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ANOMALOUS MICROWAVE PROPAGATION
THROUGH ATMOSPHERIC DUCTS

A multidisciplinary approach that examines the effects of anomalous tropospheric refraction on
electromagnetic microwaves is presented. Effects such as surface ducting have been observed for
decades, but the ability to describe detailed features such as propagation loss has been lacking. A
code has been developed to deal with atmospheres that have both vertically and horizontally chang-
ing inhomogeneities of refractive index. Information derived from this approach is used to predict
and analyze errors caused by transmission fading, duct trapping, and duct leakage in many micro-

wave systems.

INTRODUCTION

The magic carpet, which transported anyone to
any desired place, is a device commonly found in
Eastern story telling. In the Arabian Nights’ Enter-
tainment, Scheherazade tells of a carpet used by
Prince Hussein to deliver a lifesaving elixer to
Princess Nouronnihar instantly. In the Koran, an
enormous carpet of green silk moved King Solomon,
his court, and his armies on command.'

What we hear as folklore or fable often originates
as an experience of physical reality. Therefore, as
high technologists, we make an effort to rationalize
strange occurrences with our understanding of sci-
ence. Refraction, or the bending of the direction of
electromagnetic waves, is responsible for many op-
tical illusions usually found in hot environments
where warm air can remain aloft over a cooler sur-
face. Therefore, it is not surprising that the tales of a
magic carpet or a flying horse coincide with swelter-
ing Eastern regions such as Saudi Arabia, Iran, and

India, all of which border on bodies of water, name-
ly, the Red Sea, the Persian Gulf, and the Arabian
Sea, respectively. A mirage is not a bewildering event
to today’s technologist; its physical existence is un-
questioned.

Since we know that light encompasses only a small
part of the electromagnetic spectrum, we realize that
peculiar refraction effects should occur in other parts
of the electromagnetic spectrum as well (Fig. 1). Pre-
World War II tales of VHF radio transmissions
reaching abnormally long distances (in excess of 2000
miles) are explained today in terms of the refraction
of the waves by elevated tropospheric layers. Early
VHF radar observations in 1944 allowed the coast of
Arabia, from the Strait of Hormuz up through the
Persian Gulf, to be depicted in detail from a radar lo-
cated near Bombay, India — over 1700 miles away.?

The increased use of microwave and millimeter
wave electromagnetic systems is leading to new tales
of peculiar behavior that are becoming the folklore
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Figure 1 — The electromagnetic spectrum at radio frequencies.
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of today. They will remain in this category until
several technological disciplines such as boundary
layer physics, meteorology, physical oceanography,
and electromagnetic wave propagation are combined
analytically and empirically to provide suitable ex-
planations. This article reviews an analytical treat-
ment of electromagnetic wave propagation near and
inside tropospheric ducting layers, which are one
cause of anomalous propagation.

TROPOSPHERIC REFRACTION

Over the frequency range shown in Fig. 1, the in-
dex of refraction, n, is essentially independent of fre-
quency. The radio refractivity, N, is related to n by

N = (n—1) x 10° (1)

and is a more convenient quantity. N may be deter-
mined empirically at any altitude from a knowledge
of the atmospheric pressure, P, the temperature, 7,
and the partial pressure of water vapor, e, by

N=716F +3m3x 108 5 )
R =

where P and e are in millibars and T is in kelvin. The
partial pressure of water vapor is proportional to the
relative humidity, RH (in percent), and is given by

e =e X RH,

Temone ry @
. 5.311n—) ,
273

e, = 6.1exp (25.22

where e, is the saturated vapor pressure in millibars.

In the standard atmosphere, temperature, pres-
sure, and partial pressure of water vapor diminish
with height in a manner that causes the index of re-
fraction and radio refractivity also to diminish with
height. The dependence of refractivity on temper-
ature and relative humidity can be examined with the
help of Fig. 2. Refractivity calculated from Eqgs. 2
and 3 is plotted as a function of temperature for two
values of pressure.

The curves are parameterized to four values of rel-
ative humidity. The upper set of curves is for P =
1013 millibars, which corresponds to sea level; the
lower set of curves is for P = 795 millibars, which
corresponds to an altitude of 10,000 feet. At colder
temperatures, the contribution of water vapor to re-
fractivity is small because the saturated vapor pres-
sure (Eq. 3) is small. However, at higher tempera-
tures, humidity plays an increasingly important role
in refraction.

At optical frequencies, there is generally no such
dependence of the refraction on humidity. While the
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Figure 2 — The dependence of the refractivity, N, on tem-
perature and humidity in a standard atmosphere. Atmo-
spheric pressure levels are 1013 millibars (black) at the sur-
face and 795 millibars (red) at 10,000 feet altitude.

electric dipole moment of water molecules can be re-
oriented by radio and radar frequency electric fields,
it cannot follow the more rapidly alternating electric
field at optical frequencies. Therefore, such peculiar
optical refractive effects as mirages may not be
caused by the same physical phenomenon that causes
similar anomalous refractive effects at radar frequen-
cies.

The condition of the atmosphere for electromag-
netic propagation purposes can be assessed by exam-
ining the vertical profile of refractivity. The basic
values of temperature, pressure, and relative humid-
ity can be derived from radiosonde measurements.
Under standard conditions at which electromagnetic
rays travel normally, the refractivity profile will have
a slope in the range of —24 to 0 V units per thousand
feet. In our everyday perception of height, range,
and distance, we find that normal propagation means
that an electromagnetic ray launched horizontally
will bend slightly downward toward the surface with
a ray curvature about twice that of the earth’s radius.
This bending down is the consequence of the refrac-
tivity decreasing with height and can be rationalized
with the use of Snell’s law. Generally, in atmospheres
with relatively simple refractivity changes, ray-
tracing techniques based on Snell’s law can be used to
describe ray paths through the atmosphere. A mod-
ified refractivity, M, is defined as

M=N+<£rl>, )

where & is the height above the earth’s surface at
which M is derived and a is the earth’s radius. M in-
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cludes both atmospheric refraction and the effects of
the earth’s spherical curvature. Therefore, when the
vertical gradient, dM/dz, is zero at any height, the
path of a ray launched horizontally is a circular arc
parallel to the earth’s surface. ?

Anomalous refraction is grouped into three major
categories that can be understood with the help of
Fig. 3. Relative to normal propagation paths, sub-
refraction is the bending up of rays, superrefraction
is the bending down of rays, and trapping is the
severe bending down of rays (with a radius of cur-
vature much less than the earth’s). In the case of
trapping, rays may be guided by the earth’s surface
or by other layers of grossly different index of refrac-
tion. Figure 4 gives the index gradient changes of re-
fractivity and modified refractivity profiles for these
three types of anomalous refraction. Another virtue
of the modified refractivity index is that potential
trapping is easily identified whenever dM/dz is zero
or less.

TROPOSPHERIC DUCT PROFILES

Three common duct types are described in simple
fashion in Fig. S with straight-line segment modified
refractivity (M) profiles. The evaporation duct is
typified by a negative value of dM/dz adjacent to the
surface. The height of the duct, D is given by the ver-
tical position of the M-profile inflection point, where
dM/dz changes from a negative value (or zero) to a
positive value. Rays launched inside the duct, with
ray directions within a few degrees of parallel with
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Figure 3 — Three basic categories of anomalous propaga-
tionin the troposphere.

the duct boundaries, will be trapped. Precisely how
small these shallow or small grazing angles need to be
for trapping to occur is dependent on the wavelength
of the radiation, the vertical dimension of the duct,
and the strength of the duct (as gauged by the dM/dz
gradient). Figure 6 illustrates typical ray paths if
launched horizontally (a), at various angles from the
surface (b), or at various angles from above an evap-
oration duct (c).

The evaporation duct is found regularly over rela-
tively warm bodies of water. It is generally caused by
a temperature inversion near the surface (i.e., where
temperature increases with height) and is accentuated
by the intense relative humidity near the surface
caused by water evaporation. Inspection of Fig. 2
shows the rapid change of the radio refractivity (V)

L. e 1 N R B
0 N/km
0 M/km
79 M/km i
o 118 M/km
08— < /km LSl Superrefractive —
Subrdfractive
Trapping,
ducting
79 N/km Standard
0.6 — [N
T 157 M/km
=
= Subrefracti
£ -157 N/km ubrefractive
)
T
04— — ]
Figure 4 — Vertical profiles of re-
fractivity, N, and modified refrac-
tivity, M, showing the range of pro- Trapping
file slopes that classify the three ducﬁng’
basic categories of anomalous
propagation. 02— — —
0 [ L 1\A AL L1 1

260 270 280 290 300 310 320
Refractivity, N units

14

320 340 360 380 400 420 440
Modified refractivity, // units

Johns Hopkins APL Technical Digest



=
=
(%)
o= Duct
thickness, Duct |
T height,
D l
M M
(a) (b) (c)

Figure 5 — Stylized vertical profiles of modified refractivi-
ty, M, identifying the presence of the (a) evaporation duct,
(b) elevated duct, and (c) surface-based elevated duct.

for the higher temperatures and for relative humidity
above 75%.

Over land surfaces, a duct with the profile of Fig.
S5a can be formed in situations when an intense layer
of low-lying humidity is found over a surface that is
cooling more rapidly than the surrounding air (e.g.,
fog). This type of duct can also be found over land
surfaces when the relative humidity is low but there is
a tremendous daytime temperature inversion over a
locally cool surface caused by intense air temperature
from heat reradiated from surrounding surfaces
(e.g., over a gray concrete runway surrounded by
black asphalt). In this situation, it is better to speak
of a surface duct rather than an evaporation duct,
even though both ducts are typified by Fig. 5a.

An elevated duct is identified from a profile that
contains an inflection point above the surface, ac-
companied by a modified refractivity value that is
larger than the surface M value. Elevated ducts are
caused primarily by temperature inversions aloft.
These inversions can be caused by the intrusion of
hot air into the region, or by the sinking or sub-
sidence of air under high pressure centers. A faster-
than-normal decrease of humidity with height usually
accompanies these elevated inversions.

The thickness of the elevated duct, 7, is shown by
the dotted lines in Fig. 5b. Rays launched at shallow
angles into the vertical region of negative dM/dz will
be trapped. Rays launched into the vertical region
within 7, where dM/dz is positive, will be trapped on-

Height

H. W. Ko et al. — Anomalous Microwave Propagation

ly if they are horizontal. Rays launched at other than
horizontal angles into this region will escape. Figure
7 illustrates the paths in the vicinity of an elevated
duct from horizontally launched rays.

A surface-based elevated duct is present when the
modified refractivity (M) value at the surface is lower
than that at the lower inflection point, but not as low
as that at the upper inflection point of a negative
dM/dz region. The height of the surface-based ele-
vated duct is shown in Fig. 5c. Rays launched hori-
zontally into the region with positive dM/dz inside
the height D will be trapped. Nonhorizontal rays in
this region will escape. Rays launched at shallow an-
gles into the region of negative dM/dz will be trap-
ped.

BOUNDARY LAYER ALTERATION
OF ELEVATED DUCTS

In coastal regions, thermal and mechanical effects
can influence the tropospheric circulation and dis-
tribution of moisture, thereby affecting the electro-
magnetic index of refraction. Important mesoscale
meteorological flows of concern are the land and sea
breezes. The land and sea breezes are phenomena
generally experienced when the land is subjected to
considerable heating, and a large temperature dif-
ferential develops between land and water. The jux-
taposition of contrasting thermal environments re-
sults in the development of horizontal pressure gra-
dient forces that, if sufficient to overcome the retard-
ing influence of friction, will cause air motion across
the boundary between the surfaces. Land and water
surfaces possess contrasting thermal responses be-
cause of their different properties and energy bal-
ances, and this is the driving force behind the land
and sea breeze circulation system.

These land-water temperature differences and their
diurnal reversal (by day, land warmer than water; at
night, land cooler than water) produce corresponding
land-water air pressure differences. These differences
in turn result in a system of breezes across the shore-
line that reverses its direction between day and night.
The daytime sea breeze circulation has a greater ver-
tical and horizontal extent, and its wind speeds are
higher than those in the nocturnal land breeze. Dur-
ing the sea breeze, the cooler and more humid sea air
advects across the coast and wedges under the warm-
er land air. The advancing sea breeze front produces
uplift in what is already an unstable atmosphere over

Figure 6 — Ray paths about an
evaporation duct for rays (a)
launched horizontally above and
below the top of the duct, (b)
launched upward at various

E

angles from the surface, and (c)
launched downward at various

\/5////:,,/////
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(c) angles from above the duct.
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Figure 7 — Paths about an ele-
vated duct from horizontally
launched rays.
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the land. The stable marine air is warmed over the
land, producing a more unstable internal boundary
layer that grows in depth with time and distance from
the shore. The nature of uplifting of anomalous re-
fractive layers can be visualized with the aid of Fig. 8,
which is a stylized representation of the daytime sea
breeze condition. The colored curves illustrate the
spatial change of the internal boundary layer whose
height grows slowly with inland distance. The height
of the boundary layer, H,, can be calculated at each
horizontal position, x, from the formula

Hy = 2,[0.75 + 0.031n(2,/2,)] (x/2,)°* ,  (5)

where z, and z, are the upwind (water) and down-
wind (land) surface roughness lengths, respectively.*
This is an empirical relationship that has been found
to be in reasonable agreement with measurements at
various locations worldwide. As air passes from one
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surface type to a new and meteorologically different
surface, it must readjust itself to a new set of boun-
dary conditions. Therefore, two boundary layers are
shown in Fig. 8: layer A for the sea-land surface
transition, and layer B for the sand-mountain surface
transition. Boundary layer A uses z, 1073 cen-
timeter (water) and z, = 5 X 1072 centimeter (sand);
boundary layer B uses z;, = 5 X 107? centimeter
(sand) and z, = 10 centimeters (mountains).

The concomitant alteration of index of refraction
is illustrated in Fig. 8 with vertical profiles of the
modified refractivity (M). At position 1, the
presence of an elevated duct is indicated by the neg-
ative gradient of M and the local minimum M value
at a height of about 2600 feet. By the time the sea
breeze penetrates 70 nautical miles inland, the boun-
dary layer uplifts the elevated duct to 7800 feet for
boundary layer A, or to 10,000 feet for boundary lay-
er B. Precisely which boundary layer applies is open
to question because of the stylized nature of this M
data extrapolation. Figure 8 is used here only for il-
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lustrative purposes. Nevertheless, it is clear that
electromagnetic wave propagation (e.g., from a site
at 7000 feet elevation in the mountains [position 4]
looking out to sea) can be complicated by horizontal
as well as vertical inhomogeneities in refractivity.

INHOMOGENEOUS ELECTROMAGNETIC
WAVE PROPAGATION

Most analyses of wave propagation through simple
refractive changes in the atmosphere can be treated
with geometrical ray-tracing techniques. For exam-
ple, an atmosphere that is horizontally stratified,
with anomalous layers described by piecewise linear
segments of modified refractivity, does not present
much of an analytical problem for geometrical optics
if only ray directions are required. However, certain
general limitations exist for ray-tracing methods: (a)
the refractive index must not change appreciably in a
distance comparable to a wavelength; (b) the spacing
between neighboring rays must be small or question-
able results occur when rays diverge, converge, or
cross; (c) constructive and destructive interference is
difficult to evaluate for more than one reflection
from a surface; (d) the distance a ray may travel is
difficult to evaluate without a method to compute
propagation loss; and (e) diffraction phenomena are
not accounted for in homogeneous media. There-
fore, a physical optics approach, which can account
for propagation loss and diffraction, is usually
sought for most problems of sophistication. Until the
advent of large-capacity computers and numerical
algorithms like the fast Fourier transform, physical
optics solutions to ducting problems relied on closed-
form mathematical treatments. As with the ray-
tracing methods, these approaches generally sim-
plified the true atmosphere with horizontally ho-
mogeneous, linearly or logarithmically stratified in-
dex layers. Most solutions treated wave propagation
in a fashion similar to waveguide analysis, using
modal-type, separable differential equations.

As we see from the boundary layer alteration of
elevated layers, many real-world situations cannot be
discussed within the framework of a vertically
stratified, horizontally homogeneous atmosphere.
When refractive index changes (or equivalently, di-
electric constant changes) are found to be inhomoge-
neous in both the horizontal and the vertical direc-
tions, the electromagnetic propagation equations are
generally nonseparable and difficult to solve analyti-
cally. Several investigators® have approached this
problem numerically via coupled-mode analysis us-
ing a cylindrical earth model and an infinite line
source; horizontal inhomogeneities are considered by
assuming horizontally piecewise uniform media.
Modal analysis tends to be difficult, with the cost of
computer time limiting convergent answers to simple
refractive changes. The approach here for a numeri-
cal solution is to obtain for vertically and horizon-
tally varying media an approximation to the prop-
agation equation comparable to that obtained by
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Leontovich and Fock® for vertically inhomogeneous
media.

An elliptic wave propagation equation is replaced
by a differential equation of the parabolic type, after
suitable approximation, which is dependent on wave
frequency and refractive index strength and spatial
distribution. The resultant equation may be solved
with a marching-type numerical method called the
split-step Fourier algorithm,” developed about 10
years ago for ionospheric propagation. The advan-
tage of this approach is that it allows for complex
two-dimensional inhomogeneous variations (i.e., not
just linear or logarithmic, but also arbitrary profiles
of the modified refractivity, yielding physical optic
computations of transmission loss. The general limi-
tations of this approach concern the absence of back-
scatter results and its restriction to use with relatively
oblique propagation to the surface.

ANOMALOUS PROPAGATION EFFECTS
FROM ELEVATED REFRACTIVE LAYERS

Many electromagnetic systems are susceptible to
anomalous propagation problems caused by elevated
layers. Antennas used for communications, teleme-
try, airplane instrument landing systems, and radar
sets are prime candidates for such problems either
because of their physical proximity to the anomalous
elevated refractive layers or because their ray paths
pass through the layers. The possibility of such errors
can be intuitively understood with the help of Fig. 9.

The airborne radar in Fig. 9a incurs performance
compromise from an elevated subrefractive layer and
a warped elevated duct. Some rays from the airborne
radar are severely bent upward, leaving a void in cov-
erage just below the subrefractive layer. Other rays
from the airborne radar couple to the elevated duct
and are severely bent downward and trapped. Many
of the trapped rays escape from the elevated duct be-
cause of the duct’s accentuated curvature, but their
diversion has left a void in coverage. These types of
airborne radar problems are usually transient in na-
ture because of the high speed of the airplane and its
constantly changing geometry relative to the anom-
alous refractive layers.

In Fig. 9b the ground-based radar has many rays
diverted by the elevated duct, leaving a large cover-
age hole. Thermal heating from the sun will induce a
temporal change in height of the boundary layer.
This is likely to cause the elevated duct to migrate up
and down, thereby causing this type of coverage
problem to vary in its severity according to the time
of day.

The surface-ship radar in Fig. 9c has its pattern
severely diverted downward because of the elevated
duct. This behavior leaves higher elevation targets
uncovered and causes excessive land clutter.

In addition to coverage holes and clutter, anom-
alous propagation can cause another severe error. A
ray, diverted away from its intended direction, may
detect a target. The radar system will indicate the
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Figure 9 — Potential radar cover-
age problems from elevated
anomalously refractive layers.
These are based on computer sim-
ulations for a radar that is (a) air-
borne over 10,000 feet high, (b)
ground-based at 7000 feet eleva-
tion, and (c) shipborne below 100
feet elevation.

(a)

(b)

Boundary layer

Sea

target to be along the originally intended direction With the help of the APL inhomogeneous prop-
and at the wrong height. This is commonly called the  agation analysis, we can examine some of these situa-

height error.
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tions in more detail. An example of this analysis is
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given in Fig. 10a, a diagram of transmission loss (in
dB relative to 1 meter), geometrically plotted in
range-height coordinates. An antenna at an elevation
of 7200 feet with 0° elevation angle, 3° vertical beam-
width, horizontal polarization, and (sin x)/x pattern
is used at 600 megahertz to propagate into a standard
atmosphere. The earth’s surface is perfectly conduct-
ing. General features that are clearly visible are the
antenna pattern, the r ~2 loss, and the constructive
and destructive interference patterns caused by
energy reflected off the earth’s surface. Another
method for examining the results is given in Fig. 10b
where vertical profiles of transmission loss relative to
free space are plotted at several horizontal ranges
away from the antenna. Figure 10a gives an overall
spatial summary of the transmission loss revealing
spatial coverage. Figure 10b gives much more detail
for the transmission loss at each altitude. Note the
deep loss regions outside the antenna beamwidth and
the over-the-horizon shadow region.

Figure 1la gives a spatial summary for a more
complex situation. Here, the same antenna is now
propagating into a situation closely mimicking the
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150 is given at several downrange dis-
tances. The 3° vertical beamwidth
antenna is at 7200 feet elevation.

tropospheric conditions of Fig. 9b, a curved elevated
duct. Initially, over the antenna position, the
elevated duct is above the antenna at a height of 7400
feet, drops to a height of 2200 feet at a range of 64
nautical miles, and remains at 2200 feet to 250 nauti-
cal miles and beyond. The initial modified refrac-
tivity (M) deficit for the elevated duct over the anten-
na position is 136 M units. Figure 11a shows that
large continuous voids are now present because of
the transfer of energy down to the surface. These
voids (120 dB), not formerly present in the standard
atmosphere case, are located near the antenna just
above the elevated duct and at increasingly higher el-
evations away from the antenna, even above the nor-
mal line of sight. Thus, severe compromises in ver-
tical coverage are revealed that are not predicted by
homogeneous propagation calculations. Figure 11b
gives the vertical profiles of transmission loss relative
to free space for the same conditions. This figure
reveals more information, such as loss within the
duct and increased energy at the surface beyond 150
nautical miles (thereby possibly introducing anom-
alous sea clutter).

At higher frequencies, the coverage holes caused
by anomalous propagation tend to be spatially larger
and deeper in loss. Figure 12 illustrates the behavior
at high frequencies for the curved elevated duct. The
antenna is situated at 7000 feet. The antenna char-
acteristics used are 1.2 gigahertz, (sin x)/x pattern,
5° vertical beamwidth, 0° elevation angle, and hori-
zontal polarization. If one imagines the curved el-
evated duct to be a ‘‘carpet’’ lying across the coast-
line with a curvature of the boundary layer, then the
anisotropy of propagation along different azimuthal
directions is apparent.

The result for propagation along the direction of
maximum curvature (or maximum inhomogeneity) is
shown in Fig. 12a. The curvature is the same as that
used for Fig. 11; however, as opposed to the previous
situation, the elevated duct is intersecting the radar
antenna at the site. The maximum height of the el-
evated duct is shown by the dashed line. Several sig-
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The Parabolic Approximation
For Inhomogeneous Electromagnetic
Wave Propagation

A well-known approximation, the ‘‘parabolic ap-
proximation,’”” was obtained by Leontovich and
Fock in 1946*' for propagation in a vertically in-
homogeneous, horizontally homogeneous atmo-
sphere over a spherical earth. An extension of this
approach®? for a horizontally and vertically inho-
mogeneous atmosphere begins with the spherical
earth geometry shown in Fig. A1. The inhomogenei-
ties in the atmospheric dielectric constant, e, are
modeled in terms of variations in the radial and
polar angle directions, ¢ = ¢(r,6). Azimuthal sym-
metry in e is assumed about the origin of the field sit-
uated at the pole. The consequence of assuming azi-
muthal symmetry is that the variations in the atmo-
spheric dielectric constant are limited to two dimen-
sions; in a practical sense this assumption greatly
simplifies the mathematics. In the geometry shown
in Fig. Al, the source field is assumed to originate
from a raised vertical electric dipole (VED) situated
at the pole; this assumption also is for mathematical
simplification. The resultant approximate equation
governing propagation, however, will be the same if
a horizontal electric dipole (HED) source were as-
sumed; only the boundary conditions to be satisfied
at the earth’s surface will differ.

Because of the VED source and the assumed sym-
metries, only the vector field E,, E,, and H exist.
One can find a scalar equation for the magnetic
field, # = H(r, 6)1,, by combining Maxwell’s
equations to eliminate the electric fields:

-

v - =
-V X VXH+ opH = — —EX(VxH).(Al)
€

The magnetic permeability, u, is constant, and the
electric field can be obtained similarly. Generally,
one is interested in examining variations in the
fields, which are relatively long compared to a wave-

VEDat 60 =0, h=r-a
e=e€(r,0)

Azimuthal symmetry
S £ Eo. Ay

Figure A1 — Spherical earth-vertical electric dipole
geometry.
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length. One expects, however, that along the earth’s
surface in the horizontal direction from the source,
the fields will oscillate like e** (where &, the wave-
number, equals 27/)\). Therefore, it is reasonable to
factor this rapidly oscillating behavior out of the so-
lution. A convenient substitution that factors out
rapid oscillating behavior as well as large variations
near the source, and a linear trend in radius, is ob-
tained in terms of an attenuation function U(r, 6)
defined by

sin =" e~ gikoat (A2)

Heg. %
=

Here k2 = w’ue (a, 0) = w’pe, is the square of the
electromagnetic wavenumber at the earth’s surface,
7=k

A good deal of mathematics ensues as Egs. Al
and A2 are combined into a propagation equation
for U(r, 6), which is an elliptic differential equation
in the horizontal and vertical directions. For values
of e in the troposphere, and for wavelengths much
smaller than the scale of change of ¢, many terms in
this equation can be ignored to obtain

PU | 2iky OU
2 g
oh a haoe h o
+ k3 [i—)_—e" +2—]U=0,
€ a

which is a parabolic differential equation that is sec-
ond order in the vertical direction and first order in
the horizontal direction.

In obtaining Eq. A3, the radial coordinate has
been transformed into # = r — a, where 4 is the
height above the earth’s surface. The effect of the at-
mospheric inhomogeneities are contained in e(h, 6).
If the horizontal direction along the earth’s surface
is defined as s = a6, Eq. A3 can be thought of as
representing propagation above a flat earth. The ef-
fect of a spherical earth is accounted for by an effec-
tive linear gradient in the index of refraction, 24/a;
this approximation, using a linear gradient, is good
for tropospheric altitudes # < <a. The treatment of
a spherical earth by means of a linear gradient in € is
conveniently handled by converting the refractivity
index, N, into the modified refractivity index, M , as
has been discussed in the text.

The conditions that must be satisfied so that the
original elliptic equation may be approximated by
the parabolic Eq. A3 are summarized as follows:

1 Oe
=0 = 1 -2
(a) ’ as 0 kO 3
(b) 6= 10%(kya)!, (A4)
104 a2l
(c) koa% > 6’

Johns Hopkins APL Technical Digest



s

If one associates
de
el—i !
as

and
de

-1
el 7 |

with the radii of curvature of rays resulting from
horizontal and vertical variations in ¢, 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
(=20).

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 condition®* may be applied. If
7, is the complex dielectric constant of the earth, the
boundary condition on U(r, 6) will be satisfied for a
VED if

ol jke.
—aF U =0atr —a. (AS)
i

For a VMD source, the boundary condition on
U (r, 6) will be

U .
5, tikinU=0atr=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. AS and A6 reduce to the re-
quirement that either (dU/dr) (VED) or U = 0
(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.”> 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, 4, at an
initial range step, s,. An approximate solution to the
parabolic equation for all altitudes, A, at a greater
range, s, + As may be generated by first obtaining
the Fourier transform, ¥(p, s), of the source field
distribution in the vertical direction, A. 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:

B
—pY+ 2ikoa—f +Ky=0. (A7)

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 s, + As is obtained by an inverse
Fourier transform where the variation in the prop-
agation constant is applied outside the inverse
transform:

U(h, s, + As) = ekas/2 FT-1
i (A8)
X [e Bl (p, 5] ,

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
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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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pattern, with 0° elevation and 2° 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

Volume 4, Number 1, 1983

(a)

Standard
atmosphere
\
! (b)
,' Homogeneous

surface duct

\ (c)
/  Inhomogeneous
surface duct

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- 750
sphere and (b) above a homoge- .
neous evaporation duct with a 50-
foot height.

Height (ft)

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 100-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, S00 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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Figure 15 — Propagation loss for
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elevation above inhomogeneous
evaporation ducts with (a) height
diminishing downrange from 50
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creasing downrange from 50 feet
to 100 feet.
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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-
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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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