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Radio Wave Propagation

Chapter  4

Because radio communication is carried on by means 
of electromagnetic waves traveling through the Earth’s at-
mosphere, it is important to understand the nature of these 
waves and their behavior in the propagation medium. Most 
antennas will radiate the power applied to them efficient-
ly, but no antenna can do all things equally well, under  
all circumstances. Whether you design and build your own 

antennas, or buy them and have them put up by a profes-
sional, you’ll need propagation know-how for best results, 
both during the planning stages and while operating your 
station.

The material in this chapter has been updated by Carl 
Luetzelschwab, K9LA, including the progress of sunspot 
Cycle 24 and new sources of solar information.

4.1 The Nature of Radio Waves
The basic concepts and behavior of electromagnetic radio 

waves are presented in the chapter Antenna Fundamentals. 
This section discusses additional characteristics of radio 
waves that have particular importance to the study of how the 
waves propagate.

4.1.1 BENDING OF RADIO WAVES
Radio waves and light waves are both propagated as 

electromagnetic energy. Their major difference is in wave-
length, since radio-reflecting surfaces are usually much 
smaller in terms of wavelength than those for light. In mate-
rial of a given electrical conductivity, long waves penetrate 
deeper than short ones, and so require a thicker mass for good 
reflection. Thin metal however is a good reflector of even 
long-wavelength radio waves. With poorer conductors, such 
as the Earth’s crust, long waves may penetrate quite a few feet 
below the surface.

The path of a ray traced from its source to any point on a 
spherical surface is considered to be a straight line — a radius 
of the sphere. An observer on the surface of the sphere would 
think of it as being flat, just as the Earth seems flat to us. A 
radio wave far enough from its source to appear flat is called 
a plane wave. From here on, we will be discussing primarily 
plane waves.

Reflection occurs at any boundary between materials of 
differing dielectric constant. Familiar examples with light 
are reflections from water surfaces and window panes. Both 

water and glass are transparent for light, but their dielectric 
constants are very different from that of air. Light waves, 
being very short, seem to bounce off both surfaces. Radio 
waves, being much longer, are practically unaffected by 
glass, but their behavior upon encountering water may vary, 
depending on the purity of that medium. Distilled water is a 
good insulator; salt water is a relatively good conductor.

Depending on their wavelength (and thus their fre-
quency), radio waves may be reflected by buildings, trees, 
vehicles, the ground, water, ionized layers in the upper at-
mosphere, or at boundaries between air masses having dif-
ferent temperatures and moisture content. Ionospheric and 
atmospheric conditions are important in practically all com-
munication beyond purely local ranges.

Refraction is the bending of a ray as it passes from one 
medium to another at an angle. The appearance of bending 
of a straight stick, where it enters water at an angle, is an 
example of light refraction known to us all. The degree of 
bending of radio waves at boundaries between air masses in-
creases with the radio frequency. There is slight atmospheric 
bending in our HF bands. It becomes noticeable at 28 MHz, 
more so at 50 MHz, and it is much more of a factor in the 
higher VHF range and in UHF and microwave propagation.

Diffraction of light over a solid wall prevents total dark-
ness on the far side from the light source. This is caused 
largely by the spreading of waves around the top of the wall, 
due to the interference of one part of the beam with another. 
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The dielectric constant of the surface of the obstruction may 
affect what happens to our radio waves when they encounter 
terrestrial obstructions — but the radio shadow area is never 
totally dark. See the chapter Effects of Ground for more 
information on diffraction.

The three terms, reflection, refraction and diffraction, 
were in use long before the radio age began. Radio propa-
gation is nearly always a mix of these phenomena, and it 
may not be easy to identify or separate them while they are 
happening when we are on the air. This book tends to rely 
on the words bending and scattering in its discussions, with 
appropriate modifiers as needed. The important thing to re-
member is that any alteration of the path taken by energy as 
it is radiated from an antenna is almost certain to affect on-
the-air results — which is why this chapter on propagation is 
included in a book on antennas.

4.1.2 GROUND WAVES
As we have already seen, radio waves are affected in 

many ways by the media through which they travel. This has 
led to some confusion of terms in earlier literature concerning 
wave propagation. Waves travel close to the ground in several 
ways, some of which involve relatively little contact with the 
ground itself. The term ground wave has had several mean-
ings in antenna literature, but it has come to be applied to 
any wave that stays close to the Earth, reaching the receiving 
point without leaving the Earth’s lower atmosphere. This dis-
tinguishes the ground wave from a sky wave, which utilizes 
the ionosphere for propagation between the transmitting and 
receiving antennas. 

The wave could also travel directly between the trans-
mitting and receiving antennas, when they are high enough 
so they can “see” each other — this is commonly called the 
direct wave. The ground wave also travels between the trans-
mitting and receiving antennas by reflections or diffractions 
off intervening terrain between them. The ground-influenced 
wave may interact with the direct wave to create a vector-
summed resultant at the receiver antenna. 

In the generic term ground wave, we also will include 
ones that are made to follow the Earth’s curvature by bending 
in the Earth’s lower atmosphere, or troposphere, usually no 
more than a few miles above the ground. Often called tropo-
spheric bending, this propagation mode is a major factor in 
amateur communications above 50 MHz.

4.1.3 THE SURFACE WAVE
A ground wave could be traveling in actual contact with 

the ground where it is called the surface wave. As the fre-
quency is raised, the distance over which surface waves can 
travel without excessive energy loss becomes smaller and 
smaller. The surface wave can provide coverage up to about 
100 miles in the standard AM broadcast band during the day-
time, but attenuation is high. As can be seen from Figure 4.1, 
the attenuation increases with frequency. The surface wave is 
of little value in amateur communication, except possibly at 
1.8 MHz. Vertically polarized antennas must be used, which 
tends to limit amateur surface-wave communication to the 

Figure 4.1 — Typical HF ground-wave range as a function 
of frequency.

Figure 4.2 — The ray traveling directly from the transmitting 
antenna to the receiving antenna combines with a ray 
reflected from the ground to form the space wave. For a 
horizontally polarized signal a reflection as shown here 
reverses the phase of the ground-reflected ray.

bands and installations for which large vertical antennas can 
be erected.

4.1.4 THE SPACE WAVE
Propagation between two antennas situated within line of 

sight of each other is shown in Figure 4.2. Energy traveling 
directly between the antennas is attenuated to about the same 
degree as in free space. Unless the antennas are very high 
or quite close together, an appreciable portion of the energy 
is reflected from the ground. This reflected wave combines 
with direct radiation to affect the actual signal received.

In most communication between two stations on the 
ground, the angle at which the wave strikes the ground will 
be small. For a horizontally polarized signal, such a reflection 
reverses the phase of the wave. If the distances traveled by 
both parts of the wave were the same, the two parts would 
arrive out of phase, and would therefore cancel each other. 
The ground-reflected ray in Figure 4.2 must travel a little 
further, so the phase difference between the two depends on 
the lengths of the paths, measured in wavelengths. The wave-
length in use is important in determining the useful signal 
strength in this type of communication.

If the difference in path length is 3 meters, the phase 
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difference with 160 meter waves would be only 360° × 3/160 
= 6.8°. This is a negligible difference from the 180° shift 
caused by the reflection, so the effective signal strength over 
the path would still be very small because of cancellation of 
the two waves. But with 6 meter radio waves the phase length 
would be 360° × 3⁄6 = 180°. With the additional 180° shift on 
reflection, the two rays would add. Thus, the space wave is a 
negligible factor at low frequencies, but it can be increasingly 
useful as the frequency is raised. It is a dominant factor in 
local amateur communication at 50 MHz and higher. 

Interaction between the direct and reflected waves is the 
principle cause of mobile flutter observed in local VHF com-
munication between fixed and mobile stations. The flutter 
effect decreases once the stations are separated enough so 
that the reflected ray becomes inconsequential. The reflected 
energy can also confuse the results of field-strength measure-
ments during tests on VHF antennas.

As with most propagation explanations, the space-wave 
picture presented here is simplified, and practical consider-
ations dictate modifications. There is always some energy 
loss when the wave is reflected from the ground. Further, 
the phase of the ground-reflected wave is not shifted ex-
actly 180°, so the waves never cancel completely. At UHF, 
ground-reflection losses can be greatly reduced or eliminated 
by using highly directive antennas. By confining the antenna 
pattern to something approaching a flashlight beam, nearly 
all the energy is in the direct wave. The resulting energy 
loss is low enough that microwave relays, for example, can 
operate with moderate power levels over hundreds or even 
thousands of miles. Thus we see that, while the space wave is 
inconsequential below about 20 MHz, it can be a prime asset 
in the VHF realm and higher.

4.1.5 VHF/UHF PROPAGATION BEYOND 
LINE OF SIGHT

From Figure 4.2 it appears that use of the space wave 
depends on direct line of sight between the antennas of the 
communicating stations. This is not literally true, although 
that belief was common in the early days of amateur com-
munication on frequencies above 30 MHz. When equipment 
became available that operated more efficiently and after 
antenna techniques were improved, it soon became clear that 
VHF waves were actually being bent or scattered in several 
ways, permitting reliable communication beyond visual dis-
tances between the two stations. This was found true even 
with low power and simple antennas. The average commu-
nication range can be approximated by assuming the waves 
travel in straight lines, but with the Earth’s radius increased 
by one-third. The distance to the radio horizon is then given 
as 

miles feetD 1.415 H= 	 (1)

or

km metersD 4.124 H= 	 (2)

where H is the height of the transmitting antenna, as shown 
in Figure 4.3. The formula assumes that the Earth is smooth 

Figure 4.4 — Distance to the horizon from an antenna of 
given height. The solid curve includes the effect of atmo-
spheric retraction. The optical line-of-sight distance is given 
by the broken curve.

Figure 4.3 — The distance D to the horizon from an antenna 
of height H is given by equations in the text. The maximum 
line-of-sight distance between two elevated antennas is 
equal to the sum of their distances to the horizon as indi-
cated here.

out to the horizon, so any obstructions along the path must be 
taken into consideration. For an elevated receiving antenna 
the communication distance is equal to D + D1, that is, the 
sum of the distances to the horizon of both antennas. Radio 
horizon distances are given in graphic form in Figure 4.4. 
Two stations on a flat plain, one with its antenna 60 feet 
above ground and the other 40 feet, could be up to about 
20 miles apart for strong-signal line-of-sight communication  
(11 + 9 mi). The terrain is almost never completely flat, 
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however, and variations along the way may add to or subtract 
from the distance for reliable communication. Remember 
that energy is absorbed, reflected or scattered in many ways 
in nearly all communication situations. The formula or the 
chart will be a good guide for estimating the potential radius 
of coverage for a VHF FM repeater, assuming the users are 
mobile or portable with simple, omnidirectional antennas. 
Coverage with optimum home-station equipment, high-gain 
directional arrays, and SSB or CW is quite a different matter. 
A much more detailed method for estimating coverage on 
frequencies above 50 MHz is given later in this chapter.

For maximum use of the ordinary space wave it is im-
portant to have the antenna as high as possible above nearby 
buildings, trees, wires and surrounding terrain. A hill that 
rises above the rest of the countryside is a good location for 
an amateur station of any kind, and particularly so for exten-
sive coverage on the frequencies above 50 MHz. The highest 
point on such an eminence is not necessarily the best loca-
tion for the antenna. In the example shown in Figure 4.5, the 
hilltop would be a good site in all directions. But if maximum 
performance to the right is the objective, a point just below 
the crest might do better. This would involve a trade-off with 
reduced coverage in the opposite direction. Conversely, an 
antenna situated on the left side, lower down the hill, might 
do well to the left, but almost certainly would be inferior in 
performance to the right.

Selection of a home site for its radio potential is a com-
plex business, at best. A VHF enthusiast dreams of the highest 
hill. The DX-minded HF ham may be more attracted by a dry 
spot near a salt marsh. A wide saltwater horizon, especially 
from a high cliff, just smells of DX. In shopping for ham 
radio real estate, a mobile or portable rig for the frequencies 
you’re most interested in can provide useful clues. Two other 
helpful techniques to assess ham radio real estate are Google 
Earth (www.google.com/earth/index.html) and topographic 
maps (check with your local public library or go online for 
various sources of these maps).

4.1.6 ANTENNA POLARIZATION
If effective communication over long distances were 

the only consideration, we might be concerned mainly with 
radiation of energy at the lowest possible angle above the 
horizon. However, being engaged in a residential avocation 

often imposes practical restrictions on our antenna projects. 
As an example, our 1.8 and 3.5-MHz bands are used primar-
ily for short-distance communication because they serve that 
purpose with antennas that are not difficult or expensive to 
put up. Out to a few hundred miles, simple wire antennas for 
these bands do well, even though their radiation is mostly at 
high angles above the horizon. Vertical systems might be bet-
ter for long-distance use, but they require extensive ground 
systems for good performance. 

Horizontal antennas that radiate well at low angles are 
most easily erected for 7 MHz and higher frequencies — 
horizontal wires and arrays are almost standard practice for 
work on 7 through 29.7 MHz. Vertical antennas, such as a 
single omnidirectional antenna of multiband design, are also 
used in this frequency range. An antenna of this type may be 
a good solution to the space problem for a city dweller on a 
small lot, or even for the resident of an apartment building. 

High-gain antennas are almost always used at 50 MHz 
and higher frequencies, and most of them are horizontal. 
The principal exception is mobile communication with 
FM through repeaters, discussed in the chapter Repeater 
Antenna Systems. The height question is answered easily 
for VHF enthusiasts — the higher the better. 

The theoretical and practical effects of height above 
ground at HF are treated in detail in the chapter Effects of 
Ground. Note that it is the height in wavelengths that is im-
portant — a good reason to think in the metric system, rather 
than in feet and inches.

In working locally on any amateur frequency band, best 
results will be obtained with the same polarization at both 
stations, except on rare occasions when polarization shift is 
caused by terrain obstructions or reflections from buildings. 
Where such a shift is observed, mostly above 100 MHz or 
so, horizontal polarization tends to work better than vertical. 
This condition is found primarily on short paths, so it is not 
too important. 

Although it has been stated by many that HF long dis-
tance communication by way of the ionosphere produces 
random polarization, the truth is there is more order to polar-
ization than is generally acknowledged. The reason for this is 
the Earth’s magnetic field.

The ionosphere, being immersed in this magnetic field, 
is a bi-refracting medium. That is, when an electromagnetic 
wave enters the ionosphere, it couples into two characteristic 
waves. These waves are the ordinary wave and the extraor-
dinary wave.

On our HF bands (3.5 MHz and higher), both of these 
waves are circularly polarized and propagate with very simi-
lar ionospheric absorption. Thus the use of a horizontally-
polarized or vertically-polarized antenna on HF is moot with 
respect to polarization, as one or the other or both charac-
teristic waves will propagate. This also suggests that a sta-
tion using a circularly-polarized antenna will have a 3 dB 
advantage over a station using a linearly-polarized antenna 
(horizontal or vertical). Additionally fading may be negated 
to a large extent through the use of a circularly-polarized 
antenna. Three good articles to read for practical experience 

Figure 4.5 — Propagation conditions are generally best 
when the antenna is located slightly below the top of a hill 
on the side facing the distant station. Communication is 
poor when there is a sharp rise immediately in front of the 
antenna in the direction of communication.
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with circularly-polarized antennas are “The Enhancement of 
HF Signals by Polarization Control” by B. Sykes, G2HCG, 
in the November 1990 issue of Communications Quarterly, 
“Polarization Diversity Aerials” by George Messenger, K6CT, 
(SK) in the December 1962 issue of the RSGB Bulletin, and 
“So We Bought A Spiralray” by Joe Marshall, WA4EPY, in 
the January 1965 issue of 73 Magazine.

On 1.8 MHz two interesting effects occur because the 
operating frequency is close to the ionosphere’s electron 
gyro-frequency. First, the extraordinary wave suffers sig-
nificantly higher absorption than the ordinary wave, so for all 
intents and purposes only one characteristic wave propagates 
on 160 meters. Second, the ordinary wave is highly ellipti-
cal, approaching linear polarization. For stations at mid to 
high northern latitudes, vertical polarization couples the most 
energy into the ordinary wave — thus vertical polarization 
is generally the best way to go on Top Band. But other ef-
fects, like disturbances to propagation or high angle modes, 
sometimes dictate horizontal polarization. This is the origin 
of the oft-repeated statement on 160 meters that “you can’t 
have enough antennas on Top Band.”

Polarization Factors Above 50 MHz 
In most VHF communication over short distances, the 

polarization of the space wave tends to remain constant. 
Polarization discrimination is high, usually in excess of  
20 dB, so the same polarization should be used at both ends 
of the circuit. Horizontal, vertical and circular polarization 
all have certain advantages above 50 MHz, so there has never 
been complete standardization on any one of them.

Horizontal systems are popular, in part because they tend 
to reject man-made noise, much of which is vertically polar-
ized. There is some evidence that vertical polarization shifts 
to horizontal in hilly terrain, more readily than horizontal 
shifts to vertical. With large arrays, horizontal systems may 
be easier to erect, and they tend to give higher signal strengths 
over irregular terrain, if any difference is observed. 

Practically all work with VHF mobiles is now handled 
with vertical systems. For use in a VHF repeater system, the 
vertical antenna can be designed to have gain without losing 
the desired omnidirectional quality. In the mobile station a 
small vertical whip has obvious aesthetic advantages. Often a 
telescoping whip used for broadcast reception can be pressed 
into service for the 144-MHz FM rig. A car-top mount is 
preferable, but the broadcast whip is a practical compromise. 
Tests with at least one experimental repeater have shown that 
horizontal polarization can give a slightly larger service area, 
but mechanical advantages of vertical systems have made 
them the almost unanimous choice in VHF FM communica-
tion. Except for the repeater field, horizontal is the standard 
VHF system almost everywhere. 

In communication over the Earth-Moon-Earth (EME) 
route the polarization picture is blurred, as might be expected 
with such a diverse medium. If the moon were a flat target, 
we could expect a 180° phase shift from the moon reflec-
tion process. But it is not flat. This plus the moon’s libration 
(its slow oscillation, as viewed from the Earth), and the fact 

that waves must travel both ways through the Earth’s entire 
atmosphere and magnetic field, provide other variables that 
confuse the phase and polarization issue. Building a huge 
array that will track the moon and give gains in excess of  
20 dB is enough of a task that most EME enthusiasts tend 
to take their chances with phase and polarization problems. 
Where rotation of the element plane has been tried it has 
helped to stabilize signal levels, but it is not widely employed.

4.1.7 LONG-DISTANCE PROPAGATION OF 
VHF WAVES

The wave energy of VHF stations does not simply 
disappear once it reaches the radio horizon. It is scattered, 
but it can be heard to some degree for hundreds of miles, 
well beyond line-of-sight range. Everything on Earth, and in 
the regions of space up to at least 100 miles, is a potential 
forward-scattering agent. 

Tropospheric scatter is always with us. Its effects are 
often hidden, masked by more effective propagation modes 
on the lower frequencies. But beginning in the VHF range, 
scatter from the lower atmosphere extends the reliable range 
markedly if we make use of it. Called troposcatter, this is 
what produces that nearly flat portion of the curves that will 
be described later (in the section where you can compute 
reliable VHF coverage range). With a decent station, you 
can consistently make troposcatter contacts out to 300 miles 
on the VHF and even UHF bands, especially if you don’t 
mind weak signals and something less than 99% reliability. 
As long ago as the early 1950s, VHF enthusiasts found that 
VHF contests could be won with high power, big antennas 
and a good ear for signals deep in the noise. They still can. 

Ionospheric scatter works much the same as the tropo 
version, except that the scattering medium is higher up, 
mainly the E region of the ionosphere but with some help 
from the D and F layers too. Ionospheric scatter is useful 
mainly above the MUF, so its useful frequency range depends 
on geography, time of day, season, and the state of the Sun. 
With near maximum legal power, good antennas and quiet 
locations, ionospheric scatter can fill in the skip zone with 
marginally readable signals scattered from ionized trails of 
meteors, small areas of random ionization, cosmic dust, sat-
ellites and whatever may come into the antenna patterns at 
50 to 150 miles or so above the Earth. It’s mostly an E-layer 
business, so it works all E-layer distances. Good antennas and 
keen ears help. 

Transequatorial propagation (TE) was an amateur 
50-MHz discovery in the years 1946-1947. (See Bibliography 
entry for Beyond Line of Sight by Pocock.) Amateurs of 
all continents observed it almost simultaneously on three 
separate north-south paths. These amateurs tried to com-
municate at 50 MHz, even though the predicted MUF was 
around 40 MHz for the favorable daylight hours. The first 
success came at night, when the MUF was thought to be 
even lower. A remarkable research program inaugurated by 
amateurs in Europe, Cyprus, Zimbabwe and South Africa 
eventually provided technically sound theories to explain the 
then-unknown mode. 
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It has been known for years that the MUF is higher and 
less seasonally variable on transequatorial circuits, but the 
full extent of the difference was not learned until amateur 
work brought it to light. As will be explained in a later sec-
tion in more detail, the ionosphere over equatorial regions is 
higher, thicker and more dense than elsewhere. Because of 
its more constant exposure to solar radiation, the equatorial 
belt has high nighttime-MUF possibilities. TE can often work 
marginally at 144 MHz, and even at 432 MHz on occasion. 
The potential MUF varies with solar activity, but not to the 
extent that conventional F-layer propagation does. It is a late-
in-the-day mode, taking over about when normal F-layer 
propagation goes out. 

The TE range is usually within about 4000 km  
(2500 miles) either side of the geomagnetic equator. The 
Earth’s magnetic axis is tilted with respect to the geographi-
cal axis, so the TE belt appears as a curving band on con-
ventional flat maps of the world. See Figure 4.6. As a result, 
TE has a different latitude coverage in the Americas from 
that from Europe to Africa. The TE belt just reaches into the 
southern continental US. Stations in Puerto Rico, Mexico 
and even the northern parts of South America encounter  
the mode more often than those in favorable US areas. It is 
no accident that TE was discovered as a result of 50-MHz 
work in Mexico City and Buenos Aires.

Within its optimum regions of the world, the TE mode 
extends the usefulness of the 50-MHz band far beyond that 
of conventional F-layer propagation, since the practical 
TE MUF can be up to 1.5 times that of normal F2 based 
on analysis with ray tracing. Both its seasonal and diurnal 

characteristics are extensions of what is considered normal 
for 50-MHz propagation. In that part of the Americas south 
of about 20° North latitude, the existence of TE affects the 
whole character of band usage, especially in years of high 
solar activity.

Weather Effects on VHF/UHF  
Tropospheric Propagation

Changes in the dielectric constant of the medium can 
affect propagation. Varied weather patterns over most of the 
Earth’s surface can give rise to boundaries between air mass-
es of very different temperature and humidity characteristics. 
These boundaries can be anything from local anomalies to 
air-circulation patterns of continental proportions. 

Under stable weather conditions, large air masses can 
retain their characteristics for hours or even days at a time. 
See Figure 4.7. Stratified warm dry air over cool moist air, 
flowing slowly across the Great Lakes region to the Atlantic 
Seaboard, can provide the medium for east-west communi-
cation on 144 MHz and higher amateur frequencies over as 
much as 1200 miles. More common, however, are communi-
cation distances of 400 to 600 miles under such conditions.

A similar inversion along the Atlantic Seaboard as a re-
sult of a tropical storm air-circulation pattern may bring VHF 
and UHF openings extending from the Maritime Provinces 
of Canada to the Carolinas. Propagation across the Gulf of 
Mexico, sometimes with very high signal levels, enlivens 
the VHF scene in coastal areas from Florida to Texas. The 
California coast, from below the San Francisco Bay Area to 
Mexico, is blessed with a similar propagation aid during the 

Figure 4.6 — Transequatorial spread-F propagation takes place between stations equidistant across the geomagnetic equa-
tor. Distances up to 8000 km (5000 miles) are possible on 28 through 432 MHz. Note that the geomagnetic equator is consid-
erably south of the geographic equator in the Western Hemisphere.



Radio Wave Propagation    4-7

range are available almost daily. Under minimum conditions 
there may be little more than increased signal strength over 
paths that are workable at any time.

There is a diurnal effect in temperate climates. At sun-
rise the air aloft is warmed more rapidly than that near the 
Earth’s surface, and as the Sun goes lower late in the day the 
upper air is kept warm, while the ground cools. In fair, calm 
weather such sunrise and sunset temperature inversions can 
improve signal strength over paths beyond line of sight as 
much as 20 dB over levels prevailing during the hours of 
high sun. The diurnal inversion may also extend the operat-
ing range for a given strength by some 20 to 50%. If you 
would be happy with a new VHF antenna, try it first around 
sunrise! 

There are other short-range effects of local atmospheric 
and topographical conditions. Known as subsidence, the flow 
of cool air down into the bottom of a valley, leaving warm 
air aloft, is a familiar summer-evening pleasure. The daily 
inshore-offshore wind shift along a seacoast in summer sets 
up daily inversions that make coastal areas highly favored 
as VHF sites. Ask any jealous 144-MHz operator who lives 
more than a few miles inland.

Tropospheric effects can show up at any time, in any 
season. Late spring and early fall are the most favored peri-
ods, although a winter warming trend can produce strong and 
stable inversions that work VHF magic almost equal to that 
of the more familiar spring and fall events. 

Regions where the climate is influenced by large bodies 
of water enjoy the greatest degree of tropospheric bending. 
Hot, dry desert areas see little of it, at least in the forms de-
scribed above.

Tropospheric Ducting
Tropospheric propagation of VHF and UHF waves can 

influence signal levels at all distances from purely local to 
something beyond 4000 km (2500 miles). The outer limits 
are not well known. At the risk of over simplification, we 
will divide the modes into two classes — extended local and 
long distance. This concept must be modified depending on 
the frequency under consideration, but in the VHF range the 
extended-local effect gives way to a form of propagation 
much like that of microwaves in a waveguide, called duct-
ing. The transition distance is ordinarily somewhere around 
200 miles. The difference lies in whether the atmospheric 
condition producing the bending is localized or continental 
in scope. Remember, we’re concerned here with frequencies 
in the VHF range, and perhaps up to 500 MHz. At 10 GHz, 
for example, the scale is much smaller. 

In VHF propagation beyond a few hundred miles, more 
than one weather front is probably involved, but the wave is 
propagated between the inversion layers and ground, in the 
main. On long paths over the ocean (two notable examples 
are California to Hawaii and Ascension Island to Brazil), 
propagation is likely to be between two atmospheric layers. 
On such circuits the communicating station antennas must be 
in the duct, or capable of propagating strongly into it. Here 
again, we see that the positions and radiation angles of the 

Figure 4.7 — Upper air conditions that produce extended-
range communication on the VHF bands. At the top is shown 
the US Standard Atmosphere temperature curve. The humid-
ity curve (dotted) is what would result if the relative humidity 
were 70%, from ground level to 12,000 feet elevation. There 
is only slight refraction under this standard condition. At the 
bottom is shown a sounding that is typical of marked refrac-
tion of VHF waves. Figures in parentheses are the “mixing 
ratio” — grams of water vapor per kilogram of dry air. Note 
the sharp break in both curves at about 3500 feet.

warmer months. Tropical storms moving west, across the 
Pacific below the Hawaiian Islands, may provide a transpa-
cific long-distance VHF medium. Amateurs first exploited 
this on 144, 220 and 432 MHz, in 1957. It has been used 
fairly often in the summer months since, although not yearly. 

The examples of long-haul work cited above may occur 
infrequently, but lesser extensions of the minimum operating 
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antennas are important. As with microwaves in a waveguide, 
the low-frequency limit for the duct is critical. In long-
distance ducting it is also very variable. Airborne equipment 
has shown that duct capability exists well down into the HF 
region in the stable atmosphere west of Ascension Island. 
Some contacts between Hawaii and Southern California on 
50 MHz are believed to have been by way of tropospheric 
ducts. Probably all contact over these paths on 144 MHz and 
higher bands is because of duct propagation. 

Amateurs have played a major part in the discovery and 
eventual explanation of tropospheric propagation. In recent 
years they have shown that, contrary to beliefs widely held 
in earlier times, long-distance communication using tropo-
spheric modes is possible to some degree on all amateur 
frequencies from 50 to at least 10,000 MHz.

4.1.8 RELIABLE VHF COVERAGE
In the preceding sections we discussed means by which 

amateur bands above 50 MHz may be used intermittently for 
communication far beyond the visual horizon. In emphasiz-
ing distance we should not neglect a prime asset of the VHF 
band: reliable communication over relatively short distances. 
The VHF region is far less subject to disruption of local 

Figure 4.8 — Nomogram for finding 
the capabilities of stations on ama-
teur bands from 50 to 1300 MHz. 
Either the path loss for a given dis-
tance or vice versa may be found if 
one of the two factors is known.

communication than are frequencies below 30 MHz. Since 
much amateur communication is essentially local in nature, 
our VHF assignments can carry a great load, and such use of 
the VHF bands helps solve interference problems on lower 
frequencies.

Because of age-old ideas, misconceptions about the cov-
erage obtainable in our VHF bands persist. This reflects the 
thoughts that VHF waves travel only in straight lines, except 
when the DX modes described above happen to be present. 
However, let us survey the picture in the light of modern 
wave-propagation knowledge and see what the bands above 
50 MHz are good for on a day-to-day basis, ignoring the 
anomalies that may result in extensions of normal coverage. 

It is possible to predict with fair accuracy how far you 
should be able to work consistently on any VHF or UHF 
band, provided a few simple facts are known. The factors 
affecting operating range can be reduced to graph form, as 
described in this section. The information was originally pub-
lished in November 1961 QST by D. W. Bray, K2LMG, (see 
the Bibliography at the end of this chapter). 

To estimate your station’s capabilities, two basic numbers 
must be determined: station gain and path loss. Station gain 
is made up of seven factors: receiver sensitivity, transmitted 
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Figure 4.9 — Nomogram for finding effective receiver sensitivity.

power, receiving antenna gain, receiving antenna height gain, 
transmitting antenna gain, transmitting antenna height gain 
and required signal-to-noise ratio. This looks complicated but 
it really boils down to an easily made evaluation of receiver, 
transmitter, and antenna performance. The other number, path 
loss, is readily determined from the nomogram, Figure 4.8. 
This gives path loss over smooth Earth, for 99% reliability.

For 50 MHz, lay a straightedge from the distance be-
tween stations (left side) to the appropriate distance at the 
right side. For 1296 MHz, use the full scale, right center.  
For 144, 222 and 432, use the dot in the circle, square or 
triangle, respectively. Example: At 300 miles the path loss 
for 144 MHz is 214 dB.

To be meaningful, the losses determined from this no-
mogram are necessarily greater than simple free-space path 
losses. As described in an earlier section, communication 
beyond line-of-sight distances involves propagation modes 
that increase the path attenuation with distance.

VHF/UHF Station Gain
The largest of the eight factors involved in station 

design is receiver sensitivity. This is obtainable from Fig-
ure 4.9, if you know the approximate receiver noise figure 

and transmission-line loss. If you can’t measure noise figure, 
assume 3 dB for 50 MHz, 5 for 144 or 222, 8 for 432 and 10 for  
1296 MHz, if you know your equipment is working moder-
ately well. These noise figures are well on the conservative 
side for modern solid-state receivers.

Line loss can be taken from information in the 
Transmission Lines chapter for the line in use, if the antenna 
system is fed properly. Lay a straightedge between the ap-
propriate points at either side of Figure 4.9, to find effective 
receiver sensitivity in decibels below 1 watt (dBW). Use the 
narrowest bandwidth that is practical for the emission intend-
ed, with the receiver you will be using. For CW, an average 
value for effective work is about 500 Hz. Phone bandwidth 
can be taken from the receiver instruction manual, but it usu-
ally falls between 2.1 to 2.7 kHz. 

Antenna gain is next in importance. Gains of amateur 
antennas are often exaggerated. For well-designed Yagis the 
gain (over isotropic) run close to 10 times the boom length in 
wavelengths. (Example: A 24-foot Yagi on 144 MHz is 3.6 
wavelengths long; 3.6 × 10 = 36, and 10 log10 36 = 15.5 dBi 
in free space.) Add 3 dB for stacking, where used properly. 
Add 4 dB more for ground reflection gain. This varies in 
amateur work, but averages out near this figure. 
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We have one more plus factor — antenna height gain, 
obtained from Figure 4.10. Note that this is greatest for short 
distances. The left edge of the horizontal center scale is for 
0 to 10 miles, the right edge for 100 to 500 miles. Height 
gain for 10 to 30 feet is assumed to be zero. For 50 feet the 
height gain is 4 dB at 10 miles, 3 dB at 50 miles, and 2 dB 
at 100 miles. At 80 feet the height gains are roughly 8, 6 and 
4 dB for these distances. Beyond 100 miles the height gain 
is nearly uniform for a given height, regardless of distance. 

Transmitter power output must be stated in decibels 
above 1 watt. If you have 500 W output, add 10 log (500/1), 
or 27 dB, to your station gain. The transmission-line loss 
must be subtracted from the station gain. So must the required 

Figure 4.10 — 
Nomogram for 
determining 
antenna-height 
gain.

Figure 4.11 — Path loss versus distance for amateur frequencies above 50 MHz. At A are curves for 50% of the time;  
at B, for 99%. The curves at A are more representative of Amateur Radio requirements.

signal-to-noise ratio. The information is based on CW work, 
so the additional signal needed for other modes must be sub-
tracted. Use a figure of 3 dB for SSB. Fading losses must 
be accounted for also. It has been shown that for distances 
beyond 100 miles, the signal will vary plus or minus about 7 
dB from the average level, so 7 dB must be subtracted from 
the station gain for high reliability. For distances under 100 
miles, fading diminishes almost linearly with distance. For 50 
miles, use –3.5 dB for fading.

What It All Means
Add all the plus and minus factors to get the station gain. 

Use the final value to find the distance over which you can 
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expect to work reliably from the nomogram, Figure 4.8. Or 
work it the other way around: Find the path loss for the dis-
tance you want to cover from the nomogram and then figure 
out what station changes will be needed to overcome it.

The significance of all this becomes more obvious when 
we see path loss plotted against frequency for the various 
bands, as in Figure 4.11. At the left this is done for 50% reli-
ability. At the right is the same information for 99% reliabil-
ity. For near-perfect reliability, a path loss of 195 dB (easily 
encountered at 50 or 144 MHz) is involved in 100-mile com-
munication. But look at the 50% reliability curve: The same 
path loss takes us out to well over 250 miles. Few amateurs 
demand near-perfect reliability. By choosing our times, and 
by accepting the necessity for some repeats or occasional loss 
of signal, we can maintain communication out to distances 
far beyond those usually covered by VHF stations. 

Working out a few typical amateur VHF station setups 
with these curves will show why an understanding of these 
factors is important to any user of the VHF spectrum. Note 
that path loss rises very steeply in the first 100 miles or so. 
This is no news to VHF operators; locals are very strong, but 
stations 50 or 75 miles away are much weaker. What happens 
beyond 100 miles is not so well known to many of us.

From the curves of Figure 4.11, we see that path loss lev-
els off markedly at what is the approximate limit of working 
range for average VHF stations using wideband modulation 
modes. Work out the station gain for a 50-W station with an 
average receiver and antenna, and you’ll find that it comes 
out around 180 dB. This means you’d have about a 100-mile 
working radius in average terrain, for good but not perfect 
reliability. Another 10 dB may extend the range to as much 
as 250 miles. Changing from wideband modes such as FM or 
AM phone to SSB and CW makes a major improvement in 
daily coverage on the VHF bands. 

A bigger antenna, a higher one if your present beam is 
not at least 50 feet up, an increase in power to 500 W from  
50 W, an improvement in receiver noise figure if it is presently 
poor — any of these things can make a big improvement in 
reliable coverage. Achieve all of them, and you will have very 
likely tripled your sphere of influence, thanks to that hump in 
the path-loss curves. This goes a long way toward explaining 
why using a 10-W packaged station with a small antenna, fun 
though it may be, does not begin to show what the VHF bands 
are really good for.

Terrain at VHF/UHF
The coverage figures derived from the above procedure 

are for average terrain. What of stations in mountainous coun-
try? Although an open horizon is generally desirable for the 
VHF station site, mountain country should not be considered 
hopeless. Help for the valley dweller often lies in the optical 
phenomenon known as knife-edge diffraction. A flashlight 
beam pointed at the edge of a partition does not cut off sharply 
at the partition edge, but is diffracted around it, partially il-
luminating the shadow area. A similar effect is observed with 
VHF waves passing over ridges; there is a shadow effect, but 
not a complete blackout. If the signal is strong where it strikes 

the mountain range, it will be heard well in the bottom of a 
valley on the far side. (See The Effects of Ground chapter 
for a more thorough discussion of the theory of diffraction.)

This is familiar to all users of VHF communications 
equipment who operate in hilly terrain. Where only one ridge 
lies in the way, signals on the far side may be almost as good 
as on the near side. Under ideal conditions (a very high and 
sharp-edged obstruction near the midpoint of a long-enough 
path so that signals would be weak over average terrain), 
knife-edge diffraction may yield signals even stronger than 
would be possible with an open path.

The obstruction must project into the radiation patterns 
of the antennas used. Often mountains that look formidable 
to the viewer are not high enough to have an appreciable ef-
fect, one way or the other. Since the normal radiation pattern 
from a VHF array is several degrees above the horizontal, 
mountains that are less than about three degrees above the 
horizon, as seen from the antenna, are missed by the radiation 
from the array. Moving the mountains out of the way would 
have substantially no effect on VHF signal strength in such 
cases. 

Rolling terrain, where obstructions are not sharp enough 
to produce knife-edge diffraction, still does not exhibit a 
complete shadow effect. There is no complete barrier to VHF 
propagation — only attenuation, which varies widely as the 
result of many factors. Thus, even valley locations are usable 
for VHF communication. Good antenna systems, preferably 
as high as possible, the best available equipment, and above 
all, the willingness and ability to work with weak signals may 
make outstanding VHF work possible, even in sites that show 
little promise by casual inspection.

4.1.9 AURORAL PROPAGATION
The Earth has a magnetosphere or magnetic field sur-

rounding it. NASA scientists have described the magneto-
sphere as a sort of protective “bubble” around the Earth that 
shields us from the solar wind. Under normal circumstances, 
there are lots of electrons and protons moving in our mag-
netosphere, traveling along magnetic lines of force that trap 
them and keep them in place, neither bombarding the earth 
nor escaping into outer space. 

Sudden bursts of activity on the Sun are sometimes ac-
companied by the ejection of charged particles, often from 
so-called Coronal Mass Ejections (CME) because they origi-
nate from the Sun’s outer coronal region. These charged par-
ticles can interact with the magnetosphere, compressing and 
distorting it. If the orientation of the magnetic field contained 
in a large blast of solar wind or in a CME is aligned opposite 
to that of the Earth’s magnetic field, the magnetic bubble can 
partially collapse and the particles normally trapped there 
can be deposited into the Earth’s atmosphere along magnetic 
lines near the North or South poles. This produces a visible 
or radio aurora. An aurora is visible if the time of entry is 
after dark. 

The visible aurora is, in effect, fluorescence at E-layer 
height — a curtain of ions capable of refracting radio waves 
in the frequency range above about 20 MHz. D-region 



4-12    Chapter 4

absorption increases on lower frequencies during auroras. 
The exact frequency ranges depend on many factors: time, 
season, position with relation to the Earth’s auroral regions, 
and the level of solar activity at the time, to name a few.

The auroral effect on VHF waves is another amateur dis-
covery, this one dating back to the 1930s. The discovery came 
coincidentally with improved transmitting and receiving 
techniques then. The returning signal is diffused in frequency 
by the diversity of the auroral curtain as a refracting (scat-
tering) medium. The result is a modulation of a CW signal, 
from just a slight burbling sound to what is best described as a 
“keyed roar.” Before SSB took over in VHF work, voice was 
all but useless for auroral paths. A sideband signal suffers, 
too, but its narrower bandwidth helps to retain some degree of 
understandability. Distortion induced by a given set of auro-
ral conditions increases with the frequency in use. Fifty-MHz 
signals are much more intelligible than those on 144 MHz on 
the same path at the same time. On 144 MHz, CW is almost 
mandatory for effective auroral communication.

The number of auroras that can be expected per year 
varies with the geomagnetic latitude. Drawn with respect to 
the Earth’s magnetic poles instead of the geographical ones, 
these latitude lines in the US tilt upward to the northwest. For 
example, Portland, Oregon, is 2° farther north (geographic 
latitude) than Portland, Maine. The Maine city’s geomag-
netic latitude line crosses the Canadian border before it gets 
as far west as its Oregon namesake. In terms of auroras in-
tense enough to produce VHF propagation results, Portland, 

Maine, is likely to see about 10 times as many per year. 
Oregon’s auroral prospects are more like those of southern 
New Jersey or central Pennsylvania. 

The antenna requirements for auroral work are mixed. 
High gain helps, but the area of the aurora yielding the best 
returns sometimes varies rapidly, so sharp directivity can be a 
disadvantage. So could a very low radiation angle, or a beam 
pattern very sharp in the vertical plane. Experience indicates 
that few amateur antennas are sharp enough in either plane to 
present a real handicap. The beam heading for maximum sig-
nal can change, however, so a bit of scanning in azimuth may 
turn up some interesting results. A very large array, such as 
is commonly used for moonbounce (with azimuth-elevation 
control), should be worthwhile. 

The incidence of auroras, their average intensity, and 
their geographical distribution as to visual sightings and 
VHF propagation effects all vary to some extent with so-
lar activity. Auroral activity is generated by CMEs (most 
prevalent at the peak of a solar cycle) and coronal holes 
(most prevalent during the declining phase of a solar cycle), 
with the maximum auroral activity tending to occur from 
coronal holes. Like sporadic E, an unusual auroral opening 
can come at any season. There is a marked diurnal swing 
in the number of auroras. Favored times are late afternoon 
and early evening, late evening through early morning, and  
early afternoon, in about that order. Major auroras often 
start in early afternoon and carry through to early morning 
the next day.

4.2 HF Sky-Wave Propagation
As described earlier, the term ground wave is commonly 

applied to propagation that is confined to the Earth’s lower 
atmosphere. Now we will use the term sky wave to describe 
modes of propagation that use the Earth’s ionosphere. First, 
however, we must examine how the Earth’s ionosphere is af-
fected by the Sun.

4.2.1 THE ROLE OF THE SUN
Everything that happens in radio propagation, as with 

all life on Earth, is the result of radiation from the Sun. The 
variable nature of radio propagation here on Earth reflects 
the ever-changing intensity of ultraviolet and X-ray radia-
tion, the primary ionizing agents in solar energy. Every day, 
solar nuclear reactions are turning hydrogen into helium, 
releasing an unimaginable blast of energy into space in the 
process. The total power radiated by the Sun is estimated 
at 4 × 1023 kW — that is, the number four followed by 23 
zeroes. At its surface, the Sun emits about 60 megawatts per 
square meter. That is a very potent transmitter!

The Solar Wind
The Sun is constantly ejecting material from its surface 

in all directions into space, making up the so-called solar 

wind. Under relatively quiet solar conditions the solar wind 
blows around 200 miles per second — 675,000 miles per 
hour — taking away about two million tons of solar material 
each second from the Sun. You needn’t worry — the Sun is 
not going to shrivel up anytime soon. It’s big enough that it 
will take many billions of years before that happens. 

A 675,000 mile/hour wind sounds like a pretty stiff 
breeze, doesn’t it? Lucky for us, the density of the material in 
the solar wind is very small by the time it has been spread out 
into interplanetary space. Scientists calculate that the density 
of the particles in the solar wind is less than that of the best 
vacuum they’ve ever achieved on Earth. Despite the low den-
sity of the material in the solar wind, the effect on the Earth, 
especially its magnetic field, is very significant. 

Before the advent of sophisticated satellite sensors, the 
Earth’s magnetic field was considered to be fairly simple, 
modeled as if the Earth were a large bar magnet. The axis 
of this hypothetical bar magnet is oriented about 11° away 
from the geographic north-south pole. We now know that 
the solar wind alters the shape of the Earth’s magnetic field 
significantly, compressing it on the side facing the Sun and 
elongating it on the other side — in the same manner as the 
tail of a comet is stretched out radially in its orientation from 
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the Sun. In fact, the solar wind is also responsible for the 
shape of a comet’s tail. 

Partly because of the very nature of the nuclear reactions 
going on at the Sun itself, but also because of variations in 
the speed and direction of the solar wind, the interactions 
between the Sun and our Earth are incredibly complex. 
Even scientists who have studied the subject for years do not 
completely understand everything that happens on the Sun. 
Later in this chapter, we’ll investigate the effects of the solar 
wind when conditions on the Sun are not “quiet.” As far as 
amateur HF skywave propagation is concerned, the results of 
disturbed conditions on the Sun are not generally beneficial.

Sunspots
The most readily observed characteristic of the Sun, 

other than its blinding brilliance, is its tendency to have 
grayish black blemishes, seemingly at random times and at 
random places, on its fiery surface. (See Figure 4.12.) There 
are written records of naked-eye sightings of sunspots in the 
Orient back to more than 2000 years ago. As far as is known, 
the first indication that sunspots were recognized as part of 
the Sun was the result of observations by Galileo in the early 
1600s, not long after he developed one of the first practical 
telescopes. 

Galileo also developed the projection method for observ-
ing the Sun safely, but probably not before he had suffered 

severe eye damage by trying to look at the Sun directly. (He 
was blind in his last years.) His drawings of sunspots, indicat-
ing their variable nature and position, are the earliest such 
record known to have been made. His reward for this brilliant 
work was immediate condemnation by church authorities of 
the time, which probably set back progress in learning more 
about the Sun for generations.

The systematic study of solar activity began about 1750, 
so a fairly reliable record of sunspot numbers goes back that 
far. (There are some gaps in the early data.) The record shows 
clearly that the Sun is always in a state of change. It never 
looks exactly the same from one day to the next. The most ob-
vious daily change is the movement of visible activity centers 
(sunspots or groups thereof) across the solar disc, from east to 
west, at a constant rate. This movement was soon found to be 
the result of the rotation of the Sun, at a rate of approximately 
four weeks for a complete round. The average is about 27.5 
days, the Sun’s synodic rotation speed, viewed from the per-
spective of the Earth, which is also moving around the Sun in 
the same direction as the Sun’s rotation.

Sunspot Numbers
Since the earliest days of systematic observation, our tra-

ditional measure of solar activity has been based on a count 
of sunspots. In these hundreds of years we have learned that 
the average number of spots goes up and down in cycles very 
roughly approximating a sine wave. In 1848, a method was 
introduced for the daily measurement of sunspot numbers. 
That method, which is still used today, was devised by the 
Swiss astronomer Johann Rudolph Wolf. The observer counts 
the total number of spots visible on the face of the Sun and 
the number of groups into which they are clustered, because 
neither quantity alone provides a satisfactory measure of sun-
spot activity. The observer’s sunspot number for that day is 
computed by multiplying the number of groups he sees by 10, 
and then adding to this value the number of individual spots. 
Where possible, sunspot data collected prior to 1848 have 
been converted to this system.

As can readily be understood, results from one observer 
to another can vary greatly, since measurement depends on 
the capability of the equipment in use and on the stability 
of the Earth’s atmosphere at the time of observation, as well 
as on the experience of the observer. A number of observa-
tories around the world cooperate in measuring solar activ-
ity. A weighted average of the data is used to determine the 
International Sunspot Number or ISN for each day. (Amateur 
astronomers can approximate the determination of ISN val-
ues by multiplying their values by a correction factor deter-
mined empirically.)

A major step forward was made with the development of 
various methods for observing narrow portions of the Sun’s 
spectrum. Narrowband light filters that can be used with any 
good telescope perform a visual function very similar to the 
aural function of a sharp filter added to a communications re-
ceiver. This enables the observer to see the actual area of the 
Sun doing the radiating of the ionizing energy, in addition to 
the sunspots, which are more a by-product than a cause. The 

Figure 4.12 — Much more than sunspots can be seen when 
the sun is viewed through selective optical filters. This pho-
to was taken through a hydrogen-alpha filter that passes a 
narrow light segment at 6562 angstroms. The bright patches 
are active areas around and often between sunspots. Dark 
irregular lines are filaments of activity having no central 
core. Faint magnetic field lines are visible around a large 
sunspot group near the disc center. (Photo courtesy of 
Sacramento Peak Observatory, Sunspot, New Mexico).
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photo of Figure 4.12 was made through such a filter. Studies 
of the ionosphere with instrumented probes, and later with 
satellites, manned and unmanned, have added greatly to our 
knowledge of the effects of the Sun on radio communication.

Daily sunspot counts are recorded, and monthly and 
yearly averages determined. The averages are used to see 
trends and observe patterns. Sunspot records were formerly 
kept in Zurich, Switzerland, and the values were known as 
Zurich Sunspot Numbers. They were also known as Wolf sun-
spot numbers. The official international sunspot numbers are 
now compiled at the Sunspot Index Data Center in Bruxelles, 
Belgium. 

The yearly means (averages) of sunspot numbers from 
1700 through 2002 are plotted in Figure 4.13. The cyclic 
nature of solar activity becomes readily apparent from this 
graph. The duration of the cycles varies from 9.0 to 12.7 years, 
but averages approximately 11.1 years, usually referred to as 
the 11-year solar cycle. The first complete cycle to be ob-
served systematically began in 1755, and is numbered Cycle 
1. Solar cycle numbers thereafter are consecutive. Cycle 23 
began in October 1996 and peaked in April 2000. When this 
edition was prepared in 2011, we were in Cycle 24.

The “Quiet” Sun
For more than 60 years it has been well known that radio 

propagation phenomena vary with the number and size of 
sunspots, and also with the position of sunspots on the sur-
face of the Sun. There are daily and seasonal variations in the 
Earth’s ionized layers resulting from changes in the amount 
of ultraviolet light received from the Sun. The 11-year sun-
spot cycle affects propagation conditions because there is a 
direct correlation between sunspot activity and ionization. 

Activity on the surface of the Sun is changing continu-
ally. In this section we want to describe the activity of the 

so-called quiet Sun, meaning those times when the Sun is 
not doing anything more spectacular than acting like a “nor-
mal” thermonuclear ball of flaming gases. The Sun and its 
effects on Earthly propagation can be described in statistical 
terms — that’s what the 11-year solar cycle does. You may 
experience vastly different conditions on any particular day 
compared to what a long-term average would suggest. 

An analogy may be in order here. Have you ever gazed 
into a relatively calm campfire and been surprised when sud-
denly a flaming ember or a large spark was ejected in your 
direction? The Sun can also do unexpected and sometimes 
very dramatic things. Disturbances of propagation conditions 
here on Earth are caused by disturbed conditions on the Sun. 
More on this later.

Individual sunspots may vary in size and appearance, 
or even disappear totally, within a single day. In general, 
larger active areas persist through several rotations of the 
Sun. Some active areas have been identified over periods up 
to about a year. Because of these continual changes in solar 
activity, there are continual changes in the state of the Earth’s 
ionosphere and resulting changes in propagation conditions. 
A short-term burst of solar activity may trigger unusual prop-
agation conditions here on Earth lasting for less than an hour. 

Smoothed Sunspot Numbers (SSN)
Sunspot data are averaged or smoothed to remove the 

effects of short-term changes. The sunspot values used most 
often for correlating propagation conditions are Smoothed 
Sunspot Numbers (SSN), often called 12-month running av-
erage values. Data for 13 consecutive months are required to 
determine a smoothed sunspot number. 

Long-time users have found that the upper HF bands are 
reliably open for propagation only when the average number 
of sunspots is above certain minimum levels. For example, 
between mid 1988 to mid 1992 during Cycle 22, the SSN 
stayed higher than 100. The 10 meter band was open then 
almost all day, every day, to some part of the world. However, 
by mid 1996, few if any sunspots showed up on the Sun and 
the 10 meter band consequently was rarely open. Even 15 
meters, normally a workhorse DX band when solar activity 
is high, was closed most of the time during the low point 
in Cycle 22. So far as propagation on the upper HF bands 
is concerned, the higher the sunspot number, the better the 
conditions.

Each smoothed number is an average of 13 monthly 
means, centered on the month of concern. The 1st and 13th 
months are given a weight of 0.5. A monthly mean is simply 
the sum of the daily ISN values for a calendar month, divided 
by the number of days in that month. We would commonly 
call this value a monthly average. 

This may all sound very complicated, but an example 
should clarify the procedure. Suppose we wished to calcu-
late the smoothed sunspot number for June 1986. We would 
require monthly mean values for six months prior and six 
months after this month, or from December 1985 through 
December 1986. The monthly mean ISN values for these 
months are: 
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Figure 4.13 — Yearly means of smoothed sunspot numbers 
from data for 1700 through 2002. This plot clearly shows 
that sunspot activity takes place in cycles of approximately 
11 years duration. There is also a longer-term periodicity in 
this plot, the Gleissberg 88-year cycle. Cycle 1, the first 
complete cycle to be examined by systematic observation, 
began in 1755.



Radio Wave Propagation    4-15

Dec	 85	 17.3	 Jul 	 86	 18.1
Jan	 86	 2.5	 Aug	 86	 7.4
Feb	 86	 23.2	 Sep	 86 	 3.8
Mar	 86	 15.1	 Oct	 86	 35.4
Apr	 86	 18.5	 Nov	 86	 15.2
May	 86	 13.7	 Dec	 86	 6.8
Jun	 86	 1.1

First we find the sum of the values, but using only one-
half the amounts indicated for the first and 13th months in the 
listing. This value is 166.05. Then we determine the smoothed 
value by dividing the sum by 12: 166.05/12 = 13.8. (Values 
beyond the first decimal place are not warranted.) Thus, 13.8 
is the smoothed sunspot number for June 1986. From this 
example, you can see that the smoothed sunspot number for 
a particular month cannot be determined until six months 
afterwards. 

Generally the plots we see of sunspot numbers are aver-
aged data. As already mentioned, smoothed numbers make 
it easier to observe trends and see patterns, but sometimes 
this data can be misleading. The plots tend to imply that solar 
activity varies smoothly, indicating, for example, that at the 
onset of a new cycle the activity just gradually increases. But 
this is definitely not so! On any one day, significant changes 
in solar activity can take place within hours, causing sudden 
band openings at frequencies well above the MUF values pre-
dicted from smoothed sunspot number curves. The durations 
of such openings may be brief, or they may recur for several 
days running, depending on the nature of the solar activity.

Solar Flux
Since the late 1940s an additional method of determining 

solar activity has been put to use — the measurement of solar 
radio flux. The quiet Sun emits radio energy across a broad 
frequency spectrum, with a slowly varying intensity. Solar flux 
is a measure of energy received per unit time, per unit area, 
per unit frequency interval. These radio fluxes, which originate 
from atmospheric layers high in the Sun’s chromosphere and 
low in its corona, change gradually from day to day, in re-
sponse to the activity causing sunspots. Thus, there is a degree 
of correlation between solar flux values and sunspot numbers. 

One solar flux unit equals 10-22 joules per second per 
square meter per hertz. Solar flux values are measured daily 
at 2800 MHz (10.7 cm) at The Dominion Radio Astrophysical 
Observatory, Penticton, British Columbia, where daily data 
have been collected since 1991. (Prior to June 1991, the 
Algonquin Radio Observatory, Ontario, made the measure-
ments.) Measurements are also made at other observatories 
around the world, at several frequencies. With some variation, 
the daily measured flux values increase with increasing fre-
quency of measurement, to at least 15.4 GHz. The daily 2800 
MHz Penticton value is sent to Boulder, Colorado, where it is 
incorporated into WWV propagation bulletins (see later sec-
tion). Solar flux, just like a sunspot number, is a proxy (sub-
stitute) for the true ionizing radiation, as solar flux at 2800 
MHz does not have enough energy to ionize any atmospheric 
constituent. Solar flux and sunspots numbers will be discussed 
later in the section on computer-prediction programs.

Correlating Sunspot Numbers  
and Solar Flux Values

Based on historical data, an exact mathematical relation-
ship does not exist to correlate sunspot data and solar flux 
values. Comparing daily values yields almost no correlation. 
Comparing monthly mean values (often called monthly aver-
ages) produces a degree of correlation, but the spread in data 
is still significant. This is indicated in Figure 4.14, a scatter 
diagram plot of monthly mean sunspot numbers versus the 
monthly means of solar flux values adjusted to one astro-
nomical unit. (This adjustment applies a correction for differ-
ences in distance between the Sun and the Earth at different 
times of the year.) 

A closer correlation exists when smoothed (12-month 
running average) sunspot numbers are compared with 

Figure 4.14 — Scatter diagram or X-Y plot of monthly mean 
sunspot numbers and monthly mean 2800-MHz solar flux 
values. Data values are from February 1947 through 
February 1987. Each “+” mark represents the intersection of 
data for a given month. If the correlation between sunspot 
number and flux values were consistent, all the marks 
would align to form a smooth curve.

Figure 4.15 — Scatter diagram of smoothed, or 12-month 
running averages, sunspot numbers versus 2800-MHz solar 
flux values. The correlation of smoothed values is better 
than for monthly means, shown in Figure 4.14.
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smoothed (12-month running average) solar flux values 
adjusted to one astronomical unit. A scatter diagram for 
smoothed data appears in Figure 4.15. Note how the plot 
points establish a better defined pattern in Figure 4.15. The 
correlation is still no better than a few percent, for records 
indicate a given smoothed sunspot number does not always 
correspond with the same smoothed solar flux value, and vice 
versa. Table 4-1 illustrates some of the inconsistencies that 
exist in the historical data. Smoothed or 12-month running 
average values are shown. 

Even though there is no precise mathematical relation-
ship between sunspot numbers and solar flux values, it is 
helpful to have some way to convert from one to the other. 
The primary reason is that sunspot numbers are valuable as a 
long-term link with the past, but the great usefulness of solar 

flux values are their immediacy, and their direct bearing on 
our field of interest. (Remember, a smoothed sunspot number 
will not be calculated until six months after the fact.)

The following mathematical approximation has been 
derived to convert a smoothed sunspot number to a solar flux 
value.

F = 63.75 + 0.728 S + 0.00089 S2	 (3)

where
F = solar flux number
S = smoothed sunspot number

A graphic representation of this equation is given in 
Figure 4.16. Use this chart to make conversions graphically, 
rather than by calculations. With the graph, solar flux and 
sunspot number conversions can be made either way. The 
equation has been found to yield errors as great as 10% when 
historical data was examined. (Look at the August 1981 data 
in Table 4-1.) Therefore, conversions should be rounded to 
the nearest whole number, as additional decimal places are 
unwarranted. To make conversions from flux to sunspot num-
ber, the following approximation may be used. 

S 33.52 85.12 F 408.99= + - 	 (4)

4.2.2 THE IONOSPHERE
There will be inevitable “gray areas” in our discussion of 

the Earth’s atmosphere and the changes wrought in it by the 
Sun and by associated changes in the Earth’s magnetic field. 
This is not a story that can be told in neat equations, or values 
carried out to a satisfying number of decimal places. The 
story must be told, and understood — with its well-known 
limitations — if we are to put up good antennas and make 
them serve us well.

Thus far in this chapter we have been concerned with 
what might be called our “above-ground living space” — that 
portion of the total atmosphere wherein we can survive with-
out artificial breathing aids, or up to about 6 km (4 miles). The 
boundary area is a broad one, but life (and radio propagation) 
undergo basic changes beyond this zone. Somewhat farther 
out, but still technically within the Earth’s atmosphere, the 
role of the Sun in the wave-propagation picture is a dominant 
one.

This is the ionosphere — a region where the air pressure 
is so low that free electrons and ions can move about for some 
time without getting close enough to recombine into neutral 
atoms. A radio wave entering this rarefied atmosphere, a re-
gion of relatively many free electrons, is affected in the same 
way as in entering a medium of different dielectric constant 
— its direction of travel is altered.

Ultraviolet (UV) radiation from the Sun is the primary 
cause of ionization in the outer regions of the atmosphere, 
the ones most important for HF propagation. However, there 
are other forms of solar radiation as well, including both hard 
and soft x-rays, gamma rays and extreme ultraviolet (EUV). 
The radiated energy breaks up or photoionizes atoms and 
molecules of atmospheric gases into electrons and positively 

Table 4-1
Selected Historical Data Showing Inconsistent 
Correlation Between Sunspot Number and Solar Flux
Month	 Smoothed	 Smoothed	
	 Sunspot Number	 Solar Flux Value
May 1953	   17.4	   75.6
Sept 1965	   17.4	   78.5
Jul 1985 	   17.4	   74.7
Jun 1969 	 106.1	 151.4
Jul 1969 	 105.9	 151.4
Dec 1982 	   94.6	 151.4
Aug 1948 	 141.1	 180.5
Oct 1959 	 141.1	 192.3
Apr 1979 	 141.1	 180.4
Aug 1981	 141.1	 203.3

Figure 4.16 — Chart for conversions between smoothed 
International Sunspot Numbers and smoothed 2800-MHz 
solar flux. This curve is based on the mathematical approxi-
mation given in the text.
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charged ions. The degree of ionization does not increase uni-
formly with distance from the Earth’s surface. Instead there 
are relatively dense regions (layers) of ionization, each quite 
thick and more or less parallel to the Earth’s surface, at fairly 
well-defined intervals outward from about 40 to 300 km (25 
to 200 miles). These distinct layers are formed due to com-
plex photochemical reactions of the various types of solar 
radiation with oxygen, ozone, nitrogen and nitrous oxide in 
the rarefied upper atmosphere. 

Ionization is not constant within each layer, but tapers 
off gradually on either side of the maximum at the center of 
the layer. The total ionizing energy from the Sun reaching a 
given point, at a given time, is never constant, so the height 
and intensity of the ionization in the various regions will 
also vary. Thus, the practical effect on long-distance com-
munication is an almost continuous variation in signal level, 
related to the time of day, the season of the year, the distance 
between the Earth and the Sun, and both short-term and long-
term variations in solar activity. It would seem from all this 
that only the very wise or the very foolish would attempt to 
predict radio propagation conditions, but it is now possible 
to do so with a fair chance of success. It is possible to plan 
antenna designs, particularly the choosing of antenna heights, 
to exploit known propagation characteristics.

Ionospheric Layer Characteristics
The lowest known ionized region, called the D layer (or 

the D region), lies between 60 and 92 km (37 to 57 miles) 
above the Earth. In this relatively low and dense part of the 
atmosphere, atoms broken up into ions by sunlight recombine 
quickly, so the ionization level is directly related to sunlight. 
It begins at sunrise, peaks at local noon and disappears at 
sundown. When electrons in this dense medium are set in 
motion by a passing wave, collisions between particles are 
so frequent that a major portion of their energy may be used 
up as heat, as the electrons and disassociated ions recombine. 

The probability of collisions depends on the distance an 
electron travels under the influence of the wave — in other 
words, on the wavelength. Thus, our 1.8- and 3.5-MHz bands, 
having the longest wavelengths, suffer the highest daytime 
absorption loss as they travel through the D layer, particularly 
for waves that enter the medium at the lowest angles. At times 
of high solar activity (peak years of the solar cycle) even 
waves entering the D layer vertically suffer almost total en-
ergy absorption around midday, making these bands almost 
useless for communication over appreciable distances during 
the hours of high sun. They “go dead” quickly in the morn-
ing, but come alive again the same way in late afternoon. 
The diurnal (daytime) D-layer effect is less at 7 MHz (though 
still marked), slight at 14 MHz and inconsequential on higher 
amateur frequencies. 

The D region is ineffective in bending HF waves back to 
Earth, so its role in long-distance communication by amateurs 
is largely a negative one. It is the principal reason why our 
frequencies up through the 7-MHz band are useful mainly 
for short-distance communication during the high-sun hours. 

The lowest portion of the ionosphere useful for long- 

distance communication by amateurs is the E layer (also 
known as the E region) about 100 to 115 km (62 to 71 miles) 
above the Earth. In the E layer, at intermediate atmospheric 
density, ionization varies with the Sun angle above the ho-
rizon, but solar ultraviolet radiation is not the sole ionizing 
agent. Solar X-rays and meteors entering this portion of the 
Earth’s atmosphere also play a part. Ionization increases rap-
idly after sunrise, reaches maximum around noon local time, 
and drops off quickly after sundown. The minimum is after 
midnight, local time. As with the D layer, the E layer absorbs 
wave energy in the lower-frequency amateur bands when the 
Sun angle is high, around mid day. The other varied effects 
of E-region ionization will be discussed later.

Most of our long-distance communication capability 
stems from the tenuous outer reaches of the Earth’s atmo-
sphere known as the F layer. At heights above 100 miles, 
ions and electrons recombine more slowly, so the observable 
effects of the Sun develop more slowly. Also, the region holds 
its ability to reflect wave energy back to Earth well into the 
night. The maximum usable frequency (MUF) for F-layer 
propagation on east-west paths thus peaks just after noon at 
the midpoint, and the minimum occurs after midnight. We’ll 
examine the subject of MUF in more detail later.

Judging what the F layer is doing is by no means that 
simple, however. The layer height may be from 160 to more 
than 500 km (100 to over 310 miles), depending on the season 
of the year, the latitudes, the time of day and, most capricious 
of all, what the Sun has been doing in the last few minutes 
and in perhaps the last three days before the attempt is made. 
The MUF between Eastern US and Europe, for example, has 
been anything from 7 to 70 MHz, depending on the condi-
tions mentioned above, plus the point in the long-term solar-
activity cycle at which the check is made.

During a summer day the F layer may split into two lay-
ers. The lower and weaker Fl layer, about 160 km (100 miles) 
up, has only a minor role, acting more like the E than the F2 
layer. At night the Fl region disappears and the F2 region 
height drops somewhat. 

Propagation information tailored to amateur needs is 
transmitted in all information bulletin periods by the ARRL 
Headquarters station, W1AW. Finally, solar and geomagnetic 
field data, transmitted hourly and updated eight times daily, 
are given in brief bulletins carried by the US Time Standard 
stations, WWV and WWVH, and also on Internet websites. 
But more on these services later.

Bending in the Ionosphere
The degree of bending of a wave path in an ionized layer 

depends on the density of the ionization and the length of the 
wave (inversely related to its frequency). The bending at any 
given frequency or wavelength will increase with increased 
ionization density and will bend away from the region of 
most-intense ionization. For a given ionization density, 
bending increases with wavelength (that is, it decreases with 
frequency). 

Two extremes are thus possible. If the intensity of the 
ionization is sufficient and the frequency is low enough, even 
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a wave entering the layer perpendicularly will be reflected 
back to Earth. Conversely, if the frequency is high enough or 
the ionization decreases to a low-enough density, a condition 
is reached where the wave angle is not affected enough by 
the ionosphere to cause a useful portion of the wave energy 
to return to the Earth. The frequency at which this occurs is 
called the vertical-incidence critical frequency. Each region 
in the ionosphere has a critical frequency associated with it, 
and this critical frequency will change depending on the date, 
time and state of the 11-year solar cycle. 

Figure 4.17 shows a simplified graph of the electron 
density (in electrons per cubic meter) versus height in the 
ionosphere (in km) for a particular set of daytime and night-
time conditions. Free electrons are what return the signals you 
launch into the ionosphere back down to the Earth at some 
distance from your transmitter — the more free electrons in 
the ionosphere, the better propagation will be, particularly at 
higher frequencies. 

Electron-density profiles are extremely complicated and 
vary greatly from one location to the next, depending on a be-
wildering variety of factors. Of course, this sheer variability 
makes it all the more interesting and challenging for hams to 
work each other on ionospheric HF paths!

The following discussion about sounding the ionosphere 
provides some background information about the scientific 
instruments used to decipher the highly intricate mechanisms 
behind ionospheric HF propagation. 

4.2.3 SOUNDING THE IONOSPHERE
For many years scientists have sounded the ionosphere 

to determine its communication potential at various elevation 
angles and frequencies. The word “sound” stems from an 
old idea — one that has nothing to do with the audio waves 

that we can hear as “sounds.” Long ago, sailors sounded the 
depths beneath their boats by dropping weighted ropes, cali-
brated in fathoms, into the water. In a similar fashion, the in-
strument used to probe the height of the ionosphere is called 
an ionosonde, or ionospheric sounder. It measures distances 
to various layers by launching a calibrated electronic signal 
directly up into the ionosphere. 

Radar uses the same techniques as ionospheric sound-
ing to detect targets such as airplanes. An ionosonde sends 
precisely timed pulses into the ionosphere over a range of 
MF and HF frequencies. The time of reception of an echo 
reflected from a region in the ionosphere is compared to the 
time of transmission. The time difference is multiplied by the 
speed of light to give the apparent distance that the wave has 
traveled from the transmitter to the ionosphere and back to 
the receiver. (It is an apparent or virtual distance because the 
speed of a wave slows very slightly in the ionosphere, just as 
the speed of propagation through any medium other than a 
vacuum slows down because of that medium.) 

Another type of ionosonde sweeps the frequency of 
transmission, from low to high. This is called an “FM-CW,” 
or more colorfully, a “chirpsounder.” Since a received echo 
takes time to travel from the transmitter up to the reflection 
point and then back again to the receiver, the echo will be at a 
lower frequency than the still-moving frequency of the trans-
mitter. The frequency difference is an indication of the height 
of the echo’s reflection off the various ionospheric layers. 

Vertical-Incidence Sounders
Most ionosondes are vertical-incidence sounders, 

bouncing their signals perpendicularly off the various ion-
ized regions above it by launching signals straight up into the 
ionosphere. The ionosonde frequency is swept upwards until 
echos from the various ionospheric layers disappear, mean-
ing that the critical frequencies for those layers have been 
exceeded, causing the waves to disappear into space.

Figure 4.18 shows a highly simplified ionogram for a 

Figure 4.17 — Typical electron densities for nighttime and 
daytime conditions in the various ionospheric regions.

Figure 4.18 — Very simplified ionogram from a vertical-
incidence sounder. The lowest trace is for the E region; 
the middle for the F1 and the upper trace for the F2 region.
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typical vertical-incidence sounder. The echoes at the lowest 
height at the left-hand side of the plot show that the E region 
is about 100 km high. The F1 region shown in the middle of 
the plot varies from about 200 to 330 km in this example,  
and the F2 region ranges from just under 400 km to almost 
600 km in height. [In the amateur and professional literature, 
F1 and F1 both refer to the same region — Ed.] You can see 
that the F1 and F2 ionospheric regions take a “U” shape, in-
dicating that the electron density varies throughout the layer. 
In this example, the peak in electron density is at a virtual 
height of the F2 region of about 390 km, the lowest point in 
the F2 curve. 

Scientists can derive a lot of information from a verti-
cal-incidence ionogram, including the critical frequencies 
for each region, where raising the frequency any higher 
causes the signals to disappear into space. In Figure 4.18, 
the E-region critical frequency (abbreviated foE) is about 
4.1 MHz. The F1-region critical frequency (abbreviated foF1) 
is 4.8 MHz. The F2-region critical frequency (abbreviated 
foF2) is this simplified diagram is 6.8 MHz. 

The observant reader may well be wondering what the 
subscripted “o” in the abbreviations foE, foF1 and foF2 mean. 
The abbreviation “o” means “ordinary.” When an electro-
magnetic wave is launched into the ionosphere, the Earth’s 
magnetic field splits the wave into two independent waves — 
the “ordinary” (o) and the “extraordinary” (x) components. 
The ordinary wave reaches the same height in the ionosphere 
whether the Earth’s magnetic field is present or not, and 
hence is called “ordinary.” The extraordinary wave, however, 
is greatly affected by the presence of the Earth’s magnetic 
field, in a very complex fashion. 

Figure 4.19 shows an example of an actual ionogram 

from the vertical Lowell Digisonde at Millstone Hill in 
Massachusetts, owned and operated by the Massachusetts 
Institute of Technology. This ionogram was made on June 
18, 2000, and shows the conditions during a period of very 
high solar activity. The black-and-white rendition in Figure 
4.19 of the actual color ionogram unfortunately loses some 
information. However, you can still see that a real ionogram 
is a lot more complicated looking than the simple simulated 
one in Figure 4.18. 

The effects of noise and interference from other stations 
are shown by the many speckled dots appearing in the iono-
gram. The critical frequencies for various ionospheric layers 
are listed numerically at the left-hand side of the plot and 
the signal amplitudes are color-coded by the color bars at 
the right-hand side of the plot. The x-axis is the frequency, 
ranging from 1 to 11 MHz. 

Compared to the simplified ionogram in Figure 4.18, 
Figure 4.19 shows another trace that appears on the plot 
from about 5.3 to 9.8 MHz, a trace shifted to the right of 
the darker ordinary trace. This second trace is the extraor-
dinary (x) wave mentioned above. Since the x and o waves 
are created by the Earth’s magnetic field, the difference in 
the ordinary and extraordinary traces is about 1⁄2 the gyro fre-
quency, the frequency at which an electron will spiral down 
a particular magnetic field line. The electron gyro frequency 
is different at various places around the Earth, being related 
to the Earth’s complicated and changing magnetic field. The 
extraordinary trace always has a higher critical frequency 
than the ordinary trace on a vertical-incidence ionogram, 
and it is considerably weaker than the ordinary trace, espe-
cially at frequencies below about 4 MHz because of heavy 
absorption. 

The Big Picture Overhead
There are about 150 vertical-incidence ionosondes 

around the world. Ionosondes are located on land, even on 
a number of islands. There are gaps in sounder coverage, 
however, mainly over large expanses of open ocean. The 
compilation of all available vertical-incidence data from the 
worldwide network of ionospheric sounders results in global 
foF2 maps, such as the map shown in Figure 4.20, a simu-
lation from the highly sophisticated PropLab Pro computer 
program. 

This simulation is for 1300 UTC, several hours after East 
Coast sunrise on Nov 25, 1998, with a high level of solar 
activity of 85 and a planetary Ap index of 5, indicating calm 
geomagnetic conditions. The contours of foF2 peak over the 
ocean off the west coast of Africa at 38 MHz. Over the south-
ern part of Africa, foF2 peaks at 33 MHz. 

These two “humps” in foF2 form what is known as the 
“equatorial anomaly” and are caused by upwelling “foun-
tains” of high electron concentration located in daylight areas 
about ±20° from the Earth’s magnetic dip equator. The equa-
torial anomaly is important in transequatorial propagation. 
Those LU stations in Argentina that you can hear on 28 MHz 
from the US in the late afternoon, even during low portions 
of the solar cycle when other stations to the south are not 

Figure 4.19 — Actual vertical-incidence ionogram from the 
Lowell Digisonde, owned and operated at Millstone Hill in 
Massachusetts by MIT. The ordinary (o) and extraordinary 
(x) traces are shown for heights greater than about 300 km. 
At the upper left are listed the computer-determined iono-
spheric parameters, such as foF2 of 9.24 MHz and foF1 at 
4.66 MHz. 
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coming through, are benefiting from transequatorial propaga-
tion, sometimes called chordal hop propagation, because sig-
nals going through this area remain in the ionosphere without 
lossy intermediate hops to the ground. 

From records of foF2 profiles, the underlying electron 
densities along a path can be computed. And from the elec-
tron density profiles computerized “ray tracing” may be 

done throughout the ionosphere to determine how a wave 
propagates from a transmitter to a particular receiver loca-
tion. PropLab Pro can do complex ray tracings that explicitly 
include the effect of the Earth’s magnetic field, even taking 
into effect ionospheric stormy conditions. 

Oblique-Angle Ionospheric Sounding
A more elaborate form of ionospheric sounder is the 

oblique ionosonde. Unlike a vertical-incidence ionospheric 
sounder, which sends its signals directly overhead, an oblique 
sounder transmits its pulses obliquely through the iono-
sphere, recording echoes at a receiver located some distance 
from the transmitter. The transmitter and distant receiver are 
precisely coordinated in GPS-derived time in modern oblique 
sounders. 

Interpretation of ionograms produced by oblique sound-
ers is considerably more difficult than for vertically incident 
ones. An oblique ionosonde purposely transmits over a con-
tinuous range of elevation angles simultaneously and hence 
cannot give explicit information about each elevation angle 
it launches. Figure 4.21 shows a typical HF oblique-sounder 
ionogram for the path from Hawaii to California in March 
of 1973, during a period of medium-level sunspot activity. 
The y-axis is calibrated in time delay, in milliseconds. Longer 
distances involve longer time delays between the start of a 
transmitted pulse and the reception of the echo. The x-axis in 
this ionogram is the frequency, just like a vertical-incidence 
ionogram. Note that the frequency range for this plot extends 
to 32 MHz, while vertical-incidence ionograms usually don’t 
sweep higher than about 12 MHz. 

Six possible modes are shown in this ionogram: 1F2, 
2F2, 3F2, 4F2 and 5F2. These involve multiple modes of 

Figure 4.20 — Computer simulation of the foF2 contours for 
25 November 1998, for an SSN of 85 and a quiet planetary 
Ap index of 5. Note the two regions of high foF2 values off 
the upper and lower west coast of Africa. These are the 
“equatorial anomalies,” regions of high electronic density in 
the F2 region that often allow chordal-hop north-south 
propagation. See also Figure 4.6. (PropLab Pro simulation, 
courtesy of Solar Terrestrial Dispatch.) 
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Figure 4.21 — HF 
oblique-sounder iono-
gram. This is a typical 
chirpsounder measure-
ment on a 2500-mile 
path from Hawaii to 
southern California 
during midmorning in 
March at a medium 
level of solar activity. 
Six possible modes 
(hops) are shown. The 
“FOT” is the frequency 
of optimum traffic, con-
sidered most reliable 
for this path/time. 
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propagation (commonly called hops) between the ionosphere 
and reflections from the Earth. For example, at an operating 
frequency of 14 MHz, there are three modes open during the 
mid-morning: 2F2, 3F2 and 4F2. We’ll discuss multiple hops 
later in more detail. 

The lowest mode, 1F2 in Figure 4.21, employs a sin-
gle F2 hop to cover the 3900-km long path from Hawaii 
to California, but it is only open on 28-MHz. (Note that  
3900 km is close to the maximum possible single-hop  
length for the F2 region. We’ll look at this in more detail 
later too.) In general, each mode that involves more than a 
single hop is weaker than a single hop. For example, you 
can see that the received 5F2 echo is weak and broken up 
because of the accumulation of losses at each ground-level 
reflection in its five hops, with absorption in the ionosphere 
all along its complicated path to the receiver. 

The trace labeled “FOT” is the frequency of optimum 
traffic, considered the most reliable frequency for commu-
nications on this particular circuit and date/time (0.85 of the 
monthly median frequency, which results in a 90% probabil-
ity). In this example, the FOT would be near the 21-MHz 
amateur band. 

Another interesting point in Figure 4.21 is labeled “High 
Angle Ray.” This refers to the Pedersen ray. Before we go 
into more details about the Pedersen high-angle wave, we 
need to examine how launch angles affect the way waves are 
propagated through the ionosphere. 

Figure 4.22 shows a highly simplified situation, with a 
single ionospheric layer and a smooth Earth. This illustrates 
several important facts about antenna design for long-distance 
communication. In Figure 4.22, Wave #1 is launched at the 
lowest elevation angle (that is, most nearly horizontal to the 
horizon). Wave #1 manages to travel from the transmitter to 
the receiving location at point C in a single hop. 

Wave #2 is launched at a higher elevation angle than 
Wave #1, and penetrates further into the ionospheric layer 
before it is refracted enough to return to Earth. The ground 
distance covered from the transmitter to point B is less for 

Wave #2 than for lower-angle Wave #1. Wave #3 is launched 
at a still-higher elevation angle. Like Wave #2 before it, Wave 
#3 penetrates further into the ionosphere and covers less 
ground downrange than #2. 

Now, we see something very interesting happening for 
Wave #4, whose launch elevation angle is still higher than 
#3. Wave #4 penetrates even higher into the ionosphere than 
#3, reaching the highest level of ionization in our theoretical 
ionospheric layer, where it is finally refracted sufficiently to 
bend down to Earth. Wave #4 manages to arrive at the same 
point B as Wave #2, which was launched at a much lower 
elevation angle. 

In other words, in the sequence from #1 to #3 we have 
been continually increasing the elevation launch angle and 
the ground range covered from the transmitter to the return 
of the signal back to Earth has been continually decreasing. 
However, starting with Wave #4, the ground range starts to 
increase with increased elevation angle. A further increase in 
the elevation angle causes Wave #5 to travel for an even lon-
ger distance through the ionosphere, exiting finally at point 
C, the same ground distance as lowest-angle Wave #1. 

Finally, increasing the elevation angle even further re-
sults in Wave #6 being lost to outer space because the ioniza-
tion in the layer is insufficient to bend the wave back to Earth. 
In other words, Wave #6 has exceeded the critical angle for 
this hypothetical ionospheric layer and this frequency of 
operation. 

Both Waves #4 and #5 in Figure 4.22 are called “high-
angle” or Pedersen waves. Because Wave #5 has traveled a 
greater distance through the ionosphere, it is always weaker 
than Wave #1, the one launched at the lowest elevation angle. 
Pedersen waves are usually not very stable, since small 
changes in elevation angle can result in large changes in the 
ground range that these high-angle waves cover. 

4.2.4 SKIP PROPAGATION
Figure 4.22 shows that we can communicate with the 

point on the Earth labeled “A” (where Wave #3 arrives), but 
not any closer to our transmitter site. When the critical angle is 
less than 90° (that is, directly overhead) there will always be a 
region around the transmitting site where an ionospherically 
propagated signal cannot be heard, or is heard weakly. This 
area lies between the outer limit of the ground-wave range 
and the inner edge of energy return from the ionosphere. It is 
called the skip zone, and the distance between the originating 
site and the beginning of the ionospheric return is called the 
skip distance. This terminology should not to be confused 
with ham jargon such as “the skip is in,” referring to the fact 
that a band is open for sky-wave propagation. 

The signal may often be heard to some extent within the 
skip zone, through various forms of scattering (discussed in 
detail later), but it will ordinarily be marginal in strength. 
When the skip distance is short, both ground-wave and sky-
wave signals may be received near the transmitter. In such 
instances the sky wave frequently is stronger than the ground 
wave, even as close as a few miles from the transmitter. The 
ionosphere is an efficient communication medium under 

Figure 4.22 — Very simplified smooth-Earth/ionosphere dia-
gram showing how the ground range from transmitter to 
receiver can vary as the elevation angle is gradually raised. 
The Pedersen wave, launched at a relatively high angle, has 
the same ground range as the low-angle wave #1, but is 
weaker because it travels for a long distance in the 
ionosphere. 
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favorable conditions. Comparatively, the ground wave is not. 
If the radio wave leaves the Earth at a radiation angle of 

zero degrees, just at the horizon, the maximum distance that 
may be reached under usual ionospheric conditions in the F2 
region is about 4000 km (2500 miles). 

4.2.5 MULTI-HOP PROPAGATION
As mentioned previously in the discussion about Fig- 

ure 4.22, the Earth itself can act as a reflector for radio waves, 
resulting in multiple hops. Thus, a radio signal can be re-
flected from the reception point on the Earth back into the 
ionosphere, reaching the Earth a second time at a still more-
distant point. This effect is illustrated in Figure 4.23, where 
a single ionospheric layer is depicted, although this time we 
show both the layer and the Earth beneath it as curved rather 
than flat. The wave identified as “Critical Angle” travels from 
the transmitter via the ionosphere to point A, in the center of 
the drawing, where it is reflected upwards and travels through 
the ionosphere to point B, at the right. This shows a two-hop 
signal.

As in the simplified case in Figure 4.22, the distance 
at which a ray eventually reaches the Earth depends on 
the launch elevation angle at which it left the transmitting 
antenna. 

The information in Figure 4.23 is greatly simplified. 
On actual communication paths the picture is complicated 
by many factors. One is that the transmitted energy spreads 
over a considerable area after it leaves the antenna. Even 
with an antenna array having the sharpest practical beam pat-
tern, there is what might be described as a cone of radiation 
centered on the wave lines (rays) shown in the drawing. The 
reflection/refraction in the ionosphere is also highly variable, 
and is the cause of considerable spreading and scattering.

Under some conditions it is possible for as many as four 
or five signal hops to occur over a radio path, as illustrated by 
the oblique ionogram in Figure 4.21. But no more than two 

or three hops is the norm. In this way, HF communication can 
be conducted over thousands of miles.

An important point should be recognized with regard to 
signal hopping. A significant loss of signal occurs with each 
hop. The D and E layers of the ionosphere absorb energy 
from signals as they pass through, and the ionosphere tends 
to scatter the radio energy in various directions, rather than 
confining it in a tight bundle. The roughness of the Earth’s 
surface also scatters the energy at a reflection point.

Assuming that both waves do reach point B in Fig- 
ure 4.23, the low-angle wave will contain more energy at 
point B. This wave passes through the lower layers just twice, 
compared to the higher-angle route, which must pass through 
these layers four times, plus encountering an Earth reflection. 
Measurements indicate that although there can be great varia-
tion in the relative strengths of the two signals — the one-hop 
signal will generally be from 7 to 10 dB stronger. The nature 
of the terrain at the mid-path reflection point for the two-hop 
wave, the angle at which the wave is reflected from the Earth, 
and the condition of the ionosphere in the vicinity of all the 
refraction points are the primary factors in determining the 
signal-strength ratio.

The loss per hop becomes significant at greater distanc-
es. It is because of these losses that no more than four or five 
propagation hops are useful; the received signal becomes too 
weak to be usable over more hops. Although modes other 
than signal hopping also account for the propagation of radio 
waves over thousands of miles, backscatter studies of actual 
radio propagation have displayed signals with as many as five 
hops. So the hopping mode is arguably the most prevalent 
method for long-distance communication.

Figure 4.24 shows another way of looking at propagation 

Figure 4.23 — Behavior of waves encountering a simple 
curved ionospheric layer over a curved Earth. Rays entering 
the ionized region at angles above the critical angle are not 
bent enough to be returned to Earth, and are lost to space. 
Waves entering at angles below the critical angle reach the 
Earth at increasingly greater distances as the launch angle 
approaches the horizontal. The maximum distance that may 
normally be covered in a single hop is 4000 km. Greater dis-
tances are covered with multiple hops. 

Figure 4.24 — Modified VOAAREA plot for 21.2 MHz from San 
Francisco to the rest of the US, annotated with signal levels 
in S units, as well as signal contours in dBW (dB below a 
watt). Antennas are assumed to be 3-element Yagis at 55 feet 
above flat ground; the transmitter power is 1500 W; the 
month is November with SSN = 50, a moderate level of solar 
activity, at 22 UTC. The most obvious feature is the large 
“skip zone” centered on the transmitter in San Francisco, 
extending almost 1⁄3 of the distance across the US.
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— a geographic area look. Figure 4.24 shows 15 meter signal 
levels across the US as they propagate from a transmitting 
station in San Francisco. This simulation of propagation con-
ditions is for the month of November, with a medium level of 
solar activity (SSN = 50) at 22 UTC. Figure 4.24 was created 
using the VOAAREA software program, part of the VOACAP 
software suite. Transmitter power is assumed to be 1500 W, 
with 3-element Yagis, 55 feet high, at the transmitter and at 
each receiving location.

From the transmitter out to about 50 miles, signals are 
moderate, at about S5 on an S meter. Beyond that coverage 
area to almost 1⁄3 of the way across the country (to Colorado), 
there is a large and distinctive skip zone, where only very 
weak signals return to Earth (S1 or less). Beyond Colorado, 
signals rapidly build up to S9+10 dB across the middle of the 
US, falling to S9 and then to S7 in the vicinity of Chicago, 
Illinois. Beyond Chicago, the signals drop to S5 in a swath 
from Michigan and part of Ohio down to Alabama. All along 
the US East Coast, signals come back strong at S9.

The reason why the signals in Figure 4.24 drop down to 
S5 in the Midwest is that the necessary elevation angles to 
cover this region in a single F2 hop are extremely low even at 
a moderate level of solar activity. To achieve launch angles as 
low as 1° requires either very high antenna heights or a high 
mountaintop location. Beyond the Midwest, out to the US 
East Coast, two F2 hops are required, with higher elevation 
angles and hence greater antenna gain for moderate antenna 
heights.

4.2.6 NON-HOPPING PROPAGATION MODES
Present propagation theory holds that for communication 

distances of many thousands of kilometers, signals do not 
always hop in relatively short increments from ionosphere-
to-Earth-to-ionosphere and so forth along the entire path. 
Instead, the wave is thought to propagate inside the iono-
sphere throughout some portion of the path length, tending 
to be ducted in the ionized layer.

As was shown in Figure 4.22, the high-angle Pedersen 
ray can also penetrate an ionospheric layer farther than lower-
angle rays. In the less-densely ionized upper edge of the layer, 
the amount of refraction is less, nearly equaling the curvature 
of the layer itself as it encircles the Earth. 

Non-hopping theory of long-distance propagation is 
further supported by studies of travel times for signals that 
go completely around the world. The time required is signifi-
cantly less than would be necessary to hop between the Earth 
and the ionosphere 10 or more times while circling the Earth. 

Propagation between two points thousands of kilometers 
apart may in fact consist of a combination of ducting and 
hopping. It may involve combinations of refractions from the 
E layer and the F layer. Despite all the complex factors in-
volved, most long-distance propagation can be seen to follow 
certain general rules. Thus, much commercial and military 
point-to-point communication over long distances employs 
antennas designed to make maximum use of known radia-
tion angles and layer heights, even on paths where multihop 
propagation is assumed. 

In amateur work, however, we usually try for the lowest 
practical radiation angle, hoping to keep reflection losses to 
a minimum. Years of amateur experience have shown this to 
be a decided advantage under all usual conditions. 

The geometry of propagation by means of the F2 layer 
limits our maximum distance along the Earth’s surface to 
about 4000 km (2500 miles) for a single hop. For higher ra-
diation angles, this same distance may require two or more 
hops (with higher reflection loss). And fewer hops are better, 
in most cases. If you have a nearby neighbor who consistently 
outperforms you on the longer paths, a radiation angle differ-
ence in his favor is probably the reason.

4.2.7 MAXIMUM USABLE FREQUENCY 
(MUF)

The vertical-incidence critical frequency is the maximum 
usable frequency for local sky-wave high-angle communica-
tion. It is also useful in the selection of optimum working 
frequencies and the determination of the maximum usable 
frequency for distant points at a given time. The abbreviation 
“MUF” for maximum usable frequency will be used hereafter.

In geographic middle latitudes, the vertical-incident 
critical frequency ranges between about 1 and 4 MHz for the 
E layer, and between 2 and 13 MHz for the F2 layer. The 
lowest figures are for nighttime conditions in the lowest years 
of the solar cycle. The highest are for the daytime hours in the 
years of high solar activity. These are average figures. Critical 
frequencies have reached as high as 20 MHz briefly during 
exceptionally high solar activity in the middle latitudes. As 
was pointed out earlier in Figure 4.20, fo F2 levels approach-
ing 40 MHz are possible at low latitudes. 

While vertical-incidence critical frequencies are inter-
esting from a scientific point of view, hams are far more 
concerned about how we can exploit propagation conditions 
to communicate, preferably at long distances. The MUF 
for a 4000-km (2500 miles) distance is about 3.5 times the 
vertical-incidence critical fo F2 frequency existing at the path 
midpoint. For one-hop signals, if a uniform ionosphere is as-
sumed, the MUF decreases with shorter distances along the 
path. This is true because the higher-frequency waves must 
be launched at higher elevation angles for shorter ranges, and 
at these launch angles they are not bent sufficiently to reach 
the Earth. Thus, a lower frequency (where more bending oc-
curs) must be used. 

Precisely speaking, a maximum usable frequency or 
MUF is defined for communication between two specific 
points on the Earth’s surface, for the conditions existing at 
the time, including the minimum elevation angle that the sta-
tion can launch at the frequency in use. (This practical form 
of MUF is sometimes called the operational MUF). At the 
same time and for the same conditions, the MUF from either 
of these two points to a third point may be different. 

Therefore, the MUF cannot be expressed broadly as a 
single frequency, even for any given location at a particular 
time. The ionosphere is never uniform, and in fact at a given 
time and for a fixed distance, the MUF changes significantly 
with changes in compass direction for almost any point on 
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the Earth. Under usual conditions, the MUF will always be 
highest in the direction toward the Sun — to the east in the 
morning, to the south at noon (from northern latitudes), and 
to the west in the afternoon and evening. 

For the strongest signals at the greatest distance, espe-
cially where the limited power levels of the Amateur Radio 
Service are concerned, it is important to work fairly near the 
MUF. It is at these frequencies where signals suffer the least 
loss. The MUFs can be estimated with sufficient accuracy by 
using the prediction charts that appear on the ARRL website 
(www.arrl.org/propagation) or by using a computer predic-
tion program. The CD-ROM included with this book contains 
detailed and summary tables for more than 175 transmitting 
locations around the world. (See the section “When and 
Where HF Bands Are Open” later in this chapter.) 

MUFs can also be observed with the use of a continu-
ous coverage communications receiver. Frequencies up to 
the MUFs are in round-the-clock use today. When you “run 
out of signals” while tuning upward in frequency from your 
favorite ham band, you have a pretty good clue as to which 
band is going to work well, right then. Of course, it helps to 
know the direction to the transmitters whose signals you are 
hearing. Shortwave broadcasters know what frequencies to 
use, and you can hear them anywhere, if conditions are good. 
Time-and-frequency stations are also excellent indicators, 
since they operate around the clock. See Table 4-2. WWV is 
also a reliable source of propagation data, hourly, as discussed 
in more detail later in this chapter. And the NCDXF/IARU 
beacon system (www.ncdxf.org/pages/beacons.html) can 
give you a real-time picture of worldwide propagation on our 
20, 17, 15, 12, and 10 meter bands

The value of operating near the MUF is two-fold. Under 
undisturbed conditions, the absorption loss decreases propor-
tional to the square of a change in frequency. For example, 
the absorption loss is four times higher at 14 MHz than it is at 
28 MHz. Perhaps more important, the hop distance is consid-
erably greater as the MUF is approached. A transcontinental 
contact is thus much more likely to be made on a single hop 
on 28 MHz than on 14 MHz, so the higher frequency will 

give the stronger signal most of the time. The strong-signal 
reputation of the 28-MHz band is founded on this fact. 

4.2.8 LOWEST USABLE FREQUENCY (LUF)
There is also a lower limit to the range of frequencies that 

provide useful communication between two given points by 
way of the ionosphere. Lowest usable frequency is abbrevi-
ated LUF. If it were possible to start near the MUF and work 
gradually lower in frequency, the signal would decrease in 
strength and eventually would disappear into the ever-present 
“background noise.” This happens because signal absorption 
increases proportional to the square of the lowering of the 
frequency. The frequency nearest the point where reception 
became unusable would be the LUF. It is not likely that you 
would want to work at the LUF, although reception could be 
improved if the station could increase power by a consider-
able amount, or if larger antennas could be used at both ends 
of the path. 

For example, when solar activity is very high at the peak 
of a solar cycle, the LUF often rises higher than 14 MHz on 
the morning Eastern US-to-Europe path on 20 meters. Just 
before sunrise in the US, the 20 meter band will be first to 
open to Europe, followed shortly by 15 meters, and then 10 
meters as the Sun rises further. By mid-morning, however, 
when 10 and 15 meters are both wide open, 20 meters will 
become very marginal to Europe, even when both sides are 
running maximum legal power levels. By contrast, stations 
on 10 meters can be worked readily with a transmitter power 
of only 1 or 2 watts, indicating the wide range between the 
LUF and the MUF. 

Frequently, the window between the LUF and the MUF 
for two fixed points is very narrow, and there may be no ama-
teur frequencies available inside the window. On occasion the 
LUF may be higher than the MUF between two points. This 

Table 4-2
Time and Frequency Stations Useful for  
Propagation Monitoring
Call	 Frequency (MHz)	 Location
WWV	 2.5, 5, 10, 15, 20	 Ft Collins, Colorado
WWVH	 Same as WWV except 20	 Kekaha, Kauai, Hawaii
CHU	 3.330, 7.850, 14.670	 Ottawa, Ontario, Canada
RID	 5.004, 10.004, 15.004	 Irkutsk, USSR*
RWM	 4.996, 9.996, 14.996	 Novosibirsk, USSR
VNG	 2.5, 5, 8.634, 12.984, 16	 Lyndhurst, Australia
BPM	 2.5, 5, 10, 15	 Xiang, China 
BSF	 5, 15	 Taoyuan, Taiwan
LOL	 5, 10, 15	 Buenos Aires, Argentina
*The call, taken from an international table, may not be the one used 
during actual transmission. Locations and frequencies appear to be 
accurate as provided.

Figure 4.25 — Propagation prediction chart for East Coast 
of US to Europe. This appeared in December 1994 QST, 
where an average 2800-MHz (10.7-cm) solar flux of 83 was 
assumed for the mid-December to mid-January period. On 
10% of these days, the highest frequency propagated was 
predicted at least as high as the uppermost curve (the 
Highest Possible Frequency, or HPF, approximately 21 MHz), 
and for 50% of the days as high as the middle curve, the 
MUF. The broken lines show the Lowest Usable Frequency 
(LUF) for a 1500-W CW transmitter. 
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means that, for the highest possible frequency that will propa-
gate through the ionosphere for that path, the absorption is so 
great as to make even that frequency unusable. Under these 
conditions it is impossible to establish amateur sky-wave 
communication between those two points, no matter what 
frequency is used. (It would normally be possible, however, to 
communicate between either point and other points on some 
frequency under the existing conditions.) Conditions when 
amateur sky-wave communication is impossible between two 
fixed points occur commonly for long distances where the 
total path is in darkness, and for very great distances in the 
daytime during periods of low solar activity.

Figure 4.25 shows a typical propagation prediction from 
the ARRL web site (www.arrl.org/propagation). In this 
instance, the MUF and the LUF lines are blurred together 
at about 10 UTC, meaning that the statistical likelihood of 
any amateur frequency being open for that particular path at 
that particular time was not very good. Later on, after about  
11 UTC, the gap between the MUF and LUF increased, in-
dicating that the higher bands would be open on that path.

4.2.9 DISTURBED IONOSPHERIC 
CONDITIONS

So far, we have discussed the Earth’s ionosphere when 
conditions at the Sun are undisturbed. There are three general 
types of major disturbances on the Sun that can affect radio 
propagation here on the Earth. On the air, you may hear peo-
ple grousing about Solar Flares, Coronal Holes or Sudden 
Disappearing Filaments, especially when propagation condi-
tions are not good. Each of these disturbances causes both 
electromagnetic radiation and ejection of material from the 
Sun.

Solar Flares
Solar flares are cataclysmic eruptions that suddenly 

release huge amounts of energy, including sustained, high-
energy bursts of radiation from VLF to X-ray frequencies and 
vast amounts of solar material. Most solar flares occur around 
the peak of the 11-year solar cycle. 

The first Earthly indication of a huge flare is often a vis-
ible brightness near a sunspot group, along with increases in 
UV, X-ray radiation and VHF radio noise. If the geometry 
between the Sun and Earth is right, intense X-ray radiation 
takes eight minutes, traveling the 93 million miles to Earth 
at the speed of light. The sudden increase in X-ray energy 
can immediately increase RF absorption in the Earth’s low-
est ionospheric layers, causing a phenomenon known as a 
Sudden Ionospheric Disturbance (SID).

An SID affects all HF communications on the sunlit side 
of the Earth. Signals in the 2 to 30-MHz range may disap-
pear entirely, and even most background noise may cease in 
extreme cases. When you experience a big SID, your first 
inclination may be to look outside to see if your antenna fell 
down! SIDs may last up to an hour before ionospheric condi-
tions temporarily return to normal.

Between 45 minutes and 2 hours after an SID begins, 
particles from the mass eruption on the Sun may begin to 

arrive. These high-energy particles are mainly protons and 
they can penetrate the ionosphere at the Earth’s magnetic 
poles, where intense ionization can occur, with attendant ab-
sorption of HF signals propagating through the polar regions. 
This is called a Polar Cap Absorption (PCA) event and it may 
last for several days. A PCA results in spectacular auroral 
displays at high latitudes. The higher frequencies are the last 
to drop out and the first to return.

Coronal Holes
As described earlier in the section dealing with auroral 

propagation at VHF, a second major solar disturbance is a 
so-called “coronal hole” in the Sun’s outer layer (the corona). 
Temperatures in the corona can be more than four million °C 
over an active sunspot region but more typically are about 
two million °C. A coronal hole is an area of somewhat lower 
temperature. Solar-terrestrial scientists have a number of 
competing theories about how coronal holes are formed. 

Matter ejected through this “hole” takes the form of 
plasma, highly ionized gas made up of electrons, protons 
and neutral particles, traveling at speeds up to 1,000 km 
per second (2 million miles per hour). The plasma becomes 
part of the solar wind and can affect the Earth’s magnetic 
field, but only if the Sun-Earth geometry is right. Plasma 
has a very interesting and somewhat bizarre ability. It can 
lock-in the orientation of the magnetic field where it origi-
nates and carry it outwards into space. However, unless the 
locked-in magnetic field orientation is aligned properly with 
the Earth’s magnetic field, even a large plasma mass may 
not severely disrupt our magnetosphere, and thence our 
ionosphere. 

Presently, we don’t have the ability to predict very long in 
advance when the Sun might erupt in a disturbance that results 
in Earthly propagation problems. The SOHO and STEREO 
satellites can help determine whether a mass ejection is head-
ing towards Earth, and the ACE satellite about 1 million miles 
away from Earth can give about an hour’s warning whether 
the imbedded magnetic field in a mass ejection from the Sun 
might impact the Earth’s magnetosphere, causing propaga-
tion problems for hams. The STEREO satellites also provide 
a 360° view of the Sun, allowing observation of the entire 
solar surface.

Statistically, coronal holes tend to occur most often dur-
ing the declining phase of the 11-year solar cycle and they 
can last for a number of solar rotations. This means that a 
coronal hole can be a “recurring coronal hole,” disrupting 
communications for several days about the same time each 
month for as long as a year, or even more.

Sudden Disappearing Filaments
A sudden disappearing filament (SDF) is the third major 

category of solar disturbance that can affect propagation. 
SDFs take their names from the manner in which they sud-
denly arch upward from the Sun’s surface, spewing huge 
amounts of matter as plasma out into space in the solar wind. 
They tend to occur mostly during the rising phase of the 11-
year solar cycle.
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NOAA Scales
The Space Weather Prediction Center in Boulder, CO 

categorizes disturbances to propagation as G (Geomagnetic 
storms), S (Solar radiation storms), and R (Radio blackouts). 
Each category is reported on a scale of 1 to 5, with 1 being a 
minor disturbance and 5 being an extreme disturbance. Visit 
www.swpc.noaa.gov/NOAAscales for a discussion and ex-
planation of these disturbances.

4.2.10 IONOSPHERIC  
(GEOMAGNETIC) STORMS

When the conditions are right, a flare, coronal hole or an 
SDF can launch a plasma cloud into the solar wind, resulting 
in an ionospheric storm here on Earth. Unlike a hurricane or 
a winter Nor’easter storm in New England, an ionospheric 
storm is not something we can see with our eyes or feel on 
our skins. We can’t easily measure things occurring in the 
ionosphere some 200 miles overhead. However, we can see 
the indirect effects of an ionospheric storm on magnetic 
instruments located on the Earth’s surface, because distur-
bances in the ionosphere are closely related to the Earth’s 
magnetic field. The term Geomagnetic Storm (“Geo” means 
“Earth” in Greek) is used almost synonymously with iono-
spheric storm.

During a ionospheric storm, we may experience extra
ordinary radio noise and interference, especially at HF. You 
may hear solar radio emissions as increases of noise at VHF. 
A geomagnetic storm generally adds noise and weakens or 
disrupts ionospheric propagation for several days. Transpolar 
signals at 14 MHz or higher may be particularly weak, with 
a peculiar hollow sound or flutter — even more than normal 
for transpolar signals.

Depending on the severity of the disturbance to the 
Earth’s geomagnetic field and the consequent disturbance of 
the ionosphere, propagation may be disrupted completely or 
it might be at least degraded for a period of time that ranges 
from a day to three or four days before returning to normal 
propagation conditions.

What can we do about the solar disturbances and related 
disturbed ionospheric propagation on Earth? The truth is that 
we are powerless faced with the truly awesome forces of 
solar disturbances like flares, coronal holes or sudden disap-
pearing filaments. Perhaps there is some comfort, however, 
in understanding what has happened to cause our HF bands 
to be so poor. And as a definite consolation, conditions on 
the VHF bands are often exceptionally good just when HF 
propagation is remarkably poor due to solar disturbances. 
VHF operators enthusiastically look forward to conditions 
when they can engage in auroral communications — exactly 
the kind of conditions that have HF operators scratching 
their heads, wondering where the ionosphere went.

4.2.11 ONE-WAY PROPAGATION
On occasion a signal may be started on the way back to-

ward the Earth by reflection from the F region, only to come 
down onto the top of the E region and be reflected back up 
again. This set of conditions is one possible explanation for 

the often-reported phenomenon called one-way skip. The 
reverse path may not necessarily have the same multilayer 
characteristic. The effect is more often a difference in the 
signal strengths, rather than a complete lack of signal in 
one direction, and many times there may be local noises 
that mask signals at one end of the path. It is important to 
remember these sorts of possibilities when a long-distance 
test with a new antenna system yields apparently conflicting 
results. Even many tests, on paths of different lengths and 
headings, may provide data that are difficult to understand. 
Communication by way of the ionosphere is not always a 
source of consistent answers to antenna questions.

Figure 4.25 shows the 80 meter path from New England 
to Europe with three different antennas. A really high dipole 
at a height of 200 feet above flat ground would certainly be 
an impressive antenna. But it would still be overshadowed 
dramatically by a four-square vertical array, at least at the 
low elevation angles needed often on this path. This is predi-
cated on the four-square being located over salt water, which 
provides a virtually perfect RF ground. At an elevation angle 
of 7°, the four-square has 7 dB more gain than the 200-foot 
high dipole. 

4.2.12 LONG AND SHORT PATH 
PROPAGATION

Propagation between any two points on the Earth’s sur-
face is usually by the shortest direct route — the great-circle 
path found by stretching a string tightly between the two 
points on a globe. If an elastic band going completely around 
the globe in a straight line is substituted for the string, it will 
show another great-circle path, going “the long way around.” 
The long path may serve for communication over the de-
sired circuit when conditions are favorable along the longer 
route. There may be times when communication is possible 
over the long path but not possible at all over the short path. 
Especially if there is knowledge of this potential at both ends 
of the circuit, long-path communication may work very well. 
Cooperation is almost essential, because both the aiming of 
directional antennas and the timing of the attempts must be 
right for any worthwhile result. The IONCAP/VOACAP com-
putations in the preceding tables were made for short-path 
azimuths only.

Sunlight is a required element in long-haul communi-
cation via the F layer above about 10 MHz. This fact tends 
to define long-path timing and antenna aiming. Both are es-
sentially the reverse of the “normal” for a given circuit. We 
know also that salt-water paths work better than overland 
ones. This can be significant in long-path work.

We can better understand several aspects of long-path 
propagation if you become accustomed to thinking of the 
Earth as a ball. This is easy if you use a globe frequently. A 
flat map of the world, of the azimuthal-equidistant projection 
type, is a useful substitute. The ARRL World Map is one, 
centered on Wichita, Kansas. A similar world map prepared 
by K5ZI and centered on Newington, Connecticut, is shown 
in Figure 4.26. These help to clarify paths involving those 
areas of the world.
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Long-Path Examples
There are numerous long-path routes well known to 

DX-minded amateurs. Two long paths that work frequently 
and well when 28 MHz is open from the northeastern US are 
New England to Perth, Western Australia, and New England 
to Tokyo. Although they represent different beam headings 
and distances, they share some favorable conditions. By the 
long path, Perth is close to halfway around the world; Tokyo 
is about three-quarters of the way. On 28 MHz, both areas 
come through in the early daylight hours, Eastern Time, but 
not necessarily on the same days. Both paths are at their best 
around the equinoxes. (The sunlight is more uniformly dis-
tributed over transequatorial paths at these times.) Probably 
the factor that most favors both is the nature of the first part 
of the trip at the US end. To work Perth by way of long path, 
northeastern US antennas are aimed southeast, out over salt 
water for thousands of miles — the best low-loss start a signal 
could have. It is salt water essentially all the way, and the 
distance, about 13,000 miles, is not too much greater than 
the “short” path. 

The long path to Japan is more toward the south, but 
still with no major land mass at the early reflection points. 
It is much longer, however, than that to Western Australia. 
Japanese signals are more limited in number on the long 
path than on the short, and signals on the average somewhat 

Figure 4.26 — K5ZI’s computer-generated azimuthal-equi-
distant projection centered on Newington, Connecticut. 
Land masses and information showing long paths to Perth 
and Tokyo have been added. Notice that the paths in both 
cases lie almost entirely over water, rather than over land 
masses. 

weaker, probably because of the greater distance. 
On the short path, an amateur in the Perth area is look-

ing at the worst conditions — away from the ocean, and out 
across the huge land mass of North America, unlikely to pro-
vide strong ground reflections. The short paths to both Japan 
and Western Australia, from most of the eastern half of North 
America, are hardly favorable. The first hop comes down in 
various western areas likely to be desert or mountains, or 
both, and not favored as reflection points.

A word of caution: Don’t count on the long-path sig-
nals always coming in on the same beam heading. There 
can be notable differences in the line of propagation via the 
ionosphere on even relatively short distances. There can be 
more variations on long path, especially on circuits close to 
halfway around the world. Remember, for a point exactly 
halfway around, all directions of the compass represent great-
circle paths. 

4.2.13 GRAY-LINE PROPAGATION
The gray line, sometimes called the twilight zone, is a 

band around the Earth between the sunlit portion and dark-
ness. Astronomers call this the terminator. The terminator is 
a somewhat diffused region because the Earth’s atmosphere 
tends to scatter the light into the darkness. Figure 4.27 illus-
trates the gray line. Notice that on one side of the Earth, the 
gray line is coming into daylight (sunrise), and on the other 
side it is coming into darkness (sunset). 

Propagation along the gray line is very efficient, particu-
larly on the lower bands, especially on 80 or 160 meters, so 
greater distances can be covered than might be expected for 
the frequency in use. One major reason for this is that the D 
layer, which absorbs HF signals, disappears rapidly on the 
sunset side of the gray line, and has not yet built up on the 
sunrise side. 

The gray line runs generally north and south, but varies 
as much as 23° either side of the north-south line. This varia-
tion is caused by the tilt of the Earth’s axis relative to its or-
bital plane around the Sun. The gray line will be exactly north 
and south at the equinoxes (March 21 and September 21). On 
the first day of Northern Hemisphere summer, June 21, it is 

Figure 4.27 — The gray line or terminator is a transition re-
gion between daylight and darkness. One side of the Earth 
is coming into sunrise, and the other is just past sunset. 
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tilted to the maximum of 23° one way, and on December 21, 
the first day of winter, it is tilted 23° the other way. 

To an observer on the Earth, the direction of the termina-
tor is always at right angles to the direction of the Sun at 
sunrise or sunset. It is important to note that, except at the 
equinoxes, the gray-line direction will be different at sunrise 
from that at sunset. This means you can work different areas 
of the world in the evening than you worked in the morning. 

It isn’t necessary to be located inside the twilight zone 
in order to take advantage of gray-line propagation. The ef-
fects can be used to advantage before sunrise and after sunset. 
This is because the Sun “rises” earlier and “sets” later on the 
ionospheric layers than it does on the Earth below.

4.2.14 FADING
When all the variable factors in long-distance HF com-

munication are taken in account, it is not surprising that sig-
nals vary in strength during almost every contact beyond the 
local range. In VHF communication we can also encounter 
some fading at distances greater than just to the visible hori-
zon. These are mainly the result of changes in the tempera-
ture and moisture content of the air in the first few thousand 
feet above the ground. 

On paths covered by HF ionospheric modes, the causes 
of fading are very complex — constantly changing layer 
height and density, random polarization shift, portions of the 
signal arriving out of phase, and so on. The energy arriving 
at the receiving antenna has components that have been acted 
upon differently by the ionosphere. Often the fading is very 
different for small changes in frequency. With a signal of a 
wideband nature, such as high-quality FM, or even double-
sideband AM, the sidebands may have different fading rates 
from each other, or from the carrier. This causes severe 
distortion, resulting in what is termed selective fading. The 
effects are greatly reduced (but still present to some extent) 
when single-sideband (SSB) is used. Some immunity from 
fading during reception (but not to the distortion induced by 
selective fading) can be had by using two or more receivers 
on separate antennas, preferably with different polarizations, 
and combining the receiver outputs in what is known as a 
diversity receiving system.

4.2.15 SPORADIC E AND  
HF SCATTER MODES

In propagation literature there is a tendency to treat the 
various propagation modes as if they were separate and dis-
tinct phenomena. This they may be at times, but often there is 
a shifting from one to the other, or a mixture of two or more 
kinds of propagation affecting communication at one time. In 
the upper part of the usual frequency range for F-region work, 
for example, there may be enough tropospheric bending at 
one end (or both ends) to have an appreciable effect on the 
usable path length. There is the frequent combination of E 
and F-region propagation in long-distance work. And in the 
case of the E region, there are various causes of ionization 
that have very different effects on communication. Finally, 
there are weak-signal variations of both tropospheric and 

ionospheric modes, lumped under the term “scatter.” We look 
at these phenomena separately here, but in practice we have 
to deal with them in combination, more often than not.

Sporadic E (Es)
First, note that this is E-subscript-s, a usefully descrip-

tive term, wrongly written “Es” so often that it is sometimes 
called “ease,” which is certainly not descriptive. Sporadic E is 
ionization at E-layer height, but of different origin and com-
munication potential from the E layer that affects mainly our 
lower amateur frequencies. [The amateur and professional 
literature is not strict about the punctuation, with sporadic-E 
and Es used regularly — Ed.]

The formative mechanism for sporadic E is believed to 
be wind shear. This explains ambient ionization being dis-
tributed and compressed into a ledge of high density, without 
the need for production of extra ionization. Neutral winds of 
high velocity, flowing in opposite directions at slightly differ-
ent altitudes, produce shears. In the presence of the Earth’s 
magnetic field, the ions are collected at a particular altitude, 
forming a thin, over-dense layer. Data from rockets entering 
Es regions confirm the electron density, wind velocities and 
height parameters.

The ionization is formed in clouds of high density, last-
ing only a few hours at a time and distributed randomly. They 
vary in density and, in the middle latitudes in the Northern 
Hemisphere, move rapidly from southeast to northwest. 
Although Es can develop at any time, it is most prevalent in 
the Northern Hemisphere between May and August, with a 
minor season about half as long beginning in December (the 
summer and winter solstices). The seasons and distribution 
in the Southern Hemisphere are not so well known. Australia 
and New Zealand seem to have conditions much like those in 
the US, but with the length of the seasons reversed, of course. 
Much of what is known about Es came as the result of ama-
teur pioneering in the VHF range. 

Correlation of Es openings with observed natural phe-
nomena, including sunspot activity, is not readily apparent, 
although there is a meteorological tie-in with high-altitude 
winds. There is also a form of Es, mainly in the northern part 
of the North Temperate Zone, that is associated with auroral 
phenomena. 

At the peak of the long Es season, most commonly in 
late June and early July, ionization becomes extremely dense 
and widespread. This extends the usable range from the 
more common “single-hop” maximum of about 1400 miles 
to “double-hop” distances, mostly 1400 to 2500 miles. With 
50-MHz techniques and interest improving in recent years, 
it has been shown that distances considerably beyond 2500 
miles can be covered. There is also an Es “link-up” pos-
sibility with other modes, believed to be involved in some 
50-MHz work between antipodal points, or even long-path 
communication beyond 12,500 miles.

When Es is particularly strong and widespread, even the 
HF bands can suddenly support short skip producing excep-
tionally strong signals from distances that would normally be 
in the no-signal “skip zone.” Dean Straw, N6BV, distinctly 
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remembers a spectacular 20 meter Es opening in September 
1994, during the “Hiram Percy Maxim/125” anniversary cel-
ebration, when he was living in New Hampshire. Signals on 
20 meters were 30 to 40 dB over S9 from all along the Eastern 
Seaboard, from W2 to W4. One exasperated W3 complained 
that he had been calling in the huge pileup for 20 minutes. 
N6BV glanced at the S meter and saw that the W3 was 20 dB  
over S9, normally a very strong 20 meter SSB signal, but not 
when almost everybody else was 40 dB over S9! (See the 
Bibliography for N6BV’s presentation on HF sporadic E.)

Such short-skip conditions caused by Sporadic E are 
more common on 10 meters than they are on 15 or 20 meters. 
They can result in excellent transatlantic 10 meter openings 
during the summer months — when 10 meters is not nor-
mally open for F2 ionospheric propagation. 

The MUF for Es is not known precisely. It was long 
thought to be around 100 MHz, but in the last 25 years or so 
there have been thousands of 144-MHz contacts during the 
summer Es season. Presumably, the possibility also exists at 
222 MHz. The skip distance at 144 MHz does average much 
longer than at 50 MHz, and the openings are usually brief and 
extremely variable. 

The terms “single” and “double” hop may not be accu-
rate technically, since it is likely that cloud-to-cloud paths are 
involved. There may also be “no-hop” Es. At times the very 
high ionization density produces critical frequencies up to the 
50-MHz region, with no skip distance at all. It is often said 
that the Es mode is a great equalizer. With the reflecting region 
practically overhead, even a simple dipole close to the ground 
may do as well over a few hundred miles as a large stacked 
antenna array designed for low-angle radiation. It’s a great 
mode for low power and simple antennas on 28 and 50 MHz.

HF Scatter Modes
The term “skip zone” (where no signals are heard) should 

not be taken too literally. Two stations communicating over a 
single ionospheric hop can be heard to some degree by other 
stations at almost any point along the way, unless the two are 
running low power and using simple antennas. Some of the 
wave energy is scattered in all directions, including back to 
the starting point and farther. 

Backscatter functions like a sort of HF ionospheric ra-
dar. Figure 4.28 shows a schematic for a simple backscatter 
path. The signal launched from point A travels through the 

Figure 4.28 — Schematic of a sim-
ple backscatter path. Stations A 
and B are too close to make con-
tact via normal F-layer ionospheric 
refraction. Signals scattered back 
from a distant point on the Earth’s 
surface (S), often the ocean, may 
be accessible to both A and B to 
create a backscatter circuit.

ionosphere back to earth at Point S, the scattering point. Here, 
the rough terrain of the land scatters signals in many direc-
tions, one of which propagates a weak signal back through 
the ionosphere to land at point B. Point B would normally be 
in the no-signal skip zone between A and S. Because back-
scatter signals arrive from multiple directions, through vari-
ous paths through the ionosphere, they have a characteristic 
“hollow” sound, much like you get when you talk into a paper 
tube with its many internal reflections. 

Because backscatter involves mainly scattering from the 
Earth at the point where the strong ionospherically propa-
gated signal comes down, it is a part of HF over-the-horizon 
radar techniques. Amateurs using sounding techniques have 
shown that you can tell to what part of the world a band is 
usable (single-hop F) by probing the backscatter with a direc-
tive antenna and high transmitter power, even when the Earth 
contact point is open ocean. In fact, that’s where the mode is 
at its best, because ocean waves can be efficient backscatter 
reflectors. 

Backscatter is very useful on 28 MHz, particularly when 
that band seems dead simply because nobody is active in the 
right places. The mode keeps the 10 meter band lively in the 
low years of the solar cycle, thanks to the never-say-die at-
titude of some users. The mode is also an invaluable tool of 
50-MHz DX aspirants, in the high years of the sunspot cycle, 
for the same reasons. On a high-MUF morning, hundreds of 
6 meter beams may zero in on a hot spot somewhere in the 
Caribbean or South Atlantic, where there is no land, let alone 
other 6 meter stations — keeping in contact while they wait 
for the band to open to a place where there is somebody.

Sidescatter is similar to backscatter, except the ground 
scatter zone is off the direct line between participants. A 
typical example, often observed during the lowest years of 
the solar cycle, is communication on 28 MHz between the 
eastern US (and adjacent areas of Canada) and much of the 
European continent. Often, this may start as “backscatter 
chatter” between Europeans whose antennas are turned to-
ward the Azores. Then suddenly the North Americans join 
the fun, perhaps for only a few minutes, but sometimes much 
longer, with beams also pointed toward the Azores. Duration 
of the game can be extended, at times, by careful reorienta-
tion of antennas at both ends, as with backscatter. The secret, 
of course, is to keep hitting the highest-MUF area of the 
ionosphere and the most favorable ground-reflection points.
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The favorable route is usually, but not always, south 
of the great-circle heading (for stations in the Northern 
Hemisphere). There can also be sidescatter from the auroral 
regions. Sidescatter signals are stronger than backscatter sig-
nals using the same general area of ground scattering. 

Sidescatter signals have been observed frequently on 
the l4-MHz band, and can take place on any band where 

there is a large window between the MUF and the LUF. 
For sidescatter communications to occur, the thing to look 
for is a common area to which the band is open from both 
ends of the path (the Azores, in the above example), when 
there is no direct-path opening. It helps if the common area 
is in the open ocean, where there is less scattering loss than 
over land.

4.3 When and Where HF Bands Are Open

Table 4-3
The number of hours per day when a particular band is open to the target geographic areas in Table 4-4, as related to the level  
of solar activity (Very Low, Medium and Very High). This table is customized for Boston to the rest of the world. Some paths are 
open 24 hours a day, plus or minus QRM and local QRN, no matter what the level of solar activity is. See CD-ROM for other 
transmitting locations.

MA (Boston)
Hours Open to Each Region for Very-Low/Medium/Very-High SSNs

80 Meters: 
Month  Europe   Far East  So. Amer.  Africa   So. Asia  Oceania   No. Amer.
Jan   17/17/16   5/ 4/ 3  17/17/16  16/16/15   8/ 7/ 5  11/10/ 9  24/24/24
Feb   17/16/15   3/ 3/ 2  17/16/16  15/15/14   6/ 4/ 4  10/ 9/ 9  24/24/24
Mar   15/15/14   3/ 2/ 1  16/16/15  15/13/13   4/ 4/ 3   9/ 8/ 7  24/24/24
Apr   13/13/12   1/ 0/ 0  16/16/14  13/13/13   3/ 3/ 1   9/ 8/ 7  24/24/24
May   12/11/10   0/ 0/ 0  16/15/14  12/11/10   2/ 1/ 1   7/ 6/ 6  24/24/24
Jun   10/ 9/ 8   0/ 0/ 0  14/14/14  11/10/10   1/ 1/ 0   6/ 5/ 5  24/24/24
Jul   11/11/ 9   0/ 0/ 0  15/14/14  11/11/11   2/ 1/ 1   7/ 6/ 5  24/24/24
Aug   13/11/11   0/ 0/ 0  16/16/14  13/12/11   3/ 2/ 1   7/ 7/ 6  24/24/24
Sep   14/13/11   2/ 1/ 0  17/16/14  13/13/12   4/ 4/ 2   9/ 8/ 8  24/24/24
Oct   15/15/13   3/ 2/ 1  17/17/16  14/14/13   5/ 4/ 4   9/ 9/ 7  24/24/24
Nov   17/17/15   4/ 4/ 2  17/17/16  16/15/14   8/ 7/ 4  11/10/ 9  24/24/24
Dec   19/18/17   7/ 6/ 4  18/18/17  16/16/16  11/ 9/ 7  12/11/11  24/24/24

40 Meters: 
Month  Europe   Far East  So. Amer.  Africa   So. Asia  Oceania   No. Amer.
Jan   24/24/24  15/16/15  24/24/21  21/20/19  21/21/19  19/18/15  24/24/24
Feb   24/24/21  13/11/11  24/23/20  20/19/18  19/19/17  16/15/14  24/24/24
Mar   23/22/19  10/ 9/ 7  24/21/18  19/17/17  17/17/13  13/13/13  24/24/24
Apr   21/19/18   8/ 6/ 4  22/20/18  17/16/15  16/11/ 8  13/13/11  24/24/24
May   19/17/17   5/ 4/ 3  22/18/17  17/16/14   9/ 8/ 5  12/11/10  24/24/24
Jun   17/15/13   4/ 2/ 2  22/18/16  16/15/14   7/ 5/ 5  11/10/ 9  24/24/24
Jul   18/16/15   5/ 4/ 2  24/18/17  17/15/14   8/ 7/ 5  12/11/10  24/24/24
Aug   19/17/16   7/ 5/ 4  24/19/18  18/16/15  11/10/ 6  13/12/11  24/24/24
Sep   22/21/17   9/ 8/ 5  23/20/18  18/17/16  14/11/ 7  13/13/12  24/24/24
Oct   24/23/20  12/11/ 8  24/23/19  20/18/17  17/16/14  16/13/13  24/24/24
Nov   24/24/22  14/13/12  24/24/20  21/19/18  21/20/17  17/17/13  24/24/24
Dec   24/24/24  18/19/22  24/24/21  23/21/19  24/23/22  21/19/18  24/24/24

4.3.1 THE PROPAGATION BIG PICTURE
A newcomer to the HF bands could easily be over-

whelmed with the sheer amount of data available in the 
Summary (and particularly the Detailed) prediction tables 
described in the following sections and provided on the 
CD-ROM included with this book. So here’s a long-term, 

“big-picture” view of HF propagation that might help answer 
some common questions. For example, what month really 
is the best for working DX around the clock? Or what level 
of solar activity is necessary to provide an opening between 
your QTH and somewhere in the South Pacific? 

Table 4-3 is a table showing the number of hours in a 
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20 Meters: 
Month  Europe   Far East  So. Amer.  Africa   So. Asia  Oceania   No. Amer.
Jan   13/16/22  15/22/22  24/24/24  20/21/21  18/20/22  18/23/22  24/24/24
Feb   12/18/23  13/21/24  24/24/24  22/22/24  15/21/24  18/23/24  24/24/24
Mar   15/18/24  17/20/24  24/24/24  22/24/24  18/21/24  16/24/24  24/24/24
Apr   15/20/24  19/22/24  24/24/24  21/24/24  19/22/24  18/24/24  24/24/24
May   19/23/24  22/24/24  24/24/24  23/24/24  23/24/24  21/24/24  24/24/24
Jun   22/24/24  24/24/24  24/24/24  24/24/24  24/24/24  24/24/24  24/24/24
Jul   19/24/24  24/24/24  24/24/24  21/24/24  24/24/24  23/24/24  24/24/24
Aug   15/20/24  20/24/24  24/24/24  20/24/24  20/24/24  19/24/24  24/24/24
Sep   16/19/24  17/21/24  24/24/24  21/24/24  18/21/24  17/24/24  24/24/24
Oct   15/21/24  16/20/24  24/24/24  22/24/24  19/22/24  17/24/24  24/24/24
Nov   14/20/23  14/22/24  24/24/24  20/24/24  17/21/24  19/23/24  24/24/24
Dec   11/17/24  13/22/24  24/24/24  17/23/24  12/22/24  16/24/24  24/24/24 
15 Meters: 
Month  Europe   Far East  So. Amer.  Africa   So. Asia  Oceania   No. Amer.
Jan    4/ 6/ 7   2/ 9/13  12/15/16   9/13/13   3/ 4/ 7   9/12/13  24/15/16
Feb    4/ 7/12   4/10/14  13/18/23  11/13/16   3/ 7/13   8/13/15  22/16/19
Mar    6/ 9/14   2/13/15  14/21/24  13/17/22   5/11/17  10/14/17  15/16/23
Apr    0/10/18   3/13/18  15/23/24  15/18/24   9/15/19  11/15/21  16/16/24
May    1/13/16   6/10/19  17/20/24  14/18/24  13/17/18  10/16/19  20/19/24
Jun    0/ 2/16   0/ 9/15  16/21/24  14/18/24   5/15/18  10/12/20  24/22/22
Jul    0/ 2/16   0/ 5/18  15/19/24  12/18/24   0/12/18   4/12/20  24/22/21
Aug    0/ 2/14   0/ 8/17  14/18/22  13/16/22   0/12/17   6/10/19  22/19/21
Sep    1/10/17   6/13/17  14/16/24  13/17/22   9/14/17   9/14/17  16/16/22
Oct    7/11/17  10/13/17  12/16/22  12/15/22   7/12/17  12/13/15  18/15/22
Nov    5/ 8/14   8/11/14  12/16/22  11/14/17   3/ 7/16  10/13/15  20/16/21
Dec    3/ 6/ 9   2/10/13  12/15/23   8/13/15   2/ 4/12   9/12/14  24/15/18

10 Meters: 
Month  Europe   Far East  So. Amer.  Africa   So. Asia  Oceania   No. Amer.
Jan    0/ 1/ 4   0/ 1/ 8   6/11/13   0/ 7/10   0/ 1/ 3   0/ 3/11  23/24/24
Feb    0/ 2/ 7   0/ 2/10   8/12/14   0/ 9/13   0/ 3/ 5   0/ 7/13  24/24/24
Mar    0/ 0/ 8   0/ 1/10  10/14/20   1/11/14   0/ 0/ 8   0/ 7/13  23/24/24
Apr    0/ 0/ 8   0/ 0/ 8   7/14/21   0/12/17   0/ 0/13   0/ 5/11  18/24/24
May    0/ 0/ 0   0/ 0/ 1   7/12/20   1/10/17   0/ 1/12   0/ 2/11  17/20/22
Jun    0/ 0/ 0   0/ 0/ 0   7/11/18   0/ 3/17   0/ 0/ 0   0/ 0/ 2  21/19/23
Jul    0/ 0/ 0   0/ 0/ 0   2/ 9/19   0/ 2/18   0/ 0/ 7   0/ 0/ 6  16/16/24
Aug    0/ 0/ 0   0/ 0/ 0   2/10/17   0/ 1/16   0/ 0/10   0/ 0/ 8  17/17/24
Sep    0/ 0/ 8   0/ 1/10   7/13/18   0/11/16   0/ 0/10   0/ 2/ 9  19/24/24
Oct    0/ 5/ 9   0/ 2/11  10/12/16   7/12/14   0/ 5/ 9   0/ 8/12  24/24/24
Nov    0/ 4/ 8   0/ 3/11   9/12/15   5/10/13   0/ 3/ 6   4/10/12  24/24/24
Dec    0/ 3/ 6   0/ 1/ 8   8/11/13   1/ 8/12   0/ 1/ 4   2/ 7/12  23/23/24

day during each month when each major HF band is open 
to the same receiving areas shown in Tables 4-4 and 4-5 
shown in a later section of this chapter. The listing is for 
New England, for three levels of solar activity: Very Low, 
Medium and Very High. The number of hours are separated 
in Table 4-3 by slashes. (Versions of Table 4-3 for other areas 
around the US are on the CD-ROM that accompanies this 
book in Table4-3.pdf.)

Let’s examine the conditions for New England to Europe 
on 15 meters for October. The entry shows “7/11/17,” mean-
ing that for a Very Low level of solar activity, 15 meters is 
open for 7 hours; for a Medium level, it is open for 11 hours 
and for a Very High level of solar activity it is open for 17 
hours a day. 

Even for a Very Low level of solar activity, the month 
with the most hours available per day from Boston to some-
where in Europe is October, with 7 hours, followed by the 

next largest month of March, with 6 hours. For a Very High 
level of solar activity, however, the 15 meter band is open to 
Europe for 18 hours in April, followed by 17 hours avail-
ability in September and October. Arguably, the CQ World 
Wide Contest Committee picked the very best month for 
higher-frequency propagation when they chose October for 
the Phone portion of that contest. 

You can easily see that even at a Very High level of  
solar activity, the summer months are not very good to work 
DX, particularly on east-west paths. For example, the 10 
meter band is very rarely open from New England to Europe 
after the month of April, even when solar activity is at the 
highest levels possible. Things pick up after September, 
even for a Medium level of solar activity. Again, October 
looks like the most fruitful month in terms of the number of 
hours 10 meters is open to Europe under all levels of solar 
conditions.
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Ten meters is open more regularly on north-south paths, 
such as from New England to South America or to southern 
Africa. It is open as much as 10 hours a day during March and 
October to far South America, and 7 hours a day in October 
to Africa — even during the lowest parts of the solar cycle. 
(Together with the sporadic-E propagation that 10 meters 
enjoys during the summer, this band can often be a lot of 
fun even during the sunspot doldrums. You just have to be 
operating on the band, rather than avoiding it because you 
know the sunspots are “spotty!”) 

Now, look at the 20 meter band in Table 4-3. From New 
England, twenty is open to somewhere in South America for 
24 hours a day, no matter the level of solar activity. Note that 
Table 4-3 doesn’t predict the level of signals available; it just 
shows that the band is open with a signal strength greater than 
0 on the S meter. 

Look ahead to Summary Table 4-4 for the predicted sig-
nal strengths in January at a Very Low level of solar activity. 
There, you can see that the signal strength from New England 
into deep South America is always S8 or greater for a big gun 
station. A lot of the time during the night the band sounds 
dead, simply because everyone is either asleep or operating 
on a lower frequency. 

For the 40 meter band in Table 4-3, during the month 
of January the band is open to Europe for 24 hours a day, 
whatever the level of solar activity is. Look now at Table 
4-4, and you’ll see that the predicted level for Very Low solar 
activity varies from S4 to S9. Local QRM or QRN would 
probably disrupt communications on 40 meters in Europe for 
stateside signals weaker than perhaps S3 or S4. Even though 
you might well be able to hear Europeans from New England 
during the day, they probably won’t hear you because of lo-
cal conditions, including local S9+ European stations and at-
mospheric noise from nearby thunderstorms. New England 
stations with big antennas can often hear Europeans on 40 
meters as early as noontime, but must wait until the late 
afternoon before the Europeans can hear them above their 
local noise and QRM. 

Let’s say that you want to boost your country total on 
80 meters by concentrating on stations in the South Pacific. 
The best months would be from November to February in 
terms of the number of hours per day when the 80 meter band 
is open to Oceania. You can see by reading across the line 
for each month that the level of solar activity is not hugely 
important on 80 meters to any location. Common experience 
(backed by the statistical information in Table 4-6) is that the 
80 meter band is open only marginally longer when sunspots 
are low. 

This is true to a greater extent on 40 meters. Thus you 
may hear the generalization that the low bands tend to be 
better during periods of low solar activity, while the upper 
HF bands (above 10 MHz) tend to be better when the sun is 
more active. 

Table 4-3 can give you a good handle on what months are 
the most productive for DXing and contesting. It should be 
no surprise to most veteran operators that the fall and winter 
months are the best times to work DX. 

4.3.2 ELEVATION ANGLES FOR HF 
COMMUNICATION

It was shown in connection with Figure 4.23 that the 
distance at which a ray returns to Earth depends on the 
elevation angle at which it left the Earth (also known by 
other names: takeoff, launch or wave angle). The chapter 
HF Antenna System Design deals with the effects of local 
terrain, describing how the elevation angle of a horizontally 
polarized antenna is determined mainly by its height above 
the ground. 

Although it is not shown specifically in Figure 4.23, 
propagation distance also depends on the layer height at 
the time, as well as the elevation angle. As you can prob-
ably imagine, the layer height is a very complex function 
of the state of the ionosphere and the Earth’s geomagnetic 
field. There is a large difference in the distance covered in a 
single hop, depending on the height of the E or the F2 layer. 
The maximum single-hop distance by the E layer is about 
2000 km (1250 miles) or about half the maximum distance 
via the F2 layer. Practical communicating distances for single-
hop E or F layer work at various wave angles are shown in 
graphic form in Figure 4.29.

Actual communication experience usually does not fit 
the simple patterns shown in Figure 4.23. Propagation by 
means of the ionosphere is an enormously complicated busi-
ness (which makes it all the more intriguing and challenging 

Figure 4.29 — Distance plotted against wave angle 
(one-hop transmission) for the nominal range of 
heights for the E and F2 layers, and for the F1 layer. 
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to radio amateurs, of course), even when the Sun is not in a 
disturbed state. Until the appearance of sophisticated com-
puter models of the ionosphere, there was little definitive 
information available to guide the radio amateur in the design 
of antenna systems for optimal performance over all portions 
of the 11-year solar cycle.

The IONCAP Computer Propagation Model
Since the 1960s several agencies of the US govern-

ment have been working on a detailed computer program 
that models the complex workings of the ionosphere. The 
program has been dubbed IONCAP, short for “Ionospheric 
Communications Analysis and Prediction Program.” IONCAP 
was originally written for a mainframe computer, but later 
versions have been rewritten to allow them to be run by per-
sonal computers. IONCAP incorporates a detailed database 
covering almost three complete solar cycles. The program 
allows the operator to specify a wide range of parameters, 
including detailed antenna models for multiple frequency 
ranges, noise models tailored to specific local environments 
(from low-noise rural to noisy residential 
QTHs), minimum elevation angles suit-
able for a particular location and antenna 
system, different months and UTC times, 
maximum levels of multipath distortion, 
and finally solar activity levels, to name 
the most significant of a bewildering ar-
ray of options. 

While IONCAP has a well-justified 
reputation for being very unfriendly 
to use, due to its mainframe, non-in-
teractive background, it is also the one 
ionospheric model most highly regarded 
for its accuracy and flexibility, both by 
amateurs and professionals alike. It is the 
program used for many years to produce 
the long-term MUF charts available on 
the ARRL web page on Propagation 
(www.arrl.org/propagation).

IONCAP is not well suited for 
short-term forecasts of propagation con-
ditions based on the latest solar indices 
received from WWV. (The model of the 
ionosphere in IONCAP, as well as the 
models in all other propagation predic-
tion programs, is a monthly median 
model.) It is an excellent tool, however, 
for long-range, detailed planning of an-
tenna systems and shortwave transmitter 
installations, such as that for the Voice 
of America, or for radio amateurs. See 
the section later in this chapter describ-
ing other computer programs that can be 
used for short-term, interactive propaga-
tion predictions. 

IONCAP/VOACAP Parameters
The elevation-angle statistical infor- 

mation contained in this section was compiled from thou-
sands of VOACAP runs (an improved version of IONCAP 
developed by scientists from VOA, the Voice of America). 
These runs were done for a number of different transmitting 
locations throughout the world to important DX locations 
throughout the world. See the Bibliography entry for Straw 
on use of propagation prediction software.

Some assumptions were needed for setting VOACAP 
parameters. The transmitting and receiving sites were all as-
sumed to be located on flat ground, with “average” ground 
conductivity and dielectric constant. Each site was assumed 
to have a clear shot to the horizon, with a minimum elevation 
angle less than or equal to 1°. Electrical noise at each receiv-
ing location was also assumed to be very low. 

Transmitting and receiving antennas for the 3.5 to 30-MHz  
frequency range were specified to be isotropic-type antennas, 
but with +6 dBi gain, representing a good amateur antenna 
on each frequency band. These theoretical antennas radiate 
uniformly from the horizon, up to 90° directly overhead. With 
response patterns like this, these are obviously not real-world 

Table 4-4
Boston, Massachusetts, to All of Europe
Elev	 	 80 m	 40 m	 30 m	 20 m	 17 m	 15 m	 12 m	 10 m
  1		  4.1	 9.6	 4.6	 1.7	 2.1	 4.4	 5.5	 7.2
  2		  0.8	 2.3	 7.2	 1.4	 2.8	 2.8	 3.7	 5.3
  3		  0.3	 0.7	 4.3	 3.1	 2.4	 2.2	 4.4	 7.9
  4		  0.5	 4.1	 8.7	 11.6	 12.2	 9.4	 8.1	 3.9
  5		  4.6	 4.8	 7.5	 12.7	 14.3	 13.1	 9.2	 11.2
  6		  7.1	 8.9	 5.5	 9.2	 9.6	 12.2	 9.2	 7.2
  7		  8.5	 6.9	 7.2	 4.6	 7.9	 7.4	 10.0	 5.9
  8		  5.1	 7.0	 5.4	 3.2	 5.9	 7.4	 4.8	 6.6
  9		  3.3	 5.6	 3.2	 3.1	 2.1	 3.9	 8.1	 9.2
10		  1.0	 4.0	 7.9	 6.3	 5.1	 3.7	 11.1	 6.6
11		  1.9	 3.8	 9.7	 10.2	 7.2	 5.4	 3.7	 7.9
12		  5.6	 3.4	 4.8	 8.5	 6.9	 7.4	 4.8	 6.6
13		  11.0	 3.0	 2.4	 4.1	 5.9	 4.6	 3.3	 2.6
14		  7.6	 4.8	 2.0	 2.7	 3.8	 3.9	 6.3	 5.9
15		  5.3	 7.9	 2.0	 1.5	 2.4	 1.7	 1.5	 2.0
16		  2.8	 6.4	 3.8	 2.9	 1.5	 1.3	 2.6	 2.6
17		  5.0	 3.4	 4.5	 3.1	 1.0	 1.5	 0.0	 0.0
18		  4.2	 2.0	 3.1	 3.1	 2.0	 2.2	 1.8	 1.3
19		  5.7	 1.4	 1.4	 2.3	 1.3	 0.7	 0.0	 0.0
20		  6.6	 1.4	 1.2	 1.8	 1.1	 1.3	 0.7	 0.0
21		  4.4	 1.4	 0.5	 0.8	 0.7	 0.7	 0.4	 0.0
22		  2.3	 2.4	 1.0	 1.1	 0.6	 1.3	 0.7	 0.0
23		  1.3	 1.8	 0.1	 0.3	 0.1	 0.0	 0.0	 0.0
24		  0.6	 1.0	 0.5	 0.5	 0.4	 0.7	 0.0	 0.0
25		  0.3	 0.8	 0.3	 0.1	 0.4	 0.0	 0.0	 0.0
26		  0.0	 0.5	 0.7	 0.2	 0.1	 0.4	 0.0	 0.0
27		  0.1	 0.1	 0.1	 0.2	 0.1	 0.2	 0.0	 0.0
28		  0.0	 0.3	 0.1	 0.2	 0.0	 0.2	 0.0	 0.0
29		  0.1	 0.0	 0.2	 0.0	 0.0	 0.0	 0.0	 0.0
30		  0.0	 0.1	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0
31		  0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0
32		  0.0	 0.0	 0.1	 0.0	 0.0	 0.0	 0.0	 0.0
33		  0.1	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0
34		  0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0
35		  0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0

Percentage of time a particular frequency band is open on this specific propagation path. 
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antennas. They do, however, allow the computer program to 
explore all possible modes and elevation angles. 

Looking at the Elevation-Angle Statistical Data
Table 4-4 shows detailed statistical elevation informa-

tion for the path from Boston, Massachusetts, near ARRL 
HQ in Newington, Connecticut, to all of Europe. The data in-
corporated into Table 4-4 shows the percentage of time versus 
elevation angle for all HF bands from 80 meters to 10 meters, 
over all portions of the 11-year solar cycle. The CD-ROM 
accompanying this book contains more tables such as this 
for more than 150 transmitting sites around the world. These 
tables are used by the HFTA program (and earlier YT pro-
gram) described in the HF Antenna System Design chapter 
and can also be imported into many programs, such as word 
processors or spreadsheets. Six important areas throughout 
the world are covered, one per table: all of Europe (from 
London, England, to Kiev, Ukraine), the Far East (centered 
on Japan), South America (Paraguay), Oceania (Melbourne, 
Australia), Southern Africa (Zambia) and South Asia (New 
Delhi, India). 

You may be surprised to see in Table 4-4 that angles 
lower than 10° dominate the possible range of incoming 
angles for this moderate-distance path from New England 
to Europe. In fact, 1.7% of all the times when the 20 meter 
band is open to Europe, the takeoff angle is as low as 1°. You 
should recognize that very few real-world 20 meter antennas 
achieve much gain at such an extremely low angle — unless 
they just happen to be mounted about 400 feet high over flat 
ground or else are located on the top of a tall, steep mountain. 

The situation is even more dramatic on 40 and 80 meters. 
Figure 4.30 shows the “cumulative distribution function” of 
the total percentage of time (derived from Table 4-4) when  
40 meters is open from Boston to the rest of the world, plotted 
against the elevation angle. For example, into Europe from 
Boston, 50% of the time when the band is open, it is at 10° 
or less. Into Japan from Boston, the statistics are even more 
revealing: 50% of the time when the band is open, the angle is 
6° or less, and 90% of the time the angle is 13° or less! 

Figure 4.31 shows the same sort of information for 
80 meters from Boston to the world. For 50% of the time 
from Boston to Europe the elevation angle is 13° or less; at 
the 90% level the angle is 20° or less. For the path to Japan 
on 80 meters from Boston, 50% of the time the angle is 8° 
or less; at the 90% level, the angle is 13° or less. Now, to 
achieve peak gain on 80 meters at an elevation angle of 8° 
over flat land, a horizontally polarized antenna must be 500 
feet high. You can begin to see why verticals can do very 
well on long-distance contacts on 80 meters, even when they 
are mounted over poorly conducting, rocky ground. Clearly, 
low angles are very important for successful DXing.

The Ionosphere Controls Propagation
You should always remember that it is the ionosphere 

that controls the elevation angles, not the transmitting an-
tenna. The elevation response of a particular antenna only 
determines how strong or weak a signal is, at whatever angle 
(or angles) the ionosphere is supporting at that particular 

Figure 4.30 — The cumulative distribution function show-
ing the total percentage of time that 40 meters is open, at 
or below each elevation angle, from Boston to the world. 
For example, 50% of the time the band is open to Europe 
from Boston, it is at 10° or less. The angles for DX work are 
indeed low. 

Figure 4.31 — The cumulative distribution function showing 
the total percentage of time that 80 meters is open, at or 
below each elevation angle, from Boston to the world. For 
example, 50% of the time the band is open to Europe from 
Boston, it is at 13° or less. 

instant, for that propagation path and for that frequency. 
If only one propagation mode is possible at a particular 

time, and if the elevation angle for that one mode happens to 
be 5°, then your antenna will have to work satisfactorily at 
that very low angle or else you won’t be able to communicate. 
For example, if your low dipole has a gain of -10 dBi at 
5°, compared to your friend’s Yagi on a mountain top with 
+10 dBi gain at 5°, then you will be down 20 dB compared 



Radio Wave Propagation    4-35

to his signal. It’s not that the elevation angle is somehow too 
low — the real problem here is that you don’t have enough 
gain at that particular angle where the ionosphere is support-
ing propagation. Many “flatlanders” can vividly recall the 
times when their mountain-top friends could easily work DX 
stations, while they couldn’t even hear a whisper.

Looking at the Data — Further Cautions
A single propagation mode is quite common at the open-

ing and the closing of daytime bands like 20, 15 or 10 meters, 
when the elevation angle is often lower (but not always) than 
when the band is wide open. The lower-frequency bands tend 
to support multiple propagation modes simultaneously. For 
example, Figure 4.32 plots the signal strength (in dBmV) and 
the elevation angle for the dominant mode (with the strongest 
signal) over a 24-hour period from Newington to London in 
October, for a medium-level SSN = 70. The morning opening 
at 10 UTC starts out with a two-hop 2F2 mode (labeled 2F) at 
an elevation angle of 6°. By 11 UTC the mode has changed 
to a three-hop 3F2 (labeled 3F) at a 12° elevation angle. The 
band starts to close down with weaker signals after about  
23 UTC. Note that this path actually supports both 2F2 and 
3F2 modes most of the time. Either mode may be stronger 
than the other, depending on the particular time of day. 

It is tempting to think that two-hop signals always oc-
cur at lower elevation launch angles, while three-hop signals 
require higher elevation angles. In reality, the detailed wor 
22 UTC to 03 UTC, the elevation angles are higher than 11° 
for 2F2 hops. During much of the morning and early after-
noon in Newington (from 11 to 13 UTC, and from 15 to 19 
UTC), the angles are also higher than 11°. However, 3F2 
hops are involved during these periods of time. The number 

Figure 4.32 — Overlay of 20 meter signals and elevation 
angles, together with hop-mode information. This is for one 
month, October, at one level of solar activity, SSN=70, for 
the path from Newington, CT, to London, England. The 
mode of propagation does not closely follow the elevation 
angle. From 15 to 19 UTC the mode is 3F2 hops, and the 
elevation angle is approximately 12°. The same elevation 
angle is required from 23 to 03 UTC, but here the mode is 
2F2 hops. 

Figure 4.33 — October 20 meter signals and elevation an-
gles for the full range of solar activity, from W1 to England. 
The elevation angle does not closely follow the level of so-
lar activity. What is important in designing a station capable 
of covering all levels of solar activity is to have flexibility in 
antenna elevation pattern response — to cover a wide 
range of possible angles. 

of hops is not directly related to the elevation angles needed 
— changing layer heights account for this. 

Note that starting around 15 UTC, the mid-morning  
20 meter “slump” (down some 10 dB from peak signal level) 
is caused by higher levels of mainly D-layer absorption when 
the Sun is high overhead. This condition favors higher eleva-
tion angles, since signals launched at lower angles must travel 
for a longer time through the lossy lower layer. 

How does the situation change with different levels of 
solar activity? Figure 4.33 overlays predicted signals and 
elevation angles for three levels of solar activity in October, 
again for the Newington-London path. Figure 4.34 shows the 
mid-morning slump dramatically when the solar activity is at 
a very high level, represented by SSN = 160. At 15 UTC, the 
signal level drops 35 dB from peak level, and the elevation 
angle rises all the way to 24°. By the way, as a percentage 
of all possible openings, the 24° angle occurs only rarely, 
0.5% of the time. It barely shows up as a blip in Table 4-4. 
Elevation angles are not closely related to the level of solar 
activity. 

IONCAP/VOACAP demonstrates that elevation angles 
do not follow neat, easily identified patterns, even over a  
24-hour period — much less over all portions of the solar 
cycle. Merely looking at the percentage of all openings versus 
elevation angle, as shown in Table 4-4, does not tell the whole 
story, although it is probably the most statistically valid ap-
proach to station design, and possibly the most emotionally 
satisfying approach too. Neither is the whole story revealed 
by looking only at a snapshot of elevation angles versus time 
for one particular month, or for one solar activity level. 

What is important to recognize is that the most effective 
antenna system will be one that can cover the full range of 
elevation angles, over the whole spectrum of solar activity, 
even if the actual angle in use at any one moment in time 
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Figure 4.34 — 10 meter graph of the percentage of all open-
ings versus elevation angles, together with overlay of eleva-
tion patterns over flat ground for three 10 meter antenna sys-
tems. Stacked antennas have wider “footprints” in elevation 
angle coverage for this example from New England to Europe.

Figure 4.35 — 15 meter graph of the percentage of all open-
ings versus elevation angles, together with overlay of eleva-
tion patterns over flat ground for two 15 meter antenna sys-
tems. Like 10 meters, 15 meter stacked antennas have wider 
footprints in elevation angle coverage for this example from 
New England to Europe. 

Figure 4.36 — 20 meter graph of the percentage of all open-
ings from New England to Europe versus elevation angles, 
together with overlay of elevation patterns over flat ground 
for three 20 meter antenna systems. 

may not be easy to determine. For this particular path, from 
New England to all of Europe, an ideal antenna would have 
equal response over the full range of angles from 1° to 28°. 
Unfortunately, real-world antennas have a tough time cover-
ing such a wide range of elevation angles equally well. 

Antenna Elevation Patterns
Figures 4.34 through 4.38 show overlays of the same 

sort of elevation angle information listed in Table 4-4, to-
gether with the elevation response patterns for typical anten-
nas for the HF amateur bands 80, 40, 20, 15 and 10 meters. 
For example, Figure 4.36 shows an overlay for 20 meters, 
with three different types of 20 meter antennas. These are a 
4-element Yagi at 90 feet, a 4-element Yagi at 120 feet and 
a large stack of four 4-element Yagis located at 120, 90, 60 
and 30 feet. Each antenna is assumed to be mounted over flat 
ground. Placement on a hill with a long slope in the direction 
of interest would lower the required elevation angle by the 
amount of the hill’s slope. For example, if a 10° launch angle 
is desired, and the antenna is placed on a hill with a slope of 
–5°, the antenna itself should be designed for a height that 
would optimize the response at 15° over flat ground — one 
wavelength high.

In Figure 4.36, the large stack of four 20 meter Yagis 
over flat ground comes closest to being ideal, but even this 
large array will not work well for that very small percentage 
of time when the angle needed is higher than about 20°. Some 
hams might conclude that the tiny percentage of time when 
the angles are very high doesn’t justify an antenna tailored 
for that response. However, when that new DX country pops 
up on a band, or when a rare multiplier shows up in a contest, 
doesn’t it always seem that the desired signal only comes in 
at some angle your antenna doesn’t cover well? What do you 
do then, if your only antenna happens to be a large stack? 

The answer to this, perhaps unique, high-angle problem 
lies in switching to using only the top antenna in the stack. 
In this example, the second elevation lobe of the 120-foot 
high antenna would cover the angles from 20° to 30° well, 
much better than the stack does. Note that the top antenna by 
itself would not be ideal for all conditions. It is simply too 
high much of the time when the elevation angles are higher 
than about 12°. The experience of many amateurs on the US 
East Coast with high 20 meter antennas bears this out — they 
find that 60 to 90-foot high antennas are far more consistent 
performers into Europe.
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Figure 4.38 — 80 meter graph of the percentage of all open-
ings from New England to Europe versus elevation angles, 
together with overlay of elevation patterns over flat ground for 
dipoles at two different heights. The 200-foot-high dipole clear-
ly covers the necessary elevation angles better than does the 
100-foot-high dipole, although a four-square vertical array lo-
cated over saltwater is even better for all angles needed.

Figure 4.37 — 40 meter graph of the percentage of all open-
ings from New England to Europe versus elevation angles, 
together with overlays of elevation patterns over flat ground 
for a 100-foot high dipole and a large 4-element Yagi at  
160 feet. Achieving gain at very low elevation angles re-
quires very high heights above ground. 

4.3.3 PROPAGATION PREDICTION TABLES
The CD-ROM included at the back of this book includes 

summary and detailed propagation predictions for more than 
150 transmitting locations around the world. This propagation 
data was calculated using CapMAN, an upgraded variety of 
the mainframe propagation program IONCAP. An expanded 
set of tables by N6BV is available from Radioware, www.
radio-ware.com. The predictions were done for default 
antennas and powers that are representative of a “big-gun” 

station. Of course, not everyone has a big-gun station in his/
her backyard, but this represents what the ultimate possibili-
ties are, statistically speaking. After all, if the bands aren’t 
open for the big guns, they are unlikely to be open for the “lit-
tle pistols” too. (CapMAN was offered by Jim Tabor, KU5S, 
of Kangaroo Tabor Software — KU5S became a Silent Key 
in mid-2009, and his software is no longer supported.)

Let’s see how propagation is affected if the smoothed 
sunspot number is 0 (corresponding to a smoothed solar flux 
of about 65), which is classified as a “Very Low” level of so-
lar activity (in terms of SSN, the smoothed sunspot number). 
And we’ll examine the situation for a sunspot number of 100 
(a smoothed solar flux of 150), which is typical of a “Very 
High” portion of the solar cycle. 

Five-Band Summary Predictions
Tables 4-5 and 4-6 are Summary tables showing the pre-

dicted signal levels (in S units) from Boston, Massachusetts, 
to the rest of the world for the month of January. The Boston 
transmitting site is representative of the entire New England 
area of the USA. The target geographic receiving regions  
for the major HF bands from 80 through 10 meters are tabu-
lated versus UTC (Universal Coordinated Time) in hours. 
Table 4-5 represents a Very Low level of solar activity, while 
Table 4-6 is for a Very High level of solar activity. 

Each transmitting location is organized by six levels of 
solar activity over the whole 11-year solar cycle:

 VL (Very Low: SSN between 0 to 20)
 LO (Low: SSN between 20 to 40)
 ME (Medium: SSN between 40 to 60)
 HI (High: SSN between 60 to 100)
 VH (Very High: SSN between 100 to 150)
 UH (Ultra High: SSN greater than 150)

The receiving geographic regions for each frequency 
band are abbreviated: 

 EU 	All of Europe 
 FE  The Far East, centered on Japan 
 SA	 South America, centered on Paraguay
 AF	 All of Africa, centered on Zambia
 AS	 South Asia, centered on India
 OC	 Oceania, centered on Sydney, Australia
 NA	 North America, all across the USA 

These propagation files show the highest predicted sig-
nal strength (in S-units) throughout the generalized receiving 
area, for a 1500-W transmitter and rather good antennas on 
both sides of the circuit. The standard antennas are:

 100-foot high inverted-V dipoles for 80 and 40 meters
 3-element Yagi at 100 feet for 20 meters
 4-element Yagi at 60 feet for 15 and 10 meters

For example, Summary Table 4-5 shows that in January 
during a period of Very Low solar activity, 15 meters is open 
to somewhere in Europe from Boston for only 4 hours, from 
13 to 16 UTC, with a peak signal level between S4 and S7. 
Now look at Table 4-6, where 15 meters is predicted to be 
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Table 4-5
Printout of summary propagation table for Boston to the rest of the world, for a Very Low level of solar activity in the month of 
January. The abbreviations for the target geographic areas are: EU = Europe,  FE = Far East, SA = South America,  
AF = Africa, AS = south Asia, OC = Oceania, and NA = North America.

Jan., MA (Boston), for SSN = Very Low, Sigs in S-Units. By N6BV, ARRL.

           80 Meters              40 Meters              20 Meters              15 Meters              10 Meters

UTC  EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   UTC

 0   9  -  9+ 9  9  -  9+   9  8  9+ 9+ 9  2  9+   -  8  9+ 7  4  8  9+   -  -  -  -  -  -  1    -  -  -  -  -  -  2     0 

 1   9  -  9+ 9  9  -  9+   9  6  9+ 9+ 9+ 6  9+   -  4  9  4  2  6  9+   -  -  -  -  -  -  1    -  -  -  -  -  -  2     1 

 2   9  -  9+ 9+ 8  1  9+   9  6  9+ 9+ 9  8  9+   -  1  8  1  2  3  9+   -  -  -  -  -  -  1    -  -  -  -  -  -  2     2 

 3   9  -  9+ 9+ 8  6  9+   9  6  9+ 9+ 9  8  9+   -  -  8  2  2  -  9+   -  -  -  -  -  -  1    -  -  -  -  -  -  2     3 

 4   9  -  9+ 9+ 1  8  9+   9  8  9+ 9+ 9  9  9+   -  1  8  7  2  -  9+   -  -  -  -  -  -  1    -  -  -  -  -  -  2     4 

 5   9  -  9+ 9+ -  9  9+   9  8  9+ 9+ 8  9  9+   -  1  9  8  2  -  9    -  -  -  -  -  -  1    -  -  -  -  -  -  2     5 

 6   9+ -  9+ 9+ -  9  9+   7  8  9+ 9+ 8  9  9+   -  1  9+ 8  -  -  9    -  -  -  -  -  -  1    -  -  -  -  -  -  2     6 

 7   9  7  9+ 9  -  9  9+   7  8  9+ 9  8  9  9+   -  1  9+ 1  -  1  8    -  -  -  -  -  -  1    -  -  -  -  -  -  2     7 

 8   9  8  9+ 9  -  9  9+   8  9  9+ 9  8  9+ 9+   -  1  9+ -  -  5  9    -  -  -  -  -  -  1    -  -  -  -  -  -  2     8 

 9   8  8  9+ 7  6  9  9+   8  9  9+ 9  9  9+ 9+   -  -  9  1  -  7  9    -  -  -  -  -  -  1    -  -  -  -  -  -  2     9 

10   5  8  9+ 4  6  9  9+   9  9  9+ 9  9  9+ 9+   -  3  9  5  -  6  9    -  -  -  -  -  -  1    -  -  -  -  -  -  2    10 

11   3  8  9+ -  5  9  9+   8  9  9+ 7  9  9+ 9+   5  -  9+ 9  5  1* 8    -  -  -  -  -  -  1    -  -  -  -  -  -  2    11 

12   1  8  9  -  4  9  9+   7  9  9+ 4  8  9  9+   9  5  9+ 9+ 9  2* 8    -  -  5  6  -  -  1    -  -  -  -  -  -  2    12 

13   -  6  1  -  -  7  9+   6  8  9+ 1  8  9  9+   9+ 9  9+ 9  9  7  8    4  -  9+ 9  7  -  1    -  -  -  -  -  -  1    13 

14   -  -  -  -  -  1  9+   5  7  8  -  8  8  9+   9+ 9  9+ 9  9  9  9+   7  2* 9+ 9  9  -  8    -  -  5  -  -  -  1    14 

15   -  -  -  -  -  -  9+   4  6  5  -  6  7  9+   9+ 9  9+ 9  9  9  9+   7  5  9+ 9  2  2  5    -  -  5  -  -  -  -    15 

16   -  -  -  -  -  -  9+   5  6  4  2  5  4  9+   9+ 8  9+ 9+ 9  9  9+   5  1  9+ 8  2* 2  9    -  -  5  -  -  -  1    16 

17   -  -  -  -  -  -  9+   6  5  5  5  6  1  9+   9+ 5  9+ 9+ 3  9  9+   -  -  9+ 9  -  3  9+   -  -  5  -  -  -  1    17 

18   1  -  -  -  -  -  9+   8  6  6  7  6  -  9+   9+ 6  9+ 9+ 4  9  9+   -  -  9+ 9  -  7  9+   -  -  5  -  -  -  1    18 

19   3  -  -  2  -  -  9+   9  7  8  8  8  -  9+   6  6  9+ 9+ 6  9  9+   -  -  9+ 9  -  9  9+   -  -  2  -  -  -  1    19 

20   5  -  7  5  -  -  9+   9  8  9+ 9  8  4  9+   1  7  9+ 9+ 8  9  9+   -  -  9+ 4  -  9  9    -  -  -  -  -  -  1    20 

21   8  3  9  8  6  -  9+   9  8  9+ 9+ 9  7  9+   -  8  9+ 9  8  9  9+   -  -  9+ -  -  9  6    -  -  -  -  -  -  1    21 

22   9  3  9+ 9  8  -  9+   9  8  9+ 9+ 9  5  9+   -  9+ 9+ 9  8  9  9+   -  -  9  -  -  7  1    -  -  -  -  -  -  1    22 

23   9  2  9+ 9  9  -  9+   9  8  9+ 9+ 9  4  9+   -  9+ 9+ 9  5  9  9+   -  1  6  -  -  2  3    -  -  -  -  -  -  2    23 

     EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA

Table 4-6
Printout of summary propagation table for Boston to the rest of the world, for a Very High level of solar activity in  
the month of January. 

Jan., MA (Boston), for SSN = Very High, Sigs in S-Units. By N6BV, ARRL.

           80 Meters              40 Meters              20 Meters              15 Meters              10 Meters

UTC  EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   UTC

 0   9+ -  9+ 9+ 8  -  9+   9+ 5  9+ 9+ 9  -  9+   1  9+ 9+ 9+ 9+ 9  9+   -  9  9+ 2  2  9+ 9+   -  1  8  -  -  8  9+    0 

 1   9+ -  9+ 9+ 8  -  9+   9+ 4  9+ 9+ 9  2  9+   1  9  9+ 8  9+ 9+ 9+   -  3  9  -  7  9+ 9    -  -  -  -  -  4  2     1 

 2   9+ -  9+ 9+ 7  -  9+   9+ 4  9+ 9+ 9  7  9+   1  9  9+ 8  9  9+ 9+   -  -  3  -  -  7  9    -  -  -  -  -  -  2     2 

 3   9+ -  9+ 9+ 1  2  9+   9+ 4  9+ 9+ 9  9  9+   -  7  9+ 7  8  9+ 9    -  -  -  -  -  -  -    -  -  -  -  -  -  2     3 

 4   9+ -  9+ 9+ -  7  9+   9+ 5  9+ 9+ 8  9  9+   -  5  9+ 9  9  9  9+   -  -  1  -  -  -  -    -  -  -  -  -  -  2     4 

 5   9+ -  9+ 9+ -  8  9+   9+ 6  9+ 9+ 7  9  9+   -  5  9+ 9  9  5  9+   -  -  -  -  -  -  -    -  -  -  -  -  -  2     5 

 6   9+ -  9+ 9+ -  8  9+   9+ 7  9+ 9+ 7  9  9+   -  8  9+ 8  9  5  9+   -  -  -  -  -  -  -    -  -  -  -  -  -  2     6 

 7   9+ -  9+ 9+ -  8  9+   9  8  9+ 9+ 7  9+ 9+   -  9  9+ -  7  9  9+   -  -  1  -  -  -  -    -  -  -  -  -  -  2     7 

 8   9  7  9+ 9  -  8  9+   9  8  9+ 9+ 8  9+ 9+   -  9  9+ -  4  9+ 9+   -  -  1  -  -  -  2    -  -  -  -  -  -  2     8 

 9   8  7  9+ 7  -  8  9+   9  9  9+ 9  8  9+ 9+   -  6  9+ -  1  9+ 9+   -  -  -  -  -  -  1    -  -  -  -  -  -  2     9 

10   5  8  9+ 2  3  8  9+   9  9  9+ 8  8  9  9+   4  -  9+ 9+ 1  5  9    -  -  -  -  -  -  -    -  -  -  -  -  -  2    10 

11   1  8  9+ -  4  9  9+   8  9  9+ 5  8  9  9+   9+ 4* 9+ 9+ 7  -  8    -  -  9  9  -  -  -    -  -  -  -  -  -  2    11 

12   -  7  8  -  1  9  9+   6  9  9+ 1  8  9  9+   9+ 9  9+ 9  9  1* 9+   9  8* 9+ 9+ 9  5* -    -  2* 9  9  1  1* 2    12 

13   -  -  -  -  -  2  9+   4  8  8  -  7  9  9+   9+ 9  9+ 9  9  9+ 9+   9+ 7  9+ 9+ 9+ 3* 9    9  5* 9+ 9+ 9  6* 2    13 

14   -  -  -  -  -  -  9+   2  7  4  -  5  8  9+   9+ 9  9+ 8  9  9  9+   9+ 9  9+ 9+ 9+ 9  9+   9  6* 9+ 9+ 9  1* 1    14 

15   -  -  -  -  -  -  9    1  5  -  -  4  5  9+   9+ 9  9+ 9  9  9  9+   9+ 9+ 9+ 9+ 9+ 9  9+   9  5  9+ 9+ 6  6  8    15 

16   -  -  -  -  -  -  8    3  4  -  -  3  1  9+   9+ 8  9  9  9  9  9+   9+ 9+ 9+ 9+ 9  9+ 9+   9  8  9+ 9+ -  8  9    16 

17   -  -  -  -  -  -  8    5  3  -  2  4  -  9+   9+ 8  9+ 9+ 9  9  9+   9+ 9  9+ 9+ 1* 9+ 9+   -  8  9+ 9+ -  8  9+   17 

18   -  -  -  -  -  -  9    7  4  2  5  5  -  9+   9+ 9  9+ 9+ 9  9  9+   9+ 9  9+ 9+ 1  9+ 9+   -  7  9+ 9+ -  9+ 9+   18 

19   1  -  -  1  -  -  9+   8  5  6  8  7  -  9+   9+ 9  9+ 9+ 9  9  9+   -  9+ 9+ 9+ 2  9  9+   -  6  9+ 9+ -  9+ 9+   19 

20   4  -  2  5  -  -  9+   9  6  9  9  8  -  9+   9+ 9  9+ 9+ 9  9  9+   -  8  9+ 9+ 3  9  9+   -  1  9+ 9  -  9  9+   20 

21   7  -  8  7  1  -  9+   9+ 7  9+ 9+ 8  1  9+   8  9  9+ 9+ 9  9  9+   -  6  9+ 9+ 3  9  9+   -  -  9+ 5* -  9+ 9+   21 

22   9  2  9+ 9  8  -  9+   9+ 7  9+ 9+ 9  4  9+   2  9+ 9+ 9+ 9  9  9+   -  9+ 9+ 9  1  9+ 9+   -  5  9+ 4* -  9  6    22 

23   9  -  9+ 9  8  -  9+   9+ 7  9+ 9+ 9  -  9+   1  9+ 9+ 9+ 9  9  9+   -  9+ 9+ 6  -  9  9+   -  7  9+ 2* -  9  2    23 

     EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA   EU FE SA AF AS OC NA
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open to Europe during a period of Very High solar activity 
for 7 hours, from 12 to 18 UTC, with peak signals ranging 
from S9 to S9+. 

Both Tables 4-5 and 4-6 represent snapshots of predicted 
signal levels to generalized receiving locations — that is, they 
are computed for a particular month, from a particular trans-
mitting location, and for a particular level of solar activity. 
These tables provide summary information that is particu-
larly valuable for someone planning for an operating event 
such as a DXpedition or a contest. 

What happens if you don’t have a big-gun station with 
high antennas or the 1500-W power assumed in the analyses 
above? You can discount the S-Meter readings to reflect a 
smaller station:

 Subtract 2 S units for a dipole instead of a Yagi at same 
height on 20/15/10 meters

 Subtract 3 S units for a dipole at 50 feet instead of a Yagi at 
100 feet on 20 meters

 Subtract 1 S unit for a dipole at 50 feet rather than a dipole 
at 100 feet on 40/80 meters

 Subtract 3 S units for 100 W rather than 1500 W
 Subtract 6 S units for 5 W (QRP) rather than 1500 W

 
 
 

20 Meters: Jan., MA (Boston), for SSN = Very High, Sigs in S-Units. By N6BV, ARRL.  

  UTC -->                       
Zone  00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23
KL7 = 01 9+ 9+ 9+ 7 - - - - - - - - - - - 3 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+
VO2 = 02 9+ 9 9 9 9 9 8 7 5 3 2 1 5 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 8 9+
W6 = 03 9+ 9+ 9+ 7 7 1 1 5 8 8 3 - - 1 9 9+ 9+ 9+ 9+ 9 9 9+ 9+ 9+
W0 = 04 9+ 9+ 9+ 8 5 5 5 5 3 2 1 - - 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+
W3 = 05 4 2 2 2 2 2 2 3 3 3 3 2 1 1 8 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9
XE1 = 06 9+ 9+ 7 9 9+ 9+ 9+ 9+ 9+ 9+ 9 8 9+ 9+ 9+ 9+ 9 9 9 9 9+ 9+ 9+ 9+
TI = 07 9+ 9+ 8 9 9 9 9 9 9 9+ 9 9+ 9+ 9+ 9+ 9+ 9 8 9 9 9+ 9+ 9+ 9+
VP2 = 08 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 8 9 9+ 9+ 9+ 9+ 9+ 9 9+ 9+ 9+ 9+ 9+ 9+ 9+
P4 = 09 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9 9 9 9 9+ 9+ 9+ 9+ 9+
HC = 10 9+ 8 9+ 9 9 9 9 9 7 3 1 7 9+ 9+ 9 5 5 5 7 8 9+ 9+ 9+ 9+
PY1 = 11 9+ 9+ 9+ 9 9 9+ 9+ 9 8 6 9 9+ 8 2 1 - - 1 4 8 9 9+ 9+ 9+
CE = 12 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9 8 8 9+ 9 8 2 1 1 - 1 3 7 9 9+ 9+
LU = 13 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 8 8 8 9+ 8 4 2 1 - - 1 4 8 9 9+ 9+
G = 14 - - - - - - - - - - - 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 9+ 8 2 -
I = 15 - - - - - - - - - - 4 9 9 9 9 9 9 9+ 9+ 9 8 2 - -
UA3 = 16 1 1 1 - - - - - - - - 8 9 9+ 9+ 9+ 9 8 5 - - - - 1
UN = 17 1 - - 8 7 7 7 1 - - - 2 9 9 9 6 - - 2 4 8 9 5 4
UA9 = 18 6 7 6 6 9 9 9 7 4 1 - - 8 8 6 6 5 6 7 8 9 9 8 7
UA0 = 19 9+ 9 9 6 5 5 8 8 8 4 - - 2 6 8 8 8 7 4 4 7 9 9+ 9+
4X = 20 8 6 3 1 - 3 4 - - - 1 8 8 8 8 8 9 9 9+ 9 9 8 7 7
HZ = 21 9+ 9 4 3 8 8 2 - - - 1 7 8 9 8 8 9 9 9 9 9 9 9 9
VU = 22 7 5 8 7 6 7 5 - - - - 6 9 9 9 9 3 2 2 2 8 8 9 8
JT = 23 9 9+ 9 5 7 8 8 6 3 - - 2* 8 8 5 6 8 8 8 8 9 7 5 6
VS6 = 24 9 9 9 5 4 5 7 8 6 1 - 1* 5 7 1 1 1 1 4 2 - - - 9
JA1 = 25 9 9 8 7 5 5 8 9 9 6 - 1 1 2 7 7 6 2 - - 7 9 9+ 9
HS = 26 9 9 6 4 2 - - 2 1 - - 2* 9 9 9 9 8 7 5 4 5 - 1* 1
DU = 27 9 8 7 - - - 5 7 7 1 - - 1* 9 9 7 6 4 5 3 1* 1* 8 9
YB = 28 9 8 1 - - - - - - - - 4* 8 9 9 9 8 8 9 9 9 9 9+ 9+
VK6 = 29 3* 4* - - - - - - 5 3 - - - 5 9 9 9 8 9 9 9 9 9 8
VK3 = 30 1* - - - - - 1 3 9 9 4 - - 9+ 9 8 2 1 - - 1 2* 5* 4*
KH6 = 31 9 9+ 9+ 9+ 8 2 2 6 4 - - - - - - - 9 9 8 7 6 4 6 7
KH8 = 32 - 2 9 9 9 5 5 9 9+ 9+ 5 - - 9+ 9 9 8 5 3 1 - - - -
CN = 33 - - - - - - - - - - 9 9+ 9 9 8 9 9 9+ 9+ 9+ 9+ 9+ 9+ 7
SU = 34 9 8 3 3 - 1 4 - - - 2 7 8 8 8 8 9 9 9+ 9+ 9+ 9+ 8 8
6W = 35 9+ 8 - - 2 7 5 - - - 9+ 9+ 8 5 4 3 7 9 9+ 9+ 9+ 9+ 9+ 9+
D2 = 36 9+ 9+ 5 3 9 9 8 - - - 3 - - - - 4 4 7 8 9 9+ 9+ 9+ 9+
5Z = 37 9+ 9 2 4 8 8 1 - - - 2 - - 3 5 5 7 8 9 9 9+ 9+ 9+ 9+
ZS6 = 38 9+ 9+ 8 7 8 9 6 - - - - - - - 1* 1 2 6 8 9 9+ 9+ 9+ 9+
FR = 39 9+ 8 2 1 4 1 - - - - - - - 2* 3* 1* 1 3 8 9 9+ 9+ 9+ 9+
FJL = 40 9+ 9+ 7 4 7 8 7 1 - - - 1* 8 9 9 9 9 9 9 9 9+ 9+ 9+ 9+
Zone  00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23

  UTC -->                       
Expected signal levels using 1500 W and 3-element Yagis at 100 feet at each station.      ANT0837

Figure 4.39 — The 20 meter page from Detailed propagation-prediction for the month of January, during Very High solar con-
ditions, from Boston to 40 CQ Zones throughout the world. There are similar pages for each month/SSN level for 160, 80, 40, 
20, 15 and 10 meters. These Detailed tables are very useful for planning DX operation. 

For example, Table 4-5 predicts an S7 signal into Boston 
from Europe on 15 meters at 14 UTC. If a European station 
is using a dipole at 50 feet, with 100 W of power, what would 
this do to the predicted signal level in Boston? You would 
compute: S7 – 2 S units (for a dipole instead of Yagi) – 3 S 
units (100 W rather than 1500 W) = an S2 signal in Boston. A 
QRP station with a 4-element 15 meter Yagi at 60 feet would 
yield: S7 – 6 S units = an S1 signal in Boston. 

More Detailed Predictions
Let’s now look at table in Figure 4.39, which is the 

Detailed 20 meter page for the same conditions in Table 4-6: 
January at a Very High level of solar activity from Boston 
to the world. There are six such pages per month/SSN level, 
covering 160, 80, 40, 20, 15 and 10 meters. 

In a Detailed prediction table, the world is divided into 
the 40 CQ Zones, with a particular sample location in each 
zone. For example, Zone 14 in Western Europe is repre-
sented by a location in London, England (call sign G), while 
Zone 25 is represented by a location in Tokyo, Japan (call 
sign JA1). Note that Zones with large ham populations are 
highlighted with dark shadowing for easy identification. For 
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example, Zones 3, 4 and 5 cover the USA, while Zones 14, 
15 and 16 cover the majority of Europe. Zone 25 covers the 
big ham population in Japan.

Let’s revisit the example above for computing the signal 
strength for a station in London, but this time on 20 meters. 
Again, we’ll assume that the G station has a dipole at 50 feet 
and 100 W of transmitter power. At 14 UTC in Zone 14, 
the table in Figure 4.39 predicts a very healthy signal for the 
reference big-gun station, at S9+. This is a signal at least S9 
+ 10 dB. Here, we’re going to round off the plus 10 dB to  
2 S units, giving a fictional 11 S units to start. We discount 
this for the smaller station: S11 – 3 S units (for a dipole at 
50 feet instead of a 3-element Yagi at 100 feet) – 3 S units 
(100 W rather than 1500 W) = S5 signal in Boston. This is 
a respectable signal and will probably get through, in the 
absence of stronger signals calling the Boston station at the 
same time, of course. 

Here’s another example of how to use the detailed 
propagation-prediction tables. Let’s say that at 1230 UTC in 
January you work a VU2 station in New Delhi on 15 meters 
from Boston, where the local time is 7:30 AM. You need a 
20 meter contact also for the 5-Band DXCC award, so you 
quickly check the table in Figure 4.39 for Zone 22 (VU) and 

find that the predicted signal strength is S9. Your new VU2 
friend is willing to jump to 20 meters and so you QSY to 
make the contact.

But perhaps you are late leaving for work and so you 
ask your new VU2 friend to make a schedule with you later 
that evening. Again, you consult the Detailed prediction table 
for 20 meters and find that signals are predicted to be S8 or 
stronger from 20 to 23 UTC, dropping to S7 at 00 UTC. You 
quickly ask your new friend whether he minds waking up 
at 4:30 AM his time to make a schedule with you at 2300 
UTC, because New Delhi is 5½ hours ahead of UTC. You 
determined this using the program GeoClock, which runs in 
the background on Windows. GeoClock is a shareware pro-
gram from www.mygeoclock.com/geoclock. Luckily, he’s a 
very gracious fellow and agrees to meet you on a specific 
frequency at that time. 

The detailed propagation-prediction tables give you all 
the information needed to plan your operations to maximize 
your enjoyment chasing DX. You can use these tables to plan 
a 48-hour contest next month, or next year — or you can use 
them to plan a schedule with your ham cousin on the West 
Coast on Saturday afternoon.  

4.4 Propagation Prediction Software

Very reliable methods of determining the MUF for any 
given radio path have been developed over the last 50 years. 
As discussed previously, these methods are all based on the 
smoothed sunspot number (SSN) as the measure of solar 
activity. It is for this reason that smoothed sunspot numbers 
hold so much meaning for radio amateurs and others con-
cerned with radio-wave propagation — they are the link to 
past (and future) propagation conditions. 

Early on, the prediction of propagation conditions re-
quired tedious work with numerous graphs, along with charts 
of frequency contours overlaid, or overprinted, on world 
maps. The basic materials were available from an agency 
of the US government. Monthly publications provided the 
frequency-contour data a few months in advance. Only rarely 
did amateurs try their hand at predicting propagation condi-
tions using these hard-to-use methods.

Today’s powerful PCs have given the amateur wonderful 
tools to make quick-and-easy HF propagation predictions, 
whether for a contest or a DXpedition. The summary and 
detailed prediction tables described earlier in this chapter 
were generated using CAPMan, a modernized version of the 
mainframe IONCAP program, on a PC. (Capman is no longer 
available.)

While tremendously useful to setting up schedules and 
for planning strategy for contests, both the Summary and 
Detailed prediction tables located on the CD-ROM accompa-
nying this book show signal strength. They do not show other 
information that is also in the underlying databases used to 
generate them. They don’t, for example, show the dominant 

elevation angles and neither do they show reliability statis-
tics. You may want to run propagation-prediction software 
yourself to get into the really “nitty-gritty” details. 

Modern programs are designed for quick-and-easy 
predictions of propagation parameters. See Table 4-7 for a 
listing of a number of popular programs. (A collection of 
propagation prediction software is also available at astrosurf.
com/luxorion/qsl-review-propagation-software.htm.) The 
basic input information required is the smoothed sunspot 
number (SSN) or smoothed solar flux, the date (month and 
day), and the latitudes and longitudes at the two ends of the 
radio path. The latitude and longitude, of course, are used to 
determine the great-circle radio path. Most commercial pro-
grams tailored for ham use allow you to specify locations by 
the call sign. The date is used to determine the latitude of the 
Sun, and this, with the sunspot number, is used to determine 
the properties of the ionosphere at critical points on the path.

Of course, just because a computer program predicts that 
a band will be open on a particular path, it doesn’t follow that 
the Sun and the ionosphere will always cooperate! A sudden 
solar flare can result in a major geomagnetic storm, taking out 
HF communication anywhere from hours to days. There is 
still art, as well as a lot of science, in predicting propagation. 
In times of quiet geomagnetic activity, however, the prediction 
programs are good at forecasting band openings and closings. 

4.4.1 SOLAR ACTIVITY DATA
Our propagation prediction programs were developed 

based on the very high correlation between a smoothed solar 
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Table 4-7
Features and Attributes of Propagation Prediction Programs
	 ASAPS	 VOACAP	 ACE-HF	 W6ELProp	 PropLab Pro	
	 V. 6	 Windows	 	 V. 2.70	 V. 3
User Friendliness	 Good	 Good	 Excellent	 Good	 Poor**
Operating System	 Windows	 Windows	 Windows	 Windows	 Windows
Uses k or A index	 No*	 No	 No	 Yes	 Yes
User library of QTHs	 Yes	 Yes	 Yes-RX	 Yes	 No
Bearings, distances	 Yes	 Yes	 Yes	 Yes	 Yes
MUF calculation	 Yes	 Yes	 Yes	 Yes	 Yes
LUF calculation	 Yes	 Yes	 Yes	 No	 Yes
Wave angle calculation	 Yes	 Yes	 Yes	 Yes	 Yes
Vary minimum wave angle	 Yes	 Yes	 Yes	 Yes	 Yes
Path regions and hops	 Yes	 Yes	 Yes	 Yes	 Yes
Multipath effects	 Yes	 Yes	 Yes	 No	 Yes
Path probability	 Yes	 Yes	 Yes	 Yes	 Yes
Signal strengths	 Yes	 Yes	 Yes	 Yes	 Yes
S/N ratios	 Yes	 Yes	 Yes	 No	 Yes
Long-path calculation	 Yes	 Yes	 Yes	 Yes	 Yes
Antenna selection	 Yes	 Yes	 Yes	 Indirectly	 Yes
Vary antenna height	 Yes	 Yes	 Yes	 Indirectly	 Yes
Vary ground characteristics	Yes	 Yes	 Yes	 No	 No
Vary transmit power	 Yes	 Yes	 Yes	 Indirectly	 Yes
Graphic displays	 Yes	 Yes	 Yes	 Yes	 2D/3D
UT-day graphs	 Yes	 Yes	 Yes	 Yes	 Yes
Area Mapping	 Yes	 Yes	 Yes	 Yes	 Yes
Documentation	 Yes	 On-line	 Yes	 Yes	 Yes
Price class	 AUD $375 	 $89	 free	 free	 $240

Price classes are for mid-2011 and subject to change.
ASAPS - www.ips.gov.au/Products_and_Services
VOACAP - www.voacap.com
ACE-HF - elbert.its.bldrdoc.gov/hf.html
W6ELProp - www.qsl.net/w6elprop
PropLab Pro - www.spacew.com/www/proplab.html

*Uses T-inssdex available from IPS.
**Proplab Pro is more of a propagation analysis program, and a good understanding of the ionosphere is needed to use it properly.

index (originally the smoothed sunspot number, but equally 
good is the smoothed solar flux) and monthly median iono-
spheric parameters. Thus to use our prediction programs 
properly, you must use a smoothed solar index and under-
stand that the outputs (usually signals strength and MUF) are 
statistical in nature over a month’s time frame.

Future smoothed solar indices are available at www.
swpc.noaa.gov/ftpdir/weekly/Predict.txt. The “Predicted” 
values at this web site for both indices are most likely what 
you should use. The “High” and “Low” values give the upper 
and lower boundary of the predicted parameter. If the solar 
activity is greater than expected, use the “High” value. If the 
solar activity is lower than expected, use the “Low” value.

Using the daily 10.7 cm solar flux or the daily sunspot 
number doesn’t provide a more accurate picture of propaga-
tion. This comment is true even when including the K or A in-
dex. The reason for this is the significant day-to-day variation 
of the ionosphere, especially the F2 region. The F2 region 
varies on a day-to-day basis not only due to solar ionizing 
radiation, but due to events in the lower atmosphere coupling 
up to the ionosphere and due to a more complicated response 

to the K and A indices than a single value.
Using values of 10.7 cm solar flux averaged over 7 days 

or even longer (3 months, for example) will drive the pre-
diction results more towards how they were intended to be 
used — with a smoothed solar index. These results will be 
better than using a daily solar index, but there will still be a 
discrepancy between the index used and what the ionosphere 
is doing.

Historical smoothed sunspot numbers are available at  
f t p : / / f t p . n g d c . n o a a . g ov / S T P / S O L A R _ DATA /
SUNSPOT_NUMBERS/INTERNATIONAL/smoothed/
SMOOTHED, and are plotted in Figure 4.40 starting with 
Cycle 19 and including the current prediction for Cycle 24 at 
the time of writing (April 2011).

For the most current data on what the Sun is doing, 
National Institute of Standards and Technology stations 
WWV and WWVH broadcast information on solar activity at 
18 and 45 minutes past each hour, respectively. These propa-
gation bulletins give the solar flux, geomagnetic A-Index, 
Boulder K-Index, and a brief statement of solar and geomag-
netic activity in the past and coming 24-hour periods, in that 
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Figure 4.40 — Historical and predicted smoothed sunspot 
numbers for Cycles 19 through 24. 0

 50

100

150

200

30Sep02 01Oct02 02Oct02 03Oct02 04Oct02 05Oct02 06Oct02

Date (GMT)

SS
N e

 (
so

lid
 c

ur
ve

s)
 o

r
R

M
S

f o

e )
Heavy lines:  24hr SSNe Light lines:  06hr SSNe

[foF2 data provided by NOAA/SEC]

[C
opyright 2003, N

orthw
est R

esearch A
ssociates, Inc.]

ANT0839

order. The solar flux and A-Index are changed daily with the 
2118 UT bulletin, the rest every three hours — 0018, 0318, 
0618 UT and so on. On the web, up-to-date WWV informa-
tion can be found at: ftp://ftp.swpc.noaa.gov/pub/latest/
wwv.txt or on the NOAA web page www.swpc.noaa.gov. 

Some other useful web sites are: dx.qsl.net/propaga-
tion, www.dxlc.com/solar, and hfradio.org/propagation.
html. The Solar Terrestrial Dispatch page contains a wealth 
of propagation-related information: www.spacew.com. 
You may also access propagation information on your local 
PacketCluster. Use the command SH/WWV/n, where n is the 
number of spots you wish to see (five is the default).

Another excellent method for obtaining an “equivalent 
sunspot number” (SSNe) is to go to the Space Weather site of 
Northwest Research Services: www.nwra-az.com/spawx/
ssne24.html. NWRA compares real-time ionospheric sound-
er data around the world with predictions using various levels 
of SSN looking for the best match. They thus “back into” 
the actual effective sunspot number. Note that this is neces-
sarily a best fit of ionospheric sounder data to an equivalent 
sunspot number — it’s not a perfect fit for all the data due 
to the dynamic hour-to-hour variability of the worldwide F2 
region. Figure 4.41 is a typical NWRA graph, which covers 
the week ending 6 October 2002. Note the sudden decrease 
in SSNe after a geomagnetic storm depressed SSNe by more 
than 50%. 

The A-Index
The WWV/WWVH A-Index is a daily figure for the 

state of activity of the Earth’s magnetic field. It is updated 
with the 2118/2145 UT bulletin. The A-Index tells you 
mainly how yesterday was, but it is very revealing when 
charted regularly, because geomagnetic disturbances nearly 
always recur at four-week intervals. 

The K-Index
The K-Index (new every three hours) reflects Boulder 

readings of the Earth’s geomagnetic field in the hours just 
preceding the bulletin data changes. It is the nearest thing to 
current data on radio propagation available. With new data 
every three hours, K-Index trend is important. Rising is bad 

Figure 4.41 — Effective Sunspot Number (SSNe) produced 
by NWRA. Note the large drop in effective SSN due to a geo-
magnetic storm commencing Oct 1, 2002.

Figure 4.42 — Typical plot of planetary K index, Kp. Also 
included are plots of proton flux (from big solar flares), 
electron flux (a flat line means minimal geomagnetic field 
activity), and GOES Hp (another indicator of geomagnetic 
field activity). (Courtesy NOAA/SWPC)

news; falling is good, especially related to propagation on 
paths involving latitudes above 30° north. Because this is a 
Boulder, Colorado, reading of geomagnetic activity, it may 
not correlate closely with conditions in other areas. 

The K-Index is also a timely clue to aurora possibili-
ties. Values of 4, and rising, warn that conditions associated 
with auroras and degraded HF propagation are present in 
the Boulder area at the time of the bulletin’s preparation. A 
NOAA web site that carries up-to-date planetary Kp data is 
www.swpc.noaa.gov/today.html#satenv. Figure 4.42 is a 
plot of Kp along with three other parameters from satellite 
observatories.
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