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Introduction

The relevance of the research topic

Worldwide demand for crude oil continues to increase, despite the current attempts to
convert to sustainable energy sources and renewable fuels [1,2]. Recently, this demand has
increased because of sanctions imposed by Western countries on Russia. According to Robert
Perkins [3], the world's oil demand surged by 3.3 million barrels per day in 2022. Hence, the
significant increase in oil production and transportation of crude oil leads to the continuation of
leakage or spillage incidents [4]. An oil spill is the accidental discharge of crude oil and petroleum
products into the natural environment [5,6]. Tanker crashes, ship collisions, ruptured or leaking
pipelines, blasted wells, deep sea drilling explosions, and refining activities are the most common
causes of oil spills into the marine environment [7-9].

Several major and minor marine oil spill accidents have occurred worldwide in the past
few decades (e.g., Exxon Valdez 1989, Gulf War 1991, Prestige 2002, Hebei Spirit 2007,
Deepwater Horizon 2010, MV MSC Chitra 2010, Sanchi 2018) [10]. Oil spills into the marine
environment can cause adverse impacts and damage to the marine biological system [11,12].
In specific cases, problems may arise for coastal infrastructure (touristic resorts, ports, and
marinas) and industries that rely on the intake of seawater (marine salt production, coastal
power stations, and desalinization plants) [13].
When oil leaks into the seawater, it undergoes a range of chemical and physical transformations,
collectively known as weathering [14-16]. The most prominent oil spill weathering processes are
evaporation, natural dispersion, and emulsification [17]. In recent years, societal demands for a
sustainable ecological status of the marine environment have forced governments to establish
appropriate and effective oil spill contingency plans [18]. Assessing the impact of oil spills on
vulnerable areas is necessary to develop effective oil spill contingency plans. These plans could be
implemented using predictive mathematical models to simulate the oil slicks' trajectory and
behavior [19].
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Numerical models predict the movement of the spilled oil, which is governed by external
forces such as currents, waves, and winds considering oil's physical and chemical processes
(weathering processes) [20—22]. These models can be used to develop emergency response planning
and operational forecasting systems, as they provide information for determining potential regions
affected by oil spills. Various efforts have been made worldwide to simulate the oil spill movement
in real and hypothetical situations. Some of the most widely used oil spill models capable of
forecasting the trajectory and fate of oil spills are General NOAA Operational Modeling
Environment (GNOME) [23], Automated Data Inquiry for Oil Spills (ADIOS2) [24,25], Delft3D-
PART [22], Comprehensive Deepwater Oil and Gas model (CDOG) [26,27], Oil Spill Contingency
and Response model (OSCAR) [28,29], OILMAP [30], deepwater oil spill model and analysis
system (OILMAPDEEP) [31-33], integrated oil spill impact oil system (SIMAP) [34-36], Texas
A&M oil spill calculator (TAMOC) [37,38], particle transport model (OILTRANS) [39],
MEDSLIK-I1 [40], and OpenOQil [41,42].

The present study utilized two of the most widely used models: The General National
Oceanic and Atmospheric Administration Operational Oil Modeling Environment (GNOME) and
The Automated Data Inquiry for Oil Spills ADIOS2. GNOME model was developed by NOAA's
Hazardous Materials Response (HAZMAT) and debuted on March 16", 1999 [43]. The GNOME
model is two-dimensional and more generalizable than other models and requires fewer parameters
as input [44]. This two-dimensional model is frequently used in marine, coastal, and riverine
environments to predict the movement of spilled oil [44,45]. We selected the GNOME modeling
tool due to its history of operational implementation and validation against real-world
environmental catastrophes and its broad usage among organizations [1,46]. In addition, the model
provides georeferenced trajectory output that may be used as an input to GIS (geographic
information system) tools [47]. Furthermore, GNOME results for many situations demonstrated a
significant degree of concordance between model simulation, satellite data, and experimental
observations, as verified by several studies [45,48]. As a result, the Marine Emergency Mutual Aid
Centre has recommended using the GNOME model to simulate oil spills in the Arabian Gulf [49].
The Automated Data Inquiry for Oil Spills (ADIOS2) is an oil spill model developed by NOAA. It

stimulates the processes involved in oil weathering, including evaporation, natural dispersion, and
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emulsification [50]. We selected the ADIOS2 modeling tool because it blends a library of around
1,000 oils with a short-term oil fate and cleaning model to assist in estimating how long spilled oil
will persist in the marine environment and developing cleanup techniques. In addition, Computed
ADIOS2 data combines real-time weather data (wind speed) with chemical and physical property
data from its oil library [51]. Furthermore, ADIOS2 codes are available for many water areas, such
as open sea, nearshore waters, semi-confined coastal waters, estuaries, rivers, lakes, and reservoirs
[52].

Shipping is the most common method for transporting crude oil globally, which has
economic and environmental benefits [53,54]. Because of the increased number of ships, the
intensity of traffic, and port operations have increased, the possibility of accidents resulting in oil
spills will increase [54,55]. Several major and minor oil spill accidents from tankers have occurred
worldwide [10]. The largest spill from an oil tanker was the ABT Summer off the coast of Angola
in West Africa, which occurred in May 1991. As a result, about 2 million barrels of heavy oil were
released into the sea, covering an area of about 80 square miles [56]. The most recent oil spill during
the writing of this study occurred from a tanker carrying 750 tons of diesel fuel from Egypt to Malta,
which sank in the Gulf of Gabes off the southeastern coast of Tunisia due to bad weather in April
2022 [57]. According to the International Tanker Owners Pollution Federation (ITOPF) [58], the
total crude oil spilled into the marine environment due to tanker incidents in 2021 was
approximately 10,000 tons.

The Gulf of Suez (GOS) and Suez Canal are crucial shipping routes for Egypt and the globe.
Approximately 15% of all global maritime trade and 10% of seaborne oil pass annually through the
GOS and Suez Canal. In the wake of Europe's insistence on moving away from Russian oil [59],
the demand from Qatar and Saudi Arabia has risen, increasing the number of ships transporting oil
across the Red Sea and through the Suez Canal. Hence, the possibility of accidents resulting in oil spills
will increase [54,55]. Several oil spill accidents in the Gulf of Suez have occurred since the 1970s,
causing considerable damage to the shoreline and coral reefs. The worst oil spill accident occurred
in 1982, while loading a tanker in Ras Shukeir territory, about 110 kilometers north of Hurghada,

tens of thousands of tons of crude oil leaked into the water [60,61].
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Oil spills in the Red Sea can have a number of different impacts, depending on the size
and location of the spill. Some of the potential impacts include:
» Damage to coral reefs and other marine habitats, which can have a long-term impact on the
biodiversity of the region.
« Harm to marine mammals, fish, and birds, which can result in population declines or even
extinction.
 Contamination of beaches and shorelines, which can have a negative impact on tourism and
recreation.
« Disruption of fishing and other coastal industries, which can have a significant economic impact
on local communities.

e Obstruction of the maritime route via the Suez Canal.

The oil spills directly impact the national economy because of the potential environmental damage
and the corresponding negative effect on tourism [62]. Despite the high shipping activities and the
potential of being exposed to oil spills in Egypt's waters, only a few published research papers have
predicted the trajectory of spills [61-65]. Thus, the lack of reliable historical records for oil spills
and weak monitoring, and minimal responses to spills increase this threat. Because the protection
of the coastal area from oil spills is a high priority for Egypt, Egypt must have an effective oil spill
response strategy to fight contamination from coastal and marine oil spills. Simulating oil spill

movement and behavior is essential before beginning any response strategy [66].

Aim of the Work

The aim of this work is to model oil spill incidents caused by oil tankers along the maritime route
in the Gulf of Suez, particularly in three crucial areas: Hurghada, Ain Sukhna port, and the southern
entrance to the Suez Canal. To study the effects of wind and water currents on the movement and
fate of spilled oil and predict its trajectory in the Gulf of Suez. Additionally, to Estimate the duration
it takes for the spilled oil to reach the shore, the amount of oil that reaches the shore versus how
much remains afloat, and weathering processes such as evaporation, emulsification, and natural
dispersion. Finally, to define potential areas that will be affected by oil spill accidents in the Gulf

of Suez in the future.
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To achieve the goal, the following tasks were formulated

. Gathering the baseline data needed to model the spread and fate of the spill.

. Assessing the spread and fate of oil spills in the Gulf of Suez in front of three critical areas:
Hurghada, the port of Ain Sukhna and the southern entrance to the Suez Canal.

. Estimating the amount of oil that reaches the shore and how much remains afloat in the
water after an oil spill.

. ldentifying potential areas most affected by oil spills in the Gulf of Suez.

The statements to be defended:

. Assessment of coastal vulnerability in the Hurghada region, including the northern Red Sea
islands (Ashrafi, Small Gubal, Geisum, Tawila, Shadwan and Gifton) due to accidental oil
spills.

. The result of an analysis of the possible effects of oil spills on the shipping lane five
kilometers from the port of Ain Sukhna, arising in a region where many tourist resorts and
various coral reefs are located.

. Assessment of the possible spread of oil towards economic structures and tourist resorts in
different regions of the Gulf of Suez spilled at the southern entrance of the Suez Canal.

. The result of calculations of the volume of likely oil releases ashore and the length of

shoreline exposed to contamination.

The scientific novelty of the results

. For the first time, the possible spread and fate of oil slicks near the southern entrance to the
Suez Canal and the port of Ain Sukhna was assessed based on the combined work of the
GNOME and ADIOS2 models.

. For the first time, regions most susceptible to oil pollution in the event of an oil spill accident
along the shoreline of Hurghada have been identified.

. The GNOME model was used for the first time to calculate beaching processes of the Light
Crude Oil in the Gulf of Suez.
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The practical significance of the work

Modeling oil spill movement and behavior in the Gulf of Suez using mathematical oil
spill models holds practical significance in several domains. Firstly, the study can aid in
improving response planning by offering insights on the potential movement and spreading of
oil in the event of a spill, allowing for better preparedness and response planning to minimize
spillage impact. Secondly, it can be used to evaluate the risk of oil spills in the Gulf of Suez,
enabling stakeholders to assess the probability and severity of an oil spill and take measures
to reduce risks. Thirdly, the study can provide crucial information for policymakers to make
informed decisions regarding oil spill prevention and response regulations and policies,
thereby protecting the environment and local livelihoods. Finally, the research can contribute
to environmental impact assessment of prospective oil and gas projects in the Gulf of Suez by
simulating oil spills under various conditions, enabling the assessment of potential
environmental impact of a spill and informed decisions about project feasibility in the area.
Hence, the practical significance of this study is significant and can have broad implications
for improving response planning, risk assessment, policymaking, and environmental impact

assessment.
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Chapter 1. Overview of the behavior of marine oil spills

1.1. Marine oil spills

Crude oil is a natural and non-renewable energy resource. Globally, oil is a major fuel
source and has historically provided more than a third of the world's energy consumption.
Throughout history, with the evolution of civilizations, human need for energy has been
steadily increasing [70]. The global demand for crude oil and petroleum derivatives continues
to increase, despite current attempts to convert to sustainable energy sources and renewable
fuels [1,2]. Due to the worldwide increase in oil demand and the dwindling of onshore
reserves, offshore oil production has significantly increased its potential since the 1990s [58].
Global oil production rose from 73 million barrels per day in 1998 to over 89 million barrels
per day in 2021. The level of oil production reached an all-time high in 2019, at nearly 95
million barrels. However, the coronavirus pandemic and its impact on transportation fuel
demand led to a notable decline in the following year [71] (Figure 1.1). According to oil and
gas operations reports submitted by offshore operators to the Office of Natural Resources
Revenue, the total amount of offshore oil production in Alaska, the Pacific, and the Arabian
Gulf has increased from about 483 million barrels in 2012 to more than 600 million barrels in
2021 [72] (Table 1-1).

Oil transportation technology evolved at the same pace as the oil production industry,
with supertankers and crude and product oil pipelines crossing the oceans. However, despite
continuous improvement in the safety of maritime transportation, the tankers industry, and
port facilities, marine oil spill incidents continue to occur [1]. Marine oil spills often refer to
releases of liquid petroleum hydrocarbons into the ocean or coastal areas due to human
activities or natural disasters [73].

The era of spill response and spotlight on the resulting ecological impacts began after
the Oil spill from the supertanker “Torrey Canyon” in 1967 off the southwestern coast of the

United Kingdom [74]. This accident led to significant changes in oil spill responses. Also, in



the past 50 years, with the increasing importance attached to oil spill accidents by maritime
agencies and countries around the world [75]. As a result, research efforts dedicated to
developing complete oil spill modeling environments continue to be an active area of research.
When these efforts combined with short- and long-term spill observation, the development of
oil spill risk and impact modeling suites designed for increasing response efficiency, and

mitigating risk have produced a relatively large system of computational tools for exploring
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the potential impacts of oil spills in space and time [76].

120,000
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Figure 1.1 Global oil production from 1998 to 2021 per day [71]

Table 1-1 Crude oil offshore production from 2012 to 2021 per year [72]

Year Alaska Pacific Ocean Arabian Gulf Total

2012 627,108 17,678,493 464,786,485 483,092,086
2013 669,148 18,565,833 459,046,740 478,281,721
2014 625,303 18,506,540 510,467,459 529,599,302
2015 609,912 11,451,040 553,007,049 565,068,001
2016 548,343 6,142,614 585,712,140 592,403,097
2017 513,420 5,714,391 613,670,834 619,898,645
2018 491,616 4,873,812 642,064,616 647,430,044
2019 479,711 4,448,922 692,744,886 697,673,519
2020 458,067 4,568,527 609,733,770 614,760,364
2021 449,679 3,991,793 622,841,833 627,283,305
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1.2. Main causes of marine oil spills

Oil Spills usually happen due to bad weather (hurricanes, storms, and earthquakes),
intentional acts of violence (like war, vandals, or dumping), and human errors [8]. According
to Kachel [9], the most common causes of oil spills into the marine environment are; ship
accidents, tanker crashes, pipelines breaking or leaking, wells blowing up, deep-water drilling
explosions, natural seepage (this is when crude oil found in the ground leaks up into the water
naturally) and refinery operations.

Chilvers et al. [77] studied 1702 oil spills from publicly available sources. They found
that about 47% of all reports were from general shipping (including cargo, bulk carriers, cruise
ships, military, and fishing vessels), 23% from oil tankers and barges, and 12% from pipelines
(Figure 1.2). Nowadays, more than 90% of the world's oil transportation is by oil tankers [78].
Consequently, there is a high probability of oil leak incidents involving oil tankers. About
13% of oil spill accidents and pollution worldwide are caused during the transportation phase
[79]. According to the International Tanker Owners Pollution Federation (ITOPF), tanker
collision and grounding are the main causes of the minor (<700 tons) and major (>700 tons)
spill accidents (Figure 1.3). In 2021, eight oil spill accidents of varying magnitudes resulted

in the loss of 10,000 tons of oil into the marine environment [58].
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Figure 1.2 Numbers of reported oil spills summed by decade, by spill source, across almost five
decades, from 1970 to 2010-2018 [77].
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Figure 1.3 The main causes of tankers’ major and minor spill incidents

1.3. Oil spill accidents

Worldwide oil spillage rates have decreased dramatically since the 1960s and 1970s, from
about 635,000 tons annually to about 300,000 tons per year from all sources, not counting the
anomalous intentional spillage associated with the 1991 Gulf War, which amounted to over 82
million tons on land and at sea [74]. As we mentioned before, the largest sources of oil spills
in the last two decades have been related to oil transportation by tankers. Following data from
the European Space Agency (ESA), approximate losses of 250,000 tons of oil per year are
estimated due to the operating procedures of ships [1].

Several major and minor oil spill accidents from tankers have occurred worldwide [10].
Figure 1.4 shows the distribution of major and minor oil spills from 1970 to 2020. Major oil
spills attract the attention of both the public and the media. In past years, this attention created
a global awareness of the risks of oil spills and their environmental damage. Minor oil spills
are frequent worldwide, mainly because of the heavy use of oil and petroleum products in our
daily lives [7].

As shown in Table 1-2, the world’s first major oil tanker disaster was the grounding of
Torrey Canyon in the United Kingdom on 18 March 1967 [80]. As a result of this disaster,

about 119,000 tons of crude oil were released into the marine environment. While the largest
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ship-source spill ever recorded was the Atlantic Empress and the Aegean Captain incident.
During a tropical downpour in 1979, the two fully-laden tankers collided. After the accident,
both tankers started spilling oil. As a result, it is estimated that 287,000 tons of oil were
released into the Caribbean Sea by the Atlantic Empress [75]. The latest major oil spill in the
marine environment was the Sanchi oil tanker accident in 2018. The tanker exploded and then
sank after burning for eight consecutive days, resulting in the spilling of 113.000 tons Off
Shanghai, China [81].

In conclusion, it is essential to study previous oil spill incidents to learn how the oil has
affected the environment, what cleanup techniques work, and what improvements can be

made, as well as to identify the gaps in technology [74].
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Figure 1.4 Map of major and minor oil spills worldwide from 1970 to 2020 [58].

Table 1-2 Major tanker spills since 1967 (arranged according to spill amount) [58].

Ship name Year Location /gl sz

(tons)
ATLANTIC EMPRESS 1979 Off Tobago, West Indies 287,000
ABT SUMMER 1991 700 nautical miles off Angola 260,000
géﬁE\I}_ELFS DE 1983 Off Saldanha Bay, South Africa 252,000
AMOCO CADIzZ 1978 Off Brittany, France 223,000
HAVEN 1991 Genoa, Italy 144,000
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Continuation of the table 1-2

ODYSSEY 1988 700 nautical miles off Nova Scotia, Canada 132,000
TORREY CANYON 1967 Scilly Isles, UK 119,000
SEA STAR 1972 Gulf of Oman 115,000
SANCHI 2018 Off Shanghai, China 113,000
IRENES SERENADE 1980 Navarino Bay, Greece 100,000
URQUIOLA 1976 La Coruna, Spain 100,000
HAWAIIAN PATRIOT 1977 300 nautical miles off Honolulu 95,000
INDEPENDENTA 1979 Bosphorus, Turkey 95,000
JAKOB MAERSK 1975 Oporto, Portugal 88,000
BRAER 1993 Shetland Islands, UK 85,000
AEGEAN SEA 1992 La Coruna, Spain 74,000
SEA EMPRESS 1996 Milford Haven, UK 72,000
KHARK 5 1989 120 nautical miles off the Atlantic coast of 70,000
Morocco
NOVA 1985 Off Kharg Island, Gulf of Iran 70,000
KATINA P 1992 Off Maputo, Mozambique 67,000
PRESTIGE 2002 Off Galicia, Spain 63,000
EXXON VALDES 1989 Prince William Sound, Alaska, USA 37,000
HEBEI SPIRIT 2007 South Korea 11,000

1.4. Marine oil spill impacts

Marine oil spills cause environmental disruption and may have varied short- and long-
term impacts on marine ecosystems and the economies of coastal populations
[11,12,22,82,83]. Major oil spill accidents may leak a large amount of oil, therefore, are highly
hazardous. Apart from economic losses, large areas of oil pollution into the sea can affect the
exchange of materials and energy between the air and sea systems [84], leading to the mass
mortality of marine life and birds. It not only causes catastrophic disasters to marine life but
also significantly impacts the ecology, tourism, and environment of coastal areas. Besides, the
pollution is also prolonged and persistent [85]. Due to the physicochemical properties of crude
oil and its interactions with the marine environment, even minor oil spills can have serious

consequences [86]. The presence of oil in water can hinder marine phytoplankton from
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photosynthesis, thereby reducing the dissolved oxygen content and changing the water
temperature and other constituent particles [87,88]. Hence, oil's physical and chemical
disturbance in seas pollutes the ecosystem and contaminates the marine food chain in the
euphotic zone [89].

The severity of the impact of an oil spill depends on many factors, including the quantity
of oil spilled, the oil’s initial physico-chemical characteristics, and meteorological and sea
state conditions. Even spills of refined petroleum products, such as gasoline, evaporate quickly
and cause only short-term environmental effects. On the other hand, crude oils, heavy fuel oil,
and water-in-oil mixtures may cause widespread and long-lasting physical contamination of
shorelines [8]. The situation is compounded and worse if spilled oil reaches the shoreline or
coast as biological productivity is higher at these sites, and oil stranded on shorelines may
persist for extended periods [90]. The oil dissipates more slowly and can persist for several
years in sediments even after cleanup processes [91]. Therefore, these oil-contaminated
sediments may increase the exposure risk to aquatic ecosystems and human health [92]. Also,
oil spilled on shorelines can cause significant habitat damage and pose severe threats to all
living organisms on and within shorelines [93].

The potential effects of oil contamination on biota can vary from species to species [94].
For instance, the oil comes into contact with coral reefs in the shallow water column and can
iImpede their reproduction, behavior, and growth. It can even lead to the death of coral
organisms. Coral reefs, being the habitat of associated marine organisms such as fish,
seagrasses, algae, crabs, etc., when contaminated due to oil spills, can lead to the loss of
biodiversity [95]. Several studies presented the impact of oil on coral physiology have
confirmed the detrimental effect of oil on corals and hence oil pollution is a threatening factor
for coral reefs [96—99]

Coastal areas are usually thickly populated and attract many recreational activities and
facilities developed for fishing, boating, diving, swimming, and other resident and tourist
attractions. Oil spills that invade and pollute these areas and negatively affect human activities
can have devastating and long-term effects on the local economy and society. Property values

for housing tend to decrease, regional business activity declines, and future investment is risky
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[100]. In specific cases, problems can be caused for industries that rely on an intake of
seawater (such as marine salt production, desalinization plants, and coastal power stations)

and coastal installations (such as marinas, ports, and harbors) [13].

1.5. The behavior of spilled oil in the Marine Environment

When oil is spilled, several transformation processes occur; many of these processes are
referred to as the behavior of the spilled oil. The first group of the process is weathering, a
series of processes whereby the physical and chemical properties of the oil change after the
spill [14-16,101,102]. The second group of processes is related to the physical transport
processes like oil slick spreading and movement [1,74]. Figure 1.5 illustrates the main marine
oil spill processes after spillage. Weathering and physical transport processes can overlap; the
timescales of processes that occur after spillage are shown in Figure 1.6. All processes depend
on the type of oil spilled and the weather conditions during and after the spill [103]. The
specific behavior processes after an oil spill determine how the oil should be cleaned up and
its effect on the environment. Spill responders need to know the ultimate fate of the oil to take

measures to minimize the overall impact of the spill [104].
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Figure 1.5 Main marine oil spill processes after spillage [1]
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Figure 1.6 Relative timescales of weathering and fate processes. The thickness of the bars
represents the relative importance of each process at a given time after the initial spill [105].

1.5.1. Spreading

Spreading refers to creating a thin film expanding over the sea surface as soon as the oil
is released [106]. After an oil spill on water, the oil tends to spread into a slick over the water's
surface, and this is especially true of lighter products such as gasoline, diesel fuel, and light
crude oils, which form skinny slicks. While heavier crude oil initially spreads to slicks several
millimeters thick and may also form tar balls and thus may not go through progressive stages
of thinning [74].

Gravity and surface tension are the main forces acting in favor of spreading, while inertial
and viscous forces work against it. Therefore, oil slick spreading occurs even in the absence
of sea currents or deformations caused by wind. The spreading rate depends on the sea surface
temperature, oil viscosity, and density [107]. A low-viscosity oil will spread much quicker
than a highly viscous oil, which may remain as a series of patches rather than creating a
continuous film [108].

Winds and sea currents also affect the spread the oil and speed up the process. Oil slicks
will elongate in the direction of the wind and sea currents and, as the spreading continues, take
on many shapes depending on the driving forces. Oil sheens often precede heavier or thicker
oil concentrations. If the winds are high (more than 20 km/h), the sheen may separate from

thicker slicks and move downwind [103]. Although the spreading of oil on the sea surface does
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not change any physical or chemical properties of the oil, any change in oil spill thickness and
the area-to-volume ratio due to oil spill spreading affects the rate of all the other weathering
processes, as well as the ability to recover and treat the oil spill. Therefore, accurate oil spill-
spreading modeling is essential [109].

The most used models for oil spill spreading are based on the work by Fay [110,111].
Fay suggested that spreading is best described in three phases; inertial, viscous, and surface
tension. The inertial phase is dominated by gravity forces, the viscous phase by gravity and
viscosity forces, and the surface tension phase by surface tension spreading. Generally,
spreading is a process with specific model limitations, as it depends on oil characteristics and
ocean state. Existing algorithms only partially approximate the actual surface area of real
spills. A rigorous solution to the problem requires sea state and oil data that might not be
available in the initial stage of an operational spill response. Another source of uncertainty is
that, for computational purposes, oil spill models divide the slick into Lagrangian Elements
(LEs) or particles and track their movement, which does not directly provide an oil

concentration or thickness at specific locations [1].

1.5.2. Drifting (horizontal movement of Oil Slicks)

In addition to their natural tendency to spread, oil slicks on the water are moved along
the water surface, primarily by sea currents and winds [41]. The movement resulting from
wind and sea current inputs is illustrated in Figure 1.7.

When attempting to determine the movement of an oil slick, two factors affect accuracy.
The more significant factor is the inability to obtain accurate wind and sea current speeds at
the time of a spill. The other, very minor factor is a phenomenon commonly known as the
Coriolis effect, whereby the earth’s rotation deflects a moving object slightly [103]. The
common modeling technique employed by nearly all oil spill models to account for the effect
of wind on the oil slick floating on the sea surface is to use a “wind factor” approach, i.e., the
impact of wind will move oil at a certain fraction of the wind speed at a certain angle to the
wind direction [112]. In addition, most oil spill models use the Lagrangian method (e.g.,

GNOME, MEDSLIK, and OpenOQil), so oil particles are assigned an advective displacement
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according to sea currents, wind, and Stokes drift, and a diffusive displacement given by a

random walk model [1].
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Figure 1.7 The effect of different wind and current directions on the resulting movement of an oil
slick [113].

1.5.3. Evaporation

Evaporation occurs when the oil's volatile elements diffuse from the oil and entrain the
gaseous stage while the heavier oil components remain at sea [114]. According to Fingas
[115,116], evaporation is the first and the most crucial weathering process that oils undergo
after spillage and the dominant weathering process during the initial stages of an oil spill.

Light compounds with lower boiling points can vaporize at lower temperatures, and as
the temperature of the oil increases, heavier compounds may also evaporate. The primary
source of heat to vaporize the oil is from the sun [56]. Within a few days following a spill,
light crude oils can lose up to 75% of their initial volume, and medium crudes up to 40%. In
contrast, heavy or residual oils will lose no more than 10% of their volume in the first few
days following a spill [117]. The properties of the oil can change significantly with the extent
of evaporation. According to Mishra and Kumar [19], the density and viscosity of the oil slick
are modified considerably by evaporation. If about 40% (by weight) of the oil evaporates, its
viscosity could increase by as much as 1000-fold. Its density could rise by as much as 10%.
The extent of evaporation can be the most essential factor in determining the properties of oil

at a given time after the spill and in changing the behavior of the oil [7].
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1.5.4. Emulsification

Emulsification is the process by which one liquid is dispersed into another in the form of
tiny droplets [113]. When oil leaks into water, oil emulsification is the process by which water
Is mixed into the oil [1]. Water droplets can persist in an oil layer in a stable state, resulting in
an entirely different material. Two types of emulsions exist water-in-oil and oil-in-water.
Water-in-oil emulsions, or “chocolate mousse,” are formed when strong sea currents or wave
action cause water to become trapped inside viscous oil. Chocolate mousse emulsions may
linger in the environment for months or even years. Oil and water emulsions cause oil to sink
and disappear from the surface, which give the false impression that it is gone and the threat
to the environment has ended [19].

Emulsification is influenced by turbulence, oil composition, and temperature. However,
other factors affecting it include advection, diffusion, spreading, evaporation, and dissolution
[118]. Emulsification can increase the volume of an oil spill by a factor of three, while it can
also increase its viscosity by multiple orders of magnitude. These changes can make the
chemical treatment and mechanical recovery of an oil spill challenging, so the oil spill
response authorities need to be able to predict the behavior of the specific oil [109]. As oil
viscosity increases, a more significant portion of oil emulsifies. Oil emulsifies, which also
disrupts the evaporation rate. In parallel, the rate of emulsification expands with increasing
wind speed and turbulence at the sea surface [119].

The main effect of emulsification is that it creates an emulsion with different physical
and chemical properties compared to the oil initially spilled, resulting in serious implications
for treatment methods. Another significant negative effect of emulsification is that it increases
the volume of the slick; this means that the cleanup costs will significantly increase. Emulsions
that contain about 70% water triple the volume of the oil spill. Even more significantly, the
viscosity of the oil increases by as much as 1000 times, depending on the type of emulsion
formed [19]. Thus, emulsification is a process with specific model limitations and has a crucial

role in the impact assessment and response in oil spill modeling [1].
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1.5.5. Natural dispersion

While the molecular solubility of oil in water is relatively small, breaking waves will
drive tiny droplets of oil into the water column. If the droplets are tiny enough, natural
turbulence in the water will prevent the oil from resurfacing, just as turbulence in the air keeps
small dust particles afloat. This process is called natural dispersion [50]. Hence, natural
dispersion occurs when fine oil droplets are transferred into the water column by wave action
or turbulence. Tiny droplets spread and diffuse into the water column, while larger ones tend
to rise and form a thin film known as sheen [104,120]. An oil sheen is a thin oil film, usually
with a thickness of 0.003 mm or less [56]. The rate of natural dispersion is influenced by
environmental frameworks (i.e., the sea state), oil properties, and spill characteristics (oil-film
thickness, density, viscosity, and oil/water surface tension). Heavy crude oil will not disperse
naturally to any significant extent. In contrast, light crudes can disperse significantly. In
addition, considerable wave action is needed to disperse the oil [121]. The long-term fate of
dispersed oil is unknown, although it may degrade to some extent as it consists primarily of

saturated components [74,104].

1.5.6. Dissolution

Dissolution is a physical process by which, when oil is in contact with water, some
soluble components are lost to the water under the slick [122]. Dissolution is a slower process
In comparison with the processes mentioned above. Oil can dissolve in the water column from
the surface slick or dispersed oil droplets [123]. Dissolution occurs immediately after the spill,
and the dissolution rate decreases rapidly as soluble substances are quickly depleted. Some of
the soluble compounds also evaporate rapidly [124]. Thus, dissolution and evaporation are two
competitive processes, although evaporation exhibits faster rates and affects more significant
parts of the spill. Light crude oil is highly soluble in seawater and relatively more volatile
[125].

The dissolution rate is mainly affected by the water solubility of the oil compounds, the
contact area with the water, the water temperature, the oil composition, the sea conditions, and

the dissolution transfer coefficient across the boundary layer at the water-oil interface
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[56,109]. Smaller and lighter components have a higher solubility than larger and heavier
molecules. In surface oil spills, dissolution has a small contribution to the overall weathering
of the oil because the very light and aromatic components are a small proportion of the whole

oil. They are also volatile and tend to evaporate faster than they dissolve [109,117].

1.5.7. Photo-oxidation

Crude oils are generally dark-colored and can absorb ultra-violet radiation (UV) from
the sun; this can change the composition of the oil [126,127]. The extent of photo-oxidation
depends on the surface area of exposed oil on the water surface, dissolved oxygen
concentration, sunlight availability, water clarity, and oil composition [128,129]. The sun's
action on an oil slick allows oxygen and carbon to combine and form new products that may
be resins. The resins may be somewhat soluble and dissolve into the water or form water-in-
oil emulsions. For most oils, photo-oxidation is not essential in changing their immediate fate
or mass balance after a spill [74]. Generally, photo-oxidation has long been considered a
relatively slow process, with thin oil films dissolving, even in bright sunlight, at rates lower
than 0.1% per day [2]. Therefore, photo-oxidation is not contained in modern oil spill response
models since limited knowledge exists on this process, and the importance and rates of the

process have not yet been thoroughly studied [1].

1.5.8. Sedimentation

Sedimentation is the process by which oil is deposited on the bottom of the sea or other
water bodies [104]. Sedimentation of oil droplets occurs as a result of stranding on coastlines.
When spilled oil reaches shores, a large portion of oil remains adsorbed onto the sediment
surface; increased density of the entrained oil and surface slicks due to weathering processes;
incorporation of fecal pellets by means of zooplankton or benthic organisms’ ingestion; and
oil adherence or flocculation and agglomeration with suspended particulate matter aggregates
[123,130,131]. Studies have shown that interactions between oil and sediments play an
essential role in the dispersion and degradation of spilled oil [132]. In nearshore waters,

naturally dispersed oil droplets may aggregate readily with suspended particulate material
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(SPM) such as clay minerals or organic matter to form oil- suspended particulate material
aggregates. Several laboratory and field studies have documented interactions between oil and
suspended particulate material. Poirier and Thiel [133] reported that oil dispersed in a mixture
of sediments and seawater settled and was trapped on the bottom by the sediments.

When the spilled oil reaches shorelines sometimes interacts with mineral fines suspended
in the water column, and the oil is transferred to the water column [134]. Particles of mineral
with oil attached may be heavier than water and sink to the bottom as sediment, or the oil may
detach and refloat. Oil-fines interaction does not generally play a significant role in the fate
of most oil spills in their early stages but can impact the rejuvenation of an oiled shoreline
over the long term [113]. Some response options, such as in-situ burning of the oil spill, also
leave a denser residue that may sink [109]. In a few well-studied oil spills, a significant amount
(about 10%) of the oil was sedimented on the seafloor. Such amounts can be very harmful to
biota that inevitably come in contact with the oil on the sea bottom. Because of the difficulty

in studying sedimentation, data are limited [113].

1.5.9. Biodegradation

A large number of microorganisms are capable of degrading petroleum hydrocarbons.
Many species of bacteria, fungi, and yeasts metabolize petroleum hydrocarbons as a food
energy source [135]. Biodegradation of oil by native microorganisms is one of the most
effective natural processes that can attenuate the environmental effects of marine oil spills in
the long term. Several in-depth reviews of this process are cited in the literature [136-138].
The biodegradation rate of the oil depends on the type of petroleum hydrocarbons,
temperature, species of microorganisms, and the availability of oxygen and nutrients
[136,139].

The rate of oil biodegradation increases with the available water-oil interface, which for
dispersed oil droplets increases as the size of droplets decreases [140]. However,
biodegradation can be a relatively slow process for some oils. For example, it may take weeks

for 50% of diesel fuel to biodegrade under optimal conditions and years for 10% of crude oil
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to biodegrade under similar conditions. For this reason, biodegradation is not considered a

vital weathering process in the short term [104].

1.6. Overview of oil spill modeling

1.6.1. Definition and purpose

To begin, consider the challenge associated with defining “oil spill modeling. ”Although
the specific definition can vary, a general definition of oil spill modeling is: modeling the
spatial and temporal dynamics of spilled oil, its composition, weathering, and transport in the
environment, as well as the estimation of risk, vulnerability, and potential impacts to
ecosystems, stakeholders, and communities in the path of a spill [141,142].

Oil spill models are numerical tools that can anticipate a spill's trajectory, estimate the
time it will take for the oil to reach certain regions of interest, and assess the spill's status once
it gets to the modeled sites [10,143]. These models can predict the possible movement of the
actual or hypothetical oil spill [114]. Oil spill models may be categorized into two types:
Eulerian and Lagrangian. The first approach deals with the mass and momentum conservation
equations applied to the oil slick or with a convection-diffusion equation. In this latter, the
diffusive part of the equation illustrates oil spreading, and the convective terms describe the
advection of oil through currents and wind [144].

On the other hand, the Lagrangian models discretize oil slicks as a large number of
particles advected by the merged result of winds, waves, and currents, but also being
transported via dispersion [64]. Authorities may use oil spill models for contingency planning
and emergency response to a crisis occurring due to accidental oil releases. Such planning, in
conjunction with an oil spill model, may lead to a deeper understanding of the effects of oil
weathering processes on oil spillage, at the surface and within the water column, and thus to
improved methods to monitor and clean it up [19,145].

The challenges faced in this field. There are several challenges faced in the field of oil
spill mathematical modelling. One of the main challenges is the complexity of the physical

processes involved in an oil spill. Oil can move in many different ways, depending on factors
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such as wind, waves, and water currents, and these movements can be difficult to predict.
Additionally, the behavior of oil can be affected by a wide range of environmental factors,
such as the temperature and salinity of the water, the presence of other chemicals, and the
topography of the coastal area. Another challenge is the lack of data on the behavior of oil in
the environment. Many oil spills occur in remote locations, and it can be difficult to collect
accurate data on the movement and dispersion of the oil. Additionally, the conditions in an oil
spill can change rapidly, making it difficult to collect data in real-time. Finally, the complexity
of the computer simulations used to model oil spills can also be a challenge. These simulations
require a large amount of computational power and can take a long time to run. Additionally,
the mathematical equations used in the simulations can be difficult to solve, requiring the use

of advanced mathematical techniques.

1.6.2. The importance of marine oil spill modeling

Oil spill mathematical modelling is important for several reasons. Firstly, it can be used
to predict the movement and dispersion of an oil spill, which can help to improve response
efforts and minimize the environmental impact of the spill. This can include identifying areas
that are at high risk of oil impact, such as sensitive habitats or breeding grounds for wildlife.
Secondly, oil spill mathematical modelling can also be used to evaluate different response
strategies, such as the use of chemical dispersants or the deployment of booms and skimmers.
This can help to determine the most effective and efficient response options. Thirdly, oil spill
mathematical modelling can also help to improve our understanding of the environmental
impacts of oil spills. This can include identifying the factors that contribute to the persistence
of oil in the environment and the potential long-term effects on wildlife and coastal habitats.
Finally, Oil spill mathematical modelling also has important implications for the oil industry
and policymakers. It can be used to evaluate the environmental risks associated with different
types of oil development, and to inform regulations and guidelines for the management of oil
spills. Overall, oil spill mathematical modelling plays a critical role in minimizing the
environmental impact of oil spills and ensuring the protection of our oceans and coastal
habitats.
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1.6.3. Examples of oil spill modeling software

Various models in the literature aim to predict the trajectory and fate of hydrocarbon
spills occurring at the sea surface and the water column. The main inputs in each case are not
only oil spill data, such as the type of oil and the initial location of spillage, but also Metocean
variables, such as the three-dimensional flow field, sea temperature, salinity and density
profiles, atmospheric winds, and bathymetry. These latter data may be obtained from different
operational oceanographic forecasting systems, such as CMEMS (Copernicus Marine
Environmental Monitoring Service) and NOAA (National Oceanic and Atmospheric
Administration) [1]. Several oil spill mathematical models have been developed worldwide to
predict the trajectory and fate of oil spills on the sea surface and in the water column; some of
these models are free to use, while others have commercial licenses that must be purchased.
The following are some of the most widely used oil spill models for predicting the direction
and fate of oil spills:

The General National Oceanic and Atmospheric Administration Operational Modelling
Environment (GNOME) is an open-source oil spill model developed to serve as a response
tool for Lagrangian oil trajectory modeling in two dimensions [23]. MOTHY (modele
océanique de transport d’hydrocarbures), developed by Météo- France [146], is a 3D
Lagrangian pollutant drift model predicting the fate and transport of oil slicks on the ocean
surface. The MOHID (Modelo Hidrodindmico) Lagrangian oil spill model was developed by
the Technical University of Lisbon [147]. The Spill Impact Model Application Package
(SIMAP) designed by Applied Science Associates is a commercial oil spill model that
produces a three-dimensional trajectory, degradation processes, oil-sediment interactions,
biological effects, and other impacts of spilled oil and fuels [33,148,149]. Applied Science
Associates also developed the deep water oil spill model and analysis system (OILMAPDEEP)
to estimate the fate and transport of subsea releases, the near-field plume characteristics, and
oil droplet size distributions for a specified release [32,150]. The comprehensive deepwater
oil and gas model (CDOG) is a three-dimensional model developed by Yapa and Li [151],
simulating oil and gas released from deep water accidents. The oil spill contingency and

response model (OSCAR) is an advanced, three-dimensional model for planning and response
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to oil spills developed by SINTEF in Norway [152], calculates the fate and effects of surface
releases or blowout/buoyant plumes of oil or gas [29]. OILMAP is a three-dimensional oil
spill response and contingency planning model developed by Applied Science Associates. It
deals with surface and subsurface hydrocarbon releases and provides algorithms for oil
spreading, evaporation, emulsification, entrainment, oil-shoreline, oil bed, and oil-ice
interaction [30,153,154]. Delft3D-PART, developed by Deltares, is a module of the Delft3D
modeling suite that estimates the transport and simple water quality processes via a particle
tracking method, implementing the 2D or 3D flow data by the Delft3D-FLOW (hydrodynamic
module) [22,91]. MEDSLIK-II is an open-source oil spill model for surface oil spills in the
marine environment, designed to forecast the transport and weathering of an oil slick and to
express the displacement of floating particles using a Lagrangian formalism, in conjunction
with an Eulerian ocean circulation model [40]. Automated Data Inquiry for Oil Spills
(ADIOS2) is an oil spill model developed by NOAA. It stimulates the processes involved in
oil weathering, including evaporation, natural dispersion, and emulsification [50]. SL Ross oil
spill fate and behavior predicts oil fate and transport using the basic oil characterization
technique (American Society for Testing and Materials procedures) that involves weathering
processes [62,63,155].

1.6.4. Previous studies

Numerical modeling has become an essential tool for oil spill forecasting, which allows
for real-time effective clean-up operations immediately after the occurrence of oil spill
accidents. Therefore, various mathematical models have rapidly developed in recent years for
simulating and predicting oil spills. However, the movement and variation of the oil spill in
the sea is a complex process, influenced by physical, chemical, and biological processes, and
is related to the marine hydrodynamic, meteorological conditions, and oil properties [156].
Before the 1960s, finding a mathematical model that predicted the movement of oil spilled on
the water was difficult. However, several events led to rapid progress in oil spill modeling and
research. There were a series of “super” spills from tankers in 1967 and 1968, with the Torrey

Canyon casualty being the most notable [157]. Up to now, many scholars in the world have



31

established and perfected lots of oil spill models. In the last five and six decades, many
researchers have studied the processes of oil spills, and various oil spill models have been
proposed [158]. Fay [111] divided the oil film expansion into three stages: inertial expansion,
viscous expansion, and surface tension expansion, but did not consider the influence of wind
on horizontal diffusion. Lehr [159] considered the influence of wind and established a
modified Fay-type spreading equation. Elliott [160] proposed the oil particle method for the
first time, which regards the oil spill as a large number of oil particles and does not need to
solve the diffusion equation. More and more oil spill models have begun to use the Lagrange
oil particle algorithm, which has become the mainstream method of oil spill trajectory
prediction [156]. Many researchers have developed and simulated the movement and fate of
oil spills incidents in the marine environment in the past two decades.

Beegle-Krause 1999 [161], established a new spill trajectory model, The General NOAA
Oil Modeling Environment (GNOME), a standard Eulerian/Lagrangian spill-trajectory model
designed to meet the needs of planners and expert responders. Buranapratheprat 2000 [162],
utilized an oil spill trajectory model for the South China Sea and applied it in the upper Gulf
of Thailand. He assumed that spilled oil would act as a floating object on the sea surface
moving in the direction of net forcing composed of Ekman current, Stoke drift motion, residual
current, and tidal current. Chao et al. 2001 [163], established two-dimensional and three-
dimensional oil spill models in Singapore coastal waters using an oil particle algorithm. In the
two-dimensional model, the oil slick was divided into a number of small grids, and the
properties of each grid due to spreading, advection, turbulent diffusion, evaporation, and
dissolution were studied. A three-dimensional oil fate model is developed based on the mass
transport equation, and the concentration distribution of oil particles can be solved, to simulate
the distribution of oil particles in the water column. This model can predict the oil slick
movement on the water's surface. Etkin et al. 2002 [149], used the SIMAP modeling software
for a hypothetical oil spill in San Francisco Bay to determine the spilled oil's impact and the
relative spill mitigation costs. Oil spill trajectory and fate and effects modeling were coupled
with modeling of response operation strategies (conventional mechanical containment and

recovery operations; dispersant application with concurrent mechanical containment and
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recovery; and in-situ burning with concurrent mechanical containment and recovery). Lima et
al. 2003 [154], applied the OILMAP model to simulate oil spill incidents along the Brazilian
coast. The model implementation involved a detailed meteorological and oceanographic
characterization of each study area with a review of existing data and hydrodynamic modeling
covering more than 9,000 km of the Brazilian coastline. Bergueiro et al. 2006 [164], simulated
an oil spill at the Casablanca oil platform (Tarragona, Spain) under different environmental
conditions utilizing EUROSPILL, OILMAP, GNOME, and ADIOS models. They identified
the most probable trajectory of the spill according to oceanographical and meteorological
conditions present during the spill. Papadimitrakis et al. 2006 [165], presented a
mathematical model that simulates an oil spill's time-dependent behavior near coastal zones.
The model solved the full set of partial-differential equations that govern transient, two-phase,
turbulent flow, and heat/mass transfer phenomena. The model was used for predicting the
consequences of hypothetical oil spills that could occur near a coastal area of great natural
beauty and tourist attraction off the island of Lesvos in Greece. Vethamony et al. 2007 [166],
used the MIKE 21 Spill Analysis model to simulate a real oil spill that had occurred in the
coastal waters of India. They generated trajectory maps of the spilled oil and validated the
hydrodynamics and spill trajectory with field measurements and observations. Elhakeem et
al. 2007 [167], presented a simulation of oil spillage trajectory in the Arabian (Persian) Gulf
using 3-D rectilinear hydrodynamic and MIKE3 oil spill models. Typical representative
environmental conditions of the Arabian Gulf were the first setup into a hydrodynamic
circulation model using data from various sources. The spill analysis model was set up using
the flow field produced from the hydrodynamic simulation. Its performance was further tested
against the recorded occurrences of the historical Al-Ahmadi Gulf oil spill catastrophe. Diaz
et al. 2008 [168], used the probabilistic particle tracking model to simulate the oil diffusion
after the oil spill from the Prestige wreckage in Galicia, Spain. Guo and Wang 2009 [169],
based on an oil particle algorithm, combined with the 3-D free-surface hydrodynamics model
and the third-generation wave model, simulated the oil release in Dalian coastal waters. Liao
and Li 2010 [170], used the Lagrangian oil particle tracking algorithm to predict the trajectory

of spilled oil, and the oil spill fate processes and applied to simulate the “Hyundai Advance”
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oil spill incident that occured in the Pearl River estuary, China. Liu et al. 2011 [171],
implemented a Lagrangian trajectory modeling system immediately upon spill onset in the
Gulf of Mexico by using a numerical model and satellite remote sensing resources available
from existing coastal ocean-observing activities. Mariano et al. 2011 [172], developed two
oil particle trajectory models and applied them to the 2010 Deepwater Horizon oil spill in the
Gulf of Mexico. Both models used sea current fields from a high-resolution numerical ocean
circulation model (HYCOM) simulation. The models used the Lagrangian technique to advect
oil particles and Monte-Carlo based schemes for representing uncertain biochemical and
physical processes. Cucco et al. 2012 [173], used operational finite element numerical models
with high spatial resolution nested within a coarse open ocean operational model based on the
finite differences method to reproduce the hydrodynamics and the transport processes
occurring in coastal areas characterized by a complicated geometry. Quang et al. 2013 [174],
Simulated an oil spill transport off Lach Huyen port in the Northeast of Vietnam due to a
vessel collision, using MIKE 21 SA. Simulation results showed that spill trajectory and slick
area depend on analysis hydraulic regime, wind direction and wave in the study area. Prabhu
and Kankara 2014 [175], developed a MATLAB based system to simulate oil spill trajectory
using GNOME model for the Indian coast. The system generates the current data processed by
various models such as MIKE-21, ADCIRC and also accepts currents in a number of file
formats (ASCII, netCDF) from different types of models. the developed system helps in
selecting the optimum data needed for GNOME model. Liu et al. 2015 [176], developed an
oil particle trajectory model then applied to the 2011 Penglai subsurface oil spill in the Chinese
Bohai Sea. The three-dimensional model simulated ocean currents fields and utilized
meteorology data from the local measurement station to drift spilled oil. Mishra and Kumar
2015 [19], modeled and analyzed effects of initial oil properties on its behavior, immediately
after the spill. They selected three different crude oils: heavy, intermediate and light and used
fourth order Runge-Kutta method to solve spreading, evaporation, dissolution and
emulsification processes simultaneously. They found that light and intermediate oil uptakes
more water than heavy crude oil with time. Toz et al. 2016 [177], investigated the oil spill and

predict the future accidents likely to be encountered around the Bay of New York, America.
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ADIOS (Automated Data Inquiry for Oil Spills), has been conducted for natural degradation
calculations, and, GNOME (General NOAA Operational Modeling Environment), has been
conducted for surface spread simulation. Yu et al. 2016 [178], proposed a random walk
parameterization hindcast method and combined with remote sensing data and oil-spill models
for the Bohai Sea, China. Toz 2017 [52], investigated the oil spill and predicted the future
accidents likely to be encountered around the Bay of Samsun, Black Sea. They used ADIOS
and OILMAP to simulate the movement and fate of the spilled oil. Lu et al. 2017 [179],
modeled the transport and fate of oil after a proposed oil spill incident in the Barents Sea using
the OSCAR model. They calculated the possibility of spilled oil reaching the open sea and the
strand area. The influence area of the incident was calculated by combining the results from
many simulations. Li et al. 2017 [180], developed a 3D mathematical model to estimate the
oil release rate and simulate the oil dispersion behavior. The Eulerian-Lagrangian method is
employed to track the migration trajectory of oil droplets. Qiao et al. 2019 [181], established
a coupled 3D model to provide short- and long-term simulations and projections for the Sanchi
oil spill about 300 km off Shanghai, China. The model has two parts: (1) a coupled 3D
operational ocean forecast system to simulate ocean environments and (2) a 3D oil spill model
to simulate the trajectories of oil particles based on their properties. Soussi et al. 2019 [182],
developed a model to simulate the oil spill trajectories on the sea based on the Lagrangian
approach, to define the behavior of oil slicks on the water surface in space and time. The
dynamics of oil spreading on the sea surface were modeled, taking into account actual values
for wind speed and surface current intensity. The model has been applied to simulate the oil
spill propagation in the real case of the collision off the coast of Saint-Tropez, France. Zhen
et al. 2020 [183], established an oil particle drift model and oil spill weathering model and
used to simulate the oil spill accidents on the sea area by inputting the terrain data,
environmental conditions and oil spill information into the hydrodynamic model and oil spill
model. They applied the model to Daya Bay, South China Sea. Prasad et al. 2020 [184],
simulated oil spill trajectory resulted from the sank of Merchant Vessel (MV) using GNOME
model. GNOME was forced with winds from European Centre for Medium Range Weather

Forecast (ECMWF) and ocean currents from Indian Ocean Forecasting System, and High-
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resolution Operational Ocean Forecasting and reanalysis System. Lawan 2020 [185],
simulated oil spill trajectory and fate at the Bahamas Caribbean using GNOME, and ADIOS
model. Hosseinpour et al. 2020 [186], carried out three-day simulation of oil leakage and its
distribution in different volumes for five oil operating areas in Siri oil region, which located
in the north-western part of the Danish sector of the North Sea, using GNOME model in order
to track oil spill. Balogun et al. 2021 [187], Used GNOME model to develop an oil spill
environmental vulnerability model for predicting and mapping the oil slick trajectory pattern
in Kota Tinggi, Malaysia. The output was integrated with coastal resources, comprising
biological, socio-economic and physical shoreline features. The impact of seasonal variations
on the vulnerability of the coastal resources to oil spill was modelled by estimating the quantity
of coastal resources affected across three climatic seasons. Naz et al. 2021 [188], simulated
four oil spill events in the Indian Ocean. They utilized the General National Oceanic and
Atmospheric Administration (NOAA) Operational Modeling Environment (GNOME) and
Automated Data Inquiry for Oil Spill (ADIOS) to simulate oil spill movement and calculate
weathering processes after spillage. Gurumoorthi et al. 2021 [10], assessed the fate of the
MV Wakashio oil spill after the Japanese bulk carrier Wakashio ran aground on a coral reef in
south Mauritius and the driving forces responsible for possible environmental consequences
of the polluted coastal region. They used the GNOME model considering various meteo-
oceanographic forcings such as (i) winds and sea currents, (ii) only winds, and (iii) only winds
with different diffusion coefficients and then validated the results with the satellite images.
Pradhan et al. 2022 [189], studied the impact of hypothetical oil spills in Odisha Offshore, a
coastal state on India’s eastern coast, using the GNOME model. They simulated 10,000 barrels
of medium crude oil in different locations of Odisha offshore for various weather conditions.
Prasad et al. 2022 [95], used the General National Oceanic and Atmospheric Administration
Operational Modeling Environment (GNOME) to simulate the drift pattern of Heavy Fuel Oil
(HFO) due to vessel collision in the Bay of Bengal. They obtained wind velocity fields from
European Centre for Medium-Range Weather Forecasts (ECMWF), while the modeled ocean
currents were from High-resolution Operational Ocean Forecasting and reanalysis System
(HOOFS). Grubesic and Nelson 2022 [190], evaluated the potential spatial vulnerability of
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coastlines of oil spill from the Nabarima, which is a floating storage facility and offloading
vessel in the Gulf of Paria, between Venezuela and the island of Trinidad. They simulate the
trajectory and fate of the spilled oil using the Blowout and Spill Occurrence Model
(BLOSOM). Akinbamini et al. 2022 [191], used GNOME and ADIOS to predict the trajectory
and fate behaviors of a heavy oil spill from the floating storage unit platform in an oil field in
the United Kingdom continental shelf for 5 days in October under the forcing of two different
ocean models, namely Real-Time Ocean Forecasting system (RTOFS) and Hybrid Coordinate
Ocean Model (HYCOM).
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Chapter 2. Methodology and data used

The Gulf of Suez (GOS) is one of the world's busiest shipping lanes and Egypt's primary
source of crude oil. Therefore, the gulf is highly vulnerable to oil spill incidents, which might
threaten the coastal ecosystem and touristic resorts. This study aims to forecast an oil spill
trajectory and fate using the General NOAA Operational Modeling Environment (GNOME)
and the Automated Data Inquiry for Oil Spills (ADIOS2) models to predict the impacted
regions, determine when the oil will reach the shoreline and compute the most crucial

weathering processes of the spilled oil (evaporation, emulsification, and dispersion).

2.1. The Gulf of Suez

The Gulf of Suez (GOS), which stretches 300 km from Port Suez to Shadwan Island, is
connected to the northern Red Sea by the Straits of Gubal and the Mediterranean Sea via the
Suez Canal [192] (Figure 2.1). Eladawy et al. [193] described the GOS as a semi-enclosed
shallow basin with an average depth of 40 m, a maximum width of 19-32 km, and a total
surface area of approximately 10,510 km?. The GOS boasts abundant coral reefs and marine
life, increasing its economic significance [194]. The GOS is also Egypt's primary crude oil
source. According to Hussein [61], the GOS oil production accounts for 85% of Egypt's crude
oil production with 26 offshore fields, including 136 production platforms and 570 oil wells,
linked by a 450 nautical mile submerged pipeline network established more than 20 years ago
(Figure 2.2). Following the completion of the new Suez Canal project in 2015, the GOS's
Importance to the Egyptian economy grew significantly. This project improved the Suez Canal
region’'s status in worldwide trade. Hence, daily canal traffic increased by more than 56 vessels,
from 18,830 in 2020 to 20,694 in 2021[195] (Figure 2.3).
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Figure 2.1 The Gulf of Suez topographic map
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Figure 2.2 Locations of Oil Fields and Pipelines in the Gulf of Suez [200]



Figure 2.3 Contours depicting the marine traffic density in the Gulf of Suez for all ship types in
2021 [201].

Considering the massive transport of oil along its main axis, the GOS is consistently at
risk of accidental oil spills, the worst of which occurred in 1982 [196]. Within 4-6 h, a
considerable amount of crude oil was released into the sea while loading a tanker at Ras
Shukheir [197]. In June 2010, an oil spill in the northern Red Sea polluted around 160 km of
coastline, including tourist beach resorts in Egypt and the Jebel al-Zayt coast [198]. Hence,
Ship-borne transportation and the size of tankers are increasing by the day, and this trend is
likely to persist [199].

The Coastal and Marine Zone Management Division of the Environmental Management
Sector in the Egyptian Environmental Affairs Agency (EEAA) has data on oil spill incidents
from 1998 to 2005. Of 122 oil spill incidents, the spots of 85 incidents have been identified.
Figure 2.4 shows the zones having suffered from oil spill incidents from 1998 to 2005. This
figure also shows that the Gulf of Suez has possible oil spills in the whole area. However, the
following zones have suffered from frequent incidents:

1) Hurghada (15 incidents)
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2) Ain Sukhna port (15 incidents)
3) The southern entrance of the Suez Canal (12 incidents)

Because of its strategic position between the Mediterranean Sea and the Indian Ocean,
the Red Sea is subject to considerable shipping activity, particularly oil tanker traffic.
Therefore, it is a potentially vulnerable location to oil spills caused by inadvertent discharges
that could harm the environment. Consequently, it is advantageous to possess knowledge of
the transport mechanisms that occur in the Red Sea and prediction technologies that could aid
in decision-making during an unintentional oil spill. Unfortunately, few oil spill models for
the Red Sea are described in the literature.

Nasr and Smith 2006 [62] performed a computer simulation of oil spills for four
environmentally sensitive areas along Egyptian coasts using the S.L. ROSS model oil spill
model that incorporates the essential variables and processes affecting oil transport in
seawater. They do not provide details on how water circulation (the essential transport driving
mechanism) is obtained: only that a water current map was constructed integrating data from
different sources, including observations by sea captains. Shehadeh et al. 2012 [202]
simulated an oil spill from an oil blowout on a drilling rig in the Gulf of Suez, Red Sea Region,
using the Canadian oil spill predictive model S.L. ROSS. The model describes the trajectory
and behavior of oil spills as a function of type, size, oil properties and prevailing
environmental conditions. The spill trajectory component relies of the entry of best available
wind and current data. Also, the model simulates the results of the weathering spill processes
of spreading, evaporation, natural dispersion and emulsification at regular intervals. Perianez
2020 [64] devolved an oil spill model for the Red Sea. It uses detailed data on water
circulation: instantaneous tidal currents, tidal residuals (both from a tidal model specifically
applied to the Red Sea), and baroclinic circulation derived from the HYCOM ocean model.
The model can also incorporate forecasts of local (in the spill area) winds. The Lagrangian
transport model includes advection/diffusion plus specific processes for oil, such as buoyancy,
decomposition, and evaporation. Omar et al. 2021 [65] simulated the trajectory and fate of
twenty-four scenarios (12 Regular and 12 Worst Cases Scenarios) using the Canadian S.L.

Ross predictive mathematical oil spill model from an expected oil drilling rig source near Ras
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Gharib area in the Red Sea Region. Mona 2021 [61] simulated a hypothetical crude oil spill,
using the GNOME model and Geographical Information Systems (GIS) to assess the
vulnerability of environmentally sensitive coasts to a large oil spill in the northern part of the
Gulf of Suez. She did not investigate how oil is affected by weathering following a spill or
determine how much oil reached the shoreline. Huynh et al. 2021 [46] simulated oil spill fate
and trajectory using the GNOME and ADIOS models and then modeled the immediate public
health impacts of the Safer tanker. The Safer is a deteriorating oil tanker containing 1.1 million
barrels of oil that have been deserted near the coast of Yemen since 2015 and threatens

environmental catastrophe to a country presently in a humanitarian crisis.

Ras Ghanb and
nearby areas

Figure 2.4 Zonal distribution of oil spill incidents from 1998 to 2005 in the Gulf of Suez, the most
frequent oil spill zones circled by red; 1) Hurghada 2) Ain Sukhna 3) The southern entrance of the Suez
Canal. (Every red cubic represent one incident)
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2.2. GNOME oil spill model

2.2.1. Model overview and description

General National Oceanic and Atmospheric Administration Operational Oil Modeling
Environment (GNOME) model was developed by NOAA's Hazardous Materials Response
(HAZMAT) and debuted on March 16", 1999 [43]. GNOME is written in C++, carefully
exploiting the language’s classes and objects, making the model easier to update, expand, and
improve. The model also contains a graphical user interface tested for clarity and ease of use.
The GNOME model is two-dimensional and frequently used in marine, coastal, and riverine
environments to predict the movement of oil slicks [44,45]. The GNOME model uses the
Euler-Lagrange particle tracking method to monitor oil spill drift [203]. The oil slick is
considered a set of particles. As each particle moves through the water, the route taken by that
particle is calculated. Each particle's velocity and direction, which vary over time, may also
be calculated. Due to diffusion, real-time oil status can be tracked [25,204].

GNOME's input data set contains; coastline data, the direction and magnitude of wind
and sea currents, spill location, oil type, and spill volume. In addition, the model provides
georeferenced trajectory output that may be used as an input to GIS (geographic information
system) tools [47]. We selected the GNOME modeling tool due to its history of operational
implementation and validation against real-world environmental catastrophes and its broad
usage among organizations [1,46]. Also, it is more generalizable than other models and
requires fewer parameters as input [44]. Furthermore, GNOME results for many situations
demonstrated a significant degree of concordance between model simulation, satellite data,
and experimental observations, as verified by several studies [45,48]. As a result, the Marine
Emergency Mutual Aid Centre has recommended using the GNOME model to simulate oil
spills in the Arabian Gulf [49]. In summary the advantages of using GNOME include:

« Itis free and open-source, which makes it accessible to a wide range of users.
« lItis widely used and well-established, with a large user community that can provide support and

share expertise.
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« It can incorporate real-time weather and oceanographic data, which allows for more accurate
predictions of oil movement and dispersion.

« ltallows users to incorporate GIS data, like shoreline, habitat, and bathymetry, which can be used
to identify areas of high ecological sensitivity.

« It can simulate the behavior of oil in the water column and on the surface, taking into account
factors such as wind, waves, tides, and ocean currents.

« It can also model the effects of chemical dispersants and physical recovery methods, such as the
use of booms and skimmers.

Overall, GNOME is a powerful and widely used oil spill modeling software that can provide

valuable information for oil spill response and management.

2.2.2. Movers

Movers are any physics that cause movement of the pollutant (such as oil) parcel in the
water — generally currents, winds, and diffusion. Movers fall into two categories. Universal
movers apply everywhere and usually consist of wind and diffusion. All other movers apply
only to the map to which they are attached. The use of multiple maps is really a legacy from a
previous incarnation of the model, written at a time when computers lacked sufficient memory
to read-in a single map for an entire coastal region. For the most part, a single map is now
sufficient, and all movers can be placed on that map. In order to get the overall movement, the
u (east-west) and v (north-south) velocity components from currents, wind, diffusion, and any
other movers are added together at each time-step i, using a forward Euler scheme (1%-order
Runge-Kutta method). The movers are given a point (X, y, z, t) and return a displacement (AX,

Ay, Az) at t Equation (2.1). Calculation of zonal, meridional, and vertical displacement by

MOVETrS.
u
At
111,120.00024 " v 2.1
Ay = 111 Ay = At,and Az = 0 (2.1)
* cos(y) 2 = 111,120.00024  ~ A9 52

Where At =t - t1 is the time elapsed between time-steps i; y is the latitude in radians;
111,120.00024 is the number of meters per degree of latitude (assumes 1' latitude = 1 nautical

mile everywhere); and (Ax, Ay) are the 2-D longitude and latitude displacement, respectively,
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u and v are sea current projections on x axis and y axis respectively, at the given depth layer
z. At present, movement in GNOME cannot occur between depth layers (thus, the vertical
displacement, Az, is held at zero).

The calculation of total movement is a simple vector addition of the displacement of a
given pollutant particle by each mover over the time-step. There is typically significant
uncertainty in the accuracy of the input forecast and/or measured data. Also, in general, these
inputs to the model are gridded data which result in non-smooth velocity fields — limiting the
utility of employing higher-order Runge-Kutta methods (if additional accuracy is desired,
decreasing the model time-step often produces much the same improvement as would using a
more complex higher-order method). Each mover present in the model setup may be active or
Inactive at any given time. Only movers marked active will be used in the model calculation
[23].

2.2.3. Sea current mover

GNOME accepts various grid types and formats for current data. A selection of recent
measured and forecast currents compatible with GNOME are available for download from
different sources. GNOME accepts either time-dependent or steady-state current patterns.
GNOME accepts model data on rectangular, curvilinear, and triangular grids from various
models to use as currents.

For rectangular grids, GNOME allows the velocities to be at the center of grid boxes or
at the nodes, but in either case, it uses the same value throughout a grid box and does not
interpolate. The rectangular grids must be loaded onto a map.

For curvilinear and triangular grids, GNOME will create a map from the boundary of the
grid if there is no (bna) map available. When loading curvilinear grids, GNOME divides each
grid box into two triangles and assumes the velocity for both triangles is at the lower-left
corner of the grid box. GNOME also extrapolates the grid to the top and right and applies the
velocity values for the first row and last column there. The boundary type at the extended row

and column is assumed to be whatever it was at the first row and last column.
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2.2.4. Diffusion

Random spreading, i.e., diffusion, is done by a simple random walk with a square unit
probability. The random walk is based on the diffusion value, D, set in the model, which
represents the horizontal eddy diffusivity in the water. A low value would be 1,000 cm? s,
and a high value would be between 100,000 to 1,000,000 cm? s't. The model default is 100,000
cm? st In GNOME, diffusion and spreading are treated as stochastic processes. Gravitational
and surface tension effects are ignored, as these are only important during the first moments
of a spill. Complex representation of sub-grid diffusion and spreading effects are ignored.
GNOME uses classical diffusion as given in Equation (2.2). (The classical diffusion equation
is used by GNOME) and Equation (2.3).

ac
— = DV? 2.2
~ V2C (2.2)

Where C is the concentration of material and D is the aforementioned diffusion coefficient.

oc d2C d2C

Where D, and D, are the scalar diffusion coefficients in the x and y directions.

The mean position remains zero, but the variance grows linearly with time. It can be
shown that a long series of random steps will converge to a Gaussian distribution with variance
growing linearly with time. The precise form of the transition probability distribution is
irrelevant as long as its second moment is 2D At. The transition probability distribution is the
distribution of displacements at each random walk step, and D is the diffusion coefficient in
the diffusion equation. So, diffusion can be simulated with a random walk with any
distribution, with the resulting diffusion coefficient being one-half the variance of the
distribution of each step divided by the time-step, Equation (2.4).

1 o2
_ 2,0 24
De=3*% (24)

In GNOME, we compute (Ax, Ay) from the input diffusion coefficient D, and at each

diffusion time-step, a dx and dy are chosen randomly from a uniform distribution (of floating-
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point numbers) between -1 and 1 such that —Ax < dx < Ax, —Ay < dy < Ay, and Ax = Ay.
This results in a distribution of points spread throughout the square. The variance of this
distribution is given by Equation (2.5). (The variance of the distribution of diffused points),
and similarly, for o. Hence the Calculation of zonal and meridional displacement by diffusion

is given by Equation (2.6).

;= dx = —— 2.5
Ox -[—Ax 2 * Ax x 3 ( )
D
6 * =+ At
\/ 10,000 D
X * 771,120.00024 \/6 *10,000 * 4t (2.6)
cos(y) 111,120.00024

Where At =t - t1 is the time elapsed between time-steps i; y is the latitude in radians;
111,120.00024 is the number of meters per degree of latitude (assumes 1' latitude = 1 nautical
mile everywhere); and (Ax, Ay) are the 2-D longitude and latitude displacement due to
diffusion, respectively. GNOME also has a depth (z) dependent diffusion algorithm, Equation
(2.7), (Depth-dependent diffusion equation), but at the moment, it is only available for

Location Files or command line-driven scenarios [23].

10

D= 101+e(1_7) (2.7)

2.2.5. Beaching

After the Lagrangian Elements LE have been moved at each time-step, GNOME checks
the map (i.e., as a bitmap image) to see whether the new LE positions are on land or in the
water. The beaching algorithm checks the entire line on the bitmap between the old point and
the new point to make sure the LE didn’t jump over land and beaches the LE at the first land
box it hits. The location in the water right before the land is reached is also stored to use as a
starting point when a particle is re-floated. If the “prevent land jumping” box is not checked,

a simplified algorithm looks at whether the new point is in water or on land and ignores the
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path the LE took. The default is to have the “prevent land jumping” option on. The interaction

of the pollutant with sediment and biota is not modeled.

2.2.6. Oil spill trajectories

Once the map, movers, and spills are set, the model is run, and the solution is produced
in the form of trajectories. GNOME provides two solutions to an oil spill scenario:
1. a “best estimate solutions” black dots

2. a “minimum regret solutions” or uncertainty trajectory.

The “best estimate” solution shows the model result with all of the input data assumed to
be correct. However, models, observations, and forecasts are rarely perfect. Consequently, we
have incorporated in GNOME our understanding of the uncertainties (such as variations in the
wind or currents) that can occur. This second solution allows the model to predict other
possible trajectories that are less likely to occur but which may have higher associated risks.
We call the trajectory that incorporates these uncertainties the “minimum regret solution”
because it gives you information about areas that could be impacted if, for example, the wind
blows from a somewhat different direction than you have specified or if the currents in the
area flow somewhat faster or slower than expected. In some cases, the areas within the
minimum regret solutions might be especially valuable or sensitive to oil pollution.

Both trajectories are represented by LEs, which are statistically independent pieces of the modeled
pollutant. They appear as small “pollutant particles” on a map when you run your spill. The “best
guess” trajectory is represented by black “splots”; the “minimum regret” trajectory is represented

by red “splots” [23].

2.3. ADIOS2 Oil spill weathering model

Oil weathering is a set of processes that affect spilled oil's chemical and physical
properties, the most significant of which are evaporation, emulsification, and natural
dispersion [101,102,104,205]. The National Oceanic and Atmospheric Administration
(NOAA) developed the (ADIOS2) model to calculate the processes of oil weathering [50]. In
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its computations, the ADIOS2 model uses real-time environmental data, such as wind speed,
along with the physical and chemical properties of the spilled oil from its oil library. It blends
a library of about 1,000 oils with a short-term oil fate and cleaning model to evaluate the
persistence of spilled oil in the marine environment and propose cleanup strategies [51]. The
model can compute the weathering processes of oil spilled in different aquatic environments
such as nearshore, open sea, semi-confined coastal waters, and rivers [52]. Several studies
have used the ADIOS2 model to simulate the behavior of oil when spilled into the marine

environment [24,25,46,52,67,191]. Figure 2.5 illustrates the program structure.

Default oil User oil database
database
Chemistry data
processor
Computational
routines

Environmental data

Source data

Uncertainty Data converter
parameters

Cleanup options

Electronic blackboard

Y

Model output

Figure 2.5 ADIOS2 program structure [50]
2.3.1. Oil evaporation

ADIOS2 contains a pseudo-component evaporation model [206]. In the pseudo-
component approach, crude oils and refined products are modeled as a relatively small number
of discrete, non-interacting components. Each pseudo component is treated as a single
substance with associated vapor pressure and relative mole fraction. The total evaporation rate
of the slick is the sum of the individual rates. However, the individual rate for a particular
component is coupled to the other pseudo components by the relative mole fraction. The
distillation cuts from the oil database are used to generate the pseudo components. The
volumetric evaporation rate for a single pseudo component can be written as a function of the

volume of the oil, and the mole fraction and molar volume of the component Equation (2.8).
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(2.8)

(dV) o UV (P, v fr);
dt/ d

where j specifies the particular pseudo component, f,, the time-varying molar fraction
of the pseudo component, V is the oil volume, U is the wind speed, and d is the slick thickness.
The relative molar volume, v, is estimated by treating the pseudo component as if it were a
collection of alkanes and using an empirical correlation of the alkanes’ molar volume to their
boiling point. The vapor pressure of each pseudo component, P,, is based on Antoine’s
equation, as discussed in [207]. The set of coupled (by molar fraction) differential Equation
(2.8) is solved approximately using an extension of the MacKay evaporative exposure method

[208] to multiple components.

2.3.2. Oil emulsification

In a series of laboratory experiments with crude oils, Eley et al. 1988 [209] found that
the rate of emulsion formation was best described by a first-order rate law in interfacial area,
rather than water content. Their formulation was used in ADIOS2 to describe how water
content and the droplet size distribution change with time Equation (2.9):

dS—K(l
dt ¢

Smax) 2.9)

where the interfacial parameter, K., is sensitive to wave energy. Here, S and S,,,,, are the
oil-water interfacial area and maximum interfacial area, respectively. Water fraction of the
oil-water emulsion Y is related to interfacial area and average water droplet diameter, d,, , by
the Equation (2.10):

sd,

y=—>_ 2.1
6 +Sd, (2.10)

2.3.3. Oil dispersion

In ADIOS2, oil dispersion into the water column is estimated using a hydraulic model
developed by Delvigne and Sweeney 1988 [120]. They measured the number and size
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distribution of oil droplets driven into the water column by breaking waves. The vertical
entrainment of oil is directly proportional to the dissipation of energy of a single breaking
wave, the total dissipation rate for a given wave spectrum, and the volume of oil injected into
the surface layer each time a wave breaks. The Delvigne-Sweeney formula for volume

entrainment of oil, Q, is given by Equation (2.11):

Q = Cdisp Dg'57 fow Vdisp (2.11)

Here, Cgisp is an experimentally determined parameter, f,,, is a fraction of breaking
waves per wave period per unit area, and Vg, is volume of oil entrained per unit volume of
water. It is obtained (to within a constant) by integrating the product of the droplet volume
and the frequency distribution of droplets over the volume of oil. The dissipation of wave

energy per unit surface area, D,, is estimated by Equation (2.12):

D, = 0.0034 P, g HZ,, (2.12)

where H,, is the root-mean-square wave height in meters, and P,, is the water density
in kilograms per cubic meter. The determination of f,, is difficult and subject to large
uncertainty [210]. Delvigne and Sweeney (1988) [120] used the field observations of
Holthuijsen and Herbers (1986) [211] and Toba et al. (1971) [212] to estimate the fraction of
sea surface covered by whitecaps as a function of the wind speed at ten meter elevations.
ADIOS2 assumes that whitecap formation begins at 3 m/sec and increases linearly to 5%
coverage at 4 m/sec, where a second linear relationship, utilizing the more recent observations
of Ding and Farmer (1994) [213], is applied in Equation (2.13).

£, = 001U + 0.01 (2.13)

Here f,, is whitecap fraction. Alternative formulations are under consideration,
particularly for high energy conditions where the whitecap increase may be more rapid than

described by Equation (2.13). The fraction of breaking waves per unit time is then computed
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by dividing the whitecap fraction (as defined in terms of the active acoustic coverage definition

given by Ding and Farmer) by the appropriate time constant for whitecap formation [214].

2.4. Model formulation and Data input

In order to simulate the distribution and fate of oil spills in the Gulf of Suez we used both
GNOME and ADIOS2 models together. Input data sets contain coastline data, wind data, sea
currents data, oil spill location, oil type, oil amount, and seawater temperature. The flowchart

of the model's input and output data is summarized in Figure 2.6.

Input Model Output
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R

Figure 2.6 A diagram framework of the GNOME and ADIOS2 models' input and output data
2.4.1. Coastline data and sea surface temperature

The GNOME model only works with coastline data in (bna) format, which could be
obtained from the Global Self-consistent, Hierarchical, High-resolution Shoreline (GSHHS)
database and then converted to (bna) format using the GNOME Online Oceanographic Data

server (GOODS) (https://gnome.orr.noaa.gov/goods/tools/ GSHHS/ coast_subset) (Figure 2.7).

Due to the comprehensive processing of the GSHHG data set, any errors or outliers should be
removed. The shorelines consist of hierarchically closed polygons [17,215]. The coastline data

for the simulation model in our study extends from 32° E to 35.5° E and from 26.5° N to 31°
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N, covering the northern portion of the Red Sea, including the gulfs of Suez and Agaba. The

seawater temperature used in this study was extracted from previous studies for each location.

«2 North Map  Satellite
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@ West Q East Q Crog
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.
« South
Latitude

<2 Resolution:
Get Map

Figure 2.7 Extracting coastline data of the study area from GOODS website
2.4.2. Wind data

Winds may be entered as a constant time series or as a regular grid time-dependent model
ﬁwind(x, y,t). NetCDF and ASCII formats are supported for wind model data [23]. Hourly
wind data was extracted from the European Centre for Medium-Range Weather Forecasting

(ECMWEF) Reanalysis (ERA5S) (https://www.ecmwf.int/) as a Network Common Data Form

(NetCDF) file format. The simulation model's domain is set from 32° E to 35.5° E and 31° N
to 26.5° N, covering the Gulf of Suez and Agaba. Windage is the movement of oil-induced by
the wind, which usually is around 3% of the wind speed at the surface [10]. The GNOME

model proposes a wind factor of between 1% and 4% as the default value, along with winds
and currents.
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2.4.3. Sea current data

Unfortunately, the area under investigation has no marine currents data throughout the
simulation period. Therefore, sea currents data were gathered from the Operational Mercator
global ocean analysis and forecast system (https://doi.org/10.48670/moi-00016) in a NetCDF

format. It is an ocean-atmosphere data assimilation and prediction model that offers daily
1/12° three-dimensional global ocean predictions. The data assimilation scheme used for the
ocean is the Nucleus for European Modeling of the Ocean (NEMO) variational data
assimilation scheme. The technique assimilates in situ and satellite SST data, satellite altimeter
of sea level anomalies (SLA), and in situ temperature and salinity profiles from various sources
[216].

2.4.4. Spill volume and oil type

In this study, we assumed the spillage of about 1000 metric tons of Arabian light crude
oil caused by a tanker accident. The Arabian Light crude oil selection was based on the
frequency with which tankers carry it via the Suez Canal and the Sumed pipeline [62].
Additionally, the ADIOS2 Model library includes a parameter database for this oil type and
the characteristic constants necessary to solve the constitutive equations (Table 2-1).

Table 2-1 Arabian light crude oil characteristics (ADIOS2 oil library database)

API (degree) 334

Density 0.878 g/cm® at 0 C°
Viscosity 12 cStat0 C°

Pour point -53C°

Adhesion 0.14 g/m?
Aromatic 39 weight%

(AP1) American Petroleum Institute gravity, (cSt) centistokes


https://doi.org/10.48670/moi-00016
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Chapter 3. Modeling oil spill trajectory and fate off Hurghada city

3.1. Research region

Hurghada is one of the most beautiful tourist cities on the Red Sea coast. It covers about
a 40 km stretch along the western shore of the Red Sea on a longitude of 33° 48' E and latitude
of 27°15"' N. Hurghada's seafront are characterized by parallel coral reefs and is one of the
most influential tourism regions on national income. In addition to coral reef habitats, the
Hurghada shelf contains diverse marine habitats, including sheltered shallow lagoons,
mangroves, seagrass, and open deep-water habitats [217,218].

Hurghada city is bordered to the north by Ras Shukeir, on the south by Safaga, on the
east by the Red Sea coast, and on the west by the Red Sea Mountains. In front of the beaches
of Hurghada are several significant islands, which joined the protected islands of the Red Sea,
such as Shadwan, Abu Ramada, Small and Great Giftuns, and Abu Mingar. Northern of
Hurghada at Gubal striate (at the northern entrance of the Red Sea), the islands of; Tawila,
Ashrafi, Ghanim, Small Gubal, North Geisum, South Geisum, North Um Elhimat, and South
Um Elhimat were found [219] (Figure 3.1). Annually, around 15% of worldwide maritime
commerce and 10% of global seaborne oil travel through the Gulf of Suez via the Suez Canal,
and after 2015 rebuilding of the new Suez Canal led to an increase in ship traffic [196]. Figure
3.2 shows the ship traffic going along the coasts and marine resorts of Hurghada and the
northern islands. As the number of ships increases, so does the risk of oil spills, putting more
stress on Egyptian Red Sea coastlines and the touristic cities like Hurghada that provide a
significant portion of the country's foreign currency. According to Egypt Independent [220],
the beaches of Hurghada have been constantly exposed to oil spill accidents.

Interestingly enough, despite the region's importance, the occurrence of several oil spills,
and the probability of potential accidents, there is no existing reference for predicting oil spill

trajectory in the area under investigation (Hurghada), making this the first research of its sort.
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Figure 3.1 General map of Egypt's Red Sea showing Hurghada beaches, islands, and the source of
the spilled oil symbolized by a red dot

Figure 3.2 The ship traffic density between the Gulf of Suez and the Mediterranean Sea through
the Suez Canal. The circle depicts the ship's activity off the coast of Hurghada [201]
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3.2. Model formulation and assumptions

In this Case study, we simulate a possible instantaneous oil spill from a tanker incident
at the strait of Gubal (27°48'55.10" N 33°44'11.85" E). As depicted in Figure 3.1, the oil spill
source is located on the main shipping lane, approximately 50 km northern of Hurghada. Two
scenarios were simulated in February and August 2021 for 108 h at a step of 0.25 hours. Using
a computation step of 0.25 h improves the model's accuracy [23]. The coastline data for the
simulation model extends from 30° E to 36° E and from 27° N to 31° N, covering the northern
portion of the Red Sea. The seawater temperature used in this study was extracted from
previous studies, which found that the average seawater temperature around the coastlines of
Hurghada is 20.20 °C (68.36°F) in February and 29.20 °C (84.56 °F) in August [221,222].

The European Centre for Medium-Range Weather Forecasting (ECMWF) Reanalysis
(ERADS) (https://www.ecmwf.int/) was used to extract hourly wind data as a Network Common
Data Form (NetCDF) file format. The GNOME model suggested a wind factor between 1 and

4% as the default value and windage, which is the wind-driven movement of the oil,
approximately 3% of the surface wind speed [10]. Figure 3.3 shows wind data from 2011 to
2020 in Hurghada. The wind was moving mainly in the NW, N, and NNE directions, and the
average wind speed reached 5.4 miles per hour. Sea currents data were gathered from the
Operational Mercator global ocean analysis and forecast system
(https://doi.org/10.48670/moi-00016) in a NetCDF format. It is an ocean-atmosphere data

assimilation and prediction model that offers daily 1/12° three-dimensional global ocean

predictions. The spill parameters provided for this study case are depicted in Table 3-1.
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Figure 3.3 Wind rose diagram at Hurghada city from 2011 to 2020

Table 3-1 Oil spill parameters of the study case

Variables

Values

Spill location

Oil released
Release type

Oil type

Start time

Seawater temperature

Duration

Timestep

Number of oil particles
Along-current uncertainty
Cross-current uncertainty

27°48'55.10" N 33°44'11.85" E

1000 metric tons (mt.)
Instantaneous

Arabian light crude oil

Scenario 1;: 09-02-2021 /12 PM
Scenario 2: 09-08-2021 /12 PM

Scenario 1: 20.20 °C
Scenario 2: 29.20 °C

108 h
0.25h
1000
10%
10%
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3.3. Results

3.3.1. Scenario #1 trajectory and weathering

In this scenario, we assumed that a tanker accident had leaked 1,000 metric tons of
Arabian crude oil near the strait of Gubal. The model started at 12:00 pm on February 09,
2021, and lasted 108 hours to 12:00 am on February 14, 2021. The spill is shown as a collection
of black and red dots. The black dots show the best-guess solution, assuming there is no
certainty about the input parameters. The red dots, in contrast, represent the minimum regret
solution that accounts for wind and wave uncertainty. In Figure 3.4, maps depicting the results
of spill movement simulations at 12-hour intervals.

When the simulation began, the oil slick moved southeast with black and red dots. Forty-
two hours after the simulation began at 6:00 pm on February 11, less than one ton of the spilled
oil reached Small Jubal Island (33°47'51.05"E 27°40'45.01"N), which is about 16 kilometers
south of the main spill location. Then, the oil traveled a distance of 20 kilometers from Small
Jubal Island to Shadwan Island, about 36 kilometers from the spill source, in approximately
72 hours at 12:00 pm on February 13. During the following 30 hours until the simulation
ended, a total of 434 mt of oil accumulated on the eastern shore of Shadwan Island, covering
the whole eastern shoreline of the island about 17 kilometers from 33°55'26.39"E
27°31'40.06"N to 34° 2'23.23"E 27°27'27.37"N. After 108 hours, the simulation duration, a
substantial quantity of oil, about 276 mt, was still floating in the sea and flowing toward south

Hurghada city at the western shore of the Red Sea.



Figure 3.4 Scenario #1 trajectory modeling, the green arrows represent the wind direction, and the
big blue dot represents the spill location.

Weathering processes (evaporation, natural dispersion, and emulsification) occur at
varying rates following oil spills. The evaporation process began shortly after the oil was
spilled into the water. Around 54 mt (5.4%) of oil evaporated in the first hour, and the
evaporation rate continued to increase until approximately 277 mt (27.7%) after 108 h. Natural
dispersion, on the other hand, began six hours after the spilling incident and reached 12.6 mt
at the end of the scenario (Figure 3.5) (Table 3-2). As shown in Figure 3.6, in the first hour
of the oil spill into the sea, the emulsion's water content increased rapidly and reached 90%
after two days. This proportion persisted until the end of the simulation. The surface volume,
including the emulsion, decreased during the first six hours from 1000 metric tons to less than
800 metric tons; after that, it increased until it reached more than 1350 metric tons on February

13, and then it began to decrease again until approximately 425 metric tons after 108 h.
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Table 3-2 Scenario #1 Oil spill behavior and fate results with time (metric tons)

Time Evaporated dispersion Beached Floating
(hours)

1 54.3 0 0 946
2 168 0.01 0 832
3 222 0.03 0 778
4 240 0.11 0 760
5 243 0.3 0 756
6 246 0.68 0 754
9 251 3.9 0 745
12 255 8.75 0 736
15 257 11.3 0 731
18 258 12 0 729
21 260 12.3 0 728
24 261 124 0 726
30 262 12.6 0 724
36 264 12.6 0 723
42 265 12.6 0.72 721
48 266 12.6 0 721
60 268 12.6 0 719
72 271 12.6 16.5 699
84 274 12.6 431 282
96 275 12.6 461 251

108 277 12.6 434 276
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Figure 3.6 Emulsification rate of Scenario #1
3.3.2. Scenario #2 trajectory and weathering

Wind and marine current data for August 2021were used in Scenario #2. The oil type,

amount, and source are the same as in Scenario #1. The scenario began at 12:00 pm on August
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09, 2021, and lasted 108 hours until 12:00 am on August 14, 2021. The floating oil initially
drifted in the South-Southwest SSW direction, and about three metric tons reached Ashrafi
Island (33°41'58.61"E 27°46'19.62"N), 6 kilometers from the initial spill location in 21 hours
at 9:00 pm. After that, the oil particles drifted southward and accumulated on The Small Gubal,
Geisum, and Tawila islands (Figure 3.7). In the next 87 hours until the end of the simulation,
about 610 metric tons of oil flowed onto these islands. At the end of the simulation, around 96
metric tons of oil remained afloat in a south-southwesterly trajectory, moving toward Giftun

Island and the beaches of Hurghada.

Figure 3.7 Scenario #2 trajectory modeling, the green arrows represent the wind direction, and the
big blue dot represents the spill location.

As shown in Table 3-3, evaporation began immediately after the oil was spilled into the
seawater. In the first hour of the spill, almost 100 mt (10%) of oil evaporated, and this rate
doubled in the second hour. After that, the evaporation rate gradually increased until it reached
280 mt (28%) at 12:00 am on August 14, 2021. On the contrary, the natural dispersion rate
was slow, starting with the first hour of the spill occurrence and reaching around 12.9 mt at

the end of the simulation. Figure 3.9 shows the emulsification rate during 10-24 August 2021.
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It was observed that, in the first hour of the oil spill into the sea, the emulsion's water content
increased gradually and reached 90% after 36 h, and this proportion persisted until the end of
the simulation. The surface volume, including the emulsion, grew to more than 1300 on
February 13, then decreased again until approximately 225 at the end of the scenario.

Table 3-3 Scenario #2 Oil spill behavior and fate results with time (metric tons)

Time Evaporated dispersion Beached Floating
(hours)
1 101 0.36 0 899
2 222 2.09 0 776
3 242 3.58 0 755
4 245 4.97 0 750
5 248 6.27 0 746
6 250 7.47 0 742
9 255 10.3 0 735
12 258 12 0 729
15 260 12.6 0 726
18 262 12.7 0 725
21 264 12.8 2.89 720
24 265 12.8 52 670
30 267 12.8 212 507
36 269 12.8 401 317
42 270 12.9 578 139
48 270 12.9 618 98.3
60 272 12.9 643 71.4
72 274 12.9 596 117
84 276 12.9 623 87.4
96 278 12.9 613 96.1

108 280 12.9 610 96.5
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Figure 3.9 Emulsification rate of Scenario #2

3.4. Discussion

Oil spills into the seawater may have catastrophic effects on the marine ecosystem. It
may take decades for the ecosystem to recover, and it will never be able to return to its original
condition [223]. Globally, oil spill models have been used extensively to predict the fate and
transport of oil spills. The results can serve as the foundation for assessing the environmental,
economic, and health implications [224]. This study aims to identify the probable sites an oil

spill would impact by simulating two scenarios resulting from a tanker accident off Hurghada.
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The GNOME model's trajectory maps revealed that the oil spilled in Scenario #2 traveled
in a southwesterly direction and took 21 hours to reach Ashrafi Island and after that to Small
Gubal, Geisum, and Tawila islands, which is half the time it took in Scenario #1 moving in a
southeast direction to reach the Small Gubal Island and then to Shadwan Island. This result
may be explained by the fact that the prevailing wind direction in Scenario #2, which occurred
in August, was northeast (NE), pushing oil toward Ashrafi Island. In contrast, the first scenario
occurred in August; hence the predominant northwest winds (NW) this month caused the oil
leak to move toward Small Gubal Island. Therefore, the wind speed and direction greatly
influence the direction of the spilled oil in the region. This explanation is compatible with
Eladawy et al. [193] data, which indicate that the predominant wind in the Gulf of Suez is the
NW surface wind during winter, and according to Hussein [61], the other dominant wind in
summer is the Northeast wind (NE).

The trajectory maps of the oil spilled in both scenarios show the movement of oil in
general in the southern direction, which is the same direction as the movement of the sea
currents in the Gulf of Suez [225]. Therefore, the winds and ocean currents affected the oil's
trajectory. Numerous global studies have shown that wind and sea currents significantly affect
the movement and direction of oil spilled into the marine environment [10,156,158,226,227].
The results highlight that, although the two scenarios were at different times (February and
August), the spilled oil threatened the islands at the entrance of the Gulf of Suez. These islands
are of enormous economic and strategic significance and have been declared a protected area
by Egypt's Ministry of the Environment by Law 102/1983. (nature conservation sector) [228].
Therefore, this study warns that future leaks will harm these islands.

Immediately following an oil spill, weathering processes change the spilled oil into new
compounds with distinct physical and chemical properties. The first process of oil weathering
that happens is evaporation. During this process, most of the oil's volatile parts are removed
within hours of a spill [16,74]. In this study, the results show that in the initial hours of the
simulation, the percentage of evaporated oil in Scenario #2 was twice as high as in Scenario
#1 because Scenario #2 occurred in August, and the temperature was higher than in February

for Scenario #1. According to Omar et al. [65], high temperature tends to increase the
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evaporation rate and the proportion of oil lost. Although the evaporation rate was expected to
be significantly higher in Scenario #2 (August) than in Scenario #1 (February), at the end of
the simulation, the percentage of oil evaporated in both scenarios was close (27.7% and 28%).
It may be because the quantity of the oil that reached the islands in Scenario #2 was large (610
mt), and only a minimal amount of oil remained floating (96 mt) exposed to evaporation. While
in Scenario #1, a large amount of oil remained floating in the water (276 mt) and was prone to
evaporation. This explanation is compatible with Toz et al. [177] who concluded that the
behavior of the oil spilt into seawater depends upon many factors, one of them is whether the
oil remains at sea or is washed ashore.

Natural dispersion is the breakup of oil slicks by waves, currents, and wind energy, into
microscopic, neutrally buoyant droplets and the distribution of these through the water column
[105]. The results reveal that, although Scenario #1's natural dispersion process began after
six hours of simulation, while Scenario #2's started in the first hour, the natural dispersion rate
was low for both scenarios. Furthermore, the naturally dispersed oil quantity was 13 mt (1.3%)
at the end of the simulation in both cases. These results are less than those of Nasr and Smith
[62], who found that the rate of natural dispersion of the same oil was 8%. This divergence is
due to their employment of a different mathematical model (SL Ross model).

Emulsification is a process that forms a liquid, known as an emulsion, containing tiny
droplets of fat or oil suspended in a fluid, usually water [229,230]. The results demonstrated
that in both scenarios, the percentage of water in the emulsion rose as soon as the oil entered
the water within the first hour of the spill, reaching 90% by the end of the simulation.
Furthermore, the surface volume, including the emulsion, increased with time until the
beaching process started and decreased after the oil reached the shore. By the end of the
simulation, the surface, including the emulsion, was twice as large in Scenario #1 as in
Scenario #2 since the quantity of oil floating in Scenario #1 was more than in Scenario #2.
The emulsification process increases the viscosity of the slick and its volume, making it
difficult to remove, and induces the formation of mousse and tar balls, thus making cleaning

difficult [223,231]. Therefore, The results of weathering processes for oil spills in the marine
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environment are essential for response team members to establish the optimal method for oil

removal and mitigation [7,66,232].

3.5. Summary

The GNOME and ADIOS2 models were utilized to simulate two potential oil spill
scenarios in February and August 2021 due to a tanker incident in the Gubal Strait,
approximately 50 km northern of Hurghada, to determine the probably affected regions,
estimate when the oil would reach the shoreline, and compute the oil's weathering processes
(evaporation, natural dispersion, and emulsification). The results highlighted that wind and
sea currents significantly affect the movement and direction of oil spilled into the marine
environment. The oil spill in Scenario #2 (August) moved southwesterly under the influence
of northeast NE winds and arrived after 21 hours at Ashrafi Island and then at Jubal, Geisum,
and Tawila Islands. While in Scenario #1 (February), the oil moved in the southeast direction
under the influence of northwest NW winds, and it took 42 hours to reach Small Jubal Island
and then Shadwan Island. Therefore, any oil seepage in this region, the northern Red Sea
islands, which are of enormous strategic and economic importance, would be the most
susceptible to contamination.

The results of modeling the spilled oil weathering processes show that about 27% of the
Arabian Light oil had evaporated, and the natural dispersion rate was modest, about 1.3% in
both scenarios at the end of the simulation. Furthermore, the amount of water in the emulsion
rose as soon as the oil was introduced to the water, reaching 90% after 108 h. As a result, the
oil's surface volume, including emulsion, grew until beaching began, then declined. This
study's findings can serve as a reference for establishing an effective emergency plan to
mitigate the impacts of future oil spill incidents in the strait of Gubal. The limitation of this
study is that the current model version lacks a module for anticipating the slick's breakup
owing to waves that may influence its lateral movement. However, the predicted overall
trajectory of the leak should be sufficient to deploy emergency reaction measures immediately.
Consequently, more research using various spill models should be done to compare the oil

trajectories after a spill incident off Hurghada.
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Chapter 4. Simulation of oil spill movement and fate off Ain Sukhna port

4.1. Research region

Ain Sukhna port is situated in Ain Sukhna city, a region of the Suez Governorate of
Egypt. A major international gateway port for Egypt, the Persian Gulf, and Asia, Ain Sukhna
Port is located on the western coast of the Gulf of Suez, 43 km south of the city of Suez (Figure
4.1). Covering an area of 22.3 km?, it has a depth of 18 m. Due to abundant surrounding land,
the port is fast becoming a major industrial hub serving international and domestic markets
[233]. Ain Sukhna port can accommodate tankers up to 500,000 Deadweight tonnage (DWT)
and handles over 80% of the oil exported from the Arabian Gulf to Europe, subsequently
pumped from the storage tanks via a pair of 42-inch pipelines connecting the GOS to the
Mediterranean [61]. The area with the highest risk of tanker accidents is the traffic intersection

offshore the Sumed oil pipeline terminal near Ain Sukhna port.
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Figure 4.1 Gulf of Suez map showing the hypothetical oil spill location as a big red dot off Ain
Sukhna port
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4.2. Model formulation and assumptions

We considered a hypothetical oil spill caused by a tanker accident about 5 kilometers
from the Ain Sukhna port, as shown in Figure 4.1. One thousand metric tons of Arabian light
crude oil is estimated to have spilled on 10.02.2020 and 08.07.2020 at 12.00 am. The GNOME
and ADIOS2 models are used to simulate the trajectory and behavior of the spill. As previously
stated, the GNOME and ADIOS2 input data sets contain coastline data, wind data, sea currents
data, oil spill location, oil type, oil amount, and seawater temperature. Coastline data was
extracted from the GSHHS database by the GOODS server. Wind data was downloaded from
the ECMWEF Reanalysis ERAS5, while sea currents data was from the GLO-CPL model. Wind
data for the study area from 2015 to 2020 is shown in Figure 4.2. The wind is shown to move

mostly in SW-SE directions. The maximum wind speed over the stated period reached 12 m/s.
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Figure 4.2 Wind rose diagram in the study area from 2015 to 2020

The temperature of seawater reported in previous studies is 18.7 °C in winter and 29.75
°C in summer [234]. The simulation period was 72 h at a step of 0.25 h. The models provide
georeferenced trajectory output that can be used as an input to Geographic Information System

(GIS) tools [47]. The along-current uncertainty and cross-current uncertainty values for the



70

sea currents data were adjusted to 10% to accommodate probable currents value uncertainties.
According to Zelenke et al. [23], along-current uncertainty is the uncertainty in the forward
and backward currents values. In contrast, cross-current uncertainty refers to the left and right
direction uncertainty. The spill parameters provided for this study case are depicted in Table
4-1.

Table 4-1 Oil spill parameters of Case study 2

Variables Values

Spill location 29.618 N -32.415 E

Oil released 1000 metric tons (mt.)
Release type Instantaneous

Oil type Arabian light crude oil
Start time Scenario #1: 07-02-2020 /12 PM

Scenario #2: 09-07-2020 /12 PM
Scenario 1: 18.7 °C

Seawater temperature Scenario 2:  29.75 °C

Duration 72 h

Timestep 0.25h

Number of oil particles 1000

Along-current uncertainty 10%

Cross-current uncertainty 10%
4.3. Results

4.3.1. Scenario #1 trajectory and weathering

Wind and sea current data from February 2020 were used for Scenario #1. The model
simulation started at 12 pm on August 7", 2020, and the run duration was 72 h. A tanker
accident is thought to have leaked 1,000 metric tons of Arabian crude oil at the spill site. The
spill is represented in terms of points, which are either black or red. The black dots represent
the best-guess solution, supposing that input parameters are without uncertainties. In contrast,
the red dots reflect a minimum regret solution that accounts for wind and wave uncertainty.

The results of the GNOME model are displayed in Figure 4.3, as maps for every 12 h.

As the simulation started, oil particles drifted in a southeast direction (SE), parallel to the west
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coast of the GOS. After 42 hours, at 6:00 pm, on February 9", 2020, the oil beached at Ras
Abu Darag, 22.7 km from the spill location. Approximately 29.7 mt of the spilled oil settled
on the shoreline over the next 18 hours, covering approximately 14.2 km of the western
shoreline (32°29'58.40"E 29°25'45.86"N to 32°35'38.68"E 29°20'27.67"N). At the same time,
the rest of the oil (709 mt.) floated southeastward until the simulation ended.

Weathering processes occur following oil spills at varying rates (Table 4-2). In this
scenario, the evaporation rate rose with time, reaching 25.4% (254 mt) after three days of
spilling (Figure 4.5). Emulsion water content followed the same evaporation pattern and
reached approximately 90% at the end of the simulation (Figure 4.6). In contrast, the rate of
natural dispersion was gradual, began after an hour of the spill, and reached 0.7% after 72

hours (Figure 4.7).

1R DN [ SYSONE

Figure 4.3 Oil-spill trajectory maps for Scenario #1, the long red arrows represent wind speed and
direction, and the short yellow arrows represent surface current.
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Table 4-2 Scenario #1 Oil spill behavior and fate results with time (metric tons)

Time (hours) Evaporated Natural dispersion  Beached Floating

1 88.4 1.19 0 910
2 153 2.69 0 844
3 191 3.6 0 805
4 212 4.19 0 783
5 224 4.6 0 771
6 231 4.89 0 764
9 239 5.4 0 755
12 242 5.61 0 752
15 244 5.76 0 751
18 245 5.99 0 749
21 246 6.34 0 747
24 247 6.75 0 746
30 249 7 0 744
36 249 7.01 0 743
42 250 7.01 4.46 738
48 251 7.01 24.5 717
60 253 7.02 46 694
72 254 7.02 29.7 709

4.3.2. Scenario #2

July 2020 wind and sea currents data were used for Scenario 2. The source of the spill,

type of oil, and amount are kept similar to Scenario #1. The start time of the model was set at
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12 pm on July 9" and continued for three consecutive days. As shown in Figure 4.4, the spill
moved southwest (SW) towards the western shores of the GOS. The oil particles took 21 hours
to reach the beach at around 09:00 pm and traveled a distance of 10.5 km from the spill
location. As show in Table 4-3, the oil spill behavior and fate results with time. At the end of
the simulation, about 705 mt of oil particles had accumulated along the western shore. The
whole oil is beached with no floating oil in the water, spanning a distance of ten kilometers
from 32°23'32.71"E 29°31'11.17"N to 32°28'44.56"E 29°26'52.81"N. The evaporation process
started immediately after the oil leak, and within 72 hours, around 28.6% (268 mt) of the total
oil spill had evaporated (Figure 4.5). As the oil drifted, the emulsion water content reached
approximately 76.4% (Figure 4.6). The natural dispersion process began after 3 hours and was
0.8% (8.2 mt) at the simulation's end (Figure 4.7).
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Figure 4.4 Oil-spill trajectory maps for Scenario #2, the long red arrows represent wind speed and
direction, and the short yellow arrows represent surface current.
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Table 4-3 Scenario #2 Oil spill behavior and fate results with time (metric tons)

Time (hours) Evaporated Natural dispersion  Beached Floating

1 81.8 0.03 0 918
2 200 0.21 0 800
3 236 0.42 0 764
4 244 0.7 0 756
5 247 1.06 0 752
6 249 1.52 0 749
9 256 3.06 0 741
12 261 4.25 0 735
15 266 5.45 0 729
18 270 6.77 0 723
21 273 7.54 2.16 717
24 275 7.7 13.6 703
30 280 7.86 182 530
36 282 8.02 527 183
42 283 8.08 679 29.3
48 284 8.09 690 18.3
60 285 8.14 673 33.6
72 286 8.2 705 0
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4.4, Discussion

This study simulates two possible oil leak scenarios induced by a tanker accident off the
Ain Sukhna port on the western coast of the GOS. First, a GNOME trajectory model has been
used to predict the oil slick's movement and the time to reach the beach. Additionally, the
Automated Data Inquiry for Oil Spills (ADIOS2) has been used to determine how the oil
breaks down naturally (through evaporation, emulsification, and spreading) as it moves.

The simulation maps show that in Scenario #2, oil particles traveled a short distance to
the southwest and reached the beach in 21 hours. While in Scenario #1, oil particles traveled
a long distance to the southeast before reaching the shoreline 42 hours later. A possible
explanation for this might be that in Scenario #2, which occurred in July, the predominant
wind is northeast (NE), pushing oil directly to the shore. On the contrary, Scenario #2 was in
February, and the prevailing wind direction was north-west (NW), forcing the oil to move
southeast parallel to the coast for a while before reaching it. This explanation is in line with
the observations of Hussein [61], who demonstrated that the predominant wind in the northern
portion of the GOS is the NW surface wind, which accounts for approximately 45 percent of
the frequency. The other prominent wind is the NE, with monthly frequencies ranging from
28 to 1 percent. The current findings are consistent with Omar et al. [65], who simulated some
expected oil spill scenarios from an oil drilling rig in the Gulf of Suez using the Canadian SL-
Ross predictive mathematical oil spill model. When the prevailing wind was NW, all oil leak
trajectories flowed toward the southeast and south-southeast. Therefore, if there is an oil leak
off the coast of Ain Sukhna port and the wind is NE, response teams will have a limited time
to manage the spill since these winds accelerate the movement of the oil to the western coast
of the GOS.

Another possible explanation for the southward movement of the spilled oil in both
scenarios is that it was affected by the prevailing southward direction of the sea currents. Frihy
et al. [225] reported that sea currents in the GOS generally flow southward. Furthermore, Nasr
and Smith [62] simulated a hypothetical spill at a point in the shipping lane in the Gulf of Suez

and concluded that sea currents dictate the slick trajectory. The results highlight that in the
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case of an oil leak from a source opposite the port of Ain Sukhna on the western side of the
Gulf of Suez, the region south of Sukna port would be the most vulnerable to contamination.
This area has various tourist resorts as well as coral reefs. Any subsequent leaks will
significantly impact these resorts and the marine environment.

Following the oil spill, weathering processes occur at varying rates. Evaporation is the
first weathering process that occurs after an oil spill. During this process, most volatile
components of crude oil are removed within hours following the spill, which significantly
impacts the density and viscosity of the oil slick [19]. As a result, determining the rate of
evaporation is critical. The results show that significant amounts of oil were lost due to
evaporation in both scenarios, which can be attributed to the fact that the Arabian Light crude
has a higher percentage of light and soluble fractions than other types of oil [62]. Also, in July
(Scenario #2), evaporation rates were more significant than in February (Scenario #1); this
may be due to the high summer temperatures. These results are compatible with those of Fingas
[143], who also reported that the rate of evaporation of spilled oil in the marine environment
Increases as temperature rises.

Emulsification is the process of incorporating water into the oil [19]. The negative impact
of emulsification is an increase in the slick volume, which significantly raises the expense of
cleaning. Consequently, emulsification is a process that plays a significant role in oil spill
modeling [1]. In this study, the results demonstrated that in contrast to the evaporation rate,
the emulsification rate of Scenario 1 was higher than that of Scenario #2. It might be because
scenario #1 was in the winter when the turbulence at the water's surface was at its peak. These
results support the findings of Bozkurtoglu [235], who suggested that turbulence at the sea
surface promotes emulsion. In both scenarios, it was shown that the evaporation and
emulsification rates were very high.

Natural dispersion occurs when oil is broken up into little particles by the action of waves
[41]. This process directly affects the increase in surface area, which accelerates
biodegradation processes [52,236]. Surprisingly, the natural dispersion of the spilled oil was
modest in both scenarios (0.7% and 0.8%). This finding contradicts those of Nasr and Smith

[62], who modeled the natural dispersion of the same oil type by the SL Ross model and found
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that about 8% of the oil dispersed after 10 h. This discrepancy may be due to their different
oil spill model usage. The primary processes for removing oil from seawater are evaporation
and natural dispersion, whereas emulsification causes its persistence and a rise in pollutant
concentration [66,232]. Therefore, these results about the behavior of oil after a spill are

crucial for spill responders.

4.5. Summary

We simulated a thousand metric tons of Arabian light crude oil spilled into seawater on
a shipping route around 5 kilometers from the Ain Sukhna port in 2020. GNOME and ADIOS2
models were used to simulate two scenarios in order to predict the affected areas, calculate
when the oil would reach the shoreline, and compute the weathering processes of the spilled
oil (evaporation, emulsification, and dispersion). The study found that the direction of the
wind and sea currents play an essential role in determining the spill trajectory movement. In
Scenario #1, about 46 metric tons of oil spilled reached Ras Abu Darag, approximately 22.7
km away from the spill location, covering nearly 14.2 km of the western shoreline of the Gulf
of Suez. While in Scenario #2, the spill moved to the southwest (SW), and after 21 hours,
roughly 705 mt of oil particles covered a distance of 10 km along the western coast,
approximately 10.5 km from the spill location. In Scenario #2, the oil reaches the shore faster
due to the influence of northeasterly winds. Therefore, if there is an oil leak off the coast of
Ain Sukhna port and the dominant wind is NE, response teams will have a limited time to
manage the spill. The results also demonstrate that the region south of Sukna port, which has
many tourist resorts and various coral reefs, would be the most vulnerable to contamination.
According to the ADIOS2 results, the rate of evaporation and emulsification was high, while
the natural dispersion was modest in both scenarios. The findings reveal that the behavior of
the spilled oil is influenced by the oil type and the environmental conditions (temperature and
sea turbulence). The current study findings on oil spill behavior and trajectory maps may help
organizations involved in response operations and decision-makers construct more effective

contingency plans.
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Chapter 5. Modeling the path and behavior of oil spill at the southern entrance of the Suez
Canal

5.1. Research region

The Suez Canal is an artificial waterway of 193 km running from Port Said north to the
Gulf of Suez south, thus connecting the Mediterranean and the Red Seas (Figure 5.1). It is
one of the most vital and heavily used waterways globally; navigation started on the 17th of
November, 1869 [196].
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Figure 5.1 Suez gulf showing the hypothetical oil spill source as a big red dot off the southern
entrance of the Suez Canal and Zaytyat Port.
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According to the Suez Canal Authority [237], the canal accounts for around 10% of
worldwide marine traffic and provides Egypt with much-needed foreign cash. On the 5th of
August, 2014, Egyptian President Abdel Fattah EI-Sisi declared the start of Egypt's new Suez
Canal project. Consequently, canal traffic increased from 18,830 vessels in 2020 to 20,694 in
2021, or more than 56 per day [195]. Thus, the possibility of oil spill accidents in Egyptian
water has increased due to the shipping traffic that passes through the Suez Canal to the
Mediterranean Sea, which might obstruct the maritime route and harm the marine ecosystem
[196]. Figure 5.2 shows marine traffic density in the Gulf of Suez and Suez Canal for all ship
types in 2021 [201]. According to Kostianaia et al. [196], the Suez Canal has already seen
many oil spill incidents. As a result of oil tanker accidents, about 4,000 tons of crude oil leaked
in 2004, and 9,000 tons were spilled in 2006 [61].

The Suez Bay, which represents the south entrance of the Suez Canal, is a shallow
extension of the Gulf of Suez, roughly twisted in shape, with its central axis in the NE-SW
direction [238]. Therefore, the Bay is always congested with cargos and tankers awaiting
transit through the canal to the Mediterranean, which may result in oil leak accidents. Another
factor contributing to the probability of an oil spill in the region is the Zytyat port. The Port is
one of Egypt's oldest and largest specialty ports. It is utilized by Suez oil corporations to accept
oil tankers laden with petroleum and gas from the Red Sea and South Sinai Governorate [239].
Despite the high shipping activities and the potential of being exposed to oil spills in Egypt's
waters, there is no existing reference for predicting oil spill movement in the area under

investigation (the Suez Canal's southern entrance), making this the first research of its sort.



Figure 5.2 Heavy traffic at the Gulf of Suez and Suez Canal, source marine traffic [201]

5.2. Model formulation and assumptions

A hypothetical oil spill caused by a tanker accident in the Suez Bay at the southern
entrance of the Suez Canal is considered for the present case. This possible oil spill source is
in the shipping lane about 2 kilometers from the shoreline (Figure 5.1). One thousand metric
tons of Arabian light crude oil is assumed to have spilled on the 10th of February 2021 at
12.00 am. The GNOME and ADIOS2 models were used to simulate the trajectory and behavior
of the spill. As previously mentioned, the GNOME and ADIOS2 input data sets contain
coastline data, wind data, sea currents data, oil spill location, oil type, oil amount, and seawater
temperature. This study's spill scenarios comprise both actual and hypothetical environmental
parameters. The actual wind data was downloaded from the ECMWF Reanalysis ERA5, while
the sea currents data was from Copernicus. The wind speed is assumed to be constant at 4 m/s,
which is the average scalar speed for February in Suez, and the wind direction is manipulated
to represent the three predominant wind directions: the NW, accounting for 22.4% of the
frequency; the N (17.3%); and the NE (7.0%) [61]. Seawater temperature was extracted from
previous studies, where the average seawater temperature in winter is 18.7 °C [234]. Coastline
data was obtained from the GSHHS database by the GOODS server. The simulation period
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was 72 h at a step of 0.25 h. The along-current and cross-current uncertainty values for the sea
currents data were adjusted to 10% to accommodate probable currents value uncertainties.
Four different scenario settings are presented in Table 5-1.

Table 5-1 GNOME model scenarios with various parameters

Scenario Spill location Volume of spill  Seawater Wave speed and
current direction

Late: 29.9214 N
Scenariol | ong:32.5493E 1000 metric tons Variable Variable

Late: 29.9214 N
Scenario 2 | ong: 32.5493 E 1000 metric tons Variable 4 m/s from NW

Late: 29.9214 N
Scenario 3 | ong: 32.5493 E 1000 metric tons Variable 4 m/s from N

] Late: 29.9214 N . )
Scenario 4 Long: 32.5493 E 1000 metric tons Variable 4 m/s from NNE

5.3. Results

5.3.1. Scenario #1 trajectory and weathering

Variable wind and sea current data are used for Scenario #1. The simulation for the model
started at 12:00 am on the 10th of February 2021. The results of Scenario #1 from the GNOME
model are displayed in Figure 5.3 as maps every six hours. As the simulation started, oil
particles drifted in a southeast direction SE. Three hours after the simulation's beginning at 3
am, about 0.84% (177 metric tons) of the oil started reaching the southern entrance of the Suez
Canal and continued to accumulate on the eastern side of the Gulf of Suez. After 72 hours,
approximately 37.2% of the oil had covered about 34 kilometers of the east coast of the Gulf
of Suez from (29°56'17.50"N 32°33'14.24"E to 29°42'29.57"N 32°41'20.83"E) for both black
dots (best guess) and red dots (minimum regret solution). At the same time, approximately
35.9% (359 mt) of the oil traveled 30 km from the spill source and remained floating. The
evaporation and emulsification processes started immediately after the oil spill. Within 72
hours, around 26% (260 mt) of the total oil spill had evaporated, and the emulsion water

content reached approximately 84.8% (Figure 5.4) (Table 5-2).
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Figure 5.3 Oil particle position for Scenario #1 (variable wind and sea currents speed and
direction). The black dots represent BGS, and the red dot presents MRS). The spill source is
shown as the big blue dot.
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Figure 5.4 The spilled oil's evaporation, beaching, floating, and emulsification during the
simulation period of Scenario #1.
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Table 5-2 Scenario #1 Oil spill behavior and fate results with time (metric tons)

Time

(hours) Evaporated Beached Floating Emulsification
1 72.2 0 928 2.7
2 121 0 879 11.7
3 177 0.84 822 28.0
4 213 7.28 780 53.7
5 230 18.2 752 90.0
6 237 25.8 737 136.5
9 242 68.2 688 275.5
12 244 71.8 681 402.5
15 246 63.3 686 516.3
18 248 56.4 691 605.4
21 249 50.3 695 661.8
24 250 47.2 697 689.5
30 252 54.3 688 720.6
36 254 133 607 745.4
42 255 280 458 770.5
48 256 358 379 793.0
60 259 397 338 828.3
72 260 374 359 848.1

5.3.2. Scenario #2 trajectory and weathering

Scenario #2 is simulated with a constant wind speed of 4 m/s from the NW direction and
variable sea current. The model is set off on 10.2.2021 at 12:00 am. Here we saw the slick
starts to move ESE direction with the best guess and minimum regret coverage area (Figure
5.5). In this scenario, beaching started after two hours at 2 am; nearly less than one metric ton
of oil was found to be beached along the southern entrance of the Suez Canal. At the end of
the simulation, approximately 70.5% of the whole oil was beached along the eastern shoreline
of the Gulf of Suez, south of the Suez Canal. In this case, Black dots covered about 16.5 km
(29°55'46.04"N 32°33'36.28"E to 29°48'56.49"N 32°35'52.46"E), While Red dots affect more
than 38 km (29°56'17.43"N 32°33'27.54"E to 29°39'33.62"N 32°39'45.01"E). After 72 hours,
the evaporation rate was about 25.2%, and the emulsification amount was 73.3% (Figure 5.6)
(Table 5-3).
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Figure 5.5 Oil particle position for Scenario #2 (constant wind speed 4 m/s from NW direction).
The black dots represent BGS, and the red dot presents MRS). The spill source is shown as the big
blue dot.
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Figure 5.6 The spilled oil's evaporation, beaching, floating, and emulsification during the
simulation period of Scenario #2.
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Table 5-3 Scenario #2 Oil spill behavior and fate results with time (metric tons)

Time Evaporated Beached Floating Emulsification
(hours)

1 98.9 0 901 80.2

2 154 0.87 844 169.0
3 192 3.31 803 242.0
4 214 12.1 772 303.3
5 226 17.6 754 355.3
6 233 21.3 743 399.7
9 240 36.4 720 502.4
12 242 66.5 687 575.0
15 243 98.6 653 627.4
18 244 116 635 669.3
21 245 140 610 701.4
24 246 205 544 727.6
30 247 437 310 759.6
36 248 641 105 761.3
42 249 693 52 707.5
48 250 693 51.8 718.0
60 251 692 50.8 723.6
72 252 705 35.9 733.2

5.3.3. Scenario #3 trajectory and weathering

In Scenario #3, the simulation is run with a constant wind speed 4 m/s from the N
direction. As the simulation started at 12 am, the spill moved in the south direction with black
(best guess solution, BGS) and Red (minimum regret solution, MRS) dots (Figure 5.7). After
9 hours, a minor amount of 0.1% of oil reached the eastern and western beaches of the Gulf of
Suez. While at the end of the simulation, the majority of the oil, around 73.8 percent, stayed
floating in the center of the Gulf waters and continued travel in the south direction. After 72
hours, the amount of oil lost due to evaporation reached 25.6%, and the emulsion water content
reached approximately 76.4% (Figure 5.8) (Table 5-4).
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Figure 5.7 Oil particle position for Scenario #3 (constant wind speed 4 m/s from N direction).
The black dots represent BGS, and the red dot presents MRS). The spill source is shown as the big
blue dot.
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Figure 5.8 The spilled oil's evaporation, beaching, floating, and emulsification during the
simulation period of Scenario #3.



88

Table 5-4 Scenario #3 Oil spill behavior and fate results with time (metric tons)

Time (hours) Evaporated Beached Floating Emulsification
1 98.9 0 901 80.2
2 154 0 845 169.0
3 192 0 807 242.1
4 214 0 784 303.3
5 227 0 771 355.3
6 233 0 764 400.0
9 241 0.76 755 503.1
12 243 151 751 575.7
15 244 151 750 629.7
18 245 2.26 748 671.3
21 246 2.26 746 704.4
24 247 1.5 746 731.1
30 248 0.75 745 772.3
36 250 0.75 744 802.4

42 251 0.75 742 825.4
48 252 0.75 741 843.4
60 254 0.75 739 869.9
72 256 0 738 888.3

5.3.4. Scenario #4 trajectory and weathering

The fourth scenario is simulated with a constant wind speed of 4 m/s from the north-east
NE (Figure 5.9). As the simulation begins at 12 am, the oil slick starts moving in the southwest
direction toward the western coast of the Gulf of Suez. Immediately after 2 hours at 2 am,
approximately 1.4% (140 mt) starts beached to the Green Island, about 2 km from the spill
location. After 18 h at 6 pm, the slick traveled about 9 km and reached the western coast of
the Gulf of Suez at Al-Adabiya port. After 72 hours, approximately 60.3% of all spilled oil
accumulated on the Green Island and covered about 40 km of the western coast of the Gulf of
Suez from 29°54'31.20" N 32°27'43.70" E t0 29°39'11.66" N 32°21'54.20" E for black and red
dots. At the same time, approximately 13.7% remained in the water and continued floating.

As shown in Figure 5.10 and Table 5-5, the amount of oil lost due to evaporation was about
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25.3% (253 mt), and the emulsion water content reached approximately 80.1% at the end of
the simulation.
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Figure 5.9 Oil particle position for Scenario 4 (constant wind speed 4 m/s from NE direction).
The black dots represent BGS, and the red dot presents MRS). The spill source is shown as the big
blue dot.
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Figure 5.10 The spilled oil's evaporation, beaching, floating, and emulsification during the
simulation period of Scenario #4.
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Table 5-5 Scenario #4 Oil spill behavior and fate results with time (metric tons)

Time (hours) Evaporated Beached Floating Emulsification
1 98.9 0 901 80.2
2 154 13.8 831 169.0
3 190 72.6 736 242.0
4 210 122 666 302.4
5 221 153 624 354.1
6 226 170 601 397.6
9 233 162 602 496.0
12 235 147 613 565.3
15 237 166 593 618.6
18 239 258 498 653.8

21 240 402 352 676.1
24 242 497 256 684.0
30 243 598 153 700.4
36 245 611 138 722.2
42 246 625 122 727.1
48 248 621 124 736.8
60 251 614 129 777.3
72 253 603 137 801.2

5.4. Discussion

This study simulates four possible oil spill scenarios that may be induced by a vessel
accident at the southern entrance of the Suez Canal. Hence, the GNOME trajectory model
simulated the oil spill's movement and time to reach the beach. In addition, the Automated
Data Inquiry for Oil Spills (ADIOS2) has been utilized to identify how the oil breaks down
naturally as it propagates (through evaporation and emulsification).

The trajectory maps in this study show that wind speed and direction significantly
affected the movement of spilled oil in all four scenarios. These results are in line with those
of previous studies. Numerous prior studies have indicated that wind speed and direction
during and after an oil spill significantly affect the oil's mobility in the marine environment

[240-243]. Another potential cause for the flow of the spilled oil in the south direction in all
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scenarios is that it may be influenced by the predominant southerly movement of the sea
currents. According to Frihy [225], sea currents in the Gulf of Suez mainly move southward.

The results show that the spilled oil moved southeast in scenarios 1 and 2. Although in
Scenario #1, we used actual wind data for February extracted from the ECMWF reanalysis
ERAS5 model, in the second scenario, we utilized a constant wind speed of 4 meters per second
and a constant direction from the north-west. This is because the north-west wind
predominates in this area throughout February and forces the oil to move in the southeast
direction. The north-west wind regime accounts for about 24% of the frequency of February
in the northern part of the Gulf of Suez [244]. The current findings are consistent with Hussein
[61], who used the GNOME oil spill model to simulate several anticipated oil spill scenarios
under the influence of various wind regimes in the northern portion of the Gulf of Suez. She
found that when the predominant wind is from the north-west direction, all oil spill trajectories
flow in the southeast direction toward the eastern shoreline of the Gulf. In this study, the
spilled oil in both scenario #1,2 reached the navigation lane of the Suez Canal within two to
three hours. Also, approximately 30 to 38 kilometers of beaches south of the Suez Canal were
threatened by oil contamination. Thus, in the case of an oil spill from a source at the southern
entrance of the Suez Canal, the navigation lane via the Suez Canal and the area south of the
Suez Canal would be the most vulnerable to contamination. This area has various crucial
projects, such as the Ayoun Mousse power plant and several tourist resorts. Therefore, oil spill
response personnel in the region must constantly be on alert.

In the case of the third scenario, the prevailing winds were from the north, the spill headed
south, and almost three-quarters of all spilled oil continued to float in the water for 72 hours
till the end of the simulation period. Therefore, the response teams could have enough time to
choose the appropriate method to mitigate the effect of this spilled oil before it contaminates
the coastline. Continuing with the fourth scenario, we assumed that the NE wind was
dominant. In this scenario, the spilled oil moved southwesterly to the west coast of the Gulf
of Suez. The movement direction of the oil in this scenario is consistent with Pradhan et al.
[17], who simulated an oil spill in the Bay of Bengal, India. They observed that the oil moved

in the southwest direction when northerly winds blew. In this study, Scenario 4 represents a
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significant threat to the Green Island and the western coast of the Gulf of Suez, from Al-
Adabiya port in the north to Ain Sukhna port in the south. This area is characterized by
sensitive and fragile natural resources, habitats, a vast coastal plain, extensive tidal flat, tourist
resorts, and its aquatic environment hosting a vital coral reef [245].

Weathering processes occur at varied speeds after the oil spill. Evaporation is the first
weathering process that occurs after an oil spill. During this process, most volatile components
of crude oil are removed within hours following the spill, which significantly impacts the
density and viscosity of the oil slick [19]. As a result, determining the rate of evaporation is
critical. The results show that approximately a quarter of the oil spilled was lost due to
evaporation in all scenarios. The Arabian Light crude has a higher percentage of light and
soluble fractions than other types of oil [62].

Emulsification is the process of incorporating water into the oil [19]. The negative impact
of emulsification is an increase in the slick volume, which significantly raises the cleaning
expense. Consequently, emulsification is a process that plays a significant role in oil spill
modeling [1]. The results demonstrate that the emulsion water content was extremely high in
all scenarios. It might be because the simulation period was in February, and the turbulence at
the water's surface was at its peak. These results support the findings of Bozkurtoglu [235],
who suggested that turbulence at the sea surface promotes emulsion. The emulsification causes
a rise in pollutant concentration. Therefore, these results about the behavior of oil after a spill

are crucial for spill responders [66,232].

5.5. Summary

Since the Suez Canal is one of the world's busiest shipping routes, particularly for crude
oil transit, it is vulnerable to oil spills, which may disrupt traffic, harm marine and coastal
ecosystems, and threaten infrastructure and tourist resorts in the Gulf of Suez. This study
simulates 1,000 metric tons of Arabian light crude oil that spilled into seawater on the 10th of
February, 2021, at 12:00 am, in the shipping lane about 2 kilometers from the Suez Canal's
southern entrance. Four scenarios were simulated using GNOME and ADIOS2 models in

different wind conditions to define the potentially affected regions, determine when the oil
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would reach the coast, how much oil remains in the water and calculate the weathering
processes of the spilled oil (evaporation and emulsification). The study revealed that the
spilled oil movement had been influenced by the direction of the wind in each scenario and
the seawater current direction in the region. The spilled oil movement in scenario #1 was
influenced by the north-west NW wind and drifted towards the eastern shoreline of the Gulf
of Suez and reached the beach within two to three hours. As a result, the Suez Canal navigation
lane and approximately 30 to 38 kilometers of beaches south of the Suez Canal, which have
several projects and touristic resorts, were endangered by oil pollution. The north wind in
Scenario #3 forced the spilled oil to move in the south direction, and the high proportion of
the oil (73.8 %) remained floating until the end of the simulation and did not threaten the
beaches. In Scenario #4, the spill moved in the southwest (SW) direction toward the western
coast of the Gulf of Suez under the influence of north-east NE wind. The spilled oil reached
Green Island within two hours, and after 72 h, roughly 60.3% of oil particles covered a distance
of 40 km south of Al-Adabiya port to Ain Sukhna port. According to the ADIOS2 results, in
all scenarios, a considerable portion of the spilled oil, almost a quarter of the oil, evaporated,

and more than two-thirds of the oil emulsified.
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Conclusion

The Gulf of Suez (GOS) is subject to considerable shipping activity, particularly oil
tanker traffic, Because of its strategic position between the Mediterranean Sea and Red Sea.
Therefore, it is a potentially vulnerable location to oil spills caused by tanker accidents that
could have a destructive ramification on Egypt's coastal areas, damaging its marine
environment, coral reefs, and touristic resorts and obstructing the maritime route. Three cases
of Arabian light crude oil spill caused by an oil tankers’ incidents along the maritime route in
the Gulf of Suez, in front of three crucial areas: Hurghada, Ain Sukhna port, and the southern
entrance to the Suez Canal were simulated using the General National Oceanic and
Atmospheric  Administration Operational Oil Modeling Environment (GNOME) and
Automated Data Inquiry for Oil Spills (ADIOS2) models. In conclusion, the main results
obtained from the mathematical modeling of the trajectory and behavior of the oil spill in the
three areas can be formulated as follows:

- In all cases of the direction of the wind and sea currents play an essential role
determining the spill trajectory movement in the Gulf of Suez.

- In Hurghada, two potential oil spill scenarios in February and August 2021 due to a
tanker incident in the Gubal Strait, approximately 50 km northern of Hurghada were simulated.
The results highlighted that the oil particles in Scenario #1 (February) moved in the southeast
direction under the influence of northwest NW winds, and it took 42 hours to reach Small
Jubal Island and then Shadwan Island. While in Scenario #2 (August) moved southwesterly
under the influence of northeast NE winds and arrived after 21 hours at Ashrafi Island and
then at Jubal, Geisum, and Tawila Islands. The results of modeling the spilled oil weathering
processes showed that about 27% of the Arabian Light oil had evaporated, and the natural
dispersion rate was modest, about 1.3% in both scenarios at the end of the simulation.
Furthermore, the amount of water in the emulsion rose as soon as the oil was introduced to the
water, reaching 90% after 108 h in both scenarios. The northern Red Sea islands (Ashrafi,
Small Gubal, Geisum, Tawila, Shadwan, and Gifton), which are of enormous economic and

strategic significance, would be the most vulnerable to pollution.
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- In Ain Sukhna, two scenarios of Arabian light crude oil spilled into seawater on the
shipping route about 5 kilometers from the Ain Sukhna port in February and August 2020. The
study found in Scenario #1, about 29.7 metric tons of the spilled oil moved in the southeast
direction (SE), parallel to the west coast of the GOS and reached Ras Abu Darag,
approximately 22.7 km away from the spill location, covering nearly 14.2 km of the western
shoreline of the Gulf of Suez. While in Scenario #2, the spill moved to the southwest (SW)
direction, and after 21 hours, roughly 705 mt of oil particles covered a distance of 10 km along
the western coast, approximately 10.5 km from the spill location. According to the ADIOS2
results, the rate of evaporation and emulsification was high, while the natural dispersion was
modest in both scenarios. The region south of the port, which hosts many tourist resorts and
various coral reefs, would be the most vulnerable to contamination.

- In the southern entrance of the Suez Canal, four scenarios of Arabian light crude oil
spilled about 2km from the southern entrance of the Suez Canal in February 2021. In this case
the wind speed is assumed to be constant at 4 m/s, which is the average scalar speed for
February in Suez, and the wind direction is manipulated to represent the three predominant
wind directions: the NW, N and NNE. The spilled oil movement in scenario #land #2 was
influenced by the north-west NW wind and drifted towards the eastern shoreline of the Gulf
of Suez and reached the beach within two to three hours. As a result, the Suez Canal navigation
lane and approximately 30 to 38 kilometers of beaches south of the Suez Canal, which have
several projects and touristic resorts, were endangered by oil pollution. The north wind in
Scenario #3 forced the spilled oil to move in the south direction, and the high proportion of
the oil (73.8 %) remained floating until the end of the simulation and did not threaten the
beaches. In Scenario #4, the spill moved in the southwest (SW) direction toward the western
coast of the Gulf of Suez under the influence of north-east NE wind. The spilled oil reached
Green Island within two hours, and after 72 h, roughly 60.3% of oil particles covered a distance
of 40 km south of Al-Adabiya port to Ain Sukhna port. According to the ADIOS2 results, in
all scenarios, a considerable portion of the spilled oil, almost a quarter of the oil, evaporated,

and more than two-thirds of the oil emulsified.
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Finally, modeling oil spill in the Gulf of Suez using mathematical oil spill models can be
significant in several ways:

Improving Response Planning: The study can help improve response planning for
potential oil spills in the Gulf of Suez by providing information on how the oil would move
and spread in the event of a spill. This can allow for better preparedness and response planning
to minimize the impact of the spill.

Evaluating Risk: The study can also be used to evaluate the risk of oil spills in the Gulf
of Suez. By understanding how oil would move and spread in the event of a spill, stakeholders
can assess the likelihood and severity of an oil spill and take necessary measures to reduce the
risk.

Informing Policy: The study can provide valuable information for policymakers to make
informed decisions about regulations and policies related to oil spill prevention and response.
This can ultimately lead to better protection of the environment and the livelihoods of people
in the area.

Environmental Impact Assessment: The study can contribute to the environmental
Impact assessment of potential oil and gas projects in the Gulf of Suez. By simulating oil spills
under various conditions, the study can help assess the potential environmental impact of a
spill and aid in making informed decisions about the feasibility of oil and gas projects in the

region.

Overall, the practical significance of a study on modeling oil spills in the Gulf of Suez
using mathematical oil spill models can be crucial in improving response planning, evaluating

risk, informing policy, and contributing to environmental impact assessment.
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BBeaenue

AKTyaJILHOCTb TEMbI HCCJICAOBAHUSA

MupoBoii cripoc Ha ChIpYI0 HEPTh MPOAOIIKAET PaCTH, HECMOTPS HA HBIHEIIHUE TOTBITKU
MEepeTH Ha YCTOWYMBBIC HCTOYHUKH SHEPIMM M BO300OHOBJsieMble Buabl TomimBa [1,2]. B
MOCJIETHEE BPEMSI 3TOT CHPOC BBIPOC M3-3a CAHKUMMN, HAKJIAJAbIBAEMbIX 3alaJHBIMU CTpaHAMH Ha
Poccuro. ITo cmoBam PoGepra Ilepkurca (Robert Perkins) [3], mupoBoii cipoc Ha HehTh BEIPOC Ha
3,3 muimnona 6appesneit B 1eHs B 2022 rony. Takum 06pa3oM, 3HAUUTEIHHOE YBETUYCHHE 00HEMOB
NOOBIYM U TPAHCIOPTUPOBKU HEPTHU MPUBOIUT K MPOAOHKEHHIO MHIIMICHTOB C YTEUKAMU HIIU
pazimuBamu [4]. Pa3nmuB HedTH — 3TO CilydaiHBI COpPOC CHIpOH HEe(TH M HEPTEMPOAYKTOB B
npupoaHyro cpexny [5,6]. ABapuu TaHKEpOB, CTOJKHOBEHHUS CYAOB, pa3pbiBbl WM YTCUKH
TpyOONPOBO/IOB, B3PHIBHBIC CKBAKHHBI, B3PHIBBI INTYOOKOBOJHOTO OypeHUS U JESTEIBHOCTH O

nepepadoTKe SABISAIOTCS Hanbosee paclipoCTpaHEHHBIMU NPUYMHAMH PA3IMBOB HEPTU B MOPCKYIO

cpeny [7-9].

3a mociieIHIe HECKOJIBKO JACCATUICTHH BO BCEM MHPE MPOU3OILIO HECKOJIBKO KPYIMHBIX U
HE3HAYUTENBHBIX MOPCKUX pa3nuBoB HedhTu (Hanmpumep, Exxon Valdez 1989, Gulf War 1991,
Prestige 2002, Hebei Spirit 2007, Deepwater Horizon 2010, MV MSC Chitra 2010, Sanchi 2018)
[10]. Pa3nuBs! He(hTH B MOPCKYIO Cpelly MOTYT BBI3BaTh HEOIAronpusTHOE BO3/ICHCTBIE U HAHECTH
ymep0 Mopckoit ouosiorndeckoii cucteme [11,12]. B oTnenbHbBIX ciiy4asx MpoOJIeMbl MOTYT OBITh
BBI3BaHBI JJIs1 MPUOPEKHON HHAPACTPYKTYPHI (TYpUCTHUECKUE KYPOPTHI, MOPTHI U MPUCTAHU JIJIS
AXT) M OTpaciielf, KOTOpbIe TOJararoTcsi Ha 3a00p MOPCKOM BOAbI (MOpCKas J00bI4a COJH,
NPUOPEIKHBIC IICKTPOCTAHIIMU M ONIPECHUTENbHBIC YCTaHOBKH) [13].

Korma HedTp mpocaumBaeTcs B MOPCKYIO BOJAY, OHA NPETEPIIEBACT PAJ XUMUYECKHX U
(bu3nUecKuX nNpeodpa3oBaHuil, B COBOKYIMHOCTH U3BECTHBIX Kak BeiBeTpuBanue [14—16]. Haubomnee
3aMETHBIMU TPOIECCAMU BBIBETPUBAHUS PA3JIMBOB HE(QTH SBISIOTCS HMCIAPEHHUE, €CTECTBEHHAs
aucriepcuss ¥ dMmysbrupoBanue [17]. B mocnemHue rojbl, OOIIECTBEHHBIE TPEOOBaHHS K

YCTOI;'I‘IHBOMY 9KOJOTHYE€CKOMY  COCTOSHHIO MOpCKOﬁ Cp€abl BBIHYOWJIM IPABUTCIIBCTBA
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pa3pabaThiBaTh HajyIeKaIIue U YPPEKTUBHBIC TUIAHBI JICHCTBUI B YPE3BBIUAHHBIX CUTYAlUAX C
paznuBamu Hedtr [18]. OrieHka Bo3aeHCTBHS pa3aMBOB HE)TH Ha YA3BUMbIC pailOHBI HEOOXOIMMa
JUTst pa3paboTKU 3(P(HEKTUBHBIX TUIAHOB JIMKBUAALMKU Pa3MBOB HePTH. DTHU TIaHBI MOTYT OBITh
peaM30BaHbl C  HCIOJB30BAaHHMEM MPOTHOCTHUYSCKUX  MATEMAaTHYSCKUX  MOJENeH s
MOJICTTUPOBAHUS TPACKTOPUH U TIOBeACHUS HePTAHBIX msaTeH [19].

YuncaeHHble MOJENH TPEICKA3bIBAIOT IBMKCHHE DPA3IUTOW HEPTH, KOTOPOE YIPABISAETCS
BHEIIHUMHU CWJIAMH, TaKUMHU KaK TCUCHUS, BOJIHBI M BETPHI, YUYUTHIBAs (U3UKO-XHMHUYECKUE
nporecchl HeTH (Tporiecchl BeiBeTpruBanus) [20—22]. DTu Moenu MOTYT ObITh HCIIOIb30BaHBI IS
pa3pabOTKK CUCTEM TUTAHUPOBAHUS PEarMpOBAaHUS HAa YPE3BBIYAMHBIC CUTYallMd U ONICPATUBHOTO
MPOTHO3UPOBAHUS, TOCKOJBKY OHHM TPEJOCTaBISIOT HMHPOPMANUIO JUIA  OTpeAeTIeHUs
MOTEHIIUAILHBIX PETMOHOB, IMOCTPaNaBIIMX OT pa3mBoB Heptu. Bo BcemM Mupe Obun
MPEIIPUHSATHI PA3IMYHBIC YCUIIHS ISl MOJICIIMPOBAHUS JBM)KCHUS PA3IMBOB HEPTH B pEATbHBIX U
THITOTETUYECKUX CUTyalusix. HekoTopsie n3 Hanbo1ee MUpOKO HCITOJIb3YEMBIX MOJICTICH Pa3InBOB
HE(TH, CIIOCOOHBIX IMPOTHO3MPOBATH TPACKTOPHIO M CyAbOy pasiauBoB Hedtu: OOmas cpena
oreparuBHOro MojaenupoBanus NOAA (GNOME) [23], ABToMaTH3MPOBaHHBIH 3aMPOC JaHHBIX O
pasnmuBax Heptu (ADIOS2) [24,25], Delft3D-PART [22], KommuiekcHast Ti1yOOKOBOIHAST MOJIENb
HedTu 1 raza (CDOG) [26,27], Moaenb HeNpeABUACHHBIX CUTYallUi U pearnpoBaHus Ha Pa3IUBBI
Heptn (OSCAR) [28,29], OILMAP [30], rmy0okoBoaHas cCUCTeMa MOJCIMPOBAHUS W aHAIU3a
paznmuBoB HepTH (OILMAPDEEP) [31-33], uHTerpupoBaHHas cUCTEMa BO3JCHCTBHS Pa3iMBOB
Hedtu (SIMAP) [34-36], kanbkynsatop pasnuBoB Hedtu Texas A&M (TAMOC) [37,38], mozaensb
nepenoca yactuil (OILTRANS) [39], MEDSLIK-II [40]u OpenOil [41,42].

B mpencraBieHHOM HCCIETOBAaHUH MCIOIB30BANIKCH JABE HanOoJee MUPOKO HCIIOIb3yeMbIe
monenu: OOIIee HAIMOHAJIBLHOE YIPABICHHE OKECAHWUYECKUX M aTMOC(HEpHBIX HCCIICIOBAaHUN
(General National Oceanic and Atmospheric Administration Operational Oil Modeling
Environment) (GNOME) u ABToMaTn3npoBaHHbIH 3alIpoc JaHHKIX 0 pa3iuBax Hedtu (Automated
Data Inquiry for Oil Spills) (ADIOS2). Moxens GNOME 0b1a pazpadorana NOAA's Hazardous
Materials Response (HAZMAT) u ne6rotupoBana 16 mapra 1999 [43] Mogears GNOME
aByMepHa U Oonee oOo0Omaema, 4em Jpyrue MoJend, W TpeOyeT MEHBIIETO KOJUYeCTBa

napamMeTpoB B KauyecTBE BXOJHBIX JaHHBIX [44]. DTa nByMepHas MOJENb 9acTO MCIOIb3YETCs B
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MOPCKHUX, MPUOPEKHBIX M PEYHBIX Cpelax AJis MPOTHO3MPOBAHUS NBIKCHHS pPa3IuTod HedTH
[44,45]. M&1 BeIOpanu uacTpyMeHT MoaenupoBanuss GNOME u3-3a ero HCTOPHH OIEPATHBHOM
peann3alMi M TPOBEPKH HA COOTBETCTBUE PEATBHBIM 3KOJIOITMYECKMM KaTacTpodaM M €ro
IIAPOKOTO HCIOJIb30BaHus cpeau opranusammii [1,46]. Kpome Toro, momens obecrednBacT
BBIXOJIHBbIC JaHHBIE TPAEKTOPUM C TeorpaduyecKkoil MPHUBS3KOM, KOTOpble MOTYT OBITh
WCTIOJB30BAaHBl B KadeCcTBE BXOMHBIX MaHHBIX g wuHCTpyMeHTOB [UC (reorpaduueckoit
uHpopmanronHoi cuctemsl) [47]. Kpome Toro, pesynbratel GNOME s MHOTMX CHTyalui
MIPOJEMOHCTPUPOBAIIM 3HAYUTEIBHYIO CTEIIEHb COOTBETCTBUS MEKIY MOJEIMPOBAHUEM MOJIENEH,
CIIyTHUKOBBIMU JIaHHBIMH U SKCIIEPUMEHTATbHBIMUA HAOIIOJEHUSMHU, YTO OBUIO MOATBEPIKICHO
HECKOJIbKMMHU — mccnenoBanusivu  [45,48]. B pesynprare MOpCKOH LEHTP IKCTPEHHON
B3aMMOIIOMOIIIA PEKOMEHI0BaJl ucmoyib3oBaTh MoAenb GNOME s MmonenupoBaHuUsi pa3liiBOB
He(tu B [lepcuackom 3anuse [49].

ABTOMATH3MPOBaHHBIN 3ampoc JaHHBIX O pasnuBax Hedtu (ADIOS2) — st0 MOmensb
paznmuBoB HedtH, paspaboranHas NOAA. OnHa UMHUTHPYET TMPOILIECCH], CBS3aHHBIE C
BBIBETPUBaHUEM He(TH, BKITFOUAS MCIIAPEHUE, ECTECTBCHHYIO JUCIIEPCHUIO U 3MybrupoBanue [50].
Mpi Be1Opanu uacTpyMeHT mojenupoBanus ADIOS2, notomy 4To OH coueTaeT B cebe OMOIuoTeKy
u3 okosio 1000 BumOB HePTH C KPATKOCPOUHON MOAENBIO CyAbObI HEDTU M OUMCTKOM, YTOOBI
MIOMOYb B OIIEHKE TOTO, KaK JIOJr0 pasiuBIIasci He(Th OyAeT COXpaHATHCS B MOPCKOM cpene u
pa3paboTke metonoB ouncTku. Kpome toro, nanasie ADIOS2 o0beuHsI0T JaHHBIE O TIOTO/IE B
peXHME pealbHOr0 BPEMEHHU (CKOPOCTh BETpa) C JAHHBIMM O XUMHYECKHMX U (pU3mdeckux
cBoiicTBax u3 cBoeit oubmoreku Hedtu [51]. K Tomy xe, koapt ADIOS2 mocTymHBI Ui MHOTHX
aKBaTOPHH, TAKMX KaK OTKPHITOE MOPE, MPUOPEKHBIE BOJIBI, ITOTy3aTOIICHHBIE TPUOPEKHBIE BOJIBI,
3CTyapuH, peKH, 03epa ¥ BojoXpaHmuiia [52].

CyaoxoJCcTBO SBISIETCSI HanboJiee pacpoOCTPaHEHHBIM METOJOM TPaHCHOPTHUPOBKH ChIPOM
HEe(TH BO BCEM MHpPE, YTO MMEET PKOHOMHUYECKHE M IKOJIoTHYeckue npeumyinectBa [53,54]. B
CBSI3U C YBEIUYEHHUEM KOJIMYECTBA Cy/IOB, MHTEHCHUBHOCTH JBWKCHHUS M YCHJIEHHEM IMOPTOBBIX
OTepaIyii, BEPOSTHOCTh aBaPHiA, MPUBOISAIIMX K pa3inuBaM HedTH, Bo3pacte [54,55]. Bo Bcem mupe
MPOM30IILIO HECKOJIBKO KPYITHBIX H HE3HAYUTEIBHBIX aBapHii C pa3imBamMu Hetu ¢ Tankepos [10].

Kpynneiimum pasnmuBoMm ¢ HedTsHOro Tankepa cran (ABT Summer) y OeperoB AHrosbl B
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Sanmagaoit Adpuke, nmponsomenmmii B Mae 1991 roga. B pe3ynbprare B MOope ObUIO BBHIMYIIEHO
OKOJIO 2 MWJUTMOHOB Oappeneil Tsukenoi HedTH, 3aHMMas TIIOIIAab 0KoIo 80 KBaJIpaTHBIX MHIIb
[56]. Camprii mociienHuit pa3imB He(YTH BO BPEMsl HAITUCAHUS STOTO HCCIICAOBAHUS TPOU3OIIEH C
TaHKepa, nepeo3uBLIero 750 TOHH qu3enbHOro TornBa u3 Erunta Ha ManbeTy, KOTOpBIN 3aTOHYI
B 3anuBe ['abec y roro-socrounoro nodepexnbs TyHuca u3-3a mioxoi noroasl B anpeie 2022 rona
[57]. TTo manubiM MexayHnapoaHol ¢eneparuu BianenbiieB Tankepos (The International Tanker
Owners Pollution Federation) (ITOPF) [58], o6muii 06beM chipoit HEGTH, pa3IUTON B MOPCKYIO
cpedy u3-3a MHLIHUACHTOB ¢ Tankepamu B 2021 roxy, cocraBuit okoio 10 000 ToHH.

Cynuxkuit 3anuB (C3) u Cys1kuii KaHam SIBISIFOTCS BRKHEUIIIMMU CYTOXOAHBIMU MapIIpyTaMu
st Erunra m Bcero mupa. IIpumepno 15% Bceit MupoBoii Mmopckoit Toproeiu u 10% mopckoi
He(Tu exxeroaHo npoxoasaT yepes C3 u Cysikuii kanan. [locne Toro, kak EBpona crana HacTauBaTh
Ha OTKa3e oT poccuiickoii Hedtu [59], BeIpoc crpoc co ctoponsl Karapa u CaynoBckoit ApaBuwu,
YTO YBEJIMYMIO KOJUYECTBO CYIOB, NepeBo3smx HedTh nmo KpacHomy mopro u uepe3 Cysnkuii
kaHai. CieoBaTeNIbHO, BEPOSTHOCTh aBapyid, MPUBOIAIINX K pa3iuBaM HeTH, Bo3pacteT [54,55].
C 1970-x rogoB mpoOM30LUIO HECKOJbKO aBapuil ¢ paznuBamu HePTH B CydsIKOM 3alluBE, YTO
HAHECJIO 3HAYUTENBHBIN yiiepd 6eperoBoil TMHUU U KOpayuIoBbIM pudam. KpymnHeiimas aBapus ¢
paznuBoM HedTH mpomsonuia B 1982 romy, koraa mpu 3arpy3ke TaHkepa Ha Tepputopuu Pac-
[yxkeitp, npumepHo B 110 xunomeTpax k ceBepy oT Xyprajibl, B BOAY BBITEKIIH JI€CATKU THICAY
TOHH chIpoii HedTH [60,61].

PaznuBbl HeQTH B KpacHOM MOpe MOTYT UMETH psiJl pa3IMYHbIX [TOCIIECTBUMN, B 3aBUCUMOCTH
OT pa3Mepa U MecTa pazinuBa. HeKoTopble U3 MOTEHIIMAIbHBIX BO3JACHCTBUM BKIOYAIOT:

- IloBpexxaeHne KOpayloBbIX PUPOB M JIPYTrMX MOPCKUX Cpel OOMTaHHs, YTO MOXKET OKa3aTh
JOITOCPOYHOE BO3/ICHCTBHE HA OHOpa3HoO0pa3ue peruoHa.

- Bpea Mopckum MIEKONUTAIOUIMM, pbl0aM M NTHIIAM, YTO MOXKET HMPHUBECTH K COKPALIEHUIO
MOMYJISILIUYU WIH J1a’K€ BBIMUPAHUIO.

- 3arpsi3HEHUE UKW U OEeperoBbIX JIUHUMN, YTO MOXKET OKa3aTh HETaTUBHOE BIMSHUE HA TYpU3M
U OT/IBIX.

- Hapymienue pbpiOonoBCTBAa W ApYyTrUX oTpaciieil MpUOPEKHOM MPOMBIIIICHHOCTH, YTO MOXET

0Ka3aTh 3HAYUTEIBHOEC SKOHOMHUYECKOE BO3ACHCTBUE HA MECTHBIC COO6HI€CTB3,.
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- [IpensaTcTBUE MOpCcKOMY MapuipyTy uyepe3 Cysukuil KaHall.

PaznuBbel HedTH HENMOCPEACTBEHHO BIUSAIOT Ha HAIMOHAIBHYIO OKOHOMHKY H3-3a
MOTEHIMAIILHOTO SKOJIOTHYECKOr0 yIiepoa 1 COOTBETCTBYIOLIEr0 HETaTUBHOTO BIUSHUS HA TYPU3M
[62]. HecmoTpst Ha BBICOKYIO CYAOXOIHYIO AKTHBHOCTh W MOTCHIMAJIbHYI0 BO3MOXKHOCTH
MOJIBEPTHYThCS BO3JCHCTBUIO HEPTSAHBIX pa3iuBOB B Bojaax Erunta, nuime B HECKOJIBKHX
OITyOJMKOBAHHBIX HAyUYHBIX paboTax ObLIM MpeCcKa3aHbl TPaeKTOpuH pa3iuBoB [61-65]. Takum
00pa3oM, OTCYTCTBHE HAJICKHBIX HCTOPUUECKUX 3aMHUCEN O pa3nuBax HEPTH, cIaObIi MOHUTOPHHT
Y MUHHUMAaJIbHBIE MEPHI pEarupoBaHUs HA Pa3jMBbl YBEIUUYUBAIOT 3Ty yrpo3y. [lockonpky 3ammura
pUOPEKHON 30HBI OT PA3IUBOB HEPTH SBISETCS NMPUOPUTETHOW 3amadeit mist Erunra, Erumer
JOJKeH UMeTh 3((PEKTUBHYIO CTpATETrHI0 PEarupoBaHMs Ha pa3iuBbl HEPTH Uisi OOpPHOBI C
3arpsi3HEHUEM OT MPUOPEKHBIX MU MOPCKUX pa3nuBOB Hedptu. MojenupoBaHUEe IBUKEHUS U
MoBeIcHHUsI HE(TSHBIX PA3IMBOB HEOOXOIUMO MEpe] HadajaoM JIF0OOW CTpaTeruu pearupoBaHUS

[66].
eap ncciaenoBanus

Lenbio nccneqoBanus ABISETCS U3yUYEHUE MyTEHl pacnpoCTpaHeHUs U TpaHchOpMaIuu
pa3nuBOB HE(PTHU B pe3ysibTaTe aBapUHHBIX yTeueKk ¢ TaHKepoB B CyslKOM 3ai1MBe, 0COOEHHO
B TpeX BakKHEWIUX pakoHax: Xyprazaa, nopt AilH CyxHa U H0XKHBIN BX0oJ B CydLKHI KaHaJI.
Kpowme Toro, onpenenuTs MOTEHIHANIbHBIE PaiiOHbI, KOTOPBIE B OyayIIeM MOTYT HOCTpaaaTh

OT aBapUHHBIX pa3nuBoB HePpTU B CydIIKOM 3aTUBE.

JJisl JOCTHKEeHHUS MOCTABJICHHOM e ObLIM cGOpMYyJIMPOBAHBI CJHCAYIONIHE 32/1a4YM:

1. C60op HCXOIHBIX JaHHBIX, HEOOXOAMMBIX JJIi MOJEIUPOBAHUS PACHPOCTPAHEHUS U
CyIbOBI pa3iuBa.

2. OueHHTH XapakTep pacIpoCTpaHEHHS M CyAbObl HEePTAHBIX pa3nuBoB B CyslKoM
3aJMBEe Mepen Tpems KPUTHYECKUMH palioHamu: Xyprajgou, noptom AnH-CyxHa u
F0’KHBIM BX0J1I0M B Cy31KMIi KaHaJl.

3. OrmeHka KoJindecTBa HEYTH, KOTOPOE JAOCTUTrAET Oepera, U TOro, CKOJIbKO OCTaeTcs Ha

NJaBy B BOJE MOCIE pa3auBa HEPTH.
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Ornpenenenne MOTEHUUANBHBIX palOHOB, HauWOoJiee IMOCTPAJABIIMX OT aBapUUHBIX

pa3nuBoB HehTH B Cyd1IKOM 3aJIHBE.
IToJ10KeHUsl, BBIHOCHMbIE HA 3aIIUTY

Onenka ysa3BUMOCTH OeperoB B permoHe Xypraabl, BKIIOYas CEBEpPHBIE OCTPOBA
Kpacaoro mops (Ampadu, Mansrit I'y6an, I'eticym, TaBuna, [llagBan u ['udToH) B
pe3yibTaTe aBapuWHBIX Pa3IuBOB HEPTH.

PesynbraT aHamm3a BO3MOXKHBIX IOCJIEJCTBHI pa3IuBOB HE(PTH HA CYIOXOIHOM Tpacce B
IATH KWioMeTpax oT nopra AWH CyxHa, BO3HHKAIOIIUX B PErHOHE, I'ZIE€ PACIOJIOKEHO
MHOYECTBO TYPHUCTHYECKUX KYPOPTOB M Pa3IMIHbIC KOPATIIOBBIC PUDHI.

OneHka BO3MOXXHOTO pacHpoCTpaHeHUs He(TH B HANpPaBICHUU HKOHOMUUYECKUX
CTPYKTYp M TYPHUCTHYECKUX KYpOPTOB B pa3iau4HBIX perrmoHax CysIKOTO 3aJINBa,
pasnuBIIeiics y 0kHOro Bxoaa CyslKoro kaHazia.

Pe3ynpraT pacuéta 00€MOB BEPOSATHBIX BEIOPOCOB HEPTH Ha Oeper U NPOTIKEHH OCTH

OeperoBoi TUHUH, MOJIBEPKEHHON 3arpSI3HEHUEM.

Hayunas HoBH3HA pe3y/bTaTOB

BrnepBbie Oblla mpoBe/ieHa OLEHKA BO3MOXHOTO PacHpOCTPAHEHUS U CYJIbObl HE(QTAHBIX
siTeH BOJIM3M 05KHOTO BX01a B Cya1ikuii kaHan v mopTa AitH CyxHa Ha OCHOBE COBMECTHOM
pabotel mogenu GNOME u ADIOS2.

BriepBbie ompeienieHbl pernoHbl, Haubosee NoABEp>KEHHbIE 3arPA3HEHUI0 HEPTHIO B CiIydae
aBapHy ¢ pa3aIuBOM HEPTH y oOepexbst Xyprabl.

Monens GNOME 6b11a BriepBbie MCIIONIb30BaHA IS pacueTa KoJudecTBa He(TH, KOTOpast

Oyzner HakarumBathes Ha Oeperax (beaching) Cyasukoro 3anuBa.

IIpakTHYeckast 3HAYUMOCTH PadOThI

MopenupoBaHue pacrpeneneHus U noBeaeHus HeTaHoro nsaTHa B CydsI1KOM 3aluBe C

IIOMOIIIBIO MAaTEMATHYCCKUX MOJIGHGﬁ pas3jinBa H€(1)TI/I HMCCT INPAKTHUYCCKOC 3HAYCHHUC B

HECKOJBKUX 00JacTax. BO'HepBBIX, HCCJICAOBaHUC MOXCT IIOMOYb B YJIYUYIICHUU



135

IJJAaHUPOBAHUS MEp pearupoBaHMs, IMOCKOJIbKY OHO JAeT IpPEJCTaBICHUE O MOTEHLIMAIbHOM
JIBMKEHUM U PACIIPOCTPAHEHUH HE(PTHU B CiIydae pas3jiuBa, MO3BOJISS JIyUlle MOATOTOBUTHCS U
CIJIAaHUPOBATh MEPbl pearupoBaHUs Il MUHUMM3AIUU TOCIEACTBUI pa3nuBa. Bo-BTOpHIX,
UCCIIEIOBAHUE MOKET OBITh MCIIOJIb30BAHO MJIsI OLIEHKH pUcKa pa3iuBoB HedTu B Cyd1KOM
3aJIMBE, UYTO MO3BOJUT 3aUHTEPECOBAHHBIM CTOPOHAM OILIEHUTH BEPOSITHOCTh M CEPHE3HOCTH
pas3nuBa HEPTH U NPUHATH MEPHl IO CHUKEHHUIO PUCKOB. B-TpeTbux, HCCIEOBAHUE MOXKET
OpPEJOCTaBUTh BaXHYI0 HMHGOpPMAIUIO IS TMOJUTHUKOB, YTOOBI OHM MOTJIM NPUHUMATH
00OCHOBAHHbIE pEIICHUS OTHOCHUTENBHO MpPaBWJI M TMOJUTHKH MO MNPEAOTBPALIECHUIO U
JUKBUAAIUKN PA3IMBOB HE(TH, TEM caMbIM 3allulias OKPYXKAIIYI0 Cpeay U MeCTHbIE
CpeacTBa K cyulecTBoBaHMIO. HakoHel, HcciaeqoBaHME MOXKET BHECTH BKJIaJ B OLEHKY
BO3JICHCTBHS HAa OKPYKAIOIIYIO CPeNy MEePCHEeKTUBHBIX HePTErazoBbXx MpoeKToB B Cys1KOM
3aJlMBE IMYyTEM MOJICJIMPOBAHUS PAa3TUBOB HE(DTU B PA3TUYHBIX YCIOBHUSX, UTO TMO3BOJIHUT
OLIEHUTh MOTEHUHUAIbHOE BO3JEHCTBUE pa3iuBa Ha OKPYXKAIOLUIYI0 Cpeay U MPHUHATH
000CHOBaHHBIE PEIICHUS O 1[eIeCO00Pa3HOCTH peann3aluu MPoeKTa B JTaHHOM paitoHe. Takum
o0pa3oM, MpakTHYecKas 3HAYMMOCTh JAHHOTO HMCCIEIOBaHUS 3HAUYUTEIbHA U MOYKET UMETh
MIUPOKKUE TOCIEICTBUS ISl YIYUIISHHS TJIAHUPOBAHUS MEp pearupoBaHMs, OIEHKH PUCKOB,

BBIPAOOTKH MOJUTUKHU U OLICHKH BO3JCHCTBUS HA OKPYKAIOIIYIO CPEy.
Cnucok nyoaukanui

PesynbraThl ObLTM OMyOJHMKOBAHBI B CIEAYIONUX PEIEH3UPYEMbIX HAYYHBIX >KypHaiax,

MHJEKCUpYyeMbIX B 0a3ax nanHbeix Scopus u Web of Science:

1. Abdallah I.M., Chantsev V.Y. Simulating oil spill movement and behavior: a case study from
the Gulf of Suez, Egypt // Model. Earth Syst. Environ. Springer, 2022, 8, p: 4553-4562 [67]
https://doi.org/10.1007/s40808-022-01449-9

2. Abdallah .M., Chantsev V.Y. Modeling marine oil spill trajectory and fate off Hurghada, Red
Sea coast, Egypt // Egypt. J. Aquat. Biol. Fish. Elsevier, 2022. 26(6), p: 41-61 [68]
https://doi.org/10.21608/ejabf.2022.269676
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3. Abdallah I.M., Chantsev V.Y. Simulation of Oil Spill Trajectory and Fate at the Southern
Entrance of the Suez Canal, Red Sea, Egypt. Fundamental and Applied Hydrophysics. 2023, 16,
1, 63-79 [69]. https://doi.org/10.48612/fpg/hg4a-1ht8-db7d

Cnucok KoH(pepeHI UM
Pe3ynpTaThl ObLIN T0JI0KEHBI HA CIIEAYIOMINX HAYYHBIX KOH(EpEeHITUIX:

1) The 2\P International Conference of Geo-Sciences & Environment (2" ICGSE2022)
September 17 and 18, 2022 Mascara, Algeri. Oral communication (Modeling oil spill trajectory
and fate using GNOME and ADIOS models in the Gulf of Suez, Egypt) (https://www.univ-
mascara.dz/evenementscientifigue/pages/pres_evenement_en.php?q3=26)

2) XXVII MexnyHapoaHO#H HaydHO-TIpaKTHYecKoi koHpepeHimn, CocrosBiieiics 20 cCeHTAO0ps
2022r. B 1. Ilenza. COBPEMEHHbBIE HAVYYHbBIE UCCIIEAOBAHUA: AKTYAJIbHBIE
BOITPOCBI, JOCTMXXEHUA WM MHHOBALIMU. (MOAEJIMPOBAHUE PA3JIMBA U
JOABWXEHNA HE®TU B PE3VJIbTATE ABAPUN TAHKEPA BBJIM3U XVYPI'AJIBI,
KPACHOE MOPE, ETUIIET. https://www.elibrary.ru/item.asp?id=49438301

JIn4HbIi BKJIaJ aBTOPA

ABTOp HacTpOWJ BCE CI€HapUU pa3jIuBOB He(TH, BbIOpall MecTa pas3iMBOB, coOpal
HEOOXOMUMbIe JTaHHBIE ST MOJENeH, YCTAaHOBHJI MOJENIH W TONYYMST Pe3yibTaThl. 3aTeM
MPEeJCTABIIM 3TH PE3YJIbTAThl ISl HAYYHOTO aHAJIM3a; COBMECTHO C HAYUYHBIM PYKOBOJIUTEIEM

OHU IMOJITOTOBHJIM U OMYOJIUKOBAIA CTATHH.
O0beM U CTPYKTYpa AMcCepTALMHA

JluccepTanus COCTOMT U3 BBEJCHUS, IISATH TJIaB, 3aKJIIOYCHUS, CITUCKA PUCYHKOB, TaOJIHI]
u cceutok. [lomHbll 00BeM auccepranuu coctasiser 135 crpanun ¢ 40 pucynkamu u 14

tabnunamu. CIMCOK JIUTEPATyphl COAEPKUT 245 myHKTA.
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I'naBa 1. O630p noBegeHns pa3jiMnBoB He(pTH B Mope

1.1. Pa3auBbl He)TH B MOpe

Ceipast HedTh SABISETCS MPUPOJTHBIM U HEBO30OHOBISAEMBIM SHEPTETHYECKUM PECYPCOM.
B rno6anbHoM macmitabe HeTh SBISIETCS OJHUM M3 OCHOBHBIX HMCTOYHHUKOB TOIUIMBA U
UCTOpUYECKH obecrieunBaeT 60Jiee TPETH MUPOBOTO MoTpebaeHus Heprun. Ha mpoTsokeHnu
BCEH MCTOPHH, C DBOJIOIMEH MUBUIN3ANNN, TOTPEOHOCTh YeJIOBEKa B YHEPTHUU HEMPEPHIBHO
pactet [70]. MupoBoit crnpoc Ha ChIpyl0 HEePTh H HEPTEHPOMYKTH IMPOJOIDKAECT PACTH,
HECMOTpPS Ha HBIHCIIHHE TIOMBITKH TIEpexoJla Ha YyCTOWYMBBIE HMCTOYHUKU DJHEPrUM U
BO300HOBIIsIeMbIe BUIbI TOoTUTMBA [1,2]. B ¢BsI3M ¢ yBemMueHHEM MUPOBOTO CIIpoca Ha HE(Th U
COKpaIllecHHEeM 3allacoB Ha cylie no0bda HeTH Ha menb(e 3HAUUTEIbHO yBEJIMYHIIA CBOU
noteHnuan ¢ 1990-x roxos [58]. Mupoas 100b14a HeGTH BbIpOCa ¢ 73 MUJUIMOHOB Oappeeit
B eHb B 1998 roay nmo 6osee uem 89 mumnmonoB Oappeneit B 1eHb B 2021 roxy. YpoBeHb
n00b1YM HETU JOCTUT PEKOPIHO BBICOKOTO ypoBHs B 2019 roamy, coctaBuB moutu 95 MIIH
Oappeneit. OgHako TaHAeMHs KOpPOHAaBHUpyCa U €€ BJIUSHUE HAa COPOC HA TPAHCIOPTHOE
TOILIMBO MPHUBEIIH K 3aMETHOMY CHIDKEeHHIO B cienytomiem roay [71] (Pucynok 1.1). Cormacuo
OTYETaM O ra30BBIX OMEPAIUIX, IPEACTABICHHBIM MOPCKUMHU OTIEpaTOpaMu B YTIpaBJICHUE MO
JI0X0JIaM OT IPUPOIHBIX PeCypcoB, 001U 00beM 100ban HeDTH Ha THeabde Anscku, Tuxoro
okeaHa u Ilepcuackoro 3anuBa yBenH4uicsa ¢ npuMepHo 483 munnuoHoB Oappeneit B 2012

rony no 6oinee uem 600 mumtnonoB 6appeinei B 2021 roay [72] (Tadanma 1-1).

TexHonoruss TpaHCIOPTUPOBKM HEePTH pa3BUBajJachb TEMU K€ TEeMIaMHU, YTO U
He(TenoObIBaOIass TPOMBIIUIEHHOCTh: CYNEepTaHKephl U HepTenpoBOAbl IJs Cblpol HedhTH U
He(TenpoayKTOB mepecekaroT okeaHbl. OJHAKO, HECMOTps Ha IOCTOSHHOE COBEPIIEHCTBOBAHUE
0€30MacHOCTH MOPCKHMX IMEPEBO30K, TAHKEPHOM OTpaciau U MOPTOBBIX COOPYKEHHUH, MHIHUIEHTHI C
paznuBaMu HeTH Ha MOpe MPOAOIDKAIT mpoucxoauTh [1]. Mopckue pasnuBsl HedTH YaACTO
OTHOCSTCS K BBIOpOCaM XKHJAKUX HEQTAHBIX YTIE€BOJOPOJOB B OKEaH WJIM NMPUOPEKHBIE pallOHBI B

pe3yibTare AeSTEIbHOCTH YeJIOBEKA UM CTUXUUHBIX OeacTBuid [73].
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Dpa peardpoBaHHs Ha pPa3jWBbl M BHUMAHHS K BO3HUKAIOUIUM SKOJIOTHYCCKUM
MOCJIEJACTBHUIIM HavYaIach mociie pasnuba HepTH ¢ cyneprankepa « Toppu Kanbon» B 1967 rony
y 1oro-zanagHoro nobepexbs Coeaumnennoro KopoisieBctBa [74]. Drta aBapus mnpuBena K
3HAYUTEIBLHBIM U3MCHEHUSM B pearnpoBaHuM Ha pa3nuBbl HePTH. KpoMe TOTO, B mOCIICIHUE
50 nmet Bce OoJpllee 3HAYCHUE TIPUAACTCS aBapUsSIM Pa3InBOB HEPTH MOPCKUMHU areHTCTBAMHU
U cTpaHaMu 1o BceMy Mupy [75]. B pe3yibTare uccienoBaTe/ibCKUe YCUIIUs, HAllpaBJICHHBIC
Ha pa3pabOTKy TOJHOUCHHBIX CpEJ MOJACIUPOBAHUS pPA3JIMBOB HEPTH, TPOJOIDKAIOT
OCTaBaThCs AKTHBHOW o00OJlacThi0 wuccienoBanuil. Korma stu ycunus OOBEIUHSIOTCS C
KPAaTKOCPOYHBIMH U JTOJITOCPOYHBIMH HAOIFOJCHUSIMH 33 pa3inBaMH, pa3paboTka KOMILJICKCOB
MOJICTUPOBAHHUS PUCKOB M MOCJIEACTBHI pa3IuBOB HE(TH, MpeIHA3HAYCHHBIX JIJIS MOBBIIICHUS
3 PEKTHBHOCTH pEearupoOBaHUS M CHUKEHUS PHUCKA, TPUBOIUT K CO3JIaHWIO OTHOCUTEIBHO
OOJIBIIONH CHCTEMBI BBIYMCIHTEIBHBIX HMHCTPYMEHTOB IS WM3Y4YEHHUS TOTCHIIUATBHBIX

MOCJICICTBHI pa3IMBOB HE()TH B MPOCTPAHCTBE U BpeMeHH [76].
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Pucynok 1.1 Muposas m1o6sr4a Heptu ¢ 1998 mo 2021 roxa B cytku [71].
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Ta6auna 1-1 JloObrya ceipoii HedTH Ha menbde ¢ 2012 mo 2021 rox [72]

T'on AJIsicKa Tuxwuii okean Hepcuackuii Hror
3aJIMB

2012 627,108 17,678,493 464,786,485 483,092,086
2013 669,148 18,565,833 459,046,740 478,281,721
2014 625,303 18,506,540 510,467,459 529,599,302
2015 609,912 11,451,040 553,007,049 565,068,001
2016 548,343 6,142,614 585,712,140 592,403,097
2017 513,420 5,714,391 613,670,834 619,898,645
2018 491,616 4,873,812 642,064,616 647,430,044
2019 479,711 4,448,922 692,744,886 697,673,519
2020 458,067 4,568,527 609,733,770 614,760,364
2021 449,679 3,991,793 622,841,833 627,283,305

1.2. OcHOBHbBIE NPUYNHBI MOPCKUX HEPTAHBIX Pa3IUBOB

Pa3nuBbel HedTH OOBIYHO TPOWCXOIAT W3-3a IJIOXOW TOTOABI (yparaHbl, IITOPMBI U
3eMJICTPSACEHHUS ), TPEITHAMEPEHHBIX aKTOB HACHIUA (TaKMX KaK BOWHA, BaHAJIbI UK cOpoC) U
yenoBeueckux omubOok [8]. ITo cmoBam Kauen (Kachel) [9], nanbGonee pacnpocTpaHeHHBIMU
NpUYUHAMH Pa3JIMBOB HE)TH B MOPCKYIO CpEAy SBISIOTCS: aBapud CYJI0B, KPYIICHUS
TaHKEpPOB, pa3pblB WM yTeYyka TPyOONPOBOJOB, B3PHIBBI CKBAXXHWH, B3PBIBBI IIPH
rIyOOKOBOJIHOM OypeHWH, €CTECTBEHHOE IpocayuBaHue (3TO Korjma chipas HeQTh,
HaxojsIIasics B 3eMjie, MPOCAYyMBaAeTCI B BOJY €CTCCTBEHHBIM IyTeM) U paborta

HedTenepepabdaThIBAIOIINX 3aBOJOB.

Yunsepc u ap. (Chilvers) [77] usyunnu 1702 pasnuBa HedTH M3 OOMIETOCTYIHBIX
uCcTOYHUKOB. OHHM OOHapyXmiu, 4to okoyso 47% Bcex cooOmeHuid ObuTM OT 00IIero
CyZ0X0JCcTBa (BKJIFOUas TPy3bl, OaTKephl, KPyHU3HbBIE Cy/1a, BOCHHBIE U PHIOOJIOBHEIE cya), 23%
oT He(TAHBIX TAaHKEPOB U 0apxk U 12% ot TpybonpoBonoB (Pucynok 1.2). B HacTosimiee Bpems
o6onee 90% MUPOBBIX NEPEBO30K HEPTH oOCymIecTBIseTcss HeTsSHBIMH TaHKepamu [78]
CrnemoBatenbHO, CYIIECTBYET BBICOKAs BEPOSATHOCTh HHIIUJECHTOB YTEYKH HEPTH C ydacTHEM
HeTsaHbIX TanKkepoB. Okono 13% aBapuii u 3arpsA3HeHU HEPTH BO BCEM MHUpPE BBHI3BAHBI Ha

stane TpancnoptupoBku [79]. [To nanubiM MexayHapoaHO# (enepaiuu mno npeoTBpameHUuo
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3arpsi3HEHHUs] OKpy»Karomed cpensl BiaaensueB TaHkepoB (ITOPF), cronkHoBeHue c
TaHKepaMU W TOcCaJika Ha Melb SBJISIOTCS OCHOBHBIMU MPUUYMHAMH HE3HAYUTENbHBIX (<700
TOHH) ¥ KpymHbIX (>700 ToHH) aBapuii ¢ pasnuBamu (Pucynok 1.3). B 2021 roay Bocemb
aBapuil Ha pas3nuBaxX HePTHU pa3IUIHONW BeNWMYUHBI mpuBeau K nmorepe 10 000 ToHH HehTH B

MopcKkyio cpeny [58].
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Pucynok 1.2 KonruecTBo 3aperucTpUpOBaHHBIX Pa3IUBOB HEPTH B CYMME I10 JICCATUIICTHSIM, TIO
WCTOYHHMKAM Pa3jIMBOB, 33 TIOYTH IATH JecsaTuietuit, ¢ 1970 mo 2010-2018 [77].
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Fire/Explosion

Other

Unknown




141

1.3. ABapuu Ha pa3auBax HepTH

MupoBbie TeMITbl pa3iuBa HePpTH pe3ko CHU3UIUCH ¢ 1960-x u 1970-X ro10B, ¢ MpUMEpHO
635,000 Tour B rox o mpumepHo 300,000 TOHH B TOJ W3 BCEX HCTOYHUKOB, HE CUHUTAS
aHOMAJILHOT'O TIPEIHAMEPEHHOTO pa3linBa, CBsI3aHHOTrO ¢ BoiHOM B [lepcuackom 3amuse 1991
rojia, KOTOPbI cocTaBmil Ooljiee 82 MUJUIMOHOB TOHH Ha cymie U Ha Mope [74]. Kak MBI yxe
yIOMUHAJIU paHee, KpyMHEHIne HICTOYHUKHU PAa3IuBOB HE(PTH 3a MOCIEIHNE BA ACCATHUIETHUS
CBSI3aHBI C TPAaHCTIOPTUPOBKOM HedTH TaHkepamu. [lo nanubiM EBponelickoro KOCMHYECKOTO
arerTctBa (EKA), npubnusurensusie motepu B 250 000 ToHH HEDTH B TOJ OLIEHUBAIOTCS U3-

3a IPOIIeAYyp dKCIUTyaTaluu kopadiei [1].

Bo BceMm Mupe mpou301I0 HECKOIBKO KPYIHBIX M HE3HAYUTENbHBIX aBapHil C pa3iuBaMu
Heptn ¢ tankepoB [10]. Ha Pucynok 1.4 mokaszaHo pacmpenelicHue KPYIHBIX M MEJIKHX
pasnuBoB Heptu ¢ 1970 mo 2020 rox. KpynHsle pa3nuBbl HE(YTH NPUBJIEKAIOT BHUMAHUE
00IIECTBEHHOCTH M CPEACTB MaccoBoil mH(opmanuu. B mpomuibie Toabl 3TO BHUMaHUE
CIOCOOCTBOBAJIO TJIO0ATbHOMY OCO3HAHHMIO PHCKOB, CBSA3aHHBIX C pa3iuBaMu HepTu, u
yiep0a, HAHOCUMOTO UMHU OKpYXaroIiei cpeae. Menkue pa3iuBbl HEQTHU TPOUCXOASIT YACTO
10 BCEMY MUPY, B OCHOBHOM M3-32 UHTEHCUBHOTO HCMOJIb30BaHUS HEPTU U HEPTEPOTYKTOB

B HaIllel TOBCEHEBHOM X U3HHU [7].

Kak moxazano B Tadauma 1-2, mepBoii kpynHoi kaTacTpodoil HeQTIHOTO TaHKepa B
Mupe cTana nocaaka Ha menb "Torrey Canyon" B Coenqunennom Koponescte 18 mapta 1967
r [80]. B pesynbraTe 3T0# KatacTpodsl B MOPCKYIO cpeay ObuIo BhIOpomeHo okosio 119,000
TOHH ChIpOi HedTH. B TO Bpemsi Kak caMbIM KPYIHBIM W3 KOTJa-Ju00 3apeTUCTPUPOBAHHBIX
pa3IMBOB, MPOM3OMICAININX Ha cyaax, Obul mHIUAeHT ¢ "Atlantic Empress” u "Aegean
Captain ". Bo Bpems Tponudeckoro JuBHs B 1979 roay JiBa MOJHOCTHIO 3arpyKECHHBIX TaAHKEpa
cronkHynuchk. Ilocne aBapum oba TaHkepa Hayajdu pa3iauBaTh HePThb. B pesynbraTte, 1o
ouenkam, 287 000 Toun HedTu ObUTO BBIOpomeHo B Kapmbckoe mope Tankepom "Atlantic
Empress ” [75]. TlocieqHuM KpymHBIM pa3iMBOM HE(PTH B MOPCKOW cpejie CTajia aBapus

HedTsaoro tamkepa "Sanchi” B 2018 romy. Tamkep B3opBaics, a 3aTeM 3aTOHYJ MOCIHE
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TOPEeHHs B TEUEHHE BOCHMHU JHEW MOIpsAN, 4uTO mpuBeno K pasznuBy 113 000 tonn HedtH y

[lanxas, Kurait [81].

B 3aknioueHue BaXHO M3YUHUTh MPEABAYIINE WHIUACHTHI C pa3iuBaMu HePTHU, YTOOBI

Y3HaTb, KakK He(bTL IIOBJIMJIAa HAa OKPYKAKIOYIO CpCAy, KaKUC MCTOAbI OYUCTKH pa60Ta10T 151

KaKue yJIy4qIIeHUs MOTYT ObITh CJCJIaHbI, @ TAK)KE BBIIBUTH MPOOECIIBI B TeXHOJIOTHH [74].
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Pucynox 1.4 KapTa kpymHBIX U MEJIKHX pa3inuBoB HedTH B Mupe ¢ 1970 mo 2020 rox [58].

Tabauua 1-2 Kpynasie pa3nuBbl TaHKEpoB ¢ 1967 roga (pacnofio)KeHbl B COOTBETCTBUU C

o0bemMoM pasznuBa) [58]

Paszmep
HasBanmue cyana I'on MecromnoJioxkeHue pa3iuBa
(TOHH)
ATLANTIC EMPRESS 1979 V 6eperos Tobaro, Bect-Nuus 287,000
ABT SUMMER 1991 700 MOpPCKMX MUJIb OT AHIOJIBI 260,000
EQEE&ELR(’) DE 1983 V 3anuBa Cannganbs, KOxnas Adpuka 252,000
AMOCO CADIZ 1978 3a npenenamu bperanu, @pannus 223,000
HAVEN 1991 lenys, Utanus 144,000
oy e o Howi 1520
TORREY CANYON 1967 Cuu Afine, BenukoOpurtanus 119,000
SEA STAR 1972 OMmaHCKHH 3aTHB 115,000
SANCHI 2018 3a mpenenamu llanxas, Kurtait 113,000
IRENES SERENADE 1980 HasapuHckuii 3anus, ['perus 100,000
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[Tpomomxkenue Tabmuier 1-2

URQUIOLA 1976 Jla-Kopy#nbst, Ucnianus 100,000
HAWAIIAN PATRIOT 1977 300 mopckux Muib oT I'oHOIYITY 95,000
INDEPENDENTA 1979 bocdop, Typuns 95,000
JAKOB MAERSK 1975 ITopry, IlopTyranus 88,000
BRAER 1993  Illermanackue octpoBa, Benukobpuranus 85,000
AEGEAN SEA 1992 Jla-Kopy#nbst, Ucnianus 74,000
SEA EMPRESS 1996 Mundopa-Xeiisen, BenukoOpuranus 72,000
KHARK 5 1989 120 MOpPCKUX MUJIb OT aTJIAHTUYECKOTO 70,000
no6epexbst MapoKko
NOVA 1985 VY octpoBa Xapk, Upanckuii 3auB 70,000
KATINAP 1992 3a npenenamu Manyty, Mo3amOuk 67,000
PRESTIGE 2002 3a npenenamu ["anucuu, Mcnanus 63,000
EXXON VALDES 1989  IlIpomnums Ilpunna Ywuibsima, Anscka, CLITA 37,000
HEBEI SPIRIT 2007 [Oxuas Kopes 11,000

1.4. Bo3neiicTBue pa3inBoB He)TH HA MOPCKYIO Cpeay

Mopckue pa3iauBbl HE(TH BBI3BIBAIOT 3KOJIOTMYECKHE HApyIHIeHUs M MOTYT HUMETh
pas3iauyHble KPAaTKOCPOYHBIE M JOJITOCPOYHBIE MOCIEACTBUSA JJISI MOPCKHX 3KOCHCTEM U
9KOHOMUKH NpuOpexHoro Hacenenus [11,12,22,82,83]. KpynHbie aBapuu ¢ pa3iuBamMu HeQTH
MOTYT NpPHUBECTH K YTE€UKe OOJBIIOr0 KOJW4YecTBa He(PTH, MO3TOMY OHHM OUYEHb OMACHBI.
[ToMHMMO KOHOMUUYECKHX NOTEPb, OOJbIINE MJIOMAN HEPTAHOTO 3arpsi3HEHHUSI B MOPE MOTYT
MOBIUATH Ha OOMEH MaTepuajaMy U SHEpPrueil Mex1y BO3YIIHBIMU U MOPCKUMH CUCTEMaMu
[84], uTo mpuMBOAMT K MacCOBOW THOCIM MOPCKHX OOHWTaTeNed M MTHUI. DTO HE TOJBKO
BBI3BIBAET KaTacTpopuueckue OeCTBUS ISl MOPCKOU KM3HU, HO U 3HAUYUTEIHHO BIUSET Ha
HKOJIOTHIO, TYPU3M U OKPY’KAIOIIYIO Cpeay MpHOpexHbIX pailoHOB. Kpome Toro, 3arps3HeHue
TaKXKe SIBISCTCS JUIUTEIbHBIM U cTOWKUM [85]. M3-3a QU3HKO-XMMHYECKUX CBOMCTB CBHIPOi
He(TH 1 ee B3aUMOJICHCTBHUS C MOPCKOM cpeioii Jake HE3HAUUTENbHBIE Pa3IuBbl HE(PTH MOTYT
UMeTh cepbe3Hbie mocieactBus [86]. IlpucyrcTBue HedTH B BOJC MOXKET MPEHATCTBOBATH
¢doToCMHTE3y MOPCKOTO (DUTOIJIAHKTOHA, TEM CaMbIM CHMJKasl COJIEp)KaHHE PAaCTBOPEHHOTO

KHCIIOpPOJa M H3MEHSAS TeMIepaTypy BOIbl M JAPYTHX COCTaBistommx wactui [87,88].
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CnenoBarenpHO, (pu3nuecKkne W XMMHUYECKHE HAPYMIEHHs OT HE(PTH B MOPAX 3arpA3HAIOT

9KOCHUCTEMY U 3arps3HIIOT MOPCKYIO MUIICBYIO 1eNb B 3BGoTHYeckoii 30He [89].

TsxecTh BO3JEUCTBUS pa3iuBa HEPTU 3aBUCUT OT MHOTUX (AKTOpPOB, BKIIOUAs
KOJIUYECTBO pa3nuToll HedTH, MepBOHAYaIbHBIE (QPU3MKO-XUMHYECKHE XapaKTEPUCTUKU
HeQTH, a TakKe METEOPOJIOTUYECKHEe M MOpCKue ycioBus. Jlaxke pas3iuBbl HPOAYKTOB
HepTenepepabOTKU, TaKUX Kak OCH3UH, OBICTPO HCHAPSIOTCS U  BBI3BIBAIOT JIUIIb
KpaTKOCPOYHbIE 3KOJoTrudeckue mociueactBusi. C Apyroi CTOpOHBI, cbhipas HEPTh, MA3yT H
CMECHU «BOJa B HEe(PTW» MOTYT MPUBECTH K MMHUPOKOMACIITAOHOMY W JJIUTEIBHOMY
bu3nyeckoMy 3arpsi3HeHUI0 OeperoBbIX NuHHK [8]. CHuTyarus oCIoXKHSIETCS M yXYIIIaeTcs,
ecnu paznutas HePTh JOCTUTaeT OEperoBodl JHMHUM WJIM TOOEPEkXbs, IMOCKOJIbKY
Ouosorndeckass MPOAYKTUBHOCTh Ha JTUX ydYacTKax BBIIIe, U HEePTb, CKOMUBIIASCS Ha
OCpEeTOBBIX JIMHUSAX, MOXKET COXPAHATHCS B TEYCHUE JUITUTEIBHBIX mepuonoB BpemeHu [90].
Hedtr paccemBaercss MenjieHHEE W MOXKET COXPAHSATHCS B TEUEHHWE HECKOJBKUX JIET B
OTJIOKEHUSIX Jaxe mocyie mpoueccoB ouncTku [91]. Takum oOpa3om, 3TH 3arps3HCHHBIC
HE(PTHIO OTI0KEHHUS MOTYT YBEJIMYUTHh PUCK BO3/ICHCTBHS HA BOJIHBIE YKOCUCTEMBI U 3I0POBbE
gyenoBeka [92]. Kpome Toro, HedTh, pa3nuras Ha OCpEeTOBOW JIMHUU, MOXKET HAHECTH
3HAUYUTENbHBIN yiIepO cpeae OOUTaHUS U MPEACTABIATh CEPbE3HYIO YTPO3y ISl BCEX JKUBBIX

OpraHM3MOB Ha OEPEeTOBOM JIMHKUH U B e¢ mpeaenax [93].

[ToTeHunanbHOE BO3ACHCTBHE HEPTAHOIO 3arpsA3HEHUs] Ha OMOTY MOKET BapbUpPOBATHCS
ot Buja k Buny [94]. Hanmpumep, HeTh BCTymaeT B KOHTAKT ¢ KOPAJUIOBBIMU prudamMu B TOJIIE
BOJIbI HAa MEJIKOBOJbE M MOXET MPEMATCTBOBATh UX PA3MHOXKEHHIO, TTOBEJEHUIO U POCTY. DTO
MOXKET Ja)Ke MPUBECTH K THOENN KOPaIJIOBBIX OpraHn3MoB. KopaninoBeie pudbl, SSBISIONINECS
cpenoil 0OUTaHUs COMYyTCTBYIOIIMX MOPCKUX OPTraHU3MOB, TAKUX Kak ppl0a, MOPCKHE TPaBHI,
BOJIOPOCIIH, KpaObl U T.J., IPU 3arpsi3HEHUU B PE3yIbTaTe pas3siuBa HEYTU MOTYT IMPUBECTH K
notepe ouopaznooOpasus [95]. Heckonbko mccienoBaHuii, B KOTOPBIX OBLIO MPEICTABICHO
BIUsSHUE HePTH Ha (HU3MOTOTHIO KOPAJUIOB, MOATBEPAUIN NaryoHoe Bo3JaelcTBUE HEPTH Ha

KOpaJbl, TIO3TOMY 3arps3HCHUC He(i)TI)IO ABJIACTCA YIpOXKarIuM (baKTopOM JJI KOPAJJIOBBIX

pudos [96-99].
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[Ipubpexxubie pailoHbl, Kak MpPaBUIO, T'YCTOHACEJIEHBblI W MPUBJIECKAIOT MHOXECTBO
pEKpeanroHHbIX MEpOMNpUITUA U OOBEKTOB, pa3pabOTaHHBIX /IS pbIOATKH, KaTaHUS Ha
JIOJIKax, MOJABOJIHOTO MJaBaHUs, U JPYTUX Pa3BICUCHUN IS KUTEJIEH U TypucToB. Pa3nuBs
He(TH, KOTOpbIE BTOPTAIOTCS B 3TU PalOHBI U 3aTPSI3HSIIOT UX M HETaTUBHO CKAa3bIBAIOTCS HA
NEeSITEIbHOCTU YE€JIOBEKA, MOTYT UMETh Pa3pyLIUTEIbHBIE U JOITOCPOUYHbIE MOCIEICTBUS IS
MECTHON HSKOHOMHKH U oOmiectBa. CTOMMOCTb >XKWJIbS HMEET TEHICHIUIO K CHHXEHHUIO,
pervoHaibHas JeI0Basi aKTHBHOCTh CHIDKAeTCs, a Oyayuiue nHBeCTUIIMU puckoBanubl [100].
B kxoHkpeTHBIX ciydasx mpoOseMbl MOTYT BO3HHKHYTH JJIsI OTpaciiell MPOMBIIIEHHOCTH,
KOTOpbIE 3aBUCIT OT MOTPEOJICHHST MOPCKOW BOJIBI (HAIpUMED, TPOU3BOJICTBO MOPCKOM COJIH,
ONPECHUTEJIbHBIC YCTAHOBKHU U MPHUOPEKHBIE IIEKTPOCTAHIINN) U MPUOPEIKHBIX COOPYKECHUU

(Hampumep, MpuUcTaHel, TOpTOB U raBaHeit) [13].

1.5. IloBenenue pasanTtoii He)TH B MOPCKOIi cpee

[Ipu paznuBe HEPTHU MPOUCXOIUT HECKOJIBKO MPOIECCOB TpaHCHOpPMAIMU; MHOTHE W3
ATUX MPOILIECCOB HA3BIBAIOTCS TOBeaeHUEeM pasziautod Hedtu. [lepBoit rpymnmoi mporiecca
SIBIISIETCS] BEIBETPUBAHUE, PSJI IPOI[ECCOB, MTOCPEACTBOM KOTOPHIX GU3UIECKUE U XUMUYECKHUE
cBolicTBa HeTH M3MeHsOTCS Tocie pa3nuBa [14-16,101,102]. Bropas rpymnma mporeccos
CBsi3aHa C (PUBHMUECKUMH TMpoIlecCaMu TMEepeHoca, TaKMMU KaK pacrnpocTpaHEHUE U
nepemMeinenne HedTsHoro msatHa [1,74]. Pucynok 1.5 wumocTpupyeT OCHOBHBIE MOPCKHUE
npoiieccsl nocie pasnuBa HedTH. [Iponeccsl BrIBETpUBaHUS U PU3UUECKOTO MEPEHOCA MOTYT
MEePEeKPHIBATLCS; BPEMEHHBIE MacHITaObl MPOIECCOB, MPOUCXOMSIIUX TOCIe pa3liuBa,
nokaszanbl Ha Pucynok 1.6. Bce mporiecchl 3aBUCST OT TUIA Pa3iuTOd HEPTHU U MOTOIHBIX
ycaoBuid Bo Bpems u nocie pasnuba [103]. Cnennduyeckue moBeaeHUECKHE MPOIECCH MOCTE
pa3nuBa He(TU OMPEAENSAIOT, KaK CIeAyeT OUYMINATh HEPTh U €€ BIUSHUE HA OKPYKAIOIIYIO
cpeny. CnemuaaucTbl MO JUKBUIAIMU PA3JIUBOB JOJKHBI 3HAaTh OKOHYATEIBHYIO CYAbOY

He(TH, 4TOOBI PUHATH MEPBI IO MUHUMHU3AIIUK O0IIEro Bo3aecTBUs pa3inuBa [104].
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Pucynok 1.5 OcHOBHBIE ITPOIIECCHI pa3nBa MOPCKO# HeTH mocie pasiuBa [1].
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PucyHnok 1.6 OTHOCHTEIbHBIC BPEMEHHBIC KAl IPOIIECCOB BHIBETPUBAHUS U CYAbOBI.
TonmrHa CTOIONKOB OTPaYKAET OTHOCHTEIBHYIO BAKHOCTh KXKIOTO MPOIECCca B ONPEICICHHOS
BpeMsI TI0CJIe TIEpBOHAYAIBHOTO pa3nuBa [105].
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1.5.1. PacTtekanue HepTH

PacTexanue 03HavaeT cO3aHUE TOHKOM IIIEHKH, PACIPOCTPAHIIONICHCS IO TOBEPXHOCTH
Mops cpa3y nociie Beiopoca Hedtu [106]. [Tocae pa3znuBa HedTH Ha Boay He(Th, KaK MPaBHUIIo,
pacTeKaeTcsl MO MOBEPXHOCTH BOJBI B BHJIC ISATHA, YTO OCOOCHHO XapakKTepHO s Oojee
JIETKUX MPOJYKTOB, TAKUX Kak OCH3WH, TU3€IbHOE TOIUTHBO U JIeTKas ChIpas HePTh, KOTOPHIE
00pa3yroT TOHKHE MMATHA. B TO Bpems kak Goiyiee TspKesas chipas HePTh MEepBOHAYAIBHO
pacTeKaeTcs 70 MATEH TOJMMHONW B HECKOJbKO MUJUTMMETPOB, a TAK)KE MOKET 00pa30BhIBATh
CMOJISHBIC IIAPHUKHA M, TakKMM OOpa3oM, HE MPOXOJHMT dYepe3 MPOTrPECCHUBHBIC CTaIUuU

uctoHucHus [74].

['paBuTamuss u TOBEPXHOCTHOE HATSIKEHUE  SBJISAIOTCS OCHOBHBIMH  CHJIAMH,
JNEeUCTBYIONIMMHU B TOJIb3Y pacTeKaHUs, B TO BpeMsl KaK WHEPIIMOHHBIE U BSI3KHUE CHIIBI
pabotatoT npotuB Hero. [losTomy pacnpocTpaneHre HePTSIHOTO MATHA MPOUCXOIUT JTaXKe MPU
OTCYTCTBHUU MOPCKHUX T€UECHHUH WiH Aedopmaiuii, BEI3BaHHBIX BeTpoM. CKOPOCTh pacTeKaHUs
3aBUCHT OT TEMIIEPATyphl IMOBEPXHOCTH MOps, BSI3KOCTH H IutoTHoctH HedTm [107].
Manossizkas HedTh pacTekaeTcsi ropasao OBICTpee, YeM BBICOKOBSI3Kas, KOTOpas MOXKET

OCTaThCS B BHJIC psijia MSATEH, a HE CO3/1aTh HEMpPEPhIBHYIO ieHKy [108].

BeTep 1 Mopckue TeUeHUS TaKKe BIUSIOT HAa PacpOCTpaHEHHE HEPTH U yCKOPSIOT 3TOT
npoiecc. HegTsHble NATHA BBITATUBAIOTCS B HAlPaBJICHUH BETpa U MOPCKHUX TEUEHHH H, 1O
Mepe pacupoCTpaHEHUs, MPUHUMAIOT Pa3IndHbIe (OPMBI B 3aBUCHMOCTH OT JBIIKYIIUX CHIL.
HedTsHble nsATHA 4acTO NpeAlIECTBYIOT 0oJiee TSHKENBIM WM T'YCTBIM CKOIUIGHHSIM HE(QTH.
[Ipu cunpHOM Betpe (6osee 20 kM/4) HePTAHBIE MATHA MOTYT OTJAEIATHCS OT OOJIee TOJMCTHIX
MATEH U nepemeinarbest BHU3 1o BeTpy [103]. Xots pacnpocTpaneHne He)TH IO MOBEPXHOCTH
MODS HE U3MEHSIET HUKAKUX (PU3UIECKUX UM XUMUYECKHX CBOUCTB HE(PTH, T1000€ N3MEHEHNE
TOJNINUHBI HEMTSIHOTO TSATHA W COOTHONICHUS TUJIOMAAM K 00BEeMy BCIEICTBHUE
pacrpocTpaHeHus: HE(QTAHOTO TSATHA BIMSIET HA CKOPOCTh BCEX JAPYTUX IPOILIECCOB
BBIBETPHBAHMS, a TAK)KE Ha BO3MOXHOCTh BOCCTAHOBJICHHSI U 00pabOTKM HEePTIHOTO MATHA.
[TosToMy TOYHOE MOJETUPOBAHHE PACIPOCTPAHEHHS HEPTIHOTO pas3iIBa HUMEET BaXKHOE

3Havyenue [109].
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Hawnbonee gacTo ucnoap3yemMbie MOJAETH Il pa30packiBaHUS Pa3IuBOB HEYTH OCHOBAHBI
Ha pabore Dot (Fay) [110,111]. Doit npeAmONOKUIA, YTO PACHPOCTPAHEHHUE JyUIle BCErO
onuchIBaeTcss TpeMms (azaMu: MHEPLUUOHHOW, BA3KOM M MOBEPXHOCTHOTO HaTsKeHus. B
MHEPLUUOHHON (a3e NOMHUHHMPYIOT CHJIBI TPAaBUTALMU, B BA3KOM (paze - CUIbl rpaBUTALUU U
BA3KOCTH, a B (pa3e NMOBEPXHOCTHOTO HATSKEHUs - MOBEPXHOCTHOE HaTsKeHue. B menowm,
pacTekaHue — 3TO MPOLECC C ONPEAETECHHBIMU MOJIEIbHBIMU OTPAaHUYEHUSIMU, TOCKOJIBKY OH
3aBUCHUT OT XapaKTEPUCTUK HEPTU U cocTOossHMS okeaHa. CyllecTBYyIOUIUE aJrOPUTMBbI JIUIIb
YaCTUYHO MNPUOIMKAIOT (PAKTUYECKYIO0 IJIOIIaJb MOBEPXHOCTH pEalbHbIX pa3iauBoB. [l
TOYHOTO pelIeHUs TPoOIeMbl TpeOyIOTCS JaHHBIE O COCTOSIHUU MOPsI U He()TH, KOTOPbIE MOTYT
OBITH HEIOCTYIHBI HA HAYAJILHOM 3Tale ONEePaTUBHOTO pearupoBaHus Ha pa3nus. Enie ogHum
MCTOYHUKOM HEOIPEIEIEHHOCTH SIBJISIETCS TO, YTO B BBIYMCIHMTEIBHBIX LEIAX MOJENU
pas3nuBOB He(TH enAT NATHO Ha DiemMeHThl Jlarpanxka (3J1) min yacTULIBI M OTCIIEKUBAIOT UX
IBM)KEHUE, YTO HE MO3BOJAET HANPSAMYIO OMpPENEIUTh KOHIIEHTPALMIO WU TOJIIUHY HEPTH B

KOHKpETHBIX MecTax [1].

1.5.2. lIpeiid (ropu3oHTaIbHOE MEpeMelieHHe He(PTAHBIX MATEH)

B nomonHeHMe K €CTECTBEHHOW TEHIICHIMU K PACIPOCTPAHEHHUIO, HEPTAHBIC IMSATHA HA
BOJI€ MEPEMENIAOTCS BAOJIb BOJHOW MOBEPXHOCTH, B OCHOBHOM I0OJ BO3/IEHCTBUEM MOPCKHX
TeueHnid W Berpa [41]. JIBMikeHHME, BO3HHUKAIONIEE B pe3yJibTaTe BO3JCUCTBUS BETpa U

MOPCKOTO T€YEHHUsI, MPOUIIITIIOCTPUPOBaHO Ha PucyHok 1.7.

[Ipu mombITKE OMpPEAENHUTHh ABHKEHHE HE(TSIHOro MATHA, HA TOYHOCTH BIMSIOT JBa
¢dakTopa. bonee cymecTBeHHBIM (AKTOPOM SBISETCS HEBO3MOXKHOCTH MOJYYEHHS] TOUHBIX
JAHHBIX O CKOPOCTH BETpa M MOPCKOTO TEUYEHHss B MOMEHT pa3nuBa. Jlpyroi, odeHb
HE3HAYUTENbHBIN (HaKTOP - ITO sIBJIEHUE, U3BeCTHOE Kak 3(pdekT Kopuonuca, koraa BpanieHue
3eMiIi HEMHOTO OTKJIOHSCT ABWXKyHuicsa o0bekT [103]. OOmmM MeToa0M MOJICITHUPOBAHHUS,
MPUMEHSIEMBIM TOUYTH BCEMH MOJIEISMH HE(TSHBIX Pa3IMBOB JAJ ydeTa BIHMSHUSA BETpa Ha
HeTsIHOE TATHO, TJaBarollee HAa MOBEPXHOCTH MOPS, SBISETCS HCIOJIB30BAaHUE IMOIX0Ja
"BeTpoBoro (akropa", T.e. BO3eiicTBUE BeTpa OyneT nmepemeniath HeTh Mpu ONpeeIeHHON

J0JIe CKOPOCTH BETpa MO/ ONPESICHHBIM YIJIOM K Hampasienuto Betpa [112]. Kpowme Toro,
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B OOJIBIIMHCTBE MOJeNiel HEPTIHBIX Pa3IMBOB HUCHOJB3YeTCs MeTo] Jlarpanxka (Hampumep,
GNOME, MEDSLIK u OpenQOil), mosTomy 4dactuiiam He(TH MNPHUIUCHIBACTCS aJIBEKTHBHO
MepeMenIeHne B COOTBETCTBUU ¢ MOPCKUMU TEUCHUSIMU, BETpoM | aperidom CTokca, a Takke

audy3rMoHHOE EepeMelIeHIEe, 3aJaBaeMOe MOJICIIbIO CiTydaiiHoTO Onyxaanus [1].

3% of rmmmem sy gommmmmmomomemneoet =5
Wind
comporent

3% of
Wind
component

Current component

Current component

Pucynok 1.7 BausiHue pa3nuuHbIX HaIpaBJICHUN BETpa U TEUEHUS Ha pe3yJIbTHUPYIOLIee
JIBIKeHUE HedTsiHOrO msaTHa [113].

1.5.3. Ucnapenmue

McnapeHue MpoOUCXOAUT, KOTJA JeTy4Yue IeMeHThl HepTu AuPPYHIUPYIOT U3 Hed)TH U
YHOCAT Ta3000pa3HyI0 CTaINI0, B TO BpeMs KakK 0oJiee TsKeIble KOMIIOHEHTHI HE(TH OCTAIOTCS
B Mope [114]. CornacHo ®@unrac (Fingas) [115,116] ucnapenue siBnseTcs MepBbIM H Hanboee
BXHBIM TIPOIECCOM BBIBETPUBAHUSA, KOTOPOMY IOJBepraeTcs He(Th IOCJie pas3iuBa, |

AOMHUHHPYIOIMHUM IMPOHECCCOM BBIBETPUBAHUA HAa HAYAJIBHBIX CTAAHUAX Pa3JIMBa HG(l)TI/I.

Jlerkue coenuHeHHs ¢ Oojiee HU3KOW TEMIEpaTypod KHUIIEHUS MOTYT MCHApsThCS MPHU
OoJsiee HU3KUX TeMIlepaTypax, a MPH MOBBIMICHUH TeMIEpaTyphl HEPTH MOTYT HCTAPATHCS U
6osnee TspKenble coequHeHUsI. OCHOBHBIM MCTOYHUKOM TeIUIa JJIsl UCTIapeHust He(TH sIBIsETCS
conHie [56]. B TeueHne HECKONBKUX JHEH MOCIE pa3auBa Jierkas HeTh MOKET MOTEPSTh 110
75% cBoero nepBoHayagbHOTO 00beMa, a cpefHsas HePTh - 10 40%. HanpoTus, Tsokesnsie uiu
ocTaTouHble HePTH TepstoT He Oosee 10% cBoero oObeMa B mepBble HECKOJIBKO JHEH MOCie
pasnuBa [117]. CgoiicTBa He()TH MOTYT 3HAYUTEIBLHO U3MEHUTHCS B 3aBUCUMOCTHU OT CTEICHU
ucnapenusi. Cornmacio Mumpa u Kymap (Mishra and Kumar) [19], mioTHOCTs ¥ BSI3KOCTB
HeQTIHOTO MATHAa 3HAYUTEIPHO WM3MEHSIOTCS B pe3ysbTaTe HcnapeHus. Ecnm mcmapsiercs

oko0110 40% (1o Becy) He(TH, ee BA3KOCTh MOXeT yBennuuThesa B 1000 pas. IlnmotHOCTh MOXKET
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yBenmn4uutThes Ha 10%. CTeneHs ucnapeHuss MoXKeT ObITh HanboJiee CyleCTBEHHBIM (aKTOPOM
B ONpEJCICHUN CBOWCTB HE(TH B JTaHHBI MOMECHT BPEMEHH IMOCJIC pa3jivuBa U B U3MCHCHUU

noBeneHus Hedtu [7].

1.5.4. OmyabrupoBanue

OMyJIBIUPOBaHUE — 3TO MPOLECC, MPU KOTOPOM OJIHA XKHUJKOCTb JAUCIEPTrUpPYyETCs B
Apyroi B Buae wMenpuaidmux kameiab [113]. Korma wHedTh mnpocaumBaeTcs B BOAY,
AMYJbIUpOBaHUE HEPTHU - 3TO MPOIIECC, B PE3YJIHbTATE KOTOPOTO BOJA CMEIIMBAECTCA C HEPTHIO
[1]. Kamenbku BOABI MOTYT HaXOAUTHCS B CJIO€ HEPTH B CTAOMIIBHOM COCTOSIHMH, B PE3yJIbTaTe
yero obpasyercsi CoBeplIeHHO Jpyroil Mmarepuan. CymecTBYIOT JBa TUIA dMYJIbCHI BOJa-B-
HedTH U HePTh-B-BOJIe. OMyJIbcuH "Boja B HedTH", WK "MOKOMagHBIA Mycc", oOpa3yroTcs,
KOTJla B pEe3yJbTaTe€ CUIbHBIX MOPCKUX TEUEHHUM WJIM BOJHOBOTO BO3JEHCTBUS BOJA
OKa3bIBA€TCsSl B JIOBYIIKE BHYTPH BSI3KOW HEePTH. DOMyJbCUU "IIOKOJAAHOTO Mycca" MOTYT
COXpPaHATHCA B OKPY’KAIOIIEH Cpelie B TCUEHUE HECKOIBKHUX MECAIEB MU JaXe JIET. DMYJIbCUU
He(pTHU W BOJBI 3aCTaBISIOT HEPTH TOHYTh U MCYE3aTh C MOBEPXHOCTHU, UTO CO3JAET JIOKHOE

BIICUATIICHUE, YTO €€ OOJIBIIE HET U yrpo3a JUIsl OKpYyIKaromel cpeapl MuHoBana [19].

Ha smynsrupoBanue BAUSIOT TYpOYyJIEHTHOCTh, COCTaB HepTH U TemmepaTtypa. OmaHaKO
apyrue (axTophl, BIUSIONIME Ha Hee, BKIIOYAIOT aJaBeKnuio, Auddy3uio, pacTeKkaHue,
ucrnapenre u pactBopenue [118]. DmynbrupoBanue MOXKET yBEIUYUTH 00bEM HEPTIHOIO
MATHA B TPH pa3a, a TAK)KEe MOBBICUTH €T0 BA3KOCTh HA HECKOJIBKO MOPSAKOB. DTH U3MCHEHUS
MOTYT 3aTPYJHUTh XUMHUYECKYI0 00pabOTKy M MEXaHHYECKOE BOCCTAHOBIECHUE HEPTSIHOTO
pasiuBa, MOTOMY OpPTaHbl MO JUKBUAAIMU PA3IUBOB HE(PTHU MOTKHBI YMETh MPOTHO3UPOBATH
noBejieHue KoHkpetHOW HedTu [109]. Ilo mepe yBenumueHus Bs3koctH HedTH Bce Ooiee
3HAYUTENbHAsT €€ 4YacTh JMyiubrupyercs. HedTs smynbrupyercs, 4To Takke HapylIaeT
CKOpPOCTh ucmnapeHus. [lapamnenbHO CKOPOCTh IMYJIBTHPOBAHUS YBEIUYUBACTCS C POCTOM

CKOPOCTH BEeTpa U TypOYJICHTHOCTH Ha TIOBepXHOCTH Mopst [119].

OcHoBHOM 3(DPEKT dIMYJIBTUPOBAHUS 3AKIOYACTCS B TOM, YTO 00pa3yercs SMYJIbCUS C

ApYTUMH (PU3HMYECKMMH M XMMHYECKHMMHU CBOWCTBAMU IO CPaBHEHHUIO C IEPBOHAYAIBHO
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pa3nuToi HePTHIO, UTO MPUBOJUT K CEPHE3HBIM MOCIEACTBUAM IS METOA0B OUUCTKU. Jpyroii
3HAYUTEJNbHBIA HETAaTUBHBIM H(QPEKT HSMyIbrUpoOBaHUs 3aKIOYaeTcss B TOM, YTO OHO
YBEJIMYUBAET 00bEM MATHA; 3TO 03HAYAET, YTO 3aTPAThl HA OYMCTKY 3HAYUTEIBHO BO3PACTYT.
OMylbcuH, coaepxaiue okosio 70% BoJibl, yBEIUUYHUBAIOT 00BEM HEPTSHOTO MSATHA B TPH pasa.
UTo emie Oosiee CylecTBEHHO, BSI3KOCTh He(pTH yBenuunBaeTca B 1000 pa3, B 3aBUCUMOCTH OT
tuna oOpa3oBapieiics dmynbcun [19]. Takum o00pa3om, >SMYyJIBTHPOBAHUE SBISCTCS
IpOIECCOM CO CHeNU(PUUECKUMHU OrPaHUUYCHUSMHU MOJICIM U WUrpaeT pEeulalollyi pojib B

OIICHKE BO3JICHCTBUS U PEarupOBaHUU IIPU MOJICIUPOBAHUY pa3nuBoB HedTH [1].

1.5.5. EcrecTBeHHasi nucnepcust

XOT MOJIeKyJdsipHas pacTBOPUMOCTH He(pTH B BOJE OTHOCHUTEIBHO Maia,
paszOuBaromyecs BOJHBI OyAyT THaTh KPOLICYHBIE Kariu HePTH B TONIIY BoAbl. Eciu kammm
JOCTATOYHO MAaJbl, €CTECTBEHHAs] TYpOYJIEHTHOCTh B BOJE HE MO3BOJHUT HE(PTH BCIUIBITH Ha
MOBEPXHOCTD, MMOJOOHO TOMY, KaK TypOyJI€HTHOCTh B BO3AYXE YACPKUBACT Ha IUIaBY MEJIKUE
YaCTHIIBI MBUTH. JTOT Mpoliecc Ha3bIBaeTcsa ecTecTBeHHOU nucnepcueit [50]. Takum obpaszom,
€CTEeCTBEHHAs] JAUCTIEPCHUs MPOUCXOAHT, KOT/Ia MEIKHE KA HeQTH MEPEHOCSATCS B TOJIILY
BOJBI MOJ JAEHCTBHEM BOJH WMJIM TYpOyJEHTHOCTH. Menkue Kamjiad paclpoCTpaHSIOTCA U
i YHAUPYIOT B TOJIIE BOIBI, B TO BpeMsl Kak 0oJyiee KpyIHbBIE KAaIUId TOAHUMAIOTCS BBEPX
1 00pa3yroT TOHKYIO IUICHKY, U3BecTHYO0 Kak risHel [104,120]. HedTsaHol Oseck - 3To TOHKas
HedTsaHas mIeHka, 00bruHOo ToauHoi 0,003 MM win Meree [56]. Ha ckopocTh ecTeCTBEHHOTO
paccerBaHUsl BIUSIOT YCIOBHUS OKPY’Karolieil cpenpl (T.e. COCTOSIHUE MOPsI), CBOWCTBA HE(PTHU
U XapaKTepUCTUKH pa3iauBa (TOJMUIMHA HEPTAHOW IIJIEHKU, IUIOTHOCTh, BSI3KOCTb U
MOBEPXHOCTHOE HAaTs)KeHHe HepTu/Boabl). Tsbkenas cwlpas HepThb HE pacceuBaeTcs
€CTECTBEHHBIM 00pa30M B CKOJIbKO-HUOYIb 3HAUUTEIbHOMN cTeneHu. HanpoTus, gerkas HeThb
MOXET 3HAYMTENbHO paccewBaThcs. Kpome Toro, mms paccemBaHus HEPTH HEOOXOIUMO
3HauYMTeNbHOEe Bo3aeicTBue BoiH [121]. JlonrocpouHas cyanba nucrneprupoBaHHONW HedTH
HEHM3BECTHA, XOTS OHAa MOXET B HEKOTOPOW CTETEHHU pa3iaraTbCs, MOCKOIBKY COCTOUT B

OCHOBHOM M3 HACBHIIIICHHBIX KOMITOHEHTOB [74,104].
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1.5.6. PacTBopeHne

PactBopenue — 310 dusnueckuii npoiecc, B pe3yJbTaTe KOTOPOTO MPU KOHTAKTe HEPTH
C BOJOH HEKOTOPBIC PACTBOPHUMBIC KOMIIOHCHTBI TEpSIOTCS B Boje mHoja msatHoMm [122].
PactBopenue — Oonee MeEIJIEHHBIN TMpOILECC IO CPAaBHEHUIO C BBIIMICYTOMSHYTBIMU
npoueccaMu. HedTh MOXKET pacTBOPSATHCA B TOJIIE BOJBl U3 MOBEPXHOCTHOTO MSITHA WIIH
JAUCIIEPTUPOBAHHBIX Kamneiab HeGTu [123]. PacTBopeHHEe MPOUCXOAUT Cpa3y MOCie pa3inuBa, u
CKOpPOCTh PAacTBOPEHHUs OBICTPO yMEHBIIAETCs, MOCKOJIbKY PacTBOPUMBIE BEIIECTBa OBICTPO
ucromarTcs. HekoTopble W3 pacTBOPUMBIX COCAMHEHUU Takke ObIcTpo mcmapsitores [124].
Takum 00pa3zom, pacTBOpEHHE M HCHApEHHE — ATO JBAa KOHKYPUPYIOUIMX IpoIliecca, XOTs
ucrnapeHue IpouCcXoauT ObICTpEe U 3aTparuBaeT 0osiee 3HaUYNUTENIbHbIE YaCTH pa3nuBa. Jlerkas

chIpas He()Th XOPOIIO PAaCTBOPMMA B MOPCKOM BOJIE U OTHOCHTEIbHO OoJiee eTyua [125].

Ha cxopocTh pacTBOpeHHsI B OCHOBHOM BIIUSIOT PACTBOPUMOCTH HE(PTIHBIX COeTMHEHUN
B BOJIe, IUIOMIalb KOHTAaKTa C BOJOHM, TemIeparypa BOJbI, COCTaB He(TH, YCIOBHSI MOps U
K03 pHUIMEHT mepeHoca pacCTBOPEHHs Yepe3 MOTPAHUYHBIN CIION Ha TpaHHIlEe pas3jesia Boja-
HedTh [56,109]. Bonee Menkue u nerkue KOMIIOHEHTHI 00J1a1af0T OOJIBIICH PaCTBOPUMOCTHIO,
yeM Oojiee KpyINHbIE U TsDKenble MOJEKyibl. [Ipy MOBEpXHOCTHBIX pas3iuBax HePTH
pacTBOpeHHE BHOCHUT HEOOJBIION BKIaJ B 00lIee BbIBETpUBaHUE HE(PTH, MOCKOJIbKY OUYEHb
JeTKMe W apoOMaTHYeCKHE KOMIIOHEHTBHI COCTAaBIAIOT HEOONbIIyl0 n0d0 Bced Hedtu. OHu

TaKXKe JICTYYH U UMCIOT TCHICHIIMIO UCTIAPAThCS ObICTpee, yeM pacTBopsaThes [109,117].

1.5.7. ®orooxkucjaeHue

Coipast HeTh OOBIYHO MMEET TEMHBIM I[BET W MOXET IOTJONIATh YJIbTPadHOoICTOBOE
uznyuenue (Y®) oT CoONHIIA; 3TO MOXET H3MEHHTh coctaB HedTu [126,127]. CremneHn
(OTOOKHUCIEHHST 3aBUCHUT OT IUIONIAAU TOBEPXHOCTH HEPTH HAa TOBEPXHOCTH BOJIHI,
KOHIICHTPAIMU PACTBOPEHHOI'O0 KUCJIOPOJa, JOCTYIMHOCTH COJIHEYHOTO CBETA, MPO3PAYHOCTH
BOJIbI U cocTaBa HedTu [128,129]. [Tox Bo3aelicTBUEM COJTHEUHOTO CBETAa Ha HE(PTIHOE MATHO
KUCJIOPOJ W YTJEPOJ COCAUHSIOTCS M 00pa3yloT HOBBIC MPOIYKTHI, KOTOPHIE MOTYT OBIThH

cmonamMu. CMOJIBI MOTYT OBITh B HEKOTOPOIl CTENIEHU PaCTBOPUMBIMH U PACTBOPATHCS B BOJE
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unu 00pa3oBbIBaThH dMyJibcuU "BoAa B HepTu". s OonpmuHcTBa He(TEl HOTOOKUCTIEHHE HE
UIrpaeT CyIIECTBEHHOM POJM B M3MEHEHHUM MX HENOCPEACTBEHHOM CyabOBI MM MacCOBOIO
Oamanca mocie pasnuBa [74]. B menoM, (OTOOKHUCICHHE 0JTO€ BpEMS CUHUTAIOCH
OTHOCUTEJIBHO MEMJICHHBIM IMPOIECCOM, IpPH KOTOPOM TOHKHE HE(TSIHbIE IUICHKU
pPacTBOPSIOTCS JaKe MPHU SIPKOM COJHEYHOM cBeTe co ckopocThio MmeHee 0,1% B genp [2].
[TosToMy (OTOOKHCIEHHE HE BKJIIOUYEHO B COBPEMEHHBIE MOJEIW JHUKBUIAALHUHN Pa3IMBOB
He(TH, Tak Kak 00 3TOM IpoIecce CyIIeCTBYeT Majo 3HaHHUH, a BA)KHOCTh U CKOPOCTh 3TOT0

mpoIliecca ele THATeIbHO He u3ydeHbl [1].

1.5.8. Ocaakoodpa3oBaHue

OcaxjaeHue — 3TO Mpolecc, B pe3yiabTare KOTOPOTO HE(PTh OCeqaeT Ha JHO MOPS WU
apyrux BogoeMoB [104]. OcaxacHue kaneiab HEPTU TPOUCXOIUT B Pe3yIbTAaTe HAIHUIIAHUS HA
O0eperoBeie nuHuUM. Korma pasnurtas HedTh nocTuraetr Oeperos, Oosbias 4yacTh HePTH
OoCTaeTcsi aJcopOMpPOBAHHON Ha MOBEPXHOCTU OCAJKa; yBEIMYEHUE TIOTHOCTH YHECEHHOMU
He(pTH W TOBEPXHOCTHBIX MSATEH B pE3yJIbTAaTe€ IMPOILECCOB BHIBETPUBAHUS; BKIIOUCHUE
(dbexanpHBIX TpPaHyJd B pe3yJibTaTe 3arjaTbiBaHUsA 300IUIAHKTOHOM WU OCHTHYECKUMU
opraHu3Mamu; Npuwiunanue HepTu win QIOKyIsAUMS | arJoMepanus C arperaTaMu
B3BemeHHbIX yactuil [123,130,131]. MccnenoBanus mokasajiu, 4TO B3aUMOACHCTBHE MEKIY
HEe(PTHIO M OTIIOKEHHUSMH UTPAET CYIIECTBEHHYIO POJIb B pACCEUMBAHUU U JIETPAJIAIIUU PA3ITIUTON
Hedtr [132]. B mpuOpexHBIX BOJAaX €CTECTBCHHO PACCESHHBIC KallJid HE(QTH MOTYT JIETKO
arperupoBaTh CO B3BEIICHHBIMU TBEPJBIMH YAaCTUIIAMHU, TAKUMH KaK TJIMHUCTBIE MHUHEPAJIBI
UM OpraHWYecKHe BeIIeCTBa, O0pas3ys arperatbl B3BEIICHHBIX TBEPJBIX YacTHUIl HEDTH.
Heckonbko mabopaTopHBIX W TOJIEBBIX HCCIENOBaHUM 3aUKCUpOBalM B3auMMOJEHCTBUE
MeXy He()ThIO U B3BCIICHHBIMHM TBepAbIMH uacTuIlaMu. [lyapse u Tunb (Poirier and Thiel)
[133], coobuuau, uto HedTh, AUCIEPrUPOBAHHAS B CMECH OTJIIOKEHHH W MOPCKOHM BOIBI,

occaacT U 3aJICPKUBACTCA HAa THC OTIIOKCHUAMU.

Korpa pasznmurtas HedTh mocturaer OeperoBoil JMHUHM, OHA MHOTJA B3aUMOJCHCTBYET C
MHUHEpaTbHBIMHU YaCTUIIAMU, B3BEIIICHHBIMH B TOJIIIE BOJIBI, U HE(PTh MEPEXOIUT B TOJIIY BOJIBI

[134]. YacTuupl MUHEpaNIOB C MPHUCTABIICH K HUM HEPTHIO MOTYT OBITh TSKEIEe BOIBI H
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ONyCKaThbCcs Ha JHO B BHUJE OCaJKa, WIM Xe HePTh MOXKET OTICIHUTHCS W BCIUIBITH.
B3aumoneiicTBue Mexy HEQTHIO U MEIKMMH YaCTHUIIAMH OOBIYHO HE UTPACT CYNMIECTBEHHOMN
poiu B cyib0e OONBIIMHCTBA PA3IMBOB HE()TH HA UX PAHHUX CTAAUAX, HO MOXET IMOBJIUATH Ha
J0JTOBPEMEHHOE BOCCTAHOBIIGHHE 3arps3HeHHbIX HedThio twisked [113]. Hekortopeie
BapUaHThl pEarupoBaHMsl, TAKHE KaK CXKUTaHWE pa3liuBa He(PTH HA MECTE, TaKKE OCTABISIOT
OoJjiee TUIOTHBIM OCTATOK, KOTOPBIM MoOxkeT omycTtuthecss [109]. B HECKOIBKHUX XOpOIIO
U3YUYEHHBIX ClydasiX pa3iMBOB He(TH 3HAUUTEIbHOE KoJnuecTBO (0koi0 10%) HedgTu ocenamno
Ha MOPCKOM JHE. Takoe KOJHMYECTBO MOXET OBITh OYCHBb BPEIHBIM I OWOTHI, KOTOpAas
HEen30eKHO BCTYIaeT B KOHTAKT ¢ HE(PThIO Ha MOPCKOM JHe. M3-3a CII0)KHOCTU W3YUYCHHS

mpoiiecca ceIMMEHTAIMK JaHHbIe orpanrdeHsbl [113].

1.5.9. buoaerpananus

Bonbmioe  KOJIMYECTBO  MUKPOOPTraHU3MOB  CHOCOOHO  pasiaraTh  He(TsHbIE
yTIeBOJAOPOaAbl. MHOTHE BUIBI OakTepuil, TpuOOB U APOXKIKEH METaOOIU3UPYIOT HEPTIHBIC
yTJIEBOJOPOIBI B Ka4eCTBE MCTOYHHMKA dHepruu s nutanus [135]. buopasnoxkenue HedTH
MECTHBIMH MHUKPOOPTaHH3MaMHU SIBISCTCS OJHUM W3 HamOosee 3()PEKTUBHBIX MPUPOTHBIX
MPOIECCOB, CIIOCOOHBIX OCNAa0UTh AKOJIOTUUYECKHUE TOCIEACTBUS MOPCKHUX Pa3IUBOB HE(PTHU B
JOJITOCPOYHON TEPCIeKTHBe. B nmTepaType MpUBOAUTCS HECKOJIBKO MOIAPOOHBIX 0030pOB
atoro mporecca [136-138]. CkopocTs OHOpasnokeHUus HEPTH 3aBUCUT OT THIA HEPTIHBIX
VIJIIEBOJAOPOAOB, TEMIIEpaTyphl, BHAAa MHUKPOOPTaHU3MOB M HAJUYUS KHUCIOpOJa W
nutatesbHbIX BemiecTB [136—138]. CkopocTh OwoOpa3inokeHHs HEPTH 3aBUCUT OT THIIA
HEe(PTAHBIX YIJIIEBOJOPOJOB, TEMIIEPATYPHI, BHJIa MUKPOOPTAHU3MOB U HaJIUUUs KUCIOPOJa U

nuTaTeNbHbIX BerecTs [136,139].

Ckopocth Ouogerpamanmuu  He(TH yBEIUYUBACTCS C YBEIMYECHHEM JIOCTYMHOU
MOBEPXHOCTHU pazjena BoJa-He(Th, KOTOpas JJsd JUCHEPCHBIX Kamneiab HeTH yBEeIUUYUBACTCS
no Mepe yMmeHbHmieHUs paszmepa kamenb [140]. OmgHako IS HEKOTOPBIX COPTOB HE(TH
OMOpa3JIo)KEeHUE MOXKET OBbITh OTHOCHUTEIBHO MEJIEHHBIM THpolieccoM. Hampumep, nns
ouopasznoxenuss 50% AM3ETBHOrO TOIUIMBA TNPH ONTUMAJIBHBIX YCIOBUAX MOTYT

notpeboBaTbest Henenu, a At 10% ceipoil HepTH mpU aHANIOTHYHBIX YCIOBHSAX - Tonbl. [lo
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ATOH MNpUYNHC 6I/IOpa3JIO)KeHI/Ie HC CUUTACTCS )KU3HCHHO BAKHBIM IMPOLNCCCOM BBIBCTPHUBAHUA

B KpaTKOCpOuHOM nepcrekTue [104].

1.6. O630p MoaepoBaHusi He(PTIHBIX Pa3jIMBOB

1.6.1. Onpenenenue u HeJaIb

Jlns Havana paccMOTpUM MpoOjieMy, CBSI3aHHYIO C OIPEAEICHUEM IOHITHUSA
"MonmenupoBaHue HEMTAHBIX pa3nuBoB". XOTS KOHKPETHOE OINpEleIeHuEe MOXKET
BapbUpOBaThCs, o0OIlIee oOmpeaesieHue MOJEIUPOBAaHUS  PA3JIMBOB HE(PTH  TaKOBO:
MOJIeIUpPOBaHHUE MPOCTPAHCTBEHHOW U BPEMEHHOW AMHAMHUKHU pa3jiuToOl He]TH, ee COoCTaBa,
BBIBETPUBAHUS U MEPEHOCAa B OKPYXKaWIIEH cpele, a Takke OleHKAa PHUCKa, YSA3BUMOCTH H
MOTEHIIMAJIBHOTO BO3JICHCTBHSI HAa DKOCUCTEMBI, 3aMHTEPECOBAHHBIE CTOPOHBI U COOOIIECTBA

Ha myTHu pas3nuBa [141,142].

Monenu pa3nuBoB HEQTH — 3TO YUCIEHHbIE UHCTPYMEHTHI, MO3BOJISIOIINE MPEIABUICTD
TPAeKTOPUIO pa3INBa, OIEHHUTh BpeMs, KOTopoe mnoTpedyercs HedTH, YTOOBI ITOCTHYH
OTpEJEeIEHHBIX PETUOHOB, MPEACTABISAIONIUX UHTEPEC, U OLIEHUTh COCTOSHUE Pa3JIMBa IMOCIE
TOT0, KaK OH JOCTHUTHET cMoaeiupoBaHHbIX MecT [10,143]. DTu Moxenn MOTyT mpelicKa3aTh
BO3MOYKHOE JIBUKEHUE (DAKTHUECKOTO WMJIM TUIOTETHYECKOTOo pasyiuBa HeTu [114]. Monenu
HEe(PTAHBIX Pa3JIMBOB MOXKHO pa3JejUTh Ha JBa TUIMA: AUJIEPOBBI M JarpaHxkeBbl. llepBbiii
MOJAXO0J HMMEET JE€JI0 C YPAaBHEHUSMHU COXPAHEHMS MacChl U HUMIIYJIbCA, NPUMEHAEMBIMU K
He(pTAHOMY MATHY, WM C YpaBHEHUEM KoHBekuuu-nupdysun. B mnociegnem ciyuae
nudPy3noHHast YacTh ypaBHEHHUS WILTIOCTPUPYET paclpoCcTpaHEHHEe He(TH, a KOHBEKTUBHbBIE

YCJIOBHSI ONMKMCHIBAIOT aABEKIIMIO He()TH Yepe3 TeueHus u Betep [144].

C npyroil CTOPOHBI, JarpaHXeBbl MOJEIN JUCKPETU3UPYIOT HE(TSIHBIE MATHA Kak
00JbIIOE KOJIMYECTBO YACTHUL, aIBEKTHPOBAHHBIX 00BEINHEHHBIM PE3yJIHTaTOM BETPOB, BOJIH
U TCYCHHH, HO TaKXKe TIEPeHOCHMBIX MOCpeaAcTBOM aucnepcun [64]. Bmactu wmoryt
MCIIOJB30BaTh MOJENH Pa3IMuBOB HE(TH IS IUIAHUPOBAHUS ACHCTBUN B UYpE3BbIYAHBIX

CUTyallusaX MW OKCTPCHHOTIO pe€arupoBaHUA Ha KPHU3HC, BOSHI/IKaIOHII/Iﬁ n3-3a CquaﬁHBIX
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BbIOpOoCcOB HepTu. Takoe MmiIaHMpoBaHWE B COYETAHHH C MOJENBIO pa3iauBa HehTH MOKeT
IPHUBECTH K Oosiee rIy00KOMYy MOHUMAHHUIO BIUSHHUS MPOIIECCOB BHIBETPUBAHKS HEPTH Ha €€
pa3nuB, HAa MOBEPXHOCTH W B TOJNIIE BOABI, W, TAKUM OO0pa3oM, K YJIYYIICHHUIO METOJIOB

MOHHUTOPHHIa U ouncTKH [19,145].

3agauu, cTosimue B 3ToM obnactu. CyliecTByeT HECKOIBKO 3a7ayd, CTOSIIMX B 00JacTu
MaTEeMaTHYECKOT0 MOJEIUPOBaHUS HEPTAHBIX pa3anuBoB. OJHUM U3 IVIABHBIX 3aJa4 SIBISETCS
CJIIOKHOCTh (U3UYECKUX MPOLECCOB, MPOUCXOAAIIUX INpu paznuBe HepTu. Hedth MoOxkeT
nepeMeaThCsl pa3IuyHbIMU NYTSAMH B 3aBUCUMOCTH OT TaKuX (pakTOpOB, KaK BETEP, BOJHBI U
TEUEHHMs, U 3TU NIepeMeIlleHUs TPYAHO Ipeacka3aTsb. Kpome Toro, Ha nosegeHue HeTH MOXKeT
BIMATHh IIMPOKUNA CHEKTp (AKTOPOB OKpYXKalollledl cpeapl, TaKUX Kak TeMmIleparypa H
COJICHOCTh BOJIbI, HAJTMYME PYTHMX XMMUUYECKUX BEIIECTB U penbed npulpexHoit 30Hb1. Eme
OJIHOW MpOOJIeMOHt ABIsIETCS OTCYTCTBUE IaHHBIX O MMOBEJACHUU HEPTHU B OKpYKaroUiel cpene.
MHorue HeQTsIHbIE pa3JIUBbl IPOUCXOAAT B OTJAAJEHHBIX MECTax, U coOpaTh TOUHBIE TAHHBIE
O JIBMKEHUU M pacCeUBaHUU HePTH MOXKeT ObITh Cil0kHO. Kpome TOro, ycioBusi pasiuBa
He(pTHU MOTYT OBICTPO MEHATHCS, YTO 3aTPYAHAET COOp JAHHBIX B PEKUME PEATILHOT'O BPEMEHH.
Hakonern, CJI0)KHOCTh KOMIIBIOTEPHBIX CHUMYJISLHH, HCIOJIB3yeMBIX IS MOJEIUPOBAHUS
HE(PTAHBIX Pa3JIMBOB, TAKXKE MOXET CTaTh MpoOJieMON. DTH CUMYISUHUU TPEOYIOT OOJBIINX
BBIUMCIMTEIBHBIX MOINHOCTEH M MOIYyT 3aHMMaTb MHOro BpemeHH. Kpome Toro,
MaTeMaTU4YeCKUEe YpaBHEHUS, UCIOJIb3yEMbIE€ B MOJICIUPOBAHUM, MOTYT OBITh CIIOXKHBIMU JJIS

PCUICHHSA, YTO Tpe6yeT HCIIOJB30BaHUs ICPCAOBBIX MATCMATUIYCCKHUX MCTOIOB.

1.6.2. BaxxHocTh MOJ€JIMPOBAHUSI MOPCKUX Pa3/IMBOB He(PTH

Maremarnyeckoe MOJEIUPOBAHHE HEQTSIHBIX pPa3IUBOB BAXHO IO HECKOJbKUM
npuYrHaM. Bo-mepBbIX, OHO MOJKET HMCIIOJb30BAThCS JJISI NPOTHO3UPOBAHMS IBMXKEHUS U
paccenBaHUsl HEPTAHOTO pa3jvBa, YTO MOXKET MOMOYb YJIYUYUIUTh YCWIUS MO JMKBUJAIUU
MOCJEICTBUI 1 MUHUMHU3UPOBATh BO3CICTBUE PAa3IMBa HA OKPYXKAIOUIYIO CpeAY. DTO MOXKET
BKJIIOYATh BBISABJICHHE 30H MOBBIIIEHHOTO PHUCKA BO3JACHCTBUA HEPTHU, TAKUX KAK ySI3BUMBIC
MecTa OOMTaHUS WIM MECTa Pa3MHOXKEHHS TUKUX KUBOTHBIX. BO-BTOPBIX, MaTeMaTHuecKoe

MOACITUPOBAHUC HC(I)TFIHBIX Pa3JIUBOB MOKET TAKIKC UCIIOJIb30BATHCA AJIS1 OLICHKH PAa3JIMYHBIX
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CTpaTeTWii pearupoBaHMs, TAKUX KaK HCIOJIb30BAHUE XHMHUYECKHUX JHCIEPTCHTOB WIIH
pa3BepThIBaHHEC OOHOBBIX 3arpaXJICHUH M CKHUMMEPOB. DTO MOXET MOMOYb OIPEISTUTh
HanbOosiee dPdeKTHBHBIE W JACHCTBEHHBIC BapUaHTBI pearupoBaHus. B-TpeThux,
MaTeMaTHYECKOE MOACITMPOBAaHNE HEQYTIHBIX Pa3TMBOB TAK)KE MOXKET IOMOYB YIyYIIHTh HAIIIS
OHUMAaHHE BO3JeHCTBUS HEDTIHBIX PA3IMBOB HA OKPYKAIOIIYIO CPEy. DTO MOXKET BKIOYATh
ompenenenue (HakTopoB, CIOCOOCTBYIOUIMX COXpPaHEHHI0O HE(DPTHU B OKpyxkawliel cpene, u
NOTEHIIUAIBHBIX JOJTOCPOYHBIX TOCIECACTBUM I TUKOW TPHPOILI M MPHUOPEIKHBIX Cpel
obutanus. HakoHell, MaTeMaTHYeCKOE MOJCIUPOBAHUE HEPTAHBIX PA3IUBOB TAKKE HMECT
Ba)KHBIC TIOCJICACTBUS U1l HEPTIHOW MPOMBINIJICHHOCTH W JIUII, OTMPEACISIONIUX MOJTUTHKY.
OHO MOXeT OBITh HCIIOJIB30BAHO [JIs OICGHKH OJKOJIOTUYECKHX PHCKOB, CBSI3aHHBIX C
pPa3IMYHBIMH BUJAMH pPa3pa00TKH HEPTIHBIX MECTOPOXKIACHUN, a TaKKe IS pa3padOTKH
HOPMATHUBHBIX aKTOB W peKOMEHIAIui 1o OopbOe c pasznuBamu HedhTu. B  1mesnom,
MaTeMaTHIECKOEe MOJEIUPOBaHNE HEPTSIHBIX PAa3JIUBOB UTPACT BAXKHYIO POJIb B MUHUMU3AIIUH
BO3JCHCTBUS HEPTAHBIX PA3IMBOB HA OKPYXKAIOMIIYIO CpEIy W OOCCIICUCHHH 3alllUThl HAIIMX

OKEaHOB U MPUOPEXKHBIX Cpejl OOUTaHUS.

1.6.3. IlpuMepbI NPOrpaMMHOT0 00ecreYeHus: AJIsl MOAEJTUPOBAHNS PA3JIMBOB HEPTH

PaznuuHble Monenu B JIUTEpaType HampaBJIEHbBl Ha NPOTHO3WPOBAHUE TPACKTOPUHM M
Cy,Z[B6BI Pa3JIUBOB YIJIICBOAOPOAOB, MPOUCXOAAIINX HA IIOBCPXHOCTHU MOPSA M B TOJIIC BOILI.
OCHOBHBIMH HCXOOHBIMH JAHHBIMHU B KAXKJOM CJIydac ABJIAIOTCA HC TOJIBKO JaHHBIC O pa3JIMBC
HC(I)TI/I, TaKHNE€ KaK THII He(I)TI/I N Ha4YaJbHOC MCCTO pa3jiuBa, HO U IICPEMCHHBIC MCTCOOKCaHa
(metocaen), Takue Kak TPEXMEPHOE IMOJIe TEUYCHUM, TEMIIEpaTypa MOps, MPO(HIH COICHOCTH
U IUIOTHOCTH, aTMoC(epHbIe BETpbl U OaTUMETpUs. DTU TMOCJIEIHHUE JAHHBIE MOTYT OBITh
MOJIYYCHBI M3 PAa3JIMYHBIX OIICPATUBHBIX CHCTEM OKCaHOFpa(bI/I‘-IeCKOFO IMpOTHO3HUPOBAHMHA,
takux kak CMEMS (Copernicus Marine Environmental Monitoring Service) u NOAA
((National Oceanic and Atmospheric Administration) [1]. B Mupe pa3paboTaHO HECKOJIBKO
MATEMATHUYCCKHUX MO}IGJ’IGf/'I He(i)THHI)IX Pa3InBOB IJIsI IPOTHO3U POBAHUA TPACKTOPHUH U CyI[I)6I>I
HC(I)T?[HLIX pPa3jinBOB Ha MOBCPXHOCTH MOPA W B TOJHIC BOAbI, HCKOTOPBIC N3 I3THUX MOI[GJ'IGI\/’I

OecrIaTHBI Il UCIIOJIB30BaHUA, APYIrue HUMCHOT KOMMCPUYCCKHUC JIMICH3WU, KOTOPLIC
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HeoOxoqumo mnpuobperars. Huke mnpuBeneHbl HEKOTOpble W3 Haubonee IMIHMPOKO

HCITOJIb3YCMBbIX Mojenen ais IIPOTHO3UPOBAHUSA HAIIPABJIICHUA U CYI[B6I>I He(l)THHI)IX Pa3JINBOB:

OOmiass cpema  omepaTMBHOTO  MojeiupoBaHusi  HarnuoHanpHOTO — yHpaBleHUS
okeanndeckux Hu armochepubix wucciaemoanuii (The General NOAA Oil Modeling
Environment) (GNOME) — 510 mMomens pa3nuBa HePTH C OTKPBITHIM HCXOJHBIM KOIOM,
pa3paboTanHas B KayeCcTBe MHCTPYMEHTA pEarupoBaHUs IJIS MOJEIUPOBAHUS JIarPaHKEBOU
TpaekTOpuH ABMKeHHS HehTH B nByx m3Mmepenusx [23]. MOTHY (modéle océanique de
transport d'hydrocarbures), paspaborannas Météo-France [146]. npencrasisier coboit 3D-
MOJeb JlarpaHkeBa Jnpedida 3arps3HUTENCH, NPEACKa3bIBAOIIYI0 CyAb0y H TEPEHOC
He(QTSIHBIX TSATEH Ha MOBEPXHOCTH OKeaHa. Mognenp narpamkeBa pasznuBa Heptu MOHID
(Modelo Hidrodinamico) 6su1a pa3padborana TexuuueckuMm yHuBepcuteroM Jlnccabona [147].
[TakeT mpUIOKEHUH IJIsI MOACIUPOBaHUs Bo3naeiicTBus pa3auBoB (SIMAP), moanvcaHHBIH
(Applied Science Associates), npeacrasiseT co00i KOMMEPYESCKYIO MOJIEIb pa3iinBa HEPTH,
KOTOpasi CO3/1aeT TPEXMEPHYIO TPACKTOPHIO, IPOIIECCHI Jerpaaaliui, B3auMOACHCTBUS HEPTH
U OTJI0XXEHUM, Ononoruyeckue 3PGEeKTs U Apyrue BO3ACHCTBUSA Pa3IUTON HEPTH U TOIIMBA
[33,148,149]. Applied Science Associates takxe pa3paboTraiia MOJCIb U CUCTEMY aHaJIM3a
riiyookoBonHbIX pa3nuBoB Hedptn (OILMAPDEEP) nns omenku cynb0bl W mepeHoca
MOJIBOJIHBIX BBIOPOCOB, XapaKTEPUCTHUK Muieiida BOIU3M MECTOPOXKICHUS U PaCIpeIesICHUS
pa3MepoB Kamenab HedTH 1 ykazaHHoro BeiOpoca [32,150]. KommiekcHast riry0okoBoaHAs
Hedrerazosas moaenas (CDOG), npeacTaBiseT co00il TpEeXMEPHYIO MOJIE)b, pa3paboTaHHYIO
Snoii u JIu (Yapa and Li) [151], umutupyronryio HedTh U ra3, BEICBOOOXKIaEMbIC B pE3yJIbTATE
riIyOOKOBOJIHBIX aBapuii. Monens aBapuiiHOCTH U pearupoBanus Ha pasnubbl (OSCAR) - ato
yCOBEPILICHCTBOBAHHAs TPeXMepHasi MOJIENb JIUIsl INIAHUPOBAHUS M pearupoBaHus Ha Pa3vBbI
Hedtu, pazpadborannas SINTEF B Hopseruu [152], Beruucisiionas cyap0y W MOCICACTBUS
MOBEPXHOCTHBIX BBIOPOCOB WM BHIOpOCOB / BeIbITHsS muielipoB HedTn mnu rasza [29].
OILMAP - 510 TpexMepHas MOJENIb pearnpoBaHusl Ha pa3UBBl HEPTU U MIAHUPOBAHUS Ha
Cllydail HENpEeABUICHHBIX OOCTOSTENBCTB, pazpaboTaHHAs accolMAIMedl MPUKIAJTHBIX HayK
(Applied Science Associates). Ona uMeeT JA€JIO C TOBEPXHOCTHBIMH M TOJ3CMHBIMH

BBIOpOCAMU YTJIEBOJAOPOJOB U MPEAOCTABISET aJTOPUTMbI IS paclnpoCTpaHeHus HedTu,
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WCIIApEHMs, YMYJIBIHPOBAHUS, YHOCA, B3auMOJeicTBUS HePTh-Oeper, HehTh-THO U Nea-HEPTH
[30,153,154]. Delft3D-PART, paspaboraunnas Deltares, npeacrasiser coboii MOIyIh aKeTa
MoaenupoBanus Delft3D, KoTOpbIi OLEHMBAET MPOLIECCH NMEPEHOCA U MPOCTOTO KadyecTBa
BOJBI C IOMOIIBIO METOJa OTCICKUBAHUA 9acTHIl, peanusys 2D unu 3D maHHBIE O MOTOKE C
nomoinpio Delft3D-FLOW (ruapogunamuueckuit momyns) [22,91]. MEDSLIK-Il - sto
MOJEIb PAa3TMBOB HE(PTH C OTKPHITHIM UCXOJHBIM KOJIOM /I TOBEPXHOCTHBIX Pa3InBOB HEPTH
B MOpCKOW cpene, IpeaHa3HAdeHHas AN HPOTHO3MPOBAHHS IMEPEHOCAa W BHIBETPUBAHUSA
HEeQTIHOTO TMATHA W JJs BBIPAXKEHUS CMEUICHUS TUIABAIOIIMX YACTHI[ C HCIOJIb30BaHUEM
dopmanuszma Jlarpanxka B COYETaHHH C JHIEPOBOH MOJENbi0 HUPKYJIsAnuu okeana [40].
ABTOMaTH3UPOBAHHBIN 3ampoc JaHHBIX 0 pa3iauBax Hedptu (ADIOS2) - 310 MOENB pa3IHBOB
HedtH, paszpaboranHas NOAA. CTuMynupyeT NpPOIECCHl, CBS3aHHBIE C BBIBETPHBAHUEM
He(TH, BKIIIOYAs MCHapeHHe, eCTECTBEHHYIO Aucnepcuio U smyisruposanue [50]. Cyasba u
noBenenne pasnuBa Heptu SL ROSS mpeackaspiBaeT cyap0y M TPaHCHOPTHPOBKY HedTH C
UCIIONIb30BaHWEM 0a30BOM TEXHHUKH OIPEIEICHUS XapaKTEepUCTUK HepTH (mpoleaypsl
AMepHuKaHCKOTO oOImecTBa MO HMCHBITAaHUAM W MaTepuaiaM), KOTOopas BKIIOYAaeT B cels

mpoliecchl BeIBeTpuBaHus [62,63,155].

1.6.4. IllpenmecTBYONIHE UCCTETOBAHUS

YucneHHOe MOJEIMPOBAHUE CTajJ0 BaXHBIM HHCTPYMEHTOM JUISi NPOTHO3UPOBAHUS
pas3iauBOB He(PTH, KOTOPOE MO3BOJAET NPOBOAUTH 3P(HEKTHUBHBIE ONEpalUM MO OYUCTKE B
peXuMe pealbHOTO BPEMEHM Cpa3y IMociie BOSHUKHOBEHHS aBapuil Ha pa3iauBax HEPTH.
[TosTomMy B mocieaHue rofsl OBICTPO Pa3BUBAIOTCS Pa3IMUYHbIE MATEMAaTUUECKHE MOJCTU IS
MOJEIUPOBAHUS M TPOTHO3UPOBaHUs pa3nuBoB HepTu. ONHAKO IBMIKCHHE W HW3MCHCHHE
paznuBa HEYTH B MOpE SBISETCS CIOXHBIM MPOIECCOM, HAa KOTOPHIA BIUSAIOT (PU3HYECKHE,
XUMUYECKUE W OMOJIOTUYECKUE TPOIECChI, U CBS3aHBIl C MOPCKUMHU THIPOJUHAMUYECKUMHU,
METEOpPOJIOTUYECKUMHU yClIoBUsIMU U cBolicTBamu Hedtu [156]. o 1960-x romoB HaiiTh
MaTeMaTHYECKyl0 MOJelb, KOTOpas MpelacKa3biBana JBUXKEHHE He(TH, Pa3IUTONH Ha BOJE,
Ob10  cnokHO. OJHAKO HECKOJNBbKO COOBITHI TpuBEeNH K OBICTpOMY TMporpeccy B

MOJEINPOBAHUU U UCCIEAOBAHUIX pa3iauBoB HedhTu. B 1967 u 1968 rogax mpousonuia cepus
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«Cymnep» pa3lIMBOB C TAaHKEPOB, MPUYEM Hamboyiee 3aMeTHOU ObuIa )xeptBa ¢ Toppu-Kanbon
[157]. o cux mop MHOTHE ydYeHble B MHPE CO3Jald U yCOBEPIICHCTBOBAIN MHOXECTBO
Moenel pa3nuBoB HeGTH. B mocineaHue msaTh U MECTh NeCITUICTUNH MHOTHE UCCIEI0BATEIN
U3ydaly TMPOIECChl Pa3IMBOB HEPTHU, W OBUIN MPEITI0KCHBI PAa3IUYHBIC MOJICITH Pa3IMBOB
Hedtu [158]. Dot (Fay) [111], pasmenun pacmiupenne HeDTIHOW MIEHKH Ha TPU CTATUMU:
WHEPLUHOHHOE PacCIIupEeHUe, BI3KOE paCIIMPEHUE U PACIIUPECHHUE TOBEPXHOCTHOTO HATSKEHHUS,
HO HE paccMaTpHBaj BIMSHHE BeTpa Ha ropuszoHTanbHyio auddysuio. Jlep (Lehr) [159],
paccMOTpell BIMSHUE BETPa U YCTAHOBHI MOJIU(DHIIMPOBAHHOE YPAaBHEHHE PAaCIpPOCTPaHEHUS
tuna @es. DmmmotT (Elliott) [160], BmepBbie mpeiokui MeToa HEQTSIHBIX YaCTHIl, KOTOPBIH
paccMaTpuBaeT HEQTAHOMN pa3IuB Kak OOJBIIOE KOJUYECTBO HEPTIHBIX YAaCTHUI] U HE TpeOyeT
peurenus ypaBHeHus nuddys3un. Bee 6onbiiie u 00obine Moaened HeTSHBIX pa3IuBOB CTaIU
UCIIOJB30BaTh aITrOpPUTM dyactuil Jlarpanka, KOTOPBIH CTaldl OCHOBHBIM METOJIOM
MPOTHO3UPOBAHUS TpacKTopuu paziuba HePTH [156]. MHOTHE HcclienoBaTeny pa3padoTaiu u
CMOJICITUPOBAIIH XOJ ¥ CYIbOY MHIIUICHTOB, CBS3aHHBIX C pa3JIMBaMH HETH B MOPCKOU cpefie

3a MOCJIEAHUE ABA NECATUIECTHUS.

Buran-Kpayse (Beegle-Krause) 1999 [161], co3man HOBYI MOJEIb TPacKTOPUHU
pasnuBa, The General NOAA Oil Modeling Environment (GNOME), crannapTHyto
SUIIEPOBCKYIO/JIarpaHKeBy  MOJENb  TPACKTOPHHM  pas3imBa,  pa3paboTaHHyHO  JUId
yIOBIETBOPEHUSI TOTPEOHOCTEH CIENMHAJIMCTOB IO IUIAHHPOBAHHUIO M IKCIIEPTHOTO
pearupoBanus. bypananparenpar (Buranapratheprat) 2000 [162], ucnonbs30Ban Mojeib
Tpaexktopuu paznuba HeQTu 11 KOxHO-KuTaiickoro Mopsi 1 mpuMeHHII €€ B BEpXHEH dacTu
Cuamckoro 3anuBa. OH MpEANoOJIOKUI, 4YTO pas3iauTas HepTh Oyaer naeilcTBoBaTh Kak
MJaBalONUi O00BEKT Ha TMOBEPXHOCTH MOPS, JBWXKYIIUWCS B HANPaBJICHHU YHUCTOTO
BO3JICHCTBUS, COCTOSIICTO U3 TeUCHUs DKMaHa, AperidoBoro npmwkeHus CTOKca, 0CTATOYHOTO
TeueHus U mpwinBHOTO TeueHus. Yao m ap. (Chao) 2001 [163], co3ganu nByMEpHYyH U
TPEXMEPHYIO MOJIEIIU pa3jiuBa HEPTU B IPUOPEKHBIX Bojgax CHHTamypa, UCIojb3ysl aiIrOPUTM
He(DTAHBIX YacTUIl. B AByMEepHON MoJeau HEPTAHOE MATHO OBLIO pa3[eieHO Ha Psi MEIKHUX
CETOK, U OBLIM M3yYEHBI CBONCTBA KaXIOW CETKU B PE3yJIbTATE PACIpPOCTPAHCHHUS, aABEKIIHH,

TypOysneHTHOW nuddy3un, ucnapeHus U pactBopeHus. Ha ocHOBe ypaBHEHHS MacCOBOTO
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nepeHoca paspaborana TpexMepHas MOAENb CyIbObl HeTH, U pacupeaeIeHue KOHIIEHTPauu
9acTUIl HEYTH MOXKET OBITh PEIICHO, YTOOBI CMOJICITUPOBATh paclpe/ielICHIE YacTUIl HeTH B
TOJIIIE BOABI. JTa MOJEIb MOXKET MPEICKA3aTh ABIKECHNUE HEQTIHOTO MATHA HA TTIOBEPXHOCTH
Boabl. DTKUH U ap. (Etkin) 2002 [149], ucnonp3oBanu nporpamMmmy mojaenupoBarus SIMAP
JUIS. THUIOTeTHYecKoro pasnuBa Hedtum B 3ammBe CaH-DpaHNHCKO, YTOOBI OMPEACITUTH
BO3JCHCTBHE DPA3NUTOH HEPTH W OTHOCUTENbHBIC 3aTpaThl Ha JHKBUIAIUIO TOCIEICTBUU
paznuBa. MoJaenupoBaHHE TPACKTOPUU pasuBa HEPTH, CYAbOBI W TOCIECACTBHHA OBLIO
00BbEeIMHEHO ¢ MOJETUPOBAHUEM CTPATETHH JIMKBHUAAINU MOCIEACTBUNA (OOBIUYHBIE OTepaIuu
M0 MEXaHMYECKOW JIOKalM3alldd H BOCCTAHOBJICHUIO, TPHUMEHCHHE JHCIEPICHTOB C
OJHOBPEMEHHON MEXAaHWUYECKOW JIOKATU3AIMEd U BOCCTAHOBJIEHUEM; U C)KUTAHUE HA MECTE C
OJTHOBPEMEHHON MEXaHMYECKOH JIOKalu3alued u BoccTaHoBieHWeM). Jluma m ap. (Lima)
2003 [154], npumenunu moxaens OILMAP s MmonenupoBaHus aBapUiHBIX Pa3iiuBOB HEPTH
BrOoJb  moOepexbs  bpaswnuu.  Peanuzanus — mozenum  BkiIodYana  NOAPOOHYIO
METEOpPOJIOTUYECKYI0 W OKCaHOTPaQUUYCCKYH  XapaKTepUCTHKY  KaXKJIOro  paloHa
MCCIIEIOBAHMS C 0030pOM CYIIECTBYIONIUX AAHHBIX M THAPOAMHAMUYECKOE MOJACITHPOBAHUE,
oxBaThiBatotee 6osee 9 000 km moGepexns bpasunuu. bepreiipo u ap. (Bergueiro) 2006
[164], cmomenupoBanu pasnuB HedhTn Ha HedTsHOUM miatdopme Casablanca (Tapparona,
Wcnanusi) mpu pa3NIuYHBIX YCIOBHUSAX OKPYXKAKIIEH Cpelbl C HMCIOJIb30BaHUEM Mojenei
EUROSPILL, OILMAP, GNOME u ADIOS. Onu omnpenenmiu HanOoiee BEpPOSITHYIO
TPAaeKTOPHUIO pa3jiuBa B COOTBETCTBHH C OKEaHOTpaQUUIECKMMH U METEOPOJIOTHUECKUMHU
YCIOBHUSIMH, CYIIECTBOBABIIMMH BO BpEMsl pa3jiBa. 3aTeéM OHU U3Y4YHJIM H3MCHEHUE B
3aBUCHMOCTH OT BpeMEHH (U3UKO-XMMHYECKHX CBOWCTB YTIEBOJAOPOAHON cMmecu. B
YaCTHOCTH, U3MEHEHUE UCTIapUBIICHCs GpaKIIuK pa3IuTol HeTH B 3aBUCUMOCTH OT BPEMEHH.
Managumutpakuc u ap. (Papadimitrakis) 2006 [165], mpeacTaBuiau MaTeMaTHYECKYIO
MOJIe]Ib, KOTOpass MMHUTHUPYET 3aBHCSAIIEE OT BPEMEHH IOBEJICHUE pas3yinBa HedTH BOIU3H
npuOpexXHBIX 30H. B Mozenu Obln pemieH mosiHbd Habop auddepeHnnanbHbIX ypaBHEHUMH,
KOTOPBIC YIIPABJISAIOT MEPEXOTHBIMU, ABYX (pa3HBIMU, TYPOYJICHTHBIMH IIOTOKAMH U SIBIICHU IMH
nepeHoca Teria/mMacchl. Mojenb Oblla MCTOJIb30BAaHA ISl TPOTHO3UPOBAHUS TOCIEICTBUM

TUMIOTETUYECKUX Pa3IUBOB HEPTHU, KOTOpPbIE MOTYT MPOU30WTH BOJU3U MPUOPEKHON 30HBI
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OONBIION MPHUPOTHON KPACOTHI U TYPUCTHYECKOW HMpPHUBIEKATEILHOCTH y ocTpoBa Jlecboc B
I'peurin. Beramonn um ap. (Vethamony) [166], ucmonp3oBanu Moaenb aHajin3a pa3idBOB
MIKE 21 nnga MmoaenupoBaHUsl peaIbHOTO pa3inBa HEPTHU, TPOU3OLIEANIETO B TPUOPEAKHBIX
Bogax Muauu. OHU co37a1u KapThl TPACKTOPHH JIBMKCHUS Pa3IUTON HE(PTH M MOATBEPIUIU
TUAPOIUHAMUKY M TPACKTOPHIO Pa3iMBa C IMOMOIIBIO MOJEBBIX M3MEPCHUH W HAOIIOJCHUM.
dasxakum u ap. (Elhakeem) 2007 [167], npencraBwim MoJAEIUpPOBAaHUE TPACKTOPUU
pasnuBa HedTH B ApaBuiickoM ([lepcupackom) 3anmBe ¢ ucoib30BaHueM 3-D nmpsMoauHeHoH
TUIpOIMHAMUUYeckoil  Moaenn u  Mojenu  pasznuBa Heptu MIKE3. Tunuunsie
penpe3eHTATUBHBIC YCIOBUS OKpyXkaromeld cpeasl Ilepcuiackoro 3amuBa OBUTH CHadvasa
HAaCTPOEHBI HAa THUAPOJAMHAMUYECKYI0 MOJENh HHUPKYIAIUU C HCIOJb30BAHHEM JaHHBIX W3
Pa3JIMYHBIX UCTOYHUKOB. MoJenp aHaiu3a pa3iuBa Oblja co3jaHa C MCIOJIb30BaHUEM ITOJIS
TEUCHHMS, IMOJYYCHHOTO B pPeE3yJbTaTe THUAPOJMHAMUYECKOTO MojaenupoBaHus. Jlamnee ee
3¢ PeKTHBHOCTh ObLTa MPOBEpEHa Ha OCHOBE 3apETHCTPUPOBAHHBIX CIyYaeB MCTOPUUCCKOU
kaTacTpodsl ¢ pas3auBoM HedTu B 3amuBe Anb-Axmanu. Jmas m ap. (Diaz) 2008 [168],
WCIIONB30BaJH  BEPOSITHOCTHYIO MOJENb OTCICKUBAHUS YACTUI[ I MOJCITHPOBAHUS
pacrpocTpaHeHHs] HETH MOCJe pa3iuBa HEPTU U3 3aTOHYBIIEro cyaHa Prestige B [anucun,
Hcnanus. I'yo u Banr (Guo and Wang) 2009 [169], Ha ocHOBe anropuTMa HE(QTIHBIX YaCTHII
B COYETAaHHWHM C TPEXMEPHOH THUIPOIUHAMHUYESCKOM MOJEIbI0 CBOOOJHOW IOBEPXHOCTH H
BOJIHOBOW MOJIENIBIO TPETHEr0 IMOKOJEHUS CMOAEIUPOBAIM BBIOpOC HEPTH B MPUOPEKHBIX
Bojax Jamsus. JIso m JIm (Liao and Li) 2010 [170], ucrionb30Baiix airOPUTM OTCIICKHUBAHHUS
gactul] HedTH JlarpaHika JJisi IPOTHO3UPOBAHUS TPACKTOPUHU JIBUIKECHHS PAa3NUTON HEPTH H
MPOIECCOB CYyABOBI pa3znuBa HEPTH M NMPUMEHWIH €T0 s MOJCIHPOBAHUS WHIHICHTA C
pasznuBoMm HedTu "Hyundai Advance", xoTopsiii mpousomien B ycThe JKemMuyKHOU pexw,
Kuraii. JIvo m ap. (Liu) 2011 [171], peanu3oBaiu CHCTEMY MOJCIUPOBAHUS TPACKTOPHH
Jlarpanka cpa3y moclie Hadaja pa3inBa B MEKCHKAaHCKOM 3aJIMBE, UCIOJb3ysl YHUCICHHYIO
MOJIeNIb U PEeCypchl CIYTHHKOBOTO JMCTAHIIMOHHOTO 30HIUPOBAHUS, JOCTYIIHBIE B pamMKax
CYIIECTBYIOIINX MEPONPHUITHH 1O HAOIIOEHUIO 3a MPpUOpEKHOH 30HON okeaHa. MapHaHO H
ap. (Mariano) 2011 [172], pa3paboTanu 1Be MOJIEIH TPACKTOPUU JBHKCHUS HEPTIHBIX

YacTHI] ¥ IPUMCHIIIH UX K pa3nuBy HepTu (Deepwater Horizon) 2010 roga B MekCUKaHCKOM
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3anuBe. O0e MOJeNM MCIOJb30BAIM OIS MOPCKHUX TEUYEHUU, MOJIyYEHHBIE B pE3yJbTaTe
UMHUTAlUM YUCICHHON MOJENH UUPKYISIUN OKeaHa Bbicokoro pazpemenuss (HYCOM).
Monenu ucnosib3oBanu MeTo] Jlarpanxa ais aaBeKIUHU HEPTAHBIX YAaCTHUI] U cXeMbl MOHTe -
Kapno nns mpencrtaBieHus HEONpENENCHHBIX OMOXUMHUYECKUX U (PU3UYECKUX MPOIECCOB.
Kykko u ap. (Cucco) 2012 [173], ucmonbp30Bai ONCPAI[HOHHBIC YHCICHHBIC MOICIIH
KOHEUHBIX DJJIEMEHTOB C BBICOKMM HPOCTPAHCTBEHHBIM pAa3pEIICHUEM, BJIOXEHHBIC B
OTIEPALlMOHHYIO MOJENb TPpyOOTO OTKPHITOIO OKe€aHa, OCHOBAHHYI0 Ha METOJIe KOHEYHBIX
pasHocTe, 11 BOCIPOU3BEIECHUS THAPOIUHAMUKY U IIPOIIECCOB EPEHOCA, IPOUCXOIAIINX B
NPUOPEKHBIX paiiOHAX, XapaKTepU3yrIuXcs cioxHoi reomerpueii. Kyanr u ap. (Quang)
2013 [174], moaenupoBaHue mepeHoca pa3inuBa HehTH y mopTa Jlau XyeH Ha ceBEpO-BOCTOKE
BreTHama B pe3ynbTaTe CTOIKHOBEHUS Cyl0B ¢ ucnojib3zoBanuemM MIKE 21 SA. Pe3ynbTaTs
MOJEIUPOBAHUS TIOKA3aJM, YTO TPACKTOPHUS pa3liuBa M IUIOMAJb TMSATHA 3aBUCIT OT
TUJPABIMYECKOTO peXMMa aHalli3a, HAlpaBJCHUs BETpa U BOJH B pallOHE HCCIIETOBaHHUS.
IIpaoxy u Kankapa (Prabhu and Kankara) 2014 [175], pa3paboranu cuctemy Ha 0ase
MATLAB nns mMozenupoBaHUs TPAaeKTOPUU pa3iiuBa HEe(PTU C HCMHOJB30BAHUEM MOJIENIH
GNOME nns noGepexnss Uaauu. Cucrema reHepupyeT AaHHbIE O TeUeHUU, 00pabaThiBaeMbie
paznuuabiMu MojaensMu, Takumu kak MIKE-21, ADCIRC, a Takxe mpuHUMAaeT JaHHBIE O
TedeHuu B Heckobkux ¢opmarax daitnos (ASCII, netCDF) oT pa3nuyHbIX THIIOB MOJIEJEH.
pa3paboTaHHasi CHCTEMa IOMOTaeT BHIOpATh ONTHUMAIbHBIC JaHHBIC, HEOOXOIUMBIC IS
mozaeian GNOME. Jlw u ap. (Liu) 2015 [176], pa3spaboranu Mojeiab TPAaCKTOPUHU ABHIKCHHS
He(PTAHBIX YaCTHUI[, KOTOPYIO 3aTeéM NPUMEHUIU K IOJAIMOBEPXHOCTHOMY pa3IuBy He(DTH
Penglai 2011 rona B xutaiickom boxalickom Mope. TpexMmepHas MOJIeIb UMUTHPOBAJIA MO
OKCaHMYECKMX TEYEeHUH U UCMHOJIb30Bajla METEOPOJOTMYECKHEe JaHHBIE C MECTHOU
W3MEPUTEIbHON CTaHIMK i Apeiida pasnutoi Hehtn. Mumpa m Kymap (Mishra and
Kumar) 2015 [19], cMozenupoBanu W MpOAHAIM3UPOBAIN BIHSIHUE HAYAIBHBIX CBONCTB
HeTH Ha ee mMoBeAeHUE cpa3dy mocie pasznuBa. OHU BBIOpaNM TpPU pa3audHbIe HEPTHU:
TSXKENYI0, MPOMEXYTOUHYIO W JIETKYI0 M HCHojb30oBaiu meton Pynre-KyTTel yerBepTOro
MopsiAKa /ISl OMHOBPEMEHHOT'O PEIICHUS MPOIECCOB PACTEKaHUs, UCIIAPEHUS, PACTBOPEHUS U

OMYJIBIUpOBaHUA. OHnu O6H&py>KI/IJ'II/I, 4TO JCTKad M HIPOMEKYTOUYHAasA He(l)TI) C TEUCHHUEM
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BpEMEHHU ToTJIoNaeT OoJbiie BOAbl, yeMm Tshkenas Hedth. To3 m ap. (Toz) 2016 [177],
UCCIIeIOBAJM  pa3iuB HEe(PTH W CHPOTHO3UPOBAIM OyAylIHEe aBapuH, KOTOpPbIE MOTYT
npoun3oiiTH B paiione 3anusa Hero-Hopk, Amepuka. ADIOS (Automated Data Inquiry for Oil
Spills), 6s11 IpOBeEH 7151 pacueToB ecTecTBeHHOM aerpananuu, a GNOME (General NOAA
Operational Modeling Environment), 6bl1 mpoBeaeH I MOJAEIUPOBAHHUS IMOBEPXHOCTHOTO
pacnpoctpanenus. IO# m ap. (Yu) 2016 [178], mpemnoxuin MeTOJ PETPOCIEKTHBHOTO
OPOTHO3UPOBAHUS C MapaMeTpu3anueil ciaydalHoro OnyxAaHuss U OOBEAMHUIU €Tro C
JAHHBIMU JUCTAHIIMOHHOTO 30HAUPOBAHUS U MOJICIISIMU HEPTIHBIX Pa3TUBOB sl boxalckoro
Mmops, Kuraii. To3 (Toz) 2017 [52], uccinenoBanu pa3iuB HeQTH U CIPOTHOZUPOBAIU Oy IyIIHe
aBapuu, KOTOpbIE MOTYT NMPOU30WTH B parioHe CamcyHckoro 3anuBa YepHoro mops. OHu
ncnoab3oBaau ADIOS u OILMAP ans MmogenupoBaHusl IBHKEHUS B CYIBOBI pa3IuToi HePTH.
JIy m ap. (Lu) 2017 [179], cMoaeaupoBaiu epeHOC U CY 10y HeTH IOCIIe IPE0IaraeMoro
MHIUJEHTa ¢ pa3nmuBoM HedTu B bapenmeBom mope ¢ momompbio moaenun OSCAR. Onm
paccuuTalid BEpOATHOCTh MOMAaHUsl pPa3UTON HEPTHU B OTKPBHITOE MOpPE W B pallOH MpsIIu.
30Ha BIWSHUS HWHIHJICHTA ObUTa pacCYWTaHa MyTeM OOBEIMHEHHS PE3YyJbTaTOB MHOTHX
cumyasiui. JIm m ap. (Li) 2017 [180], paspaboranmu 3D-MaTeMaTHYECKyI0 MOJACIb IS
OIIEHKH CKOPOCTH BBICBOOOXJCHUS HE(PTH W MOJCITUPOBAHUS JUCICPCHOHHOTO TMOBEICHUS
HepTu. Merton Ditnepa-Jlarpanixa UCTIONB3YETCS JJIsl OTCICIKUBAHUS TPACKTOPUU MUTPAINU
kaneiab Hehtu. Kbsio m ap. (Qiao) 2019 [181], co3manu cBsa3anHyr 3D wmomens s
KPaTKOCPOYHOTO W JOJTOCPOYHOTO MOJCIUPOBAHUS M MPOTHO3UPOBAHUS pa3jiuBa HEPTH B
Canun nmpumepno B 300 km ot lanxas, Kurtaii. Monenp coctoutr u3 AByx uacteit: (1)
cBsa3anHas 3D cucTeMa ONMEpPaTMBHOTO OKEAHWYECKOTO TMPOTHO3a [JIS MOJCIUPOBAHUS
okeaHnueckou cpenabl u (2) 3D mozaens pasznuBa HeDTH 17T MOJAETUPOBAHUS TPACKTOPUM
JBIDKCHHUS YacTUIl HepTH Ha ocHoBe ux cBoictB. Cycem m ap. (Soussi) 2019 [182],
pazpaboTanu MOJeNb JUIS MOJCIUPOBAHUS TPACKTOPUN pasznuBa HeTH HAa MOpEe HA OCHOBE
JarpaHxeBa Mojaxoja, 9To0bl ONPEeIeIUTh MOBEICHUE HEPTAHBIX MATEH HAa TOBEPXHOCTH BOJIBI
B NPOCTpPAaHCTBE M BpeMeHHU. /[MHamMuKa pacmpocTpaHeHHs HEP)TH Ha TOBEPXHOCTH MOPS
MOJIEIUPOBANach C y4eToM (aKTHUUYECKHX 3HAYEHHUH CKOPOCTH BETPa M WHTCHCHUBHOCTH

IMOBCPXHOCTHOT'O TCUCHHA. MOHCJ’IB ObL1a INpUMCHCHA JJId MOACTHUPOBAHUA pAaCIPOCTPAHCHHA
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HEe(TSAHOTO ISITHA B PEaJbHOM CiIydae CTOJIKHOBEHUs y mnoOepexnsi CeHn-Tpome, Opanius.
AKoup u ap. (Zhen) 2020 [183], coszmanu Moaensb apeida HEYTIHBIX YACTUIL U MOJEIb
BBIBETPUBAHHUS HEPTSHOTO TSTHA W HCIOJB30Bad HMX JUISI MOISITUPOBAHUS aBapUHHBIX
pa3auBOB He(PTH HAa MOPCKOH aKBAaTOPHHU, BBOJAS JaHHBIE O MECTHOCTH, YCIOBHUAX
OKpyXarwIiei cpenbl U uHGOpMaIUIO O pa3iuBe HEPTH B THAPOJAMHAMHYECKYIO MOJIENb U
Mojzenb pasnuBa HePTu. OHM pUMEeHUIU MoAenb K 3anuBy Jaita, FOxuo-Kuraiickoe mope.
IIpacanx u ap. (Prasad) 2020 [184], cMoaeaupoBain TpaeKTOPHIO pa3inBa HeQTH B pe3yabTaTe
3atomienuss Toprooro cyaHa (TCC) c¢ momompio Momenn GNOME. GNOME 6buia
MPUHYIUTEIBHO HarpyxeHa BeTpamu u3 EBporeiickoro meHTpa MporHo3a MOToAbl CpeHel
nanpHoctd (ECMWF) u oxeannueckumu tedeHussMu u3 CucCTeMbl HPOTHO3UPOBAHUS
Nupniickoro okeana u CuctemMbl ONEpaTUBHOTO NPOTHO3UPOBAHMUS M peaHadu3a OKeaHa
BeIcOKOT0 paspenieHus. Jloyan (Lawan) 2020 [185], cmoaeaupoBan TpackKTOPHIO U Cyab0y
pasnuBa HedTH Ha baramckom nmobepexne Kapubekoro mops, ucnonszyss GNOME u monens
ADIOS. Xocceitnmyp wum ap. (Hosseinpour) 2020 [186], npoBennm TpexIHEBHOE
MOJICIUPOBAaHHUE YTCUYKH HEe(DTH W €€ pacupeeSieHHs B Pa3IMYHBIX O0BEeMax IS TSATH
HEe(PTAHBIX OMEPALMOHHBIX 30H B HEPTSIHOM perroHe Siri, KOTOPBI PaCIOJIOkKEH B CEBEPO-
3amaJlHOM 4YacTu Jatckoro cekropa CeBepHoro mops, ucnoiibdys moaenb GNOME s
oTCJIe)KMBaHUs pa3iuBa HepTu. Bamoryn u ap. (Balogun) 2021 [187], ucnonb3oBanu MoaeIb
GNOME nns pa3paOoTKu MOJENH SKOJOTHYECKOW YS3BUMOCTH TpPU pa3iuBe HEPTH IS
MPOTHO3UPOBAHUS U KapPTHUPOBAHHS TPACKTOPHUU JBWKCHUSA HePTsHOTO naTHA B Kota TunrH,
Manaitzusi. IlomydeHHbIN pe3yiabTaT ObLI HHTETPUPOBAH C NPUOPEKHBIMH pPECypCaMu,
BKJTIOYAIOMIMMHU OMOJIOTHYECKHUE, COLUAIBHO-DKOHOMUYECKHE U (PU3MYECKHEe OCOOCHHOCTH
OeperoBoii TUHUM. BiusiHue Ce30HHBIX KOJIEOAHUI Ha YSI3BUMOCTh MPUOPEKHBIX PECYPCOB K
pasnuBy HepTH OBLIO CMOACITHPOBAHO ITYTEM OLEHKH KOJWYECTBA MPHOPEKHBIX PECYpCOB,
MOCTpaJaBIINX B TEUCHHE TpeX Kiaumatuueckux ce3onoB. Haz m ap. (Naz) 2021 [188],
CMOJIETUPOBAIN YEThIpe ciayuas pa3nuBa HedTu B MHnmiickom okeane. OHU MCIOIb30BAIH
o0IIyI0 Cpeay ONMepaTHBHOTO MOACTUPOBaHUS HallMOHATBHOTO yIpaBieHHs] OKCAaHUYECKUX U
atMocdepubix ucciaenoBanuii (NOAA) (GNOME) u aBToOMaTU3MpPOBAaHHBIN 3aMIPOC TAHHBIX O

paznuBe Heptu (ADIOS) mns MoaenupoBaHHs NBWKCHUS HEPTIHOrO MATHA M pacyeTa
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MpOIIECCOB BBIBETpUBaHMs mocie paziusa. I'ypymooptu m ap. (Gurumoorthi) 2021 [10],
oleHUIU cyap0y pasznuBa HehTH MV Wakashio mocne Toro, kak smonckuii 6ankep Wakashio
CeJl Ha MEeJIb Ha KOpaJljloBOM pude Ha rore MaBpuKus, U IBUKYIIUE CUIbl, OTBETCTBEHHBIE 32
BO3MOXHbBIE JKOJOTHYECKHE TOCIENCTBUS 3arpsA3HEHHOTO NpUOpexkHOro peruona. OHH
ucnonp3zoBanu  moaenb GNOME ¢ ydeToM pa3nnyHbIX MeTeooKeaHOTrpadHuuecKux
BO3/JEUCTBHI, TAKMX KakK (1) BETPBI U MOPCKHE T€UYEHUS, (11) TOJIBKO BETPHI U (111) TOJBKO BETPHI
¢ pa3nuuyHbIMH KO3 unmentamu quddys3uu, a 3aTeM MOATBEPAUIN PE3yIbTAaThl C TOMOIIBIO
cnyTHUKOBBIX cHUMKOB. IIpagxan m ap. (Pradhan) 2022 [189], wu3yuywnu Bo3jaciicTBHE
TUTIOTETUYECKUX pPa3iIuBOB HepTu B mpuOpexHoW 30He Onuina, mpuOpeKHOro IiTata Ha
BOCTOYHOM moOepexbe Muaun, ucnonsdys moaeiab GNOME. Ouu cmoaenuposanu 10 000
Oappeneil cpenHeil ceipoil HeDTH B pa3NIUUHBIX MecTax mmenbha Opumia mpu pa3IHYHBIX
noroaubix ycinopusx. IIpacaxg m ap. (Prasad) 2022 [95], ucmonb3oBanu oOmyo cpeay
ONEepaTUBHOr0 MoJieiupoBaHus HanuoHanbHOro ynpaBiieHUs OKEaHUUYECKUX U aTMOC(EPHBIX
uccinenoBannit (GNOME) nns monenupoBanus npeiida tsxenoro mazyta (HFO) B pesynbrate
CTOJKHOBEHHUSI cyldoB B beHranbckoM 3anuBe. OHM MOJY4YWJIM TOJNS CKOPOCTH BETpa M3
EBpomneiickoro nentpa cpennecpounsix nporuoszos norojasl (ECMWF), a cmoaenupoBanubie
OKeaHHWuyeckue TeueHus - u3 CHucTeMbl ONEepPaTUBHOTO OKEAHUYECKOTO MPOTHO3UPOBAHUS U
peananusa Beicokoro paspenieaus (HOOFS). I'pyoemnu n Heanscon (Grubesic and Nelson)
2022 [190], omeHMIM MOTEHIHAIBHYIO TPOCTPAHCTBEHHYIO YSI3BUMOCTh OCPErOBBIX JIUHUH OT
pasnuBa HedTH ¢ cyaHa Nabarima, KoTopoe SBIseTCS IJIaByYMM XpaHWIHILIEM U
pa3rpy304HbIM cynHOM B 3anuBe llapus, Mmexay Benecyanoit u octpoBoM Tpununaa. Ouu
CMOJIEIUPOBAIU TPACKTOPHUIO U CyIbOYy pa3iauToi HedpTu ¢ momoupio moaenu Blowout and
Spill Occurrence Model (BLOSOM). Axunb6amunm u ap. (Akinbamini) 2022 [191],
ucnosbzoBaiu GNOME u ADIOS nns mporHo3upoBaHUsl TPAEKTOPUM U CyIbObl pa3iuBa
TsDKeI0M HeTH ¢ mIaTHOpPMBI ¢ MUIABYYUM HAKOTHUTENIEeM Ha HEQTSHOM MECTOPOXJICHUH Ha
KOHTHHEHTaJIbHOM Inenbde BenukoOputanuu B TeueHue 5 1HEH B OKTAOpe Mpu BO3AEHCTBUU
JBYX Pa3JIMYHBIX OKEAHMYECKUX MOJejed, a UMEHHO CUCTEMbI MPOTHO3MPOBAHUS OKEaHa B

peanbHOoM BpeMeHH (RTOFS) u rubpunnoit koopaunatHoit moaenu okeana (HY COM).
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I'naBa 2. I/ICHO.]'lbf}yeMaﬂ METOA0JIOI'Hd U JaHHbIC

Cy»suxwnii 3a1uB (C3) sBis€TCS OJJHUM U3 CAMbBIX O’KMBJIEHHBIX CyJOXOHBIX IyTEH B MUPE
U OCHOBHBIM HCTOYHHUKOM Chipoil HepTu nis Erunra. [losToMy 3amuB o4yeHb yS3BUM s
pa3auBOB HE(PTHU, KOTOPBIE MOTYT YIrpoXkaTh MPUOPEKHONW SKOCUCTEME U TYPUCTUUECKUM
KypopTaMm. Llenbio 1aHHOTO HCCIeOBaHUs SBJISIETCS IPOTHO3 TPAEKTOPUHU U CYIbOBI pa3iinBa
HeTH ¢ ucmoap30BanueM obmuieii cpenbl oneparuBHoro moaeaupoBanuss NOAA (GNOME) u
MOJeJiell aBTOMATU3WPOBAHHOTO TIOMCKAa MaHHBIX O pasznmuBax Hedhtn (ADIOS2) nns
NPOTHO3UPOBAHMS PETHOHOB, TMOJBEPTIIMXCS BO3JACUCTBHUIO, OMNpPEICICHUS BpPEMEHHU
NOCTH)KEHUS HepTbhio OeperoBoil JHMHUM M pacueTa Hauboyiee BaXHBIX IMPOLECCOB

BBIBETPUBAHUS PA3IUTON HePTU (MCHIapeHHUE, SIMYJIbIUPOBAHNUE U TUCTIEPCHUS).

2.1. Cy3uxkuii 3a;1uB

Cysukuii 3anuB, nporsHysmuiics Ha 300 kM ot mopra Cysn no octpoBa IllaaBaw,
coeuHeH ¢ ceBepHOM "acThio KpacHoro mops nponuBamu ['y6an u CpenuszeMHBIM MOpEM
yepes Cyankuit kanan [192] (Pucynoxk 2.1). Dnanasu u ap. (Eladawy) [193] onucanu C3 kak
MOJy3aMKHYTBIII MEJIKOBOJHBIN OacceiiH co cpenneir riyOunoit 40 M, MakcUMallbHOU
mupuHoi 19-32 kM u oOmell miomanpio moBepxHocTH okono 10510 xm?. C3 moxer
MOXBACTAThCs OOMIMEM KOPaJJIOBBIX PU(POB M MOPCKUX OOUTATeNed, YTO MOBBIIMIAET €T0
IKOHOMHUYECKYI0 3HauuMocTh [194]. C3 Takke sBISCTCS OCHOBHBIM HMCTOYHUKOM CBHIPOW
Hedtu B Erunre. ITo cmoBam Xyceitna (Hussein) [61], moosiua Hedtr B C3 cocraBisieT 85%
noOerun  ceipoit Heptm B Ermnte Ha 26 MOpPCKHX MECTOPOXKAEHHUSIX, BKIodas 136
noObiBaronux miaatgopm u 570 HePTAHBIX CKBaXXUH, CBSI3aHHBIX 450-MWJIBHOW MOABOJHOMN
ceTbio TpyOOINpoBOAOB, co3nannoi Oosee 20 et Hazan (Pucynok 2.2). [Tocne 3aBepuieHus
HoBoro npoekra Cysukoro kaHaia B 2015 rony 3nauenue GOS ayis1 erUneTCKOM 3KOHOMUKH
3HAUYUTENIbHO BO3POCIIO. DTOT MPOEKT yAyUylInil cTatyc peruona Cy31Koro KkaHajia B MUPOBOM
Toprosie. TakuMm o0pa3oM, eXeIHEeBHOE JIBHKEHHE MO KaHajaM YBEJIMYUIOCh Oosee 4yeM Ha

56 cynos, ¢ 18 830 B 2020 roay mo 20 694 B 2021 roay [195] (PucyHoxk 2.3).
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Pucynok 2.1 Tonorpaduueckas kapta Cys1IKOT0 3auBa

Loena = O Fiald

Pucynok 2.2 MectonosioxeHust HeTSHBIX MECTOPOXKACHHUHN U TpyOonpoBooB B Cys1KOM
3anuBe [200]



(routes /

122k’ /
year)

Pucynok 2.3 KoHTypsl, H300pakaroniye mI0THOCTh MOPCKUX MepeB030K B Cy31IKOM 3ajiBe IS
Bcex THIOB cyoB B 2021 romxy [201].

YuutsiBasgs MaccoOBbIi NepeHoc HePpTH BIOJAb cBOeill rinaBHOM ocu, C3 MOCTOSIHHO
NOJABEPraeTcs pUCKy CIy4YalHBIX Pa3auBOB HE(TH, XyAUIUN U3 KOTOPHIX mpowuszomien B 1982
[196]. B teuenune 4—6 4 3HAYUTEIbHOE KOJUYECTBO CHIPOH HEPTH OBLIO BHIOPOIIECHO B MOPE
npu norpyske tankepa B Pac-llyxeiipe [197]. B utone 2010 roga pa3nus HedhTH B ceBEpHOM
yactu KpacHoro mops 3arps3uui okosio 160 kM 6eperoBoii IMHUY, BKIIOYAsi TYPUCTUUYECKUE
WDKHBIE KypopThl B Erunte m mobOepexbe [Ixebenb anb-3aiit [198]. CrnemoBareinbHo,
CyZIOBbIE NIEPEBO3KH U pa3MePbl TAHKEPOB YBEJIMUYHMBAOTCS C KAXKIABIM THEM, U 3TA TEHAECHLIHNS,

BEpOsITHO, coxpanutcs [199].

Otnen ynpaBieHHs TPUOPSKHBIMH W MOPCKMMHU 30HaMu CeKTopa painroHaIBHOTO
IPUPOIONOIb30BaHus ErumeTckoro areHTCTBa MO BOMpocaM oKpykaroinei cpeast (Egyptian
Environmental Affairs Agency) (EEAA) pacnionaraet 1aHHbIMH 00 MHIIUACHTAX, CBSI3aHHBIX
¢ pasnmuBamu HedtH B mepuoxa ¢ 1998 mo 2005 rox. U3 122 cayuyaeB pasnuBa HedTH OBLIH

BBISIBJICHBI TiATHA 85 wHIUAeHToB. Ha Pucynok 2. 4 moka3aHbl 30HBI, MOCTpajaBIIdE OT
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aBapuiHBIX pa3nuBoB Hedtu ¢ 1998 mo 2005 rog. DTOT PUCYHOK TaKkKe MOKA3bIBAET, YTO B
Cys1KOM 3aluBe BO3MOJXKHBI pa3ivBbl HETH BO Bcell 30He. OJHAKO CIEAYIOLIUE 30HBI

CTpazaliv OT YacCThIX UHIUJACHTOB:
1) Xypranga (15 uHIIMAECHTOB)
2) IMopt Aita-CyxHa (15 HHIIUIEHTOB)
3) FOxwuebiii Bxon B Cysukuit kaHan (12 UHIUIEHTOB)

biaromapst cBoemMy CTpaTerm4eckomMy IOJ0XKEHHI0 Mexay Cpelu3eMHBIM MOpPEM U
NuaniickuM okeanoM, KpacHoe Mope nogBepKE€HO 3HAUUTEIBbHON CyJOXOAHON aKTUBHOCTH, B
YaCTHOCTHU, JIBIDKEHUIO HE(PTAHBIX TaHKepoB. IloaToMy OHO sBisSeTcss NOTEHLUUAIBHO
yA3BUMBIM MECTOM ISl pa3fiuBOB HE(TH, BBI3BAHHBIX HENpEIHAMEPEHHBIMU COpocaMu,
KOTOpble MOTYT HaHECTH Bpel oKpyxkaromei cpene. CiemoBaTelabHO, BBIFOJHO 001aaaTh
3HAHUSAMHM O MEXaHMW3MaX TPAHCIHOPTUPOBKHU, KOTOpble mpoucxoasT B KpacHom Mmope, u
TEXHOJOTUAMH IPOTHO3UPOBAHUS, KOTOPBIE MOTYT NHOMOYb B NPUHSITHU PELIICHUN IpH
HelpeaHaMepeHHoM pasnuBe HepTu. K coxaneHuro, B IuTepaType ONMCaHO Majo Mojeiei

HePTAHBIX pa3nuBoB 1 KpacHoro mops.

Hacp nu Cmut (Nasr and Smith) 2006 [62], npoBenn KOMIBIOTEPHOE MOJCIUPOBAHUE
pa3auBOB HE(PTH AJISI YETHIPEX SKOJOTMYECKH UYBCTBUTEIbHBIX PAOHOB BJOJIb MOOEPEXbs
Erunra, ucnons3yst monens pasznusa Hedptu S.L. ROSS, koTopas Bkiirouaet B ce0si OCHOBHBIEC
NEepeMEeHHbIE U MPOIIECCHI, BIUAIOUINE HAa TepeHoC HepTH B Mopckoil Boje. OHU HE MPUBOAST
MOoJpOOHOCTE O TOM, Kak OblIa MOJydeHa MUPKYISALNUsS BOABI (OCHOBHOW JBMIXKYIIHMH
MEXaHHU3M IIEPEHOCA): TOJIBKO TO, YTO KapTa TeYEHUH BObI ObliIa MOCTPOCHA C YUETOM JIaHHBIX
U3 Pa3IMYHBIX MCTOYHUKOB, BKJIOYasg HaOmroneHus mopckux kanutaHoB. Illexage m ap.
(Shehadeh) 2012 [202], cmonenupoBanu pa3nuB HepTH B pe3ylbrare BeIOpoca HepTH Ha
OypoBoil minarpopme B Cysuxom 3anuBe, peruoH KpacHoro mops, MCHOJb3ys KaHAACKYIO
MOJeNb MpOTHO3UpoBaHus pa3nuBoB Hedptu S.L. ROSS. Moaens onuceiBaeT TpaeKTOPHUIO U
noBeleHHe HEPTAHBIX pPA3IMBOB Kak (QYHKIHIO THUIIA, pa3Mepa, CBONUCTB HePTH U

npeobaganux yeiaoBU okpyskatomei cpenbl. KOMIOHEHT TpaeKTOpPUHU pa3iivBa OCHOBAH



171

Ha BBOJI€ HaWIy4IIUX JOCTYNHBIX JaHHBIX O BeTpe M TedeHuu. Kpome Toro, mojuenb
UMHUTUPYET pe3yJbTaThl MPOIECCOB BBIBETPUBAHUS pa3liuBa: pacTeKaHue, HCIapeHue,
€CTECTBEHHOE PacCeMBaHHE M SMYJIbIUPOBAHUE UEPe3 perylisipHble MPOMEXYTKH BPEMEHH.
Ilepuane3 (Perianez) 2020 [64], pa3paboTanu momaens pasnuba HehTu a1 KpacHoro mops.
B Hell ucnonb3yroTcs moapoOHbIE NaHHBIE O IUPKYJSIUU BOJbI: MTHOBEHHBIE MPUINBHBIC
TEUYEHHS, OCTATKM MPUIUBOB (00a MoOKazaTess MOJYUYEeHBI C MOMOIIBIO MOJEIU MPHUIUBOB,
crierualibHO mnpumeHseMou s KpacHoro Mops), a Takxe OapOKIMHHAS LHPKYJISAIUSA,
NoJiydeHHasi ¢ moMolbio okeannueckoit mogenu HYCOM. Mojenb Takke MOXKET BKIIOYATh
NPOTHO3Bl MECTHBIX (B pailoHe pasnuBa) BeTpoB. JlarpaHxkeBa Mojeib MEpeHOca BKIIOYAET
anBekuuio/auddys3uio maoc cnenuduueckrue mpouecchl s HedTH, TaKue KaK MJIaBy4ecTb,
pasnoxenue u ucnapenue. Omap u ap. (Omar) 2021 [65], cmonenupoBanu TPACKTOPHIO U
Ccynp0y IBaamaTH yeThIpeX ciieHapueB (12 oOBIYHBIX B 12 HAMXYAIIUX CIICHAPHUEB), UCIIOJIB3YS
KaHaJICKyl0 MPOTHOCTUYECKYI0 MaTeMaTH4YecKyro Mojaenb pasznuBa Hedptu S.L. Ross or
MpeamnojgaraeMoro MCTOYHUKAa HePTIHONH OypoBoil ycTaHOBKM BONHM3HM paiioHa Pac-I'apu6 B
peruone Kpacunoro mopss. Mona (Mona) 2021 [61], momenupoBaiia rUIMIOTETHYCCKUM pa3inuB
ceipoit HedTu, ucnons3ys moaenb GNOME u reorpaduueckne nHGOpPMaAIIMOHHBIE CHCTEMBI
(T'MC) nns OUEHKH YA3BUMOCTH SKOJOTHUYECKH UYYBCTBUTEIBHBIX OEpEroB K KPYMHOMY
pasnuBy HedTu B ceBepHol yactu Cynsnkoro 3anuBa. OHa He HWcCclenoBana, Kak Ha HEPThH
BIIMSIET BHIBETPUBAHUE MOCIIE PA3JIMBa, U HE OMpeAesiia, Kakoe KOJIUIECTBO HEePTH IOCTHUTIIO
OeperoBoii muann. XyuHb u ap. (Huynh) 2021 [46], cMoaenupoBanu cyap0y U TPAaCKTOPHIO
paznuBa Hedtm ¢ momompio Mmomerner GNOME u ADIOS, a 3areM cmojaeiaudpoBaiu
HETIOCPEJICTBEHHOE BO3/IeiicTBUE TaHKepa Safer Ha 310poBbe HaceneHus. Tankep Safer — 3To
paspymaromuiicss HedpTIHOM TaHKep, conepxkamuii 1,1 miu 6appeneit HedTH, kotopsrii ¢ 2015
roga OpomeHn y OeperoB IMemeHa M yrpoxkaeT 5KoJOrMueckoil karacTpodoil cTpaHe,

HaXOHHmeﬁCH B HaCcTOAMECC BPEMA B COCTOSSHUU T'YMAHUTAPHOI'O KpU3uca.
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Abu Redeis and
nearty aera

(7 Incidents)

Wad Feiran and
nearby area
(1 incdents)

Ras Ghanb and
nearby areas
(6 Incdents)

Pucynok 2. 4 3oHanpHOE pacrpeneieHne HHIIMACHTOB ¢ pasiauBamu Hedtr ¢ 1998 mo 2005 rox B
CynsukoM 3anuBe, Hanbojiee 4yacTble 30HBI PA3JIMBOB HE(PTH OOBENEHBI KpacHBIM IBETOM; 1)
Xyprana 2) Aitn CyxHa 3) 10xHbIH BX0a B Cy31KHii KaHaul. (KaKIpIid KpaCHBIN KyOUK MpeCTaBIseT
OJINH MHITUJICHT)

2.2. Moaeab paznuBa neptu GNOME

2.2.1. O030p u onMcaHue MOJeIH

Mogens General National Oceanic and Atmospheric Administration Operational Oil
Modeling Environment (GNOME) 6s11a pazpaborana NOAA's Hazardous Materials Response
(HAZMAT) u pne6GrotupoBama 16 mapra 1999 roma [43]. GNOME Hnammcan na C++,
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TIIATEIbHO UCIOJIb3Ys KJacChl U OOBEKTHI SA3bIKa, YTO 00JIETYAET OOHOBIIEHUE, PACIIUPEHUE U
ylyudlmieHue Mmojaenu. Mojenb Takke cOoAepkUT rpadpuueckuil mHTepgeic moap3oBaTens,
IPOBEPEHHBIH Ha SCHOCTh W MPOCTOTy wucnoab3oBanusi. Moaenb GNOME saBusercs
JBYMEpPHOH WM 4YacTO MCIOJIb3yeTCsI B MOPCKOH, NpUOpEeXHOW U pedHol cpene uis
IPOTHO3UPOBaHUs ABMKEHUS HeTsHbIX msaTeH [44,45]. Moaens GNOME wucrnonb3yer MeToI
OTCIIC)KUBAHHS YacTHI] Ditsiepa-Jlarpanxka st MOHUTOpPUHTA Japeiida paznuBoB HepTu [203].
Hedtsanoe naTHO paccmarpuBaeTcs kak Habop uvactull. [lo Mepe mepemenieHus KaxJIou
YacTUIbl MO BOJIE PACCUUTHIBAETCS MapLIpyT, NPOHJAEHHBINM 3TOM wactuuei. CKOpocTh H
HaIlpaBJICHUE JBWKECHUS KaXJOW YacTHUIbl, KOTOPblEe MEHSIOTCS CO BPEMEHEM, TaKKe MOTYT
OBITh paccunuTaHbl. bnaronaps nuddy3uu MOXKHO OTCIICKUBATH COCTOSIHUE HEDTH B peKUME

peanbpHOTO BpeMeHu [25,204].

Ha6op Bxoaubix manaeix GNOME conepxuT: nanHbie 0 OeperoBoi TMHUH, HallpaBJICHHUE
U BEIMYMHY BETpa U MOPCKUX TEUCHUN, MECTOIOJIOKEHUE pa3iuBa, u 00beM pasziuba. Kpome
TOT0, MOJICJIb TIPEIOCTABIISICT BRIXOHBIC JaHHBIE TPACKTOPHH C IPUBA3KOH K reorpapuuecKumM
KOOpJAMHATaM, KOTOPBhIE MOTYT OBITH HCIIOJIb30BaHbI B KAa4€CTBE BXOJHBIX JaHHBIX IS
unctpymentoB ['MC (I'eorpaduueckoii Mupopmanmonnoir Cucrtemsl) [47]. Mb1 BbIOpanu
MHCTpyMeHT MmoaenupoBanuss GNOME wn3-3a ero HCTOpMHM ONEPATHBHOTO BHEAPEHUS H
NPOBEPKU HA pPea’TbHBIX JKOJIOTHYECKUX KaTacTpodax M HIMPOKOTO HCIOIb30BAHUS CpeIU
opranusanmii [1,46] Kpome Toro, on Gonee obobOiaem, 4yeM Apyrue Mojeiad, U TpeOyer
MEHBIIIE TTapaMeTPOB B KauecTBE BXOMHBIX HaHHBIX [44]. Bonee Toro, pesynbtatei GNOME
T MHOTHX CHUTyalluid MPOJEMOHCTPUPOBAIN 3HAYUTEIBbHYIO CTENEHb COIJIACHS MEXKIY
MOJICTUPOBAHUEM, CIIyTHUKOBBHIMHM JAaHHBIMU U JKCIEPUMEHTATbHBIMU HAOIIOJACHUSIMHU, YTO
OBLIIO MOATBEPIKICHO HECKOJAbKUMHU HccieaoBanusamu [45,48]. B pesynbrate LleHTp MOpCKOii
aBapuMHOW B3aMMOIOMOIIA pPEKOMEHAoBan wucnojab3oBarh wmoaeab GNOME  nmus

MojienupoBaHus pa3nuBoB HePTH B [lepcuackom 3anuse [49].

B nenmom, npenmymiectsa ucnonb3oBanusi GNOME crenytromiue:
- Ona OecIIaTHBIA U C OTKPBITHIM MCXOJHBIM KOJOM, YTO JI€JaeT €ro JOCTYIHBIM s

HIMPOKOr0 Kpyra noJib30BaTeei.
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- OHa mUPOKO HCHOJB3YEeTCS U XOPOLIO 3apeKOMEHJ0Baja ceds, MMeeT OojblIoe

COO6III€CTBO HOHBSOBaTeHeﬁ, KOTOPBIC MOI'YT OKa3aTb MOAACPIKKY U ITOACIUTHCA OIIBITOM.

- OHa MOXeT BKJIIOYaTh B ce€0sl MOrOJHbIE U OKEaHOTpapUUEeCKHE JAaHHBIE B PEKUME
pearbHOr0 BPEMEHH, 4TO M03BOJIsET 00JIee TOUHO MPOrHO3UPOBATh ABUKEHHUE U pacceuBaHue

HePTH.

- OHa mo3BoJIsIeT MoJib3oBateisiM BkiItouaTh ganHbie [ IC, Takue kak Oeperosast JUHMUS,
cpena oouTaHus U 0aTUMETPHUS, KOTOPbIE MOTYT OBITh MCITOJB30BaHBI IS ONPEACICHUS 30H

MOBBIIIEHHON 3KOJOTUYECKOW YyBCTBUTEIBHOCTH.

- OHa MOXeT MOJCIUPOBATh IMOBCIACHHUC He(bTI/I B TOJIIC BOALI M HAa IMOBCPXHOCTHU C

y4eTOM TakuX (aKkTOpOB, KaK BETEP, BOJIHBI, IPUIUBBI U OKEAHCKUE TEUECHUS.

- OHa TaKX)e MOXKeT MOJCINPOBATH BO3CHUCTBUE XUMHUYECKUX AUCIICPICHTOB H
(bI/IBI/I‘-IeCKI/IX MCTOJ0B I[O6BI‘-II/I, TaKUX Kak HCIIOJb30BaHHE OOHOBBIX 3arpa>1<z[eH1/II71 u

CKHMMEPOB.

B nenom, GNOME — 3T0 MOIIIHOE ¥ IIMPOKO HCITOJIB3yeMOe IMTPOrpaMMHOE 0OecCIIeUeHE
JIJISE MOJICTTUPOBAHUS PA3IUBOB HEPTH, KOTOPOE MOXKET MPEAOCTABUTH IEHHYIO HH(POpPMAIIHIO

TSl TUKBUJALMY PA3JIMBOB HE(PTH U YIIPABICHUS UMHU.

2.2.2. JIBrKymue CHIbI

JIBIOKYyIIMMU ~ CUJIaMU  SIBJISIFOTCSL  JTI0ObIe  (u3uueckue (akTOphbl, BBI3BIBAIOIINE
MepeMeIIeHUE 3arps3HAIONIETO BellecTBa (HampuMep, HEDTH) B BOJAE - KaK MPaBUIO, ITO
TeUeHUs, BEeTPhl U AU Py3usi. J[BUKyIIHUE CUIIBI JENATCA Ha JABE KaTEropuu. Y HUBEpCAIbHbBIC
JIBWKUTEIH JEHCTBYIOT Be3jie U OOBIYHO COCTOSIT M3 BeTpa u auddysuu. Bece ocranbHbIe
JBYKUTEIIH JCHCTBYIOT TOJILKO Ha TOW KapTe, K KOTOPOW OHU MPUKpPEIUICHBI. Vcnoib30BaHUE
HECKOJBKHX KapT Ha CaMOM JieJie SBIISIETCS] HACIeIUeM TPEIbIAYIIEeT0 BOTUIOMIECHUS MOJICIH,
HaIMCAaHHOM B TO BpeMs, KOTJJa KOMITBIOTEPHl HE UMEIIH JIOCTATOYHO MAaMSTH JUJISI CYUTHIBAHUS

OJHOM KapThl AJIsl Bcero mpubpexHoro peruona. Ilo Gonpiieil yacTu, Tenepb HOCTATOYHO
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OJHOM KapThl, U BCE JIBMXKUTEIH MOTYT OBITh pa3MelleHbl Ha 3To¥ kapte. UTOOBI MOJIy4YUTh
ob11ee IBUKEHHE, KOMIIOHEHTHI CKOPOCTH U (BOCTOK-3aman) u V (ceBep-1or) OT TeUSHUI, BETpa,
nudPy3un u TI00BIX APYTUX JIBUKUTENEH CKIaABIBAIOTCS BMECTE Ha KaKJOM BPEMEHHOM II1are
I, UCIoNIB3ysl MpsMyto cxemy Oinepa (mertox Pynre-Kyrrer 1-ro mopsaka). JIBHKHTEISIM
naetcst Touka (X, Y, z, t) u Bo3Bpamiaercs cMmemnenue (AX, Ay, Az) npu t, ypaBuenue (2.1)
(pacueT 30HAJIBHOTO, MEPUIUOHATBHOTO U BEPTUKAIHLHOTO CMEIICHHUS TMOJ JAEUCTBUEM

JTBWKYIIIMX CHII).

u 21
Ay — TILT20.0002% * At A " A ard Ay = 0 (2.1)
c0s(y) '2Y = 111,120.00024 ~ °°

rae At =t -ty - Bpems, mpoienmiee Mexay dTallaMi BpEMEHH |; Y — IMUpOTa B pajinaHax;
111,120.00024 - xonmuuecTBO METPOB HA TPaayC MHUPOTH (TIpeamoaaraeTcs, 4To 1' mupoTel =
1 mopckas Muis Be3ne); U (AX, AYy) — HIByXMEpHOE CMEIICHHE IO JOJITOTE M IIHPOTE,
COOTBETCTBEHHO, U M V - MPOEKIUU MOPCKOTO TEYEHHS Ha OCH X U y COOTBETCTBEHHO Ha
JTaHHOM clioe TyOunsl Z. B Hactosmee Bpems nemkenue B GNOME He MoXeT mpouCXoauTh
MEXKY CIOSMU TIIyOUHBI (IO3TOMY BEpPTHUKaJIbHOE CMElleHue, Az, MOAAeP)KUBACTCS PaBHBIM

HYJIIO).

Pacuer o6miero mepeMernieHus MpPEACTaBIsET COOOW MPOCTOE BEKTOPHOE CIIOKEHUE
MEPEMEIICHUN JTaHHOW YacTULbl 3arpsA3HSIONIEr0 BEIIECTBA MOJ JEHCTBUEM KaXIOU
JBHXKYIIEN CHIIBI 3a BpPEMEHHOM HHTepBad. Kak npaBuino, CylIeCTBYET 3HAa4YUTEIbHAs
HEOMPEICICHHOCTh B TOUHOCTH BXOJHOTO MIPOTHO3a U/UU U3MEPEHHBIX TaHHBIX. KpoMme Toro,
B 00IIeM ciy4yae, 3TU BXOJIHBbIC JTAHHBIE JUISI MOJEIU MPEICTABISIOT COOOW JaHHBIE CETKH,
KOTOpbI€ MPUBOAAT K HErJaAKUM IMOJSIM CKOPOCTEH, YTO OrpPaHUYMBAET IOJE3HOCTh
ucnoiab3oBanus MetonoB Pynre-Kyrrer (Runge-Kutta) Gonee Bwicokoro mopsinka (eciu
TpeOyeTcsl NOMOJHUTEIbHAs TOYHOCTh, YMEHBIIIEHUE BPEMEHHOTO IIara MOJIEJIM 4acTo JaeT
TaKoe e YJydllleHWe, KaK U HUCIOoJb30BaHUE 00Jee CI0XKHOTO MeToja 0ojee BBICOKOTO

nopsnka). Kaxknaass asukyias cuiia, IpucyTCTBYIOIIAs B MOJAEIbHON YCTAHOBKE, MOXKET OBITh
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AKTUBHOW WJIM HEAaKTUBHOW B 10001 MomeHT BpemeHu. I[Ipu pacuere moxaenu Oyaer

HCIIOJIb30BATHCA TOJIBKO Ta ABHUXYLIAas CHUJIa, KOTOpasd OTMCUYCHA KaK aKTUBHAA [23]

2.2.3. JIBMiKyIIue CuJibl MOPCKOTO TeYeHusl

GNOME npunuMaeTr pa3iuyHble TUNBI U (HOpMAThl CETKU IS JAHHBIX O MOPCKOM
TeueHHH. BpIOOpKa MOCIENHUX H3MEPEHHBIX M MPOTHO3HUPYEMBIX MOPCKUX TEUYCHUH,
copMmectuMbix ¢ GNOME, noctymHa mis 3arpy3ku u3 paznaudHbix uctouHukoB. GNOME
OpUHUMAET MOJEIU MOPCKHUX TEUEeHHUH, 3aBHUCAIIME OT BPEMEHUM WIJIM HaXoJAslIuecs B
noctosHHOM coctossHMM. GNOME npuHuMaer naHHble MOJENM Ha NOPSAMOYTOJIBHBIX,

KpPIBOJIHHGfIHBIX U TPCYT'OJbHBIX CCTKAX U3 PA3JIMYHBIX MOJICIICH.

s npsamoyronbsHbeix ceTok GNOME no3BonsieT 3agaBath CKOPOCTH B LEHTPE SUYEEK
CEeTKH WJIM B y3J1axX, HO B JI0OOM cilydyae MCITOJIb3YETCS OJTHO M TO )K€ 3HAUCHHE 110 BCEH sueiike
CETKH U HE MPOU3BOIUTCA UHTepHosus. [IpaMoyronpHbie CETKU JOJHKHBI OBITH 3arPy>KEHBI

Ha Kapry.

Jna kpuBoJIMHENHBIX U TpeyroyubHbIX ceTOk GNOME co3aact kapTy no rpaHulle CETKH,
€CIM HeT JOCTymHOW kapTel OeperoBoi mnuauu B Qopmare (bna). Ilpu 3arpyske
kpuBoinHEHbIX ceTok GNOME nenut kaxaoe IMoJie CeTKM Ha JBa TPEyrojbHUKA U
npeanojaraeT, YTo0 CKOPOCTh AJisi 000MX TPEYTroJIbHUKOB HAXOAUTCS B JIEBOM HHM)KHEM YTy
nong cetku. GNOME Takke »KCTpamoiupyeTr CeTKy BIpPaBO W BBEPX U NPUMEHAET TaMm
3HAUYEHUS CKOpPOCTH JJIsi TEepBOM CTPOKM M TMOcleaHero crtoiabua. Tum rpaHuubl B
pacIiupeHHON CTPOKE M CTOJOIe MPUHUMAETCS TaKUM, KAKUM OH OBIT B MEPBOIM CTpPOKE H

[IOCJIETHEM CTOJIOLIE.

2.2.4. Indpy3us

CrnyuvaiiHoe pacmpocTpaHeHue, T.e. TUPQy3usi, OCYIECTBISICTCA MPOCTHIM CIy4alHbBIM
onyxnanuem (random walk) ¢ kBagpaTHOl enuHUYHON BeposiTHOCThIO. CilydaiiHas mporyika
OCHOBaHa Ha 3aJlaHHOM B MoOJeiu 3HaueHuu auddysun, D, koTopoe mpeacraBiseT coOoi

rOPU30HTANBHYIO BUXpeBYIo muddysuro B Boge. Huskoe 3nauenne cocrapuser 1 000 cm?c?, a
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BrIcOKOE - 0T 100 000 10 1 000 000 cm?c™. TTo yMOIYaHKIO B MOJIENIM YCTAHOBJIEHO 3HAYECHUE
100 000 cm?cl. B GNOME nauddys3us M pacupocTpaHEHHME paccMaTpUBAIOTCA Kak
cToxacTudeckue mpouecchl. I(PGdexTsl TpaBUTAIUU UM TMOBEPXHOCTHOTO HATSXKEHUS
UTHOPUPYIOTCSI, TaK KaK OHHU BaXHbI TOJIbKO B TIepBble MOMEHTHI paznuBa. CroxHoe
npeacTaBiieHne mojaceToyHod auddys3uun u 3pdexToB pacnpocTpaHEHHS HTHOPUPYETCH.
GNOME wucnons3yer kimaccudeckyro nuddysuro, kKak ykazaHo B ypaBHeHun (2.2)

(VpaBuenue knaccuueckoit quddysun ucnonbdyercs GNOME) u ypaBuenunu (2.3).

aC
— = DV? 2.2
n V2C (2.2)

rae C - koHneHTpanus marepuana, a D - BermeynomMsanyTeiil kKoddunuent nuddys3un.

ac 0%C 0%C

rae Dy u Dy, ABIAIOTCA CKaIAPHBIMU KO3 dunuenTaMu 1udy3un B HAIPABICHUAX X U Y.

CpenHee moioXEHUE OCTAETCSl HYJEBbIM, HO JUCIEPCUS JIUHEHMHO pacTeT CO BPEMEHEM.
MoxHO moKa3aTh, YTO AJUHHAS CEpUs CIAy4YalWHBIX IIAroB OyJEeT CXOAUTHCS K IayCCOBCKOMY
pacmpeiesieHuI0 ¢ JUcIepcuell, JWMHEeWHO pacTyuied co BpeMeHeM. TouHas dopma
pacnpezeneHusl BEpOSTHOCTH MEepexoja HE UMEET 3HaYeHUs, I0Ka ero BTOPO MOMEHT paBeH
2D At. Pacnipenenenne BepOsITHOCTH IIepexoia — 3TO pachpeielieHue CMENEHU Ha KakI0M
miare ciydaitHoro omyknanus (random walk), a D — koaddunuent nuddy3uun B ypaBHEHUH
nudoysun. Takum ob6pazom, aud@y3us MoOXKeT OBITh CMOJAEIUPOBAaHA CIy4allHBIM
OnykIaHueM ¢ JOBIM pacrupefeleHueM, NpPU ITOM Pe3yJIbTUPYIOMHN KOdDPUIIHEHT
nud¢y3un paBeH MOJOBUHE NUCIEPCUM pacCHpellesIeHUss Ka)XXJ0ro Iuara, JeJeHHOW Ha mar

BpeMeHH, ypaBHeHue (2.4).

B GNOME w#1 Boruucasiem (AX, Ay) u3 Bxoanoro koddpdpunuenta nudpopysuu D, u Ha

KaKJI0oM mare BpeMmMeHH audoysum OX u dy BbIOMpAOTCSA CiIydyalHbIM 00pa3oM U3
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PaBHOMEPHOIO paclpeaesneHus (4ucel ¢ miaBaouien 3amnsatoi) Mexay -1 u 1 takum oOpaszom,
gyro —Ax < dx < Ax — Ay <dy < Ay,u Ax = Ay. B pe3yabrare mosyuaercs pacnpeelicHue
TO4YEK, Pa3OpPOCAHHBIX 110 BCel miomanu. Jucnepcus (07) 3TOro pacnpeeleHus 3a1aeTcs
ypaBHenueMm (2.5) (Jlucrnepcust pacnpeaeeH s PacCesHHBIX TOYEK), H aHATOTHYHO IS Oy .
CrnenoBaTenbHO, pacyeT 30HAJIBHOIO M MEPUAMOHAIBHOTO CMELIEHHUs 3a cueT Audpdy3uun

naetcs ypaBHeHueM (2.6).

Ax xZ sz
(= sodx=— 2.5
ox f_AxZ * Ax x 3 (2.5)
D
6 * s * A
\/ 10,000 D
X * “111,120.00024 \/6 * 10,000 * ¢ (2.6)

cos(y) 111,120.00024

GNOME Takxe umeer anroput™ audQys3uu, 3aBUCAIINN OT TIyOUHBI (Z), YpaBHeHHE
(2.7), HO Ha maHHBIH MOMEHT OH JOCTYNEH TOJBKO s (ailioB MECTONMOJOXKEHUS WIH

CIICHAPUEB, YIPABISIEMBIX KOMaHIHON CTpoKoii [23].

p = o1+ 2.7)

2.2.5. BoiOpacsiBaHne Ha Geper

[Tocne nepememienus 3semenToB Jlarpanxka (LE) Ha kaxaom BpemennoM mare GNOME
npoBepseT Kapty (T.e. pacTpoBoe H300pakeHHe), 4TOOBl yBHAETh, HAXOASATCS JIM HOBBIE
NO3ULHUM 37eMeHTOB JlarpaHa Ha cyllle uiud B BoJe. AJITOpUTM NpUYAIUBAHUS MPOBEPSET
BCIO JIMHUIO HAa PAaCTPOBOM M300paKEHUU MEXKAY CTApOi U HOBOM TOUKAaMU, YTOOBI yOEUTHCA,
yro LE He mnepenpsirHyn depe3 Cymly, M NPUYAIMBACT JJIEMEHTHl JlarpaHyka B mnepBou
IIOMNABIIECHCS TOYKE CyIIH. MecTOnoa0KEeHne B BOJE HEMOCPEACTBEHHO NIEpe] TOCTUKEHUEM
CYUIU TaK)Xe COXpaHAETCs AJIsl UCTIOJIb30BAaHUS B KaUeCTBE HAYaJIbHOW TOUKH MPU MOBTOPHOM

BCIUIBITUM 4acTuubl. Eciam ¢raaxox "mpemaoTBpamiaTh HNPBDKKM Ha Cymly" HE YCTaHOBJEH,


https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9-%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9/%D0%B2%D1%8B%D0%B1%D1%80%D0%B0%D1%81%D1%8B%D0%B2%D0%B0%D1%8E%D1%82%D1%81%D1%8F+%D0%BD%D0%B0+%D0%B1%D0%B5%D1%80%D0%B5%D0%B3
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YIPOULIEHHBIH aJITOPUTM paccMaTpUBAET, HAXOAUTCS JIM HOBas TOYKA B BOJE WJIM Ha CyIIE, U
UTHOpHUpPYET IMyTh, MpOHJAeHHbIH »3iemMeHTamu Jlarpawxka. Ilo yMmonyaHuio onuus
"mpenoTBpaTUTh MNPBDKKKM Ha cymy'" BKIOYeHa. B3aumopelicTBue 3arpsi3HUTENS C

OTJIOKEHUSIMH B OMOTOH HE MOACIIUPYCTCA.

2.2.6. TpaexTopuu pa3jiuBoB HeTH

[Toce Toro kak KapTa, IBM)KUTEIHN U Pa3IUBBI 3aaHbl, MOJEIb 3ayCKaeTCs, U PEIICHUE
BeITaeTcs B BuAe Tpaektopuii. GNOME mnpeanaraer nBa pemieHus s CIlEHApHUs pas3iivBa

HePTHU:
1. "pemenus ¢ Havnyumier oneHkoi" “best estimate solutions” - yepHbie TOYKH

2."penieHre ¢ MUHEMAIBHBIM coxaieHueM" “minimum regret solutions” nnu tpaextopus

HCOIIPCACICHHOCTH.

Pemenune "Hammydmreil OneHKH" MOKa3bIBAET PE3yJbTAT MOJCIMPOBAHUS NPU YCIOBUH,
YTO BCE BXOJHBIC JAHHBIC CUMTAIOTCA BepHbIMH. OHAKO MOJENIU, HAOIIOEHHS U MPOTHO3BI
penko ObIBaloT coBepiieHHBIMH. [losTomy wmbl Bkatouuaun B GNOME Hame moHUMaHHE
HEOIpeIeNIeHHOCTeN (TaKux Kak KoJyiebaHusl BeTpa WM TEUYEHUH), KOTOpble MOTYT HUMETh
MECTO. OTO BTOpPO€ pEIICHUWE IMO3BOJISIET MOJIENM MpPEeACKa3blBaTh APYyrue BO3MOXKHBIE
TPAEKTOPUU, BEPOSATHOCTh KOTOPHIX MEHbBIIE, HO KOTOPHIE MOTYT HMMETh 0o0Jiee BBICOKHE
CBsI3aHHBIE C HUMHM pPUCKM. MBI Ha3bplBaeM TPACKTOPHUIO, YUYUTHIBAIOUIYIO 3THU
HEONPEJCICHHOCTH, "pEIIEHNEM C MUHUMAJbHBIM COXKaJC€HUEM', MOCKOJbKY OHO Ja€T Bam
uHpopmanuio 06 06acTAaX, KOTOpbIE MOTYT MOCTPaaaTh, €CIU, HAIPUMED, BETEep OyneT nyTh
C HECKOJBKO WHOTO HAampaBJICeHHUs, YEM BBl yKa3allh, WM €CJIM TEUYCHUsS B pailoHe OynyT
MpOTEKaTh HECKOJBKO OBICTpee WU MEJJICHHEE, YeM OXHAaloCh. B HEKOTOpHIX ciyuasx
TEPPUTOPUH, HAXOJAMIUECS B MIPEJIeNIaX PEIICHU C MUHUMAJIBHBIM COXaJCHUEM, MOTYT OBIThH

0COOEHHO ONCHHBIMHA HUJIW YYBCTBUTCIBbHBIMHA K He(l)THHOMy 3arpsA3HCHUIO.

OGe TpaekTopuu npenctaBieHbl LE, KoTOpbie SBISIOTCS CTATUCTUYECKH HE3aBUCUMBIMHU

JacTaMHU MOACIUPYEMOTO 3arpA3HAOMICTIO BCIICCTBA. OHM NOSABNAIOTCS KakK MaJICHbKHE
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"yacTUlbl 3arpsA3HUTENS" Ha KapTe MNpH 3amycke pasiauBa. TpaekTopus '"HaulydlIero
NpPEAINoJOXKEeHUs" TMpeJcTaBieHa YepHbIMH '"msATHaMu"; TpaekTopus ''MHUHUMAaJIbHOIO

cokayieHus" mpejcTaBlieHa KpacHbIMH "misiTHaMu". [23].

2.3. ADIOS2 Mojeab BbIBeTpUMBaHNS Pa3iuBOB HeTH

BriBeTpuBanue HedTu mpencraBisgeT co0oil HabOp HMPOLECCOB, KOTOpPHIE BIHUSAIOT Ha
XUMHYEeCKHe U (U3UYECKHEe CBOWCTBA pa3iauTOd HePTH, Haubosiee 3HAYUTEIbHBIMU U3
KOTOPBIX  SIBJISIFOTCSL  HUCIApEHUE, HOMYJbIMPOBAaHME W  €CTECTBEHHAs  JIUCIIEPCHUs
[101,102,104,205]. HanwonanbHOEe  yIpaBJICHHE OKCAHHMYECKHX U  aTMOC(HEpHBIX
uccienoBannit  (NOAA) paspabotano wmomens (ADIOS2) nmns pacdera mnpoleccoB
BeiBeTpuBanus HeTu [50]. B cBoux Boiuncienusx Mmoaeabr ADIOS2 ucnonb3yer gaHHbIE 00
OKpY>KalUlel cpelie B PEKUME PEallbHOIO BPEMEHH, TaKHE KaK CKOPOCTb BETpa, a TAKXKE
du3nuecKkre U XMMUYECKHE CBOMCTBA pa3nuTod HepTu U3 cBoeil Oubnuorexku HePpTu. OH
coyeraeT 6ubnmoTeky u3 okoyio 1000 macen ¢ KpaTKOCPOUHOM MOJENBIO CYyIbOBl U OUYUCTKH
He(TH IJISI OIEHKU CTOWKOCTHU Pa3UTON HEPTHU B MOPCKOU Cpejie U MPETI0KEHUS CTpaTerui
ourictku [51]. Mojenb MOXET BBIYHMCISATH MPOIECCHl BBIBETPUBAHUS HEPTH, Pa3IUTON B
pa3IUYHBIX BOJHBIX Cpelax, TaKUX KaK MNpUOpEeXHBIE pailoHBI, OTKPHITOE MOpE,
MOJIyOrpaHUYCHHbIC MPHOpPEKHbIEC BOABI U peku [52]. B HECKOIbKHMX HCCIEIOBAHUAX MOJIEIb
ADIOS2 ucnosnbs3oBanachk JIjs MOJCIUPOBAHHS MOBEACHUS HE(PTH MPHU PA3]IMBE B MOPCKYIO

cpeny [24,25,46,52,67,191]. PucyHok 2.5 WUTFOCTPHPYET CTPYKTYPY MPOTPAMMEI.
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Environmental data Source data Eeiauitol User oil database
database

~
Uncertainty Bataleonyerter J [ Chemistry data J
parameters processor
N \ /
[Electronic blackboard Corrr;rijl.:it:sznal

A 4

Model output

Pucynok 2.5 Ctpykrypa nporpammsl ADIOS2 [50]

Cleanup options

2.3.1. Ucnapenue HepTH

ADIOS2 comepHuT MCEeBA0-KOMIIOHCHTHYI0 Mojaenb ucnapenus [206]. Ilpu mceBmo-
KOMIIOHEHTHOM TOJXO0J€ ChIpas HePTh U MPOAYKTHl HepTenepepabOTKu MOACTUPYIOTCS KaK
OTHOCHUTEJILHO HEeOOJIBIIIOE KOJUICCTBO JUCKPETHBIX, HEB3aMMOICHCTBYIOIUX KOMIIOHCHTOB.
Kaxnplii  MCEeBIO-KOMIOHEHT  paccMaTpuBaeTCs  KaKk  OTJAEJIbHOE  BEIIECTBO  C
COOTBETCTBYIOIIUM JABJICHUEM Iapa U OTHOCUTEIbHOW MOJbHOW moseit. OOmas cKOpoCThb
HUCTIapeHUs TMsATHA TPEACTaBIseT CcOO00W CyMMy HWHIMBHUAYalIbHBIX CKOpocTed. OmaHako
WHIUBUAYyAJIbHAS CKOPOCTh [UJISi KOHKPETHOTO KOMIIOHEHTa CBfA3aHA C JPYTUMHU TICEBIO-
KOMIIOHEHTAMU OTHOCHUTEJIBbHOW MOJIbHOW joJied. Jlns co3jgaHus TICeBJI0-KOMIOHEHTOB
UCIOJIB3YIOTCS OTPE3KH MEPETOHKU U3 0a3bl JaHHBIX HePpTU. OOBbeMHas CKOPOCTh UCIIapEHUS
JJIST OJHOTO IICEBI0-KOMITIOHEHTAa MOXEeT OBITh 3amucaHa kKak (yHkius oObemMa He]TH,

MOJILHOH J0JIM ¥ MOJIIpHOTO 00beMa KoMmmouneHTa, Error! Reference source not found.):

(dV) U°V (B, v f); 28)

—_— oc .

dt/ d

3/1ech | yKa3bIBaeT KOHKPETHBIN MICEBI0-KOMIIOHEHT, f,,, — H3MCHSIONIA’ICS BO BPEMCHH

MOJISIpHAs JI0JIsl ICEBI0-KOMITOHEeHTa, V — 00beM Hed T, U — ckopocTh BeTpa, d — ToIImuHA
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naTHa. OHa OIIEHWBAETCS IMYTEM PACCMOTPEHUS IICEBIO-KOMIIOHEHTA KaK COBOKYIMHOCTH
aJKaHOB (AIIMKJIMYECKUX YTJIEBOJOPOJAOB) M MCIOJIb30BAHUS IMIIHUPUYECKON 3aBUCUMOCTH
MOJIIPHOTO 00BheMa aJTKaHOB OT UX TeMIIepaTyphl KUTIeHUs. /[aBieHne mapa Kaxx10To IMCceBI0-
KOMIIOHCHTa OCHOBaHO, P, OCHOBaHO Ha ypaBHEHHMH AHTyaHa, Kak oOcyxpanock B [207].
MHOKECTBO CBsi3aHHBIX (MO MOJsApHON (pakiuu) auddepeHnnanbHBIX ypaBHeHH#i (2.8)
pemeHo MPUOIU3UTENBHO C HWCIOJIb30BAaHUEM PACHPOCTPAHEHUS METOAAa HCIAPUTEIHHOTO

BosaciictBus Makkest (MacKay) [208] Ha HeCKOJIBKO KOMIIOHEHTOB.

2.3.2. OMyJabrupoBanue He)TH

B cepun mabopaTopHBIX IKCIIEPUMEHTOB C Chipoi HedThio Dneit u ap. (Eley) 1988 [209]
O0OHapyXHIIM, YTO CKOPOCTh OOpa30BaHUs 3MYJIbCHH JIYYIIE BCErO OIKMCHIBACTCS 3aKOHOM
IIEPBOTO MOPsIKa s MeX(Ha3HOM MIIOIIaau, a He IS CoAep)Kanust Boabl. X GpopmynupoBka
Obla ucrnonab3oBana B ADIOS2 nist onucanus TOro, Kak CoJepKaHUE BOABI M paCIpeICIICHHUE

Kareib o pa3MepaM U3MEHSIOTCSA co BpemeHeM Error! Reference source not found.):

dS—K(l
dt ¢

) 2.9)

Smax

rae MexdazHelil mapamerp, Ky, 4yBCTBUTENIEH K BOJTHOBOW HEPTUM. 31ech S U Spay —
He(TeBOAHAA Mexk(da3zHas 30HA U MaKCUMallbHas Mex(a3Hasi TI0Maab COOTBETCTBEHHO. [loms
BOJIBI B BOJIOHE(PTSIHOM 3MYyJIbCcUHU Y CBsi3aHa ¢ MeX(Pa3HOU IIOMIAbI0 M CPSITHUM JTHAMETPOM

Karenb BOJbI d,,, 1o ypaBHeHuo (2.10).

sd,

y=—>_ 2.10
6 + Sd,, (2.10)

2.3.3. Jucnepcusi HepTH

B ADIOS?2 aucnepcust HepTH B TOJIIE BOJBI OIIEHUBACTCS C MOMOIIBIO THAPABINYCCKON
mozenu, paspaboranHoid [ensBuab W Cyunm (Delvigne u Sweeney) 1988 [120]. Ouwm

U3MEPWIN KOJUYECTBO M pacmpeiesieHue Mo pa3MepaM Kareilb He(TH, 3aTHaHHBIX B TOJIILY
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BOJBI Pa30MBAIOMMMHKCS BOJIHAMHU. BepTUKalbHBIA yHOC HEeDTH TPSMO MNPOMOPIUOHATIECH
JUCCUNAIMU SHEPIUU OJHOW pa3OMBarolleicss BOIHBI, 00IIedl CKOPOCTH AMCCUNALIUU IS
JAHHOTO CHEKTpa BOJH U 00beMy HE(TH, BIOPBICKMBAEMON B IOBEPXHOCTHBIH CIIOH NpH
KaxJaoM pa3zbuBanuu BoyiHbl. Dopmyna [lensBuHp U CyuHu oObeMHOro yHoca HedTH, Q,

JIaeTcs CleayrImuM odpaszoMm, YpaBHenue (2.11):

Q = Cdisp Dg'57 fow Vdisp (2.11)

3nece  Haxomutcs  Cgjsp  OKCHEPUMEHTANBHO — ONPENEIECHHBIM — mapamerp,  fpy,
NpeCTaBIAIONNI cOO0M T0I0 pa3phIBHBIX BOJIH HA BOJTHOBOMW MEPUO HA €AUHHUILY TUIOMIAIH,
U Vgyisp 00beM HedTH, 3aXBa4eHHOM Ha eaMHHUIY 0O0beMa BOAbl. Ero momywaror (B mpenenax
KOHCTaHTBI) (C TOYHOCTBIO O KOHCTAHTBI) IIyTE€M HHTETPUPOBAHUS MPOU3BEACHUS 00BeMa
Kamelb W YaCTOTHOTO paclipelielieHus Kamelb 1no oobeMy HedTu. Juccumanusi BOTHOBOM

OHEPTrUU Ha CIMHUITY TUIOMAN MOBEPXHOCTH, D, , olleHuBaeTcs o ypaBHeHuw (2.12):

D, = 0.0034 P, g HZ,, (2.12)

rae Hpp,s— CpeIHEKBaJIpaTHYHAs BBICOTA BOJHBI B MeTpax, a P, IUIOTHOCTh BOJbI B
KHJIOTpaMMax Ha KyOudeckuit metp. OmpenencHue fp, SBISETCS CIOXHBIM H IMOABEPKEHO
oonpmron Heonpeaenennoctu [210]. densBunbs u Cyunu (Delvigne u Sweeney) (1988) [120]
UCIIOJIB30BAIM TOJieBble HaOmroneHus Xonatyiicen u XepOepc (Holthuijsen and Herbers)
(1986) [211] u Tob6a u ap. (Toba) (1971) [212] nns oueHKH J0JM MOPCKOW MOBEPXHOCTH,
HNOKPBITON OENBIMU KaruIIMH, Kak (yHKIHH CKOPOCTH BETpa Ha JECATHMETPOBOM BEICOTE.
ADIOS2 npennonaraet, 4to popMupoBaHue 0101 MANKK HAYMHAETCA CO CKOPOCTHIO 3 M/CeK
U JJUHEHWHO yBenU4nBaeTcs 10 5% MOKPHITUS TIPU 4 M/CeK, T/e TPUMEHSEeTCS BTOpast JINHEHAs
3aBUCHMOCTh, HCIOJIb3yIomas Oosiee mo3anue HabOmoaeHus [Juar u dapmep (Ding and

Farmer) (1994) [213], npumensieTcs B ypaBHenuu (2.13):

f, = 001U + 0.01 (2.13)
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3necy f,, bpakums «Oemoit mrankm». B HacTosmiee BpeMs paccMaTPUBAIOTCSA
aTbTepHATUBHBIE (HOPMYIHPOBKH, OCOOCHHO JJISI YCIOBUH BBICOKOW IHEPTHUH, KOTJA POCT
0eyoro msTHa MOET OBITh 0OJice OBICTPHIM, Y€M OMUCHIBacTCsA ypaBHeHueM (2.13). Jlons
pa3pymIalomuxcs BOJIH B €AUHHUILY BPEMEHHU PACCUUTHIBACTCS MYTEM JACJICHHS ITOJIU OEI0TO
KoJmaka (Kak ONpeNelIeHO B TEPMUHAX OINpeJeeHUs aKTHBHOT'O aKyCTHYECKOTO TOKPBITHS,
nanHoro Jluarom wu ®DapmepoM) Ha COOTBETCTBYIONIYIO TIOCTOSHHYIO BpPEMEHH IS

dbopmupoBanus 6eoro koimaka [214].

2.4. ®opMyJTHpPOBaHHE MOJIEJIH M BBOJ TAHHBIX

s MoenupoBaHus pacupeesiecHus U cyab0bl HePTAHBIX TIATeH B CydIIKOM 3aJIMBE MBI
ucnons3oBanu moaeaun GNOME u ADIOS2 Bmecte. Habopsl BXOOHBIX MaHHBIX COJAEPHKAT
JlaHHBIEC 0 0epeTOoBOM JIUHUH, JaHHBIE O BETPE, JAaHHBIE O MOPCKHUX TCUCHUIX, MECTOTIOJI0KCHHUE
pasnuBa HEDTHU, TUN HEPTH, KOTUUECTBO HEDTH U TeMIepaTypy MOpPCKoi Bonbl. biok-cxema

BXOJHBIX W BBIXOAHBIX OAaHHBIX MOACIH IPCACTABJICHA B KPAaTKOM BHJAC Ha PHCYHKE Ha

Pucynok 2. 6.
Input Model Output
- —
| ) Coastline data (GOODS) Trajectory maps
. Time to shoreline
Seasurface temp. GNOME —

(literature)
/ Beaching

amount of il at shoreline

\ Qil type
(ADIOS2 database)

Floating amount

Spill location and
amount

Evaporation rate
Sea current speed

and direction

(COPERNICUS) ADIOS2 -

Emulsification rate

. Wind speed and Y
" direction (ECMWF) Natural dispersion rate

Ll Kl

Pucynok 2. 6 CtpykTypa AuarpaMM BXOJHBIX U BBIXOAHBIX AaHHBIX Mojeneit GNOME u
ADIOS2
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2.4.1. lanHble 0 OeperoBoii JMHUU U TeMIEePAType NOBEPXHOCTH MOPSI

Mogaens GNOME paGoraeT Tonapko ¢ naHHbIMU OeperoBoit nuHuu B ¢opmare (bna),
KOTOpbIE MOTYT OBITh MOJIyYEHBl U3 IJ100aNIbHONW CAaMOCOIIACOBAHHOM, HEpapXUUYECKON 0a3bl
JNAHHBIX OeperoBoil NuHHHM Bbicokoro paszpemeHus (GSHHS), a 3arem mpeoOpa3oBaHBI B
dbopmar (bna) ¢ momompio cepBepa okeanorpaduueckux maHHeix GNOME Online (GOODS)
(https://gnome.orr.noaa.gov/goods/tools/ GSHHS / coast subset) Pucynok 2.7. bmaromaps

KOMIUJIeKCHOU oOpaboTke Habopa manHbix GSHHG, nr00bie omuOKy WM BBIOPOCH! JOJKHBI
OBITH yCTpaHEHBI. beperoBbie IMHUU COCTOSAT U3 HEPAPXUIECKU 3aMKHYTHIX MHOTOYTOJIBHUKOB
[17,215]. lanusie OeperoBoii JUHUK IJI UMUTAIIHOHHON MOJEIH B HAIIEM HCCIEIOBaHHHU
npoctuparorcs oT 32°E go 35,5° E m or 26,5°N nmo 31° N, oxBaTbiBasg CEBEPHYIO 4acTh
Kpacnoro w™ops, Bxmouas 3anuBel Cysn u  Akaba. Temmeparypa MOpPCKOW BOJBI,
UCIIOJIb3yeMasi B TOM HMCCJIEOBaHUHU, Oblja M3BJICUCHA U3 MPEABIIYIINX UCCICIOBAHUN IS

KaxXJ0ro Mecra.

@ North Map  Satellite
Latitude

@ West @ East < Cros
Longitude Longitude dateline

.

< South
Latitude

« Resolution: |High v
Get Map |

Pucynok 2.7 M3Bnedenue nanHbIX 0 O€peroBoii IMHUN UCCIEAyEMOro paifoHa ¢ BeO-caiita
GOODS


https://gnome.orr.noaa.gov/goods/tools/%20GSHHS/%20coast_subset
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2.4.2. lanHbIe 0 BeTpe

BeTpsl MoryT OBbITh BBEJEHBI KaK MOCTOSIHHBIA BPEMEHHOW psifi WM KaK peryisipHas

ceTeBast 3aBUCHMas OT BpeMeHH Momenb U,inqg(x,v,t). @opmatst NetCDF n ASCII
MOJJAEPKUBAKOTCS ISl TAHHBIX BETPOBBIX MOJIENEH [23]. IToyacoBble JaHHBIE O BETpPE ObLIH
W3BJICYEHBI U3 peaHain3a EBpONecKoro neHTpa CpeaHeCpOYHOTrO IPOrHO3UPOBAHUS ITOI0 b
(The European Centre for Medium-Range Weather Forecasting ECMWF) (ERAD)

(https://www.ecmwf.int/) B popmarte ¢aitra Network Common Data Form (NetCDF). O6xactb

JNEUCTBUSI MMUTALMOHHOW MOJENIM YCTAaHOBJIEHAa B mpenenax oT 32° mo 35,5° BOCTOYHOM
nonarotel u oT 31° mo 26,5° ceBepHoil mmpoThl, oxBaThiBass Cysukuii 3anuB u AxkaOly.
[TapycHOCTh - 3TO IBMXEHHE He(PTH NOJ AEUCTBHUEM BETpPa, KOTOPOE OOBIYHO COCTABISIET
okoino 3% ot ckopoctu Berpa Ha moBepxHoctu [10]. Momens GNOME mnpennaraer
ko3¢ dunueHt Berpa ot 1% 10 4% B KauecTBe 3HAYEHUS IO YMOITYAHUIO, HAPSIAY C BETPAMU U

TCUCHUAMMH.

2.4.3. JlaHHbBIE€ 0 MOPCKOM Te€YEeHUH

K coxanenuto, uccieayemMpslii paiOH HE UMEET TaHHBIX O MOPCKUX TEUYEHUSIX B TCUCHUE
BCEro mepuoja MojaenupoBaHus. [l03ToMy naHHBIE 0 MOPCKUX TE€UEHHUSX OBLIM COOpaHbl U3

rJI00aTbHOW CHUCTEMBbI aHalu3a W nmporHo3upoBanus okeana (https://doi.org/10.48670/moi-

00016)  Operational Mercator B ¢opmare NetCDF. Drto Moaenb acCUMUIAIHH U
NPOTHO3UPOBAHMS JIAHHBIX 00 OKeaHe M aTMocdepe, KOTopas NpejjaraeT eXKeIHCBHBIC
TpeXMepHbIe TIJI00aNbHBIE TMPOTrHO3bI oOkeaHa 1/12°. CxemMa acCCHUMHWJISALMH JaHHBIX,
UCIIOJIb3yeMas JJIs OKeaHa, MPeJICTaBIIsIET COO0M BapUAIIMOHHYIO CXeMY aCCUMUIISIITUH JaHHBIX
Nucleus for European Modeling of the Ocean (NEMO). Meton accumunupyet nansbie in situ
U CIyTHHKOBBIC JaHHbIe SST, MaHHBIC CIIYTHUKOBOTO allbTUMETPa aHOMAJIMK YPOBHS MOPS

(SLA) u npoduiau Temnepatypsl u coaeHocTH (in Situ) U3 pa3nuuHBIX HCTOYHUKOB. [216].


https://www.ecmwf.int/
https://doi.org/10.48670/moi-00016
https://doi.org/10.48670/moi-00016
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2.4.4. O6bem pa3auBa u TUN HePTH

B nmaHHOM WCCleIOBaHMM MBI TMPEANONOXKUIN, YTO B PE3yJbTaTe aBapuu TaHKepa
npousonuia yreuka okoio 1000 mMeTpuyeckMX TOHH apaBUNCKOM JErkoil celpol HedTH
(Arabian light crude oil). Bei6op apabc¢ckoii terkoii HedTH OB OCHOBAH Ha YaCTOTE, C KOTOPOi
TaHKepbl mepeBo3sAT ee uepe3 Cyasukwit kaHan u Tpybomposoa Cymen [62]. Kpome Toro,
oubnuoreka ADIOS2 Model BrirouaeT 6a3y JaHHBIX ITapaMeTPOB JJISI JAHHOTO TUIA HEPTH U
XapaKTepUCTHUYCCKHE KOHCTAHTHI, HEOOXOIUMBIC ISl PEIICHHUS KOHCTUTYTHBHBIX YpaBHCHUH

(Ta6auma 2-1).

Tabauna 2-1 XapakTepuCTHKHU JETKOH chIpoit HeTn B ApaBuu (6a3a JaHHBIX OMOIMOTEKH

Heptu ADIOS2)
API° 334
IInoTHOCTB 0,878 r/cm® ipu 0 C°
BszkocTh 12 ¢St pu 0 C°
Temneparypa

-53C°

3aCThIBaHUS
Anresus 0,14 r/m?
ApomaTnyeckuit 39 BecoBbIX%

(API) American Petroleum Institute gravity, (cSt) centistokes
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I'naBa 3. MoaenupoBaHue TPaeKTOPUH M CyAbOBI pa3jinBa HepTH y ropoaa Xyprajaa

3.1. PaiioH ucc/jie10BaHMii

Xypraja gBisieTcsi OJHUM M3 CAMBIX KPAaCHBBIX TYPHUCTUUYECKUX TOPOJOB Ha Mobepexbe
Kpacnoro mops. On oxBatsiBaeT okoio 40 kM ydacTka BAO0Jb 3amajgHoro o6epera Kpacuoro
Mops Ha nonrore 33° 48'E m mmpore 27°15'N. HabGepexnas Xypraasl XapaKTepH3yeTCS
napajgjelbHbIMU KOpPaJJIOBBIMM pHdaMU U SBISETCS OJHUM U3 CaMbIX BIHSATEIbHBIX
TYPUCTUYECKUX PETHOHOB MO HAIIMOHAIBHOMY N0XO1y. B momoiHeHne Kk MectaM OOMTaHUS
KopayuioBbIX pu(doB, menbd Xypraabl COAEpKUT pa3zHOOOpa3HbIE MOPCKUE Cpellbl OOUTaHUS,
BKJIFOUas 3alIUIIEHHBIE MEJIKOBOJHBIC JIATyHbI, MAHT'POBBIC 3aPOCIU, BOJOPOCITH U OTKPHITHIC

r1yOOKOBOJIHBIE MecTa oOouTanus [217,218].

I'opon Xyprana rpannuuT Ha ceBepe ¢ Pac-Illykelipom, Ha tore ¢ Cadaroii, Ha BOCTOKE C
nobepexxbeM KpacHoro mopss u Ha 3amane ¢ ropamu Kpacnoro mops. Ilepen misixamu
Xypragabl HaXxOJATCS HECKOJBKO 3HAYUTEIbHBIX OCTPOBOB, KOTOPBIE MPUCOCAUHUIUCH K
oxpaHsieMbiM ocTpoBaM Kpacnoro Mopsi, takum kak [llaaBan, AOy-Pamana, Manbeiii u
Bonpmoit 'udgrync u A6y-Munkap. CeBepree Xypraasl Ha ['ybanbckoit mosoce (y ceBepHOTO
Bxojaa B KpacHoe mope), octpoBa; beuiu Halinensl TaBuna, Ampadu, 'anum, Mansriit ['yGaun,
Cesepnbiii I'eiicym, FOxnbiitl I'eiicym, CeBepHblil Y MM-Dnbxumat v FOxHbIN Y MM-Dnbxumar
[219] (PucyHnoxk 3. 1). Exxeromno okosio 15% mupoBoit Mopckoit Toproeiu u 10% MupoBoii
Mopckoi HedTr npoxoaut depe3 Cyankuit 3amuB o Cysnkomy KaHaniy, a mocie 2015 roga
BOCCTaHOBJIEHUE HOBOro CydIKOro KaHalla IPUBENIO K YBeJIHUEHHUI0 cynoxoncTtea [196]. Ha
PucyHnok 3. 2 moka3zaHo ABUKEHHUE CYJIOB BIOJb MOOEPEkKbS U MOPCKUX KypPOPTOB Xypraisl U
CeBepHBIX OCTPOBOB. C yBeNMUYEHNEM KOJIUYECTBA CYJAOB BO3PACTACT U PUCK Pa3TUBOB HEPTH,
YTO YBEJIMYMBAET HArpy3Ky Ha erumnerckoe mobdepexbe KpacHoro mops u TypucCTHUYECKHE
ropoja, Takue Kak Xypraga, KOTOpble O0ECIeurnBalOT 3HAYMTENbHYIO YacTh WHOCTPAHHOU
BamoThl cTpanbl. [lo manueiM Egypt Independent [220], misoku Xypraabl MOCTOSIHHO

MOJBEPraloTCs aBapysiM, CBSI3aHHBIM C Pa3IUBOM HEe(TH.
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NHTEpEeCcHO OTMETHTh, YTO, HECMOTPS Ha BAXXHOCTb PErMOHA, HAJIMYHME HECKOJbKHX
pa3IMBOB HE(PTH MU BEPOSTHOCTh MOTEHIMAJBHBIX aBApUM, HE CYIIECTBYET CIPABOYHOU
MHpOpPMaLMHU ISl MPOTHO3MPOBAHUSA TPACKTOPUM pas3iuBa HE(PTH B HCCIEIYEMOM pailoHe

(Xyprazga), yTo nenaet JaHHOE HCCIeIOBaHUE TIEPBBIM B CBOEM pOJIE.

33°E 34°E 35°E

33°40'0"E

34°0'0"E

Spill source

30°N

1,750 ,500
Kilomelers

.

0 : -

>y = ;
¥ T ; \‘Ashml"l 1sland
; Ry ;

N
M % Small Gubal

29°N
27°40'0"N

28° N

27°20'0"N

27° N

4°E 35%E

Pucynok 3. 1 O6mas kapra Kpacnoro mops Erunta c ykasanuem misbkeit Xypranasl,
OCTPOBOB M MCTOYHHUKA Pa3iIUTON HePTHU, 0003HAUCHHOTO KPACHON TOYKOM



(routes /
1.22km? /7
year)

Pucynok 3. 2 [InmotHOCTH qBMXEHUA Cy10B MekAy Cysukum 3anuBoM U Cpen3eMHBIM MOPEM
yepe3 Cysnkuii kanar. Kpyxok u300pakaeT akTHBHOCTH CyI0B y moodepexbst Xyprasst [201].

3.2. ®opmyaupoBaHue MOJEJH U JOMYyIIeHUSsI

B 3TOM TemMaTHuecKoM HcclieIOBaHUU Mbl MOJICIMPYEM BO3MOKHBI MITHOBEHHBIN pa3iuB
HedpTH B pe3yibTaTe HHIHUIECHTA C TaHKEpoM B ryOanbckoM mposuBe (27°48'55.10" N
33°44'11.85" E.). Kak noka3zano Ha PucyHok 3. 1, HCTOUHMK pa3iuBa HE(YTHU pACIOJIOKEH HA
rJ1aBHOM CcyJ10X0JHOH Tpacce, mpuMepHO B 50 kM Kk ceBepy oT Xypraisl. /IBa cueHapus Obun
cmozenupoBaHsl B (eBpane u aBrycre 2021 roga B tedenue 108 u ¢ marom 0,25 yaca.
Hcnonp3oBanue mara BeraucieHuid 0,25 49 moBblmaer TOYHOCTh Monenu [23]. JlaHHBIE O
OeperoBoii IMHUU 1T UMUTAIMOHHON Mojenu npoctupatotcs ot 30°E no 36° E u ot 27°N no
31°N, oxBatbiBass ceBepHylo uacTh KpacHoro wmopsa. TemmepaTtypa MOpPCKOHl BOMBI,
UCIIOJb3yeMasi B 3TOM MCCIEJAOBaHUHU, Oblla H3BJIEYEHA M3 MPEAbIAYIIUX MCCIEI0BaHUH,
KOTOpBIE TOKa3alH, YTO CPEIHssl TeMIlepaTypa MOPCKOH BOABI BOKPYT OeperoBOil JWUHUU
Xypraasr coctaBnsetr 20,20 °C (68,36 °F) B despane u 29,20 °C (84,56 °F) B aBrycre
[221,222]. EBpomneiickuii 1eHTp cpeaHecpoyHoro mnporHo3upoBanus mnoroasl (ECMWF)

Reanalysis (ERA5) (https://www.ecmwf.int/) ucmonb3oBanacs sl M3BICUYCHHS TOYACOBBIX

naHHbIXx o Berpe B (popmare network Common Data Form (NetCDF). Mogens GNOME


https://www.ecmwf.int/
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npemoxuia kodpdunueHt Berpa Mexay | m 4% B xKadecTBe 3HAYCHHS MO0 YMOJTYAHUIO U
NapyCHOCTh, KOTOpasi MpeiCTaBisieT cOo0OM [BUXKEHHE He(TH, yNpaBiIsieMOe BETPOM,
npumMepHo 3% ot ckopoctu nmoBepxHocTHOTrO BeTpa [10]. Pucynok 3. 3 moka3piBaeT JaHHBIC O
BeTpe ¢ 2011 mo 2020 rox B Xyprane. Berep aBurasics B oCHOBHOM B HanpaieHusax NW, N
u NNE, a cpennsis ckopocTh BeTpa gocturaina 5,4 Muib B 4yac. JlaHHBIE O MOPCKUX TEUCHUSIX
ostu coOpanbl u3 (the Operational Mercator global ocean analysis and forecast system)
(https://doi.org/10.48670/moi-00016) B dopmare NetCDF. DTo Momenb acCUMUISALHUH |

MPOTrHO3UPOBAHMUS JAaHHBIX 00 OKeaHe M aTMocdepe, KOTopas MpeajiaraeT €KeIHEBHbIE
TpeXMEepHBIe TI00aIbHBIC MPOTHO3BI OkeaHa 1/12°. TlapameTpsl pa3iiuBa, MpeayCMOTPESHHbBIC

JUIsL TAaHHOTO MCclieoBaHusl, mpuBeaeHbl BTadauma 3-1.

L 0 Windrose Plot for [HEGN] Hurghada
\[EM s Obs Between: 01 Jan 2011 02:00 AM - 29 Jul 2020 11:00 PM Africa/Cairo

sw

Calm values are < 1.0 mps
Arrows indicate wind direction.

Avg Speed: 5.4 mps

Wind Speed [meter / second]
. 1.0-39 4.0-59 6.0-7.9 8.0-9.9 W 10.0-11.9 = 12.0+

Pucynok 3. 3 Jluarpamma po3bl BeTpoB B ropojie Xyprazaa ¢ 2011 mo 2020 rox


https://doi.org/10.48670/moi-00016
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Tab6auua 3-1 [TapameTpsl paznuBa He()TH B HCCIEAYEMOM CIIydae

Ilepemennbie

3HayeHus

Mecrto pa3nuBa
BricBoOoxk1eHHE HEPTH
Tun BeITyCcKa
Tun nedtu

27°48'55.10" N. 33°44'11.85" E.
1000 meTpuyecKkux TOHH (TOHH)
MrHoBEeHHBIN
ApaOckast Jierkas ceipas HeTh

Cuenapuit Nel: 09-02-2021 /12 PM
Cuenapuii Ne2: 09-08-2021 /12 PM
Cuenapwmii Nel: 20.20 °C
Cuenapwmii Ne2: 29. 20 °C

Bpewms nagana

TemmepaTypa MOPCKOU BOJIBI

JIIUTEeTbHOCTh 108 u
BpemenHoii mar 0,254
KommgectBo wactui nedru 1000
ITo Teuenuro
10%
HEOIPEIeICHHOCTh
HeonpenenenHocts
. 10%

IMCPCKPCCTHOI'O TCUCHUA

3.3. Pe3yabTaThl

3.3.1. Cuenapuii Nel TpaekTopusi 1 BbIBeTPHMBaHUe

B sTOM cueHapuu MBI IpEANOJIOKUIN, YTO B Pe3yibTaTe aBapuM TaHKepa MPOU30IILIa
yreuka 1000 meTrpuueckux TOHH apabckoil cweipodt HedTu BOMM3M ['ybanbckoro mponuba.
Monens ctaptoBana B 12:00 09 despans 2021 rona u npocymectBoBana 108 vacos go 12:00
14 peBpansg 2021 roga. Pa3nuB nokasaH B BUE KOJJIEKIIUUA YEPHBIX U KPACHBIX TOUEK. UepHBIE
TOUYKHM TMOKa3bIBAIOT HAWIYy4IlIee pEIIeHHE, Mpernoaras, 4YTo HET YBEPEHHOCTH BO BXOJIHBIX
napamerpax. KpacHble TOUYKH, HAaNpOTHUB, MPEACTABISIOT CO00N MHUHHUMAIBHOE pEIICHUE
COXKaJICHUS, KOTOPOE YUYUTHIBACT HEOMPEAETCHHOCTh BeTpa W BoaHbL. Ha Pucynok 3. 4
MPEeNICTaBICHBI KapThl, H300pakarolue pe3yJbTaThl MOJCITUPOBAHUS JABHKCHUS Pa3IUBOB C

MHTEPBAJIOM B 12 yacos.

KOF}Ia MOACIUPOBAHUEC HAYaAJIOCh, He(l)TSIHOG IMATHO MEPEMECTHUIOCH HAa IOro-BOCTOK C

YEepHBIMH U KpaCHBIMM TOUKaMHu. Uepes copok J1Ba yaca nocie Hayanaa MmogenupoBaHus B 18:00
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11 ¢eBpans MeHee OQHOW TOHHBI PAa3AUTON HepTH AOCTUTIO ocTpoBa Mambrii [xyban
(33°47'51.05"E 27°40'45.01"N), koTOpbIii HAXOAUTCS NMPUMEPHO B 16 KuUIOMETpax K IOTy OT
OCHOBHOTO MECTa pa3juBa. 3aTeM He(Th mpoluia paccTossHue B 20 KUIOMETPOB OT OCTPOBaA
Mansiii J>xy0an no ocrpoa lllagsan, npumepHo B 36 KmiIoMeTpax OT UCTOYHUKA pa3jiuBa,
npuMepHo 3a 72 gaca B 12:00 13 deBpansa. B teuenue ciaeayrwonmx 30 yacoB 10 OKOHYAHUS
MOJICTUPOBaHMUSI HAa BOCTOUYHOM Oepery octpoBa IllagBan ObLIO HaKOIUIEHO B 0OmIEH
cl10XHOCTU 434 TOHHBI HEPTH, OXBATHIBAIOIIEH BCIO BOCTOUHYIO O€pETOBYIO JUHHUIO OCTPOBA
npumepHo B 17 kunomerpax oT 33°55'26.39"E 27°31'40.06"N no 34° 2'23.23"E 27°27.37"N.
[Tocne 108 yacoB MPOAOIKUTENBHOCTH MOJICIHPOBAHUS 3HAYUTEIBHOE KOJHYECTBO HEe(TH,
0KO0JIO 276 TOHH, BCE €l1¢ IJIaBajl0 B MOPE U TEKJIO K I0)KHOMY ropoay Xypraja Ha 3alaJHoM

6epery Kpacuoro mops.

Pucynok 3. 4 MoaenupoBanue TpaekTopuu ciieHapust Nel, 3eneHble CTpesIKU NPeCTaBIsIOT
HampaBJIeHUE BETPa, a OOJIbIIAst CHHSS TOUYKA MPEACTABISET MECTOTIOIOKEHNE Pa3InuBa.

[Iponeccrl BhIBeTpUBaHUS (MCIapE€HHUE, €CTECTBEHHAs] JUCIEPCUS U AIMYJIbIUPOBAHUE)
MPOUCXOJAT C Pa3NIUUYHON CKOPOCTHIO Mociie pa3nuBoB HegTu. [Ipouecc ucnapenus Havaics
BCKOpE Toclie Toro, kak HedTs momnana B Boay. Okono 54 toHH (5,4%) HedTHu ncnapuiaoch B

MEPBBII Yac, U CKOPOCTh UCHAPEHMs IMpoJoJhKana yBEIUYMBATHCA NMPUMEpPHO N0 277 TOHH
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(27,7%) uepe3 108 uvacoB. EctecTBeHHas qucnepcus, ¢ APYrol CTOPOHBI, Hadandach 4epe3
IIeCTh YaCOB MOCJIC MHIIUCHTA C Pa3JIMBOM U qocTuria 12,6 M B koHIle cueHapus (PucyHoOk

3.5,

Taoauna 3-2). Kak mokaszano Pucynok 3. 6, B mepBblii yac pa3iauBa HEHTH B MOpE
cojiepKaHHe BOJbI B OMYJIbCUU OBICTPO YBEIMYUBAIOCH U yepe3 ABa aAHs gqocturaino 90%. Orta
MPOTMOPIUS COXPAHSIACh A0 KOHIAa cuMyJsiuu. O0beM MOBEPXHOCTH, BKIIIOUYAsl MY bCHIO,
YMEHBIIUJICS B T€YEHUE MEPBbIX 1iecTH 4acoB ¢ 1000 meTpuueckux ToHH 10 MeHee yeM 800
METPUUYECKUX TOHH; MOCJIE ATOT0 OH YBEIMYUBAJICS, TOKa He JocTUr bosiee 1350 meTpuyeckux
ToHH 13 ¢eBpass, a 3aTeM CHOBAa Haval YMEHbIIATHCA MPUMEPHO 10 425 METPUUYECKUX TOHH

yepe3 108 gacos.

Tabdauna 3-2 Cuenapuii Nel IloBemenme m cyapba pasnmBa HeTH CO BpEeMEHEM
(MeTpruUuecKre TOHHBI)

Bpems HUcnapenne AUcHnepcus Beiopomen IlnaByumid
(4acebi) Ha Oeper
1 54.3 0 0 946
2 168 0.01 0 832
3 222 0.03 0 778
4 240 0.11 0 760
S 243 0.3 0 756
6 246 0.68 0 754
9 251 S 0 745
12 255 8.75 0 736
15 257 11.3 0 731
18 258 12 0 729
21 260 12.3 0 728
24 261 12.4 0 726
30 262 12.6 0 724
36 264 12.6 0 723
42 265 12.6 0.72 721
48 266 12.6 0 721
60 268 12.6 0 719
72 271 12.6 16.5 699
84 274 12.6 431 282
96 275 12.6 461 251

108 277 12.6 434 276



195

Scenario #1
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3.3.2. CueHapuii Ne2 TpaeKTOpHsi U BbIBETPUBAHHUE

JlaHHBIE O BETpe M MOPCKUX TeueHUsx 3a aBrycT 2021 roga ObIIM HCHOJIB30BAHBI B
cueHapuu Ne2. Tum, KOJWYECTBO M UCTOYHHMK HE(PTU Takue XKe, KaK U B CLeHApuUu Nel.
Cuenapuit Havancsa B 12:00 09 aBrycrta 2021 roga u mpomgomxancsa 108 gacos go 12:00, 14
aprycra 2021 roga. IlmaByuas HedTh nepBoHauyanbHO JApeiidoBana B IOro-rro-3amagHoM
HanpaBieHun SSW, U OKOJO Tpex METPUYECKUX TOHH JOCTHUINIO ocTpoBa Amurpadu
(33°41'58.61"E 27°46'19.62"N), B 6 KUJIOMETpax OT MEPBOHAYAIHLHOTO MeCTa pa3nuBa 3a 21
gac B 9:00 Beuepa. Ilocne 3toro yactuusl HepTH ApelipoBanyu Ha 0T U HAKAIUIMBAJIUCh Ha
octpoBax Mamsrii ['y6ans, ['eiizym u TaBuna (Pucynok 3. 7). B reuenue crnenyromux 87 yacoB
710 KOHLIAa MOJIEIMPOBAHMS HA 3TH OCTPOBA MOTEKIO0 OK0io 610 MeTpuyeckux ToHH HedTu. B
KOHIIE€ MOJICJIMPOBAHUS OKOJIO 96 METpUUYECKUX TOHH He(TH OCTAIUCH HA IJIaBY IO IOTO-IOT0-

3amajJHOM TpaeKTOPHUH, NBUTaACh K ocTpoBY ['udTyH u miskam Xypransl.

Pucynok 3. 7 MoaenupoBanue TpaekTopuu ciieHapusi Ne2, 3eneHble CTPENIKH MPEeACTABISIOT
HampaBJIeHUE BETPa, a OOJIbIIAst CHHSS TOYKA MPEACTABISET MECTOMOIOKEHNE Pa3uBa.
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Kak nmokazano Pucynok 3. 8, Tabauua 3-3 ucnapeHue Ha4aJloCh cpa3y IMOCIe TOTO, Kak HEe(Th
ObL1a pa3nuTa B MOPCKYI0 BoAy. B mepBblit yac pasnuBa ucnapuiock noutd 100 Toun (10%) nedrtu, u Bo
BTOPOM 4ace 3TOT MoKa3aTelb yaBouics. [locie 3Toro ckopocTs ncnapeHus MOCTENEHHO yBEINYUBAIACH,
noka He gocruria 280 TonH (28%) B 12:00 ytpa 14 aBrycra 2021 roga. HanpoTtus, ecrecTBeHHasi CKOPOCTb
Jaucrnepcuu Oblila MEJICHHOM, HaulHasl ¢ IEPBOro Yyaca BOZHUKHOBEHHUS Pa3liiBa U JOCTUrasi okosio 12,9 Mt
B KoHIle MojenupoBanus. Ha PucyHok 3. 9 mokaszana Hopma sMysbrupoBanusi B epuon ¢ 10 mo 24
aBrycra 2021 ronma. beuto 3ameueHo, 4TO B MEPBBIM 4Yac pas3iuBa HE(PTH B MOpE COJEpKaHHUE BOJIBI B
SMYJIBCUU MOCTENEHHO YBEIHUMBaIOCh U nocturano 90% uepe3 36 4, U 3Ta IpONOPIUS COXpaHsIach 10
KOHIIa MojenupoBanus. O0beM MOBEPXHOCTH, BKIIIOUAst IMYJILCHIO, BBIpoC 10 Oosee yeM 1300 13 derpais,
a 3aT€M CHOBA YMEHBIIWIICS IPUMEPHO /10 225 B KOHIIE CLICHAPUSI.

Ta6auna 3-3 Cuenapuii Ne2 [ToBenenue u cynp0a pa3nuBa HeTH CO BpeMeHeM (METPUIECKHE TOHHBI)

Bpemsi Hcnapenue AUcnepcust BriOpomien  IlnaByumii
(4achbl) Ha Oeper
1 101 0.36 0 899
2 222 2.09 0 776
3 242 3.58 0 755
4 245 4.97 0 750
5 248 6.27 0 746
6 250 7.47 0 742
9 255 10.3 0 735
12 258 12 0 729
15 260 12.6 0 726
18 262 12.7 0 725
21 264 12.8 2.89 720
24 265 12.8 52 670
30 267 12.8 212 507
36 269 12.8 401 317
42 270 12.9 578 139
48 270 12.9 618 98.3
60 272 12.9 643 71.4
72 274 12.9 596 117
84 276 12.9 623 87.4
96 278 12.9 613 96.1

108 280 12.9 610 96.5
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3.4. O6cy:xkneHue

Pa3nuBel HEpTH B MOpPCKYIO BOJY MOTYT MMETh KaTaCTPOPUUYECKUE TOCICACTBUS IS
MOPCKOM  3KOocHCTeMBI. JlJIsI BOCCTAHOBJIEHHUS 3KOCHUCTEMBI MOTYT HOTPEOOBATHCS
JIECATHIICTHS, © OHAa HUKOT/Ia HE CMOXKET BEPHYTHCS K CBOEMY NEPBOHAYaIbHOMY COCTOSIHHIO
[223]. B rmobGanpHOM MacmTabe MOJACIHM Pa3IMBOB HE(PTH IIMPOKO HCIOJIB3YIOTCS s
IPOTHO3UPOBAHUS CYAbOBI U IEPEHOCA Pa3IUBOB HEPTU. Pe3ynbTaThl MOTYT CIIY)KUTHh OCHOBOM
JUISL OIICHKH DKOJIOTHYCCKUX, SKOHOMHUYECKMX M MEIUIMHCKHX mocienctBuii [224]. Dro
MCCIIeIOBAHNE HAIPABJICHO HA BBISBICHUE BEPOSTHBIX MECT, HA KOTOPBIC MOBIHSIET Pa3iuB
HedTH, TyTEeM MOJEIUPOBAaHMs ABYX CIICHApHUEB B pe3yJibTaTe aBapwH TaHKepa y Oeperos

Xypraasl.

Kaptsl Tpaektopuit monenu GNOME nokazanu, uto He(Th, pa3auTas B CLEHApUH Ne2,
JBUTANach B I0T0-3aMaJHOM HalpaBJIeHUH U 3aHsa 21 yac, yToObl 1ocTHYb OCTpoBa Ampadu,
a 3aTeM 10 ocTpoBOB Mamsiii I'y6an, I'eiicym u TaBumna, 94To BABOE MEHbIIE, YEM B CIICHAPHUHU
Nel, MBUTAsICh B IOTO-BOCTOYHOM HANpaBlIEHUHU, 4YTOOBI JOCTHYHL OocTpoBa Mamnsiii ['yGan, a
3aTeM a0 ocTtpoBa lllagBan. Takol pe3yabTaT MOXKHO OOBACHUTH TE€M, UTO Mpeobdiagaroliee
HalpaBJICHUE BETpa B ClIEHAPUU Ne2, KOTOpPOE MPOU30IILIO B aBI'yCTe, OBLIO CEBEPO-BOCTOYHBIM
(NE), Tonkast He(1h kK ocTpoBy Ampadu. Hanpotus, nepBsiil crieHapuii Ipou301Ies B aBryCTe;
cieaoBaTeIbHO, Ipeobiianaoe ceBepo-3amnaanbie BeTpsl (NW) B 3ToM Mecsiie npuBeiau K
TOMY, YTO yTeuka HeTu nepemectuinach Kk octpoBy Maunslii I'y6an. [loatomy ckopocTh u
HalpaBJIeHUE BETpPa CHJIBHO BIMSIOT Ha HaNpaBleHHE pas3iuBa HePTU B peruoHe. ITO
oObsicHeHue coBMectrMo ¢ Dnanasu u 1ap. (Eladawy) [193] nanHbIe, KOTOpPBIE YKa3bIBAIOT HA
TO, 4To mnpeobnagaromuM BeTpoM B CyslKOM 3aliuBe SBISETCS CEBEpO-3alaJHbli
MOBEPXHOCTHBIN BETEp 3UMOM, M, COrJacHO XyceiHy [61] apyruM TOMUHHPYIOIIUM BETPOM

JIeTOM sIBIIsieTCsl ceBepo-BocTouHbIM BeTep (NE).

Kaptsl TpaekTopuii paznutoit HeTH B 000MX CLIEHAPUIX MOKA3bIBAIOT JABMKEHUE HEPTH
B IIEJIOM B F0O)KHOM HaIlpaBJICHUHU, KOTOPOE SBIISIETCS TEM K€ HAMPABICHUEM, YTO U JIBUKEHHUE
Mopckux TtedeHnid B Cysnkom [225]. TloaToMy BETpBl M OKEaHCKHE TEUCHUsS MOBJIHUSIIM Ha

TPAaCKTOPHUIO HG(I)TI/I. MHOTO0YHCIEHHBIE TJI00aTbLHEIE HCCIICAOBAHMA MMOKa3alin, YTO BETPOBLIC



200

1 MOPCKHUE TEUCHHS CYNIECTBEHHO BIIMSIOT Ha JABMKCHUE W HampaBlieHue He(PTH, pa3muToil B
Mopckyto cpeay [10 156 158 225 226]. Pe3ynbTaThl MOAYECPKUBAIOT, YTO, XOTS ABa CICHAPHUS
ObuTH B pa3Hoe Bpems ((eBpanb U aBTYCT), pa3nuTas HedTh yrpoxkalia OCTpOBaM y BXOJa B
Cysukuii 3a11B. DTH OCTPOBA UMEIOT OIPOMHOE IKOHOMHUUYECKOE U CTPATETHUECKOE 3HAUCHUE
¥ OBUTH OOBSBIICHBI OXpaHsAEMOW TeppuTOopreii MUHHCTEPCTBOM OKpYyXatomen cpenbl Erunra
B cooTBeTcTBHHM ¢ 3akoHoM 102/1983. (mpupomooxpanubiii cextop) [228]. Iloatomy 31O

HCCIICAJOBAHUC IIPCAYIIPCIKIACT, UTO 6yz[y1u1/Ie YTCUYKH HAHCCYT BpCa 3TUM OCTPOBAM.

Cpa3y nocie pas3inBa He(TH MPOLIECCH BRIBETPUBAHUS MIPEBPAILAIOT PA3JIUTYIO HEQPTH B
HOBBIE COCJAMHEHHS C PA3IMYHBIMU (PU3UYECKUMH M XHUMUYECKUMHU cBoicTBamu. [lepBbiM
MPOLIECCOM BBIBETPUBAHUS HEPTHU, KOTOPBIN MPOUCXOIUT, SBIsieTCs ucnapeHue. Bo Bpems
ATOrO0 Mpoliecca Ooblnasg 4acTh JIETyYUX 4YacTeld HedTH yJalseTcs B TeUeHUE HECKOJIbKUX
qyacoB mocJe pasnua [16,74]. B aToM uccienoBaHuy pe3yabTaThl TOKa3bIBAIOT, YTO B IIEPBBIC
yachl MOJIEJIMPOBAHUS MPOLIEHT UCIIapuBLIElcss HEQPTHU B clieHapuu Ne2 ObLI B J]Ba pasa BhbIIIE,
YeM B ClleHapu# Nel, MOCKOJBKY CIIEHApUil Ne2 MpOU30IIET B aBrycTe, a TemIeparypa Oblia
BbIlle, YeM B (eBpane s cueHapus Nel. [lo muenmto Omapa u np. [65], Bwicokas
TeMmIeparypa, Kak IpaBWIO, YBEIUYUBAET CKOPOCTh UCIAPEHUS U JIOJI0 MOTEPSIHHON HeDTH .
XOTsl 0XKHUJAIOCh, YTO CKOPOCTh HcHapeHusi OyJeT 3HAuUTENbHO BBIIIE B CIiEHApUH Ne2
(aBrycT), ueM B crieHapuu Nel (peBpasib), B KOHIIE MOJICIUPOBAHUS POIEHT UCTIapEHUsI HEQTH
B 00oux creHapusx Obu1 Onmu3ok (27,7% u 28%). 3TO0 MOXKET OBITh CBA3aHO C TEM, YTO
KOJIMYECTBO HEPTHU, KOTOpaAst JOCTHUTJIA OCTPOBOB B CIieHapUu Ne2, ObL10 OoJbiuM (610 ToHH),
U TOJNBKO MHHUMAIbHOE KOJMYECTBO He(pTH ocraBamoch 1uaBaromuMm (96 TOHH),
MOJBEP>)KEHHBIM UCMapeHuio. B To BpeMs kak B cueHapuu Nel GOJIbIIOE KOJIMYECTBO HEPTHU
OCTaBajOCh TIUIaBAalOMUM B Boje (276 TOHH) W OBUIO MOABEPKEHO HCIAPEHUID. ITO
o0bsicHeHne coBMecTuMO ¢ To3 u ap. (Toz) [177] koTOpsIi IpHILET K BBIBOY, YTO MOBEICHHUE
He(TH, BBUIMTON B MOPCKYIO BOAY, 3aBHCHUT OT MHOTHX (aKTOPOB, OJHHM U3 KOTOPBIX

ABJIACTCA TO, OCTACTCA JIN He(l)TL B MOPC WJIM BBIMBIBACTCs Ha 6eper.

EcTecTBeHHas AUCIEpCcud — IJTO pacman He(l)TSIHI)IX IIATCH BOJHaMHU, TCUCHHAMHU U

SHEpPrueil BeTpa Ha MUKPOCKONMYECKNE, HEUTPAIBHO IJIaBy4YUe KaIlJIM U PaCIpeaesIeHUE UX
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o tojiie Bojabl [105] Pe3yabTaThl moKa3sIBalOT, YTO, XOTS €CTECTBEHHBIN MPOIIECC TUCTICPCUU
cueHapus Nel Hayalcs MOCJ€ HIECTH YacOB MOJICIIMPOBAHMS, B TO BpeMs KaK CUEHapuu Ne2
HayajJcs B MEPBbIM Yac, €CTECTBEHHass CKOPOCTh JUCIEpCUU Oblla HUZKON miisi o0oux
cuenapueB. KpoMme Toro, B 060X ciydasX KOJHYECTBO €CTECTBEHHO TUCIEPCHON HepTU
coctaBuiio 13 mau tonH (1,3%) B KOHIlE MOJAETUPOBAHUSA. DTU PE3yJIbTaThl MEHbBIIIE, YEM Y
Nasr and Smith [62], koTopbiec 0OHAPY HUITIH, YTO CKOPOCTh €CTCCTBEHHOM TMCIIEPCUHU TOTO XKe
He@Tu cocrtaBisiga 8%. DTO pacxoXkAEHHUE CBSA3aHO C HCIOJIB30BAaHMEM UMM JpYyroi

Matematudeckoit moaenu (SL Ross model).

OMyJIbrUpOBaHUE TIPENCTaBIIET COO0OM Tmpolecc, KOTOpPhIH 00pa3yeT KUIKOCTb,
M3BECTHYIO KaK SMYJIBCHUS, COJIEPKAIIYIO KPOIICYHBIC KAILJIN KUPa WU HE(PTH, B3BEIICHHBIE B
KHUJIKOCTH, 00bIuHO Bosie[229,230]. Pe3ynbpTaTsl OKa3aa, 4TO B 000UX CIICHAPHUSIX MPOICHT
BOJIBI B AMYJIbCHHU YBEJIMYUBAJICS, KaK TOJIbKO HE(Th MOCTYIAJIO B BOJY B T€UECHHUE MEPBOTO
yaca mocie pasznauBa, jpocrturas 90% k koHny MoaenupoBaHus. Kpome Ttoro, o0Obem
MOBEPXHOCTH, BKJIIOUYAsi SMYJIbCHIO, YBEIMUHUBAJICSI CO BPEMEHEM, IMOKa HE HAadaJiCcsl MPOIECcC
BBICAJKM Ha Oeper, W yMEHbIIAJICS IOcjie TOoro, kak HepTh mocturia Oepera. K koHmy
MOJIeIUPOBAHUsI TOBEPXHOCTh, BKIIFOYAs dMYJIbCUIO, OblIa B JIBa pa3a 0ojblie B cieHapuu No
1, yem B cuieHapuu No 2, MOCKOJIbKY KOJIM4YecTBO He(PTH, miaBatouieid B cueHapuu No 1, Ob110
6onpure, ueM B cueHapuu No 2. [Ipomecc sMyaprupoBaHusl yBEIUYUBAET BA3KOCTh MATHA U
ero o0beMm, 3aTpyIHSs €ro yaaleHue, U BhI3bIBAeT 00pa30BaHNUE MYCCOB U CMOJISIHBIX IIAPUKOB,
910 3arpyaHseT o4ucTKy [223,231]. IlosTomMy pe3ynbTaThl HW3Y4YeHHUS MPOILECCOB
B