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Summary

Climate change is one of the most important societal issues the world is currently facing.
Since the warming of the atmosphere is driven by human actions, namely the surplus of
greenhouse gases (such as carbon dioxide, methane, nitrous oxide, etc.) being emitted into
the atmosphere. Therefore, the need to reduce emissions as soon as possible and get them
to zero net, or even negative, emissions in order to minimize the impact of climate change
is unquestionable. Greenhouse gases vary in their warming effect on the atmosphere
due to differences in their ability to retain long wave radiation as well as their residence
times. Carbon dioxide is the most important greenhouse gas due to its abundance in
the atmosphere and its long residence time (about 100 years) creates a large hysteresis
between emission reduction and change in the warming effect it has on the atmosphere.
Currently the second most important in the greenhouse gas ranking is methane with a
warming potential 28 that of carbon dioxide on a 100 years time scale. As with any
other greenhouse gas, the atmospheric concentration has been steadily rising in the past
century and is now more than 2 times above the pre-industrial levels. Unlike carbon
dioxide, methane has relatively short residence time of about 10 years and immediate
emissions mitigating efforts will have a quicker atmospheric response. However, methane
has a large variety of sources, both natural and anthropogenic, as it is a by-product of
organic decomposition and it can be found in underground reserves in form of the natural
gas. Due to their versatility, methane sources are not well constrained in the emission
inventories.

To tackle this issue, the Methane goes Mobile — Measurements and Modelling (MEMO?,
https://h2020-memo?2.eu/)) project was started. The goal of the project was to use var-
ious mobile measurement approaches to quantify European methane emissions and, in
combination with modelling across different spatial and temporal scales, to update the
European emission inventories. However, the mobile measurement methods the project
focused on (i.e. measurement instrument placed in cars or on unmanned areal vehicles) are
most often performed on distances very close to the source. There, the methane plumes
are subject to turbulent processes that govern the motions in the atmospheric boundary
layer. Inherently, this means the measured plumes are extremely variable, which makes it
difficult to measure them and to quantify the emission rates from those plume measure-
ments. This is where the research presented in this thesis falls in the scope of the MEMO?
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project. The work presented in this thesis focuses on high-resolution modelling of plume
dispersion in different atmospheric conditions and in rural and urban environments. The
goal of this research is twofold: (1) to evaluate mobile measurement techniques using
simulations that realistically represent atmospheric conditions and plumes on very short
downwind distances from the sources, and (2) to evaluate the ability of high-resolution
models to reproduce a realistic measurement day but also to benchmark different mod-
elling techniques against each other.

Chapter [3] focuses on the first of the two goals of this thesis. In this chapter large-eddy
simulations (LES) have been used to evaluate two widely-used observational techniques:
the use of car measurements perpendicular to the mean wind and the Other Test Method
33A (OTM33A). The LES study simulates a plume emitted from a point source into a
neutrally stratified atmosphere over a flat terrain. This flow was chosen to benchmark
the two methods in controlled conditions where they are expected to perform well as the
sources of errors are minimized. We released three plumes with different source heights
into the flow which were then sampled mimicking the car transects and the stationary
OTM33A method. We have found that in order for the car transect method to estimate
the source strength with 40% accuracy of accuracy, at least 15 transects through the plume
have to be taken and averaged. For OTM33A, which focuses on plume measurements up
to 200 m downwind from the source, we have found that very close to the source (48 m) the
plume is not yet dispersed enough to use the method as all the source strength estimations
yield similar results. We have also found the method consistently overestimates the source
strength. This is due to the too large dispersion coefficients proposed for the OTM33A
method (at least compared to our dispersion simulation). Lastly, we have found that the
position of the time-averaged plume centerline differs from the plume emission height due
to wind shear effects. This can be an added source of error if a Gaussian plume model
(GPM) is used to interpret the measurements.

To step away from very simple plume models (i.e. GPM) used to model plume disper-
sion, in chapter 4] we used LES to reproduce the meteorological conditions and a plume
dispersing in the atmosphere encountered in an actual field campaign. The goal of the
chapter is to show how measurements taken in non-ideal conditions together with LES
can be brought together to make source strength estimations from sparse measurements.
Therefore, we focused on one measurement day during the ROMEO (ROmanian Methane
Emissions from Oil and gas) campaign that was conducted in October of 2019 where mea-
surements of methane leaking from an oil well were taken. We used ERAb data to set
up the meteorological boundary conditions for the LES and set-up the source in line
with the configuration in the field. The weather conditions produced by the LES were
in close agreement with ERA5, however the wind showed complex behavior due to the
lack of large scale forcing. Therefore, to align the simulated plume direction with the
field observations, we repeated the experiment with manipulated wind. Using the LES
plume to infer the source strength of the measured plume was in line with the estimations
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made using the tracer plume, with known source strength, that was emitted from the well
location and measured simultaneously with the methane plume. To further utilize the
LES, we also analyzed the higher order statistics of the simulated plume and found good
agreement with previous modelling and laboratory experiments in channel flows. We have
also derived a plume mixing length scale from the boundary layer height, the mean wind
speed and convective velocity scale. We have found that this length scale coincides with
the distance from the source at which the plume transfers from predominantly meandering
dispersion to relative dispersion.

While LES has proven capable of correctly simulating plume dispersion, it still
parametrizes the smallest eddies in a turbulent flow. A simulation method that resolves
the full flow field is direct numerical simulations (DNS), however, highly turbulent flows
are very computationally expensive. To test the ability of DNS to simulate plume disper-
sion we have performed a series of simulations in chapter [5] These simulations range from
low to moderately turbulent conditions. In a next step, we compared these simulations
with an LES and a wind-tunnel experiment. The study comprises of five DNS experiments
with increasing Reynolds numbers and two LES experiments with high and low spatial
resolution. Two plumes were released into a neutral flow over a flat terrain from point
sources placed at 6% and 19% of the boundary layer height. Results for velocity statistics
show very good agreement between all simulations and the experiment, with only cross-
wind components of wind variances being slightly underestimated in both LES and DNS.
For the plume statistics, the mean plume is well represented in all simulations. However,
only the two most turbulent DNS experiments were able to reproduce the higher order
plume statistics correctly performing better than LES at downwind distances very close
to the source. Further downwind, LES experiments outperform DNS as DNS tends to
overestimate higher order statistics and we speculate this is an effect of the low Reynolds
number. Despite being more computationally expensive, the most turbulent DNS being
around 3 times costlier than LES, DNS has proven to be a useful tool for dispersion
studies, particularly very close to the source.

The last research chapter, chapter [0, focuses on plume measurement strategies in an
urban setting. This chapter was inspired by a measurement campaign conducted in Ham-
burg, Germany in a suburban residential street. Based on the street layout, we built a
mock urban set-up (MUST) into which we placed 11 ground sources in different posi-
tions regarding the buildings. Due to the lack of meteorological measurements from the
campaign, we released the plumes into the neutrally stratified atmosphere. We sampled
the plumes by taking virtual measurements along the street transects. We subsequently
utilized the Weller method to infer the source strengths and estimate the source locations.
We performed three DNS experiments with increasing Reynolds numbers, two of which
had the same wind speed and in the third experiment the wind speed was doubled. The
results show that all the runs have very similar mean vertical profiles of their first three
statistical moments of velocity. There is also clear influence of the buildings on the flow
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field as re-circulation is clearly visible behind the buildings. This re-circulation is caused
by the pressure build-up on the windward side. There is also a clear influence of the build-
ings on the plumes, especially the ones placed in-between the buildings as the material
from those plumes tends to stay trapped in the space between buildings. The application
of the Weller method to estimate the source strength shows some clear drawbacks of the
method. The method always places the source at a wrong location unless the transect was
taken directly on top of the source. This is a direct consequence of the mean plume having
a maximum concentration downwind from the source, irrespective of the wind speed. The
method also wrongly estimates the source strength on almost all transects. The method,
however, gives correct estimation on those transects where maximum concentration satis-
fies the equation the Weller method is based on. For a source of a certain strength, these
transects are dependent on the wind speed, atmospheric stability and possible geometry
affecting the plume spread.

Finally, in chapter [7| we give an overview of the most important findings and discuss
the outlook for future research. We focus the discussion into two separate topics: mea-
surements and modelling. We give some recommendations on measurement techniques
based on our findings, mainly stressing the importance of measuring the wind. We also
discuss our expectation for the Gaussian plume model to remain a go—to model for source
estimation from measurements and give recommendations on how to further utilize DNS
and LES in future studies.
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Chapter 1

Introduction



2 Introduction

1.1 Motivation

Climate change is taking the precedence as one of the most pressing societal issues. It
directly impacts all aspects of life on Earth, from microbial to human. Many ecosystems
can not adapt to the rapid change resulting in their disappearance, e.g. the decreasing
amount of sea ice (IPCC| 2022) changes the polar ecosystems. Furthermore, global
warming has direct impact on human health and economy. The climate predictions
indicate higher occurrence of extreme weather events, such as heat waves or prolonged
and intense hurricane seasons (IPCC| 2022)). Climate change, or global warming, is a
direct consequence of human actions. Since the industrial revolution in the late 1800s
the human activity and increase in the global population has brought a drastic increase
in the concentration of greenhouse gases (GHGs) in the atmosphere. The most notable
anthropogenic GHG is carbon dioxide (COs), a by-product of burning processes, which
has reached a global average concentration of 420 parts per million (ppm) (i.e. out of a
million molecules of air 420 are C0y molecules) as of April 2022 (Dlugokenckyl|, 2022), an
~ 50 % increase since pre-industrial times.

While CO, has been in the focus of climate change mitigation efforts, due to its very
long residence time in the atmosphere (order of hundreds of years) and comparatively
high concentrations to other GHGs (Dlugokencky, 2022), other compounds have also
experienced a sharp increase. The GHG which is the main motivation behind the
research presented in this thesis is methane (CHy).

Methane, on a 100 year timescale, has 28 times stronger warming potential than CO,
(Saunois et al., |2020). Global mean concentrations of CH, in comparison to CO, are
relatively small, averaging at 1908.9 parts per billion (ppb) (i.e. out of a billion molecules
of air, 1908.9 are CH4 molecules) in January 2022 (Fig. [I.1] [Dlugokencky| (2022)). And
while CO, is mainly emitted as a by-product of burning processes, sources of CH, are
many and diverse. Methane sources can be divided into two main origin subgroups:
anthropogenic and natural. In natural circumstances, CH, is emitted as a by-product of
decomposition processes such as rotting of organic matter or production in the animal
digestive system. Methane is also naturally released in the form of leaks of natural gas
from its underground reserves, such as thawing of permafrost or wetlands emissions
(Christensen et al., 2004} |Saunois et al.; 2020)). As it is true with other GHGs, the drastic
rise in CHy is a direct consequence of human activity. While, for example, methane
emitted by the decomposition of organic matter in wetlands by bacteria is responsible for
approximately one third of total emissions, the emissions are considered constant over
the years and do not contribute to the global CH, increase (Saunois et al., [2020)). In
contrast, agricultural and fossil fuel emissions are responsible for respectively 38 % and
19 % of total emissions, and are expected to increase with the rise in the global human
population and its demands for food and energy (Montzka et al. 2011). The sources of
methane vary greatly in size as well. The horizontal extent of the sources can span from
the order of centimeters in pipe leaks (Maazallahi et al., [2020) to hundreds of meters
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across (landfills, lakes, wetlands) (e.g. Hensen & Scharfff (2001); Mgnster et al. (2015);
Lakomiec et al| (2021)). The largest part of methane is removed through oxidation by
OH, and a smaller part through soil uptake (Saunois et all [2020). The overview of
methane budget is given in Fig. [1.2]
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Figure 1.1: Globally-averaged, monthly mean atmospheric methane abundance from all
NOAA marine methane monitoring stations for the time span 1983 — 2022. The red lines and
circles indicate globally-averaged monthly means, while the black like indicates the long term
trend (equivalent of a 12-month running average). Figure taken from Dlugokencky| (2022).

Unlike CO,, methane has a relatively short lifetime in the atmosphere of ~ 9 years
(Montzka et al., 2011). Consequently, immediate reduction in the total emissions
can lead to a quick response in the abundance of atmospheric methane. To be able
to cut the emissions, however, first the sources of methane should be identified and
quantified. To help tackling this issue on the European scale, the MEthane goes MObile -
MEasurements and MOdelling (MEMO?) project started in 2017. The goal of the project
was to combine measurement techniques used for fast identification and quantification
of sources with state-of-art modelling techniques in order to help with the mitigation
of methane emissions. The project comprised of over 20 academic and non-academic
collaborators spread out over 7 countries. As also pointed out in [Saunois et al.| (2020)),
there are significant discrepancies in emission estimates from bottom-up techniques
(measurements of local sources extrapolated to national scales), and top-down approach
(atmospheric observations combined with inverse-modelling techniques). As the first
goal, MEMO? aimed to tackle this problem by targeting local emissions from different
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Figure 1.2: Global methane budget for the period 2008 — 2017. Figure taken from
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source types (fugitive urban emissions, wetlands, waste water facilities, oil and gas
production, coal mining etc.) to improve bottom-up estimates. The second goal of the
project was to combine dispersion modelling across scales and the measurements.

The aim of my research, and the work presented in this thesis, within MEMO? scope,
is to use high resolution modelling techniques to identify sources of error in the local
measurement techniques in order to help set-up future campaigns. Furthermore, this
project aims to identify best practices in close-source high-resolution modelling, and
set-up a framework for recreating realistic measurement simulations that can further the
insight into measured plumes.

1.2 Identification and quantification of methane
sources across scales

A large variety of measurement techniques has been developed and is currently in use
for finding and quantifying methane emissions. These techniques vary greatly in the
way they are deployed and on the timescales over which measurements are taken. A
short overview is given here and some of the advantages and disadvantages are pointed out.
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With the precision and resolution of instruments for measuring GHGs concentrations
placed on satellites constantly increasing, satellite measurements of methane plumes are
being frequently used to estimate emissions from large emitters ([rakulis-Loitxate et
al., 2021)). With the ability to take daily measurements over the whole globe satellite
data are especially useful for identifying emissions in areas that are difficult to reach
geographically. Furthermore, these satellite data are particularly useful in estimating
cumulative emissions from cities as shown in Plant et al. (2022)), who used TROPOMI
satellite data to estimate urban methane emissions for several large cities across the globe.
However, while advantages of using satellite images for emission estimations are clear,
satellites are still constrained by their spatial and temporal resolutions. Furthermore, to
estimate emissions it is of crucial importance to have wind information, as wind is the
main driver of dispersion. The wind data is often unavailable, especially in remote areas,
and has to be inferred from (re)analysis products provided by meteorological models
(e.g. ERAD, Hersbach et al. (2020])), which can add to the estimation error.

Information from long-term atmospheric observatories, apart from information on
background concentrations, also provide information about nearby emissions. The
advantage of this approach is having a very long time series of concentrations, which
give insight into global trends. However, using such data to infer emissions from a region
depends on the resolution and meteorological information of the flux-inversion models
(Wunch et al. 2019).

Measuring methane emissions using instruments placed on aircraft is particularly useful
for determining basin-scale emissions. The aircraft can provide data down-wind and
up-wind from an area of interest, thus making the emission estimation posible using the
mass balance approach (Cui et al., [2019). However, as with the approaches above, it is
difficult, if not impossible, to identify individual sources using the aircraft measurements.

Therefore, in order to pin-point specific sources of methane and to estimate emissions
from only that source without interference from near-by sources, measurement methods
that focus on close-source plumes need to be employed.

A method that allows for high mobility and measurements under favorable atmospheric
conditions is with instruments placed on mobile platforms. For example, instruments
placed in cars have been used to measure emissions from agriculture (Hensen et al., 2006),
landfills (Hensen & Scharft, 2001; Mgnster et al. [2015), wastewater treatment facilities
(Bakkaloglu et al.,|2022)), oil and gas industry (Foster-Wittig et al., 2015; Robertson et al.,
2017)), urban pipeline leaks (Phillips et al., 2013} Maazallahi et al.,|2020)), etc. Instruments
have also been placed on unmanned areal vehicles (UAVs) (Andersen et all 2018, 2021
Vinkovic et al., [2022), but there is also carry-on equipment that enables the measurements
being taken while walking or biking (Villa et al.| 2020). It is clear mobile methods allow for
a large variety of sources to be singled out and independently quantified. These methods
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also allow for the measurement of multiple sources during a single day and for coverage of
large areas in so-called screening drives, in which new plumes might be identified. There
are, however, some notable drawbacks to these techniques. Firstly, the car measurements
rely on accessible roads, which may not be favorable for measurements depending on the
local wind direction. Also, traffic can influence the dispersion and the sources themselves
might not always be reachable (e.g. being on a private property). Secondly, and most
notably, these measurement techniques rely on taking downwind plume transects (mostly
on one height) and are often paired with simple models, such as the Gaussian plume
model (GPM) or mass balance approaches, to estimate the emission rate of the measured
source. However, the GPM, or other empirical estimation models, are simplified and time-
averaged approaches of plume dispersion. These models require many assumptions that
are not necessarily fulfilled in relation to the turbulent nature of the atmosphere close to
the ground. For example, the GPM assumes constant wind speed and a wind direction
independent of height, an assumption that is generally not true in the surface layer, where
most of the measurements are taken (e.g. [Pope (2000)); Wyngaard, (2010)). Therefore, the
influence of fluctuating motions in the atmosphere, which are not taken into account by
simplified models, are contributing to the estimation error. How much the atmospheric
variability is contributing to the estimation error is a still poorly researched subject and
will be a main topic in this thesis.

1.3 Turbulent plume dispersion

It is clear from the large variety of methane sources described above that also a large
variety of source sizes exist. The source size and source elevation play an important role
in plume dispersion, as will be shown in this section. Here, turbulent plume dispersion
will be introduced as intuitively as possible focusing on plumes from point sources. This is
done for simplicity, but also because the research presented in the next chapters is focused
on point source emissions. To be able to measure turbulent plumes and to interpret
the measurements correctly, the underlying dispersion mechanisms should be thoroughly
understood.

Plumes are very intuitive to visualize, as most people have seen them in the form of a
chimney smoke, exhaust pipe or cigarette smoke. Even from purely visual observations,
it is clear the plumes become turbulent in nature as soon as they leave their source (Fig.

13).

Figure illustrates the plume as it progresses through different dispersion regimes. As
the plume is released from the source it is constrained by the shape of the source itself,
e.g. a pipe with a diameter dg4 will release a plume of the same size Ly = dy. Immediately
after release, a full range of turbulent eddies start to act on the plume, some of them
larger than the plume, some the size of — or smaller than — the plume. The larger eddies
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Figure 1.3: Chimney smoke. Picture taken from https://www.freeimages.com/photo/
smoke-coming-out-of-smokestack-1947381

tend to carry the whole plume, displacing it from its centerline position (yellow dotted
line in Fig. |1.4)). This motion is generally known as meandering. Eddies smaller than the
plume size entrain fresh air into the plume, thus making the plume slowly grow around its
center of mass (solid yellow line in Fig. . This process is known as relative dispersion
(e.g. Seinfeld| (1986)); (Cassiani et al.| (2020)). As a result, the total plume dispersion o
at any given downwind distance x can be described by these two phenomena following a

simple relation (Gifford, 1959):

O—t20t($> = Urzneand(x) + O—zelat(‘x)’ (11)

where 0,cang 18 the plume dispersion due to meandering, and o0,., is the relative
dispersion contribution to the total plume growth. The relative contribution of each of
these processes depends on the size of the plume itself. Very close to the source, where the
plume is still narrow, meandering will be the dominant process, while further downwind,
as the plume diameter L, grows, the relative dispersion becomes dominant. The inset
of Fig. shows a turbulent energy spectra S(k) in relation to an instantaneous plume
width L, at some downwind location, highlighting the relationship of the plume size and
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the two dispersion regimes: as the plume grows, the range of eddies that can entrain air
becomes larger, while the range of eddies responsible for meandering gets smaller. The
two blue semicircles in Fig. [I.4] represent eddies of the same size. The eddy closer to
the source is larger than the plume, and hence will contribute to meandering. The eddy
further downwind is of a size comparable to the size of the plume, and will therefore
contribute to relative plume growth. It is also visible from the inset that a transient area
exists in which both of the regimes are equally important.

Following this, it is clear that a large range of motions is responsible and equally
important for turbulent plume dispersion.
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Figure 1.4: Volume rendering of a plume released from a point source in a large-eddy

simulation. Figure taken from |Cassiani et al. (2020).

1.4 Plume dispersion: experiments and mod-
elling

Understanding mechanisms of plume dispersion is relevant for many fields of study, from
work presented here concerning methane dispersion, to biology, civil protection in case of
a military threats, etc. An overview of plume dispersion research up to this point in time

has been given in |Cassiani et al.| (2020)). In this work, large efforts have been employed

in trying to explain dispersion in different settings, either urban or rural, and conditions,
e.g. in stable or unstable atmospheres.
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1.4.1 Experimental techniques

Experimental research can be split into two categories, each with its advantages and
disadvantages: laboratory studies in wind tunnels or water tanks and open field release
experiments. The experiments in the former group mainly focused on elevated or ground
releases into neutral surface flows (e.g. |[Fackrell & Robins,| (1982ayb)); Nironi et al.| (2015));
Eisma et al. (2018))). The advantage of these experiments is their reproducibility and
the controlled setting that allows for research of fundamental drivers behind dispersion.
Every aspect of these experiments is controllable and full profiles (vertical and horizontal)
of plumes can be captured. Furthermore, the experiments can be run for extended
periods of time and statistically significant datasets can be acquired. Therefore, this
makes these experiments suitable for benchmarking the performance of numerical models.
However, the idealized setting of laboratory experiments and the scale of motions being
restricted by the size of the experiment itself, makes that these flows are rarely found in
nature.

In contrast, the open field experiments capture all relevant atmospheric processes in
the measurements. These experiments are often used for establishing parametrizations
for different numerical models (e.g. Barad (1958)); [Finn et al.| (2018)). However, these
experiments are very difficult to set-up as a large variety of instruments is necessary to
sample the exact conditions in the atmosphere, not only at the ground but also in the
vertical dimension (e.g. temperature, humidity, and wind speed profiles, surface heat
fluxes). Since plume dispersion depends on the atmospheric conditions, especially the
wind, these measurements are crucial for analysing the measured plume and ultimately
correctly estimating the source strength. Furthermore, measuring the plumes themselves
is a complicated endeavor, as, depending on the distance from the source and the release
height, the profiles of the plumes might be beyond the reach of ground based instruments.
This can be circumvented by the use of UAVs and aircrafts, but due to the limited
time they can spend in flight, these datasets are usually not large. As with any other
measurement or experiment set in the real atmosphere, plume dispersion suffers from
lack of reproducibility. Lastly, the atmospheric conditions are constantly changing (daily
cycle of surface fluxes, changing wind speed and/or direction etc.), therefore the duration
of constant atmospheric conditions can be quite short and statistical robustness of the
measurements might be difficult to reach.

1.4.2 Modelling

From the discussion above, it is clear that the proper description of plume dispersion,
encompassing all relevant scales of motion, will be extremely challenging for any numeri-
cal model. There are many numerical models currently used that study dispersion from
different approaches (see Cassiani et al.| (2020)). The most fundamental way of categoriz-
ing these models is by the coordinate system they are in. The first category are models
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that solve the motion from a perspective of a single particle that moves through space
(Lagrangian) and the second category are models that look at the motion from a grid-
point perspective (Eulerian). In the scope of this thesis, only the Eulerian framework will
be discussed. FEulerian models can then be further categorized by how they deal with
turbulence. Essentially, the exact concentration at any in-plume location can be known
from the advection-diffusion equation which, in its non-parametrized and non-averaged
form, describes the plume dispersion fully:

e Oc d%c
- __ _ D =0. 1.2
ot " Yim  Paz =0 (1.2)

)

Here, c is the instantaneous concentration at the location (x,y,z), w; is the instantaneous
turbulent wind in the direction i = [x,y,z], and D is the molecular diffusivity. Ideally,
the turbulent wind would be known in each point and at each time instant, inferred from
Navier-Stokes equations and solved simultaneously with the concentration field. This
approach is known as direct numerical simulation (DNS). While DNS has been used for
plume dispersion studies, it is generally disregarded for atmospheric dispersion research,
since it is unfeasible for highly turbulent flows due to extremely large computational costs.
In this thesis a non-dimensional number will be used as a measure for turbulence. This
so-called Reynolds number is defined as Re = (L U) /v where is L is a characteristic length
scale, U is a velocity scale and v is kinematic viscosity. Therefore, atmospheric flows that
are very turbulent have high Re, while laminar flows have very low Re. A characteristic
of turbulent flows is that they become Reynolds number independent at a certain value
of Re. This means that the higher-order statistics of the flow converge to certain profiles
that do not improve by further increasing the Re. Whether or not DNS can produce
flows that are turbulent enough and in which higher-order statistics of dispersing plumes
become Reynolds number independent will be the topic of Chapter

Large-eddy simulations (LES) also solve the velocity field simultaneously with the con-
centration field, but in LES only bigger eddies are resolved while small-scale turbulence is
parametrized with subgrid-scale (SGS) models (e.g. |Deardorft (1973); |[Pope| (2000))). This
way the LES can achieve very turbulent flows at reasonable computational costs. How-
ever, the parametrization is usually grid-size dependent. Therefore, when a very detailed
resolution is required, as for example close to a plume source, the computational costs
quickly increase.

There is also a subset of Eulerian models that are based on solving the Reynolds-averaged
Navier-Stokes (RANS) equations. In these models, the turbulence is parametrized through
one of the many turbulence closure models (Cassiani et all [2020). Even though the re-
search on RANS models dates back to Csanady| (1967) and are still in use today, they fall
out of the scope of this thesis. The simplest of Eulerian models is the Gaussian plume
model (GPM) which assumes constant wind and diffusion and follows directly from eq.
.2k
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C(x,y,2) = 27my(xc)20z(x)ﬂ exp (—%) {exp (_(2;3—(23))2> + exp (-%}J),

where C' is the mean concentration field at location (x,y,z), @ is the emission rate located
at (0,ys,25), © is the mean wind directed along the x axis, and o,(z) and o,(z) are
functions that describe the plume spread along the y and z axes. The equation [1.3] is
shown with the extra exponential term that accounts for the reflection from the surface
(Csanady, |1973). Fundamentally, the GPM (Fig. (b)) is a result of averaging an
infinite number of instantaneous turbulent plumes (Fig. [1.5[ (a)). Figure shows the
stark difference between a fully turbulence resolving model and the simplest model that

uses time-averaged fields. Since the GPM is often used in combination with mobile plume
measurements to infer emission rates, and considering scope of the MEMO? project, it
will be discussed in detail in the next chapter.

1.0

0.5

z/6

1.0

z/6

Xx/6

Figure 1.5: A comparison of the point-source plume in a (a) DNS and (b) GPM with
arbitrary emission strengths but with the same wind speed at the source height and in neutral
atmospheric conditions.

1.5 Thesis outline and main research questions

In this section a summary of the main research questions addressed in this thesis is given
through a short description of topics in each chapter.

Chapter 2

In this chapter a short overview of the plume modelling techniques used in this thesis is
given. This chapter is also used to give a more in-depth description of the main physical
processes behind plume dispersion.
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Chapter 3

This chapter focuses on the two commonly used measurement techniques, OTM33a and
one-dimensional plume transects. The main research question of this chapter is: What
is the influence of atmospheric variability on the errors in estimated emission
rates? This question was addressed by conducting a LES of point-source plume dispersion
in a neutral atmosphere over a flat terrain. This is the most canonical and well-studied
case of atmospheric turbulence and can be used to benchmark future studies in more
complicated settings.

Chapter 4

As part of the MEMO? project, many measurement campaigns were conducted with dif-
ferent sources of methane in focus. One such campaign, ROMEO, focused on methane
emissions from Romanian oil and gas industry. Here, available measurements from the
campaign in combination with ERA5 reanalysis data were used to simulate one measure-
ment day. The questions addressed here was: Is it possible with high-resolution LES
to reproduce a measurement day. And what further plume information can
be inferred from LES that would be unavailable from the measurements?

Chapter 5

As previously mentioned, DNS is considered unsuitable for conducting plume dispersion
research for its inability to achieve very high Re number flows usually encountered in
the atmosphere. However, DNS has been shown in previous atmospheric studies to be
turbulent enough for all the relevant statistics to be captured. The same idea is behind
this chapter: What is the limit at which higher-order statistics of turbulent
plumes become Reynolds number independent and what is the computational
cost of reaching this limit using DNS?

Chapter 6

This final research chapter deals with a similar research topic as the first chapter. Since
plume dispersion in the first chapter focuses on point-source plumes over flat terrain,
point source emissions from cities cannot be addressed. However, cities are a large source
of methane, and therefore many measurement campaigns are being conducted there. The
presence of objects (such as houses) complicates turbulent dispersion. However, the mod-
els that are being used to estimate emissions are very simple and empirical. Therefore,
the main question of this chapter is: How sensitive is one of the commonly used
city source estimation models to atmospheric turbulence and what are the
main contributors to estimation errors?



1.5 Thesis outline and main research questions 13

1.5.1 Chapter 7

The last chapter gives the overview of the most relevant findings presented in this thesis
and puts them in the broader perspective on research of dispersion on small scales. It
also gives context and recommendations for further research on the topics presented in

the thesis.






Chapter 2

Background on plume dispersion
modelling
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2.1 Introduction

Some of the main concepts behind plume dispersion and plume dispersion modelling
have been mentioned in the previous chapter. However, considering the scope of this
thesis, we find a more detailed description of the modelling techniques used is needed.
As previously mentioned, there is a plethora of models developed for studying plume
dispersion on various scales. We focus here on the models that can be characterized
as Fulerian and model plumes very close to the source, i.e. up to a few kilometers.
Therefore, in this chapter we give the background on the three main models used in this
thesis: the Gaussian plume model (GPM), direct numerical simulations (DNS) and large-
eddy simulations (LES). The latter two will be given through the prism of MicroHH model
(van Heerwaarden et al., 2017) that has been used to perform the simulations.

2.2 Gaussian plume model

One of the simplest models describing plume dispersion is the Gaussian plume model
(GPM). It is the solution of the advection-diffusion equation (eq. when the assump-
tions of stationarity, constant wind with height and constant diffusivity are made. Since
the GPM is widely used in combination with plume measurements for estimation of source
strengths, which will be thoroughly discussed in chapter [3, we here demonstrate in short
how the model is derived from eq. as it benefits the reader in understanding the
model. To this end, we repeat the advection-diffusion equation (e.g. |Seinfeld (1986)) in
its non-parametrized and non-averaged form:
dc dc dc

et D= —0. 2.1
ot Ty ~Pigz =0 (2.1)

i
Where ¢ is the concentration at (x,y,z,t), u; is the instantaneous wind in three principal
directions i = [z,y,z| and D; is the turbulent diffusivity. As for any other turbulent
process, eq. is subject to Reynolds decomposition, i.e. all variables in the equation
can be written as the sum of their mean and variable parts:

¢p=0¢+¢ (2:2)
where ¢ is an arbitrary variable. After decomposition, eq. takes the form
oec+d) ., 0@C+/) P+ )
- / —D; =0. 2.3
5 + (W + u;) o o2 (2.3)

The main two assumptions behind the Gaussian plume model are stationarity of the flow
and x-aligned wind, constant in time and with height. This annihilates all time dependent
terms and terms containing v and w components from eq. 2.3} A further assumption of
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the GPM is that diffusivity in the wind (x) direction is negligible compared to diffusivity
in the y and z directions. As a result, eq. shortens to:
ae o%*e o%*c
v —=D,—+D, —. 2.4
ox Y Oy? © 022 (24)
A further assumption is that the diffusion processes are independent in the two cross-wind
directions, therefore the concentration at a certain location (x, y, z) can be regarded as a

superposition of the two dispersion processes and written as c(x,y, z) = ci(x, 2) ca(x, y).
After substitution of the expressions for concentration and some rearrangement, eq.

_ (05 0°c; deq e\
C1 (U%—Dya—w) + ¢ ( % Dza_yQ = 0. (25)

For the right side of eq. to be satisfied, the both expressions in parenthesis on the left

takes the form:

side of the equation must equal zero. Therefore, we have a second-order partial differential
equation for each of the orthogonal dispersion directions.

Their solutions can be found by substituting the expressions for concentrations with their
Fourier transforms

c(w,x) = iﬂ /_00 c1(z, z) exp (—iw z) dz (2.6)

o0

Therefore the equation for determining i.e. ¢;(z, z) takes the shape

o (m / 2) exp(—iwz) dZ) Z aaj ; ( Nirs / z) exp(—iwz) dz).

(2.7)
With some rearrangement of eq. , a partial differential equation for ¢;(w,x) can be
written as
- ,D,————
%cl(w,x) = —w gcl(w,x), (2.8)
which has the solution
c1(w, ) = a exp (—w2%x> , (2.9)

where « is an integration constant. From the inverse Fourier transform

« ° D
c(x, z) ) exp(iwz) dw = —— —exp | W=z —iwz | dw (2.10
=g [ ) ettt = o [ o (@020 —ias) do @10

it is trivial to show that the solution for ¢;(z, 2) is:

u uz?
= — . 2.11

Similarly, the solution for co(z,y) is found

@y =B —~ ~ exp <— y” ) (2.12)
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where [ is an integration constant. Therefore, the solution for ¢(z,y, z) can be written

_ | [ u u 22 uy?
= — — 2.13
c@y,2) =7 2D,z \ 2D, x P ( 4D, x) P < 4D, x) (2.13)

with v = a - 8. Finally, the general form of the Gaussian plume model is obtained from

as

the initial condition [*° [% €dydz = @ where Q is the source strength, and defining
2 2Dil‘,
;==

2 2
__@ _ _Y ). 2.14
o(@,y,2) 2mUo,0, P\ Tz ) FP\ T2 (2.14)

z Y

the dispersion coefficient as o

Equation [2.14]is the solution placed in the infinite space and with the source located in the
origin. However, for practical purposes of plume dispersion in the atmosphere, the physical
space has boundaries (i.e. the ground) with sources that are placed relative to these
boundaries. This means that the plume may be subjected to reflection of concentration
from the boundaries. In this case, the solution is found as a superposition of the main
plume and another plume of the same emission strength with a position mirrored on
the boundary (Csanady, 1973). As a result, a plume emitted from a point source with
strength () and at height H above the ground can be described with the expression:

o, y:2) = zmyu?az(x)a P (_%) [exp <_(2<;—(Z>>2) e ((2:—5%22)11))

This equation is the standard Gaussian plume model that is commonly used in the source

strength estimations in combination with plume measurements taken in the field (e.g.
Caulton et al.| (2018)). The dispersion coefficients, o,(z) and o,(z), apart from the down-
wind distance from the source, also depend on the atmospheric stability. For example,
a plume dispersing in stable atmosphere will be narrower than one dispersing in the un-
stable condition. This is due to the turbulent mixing which is enhanced for the unstable
conditions through the buoyancy effects. The dispersion coefficients are empirically deter-
mined from field release experiments and their expressions depend on the stability class
of the atmosphere (e.g. Barad| (1958)).

2.3 MicroHH model

The main idea behind the work presented in this thesis is to use high-resolution modeling
techniques to bring further insight into plume dispersion. The model used here is the Mi-
croHH model developed by van Heerwaarden et al.| (2017)), which is capable of performing
both DNS and LES. In this section we give only the governing equations and physical
parameterizations relevant for the studies presented in this thesis. For further description
of MicroHHs capabilities, numerical schemes and the tests performed to benchmark the
model, we refer the reader to van Heerwaarden et al,| (2017)) and the GitHub repository
https://microhh.github.io/.
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2.3.1 Governing equations

MicroHH solves the equations for conservation of mass, momentum and energy under the
anelastic approximation. The approximation means that profiles of potential temperature,
pressure and density exhibit only small deviations from their base state, i.e. ¥ = 1g(z) +
', where the subscript zero and the prime denote mean state and its deviation and ) is
an arbitrary variable. The simplification to the anelastic approximation is known as the
Boussinesq approximation which assumes 1)y is constant with height. We omit writing
down equations in the Boussinesq form as they are easily obtained by implementing the
constant density assumption in the anelastic form. However, both approximations are
available in MicroHH.

We write the equation for conservation of mass under the anelastic approximation as

8p0u,- . 8uz
3% _poﬁxl

+ powH, " =0, (2.16)

where u; is the velocity vector (u,v,w), x; denotes one of the principal directions (x,y,z)

and H, = <pi0%0> is the scale height for density.

The conservation of momentum equation can be written in its flux form

ou; 1 dpouu; o (v o’ 0%u;
_ L Ipouiy P yspgre +2% L p 2.17
ot po  Ox; ox; ( 00 + 3g9U0 T ax? * (2.17)

Here, 0. is the perturbation virtual potential temperature, 6, is the reference virtual
potential temperature, p’ is the pressure perturbation, g is the gravitational constant, v
is the kinematic viscosity, o is the Kronecker delta and F; is the external forcing coming
from parametrizations of the large scale.

The equation for obtaining the pressure field is written in full as

0 o (7 d (1 dpyusu; o [0 P, OF;,
=== e Y ey s —t (21

Now, we consider the transport of scalars. Since methane is considered a scalar on
timescales of hours studied in this work, methane is governed in the simulation through
the conservation of scalar equation:

8C . 1 8p0uj( GQC
ot py Ox; +K€8:U32»+

S, (2.19)

where ( is an arbitrary scalar, s, is its diffusivity, and S; represents all sources and sinks
of the scalar.

The final equation solves the conservation of energy and we give it here in its dry form
for potential temperature 6. For a moist atmosphere, the liquid potential temperature 6,

has a similar shape:
00 1 Opou,;0 020 0
= I gl —2 Q.
ot po Ox; oz pocyTh

(2.20)
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In this equation kg is the thermal diffusivity, ¢, is the specific heat capacity, Tj is the
referent temperature, and () are the external sources and sinks of heat.

Equations form the dynamic core of the MicroHH model. Solving these equa-
tions is performed numerically in a domain discretized on a staggered Arakawa C-grid.
The time advancement in the model is achieved by using the Runge-Kutta integration
scheme of either third- or fourth-order. The spatial discretization is done through the
finite difference scheme which can be either second- or third-order. From the discretized
expressions a higher order spatial operators, such as advection or diffusion, can be derived.
For more information on discretization, we refer to |van Heerwaarden et al. (2017).
When the equations - are explicitly solved, the model performs a direct nu-
merical simulation (DNS). However, due to resolution requirements (and consequently
computing power) necessary to achieve numerical stability in the model (Pope, 2000)
only low to moderately turbulent flows are attainable from DNS simulations. These flows
are not turbulent enough compared to atmospheric turbulence. As a side note, we will
show in Chapter 5[ that this requirement does not have to be fulfilled in order to perform
realistic scalar dispersion. When domains of several kilometers are considered, eddies on
the scale of millimeters can be filtered out and modeled with a sub-grid parameteriza-
tion. In this way a large-eddy simulation (LES) is preformed and the flow can reach high
turbulence.

2.3.2 Large-eddy simulations
Sub-filter scale model

As mentioned above, implementing LES requires very small eddies to be filtered out from
the simulations. The filtering is done similarly as Reynolds decomposition shown in eq.
2.2] Therefore, for example the velocity components, would be split into part that is being
resolved u; and the part that is filtered out !, i.e.

w; = U; + uy . (2.21)

When the filtering is applied to the momentum equation (eq. [2.17)), it can be re-written

as

~
ou; 1 Opouju; O 1 Opoti; 0 d?u;
ot Lo a.’]?j 8:1:1 Lo 8@ 01}0 ox*

J

+ F. (2.22)
where 7 is the modified pressure

v
Po

m + < (ww — ), (2.23)

wl| =

and 7;; is the anisotropic subfilter-scale momentum flux tensor

. 1
Tij = Uiy — Wity — = (Wit — u;). 2.24
J J iT 3
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The tensor above contains the filtered product of unfiltered velocity components, which is
unknown and needs to be parameterized. In MicroHH this is done with the Smagorinsky-
Lily model (Lily, 1968; van Heerwaarden et al., [2017) and the tensor takes a shape

like: _ _
Ti; = — Ko, (SZ + ZZ) . (2.25)
The expression in brackets is the strain tensor defined as:
-3 (o + 52 a2
and K, is the subfilter eddy diffusivity which also needs to be modeled as:
g 90, )\ 2
}%:vsc_ggJ, (2.27)

where S = /25;;5;; is the magnitude of the strain tensor, and Pr; is the turbulent
Prandtl number set to one third in the model. The mixing length X is defined as

L 1 1 (2.28)
M k(z 42 A '

where A = (AzAyAz)'/? is the filter size (or sub-filter length scale), n is a free parameter
set to 2, cs is the Smagorinsky constant and x is the von Karman constant.

The same filtering approach is applied on all the governing equations discussed in the
previous section. For the scalars, the filtered equation becomes:

aC _ _i@pou]{ _ iapORg,j +§Z (229)

at  po Oz, po Oz,
where R ; is, again, subfilter scalar flux that is modeled as:

Kl

Rej=uC =0 =—p 5~ (2.30)
J

Surface model

Since a part of the turbulent motions is parametrized in LES, this also requires a pa-
rameterization of the surface-flow interface. To relate surface fluxes to their near-surface
gradients the Monin-Obukhov similarity theory (MOST) is often used (Anderson & Men-
eveau, [2010). This MOST is also used in MicroHH, where the parametrization has been
constrained to rough surfaces and very turbulent flows, as is often the case in the at-
mosphere. In MOST, the surface fluxes and the gradients just above the surface are
related through empirical functions that depend on the first model level height z; and
the Obukhov length L =

—K“—g,o, where u, is the friction velocity, x is the von Karman
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constant and By is the surface kinematic buoyancy flux.
The momentum fluxes and friction velocity can therefore be connected to the wind gra-
dient above the surface following the relation:

K21 aU /leu* ou ~ l{zlu* dv ¢ (_> (2 31)

u, 0z ww 0z vw 0z

Here, U = V@2 + 92 and v/w’ and v'w’ are the surface momentum fluxes. These variables
can be found by relating surface roughness length z,, and z;, which yields:

Uy = fm (U1 = Vo), (2.32)
ww' = —uy f, (U — o) , (2.33)
V'w' = —uy frn (07 — o) - (2.34)
where
K

fn = (2.35)

I (Z25) = W () + T (32)
V., and ¢,, are empirical functions that depend on atmospheric stability. For an unstable
atmosphere they have the form (Wyngaard, |2010)

1
2

b = (1+fym\<|§)_ (2.36)

¥,, =3In (1 +2¢’711> : (2.37)

z is a height above the surface. For the stable atmospheric

z

where 7, = 3.6 and ¢ = %,
conditions they are (Wyngaard, 2010))

U, = —AnC (2.39)
with \,, = 4.8.
The same procedures are applied for scalar fluxes:
K21 Uy 8¢
2.40
¢’w 82 ~ O < > ( )
Pw' = u.f (c/i — ¢~0> , (2.41)
K
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where U, and ¢y, are defined in the same manner as for the momentum fluxes (Wyngaard,
2010), and for the unstable atmosphere they take the form (Wyngaard, 2010):

1

2

on = (1+mlcl?) (2.43)
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U, =3I (HTW) , (2.44)

where 7, = 7.9 and ¢ = 7. For stable atmospheric conditions (Wyngaard, 2010):
¢n =1+ A (2.45)
Uy, = —=A\( (2.46)

with A\, = 7.8. All of the above equations cannot be calculated without knowing the
Obukhov length L. In the surface model L is calculated by relating the dimensionless

number 2 with the Richardson number. The definition of this relationship depends on

the chosen boundary conditions. Here, we write the explicit form of the relation, which
is used when both the friction velocity u, and surface kinematic buoyancy flux By are

known:

.2 kz1Bg
Ri=—=— .

— 2.4
7 " (2.47)

2.4 Conclusions

In this chapter, we have given an overview of the three main techniques that are used in
this thesis to simulate plume dispersion The relationship between the models and their
ability to simulate the plume dispersion has not yet been discussed in detail. This will be
the main topic in some of the following chapters: The relationship between the stationary
GPM and non-stationary LES will be discussed in detail in chapter [3| and the ability of
DNS and LES to simulate close-source plume dispersion is the topic of chapter [3]






Chapter 3

Evaluation of two common source
estimation measurement strategies
using large-eddy simulation of plume
dispersion under neutral
atmospheric conditions

This chapter is based on: Raznjevié, A., van Heerwaarden, C., & Krol, M. (2022).
Evaluation of two common source estimation measurement strategies using large-eddy
simulation of plume dispersion under neutral atmospheric conditions, Atmos. Meas.
Tech., 15, 3611-3628, https://doi.org/10.5194 /amt-15-3611-2022
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Abstract

This study uses large-eddy simulations (LES) to evaluate two widely-used observational
techniques that estimate point source emissions. We evaluate the use of car measure-
ments perpendicular to the wind direction and the commonly used Other Test Method
33A (OTM33A). The LES study simulates a plume from a point source released into a sta-
tionary, homogeneous and neutral atmospheric surface layer over flat terrain. This choice
is motivated by our ambition to validate the observational methods under controlled con-
ditions where they are expected to perform well since the sources of uncertainties are
minimized. Three plumes with different release heights were sampled in a manner that
mimics sampling according to car transects and the stationary OTM33A method. Subse-
quently, source strength estimates are compared to the true source strength used in the
simulation. Standard deviations of the estimated source strengths decay proportionally
to the inverse of the square root of the number of averaged transects, showing statistical
independence of individual samples. The analysis shows that for the car transect mea-
surements at least 15 repeated measurement series need to be averaged to obtain a source
strength within 40% of the true source strength. For the OTM33A analysis, which rec-
ommends measurements within 200 m from the source, the estimates of source strengths
have similar values close to the source, which is caused by insufficient dispersion of the
plume by turbulent mixing close to the source. Additionally, the derived source strength
is substantially overestimated with the OTM33A method. This overestimation is driven
by the proposed OTM33A dispersion coefficients, which are too large for this specific
case. This suggests that the conditions under which the OTM33A dispersion constants
were derived, were likely influenced by motions with length scales beyond the scale of the
surface layer. Lastly, our simulations indicate that, due to wind-shear effects, the position
of the time-averaged centerline of the plumes may differ from the plume emission height.
This mismatch can be an additional source of error if a Gaussian plume model (GPM) is
used to interpret the measurement. In case of the car transect measurements, a correct
source estimate then requires an adjustment of the source height in the GPM.
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3.1 Introduction

Reducing methane emissions can have a more immediate positive influence on the miti-
gation of climate change than reducing the emissions of carbon dioxide (e.g. Baker et al.
(2015)); Zickfield et al.| (2017); |Caulton et al. (2018))). However, methane is emitted by a
high variety of activities, which makes the identification and quantification of the sources
a complicated endeavour, and as such the methane budget is uncertain (e.g. [Saunois et
al.| (2016)). In order to address the urgency in constraining the methane budget, the
Methane goes Mobile - Measurements and Modelling (MEMO?) project, in which our
study is embedded, started in 2017. Reducing the uncertainties has two elements. First,
methane sources need to be identified, and second, accurate measurements are needed to
quantify the source magnitude. In this paper, we focus on the latter and demonstrate
how three-dimensional large eddy simulations (LES) can help us in estimating the uncer-
tainty in methods that derive the source strength from field observations, and in setting
up appropriate measurement strategies.

Before presenting our study, we provide an overview of the state-of-the art in plume
measurement techniques and three-dimensional simulation of dispersion. Observation of
plumes can be performed using a wide range of techniques, such as satellite remote sensing
(e.g. Houweling et al. (2014); Wunch et al. (2019)) and aircraft measurements (Cui et
all 2019), sensors mounted on towers (Rockmann et al., [2016]), unmanned aerial vehicles
(UAVs) (Berman et al., [2012; Andersen et al., [2018; Shah et al., 2019)), and tracer release
correlation techniques (Mgnster et al., 2015; Mitchell et al., [2015). For the detection and
quantification of local sources, techniques using mobile platforms are particularly useful,
since they allow for large areas being covered with measurements in relatively short time
period and quick source strength estimations using simple models. In this paper, we
will analyze two prominent methods that are widely used: line observations made using
driving cars, and stationary observations using the Other Test Method 33A (U.S. EPA|
2014)). In these methods, the Gaussian plume model is used to translate observations of
concentration and wind speed into an expected emission source strength.

The first method, car measurements, has been used for large variety of sources, i.e. leaks
from gas and oil production facilities (e.g. [Yacovitch et al| (2015); Atherthon et al.
(2017); Baillie et al.| (2019)), emissions from landfills (e.g. Hensen & Scharff (2001)), ur-
ban pipeline leaks (Phillips et al., 2013), and agricultural emissions (Hensen et al., 20006).
Drawbacks of this method are its dependency on the available road infrastructure, the
necessity to know the exact source location and the assumption of constant wind speeds
that often needs to be made (e.g. |Seinfeld (1986)); Atherthon et al.| (2017); |Caulton et
al.| (2018)) The second method, the OTM33A method, combines downwind point mea-
surements of methane concentrations and wind to derive the emission flux employing the
Gaussian plume model. The OTM33A method has been used in estimation of emissions
from oil and gas production facilities (e.g. Brantley et al.| (2014)); Lan et al.| (2015); |Foster-



28 Evaluation of two common source estimation measurement strategies

Wittig et al.| (2015); Robertson et al.| (2017))) and the method has recently been evaluated
by [Edie et al. (2020)). The advantage of this method is its relatively simple measurement
process that relies on wind direction variations that move the plume over the stationary
measurement device positioned directly downwind of the source. By averaging over a suf-
ficient amount of time, a one-dimensional Gaussian profile of the plume can be recorded.
Drawbacks of this method are its inability to account for buoyant plumes, variation in the
emission and measurement heights and ground reflection of the plume. In particular, the
latter requirement demands the observations to be done close to the source on distances
of 20 - 200 m (U.S. EPA| 2014; |[Edie et al. 2020).

Both measurement techniques, as previously mentioned, rely on the Gaussian plume model
to estimate emission rates. The Gaussian model is the solution to the advection-dispersion
equation for a point source with the assumption of constant wind and dispersion coeffi-
cients that are functions of downwind distance and atmospheric stability (e.g. [Seinfeld
(1986))). As such, the methods compare the modeled stationary plume with the measured
turbulent plume. Such comparison is bound to lead to estimation errors, unless enough
measurements have been collected to average out the atmospheric variability. Therefore,
a systematic and controlled study is needed to constrain the influence of turbulence on
these measurement techniques. Apart from Caulton et al.| (2018), who analysed the car
transect method using LES and concluded that at least 10 transects are needed to average
out the variability, such study has not been conducted to the best of our knowledge.

Three-dimensional simulation techniques, such as large-eddy simulation (LES) and direct
numerical simulation (DNS), can aid in understanding and quantifying the uncertainties
in the two measurement methods. In the past, LES and DNS have been used to study
atmospheric dispersion. LES, which parametrizes the smallest scales of turbulence, has
been successful in simulating dispersion at close and moderate distances from the source
(e.g. Boppana et al.| (2010} 2012); Matheou et al.| (2016); |Ardeshiri et al.| (2020])). DNS,
as it resolves all details of the flow, would be an ideal approach for studying plume
dispersion, however, due to unfeasible computing costs involved, it cannot reproduce high
Reynolds number flows (Pope, 2000)). Nevertheless, in recent years DNS is becoming more
affordable for atmospheric studies (e.g. Branford et al. (2011)); Oskouie et al.| (2017)), as
computers have sufficient power to simulate atmospheric boundary layers with statistics
that are slowly becoming Reynolds number independent.

In this study, we evaluate the car and OTM33A methods using LES. Numerous studies
have shown that LES is an established tool for studying plume dispersion (e.g. Dosio &
de Arellanol (2006)); Boppana et al.| (2012)); |Ardeshiri et al.| (2020)); |Cassiani et al.| (2020)).
Due to the high computational costs involved in LES, we limit this study to the lower
atmospheric boundary layer under neutral conditions. The neutral atmospheric surface
layer can be well represented by a turbulent channel flow and is one of the most canon-
ical and well-studied cases of atmospheric turbulence. Moreover, the two measurement
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methods are expected to perform well under neutral atmospheric conditions. This study,
therefore, provides a baseline test for the two measurements methods. The LES represents
the ideal experiment in which all sources of uncertainty are controllable and quantifiable.
By using LES we are able to study the influence of turbulent fluctuations on plume dis-
persion and consequently on the measured plume, which can be used as a benchmark for
future measurement campaigns.

This paper is structured as follows: In Section we shortly describe the Gaussian plume
model, since it is the basis for source estimation in the two studied measurement strategies.
We also describe in detail the OTM33A and the car sampling methods. Furthermore,
in Section [3.3] details of our numerical simulation setup are presented, as well as the
implementation of Gaussian-shaped sources, which proved to be necessary for this study.
In Section the performance of LES is validated against a wind tunnel experiment,
described by Nironi et al.| (2015)). Furthermore, the similarities of time averaged LES
plumes and Gaussian plumes are discussed, followed by an analysis of the impact of plume
averaging on source strength estimations. Finally, Section provides an overview and
discussion of our findings.

3.2 Measurement methods

Here, we discuss the two measurement methods: measuring from driving cars and the
OTM33A method. Before discussing both in detail, we provide a brief overview of the
Gaussian plume model as this is the essential model for both methods to convert concen-
tration measurements into a source strength.

3.2.1 The Gaussian plume model

The simplest approach to describe plume dispersion is the Gaussian plume model, which
represents the stationary solution to the advection-diffusion equation (e.g. |Seinfeld
(1986)). The solution to the equation with a reflective ground component is given by
Eq. B.7] (e.g. [Csanady] (1973)):

Here, x direction is defined as the direction of the mean wind wu, y is the horizontal
crosswind direction and z points away from the surface. C' is the scalar concentration at
the position (x,y,z), o,(x) and o,(z) are the plume dispersion parameters which depend
on the distance from the source and the atmospheric stability. These parameters are
calculated following one of many proposed parametrizations, most of which follow the
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Pasquill-Gifford’s stability class scheme (e.g. Seinfeld| (1986); Briggs (1973)); Korsakissok
et al.| (2009)). @ is the source strength positioned at (x5 = 0,ys,25). The model has been
studied in detail, and advanced versions are currently in use as a fast-response approach to
scalar dispersion modeling (e.g. (Cimorelli et al.| (2005)); Korsakissok et al.|[(2009)). One of
the main assumptions of this model is the plume stationarity, which deviates greatly from
the measured instantaneous plumes, and the model should be interpreted as an average
of an infinite number of instantaneous plumes (e.g. Seinfeld| (1986))). Studies suggest that
the sufficient averaging time, depending on the distance from the source and the stability,
ranges between 2 and 60 minutes (Fritz et all [2005)). For the neutral stability class D,
which corresponds with our study, the averaging time ranges from 2 to 30 minutes at
distances of 100 to 1000 m.

One set of dispersion coefficients o, and o, that is widely used (e.g. [Korsakissok et al.
(2009) ) is the Briggs parametrization. This parameterization is appropriate for urban
and for rural sites and is given in the form (Griffiths, 1994):

o; = ax(l+ px)?, (3.2)

where i = (y, z) and «, 8 and v are coefficients that depend on the dispersion direction,
stability class, and orography of the site where measurements are taken and x [m] is the
downwind distance from the source. For rural sites and neutral stability, coefficients have
values of a = [0.08, 0.06], 5 = [0.0001, 0.0015] for the y and z directions respectively, and
~v = - 0.5 for both directions.

3.2.2 0OTM33A Measurement Method

The OTM33A method was developed by the US Environment Protection Agency (U.S.
EPA| 2014). The method consists of two parts: detection of plumes and quantification
of emissions. The detection is performed by driving downwind from the likely source,
perpendicular to the mean wind direction, with the goal to detect the average plume
centerline. After the average plume centerline is detected, the car is parked directly
downwind from the source, at distance x € [20, 200] m. The inlet of the measurement
device is oriented directly towards the mean wind direction in order to minimize the impact
of turbulent eddies generated by the measurement equipment. Subsequently, the methane
concentrations, wind speed, wind direction, and temperature are measured continuously
for 20 min at the assumed height of the release. Emissions are quantified following the
Gaussian plume equation, with the assumptions (i) the measurement inlet is positioned
at the height of the release (ii) the measurement are taken directly downwind from the
source and (iii) the reflection from the ground is negligible at [20-200] m from the source.
Therefore, Q.stim [kg s7] can be estimated from:
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Qestim = QWUyUzcmaxﬂa (33)

where 0, and ¢, [m] are dispersion coefficients that are provided in look-up tables. These
coefficients depend on the distance from the source and the atmospheric stability. To
calculate ¢,,,,, methane concentrations are binned in wind-direction bins of 10°, and
the average methane concentration in every bin is calculated. cpq, [kg m™3] is taken
from the bin with the highest averaged concentration. u denotes the average wind speed
[m s7!] during the measuring period. Note that equation does not have a term
that accounts for plume reflection at the surface, buoyancy of the plume, and a possible
difference between the source height and the measurement height. Equation assumes
no background concentrations.

The OTM33A method is used for the quantification of small (point-like) sources. Since
the distances over which this method is employed are not sufficient for the plume to fully
disperse, the plume is still narrow, patchy, and meandering in behavior (Gifford} [1959).
Moreover, the method assumes that the terrain over which the plume is dispersing is flat
without any obstacles that can distort the shape of the plume.

3.2.3 Estimating source strength from car measurements using an Inverse
Gaussian method (IGM)

The car measurement method consists of measurements perpendicular to the mean wind
direction, downwind from the source (e.g. |[Yacovitch et al.| (2015)). This method, as
opposed to OTM33A, provides the one-dimensional spatial extent of the plume by moving
the instrument instead of relying on the wind direction changes to move the plume over
the instrument. Usually, the meteorological conditions are measured simultaneously by

either instruments placed on site (Caulton et al., [2018)) or instruments placed on the car
(Atherthon et al., 2017).

The method for estimating the source strength from measured plume transects is based
on the ratio of modeled and measured concentrations. If the mean wind is along the
x-axis and drive-by’s are in the cross-plume y-direction, then the source strength can be
calculated by summing the modeled and measured concentrations C),..s along the y-axis
and by scaling the source strength (Caulton et al., 2018])

Z Omeas

Qestim = vy
e z CGauss
Y

X @y (3.4)

where Cgauss are the modeled concentrations. To calculate Cgauss, Eq. is used with
the referent emission rate (), measured mean wind u, and dispersion coefficients chosen
for the encountered conditions in the field. The estimates rely on line integral in the y
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direction. Therefore, the technique is not sensitive to possible misrepresentation of lateral
dispersion in the modelled plume but assumes that the vertical dispersion is described
correctly. Equation [3.1]takes into account the reflection from the ground and assumes that
the exact location and height of the source are known. In this procedure, no background
concentrations are assumed.

3.3 Case set-up and numerical simulation

Numerical simulations have been performed using MicroHH (www.microhh.org, |van Heer-
waarden et al.| (2017))).

We study a stationary, homogeneous, turbulent channel flow in which a non-reactive scalar
is being released from multiple point sources. The model set-up follows the experimental
study by Nironi et al.| (2015).

Our simulation uses a second-order-accurate finite volume scheme to solve dynamics in
the system. For the advection, sixth order interpolations are applied and for the advection
of scalars a flux limiter is applied to ensure monotonicity. Time is advanced with a third
order Runge-Kutta time-integration scheme. We use periodic boundary conditions for
the three wind components on the lateral boundaries of the domain. The second-order
Smagorinsky model is used for the subgrid parametrization of the velocity components.
The upper boundary condition is free-slip and the tangential components of velocity are
assumed zero (g—;‘ = % = 0). There is no penetration through the upper boundary (w =
0). The lower boundary has no-slip (v = v = 0) boundary conditions and no penetration
through the lower boundary. For the scalar, in-flow and out-flow conditions were set on
all the lateral boundaries to prevent it from re-entering the domain. Dirichlet boundary
conditions are set for in-flow on the left and upper boundary and Neumann conditions
for the out-flow on the right and lower boundary.

3.3.1 Implementation of sources

The MicroHH code has been extended to support placement of point and line sources
of scalars at arbitrary positions in the domain. In order to avoid numerical artefacts,
which would arise from injecting tracer mass into the simulation at a single grid cell, the
implementation of a point source is achieved in the form of a 3-D Gaussian function that
spans over [—40;,40;], where o; is the standard deviation in the respective coordinate
direction (i = x, y, z), around the source location (xg, yo, zo). The value of o; is chosen by
the user, dependent on the required size of the source. Consequently, the source S that
is added to the grid has the shape

= - . (3.5)

S(z,y,2) =Q s GXp<_ (=20 (y—w)® (2—20)2).
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Here, Q [kg s7!] is the total source strength that is released in the simulation, distributed
over the 3-D Gaussian function S(z,y,z). The source S integrates into ) by using a
normalization constant:

1
Y m30,0,0.erf(4)3

S

(3.6)

3.3.2 Numerical experiment

As previously mentioned, the domain was set up to mimic the experimental study of
Nironi et al| (2015), with a domain size of 6144 x 1536 x 1000 m, and sources were
placed at 306 x 770 x [0, 60, 190] m. The friction velocity had the value u, = 0.16 m
s71, the eddy viscosity was v = 0.011 m? s~! and the wind speed at the top of the domain
was u = 5 m s '. The domain was discretized on a 1536 x 384 x 360 grid, with uniform
spacing in the horizontal direction (Ax = Ay = 4 m), and a stretched grid in the vertical
with Az ~ 1 m close to the surface and Az ~ 6 m at the top. The sources were added
into the simulation as a 3D (elevated sources) or 2D (ground source) Gaussians (section
3.3.1)) with oguree = 4 m, equivalent to one grid box size. Note that the source at 0 m
was not part of the Nironi et al.| (2015)) experiment. Nevertheless, we add this experiment
because ground sources are often encountered when measuring in the field. The source
strength for all three sources is set to Qspurce = 1 - 1073 kg s71. The simulation was first
run for 25200 s to achieve statistical stability of the flow, after which the three sources
were released into the flow and run for an additional 3600 s. The concentrations were
recorded every 1 s on multiple downwind distances over various 2D domain transects (x
~V, X —ZOr'y — 7).

3.3.3 Plume sampling
Stmulating plume meandering

Figure shows that, when our simulated plume is sampled according to the OTM33A
protocol, we capture very narrow plume with wind direction that spans over [-10°, 10°]
angle. We hypothesize that this is caused by the absence of large-scale meandering in
our simulation. The external forcing of our flow is determined by a large-scale pressure
gradient force directed constantly in the x direction of the domain. As a result, our LES
only contains meandering motions that are driven by turbulent motions in the domain
itself and not by larger scale flow fluctuations. Close to the emission source, the OTM33A
sampling protocol always samples the plume. Consequently, the sampled concentration
variations visible in Fig. are mostly caused by the applied shape of the emission
source (see section [3.3.1). Small-scale turbulent motions did not have time to mix the
plume, which is consequently still retaining the shape of the source. In order to impose
the lacking large-scale meandering, we mimicked meandering of the plume by moving the
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Figure 3.1: (a) Methane concentration plotted against the wind direction according to
OTM33A protocol for the case when no meandering is imposed. (b) Methane concentra-
tions against wind direction with imposed meandering. Red circles indicate bin averages.
Bins of 10° are used. (c) An example of the sampling pattern used to impose meandering for
two distances from the source.

measurement point through the plume, perpendicular to the mean wind.

The sampling was performed on an angle of § € [-15°, 15°] around the plume centerline in
the y direction. This angle was chosen in order not to sample outside of the plume. Onto
the sampling angle, the instantaneous wind direction measured at each sampled point
was added. We move the location at which we record the sample back and forth between
the plume edges, with a denser sampling close to the centerline, as shown in Figure |3.1
(see Appendix . Note that we impose larger values of Y when we sample further
downwind from the source. Figure b shows the resulting OTM33A concentrations
after we sampled the plume with the additional meandering.

We have sampled the plume at four downwind distances that fall into the proposed range
(x = [20, 200] m, Edie et al.| (2020))). The samples were taken at x = [48, 108, 152, 200] m
from the source. All three plumes were sampled at the height of their release (i.e. [0, 60,
190] m) with the frequency of 1 Hz for a duration of 30 min. Each plume was sampled 20
times with a time delay of 60 s between each sample to achieve reliable statistics.

Stmulating car sampling

The sampling of the plume mimicking the car movements was performed in a similar man-
ner as OTM33A measurements. The concentration measurements were taken perpendic-
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ular to the mean wind over the whole width of the domain (1536 m). The measurements
were taken at the height of the release for each of the three emission heights, and at eight
downwind distances from the source, x = [108, 200, 312, 624, 1248, 2500, 3748, 5000]
m.

Firstly, we have recorded instantaneous plume transects over the y direction, i.e. mimick-
ing an infinitely fast car. These instantaneous samples are used as a benchmark for plume
measurements taken with realistic car speeds. We have taken 70 sets of measurements,
each consisting of 100 plume transects to gather statistics. The time delay between each
set of measurements was taken as 10 s. The transects have also been sampled with a 10 s
delay in between them. Secondly, to study the possible influence of driving speed on the
source strength estimations, we have sampled the plume with two different car speeds,
V = [4, 12] m s, with a sampling frequency of 1 Hz. The 1 Hz frequency represents
the highest temporal resolution available from our simulation. As with the instantaneous
plume transects, we recorded 70 sets of 100 plumes, with a time delay of 10 s between
sets and individual plumes respectively.

To study the influence of atmospheric variability on the source strength estimation when
using the Gaussian plume model, we averaged plumes in each of the 70 sets for each
sampling strategy. The averaging was performed such that the resulting plume th je
[1, 384] is the position on the y-axis) is an average of ¢ (¢ € [1, 100]) previous plumes.
In this way, we transformed each set of turbulent plumes into a set of averaged plumes.
The first element is a single, non-averaged plume, and the last plume is an average of 100
plumes.

3.3.4 Statistical properties of the plumes

To further our understanding of the processes that govern plume dispersion close- and
far-field from the source, plume dispersion can be subdivided into two processes. The
first process (relative dispersion) is mixing by the turbulent eddies with a size smaller
than or comparable to the size of the plume. The second process (meandering) is the
displacement of the plume center of mass by the turbulent eddies that are larger than the
size of the plume (e.g. Dinger et al. (2018])).

To separate the influence of plume meandering from the influence of relative dispersion on
the total plume growth, we can define relevant plume metrics in an absolute coordinate
system (i.e. in relation to the ground) and a relative coordinate system (i.e. dispersion
around instantaneous center of mass). First, the center of mass of the instantaneous
plume relative to the surface, z,,, on its y-z transect is defined as:

[ (@, y, z,t) z2dzdy
[e(z,y,2z,t)dzdy

An ensemble average over many such instantaneous plumes will be equal to the center

(3.7)

Zm(z,t) =

of mass of the time averaged plume Z,,. Next, different metrics that measure plume
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displacement from its center of mass are defined. First, the absolute fluctuation 2’ is
the displacement of an in-plume particle from the mean center of mass z,,. Second, the
relative fluctuation 2, is the displacement of a in-plume particle from the instantaneous
plume center of mass z,. Third, z/ is the displacement of the instantaneous plume
centerline from the mean plume center of mass. These three metrics relate to each other
as:

Y =2 —Zn, A =2—zm, 2= Zm— Zme (3.8)

Now the vertical plume widths, stemming from the two dispersion processes o, mean (Mme-
andering) and o, ,,;; (mixing) are defined as:

[elz,y, 2, t) 22 dy dz
[ ez, y,2,t)dy dz

[elw,y, z,t) 22 dy dz 2
[elz,y,z,t)dydz ~ ™

Og,meand (ZE? t) -

(x,t) = (3.9)

A similar expression applies to the total plume spread o, ;,; around the mean center of

mass 2,
2 (at) = [e(z,y, 2, t) 2 dydz (3.10)
#tot A [e(z,y,z,t)dydz
where
O-,z,tot = O-,z,meand + Ug,mix‘ (311)

Similar expressions apply to dispersion in y direction.

3.4 Results

3.4.1 Velocity and mean plume statistics

As a first step, the velocity statistics from the LES are validated against wind tunnel
measurements presented in |[Nironi et al. (2015)). The statistics are obtained as time (60
samples over an hour of simulation) and horizontal (over the whole domain) averages.
Figure a shows discrepancies between the non-dimensional wind speeds in the experi-
ment and the LES. The wind speed at the top of the boundary layer in the LES is 4.9 m
s~1, which is very close to the value of 5 m s~ presented in [Nironi et al.| (2015). However,
the friction velocities, u,, have values of 0.163 m s~! and 0.185 m s~! in the LES and
the experiment respectively. As a result, the mean wind speeds differ when normalization
with u, is used. Another possible reason of the discrepancies is the so-called overshoot
of the mean wind in LES, which has has been addressed previously (e.g. Brasseur &
Weil (2010); |Ardeshiri et al.| (2020)). Overshoot in LES has been found to depend on the
subgrid-scale (SGS) model, grid aspect ratio, grid resolution and the wall model. Despite
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Figure 3.2: Vertical profiles of non-dimensional velocity statistics and comparison with the
Nironi et al| (2015) data. (a) Mean longitudinal wind speed, purple line indicates the law
of the wall with w, from Nironi et al. (2015). (b) Variances of three wind components, (c)

Reynolds stress and (d) triplet correlations.

the slight discrepancy in the mean wind, very good agreement is found between the wind
speed variances (Fig. b) and covariances (Fig. ). Very good agreement is found
for the triplet correlations as well (Fig. d). |Ardeshiri et al. (2020) also reproduced
the Nironi et al.| (2015]) case using LES, and presented very similar results.

Following the good agreement of the higher order velocity statistics, we expect that the
mixing of the plume in the cross-wind directions is well represented in the LES. The
longitudinal mean wind affects the advection of the plume, i.e. the time the plume spent
in the atmosphere being mixed by the turbulent eddies. Consequently, the statistics of
the |Nironi et al| (2015) plumes and the LES plumes cannot be compared at the same
downwind distances. They can, however, be compared at the same effective distances
from the source z,, defined as the downwind distance x scaled with one eddy overturn
distance X:

x x (T
T — 3.12

X ar ws’ (312)

where T is the characteristic eddy overturn time, u is the mean wind speed, u, is the
friction velocity and ¢ is the boundary layer height. The downwind distance x;ggs at
which the LES plume has spent an equal amount of "mixing-time” compare to the Nironi

et al.| (2015) plume (zy) is:

Us N ULESOLES

TLES — IN- (313)

UsLES UNON
Figure shows a comparison of the first four central moments, raised to the power of %,
n = [1, 2, 3, 4], respectively, of the mean plume concentrations at the distance zy = 2.5 4.
The moments are calculated over the horizontal and vertical plume transects at the height
of the release and the y-position of the source respectively. The comparison is shown for
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Figure 3.3: Vertical (left column) and horizontal (right column) profiles of the first four
central moments of plume concentration raised to the power of %, n = [1, 2, 3, 4] respectively.
Lines denote LES results and symbols are corresponding results from Nironi et al.| (2015). GS
(black) denotes the source emitted at 0.060 and ES (red) the source at 0.195. The transects
are taken at xny = 2.59 for the experiments. The corresponding values for xygg are 4.5 and
4.26 for GS and ES, respectively.

the plumes released at 0.06 6 and 0.19 6. The moments have been normalized (denoted
by superscript *) with the plume emission rate @ [g s™!], free-stream velocity ey, [m s7!]
and the height of the boundary layer ¢, e.g. C* = C' ““T‘SQ is the normalized mean plume
concentration. The mean plume profiles (Fig. w first row) show very good agreement
over both transects: peaks of concentration and the plume width are well captured in the
LES. The variances for the sources at 0.190 (Fig. second row) also show very good
agreement. For the plume emitted closer to the ground, the variances agree well with the
experiment at the edges of the plume, but are higher in the LES in the plume centerline.
The same can be observed for the other two moments shown here, the skewness mj; and
kurtosis m} (Fig. bottom two rows). Note here that, for higher moments, LES curves
do not show the same smoothness visible in the experiment despite the 600 samples used
to calculate the average.

To give the reader an intuitive understanding of the spatial distribution of the plumes,
Figure shows instantaneous x-z cross-sections of the three simulated plumes at the y
position of the source (ys). The lowest plume stays relatively close to the surface and
slowly mixes up with the increasing distance from the source. The middle plume stays
compact around the emission height for a relatively short time before it is transported
towards the surface. In contrast, the highest plume stays elevated for considerable distance
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Figure 3.4: Snapshot of x-z transects of the three plumes taken through the plume centerline.
Blue, orange, and pink correspond to emission heights of 0, 60, and 190 m, respectively.
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Figure 3.5: Example of 100 instantaneous transects from 3 plumes, taken at the emission
height of the respective plumes, at a distance of 1248 m from the source. The mean of the
100 plumes is shown in black. Blue, brown, and pink correspond to emission heights of 0, 60,
and 190 m, respectively.

from its source (=~ 3000 m) before it gets transported to the surface. While elevated, the
highest plume exhibits highly meandering behavior: the spread of the plume around
its instantaneous center of mass is narrow, and is transported and broken up by larger

eddies.

To illustrate these meandering motions, Figure |3.5| shows 100 instantaneous y-transects
taken at emission height for each plume, separated by 24 s and at 1248 m from the source.
Clearly, enhanced variability is found for the highest plume. Large eddies do not cause
mixing close to the surface, and dispersion at this level is predominantly caused by diffusive
processes. Furthermore, the lowest plume exhibits higher mean concentrations, which can
be attributed to the lower mean wind speed close to the ground (Fig. ).

3.4.2 Structure of the time averaged LES plume

The Gaussian plume model is a solution to the stationary advection-diffusion equation

(Seinfeld, [1986]), and can be interpreted as a time average of an infinite number of plume
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Figure 3.6: Time averaged x-z cross-section of the LES plume at (top) 0 m, (middle) 60 m
and (bottom) 190 m height. The concentration fields are averaged over half an hour. The
isolines are connecting the areas with the same concentration shown here in [g kg=!]. Also
plotted are the plume edges of the Gaussian plume (assuming Briggs diffusion coefficients)
and the LES plumes. Centerlines z,, are plotted as dashed lines.

realizations. Therefore, by time averaging the LES plume over a large number of time
steps, a Gaussian plume shape is expected. Figure [3.6| shows the time-averaged LES
plumes in the x-z plane at the y position of the releases (ys = 0 m). Figure also
shows the edges 0.t ps of the plumes and the plume centerline Z,, (see section [3.3.4)).
For comparison, the edge of a Gaussian plume o, pigqs for stability class D defined by
Equation [3.2] are given.

Firstly, it can be observed that mean plume centerlines behave differently depending on
the release height. For the highest release height (Fig. [3.6] (bottom)) the mean plume
centerline stays at the emission height irrespective of the downwind distance from the
source. Conversely, the plume centerline is lifted from the surface for the source at 0 m
(Fig. [3.6] (top)) and at 60 m (Fig. [3.6] (middle)). This is a consequence of the vertical
velocity field that is positively skewed at the lower heights (not shown). As a result,
there are large areas of slowly sinking motions with occasionally strong upward ejections
lifting the mean centerline position. Secondly, the lowest plume shows clear discrepancies
in the lines that outline the plume edges in the Gaussian plume model and the LES.
The Gaussian plume model only accounts for the effects of vertical mixing through the
vertical dispersion coefficient, o,. Consequently, the plume centerline remains always at
the emission height. Lastly, for the highest emission height, the width of the Gaussian
plume and the highest LES plume only start to diverge far from the source. For the
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Figure 3.7: (a) Horizontal and (b) vertical plume width as a function of downwind distance
from the source. Plume widths are shown for all three release heights as well as plume widths

calculated using Briggs (Eq. .

Table 3.1: Coefficients of horizontal and vertical plume dispersion (Eq. fitted for LES
plumes with different source height. v = - 0.5 remains unchanged from eq

Source height [m] H 0 60 ‘ 190 H
. a 0.07 0.062 0.048
y 3 0.001 0.001 92 x 107*
a 0.017 0.043 0.049
0z 3 9% 107 | 0.001 5 x 107

lower two emission heights, the differences between the plume widths are larger. This
is better illustrated in Fig. b. Here, o, values from Briggs and the 190 m release
height are similar to approximately 1000 m downwind from the source before they start
to diverge. The slower vertical dispersion of the lower two plumes is also clearly visible.
LES therefore indicates that vertical dispersion coefficients should be height dependent
to capture changes in the wind regime with height. In contrast, horizontal dispersion
coefficients (Fig. [3.7] a) show very little variation with changing release height, but are
much smaller than the Briggs Gaussian plume coefficients. The small dispersion in the y
direction can be attributed to the lack of the large scale forcing in our simulation or the
absence of eddies larger than the domain size (1536 m). We dictated the meandering part
of dispersion in the horizontal direction (see Section [3.3.3).

To mimic the Gaussian plume growth in both directions with Eq. [3.2] Table gives the
optimized coefficients that lead to a match with the LES plumes. These coefficients will
be used in Section to compare to the dispersion coefficients from the look-up tables
used in the OTM33a method.

Now we move on to use the LES results to evaluate two techniques to infer the source
strength from downwind concentration measurements: OTM33A, and the Inverse Gaus-
sian Model using drive-by’s.
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3.4.3 OTM33A

In order to obtain Gaussian profiles of mean concentrations (see Fig. 7 we followed
the sampling procedure described in Section to mimic plume meandering. Source
strength estimates using the OTM33A method at 4 different distances from the source (x
= [48, 108, 152, 200] m) are shown in Fig. 3.8, The tracer concentrations were recorded
over 20 min (1200 data points). To obtain measurement ensembles, the sampling was
repeated 20 times, as described in Section [3.3.3]

The most striking result is that for nearly all emission heights the OTM33A method
overestimates the source strength. Uncertainties generally increase slightly with increasing
distance from the source. Only for the 190 m source the estimated source strength at the
downwind distance of 48 m is close to the true source strength. We found that this effect
is caused by the way we introduce the source in the atmosphere. Instead of emitting
the tracer as a point source, we use a Gaussian distribution to pre-disperse the source

(see sections|3.3.1| and [3.3.2). In combination with the implemented meandering (section

, sampling close to the source coincidentally leads to plume dispersion similar to
the dispersion of the OTM33A imposed Gaussian plume. Following this, we expect the
different source size to have a different effect on the source strength estimation on distances
very close to source. In future studies, it is recommended to quantify the effect of the
prescribed source size on the source estimation using OTM33a.

Further away from the source and with lower emission heights, a general overestimation
is found. The estimated source strengths using the OTM33A method depends linearly
on the dispersion parameters (Eq. . Consequently, too large dispersion parameters
automatically lead to overestimated source strengths. The dispersion parameters used
here were taken from the recommended look-up table (U.S. EPA| 2014). These values
are based on the Pasquill-Gifford dispersion curves, just like the Briggs coefficients.
As we have shown above (Fig. a), these values are too large in the y direction
compared to our LES dispersion calculation, explaining the overestimates. We have
also shown that dispersion parameters in the z direction depend on the height of the
source. While the differences in the z direction are not so pronounced, especially for
the highest source (Fig. b), they also contribute to the error in estimates. At the
closest distance from the source, the estimates for the two lower sources have larger
errors compared to the highest source. There are several causes for this. Firstly, as
previously discussed, the vertical dispersion coefficient for the highest plume has a
better agreement with the Briggs dispersion coefficient at distances close to the source.
Secondly, according to the OTM33a protocol, the concentrations should be recorded at
the plume centerline, which is assumed to be at emission height. However, we found
that for different emission heights the instantaneous plumes centerline positions behave
differently. Figure 3.9/ shows the pdfs of instantaneous plume centerline positions relative
to the y and z position of the source (ys, zs). In the z-direction, the pdfs have longer
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Figure 3.8: Estimates of the source strength using the OTM33a method for the emission
heights 190 m, 60 m and 0 m at four different distances. Boxes show the interquartile range,
while the whiskers span from 5 to 95 percentile of the data and show the mean and median.
The dashed line refers to the true source strength used in the LES.

tails for values above the emission height (positive skewness). In contrast, the lowest
plume lifts off the ground with distance from the source. With downwind distance, the
displacements from the emission height grow as do the errors in the source strength
estimates. In the y direction, the highest and the lowest plumes have slightly positively
skewed pdfs relative to the emission point. The skewness in the middle plume is even
more pronounced. This, in combination with the plumes still being very narrow, results
in plumes being sampled at their edges, which leads to high estimation errors. The error
also depends on the distance from the source as the height of the plume median is not
constant. Further downwind this effect is less pronounced since the plumes get wider
and sampling slightly out of the plumes median position still characterises the plume well.

Next, we study the influence of the averaging time on the source estimation. In Fig. [3.10
we show source estimates for six different averaging times at four sampling distances.
The estimates for all emission heights show similar behaviour. Averaging for 20 minutes
leads to smaller estimation errors for all three sources. Convergence of the error becomes
slower with increasing distance from the source for the two higher sources. The lowest
source had a small estimation error even for short averaging times on most downwind
distances. From Fig. [3.5] it is visible that the lowest plume shows little variability even
when measured much further from source (1248 m on Fig. than the OTM33a method
suggests.

Lower variability in estimations closer to the source can be attributed to short disper-
sion time. As previously mentioned, the plumes dispersion is a combination of relative
dispersion around the instantaneous center of mass and the meandering motions. On
very short distances from the source the plume will retain the initial source shape until
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Figure 3.9: Probability density functions of the instantaneous plume centerline positions
with respect to the plume emission positions (blue: 0 m, yellow: 60 m, pink: 190 m) in the y
(left column) and z (right column) directions. Bins of 1.5 m were used.

it gets sufficiently mixed by the relative motions. Even with the added meandering that
we implement (see Section m, Fig. , the sampled plume resembles the shape of
the source. Consequently, until the plume gets sufficiently mixed by smaller eddies, the
variability between OTM33a experiments used to produce the box-plots on Fig. [3.10] is
not large. The increase in uncertainty with distance is related to the increase of the plume

size.

Structure of the plume close to the source

To study the structure of the plumes close to the source, we analyze the plume statistics
following the approach described in Section [3.3.4l To that end, we investigate the two
processes responsible for plume dispersion (mixing and meandering) separately. The effect
of turbulent mixing on the plume (0,,;;, as defined in section eq. is isolated
by averaging the 3600 plumes after aligning them according to their (displaced) center
of mass in y and z directions. Figure [3.11] shows these time averaged plumes, both
aligned and non-aligned (meandering included) in the y direction at four distances from
the source for the largest emission height. The figure also depicts Gaussian functions
fitted to the aligned and non-aligned plumes, calculated according to Egs. [3.9| (o,n::) and
3.10| respectively. For reference, also the recommended OTM33A Gaussian dispersion is

plotted.

In general, the non-aligned Gaussian functions are wider due to the meandering effect



3.4 Results 45

X =48 m x =108 m

Qlgs™]

2] ngégéj:%élaei
N __?_;_é--;ﬁ.l.;-;-- N ﬁéé é _;éa__@__

x=152m X =200 m

= Source at 0 m

% e é N | i:ﬁiiﬁiﬁi:ﬁ?&"‘m
L Ehhh kY

1 ====daa
T T T T T T T T T T T T

5 10 15 20 25 30 5 10 15 20 25 30
Averaging time [min] Averaging time [min]

Qlgs™]

Figure 3.10: Source estimation using OTM33a method for 4 different distances from the
source and for different averaging times. Boxes show the interquartile range, while the whiskers
span from 5 to 95 percentile of the data and show the mean and median. The dashed lines
refer to the true source strength used in the LES.

of the larger eddies that has been implemented (Eq. , Omeander)- As before, we find
that the OTM33A dispersion coefficients are significantly larger than the time-averaged
plumes. For the closest transect at 48 m, the tails of the non-aligned plume are very short
and very similar to the aligned plume. This supports the observation that close to the
source the plume is still very narrow and is not moved much by the larger sized eddies or
dispersed around its centerline by the smaller ones. The shape of the plume at 48 m is
determined by the shape of the sources (section . Further downwind the difference
between the aligned and non-aligned plumes grows, which indicates that the plume is
being moved around significantly by larger eddies. At 200 m from the source, the aligned
plume is still compact, which indicates that dispersion by small eddies is a slow process.
The same behavior can be observed for the z direction (not shown). The values of the
derived dispersion coefficients are given in Table [3.2]

We tested the OTM33a method with the dispersion coefficients derived from the LES.
Understandably, the source estimates improve largely compared to OTM33A method,
but we still find estimation errors up to ~ 40 % (not shown). We argue that these errors
are caused by the vertical displacement of the plume during transport (see Fig. [3.6).
As previously mentioned, one of the assumptions of the OTM33a method is that the
measurements are taken at the emission height. However, very close to the source the
mean plume position, emission height, and the mode of the instantaneous plume positions
do not necessarily coincide (Fig. . This is a likely consequence of the skewed vertical
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Figure 3.11: Time averages of instantaneous plumes (blue) on the plume centerline and the
instantaneous plumes aligned according to their centers of mass (orange), in the y direction.
Fitted through them are Gaussian functions with one standard deviation of their width o; [m]
(green: mixing; red: total). For reference, we show Gaussian functions fitted to the maximum
of the non-aligned plume with o taken from OTM33A (black). Emission and sampling heights

were 190 m.
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Table 3.2: Dispersion coefficients ¢ (in m), obtained by using the definitions presented in
section for the plume emitted at 190 m.

Distance Oy, tot Oymiz | Oy,meand| Oz,tot Ozmix | Ozmeand
[m]

48 4.56 3.62 2.78 2.90 1.83 2.25
108 7.63 4.68 6.02 5.60 3.06 4.69
152 10.01 5.54 8.34 7.50 4.02 6.33
200 12.65 6.56 10.80 9.44 5.08 7.69

velocity field discussed previously in section On top of that, we found that the pdf
of the instantaneous plume positions is also slightly skewed in the y direction (Fig. ,
which contributes to the overall error.

In conclusion, we find that the errors associated with the OTM33A method are sizeable.
One source of errors is associated with the assumed dispersion coefficients, which were
found to be too large compared to LES. Other sources of errors are related to assumptions
made in the Gaussian plume model.

3.4.4 Source strength estimation from car measurements

Now we move to the analysis to more dispersed plumes that are sampled further away from
the source (> 200 m). Figure shows results of car measurements taken perpendicular
to the mean wind and at plume emission height for all three sources. Estimates were made
following the Inverse Gaussian method described in Section The employed Gaussian
plume model (Section uses Briggs dispersion coefficients and the mean wind speed
in the x direction at the height of the release. Estimates are shown for transects taken
by an infinitely fast car. The transects are taken according to the sampling procedure
described in Section ([3.3.3). If only one transect is made, the estimated source strength
shows a large spread for all distances, with estimates being up to 4 times larger than the
real source strength. The medians show a negative bias indicating that a large fraction
of the plumes has relatively low concentrations, and a few plumes exhibit (very) large
concentrations. This result is expected, since the most concentrated part of the plume
is moving over a 2D (y-z) plane (e.g. Fig[3.5]). The probability of sampling this part
of the plume with a 1-D transect is less likely. When the source strength is calculated
using averaged plumes (see Section , it becomes more likely to estimate the emission
strength. This is due to turbulent fluctuations in the plumes being averaged out. As a
result, the averaged plume becomes more Gaussian as more transects are included in the
average. For instance, the spread drops by &~ 50% if 10 transects are averaged. These
results are in line with the findings of (Caulton et al. (2018), who proposed averaging over
at least 10 transects. As opposed to the estimations from the higher two plumes, the
estimations from the lowest plume exhibit very little variability. As we have discussed in
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relation to Fig. large eddies do reach the surface but merely displace the plume, and
plume dispersion at this level is predominantly caused by small eddies processes.

In contrast to the OTM33A method, the estimated source strengths converge to the true
value with sufficient averaging time using car transects. This is due to the fact that car
transect method calculates the mass flux of the tracer by integrating over the (assumed)
Gaussian profile. The flux of the mass through any given y-z plane in both models is
conserved and equal, irrespective of the width of the actual plumes. Note here that the
LES plume in our analysis is still much narrower in the y direction compared to the
Gaussian plume. In the vertical direction, the LES plume width is comparable to the
Gaussian (Fig. . If this would not be the case, the analysis would give incorrect
source estimates, since a different displacement of mass in the vertical would lead to a
different horizontal line integral.

It can be seen that the estimations, depending on their distance from source, converge to
a slightly different value than the true source strength. This can be related to the position

of the plume centerline and the plume mode discussed in sections |3.4.2| and |3.4.3| For the

LES plumes the position of the mode varies with the distance from the source while in the
Gaussian plume model the plume centerline does not diverge from the emission height.
This mismatch in the two models effectively means that two plumes with different emission
heights are being compared. When the emission height in the Gaussian plume model is
adjusted to match the height of the LES plume mode for a certain downwind distance,
the estimation error disappears.

Lastly, we have repeated the analysis of source strength estimations sampled outside of
the plume centerline (not shown). Notably, the closer the plume is sampled to its edge,
the more transects are needed for the estimates to converge to the true value. This was
an expected result since at its edge the plume shows greatest variability as shown in
previous studies (e.g. [Dosio & de Arellano| (2006); Gailis et al.| (2007); |Ardeshiri et al.
(2020))).

To study the convergence of the results, Fig. shows standard deviations of the source
strength estimation for the plume emitted at 190 m. The standard deviations are shown
for the first 40 plumes at 8 different distances from the source. After &~ 10 transects, the
standard deviation decays with the inverse square root of the number of averaged plumes.
This confirms that all transects through the plume are independent, and that the time
difference between the samples was not too short. We also studied the influence of driving
speed through the plume for cars driving slow (4 m s™!) and fast (12 m s™!) but have
found no significant difference in results from transects taken by infinitely fast cars.
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Figure 3.12: Estimates of the source strength from instantaneous plume transects for all
three emission heights. Boxes show the interquartile range, while the whiskers span from 5 to
95 percentile of the data and show the mean and median. Distances from the source are (a)
200 m, (b) 624 m, (c) 1248 m.

3.5 Discussion and conclusion

In this study, we performed a large eddy simulation (LES) of point source plumes released
into a neutrally stable, homogeneous and statistically stationary turbulent flow over a flat
terrain. Simulations were performed following the laboratory experiment by [Nironi et
al.| (2015)) of point-source plume dispersion in a turbulent channel flow. Point sources
were placed at three altitudes z = [0, 60, 190] m. We sampled our numerical plumes
according to two measurement protocols that aim to estimate point source strengths with
the aid of the Gaussian plume formalism. The aim was to quantify the uncertainties of
the drive-through and OTM33a methods.

We found that the time-averaged LES plume has a Gaussian shape, but that the dispersion
rate of the plume in the y direction is slower compared to a Gaussian plume with the
Briggs dispersion coefficients representative of a neutral boundary layer (e.g. |Griffiths
(1994)). One of the reasons why our y-dispersion is smaller might be the lack of large
scale variability in our simulation, which is instead forced by a constant gradient pressure
force. In the vertical, the discrepancies between the Briggs coefficients and the LES plumes
were less pronounced. However, for smaller release heights, the mean plume centerline is
displaced in the vertical, a feature that is not captured in the standard Gaussian plume
dispersion coefficients. The rise of the plume centerline downwind from the source is
caused by the nature of the boundary layer turbulence, which has large areas of slow
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Figure 3.13: Standard deviation of the source strength estimates with increasing sample size
for eight different distances from the source. The emission and sampling heights were 190 m.

sinking motions, and small areas with stronger upward motions.

Application of the OTM33A method to our simulated plumes showed that we tend to
overestimate the source strength by ~~ 50 - 200 %. Previous studies (Edie et al., 2020)
showed a two-o uncertainty in the source strength of + 70 %, but without a bias. The
significant overestimation in our results is a direct consequence of the OTM33A formal-
ism in which the derived source strength depends linearly on the dispersion coefficients.
Coefficients based on Pasquill-Gifford dispersion curves (U.S. EPA| (2014)), e.g. [Seinfeld
(1986)) and Briggs coefficients (Griffiths, |1994) are both too dispersive compared to the
LES simulation.

By aligning and averaging the plumes according to their center of mass we were able to
show that, at distances smaller than ~150 m from the source, the plume shows a shape
similar to the source shape, i.e. a very narrow Gaussian. The aligned and non-aligned
plumes are similar indicating that the plume is moved very little from its center of mass by
larger eddies (meandering) even though OTM33A accounts for that. From Fig. this
is most obvious for the plume at 48 m. Further downwind the height of the aligned plume
peak gets smaller indicating the dispersion in the z direction also plays an important role.
Nevertheless, if the dispersion coefficients derived for the individual LES plumes are used
in combination with the OTM33a method, significantly smaller errors are found. Another
source of the errors in the OTM33a method is the position of the plume in relation to
its centerline. The method assumes that the plume centerline position, emission height
and the mode of the centerline position coincide. We were able to show that this is not
necessarily true and that this mismatch leads to additional uncertainties in the source
estimation.
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We also simulated drive-by’s at distances up to 1248 m from the source. The plumes
were sampled simulating different car speeds with a sampling frequency of 1 Hz to mimic
realistic field conditions. We used the Inverse Gaussian Model (IGM) method to derive
the source strength, with the mean wind taken from the LES at release height and using
Briggs dispersion coefficients. We found that the correct source strength is estimated if
the result is averaged over sufficient different realisations. To estimate the source strength
within ~ 40%, we recommend to average over at least 15 drive-by’s. This supports the
findings from (Caulton et al.| (2018)) who recommended at least 10 transects. Our results
show no significant influence of the driving speed on the source strength estimation. The
IGM method is insensitive to errors in y-dispersion, because the method depends on the
line integral in the y-direction. We found, however, that a mismatch between the vertical
centerline position of the plume and the emission height does produce an error in the
source estimation. This error can be corrected by adjusting the height of the Gaussian
plume to match the simulated plume centerline.

The plumes studied here were emitted into the neutral channel flow as this is the most
canonical case of the atmospheric turbulence. Similar study should be performed for
unstable and stable conditions. Based on our findings, we expect additional variance of
the plume under unstable conditions because of buoyancy effects producing additional
turbulence. Conversely, for a stable atmosphere, we expect that a shorter averaging time
(less plume transects) would be needed to achieve 40 % accuracy.

Our study has shown some of the advantages and drawbacks of two commonly used mea-
surement techniques for source strength estimations. To arrive at our conclusions, we
used the neutral channel flow experiment that resembles the purely shear driven turbu-
lence in an atmospheric surface layer. In this setting, the possible errors in the estimations
are expected to be minimized since the turbulence is well understood and the Gaussian
plume model is logically derived. A next step would be to repeat this study for different
stability conditions in a idealized setting such as this, as for example the LES experi-
ment preformed by Xiao et al.| (2021)) of plume dispersion in stable boundary layer, or to
re-create real field conditions (Raznjevi¢ et al., 2022)). With constantly improving numer-
ical techniques, LES is capable of reproducing real meteorological conditions encountered
in the field. Combined with the improving observational techniques, this approach is
expected to lead to better estimates of source strengths.

3.6 Plume sampling procedure to mimic large-scale
induced plume meandering

Here we describe the plume sampling procedure used to mimic the large-scale plume
meandering necessary for the OTM33a method.

If we define 0 as the left edge of the plume and 1 as the right edge, we can define a
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function of time, ¢, that oscillates between 0 and 1 with an uniform step, essentially
mimicking forward and backward motions through the plume. In order to achieve denser
sampling around the centerline, we re-define our sampling function in a way that gives us
the relative position between -0.5 and 0.5, ¥;, as:

Ui =G+ A(% —G)(1 = GG — % (3.14)

Where y; is the grid point at which the sample was taken at the timestep i. Factor A
determines the density of the sampling points around the centerline, and we have set it
to A = 3. We can then convert this array into dimensional units to find the position, Y;,
at which the sample is taken, by adapting the relative position, 7;, to the actual plume
width L as is shown in Eq.

Y; = L. (3.15)

The acquired sampling pattern for two distances from the source is shown in section |3.3.3],
Fig. 3.1h. We applied the sampling strategy at x = [48, 108, 152, 200] m from the source.
With the assumed 6 = 15°, the width over which plumes were sampled was L = [21, 37,
49, 62] m for each of the distances from source respectively.
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Interpretation of field observations
of point-source methane plume using
observation-driven large-eddy
simulations
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source methane plume using observation driven large-eddy simulations, Atmospheric
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Abstract

This study demonstrates the ability of large-eddy simulation (LES) forced by a large-scale
model to reproduce plume dispersion in an actual field campaign. Our aim is to bring
together field observations taken under non-ideal conditions and LES to show that this
combination can help to derive point source strengths from sparse observations. We pre-
pared a one-day case study based on data collected near an oil well during the ROMEO
campaign (ROmanian Methane Emissions from Oil and gas) that took place in October
2019. We set up our LES using boundary conditions derived from the meteorological re-
analysis ERAbS and released a point source in line with the configuration in the field. The
weather conditions produced by the LES show close agreement with field observations,
although the observed wind field showed complex features due to the absence of synoptic
forcing. In order to align the plume direction with field observations, we created a sec-
ond simulation experiment with manipulated wind fields. The estimated source strengths
using the LES plume agrees well with the emitted artificial tracer gas plume, indicating
the suitability of LES to infer source strengths from observations under complex condi-
tions. To further harvest the added value of LES, higher order statistical moments of
the simulated plume were analysed. Here, we found good agreement with plumes from
previous LES and laboratory experiments in channel flows. We derived a length scale
of plume mixing from the boundary layer height, the mean wind speed and convective
velocity scale. It was demonstrated that this length scale represents the distance from the
source at which the predominant plume behaviour transfers from meandering dispersion
to relative dispersion.
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4.1 Introduction

The reduction of greenhouse gases (GHG) emissions is of the highest importance in
mitigation of climate change. Methane (CHy) is one of the most potent GHGs, but due
to its relatively short lifetime in the atmosphere, reduction of CH, emissions can have
more immediate positive effects on the mitigation of climate change effects (e.g. Baker
et al.| (2015); [Zickfield et al.| (2017)); Caulton et al. (2018))). Methane has large variety of
sources that differ in origin (anthropogenic or natural) and size ( e.g. point-like, diffuse,
line). An overview of different source types and their contribution to global methane
budget is given by Saunois et al. (2016).

In order to help constrain methane emissions, the Methane goes Mobile — Measurements
and Modelling (MEMO?) project started in 2017. The goal of the project was to
improve CHy emission factors in inventories on European scale by combining extensive
measurement campaigns of different sources of CH; with modelling techniques across
different scales. The MEMO? consortium participated in a campaign in which methane
emissions from Romanian oil and gas industry (ROMEQO) were sampled. The campaign
took place during October 2019. Sources of methane were measured on basin and well
scales employing various measurement techniques.

With methane often being released from small but strong sources in a turbulent
atmosphere, the observation of plumes is challenging. A large variety of measurement
techniques have been developed for identification and quantification of GHG sources,
ranging from satellite based observations (e.g. Bergamaschi et al. (2007)); Jacob et al.
(2016)) and basin-scale measurements using aircraft (Conley et al. 2017)) to local source
measurement techniques. These local techniques include, among others, instruments
placed on unmanned aerial vehicles (UAVs) (e.g. |Andersen et al.| (2018); Shah et al.
(2019)), instruments placed on ground vehicles (e.g. Hensen et al. (2006)); Baillie et al.
(2019)) and point measurements from sensors mounted on towers (Rockmann et al.
2016). Each of these techniques has its own strengths, either being highly accurate in
time or covering large spatial areas, but neither does both. Dispersion models provide
insight into the behavior of plumes and can help with the data interpretation and
planning of measurement strategies. These models vary greatly in their complexity
and underlying assumptions. Most commonly, Gaussian plume models are combined
with observations to quantify sources (Caulton et al. |2018; Edie et al. 2020; Rybchuk
et al., 2020). These simple models are fast and easy to use but come with restrictive
assumptions (e.g. stationarity of the plume and the mean wind) that make their
application challenging under the strongly transient conditions that often characterize
the local atmospheric boundary. With the development in computer power in the past
decades, high resolution models that are able to simultaneously resolve the turbulent
velocity field and describe the transport of emitted tracers, large eddy simulations (LES),
have been increasingly used for plume studies (Cassiani et al., |2020). LES explicitly
resolve the largest eddies, which carry most of the energy, and parameterize the smallest
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scales using subgrid-scale models (e.g.Deardorff] (1973); [Pope| (2000)). LES have been
utilized in many dispersion studies, mostly focusing on idealized channel flows in various
stability regimes (e.g. |Dosio & de Arellano (2006); Boppana et al.| (2012); |Ardeshiri et al.
(2020)). LES have been successfully validated (e.g. Dosio & de Arellano (2006)); Ardeshiri
et al| (2020)) against a considerable amount of extensive laboratory dispersion studies.
These dispersion studies include channel flows in either water or air (e.g. |[Fackrell &
Robins,| (1982alb); (Gailis et al.| (2007); Nironi et al.| (2015)). One of the main advantages
of LES in dispersion studies is that it provides a high temporal and spatial resolution of
the 3D plume. This enables detailed analysis of the plume statistics, something which
is difficult to do only from observations. Furthermore, LES can be used as a laboratory
for optimizing measurement strategies. Despite the vast amount of idealized studies,
the performance of LES has not been validated against many experimental field studies.
(Steinfeld et al.. [2008; Ardeshiri et al., 2020; Rybchuk et al., 2020). For instance, the
Prairie Grass experiment (Barad, [1958)) still serves as a common reference for LES
studies. More recently, (Caulton et al.| (2018]) evaluated the performance of the Gaussian
plume model against measurements in a neutral atmosphere and LES while Rybchuk
et al.[(2020) evaluated WRF LES with Prairie Grass experiment for convective conditions.

In this study, we aim to bring together actual field observations under less than ideal
conditions with LES. The ROMEQO campaign focuses on sampling methane from spatially
distributed sources covering a large area using the mobile measurement techniques. While
this approach is very useful in detecting unknown sources, measurements of individual,
isolated plumes are often sparse. This is due to the measurement techniques employed.
For example, plume transects using cars only provide observations at the surface in
one dimension. Moreover, this observation strategy is limited by the conditions in the
field (accessibility of the source, the amount of adjacent roads on which measurements
can be taken, road conditions etc.). Here, we aim to demonstrate how LES can help
in interpreting sparse observations in the field both from a viewpoint of validation and
interpretation. We will present an LES dispersion study of a methane plume measured
during the ROMEO campaign. The LES study is set-up combining local meteorological
observations with ECMWF ERA5 (Hersbach et al., 2020). We will compare the measured
plume with the LES simulated plume in order to gain insight in the information gathered
through the measurement process, and to evaluate the performance of LES. Finally, we
will use LES to study the structure of the simulated plume in convective conditions
and its behavior by analyzing the higher order statistical moments. We will build on
the idealized studies Dosio & de Arellano (2006); |Cassiani et al.| (2020) and apply the
statistical analyses to simulations that represent realistic field conditions.

The structure of this paper is as follows: In Section we introduce the location where
the measurements took place and look at the meteorological conditions relevant for the
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Figure 4.1: (a) (Inset figure) The measurement set-up inside the TNO vehicle. TNO vehicle
used in the measurement campaign, Location of the inlet is indicated on the figure. (b) Google
Earth view of the measurement site with the oil-well location pointed out.

plume dispersion. Following this, in Section we present available data from the
campaign as well as the methods and instruments employed in the field. In Section 4.3
we present the numerical model used to perform the LES, the simulation set-up and
forcing used to reproduce the meteorological conditions. In this section we will also
outline the statistical methods used to inspect the simulated plume behavior. In Section
[4.4] we evaluate the LES plume with observation and discuss the characteristics of both
plumes. This is followed by a more in-depth analysis of the simulated plume at various
distances from the source. Finally, in Section 4.5 we evaluate the usability of LES for
dispersion studies under realistic meteorological conditions.

4.2 Case description

4.2.1 Site description and meteorological conditions

The case study presented here is based on measurements performed by a team from the
Netherlands Organisation for Applied Scientific Research (TNO) during the ROMEO
campaign in Romania. The measurements were taken in the Parhova County of the oil
well 1474 in Darmanesti. The county is located in the region between the Transylvanian
Alps and Bucharest, which is characterized by plains in the South and the Carpathian
mountains in the North. The actual site is located in the central part of the county,
where the two distinct landscapes meet. The measurements were performed on the road
downwind from an oil well over the course of 3 h. The length of the road segment on
which the plume was measured was 150 m, while the distance from the middle of road
to the well was 78 m. The measured well and the adjacent road on which measurements
were performed is shown on Fig. (b) and the vehicle with which the measurements
were performed is shown on (a).

The measurements were performed in the afternoon (14.30 - 17.30 LT (UTC + 3h)) on
17 October 2019. The weather at the location was characterized by very low winds and
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Figure 4.2: Meteorological situation over SE Europe on 17th October 2019. (a) Geopotential
height (m) at the 500 hPa pressure level and temperature at 850 hPa at 12 UTC. Location of
the studied region is indicated on the map by a blue circle. (b) Surface net solar radiation,
(c) hourly values of sensible an latent heat at the location of the measurements.

no cloud cover, as confirmed by the participants of the campaign. To analyse the overall
synoptic situation over Europe and Romania in particular, we used the geopotential height
and temperature chart obtained from ERA5 (Hersbach et al., 2020). The weather over
Romania was characterized by very low gradients in both temperature and pressure (Fig.
a ), resulting in low wind speeds and advection during the campaign. Hence, we
expect that the conditions were strongly influenced by local convection.

The Figure shows the surface net solar radiation and the sensible and latent heat
fluxes in the region (panels (b) and (c) respectively) retrieved from the ERA5 data. The
surface heat fluxes are comparable indicating dry conditions (Fig. b), and the solar
radiation indicates no clouds were present. Furthermore, it was inferred from the ERA5
data that the temperature maximum at the surface was 22°C and the boundary layer
(BL) depth reached 700 m at 12 UTC (not shown). The ERA5 height wind profiles show
wind turning with height. Maxima in wind speeds in opposite direction from those at
the ground were seen at approximately 1000 m height, or just above the BL top. For the
duration of the measurements, the mean horizontal wind at the surface showed variation
of 10° (not shown).

As will be presented later in Figure we find that, for the duration of the measure-
ments, the temperature at 1000 hPa level remained almost constant, and showed almost
linear decrease with height. Similarly, the specific humidity showed peak values at the
surface and constant values in the mixing layer above it. Above the BL, specific humidity
decreased with height. The near constant in time height profiles of specific humidity
and temperature confirm that the contribution of large scale advection was negligible
during the campaign. As a result, the time evolution of temperature and humidity
was determined by local processes. This leads to a complex pattern in vertical baro-
clinicity, which is a challenge for both collecting experimental data and simulation studies.
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4.2.2 Measurement instruments and available data

The measurement device used was a dual laser trace gas monitor based on Tunable In-
frared Laser Direct Absorption Spectroscopy (TILDAS; Aerodyne Research Inc., Biller-
ica, US) that measures methane and ethane (CH, and CoHg) simultaneously. The ethane
data is used to discriminate methane plumes originating from fossil fuel related sources
(which contain ethane) and agricultural or biomass degradation methane emissions. The
instrument also measures HyO, CO,, CO and N,O. The molar fraction levels for these
components are measured at sub-ppb resolution with 1 measurement per second (1 Hz).
Concentration levels were calibrated versus working standards for CH, (B20 flasks with
compressed air at 2800 and 5000 ppb) that are linked to the Integrated Carbon Observa-
tion System (ICOS) & the National Oceanic and Atmospheric Administration (NOAA)
standards used at the Cabauw tall tower in the Netherlands. B20 flasks are 20 L cylinders
that hold 2000 L of gas at the pressure of 100 bars. Besides that, during the Romania
Campaign, calibrations cylinders from Utrecht University were used, with concentrations
of 6.3, 27 and 130 ppm for the higher concentration measurements. The instrument mea-
sured CHy, CoHg, NoO, CO5 and CO simultaneously at 1 Hz with a precision of 2.4, 0.1,
386.3 and 2.5 ppb, respectively. Here, precision is reported as three times the standard
deviation of six minutes constant concentration reading. The instrument was placed into
a vehicle that drove along the closest road and its position was logged at 1 Hz with a
GPS system. The inlet of the measurement device was placed at the top of the vehicle at
a height of 3 m. A delay-time correction is applied to the data to compensate for the 1.5
second delay between the logged GPS location and actual measurement in the TILDAS
instrument.

A controlled release of tracer gas NoO was conducted simultaneously with the CH4 mea-
surements. NoO was released using a critical orifice of 0.65 mm? at 5 bar. Before and
after the release, the mass of the cylinder was determined. Release was 0.59 £ 0.02 g
s—1

The wind speeds (u, v, w) were measured from a battery-operated Gill R3 sonic anemome-
ter placed close to the source and at 1.8 m above ground level. The sonic data was stored
at 20 Hz, and 1 Hz values were transmitted with a wireless link to the central computer
in the van. For this analysis, 1 min averages of wind speeds were used.

Due to the road conditions the vehicle speed varied from transect to transect. Therefore,
the measured plumes have a different number of measured points and the exact distribu-
tion of these points over the measurement transect differs. To obtain a uniform dataset,
two end points were selected that encompass all plumes. Values of the vehicle location,
CH, and N,O data were linearly interpolated on a 250 point grid.
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4.3 Numerical methods

Large-eddy simulations were performed using the MicroHH model, which is an open-source
computational fluid dynamics code (van Heerwaarden et al., [2017). The code solves con-
servation equations of energy, momentum, and mass under the anelastic approximation.
The transport of passive scalars is solved with the advection-diffusion equation. The
second-order Smagorinsky model is used for the subgrid parametrization of the velocity
components.

Time integration is performed using third-order accurate Runge-Kutta scheme and the
spatial domain is discretized on a staggered Arakawa-C grid.

The advection term for dispersing scalar in the model is solved using a second-order
energy conserving scheme. For atmospheric transport, positivity in numerical schemes
plays a crucial role. By imposing positivity using a flux limiter, over- and under-shoots
are avoided in areas with strong concentration gradients (Hundsdorfer et al., (1995)).

A periodic boundary condition was imposed for the momentum and thermodynamic vari-
ables on the lateral boundaries of the domain. The lower boundary had no-slip (u = v =
0) and no penetration (w = 0) boundary conditions, while the upper boundary had free-
slip boundary conditions, with tangential components of velocity being zero (% = % =
0). The inflow and outflow boundary conditions for the scalar representing CH4 were im-
posed at the lateral boundaries of the domain to prevent the plume from re-entering. The
boundaries were set using Neumann (right and lower boundaries) and Dirichlet (left and
lower boundaries) boundary conditions which were used to interpolate values of scalars

in two ghost cells outside of the domain.

In order to achieve LES that corresponds to the field conditions large scale forcings of rele-
vant variables is imposed by coupling the LES simulations with the ERA5 data (Hersbach
et al., [2020). The geostrophic wind and large scale advection terms are interpolated from
the ERAS data, while the nudging of the simulation is applied on a relevant timescale
to prevent the simulation from drifting from the large-scale mean profiles while smaller
scale turbulence can still develop independently. The coupling is based on |Schalkwijk et
al.| (2015]).

4.3.1 Simulation set-up

The LES was performed in a three dimensional domain of 4.8 x 4.8 x 3.085 km (x, y
and z direction respectively). The domain was discretized on a 960 x 960 x 480 (x, v, z)
grid. This results in uniform horizontal resolution of 5 m, while the vertical direction is
resolved on a stretched grid with 2 m resolution in the first 1 km of the domain and 50
m at the top. The resolution was chosen with the computational feasibility in mind such
that the grid was dense enough for the dispersion to be well represented, but still have
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the domain large enough to capture the meteorological effects relevant for this study.

A constant source of passive scalar was added as a two-dimensional Gaussian placed on
the bottom of the domain. The Gaussian had the 1lo; (i = x, y) value equal to size of
one grid box, therefore 97% of the source was spread on 42 grid. It has been shown in
laboratory studies of plume dispersion that the ratio of the source size and the size of
larger scale eddies has significant impact on plume statistics (Fackrell & Robins,, |[1982alb;
Nironi et al., 2015)). To circumvent this issue, the size of the source should be larger than
the size of one grid box. Recently, |Ardeshiri et al.| (2020) investigated the influence of
resolution on the flow and plume statistics in LES. They have shown that the scalar
variances converge for the sources resolved by at least 4% grid nodes. We have placed the
source in the top right corner of the domain at the position (3600, 3600) m, where the
domain origin is defined at the lower left corner. The scalar was emitted with constant

flux of 1 g 571

In order to reproduce meteorological conditions in the fields encountered on the measure-
ment day, the simulation was nudged according to height profiles of horizontal wind speed,
temperature and specific humidity obtained from the ERA5 data. Large scale forcing
was imposed through geostrophic wind with the Coriolis parameter for this latitude
being fo = 1.0305 - 10~* s~!. Furthermore, roughness lengths of zp, = 0.001 m and
2om = 0.05 m were imposed on the lower boundary for scalar and momentum respectively.

The simulation was run for 7.5 hrs in total. A spin-up time was imposed to have the
boundary layer fully developed and resembling field conditions as closely as possible.
First, the fields from ERA5 were initiated at 7 AM UTC and the simulation was started
with an integration time step of 6 s. The simulation was run for 7.5 hrs with vertical
profiles being nudged towards ERAS5 profiles every hour. At 11 UTC, the source was
activated in the simulation. The instantaneous plume concentrations ¢, wind components
u, v and w and liquid potential temperature #; were recorded on various two-dimensional
cross-sections of the domain.

The mean wind in this simulation shows fluctuating behavior, which influences the di-
rection of the plume dispersion. Here, we assume that the local wind that influenced
the dispersion was governed by local influences that are not captured in ERA5. To be
able to still compare the plume at different simulation times, the mean wind speed be-
tween observations and simulation should be aligned. Therefore, we performed another
simulation in which the mean wind was directed along the x axis, while keeping all the
other specifics, apart from the source location, identical. These two simulations will be
further on referred to as realistic and idealized for the first and second simulation, re-
spectively. The overview of the specifics of the two simulations are given in Table [4.1]
Note that in the idealized simulation, the nudging profiles for potential temperature and
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Figure 4.3: The nudging height profiles and the hourly mean height profiles of variables from
the simulation with centered mean horizontal wind direction.

specific humidity still originate from the ERA5 dataset. For the wind, however, we set
the height profile of the v component in the nudging profiles to zero and set the u profile

to a constant value of 3 m s~!.

This wind speed was chosen through manual tuning to
get a good match with the measured wind speed at 2 m height. In this way the wind
direction was kept constant without loosing the general characteristics of the realistically

simulated boundary layer.

4.3.2 Estimation of the unknown emission rate

Source quantification from one-dimensional transect measurements is often performed
using a mass balance approach. This method compares the total line-integrated flux of
the time averaged plume from an unknown source with the flux from a known source
under the same atmospheric conditions and at the same downwind distance from the
source. This method has been used in conjunction with either a tracer release, or - if no
tracer is co-emitted - with simple plume transport models such as the Gaussian plume
model (e.g. |Caulton et al.| (2018])). The equation used for this approach reads:

Z Cmeas Umeas

Qestim - S X Qre . (41)
Z Crefuref d
Yy

Land @ m

Here the Qg is the emission rate of the unknown source in g s7%, C' g kg~
s~ denote the time-averaged measurements and the mean wind speed, respectively. Sub-
scripts ref and meas refer to the reference tracer with known source @,y and measured
tracer, respectively. Note that the reference plume can be either measured of inferred

from a model.

4.3.3 Statistical properties of the modeled plume

Finally, we present a short overview of the statistical moments calculated for the simulated
plumes that will be discussed in Sections —4.4.2| Higher order statistics can provide



63

uQ BO BO (0 ‘00¥Z ‘08F%) | 08F X 096 X 096 | S80'E€ X 8% X 8% pozi[eap]
uQ uQ uQ (0 ‘009¢ ‘009€) | 08F X 096 X 096 | S80'E€ X 8F X §F SIOCI L

b pue I a pue n puim (u)
”mwﬂogaﬁgwrﬁ %@55@@@@9 Uﬂﬂgoppmowh@ QOSEOQ @UMSO@ EOESMOQO Aav@ 9ZIS QﬂmEOQ Qoﬁdﬁﬁbﬁm

4.3 Numerical methods

"SIXe X 91} SUO[e Ueoul oY} [IIM UOIJe[NUIIS 91} Jo dn-jos o) puodas a1} pue
purm uesw Suruiny ATySIy M uorye[nuirs oy} jo dn-19s SMOYS MOI JSII,] "suorje[nuils paurtojiod omj o1} jo soymads oy, :T'F 9[qel,



64 Interpretation of field observations of point-source methane plume

further insight into the behavior of the measured plume but are often unattainable from
the measurements due to insufficient spatial and temporal resolution. Figure shows a
scheme of an idealized plume emitted from a ground point source. Let z be the vertical
position of a particle in an instantaneous plume at a distance x from the source. This
plume is characterized by its centerline position z,, defined as its center of mass:

[ c(z,y,2,t) zdzdy
[elz,y, 2, t)dzdy

Zm(x,t) = (4.2)

An ensemble of such instantaneous plumes will have its own centerline position 7, de-
fined as the mean over all the realizations. Now the fluctuations of the instantaneous
plume around these mean positions can be defined. The absolute fluctuation z’ is the
displacement of the particle in the plume from the mean centerline position z,,, relative
fluctuation 2. is the displacement from the instantaneous plume centerline z,, and the
fluctuation of the instantaneous plume centerline z/ is the displacement from the mean
position Z,,. These can be written as

Y =2—Z,, A =2—Zm, 2 = Zm — Zm. (4.3)
The mean plume positions and the displacements in the y direction can be defined in a
similar manner.

Following the definition of |[Nieuwstadt| (1992)), the absolute plume dispersion, or the
second-order moment, in the vertical direction is written as

[ e(z,y,2,t) 2 dydz
fc(x,y,z,t) dy dz

Uga(l‘, t) =

(4.4)
The absolute plume dispersion can be decomposed to its meandering and relative con-
tributions, or dispersion due to movement of the plume centerline, or meandering, and
diffusion of particles from the plume centerline. Therefore, it holds

O—ga = O—zm + O—zr (45)
where
o2 (1,t) = [e(z,y,2,t) 22 dy dz o2 (2.1) = [c(w,y,2,t) 22 dy dz o)
T Jelwy s tydyde T T Je(wyy, ) dydz T
The third-order moment is therefore
Z_a3($,t) = fc(x,y’z,t) 2" dydz’
C m? 7Z7 z
[z, y, 2 t)dyd
t)23dyd
R m
[z, y, 2, t) dydz
() = 4By ) 2 dy d2

[ c(z,y,2,t)dy dz



4.4 Results 65

zr | Z! i

Zm

T T T T T

Figure 4.4: Scheme of idealized plume dispersing from a ground point-source. Shown here
are the mean position of the instantaneous plume z,, and the centerline position and the total
mean of centerline positions Z,, (red line). Also shown are the displacements of particles in
the instantaneous plume from its centerline position z,. and from the total mean centerline
position 2’ as well as the displacement of the instantaneous centerline from the total mean

4 /
centerline z,,.

Similar expressions hold for moments in the y direction. Lastly, we define skewness here
as S; = ;—?;, where 1 = (y, z).

4.4 Results

4.4.1 Validation of modeled meteorological conditions with available
data

Figure [4.5| shows multiple instantaneous xy cross-sections of the simulated plume from
the realistic simulation. The cross-sections have been taken at 3 m above the ground, i.e.
the inlet height on the vehicle used during the campaign (Fig. (a)) It can be seen
that the variation of the plume direction is pronounced throughout the simulation. This
behavior is caused by very low mean wind speeds that change direction frequently in the
simulated turbulent flow field. As was demonstrated in Section [.2] the large-scale wind
and temperature fields showed no pronounced gradients above the area on the simulated
day. Therefore, local effects likely governed the flow that was measured on the site.
Since ERA5 does not resolve these local effects, the discrepancies between modeled and
measured wind are to be expected. To correct for this, the idealized simulation was set up.

Simulated and nudging profiles for the idealized run are compared in Fig. [£.3] Note that
we replaced the ERA5 wind profiles. The simulated profiles were obtained as spatial
averages over the whole domain that were time-averaged over one hour. Throughout
the run, 6; and ¢; show very good agreement with the ERA5 profiles. The profiles show
hardly any variability over time, and are constant with height in the lower ~ 700 m. This
indicates that the spin-up time of the run was sufficiently long for the development of a
well-mixed boundary layer. The u wind profile in the idealized run shows virtually no vari-
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Figure 4.5: Snapshots of instantaneous plumes at 3 m above the surface. Plume at (left)
11:30:00 UTC, (middle) 12:15:00 UTC, (right) 13:00:00 UTC.

ation. A well-mixed layer above the surface is clearly visible, with stronger and constant
winds above 700 m, which correspond to the nudging profiles, and a logarithmic decline
towards the surface. The simulated v profiles agree with the imposed zero nudging profiles.

Figure a shows the measured CH; and N3O plumes. The plumes in the figure are
shown with the background subtracted. Background subtraction follows the procedure
described in Ruckstuhl et al.| (2012)). To help the interpretation of the plumes, NoO was
released from a cylinder 20 cm above the well head with the constant rate of (0.59 £ 0.02)
g s~! for the duration of the measurements.

The measured horizontal wind speed (Fig. b) was low during the the whole day,
varying from 0.8 m s™' to 2.8 m s~! (1-minute averages) during the measurements. A
weak periodicity of approximately 55 min can be noticed in the wind speed data. It
is possible that it is caused by influences from the local orography, since the area is in
vicinity of hills. The closest elevated area is about 5 km away towards W, and higher
mountains are located approximately 10 km towards N and NW. It was shown in the work
of Nastrom et al. (1987) that the mountains can have a considerable effect on atmospheric
variability on scales of 4 to 80 km. To verify the possible influence of the mountains in
this case, however, the wind data should be considerably longer. The periodicity, on the
other hand, is not present in the simulated wind (Fig. b). This is caused by the
imposed flat orography in the domain and the constant wind forcing through the nudging
on the lateral boundaries. If the surrounding hills were included in the simulation the
fluctuations in the wind direction would likely be captured. However, to achieve this, the
domain would have to be expanded far beyond the measurement site but the resolution
would have to stay the same to see the fine details in the plume close to the source. With
the current computing resources, this endeavor is unfeasible. Nevertheless, the simulated
and measured wind speeds show good agreement. This is also visible in the 1 min averages
of the instantanecous wind direction (Fig. ¢). Since the mean wind direction in the
1dealized simulation was set to be easterly, the wind was rotated to match the mean
wind direction from the observations. It can be seen that the wind angle in the idealized
simulation fluctuates comparable to the observations. The standard deviation in wind
direction is owp ops = 16.9° for the measured wind and owp s = 18.6° for the simulated
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Figure 4.6: (a) CHy concentrations measured over the read adjacent to the emitting oil-
well and NoO concentrations emitted from next to the well. Comparison of the observed and
simulated (b) horizontal wind speed, (c¢) horizontal wind direction. The values are given as
one minute averages of instantaneous wind. The dotted lines are rolling means of respective
wind speeds, shown here for easier interpretation of the mean wind speed.

one.

4.4.2 Comparison of modeled and measured plume characteristics

Time-averaged plumes from the measurements are given in the Fig. 4.7 The measured
plumes were averaged over half hour increments, and are shown here together with the
mean wind speed and direction for the corresponding time period. The mean horizontal
wind direction did not change significantly during the measurement period, except for the
first half hour, which deviates by ~ 40°. The mean wind speed for the whole period was
small and did not exceed 2.4 m s~!. Since the measurements were collected on a public
road, the number of averaged plumes varies from one half-hourly period to another. The
number of plumes per half-hourly time period amounts to n = [3, 6, 8, 4, 9, 10] starting
from 11.30 UTC until 14.30 UTC.

On the right-hand panel of Fig. the corresponding time-averaged simulated plumes
are shown. Transects through the plume were sampled according to the observations: at
3 m height and 80 m downwind from the source. Plume transects were taken every 1
min, resulting in 150 transects for the entire simulation. After 14.00 UTC the surface
flux of sensible heat turns negative and that is when the simulation stops. For that
reason, the set of time-averaged plumes from LES contains one less element than the
measurement set. The half-hour averages of the simulated plumes are smoother compared
to the corresponding measured plume averages. This conclusion follows from comparing

the average skewness of the mean plumes defined as S = xmix N(Zf\il(as, —7)%)3, where
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x is the half-hour average from either measurement or simulation, 7 is the mean value of
that half-hour average and T, is a maximum value of the total mean plume (red line
on Fig. . Therefore, the LES, CH; and N3O have the average skewness of Spps =
0.32, Scp, = 0.44 and Sy,0 = 0.42. This is because the number of plumes averaged per
half-hour increment is much lower in the measurements compared to the simulation.
The angle over which the wind direction varies during the simulated period amounts to
18°, with the exception of the last half-hourly period period, in which the wind direction
deviated from the mean by =~ 50°.

We used Eq. to infer the unknown CH4,4 emission rate from the oil well using the LES
plume as the reference. To this end, we compare the time-averaged measured CH, plume
from the oil-well (red line in Fig. (b)), combined with the measured mean horizontal
wind speed (Upeas = 1.93 m s7!), to the corresponding flux of the time-averaged LES
plume (red line in Fig. (c)), combined with the simulated wind speed (Ue; = 1.72
m s !). This leads to the estimated emission rate of Qegim.cr, = (1.11 £+ 0.34) g s71.
Using the same principle we estimate an NyO emission rate of Qcsim, n,0 = (0.53 £ 0.15)
g s7! (true emissions was Qn,0 = (0.59 + 0.02) g s7). To benchmark the performance of
LES in this experiment, we also estimate the unknown CH,4 source using the the NoO gas
as reference, and obtain an emission rate of Qestim.cr, = (1.23 + 0.12) g s7*. Note here
that the standard deviations have been calculated using the source strength estimation
from the half-hour averages. The discrepancies between both methods can have various
reasons. Firstly, even though the mean wind in the LES is very close to the measured
mean wind, their magnitudes and variations are not identical, which can also contribute
to the error. However, the most notable cause for the estimation error might arise from
the averaging time of the measurements, which is likely too short. It can be observed from
Fig. that the time-averaged plumes are not Gaussian shaped, which indicates that
turbulent eddies of various sizes still influenced the time-averages. The deviation from
the normal distribution can be estimated using the Shapiro-Wilk test, and the p-values
are calculated to be p=1[9 - 107%,6 - 1071%, 1 - 10719] for the LES, CH4 and N,O plumes
respectively. Therefore, the measured plumes are deviating from the expected Gaussian
profile and are not as smooth as the LES one due to the much smaller set of plumes being
averaged. Nevertheless, we have shown that LES is a useful tool in source estimation in
real-atmosphere conditions, e.g. in cases for which the source location is inaccessible for
a tracer release.

Absolute dispersion

In this section, we analyze the general behavior of the LES plume through its first three
statistical moments i.e. the center of mass, width of the plume and skewness. As shown
in the previous section, the typical mobile plume measurements consist of a relatively
small number of 1D plume transects. While such measurements might be well suited for
inferring the unknown source strength, we aim here to exploit LES further. We will do
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Figure 4.7: Averages of instantaneous plumes over periods of half hour from (a) N2O, (b)
CHy4 and (c) LES. All plumes have been scaled with their respective emission rates, i.e. Qn,0
=059gs™ !, Qem, =1.23gs and Qs = 1 g s~ . LES transects were taken at 3 m height
and 78 m downwind from the source. Plumes are shown with a color gradient corresponding
to the half-hour increments i.e. lightest gray plume is the average of plumes measured over
the time period 11.30 - 12.00 UTC, dark grey is the average over 14.00 - 14.30 UTC. The
inset shows horizontal wind speed and direction for the corresponding half-hour averages in
(a) measurements and (c¢) LES. Overplotted in red is the average of all the plumes, as well as
the averages of horizontal wind speed and direction in the insets.

this by linking the simulated plume to previous, more idealised, plume dispersion studies.
First we focus on the absolute motion of the plume with respect to the ground surface, and
will statistically analyse plume dispersion due to plume meandering and due to motions
relative to the plume center of mass. In a later stage, we will separate the two, as described
in Section and analyse the contribution of the two processes separately.

Figure shows instantaneous and time averaged plumes (averaged over 105 timesteps).
The plumes were integrated over depth (x-y transect), and width (x-z transect). Clear
differences in the structure of the plume can be observed between the instantaneous and
time-averaged shape. Firstly, the top-view on the time averaged plume (panel b) shows
a clear Gaussian shape as expected, which deviates from the instantaneous plume shown
in panel (a). In the instantaneous plume, eddies of different sizes influence the plume
throughout. The integrated x-z transect of the plume shows more complex behavior.
The solid line in the bottom panel of Fig. shows the mean of all centerline plume
positions as defined by Eq. [£.2] In contrast, the dotted line denotes the position of the
maximum concentration of the integrated x-z plume. Firstly, it can be noticed that the
positions of the maximum and the mean do not coincide close to the source (x < 2500
m), while at large distances the two lines tend to converge. Secondly, the position of
the maximum concentration is located at the ground level for x < 2000 m. For larger
distances, the maximum concentration moves towards the top of the boundary layer and a
local minimum is visible at the surface. |Dosio & de Arellano (2006) performed a turbulent
channel flow study with a similar set-up as we presented here. They presented their results
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as a function of the normalized distance x,, defined as:

Wy T

Ty = - (4.8)
where w, is the convective velocity scale, hgy, is the height of the boundary layer, x is the
distance from the source and u is the mean wind speed over the whole domain. Intuitively,
this distance quantifies the number of overturns of the largest eddies (convective timescale
Ty = %) at distance x from the source (advective timescale T4 = Z). Dosio & de
Arellano (2006) reported similar behavior in the mean of their plume emitted from an
elevated source. In that simulation the concentration maximum was first transported
towards the surface and later lifted towards the boundary layer top. The corresponding
local minimum at the surface occurred at z, = 1.75. In our simulation, with w, = 0.94
m s, uw=264ms ' and hg;, = 564.64 m , where the boundary layer height has been
calculated as a the maximum of domain- and time- averaged vertical profile of potential
temperature gradient, the minimum occurs at z, = 1.9, which is in good agreement with
the results of Dosio & de Arellano| (2006). As mentioned previously, the position of the
concentration maximum converges to the plume centerline position at larger distances
from the source. This result, however, differs from the results reported by [Dosio & de
Arellano (2006). In their simulation, the plume never reaches a well-mixed state, which
was in agreement with water tank experiments performed by Willis & Deardorff (1978)
who reported well-mixed plume only at very large distances from the source at z, = 6.
In comparison, in our simulation the maximum of concentration starts approaching the
mean plume position at z, =~ 2.5. The instantaneous plume we show here (Figure ,
panel (c)), has stayed close to the ground for &~ 1500 m from the source, after which it gets
mixed in with larger sized eddies towards the top of the boundary layer. Additionally,
puff-like structures with higher concentrations can be observed, which have been lifted
from the ground and are carried to the top of the BL even at large distances from the
source (e.g. x = 3000 m).

Figure 4.9| shows the first three statistical moments of the plume. The top two panels
show the plume centerline position in the y and z direction, downwind from the source.
The centerlines of the instantaneous plume positions in y direction show large variability
throughout the domain. However, the mean center of mass is constant and centered at
the y-position of the source. In contrast, the centerline position of the plume in the z-
direction changes drastically downwind from the source and stabilises at approximately
300 m height at 1500 m from the source. As the plume gets mixed through the boundary
layer, the variability in the plume centerline positions drops. Thus, while in the y direction
the plume keeps growing throughout the domain, the growth stops in the z-direction once
the plume reaches the top of the boundary layer (Fig. ¢,d). The skewness of the
plume positions (Fig. e) shows that the plume is oscillating around its mean value
in the y direction. In the vertical direction, however, the instantaneous plumes are more
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Figure 4.8: Top view on vertically integrated (a) instantaneous and (b) time averaged plume.
Horizontally integrated (c) instantaneous and (d) time-averaged plume. On (d) are also shown
mean plume centerline position (solid red line) and position of the maximum of concentrations
(dotted red line). z. is the normalized distance from the source as defined in Eq. (4.8

likely to have their centerline position below the mean plume centerline in the first 1500
m from the source (S., > 0).

To inspect the skewness of the plume more closely, Fig. shows probability density
functions (pdfs) of center of mass positions in the y and z directions around their mean
values at various downwind distances. As already noted in discussing Fig. in the
y-direction the plume positions show a Gaussian distribution on all distances from the
source. Note that the spread of the centerline positions grows with distance from the
source, indicating that the plume gets moved further away from the mean centerline po-
sition with bigger and bigger eddies. This Gaussian distribution of the plume centerline
position was also found in previous studies. For instance, |Gailis et al. (2007) assumed a
Gaussian distribution of the plume centerline position for their fluctuating plume model,
which they experimentally confirmed in a water channel experiment. In contrast, close
to the source, the centerline position distribution in the z-direction is positively skewed.
A Gaussian distribution is attained further downwind. This result differs somewhat from
the previous studies (Gailis et al., 2007; Marro et al., 2015), in which a lognormal and
reflected Gaussian distribution were assumed for modelling the plume vertical mean po-
sition. We show here that only close to the source, the lognormal distribution provides
a good description of the centerline positions. Further downwind, where the plume gets
better mixed in the convective boundary layer, the centerline position starts oscillating
around its mean position.
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Figure 4.9: The first three statistical moments of the simulated plume in the absolute
coordinate system. The first four panels show: position of the center of mass in y and z
direction and the plume width in the y and z directions. All values are shown as function of
downwind distance x. Grey lines denote instantaneous plumes and mean values are shown
as solid black and red lines in y and z directions, respectively. The bottom panel shows the
skewness of the mean centerline plume position as a function of distance from the source.
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Figure 4.10: Probability density functions of the instantaneous plume position scaled with
the mean centerline position at various downwind distances from the source.
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Relative dispersion

There are two processes that affect plume growth: meandering motions (discussed in the
previous section) and relative dispersion due to mixing by small eddies. Understanding
these two processes, and quantifying where a certain process is dominant, can aid the de-
velopment of measurement strategies. For example, at downwind distances where relative
dispersion dominates, the instantaneous plumes remain close to the mean position, and
the chance of measuring the plume close to its centerline increases.

Firstly, we focus on the relative dispersion. Relative dispersion is defined as dispersion
of the plume around its centerline due the eddies of comparable size or smaller than
the plume. We present second and third order statistics of relative plume dispersion in
Figure (left column). Close to the source, the contribution of relative dispersion to
the total plume growth is still small, which is especially visible in the y- direction (Fig
4.11]a). As the plume moves away from the source, it grows in size. This enables bigger
and bigger eddies to be involved in the mixing of the plume (Cassiani et al.l 2020)). For
this reason, the size of the plume due to relative dispersion is growing downwind from
the source at a constant rate. Similar behaviour is seen for dispersion in the z-direction.
Close to the source, the contribution of relative dispersion is small and it grows further
downwind. Unlike the z-direction, in which the plume growth is limited by the size of
the BL, the growth of the plume in the y-direction is unrestricted by boundaries. This
implies that the plume growth will continue until the plume is so dispersed that it be-
comes indistinguishable from the background concentrations. The skewness of the relative
plume dispersion in the z-direction shows a positive value close to the source, which can
be attributed to plume reflection at the surface. Since the small turbulent motions that
are responsible for relative dispersion are random and Gaussian in nature, the asymmetry
has to originate from the fact that the plume is close to the surface (Dosio & de Arellano,
2006). In the y-direction, the plume shows virtually no skewness.

Meandering

Finally, we look at the plume dispersion due to the meandering of the plume, i.e. dis-
placement of the plume caused by the eddies that are larger than the plume itself. Fig-
ure [4.11] (right column) shows the second and third moment of the plume due to the
meandering motions. It can be observed that in the y-direction the plume shows large
symmetric growth very close to the source (Fig. b). The magnitude of the meander-
ing component in this region is up to 2.5 times larger than the relative dispersion (Fig.
). However, while the relative contribution continues to grow further downwind, the
growth due to meandering drops significantly and becomes almost constant. This obser-
vation is in line with the theoretical analysis given in |Csanady| (1973|) where y-scaling was
reported according to oy, = o,t (where o, is the variance of the v component of velocity
and ¢ is the time since the plume left its source) close to the source, and % = 0 far from
the source. This was later confirmed in the water tank experiment by [Weil et al.| (2002),
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Figure 4.11: The second and third statistical moments of the simulated plume for the relative
(left column) components centered around the mean plume position and for the meandering
(right column) components. The first two panels in a row show the plume width in the y
and z directions. All values are shown as functions of downwind distance. In grey are shown
values of instantaneous plumes while their mean values are shown as solid black and red lines
in y and z directions respectively. The last panel shows skewness of the mean relative plume
position as a function of distance from the source.

and the LES study presented by |Dosio & de Arellano (2006)). Our results agree well close
to the source. However, in our simulation there are still eddies big enough to move the
whole plume even far downwind, since our value of oy, does not become fully constant.
In contrast, the contribution of meandering to the total dispersion in z-direction tends
to zero further downwind from the source. The size of the eddies that develop in vertical
direction is constrained by the depth of the boundary layer. For this reason, with only
meandering, the plume attains a size comparable to these eddies.

The distance at which the relative regime becomes predominant can be estimated from
the relevant convective and advective timescales introduced in Section {.4.2l When the
two time-scales become equal, the plume has spent enough time in ”flight” to be mixed
with the largest eddies. Therefore, a length-scale, L,,;,, can be derived that defines the
downwind distance at which the plume starts to be mixed with eddies of all sizes and at
which the relative dispersion becomes predominant

ah
Loin = —BL. (4.9)
Wi

In this study, this distance amounts to L,,;; ~ 1360 m. Alternatively, this distance can
be obtained from the meandering ratio M = 0y, /04, 1 = y,z (Oskuie et al. [2015). When
M drops to values smaller than 1, the relative dispersion becomes the dominant process.
This occurs at x &~ 1320 m downwind of the source, which is in good agreement with the
estimated length scale. Note that this distance is specific for each case. It depends not
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only on the turbulence regime and the BL height, but also on the release height.

4.4.3 Concentration statistics

Finally, we will present concentration statistic in the absolute and relative coordinate
systems. Additionally, we will compare these statistics to parametrizations that are com-
monly used in fluctuating plume models (Gailis et al., 2007; Marro et al., 2015; |Cassiani et
al.,;2020). These fluctuating plume models have been validated against dispersion studies
in laboratory channel flows, often by taking line transects through the plume (e.g. Nironi
et al| (2015)). Here we aim to utilize the high spatial and temporal resolution of LES
to estimate dispersion parameters, needed in these models. Figure (first and second
row) shows y-z transects through the time-averaged plume (average of 287 instantaneous
plumes) in the absolute (left) and relative (right) coordinate systems. In the relative sys-
tem, the instantaneous plumes were aligned with the center of mass of the mean plume
(Um, Zm)- It can be seen that close to the source (top row) the two plumes are similar
in shape since the maximum of concentration and centerline position still coincide. Fur-
ther downwind, there is a clear difference between the plumes since the plume entered
the regime in which it was more frequently carried upwards by strong ejections (see e.g.
Fig. [£.10). On the distances furthest downwind (Fig. bottom row) the two plumes
again attain similar shapes. Here, the relative dispersion is the dominant mechanism and
the centerlines of the instantaneous plumes do not move far from its mean position by
meandering motions. For the two distances closer to the source, the edges of the plumes
show large variability, despite the large amount of plume transects that was used in time-
averaging. This is caused by the plume behaviour. Close to the source, the plume tends
to stay close to the ground. The large spatial variability away from the ground is caused
by occasional ejections by strong upwards motions. Further downwind, the plumes attain
a more uniform shape, resembling a Gaussian distribution.

Parametrization of concentration fluctuations intensity

One of the commonly used parameters to model the concentration pdfis the concentration
fluctuation intensity, defined as 7, = 2= (Gailis et al., 2007; Nironi et al., 2015; |Cassiani
et al.l 2020), with ¢ being the mean concentration (x of plumes averaged) and o, its
standard deviation. As pointed out in Marro et al. (2015), the spatial evolution of this
non-dimensional parameter is often assumed to depend only on the xz-coordinate. This can
lead to significant discrepancies between modeled concentration fields and the measured
ones. We use LES to demonstrate the complex spatial structure of variable ., both
in absolute and relative coordinates, over a plume crosswind transect (Fig. third
and fourth rows). Close to the plume centerline i. has minimum value, but it increases
noticeably towards the plume edge. This is most clearly visible close to the source. In
the far-field, these differences are less pronounced, which is a consequence of plume being
better mixed, which decreases the intermittent behavior.
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Figure 4.12: (First two columns) y-z transect of mean plume concentrations in absolute (¢)
and relative (¢;) coordinate system. (Last two columns) Concentration fluctuation intensity
in y-z plume in absolute (i.)and relative (..) coordinate systems. Distances from the source
are (top) 100 m, (middle) 600 m and (bottom) 3000 m.

Furthermore, from a measurement point of view, knowledge of the shape of 7. can help
in planning the measurement campaigns. High values of the i, imply that the probability
of measuring the plume in that area are lower, longer measurement times are required to
achieve reliable plume statistics. Knowledge of the optimal downwind distance and height
at which to measure can considerably improve the efficiency of the measurement process.
The measurements used in this study were taken as line transects at a single height (3
m). According to the results presented here, at 3 m height the plume was the least
fluctuating very close to the source (z < 300 m) and in the far field (z 2 1500 m). We
have previously shown that in the close field the pdf of vertical centerline position is
positively skewed (Fig. right row), therefore there was higher likeliness of capturing
the plume closer to the ground than at its centerline. Conversely, far from the source,
the plume is oscillating around its centerline and there is the highest chance of measuring
the plume. In the mid-field (300 2 = < 1500 m), the plume is highly oscillating at the
ground and at the centerline position, but since it is still positively skewed, there is a
higher chance of measuring the plume at the ground.

The complex 3D structure of ¢, has been addressed in previous studies.
expanded upon the definition of i.. given in |Gailis et al.| (2007, where the relative

concentration fluctuation has been expressed in terms of the mean relative concentration
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field. The model presented in |Marro et al.| (2015) is given as:

i =(1+ icr0)2{ exp [_ M} }Cy(w)

2
20,,

) { [ o] oy [ )] } (4.10)

2 2
2072 20z,

—(z(=)
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X 1 + exp | — ? — 1,

where i, is the value of relative concentration fluctuation at the plume centerline (Fig
a), (y(x) and (,(x) are the shape parameters introduced to account for anisotropy in
the y and z directions. The variables that determine the crosswind shape of i, Yo, Zm, Oyr
and o,,, need to be either determined from plume measurements, or parametrized using
one of the models (e.g. Gailis et al.| (2007)), Marro et al.| (2015))). Here they are calculated
from the LES data as defined in section [4.3.3] The two ( functions were assumed to be
sigmoid, such that the modeled i.. has value .. close to the source and has self-similar
profiles in the far field in both y and z directions. As previously mentioned, the LES
data show the U-shaped profile in the far field, but also close to the source (not shown).
This is likely caused by the fact that in the simulation the source is not introduced as
point source, as assumed in the plume model, but as a 2D Gaussian in the z and y
directions with one standard deviation the size of one grid box (Ax = Ay = Ospurce = D
m). Therefore, 95 % of mass is being emitted from an area that has an horizontal transect
of 20 m. The size of the smallest eddies that can develop in the simulation is ~ 4Ax.
This means that very close to the source there is no internal mixing in the plume by the
smaller eddies and all of the fluctuations are caused by entrainment of ambient air by
eddies comparable in size to the plume.

We have adapted the definition of the shape functions ¢ given in Marro et al.| (2015)
to account for the shape of the source in the near-field y direction and kept the same
behavior in the far-field. The far-field was defined as the distance at which the relative
dispersion becomes dominant, therefore at the characteristic length scale L ~ 1360 m
(section . The slope of the sigmoid function 5, which defines the shape of functions
¢, was determined using L. It was assumed that at distance L from the source the value
of ¢ has p % (here used p = 70 %) of the amplitude defined in Marro et al.| (2015]). p was
chosen as the ratio of relative to absolute dispersion for the respective directions at the
distance L. As a result, the functions take the shape:

— o
14 exp[—B.(z — x0)]

=
1+ exp [—By(z — xo)]’

G

Gy =7+ (4.11)

Where v = 2 x 1072 is the correction for the shape of the source, o, = 0.45 and «a, =
0.9 are the amplitudes taken from Marro et al. (2015), o = 0.5L is the location of the
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Figure 4.13: y-z transect of the concentration fluctuation intensity in the relative coordinate
system i calculated from the LES data. The other two columns show i, calculated with

Eq. as found in the literature (middle column) and optimized for this case (right-hand
column).

function’s midpoint, and the slopes are calculated as:

_ 2, (d=pa 2

Figure shows the comparison of i.. calculated from the LES data and i.. modeled
with the two definitions of the ¢ function. As previously mentioned, the definition of (
found in the literature (Marro et al., 2015)) agrees well with the LES-calculated relative
fluctuations in the far field. Very close to the source the LES plume has a similar structure
as in the far field, which is not accounted for when the assumption of constant valued i,
is made. When the correction for the source shape is added (equation , the 7., model
represents the plume behavior well, both in the far-field and close to the source. It should

be noted here that the plume behavior at distances from the source where meandering is
important, is still misrepresented by the plume model.

One of the assumptions in the meandering plume model is that the relative dispersion
and the fluctuations of the instantaneous center of mass are statistically independent
processes. This assumption is violated when the size of the plume is comparable to the
average size of eddies in the domain. In this case, the eddies that are capable of moving
the center of the mass of the instantaneous plume are still small enough to entrain ambient
air deep into the plume making the separation of two processes complicated.
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Concentration probability density function

Lastly, we look at the concentration pdf at multiple in-plume locations. A large number
of studies have found the Gamma distribution to be an appropriate description for the
pdf of relative concentrations in the far-field (e.g. |Dosio & de Arellano| (2006), Nironi et
al.| (2015)), Marro et al.| (2015)), |(Cassiani et al.| (2020))). In the far field, relative dispersion
becomes the main mechanism that drives the plume fluctuations. Therefore, the probabil-
ity of the plume centerline position tends towards a Dirac delta function, and the plume
spread due to meandering motions becomes negligible. The pdf can then be expressed

p= E?A(/\) (Z::)Al exp ( — Ac_fr>, (4.13)

as:

where A = 1/i2. and the subscript r denotes the relative plume. Figure shows
pdf's of the relative concentration sampled at the plume centerline on multiple downwind
distances and, for comparison, at the inlet height at which data presented in section [4.2.2]
were measured. The Gamma distribution is indeed a good fit for concentration pdf at the
plume centerline on most downwind distances. The mean p-value calculated using the
Kolmogorov—Smirnov test amounted to 0.26 in the range z = [100, 1500] m downwind
from the source. The optimal range of downwind distances where the Gamma distribution
is the best fit for the p.d.f has also been found in the LES study of |/Ardeshiri et al.| (2020)
where they connected the start of this range with the maximum of i.. on the centerline.
Following the results on Fig , the Gamma functions at the inlet height (z = 3 m)
seem to reasonably fit the concentrations away from the plume centerline. However, the
p-values obtained from the Kolmogorov—Smirnov test on most all downwind distances
had values had values below 0.05 which indicates that the Gamma in this case is not the
best fit. Note that the i.. that was used here for the calculation of the pdf has been
calculated from the LES data. We concluded earlier that the ., has a complex structure,
which cannot be assumed constant in the y-z plane. When its value is known, either from
data or from an appropriate plume model, the pdf of concentration fluctuations can be
modeled with a Gamma distribution for a certain in-plume location.

4.5 Conclusions

Our study aimed to bring together field observations and high-resolution simulations.
Large-eddy simulations (LES) have been employed in dispersion studies for the past few
decades, but most often simulating dispersion in somewhat idealized settings. The models
capable of performing LES are constantly being improved, with higher spatial resolution,
and with new parameterizations that include more processes that influence the plume
dispersion. We demonstrated here the ability of LES to reproduce plume dispersion in an
actual field campaign. We took a step away from idealized channel flows, and used avail-
able meteorological data to reproduce field conditions encountered during the campaign.
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Figure 4.14: Probability density function of concentrations at the plume centerline (left)
and at the measurement inlet height (right, see Section 4.2.2)) at multiple downwind distances.
Over-plotted are Gamma function fits.

Since field observations are sparse, LES can lead to improved understanding in plume
behaviour, which can help with planning and optimizing future measurement strategies.
In particular, LES can aid in understanding on which heights the plumes centerline can
be expected depending on the downwind distance and where the plume is expected to be
most fluctuating which then requires a higher number of measurements to average out the
atmospheric variability from the mean plume. The case we studied was a methane plume
emitted from an oil well that was measured during one day of the Romanian methane
emissions from gas and oil industry (ROMEOQO) campaign. The boundary conditions in
the LES were derived from ERA5 data (Hersbach et al., |2020) to ensure correct meteoro-
logical conditions in the simulation. The plume in the simulation was released from the

lower boundary and sampled in accordance with the field observations.

Firstly, the meteorological variables from the LES were compared with the available field
data and the ERAD profiles. The vertical profiles of specific humidity and temperature
in ERA5 data showed little variability for the period in which the measurements were
taken. The LES was able to reproduce these profiles correctly. There was very little
large-scale advection present for the chosen day, which implies that the wind was driven
by local temperature differences and orography that are not properly captured with the
model resolution of ERA5. This resulted in discrepancies between the LES generated
wind profiles and the measured wind. The issue was circumvented by applying a wind
correction and performing a second simulation with this background wind. While the
forcing of the boundary conditions with the ERAbH data gave good results, more detailed
measurements of meteorological variables (e.g. vertical profiles of wind components, tem-
perature, humidity etc.), together with plume measurements would help to better evaluate
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the simulations.

Secondly, the LES was compared against plume observations. A methane plume emitted
from an oil well was sampled with an instrument mounted on a moving vehicle. A tracer
gas plume emitted close to the oil well was measured simultaneously. The tracer gas
plume was used in the estimation of the emission rate from the unknown source. Our aim
in this study was to evaluate whether LES can be used as a proxy for the tracer gas. The
estimate of the emission rate from the oil well using the tracer gas plume is Qcp, = (1.23
+ 0.12) g s7!. Using LES, we found Qcp, res = (1.11 £+ 0.34) g s, i.e. a value 10 %
lower. To further evaluate LES, we estimated the emission rate of the tracer gas (Qn,0 =
(0.59 & 0.02) g s') using the simulated plume, and found a value of Q20 rrs = (0.53 £
0.15) g s~!. Part of the differences in the estimated emission rates can be attributed to the
different mean wind speeds in the simulation and in the measurements. Nevertheless, it
was shown that, using a careful set-up of the simulations, LES can replace the co-emitted
tracer gas, e.g. in cases of poor access to the source area.

LES provides concentration fields throughout the domain with great temporal and spatial
detail. This allows for a more in-depth study of the behavior of the measured plume. The
plume was studied by analyzing its absolute position, and by separating the processes
driving its dispersion into meandering motions of the plume centerline and the relative
dispersion around this centerline. A good agreement of the plume behavior was found
with previous experimental and theoretical dispersion studies targeting channel flows.
Furthermore, a plume mixing length-scale L was derived from the boundary-layer height,
the mean horizontal wind speed and convective velocity scale. This scale was demon-
strated to coincide with the distance from the source at which the relative dispersion
becomes the main mechanism of plume growth, and for this case study, L is calculated to
be 1360 m.

Finally, we used LES to examine parameterizations of concentration fluctuations in sim-
ple models: the fluctuating plume model. We did this by focusing on the concentration
fluctuation intensity parameter, 7., an often utilized parameter. LES can provide the de-
tailed 2D fields of i., something that is difficult to obtain in laboratory experiments. We
confirmed the characteristic U-shape in a horizontal crosswind transect of concentration
fluctuation intensity in a relative coordinate system i, (Gailis et al., 2007) not only in
the far field, but also close to the source. We speculate that this is due to spatial extent
of the source in the simulation, imposed to avoid numerical instabilities. In this way the
simulation differs from the field experiments, where close to the source the plume is mixed
by eddies ranging from the Kolmogorov scale to the size of the plume itself, making the
plume compact and very well mixed. We adapted the semi-empirical model for i, from
Marro et al.| (2015) to account for the source shape and this model showed good agreement
with LES.

Furthermore, the knowledge of the shape of i, can help in planning future measurement
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campaigns as it is an indication of the chance that the plume will be measured. For
the campaign analysed here it seems that the plume was measured where there was the
highest chance of capturing it — close to the source and the ground. In general, far away
from the source the plume is best measured close to its mean centerline, which is likely
lifted off the ground as the plume gets mixed throughout the boundary layer. Close to the
source, however, the plume is mostly below its centerline, so the chances for measuring
it are higher closer to the ground. Following the study of Dosio & de Arellano (2006) of
dispersion form an elevated source in a convective boundary layer, it seems that this is
true for the lifted sources as well, close to the source most plumes first get transported to
the ground and then mixed through the BL with larger eddies.

Finally, previous studies found that the probability density function for concentrations
in the relative plume can be described by a Gamma distribution. This finding was also
confirmed in this study. With the spatial variability of i.. is taken into account, the
Gamma distribution is a good fit for the concentration distribution on various downwind
distances.

In conclusion, LES has shown to be an invaluable tool for studying plume dispersion. In
this study LES has been pushed a step further to bridge the gap between field experi-
ments and simulations. LES can properly reproduce meteorological conditions, but future
campaign should provide more detailed measurements to further drive and evaluate the
simulations. In the future, more detailed LES models will become feasible due to more
powerful computers. For this reason, high-resolution and realistic atmospheric dispersion
simulations will likely play an increasing role in tracer dispersion studies.



Chapter 5

Dependency of plume dispersion on
Reynolds number

This chapter is based on: Raznjevi¢, A., van Heerwaarden, C., & Krol, M. Dependency
of plume dispersion on Reynolds number. (In preparation)
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Abstract

This study tests the ability of direct numerical simulations (DNS) to perform simula-
tions of plume dispersion in flows characterized by low to moderate turbulence. DNS
experiments are compared to large-eddy simulations (LES) in the exact same set-up. The
study is motivated by the idea that the most relevant plume statistics of higher order
will reach the Reynolds number similarity at less—than—atmospheric turbulent flows. This
would support the use of DNS in dispersion studies as they, unlike LES, fully resolve all
turbulence in the simulations. The study aims to reproduce the wind-tunnel experiment
of Nironi et al.| (2015)) and simulates plumes released from point sources into a neutrally
stratified flow over flat terrain. The plumes were released from two heights; very close to
the ground and further away from the surface, i.e. at 6% and 19% of the boundary layer
height. The study comprises of a series of DNS experiments (five in total) with increasing
Reynolds number as well as two LES experiments with low and high spatial resolution.
Results for the velocity statistics show very good agreement between the experimental
data and simulations, with only cross-wind components of wind variances being some-
what underestimated in all simulations, both DNS and LES. For the plume statistics, the
mean plume is well represented in all simulations. For the higher order moments, only
the most turbulent DNS (Re, = [1118, 1862]) converge to the experimental values, and
perform better than LES on downwind distances closest to the source. Further down-
wind, DNS experiments overestimate higher order statistics and LES outperforms DNS.
The computational cost of the most turbulent DNS was about 3 times as large as that
of the high resolution LES, showing that DNS is a viable choice for dispersion studies,
especially for close-source studies.
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5.1 Introduction

Accurate modelling of passive scalar plume dispersion in the atmosphere is of great impor-
tance and interest in many areas of society. Being able to predict where and how a plume
will disperse has direct application in fields ranging from air quality in cities, greenhouse
gas emission estimation, to military applications. Nevertheless, due to the turbulent na-
ture of the plumes, especially close to their sources where eddies of all sizes significantly
influence plume motions (Cassiani et al. 2020|), accurate modelling still poses a great
challenge. The problem of plume dispersion can be addressed from either Lagrangian
or Eulerian perspectives, and we will here focus on only on the latter. For a more de-
tailed overview of different modelling techniques we refer the reader to the review paper
of |Cassiani et al.| (2020). In the scope of the Eulerian reference framework, models range
from completely stationary Gaussian plume model (GPM) to fully turbulence resolving
direct numerical simulations (DNS). The GPM is very simple and easy to use, but cannot
provide the detailed structure of instantaneous plumes, while DNS provides instantaneous
turbulent velocity and scalar fields, but is computationally extremely expensive for atmo-
spheric Reynolds numbers (Re). Between these two ends, models like Reynolds-averaged
numerical simulations (RANS) and large-eddy simulations (LES) vary in the level in which
the turbulent velocity spectra are being resolved and how much they are being param-
eterized. However, all these methods are computationally more affordable than DNS,
but parametrization of part of the velocity field will inherently cause inaccuracies on very
small dispersion scales (i.e. close to the source). Therefore, the aim of this study is to test
the ability of DNS to accurately reproduce plume dispersion for less-than—atmospheric
Re number flows.

In LES, the eddies of the smallest scales are filtered and parametrized by one of the
subgrid-scale (SGS) models, while the larger motions are resolved (e.g. Deardorff (1973);
Pope (2000))). The main advantage of this approach is that flows with very large Re can be
simulated (Ardeshiri et al., 2020). However, despite the large advantages LES experiments
have over, for example, time averaged numerical models, there are still some issues arising
from the numerical approach and the assumptions in the simulations. For instance, LES
has been proven to be sensitive to the cut-off frequencies at which filtering of the small
scale begins and the resolution (e.g. Pope| (2004)); Kemenov et al. (2012)). Simulations
with very high (atmospheric) Reynolds numbers come at a cost of unresolved turbulence
near walls. In these regions, wall models are used to calculate surface fluxes using the
Monin-Obukhov similarity theory (van Heerwaarden et al., [2017). Despite the associated
uncertainties, LES has been used in various dispersion studies in the atmospheric bound-
ary layer (ABL). One of the first studies was performed by [Henn & Sykes (1992), who
simulated dispersion in neutral and convective ABLs. |Xie at al.| (2004)) studied dispersion
from sources on different elevations and Xie et al.| (2007) addressed dispersion over rough
walls, both in a neutrally stratified ABL. Dosio & de Arellano| (2006]) focused on disper-
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sion from a line source in a convective ABL. Recently, Ardeshiri et al.| (2020) showed
non-monotonic dependence of scalar concentration statistics on the resolution in LES.
The influence of the source size on near-field dispersion has been recognized in wind tun-
nel experiments (Fackrell & Robins,| [1982a,b; Nironi et al., 2015). Following this result,
Ardeshiri et al. (2020) showed that the production of scalar fluctuations mostly occurs
close to the source. Therefore, a proper resolution of the source is of great importance,
and |Ardeshiri et al.| (2020)) advise to use at least 4% grid nodes to resolve the source. Their
result implies that, in order to properly resolve a very small point source, a very large
spatial resolution is needed, which increases the computational cost considerably.

In contrast to LES, DNS resolves all scales of motion. Therefore, DNS is free of uncer-
tainties that follow from the approximations in LES, but due to high computational cost
it is unfeasible for simulations with atmospheric Reynolds numbers (e.g. |Pope (2000)).
Another challenge for DNS is simulating flow over rough surfaces as they directly influence
the heat and momentum transfer that are directly linked to the shape of the roughness el-
ements (Kadivar et al.| [2021]). Despite not being frequently used, DNS has been employed
in several dispersion studies at low and moderate Reynolds numbers mostly for neutral
channel flows. For example, |Vrieling & Nieuwstadt (2003) studied a neutral channel flow
with Re, = 360 (Re, = %5, where u, is the friction velocity, ¢ is channel depth and v is
the kinematic viscosity). |Oskouie et al. (2017) studied interference of two plumes emitted
from ground point sources and |Oskouie et al.| (2018)) studied interference of plumes from
two line sources, both in neutral channel flows. DNS has also proven to be a useful tool
for studying dispersion in an urban-like set of obstacles (Branford et al., 2011} |Coceal et
al., [2014).

As previously mentioned, DNS is currently unfeasible for atmospheric Reynolds num-
bers. Nevertheless, due to Reynolds number similarity, reaching such highly turbulent
flows is not always necessary. Reynolds number similarity is a characteristic of fluids to
have flow properties independent of the Reynolds number after a certain critical value
(Mellado et all 2018). For DNS of a neutral channel flow this has been demonstrated
in the seminal paper by Moser et al| (1999) for Re, up to 590. Recently, Mellado et al.
(2018)) demonstrated Reynolds number convergence in a DNS of shallow stratocumulus
formation. They argue that relevant processes in the cloud formation are driven by scales
which are unresolved in LES, and they showed the necessity of performing a DNS to
accompany LES studies. Similarly, our aim in this paper is to show that DNS performs
well at sufficiently high Reynolds numbers and at reasonable computational costs.

The structure of the paper is as follows: in section we outline the numerical model
MicroHH which is used to perform LES and DNS experiments. In section the set-up
of the experiments is presented. The results are presented in section [5.3] in which we
first discuss statistics of the velocity field and the energy budget (Section [5.3.1]). This
is followed by a discussion on the plume statistics in section In the last part of
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our results (Section [5.3.3)), we present a more in-depth look into the main drivers of
dispersion and finally we give a short summary and discussion of our main findings in
section B4

5.2 Methods

Numerical simulations were performed using the MicroHH model (van Heerwaarden et al.|
2017). The code solves conservation equations for mass, momentum and energy under the
Boussinesq approximation. The dynamics of the system is solved using a second order
finite volume scheme. The sixth order interpolation scheme is used for advection of scalars
with a flux limiter applied to ensure monotonicity. The time integration is achieved using
a third order Runge-Kutta scheme. To run LES, a second order Smagorinsky model is
used for subgrid-scale parametrizations.

For the three velocity components, periodic boundary conditions were imposed on the lat-
eral boundaries. On the upper boundary, a free-slip condition was used, where tangential
components of the velocity were assumed to be zero (% = % = 0), and no penetration
through the upper boundary was prescribed (w = 0). The lower boundary had no-slip
boundary conditions (v = v = w = 0). To prevent the scalar from re-entering the domain,
in-flow and out-flow boundary conditions were set on the lateral boundaries. On the east
and north boundaries, Dirichlet boundary conditions were set to simulate in-flow, and on

the west and south boundaries Neumann conditions were set to simulate out-flow.

In LES, effects of the kinematic viscosity are neglected effectively resulting in simulations
with very large Reynolds number (Re = U75, where U is the velocity at the top of the
domain, § is the domain height and v is the kinematic viscosity). In this case, the flow near
the wall (the lower boundary) remains unresolved and the surface fluxes of momentum and
scalars are modeled using the Monin-Obukhov similarity theory (Wyngaard, 2010).

5.2.1 Numerical experiments

The numerical experiments were designed to replicate the study of Nironi et al| (2015).
They performed a plume dispersion experiment in which they released scalar plumes into
a neutrally stratified turbulent channel flow. Plumes were released from two heights:
0.060 and 0.199 (where § is the depth of the boundary layer).

To study Reynolds-number dependency, we set up a series of five DNS experiments with
Re, ranging from 316 to 1862. Additionally, two LES experiments with fine and coarse
resolution were performed. For simplicity, the experiments were set-up following the
turbulent channel DNS study of [Moser et al|(1999), where we cut off the upper half of
the domain and enforce a free-slip boundary condition at the top to reduce computational
costs. In all DNS experiments, the flow was forced by a constant pressure gradient between
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the left and right boundaries, resulting in mean bulk wind speed of Up pys = 0.11 m s~

All simulations had the same domain size 15.70p x 3.90p X dp, where dp = 0.8 m is the
domain height. The different Re, were achieved by changing the kinematic viscosity v.
All simulations were first run for 3600 s to achieve statistical stability. After this spin-up,
two sources of passive scalars were added into the domain at 0.066p and 0.196p. The
sources were added in the form of 3D Gaussians with o, being the size of one grid box.
As a consequence, the size of the sources were resolution dependent. The simulations
were continued for another 3600 s.

The two LES runs were performed on a domain size of 15.360; x 3.849; X ¢, where
0r = 800 m. The flow was forced by a constant pressure gradient between the right
and left domain boundaries resulting in a mean bulk wind speed Up 1ps = 4.325 m s~h.
As previously mentioned, the second order Smagorinsky model was used for the sub-
grid parametrization and the value of the Smagorinsky constant ¢, was set to 0.16. The
simulations were run for 28800 s to achieve statistical stability of the flow. After that,
two sources in the shape of 3D Gaussians were placed at 0.060; and 0.199, like in the
DNS, after which the simulations were run for another 3600 s. The specifics of the DNS

and LES runs are given in Table [5.1]

5.3 Results

5.3.1 Turbulent velocity fields

First, we provide an overview of the velocity statistics in all the numerical experiments
compared to the data from |Nironi et al.| (2015). Figure shows vertical profiles of the
first three statistical moments. The profiles were acquired by spatially averaging velocity
components in both horizontal directions in a given timestep and temporally averaging 60
profiles over the course of the simulations. From Fig. a, it can be observed that in the
lower part of the boundary layer (up to ~ 0.449, § = dp or d;, depending on the discussed
experiment) the mean u wind profiles from DNS converge to the profiles from the Nironi
experiment with increasing Re,. In the upper part of the domain the profiles from the
experiment diverge from the DNS profiles. However, the experimental data also disagrees
from the logarithmic profile expected in surface layers (e.g. Wyngaard| (2010)):

z—d
20

a1
Rl 5.1
= los (5.1)

! roughness length zp = 1.1 - 107 m

computed using the friction velocity u, = 0.185 m s~
and the displacement height d = 0.0129 m taken from the Nironi et al.| (2015) experiment.
The departure from the log law occurs on the interface of the inner region of the wall
bounded flow and the region dominated by the free-stream velocity, U,, above it (Coles,

1956; [Krug et al., 2017). The [Nironi et al. (2015) data is well described by adding a wake
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function to the log law profile (Fig. a), so the mean velocity profile takes the shape
(Pope, 2000):

u 1 z—d TZ
—=—(lo + 2[sin® == 5.2

Up K ( & 20 20 ) (5:2)
where II determines the strength of the wake, or the deviation from the log law, here
taken to be I = 1. In Nironi et al.| (2015]) the velocity profiles were approximated by
a power law. As previously mentioned in section the DNS experiments in this
study were set-up as turbulent half-channel flows, therefore the free-stream layer never

developed above the surface layer. For this reason, we find no deviation from log law in
the simulated DNS profiles.

The two profiles from the LES experiments are also shown in Fig. a. Here, the
dependency of the profiles on the spatial resolution is clearly visible. The overshoot
visible in the mean velocity profile for the lower part of the domain has been identified
in the literature as a combination of the SGS model used, grid resolution, and the wall
model used (Brasseur & Wei, [2010; Ercolani et al., |2017; |Ardeshiri et al, 2020)). As with
the DNS experiments, the LES experiments represent only the surface layer.

Figure b — d show variances for the three wind components. Excellent agreements
between both DNS and LES and the wind tunnel data in for the u component can be
seen in Fig. b. The convergence of DNS with increasing Re, towards the data is also
visible. Some differences between the numerical experiments and the data are visible in
the cross-wind direction v. Nironi et al. (2015) also noticed a difference between their
data and data from a wind tunnel experiment of |[Fackrell & Robins,| (1982a)) that fitted
better with the LES described in |Ardeshiri et al.| (2020)). Good agreement is found for
the covariance (Fig. e) which attained the expected linear profile. Similarly, good
agreements are found for the triplet covariances (Figls.1|f - g).

Figure [5.2[ shows production (P) and dissipation (¢) of turbulence kinetic energy (TKE).
A very good agreement is found for the production term (Fig5.2| (a)) for both DNS and
LES. However, discrepancies in the dissipation term can be noticed (Figh.2] (b)). All
the DNS experiments (apart the one with the lowest Re, = 313) collapse onto the same
line that deviates slightly from the experimental data. A small disagreement was also
found for e by Nironi et al. (2015) when they validated their data against [Fackrell &
Robins, (1982a), with the latter study reporting slightly lower values. LES experiments
underestimate € more noticeably, differing also from the DNS. This can be attributed
to the numerical effects in the sub-grid dissipation term. As thoroughly discussed in
Ardeshiri et al.| (2020)), for an LES to be considered sufficiently resolving the flow, at least
80% of the TKE needs to be fully resolved (Pope, 2000). This is possible only above the
surface where numerical dissipation is an important contributor to the total dissipation.
In the MicroHH code, as well as in the PALM code used by |Ardeshiri et al.| (2020), the
dissipation in LES is calculated as a residual of the TKE budget, and therefore includes
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Figure 5.1: (a) Mean wind speed profile, green line indicates the law of the wall with wu,
from |Nironi et al.| (2015)). (b) — (d) Variances of three wind components, (e) Reynolds stresses

and (f) — (g) triplet correlations.

the numerical dissipation in the total dissipation term.
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Figure 5.2: (a) TKE production, (b) dissipation of TKE. For the LES experiments the
dissipation term is calculated as the residual of the TKE budget.

Figure[5.3|shows time averaged spectra of the vertical velocity at the lower emission height
(Fig. |5.3 (a) 0.060) and at half of the domain height (Fig. |5.3[(b) 0.5§). The spectra have
been calculated from 1800 samples and have been normalized with the boundary layer
height 0 and the friction velocity u,. For DNS, a clear dependence of the spectra on Re,
is visible. For the low Re, there is no clear distinction between the dissipative range and
the energetic range of eddies. However, for the two DNS experiments with the highest
Re, an inertial subrange exists that follows the k3 power law, k being the wave number.
It is visible that this subrange spans the largest range of wavenumbers for the simulation
with the highest Re,. Similarly, a short inertial subrange is visible for the LES with the
higher resolution, while the low resolution LES is clearly under-resolved.
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Figure 5.3: Spectra of vertical velocity component w for all performed simulations. Spectra
are shown at two distances from the wall (a) height of the lower source 0.060 and (b) the
middle of the domain 0.54. For comparison, the power-law function of the wave number ks
is also shown.

5.3.2 Plume statistics

To illustrate the effect of the Reynolds number on plume dispersion, Fig. shows a
snapshot taken over the x—z transect at the y position of the source for all five DNS
experiments and the higher resolution LES. The visual differences between the DNS ex-
periments are immediately noticeable. With the increasing Re, the structures in plumes
show more detail on the smaller scales.
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Figure 5.4: Snapshot of x-z transect through the plume emitted from 0.19. Figure shows
all the DNS experiments and the higher resolution LES.

Concentration statistics

Similarly as in Section [5.3.1] we present here a comparison of the first four statistical
moments for the plume concentration for all simulations with the observed concentration
statistics from Nironi et al.| (2015).
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Before we present our results, we provide a short overview of the appropriate scaling we
employed on the concentration fields and of the definitions of statistical moments and
length-scales used here to ensure comparability of experimental data with results from
DNS and LES.

Firstly, we followed scaling form |[Nironi et al|(2015), in which the scaled concentrations
are given as c¢* = c“%ﬁp, where ¢ is the measured concentration, u., is the free-stream
velocity, or here the velocity at the top of the boundary layer, () is the emission strength,
and ¢ is the boundary layer height.

Secondly, the first moment, or the mean, is given as C*(z,y,z) = %Zﬁo ci(x,y, 2),
where N is the total number of time-samples, in this case 2600, and ¢ is the con-
centration sampled alt a certain time 7. All the higher moments are defined as m; =
[% Zi]\io (¢ — C*)"|", where n is the order of the statistical moment.

Lastly, as can be seen from Fig. [5.1| a, there are differences in the mean wind between
the respective simulations and the experiment. To be able to compare the plumes across
the simulations with the experiment, an effective distance of the plume from the source,
T4, can be found. x, is defined as the distance from the source, z, scaled by the eddy
overturn distance X: - . -

T = S om = (5.3)
where T is the characteristic eddy overturn time and all the other terms are as in the pre-
vious section. Therefore, a downwind distance from the source in a respective simulation,
Tgim, can be found at which the plume is mixed an equal amount of time compared to

the experiment at a downwind distance ¢y,

Use,exp Usim 5sim
Lsim = exp: (54)

Use,sim Uexp 5emp

Vertical profiles of mean concentration fields from both the high (top row) and the low
(bottom row) source are shown in Fig. The results are given at four downwind
distances from the source z/6 = [0.3125, 0.625, 1.25, 2.5]. It is evident that, for most
of the simulations, results agree very well with the data. For the higher source the only
notable disagreement is visible for the low resolution LES, which overshoots the centerline
concentrations. We speculate this is a consequence of the simulation being under-resolved
(Fig. as there are no small-scale structures in the simulation than can disperse the
plume around its centerline. Similarly, for the lower source, the DNS with the lowest Re,
overshoots the centerline values on all distances from the source. This is due to the lower
source being emitted at the edge of the viscous layer for the DNS with Re, = 313. It is
clear that mixing even at low to moderate Re, is sufficient to capture the mean plume
growth well, if the distance of the plume from the viscous layer is sufficient.

To focus on higher order statistics, Fig. [5.6] shows horizontal profiles for all four central
moments, raised to the power of %, n = [1, 2, 3, 4], respectively, for both high (left
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Figure 5.5: Vertical profiles of mean concentration, C*, in all the simulations (DNS and
LES) compared to Nironi data. Profiles are given for the higher (top row) and lower (bottom
row) emission source at distances: (a) & (e) x/0 = 0.3125, (b) & (f) z/§ = 0.625, (¢) & (g)
x/d = 1.25, (d) & (h) z/6 = 2.5.

column) and low (right column) plumes. Similarly as for the previous figure, the mean
plume is well captured in the horizontal (Fig. [5.6| (a), (e)). However, the discrepancies
between the results from simulations and the experiment become more obvious as the
order of moments increases. Depending on the source height, the moments are either
better reproduced by the LES experiments while DNS overestimates centerline values
(Fig. (f), (g), (h)) or the higher Re, DNS better reproduce the data while LES
underestimates values on the sides of the plume (Fig. (b), (¢), (d)). Notable is
the deteriorating smoothness of profiles with the increasing moment. The number of
samples averaged here (2600 samples) was obviously not large enough to smooth out
the influence of outliers completely since their influence increase with the order of the
statistical moment. Furthermore, the role of Re, on the higher order statistics is clearly
visible, especially for the higher source. The convergence to the most turbulent DNS
profiles (Re, = 1136 and 1848) is clear in profiles for standard deviation, skewness and
kurtosis. Similarly for LES, the mean scalar field is rather insensitive to grid resolution,
while concentration fluctuations are more sensitive to resolution. This effect was also
noted in the LES study described by |Ardeshiri et al.| (2020). For the higher source, the
integral length scales are larger than for the lower source. Logically, as one approaches
the surface the size of motions that can displace the plume reduces resulting in less
intense fluctuations closer to the surface.
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Figure 5.6: Horizontal profiles of the first four central moments, raised to the power of %, n
= [1, 2, 3, 4], respectively, of concentration in all the simulations (DNS and LES) compared to
Nironi data. Profiles are given for the higher (left column) and lower (right column) emission
sources at distance z/6 = 1.25. The panels show: (a) & (e) mean concentration, (b) & (f)
standard deviation, (c) & (g) skewness and (d) & (h) kurtosis.

Fig. shows centerline concentration statistics for the higher source on six downwind
distances. For the mean concentration C* (Fig. [5.7] a), all the simulations, apart from
the low resolution LES, show very good or excellent agreement with the experiment. The
highest Re, DNS is in exact agreement with the experiment throughout the domain, while
the high resolution LES starts to slightly underestimate the mean concentration very far
from the source. For the three higher moments (Fig. b—d), however, the value closest
to the source is underestimated in all simulations. In contrast, mid-distances are well
represented in all simulations, and far from the source high resolution LES agrees with the
experiment well, while the DNS experiments overestimate the values. The overestimate of
DNS with the data grows as the distance from the source increases and as the order of the
moment increases. Similar results were found for the lower plume (not shown). This could
be the low Re number artifact: with the downwind distance from the source the range
of eddies that can entrain fresh air into the plume grows as the diameter of the plume
grows. For too low Re flows in DNS the mixing inside the plume itself is underestimated
and there still remain areas with too high concentrations that have a notable influence,
specifically on the higher-order moments.
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Figure 5.7: Centerline values of the first four statistical moments in the simulations (DNS
and LES) and the Nironi data. The panels show: (a) mean concentration, (b) standard
deviation, (c) skewness and (d) kurtosis.

5.3.3 Absolute and relative dispersion

Processes that drive plume dispersion can be separated into two mechanisms, which relate
the size of the plume to the size of the dominant eddies. First, the plume is displaced
around its mean centerline by eddies larger than the plume itself. This is known as
meandering motion. And second, the plume is spread relative to its instantaneous center
of mass position by eddies smaller than the plume. These two mechanisms contribute to
the absolute plume spread o,, , (also known as the dispersion coefficients) as

o2 =02 4o (5.5)

Ti,a Tq,m Z4,7)

where o, , and o0,, , represent plume spread by meandering and relative dispersion and
x; = (y, z) is the plume spread direction. These motions can be related to the plume
center of mass:

B [c(z,y,z,t) x; dy dz
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where 7, ,, is a time average of all instantaneous plumes centers of mass, and z; is the
in-plume position.

Figure shows the three dispersion coefficients for the source at 0.199 in the y (left col-
umn) and z (right column) directions. Reynolds number dependence is visible for the DNS
plumes. The absolute width of the plumes in the y direction decreases as the Re, number
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increases (Fig. [5.8] (e)), especially further away from the source. When the dispersion is
decomposed into the two separate processes, it is visible that the relative plume dispersion
is larger for less turbulent flows (Fig.|5.8| (e)). |Ardeshiri et al.| (2020) showed in their LES
study that most of the production of scalar variance occurs close to the source, where me-
andering is dominant. Since lower resolution simulations effectively imply larger source
size, as simulated source size is determined by the grid-size, this artificially increases the
relative dispersion through numerical diffusion and damps meandering. Differences in the
meandering plume growth are less pronounced (Fig. 5.8 (¢)). Meandering is also of lower
magnitude than the relative dispersion, therefore its influence is less pronounced in the
absolute plume. This is especially true further downwind from the source (e.g. |Gifford
(1959)). For the vertical plume growth, the differences between the simulations are less
pronounced and Re, convergence is not as clear (Fig. |5.8| (b),(d),(f)).

The LES plumes agree with the highest Re, DNS in the y direction very well. In the z
direction, the low resolution LES underestimates the absolute plume growth by a large
margin (Fig. [5.8] (b)). We attribute this to the very low resolution of this simulation in
the vertical direction.

Re = 316 Re =489 —— Re =617 —— Re =1118 —— Re =1862 — LES LES half

(b)

(a)

Oyml6

Figure 5.8: Dispersion coefficients for the plume emitted from 0.195. The left column
gives dispersion coefficients in y direction for: (a) relative dispersion, (¢) meandering, and (e)
absolute dispersion. The right column shows the vertical dispersion coefficient for: (b) relative
dispersion, (d) meandering, and (f) absolute dispersion.

5.4 Discussion

This paper presents point source plume dispersion in five direct numerical simulations
(DNS) with different Reynolds numbers and different resolutions. Furthermore, for com-
parison, a high- and low- resolution large eddy simulation (LES) were also conducted.
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The goal of this study was to see if the Reynolds number similarity occurred in the DNS
for the first four statistical moments as this would prove the method viable for dispersion
studies. In contrast to LES, DNS does not parametrize any part of the turbulence. For
this reason, we added LES to compare their performance on different downwind distances
from the source. The simulations have been set-up according to the wind channel exper-
iment of Nironi et al. (2015) in which point source plumes where released from different
altitudes into a neutral turbulent flow.

The analysis of the velocity fields indicates that the mean field but also the Reynolds
stresses and triplet covariances show good agreement with the experimental results. The
Reynolds number dependence in the mean wind speed profiles from DNS is clear and
the higher Re, simulations converge to the expected log-law. However, there is some
discrepancy with the profiles from the experiment in the upper part of the boundary
layer. This discrepancy is well-described by implementing the law-of-the-wake correction
(Pope, 2000) to the standard log-law. As pointed out in [Pope| (2000)) this correction is
applied on the interface of the free-stream layer and the surface layer since there is no
sharp transition between the two layers. The simulations, however, represent purely the
surface layer flow. Wind variances show excellent agreement with the experiment in all
of the simulations for the along mean wind component. For the cross-wind components,
which are most important for the dispersion, the variances are somewhat underestimated
in all simulations and in both directions.

The mean concentration field is in good agreement with the wind tunnel experiment
in almost all simulations. Only the lowest Re, = 313 DNS and low resolution LES
show significant disagreement with the experimental data. This result indicates that the
processes driving the mean plume dispersion are well represented even in low to moderate
Reynolds number flows. The situation is different for the concentration variance. The
simulations with low Re, clearly show underestimation of scalar variability. However,
the two most turbulent DNS experiments (Re, = [1118, 1862]) converge to the same
values. On the transect used in Fig. (x/6 = 1.25) the results convergence to the wind
tunnel data. Similar behaviour is seen for the other two higher order moments (skewness
and kurtosis). LES also shows very good agreement with the wind tunnel data. From
the centerline values of the four moments it is visible that the mean concentration is
well represented in all simulations apart from the low resolution LES. The three higher
moments are better described by DNS close to the source, while in the far field LES
reproduces the data better while DNS shows overestimates. We speculate that this is
caused by the low Reynolds number effect. Conversely, the poorer performance of LES
in the close-source range can be ascribed to LES being too dispersive. In the LES, the
effects of the smallest eddies (smaller than the cut-off frequency) are modelled by the sub-
grid models. Our results suggest that this parametrization smooths out the concentration
fluctuations that are present very close to the source, which is not the case in the DNS
experiments. A possible way to circumvent this issue in LES would be to develop a subgrid
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parametrization that changes with downwind distance from the source.

The mechanisms that drive concentration fluctuations can be analysed by separating the
plume dispersion into meandering and relative dispersion. Generally, the DNS with the
highest Re, number and the high resolution LES show very similar results, showing that
the DNS is capable of reproducing the mean drivers of dispersion, either close to the source
through meandering or further away from the source through relative dispersion, at least as
well as LES. Notable is the Reynolds number dependence of relative dispersion, especially
further downwind. Ardeshiri et al.| (2020)), in their LES study, stressed the importance of
properly resolving the source in order to avoid artificial damping of meandering through
enhanced relative dispersion due to numerical effects. This effect can be noticed in our
DNS results since we use three different resolutions. However, for example, the DNS runs
with Re, 1118 and 1862 use the same resolution, but there is still a difference in the
plume width, indicating that the Reynolds number of the flow may also explain part of
the differences in plume widths.

A notable drawback of DNS when performing the dispersion studies is the too high viscous
layer that makes the study of dispersion close to the ground level impossible. The height
of the viscous layer is Reynolds number dependent and for simulations with too low Re
this effect can influence the plume at altitudes as high as 10 % of the boundary layer
height (Fig. . It is however impossible to achieve the depth of the viscous layer
present at the atmospheric conditions (height of millimeters) in DNS studies. Therefore,
these effects should be taken into account when designing dispersion experiments.

We have shown Reynolds number convergence in DNS experiments for velocity and scalar
fields. The most turbulent DNS results are equally good, or in some cases better than
the corresponding LES. Apart from the obvious advantage of DNS of not having any
parametrizations and resolving all relevant scales of motion, the computation cost and
ease of set-up should also be taken into the account. The latter is relevant for LES as it
is notorious difficult to correctly set up LES for neutral channel flows. LES is sensitive
to the wall model used (Ardeshiri et al., 2020), the choice of the sub-grid model and its
constants, and the choice of resolution. As a consequence, it is possible to either over- or
under-resolve mixing in the simulation (Brasseur & Wei, [2010). Furthermore, in LES it
takes long for the statistics to become stationary. In our case, stationarity was archived
only after 28800 timesteps. The computation costs, including a simulation hour with the
plumes active, amounted to 2592.5 CPU hours. DNS is also very computationally expen-
sive, but that cost increases exponentially with the Reynolds number (Popel 2000)). For
the most turbulent DNS, the cost amounted to 6880 CPU hours, i.e. more than double
the LES costs, but not prohibitive.

In conclusion, we showed that DNS performs well for point source plume dispersion stud-
ies. With the constant increase in computing power we expect DNS to become more
feasible in the atmospheric studies in general.






Chapter 6

Plume dispersion in a residential
street
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Abstract

This study uses direct numerical simulations in a mock urban setting to test the per-
formance of a semi-empirical methane source strength estimation method — the Weller
method. The study is based on a measurement day during a campaign in Hamburg, Ger-
many where methane emissions from various ground sources in the city were measured.
The topography in the simulation was set-up to mimic the residential street in Hamburg
where the measurements were taken. Based on the street layout, 11 point sources were
placed on the ground in different positions relative to the buildings that appeared to
be the sources of methane. Due to the lack of meteorological measurements from the
campaign, this study is performed in a neutral atmosphere with constant mean wind di-
rection aligned with the street. Three Direct Numerical Simulation (DNS) experiments
with three different Reynolds numbers were performed, two of which had the same mean
wind speed and in the third the wind speed was doubled. For all three simulations the
mean vertical profiles of the first three statistical moments of velocity are very similar.
There is a clear influence of the buildings on the flow field as the re-circulation of air
behind the buildings can be clearly distinguished in the velocity fields and in the pressure
build-up on the windward side of the buildings. This has direct influence on plumes as
they tend to stay trapped in the spaces between the buildings. The estimation using the
Weller method was separated in two parts: 1) determining the source location and 2)
estimation of the source strength. The results show the method places the source at the
wrong location unless the measurements were taken directly on top of the source. The
source strength is estimated correctly by the method only if measurements are taken on a
distance at which the maximum concentration satisfies the equation the method is based
on. We found that this distance depends on atmospheric stability and the mean wind
speed. If the measurements are taken at the right distance from the source, at least 10
transects are still needed to average out the atmospheric variability and to estimate the
source strength within 40% of the true emission.
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6.1 Introduction

Methane (CH,4), one of the most important green-house gases (GHG), is of both
anthropogenic and natural origin. In a recent study, |[Saunois et al.| (2020) reported that
60% of total global CHy emissions can be attributed to anthropogenic origin. These
sources can be traced to a large variety of human activities, ranging from transport
and energy supply to agriculture and waste management. Cities, as hot-spots of human
activity, also contribute to the total methane budget. However, their contribution is
still not well quantified (Plant et al., [2022). Furthermore, it is expected that by 2030
60% of global human population will reside in cities (Plant et al., [2022) making the
quantification of city emissions even more pressing.

Recently, Plant et al.| (2022) used data collected by the TROPOMI instrument on the
Sentinel-5 Precursor satellite to show that there is likely an under-representation of city
emissions in the emission inventories. They also indicated the usefulness of satellite
data for deriving more accurate global city emission estimates. However, due to their
resolution, satellites are not able to identify individual sources in cities. For this purpose,
a ground-based approach of measuring methane emissions, such as devices placed on
mobile platforms (e.g [Maazallahi et al.| (2020))), are better suited since they are capable
of identifying individual point sources at street level. Recently, Alvarez et al.| (2018
measured fugitive emissions from the oil and gas industry supply chain in a number of
US cities that account for 30% of total U.S. methane emissions. They have found 2.3%
of gross annual U.S. gas production escapes to the atmosphere only through the supply
chain, which is about 60% higher than the previous estimate. Therefore, identifying the
highest emitters on street level is of high priority in order to achieve quick mitigation of
methane emissions from cities.

The methods used to infer emission strengths from street sources, however, are often
based on very simple empirical or semi-empirical models. An example is the Gaussian
plume model (GPM) used to estimate emissions from larger facilities such as landfills
and wastewater management facilities (Maazallahi et al., [2020). This potentially leads
to large estimation errors even for plumes dispersing over a terrain with no obstacles
(e.g. [Yacovitch et al. (2015); |Caulton et al. (2018)); Raznjevi¢ et al. (2022)). Another
estimation method, and the one most relevant to the problem of fugitive street-level
emissions, was developed by [Weller et al. (2019). This method estimates emissions based
on longitudinal street transects through methane plumes combined with an empirical
model that was calibrated to a release experiment.

As previously mentioned, using simple models can potentially lead to large estimation
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errors, even in the simple case of dispersion over flat terrain. This is due to the turbulent
nature of the plume very close to the source (e.g. |Caulton et al. (2018)); Raznjevi¢ et
al| (2022)). On top of that, in case of emissions from street geometries, the presence
of obstacles affects the turbulent flow, and consequently the plume itself, changing the
mean flow profiles (Barlow & Coceal, [2009)) and dictating the plume behavior (Mavroidis
& Griffiths| 2001; Coceal et al., 2014]).

The dispersion of plumes released from point sources has been a topic addressed in
several previous studies. Since a city plume is heavily influenced by the configuration
of the nearby buildings, a comprehensive study on dispersion is nearly impossible to
conduct (Coceal et al.l |2014). Therefore, the majority of studies focused on dispersion in
Mock Urban Setting Tests (MUSTSs) that represent a generic urban setting that is easily
reproducible and the main parameters are easily controllable (street width, building
height and width, main wind direction, placement of the sources with respect to the
buildings etc.). Experimental approaches addressing this problem involved wind tunnel
experiments with MUST set-up. For instance, Davidson et al.| (1995) studied dispersion
in an uniform array of buildings under neutral atmospheric conditions and found that
the vertical extent of the plume was 40-50% larger than if no obstacles would be present.
Similarly, Macdonald et al| (1997) compared the plume from a wind tunnel experiment
with the GPM and found that the lateral dispersion is increased by the presence of an
urban array. Furthermore, they showed that the narrowness of streets increases the
lateral dispersion. Recently, Carpentieri & Robins (2015)) studied the influence of urban
morphology on the mean wind profiles. They showed that wind profiles are influenced
by the building height variability, the building aspect ratio, the angle between the street
canyon and the incoming wind, and the presence of much taller buildings in an array
of relatively uniformly high buildings. Consequently, since the plume dispersion is pri-
marily driven by the wind, all these morphological features influence the plume dispersion.

A number of studies conducted dispersion experiments in MUST settings with numerical
models. We address here Reynolds-averaged numerical simulations (RANS), direct
numerical simulations (DNS) and large-eddy simulations (LES). RANS models solve the
governing equations of motion (momentum, mass and energy) only for the mean values
of these variables, while they fully parameterize turbulent motions. The advantage of
these models is their low computational cost relative to the models that fully or partially
resolve turbulence. This allows for repeated comprehensive studies that include all
three atmospheric stability conditions (neutral, stable, unstable) such as the study of
Guo et al| (2020). However, for studying the fluctuating behavior of plumes, models
that partially (LES) or fully (DNS) resolve turbulence are needed. [Philips et al. (2013)
studied the influence of building array configurations on the plume dispersion under
neutral atmosphere in an LES and found that lateral dispersion is more affected by
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the buildings than vertical dispersion, thus confirming the wind tunnel experiment of
Macdonald et al.| (1997). Urban dispersion under stable conditions has been studied by
Li et al.| (2016). They found that the flow generally slows down in an urban array in a
stable atmosphere, effectively hindering plume mixing above the canopy and situating
the plume close to the ground. Michioka et al. (2019), also in an LES, showed that
fluctuations in the mean wind variance have virtually no effect on the plume deeper into
the urban array and can be observed only in the first few rows of buildings. Finally, for
DNS, studies mostly focused on dispersion in neutral conditions. DNS studies mostly
point to a large influence of the buildings on plumes, indicating larger lateral spread,
pooling of plumes on the lee side of buildings, and channeling of wind between buildings
if there is an angle between the incoming wind and the street canyon (see Branford et al.
(2011)); Coceal et al.| (2014])); Castro et al.| (2017)); Eisma et al.| (2018)); Goulart et al.| (2018]))

Our aim for this study is to assess source strength estimation methods from street
level measurements using DNS. The measurement strategy we are focusing on was first
developed by Weller et al.| (2019) and has recently been used to detect and estimate
fugitive methane emissions (Maazallahi et al., |2020| |2022]). To the best of our knowledge,
this estimation method has not yet been systematically tested for the influence of the
atmospheric parameters on the plume variability and consequently the source estimations.
We therefore use DNS to simulate dispersion from multiple scalar sources in a MUST
set-up. This study is inspired by the measurement campaign of city methane emissions
conducted in Hamburg, Germany (Maazallahi et al., |2022)). As a first step, we limit
this study to dispersion under neutral atmospheric conditions and with the mean wind
direction aligned with the street as we expect that the estimation method performs best
for this geometry. However, we do vary the mean wind speed in our study to test its
influence on the source-strength estimations. Note that the Weller estimation method
does not account for wind speed. We also look at the flow characteristic around the
buildings and its influence on the plume dispersion.

This chapter is structured as follows: In section [6.2| we shortly describe the Weller method
as it is the main focus of this study. Section describes one of the residential streets in
Hamburg in which Maazallahi et al. (2022) detected methane leaks and which we used to
construct an idealized MUST. The numerical model and the numerical experiment set-up
are described in section [6.4l The results are presented in section [6.5] first focusing on
wind and pressure fields, followed by an analysis of plume fluctuations around buildings.
Finally, the last part of section is dedicated to a critical reflection on the Weller
method.
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6.2 The Weller method

This section is used to shortly introduce the leak detection and source estimation method
presented in Weller et al.| (2019)). Here, we do not analyze the technical aspects of the
method, such as quality control, and instead focus on the actual algorithm for leak
detection and the formula that is used to estimate source strengths.

The Weller method consists of taking methane concentration measurements while driving
through city streets. This way large areas of the city can be mapped with methane
concentrations in relatively short time. Unlike the sampling methods that take plume
transects perpendicular to the mean wind speed and rely on the GPM to infer the
emission rate (e.g. Caulton et al. (2018); [Raznjevi¢ et al. (2022))), the Weller method
makes transects along the street, independent of the wind direction. Furthermore, the
authors recommend to take at least 2 transects through the street and averaging them
before applying the detection and quantification algorithm. The Weller method provides
information on the leak location and the strength of the leak based on the maximum
concentration enhancement recorded on multiple street transects.

The leak detection algorithm consists of two steps: peak detection and identification of a
leak. When a methane concentration enhancement is observed, the observed peak (OP)
location is found as a weighted spatial average of all the elevated readings in the OP
as:

N
i—1 Ci -\ T, Ui
(Xop,Yor) = iz N i,y ), (6.1)
Zz‘:l Ci

where Xpp and Ypp are spatial coordinates of the derived OP location, ¢; is the methane
enhancement observed at a measurement location (x;, y;) ¢ where i = [1,...,N]. Here it is
assumed that all the observed enhancements are caused by the same source.

After P street transects and OP identifications, a leak indication (L) is conducted.
Similarly to locating O Ps, LIs are found as a weighted average of maximum concentration
enhancements ¢4, ; for each OP location as:

Z;D:l cmaz,j . (XOP,jv YOP,j)
Z‘]Pil Cmamvj ’

where j = [1, P] is the individual OP, (Xop;, Yop;) is the location of a specific OP,
and X; and Y7, represent the final leak indication location.

(Xrr, Yr) = (6.2)

Finally, the source strength is estimated using the empirical formula:

In ¢,z + 0.984
0.817

InQ = (6.3)
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1

where @) is the estimated source strength in L min™', and In ¢4, (Where ¢4, has units

of ppm) is an average of maximum concentrations found for each OP i.e. Incy,, =
I%Zf:l In ¢par where @ = [1, P] is the individual OP.

6.3 Description of the measurement site

This study is based on one measurement day during a campaign conducted in Hamburg,

Germany (Maazallahi et al.| 2022)). The measurement site represents a typical residential

street in European suburbs. For this reason, we find it a good starting point to build our
MUST on. Figure (a) shows a Google Maps view of the measured street. The street
is straight with houses placed fairly uniformly along both sides. The Google street view
(Fig. 6.1 (b)) provides a better look on the type of houses found in the street. Relatively
small family homes can be observed with an approximate aspect ratio of 1. Based on
this information, we constructed a simplified version of this street for our simulations
that will be presented in the next section of this chapter (section . We would
like to point out that, while this street was used as the basis for this study, there were
no meteorological variables recorded during the campaign. Therefore, we are unable
to reproduce the measurement day accurately and can only approximately compare the
measured and simulated plumes.

(b)

Figure 6.1: (a) street view, and (b) top view of the measured street as provided in Google
Maps. Credit: Google (©).

6.4 Numerical model

The numerical experiment was performed using the MicroHH model, developed by
Heerwaarden et al.| (2017). The model solves the conservation equations of energy, mass

and momentum under Boussinesq approximation. The dynamics of the system are solved
with a second order finite volume scheme. The advection of scalars is advanced with
a second-order scheme with a fifth-order interpolation with an imposed flux limiter to
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ensure monotonicity. The time is advanced using a Runge-Kutta third order scheme.

For the (u,v,w) velocity components, periodic boundary conditions have been imposed
on all lateral boundaries of the domain. On the top of the domain, a free-slip boundary

condition was applied to the lateral velocity components (2% = 22 = () and there was

ox — By
no penetration through the top of the boundary (w = 0). At the surface, a no-slip
(u=v =w = 0) boundary condition was applied. To prevent the scalar from re-entering
the domain Dirichlet boundary conditions were imposed for the in-flow of scalars into

the domain, and a Neumann boundary condition was set for the out-flow.

We use square blocks to represent the houses in the simulation. To prevent the flow from
entering these blocks, the immersed boundary method (Tseng & Ferziger, 2003) was
used. This method consists of ghost cells representing the edges of the buildings (or any
other complex boundary) into which pressure and velocity components are extrapolated
from the nearby fluid grid cells. The extrapolation is done in such a way that a forcing in
the ghost cell is calculated such that the desired boundary condition of no flow through
the boundary is satisfied.

6.4.1 Experiment set-up

Numerical experiments were designed to reproduce the atmospheric flow through
the street described in section [6.3] For this exploratory study, we assumed neutral
atmospheric flow into which we released scalars as a proxy for methane emissions.

All runs we performed had an identical geometric set-up as shown in Fig. [6.2] The
domain size in the runs was set to (z,y,2) = 27 X © x 1 [m] with a spatial resolution
768 x 384 x 128. Similarly to the study in the previous chapter, we employ here
Reynolds similarity, therefore the flow in the domain described here will have the same
characteristics in a much larger domain (e.g. the actual street) given that the Reynolds
number and geometrical ratios (e.g. width vs length of the street, spacing between
the houses etc.) stay the same. From this point on, we will describe the geometry in
non-dimensional space, which will be achieved by scaling everything with 6 = 1 [m], the
boundary layer height. The houses in the simulation were represented by rectangles with
a horizontal edge length L = 0.396 and height H = 0.356. The houses are lined uniformly
to mimic the street (Fig. [6.2). The distance between each of the houses is taken as
l, = 1.15H in the same row and [, = 3.5H between two rows of houses (the ”street”
width). Due to the periodic boundary condition imposed on the velocity components,
the geometry in the simulation needs to be axis-symmetric about — and perpendicular to
— the mean wind speed (here x and y respectively).
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We performed three simulations with different Reynolds numbers; Re, = u.0/v = [1012,
2532, 5136]. Here, the friction velocity was defined as u, = [(v/w’)* + (v’w’)Z]% at the
buildings’ height (Finnigan, 2000), where the Reynolds stresses have their maximum
values. The maximum Reynolds stress marks the transition area from the roughness
sub-layer flow to the inertial sub-layer flow in which the flows is homogeneous in all direc-
tions (Rotach, 2001). The lowest Re, simulation was used as the baseline. The increase
in turbulence between the first and the second simulation was achieved by lowering the
kinematic viscosity v and keeping all other characteristics of the simulation identical. The
second increase in Re, was achieved by doubling the bulk wind speed Up in the second
run. The bulk wind speed is imposed by maintaining a constant pressure difference be-
tween the left and right boundaries of the domain. The specifics of each simulation are
given in Table [6.1 All simulations were first run for 900 time-steps to achieve statistic
stability of the flow, after which 11 scalar sources were released into the simulations. The
locations of the sources are numbered in Fig. The sources were placed on the ground
as one grid flux boundary condition with Q = 1.59 - 107 [kg s7!] released into the simu-
lation in each time-step. The simulations were then run for an additional 3600 time-steps
during which cross-sections at multiple locations through the plumes were taken every 5
time-steps.
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Figure 6.2: The geometric set-up of the simulations. The numbered red dots indicate the
locations of the sources.

6.5 Results

6.5.1 Flow and pressure fields

Firstly, we analyse the velocity fields of the simulations. Figure [6.3| shows the vertical
profiles of the first three statistical moments for the three velocity components (u,v,w).
The profiles are calculated first as horizontal domain averages (averaging over x and y) and
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Table 6.1: Numerical experiments characteristics: resolution, domain size, bulk mean velocity, friction velocity, Reynolds number Re;

= w0 /v, viscosity.

Run Resolution Domain size Ug Uy Re, v
LowRe | 768 x 384 x 128 27T X ™ X 1 0.11 1.013 - 1072 1012 | 1-107°
768 x 384 x 128 2w X ™ X 1 0.11 1.006 - 1072 2532 | 3.97-10°°
HighRel
768 x 384 x 128 27 x ™ x 1 0.22 2.050 - 1072 5071 | 3.97 - 1076
HighRe2
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subsequently as time averages over 60 time-steps spanning over one hour of simulation.
For all moments a clear influence of the buildings on the vertical profiles is visible. The
mean u velocity profiles (Fig. (a)) show an almost linear increase in wind speed
with height for the highest Re, simulation (green line) from approximately the top of
the viscous layer (the layer closest to the surface where velocity is linearly proportional
to the distance from the wall) to the top of the buildings. After a discontinuity at the
buildings” top, the profile attains the logarithmic profile that is expected in a surface
layer flow. It should be noted here that the surface area of the domain covered by the
buildings is only ~ 10% and that the buildings have been grouped together into two
rows. Different building configurations or different building densities are expected to
yield different velocity statistics (Macdonald, 2000; Kastner-Klein & Rotach, [2004). All
the moments, after scaling, converge to the similar profile, showing very little variation
with the changing Reynolds number. Only slight differences are visible for the cross-flow
and vertical velocity variance (Fig. ¢,d) indicating small changes in turbulent mixing
for the lowest Re, simulation. This result complies with the previous findings, which
suggested there is very low Reynolds number dependency for the flows around sharp-
edged obstacles (Castro & Robins| [1977; [Snyder & Castro, 2002; Branford et al., 2011)
Therefore, for simplicity, all the analysis presented in this chapter will be performed for
the simulation HighRel (Table with Re, = 2532 unless specified otherwise in the
text.
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Figure 6.3: (a) Mean wind speed profile, (b) — (d) variances of three wind components, (e)
Reynolds stresses and (f) — (g) triplet correlations.

Further information on drivers of dispersion around the buildings can be gained from
studying the perturbation pressure field. The differences in the pressure field arise form
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the movement of the air that creates dynamic pressure which adds to the hydrostatic
pressure. The total pressure field, i.e. the perturbation pressure, we have scaled,
as all other variables, with the Reynolds similarity in mind. This way the same
pressure differences can be expected in a flow with the same characteristics but in a
much larger domain if the scaling is done in the same way we have done it in this
study. The modified pressure field here was obtained by scaling the perturbation pressure
field with the height of the domain, the source strength and friction velocity like p* = pQH—;.

The time-averaged field of modified pressure is obtained by time averaging 100 2D pressure
fields. Figure (a) shows the top view of the pressure field at the ground level around
the first three buildings in the lower row. Similar results are found for the flow around
all houses. A first phenomenon to be noted is the pressure build up on the windward
side of the houses. This is a consequence of a solid boundary placed perpendicular to the
flow. The air is therefore diverted toward the sides of the buildings. On both the south
(down) and north (up) sides of the buildings an area of low pressure is visible, which
indicates that flow separation is occurring at these locations (Nardecchia et al., [2016).
Therefore, very close to the south and north sides of the building a flow opposite from the
mean wind direction can be expected. Similarly, Fig. [6.4] (b) shows side view (x-z) of the
pressure field around the buildings taken at the mid point of the building width. Again
the pressure build-up on the windward side is visible, which is followed by a pressure drop
indicating that the leading corner of the building is the point at which the flow separation
happens. As a consequence, the flow is in the opposite direction from the mean wind at
the top of the buildings .
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Figure 6.4: (a) Top view (x-y) on the mean non-dimensional pressure field (average over 100
time steps) at ground level, and (b) side-view (x-z) on the mean pressure field at half of the
building width. The arrow indicates the mean wind direction in both panels.



6.5 Results 113

The actual direction of the mean wind (average of 100 2D wind fields) can be observed
in the quiver plots (Fig. [6.5]). From the top view (Fig. (a)) it can be seen that a flow
in opposite direction from the mean wind developed between the buildings. The air is
moving from the area of higher pressure on the windward side towards the lower pressure
in-between the buildings (Fig. (a,b)) and to the sides of the building. There is also
small entertainment of air towards the space between the buildings on the lee side of
the buildings. The secondary circulation in the opposite direction that develops between
the buildings is clearly visible in Fig. (b). Note here that the flow around the 3D
objects is one of the best studied problems in the wind engineering field and has been well
described in literature (e.g. Martinuzzi & Tropea (1993)); Nardecchia et al.| (2016)). The
pattern observed here is specific to the building morphology and the mean wind direction
of the experiment presented here. Different building distributions or wind directions will
produce different flow patterns. Coceal et al.| (2014) studied the influence of the building
distribution and the mean wind direction on plume dispersion in more detail.
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Figure 6.5: ((a) Top view (x-y) on the mean horizontal velocity field (average over 100 time
steps) at ground level, and (b) side-view (x-z) on the mean horizontal velocity field at half of
the building width.

6.5.2 Mixing ratio fields

From the measurement experiment that motivated this study (section |6.3)) it is clear
that, more often than not, multiple sources emit methane in the same street. Figure
(a) shows a snapshot of instantaneous plumes released from sources sg, $1, s3, Ss,
ss and sjp. The snapshot is taken at 5% of the building height (0.05H). From the
instantaneous plumes it is clear that it would be impossible to differentiate between the
individual sources by e.g. taking only one transect through the plumes. The instantaneous
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plume is patchy and concentrations maxima appear at locations different from the source
locations. Figure (b) shows time averaged plumes from the same sources and at the
same height. The snapshots of the plumes were recorded over the whole x-y transect
every 360 s throughout the whole simulation (1 hour) before averaging, i.e. 100 plumes
were averaged. The influence of the buildings on dispersion can be clearly observed in the
mean plume field. This is especially true for the plume released from source sg which is
caught in the circulation between the buildings. As a result, the concentration maximum
occurs upwind from the source on the lee side of the previous building. It should be also
noted that the difference in maximum concentration in the instantaneous plumes and the
time-averaged plume is two orders of magnitude.
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Figure 6.6: Top view (x-y) on the (a) instantaneous, and (b) time-averaged (over 100 time
steps) plumes emitted from sources sg, s1, S3, S5, sg and s1g (red circles). The x-y transects
were taken at the 5% of the building height (0.05H).

Thus, apart from the obvious spatial variability, plumes are also highly temporally vari-
able at a certain location. To illustrate this, Fig. shows the concentration as a function
of time for the plume released from source so. The subplots in Fig. [6.7] show the con-
centrations relative to the first three houses (gray blocks) on both sides of the street.
Concentrations were recorded at the mid-point of each block of empty space in-between
the houses. For example, the first column of subplots shows the first house on each side
of the street and the concentration time-series at a point exactly in the middle of the
street. Next to the concentration, also the concentration fluctuation intensity i.. is plotted
in the panels as a red dot (right axes). The concentration fluctuation i. is defined as 2=,
where o, is the standard deviation of concentration over a time period of 500 s, and ¢
is the mean concentration). Fig. shows that the plume, emitted from source s in
front of the first house in the bottom row, gets mixed in-between the houses of the first
row and very rarely reaches the middle of the street and never reaches the opposite row
of the houses for downwind distances relatively close to the source. The efficient mixing
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in-between the houses is visible in the fast drop of 7., which has value of 1.30 between the
first two houses, and drops to 0.5 between the third and the fourth house. Moreover, the
value of i, has very high values in the middle of the street locations (Fig. middle row)
indicating that the plume reaches this location very rarely. The plume is wide enough
to be actually measured in the middle of the street only further downwind, i.e. after the
third house (last column). Figure shows the same as Fig. but the source now is
located between two houses at position sg. Again, this plume almost never reaches the
middle of the street for these downwind locations. Only very rarely (high i.) the plume
gets pushed by an eddy towards the middle of the street. These two figures illustrate
the impact of the source location with the respect to the houses on the likelihood of
measuring the plume while driving along such a street. The structure of the flow around
the houses drags the plumes to the spaces in-between the houses, making it unlikely to
measure the plume on the street. This is true only for downwind locations close to the
source. Further downwind, however, plumes are more diluted (Fig. (a)) and more
likely mixed with emissions from other sources. Moreover, the strong intermittency of
these plumes in the middle of the street leads to high probabilities of actually missing
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Figure 6.7: Time-series of non-dimensional concentration (cx = CU*THz) (blue, left y-axes) at
locations between the houses. The figure shows concentrations recorded in the middle of the
street (middle row) and mid-point (top and bottom rows) between the first three houses (gray
blocks) on both sides of the street. The concentration is recorded for 500 s with a time-step
of 5 s (x-axis). The second (red) y-axis shows the corresponding concentration fluctuation
intensity 4. (the red dot). The panels show concentrations emitted from source sy, which is
located in front of the first house in the bottom row (Fig. [6.2).

6.5.3 The Weller method

In this section we present the analysis of the Weller method described in section [6.2] The
analysis focuses only on the plumes emitted from the locations sy, s; and s5. We have
chosen these plumes because one of the goals is to investigate the sensitivity of the Weller
method to the crosswind distance from the source. We converted the concentrations
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Figure 6.8: Same as for Fig. but now the source is located at position sg (between the
first two houses in the bottom row, Fig. 6.2]).

from non-dimensional space to mixing ratios in parts per million, as used in the Weller
method. Furthermore, the method gives source strength estimations in L min~!, therefore
our source strength (Q = 1.59 - 1075 [kg s7!]) has to be converted to those units. This is
done with the assumption of standard atmospheric temperature and pressure (7' = 273
K, p = 10° Pa) which results in the release rate of Q@ = 1.35 L min~!.

First we focus on the detection of the leak location part of the algorithm, i.e. the
derivation of observed peak locations xpp and leak indications LI. By its definition, xop
is the center of mass of the measured plume on the longitudinal road transect. Note here
that we only calculated the OP in the x-direction (zpp). This is due to the fact that
the y position of the car is constant while taking a transect. The algorithm itself, as
described in Weller et al.| (2019), has protocols to filter out the measured methane peaks
that are too far apart (approximately 60 m) as it is assumed they do not belong to the
same source. For the sake of brevity, we skip the analysis of the validity of this filtering
algorithm. Moreover, we focus on the signals from individual plumes and therefore test
the Weller method under idealized conditions. Figure (a) shows zpp calculated from
50 transects along the street. The xpp values have been calculated for three cross-wind
driving distances from the source y — y, = {0.05, 0.79, 1.59} H. For reference, the
1.59H transect is located at the middle of the road. The transects here are taken at
an assumed inlet height of 14% of the building height (0.14H). From Figure it is
clear that for all three plumes the derived peak location never agrees with the location
of the actual source. In this case, this bias can be explained by the wind that carries
the plume downwind from the source. During this transport, dispersion takes place.
These processes cause the peak mixing ratio on each longitudinal (along-wind) transect
to appear on a different downwind location. This will be demonstrated further below,
when we present the results of the LI analysis. A related observation is that the closer
the transect is to the source, the higher the chance to find the peak concentration at the
same location in multiple transects. This again is the consequence of turbulent motions
that mix the plume. The plumes are most variable at their edges (e.g. |Gailis et al.
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(2007)) making it likelier that eddies will cause peak concentrations at a larger interval
of downwind distances. Lastly, there is a difference in location of xop between different
sources. We assign this difference to the influence of the buildings on plume dispersion
and the relative location of each source with respect to the buildings. This is supported
by the fact that the difference in xpp from each plume diminishes as the distance from
the building increases and are the smallest on the middle of the road transect. There is
also a noticeable difference in the estimated xzop values from sources sy and sy, which
have been emitted from the same positions relative to the surrounding buildings. We
speculate this is partly by chance and in part due to the fact sy is placed closest to
the left boundary of the domain. For this release location, any concentration that gets
entrained behind the first building and is dragged towards the last building in the street
(circular boundary condition on momentum) will be taken out of the simulation by the
inflow /outflow boundary conditions that prevent the plume from reentering. This does
not happen for release location s;, which has an extra two building distance upwind for
possible entrainment before it would hit the boundary. The influence of single buildings
on plume dispersion has been the topic of previous studies (e.g. [Fuka et al.| (2018)) and
it would require further research, perhaps with higher resolution simulations for this
specific case.

Figure (b) shows LI values calculated as a concentration-weighted average of the 50
derived zpp values (see Eq. . Apart from the results from the HighRel simulation
(filled geometric symbols) results from HighRe2, which has double mean wind speed, are
also shown (empty line symbols) to investigate whether differences in the mean wind
speed cause differences in derived LI values. The results in Fig. (b) are given as
a difference from the exact source location z, and scaled with the building height H.
The LI values have been calculated for different horizontal (y) distances from the source
indicated by the symbol color saturation and for different sampling heights z = [0, 0.14,
0.5, 1.14]H. Tt is clear from the figure that only driving right over the source will give
LI at the exact source location. All other estimations lead to LI values on different
downwind distances from the source. There is no clear difference in the derived LI values
between the two simulations. This was to be expected as the mean wind influences only
the maximum mixing ratios, i.e. lower wind speeds lead to higher mixing ratios, but not
the shape of the plumes. For the two simulations the turbulent mixing is identical as was
shown in Fig. [6.3] Generally, similar conclusions can be drawn from [6.9] (b) as for[6.9 (a):
when the transects are conducted further away from the source, the derived LI values
will be further off. Moreover, it can be noticed that for the transects taken at ground
level, the spread of the LI values is generally the largest, and for the transect taken at
the highest level the spread is the smallest. We assign this again to the advection of the
plume with the mean wind and simultaneous mixing with the turbulent eddies. At the
ground level the measurements are either taken close to the source, when the dispersion
time was short and the peak is still close to the source. Alternatively, the plumes are
horizontally displaced from the center of the plume and the peak has had time to travel
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downwind before it reaches the location of the transect. For the high transects, the
plume has been dispersing in general longer, because it has to be moved up towards the
transect location. This displaces the peak locations downwind for all transects taken.
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Figure 6.9: (a) Difference between the observed peak location zop and the actual source
location x, for three plumes calculated for 50 plume transects at three cross-wind distances
from the actual source location (y — ys, where ys is the source location). Boxes span the
interquartile range of xpp estimations, while the whiskers show 5 — 95 percentile. The mean
(triangle) and the median (vertical line) are also shown. (b) The difference between the
leak indication (L) and zs calculated from 50 transects xop for the three plumes at different
heights and at different crosswind distances from the source. The crosswind distance is denoted
by color saturation of the symbols in the figure, the more saturated symbols being closer to
the source and the faintest symbols furthest away (legend above the plot). Also shown are
LI values calculated for the simulation with double wind speed (simulation HighRe2 in table
with symbols annotated with subscript D. Distances on both panels are scaled with the
building height H.

Lastly, we show the results for the second part of the Weller method: the source strength
estimation (eq. . Figure shows the results of source strength estimations at
different crosswind distances from the source at z = 0.14 H height. The estimations have
been calculated for an increasing number of plume transects (1 — 30) averaged over time
to reduce and study the influence of turbulence on the source strength estimations. The
experiment has been repeated 50 times to gather statistics. It can be seen that with the
increasing number of transects averaged before the Weller formula is applied (eq. the
spread of estimations decreases significantly. It can also be noted that the mean (triangle
in Fig. decreases with the increasing number of averaged transects. This is a result
of averaging as the plumes attain a Gaussian shape with more transects averaged which
then results in lower concentration maxima. The result is derived directly from Wellers’
eq. [6.3) which is a linear equation relating peak concentration and source strength, with
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only one solution. This means that there is only one value of In ¢, that will produce
the correct source strength estimation (). As a consequence, a transect at y = 0.79 H
converges to almost the true source strength. At closer (further) distances, the source
strength is overestimated (underestimated). For @ = 1.35 L min™ In ¢ = 0.74 (Cmas
= 0.478 ppm) and this requirement is satisfied at a distance approximately 0.79H away
from the source. There are no clear differences in the estimations from different sources
(s0, sl, s5), however, we need to average over at least 10 transects to obtain a ~ 40%
accuracy. The need to average over 10 transect has also been shown for other source

estimation methods that rely on taking plume transects over flat terrain (Caulton et al.,
2018; Raznjevié et all [2022).
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Figure 6.10: Source strength estimations using the Weller method for plumes emitted from
three different point sources sp, s1 and s; (Fig. [6.2). The transects on which the plumes
were recorded were at z = 0.14 H at three different cross-wind distances from the source y
= [0.05, 0.79, 1.59] H. The estimations have been calculated for an increasing number of
plume transects (1 — 30) and the experiment has been repeated 50 times. Boxes span the
interquartile range of source strength estimations, while the whiskers show 5 — 95 percentile.
The mean (triangle) and the median (vertical line) are also shown. The dashed line denotes
the true emission strength.

We have shown that the wind speed has no discernible influence on the estimation of
the source location (Fig b). However, the mean wind speed affects the location of
the exact mixing ratio maximum which is required to derive the correct emission rate.
Figure shows values of In ¢, at the locations LI that were shown in Fig. (b).
It can be observed that for the HighRel simulation In ¢,,q, has values close to —0.74 at
the ground level and at z = 0.14 H for y = 0.79 H. However, there are multiple other
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Figure 6.11: Same as for Fig. (b), but here In ¢4, is shown.

instances for which In¢,,., has values close to this number and for these transects the
Weller method will produce correct results as well. When the In ¢4, are close to —0.74 in
the HighRel simulation, results from the HighRe2 simulation are lower. Indeed we find,
when Fig. is produced for the HighRe2 plumes, the source strength at z = 0.14 H
and y = 0.79 H is underestimated (not shown). Thus, the Weller method will give good
estimations of source strengths on transect closer to the source when the mean wind speed
is higher.

6.6 Summary, discussion, and conclusions

This chapter presents an analysis of plume dispersion and an evaluation of source strength
estimation methods using an idealized model simulation of an urban residential street.
The numerical experiment was modeled after a measurement campaign in Hamburg,
where methane was measured from ground leaks using mobile measurement techniques
Maazallahi et al.| (2022)). Since the meteorological data was not recorded during the
campaign, we have set-up an experiment with neutral atmospheric conditions and the
mean wind aligned with the street direction. The goal of our research was to test the
methane source strength estimation technique that was used in the Hamburg campaign
(Weller et al., [2019; Maazallahi et al., [2022) in the simplest setting.

Three sets of simulations were performed with different Reynolds numbers, Re, = {1013,
2532, 5071}. All three simulations show very similar mean wind profiles in their first
three statistical moments, with only very small differences for the smallest Re,. It was
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discussed in Branford et al.| (2011)) that wind tunnel experiments (Castro & Robins, 1977
Snyder & Castro, [2002)) and large-eddy simulations (LES) (Xie & Castro, 2006) show
very weak dependency to the Reynolds number for flows over sharp-edged obstacles, and
our results support these findings. Therefore, for our analysis we used mostly data from
the Re, = 2532 simulation, and studied the influence of the wind speed on the Weller
method using the data from Re, = 5071 as these two simulations differ only in the mean
wind speed.

The analysis of pressure and horizontal wind vectors shown in Fig. and clearly
shows the influence of the buildings on the flow field. The buildings cause the air
on the upwind side of the building to sink towards the ground and flow upstream
towards the lee side of the previous building. Furthermore, there is small lateral
entrainment of air from the sides of the buildings into the inter-building space. For
sources placed in close vicinity of buildings, which is where we placed the artificial
sources in this study, the buildings will distort the plumes and cause material to gather
in the spaces in between the buildings (Fig. . This is especially important for the
source estimation methods like the Weller method analyzed in this study. This method
estimates source location and source strength from mobile plume measurements taken
by driving along street. In order to estimate the position of the source, the method
assumes that there are no other sources interfering in the measurements, this is possible
only very close to the source. However, our results show that the presence of buildings
cause the plumes to remain relatively close to the buildings and reach the middle
of the street only further downwind. This effect is differently pronounced for differ-
ent placements of the sources with respect to the surrounding buildings (Fig. and .

The Weller method consists of two parts: (1) locating the source and (2) estimating the
source strength. Our analysis shows that the correct estimation of the location of the
source heavily depends on the distance between the transect the source is on and the
transect the measurements are taken on. The further away from the line on which the
source is located on, either vertically or horizontally, the larger the error in the estimation
of the location is (Fig. . The only time the method places the source at its exact loca-
tion is when the transect is taken exactly over the source location. This is a consequence
of the mean wind moving the peak in mixing ratio downwind from the source. In general,
the further away from the source the farther downwind the peak in mixing ratio is located.
This follows directly from the Gaussian plume model (e.g. Seinfeld (1986))). The spread
in the source location estimations also grows with the distance from the source. This can
be explained by high mixing ratio fluctuations at the edge of the plume (e.g. Gailis et al.
(2007); Raznjevic et al. (2022)). An increase in the mean wind speed, when all the other
parameters remain the same, does not influence the source location estimations and for
the low wind speed (Re, = 2532) and the high wind speed (Re, = 5071) simulations the
method places the source at the same location.
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The differences in the mean wind speed, however, do influence the source strength esti-
mation part of the Weller method. It is clear from eq. that there is only one value
of In ¢pqe for which the Weller formula will give the correct value for the emission rate
Q. Firstly, we find that this value is not attained at the source location, since the empir-
ically fitted parameters in the equation in combination with large values of mixing ratios
we simulate at the source location grossly overestimate the emissions. Therefore, the
method will either estimate the emission rate right or get the location of the source right,
or neither. Secondly, there exists a distance from the source centerline (either vertically
or horizontally) on which the Weller method will produce the correct source estimations.
This distance depends on the mean wind speed as it influences the height of the maximum
mixing ratio along a certain transect.

We have not found a significant difference in the source estimations for the three sources
we have chosen for our analysis (s0, s1, s5, see Fig. , but we have found that at least
10 transect are needed to average out the atmospheric variability and to get an estimation
that is within 40% error of the true emission rate. This finding supports other studies
that focused on similar mobile measurement methods in combination with simple plume
models (Caulton et all 2018; Raznjevi¢ et al., 2022).

As mentioned in the introduction of this section, our study focused on an idealized res-
idential street in neutral atmospheric conditions with the mean wind aligned with the
street. However, there are multiple degrees of freedom for modifying this experiment for
which we expect the method will produce different results. Any variable that influences
plume dispersion in turn influences the source estimate following the Weller method. The
first, and most intuitive, influence on dispersion we mention here comes from the meteo-
rological conditions. This influence can be expressed through atmospheric stability (i.e.
the influence of turbulence on plume mixing) and through the mean wind speed. For
example, in an unstable atmosphere the plume will be wider and more intermittent than
the plume studied here, due to enhanced turbulent mixing. This will in turn lower the
mixing ratio maximum. Furthermore, the mean wind speed directly affects the mixing
ratio maximum which in turn reflects in the source strength estimations. For example, on
a given transect the mixing ratio maximum will be found at a same downwind distance
from the source regardless of the wind speed. However, for a stronger mean wind, the
maximum will be smaller and consequently the estimated source strength will also be
smaller. In urban areas the local topography has a large influence on the wind direction
(Ng et al., 2011). Therefore, in dispersion studies, it is of great importance to measure the
wind simultaneously with the plumes as it can differ significantly from the data from the
closest meteorological station or from reanalysis data like ERA5 (Hersbach et al.l 2020).
Again, specific transects will lead to a correct source estimation, but how transects need
to be conducted to identify ”"unknown” sources under different meteorological conditions
remains a question for further research. One possible modification to the Weller method
has recently been explored in a Rotterdam campaign (summer, 2022) where the method
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was employed to estimate the city’s methane emissions (private communication). The
modified version of the method uses the integral of the mixing ratio enhancements over
the entire transect rather than just the maximum. With this approach it can be expected
that too high estimations resulting from taking too few plume transects (i.e. the maxi-
mum mixing ratio varies strongly due to atmospheric variability) are avoided. However,
this approach does not solve the problem the Weller method faces with the estimations
being correct only on one transect. The integral of concentrations, as the mixing ratio
maximum, also changes with the distance from the source. Therefore, there will exist only
one lateral distance from the source for which the method will give correct estimations. As
with the maximum mixing ratio, this distance depends on local topography as well as on
the atmospheric stability. Other factors, apart from atmospheric stability, that influence
plume dispersion include the angle between the mean wind and the street (Coceal et al.|
2014) and the spacing and heights of different buildings (Mavroidis & Griffiths, 2001). Fi-
nally, the Weller method also consists of an algorithm that contributes measured methane
peaks to different sources based on the distance between the measured peaks. We have
not addressed this algorithm in this study. The goal of the study was to benchmark the
method for the simplest case of one plume emitted at different source locations, for which
the method performed poorly. We expect that adding even more degrees of freedom will
not improve the performance.

In our study we focused only on analyzing and evaluating one measurement strategy,
which we find very sensitive to external conditions. However, high resolution DNS sim-
ulations in combination with well-planned and versatile tracer release experiments may
lead to a more universal approach to estimate source strength in urban settings.






Chapter 7

Synthesis
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7.1 Introduction

In this chapter, I give an overview of the most relevant research findings presented in this
thesis. Specifically, this will be done by discussing to which extent the research questions
presented in the introduction to this thesis (Chapter 1)) have been answered and how
further research can build upon the findings presented here. As the work in this thesis
either focuses on plume measurement techniques (Chapters [3[ and @ or high-resolution
plume modelling (Chapters [4] and [5), these topics will be discussed separately here as
well.

7.2 Summary of the most relevant findings

7.2.1 Evaluation of plume measurement strategies

The main focus of Chapters [3]and [6], and the first objective of this thesis, was to evaluate
source estimation measurement strategies. In Chapter [3| two measurement strategies, 1D
plume transect and stationary Other Test Method 33a (OTM33a), were evaluated. The
idea behind this chapter was to see how well these strategies perform under the most
simple turbulence conditions, i.e. neutral atmospheric flow over a flat terrain, and to
determine the influence of atmospheric variability on the errors in the source strength
estimation. For the measurements that are done by taking 1D transects through the
plume perpendicular to the mean wind we showed that the estimation error drops down
to & 40% when at least 15 transects are averaged in time. This supports the findings
of (Caulton et al.| (2018]); to infer the source strength eq. performs well assuming the
vertical plume dispersion is well represented in the Gaussian plume model (GPM). For
the Briggs dispersion coefficients for neutral atmosphere that we used in the study, that
was the case. Another source of error for the plumes emitted close to the ground comes
from the mismatch in the plume centerline position. This height is assumed to be at the
source height in the GPM, but the actual plume centerline position is lifted towards the
center of the boundary layer. This can be corrected, however, by adjusting the emission
height in the GPM to the corresponding plume centerline height.

For the OTM33a method, things are a bit more complicated. The method is based on
point measurements at the source height exactly downwind from the source. Implicitly,
this requirement assumes that this is the location of the plume centerline. By measuring
exactly in the centerline, the GPM (eg. is simplified to the equation |3.3|the OTM33a
method is based on. We have shown that the location of the plume centerline is not al-
ways at the height of the source and depends not only on the downwind distance from the
source, but also on the height of the source (Fig. . The biggest error in the estimation
of the source strength, however, comes from the use of the dispersion parameters. Using
our simulation results as input, we have consistently overestimated the source strength
while using the method as described in the method guide (U.S. EPA| [2014)). This we
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could directly link to the dispersion parameters. Equation is a linear equation and
thus the source strength estimation is directly proportional to the dispersion parameters.
If these parameters are wrong, this will be reflected in the estimation of source strength.
In theory, the OTM33a method can correctly estimate the source strength, but only if
requirements mentioned here are fulfilled.

The last measurement strategy we evaluated, the estimation of source strength from along-
the-street car transects using the Weller equation (eq. |6.3)), is presented in Chapter |§]
This method was developed by Weller et al.| (2019) and it consists of two parts: detection
of the source location and source strength estimation from the measurements taken longi-
tudinally through the plume. For the detection of the source location, we have found that
the method locates the source correctly only if the measurements are taken directly by
driving over the source. The further away from the source location the measurements are
taken, the larger the error in the location estimation. The structure of turbulence when
obstacles such as buildings, are present, heavily depends on the positioning and shape
of these obstacles. There are an infinite degrees of freedom for the shape and structure
of buildings and objects in a street. This makes finding a very simple universal model
for source location estimation rather a complicated, if not impossible, endeavor. Similar
conclusion can be drawn for the second part of the method: the source strength estima-
tion. Equation is a linear equation with two empirically fitted constants. As such, the
equation has only one solution that links the source strength to the measured concentra-
tion enhancement. Therefore, for only one value of the maximum concentrations derived
from the plume transects will the method give the correct source estimation. Due to
the specific shape of time-averaged plumes (the GPM) there exists an ellipse of distances
around the plume centerline on which this condition is fulfilled. For the wider plumes this
ellipse will be further away from the centerline, for narrower plumes it will be closer and
the shape of the plume depends on the atmospheric stability and the morphology of the
area the plume is dispersing in.

7.2.2 Plume dispersion modelling

The second main topic of this thesis deals with high resolution plume modelling methods,
namely direct numerical simulations (DNS) and large-eddy simulations (LES), and their
ability to accurately reproduce plume dispersion under less than atmospheric Reynolds
number flows (Chapter |5) and in exactly the atmosphere encountered on a measurement
day (Chapter [4)).

We used LES to reproduce one measurement day during the Romanian methane emis-
sions from gas and oil industry (ROMEQ) campaign conducted by the MEthane goes
MObile - MEasurements and MOdelling (MEMO)? project in October of 2019. We did
this to demonstrate the ability of LES to mimic an actual plume encountered in the field
and take a step away from the standard dispersion in a channel flow studies. The first
important finding from this chapter is: to reproduce the exact meteorological conditions
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encountered in the field, a detailed set of meteorological measurements, such as verti-
cal profiles of wind, humidity and temperature, should be taken simultaneously with the
plume measurements. Our LES takes the mean vertical profiles of relevant meteorological
variables from measurements or a different model and nudges the mean profiles in the run
towards these data with a chosen relaxation time scale. This way it is ensured that the
desired mean profiles are reproduced, while the turbulence is allowed to develop freely.
During the ROMEO campaign only the wind data using a 3D sonic was recorded, which
is a point measurement. Therefore, we used ERA5 (Hersbach et al., [2020)) data to force
the simulation. As expected, due to the coarse resolution of ERA5 (30 x 30 km) there
were some discrepancies between the measured and simulated wind, which we corrected
by doing a second simulation to match the measured wind. In Chapter 3, we have pointed
out the drawbacks of using the GPM for source strength estimations. In this chapter we
used plumes calculated by LES to estimate the emission rate from an oil-well from the
plume data measured during the campaign. LES gave almost identical result (10 % lower)
to the emission rate estimated using the observed plume from a co-emitted tracer gas that
was emitted from the oil-well. Furthermore, the advantage of using LES in this manner
is that the full and detailed 3D information of the plume is available in every time-step
together with the simulated meteorological data. This allows for a greater in-depth study
of plume dispersion. We were able to show good agreement between our LES experiment
and previous experimental and theoretical research that targeted plumes in channel flows.
We also demonstrated the use of LES for validation of parametrizations in more simple
models, namely the fluctuating plume model, which is based on predicting the shape of
the fluctuation intensity parameter i.. Knowing the shape of i. can help plan future cam-
paigns as it predicts the likelihood of encountering the plume at a certain location.

We have proven the benefit of using LES for plume dispersion simulations again in Chap-
ter However, it should be noted that, depending on the resolution, a certain part of
the turbulence in LES is cut off and parametrized (e.g. Pope (2000))). This likely af-
fects the simulated plume dispersion, especially close to the source where small structure
turbulence, in case of point sources, is more important. We tested this by performing a
series of DNS experiments with increasing Reynolds numbers in Chapter 5l The goal of
this chapter was twofold: 1) to investigate if there really is influence of resolution and
sub-grid parametrization from LES on the plume dispersion by comparing LES to DNS
and 2) to test if there is a critical Reynolds number to which the higher-order statistical
plume profiles converge to. The motivation behind this chapter is that DNS is often dis-
carded for dispersion studies as it is unable to reach the atmospheric Reynolds number
flows. However, DNS comes with the advantage of having fully resolved turbulent fields.
Therefore, if there was a critical Reynolds number at which mean statistical profiles of
the measured plume converge to, then DNS can be used for dispersion studies at consid-
erably lower-than-atmospheric Reynolds numbers. We compared our simulation results
to data from the wind tunnel plume dispersion experiment from |Nironi et al.| (2015). We
showed that almost all simulations, save for the least turbulent one, simulate the mean
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concentration fields in agreement with the measurements (Fig. . This indicates that
the mean plume spread is mainly governed by the dispersion caused by the largest eddies.
The low Reynolds number effects, however, are clearly visible already in the second order
moment. Only the two most turbulent DNS experiments were able to reproduce the vari-
ance profiles as they were measured in the experiment. The same is true for the skewness
and kurtosis profiles. More importantly, the two most turbulent simulations have shown
convergence in all four statistical moments (Fig. . Furthermore, we have shown that
DNS out-performs LES for very close-source dispersion, while far away from the source
LES outperforms DNS (Fig. . We speculate this is a low Reynolds number effect:
There are not enough small-sized eddies in DNS to mix the plume sufficiently on large
distances from the source.

7.3 Outlook

As with the summary of the most relevant findings, here the discussion will be divided in
to the two main topics: measurements and modelling.

7.3.1 Improving the source strength estimation methodologies

If there was to be one leitmotif in this thesis, in regards to the measurements, it would
surely have to be the need to make good measurements of meteorological data simul-
taneously with the plume measurements. We have shown from chapter to chapter the
sensitivity of the plume dispersion and ultimately the source strength estimations, to the
meteorological conditions. This point was easy for us to highlight, since our experiment
was perfectly controlled and there were no unknown variables. In the field, valuable infor-
mation about the plume is lost by not measuring the atmospheric conditions the plume
is immersed in. For example, the source strength estimations using the GPM presented
in chapter |3| rely also on the stability of the atmosphere and dependency is visible in
the dispersion coefficients of the model (eq. [3.2). To be certain that the right disper-
sion coefficients are used, meteorological balloon soundings can be conducted to sample
temperature profiles that inform about the vertical structure of the atmosphere.

Even larger emphasis we put on taking wind measurements. Not only is wind the main
driver of plume dispersion, but most of the models commonly in use to estimate emission
rates (i.e. the GPM) have wind data as input. The wind can be locally influenced by
orography and can differ greatly from the data recorded at the nearest weather station
or from a model in which the spatial resolution is too coarse to see the influence of
local orography. The necessity of taking wind measurements is especially highlighted
in chapter [6] The Weller method does not take the wind into account for the source
strength estimations, while the experiments with varying mean wind speeds produced
different source estimations.

The second point of discussion is the methods for sampling the plume itself. The methods
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presented here rely on either taking a 1D transect through the plume, longitudinal or
transversal, or making stationary point measurements. We have shown the sensitivity
of these methods to the source height, the positioning of the measurement instruments
out of the plume centerline, to the atmospheric stability, etc. All of these drawbacks
come from the utilization of the simplified dispersion models for the source estimations.
A way to circumvent these drawbacks would be to measure the vertical extent of the
plume as well. For example, a small swarm of unmanned areal vehicles (UAVs), or
drones, that take a 2D transect of the plume for 15 minutes can provide enough data
for the atmospheric variability to be sufficiently averaged out. Subsequently, a mass
balance approach can be used for source estimation. UVAs are currently in use for
source strength estimations, however, most often a single drone is employed to take
plume transects perpendicular to the mean wind on multiple heights (Vinkovi¢ et al.)
2022). This way, only a handful of measurements can be taken on a single day and
with stationary meteorological conditions, which makes these measurements sensitive to
atmospheric variability.

The situation is more complicated in cities where, as was discussed in chapter [0, the
presence of obstacles greatly influences plume dispersion. We have shown that the simple
Weller method depends greatly on the positioning of the source and the distance from
the source on which the plume transect is taken. This is something that usually is not
easy to account for in the cities as the driving is constrained to the available roads. The
screening of the roads for detection the presence of plumes and then manually locating
plumes and measuring the emission rate at the source represents a better approach then
the mobile methods alone (Maazallahi, 2022).

7.3.2 Perspectives on the high resolution plume modelling

As mentioned before, this thesis contains studies of high-resolution modelling techniques
in relation to plume dispersion. Firstly, we would like to point out that this thesis does not
focus on the development of these models but rather only on their application. Therefore,
this discussion will focus on how to further utilize these models for dispersion studies.
Chapter [5| focuses on the suitability of DNS for point-source plume dispersion studies
and we have shown a satisfactory convergence of higher-order statistical moments of the
simulated plumes. This has been performed for a neutral channel flow because of the
availability of validation data. A logical next step would be to expand this study to
other stability regimes and other surface morphology configurations. DNS has proven
to outperform LES on downwind distances close to the source, and here DNS is more
suitable than LES for dispersion studies with obstacles (chapters |5 and @ Considering
that the cities are main emitters of methane and the trend is increasing as more people
are expected to live in cities in the coming decades, DNS has the potential to become a
very useful tool to help in estimating city emissions.
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We demonstrated the ability of LES to reproduce meteorological conditions and simulate
plume dispersion in conditions encountered in the field @l We were able to study the
observed plume at a spatial and temporal resolution that cannot be achieved in the field.
However, due to the lack of meteorological measurements from the campaign, we had to
rely on ERA5 data for boundary conditions for the simulations. The next step would be
to pair LES with a good set of measurements, both of concentrations and of meteoro-
logical variables, for a proper LES validation. Furthermore, if a measurement campaign
would consist of multiple measurement days with different stability conditions, this would
allow for revisiting the dispersion coefficients commonly used in GPMs. For its simplicity
and ready-to-use approach, we expect the GPM to continue to be one of the main source
estimation models. As was shown in chapter [3] when a certain set of conditions is ful-
filled, such as ensuring that the measurements are in the centerline and that the employed
dispersion coefficients are correct, GPM produces accurate source strength estimations.
LES, in combination with meteorological measurements, can provide an ensemble of sim-
ulations from which correct parametrizations of mean plume dispersion coefficients can
be inferred as it provides such spatial and temporal details of the plumes that can never
be expected from measurements. The maturity of LES and DNS in resolving intermit-
tent flow characteristics, also for tracer dispersion in complicated geometries, makes these
tools very suitable for in depths studies, like presented in this thesis.
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potrebno u svim grupama. Hvala na kavama, Setnjama, sto ste me primili u svoj dom kad
nije bilo moguce oti¢i mome, $to si prihvatila sjediti na podiju samnom! Ingrid, thank
you for always being so kind and supportive and positive, Mahrooz as well, I will forever
be freaked out by microplastics. Barbara, thank you for becoming the greatest friend a
person can have. Your cats are awesome! Than you Sandra for always helping, Caroline
as welll Many thanks Folkert for always making me jealous of your band t-shirts, and
Oscar for showing me some very cool bands I never heard of before. Thank you Laurens
for the jazzy Sundays on the Zaaier terrace, you guys were great at jamming! Thank you
Gert-Jan, Bert H., Reinder, Michiel, Arnold, Julie, Bart, Linda, Wouter, Chris W. for
making MAQ such a great place!

While my work has been quite a big part of my life these past years, I have also met
some amazing people that made my life in Wageningen so much better. Thank you
Anika for adopting me on the Zaaier terrace on a sunny Sunday afternoon and become
and continue to be a fantastic friend. I will forever be your Grasshopper. Maria, thank
you for the friendship, talks, hanging outs, support, stumblings home from Zaaier, all the
talks about literature and music and world problems. Thank you both, I will never have
enough paper to write down how much it all meant. Diederik, you are awesome, and
your music taste is impeccable. Thank you Juli too for all the talks about the human
condition. To the rest of the people: thank you all for welcoming me into your friend
group and making me feel like I knew you for much longer than I actually did.

Mama, tata, hvala na svemu. Ne samo na potpori u zadnjih Sest godina nego na svim
voznjama u i iz Zagreba, na financiranju kroz studiranje, na razgovorima, na tome Sto
sam uvijek znala da ¢e na kraju sve biti u redu. Tesko je re¢i u samo par rijeci koliko
ste zasluzni §to sam ja ja. Sergej, od nas dvoje ti si uvijek smirenije i opustenije dijete i
nadam se da ¢u i ja postic¢i tu razinu jednog dana. Hvala ti Sto si najbolji brat i najbolji
paranymph na svijetu. Ujace, mislim da znam $to je to ljubav! Ivana, Ivane, Ivana,
Ivane, Ingrid, Andrea, bako, baba, Elisabet, Zdrava, Snjezo, Ciro, Ljiljo hvala vam svima
za sve male ili malo vece interakcije kroz godine, za smijeh i kave i prigovaranja i savjete
i ruckove i ljubav!

Cimi i Daniele, uvijek me zadivljuje da i nakon Sest godina mog odsudstva iz Zagreba se
nista nije pretjerano promijenilo u nasem prijateljstvu. Hvala sto zivite samnom online
sve ove godine kroz sve uspone i padove. Andjela, Mare, od smokve tj. od petog razreda,
pa do sad. Usprkos udaljenosti i zivotu i svemu §to se desilo ili ¢e se desiti, znam da
ste uvijek tu i bit ¢ée te (i obrnuto naravno) sve dok ¢angrizave ne zavrsimo u pli¢aku u
Karinu. Za mnogo, mnogo godina nadam se!
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