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Highlights

What are the main findings?

e  This study presents a comprehensive and well-structured review of atmospheric duct
sensing methods, covering recent advances in contact measurement and indirect
estimation approaches.

e Indirect estimation methods have emerged as mainstream, accounting for an increas-
ingly significant proportion of current research.

What are the implications of the main findings?

o  Deep learning-based atmospheric duct characterization techniques show great poten-
tial for typical remote sensing tasks.
e  This review provides practical future prospects for atmospheric duct sensing research.

Abstract

Tropospheric refraction significantly impacts the propagation of ultrashort- and microwave-
frequency radio waves over marine environments. Atmospheric ducting, the most common
super-refractive structure, allows radio waves to travel over the horizon. This holds sig-
nificant practical value for applications such as maritime communication, remote radar
monitoring, and navigation systems. However, atmospheric ducts can also present chal-
lenges, especially under unstable meteorological conditions. Atmospheric ducts may cause
signal attenuation and even severe interference. Therefore, the detection of atmospheric
ducting phenomena is crucial for ensuring the reliability of maritime communication sys-
tems and the accuracy of radar monitoring. This paper provides a comprehensive and
systematic review of the current state of research on atmospheric duct detection, present-
ing a detailed analysis of several key methodologies. These include direct measurement
techniques, model estimation approaches, numerical forecasting methods, and remote
sensing inversion techniques. Additionally, the paper offers an in-depth examination of the
strengths and limitations of each method in practical applications, while also highlighting
the ongoing challenges within the field. In conclusion, this work aims to provide theoret-
ical foundations and practical guidance for the future development of atmospheric duct
detection technologies, fostering further advancements in both theoretical research and
technical applications in the field.
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1. Introduction

The troposphere, as the primary sphere of human activities, serves as the operational
environment for most EM wave systems. Understanding its impact on EM wave prop-
agation is therefore critical for designing and evaluating radar, satellite, and electronic
warfare systems [1]. Beyond absorption and scattering by gas molecules and aerosols, tro-
pospheric effects predominantly manifest through refractive phenomena. Spatial variations
in atmospheric refractivity alter EM wave trajectories and energy distribution. Notably,
atmospheric ducts emerge when temperature inversions occur or humidity gradients
steepen with altitude, creating distinct refractive layers. These structures are characterized
by an extremely anomalous vertical decrease in atmospheric refractivity coupled with
strong super-refraction, typically occurring within the troposphere—more specifically, in
the atmospheric boundary layer. The defining feature of atmospheric ducts lies in their
capacity to induce significantly enhanced refraction of EM waves compared to conventional
propagation modes. This intensified refraction causes downward bending of waves with
a curvature exceeding the Earth’s surface curvature, effectively trapping them within a
stratified atmospheric layer. Analogous to duct propagation in metallic structures, this
phenomenon enables long-distance beyond-line-of-sight (BLOS) transmission of EM energy,
particularly valuable for extending the effective range of communication and radar systems
in the ultra-high-frequency (UHF)/microwave bands (see Figure 1) [2]. By leveraging at-
mospheric ducts, EM waves can overcome traditional horizon limitations, achieving BLOS
communication, detection, and positioning capabilities—a transformative advancement for
modern telecommunications, remote sensing, and military radar systems.

Rough Marine Surface

N
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detection range \\

Figure 1. Schematic of atmospheric duct effects on EM waves. This phenomenon extends the
operational range of communication systems and enables radar-based BLOS detection of low-altitude
targets. Concurrently, the trapping of EM waves within the duct creates an EM shadow zone above
the duct layer, where minimal radio energy penetrates due to restricted ray propagation.

The study of atmospheric ducts emerged in the 1930s with radar advancements [3,4],
as military aircraft observed anomalous super-horizon signal propagation, sparking global
research interest. In 1944, a U.S. Navy experiment linked signal strength to tropospheric
inversion layer height, advancing marine duct understanding [5]. British researchers first
documented evaporation ducting in 1947 during Irish Sea measurements [6]. By the 1960s,
institutions like the Naval Electronics Laboratory Center (NELC) and the University of
Hamburg collected global data, with Hamburg’s team pioneering large-scale evaporation
duct propagation studies. The 1970s saw the Fleet Numerical Oceanography Center (FNOC)
and Naval Environmental Prediction Research Facility (NEPRF) develop coupled ocean—
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atmosphere models to predict surface duct heights, alongside systems like the Integrated
Refractive Effects Prediction System (IREPS) [7] and Engineer’s Refractive Effects Predic-
tion System (EREPS) [8] for EM wave propagation analysis. Since the 1980s, the U.S. has
advanced duct propagation research in strategic environments like deserts and oceans, with
pivotal work by the Naval Research Laboratory (evaporation duct telemetry), L. Ted Rogers
(maritime communication [9]), and K.D. Anderson (low-altitude target detection [10]), cul-
minating in tools like AREPS [11]. The Soviet Union contributed extensively through global
oceanic experiments, confirming duct-enabled radar ranges up to 1000 km and addressing
practical challenges such as over-the-horizon radar reliability and antenna optimization [12].
Similar research expanded globally, involving the UK, France, Australia, the Netherlands,
India, Japan, and China [4,13-17]. Since the 1990s, advancements in detection technology
and atmospheric science have propelled global research on atmospheric ducts to new
heights (see Table 1). Key U.S. institutions include University of California, San Diego [18-32];
Johns Hopkins University [33—44]; Ohio State University [45-48]; Cornell University [49-54];
Coastal Carolina University [28,55-63]; and U.S. Navy divisions [5,11,64-98]. China’s contri-
butions are led by Northwestern Polytechnical University [99-125], National University of
Defense Technology [126-154], Xidian University [155-194], PLA University of Science and
Technology [195-229], Naval University of Engineering [230-247], and China Research Insti-
tute of Radiowave Propagation [248-278]. Additionally, active research in this field involves
teams from Russia [279-283], India [284-287], Australia [288-290], Germany [291,292], South
Korea [293-298], the United Kingdom [2,299-304], Singapore [305-307], France [308-313],
Greece [314-316], Ukraine [317-319], Bulgaria [318,320-325], and Turkey [326-329], demon-
strating broad international collaboration [330-347].

Table 1. Main countries and institutions for atmospheric duct research.

Country Main Institution

University of California, San Diego

Johns Hopkins University
Ohio State University

America ; -
Cornell University

Coastal Carolina University

Department of the Navy

Northwestern Polytechnical University

National University of Defense Technology

Xidian University

China . - .
PLA University of Science and Technology

China Research Institute of Radiowave Propagation

Naval University of Engineering

Pohang University of Science

Hongik University

South Korea Hanwha Systems

Ajou University

National Physical Laboratory

Indi
neia National Atmospheric Research Laboratory
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Table 1. Cont.

Country Main Institution
] Nanyang Technological University
Singapore 5
Agency for Science, Technology and Research
. Flinders University
Australia University of Adelaide
. Russian Academy of Sciences
Russia Pacific Oceanological Institute
Middle East Technical University
Turkey Zirve University
Dogus University
Istanbul Technical University
Aristotle University of Thessaloniki
Greece National Meteorological Service
Technical University of Crete
Polytech Nantes
France Université Paul Sabatier
Meteo France
University of Leicester
Great Britain Meteorological Office
University of London
University of Breme
Germany - -
University of Hamburg
Ukraine National Academy of Sciences of Ukraine
Bulgaria Bulgarian Academy of Sciences

Currently, research on atmospheric ducts can be categorized into three primary do-
mains: (1) observational challenges of duct environments, (2) EM wave propagation within
ducts, and (3) performance evaluation of radio systems operating under ducting conditions.
By integrating duct detection results with tropospheric wave propagation models, accurate
assessments of radar and communication system performance become achievable, enabling
effective compensation, correction, and enhancement of these systems. Consequently,
duct sensing techniques constitute a fundamental and critical component in this research
field. This article aims to summarize the latest advancements in the sensing of marine
atmospheric ducts, and, based on these developments, to address the challenges faced by
radio propagation technologies. Furthermore, it offers a perspective on the future research
directions for marine atmospheric duct sensing methods. To achieve this objective, the
rest of the article is as follows: Section 2 begins with an overview of marine atmospheric
ducts, summarizing the refractive structures, origins, and other characteristics of different
categories of atmospheric ducts. Section 3 then provides a detailed overview of the current
sensing methods for atmospheric ducts, aiming to establish a comprehensive theoretical
foundation for subsequent research. By analyzing the characteristics of various methods,
this section seeks to offer valuable guidance for researchers in selecting and applying ap-
propriate techniques. Section 4 then delves into the potential challenges that future marine
atmospheric duct sensing methods may encounter, considering the development trends
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of emerging technologies, new applications, and evolving scenarios. This section focuses
on addressing issues such as limited accuracy, poor real-time capabilities, and insufficient
environmental adaptability in current sensing methods. Furthermore, it outlines potential
directions for future research and proposes strategies for improvement. Finally, this paper
concludes with a summary of the research on marine atmospheric duct observation, aim-
ing to provide a broader perspective for future studies in this field and contribute to the
advancement of radio propagation technologies.

Despite extensive field experiments and technological advancements in atmospheric
duct observation by global research teams, existing reviews exhibit two critical limitations:
(1) inadequate timeliness and systematic integration of emerging observation techniques
(e.g., Al-driven remote sensing), and (2) a lack of forward-looking analysis on future direc-
tions, hindering strategic guidance for R&D. To address this gap, this review synthesizes
over 400 high-relevance publications from SCI/EI databases (1960s-2026s), comprehen-
sively documenting the evolution of in situ sounding, active/passive remote sensing, and
theoretical modeling. It stands as the most exhaustive and up-to-date systematic assessment
to date, offering actionable insights for future technological and operational development.

2. A Brief Overview of Atmospheric Ducts
2.1. Tropospheric Refraction

Refraction describes the bending of EM waves when they move through the boundary
between two different media or a refractive index gradient within a medium [348]. Since
this deviation from unity is minimal, it is more practical to represent the phenomenon using
refractivity, denoted as N. In the troposphere, refractivity can be determined from [349]:

N=(n-1) ><106—77'6(p+48108) (1)

T T

where T is the temperature, p is the pressure, and e is the water vapor pressure. The
propagation effects due to Earth’s curvature must be considered, typically by adjusting the
refractivity. This transformation maps the Earth’s spherical stratified medium to a planar
one, enabling the modified refractivity (M) profile to be derived using Snell’s law:

M:N+%x106zN+0.157h 2)

where /1 is the height above the Earth’s surface, and a is the Earth’s mean radius. The
gradient of M is obtained by differentiating the above equation with respect to height h:

dM/dh = dN/dh + 0.157. Tropospheric refraction’s impact on EM wave propagation
depends on dM/dh or dN /dh. Figure 2 illustrates the classification of atmospheric propa-
gation conditions. When dM /dh < 0 or AN /dh < —0.157 N-units/m, EM wave rays bend
towards the Earth’s surface, becoming trapped within a thin atmospheric layer. In this case,
the EM wave ray becomes confined within a thin atmospheric layer due to its curvature
being greater than that of the Earth’s surface. The EM energy undergoes repeated refraction
within this layer and propagates forward, resulting in superrefraction. This phenomenon
is known as EM duct propagation, and the corresponding atmospheric layer is called the
atmospheric duct.
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Figure 2. Different tropospheric atmospheric refraction types. The propagation path of EM waves
in the troposphere is primarily determined by either dM/dh or dN/dh, enabling the classifica-
tion of atmospheric refraction characteristics based on these parameters. When dM/dh < 0 or
dN/dh < —0.157 N-units/m, EM wave rays bend towards the Earth’s surface, becoming trapped
within a thin atmospheric layer.

2.2. Formation Mechanisms and Typology of Atmospheric Ducts

The formation and evolution of atmospheric ducts are closely tied to lower atmo-
spheric parameters such as temperature, humidity, and pressure, with sea surface con-
ditions also playing a key role. Atmospheric ducts can be categorized into several dis-
tinct types based on their formation mechanisms. These include evaporation ducts, sur-
face ducts, and elevated ducts (also known as lifting ducts), as shown in Figure 3. The
meteorological conditions and occurrence mechanisms that lead to their formation are
as follows:

e  Evaporation ducts: Evaporation ducts are surface-hugging ducts formed by the
sharp decrease in near-sea surface atmospheric humidity with height due to seawater
evaporation. This duct structure typically occurs in the marine atmospheric boundary
layer below 40 m, consisting of a relatively thin trapping layer. Since evaporation
duct formation primarily depends on the degree of moisture inversion caused by
seawater evaporation, the occurrence probability and height vary with geographical
region, season, and diurnal cycle. Higher seawater temperature enhances evaporation
rates, leading to higher occurrence probability and increased height of evaporation
ducts, particularly in low-latitude seas during summer and daytime. For example, the
probability of evaporation ducts with heights > 10 m reaches 92% in coastal northern
Brazil, compared to only 2% in the Bering Strait [25], and 89% in the southeastern
coastal waters of China [171]. The height of evaporation ducts (i.e., the thickness of
the trapping layer) generally does not exceed 40 m, with annual averages of 5 m in
the North Sea, 10-14 m in the Mediterranean Sea, and ~13 m globally [2]. Due to
their weak trapping structure, EM waves with frequencies > 1 GHz can be trapped or
significantly affected [66].

e  Surface ducts: Surface ducts are relatively high-altitude duct structures with lower
boundaries connected to the sea surface. They typically form when dry, warm air
masses advect from land over the moist, cold ocean, creating a near-sea surface
atmosphere with cold, moist air below and warm, dry air above. There are two
types of surface ducts: grounded surface ducts and surface-based ducts. Surface
ducts typically occur in the boundary-layer atmosphere below 300 m, with a global
average height of ~85 m [350]. Due to their relatively thick trapping stratification,
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they significantly affect EM wave propagation. The global annual average occurrence
probability is ~15%, with 1% in the North Atlantic, 25% off the southern California
coast, and 50% in the Persian Gulf [350]. Surface ducts are not highly sensitive to
EM wave frequencies and can support over-the-horizon propagation for radio waves
above 100 MHz.

o  Elevated ducts: Elevated ducts are suspended duct structures where the lower bound-
ary is not connected to the sea surface (or ground), generally occurring in the tropo-
spheric atmosphere below 3 km. The meteorological conditions for elevated ducts are
the same as those for surface ducts, with the key difference being that the underlying
surface of the elevated duct layer is an atmospheric base layer—specifically, the modi-
fied refractive index at the top of the duct layer is greater than that at the ground. In
coastal environments, surface ducts can evolve into elevated ducts as the slope of the
trapping layer decreases. Elevated ducts can reach heights of 600 m off the southern
California coast and 1500 m off the Japanese coast [25], with an occurrence probability
as high as 50% in many global regions [350].

Z
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Figure 3. Illustration of the propagation of EM waves from a radar source in various refractive
conditions over a distance beyond the line of sight over the Earth. The corresponding vertical M
profiles are overlaid on the propagation path: (a) evaporation duct, (b) surface-based duct, and
(c) elevated duct [65].

Table 2 presents annual statistics on atmospheric duct occurrence probabilities across
global regions [25], illustrating significant geographical differences and diurnal variations
in tropospheric duct probabilities in major global sea areas. The Persian Gulf and the Gulf of
Mexico exhibit the highest daytime occurrence rates of evaporation ducts (>10 m), ranging
from 77% to 92%, with the Rio Grande region in the Atlantic Ocean reaching a peak of 92%
during the daytime. In stark contrast, the Baltic Sea and Bering Strait have evaporation
duct occurrence rates of less than 12%. Surface-based ducts have the highest nighttime
occurrence rate in the Persian Gulf (52%), while elevated ducts maintain a high occurrence
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level of 38-40% day and night in the Gulf of Mexico. Notably, multiple duct phenomena
are prominent in Diego Garcia (Indian Ocean) and the Southern California sea area, with
their diurnal average composite occurrence rates reaching 7.3% and 5.6%, respectively. The
occurrence rates of various types of ducts in the eastern and western Mediterranean are
generally lower than those in other sea areas, among which the eastern Mediterranean has
the smallest diurnal difference in elevated ducts (12-16%). The Yellow Sea region exhibits
unique duct combination characteristics, with relatively balanced diurnal occurrence rates
of surface-based and elevated ducts (13-18%), but the daytime occurrence rate of multiple
ducts (7.0%) is significantly higher than that at night (3.4%).

Table 2. Occurrence probability of atmospheric ducts in different regions [25].

Region

Percent Occurrence (Annual Averages)

Multiple  Elevated Duct +

Persian Gulf
Gulf of Mexico
East China Sea

Diego Garcia
(Indian Ocean)

Rio Grande

(Atlantic Ocean)
East Mediterranean
West Mediterranean

Yellow Sea
Southern California
Baltic Sea
Bering Strait

Evaporation Surface-Based Elevated Duct Elevated Surface-Based
Duct>10 m Duct
Ducts Duct
. . . Diurnal .

Day Night Day Night Day Night Average Diurnal Average
77 62 36 52 26 33 2.8 48

84 79 9 10 38 40 8.3 2.6

83 76 10 7 15 18 34 2.0

87 76 34 18 20 37 7.3 3.8

92 87 18 18 24 30 6.8 7.2

72 62 13 11 12 16 24 2.5

58 45 15 14 10 12 1.7 2.6

63 56 16 13 17 18 7.0 3.4

46 35 23 15 33 38 5.6 3.2

12 8 2 3 3 4 0.6 04

2 1 6 5 4 5 1.1 0.8

3. Current Atmospheric Duct Sensing Methods

An atmospheric duct is essentially an anomalous refractive index spatial structure
within the lower troposphere. Its vertical structure corresponds to the M profile of the duct,
while its horizontal structure reflects the spatial heterogeneity of the vertical refractive
profile. Thus, the sensing of a tropospheric duct is fundamentally the observation of the
refractive distribution in the lower tropospheric atmosphere. Current atmospheric duct
detection methods are generally classified into two major categories: contact-based sensing
methods, also known as direct observation methods, and indirect estimation methods.
The latter includes theoretical estimation, numerical weather forecasting, and remote
sensing inversion. The principles, advantages, and disadvantages of each method will be
discussed next. Subsequent sections will examine research advancements and distinctive
characteristics of each methodology.

3.1. Contact-Based Observation Methods

Contact-based detection methods involve direct interactions with the atmospheric duct,
typically using instruments placed in or near the troposphere. These methods often rely on
physical sensors, such as radio frequency devices, that can measure atmospheric properties
like temperature, humidity, and refractivity in real time, thereby identifying the presence of
atmospheric duct structures. Typical direct observation instruments include meteorological
towers [343], gradiometers [176], radiosondes [351], rockets [36], balloons, airships [163],

https://doi.org/10.3390 /1518152576


https://doi.org/10.3390/rs18152576

Remote Sens. 2026, 18, 2576

9 of 45

temperature
and humidity
sensors, 32 m

Wind,
lemperature

and humidity €— ‘

sensors, 16 m

(a)

and microwave refractometers [352], among others; the application scenarios of some
instruments are shown in Figure 4. The vertical inhomogeneous refractive index profile can
be theoretically derived from temperature, humidity, and pressure measurements obtained
by radiosondes or sounding rockets. However, the coarse vertical sampling intervals of
these measurements may result in low vertical resolution of the calculated refractive index
profiles, potentially missing critical trapping layers. Additionally, this method fails to
capture horizontally inhomogeneous refractive index structures at varying distances, while
the equipment is costly and operationally complex. An alternative approach employs
microwave refractometers, which directly measure the atmospheric refractive index by
detecting resonant frequency shifts in microwave cavities, currently representing the most
accurate technique. Nevertheless, their high cost and single-point observation capability
limit their utility for spatial refractive index mapping in the troposphere.

Wind, temperature, |
humidity, and.
infrared sensors, 8 m

Pressure

() (d)

Figure 4. Several atmospheric duct detection instruments: (a) meteorological tower [343],
(b) gradiometer [176], (c) rocketsonde, and (d) airship.

Beyond the instrumental apparatus essential for observations, the selection of an
appropriate observation platform constitutes a critical determinant of data quality and
applicability. Identical sensors, when deployed across heterogeneous platforms (e.g.,
ground-based stations, ship-borne systems, airborne instruments, or satellite constella-
tions), exhibit marked disparities in data acquisition efficiency, measurement accuracy,
and scenario-specific suitability. Furthermore, these platforms diverge substantially across
four pivotal dimensions: (1) reliability, (2) spatial coverage, (3) operational feasibility, and
(4) cost. To delineate these contrasts methodologically, we have systematically tabulated
the parametric characteristics of each platform category (see Table 3), thereby enabling
comparative analysis for optimized platform selection in diverse observational contexts.

Table 3. Comparative analysis of characteristics across different platforms.

Spatial Operational

Platform Reliability Coverage Feasibility Cost

Ground-based Moderate Local Low Low
Ship-based High Regional Moderate Moderate

Airborne High Transect High High
Satellite Moderate Global Very high Very high
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3.1.1. Evaporation Ducts

Evaporation ducts can be detected using measurement instruments such as microwave
refractometers, meteorological gradient meters, and low-altitude radiosondes. While the
microwave refractive index meter directly measures atmospheric refractive index parame-
ters, the other instruments infer refractive index by measuring temperature, humidity, and
pressure. The detection height typically remains below 40 m. Given the frequent occurrence
of evaporation ducts over the sea, numerous institutions globally have conducted extensive
observations of this phenomenon. One of the most notable evaporation duct experiments
was conducted by the U.S. Naval Ocean Systems Center along the Pacific coastline [88].
Spanning 15 years from 1970 to 1984, the study encompassed a vast range of marine areas,
from 40°S to 70°N latitude. Ukraine conducted two meteorological data measurement
experiments, one in the Atlantic Ocean in 1983 and another in the Indian Ocean between
1983 and 1984 [317].

In 1998, Australian scholar Kulesza et al. [288], followed by the Naval Surface Warfare
Center in 2000 [353], organized measurements of evaporation ducts. Another notable
experiment took place from August to September 2001, led by the Space and Naval Warfare
Systems Center San Diego. Researchers from four countries participated in the month-long
Rough Evaporation Duct (RED) experiment conducted in Hawaiian waters [89]. One of the
primary objectives of the RED was to determine the extent to which sea surface roughness
affects the vertical distribution of the refractivity. In 2004, German researchers conducted
the Validation Measurements for Propagation in the IR and Radar (VAMPIRA) experiment
in the Baltic Sea [354]. In 2007, Siddle et al. [301] conducted an analysis of evaporation duct
measurements between three islands in the English Channel. Subsequently, to investigate
the impact of sea breeze phenomena on radar detection, Sally Garrett conducted the
Seabreeze-2009 experiment in New Zealand [355]. In 2012-2013, the Naval Postgraduate
School (NPS) conducted measurements of evaporation ducts and elevated ducts in the
waters off California, utilizing ships as the primary platform for data collection [82]. In
2017, the Tropical Air-Sea Propagation Study (TAPS) was conducted along the coast of
Australia to investigate tropical air-sea wave propagation. In 2015 and 2017, the NPS, in
collaboration with multiple research institutions, conducted the Coupled Air-Sea Processes
and Electromagnetic Ducting Research (CASPER) experimental program in the waters
off the coast of North Carolina [65]. The main platform, ground stations, and towers of
CASPER-East are shown in Figure 5. This study aimed to investigate coupled atmospheric—
oceanic processes and atmospheric duct phenomena.

3.1.2. Surface Ducts

Surface ducts are detected using both low-altitude and high-altitude detection systems.
These systems employ methods such as balloon releases and aircraft flying in spiral patterns
at various altitudes to measure parameters such as temperature, humidity, and pressure
at different heights, thereby determining the occurrence of surface ducts. The detection
heights are typically below 600 m. Between 1985 and 1994, Johns Hopkins University
conducted observations using aircraft at Wallops Island, located off the eastern coast of the
United States, obtaining extensive surface duct data [43,356]. In 1994, the Navy Radio and
Sound Laboratory conducted the Variability of Coastal Atmospheric Refractivity (VOCAR)
experiment along the southern coast of California [5]. In March-April 1998, the Navy
Surface Warfare Center, in collaboration with the NPS and Johns Hopkins University,
conducted a large-scale experiment to collect oceanic meteorological and radar propagation
data on Wallops Island, Virginia (Wallops "98) [66]. The Wallops "98 experimental site
location is shown in Figure 6. During the experiment, tropospheric refractivity profile
data were measured using helicopter-based measurements, while radar wave propagation
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data were obtained using the Microwave Propagation Measurement System (MPMS).
In 2000, Thompson et al. conducted the Wallops-2000 experiment on Wallops Island,
Virginia, where they utilized the experimental data to investigate the influence of sea
surface temperature on the surface-based duct [77]. In 1996, the Ship Antisubmarine
Warfare Readiness/Effectiveness Measuring (SHAREM-115) experiment was conducted
in the Persian Gulf. The authors present the surface duct observation results from this
experiment in [26].

|
]
e Flux tower

7 e T Tethered ;
MASFlux 5 Bailoon , RF transmitters

on float

Figure 6. Geographical location of Wallops 98 experimental site [66].

3.1.3. Elevated Ducts

Observation of elevated ducts primarily relies on high-altitude detection systems.
Techniques such as balloon releases, meteorological rocket launches, and aircraft perform-
ing spiral flights at various altitudes are used to measure parameters such as temperature,
humidity, and pressure at different heights [357]. This allows for the identification of
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elevated duct occurrences and the acquisition of duct parameters, with detection typically
occurring at altitudes below 30 km. For example, elevated duct observation experiments
conducted along the west coast of Africa [358] and in Australia, as well as duct measure-
ments based on thrice-daily sounding data from several tropical regions in India, illustrate
such methods.

3.2. Indirect Estimation

In addition to directly measuring the atmospheric ducts using meteorological observa-
tion equipment, an alternative approach involves developing atmospheric duct diagnostic
models based on the atmospheric similarity theory to estimate the atmospheric state. An-
other method leverages the strong correlation between the meteorological conditions and
the spatiotemporal variations in meteorological systems, utilizing numerical forecasting to
forecast atmospheric ducts. Additionally, remote sensing retrieval of duct parameters can
be performed by analyzing changes in the characteristic physical quantities of radio signals
as they propagate through the atmospheric duct.

3.2.1. Theoretical Estimation

In the conventional sense, theoretical estimation of atmospheric ducts refers to di-
agnosing the atmospheric duct state at a given moment based on observations of certain
meteorological parameters. This typically focuses on the diagnosis of evaporation ducts,
commonly referred to as predicting. Evaporation duct diagnosis generally relies on diagnos-
tic models. Since the 1970s, researchers have proposed evaporation duct diagnostic models,
which are primarily based on the Monin-Obukhov similarity theory for the MABL [359].
These models integrate observational data of atmospheric temperature, humidity, pressure,
wind speed, and sea surface temperature to derive refractive index gradient formulas or
refractivity profiles for the near-surface atmosphere. Subsequently, the EDH is determined
using the critical refractivity gradient. The main existing models for evaporation duct
prediction are presented in Table 4.

Table 4. Current primary models for evaporation duct prediction [121].

Time Prediction Model Inventor

1973 Jeske model [292] Jeske

1976 Paulus-Jeske (P]) model [67] Paulus and Jeske

1979 Liu-Katsaros-Businger (LKB) model [360] Liu, Katsaros, and Businger
1984 Naval warfare assessment (NWA) model [361] NWA Center

1991 Naval Research Laboratory (NRL) model [96] NRL

1992 Musson-Gauthier-Bruth (MGB) model [313] Musson, Gauthie, and Bruth
1996 Babin-Young—Carton (BYC) model [38] Babin, Young, and Carton
2000 NPS model [37] NPS

2001 Pseudo-refractivity model [168] Liu, Huang, and Jiang

In 1973, Jeske [292] from Hamburg University proposed an evaporation duct model
known as the Jeske model. This model became the earliest evaporation duct prediction
tool, gaining widespread use and later being incorporated into the IREPS. The Jeske model
utilizes the calculated overall Richardson number to assess the stability conditions of the
near-surface atmosphere. Based on the stability results, it then applies a corresponding func-
tion derived from the Monin-Obukhov similarity theory to estimate the EDH. Paulus [67]
investigated the discrepancies between the observed values and the predictions of the
Jeske model, attributing the unrealistic overestimation of EDH to errors in the air-sea
temperature difference observations. To address this, a constraint was added to the air-sea
temperature difference, limiting the calculated EDH to approximately 20 m. This model
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became known as the P] model. Due to its simplicity and fast computational speed, the
PJ] model has been widely applied and has been used as an operational model by the U.S.
Navy since 1978. In 1992, Musson-Genon et al. [313] introduced the MGB model, which
computes the vertical gradient of AP based on fluid statics and the ideal gas law. The model
employs scale parameters for potential temperature and specific humidity, along with
their corresponding dimensionless gradient functions, to calculate the vertical gradients of
AT and WVP. Subsequently, the model estimates the EDH by evaluating the refractivity
gradient that gives rise to the duct. Liu, Katsaros, and Businger [360] proposed the LKB
model, which utilizes a limited set of meteorological data to compute momentum flux, heat
flux, and water vapor flux. This enables the derivation of vertical profiles for AT, specific
humidity, and atmospheric pressure. Finally, the model calculates the M profile for the
evaporation duct. The introduction of the LKB model provided a crucial foundation for
subsequent research on evaporation duct diagnostic models, leading to the development of
a class of evaporation duct models built upon the LKB model, including the NWA [361],
NRL [96], BYC [38] and NPS [37] models. The NPS model employs the Coupled Ocean—
Atmosphere Response Experiment (COARE) [362], an integrated algorithm for air-sea
fluxes derived from long-term marine surveys. The NPS model incorporates near-surface
measurements of atmospheric temperature (AT), pressure (AP), wind speed (WS), relative
humidity (RH), and sea surface temperature (SST) from various altitudes as inputs. Its
empirical relationships, derived from marine experiments, demonstrate substantial im-
provements over the P] model. Furthermore, with the growing maturity and widespread
use of the advanced international COARE3.0 bulk algorithm for air—sea flux calculation,
studies [189] have started introducing it into the NPS model to compute key physical quan-
tities, including characteristic scale parameters and sea surface aerodynamic roughness.
The NPS model’s core computational equations are given by:

1) = 1o+ 2 () - %) - 1z ®)
1) =0+ % () - ,(0) @
P(z2) = Playexp( £EL22)) ©

o) 1DPE)

e+ (1—-e)g(z)

The key parameters include: Ty and g representing sea surface AT and specific hu-
midity (SH) respectively; { = z/L, L denoting the Monin-Obukhov length; 6, and g+ as
the Monin-Obukhov scaling parameters for potential temperature (PT) and SH; zpg and zo,
being the roughness lengths for PT and SH; I; as the dry adiabatic lapse rate; x the von
Karman constant; ¥}, as the temperature correction function; T, as the mean virtual temper-
ature at height z; and z; and ¢ being a constant with a value of 6.22. Using vertical profiles
of AT, AP, and water vapor pressure from the NPS, the oceanic atmospheric M-profiles
can be calculated via Equation (1). Figure 7 presents two evaporation duct refractive index
profiles generated from the model’s five meteorological parameters, revealing significant
environmental dependence. The derived evaporation duct heights (EDHs) were 13.5 m and
27.3 m at corrected refractive indices of 341.3 M and 389.3 M units, respectively, confirming
environmental sensitivity. However, under strong stable conditions, the NPS model still
exhibits considerable errors in estimating EDH, indicating the need for further refinement
and adjustment. For instance, Guo et al. [250] demonstrated an average error of —5.48 m
using meteorological gradient tower data. Since 2000, Chinese researchers have undertaken
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extensive efforts in the prediction of evaporation ducts. Liu et al. [168] proposed an evapo-
ration duct diagnostic model based on the pseudo-refractivity as a similarity parameter,
which is referred to as the pseudo-refractivity model. Ding et al. [199,200] proposed a
universal evaporation duct (UED) model based on the COARE algorithm and the NPS
model. In 2019, Wang et al. [363] proposed a novel EDH diagnostic method, the ensem-
ble diagnostic approach (Babin_Ens method), based on the Babin model and leveraging
numerical weather prediction ensemble forecasting techniques. Compared to the Babin
model and the WRF model, this approach effectively improves the mean forecast bias of
EDH and EDS.
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Figure 7. Evaporation duct M-profiles for EDH cases: (A) 13.5 m and (B) 27.3 m [363].

An important aspect of research on evaporation duct prediction models is model vali-
dation. Since the 1980s, considerable efforts have been devoted to addressing discrepancies
in computational results across different models under identical environmental conditions.
These efforts have included numerical simulations, empirical measurements of evaporative
ducts, and over-the-horizon propagation experiments, culminating in comparative analyses
of various models. Cook [69] investigated the sensitivity of five EDH models to errors in
shipborne meteorological data and conducted a comparative analysis of these algorithms.
The sensitivity study revealed consistent model responses despite differing frameworks,
with sensor-induced errors causing 10-50% uncertainty in duct height calculations. In 1996,
Babin et al. [364] employed a method that integrates atmospheric parameters at various
heights and SST measurements to determine the atmospheric M profile, thereby calculating
the EDH. The validation with Wallops Island boat data shows that the confidence level of
the model can reach up to 94%. A comparison of the PJ, NPS, Jeske, and BYC models was
conducted. Ivanov et al. [317] conducted a comparison of four evaporation duct models
using data measured over the ocean. Results show unstable stratification yields duct height
estimates of 5-20 m, with £2.5 m error. In 2009, Cha et al. [238] analyzed the impact of
meteorological and hydrological measurement errors on the PJ model, utilizing evapora-
tion duct M profiles collected under various meteorological conditions in certain marine
areas of China. Experimental results demonstrate the PJ] model’s superior applicability in
Chinese coastal waters with low wind speeds and 75-85% relative humidity. Subsequently,
they investigated the applicability of evaporation duct Model A in the maritime regions
of China [247]. Results show that with a 0-1 °C air-sea temperature difference under
near-neutral stratification, Model A’s deviation from measured data averages 1.76 m. Yang
et al. [343] present the P] and NPS models to verify the adaptation of evaporation duct
models in the SCS in winter. The P] model shows an average deviation of 1.03 m, while the
NPS model achieves —1.4 m, with superior stability. To enhance the prediction accuracy
of evaporation ducts under varying environmental conditions, Qiu et al. [365] proposed
a model selection optimization method (MSOM), as shown in Figure 8. The accuracy of
this approach was validated using observational data from an offshore platform in the
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South China Sea. The results indicated that MSOM significantly improved the prediction
accuracy of evaporation duct heights. Under stable and unstable conditions, the median
prediction error of MSOM decreased by 0.8 m and 0.6 m, respectively.

Environmental Data
(WS, AT, RH, AP, S5T)

l EDM

Sensitivity analysis (PJ, BYC, NPA,
(Sensor observation accuracy, NWA, MMSREV, Reference EDH
curve graph, and Sobol indices) COARE)

Grouped observational
parameters
Observational data : (WS, RH, DT)
(WS, AT, RH, AP, SST)

Predicted EDH

Analytical
average error

Get the optimal model
for each group

EDH

Figure 8. Model selection optimization method (MSOM) [365]. The MSOM comprises three compo-
nents. In the first module (blue), sensitivity analysis is performed on existing models (PJ, BYC, NPS,
NWA, fifth-generation mesoscale revise, and COARE models) against meteorological /hydrological
parameters (WS, AT, RH, AP, SST) using sensor accuracy assessments, curve plotting, and Sobol
indices. Environmental parameters are then grouped by water temperature, RH, and air—sea tem-
perature difference. The second module (green) derives reference and predicted EDH values for
each parameter group, where the model with the lowest mean prediction error per group is selected
as optimal. The third module (orange) dynamically assigns new observational data to predefined
groups and applies their corresponding optimal models for EDH estimation.

Furthermore, the M profiles derived from evaporation duct prediction models are
incorporated into EM wave propagation models within the evaporation duct, allowing for
the calculation of EM wave propagation loss. Comparing the path loss calculated by the
model with the experimentally measured propagation losses provides the most effective
means of assessing the predictive accuracy of the evaporation duct models. This method is
also employed to investigate discrepancies in the computational results of different models
under the same environmental conditions. Subsequently, Babin et al. [37] performed
a comparative analysis of the M profiles predicted by the NWA, NRL, BYC, and NPS
models, taking a propagation modeling approach. Patterson [80] conducted propagation
experiments in the Mediterranean region, comparing the results of three evaporation duct
models across propagation tests in the L, S, X, KU, and KA frequency bands. Gunashekar
et al. [300] conducted a comparative analysis of the P] and NPS models based on microwave
over-the-horizon propagation experiments in the English Channel.

However, the universal functions of these models are derived from empirical general-
izations based on the accumulation of extensive data from specific regions, and thus do
not possess universally applicable characteristics. This limitation primarily arises because
these models rely on macro-scale oceanographic and meteorological observational data,
most of which are based on the Monin—Obukhov similarity theory to determine the EDH.
These diagnostic models are inherently limited, as they assume the refractive index of
the evaporation duct diagnostic model is uniform, which implies that the material and
energy exchange between the atmosphere and ocean is in a dynamic equilibrium. In recent
years, Al-based diagnostic techniques for EDH have emerged as a promising and novel
research direction with broad potential applications. By leveraging Al algorithms, this
approach enables the efficient and precise extraction of complex patterns and features from
large datasets, facilitating accurate prediction and diagnosis of EDH. Compared to tradi-
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tional empirical models, this technique demonstrates superior adaptability and accuracy in
handling complex environmental factors and large-scale data. Currently, several studies
have begun to explore the use of Al methods to advance the understanding of evaporation
duct dynamics. In 2007, Isaakid et al. [315] developed an artificial neural network (ANN)
based on Helliniko Airport data to model the evaporation duct. The performance of this
ANN model proved to be both effective and successful in predicting EDHs. In 2018, Zhu
et al. [130] developed a purely data-driven evaporation duct model based on a Multilayer
Perceptron (MLP). The accuracy of the MLP model showed a significant improvement over
the P] model. Yan et al. [99] developed an ANN for evaporation duct prediction using the
NPS model and a reanalysis dataset. Comparative analyses of predicted profiles and path
loss were conducted under stable/unstable atmospheric conditions.

Zhao et al. have explored a lot of Al models since 2019. They applied the BP neural
network to predict EDH [137], and experiments demonstrated that, compared to the tra-
ditional PJ model, the BP neural network outperformed simple support vector regression
(SVR), offering better precision and regional generalization. In 2019, the gradient-boosted
decision tree (GBDT) was first proposed for diagnosing EDH. A purely data-driven GBDT
model (PDD_GBR) was introduced, as well as the GBR_PJ and GBR_BYC models, which
used GBDT to optimize traditional theoretical models [133], with aerial survey data from
five routes used for training and testing. The results indicated that the PDD_GBR model,
driven by pure data, exhibited significant advantages in both accuracy and regional gener-
alization over all other models. In 2020, Zhao et al. [131] further explored the application
of extreme gradient boosting (XGBoost), which is a theoretically enhanced and efficient
implementation of the GBDT algorithm. Its performance in the diagnosis of evaporation
duct height was notably effective. Experimental results revealed that the accuracy of the
PJ] model improved exponentially compared to the traditional theoretical model, and was
significantly better than both the MLP and GBR models (the predicted results are shown
in Figure 9). In 2021, Zhao et al. [126] utilized the LSTM model, driven by pure data,
for predicting EDH. Unlike previous models, LSTM is a recurrent neural network with
complex memory capabilities and structure, making it highly effective for time series data
prediction. Given the time-sequential nature of the aerial survey data, LSTM was particu-
larly well suited. Experimental results showed that LSTM significantly outperformed the
XGBoost model, which had previously shown the best performance, in both accuracy and
regional generalization.
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Figure 9. Comparison of predictive curves for different sub-regions (ER: Equator Region, SSL: South
of Sri Lanka, NBB: North of the Bay of Bengal), and the total area [131].

3.2.2. Numerical Weather Forecasting

Atmospheric dust forecasting integrates meteorological prediction methods with duct-
specific characteristics and atmospheric physics to estimate future duct conditions. Initial
approaches relied on synoptic extrapolation (e.g., identifying duct-prone weather patterns
like subtropical highs, cold fronts, or typhoons as indicators) [366]. Current research on
atmospheric duct forecasting is primarily divided into two categories [253]:

(1) Forecasting approaches:

e Synoptic-based forecasting;

e Statistically based forecasting;
e Dynamical forecasting;

e Integrated forecasting.

(2) Forecasting classification by dimension

e  (lassified by service object: including routine forecasting, professional forecasting;

e  C(lassified by forecasting scope: including global forecasting, regional forecasting,
site-specific forecasting;

e C(lassified by forecast lead time: including nowcasting, very short-range
forecasting, short-range forecasting, medium-range forecasting, long-range
forecasting, etc.

Due to the difficulty in obtaining maritime observational data, particularly high-
resolution sounding data—characterized by low daily sampling frequency, fixed timing,
and sparse, unevenly distributed observation points—the numerical forecasting methods
for atmospheric ducts were developed and have progressively evolved. Atmospheric
duct forecasting based on synoptic extrapolation methods generally provides only qual-
itative predictions, whereas numerical weather prediction (NWP) enables quantitative
and regional forecasting solutions. Since the 1970s, the U.S. Navy has conducted research
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on the impact of weather patterns on radio wave propagation, leading to the develop-
ment of the Navy Operational Regional Atmospheric Prediction System (NORAPS) for
forecasting atmospheric refractivity [91]. Subsequently, the Navy developed the Coupled
Ocean/Atmosphere Mesoscale Prediction System (COAMPS), a higher-resolution system
capable of assimilating meteorological data [92]. Subsequently, Burk et al. [75] employed
the COAMPS model to analyze the impact of island wake on evaporation ducts and radio
wave propagation. Since the 1980s, the rapid development of numerical weather models
has led to the widespread application of mesoscale models in atmospheric duct research
and forecasting, driving significant advancements. The most widely recognized, well-
developed, and representative model is the Fifth-Generation Mesoscale Model (MM5),
developed through a collaboration between the National Center for Atmospheric Research
(NCAR) and Pennsylvania State University [367]. The Weather Research and Forecasting
Model (WRF) [368], a next-generation mesoscale numerical weather prediction model, was
developed by NCAR’s mesoscale and microscale meteorology division in collaboration
with numerous associations and universities (see Figure 10). This model has recently
garnered significant attention and played a crucial role in the study of tropospheric ducts.
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Figure 10. Flow chart of WRF modeling system, where WPS, REAL, OBSGRID and WRFDA denote
WREF Preprocessing System, Real Initialization Programs, Observation Grid Module and WRF Data
Assimilation, respectively. The step “Post-processing, Analysis, & Visualization” in the diagram marks
the end of WREF runs, enabling extraction of WRF outputs, variable derivation and visualization,
which transform raw data into intuitive charts and useful analytical results.

These high-resolution mesoscale meteorological models not only offer potential for
quantitative forecasting of atmospheric ducts but also demonstrate promising applications
in the study of atmospheric ducting mechanisms. Atkinson and Zhu [302-304] employed
the MMS5 atmospheric model to simulate the atmospheric ducts across the entire Persian
Gulf region for the year 2002. Using the simulation results, they conducted a detailed
analysis of the formation patterns of atmospheric ducts under the influence of sea—land
breezes. Chen et al. [259,276] employed MMS5 to forecast coastal surface ducts and low-
level ducts in the offshore regions of China, presenting statistical characteristics of their
occurrence probabilities alongside key parameters. Additionally, they conducted a pre-
liminary investigation into their formation mechanisms and proposed that the variation
in the occurrence probability and types of atmospheric ducts in the offshore regions of
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China is closely linked to the activity of the East Asian monsoon. Zhang et al. [267] directly
applied the atmospheric dynamical equations to the forecasting of atmospheric ducts. They
proposed a method for forecasting atmospheric ducts based on moist potential vorticity,
given the strong correlation between the moist potential vorticity field and the distribution
of atmospheric ducts. Haack et al. [74] subsequently assessed the forecasting capabilities of
four mesoscale weather prediction models—COAMPS, the UK Met Office’s Unified Model
(MetUM), MMS5, and Canada’s Global Environmental Multiscale Model (GEM)—in predict-
ing atmospheric ducts along the Virginia coastline. They noted that model initialization
and STT fields are critical factors influencing forecast accuracy. Zhao et al. [93,94] employed
the Ensemble Forecast System developed by the NRL to analyze the occurrence probability,
location, intensity, and structure of different types of ducts. Comparison with the Wallops-
2000 experimental data revealed that the strong SST gradient formed in spring, due to
the cold shelf waters and the warm Gulf stream, significantly influences the formation of
duct layers. Ulate et al. [95] analyzed the refractive conditions in the offshore region of
Duck, North Carolina, using observational data obtained from the CASPER experiment and
COAMPS model. The results show that ducts exhibit more pronounced diurnal variations
over land than over the sea, occurring more frequently on land, yet with greater intensity
over the sea. Wang et al. [369] proposed a method for ensemble diagnosis of EDH and EDS
based on the Babin model and the concept of ensemble forecasting in numerical weather
prediction. Compared to WRE, the average improvement rates in forecast bias for EDH and
EDS were 14.01% and 16.92%, respectively, significantly enhancing the diagnostic accuracy.
Using the WRF model, Liang et al. [146] simulated a strong elevated duct event in the
western North Pacific. Their analysis reveals that the persistence of this intense elevated
duct was attributed to a robust dry air mass capping the moist MABL, coupled with a
subsidence inversion associated with high-pressure systems.

Research on the application of Al technologies in atmospheric duct numerical forecast-
ing remains relatively sparse. Existing studies primarily focus on leveraging traditional
diagnostic models and meteorological reanalysis data to derive spatiotemporal distribution
datasets of EDH. These datasets typically capture the EDH distribution across large-scale
oceanic regions at various temporal intervals. Current research primarily focuses on utiliz-
ing these spatiotemporal distribution datasets to develop more accurate EDH prediction
models. By employing various machine learning algorithms and deep learning methods,
researchers aim to enhance the predictive accuracy and generalization capability of EDH
variation forecasts. Chai et al. [128] utilized weather forecast product datasets from the
South China Sea region based on the Yin—-He global spectral model (YHGSM). A numerical
weather prediction product (NWPP) EDH regional forecasting model was developed using
a deep learning convolutional neural network (CNN). This represents the first data-driven
model for regional EDH prediction. Ji et al. [189] proposed the EDH-STNet model (see
Figure 11), based on the Swin-Unet architecture, which integrates multiple environmental
information sources. The model employs an encoder—decoder framework utilizing the con-
tinuous Swin-Transformer, effectively capturing complex spatial correlations and temporal
features. The EDH-STNet model also incorporates various hydrometeorological parameters
to model the nonlinear relationships with EDH. By adopting a data-driven approach to
integrate these HMPs as prior information, the accuracy and reliability of spatiotemporal
predictions are significantly improved.
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Figure 11. EDH-STNet [189]. This model takes the spatial distribution of EDH at historical times as
input and is used to predict the EDH distribution at future times. To improve prediction accuracy, the
model also incorporates AT, RH, AP, WS, SST, evaporation (EVP), surface latent heat flux (SLHF), total
precipitation (TP), and sufficient wave height (SWH) as supplementary inputs. After the above input
is fed into the Swin-Unet model, it is first processed by the encoder: the Swin-Transformer module in
the encoder can extract and abstract features from the input data. The above processing module can
effectively capture spatial information while deepening the understanding of temporal features. Next,
the decoder uses upsampling techniques to gradually reconstruct the advanced features extracted by
the encoder, restore detailed information, and ultimately generate an output that is consistent with
the original input data. In addition, in the EDH-STNet model, skip connections are used to integrate
the features of different levels of the encoder with the features upsampled by the decoder.

3.2.3. Remote Sensing Inversion

The remote sensing inversion method of the atmospheric refractive index refers to the
method of indirectly estimating and inverting the atmospheric profile structure by evaluat-
ing the degree of influence of the refractive index structure on the characteristic physical
quantities of the EM signal. By using different types of EM signals and different affected
characteristic physical quantities as detection tools, many specific M profile inversion tech-
niques and methods have been proposed [29]. In essence, the rough sea surface can induce
reflection and scattering effects on EM waves. Therefore, the reflection and scattering
signals from the rough sea surface can be effectively utilized for inversion. The technique of
retrieving the M profile from sea clutter (referred to as RFC) was first proposed around 1997
by the Space and Naval Warfare Systems Center [29]. The motivation behind this proposal
was to develop a method for detecting the marine refractive structure without the need for
specialized measurement equipment. RFC technology leverages sea clutter obtained from
the normal operation of land-based and shipborne radar systems. Using effective inversion
models and algorithms, it inverts the M profile parameters within the radar’s detection
range. This process relies on the close mapping relationship between sea clutter and the
atmospheric environment, as sea clutter is influenced by the refractive index conditions
(see Figure 12). Fundamentally, the RFC technique constitutes an optimization process
that iteratively compares measured radar sea clutter data with forward-modeled clutter
simulations. The optimal atmospheric refractivity profile parameters are determined when
the highest consistency between these two datasets is achieved. These derived parameters
(single or multiple) are then utilized to reconstruct the actual (retrieved) tropospheric refrac-
tivity spatial structure through an appropriate refractive index profile model. Richter [90]
highlighted the close relationship between the variations in radar echoes and refractivity
profiles, while the calculations of radar sea clutter characteristics in atmospheric ducts by
Reilly [44] and Pappert [71] further substantiate the feasibility of RFC.
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Figure 12. Radar PPI screen showing clutter map (dB) during the 1998 SPANDAR experiment
resulting from a (a) weak evaporation duct, (b) surface-based duct [32].

Compared to direct observations and other indirect methods, RFC offers the following
key advantages:

e  Beyond sea clutter, RFC does not require additional equipment to measure meteorological
data. By establishing an appropriate inversion model, the M profile can be retrieved
solely from the sea clutter, making the method cost-effective and straightforward.

e  The RFC approach can obtain the cumulative refractive effects over the entire detection
range and all radar azimuths. In contrast, other methods typically provide vertical M
profiles at specific locations.

e By modeling regional inhomogeneities, RFC enables the inversion of distance-
dependent M profiles, providing a spatial distribution of the refractive index across
the entire detection space.

e  Since the implementation of REC is generally in real time or near real time, it allows
for the dynamic tracking of M profiles, capturing temporal and spatial variations.

Due to its advantages, RFC technology has been widely adopted since its introduction,
with the fundamental implementation process illustrated in the accompanying Figure 13.
Initially, Krolik et al. [370] employed the Maximum A Posteriori (MAP) algorithm to jointly
invert the atmospheric refractive index and spatially varying sea surface scattering coef-
ficients. In this approach, the vertical atmospheric refractive index was modeled using
two parameters, while the horizontal direction was represented by a single parameter. The
primary limitation of this inversion method lies in its capability to retrieve only linearly
varying refractive index profile parameters. This Wallops "98 experiment involved the use
of helicopters to measure refractive index profiles and the deployment of a Microwave
Propagation Measurement System (MPMS) to collect sea clutter data from an S-band Space
Range Radar (SPANDAR). The data acquired during this experiment provided significant
support for subsequent studies on RFC technology. To comprehensively investigate the
feasibility and inversion performance of RFC technology for retrieving actual refractive
index profiles, a joint research team comprising the Naval Surface Warfare Center, Dahlgren
Division (NSWCDD); the NPS; and the Applied Physics Laboratory of Johns Hopkins Uni-
versity conducted a large-scale field campaign during March-April 1998 at Wallops Island,
Virginia [66] (geographic location depicted in Figure 6). The experiment simultaneously
acquired (1) tropospheric refractivity profiles via helicopter-borne sensors, and (2) radar
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propagation data using the S-band Space Range Radar (SPANDAR) integrated with the
Microwave Propagation Measurement System (MPMS). The collected meteorological and
EM propagation datasets were specifically designed for RFC inversion algorithm valida-
tion. This foundational experiment subsequently catalyzed international efforts to refine
RFC implementation methodologies, with numerous research institutions advancing its
operational frameworks [19,23,25,29,31,32,73,371-377].
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Figure 13. GA process for estimating atmospheric refractivity [378].

Following initial developments, researchers have further investigated the meth-
ods of implementing RFC [190]. They have employed various techniques to invert
M profiles, including (1) intelligent optimization algorithms, such as least
squares optimization [66,105,159,162], simulated annealing [31,209,379], genetic
algorithms [31,55,63,210,211,215,221], particle swarm optimization [158,164,180,184,261,
379-383], the artificial bee colony algorithm [384], the immune algorithm [235], the cuckoo
search algorithm [225], and colony optimization [385], as well as improved algorithms based
on these methods [114,134,138,142,145,148,157,212,222,224,225,261,386-389] and hybrid
algorithms [232,390]; (2) statistical methods, including sequence importance sampling [372],
Gaussian process regression [50], particle filtering algorithms [195,218], Kalman
filtering [32,377], and Bayesian algorithms [85,216,223,248,373,375,391,392], along with
improved algorithms based on these approaches [143,217,376]; and (3) other numerous
methods [52,53,79,196-198,203-205,207,208,210,211,213,219,220,227,308,311,381]. In addi-
tion to inversion methods, researchers have introduced several new strategies in areas
such as sea clutter models, refractive index profiles, regional heterogeneity, and objective
functions to improve inversion accuracy. In RFC technology, the PE method is typically em-
ployed to assess the intensity of radar sea clutter signals in a tropospheric duct. However,
some studies also use the ray density of signals to represent signal strength [79,210,211].
To address the impact of grazing angle on sea clutter power modeling, researchers investi-
gated incorporating the grazing angle information into the clutter model and proposed a
clutter model based on multiple incident angles at each range [20,30]. In real atmospheric
conditions, the M profile is often range-dependent. To reduce the degrees of freedom of
the vertical M profile parameters at different ranges, researchers have explored various di-
mensionality reduction algorithms, including Markov models [372] and Karhunen-Loeve
models [393]. The objective function used to assess the matching between measured
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and simulated sea clutter is typically based on the least squares criterion [66]. Alterna-
tively, some researchers have employed objective functions based on rank correlation
methods [79,211]. More recently, an adaptive objective function with linear range weight-
ing has been proposed, which reduces the contribution of sea clutter with high CNR at
long ranges [162].

Moreover, researchers have proposed several innovative approaches to overcome
the limitations of single data sources. These include the integration of sea clutter
data from multiple frequencies [134,160,387,389], multiple elevation angles [19], and
multiple antenna heights [47,97,134,159,184,197,207,209]. Researchers have refined the
traditional P] model by incorporating additional parameters to enhance its represen-
tational capacity, allowing for a more accurate description of complex M structures,
with the two-piece modified model [317], three-parameter model [56], four-parameter
model [161], and hybrid model [31]. In addition, the efficiency and accuracy of the
inversion algorithm can be improved by pre-preparing a library of sea clutter under
different ducting environments [52,309,310]. Meanwhile, incorporating prior meteoro-
logical information about the duct parameters [19,23,32,248,308] can further enhance
its performance. As RFC technology continues to evolve, the range of signal sources
used for inversion has become increasingly diverse. These sources now not only encom-
pass traditional sea clutter signals but also extend to include Global Navigation Satel-
lite System (GNSS) occultation signals [134,138,142,165,166,179,214,257,258,277,394-396],
GNSS surface scattering signals [158,163,192,397], Automatic Identification System (AIS)
signals [174,230,232,234,261,381,383,392], point-to-point (PTP) propagation measurements
(PLs) [22,27,28,53,55,63,97,114,197,207,208,225,398,399], weather radar echoes [180,400], li-
dar signals [401-405], etc. Each signal source has a unique role and advantage in the process
of atmospheric duct inversion, and can provide different types of information.

The rapid development and widespread application of Al have led to its integration
in atmospheric duct inversion, improving both accuracy and efficiency. Internationally,
Douvenot et al. [309,310,406-408] were among the pioneers in applying machine learning
(ML) techniques from Al to the inversion of tropospheric refractivity profiles. In early work,
Douvenot et al. [310] employed the least squares support vector machine (LS-SVM) method
to invert the surface-based duct parameters. By utilizing a Gaussian kernel function and a
pre-generated training database, the LS-S5VM method significantly accelerated the inversion
process. Although the accuracy was slightly lower than that of GA, the results demonstrated
the feasibility of real-time inversion using the LS-SVM method. The results of the inversion
of evaporation ducts indicate that, compared to quadratic regression, LS-SVM achieves
similar prediction accuracy but offers greater reliability [309]. Douvenot et al. [407,408]
also compared the performance of GA, LS, LSSVM and multi-task LSSVM (MuLS-SVM)
in surface-based duct inversion. While GA achieved high accuracy, it required a longer
inversion time. In contrast, the accuracy of LS, LS-SVM, and MuLS-SVM was sulfficient
for RFC applications. Therefore, Douvenot et al. [407,408] concluded that LS, LS-SVM and
MuLS-SVM, when based on a pre-generated database, were more suitable for RFC. The
advantage of MuLS-SVM over LS-SVM was its ability to retrieve all three parameters of the
surface-based duct simultaneously. As a result, MuLS-S5VM demonstrated higher efficiency
than LS-SVM when applied to measured data. Later, Yang [409] compared the inversion
performance of the relevance vector machine (RVM), radial basis function (RBF) network,
and LS-SVM method for evaporation ducts. The inversion results show that the LS-SVM
method has the highest accuracy, and the performance of the RVM is basically the same as
that of the RBF network.

Recently, more researchers have turned to deep learning (DL) with unique architec-
tures and high efficiency. Guo et al. [155] generated sea clutter and used it for retrieving
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evaporation ducts and surface-based ducts using a deep neural network (DNN). Compared
with GA and neural networks, the DNN has higher accuracy and efficiency. Subsequently,
researchers began exploring and studying various artificial intelligence (AI)-based atmo-
spheric duct inversion methods, including but not limited to artificial neural network
(ANN) [329], random forest [410], K-nearest neighbor [410], and Multilayer Perceptron
(MLP) [230,397]. To better adapt to diverse marine environments and inversion demands,
researchers have innovatively refined traditional DL methods, resulting in novel inversion
models. Before atmospheric duct parameter inversion, determining the duct type is crucial
for accurate results. Han et al. [174] proposed a method combining Al and AIS signals for
atmospheric duct classification and inversion, enabling a two-step process of classification
followed by inversion. Subsequently, they observed that traditional DL loss functions use
the same weight coefficients for different duct parameters. To address this, they introduced
a weighted loss function and a method for determining coefficients based on the extended
Fourier amplitude sensitivity [179]. Additionally, they developed a collaborative inversion
model for duct parameters using GNSS occultation signals. Due to weak sea clutter at
longer ranges, which is often overwhelmed by noise, inversion information is limited,
while over-the-horizon target echoes have stronger power. To overcome this, Ji et al. [249]
developed a joint inversion model for evaporation ducts using a dual-stream DNN archi-
tecture, combining sea clutter and target echoes, and significantly improving inversion
accuracy. Considering the impact of range-dependent surface-based ducts on inversion,
Wu et al. [256] first designed a one-dimensional residual dilated causal convolution au-
toencoder to extract feature representations from high-dimensional M profile parameters.
They then proposed a fully coupled convolutional Transformer inversion model, enabling
high-precision inversion of surface-based ducts. In 2025, Ji et al. [190] proposed a dual-
stream Transformer and Gramian angular field (GAF) collaborative framework (termed
RFCFormer, illustrated in Figure 14) to address the need for precise duct profile parameter
characterization. This innovative approach transforms sea clutter data into sparse GAF
matrices, which enhances the model’s capability to identify latent patterns and improves
the accuracy of feature-to-parameter mapping.
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Figure 14. RFCFormer [190]. This model takes 1D radar sea clutter as input and transforms it into
two spatially distributed 2D matrices (P& Asp and PE App) using GAF-based Gramian Angular Sum
Field (GASF) and Gramian Angular Difference Field (GADF). These matrices are processed through a
dual-stream Transformer architecture, where positional encoding, multi-head attention mechanisms,
and feedforward neural network (FFN) extract hierarchical features, followed by feature fusion in a

https:/ /doi.org/10.3390/rs18152576


https://doi.org/10.3390/rs18152576

Remote Sens. 2026, 18, 2576

25 of 45

dedicated fusion layer. The fused features undergo high-order nonlinear transformation via fully
connected (FC) layer, culminating in a linear output layer that predicts four duct parameters. These
parameters are subsequently fed into a four-parameter evaporation duct model to reconstruct the
duct profile.

4. Future Perspectives of Atmospheric Duct Sensing
4.1. Synergetic Observation with Multi-Source and Multi-Site Signals

Currently, with the continuous advancement in technology, various active atmospheric
duct detection and monitoring methods have become increasingly mature and are con-
stantly improving. These methods mainly include model estimation algorithms based on
physical mechanisms and numerical weather prediction assimilation techniques relying on
high-performance computing. Meanwhile, passive inversion methods have also made sig-
nificant progress, especially the technology of inverting using multi-source signals obtained
from distributed sensing station networks, including but not limited to radar sea clutter,
GPS signals, AIS ship signals, etc. However, it should be noted that most existing studies fo-
cus on the independent application and optimization of a single technology. Although this
research paradigm can deeply explore the potential of specific technologies, it inevitably
has inherent methodological limitations. For example, model estimation methods are
limited by the accuracy of initial and boundary conditions, numerical prediction methods
have extremely high requirements for computing resources and have issues with prediction
timeliness, and passive inversion methods are susceptible to observation environment
noise and uneven distribution of signal sources. When these technologies develop to a
certain stage, they will face insurmountable performance bottlenecks.

In previous studies, Ji et al. [249] proposed an evaporation duct inversion method
utilizing radar sea clutter and target echoes. By integrating information from both sources,
this approach significantly enhances inversion accuracy. Specifically, target echoes supple-
ment additional data, mitigating the precision degradation caused by low signal-to-clutter
ratios in sea clutter, thereby improving atmospheric duct retrieval performance compared
to sea-clutter-only methods. Therefore, the future development direction should focus on
the deep fusion and collaborative processing of multi-source heterogeneous data obtained
from active detection and passive inversion. This fusion not only includes temporal-spatial
registration and quality control at the data level but also requires innovative breakthroughs
at the algorithm level such as feature extraction, information complementation, and uncer-
tainty quantification. By constructing an active—passive collaborative three-dimensional
sensing network, the complementary advantages of different technical means can be fully
utilized, ultimately achieving a more comprehensive, accurate three-dimensional charac-
terization and real-time monitoring of atmospheric duct structures. The practice of this
collaborative sensing concept has important strategic value for improving the effectiveness
of military applications.

4.2. Optimization of Regional Heterogeneous Atmospheric Duct Sensing

The intensity of tropospheric atmospheric ducts is quantified through the atmospheric
refractive index, a parameter fundamentally governed by meteorological variables, includ-
ing temperature, humidity, and pressure. Given the divergent atmospheric conditions
over different oceanic regions, the spatial distribution of these physical parameters in the
troposphere exhibits intrinsic inhomogeneity. Across vast marine areas, distinct climatic
regimes—such as the humid tropics and arid subtropical highs—generate pronounced
variations in background meteorological fields. This heterogeneity drives altitude- and
range-dependent fluctuations in the refractive index, which collectively manifest as two
defining characteristics of marine tropospheric ducts: (1) regionality, evidenced by system-
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atic differences in duct occurrence frequency, intensity, and vertical structure; and (2) hori-
zontal non-uniformity, where kilometer-scale refractivity gradients arise from mesoscale
air-sea interactions. Microwave refractometer-derived atmospheric refractivity profiles
from the Wallops "98 helicopter campaign are presented in Figure 15. The refractive index
profile may demonstrate stratified gradients vertically while exhibiting front-like disconti-
nuities horizontally, particularly across ocean current boundaries. These multidirectional
variations constitute an inherent property of marine atmospheric ducts. Propagation loss
patterns induced by inhomogeneous ducting exhibit distinct spatial variations compared
to uniform ducts [350]. This necessitates studying radio wave propagation in such environ-
ments to evaluate radar performance, especially for detection range calibration and target
localization in complex marine atmospheres.
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Figure 15. Chronologically ordered M profiles from Wallops ‘98 experiment. The first row is observed
from 8:47 to 10:26 EST (08:47-09:05, 09:07-09:32, 09:33-09:57, and 09:58-10:26), the middle from 12:26
to 14:15 EST (12:26-12:50, 12:52-13:17, 13:19-13:49, and 13:51-14:14), and the bottom from 16:00 to
16:52 EST (15:59-16:27 and 16:29-16:52) [31].

Recent advances in marine EM wave propagation research underscore the critical im-
pacts of atmospheric duct horizontal heterogeneity on communication/radar systems [363],
driving significant scientific interest [129,411,412]. From a theoretical perspective, compre-
hensive characterization of the heterogeneous features of atmospheric ducts requires dense
observational arrays in both horizontal and vertical dimensions, utilizing synchronized
deployments of instruments such as radiosondes and microwave radiometers to acquire spa-
tially distributed temperature, humidity, and pressure profiles. However, significant practi-
cal challenges persist in field implementation. Alternatively, two primary indirect sensing
approaches exist: (1) inversion of inhomogeneous duct structures through radar-received
EM signals [19,20,29,198,212,223,248,350], and (2) numerical modeling-based reconstruc-
tion leveraging reanalysis datasets or theoretical calculations to derive spatiotemporal
characteristics of regional duct phenomena [106,107,125,129,344,347,411,412].

Both methodologies exhibit inherent limitations. For radar signal inversion, three
primary constraints exist: (1) strong data dependency requiring high-quality radar echoes
that are susceptible to marine environmental interference and sensitive to radar param-
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eters (e.g., frequency, polarization), with inversion accuracy degrading significantly un-
der low signal-to-noise ratio (SNR) conditions; (2) model simplification errors, where
parametric duct assumptions (e.g., linear—log profiles) often neglect small-scale atmo-
spheric perturbations, introducing systematic deviations from true duct structures; and
(3) high computational complexity, with horizontally heterogeneous ducts demanding
increased inversion parameters, exacerbating computational burdens, local optima traps,
and real-time processing challenges. Regarding numerical modeling, key shortcomings
include (1) initial field inaccuracies, with reliance on sparse marine meteorological observa-
tions (e.g., radiosondes, satellite data) reducing simulation fidelity in data-scarce regions;
(2) over-simplified physics, with boundary-layer parameterizations (e.g., turbulence, moist
processes) inadequately resolving fine-scale duct features; and (3) resolution constraints,
where insufficient horizontal /vertical resolution fails to capture critical small-scale duct
variability despite mesh-nesting advancements.

Therefore, future research should prioritize breakthroughs in high-precision sensing
technologies for regionally inhomogeneous atmospheric ducts and establish a multi-source
sensing fusion system. This system integrates satellite remote sensing (e.g., high-resolution
microwave radiometers), UAV-mounted sensors (e.g., micro-sondes), and marine buoy
arrays to achieve three-dimensional stereoscopic monitoring of atmospheric duct struc-
tures. For instance, GNSS radio occultation can retrieve vertical refractivity profiles, while
UAV swarms conduct horizontal dense sampling to address spatial coverage limitations
of traditional point-based observations. Concurrently, the development of low-power,
highly integrated micro-meteorological sensors capable of synchronous multi-parameter
measurements (temperature, humidity, pressure, and refractivity) is essential. Further-
more, machine learning algorithms should be incorporated to dynamically adjust sam-
pling frequencies and observation locations based on duct evolution characteristics, en-
abling adaptive dense monitoring in critical zones such as land—sea interfaces and frontal
activity regions.

4.3. Application of Large Weather Models

There have been some research advancements in marine atmospheric duct forecasting.
However, existing forecasting methods still struggle to achieve comprehensive coverage
and high accuracy. Moreover, the formation of atmospheric ducts is influenced by a com-
plex interplay of various factors, such as the structure of the ocean-atmosphere boundary
layer and air-sea interactions, making precise forecasting a challenging task. In recent
years, the intersection of “Al + weather” has garnered significant attention, emerging as
a pivotal approach to enhance both the accuracy and efficiency of weather forecasting.
Large Al models, particularly those based on diverse deep learning architectures, leverage
substantial computational resources and vast meteorological datasets [413], continuously
refining their predictive capabilities during training. These deep learning models are
adept at capturing intricate meteorological patterns and nonlinear relationships, offering
distinct advantages in weather prediction. Unlike traditional numerical weather prediction
models, Al-driven models can forecast without relying on conventional physical processes,
instead utilizing data-driven methods [414]. This paradigm shift in weather forecasting
represents a promising new frontier in meteorological science. Recent advancements in
large weather models (LWMs), powered by DL, have significantly enhanced weather fore-
casting accuracy and efficiency. These models, such as FourCastNet [415], GraphCast [416],
NowecastNet [417], Pangu Weather [418], FengWu (see Figure 16) [419], and Fuxi [420],
underscore the transformative potential of deep learning in the atmospheric sciences. By
leveraging vast amounts of meteorological data, these models are reshaping traditional
forecasting techniques, enabling better predictive capabilities across both global and local
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scales. Therefore, LWMSs offer a novel and highly promising technological approach for the
forecasting of marine atmospheric ducts.

> Transformer

- Cross-modal Fuser

-‘- : : ”.:1 - 3 L::v
" Variables _J . Variables PR ey
Initial Modal-Customized Modal-Customized Weather
States Encoder Decoder Predictions

o81omr ArepoN
nds Ayepoy

Figure 16. Overview of FengWu LWM [418].

4.4. Atmospheric Duct Interference Mitigation

Atmospheric ducts, as anomalous refractive structures in marine-air boundary layers,
significantly alter electromagnetic wave propagation characteristics. They cause differential
interference across radio systems, including radar detection, broadband wireless communi-
cation, and satellite navigation. Current research follows two parallel technical approaches:
advancing duct sensing technologies to overcome spatiotemporal resolution limitations in
refractive index retrieval under dynamic boundary layers, enabling precise acquisition of
key atmospheric parameters; and developing adaptive interference mitigation solutions
tailored to application-specific performance requirements against duct-induced system
disturbances [421-423].

To enhance the anti-interference capability of radio equipment in atmospheric ducting
environments and mitigate signal interruption or performance degradation, future research
on ducting interference mitigation should prioritize the following directions: (1) Cognitive
Radio-based Dynamic Frequency Selection: Current radar/communication systems often
use fixed frequency bands vulnerable to ducting-induced interference. Implementing
lightweight spectrum sensing modules can enable real-time identification of affected bands,
dynamically switching to stable non-ducting-sensitive frequencies. This approach supports
scenarios like coastal 6G networks and radar arrays. (2) Al-driven Antenna Parameter
Optimization: Traditional fixed antenna configurations (height, beam elevation/azimuth)
risk signal trapping in ducting layers. Al algorithms can integrate real-time ducting
data to autonomously adjust antenna parameters, avoiding ducting-trapped elevation
angles. This benefits shipborne radars, coastal base stations, and mobile offshore platforms.
(3) Redundant Communication Link Pre-configuration: As a fail-safe solution for severe
near-surface ducting, hybrid backup links (e.g., unmanned aerial vehicle relays, satellite
communications, or near-vertical incidence skywave transmissions) should be established.
With millisecond-level switching latency, critical services can maintain continuity when
primary links fail.

5. Conclusions

As a special tropospheric structure, the marine atmospheric duct has attracted much
attention due to its significant influence on EM wave propagation and marine detection and
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communication systems. In recent years, with the rapid development of ocean observation
technologies and the continuous progress of numerical simulation methods, remarkable
advances have been made in the research of marine atmospheric ducts. This paper reviews
the status and progress of research on the observation of marine atmospheric ducts, with a
focus on analyzing the sensing and research methods for three main types: evaporation
ducts, elevated ducts, and surface ducts. In the study of evaporation ducts, the devel-
opment of diagnostic models based on similarity theory and their regional adaptability
research have become hot topics. In the research of elevated ducts and surface ducts,
the application of mesoscale numerical models has significantly improved the simulation
accuracy of atmospheric ducts during specific weather processes, providing an important
basis for further analyzing their occurrence patterns and climatic causes. With continu-
ous technological advancements, remote sensing retrieval methods have progressively
emerged as a dominant approach in atmospheric duct detection, demonstrating increas-
ingly extensive applications within this field. Looking ahead, the ongoing optimization of
remote sensing algorithms will further amplify the pivotal role of these retrieval methods
in atmospheric duct characterization. In addition, by combining Al technology, researchers
have gradually achieved high-precision quantitative research on marine atmospheric ducts.
In the future, with the further development of Al, the internet of things, and autonomous
sensing systems, the research on marine atmospheric ducts will place more emphasis on the
integration and intelligent analysis of multi-source data, aiming to provide more scientific
support for marine environmental monitoring, communication system optimization, and
climate change research.
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