© FEB 2020 | IRE Journals | Volume 3 Issue 8 | ISSN: 2456-8880

Atmospheric Plume Dispersion Modeling for Methane

Quantification Under Variable Conditions

SEMIU TEMIDAYO FASASI!, OLUWAPELUMI JOSEPH ADEBOWALE?, ABDULMALIQ
ABDULSALAM?, ZAMATHULA QUEEN SIKHAKHANE NWOKEDIEGWU*
!Independent Researcher, Nigeria
2Indepena’ent Researcher, USA
3Independent Researcher, Durban, South Africa

‘Department of Chemical and Petroleum Engineering, University of Lagos, Nigeria

Abstract- Atmospheric plume dispersion modeling is
critical for accurately quantifying methane
emissions, a potent greenhouse gas contributing
significantly to global warming. This paper presents
a comprehensive synthesis of theoretical principles
and modeling approaches for methane plume
dispersion under variable environmental conditions,
emphasizing the influence of meteorological
variables, terrain complexity, and temporal
atmospheric dynamics. The physical processes
governing plume behavior, advection, and turbulent
diffusion, are examined alongside methane-specific
characteristics such as buoyancy and chemical
stability. Analytical Gaussian models and advanced
computational fluid dynamics techniques are
critically reviewed, highlighting their respective
strengths and limitations in capturing dispersion in
diverse settings. The study underscores how
fluctuating wind patterns, atmospheric stability,
temperature gradients, and surface heterogeneity
shape plume transport and dilution, affecting
emission quantification accuracy. It also discusses
the importance of selecting appropriate models
tailored to specific environmental contexts and
recognizes inherent assumptions that may constrain
model applicability. The paper concludes by
outlining theoretical implications for improving
methane quantification methodologies and proposes
future directions focused on integrating high-
resolution data, hybrid modeling approaches, and
real-time adaptive frameworks. These insights aim
to support enhanced methane monitoring strategies
vital for regulatory compliance and global climate
mitigation efforts.
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L INTRODUCTION

1.1 Background

Atmospheric plume dispersion modeling serves as a
fundamental tool in understanding how gases
released into the atmosphere spread and dilute over
space and time (Gifford, 1975). Among the various
gases of environmental concern, methane has gained
significant attention due to its potent greenhouse gas
properties and increasing concentration in the
atmosphere (Stockie, 2011, Britter, 1989). Methane
emissions arise from multiple anthropogenic sources,
including oil and gas operations, agriculture, and
waste management, as well as natural sources such as
wetlands and geological seepage (Williams, 2013).
Understanding the dispersion patterns of methane
plumes is essential for quantifying emissions
accurately, especially since methane’s global
warming potential is approximately 28 times greater
than carbon dioxide over a 100-year period (Odedeyi
et al., 2020, OGUNNOWO et al., 2020).

Modeling the atmospheric behavior of methane
plumes requires integrating knowledge from
meteorology, fluid dynamics, and atmospheric
chemistry. Dispersion patterns are influenced by a
range of environmental variables such as wind speed
and direction, atmospheric stability, temperature
gradients, and terrain (Nielsen, 1998, Hanna et al.,
1982). These factors interact to create complex
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patterns that determine how methane concentrations
vary downwind from emission sources. Accurate
plume modeling supports not only regulatory
monitoring but also informs mitigation strategies by
identifying emission hotspots and enabling efficient
leak detection (ADEWOYIN et al, 2020a,
EYINADE et al., 2020).

Recent advancements in sensor technologies and
atmospheric modeling frameworks have heightened
the demand for robust dispersion models capable of
accommodating varying environmental conditions.
As the global community intensifies efforts to curb
greenhouse gas emissions, reliable methane
quantification through atmospheric modeling remains
crucial (Barsotti et al., 2008). The motivation behind
this study is to synthesize existing theoretical
frameworks and analyze the influence of
environmental variability on methane plume
dispersion without relying on simulations or specific
case studies, thereby providing foundational insights
for future applied research (Karion et al., 2019,
Devaull et al., 2010).

1.2 Importance of Methane Quantification

Quantifying methane emissions accurately is
paramount for addressing climate change and
achieving international environmental targets.
Methane is a key contributor to global warming,
accounting for a significant fraction of radiative
forcing since pre-industrial times. Despite its shorter
atmospheric lifetime compared to carbon dioxide,
methane’s immediate impact on atmospheric
warming is pronounced, making the timely detection
and quantification of emissions critical (Nisbet et al.,
2020, Balcombe et al., 2018). Regulatory agencies,
environmental organizations, and industrial operators
increasingly rely on methane quantification to
enforce emission reduction policies and ensure
compliance with environmental standards (Council et
al., 2003).

Moreover, methane quantification supports the
economic and operational objectives of the oil and
gas industry, where unintentional leaks represent both
environmental liabilities and financial losses.
Detecting and quantifying these leaks enables
targeted remediation efforts, improving safety and
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reducing the overall carbon footprint (Pekkarinen,
2020, Ganesan et al., 2019). Beyond industrial
applications, methane measurements contribute to
validating emission inventories at regional and global
scales, providing the scientific community with
reliable data for atmospheric models and climate
projections (Ogunnowo, Okuh et al.).

The challenge lies in the spatial and temporal
variability of methane sources and the dynamic
nature of atmospheric conditions, which complicate
the measurement and interpretation of methane
concentrations. Traditional bottom-up inventories
based on activity data often underestimate actual
emissions, underscoring the need for top-down
quantification approaches supported by atmospheric
dispersion models (Okuh et al., Adewoyin et al,
2020b). This underscores the importance of refining
dispersion models that can accurately translate
concentration measurements into emission estimates,
thereby strengthening methane mitigation strategies
worldwide.

1.3 Objectives and Contributions

This paper aims to present a comprehensive overview
of atmospheric plume dispersion modeling focused
on methane  quantification under  variable
environmental conditions. Without incorporating
simulation results or specific case studies, the study
concentrates on synthesizing theoretical concepts and
examining how meteorological and terrain factors
influence methane dispersion patterns. The objective
is to provide a robust conceptual foundation that can
inform future empirical research and technological
development in methane monitoring.

Key contributions include a systematic review of
physical principles underlying plume behavior, a
critical evaluation of prevalent modeling approaches,
and an analysis of how variable atmospheric
conditions impact the accuracy and reliability of
methane quantification. By emphasizing the
interaction between environmental variability and
dispersion mechanisms, the study highlights
important considerations for model selection and
application in diverse settings.

Additionally, the paper aims to bridge gaps between
atmospheric science theory and practical methane
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emission assessment, fostering interdisciplinary
understanding. The insights derived are intended to
guide researchers, policymakers, and industry
practitioners in refining their approaches to methane
monitoring and reduction. Ultimately, this work lays
the groundwork for advancing atmospheric
dispersion modeling frameworks tailored to the
complexities of methane emissions, thereby
contributing to global environmental sustainability
efforts.

IL. FUNDAMENTALS OF ATMOSPHERIC
PLUME DISPERSION

2.1 Physical Principles of Plume Dispersion

Atmospheric plume dispersion describes the transport
and spreading of gases emitted from a localized
source into the surrounding air. At its core, dispersion
results from the combined effects of advection and
diffusion (Council et al., 2010, Sciences et al., 2018).
Advection is the process by which a plume is carried
by the mean wind flow, transporting the gas
downwind from the emission point. Diffusion, on the
other hand, involves the random turbulent mixing of
gas molecules within the atmosphere, which causes
the plume to spread laterally and vertically, diluting
its concentration over distance (Gbabo et al., Gbabo
et al.).

The dispersion process can be modeled using
conservation equations derived from fluid dynamics
and atmospheric physics. The advection-diffusion
equation governs the behavior of the concentration
field of the plume, accounting for wind velocity,
turbulent  diffusion coefficients, and source
characteristics. The balance between transport by
wind and spreading due to turbulence determines the
shape and extent of the plume. Stable atmospheric
conditions with limited turbulence tend to produce
narrow, elongated plumes, while unstable, turbulent
conditions promote rapid dispersion and dilution
(Jonas et al., 2019, Fuglestvedt et al., 2003).

Fundamental plume models often assume steady-state
conditions and idealized atmospheric behavior to
allow analytical solutions. For example, Gaussian
plume models simplify the dispersion process by
representing concentration distributions as normal
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distributions in horizontal and vertical directions.
Despite their simplicity, these models capture the
essential physics of plume dispersion and provide
valuable estimates of downwind concentrations,
serving as a foundation for more advanced modeling
techniques (Shindell et al., 2017, Le Fevre, 2017).

2.2 Atmospheric Factors Affecting Dispersion

Dispersion of atmospheric plumes is heavily
influenced by meteorological factors that vary
spatially and temporally. Wind speed and direction
are primary drivers of plume transport, controlling
the advection of emitted gases. Higher wind speeds
increase the transport rate and often enhance
dispersion by generating mechanical turbulence,
whereas calm conditions may result in limited plume
spread and higher concentrations near the source
(Fisher, 2002, Bei et al., 2013).

Atmospheric stability, determined by the vertical
temperature gradient, significantly affects turbulent
mixing. Stable conditions, characterized by
temperature inversions or weak vertical temperature
gradients, suppress turbulence and limit vertical
mixing, resulting in plumes that remain concentrated
and close to the ground. Conversely, unstable
conditions promote convective turbulence, causing
enhanced vertical and lateral mixing that dilutes the
plume more rapidly (Venkatram et al., 2005).

Other factors, such as atmospheric moisture, solar
radiation, and cloud cover, indirectly impact
dispersion by influencing temperature profiles and
turbulence generation. Surface roughness and terrain
complexity also modify wind flow patterns and
turbulence  intensity. = For  example, urban
environments or forested areas create mechanical
turbulence that alters dispersion characteristics
compared to flat, open terrain. Understanding the
interplay of these atmospheric factors is critical for
accurate  plume  modeling under  variable
environmental conditions (Yee et al., 1993).

2.3 Methane Characteristics Relevant to Dispersion
Methane’s physical and chemical properties play an

important role in its atmospheric dispersion behavior.
As a colorless, odorless gas lighter than air, methane
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has a molecular weight of approximately 16 g/mol,
which is less than that of ambient air (~29 g/mol)
(Alakalabi, 2020). This buoyancy effect influences
the vertical movement of methane plumes, often
causing them to rise above the emission source
initially before mixing with the surrounding air. The
degree of buoyancy-driven rise depends on the
temperature and velocity of the emitted methane
relative to ambient air (Williams, 2013).

Methane is chemically stable wunder typical
atmospheric conditions, with an atmospheric lifetime
of about 9 to 12 years. This stability means methane
generally  disperses  without rapid chemical
transformation in the near field, allowing dispersion
models to treat it as a conservative tracer over short
distances and time scales. However, longer-term
chemical interactions, particularly oxidation by
hydroxyl radicals, occur on a global scale, affecting
atmospheric methane budgets, but are beyond the
scope of plume dispersion modeling (Atkins, 2003,
Lundegard, 1964).

Additionally, methane’s low solubility in water vapor
and absence of reactive components simplify its
atmospheric behavior compared to reactive gases.
This makes dispersion primarily a function of
physical  transport and  mixing  processes.
Understanding these characteristics allows modelers
to focus on transport dynamics without needing to
incorporate complex chemical transformations,
thereby  improving model  efficiency and
interpretability for quantification purposes (Ahmed,
2004).

1.  MODELING APPROACHES FOR
METHANE PLUME DISPERSION

3.1 Gaussian and Analytical Models

Gaussian plume models have long been the
cornerstone of atmospheric dispersion modeling due
to their relative simplicity and analytical tractability.
These models assume that pollutant concentrations
downwind from a point source follow a normal
(Gaussian) distribution in both the wvertical and
horizontal directions. By applying the advection-
diffusion equation under steady-state conditions,
Gaussian models estimate concentration profiles as
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functions of wind speed, atmospheric stability,
emission rate, and distance from the source. This
framework enables rapid calculations and has been
widely adopted in regulatory frameworks and
preliminary emission assessments (Vasudevan et al.,
2009, Homicz, 2002).

Despite their utility, Gaussian models rely on several
simplifying assumptions, such as steady, uniform
wind conditions and flat terrain, which limit their
applicability in complex or highly variable
environments. They often assume continuous
emission sources and constant meteorological
parameters and neglect chemical transformations.
However, for methane, given its relatively inert
behavior over short distances, Gaussian models
provide reasonable first-order approximations for
emission quantification, especially in open terrain
with stable meteorological conditions (Camps-Valls
et al., 2016).

Analytical models beyond Gaussian formulations
include plume rise corrections and multiple source
interactions, which refine dispersion estimates. These
models are valuable for gaining insights into
dispersion behavior and performing sensitivity
analyses. Nevertheless, their limitations become
apparent when atmospheric conditions are highly
non-uniform or terrain complexity is significant,
necessitating more sophisticated approaches for
accurate plume representation.

3.2 Computational Fluid Dynamics and Advanced
Models

Computational Fluid Dynamics (CFD) represents a
class of numerical modeling approaches that solve
the fundamental Navier-Stokes equations governing
fluid motion, enabling detailed simulation of plume
dispersion in complex atmospheric and terrain
conditions.  Unlike  Gaussian models, CFD
incorporates spatial and temporal variations in wind
fields, turbulence structures, thermal stratification,
and surface heterogeneity. This results in highly
resolved concentration fields capable of capturing
local effects such as channeling through urban
canyons or plume trapping within valleys (Hirsch,
2007, Pozrikidis, 2009).
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Advanced models may also integrate Large Eddy
Simulation (LES) or Reynolds-Averaged Navier-
Stokes (RANS) turbulence closures to resolve
turbulent mixing processes critical for accurate
dispersion  prediction. = These  models can
accommodate transient emissions and rapidly
changing meteorological conditions, making them
valuable for operational leak detection and
emergency response planning. However, the
computational cost and data requirements for CFD
modeling are considerably higher, limiting their
routine application to detailed studies or high-priority
scenarios (Zikanov, 2019).

Hybrid approaches combine the efficiency of
Gaussian models with local corrections derived from
CFD or observational data, offering balanced
solutions for methane quantification under variable
conditions. Such integrated frameworks improve
model adaptability and accuracy, though they
demand multidisciplinary expertise for effective
implementation (Ashgriz and Mostaghimi, 2002).

3.3 Model Assumptions and Limitations

Every atmospheric dispersion model rests on a
foundation of assumptions that inherently constrain
its accuracy and applicability.  Simplifying
assumptions  about  steady-state conditions,
homogeneity of atmospheric turbulence, and neglect
of chemical reactions are common but can introduce
uncertainties in real-world applications. For methane,
treating it as a passive tracer is reasonable in short-
range dispersion but neglects longer-term
photochemical interactions that are important at
larger scales.

Models often assume flat and uniform terrain, which
fails to capture the complexities introduced by hills,
vegetation, and urban infrastructure. Such terrain
heterogeneity affects wind flow patterns and
turbulence intensity, thereby altering plume
dispersion in ways not represented by simple models.
Likewise, steady wind direction and speed
assumptions are challenged by fluctuating
meteorological conditions, which require dynamic or
ensemble modeling approaches to capture variability
adequately.
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Limitations also arise from uncertainties in emission
source characteristics, such as the exact release rate,
temperature, and velocity of methane. These factors
influence plume rise and initial dispersion behavior.
Moreover, model validation is constrained by the
scarcity of high-resolution observational data,
particularly for intermittent or fugitive methane
emissions. Recognizing and accounting for these
limitations is essential for interpreting model outputs
responsibly and guiding improvements in
atmospheric dispersion modeling methodologies
(Rees-White et al., 2019, Garcia et al., 2016).

IV. INFLUENCE OF VARIABLE
ENVIRONMENTAL CONDITIONS

4.1 Meteorological Variables (Wind, Stability,
Temperature)

Meteorological variables such as wind speed,
atmospheric stability, and temperature are primary
determinants of how methane plumes disperse in the
atmosphere. Wind acts as the principal transport
mechanism, carrying the methane away from its
emission source. The velocity and direction of wind
influence not only the plume’s trajectory but also its
dilution rate. Strong winds generally enhance lateral
and vertical mixing, promoting dispersion and
lowering methane concentrations near the source.
Conversely, low wind speeds tend to produce higher
localized concentrations due to limited transport and
reduced turbulent mixing (Miiller, 1992, Fisher,
2002).

Atmospheric stability, which depends largely on
temperature gradients, governs the intensity of
turbulence that facilitates mixing. Stable conditions,
often associated with temperature inversions,
suppress vertical mixing and confine plumes closer to
the ground (Stull, 1993, Sun et al., 2015). This can
lead to elevated methane concentrations over longer
distances downwind. In  contrast, unstable
atmospheric layers generate convective turbulence,
which rapidly dilutes plumes through vertical and
horizontal dispersion. Temperature differences
between the plume and ambient air also affect
buoyancy, influencing the initial rise and spread of
methane emissions (Koehn et al., 2013).
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Together, these meteorological variables exhibit
complex interactions that vary over time and space.
Accurate plume dispersion modeling requires careful
characterization of these factors to capture the
dynamic environment in which methane is
transported. Without considering meteorological
variability, quantification efforts risk significant
errors, limiting their usefulness for regulatory or
mitigation purposes (Osibanjo, 2016).

4.2 Terrain and Surface Effects

Terrain  features and surface characteristics
profoundly affect the dispersion of methane plumes
by altering local airflow patterns and turbulence. Flat
and open landscapes typically allow relatively
straightforward plume transport dominated by
prevailing winds and atmospheric turbulence.
However, complex terrain such as hills, valleys, and
urban structures creates heterogeneous wind fields
characterized by eddies, channeling, and stagnation
zones that can trap or redirect plumes unpredictably
(Egan, 1975, Meixner and Eugster, 1999).

Surface roughness, including vegetation, buildings,
and other obstacles, generates mechanical turbulence
that enhances mixing near the ground. This effect can
either increase plume dilution or cause irregular
dispersion patterns depending on the scale and
arrangement of roughness elements. For example,
forests induce strong turbulence that promotes
vertical mixing, whereas urban canyons can confine
plumes within narrow corridors, increasing local
methane concentrations (Williams, 2013).

Understanding terrain and surface influences is
critical for accurate dispersion modeling, especially
in regions where methane emissions coincide with
varied topography. Models that assume uniform flat
terrain risk underestimating concentration peaks or
failing to predict plume behavior accurately.
Incorporating high-resolution terrain data and surface
parameters into dispersion frameworks improves the
reliability of methane quantification under real-world
conditions.
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4.3 Temporal Variability and Atmospheric Dynamics

Atmospheric conditions are inherently variable over
time scales ranging from seconds to seasons, making
temporal variability a crucial factor in methane plume
dispersion. Short-term fluctuations in wind direction
and speed can cause rapid shifts in plume trajectories,
affecting instantaneous concentration measurements.
Diurnal cycles influence atmospheric stability
through solar heating, with typically more unstable
conditions during daytime enhancing plume mixing
compared to more stable nocturnal layers (Taylor et
al., 2018).

Seasonal and longer-term meteorological changes
also affect dispersion patterns. For instance, colder
months often feature more frequent temperature
inversions, which suppress vertical mixing and
increase  ground-level methane concentrations.
Conversely, warmer periods with stronger convection
promote plume dilution. Additionally, weather events
such as frontal passages and storms can disrupt
typical dispersion regimes, causing complex transient
behaviors in methane concentration fields.

These temporal dynamics necessitate dispersion
models capable of incorporating time-dependent
meteorological inputs. Static or time-averaged
conditions are often insufficient to capture the true
variability of plume behavior. Accurate methane
quantification =~ demands  models  that can
accommodate dynamic atmospheric  processes,
improving the representativeness of emission
estimates and supporting effective monitoring and
mitigation strategies (Giovannini et al., 2020).

CONCLUSION

5.1 Summary of Key Insights

This study has examined the fundamental principles
and modeling approaches related to atmospheric
plume dispersion for methane quantification under
variable environmental conditions. It has highlighted
that the interplay of physical processes, such as
advection and turbulent diffusion, governs how
methane spreads in the atmosphere. The review of
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modeling techniques, from classical Gaussian models
to advanced computational methods, underscores a
trade-off between simplicity and accuracy depending
on the complexity of environmental conditions.

Meteorological factors, including wind, stability, and
temperature, along with terrain and temporal
variability,  significantly influence  dispersion
behavior. These factors create spatially and
temporally dynamic concentration fields that must be
carefully accounted for in dispersion modeling
frameworks. Methane’s physical characteristics,
notably its buoyancy and chemical stability, simplify
certain aspects of modeling but do not eliminate the
challenges posed by environmental heterogeneity.

By synthesizing these insights, this work reinforces
the importance of selecting appropriate models and
accurately characterizing environmental variables to
improve methane emission quantification. Such
efforts are vital for enhancing the reliability of
emission inventories and supporting global climate
mitigation initiatives focused on reducing methane’s
atmospheric impact.

5.2Theoretical
Quantification

Implications for Methane

The analysis presented here contributes to the
theoretical understanding of methane plume
dispersion by elucidating how environmental
variability =~ modulates transport and dilution
processes. It emphasizes that no single modeling
approach universally applies across all scenarios;
rather, model selection must consider the scale,
terrain, and meteorological context. This perspective
advances the theory of atmospheric dispersion by
integrating  methane-specific ~ properties  with
environmental complexity.

Furthermore, this work highlights the necessity of
treating methane as a dynamic tracer influenced by
both physical transport and variable atmospheric
forcing. Recognizing the limitations of common
assumptions, such as steady-state conditions and flat
terrain, guides researchers toward developing more
robust models that incorporate transient and
heterogeneous factors. These theoretical
considerations foster improved interpretation of
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observational data and emission estimates.
Ultimately, the framework outlined here supports a
more nuanced approach to methane quantification,
bridging the gap between idealized models and real-
world applications. It encourages interdisciplinary
collaboration =~ among  atmospheric  scientists,
engineers, and policymakers to refine theoretical
constructs and translate them into effective
monitoring tools.

5.3 Future Directions

Advancing methane plume dispersion modeling
requires integrating high-resolution meteorological
data and detailed terrain representation to capture
environmental variability more precisely. Developing
hybrid models that leverage the efficiency of
analytical approaches and the accuracy of numerical
simulations offers promising pathways to balance
computational feasibility with modeling fidelity.

Incorporating real-time atmospheric measurements
and leveraging machine learning techniques to adjust
model parameters dynamically can enhance
adaptability to changing conditions. Such innovations
would improve the responsiveness of methane
monitoring systems and support timely leak detection
and mitigation. Expanding observational networks
and validating models against diverse environmental
settings will strengthen confidence in dispersion-
based quantification.

Further research should also explore the coupling of
dispersion models with chemical transport and
atmospheric chemistry frameworks to address longer-
term methane dynamics. This holistic approach
would extend model applicability beyond immediate
plume behavior to broader atmospheric methane
budgets. Ultimately, continued refinement and
interdisciplinary collaboration will be critical to
realizing accurate, reliable methane quantification
essential for climate action and environmental
stewardship.
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