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EXECUTIVE SUMMARY

The refractive structure of the marine atmospheric surface layer at microwave frequencies can be
characterized by a parameter called the “evaporation duct height,” which is the height of the
minimum in the profile of the modified refractivity. Using bulk measurements of air temperature,
relative humidity, wind speed, and sea surface temperature, scientists can calculate profiles of
meteorological variables in the surface layer with well-known flux profile relationships. The National
Climatic Data Center Asheville maintains a database of these measurements from ocean weather
stations and ships of opportunity. A set of data recorded from 1970 to 1984 was used to construct an
evaporation duct height climatology. This climatology has been used successfully to statistically
model evaporation duct propagation and frequency diversity effects in the open ocean. These models
were developed on the assumption that propagation losses represented by a neutral-stability profile
are not significantly different from the full, stability-dependent profile for common departures from
neutrality. A recent study showed similar success, with some qualifications, in the littoral. This latter
study concluded that the evaporation duct climatology could be improved by adding statistics for
subrefraction in the surface layer.

An equation for modified refractivity parametric in subrefractive layer height is developed. Then,
the differences in propagation loss resulting from approximating the full stability-dependent
refractivity profiles with neutral-stability profiles parameterized by the characteristic height are
quantified for typical low-altitude propagation scenarios. Parametric variation of the bulk
meteorological parameters includes the following:

• Wind speed over the range of 2.5 to 10 m/s in increments of 2.5 m/s,

• Sea temperature over the range of 5 to 30°C in increments of 5°C,

• Air temperatures over the range of 5°C less than sea temperature to 3°C greater than sea
temperature in increments of 0.5°C,

• Relative humidity over the range of 60 to 100% in increments of 5%.

Pressure and reference measurement heights were held constant at 1000 mb and 10 m msl. This
variation resulted in 3,178 valid surface layer refractivity profiles, of which 3,039 were ducting and
139 were subrefractive. The resulting differences in propagation loss are statistically described.
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INTRODUCTION

This report quantifies propagation loss differences that result from approximating the full stability-
dependent refractivity profiles with neutral-stability profiles parameterized by duct height. It also
develops a parameterization for subrefractive profiles and quantifies the propagation loss differences
that result from approximating the full stability-dependent refractivity profiles with neutral-stability
profiles parameterized by subrefractive layer height.

BACKGROUND

The refractive structure of the marine atmospheric surface layer at microwave frequencies can be
characterized by a parameter called the “evaporation duct height,” which is the height of the
minimum in the profile of the modified refractivity. Using bulk measurements of air temperature,
relative humidity, wind speed, and sea surface temperature, scientists can calculate profiles of
meteorological variables in the surface layer  with well-known flux profile relationships. The
National Climatic Data Center Asheville maintains a database of these measurements from ocean
weather stations and ships of opportunity. A set of data recorded from 1970 to 1984 was used to
construct an evaporation duct height climatology (Anderson, 1987; Patterson, 1987). The evaporation
duct height can be used to reconstruct a modified refractivty profile and applied to propagation
problems under the assumption that the propagation losses represented by a neutral-stability profile
are not significantly different from the full stability-dependent profile for common departures from
neutrality. The evaporation duct height climatology has been used successfully to statistically model
evaporation duct propagation (Hitney and Vieth, 1990) and frequency diversity effects (Hitney and
Hitney, 1990) in the open ocean and, with some qualification, in the littoral (Paulus and Anderson,
2000). Paulus and Anderson (2000) concluded that the evaporation duct climatology could be
improved by adding statistics for subrefraction in the surface layer.

The DATA AND MODELS section reviews the development of the equation for modified refrac-
tivity parametric in duct height for neutral stability and extends this parameterization to account for
subrefraction by subrefractive layer height and “negative evaporation duct height.” The model of the
marine atmospheric surface layer is described and the parametric variations of the surface layer
model input data are defined. The electromagnetic propagation model is described and the propaga-
tion model output data selected for analysis are defined. The RESULTS section presents the statistics
and case studies. The CONCLUSIONS section summarizes the findings of this work.
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DATA AND MODELS

REFRACTIVITY CHARACTERIZATION

The refractive index, n, of the atmosphere is often expressed in terms of refractivity, N = (n-1) ×
106, or modified refractivity, M = N + 0.157z, where z is height in meters. Refractivity can be
measured directly with a refractometer or derived from measurements of pressure, P (mb),
temperature, T (K), and water vapor pressure, e (mb), using

2
51073.3

6.77

T

e

T

P
N ×+= .    (1)

Refractivity is normally a decreasing function with altitude whereas modified refractivity is
normally an increasing function with altitude.

In parametric studies of evaporation duct propagation, it is convenient to have an equation for
the modified refractivity profile as a function of height and evaporation duct height. In the
atmospheric surface layer, potential refractivity,

2
50 1073.3

6.77

θθ
p

p

eP
N ×+= ,   (2)

is a convenient parameter because of its conservative property in a dynamic atmosphere. Here, θ is
potential temperature (°K), ep is potential water vapor pressure (mb), and P0 is a reference pressure
level (taken to be 1000 mb). Panofsky and Dutton (1984) provide a general expression for the
gradient of a conservative scalar in the atmospheric surface layer which, for potential refractivity,
becomes

   




=

∂
∂

L

z

z

N

z

N pp φ
κ

* , (3)

where z is altitude, Np* is the potential refractivity scaling parameter, κ is von Karman’s constant, ϕ
is a stability function, and L is the Monin Obukhov stability length. For neutral stability, ϕ is 1 and
integrating equation (3) from a lower limit of z0 yields

    ( ) ( )
0

*
0 ln

z

zN
zNzN p

pp κ
=− ,  (4)

where the aerodynamic roughness length, z0, is taken to be 1.5 x 10-4 m.

From geometric optics, the critical gradient required for trapping is that which yields a ray curva-
ture equal to the earth’s curvature (Bean and Dutton, 1968):

157.0
106

−=−=
adz

dN
  N/m,             (5)
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where a is the earth radius in meters. In terms of modified refractivity, the critical gradient is

0=
dz

dM
.        (6)

That is, the evaporation duct height is the top of the surface trapping layer. Gossard and Strauch
(1983) relate Np to N and M by

zNN p 024.0+= and (7)

      zMN p 13.0−= (8)

so that dNp/dz = -0.13 for trapping. Defining the height at which this critical gradient occurs as the
evaporation duct height, δ, equation (3) becomes

      
κδ

*13.0 pN
=− . (9)

Solving equation (4) for Np*
, substituting in equation (9), and using the relation of equation (8)

yields







−+=

0
0 ln13.013.0)(

z

z
zMzM δ ,            (10)

where M0, the value of modified refractivity at the sea surface temperature assuming saturation,
approximates M(z0). Similarly, it would be convenient to have an equation for the modified
refractivity profile as a function of height and some parameterization of subrefraction. Similar to the
height of the evaporation duct being the top of a surface trapping layer where dM/dz = 0, there is a
height that is the top of a surface subrefractive layer where dN/dz = 0. Defining the height at which
this critical gradient occurs as the subrefractive layer height, ς , dNp/dz = 0.024 and equation (9)
becomes

κς
*024.0 pN

= .      (11)

Again, solving equation (4) for Np*
, substituting in equation (11), and using the relation of equation

(8) yields







++=

0
0 ln024.013.0)(

z

z
zMzM ς .      (12)



5

Equations (10) and (12) can generate ducting and subrefractive profiles parametric in evaporation
duct height and subrefractive layer height, respectively. Jeske (1973) referred to subrefraction as an
“anti-duct.” In his formulation, subrefractive conditions produced a negative duct height. While a
negative duct height is not physically realistic, that parameter does allow one to analyze results of all
refractive conditions versus one parameter. Simultaneous solution of equations (10) and (12)
produces

       ςδ 185.0−= ,      (13)

which can be used to present results against whichever parameterization is more convenient. For
input to the propagation model, the modified refractivity profile was digitized at discrete heights in
meters according to

xez = ,      (14)

where x = -2 to 5 in 0.5 increments, i.e., 0.1354 to 148.4132 m.

SURFACE LAYER MODEL

The surface layer model developed by Frederickson, Davidson, and Goroch (2000) was used for
this study. Model input requirements are wind speed (m/s), air temperature (°C), sea surface
temperature (°C), relative humidity (%), atmospheric pressure (mb), and the heights of measurement
of the four atmospheric parameters (m msl). Table 1 shows valid values of these input parameters.
Model outputs are the evaporation duct height (0 to 50 m) and the profile of modified refractivity
from the sea surface to 50 m msl. In some very stable cases, the model algorithm will not converge
and there is no valid solution for some combinations of input data.

  Table 1. Surface layer model input parameter limits.

Parameter Inclusive Limits

Wind speed 1 to 40 m/s

Air temperature -55 to 55°C

Sea surface temperature -2 to 40°C

Relative humidity 0 to 101%

Atmospheric pressure 940 to 1040 mb

Measurement height 1 to 50 m
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For our purposes, refractivity profiles, N(z), were computed along with the modified
refractivity profiles for the subrefractive conditions. The height of the maximum value of
refractivity was selected as the subrefractive layer height. For the comparisons in this report, we
used only evaporation duct heights and subrefractive layer heights <50 m. The Monin–Obukhov
length, L, was also extracted from the surface layer model to generate the stability parameter,
z/L.

METEOROLOGICAL PARAMETERS

The variation of the bulk parameters was arbitrarily selected to be typical ocean conditions by
examination of the climatological data from the Marine Climatic Atlas of the World series (U.S.
Navy, 1974). The data presented in the climatology are independent. There is no information as to
the joint occurrence probability of any combination of the meteorological parameters. Here, we have
assumed each combination of bulk parameters is equally probable. Table 2 shows the input data
range and the increment used for iteration. This combination produces a potential for 3,672 different
environmental conditions. However, 281 conditions had evaporation duct heights equal to or greater
than 50 m, 209 had subrefractive layer heights equal to or greater than 50 m, and in four cases, the
surface layer algorithm did not converge to a result. Thus, there were 3,178 environments for which
propagation loss could be calculated. Of these, 3,039 (96%) were ducting conditions and 139 were
subrefractive (4%) conditions. Of the ducting conditions, 635 were stable ducts (20%) and 2,404
were unstable ducts (76%)

  Table 2. Bulk parameter variations.

Parameter Inclusive Limits Increment

Wind speed 2.5 to 10 m/s 2.5 m/s

Air temperature Sea - 5 to Sea +3°C 0.5°C

Sea surface temperature 5 to 30°C 5°C

Relative humidity 60 to 100% 5%

Atmospheric pressure 1000 mb None

Measurement height 10 m None
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Figure 1 shows the statistics and histogram for the simulated evaporation duct heights. This figure
indicates good coverage of duct heights for the simulated data. Figure 2 shows the distribution of
simulated duct heights (positive duct heights only) calculated with the Frederickson et al. (2000)
model plotted with the distribution of duct heights calculated using the current standard evaporation
duct model (Paulus, 1989) for the same parametric data set. The shapes of the two distributions are
similar except that the Frederickson distribution has a lower mean (9.27 m compared to 10.8 m) and
greater kurtosis. Figure 3 shows evaporation duct height versus the z/L stability parameter that
Frederickson et al. (2000) define as

 
2
*

*

u

gz

L

z

v

v

θ
θκ

= .                (15)

Here, θv is virtual potential temperature, θ*  v
 is the virtual potential temperature scaling parameter,

and u* is the scaling parameter for momentum. Physically, z/L is the ratio of turbulent kinetic energy
generated by thermal buoyancy to turbulent kinetic energy generated by wind shear. Table 3 shows a
qualitative description of z/L based on Panofsky and Dutton (1984). A wide range of stability occurs
in the simulated data, with most (72%) in the range, |z/L| < 0.5. This range is approximately the near-
neutral Pasquill–Gifford stability category D (Hsu, 1992). Notice from figure 3 that all negative duct
heights (subrefractive layers) occur under stable conditions and mostly near neutral. The largest duct
heights also occur under stable conditions and mostly near neutral. It is operationally significant that
the greatest variation in duct heights occurs near neutral. Blanc (1987) showed that near neutral is the
region in which it is most difficult to accurately determine stability using bulk measurements. Thus,
errors in determining the evaporation duct characteristics are likely greatest near neutral.

     Table 3.  Description of z/L with respect to wind speed and air–sea temperature difference
   (ASTD).

Value of z/L Description Physical Meaning

Strongly negative (z/L < -0.5) Unstable Thermal convection dominant; lighter
winds or large, negative ASTD

Negative, but small (-0.5 < z/L <
0)

Unstable, near
neutral

Mechanical turbulence dominant;
higher winds or small, negative ASTD

Zero Neutral Purely mechanical turbulence

Slightly positive (0 < z/L < 0.5) Stable, near
neutral

Mechanical turbulence slightly damped
by thermal stratification; higher winds
or small, positive ASTD

Strongly positive (z/L > 0.5) Stable Mechanical turbulence severely
reduced by thermal stratification; lighter
winds or large, positive ASTD
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Minimum duct height (m) -9.2

Maximum duct height (m) 49.4

Mean 8.76

Median 7.00

Variance 57.94

Standard Deviation 7.61

Total Observations 3178
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  Figure 1.  Statistics and histogram for computed evaporation duct heights. Histogram is in 1-m bins.
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Figure 3.  Evaporation duct height versus the stability parameter, z/L.
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Figure 2.  Comparison of the simulated evaporation duct height distributions calculated using
the Frederickson et al. (2000) model and the Jeske Paulus (Paulus, 1989) model with 2-m bin
size.
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PROPAGATION MODELING

The propagation model used in this study was the hybrid ray-optics/parabolic equation Radio
Physical Optics (RPO) model (Hitney, 1992). RPO can partially account for sea surface roughness by
assuming a fully arisen sea for the given wind speed. However, for this study, the sea surface was
assumed flat, and molecular absorption was neglected. The propagation scenarios selected used a
horizontally polarized transmitter at 15 m msl with a 2° wide Gaussian beam at 0° elevation.
Propagation loss values were calculated for a receiver located at 5 m msl at frequencies of 3, 5, and
9 GHz at ranges of 10, 25, and 40 km and for 18 GHz at 10 and 25 km. The 25-km range is approxi-
mately at the 4/3 earth radio horizon and the 10-km range lies well within the horizon. The 40-km
range was selected such that troposcatter was not a factor in the standard atmosphere (4/3 earth
radius) propagation loss. Propagation loss was calculated using the 3,178 full stability-dependent
refractivity profiles and the neutral profiles using the same duct or subrefractive layer height in
equation (10) or (12). The solid line in figures 4 and 5 shows standard atmosphere propagation loss at
a 5-m altitude for each of the four frequencies. The vertical lines in each plot indicate the variation in
propagation loss over the 3,178 profiles at each range. At 3 and 5 GHz (figure 4), evaporation
ducting causes signal levels to be near or above standard. Subrefraction causes signal levels to be
below standard. At 9 GHz (top graph, figure 5), evaporation ducting causes signal levels to be near or
above standard at 25 and 40 km, but subrefraction and evaporation ducting reduce signal levels
below standard at 10 km. Evaporation ducting causes the maximum modeled propagation loss of
141.5 dB at 10 km and subrefraction causes the maximum losses of 184.5 dB and 211.1 dB at 25 and
40 km, respectively. Evaporation ducting causing greater propagation loss within the horizon was
expected, as it has been modeled (Dockery, 1987) and measured (Anderson, 1995) previously.
Likewise, the propagation effects at 18 GHz (bottom graph, figure 5) are similar to those at 9 GHz.
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and bottom graph, respectively) transmitters at 15 m. Numbers associated with the
vertical bars show minimum, standard atmosphere, and maximum PL at 10, 25, and 40
km for 9 GHz and 10 and 25 km for 18 GHz.
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RESULTS

STATISTICS

For the scenarios of the four frequencies and the multiple ranges, the difference between
propagation loss determined for the full stability-dependent modified refractivity profiles and
propagation loss determined for the neutral-stability modified refractivity profiles was calculated.
Figures 6 through 9 show histograms of the differences. The difference distributions tend to be
skewed at 3 and 5 GHz, but symmetric at 9 and 18 GHz. All distributions are sharply peaked and the
mean differences are near zero. Table 4 shows the descriptive statistics of the distributions for the
four frequencies and multiple ranges. The mean propagation loss (PL) differences are small and the
standard deviations of the differences are on the order of a few dB, indicating that the neutral profile
estimate is reasonably good.

  Table 4.  Statistics of propagation loss (PL) differences between PL from stability-dependent
profiles and PL from neutral profiles.

Frequency Range

Largest
Negative

PL
Difference

(dB)

Largest
Positive

PL
Difference

(dB)

Mean PL
Difference

(dB)

Median PL
Difference

(dB)

Standard
Deviation of

PL
Differences

(dB)

10 km -1.7 4.4 0.04 0.00 0.64

25 km -6.4 9.5 0.30 0.40 1.733 GHz

40 km -12.7 12.3 0.52 1.00 2.85

10 km -4.7 1.7 -0.07 0.00 0.43

25 km -9.2 10.4 -0.03 0.10 1.675 GHz

40 km -17.6 8.4 0.26 0.40 2.86

10 km -13.1 12.8 0.24 0.10 2.74

25 km -24.2 21.9 0.14 0.10 4.649 GHz

40 km -16.5 27.7 0.32 0.20 3.91

10 km -17.0 18.7 -0.73 -0.10 4.8418 GHz

25 km -18.9 19.2 0.31 0.40 4.66
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Figure 6. Histogram of differences between propagation loss for stability-dependent profiles (PL)
and propagation loss for neutral profiles (PLN) at 3 GHz and ranges of 10 km (top), 25 km
(middle), and 40 km (bottom).
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           Figure 7.  Histogram of differences between propagation loss for stability-dependent
           profiles (PL) and propagation loss for neutral profiles (PLN) at 5 GHz and ranges of
          10 km (top), 25 km (middle), and 40 km (bottom).
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                Figure 8. Histogram of differences between propagation loss for stability-dependent
                profiles (PL) and propagation loss for neutral profiles (PLN) at 9 GHz and ranges of
                10 km (top), 25 km (middle), and 40 km (bottom).
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OBSERVATIONS

Because the range of variation chosen for the bulk parameters was arbitrary, and there is no
climatological data as to the joint occurrence of any given combination of parameters, it is
worthwhile to examine the differences further. Figures 10 through 13 show propagation loss
differences plotted versus evaporation duct height. The differences are not evenly distributed over the
range of evaporation duct height. Differences tend to remain small from approximately -5 m (27-m
subrefractive layer height) to approximately 15-m evaporation duct height for 3, 5, and 9 GHz and
over a slightly smaller range at 18 GHz. Outside these ranges, differences increase markedly. Viewed
another way, figures 14 through 17 show both PL from stability-dependent profiles and PL from
neutral profiles versus evaporation duct height. At 5, 9, and 18 GHz, the variations in the plot of PL
at the higher duct heights show the effects of multiple modes being propagated in the duct. There is a
wider variation in resulting PL at higher duct heights. The neutral evaporation duct height at which
multi-mode propagation begins to be significant is a function of frequency and has been previously
estimated (Patterson et al., 1990) as shown in table 5. The duct heights of table 5 are in reasonable
qualitative agreement with the increase in differences between PL from stability-dependent profiles
and PL from neutral profiles shown figures 10 through 17. The impact of this increase in differences
is that simulations of propagation effects parametric in evaporation duct height become less represen-
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 Figure 9. Histogram of differences between propagation loss for stability-dependent profiles
       (PL) and propagation loss for neutral profiles (PLN) at 18 GHz and ranges of 10 km (top)
       and 25 km (bottom).
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tative of real propagation effects at higher duct heights. Qualitatively, from figures 10 through 17,
this also appears to be true for more negative duct heights (higher subrefractive layers). Table 5 also
shows approximate subrefractive layer heights above which multi-mode propagation begins to be
significant and simulation using a neutral profile becomes less representative of real propagation
effects.

A consequence of the inverse correlation between frequency and the evaporation duct height at
which multiple modes become important is that the neutral profile can be a very good approximation
to the propagation effects of the full stability-dependent profile at one frequency, but not at another.
Table 6 shows such an example for the propagation loss at 10 km. The differences in PL from a
stability-dependent profile and a neutral profile are small at 3 and 5 GHz, but much larger at 9 and
18 GHz.

Table 7 shows the bulk parameters and evaporation duct height for the results in table 6. The
evaporation duct height for this set of bulk parameters is 17.5 m. In table 5, the 17.5-m evaporation
duct height falls between the values at 5 GHz and 10 GHz. This height would indicate that
3 and 5 GHz should be dominated by single-mode propagation and that 9 and 18 GHz should be
affected by multiple modes propagating in the duct. Thus, we should expect that the neutral profile
would be a good approximation of the stability-dependent profile propagation loss at the two lower
frequencies, but not as good at the two higher frequencies.

  Table 6.  Propagation loss from stability-
      dependent profile (PL), neutral profile (PLN),

          and the difference (PL-PLN) versus frequency.

Frequency
(GHz)

PL
(dB)

PLN
(dB)

PL
Difference

(dB)

3 119.6 120.9 -1.3

5 121.1 121.6 -0.5

9 141.5 128.7 12.8

18 143.4 132.1 11.3

    Table 5. Estimated neutral evaporation duct and subrefractive layer height at which
  multi-mode propagation begins to be significant at a given frequency.

Frequency
(GHz)

Neutral Evaporation Duct
Height (m)

Neutral Subrefractive Layer
Height (m)

3 30 40

5 22 27

10 14 16

18 10 10
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Table 7. Bulk parameters that describe evaporation duct profile that provided PL values of table 6.

Wind Speed (m/s) Air Temp (°C) Sea Temp (°C) Relative Humidity
(%)

Evaporation Duct
Height (m)

7.5 27 30 60 17.5
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             Figure 10. Differences between propagation loss for stability-dependent profiles (PL) and
          propagation loss for neutral profiles (PLN) versus evaporation duct height at 3 GHz and
          ranges of 10 km (top), 25 km (middle), and 40 km (bottom).
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Figure 11.  Differences between propagation loss for stability-dependent profiles (PL)
and propagation loss for neutral profiles (PLN) versus evaporation duct height at
5 GHz and ranges of 10 km (top), 25 km (middle), and 40 km (bottom).
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    Figure 12. Differences between propagation loss for stability-dependent
    profiles (PL) and propagation loss for neutral profiles (PLN) versus
    evaporation duct height at 9 GHz and ranges of 10 km (top), 25 km
    (middle), and 40 km (bottom).
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       Figure 13. Differences between propagation loss for stability-dependent
       profiles (PL) and propagation loss for neutral profiles (PLN) versus
       evaporation duct height at 18 GHz and ranges of 10 km (top) and 25 km
       (bottom).
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         Figure 14. Overplot of propagation loss for stability-dependent profiles and
         propagation loss for neutral profiles versus evaporation duct height at 3 GHz
         and ranges of 10 km (top), 25 km (middle), and 40 km (bottom).
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    Figure 15. Overplot of propagation loss for stability-dependent profiles and
          propagation loss for neutral profiles versus evaporation duct height at 5 GHz
          and ranges of 10 km (top), 25 km (middle), and 40 km (bottom).
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      Figure 16. Overplot of propagation loss for stability-dependent profiles
      and propagation loss for neutral profiles versus evaporation duct height
      at 9 GHz and ranges of 10 km (top), 25 km (middle), and 40 km (bottom).
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Figures 18 to 21 show the difference in propagation loss from stability-dependent and neutral
modified refractivity profiles versus the stability parameter, z/L, for the four frequencies and multiple
ranges. While there are relatively large differences in PL in the unstable and stable regions, most of
the larger differences occur near neutral. This occurrence is consistent with figure 3, which showed
that the higher duct and subrefractive layer heights occurred near neutral. Therefore, because the
higher duct and subrefractive layer heights support multi-mode propagation, we conclude that the
largest PL differences will also occur in near-neutral conditions.

Note that the propagation effects of a 0-m evaporation duct are not the same as a standard
atmosphere. A close comparison of the standard atmosphere PL values from figures 4 and 5 with the
0-m duct height values in figures 14 through 17 shows that 0-m evaporation duct PL values may be
up to a few dB greater than standard atmosphere, particularly at 25 and 40 km. This increase is the
result of the standard atmosphere gradient being 0.118 M/m versus the 0-m evaporation duct gradient
of 0.130 M/m, determined by the derivative of equation (10).
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     Figure 17. Overplot of propagation loss for stability-dependent profiles
     and propagation loss for neutral profiles versus evaporation duct height
     at 18 GHz and ranges of 10 km (top) and 25 km (bottom).
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Figure 18.  Differences between propagation loss for stability dependent
profiles (PL) and propagation loss for neutral profiles (PLN) versus the
stability parameter, z/L, at 3 GHz and ranges of 10 km (top), 25 km
(middle), and 40 km (bottom).
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  Figure 19.  Differences between propagation loss for stability-dependent
        profiles (PL) and propagation loss for neutral profiles (PLN) versus the
        stability parameter, z/L, at 5 GHz and ranges of 10 km (top), 25 km (middle),
        and 40 km (bottom).
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  Figure 20. Differences between propagation loss for stability-dependent
  profiles (PL) and propagation loss for neutral profiles (PLN) versus the
  stability parameter, z/L, at 9 GHz and ranges of 10 km (top), 25 km
  (middle), and 40 km (bottom).
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   Figure 21. Differences between propagation loss for stability-dependent
   profiles (PL) and propagation loss for neutral profiles (PLN) versus the
   stability parameter, z/L, at 18 GHz and ranges of 10 km (top) and 25 km.
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CONCLUSIONS

This study finds that subrefractive profiles in the atmospheric surface layer can be parameterized
by a characteristic height similar to the evaporation duct height. This parameter can be in terms of
subrefractive layer height or negative evaporation duct height. Equation (13) relates the two heights.
The parameter “subrefractive layer height” is an easily understood concept and is related to a
physical feature of the refractivity profile. The parameter “negative evaporation duct height” is not
related to a physical feature of the refractivity profile and evaporation is not the surface layer physi-
cal process involved in subrefraction, rather condensation is occurring. However, using a negative
duct height allows plotting of propagation loss predictions versus one parameter demonstrated here.

This study demonstrates that using neutral-stability refractivity profiles, equation (10) or (12),
yields a good approximation of the propagation loss resulting from using full stability-dependent
profiles over a typical range of bulk meteorological parameters. The accuracy of this approximation
degrades as the refractive profile supports the propagation of multiple modes, i.e., as the duct height
increases. This phenomena occurs for higher evaporation duct heights. Table 5 presents the approxi-
mate duct heights at which multiple-mode propagation becomes significant.
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