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Experimental verification of effect of horizontal inhomogeneity of
evaporation duct on electromagnetic wave propagation∗
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The evaporation duct which forms above the ocean surface has a significant influence on electromagnetic wave prop-
agation above 2 GHz over the ocean. The effects of horizontal inhomogeneity of evaporation duct on electromagnetic wave
propagation are investigated, both in numerical simulation and experimental observation methods, in this paper. Firstly, the
features of the horizontal inhomogeneity of the evaporation duct are discussed. Then, two typical inhomogeneous cases
are simulated and compared with the homogeneous case. The result shows that path loss is significantly higher than that
in the homogeneous case when the evaporation duct height (EDH) at the receiver is lower than that at the transmitter. It is
also concluded that the horizontal inhomogeneity of the evaporation duct has a significant influence when the EDH is low
or when the electromagnetic wave frequency is lower than 13 GHz. Finally, experimental data collected on a 149-km long
propagation path in the South China Sea in 2013 are used to verify the conclusion. The experimental results are consis-
tent with the simulation results. The horizontal inhomogeneity of evaporation duct should be considered when modeling
electromagnetic wave propagation over the ocean.
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1. Introduction
Humidity decreases rapidly in the atmospheric surface

layer (ASL) above the ocean surface, resulting in a leaky wave
guide which bends electromagnetic wave propagation towards
the ocean surface. This feature is known as the evaporation
duct, which has a significant influence on electromagnetic
wave propagation along the low-altitude path above 2 GHz
over the ocean. The evaporation duct almost exists over all of
the world’s oceans and it usually affects the performance of
low-altitude radar and communication systems.[1–4]

Numerous propagation models have been developed to
simulate electromagnetic wave propagation in the troposphere,
such as ray optics model, parabolic equation model,[5–8]

waveguide mode model,[9] and hybrid model.[10] The ad-
vanced propagation model (APM) is a hybrid model which
combines radio physical optics (RPO) and terrain parabolic
equation model (TPEM). The APM model accounts for ter-
rain and rough sea surface effects along the propagation path.
It is believed to be accurate and used in the advanced refractive
effects prediction system (AREPS). However, a large error ex-
ists between the model’s results and the experimental results
when modeling the electromagnetic wave propagation in an
evaporation duct.[3] The range-dependent evaporation duct en-
vironment is believed to be an important factor when modeling
electromagnetic wave propagation in an evaporation duct, but
relevant research has seldom been reported.

Traditional methods, such as direct measurements,[11,12]

inversion methods,[13–15] and numeral models,[16,17] cannot
provide an inhomogeneous environment on the propagation
path. The developments of data assimilation and mesoscale
numerical weather prediction (NWP) techniques make it pos-
sible to investigate the horizontal inhomogeneity of the evapo-
ration duct. The reanalysis products[18,19] can supply the long
term, high spatial, and temporal resolution atmospheric data
near the sea surface, which can be used to calculate a mod-
ified refractivity profile in the evaporation duct. For exam-
ple, the spatial resolution of the National Center for Environ-
mental Prediction (NCEP) Climate Forecast System Reanaly-
sis (CFSR) data[19] is 0.313◦× 0.312◦ (about 30 km) and the
temporal resolution is an hour. The NWP model, such as the
weather research and forecasting (WRF) model,[20] the Penn-
sylvania State University/National Center for Atmospheric
Research (PSU/NCAR) mesoscale model (known as MM5
model)[21] and the coupled ocean/atmosphere mesoscale pre-
diction system (COAMPS) model[22] can also provide atmo-
spheric data with high spatial and temporal resolution. The
WRF model can provide a result with up to 3-km spatial res-
olution and an hourly temporal resolution forecast. The high
spatial and hourly temporal resolution is very valuable to dis-
tinguish the diurnal variations in EDH. Based on the data ob-
tained from these assimilation methods and NWP models, the
effects of the inhomogeneity of the evaporation duct on elec-
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tromagnetic wave propagation can be further studied.
The rest of this paper is structured as follows. The fea-

tures of horizontal inhomogeneity of evaporation duct are dis-
cussed in Section 2. The electromagnetic wave propagation
in inhomogeneous evaporation duct is simulated in Section 3.
By comparing the result with that in the homogeneous case,
the effects of horizontal inhomogeneity of evaporation duct on
electromagnetic wave propagation are discussed. In Section 4,
the evaporation duct experiment held in the South China Sea
in 2013 is introduced. The data collected in the experiment is
used to verify the conclusion.

2. Horizontal inhomogeneity of the evaporation
duct
The propagations of microwave and millimeter-wave

electromagnetic radiation in the atmosphere depend on gra-
dient of the refractivity index of air. The refractive index is the
ratio of the speed (c) of an electromagnetic wave in a vacuum
to that in the material of interest (v), i.e.,

n =
c
v
. (1)

Since n nearly equals 1 in the troposphere (the typical
value is 1.0003), the refractive index is represented by a quan-
tity called the radio refractivity N as

N = (n−1)×106. (2)

For the electromagnetic wave whose frequency range is
from 1 GHz to 100 GHz, the refractivity N can be calculated
by the following empirical equation:

N =
77.6P

T
−5.6

e
T
+3.75×105 e

T 2 , (3)

where T (in unit K) is the atmospheric temperature, P (in unit
hPa) is the total atmospheric pressure, e (in unit hPa) is the
water–vapor pressure, and the constants have been empirically
determined. Modified refractivity, which takes the earth’s cur-
vature into consideration, is defined as

M = 77.6
P
T
−5.6

e
T
+375000

e
T 2 +0.157z, (4)

where z (in unit m) is the altitude above sea level, more infor-
mation can be found in Babin’ s research.[11]

The vertical gradient of M determines the type of re-
fraction conditions: normal, super-refraction or sub-refraction.
When the M gradient is positive, sub-refraction occurs and the
electromagnetic waves bend upwards. When the M gradient is
negative, super-refraction occurs and the propagating electro-
magnetic waves bend downward. When the evaporation duct
occurs, the electromagnetic waves bend downward and reflect
from the sea surface in a repeating process. The evaporation

duct height is the point where the local minimum M is located
near the sea surface. The modified refractivity profile calcu-
lated by the Naval Postgraduate School (NPS) model is shown
in Fig. 1. The evaporation duct height is 15.8 m.
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Fig. 1. (color online) Modified refractivity profile (EDH = 15.8 m, air
temperature: 20 ◦C, sea surface temperature: 20 ◦C, relative humidity:
65%, wind speed: 8 m/s, pressure: 1022.2 hPa).

The EDH is affected by meteorological factors near the
sea surface, such as air temperature, relative humidity, wind
speed, and sea surface temperature.[16–19] The uneven distribu-
tion of meteorological factors leads to the horizontal inhomo-
geneity of the evaporation duct. The features of the horizontal
inhomogeneity of evaporation duct are discussed as follows.

The EDH changes significantly along different latitudes.
Figure 2 shows the average EDH over the world’s ocean in
2008 and figure 3 shows the average EDH along different lati-
tudes. The result is calculated based on the NCEP CFSR prod-
uct and the Naval Postgraduate School (NPS) model. The de-
tails of the method can be found in Ref. [23]. It is shown that
the average EDH is about 11 m over the ocean near the equator
and the EDH will decrease as the latitude increases from 15◦

to 50◦. As a result, the effect of the horizontal inhomogeneity
of the evaporation duct on electromagnetic wave propagation
should be considered carefully if the propagation path is along
different latitudes.
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Fig. 2. (color online) Average EDH over the world’s ocean in 2008.
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Fig. 3. (color online) Average EDH of world’s ocean along different
latitudes.

The horizontal inhomogeneity of an evaporation duct is
significant in coastal regions. Figure 4(a) shows the EDH re-
analysis result in the west Pacific Ocean for 01Z, 1 July 2008.
The result is also calculated based on the NCEP CFSR prod-
uct and the NPS model. It is worth noting that the distribution
of EDH is inhomogeneous, especially in the Taiwan Strait, the
East China Sea, and the Yellow Sea. For example, the EDH
is below 4 m in the Yellow Sea and the north part of the East
China Sea. While in the south part of the East China Sea, the
EDH is about 15 m. What is more, there are also several areas
with high EDH in the South China Sea and the west Pacific
Ocean. If the propagation path is located on the edges of these
areas or coastal regions, the electromagnetic wave propaga-
tion could be influenced by the horizontal inhomogeneity of

the evaporation duct.
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Fig. 4. (color online) (a) Reanalysis result of EDH (unit: m) in the west
Pacific Ocean for 01Z, 1 July 2008, and (b) the EDH forecast result in
the South China Sea for 15Z, 3 January 2014.
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Fig. 5. (color online) Range-dependent modified refractivity profile: (a) the selected points in the first domain (the grid points with
circle), (b) the selected points in the second domain (the grid points with circle), (c) modified refractivity profiles of the first domain,
and (d) modified refractivity profiles of the second domain.
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There are significant changes of EDH in a span of 30 km.
Figure 4(b) shows the EDH forecast result in the South China
Sea for 15Z, 3 January 2014. The result is calculated by the
WRF model and the NPS model. Figure 5 shows the range-
dependent profile extracted from the EDH forecast result for
15Z, 3 January 2014. The propagation path which is 149-km
long is located in the north part of the South China Sea near
coastal areas, since the evaporation duct experiment was con-
ducted here in 2013. The grid points which are the closest
to the propagation path are used to calculate the modified re-
fractivity profile. Figures 5(a) and 5(b) show the selected grid
points in the first domain and the second domain of the WRF
model, respectively. Since the spatial resolution of the first
domain is about 30 km, five modified refractivity profiles are
obtained on the propagation path (Fig. 5(c)). Meanwhile, the
spatial resolution of the second domain is 10 km and four-
teen modified refractivity profiles are obtained on the propa-
gation path (Fig. 5(d)). It can be seen that there are noticeable
changes in 30-km intervals and so the profiles provided by the
second domain are preferable, if they are available.

3. Numerical simulation
The parabolic equation (PE) method has been widely used

to calculate electromagnetic wave propagation in the tropo-
sphere. The advantage of the PE method is that it can simulate
electromagnetic wave propagation in a range-dependent tropo-
sphere environment. The standard parabolic equation can be
obtained from the Helmholtz equation under certain assump-
tions and is expressed in the form of

∂ 2u(x,z)
∂ z2 +2ik0

∂u(x,z)
∂x

+ k2
0[m

2(x,z)−1]u(x,z) = 0, (5)

where u represents a scalar component of the electric field for
horizontal polarization or a scalar component of the magnetic
field for vertical polarization, z is the height, and x is the range,
k0 is the free space wave number, and m is the modified refrac-
tive index.

Let u(xk,z) be the complex scalar component of the field
in a range xk and at height z. Then, the field in a range xk+1

and at height z, denoted by u(xk+1,z), could be given by the
Fourier split-step solution of PE as

u(xk+1,z) = exp
(

i
k0

2
(m2−1)δx

)
×F−1

{
exp
(
− i

p2δx
2k0

)
F {u(xk,z)}

}
, (6)

where F [·] and F−1[·] are the Fourier transform and the Fourier
inverse transform, respectively, p is the transform variable, and
δx is the range increment, defined as δx = xk+1−xk. Detailed
information about Fourier split-step PE solution can be found
in Ref. [24].

In the present paper, the APM[25] is used to calculate
the electromagnetic wave propagation in an evaporation duct.
APM is a hybrid model which combines radio physical optics
(RPO) and terrain parabolic equation model (TPEM) in a rel-
ative fast code. The modified refractivity profile is calculated
by the NPS model in the numerical simulation.

Firstly, the electromagnetic wave propagation in homoge-
nous evaporation duct is calculated and the simulation condi-
tions are shown in Table 1. The propagation path is 200 km
and the electromagnetic wave frequency is 10.5 GHz. The
EDH is 15 m on the propagation path. Figure 6 shows the
electromagnetic wave propagation in a homogeneous evapo-
ration duct. It is shown that the evaporation duct behaves like
a waveguide and can lead to a decreased path loss. For exam-
ple, the path loss is about 140 dB at 50 km when the receiv-
ing antenna height is 3 m. The path loss at 200 km is about
150 dB, which is only 10-dB higher than that at 50 km. If the
receiving antenna is located outside the evaporation duct, then
the path loss is about 20 dB–30 dB higher than that inside the
evaporation duct.

Table 1. Simulation conditions.

Transmitting information
Transmitting antenna height 6 m

Frequency 10.5 GHz
Polarization horizontal

Range 0–200 km
Height 0–100 m

Elevation angle 0◦

Environment information
Air temperature 20 ◦C

Sea surface temperature 20 ◦C
Relative humidity 67.8%

Pressure 1022.2 hPa
Wind speed 8 m/s

Evaporation duct height 15.0 m
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Fig. 6. (color online) Electromagnetic wave propagations in homoge-
neous evaporation duct.

Two cases are then simulated to study the electromagnetic
wave propagation in an inhomogeneous evaporation duct. The
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EDH increases on the propagation path in one case and de-
creases in the other. The modified refractivity profiles for the
two cases are shown in Fig. 7. The EDH at transmitting an-
tenna is 15 m and the EDHs at receiving antenna are 20 m and
10 m, separately.
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Fig. 7. (color online) Inhomogeneous evaporation ducts: (a) EDH:
15 m–10 m and (b) EDH: 15 m–20 m.

It is shown in Fig. 8 that the electromagnetic wave can be
trapped in the two cases. However, their influences on electro-
magnetic wave propagation are quite different. When the EDH
at the receiving antenna is higher than that at the transmitting
antenna, the trapping feature of evaporation duct is stronger
than that in the opposite case. The path loss is significantly
lower in this case. The reasons for this are as follows. In the
first case (EDH: 15 m–20 m), the EDH increases along the
propagation path and the trapping feature becomes stronger.
The electromagnetic wave which departs from the evaporation
duct returns to the duct due to the refractivity. This will reduce
the path loss in the evaporation duct. While in the second case
(EDH: 15 m–10 m), the EDH decreases along the propagation
path and the trapping feature of the duct becomes weaker. As a
result, the electromagnetic wave cannot be trapped and leaves
the evaporation duct. Figure 9(a) shows a comparison of path
loss at 3 m between in a homogeneous evaporation duct and in
an inhomogeneous evaporation duct. The path loss at 200 km
in the first case (EDH: 15 m–20 m) is about 1-dB lower than
that in homogeneous case. While the path loss in the second
case (EDH: 15 m–10 m) is about 13-dB higher than that in a

homogeneous condition. There is a difference of about 14 dB
in path loss between the two inhomogeneous cases.

100

60

20

20 60 100 140 180

180

160

140

120

P
a
th

 l
o
ss

/
d
B

H
e
ig

h
t/

m

Range/km

100

60

20

20 60 100 140 180

180

160

140

120

P
a
th

 l
o
ss

/
d
B

H
e
ig

h
t/

m

Range/km

100 200150

80

120

160

P
a
th

 l
o
ss

/
d
B

0 50

3 m
5 m
7 m

Range/km

100 200150

80

120

160

P
a
th

 l
o
ss

/
d
B

0 50

3 m
5 m
7 m

Range/km

(a)

(b)

Fig. 8. (color online) Electromagnetic wave propagations in inho-
mogeneous evaporation duct for EDH = 15 m–20 m (a), and 15 m–
10 m (b).
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Fig. 9. (color online) (a) Path losses at 3 m (a) and 200 km (b) in ho-
mogeneous and inhomogeneous evaporation ducts.
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Figure 9(b) shows the path loss at 200 km in both a homo-
geneous and an inhomogeneous evaporation duct. It is shown
that when the height is less than 5 m, the path loss in the first
case (EDH: 15 m–20 m) is lowest, about 1-dB lower than that
in a homogeneous case. However, the path loss in the sec-
ond case (EDH: 15 m–10 m) is highest, about 10-dB higher
than that in a homogeneous case. When the height is higher
than 20 m, the path loss in the second case is lowest, about
10 dB–20 dB lower than the first case and the homogeneous
case. This is caused by the electromagnetic wave leaking from
the evaporation duct in the second case.

The effect of the horizontal inhomogeneous evapora-
tion duct on the electromagnetic wave propagation can also
be illustrated by ray theory. Figure 10 shows the simula-
tion results obtained by using ray theory. The propagation
path is 125-km long and the EDH changes every 25 km
(14 m→10 m→7 m→10 m→14 m). It is shown in Fig. 10
that several rays leak from the evaporation duct as the EDH
decreases from 14 m to 7 m. This will cause the path loss to
decrease in the evaporation duct. On the other hand, as the
EDH increases from 7 m to 14 m, the rays keep propagating in
the evaporation duct and the path loss changes slightly.
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Fig. 10. (color online) Effects of horizontally inhomogeneous evapora-
tion duct on electromagnetic wave propagation (ray theory).

The EDH at the transmitting location is 15 m and the
EDH at the receiving location changes from 6 m to 19 m.
Figure 11(a) shows the path loss at 3 m with different EDHs
at the receiving location. It is shown that when the EDH at
the receiving location is lower than that at transmitting loca-
tion, the path loss is higher than that in a homogeneous condi-
tion. When the EDH at the receiving location becomes lower
than 10 m, the path loss increases very quickly. For example,
when the EDH is 7 m at the receiving location, the path loss
is about 175 dB, 30-dB higher than that in the homogeneous
case. When the EDH at the receiving location is higher than
that at the transmitting location, the path loss is slightly lower
than that in the homogeneous case, about 1 dB–2 dB. Thus,
the second case with EDH decreasing has a larger influence
on electromagnetic wave propagation.

The horizontal inhomogeneity of an evaporation duct has
different influences on electromagnetic wave propagation with

different EDHs. Figure 11(b) shows the path losses at 3 m un-
der different evaporation ducts. The transmitting information
is the same as that shown in Table 1. When the EDH is low,
for example 13 m, the horizontal inhomogeneity of the evapo-
ration duct causes a reduction of 47.5 dB at 200 km compared
with the homogeneous case. When the EDH is 20 m, the dif-
ference is only about 2 dB at 200 km. Thus, the horizontal
inhomogeneity of an evaporation duct has a larger influence
on electromagnetic wave propagation when the EDH is low.
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Fig. 11. (color online) (a) Path loss at 3 m versus EDH at receiving
location and (b) the path losses at 3 m under different evaporation duct
environments.

The horizontal inhomogeneity of evaporation duct also
has different influences on electromagnetic wave propagations
at different frequencies. The frequency changes from 3 GHz
to 15 GHz. The environment information and the other trans-
mitting information are the same as those shown in Table 1.
Figure 12 shows the path losses at 3 m and 200 km at dif-
ferent frequencies. It is shown that the horizontal inhomo-
geneity of the evaporation duct exerts a larger influence on the
low frequency electromagnetic wave. For example, when the
frequency is higher than 13 GHz, both of the two cases only
cause a small influence (less than 5 dB) and the influence con-
tinues to reduce as the frequency increases. While when the
frequency is 5 GHz, the first case (EDH: 15 m–20 m) causes
an increase of 32 dB compared with the homogeneous case.
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The second case (EDH: 15 m–10 m) causes a reduction of
39 dB compared with the homogeneous case. This conclusion
is consistent with the low frequency cut-off characteristics of
the evaporation duct. The following equation determines the
longest wavelength trapped in the evaporation duct:

λmax =
8
3

√
2
∫ H

0

√
m(z)−m(H)dz, (7)

where m(z) is the modified index of the atmosphere at the
height of z, and H is the EDH. The electromagnetic wave with
wavelength less than λmax (low frequency) can propagate in
the evaporation duct.
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Fig. 12. (color online) Path losses at 3 m and 200 km for electromag-
netic wave propagation at different frequencies.

4. Experiment and results
An evaporation duct experiment was conducted in the

northern part of the South China Sea in December 2013. The
data collected in this experiment was used to verify the con-
clusion obtained in Section 3. The transmitter was at Donghai
Island in Zhanjiang City, Guangdong Province, China. The
receiver was at the Hailing Island in Yangjiang City, Guang-
dong Province, China. The experiment location was shown in
Fig. 13 and the propagation path was 149 km.

Fig. 13. (color online) Propagation path in the evaporation duct experi-
ment.

On 30 December 2013, the experiment started at about
8:00 a.m. and ended at 17:00 p.m. (UTC+8). The electro-
magnetic wave was transmitted from the Dong Hai Island and

the signal was received at the Hailing Island after propagat-
ing about 149 km. The signal frequency was 8 GHz and the
received signal level was recorded every second by the com-
puter. The experimental configuration is shown in Table 2.

NCEP CFSR data were used to calculate the range-
dependent modified refractivity profile along the propagation
path. The NCEP CFSR was designed and executed as a global,
high resolution, coupled atmosphere–ocean–land surface–sea
ice system to provide the best estimate of the states of these
coupled domains over this period.[21] One-hour reanalysis data
from 1979 to the present day are available, and global atmo-
spheric fields are provided for a variety of atmospheric fac-
tors. The spatial coverage has 1152×576 grid points from 0◦ E
to 359.687◦ E and 89.761◦ N to 89.761◦ S which provides
the data with a high horizontal resolution (0.313◦×0.312◦)
(Fig. 14(a)). The atmospheric factors shown in Table 3 are
extracted from the NCEP CFSR data and input into the NPS
model to calculate the modified refractivity (Fig. 14(b)) pro-
file along the propagation path. The grid points which are the
closest to the propagation path are used.

Table 2. Experimental configuration on December 30th, 2013.

Parameter Value
Transmitter antenna type Horn antenna
Transmitter gain 20 dB
Transmitter height 4 m
Transmit power 25 dBm
Polarization Horizontal
Receiver antenna type Horn antenna
Receiver antenna gain 25 dB
Receiver antenna height 5 m

Table 3. Primary factors and calculated factors from NCEP CFSR.

Primary factors Reanalysis height/m Units
Air temperature 2 m ◦C
Skin temperature Surface ◦C
Specific humidity 2 m g/kg
u component of wind 10 m m/s
v component of wind 10 m m/s
Sea level pressure Surface hPa
Calculated factor
Wind speed 10 m m/s
Air-sea temperature difference 2 m ◦C
Relative humidity 2 m %
Evaporation duct height m

Figure 15 shows a comparison between the experimental
results and numerical simulation results. The points are the
path loss measured in the experiment. The line with triangles
is the path loss calculated by the APM model using range-
dependent modified refractivity profiles. The line with rhom-
bus (homogeneous case 1) is the model result only using the
modified refractivity profile near the transmitter. The line with
circle (homogeneous case 2) describes the path loss calculated
by the model using the modified refractivity profile near the
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receiver. It is shown that the model result with considering the
inhomogeneous evaporation duct has less error in comparison
with the experimental result. Figure 14(b) shows the range-
dependent profile at 13:00 (UTC+8) 30 December. The EDH
near the transmitter is about 13 m, 3-m higher than the EDH
near the receiver. As is discussed in Section 3, when the EDH
reduces along the propagation path, the path loss in the inho-
mogeneous case is lower than that in the homogeneous case.
The result shows that the path loss in the homogeneous case
is 30-dB higher than the experimental result. However, there
is a difference of only less than 10 dB in path loss between
the calculated and experimental result if the inhomogeneity of
the propagation path is taken into account in the calculations.
Therefore, the effect of horizontal inhomogeneity of an evapo-
ration duct on electromagnetic wave propagation is significant
and should be considered when modeling the electromagnetic
wave propagation near the sea surface.
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Fig. 14. (color online) (a) Selected grid points of NCEP CFSR on the
propagation path, and (b) the range-dependent modified refractivity pro-
file at 13:00 (UTC+8) December 30th, 2013.

It is shown in Fig. 16 that the path loss keeps at about
200 dB from 13:00 p.m. to 15:00 p.m., but the simulation
results reduces about 30 dB during these periods. There is
an obvious discrepancy between the model results and the ex-
perimental results. The APM model is used in the AREPS,
which is widely used for the assessment of electromagnetic
systems. It is accurate and has also been validated in various
environments. The NCEP CFSR reanalysis data are an effec-
tive way to obtain range-dependent atmosphere factors along

the propagation path. However, the data are the output of data
assimilation system and have errors in the areas which lack in-
situ observations. The errors of the atmosphere factors are the
probable causes of the discrepancy.
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Fig. 15. (color online) Experimental result and the numerical simulation
result.

Figure 16 shows the conditions of EDH and atmosphere
factors during the experiment (transmitter location). It is
shown that the EDH changes from 13 m to about 10 m in a
time interval from 13:00 p.m. to 15:00 p.m., which leads to
the reduced path loss. The atmosphere is in an unstable condi-
tion (ASTD< 0◦C) and the relative humidity is in a range from
about 30% to 40%. The wind speed decreases from 3 m/s to
1 m/s. The low relative humidity is beneficial to the form of
the evaporation duct, so the reducing wind speed leads to a
low EDH at 15:00 p.m. Figure 17 shows the influence of the
wind speed error on path loss (model results) under the condi-
tion of experimental atmosphere. It is shown that if the wind
speed increases about 1 m, then the path loss will reduce about
30 dB (in the inhomogeneous cases 1 and 2). The model result
is sensitive to the wind speed error and the wind speed error is
the probable cause of the discrepancy.
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Fig. 16. (color online) Conditions of EDH and atmosphere factors dur-
ing experiment.
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Fig. 17. (color online) Influences of wind speed error on path loss
(model results).

5. Conclusions
The effects of horizontal inhomogeneity of evaporation

duct on electromagnetic wave propagation are studied, both
in numerical simulation and experimental observation, in this
paper. The features of the horizontal inhomogeneity of the
evaporation duct are discussed. The APM propagation model
is used to analyze the electromagnetic wave propagation both
in a homogeneous and an inhomogeneous evaporation duct.
The experimental data collected in the South China Sea in De-
cember 2013 are used to verify the conclusion. It is shown
that the horizontal inhomogeneity of an evaporation duct has
a significant effect on electromagnetic wave propagation near
the sea surface. The following conclusions are obtained in this
paper.

(i) When the EDH at receiver is lower than the transmitter
(i.e., propagation in a wedge), the horizontal inhomogeneity of
the evaporation duct causes a significant influence on the elec-
tromagnetic wave propagation near the sea surface. The path
loss is much higher in this case than in the homogeneous case.
While in the opposite case (i.e., propagation in a horn), the
influence of the inhomogeneous evaporation duct is slight.

(ii) The horizontal inhomogeneity of the evaporation duct
has different influences on electromagnetic wave propagation
at different frequencies. In general, the electromagnetic wave
propagation at low frequency is affected more seriously by
horizontal inhomogeneity of evaporation duct.

(iii) The effect of horizontal inhomogeneity of evapora-
tion duct on electromagnetic wave propagation is serious when
the EDH is low on the propagation path.

(iv) The model result considering the horizontal inhomo-
geneity of an evaporation duct has less error than the experi-
mental result.
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