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340 This document has been prepared by a group of experts under the umbrella of the website olores.org
341 and the International Environmental Society of Odour Managers (AMIGO, for its acronym in Spanish).

342  This handbook shall be given the status of an international document. That means that the authors
343 have tried to include as many international references as possible while striving to create a valuable
344  worldwide handbook.

345
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Introduction

Odour issues are currently one of the major causes of environmental grievances worldwide and, in
some countries, are routinely the cause of most environmental complaints to regulatory authorities
(Schusterman, 1992; Kaye & Jiang, 2000). There continue to be multiple reasons for the prominence
of odour complaints, including an unrelenting urban expansion of residential areas into land-use areas
once predominantly agricultural with few largely isolated facilities; increases in facility operations and
their size; increasingly higher aesthetic, and environmental expectations of citizens, who are less
familiar and tolerant of odours than in the past, and concerns over potential health risks from airborne
odorous substances.

In most countries, environmental regulations cover the most common air pollutants, including NO; or
S0O,. The criterion is based on the occurrence of health effects following short- and/or long-term
exposure to the contaminants. There is slight health risk variation between jurisdictions, states, and
countries. However, odour regulation tends to be much more varied across a broad spectrum: from
having little to no specific mention in environmental legislation to extensive and rigid requirements that
include a combination of odour source testing, odour dispersion modelling, ambient odour monitoring,
setback distances, process operations, and odour control procedures. Odour legislation can be highly
variable from one country to the next, and it can also be highly variable from one jurisdiction to the
next within the same country (Bokowa et al., 2021).

For regulatory purposes, much of the focus of attention in the last couple of decades has been on
establishing odour guidelines in the hope of bringing consistency to the control and regulation of
odours. With the focus on setting rules, less effort has been spent in a variety of jurisdictions on
assessing the best tools suited for the computation of odour impacts concerning accurate emission
rates, source characterisation, and the critical role of local meteorology, interpretation of modelled
results, or the suitability and applicability of one dispersion model over another. The handbook
addresses several key issues central to the theme of effective management and odour regulation.

This handbook is a collaborative work by more than 50 international odour experts from seventeen
countries, including; Australia, Austria, Belgium, Brazil, Chile, China, Ecuador, France, Germany,
Ireland, Italy, New Zealand, Peru, Qatar, Spain, United Kingdom and the United States of America.

Experts within this group met monthly in 2020, 2021, 2022 and 2023 via teleconference to discuss
different aspects of this work. Six special Task Groups (TGs) were initially created. Later a further TG
was also created to deal with all aspects not included in previous chapters. Each task group had
between 5 and 10 members responsible for writing and reviewing individual sections within each task
group. The task groups were the following:

e TGH1 - Definitions;

e TG2 - Meteorology;

e TG3 - Emissions and Source characterisation;
e TG4 - Dispersion Algorithms;

11
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383 e TG5 - Output dose-response;
384 e TG6 - Reporting;
385 e TG7 - Other approaches.

386 The structure of this handbook follows more or less the division of TGs. The exception is TG7, which
387 has been located after TG5, leaving TG6 reporting as the last.
388

389 This handbook on odour dispersion modelling aims to guide the use of dispersion modelling of
390 odours.
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391 1. Scope

392 This handbook presents different aspects needed for evaluating odour exposure by using
393 dispersion modelling to help the final user. This handbook applies to
394

395 e calculating the odour/odorant level in ambient air from odour emission sources;

396 e choosing appropriate odour models depending on a project's specific conditions, in
397 particular, dealing with complex situations;

398 e selecting appropriate meteorology.

399 e understanding the dose-response criteria and how the Frequency-Intensity-Duration-
400 Offensiveness-Sensitivity scheme fits in a result; and

401 e the preparation of an odour report based on the results of a model.
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2. Terms, Definitions, Abbreviations and Symbols

2.1 Terms and Definitions

ADMS
Atmospheric Dispersion Modelling System developed by Cambridge Environmental

Research Consultants (CERC) in the United Kingdom and approved as the regulatory model
in some countries.

AERMAP
AERMOD program geophysical processor.

AERMET
AERMOD program meteorological processor.

AERMIC
American Meteorological Society Environmental Protection Agency Regulatory Model
Improvement Committee.

AERMINUTE
Meteorological processor to re-process the ASOS 1 and 5-minute data.

AERMOD
A steady state Gaussian US EPA regulatory plume dispersion model.

AERSCREEN
US EPA guideline model for screening applications. Includes many of the AERMOD
algorithms.

Albedo

is the amount of solar radiation reflected by some surface and is often expressed as a
percentage or a decimal value. Overall, albedo is a measure of the reflectivity of the surface
of the Earth.

AMS
Measuring system permanently installed on-site for continuous monitoring of emissions or
measurement of peripheral parameters.

Annoyance

The complex human reactions that occur as a result of immediate exposure to an ambient
stressor (odour) that, once perceived, causes negative cognitive appraisal that requires a
degree of coping.

NOTE: Annoyance may or may not lead to ‘nuisance’ and a complaint action.

AODM
Gaussian plume model. Austrian regulatory odour model.

AQMG
US Air Quality Management Group.
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ARIA Impact
Gaussian plume model developed by ARIA Technologies, France and also used in other
countries.

ARW
Advanced Research Weather and Forecast Model.

Atmospheric Stability
Atmospheric stability is a measure of the tendency for air to move vertically. The dominant
influences on this vertical movement are atmospheric temperature and pressure.

AUSPLUME
Gaussian plume model developed by EPA of the Australian State of Victoria. AERMOD
replaced AUSPLUME in January 2014.

AUSTAL

The official German Federal Environmental Agency regulatory model. AUSTAL (formerly
AUSTAL2000 or AUSTAL2000g) is a Lagrangian particle model. Based on the LASAT
model.

Back-trajectory
Back-in-time trajectory of an airborne parcel.

Bowen Ratio
The ratio of sensible heat flux to latent heat flux densities.

BPIPPRM
BPIPPRM is a standalone program that should be used to prepare Building Downwash data
for dispersion models.

CALMET
Diagnostic Meteorological Model.

CALPUFF
Lagrangian Puff Dispersion Model.

CALPOST
Post processing program of CALPUFF.

CFD
Computational Fluid Dynamic Models (example models are WRF-CFD, OpenFOAM,
Code_Saturne, FLOW-3D, FLUENT).

Copernicus
The European Union's Earth Observation Programme implemented by ECMWF

COSMO
A group of meteorological and military services within Europe and Russia who have
developed and maintain the NWP model COSMO

CTDMPLUS
A US EPA Complex Terrain steady-state Gaussian plume model. Developed for convective
conditions. It is a refined Gaussian plume model.

CTSCREEN
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Screening version model of CTDMPLUS.

Duration
The duration of the odour occurrence is how long an individual is exposed to odour in the
ambient environment.

ECMWF

ECMWEF is the European Centre for Medium-Range Weather Forecasts, producing global
numerical weather predictions and other data for their Member and Co-operating States and
the broader community. ECMWF is an independent intergovernmental organisation
supported by 35 states.

EQs
Empirical Equations. Screening methods with regulatory status used in Europe to determine
separation distances.

EPA
Environmental Protection Authority. Used in the general term to apply to more than one
country.

ETA levels

ETA (greek letter ) is a vertical coordinate for atmospheric models, defined with a steplike
representation of topography, with mountains formed of the model's grid boxes. The vertical
coordinate surfaces are quasi-horizontal, intersecting model mountains or forming their
nearly horizontal upper sides.

Eulerian Models
Eulerian models are based on the observation of the atmospheric motion at a specific

location in space while time passes. “Location” must not be intended as a point but as a
volume of the atmosphere. Eulerian models discretise the simulation domain with volume
grids and solve the conservation equations within each volume.

European odour unit

The amount of odorant(s) that, when evaporated into one cubic metre of neutral gas at
standard conditions, elicits a physiological response from a panel (detection threshold)
equivalent to that elicited by one European Reference Odour Mass (EROM), evaporated in
1 m**® of neutral gas at standard conditions.

FLEXPART
Lagrangian particle model used in Austria / Germany / Norway. Developed at BOKU Vienna,
the Technical University of Munich and NILU.

Frequency
The frequency of the odour occurrence is how often an individual is exposed to odour in the

ambient environment.

Gas Detector Tube

Gas detector tubes are sealed glass tubes containing reactive chemicals coated onto solid
materials. The chemicals change colour when the target substances are present in the test
gases and the extent of the colour change is proportional to the concentration of the target
analyte.

Gaussian Models
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Under certain idealised conditions (homogeneous turbulence, constant wind direction and
speed), the mean concentration of a pollutant emitted by a point source has a Gaussian
distribution. The atmospheric dispersion models based on this approach are called Gaussian
models.

GFS

GFS (Global Forecasting System) is a global numerical weather prediction system
containing a global computer model and variational analysis run by the United States
National Weather Service (NWS).

GRAL
The GRAZ Lagrangian particle model. Developed at GRAZ University of Technology and the
Regional Governments of Styria and Tyrol, Austria.

GRAMM
Prognostic mesoscale model used as a wind field model in GRAL.

Harmonie
A NWP forecast system operated at 2.5km horizontal resolution over a domain that covers

Iceland and the surrounding seas. HARMONIE is the abbreviation from HIRLAM-ALADIN
Research on Mesoscale Operational NWP In Europmed (in this case Euromed is itself an
abbreviation of European-Mediterranean, and ALADIN is A Limited Area Dynamic
International model)

Hedonic (odour) tone
Hedonic tone is a property of an odour related to its pleasantness. It is assessed in a

classificatory testing process and usually varies between “extremely pleasant” and
“extremely unpleasant”.

HIRLAM
A NWP forecast system developed by the international HIRLAM programme, a cooperation

of European meteorological services.

HRRR
A NWP model operated by NCEP over North America with a 3km resolution, radar data
assimilation every 15 minutes and a complete data refresh every hour.

Humidity
General term related to the amount of water vapour in the air.

IFS
A global numerical weather prediction system developed and maintained by ECMWF

Intensity
How strong an odour is perceived to be. Odour intensity describes the relative magnitude of
an odour sensation as experienced by a person.

Intermittent sources

Sources that produce short-term peaks in odorant emissions at a particular time of the day
(for example, because of loading/unloading or cleaning operations).
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Instrumental Odour Monitoring Systems (IOMS)

Instrumental Odour Monitoring Systems (also known as e-noses) are electronic devices with
different types of sensors that can carry out either of the three necessary functions to identify
odour in ambient air: presence-absence, classification and measurement.

ISCST3

Industrial Source Complex Short-Term Model. Steady State Gaussian plume model that was
the US EPA near field regulatory model until it was superseded by AERMOD and phased
out in 2006.

Klug-Manier
A German stability classification system based on wind speed and cloud cover.

LAPMOD

Lagrangian Particle Model developed by Enviroware. The model is part of ARIES, the official
Italian modelling system for nuclear emergencies operated by ISPRA and the EPA of Emilia-
Romagna, Italy.

LASAT
Lagrangian particle model, developed by Ingenieurburo Janicke Gesellschaft fur
Umweltphysik.

Lagrangian Model
Lagrangian models are based on tracking each small portion (e.g., particles) of the

atmospheric flow as it moves while time passes. Atmospheric Lagrangian models determine
the position of each particle and its properties (e.g., associated mass) as a function of time.

Leak Detection and Repair (LDAR)
Leak detection and repair is the process of identifying leaking equipment and repairing
it to minimise emissions.

LOWWIND
AERMOD low wind options.

MAKEMET
A program that interfaces with AERSCREEN to generate a site-specific matrix of screening
meteorological conditions for input into AERMOD.

MMIF

Mesoscale Model Interface Program developed by US EPA that converts prognostic
meteorological model output fields to the parameters and formats required for direct input
into dispersion models.

MM5
Penn State University (PSU) / National Centre for Atmospheric Research (NCAR)
Mesoscale Model, now superseded by Weather Research and Forecasting (WRF) Model.

Mixing height
Height of the layer adjacent to the ground over which an emitted or entrained inert non-
buoyant tracer will be mixed (by turbulence) within a time scale of about one hour or less.

NAM
A NWP model operated by NCEP that generates multiple grids over North America.
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Non-static receptors

Receptors that are not continuously at a certain point. For example, people returning from
work at a particular hour or tourist locations that get occupied during a certain period of the
year.

Nuisance
Nuisance is the cumulative effect on a person or group of people caused by repeated events
of annoyance over an extended period, leading to modified or altered behaviour.

Definition adapted from Van Harreveld, A.P.: From odorant formation to nuisance: new
definitions for discussing a complex process, Water Science & Technology 44:9-15 (2001)

Odour Concentration

The concentration of an odorant mixture is defined as the dilution factor to be applied to an
effluent to be no longer perceived as odorant by 50% of people in a population sample. By
definition, the odour concentration at the detection limit is 1 oug/m?®.

Odour Impact Assessment (OIA)
Odour impact assessment is the process of qualitatively and / or quantitatively assessing the
impact of odour emissions on a neighbourhood or receptor.

Odour unit
Odour concentration of an odorous sample at the odour threshold. Any odour unit measured
outside of the scope of EN 13725.

Note: Any measurement carried out in Europe before 2002 (date of first EN 13725) measured “odour units”
instead of “European odour units”. p.e with a different flow and velocity of odorous air emanating from the ports,
with a number lower than four assessors, or with no methodology to evaluate the performance of assessors
before a measurement.

Odour emission rate (OER) / Odour flow rate
Quantity of odour units which cross a given surface per unit of time.

ONORM

A standard published by Austrian Standards International, the Austrian member of the
European Committee for Standardisation (CEN) and the International Organisation for
Standardisation (ISO).

Offensiveness
The character relates to the ‘hedonic tone’ of the odour, which may be pleasant, neutral or
unpleasant.

PMSS

PMSS (Parallel Micro Swift and Spray) is the parallel version of the SPRAY Lagrangian
Particle Dispersion Model, able to run also at the microscale at the level of street canyons,
explicitly considering the presence of buildings and their effects on the mean flow,
turbulence and dispersion”

Particle-puff Approach

A simplification of a three dimensional Lagrangian Particle method mixing a Puff approach
(typically in the horizontal) and the solution of a Langevin equation (typically in the vertical)
to describe the dispersion of a plume

Pasquill-Gifford
A stability classification system based on wind speed, cloud cover, and ceiling height.
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Peak-to-Mean
Is the ratio between the short-term and long-term odour concentration. Short-term usually
refers to a few seconds up to a few minutes, while long-term refers mostly to one hour.

PRIME
Building downwash algorithm whose development was funded by EPRI, the US Electric
Power Research Institute.

Receptor
Location where odour concentration is measured or computed.

QuiC

The QUIC (Quick Urban & Industrial Complex) dispersion modelling system is a fast
response urban dispersion model including a 3D wind field model called QUIC-URB, a
transport and dispersion Lagrangian particle model called QUIC-PLUME, a pressure solver,
QUIC-PRESSURE, and a graphical user interface called QUIC-GUI. QUIC is developed by
the Lawrence Livermore National Laboratory, USA.

RASS
A radio acoustic sounding system which remotely measures temperature profiles in the
atmosphere up to an average altitude of 1,000 metres.

Sensitive receptor

Sensitive receptors are receptor locations in the odour study area where routine or normal
activities could experience adverse effect(s) from odour discharges from a facility. They
include private residences, apartment houses, and other distinct residential areas, hospitals,
nursing homes, rehabilitation facilities, schools and daycare facilities; public gathering
centres, including public plazas and shopping centres; outdoor recreational public places,
such as parks, playgrounds, campgrounds, and trailer parks. Office spaces and other
external workspaces may also be considered sensitive receptors. Professional judgement
should be applied to assess which receptors are the most sensitive for a specific study.

Sensitivity
Sensation and emotional responses by individuals to an odorous atmosphere at one time of
their daylife/life and the location where the odour is perceived.

SODAR

A sonic distance and ranging system which remotely measures a vertical profile of wind
speed, direction, thermal stratification and turbulence parameters up to an average altitude
of 3,000 metres.

Sonic anemometer

Instrument that measures components of the wind vector by determining the effect of the
wind on transit times of acoustic pulses transmitted in opposite directions across known
paths. Wind speed will increase or decrease the speed of sound depending on whether it is
a tailwind or a headwind. Measuring the speed of sound in both directions along that one
axis allows the wind speed to be calculated. A two-axis or three-axis sensor can then be
used to calculate horizontal or horizontal plus vertical wind speed and wind direction.

SCICHEM
The SCIPUFF model expanded to include the treatment of gas- and aqueous-phase
chemical reactions and aerosol thermodynamics.

SCIPUFF
SCIPUFF (Second-order Closure Integrated PUFF model) is a time-dependent Gaussian
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puff dispersion model that employs second-order closure turbulence modelling techniques to
relate the dispersion rate to velocity fluctuation statistics.

SPRAY

Lagrangian Particle Dispersion Model distributed by ARIANET and ARIA Technologies and
developed by an lItalian / French research group involving the CNR (ltalian National
Research Council) and other Universities.

Source Term Estimation

Source Term Estimation (STE) algorithms are methods used to reconstruct the source of an
atmospheric release, namely its location, time of emission and strength, starting from
concentrations observed by sensors. STE methods include using a dispersion model, often
in its backward or time-reversed configuration starting from measuring points, coupled to
optimisation or probabilistic methods to infer the source parameters.

Stack Tip Downwash

Stack tip downwash is the capture of the plume in the downwind side of a stack close to it. It
happens when the ratio between exit speed and wind speed at the height of the stack is
smaller than 1.5. STD is more pronounced for large-diameter stacks.

TA Luft
German Air Quality control regulation, titled: "Technical Instructions on Air Quality Control"
(Technische Anleitung zur Reinhaltung der Luft) and commonly referred to as TA Luft.

TAPM

TAPM (The Air Pollution Model) PC-based, nestable, prognostic meteorological and air
pollution model driven by a Graphical User Interface, developed and maintained by The
Commonwealth Science and Industrial Research Organisation (CSIRO), Australia.

STAGMAP
Stagnation Model Analysis, Medford, Oregon, SF6 tracer release under calm conditions.

Topography
Representation of surface features such as mountains, hills, rivers, and valleys.

Unified Model (UM)
A NWP and climate modelling software suite developed by the United Kingdom Met Office.

Wind direction

Orientation of the wind vector in the horizontal direction. Wind direction for meteorological
purposes is defined as the direction from which the wind is blowing and is measured in
degrees clockwise from true north. Wind direction determines the transport direction of a
plume or puff in air quality modelling applications.

WRF
A public domain mesoscale NWP system designed for both atmospheric research and
operational forecasting applications,
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822 2.2. Abbreviations and Acronyms

47

ADMS Atmospheric Dispersion Modelling System

AFWA Air Force Weather Agency (US)

ARW Advanced Research Weather and Forecast Model

AQ Air Quality

AQMG Air Quality Management Group (US)

ASOS Automated Surface Observing Systems

BT Back-Trajectory

CCCS Copernicus Climate Change Service

CERC Cambridge Environmental Research Consultants

CFD Computational Fluid Dynamics

COSMO Consortium for Small-Scale Modelling

DWM Diagnostic Wind Models

ECMWF European Centre for Medium-Range Weather Forecasts

EPA Environmental Protection Authority

EPRI Electric Power Research Institute (US)

FAA Federal Aviation Authority

FSL Forecast Systems Laboratory

FDDA Four-dimensional Data Assimilation

GDT Gas Detector Tube

GFS Global Forecast System

GUI Graphical User Interface

HARMONIE HIRLAM-ALADIN Research on Mesoscale Operational NWP In
Europmed. ALADIN is A Limited Area Dynamic International model).

HIRLAM High-Resolution Limited Area Model

HRRR High-Resolution Rapid Refresh model

HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory model

ISCST3 Industrial Source Complex Short Term Model
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IFS Integrated Forecasting System

IOMS Instrumental Odour Monitoring Systems

LCP Lambert Conformal Projection

LDAR Leak Detection and Repair

LPDM Lagrangian Particle Dispersion Models

MM5 Penn State University (PSU) / National Centre for Atmospheric Research
(NCAR) Mesoscale Model, now superseded by WRF

MMIF Mesoscale Model Interface Programme

NAAQS National Ambient Air Quality Standards

NAM North American Mesoscale Forecast System

NCAR National Centre for Atmospheric Research

NCEP National Centre for Environmental Prediction

NES National Environmental Standards

NILU Norsk Institut for Luftforskning (Norwegian Institute for Air Research)

NOAA National Oceanic and Atmospheric Administration

NWP Numerical Weather Prediction

NWS National Weather Service

OAQPS Office Of Air Quality Planning and Standards

OCD Offshore and Coastal Dispersion Model

OIA Odour Impact Assessment

olIC Odour Impact Criteria

OER Odour Emission Rate

PtMR Peak-to-Mean Ratio

PBL Planetary Boundary Layer

PDF Probability Density Function

P&ID Piping and Instrumentation Diagram

RAP Rapid refresh numerical weather model

RASS Radio Acoustic Sounding System

RDM Reverse Dispersion Modelling

49
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SMOD Screening Model for Odour Dispersion
SODAR Sonic Detection And Ranging

SOER Specific Odour Emission Rate

STD Stack Tip Downwash

STE Source Term Estimation

TAPM The Air Pollution Model

TIBL Thermal Internal Boundary Layer

UM Unified Model

US EPA United States Environmental Protection Agency
VOC Volatile Organic Compound

WWTP Waste Water Treatment Plant

WRF Weather Research and Forecast Model
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Symbol Description Unit

A Area m?
Odour concentration oug/m®

Cod

EROM European Reference Odour | ug n-butanol
Mass

ou Odour unit

oUE European odour unit

ps Absolute pressure in stack kPa

qod Odour flow rate OUE/s

\% Volume m’

&V Volume Flow Rate m%/s

Z Dilution factor

N od Odour abatement efficiency | %
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3. Meteorology

3.1 Introduction

In science, engineering, and even social science disciplines, a model consists of equations
defining individual processes. A model must be constructed or written and then calibrated
by observation and sampling to have a predictive value.

A traditional mathematical model contains the following elements:

e assumptions and constraints;
e governing equations; and
e initial and boundary conditions.

Within the context of odour modelling, a model must describe how the vertical wind profile
will develop as an air mass moves across the surface of the earth based on friction forces
caused by land use. In addition, a model should deal with how the temperature profile of a
column of air will develop throughout the day based on parameters like latitude, surface
characteristics, cloud cover, and moisture. Last but not least, a model should address the
variation in odour concentration downwind from a source based on the chaotic motions of
odorants.

There are a number of different approaches to solving these questions. These separate
approaches involve different equations, which are called algorithms. One approach is
neither "correct" nor "incorrect” but may be described as yielding a better prediction of reality
under certain conditions. Numerous varieties of models have evolved for specific uses, and
today there are perhaps 100 atmospheric dispersion models mentioned in the literature.

In all cases, accurate inputs to the model are required to achieve reliable results.
Meteorological parameters constitute an essential set of inputs to an odour model, along
with information about the source(s) and the land surface above which the interactions
between these inputs play out. This chapter discusses these meteorological parameters and
their use within the various models.

3.2 Meteorological conditions

3.2.1 Introduction

A basic understanding of the motions and characteristics of the atmosphere is a prerequisite
to assessing odour impacts using dispersion modelling. Therefore it is necessary to review
some pertinent details about the layer of air within which we live and work (Stull, 2017). The
atmosphere of Earth extends hundreds of kilometres from the surface before vanishing into
space. However, most of the atmosphere's mass is located within the troposphere. The
term troposphere derives from the Greek words fropos (rotating) and sphaira (sphere),
indicating that rotational turbulence mixes the layers of air and so determines the structure
and the phenomena of the troposphere. The troposphere extends from the ground surface
up to an average altitude of about 11 kilometres (see Figure 3-1).
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Figure 3-1 Layers within the troposphere (Stull, 2017)

Within the troposphere, the layer closest to the Earth's surface is the Planetary Boundary
Layer (PBL) or Atmospheric Boundary Layer (ABL). The PBL varies from a few hundred to
perhaps a few thousand metres thick. The remainder of the air in the troposphere above the
PBL is called the free atmosphere. All conditions within the PBL derive from solar radiation
that reaches the ground surface and is absorbed. As the ground warms and cools in
response to this incoming solar energy (insolation), the meteorological conditions of wind
direction and speed, air temperature and humidity, air pressure, and atmospheric stability
(the vertical temperature gradient) constantly change.

These meteorological conditions within the PBL create the weather people experience daily
as hot/cold, wet/dry, windy/calm, and sunny/cloudy. The same meteorological conditions
that create the weather are essential within the context of odour transport and modelling.
However, the conditions are interrelated, and it is impossible to completely separate their
meaning and impact into individual discussions. The following sections, therefore, provide a
general discussion with brief details of each condition to help understand the challenges
associated with dispersion modelling. This chapter is not meant to be a complete treatise on
meteorology; the interested reader is encouraged to seek additional details in the reference
material.

3.2.2 Insolation, Surface Heating, and the Energy Budget

The Sun drives all energy processes within the atmosphere. At the Earth's surface, a
balance exists between insolation, sensible heating (during which a temperature change
occurs between the surface and atmosphere), latent heating (during which a phase change
occurs between the surface and atmosphere), and heat transport from the surface to the
sub-surface. However, not all the solar radiation that reaches the Earth’s surface is
absorbed by it, since a part of the radiation is reflected back to space by what is known as
the Earth’s surface albedo. The albedo is defined as the fraction of the incident radiation that
is reflected by the surface. Since the Earth’s surface is not uniform everywhere, the albedo
varies widely from place to place depending upon the nature and composition of the
underlying surface. For example, the albedo of a dense forest is very different from that of a
freshly covered snow surface.

Sensible heat flux is related to atmospheric heating from below. The atmosphere is nearly
transparent to incoming shortwave radiation from the sun. Daytime heating of the PBL is
then accomplished by sensible heating from the underlying surface, which has absorbed a
fraction of the incoming shortwave radiation. At night, the flux reverses direction as the
surface loses sensible heat to the air above as illustrated in Figure 3-2.
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Figure 3-2 Examples of boundary-layer temperature profiles during the day (left) and night
(right) during fair weather over land. The adiabatic lapse rate is dashed. The heights shown
here are illustrative only. (Stull, 2017)

This diurnal cycle varies by latitude and season. Cloud cover affects the daily energy budget
at the surface, so cloud cover is an essential meteorological condition. Latent heat flux is
related to phase changes of water: evaporation of soil moisture or surface water;
transpiration by vegetation; or melting and sublimation of frozen surfaces. Where there is
litle surface water, the latent heat flux is near-zero (or even negative), and it has large
positive values over warm bodies of water or hot, wet soils. It is generally negative over land
during the local night time hours.

The Bowen ratio is the ratio between the sensible and latent heat fluxes. The Bowen ratio is
smallest over oceans and wet land surfaces such as marshes and jungles. It is largest in
deserts and drought-ridden locations. The Bowen ratio is related to the strength of vertical
mixing within the PBL: larger Bowen ratios are associated with stronger, deeper vertical
mixing.

3.2.3 Wind, Turbulence, and Buoyancy

When the air in direct contact with a warmed surface undergoes sensible heating, the air
becomes less dense and begins to rise, and that vertical motion is called convection.
Cooler and dense surrounding air moves to replace the warmer, less dense air. That lateral
air motion is called advection, or wind. As the air mass moves along the ground surface, it
interacts with surface features through friction, imparting a turbulent motion to the air by a
process called mechanical mixing. The friction is quantified in terms of a roughness length
that depends on the nature of the surface. This roughness length varies by nearly four
orders of magnitude depending on whether the surface is open water, grass prairie,
cultivated farm fields, mature forests, or dense urban areas. The result of this friction and
mechanical mixing is to slow the horizontal movement of the air mass. The rising air mass
also experiences turbulence, but it is associated with vertical motion due to the temperature
gradient, and that turbulence is called convective mixing.

These mixing phenomena are important to our understanding of dispersion modelling since
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entrainment of the surrounding air during that mixing will cause dilution of any contaminants,
including odour. The depth of air within the PBL in which mixing occurs is called the mixing
height. Moving air masses at distances above the surface experience less interaction with
surface features but are still subject to frictional forces, which cause turbulence and mixing.

Consider a mass of air moving horizontally and smoothly (laminar flow) over a stationary
mass of air. Even though the molecules in the stationary air are not moving horizontally, they
move about and collide. At the boundary separating the air layers, there is a constant
exchange of molecules between the stationary air and the flowing air. The overall effect of
this molecular exchange is to slow down the moving air (Ahrens, 2018). If molecular
viscosity were the only type of friction acting on moving air, the effect of friction would
disappear in a thin layer just above the surface. There is, however, another frictional effect
that is far more important in reducing wind speeds.

When laminar flow gives way to irregular turbulent motion, there is an effect similar to
molecular viscosity, which occurs throughout a much larger portion of the moving air. Near
the Earth's surface, it is related to the roughness of the ground. As the wind blows over a
landscape dotted with trees and buildings, it breaks into a series of irregular, twisting eddies
that can influence the airflow for hundreds of metres above the surface. The wind speed
and direction fluctuate rapidly within each eddy, producing the irregular air motion we know
as wind gusts. These eddy motions create a drag on the flow of air far greater than that
caused by molecular viscosity.

Besides the mean horizontal wind speed and eddies, there is one more motion within the
atmosphere, called wave motion. Unlike the turbulent ones, these oscillations move in a
pseudo-harmonic way and have a substantially deterministic character. The presence in the
atmosphere of these non-turbulent movements, with a characteristic time between an hour
and a minute, are collectively referred to as “submeso motions”. Waves (vertical oscillations
propagating horizontally on a density interface) can exist in the air and behave similarly to
water waves. These waves are frequently observed in the night-time boundary layer where
stable air is overridden by a warmer residual layer, transporting little heat, humidity, and
other scalars such as pollutants. They are, however, effective at transporting momentum and
energy. Waves can be generated locally by mean-wind shears and by wind flow over
obstacles. Waves can also propagate from distant sources, such as thunderstorms or
explosions. One classic waveform is a mountain wave where stable air flows over a ridge or
mountain setting up a downwind oscillation.

The total airflow, or wind, is the sum of these three motions, as depicted in Figure 3-3.
Figure 3-3 (a) displays mean wind, which is relatively constant, but varying slowly over the
course of hours. Figure 3-3 (b) displays waves in the air flow which represent regular (linear)
oscillations of the wind, often with periods of ten minutes or longer. Figure 3-3 (c) displays
the turbulence, irregular, quasi-random, non-linear variations with durations of seconds to
minutes.
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Figure 3-3 Diagram showing the three motions of airflow (Stull, 2017)

3.2.4 Development of the Planetary Boundary Layer (PBL)

The usual classification of the PBL is based on buoyancy effects. Consider a package
(parcel, particle) of air, like the air within a balloon but without the membrane. If a parcel of
air is displaced upward adiabatically (no heat enters or leaves the parcel), it will expand
because of the reduced pressure aloft; hence, its temperature will decrease. The resulting
temperature profile for dry air is called the adiabatic temperature profile. Under this ideal
condition, displaced parcels have precisely the density of their surroundings and thus
experience no net buoyant force or tendency to return to their original position. We call this
neutral stratification. Should the mean temperature decrease with height more slowly than
the adiabatic profile, a vertically displaced parcel will experience a force tending to restore it
to its original position. This situation is called stable stratification. The final case where the
decrease of temperature with height exceeds the adiabatic lapse rate is called unstable
stratification; here, displaced parcels tend to be vertically accelerated away from their
original positions. These tendencies define what is called atmospheric stability.

The PBL has pronounced structural differences between day and night. The surface energy
budget drives this diurnal cycle. After sunrise, the depth of the PBL increases with time as
surface heating drives buoyant convection. The depth typically reaches a maximum in mid
to late afternoon (Figure 3-4). On a clear night, a much shallower, stably-stratified boundary
layer develops at the surface in response to the surface cooling through emitted radiation. In
clear weather over land, the mean wind speed in the surface layer can have a diurnal cycle
of substantial amplitude, with higher speeds in unstable daytime conditions and lower
speeds in stable conditions at night.
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Figure 3-4 Components of the boundary layer during fair weather in summer over land
(Stull, 2017)

Note: Pink indicates non-locally statically unstable air, light blue (as in the RL) is neutral
stability, and darker blues indicate stronger static stability.

The PBL is constantly evolving in response to both the diurnal heating cycle and changing
synoptic (large-scale) weather conditions. As a result, its structure and depth can vary
considerably over space and time. However, it typically has distinct states that we can
idealise somewhat and discuss in fairly simple terms (Stull, 2017).

3.2.4.1 Mixed (Convective) Layer

During clear days, a land surface is normally warmer than the air aloft because of heating by
incoming solar radiation. This warmer, near-surface air is buoyant and establishes
convective, turbulent motions. In some situations, over water, for instance, near-surface air
becomes buoyant because it contains more water vapour (less dense than air) than the air
at upper levels. Density changes at constant pressure can thus be caused either by actual
temperature changes or changes in the specific humidity; in other words, buoyant air is
either warmer or more humid, or both, than its surroundings. At the top of the convective
boundary layer there may be an overlying layer of stably stratified air which typically ranges
from a few hundred metres to a few kilometres thick, as schematically shown by the capping
inversion in Figure 3-4.

This "inversion" layer acts as a lid for the convection by damping vertical motions and
establishes the depth of the convective PBL.

This inversion lid can be eroded from below by turbulence and displaced vertically by a
motion such as that induced by convergence or divergence in the horizontal wind field.
Therefore, the convective PBL normally becomes deeper as the day progresses because of
turbulent entrainment of air down into the PBL; however, in some instances, its depth can be
held stationary or even lowered by subsidence. The latter situation can cause air pollution
episodes by trapping pollutants in an abnormally thin PBL.

3.2.4.2 The Neutral PBL

If the PBL has an adiabatic lapse rate throughout, which can happen if the surface moisture
and heat fluxes are negligible and there is no inversion aloft, we have the neutral case. Here
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turbulence is due entirely to the wind shear (the change in wind velocity with height), and
there are no buoyancy effects. Although it is possible that a truly neutral PBL can occur if
only briefly before some change in heat flux occurs, there is no persistent neutral PBL in the
real world. It has been widely studied theoretically, and we mention it here to be complete
but will not discuss it further.

3.2.4.3 Residual Layer

About a half hour before sunset, the thermals cease to form (in the absence of cold air
advection), allowing turbulence to decay in the formerly well-mixed layer. The resulting layer
of air is sometimes called the Residual Layer because its initial mean state variables and
concentration variables are the same as those of the recently-decayed mixed layer. The
Residual Layer contains the pollutants and moisture from the previous mixed layer but is not
very turbulent. The Residual Layer is considered to be neutrally stratified, resulting in
turbulence that is nearly of equal intensity in all directions.

3.2.4.4 Stable Boundary Layer

At night, a land surface typically cools because of radiative heat loss to space. The near-
surface air cools and creates a positive (stable) temperature gradient in the PBL. This has
strong dynamic effects on turbulence and hence on the structure of the layer. Energy must
be expended to maintain vertical velocity fluctuations in the presence of the stable lapse
rate; since turbulence is inherently three-dimensional, with energy exchanges taking place
among all three velocity components, the effect of extraction of energy from the vertical
motions is transmitted to the horizontal components as well.

3.2.5 The Concept of Stability Classes

Frank Pasquill (Pasquill, 1961) defined a method for describing atmospheric stability based
on his observations of the surface parameters like wind speed, cloudiness, and solar
irradiance. Pasquill defined six categories of stability ranging from very unstable to stable,
as follows:

Very Unstable

Unstable

Slightly Unstable

Neutral

Slightly Stable

Stable

Tmoowr

The dispersion parameters (the standard deviation of plume concentration in the lateral (oy)
and vertical (0,) associated with this method) are used by default in most of the EPA
recommended Gaussian dispersion models. These parameters are often referred to as the
Pasquill-Gifford (P-G) sigma curves. For routine applications using the P-G sigma curves,
the Pasquill stability category (hereafter referred to as the P-G stability category) is
calculated using the method developed by Turner (1964) which uses actual data provided by
the National Weather Service (NWS). The Turner method expands the wind speed scale
slightly, uses numerical categories 1 through 7, and in essence includes an additional P-G
stability category ‘G’, Extremely Stable. For US EPA regulatory modelling applications,
stability categories 6 and 7 (F and G) are combined and considered category 6. Table 3-1
provides a key to the Pasquill stability categories as originally defined.

Table 3-1 Meteorological conditions that define the Pasquill Stability Classes

Surface wind speed Daytime incoming solar radiation Night-time cloud cover
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m/s miles/hr Strong Moderate Slight 24/8 <3/8
<2 <5 A A-B B E F
2-3 5-7 A-B B C E F
3-5 7-11 B B-C C D E
5-6 11-13 C Cc-D D D D
>6 >13 C D D D D

Class D applies to heavily overcast skies, at any windspeed day or night

Incoming solar radiation is based on the following: strong (> 700 Wm), moderate (350 — 700 W m™), slight (<
350 W m?)

In terms of odour dispersion, the more unstable the atmospheric conditions are, the greater
the dilution effect. Under atmospheric instability (Class A and B) conditions, odours are
transported over shorter distances before being diluted below the odour threshold, while
under stable conditions (Class E and F), odours travel undiluted for longer distances.

3.2.6 Time Scale / Meteorological Data Resolution

Frequent and accurate updates to meteorological data are necessary and demanded by
many technical fields, including odour modelling. In recent years, numerous key
developments in data forecasting and recording methods have led to long-term and more
reliable data availability. This has also allowed for more frequent data updates. For example,
the atmosphere satellite remote sensing refreshes and provides crucial data multiple times
per day (Emery, 2017).

The major importance of meteorological data calls not only for more frequent updates but
also for high-resolution data. Resolution is a significant factor for advancing the data
forecasting capability as more information and details are available in high-resolution data.
Increased computer capacity and speed have led to smaller grid cell sizes which means
higher data resolution. This provides more accurate forecasts and reliable data to study
atmospheric dynamics. High-resolution data helps predict large-scale changes in the data
patterns, such as topographic effects and small disturbances.

Even more so than in the study of atmospheric pollution, where the hourly average is the
reference parameter for air quality control, the dispersion of odorous substances requires
greater detail since the perception of annoyance occurs over a time order of seconds. This is
the time scale in which the human olfactory system detects the odorants in the inhaled air
during a single breath. Consequently, the modelling process must determine the peak
values generated around the odorous sources. For this, it is necessary to know the
meteorological variables of the site with the best possible temporal detail, compatible with
the parameters that the dispersion models will be able to use.

In any case, the experimental observations must provide the meteorological input to the
models and indicate the degree of uncertainty with which the real situation is described. It is
thus possible to highlight meteorological situations that well represent the dynamics of the
atmosphere from more uncertain situations in which the approximation of the meteorological
description can generate only a limited adherence to the real expected concentrations.
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3.3 Types of Meteorological Data Sets

Meteorological data are one of the most important inputs into any air dispersion model. Two
meteorological elements primarily control ground-level concentrations of contaminants: wind
direction and speed (for transport); and turbulence, buoyancy, and mixing height of the
boundary layer (for dispersion). There is a choice between meteorological data sets derived
from internationally accepted observation techniques (WMO, 2021), (US EPA, 2000), (US
EPA, 2017) measured at specific sites, or from prognostic models or forecast data run in
hindcast mode.

The meteorological data requirements for steady-state Gaussian plume models and
advanced dispersion models vary considerably. Empirical equations, screening models, and
simple Gaussian plume models typically require 1-dimensional meteorological data (wind
speed, wind direction and temperature) from a single surface station. These models assume
the single surface station data apply to the whole modelling domain, both spatially and
vertically. From the surface to the top of the boundary layer, meteorological conditions are
assumed to not vary with height.

More advanced Gaussian plume models require 2-dimensional meteorological data from a
single surface and upper air station. These models also assume the meteorological data
applies to the whole modelling domain; however, conditions can vary with height according
to the upper air profile. There are several international repositories of surface and upper air
raw data; Appendix A contains links to these data, and more information about the data
variables and formats can be obtained from these data sources. The hourly raw surface
data typically consists of a record for each date/time of observation. Each record is of
variable length and consists of a control and mandatory data section and may also contain
additional, remarks, and element quality data sections. This data is usually compressed to
minimise file size. Upper air data which consists of fewer variables is organised such that it
can be viewed in fixed-width columns. Figure 3-5 shows a portion of a surface data file, and
Figure 3-6 shows upper air data.

0127082210599992022010100004+40500-003583FM-12+0633599993V0
3+00301+00201959590ADDMAT 1030019993 33REMMETOSIMETAR LEMD O
A103000091GA1I00I1+5995999333GE19AGL +39559+939598GF13555800
0494-00356TFM-15+0610959959V0203201N001012200018N009599195+
A1240N+00001MRI959999096101MDI710041+9999REMESYNO9408221 02
203501N0015199953959Y0055900595+00001+000019595998ADDMAT 10300
1 20011 3%621 40335 52011 80000 333 e0007=00780822105955332
LEMD 011030Z VRBOZET CAVCE 07/03 Q1030 NOSIG=0178082210999
0005199953959 ¥005900599+01201+00601955995908ADDMAT 1030015999335
1535959999N030000195+01501+00551102T7T1ADDGAT S95+999393021GE1
R LEMD 011500Z O0QQ0OET CAVCE 17/03 Q1028 NOSIG=00T780822109
+39598GF10259910015999955959993995MR 1359595930359 T1MD1 610021 +5
Q1028 WOSIG=00T7808221055959592022010118304+40454-003567TFM-15-

Flgure 3-5 Example surface data from Madrid-Barajas (USAF 082210) for January 2022
(ISD Format)
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254 2 1 JAN 2022
1 59999 8221 48.47N  2.53H 638 2315
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3 LEMD 22767 kt
9 956 638 76 45 325 4
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5 a47 71le 11l@ 58 32787 2ETe7
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4 858 1617 138 -7e 215 13
5 798 2141 a4 -las 32767 3EZT67

Figure 3-6 Example upper air data from Madrid-Barajas (USAF 082210) for January 2022
(FSL Format)

Advanced Lagrangian puff and particle dispersion models require 3-dimensional data for
analysis. Because there will not be meteorological sites at every point on the ground in the
modelling domain, and monitoring in the upper air (anything above the height of a tower) is
normally very sparse, meteorological models must be used to provide this 'missing data'.
These models use data from all relevant surface networks (land and sea) and upper air
stations in conjunction with atmospheric physics to interpolate and develop a matrix of
meteorological variables across the modelling domain. The advanced dispersion models
then use this spatially and vertically varying pre-processed meteorological data.

Two types of meteorological models can be used to provide a 3-dimensional grid of
meteorological data:

e Diagnostic Wind Models (DWM), which interpolate and/or extrapolate
meteorological observations; and

e Numerical prognostic models, also known as mesoscale models or Numerical
Weather Prediction (NWP) models.

The unaltered meteorological model outputs of these two types of models are typically used
to drive advanced dispersion models. Prognostic and diagnostic meteorological models can
either form part of an air dispersion modelling system, such as CALMET which is part of the
CALPUFF modelling system, or they can stand alone entirely like the Weather and Research
Forecast system, commonly known as WRF.

The biggest concern with using prognostic data directly is related to the horizontal grid
resolution of the modelling domain. Typically, prognostic models are run on multiple nested
domains where the innermost nest has a grid of 1 km to 4 km. If the resolution is fine
enough to resolve important meteorological features such as the sea and land breezes,
developing cyclones and fronts, terrain, and non-homogeneous land uses, then it is
appropriate to use prognostic gridded data directly in a dispersion model. However,
sometimes these features cannot be resolved, and it is not computationally practical to run
the prognostic model at much finer grid resolutions. Combining gridded coarse prognostic
model data into a fine-scale diagnostic model is far less computationally demanding than
running a prognostic meteorological model at less than 1 km resolution. In addition, the
diagnostic model can also incorporate observational data.

In that case, the diagnostic meteorological model can be used at a much higher spatial

resolution of, for example, 150 m, with no computational inefficiencies. The prognostic model
provides a 'first-guess field', which the diagnostic model then modifies to take into account
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terrain and land-use features at a finer spatial scale than the prognostic model. The output of
the diagnostic model is then passed to the dispersion model, which will assess the odour
dispersion at the same fine-scale as the diagnostic model. The sampling grid used in the
CALPUFF model may be set even finer. For example, considering 150 m for the CALMET
grid, CALPUFF may be used with the nesting factor MESHDN=3, which means dividing the
CALMET grid by 3. Therefore the CALPUFF sampling grid would be 50 m, a grid size that is
not uncommon in odour applications.

Combining prognostic model output data as input to a diagnostic meteorological model is
being used in many odour assessments worldwide today and has become the preferred
approach for obtaining representative on-site data if no measurements are available. The
US EPA (2017) has stated that "For a near-field dispersion modelling application where
there is no representative NWS station, and it is prohibitive or not feasible to collect
adequately representative site-specific data, it may be necessary to use prognostic
meteorological data for the application" (p. 5200).

Some well-known prognostic meteorological models produce output data in a format that can
be used by plume models. Prognostic model results may be extracted at a single location
(the site of pollution emissions) in a format compatible with the plume model, and it is then
considered a pseudo-observation for input to the dispersion model. The practical advantage
of extracting single-point meteorological data for a plume model is that there is no missing
data. In addition to providing surface data, the prognostic model will also provide a vertical
profile of temperature, wind direction, and wind speed. This is a significant advantage to
those plume models which can use 2-dimensional meteorology.

3.3.1. Screening meteorological data

Screening meteorological data sets have been developed using idealised hourly standard
combinations of wind speed, stability class and mixing heights, aiming to mimic the range of
atmospheric conditions that are likely to occur in any given location. A sample of a screening
meteorological data file is displayed in Table 3-2. The screening data sets provide a simple
option to run air dispersion models and can be applied in most locations. The maximum
ground level concentration predicted using a screening data set is considered conservative.
This means that the model likely over-predicts concentrations expected to occur in reality,
assuming that other input data are of good quality.

Idealised meteorological data sets of a few hundred hours can only model one-hour
averages, and they cannot provide an indication of how frequently an event might occur.
These data sets should only be used to gain a 'first cut' estimate of the magnitude of the
maximum ground-level odour concentration for a particular source.

Table 3-2 METSAMP.MET — An example of a screening meteorological data file

Date Temp. W. Speed W. Dir. Stability Mix. Ht.
00010101 25 0.5 270 A 100
00010102 25 1.0 270 A 100
00010103 25 1.5 270 A 100
00010104 25 2.0 270 A 100
00010105 25 2.5 270 A 100
00010106 25 3.0 270 A 100
00010107 25 0.5 270 B 100
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00010108 25 1.0 270 B 100
00010109 25 1.5 270 B 100
00010110 25 2.0 270 B 100
00010111 25 3.0 270 B 100
00010112 25 4.0 270 B 100

3.3.2. Observations data sets - ready-made data

Urban and regional ready-made meteorological data sets derived from measurements are
sometimes available from local and regional regulatory authorities worldwide. The benefit of
‘ready’ prepared single station data sets is;

e they are sequential hourly datasets;

e they are often representative of at least one or more years;

e they meet the criteria of the ambient air quality requirements of the local regulatory
authority in that they have been properly evaluated;

e they are sufficiently accurate;

they can be used directly into screening models and empirical equations; and

e they resolve the need for a complex, expensive and timely component of
meteorological data sets processing.

These data sets, if available, are usually stored by the local authority and can be easily
obtained. Normally, they would be in a spreadsheet format or simple ASCII format. Ordering
the data into the format required for the model is normally straightforward. Normally, these
data are simple one-dimensional data with an emphasis on wind speed, wind direction,
atmospheric stability and temperature. Appendix A includes a table with links to US State
and Canadian Provincial authorities that maintain AERMOD-ready data sets, plus links to
authorities in other countries that maintain similar data.

3.3.3. Observations data sets - developing site-specific data sets

Provided it is of good quality, on-site measured data are always the preferred source of
meteorological input data. A distinct advantage of having on-site data is that they can also
be used for dispersion model evaluation studies, and it greatly improves the accuracy of the
dispersion model results, especially when making decisions about separation distances.

However, developing a meteorological data set can be expensive and time-consuming.
Depending on the complexity of the site, a degree of meteorological expertise may be
required to ensure the data accurately represent the conditions experienced at the site.
Further, for any odour assessment, the data needs to be assessed for quality assurance.

The collection of site-specific meteorological data is fully covered in documents such as the
‘Guide to Instruments and Methods of Observation: Volume | - Measurement of
Meteorological Variables, WMO-No. 8 (WMO, 2021) and ‘Meteorological Monitoring
Guidance for Regulatory Modelling Applications’ (US EPA, 2000). These documents provide
details on site location, recording mechanisms, data communication, sampling rates, system
accuracies, data handling, quality control and treatment of missing data. It is recommended
that this guidance be adopted as best practice for the collection and processing of
meteorological data for use in dispersion modelling applications.

In general, a meteorological station should be located away from the influences of

obstructions such as buildings and trees to ensure that the general state of the environment
(wind direction and temperature) is best represented. A 10 m high mast for measuring wind
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direction and speed and temperature differentials is recommended. However, where the
mast is located in good free-flow conditions, and there are height restrictions from local
council bylaws, a 6m high mast can be used instead.

For major industrial sources with tall stacks, or a site within a complex terrain environment,
higher monitoring masts (30 m and higher) are recommended to monitor lower boundary-
layer wind and temperature profiles adequately. It may be necessary for these situations to
supplement such data with monitoring via remote sensing instruments such as SODAR /
RASS or tethered-sonde systems.

The following parameters need to be monitored at the site: surface temperature; temperature
profile (between 1.5 m and 10 m or higher); relative humidity (%); wind speed (m/s); wind
direction (degrees); solar radiation or cloud cover; and cloud ceiling height.

While all the above variables provide valuable information for modelling, the most important
variables are wind speed and direction, and temperature. Cloud cover information, pressure
and relative humidity can usually be obtained from a nearby airport or automatic weather
station. The costs for setting up a 10 m meteorological station to record and log these three
parameters are modest and within reasonable budgets for most projects, with small
additional costs associated with site maintenance and data management.

When developing a meteorological data set, the representativeness of the data set must be
assessed and demonstrated in terms of climatic means and extremes. This can essentially
be established in two ways: by undertaking long-term (three to five years) monitoring of on-
site data collection or by establishing correlations between on-site data, climatic averages
and regional extremes.

3.3.3.1. Selecting a representative weather station

As a rule, site-specific data are always preferred when developing a meteorological data set
for a specific source. However, sometimes this is not possible. Under situations like this,
when there is no on-site data, usually the nearest suitable station to the source is allowed to
be used, as long as it is in a similar meteorological regime as the source or within 5 km of
the source, a recommendation from Victoria EPA in Australia.

For simple single-station plume modelling, off-site data should only be used if the weather
station site has similar topographic characteristics, likely to result in similar meteorological
conditions for the site concerned. For example, when the source and weather station are
located in the same valley or are located at a similar distance to a coastline. The
representativeness of off-site data must be established before being used in any dispersion
modelling study. Appendix A includes links to repositories of global surface hourly data.

3.3.3.2. Selecting a representative vertical profile

More advanced Gaussian dispersion models require a single vertical profile of upper air
data. This data can be obtained from airports that routinely measure the upper air
temperature, pressure, geopotential height, wind speed and wind direction at a minimum
once or twice daily. For example, vertical distributions of temperature, humidity and winds
also called upper-air datasets were developed originally for North America (Schwartz and
Goyett, 2005) but have been extended worldwide and are usually measured at airport
locations. Radiosonde are instruments which are sent airborne on weather balloons to
sample data as they move upwards. Appendix A includes links to this type of data.

Other instruments can be used to measure vertical profiles of temperature, humidity and
winds.Remote sensing instruments like SODAR/ RASS or tethered-sonde systems can
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provide this information.

3.3.4. Diagnostic models meteorological data

Diagnostic meteorological models use data from all available locations and assign values to
the meteorological variables throughout a three-dimensional grid by interpolation,
extrapolation and objective analyses. The conservation of mass principle is applied
throughout the process. The term 'diagnostic' is used because the input data and model
results are for the same time period. Diagnostic models are not predictive, and their
calculated fields for each time interval do not depend on fields at previous times. The
model's output is a data file in a format required by a particular air dispersion model.

Diagnostic models need meteorological data to run, they can incorporate available
measurements, and some can directly incorporate the data output of prognostic models.
They can provide meteorology through interpolation and objective analysis in regions with
little data. Diagnostic models are usually run at a horizontal grid resolution varying from 250
m to 4 km.

The outputs of these models typically provide three-dimensional data sets as required by
more complex dispersion models. The output of these models can also provide datasets for
gaussian plume models, the data sets are extracted as a single surface station and vertical
profile at a given location.

3.3.5. Prognostic models meteorological data

Prognostic models are driven by large-scale synoptic analyses and numerically solve the
equations of atmospheric dynamics to determine local meteorological conditions. They do
not require local meteorological data to run. However, if data are available in hindcast model
runs (as opposed to forecasting), prognostic models use this historical data to assist in
nudging the numerical solution toward the observation. Prognostic models run in hindcast
mode can assimilate local meteorological data through a process known as 'nudging'.
Essentially, the prognostic model solution is forced towards the observations during the
model run. At best, the model solution is already close, so the forcing is small - hence the
term 'nudging'. Nudging can benefit the model solution but must be used carefully. For
example, nudging will not help with a poor prognostic model set-up, and can produce
numerical instabilities when the model dynamics oppose the observation.

Prognostic models can represent all scales, from global down to features on scales in the
range 1-10 km. Most are run in a nested format with the outer domain covering distances in
the order of 500-1000 km - the regional scale, and at least three inner nests.

Figure 3-7 shows a numerical model setup over New Zealand, consisting of three nests of
increasing spatial resolution.
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WRF Domains for New Zealand
Map Projection: LCC
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Figure 3-7 Three nested model domains (36 km, 12 km and 4 km) for a numerical
prognostic model (courtesy of Atmospheric Science Global)

All model domains are initialised using coarse analyses from global or limited-area models,
usually run by national weather services. These are provided by many forecasting agencies
or similar institutions, such as the US National Meteorological Center for Atmospheric
Research, the European Centre for Medium-Range Weather Forecasts, the UK
Meteorological Office, or the Australian Bureau of Meteorology. The outer domain is also
driven at its boundaries by the global or limited-area models as the run progresses - this
feeds into weather systems' effects on the domain of interest. The prognostic models
describe the three-dimensional fields of temperature, wind speed and direction, and moisture
through the region at a much higher spatial resolution than the initial analysis provided to the
model.

Prognostic models contain realistic dynamical and physical formulations and potentially
produce the most realistic meteorological simulations for regions where data are sparse or
non-existent. The extracted output of prognostic meteorological models can be used in
dispersion models:

e as a surface and upper air station at a single location;

e as 3-dimensional gridded data; and

e as 3-dimensional gridded data into a diagnostic meteorological model at a much finer
resolution.

Prognostic model data are now routinely used in odour assessments, usually as the provider

of meteorological weather data in regions with sparse meteorological data. The data are
usually of high quality, with little or no missing values.
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Prognostic models do not need local meteorological observations to run, so they can
simulate the meteorology through physics and ‘observational nudging’ in regions where little
data are available. The innermost horizontal grid spacing for a prognostic model varies
widely from a resolution of 1000 m to 12 km.

The output of prognostic models can be extracted at a single location to provide surface data
and vertical profile data sets at that location for gaussian plume models but also provides
three-dimensional data sets for more complex dispersion models as required. Appendix A
includes links to data generated by the global prognostic model WREF.

3.4 Meteorological data requirements for key dispersion models
used in odour assessments

This section focuses on key meteorological models routinely used in odour assessments
worldwide and their meteorological data requirements. Some models, such as WRF, stand
alone and are not attached to any dispersion model; this means that the meteorological
output data from WRF can be transformed into any format for input to dispersion models.
Other models, such as AERMET, the meteorological processor for the dispersion model
AERMOD, only prepare meteorological data for AERMOD. This section is broken up into
five different types of models; meteorological models, screening models, advanced
Gaussian Plume models, and Lagrangian models. They are briefly discussed below.

e Meteorological models — particularly WRF, the Weather and Research Forecast
model. WRF is a primary mesoscale numerical prognostic model whose data are
used to routinely drive air pollution dispersion models. In addition to WRF, the
Mesoscale Model Interface Program (MMIF), which converts prognostic
meteorological model output fields to the parameters and formats required for direct
input into dispersion models, is also discussed.

e Screening models - in particular AERSCREEN and ADMS-SCREEN, which are the
screening models of two of the most well-used Gaussian plume models today,
AERMOD and ADMS, which are used in odour assessments all over the world.

e Advanced Gaussian plume models — particularly, AERMOD, ADMS, AODM and
ARIA Impact. AERMOD and ADMS are widely known, advanced models. AERMOD
and AODM enjoy regulatory status in the US and the UK, and AERMOD is also
widely regulated worldwide. AODM is the Austrian Odour Dispersion Model
developed specifically for odour assessments. ARIA Impact is a Gaussian model
that enjoys widespread use throughout Europe and South America.

e Lagrangian Puff Models — in particular CALPUFF and SCIPUFF. CALPUFF is a
widely known favourite for odour applications due to its ability to handle complex
atmospheric environments and calm conditions and its long history as a US
regulatory model. SCIPUFF is a new generational second-order closure model. The
sophisticated approach of the new turbulence model is exciting for odour
applications.

e Lagrangian Particle-Puff models — in particular, CSIRO’'s TAPM. TAPM is widely
used throughout Australia and New Zealand and overseas. The model enjoys a
Particle-puff approach whereby it uses a Gaussian puff model in the horizontal and
regular particle model to describe the vertical dispersion. TAPM is primarily used in
Australia and New Zealand to develop upper air meteorological data in data-sparse
regions.

e Lagrangian Particle models - specifically, SPRAY, AUSTAL (LASAT), LAPMOD
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and GRAL. This suite of dispersion models is developed in Europe. It is connected
to different meteorological data processors, including both prognostic and diagnostic
models able to reconstruct flow over complex terrain. These models are routinely
used in odour applications and assessments.

Figure 3-8 shows a flow chart showing how meteorological data are developed from global
weather models such as ECMWF and GFS, which are run at a coarse resolution of
approximately 0.25 to 0.50 degrees over the entire world. These models provide the initial
data necessary to drive a mesoscale model such as WRF, which is typically run for multiple
nests of increasing grid resolution. The US EPAs MMIF interface model can translate the
WRF data directly into the correct format for CALPUFF, AERMOD and SCIFPUFF,
essentially by-passing those models' meteorological processors. In addition, the WRF
model output data can also be passed directly to a diagnostic meteorological model (such as
CALMET), which then uses the data to determine the initial guess wind field, and applies
fine-scale terrain adjustments as well as user-determined distance weightings to
observations at a much finer resolution than that from WRF. The output of the diagnostic
meteorological model is 3D gridded data at a fine resolution, which can then be used to drive
advanced Lagrangian dispersion models such as CALPUFF and LAPMOD.

ECMWEF, GFS
Global weather models
(~ 55km)

WRF
Mesoscale Model
(~1-36 km)

CALMET

Diagnostic
Meteorological Model
(~250m — 1km)

Observations, MMIF

Mesoscale Interface
Model

fine scale terrain and g
land use

CALPUFF AERMOD SCIPUFF

Figure 3-8 Development of meteorological data from global forecast models (courtesy of
Atmospheric Science Global)

LAPMOD

Lagrangian Particle
Maodel

CALPUFF

Lagrangian Puff Model

Note: ECMWF and GFS data can be processed through the mesoscale model WRF, and
transformed via the MMIF interface into dispersion model-ready data, or be passed to a
diagnostic meteorological model like CALMET which is executed on a much finer resolution
than the prognostic data to provide a 3D gridded data set for dispersion modelling purposes

3.4.1. Prognostic Meteorological Models — WRF

There are multiple mesoscale meteorological models whose data are used in air quality
applications worldwide today. Some of these in the USA include: North American
Mesoscale Forecast System (NAM); High Resolution Rapid Refresh (HRRR); and the Rapid
Update Cycle (RUC) weather forecast model developed by National Centers for
Environmental Prediction (NCEP). Similar models in Europe include the ECMWF IFS
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model, developed by the European Centre for Medium-Range Weather Forecasts, the
Consortium for Small-Scale Modelling (COSMO) led by the Deutscher Wetterdienst, the
HIRLAM and HARMONIE developed by a consortium of meteorological institutes from
Sweden, Norway, Denmark, Iceland, the Netherlands, Ireland, Spain, Estonia and Lithuania,
and the Unified Model (UM), developed by Met Office UK. For information about these
models, see Appendix A which contains links to each modelling system home page.

Of these models, one of the most popular is the Weather Research and Forecast Model
(WRF). WRF is a next-generation mesoscale numerical weather prediction model designed
to serve operational forecasting and atmospheric research needs. The development of WRF
has been a collaborative partnership, principally among the National Centre for Atmospheric
Research (NCAR), the National Oceanic and Atmospheric Administration (NCEP), the
Forecast Systems Laboratory (FSL), the Air Force Weather Agency (AFWA), the Naval
Research laboratory, University of Oklahoma, and the Federal Aviation Administration
(FAA). WREF is a state-of-science three-dimensional numerical weather prediction model
maintained at the National Centre for Atmospheric Research (NCAR) in collaboration with
several governmental agencies (Skamarock et al. 2008, NCAR 2011). In 2004, WRF
officially replaced MM5 (which is short for the Fifth Generation Penn State / NCAR
Mesoscale Model) as the forecast engine. WRF includes much more recent technology and
techniques in its system than MM5. MM5 was a regional mesoscale model used for creating
weather forecasts and climate projections. It was a community model maintained by Penn
State University and the National Centre for Atmospheric Research and was widely used in
air quality applications. Over the last decade, there has been a switch from using MM5 to
the more sophisticated WRF model, especially as the development of MM5 has ceased and
the model is no longer being maintained as a workhorse model.

WRF is a three-dimensional weather prediction model with non-hydrostatic dynamics, a
variety of physics options and the capability to perform Four-Dimensional Data Assimilation
(FDDA). The model can simulate meteorological phenomena such as tropical cyclones,
severe convective storms, sea-land breezes and terrain-forced flows such as mountain
valley wind systems. The Advanced Research WRF (ARW) can be used in applications
ranging from horizontal scales of metres to thousands of kilometres. The model can be run
over multiple nested grids. WRF is well suited for performing retrospective FDDA
simulations to develop a three-dimensional high-resolution meteorological data set to
support air quality modelling.

WREF is routinely used to generate meteorological data either as a single surface station and\
or a single vertical profile of data or as gridded 3D data in data-sparse regions. The model is
typically initialised with a global forecast model such as ECMWF (European Centre for
Medium-Range Forecasts), or the Global Forecast System (GFS) at a resolution of
approximately 0.5°. The first coarse domain is typically at a grid size of 36 km, followed by
two or three nested domains within grid resolutions close to the ratio of 3:1. WRF is routinely
run with 30 — 40 vertical layers from the surface to 100 hPa. Figure 3-9 shows the vertical
distribution of layers. The layer thickness increases from the surface to the upper
atmosphere.
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1472 Figure 3-9 Typical vertical layer structure and levels of WRF (courtesy of Atmospheric
1473 Science Global)

1474 Figure 3-10 shows crosshair cursors, each representing a vertical profile of 40 levels of
1475 meteorological data (wind speed, wind direction, temperature and moisture parameters)
1476 which combined represent a gridded hourly 3D WRF data set. This gridded data can then
1477 be used to represent the ‘Initial Guess wind field’ of a diagnostic meteorological model,

1478 which is run at a much finer spatial resolution than the WRF model.
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Figure 3-10 WREF grid points used as gridded data encompass the meteorological model
domain of a diagnostic meteorological model (courtesy of Atmospheric Science Global)

Some models contain software that will allow the transformation of the numerical model data
into a format that either the dispersion model or the meteorological processor of the
dispersion model can read directly. Usually, this software is independent, short and
straightforward and must be executed on the same computer that created the meteorological
data. The extracted output of such software is usually a large ASCIl-format data set of a
specific period in time, which may be a few months or a year-long data set, and may be a
subset of the original model domain at either the innermost nest or outer nests. The output
data can be a single point or multiple points. Multiple gridded data points can generate huge
files, so they must be split up by month. It should be noted that WREF is typically run under
Linux servers and is highly computational demanding. Other tools which run easily on a PC,
such as the MMIF, convert prognostic meteorological model output files to the parameters
and formats required for direct input into dispersion models, including AERMOD,
SCHICHEM and CALPUFF. MMIF is briefly discussed below.

3.4.2. Prognostic Meteorological Model Data — Mesoscale Model
Interface Program (MMIF)

The Mesoscale Model Interface Program (User Manual, 2021) was developed by Ramboll
US Consulting, Inc. (formerly ENVIRON) on behalf of the US EPA, Office of Air Quality
Planning and Standards (OAQPS).

MMIF is an interface program developed to convert prognostic meteorological output fields
to the parameters and formats required for direct input into dispersion models. MMIF
specifically processes geophysical and meteorological output fields from the Fifth Generation
Mesoscale Model (MM5, Version 3) and the Weather Research and Forecasting (WRF)
model.

Many models now support output data from prognostic meteorological models, particularly
MM5 and WREF; this capability has proven very useful in data-sparse areas. With the
advancement of prognostic meteorological output quality, prognostic data are increasingly
used in air quality modelling. Key features of the MMIF program include:

applicability on either Linux or Windows platforms;

a simple text-based user interface control file;

options to re-diagnose or pass through Planetary Boundary Layer depth;

an option to generate output on a subset of the meteorological modelling grid;

an optional mass-weighted vertical aggregation of multiple MM5/WRF layers; and

an optional mass-weighted vertical interpolation from MM5/WRF layers to a fixed
height above ground layer structure.

The MMIF program supports AERMOD, CALPUFF and SCIPUFF.

In summary, there are advantages of running MMIF to transform prognostic data directly to a
form that dispersion models can use; these typically include:

e removing the need for significant decisions by the modeller concerning
meteorological data switches and choices;

e providing uniformity of meteorological data for review;

no missing data; and

e providing data over data-sparse regions.
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However, there are also significant disadvantages, the most prominent being that the
prognostic model output is often too coarse (12 - 36 km) and will not represent the fine-scale
topography and inhomogeneous land use types surrounding the location of odour emissions.
In addition, numerical model data are known to be primarily responsible for the positive wind
speed biases seen at the surface (Jimenez & Dudhia, 2013).

3.4.3. Screening Meteorological Models — MAKEMET (for
AERSCREEN) and ADMS-SCREEN

3.4.3.1. MAKEMET

The AERSCREEN model employs MAKEMET, a program that generates a matrix of
meteorological conditions in the form of AERMOD-ready surface and profile files based on
user-specified surface characteristics, ambient temperatures, minimum wind speed and
anemometer height (Figure 3-11). Recommended default values for routine MAKEMET are
0.5 m/s for the minimum wind speed and 10 m for the anemometer height. MAKEMET
allows the user to specify more than one set of surface characteristics and ambient
temperature, such as for seasonal or monthly variations in surface characteristics and will
concatenate the resulting meteorological matrices into single surface and profile files.
MAKEMET will also allow the user to specify a single or range of wind directions — useful for
assessing building downwash. However, AERSCREEN will set the wind direction to a single
direction of 270 degrees.

ENTER SFC MET FILE NAME

ENTER PFL MET FILE NAME

ENTER MIN. WS (M/S)

ENTER ANEM HT (M)

ENTER OPTION TO ADJUST U* (Y=adjust, N=no adfusiment)
ENTER NUMBER OF WIND DIRECTIONS

If the user enters one for the number of wind directions
ENTER WIND DIRECTION

Otherwise
ENTER STARTING WIND DIRECTION

ENTER CLOCKWISE WIND DIRECTION INCREMENT

ENTER MIN AND MAX AMBIENT TEMPS IN KELVIN

ENTER ALBEDO

ENTER BOWEN RATIO

ENTER SURFACE ROUGHNESS LENGTH IN METERS

DO YOU WANT TQ GENERATE ANOTHER MET SET THAT WILL BE

APPENDED TO CURRENT FILE?
[TYPE EITHER "Y" OR "v" FOR YES; OR HIT "ENTER" TO EXIT

If("Y" or "y") then the program loops through prompts 7 through 10 for each additional data set (e.g. seasonal).

Figure 3-11 User Prompts for MAKEMET

MAKEMET calculates friction velocity (m/s), Monin-Obukhov length (m), and mechanical
mixing height (m). MAKEMET also calculates the convective mixing height (m) for
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convective cases and computes the matrix's boundary layer parameters for each
combination. MAKEMET typically generates around 300-400 hours of meteorological data.

3.4.3.2. ADMS-SCREEN

The ADMS-SCREEN model uses either standard ADMS format meteorological files or on-
screen meteorological input. Figure 3-12 shows the ADMS-SCREEN Graphical User
Interface Page for user-defined meteorological input data. The user is required to enter a
value for the surface roughness both at the site of emission release and at the site of the
meteorological station. Meteorological data can either be entered from an external file or
directly into the screen. Unlike MAKEMET, the model does not create a range of
combinations of meteorological data. The model will require essential input such as wind
speed, wind direction, temperature and cloud cover or solar radiation and will then compute
the boundary parameters for each given meteorological hour. However, ADMS-SCREEN
can utilise statistical meteorological data from the UK Cambridge Environmental Research
Centre (CERC), which is free for ADMS-Screen users. This data would be input into ADMS-
SCREEN as an external file.

ADMS-Screen 6 - (new file) - X
File Run! Results Mapper Utilities Help
Setup T Source T Meteorology T Background T Grids T Dutput
Site data
L atituds ] lr Met. measurement site
Dispersion site Surface roughness [m]
Surface roughness [m) # Use dizperzion site value
{* Enter value 01 - ™ Enter valus 01
" Usze values from the met. file (™ Uze values fromm the met. file
I Use advanced options [~ Use advanced options
Met. data
" Fram file Browse... | |
™ Enter on screen Wind roze |
Height af recorded wind [m] | |10 [ Use a subset of met. data J
[ Met. datain sectors of (degrees) 100 Start| [01 Jan 2022 | Joon ]
[ Met. data are hourly sequential End |3‘| Dec 2022 J |24:I:ID J
B | |
Approdimate latitude of the zource site [7] hir: A0 Max a0

Figure 3-12 Graphical User Interface for entering meteorological data into ADMS-SCREEN

3.4.4. Gaussian Plume Models — AERMOD, ADMS, AODM, ARIA
Impact

47


https://svpa.owncube.com/index.php/apps/forms/s/5DoD4waRXSqxGjsa3AqQZwwm

98

1568

1569
1570
1571
1572
1573
1574

1575
1576
1577
1578
1579
1580
1581

1582
1583
1584
1585

1586
1587
1588
1589

1590
1591

1592
1593
1594
1595
1596

1597

1598
1599

1600

99
100
101

102

Leave your comments on this draft here. Due date 9th July 2023

3.4.4.1. AERMET for AERMOD

AERMOD" is supported by a meteorological preprocessor, AERMET, which organises the
available meteorological data into a format suitable for use by the dispersion model.
AERMET is programmed to read US National Weather Service hourly surface observations
and US National Weather Service twice-daily upper air soundings. In addition, the program
can read on-site specific meteorological data, and, beginning with AERMET Version 22112
(April 2022) can read prognostic meteorological data processed through MMIF.

There are two stages of data processing with AERMET. The first stage extracts
meteorological data from archive data files and processes the data through various quality
assessment checks. The second stage estimates the necessary boundary layer parameters
for use by AERMOD. The processor writes two files for AERMOD. The first is the hourly
boundary layer parameter estimates, and the second is a file of multi-level observations of
wind speed and direction, temperature and standard deviation of the fluctuating wind
components.

There is no standard format for site-specific meteorological data, allowing multiple levels of
data from a tower or remote sensing instrumentation to be easily included in the model. In
addition, the model allows near-surface measurements such as insolation, net radiation and
temperature difference to be included in the database.

The output data from AERMET for AERMOD consists of two files, one a surface file that
includes all the surface parameters listed in Figure 3-13 and a vertical profile file of
meteorological data, Figure 3-14, which is usually from the nearest relevant airport where
twice daily radiosonde soundings are normal.

[ 27.3305 152 975E UA_1D: SF_ID: 0E_ID: oap11111 UVERSION: 19191 ADJ_U=
18 1 -6 anoe 1.62 1.00 1.45 232.8

1% 7 1 2 6 0.060 -9.000 -9.000 -999. s0. h.B 1. 10.8 288.5 10.0 9999 -9.00 . 1025, 2 HAD-05
18 7 1182 2 5.6 0.050 -9.000 -9.000 099, s0. 2.8 1.0000 1.62 1.00 0.93 229.6 10.0 288.6 i0.0 9999 -0.00 B4, 1025, ¥ HAD-D%
1% 7 1182 3 5.6 0.050 -9.000 -9.800 -999. sa. 2.8 1.0000 1.62 1.00 1.08 230.6 10.8 288.1 10.8 9999 -9.80 95. 1825, 0§ HAD-D3
18 7 1182 & -6.7 0.060 -9.000 -9.000 -999. 5. 4.0 1.0000 1.62 1.00 1.62 230.4 10.0 288.4 10.0 9999 -9.00 95. 1825, @ HAD-DS
i@ 7 1182 5 -§.8 0.080 -9.000 -9.000 -999. 57. 7.8 1.0008 1.62 1.08 2.88 232.3 18.8 288.8 10.8 9999 -9.00 G4, 102N, 2 HAD-DS
18 7 1182 6 -8.8 0.080 -9.000 -9.000 -999. 65, 7.0 1.0000 1.62 1.00 2.11 231.8 10.8 288.9 10.0 9999 -9.00 9. 1024, 2 HAD-DS
1w 7 1182 7 7.8 D.080 -9.000 -9.000 -999. 65 . 7.0 1.0000 1.62 1.00 2.09 220.7 10.8 289.2 10.0 9999 -9.080 93. 1025, 5 HAD-DS
18 7 1182 8 4.4 0.200 ©0.308 0.005 242. 215. -165.8 1.0000 1.62 0.4 2.41 222.9 10.8 289.9 10.8 9999 -9.00 92. 1825. 8 HAD-05
1w 7 1182 9 T0.1 0290 0827 0.005 295. 231, -12.1  1.0000 1.62 8.29 2.34% 223.0 i0.8 290.9 0.0 9999 -9.00 BB. 1026, 6 HAD-D5
18 7 1 182 18 132.6 0.200 1.360 B.805 695. 215. -5.5 1.0008 1.62 B8.2h 1.97 206.8 106.8 292.1 10.8 9999 -9.080 83. 1026. 2 HAD-DS
18 7 1 182 11 1208 0,180 1.4503 0.005 838. 183, Hoh 1.0000  1.62 n.22 1.71 283.9  10.8 293.4  10.0 9999 -%.00 7. 126, 8 HAD-D0S5
18 7 1 182 12 160.6 0.170 1.617 0.005 965. 168. -2.8 1.0000 1.62 8.22 1.49 187.9 10.8 2941 10.0 9999 -9.00 Th. 1026. 7 HAD-D%

Figure 3-13 Format of hourly surface data developed by AERMET for AERMOD

The header record for a surface parameter file contains: the longitude and latitude of the
surface station; the IDs of the upper air (UA), surface (SF) and on site (OS) stations; the
AERMET version used for preparing the file; a flag indicating if the surface friction velocity
has been adjusted for low wind speed stable conditions; the threshold applied for 1-minute
winds; and flags for substitution of missing cloud cover or temperature.

The data records in columns from left to right stand for;

year, month, day, j_day, hour, H, u*, w*, VPTG, Zi;, Zim, L, Z,, Bo, I, Ws, Wy, Zr, temp,
ztemp, ipcode, pamt, rh, pres, ccvr, WSADJ

and where

j_day = Julian day We = reference wind speed (m/s)

1The US EPA in conjunction with the American Meteorological Society are the main
developers of the AERMOD modelling system.
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H = sensible heat flux (W/m2)

u* = surface friction velocity (m/s)

w* = convective velocity scale (m/s)

VPTG = vertical potential temperature

gradient above Zic (K/m)

Zi = convective boundary layer height (m)

Zim = mechanical boundary layer height (m)

L = Monin-Obukhov length (m)

Z, = surface roughness length (m)

B, = Bowen ratio

r = albedo
he 7 1 1 18.80 8 244 97
1M 7 1 1 3n.0 8 203.25
18 7 1 1 60.8 B 209.38
18 7 1 1 100.8 8 204.91
18 7 1 1 140.8 8 199.19
18 7 1 1 240.0 9 84 .61
18 7 1 1 4ED.8 B 75.35%
18 7 1 1 820.0 8 T4.82
18 7 1 1 12%8.8 1 35.09
18 7 1 2 10.8 0 232_43
18 7 1 2 30.8 8 178.96
18 7 1 2 60.80 B 131.74
1 7 1 2 188.8 8 115.58
1 7 1 2 1408.8 8 103.25
18 7 1 2  24B.8 0 86.04
18 7 1 2 480.0 0 78.79
18 7 1 2 828.8 @ 68.37

7 = reference wind direction (degrees)
Zret = reference height for temperature (m)
Ipcode = precipitation code (0O=none,

11=liquid, 22=frozen, 99=missing)

Pamt = precipitation amount (mm/hr)
Rh = relative humidity (percent)
Pres = station pressure (mb)

Ccvr = cloud cover (tenths)

WSADJ = wind speed adjustment and data
source flag.

1.37 15.37 9900 99.00
2.35 19.08 99.00 99.00
2.57 192.16 99.00 99.008
3.19 19.21 99.00 90.00
3.68 19.09 99.00 99.00
2.94 18.52 99.00 99.00
2.61 17.22 99.00 99.00
2.13 15.25 99.00 99.00
6.0 9.54 99.00 99.008
a.78 15 .47 99.08 99.00
1.47 18.84 99.088 99.088
1.82 18.98 99.080 99.08
2.24 18.93 99.08 99.88
2.75 18.82 99.088 99.88
2.97 18.27 99.080 99.088
3.e7 17.07 99 .00 99.08
2.65 15.21 99.00 99.088

Figure 3-14 Format of an hourly vertical upper profile developed by AERMET from twice

daily radiosonde soundings for AERMOD

There is no header row in a profile data file. The data records in columns from left to right

stand for;

year, month, day, hour, height, top, WDnn, WSnn, TTnn, Sann, SWnn

where

height = measurement height (m)
top = 1, if highest level, else 0
WDnn = wind direction at current level (deg)

WSnn = wind speed at current level (m/s)
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TTnn =temperature at the current level (°C)
SAnn = sigma theta (degrees)

SWnn = sigma w (m/s)

Where turbulence values of sigma theta and sigma w are not measured these values are
represented in the file as missing value indicator '99.00’. The model then computes the
turbulence using similarity theory.

In addition to AERMET, which outputs hourly data from NWS data (where the hourly
averaged wind speed and wind direction are represented by the average of the last two
minutes before each hour), there is another US EPA-developed meteorological preprocessor
called AERMINUTE which reads 1-minute and optionally 5-minute ASOS data to calculate
hourly average winds for input into AERMET.

AERMINUTE was developed as there were several concerns related to the use of NWS
meteorological data especially if there was a high incidence of calms and variable winds
reported from the automatic stations (ASOS). AERMINUTE was developed to reduce the
number of calms and missing winds in the surface data file as AERMOD cannot simulate
dispersion under either calm or missing wind conditions. The effect of using AERMINUTE
can be significant. Figure 3-15 shows (as grey arrows) the 1-minute wind direction as
recorded. The blue arrow represents the hourly average wind represented by the final 2
minutes before the hour as done by AERMET. In contrast, the orange wind arrow represents
the mean hourly AERMINUTE wind direction.  In addition to computing a new, more
accurate and representative one-hour average wind speed and wind direction, AERMINUTE
also decreases the number of calms by increasing the number of very light winds in the
range 0.1 — 0.5 m/s. Figure 3-16 provides a wind rose with and without the use of
AERMINUTE. For this example, the number of calms was reduced from 27% to 2%.
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Mean hourly  Speed=4.27 m/s
AERMINUTE  wind Direclion=200"

wind
Standard )
Speed=5.36 m/s
observation St
2.minute Wind Direction=307
wind

Figure 3-15 AERMINUTE recomputes the hourly average wind speed and wind direction
from 1 and 5-minute ASOS data (courtesy of Atmospheric Science Global)

WIND SPEED
o

= -=

R

foom

Figure 3-16 Annual wind rose with (right) and without AERMINUTE (left) (courtesy of J.
Barclay)

3.4.4.2. ADMS

ADMS 5 has a built-in meteorological preprocessor that allows both standard and more
specialist input of flexible input meteorological data. Hourly sequential and statistical data
can be processed, and all input and output meteorological variables are written to a file after
processing. The ADMS meteorological processor is similar to AERMET in that the user
must provide basic surface input data such as wind speed, wind direction, temperature,
pressure, cloud cover, and cloud ceiling height. In addition, twice daily upper air data must

51


https://svpa.owncube.com/index.php/apps/forms/s/5DoD4waRXSqxGjsa3AqQZwwm

109

1643
1644
1645

1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656

1657
1658

1659
1660

1661

1662
1663
1664
1665
1666
1667
1668
1669

110

Leave your comments on this draft here. Due date 9th July 2023

also be provided as well as surface characteristics such as surface roughness length, albedo
and Bowen ratio. The meteorological processor then computes the boundary layer
parameters similarly to AERMET.

The WRF-to-Met utility (Cambridge Environmental Research Consultants, 2016) is a
command line application which extracts meteorological data from WRF netCDF files and
creates ADMS format *.met files. For the purposes of using WRF data in ADMS, it is
assumed to represent the overall meteorological conditions for the previous hour, thus
matching the hour-ending ADMS convention. The WRF-to-Met utility always extracts data
from the lowest grid layer, except if the U10, V10 option for wind speed is selected, in which
case the wind speed and direction will be extracted from the values at 10 metres. The utility
does not create a profile file containing meteorological data at multiple heights. The utility
extracts most WRF variables with the assumption that their units in WRF are the same as
those required in ADMS, so it does not perform any unit conversions except for temperature,
where a conversion from Kelvin to Celsius is required.

An example output file created by the WRF-to-Met utility is shown below as Figure 3-17,
viewed in Notepad.

- ’
13500_-568000MetDeta.met - Noteped | l=) ]

File Edit Format VYiew Help

File created by WRFtoMet.exe

Date/time created: 14/8/2014 19:20:30

model version: 1

Location input for met data extraction (x, y): (13500.00,-668000.00)
met. dara created for location with WRF index (34,25)

pata creaved from wrF directory: P:\WRF\OUTPUT)

The height of the recorded wind is_10.0 m.

The met. data are hourly sequential.

VARIABLES:
8

YEAR

DAY

HOUR

U
PHI

T0C

SOLAR RAD
FTHETAO

DATA:
2010, 1, 9,
2010, 1. 10,

.24, 78.
95, 75,
.89, 83.
.41, 94,
79, 107.
.67, 107.

16. 28, 334,
1/.24, 522.

.76, 656.
19.28, 725.
20.31, 723.
19.82, 650.

107.
186.
246.
316.

En OO = I D O

i

o

(]
WAALD O O
00w 0o wi=

- o
=k
.
widnoon B Daun

Figure 3-17 Example WRF-to-Met Utility output file

3.4.4.3. AODM

The Austrian Odour Dispersion Model, AODM (Shauberger, 2000), is a Gaussian model
adapted to predict odour sensation. It estimates the daily and seasonal variation of the
odour emission, the average ambient odour concentration and the momentary (peak)
concentration for the time interval of a single human breath (approximately 5 seconds).
Peak concentrations further downwind are modified by an exponential attenuation function
for which the ratios of the standard deviations of the wind components to the average wind
speed (o/u) must either be taken from the literature or calculated from ultrasonic
anemometer data.
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AODM estimates mean ambient concentrations by the Austrian regulatory dispersion model
(ONorm M 9440, 1992/96; Kolb, 1981) and transforms these to instantaneous values
depending on the atmosphere's stability. ONorm M 9440 is a Gaussian dispersion model for
continuous, buoyant plumes from stationary sources for use in flat terrain areas. The odour
concentration of the plume's centre line is calculated using statistics of stability classes
representative of the Austrian flatlands north of the Alps. The model is applied for single-
stack emissions and distances from 100 metres to 15 kilometres. Plume rise formulae used
in the model are a combination of formulas suggested by Carson & Moses (1969) and Briggs
(1975). The model uses a traditional discrete stability classification scheme with dispersion
parameters developed by Reuter (1970). AODM was developed in cooperation with the
University of Veterinary Medicine Vienna and has been used mainly to determine adequate
separation distances to populated areas from livestock buildings.

3.4.4.4. ARIA Impact

ARIA Impact has a built-in meteorological preprocessor that allows the user to define or
import a time series of real meteorological data conforming to one of the available formats
and to create an internal meteorological database. The user must provide basic input data
by choosing from a list of available meteorological parameters (such as wind speed,
pressure or cloud cover), defining a sensor type and then associating one or more stations.
At least wind speed, direction and temperature parameters are necessary to import in order
to be able to carry out dispersion simulations later on. The position (x, y, height) and sensor
type are required for each station. It is possible to choose different time resolutions of the
meteorological data in relation to the statistical calculation time step. The user interface has
a wizard for importing data and parameters, with buttons and tables of all available options
and variables, as in the following example (Figure 3-18).
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B | Meteorological database import — O
Sensor Station |
Startdate |26/01/2022 End date |22/02/2022
Stations
ﬁ MNumber | MName | Type | ¥ (km) | Y (km) | Z (m) | Time step (s) l

x| (-

cant_ad hd ‘ 365.000 ‘ 5080.000 ‘ 10.000 | 3600 =

File(s) for the station atm01

@? Data distribution | One message per date ﬂ
X |
ol
Kl e |
Date format | YYYYMMDDHH | Variable Column Mb | Multiplication | Addition ”
Wind averaging time 3600 s Wind_Speed 3 1,000 0,000 4]
Separator | ; =l Wind_Dir 4 1.000 0.000
Decimal notation | . =l | Temperature 2 1.000 0.000
Height of measurement | Fixed height j
Fixed height | i0.0 gz Cloud_cover 6 1.000 0.000
First ine of data | 2 Radiation 5 1.000 0.000 |
Run | Apply | Close |

Figure 3-18 Example of the ARIA Impact Graphical User Interface to import / generate
meteorological data (courtesy of ARIANET)

All meteorological parameters are categorised into different classes, which allow the
calculation of frequency distributions and serve as a basis for the statistical analysis and
calculation of wind roses based on the meteorological data available. The user can select
the formula for stability class computation from the option list according to the parameters
found in the meteorological database.

In order to consider the vertical variation of meteorological variables, ARIA Impact can
compute vertical profiles of both wind speed and temperature based on measurements
made at ground level as well as on atmospheric turbulence, in order to calculate their values
at the stack height and to use them in the dispersion calculation.

3.4.5. Lagrangian Puff Models — CALPUFF, SCIPUFF

3.4.5.1. CALMET for CALPUFF

In its simplest terms, CALMET (Scire et al., 2000) is a meteorological model that develops
hourly wind and temperature fields on a three-dimensional gridded modelling domain.
CALMET can read both numerical weather data output from the WRF model and surface
observation data to assist in the development of three-dimensional wind fields. Associated
two-dimensional fields such as mixing height, surface characteristics, and dispersion
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properties are also included in the file produced by CALMET. CALPUFF, CALMET’s
dispersion model, is a transport model that reads the output of the CALMET model to advect
‘puffs’ of material emitted from modelled sources, simulating dispersion and transformation
processes along the way.

The CALMET meteorological model consists of a diagnostic wind field module and
micrometeorological modules for over-water and over-land boundary layers. The diagnostic
wind field module uses a two-step approach to the computation of the wind fields (Douglas &
Kessler, 1988). In the first step, an initial-guess wind field is adjusted for kinematic effects of
terrain, slope flows, and terrain blocking effects to produce a Step 1 wind field. The second
step consists of an objective analysis procedure to introduce observational data into the Step
1 wind field to produce a final wind field.

The CALMET model contains two boundary layer models for application to over-land and
over-water grid cells. Over land surfaces, the energy balance method of Holtslag and van
Ulden (1983) is used to compute hourly gridded fields of the sensible heat flux, surface
friction velocity, Monin-Obukhov length, and convective velocity scale. Mixing heights are
determined from the computed hourly surface heat fluxes and observed temperature
soundings using a modified Carson (1973) method based on Maul (1980). The model also
determines the gridded fields of Pasquill-Gifford-Turner (PGT) stability class and optional
hourly precipitation rates. Over water, the model uses a profiling technique, using the air-sea
temperature difference to determine the micrometeorological parameters in the marine
boundary layer.

The CALPUFF model can be run in several modes, where each mode requires a different
type of meteorological data. The following lists three modes to run CALMET and a fourth
mode using other meteorological processors.

e CALMET No-Observations (NOOBS) Mode. CALMET using gridded numerical
model output (e.g., from the MM5, WRF, RAMS, RUC, Eta or TAPM models). No
surface, upper air or buoy observations are used in No-Obs mode.

e CALMET Hybrid Mode (HYBRID). CALMET using a combination of gridded
numerical meteorological data supplemented by surface and optional over-water
buoy data.

e CALMET Observations-Only (OBS) Mode. — CALMET using observed surface and
upper air data, plus optional buoy data.

e Single meteorological station dataset. CALMET is not used, but single station
meteorological data in the form of AERMOD, AUSPLUME, CTDMPLUS and ISCST3
may all be passed directly into CALPUFF.

If good quality gridded, prognostic meteorological data are available. CALMET NOOBS
mode is recommended as the preferred method for regulatory screen modelling. When run
this way, CALMET uses gridded wind fields generated by one of the numerical prognostic
models. The procedure permits the prognostic model to run with a significantly larger
horizontal grid spacing than the diagnostic model. The 3D gridded data typically contains
winds, vertical velocity, pressure, temperature and moisture parameters.

The essential benefits of running the model in NOOBS mode are:

e CALMET can be run on a much finer horizontal resolution than the prognostic model.
The model will adjust the winds for the fine-scale terrain, and Land use of the
CALMET model domain;

e Spatial variability in the horizontal and the vertical;

Simplicity of the NOOBS run, fast and efficient;

e No additional data are required;
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e Most of the decision-making by the user is eliminated; and
e No over-water data required to invoke the over-water boundary layer algorithm.

The HYBRID mode is considered an ‘advanced simulation’ since it combines the numerical
prognostic model data in a gridded 3D format in conjunction with surface observation data.
More work is required by the user to collect, format and quality control-check the data. In
addition, the user must make specific model choices over various critical parameters
pertaining to the distance weighting factors of the surface observations.

Finally, CALMET can be run in OBS-only mode. At a minimum CALMET must be provided
hourly surface data from one or many stations as well as radiosonde data at intervals no
more than 14 hours apart. This run requires significant effort by the modeller who needs to
decide multiple choices pertaining to the station data, as well as managing the quality of the
data and missing data.

There is a final choice to run CALPUFF with single-station meteorology of the form used to
run AERMOD, ISCST3, AUSPLUME and CTDMPLUS. There are significant benefits of
running CALPUFF with single-station meteorology compared to running a steady-state
Gaussian model with the same meteorology. These are as follows;

e The time required for a plume material to reach a receptor (the causality effect) is
accounted for in the puff transport, unlike the plume models where the plume extends
to infinity even after 1 hour with a 1 m/s wind;

e CALPUFF has memory in that each hours emissions and meteorology are retained
and may impact the concentrations during a subsequent hour; and

e CALPUFF is able to model calms, unlike regular plume models.

3.4.5.2. SCIPUFF

SCIPUFF is a Lagrangian puff dispersion model that uses a collection of Gaussian puffs to
represent an arbitrary, three-dimensional, time-dependent concentration field. The turbulent
diffusion parameterisation is based on modern turbulence closure theory (Sykes, 1998).
SCIPUFF can use several types of meteorological data for input, including

e Fixed winds where wind speed and direction are assumed constant;

e Observational input where time-dependent observations are combined from multiple
surface stations and/or upper-air profiles; and

e Time-dependent 3-dimensional gridded input.

Planetary boundary layer turbulence is represented explicitly in terms of surface heat flux
and shear stress using parameterised profile shapes. Turbulence data may be optionally
specified as follows:

1. Planetary boundary layer - Vertical profiles of the boundary layer scale turbulent
velocity fluctuations, heat flux and turbulence length scales can be provided as input
by the user, or may be modelled based on boundary layer characteristics. Options for

treatment of the boundary layer include “calculated”, “observed” or “simple diurnal”.
Input requirements depend on the boundary layer treatment type.

2. Large-scale variability - For long-range transport, the mesoscale horizontal velocity
fluctuations and turbulence length scale may be specified by the user, computed
from a theoretical model or read from a meteorological observation file.

A Graphical User Interface (GUI) shown in Figure 3-19 assists SCIPUFF users in setting up
the required meteorological inputs for the model.
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Figure 3-19 SCIPUFF Graphical User Interface

Observational weather data files must follow formatting specific to SCIPUFF. Fixed wind
information (10 metres above the surface) may be input directly. Gridded meteorology
output from the WRF model can be read directly by SCIPUFF without the need for pre-
processing with the MMIF program.

SCIPUFF calculates surface heat flux using a surface energy balance model. Boundary
layer height is estimated from an evolution equation that models growth from convectively
and mechanically-driven entrainment into the overlying stable air. The Bowen ratio, Albedo,
and Cloud Cover parameters may be selected for use when observational boundary layer
data are unavailable. Alternately, the daytime and nighttime inversion heights and sensible
flux may be input directly. The surface roughness length and canopy height may also be
selected by the user.

3.4.6. Lagrangian Particle-Puff Model — TAPM

The meteorological component of TAPM is an incompressible, non-hydrostatic, primitive
equation model with a terrain-following vertical coordinate for three-dimensional simulations.
The model solves the momentum equations for horizontal wind components, the
incompressible continuity equation for vertical velocity, and scalar equations for potential
virtual temperature and specific humidity of water vapour, cloud water/ice, rainwater and
snow. The Exner pressure function is split into hydrostatic and non-hydrostatic components,
and a Poisson equation is solved for the non-hydrostatic component. Explicit cloud
microphysical processes are included. The turbulence terms in these equations have been
determined by solving equations for turbulence kinetic energy and eddy dissipation rate, and
then using these values in representing the vertical fluxes by a gradient diffusion approach,
including a counter-gradient term for heat flux. A vegetative canopy, soil scheme, and urban
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scheme are used at the surface, while radiative fluxes, both at the surface and at upper
levels, are also included.

3.4.7. Lagrangian Particle Models — SPRAY, AUSTAL (LASAT),
LAPMOD and GRAL

3.4.7.1. SPRAY

SPRAY can be connected to different meteorological processors to acquire the three-
dimensional fields of the average wind and air temperature and the variables related to
particle dispersion. In particular, the most natural meteorological preprocessor for SPRAY is
the mass-consistent diagnostic code SWIFT (Finardi et al. 1998), able to reconstruct, directly
on the 3D grid needed by the dispersion code, wind and temperature fields over complex
topography minimising the divergence of the flow. SWIFT considers data at discrete time
steps, derived either from ground-level and vertical profiles measured at any point inside the
computational domain, or considering a 3D grid of modelled data simulated at a coarser
resolution. The code performs an initial interpolation phase in which all the available data are
considered together and put on the target grid, followed by an adjustment phase during
which the mass-conservation equation is applied to minimise the divergence field. During the
adjustment phase, vertical velocities coupled with the underlying orographic profile are
generated. This allows the SPRAY code to use wind fields generated at a relatively high
resolution, down to less than a hundred metres, to describe meteorological fields in the
presence of complex topographies. SWIFT can generate also 2D horizontal fields of the
scaling variables describing the turbulence characteristics (such as the friction velocity u-,
the Monin-Obukhov length L, the convective velocity scale w- and the mixing-layer or stable-
layer height) which depend on the horizontal structure of the land-use at the target
resolution. These fields are then directly considered by the SPRAY code to generate the 3D
fields of the variables related to the random particle movements through some embedded
parameterisations. For the same purpose, the SPRAY code can be also coupled with the
turbulence parameterisation code SurfPro (Silibello et al. 2006), which can also derive 2D
time-dependent deposition velocities for the gaseous species or particulate matter to be
considered in the dispersion simulation. SPRAY can be also connected with the output of the
meteorological prognostic code RAMS (Pielke et al. 1992), using the preprocessing system
named MIRS (Method for Interfacing Rams and Spray, Trini Castelli et al., 2000, 2014,
2017). This interfacing code generates directly the 3D fields of the variables related to the
random particle movements on the target grid using the data generated by RAMS and
applying some different parameterisations.

3.4.7.2. AUSTAL / LASAT

The German regulatory model AUSTAL, formerly known as AUSTAL2000, Federal
Environment Agency, 2014) is designed to work in two modes: statistical calculations and
“time series” calculations. In the second case, AUSTAL needs hourly data for wind speed,
wind direction in 10-degree sectors and stability class according to Klug/Manier (or,
alternately, Obukhov length scale). Meteorological data are usually provided in the form of
an AKTerm file (meteorological time series in the format used by the German Weather
Service). An AKTerm is a text file with one line of data for each successive hour of the year.

The internal boundary layer of AUSTAL is set up to assume a wind shear (Ekman spiral)
with a height typical for central Europe. This must be considered when using AUSTAL in
other countries. The wind shear can be switched off with the NOSTANDARD option
NOSHEAR.

Klug / Manier is the default German classification scheme for atmospheric stability. The Klug
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/ Manier Class ID is specified as: 1: Klug / Manier | (very stable), 2: Klug/Manier Il (stable), 3:
Klug / Manier 1l1I/1 (stable to neutral), 4: Klug / Manier Ill/2 (neutral to unstable), 5: Klug /
Manier IV (unstable), 6: Klug / Manier V (very unstable). The Klug / Manier stability classes 1
to 6 correspond approximately to the Pasquill-Gifford classes F to A. In the time series file,
the Monin-Obukhov length is specified as a more direct and detailed measure of the stability.

A diagnostic wind field model (TALdia) is integrated in the meteorological preprocessor and
allows dispersion calculations in inhomogeneous terrain or in the presence of buildings. In
articulated terrain, wind field libraries from prognostic models can be integrated into
AUSTAL. In steep terrain, the limits of the diagnostic wind field model (TALdia) are reached.
Flows around buildings can also be taken into account via the integrated diagnostic wind
field model. However, if an assessment in the recirculation zone in the lee of buildings is
necessary, prognostic wind field modelling has to be implemented in advance outside the
model system AUSTAL.

3.4.7.3. LAPMOD

The meteorological input of LAPMOD consists of three dimensional fields of wind and
temperature and two dimensional fields of turbulent parameters as Monin Obukhov length,
friction velocity, convective scale velocity, mixing layer height, etc. (Enviroware, 2022)
LAPMOD reads directly the meteorological fields generated with CALMET (Scire et al.,
2000), the diagnostic meteorological model also used in input by the CALPUFF dispersion
model. LAPMOD is fully coupled with CALMET, up to version 6.5.0. CALMET also provides
the geophysical variables required by LAPMOD, including terrain elevation, needed to
calculate the concentration values, and roughness or the land use category, used to
estimate deposition fluxes. LAPMOD can interpolate in time the meteorological output fields
of CALMET with frequency specified in input by the user. For example, if the meteorological
fields are provided with 1-hour time resolution, the user can specify to interpolate those fields
every 10 minutes. Of course, LAPMOD can directly use high frequency time resolution when
they are available (for example using CALMET 6.5.0). LAPMOD requires CALMET to be
used with UTM (Universal Transverse Mercator) map projection, and all the “entities”
(sources, receptors, etc.) in LAPMOD must be defined with those coordinates. The
meteorological data needed by LAPMOD to perform a simulation may be within a single
CALMET file, or within a series of files specified in chronological order (it may be useful, for
example, to split the CALMET output over all the months of a year, when a single file could
be too big).

CALMET is the preferred tool to provide meteorological data to LAPMOD because, for
example, it is 3-dimensional and allows the use of high space resolution for the geophysical
features. However, other two options are possible.

The first one consists in preparing the meteorological fields with a prognostic meteorological
model such as MM5 or WRF, and then to post-process their output with the MMIF
(Mesoscale Model Interface Program processor, US-EPA, 2021). LAPMOD reads directly
the output of the MMIF processor, which can be contained in a single file or in a series of
files specified in chronological order (as for CALMET). Since the map projection of MMIF is
Lambert Conformal Conic (LCC), all the LAPMOD coordinates (domain, receptors,
emissions) must be expressed with the same projection. MMIF, as CALMET, is 3-
dimensional, but it typically does not provide information with the same spatial resolution,
because it is based on the output of prognostic models.

Finally, the meteorological input file of LAPMOD may also be prepared with the LAPMET
processor, which reads the AERMOD meteorological files and writes its output in CALMET
format. The meteorological file prepared in this way derives from a single meteorological
station, therefore it is not 3-dimensional as those prepared with CALMET or MMIF. In other
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words, for a specific time, the meteorological field is homogeneous along the horizontal
direction. The variation along the vertical direction is determined using the information within
the vertical profile input file of AERMOD and with the similarity theory. LAPMET is currently
used for debugging purposes and for comparing LAPMOD and AERMOD results using the
same meteorological data.

3.4.7.4. GRAL — The GRAZ Lagrangian Model

In flat terrain, GRAL requires at a minimum the wind speed, wind direction, and stability
class at a single point at any height. A power law as a function of the Obukhov length
provides the vertical wind profile. The latter is derived from the stability class and the
roughness length, which needs to be specified by the user and shall be representative for
the whole modelling domain. Additional turbulence quantities, e.g. friction velocity or profiles
of the standard deviation of wind velocity fluctuations, are mostly based on the well-known
Monin-Obukhov similarity theory. GRAL also offers the possibility of using observed
turbulent quantities (e.g. sonic anemometer observations) at a single location at multiple
heights. In both cases, the input format is a simple text file.

Time series of meteorological data can either be used without any further data processing,
or - in case that wind and stability data are used — can be binned into user-defined classes in
order to enhance computational efficiency. In this way, simulations for an entire year can be
sped up by about a factor of 10 in most cases. GRAL comes with its own graphical user
interface (GUI) which is recommended for preparing and processing all of the model input
data.

In the presence of either buildings or vegetation, GRAL automatically invokes a prognostic
microscale wind-field model, which has been validated according to the German guideline
VDI 3783-9 (Oettl, 2015a). Currently, only the 3D wind fields are used in the Lagrangian
dispersion algorithm, because it was found that the usage of the turbulent kinetic energy
does not improve results (Oettl, 2015b). The required input data for meteorology remains
unchanged in the presence of buildings or vegetation.

In complex terrain, 3D wind fields are provided by the prognostic mesoscale model GRAMM
(Oettl, 2020). In the simplest mode, GRAMM can use the same meteorological data as
GRAL in flat terrain, namely a single point observation of wind speed, direction, and stability
class. The initial wind profile in GRAMM is obtained in the same manner as for GRAL in flat
terrain, while the initial temperature stratification is assumed to be neutral. The incoming
solar radiation is directly linked to the stability class and wind speed. All initial meteorological
fields are assumed to be horizontally homogeneous in GRAMM. Lateral boundary conditions
are kept constant, while the surface energy balance is computed continuously by taking into
account shading effects of the surrounding topography and by utilising a soil model with
seven layers. The soil and land use properties, such as roughness length or thermal
conductivity, are parameterised by using the CORINE land use classification scheme. With
this methodology, quasi steady-state wind fields are simulated with GRAMM that can be
used as input for GRAL.

Over the years, the methodology has been refined in order to improve the quality of the 3D
wind fields. By developing the so-called ‘match-to-observation’ algorithm (MTO), the model’s
performance could be greatly enhanced (e.g. Berchet et al., 2017). The basic principle of the
MTO is the following: in a first step a large number (>2.000) of quasi steady-state wind fields
for the domain of interest are computed with GRAMM using any possible combination of
classified wind speed, direction, and stability. In a second step, the MTO selects for each
hour of the year the best fitting 3D wind field comparing simulated and observed winds and
stabilities at all available monitoring stations within the modelling domain. Note, that the
MTO as well as GRAMM are fully integrated in the GUI. As the calculation of the wind fields
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can be very time consuming for large modelling domains (> 100 km x 100 km), specifically
when using a high horizontal grid resolution (100 - 500 m), it is recommended to pre-
compute such wind fields only once for a representative reference year.

Recent research focuses on coupling GRAMM with global reanalysis data such as ERA5
(Copernicus Climate Change Service, 2017). The main motivation is to improve the
interaction of synoptic-scale flows with thermally-driven local flows (e.g. mountain-valley
winds) in highly complex terrain such as the alps (e.g. Oettl and Veratti, 2021a; Oettl,
2021b).

3.5. Meteorological Data Evaluation and Reporting

Once the meteorological data set required for an odour dispersion analysis has been
assembled, it is reasonable and proper to perform a few simple analyses of the data to be
sure it is representative of the project site. These analyses may include: a determination of
annual and monthly means of critical parameters; construction of annual and monthly wind
rose plots; construction of simple plots or diagrams of atmospheric stability, mixing height,
temperature, and precipitation over time; and perhaps an analysis of average vector wind
speed and direction. This type of analysis and presentation of single-variable data can be
included in the final modelling report and adds a level of confidence to any such report.

When meteorological data is extracted from a numerical model such as WRF, some
additional statistical analysis of the data is required; the modelled data should be compared
to observational data collected during the simulation period. This analysis will provide
inferences about the differences between the two populations, that is, the modelled data
versus observations data. These analyses typically will include: differences of the means of
the populations; differences of the variances; the mean bias error; the root mean square
error; the index of agreement; and other measures.

3.5.1. Single-Population Data Evaluation

As a first step, summarise the data fields to be used in the dispersion model by calculating
the monthly means and standard deviations of scalar quantities such as surface
temperature, mechanical and convective mixing height, precipitation, and sensible heat flux.
These calculated values should be compared to long-term averages for the modelling
domain to determine if the selected meteorology can be considered sufficiently
representative. A few simple graphs such as given in Figure 3-20 can help to visualise the
data over the modelling period.
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2017 Next create annual and monthly wind rose diagrams. Wind roses are graphical charts that
2018 characterise the speed and direction of winds at a location. Presented in a circular format,
2019 the length of each ‘spoke’ or ‘petal’ around the circle indicates the amount of time that the
2020 wind blows from a particular direction. Colours along the spokes indicate categories of wind
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speed. Wind roses are a very important evaluation method as they provide an easy-to-
understand graphical output of many hundreds of hours of varying wind speed and wind
direction. Figure 3-21 depicts example annual and monthly wind rose diagrams.
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Figure 3-21 Example Annual (top) and Monthly (bottom) Wind Rose Diagrams (Source:
lowa Environmental Mesonet, https://mesonet.agron.iastate.edu/)

Within the context of odour modelling, the monthly wind roses provide additional insight into
critical periods of the year for receptors located across the modelling domain. Finally, daily
wind roses can provide an additional check that any sea-land breeze is correctly reproduced
by the meteorological data set. Appendix A includes links to several useful Tools including
those which offer wind rose generators.

Conduct additional analyses for winds. Wind speed and direction are two components of the
same quantity, i.e., wind is a vector with both magnitude and direction. While it is acceptable
for a data user to calculate the arithmetic mean of wind speed (as a scalar quantity), this
cannot be done for wind direction. The main issue arises because wind direction is usually
reported as an angle in degrees, 0—360 (or 0-359) where 0 or 360 represents a wind blowing
from a northerly direction. If the wind direction is blowing from the north and traverses the
discontinuity at the beginning/end of the circular scale, and then the arithmetic mean is
calculated, this will result in the average wind direction to be somewhere in the southern
quadrant. This is clearly incorrect. To correctly deal with this scale discontinuity,
trigonometric functions must be used to handle the angles (US EPA, 2000), (Grange, 2014).

Wind speed is expressed as the ratio of two different measures: distance and time. The
harmonic mean is generally more appropriate than the arithmetic mean if the data values are
ratios of two variables with different measures. For general wind analysis, however, the
harmonic mean is rarely used. Both methods of calculation are shown here for
completeness.

The scalar mean wind speed is:

u= u; (Equation 3-1)

i=1

2|

and the harmonic mean wind speed is:
u,=¢é (Equation 3-2)
where u_i is the wind speed at each time of observation. Note that the harmonic mean is not

defined when the wind is null. This statistic is very sensitive to low winds.
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These scalar wind speed calculations are quite simple to perform since the meteorological
data set consists of columns of the various parameters which can easily be imported into a
worksheet for manipulation.

Vector functions are used to average wind direction and can be used to compute a type of
average wind speed which is different from the scalar average discussed above. The wind
components Ve and Vn must be calculated as:

1% —_1i 27 X i (Equation 3-3a)
=N =17 360 K
1 N 0.
V =—= 127 x—— Equation 3-3b

Where:
Ve = east-west component of the wind direction
Vn = north-south component of the wind direction.
ui is the wind speed at each time of observation, and
0 is the wind direction in degrees.

Since wind direction (8) is in degrees, the units for the components are radians. There are
two other things to note: (i) the wind components here are calculated along with wind speed
(ui), that is, the vectors are weighted by their magnitude, and (ii) the negative sign negates
the direction. This negation is because wind direction, by meteorological convention, is
defined from where the wind is blowing from, while the vectors define the direction where the
flow is heading to.

The vector average wind speed is then calculated as:

)1/2

Up=V2V? (Equation 3-4)

And the vector average wind direction as:

6, =arctan | —= [+ FLOW (Equation 3-5)

n

Where if:
ArcTan(Ve/Vn) < 180 then FLOW = 180
ArcTan(Ve/Vn) > 180 then FLOW = -180
One can easily use a worksheet to perform these calculations as shown in Figure 3-22. Note

that in many programming languages the ArcTan function is available in two different forms,
ATAN(Ve/Vn) or ATAN2(Ve,Vn).
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Date/Time (LST] WD (degl WS (m/s) 1/WS _i Vi A
07/12/201901:00 189 6.2 0.161 1 0.970 E.124
07/12/2019 02:00 136 5.7 0.175 2 0.596 5.669
07/12/201903:00 195 8.7 0.175 3 1.475% 5.506
07/12/201904:00 202 6.7 0.149 4 2.510 6.212
07/12/2019 05:00 171 4.6 0.217 5 0.720 4.543
07/12/2019 06:00 215 6.2 0.161 & 3.556 5.079
07/12/201907:00 227 6.2 0.161 7 4534 4.228

7/12/2019 08:00 205 5.7 0.175 3 2.409 5.166
07/12/201909:00 193 7.2 0.135 9 1.620 7.015
07/12/2019 10:00 198 7.7 0.130 10 2.379 7.323
07/12/2019 11:00 195 7.7 0.130 11 1993 7.438
07/12/2019 12:00 176 9.3 0.108 12 “0.6459 9.277
07/12/2019 13:00 169 8.8 0.114 13 -1.679 8.638
07/12/2019 14:00 156 93 0.108 14 -3.783 8.496
07/12/2019 15:00 152 7.2 0.139 15 -3.380 6.357
07/12/2019 16:00 173 7.7 0.130 16 0.938 7.643
07/12/2019 17:00 195 7.7 0.130 17 1.993 7.438
07/12/2019 18:00 199 7.7 0.130 18 2.507 7.280
07/12/2019 19:00 226 7.2 0.139 15 5.179 5.002
07/12/2019 20:00 246 6.2 0.161 20 5.664 2.522
07/12/2019 21:00 201 6.7 0.148 21 2.401 £.255
07/12/2019 22:00 195 5.7 0.175 22 1.475 5.506
07/12/2019 23:00 193 5.7 0.175 23 1.282 5.554
07/13/2019 00:00 197 5.1 0.1%6 24 1.491 4877

Scalar 6.8 1.370 6.214
Harmonic 6.6 ArcTan 12.4
Vector E.4 Vector 192

Figure 3-22 Worksheet calculation for vector wind quantities

3.5.2. Technical Approach to Prognostic Model Evaluation

For both episodic and annual simulations, it is important that the observational databases to
which the model outputs will be compared consist purely of routine surface and aloft
measurements performed by individual countries’ National Weather Service and other State
agencies. The evaluation must focus on the ability of the meteorological prognostic model to
correctly estimate surface and upper air wind speed, wind direction, temperature, mixing
height and precipitation at pertinent time and space scales. All of the same parameters must
be analysed as above, except that instead of using single population data, these statistics
compare the two data populations: the prognostic model data versus observations.

Statistical procedures include scalar and vector mean wind speeds, standard deviations in
measured and observed winds, errors of difference (total plus systematic and unsystematic
components), two model skill measures, plus the Index of Agreement. Statistical measures
for temperature, mixing height, and precipitation should include means, biases, gross errors,
and the index of agreement.

Complementing the statistical measures are a variety of graphical displays which include
state-variable time series plots, two-dimensional parameter fields, vertical profiles of
predicted and observed variables, skew-T plots, scatter plots and wind roses.

For gridded 3-dimensional meteorological model predictions, evaluations could be both (a)
subregional evaluations, and (b) limited time-period evaluations (e.g., monthly and
seasonal). These evaluations are aimed at elucidating the model’s ability to predict key
processes at smaller time scales (e.g. coastal circulation regimes) as well as defining the
model’s ability to produce reliable air quality inputs at scales appropriate to odours from tall
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stacks that might disperse a reasonable distance.

All of the techniques in this Chapter have been employed extensively in other prognostic
model performance testing after Doty et al (2002), Tesche and McNally (2001), Tesche et al
(2002), Emery et al (2001). These evaluation procedures are endorsed by the US EPA (US
EPA, 2000). A brief description of each statistic is given here; the reader is directed to the
references and to general statistics texts for more detailed information.

3.5.3. Operational Evaluation of Surface Fields

3.5.3.1. Mean Statistics

Begin the evaluation by determining annual and monthly means and standard deviations of
scalar variables in both populations as described earlier. For winds, follow the techniques
for vector calculations.

3.5.3.2. Difference Statistics

Now begin the process of determining how similar the two populations are. For quantities
that are continuous in space and time (i.e., wind speed, temperature, pressure, odour
concentrations), difference statistics provide considerable insight into the model's
performance, temporally and spatially. Difference statistics are based on the definition of a
residual quantity, di. For instance a temperature residual, for example, is defined as:

dizce(xi,t)—

¢, Xt (Equation 3-6)

Where di is the i-th residual based on the difference between model-estimated (ce) and
observed (co) temperature at location x and time i. In the definitions that follow below, the
letter ¢ has been used to denote any continuous atmospheric variable (e.g., temperature,
precipitation, etc).

Standard deviation of residual distribution (SDr). The standard deviation of the residual
distribution is given by:

Q

N
Nl -3 (d,~ MBE’ (Equation 3-7)
i=1

Where

Mean Bias Error (MBE) is the first moment, defined below. This statistic describes the
dispersion or spread of the residual distribution about the estimate of the mean. The
standard deviation is calculated using all estimation-observation pairs above the cut-off level.
The second moment of the residual distribution is the variance, the square of the standard
deviation. Since the standard deviation has the same units of measure as the variable (e.g.,
m/s for wind) it is used here as the metric for dispersion. The standard deviation and
variance measure the average spread of the residuals, independent of any systematic bias
in the estimates. No direct information is provided concerning sub-regional errors or about
large discrepancies occurring within portions of the diurnal cycle although in principle these,
too, could be estimated.

Mean Bias Error (MBE). The mean bias error is given by:
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MBE:%Z (Ce(xi’t)_coﬂx,,t}) (Equation 3-8)

i=1

Where N equals the number of hourly estimate-observation pairs drawn from all valid
monitoring station data on the simulation period of interest. This is simply the average of the
sum of the residuals. MBE is not a good estimator because MBE=0 does not necessarily
indicate a good model, since many overestimations may be compensated by many
underestimations.

There are other measures of error and all are based on this Mean Bias Error. They include:

Mean Normalised Bias Error (MNBE), often just called the bias
Mean Absolute Gross Error (MAGE)

Mean Absolute Normalised Gross Error (MANGE)

Root Mean Square Error (RMSE)

Systematic Root Mean Square Error (RMSESs)

Unsystematic Root Mean Square Error (RMSEu)

It is important that RMSE, RMSEs and RMSEu are all analysed. For example, if only RMSE
is estimated (and it appears acceptable) it can consist largely of the systematic component.
This bias might be removed, thereby reducing the bias transferred to the dispersion model.
On the other hand, if the RMSE consists largely of the unsystematic component (RMSEu),
this indicates further error reduction may require model refinement and\or data acquisition. It
also provides error bars that may be used with the inputs in subsequent sensitivity analyses.

3.5.3.3. Skill Measures

Index of Agreement (l). Following Willmott (1981, 1984) and Pereira et al. (2018), one index
of agreement is given by:

N

2
Z (P i Oi) (Equation 3-9)

_q_ =1
I=1 — o

Where P and O are, respectively, the predicted and observed values

The Index of Agreement (I or sometimes I0A) condenses all the differences between the
model estimates and observations into one statistical quantity. It is the ratio of the
cumulative difference between the model estimates and the corresponding observations and
the observed mean. Viewed from another perspective, the Index of Agreement is a measure
of how well the model estimates departure from the observed mean matches, case by case,
the observations’ departure from the observed mean. Thus, the correspondence between
estimated and observed values across the domain at a given time may be quantified in a
single metric and displayed as a time series. The Index of Agreement has a theoretical
range of 0 to 1, the latter score suggesting perfect agreement.

RMS Skill Error (Skille). The root mean square skill error is defined as:

RMSE,

Skill =
Y= "sD,

(Equation 3-10)

Variance Skill Ratio (Skillvar). The variance ratio skill is given by:
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Skill —SDe Equation 3-11
HLyq-= SD, (Equation 3-11)

Where SDe and SDo are the standard deviations of the model estimated parameter and the
observed parameter, respectively.

There are several free software tools that can perform the statistical analyses described in
this Section related to comparison of modelled data versus observational data. See
Appendix A for more information.

3.5.3.4. Benchmarks

There is a need for some benchmarks against which to compare new prognostic model
simulations. In three studies (Tesche et al 2001, 2001b; Emery et al 2001), an attempt was
made to formulate a set of mesoscale model evaluation benchmarks based on the most
recent performance evaluation literature at the time. The purpose of the benchmarks is not
to assign a passing or failing grade to a particular model application, but rather to put its
results into a useful context. The following benchmarks listed in Table 3-3 may be helpful to
modellers and model users in understanding how poor or good their results are relative to
the range of other model applications.

Table 3.3 Meteorological benchmarks

Wind speed Wind direction = Temperature Humidity
IOA =20.6 -- >20.8 =20.6
RMSE <2m/s -- -- -
Mean Bias < 10.5 m/s < £10° <+0.5K < 11 g/kg
Gross Error -- < 30° <2K <2g/kg

3.5.4. Graphical Evaluation Tools

Over the years a rich variety of graphical analysis and display methods have been
developed to evaluate the performance of meteorological models. There are a number of
procedures for graphically representing model results and observations that allow for direct
comparison between them. In many instances, the differences in how modelled and
measured quantities are treated in certain of these graphical techniques are more a matter
of preference than correctness. Each graphical technique requires some assumptions that
influence the outcome. However, by using a variety of graphical approaches it is possible to
examine a model performance from different viewpoints and thus gain a clearer
understanding of the results. Some of the well-known graphical displays include;

e the temporal correlation (time series) between point estimates and
observations;

e the spatial distribution (gridded fields) of estimated quantities;

e the correlation among hourly pairs of estimates, observations, residuals and
distributions;

e the variation in spatial mean, bias and error estimates as functions of time
and space; and

e the degree of mismatch between volume-averaged model estimates and point
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measurements.
3.5.4.1. Time series Plots

Time series analysis is extremely useful to observe how a given variable behaves / changes
over time. For example, the plot below (Figure 3-23) shows the observed and predicted
wind speed over a two week period in February 2015. In this example, the plot shows that
the two time series are very well correlated, but that the predictions have a slight tendency to
overestimate the observations.

— Observed m/fs

o

\ Predicted m/s

W \/\ / \ U \/ \J\f Hv\f\»—..j

1- 15 February 2015

v

w

Wind Speed (m/s)
I
__.-J

8]

-

Figure 3-23 Time series plot of observed and predicted wind speed over a two-week period
from 1 - 15 February 2015 (courtesy of Atmospheric Science Global)

3.5.4.2. Spatial Distribution Plots

A spatial distribution in statistics is the arrangement of phenomenon across a portion of the
earth’s surface. A graphical display of such an arrangement is an important tool in
environmental statistics. A spatial distribution map of winds, as shown in Figure 3-24,
provides information on the spread of winds across a region whose effects might influence a
location of key interest. Spatial distribution plots can be generated for most meteorological
phenomena, such as temperature, wind speed and direction, mixing height, atmospheric
stability etc.  Spatial distribution plots provide information far beyond a single point of
interest, and they can help validate the meteorology at a single point.
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Figure 3-24 Spatial distribution plot of wind field representing a snapshot of a single hour.
(courtesy of Atmospheric Science Global)

Another type of spatial distribution plot is shown in Figure 3-25, which shows a spatial

difference field of Bias in modelled minus observed surface wind fields over a 48 km grid
domain.
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Figure 3-25 Spatial distribution plot showing the model bias of wind fields over the eastern
US during July 1995 (Doty et al., 2002).

3.5.4.3. Correlation Analysis

Correlation analysis is a useful technique in meteorology as it helps us determine the degree
of relationship between variables. Correlations between variables indicate that changes in
one variable are associated with changes in other variables, but this does not mean that the
changes in one variable actually cause the changes in the other variable. Sometimes it is
clear that there is a causal relationship.

Correlations are a useful evaluation tool as they can tell if two variables have a linear
relationship, and the strength of that relationship. Figure 3-26 shows the graphical
correlation relationship between observed and modelled winds. It is a simple measure to
show the strength of a linear relationship between two meteorological variables.
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Figure 3-26 Schematic plot showing the strong correlation relationship between observed
and modelled winds (Weather and Forecasting 16, 5)

3.5.4.4. Wind Roses

Wind roses (discussed earlier) that are prepared from the modelled and observed data can
be placed side-by-side for an easy graphical comparison of the two data sets. Figure 3-27

shows this technique.
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Figure 3-27 Wind roses of observed and predicted winds (courtesy of Atmospheric Science
Global)

3.5.4.5. Scatter Plots

Scatter plots are a type of data visualisation that shows the relationship between different
variables. The data are typically shown by placing various data points between the x and y-
axis. The scatter plot's primary uses are to observe and show relationships between two
numeric variables. They can also show if there are any unexpected gaps in the data and if
there are any outlier points. Scatter plots offer the following advantages:

e They identify correlation — they allow the comparison between two different
variables
e They are nonlinear, easy to read and easy to create

Scatter diagrams do not measure the precise extent of the correlation and will only give an
approximate idea of the relationship, they are a qualitative expression of the quantitative
change. Figure 3-28 is an example of a scatter plot.
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Modeled Wind Speed, m/s

Figure 3-28 Example scatter plot to compare observed versus modelled wind speed
(courtesy of Atmospheric Science Global)

The following Figure 3-29 is a variation of a scatter plot which depicts all measured wind
speeds by hour over the course of a one-year modelling period.
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Figure 3-29 A diurnal scatter plot of wind speed by hour over a full year (courtesy of
Atmospheric Science Global)

3.5.4.6. Quantile-Quantile Plots

A QQ plot is a probability statistic graph, which is a graphical method for comparing two
probability distributions. The purpose of a QQ plot is to show if two data sets come from the
same distribution. Plotting the first data set’'s quantiles along the x-axis and plotting the
second data set of quantiles along the y-axis is how the plot is constructed. Figure 3-30
shows a QQ plot typically used to compare observed vs predicted distributions.
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2290 Figure 3-30 Quantile-Quantile probability plot comparing observed (y-axis) vs predicted (x-
2291 axis) SO2 concentrations (ug/m3) (courtesy of Atmospheric Science Global)

2292 3.5.4.7. Taylor Diagram

2293 The Taylor diagram uses the law of cosines to represent in a single graph how the three
2294 most representative statistics of the performance of a model vary simultaneously, such as:

2295 1. The mean square error, without taking into account the effect of the sign of
2296 the error (RMSE), which is very useful for checking the accuracy of the

2297 model.

2298 2. The standard deviation (SD) makes it possible to check the variability in both
2299 data samples and see whether this variability is conserved or varies in the
2300 model concerning what is observed for the real data.

2301 3. The Pearson Correlation Coefficient, r, which shows how close the linear
2302 relationship is between the pairs of data formed by the model and the real
2303 determinations.

2304 It is challenging to measure odour in ambient air. Therefore, this kind of diagram is rarely
2305 used in odour modelling. The following Figure 3-31 shows an example comparing standard
2306 deviations.
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Figure 3-31 Taylor Diagram for comparison of standard deviations (Meteolnfo,
http://meteothink.org/)

3.5.5. Conclusion

A plausibility check of the meteorological simulation is recommended. This plausibility check
should be performed with independent observations, that is observations not used in the
meteorological assessment. These observations should be close to the location of the
emission source and/or those most representative of the meteorology of the plant
environment. It is recommended that, at least one of the series of observations used in the
plausibility check, should contain data from vertical wind profiles.

The Guideline of good practices in the elaboration of dispersion models of the Basque
Country, Spain, 2012 mentions that a meteorological plausibility check should include:

e A topographic map with the location of the meteorological stations used and the
emission source(s).

e The wind roses estimated by the modelling at the location points of the selected
meteorological stations and those obtained with the observations.

e Statistical metrics of at least wind, temperature and precipitation differences between
observations and simulations (scatter plots of points, correlation coefficients, Taylors
diagrams, etc.).

e Temporal wind sequences measured-simulated in selected periods (one or several
weeks) within the year in question, coinciding with selected episodes of odour impact
by one or several chemical species (subject to monitoring in the local network). The
selected episodes and chemical species are at the discretion of the person in charge
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of the evaluation, but must be justified.
e Discussion of the differences found, both in episodes and in statistics and wind
roses, and how they might affect the dispersion calculations.

Taking into account the interannual meteorological variability, it would be ideal to use a
temporal sequence of 5 complete years (not necessarily consecutive) to estimate the
dispersion of the outbreak under evaluation. However, due to the difficulties associated with
the preparation of a complete annual sequence of the non-stationary and three-dimensional
meteorological fields of the target area, duly validated and with the necessary spatial and
temporal resolution, the use of a 1-year time series is considered sufficient. According to the
same guideline commented before, the choice of year should be adequately justified, in
relation to at least two criteria:

1. Priority should be given to temporal proximity (recent years), normally better
documented.

2. Representativeness in terms of intensity-frequency of pollution episodes in the
selected simulation domain and year should be examined. A wet year (with many
days with precipitation) or low frequency of pollution episodes (e.g. few situations
with anticyclonic blockages) cannot be selected, with the sole justification of data
availability.

In addition to justifying the selection made, it is recommended that the evaluation includes a
discussion of what variations in impact estimates would be expected in those years with
more adverse meteorology.
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4. Sources and emissions characterisation

4 1 Introduction

Odour sources can be classified from a geometrical point of view according to how they are
treated within atmospheric dispersion models. In this classification, odour emissions may
come from point, area, line or volume sources.

Odour annoyance may be due to the simultaneous emissions from multiple sources. For
instance, a municipal waste treatment centre is characterised by several types of sources:
area/volume sources (e.g., compost piles, waste stocks), point sources (e.g., biogas
exhaust), and diffuse sources (e.g., leakage from buildings). Sources are often static but
also in motion (e.g., trucks turning a compost pile over).

Special requirements for the modelling techniques are necessary to consider the interaction
of different emission sources like point sources (e.g. stacks, exhaust air ducts), line sources
(e.g. ventilation belts, roadways), area sources (e.g. slag beds, biofilters, clarifiers,
manoeuvring areas) and volume sources (windows and gates distributed over an operation
building, stockpiles).

In principle, all sources have to be specified, but sometimes criteria are introduced to neglect
sources with odour emission rates or odour concentrations below specific thresholds. If there
are many homogeneous sources, these are sometimes combined into a sort of equivalent
source.

Another approach is to determine the odour flow rate after performing a field inspection (EN
16841 part 2) followed by a backpropagation use of the odour dispersion modelling (reverse
modelling).

One important input variable of odour dispersion models is the Odour Emission Rate (OER),
expressed in ou/s, or the Specific Odour Emission Rate (SOER), expressed in ou/m?/s. The
OER calculation needs first to collect and analyse the air sample to estimate its odour
concentration and second to determine the air flow rate. Sometimes, the OER is not
available, and the emission rate of odorants (e.g., H»S) is expressed in mass per unit time
(e.g., g/s). In these situations, the resulting concentration of each released odorant must be
compared with its odour threshold to determine if it has been exceeded.

The characterisation of odour emissions is closely related to the type of source, in particular
the geometry, whether passive or active areas or point (e.g. stacks) or fugitive (e.g. stockpile
or building) sources. The specific objective of a study may also influence the method of
sampling emissions from a source.

The sampling method will strongly influence the characterisation of the odour, and it is
important to link the source parameters with the proposed sampling protocol. According to
the applied technique, there are different ways to estimate the OER. The obtained value is
strictly related to the specific technical details of the sampling and must be considered as a
“relative” value. It means that another sampling protocol may give other values. Therefore,
an OER of a source may be different due to the sampling method adopted. This will, in turn,
affect the emission rate input and model predictions. For example, in paragraph 4.2.3.1, it is
mentioned that using wind tunnels or flow chambers will condition the odour rate obtained.
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Other important source data are needed for dispersion modelling, such as release height,
exhaust gas temperature, exhaust gas velocity and surface area. This chapter aims to
describe the inputs to the dispersion model that relate to the source characteristics and rate
of odour emission.

4.2 Measuring odour emissions

4.2 .1 Point sources

A point source, as defined in EN 13725, is a discrete stationary source releasing waste gas
to the atmosphere via ducts of defined dimensions with a controlled or controllable volume
flow rate. Stacks and vents are the most common examples of point sources.

The following geometrical and emission information defines a point source:

Coordinates;

Height above the ground of the release point;

Cross-sectional area of the stack/duct at exit plane;

Exit type (e.g., vertical, horizontal, tilted, with or without rain cap, ...);
Exit velocity of the effluent;

Temperature of the effluent;

Volume flow rate;

Odour concentration within the flue gas.

Point sources vary in configuration and include simple stacks that discharge vertically to the
atmosphere at various heights above the ground or surrounding buildings, and complex
discharge arrangements such as goose-neck downward discharges, horizontal discharges
and capped vertical discharges. Some representative examples of point source discharge
configurations are shown in Figure 4-1, while Figure 4-2 represents an example of emission
extraction from a piggery. The discharge geometry is an essential factor defining the point
source as it may exert a controlling influence on the source's effective release height of
odours.

According to EN 13725:2022, the OER is the number of odour units which crosses a given
surface per unit of time. The OER is typically expressed in oug/s, but other units are
sometimes used, for example, oug/min or oug/h. The OER is a quantity equivalent to the
emission rate - typically expressed in g/s - in dispersion models used for air quality impact
assessments.
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2642 Figure 4-1 Examples of point sources. Vertical stack with free discharge (top left); vertical
2643 stack with rain-cap (top right); Y-shaped vertical stack with internal rain cap (bottom left);
2644 Horizontal stack (Bottom right). (Courtesy of Enviroware)
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Figure 4-2 Example of emission extraction from a piggery. (Courtesy of Air Environment)

4.2.1.1. Synthetic description of sampling techniques for point sources

The odour concentration determined by olfactometry is the result of sensory measurements
by selected panel members according to EN 13725:2022. The odorous gas is sampled in
polymer bags at the source, and then the bag is connected to an olfactometer, where panel
members conduct a sensorial analysis. Sampling introduces an additional uncertainty to that
associated with dynamic olfactometry.

Different steps are taken to ensure the sampling is carried out correctly. For instance, the
bag and the sampling line are verified to be odourless; the sampling line is connected to the
exhaust gas to sample, and the bag is placed in a vacuum box / chamber. The exhaust gas
is drawn into the bag by the vacuum in the box / chamber. The sample must have minimum
contact with sampling materials. In some cases, a sample must be diluted in order to avoid
condensation, or simply because the odour concentration is too high.

It is necessary to check if the gas contains particulates, and, if yes, it needs to be filtered
because particulates are incompatible with olfactometer use. Temperature and humidity are
also checked because the gas cannot be too hot, or too humid. A dilution probe with dry air
or dry nitrogen can decrease humidity and then avoid condensation in the bag. Using
nitrogen, the dilution rate can be easily verified by measuring oxygen level in the sample. Of
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course the dilution factor (generally between 5 to 10) at this sampling step must be included
in the determination of the final olfactometry analysis results, also based on a dilution
(dilution of the sample to determine its limit of perception). A pre-dilution of the sample can
be carried out in the laboratory for highly concentrated samples. This action is necessary if
the concentration of the sample is potentially higher than the dilution range of the
olfactometer.

According to EN 13725, storage time between sampling and olfactory analysis should
usually be at most 30 hours by convention. However, there needs to be more clarity in the
literature to substantiate that degradation, adsorption and diffusion phenomena will be
insignificant below certain storage times. Significant degradation of odour concentration in
samples within 30 hours after sampling has been reported, for example, for odorants emitted
from foundries and tobacco leaf processing. That is one of the reasons why the German
standard on olfactometry VDI 3880 allows a maximum time of 6 hours between sampling
and analysis.

4.2.2 Active area sources

These sources are characterised by odour emission from a surface with a volumetric flow or
exit velocity greater than specific thresholds. According to EN 13725, active area sources
are “aerated with air gas that is driven through the matrix underneath the surface by
mechanical ventilation” such as, aerated composting. A typical example of an active area
source is a biofilter, as shown in Figure 4-3.

EN 13725:2022 classifies active area sources as sources with an exit velocity v > 0.008
m’/s/m?. Area sources with lower exit speeds are passive area sources.

Figure 4-3 Example of active source: biofilter surface (left panel); biofilter container open on
the top (right panel) (Courtesy of Olfasense)

4.2.2.1. Synthetic description of sampling techniques for active area sources

For the measurement of active area sources with a minimum discharge velocity (e.g.,
biofilters, aerated compost heaps), a sampling hood with one m? surface is used to avoid
disturbances of the air discharge with the atmosphere (Figure 4-4). Sampling takes place in
the chimney of the sampling hood.
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Figure 4-4 Sampling hood, as defined in EN 13725:2022 and VDI 3880:2015 for active area
sources.

Usually, due to the extent of the area sources, inhomogeneities must be checked and a
sampling strategy must be defined. Sampling points are selected on the basis of
representative source flow rates. Alternatively, a complete coverage of the area could be
considered, as shown in Figure 4-5.

Figure 4-5 Complete coverage of an active area source.
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The product of the odour concentration of the sample bag (oue/m®) and air velocity through
the device (m/sec) gives the specific odour emission rate (SOER, oug/m?s). It is observed
that the air velocity through the device is the ratio between the air flow rate (m?/s) and the
specific area A4 (m?) of the device. The odour emission rate (OER) is the product between
the SOER and the area A of the emitting surface.

4.2.3 Passive area sources

According to EN 13725:2022, passive area sources are areas with an exit velocity v < 0.008
m’/s/m?. Passive area sources include waste landfills, fields after manure spreading,
compost piles and open wastewater tanks. They emit through diffusion at the boundary layer
between the source surface and the air. The emission depends on multiple variables, such
as the material's humidity, atmospheric temperature and wind speed. Examples of area
sources are shown in Figure 4-6.

o oy --.-."’;-h"-c_-ﬁ;"
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Figure 4-6 Different area sources: compost pile (left panel); aeration basin (right panel).
( Courtesy of Olfasense)

4.2.3.1. Synthetic description of sampling techniques for passive area sources

For the passive area sources, the emission rate is estimated by simulating the flow through a
ventilated hood (such as flux hoods and wind tunnels). The emission flow rate is then the
hood's ventilation rate and is typically dependent on sampling conditions.

The SOER is estimated by covering a part of the surface with a ventilated hood with a
defined flow rate, which can then be measured in the exit stack (VDI 3880:2015). The
sampling plan shall ensure that the area sampled is representative of the total emission from
the area source.

Different methods exist to measure the odour emission rate of these sources. The most
common are wind tunnels (Figure 4-7) and flux hoods (Figures 4-8 and 4-9).

EN 13725:2022 recommends considering the following aspects when using a wind tunnel:

1. Sweep air fed into the inlet of the wind tunnel shall be odourless.
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. The flow regime of the sweep air inside the wind tunnel shall be laminar, not

turbulent.

Since an increase in the sweep air flow rate produces a dilution effect that reduces
the outlet odour concentration, in field conditions, the sweep air flow rate should be
chosen low enough to get an outlet odour concentration higher than the field blank
value. For this reason, a low sweep air velocity in the ventilation chamber is
recommended.

. To get a laminar flow regime of sweep air in the ventilation chamber and as much

homogeneous air velocity as possible, air velocity in any point of the ventilation
chamber, the design of the wind tunnel device upstream of the ventilation chamber is
fundamental. Upstream of the ventilation chamber, a divergent and a parallel flow are
recommended.

Design and materials of wind tunnel devices should prevent solar radiation from
unnaturally increasing the air temperature in the ventilation chamber and the
temperature of the emitting surface.

. The above-listed parameters mainly affecting the mass transfer rate (in particular

source temperature, sweep air humidity, and sweep air velocity) should be
determined, recorded and reported.

<N
O >
f= i

a

Figure 4-7 Example of a wind tunnel: ventilated sampling hood, as defined in VDI

2772 3880:2015. Schematic view (left panel); floating on a basin (right panel).(Courtesy of
2773 Olfasense)
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2774 DIMENSIONS IN CENTIMETRES

2775 Figure 4-8 Flux Chamber: Set up of the emission isolation according to US EPA 1986

2776

2777 Figure 4-9 Flux chamber on a liquid source (left panel) and on a solid source (right panel)

2778

2779 Over the last 30 years, there has been a long-standing debate about the appropriateness
2780 and accuracy of wind tunnels versus flux chambers for quantifying area source emissions as
2781 the sampling devices give quite different results compared to each other and emission
2782 theory (e.g., Smith & Watts, 1994a; Smith & Watts, 1994b; Jiang & Kaye, 1996; Parker et al.,
2783 2013; Prata et al., 2018; Lucernoni et al., 2016). Therefore, verifying that they were collected
2784 using the same sampling method is essential when comparing emission data from different

2785 measurements.
2786

2787 An extensive comparison study was conducted in October 2013 in France (Guillot et al.,
2788 2014) to understand the differences in the results of the odour emission rates calculated
2789 from different sampling devices. The project aimed to test two types of devices: flux
2790 chambers (with low sweeping flows) and wind tunnels (with high sweeping flows). Liquid
2791 area sources and solid area sources were tested. Figure 4-10 shows the experiment's
2792 setting for a solid area source (composting pile), while Figure 4-11 shows the experiment's

2793 setting for a liquid area source (pond).
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2794
2795 Figure 4-10 Sampling flux chambers and wind tunnels in a composting pile. (Courtesy of

2796  JM. Guillot)
2797

2798 /

2799 Figure 4-11 Sampling flux chambers and wind tunnels in a pond (Courtesy of JM. Guillot)
2800

2801 Some of the devices tested with a low sweeping flow (flux chambers) are shown in Figure 4-
2802 12, while some of the devices tested with a high sweeping flow (wind tunnels) are presented
2803 in Figure 4-13.

2804

2805 :
2806 Figure 4-12 Devices with a low sweeping flow. (Courtesy of JM. Guillot)

2807
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Fiure 4-13 Devices with a high sweeping flow. (Courtesy of JM. Guillot)

The graphs in Figure 4-14 show the results for both types of devices.

10000 50 000
9000 45 000
8000 40 000
7000 35 000
6000 30 000
5000 25 000
4000 20 000
3000 | 15 000
2000 i = 10 000
1008 - . = ‘ 5 0(30

Serie1 Série2 Série3 Serie 1 Série 2 Série 3

Figure 4-14 Left panel: SOER in oue/h/m? for three different flux chambers (blue, green and
grey) at different measurement periods. Right panel: SOER in oue/h/m? for three different
wind tunnels (colours dark blue, blue and red) at different measurement periods. (Courtesy
of JM. Guillot)

The project results showed that, for example, for measurement day 1 (Serie 1), flux
chambers (left panel) showed significantly different SOERs between each other with
differences of several orders of magnitude. Moreover, for the same measurement period
(Serie 1), wind tunnels showed a much higher SOER, sometimes four times higher than the
highest SOER obtained by a flux chamber. In the case of wind tunnels, the variability of the
results was also relevant. This result demonstrates that odour emission from a static area
source can only be compared to another if sampling conditions are similar.
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Both methods lead to emissions at the boundary of the source. The link from odour
concentration to emission rates is the diffusion coefficient. This factor might vary with
different parameters such as atmospheric conditions.

A way to verify the impact of passive area sources is by performing a plume inspection. EN
16841-2:2017 describes two ways of measuring the impact of a source. With the impact
measurements, the model results can be validated. The effective emission rate can be
determined by using reverse modelling, see paragraph 4.4.2.

4.2.4 \Volume sources

When the emissions are immediately spread over a 3D region, they can be modelled
through volume sources. Examples of this type of source are industrial buildings with high
gates and windows, open stall barns with natural ventilation, or portions of plants with
fugitive emissions (i.e., unintentional losses) from items that are designed to be sealed (e.g.,
valves, flanges), passive ventilation apertures, leakage through building cladding (e.g.,
Figure 4-15).

These sources have no defined dimensions and no defined volume flow rate. Their
description in an air dispersion model is challenging and highly dependent on every specific
case.

W

Figure 4-15 Example of diffuse emissions from an industrial building.
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4.2.4.1. Synthetic description of estimation techniques for volume sources

In the absence of a defined volume flow, sampling in a bag to estimate the emission rate
(like for the point source) is not applicable. Moreover, it is challenging to sample due to the
influence of weather on the source parameters (mainly temperature, humidity and flow). In
some cases, emission rates could be derived using a source apportionment approach if a
known indicator related to odour is available. For instance, Invernizzi et al. (2021) described
a series of approximations to determine VOC emission rates.

When dealing with fugitive emissions, odour measurements must be performed at the
receptor site (ambient air). Field inspection and Reverse Dispersion Modelling (RDM) is an
appropriate and highly recommended approach.

Another methodology to measure diffuse / fugitive sources is the one proposed by EN 17628
(Fugitive and diffuse emissions of common concern to industry sectors - Standard method to
determine diffuse emissions of VOCs into the atmosphere), see paragraph 7.2.2. This
standard specifies an array of methods to detect and / or identify and / or quantify VOC
emissions from industrial sources. These methods include Optical Gas Imaging (OGI),
Differential Absorption Lidar (DIAL), Solar Occultation Flux (SOF), Tracer Correlation (TC)
and RDM. Additionally, the EN 15446:2008 standard includes guidance on how to perform a
measurement for different specific items (e.g., valves, flanges, pump seals, compressor
seals, ...). It also specifies how to estimate the emission rates starting from the VOC
concentration measurements in ppm.

An additional method to estimate the fugitive emissions of VOC is to make an inventory of
the equipment (e.g., valves, flanges, etc.) by reading the P&IDs (Piping and Instrumentation
Diagrams) of a plant, then applying the relevant emission factors for each item of equipment
(e.g., Ng et al., 2017). The emissions depend on the equipment and on the characteristics of
the flow through it, both in terms of composition and of phase (gas, liquid, 2-phase). This
method is complex and time-consuming because some plants (e.g., refineries) may have
hundreds of P&IDs describing thousands of pieces of equipment. For example, US-EPA
(2005) reports an average number of valves greater than 7000 and an average number of
over 12000 connectors for a typical refinery or chemical plant. Leak detection and repair
(LDAR) programs have been promoted to reduce fugitive emissions (US-EPA, 2022a). VOC
emission factors for many items are available, for example, from US-EPA (1995a).

As for the passive area sources, ambient air measurement may be used to derive emission
rates for modelling (EN 16841). Additional details are given in paragraph 4.4.2.

4.2.5 Gas detector tubes

Gas detector tubes (GDTs), also called colour indicator tubes, are relatively simple tools to
detect the presence of a specific chemical species or class of species in the atmosphere and
their concentration. They are thin glass tubes containing a reagent powder that reacts with
the specific gas generating a coloured stain. The length of the stain is read against a
calibrated scale on the tube, indicating the concentration level. A hand pump - or an
electronic pump - is used to draw the air sample into the tube. The volume amount of the air
sample is typically 100 cm?®, but it may also be half of it (50 cm?), and sampling usually takes
less than one minute to complete. The datasheets of each tube contain tables with
temperature correction factors to adjust the resulting concentration to the ambient
temperature. Other adjustments may also be made for pressure.
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The main advantage of the gas detector tubes is that they are very inexpensive compared to
other measurement techniques (the cost of each measurement is approximately 10-15
USD). They are also simple to use and give immediate results. The disadvantage is that they
are less accurate than other measurement techniques and indicate the concentration of
odorants, not odour units of the composite gas, which may contain numerous odorants; they
may also be relatively insensitive and not detect substances at levels close to the odour
thresholds of the species present. However, in the odour field, odorant concentrations at
emission sources are sometimes completely unknown, and gas detector tubes may be very
useful to get initial indications. The use of GDTs for odour pollution studies is also described
in the scientific literature (e.g, Tanaka et al., 2004; Ninh et al., 2007; Schmitt, 2017).

Each gas detector tube is specific for a gas or a class of compounds, and a given
concentration range. Therefore the user must know the chemical species expected in their
emissions and the order of magnitude of their concentrations. However, some tubes are
capable of simultaneously determining multiple unknown substances in the sample.

GDTs are a useful method that could be easily employed at point and active area sources
but probably less useful at the more difficult to characterise passive area sources and
volume sources. Additional information about gas detector tubes can be found in Kawamura
et al. (2021). Gas detector tubes are available from different brands worldwide, such as
Drager, Uniphos, Gastec, Sensidyne, RAE and Kitagawa.

4.2.6 Emerging methodologies

New methodologies for measuring odour emissions are emerging that are based on the
simultaneous use of drones and Instrumental Odour Monitoring Systems (IOMS). For
example, Burgués et al. (2022) present the results of a study that aimed to characterise and
monitor odour emissions from a WWTP using a drone-based chemical sensor system. The
study was conducted over a period of several weeks, during which time the researchers
used a drone equipped with a chemical sensor to collect air samples at different locations
within the plant. The results show that the airborne IOMS was able to detect and quantify
different odorous compounds emitted from the WWTP.

According to the authors, the use of a drone-based IOMS provided several advantages over
the gold standard odour monitoring method (dynamic olfactometry). The drone was able to
collect air samples from hard-to-reach locations, which are not accessible by ground-based
monitoring systems. Additionally, the drone-based system was cheaper, and was able to
collect real-time data, providing a more accurate and comprehensive understanding of odour
emissions from the wastewater treatment plant.

4.3 Modelling odour emissions

One of the first steps to be performed when dealing with complex plants, that may be
characterised by the presence of tens of odour-emitting sources of any type (stacks, diffuse
sources and fugitive sources), is to decide if all of them must be considered. The magnitude
of the odour emissions from these sources may be very different, with some of them being
important emitters, and some others being less important or even negligible. Since the
preparation of data for all the sources within the dispersion model is a time-consuming
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process, it is important to understand if and when a source can be considered negligible.
These considerations are typically based on specific thresholds on the OER and the odour
concentration. For example, the odour guidelines of Region Lombardy (ltaly), as described in
DGR 3018/2012, state that all the sources characterised by an OER greater than 500 oue/s
must be considered in a study, excluding those characterised by a maximum odour
concentration below 80 oug/m?®. In other words, sources characterised by OER below 500
oue/s or concentration below 80 oug/m?® can be neglected. A source with a variable OER, for
example because it depends on meteorological variables, can be neglected only if the OER
remains below 500 oug/s for each time of simulation interval. Of course, there are no
particular contraindications - excluding the additional time required for the study - to use all
the sources in view of a conservative principle. Most importantly, other factors should be
considered before excluding a source from a simulation, for example its proximity to a
sensitive receptor or the particularly offensive hedonic tone of its emissions.

4. 3.1 Point sources

Point sources are usually identified as vertical stacks that emit freely into the atmosphere.
Stacks are characterised by a well-defined volume flow expressed in volume per unit time at
a specific temperature. Typically volume flow is given at a temperature of 0°C, and is
expressed in Nm®h (normal cubic metres per hour).

The OER is calculated from the product of odour concentration (Co.s) and volumetric flow on
wet basis at a temperature of 20°C and pressure of 101.3kPa (EN 13725:2004). Then, if the
volumetric flow of the stack Qs (m*/h) is given at a different temperature Ts (°C) and pressure
Ps (kPa), it must be transformed with the following equation:

. 273.15+20 P;
Q_Q5273.15+TS 101.3

For example, if a stack has Qs = 20000 m®h at Ts = 130°C and Ps = 105 kPa, the volumetric
flow at 20°C and 101.3 kPa is 15074 m?h, or 4.18 m®/s. Therefore, if the flue gas of the
same stack has an odour concentration Cos = 5000 oue/m?, the resulting OER is 20936 oug/s.

From a practical point of view, the emission temperature Ts is always known because it is
needed by the atmospheric dispersion models for calculating the plume rise parameters. On
the contrary, the pressure Ps within the stack is almost never known, therefore, in the above
equation, the correction for pressure is often neglected (i.e., it is assumed that
Ps=101.3kPa).

When exit velocity is not measured, it can be estimated by calculating the volume flow at the
emission temperature and dividing by the exit area and by 3600 s/h. For example,
considering again the stack described above, and assuming a diameter of 1.1 m (i.e., an
area of 0.950m?), the exit velocity is 5.85 m/s.

Temperature and exit velocity are important variables for calculating the plume rise. In some
cases plume rise may be reduced due to the presence of a rain cap or due to the horizontal
direction of the stack, as shown in the previous Figure 4.1. In these situations the vertical
velocity of the plume is null, and the plume rise is due only to thermal buoyancy if the exit
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temperature exceeds the ambient temperature. Some atmospheric dispersion models
contain algorithms to simulate this kind of emissions. For example, as reported in the 2021
British Columbia Dispersion Modelling Guideline (BC, 2021):

‘AERSCREEN and AERMOD can handle this situation explicitly through the selection of
options, POINTCAP and POINTHOR for treating capped and horizontal plumes,
respectively. The source parameters are input as if it were a vertically oriented stack and the
model applies adjustments internally to account for these types of orientations. For plumes
with little or no buoyancy, users can specify a stack gas exit temperature = 0.0 K,
automatically setting the exit temperature to the ambient temperature.

CALPUFF can also handle these sources through the use of the adjustable vertical
momentum flux factor (FMFAC) for point sources with constant emissions which can assume
only the values 1 (corresponding to a vertically oriented stack) and O (corresponding to a
horizontal or capped stack with no vertical momentum). If time-varying point source
emissions are applied, in the PTEMARB.DAT file, set TIDATA(7) (the vertical momentum
flux) = 0”.

Other modern dispersion models may have algorithms to simulate releases from horizontal
stacks or rain-capped stacks, and the users should adopt these algorithms when present.
When the simulation is carried out with a dispersion model without specific algorithms for
rain caps and horizontal stacks, the user may force the exit velocity to 0.001 m/s. It must be
observed that higher emission velocities (e.g., 0.1 m/s) are not suggested because they may
still result in significant momentum plume rise being calculated, as pointed out by the US-
EPA Model Clearinghouse Memorandum dated July 9, 1993.

For vertical stacks with rain caps the stack tip downwash must not be activated, but their
height must be reduced by three times their actual diameter, which means assuming the
maximum effect of the stack tip downwash. If the atmospheric dispersion model adopts a
parametric algorithm for the plume rise (e.g., the Briggs equations), an effective diameter
must be calculated to maintain the volume flow and buoyancy. The equivalent diameter de
can be calculated as

d,=dvO

Where d (m) is the actual stack diameter, and v (m/s) is the actual exit velocity. For example,
a capped stack with a diameter of 0.2 m and exit velocity 3m/s would have an equivalent
diameter de = 11.0m.

If the atmospheric dispersion model adopts a numerical algorithm for the plume rise, it
solves a set of differential equations and needs the stack diameter as one of the initial
conditions. The previous numerical example shows that the equivalent diameter may be -
and often is - very large with respect to the actual diameter, therefore using the equivalent
diameter in a numerical algorithm for the plume rise may give unrealistic results. In these
cases, the actual stack diameter must be used, as suggested for example by the lowa
Department of Natural Resources (IDNR, 2014), or - as suggested by the AERMOD user
guide (US-EPA, 2022b) - the initial radius must be assumed two times the actual stack
diameter (i.e., the diameter must be multiplied by 4) to account for the interaction of the
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existing plume with the cap.

When dealing with horizontal stacks in dispersion models without specific algorithms to treat
them, the stack tip downwash algorithm (if present) must not be activated, the exit velocity
may be set to 0.001 m/s, and their actual height must be used.

Rarely, the stack tip is tilted and unobstructed. In these cases, the actual stack diameter and
height must be given as input to the dispersion model, while the vertical component of the
exit velocity must be used (IDNR, 2014). Unless the dispersion model has its own algorithm
to simulate tilted stacks, the vertical component is calculated by multiplying the exit velocity
and the cosine of the angle between the stack and the vertical. If the tilted stack is
obstructed by a rain cap or any other equipment that suppresses the vertical momentum, the
exit velocity may be set to 0.001 m/s as described previously.

Point sources may be affected by building downwash, which means that their plume can be
captured in the building wake, increasing the ground-level concentration. As a general rule, a
building may cause downwash to the stacks located within a distance of 5L, with L the
minimum between the height and the width of the building. Sources within this distance
lower than 2.5 the building height are subject to building downwash.

Some hybrid models, such as Eulerian/Lagrangian models or microscale Eulerian CFD
models, can simulate building downwash without the need for any empirical methodology
(Flassak et al., 2010; Oettl, 2015). However, for most atmospheric dispersion models used
for regulatory purposes, the building downwash parameters to include in the input data may
be determined with the Building Profile Input Program, BPIP (US-EPA, 1995c). Among the
input data required by BPIP there are coordinates and the height of the buildings. These
data may be obtained from plot plans of the industrial plant or, for some locations where the
“3D Buildings” feature is available, from Google Earth with a good approximation.

4.3.2 Active area sources

As shown in Chapter_ 4.2.2, active area sources are characterised by their volumetric flow by
unit of area. Therefore, their OER may be calculated by multiplying the volume flow at 20°C
(m®hm?) and the odour concentration (oue/m®) by the total area of the source.

Within the dispersion model, an active area source can be simulated through an equivalent
point source, which means a point source with equivalent area and the same volumetric
flow. They typically emit at ambient temperature. Other times they are simulated through a
series of point sources, for example, one in each vertex of the active area source (assuming,
for instance, a rectangular shape). The sum of the volumetric flows of the point sources must
be the total volumetric flow of the active area source.

According to EN 13725:2022, area sources with an exit velocity v > 0,008 m/s are, by

consensus, active area sources and shall be sampled accordingly. Area sources with lower
exit speeds are considered to be passive area sources.
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4.3.3 Passive area sources

Emissions from passive area sources are typically governed by evaporation and diffusion.
The concentration gradient provides the driving force for the transfer of odorants from solid
or liquid surfaces to the air (Laor et al., 2014).

As discussed in paragraph 4.2.3, the specific odour emission rate (SOER) of passive area
sources is determined by wind tunnels, or similar instruments, in which air flows with a
known velocity (typically of the order of 0.3 m/s), and the SOER value depends on the flow
velocity. This means that the actual emission from the source depends on the wind speed
close to its surface. The OER due to a specific wind speed vs close to the emitting surface is
calculated as (e.g., Lucernoni et al., 2016):

Vs k
OER=ASOER|—

Vg

where A (m?) is the area of the passive source, vk (m/s) is the reference air speed within the
wind tunnel during the measurement (e.g., 0.3 m/s) and k is a constant typically equal to 0.5.
It is observed that Jiang and Kaye (1996) suggested k=0.63, but k=0.5 is most often used.

The wind speed over the emitting surface (vs) can be calculated with a power law relation,
even though other equations can be used, as described for example, by Ravina et al. (2020).
The power law equation is:

z+z,\°

h

Vs=V,

Where h (m) is the height at which the wind speed v, (m/s) is known, z (m) is the height
above the ground of the area source, z. (m) is the half height of the wind tunnel, and p
(unitless) is a power coefficient depending on the atmospheric stability and land use type
(rural or urban). The values of the power coefficient p are shown in Table 4-1 (US-EPA,
1995b), even though different values have also been proposed (e.g., Arya, 1999; Scire et al.,
2000).

Table 4-1 Values of the power coefficient p

Stability Rural Urban
A 0.07 0.15
B 0.07 0.15
C 0.10 0.20
D 0.15 0.25
E 0.35 0.30
F 0.55 0.30
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Considering the special case of emissions from liquid surfaces within tanks (e.g., wastewater
tanks), the tank height above the ground is often used for z in the power law equation. When
the tank is almost full, this approach is correct, while it can cause overestimated emissions
when the tank is not completely full, because the wind speed at the tank top is higher than
the wind speed close to the emitting surface, which may be well below the tank top. Bellasio
and Bianconi (2022) proposed a possible solution to this problem with new equations in
which emissions depend on the distance between the tank top and the emitting surface, the
wind direction and the tank orientation (for rectangular tanks).

When the odour source is placed in a location partially protected from the wind (e.g., the
presence of buildings and other structures), using the above equation for getting the OER as
a function of wind speed may give overestimated emissions. However, even in those
situations, the odour emission is related to the atmospheric motion close to the emitting
surface. A possible treatment of these situations involves using an indicator of the
mechanical turbulence in place of the wind speed vs close to the emitting surface. Therefore,
the OER may be estimated as

05
u,

Vg

OER=ASOER

Where u* is the friction velocity (m/s), which may be obtained from the meteorological model.

The above equations apply to situations when the emissions depend on the “stripping” of
odorous molecules from the surface. There are situations in which the emissions do not
depend on wind speed. For example, the odour emissions from cultivated landfill areas
(permanently covered waste) do not depend on wind speed because they are related to the
biogas production from the old waste within the landfill. Capelli et al. (2018) pointed out that
a variable SOER proportional to the square root of the wind speed results in an
overestimation of about one order of magnitude of the landfill odour impact. Therefore, the
landfill surfaces must be treated as a particular type of passive area source, not depending
on the wind speed. On the contrary, the odour emissions from fresh waste within the front of
the landfill may depend on wind speed and must be treated as described above.

4.3.4 \Volume sources

4.3.4.1. Geometrical parameters

Three-dimensional sources such as the one shown in Figure 4-16 are typically described as
volume sources within atmospheric dispersion models. These sources are used for
simulating non-buoyant emissions from buildings or fugitive emissions from valves, flanges
and other items.

The geometrical parameters needed to define a volume source within a Gaussian dispersion
model (e.g., AERMOD) or a Lagrangian puff model (e.g., CALPUFF) are the height of the
centre of the plume (h.), the initial lateral dimension (Syo), and the initial vertical dimension
(Sx). The initial dimensions can be determined as summarised in Table 4-2 (US-EPA, 1992)
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Table 4-2 Initial lateral and vertical dimensions of a volume source (US-EPA, 1992)

Type of source Syo S
Surface-based (he ~ 0) Vertical dimension / 2.15
Elevated source (he > 0) on Side length / 4.3 Building height / 2.15

or adjacent to building

Elevated source (he > 0) not Vertical dimension / 4.3
on or adjacent to building

As an alternative, when the volume source is used for simulating fugitive emissions from a
building, the New Zealand Ministry of Environment (2004) states that the initial vertical
dimension (S») may be estimated as a quarter of the building height. The initial lateral
dimension (Syo) may be estimated as a quarter of the building width (i.e., the minimum of the
horizontal building dimensions).

In AERMOD, the initial lateral and vertical dimensions are used to reconstruct the volume
source through two virtual point sources placed at an upwind distance such that at the
volume source position, they have those horizontal and vertical dispersions. The positions of
the two virtual point sources vary at each simulation time according to the wind speed and
wind direction values.

When using volume sources in AERMOD, it is important to remember that receptors cannot
be placed within the “exclusion zone”, defined as a circle of radius R (m) equal to
R=2.15S ,+1. Since AERMOD sets to zero the concentration values within the exclusion
zone, it must be verified that the exclusion zone of each source does not extend outside the
plant perimeter.

In a Lagrangian particle model, a volume source can be defined more precisely with the
shape of the region characterised by the emissions, for example, a parallelepiped, a sphere
or a hemisphere. The computational particles are released in random positions within the
specified volume during the emissions. Then, particles released at higher levels of the
volume source are transported and dispersed more effectively than those released at lower
levels with weak wind.
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4.3.4.2. Estimation of OER and SOER

When dealing with volume sources, both OER and SOER may be difficult to define.
Typically, what is available is a measure or an estimation of the odour concentration within
the building or the region of interest. Then, there may be two alternatives: 1) the OER is
calculated as the product between the concentration value and the volume flow rate through
the building, or 2) the SOER is calculated as the product between the concentration value
and a representative air speed over the area of interest. It is challenging to give specific
universal equations to treat these situations because any case may require specific
assumptions. Therefore, two examples are described below to illustrate the possible
situations. They are only a starting point to elaborate on other situations.

Example 1: Fugitive emissions from refineries or chemical plants

Fugitive emissions may be simulated with volume sources because they affect large areas of
the plant, both along the horizontal and vertical planes. Those emissions happen in areas
with many obstacles, such as pipelines, buildings, racks, tanks and other structures.
Therefore, wind speed cannot fully act within this industrial environment. However, it is
reasonable to assume that the OER varies as a function of meteorological variables because
both mechanical and convective parameters affect the emissions. For this reason, an
equation for the OER variability should include the dependence on the friction velocity u*
(representing the mechanical turbulence) and the convective velocity w* (representing the
convective turbulence). If a representative odour concentration C.,q may be defined for the
region of area A affected by fugitive emissions (e.g., with dynamic olfactometry, from
scientific literature, from similar plants), the OER for each hour of simulation could be
estimated as

OER=AC,,Max(u;,w,)

Example 2: Emissions from livestock buildings

These buildings can be considered volume sources. When the odour concentration within a
building has been measured or estimated, the OER can be calculated by multiplying it and
the volumetric flow. For each hour of the simulation period, the volumetric flow Q (m?/s) can
be estimated considering a contribution due to the wind force (Qur) and a contribution due to
the thermal buoyancy (Quw) as described, for example, by Angrecka and Herbut (2014):

Q=vad
The contribution of the wind force (Quw) is calculated as:
Q=EAv

Where E is a constant (E=0.35), A is the inlet area (m?), and v is the wind speed (m/s) at a
height above the ground representative for the inlet area, for example, half the opening
height. The wind speed at the representative height can be estimated starting from the
measurements at the anemometer height using the power law equation described in
paragraph 4.3.3 about passive area sources or other tools (e.g., CFD models, when they are
available). Of course, the measurements can be substituted by the
predictions/reconstructions of meteorological models at the first level above the ground.
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The contribution of the thermal buoyancy (Quw) is calculated as

A
SN

Qu

Where C, is a constant (C4=0.86), g is the acceleration due to gravity (9.81 m/s?), H is the
height of the openings (m), Ti is the livestock building internal temperature (K) and T is the
external temperature (K). The internal temperature may vary over time and can be a function
of the number and age of cattle within the barn.

During winter, curtains or other equipment may be used to protect the animals from
excessive cooling. The presence of the curtains can be simulated, for example, by reducing
the inlet area during the winter months.

Another example of estimating odour from livestock buildings is described by Rzeznik and
Mielcarek-Bochenska (2022). In this publication, the volumetric flow, or ventilation rate, is
calculated as a function of the number of cows, the amount of CO, produced by each cow,
and the difference between the internal and external CO, concentrations. Additionally, the
amount of CO, produced by each cow is calculated based on the heat flux needed to
maintain vital functions, pregnancy and milk production. The final value is then corrected
according to the internal temperature.

The OER resulting from the described procedures is time-dependent and varies for each
hour of the simulation period. These examples may be applied, with due modifications, to
other types of odour emissions from a building.

4.3.5. Temporal variation of emissions

The temporal variation of the odour emissions must be described as precisely as possible
within the dispersion models. These variations may be due to the meteorological
dependence of the odour emissions, for example, in wastewater tanks. They may also be
due to the normal working processes, for instance, in the uncovered landfill front tip during
the day hours and working days, and temporary cover during the closing hours and
weekends.

Brancher et al. (2021) simulated the odour emission from a livestock building, assuming
constant OER and hourly-varying OERs under different assumptions. Their results show that
hourly OERs can improve the confidence in impact assessments compared to simulations
driven by constant emissions.

In some situations, the odour emissions are regular over time, for example, when they
happen N hours of the day every day. In other situations, for instance, when considering
discharges from leachate vessels, the release is short and may happen at any time within
the day when the pressure reaches a specific level. It is typically known, for example, that
the release happens one hour a day, but not exactly when. For example, this kind of release
must be simulated by activating it for a random hour each day.

Similarly, if the odour emission happens for N hours within a working interval of M hours

(M>N), with the N hours unknown, they must vary randomly or cyclically within the
dispersion model. In fact, considering the same N hours for all the days of the simulation
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may give unrealistic results, for example, because the wind always blows along a specific
direction in those hours (e.g., seal/land breeze) or because the N hours are always within a
time interval with maximum mixing height (e.g., close to noon), or minimum mixing height
(e.g., early morning).

All the most advanced atmospheric dispersion models can define an emission time trend in
their main input file when the trend is cyclic or by external files when variations are
complicated or arbitrary.

When defining a precise time dependence of the odour emissions is impossible, the most
unfavourable conditions must be considered in the atmospheric dispersion model (i.e., the
highest OER must be used).

4.3.6. Future industrial plants

While for existing plants odour impact assessment (OlA) studies can be done using emission
observations (e.g., volumetric flow, odour concentration, SOER), for future plants OlAs can
only be done using the maximum authorised volumetric flow, and the odour concentration or
SOER of similar plants or from the bibliography. Alternatively, the assessment might be
based on a regulatory permit using the maximum allowable SOER as input data. This
approach for future plants may not reflect the reality, but it typically gives overestimations.

Care must be taken when comparing the results of a study where a current scenario and a
future scenario are analysed. Indeed, if the current scenario is simulated starting from the
odour emission observations and the future scenario is simulated with the maximum
authorised values, the difference between the results of the two scenarios will be
unrealistically large.

4.3.7. Uncertainties

In atmospheric modelling, emission estimation is a complex process that involves many
uncertainties. In odour modelling, these uncertainties are possibly even larger.

For example, the simplest situation would be the calculation of the OER of a stack, by the
multiplication of the odour emission concentration and the volume flow rate corrected by
temperature. However, the odour concentration within the stack is typically measured once
and used for a long period of time, but the odour concentration may be a function of the level
of production, which is not constant in time. In air quality studies, on the contrary, particularly
in large plants, major stacks are often equipped with CEMSs, which measure pollutant
concentration, temperature, flow rate and other variables in nearly real-time. Very different
results have been obtained by using a constant OER or hourly-varying OERs with the same
median value (Brancher et al., 2021).

Uncertainties in weather data, such as wind speed, temperature, and atmospheric stability,

can significantly impact odour emission estimation. In fact, as seen in the previous
paragraphs, excluding the conveyed sources (stacks), the meteorological variables play an
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important role in estimating the OER.

When emission factors are used for estimating the odour emissions, their inaccuracy reflects
on the final calculations. The same is true when for a specific source there are no
measurements or emission factors, and the emissions are estimated on the basis of similar
sources.

Another source of uncertainty is related to the assumptions and the input values of the
algorithm used to estimate odour emissions. For example, the calculation of the volumetric
flow from a livestock building may be based on the internal temperature, which depends on
the number of animals, their age, physical state and other variables. All these variables have
their own uncertainties, as well as the algorithm that uses them to give the internal
temperature of the building.

As commented in the previous paragraphs, different measurement techniques can lead to
varying degrees of uncertainty in odour emission estimation. These uncertainties can also
arise from inadequate sampling and analysis techniques, such as sampling duration or
frequency.

Finally, odour assessment by panellists is subjective by its nature. Odour concentration
results can be affected by the limited number of trained panellists available, the repeatability
and reliability of their assessments.

It is important to keep in mind all these uncertainties - and possibly others not mentioned
here but described in the scientific literature (e.g., Laor et al., 2014) - when carrying out
OlAs.

4.4 Ambient air measurements: EN 16841

Odour flow rate may be determined after performing a field inspection (EN 16841) followed
by a backpropagation use of the odour dispersion modelling (reverse modelling).

With the plume method according to EN 16841-2 (dynamic or stationary), one sniffing unit
per cubic metre (su/m®) is defined by panel members to express the odour concentration at
the border of the plume (i.e., at a transition point). The sniffing unit is based on the
recognition of the specific odour under analysis, not to the detection of any odour. It means
that one sniffing unit (1 su/m®) corresponds to an odour concentration from 1 to 5 ou/m?.
With this approach, the odour flow rate is usually expressed in su/s.

With the grid approach (EN 16841-1), no odour flow rate is estimated. This approach
characterises odour exposure in a defined assessment area.

The plume (stationary and dynamic) method and the grid one (stationary) are briefly

described in the following section. For a detailed presentation, reading EN 16841 standard
and related papers is recommended.
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4.4.1. Ambient air measurement to characterise odour exposure: grid
method

Grid inspection according to EN 16841-1 is used to derive the odour impact as the odour
hour frequency of all emitting sources with detectable impact. This method is an efficient way
to measure the impact in an odour-affected environment.

The grid method is a statistical survey method which is applied over a sufficiently long period
of time, to provide a representative map of the exposure to recognisable odour and its
spatial distribution over the assessment area. These grid measurements are used to
determine the distribution of odour hour frequency for recognisable odour in ambient air, in
an assessment area, under meteorological conditions that are assumed to be representative
of local meteorology of about the last 10 years.

The odour hour frequency is an odour exposure indicator, and can be used to assess the
exposure to recognisable odours originating from one or many specific odorant source(s)
emitting in a particular area of study.

The odour hour frequency is determined for one or more “assessment squares”, configured
as grid measurement points. The assessment area is defined as a known impact distance or
minimum radius of a circle from the highest stack which equals 30 times the highest stack
height. In the case of several installations, the area is combined from the circles from each
source.

The assessment area is covered with a grid of equidistant points. The squares resulting from
the joining of four measurement points are the assessment squares. A square size of 250 m
should be initially chosen. Depending on the needs and the scope of the study, larger
(maximum of 500 m) or smaller squares (e.g. 125 m, 100 m, 50 m) are possible. To reflect
the decrease in odour exposure with increasing distance, adjacent assessment squares at
different distances from the emitter should always be defined. An example is given in Figure
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Figure 4-16 Example for an assessment area in the vicinity of an odour source with
assessment squares and measurement points (literature source: EN 16841-1:2017)

The measurement points are divided into four routes ( A, B, C and D in Figure 4-17). Each
square is represented in a route with one point. The assessment takes place on 104 days in
a year. Each day one of the routes is chosen, and after four measurements all four routes
are performed. After 26 single measurements for each measurement point, the sum of all
single measurements gives the result for the square.

A shorter survey duration can be planned for practical reasons, but the survey shall be at
least six months, with a minimum scale of 52 single measurements for each assessment
square. In this case, colder and warmer months shall be equally represented to denote an
entire year.

The starting time varies from one measurement to the next. The measurement days should
not be on consecutive days.

For statistical purposes, throughout the survey, all days of a week shall be roughly equally
represented in the survey plan. The daily start of a survey should be changed and after four
measurements all times of the day (morning, afternoon, evening and night) are covered.

The measurement is performed by a panel of at least 8 trained odour assessors.

4.4.2. Ambient air measurement of odours by using the plume method

EN 16841-2:2017 distinguishes two ways of capturing the outline of a plume: stationary
method and dynamic method. The plume extent is determined with trained odour panellists.

Using the stationary method, the panel members are located at specific intervals along
intersection lines perpendicular to the plume direction. Several panel members (minimum 5-
panel members) are positioned at intervals along each intersection line to cover the
estimated width of the recognisable plume.

At each measurement point, the panellists stay for 10 minutes. During this time, the panel
member evaluates the perceived smell from the source every 10 seconds. So, each panel
member determines the percentage odour time in the course of one single measurement.

If the result of a single measurement reaches a percentage odour time less than 10%, the
odour is considered as being absent, while at higher values the odour is present. Single
measurements at one intersection line are conducted simultaneously. Intersection lines at
different distances from the source are assessed subsequently assuming that the relevant
meteorological conditions remain the same.

At least one intersection line has to be at a sufficient distance to ensure that no recognisable
odour is present at any measurement point to be able to determine the maximum plume
reach estimate (Figure 4-17).

Parallel to the plume measurements the meteorological conditions such as wind direction,

wind speed and parameters to determine turbulence are measured. This can be done for
example with 3D-like ultrasonic devices.
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Figure 4-17 Schematic diagram of an example of stationary plume measurement (EN
16841-2)

Using the dynamic method, the panel members cross the plume, while conducting single
measurements at frequent intervals. At a minimum, two panel members are needed.

By successively entering and exiting the plume and in this way determining the transition
between the absence and presence of recognisable odour, the extent of the plume is
defined. This approach helps to avoid addiction to the recognisable odour. The plume
direction is crossed at different distances from the source. This includes crossings at
distances where no recognisable odour is detected. One measurement consists of two
crossings: one moving toward the plume, and one moving away from the plume.

The maximum plume reach estimate is defined as the distance along the plume direction
between the source and the point halfway from the furthest intersection line or crossing
where odour presence points were recorded, and the first intersection line or crossing where
only odour absence points were recorded. This equal distance between the two intersection
lines/crossings is indicated as a green circle on the schematic Figure 4-18.
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maximum odour plume reach estimate

single measurement: odour presence point

o .

single measurement: odour absence point

transition point

Crossings

plume extent

Figure 4-18 Schematic diagram of an example of dynamic plume measurement (EN 16841-
2)

Measurements with both methods are repeated several times, minimum of 10 plumes, with
different meteorological conditions. Meteorological conditions characterised by variable wind
direction should be avoided.

The plume extent derived from both methods can be used to validate model results. For this,
the model is set up with the meteorological situation and an assumed emission rate. The
plume extent for the situation is compared. From this comparison a suitable emission rate for
the source can be determined. The methodology to calculate the odour emission rate of a
source is described in paragraph 7.2.1.

4.5 The need for odour emission factors

The emissions of many air pollutants (e.g., NOx, SOz, PMy, ...) can be calculated starting
from the knowledge of specific process or activity indicators, such as for example the
amount of fuel used or the number of km travelled for a given vehicle. Many methodologies
and collections of emission factors exist, for instance the European CORINAIR (EEA, 2019)
or the US AP42 (US-EPA, 2023).

Concerning odour, many papers reporting emission factors or SOER for specific productions

have been published (e.g., Frechen, 2004; Sironi et al., 2005; Sironi et al., 2007; Capelli et
al., 2014; Mielcarek and Rzeznik, 2015; Davoli et al., 2021), but they have not been
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homogenised and organised in a single collection.

For odour emissions, the use of a single activity indicator is not sufficient. For example,
emissions from animal housing facilities show great variability over the course of the day and
the year, which depends on the size of growth of the animals, the fluctuations of the ambient
air temperature, animal activities, the housing system, and the management (Brancher et al.,
2021). For modelling of livestock farms the use of emission factors is suitable (for instance
emission factors per animal), which can be defined specifically for piggeries as the odour
emission rate (ou/s) released to the atmosphere by a pig (Romain et al., 2013).

The emission factor method is the only one applicable for future projects but, even for
existing livestock buildings, it is a convenient way of avoiding expensive measurements
which could only be afforded for large units or production systems (Van Harreveld et al.,
2001).

A comprehensive methodology to estimate odour emissions and a large collection of odour
emission factors do not exist and should be developed. Such a methodology would be an
important tool for atmospheric modellers to carry out odour impact assessments (OIA) when
emission measurements are not readily available.

4.6 Conclusions

Sampling odours is challenging and it accounts for a large part of the uncertainties
associated with the results of an air dispersion model.

OERs from point sources are reasonably well characterised, while those of area sources
may vary depending on the device used for sampling and depending on the flow rate used.
That means that, for the same area source, two different OERs can be obtained depending
on the sampling device used. The most challenging activity is the characterisation of diffuse
emissions. Field inspection is an appropriate approach, and it is highly recommended.
Another possible way is to consider VOCs as odour proxy, and to use diffuse/fugitive VOCs
measurement techniques as, for example, those proposed by EN 17628. Also, emissions
factors for compounds related to odour (e.g., NHs, VOC) exist for waste treatment activities
(ADEME, 2012).

Depending on the kind of source that needs to be investigated, specific equipment is
required and this investigation needs to be carried out according to specific measurement
guidelines. This chapter did not detail these techniques: the reader should consider existing
standards and reference works.

When the object of the odour impact assessment (OIA) is a future plant, dispersion models
are the only tool that can be used. The OER or SOER can be obtained from similar existing
plants or from the scientific literature. In these situations, a database of odour emission
factors and a detailed methodology explaining their applicability would be very useful. A
comprehensive database of odour emission factors nowadays does not exist.

Besides odour emission data, additional information is needed to assess odour exposure by
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means of air dispersion models. For example, when dealing with stacks, it is important to
know the exit direction (vertical, horizontal, or tilted with a specific angle) and if a rain hat is
present or not. The exit temperature is also important, both to determine the exit velocity and
to calculate the volumetric flow at the same temperature at which odour concentration is
specified. Additionally, when considering passive area sources, the OER is determined at
every simulation hour starting from the measured SOER and evaluating how it varies
according to the airspeed close to its surface. In order to determine this speed, the wind
speed at the anemometer height (or first vertical model level), the atmospheric stability and
the roughness length must be known.

This chapter did not consider the qualitative dimension of the odour. Indeed, in dispersion
models, the main variable introduced into the software is the emission of odour whatever its
nature (e.g., compost, chemical farm, coffee roasting, bakery, carcass rendering). There are
many situations, especially in the case of multiple sources, where the character of the odour
is important, but it is typically not considered when carrying out an OIA. The global odour
emission rate cannot be determined by simple emission sampling and olfactometric
measurements in the laboratory. This is particularly true for complex sites like, for example,
landfills (e.g., Belgiorno et al., 2012), where odour is due to multiple sources, such as
windrows turning, fugitive emissions, vehicles gas emissions and heterogeneous emissions
surface. However, in recent years there have been some approaches to include the hedonic
tone in the evaluations, as discussed in paragraph 7.4.

In order to approach the notion of nuisance (remembering the meaning of FIDOS), for which
the hedonic tone is essential, it is ideally necessary to involve the residents in the evaluation,
and to increase citizen participation. A resident-watchman survey becomes more accepted
by the authorities and offers several advantages. The most important advantage is probably
the restoration of the dialogue between the stakeholders (paragraph 5.9).

The correct characterisation of odour emissions and sources is an important step in OlAs
carried out with modelling techniques. It requires time and may be expensive when
samplings are required, but if it is not done with due diligence and following specific
guidelines, the model results may be imprecise when not completely wrong.
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5. Dispersion Algorithms

5.1. Introduction

In everyday life, there are many contexts (industrial, agricultural, energy production, waste
management, water treatment) in which the release of odorous substances into the
atmosphere and the related nuisance that they can cause on the population play a very
important role. Since the behaviour of odours depends crucially on the characteristics of the
atmosphere, this is treated, similarly to what is supposed for other air quality issues, as a
problem related to the transport and dispersion of gaseous substances in the turbulent
atmospheric boundary layer. Atmospheric Dispersion Modelling is therefore considered, for
various reasons, a fundamental support tool for the study and reconstruction of the odour
impact. The knowledge of the characteristics of the available modelling technologies, or
“Dispersion Algorithms”, of their related advantages and limitations, allows a better choice
among the different approaches and guarantees a better correspondence between the
results of their application and the expectations of potential users.

In general, there are several reasons why dispersion modelling techniques are used in the
field of odour impact assessment. Models are used to quantitatively predict the impact of
pollution on air quality over relatively large geographical areas, potentially extending the
information to a very high number of points compared to what is typically available from
existing measurement systems, hence constituting a network of receptors at substantially
zero cost. They are also necessary for the impact assessment of future plants or pollutant
sources and allow, through source apportionment procedures, the separation of the
contributions generated by different emission sources located in a certain area. They allow
studying the effects of any mitigation measures on the emission sources, through a
quantitative analysis of engineering solutions and the application of cost-benefit procedures.
They are an essential part in the site planning process, as tools to minimise the impact of the
emissions on the population. In fact, model simulations allow optimising the design of
emission sources for a least-impact result, defining the possible insertion and correct
localisation of buffer zones and fence lines, arranging any monitoring networks and
designing the land use to minimise the pollutant exposure to the population.

They make it possible to objectify the impacts of odorous sources, helping to remove the
"emotional" effect which is often associated with odorous nuisance. Models can directly
address different aspects of the FIDOS process (Frequency, Intensity, Duration,
Offensiveness and Sensitivity) and finally, they are the only tool capable of simultaneously
taking into account aspects such as emissions, meteorology, and land use which are
responsible, through a mutual and complex interaction, of the effects of odour annoyance on
the population.

For all the reasons listed above, the use of dispersion modelling technologies is suggested,
or in several cases explicitly required, by many guidelines or odour regulations/legislations in
different countries around the world (see for example Bokowa et al. 2021), representing a
widespread practice connected to the management of odour problems.
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The purpose of this chapter is, therefore, to describe the dispersion algorithms and the
available model implementations with sufficient details to support the choice of the various
possible approaches that are offered and that are typically used in the field of odour
applications. Given that the main objective of the document is to constitute a handbook, an
attempt was made to orient the content of the chapter to a wide range of possible model
users. In this sense, the chapter does not constitute an extremely detailed and completely
exhaustive description from a technical point of view, which is possibly referred to both
specific texts on dispersion modelling (e.g. Arya, 1998; Barrat, 2001; Zannetti, 2010), and on
the dispersive structure of the Atmospheric Boundary Layer (e.g. Garratt, 1994; Stull, 1988).
The topic covered in this chapter will be hence addressed taking into account many aspects
of the modelling approach to odours, including a critical analysis of some well-known
problems related to the use of the models in this field, which has distinctive characteristics
posing some specific critical issues.

In particular, the chapter deals, in Section 2, with the topic of the role of the dispersion
models in the specific field of odour applications, detailing the different aspects of the
possible implementations and use related to the different phases of the planning or control of
emitting sources.

Section 3 is devoted to a concise description of the various available modelling
methodologies, starting from the simpler screening formulas, moving to stationary and
homogeneous Gaussian formulations, the Lagrangian Puff/Segment or Stochastic Particle
approaches and the Eulerian approach. Both the main theoretical and practical aspects of
the different methodologies are described in order to give a general view of the topic.

These different methodologies for dispersion modelling represent a theoretical framework
that has already been put into practice and implemented in modelling tools all over the world.
They have a recognised name, often sponsored by national or worldwide recognised
organisations as a possible standard or directly developed by private institutions and
consequently present on the market. These models are, in the end, the tools to be applied
by final users such as consultants or public agencies. Section 4 is hence devoted to
describing a reasoned list of the dispersion modelling operational tools available and
currently used in different parts of the world for odour applications. The list separates
different models depending on the considered methodologies and gives the main
characteristics and peculiarities of each model.

The adaptation of the use of the standard atmospheric dispersion models for the
characterisation of odour impacts poses some specific problems compared to a more
standard use related to air pollution simulations. In particular, it is well known that olfactory-
related problems are perceived during short time intervals and in this respect it is necessary
to model the “instantaneous” concentrations instead of time-averaged concentrations on
time scales of the order of one hour, one day or one year as in a typical air quality
framework. Since dispersion models are often developed to simulate concentrations
averaged in time (typically of the order of one hour) or ensembles (over many realisations of
the same statistical ensemble), some specific corrections have to be taken into account,
such as the introduction of the Peak-to-Mean Ratio concept or the direct simulation of
higher-order momentum for the statistical distribution of the concentration. Other problems
are connected to the meteorological input that should be in principle able to reproduce this
specific time variability particularly evident in low wind stable conditions, or connected to the
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description of the emissions, for example in the presence of diffuse, meteorology-driven
sources. Section 5 is devoted to these issues, describing the current limits of each model
technology and in some cases the way used to overcome them.

Once a categorisation of the different available models is given, Section 6 addresses the
problem of the model suitability. Different complexities of the models must meet with
different complexities of the faced problems. This section aims at giving support in choosing
the different modelling technologies available, according to the different characteristics of the
problems, such as the presence of homogeneous/non-homogeneous and/or stationary/non-
stationary weather conditions, the presence or absence of complex topography, the spatial
scale etc.

Section 7 is dedicated to the problem of model validation. Considering the use of the
dispersion models in the frame of odour applications, there is a need for a specific validation
framework and protocol, in order to verify the methodologies adopted to solve some of the
existing problems such as, for example, the reproduction of peak concentrations. An
overview of the available datasets and methods fitting this purpose is given.

A bridge towards the stakeholders is discussed in Section 8, in order both to address their
needs in dealing with odour nuisance and to raise their awareness about the usefulness and
necessity of using dispersion models, by widening their knowledge of the advantages offered
by these technologies.

Finally, Section 9 contains a window opened on the current research regarding the
atmospheric dispersion modelling approaches, particularly related to the scientifically
advanced ways considered to overcome some of the problems cited above. These activities,
including for example LES/DNS methods, PDF methods, two-particle Lagrangian Stochastic
models, and Fluctuating Plume models, have not yet been able to provide standardised or
commercially ready-to-use products, but contain many new helpful ideas that will lead to
even more advanced modelling systems in the next future. This, even considering the
development and diffusion of the High Performance Computing that is often required, is
available in a form usable to produce simulations in a relatively standard way and in a
reasonable time.

5.2. The role of dispersion models in the frame of odour
applications

Atmospheric dispersion models are a useful mathematical tool for connecting an emission
source to a receptor, simulating the behaviour of the substance (gas or aerosol) and
predicting its fate. This is achieved by using a set of differential equations that describe the
mechanisms of transport, turbulent diffusion, chemical transformation, and soil deposition
(dry and wet) involving the substances emitted into the atmosphere. By integrating these
equations numerically (or analytically in the simplest cases) in time and space, it is possible
to quantify the concentrations that are generated around and away from the emitter source /
S.

The difficulty of solving this process completely and correctly is well known due to the
uncertainties and approximations present in the input data (acquisition of three-dimensional
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fields of meteorological variables, definition of source terms, characterisation of the territory)
and to the intrinsic stochastic variability of the turbulent dispersion processes that typify the
atmospheric medium. However, this "dynamic" method of calculating the impact of a source
is the only one that can guarantee a valid result (given a correct description of the variables
involved): simplified statistical methods of correlation between concentration measurements
and polluting sources are not able to take into account the atmospheric non-linearity, such
as the variation of the wind direction, the sudden transition from stable to unstable
conditions, chemical transformations involving different substances, etc...

For the study of odour emissions, we currently have models with different levels of
complexity, which provide simulations that can be used to ensure control of their dispersion
and impact on the territory. The validation and routine use of these models is possible
thanks to the availability of adequate computing resources and three-dimensional
meteorological data with increasingly higher spatial and temporal resolution.

In detail, dispersion models can be applied in many contexts:

> they are indispensable tools of knowledge to predict the impact for project not yet
built: according to the emissions generated, it is possible to calculate the
concentrations at the ground, to study the spatial distribution around the plant and
their temporal variation (day / night, weekday / holiday, seasonal, climatic trend); with
these studies it is possible:
e to verify compliance with the parameters and / or thresholds imposed by
current legislation, if existing;
e to predict possible nuisances for the resident population in the vicinity of the
plant in critical meteorological / emission situations;
e if the project is not acceptable, solutions can be simulated that involve a
different configuration of emissions;
e to define the optimal configuration for the system (height of chimneys,
dimensions of area sources, fugitive, etc.);

> for a plant or emitting source already present and functioning, the use of the models
can provide an estimate of their impact on the territory, continuously (hour by hour) or
at fixed times (monthly or annual evaluations), using adequate meteorological data
(from measurements or 3D modelled field) and available emission estimates; in this
way it is possible to:

e verify compliance with the legislation according to the variation in emissions
that occur in the management of the plant or during the occurrence of
meteorological situations not foreseen in the preliminary impact assessment
phase;

e in the event of odour nuisance, help to understand its origin: if it is due to high
emissions, to unfavourable dispersion conditions, to a complex flow field
generated by buildings for example, etc...

e simulate the changes in the impacts as a consequence of necessary or
required evolutions to the plant structure;

e having weather forecasts available, a modelling system can be usefully
exploited to predict in advance critical situations for the dispersion of odours:
this allows optimal management of the system through the activation of
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containment measures (if possible) or the displacement of planned works,
particularly critical for odour emissions, in the most favourable hours from a
dispersive point of view, so as to guarantee the least possible disturbance for
the workers and the resident population;

e use the system also in accidental situations and provide impact maps in a
short time, useful during emergency interventions.

The direct "dynamic" simulation of the evolution of odour emissions makes it possible to
separate the contributions of the different sources on the territory and to evaluate their
differentiated impact over time and space; in the event that an emission includes several
odorous substances, the separation of the effects can be calculated immediately in the case
of chemically non-interacting substances (at least over a short time); in the presence of
significant chemical reactions it is necessary to use models with source apportionment
algorithms. In the case of simulations referring to the odour unit, the separation of
contributions is not easily derivable.

The dispersion models can also be used for the estimation of the source term, in case this is
difficult to quantify or even unknown: using meteorological and concentration measurements
of a tracer distributed on a territory, it is possible to invert the integration and estimate the
quantity that generated these concentrations; the procedure, like all inverse operations, is
very critical (in particular in the absence of information on the location of the source) and
sensitive to uncertainties in the initial measurements (meteorological and chemical), but can
give important indications in dangerous situations ( e.g. reports of intense and unexpected
odours by the population).

The use of models to support experimental campaigns to verify the environmental
compatibility of a plant should be noted: in fact, some measurement techniques relating to
odorous substances (electronic noses) are still uncertain and subject to debate; furthermore,
the measurements refer to a point and the sensors are often expensive and cannot be
distributed in large numbers on the territory, so the impact maps obtainable with the models
can be used in synergy with the measurements (and with assimilation techniques for
example) to obtain spatialised information on the whole territory.

The flexibility of the models allows exploratory analyses to evaluate the stability of the results
as a function of the approximations of the input variables, it is possible to perform
comparative studies between different emission scenarios or even change the expected site
of the plant under study to optimise its position to obtain the least foreseeable impact.

The distinctive characteristic of the use of dispersion models for odorous substances
basically lies in the need to have an assessment of the peak concentration, unlike
atmospheric pollution where the preferred scale is the hour: in the case of olfactory
disturbance, the time scale of interest is considerably lower, essentially on the order of the
duration of a respiratory act.

It is, therefore, necessary to have models capable of determining not only the average odour
concentrations, but also the concentration fluctuations.
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5.3. General synthetic description of the dispersion algorithms

5.3.1. Introduction

The dispersion of air pollution both in urban areas and rural areas is of great concern to the
scientific community. In the last few decades, normal levels of air pollution and odour have
increased and many countries have started to focus on regulation and monitoring. Air quality
models are an important management tool as they are able to predict pollutants (gases and
particles) in the atmosphere. There are many different types of models and their
performance depends on many different variables. The classification of models may refer to
the source type (point, line, area, volume), the adopted scale (small or large), the input type
(deterministic or stochastic), the dynamic conditions (steady or unsteady state), and the
pollutant sources (gases or particles).

Dispersion models vary on the mathematics used, but they all require the same input data
that include:

e meteorological conditions such as wind speed and wind direction, the amount of
atmospheric turbulence, the ambient temperature, mixing height, cloud cover and
solar radiation;
source term — the emission rate of the pollutant being released;
source characteristics such as the source location, height, type of source, exit
velocity and temperature;
terrain elevations and land use type; and
the location, geometry (mainly height and width) of any obstructions in the path of the
emitted plume.

Many of the modern, advanced dispersion model programs include pre- and post-processors
for the input of meteorological and geophysical data as well as statistical modules for the
plotting and tabulating of the pollutant’s impact over a geographical area.

Among the models used in the world today for odour assessments Gaussian plume models
are largely used together with Lagrangian puff and particle models. Both are able to
estimate the downwind ambient concentrations of air pollutants from different source types.
Lagrangian models work well for both homogenous and stationary conditions over flat
terrain, and inhomogeneous and non-steady state conditions over complex terrain, while
Gaussian models are ideally suited for homogenous conditions in flat terrain. Despite their
simplicity, Gaussian plume models are still widely used in atmospheric dispersion modelling
around the world, and most often for regulatory purposes because of their easy
implementation and their near real-time response.

The technical literature on air pollution dispersion is quite extensive and dates back to the
1930s and earlier. The basic formulations are discussed below.

5.3.2. Evolution of basic models

Because computational power was low, early air pollution models were simplifications which
could only solve first approximations, and could only simplistically describe the dispersion of
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chemically unreactive substances from a point source in a time-stationary and horizontally
homogeneous meteorological and turbulent environment. In the last decade of the last
century, it became evident that the passive scalar assumptions of the early simplistic models
were not representative of the convective planetary boundary layer (PBL) (daytime and
sunny hours with low/moderate wind). This led to the development of semi-empirical, Hybrid
models in which the main elements that characterise the convective PBL were introduced.
This allowed a more realistic reproduction of dispersion in these situations. However, the
complex characteristics of nocturnal and highly stable situations in which turbulence coexists
and interacts with a myriad of wave motions and meandering was totally ignored in these
early models.

A common feature of the early Gaussian plume and Hybrid models is that they both
assumed quasi-stationary situations and horizontally homogeneous computational domains,
and were a gross simplification of reality. It was inevitable that the simulations they produced
were nothing more than a rough estimate of the mean concentration fields downwind of ideal
sources that were essentially point-like in conditions far from high convectivity, and of
medium-high stability. Today, these models are considered screening models and are
suitable for providing the order of magnitude of the impact of a given source.

One of the early air pollutant dispersion equations was derived by Bosanquet, 1936. This
early formulation did not assume a Gaussian distribution nor did it include the effect of
ground reflection of the pollutant plume. However, by 1947, Sir Graham Sutton derived an
air pollution plume dispersion equation (Sutton, 1947) which did include the Gaussian
distribution assumption for the vertical and crosswind dispersion of the plume and also
included the effect of ground reflection of the plume. This early Gaussian equation came at
the time of the industrial revolution when there was a need to have numerical tools to
simulate the dispersion of pollutants emitted in the PBL from industrial sources. Under the
stimulus provided by the advent of stringent environment control regulations, there was a
growth in the use of air pollutant plume dispersion calculations and early models from the
late 1960s until today. The basis for most of these early models was the Gaussian equation
which was considered the complete equation for Gaussian dispersion modelling of
continuous, buoyant air pollution plumes provided in two well-known publications, (Turner,
1994) and (Beychok, 2005). The equation is:

c-Q_I

u o, Vi,
where

2
f=exp 2y2

y

is the crosswind dispersion parameter

g =g: *+ g2 + gs is the vertical dispersion parameter

—(z—He)2
2

g,=exp is the vertical dispersion with no reflections
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— z+He\2
g,=exp ( g ) is the vertical dispersion for reflection from the ground
GZ
i —(z—H,—2mL}*
9= z exp| — o is the vertical dispersion for reflection from an inversion aloft
m=1 Gz

C is the concentration of pollutant, in g/m?®, at any receptor located:

e X metres downwind from the emission source point
e Y metres crosswind from the emission plume centerline
e Z metres above the ground level

Q is the pollutant emission rate, in g/s

u is the horizontal wind velocity along the plume centreline, in m/s

H. is the height of the emission plume centerline above ground level, in m
o is the vertical standard deviation of the emission distribution, in m

oy is the horizontal standard deviation of the emission distribution, in m

L is the height from the ground level to the bottom of the inversion aloft, in m
exp() is the exponential function

The above equation includes the upward reflection from the ground and the downward
reflection from the bottom of the inversion lid present in the atmosphere.

The sum of the four exponential terms in gs converges to a final value quite rapidly. For
most cases, the summation of the series with m=1, m=2 and m=3 provided an adequate
solution.

o, and ¢, are functions of the atmospheric stability class, i.e., a measure of the turbulence in
the atmosphere and of the downwind distance to the receptor. The classification of
atmospheric stability was first presented by Pasquill (Klug, 1984) who proposed 6
atmospheric stability classes (describing atmospheric conditions from the most to the least
dispersive) which are referred to as:

A — extremely unstable
B — moderately unstable
C - slightly unstable

D — neutral

E — slightly stable

F — moderately stable

The above Gaussian plume equation required the input of the pollutant plume centreline
height above ground level He, which is the sum of Hs (the actual physical height of the
emission point) plus Ah, the plume rise due to the plume’s buoyancy, if any. To determine
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Ah many of the dispersion models developed between the late 1960s and the early 2000s
used the ‘Briggs equations’ (Briggs, 1965). (Briggs, 1968) compared many of the plume rise
models that were available at that time and in that same year he wrote a comparative
analysis of plume rise algorithms in a publication published by the US Air Resources
Laboratory (Slade, 1968). (Briggs, 1969) wrote a critical review of all the available plume rise
literature. In this review Briggs proposed a set of plume rise equations which have become
widely known as the ‘Briggs’ equations; these equations were subsequently modified by the
same author (Briggs, 1971) and (Briggs, 1972). The ‘modified’ Briggs plume rise equations
are still employed in many popular worldwide regulatory air pollution models.

5.3.3. Current form of Gaussian plume models

The current form of the standard Gaussian plume model is based on a simple formula that
describes the three-dimensional concentration field generated by a point, volume or area
source under stationary meteorological and emission conditions, and for concentrations on
the ground is expressed by (e.g., (Zannetti, 1990), (Turner, 2020)).

2 2

1|H

1y

2

e

C[X,y,o):LeXP

exp
mao,o,u

y V4

Where C is the concentration of gas or aerosols (generally particles less than about 20
microns) at x, y, z=0 due to a continuous emission with an effective emission rate Q. He is
the height of the plume centreline when it becomes level, and is the sum of the physical
stack height Hs and the plume rise Ah. The following assumptions are made:

e The plume spread has a Gaussian distribution in both the horizontal and vertical
planes with a standard deviation of plume concentration distribution in the horizontal
and vertical of oy and o, respectively.

The mean wind speed affecting the plume is u.

The uniform pollutant emission rate is Q.

The total reflection of the plume takes place at the earth’s surface, i.e., there is no
deposition or reaction at the surface.

Figure 5-1 shows a schematic figure of a Gaussian plume. The effective stack height H. and
the crosswind (ey) and vertical (o,) deviation of the profile are the key parameters of the
model.
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Figure 5-1 Schematic figure of a Gaussian plume (Leelossy et al. 2014)

The main important assumptions of Gaussian plume models are:

e The horizontal meteorological conditions are homogenous over the space modelled.
For each step modelled, the wind speed and wind direction, temperature and mixing
height is constant.

There is no wind shear in the horizontal or vertical plane.

The pollutants are non-reactive gases or aerosols.

The plume is reflected at the surface and aloft with no deposition or reaction with the
surface.

5.3.4. Lagrangian models

5.3.4.1. Overview

Lagrangian models provide an alternative method for simulating atmospheric diffusion. They
are called Lagrangian because they describe the fluid elements that follow the instantaneous
flow. According to (Zannetti, 1990) the ‘Lagrangian’ term was initially used to distinguish
between the Lagrangian box models that follow the average wind trajectory, from the
Eulerian box models which do not move. Today, however, the term Lagrangian has been
extended to describe all models in which plumes are broken up into segments, puffs or
fictitious particles whose behaviour is followed along the mean flow.

t
rt:f

Where the integration in space is performed over the entire atmospheric domain, and

plrtvr',t'|S[r',t"dx"dt’

&~
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C(r,t) is the ensemble average? concentration at r at time t;

S(r',t) is the source term (mass volume™ time™);

p(r.tr,t') is the probability density function (volume™) that an air parcel moves fromr’ att' tor
att, where forany r and t,

plr,tvr',t'|dr<1

&~y [

The expression above can be less than one when chemical or depositional phenomena are
considered; otherwise, mass conservation always requires the value to be equal to one. For
a primary pollutant, (pollutant emitted directly from a source), S(r'’,t’) is greater than zero only
at points where the pollutant is released (e.g., exit points of stacks). For a secondary
pollutant (pollutant formed when primary pollutants react in the atmosphere), S(r',t’) can be
non-zero virtually anywhere. For both primary and secondary pollutants, however, the
equation above which represents mass conservation must be satisfied.

The Lagrangian approach is more ideally suited to simulating diffusion and chemical
reactions over short distances, e.g., tens of metres, (Scire, 2000b) from all source types, to
very far downwind distances, e.g., hundreds of kilometres, (Lamb, 1979). Lagrangian
models require no grid network, and can have as few or as many receptor points as required
which can be arbitrarily distributed in any configuration over the area of interest. The
absence of a grid network and of finite differencing schemes makes the computational
process of modelling dispersion over elevated and complex terrain relatively simple. In
addition, the Lagrangian approach is essentially free of the assumptions that hinder the
plume model and they can explicitly account for wind shear, particle settling, deposition and
resuspension, calm winds, and time and space variability in the meteorology or source
emission conditions. The temporal evolution of the dispersion is also properly simulated, and
complex Lagrangian models can treat chemical transformations. In addition, Lagrangian
models can employ readily measurable Eulerian turbulence statistics such as the variances
of the velocity fluctuations, or, use more common Lagrangian statistics like the sigma (o)
parameter.

5.3.4.2. Particle vs Puff Lagrangian approach

Compared to Eulerian models discussed below, the Lagrangian approach is grid-free, and it
follows at all scales, the motion of individual plume parcels, whose paths are modelled
based on a random walk process. The Lagrangian approach describes all phases of
dispersion with the same accuracy, and very importantly the near-field or near-source
region, where most odour complaints generally occur. In Lagrangian particle models, the
dispersion of the airborne pollutants is simulated through fictitious particles, each containing
a small amount of the emitted tracer mass. These particles are small enough to move
according to the smallest eddies and are also large enough not to be influenced by the
viscosity. The local wind drives their mean motion and the diffusion is determined by
velocities obtained as the solution of Lagrangian stochastic differential equations, providing
the statistical characteristic of turbulent flows. Different portions of the emitted plumes can

2The ensemble average of a stochastic process (random variable) is analogous to an
expected value. That is, given a large number of trials, it is the ‘average’ waveform that
would result from a stochastic process. This means that an ensemble average is a function
of the same variable that the stochastic process is.
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experience different atmospheric conditions, allowing a realistic reproduction of the complex
atmospheric phenomena that can occur in coastal and mountainous areas. The
concentration is calculated by counting particles in a box. The Lagrangian particle model
releases for each iteration a number of fictitious particles from any source within a model
domain (see for example Figure 5-.2). The particles on the domain statistically represent the
turbulent transport and simulate the pollutants’ plume growth.

Figure 5-2 Schematic figure of a Lagrangian particle dispersion model (courtesy of
ARIANET).

Lagrangian puff models, on the other hand, represent a continuous plume as a number of
discrete packets of pollutant material (see Figure 5-3). Most puff models (e.g. : (Ludwig,
1977), (van Egmond, 1983), (Peterson, 1986)) evaluate the contribution of a puff to the
concentration at a receptor by a ‘snapshot’ approach. Each puff is ‘frozen’ at a particular
time interval (sampling step). The concentration due to the ‘frozen’ puff at that time is
computed (or sampled). The puff is then allowed to move, evolving in size, strength, etc, until
the next sampling step. The total concentration at a receptor is the sum of the contributions
of all nearby puffs averaged for all sampling steps within the basic time step, which is usually
an hour.

The basic formulation for modern-day puff models which use an integrated puff sampling
function can be explained in the equations below for the contribution of a puff at a receptor
is:

—d?

c

20°

z

—d

a

20°

X

gexp exp
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X
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Where

C is the ground-level concentration (g/m?)

Q is the pollutant mass (g) in the puff,

Ox is the standard deviation (m) of the Gaussian distribution in the along-wind direction,

o, is the standard deviation (m) of the Gaussian distribution in the cross-wind direction

0. is the standard deviation (m) of the Gaussian distribution in the vertical direction

d. is the distance (m) from the puff centre to the receptor in the along-wind direction,

d. is the distance (m) from the puff centre to the receptor in the cross-wind direction,

H. is the effective height (m) above the ground of the puff centre,

g is the vertical term (m) of the Gaussian equation, and

h is the mixed-layer height (m).

The summation in the vertical term g accounts for multiple reflections off the mixing lid and
the ground. It reduces to the uniformly mixed limit of 1/h for o, > 1.6 h. In general, puffs
within the convective boundary layer meet this criterion within a few hours after release.
Therefore, for a horizontally symmetric puff with ox = oy, the equation reduces to:

—R’[s]

207 (s]

_ QL e

C(S]_Znai(s)

Where R is the distance (m) from the centre of the puff to the receptor and s is the distance
(m) travelled by the puff. The distance dependence of the variables is indicated, e.g., C(s),
0.(s) etc. Integrating this equation of the distance of puff travel, ds, during the sampling
step, dt, yields the time-averaged concentration, C described below as

So+ds —Rz(S’) i
ols)

_1 Qls|
Q_dS !O 2n0i(s)g(s]exp

Where s, is the value of s at the beginning of the sampling step. An analytical solution to
this integral can be obtained if it is assumed that the most significant s-dependencies during
the sampling step are in the R(s) and Q(s) terms.

The horizontal dispersion coefficient, o, and the vertical term, g, are evaluated and held
constant throughout the trajectory segment. At mesoscale distances, the fractional change in
puff size during each sampling step is usually small, and the use of the midpoint values of o,
and g is adequate. This assumption reduces the number of times that the dispersion
coefficients and vertical reflection terms need to be computed to one sampling step, but may
not be appropriate in the near-field where the fractional puff growth rate can be rapid. These
models have gotten around this by integrating the sampling function with receptor-specific
values of o, and g, evaluated at the point of closest approach of the puff to each receptor.
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Figure 5-3 Schematic figure of a Lagrangian puff dispersion model (Courtesy of
Atmospheric Science Global).

5.3.4.3. Particle-Puff Lagrangian approach

This approach typically uses a Gaussian puff solution in the terrain following horizontal
direction and a particle solution for the vertical coordinate. The method allows a particle/puff
to influence more than one horizontal grid point and so the total number of particles needed
for a model run is reduced. The dispersion simulation still accounts for height-varying values
of winds and turbulence in the same way as conventional particle models. There are not
many models of this type and there is very little in the literature on their use in odour
modelling. The main aim of these models was to reduce the number of particles, memory
and computer time when compared to a regular particle model. It is understood that models
of this type typically use an analytic puff solution of the Langevin equation for stationary,
homogeneous, Gaussian turbulence, which agrees exactly with the full Langevin equation
solution when these conditions on the turbulence are satisfied in the horizontal directions.
The puff centroid is advected by the mean winds and is acted upon by the wind shear and
turbulence in the vertical direction, but horizontal diffusion is included by assuming a lateral
Gaussian concentration distribution with standard deviation o,. The approximation assumes
horizontal wind shear is negligible, which is acceptable when the puffs are small, but is likely
to break down as puffs increase in horizontal extent. Generally, these models do well in
reproducing normal particle models in the convective boundary layer, except for where there
is significant horizontal wind shear. In addition, (Hurley, 1994) found the Particle-puff
approach has an advantage over puff models in that it can realistically handle the vertical
structure of the atmosphere through the Langevin equation for the vertical coordinate, and
does not require the complex vertical boundary conditions used by puff models to account
for reflection at the ground and the mixing height. In particular, skewed turbulence can
easily be accounted for in the convective boundary layer and well-mixed conditions in the
vertical can be represented without complex Gaussian puff image sources. In addition, the
particle/puff is able to handle vertical variations of wind and turbulence in the same way as
existing particle models.
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5.3.4.3. Lagrangian models and odour

The Lagrangian approach is much more ideally suited to modelling odours than steady-state
Gaussian plume models. They are ideally suited for modelling the very near field from a few
tens of metres out to hundreds of kilometres. In addition, modelling dispersion around
elevated and complex terrain is relatively simple, and they can model calm events which are
usually the worst-case odour conditions. When linked to diagnostic and or numerical model-
derived 3-dimensional meteorology they can produce very reliable model results for odour
assessments.

Lagrangian particle models have been successfully used to calculate direction-dependent
separation distances to avoid odour annoyance (Piringer, 2016) and to perform better in
complex terrain environments (Baumann-Stanzer, 2015). The Lagrangian approach did
much better reproducing the physical processes and generally calculated larger separation
distances compared to the Gaussian model applied in their study. The Lagrangian approach
is also routinely and successfully used for most odour assessments in Australia and New
Zealand and is the preferred regulatory odour model in those countries, as limitations of the
Gaussian plume model for odour assessments are generally well recognised.

Currently, Lagrangian models like Gaussian plume models also assume a 1-hour time-
averaged distribution in the plume, which does not fully account for the turbulent odour
concentration fluctuations, which is on the order of seconds, nor the meander of the plume
from the mean direction. Similarly to Gaussian plume models, it has been normal practice
around the world in odour assessments using Lagrangian models to apply Peak-to-Mean
Ratios to try and account for the short-scale concentration fluctuations. Peak-to-Mean
Ratios are a simple ‘stand-alone’ formula to estimate the concentration fluctuation intensity.
They assume that the concentration fluctuation intensity completely defines a probability
density function. Their use is required in different parts of the world (see for example
Brancher et al., 2017), considering concentrations at different averaging time intervals
from 1 hour to 1 second as in the assessment criterion in in New South Wales, Australia

(NSW Approved Methods, 2022)

However, recent research by (Ferrero & Ottl, 2019) and (Ferrero et al., 2020) show that
concentration fluctuation can be obtained directly from the Lagrangian approach. This new
research is discussed in Section 7.8 (A window open on the research).

5.3.4. Eulerian models

Eulerian models (Figure 5-4) utilise a fixed reference grid, as opposed to the moving grid of
the Lagrangian model, to describe the dispersion of emitting sources. The Eulerian models
integrate the general form of the advection-diffusion equation following (Collett, 1997) and
(Reed, 2005):

5<Ci>é:_UV- WKe>— V<c,'U'>+D V&c>+0S>60

Where:

U = Windfield vector U(x,y,z), U=U| + U’
U| = average wind field vector

U’ = fluctuating wind field vector
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ci = concentration of pollutant for i species, ¢ = <¢c> + ¢’

<c> = average pollutant concentration, where < > denotes average

¢’ = fluctuating pollutant concentration

D = molecular diffusivity

Si = source or sink term (chemical reactions should be taken into account)

The terms UJ. \<c>, \<c’i U>, and D \?<c> represent the rates of advection, turbulent
diffusion, and molecular diffusion, respectively. For most cases, the wind field vector U is
considered turbulent and requires average and fluctuating wind field vector components.

The previous equation is numerically solved on a fixed grid at discrete time steps to give the
behaviour in time and space of the concentration of the i" species. Eulerian models can
describe the fate of any pollutant, even if this is not directly emitted into the computational
domain, considering the intrusion through the upper and lateral boundaries. Once the initial
and boundary conditions are given, Eulerian models can describe the time and space
behaviour of the air quality inside a certain volume, allowing in a relatively natural way to
implement also chemical transformations involving all the species considered in a simulation.
For this reason, Eulerian models are more often used as the computing core of air quality
forecasting systems at a regional scale.

The difficulty of Eulerian models to describe the dispersion in the near field makes this
approach not very suitable for odour assessments. In practice, this method is rarely used in
this field.

Entrainment and
Wing defrainment of
g podlutants alof

Figure 5-4 Schematic figure of an Eulerian dispersion model (source: (NOAA, 2008)).

5.3.5. Computational Fluid Dynamic (CFD) Models
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Computational fluid dynamic (CFD) models are becoming increasingly useful in the field of
odour assessments (Lin, 2009). CFD models can predict how a fluid will flow in a given
situation and can model airflow and pollutant dispersion in unstable and stable atmospheric
conditions or where nearby structures cause localised turbulence. Odour facilities are
frequently located in industrial areas or are themselves surrounded by structures, trees and
commonly, hedges, popular with animal husbandry facilities. CFD models can calculate the
properties such as flow patterns, pressure losses and temperature distribution, which are
then used to predict how air pollutants will behave. CFD models are also becoming
increasingly popular with complicated odour-producing facilities as they are ideally suited to
very near-field modelling in adverse situations (Lin, 2007a). These models are especially
useful in designing and optimising heating, ventilating and industrial extraction systems from
large poultry and piggery barns. In addition, windbreaks have been found to improve odour
dispersion and help reduce setback distances (Panofsky, 1984). According to (Lin, 2006)
(Lin 2007b), a natural windbreak with an optical porosity of 35% reduced, on average, the
maximum odour dispersion distance by 20% compared to a site without a windbreak.

CFD models (Figure 5-5) have advanced significantly in the last decade, primarily due to the
advancing power of computational hardware and software. CFD simulations have the
potential to yield more accurate solutions than other methodologies because they are a
solution of the fundamental physics equations and include the effects of detailed three-
dimensional geometry and local environmental conditions.

According to the US EPA (Huber, 2004), one of the key roles of CFD simulations for all air
quality applications, including odour, is that CFD simulations should be shown to be
comparable with simple proven air dispersion models which are being reliably applied today
in routine air quality studies. (Huber, 2004) consider this critical to demonstrate that the
complex numerical techniques part of CFD software are well-behaved under simple
conditions. The US-EPA encourages users not to use CFD software to support studies
where simple analytical studies are possible and instead to use CFD applications for
complex conditions where the simple analytical solutions are not appropriate.

For odour applications, CFD models cannot be used as regulatory tools. These models are

complex, easily influenced by user choice of boundary conditions, grid resolution and
structure and can simulate just one atmospheric condition at a time.
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Figure 5-5 Schematic figure of a CFD model (source: Brusca, 2008).

5.4. Operational existing models

5.4.1. Introduction

It is typical for the US, Europe and other countries to have preferred and/or recommended
dispersion models for regulatory air quality assessments. These ‘preferred’ models are
primarily used to determine compliance with a state or countries’ National Ambient Air
Quality Standards (NAAQS). It is normal for these air quality models to be used on both
existing sources and new sources. These models are often associated with strict guidelines
such as the ‘Guideline on Air Quality Models’ (US-EPA, 2017) in the US and the European
Air Quality Directive (Denby, 2010). The guidelines themselves are periodically revised to
ensure that any new model developments or expanded regulatory requirements are
incorporated. These models are normally available from the regulatory site website or the
developers’ home website. Some of these models are open-source (users can view and
access the code), and others are closed-source. In the US, ‘open source’ models are
usually guideline models that have undergone a lengthy third-party review process.
Typically, US guideline models:

are pre-approved for designated uses in regulatory applications,

have undergone an extensive, multi-year model assessment and evaluation process,
have been evaluated relative to observations,

are associated with free user access to all model documentation and codes,

have undergone significant public review process at public hearings

are associated with formal peer review committees created by the US EPA and other
professional organisations such as AWMA, and private industry groups API and
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EPRI

Because of this lengthy, costly and thorough process to become a guideline model, US EPA
endorsed dispersion models quickly find themselves regulatory models in other countries
who are comfortable with the significant effort put in by the US, where it can often take 20 or
more years for a model to reach guideline status. In the US and in countries that employ US
guideline models as their own tend to use these ‘preferred’ regulatory models regardless of
whether they are inherently suitable for modelling odours or not. It is important that for
regulatory applications in the US, there is a balance between the technology employed by
the model and its ability to be utilised efficiently, cost-effectively, and be readily reviewed by
the local authority. Many countries have followed this approach and as a result, the US
regulatory models are routinely and much more frequently used for odour modelling all over
the world, than any other model, regardless of their suitability. In Europe, Australia and New
Zealand US guideline models do not carry as much weight in odour modelling where users
are able to apply more sophisticated Lagrangian puff and particle models. In Europe, this
might be multiple advanced country-specific developed particle models. A consequence of
this is that these sophisticated ‘odour’ models are not as well known outside of Europe, and
therefore are not widely used amongst the international odour community.

The following sections below discuss those dispersion models that are commonly used for
odour assessments. These models range from simple screening models (AERSCREEN,
ADMS-SCREEN, SMOD) to advanced Gaussian plume models (ADMS, AERMOD, ARIA
Impact, AODM), to Lagrangian particle (SPRAY, AUSTAL, LAPMOD, GRAL, QUIC) and puff
models (CALPUFF, SCIPUFF) and finally Eulerian and CFD models (CODE_SATURNE,
FLOW 3D). Eulerian models are discussed, but in a limited sense, as there is little literature
on their use in odour modelling. Discussion on CFD models is included as they have been
very beneficial in assessing the impact of odours in adverse environments, such as
complicated building structures (Tomasello, 2019), or in considering the effect of natural
vegetation boundaries on odour (Jin, 2007a) and pollution (Santiago, 2019) dispersion.

Commonly used odour dispersion models are discussed in this next Section. For each
model, there is a brief discussion provided on the evolution, development and key algorithms
of the model, plus whether the model is regulated for odour assessments and who is using it.
In addition, whether the model can manage odour units, concentration fluctuations,
treatment of calms and odour concentration outputs, in so far as percentiles, exceedances,
and comparison to odour criteria, is also considered.

5.4.2. Screening models — simple models and empirical equations

5.4.2.1. Screening Models

Screening models will typically produce estimates of ‘worst-case’ 1- hour concentrations for
a single source without the need for an hourly year-long meteorological data set, detailed
terrain or land use. Simple conversion factors usually allow estimation of 3-hour, 8-hour, 24-
hour and annual concentrations. A principle key aim of screening models is that they are
intended to produce concentration estimates equal to or greater than the estimates by a
regulatory model with a fully developed set of meteorological and terrain data.

Typically, in the US, it is typical for a screening model to be a ‘lighter’ version of the main
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regulatory model. Examples of this are:
e AERSCREEN, the screening version of AERMOD
e CTSCREEN, the screening version of CTDMPLUS
e SCREENS, the screening version of ISCST3

While the European Union (van Aalst, 1998) does not list a set of screening models, it does
endorse the use of screening methods and says:

“Particularly for first screening purposes, or in case of limited input information, the use of
simple models may be appropriate... If initial screening leads to the conclusion that levels
may be of the order of the limit values, more sophisticated models should be selected”.

In Annex 5.1 ‘Urban Dispersion models’ found in the European Air Quality Directive, the EU
provides a list of hand calculations to estimate: A. Area source model, B. Elevated point
source, C. Street Canyon, and D a Highway. For each source type of A, B or C, the EU
provides the equations for estimating the 1-hour average air concentrations at an arbitrary
receptor using simplified expressions of the ATDL urban diffusion model after (Hanna, 1972)
and (Gifford, 1973) for A and a simplified Gaussian relationship for B. These equations are
to be used anywhere in Europe and are not site or country specific.

In addition, the EU has examples where local environmental agencies have recommended
locally adapted dispersion tools in some geographical areas in combination with
meteorological data for calculating odour concentration. This simplifies the application of
advanced dispersion modelling because no specific meteorological knowledge is needed to
run them. Examples of these simplified screening models include SMOD (Screening model
for odour dispersion) used for planning and informative purposes of licencing procedures in
the German province of North Rhine (Hartmann, 2007; Janicke, 2007). Another European
screening model is the Gaussian plume model, V-STACKS (Steyn, 1978) model in the
Netherlands, and in Manitoba, Canada (Manitoba, 2008) look-up tables have been recently
developed based on AERMOD simulations. These screening methods are examples of an
integral part of locally adapted solutions and are not easily transferred to other regions.

The US EPA currently supports several screening models; AERSCREEN, CAL3QCH,
COMPLEX1, CTSCREEN, RTDM3.2, SCREEN3, TSCREEN, VALLEY and VISCREEN, but
only one or two of these is of any use for odour assessments. Of these models, SCREENS is
one of the oldest and most well-known screening models, written in 1995 and updated in
2013. Like other screening models, SCREEN can simulate a single source in short-term
calculations. The model includes the effects of downwash and can estimate concentrations
due to inversion break-up and incorporate the effects of simple terrain. SCREEN examines
various meteorological conditions, including all stability classes and wind speeds. SCREEN
is seldom used in the field, and there is no history or literature on its use in odour
assessments. Many algorithms (building downwash and dispersion coefficients) have been
superseded in advanced Gaussian models such as AERMOD. Therefore there is more
likelihood that AERSCREEN will be used for odour assessments.

AERSCREEN (US-EPA, 2021), like SCREEN, is an interactive command-prompt application

that interfaces with MAKEMET, which is a processor for generating a meteorological matrix,
as well as interfaces to AERMOD’s AERMAP (terrain processor) and BPIPPRM for
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processing building information. AERSCREEN will use user-defined single values for
albedo, Bowen ratio and surface roughness and can model inversion break-up fumigation
and shoreline fumigation. Like SCREEN3, the model does not contain input and output
odour-specific information. AERSCREEN will build a matrix of meteorological hours based
on the minimum wind speed and ambient minimum and maximum temperatures. This
approach ensures that the model captures poor dispersion. The benefits of a screening
model like AERSCREEN are that it can assess the potential worst-case impact of a known
odour, such as naphthalene (ORION, 2019), where the emission rate is known. The model
will compute the odour concentration at various discrete distances downwind, for instance, at
the property boundary, the nearest off-site sensitive receptor, and the nearest residence.
The model uses local terrain information and generated meteorological data to compute
worst-case conditions. The model also assumes continuous emissions. If these results are
generally below the appropriate short-term odour criteria levels, then no more work is usually
needed. This saves time and money for a full-blow dispersion model assessment, likely
producing lower results. However, screening models are unsuitable for complex odour
emission scenarios, typical of most activities.

Another well-known Gaussian screening model is ADMS-Screen (CERC, 2021). ADMS-
Screen models’ dispersion from a single stack to calculate ground-level concentrations,
providing rapid assessments of stack height. The model can compare predicted
concentrations with air quality strategy objectives. The model has the option to include the
effects of a single building. ADMS-Screen uses the ADMS dispersion code, including the
ADMS Mapper, for GIS visualisation and editing. ADMS-Screen is used to assess the impact
of point source emissions quickly.

A summary of AERSCREEN and ADMS-Screen is provided in Table 5-1. Both these
models, whilst screening models, still require substantial input and are unsuitable for use in
the field. These models are only recommended for a quick, 1-hour, worst-case assessment
of a known odorant. They are not suitable for assessing a complex mix of odour compounds
where the emission rate is largely unknown; they are also inappropriate for comparing the
model output with odour criteria using percentiles. They are also not fit to assess
exceedances of an odour impact criteria. They cannot assess concentration fluctuation
internally and would require external processing to apply a PtMR, hedonic tone, or to
compute a < 1-hour average. In addition, neither model allows odour-specific emission
inputs and output odour concentration. In addition, there is little information in the literature
concerning the use of screening models for odour assessments.
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4546 Table 5-1 Well-known screening dispersion models, AERSCREEN and ADMS-SCREEN,
used for odour applications

4547

290

Parameter

AERSCREEN

ADMS-SCREEN

Meteorology

Pre-processor

Terrain and
Land use

Surface
characteristics

Building
downwash

Receptors

Dispersion

Boundary layer
structure

Plume Rise

Concentration
distribution

Partial
Penetration

Coastal effects

Source type

Odour unit
inputs and
outputs

Emission rate

Non-sequential meteorological data
file representing a matrix of conditions
derived from specific details
concerning ambient minimum and
maximum temperature, min wind
speed (default 0.5 m/s) and
anemometer height. Processor will
generate approximately 300-400
hours. Wind direction is set at 270°.

AERMINUTE, AERMET and
AERMAP for terrain elevations

Interface to AERMAP for source and
receptor heights, single value to
characterise dominant land use

Single value for Bowen ratio, surface
roughness, seasonal tables

Interface to BPIPPRM

Flagpole receptors, up to 10 discrete
receptors in a user file, use terrain
heights from AERMAP

Turbulence based dispersion
coefficients, urban/rural dispersion
option

h, Lmo scaling

Briggs empirical equation
Gaussian

Plume fumigation due to inversion
break-up

Shoreline fumigation of plume

Point, area and volume source

no

Only in Ib/hr or g/s. Odour emission
rate will need to be modified to
comply with model input requirements

Standard ADMS format
meteorological files or on-screen
meteorological input. UK statistical
met data suitable for screening
modelling is available from CERC

ADMS meteorological processors

No land use inputs and assumes flat
terrain

None

Single building effects are considered

Cartesian grid, specified discrete
receptors

Turbulence based dispersion
coefficients, urban/rural dispersion
option

h, Lmo scaling

Briggs empirical equation
Gaussian

Plume fumigation due to inversion

break-up
none

Point source only

no

Only in g/s. Odour emission rate will
need to be modified to comply with
model input requirements
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Parameter AERSCREEN ADMS-SCREEN

Output Plume centreline maximum ground
level concentrations.

Not suitable to compute percentiles or Not suitable to compute percentiles or

exceedance data exceedance data
Averaging 1hr, 3hr, 8hr, 24 hr and annual 1hr, 24hr, annual and percentiles
period
Concentration No No
fluctuation

Pollutant type  Ideally suited to computing worst case Ideally suited to computing worst case

concentrations from a known concentrations from a known
measurable odour such as H.S, or a measurable odour such as H.,S, or a
single odour chemical compound single odour chemical compound
such as naphthalene such as naphthalene

5.4.2.2. Empirical Equations for assessing separation distances

There are other screening tools such as empirical equations (EQs) that are frequently used
in Europe (e.g., Brancher, 2020a; Schauberger, 2012a) primarily for livestock buildings to
determine separation distances between an odorous facility and nearby sensitive receptors.
In Europe and elsewhere, separation distances are generally determined by two steps:

1. calculation of the odour exposure as a timeseries of odour concentrations using
dispersion models, and

2. determining the separation distances through the evolution of the odour exposure by
the odour impact criteria.

(Brancher, 2020a) noted that simple EQs deliver a unique, fixed distance circle around the
source, while advanced EQs which include meteorological predictors such a wind
frequencies and mean wind velocities within direction sectors, result in separation distance
shapes that have been derived from regression analyses of dispersion model equations.
(Brancher, 2020a) showed the difference between the German VDI (Schauberger, 2012a;
VDI 3984, 2012) and Austrian (Schauberger, 2012b) shapes where the meteorology of the
site is defined by wind statistics as determined by the frequency of wind direction for each
10-degree sector, compared to simpler EQs. Another comparative analysis between the
German and the Austrian empirical equations has been described by (Wu, 2019). Figure 5-6
shows the shapes of separation from five EQs for a livestock building of 22,500 ouE/s. The
prevailing wind direction at the site was from the WSW and ENE. The comparison shows the
impact of meteorology on the separation distances calculated by the EQs. The German and
the Austrian EQs, include the wind statistics from the site, the Belgian EQ (Nicolas, 2008)
uses a rough parameterisation for the prevailing wind direction, the Purdue EQ (Lim, 2000)
uses the wind frequency of 45-degree sectors, and the W-T EQ (Williams, 1986) does not
consider the wind frequency as a predictor. Australia (State of Victoria) (EPA Victoria, 2013)
and New Zealand (Auckland City Council, 2012), set a minimum distance criterion for certain
industry types. This has the same effect as the W-T EQ which sets a circle around the site.
Figure 5-6 shows that the W-T EQ is unsuitable to describe the meteorological situation of
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4577 the dilution and overestimates the separation distance for several wind directions.
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4579
4580 Figure 5-6 Separation distances computed from empirical equations which are used as

4581 screening tools. The Austrian and German VDI EQs use 10-degree meteorological statistics
4582 whilst the Belgian and Purdue EQs use more coarse meteorological data. The W-T Scheme
4583 uses no meteorology. (Brancher, 2020a).

4584

4585 Figure 5-7 shows a schematic diagram that compares a full dispersion model simulation to
4586 calculate separation distances versus that of the screening tool empirical equations. The
4587 dispersion model can simulate many more physical processes than EQs and must be run
4588 with more complex input data. In the simplified scheme, both procedures begin with the
4589 odour emission rate and end with the direction-dependent separation distance. The red
4590 arrows show the simplification of the input parameters in the EQs.
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Figure 5-7 Schematic diagram comparing screening empirical equations alongside
dispersion modelling (Brancher, 2020a).

A major advantage of empirical equations lies in their simplified handling of the influence of
meteorological input on separation distances. Separation distances from EQs are
determined by the equation coefficient values which are derived from a statistical analysis of
the time series of modelled ambient odour concentrations by the odour impact criteria. The
EQ procedure includes implicit input of the exceedance probability to the empirical
equations. This means that the two-step procedure of the state-of-the-art modelling
methodology is reduced to a single step for EQs.

Table 5-2 shows some commonly used EQs employed internationally from livestock
buildings and used primarily to determine separation distance. Note, Table 5-2 is not
inclusive of all the empirical equations currently in use in odour assessments around the
world. There are many that have not been included. Australia for example has several
empirical equations for computing the separation distance required from livestock facilities.
Western Australia has one such equation (Griffiths, 2013), while a second screening tool
equation (Dairy Australia, 2008) is for estimating the separation distance for the pig and beef
industries which takes into account the number of animals, site management practice,
receptor type, local terrain and vegetation. Many screening methods like these are loosely
employed and many do not have any local or regulatory status.
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4616 Table 5-2 Odour-specific empirical equations used for computing separation distances

Reference

Meteorology

Building
downwash

298

German VDI

Schauberger,
2012a; VDI
3984, 2012

Wind direction
frequency,
exceedance
probability

Austria

Schauberger,
2012b

Mean wind
velocity for
each 10
degrees of
wind direction,

exceedance
probability

no

Belgium

Nicolas., 2008

Rough
parameterisati
on for the
prevailing wind
direction
Surface
roughness
protection
level (zoning)

no

USA
(Minnesota)

Jacobson,
2005

Not taken into
consideration

no

Purdue
Setback
Model

Lim, 2000

Wind
frequency for
45 degrees of
wind direction,
zoning,
topography,

Orientation
and shape of
building

144

Australia
(Victoria),
New Zealand

EPA Victoria,
2013;

Auckland City
Council, 2012

Not taken into
consideration

Canada
(Ontario)

Guo, 1998

Not taken into
consideration

na

Australia

Meat and
Livestock
Australia Ltd
2012

Not taken into
consideration

no
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German VDI
Terrain and Flat terrain
Land use
Emission Odour
emission rate
(oue s)

(500 - 50,000)

300

Austria Belgium
Flat terrain Surface
roughness
Odour Number of
emission rate animals,
(oug ™) species,
ventilation
system,
manure,
feeding

USA
(Minnesota)

no

All potential
sources
assigned an
odour

emission rate.

OFFSET
model can
account for
size, nature
and range of
odour

Purdue
Setback
Model

Australia Canada
(Victoria),

New Zealand

Land Use na na
factor for
agricultural
and pure
residential
areas
Topography
factor for good
ventilated area
(flat terrain)
and narrow
valleys

Odour na
emission rate
(oue s™)

Species,
number of
animals,
zoning,
manure

145

(Ontario)

Australia

Simple
topography
and land use
factor

Stocking
intensity and
management
of beef
feedlots
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Evolution of
empirical
equation

Outcome

Separation
Distance
Shape

German VDI

Derived from
dispersion
modelling of
23 sites using
(AUSTAL2000
)

Single point
source from
5m

Worst case
outcome

Shape
determined by
meteorology

Shape
corresponds to
wind
frequency of
10 deg sectors

Austria

Derived from
regression
equations from
dispersion
models with
minimum
distance of
100m. Single
point source
from 6 sites

Best fit
approach

Shape
determined by
meteorology

Shape
corresponds to
wind
frequency of
10 deg sectors

Belgium

Ellipse
orientated in
prevailing wind
direction

USA
(Minnesota)

Derived from
dispersion
modelling over
4 years and 85
farms

Worst-case

circle

Purdue
Setback
Model

Shape
corresponds to
frequency of
the wind
direction for 45
deg sectors

146

Australia
(Victoria),
New Zealand

Derived from
review of
empirical
evidence of
the
performance
of the
recommended
separation
distances

Worst case

circle

Canada
(Ontario)

Worst case

circle

Australia

Derived from
model
predicted
odour
concentrations
calibrated by
receptor
impacts

Worst case

circle
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5.4.2.3. Summary

Screening tools are only useful if they greatly simplify the process of full dispersion
modelling, provide reasonable yet conservative results and are fast and low cost to use. ltis
also important that they meet the requirements that the odour emission rate is quantitated in
the same way as it is done for dispersion models and that separation distances are
determined for odour impact criteria the same as for dispersion models. These constraints
ensure a meaningful comparison of empirical equation separation distances against
modelled separation distances. If the screening tools and models meet these criteria then
there is no reason that they should not be usefully incorporated as screening level analysis
tools in tiered regulatory odour assessment frameworks. A tiered framework recognises
that tools such as simple power function-based equations may be sufficient to demonstrate
that a proposal presents a low risk of impacting on amenities at nearby sensitive receptors
and that if the criteria of the tier is met, then no more advanced work is necessary. But
conversely if the screening level assessment does not pass then a more refined tool using
dispersion modelling may be necessary. For some geographical areas local environmental
agencies recommended locally adapted dispersion screening methods in combination with
meteorological data for calculating such things as separation distances, this further simplifies
the application of such tools as no specific meteorological information is compulsory to run
them. These screening tools can work very well at the local level of regulatory control.

5.4.3. Steady State Gaussian Plume Models

There are multiple steady-state Gaussian models that are currently being used to model
odours around the world. The most well-known and advanced model is the US EPA,
regulatory model, AERMOD and the less used UK regulatory model, ADMS. Other
Gaussian plume models used in odour assessments include: AODM, the Austrian odour
regulatory model, and ARIA Impact, a widely used model in France, Italy and Brazil. Older
Gaussian plume models, ISCST3, CTDMPLUS, AUSPLUME have been superseded by
AERMOD, and are therefore not discussed further. Commonly used Gaussian plume
models are discussed below.

5.4.3.1. ARIA Impact

ARIA Impact is a simple and user-friendly modelling suite including CALPACT, a Gaussian
plume/puff model, and AERMOD. It is developed and maintained by the French ARIA
Technologies company and used in different countries. It can simulate the long-term
dispersion of atmospheric pollutants (gaseous or particulate) from all types of emitting
sources (point, surface, linear) in a simplified moderate topographic environment and
calculate concentrations, and depositions (dry and wet) expressed as annual average or
percentiles. The built-in Gaussian model switches from the plume dispersion algorithm to the
puff algorithm in case of calm wind conditions, thus overcoming the inherent 1 m/s limitation
of the plume approach. The software was developed to be used as a regulatory model to
meet air quality criteria and can be used to evaluate the odour impact of a facility.

The software comes with a graphical user interface (GUI), allowing an easy import of both
meteorological and topographic data and the definition of atmospheric emissions sources
(constant, with cyclical temporal variation, or fully variable) with no limitation of the number of
species or sources. A meteorological preprocessor helps calculating some needed derived
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variables such as stability categories, mixing height and surface layer parameters (u*, L, w*).
The model is able to perform simple NOx to NO and NO2 conversions. It can take into
account background pollution and includes a dust extraction module. The model can
manage an extended range of deposition and concentration model output results such as
percentiles, frequency of exceedance thresholds, values at specific points and output in
multiple formats for further plotting. ARIA Impact can simultaneously treat multiple gas and
particulate chemical species, radioactive pollutants as well as manage an odorous mix of
chemicals expressed as an odour unit. Typical spatial scales of model application range
from 5 x 5 km? to 30 x 30 km?. Inputs also include hourly meteorological data from a single
weather station and terrain data with knowledge of the dominant land use types.

Since the model is suitable in the near field, it may be a useful tool to assess the odour
impact from the accidental releases of some species such as H2S and HCI. Although ARIA
Impact can be strictly considered only partially as a regulatory tool, thanks to its simplicity of
use and the presence of an efficient GUI it has found over time and still finds several
applications in impact studies in France, Italy and Brazil, for both air quality and odour
applications.

5.4.3.2. ADMS

The ADMS model (Atmospheric Dispersion Modelling System) is an advanced steady-state
Gaussian plume model for calculating ground level concentrations emitted from both
continuous point, line, volume and area sources, or intermittent point sources. ADMS was
developed by Cambridge Environmental Research Consultants (CERC, 2021b) of the UK in
collaboration with the UK Meteorological Office, National Power plc (now INNOGY Holdings
plc) and the University of Surrey. The first version of ADMS was released in 1993. Version 3
of the model was released in 1999, Version 5 was released in 2013, with a number of
additional features and Version 6 was released in 2023. ADMS Version 6 contains a number
of enhancements compared to ADMS Version 5, particularly in respect of modelling the
effects of buildings, and modelling of time varying emissions factors.

ADMS includes algorithms which take into account: downwash effects of nearby buildings
within the path of the dispersing pollution plume; effects of complex terrain; effects of
coastline locations; wet deposition, gravitational settling and dry deposition; short term
fluctuations in pollutant concentration; chemical reactions; radioactive decay and gamma-
dose; pollution plume rise as a function of distance; jets and directional releases; averaging
time ranging from very short to annual; and condensed plume visibility. The system also
includes a meteorological data input pre-processor.

The model is capable of simulating passive or buoyant continuous plumes as well as short
duration puff releases. It characterises atmospheric turbulence by two parameters, the depth
of the boundary layer and the Monin-Obukhov length rather than the single parameter
Pasquill Gifford classes.

The performance of the model has been evaluated against various measured dispersion
data sets.

Users of ADMS include:

e Governmental regulatory authorities including the UK Health and Safety Executive
(HSE)
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Environmental Agency of England and Wales

Over 130 individual company licence holders in the UK

Scottish Environmental Protection Agency (SEPA) in Scotland
Northern Ireland Environment Agency

Governmental organisations including the Food Standards Agency (UK)
Users in other European countries, Asia, Australia and the Middle East

ADMS Version 3 is accepted by the US Environmental Protection Agency as an "Alternative"
model (US-EPA, 2021b).

ADMS is used widely in odour assessments in the UK and uses the odour unit (ouE) as
defined in the CEN standard (EN 13725:2003). One ouE is the mass of a pollutant that,
when evaporated into 1 m® of odourless gas at standard conditions, is at the detection limit.
The model allows the following odour release rates; ouE/s for point sources, ouE/m/s for line
sources, ouE/m?%s for area sources and ouE/m®s for volume sources. Output odour
concentrations are in odour units (ou) defined as a ratio, and oug, as a mass measure.

Within the same modelling framework ADMS 5 includes a ‘fluctuations’ option. This option
allows the user to take account of the variations in concentration caused by the ‘short’ time
scale turbulence in the lower atmosphere and changes in meteorology. The technical
formulation of the fluctuation module is described in depth in (Thomson, 1992; Thomson,
2017). The fluctuations module uses a probability distribution function (PDF) of
concentrations and considers variations due to turbulence and changes in meteorology.

ADMS 5, like all steady-state Gaussian models, does not model calm wind events, which are
often worst-case dispersion events for odours. By default, the model does not model hours
when the wind speed is less than 0.75 m/s. However, the model has an optional capability
for treating very low wind speeds via an ‘additional input file’ that allows lower wind speeds
to be modelled. Since a key feature of low winds is that the wind direction is highly variable,
ADMS 5 splits the dispersion into two types of plumes, the usual Gaussian plume aligned in
the direction of the wind, and a radially-symmetric plume, with concentrations calculated as a
weighted average of the two. The radially symmetric plume is modelled as a passive
source with a source height equal to the maximum plume height from the standard plume
rise calculations, and assumes an equal probability of all wind directions.

This scheme is similar to that used in AERMOD, which splits the plume into a coherent and
radial plume for all wind speeds and is controlled through various LOWWIND options.

While ADMS is the default regulatory model in the UK, the Environmental Agency (UKEA)
appears to be less strict regarding odour modelling (Pullen, 2007). The UKEA makes it clear
that various models may be used in applications for authorisation and that the applicant must
demonstrate that the model is fit for purpose. Although the UK Institute of Air Quality
Management (Bull, 2014) says that odour assessments in the UK are almost exclusively
undertaken using AERMOD and ADMS.

5.4.3.3. AERMOD

AERMOD was established in 1991 through AERMIC, the American Meteorological
Society/Environmental Protection Agency Regulatory Model Improvement Committee
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(AERMIC), to introduce state-of-the-art modelling concepts into the EPA’s own developed air
quality models. AERMOD was developed to incorporate air dispersion based on planetary
boundary layer turbulence structure and scaling concepts, including treatment of surface and
elevated sources and simple and complex terrain. On November 9 of 2005, AERMOD was
adopted by the EPA and promulgated as their preferred regulatory model, effective as of
December 9 of 2005 (Federal Register, 2005). The developmental and adoption process
took 14 years (from 1991 to 2005).

AERMOD is a steady-state plume model incorporating air dispersion based on planetary
boundary layer turbulence structure and scaling concepts. AERMOD supports two input data
processors; AERMET, a meteorological data pre-processor incorporating air dispersion
based on planetary boundary layer turbulence structure and scaling concepts, and
AERMAP, a terrain data preprocessor incorporating complex terrain.

The AERMOD model is an integrated system that includes three modules:

e A steady-state dispersion model designed for short-range (up to 50 kilometres)
dispersion of air pollutant emissions from stationary industrial sources.

e A meteorological data pre-processor (AERMET) that accepts surface meteorological
data, upper air soundings, and optionally, data from on-site instrument towers. It then
calculates atmospheric parameters needed by the dispersion model, such as
atmospheric turbulence characteristics, mixing heights, friction velocity, Monin-
Obukhov length and surface heat flux.

e A terrain pre-processor (AERMAP) whose main purpose is to provide a physical
relationship between terrain features and the behaviour of air pollution plumes. It
generates location and height data for each receptor location. It also provides
information that allows the dispersion model to simulate the effects of air flowing over
hills or splitting to flow around hills

AERMOD is an advanced steady-state Gaussian plume model for calculating ground-level
concentrations of pollutants emitted from both intermittent and continuous point, line, volume
and area sources.

AERMOD includes new and improved algorithms (over ISC3, which it replaced) which take
into account: the downwash effects of nearby buildings within the path of the dispersing
pollution plume; effects of moderate terrain; dispersion in both the convective and stable
boundary layers; plume rise and buoyancy; plume penetration into elevated inversions;
computation of vertical profiles of wind, turbulence, and temperature; the urban night-time
boundary layer, treatment of plume meander.

The model is capable of simulating passive or buoyant continuous plumes, and it
characterises atmospheric turbulence by two parameters, the depth of the boundary layer
and the Monin-Obukhov length rather than the single parameter Pasquill Gifford classes of
the ISCST3 model.

AERMOD is the most widely used model in the world today, and is the US EPA
recommended dispersion model for predicting air quality in the near field (up to 50 km).
However, it is important to point out that in the United States, odour assessments are not
limited by the requirements of 40 CFR 51, Appendix W rules and regulations. These
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guidelines only apply to criteria air pollutants (air pollutants with established air quality
standards). Odours do not have federally enforceable air quality standards and are not
regulated through the preparation of State Implementation Plans, New Source Review or
Prevention of Significant Deterioration permit requirements (Barclay, 2019). However,
despite the fact that odour assessments are not limited to the current US EPA model
guidelines AERMOD’s status as a guideline model means that most odour assessments are
undertaken using AERMOD, regardless of whether it is suitable or not. Outside the US,
many countries (Australia, Canada, New Zealand, Southern Africa) regulate odours where
dispersion modelling is often a requirement. Many of these countries look to the US for
regulatory models and guidance.

For modelling odours, AERMOD includes no option to input and output odour emission
rates. The default emission rate units for AERMOD are g/s for point and volume sources
and g/s/m? for area sources. By default, the model converts these input units to output units
of micrograms per cubic metre (ug/m?) for concentration.

Similarly to ADMS, AERMOD is unable to model calms (0.0 m/s) and will simply skip over
these hours. The minimum allowable wind speed to define the boundary layer parameters is
defined as 2" * gymn Where Gumn = 0.2 m/s or wind speedmn = 0.28 m/s. This minimum is
independent of the threshold wind speed which is 0.51 m/s. The restriction is based on the
accuracy of the instruments. Sonic anemometers have no threshold limitations and therefore
no wind speed threshold is imposed and the output AERMINUTE file can have winds lower
than 0.28 m/s. By US EPA (and Australia) regulatory requirements, any data set that does
not meet the 90% data coverage must use AERMINUTE which is a meteorological
processor (or other method) to re-process the 1-10 minute automatic weather station
readings to produce a new 1-hour average wind speed and wind direction which is different
than the regular standard archived hourly data. The result of AERMINUTE is to generate a
new meteorological data set that has fewer calm periods and more winds in the range 0.1
m/s to 1 m/s. The effect of AERMINUTE is shown in Table 5-3 which shows the number of
calms for Danelly Fields met station in Alabama (US) with and without the use of
AERMINUTE. The percentage of calms reduces from 27% of the data set to just 2% with its
use, and the number of wind speeds increased from 0% in the range 0.28 — 1 m/s to 9.73%.
Just how much AERMINUTE changes the 1-hour wind speed and wind direction pattern is
shown in the annual wind rose (Figure 5-8) with and without the inclusion of AERMINUTE.
However, it is observed that the ASOS 1-minute and ASOS 5-minute data needed to feed
AERMINUTE may not be available in many countries outside of the US.

Table 5-3 Wind speed statistics for Danelly Field, AL for 2011 with and without AERMINUTE

Year AERMET % AERMET average AERMINUTE AERMINUTE

wind speed (m/s) |AERMET (%) IAERMET
average wind
speed (m/s)

Danelly Field Calms’ =27.2 5.02 Calms’ = 2.0 5.43

151



313

4845
4846

4847
4848

4849
4850
4851
4852
4853
4854
4855
4856
4857
4858
4859
4860
4861
4862
4863
4864
4865
4866
4867
4868
4869
4870
4871
4872
4873
4874
4875
4876
4877
4878

314

2011 028—-1m/s=0 028-1m/s=9.7
1-2m/s=12 1-2m/s=27.9

*Percentage calm based on threshold wind speed = 0.5 m/s

Figure 5-8 Annual wind roses showing the effects of AERMET using hourly data and
AERMET including a re-analysis of the 1-minute ASOS data using AERMINUTE (Barclay
and Borissova, 2019)

However, while AERMINUTE solved one problem (i.e., reduced the number of calms in a
data set and thereby increased the number of hours modelled to > 90%), increasing the
number of very light winds created other problems such as AERMOD tendency to over
predict in light winds (Connors, 2013), and its treatment of lateral plume meander, which is
responsible for most of the horizontal plume dispersion in stable atmospheric conditions.

The US-EPA is continuously working on AERMOD and AERMET to improve their
algorithms, for example those related to a better calculation of the friction velocity, or the
treatments of calms.

The effect of these changes to AERMET and AERMOD from 2012 until the latest version of
the model (ASTR LWWS) is significant for an area source as shown in Figure 5-9 for four
nearby meteorological stations (GWO, JAN, MLU, TVR). AERMOD is especially sensitive to
the re-analysis of 1 and 5 minute ASOS winds (ASOS DFLT, ASOS LWWS), where there is
an order of magnitude difference from the pre 2012 (BASE DFLT) model. The most likely
options for AERMOD outside of the US where 1-10 minute ASOS data may not be available
is likely to be USTR LWWS, which takes into account the default Adj_u* option, default
LOWWIND values and uses regular saved hourly data, which in the US, is representative of
the last two minutes of wind speed and wind direction of each hour, and in Australia and
New Zealand, the last ten minutes of the hour is the hour. As can be seen from Figure 5-9,
USTR LWWS significantly underpredicts all the other combinations, including the pre 2012
BASE model. This will always be the case as long as there are 10% or more of the data set
that contains calm winds. For odour assessments this is a significant concern. Odours will
tend to accumulate and stagnate under calm conditions, but AERMOD will not model these
conditions and therefore will most likely underpredict these worst-case episodes.
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Figure 5-9 Ground level concentrations reflecting major US EPA changes for 4
meteorological stations for a single area source (Barclay and Borissova 2019)

It is important to note that AERMOD was not developed for odour modelling or accidental
releases of pollutants, and therefore does not make allowance for modelling concentration
fluctuations within the hour. Scaling of concentrations by a constant Peak-to-Mean Ratio or
hedonic tone must be applied directly to the emission rate or the output concentration. The
model will allow cyclical scaling of emission rates which are suitable for those peaks to mean
ratios that might vary with stability and source type. AERMOD like most other advanced
models will allow the computation of percentiles, a necessary criterion of most odour
assessment criteria around the world, as well as provide plot files of ranked odour
concentrations and number of hours exceeding such an odour criterion.

AERMOD has been used in odour studies all over the world, both in experimental capacity
and regulatory assessments. The model's use and application in odour assessments is
likely to grow.

5.4.3.6. Summary

Table 5-4 is a summary of the most well-known, regulatory Gaussian plume models used in
odour applications today.
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Table 5-4 Summary of key features of well known, regulatory steady-state Gaussian plume models used in odour assessments around the

world today

Regulatory  status  for
modelling odours

Meteorology

Pre-processor

Dispersion

Boundary layer structure
Plume Rise

Concentration distribution

Complex Effects

Buildings

ADMS-5

United Kingdom, Northern Ireland, Scotland

In-built processors, allows flexible input met.
data. Model also allows a user input file of
light winds < 0.75 m/s

h, Lmo scaling

Advanced integral model using Runge-Kutta
method

Advanced Gaussian (PDF)

ADMS building module

AERMOD

United States, Australia, New Zealand,
Canada, Countries in Africa and Middle East

External processors.

AERMET and AERMINUTE. AERMINUTE to
be used if >10% of data is calm. It is used to
recompute the 1-hour average winds from 1-
5-minute ASOS met data.

AERMET then computes surface parameters
(h, w*, u*, L) from measured observations of
cloud cover, wind speed and direction,
temperature.

h, Lmo scaling
Briggs empirical equations

Advanced Gaussian (PDF)

PRIME building module
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ARIA Impact

The suite includes two models: CALPACT,
which is a non-regulatory model and
AERMOD, whose regulatory status is
described in the previous column.

Normally accepted in Italy, France, Brazil and
everywhere as a derivation of the models
suggested by US-EPA

Internal meteorological processor computing
surface parameters (h, w*, u*, L) and stability
classes from measured observations of cloud
cover and/or global and/or net radiation, wind
speed and direction, temperature.

h, Lvo, stability categories

Briggs, Briggs small stacks, Anfossi
equations and empirical equations.

Classical and Advanced Gaussian (PDF)
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Complex Terrain

Calm winds

Plume Meander

Odour Input and Output
units

Concentration fluctuations
(built in Peak-to-Mean
Ratio)

Compute averaging times
< 1-hour

User-defined outputs

ADMS-5

Based on calculation of flow field and
turbulence field by FLOWSTAR model

By default, does not model winds <0.75 m/s.
‘Calms option’ will allow additional input file
for winds < 0.75 m/s, this invokes plume split
into Gaussian plume aligned along wind and
radially-symmetric plume to account for
plume meander

yes

yes

No

1-hour to annual averaging
Percentiles
Exceedances

AERMOD

Interpolation between plume displaced by
terrain height (neutral) and plume impaction
(no vertical displacement, stable)

Default low wind speed is 0.2828 m/s
consistent with sigma v of 0.2. Users now
have an option to set minimum wind speed,
minimum sigma v and plume meander using
alpha LOWWIND option.

Model will skip over ‘zero winds’.

AERMINUTE recomputes the 1-hour average
from ASOS stations

AERMOD plume meander is invoked for all
wind speeds, not just when wind tending to
0.0

No plume meander for area sources

Input emission rate is g/s, output
concentration is ug/m® For odours use
emission factor of 1 that assumes input is
ou/s and output odour concentration is ou/m?®

No, must apply PtMR by
concentrations or emission rates

scaling

No

1-hour to annual averaging
Percentiles
Exceedances
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ARIA Impact

Use of a simplified terrain module

CALPACT with a Gaussian puff internally
driven scheme during hours of “low wind
speed” (wind speed < 1 m/s)

Input emission rate
concentrations in ou/m?®

in ou/s and output

No, must apply PtMR by
concentrations or emission rates

scaling

Yes, with limitations

1-hour to annual averaging
Percentiles
Exceedances
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5.4.4. Lagrangian Puff Models

5.4.4.1. CALPUFF

The CALPUFF model was developed by (Scire, 2000) using an integrated puff approach
based on the MESOPUFF Il model (Scire, 1984a; Scire, 1984b) with modifications for near-
field applications.

The CALPUFF modelling system includes three main components: CALMET, CALPUFF and
CALPOST and a large set of pre-processing programs designed to interface the model to
standard, routinely-available meteorological and geophysical datasets. In simple terms,
CALMET is a meteorological model that develops wind and temperature fields on a three-
dimensional gridded modelling domain. Associated two-dimensional fields such as mixing
height, surface characteristics, and dispersion properties are also included in the file
produced by CALMET. CALPUFF is a Lagrangian puff dispersion model that advects ‘puffs’
of material emitted from modelled sources, simulating dispersion and transformation
processes along the way. In doing so it typically uses the fields generated by CALMET, or as
an option, it may use simpler non-gridded meteorological data from existing plume models
such as ISCST3, CTDMPLUS, AUSPLUME and AERMOD. Temporal and spatial variations
in the meteorological fields selected are explicitly incorporated in the resulting distribution of
puffs throughout a simulation period. The primary output files from CALPUFF contain either
concentrations or deposition fluxes evaluated at selected receptor locations. CALPOST is
used to process these files, producing tabulations summarising the simulation results, and
identifying the highest and second-highest 3-hour average concentrations at each receptor,
for example. Any percentile or exceedance level can be obtained through its external post-
processing tools.

CALPUFF was designated a US EPA Appendix A Guideline model in 2003 (Federal
Register, 2003). Prior to the model promulgation to an Appendix A guideline model,
CALPUFF, like the ISCST3 (US-EPA, 1995) model before it underwent rigorous testing,
model evaluations and multiple peer reviews over more than a decade. This lengthy,
dedicated, state-of-science and transparent process occurred under the scrutiny of the then
Air Quality Management Group (AQMG) within the US EPA. In January 2017, CALPUFF
was removed from the US EPA Appendix A as the preferred long-range transport model with
no replacement (Federal Register, 2017), (Barclay, 2018). In the US, AERMOD is now the
only dispersion model with guideline status and is the recommended US EPA dispersion
model for use for all near-field applications out to 50 km (Federal Register, 2017). The US
EPA-approved version of CALPUFF, Version 5.85 of the model (equivalent to the 2008
version with bug fixes, can still be found on the ‘Alternative Models’ web page. The model is
now Version 7. The new wording in (Federal Register, 2017) points out that removing
CALPUFF as a preferred model does not affect its use under the Federal Land Managers
guidance regarding Air Quality assessments in National Parks, nor any previous use of the
model as part of regulatory applications requiring Civil Aviation Authority. (Federal Register,
2017) also states that the use of CALPUFF in the near field as an alternative model for
situations involving complex terrain and complex winds has not changed by removing
CALPUFF as a preferred model. The US EPA further points out that it recognises that
“AERMOD is limited” and that CALPUFF or another Lagrangian model may be more suitable
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in complex environments. Therefore, they have continued to provide the flexibility to use it.
This last point is important as the EPA recognises that AERMOD is limited in complex, non-
steady-state environments. This is especially important for odour assessments which are
often located in complex meteorological environments, i.e., close to water bodies, such as
WWTPs and in complex terrain environments such as Pulp and Paper Mills.

Unlike Gaussian plume models, Lagrangian models can model calm events. Calm periods
in CALPUFF are determined when the puff transport speed is less than the user-supplied
threshold wind speed of 0.5m/s. While CALPUFF has no special calm module, several
adjustments are made to the normal algorithms. These adjustments alter how slugs are
released, how gradual rise is addressed, how near-source effects are simulated, and how
the puff size changes during each sampling step. These adjustments are consistent with the
conceptual model in which fresh releases rise virtually straight up from a source and
disperse as a function of time due to wind fluctuations about a mean of zero, while existing
emission stagnate, and disperse as a function of time due to wind fluctuations about a mean
of zero. Adjustments made to puffs that are released into a calm period include:

e Slugs are released as puffs
All mass for the period is placed into one puff
Distance to final rise is set to zero
No building downwash effects are included
Growth of oy and oz is based on time (not distance travelled) during the sampling
step

e Minimum values of the turbulence velocities ov and ow are imposed
It is acknowledged that during calm conditions, estimates of the turbulence velocities ov and
ow can be indeterminate, and CALPUFF relies on these velocities to grow puffs. Calm
periods can be associated with very stable and convective boundary layers, with their
distinctly different turbulent properties. Given these concerns, CALPUFF allows the use of
stability-dependent minimum turbulence velocities.

A recent (2011) modification to CALPUFF, important for odour assessments over short time
scales, was the capability of Version 6 of the model to allow sub-hourly temporal resolution
of both source characteristics, input meteorological fields and output sub-hourly temporal
resolution of modelled output fields. This included the introduction of sub-hourly time-
varying structures that were designed and then implemented into CALMET Version 6. This
included the introduction of a sub-hourly time step within the model for purposes of
computing solar radiation, wind fields and boundary layer parameters and the modification of
the structure of the output data file produced by CALMET to allow for hourly or sub-hourly
time steps. This version of the model can accommodate input meteorological and overwater
data with an arbitrary time resolution. This includes sub-hourly measurements of turbulence
parameters (ov, ow) which are readily available from modern ultrasonic anemometers.

Figure 5-10 shows the difference in predicted ground level concentrations from CALPUFF
using default hourly meteorology and computed dispersion coefficients under calm
conditions compared to using 10-minute meteorology and measured 10-minute turbulence
parameters. The first plot (lhs), when using model default options (minimum wind speed
threshold of 0.5 m/s, hourly meteorology, computed turbulence coefficients) shows a typical
‘bulls-eye’ of ground level concentrations where the concentrations at the source are very
high and plume dilution is a function of time. The second plot (rhs) shows the predicted
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ground concentrations for 10-minute meteorology and real measured 10-minute turbulence
parameters ov and ow. The computed 1-hour turbulent dispersion coefficient (sigma v) and
10-minute measured sigma v corresponding to each isopleth plot is also shown.

The implications of directly using sonic anemometer data for local scale odour dispersion in
a model equipped to use the data are apparent. Using site-specific winds and turbulent data
on small temporal time scales may alleviate the need to apply any additional Peak-to-Mean
Ratio. CALPUFF was compared using 15-minute meteorology and real measured turbulence
parameters with the STAGMAP data set (Stagnation Model Analysis, Medford, Oregon
1991). In this study, SFs was released under true calm conditions. CALPUFF showed very
good agreement with this data set (Barclay, 2008).
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Figure 5-10 Predicted ground level concentrations under calm conditions using model
defaults (1-hour meteorology, calm wind speed threshold 0.5 m/s, minimum sigma v 0.5 m/s,
computed turbulence parameters) on lhs, compared to 10-minute meteorology and
measured 10-minute turbulence parameters (rhs). (Barclay and Scire 2011).

In 2014, CALPUFF Version 7.2.1 was updated to allow users to apply an averaging time
factor to the lateral turbulence. This approach is suitable when sub-hourly meteorological
data are available but no measured turbulence parameters. This allows users to apply an
equivalent sub-hourly sigma-y value when using the default hourly turbulence dispersion
coefficients or PG curves.

CALPUFF will directly allow the user to input odour emission rates into the model in the form

of:
e Point, volume and line sources - Odour Unit * m3s (vol. flux of odour compound),
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and
e Area sources - Odour Unit * m/s (vol. flux/m? of odour compound)
The model will output odour concentrations in odour units.  The model will allow any
percentile to be computed and will compute odour criteria exceedances.

Application of constant Peak-to-Mean Ratios can easily be applied to the model either
through scaling the emission rate within the model control file, or in the post processing
phase. In addition, scaling according to source type and stability category can also be done
readily through the CALPUFF control file.

5.4.4.2. SCIPUFF

SCIPUFF (Sykes, 1998) is a Lagrangian puff dispersion model that uses a collection of
Gaussian puffs to represent an arbitrary, three-dimensional, time-dependent concentration
field. The turbulent diffusion parameterisation is based on modern turbulence closure theory,
specifically, the second-order closure model of (Donaldson, 1973) and (Lewellen, 1977),
which provides a direct relationship between the predicted dispersion rates and the
measurable turbulent velocity statistics of the wind field. In addition to the average
concentration value, the closure model also provides a prediction of the statistical variance in
the concentration field resulting from the random fluctuations in the wind field. The closure
approach also provides a direct representation for the effect of averaging time (Sykes,
1997).

Shear distortion is accurately represented using the full Gaussian spatial moment tensor,
rather than simply the diagonal moments, and an efficient puff splitting/merging algorithm
minimises the number of puffs required for a calculation. In order to increase calculation
efficiency, SCIPUFF uses a multi-level time-stepping scheme with an appropriately sized
time-step for each puff. An adaptive multi-grid is used to identify neighbouring puffs in the
spatial domain, which greatly reduces the search time for overlapping puffs in the interaction
calculation and puff-merging algorithm. Static puffs are used to represent the steady-state
phase of the plume near the source and are updated only with meteorology, also decreasing
the number of puffs needed for the calculation.

SCIPUFF can model many types of source geometries and material properties. It can use
several types of meteorological input, including surface and upper-air observations or three-
dimensional gridded data. Planetary boundary layer turbulence is represented explicitly in
terms of surface heat flux and shear stress using parameterised profile shapes. A Graphical
User Interface (GUI) that runs on a PC is used to define the problem scenario, run the
dispersion calculation and produce colour contour plots of resulting concentrations. The GUI
also includes an online ‘Help’.

5.4.5. Lagrangian Particle Models

5.4.5.1. AUSTAL

AUSTAL (previously known as AUSTAL2000 and AUSTAL2000g) is an atmospheric
dispersion model for simulating the dispersion of air pollutants in the ambient atmosphere. It
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was developed by Ingenieurblro Janicke under contract to the Federal Ministry for
Environment, Nature Conservation and Nuclear Safety. AUSTAL was initially published in
1986 as a Gaussian Plume model (AUSTALS86), in 2002, the Lagrangian dispersion was
implemented in AUSTAL2000, odour dispersion was added in 2004. It was recently modified
primarily regarding boundary layer parameterisation, plume rise and wet deposition in
accordance with the TA Luft 2021, resulting in the program AUSTAL.

Although not named in the TA Luft (Air Quality regulation in Germany), AUSTAL is the
reference dispersion model accepted as being in compliance with the requirements of Annex
2 of the TA Luft and the pertinent VDI Guidelines. The program AUSTAL (starting with
version 3) refers to the TA Luft 2021 and is the successor of the program AUSTAL2000
(ending with version 2), which refers to the TA Luft 2002. AUSTAL is provided by the Federal
Environmental Agency as a free reference implementation.

AUSTAL is in compliance with the German guideline VDI 3945/3. For any model to be used
under the TA Luft, it must follow this German Guideline. To date, there is no other model that
follows the VDI 3945/3.

The dispersion model AUSTAL can be used to model the transport of passive trace
substances in the lower atmosphere on a local and regional scale. The vertical dimension is
up to about 2000 m with a maximum of 100 layers, the horizontal scale can reach tens of
kilometers, with a maximum of 300 by 300 grid points. To cover larger areas, up to 6 nested
calculation grids can be used (the grid resolution has to increase by factor 2 from one grid to
the next). AUSTAL is a Lagrangian particle model, the dispersion of trace substances in the
atmosphere is simulated utilising a random walk process. The physical processes that can
be simulated include transport by the mean wind field, dispersion in the atmosphere,
sedimentation of heavy aerosols, deposition on the ground (dry deposition) as well as
washout of trace substances by rain and wet deposition. Thermal and mechanical plume rise
is covered parametrically based on the German guidelines VDI 3782/3, or utilising the three-
dimensional plume rise model PLURIS. For odorants, odour hour frequencies can be
determined, with or without weighting factors based on hedonic tone. In flat and
homogeneous terrain, the time dependent meteorological parameters are described by
means of a one-dimensional boundary layer model that is based on simple parameters that
characterise the weather situation. The sampling error can be reduced by increasing the
number of particles released by the model. Emission sources of any number can be defined
in form of point, line, area or volume sources. Most of the source parameters, especially
emission rates, exhaust velocity, exhaust temperature and plume humidity can be specified
as independent time series. The result of the dispersion simulation is the three-dimensional
concentration field of the emitted trace substances averaged over successive time intervals,
and the mass flow density of deposition into the ground. All substances regulated in the TA
Luft (2021) are preprogrammed and the modelling results for each substance are post-
processed, so that for each substance the respective impact values (daily average, yearly
average, e.g.) can easily be assessed. In addition to that, inert substances or particles can
be implemented to model missing substances in the default selection.

5.4.5.2. LAPMOD

LAPMOD is a Lagrangian particle model whose development started more than 20 years
ago (e.g., Bianconi, 1999). The model had different names in the course of its development,
and for a short period it included a photochemical module (Zanini, 2002). During the years
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the model has been improved, validated (e.g., Bellasio, 2017; Bellasio, 2018; Haq, 2019)
and enriched with some pre- and post-processors. According to the performance evaluation
criteria proposed by (Chang, 2004) - based on FA2, NMSE and fractional bias - LAPMOD
can be defined as a “good” model both in rural (Kincaid) and urban (Indianapolis) terrain.
Anyway, model validation is a continuous process, and other tests are underway.

LAPMOD is not only a model but a modelling system, whose structure is summarised in
Figure 5-11. The modelling system is open-source, its Fortran code and documentation can
be downloaded at https://www.enviroware.com/lapmod/.

LAPMOD is used in Italy and Europe both for air quality (e.g., Ugolini, 2013) and odour (e.g.,
Pollini, 2015) applications. Moreover, LAPMOD is integrated into ARIES (Accidental Release
Impact Evaluation System), the official Italian modelling system for nuclear emergencies
(e.g., Bellasio, 2012), and in the AQWeb modelling system of the EPA of Emilia Romagna
(one of the Italian regions). A recent paper (Bellasio and Bianconi, 2022) used LAPMOD to
evaluate the results of different odour emission scenarios generated by a new method for
calculating odour emissions from open-roof rectangular tanks. Finally, it has also been
mentioned by the (US-EPA, 2020) among the models available for homeland security.
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Figure 5-11 Schematic Representation of the LAPMOD Modelling system (Courtesy of
Enviroware)

Being a 3D non-stationary model, the most appropriate meteorological data should be
prepared with the CALMET diagnostic meteorological model, which can be used with high
spatial resolution. However, LAPMOD can also use the 3D meteorological data prepared
with WRF and MMIF, typically with a lower grid resolution.

Many features of LAPMOD make it suitable for odour applications, as described for example
in (Bianconi, 2011). For example, it allows simulating releases with arbitrarily time variable
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emission rates (up to a resolution of one second) from a number of source types: point
sources without plume rise (e.g., stacks with rain caps), buoyant point sources (e.g., stacks),
linear sources (e.g., road traffic), circular sources (e.g., tanks), spherical sources (e.g., dirty
bomb), parallelepipedal sources (e.g., buildings) and area sources of arbitrary shape (e.g.,
any area source). Independently of the source type, LAPMOD requires the emission rates in
terms of a specific variable X per unit of time, which means g/s for “classic” pollutants (e.g.,
NOX, PM10, ...), Bg/s for radionuclides, and ouE/s for odour. The output unit is controlled by
the user through a multiplication factor, for example, when the release rate is in g/s and the
multiplication factor is 1, the output concentration is in g/m? on the contrary, if the
multiplication factor is 10°, the output concentrations are in ug/m?®. The release units are not
explicitly required by LAPMOD, but the user needs to know them in order to obtain correct
results.

In a Lagrangian particle model each particle moves due to deterministic (mean wind field)
and stochastic (turbulence) effects. Therefore, even in calm wind conditions, which are the
worst situations for the dispersion of odour and any other pollutant, the model continues to
work because the particles move according to the stochastic part of the trajectory equation.
Numerical plume rise can be simulated for buoyant point sources with two different
algorithms: JJ (Janicke and Janicke), and WT (Webster and Thomson). The main difference
between the two algorithms is that JJ considers the presence of water vapour within the
released plume (important for example for modelling emissions from dryers). Specific
algorithms as stack tip downwash (i.e., the capture of the plume in the stack wake, resulting
in an increase of the concentration values immediately downwind of the stack), partial plume
penetration of elevated inversions (which depends on the combined effects of plume
buoyancy, wind speed at stack height, difference between mixing height and stack height
and strength of the inversion) and plume induced turbulence during plume rise (large close
to the release, when the entrainment activity is maximum and the plume radius grows very
quickly, while it reduces moving away from the source) are also available for buoyant point
sources. Building downwash, which may be important when stacks are involved, is still under
implementation. For many odour applications involving area or volume sources this is not an
issue.

Atmospheric concentrations over regular and sensitive (discrete) receptors are calculated by
LAPMOD starting from particle masses and the relative positions of particles and receptors
by means of a kernel method (Vitali., 2006). Concentration fields calculated with kernel
methods are less noisy than those calculated with the “classical” counting box method,
based on the computation of the total mass within a specific volume of atmosphere.
Moreover, kernel estimators require less particles.

Odour concentrations can be determined in two ways in LAPMOD. The first, is the
calculation of the hourly concentrations and the application of a constant Peak-to-Mean
Ratio (e.g., 2.3 as indicated by the Lombardy Region, Italy) in order to compute the peak
concentration. The second, and most interesting way, to calculate the peak concentration is
by determining the Peak-to-Mean Ratio dynamically as a function of atmospheric stability,
distance from sources and age of the particle (e.g., Schauberger, 2000; Mylne, 1992a;
Mylne, 1992b; Smith, 1973). An example of application of LAPMOD with this second method
for calculating odour concentrations has been described by (Invernizzi, 2020). The same
paper contains an intercomparison against the results of two other atmospheric dispersion
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models.

The LAPOST processor can be used to estimate some of the FIDOS parameters
(Frequency, Intensity, Duration, Offensiveness and Location), except offensiveness which
depends on the odour mixture and has subjective characteristics. Concerning frequency (F)
for example, LAPOST calculates the number of exceedances of an odour threshold specified
by the user. Intensity (l) is represented by means of the maximum hourly concentration or
with the 98th percentile of the peak concentration. Duration (D) is calculated by LAPOST for
each point and each odour episode. The episode indicates the time for which concentration
remains consecutively above the odour threshold. LAPOST also determines the number of
exceedance episodes, which coincides with the number of exceedances only when each
exceedance lasts for a single hour. A specified percentile of episode durations can also be
calculated for each output receptor. The location (L) is automatically determined by LAPOST
because all the results are associated with precise coordinates.

5.4.5.3. GRAL

The Graz Lagrangian Model — GRAL (Oettl, 2020a) - was initially developed in 1999, and
has been used extensively in regulatory assessments and scientific studies. The model is
used worldwide by more than 1,000 authorities and research institutes. Over the years the
capabilities of GRAL have been extended, and the current version of the model can simulate
the following:
e Dispersion of chemically non-reactive pollutants.
e Computation of odour-hours based on a concentration-variance model (e.g., Oettl
and Ferrero, 2017).
Dry and wet (only in transient mode) deposition and sedimentation.
Dispersion from road tunnel portals. GRAL fulfils the requirements of the Technical
Guideline RVS 04.02.12 in Austria (e.g., Oettl, 2002).
e Dispersion over the full range of wind speeds, in particular low-wind-speeds (e.g.,
Oettl, 2005; Anfossi, 2006), and for all stability conditions.
e Dispersion in built-up areas, including building downwash effects (e.g., Oettl, 2015a;
Oettl, 2015b).
e Dispersion of stack emissions, taking into account temperature and exit velocity (e.g.
Oettl, 2020a).
Dispersion in complex terrain, allowing for the effects of buildings (e.g., Oettl 2015c).
Decay rates (e.g. bacteria die off, radioactive decay)
Flow and dispersion within vegetation layers
The model can handle steady-state (standard mode) as well as transient simulations
(e.g. puff releases) (e.g., Petrov, 2019)
The effect of buildings and vegetation on dispersion is taken into account using a micro-
scale flow-field model. This is fully integrated into the GRAL code and is automatically
launched whenever buildings or vegetation layers are added to the model domain. In the
case of complex terrain, GRAL can be coupled with the prognostic, meso-scale wind field
model GRAMM (‘Graz Mesoscale Model’; (Oettl, 2020b)). Both GRAL and GRAMM are
parallelised and can be run on both Windows and Linux operating systems. The models can
be operated through a graphical user interface (GUI) which has been thoroughly tested for
Windows operating systems. Since 2017 a LINUX version for the GUI is available, though it
is not as intensively tested as the Windows version. There is no limit to the number of
separate emission sources that can be included in a GRAL simulation. The lower bound for
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the horizontal grid size is 2 m, and there is no upper bound. The scale of application ranges
from individual streets (e.g. street canyons) to urban agglomerations that are several tens of
kilometres across. At all scales the effects of buildings and/or topography (e.g. cold air
drainage flows) on dispersion are taken into account.

GRAL allows the usage of odour emission rates in M OU/h and offers two different methods
for odour impact assessments. The first, is the calculation of user-defined percentiles (e.g.
98 percentile of mean-hourly odour concentrations at a receptor). In this case, the model
outputs are odour-concentration maps for the specified percentile. The second, is based on
the computation of odour hours, whereby the Peak-to-Mean Ratio can either be calculated
by a spatially and temporal constant value (adjustable by the user), or by using the
concentration-variance model by (Oettl, 2017). The concentration-variance model simulates
the Peak-to-Mean Ratio (i.e. the ratio of the 90th percentile to mean) in dependence on the
three-dimensional structure of the plume(s) and spatially inhomogeneous atmospheric
turbulence. The model outputs when using this assessment method are maps showing the
frequencies of odour hours. The contribution of each odour source can be assessed by
defining source groups in GRAL. For each source group, individual temporal varying
emission rates can be defined. An evaluation of GRAL regarding odour assessments has
been carried out in, for example, Oettl (2020a), Invernizzi (2020), Brancher (2020a).

Quality assurance is central to the ongoing development of GRAL, based on these
fundamentals:
e Regular reports detailing the model physics, and the publication of results in

international peer-reviewed scientific journals.

Comprehensive documentation of the software, with version control.

A handbook for the GUI that includes hints and recommendations for good practice.

Validation of every update using 30 different data sets (field experiments, wind tunnel

experiments, air quality measurements), as published in the GRAL documentation.
The model (binaries) and the complete documentation is available via: https://gral.tugraz.at/.
The GRAL code is available under the GNU/GPL 3 licence:
https://github.com/GralDispersionModel.

5.4.5.4. SPRAY

SPRAY is a Lagrangian stochastic particle model designed to perform dispersion simulations
in complex terrain (Tinarelli, 2000). The early Version 1 of the code was based on a three-
dimensional form of the Langevin equation for the random velocity with coupled non-
gaussian random forcing following (Thomson, 1984) which was subsequently improved by
(Tinarelli, 1994), was able to satisfactorily reproduce locally to regional scale dispersion both
over flat (Brusasca, 1989) and complex terrain (Nanni, 1996) taking into account the
emission from single or multiple sources, and low-wind stable conditions (Brusasca, 1992).
Version 2 introduced a better-based theory (Thomson, 1987) covering the further demand of
more complex regional scale simulations taking into account longer periods (of the order of
entire years) with a variety of emissions of different kinds (i.e., main roads, industrial or
urban areas). Version 3 of the SPRAY code currently released includes some
improvements, enhancing the description of turbulence parameterisations, introducing
building downwash effects and improving the time response characteristics for long
simulations. In addition, specific developments for odour applications have been introduced,
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allowing the calculation of a longitudinal Peak-to-Mean Ratio, based on the original work of
(Mylne, 1991) and (Mylne, 1992). Two more recent developments have been recently
released, allowing more advanced calculations of the Peak-to-Mean Ratio considering
respectively a simplified form of the variance transport equation and a Micromixing Model.
(Tinarelli et al.,2022).

SPRAY can be linked to the output of different meteorological models able to reconstruct 3D
fields of the meteorological flow over complex terrains, such as the diagnostic code SWIFT
or the prognostic codes RAMS or WRF.

A more comprehensive version of the SPRAY code, allowing simulations at the microscale
(horizontal resolution of the order of 1 m, explicitly considering the effects of buildings or
obstacles to the atmospheric flow) and implementing a sophisticated MPI parallelisation
scheme has been introduced. This version, named PSPRAY, is part of the PMSS modelling
suite (Oldrini, 2017), maintained by ARIA Technologies and ARIANET, including the
PSWIFT diagnostic meteorological code, working at the microscale.

5.4.5.5. QUIC

The QUIC fast-response urban dispersion modelling system computes the three-dimensional
wind patterns and dispersion of airborne contaminants around clusters of buildings. The
system is comprised of a wind model, QUIC-URB; a Lagrangian dispersion model,
QUICPLUME; and a graphical user interface, QUIC-GUI.

QUIC-URB uses empirical algorithms and mass conservation to estimate the wind velocities
around buildings.

The QUIC-PLUME dispersion model is Lagrangian, that is, it tracks the movement of
particles as they disperse through the air. QUIC-PLUME utilises the mean wind fields
computed by QUIC-URB and produces the turbulent dispersion of the airborne contaminant
using random walk equations. QUI