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Abstract

The evaporation duct strongly influence microwave radars and communication systems. For evaluation
of their performance in such environment combination of split-step parabolic equation and Monin-Obukhov
similarity theory are usual approach. There are several variants of semiempirical functions used in the
similarity theory which leads to different models for evaporation duct height estimation. Five models were
analyzed in this paper and evaporation duct height derived from them were compared with ”effective” duct
height obtained minimizing the difference between measured propagation factor and split-step parabolic
equation calculation for varying evaporation duct height by least-square method. The best result in average
was showed by ECMWF model and for other models ”effective” evaporation duct heights was lower then
obtained from bulk measurements. It means that combination of these models and split-step parabolic
equation method leads to overestimation of propagation factor values.

1 Introduction

The propagation of microwaves in the troposphere is affected by spatial distribution of refractivity. Suf-
ficient gradient of humidity near sea surface leads to a vertically decreasing index of refraction, which causes
formation of evaporation duct in a first tenth meters. The coverage of microwave radars and communica-
tion systems strongly affected by this waveguide. Correct prediction of electromagnetic wave propagation
in real environment should be made in order to optimize their performance. The combination of split-step
parabolic equation method for radiowave propagation simulation and Monin-Obukhov similarity theory for
vertical refractivity distribution evaluation are often used for this purpose. The similarity theory used several
variants of empirical functions and roughness parameter what led to different models for evaporation duct
height (EDH) estimation. Five models were analyzed in this paper and their combination with split-step
parabolic equation were compared with our experimental data to evaluate their performance for microwave
propagation assessment.

2 Split-step parabolic equation method

The parabolic equation is paraxial approximation to the Helmholz wave equation. The most efficient
method for numerical solution of the parabolic equation is split-step Fourier transform method. It can easily
handle refractive index inhomogeneities and appropriate boundary conditions. The wave fields begins at the
antenna and marches out in range. The solution at range step x+∆x is given by [1]

u(x+∆x, z) = e−jk0(n
2−1)∆x
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[
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]
, (1)

where n is the index of refraction, k0 is the free space wavenumber, ∆x is the incremental range step over
which the solution is propagated, p is the spatial wavenumber written as k0sinθ, where θ is the propagation
angle from horizont,F and F−1 forward and backward Fourier transforms. The type of Fourier transform is
defined by boundary conditions. For Dirichlet boundary conditions sine transform and for Newman boundary
conditions cosine transform is used respectively. The mixed Fourier transform is used for imperfectly con-
ducting surface [1]. Since the algorithm models two-dimensional, forward propagation, effects such as lateral
diffraction and backscattering have been neglected. Influence of rough sea surface on radiowave propagation
are accounted by means of Milller-Brown-Vegh model [2].
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3 Evaporation Duct Refractivity from Bulk Meteorological Measurements

The modified refractivity profile M(z) can be calculated using profiles of pressure P (z), absolute tem-
perature T (z) and water vapor pressure e(z):

M(z) = (n(z)− 1) · 106 + z

Re
= 77.6

P (z)

T (z)
+ 373 · 103 e(z)

T 2(z)
+

z

Re
, (2)

where Re is Earth radius. Pressure is calculated on the barometric equation. The Monin-Obukhov theory is
used to calculate vertical profiles of air temperature and humidity. Following this theory the vertical profiles
of wind speed u, virtual potential temperature θ and humidity q are given by
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In this equations, u∗, θ∗ and q∗ are scales for wind speed, temperature and humidity respectively, z0u,z0θ
and z0q are their roughness parameters. k is von Karman constant which has a value of about 0.4. The
functions ψ are accounted for departures of the surface layer from the neutral stability conditions and they
depend on dimensionless height ζ = z/L, where L is Monin-Obukhov length, which is the characteristic
length for dynamic turbulence in surface layer and defined as

L =
u2∗θ

kgθ∗
, (6)

where g - gravitation acceleration. Several variants of the empirical ψ functions and roughness parameters
were derived based on the different meteorological measurements during last years of developing this the-
ory. Some prevailing models LKB(Liu-Katsaros-Businger) [3], RSHMU (Russian State Hydro-Meteorological
University) [4], ECMWF (European Center for Medium range Weather Forecast) [5], COARE (Coupled
Ocean-Atmosphere Response Experiment) [6] and P-J (Paulus-Jeske) [7] are discussed here.

4 Experimental Investigations

The experiments were conducted in tropical and subtropical regions of the Atlantic Ocean from May till
July 1979. The radiowave propagation factor for 3.2 cm was obtained between two vessels moving towards
each other and apart. The measurements were carried out for distances 10 – 300 km. Only in some cases, the
distance was increased up to 500 km. The total error in determination of propagation factor didn’t exceed
2–3 dB. The bulk measurements of air temperature, humidity, wind speed, and the sea surface temperature
were carried out simultaneously. Radiosonde sensing of the upper troposphere was performed 4 times per
day on both vessels and allow vertical profile of refractivity to be derived from their pressure, temperature
and humidity measurements.

5 Analysis and Discussion

The experiment was conducted in open ocean where evaporation duct and the elevated duct could occur.
Analysis of the radiosonde soundings showed low probability of elevated duct presence during the data



collection. This result together with analysis of bulk measurements and previous investigations leads to that
the evaporation duct is primary propagation mechanism for this region. The available data are 39 distance
dependencies of propagation factors between 10 and 300 km. The most important part of the data is the
overhorizon before the troposcatter region where evaporation duct plays dominant role. A range dependence
of propagation factor there is close to linear decay which primary depends on evaporation duct height.
Thus we could characterize this curve by specific attenuation or some ”effective” evaporation duct height.
The least square method which minimize the difference between simulation by split-step parabolic equation
method and experimental values of propagation factor was used to find ”effective” duct height. The range
of evaporation duct height variation was chosen from 3 m to 16 m. Such range showed EDH calculation
from bulk measurements by all models except P-J. For each distance dependence of propagation factor was
also calculated evaporation duct height from bulk meteorological measurements. The comparison of EDH
estimated by two method presented as scatter plot on Fig. 1 and results of regression analysis in the Table 1.
Triangles, circles and stars correspond to different transmitter an receiver antennas heights: 4.5 m and 5.5 m,
12 m and 17 m, 12 m and 22.5 m. The solid line shows results of regression analysis and dashed line shows
the best case when two methods gives equal results. All models except ECMWF overestimate EDH obtained
from propagation measurements. It is mean that propagation factor values calculated by means of split
step parabolic equation and these models for refractivity estimation are higher than the measured values.
This result corresponds to previous investigations. The possible reasons for such difference are neglect of
turbulent refractivity fluctuation and incomplete account for rough sea surface. ECMWF model in average
shows results similar to the best case. The worst result was obtained for P-J model which overestimate
values evaluated from propagation factor by 4 meters.

a) b)

c) d)

Figure 1: Evaporation duct height from bulk measurements vs. ”effective” evaporation duct height for:
a) PJ; b) RSHMU; c) ECMWF d) COARE



Table 1: Comparison of evaporation duct height estimation from bulk measurements and from propagation
measurements

Model a b Shift Correlation σ
LKB 5.10 0.67 2.16 0.57 2.94

RSHMU 5.66 0.65 2.51 0.57 2.69
ECMWF 2.24 0.71 -0.37 0.63 1.83
COARE 4.75 0.66 1.72 0.58 2.59

P-J 4.28 1.05 4.74 0.48 6.08

6 Conclusions

The comparison of simulation and experimental results at microwaves show that evaporation duct refrac-
tivity calculation from bulk meteorological measurements leads to overestimation of microwave propagation
factor obtained by the split-step parabolic equation method over experimental values. This was already
pointed in previous investigations. To improve the prediction agreement ”effective” evaporation duct height
could be used. It values differ in average from the one obtained from bulk meteorological measurements for
the shift in Table 1. Just ECMWF model shouldn’t be corrected accordingly for results from this data set.
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