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IMPROVED ESTIMATES OF HF RADIOWAVE FIELD STRENGTH 
NEAR A LAND-SEA INTERFACE

R. M. Jones

ABSTRACT

Results of other researchers are extended to give the detailed 
behavior of mixed-path (land-sea or sea-land) propagation near the 
land-sea interface. It is shown that the mechanism for groundwave­
mode coupling at the land-sea interface is edge-diffraction, and 
that near the shoreline the direct edge-diffracted wave can make a 
significant contribution to the field. It is further argued that, 
for sea-to-land propagation for an elevated observer, the sea—type 
groundwave modes extend over land, and there is a shadow zone for 
the land-type groundwave modes excited at the shoreline. Corre­
sponding results hold for land-to-sea propagation.

1. INTRODUCTION

When we measure ocean wave parameters with our Coastal Ocean Dynamics 
Applications Radar (CODAR) (Barrick et al., 1977) the propagation of the radio 
waves from the land-based radar to the ocean target and back depends on how 
radio waves propagate across a land-sea boundary. Of particular interest is 
how the echo strength depends on the location of the transmitting and receiving 
antennas relative to the land-sea boundary.

Figure 1 shows the geometry of the problem. For large enough distances, 
the propagation is by groundwave propagation rather than line-of-sight rays. 
Because the propagation is reciprocal, I consider here only one-way propagation 
from the scattering patch on the sea surface to the radar on the land. For 
the round-trip path, the amplitude (in decibels) and the phase are simply 
doubled. To increase the generality, however, I consider that both the source 
(over the sea) and the observer (over the land) are elevated. I consider 
special cases later.

The mixed-path problem in radio wave propagation over the earth has re­
ceived a great deal of attention. Using the compensation theorem, Wait (1961) 
has calculated coupling coefficients among the groundwave modes at the land- 
sea boundary. Wait and Walters (1963) and Hill and Wait (1981) have calculated 
some numerical examples. Figure 2 shows an example of such calculations for 
conditions relevant to our CODAR measurements.
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Figure 1. Geometry for propagation over a mixed land-sea path. The source is 
above the sea (characterised by a permittivity eg and conductivity a , or
a surface impedance z£)3 and the observer is above land (characterized by a 
permittivity and conductivity a ]3 or a surface impedance z ). The con­
ductivity of free space is zero3 and is the magnetic permeability through
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Distance of Observer From Shoreline (km)

Figure 2. Mixed-path groundwave propagation using the groundwave-mode conver­
sion formulas of Hill and Wait (1981). The field has been normalized to 
the free-space field above a flat, perfect conductor. The source is a 
vertical electric dipole on the surface of the sea 20 hn from the shoreline. 
The frequency is 30 MHz. The calculations were made with the program 
MPHGAIN from David Hill (national Bureau of Standards; Boulder, CO). The. 
discontinuity in the field above the shoreline is not considered realistic. 
The solid lines are for 200 groundwave modes, the dashed lines for 500 modes.
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One of the most striking features of Fig. 2 is the discontinuity in the 
field above the land-sea interface. The calculations presented in Fig. 2 use 
200 groundwave modes for both the land and sea. The effect of increasing the 
number of modes to 500 is also shown and is not qualitatively different. It is 
doubtful that increasing the number of groundwave modes even further would yield 
a continuous solution. The solution shown in Fig. 2 is probably correct for an 
observer far enough from the land-sea interface; it is probably sufficient to 
smooth the curves by hand to make them continuous (as was done in the figures 
of Hill and Wait, 1981) if one is not especially interested in the exact 
behavior close to the interface. However, for our CODAR application where our 
radar is very close to the shoreline, how one smooths would make a large 
difference on the signal-strength estimate.

This report more accurately estimates the variation in signal strength 
near the land-sea interface.

2. SUMMARY OF RESULTS

1) Edge—diffraction is the mechanism for coupling of groundwave modes at a 
land-sea boundary. Combining the complex-height, creeping-ray representa­
tion of groundwave modes with an edge-diffraction coefficient of Kaminetzky 
and Keller (1972) gives the mixed-path groundwave propagation formulas
of Hill and Wait (1981).

2) For propagation from sea to land, the sea-type groundwave modes do not stop 
at the shoreline, but continue over land for some distance for an elevated 
observer. The higher the observer, the farther the modes extend over the 
land. The lower order modes continue farther than higher order modes 
before they are cut off. For calculations here, the modes are cut off 
abruptly, but an analysis of the shadow boundary transition would show a 
more gradual fading of each mode. For propagation from land to sea, the 
corresponding results hold.
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3) For propagation from sea to land, the land-type groundwave modes excited 
at the shoreline are not detectable by an elevated observer who is too 
close to the shoreline. This shadow zone extends farther over land from 
the shoreline the higher the observer and the lower the order of the 
groundwave mode. For purposes of calculations here, the shadow zone is 
considered to have a sharp boundary for each groundwave mode, but an 
analysis of the shadow boundary transition would show a more gradual 
change. For propagation from land to sea, the corresponding results hold.

4) Close to the shoreline, there is a direct edge-diffracted wave that con­
tributes to the total field. For sea-to-land propagation, the edge- 
diffracted wave is an alternate representation of the field to the 
land-type groundwave, and is more accurate near the shoreline. For 
land-to-sea propagation, the corresponding results hold. Which of these 
waves dominates the received field strength depends on the height of the 
observer and his distance from the shoreline, as shown on the accompanying 
plots.

The results presented here apply not only to a land-sea boundary, but to
any abrupt change in the surface impedance of the ground. 3

3. THE CREEPING-RAY REPRESENTATION OF GROUNDWAVE MODES

Keller (1962) showed how surface-diffracted waves could be represented by 
creeping rays (rays that follow geodesics on the surface). Levy and Keller 
(1959) derived the diffraction coefficients necessary to calculate field 
strengths for surface-diffracted waves. Jones (1968) recognized that groundwave 
modes on the Earth correspond to surface-diffracted waves and showed the equiva­
lence of the surface-diffracted waves with the groundwave-mode sums of Watson 
(1918), Bremmer (1949), and Wait (1960). He also showed that representing the 
creeping rays as rays that have a particular complex height (that depends on 
the groundwave-mode propagation constant) gives a closer representation of 
the groundwave modes than having the creeping rays on the ground. Table 1 
summarizes the results of Jones (1968) and defines all of the terms it uses.
His groundwave excitation coefficient and shedding coefficient together replace, 
but are equivalent to, the diffraction coefficient of Levy and Keller (1959).
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Table 1. Propagation, excitation, and radiation properties of the groundwave

Propagation along the ground Angular propagation constant

Each groundwave mode has a cha­ v = ka + (^)1/3 t 
racteristic angular propagation where
constant v . (e~iva gives the change k is the propagation constant of free space, 
in field strength of the ground- a is the radius of the earth, 
wave mode in a central earth an­ t is a root of Wj'(t) = q Wj (t)
gle a, and v is complex to give Wj(t) =tft(Bi(t)-i Ai(t))

both amplitude and phase.) It can Ai and Bi are Airy functions
be represented by a surface dif­

fracted ray at a complex height 
v/k-a above the ground

q =

Zg 

. /ka■Hy
is the surface impedance of the ground.

T) q is the impedance of free space.

k2 is the (complex) propagation constant of the ground.

Excitation of the groundwave Excitation coefficient

The groundwave is excited by a 

ray tangent to the surface dif­

Dvai=-ilVf WjW/Wjft)2 e1"/4 (-y)1/4 e^/3(-y)3'2 wi (y)
t-q

fracted ray. The excitation coef­

ficient equals the ratio of the 

transverse electric field of the 

groundwave at the point of ex­

citation to that of the radiation 

where |(-y) 3/2 = ki - vtan-1 - lo V
special cases :

?“«, Dv(-f)= wl(0)/wl(t)2

t-q

field of the source at the same for small l ,
point. I is the distance from the 

Dv(^-p| Wj(0)/wj(t)2 ei,t/4(‘f)1/6(|)1/2 eikfe-ivtan-1 ^kh)

source to the excitation point, h 

is the height of the source above 

the ground.

■yS)2 2 
where h i + i !i f22 v 1

limT:o Dv(^)=-- 
t-q

, (Oj/Wjft)2^)1/^!)1/2 eirt/4w1(0)

Radiation from the groundwave Shedding coefficient

The groundwave sheds rays (ra­
S<«) =(kl)1/6(|)1/2(-y)1/4ei2/3(-y)3/2w1(y)/w1(0,

diates) tangentially from the sur­

face diffracted ray. The shedding 2 ,3/2 = kl -vtan~* — ZS ’
coefficient equals the ratio of the 

transverse electric field a dis­ special cases :

tance i from the point of shedding !£.«« ■fe),/8 ••iw/4(| )1/2 /wx (o)
to that of the groundwave at the 

point of shedding exclusive, of the 

phase integral and azimuthal 
lim S(«) - eikViy‘a"_1 * S“-(ls)I/3kh) /wi(0)

focusing contributions (that is, it 

includes only elevation focusing), where “-yUF77
li is the height of the observation 

point above the ground. S(0) = 1

After Jones, 1968; corrected 8 May 1972,
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Physically, a groundwave mode is a ground-reflected wave for which the 
angle of incidence is such that the reflection coefficient is infinite. An in­
finite reflection coefficient allows the boundary conditions to be satisfied by 
a reflected wave in the absence of an incident wave; therefore, a groundwave 
mode can propagate away from where it was produced. It is a reflected wave that 
satisfies the boundary conditions without an incident wave.

Mathematically, groundwave modes arise from a residue expansion of a con 
tour integral of a ground—reflected wave. The angle of incidence is related 
to the independent variable of integration in that contour integral; the poles 
of the integrand for the residue expansion are the poles of the ground 
reflection coefficient. The infinite ground reflection coefficient connects 
the mathematical with the physical interpretation of a groundwave mode.

Figure 3 shows the geometry for calculating excitation of and radiation 
(shedding) from a groundwave mode. Jones (1968) shows that the vertical electric 
field at the receiver is

E =
Idswp

i —7—- —9--- cos64 it £t T vv
-iv(e-eT-eR)

e
_ L J

S(£) H iVfH (3.1)

where the 7 factors are, respectively, (1) the incident field from the transmitter 
at the point of excitation of the groundwave, (2) the groundwave excitation 
coefficient Dv(£T), (3) the phase integral of the surface-diffracted ray from the
point of excitation to the point of shedding, (4) the shedding coefficient S(£), 
(5) the phase integral from the point of shedding to the receiver, (6) a conver­
gence factor due to azimuthal focusing, and (7) the pattern factor of the 
receiving antenna (a vertical dipole). The excitation and shedding coefficients 
are given in Table 1. Figure 3 can be used to evaluate all of the geometrical 
quantities in (3.1) in terms of known quantities. The quantity Ids is the current 
moment of the vertical dipole transmitting antenna.

In the following sections I will make similar calculations to calculate mode 
coupling at the land-sea boundary.
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Receiver

Center of Earth

Surface of Earth

Transmitter

Figure 3. Representation of a grounduave mode by a surface-diffracted ray at 
a complex height v/k-a. The sphere of complex radius v/k is a caustic for 
the groundwave mode. From Jones (1968; Fig. 3).
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4. COUPLING OF GROUNDWAVE MODES BY EDGE DIFFRACTION

As was mentioned in the introduction, over the sea we have one set of 
groundwave modes and over the land another set. A groundwave mode incident 
from the sea on the sea-land interface will excite groundwave modes appropriate 
to propagation over the land. One possible mechanism for conversion of a sea- 
type groundwave mode to a land-type groundwave mode is edge-diffraction. As we 
shall see, the hypothesis that edge-diffraction is the correct mechanism leads 
to agreement with independent calculations.

Briefly, the edge-diffraction mechanism for coupling groundwave modes 
works as follows. The field of the sea-type groundwave mode incident on the 
land-sea interface is calculated in the usual way as though there were a re­
ceiver there, but ignoring the pattern factor of the receiving antenna. The 
field strength is then assumed to be that of an incident wave on the land-sea 
interface at the appropriate angle of incidence. Using the appropriate 
scattering coefficient, we then calculate the scattered field from the land- 
sea interface. (This will be a cylindrical wave with a pattern factor 
determined by the scattering coefficient.) We then treat that cylindrical wave 
as a virtual source that excites a land-type groundwave mode in the usual way.

Figure 4 shows a drawing of the ray structure for this process. However, 
Fig. 4 is inaccurate in that all four straight-line ray segments should be tan­
gent to the circular surface-diffracted rays. This is impossible to draw for 
the two rays that connect at the land-sea interface, even though the configura­
tion is possible with complex rays. Figure 5 shows another representation of 
this process. Although it represents the surface-diffracted waves by creeping 
rays below the Earth's surface, and seems to require rays to penetrate the 
surface of the Earth, it correctly shows the four straight-line rays tangent 
to the creeping rays, and it can be used to calculate coupling of groundwave 
modes at the land-sea interface.

We again consider a vertical electric dipole source. Then following the 
example in Section 3, the vertical electric field as seen by the observer in 
Fig. 5 is

9



Free space

^O'/'O

Observer

Source

Figure 4. Geometry to represent coupling of groundwave modes at a land-sea 
boundary by edge-diffraction. The impossibility of drawing a ray from 
the land-sea interface that is tangent to the caustic for the groundwave 
mode disqualifies this figure as being useful for making calculations.
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Free space

Observer

Source

Figure 5. Geometry to represent coupling of groundwave modes at a land-sea 
boundary by edge-diffraction. Although the rays are unrealistically 
represented as being below the Earth1s surface^ the correct geometrical 
relationships allow this figure to be useful for making calculations.
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E =
tj -lklIdscoy To e1 —---  —----  cos3n4tt £ 1

— ~ —
-iv a _

1
D (£m) v2 T

z z e Sv2(V

-ik£r
de( e1, 32)

1 J

-ik£.
D (£..)v ' r

-1Vlal

S (O v1v R'
-ik£.R

J-T 5lnBi

r sin0 cosB (4.1)

The 14 factors in (4.1) are respectively

1) The incident field from the vertical electric dipole source at the point 
of excitation of the sea-type groundwave.

2) The groundwave excitation coefficient.

3) The phase integral of the surface-diffracted ray from the point of ex­
citation to the point of shedding.

4) The shedding coefficient.

5) The phase integral from the point of shedding to the land-sea inter­
face.

6) The edge-diffraction coefficient for an incident grazing angle -f^ and 
a scattering angle

7) The geometrical spreading factor for the cylindrical wave scattering 
from the land-sea interface.

8) The phase integral from the land-sea interface to the point of excita­
tion of the land-type groundwave mode.

9) The groundwave excitation coefficient.

12



10) The phase integral of the surface-diffracted ray from the point of ex 
citation to the point of shedding.

11) The shedding coefficient.

12) The phase integral from the point of shedding to the observer.

13) A convergence factor to account for azimuthal focusing.

14) The pattern factor of the receiving antenna (a vertical dipole).

Table 1 gives the formulas for the excitation and shedding coefficients;
I is the peak current in the source antenna; ds is the length of the source 
antenna; and the formula for the edge diffraction coefficient D^, is given in 
Section 5. All of the other quantities in (4.1) can be found from the geometry 
in Fig. 5 in terms of known quantities. These are given in Appendix A.

We can use Table 1 and (A.l) through (A.10) from Appendix A in (4.1). 
After some algebra, this gives

E =

v, 1/2 v0 3/2la /
kr r kb 2i

Idsojy^
4ira0

*a)1/3
ir |—jI 6 eilT^
i sin0

ir/4 / 2 V 
i \ka f

1/3 1/2
(2ir) D

fiV2e2 e-iVl6l wl(t2-yb) w1(t1-y)

22 w (t ) w (t ) ’t2‘q2 Vl 12 11
(4.2)

where Appendix B gives the formulas for y^, Y» ^2’ ^1’ ^2’ *^1’ ^"2* ^”1*

We can make some approximations because the first term in (B.3) and in (B.4)
£is much larger than the second term. [At HF (10 to 30 MHz) ka is about 10 , and 

t^ and t^ vary from order unity to about 50 for the first two hundred groundwave

13



modes. For high enough mode number, the approximation would eventually not be 
valid, but when that happens, (4.2) will no longer be valid because its 
validity depends on the first term in (B.3) and (B.4) being much larger than 
the second term.] With this approximation, the second factor in square 
^^-^ckets in (4.2) is approximately unity, and we can use

V1 ~ V2 ~ ka (4.3)

nearly everywhere but in exponential terms. Thus, (4.2) is approximately

wntsyr *r fef r©
Idswy

i sin0

-1v262

t2 q2

-iV-0- , xe 1 1 WV Wy)

Vqi
wl(t2) W (4.4)

It is usual to normalize E to the free-space field above a flat, perfect con­
ductor. We can take this to be

Idscoy -ika0
Eo = 21 “4TT a0 ■ (4*5)

Dividing (4.4) by (4.5) and using (B.3), (B.4), and (A.11) gives

14



Hr(#yi kry^f] <r w
D^C-Bi sin0

riX2fc2 e'iXltl wl(t2-yb) Wl(tl-y)

2 n 2 w (t ) w (t ) ’t2-q2 ti_qi 12 1 1
(4.6)

where x2 and x^ are defined in Appendix C.

I will make more approximations after calculating the edge-diffraction 
coefficient in Section 5.

5. EDGE-DIFFRACTION COEFFICIENT FOR A LAND-SEA INTERFACE

Figure 6 shows the geometry for edge diffraction by a plane interface in 
which the surface impedance changes discontinuously as it does at a land-sea 
interface. Let u^ be the incident field at the land-sea interface that would 
exist if there were free space everywhere. Let u^ be the diffracted field a 
distance £ from the land-sea interface. Let

sinS„ + A_
T> _ _ _ _ _ _ _______—2 sinS2 - A

(5.1)

be the Fresnel reflection coefficient for reflection of the incident wave at an 
angle of incidence tt/2— 32 from Medium 2. Let

sinS^ + A^ 
R1 sing^ - (5.2)

15



Free space qQ
“d

Medium 2 Medium 1

Figure e Geometry for edge diffraction at a land-sea interface. Each of 
the two lower media is characterized by a surface impedance z or z
We consider a plane wave to be incident on the land-sea interface. 10ne 
v<m of the cylindrical edge-diffracted wave is shown.
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be the Fresnel reflection coefficient for reflection of a wave at the angle 3^ 
from Medium 1. A]_> A2» and ^2 are defined in FiS- 6-

The incident wave u^ gives rise to a diffracted wave

-ik£

in the direction 3 and a diffracted wave

-ik£%r •
in the direction -3^. The latter gets reflected into the 3^ direction to give 
a diffracted wave

-ik£
uiDE<"6i,s2) h

The incident wave also gets reflected to produce a wave

uiR2 ’

from the -3 direction. This reflected wave in turn generates two diffracted 

waves 9
-ik£

and

-ikJl

in the 3^ direction. Thus, there are four contributions to the diffracted wave
uJt Adding them together gives 

d

17



Ud WW + R1DE^ W + R2DE^1*~V

-ik£tWE(-’l--,I>1^-' (5-3)

Kaminetzky and Keller (1972) calculated the diffracted field for the geometry of 
Fig. 6. Their result [from their Equations (1.6) and (1.7) specialized to the 
case j=l] in the present notation is

ud

ui(2/Tr)1^2 e ilT^ sing^ sin^^-A^) 

(sin32~A2) (sing^-A^) (cosf^-cosfSp
-ik£ e____
Ai

(5.4)

Using (5.1) and (5.2), we can write (5.4) as

Ud = ui(2/,ir)
1/2 e~iir/4 ^1+R1') ^1+R2^ A2 A1 e ik&

4 cosB2-cos31 ^ (5.5)

Comparing (5.3) with (5.5), we see that they are the same if we take

-iir/4 A„-A. e______ 2 1____
2(2ir)1/2 cose2_COSe1 * (5.6)

We see that D_ is even in both of its arguments. Thus, we can write (5.3) as

-ik£
u = u (1 + R )(1 + R ) D (6^6,) -----  . (5.7)d i 1 2 E 1 2 ^

The above development requires a little comment. First, I altered (5.4) 
slightly from the original formula given by Kaminetzky and Keller. Their result 
was valid only for

I a2_Ai I « IV (5.8)

18



and they made no distinction between A^ and in the denominator of (5.4). With­
in the limitations of (5.8), (5.4) is equivalent to the expression given by 
Kaminetzky and Keller. However, the agreement of (5.4) with the formulas of Hill 
and Wait (1981), which we shall see later, indicates that (5.4) may be valid 
without the restriction (5.8).

Second, I included the reflection coefficients and in (5.7) but did 
not include them in the 6th factor in (4.1), because in (4.1) the wave incident 
on the land-sea interface was a surface-diffracted wave (i.e., a creeping ray or 
groundwave). A groundwave already has a reflection coefficient included in it.
In fact, the expansion in a groundwave mode series is a residue expansion at the 
poles of the ground reflection coefficient. A ground reflection coefficient is 
already included in both the groundwave incident on the land-sea interface and 
the groundwave excited at the interface. Because groundwaves occur where the 
reflection coefficient has a pole, we have

IRjJ » 1 (5.9)

and

|r2I >> 1 (5.10)

for groundwaves, so that (5.7) becomes

-ik£
Ud = UiRlR2DE^l’ ’ (5.11)

where *^s already included in the groundwaves.

We can consider some other forms for (5.6). If the wave incident on the 
land-sea interface is a groundwave, and if the edge-diffracted wave is a ground- 
wave, then (A.6) and (A.7) give the incident and diffracted angles. Substituting 
(A.6) and (A.7) into (5.6) gives

19



(5.12)de ■ h)
e-iir/4 A]-a2
(2*)1/2 V^2 '

Using (B.3) through (B.6) in (5.12) gives

•l=1\2
7kaV/3 e'1’'4 qrq2

(2»)1/2 C1 t2 (5.13)

Another special case arises if the incident wave on the land-sea interface is a 
groundwave but the edge-diffracted ray is scattered at some arbitrary angle 3^. 
Then we can use (A.6), (B.3), (B.5), and (B.6) in (5.6) to get

D„ = i(ka/2) 1/3 e
-iir/4_ qrq2
(2ir)1^2 teff_t2 (5.14)

where

teff = 2(ka/2)2^3(cosg-l) , (5.15)

and I have written the scattering angle as 3 instead of 3^.

6. COMPARISON WITH THE FORMULAS OF HILL AND WAIT

Hill and Wait (1981) calculate groundwave-mode coupling at the land-sea 
interface. It is appropriate, therefore, to compare (4.6) with their formula. 
The appropriate edge-diffraction coefficient D is given by (5.13), because it 
corresponds to both the incident and edge-diffracted waves being groundwave 
modes. Substituting (5.13) into (4.6) gives

20



-lx2t2

t2 q2

-ix^T xe 1 1 WV

fcrqi w1(t2)
w1(t1-y)
”i<ti) (6.1)

Equation (6.1) is valid for arbitrary source and observer heights. If the source
and observer are close to the surface of the Earth, such that the angles 3T and
3 (Fig. 5) are small, then R

b ~ r I a, (6.2)

(B.l) is approximately

'2 - yb : (ki)1/3(ka + (jr)173'! - kb) - C2 -(2/ka)1/3H,b.
(6.3)

(B.2) is approximately

t1 - y : (ka + tx - kr) = - (2/ka)1/^3kh, (6.4)

and the two factors in square brackets in (6.1) are both unity. 

With these approximations, (6.1) becomes
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E/E = 
o

tt(ka/2)1^392 ql q2 
i sin0 tl t2

-ix2t2

Vq2
-1x^1

fcl ql

WV wl(Vy)
w1(t2) w1(t1) ’ (6.5)

where, from (6.3)

yb = (2/ka)173^ , (6.6)
and from (6.4)

y = (2/ka)ly/3kh. (6.7)

One further approximation can often be made if the horizontal distance be- 
tween the source and observer are small enough that

sinG ~ 0 . (6.8)
Then (6.5) becomes

E/E (,../i)1/2 (qi~q2> "hW
° (t1-t2)(t2-q22)(t1-q12) wl^c2^ W (6.9)

where x is defined in (C.3). Of course, (6.9) gives the effect of only one ground- 
wave mode from the sea exciting only one land-type groundwave mode at the land-sea 
interface. The total field is found by summing over all sea-type and land-type 
groundwave modes.

tot
1/? „ „ exp(-ix„t9-ix t )/E„ = («/i)1/2(qfq2) II 2 2 11

h c2 (trt2)(t2-q22)(trqi2)
Wi(t2-yb) w1(t1-y)
wl(t2) . (6.10)

Equation (6.10) agrees with the corresponding formula of Hill and Wait (1981; 
Eq. 9).
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The agreement indicates that edge—diffraction is probably the mechanism for 
coupling of groundwave modes at a land-sea interface.

7. THE DIRECT EDGE-DIFFRACTED WAVE NEAR THE LAND-SEA INTERFACE

Now that we know that edge-diffraction is the mechanism for coupling ground- 
waves at a land-sea interface, we see that groundwaves incident on such a land-sea 
interface will excite edge-diffracted waves in all directions, and that it might 
be possible to detect such waves near the shoreline. Figure 7 shows the geometry 
that allows the calculation of these edge-diffracted waves. It is similar to 
Fig. 5 in that the creeping ray (the caustic for the surface-diffracted ray) is 
shown unrealistically below the Earth, so that the ray from the caustic to the 
land-sea interface can be shown tangent to the caustic.

Following the example in Section 4, we can calculate the vertical electric 
field, seen by the observer in Fig. 7, due to a vertical electric dipole source. 
This is

E
Idsooy

v 

[sin<|>]. (7.1)["ki + y m i
The 11 factors in (7.1) are respectively

1) The incident field from the vertical electric dipole source at the point 
of excitation of the sea-type groundwave.

2) The groundwave excitation coefficient.

3) The phase integral of the surface-diffracted ray from the point of ex­
citation to the point of shedding.
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Free space

Cq-^o Observer

Source

Figure 7. Geometry to represent excitation of an edge-diffracted wave by a 
groundwave mode incident on a land-sea boundary. One ray of the 
cylindrical edge-diffracted wave is shown.
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4) The shedding coefficient.

5) The phase integral from the point of shedding to the land-sea inter­
face.

6) The edge-diffraction coefficient for an incident grazing angle -8 and 
a scattering angle 3.

7) One plus the ground reflection coefficient for the land.

8) The geometrical spreading factor for the cylindrical wave scattering 
from the land-sea interface.

9) The phase integral from the land-sea interface to the observer.

10) A covergence factor to account for azimuthal focusing.

11) The pattern factor of the receiving antenna (a vertical dipole).

Equation (7.1) can be written in terms of known quantities by using the 
geometrical relationships in Fig. 7 (given in Appendix A), the groundwave excita­
tion and shedding coefficients in Table 1 (with auxiliary formulas given 
explicitly for the geometry of Fig. 7 in Appendix B), and the appropriate form for 
the edge-diffraction coefficient (5.14). The result (after some algebra) is

WW1 Hr W1
1 (,. IdS“Uo\ /kaoA

2 l 1 47ra0 J ysin0 J
2 2 w (t9-y. )9-1-q lv 2 Jb

w,(t0)lv 2eff 2 t„-q2 H2

• “ik2-

--------------- —-----------------  -----  sin<J>, (7.2)
WW ^Wl' (t1)/w1(t1)_91) ^
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where I have used

w2*(t1)/w2(t1) - qx 
Ri w1*(t1)/w1(t1) - qx

for the ground reflection coefficient, and the Wronskian

Wi(t)w2,(t) - w2(t)w1f(t) = -2i. (7.4)

As in Section 4, when (4.3) holds, the second factor in square brackets is 
unity. In addition, if we use (4.3) nearly everywhere but in exponential terms, 
and divide by (4.5), we get

21_____________________________
wi(ti)w2(ti) (wi'(ti)/wi(t1) - qp

rq2

eff-t2

-iX2t2

t2 q2

wl(t2~yb)
Wi(t2)

-ik£+ika0.

(kft) 1/2
sine}). (7.5)

As in Section 6, if the source and observer are close enough to the ground (within 
about 100 km) then the factor in square brackets is approximately unity. In 
addition, we can use (6.2) in (7.5) to give

(’ 0vl/2 -ix0t0qi~q2 e_i_2 
?in9/ ‘efrt t2-q2:

Wl(t2~yb)
w1(t2)

-ik£+ika0.

(k£) 1/2
sincj)

2i____________________________ _
wl(tl)w2(ti)(wi'(ti)/Wi(ti) - q1) (7.6)
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Further, if the source-observer distance is not too large, we can use (6.8) in 

(7.6) to give

ix„t2l2 w (t0-y, )qn-q lv 2 'b
w. (t„)eff 2 t0-q2 H2

-ik£+ika0
1

(k*) 1/2 Sin*

2i (7.7)Wl(tl)W2(tl)(Wl,(tl)/Wl(tl) " qpl'T 2' 1

The formulas presented here are not valid near the horizon because of sur­
face diffraction effects (excitation of groundwaves). I tried to extend the 
validity of the results by writing the field as a contour integral that I could 
evaluate by a saddlepoint approximation to get the formulas presented here.
Near the horizon, however, the saddlepoint was near a pole and near an endpoint 
in the contour integration. Because of that and other difficulties, 1 was not 
able to extend the validity of these formulas closer to the horizon. Although a 
different contour integral representation might work, it is not of great 
importance to do this because the groundwave mode representation works well near 
the horizon.

8. DIRECT RECEPTION OF A SEA-TYPE GROUNDWAVE OVER THE LAND

Figure 8 shows how it is possible to receive directly a sea-type ground- 
wave over the land. If the frequency is high enough, then the possible edge 
effect from the land-sea interface will be negligible. The point is that the 
presence of the land in Fig. 8 should not be significant because the ray does 
not touch the land. The signal seen by the observer should be nearly the same 
as that for the case of a homogeneous sea.

The condition that the observer is close enough to the land-sea interface 
so that the situation in Fig. 8 applies is

1 20., < cos cos (8.1)
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Observer

Free space

Source

Figure 8. Geometry showing how a sea-type groundwave mode can be observed 
land by an elevated observer. over
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In Fig. 8, the radius v^/k of the caustic associated with the surface-diffracted 
wave is represented as being real. Normally, however, is complex, so that the 
radius v^/k is also complex and the angles in (8.1) are also complex. Thus, in 

general, it may be appropriate to substitute

61 < real ^cos"1 ~ - cos 1 <8-2)

for (8.1). I admit that this is an ad hoc procedure. However, it seems to have 
about the right properties and can probably be justified with more careful 
analysis. If the angles in (8.2) are small (as they usually are) then (8.2) may 

be approximated by

x1 < real (/y-t2 - /-t2), (8.3)

where x^ is defined in (C.2), y is defined in (6.7), and t2 is related to v2 by 
(B.3) and is defined as one of the roots of (B.7).

In practice, as 6 (or x^ increases, the higher order groundwave modes will 
cease to satisfy (8.3) first and be cut off. As 0^ (or x^) continues to increase, 
more and more of the high order modes will be cut off until only the lowest order 
mode exists, and then finally it too will be cut off as 0^ (or continues to

increase.

The higher the observer (the larger y is) the larger 0X (or x±) will be for 
cut off of a given groundwave mode. When the observer is on the ground, all 
groundwave modes are cut off beyond the land—sea interface.

Figure 9 shows the cut-off situation for which (8.2) or (8.3) is not 
satisfied.

9. THE SHADOW ZONE FOR A GROUNDWAVE MODE EXCITED AT A LAND-SEA INTERFACE

Figure 10 shows an observer over the land receiving a land-type groundwave 
mode. As pointed out in Section 3, a groundwave mode is a ground-reflected wave
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£ 1^0

e2'V0'a2

Source

Figure 9. Geometry showing cut off of a sea-type groundwave mode for an elevated 
observer who is too far from the shoreline.
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Free space Observer

Source

Figure 10. Geometry showing how the ray that represents a land-type groundwave 
mode propagates in a straight line from the Earth's surface to the observer. 
The ray must intersect the Earth’s surface an the land side of the land-sea 
interface to satisfy the boundary condition (an infinite ground reflection 
coefficient) for a land-type groundwave mode.
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for which the reflection coefficient is infinite. (That allows a reflected wave 
to exist with no incident wave except at the point of excitation.) For the 
existence of the land-type groundwave mode in Fig. 10, it is necessary that the 
ray representing it come from the land and not from the sea; i.e.,

0^ > cos
-1^1

kr
-1cos (9.1)

Because the quantities in (9.1) are complex, we must substitute

0^ > real
/ -1 V1 -1 Vl\
Jcos ^ - COS -j (9.2)

for (9.1). If the angles in (9.2) are small (as they usually are), then (9.2) is 
approximately

Xx > real (i/y-^ - /-tp, (9.3)

where xx is defined in (C.2), y is the normalized observer height defined in (6.7), 
and t1 is related to v by (B.4) and is defined as one of the roots of (B.8).

Figure 11 shows the opposite case, where (9.2) and (9.3) do not hold. The 
land-type groundwave mode seen by the observer in Fig. 11 appears to come from the 
sea. It is clear that the physical conditions necessary (an infinite reflection 
coefficient) for the existence of that groundwave mode do not hold there. It 
therefore seems likely that (9.3) is approximately a correct condition for the 
observation of the groundwave mode in question. There thus seems to be a shadow 
zone for each land-type groundwave mode. The observer in Fig. 11 is in the 
shadow zone for the groundwave mode represented, whereas the observer in Fig. 10 
is not in the shadow zone.

In practice, an observer directly above the land-sea interface is in the 
shadow zone for all of the land-type groundwave modes that have been excited at 
the land-sea interface. As the observer moves over land, he moves out of the 
shadow zone of the higher order modes. If he moves far enough away from the sea, 
he will move out of the shadow zone of all of the land-type groundwave modes.
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Free space

fO'/'O

^W7777

£2’V0<°'2

Source

Figure 11. Geometry for an observer in the shadow zone of the land-type ground- 
wave mode that was excited at the land-sea interface. The ray that would 
connect the caustic of the land-type groundwave mode with the observer 
intersects the Earth's surface over the sea. At that point of intersection, 
the ray fails to satisfy the boundary condition (an infinite ground reflec­
tion coefficient).
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The closer he is to the ground, the sooner he will move out of the shadow zone of 
each mode. An observer on the Earth's surface is out of the shadow zone of all 
land-type groundwave modes if he is over land.

Although the analysis presented here is somewhat ad hoc, it is probably a 
good approximation.

10. THE FIELD NEAR A LAND-SEA INTERFACE

There are three contributions to the total field observed near a land-sea 
boundary.

1) Edge-diffracted rays from the land-sea interface (discussed in Section 
7).

2) Sea-type groundwave modes (discussed in Section 8).

3) Land-type groundwave modes (discussed in Section 9).

As pointed out in Section 8, the sea-type groundwave modes can still be 
observed for a distance over the land away from the land-sea interface. As 
pointed out in Section 9, the land-type groundwave modes excited at the land-sea 
interface cannot be observed by an elevated observer if he is too close to the 
land-sea interface. Thus, the significant variation of the groundwave mode 
contributions to the field is determined by the number of contributing modes 
for each of the two types.

Figure 12 shows a plot of these three contributions for an observer 30 m 
above the ground [relative to the free-space field above a flat, perfect con­
ductor (4.5)]. The edge-diffracted wave is very small near the land-sea 
interface, and increases as the observer moves away from the sea. The main 
cause of the rapid increase is the factor te£f-t2 in tlie denominator of (7.5). 
t2 is small and complex with a postiive real part. As can be seen from (5.15),
t is real and negative. The denominator t rr-t„ will be smallest for small eft etf 2
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30 MHz
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Observer Height = 30 Meters
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Edge-Diffracted
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Distance of Observer From Shoreline (km)Land

Figure 12. The field (relative to the free-space field above a flat perfect
conductor) near the land-sea interface for an observer 30 m above sea level. 
The source is a vertical electric dipole on the surface of the sea 20 hn 
from the shoreline. The frequency is 30 MHz. The numbers near the sea-type 
groundwave-mode contribution indicate the maximum mode number included in 
the calculation. The numbers near the land-type groundwave-mode contribu­
tion indicate the maximum mode number not included in the calculation. A 
maximum of 200 modes were used in these calculations. The dashed-line 
extension to the land-type groundwave-mode contribution indicates the sum 
of the first 200 modes. The dashed-line portion of the edge-diffracted 
wave indicates the region where the approximations used to calculate the 
edge-diffracted wave are no longer valid because surface diffraction by the 
Earth is significant. The values of t% used in (7.7) are given on the curve
for the edge-diffracted wave. Large negative values for £ (such as -50) 
indicate that the effect of surface diffraction by the Earth is not 
significant. Because the edge-diffracted wave and the land-type groundwaves 
are alternate representations of the same fields the correct contribution 
to that part of the field will follow the edge-diffracted wave near the land- 
sea interface and the land-type groundwave far from the land-sea interface. 
The total field is found by summing (coherently) the sea-type groundwave 
with the edge-diffracted/land-type groundwave contribution.
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B, that is, for edge-diffracted rays that are nearly horizontal. Thus, for a 
given height, that denominator will be smaller for larger distances from the 
interface, leading to the increase in signal strength shown in Fig. 12. The 
edge-diffracted rays are cut off at the horizon, but before that happens, the 
edge-diffracted ray solution is not valid because of surface diffraction (i.e., 
excitation of groundwaves becomes significant). The dashed part of the edge- 
diffracted ray contribution is probably not valid because of surface diffraction 
effects.

The sea-type groundwave mode contribution in Fig. 12 continues essentially 
unchanged for about 500 m over the land. During that 500 m the higher order 
modes have been cut off because they no longer satisfied (8.3). At 500 m from 
the land-sea interface, only modes 1 through 15 have not been cut off. That 
the sea-type groundwave contribution has decreased very little during that 500 m 
indicates that only the first 15 modes were contributing significantly; the rest 
had been attenuated significantly during the propagation over the sea. During 
the next 500 m over land, the sea-type groundwave contribution falls rapidly as 
more and more modes are cut off. From 1000 m to 1200 m only one sea-type ground- 
wave mode is not cut off. Beyond 1200 m all of the sea-type groundwave modes are 
cut off for an observer 30 m above the land. I suspect that a more thorough 
analysis would show the same qualitative behavior, but the distance from the 
shoreline where the rapid falloff occurs might be shifted a hundred meters or so.

The land-type groundwave mode contribution in Fig. 12 is negligible at the 
shoreline and grows as the observer moves farther inland and out of the shadow 
zone of more and more modes. The observer moves out of the shadow zone of the 
higher order modes first. Finally, at 1200 m from the shoreline the observer 
moves out of the shadow zone of the lowest order mode, and beyond that distance 
all of the land-type groundwave modes contribute. The contribution of all of 
the modes calculated (200) is shown with a dashed line for reference. Again, I 
suspect that a more thorough analysis would show the same qualitative behavior.

The agreement of the edge-diffracted ray contribution with the land-type 
groundwave mode contribution is significant. In fact, the two are not indepen­
dent contributions, but rather alternate representations of the edge-diffracted 
contribution. The edge-diffracted ray is the more accurate representation
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closer to the shoreline, while the groundwave mode representation is more 
accurate far from the shoreline.

The practical importance of Fig. 12 is that an observer 30 m above sea 
level can be as much as 500 m back from the shoreline before his received 
signal decreases significantly from what he would receive above the shoreline.

Figures 13 through 19 show similar behavior for observer heights varying 
from 10 m through 300 m. Figure 20 shows similar behavior for a source 70 km 
from the shoreline.

Figure 21 shows a contour plot in a vertical plane of the signal strength 
over the land for sea-to-land propagation. The three regions, the region 
where sea-type groundwaves are dominant, the transition region where some 
modes for both types of groundwaves are in the shadow, and the region where 
the land-type groundwaves are dominant are clearly shown. The exact shape of 
the contours in the transition region is uncertain because the exact transition 
of each groundwave mode across its shadow boundary was not calculated. The 
location of the transition region is reasonably accurate, however. Figures 
22 and 23 show more details of the contours closer to the shoreline.
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30 MHz
Source on Sea Surface 
20 km From Shoreline 

Observer Height = 10 Meters

Edge-Diffracted
Wave

Sea-Type Groundwave Modes

Land-Type Groundwave Modes

Distance of Observer From Shoreline (km)

Figure 13. The field near the land-sea interface for an observer 10 m above sea 
level. The other conditions are the same as in Fig. 12.
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30 MHz
Source on Sea Surface 
20 km From Shoreline 

Observer Height = 20 Meters

\ Edge-Diffracted ^
Wave \

Sea-Type Groundwave Modes \

Land-Type Groundwave Modes

Distance of Observer From Shoreline (km)

Figure 14. The field near the land-sea interface for an observer 20 m above sea 
level. The other conditions are the same as in Fig. 12.
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Source on Sea Surface 
20 km From Shoreline 

Observer Height = 40 Meters

71 36 21

Land-Type Groundwave Modes

Sea-Type Groundwave Modes
Edge-Diffracted

Wave

Distance of Observer From Shoreline (km)

F%gure 15. The field near the land-sea interface for an observer 40 m above sea 
Level. The other conditions are the same as in Fig. 12.
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30 MHz
Source on Sea Surface 
20 km From Shoreline 

Observer Height = 50 Meters

71 41 26

Land-Type Groundwave Modes

Sea-Type Groundwave Modes

Edge-Diffracted
Wave

Distance of Observer From Shoreline (km)

Figure 16. The field near the land-sea interface for an observer 50 m above sea 
level. The other conditions are the same as in Fig. 12.
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30 MHz
Source on Sea Surface 
20 km From Shoreline 

Observer Height = 100 Meters

Land-Type Groundwave Modes __

Sea-Type Groundwave Modes

Edge-Diffracted
Wave

Land Distance of Observer From Shoreline (km)

Figure 17. The field near the land-sea interface for an observer 100 m above sea 
Level. The other conditions are the same as in Fig. 12.
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30 MHz
Source on Sea Surface 
20 km From Shoreline 

Observer Height = 200 Meters

Land-Type Groundwave Modes
Sea-Type Groundwave Modes

Edge-Diffracted
Wave

Distance of Observer From Shoreline (km)

Figure 18. The field near the land-sea interface for an observer 200 m above sea 
level. The other conditions are the same as in Fig. 12.
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30 MHz
Source on Sea Surface 
20 km From Shoreline 

Observer Height = 300 Meters

Land-Type Groundwave Modes

Sea-Type Groundwave Modes

Edge-Diffracted
Wave

Distance of Observer From Shoreline (km)

Figure 19. The field near the land-sea interface for an observer ZOO m above sea 
level. The other conditions are the same as in Fig. 12.
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30 MHz
Source on Sea Surface 
70 km From Shoreline 

Observer Height = 30 Meters

Sea-Type Groundwave Modes

Land-Type Groundwave Modes

Edge-Diffracted
Wave

Distance of Observer From Shoreline (km)

Figure 20. The field near the land-sea interface for an observer 30 m above sea 
level. The source is a vertical electric dipole on the surface of the sea 
70 hn from the shoreline. The other conditions are the same as in Fig. 12.
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Figure 21. Contours of constant field strength (relative to the free-space field 
above a flat3 perfect conductor) over land near a land-sea interface. The 
source is a vertical electric dipole on the surface of the sea 20 hn from 
the shoreline. The frequency is 30 MHz. The conditions are the same as 
those for Figures 12 through 19. The dashed lines “separate the three 
regions: the region where sea-type groundwaves are dominant 3 the transition 
region where some modes for both types of groundwaves are in the shadow3 
and the region where the land-type groundwaves are dominant. The exact 
shape of the contours in the transition region is uncertain because the 
exact transition of each groundwave mode across its shadow boundary was not 

calculated.
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Figure 22. Contours of 
face3 as in Fig. 21

constant field strength over land near a land-sea inter- 
but showing more detail near the shoreline.
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Figure 23. Contours of constant field strength over land near a land-sea inter- 
faee3 as in Fig. 21, hut showing more detail near the shoreline.
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APPENDIX A. EQUATIONS FROM THE GEOMETRY OF FIGURES 5 AND 7

2 2 1/2 
£t = [bz - (v2/k) ] (A.l)

2 2 1/2 £2 = [az - (v2/k) ] (A.2)

2 2 1/2 
= la - (v1/k)Z] (A.3)

2 2 1/2
AR = Ir - (v^/k) ] (A.4)

6t = cos 1 (v2/kb) (A.5)

S2 = cos 1 (v2/ka) (A.6)

8^ = cos ^ (v^/ka) (A.7)

Br = cos 1 (v^/kr) (A.8)

“l ' 61 - 61 - eE (A.9)

a2 = ®2 " ^T “ P2 (A.10)

e = + e2 (A.11)
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(APPENDIX A—Cont.)

Z {h + 2 ar sin^0^/(1 cos0^)] 1/2 (A.12)

<j> = sin-1 (a sin0^/£) (A.13)

B = ir/2 - <j) - (A.14)
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APPENDIX B. EQUATIONS FROM TABLE 1 APPLIED TO FIGURES 5 AND 7

2
3 (*b 22 2 -1(kb “ v2 ^ ~ v2 COS ^/^b, (B. 1)

f(y - _ ,3/2 ,.2 2 2,tx) = (k r - vx )
1/2 - cos 1 v^/kr, (B. 2)

ka + (B.3)

ka + (B.4)

2' "o (B.5)

1' o (B. 6)

an<i are the surface impedances of the sea and land, is the impedance of 
free space, and t2 and t^ are determined by

w1'(t2) = q2w1(t2) (B,7)

and

w1,(t1) = q1w1(t1) (B.8)
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APPENDIX C. DEFINITIONS 

x2 = (ka/2)1/302 (C.l)

= (ka/2)1^301 (C.2)

i l-xx = (ka/2) 0 = x^ + x2 (C.3)
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