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Abstract: Since the height of sea detection radar antenna and ship targets is relatively low, it is
generally believed that its over-the-horizon detection is mainly caused by the evaporation duct at sea.
To fully understand the influence of atmospheric ducts on radar over-the-horizon detection, a shore-
based navigation radar was used to carry out over-the-horizon detection experiments; radiosondes
were used to measure the atmospheric profile and evaporation duct monitoring equipment was used
to measure the evaporation duct. Based on experimental data and model simulation, a comparative
analysis of a navigation radar’s over-the-horizon detection, the evaporation duct, and the lower
atmospheric duct is presented in this study. The results show that the atmospheric duct can affect the
signal propagation of the navigation radar, thus resulting in over-the-horizon detection. The long-
range over-the-horizon detection of the navigation radar is caused by the strong lower atmospheric
duct, while the evaporation duct can generally only form weak over-the-horizon detection, which is
different from the general cognition.

Keywords: over-the-horizon; atmospheric profile;
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1. Introduction

When electromagnetic waves propagate in the troposphere, they are affected by
the atmospheric environment, resulting in phenomena such as refraction, diffraction,
and attenuation, which affect the performance of radio monitoring systems [1-3]. The
atmospheric duct is a special atmospheric structure that can bend ultrashort waves and
microwave frequency signals through super-refraction, propagating them along the earth’s
surface with small attenuation; this results in abnormal propagation of the radio system,
such as radar over-the-horizon detection, and over-the-horizon communication [4—6].

Atmospheric ducts can be classified into the following three types according to their
different formation mechanisms and spatial distributions: evaporation ducts, surface ducts
and elevated ducts. Surface ducts and elevated ducts can also be collectively referred
to as lower atmospheric ducts [7,8]. Evaporation ducts are formed due to the evapo-
ration of seawater and invariably exist in the ocean, thus attracting extensive scientific
attention [9-11]. However, with increasing research on atmospheric ducts, researchers have
found that lower atmospheric ducts also have a high probability of occurrence and can
have significant impacts on both land and maritime radio systems [5,12,13]. By measuring
the profile data of parameters such as atmospheric pressure, atmospheric temperature, and
relative humidity, radiosondes can reflect the gradient characteristics of parameters such as
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temperature and humidity, which is why they are often used to detect lower atmospheric
ducts [14-16].

Navigation radars are generally installed on ships to allow the detection of surround-
ing target positions to aid navigation, collision avoidance, and self-positioning. Their
operating frequency is generally in the X-band and the antennae are close to the sea surface,
making them easily affected by evaporation ducts. In 1989, K.D. Anderson used a 16.5 GHz
shipborne ground search radar to conduct experiments, the results of which show that an
evaporation duct can realize the over-the-horizon propagation of the radar with high signal
strength [17]. In 2009, Zhang Yu et al. carried out an evaporation duct measurement and
radar detection experiments. The experimental results reinforce the consistency between
the actual measurement of the evaporation duct and the over-the-horizon propagation of
radar signals [18]. In recent years, the Coupled Air-Sea Processes and Electromagnetic duct-
ing Research project has carried out long-term experiments and analysis on the correlation
between the evaporation duct environment and actual propagating signals [19,20].

A radar is also affected by lower atmospheric ducts that produces over-the-horizon
detection [5]. In 2017, Han Jia et al. simulated and analyzed the propagation loss of an
X-band shipborne radar in different atmospheric duct environments. In the surface duct
environment, the radar electromagnetic wave propagates far away in the duct layer with
minor loss, resulting in over-the-horizon detection [21]; however, comparative experiments
on lower atmospheric ducts and radar over-the-horizon detections are seldom carried out,
creating a lack of comparative analysis of measured data.

In September 2019, a comprehensive observation experiment was carried out in the
Guangdong Province of China. A shore-based navigation radar was used for over-the-
horizon detection and radiosondes were used to measure the atmospheric profile. Evapora-
tion duct monitoring equipment was used to measure the evaporation duct. Based on the
detection results of a navigation radar, the results of evaporation ducts and lower atmo-
spheric ducts during the experiment, and model simulation, this paper comprehensively
compares and analyzes the influence of evaporation ducts and lower atmospheric ducts on
navigation radar over-the-horizon detection.

2. Theoretical Models and Methods
2.1. Atmospheric Duct Diagnostic Method

An atmospheric duct is an abnormal atmospheric structure in the troposphere. The
atmospheric modified refractive index gradient of this atmospheric structure satisfies the
following equation [1]:

dM/dh <0 (1)

where the modified refractive index M can be obtained through the following
equations [22-24]:

M=N+ g x 10° )
Kl e
N== (P+Kor) 3)
. EO - exp tokllj‘dtd td<0 (4)
Eqi-exp to’;ﬁ”’td t4>0

where N is the refractive index, z is the altitude in m, the earth’s radius a = 6370 km, T is the
atmospheric temperature in K, P is the atmospheric pressure in hPa, ¢ is the water vapor
pressure in hPa, and ¢, is the dew point temperature in °C. The coefficients are respectively
equal and are as follows: K; = 77.6, K; = 4810, Ey = 6.115, E; = 6.1121, ky = 22452,
ky =17.502, tg; = 272.55, tpp = 240.97.

According to the aforementioned equations and the profile data on atmospheric
pressure, atmospheric temperature, and dew point temperature, the modified refractive
index profile can be calculated. If there is a layer that satisfies Equation (1), it is considered
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that a lower atmospheric duct occurs at this moment. In the presence of a lower atmospheric
duct, there are generally three cases of modified refractive index, as shown in Figure 1 [6].
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(a) surface duct (b) surface-based duct (c) elevated duct

Figure 1. Modified refractive index profiles of lower atmospheric ducts. Here, /1 is the top height of
the duct; dh is the thickness of the duct; AM is the strength of the duct; h, is the bottom height of the
duct layer; ¢ is the thickness of the duct layer; and i is the bottom height of the duct.

2.2. Electromagnetic Wave Propagation Loss Model

Through the parabolic approximation of the Helmholtz wave equation, the parabolic
equation model (PE) of electromagnetic wave propagation is formed. This affects the study
of abnormal propagation of electromagnetic waves in complex environments, such as
atmospheric ducts [24-27], the basic equations for which are given below [28-30]:

2
% + 2ik%§cz)x + k2 {nz(x,z) - l} u(x,z) =0 )
where k is the free space wave number, n (x, z) is the atmospheric refractive index,
u(x,z) = Eyeikx is for horizontal polarization, and Ey is the component of the electric
field in the Y direction, u(x,z) = Hye'** is for vertical polarization, and H,, is the compo-
nent of the magnetic field in the Y direction.

When solving the PE, the upper boundary adopts the Hamming window function
to realize the absorption boundary condition. The Hamming window function is a filter
widely used in signal processing. The expression is as follows:

pit) = e ©

The lower boundary (z = 0) is the sea surface and the following Leontovich surface
impedance boundary condition is used:

ou
g+au—0 (7)

Considering the roughness of the sea surface,

1-R
a= iksin917

+R ®

where 6 is the rubbing angle and R is the equivalent reflection coefficient of the rough
surface, which can be expressed by the Miller-Brown model as the following equations:

R = Roexp(=¢) (i) ©)

2
=28 <7§\h sin 9) (10)
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where R is the reflection coefficient of the smooth sea surface, I is the zero-order Bessel
function, A is the wavelength of the electromagnetic wave, and # is the root mean square
height of the sea surface.

U(x,p) = Flu(x,z)] :/ u(x,z)e P?dz (11)

—00

Then, the form of the distributed Fourier solution of PE is used as follows:
u(x +6x,z) = ei(k/Z)(nzfl)(Sfol[u(x,p) . efi(pz()“x/Zk)] (12)

Using the field strength at the initial location and the upper and lower boundary
conditions, the field value for the selected area can be calculated. Then, the propagation
factor F can be expressed as the following equation:

F = Vlu(x,2)| (13)
where x is the propagation distance. Propagation loss can be calculating using the following
equation:

47R
L(R) = ?.Olog(t() —20log F (14)

where R is the distance between the measurement point and the emission point in m, and A
is the wavelength in m.

2.3. Navigation Radar Over-the-Horizon

According to the principle of radar detection, the radar horizon equation is

as follows [31]:
R = v2ak(y/I + V/ho ) (15)

where R is the radar horizon in m, a is the earth’s radius in m, k is the earth factor, and
hy and h; are the height of the radar antenna and the equivalent height of the target in m,
respectively. k = 1 is for not considering normal atmospheric refraction, whereas k = 4/3 is
for considering normal atmospheric refraction and is usually used. This is because, under
the normal atmospheric refraction effect, the radar signal will bend to the earth’s surface
when propagating in the atmosphere, thus increasing the radar detection range.

In the atmospheric duct environment, if the radar signal frequency, antenna height,
antenna elevation angle, and other parameters meet certain conditions, the radar signal
will travel far along the atmospheric duct layer with little loss; when the detection distance
exceeds the radar horizon, over-the-horizon detection occurs.

3. Experimental Design

The experiment was carried out on the coast of MaoMing City, in the Guangdong
Province of China. The specific geographical location and experimental equipment are
shown in Figure 2. The experiment was carried out from 30 August 2019 to 28 September 2019.
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Figure 2. Experimental location and equipment used in the study. (a) The navigation radar; (b) the
radiosondes; (c) evaporation duct experimental platform.

The navigation radar is installed on the roof of the coast to detect ship targets at sea
and obtain radar over-the-horizon detection data. Some parameters of the navigation radar
are shown in Table 1.

Table 1. Navigation radar parameters.

Parameter Parameter Value
Frequency 9400 MHz
Peak Power 12 kw
Antenna Height 17 m
Antenna Elevation Angle 0°
Antenna Gain 29 dB
Vertical Beam Width 22°
Polarization Mode Horizontal

Table 1 shows that the navigation radar’s frequency is 9400 MHz and the antenna
elevation angle is 0°, which is easily captured by the atmospheric duct, thus resulting
in over-the-horizon detection. In addition, the height of the navigation radar antenna is
17 m, and the height of the target ship is generally not more than 25 m. According to the
radar horizon Equation (15), it is estimated that the navigation radar horizon does not
exceed 38 km. According to the distance of all ship targets detected by the navigation
radar, the measured maximum detection distance of the navigation radar is obtained. If it
exceeds the horizon distance of 38 km, it is considered that over-the-horizon detection has
occurred. Figure 3 shows examples of the results of the navigation radar horizon detection
and over-the-horizon detection.
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(@) (b)

Figure 3. Examples of the detection results of the navigation radar. (a) Horizon detection;
(b) Over-the-horizon detection.

During the experiment, radiosondes were used to measure the profiles of atmospheric
pressure, atmospheric temperature, and relative humidity almost twice a day. Atmospheric
modified refractive index profiles were obtained through calculation to detect the presence
or absence of lower atmospheric ducts, as well as the parameters of the lower atmospheric
duct. Figure 4 shows an example of the atmospheric profile data, showing that the measured
atmospheric profile has dense layers and large jitter and needs to be smoothed to be fitted
for the lower atmospheric duct calculations.
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(@) (b)
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Modified Refractive Index(M)
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Figure 4. Examples of atmospheric profile data. (a) Atmospheric temperature profile; (b) relative
humidity profile; (c) modified refractive index profile.

Evaporation duct monitoring equipment is set up on the offshore experimental plat-
form 6.5 km away from the shore to monitor the evaporation duct at sea. Figure 5 shows
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examples of the monitoring results of the height of the evaporation ducts; the variation
characteristics of the evaporation duct height over time can be observed here.
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Figure 5. Examples of the monitoring results of the evaporation duct height.

4. Analysis of Experimental Results
4.1. Over-the-Horizon Detection and Evaporation Duct Data Analysis

Navigation radar observation data collected during the experiment were preprocessed
and the longest distance of all the radar detected targets for every hour was obtained.
Figure 6 shows the measured maximum detection range of the navigation radar distributed
by time.
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Figure 6. Distribution of maximum detection distance of navigation radar.

From Figure 6, it can be clearly observed whether over-the-horizon detection has
occurred in the navigation radar. From the data in the figure, it can be observed that there
were over-the-horizon phenomena on 8, 13, 17, 22, and 28 September 2019. Among these,
the over-the-horizon phenomenon was particularly intense on 8 and 13 September and the
maximum detection distance was occasionally over 100 km.

The monitoring results of the evaporation duct height during the experiment are
shown in Figure 7. It can be clearly observed that from 22 September to 24 September, the
evaporation duct height was relatively high, that is, up to 40 m (see Figure 7).
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Figure 7. Monitoring results of evaporation duct height.

According to the data presented in Figures 6 and 7, the evaporation duct height and
the maximum detection distance of navigation radar were 27.8 m and 50 km, respectively, at
03:00 on 23 September 2019 and 6.8 m and 94 km, respectively, at 21:00 on 7 September 2019.
Using the parabolic equation model, the propagation loss of the navigation radar signal in
the evaporation duct environment at the above two times is simulated and calculated. The
evaporation duct environment profiles and simulation results of the propagation loss are
shown in Figure 8.
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Figure 8. Evaporation duct profiles and navigation radar signal propagation loss. (a) At 03:00 on 23
September 2019; (b) at 21:00 on 7 September 2019.
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From Figure 8a, it can be observed that the navigation radar signal can propagate far
away with little loss in the environment of an evaporation duct with a height of 27.8 m, so as
to form over-the-horizon detection. This is consistent with the maximum detection distance
of 50 km measured by the radar. This shows that a strong evaporation duct can make the
navigation radar form over-the-horizon detection. From Figure 8b, it can be observed that
the navigation radar signal propagates normally in the environment of an evaporation duct
with a height of 6.8 m. Over-the-horizon detection is not formed, which is inconsistent with
the maximum detection distance of 94 km measured by the radar. Therefore, it is inferred
that the radar over-the-horizon detection at this time is caused by the lower atmospheric duct.

A scatter diagram providing a comparative analysis of the radar maximum detection
distance and the evaporation duct height is shown in Figure 9, which shows that there
is poor consistency between the two. A correlation analysis is conducted between the
radar maximum detection distance and the evaporation duct height and the correlation
coefficient is found to be —0.08, that is, suggesting a weak correlation. From this, it can be
inferred that the navigation radar over-the-horizon detection during the experiment was
not caused by the evaporation duct in some cases.
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Figure 9. Relationship between radar maximum detection distance and evaporation duct height.

It can be inferred from the above analysis that, although the strong evaporation duct
environment can generate the over-the-horizon detection of the navigation radar, over-the-
horizon detection is not caused by the evaporation duct in some cases. It is more likely
caused by the lower atmospheric duct.

4.2. Case Study of Typical Over-the-Horizon Detection

Figure 6 shows that the maximum detection distance of the navigation radar has
a relatively evident change process on 7 and 8 September 2019. Figure 10 shows the
distribution of the navigation radar maximum detection distance during this process.

It is clear from Figure 10 that the navigation radar produced horizon detection on the
morning of 7 September 2019, which gradually changed to over-the-horizon detection in
the afternoon. This continued until the early morning of 8 September 2019, finally changing
back to horizon detection on the morning of 8 September 2019. From the afternoon of 8
September 2019 to early morning on 9 September 2019, the navigation radar produced
over-the-horizon detection. During this process, the maximum detection distance of the
navigation radar reached more than 100 km.

Querying the data in Figure 10 shows that the maximum detection distances of the
navigation radar at 8:00 and 21:00 on 7 September 2019 were 33 km and 103 km, respec-
tively; that is, horizon detection and strong over-the-horizon detection. The heights of the
evaporation duct at 8:00 and 21:00 on 7 September 2019 were found to be 10.5 m and 6.8 m,
respectively, which are both relatively low. It can be observed that the over-the-horizon
detection at 21:00 was not caused by the evaporation duct.
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Figure 10. Navigation radar maximum detection distance on 7-8 September 2019.

Atmospheric profile data at 08:00 and 21:00 on 7 September 2019 were obtained and
the atmospheric modified refractive index profile is shown in Figure 11. Figure 11 shows
that there is no atmospheric duct at 08:00 on 7 September 2019, while an evident lower
atmospheric duct existed at 21:00 on that day. Using the atmospheric modified refractive
index profile at 21:00 on 7 September 2019, the parameters of the lower atmospheric duct were
calculated. The top height, bottom height, layer bottom height, layer thickness, and strength of
the lower atmospheric duct are 258.3 m, 0 m, 123.8 m, 134.5 m, and 24.9 M, respectively.

1000

—— 20190907 08:00(LST)
900  [—— 20190907 21:00(LST)

800

700

600 b

500

Height(km)

400

300 b

200

100

380 400 420 440 460 480 500 520
Modified Refractive Index{M)

Figure 11. Atmospheric modified refractive index profiles at 08:00 and 21:00 on 7 September 2019.

Using the parabolic equation model, the propagation loss of the navigation radar
signal under the above two atmospheric environment profiles is simulated and calculated.
The simulation results are shown in Figure 12.

It is clear from Figure 12 that the navigation radar signal has clear propagation differ-
ences in the two different atmospheric environments. As can be observed from Figure 12a,
since there was no atmospheric duct at 08:00 on 7 September 2019, the navigation radar
signal basically propagated normally and no over-the-horizon detection occurred. From
Figure 12b, it can be observed that due to the strong surface duct at 21:00 on 7 September
2019, the navigation radar signal was trapped in the duct layer and propagated to the
distance with little propagation loss, thus forming over-the-horizon detection.
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Figure 12. Simulation results of navigation radar signal propagation loss. (a) At 8:00 on 7 September
2019; (b) at 21:00 on 7 September 2019.

According to the navigation radar parameters and the radar equation, it can be as-
sumed that the maximum one-way propagation loss threshold allowed by the navigation
radar is 145 dB. Assuming that the equivalent height of the ship target at sea is 10 m,
Figure 13 shows the simulated propagation loss and loss threshold of the navigation radar
at this height.

100 T - - . . 110
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Figure 13. Simulated propagation loss and loss threshold of navigation radar. (a) At 08:00 on 7
September 2019; (b) at 21:00 on 7 September 2019.

In Figure 13, the area where the propagation loss is smaller than the loss threshold is
the detection range of the navigation radar. Therefore, it is clear from Figure 13 that the
maximum detection distance of the navigation radar at 08:00 and 21:00 on 7 September 2019
is significantly different. From Figure 13a, the simulated maximum detection distance of
the navigation at 08:00 on 7 September 2019 is ~30 km, which is normal horizon detection
and consistent with the radar measured distance of 33 km. From Figure 13b, the simulated
maximum detection distance at 21:00 on 7 September 2019 is more than 100 km, which is
a strong over-the-horizon detection and consistent with the radar measured distance of
103 km. The measured and simulated results can show that the lower atmospheric duct can
cause over-the-horizon detection of the navigation radar and the strong lower atmospheric
duct can produce long over-the-horizon range.
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4.3. Comprehensive Comparative Analysis

The maximum detection distance of the navigation radar synchronized with the time
of the radiosonde data are estimated. Based on the atmospheric modified refractive index
profiles obtained from radiosonde data, the presence or absence of the lower atmospheric
duct and duct parameters can be calculated according to Equation (1) and Figure 1. Com-
parative statistics of the lower atmospheric duct and the over-the-horizon detection of the
navigation radar are calculated. The results are shown in Table 2.

Table 2. Comparison of navigation radar time over-the-horizon detection and lower atmospheric

ducts.
Atmospheric Duct No Atmospheric Duct
Over-the-horizon 14 1
No over-the-horizon 28 19

Table 2 shows that consistency between the lower atmospheric duct and the naviga-
tion radar over-the-horizon detection reaches 51.6%, which indicates a strong correlation.
Inconsistency between the two mainly occurred because the radiosonde data have an atmo-
spheric duct and navigation radar without over-the-horizon detection, a total of 28 times.
Radiosonde data have an atmospheric duct and the navigation radar has over-the-horizon
detection 14 times. The average bottom height of the lower atmospheric duct was 112.6 m,
with an average duct strength of 8.2 M. It can be observed that due to the low height of
the navigation radar and the ship target, when the bottom height of the lower atmospheric
duct is low and the duct strength is strong, the phenomenon of over-the-horizon detection
occurs easily.

The reasons why radiosonde data have lower atmospheric ducts and navigation radar
without over-the-horizon detection include the following. (1) When the bottom height of the
lower atmospheric duct is high or the intensity is small, it is difficult for the navigation radar
signals to be captured; (2) radiosonde data only form a single-point profile measurement
and cannot fully reflect the environmental information of the navigation radar on the sea
detection path. If lower atmospheric ducts only occur on the land side, they will not affect
the signal propagation of navigation radar; (3) ff there are no long-distance ship targets at
sea, even if the navigation radar signal can travel long distances in the atmospheric duct
layer, it cannot detect an over-the-horizon target.

Table 2 shows that the navigation radar has 15 over-the-horizon detections, of which
radiosonde data have 14 atmospheric ducts, with 93.3% consistency. Table 3 shows the
lower atmospheric duct parameters diagnosed by radiosonde data when the navigation
radar has over-the-horizon detection.

From Table 3, it can be observed that the farthest over-the-horizon detection distance
of the navigation radar was 106 km, followed by 103 km, 94 km, 74 km, 65 km, and so
on. The atmospheric duct parameters of the five farthest over-the-horizon detections are
counted. The average values of the duct bottom height, duct thickness, and duct strength
are 0.72 m, 269.3 m, and 4.6 M, respectively. This means that the duct bottom heights
are low, the ducts are strong; thus, the navigation radar can produce strong over-the-
horizon detection. Table 4 shows the results of evaporation duct height monitoring and the
navigation radar detection distance that are synchronized with the aforementioned five
strong over-the-horizon detections.

Table 4 shows that the heights of the evaporation duct at the five aforementioned times
are all relatively low, with an average value of 10.5 m; this may not allow the navigation
radar to produce strong over-the-horizon detection. From this, it can be inferred that strong
over-the-horizon detection of the aforementioned navigation radar is caused by the strong
lower atmospheric duct.
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Table 3. Lower atmospheric duct parameters when the navigation radar has over-the-horizon detection.

No. Time Du.ct Top Duct' Bottom ‘ Duct Duct Duct Type Rad.ar Detection
Height/m Height/m Thickness/m  Strength/M Distance/km

1 2019090716 198.2 0 198.2 7.0 Surface duct 65

2 2019090718 170.6 0 170.6 8.7 Surface duct 74

3 2019090721 258.3 0 258.3 24.9 Surface duct 94

4 2019090813 685.7 558.4 127.3 32 Elevated duct 57

5 2019090819 235.7 0 235.7 249 Surface duct 106

6 2019090821 487.6 3.6 484.0 74 Elevated duct 103

7 2019091008 570.4 384.8 185.6 2.5 Elevated duct 46

8 2019091020 546.5 3322 214.3 45 Elevated duct 41

9 2019091320 431.5 296.8 134.8 4.0 Elevated duct 40

10 2019091420 204.3 0 204.3 14.6 Surface duct 48

11 2019091508 10.6 0 10.6 1.6 Surface duct 39

12 2019091608 47.8 0 47.8 8.3 Surface duct 53

13 2019091708 21.7 0 21.7 1.1 Surface duct 55

14 2019091808 244 0 244 24 Surface duct 43

15 2019092317 - - - - No duct 40

Table 4. Strong over-the-horizon detection distances and evaporation duct heights.

No. Time Evaporation Duct Height/m  Radar Detection Distance/km
1 2019090716 11.6 65
2 2019090718 10.8 74
3 2019090721 6.8 94
4 2019090819 12.2 106
5 2019090821 11.3 103

Considering both Table 3 and Figure 14, it can be observed that the lowest duct bottom
height among the four elevated ducts depicted in Figure 14 is 296.8 m, occurring at 20:00
on 13 September 2019. Based on the modified refractive index profile at this moment, the
propagation loss of the navigation radar signal is simulated by the parabolic equation
model. The result of this is shown in Figure 15.

The 15 over-the-horizon detections of the navigation radar listed in Table 3 consist
of 9 occurrences of surface duct, 5 occurrences of elevated duct, and 1 occurrence of no
duct. Among the elevated ducts, four have duct bottom heights greater than 200 m. The
modified refractive index profiles for these four elevated ducts are obtained, as shown in
Figure 14.

Figure 15 shows that the navigation radar signal is essentially unaffected and prop-
agates normally, since the bottom height of the elevated duct is high and the navigation
radar antenna is low. Therefore, it can be inferred that the four elevated ducts with duct
bottom heights greater than 200 m cannot cause the over-the-horizon detection of the
navigation radar. That is, the four aforementioned over-the-horizon detection phenomena
of the navigation radar should be affected by the evaporation duct.
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Figure 14. Modified refractive index profiles of four elevated ducts.
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Figure 15. Simulation results of navigation radar signal propagation loss at 20:00 on 13 September
2019. (a) Propagation loss; (b) radar detection range.

From Table 3, the time when there is no duct or when the elevated duct with a duct
bottom height is greater than 200 m is obtained. Table 5 shows the results of evaporation
duct height monitoring and the navigation radar detection distance at the time selected above.

Table 5. Navigation radar detection distance and evaporation duct height.

No. Time Evaporation Duct Height/m Radar Detection Distance/km
1 2019090813 16.4 57
2 2019091008 129 46
3 2019091020 14.3 41
4 2019091320 16.6 40
5 2019092317 33.6 40

It can be observed from Table 5 that the evaporation duct heights at the selected
five times are all high with an average value of 18.8 m, which can cause the over-the-
horizon detection of the navigation radar. According to the statistics of the navigation
radar detection distance at the above times, the average value is 44.8 km, indicating a weak
over-the-horizon phenomenon. It is generally believed that the navigation radar frequency
is the X-band and the antenna is low, which is easily affected by the evaporation duct,
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thus producing a strong over-the-horizon detection phenomenon. The actual measurement
results show that although the evaporation duct can cause the over-the-horizon detection
of the navigation radar, the over-the-horizon phenomenon is weak.

5. Conclusions

Based on the navigation radar detection data and the monitoring results of the evapo-
ration duct, this paper analyzes the influence of the evaporation duct environment on the
over-the-horizon detection of a navigation radar. Following this, a typical navigation radar
over-the-horizon detection change process is conducted and analyzed. In addition, this
study conducts a comparative analysis of lower atmospheric ducts and navigation radar
over-the-horizon detection.

The above measured and simulated results show that although the strong evaporation
duct environment can cause over-the-horizon detection of the navigation radar, over-the-
horizon detection is not caused by the evaporation duct in some cases, but the lower
atmospheric duct. Furthermore, the lower atmospheric duct and navigation radar over-
the-horizon detection have a strong correlation, and the far over-the-horizon detection of
the navigation radar is generally determined by the strong lower atmospheric duct. In
addition, in the absence of the lower atmospheric duct, the over-the-horizon phenomenon
of the navigation radar caused by the evaporation duct is generally weak.

In conclusion, the lower atmospheric duct can affect the propagation of the navigation
radar signal, resulting in over-the-horizon detection. Far over-the-horizon detection of the
navigation radar is caused by the strong lower atmospheric duct. The evaporation duct
can generally only form weak over-the-horizon detection, which is different from general
cognition. Numerous reasons for the aforementioned phenomena are assessed in this study
and the most notable of which include the following. First, the system detection ability of
the navigation radar is weak. Second, the evaporation duct has poor abilities to trap the
energy of electromagnetic wave signals, while the strong lower atmospheric duct is very
strong. The combined effect of the two factors leads to weak over-the-horizon detection
of the navigation radar in the evaporation duct, but relatively strong effects in the strong
lower atmospheric duct.

This study can provide a reference for a more comprehensive and in-depth understand-
ing of the impact of the atmospheric duct environment on radar detection ability. Due to
the impossibility of obtaining navigation radar signal environmental data along the entire
propagation path, this study only analyzed the phenomenon of over-the-horizon detection.
If complete and accurate regional environmental data can be obtained in the future, a
more precise analysis of the correlation between atmospheric ducts and over-the-horizon
detection distance of the navigation radar can be conducted.
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