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with the radii of curvature of rays resulting from 
horizontal and vertical variations in E, then condi­
tions (a) and (d) require that these radii be large com­
pared with a wavelength. That is, the horizontal and 
vertical variations in E must be reasonably slow; for 
situations of interest in this article, this requirement 
holds. Condition (b) implies that reasonable values 
will be obtained for distances greater than 100 wave­
lengths from the source. Finally, condition (c) re­
quires that the propagation be relatively oblique; 
that is,that rays be launched with low grazing angles 
(::; 200). A3 

Solutions to the parabolic equation will be ob­
tained if the initial source field is specified and the 
values of the field at the earth's boundary surface 
and ionosphere are properly defined. For simplicity, 
a nonreflecting or fully absorbing boundary is as­
sumed at the ionosphere. For the surface boundary 
condition, a smooth-conducting earth is assumed; 
further, it is reasonable to assume that the skin depth 
of radiation within the earth is small compared to 
the earth's radius of curvature. In that case, the 
earth's curvature can be ignored and Leontovich's 
impedance boundary conditionA4 may be applied. If 
11s is the complex dielectric constant of the earth, the 
boundary condition on U(r, 0) will be satisfied for a 
VEDif 

au ikEs + U = 0, at r = a . (A5) ar 11s 

For a VMD source, the boundary condition on 
U (r, 0) will be 

au 
ar + ik 11s U = 0, at r = a . (A6) 

Practically speaking, vertical symmetric and anti­
symmetric solutions of U above the surface must be 
combined to satisfy either Eq. A5 or Eq. A6. How­
ever, if the earth's surface is approximated by a per­
fect conductor, Eqs. A5 and A6 reduce to the re­
quirement that either (au/ ar) (VED) or U = ° 
(VMD) at the surface. In those cases, one need ob­
tain only symmetric (VED) or antisymmetric (VMD) 
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Figure A2 - Split-step algorithm. 

vertical solutions about the surface, and these boun­
dary conditions are automatically satisfied. 

A number of numerical techniques exist for solv­
ing the parabolic equation. One technique that uses 
the computation speed of the fast Fourier transform 
is the split-step Fourier algorithm developed by 
Hardin and Tappert. A5 The basis of the split-step al­
gorithm is illustrated in Fig. A2. A source field that 
satisfies the appropriate boundary condition is as­
sumed to be known as a function of altitude, h, at an 
initial range step, so. An approximate solution to the 
parabolic equation for all altitudes, h, at a greater 
range, So + as- may be generated by first obtaining 
the Fourier transform, I/;(P, s), of the source field 
distribution in the vertical direction, h. Similarly, if 
one takes the Fourier transform of the parabolic 
equation in the vertical direction, the resultant equa­
tion for the transformed field is first order in the 
horizontal direction: 

An exact solution to Eq. A7 is obtained if the 
propagation constant, K2, is assumed to be relative­
ly constant over a small step size, as-. Then, as 
shown in Fig. A2, an updated, approximate solution 
to the field at So + as- is obtained by an inverse 
Fourier transform where the variation in the prop­
agation constant is applied outside the inverse 
transform: 

I/;(h, So + .1s) = e iKtls/ 2 FT- I 

x [e- itlsp2I2k o I/;(p, so)] , 
(A8) 

where p is the transform variable. The error in this 
approximation solution varies to some power of the 
step size, and stable solutions are obtained with sta­
bility generally depending on step size. The solution 
for the fields for arbitrary ranges are obtained in an 
identical manner for each step by using the field so­
lution at each new range step as the initial condition 
for generating the solution at the subsequent range 
step. For this numerical solution, two fast Fourier 
transforms are required for each step. 
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Figure 11 - The same 600-mega­
hertz antenna of Fig. 10 is pointed 
horizontally into an atmosphere 
with a curved elevated duct 
(dashed line). In (a) the loss in dB 
relative to 1 meter is mapped in 
vertical and horizontal coordi­
nates. In (b) the vertical loss pro­
files are given in dB relative to free 
space. Huge losses leading to 
coverage holes are seen in each 
display. 
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nificant results are shown. There are several void 
regions (not just the one predicted by ray tracing); 
energy is not trapped in the duct, but escapes because 
of the large duct curvature; and excessive energy is 
diverted down to the surface. At the same time, along 
a direction of less curvature (or less inhomogeneity), 
different features are shown in Fig. 12b. New voids 
at high altitude are seen because of the waves' in­
ability to "burn through" the elevated duct. Aside 
from the obvious problem of radar holes, these 
features could cause significant fading and bit-error 
rates for air-to-air telemetry links as well. Also note 
that waves are trapped and guided by the elevated 
duct and not diverted to the surface as in Fig. 12a. 
Unlike the results from ray tracing, these physical op­
tics results show multiple void structure and give the 
propagation loss everywhere, especially inside the 
duct. 

PROPAGATION LOSS ABOUT 
EVAPORATION DUCTS 

A common problem for shipborne radar systems is 
trapping by the evaporation duct. The height and 
strength of the evaporation duct vary from one geo­
graphical location to another. Seasonal and diurnal 
influences present at each locale regularly change the 
duct character. In the summertime, the duct height 
over the North Atlantic might be 50 feet, which is 
relatively low compared to the duct height over the 
Persian Gulf, which may be 300 feet. Therefore, a 
radar antenna on a ship in the North Atlantic is likely 
to operate at an elevation that is usually within or 
above the duct. The usual perception of shipborne 
radar ducting is shown in Fig. 13. Figure 13a depicts 
normal coverage, which usually extends to about 250 
nautical miles under standard atmospheric condi­
tions. For a 100-foot antenna height, the radar ho­
rizon is 12.3 nautical miles. Neglecting diffraction, 
no energy is transmitted below the line of sight that 
passes through the antenna and the radar horizon. In 
the presence of a horizontally homogeneous evapora­
tion duct (Fig. 13b), energy is trapped and guided 
near the surface well beyond the horizon. This duct-
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ing diverts rays away from normal coverage, leaving 
a large region at the far end of the pattern that will 
not be covered by the radar. Also, a wedge-shaped 
hole in the coverage extends from the far end of the 
pattern back to the antenna with a vertical gap that 
can be on the order of 1000 feet thick at a range of 
100 nautical miles. 

Simulations accounting for horizontally inhomo­
geneous situations are now admitting new possi­
bilities for radar behavior about the evaporation 
duct. In Fig. 13c the evaporation duct height is grad­
ually diminishing at increasing ranges from the ship. 
Energy initially trapped by the duct is now leaking 
out of the duct at downrange distances. Trapped 
waves do not propagate as far over the horizon as 
they do in the case of the homogeneous duct. Fur­
ther, the wedge-shaped hole in coverage consists of a 
larger vertical gap. 

Details of the propagation loss can be examined in 
Fig. 14, which plots the dB loss relative to 1 meter in 
horizontal and vertical dimensions. The standard at­
mospheric (a) and the homogeneous duct (b) situa­
tions are studied in a range of 0 to 100 nautical miles 
for altitudes from 0 to 1000 feet. A (sin x)/x antenna 
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Figure 12 - Propagation loss in 
dB relative to 1 meter is mapped 
for a 1.2-gigahertz antenna 
pointed horizontally into an ele­
vated duct (dashed line). Along the 
direction of maximum duct curva­
ture (a), energy is diverted to the 
surface. Along a direction of 
slight duct curvature (b) , the same 
duct traps energy to extended 
range. 

o 20 40 60 80 100 120 140 160 
Horizontal range (nmi) 

(b) 

M o ... 

0~~ __ ~~ __ ~~ __ ~~L--L __ L--L __ L-~~~~=-~~ 

o 20 40 60 80 100 
Horizontal range (nmi) 

pattern, with 0 0 elevation and 2 0 vertical beamwidth, 
is used at 3 gigahertz, and the antenna is placed at a 
100-foot height. The homogeneous duct has a duct 
height of 50 feet and linear refractivity gradients of 
- 200 N units per thousand feet inside the duct and 
- 21 N units per thousand feet above the duct. In 
spite of the antenna's position 50 feet above the duct, 
the finite antenna beamwidth allows some waves to 
be trapped, extending coverage near the surface. 
Note that the 90-dB loss level at the surface extends 
to the 12.3-nautical-mile range in the standard situa­
tions; this level is extended to about 40 nautical miles 
in the homogeneous duct case. In general, the duct 
extends coverage for targets between the surface and 
1000 feet, but the wedge-shaped gap appears and ex­
cess surface clutter is predicted. 

If the height of the duct is allowed to drop linearly 
from a height of 50 feet at the antenna position to a 
height of 30 feet at 100 nautical miles downrange, the 
coverage changes slightly, as seen in Fig. 15a. The 
duct strength is held at - 200 N units per thousand 
feet. In both duct cases, the extent of trapping is 
slight because only a few antenna rays couple to the 
trapping layer. However, if the duct height is allowed 
to rise, more rays enter the duct and severe trapping 
occurs. This is seen in Fig. 15b, for which the same 
antenna is placed above a duct whose height rises lin­
early from 50 feet at the antenna position to 100 feet 
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Figure 13 - Shipborne radar coverage in the presence of 
(a) standard , (b) homogeneous evaporation duct, and (c) in­
homogeneous evaporation duct environments. 
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Figure 14 - Propagation loss for 
a 3-gigahertz antenna at 100 feet 
elevation (a) in the standard atmo­
sphere and (b) above a homoge­
neous evaporation duct with a 50-
foot height. 

+-' -

at 100 nautical miles downrange. The duct strength is 
held at - 200 N units per thousand feet. Significant 
energy at the 90-dB loss level is sustained near the 
surface well beyond the 1 DO-nautical-mile range. 

Further detail is provided by Fig_ 16, where the 
propagation loss in dB relative to 1 meter is provided 
as a function of downrange distance from the anten­
na for the three duct cases (constant height, diminish­
ing height, increasing height) . Results are given for 
an altitude of 40 feet either within or near the ducts, 
and altitudes of 100 feet, 500 feet, and 900 feet above 
the ducts. At a 100-nautical-mile range for the 40-
foot altitude, 20 dB more power than the homoge-
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neous duct is present in the inhomogeneous duct with 
rising height; 30 dB less power than the homogeneous 
duct is present in the inhomogeneous duct with fall­
ing height. At ranges between 30 and 70 nautical 
miles, examination of the loss at the other altitudes 
shows significantly less power for the rising-height 
duct case than either the constant-height or falling­
height duct cases because of the excessive energy ­
trapped in the duct itself. Another important feature 
present in the rising-duct case at these altitudes is the 
spatially periodic fading. 

Clearly, different duct environments will cause dif­
ferent trapping features to arise. Further investiga-
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tions are needed to catalog the dependence of cov­
erage void and propagation loss structure on duct 
height, duct strength, frequency, and antenna char­
acteristics. It is wise not to formulate a stereotyped 
understanding of evaporation duct behavior. 

CONCLUDING REMARKS 
It is well accepted that anomalous propagation af­

fects the performance of many electromagnetic sys­
tems, some of which are radar surveillance, commu­
nications and data link, airplane instrument landing, 
navigation and tracking, weapons fire control, elec­
tronic countermeasures and counter-counter-mea-

Vo/ume4, N umber 1,1983 

75 100 

Figure 15 - Propagation loss for 
a 3-gigahertz antenna at 100 feet 
elevation above inhomogeneous 
evaporation ducts with (a) height 
diminishing downrange from 50 
feet to 30 feet , and (b) height in­
creasing downrange from 50 feet 
to 100 feet. 

sures, and signal intelligence. The word anomalous is 
meant to be synonymous with nonstandard. How­
ever, too often the misleading connotation of infre­
quent occurrence is attached. Until recently, this mis­
understanding stemmed primarily from the lack of a 
rational, scientifically based explanation that could 
interpret or predict the peculiar behavior. As systems 
become more sophisticated and as more precision is 
required, a better understanding of anomalous pro­
pagation is sought. 

Several technical disciplines are being combined 
for this purpose. Electromagnetic wave propagation 
formulations continue to address propagation 
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Figure 16 - Horizontal profiles of propagation loss in dB relative to 1 meter for a 3-gigahertz anten­
na at 100 feet. The profiles are given at the altitudes of (a) 40 feet, (b) 100 feet, (c) 500 feet , and (d) 900 
feet for the evaporation ducts with constant height (black), falling height (blue), and rising height 
(gray). 

through inhomogeneous media, with computational 
efficiency and accuracy as prime objectives. Better 
empirical observations of absorption and clutter 
backscatter are always desired. Boundary layer mete­
orology treats the physical effects in the troposphere 
that contribute to the refractive behavior. These ef­
fects include local atmospheric pressure forces and 
advection, Coriolis and large-scale synoptic forces, 
long- and short-wave radiation, boundary layer tur­
bulence, and atmospheric and surface water content. 
Synoptic climatology provides the data from which 
the seasonal and diurnal effects can be surveyed. It 
also provides a connection between the migration of 
large upper air masses and elevated refractive layers. 
Physical oceanography treats the effects of ocean 
processes on surface temperature, surface heat flux, 
and moisture balance, which is vital to the under­
standing of the evaporation duct and tropospheric air 
circulation. This information is selectively integrated 
through systems analysis to provide a model of the 
troposphere that can be used to study the perfor­
mance of each system under specific criteria. 

We must appreciate that contributions to the un­
derstanding of anomalous propagation will come 
from a variety of sources. It is hoped that future ana­
lytical and testing programs will utilize this inter­
disciplinary approach to take peculiar observations 
out of the realm of folklore and to use the knowledge 
gained for practical purposes. 
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