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AN ANALYSIS OF EMPE CODE PERFORMANCE IN 
A SELECTION OF LATERALLY INHOMOGENEOUS 
ATMOSPHERIC-DUCT ENVIRONMENTS 

Articles in an earlier issue of this publication introduced the methodology for APL's Electromagnetic 
Parabolic Equation (EMPE) code, discussed the code's advantages over other models, and showed its 
agreement with some data. In this article, EMPE predictions are compared with those of the established 
theoretical coupled-mode model of Cho and Wait and with a variety of field test data. Together, these 
examinations show that the EMPE code can describe electromagnetic wave propagation loss in range
dependent atmospheric-duct environments. 

INTRODUCTION 
The Electromagnetic Parabolic Equation (EMPE) 

code is a physical optics code that calculates electromag
netic propagation loss through all types of anomalous 
refractive atmospheres for antennas radiating over a 
smooth surface. Its value stems from its computational 
efficiency; it quickly supplies answers for propagation 
loss and antenna coverage, including elevated-duct and 
various range-dependent refractive situations. Previously, 
solutions by other computational methods, such as the 
coupled-mode approach, restricted cases to simply char
acterized surface or evaporative ducts. For those meth
ods, computer-based calculations for laterally inhomo
geneous, i.e., range-dependent, refractive conditions are 
generally prohibitive, taking hours of computer process
ing time. EMPE, on the other hand, provides solutions 
in minutes for laterally inhomogeneous, vertically com
plex atmospheres, often with several types of vertical re
fractive changes (i.e., ducting, superrefraction, and sub
refraction) at each range. 

Since its introduction in 1983, 1 the EMPE code has 
been valuable in describing the performance of radiating 
electromagnetic syst~ms in several anomalous propaga
tion circumstances investigated at APL,2,3 and has pro
vided the basis for radar coverage predictions at radar 
sites worldwide. 4 In addition, it has been successfully 
used to estimate incident surface power and radar clutter 
under surface ducting conditions (see the article by Lee 
et al. elsewhere in this issue), excess fade loss in com
munications systems,5 and errors in aircraft microwave 
landing systems. 

Confidence in EMPE calculations stems from APL' s 
field experiments 2,3 and from comparisons between 
EMPE solutions and results of other investigations. In 
this article, EMPE results are compared with results from 
the coupled-mode model of Cho and Wait,6 which is 
considered by most as the theoretical gauge for new 
model calculations pertaining to a laterally inhomoge
neous environment. We also survey the results of several 
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studies at APL that compare EMPE predictions for hor
izontally polarized waves over a smooth, infinitely con
ducting surface with well-accepted field test data taken 
as early as 1944. Those venerable datasets came from 
the most extensively cited over-water measurements for 
microwave propagation loss in ducting environments. 
Because of their open distribution and expansive test ge
ometries, the datasets are commonly used as empirical 
gauges for new model calculations. 

TROPOSPHERIC-DUCT PROFILES 
The existence of anomalous refractive layers in the at

mosphere can be determined by calculating the radio in
dex of refraction, n, or, equivalently, the modified 
refractivity, M, where M = (n - 1) x 106 + 0.157z, 
and z is height in meters, from measured values of tem
perature, pressure, and humidity. 1 The types of prop
agation present in any layer are given in Table 1. Figure 
1 shows three stylized M profiles for conditions in the 

Table 1-Types of propagation. 

Type 

Trapping 
Superrefractive 
Standard 
Subrefractive 

M gradient, dM/ dz 
(km -I ) 

::5 0 (anomalous) 
o to 78 (anomalous) 
78 to 157 
> 157 (anomalous) 

evaporation duct, the elevated duct, and the surface
based elevated duct that may trap or duct microwave 
rays in the surface-based regions, defmed by z < D, and 
the elevated regions, defined by (Z2 - 7) < z < Z2' 

Two inflection points, ZI and Z2, are shown for the ele
vated-duct type. The first inflection point, ZI, is called 
the optimum coupling height (OCH). 
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Figure 1-Stylized vertical profiles of modified refractivity, M, 
for (a) the evaporation duct, (b) the elevated duct, and (c) the 
surface-based elevated duct. OCH = optimum coupling height, 
z1 ° 

THE PARABOLIC APPROXIMATION 
FOR PROPAGATION IN 
INHOMOGENEOUS MEDIA 

When inhomogeneities in the dielectric constant are 
considered as varying in both the vertical and horizontal 
directions, Maxwell's equations for propagation in the 
troposphere are generally nonseparable and difficult to 
solve analytically. Cho and Wait6 have approached the 
problem numerically by means of coupled-mode analy
sis, using a cylindrical-earth model and an infinite line 
source; horizontal inhomogeneities are considered by as
suming horizontally piecewise-uniform media. The ad
vantage of their formulation is that the electromagnetic 
field within each piecewise-uniform section can be rep
resented by a discrete sum of modes. Mode conversion 
at the junction between two sections is obtained by in
voking mode orthogonality and continuity of electric and 
magnetic fields. Modal analysis tends to be difficult with 
computer cost limiting convergent answers to simple re
fractive environments. 

A well-known approximation, the parabolic approxi
mation, was obtained in 1946 by Fock 7 for propaga
tion in a vertically inhomogeneous, horizontally homo
geneous atmosphere over a spherical earth. The EMPE 
code extends the spherical-geometry approach to include 
both horizontal and vertical inhomogeneities. These var
iations are represented by treating the atmospheric di
electric constant E as a function of the distance r mea
sured from the center of the earth, and of the polar angle 
0, but not of the azimuthal angle C/>, so that E = E(r,O). 
Thus, E is assumed to behave identically in all vertical 
planes of propagation. If azimuthal independence is as
sumed, the variations in the atmospheric dielectric con
stant are limited to two dimensions, greatly simplifying 
the mathematics. Also for mathematical simplification, 
the source field is assumed to originate from a raised 
vertical electric dipole (VED) at the pole. The resulting 
approximate equation governing propagation, however, 
will be the same if a vertical magnetic dipole (YMD) 
source is assumed; only the boundary conditions to be 
satisfied at the earth's surface will differ. 

We now present the highlights of the derivation of 
the EMPE equation. I With the usual assumption of a 
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constant magnetic permeability jl in the atmosphere, 
Maxwell's equations may be combined to eliminate the 
electric field E and to obtain 

x (V x H), 
E 

(1) 

where w is the signal frequency in rad/s. Given the as
sumed symmetries and the VED source, only the com
ponents Er, Eo, and Ho do not vanish. Therefore, the 
magnetic field H may be written H = H(r,O)lcp and is 
completely determined by the scalar function H(r,O). 
This expression for H is substituted into Eq. 1 to ob
tain a single scalar differential equation. Generally, one 
is interested in examining variations in the fields that are 
long compared with a wavelength. It is expected that, 
along the earth's surface in the horizontal direction from 
the source, the fields will oscillate in a manner described 
by eiks (s is the range and the wave number, k, equals 
27r/ A, where A is the signal wavelength). A convenient 
substitution that factors out rapidly oscillating behavior, 
as well as large variations near the source (a linear trend 
in radius), is obtained in terms of an attenuation func
tion U(r,O), defined by 

H(r,O) (2) 
r 

Here, k0
2 = W2jlE(a,0) = W2jlEo is the square of the 

electromagnetic wave number just above the earth's sur
face, r = a. 

The scalarized version of equation (Eq. 1) is combined 
with Eq. 2 to obtain a propagation equation for U(r,O), 
an elliptic differential equation in rand O. That equa
tion is transformed from the spherical coordinate vari
ables rand 0 to the measured quantities z and s, where 
z is the altitude above the earth's surface and s is the 
arc length along the surface-essentially the downrange 
distance from the antenna. The transformation is sim
ply z = r - a, s = aO, where a is the earth's radius. 
The next step is to drop some relatively insignificant 
terms and to invoke the fundamental premises of Leon
tovich and Fock concerning the growth of U. Then 
U(z,s) is given, to good approximation, by 

a2u au 
+ 2iko az2 as 

2 [E( Z,S) - EO 2ZJ 
+ k o + - U = ° . 

EO a 
(3) 

Equation 3 is a parabolic differential equation that 
is second order in the vertical direction and first order 
in the horizontal direction. The effects of the atmospher
ic inhomogeneities are contained in E (z,s). The expres
sion 2z/ a in the third term represents the effect of the 
earth's curvature. In the EMPE code, the expression 
(AE/Eo + 2z/a) is stored, in effect, as modified refrac-
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tivity at each range, thus allowing EMPE to work in 
height-range space while including the diffraction that 
is caused by a spherical earth. 

The conditions that must be satisfied so that the origi
nal elliptic equation may be approximated by the para
bolic Eq. 3 are summarized as follows: 

(a) 

(c) koQ I ~~ I » ~:~, 

If one associates E I ad as I - 1 and E I aEI az I - 1 with the 
radii of curvature of rays resulting from horizontal and 
vertical variations in E, then conditions (a) and (d) re
quire that those radii be large compared with a wave
length; that is, the horizontal and vertical variations in 
E must be reasonably slow. For situations of interest here, 
that requirement holds. Condition (b) implies that rea
sonable values will be obtained for distances greater than 
16 wavelengths from the source. Finally, condition (c) 
requires that the propagation be relatively oblique-that 
is, that rays be launched with low grazing angles (=5 20°). 

Solutions to the parabolic equation will be obtained 
if the initial source field is specified and if the values 
of the field at the earth's surface and at the upper-at
mosphere limit are properly defined. For simplicity, a 
nonreflecting or fully absorbing boundary is assumed 
at the upper limit. For the surface boundary conditions, 
a smooth-surfaced, conducting earth is assumed; it is also 
reasonable to assume that the skin depth of radiation 
within the earth is small compared with the earth's ra
dius of curvature. Under that assumption, the bound
ary effect of the earth's curvature can be ignored, and 
Leontovich's impedance boundary conditionS can be 
applied. If rJs is the complex dielectric constant of the 
earth, the boundary condition on U(z,s) will be satis
fied for a VED if 

au ik 
+ - U = 0 at z = 0 . (4) 

az V:;;S 

For a VMD source, the boundary condition on U(z,s) 
will be 

au 
az + ik V:;;S U = 0 at z = 0 . (5) 
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Practically speaking, vertical symmetric and antisym
metric solutions for U about the surface must be com
bined to satisfy either Eq. 4 or Eq. 5. If the earth's sur
face is approximated by a perfect conductor, however, 
Eqs. 4 and 5 reduce to the requirement that either 
aUlaz = 0 (VED) or U = 0 (VMD) at the surface. In 
those cases, only vertical solutions that are symmetric 
(VED) or anti symmetric (VMD) about the surface need 
to be obtained, and the boundary conditions are auto
matically satisfied. 

COMPARISON OF EMPE 
WITH A COUPLED-MODE MODEL 

Cho and Wait6 use a stylized, trilinear, elevated-duct 
profile (Fig. 1 b) as the basis for creating a horizontally 
inhomogeneous environment to obtain numerical exam
ples for their coupled-mode approach. The optimum 
coupling height (OCR) is initially 600 m; the trapping 
layer gradient strength used by Cho and Wait is extreme
ly large, since a nearly horizontClJ jump of 25 units in 
M represents the layer . We use a gradient strength of 
- 2.5 x 106 km -I, and the standard gradient strength 
above and below the trapping layer is 117 km - I. Inter
estingly, there would never be a real atmospheric envi
ronment with such a strong elevated-duct gradient, but 
this example is well known as a test case, and it allows 
direct model comparisons. In case c in Fig. 2, the OCR 
is held constant from the antenna to 200 km downrange, 
then raised 40 m every 30-km step thereafter until reach
ing 500 km downrange, where it attains a height of 
1000 m. The OCR is lowered by 40 m every 30-km step 
until reaching 800 km downrange and then held at 600 m 
from 800 to 1000 km downrange. In all, 21 lateral 
changes are made. 

In case c, a transmitter frequency of 200 MHz is used 
for an antenna at 600-m elevation, which is the OCR 
at zero range. Figure 3 compares Cho and Wait's case 
c prediction (black) with EMPE predictions. The first 
EMPE calculation (blue) results from using the same 21 
horizontally uniform slabs (see Fig. 2) as for the Cho 
and Wait calculation. Lateral changes in refractivity oc
cur every 30 km. The EMPE losses agree well with the 
Cho and Wait losses, especially at the more distant 
ranges. Differences appear in some of the fine structure, 
which is reasonable considering the different analytical 
methods. 

Case c 600 m 

Case d 1000 m ----

200 350 500 650 800 
Range, R (km) 

Figure 2-Two laterally inhomogeneous cases used by Cho and 
Wait to describe the range dependence of the OCH of an elevat· 
ed duct. 
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Figure 3-A comparison of the Cho 
and Wait results for case c (black) 
with EMPE results using 20 range 
steps (blue) and over 1600 range 
steps (green). Frequency = 200 MHz. 
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In the second EMPE calculation (green), a linear inter
polation is used between the range steps prescribed in 
Fig. 2. A new lateral refractive change is inserted every 
0.37 km, giving a total of over 1600 lateral changes along 
the path. As expected, the interpolation causes no signif
icant propagation loss changes above the duct. Below 
the duct the propagation loss changes by an average of 
more than 10 dB if the interpolation is made. In the 
original Cho and Wait study, although the number of 
included modes is probably adequate, the exchange of 
energy among these modes is not well modeled if the 
30-km slabs are used. In the second EMPE result, the 
increased modal interaction explains the lO-dB average 
difference. In another study, 9 using the same type of 
normal-mode model and the same refractivity environ
ment, the number of slabs was chosen carefully to give 
convergent results; the slab size required was about 5 km. 
That computational experiment suggests that the inter
polation is necessary to compute transmission loss accur
ately when the refractivity profiles display strong range
dependent features. From a practical aspect, the run time 
added by the EMPE interpolation feature is insignificant 
computationally. The coupled-mode result requires hun
dreds of computer processing minutes. The first EMPE 
result without interpolation required 467 s, and the sec
ond EMPE result with interpolation required 642 s. 

Figure 4 shows results for the comparison of EMPE 
with the Cho and Wait case d (see Fig. 2), where the en
vironment is inverted, in the sense that the OCH drops 
from 1000 to 600 m and returns to 1000 m as the path 
is traversed. Here, a 2@MHz antenna is placed at lOOO-m 
altitude. Again, the EMPE results are shown without in
terpolation (blue) and with interpolation (green). 

ELEVATED DUCTING 
OFF SAN DIEGO IN 1944 

Figure 5 compares EMPE predictions with measure
ments under atmospheric conditions described by a close-
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Field strength (relative to free space) (dB) 

range elevated duct and a downrange surface-evaporative 
duct. In 1944, the Naval Electronics Laboratory (NEL) 
(now the Naval Ocean Systems Center) performed verti
cal soundings off the coast of San Diego. 10 Land-based 
transmitters at 30.5-m ele ation radiated at frequencies 
(wavelengths) of 63 MHz (4.8 m), 167 MHz (1.8 m), 526 
MHz (57 cm), and 3.3 GHz (9 cm). The radar horizon 
was 19.4 km. Vertical profIles of modified refractive in
dex M and field strength (in dB relative to free space) 
are shown in Fig. 5 from the surface up to 1.5-km alti
tude. At 19-km range, an elevated duct is measured. At 
130-km range, the main feature has changed to a surface
based elevated duct. At 186-km range, the refractive pro
fIle is that of a surface-evaporative duct. 

To implement an EMPE prediction, a linear interpola
tion in modified refractivity is made for ranges between 
the ranges where refractivity was measured. The close
range M profile is used for all ranges between its mea
surement range and the antenna, and the far-range M 
profile is used for all ranges beyond its measurement 
range. At 526 MHz, the EMPE results (red curve) agree 
with the measured data (black curve) in and below the 
duct at all ranges. The differences above the duct in the 
measured data are caused by horizontal meteorological 
variations in duct height and strength that are more vola
tile in range than the scale shown by the three profIles 
used in the EMPE calculations. At 167 MHz, the com
parison is not as favorable, especially at the larger ranges 
of 178 and 232 km. At the longer wavelength, the trap
ping ability of the duct is marginal, and e en minor 
changes in the duct strength and height can have a pro
nounced effect on the trapping. 

Much better results are obtained by comparing EMPE 
predictions with data for a slowly changing ele ated-duct 
environment, also measured by NEL off San Diego in 
1944. There, an elevated duct was measured (Fig. 6) at 
ranges of 19, 94, and 186 km. The figure shows the 
elevated duct slowly rising at each downrange position. 
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Figure 4-A comparison of the Cho 
and Wait results for case d (black) 
with EMPE results using 20 range 
steps (blue) and over 1600 range 
steps (green). Frequency = 200 MHz. 
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Figure 5-Vertical profiles for the modified refractive index, measured field strength, and EMPE calculations at 
various ranges for measurements off San Diego on 2 October 1944. The refractive environment changes from an 
elevated duct near the coastline at 19-km range to a surface-evaporative duct at 186-km range. 
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Figure 6-Vertical profiles for the modified refractive index, measured field strength, and EMPE calculations at 
various ranges for measurements off San Diego on 29 September 1944. A laterally changing elevated duct is mea
sured at all ranges. 

The same refractivity interpolation procedure used to ob
tain the data in Fig. 5 was used here. EMPE results (red 
line) agree well with the data (black line) at most ranges 
for the frequencies of 526 MHz and 3.3 GHz. 

SURFACE-EVAPORATIVE DUCTING 
NEAR ANTIGUA IN 1945 

In the spring of 1945, an extensive series of propaga
tion-loss measurements in the surface-evaporative duct 
environment was performed by the Naval Research Lab
oratory at Antigua, British West Indies. Frequencies of 
10 and 3.3 GHz (wavelengths of 3 and 9 cm) were emit
ted by transmitters at 5 and 14 m, respectively, on a tow
er at the water's edge. II If the reported M profIle with 
a duct height of about 15 m is considered horizontally 
homogeneous, a resultant EMPE coverage diagram 
shows the 10-GHz energy clearly trapped and ducted to 
great range (R) in the duct. The data for the duct, how-

94 

ever, showed a one-way falloff rate less rapid than stan
dard (i.e., IIR 2

, where R is the horizontal range) but 
not as rigid as that predicted by theory for a horizontal
ly homogeneous surface duct (i.e., 11 R); these data were 
enigmatic to analysts 12 for many years. The EMPE 
code's ability to analyze falloff rate in the horizontally 
inhomogeneous environment allows us to speculate on 
the nature of these data. 

The following refractivity scheme was input to EMPE 
in an attempt to model the horizontal changes in the ex
periment described above: The original surface-duct 
height was allowed to diminish at a rate of 0.08 km - I 

out to a range of 85 km, beyond which it was held con
stant at a height of 9 m. The surface M value was re
duced at a rate of 0.09 km -l out to 280 km in accor
dance with our boundary-layer modeling procedures re
ported earlier. 1,2 The progressively weaker duct caused 
energy to be trapped near the transmitting antenna and 
allowed duct leakage to occur downrange. 
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EMPE results are compared with the measured An
tigua data at 10 GHz in Fig. 7. The data, taken on eight 
days from the 5-m transmitter to a 4-m receiver, are 
shown in red on the figure. The difference in falloff rates 
computed by EMPE is shown for homogeneous and in
homogeneous ducting conditions; the free-space falloff 
rate is also shown. At ranges out to 93 km, both duct 
types lead to EMPE results that agree with the data. Be
yond 93 km the EMPE result for the inhomogeneous 
duct shows distinctly better agreement than the homo
geneous duct result. Data for 3-GHz measurements are 
shown in Fig. 8 for the 14-m transmitter and a 29-m re
ceiver. Again, the EMPE result for the inhomogeneous 
duct model derived from the original M profile gives the 
better agreement. Figures 7 and 8 demonstrate the im
portance of inhomogeneous duct modeling when analyz
ing actual ducting situations. They show the necessity 
for detailed meteorological measurements at several 
ranges when scientific analysis is required for propaga
tion-loss investigations. 

ELEVATED AND SURFACE-BASED 
ELEVATED DUCTS OFF 
GUADALUPE ISLAND IN 1947 AND 1948 

The most extensive radio-meteorological data set ever 
reported was gathered by NEL from 1945 to 1948. Data 
were obtained along a 520-km overwater path between 
Guadalupe Island and San Diego. 13 A PBY aircraft, 
equipped with radio transmitters and temperature sen
sors, flew a vertical sawtooth pattern from near the sur
face to 1200-m altitude. Transmitters on the airplane 
radiated at 63 , 170, 520, and 3300 MHz. Receiving an
tennas were located at San Diego at 30.5- and 150-m 
heights. Measurement of air temperature and dew point 
by the airplane permitted the calculation of profiles. 14 

Figure 9, a sample output from the 150-m antenna, dis
plays the meteorological profiles given in B-type refrac
tive units (B = M - 0.118 h, where h is the height in 
meters) and also profiles of propagation loss in decibels 
relative to free space for the four frequencies at various 
ranges. 

The data from this experiment were analyzed with the 
EMPE code, using different sets of refractivity profiles, 
all derived from the same meteorological data. The dif
ference between the sets is either the number of data 
points included in each profile or the number of profiles 
used (i.e., one horizontally homogeneous environment 
in some cases). On 12 March 1948 (Fig. 9), a laterally 
inhomogeneous eleveated duct was measured. The raw 
meteorological data show a surface-based elevated duct 
at 74 km changing to a rising elevated duct at 148 km, 
then rising again and evolving into an elevated super
refractive layer beyond 372 km. Table 2 summarizes the 
environment. The receiver antenna height was 30.5 m. 
The elevated ducting environment gave energy well be
yond the geometrical horizon and at power levels above 
free-space loss. 

Figure 10 summarizes the 12 March 1948 results for 
170 MHz. Vertical propagation-loss data in decibels rela
tive to free space are shown for ranges of 148, 222, and 
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Figure 7 -Comparison of evaporation-duct signal falloff data 
(red) at 3-cm wavelength, measured near Antigua in 1945, with 
EMPE calculations for homogeneous (blue) and inhomogeneous 
(black) ducting conditions extrapolated from a single modified· 
refractivity profile measurement. 

20 
• 

30 

~ 40 
~ 
0 

a> 50 .0 

aJ 
:s 
as 60 
~ 
0 
a. 70 "'C 
Q) 

> 
'0:; 
u 80 Q) 

a:: 

90 

100 

o 100 200 300 
Range, R (km) 

Figure a-Comparison of evaporation-duct Signal falloff data 
(red) at 9-cm wavelength, measured near Antigua in 1945, with 
EMPE calculations for homogeneous (blue) and inhomogeneous 
(black) ducting conditions extrapolated from a single modified
refractivity profile measurement. 

297 km. These losses are plotted with losses computed 
by mode conversion and WKB methods. 9 The mode
conversion method uses normal mode theory to compute 
losses at each range. The modal sums are adjusted for 
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Figure 9-Guadalupe Island data taken on 12 March 1948. Receiver height is 150 m (reproduced by permission, H. Hitney, Naval 
Ocean Systems Center, San Diego). 

Table 2-Range-dependent, anomalous refractive conditions 
measured on 12 March 1948. 

Range Anomalous Approximate 
(km) Propagation Type Altitude (m) 

0-74 Surface-based 0-335 
elevated duct 

148 Elevated duct 150-460 
223 Elevated duct 300-610 
298 Elevated duct 300-610 
372 Elevated superrefractive 460-730 

downrange energy transfer between modes, using a set 
of conversion coefficients that are updated when the 
refractivity profIle changes. The WKB or adiabatic meth
od also uses modal decomposition at each range. How
ever, this method adjusts the modal eigenangles along 
the propagation path by range-averaging them separately 
for each mode. EMPE results are shown for instances 
when the refractivity profIles are described by (1) an aver
age profIle used at all ranges (horizontally homoge
neous); (2) range-dependent profIles (horizontally inho-
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mogeneous), each described by four data points per pro
fIle; and (3) range-dependent profIles (horizontally inho
mogeneous), each described by six data points per pro
fIle. Clearly, EMPE results with the horizontally homo
geneous, average elevated-duct profIles do not give fa
vorable comparisons with the data. EMPE results with 
either the four- or six-point profIles yield more favorable 
comparisons. The six-point profIles preserve the vertical 
rme structure, and, in some instances for 170-MHz, the 
EMPE results look better than results from the other 
analytical methods. 

Experimental controls probably did not allow the point
ing or elevation angles of the transmitter antennas to be 
held rigid, and it is difficult to determine the accuracy 
in measuring propagation loss. Further, the ranges at 
which the propagation loss is reported must be average 
ranges because of the transmitter sawtooth flight. There
fore, although the Guadalupe data are the most exten
sive available, any comparisons are qualitative at best. 

Computational analysis of the Guadalupe data by other 
investigators has been limited to the lower frequencies be
cause of the tremendous computational constraints posed 
by modal or WKB methods. EMPE computational effi-
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Figure 10-Propagation-loss data and EMPE results for 170-MHz measurements on 12 March 1948 be
tween Guadalupe Island and San Diego. Vertical profiles of loss in decibels relative to free space are 
given at ranges of (a) 148, (b) 222, and (c) 297 km from the transmitter. 

ciency has allowed analysis of nearly all the Guadalupe 
data. Figure 11 shows additional EMPE results for the 
12 March 1948 measurement at (a) 65 MHz at 335.:km 
range, (b) 520 MHz at 335-km range, and (c) 3300 MHz 
at 298-km range. Refractivity profIles used for Fig. 11 
incorporate over 10 data points per range-dependent pro
fIle, retaining almost all the meteorological data for the 
laterally inhomogeneous condition. 

On 8 Apri11948, the Guadalupe Island measurements 
showed excess energy trapped in a laterally inhomoge
neous, surface-based elevated duct. Again, using range
dependent refractivity profiles that retained almost all 
the vertical variations measured, good agreement with 
the data was obtained using EMPE (see Fig. 12 for 170 
MHz at ranges of 298 and 484 km). 
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ELEVATED DUCTS 
NEAR HAWAII IN 1977 

Airborne transmitters and airborne receivers were used 
near Hawaii from 16 May through 24 June 1977 to study 
elevated ducting. 15 These experiments have provided 
the best radio-meteorological data for elevated-ducting 
analysis with both transmitters and receivers at altitudes 
in or near the duct. Frequencies of 150, 450, and 2200 
MHz were used. Measurements were made along an 
overwater, 510-km path between the islands of Hawaii 
and Kauai. A UH-3 helicopter equipped with beacon 
receivers and meteorological instruments to measure tem
perature, pressure, and humidity was flying off the Kauai 
coast. A U-21 airplane equipped with beacon receivers 
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Figure 11-EMPE comparison with data from 12 March 1948, 
taken off Guadalupe Island at (a) 65 MHz, 335-km range; (b) 520 
MHz, 335-km range; and (c) 3300 MHz, 298-km range. 

and similar meteorological instruments flew a vertical 
sawtooth path from Kauai to Hawaii. At South Point, 
Hawaii, a UH-l helicopter transmitted signals as it flew 
at the altitude of the elevated duct, typically between 
1000 and 2000 m. 

Figure 13 shows the modified refractivity proflles ob
tained by measurements on board the UH-3 and U-21 
aircraft. A horizontally inhomogeneous, elevated-duct 
atmosphere existed generally between altitudes of 900 
and 1500 m with - 160 krn - 1 gradient strength. The 
transmitter on the UH-l helicopter was stationed just 
above the duct at 1554 m_ 

Figure 14a shows the EMPE coverage diagram predict
ed for the 2.2-GHz antenna in a horizontally homoge
neous, elevated-duct environment given by the average 
duct features. The color scale maps the one-way propaga
tion loss. The warmer colored areas indicate the higher
energy regions; the cooler colored areas are the lesser-en
ergy regions. Little energy is seen below the elevated duct, 
located between 1000 and 2000 m. Beyond 350 krn, ener
gy is confmed within the elevated duct, with upward leak-
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Figure 12-EMPE comparison with data from 8 April 1948, tak
en off Guadalupe Island at 170 MHz for (a) 298-km range and 
(b) 484-km range. Antenna height is 152.4 m. 
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Figure 13-Modified refractivity profiles obtained off Hawaii on 
22 June 1977 (reproduced by permission, D. Woods). 

age above the duct. Figure 14b shows the coverage pre
dicted for the same antenna in the laterally inhomoge
neous, elevated-duct environment shown in Fig. 13. Here, 
there is great duct leakage and complex mode structure, 
especially between the ranges of 400 and 500 krn. 

Figure 15a compares the EMPE prediction with data 
obtained by the UH-3 helicopter on 22 June 1977. This 
is a vertical loss plot in which the transmitter-receiver 
range is held constant at 480 krn. The comparison clearly 
shows the inadequacy of the assumption of lateral ho-

Johns Hopkin APL Technical Digest, Volume 9, umber 2 (198 ) 



Ko et al. - Analysis of EMPE Performance in Laterally Inhomogeneous Atmospheric-Duct En vironments 

Loss relative to free space (dB) 

20 0 - 20 - 40 - 60 - 80 

Range, R (km ) 
600 

Figure 14-EMPE coverage diagrams for elevated-duct activi
ty off Hawaii on 22 June 1977 for (a) horizontally homogeneous 
duct average features and (b) laterally inhomogeneous, range
dependent profiles given by Fig. 13. Transmitter frequency of 
2.2 GHz, with an antenna height of 1554 m. 

mogeneity to describe the data. Figure I5b tries to match 
the description of the measurement by using EMPE 
results that are obtained for the UH-3 track, which is 
descending and increasing in range from 465 to 493 km 
from the transmitter. Note that there is more energy 
predicted by EMPE than measured at the lower altitude. 
Examination of Fig. I4b shows that moving the UH-3 
track nearer to the transmitter by only 20 km would re
duce the EMPE energy considerably beneath the elevated 
duct. In fact, there is an uncertainty of 25 km in the 
lateral range of the transmitter on board the UH-I 
helicopter because of its orbiting status, illustrating the 
need for adequate experimental control of transmitter
receiver track and reconstructive information. Many oth
er published datasets have not been analyzed, because 
of the lack of such experimental controls and of com
putational ability, particularly in the gigahertz range of 
frequencies. Fortunately, the advent of EMPE is stim
ulating further experiments of quality. 3 
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Figure 15-Comparison between EMPE (dark) and elevated<luct 
(light) data obtained off Hawaii on 22 June 1977 for (a) horizon
tally homogeneous duct average features and constant range, 
and (b) horizontally inhomogeneous actual duct profiles and in
creasing range during descent. 

SUMMARY 
Since the original articles in this publication describ

ing the EMPE model, the model has been validated 
repeatedly against both measured and modeled losses. 
Calculations made with EMPE are helping to explain 
radar and communications observations that previous
ly could not be easily understood. APL investigators are 
routinely predicting antenna coverage for sites worldwide 
because of the assurance that, within the constraints im
posed by its formulation, EMPE provides useful esti
mates for propagation loss in most anomalous environ
ments. 

The comparisons of EMPE results with measured loss
es have yielded good agreement in many cases, although 
experimental data and controls have not been adequate 
for precise analysis by any code. The chief advantages 
of EMPE over other models are its efficiency and its 

99 



Ko et at. - Analysis of EMPE Performance in Laterally Inhomogeneous Atmospheric-Duct Environments 

ability to handle complex, varying refractivity environ
ments. For the gigahertz frequencies of current interest, 
EMPE is orders of magnitude faster than the established 
models based on mode theory, and it agrees well with 
these models on classical test cases. 
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