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An atmospheri c du ct is defined as occurring when geometrical optics indicate t hat a 
radio ray leavin g the transmitter and passing upwards t hrough the atmosphere is suffi cient ly 
refr acted that it is traveling parallel to t he ear t h's surface. Maximum observed incidence 
of ducts was determined as 13 percent in t he tropics, 10 per ce nt in the ar ctic and 5 percent 
in the temperate zone by analysis of 3 to 5 years of r adioso nde data for a tropical, temperate, 
an d arctic location. Annual m aximums are observed in t he winter for t he arctic and 
summer for t he tropics. The arctic ducts arise from ground-based temperature inversiofls 
with the gronnd temperature less than - 25 ° C while the tropical ducts are observed to 
occur with slight t emperature and humidity lapse when the surface te mperature is 30 ° C and 
greater. 

1. Introduction Thus trapping occurs when the ray IS traveling 
parallel to the earth, i.e., cos Oa= 1 and 

The author has recently had cause to investigate 
the limitations placed upon ray tracing of vhf-uhf 
radio waves by the occurrence of atmospheric 
ducts [1] .1 Ducting is defined as occurring when a 
radio ray originating at the earth's surface is suffi
ciently r efracted during its upward passage through 

\ the atmosphere so that it either is bent back towards 
the earth's surface or travels in a path parallel to the 
earth's surface. Although the proper treatmen t of 
ducting involves consideration of the wave equation 
solution [2] rather than a simple ray treatmen t, the 
present study will be based upon a geometrical 
optics definition of the limi ting case in which ray 

'- traci.ng techniques may b e used . This simple 
( criterion is then appl ied to several years of radio

sonde observations from stations typ ical of arctic, 
tempera te and tropical climates to derive e timates 
of the variation of the occurrence of radio ducts with 
climatic conditions. 

2. Background 

The property of the atmosphere basic to radio-ray 
tracing is the gradient of the radio refractive index 
of the atmosphere, n. For standard conditions near 
the surface of the earth n is a number of the order 
1.0003 and its gradient is about 40 X 10- 6 p er kilo
m eter. It is instructive to consider the order of mag
nitude of refractive index gradient n eeded for trap-

L ping for several commonly observed refractive index 
t profiles. Snell 's law may b e written, for cylindrical 
I coordinates, 

(1 ) 

where 0 is the elevation angle made b y the ray at the 
point under consideration . The subscripts t and d 

( refer to the values of the variables at the transmitter 
h eight and th e top of the trapping layer respectively . 

-This work was partially sponsored by task 31 of the U. S. Navy Weather 
I Research FaCili ty, Norfolk, Va. 
I 1 Figures in brackets indicate the literature references at the end of this paper. 
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(2) 

The angle of penetration at the transmitter, Op, found 
by setting 

(3) 

divides the ray family into two groups since all ray 
of 00 ::; Op arc trapped within the duct and those rays 
of Oo> Op are not. The n gradientlfor a given value 
of Op is then given by 

f:.n nt - nd -=- - - , 
f:.r ra - rt 

(4) 

wher e, for the ducting case, na must satisfy (3), i.e ., 

(5) 

By rewriting (6), 

(7) 

( f:.h) -I and expanding 1 +~ and cos Op one obtains the 

eJi.'})ression 

(8) 

04 (1)2 by neglecting terms of the order 41 and r; . 



For the case of ep=o and the transmitter at sea 
level, (8) reduces to 

Lln n 1 . 
-A=-~-~157 N umts/km. J..J.r a a 

(9) 

using a= 6,373 km and N =(n- l) 106• Note that 
the n gradient is referred to here and hereafter as 
parts per million, or in popular parlance, N units. 

It is seen from (8) that the n gradient necessary 
to trap a radio ray at a given value of ep is practically 
independent of transmitting antenna height above 
the earth. For example, a ep=o ray will be trapped 
by an n gradient of - 157.0 N units/km at sea level 
when ne= 1.0003 while the necessary n gradient at 
3 km above sea level will be - 156.9 N units/Ian 
for an ne= 1.0002, thus indicating, for all practical 
applications, that the necessary n gradient for 
trapping is independent of altitude. Further, by 
considering the temperature and humidity gradients 
encountered in the troposphere one is led to the 
conclusion that ducting gradients would not be 
expected to occur at heights greater than 3 km above 
the earth's surface. In fact, Cowan's [3) investigation 
indicates that trapping gradients are nearly always 
confined to the first kilometer above the surface. 

A consideration of (8) indicates that the mag
nitude of the negative gradient necessary for ducting 
is l /a for eo=o but is increased by the amount 
n e8p 2/2Llh for other values of 8p • The gradients 
necessary for atmospheric ducts as a function of 
eo are given for several different but typical n profiles 
in figure 1. An analysis of radiosonde data in
dicates that gradients in excess of 500 N units/km 
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FIGURE 1. R efractivity gradients needed for radio ducts. 

10 

30 

are seldom indicated within atmospheric layers. 
Note how rapidly the necessary gradients increase 
to the approximate upper limit of gradients derived 
from radiosonde observations; a ground-based layer 
100-m thick attains this gradient at 8.3 milliradians 
while the maximum observed gradient is intercepted 
by the 30-m layer curve at 4.5 milliradians of eo. A 
third example was calculated for an elevated layer 
0.5 km above the ground and 100-m thick by as
suming normal refraction between the ground and 
the base of the layer and solving for the necessary 
ducting gradient within the layer. The large values 
of the n gradient necessary for this case indicate 
that elevated ducts would rarely be observed. 
Although the preceding examples were calculated 
for a ground transmitter, the combinations of ep , 

Lln/Llh, and Llh are very nearly the same as would 
be obtained for any other transmitter height within 
the first 3 km above the surface. 

3. Description of Observed Ground-Based ~ 
Atmospheric Ducts 

Radiosonde data were examined for the occurrence 
of ducts. Three consecutive years of data were 
analyzed for the months of February, May, August, 
and November at each of three Weather Bureau 
stations. The three stations were chosen to repre
sent a range of climates: Fairbanks, Alaska for an 
arctic climate, Washington, D. C., for a temperate 
climate and Swan Island, West Indies, as an example 
of a tropical climate. The procedure used to de
termine the occurrence of a radio duct was to: 

(a) D etermine tbe value of N from the expres-
sion [4) < 

N=(n_1)106=7~6 (p+4810iRH} (10) 

where P is the station pressure in millibars, RH is 
the percent of the saturation vapor pressure, e" in 
millibars at the absolute temperature, T, in degrees 
Kelvin; 

(b) note all instances when the N gradient " 
equaled or exceeded the minimum ducting gradient 11 

indicated by (9), i.e. , 

!:J.n n 1 . 
- - =- ,,-,-=157 Numts/km' 

!:J.r a a ' 
(11) 

(c) if, for the instances selected by (b), J 

(2) I 
where re = a, then the duct, was said to trap rays 
from an antenna resting on the surface of the 
earth. Further, under this condition the particular .~ 
duct would trap all rays from eo=o up to the angle I 
of penetration, 

(12) i 

I 
r 



Th.e ducts selected by procedure (a) th.rough (c) are 
defined as ground-based ducts . Statisties of ground
based ducts are given below. 

The percentage occurrence of ducts is shown on 
figure 2. The maximlUl1 occurrences of 13. percent 
for August at Swan I sland and 9.2 percent for 
Fairbanks in F ebruary are sig nificantly grea ter than 
the values observed at other times of the year. The 
\Vashington daLa display a summ ertime maximum 
of 4.6 pereent indica ting the temperate zone maxi
mum incidence is about one-balf Lhe wintertime 
maximum incidence in the arctic , and about one-t hird 
of the summertime tropical maximum. 
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FIGUllE 2. F r-equency of occur-rence of ground-based ducts. 

The range of values of Op observed are shown in 
figure 3. The mean value calculated for each 

, month as well as the maximum and mean values 
of 0,) observed for the limiting cases are given for 
each mon th and location . The mean value of the 
angle of penetration under these conditions is between 
2 and 3 milJiradians and appears to be independ ent 
of climate. The maximum value of Op observed 
dming ducting is 5.8 miUiradians. 

The refractivi ty gradients observed during ducting 
are given on figure 4. The maximum gradient of 
420 N units/lnll was observed dming February at 
Fairbanks, Alaska. The mean values of N gradient 
appear to follow a slight climatic trend from a high 
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F I GU R E 3. A n gle oj penetmtion of g1·ound-based ducts . 

value of 230 N units/km at Fairbanks to a value 
of 1 ()O N u ni ts/km at Swan I sland. 

Anoth er proper ty of radio ducLs is their t hickness 
which i given in figure 5. Ao-ain there is observed 
a slig h t climatic trelld as the median t hi ckness 
increases from 66 m at Fairbanks to 106 m at Swan 
Island. These values of thickn ess correspond to 
the gradients given in figure 4. Th e steepne s of tbe 
distribution curve for Washingloll appears to be du e 
lo a mixture of N profile Lypes that give rise to 
ground-based du cts. The thiekes t ducLs at Wash
ington are actually elevated layers accompanied by 
a relatively small N gradienL between t lte ground 
and the base of Lhe layer. This is in CO il trast to 
the Fairbanks aucl Swa n I sla nd profiles wb ieh tend 
Lo be composed of a single ducting grad ient from 
lhe surface to th e top of th e ducl. 
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FIGU RE 5. Observed ground-based d1lct thickness , 

One may obtain ye t anoth er thickness by linearly 
extrapolating to obtain the height at which th e 
gradien t is equal to - } /a, tha t is, the height cor
responding to t he gradien t just sufficient to trap the 
ray at 80 = 0. These values, shown in figure 6, dis
play an increase in the median thickness of about 
25 percent for Swan I sland , 100 percent for 'Wash
ington, and 200 percent for F airbanks, which results 
in a reversal of the climatic trend of the observed 
thickness between F airbanks and Swan I sland . 
This increase in height emphasizes the information 
of the preceding figures, namely, Fairbanks is 
characterized by shallow layers with relatively 
intense gradients. 

These maximum duct wid ths may be used to 
es timate the minimum frequencies that are trapped 
by reference to a ducting theory that assumes a 
lineal' decay of refractive index wi thin the duct 
such as that given by K err [5] where the maximum 
wavelength, A, trapped by a given thi ckn ess, d, is 
given by 

(13) 

wh ere c is a constan t and 'Y is a function of the n 
gradien t excoss over the minimum value of !::"N /!::,.H 
= 1 /0.. If Amax is to be expressed in centim eters, d in 
meters and 

(14) 

then 
c= 2.514 X 102. 

By the use of (1 3) the minimum frequ en cies 
trapped during ducting conditions were es timated for 
t he maximum duct thicknesses of figure 6. These 
values, given in t able 1, were determined for th e 
month with tho maximum occurrence of ducts, thus 
allowing an cstimate of the radio frequencies likely 
to be effected by ducting conditions. No te, for 
example, tha t tho data of table 1 indicate tha t 500-M c 
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F IGU R E 6. Maximum around-based duct thickness . 

rays will be trapped by 50 percent of t he ducts 
regardless of location . 

The reader is cautioned tha t an atmospheri c duct 
does not have the sharp boundaries of a metallic 
waveguide and thus the minimum jrequenci~s given 
by table 1 do not represent cutoff frequen cIes but, 
as K err is so careful to emphasize, merely yields a 
suggested lower limit of the frequencies strongly 
affected by the duct under the assumptions of this 
rudimentary theory. 

T A BLE l. Estimated mininHlm fr equency tra pped at 00 = 0 

Station l\1in imum frequency in megacyc1 es trapped by the-
indicated percen tage of dUCLS 

Fairbanks, Alaska (Feb· 95% 90% 75% 50% 25% 10% 5% 
ruary) _ ... _ .. _. _____ ._ .. 1,500 1, 300 1, 200 890 690 490 435 

Washin gton, D.C. (Au· 
gust) . __ . _. __ .. __ . ___ . _._ 4, 300 3, 000 1, 100 600 270 180 150 

Swan Island, West Indies 
(Angust) . __ ___ . ____ __ . __ 2, 500 1,300 725 500 365 325 225 

4 . Temperature and Humidity Distributions 
Associated with Ground-Based Ducts 

i 
~ 

The temperature and humidity structure within 
ground-based ducts appears to be somewhat differen t ( 
from that normally encountered in the a tmosphere. 
This departure from the normal structure is an aid in 
distinguishing the different atmospheric mechanisms 
that give rise to ducts as well as helping the mete
orologist forecast ducting from his experien ce with 
the normal meteorological variables. 

The temperat ure and humidity structure of the 
a tmosphere during ducting conditions may be 
evalua ted by noting that N is composed of a term 
propor tional to the air density, D , plus a t erm 
involving the partial pressure of water vapor, W . 



Th ese compon enLs are given by 

D = 77.6 P 
'1 ' -, (15) 

a nd 
TV 3 .73 X~~5es RTl. (16) 

The gradicnL, t::,N, wiLh respecL Lo height ma.\' Lhen 
be ex pressed : 

(17) 

Average values of t::,N, t::,D , a nd t::,1IfT are given for 
twoin crell1 en ls between t llC earth's surface and 1 km 
above sea level for Fairbanks, Alaska, Washington , 
D .C., and Swan I sland , W.I. , in table 2. These 
data were determined from the Weather Bureau 
publi caLion on long term mean upper air data [6]. 

T AB LE 2. Gmdient of N, D, and W (N units /km) 

F ebruary Aug us t 
Station Il cL~h t inc r~ment I __ ~_~_II ____ ~ __ 

-AN -AD -A IV - AN - AD - A IV 

------1------1------------
F airbanks, Alaska_ sur race to 0. 5 kill 37 4t -4 31 27 4 

0.5 kill to 1.0 kill 35 35 0 36 24 12 

W ashington, D. C __ surrace to 0.5 km 41 34 7 60 28 32 
0.5 kill to 1.0 kill 30 26 4 46 24 22 

Swan Island, " rest sur race to 0.5 kill 39 24 15 47 26 21 
Ind ies _____ 0.5 k ill to 1.0 k ill 58 24 34 66 24 42 

Several general observations may be made of the 
data of table 2. The gradi en t of t he dry term is 
relatively less variable than t hat of the wet term 
wh en considered as a fun ction of season or height; 
t he increase of t::,N from win tel' to summer at a 
particula r location or from arctic to tropical climate 
at a given time is most strongly refl ected in t::, TV 
rather Lhan ill t::,D. T he m arked increa e of grad ient 
with heigh t for Swan T sland refl ects the drop of 
refracLivity across t he in ted ace of the tr ade wind 
inversion wbere dry subsidin g air overlies th e moist 
oceanic surface layer. Note , however , t hat in all 
cases the average N grad ient is significantly less 
t han the - 157 N uni ts/km needed for du cting. 

Examples of the temperature and humidity 
structures within ducts typical of each of our three 
cl imates are shown in figure 7. Th e F airbanks du ct 
is accompanied by a surface temperature of - 25 0 C 
with a strong temperature inversion and a slight 
h umiclity lapse indicating temperature inversions 
associated with wintertime cooling of t he air next to 
t he ground. The Washin gto n example appears to be 
typ ical of the temperate-zone temperature inversion. 
The Swan Island profile, however , shows a moderate 
lapse of both temperature a,nd hum idity. This 
a pparent con trae! ieLion is expla ined . b.v the strong 
lapse in vapor press ure associated wit h the moderate 
lapse in temperat ure when Lhe ini tial temperature is 
Ileal' 30 0 C. The stron g vapor pressure lapse 
presumably arises from evaporat ion off the sea 
s urface. Th is effect was furth er examined by study
ing t he percentage of the total N gradient of each 
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duct that was contributed by the gradient of the 
dry and wet terms. The median co ntribu tion of the 
dry term gradien t, summarized in table 3, displays 
strong seasonal and geographic difrel'ence . The 
dry term contribution decreases from s ummer to 
win ter and from arctic to tropical climate. The 
Swan I sland ducting grad ients are at least 90 
percent du e to humidity lapse, while the Fail'banks 
wintertime maximum is due to the strong tempera
ture inversion associated with very low s urface 
temperatures. In fact , under these conditions at 
Fairbanks the vapor pressure actually increases with 
height with t he r esult that the dry term contribu tes 
more than 100 percent of the ducting gradient. 

TAB L E; 3. M edian contribution of L\D/MI to L\N/L\H for 
ducting conditions 

F a irbanks W ashington, Swan I sl and 

F e brua r y _______________ __ .. _______ _ 
M ay __ __ _____ ___________ __ _ __ _ 
Augus L ~ _____ _____________ • ___ ._. __ 
)[ovcmbCI" __ ______ . _____ . ________ _ 

% 
lO3. 0 
40.5 
37. 0 
62. 0 

D.C. 

% 
73.0 
33.5 
26.5 
55. 0 

% 
9.5 
2. 0 
4. 5 
6. 0 

The data for ·Washington, D. C. , however , appears 
Lo indicaLe that temperate zone du cting arises from 
a mix tlll'e of the arctic and tropic mechanisms de
penden t upon the season. It appears that the 
wintertime ducts in the temperate zone are of the 
clr:\~-term arctic type wbile the summertime ducts are 
of the tropical humidity -lapse variety. 
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5. Conclusions 

The results given above were derived from a con
sideration of radiosonde data. Although the radio
sonde is not an extremely sensitive instrument, it is 
readily available and forms the only source of cli
matic information involving the temperature and 
humidity structure of the atmosphere. It is be
lieved that the radiosonde data will at least yield 
information as to the climatic trend of radio ducts 
as well as their probable temperature and humidity 
distributions. Further, it is evident that the choice 
of stations may affect the actual percentage of ducts 
observed. For example, it is certain that a greater 
percentage of ducts would be observed over water 
in the sub tropics than over Swan Island. Indeed, 
the kite soundings of the Meteor Expedition [7] indi
cate about a 50-percent incidence or dueting gradients 
(but not necessarily ground-based ducts) between 6° 
and 20° N latitude and between 9° and 30° S latitude. 

,iVith these reservations in mind, the present study 
has shown: 

(a) Limiting layers occur no more than 15 percent 
of the time. 

(b) The annual cycle of the incidence of limiting 
layers is reversed for the arctic and tropical statiolls 
studied. The arctic station has a wintertime maxi
mum and the tropic station a summertime maximum. 
The temperate station has a summertime maximum 
incidence of less than 5 percent. 

(c) The maximum angle of penetration observed 
is 5.S milliradians with a mean value of about 3 
milliradians. 

(d) The maximum observed lapse rate of N is 
- 420 N units/km. 

(e) The maximum thickness of observed limi ting 
layers is such as to trap radio waves with frequellcies 
greater than about 500 Mc at all locations for at least 
50 percent of the observed ducts. 

(f) The limiting layers in the arctic appear to be 
associated with temperature inversions at ground 
temperatures of - 25° C or less; temperate zone, with 
the common radiation inversion and accompanying 
humidity lapse; tropics, with a moderate temperature 
and humidity lapse for temperatures of about 30° C. 

One may wonder how much the above conclusions 
are affected by the choice of the antenna height 
11,1 = 0. This question may be partially answered by 
a consid eration of the climatic occurrence of ducting 
gradients with respect to height. Cowan's analysis 
of ducting gradients has shown that such gradients 
may be found in as many as 40 percent of the ob
servations during some months at some locations. 
This same study indicates that the majority of 
ducting gradients are observed within the first kilo
meter above the earth and that theincidenceof ducting 
gradients decreases rapidly with increasing height 
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becoming negligible for heights in excess of 3 km. 
The inference of these data is that the ground-based 
duct statistics are representative of maximum condi
tions and that the effects of ducts will be negligible 
above 3 km. 

If, on the other hand, a climate is such that ele
vat.ed ducts consistently form at some altitude then \ 
the ~hoice o~ a?tenna height would definitely bias the 
ductmg s~atlstlcS . For example, during the summer 
~t San DIego and Oakland, Calif. , an elevated duct 
IS observed for 37 to 54 percen t of the observations 
lS] with an average base 0.55 km above the surface 
an ayerage thickness of 0.275 km. and an averag~ 
gradIent of 195 N ul1lts/km. ThIS elevated duct 
would not trap anv rays if 11,1= 0. If how-ever the 
antennas were loc3:ted at the base of 'the duct (hl= 
0.55 km) then all rays of eo < 12 milliradians would 
be trapped. The angle of perretration would become 
less with increasing distance of the antenna below 
the base of the duct becoming zero ",,-hen hI is 375 m 
below the duct base. 

In any case encountered in practice, however, one 
should either determine the duct incidence for any 
particular combination of an tel1l1a height and climate 
or consider the above statistics to be indicative of the 
relative climatic distribution of radio ducts. 

The author expresses his gratitude to G. D. Thayer ~ 
for the preparatIOn of an electronic digital computer I 
program, to Mrs. B . J. Weddle and Miss M . F. Auer 
fOl: aiding in tl:e calculations of this paper, and to 
MISS G. Hoffmlre for the preparation of t he m:lI1u
script. 
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