12,8,64,64,l7o64,36,58, 

• 8. 51 • 58. 3 2. 8 4 • 8 4 • 1 1 0 • 8 4. 80. 9 4. 1 6 0/ 
DATA M1/65,29,31,85,65,65,72,52,53,48,48o22o2lo73,7lo24o78,48,72o 

• 13,60,66, 46.119.108.123.126.106.113.168/ 
DATA L11/14o120o196,0,0,354,345o236o120o0o10o244o306o43o73o68,98o 

* 137.255.272.243,248.286~15.33.118,290,284,307,0/ 
D A. T A M 1 1 / 1 2 0 , 1 81 , 2 85 , 4 3 , 1 5, 3 61 , 3 6 1 , 2 8 7 , 1 3 8, 1 1 , 1 5 , 2 8 1 , 3 39, 57, 8 6, 

* l21o107o143o263,307o281o256o296,34,40o152,308o29lo319o165/ 
D0=180.D0/3.141592653589793DO 
LOA.DUP=O .DO 
LLAT=O.DO 
LLON=O.DO 
LA.TA.=COLA.T*DO 
LONA=ELONG*DO 
N=1976 c-----------------------------------------------------------------------c 

c 
c 
c 
c 

EVALUATE THE DISPLACEMENT OF THE EARTH'S CRUST BY INTEGRATING 
THE TIDAL HIGHT ALL OVER THE OCEA.NS •ITH GREEN'S FUNCTIONS 
(INTEGRATION KERNELS). 

DO 70 NA=2 .168 
DO 60 K=1,360 
DO 10 I=lo30 
IF (NA.GT.Ll(l)~AND.NA.LT.Ml(l)) GO TO 20 

10 CONTINUE 
GO TO 30· 

...... 
w 
N 



ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
tSN 
lSN 
ISN 
1 SN 
ISN 
!SN 
ISN 
ISN 
ISN 
!SN 
ISN 
ISN 

ISN 
I SN 

0025 
0027 
0026 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 
0042 
0043 
0044 
0045 
0046 

0047 
0048 

20 IF (KoGT.Lll([).ANDoKoLToMll(l)) GO TO 60 
30 C~LL TIDE (N~.K.N,AlloTZoll) 

IF <Tz.ea.O.O) GO TO 40 
LAT=(NA-O.S)*l•ODO 
LON=(K-0.5)*1•0DO 
CALL AREA (LAToDZl) 
VOL=TZ*DZl*loOD6 
C~LL PSIO (L~T,,LONA,LAT,LDN,PSI) 
CALL KERNEL (KER.RKER,PSI> 
LOAD=KER*VOL 
RLDAD=RKER*VDL 
GO TO 50 

40 LDAD=OoDO 
RLOAO=O o DO 

50 CALL AZMTH (LATAoLONAoLAT,LON,PSloAZ) 
LLAT=LLAT•LOAD*DCOS(AZ/DOJ 
LLON=LLON-LDAD*DSIN(AZ/DO) 
LD,DUP=LOADUP+RLOAD 

60 CONTINUE 
70 CONTINUE c-----------------------------------------------------------------------

RETURN 
END ...... 

w 
w 



ISN 0002 

ISN 0003 
ISN 000~ 
lSN 0005 
ISN 0006 
ISN 0007 

SUOROUTINE PSIO (LATAoLONAoLAToLONoPSil 
c-----------------------------------------------------------------------c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTINE PSIO DETERMINES THE SPHERICAL ANGLE PSI, DEFINED BY THE 
THE POINT OF INTEREST AND THE POINT OF LOAD. 

CALLED FROM! LOAD. 

INPUT ---------·-
LATA 
LON I.. 
Lt..T 
LON 

OUTPUT ------------

= CO-LATITUDE OF THE POINT OF INTEREST. 
= EAST LONGITUDE OF THE POINT OF INTEREST. 
= CO-LATITUDE OF THE POINT OF LOAD, 
= EAST LONGITUDE OF THE POINT OF LOAD. 

psI = GEOCENTRIC SPHERICAL I..NGLE IN DEGREES. 

V A.R I ABLES 
========= 
L ATA.O 
LON A.O 
LATO 
LONO 

=LATITUDE OF THE POINT OF INTEREST (NORTH OR SOUTH). 
= LONGITUDE OF THE POINT OF INTEREST (EAST OR WEST). 
= LATITUDE OF THE POINT OF LOAD ( NORTH OR SOUTH ), 
=LONGITUDE OF THE POINT OF LOAD ( EAST OR WEST l. 

NOTICES --------------
ALL THE INPUT ANGLES AS WELL A.S THE VARIABLES ARE IN DEGREES. 

NORTH LATITUDE AND EAST LONGITUDE ARE CONSIDERED POSITIVE WHILE 
SOUTH LATITUDE AND WEST LONGITUDE ARE CONSIDERED NEGATIVE. 

WRITTEN DY! SPIROS o. PAGIATAKISo DECEMBER 19 B l • 

c------------------------------------------------------------~----------REAL *8 LATA,LATAO,LONA,LONAOoLAToLATO.LONoLONOoDOoP1oP2 
REAL *4 PSI 
D0=3.1~159265358979J00/180.0DO 
LATA0=90-LAT4 
L4T0=90-LAT 

1-' 
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lSN 0008 
ISN 0010 
ISN 0012 
ISN 0014 
I SN 0016 
ISN 0017 
I SN 0018 
ISN 0019 
I SN 0020 

IF (LON A. .LE. 180 l LONA.O=LONA 
IF (LONA..GTol80l LON A. 0= 180-LON A 
IF (LON.LE.t80) LONO=LON 
IF (LON.GTol80l LON0=180-LON 
Pl=OSIN(LAT~O*OO)*OSIN(LATO•DO) 
P2=DCOS(LATAO*DOl*DCOS(LA.T0*00)*0COS((LONO-LONAOl*OOl 
PSI=DARCOS(P1+P2)/DO 
RETURN 
END 

...... 
w 
V'1 



ISN 0002 

tSN 0003 
ISN 0004 
ISN 0005 
ISN 0006 
ISN 0007 
ISN 0008 
ISN 0010 
ISN 0012 
ISN 0014 
ISN 0015 
ISN 0016 
ISN 0017 
ISN 0019 
ISN 0021 
ISN 0023 
ISN 0024 
ISN 0025 
ISN 0026 

RE~L FUNCTION SEV4LS (NoUoXoYoBoCoDl 
c-----------------------------------------------------------------------c 
C REAL FUNCTION SEV4LS EVALUATES THE KERNELS COMPUTED BY FARRELL 
C (1972) FROM THE COEFFICIENTS OF A CUBIC POLYNOMI~L. 
c 
C CALLED FROM: KERNEL. 
c c-----------------------------------------------------------------------INTEGER N 

REAL U,X(N),Y(N),B(N),C(N),D(N) 
RE4L OX 
INTEGER I,J,K 
DATA 1/1/ 
IF (l.GE.N) I=1 
IF (U.LT.X(I)) GO TO 10 
IF (U.LE.X(I+l)) GO fO JO 

10 1=1 
J=N +1 

2 0 K= ( I + J l / 2 
IF (UoLT.X(Kll J=K 
IF (U.GE.X(K)) I=K 
IF (J.GT.I+1) GO TO 20 

JO DX=U-X( I) 
5EVALS=Y(I)+OX*(8(1l+DX*(C(I)+DX*D(l))l 
RETURN 
END 

1-' 
w 
0\ 



lSN 0002 SUBROUTINE TIDE (N~,K.N.~IloTZoii) 

c-----------------------------------------------------------------------c ' 
C SUBROUTINE TIDE COMPUTES THE PARTIAL OCEAN TIDE ALL OVER THE GLOOE 
C FOR EACH OF THE FIRST SIX LEADING CONSTITUENTS OF THE TIDAL 
C SPECTRUM. 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

THE MODEL IN USE IS THE N.S.w.c. HYDRODYN~MICALLY INTERPOLATED 
MODEL DEVELOPED BY SCHWIDERSKI (1978). 

THE TIDAL CONSTANTS (~MPLITUDES AND PH~SES) ON A lXl DEGREE GRID 
ARE STORED ON THE SURVEYING ENGINEERING DISK CSE0002o UNB 
COMPUTING CENTRE) UNDER THE FOLLOWING CHARACTERISTICS: 

FILE 1(2016o2808,LoN1), DSN=SPIROS.SEADATA,UNIT=M3330e 

CALLED FROM: LOAD. 

CONSTITUENTS 
====-======== 
I= 1 

2 
3 
4 
5 
6 

M2 
52 
K1 
01 
N2 
P1 

INPUT 
===== 

1 • N ~ 
2 • K 
3 • N 
4 • A I 1 

5. I I 

OUTPUT 
====== 
1 • T Z 

= LONGITUDE NUMOER. = CO-LATITUDE NUMBER. 
= YEAR OF THE OBSERVATION. = D\YS ELAPSED SINCE THE BEGINNING 

TIME OF OBSERVATION. = I 

= TOTAL TIDAL HEIGHT IN METRES. 

EXTERN\LS 
====-===== 
FILE 1(2016o2888oLoN1) DISK=SE0002. 

OF THE YEAR N UP TO THE 

1-' 
w 
-..J 



[SN 0003 

ISN 0004 
ISN 0005 
ISN 0006 
I SN 0007 
ISN 0008 
ISN 0009 
lSN 0010 

!SN 0011 
ISN 0012 
!SN 0013 
ISN 0015 
!SN 0016 
ISN 0017 
lSN 0018 
ISN 0019 
lSN 0020 
ISN 0021 

C V AR I ABLES 
c ========= 
c 
C F( II = THE FREQUENCY OF THE CONSTITUENT I IN RA.OlANS/HOUR. 
C Vl,V2,V3,V4,V5,V6 =THE A.STRONOMICAL ARGUMENTS OF THE SIX 
C CONSTITUENTS CORRESPONDING TO 1ST JA.N. 1976 
C AT 00 HOURS U.T. 
C Fl,F2,FJ,F4,FS,F6 = THE NODAL CORRECTIONS TO THE AMPLITUDES FOR 
C THE YEAR 1976, 
C TABL (KJ = TABLE OF AMPLITUDES IN METRES FOR THE CO-L~TITUDE 
C NUMBER K. 
C TABL2(KI = TABLE OF GREENWICH PHASES FOR THE CO-LATITUDE NUMBER K 
C IN DEGREES (0-360). 
C Z(Ill =PARTIAL OCEAN TIDE OF THE CONSTITUENT II IN METRES. 
C ARG = THE ARGUMENT OF THE COSINE TERM OF THE PARTIAL TIDE. 
c 
C WRITTEN BY SPIROS D. PA.GIATAKIS OCTOBER, 1981 
c 
c-- ---------------------------------------------------------.----------

REAL*O F,D,AB1,Bl,TD,HO,SO,PO,XoZoTZoAil,V1oV2,VJ,V4,V5,V6,Fl,F2, 
•F3oF4,F5,F6,ARG 

INTEGER N,NREC 
DIMENSION F(6),Z(6),TABL(36l),TA.BL2(36l),V(6),F1(6) 
DEFINE FILE 1(2016,2888,L,N1l 
OAT~ F/,5058684,.5235984,.2625156 •• 2433528,.496368,.2610828/ 
DATA V/26olo359.9,16.1,6.3,305.3,350o6/ 
DATA Fl/l.029,0.998,0.916,0.862,lo026,1.009/ 
D=3.141592653589793D0/180.DO 

c-- ------------------- -·------- -----------------------------------------
c 
C COMPUTE THE PARTIAL OCEAN TIDE 
c 

NREC=NA+(II-1 )*168 
READ (l'NRECl TABL,TABL2 
IF (TABL(KJ.GT.J.OI GO TO 50 
ARG=F(IIl*Ail*24.00~V(lll*D-TA.BL2(K)*O 
Z(lll=Fl(II)*TABL(Kl*DCOS(ARGI 
T Z= Z ( I I l 
GO TO 60 

50 T Z=O. ODO 
60 RETURN 

END 

...... 
w 
CD 



OCE4N TIDE LO~DING DEFORMATIONS OF THE LITHOSPHERE 
============================================================ 

ST-'TION N4ME 
CO-LATITUDE 

= DIONYSSOS S4TELLITE TRACKING CENTER 
51 55 14.000 (D MIN SECl = 

EAST LONGITUDE = 23 56 1.0~0 (0 MIN SECl 

CONSTITUENT R4DI4L DISP. (CMl 

( OUT~ AR D S + l 

N-S DISP. (CM) 

(NORTH +) 

E-W DISP. (Oo4) 

(WEST +l 

M2 
52 
Kl 
01 
N2 
P1 

4MP. 
----
0.36 
0. 11 
0.15 
0.07 
0.06 
o.os 

PHASE AMP. 
===== ----

41 • 1 0. 1 1 
48.0 0.03 

1 71. 3 0.03 
168.6 0.02 
33.7 0.03 

156.9 o.o1 

PHASE AMP·. PH~SE 

===== ---- ---------
255.0 0.09 333.4 
275.3 0.05 348.2 
307.5 0.06 250.6 
279.2 0.04 250.3 
250.3 o.o2 331.7 
311 • 1 o.o2 253.5 1-' 

w 
1.0 
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