VHF and Microwave Propagation
Characteristics of Ducts

Andrew L. Martin, VK3KAQ

Abstract— M easurements from many years of amateur radio
observations together with commercial microwave propagation
studies and are used to illustrate the nature of the VHF
propagation. It is shown that much of the commonly held
under standing of ducts and VHF and microwave propagation in
the lower atmosphere is poor. Measurements from a high
resolution SODAR are used to show the structure and
characteristics of elevated ducts. The ducts are shown to have
very strong temperature gradients and to form in substantially
the same range over long periods. The ductsare very stablein the
vertical plane and dissipate during the day. The nature of VHF
propagation via ducts is illustrated with basic ray tracing and
estimations of the signal-to-noise ratios at different frequencies
for two different station locations using recently developed
concepts for signal entry into a duct and propagation along a
duct.

I. INTRODUCTION

HE work reported here is the result of over 40 years of

observations and measurements of VHF and microwave
propagation in the lower atmosphere. This work was started in
1962 with observations of 144 and 432 MHz aong the
Western Australian coast as VK6ZCN. From the late 70's the
work was continued in Victoria on 50, 144, 432 and 1296
MHz as VK3YLR and later as VK3KAQ. This involved many
VHF contacts to VK7, VK5, VK6 and ZL together with a
great many observations from other amateurs. From the early
1980's | worked at the Telecom Research Laboratories on
microwave propagation and developing line-of-sight system
design processes. Many papers were published about this work
and several of the ideas developed in these papers were the
direct result of observations of propagation behavior at
amateur frequencies. | am very grateful to the amateur
community for making these observations possible.

Some of the commonly held views about ducts that |
consider mideading and based on poor information or a
misunderstanding of observed phenomena are:

*  Elevated ducts can fall to become surface ducts.

»  Surface ducts can rise to become elevated ducts.

e Theradiosondeis accurate for predicting ducts.

* Ducts act as awave-guide.

e Duct isfrequency dependent.

»  Coupling into the duct is only at the ends.

*  Your antennamust be in the duct.

»  Evaporation ducts occur over land and sea.
There are of course many more ideas that could be added but
do not pass even basic tests so these are left out. The rest of
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the paper is arranged to present many of the observations and
to draw some conclusions from these observations to develop
some new concepts of how radio signals might interact with
ducts.

II. OBSERVATIONS OF DUCTS

Ducts or temperature inversions are evident in many forms
thorough the atmosphere due to the large number of
mechanisms that form ducts.

Figure 1. 620m duct formed by subsidence in a high pressure viewed from
Mt Dandenong Victoria, 0Z 21 Dec 2002.

Ducts or regions where the temperature increases with
increasing height over adistance of afew 10's of meters,
instead of decreasing with increasing height, are also called
temperature inversions. Some of the mechanisms that cause
ductsto form are as follows:

e Subsidence (falling air) in high pressure systems
which causes a duct between about 400m and
800m to form over very large distances along the
costal regions of Western, Southern and Eastern
Australiaincluding the Tasman Seain summer
(Figures 1, 2 and 3). In winter and spring weak
ducts are evident at around 300m. Subsidence
ducts can also form over large regions of Australia
at between 1000m and 1800m, these ducts are
generally not evident in summer.

*  Seabreeze ducts form where the cooler sea breeze
meets awarmer off land breeze at the top of an
escarpment such as along the Great Australian
Bight near Eucla and along the Queensland coast.
These ducts form at the level of the escarpment.
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e Surface ducts form where the ground cools by
radiation forming a cool layer close to the ground
with warmer air above it. Such ducts are usually
less than 20m thick and are visible as afog layer
close to the ground (Figure 4). They form at night
and break up in the early morning.

»  Evaporative ducts form over water where the
cooling near the surface from evaporation resultsin
cool air below warm air and a temperature
inversion (Figure 5).

Several other mechanisms can also cause ducts to form such
as along fronts but are of less interest to radio amateurs.

Ducts are characterized by changesin the vertical radio
refractive index gradient such as shownin Figure 3. This
refractive index gradient was obtained using data from a
radiosonde flight [1] ( Figure 2.) and a program called
AREPS|[2].
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Figure 2. Radiosonde temperature and humidity data showing an elevated
duct at 600m due to subsidence in a high pressure system, 0Z 21 Dec 2002.
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Figure 3. Reverse refractive index gradient indicating the presence of an
elevated duct, 0Z 21 Dec 2002 (from AREPS, [2]).
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Figure 4. Surface duct formed due to radiation cooling over land, 6am
local time.

Surface ducts are generally between 3mand 5m high. Signals
can be trapped by the surface duct and propagate along the
ground until the duct dissipates or until a blocking object is
encountered such as aline of trees or ahill. Signals can also be
reflected from the top of a surface duct. Surface ducts break up
after sunrise from heating of the ground and rise to dissipate
between 50m and 200m above ground.

Figure 5. Evaporative duct over water where the distant shore line appears
to be extended vertically.

Signals can also propagate along the surface of the water in an
evaporative duct. These ducts can be present for days at a
time. Evaporative ducts can act as an RF mirror (and
sometimes an optical mirror) and reflect signals from the top
of the duct.

Ducts can be easily located by visual observation especialy if
the observation is close to the height of the duct as shown in
Figures1, 4 and 5.

I11. OBSERVATION TOOLS

The data used to draw conclusions about the characteristics
of ducts was obtained from three different observation
methods:

* A large number of amateur radio contactsin
Western Australia and Victoria on the bands from
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50MHz to 1296M hz plus the observations of many
other amateurs.

»  Professional work on design and optimisation
methods for fixed microwave radio linksin the
commercia bands below 10GHz operating over
distances of 30km to 165km.

* A recently developed acoustic pulse compression
SOund Detection And Ranging (SODAR) system
for obtaining vertical profiles of the atmosphere up
to 2km.

The amateur radio observations led to numerous effects
being observed during long distance propagation via ducts,
most of these are listed below:

»  Propagation distances of over 2000km have been
observed on all amateur bands from 50MHz to
10GHz.

* Ductsvary in their ability to transport signals,
weak ducts may only propagate up to 144Mhz
while strong ducts may sometimes propagate
10GHz signals.

e Asducts become stronger and transport higher
frequencies the lower frequencies seem to become
weaker.

»  Stations often report be “passed over” by the duct,
stations either side of them can work via the duct
but they hear nothing.

e Ducts can terminate abruptly with stations only
30km further on hearing nothing.

*  Ductsformin the evening and break up in the late
morning but sometimes remain through the day
although weaker than at night.

e Excellent ducts are present in Southern Australia
from about December to March and over inland
Australia from about March to October. Exceptions
to these times are often noted.

The professional observations lead to several other effects
being observed on microwave paths of 30km to 165km:

» Theelevated ducts at a given location are always
close to the same height at a given time of the year.

e Theelevated ducts formin the late evening, are
strongest around 6am local time and break up in
the late morning.

» Elevated ducts interact with microwave signals by
refraction and propagation along the duct.

»  Thesurface ducts can be extreme and form a
highly reflective layer close to the ground.

»  Surface ducts can propagate signals along the
ground until they reach an obstruction.

e Surface ducts break up due to heating of the
ground after sunrise.

*  Very strong ducts occur in Southern Australiain
summer and in the more Northern parts of
Australiain Winter.

e Theso called k-factor fading or sub-
refraction[3][4] does not happen at al and except
in or very close to aduct. The k-factor of the gross
atmosphereis 4/3 at all times.
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Figure 6. SODAR observation to a height of 2000m for one day. Strong
elevated ducts are evident at 620m and 1050m (darker areas) during the night
and break up during the day. Weaker ducts are also evident at 500m, 900m
and 1500m. Rising plumes of warm air are evident up to 18:00 and start again
after 09:00 and break up the ducts. Strong vertical lines are noise, time axisis
from right to left. Ground level is at 100m. 360 measurements, 4m vertical
resolution.
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Figure 7. Vertical structure for 6 days to a height of 1100m measured by
SODAR. Time isright to left. Elevated ducts are evident around 600m during
the night for the first 5 nights, in the last night the high pressure system has
moved away and the day time temperatures increase so that ducts can no
longer form. Strong vertical plumes are evident in the day. There is no
evidence of ducts rising to become elevated or elevated ducts falling to
become ground ducts. The surface inversion layer at around 280m breaks up
during the day. On the last 1.5 days the surface inversion layer rises due to the
effect of ground heating. 3895 measurements with 2m vertical resolution,
ground level isat 100m.

The observations from a pulse compression SODAR are
shown in Figures 6, 7, 8 and 9. The measurements are of the
return signal level that isindicative of the vertical refractivity.
The measurements were conducted over the summer 2002-3
from which the following observations were made;

» Elevated ductsform at a given height and break up
at that height.

e Strong ducts are present in the night and if present
during the day are much weaker.

» Thevertica temperature gradientsin aduct are
very high causing extreme ducts to be formed.

e Vertical structureisvery complex and is not well
represented by low resolution radiosonde
measurements.
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e Severa duct structures can be present at the same
time including elevated ducts and ground ducts.

e Ground ducts do rise during the day but not
sufficiently to result in long distance propagation
as they become much weaker due to the effects of
ground heating.
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Figure 8. Vertica temperature measurement with a duct present and the
“normal” temperature lapse rate of —-0.006 Degrees C/m shown as a solid line.
This result is calculated from several SODAR return signal level results and
illustrates the increase in temperature with height up to 800m with several
dramatic variations along the way. Maximum temperature gradient is close to
0.35 Degrees C/m with temperature changes of 7 degrees over just 20m.
Ground based ducts are also present.

From the observations shown in Figures 6, 7, 8 and 9,
several of the misunderstandings set out above can be readily
dismissed. In particular;

1) Elevated ducts can fall to become surface ducts: This
is specifically not the case for ducts above about 300m,
there are no observations that support this. Elevated
ducts remain elevated, they form and break up at a
given height.

2) Surface ducts can rise to become elevated ducts: There
are no observations to support this. Ground ducts do
rise after sunrise and then break up from thermal
plumes that disrupt the duct during the day.

3) The radiosonde is accurate for predicting ducts. The
radiosonde is not very accurate and often misses key
structures because of alack of vertical resolution.

IV. A CLoseELook ATAN ELEVATED Duct

In order to understand how the observed effects listed
earlier come about the structure of the duct needs to be
examined. The elevated ducts will be discussed as those are of
the most interest in long distance propagation.
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Figure 9. SODAR observation of the vertical structure of an elevated duct
showing detail including wind speed and direction. There are two ducts
evident, a weak one between 480m and 500m and a strong on between 630m
and 685m. Changes in wind speed and direction are directly associated with
the ducts.

The elevated duct structure is very complex and besides
having substantial temperature changes, changes in wind speed
and direction (wind shear) are also associated with elevated
ducts. This wind shear is caused by the subsidence in the high
pressure system when the falling drier air encounters the
cooler, denser more humid air below and results in a “balance
point” and resulting wind shear. At this “balance point” the
compression of the falling air results in a temperature increase
as the falling air is compressed against the more dense air
below. The temperature and humidity plots are readily evident
in Figure 2 at around 600m, when the temperature increases,
the humidity decreases and a duct is formed.
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Figure 10. In the duct the upper and lower boundaries have a temperature
gradient of 0.35 Degrees C/m. At the hottest part of the duct the air is driest
and thinnest and radio waves travel faster than in the cooler parts of the duct
where the radio waves travel slower.

Page 4 of 8



Slower wave

\\@ry little refraction
)

<

Slower wave
Very little refraction

Height
E

&

3

5

>

Figure 11. At the center of the duct the wave front is bent more than
further out in the duct resulting in a bending of the wave front.

The mechanism by which radio waves are refracted in a duct
is that the wave front travels faster in the less dense air found
at the center of the duct and slower in the cooler and
consequently more dense air further from the center of the
duct. The radio signa is thus refracted away from the center of
the duct as shown in Figures 10 and 11.

If the radio wave comes from above the duct it can be
refracted out again and not stay in the duct at all and sub-
refraction occurs (Figure 12). If the radio wave is able to
maintain exactly the right position and stay within the duct the
wave is ableto travel great distances by super-refraction.

This is difficult to achieve and it is more likely that if the
radio wave enters from below the duct it will repeatedly enter
and leave the duct by refraction and by this means travel great
distances. The angles of refraction are of course very small and
each refraction may be up to 50km apart (Figure 13).

Radio wave from above
refracted out...subrefraction

—~~—

Duct

When the radio wave is refracted
just enough to follow the curvature of the earth
...super-refraction

Earth Surface

Figure 12. When the radio wave is refracted from above the duct the wave
can be refracted out of the duct in a process known as sub-refraction. When
the radio wave is in the duct it can be refracted just enough to stay within the
duct so that supper-refraction occurs and the radio wave travels over great
distances.
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from continuing away from the earth by
repeatedly refracting the wave downwards
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Figure 13. The radio wave does not stay exactly in the duct but is
repeatedly refracted out only to re-enter at greater distances.

Asthe angle of entry into the duct increases the radio waveis
less likely to be refracted enough to stay in the duct and it will
reach the point where it will pass through the duct (Figure 14).

Duct

Therewill beacritical duct approach angle at which
thewave will not be refracted enough to stay in the duct

Figure 14. When a critical angle is reached the radio wave coming from
below the duct passes through.

So far only a smooth duct has been discussed. Wind shear
associated with the formation of the duct causes the surface of
the duct to be rough in a manner that the surface of the ocean
is roughened by the wind across its surface. This roughness
can readily be seen on the top of elevated ducts, it has a
wavelength of about 4km (not electromagnetic wavelength but
wind wavelength) and is evident from close inspection of
Figure 1. This roughness allows signals to enter and leave the
duct more easily so that the duct is “leaky” along its entire
length (Figure 15).

Turbulent waves alow |leakage
in and out
with loss of level but larger angles

—  EathSuface =  ———

Figure 15. Due to wind shear the duct surface is not smooth but rough
allowing signalsto enter and leave more easily and at greater angles.

The entry angle to the duct is a critical factor and is a reason
why stations at higher elevations are able to use the duct over
greater distances than stations at lower altitudes. As the ducts
become more extreme the refractive gradients are higher and
the entry and exit angles are consequently smaller. This is the
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reason that under some very good conditions stations towards
the middle of the path where refractive gradients are higher,
can be “passed over” and miss out on the DX altogether.

To return to the issues, the next one stated from the
introduction is;

4) Ducts act as a wave-guide: Thisisavery miseading
concept and probably incorrect. The signals travel along the
duct by multiple refraction from the surface roughness of the
duct. It ismore like the duct acts as a“boundary layer” by
guiding the signals around the surface of the earth by multiple
refraction as shown in Figure 13.

V. THEBIGGER PICTURE OF THE ELEVATED DUCT

So far we have looked at the localized effects of the duct. This
section isto have alook at the bigger picture to see how ducts
can appear to have frequency dependence. From Figures 14
and 15 it is evident that the entry angle into the duct is crucial
parameter when considering how signals are “captured” by the
duct, weaker ducts can accept higher entry angles than stronger
ducts. In other words, the angle at which signals can enter the
duct is inversely proportional to the refractive gradient of the
duct. The duct structure does not go on forever so that at the
ends of the duct it becomes weaker and the refractive index
gradient is also smaller. This means that the acceptable entry
angles into the duct are larger at the ends of the duct than in
the middle for a given station height (Figure 16). The result of
this effect is that stations at the end of the duct can partake of
the DX while stations in the middle of the duct have difficulty
even hearing distant stations. This is because the useable angle
of entry is much smaller in the middle of the duct because of
the higher temperature gradient there. Stations closer to the
duct (higher) seem to have more luck than stations at lower
altitudes.
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Figure 16. Elevated ducts can extend over great distances but do come to
an end. At the ends the refractive index gradient is lower than in the middle
implying that the entry angle at the ends of the duct is larger at the ends than
in the middle.

From the results obtained over the years it is evident that
there is a great deal of variation of the DX capabilities of
different stations when using ducts at VHF. To explain this a
new view of the attenuation to enter a duct has been devel oped
(Figure 17) in order to explain the observed effects.
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Figure 17. Estimated attenuation at various frequencies to enter the duct as
a function of duct temperature gradient (duct gradient or strength) multiplied
by the duct entry angle in degrees. The duct entry attenuation also appliesto a
signal leaving the duct.

When there is a weak duct with a very small temperature
gradient (in degrees C/m) the duct entry attenuation is also
very small. As the duct strength increases with increasing
temperature gradients, for a given entry angle it becomes more
difficult for lower frequencies to enter the duct so that as the
duct gets stronger lower frequencies are more attenuated on
entry to the duct that higher frequencies. Similarly, for a
constant duct strength, as the entry angle is reduced the
attenuation to enter the duct is reduced so that stations that are
closer to the duct have less entry attenuation (Figure 17). If a
station is well below a very strong duct, lower frequencies are
greatly attenuated so that the signal may not be received at al
and the signal's can sometimes seem to “pass over” a particular
station. In such cases going to higher frequencies may provide
better results.

The distance that a station is from the duct sets the angle of
entry to the duct. For a station at 100m and a duct at 600m, the
entry angle is approximately 0.8 degrees at a distance of
approximately 40km (Figure 18).

oue m

620m

0.3 degrees
g 40km

*{ " 100m

Figure 18. Duct entry angle for a station at 100m and a duct at 620m.
To obtain the abscissa value for usein Figure 15 multiply the
duct temperature gradient by the duct entry angle. A very
strong duct has a temperature gradient of 0.35 degrees C/m.

A further effect that is observed is that weak ducts are more
able to propagate lower frequencies, (Figurel9). This effect is
in addition to the effect of entry into the duct noted previoudly.

Radio
wave

Earth Surface
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Even if stations are well situated it does not mean that
higher frequencies can be used, the general patternisthat as
the duct strengthens higher frequenciesimprove. Compared to
stations at lower altitudes, higher altitude stations can of
course use higher frequencies because of the reduced entry
angle loss at higher frequencies. By combining the effects of
the two graphsit is evident that entry angle and duct strength
combine in a complex fashion resulting in some apparently
odd effects.
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Figure 19. Estimated attenuation in the duct as a function of duct
temperature gradient. Attenuation is normalised to the attenuation at 5S0MHz.
As the duct becomes stronger it is able to propagate signals with lower
attenuation but high frequencies are more attenuated than lower frequencies.

Freq |Power | Antenna | Rx bandwidth | Feed loss
50 (100 |9dBd |2kHz 4dB
144 |100 12dBd |2kHz 4dB
432 |50 14dBd |2kHz 4dB
1296 |10 15dBd |2kHz 4dB
5000 |1 20dBd |2kHz 4dB

Figure 20. Station parameters for estimating the signal-to-noise ratio for
propagation via an elevated duct. Receiver noise figureis 3dB for all bands.

In order to estimate the signal-to-noise ratio of signals
propagated via a duct a set of station parameters was selected
(Figure 20). From these parameters and the distance over
which the signal-to-noise ratio is to be estimated, the free
space signal-to-noise is first calculated. A handy program for
thisis available in the VK3UM Software Suite from [5]. Once
the free space signal-to-noise is calculated the signal-to-noise
ratio at the required distance can be estimated for a given duct
strength from:

S/N=Free Space S/N - Entry and Exit Attenuation — Duct
Attenuation (dB). 1

This formula is now applied to two cases of station location
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for propagation via a duct over 2500km. The results are shown
in Figures 21 and 22.

By looking at just the 50MHz case it appears that unless a
station is in or very close to the duct then the entry level
attenuation alone will prevent any signals from being heard by
stations below the duct. At 144 MHz there is less entry
attenuation but the duct propagation attenuation is higher. This
effect continues on through the higher frequencies.

SIN for Duct Temperature Gradient, 0.8 deg
entry angle, one end in the duct 2500km path.
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Duct temperature gradient deg C/m
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Figure 21. Estimated signal-to-noise ratio for the station parameters of
Figure 20, the duct entry attenuation of Figure 17 and duct attenuation of
Figure 19, calculated using formula 1. One station is assumed to be in the
duct at 620m and the other station is below the duct at 100m.

For the case of extreme ducts, stations at microwave
frequencies can gain entry to the duct even though they may be
several hundred meters below it and explains much of the
success from using microwave frequencies.

S/N for Duct Temperature Gradient, 0.8 degree
entry angle, both ends below duct, 2500km
path.
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Figure 22. Estimated signal-to-noise ratio for the station parameters of
Figure 18, the duct entry attenuation of Figure 15, duct attenuation of Figure
17, calculated using the formula 1. Both stations are at 100m and the duct is
at 620m.

The attenuation at microwave freguencies in an extreme
duct is much lower than in weaker ducts so that long distance
contacts are occasionally made at microwave frequencies when
ducts are strong enough. The data of Figure 21 shows that as a
duct gets stronger the signal-to-noise ratio improves at higher
frequencies while lower frequencies drop off illustrating one of
the most reported effects of duct propagation. In Figure 22 the
signal-to-noise ratio is calculated for a 2500km path where
both stations are at 100m. By comparing Figures 21 and 22 it
is evident that for the same duct strength the signal-to-noise
ratio is reduced when both stations are below the duct, again
illustrating another often noted effect that the closer to aduct a
station is the better the signals. The signal-to-noise ratio for
shorter distances than 2500km can be easily estimated by
increasing the signal-to-noise ratio by 6dB for every halving of
the path length. For a 625km path and the same station
parameters just add 12dB to the signal-to-noise values given in
Figures 21 and 22.

Another effect evident in Figures 21 and 22 is that
propagation at 50MHz is possible but the signal-to-noise ratio
is very poor making communication via ducts at this frequency
very unlikely. As the duct strength increases the entry angle
attenuation at 50MHz is greatly increased indicating that weak
ducts may be better for propagation at 50MHz. Propagation at
50MHz using NZ television has been noted on many occasions
when the Hepburn Charts [6] indicate VHF/UHF propagation
is likely. At the same time the local lonogram data showed
very little sparodic E activity [7] providing additional evidence
of propagation at 50MHz via an elevated duct.

The concepts developed here are able to explain al of the
effects noted earlier and provide a better understanding of the
characteristics of elevated ducts and how VHF and microwave
signalsinteract with them.

We can now cover the last few misunderstandings
introduced at the beginning:

5) Duct isfrequency dependent: Y es, the frequency
dependence isrelated to the duct strength and the radio
wave entry angle.

6) Coupling into the duct isonly at the ends: No, this may
appear to be the case but coupling towards the middle of
the duct depends on the strength of the duct and the entry
angle so for some stations well below the duct it may
appear asif the coupling isonly at the ends.

7) Your antenna must be in the duct: No, but clearly
closer to the duct is better and isillustrated by the higher
placed stations working more DX viaducts.

8) Evaporation ducts occur over land and sea:
Evaporative ducts only occur over water, radiation cooling
is the cause of ground ducts over land unless of course a
lake is present in which an evaporate duct also occurs.

VI. SUMMARY
From the results of many observations and the development of
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a better understanding of the characteristics of elevated ducts
the following results and observations can be summarized:
1) Elevated ducts remain elevated, they form and break
up at a given height.
2) Surface ducts rise and break up during the day and fall
in the evening to reform near the surface, they do not rise
to sufficient height or remain strong enough to propagate
VHF/UHF signals over long distances.
3) Theradiosonde is not very accurate for predicting
ducts, it islimited in resolution and often misses key
structures, but is excellent when there is nothing else.
4) Ducts act more like a boundary layer by repeatedly
refracting VHF and UHF signalsresulting in long
distance propagation.
5) The smaller the entry angle (closer) to the duct the
better the coupling.
6) Characterizing the duct asa“ wave guide” is probably
incorrect given the evidence.
7) Theduct isfrequency dependent, band pass, the low
frequency cut-off being determined by the entry angle and
the high frequency cut-off determined by the duct strength.
8) Surface evaporation ducts occur over water, surface
radiation ducts occur over land.
9) Sationsat higher elevations are able to work more
duct related DX than stations at lower elevations because
of the reduced entry angle into the duct with higher
elevations resulting in better signal levels from distant
stations.
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	5)	Duct is frequency dependent: Yes, the frequency dependence is related to the duct strength and the radio wave entry angle.
	Coupling into the duct is only at the ends: No, this may appear to be the case but coupling towards the middle of the duct depends on the strength of the duct and the entry angle so for some stations well below the duct it may appear as if the coupling i
	Your antenna must be in the duct: No, but clearly closer to the duct is better and is illustrated by the higher placed stations working more DX via ducts.
	Evaporation ducts occur over land and sea: Evaporative ducts only occur over water, radiation cooling is the cause of ground ducts over land unless of course a lake is present in which an evaporate duct also occurs.


	Summary
	
	Elevated ducts remain elevated, they form and break up at a given height.
	Surface ducts rise and break up during the day and fall in the evening to reform near the surface, they do not rise to sufficient height or remain strong enough to propagate VHF/UHF signals over long distances.
	The radiosonde is not very accurate for predicting ducts, it is limited in resolution and often misses key structures, but is excellent when there is nothing else.
	Ducts act more like a boundary layer by repeatedly refracting VHF and UHF signals resulting in long distance propagation.
	The smaller the entry angle (closer) to the duct the better the coupling.
	Characterizing the duct as a “wave guide” is probably incorrect given the evidence.
	The duct is frequency dependent, band pass, the low frequency cut-off being determined by the entry angle and the high frequency cut-off determined by the duct strength.
	Surface evaporation ducts occur over water, surface radiation ducts occur over land.
	Stations at higher elevations are able to work more duct related DX than stations at lower elevations because of the reduced entry angle into the duct with higher elevations resulting in better signal levels from distant stations.



