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Abstract: The evaporation duct (ED) is generated by the evaporation of seawater and can be an
influential factor of electromagnetic (EM)-wave propagation. Rainfall also affects atmospheric factors
and EM-wave propagation. However, the distribution of the ED and path loss (PL) during rainfall
has rarely been reported. This paper analyzes the distribution of the atmospheric factors and ED
in the South China Sea (SCS). The results show that the evaporation duct height (EDH) in the area
of rainfall is generally lower. The effect of the ED on the over-the-horizon (OTH) propagation
reaches 0.69 dB km~! on average, which is 4.3 times stronger than the maximum rain attenuation
(0.16 dB kmfl) when the rainfall is less than 5 mm h™1. In the SCS, a 53 km long OTH link was
established between Donghai Island and Jizhao Bay to observe the PL. The measurement results
show that the nearly saturated relative humidity (RH) leads to a high PL. The results also show that
the change in the direction of the sea—land breeze causes a 42.4 dB decrease of PL by transferring the
moist patches. Rainfall has an attenuation effect on OTH propagation in ED, mainly owing to the
high RH.

Keywords: rainfall; evaporation duct; electromagnetic waves; over-the-horizon propagation; rain
attenuation; ocean atmosphere; path loss; South China Sea; ERA5

1. Introduction

The evaporation duct (ED) is a natural electromagnetic (EM)-wave transmission
channel that is generated near the sea surface [1], and its trapping effect can be used to
construct an over-the-horizon (OTH) communication link. The ED exists almost all year
round over the sea [2], causing the abnormal phenomenon of low-loss and long-distance
operation for maritime radio systems with a high frequency above 3 GHz [2-4]. It is
recognized that the ED can be obtained from the modified refractive index profile [5-7],
also called the ED profile. The evaporation duct height (EDH) is defined as the altitude of
the lowest modified refractive index in an ED profile and represents the strength of the ED.

Almost all ED prediction models are based on the Monin—-Obukhov similarity theory
(MOST), but various models differ in the application of this theory. MOST assumes that
the kinematics and thermodynamic structure of the steady and horizontally homogeneous
near-surface layer with no radiation and no phase change depends just on the turbulence.
As the ED is affected by the meteorological conditions at the sea surface, the EDH is usually
determined by meteorological data observed from the ocean in the near-surface layer. By
calculating the Monin—-Obukhov-related parameters and using sea surface temperature
(SST), surface pressure (SP) and atmospheric factors at a certain height, such as air tempera-
ture (AT), wind speed (WS) and relative humidity (RH), the Liu—Katsaros-Businger (LKB)
model [5] was first proposed to simulate the modified refractive index of the ED. On the
basis of this framework, a series of ED models, including the Naval Warfare Assessment
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(NWA) model [8], the Babin—Young—Carton (BYC) model [9] and the Naval Atmospheric
Vertical Surface Layer Model (NAVSLaM) [10], were developed. Since then, there have
been numerous studies on the temporal and spatial distribution of the ED [2,11,12] and its
characteristics [3,4,13-17].

Babin et al. [5] compared four ED models, NWA, Naval Research Laboratory (NRL),
BYC and NAVSLaM, through a buoy experiment. As the ED profile obtained by direct
measurement was used, the NAVSLaM was verified relatively close to the true value. The
NAVSLaM is an ED prediction model proposed [18] and improved [10] by the US Naval
Academy. It is worth noting that the improved NAVSLaM using the Grachev stability
function [19] has been theoretically shown [11,20] to have better performance in stable
conditions where the ASTD is above 0 °C.

In combination with the radio-wave propagation model based on Maxwell’s law,
the ED profile can be used to estimate EM-wave propagation in the troposphere. Sev-
eral EM-wave propagation models based on numerical solutions, such as the ray-tracing
model [21], the parabolic equation (PE) model [22] and the hybrid model [23,24], have been
proposed and continuously developed. However, these models have different advantages
in different usage scenarios. The PE model gives a full-wave solution for the field in the
presence of range-dependent environments [25] and has frequently been used to calculate
the EM-wave path loss (PL) over the oceans. In recent years, with the development of
ED models [6,7,10,26] and radio-wave propagation models [23,27,28], it has become pos-
sible to study the OTH propagation over long periods, large areas and complex marine
environments.

Rainfall is an important part of the water circulation and a common phenomenon
at sea. Owing to global climatic change [29-31], rainfall events have increased in recent
years over the SCS [32]. Wang et al. [33] analyzed the high-resolution rainfall data for the
tropical and subtropical areas of the Pacific Ocean, the Indian Ocean and the Atlantic Ocean.
The results showed that the number of days with rainfall at sea is about 45.2%, which is
dominated by intermittent rainfall that has a relatively high probability of occurrence from
04:00 to 15:00.

OTH transmission of EM waves at sea makes a communication link more susceptible
to rainfall. Land experiments [34-37] have indicated that EM waves can be attenuated by
rainfall. Specifically, the attenuation caused by rainfall is due to a mixture of the properties
of the raindrops and changes in the atmospheric environment [38,39]. Moreover, attenua-
tion owing to the nature of the rainfall is related to its intensity and spectral density [35,36].
The influence of meteorological factors during rainfall have been verified by several stud-
ies [40,41]. EM waves have a similar attenuation effect when propagating over sea owing
to the physical mechanism of the rainfall. However, EM waves are also affected by the ED
when propagating over sea, especially near the sea surface.

Recent studies have revealed a strong connection among the meteorological parame-
ters, the atmospheric duct and the rainfall. Ma et al. [42] found that rainfall has substantial
effects on the sea surface, including a decrease in salinity and a rougher sea surface, which
further influence the L-band sea surface emissivity. A study by Torri and Kuang [40]
showed that contrary to what was previously thought, the main source of water vapor in
moist patches was surface latent-heat fluxes, not rain evaporation. Zhi et al. [43] analyzed
the interdecadal variation of autumn rainfall in western China and its relationship with
atmospheric circulation and sea surface temperature anomalies. Liu et al. [44] found that
the inversed echo data from their proposed inversion model did not agree with the mea-
surements in space owing to the influence of precipitation targets on the measured echo
data. A slant path rain attenuation (RA) model was proposed by Dinc and Akan [45] and
was used to study the amount of rain loss from a specific duct and communication param-
eters. The simulated results show an attenuation of rainfall on the beyond-line-of-sight
communication link, which is in line with our studies. However, the EDH during rainfall
needs to be investigated.
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The above studies of rainfall emphasized the influence of rainfall on meteorological
parameters and the efficiency of communication in the duct layer during rainfall. However,
the characteristics of atmospheric factors and the PL of OTH propagation during rainfall
are still unknown. Moreover, the effects of rainfall on ED through the atmospheric changes
need to be investigated.

In this paper, the effects of rainfall on the propagation characteristics of EM waves
are studied, taking into consideration the influence of RA and the ED. Firstly, this study
uses reanalysis data to analyze the temporal and spatial distribution of meteorological
parameters in the South China Sea and the NAVSLaM to determine the distribution of the
ED. The distribution of PL is given by the RA prediction model and the PE model. Then,
the measurement data is used to verify the simulated results. In addition, some results of
the measurements during different periods and similar studies are discussed. Finally, the
effects of rainfall of EM waves are analyzed.

A research flowchart of this study is shown in Figure 1. The study area, methods
and datasets are introduced in this section. In Section 3.1, the characteristics of annual
rainfall in the study area and the distribution of rainfall density during the study period are
introduced. In Section 3.2, the temporal and spatial distributions of several meteorological
parameters are summarized, including rain rate (RR), WS, AT, SST, RH and air-sea tem-
perature difference (ASTD). The distribution of the EDH and the sensitivity of the EDH to
meteorological parameters are analyzed in Section 3.3. The simulated RA and PL are given
in Section 3.4. The PL temporal distribution and measurement verification are also given in
this section. The additional three experiment results and the effects of RR and total rainfall
on OTH propagation are discussed in Section 4. The conclusions are given in Section 5.

Reanalysis and measurement data

|

Data descriptions and verifications

!

Rainfall characteristics in the study area

!

—] Distributions of atmospheric parameters

!

NAVSLaM model

!

Distributions of EDH
Rain attenuation ]
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y v

Rain attenuation Path loss
| |

' [] Data

Temporal distribution and measurement
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propagation in evaporation duct X
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Figure 1. The flowchart for this study.
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2. Materials and Methods
2.1. Study Area

The SCS is one of the busiest international sea lanes. The tankers and merchant ships
sailing through the SCS account for more than half of the world’s maritime transportation.
The SCS is a marginal sea that is a part of the Pacific Ocean and encompasses an area from
Singapore and the Malacca Straits to the Strait of Taiwan, comprising around 3.5 x 10° km?.
The climate of the SCS is significantly complicated [46].

To understand the effects of rainfall over a wide range of sea areas and obtain PL data
during rainfall conveniently, the SCS (20°—22°N, 110°~112°E) was selected as the study
area (Figure 2). The climate in this area is significantly influenced by the interaction of land
and sea, causing abundant rainfall.

The study area

22°N

40

20"

21°N

40

20"

20" 40'

20NooE

Figure 2. The study area of this research.

111°E 20 40" 112°E

2.2. Datasets
2.2.1. Reanalysis Data

The meteorological data used in this study is the European Centre for Medium-Range
Weather Forecasts (ECMWEF) reanalysis version 5 (ERA5) single-level hourly data [47] from
1979 to the present, downloaded from the ECMWF database. The time resolution of ERA5
is 1 h, and the spatial resolution is 0.25° x 0.25°. Table 1 shows the sources, collection
heights, units and abbreviations of the various types of data. The convective RR data are
used in this study because this parameter is the rate of rainfall (rainfall intensity). In this
study, RR and convective RR are considered equivalent. Moreover, the raindrops that fall
on the sea surface are more convincing, as the ED is a phenomenon that occurs at the sea
surface.

Table 1. Data description.

Data Abbreviation Source Height Unit
Air temperature AT ERA5 2m °C
Sea surface temperature SST ERA5 Sea surface °C
Wind speed WS ERA5 10m m/s
Surface pressure SP ERA5 Surface hPa
Rain Rate RR ERA5 Surface mm/h
Relative humidity RH ERA5 2m %

Evaporation duct height EDH NAVSLaM / m
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Before using the ERA5 reanalysis data, the credibility of the data is verified. Marine
meteorological buoy data are not affected by land and survey ships and can be used to
verify the credibility of the reanalysis data [48]. As long-term buoy observation data in the
South China Sea (SCS) are difficult to obtain, the hydrometeorological data collected by the
Tropical Atmosphere Ocean Buoy (TAO52087) are used in this section to verify the ERA5
reanalysis data. Details of the buoys, instruments and stations are provided by Meindl and
Hamilton [49] and McPhaden et al. [50]. It is worth noting that the sampling height of the
buoy data may be different from the reanalysis data, which is the main reason for the data
discrepancy.

Owing to missing buoy data after March 2021, ocean and atmosphere data from the
ERADS hourly reanalysis data and the buoy data in 2020 are used for comparison (Figure 3).
As the resolution of the buoy data is daily, the ERAS reanalysis data are the average over
24 h. It can be seen from Figure 3 that the WS in the buoy data is abnormally low for a period
of time during the initial time in 2020, which may have been caused by the movement of
the buoy body caused by wind and waves. In addition, the results from the two datasets
are relatively consistent.
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Figure 3. Comparison of TAO52087 buoy data and ERA5 reanalysis data in 2020.

There are many ways to analyze the correlation of two time series [51,52]; the Pearson
method is chosen in this article. Figure 4 shows the Pearson correlation coefficients of the
two data sources, which is divided into 24 groups for analysis. There are 366 samples
totally, and every 16 samples are formed in one group. The last group with insufficient data
is supplemented by the samples of the previous group. It can be seen that the correlation
coefficients of WS, SST and RR are close to 0 in the first eight groups, which might be
caused by the different sampling heights of the TAO52087 and the ERAS5 data. The average
Pearson correlation coefficients of the WS, SP, SST, AT, RR and RH are 0.78, 0.99, 0.97, 0.61,
0.47 and 0.70, respectively. Two datasets show strong correlation in WS, SP, SST, AT and
RH and moderate correlation in RR.

Furthermore, the monthly averaged values of the EDH calculated by the ERA5 reanal-
ysis data and the TAO52087 buoy data are compared in Figure 5. It can be seen that the
EDH calculated by the two data sources still maintains a relatively consistent variation
trend. The maximum difference in the EDH between the ERAS reanalysis data and the
TAO52087 buoy data is 2.3 m, and the average difference is 0.74 m. The main reason for
the differences in the EDH is the difference in the AT and the RH between the two data
sources, which may be caused by the sampling heights.
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Figure 4. The Pearson correlation coefficients of TAO52087 buoy data and ERAS reanalysis data
in 2020.
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Figure 5. Comparison of EDH calculated by TAO52087 buoy data and ERA5 data in 2020 (monthly
averaged).

2.2.2. Measurement Data

In 2021, an EM-wave propagation experiment was conducted in the northern area
of the SCS. The experiment started at 18:00 on 21 November 2021 and ended at 16:00 on
22 November 2021 (UTC+8), which was selected as the study period. As shown in Figure 6,
the transmitter was located at Jizhao Bay (point B) in Zhanjiang City, Guangdong Province,
China. The receiver was located on Donghai Island (point A) in Zhanjiang City, Guangdong
Province, China. The EM-wave propagation path was 53 km. Point C is the position of
the ERAS5 data grid point that the link passed. The grid points of hourly reanalysis data
are from the ERA5 dataset in 2021 with a spatial resolution of 0.25° x 0.25°. Point D
is the location of the Wuchuan Weather Station (WWS). The hourly meteorological data
recorded by WWS were uploaded to the National Meteorological Information Centre of
China Meteorological Administration (NMIC-CMA) where they can be downloaded by
users. The data sources and the coordinates of points A, B, C and D are shown in Table 2.
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Figure 6. The propagation path and equipment used in the EM-wave propagation experiment. The
green dots represent the grid points of the ERA5 data.

Table 2. Data sources and coordinates.

Mark Data Source Latitude Longitude
A Measurement 21.01°N 110.54°E
B Measurement 21.39°N 110.86°E
C ERA5 21.25°N 110.75°E
D NMIC-CMA 21.40°N 110.82°E

A comparison of the data from the experiment (position B, measured by the automatic
weather station and the spectrum analyzer), the ERA (position C) and the NMIC-CMA
(position D) during the study period is shown in Figure 7. The AT and the pressure from
the three data sources show good consistency. The measured RH data in Figure 7b show
a slight deviation at the start, possibly due to the location of sea—land border and the
presence of buildings. The RR and WS data were not tested at point A and point B. Through
the comparison of the ERA5 and NMIC-CMA data in Figure 7b,d, it can be seen that the
distributions of the RR and WS have great regional differences. Owing to the system used
in November, it was only possible to measure PL below 202 dB, and there were no signals
between 22:22 on 21 November and 03:45 on 22 November. It can be concluded from
Figure 7 that the ERA5 and NMIC-CMA datasets are usable for the OTH propagation link.
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Figure 7. Cont.
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Figure 7. Comparison of the meteorological parameters from three different data sources during the
study period, including AT (a); RH (b); pressure (c); WS (d); RR (e); PL (f).

2.3. Methods
2.3.1. ED Prediction Models

The ED is an atmospheric phenomenon that occurs near the sea surface owing to
seawater evaporation. The ED profile can be directly obtained from the changes in the
atmospheric modified refractive index in the vertical gradient. A typical ED profile is
shown in Figure 8a. The height that corresponds to the lowest modified refractive index
value in the overall profile is called the EDH. The difference between the modified refractive
index profile at the height of the ED and at the sea surface is called the evaporation duct
intensity (EDI). The EM-wave propagation trajectory of the ED profile in Figure 8a is shown
in Figure 8b, where the trapping process of the EM waves can be seen clearly.
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Figure 8. A typical ED profile showing its EDH and EDI (a) and the EM-wave propagation trajectory
for the typical ED profile (b).
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Methods to obtain the ED profile include direct measurement, model estimation and
inversion. The direct-measurement method uses numerous meteorological sensors placed
at different vertical heights to obtain the ED profile, which is not suitable for analyzing
the statistical laws of the ED for large areas and long periods. In addition, the sea-clutter-
inversion method needs high-power radar and higher antenna height, which means that
EDs with a lower height may be missed. According to the global distribution of EDs, the
average EDH is about 11 m above the sea surface near the Equator and at latitudes of less
than 20° and decreases as the latitude increases [2]. In contrast, although there are some
errors when compared with the measured values [1,5,53,54], the model estimation method
is the most suitable method for ED study, especially for the study of the statistical laws.

Due to the better performance of the improved NAVSLaM among the several ED
prediction models, it is used in this study to simulate the EDH and the ED profile. The
equations of NAVSLaM were already proposed in References [5,9,55], and two necessary
equations used in the calculations are as follows.

_77.6p e 5 €
N = T 5'6T +3.75x 10 T2 (1)
M =N +0.157z 2

where T represents the air temperature, e is the water vapor pressure, z is a given height
above the sea surface, p is the air pressure, N is the refractive index, and M is the modified
refractive index.

2.3.2. The PE Model

The propagation of EM waves in free space is relatively simple and can be solved
quickly by analytical methods. However, in practical applications, the propagation envi-
ronment of EM waves is often complicated. The EM waves can be reflected, refracted and
scattered repeatedly in irregular terrain, non-uniform atmospheric structure and rough
sea surface conditions. The propagation becomes extremely complex, and it is difficult to
obtain signals by analytical methods. Furthermore, the direct-measurement method cannot
obtain effective data for every area and every step of EM-wave propagation.

Semi-empirical models combine a deterministic model with a specific propagation
environment and attach a correction factor at the same time to explain the EM-wave
propagation process in a complex environment. The calculation method is simple, and
the running speed is relatively fast. For example, the commonly used PE model can solve
the problem of EM-wave propagation in complex environments, such as complex terrain,
rough sea surface conditions and horizontally inhomogeneous ED. Therefore, this study
uses the PE model to study the propagation path of regional EM waves during rainfall.

The EM-wave PE has been gradually developed since the 1940s [22]. The step-by-
step Fourier algorithm is the essence of the EM-wave PE, which transforms hyperbolic
partial differential equations into parabolic partial differential equations through gradual
dimensionality reduction [56]. Following this, scientists such as Dockery [57], Kuttler [58],
Janaswamy [59] and Akbarpou [60] carried out in-depth research on the step-by-step
Fourier solution of the PE, and a more stable PE system was developed with higher
calculation accuracy. In 2004, Isaakidis [61] studied the finite-element method for the PE.
Following this, [62] and Apaydi [63] also carried out related research on this basis and
achieved satisfactory results.

In these previous studies, the Fourier transform is defined as:

[0}

U(x,p) = Flu(x)] = / u(x,z)e"F*dz ©)]

—00

p =ksin@ 4)
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where p is the angle relative to the horizontal direction, k is the wave number, 0 represents
the angle of propagation, and u is a scalar component given by:

u(x,z)e” ™ = p(x,z) ®)

where 1 is the electric or the magnetic field.
Once the solution at x is known as u(xg, z), the solution in distance xy + Ax can be
calculated as [64]:

u(xo + Ax,z) = exp[i(g)(nz — 1)Ax]FDU(x, p) exp[—i(p?Ax/2k))] (6)

where F and F~! are the Fourier transform and the Fourier inverse transform, respectively.

The Parabolic Equation Toolbox version 2.0 (PETOOL v2.0, Ozlem Ozgun, 1 January
2020, Ankara, Turkey) [28] derived from the PE model is used in this study. PETOOL is
a MATLAB-based one-way and two-way split-step PE software tool with a user-friendly
graphical user interface for the analysis and visualization of radio-wave propagation over
variable terrain and through homogeneous and inhomogeneous atmosphere. PETOOL
was updated in 2020. Several ED models and a three-dimensional coverage map for the
propagation factor and loss on real terrain data have been developed in this new toolbox.

2.3.3. RA Prediction Model of EM Waves

When EM waves propagate in the atmosphere, they are affected by absorption, attenu-
ation, scattering effect, polarization and trapping effect due to the influence of atmospheric
media, such as rainfall. The current RA prediction models all need to solve the attenuation
characteristics, which are related to the spectral distribution and polarization mode of the
rainfall. De Wolf [65] found that even with the same RR, the size of the raindrops varies
widely. In view of the difficulty in obtaining the spectral distribution and polarization mode
of rainfall, the RA prediction model recommended by the International Telecommunication
Union (ITU) is used to describe the attenuation effect of rainfall in the rest of this article.
Several studies [35] of the RA prediction model have shown that when the rainfall intensity
is lower than 5 mm h~!, the differences between the ITU model and various RA prediction
models are small.

According to the attenuation-specific model used on rainy days recommended by ITU,
the attenuation owing to rainfall should be calculated from knowledge of RR. The specific
attenuation g (dB km~!) was obtained from the RR (mm h~!) using the power-law
relationship [66]:

TR = kRR® @)

Values for the coefficients k and « were determined as functions of the frequency,
f (GHz), in the range from 1 GHz to 1000 GHz, from the following equations, which
have been developed from curve fitting to power-law coefficients derived from scattering

calculations:
4 logyo f — b]’ ’
log, k= Z ajexp | — —
i ]

j=1

5 N2
x = Z (aj exp [— (k)glocjjfb]> ] ) +mylog f + ca )
j=1

where f indicates frequency (GHz), k indicates ky or ky, « indicates ay or ay, H stands for
the horizontal polarization, V stands for vertical polarization, and a;, b]-, Cj, My and ¢, are
constants.

) + my log, f + ck (8)
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3. Results
3.1. Rainfall Characteristics

The annual RR in 2021 in the study area is shown in Figure 9. Owing to monsoons [67]
and typhoons [68], the RR was relatively high in the study area and the annual rainfall was
more than 500 mm in the most areas. The monsoon from the ocean is more likely to result
in rain at the coast. In particular, at latitudes above 21°N, the annual rainfall reached up to
1500 mm. Rainfall causes changes in the atmospheric environment and ocean parameters
such as AT, SST, RH and WS [69,70].

22°N e ADMUAL Rainfall___ S 1500
40 =
|
20" | 1 1000
21°N |
40' | 1500
20t |
20¢ T TR 0

NO°E 200 40 [1I°E 20 = 40 [12°FE

Figure 9. Annual rainfall in the study area (20°-22°N, 110°-112°E) of the SCS in 2021. The green dots
represent the grid points of the ERA5 data, the pink five-pointed star A represents Donghai Island
and B represents Jizhao Bay.

The study period from 18:00 on 21 November 2021 to 16:00 on 22 November 2021
(UTC+8) was divided into three parts, including the period before, during and after the
rainfall. The rainfall lasted for a total of 9 h, causing changes in WS, AT, SST, RH, ASTD,
EDH and PL, according to the records. At the beginning, the rainfall density reached the
maximum of 0.79 mm s~ at 0:00 on 22 November 2021. Then, the rainfall density decreased
to 0.01 mm s~ at 4:00 on 22 November 2021. After that, the rainfall density increased to
0.63 mm s~ ! at 6:00 on 22 November 2021 and began to decrease till disappeared after 8:00
on 22 November 2021.

3.2. Atmospheric Parameters

Figure 10 shows the evolution of the RR, WS, AT, SST, RH, ASTD, EDH and PL during
the study period at position C. The rainfall period is indicated by a light pink box from 0:00
to 08:00 on 22 November 2021. The units of these parameters are the same as in Table 1. In
general, the EDH is insensitive to the changes in SP [71], thus, the SP is not mentioned in
the rest of this article.



Remote Sens. 2022, 14, 4787

12 of 24

= 1 T — ; :
&= ¥ Rainfall b
St <
~ E 0 0 - / \'f/:vi\u // j\V\k g
n @ i ' Rainfall ,'* "w7
3 E f)‘_ DAnan SRAREN G *f’"’\f'V/V |
25 S —— -
=O PR
« 8 20 Rainfall - 3
15 : g : : :
[ F\24.5r-‘ e~
29 Rainfall Ny s b
23.5 : 2 - L L
s @1 00:;-9—%—%—9—«‘7‘—‘* —— 7 == ‘5‘\”,\1 I I
&S 80 ¢ Rainfall FHV\V\V\V\;
60 : . :
E &) lOF Rainfall
(éj 20 I YV VYoo -7
= ) ! Y7753
-10
20 T . - . .
E ’g 10+ Rainfall | g
=~ OV*V—H—v—V—:kv G V
SR Ras Rrena
- L ainfa N J
= %150 e A

~100 : . : ; ;
21/18 21721  22/00 22/03 22/06 22/09 22/12 22/15
Time(dd/HH)

Figure 10. The factors during the study period at position C, including RR, WS, AT, SST, RH, ASTD,
EDH and PL. The light pink box indicates the rainfall period.

Before the rainfall, the WS was lower than 3.4 m s~ 1, the AT was higher than 24.2 °C
and the SST was steady at 24.38 °C. The RH was over 91% and had been increasing from
18:00 on 21 November. The ASTD decreased from 0.03 °C to —0.17 °C, which means that
the atmospheric stability changed from stable conditions to unstable conditions.

During the rainfall, the RR decreased to nearly 0 mm s~ at 04:00 and then increased
to 0.6 mm h~! at 06:00. The WS increased from 3.1 m s~! to 8.5 m s~!. The AT decreased to
18.4 °C. The SST dropped by 0.59 °C between 05:00 and 06:00. The RH first increased to a
maximum value of 98.53% at 04:00 and then began to decrease. The ASTD decreased to
—54°C.

After the rainfall, the WS remained at a high level and slowly decreased to 6.0 m s~! at
16:00. The AT remained at a low level, around 18 °C. The SST remained steady at 23.79 °C.
The RH dropped from 85.7% to 63.7%. The ASTD remained at a low level, around —5.8 °C.

For the whole study period, the WS increased after the rainfall compared with that
before the rainfall. The RH had been close to saturation before the rainfall. The RH, AT, SST
and ASTD decreased after rainfall compared with that before rainfall. Unlike over land,
there is no evidence for a decreasing precipitation event duration with increasing SST [72].
As the specific volume of seawater is higher than that of the air, changes in the SST are
slighter and slower than the changes in the AT when rainfall occurs. Furthermore, the
correlation between evaporation and the ASTD is much stronger than that with SST [73].
Hence, the AT and SST are combined into ASTD in the rest of this article.

Rainfall often occurs over a large area, and the meteorological changes at a single
location cannot accurately reflect the effects of rainfall. In addition, the ED distribution over
a large area of the sea is also needed for the OTH propagation link. Therefore, six typical
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time points (23:00 on 21 November, and 00:00, 04:00, 06:00, 09:00 and 11:00 on 22 November)
were selected to analyze the evolution of the regional meteorological parameters. The data
were downloaded from the ERA5.

Figure 11 shows the spatial distribution of RR in the study area at the six times. The
rainfall area almost covered the OTH propagation link between positions A and B at
00:00 and 06:00 on 22 November. There was a little rainfall around position B at 04:00
on 22 November and position A at 09:00 on 22 November. Figure 12 shows the spatial
distribution of RH in the study area at the six times. The RH was relatively high around
the coast before 06:00. The moist patches moved along the coastline from west to east at
first, then moved towards the south. Figure 13 shows the spatial distribution of the WS
and wind direction in the study area at the six times. The WS was less than 5 m s~ ! at the
start. Then, strong winds over 10 m s~! appeared from the west coast and the east coast in
the study area at 06:00 on 22 November and eventually met in the middle of the study area.
The whole area was covered by strong winds after 9:00 on 22 November.

The wind came from the east and moved to the west, and the moisture from the
evaporation of seawater was transported to the edge of the land by the wind, creating
strong RH at the coast (Figure 12). From 04:00 on 22 November, the wind turned toward
the south, and the moist patches were transported to the south at the same time (Figure 12).
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Figure 11. Spatial distribution of RR in the study area at six typical times.
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Figure 12. Spatial distribution of RH in the study area at the six typical times.
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Figure 13. Spatial distribution of WS and wind direction (black arrows) in the study area at the six
typical times.

Figure 14 shows the spatial distribution of the ASTD in the study area at the six times.
As shown in Figure 14, the ASTD was higher than zero before 04:00 on 22 November in the
areas close to the coast and lower than zero after 04:00 on 22 November. The ASTD became
increasingly lower in the study area, especially after 04:00 on 22 November. An interesting
find is that the atmospheric conditions were more unstable where the WS was stronger and
vice versa. When the ASTD close to land was considered as the difference of land air and

sea surface, the changes in the ASTD caused a sea—land breeze that eventually affected the
wind direction.
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Figure 14. Spatial distribution of ASTD in the study area at the six typical times.

In summary, rainfall occurred with a series of atmospheric processes. Under the effects
of the sea—land breeze, the wind direction and WS changed immediately. Strong WS and
the change in wind direction caused the moist patches to move during the rainfall, which
eventually affected the RH. The RH at position C was almost saturated before the rainfall
and unexpectedly decreased during the rainfall. The WS after rainfall was higher than that
before rainfall and changed its direction during rainfall. The ASTD values changed from
positive to negative near the coast under the effects of rainfall.
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3.3. EDH Analysis

The NAVSLaM was used to study the sensitivity of the EDH to the ASTD, WS and
RH (Figure 15). The SST was 24 °C and the pressure was 1015 hPa, which are the average
values in the study area. As seen in Figure 15, a high EDH is usually accompanied by low
RH and strong WS. Using the data in Figure 15, the ranges of the EDH under different
ASTD values are shown in Table 3. The gradient of the EDH decreased with decreasing
ASTD. When the RH was over 85% or the WS was under 5 m s~ 1, the decrease in ASTD
accelerated the changes in the EDH. Therefore, the increasing WS accompanied with the
decreasing RH led to an increase of the EDH during rainfall; the growth rate of the EDH
was inversely proportional to the value of the ASTD under this condition.
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Relative Hunidity(%) Wind Speed(m/s)
Figure 15. Typical results from the sensitivity analysis of the EDH to the ASTD and WS.

Table 3. Ranges of EDH under different ASTD.

ASTD Minimum EDH Maximum EDH
—1°C 1.5m 144 m
-2°C 25m 13.7 m
—-3°C 3.5m 13.3m
—4°C 45m 13.2m

Figure 16 shows the evolution of the EDH during the study period at position C. The
rainfall period is indicated by the light pink box from 00:00 to 08:00 on 22 November.

14

! "
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Rainfall

Figure 16. The EDH during the study period at position C. The light pink box indicates the rainfall
period.

Before the rainfall, the EDH was at a low value and decreased in this period. The wind
had already brought some moist patches into the area, leading to a high RH value.
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During the rainfall, the EDH decreased before 03:00 on 22 November owing to the
increasing RH. After that, the EDH increased for two reasons: the increasing WS and almost
constant RH between 03:00 and 04:00 on 22 November and the decreasing RH accompanied
by increasing WS after 04:00 on 22 November.

After the rainfall, the EDH continued to increase for a period of time. This is because
the RH continued to decrease after the rainfall, and the WS was much higher than before
the rainfall.

Figure 17 shows the spatial distribution of EDH in the study area at the six time
points. In most ellipses, the EDH was significantly lower than that in the surrounding
areas without rainfall. Moist patches can apparently affect the distribution of the EDH. In
particular, at 09:00 on 22 November, the high RH caused a low-EDH region around 111°E
during rainfall.
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Figure 17. Spatial distribution of the EDH in the study area at the six typical times. The black ellipses
indicate the areas with rainfall.

The Pearson correlation coefficients of the EDH and RR are shown in Figure 18. After
removing the data on land and the data without rainfall, there were 833 samples. The
preprocessed data was divided into 55 groups. Every 16 samples were formed in one group.
The last group with insufficient data was supplemented by the samples of the previous
group. It can be seen from Figure 18 that there is a negative correlation between RR and
EDH. Most of the correlation coefficients are lower than 0. A small number of points close
to 0 may be affected by other complex marine environments, such as the sea—land breeze.
The average Pearson correlation coefficient of the EDH and RR is —0.18, which shows a
weak negative correlation.

In summary, rainfall causes changes in the atmospheric environment and ocean pa-
rameters that eventually affect the EDH. In the study area, the EDH decreased during
rainfall in most cases. In the study period, the EDH was low before and during rainfall
owing to the high RH and low WS. However, the EDH increased during rainfall when the
WS was becoming stronger, and the moist patches brought by rainfall were moved. The
EDH remained higher after the rainfall owing to the lower RH.
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Figure 18. The Pearson correlation coefficients of the EDH and RR in the study area.

3.4. PL Analysis

In this section, RA and PL are estimated by the ITU calculation model and the PE
model, respectively. The simulation parameters used in the PE model are shown in Table 4.
The effects of the ED and RA on the propagation of EM waves at sea is shown Figure 19.

Table 4. Simulation parameters.

Parameter Value/Yype
Transmitting antenna height 4m
Receiving antenna height 4m
Antenna polarization Horizon
Antenna type Horn antenna
Elevation angle 0°
Propagation distance 1-300 km
Frequency 9 GHz
400 (B SGH: |
[J9GHz
300 - [ 10GHz
B 11GHz

| 12GHz|

Path Loss(dB)

Rain Attenuation(dB)
— [
g8 8

X
A

30

20
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: ) 300 . is , 0 0
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(a) (b)
Figure 19. RA (a) calculated by the ITU model and PL (b) calculated by the PE model.

As shown in Figure 19a, RA is a function of EM-wave frequency, distance through
the rain region and rainfall intensity (equal to RR in an hour), according to the ITU model.
It is evident that when the frequency is constant, RA generally increases with increasing
distance and RR. When the frequency changes, a decrease in frequency leads to a marked
decrease in RA. When RR is less than 5 mm h~!, the maximum attenuation of the EM
waves in the range of 8-12 GHz caused by the rainfall is 0.16 dB km .

Using several samples of ED profiles generated by the NAVSLaM, the PL within
300 km in Figure 19b shows an origami-crane-like structure. The peak of the PL difference



Remote Sens. 2022, 14, 4787

18 of 24

for the mean distance surpasses 0.69 dB km~!. When the EDH is less than 5 m and the
distance is below 50 km, the PL is less than 180 dB. However, once the distance reaches
60 km with an EDH less than 5 m, the PL exceeds 200 dB. In contrast, when the EDH is
more than 11 m, the PL of the EM-wave propagation to 300 km does not exceed 200 dB.

Furthermore, the effect of the ED on PL reaches 0.69 dB km~! on average, which is
4.3 times stronger than the maximum RA (0.16 dB km 1), when the rainfall is less than
5mm h~!. The propagation of EM waves over the sea is still mainly affected by the ED.
Thus, the marine EM-wave systems should be suitable for using the optimal frequency
band for the best ED during rainfall under 5 mm s~ 1.

Figure 20 shows the simulation and measurement curves of the EM-wave PL in the
ED during rainfall. The EM wave was transmitted from Jizhao Bay and was received at
Donghai Island after propagating 53 km. The received signal level was recorded every
four seconds by a computer. The experimental configurations are shown in Table 5. The
frequency of the EM wave is 8.0005 GHz. Although the simulation PL included the RA
during rainfall, the RA according to the ITU is less than 5 dB. In fact, the PL difference in
Figure 20 is over 50 dB and rapidly changes within an hour.

120 T - . —
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140 Single condition
)
=160 |
§ omplex conditions
= Measurement
= 1801 ability
o
200 F
- Experiment PL
Simulation PL
220 : ; '

21/18 2121 22/00 22/03 22/06 22/09 22/12 22/15
Time(dd/HH)

Figure 20. The simulation and measurement PL of the EM wave. The light pink box indicates the
rainfall period.

Table 5. Experiment configurations.

Parameter Value/Type
Transmitter antenna type Omni antenna
Transmitter gain 7 dB

Transmitter height 4m
Transmitter power 40 dBm
Polarization Horizon
Receiver antenna type Horn antenna
Receiver gain 20dB
Receiver height 4m

It can be seen in Figure 20 that the simulated PL is strongly consistent with the
measured PL, and their trends are similar. The simulated PL shows the opposite trend to
the EDH (Figure 16). The simulated PL increased to a maximum value of 212.1 dB at 03:00
on 22 November. After that, the increase in the EDH resulted a decrease of the simulated
PL, until the simulated PL decreased to 130.1 dB at 08:00 on 22 November during rainfall.
The measured PL gradually decreased to 157.6 dB at 08:00 on 22 November and decreased
slowly for a period of time after rainfall. The movement of moist patches caused by a
sea—land breeze brought a 7.1 m increase of EDH and a 42.4 dB decrease of PL, which was
an abnormal phenomenon during rainfall.
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The difference between the measured PL and the simulation PL after 07:00 on 22
November was mainly produced by the OTH link, where only one grid point at the
position C was used, rather than the range-dependent modified refractivity profiles along
the OTH link. Moreover, complex conditions such as inhomogeneous ED, waves and
surface roughness would affect the simulation PL.

In summary, the effect of RA on OTH propagation owing to rainfall is much less than
the effect of the ED when the RR is under 5 mm s~!. The PL is at a high value before and
during rainfall but decreases during rainfall when the WS increases and the RH decreases.
Furthermore, the PL decreases after rainfall when the RH continues to decrease.

4. Discussion

Both the RR and total rainfall can produce a great influence on the meteorological
factors over the sea. Therefore, this section discusses the effects of RR and total rainfall on
OTH propagation and verifies the results in Section 3.

To further verify the conclusions, the three additional experiment results are given in
Figure 21. The experiment was also held in the SCS in 2021 with different equipment of
an omnidirectional antenna at the receiver. The three rainfall events are chronologically
labeled as Rainfall A, Rainfall B and Rainfall C.
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(c)
Figure 21. The additional experiment results of PL in 2021. (a) 3 May, (b) 24 May, (c) 24 June.

The rainfall brought the near-saturated humidity in Figure 21a and an increasing RH
in Figure 21b, causing a higher PL. The lower RH after rainfall caused PL below 180 dB.
However, these three observations did not show a decreasing PL during rainfall due to the
absence of the direction change of the sea—land breeze. It is worth noting that the rainfall
intensity during all three rainfall periods did not exceed 5 mm h~!, which means the EDH
was still the main impact factor of the OTH propagation link, rather than the RA.

In summary, these three additional experiment results showed that the PL decreased
to a lower value with the high humidity, which is consistent with the results of Section 3.
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With the data of RR and PL from the additional experiment results, Figure 22 shows
the relationship between RR and APL. The APL is the hourly increased value of PL and is
calculated by:

APL = PL, — PL, (10)

where PL, represents the hourly averaged PL, and PLj, represents the hourly averaged PL
one hour before PL,.

20

APL (dB/h)

0 0.2 0.4 0.6 0.8 | 1.2
RR (mm/h)

Figure 22. The fitting curve (blue) of APL and RR, the red circles represent the real values of APL and RR.

As Figure 22 shows, the fitting curve is a logarithmic function of APL and RR. When
the RR is over 0.5 mm h™1, the APL exceeds 10 dB h—1. According to this trend, APL will
eventually increase to about 18 dB h~! and no longer change with RR, which needs to be
verified by more observations.

To discuss the effects of total rainfall on OTH propagation, the parameters of the
additional experiment results during rainfall are given in Table 6. The total rainfall during
Rainfall A is 2.3 mm, which is the highest rainfall of the three experiments with the highest
average PL (189 dB). The total rainfall during Rainfall B is 0.7 mm, which is the lowest
rainfall of the three experiments with the lowest average PL (178 dB). Although the duration
of the rainfall is different, the average PL is higher when the total rainfall is higher. This
means total rainfall can be an influential factor of PL on OTH propagation.

Table 6. The parameters of the additional experiment results during rainfall.

Parameter Rainfall A Rainfall B Rainfall C
Total rainfall 2.3 mm 0.7 mm 1.2 mm
Average PL 189 dB 178 dB 186 dB

In summary, both RR and total rainfall can be the influential factors of PL on OTH
propagation. The fitting curve of APL and RR is a logarithmic function. According to the
trend of the curve, the maximum of the APL will be about 18 dB h~!, which needs to be
verified by more observations. The total rainfall also shows a negative influence on average
PL during rainfall in which the average PL is higher when the total rainfall is higher.

5. Conclusions

The effects of rainfall on EM-wave propagation in the ED over the SCS were studied,
using both numerical simulations and experimental observations. The temporal and spatial
features of the atmospheric parameters during rainfall were analyzed. The experimental
data collected in the SCS were used to verify the conclusions. The results show that rainfall
has negative effects on OTH propagation in the ED near the sea surface with high RH
and low WS. However, the PL decreases in an observation during rainfall when the WS
increases and the RH decreases, which may be caused by a change in the direction of the
sea—land breeze. In addition, the effect of RA is much less than that of the ED when the RR
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is lower than 5 mm s~ 1. The marine systems should be suitable for the best ED when using
an EM-wave during rainfall by using the optimal frequency. The following conclusions are
obtained in this paper.

(1) Rainfall has negative effects on OTH propagation by increasing the RH and the
rainfall attenuation. The moist air brought by rainfall reduces the EDH, which is not
conducive to the OTH propagation of EM waves. The RA is an influencing factor that
cannot be ignored and directly attenuates the signals.

(2) A high EDH is usually accompanied by low RH and strong WS during rainfall. Under
some special meteorological conditions, such as a sea-land breeze, when the WS
increases accompanied by a decrease in RH, the EDH can be abnormally high during
rainfall. The observational experiment in this paper found that the change in the
direction of the sea—land breeze causes a 7.1 m increase of EDH by transferring the
moist patches, resulting in a 42.4 dB decrease of PL.

(3) The effect of the ED on OTH propagation reaches 0.69 dB km~!, which is 4.3 times
stronger than the effect of RA (0.16 dB km 1), when the rainfall is less than 5 mm h~!.
The propagation of EM waves over the sea is mainly affected by the ED. The marine
systems should be suitable for the best ED when the rainfall is under 5 mm s~! by
using the optimal frequency.

This paper analyzes the effects of rainfall in the study area of the South China Sea,
which has limitations in time and space. The data of measurement PL relatively lacks more
comprehensive statistics to reveal the relationship between the EDH and the atmospheric
factors during rainfall. Future research should pay more attention to the impact of rainfall
on OTH propagation links in larger areas of the oceans for a longer time. The coherence
between the EDH and RR needs further analysis of the time lag and annual cycle, with an
LSCWA method, for example. In addition, the effects of RR and total rainfall on the PL of
OTH propagation should be investigated carefully. Thus, a more general conclusion can be
drawn from a statistical point of view.
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