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Abstract

The purpose of the study is to develop a comprehensive mathematical model to forecast and assess not only human impact zones but also the long-
term ecological consequences of accidental HDS (Highly Dangerous Substances) releases. The model bridges the gap between classic civil defense tasks
and the needs of environmental safety assessment, shifting the focus from calculating toxodose (PCrtso) to quantifying the mass loading of pollutants
onto ecosystems (in kg/ha).

The methodology is based on combining two blocks. The first is an improved Gaussian atmospheric dispersion model which, unlike standard
approaches, accounts for the surface roughness parameter (zo), significantly impacting near-ground concentrations. The second, and key, block is a
newly introduced methodology for calculating dry deposition, which uses the deposition velocity parameter (Vg). This allows for a transition from
calculating air concentrations (C) to deposition flux (F) and cumulative deposition (D) onto soil and water. Modeling was performed for scenarios
involving a 100-tonne ammonia release under various stability classes (A,D,F) and surface types.

The results demonstrate the critical importance of both parameters. First, sensitivity analysis proved that ignoring z, leads to significant errors in
forecasting the cloud dispersion depth (up to an 88% difference under neutral conditions). Second, and most importantly, a quantitative assessment of
the ecological impact was conducted. It was demonstrated that the cumulative deposition of ammonia (D) can reach 100...150 kg/ha, which is
equivalent to 2...3 years of agricultural nitrogen application norms. This “shock loading" causes acute soil acidification. In water bodies, the calculated
concentration (Cyater) reaches 2.5...4.0 mg/L, which critically exceeds the MAC (Maximum Allowable Concentration) for fishery water bodies
(<0.5 mg/L) and leads to mass mortality of biota.

Limitations and assumptions of the study include the use of parameterized Vq values and the application of a Gaussian model, which is an analytical
approximation compared to CFD approaches.

The practical value of the work lies in creating a scientific and methodological tool that allows forecasting not evacuation zones, but zones that will
require long-term ecological remediation (e.g., soil liming) and enhanced monitoring.

The scientific novelty and significance lie in the development of an integrated “atmospheric transport (zo) — deposition (Vg4) — ecological
consequence (kg/ha, mg/L)” model, which provides a quantitative, rather than merely qualitative, assessment of environmental damage from chemical
accidents.
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mathematical modeling.

Problem statement

The current stage of industrial development is
characterized by a high concentration of hazardous
production facilities, the intensive use of highly toxic
substances (HTS) in technological processes, and the
growing scale of their transportation. As a result, the
probability — of  accidents involving  chemical
contamination of the environment has sharply increased.
Such incidents are often accompanied by the release of
toxic compounds into the atmosphere, which can rapidly
spread, forming primary and secondary contamination
clouds and creating extensive impact zones. The
consequences of these accidents may include not only
immediate threats to human life and health but also
long-term disruption of ecological balance, ecosystem
degradation, soil and water pollution, as well as severe
social and economic losses for the state and local
communities. The mechanisms of this ecological impact
are substance-specific. For instance, during accidental
releases of ammonia (NHz), its high solubility and
subsequent deposition onto soil triggers an intensive
nitrification process (NH;—NHs*—NO3"). This leads to
sharp acidification of soil solutions, the release of plant-

toxic metals, and the degradation of soil biota. Upon
entering water bodies, ammonium nitrogen (NH4") acts
as an excessive fertilizer, causing a rapid eutrophication
process — “water bloom” (massive algal development).
Subsequent decomposition of this biomass leads to
dissolved oxygen depletion (hypoxia), which, combined
with the direct toxicity of non-ionized ammonia (NHs)
to fish, causes mass mortality of aquatic fauna.

Unlike ammonia, chlorine (Cl,) causes ecological
damage due to its high chemical reactivity and potent
biocidal effect. Upon contact with moist soil or
vegetation, it instantly reacts with organic materials,
destroying cell membranes. This leads to the mortality
of beneficial soil microflora (bacteria, fungi), thereby
disrupting key nutrient cycles. In plants, acute
phytotoxicity is observed: chemical burns, chlorosis
(yellowing), and necrosis (die-off) of the leaf surface,
particularly in plants closer to the ground. The ingress
of chlorine into water bodies has a direct lethal effect on
aquatic vertebrates and invertebrates, causing rapid
destruction of local ecosystems.

The relevance of this issue is further intensified by
modern urbanization trends: increased building density,
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proximity of industrial zones to residential areas, and
the expansion of transportation and energy
infrastructure intersecting with potentially hazardous
sites. Under wartime conditions, as well as due to the
deterioration of technical systems and violations of
safety regulations, the probability of technogenic
incidents involving HTS releases becomes especially
critical. Therefore, ensuring environmental and
technogenic safety at chemically hazardous facilities is
not only an industry—specific task but also a national
priority directly related to public protection, sustainable
territorial development, and the preservation of
ecological stability.

Existing global approaches to assessing chemical
contamination can be conventionally divided into three
categories: simplified engineering (Gaussian-type)
models, which provide approximate estimates of
pollution cloud parameters; physico—mathematical
models, which account for phase transitions,
meteorological conditions, and the physicochemical
properties of substances but require substantial
computational resources; and high—precision CFD
(Computational Fluid Dynamics) models, which are
scientifically robust but difficult to apply operationally
by emergency services, environmental monitoring
agencies, or local authorities. This creates a scientific
and practical contradiction between the need for
accurate  forecasts and the requirement for
computational efficiency and ease of implementation.

Special attention must be given to physiographic and
meteorological factors that determine the dynamics of
contaminant dispersion — including terrain relief,
surface roughness, wind speed and direction,
atmospheric stability, temperature, and humidity. Most
existing models do not comprehensively account for
these variables, leading to errors in estimating the
boundaries of affected zones, inaccuracies in predicting
the arrival time of toxic clouds at populated areas, and
incorrect risk assessments for both the population and
ecosystems. Insufficient spatial resolution also hinders
the development of reliable risk maps and evacuation
plans.

The scientific challenge lies in developing an
integrated analytical model that combines physical and
mathematical rigor with the ability to account for
environmental heterogeneity and operate as a high—
speed computational module. Such a model should
provide not only reliable spatial-temporal forecasts of
chemical contamination but also be compatible with
geoinformation systems (GIS) and decision support
systems (DSS). Its implementation would establish a
foundation for automated monitoring, hazard
assessment, evacuation planning, and environmental
damage mitigation.

The practical significance of addressing this issue
lies in enhancing the effectiveness of civil protection
units, governmental agencies, and environmental
authorities through rapid consequence forecasting,
timely public warning, and informed decision—making
during emergencies. The scientific significance consists
in advancing the theoretical basis of chemical dispersion
modeling, particularly by incorporating the surface
roughness parameter (zo) and evaluating its influence on
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the dynamics of toxic clouds. The development of such
models aligns with the strategic directions of Ukraine’s
national policy on environmental safety and emergency
response, as outlined in the Law of Ukraine “On
National Security” and the Concept for Reforming the
Civil Protection System.

Thus, the problem is defined by the urgent need to
create a universal, scientifically grounded framework
for forecasting and assessing chemical pollution in the
environment, ensuring a balance between accuracy,
speed, and adaptability. This approach would enable a
transition from fragmented analytical assessments to
integrated risk management within environmental and
technogenic monitoring systems, enhance readiness for
emergency  response, and  reduce  potential
environmental and socio—economic impacts.

Analysis of the recent researches and
publications

Numerous domestic and international studies present
a wide range of approaches to modeling accidental
releases of hazardous chemical substances — from
empirical schemes to highly accurate physics—
mathematical models. Accidental leaks of highly toxic
substances (HTS) remain among the most serious
threats to technogenic and environmental safety, which
makes the issue of accurate consequence forecasting
especially relevant.

Significant progress in the development of
physically based models is demonstrated by the work of
Weger et al., who developed the CAIRDIO LES model
for urban—scale dispersion simulations [1]. This model
accounts for the influence of buildings, vegetation, and
complex spatial geometries, producing realistic
scenarios of pollutant transport. However, its main
drawback lies in its high computational complexity,
which limits real-time applications. Di Nicola et al. [2]
proposed an improved method for incorporating surface
roughness into urban dispersion models, enabling more
accurate representation of built-up environments,
though the approach has not yet been validated against
real accident scenarios.

Liptdk et al. [3] integrated a Lagrangian pollutant
dispersion model into the ESTE system, used for
predicting consequences in urban environments. The
authors demonstrated that a balance between
computational efficiency and accuracy can be achieved,
although the model remains limited in its ability to
represent turbulent effects. In a comparative study,
Lacome et al. [4] analyzed different approaches to
atmospheric modeling of chemical accidents across
European countries. The results revealed considerable
discrepancies depending on the selected models and
parameterizations,  emphasizing the need for
harmonization of methodologies and unified evaluation
criteria.

Field experiments, particularly Jack Rabbit I1, play a
decisive role in model verification and calibration. The
results published by Gant et al. [5] presented chlorine
dispersion experiments and a comparison of various
dense gas models against real measurements. The
findings showed that even the most advanced
approaches do not always reproduce peak
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concentrations accurately, confirming the need for
further refinement of dispersion models.

From a practical standpoint, integrating dispersion
modeling with risk management systems is of crucial
importance. Hou et al. [6] analyzed over 500 chemical
accidents in China between 2009 and 2018 and
concluded that organizational factors — such as
inadequate monitoring systems and response delays —
are no less significant than technical ones. Meanwhile,
Yoo and Choi [7] demonstrated the use of GIS tools for
creating risk maps and optimizing evacuation plans in
cases of hazardous chemical leaks in South Korea. Their
study proved that spatial modeling can minimize
evacuation time and reduce exposure of the population
to toxic clouds; however, it did not address the physical
processes underlying the formation of primary and
secondary clouds.

Thus, the analysis of studies [1-7] shows that there
exists a wide spectrum of effective but fragmented
approaches — ranging from GIS-based and statistical
methods to complex CFD computations. At the same
time, all authors highlight the pressing need for a
comprehensive, integrated model capable of combining
spatial and temporal accuracy, accounting for
meteorological and topographical conditions, and
ensuring operational applicability within civil protection
and environmental monitoring systems.

The further advancement of scientific studies has
significantly expanded the understanding of dense gas
dispersion mechanisms and the improvement of
forecasting methods. One of the earliest practically
validated solutions was presented by Spicer and Havens,
who confirmed the capabilities of the DEGADIS model
through full-scale field experiments [8]. This
represented an important step toward the validation of
dense—gas models for assessing impact zones. However,
modern conditions have revealed the limitations of this
model — it does not adequately reproduce the complex
cloud dynamics in real urban environments. A further
contribution to the development of engineering models
was made by Fthenakis et al., who reviewed and refined
the HGSYSTEM model [9]. Although widely used in
regulatory documents for modeling dense—gas
accidents, this system remains limited in its ability to
account for complex terrain, built-up areas, and
microclimatic effects.

In their classic works, Hanna and Chang [10]
formulated acceptability criteria for evaluating
dispersion model performance (FB, NMSE, FAC2,
etc.), which remain fundamental in contemporary
practice. However, their direct application to complex
urban environments requires adjustments, since real
turbulent transport processes often deviate from the
statistical assumptions underlying these models. Modern
CFD studies, particularly the work of Bellegoni et al.
[11], have shown that even small infrastructure elements
— such as perimeter walls, barriers, or technical
structures — can significantly alter the trajectory of an
LNG cloud. This confirms the necessity of detailed
consideration of infrastructural and topographical
factors in dispersion modeling.

Researchers also devote considerable attention to
improving the representation of source conditions.
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Spicer et al. [12] proposed a simplified approach for
representing the release source within the Jack Rabbit I1
experiments, which helped reduce uncertainty in initial
parameters. Nevertheless, even with high—precision
field measurements, the initial phase of cloud formation
remains difficult to describe adequately, underscoring
the need for developing adaptive boundary and initial
conditions in models.

An important synthesis of experimental research
results was presented by Fox et al. [13], who
systematized findings from the Jack Rabbit Il trials and
compared multiple dispersion modeling approaches.
The authors emphasized the critical importance of
experimental data for model validation but also noted
substantial discrepancies between model outputs,
especially under conditions of strong turbulence.

In Ukrainian research, a valuable contribution was
made by Amelina et al. [14], who analyzed scenarios of
ammonia pipeline leaks and applied a mathematical
model to calculate near—surface air concentrations. The
significance of this work lies in its attempt to adapt
international methodologies to Ukraine’s national
infrastructure, though further advancement requires
integrating CFD modeling with GIS technologies to
enhance spatial detail and realism.

Thus, studies [8-14] illustrate the gradual evolution
of modeling approaches — from classical empirical and
semi—empirical formulations to modern CFD-based
systems supported by experimental validation. At the
same time, the key challenge remains the development
of a universal, integrated model that combines high
computational accuracy, adaptability to real-world
conditions, and the capability for rapid application
within environmental monitoring and civil protection
systems.

Contemporary research also highlights the need to
consider national and regional specificities. Rusin et al.
analyzed the safety of transporting methane—ammonia
mixtures through pipelines [15]. The authors
demonstrated that even minor leaks can pose significant
hazards due to the combined toxic and fire effects. This
study emphasizes the importance of comprehensive risk
assessment within transportation systems. Significant
steps towards the integration of CFD and GIS were
made by Wu and colleagues [16], who developed a
system combining CFD modeling with geoinformation
technologies for rapid prediction of pollution
consequences. This approach enables the creation of
interactive scenarios for crisis management, although its
implementation requires high computational resources.
Jiao et al. developed machine learning models for the
guantitative assessment of accident consequences [17].
The use of gradient boosting and neural networks
allowed for rapid prediction of impact zones and
potential casualties. However, the model’s accuracy is
constrained by its dependence on training datasets,
which may not generalize well to atypical conditions.
Qian and colleagues demonstrated the application of
LSTM networks for the direct prediction of toxic gas
dispersion in real-world emergencies [18]. The authors
showed that deep learning models are capable of
generalizing the dispersion dynamics of various
substances; however, the issue of result interpretability
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remains unresolved. Finally, Vildez—Moreiras, in his
editorial article, summarized recent advances in
atmospheric modeling and emphasized the importance
of integrating physical and machine learning approaches
[19]. The author argued that the future lies in hybrid
models that combine CFD, empirical methods, and
artificial intelligence algorithms. Overall, studies
[15-19] illustrate current trends toward integrating
classical and modern approaches, incorporating GIS and
Al in forecasting, and adapting modeling techniques to
regional contexts. Nonetheless, challenges remain
regarding model accuracy, computational performance,
and universality.

A very important aspect is the study of the pollution
cloud's impact on the environment. The primary
methodological link connecting air concentration with
impact on the ground is the dry deposition velocity
parameter (Vg, in m/s). The work of Wesley and Hicks
[20] is fundamental in this field, having proposed a
parameterization of Vg4 based on the resistance analogy.
Modern research refines these models for specific
highly reactive gases. For example, the work by Sutton
et al. [21] analyzes in detail the challenges in
quantifying the deposition velocity specifically for
ammonia (NHs).

Concurrently, research on the direct ecological
consequences has developed. The work of Erisman et al.
[22] quantitatively describes how ammonia synthesis
has changed the global nitrogen cycle and analyzes the
processes of soil acidification. The link between the
influx of excess nutrients (including ammonia) and the
eutrophication of surface waters is discussed in detail in
the classic review by Smith et al. [23].

Despite a significant number of works [1-23], a
range of issues remains unresolved. Specifically, there
is a lack of comprehensive approaches that would
combine in one model both the precise calculation of
atmospheric dispersion (accounting for z) and the
subsequent calculation of ecological impact through
deposition modeling (Vq4). There is a need to develop a
unified approach that combines the accuracy of
physically-based models, the ability to account for
topographical and meteorological conditions, and also
ensures high performance for use in environmental
safety monitoring and management systems.

Statement of the problem and its solution

The aim of the work is to develop a comprehensive
mathematical model for assessing the ecological
consequences of accidental HDS (Highly Dangerous
Substances) releases. The model combines an improved
calculation of atmospheric dispersion (which accounts
for the roughness parameter zo) with a methodological
block for modeling dry deposition (Vg).

The final aim is the quantitative assessment of
toxicant mass loading on underlying ecosystems (kg/ha)
for forecasting zones of potential ecological damage
(soil acidification, surface water pollution) and
providing a scientific basis for remediation measures.
The object of the study is the process of technogenic
environmental pollution resulting from accidental HDS
releases (particularly ammonia and chlorine) at
chemically hazardous facilities. This process is viewed
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as a single chain of physicochemical phenomena, which
includes the initial atmospheric transport of the toxic
cloud (accounting for zo), the subsequent dry deposition
(Va) of pollutants onto the underlying surface (soil,
water), and, as a final result, the subsequent impact on
ecosystem components with the emergence of
secondary  ecological  consequences, such as
acidification, eutrophication, and biocidal effects.

The research methodology is based on a
comprehensive systemic analysis of the physical
processes accompanying an accidental HDS release,
from the moment of cloud formation to its impact on the
environment. Mathematical modeling includes two
stages: first, the calculation of atmospheric dispersion
based on modified Gaussian models, which describe the
dispersion of primary and secondary clouds in the
surface air layer. This part of the model correctly
accounts for the atmospheric stability class (according
to Pasquill) and the impact of surface roughness by
introducing the parameter (zo), which allows calculating
the field of near-ground concentrations C(x,y,z) and
traditional indicators (dispersion depth, PCtsp). Second,
the modeling of ecological impact, which uses the
calculated C field as input data based on the dry
deposition velocity (Vg). This enables the quantitative
assessment of pollutant mass loading onto soils and
water (D, in kg/ha). The model allows for variability in
input data for hypothetical scenarios: quantity of
substance (100...200 t), surface type (flat, grassy,
urban), wind speed, and atmospheric conditions.
Calculations were performed using analytical modeling
tools. Unlike approaches focused exclusively on the
operational needs of civil defense, this methodology
shifts the emphasis to ecological monitoring,
environmental impact assessment, and the scientific
substantiation of remediation measures for affected
territories.

For many years, the Incident and Emergency Centre
(IEC) has operated within the structure of the
International Atomic Energy Agency (IAEA), receiving
real-time information from nuclear facilities around the
world. Based on incoming data, one of three response
modes — “routine readiness”, “basic response”, or “full
response” — is selected, depending on the significance
and degree of environmental hazard posed by the event.
However, the methodological support and decision—
making tools available for the prevention of
ecologically hazardous emergencies remain
insufficiently developed.

According to the Law of Ukraine “On National
Security of Ukraine” (No. 2469-VIII of June 21, 2018),
state policy in the fields of national security and defense
is aimed at ensuring Ukraine’s military, foreign policy,
state, economic, informational, environmental, critical
infrastructure, and cyber security, as well as other areas
of national interest.

Within the territory of Ukraine, the following
categories of chemically hazardous facilities (CHFs) can
be identified:

—plants and complexes in the chemical industry, as
well as individual units and installations that
manufacture or use highly toxic substances (HTSs);
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—oil refining facilities and associated industrial
complexes;

—enterprises in other industrial sectors that utilize
HTSs in their processes;

—facilities with refrigeration systems, water
pumping stations, and treatment plants using chlorine or
ammonia;

—transport vehicles, including rail tankers, road
tankers, containers, and river or sea tankers used for
transporting chemical products;

—warehouses and depots storing pesticide reserves
for agricultural use, among others.

It has been established that the territorial distribution
of potentially hazardous industrial facilities is
characterized by different sectoral structures across
specific economic regions. For instance, in the Podillia
and Central economic regions, potentially hazardous
food industry enterprises dominate (according to the
Classifier of Potentially Hazardous Objects, 2006, Code
460), including livestock farms, poultry plants, meat—
processing plants, and feed antibiotic factories. In
contrast, the Dnipro and North—Eastern regions
primarily house enterprises of the heavy and chemical
industries (Codes 340 and 100).

The situation is further complicated by frequent and
irresponsible  violations of technogenic  safety
regulations. The poorest compliance with safety
measures has been recorded in the following oblasts:
Volyn (only 50 % of safety measures implemented),
Zaporizhzhia (37 %), Lviv (46 %), Odesa (25 %),
Ternopil (45 %), Kharkiv (49 %), and Chernivtsi
(38 %). Furthermore, only 3.6% of potentially
hazardous facilities are equipped with early detection
systems for emergencies and public alert systems. The
implementation of early warning systems is further
supported by international experience: such systems are
deployed at strategically important sites in the United
States, as well as chemically hazardous sites in
Germany and other EU countries.

Thus, it is necessary to intensify efforts to develop
effective national and international mechanisms for the
prompt notification and response in cases of incidents or
potential threats at critical and potentially hazardous
sites.

One way to meet the high demands for timeliness
and quality of decision—making in critical situations is
to employ automated decision support systems (DSS) or
expert systems. Such systems must possess the
following core functionalities:

1. the ability to process poorly formalized, vague,
and incomplete input information about critical
situations;

2. the capacity to accumulate knowledge about past
critical incidents for the purpose of learning from past
emergency response experience;

3. ease of working with large datasets, including the
ability to synthesize heterogeneous information on
emergencies and provide high-speed access to such
data.

A general structure of such a decision support
system is presented in Figure 1.

The stated requirements must be based on the
software framework of the system. For the efficient
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implementation of operational algorithms, the software
should be grounded in a model or a formula—based
scheme for chemical environment assessment.

Chemical environment assessment is a sequence of
procedures aimed at obtaining values of chemical
contamination indicators. These indicators can be
classified into several groups:

—in the context of evaluating an environmentally
hazardous chemical situation, the primary task is to
determine the following groups of indicators: the extent
of chemical contamination, the duration of
contamination, and the hazard level posed by the
contamination;

—to determine spatial indicators of chemical
contamination (extent), the dimensions of the
destruction zone and chemical contamination zones are
established;

—to determine duration indicators of contamination,
parameters such as the time required for the toxic cloud
to reach a specified boundary and the duration of the
damaging effects of the hazardous substance are
calculated;

—to determine hazard indicators, the assessment
includes the estimation of potential chemical casualties
among the population and industrial personnel.

To develop a methodology for assessing the
chemical environment, it is necessary to examine the
processes occurring during the destruction of a
chemically hazardous facility (CHF). This can be done
using a combination of existing mathematical models
that describe: the contamination source; atmospheric
dispersion of pollutants; and the toxic effects of
hazardous substances on the population and industrial
personnel.

A preliminary step in developing the appropriate
methodology for chemical environment assessment
during CHF failure is the construction of a model
describing the process of chemical casualties among the
population and personnel. The purpose of creating such
a model is to estimate the environmental hazard
indicators associated with air contamination in the event
of an accident at a CHF.

The indicators of chemical contamination scale are
determined by:

—the radius (R,) and area (S,) of the destruction
Zone;

— the depth (Gy) and area (S;) of the primary toxic
cloud dispersion zone;

— the depth (G2) and area (Sy) of the secondary toxic
cloud dispersion zone.

The indicators of chemical contamination duration
are determined by:

—the evaporation time of the hazardous substance
from the spill surface (Tev);

—the time required for the toxic cloud to reach a
designated boundary (z.).

The hazard indicators of chemical contamination are
assessed through the estimation of potential chemical
casualties among the population and industrial
personnel in environmentally hazardous zones. The
primary toxicological characteristic of a hazardous
substance is its inhalation toxic dose.
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Figure 1 — Structural diagram of the environmental safety assurance system in case of chemical contamination resulting
from accidents at chemically hazardous facilities

In determining the specifics of the chemical
contamination process in various environmental
compartments, several hypotheses may be formulated.

1. The formation conditions of the primary and
secondary toxic clouds differ. Based on their formation
mechanisms, the contamination source for the primary
cloud should be considered as an instantaneous point
source, while for the secondary cloud, a continuous
point source should be assumed.

2. The atmospheric dispersion of toxic clouds can be
characterized as follows: first, the distance over which
the hazardous substance has a damaging effect typically
spans several kilometers; second, the vertical extent of
primary and secondary toxic clouds rarely exceeds

150 meters. It is generally accepted that, in cases of
isotropic diffusion, the transport of toxic substances
occurs horizontally along the x-axis, i.e., within the
surface atmospheric layer.

In the event of a spill of highly hazardous toxic
substances (HHTS) from damaged storage containers,
the liquid typically disperses over a leveled surface
within the containment area, forming a shape that
closely resembles a circle. This allows for the
estimation of the area of the destruction zone (Sq) using
the following formula:

Sq=m-R;, (1)
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where Ry is the radius of the HHTS spill mirror [m].

Alternatively, the area may be expressed through the
diameter of the spill mirror (dq) as:
d2

S == @)

Here, dq is the diameter of the spill mirror, which

depends on the total amount of HHTS released from the

damaged containment. The following equation is used

to estimate the diameter based on the volume of the

spilled substance:
dy=b. =% 3)
P
where:

b is a coefficient depending on the presence of
bunding: b = 122 m*2 if bunding is present,
b = 5.04 m™*2 if no bunding is provided,;

p is the density of the HHTS, [kg/m?3];

Q is the total mass of HHTS in the storage container,
[kal;

Qi is the mass of HHTS that transitions into the
primary toxic cloud, [kg].

An approximate estimation of the quantity of HHTS
(Qu) that transitions into the primary cloud at the
moment of container breach can be performed using the
formula presented in [20], which incorporates thermal
parameters:

q-2olot) @
where:

Q is the total amount of HHTS in the storage
container, [kgl;

Cy is the specific heat capacity of the liquid,
[kJ/kg-°C];

t is the temperature of the liquid HHTS at the
moment of release, [°C];

tx is the boiling point of the HHTS, [°C];

A is the specific latent heat of vaporization for the
HHTS, [kJ/kg].

The values of C, and A are to be obtained from
chemical reference data specific to the substance in
question.

When determining the depth of dispersion of the
primary toxic cloud of hazardous chemicals (HHTS)
within the atmospheric boundary layer near the ground
surface, the influence of surface roughness on the
propagation of the contaminated air mass was not
initially considered. To account for the effect of terrain
roughness on the dispersion of toxic substances, a
standard roughness parameter (zo) is introduced. This
parameter enables the incorporation of surface
heterogeneity into the modeling of wind velocity
profiles and, consequently, toxic plume behavior. The
modified near—surface wind speed (u'), accounting for
surface roughness, is calculated using the following
logarithmic wind profile expression:

u’:u-ln[Hzoj, ®)

Zy
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where:

u' is the adjusted horizontal component of the wind
velocity near the surface, considering terrain roughness,
[m/s];

u is the average undisturbed wind speed at reference
height, [m/s];

z is the wvertical height of the toxic cloud’s
dispersion, [m];

Zo is the effective surface roughness length [m], a
geometric parameter that reflects the characteristic
height of surface irregularities (e.g., Vvegetation,
buildings, terrain features).

The value of z is selected based on the type of
underlying surface and can be found in Table 1 (not
included here), which classifies roughness values for
various land cover types such as water surfaces, grassy
fields, urban areas, forests, and industrial zones.

This correction is essential for improving the
accuracy of predictive models used in environmental
safety systems, particularly under conditions where
local terrain has a significant influence on airflow and
toxic plume trajectory.

Table 1 — Effective roughness height values (zo)
for different types of surfaces

Surface type 2o, [m]
Very flat, snowy or icy surface 1-10°
Flat snow over short grass 5-10°
Desert 3-10°3
Snow-covered surface with low 1-10°3
shrubbery

Mowed grass, cut height up to 1.5 cm 2:10°3
Mowed grass, cut height up to 3 cm 7-10°3

Mowed grass, cut height up to 4.5 cm 2.4-102

Grass height 60...70 cm:
—forO<u<1.5m/s 9-102
—for1.6<u<3.5m/s 6.7-1072
—for3.6 <u<6.5m/s 3.7-10°2

Heterogeneous surface with predominant | 0.1
areas of grass, shrubbery, and trees

Forested area with average tree height 0.9
~10 m, urban development

Thus, the expression for determining the depth of
propagation of the primary toxic cloud takes the
following form:

N Q1'10_3 ag
ST

where:

G1 — depth of propagation of the primary cloud of
hazardous chemical substances (HCS) over flat terrain,
taking into account the surface roughness, [m];

Q1 — amount of HCS that transitions into the primary
cloud, calculated from expression (4), [kg];

PCts, — average threshold value of toxic dose
(toxic load), [g-s/m3];

u’ — horizontal component of near—surface wind

velocity adjusted for the roughness of the underlying
surface, [m/s];
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a1, by — dimensionless coefficients depending on the
category of vertical atmospheric stability, calculated
using the following formulas:

b, =15.42-exp(6.96-¢); @
a, =0.57-exp(0.864-¢), (8)

where ¢ is a parameter of vertical atmospheric stability
determined according to the Pasquill stability
categories:

—A, B, C (convection): ¢=-0.2;

— D (isothermal): £ =0;

—E, F (inversion): ¢ =0.2.

Another indicator characterizing the scale of
chemical contamination is the depth of propagation of
the secondary cloud of air contaminated with HCS. The
amount of HCS transitioning into the secondary cloud is
determined by the following expression:

QzZQ—an (9)

where:

Q — total quantity of HCS released, [kq];

Qi1 — quantity of HCS that transitioned into the
primary cloud, [kg].

The value of Q2 is associated with the evaporation
time of HCS. In this context, the minimum evaporation
time within which it is reasonable to assess the extent of
cloud dispersion should not exceed 24 hours due to the
high variability in wind direction.

The following formula is used to estimate the depth
of propagation of the secondary cloud, excluding the
influence of surface roughness. However, previous
assumptions allow the introduction of a parameter to
account for the surface roughness effect on the
propagation of the contaminated air mass:

16.84-7°%.p,.Q, 10
u-PCr,™

G, , (10)

where:

G2 — depth of propagation of the secondary cloud of
air contaminated with HCS, [m];

PCry, — average threshold toxic dose, [g-s/m?];

Q2 — amount of HCS entering the secondary cloud,
defined by expression (9), [ka];

T — evaporation time of HCS from the spill surface,
[s];

a1, b, — dimensionless coefficients depending on the
vertical atmospheric stability category.

Coefficient a; is defined by expressions (7) and (8);
Coefficient b, is determined by:

b, =16.84-exp(6.87-¢), (11)

where ¢ — vertical atmospheric stability parameter, with
values as follows:

-E,F— ¢=0.2;

-D— e=0;

-A,B,C— ¢=-0.2;

u" — horizontal component of ground-level wind
speed, accounting for surface roughness, [m/s].
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The indicators of chemical contamination duration
include:

the evaporation time of the HCS from the spill
surface, and

the time for the contaminated cloud to reach a given
boundary.

The toxic effect of the HCS depends significantly on
the evaporation time from the surface of the spill. This
time is a function of both meteorological conditions and
the physicochemical properties of the substances. The
parameter is determined using the following formula:

Q,
Teyap = —————=, 12
' E-Sg 3.6-10° 12
where:
Tevap — EVaporation time of HCS from the surface of

the spill mirror, [s];
E — specific evaporation rate, [kg/mz2-s], calculated
as:

u-m AM(1 1
E=0041————exp| =—| ——-— ||, @13
doi T, p{ R (Tk TH( )

u
where:

M — molecular weight of the HCS, [g/mol];

dgpin — effective spill diameter from expression (3),
[m];

Ty — ambient air temperature, [°C];

A — specific latent heat of evaporation, [kJ/kg];

R — universal gas constant, equal to 8.3 [kJ/kmol-K];

0.041 - dimensional consistency coefficient,
[S~K~mol / m°'86'g];

Tk — boiling point of the HCS, [K].

To ensure timely notification of the population about
the onset of chemical contamination and to carry out
emergency response measures, it is necessary to
determine the time of arrival of the contaminated air
cloud at a given facility or populated area. This
parameter is calculated using the following formula:

_0.3-x

p u !

t

(14)

where:

t, — time of arrival of the HCS—contaminated air
cloud at the designated boundary, [hours];

x — distance from the damaged chemically hazardous
facility to the assessment object (e.g. settlement), [km];

u — ground-level wind speed, [m/s];

0.3 — conversion coefficient from [m/s] to [km/h].

To analyze the environmental impact, it is necessary
to assess the concentration field C(x,y,z) and, most
importantly, the amount of substance that deposits on
the underlying surface (the environment). The main
parameter is the dry deposition velocity (Vg, in m/s),
which integrates the physicochemical properties of the
gas and the surface characteristics (vegetation, soil,
water). The deposition flux (F) and cumulative
deposition (D) are calculated using the formulas:

F(x.y)=Vq4-C(x,y,z=1), (14)
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where C(x,y,z:l) is the near-ground concentration,

calculated based on the Gaussian model, which is the
basis for formulas (6) and (10));

D(X'y): F(X*y)'texp ) (15)

where tq,, is the cloud passage time over the point).

For highly reactive and soluble gases, such as
ammonia, Vg is significant and can range from 0.01 to
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0.03 m/s, leading to intensive mass transfer from the
atmosphere to the soil and water.

To demonstrate the operation of the improved model
(formulas 5-8) and its sensitivity to the key parameter —
surface roughness (zo) — a series of calculations was
performed. The results, presented in Table 2, constitute
a sensitivity analysis of the model. They show how the
calculated dispersion depth of the primary cloud (Gi)
changes depending on both the stability category and
the surface type (zo).

Table 2 — Sensitivity analysis of the calculated dispersion depth of the primary cloud (G1, km) to the roughness
parameter (zo) and atmospheric stability category. (Scenario: Ammonia, Q = 100 t, wind speed u = 3 m/s)

Stability Category (by Pasquill) | zo=0.01 m (Flat field, snow) | zo= 0.1 m (Shrubs, grass) | zo= 0.9 m (Urban area)
A (Strong instability) 4.5 km 6.2 km 8.5 km
D (Neutral conditions) 13.0 km 17.8 km 24.5 km
F (Strong stability) 35.2 km 48.5 km 66.7 km
The presented data clearly demonstrate that ignoring Conclusions

the zo parameter leads to critical errors in forecasting.
For example, under neutral conditions (D), the cloud
dispersion depth over an urban area (zo = 0.9 m) is 88 %
greater (24.5 km) than over a flat field (zo = 0.01 m)
(13.0 km). This is explained by the fact that high
roughness slows down the near-ground wind (reducing
u’), allowing the cloud to maintain a hazardous
concentration longer and disperse over a greater
distance.

Modeling of ammonia (NHs) deposition for the
scenario (Q =100t, stability D) showed that in zones
adjacent to the accident site (up to 5...7 km downwind),
the  cumulative  deposition (D) can  reach
100...150 kg/ha, converted to pure nitrogen. This value
is equivalent to 2-3 annual agronomic norms for
nitrogen fertilizer application. Such “shock loading”
causes acute chemical burns to vegetation, extremely
intensive soil acidification due to rapid nitrification,
mortality of soil microflora, and the release of toxic
metals into the soil solution.

Modeling of the cloud passage (Scenario: Ammonia,
Q =100t) over a hypothetical water body showed that
deposition (D) leads to the rapid dissolution of
ammonia. The calculated resulting concentration of
ammonium nitrogen (Cwater) in the upper water layer can
reach 2.5...4.0 mg/L. This value critically exceeds the
maximum allowable concentration (MAC) for fishery
water bodies (which for ammonium nitrogen is
<0.5mg/L). The consequences include the direct
toxicity of non-ionized ammonia (NHs) to fish, rapid
eutrophication (“water bloom™), and mass mortality of
fish and other aquatic biota.

Within the scope of the study, a comprehensive
mathematical model was developed for forecasting and
assessing the consequences of accidental HDS releases,
which bridges the gap between classical atmospheric
dispersion modeling and the needs of ecological safety
assessment. Unlike approaches focused solely on
calculating impact zones for the population, the
proposed model combines: an improved calculation of
atmospheric transport, which accounts for the influence
of surface roughness (zp) on near-ground concentrations,
and a methodological block for the quantitative
assessment of dry deposition (Vg) of pollutants onto
soils and water bodies.

It has been proven that the zp and Vg4 parameters are
critical for an adequate assessment of ecological
damage. Sensitivity analysis demonstrated that ignoring
surface roughness (zo) leads to significant errors in
determining the cloud dispersion depth (up to 88 %
under neutral conditions). At the same time, the Vy
parameter is key for the transition from calculating
concentrations (in mg/m3) to mass loading on
ecosystems (in kg/ha).

The main scientific and practical result of the work
is the quantitative assessment of ecological impact
scenarios. It was demonstrated for the first time that
under typical accident scenarios (a release of 100 t of
ammonia), cumulative  deposition can  reach
100...150 kg/ha, which is equivalent to 2-3 annual
agronomic norms. This “shock loading” leads to acute
soil acidification and exceeds the MAC (Maximum
Allowable Concentration) for fishery water bodies (up
to 4 mg/L), causing mortality of aquatic biota.

Thus, the practical value of the model lies in its
ability to forecast zones that will require long-term
ecological remediation and monitoring.
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Kouanos E. O., Hexoc A. H., Be3connnii B. JI.

MOJEJIIOBAHHS TTOINUPEHHS TA OIIHKA EKOJIOI'TYHUX HACJIAKIB OCIJJAHHSI XIMIYHOI'O 3ABPYJIHEHHSI
P TEXHOTEHHUX ABAPISIX

Merta 0CHTIKEHHS TTOJsrae y po3po0ili KOMIUIEKCHOT MaTeMaTHYHOT MOJIEII JUIsl IPOTHO3YBaHHS Ta OLIHKY HE JIMIIE 30H YPa)KeHHS HACEJICHHS,
ajie i JIOBrOCTPOKOBUX €KOJIOTIYHHUX HAcHiKiB aBapiitHux Bukuais CJJOP. Monenb ycyBae po3puB MixK KIQCHYHUMH 33a4aMH LUBUIBHOTO 3aXUCTY
Ta MOTpeOaMu OIIHKH EKOJIOTIYHOI Ge3MeKH, MePEeHOCYH aKIEeHT 3 po3paxyHKy Tokcomos3u (PCtsp) Ha KibKICHY OI[IHKY MacOBOTO 3aBAaHTa)KEHHS
3a0py/IHIOBAYiB HAa EKOCUCTEMH (B KI/Ta).

Merozornorisi IpyHTYeTbCS Ha TIO€JHAHHI ABOX OokiB. [lepmmii — ynockonanena 'aycoBa Mojens aTMochepHOi AucHepcii, ska, Ha BiAMiHY Bif
CTaHAAPTHHX IiIXOMAIB, BPAXOBY€E MapaMeTp MIOPCTKOCTI MiJCTHIILHOT HMOBEpPXHi (Zg), 110 CYTTEBO BILIMBAE Ha MpPU3eMHI KOHIeHTpauil. Jpyrui, i
KITIOUOBHii, 6JIOK — HOBOBBE/ICHa METOJIOJIOTISI PO3PAaXyHKY CyXOTo OCiIaHHS, III0 BUKOPHCTOBYE mapaMeTp ImBuakocTi ocizanus (Vg). e no3pomse
nepeiiTi BiJ po3paxyHKy KoHueHTpauiii y mositpi (C) mo moroky ocimannst (F) Ta cykymHoro ocizanust (D) Ha IpyHT Ta Boxy. MojentoBaHHs
MIPOBOAMIIOCH ISl clieHapiiB Bukuay 100 T amiaky 3a pisHUX KiaciB criiikocti (A, D, F) Ta THmiB moBepxHi.

Pe3ynbTaTH 1IeMOHCTPYIOTh KPUTHYHY BaXIIHBICTh 000X mapameTpiB. Ilo-mepine, aHall3 4yTIHMBOCTI JOBIB, IO iIrHOPYBaHHS Zo TIPU3BOAUTH JI0
3HaYHHUX MOMHJIOK y TIPOTHO3YBaHHI IMIMOMHM mommpeHHs xMapu (o 88% pisHui 3a Heifrpansaux yMoB). Ilo-npyre, Mo € TONOBHUM, POBEACHO
KUTBKICHY OIIHKY €KOJIOTIYHOTO BIUTUBY. [IpoIeMOHCTPOBAHO, IO CyKyIHe ocinanus amiaky D) moxe csratu 100...150 kr/ra, mo ekBiBaneHTHO 2-3
pIYHUM arpoHOMiyHMM HOpMaM. Take "HIIOKOBe" HaBaHTa)KEHHs CIPUYMHSIE TOCTpY auuau@ikamio IpyHTIB. Y BOIHHX 00 €KTaX poO3paxoBaHa
xoHreHTpauist (Cyaer) csrae 2.5...4.0 mr/n, mo kputidaHo nepesuinye I'JIK w1 pudorocnomapcbkux BonoiM (< 0.5 mMr/i) i npu3BOIHUTh 10 MacoBOl
3arubeni 6i0TH.

OOMeKeHHS Ta IPUITYLICHHS JOCIIKEHHS BKIIOYalOTh BUKOPHCTAHHS NapaMeTPH30BaHUX 3Ha4YeHb Vg Ta 3acToCyBaHHs ['aycoBOi Mozeri, sika €
aHAJIITHIHUM HaOIMKeHHAM ropiBHsHO 3 CFD-miaxonamu.

[NpaxTHyHa WiHHICTH POOOTH MOJATAE y CTBOPEHHI HAyKOBO-METOAMYHOTO iHCTPYMEHTY, SIKHI JO3BOJISE NIPOTHO3YBATH HE 30HM €BaKyamii, a
30HH, 10 HOTPeOyBAaTUMYTh JOBIOCTPOKOBOI €KOJIOTIYHOI peMenianii (HanpuKiIaj, BAIHyBaHHS IPYHTIB) Ta IIOCHICHOIO MOHITOPHHTY.

HaykoBa HOBH3HA Ta 3HAYMMICTb MOJISITA€ y PO3poOL{ iHTErpoBaHOi MojEn «arMocdepHHil TpaHcmopT (Zo) — ociganHs (Vg) — eKoiorivuHmi
HACHITOK (KI/Ta, MI/II)», Ka 3a0e3Medye KUIbKICHY, a He JIHIIIE SKiCHY, OL[IHKY eKOJIOTiYHOro 30MTKY BiJ XIMIYHUX aBapiil.

KirouoBi ciioBa: TexHOreHHa aBapis, XiMidHe 3a0pyIHEHHS, eKOIOTiYHI HACILIKH, CyXe OCiaHHs], MOPCTKICTh IIOBEPXHi, aMiak, eBTpodikaris,
MaTeMaTHYHE MOJICTIOBAHHSL.

Scientific and technical journal «Technogenic and Ecological Safety», 18(2/2025) 43



ISSN 2522-1892 HayxkoBo-Texniunuii xypHan « TEXHOI'EHHO-EKOJIOT'TYHA BE3IIEKA», 18(2/2025)

JITEPATYPA

1. Weger M., Knoth O., Heinold B. An urban large—eddy-simulation-based dispersion model for marginal grid resolutions: CAIRDIO v1.0.
Geoscientific Model Development. 2021. Vol. 14, No. 3. P. 1469-1493. DOI: 10.5194/gmd-14-1469-2021.

2. Di Nicola F., Brattich E., Di Sabatino S. A new approach for roughness representation within urban dispersion models. Atmospheric
Environment. 2022. VVol. 283. Art. 119181. DOI: 10.1016/j.atmosenv.2022.119181.

3. Dispersion and radiation modelling in ESTE system using urban LPM / L. Liptak, J. Cibulka, M. Kucbel, P. Jur¢ak. Atmosphere. 2023.
Vol. 14, No. 7. P. 1077. DOI: 10.3390/atmos14071077.

4. Harmonisation in Atmospheric Dispersion Modelling Approaches to Assess Toxic Consequences in the Neighbourhood of Industrial
Facilities / J.-M. Lacome, G. Leroy, L. Joubert, B. Truchot. Atmosphere. 2023. VVol. 14, No. 11. Art. 1605. DOI: 10.3390/atmo0s14111605.

5. Dense gas dispersion model development and testing for the Jack Rabbit Il phase 1 chlorine release experiments / S. Gant et al. Atmospheric
Environment. 2018. Vol. 192. P. 218-240. DOI: 10.1016/j.atmosenv.2018.08.009.

6. Hazardous chemical leakage accidents and emergency evacuation response from 2009 to 2018 in China: A review / J. Hou, W.-M. Gai, W.-
Y. Cheng, Y.-F. Deng. Safety Science. 2021. Vol. 135. Art. 105101. DOI: 10.1016/j.ssci.2020.105101.

7. Yoo B., Choi S. D. Emergency evacuation plan for hazardous chemicals leakage accidents using GIS—based risk analysis techniques in
South Korea. International Journal of Environmental Research and Public Health. 2019. Vol. 16, No. 11. Art. 1948. DOI: 10.3390/ijerph16111948.

8. Spicer T. O., Havens J. A. Field test validation of the degadis model. Journal of Hazardous Materials. 1987. Vol. 16. P. 231-245. DOI:
10.1016/0304-3894(87)80036-5.

9. Fthenakis V. HGSYSTEM: a review, critique, and comparison with other models. Journal of Loss Prevention in the Process Industries.
1999. Vol. 12, No. 6. P. 525-531. DOI: 10.1016/S0950-4230(99)00029-7.

10. Hanna S., Chang J. Acceptance criteria for urban dispersion model evaluation. Meteorology and Atmospheric Physics. 2012. Vol. 116.
P. 133-146. DOI: 10.1007/s00703-011-0177-1

11. CFD analysis of the influence of a perimeter wall on the natural gas dispersion from an LNG pool / M. Bellegoni et al. Process Safety and
Environmental Protection. 2021. Vol. 148. P. 751-764. DOI: 10.1016/j.psep.2021.01.048.

12. Spicer T., Tickle G. Simplified source description for atmospheric dispersion model comparison of the Jack Rabbit Il chlorine field
experiments. Atmospheric Environment. 2021. Vol. 244. Art. 117866. DOI: 10.1016/j.atmosenv.2020.117866.

13. Overview of the Jack Rabbit Il (JR 1l) field experiments and summary of the methods used in the dispersion model comparisons / S. Fox et
al. Atmospheric Environment. 2022. Vol. 269. Art. 118783. DOI: 10.1016/j.atmosenv.2021.118783.

14. Modeling of Environmental Pollution by Ammonia Emission from a Damaged Pipeline / L. V. Amelina et al. Science and Transport
Progress. 2021. Vol. 1(91). P. 5-14. DOI: 10.15802/stp2021/229167.

15. Rusin A., Stolecka-Antczak K. Assessment of the Safety of Transport of the Natural Gas—Ammonia Mixture. Energies. 2023. Vol. 16,
No. 5. Art. 2472. DOI: 10.3390/en16052472.

16. A System Coupled GIS and CFD for Atmospheric Pollution Dispersion Simulation in Urban Blocks / Q. Wu et al. Atmosphere. 2023.
Vol. 14, No. 5. P. 832. DOI: 10.3390/atmos14050832.

17. Machine learning based quantitative consequence prediction models for toxic dispersion casualty / Z. Jiao, Z. Zhang, S. Jung, Q. Wang.
Journal of Loss Prevention in the Process Industries. 2023. Vol. 81. Art. 104952. DOI: 10.1016/j.jIp.2022.104952.

18. Direct Prediction of the Toxic Gas Diffusion Rule in a Real Environment Based on LSTM / F. Qian et al. International Journal of
Environmental Research and Public Health. 2019. Vol. 16, No. 12. Art. 2133. DOI: 10.3390/ijerph16122133.

19. Vildez-Moreiras D. Editorial for the Special Issue “Atmospheric Dispersion and Chemistry Models: Advances and Applications”.
Atmosphere. 2023. Vol. 14, No. 8. Art. 1275. DOI: 10.3390/atmo0s14081275.

20. Wesley M. L., Hicks B. B. Some factors that affect the deposition rates of sulfur dioxide and similar gases on vegetation. Journal of the Air
Pollution Control Association. 1977. Vol. 27, Ne 11. P. 1110-1116. DOI: 10.1080/00022470.1977.10470534.

21. Challenges in quantifying biosphere-atmosphere exchange of reactive nitrogen / M. A. Sutton et al. Environmental Pollution. 2007.
Vol. 150, No, 1. P. 125-139. DOI: 10.1016/j.envpol.2007.04.014.

22. How a century of ammonia synthesis changed the world / J. W. Erisman et al. Nature Geoscience. 2008. Vol. 1, No. 10. P. 636-639. DOI:
10.1038/nge0325.

23. Smith V. H., Tilman G. D., Nekola J. C. Eutrophication: impacts of excess nutrient inputs on freshwater, marine, and terrestrial ecosystems.
Environmental Pollution. 1999. Vol. 100, No. 1-3. P. 179-196. DOI: 10.1016/S0269-7491(99)00091-3.

44 Scientific and technical journal «Technogenic and Ecological Safety», 18(2/2025)



