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ANOMALOUS PROPAGATION AND INTERFERENCE FIELDS

+ *
H. T. Dougherty and B. A. Hart

This report presents some estimates of the
enhanced fields deduced from the presently avail
able theory and observational data. The fields of
interest are the enhanced fields that are encountered
in the presence of the stratified atmosphere, the
ducting conditions associated with supercritical
refractivity gradients both near the surface and
aloft.

As a basis for estimating the likelihood of
occurrence of these supportive conditions, the
available information is surveyed. It is suggested
that the access to computers and the availability
of historical radiosonde data be exploited and the
pertinent characteristics of elevated layers and
their associated ducts be mapped on a worldwide
basis to meet the interference prediction require
ments of regulatory agencies.

1. INTRODUCTION

As the operation of telecommunication systems has been

implemented for higher and higher transmission frequencies,

the earth’s atmosphere has played an increasingly significant

role. For example, the atmospheric bending of a radio wave’s

path of propagation (refraction) is determined by the atmo—

sphere’s refractivity gradient. This is often expressed in

terms of an equivalent earth’s radius factor, k = r/r0,

r0 6370 km, that varies from approximately 1.0 at about

0.1 MHz to approximately 4/3 for 100 MHz and higher fre

quencies [Rotheram, 1970]. At 30 MHz and higher frequencies,

+The author is with the Institute for Telecommunication
Sciences, Office of Telecommunications, U.S. Department
of Commerce, Boulder, Colorado 80302.

*
The author is with the Policy esearch Division, Office
of Telecommunications, U.S. Department of Commerce,
Boulder, Colorado 80302.



this median refraction is better described in terms of the

refractivity structure, the change of refractivity with

height above the earth’s surface. Then, the seasonal and

geographical variation of this refractivity structure may he

described in terms of a standard median refractivity model

[Bean et al.,, 1966; Bean and T)utton, 1968; CCIR, 1974a].

For such standard conditions, the applicable mode of

radio wave propagation is identifiable from the path parameters,

and its characteristics are predictable by classical methods

that approximate the atmosphere as a homogeneous medium. For

some portion of the time at most locations, the refractivity

structure near the surface and at elevated levels will depart

markedly from the model structure. Nevertheless, for 30 Hz

and lower frequencies, even this stratified atmosphere is no

problem because the vertical dimensions of the associated

refractivity structures are very small in terms of wavelength;

the atmosphere averages to an exponential structure whose

effect is readily approximated by modification of the standard

prediction methods [Rotheram, 1970; (erks, 1971]. However, as

the frequency of interest is extended to VHF and higher, the

effects of these non—standard conditions become increasingly

significant. The resulting modes of propagation are anomalous.

Anomalous (or non—standard) refers to those conditions for

which received radio fields are markedly stronger or weaker

than would be expected for a standard atmosphere. There may

he either a serious degradation or a marked improvement in

the signal’s level, fading rate, or fade duration. For most

paths, either effect is possible and is determined by both

the path geometry and the spatial distribution of the marked

departures of the refractivity structure from the model.

The anomalous degradation of the received signal (fading)

has been the subject of many theoretical and experimental

investigations of line—of-sight propagation paths. These are
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well—documented [Beckman and Spizzichino, 1963; Dougherty,

1964], and the results have been suveyed and categorized

[Dougherty, 1968; White, 1968]. This signal degradation

(fading) due to anomalous propagation is serious because it

directly impairs system performance; it is an intrasystem

problem for which remedies are applied (either in ariticipa

tion or after—the—fact) so as to assure that the required

system reliability is achieved.

On the other hand, the anomalous improvement of the

received signal (an enhanced field) is primarily of interest

because the more volatile problem of intersystem interference

can result, particularly for beyond-line-of-sight paths.

These paths, generally referred to as transhorizon paths,

normally involve propagation via the troposcatter or the

diffraction modes. Since they pose the threat of interference

to or from other systems, the occurrence of the enhanced fields

take on increased importance. It is these anomalous fields

(these uncommon, enhanced fields) which largely determine

coordination distances required by the (national and inter

national) regulatory agencies (CCIR, l974b). Somewhat

optimistic estimates of unusually strong fields and the likli—

hood of their occurrence are required in order to avoid their

serious impact as intersystem interference. Anticipation of

this latter problem is one of continuing urgency for our

national regulatory agencies, particularly in view of the

World General Administrative Radio Conference of the Inter

national Telecommunications Union (WGARC-79) scheduled for

1979.

It is the longer transhorizon paths (for which the

standard mode of propagation is troposcatter) that exhibit

the most dramatic enhancement of fields due to anomalous

propagation. The standard, attenuated, rapidly fluctuating

troposcatter signal may be replaced by a strong, slowly

varying signal. These enhanced fields occur in the presence

3



of an elevated, strong, atmospheric layer. Although their

investigation covers three decades, such enhanced fields have

not been studied as extensively as have the degraded (fading)

line—of-sight fields and they are not as well understood in a

quantitative sense. Section 2 of this report summarizes the

present state of our knowledge of these enhanced fields that

are propagated by elevated layers.

For short transhorizon paths (for which the standard mode

of propagation is diffraction), the enhanced fields are on the

order of the free—space field. Their occurrence, c3ucting, is

almost always associated with the presence of strong refrac

tivity gradients at or near the surface; these are more common

on maritime or over—water paths. Such enhanced fields have

also been the subject of investigation for almost three

decades. These ducted fields are better understood, in a

quantitative sense, than are the enhanced fields associated

with elevated layers, but they are still less well understood

than the degraded line-of-sight fields. Section 3 of this

report suimnarizes the present state of our knowledge of

enhanced fields that are associated with strong layers at

or near the surface, (ducted fields).

Section 4 of this report summarizes the problem of

estimating the field strengths of these anomalous fields and

their impact for interference—avoidance purposes. Section 5

contains the conclusions and recommendations of this report.

Section 6 provides the references of this report, a virtual

roll-call of nations.
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2. PROPAGATION VIA HIGH ELEVATED LAYERS

Many investigators have reported unusually strong signals

(at or approaching free—space levels) received over transhorizon

paths. Further, they have associated their observations with

weather processes known to produce high, elevated, atmospheric

layers (on the order of a kilometer or so above the surface)

[Day and Trolese, 1950; Hirao et al., 1952; Arrola, 1957;

Ringwalt et al., 1958; Ringwalt and MacDonald, 1961; Misme, 1960;

Ament et al., 1962; Vergara et al., 1962; Gough, 1962; Guinard

et al., 1964; Lane and Solluin, 1965; Lane and Owolabi, 1969;

Owolabi and Lane, 1973]. A strong correlation has been found

between received—signal strength and the occurrence of elevated

layers at elevations below the base of the troposcatter common

volume. This has led to an empirical dependence of received

signal strength upon: the magnitude of the layer refractivity

gradient, the elevation of the layer base, and/or the angle of

incidence of the signal ray path at the layer base. Multiple

reflection from elevated layers has been proposed as the

significant mechanism in transhorizon propagation [Saxton,

1951; Ainent, 1959; Hall, l968a, l968b; Paltridge, 1970].

Empirical studies have deduced similar expressions for the

coupling efficiency and propagation loss [Skiliman, 1969;

Misme, 1973; 1974; CCIR, 1974b].

Although the mechanism (reflection, scatter, etc.) by

which the incident radio energy is redirected at the atmo

spheric layer is still uncertain (in a quantitative sense),

propagation via elevated layers may he said to have an experi

mental and theoretical basis. The situation is illustrated by

the schematic representation of the attached figure 1. There,

the dashed lines indicate the radio ray paths whose inter

section defines the common volume base and scattering angle

for the standard troposcatter propagation path. In the

presence of the indicated elevated atmospheric layer, the

5
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intersection of the dashed lines with the layer base will

produce a redirection of radio energy generally parallel

to the layer; both the reflection from local irregularities

of the layer base and also the scattering-at-and-propagation-

along the layer base have been proposed as possibilities.

In either case, this redirection of energy increases in

efficiency as the grazing angle (between the radio ray path

and the layer base) approaches zero. Thus, a reduction in

layer height would decrease grazing angle and increase the

energy-coupling efficiency. Similarly, the increased ray—

bending (refraction) that would occur for a more strongly

negative refractivity gradient near the surface (between a

terminal and its horizon) would also decrease the grazing

angle and increase the coupling efficiency at the layer.

A lack of layer continuity between the points for which the

solid—line ray path of figure 1 parallels the layer could

introduce additional coupling losses (from layer segment—to—

layer segment) for guided propagation along the layer base,

but may not for propagation by multiple reflection from the

layer.

There are a variety of formulas for reflection from an

atmospheric layer, depending upon the assumed variation of

the refractive index through the layer (Brekhovskikh, 1960;

duCastel et al., 1960; Yamada, 1961; Wait, 1962; Wait and

Jackson, 1964; Thayer, 1970). For example, the coefficient

of reflection from a planar discontinuity, Am, in the modified

refractive index is given by

IRIQ = IAmI2
, 0>0 . (la)

2 sin 0

7



Here, the grazing-angle-of-incidence 0 at the discontinuity

(H meters above and d kilometers from the radio terminal) is

given by

+d.G (ib)

in milliradians. The C is the modified refractivity gradient

(in M units/kin) below the discontinuity, determined from the

refractivity gradient (g in N units/km) by

G = g + 157 = + 106
. (ic)

This is described further in Section 4.

For an atmospheric layer with a linear decrease in modified

refractivity Am across a layer thickness of h in the same units

as the transmission wavelength , the internal reflection

coefficient is given by the product (Wait, 1962; 1964)

sinX h
RI = IRI , X = 2rr sinO . (2a)

An optimistic estimate of the internal reflection coefficient

for elevated layers may be obtained from the envelope of (2a),

= Am (2b)
4irh sin 0

This is twice the value that would he obtained if the gradient

Am/h were maintained over an infinite depth (Wait, 1964).

Each of the foregoing expressions are optimistic in the

sense that they assume the elevated atmospheric layer (or

discontinuity in refractivity) is smooth, planar, and of

unlimited horizontal extent. Factors are available to modify

these reflection coefficients for the effects of roughness

(in terms of the standard deviation of the surface about its

mean) and of limited horizontal extent (when the horizontal



extent is expressed in terms of Fresnel Zones) [Beckmann

and Spizzichino, 1963; Dougherty, 19681.

For short transhorizon paths, the propagation via layer

reflection can involve Saxton’s four ray paths [19511. He

identified propagation by four paths, each involving one

layer reflection. Further, one of the paths involved no

other reflections, two paths each also involved a single

reflection from the foreground of one antenna, the fourth

path involved reflection from both foregrounds. Hall [1968a

and 1968h] proposed two reflections from the elevated layers

as providing the direct path; however, this appears similar

to one of Wait’s [1962] earth—detached modes of propagation

through an elevated duct.

2.1 Enhanced Field Characteristics

The enhanced fields observed on normally troposcatter

paths have been reported for a wide range of transmission

frequencies from VHF to EHF, for a variety of path lengths

from 100 to more than 1000 km, and at levels up to 40 dB

above the long—term troposcatter median level. A recent

experimental investigation in Colorado of a 376 and a 633 km

overland path at 185.75 MHz (from KOMC, Kansas, and KHOL,

Nebraska, respectively), provided a quantitative description

of the observed enhanced fields [Dougherty et al., 1970].

Over a 13 month period, the enhanced fields occurred on the

376 km path with hourly median levels of 15 dB or more

above the long-term hourly median during 6% of the morning

hours (0600 to 1200 hours local time) from mid-May to mid

August. The enhanced fields were observed about half as often

on the 633 km path. The highest observed hourly median was

48 dE (above the long-term hourly median) on the 633 km path

and 44 dB on the 376 km path. This latter value is only 21

dB below the theoretical free-space level of the 376 km path.

9
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The strongly-enhanced-field events were marked by slowly

varying signals with occasional deep fades of short duration,

and although they occasionally exhibited fading character

istics which could be described in terms of the parameters

usually employed for troposcatter fields (moderately enhanced

fields), their fading rates and durations differed from those

of troposcatter by one or more orders of magnitude. The

strongly enhanced fields are illustrated by events Sl, S2,

and S3 in figure 2; the moderately enhanced fields are

illustrated by events M4 and M5 [Dougherty et al., 19701.

On one occasion, the signal exceeded 40 dB above the long-

term hourly median (24 dB below the free-space level) for

91 minutes.

2.2 Occurrence of Elevated Layers

These enhanced fields occurred in the presence of atmo

spheric subsidence that produced elevated layers generally

consisting of dry warm air overlying cool moist air. For

80% of these enhanced field events, strong surface refrac

tivity gradients were observed. Although they were more

common for “summer mornings”, two events occurred in each

of the months of January and February and one event occurred

between 2000 and 2400 hours local time in July. One would

therefore expect that these tropospheric layers that are con

ducive to high fields will occur over large land masses

generally because of subsidence effects. Advection can also

produce these same conditions, particularly in coastal

regions, although more frequently over the water than over

the land. Subsidence is also the mechanism that produces

the semi—permanent trade wind elevated layers, roughly

5°N to 30°N and 5°S to 30°S, over the oceans. An example of

these elevated layers are illustrated by figures 3, 4, 5,

and 6 [Doughety et al., 19671. Published information also

suggests similar (though less common) elevated layers over

11
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ocean regions north of the trade wind region; see figures 7

and 8. Such layering was sufficient on one occasion to

support the transmission of an excellent TV picture and sound

that persisted over a 1200 mile overwater path (auring broad

cast hours) for more than two days.

On most overland troposcatter paths in the temperate

zones, the horizontal extent of strong surface refractivity

gradients is often limited by the large-scale terrain irregu

larities. The effect of these gradients, then, is primarily

that of improving the coupling efficiency for the elevated

layer mode (as indicated in figure 1 and discussed previously)

rather than providing a surface ducting mode of propagation.

These strong, surface, over—land gradients occur more often in

the tropics than in the temperate or polar zones [Hart et al.,

1971].

On the other hand, overwater troposcatter paths encounter

sea—surface refractivity gradients that are more common,

generally stronger, and of greater horizontal extent so that

trapping can occur and be effective for greater distances. In

this situation, the contribution to the coupling of an elevated-

layer mode depends upon leakage from the strong surface layer.

The energy that strikes the elevated layer may, therefore,

be dispersed over a larger horizontal extent of the elevated

layer, and in general, a less marked field enhancement can

then be expected. Of course, the signal trapped by the sea-

surface refractivity gradient can also contribute to the

received field on transhorizon paths, but non—uniformity of

the surface layer characteristics (refractivity gradient,

layer thickness) can also provide a strong attenuation with

distance. Marked field enhancement (via elevated layers)

would therefore appear more likely in the VHF and lower SHF

frequency range for the long overwater troposcatter paths.

17
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At higher frequencies or for shorter paths, this sea-surface

gradient is expected to be most effective for the enhanced

fields that propagate by ducting rather than by elevated

layers. This is described in Section 3.

Although the occurrence of meteorological conditions

conducive to high fields (elevated layers) can be assessed

for given regions of the world [Bean et al., 1966; Cahoon

and Riggs, 1964; Dougherty et al., 1967; Hall 1969; Hall and

Corner, 1969; Skillman, 1969], their prediction in a fore

casting sense is not feasible at present.

2.3 Tropospheric Versus Sporadic—F Enhanced Fields

Many of the characteristics associated with enhanced

fields via elevated atmospheric layers may be summarized as

follows. The tropospheric—supported enhanced fields:

(a) have been observed for VHF, UHF, and SHF;

(b) occur for tropospheric propagation paths at dis

tance of 150 to 700 km, and more rarely have been

observed at distances in excess of 1000 km;

Cc) are observed at levels which occasionally

approach the free—space level;

(d) are slowly fading;

(e) are most commonly observed overwater in the

tradewind regions, but are also observed over

land; and

(f) are not predictable, as yet, on a day-to--day

basis.

On the other hand, the ionospheric Sporadic-F layer-supported

mode of enhanced fields:

(a) are observed over the I-IF and the VHF hands;

(b) occur for propagation paths of from 500 to

2000 km (and occasionally more) in length;

19



(c) are observed commonly at levels up to 10

to 20 dB below the free-space level;

(d) produce slowly fading signals;

Ce) are most commonly observed in June, July, and

August with a secondary, lower peak of activity

in December (the enhanced fields are a daytime

phenomenon in the temperate zone with a broad

peak of activity centered on 1000 hours local

time and frequently on a secondary evening

peak around 1800 hours);

(f) are statistically predictable and exhibit a geo

graphical pattern about the far eastern “high of

activity” over Japan and the “low” over South

Pinerica; and

Cg) also occur, in addition to the temperate—zone

mode described above, in the auroral and polar

cap zones (these exhibit a temporal behavior

different from the above [CCIR 1974c]).

Clearly, the occurrence of strong, slowly fading signals

on very long transhorizon paths at VHF may be attributable to

either atmospheric or ionospheric layering.

3. PROPAGATION VIA STRONG SURFACE DUCTS

The guiding of radio waves by the stratified atmosphere,

i.e., by strong refractivity gradients at or near the earth’s

surface, has been long observed experimentally, and its theo

retical treatment (although idealized) is advanced. These

associated departures from standard propagation can be quite

dramatic, particularly when associated with the refractivity

structure near the sea surface. For example, marked exten

sions of detection range, as well as shocking reductions,

20



had been observed for over-water propagation dating hack to

World War II [Booker, 1946; Katzin et al., 1947; Unwin, 1951;

Takahira and Irie, 1960; Gough, 1962; Jeske, 1964; Jeske and

Brocks, 1966; Murray, 19721. Today, there is a renewed

interest in these ducted fields.

The occurrence and predictions of strong refractivity

gradients has been described by Bean and his associates [Bean

et al., 1966]. Although the coverage therein is nominally

worldwide, it is based primarily on land stations. Their

over—water summaries are based upon marine observational data

from a very limited number of stations. Nevertheless, we shall

concentrate on sea—surface ducts which are more prevalent and

extensive than land—surface ducts.

3.1 Sea-Surface Ducting

Quantitative estimates of ducting field strengths, the

radio frequencies affected, and their dependence upon antenna

height are the parameters whose prediction is of interest.

These are, of course, all functions of the sea—surface refrac

tivity gradient (its strength, vertical extent, and horizontal

continuity), which can vary with time of day and year or the

distribution of weather elements. In general, the super—

refractive sea-surface layers (AN/Ah-157 N units/km) are of

interest since they are normally favorable to radio wave propa—

gatiori. This assumes the radio path terminals are both well

immersed in the superrefractive layer; otherwise, the duct

efficiency is reduced. The effect of the layer can even he

detremental to radio wave propagation. See figure 9; the

position of the propagation path terminals relative to the

duct boundary is critical [Bean and Dutton, 1968; Dougherty,

1968]. That is, the operable mode of propagation between two

telecommunication terminals in the presence of a surface layer

may be effectively that of line-of-sight, beyond the horizon,
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Duct
Sea Surface

A

T

Duct
Sea Surface

Figure 9. Identification of the propagation mode for locatior

of a transmitter above the duct (top drawing) and

within the duct (bottom drawing). Reception in

regions A, B, and C is via, respectively, the line—

of-sight, beyond_the_horizon (diffraction or

leakage), and ducted modes of propagation.
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or ducted propagation, depending upon the location of the

terminals relative to the vertical extent of the layer.

Therefore, one useful categorization of superrefractive

layers would he in terms of their vertical extent. Deep

layers (extending to 25 in or more above the surface) would

be relevant to ocean vessel communication; communication

antennas have been at about 24 in above the sea on most naval

vessels, and search radars on capital ships have been at about

30 in above the sea. On the other hand, shallow layers

(extending up to 15 in or less) would have significance for

propagation between terminals (communication terminals or

low—sited radars) on smaller craft. For the prediction of

sea—surface layers, a preferable classification may be that

of the meteorologists who categorize atmospheric layers in

terms of their dominant causative mechanism. Fortunately,

this latter classification approximates the former; advection

type layers tend to be deep, and evaporation-type layers tend

to be shallow.

3.2 Superrefractive Advection Layers

The deep, superrefractive (M’/Ah<-157 N units/kin) advec

tion layers result from the movement of warm dry air over the

sea [Bean et al., 1966]. For example, during the late summer

and early fall, the prevailing winds move continentally modified

(warm dry) air masses offshore over cooler maritime air. As a

result, favorable locations for the occurrence of these advec—

tion layers border the coasts of continents or large islands.

Some such locations are:

— the coastal waters of the Gulf of Mexico and

the Baltic Sea;

— the coastal waters near the North Atlantic States,

Newfoundland, and Great Britain (especially in the

North Sea);
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- leeward of the islands of Japan, islanãs in the

Caribbean Sea, and islands in Indonesia; and

- the waters of the Red Sea, the Gulf of Aden, the

Persian Gulf, and the rabian Sea (in the months

immediately preceding and following the monsoon

season).

Similarly, the circulation patterns of air and ocean

combine to produce advection layers near the sea surface.

For example, large oceanic semi—permanent highs are charac

terized at lower elevations by a large mass of air which

has warmed arid dried adiabatically during its descent.

Therefore, superrefractive advection layers also occur near

the west edge of continents, at latitudes of approximately

15° to 35° N or 5, where the eastern section of a semi

permanent high tilts down toward the sea surface in the vicinity

of a cold ocean current (in figure 10, the cold ocean currents

are those between 40°N and S and moving toward the equator)

Favorable locations for these advection layers are, therefore,

the coastal waters:

- near Southern California and the Baja Peninsula,

(mostly in winter),

- near Peru and Chile,

— near west Africa (15° to 22° N or S in winter),

— near west Australia in summer, and

— in the eastern Mediterranean Sea (in summer).

3.3 Evaporation Layers

Shallow superrefractive evaporation layers are found over

extensive areas of the ocean, whenever conditions are conducive

to rapid evaporation rates. These layers result primarily from

the humidity—temperature contrasts between air and sea in a

shallow transition layer adjacent to the surface. In addition,

the evaporation rate per unit area and, consequently, the
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occurrence and strength of these layers is strongly influenced

by the speed and steadiness of the local wind.

The strongest evaporation rates are found north of 35°N

(or south of 35°S) in winter over warm ocean currents such as

the Kuroshio (Japan), the North Atlantic Prift, the Alaskan

Current and the East Australian Current; see figure 10. In

middle latitudes the amount of evaporation per unit area varies

with the seasons, reaching a minimum in summer (June and July

in the Northern Hemisphere) and a maximum in the fall and early

winter (September, October, and November in the Northern Hemi

sphere) when, although the air is cold, the water is still

relatively warm; see figures 11 and 12 [Sverdrup, 1943].

In the tropics, evaporation takes place all of the time,

since the sea—surface temperature is normally higher than that

of the air above it. However, because this difference in

temperature (and in the corresponding absolute humidity) is

small, the actual rate of evaporation per unit area is not as

great as in the middle latitudes, but the resulting shallow

superrefractive layer can be very intense. These strong

evaporation layers are reported as a semi—permanent feature

in the Caribbean, disrupted by, and reforming immediately

after, the passage of squall lines [Katzin et al., 1947].

Other tradewind areas, where evaporation exceeds precipita

tion (see figure 13), are also likely regions for strong

evaporation layers [Gentilli, 1958].

All oceans experience fluctuations in the evaporation

at certain periods and in certain regions; these appear to

be related to the persistence of anomalies in the monthly

and yearly sea—surface temperatures. Anomalies also occur

in the humidity or water vapor structure, hut conclusive

determination of humidity fluxes over the sea is still

lacking (Fleagle, 1970; riliyake and Donelan, 1970). Super—

refractive layers are sometimes associated with steam fog or

“Arctic smoke,” although this is usually an indication of the

onset of the layer’s disintegration.
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3.4 Subrefractive Avection Layers

Superrefractive layers provide a curvature to the radio

wave path in the same sense as that of the earth, so that the

distance to the radio horizon over the sea normally exceeds

that to the geometric horizon. For subrefractive layers,

however, the curvature of the radio path is in the opposite

sense; the distance to the radio horizon over the sea would

then be less than that to the geometric horizon. Subrefrac

tive layers are, therefore, generally detrimental to radio

wave propagation. They also provide an internal reflection of

radio waves [Wait, 1969].

These subrefractive layers have not been studied in great

detail but could occur wherever warm moist air overlies a cooler

sea surface (with both air and sea surface temperatures greater

than 10°C). If a local water—vapor inversion (an increase of

water vapor with height) results, fog, subrefraction, or both

can be produced. This advection fog results when the lowest

layers of the atmosphere are cooled to the saturation point by

the cooler ocean waters, but fog and subrefraction seldom occur

together for prolonged periods because, as the fog intensifies,

the condensation process weakens the subrefractive gradient.

The ocean areas particularly susceptible to this subre

fractive and/or fog formation would lie between 45°N and 40°S

where prevailing winds transport nearly—saturated air from the

vicinity of a warm ocean current to the vicinity of a cold

ocean current. These would be areas where warm and cold

currents adjoin or even converge (see figure 10). In August

or September, areas favorable for these subrefractive layers

in the Northern Hemisphere would be the Gulf of Guinea in

Africa and the coastal waters:

north and south of Great Britain,

west of Nova Scotia and Newfoundland,

north of Hawaii,

east of China and Indochina,
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near Arabia, and

west of Central America.

In February or March, favorable locations in the Southern

Hemisphere would he the coastal waters:

near the larger Indonesian Islands,

north of New Zealand,

between Madagascar and Africa,

southeast of South 1rnerica, and

east of Australia.

Observations of sea—surface subrefractive gradients

determined from ship-bridge heights may actually be a mea

sure of slightly elevated subrefractive layers, beginning a

few meters above the surface and extending vertically 50 m or

more. Coastal stations along shallow waters warmed to about

30°C (e.g. at Tampa, Florida) may show surface subrefractive

layers; however, this surface subrefraction would be found

only on the coast; a corresponding layer over the water may

overlie a superrefraction sea—surface evaporation layer.

3.5 Overwater Prediction Charts

The foregoing demonstrates how an understanding of the

causative physical processes permits an identification of the

ocean areas favorable for the occurrence of superrefractive

or subrefractive layers. This is essential if the meteoro

logical data obtained from the very limited number of marine

observational stations are to be extrapolated over the oceans

of the world. In addition, quantitative estimates of certain

layer characteristics are necessary, for radio propagation

prediction purposes. Although these characteristics of

interest (the strength of the gradient, its vertical and

horizontal extents, and its occurrence) are not adequately

measured at present, some estimates are available.
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Figure 14 indicates those world oceanic areas for which

estimates are available of the characteristics of subrefractive

and superrefractive layers. These represent a substantial

beginning but further estimates are necessary; estimates of

the diurnal variation of the layer characteristics are parti

cularly limited. The ocean areas of figure 14 with the

diagonal shading //// are those for which charts, primarily

of advection layers, are available. The ocean areas with the

reverse diagonal shading are those for which charts, primarily

of evaporation layers, are available.

A particularly useful type of prediction chart, illustrated

in figure 15, gives the percent expectancy of extended ranges

(50% or greater increase in range) for L, S, and X-Pand Radar

for superrefractive (AN/1h<—157 N units/km) layers. Similar

charts appear in (‘rozier, et al. [1952], USNEL [1952], Cowan

[1953], Gossard and Anderson [1956a, 1956b], Gossard [1957 and

1964], Holden et al. [1960], Ikegami [1964] and Nookester and

Hitney [1974]. These are actually charts determined from the

potential refractive index observed at ship-bridge heights and

under various wind conditions. For an assumed height distri

bution of refractive index, these variables permit an estimate

of the sea—surface-layer refractivity gradient and its vertical

extent. Those variables associated with super-critical gra

dients are then combined into one convenient parameter, the

maximum—trapped—wavelength”, that results from Schelkunoff’s

solution [1944] of the simplest guided—wave propagation pro

blern. Although this maximum trapped wavelength is only an

approximation, it does serve as a convenient parameter for

charting the multiplicity of surface-layer characteristics

pertinent to propagation via the sea—surface (super—critical)

duct.

Similar seasonal charts, illustrated in figure 16, are

available for advection layers and for trequencies less than

300, 1000, and 3000 MHz [Bean et al., 1966]. Also available
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Figure 17a. Refractivity lapse rates (N/km) not exceeded

5 percent of time for 100 m layers, August.

- _?j45

90 120 150 80
30

/

Figure 17b. Refractivity lapse rates (N/km) not exceeded

2 percent of time for 100 m layer, August.
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are various graphical techniques for estimating duct intensi

ties and the possibility of extended coverage for specific

locations from on—site observations (Anderson and Gossard,

1952, 1955; USNWSC, 1967; Wickerts, 1970)

Additional charts are available for the characteristics

of advection-type layers during the seasons typified by the

months of February, May, August, and November and over most

of the world’s oceans [Bean et al., 1966]. These world

charts include:

— the percent of observations for which the surface

gradients are subrefractive, superrefractive, or

supercritical;

- those gradients (averaged for 100 m above the

surface) exceeded for 2 and 10 percent of the

observations;

- those (100 rn) gradients not exceeded for 2, 5,

10, and 25 percent of the observations; and

— the percent of superrefractive and supercritical

gradients that extend more than 100 m above the

surface.

Figures 17 and 18 illustrate some of the above charts; the

lapse rate is the negative of the gradient. Seasonal dis

tributions are also available for selected North Temperate

Zone locations, as illustrated by figures 19 arid 20 [Samson,

1975]. For tropical locations, the seasonal means are less

informative, since there tends to he wide diurnal variations

in the surface gradients. This is illustrated by figure 21

[Hart et al., 1971]. The arrows at the base of the charts

in figure 21, indicate gradients more negative than -1000 N

units/km.
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PERCENT OF TIME ORDINATE IS NOT EXCEEDED

04°23’N, 18°34’E at 385 meters above MSL

1.33

:1

Data: Radiosonde.

Note: Last 3

Temperature (°F)

Mean Dewpoint (°F)

0300Z (0400 LST) : 8/52 — 2/53

0400Z (1500 LST) : 5/53 — 11/55

0500Z (0600 LST) : 2/56 — 11/59

0600Z (0700 LST) : 2/60 — 8/60

periods observations only every other day.

Janoary 91/67; July 86/69

January 69; July 73

Precipitation (inches) : Annual 61.4; August 8.86; January 0.83

Located on the Ubangi River; a wooded, hilly area but some marshy areas in

vicinity. A hot and humid monsoon climate with June—October rainy season

in southwest monsoon and the dry season October—March in the northeast

trade winds.

Figure 20. Observed qradients at Bangui, Central African Republic

[from Samson, 1975].
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4. THE ANOMALOUS FIELDS

The quantitative determination of the anomalous radio

field behavior (for an expected refractivity structure near

the surface) is based upon the applicable electromagnetic

theory, sometimes referred to as duct—propagation theory.

This consists of several theoretical methods [Kerr, 1951;

Fock et al.,, 1958; Brekhovskikh, 1960; Budden, 1962; Wait,

1962; Fock, 1965; Rotheram, 1973 and 19741. These may be

considered as extensions of two basic formulations of propa

gation theory, the Booker and Walkinshaw [1946] mode theory

and the Furry [1946] asymptotic theory; i.e., extensions for

a wide variety of mathematical approximations to the refrac

tivity structure within the duct.

Many experimental, studies —- ranging from the Canterbury

Project [Unwin, 19511 to those of Jeske and Brocks (1966),

Pidgeon [1970], and Wickerts [19701 -- have been undertaken to

provide experimental verification of this guided mode of duct

propagation. The verification to date has been impressive,

but largely qualitative. That is, the salient features of the

theory have been demonstrated, but full quantitative agreement

is largely lacking. Although this undoubtably reflects the

difficulty of adequately monitoring refractivity structures

during the experimental studies, it also indicates some in

adequacy of the theory. That is, departures of the (sea—surface

or elevated) refractivity layers from a simple model (a refrac

tivity profile of fixed vertical extent that is horizontally

uniform) can eliminate some modes anticipated by present theory

and also introduce additional unanticipated modes and mechanisms

of propagation. For example, the theory is most suitable for

evaluating propagation between two terminals well immersed

within a continuous duct [Wait and Spies, 1969; Fruchtenicht,

19731 or between one terminal immersed in the duct and propaga

tion via leakage from the duct to the other terminal just
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exterior to (above or below) the duct [Chang, 1971; Ratner,

19761. However, the applications of most pressing interest

are for propagation via a (surface or elevated) duct when one

or both terminals are exterior to the duct; the corresponding

observational data substantiates received fields stronger than

could be accounted for by the duct leakage determined from

present theory. Of course, the theory assumes a duct that is

horizontally uniform.

The mode-matching technique of Bahar and Wait [1965] and

Bahar £1968, 19741 should permit extension of the theory so

as to yield estimates of the attenuation and leakage attribut

able to variation (along the duct) of the refractivity gradient

and its vertical extent. In addition, further extensive

numerical evaluation of the asymptotic theory by computer or

alternate formulations [Ruif 1968; Morawetz and Ludwig, 1968;

Dougherty 1969] would aid the prediction and application pro

blem. Application of the theory, and their expected extensions,

to the prediction of anomalous fields on an operational basis

requires their reduction to engineering—type curves or formulas.

4.1 Duct (eometry

The theoretical developments and the observational data

outlined above appear sufficient to approximate the ducting

phenomenon for radio regulation purposes. In that application,

the concern is estimating the liklihood of inter-system inter

ference. For example, in system design, wherein one must

achieve a desired performance, the design engineer anticipates

standard propagation, but must guard against those unusual

conditions for which anomalous propagation would degrade the

received signal. The design engineer seeks to achieve, for

his communications system, a received signal (and performance)

that exceeds a specified level almost all (99%, 99.9%, etc.)
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of the time —- one could day he requires a pessimistic (lower

bound) estimate of the field. However, if the system design

is to be acceptable to the regulatory authority, the design

engineer must also guard against those unusual conditions for

which anomalous propagation would enhance reception of the sig

nal by another system. The design engineer seeks to limit the

received signal so as to exceed a specified level for as little

(1%, 0.1%, etc.) a time as possible -— he requires an upper—

bound estimate of the field. The present state of ducting

theory and observational data does permit estimates of the

upper bounds of ducted fields.

Let us consider a simplified geometry of the propagation

ducts, as in figure 22. There, the refractive index structure

n(h) has been approximated (in terms of its modified refrac

tivity structure M(h) by a piecewise—linear structure [Furry,

1946; Kerr, 1951; Wait, 1962 and 1970; Andrianov, 1975;

Ratner, 1976]. The modified index of refraction rn is defined

from Snell’s Law for a spherically stratified earth’s atmo

sphere as [Chap. 3, Bean and Dutton, 1968]

m = n (1 + h—) 1.0 • (3a)

Here, r0 is the earth’s radius of approximately 6370 km. The

refractive index n is related to the refractivity N by

n=l+N1061.0 . (3b)

Similarly,

= i + io_6 1.0 , (3c)

so that

M N + 157h (3d)

in M units. Similarly, its gradient (in M units/km) is related
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to the refractivity gradient (in N units/kin) by

AM AN Am 6 4=+l57—.l0

Since the critical refractivity gradient (for trapping) is

nominally —157 N units/km (Chap. 4, Bean ard Dutton, 1968),

the corresponding critical modified refractivity gradient is

0.0 M units/km. In figure 22, the gradients just above and

below the superrefractive layer (AM/Ah0.0) represent gra

dierits of the order of 117.75 N units/kin, corresponding to

the “4/3 earth” gradient of -39.25 N units/km. The gradient

below the layer could also, of course, be subrefractive

(AM/Ah>157 I units/kin)

Figure 22 depicts four ducts; (a) and (b) are ground—

based, (c) and (d) are elevated. In (h), (c), and Cd), the

superrefractive layers (AM/Ah0.0) are all elevated. Note

that the ground-based ducts (a) and (b) involve a lower

boundary determined by the ground. The elevated duct’s lower

boundary is defined by the gradient just below the layer; i.e.,

both the superrefractive layer and the one below it have the

lapse rate AM in common within the duct. The duct width or

thickness 0 is given for figures 22(a) and (h) by

D = 2Ah , h=0 (5a)

and D = Ah + h , OShIAMI/G , (Sb)

respectively. Otherwise

P Ah + !AM!/G, h>JAI4J/G , (5c)

for figures 22(c) and 22(d), where the superrefractive layer

has the gradient AM/Ah<0.0 and the underlying gradient is

indicated by G (>0.0 N units/kin). For the commonly assumed

refractivity gradient of -39.25 N units/kin, the modified

refractivity gradient G would be 117.75 N units/km. Then,

46



each of these ducts may be approximated by one with a discon

tinuous M profile; the elevated duct Cc) is approximated by

the equivalent duct (d). The M-discontinuity AM’ is related

to the actual M-lapse AM by

AM’ = G D . (6)

For the duct (a), therefore, AM’ = 2AM. The advantage of

introducing the modified refractive index is to transform

a spherically stratified refractivity structure above a

spherical earth into planar layers above a flat earth. Of

course, the corresponding rays then become straight lines for

a modified refractivity gradient of zero. However, for nega

tive gradients, they have a curvature whose center is below

the earth’s surface and the emitter; for positive gradients

they have a curvature whose center is well above the surface

and emitter [Furry, 1946; Ikegami, 1959].

Figure 23 provides a crude representation of elevated

duct propagation. There, we have employed ray—theory to

illustrate the situation for a linear modified-refractivity

profile. For a signal source at A in the elevated duct, the

wave launched at, or exceeding, the critical angle (IOIIOI)
can propagate to points outside the duct (such as F’, C’, and

C”). Waves launched at an angle are trapped; they

propagate (via D, D’, or fl”) to points within the duct (such

as P or Q). The critical trapping angle is given, in milli—

radians, by [Gough, 1962]

= ,/2AMI
‘

for AM in M units. The trapped waves leak energy from the

top of the duct (such as at I” to C’ and F to P’).

Radio waves launched from outside the duct and incident

on the duct at a zero grazing angle can be trapped (such as

from A’ to E to P); otherwise, they traverse the duct (such
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as from A’ to F to F’ and If F’ or F” is a point on the

ground, the wave will be reflected to again traverse the duct

to the region above the duct. For trapping to occur, elemen

tary theory gives a minimum frequency of

f
240 (8)

mm
/IMi

in gigahertz, where the modified refractivity lapse M is in

M units and the duct thickness D is in meters [Kerr, Chap. 1,

1951; Skiliman, 1969].

Ray theory also implies that a wave originating exterior

to and below the duct (where AM/Ah>0.0) cannot be trapped

within the duct. For example, a ray launched from A” below

the duct will pierce the duct at B”, pass B at an angle

exceeding IOI, and traverse the duct and its upper boundary

to B’. Since there can he no trapping of a ray from A”, by

reciprocity, there can be no leakage of trapped waves to

points below the duct. This is misleading, of course. The

full wave solutions evaluated by Chang [1971] and Ratner

[1976] quantify the leakage both above and below the duct;

by reciprocity, radio waves can be trapped within the duct

from emitters external to the duct.

4.2 Approximations For Interference Estimates

In his text, wait [1962] treated the problem of duct

propagation extensively, placing the wide variety of solutions

and applications into a common context. Since then, the full-

wave solution for propagation through an atmospheric duct has

been more fully evaluated for the (piecewise) linear variation

of refractivity within, and in the vicinity of, the duct.

For a signal source and observer both well immersed in

a duct, Wait [1969] showed that the signal is propagated along

the duct by modes with very low propagation losses. For

example, for standard atmospheric conditions (4/3 earth or

M/Ah’ll7 M units/km) above and below an M-discontinuity
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(figure 22d), Wait determined losses of c0.l dPikm for the

first four (earth-detached) modes of propagation [Wait, 19691.

Further, Ratner [1976] showed that for frequencies greater

than a critical value,

1572 GHz (9)
C

(where 0 is the duct thickness in meters), the same full—wave

solution will determine the first—mode attenuation coefficient

as cx3 ciB/(lOOkm). The corresponding basic transmission loss

(in decibels) is

Lbpl = 92.45 + 2Olog f + lOlog r + 0.03 r, (10)

where f is the transmission frequency in gigahertz and r is

the range in kilometers. This loss is considerably less

than the free space value, for which ct=0 and the coefficient

of the third term of (l0a) is doubled. To these authors’ know

ledge, Johnson [1965] was the first to report air-to-air

observational data that exhibited this r1 received-signal-

power variation with range, although it is suggested by some

of Ringwalt and Macdonald’s data [1961].

Wait [1969] and atner [1976] have shown that, when the

M-discontinuity is replaced by the more realistic super-

refractive layer (AM/Ah<0.0 M units/km) of finite depth Ah>0,

both the attenuation coefficient ci. and the critical frequency

increase with h. Hence, the expressions presented above

for the M-cliscontinuity duct provide convenient, lower-bound

estimates of duct propagation loss.

As a practical matter, we must also consider the aperture/

medium coupling loss. For example, the ray-theory representa

tion of figure 23 suggests that only that portion of the energy
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radiated at elevation angles —O00 are trapped and propa

gated along a uniform duct. Therefore, for each antenna, we

may approximate the coupling loss by

= l0log(2IOI/Q) , 2!8I<c
(11)

= 0.0 dB , 2,OcP

for a half—power—point antenna heamwidth 2.

When only one terminal is within the duct, an uncertainty

arises as to the proper coupling loss (from exterior to

interior of the duct, or vice versa) . For example, in the

case of a horizontally uniform duct with one terminal within

the duct and the other terminal above the duct, Ratner [1976]

has estimates of the leakage loss from the duct to the

exterior terminal (or by reciprocity, of the coupling loss).

However, for the non—uniform ducts commonly met in nature,

the coupling loss in decibels may he less. For the exterior

terminal below the duct, the leakage computed for the uniform

duct [Chang, 1971; Ratner, 1976] is probably too low for the

realistic non—uniform duct. For “end—fire” propagation

into a duct, (11) may he suitable with 2f
0I

replaced by the

ratio of the duct width to the distance from the duct end to

the external terminal [Misme, 1960]. Observational data

suggest that (for the one terminal in, one terminal out,

situation) a reasonable upper—bound estimate of the ducting

basic transmission loss would he

Lb = 92.45 + 2Olog f + 2Olog r dB. (12)

This is the free-space loss, where the frequency f is in giga

hertz and the range r is in kilometers. That is, it is assumed

that the duct propagation loss due to leakage along the duct,

the antenna coupling loss (for the antenna immersed within the

duct), and the interior/exterior coupling loss is sufficient
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to change the variation of received signal power with range

to an r2 dependency at best. See Vergara et al., [1962] and

Richter and Hitney [1975].

When both terminals are exterior to the duct, we are not

concerned with antenna/media coupling losses such as (11), but

we are concerned with two interior/exterior coupling losses

where the path from each antenna intercepts the duct (such as

in figure 1). Again, for both terminals above the duct, the

full-wave solutions of leakage loss [Chang, 1971; Ratner, 1976]

might be somewhat high for the more common, horizontally non

uniform ducts. For both terminals below the non—uniform

duct, the full—wave solution is too pessimistic. Observations

suggest that an lower—bound estimate (for one or both terminals

above the duct) would be a free-space loss, such as (12). For

both terminals below the duct, a lower-bound estimate would

appear to be free—space plus 20 dB [Dougherty et al., 1970].

Lb = 112.45 + 2Olog f + 2Olog r dB. (13)

4.3 Occurrence

For the national or international regulatory agencies,

the foregoing expressions —— (10) , (11), (12) , and (13)

will permit a determination of basic transmission loss and,

therefore, of the coordination distance. However, additional

information is vital. What is their occurrence; i.e., how

often will these losses apply, how will they vary with geo

graphical location? The available experimental data permit

only partial answers.

The essential requirement for a markedly enhanced field

is the presence of a supercritical atmospheric layer

(AN/Ah S —157 N units/km or AM/&i < 0.0 M units/km). In the

case of sea—surface ducts (that are formed from surface
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evaporative layers or slightly elevated advective layers),

Section 3 indicates that they are semi—permanent fixtures in

subtropic and coastal waters, decreasing in prevalence in a

poleward direction. The evaporative layers have been mapped

over about half the ocean areas, although the deeper advec—

tive ducts have not been as extensively mapped over water.

Of course, the initial gradients have been mapped in quantita—

tive detail over land [Bean et al., 19661.

Beyond quantitative estimates of the occurrence of atrno

spheric layers and ducts, estimates of specific character

istics are also necessary. For example, application of (9)

requires a knowledge of the spatial and temporal distributions

of duct thicknesses beyond the facts that evaporative ducts

typically extend from the surface up to about 15 in, whereas

advective ducts typically extend to at least 25 m. Of course,

either of these values will determine a typical critical fre

quency from (9) and also whether specific terminal heights

would lie within or extend above the typical sea—surface

(evaporative or advective) ducts. However, the vital associ

ated information --- percent of the time --- is still lacking.

Early efforts at prediction incorporated data on duct gradient

and thickness into the approximate expression (8) for trapping

frequency; this data was made available as charts of contours

of percent occurrence of sea—surface ducts capable of trapping

S, X, and D-band transmissions [Crozier et al., 1952; Cowan,

1953; Gossard 1957 and 1964; (ossard and Anderson, 1956a and

1956b; Bean et al., 19661. These have not been improved upon

or extended since, so that wider geographical coverage as well

as data on duct-top heights (required to determine whether

communication terminals are above or within a surface duct) are

still lacking. One could apply (9) to the predicted occur

rence of extended range for S, X, and K-band to determine the

associated duct thicknesses as, respectively, 47, 24, and 16 in.
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This result, the maps of percent occurrence, and equations (10)

and (12) may then serve as the best available solution for por

tions of the world.

For elevated layers and ducts formed by advection or

subsidence, Section 2 indicates that such layers range from

semi-permanent conditions (in the tradewind and some coastal

regions) to increasingly rare phenomena as we move poleward.

Although there are considerable radiosonde data available as

historical records and on a worldwide basis, only a very

limited amount have been processed into the refractivity—

height profiles from which layer characteristics can be deter

mined. Mappings of some characteristics have been long avail

able: very sketchily on a worldwide basis [Randall, 1964;

Cahoon and Riggs 1964]; in more detail for localized areas

[Hall, 19691; and in appreciable detail for the Atlantic trade-

wind region [Dougherty et al., 19671. All of such data could

be greatly improved by further processing of data. For example,

the Atlantic tradewind system is well behaved and adequately

described in terms of temporal distributions of gradients,

heights, thickness, etc. as the high—pressure cells follow a

well—defined pattern of shifting with the season (between the

West Indies and the Madeira Islands in the North Atlantic and

near Ascension Island in the South Atlantic). The resulting

elevated ducts have a thickness of the order of 100 to 250 m

so that (9) indicates a critical frequency of about 7 to 395

MHz. Of course trapping requires gradients less than -157 N

units/km, which are not always achieved by the tradewind inver

sion layer; for example trapping gradients occur for about 2/3

times the occurrences indicated in figure 3. Therefore, the

occurrence of tradewind trapping layers (ducts) in the Atlantic

tradewind regions varies with the season from about 30 to 55%.

Similarly, these elevated ducts increase in height from east to

west and range with the season from about 1.2 to 3.0 km above
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the sea-surface. The appropriate transmission loss for terres

trial systems is given by (13). For one or both communication

terminals airborne, (11), or (12) is appropriate. It is useful

to note that the base of the tradewind inversion (ducting) layer

tends to coincide with the cloudtops; protrusions of clouds

above the general cloudtop level are one indication of the

localized weakening or disruption of the inversion layer.

5. CONCLUSION

Since 1944, some prediction charts have been available

for estimating the occurrence and characteristics of the super-

refractive elevated layers or surface layers that constitute

surface ducts. The world’s land surface and most of the

waters bordering the Asian continent have been so charted for

both advection and evaporation layers. Most of the world’s

oceans have been so charted for the occurrence of surface

advection layers and also for a few of their characteristics

pertinent to anomalous propagation. These charts have limita

tions due to the available marine meteorological data. The

data are particularly inadequate in space and temporal coverage.

For example, much more data would he useful for the temporal

and spatial variation of the layer (or duct) vertical thickness

and horizontal extent. Programs such as the BOr’EX Sea-Air

Interaction Study and the U.S. Coast Guard National Data Buoy

Project could lead to a substantially improved data base for

the prediction of sea—surface duct characteristics.

Since 1958, estimates have become increasingly available

for the occurrence of elevated layers that are sufficiently

superrefractive to serve as the upper portion of elevated atmo

spheric ducts. Summary data on the characteristics of these

elevated layers are most sparse overland; the tradewind—regions

of the world appear to yield the most systematic character

istics, although there is presently much less data available
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for the Pacific than for the Atlantic trac3ewind regions.

The avi1able meteorological (radiosonde) data has yet to be

adequately exploited and processed; one could then determine

elevated layer characteristics on a more satisfactcry world

wide basis.

In addition to the referenced data, further information

is available from the referenced authors, particularly from

Fedi of Italy, Hall of the United Kingdom, Ikegami of Japan,

Jeske of West Germany, isme of France, Richter of the U.S.,

and Wickerts of Sweden.

From the point of view of operational system design (for

communications or long—distance monitoring via ducts) , there

is also a further limitation. For example, the applicable

propagation theory is well advanced; their extensions pre

sently under investigation are very likely to encompass the

departures of observed ducts from the horizontally uniform

model. The limitation results primarily from the fact that

the available solutions have not been reduced as yet to the

engineering—type formulas or curves required for the predic

tion of these anomalous fields on an operational basis.

From the point of view of radio regulation and estiriating

interference, however, the observational data and the theory

already permit lower—bound predictions of transmission loss.

For frequencies at or above that given by C.), the trans

mission loss between terminals immersed in the duct is given by

(10) and (11); this can be a gain relative to free—space. For

one terminal immersed in the duct and one terminal external to

the duct, the basic transmission loss is given by (12). For

both terminals external to the duct and one or both above the

duct the lower—bound estimate is free space given by (12). If

both terminals are below the duct, the lower—bound estimate of

the basic transmission loss is free space plus 20 dP given by

(13). However, prediction of the associated percent occurrence

is presently hampered. by inadequate summaries of elevated duct

characteristics.
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