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Abstract: Two clear-air over-the-horizon propagation mechanisms affecting the Automatic Identifi-
cation System (AIS) detection range are considered. Comparison results are presented between the
path loss due to tropospheric ducting and path loss due to tropospheric scattering (troposcatter) for
the AIS frequencies. The calculations are based on the well-known parabolic equation approximation
to the wave equation, in which a simple troposcatter formula is incorporated. In most studied cases,
the ducting ensures a significantly greater reduction in path loss than troposcatter even when the
AIS frequencies are not well trapped in the duct. Emphasis is placed on the elevated trapping layers,
and some features that may make ducting propagation less favorable in terms of increasing the AIS
detection range are discussed.

Keywords: automatic identification system; anomalous propagation; tropospheric ducting; troposcat-
ter; parabolic equation

1. Introduction

The automatic identification system, designed with the original goal of monitoring
the navigation of ships in real time to avoid collisions, later included in the VHF data
exchange system concept [1,2], has acquired, at present, much more importance in maritime
communications than was originally supposed. A growing number of applications, such
as weather forecasting and maritime traffic planning [3], use AIS data and rely on AIS
performance [4]. At the same time, in a number of cases, it is enough to detect only part
of the AIS message rather than decoding the entire message. The detection of only a
fraction of the AIS messages sent by a vessel is sufficient for the purposes of locating
and updating the vessel’s position. In this sense, the detection range is the maximum
distance from which the presence of a signal is detected (this does not mean that the
information contained in the signal is read) [5]. According to [5], under normal propagation
conditions and typical AIS parameters, the maximum reliable ship-to-ship communications
distance is 37-46 km; the reliable distance for coast stations with higher antennas to
receive AIS messages from ships reaches 64 km. Efforts are being made to increase both
the communication and detection ranges up to 100 km and beyond [6]. The long range
detection capability has lower reliability requirements than communication requirements;
nevertheless; it cannot be achieved with the current AIS equipment specifications and
line-of-sight (LoS) and diffraction propagation mechanisms [5]. Apart from equipment
characteristics, AIS operation is affected by the weather and also by clear-air meteorological
conditions. The latter determine the conditions for AIS signal propagation and thus
contribute to increasing or decreasing the distance from which a signal is detected. This,
with the lower reliability requirement for detection only rather than receiving the entire
message, has drawn attention to the possible use of anomalous propagation mechanisms
that provide transhorizon propagation of VHF radio waves and thus increase (eventually)
the AIS detection range [5]. This work investigates by numerical simulations two clear-air
anomalous propagation mechanisms associated with changes in tropospheric refraction,
namely, the tropospheric ducting and the troposcatter, and compares their ability to increase
the deep over-the-horizon propagation of AIS frequencies [7-12].
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Over large bodies of water, the sharp gradients of water vapor and air temperature
result in the deviation of tropospheric refraction from the standard one and can lead to
the formation of tropospheric ducts. The vertical change in the refractive index of the air
n is much larger than the horizontal change, and for practical purposes, the horizontal
variations of n are often neglected. The introduction of the modified refractivity M defined
as M = N + (z/a,) x 10°, where N is the tropospheric refractivity, N = (n — 1) x 10, z is the
height above the Earth surface and 4, is the Earth’s radius, allows to treat the Earth surface
as flat; the negative vertical gradient of M indicates the appearance of tropospheric duct
(the corresponding gradient of N is dN/dz < —157) [13]. For various reasons, such as the
lack of real profiles or to facilitate calculations, the average height profiles of the modified
refractivity M(z) approximated with bi-linear or tri-linear profiles are often used, which
preserve the basic parameters of the ducts, except for the evaporation duct, modeled by a
log-linear curve [14]. In Figure 1 are sketched the M(z) profiles for the essential duct types,
with their basic parameters, duct thickness z; and M-deficit, indicated. In the tropospheric
duct, the electromagnetic (EM) energy of certain frequencies is trapped and propagated
over a long distance as in a waveguide. Recently, considerable efforts have been made in
studying the propagation characteristics of tropospheric ducts and investigating the associ-
ated over-the-horizon maritime propagation for specific regions or seas [10,11,15-17]. The
evaporation duct attracted the attention of the authors of those papers because it is nearly
permanently present above large bodies of water at lower and even moderate latitudes [18].
Other works investigate the possibility of using the evaporation duct to maintain efficient
coastal communications links and their reliability [19-22]. Since frequencies ranging from
about 1 GHz to 20 GHz are most affected by tropospheric ducting, all of the above papers
focus on the microwave frequency range, while the less affected VHF band is somewhat
neglected. In recent years, the ducted AIS signal propagation has been used mainly to
detect anomalous propagation over the sea and estimate duct parameters [8,23-25]. As
shown in [8,25], the influence of the evaporation duct on the VHF range is rather negligible;
this range is more affected by surface and surface-based ducts.

. (@ (b) (c) ()
H
€ irapping layer
i trapping layer _T_
g zd
h zd
t
zd zd I .
M-deficit M-deficit M-deficit M-deficit
Modified refractivity

Figure 1. M(z) profiles for the essential duct types: (a) evaporation; (b) surface; (c) surface-based;
(d) elevated.

Troposcatter is a mode of trans-horizon propagation of radio waves that results in
random scattering from small-scale irregularities in the troposphere in the common vol-
ume encompassed by the transmitting and receiving antenna beams, see Figure 2. This
propagation mechanism can extend coverage far beyond the diffraction zone and is appli-
cable to a wide frequency range, including VHF [5]. The prediction of troposcatter loss
is largely based on empirical models, as that proposed in [26,27], later developed in [28],
and underlies the models in the recommendations of the International Telecommunication
Union (ITU) [29]. At present, the recommendations in [29-31] are widely used to predict
troposcatter losses. The recommendations in [30,31] are probability-based transmission loss
prediction models: the first one is mainly used for interference prediction purposes for time
percentages below 50%, while the second one is mainly used to predict propagation condi-
tions for percentages greater than 50%. The recommendation in [30] provides climate zone
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classification with application to troposcatter propagation and maps for their geographical
application. A practical analysis and discussion on this model may be found in [12]. The
troposcatter model [31] is a general purpose model that combines the two previous models.
With the development of optimization methods, recently, more elaborated troposcatter
models have been proposed, including one based on the genetic algorithm optimization of
the problem parameters [32] and another based on particle swarm optimization in [33]. A
review of recent studies on tropospheric scatter models may be found in [34].
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Figure 2. The geometry of the troposcatter model.

The complicated maritime conditions require sophisticated propagation models. To
model the AIS frequency propagation under ducting, the parabolic equation (PE) approx-
imation to the wave equation is used. This approximation allows the simultaneous use
of non-linear refraction profiles and complex boundary conditions and also includes the
antenna pattern [35-38]; at the same time, it can be efficiently solved numerically. A simple
troposcatter formula [26,27] is incorporated in the PE model.

The paper is organized as follows: In Section 2, Section 2.1 provides a brief description
of the PE method used for ducting propagation simulations and Section 2.2 describes the
troposcatter model. In Section 3, the results obtained by the two methods from Section 2
are reported and discussed, and Section 4 is the conclusion.

2. Theoretical Background
2.1. Description of the PE Method

The PE-based numerical solution to various radio wave propagation problems is
very well documented in the literature in different aspects: derivation [35,36] (a histor-
ical overview is provided in [39]), verification [40] and validation by comparisons with
measured data [41-43]; at present, it is widely used to predict anomalous propagation
in inhomogeneous environments, including coastal and maritime, and a broad range of
frequencies [24,38,44]. In this work, the standard form of the 2D PE was applied, expressed
by Equation (1):

ou(x,z) i u(x,z) iko/
T_%Tjti(m (x,z)—l) u(x,z). 1)

In Equation (1), ko is the free-space wave number; m = M x 107® + 1 is the mod-
ified refractive index; u(x,z) is the reduced function [35], obtained from the transverse
EM field component by removing the rapid fluctuating term exp(ikpx); and x and z are
the horizontal and vertical coordinates, respectively. Equation (1) is solved numerically
by marching algorithms, i.e., the solution at range x + Ax is obtained from that in the
range x; this requires knowledge of the EM field on an initial plane and the application of
adequate boundary conditions. The numerical solutions of Equation (1) are based on finite
difference (FD) algorithms, finite element (FE) algorithms or split-step Fourier-transform
(SSF) algorithms. The choice of the numerical solution depends on the specifics of the
propagation problem. Algorithms based on FD and FE are more flexible in modeling differ-
ent boundary conditions and scattering surfaces, whereas SSF allows a larger horizontal
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step size and is particularly suitable for propagation problems involving large distances.
The main drawback of Equation (1) is that it does not account for backscattering. The
applicability of the paraxial approximation and Equation (1) to the studied problem is
ensured by the smooth variation of n with x, the grazing incidence angles involved in the
ducted propagation and the fact that the EM field varies over scales much larger than the
EM wavelength; under these conditions, the forward-propagated field has a dominant role.
Equation (1) is very accurate for propagation angles within £15° of the preferred direction
of propagation, x [35]; the studied problem falls within these limits. A larger discussion
of the limitations of the 2D PE and its numerical solutions can be found in [38,45,46]. In
this study, the SSF-based solution of (1) was used as described in [46] and implemented in
“Advanced propagation model (APM) version 1.3.1 Computer software configuration item
(CSCI) documents”, Tech. Doc. 3145. The PE model generates an output in terms of path
loss (PL, PL in dB) or propagation factor (PF, PF in dB), calculated following Equation (2):

47td

PL =20 log<A) — PF, PF = 20log|u(x,z)| + 10log(d) + 101log(A), 2)

where the first term in the PL expression is the free-space loss, A is the free-space wavelength,
and d is the transmitter-receiver distance. In this case, the definition of the PF corresponds
to that provided in [13]: PF = | E/E; | 2 where E is the electric field amplitude received at a
given point under specific conditions and Ej is the electric field amplitude received in the
same point under free-space conditions. This definition of the PF includes all propagation
mechanisms between the two corresponding points accounted for by u(x,z), including
multipath and diffraction, as well as the transmitter antenna pattern.

In this study, the initial field was provided by an omni-directional antenna. A trans-
horizon propagation path implies multiple reflections from the sea surface; therefore, the
sea surface roughness should be accounted for. A good indicator of the surface roughness
is the Rayleigh roughness parameter 2kyoy,sin(«) [35], where ¢y, is the standard deviation
of the sea surface height and « is the grazing incidence angle to the surface, i.e., the
degree of roughness is determined not only by ¢, but also by the radio frequency and
angle of incidence «. The frequencies allocated to the AIS are centered at 161.975 MHz
and 162.025 MHz and correspond to a wavelength of about 1.85 m. This is of the same
order as ¢, obtained for high sea (sea state 7 from the Douglas sea scale) and applying
one of the most widely used formulas that relates ¢}, to the wind speed and sea state:
oy, = 0.0051 Uyg? [47], where Uy is the wind speed in m/s at h = 10 m (for Uyg = 15 m/s
0y, = 1.15m). On the other hand, the ducting propagation implies small grazing angles,
which reduce the influence of roughness. The significance of the sea surface roughness for
AIS frequencies is still an open issue that is beyond the scope of this work. In this study, the
sea surface roughness was neglected and the Fresnel reflection coefficient from a smooth
surface was used. The dielectric characteristics of the sea water were taken from [28]. The
environmental input to the PE was provided by M profiles calculated from meteorological
data as in [48]; see Figures 3-5.
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Figure 3. Surface-based duct profiles.
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Figure 4. Elevated duct profiles.
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Figure 5. Evaporation duct profile (a); surface duct profile (b).

2.2. Troposcatter Model

At ranges deep beyond the radio horizon when there are no trapping layers and
ducting, the scattering from irregularities in the troposphere in the common volume encom-
passed by the transmitting and receiving antenna beams becomes the dominant propagation
mechanism. It applies for frequencies from around 100 MHz to above 8000 MHz. In this
study, the troposcatter is considered in the category of anomalous propagation mechanisms.
It should be noted, however, that the troposcatter is a more stable and predictable mech-
anism than the appearance of trapping layers and tropospheric ducts. Nevertheless, as
pointed out in [5], the path losses due to troposcattering are relatively large and cannot
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provide reliable ship-to-shore reception of AIS messages with the current AIS shore station
design, but it still can be used for message detection. The troposcatter model used in this
work follows that described in [26]. The median path loss in the troposcattering region, in
dB, is expressed by:

PL = 115.4 + 106, + 20log(d) + 30log(f) — 0.2Np, 3)

where 65 denotes the scattering angle in degrees (see Figure 2), d is the ground transmitter—
receiver distance in km, f is the frequency in MHz, and Ny (N-units) is the sea-level
surface refractivity. Note that at sea level M(z = 0) = My = Ny. Formula (3) is mainly
experimentally obtained and comprises three components [26]: free space loss, Lg, ex-
pressed by Formula (4); year-round median scatter loss for mean year surface refractivity
No =310 N-units, Ls, expressed by Formula (5); and the term —0.2(Ny — 310) that accounts
for the geographical variations in troposcattering:

Lys = 32.44 +201log(d) +201og(f), 4)
= _ S 0
Ls =57 +10(6s — 1) + 101log 100 ) for 6, > 1°. (5)

For smooth earth, the scattering angle is:

95 = @d — (dl +dz>, d] =V Zkﬂeht/ dZ =V Zkﬂehr; (6)

T ka,

where h; and /i, are the transmitter and receiver heights, respectively; g, = 6370 km is the
Earth radius; and k is the effective earth radius factor. For a standard troposphere, k = 1.3333;
usually this value is used in troposcatter calculations.

It is difficult to strictly distinguish the range of application between the diffraction
propagation mechanism, calculated by PE, and troposcatter mechanism where Equation (3)
applies. In this case, we used the minimum range r; at which the diffraction solution is
applicable as a criterion [49]:

K2\
r4 = Thor +230.2 <f> ) Thor = 3.572<\/kht + \/khr> ) @)

where 1y, is the radio horizon in km, /; and &, are expressed in meters, and f in MHz. The
troposcatter model (3) is used for all ranges exceeding r; and calculated for all heights
at a given range in parallel with the PE model, which provides the losses from the other
propagation mechanisms (standard troposphere, diffraction and reflection). This ensures
a uniform approach to all propagation mechanisms of interest in this study. It should be
noted that another approach, designed to model turbulence effects from higher altitudes
again using PE, was implemented in [50]. The author of [50] added a random fluctuation,
obtained by a semi-empirical scatter model, to the mean refractive index profile and
applied the PE with the fluctuating profile input. This approach is attractive, but a number
of concerns associated with it, which may affect the general application of PE, are also
discussed in [50].

It is important to note that, in Equation (3), the aperture-to-medium coupling loss
factor is missing, which accounts for the common scattering volume variation with antenna
gain, and was added later to the troposcatter loss model [5,28,29]. The respective formulas
with a discussion of their use can be found in [5,28,29]. Since the present study uses an
omni-directional antenna, the aperture-to-medium coupling loss factor is effectively zero.
Contrarily, because the frequency is relatively low and lower antenna heights are used, the
original Formula (3) is complemented by the frequency-gain function Hy as described and
derived in [27]. For lower frequencies and antenna heights, the EM energy that reaches
the lower part of the common scattering volume (as explained in [27], the most efficient
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scattering is in this part) is reduced by reflections from the ground, and this results in PL
increasing, accounted for by H.

3. Results and Discussion

In Figures 3-5, the M profiles used as input to the PE in this study are shown. They
were selected from the profiles obtained in [48], where the M profiles were calculated from
meteorological parameters provided by the European Center for Medium-Range Weather
Forecasts (ECMWF) for the Bulgarian Black sea shore. The data covers a period of two
years. The M profiles are approximated by linear segments whose number and heights
correspond to those for which meteorological parameters were available from ECMWE.
Inside the pictures are indicated the exact latitude, longitude, and date to which the profiles
refer. In Figures 3 and 4, the profiles named as “first” are at a distance of about 25 km from
the shore, and the “second” profiles refer to a distance of about 50 km from the shore to
the open sea. Figure 3 presents changes in the profile of a surface-based duct (SBD) when
moving from the coast to the open sea; Figure 4 presents the emergence of an elevated duct
when moving away from the coast. In Figure 5, the average surface duct profile for summer
months at the shore is shown (43° N-28° E) from the above study as well as a log-linear
evaporation duct profile. The resolution of the meteorological data was insufficient to
reconstruct the evaporation duct and its profile was not derived from the meteorological
data. Instead, it was obtained from Formula (8) for z; = 40 m [14]:

M(z) = My +0.125 [z—zd 1n(Z;LOZO)] , ®)

where z is the aerodynamic roughness parameter assumed to be 1.5 x 10~* m [14,35]. The
theory behind Formula (8) defines 40 m as the maximum evaporation duct height; z; in
Formula (8) determines also the M-deficit for this duct.

A preliminary estimate of a duct’s ability to capture a specific frequency is made in
Formula (9), which provides the maximum wave length, A4y, trapped in a duct [51]:

2
Aoy = g(:zd(AM)l/z, )

and its relation to the duct thickness z; and M-deficit AM (see Figure 1). Coefficient C has
different values for the different duct types: C = 3.77 x 103 for surface and surface-based
ducts, and C = 5.66 x 1072 for elevated ducts. Formula (9) indicates that the AIS frequencies
are not trapped by the evaporation duct even though it has the maximal height of 40 m and
M-deficit determined by the most widely used log-linear approximation of its average M
profile, in Equation (8) (see Table 1). Indeed, as it is seen from Table 1, only the second SBD
and second elevated duct profiles ensure, according to Equation (9), the full trapping of
AIS frequencies. It is important to note that the transition from trapping to non-trapping
is gradual and frequencies with A around A5y can be affected by the duct even though
not (entirely) trapped. All subsequent calculations refer to frequency F = 161.975 MHz and
horizontal polarization.

In Figures 6 and 7, the PL curves vs. range for the two SBDs from Figure 3 and the
respective troposcatter curves are compared. The troposcatter curves are calculated for
values of My corresponding to those of the SBDs. For distances below r;, calculated by
Formula (7), the troposcatter curves are complemented by the standard troposphere and
diffraction PL. Figures 8 and 9 show analogous results but for the two elevated ducts
from Figure 4. The other parameters are: fi; = 25 m and h, = 30 m for Figures 6 and §;
hy = 55 m and h, = 30 m for Figures 7 and 9. The radio horizons are: ry,, = 43 km for
Figures 6 and 8, and ry,,, = 53 km for Figures 7 and 9. As expected, the ducting ensures
less PL than troposcattering, even when Ay is less then 1.85 m; this difference in PL
between the two propagation mechanisms starts from a distance of around 30-40 km for
Figures 6 and 7, and from a distance of around 100 km for Figures 8 and 9. The beyond-
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the-horizon region is characterized by a smooth PL increase in the case of SBDs. For the
elevated ducts, the beyond-the-horizon region up to a distance of 100 km is characterized by
PL peaks that exceed (or reach) the troposcattering values (or these of standard troposphere
plus diffraction, if the range is less than ;). For the elevated ducts and used /;, for lower
(receive) antennas, a “skip zone” exits beyond 40 km; see Figure 10 where the PL is plotted
vs. range and height for /; = 25 m. In Figure 10, the locations of the two PL peaks for the
second elevated duct from Figure 8 near a range = 50 km and range = 92 km are clearly
visible. In Figure 8, the first peak for the second elevated duct is very well pronounced
and increases the PL just beyond the horizon with more than 15 dB in comparison to the
standard troposphere plus diffraction. The two peaks in Figure 9 are in the diffraction
zone. Figures 11 and 12 show PL vs. range and height for the second SBD and the first
SBD, respectively, and /; = 25 m. The SBDs are formed with the participation of elevated
trapping layers; those layers “pull” the energy upwards and a skip zone is formed close to
the Earth surface; see also [11,52]. In comparison to the elevated duct, in the case of SBD,
the skip zone does not show PL peaks; they are “diffused”, but in the first 30-40 m (for the
case of Figure 11), the losses are greater than those above this height. For Figure 12, this
zone is lower and its height increases as it approaches 200 km. Looking at Figure 6, one may
notice that the weaker first SBD has a lower PL than the stronger second SBD. This does
not seem unusual, since /1, = 30 m falls within the first 30-40 m of the coverage diagram
pattern in Figure 11 but is above the analogous zone with higher losses in Figure 12. In
Figure 7, where h; = 55 m determines a different coverage diagram pattern (not shown
here), for the same h, = 30 m, the situation is as expected: the stronger duct leads to a lower
PL than the weaker duct. Note also that, in this case, the second SBD is called “stronger” (in
comparison to first SBD) because, for it, the AIS frequencies are fully trapped; it is thicker
but with a lower M-deficit than the first SBD. This shows the conditional nature of the
definition of “stronger” in this case. As it can be seen from the SBD figures, in order to
take advantage of ducted propagation, it is not enough to ensure that both the h; and h,
antennas are “immersed” in the duct; their specific heights and location of #, in the pattern
created by h; are very important.

Table 1. Essential duct parameters for the ducts in Figures 3-5.

Type of Duct Zg, m AM, M-units Amax, M
SBD 1st profile 175 16 1.76
SBD 2d profile 325 10 2.57
Elevated duct 1st profile 150 2 0.8
Elevated duct 2d profile 325 115 4.16
Surface duct 104 12.5 0.92
Evaporation Duct 40 57.44 0.76

Path loss, dB

red -PL for 1st SBD duct, Mo=381

- troposcatter, Mo=381
black - PL for 2d SBD duct, Mo=383
blue - tropocatter, Mo=383

LA AU S N L L UL L LA B I B B B S B B s
0 10 20 30 40 50 60 70 80 90100110120130140150160170180190200
Range, km

Figure 6. PL for SBDs and troposcatter, iy = 25 m and ki, = 30 m.
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Figure 11. Coverage diagram for the second SBD, /i; = 25 m.
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Figure 12. Coverage diagram for the first SBD duct, /1; = 25 m.

Because the elevated ducts are located high above the area of interest for marine
propagation, they are often neglected [53]. Indeed, the elevated ducts from Figure 4 result
in a higher PL than the SBDs from Figure 3, but more importantly, the presence of elevated
trapping layers forming elevated ducts perturbs the propagation “pattern” in the lower
tens of meters above the sea; see Figure 10. Note also that the two ducts from the SBD pair
coexisted separated by a distance of 25 km; the same applies to the pair of elevated ducts.
Some cases of range-dependent ducting for AIS frequencies are studied in [54]. The present
study reports results for only the four characteristic duct types. In Figures 8 and 9, the
different values of M lead to a slight difference in troposcatter, whereas in Figures 6 and 7,
the two troposcatter curves overlap because the two My values are too close. Note that,
according to Formula (3), the higher values of M lead to lower values for troposcatter PL.
The last does not refer to PL due to ducting. This should be kept in mind when comparing
the two propagation mechanisms and the troposcattering is modeled by Formula (3).

In Figure 13, the PL curves vs. range for the surface duct from Figure 5 for two
transmitter heights, iy = 25 m and h; = 55 m, and the respective troposcatter curves,
calculated by Equation (3), are compared. The receiver height is h, = 30 m; in this figure, it
is seen the influence of the h; height on the troposcatter that is rather negligible; see also [5]
where the same observation was reported but for a different troposcatter model. Here
again, although the AIS frequency is not well trapped, the ducting ensures a significantly
lower PL than the troposcatter. Figure 14 shows PL vs. the range and height for the surface
duct and h; = 25 m; the PL increases smoothly with the increase in height and range.

Figure 15 shows the PL curves for the evaporation duct (with parameters from Table 1),
troposcatter and standard troposphere for /; = 55 m and #, = 30 m. Compared to the
standard troposphere, in the region beyond the horizon, the PL is reduced by about 10 dB
due to the evaporation duct. Note that, after about 140 km, the troposcatter PL is lower
than that of the evaporation duct.
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Figure 13. PL for surface duct and troposcatter for i = 25 m and h; = 55 m; i, = 30 m.
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Figure 14. Coverage diagram for the surface duct, /1 = 25 m.
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Figure 15. PL for the evaporation duct, standard troposphere and troposcatter, i = 55 m and i, = 30 m.

Figure 16 compares the troposcatter for AIS from [5] for i = 10 m and /, = 50 m, and
that calculated by Equation (3) with the same /; and h,. Two curves were generated by
Equation (3): one applies the maximum M = 383 M-units, and the other the minimum
My = 333 M-units used in this study. The troposcatter PL calculated by Equation (3) falls
between losses not exceeded for 50% of time and those not exceeded for 99% of time.
With the increase in the distance, both curves obtained from Equation (3) approach the
troposcatter PL from [5], not exceeded for 50% of the time; this is an expected result since
the troposcatter model in Equation (3) refers to the median path loss. The difference in PL
determined by the two My values can reach 10 dB with the troposcatter model (3).
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Figure 16. Comparison between the troposcatter model in Equation (3) and [5].

4. Conclusions

This work presented results on the comparison between PL due to troposphere ducting
and PL due to troposcatter for the AIS frequencies. These two beyond LoS propagation
mechanisms were assessed using the PE method, in which a simple troposcatter formula
was incorporated. Although a limited set of ducts examples including only the four
essential duct types was used, the simulations highlighted some important issues. The
simulations showed that the ducting ensures a significantly greater reduction in PL than
troposcatter, and this is valid even when the AIS frequencies are not well trapped in the
duct; the evaporation duct is an exception of this “rule”. That is, the most common over-
sea duct (and the most studied) is not the best suited to provide deep over-the-horizon
propagation for AIS frequencies. Although they are located high above the area of interest,
the elevated trapping layers should not be underestimated; it appears that the elevated
ducts formed by those layers create a more inhomogeneous propagation environment in the
first tens of meters (and beyond) above the sea surface, thus creating the most unfavorable
propagation environment as far as ducting is concerned. Special attention should be paid to
the skip zones created by elevated trapping layers. In their presence, the coverage pattern
created by &, is inhomogeneous and sensitive to the height of the /;; depending on the
height and location of ,, the PL can be surprisingly high and the ducting propagation
mechanism can lose its advantage. In this case, a significant difference between ducting
and troposcatter appears: troposcatter is not very sensitive to the height of h; and provides
smooth PL curves. Surface and surface-based ducts appear as the main candidates to
contribute to the increase in the beyond-the-horizon AIS frequency propagation. These
ducts provide a smooth increase in PL with the increase in range and height; in addition,
they are less sensitive to frequency than evaporation ducts, relatively stable in time and
extend hundreds of kilometers in space.

This duct-troposcatter comparison can be seen as a preliminary estimate that should
be further improved by a more complex troposcatter formulation and the introduction of
sea surface roughness for both propagation mechanisms. It should be emphasized that,
whatever complex radio wave propagation method is used, it is based on the environ-
mental data that serve as its input. Thus, a good knowledge of the (local and not only)
environmental characteristics, such as the availability of irregularities in the troposphere,
duct types, their parameters and statistics and the presence of M profiles with multiple
inversions or range dependency (not included in this study), is a prerequisite that will make
the inputs to the propagation models more realistic. Only then predicting the propagation
beyond the LoS of AIS frequencies with these two anomalous propagation mechanisms can
be used for the purpose of increasing the AIS detection range. Additionally, this means that
the coastal equipment must be able to evaluate both of these and, possibly, others beyond
LoS propagation mechanisms.
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