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The numerical method of Lines and Jones for investigating the problem of the perturbation of alternating 
geomagnetic fieids by three-dinsensional conductivity inhornogelseities e~nbedded in a layered Earth is 
extended to include models in which vertical discointinuities may extend to the grid boundaries. The case 
considered is that in wlsich the electric field vector is parallel to the strike of the discontinuities at such 
boundara'cs. 4 model which includes an island near a coastline is studied and contour plots a5 well as profiles 
of the electric and magnetic field component amplit~ades at the surface of the Earth are given. 

La mkthode numkrique de Lines and Jones d'investigation du probleme de la perturbation des champs 
gComagnCtiqrmes alternatifs au moyen d'inhornogenkites de conductivite tri-dirnensionnelles encastries 
dans les couches de la Terre a ete amkliorec pour inclure les modkles dans lesqrlels les discontinuiti.s ver- 
ticales peuvent s9etendre jusqu'aux extremites dc la grille. NOUS considerons le cas pour lequel le vecteiar 
du champ Clectrique est parallkle h la direction de la discontinuite h ces extrkmites. Un rnoddc incluant 
une ile pres du littoral est etudie et on donne des contours ainsi que des profiles des amplitudes constituant 
le champ klectrique ct rnagnetiyue B la surface de la Terre. 

[Traduit par le journal] 

Imhsductisn 
The perturbation of alternating geomagnetic 

fields by the abrupt discontinuity associated 
with a coastline and similar problems of a two- 
dimensional nature have been considered by 
several authors (D'Erceville and Kunetz 1 962, 
Rankin 1962, F+'eaver 1963, Jones and Price 
1978, 1971, Jones and Pascoe 19'71, and Pas- 
ccre and Jones 1972).  Jones and Price (1970) 
have shown the form of the fields near a vertical 
discontinuity in conductivity and have illus- 
trated the current vortices and wedges asso- 
ciated with the H-polarization and E-polariza- 
tion cases of the two-dimensional problem. Bn 
these two-dimensional problems it is assumed 
that there is no variation in the fields in one 
direction, say the y-direction. For example, in 
the E-polarization case, only the E,, H;,  and 
bi, components exist, and these are assuined to 
be constant in the y-direction along the strike 
of any discontinuities. Many geophysical prob- 
lems exhibit a two-dimensional nature, but the 
assumption of a purely two-dimensional prob- 
lcrn is sometimes not realistic, and in such 
cases it is impractical to assume that there is 
no variation in the structure in one of the 
dimensions. 

An interesting rnodel to consider is that of 
a long coastline of unlimited extent, with a 
nearby island of limited extent. This leads to 
a situation which is not purely two-dinacmsion:~l 
throughout, and so must be considered as a 
three-dimensional problem. The fields are pcr- 
turbed by the coastline and the island in such 
a way as to destroy the two-dimensional nature 
of the problem. 

Jones and Pascoe (1972) have colasidered 
the three-dimensional geomagnetic perturba- 
tion problem by using a numerical method. 
Lines and Jones (1973, in press) have con- 
siderably extended the preliminary work to 
allow for a grid of variable mesh dimcrasions. 
Hn the previous work, the models considered 
were anes with inhonaogeneities embedded in 
a layered conductor. 

In the present work, we consider a model in 
which at a long distance from the three dimen- 
sional island, but in the direction of thc coast- 
line, the electric field is relatively undisturbed 
by the island and is parallel to the strike of 
the coastline. In this way, we nnay rise the solu- 
tion of the two-dimensioraal E-polarization 
problem to provide boundary values for the 
three dimensional model. 
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Description of the Model dimensional island and coastline model. The 

~h~ model used, shown in Fig. 1 ,  is an c ' ~ c ~ ~ o ~ " E I I c ~ ~ c  fields arc assumed to have a 
island near a continental coastline with a shelf sinusoidal time variation with a pcriod of thirty 

structure. Thc ocean-continental boundary minutes. 
strikes in the y direction. The conductivities Equations and Boundary Conditions 
used for the island and continental region, and 
for the oceall are given in Table 1 together If we consider a situation in which the elec- 

with skin depths for the respective conductivi- tric field vector of the source is polarized in 

ties for a source period of thirty minutes. The the .Y direction (i.e. parallel to the coastline), 

is described over a variable grid con- then the c¶uations for the two-dimensional 

sisting of a 25 x 25 x 25 array of points. E-polarization case are given by the following 

Table 2 gives the dimensions of the variable and Price 970) : 
grid used: The position of the surface of the 
conducting region is indicated by the verticaI 
line in the z-direction dimensions. The inner 
uniform grid portion of the surface plane is 
shown in Fig. 2, along with the notation used 
for labelling the profiles. The surface contours 
and profiles, shown in later sections, are given 
for the uniform grid portion shown in this 
figure. The x-z plane perpendicular to the 
coastline at some distance from the island is 
shown in Fig. 3, and is the two-dimensional 
conductivity configuration which is solved to 
provide the boundary values for the three- 

TABLE 1. Conductivities and skin depths of model 
- .  - - - - - - -  - - - - -  - - - - - - - - - - - -- - - - - - -. - - - - 

Skin depths for 
Conductivities 30 min period 

- - - - - - - - - - - - - - - - - - -- - - 

B = 0 (air) infinite 
~ p 4 ' x ' 1 0 - P 1 e m u ( o c e a n )  10.7km 
oz = 1 x 1CB-I4 emu (crust) 675.2 km 

- - - - - - - - - - - - - - - - - - - - - - -. - - - 

FIG. 1. A diagram of the three dimensional model 
considered--an island near a coastline. 

The above equations may be combined to 
give : 

which is the equation to be solved in all regions 
with the proper value for a inserted for each 
region. 

The outer planes of the grid are assumed to 
be s~lfficiently far from thc coastline so that at 
the right hand and left hand external bou~ldaries 
of ~ i g .  3, OE,/iix may be assumed to be zero. 
Also, surface values of H,, are taken as equal at 
the right and left hand boundaries of Fig. 3, as 
outlined by Jones and Price ( 1970). ,41so, it 
is assumed that E,  -+ O as z -+ a. 

Subject to the above boundary conditions, a 
solution for E, satisfying (2)  is determined in 
the x-z plane for the coastline configuration 
illustrated in Fig. 3. This is then uscd to pro- 
vide external boundary values for the E-field, 
and thc three-dimensional perturbation method 
(Jones and Pascoe 1971, Lines and Jones 
1973, in press) is then employed to give a 
solution for the electric field near the island. 
The magnetic field is then obtained by taking 
the curl of the electric field. 

Results and Discussion 
Contours of the surface an~plitudes for the 

six field components are given in Fig. 4 and 
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TABLE 2. Spacing of grid points for variable grid (in kilometers) 
--  - - - - - - - -  - - - - -  - -  - -  - - - -  - - -- -- - - - -- - 

X direction 
95.00 45.00 15.00 5.00 3.00 2.00 1.00 1 .OO 

1.00 1 .oo 1 .oo 1 .oo 1 .oo 1.00 1 .oo 1 .oo 
1.00 1 .OO 2.00 3.00 5.00 15.00 45.00 95 .OO 

Y direction 
95.00 45.00 15.00 5.00 3.00 2.00 1.00 1 .OO 

1 .oo 1 .oo 1 .oo 1 .OO 1 .oo 1.00 1 .oo 1.00 
1 .OO 1 .OO 2.00 3 .OO 5.00 15.00 45.00 95 .OO 

Z direction 
99.00 80.00 40.00 20.00 10.00 5.00 3.00 2.00 

1.00 1 1.00 1 .OO 2.00 4.00 8.00 16.00 32.00 
64.00 99.00 99.00 99.00 99.00 99.00 99.00 99.00 

- - -  

( X = l l  I X = 1 5  / 
X = 9  X = 1 3  X =  17 

4 
Y 

PROF1 L E S  
- - -- - - - . EDGE QF CONTINENTAL SHELF 

FIG. 2. 'The surface uniform grid region with 
some of the profiles considered. This region is 12 by 
12 km. 

profiles across the region illustrated in Fig. 2 
are shown in Figs. 5 and 6. The amplitude 
contours and profiles of JE,I shown in Figs. 4 
and 5 show that the island perturbs the E, 
values associated with the coastline discon- 
tinuity. Over the island, the E, amplitudes in- 
crease due to the presence of poorly conducting 
crustal material, causing contours of higher E, 
values on the continent to be distorted toward 
the island. The E ,  an-nplitude increases near the 
seaward corners of the island, indicating that 
at these positions, electric currents are bendiilg 
around the island. Three-dimensional graphs 
of the phase of the electric field components 
are given in Fig. 8. The graph for the phase 
of E ,  exhibits shifts of radians giving the 
expected sign differences in the E, components 
at any given time for currents bending around 
the island. These sign changes are expected 

FIG. 3. The coastline configuration skcnvn in the 
x-z plane. 

from examining the current flow diagram of 
Fig. 7 ( a ) .  

Contours of the amplitude of E, shown in 
Fig. 4 display two maxin-na near the edges of 
the island-shelf structure. It should be noted 
that the values of E, are related to the behavior 
of the vertical component of subsurface cur- 
rents shown in Fig. 7(b).  An explanation for 
the behavior of the E, component in our rc- 
sults has been given by Price in a private corn- 
munication ( 1972). Also, the explanation has 
been discussed previously by Lahiri and Price 
( 1939) and Price (1  950, 1962, 1967). 

The normal component of current flow sets 
up a varying surface charge on the plane of 
discontinuity a = 0. This charge is given by 
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FIG. 4. Top: The amplitude contours of E,, E,, Ez in the uniform grid region at the surface. 
Bottom: The amplitude contours sf If,, H,, 13, in the uniform grid region at the surface. 

the surface boundary condition on the normal so that in substituting for E," in the previous 
component of D, the electric displacement boundary condition on the normal component 
vector; of D(= E E ) ,  we obtain the following equation 

B," - B,' = 4acp, in p :  

In the above, p is the surface charge, the 
primed quantities refer to the medium just out- 
side the conductor, and the double primed 
quantities refer to the medium just inside the 
conductor. 

By the equation of continuity, 

aP J," ' -- 
a t 7  

where J," is the current density impinging on 
the surface from within the conducting ocean. 
But, 

Since the time variation of the electric field 
is sinusoidal, 

Also, since displacement currents have been 
neglected under the condition that (0 << a/cf', 
the term ( 2  f / u )  ((3p/at) in the preceding equa- 
tion is negligible compared to the tcrm 4 ~ p ,  
and so 

&' 
fj r -- 4n E,'. 

Hence, the surface charge distribution, p, is 
approximately of order -c- qZf. 
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HMPL I TUOF CF f i RT X- 10 HMPLITUDE OF EZ RT X=ll 

Fac;. 5. Surface amplitude profiles sf E.,, E,, E, .  

Since E," -- - ( 1 / , T )  (dp/& ) and compared to the vertical component of the 
electric field just outside the surface. I (c" /v)(a~/arI  << l 4 ~ P I  Therefore, the same IninUte timc-varying 
surface charge which causes a non-zero electric 

ahen \Ez"I << field (E,') outside the conductor reduces the 

vertical comDonemt of the electric field iust in- 
c1 

L J 

or side the conductor to a negligible value, so 
lEz"l << En IEZfI. that currents just inside the conductor essen- 

The vertical componei~t of the clectric field tially flow parallel to the surface. Price (1967) 
just inside the conductor is negligible when cmphasizcs that thc current required to set up 
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FIG. 6 .  Surface amplitude profiles of H,,., H, ,  H z .  

the surface charge has a negligible magnetic subsurface currents, as is shown from the phase 
effect. plots. It should be recognized that the ampli- 

The effect of a non-zero E,' is shown in our tude of E, is morc than one order of n~agnitude 
results. Furthermore, since the size of the sur- greater than E: l .  
face charge needed to cancel E, just inside the The H z  component is found from the values 
surface of the condricting ocean depends on of E,, and E, by using 
the strength of subsurface currents, the a~npli- I a~ aE 
tudc of E, in our results is largest over regions ] 1 ~ ~ =  -_ L--.-x . 
where the subsurf ace currents are largest. Also, l w ( a x  ev) 
the sign of E, changes with the sign of the The profiles and contours of Figs. 4 and 6 



51 6 CAN.  J .  EARrI.H SCI. VOI .. 10, 1973 

show a definite increase in IH,I near the coast- The amplitude of H ,  depends on current 
line. A snnalIer maximu111 in H,,  shown in the 
y = 13 amplitude profile, is caused by the 
presence of tlne island. The island interrupts 
the flow of oceanic currents and causes varia- 
tions in the H, component. The effect of an 
isolated island on H ,  has been described by 
Mason (1963), Price (1967), and KIein 
(1971 ), and was illustrated in a previous 
model by Lines and Jones ( 1973, in press). 

However, the dominant effect on H ,  in the 
present results is due to the coastline effect. 
The effect of a coastline on surface values of 
lHll has been discussed by several authors 
including Rikitake ( I  964),  Schmucker (196%), 
Rodcn (I%&%),  Price (1967), and Cox et a&. 
(1970). 

Schmucker (1 964) observed an increase in 
H, amplitudes for profiles transverse to the 
California coastline. He considered variations 
in period between 30 minutes and 2 hours and 
suggested that the JHJ increase may have been 
caused by concentrations of eIectric currcnts 
in the ocean flowing parallel to the coastline. 

Cox et a/. (1970) give a physical explana- 
tion for the increase of IH,i near a coastline. 
Mutual repulsion of oceanic current lincs which 
are parallel to the shoreline cause an increased 
current density near the edge of the continent. 
This results in a subsequent increase in IH,) at 
the surface. 

By using theoretical calculations and labora- 
tory model studies, Roden ( 1964) concluded 
that ocean currenis in the Pacific Ocean con- 
tributed to anomalous magnetic variations in 
Japan. 

It slmould be noted that observations of H, 
variations along a coastline may not be elltirely 
due to the effect of currents in the ocean. A 
high concentration of currents in good con- 
ducting material shallowly buried beneath the 
ocean may also cause the increase in H,I .  
Rikitake's studies in Japan suggest that the 
anomalous H2 behavior may be due primarily 
to subcrustal conductivity structures. Investi- 
gations by Parkinson (1964) of the preferred 
planes of magnetic variations along the Aus- 
tralian coast also implied that oceanic currents 
were not the only cause of magnetic variations 
near a coastline. Another possible cause of the 
variations is the difference between the nnantle 
s t ruc t~~rc  under the continents, and the oceans, 
as was pointed out by Price (1967). 

flow in theLy-z plane. This current flow is less 
through the island and the continent, causing 
a decrease in the H, component over these 
regions. This is shown in the amplitude con- 
tours and profiles of H,I of Figs. 4 and 6. 

The behavior of Pi,, agrees with the applica- 
tion of the right hand rule to currents in tlne 
x-z plane. The ainplitudes of Nqi are shown in 
a contour plot in Fig. 4 and in two profiles in 
Fig. 6. The correct sign relationship between 
N,, cornponeints at any given time is shown by 
the three-dimensional phase plots which indi- 
cate phase differences of radians where 
appropriate. 

The values of IE,1 are normalized to 1.0 on 
the far left hand side of the model slmown in 

FIG. '7. a )  Flow of electric c~mrrent lines in the 
x-y plane near the coastline. 

b)  Flow of electric current lines around the isIand 
in the y-z plane. 
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Flo. 8, Three dimensional plots of the phases of the electric and magnetic fields. N G X 
direction, kV Y direction. The inner 21 X 21 surface grid region is plotted. 

Fig. 3. All other values of the E arid N corn- D'ERCEVILLE:, I. and MUNETZ, G. 1962. The effect of a 

~onerits are. scaled accordingly. fault on the Earth's natural electromagnetic field. 
Geophysics 29, DD. 651-665. 
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