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ABSTRACT

Urban air quality in Vietham has become a pressing matter that require immediate
attention to ensure a sustainable development. However due to the overreliance
on in-situ observations, which only measure the end result, there is limited
understanding of the connection between pollution sources and concentrations.
This in turn hinders the effectiveness of environmental law enforcement and
management. Since road traffic is widely regarded as the main polluter, attempts
have been made to adopt atmospheric dispersion models to traffic emission in
Vietham. Most however, suggest that due to input data scarcity, model
applications are limited. This work therefore employed ADMS, an advanced
dispersion model that is highly adaptable to produce a full mapping of road traffic
derived emission for Hanoi and HCMC, i.e. Vietnam’s 2 most populated cities.
Also, a modelling framework, which exploits existing, quality traffic data to
generate suitable model inputs, was developed. With this framework, a detailed
GIS-based road network dataset that contains road parameters, vehicle count
and travel-condition-depending emission factor was produced. Carbon Monoxide
was modelled as a pilot pollutant species. Resulted concentrations show an
overall moderate positive correlation with observations (r = 0.4). Inadequate
information on background pollution however prevents in-depth model validation
to be conducted. In overall, this work demonstrates the compatibility of ADMS
with the circumstance of Vietham. Combined with an improved data processing
framework, applications of dispersion model in developing countries can be

greatly expanded.
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1 Introduction

1.1 Motivation

For the last two centuries, thanks to global industrialisation (including in the
agricultural sector which is mainly supported by the Haber-Bosch process), the
human species has been able to carry its exponential growth and the global
population has increased by a factor of more than 7(Roser, 2019). As a result
there is an escalating pressure on the Earth’s environment and natural resources.
Among other concerns namely climate change and conservation, urbanisation
and urban pollution have been continually discussed by both the media and major
reports. According to the United Nations (UN), there were globally only 15 cities
with over 1 million inhabitants in 1900, whereas by 2018, this number has grown
to 548 (United Nations, 2019). 55% of the world’s population currently lives in
urban areas, a proportion that is predicted to rise to 68% by 2050 (United Nations,
2019). Over 90% of this increase is in the developing world. Sustainable
development has been repeatedly emphasised (UN-Habitat, 2006) but is not

necessarily implemented.

Over the last decade, Vietham has entered a crucial period of urbanisation which
corresponds to its economic development (World Bank, 2011). It exhibits the
highest urbanisation rate among countries of the Southeast Asia region, i.e. 2.8%
physical expansion and 3.4 % population growth (Chu & Thi, 2017). However,
similar to other emerging economies namely China, India and Brazil, Vietham has
difficulties matching wealth growth with infrastructure development (e.g. roads,
housings, public amenities and transportations) (Pojani & Stead, 2017). As a
result, motorised private transport is preferred because it is unsafe, unpleasant
or impossible to travel otherwise (Pucher, 2017); (Table 1). In detail, Vietnam’s
motorcycle (MC) fleet grew 400% between 1996 and 2006; the current annual
growth rate is 16% for MC and 20% for personal cars (Huynh & Gomez-Ibanez,

2017); (Trang, et al., 2015). Rapid motorisation, with its consumption of fossil fuel



and well-associated emission of atmospheric pollutants, is thus presented as a

major subsequent issue of urbanisation.

Table 1. Key social-economic characteristics of selected countries (Pojani &
Stead, 2017).

Country Total Urban Urban Passenger | Passenger cars | Air pollution,
population, | population, | population | cars, 2011 | increase 2000- | PM1o levels
2013 2013 (%) growth (per 1000 | 2011 (per 1000 | (ug/m?3)
(million) 1990-2013 | people) people)

(%)

Brazil 200 85 11 179 45 36

China 1400 53 27 54 47 82

India 1300 32 6 11 5 27

Indonesia 250 52 22 39 25 100

Mexico 122 79 7 195 93 115

Nigeria 174 51 16 31 21 46

Vietnam 90 32 12 14 N/a 65

As for adverse health impacts of air pollution, it is suggested that human exposure
to road traffic derived emission causes approximately 0.8 million premature
deaths per annum globally (Amorim, et al., 2014). In Vietnam, over 60,000 deaths
in 2016 were linked to air pollution (World Health Organization, n.d.); respiratory
illness also causes an annual loss of 20 million USD for Hanoi and 50 million for
Ho Chi Minh City (HCMC).

The Minister of Natural Resources and Environment (MONRE) has confirmed
high levels of air pollution in urban areas of Vietham, making it of higher priority
compared to water and soil contamination (MONRE, 2013). Particulate matter
(PM) has been identified as the most concerning threat. In 2013, Hanoi
experienced an average value of total suspended particle (TSP) of over 900
ug/m3, i.e. 4.5 times the legal threshold. Similarly, events of haze and smog have

become increasingly common. Decision makers have put an emphasis on vehicle



emissions since it is suggested that vehicles are responsible for 70% of all urban
air pollution in Vietham (MONRE, 2016). One key evidence of this claim is that
pollutant concentrations have shown very similar diurnal patterns compared to
traffic pattern (Figure 1). With the number of vehicles still rapidly increasing,
finding a solution is a governmental priority.
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Figure 1. Representative PM1, and PM2s hourly record in Hanoi (MONRE, 2016).

Even though ‘exposure to air pollution is now an almost inescapable part of urban
life throughout the world’, residents of cities in developing countries are at higher
risk due to the lack of pollution control measures (World Health Organization,
1992). Vietnam relies on a limited number of air quality monitoring stations, these
stations used to be operated by different governmental units and had difficulties
in communication. Prior to 2011, a monitoring network therefore could not be
established effectively, this essentially isolated stations to their limited location,

further restricting the use of observations (Hanoi People's Committee , 2012).

Although the monitoring network has been lately improved, recent incidents still
proved that Vietham’s air quality management system needs other tools apart

from stationary observations, namely dispersion modelling. This is because



dispersion modelling can provide information on the origin, source contribution
and dispersion of pollutants. For example, during the late 2019 haze event in
HCMC, measurements alone failed to find the pollution source. As such, the
Indonesia forest fire was initially announced to the public, however, with
insufficient evident, other causes were later suggested (Samuel, 2019).
Dispersion modelling could have been employed in this case to simulate each
potential cause and to find the most plausible explanation by comparing against
observations. Similarly, a MC ban was proposed in Hanoi as an attempt to reduce
congestion and pollution by 2030. This would require a substantial investment in
alternative means of transportation, namely 8 rail routes, 200 bus routes and
thousands of other public vehicles (Phong, 2019). However, the projected
environmental impact could yet be explicitly valued. Model can therefore be

useful to test the scenarios where MC is replaced by cars and buses.

Dispersion modelling has been widely uses by developed countries to simulate
the physical and chemical processes that involve the dispersion of pollutants. By
estimating the concentration of a substance in the atmosphere, given specific
input, it provide a means of investigating the fate of an emission (Tiwary & Colls,
2010). There are various modelling techniques, each with a different principle
and thus is designed for different purposes. Similarly, a great number of software
has been developed to employ these techniques whilst offer additional

functionalities.

The key issue with applying dispersion modelling in developing countries is that
these countries do not have enough quality data to fulfil either the input
requirement or model validation (Biggart, et al., 2019). As such, even though
there have been some modelling attempts in Vietnam, the scarcity of data has
prevented software from achieving their optimal performance. Being marketed as
an adaptive model that welcomes non-specialist users, Atmospheric Dispersion
Modelling System (ADMS) is well suited to the road traffic network of Hanoi and
HCMC.



1.2 Aim of the Research

The aim of this Master research project has been to use ADMS to produce a full
mapping of road traffic derived emission for Hanoi and HCMC. The emphasis is
placed on Vietnham’s data limitation. Thus, the idea is to develop a
framework that utilises online, public accessible data in combination with
official, quality measurements to create an ADMS-suitable input dataset.
This framework will firstly demonstrate that ADMS, i.e. an advanced dispersion

model, is usable in Vietham and developing countries.

Furthermore, the created dataset aims to put all of ADMS’s features to use. As
such, it will showcase the superiority in functionality compared to previous
modelling attempts. On the other hand, it has not been the intention of this
research to produce an in-depth, accuracy optimised investigation of the cities’
pollution, but to present a potential tool that can bring great assistance to

Vietnam’s air quality management system.

1.3 Objectives

. Assess the requirements of Vietham, as an example of a

developing country, laid upon a modelling framework

o Address the issues that previous attempts had met with dispersion

modelling in developing country and propose improvements

° Develop an optimised ADMS modelling framework
. Using CO as a pilot pollutant species, validate the model output
. Identify future improvements and applications






2 Literature Review

This chapter provides definitions and concepts leading to the employment of
ADMS to simulate road-traffic derived air pollutants in Hanoi and HCMC. Case
study of previous applications of ADMS and other notable modelling tools are
also included to evaluate their strengths as well as potential issues when applied
to Vietnam, as an example of a developing country. Lastly, ADMS’s structure,

features and input requirement are briefed.

2.1 Air Pollution and Emission Sources

According to (US Environmental Protection Agency (EPA), 2008), “An air
pollutant is any substance in the air that could in high enough concentrations
harm human, animals, vegetation or other natural materials”. The emission of air

pollutants can be from both natural and anthropogenic sources.

Air pollution sources can be divided into 4 types based on their geometry: point,
line, area and volume. This classification allows sources to be located and

defined in any three-dimensional space using coordinates.

2.2 Dispersion Modelling as an Urban Air Quality Management
Tool

As regard to urban air pollution in developing countries, the emphasis is placed
on providing health protection to the large, ever growing population, which then
benefits the sustainability of development (Metcalfe & Derwent, 2005).
Traditionally, epidemiologic researches rely on real world observations as to
quantify exposure and health impact (e.g. death, hospital statistics) (Russell, et
al.,, 2014). Measurements are however a passive method of air pollution
detection. By monitoring the end-result, measurements alone “provide little
information on the origin of the pollutants in question, on the dispersal process in
the atmosphere and on the impact of new sources or the benefits of controls”

(Williams, 2014). As such, whilst a pollutant can be used as an indicator of a



process, e.g. NOx is mostly produced by fossil fuel combustion, identifying the
largest emitter from a group of sources that all involve said process would face
various challenges. Resource constrains in Vietnam, namely the lack of
comprehensive emission inventories and unreliable monitoring data also amplify
the difficulties in finding the responsible source. Additionally, observations study
historical events. Trends and patterns can therefore be addressed; predictions

are however very limited.

Being ‘an attempt to replicate a simplified representation of a part of the real world
— the system of interest — and its behaviour’ (Ortuzar & Willumsen, cited in
Palmer, 2007, p.15), models take account of the entire process rather than just
the result. As such, dispersion modelling mimics the way air pollutants behave in
the atmosphere through the use of mathematical equations; attempt to describe
the fate of emissions by calculating concentrations at desired locations and times
(Holmes & Morawska, 2006). This offers a proactive method of study that by
adjusting variables (e.g. meteorology, emission sources/ factors, chemical
reactions), can fill the limitations of using observations alone. Subsequently,
dispersion modelling improves the estimate of the contributions of current
sources and allows future predictions. Scenarios are particularly important when

the rapid developing rate and its following changes are taken into considered.
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Figure 2. Elements of the Air Quality Management Strategy (Steinar, et.al., 1997).

Like any other management systems, an urban air quality management is
dictated by its analysis of the cost — benefit relationships. Figure 2, which is a
simplified version of the diagram shown in (Sternar, et al., 1997), suggested that
modelling is the core of said analysis. Without dispersion modelling, there would
be a missing link between emission and concentration. In turn, changes in
emission — either reduction (e.g. vehicle ban) or increasement (e.g. new factories)
— cannot be effectively evaluated and valued. Decision makers therefore lack the
information to offer definite solutions. For example, Vietnam’s National
Environmental Report (2013), which relied on monitoring and emission
inventories, could only ranked air quality as fail or pass the official standards.

Their proposed investment strategy therefore remained unassertive, relying on



updating the policies and performing physical inspection to individual sources. To

a developing country, unspecified solutions are both impractical and wasteful.

As according to (Hung, 2010), Vietham had made little progress in managing
urban air pollution because whilst practices of air quality monitoring were
fragmented, no other tools are available either. As such, even though
environmental laws had been regularly updated based on international
regulations, policy enforcers had limited resources and evidences to uphold legal

standards.

Employing dispersion modelling requires a clear understanding of the real world.
Both the model and the modeller’s input must firstly represent the actual system.
The modeller therefore have to break down the related variables, study their roles
and allocate them with justified values. Due to the nature of this project, i.e.
applying a known method to a foreign environment, data issues ought to be
anticipated (e.g. unavailability, incompatibility). Assumptions will thus be made,

accompanied by best attempts of logical reasoning.

As to kept the scenarios making function, built models should however remain
adaptive, allowing for future adjustments, improvements and manipulations. An
initial objective should also be repeated: this work is designed to demonstrate a
potential tool that help the air quality management system of a developing
country; it does not aim to be an in-depth assessment of the current air pollution

issue.

2.3 Techniques of Dispersion Modelling

Theoretically, a perfect model that could accurately calculate concentrations at
any chosen time and location, would replace measurements from all purposes
(Tiwary & Colls, 2010). Since such ideal is not yet available, air quality models
still have limitations, that arise from errors in the input (e.g. data assumptions
made by modeller that introduced uncertainties and biases) and model parameter
and structure (Russell, et al., 2014). Figure 2 indicates this by having the

monitoring module separated from the cycle, to be used as a validation tool.

10



Choosing a model is thus essential. This section demonstrates the researcher’s
understanding of the four most referred air dispersion modelling techniques: Box
model, Eulerian model and Lagrangian model, Gaussian model, and

Computational Fluid Dynamics (CFD) model.

Box model treats the modelling site as a defined volume of the atmosphere — a
box. Being the simplest type, pollutants within this box are assumed to be
homogeneously distributed. Concentrations are thus uniform throughout (Tiwary
& Colls, 2010). Input requirement is also minimum, including emission,
meteorology and movement in and out of the box. This simplicity whilst restricts
the usage of box model, also allows more detailed chemical and physical
equations to be applied on the aerosol dynamics (Holmes & Morawska, 2006).
For example, box model has been incorporated to address the effects of the re-

circulation zone in street canyons (Hung, 2010).

Eulerian model and Lagrangian model are of stochastic type, which is based on
semi-empirical mathematical relationships between the concentrations and any
influencing factors (Tiwary & Colls, 2010). Whilst Eulerian has a fixed reference
system, Lagrangian’s travels accordingly to the dispersion of pollutants. The
principle is to let a pollution parcel move downwind with inputted average speed
and direction. Along its course, concentrations are diluted by ambient air and
volume is increased. Turbulences are applied in the form of random forcing onto
the motion of the airmass. The resulted wind vectors are recorded as a trajectory.
This process is then repeated multiple times to obtain a sizable sample of
potential trajectories. The sample is used to statistically compute the probability
that said parcel would reach a chosen location at a particular time, i.e. the
destination. Finally, concentrations at the destination are calculated using the
original emission mass and that probability (Anfossi & Physick, 2004). These
models specialise at estimating the dispersion of a specific emission source over
large distances and/ or at the effect of complex meteorology conditions. A notable
example of Lagrangian model is UK’'s NAME, that was developed originally in
prepare of nuclear accidents. NAME has been adopted into other applications

such as regional scale prediction of nitrate and sulphate aerosol (Redington &

11



Derwent, 2002), and dispersion of volcanic ash (Leadbetter & Hort, 2011).
Similarly, Austria’'s GRAL model has been applied to simulate emission derived
from a specific highway (>30km) in complex terrain at difficult low wind conditions
(Oettl, et al., 2012).

Gaussian model in principle is a subset of Eulerian. Instead of re-calculating the
probability for each destination, Gaussian dispersion theory assumes the
fluctuations in wind vector to be normally distributed (Tiwary & Colls, 2010). This
enables concentrations to be conveniently calculated at any location. In other
words, it offers an ‘efficient compromise between reasonable accuracy and
manageable computational time’ (Fallah-Shorshani, et al., 2017). There are great
number of working Gaussian models, each aims to improve an aspect of the
theory’s limitations such as the lack of consideration given to physical (e.g.
deposition) and chemical (e.g. NOx and SOx) processes (Vardoulakis, et al.,
2003). The three most important drawbacks with Gaussian models are:
Inaccuracies have been consistently observed in low wind conditions or at close
approximates (<100m) (Holmes & Morawska, 2006). Long distance (>100km)
modelling is also not recommended since Gaussian equations assume winds
would be the same across the domain. Obstacles (e.g. buildings, infrastructures)
are defined poorly via surface roughness parameters, applications in small scale

urban areas require extra assisting modules.

CFD models are 3D based simulations of fluid flow, heat transfer and related
processes (e.g. chemical reactions) (Vardoulakis, et al., 2003). Its purpose is to
study complex flows and turbulences caused by obstacles using flexible fine-
scale grids. Conventional models, being less tractable, thus fall short in small-
scale dispersion compared to CFD (Williams, 2014). As a trade-off for high
resolution, this technique is resource demanding. Examples of CFD’s best use
can be the modelling of wind and microclimate in complex urban areas (Antoniou,
et al., 2019) (Kaseb, et al., 2020), or the impact of certain urban micro areas (e.g.
green space, traffic hot-spot) onto air quality (Moradpour & Hosseini, 2020)
(Sanchez, et al., 2017).
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2.4 The Modelling of Road-traffic Derived Emission and the
Issue when applying to Developing Countries

This section revisits studies that employed those above mentioned techniques on
the modelling of urban road-traffic pollution, preferably in developing countries.
Combined with recent findings in Vietnam, the objective is to evaluate the

applicability of these techniques to Hanoi and HCMC.

An example of the box modelling approach was in Santiago, Chile (Jorquera,
2002). A Box model was used because of ‘a lack of reliable emission inventory
databases’ and of the information on related processes, most namely chemical
reactions. Apart from other sources, the city’s vehicles were all grouped together
and emission data was extrapolated from fuel consumption. Estimates were
produced on a monthly basis. From those results, further evaluations were made
regarding seasonal and yearly variations. Comparing modelled concentrations
against a number of monitoring stations across the city showed slight
overpredictions for annually averaged CO and NOx (2.5% to 21%). Result
indicated the dominant contribution of mobile sources to air pollution. This could
preliminarily guide decision makers, e.g. traffic emission needed to reduce by
75% for concentrations in winter to be as low as in summer; old and heavy

vehicles were responsible for 65% and >50% of CO and NOx respectively.

Due to its principle, i.e. modelling the dispersion of a particular emitting source
rather than multiple explicitly identified sources, Eulerian/ Lagrangian models
have limited usage when considering an entire road network. Conversely, they
are more suitable with environmental impact evaluation of known emission
hotspots or future infrastructure developments. (Rafiei & Sturm, 2018) employed
this technique to investigate the impact of ventilation from a tunnel in Tehran,
Iran. Input requirement included: the portals’ location, the desired emission
inventories (this project used the worst case scenario — congested ftraffic),
meteorological data from nearby stations and some simple topographical
parameters. The resulted CO contours could be used to provide further

understanding of the health impact at the close vicinity of portals (<200m).
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There are many applications of the Gaussian modelling technique to road-traffic
emission. Studies have implemented different models (e.g. ADMS-Urban,
AERMOD, OPSM) and varied levels of complexity/ detail. The core inputs are
similar to which described above with the Lagrangian case study. Depended on
purposes, large-scale dispersion mapping (e.g. (Biggart, et al., 2019)) or in-depth
evaluations using hybrid models/ integrated modelling chains (e.g. (Misra, et al.,

2013)), can all be achieved with corresponding additional input.

Thanks to recent computational advancements, CFD models have become more
practical (Tominaga & Stathopoulos, 2011). Applications studying pollutant
transport in the vicinity of roads are more frequently conducted. Other than
human exposure to pollutants, these works can assess the impact of wind field
upon monitoring sites, essentially re-evaluate the quality of observations
(Costabile, et al., 2006); (Santiago & Martin, 2015). Models are therefore very
specific and input hungry, e.g. using blueprint measurements to map a building
(Harmanto, et al.,, 2015); sensor monitored traffic and automatic congestion
indicator (Dixon, et al., 2006). There are thus cases that rejected CFD modelling

due to data inadequacy (Rafiei & Sturm, 2018).

TAPOM, a Eulerian based model, has been successfully employed to simulate
the dispersion of pollutants in HCMC (Bang, 2010). Grid source is used in
TAPOM and the emission of each cell is applied to an equation, which contains
consideration for meteorology, turbulence and chemical reactivity (Brulfert,
2004). Evidently, to employ TAPOM, a method of aggregating individual emission
sources into cells are needed, thus the use of EMISENS, a tool that computes
new sets of gridded data from both top-down and bottom-up emission inventories
(Bang, 2010). This method, designed to tackle the lack of emission data in
developing countries, has proven to be very practical. However, by only using
amassed cells, TAPOM has certain drawbacks, namely reduced details (e.g. road
canyons), inconvenience when adding new data/ variables (e.g. emission
temporal variation, changes in vehicle fleet), deviation from standardised formats
(e.g. GIS-defined roads). In short, even though TAPOM coupled with EMISENS

is an able framework, it lacks the flexibility for large scale applications such as
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quick predictions or fine adjustments because every input changes would involve

recalculate the entire process.

Another notable application of dispersion modelling in Vietnam is with OSPM.
This street canyon model couples a Gaussian model for the flume derived from
vehicles and a box model for the effects of turbulence (Holmes & Morawska,
2006). Introduced by OSPM, the recirculation zone within road canyon has been
employed by many air quality models namely AEOLIUS and ADMS
(Chatzimichailidis, et al., 2019). Since it is extensively referenced, time efficient
and gives attention to many contributing variables (e.g. traffic produced
turbulence), it has been widely employed to study pollution level at street scale
(Kakosimos, et al., 2010) (Vardoulakis, et al., 2007) (Berkowicz, et al., 2008)
(Lazi¢, et al., 2016). (Hung, 2010) calculated the pollutant concentrations on 5
roads in Hanoi to evaluate how suitable OSPM is with limited input data of varying
quality. As such, whilst each road was individually configured, detailed traffic

count was sourced from previously conducted studies.

Also by (Hung, 2010), OML was applied as to estimate and map the pollution at
urban scale in Hanoi. Similar to (Bang, 2010), roads were grouped, multiplied
with surveyed emission factor then divided into grid cells. Point and area sources
were then inputted alongside traffic. OML is Gaussian based and uses boundary
layer scaling instead of Pasquill stability classification. The main limitations with
this model are currently the lack of consideration for deposition and the simplified

method used to describe building effects.

(Hung, 2010)’s conclusion was that even though models could be implemented,
the efficiency was mostly influenced by the lack of ‘a GIS data set with detail
parameters of the road network, vehicle volume for each street and studies of
emission factors for each vehicle category’. Next, validating modelled result
against observations faced difficulties because the contribution of other emitting
sources (i.e. industrial, domestic) was poorly understood. Lastly, the monitoring
network was not effectively configurated, e.g. stations were operated differently
or built too high instead of at street level and there was no regional background

measurement.
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HoanKiemAir project has recently been initiated as to produce a visualised 3D
simulation of the effects of traffic upon air quality in Hoan Kiem district, Hanoi

(Figure 3). Limited documentation was found on the project, however it may

prompt the applications of more sophisticated models in Vietnam, most namely
CFD.

Figure 3. A demonstration of the HoanKiemAir simulation (Khanh, 2019). Air
Quality Index displayed on buildings, less green is more polluted.

Out of the four mentioned dispersion modelling techniques, Gaussian based
models seem to be the most fitting for the road network in Hanoi and HCMC. Not
only have there been successfully employments, outputs are produced at detail
levels adequate for current regulatory purposes (e.g. urban scale environmental
impact assessments, preliminary human exposure evaluations). Also, the input
requirements are manageable. Gaussian models are preferred over Eulerian/

Lagrangian based because they are more dynamic. As such, with the current
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rapid changes in traffic, the modelling of emission is best suited with a fast,
versatile process. There is also a wide variety of Gaussian models, each offers

its own additional modules to improve functionality.

2.5 The Development of ADMS

ADMS-Urban is the complete version of Atmospheric Dispersion Modelling
System (ADMS or UK-ADMS) and is a Gaussian based model that has an
emphasis on versatility. As such, realising that local authorities do not have a
uniform, adequately equipped tool to be used for their air quality assessments,
ADMS is developed by the Cambridge Environmental Research Consultants
(CERC) to ‘bring the latest modelling techniques to the non-specialist user
(Carruthers, et al., 1997). The software has been commercially released since
2002.

Described as an advanced dispersion model, ADMS incorporates the Monin-
Obukhov length similarity theory to describe the structure of the boundary layer
(Douglas, et al., 2016). It allows point, line, area, volume and grid sources to be
explicitly inputted and modelled simultaneously within a referenced domain.
Other features such as street canyon, road tunnel, chemical reactions, up-to-date
EFs, GIS compatibility and domain nesting are also available (CERC, 2017a).
Similarly, resulted pollutant concentrations can be produced at various
frequencies (e.g. 10 minutes — 1 year) and resolutions (i.e. up to 2001 points each
horizontal direction, 501 vertical levels). These aspects of ADMS provide great
adaptability, i.e. simulations can be configurated to match specific modelling
purposes, e.g. study the simplest sources (a singular stack or line) to complex
scenarios (an entire urban area); or increase/ decrease the temporal output to

suit the need of model evaluation.

ADMS has been extensively validated against similar models developed in the
UK and worldwide. For example, (Stocker, et al., 2013) studied 4 different
models, including ADMS-Roads, US-EPA’s regulatory model AERMOD,
California’s CALINE and US-EPA research model RLINE. Performances were
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assessed through 2 experiments, one mimicked the real-world scenarios whilst
the other was more controlled. ADMS exhibited the best correlation/ highest r
value at 0.78 and 0.88 for each experiment, respectively. With the real-world
scenarios, ADMS also achieved the best Normalised Mean Square Error (NMSE)
(i.e. 0.2 with ideal = 0) and prediction within the factor of two of the observations
(Fac2) (i.e. 0.85 with ideal =1).

As for applications of ADMS, London’s air quality in 2012 was simulated by
(Hood, et al., 2018). Input emission data were gathered from the London
Atmospheric Emissions Inventory and projected to the modelling year (e.g. from
2010 to 2012). In light of the Volkswagen emissions scandal, some adjustments
were made to recalculate the vehicular EFs for all road traffic sources in London.
This increased the total annual NOx emissions by 55%. The result suggested a
consistently good agreement between modelled concentration and observation
across all 6 pollutants, including NOx, NO2, O3, CO2, PM10, and PM2s. In specific,
the r — value ranged between 0.504 and 0.777, Fac2 was between 0.664 and
0.882, and the Fractional bias (Fb) was below + 0.12. Similarly, apart from NOx
with NMSE of 0.728, which was likely caused by the uncertainties of the EFs
adjustment, the remaining was below 0.4. On the other hand, concentrations
modelled using adjusted EFs showed substantial improvements over which of
raw EFs, especially for near-road sites: Fb from -0.3 to 0; NMSE from 0.88 to
0.62. This comparison demonstrated an important potential application of ADMS,
which is to predict/ quantify the impact of improved EFs, via better fuels (e.g.
cleaner coal for generators), or technical advancement (e.g. phase-out old
vehicles, alternative transportations). In overall, (Hood, et al., 2018) is a good
example of a dispersion modelling work using ADMS, featuring a typical method
of sourcing input data, i.e. temporal projecting, and the elevated level of attention

that can be included to better depict the real-world conditions.

The work of (Biggart, et al., 2019) shared a very similar concept with this project.
As such, it aimed to use ADMS to produce pollutant concentrations across urban
and suburban Beijing, using freely available geographical data to explicitly

identify road traffic sources. Realising the inefficiency of manual vehicle counting,
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the study took advantage of the Multi-resolution Emission Inventory for China
(MEIC). MEIC, which is a gridded emission inventory, was optimised and
apportioned cell-by-cell to individual roads. The optimisation process contained
two stages: 1. Temporal adjustments (i.e. re-scaling MEIC from 2013 to 2016),
and 2. Spatial adjustments (i.e. re-distributing part of the urban emission to the
surrounding suburban areas). This method in essence was proposed as a
combination of improved spatial detail (e.g. to calculate near road concentrations)
and reduced input data intensity. For PMz s, the result showed good agreements
between modelled and observed concentrations with NMSE, Fb and r at 0.37,
-0.04 and 0.76, respectively. NOx and NO2 exhibited lower r values (0.53 and
0.41), mostly due to MEIC not fully account for the night-time influx of heavy
diesel vehicles. In turn, thanks to ADMS’s included chemistry scheme, refining
NOx emission was shown to improve model performance with Os. On the other
hand, inadequate background observation in Beijing, as with many developing
countries, contributed to the overall uncertainties. The study also pointed out
several directions of further development namely refining explicit road emissions
network for higher detail (e.g. vehicle type, road type, congestion, and different
diurnal profiles), fine scale evaluation for health exposure-related studies, or
develop model modifications tailored for specific metrologies (e.g. very stable,

low wind conditions commonly found during East Asia winter monsoon).

2.6 Model Features

There are four variables to be considered for the modelling of road traffic
emission: source location, source intensity, dispersion and background
concentration. Even though this project aims to demonstrate the full capacity of
ADMS in order to propose its applicability to Vietham, some of the optional
features had to left unused due to the time and data limitation. Those were
namely chemical reaction schemes, advanced road canyon, trajectory model and
deposition. Chemistry scheme in particular, should be included in following works
since it simulates 1. the simplified NOx— Os relationship, which can change the
ratios of NO/NOz2, NO2/NOx, and NO2/Os3; and 2. the conversion of gaseous SO2
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to sulphate. In turn, if chemistry were applied, modelled result would likely exhibit
1. sharp increases in pollutant species concentration near major roads; 2. a
slower response of NO:2 concentrations to NOx emission changes; and 3.

increase in PMs concentration.

Figure 4 illustrates how the remaining ADMS’s features are used to define
simulations. Table 2 lists the primary input file formats. The property of these
features and their corresponding input requirement are discussed below. This

work uses ADMS-Urban version 4.1.

GIS Source Location

Emission Factors

Source Intensity

Time—varying Profiles
Concentration

Meteorology

Vehicle-produced Turbulence

Dispersion
Street Canyon
Background
Tunnel Concentration

Figure 4. Demonstration of ADMS’s modules used to calculate the emission of

road sources.
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Table 2. ADMS's input files.

Extension | Description

.vgt Vertex information for all sources

.spt Sources’ properties (e.g. type, efflux parameters)
.eit Emission information for all sources

Aft Traffic flow for road sources

fac Emission diurnal variation factor

.bgd Background pollution data

Source Location:

To large-scale capable dispersion models, the integration of Geographic
Information System (GIS) technology is a very advanced functionality. As such,
other than ADMS, only few others are GIS-equipped, namely AERMOD,
DUSTRAN and OSPM (Gulliver & Briggs, 2011). ADMS is therefore able to
produce results of high resolution that are directly useable in geospatial data
manipulating software such as ArcGIS, QGIS and Mapinfo. Additionally, many
fields of information can be attached to cartographic data, meaning GIS is not
only beneficial to source location but also to other physical depictions of the real
world (e.g. terrain, buildings). As for road sources in ADMS, their coordinates
must be listed in a .vgt file. Each road can only have a maximum of 50 vertices
and there can only be 3000 roads per model. Consequently, if domain contains
too many roads, modeler have to either reduce the input resolution, or shrink the

area.
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Source Intensity:

Previous modelling attempts show that in developing countries, line sources’
emission data, which are extrapolated from other datasets (e.g. regional emission
inventory, fuel consumption), have great uncertainties (Bang, 2010) (Jorquera,
2002). Optimisations can be made to substantially improve the data quality and
the suitability for street-scale modelling (Biggart, et al., 2019). Still, certain
intriguing details (e.g. diurnal variation, contribution of vehicle classes) remain
missing from proxy-based emission inventories. Vehicle counts, even though are
more difficult/ laborious to obtain, should therefore be used for emission input.
Each road’s traffic data including number of vehicles per hour and average speed,

must be listed in the .tft file for ADMS to process.

Although it is known that vehicular emission varies according to fuel type, vehicle
condition and travelling condition (i.e. speed, on-off motion, road quality), such
variations are poorly understood for the vehicles in Vietnam. This is due to 1. The
lack of vehicle quality control and 2. The chaotic traffic pattern (e.g. MC filtering
between queues) (Trang, et al., 2015). Many studies in Vietham must therefore
compensate by adopting EF elsewhere, e.g. EPA, Bangkok, Euro standard
(Trang, et al., 2015), . ADMS’s integration of various EF datasets from the UK
and China is a very practical feature. As such, once an emission dataset is
addressed in the .spt file, the EF of each road would be scaled with the average
speed on said road. Conversely, through a .eit file, it also remain possible for

modellers to define fixed emission for each road.

The ability to define time-varying EFs is very important to dispersion modelling in
Vietnam. This is because, as demonstrated by (Chen, et al., 2009) and (Cai &
Xie, 2011), the function allows impact of traffic control policies to be evaluated.
ADMS requires diurnal profile (i.e. a set of 24 hourly factors) to be inputted into

fac files.

A road source’s total EF at a particular time is given by:

ter = /§ ME[/E
7
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where:

nv = number of vehicle categories

Ni = number of vehicles per hour for that vehicle category
EU = emission rate scaled with speed

Ft = hourly factor at the time

Equation 1. Calculation of a road source's emission factor at a particular time

Based on the above, all vehicle types on a road would share an identical diurnal
variation pattern. This is not always the case with megacities in developing
countries (Chen, et al., 2009).

Dispersion:

ADMS’s meteorological pre-processor module is called to calculate the boundary
layer meteorological parameters required for running the dispersion simulation
(CERC, 2017b). This module is designed to allow both hourly sequential and non-
chronological, statistical data can be processed. Likewise, the input requirement
can be adaptable to both specialised and more standard datasets. The minimum
input consists of 4 variables: wind speed, wind direction, cloud cover and time
(hour/day/year). Based on data availability, users can improve the estimate with
other variables. For example, the surface sensible heat flux, if supplied, would be
preferred over cloud cover; when data are scarce, temperature should be added

to the minimum requirement. All variables must be written in a .met file as input.

To ADMS, roads are configured as line sources that have additional consideration
given to traffic produced turbulence and street canyons (CERC, 2017c).
Essentially, the busier the traffic flow, the more turbulence is induced thus the
faster emission is dispersed. This extra turbulence is calculated using the number
of vehicle per second, speed and vehicle cross sectional area. Based on UK'’s

vehicle classification, there can be up to 8 vehicle classes varying between MC
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to specialised HGV; ADMS assigns each with an area value, ranging from 2m? to
16m? (CERC, 2017a). Compared to OSPM, which only uses 2 values for either
small or large vehicles (Vardoulakis, et al., 2007) and ignores turbulence
produced by MC (Hung, 2010), ADMS suggests better detail.

ADMS is sometimes referred as a quasi-Gaussian model, mostly because of the
integrated box model based street canyon modules (Holmes & Morawska, 2006);
(Hood, et al., 2018). This function is therefore a signature addition over other
Gaussian based models. ADMS offers two options including basic and advanced
street canyon. The basic module is based on OSPM and requires less input data,
whereas the advanced one has a wider range of functionality (CERC, 2017d).
The key difference between these two options is that the basic street canyon
function assumes canyon walls are symmetrical and nonporous. It also can only
model the effects upon points inside the canyon, meaning it is designed for health
exposure related evaluations rather than urban-scale pollution mapping. As a
result, the inclusion of this function would have limited impact on the overall
output here, but would be beneficial as a steppingstone to apply advanced street
canyon in the future. With that said, testing both options on a known contour
would be interesting as it may obtain further findings compared to (Hung, 2010),
which employed OSPM.

To mimic the accumulated emissions within tunnels and how they are released
through tunnel portals by following the traffic and affect the surrounding
concentrations, the road tunnel module is available in ADMS as an optional
feature (CERC, 2017b). This module requires a .csv file that contains the location,
depth and width of portals, as well as the name of the connected roads (i.e.
outflows). Each outflow is then modelled as 3 volume sources, with emission

obtained from the tunnel.

Background Concentration:

Due to limited time and available data, chemical reactions are not implemented

in this work. Information on the underlying pollution therefore has reduced
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importance and is optional. Still, some background concentrations should be
added, either as a consistent value, or as an hourly sequential series (written in
a .bgd file). This would help with the model validation (Biggart, et al., 2019).

2.7 Hanoi and Ho Chi Minh City Background

Sharing similar morphologies consisting of a flat terrain, multiple rivers and
suitable climates, Hanoi and HCMC are heavily populated and are the core nodes
of development in Vietnam: Hanoi hosts most of the governmental institutions;
HCMC is the headquarter of manufacturing and logistic activities (World Bank,
2011).

From a geographical perspective, the main difference between these two cities
is their distances from the sea. Being inland, Hanoi is less involved in trade
related activities compared to HCMC, which is coastal. The dissimilarity in
function and physical profile results in different urban planning approaches.
Whilst Hanoi aims for a metropolitan area comprised of a core and serval satellite
cities, HCMC targets the development of an efficient, focalised urban living space.
An important landmark supporting this was the 2008 expansion, which increased
the area of Hanoi by 3.6 times. Simultaneously, this added another 2.8 million to

Hanoi’s population and made it on a par with HCMC.

The population are thus distributed differently for these cities. Hanoi is 37%
larger, but it holds approximately 13% less population. Similarly, the net migration
rate of Hanoi is -0.3%o. whilst HCMC is 5.3%o (Vietnam General Statistical Office,
2016).

In turn, the road network is affected. Hanoi has much higher total length of trunk
and motorway to fulfil the demand of long distance travelling, whilst HCMC is

crowded with smaller roads.

There are also differences in the weather regime. Hanoi, like the majority of the
Northern region, has 4 distinct seasons: summer, winter and two transitions.

Whereas HCMC only has wet and dry seasons. Hanoi has prevailing winds from
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the South East during summer and North East during winter. West South-West
winds dominate HCMC from June to October, North North-East winds from

November to February and South South-East for the remaining months.

Overall, whilst Hanoi and HCMC face similar issues that result in their shared
concern over road traffic emissions, their differing socio-economic functions and
natural conditions demand individual attention. As such, for in-depth, accuracy-
optimised evaluation of the cities’ atmospheric pollution, studies are needed for
each individual city. However, with the scope of this project and that the
availability of emission data were initially uncertain, data were anticipated to be
clustered and shared between cities. Some generalisations would therefore have

to be made and certain variations between the two cities would be neglected.

2.8 Summary

It is evident that Vietnam’s urban air quality management system can benefit from
dispersion modelling as a proactive response to its issues. However, like many
other developing countries, it has difficulties obtaining high quality data to support
the applications. Out of the four most referred modelling techniques, Gaussian
models appear to be the most suitable as they have a good combination of detail/
accuracy and resource requirement. ADMS, being a Gaussian model with
improved adaptability, is thus chosen for the dispersion modelling of road traffic

emission in Hanoi and HCMC.
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3 Methodology

This chapter consists of 2 sections: input data and concentration data and
experiments. As such, the first section summarises the process needed for data
sourcing and processing in order to satisfy ADMS’s input requirement. The
second briefly describes the available concentration datasets, which set the

scope for model validation.

3.1 Input Data

3.1.1 Modelling Boundary

As discussed above regarding Gaussian models, a domain with medium to large
spatial scale is desired. The objective is to define boundaries which cover the
cities’ road traffic activities (i.e. internal and partial of the external travelling

needs).

Thus, a square with edge of 120 kilometres was allocated to each city (from this
point onward, they are referred as Hanoi’'s and HCMC'’s square). As a trade-off
for exceeding the recommended size for domains in a Gaussian model, these

boundaries also include some nearest provinces to the cities.

For Hanoi, The upper and left margins have minimum distances (i.e. approx. 7km)
away from the city’s border. The right and lower ones respectively go through the
central of Hai Duong and Nam Dinh. Including Hanoi itself, there are 15 first level
administrative regions that contributes in the expanse of this square, some of
which have insignificant presence, e.g. Ninh Binh, Thai Nguyen, Lang Son.
Similarly, Figure 5 illustrates the square assigned for HCMC, which overlays the

share of 8 provinces as well as a part of the ocean.
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Figure 5. Modelling boundary for Hanoi and HCMC.

ArcMap was used to estimate how much area of a province is included within a
square. By assuming the population density of a province stays constant across

its area, the population contributed by each province can thus be calculated as:

Pxa
A

p=
Where:
p = Population contributed to the modelling boundary by a province
P = Total population of said province
a = Spatial area of the province overlaid by the modelling boundary
A = Total area of the province

Equation 2. Calculation of population from each province
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With that, the population contained within each square was obtained: 14.2 million
for Hanoi’'s and 13.6 million for HCMC’s. This 6.3% difference in population
counts was used as a proxy to indicate that these two squares would have similar
number of vehicles and thus total road-traffic emission. In essence, this was an
attempt to normalise the two cities, despite their differences as discussed in
Section 2.7. Ultimately, it would allow the use of traffic data from either city on
another, a necessary preparation considering how difficult these data were to

retrieve (Section 3.1.3.1).

3.1.2 Geographical Data and Modelling Domain

3.1.2.1 Road Data Collection

Initially Tried Online Accessible Sources:

Aligned with the preference of data from public accessible sources, several sets

of road data in the format of shapefiles were tried.

Data was firstly sourced from GIS.vn, a website which claims to be the official
channel for Viethamese government to share geographical data for the purpose
of mutual development. Whilst the shapefiles were detailed, the server was a beta

version with a very unreliable connection.

Next, the Global Roads Open Access Data Set (QROADS), v1 (1980-2010)
developed by the Socioeconomic Data and Applications Center (SEDAC) —
NASA was tested. However, the coordinates were inaccurate whilst the level of

detail was low.

The Center of measuring and mapping data, MONRE also offered geographical
data for major Vietnamese cities. Although this seemed to be the most official
channel, it required a fee and a complicated procedure, including a request

document from a governmental unit.
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OSM Data - its Versatility and Compatibility with ADMS’s Input Processing:

The dataset of choice was sourced from OpenStreetMap (OSM) via Geofabrik .
Its advantages include being detailed, free, readily available, regularly updated
and most importantly, widely used as a source of geographical data for academic
and researching purposes. However, as warned by Geofabrik, in order to achieve
such efficiency with the data collection, OSM must relies on the flexibility in the
mapping process of features. As such, rules “are often not well defined and there
is no mandatory quality control” (Ramm, 2017). This statement also refers to the
collection technique, which is fundamentally similar to which of Wikipedia and
Wikidata, i.e., importing data from other sources then having volunteers to
perform ground surveys and improvements. Subsequently, whilst promoting
ground truth and local knowledge, the database is exposed to individual level
inaccuracies and uncertainties that ought to be acknowledged thoroughly. As a
result, further care was taken when extracting more elaborated details from the
database, e.g. comparing HCMC'’s data with multiple other cities’ when looking

for the number of lanes per carriageway (Section 3.1.2.5).

OSM attaches details onto map by having each geographical entity, also called
‘feature’, to contain specific tags. These tags exist in the form of key-value pairs
(e.g. entity = building, type = school). This allows great flexibility in data usage as
tags can be explicitly extracted for tailored purposes. As such, whilst most users
can find frequently used tags from the simplified .shp version, the raw .osm files
can be exploited for further details. The latter point had proven to be beneficial to

this work.

Extraction of Main Roads:

For the modelling of road traffic emission, features that are unrelated or have
limited importance to the travelling condition of the motorised vehicle fleet, are
ignored. These includes cycleway, footway, path, track, residential and others

(i.e. properties are unknown or unclassified). Service roads are also removed
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from the model due to their inseparable association with industrial activities,
which should requires distinctive attentions compared to those of general uses.
The remaining: motorway, trunk, tertiary, secondary and primary roads are

therefore extracted as ‘main roads’.

However, since ‘main roads’ is a broad term, there are other methods of
categorisation. As such, the task of classification is subjective to the dataset and
the definition of choice, which is poorly articulated in Vietham (JICA, 2010). For
example, (Bang, 2018) used a class called provincial road, which is similar to
national road in purpose, i.e. to connect administrative centres to important
infrastructures, but is managed by individual provinces rather than the central
government. Thus, they tend to be smaller and have reduced traffic flow
compared to national highways, i.e. trunk. Provincial roads are equivalent to
mostly tertiary and secondary in OSM. Similarly, a blurred distinction between
secondary and tertiary roads is found in most of the conducted works.
Subsequently, in order to merge data from multiple sources, this work converts
all roads to OSM’s classification which includes Motorway, Trunk, Primary,

Secondary and Tertiary.

3.1.2.2 Administrative Boundaries

The shapefiles, in both polygon and line format, for administrative boundaries
were sourced from the Regional Office for Asia and the Pacific (ROAP), United
Nations Office for the Coordination of Human Affairs (OCHA). The Office focuses
is on assisting international responses to emergency situations, most likely large-
scale disasters or humanitarian crises. Their archive of maps and other

geographical illustrations are respectable both in term of diversity and quality.

There were three administrative levels included within this dataset. This was in
line with the current hierarchy set by the National Assembly of Vietham (Figure
6). The last data update was in 2015, thus these shapefiles covered most major
boundary adjustments, namely the Hanoi expansion in 2008. However, due to

the rapid increase of administrative units, which is unusual for most countries,

33



there were certainly some outdated insignificant details (e.g. at the 3rd —

communal level).

Official Shapefile
classification classification

COUNTRY
CENTRAL LEVEL
PROVINCIAL CITY DIRECTLY SPECIAL 1% LEVEL
LEVEL UNDER CENTRAL ADMINISTRATIVE
CONTROL UNIT

DISTRICT LEVEL URBAN DISTRICT RURAL DISTRICT m W PROVINCIAL CITY 0 RURAL DISTRICT 2nd | EVEL

L“ = e
COMMUNAL 34 LEVEL
LEVEL
COMMUNE COMMUNE

Figure 6. Vietnam’s official classification of administrative levels and OSM’s

equivalent.

3.1.2.3 Road Shapefile Processing

This section covers the process of converting freely available geographical data
into formats that satisfy ADMS’s input requirement. There were 3 main steps: 1.
Coordinate projection, 2. Detail reduction & defining domains and 3. Automated

file format conversion.

From the original geographic coordinate system, roads were projected onto the
VN2000/ UTM zone 48N using ArcMap. This projected coordinate system was
chosen for its fitted bounds, which neatly cover both the Northern and Southern

regions of Vietham, thus minimising distortions during the projection process.

As discussed, ADMS has a limit of 3000 road features per model run. Because
Hanoi’s square has 7537 road features whilst HCMC’s has 9363, a process that
reduces these counts is required. The concept is to exploit ADMS’s allowance of

50 vertices per road. Using various ArcMap’s functions, connecting roads with
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the same name and type (e.g. 3 short tertiary roads), were merged into long lines.
A Python script then iterated these lines and cut them if the length exceeds 50
vertices, producing new roads. In essence, this method simply finds segments of
the same road and redefines them as one; it keeps all geographical details intact
and does not introduce any distortion. Consequently, it would not have any effect
on the resolution of the ADMS input. Since short roads are targeted, the process
is particularly suitable for urban areas with densely packed road network. This is
demonstrated by that whilst only 6.5% was deducted from Vietnam’s entire road
network, 15,5% and 23% reduction were the result for the Hanoi's and HCMC'’s

square respectively.

A limitation of the above technique is that it relies on the attributions included
within the shapefiles (i.e. road name), its efficiency would therefore vary if data
other than OSM was used. Detail reduction can be improved, however it would
requires more geometrical heavy processing. For example, a script can be built
using ArcPy (ArcGIS’s Python package created specifically to dynamically exploit
built-in functions for the analysis of spatial data) to merge connecting roads,
regardless of name, or to search parallel lines and fuse them into duel
carriageways. This can potentially reduce over half the number of roads.
However, considering the complexity of the road network at this scale, such a tool
was overwhelmed for the current project, thus should be reserved to be

developed in the future.

3.1.2.4 Domains

Since further detail reduction was too complicated and there were still over 6000
roads for Hanoi and 7000 for HCMC, the initial modelling boundaries were divided
each into 5 domains. All domains contains less than 3000 roads. The smallest,
yet most important domains situate in the middle of each square and are referred
as the ‘cores’. They were drawn as fitted overlay of the most densely populated
districts of either city, i.e. 11 of Hanoi’s districts and 13 of HCMC'’s (Figure 7). The
cores would have great compatibility with data in Vietnam since, due to limited

resource, most studies tend to target the main districts only. The remaining four
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domains shared edges with their respective core and modelling square so that
minimum overlapping is introduced. This shows the consideration given to double

counting when merging adjacent results.

~Ho Chi Minh City

Legend g i ey (S Legend
[ | Hanoi o oot | Heme
[ | Hanot_Districts 4, S el [ HOMC Districts

wm— Domains P o, — Domains

—— Hanol_ManRoads ik e 4 || —— HOMC_MainRoads i
" Opersieeita ifns) ooy s SEE¥S

Figure 7. Hanoi and HCMC’s main roads and domains.

The main difference between these two sets of domains are their orientation, in
which Hanoi’s square was divided into 3 main vertical pieces whilst HCMC’s were
horizontal. This configuration reflects the shift in economic function across the
areas. In details, whilst the middle sections are the most developed, packed with
industrials and residential establishments, Hanoi’s East and HCMC’s South have
elevated growth due to the location of ports. This leaves the Hanoi’'s West and

HCMC'’s North with mainly agricultural activities.

The population-based definition of boundaries (Section 3.1.1) and this orientation
of domains were intended as to compare the overall pollution level between Hanoi
and HCMC. However, with the current focus and data availability, these points

could not be fully exploited. They therefore have limited impact in this work and
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are reserved for future uses as perhaps, with improved inputs, further evaluations
can be made (e.g. model the emission dispersed from different economic function

zones such as ports, agricultural or residential activities).

Lastly, an executable script was written using Python to systematically convert
shapefiles into the required input format, i.e. iterating through the road network,

listing the coordinate of all vertices of each road, and writing them into a .vgt file.

3.1.2.5 Road Parameters

Due to the scarcity of data, ADMS’s basic street canyon function was employed
for this study. As such, unlike the advanced canyon module, only road width, road

height and average building height were required by the .spt file.

Road Width and Canyon Height:

The issue with sourcing data for road width and canyon height is that whilst
regulations exist, Viethamese policy enforcement is weak thus allows variations
as exampled in Figure 8. Survey data is therefore preferred. However, other than
the raw .osm files, none that contain road width parameter was found. Using
QGIS, OSM data for Bangkok, Berlin, HCMC, London and Tokyo from OSM were
studied to find any pattern in the number of lane per carriageway. The result was
that excepts for Bangkok roads, other cities were quite similar: Most curves had
a single spike at 2 lanes per carriageway and were slightly right skewed. London
and Tokyo also suggested great symmetrical tendencies, resembling a bell

shaped distribution.
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Photo-1 Condition of NH21 Photo-2 Condition of NH12B

Figure 8. Two different national highway (JICA, 2010).

For this project’'s domains, the fluctuation in road condition was therefore
assumed to be normally distributed. A Gaussian generator was incorporated in
the Python script to assign each polyline, which often represents a single
carriageway, with a random lane number. This nhumber was produced using a
mean value and standard deviation which, based on the road’s type, were taken
from the official construction guidance as shown in Table 3. Each lane number
was then used to calculate the carriageway width and through Table 4, create a

range, which allowed similar approach to be done to canyon height.
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Table 3. Lane width and number of lanes (Ministry of Construction, 2007).

Road type Designed speed (km/h) Minimum | Desire
lane no. d lane
100 80 70 60 50 40 30
no.
Lane width
Motorway (Trunk) 3.75 3.5 4 6-10
Urban Primary 3.75 3.5 [ 3-10
main
road Secondary S 4 6-8
Collector (Tertiary) 35 3.25 2 4-6

Table 4. Construction height limit (Ho Chi Minh City People's Committee, 2009).

Foad Maximum height Maximum construction height (m]
width - to the base of 19 3 4 5 & 7 3
L (mi] floor {mi) Stories | Stories | Stories | Stories Stories | Stories
L25 7.0 - - 21.5 25.0 28.4 31.8
20=L-= 7.0 - - 215 25.0 28.4 31.8
25
12=2L= t8 - 17.0 204 238 272 -
20
T2L< ca - 17.0 204 238 - -
12
35=L 3 138 17.0 - - - -
=7
L35 .8 116 - - - - -

Ultimately, the generation of these parameters all relied on OSM’s definition of
road type, of which quality is not guaranteed. It was critically the most rational
method considering the current state of data. However, future works should

source some records as to gain further assurance.

Some field surveyed road width data from HCMC were later acquired, however
their quantity was limited, i.e., only contained 3 road types: primary, secondary

and trunk; each type had less than 40 measurements in 2 different units (Bang,
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2018). Compared to OSM, these new data showed slightly higher mean value of
lane per road. This was expected since surveys tend to be held within the city
core where roads are enlarged. Also, the distribution of secondary roads had 2

spikes perhaps because this class is bundled by both secondary and tertiary.

Bridges:

Bridges were easily identified and integrated into the input by using the
shapefile’s attribution called ‘layer’, which uses values from -5 to 5 to represent
the levels of road elevation compared to the ground (i.e., layer = 0). A 5 meter

vertical difference between each level was applied.

Tunnels:

Tunnels were not as straightforward since other than vertical depth of the bore,
each required at least one connected road to be identified as the tunnel portal or
outflow. Due to data limitation, tunnels were assumed to not have any other

exhaust vents, other than the outflows.

To automatically identify outflows, couple script modules were added into the
Python executable. They in turn performed: 1. Find tunnels (i.e. line features with
layer value < 0). 2. Merge connecting tunnel lines (These separation points may
serve as indicator for vents however they were ignored due to the above reason).
3. Find connecting roads. Identify inflow and outflow using OSM'’s attribution for
traffic direction. 4. Discard special/ error cases (e.g. tunnels that have no attached
line, or illogical traffic direction). 5. Write ADMS required input file. The process

is also illustrated by Figure 9.
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Figure 9. Identifying tunnel’s outflows.

3.1.3 Emission Data

3.1.3.1 The Issues with Obtaining Emission Data

Emission data were critically the most challenging segment of the input
requirement. This was because even though the data are available, they tend to
only be accessible through physical copies. For example, whilst the
transportation master plan by (JICA, 2010) was found online, the contributing
vehicle data taken from (JICA, 2007) was digitally absent. As such, great amount
of time was spent finding researchers or governmental units that can potentially
agree to data sharing. This subsequently became one of the major objectives of
the trip to Vietham in May 2019.

There are other methods of estimating road emission factors that bypass the
need of physical vehicle count. For example: extrapolating from fuel consumption
or total travelling demand; automatic counting using camera, GPS or traffic
stimulating models. However, due to poorly regulated vehicle qualities and
chaotic traffic patterns, current studies in Vietnam face great difficulties applying
those methods. This leaves emission data solely in the format of physical vehicle
counts, which are usually collected by filming, playing back and manual counting.
Evidently, they are very valuable and laborious. Inefficient data collection also

causes cluttered manners of data sorting and storing. For instance, there were
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couple units, who confirmed to have multiple relevant urban transporting datasets
(e.g. vehicles were counted to serve some particular campaigns); yet the staffs
were unable to retrace those from piles of physical documents. Combining with
the recognised mindset of holding back information, it was important to
demonstrate the quality of this work and how suitable it is to Vietnam and

developing countries, to encourage data support.

The data requesting scheme emphasised on the semi-automated processing of
collated data. As such, this project would merge emission data from both city.
The developed framework had the capacity to effectively manipulate large,
differently formatted datasets. Also, with obtained records all averaged together,

researchers might feel more secured when offering their data.

3.1.3.2 Processing of Vehicle Data

Ideally, each city would have a large vehicle dataset, dedicated models and
means for validation. However whilst HCMC lacked in situ concentration data,
Hanoi’'s vehicle counts were outdated. Critically, the acquired data were
insufficient to respectively support each city’s standalone evaluations. The
vehicle data merge was therefore initiated to firstly filling the missing data gap;

and secondary, to connect Hanoi and HCMC during model validation.

The emission input used in this work was the averaged result of four datasets
including: 1. (Bang, 2018), 2. (Phuc & Oanh, 2018), 3. (JICA, 2010), 4. (JICA,
2007). Being the largest set, (Bang, 2018) contained close to 150 locations in
HCMC. Number 2, 3 and 4 in turn contained 2, 35 and 10 roads. They were all
conducted in Hanoi with 3 and 4 used in the construction of the urban
transportation masterplans (JICA, 2010). Other datasets namely (Hung, 2010),
(Trang, et al., 2015) and (Oanh, et al., 2008) had insightful information yet were
eventually removed from the input due to sub-desired levels of detail. In overall,
thanks to its large number of sampling points, traffic count from HCMC has a
higher contribution toward this work’s ADMS emission input. This may have an

impact when evaluating the model output against Hanoi’s observations.
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These four datasets were chosen because they included hourly measurements
for each road. Because each dataset categorised vehicle differently, some of
which contained vehicle classes that are incompatible with ADMS’s integrated
format, traffic data were converted into a more conventional classification. This
work therefore divided vehicle into 5 types: Motorcycle, Car Light (<12 seats), Car
Heavy (>12 seats), Truck Light (<3.5t), and Truck Heavy (>3.5t).

Datasets were also made in different years: the oldest being (JICA, 2007) with
data that dated back to 2004 whereas the latest was (Bang, 2018), counted in
2017. To close the time gap, a value of 3.8% was used as yearly increasement
of total urban travelling demand (JICA, 2010). To break down this value into
vehicle growth rates, the fleet's composition was assessed. Because Car Light
(20% annual growth) is growing faster than MC (16%), the dominance of MC had
gradually declined over the years (Figure 10). Still, changes were critically
insignificant (<10%). Vehicle classes were therefore deemed to have consistent

annual growths (Table 5).

Primary Secondary
100 120
80 100
60 80
60
40 40
20 20
0 I well . 0 | [ | -
Car Light  Car Truck  Truck Car Light  Car Truck  Truck
Heavy  Light Heavy Heavy Light Heavy
Tertiary Trunk
120 100
100 80
80 60
60

40 40
20 20

0 [ | =l - 0 l meol . B a - m -

MC  Carlight Car Truck  Truck MC  Carlight Car Truck  Truck
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Figure 10. Vehicle composition in different road types and years.

Table 5. Calculated annual growth rate of each vehicle class.

MC Car Car Truck Truck Total
Light Heavy Light Heavy

Averaged 89% 7.9% 0.9% 1.6% 0.7% 100.1%
Vehicle
Composition
Averaged 3.38% 0.3% 0.03% 0.06% 0.03% 3.8%
Growth per
Year

Once reformatted, the four datasets were used to produce Table 6, which shows
this work’s finalised ADMS vehicle input. Motorways shared identical data with
Trunk as there was insufficient measurements. Each vehicle class had its own
diurnal variation pattern. By counting vehicles repeatedly on only 2 sampling
sites, (Phuc & Oanh, 2018) suggested that traffic rush hours on weekends had
reduced magnitude and shifted slightly later. Due to data limitation (i.e. most
roads were only observed for 1 day), traffic patterns were assumed to be
model

indifferent between weekday and weekend. Consequently, may

overpredict emission at 7 and 18 o’clock on Saturday and Sunday.

A Python script used the average value and standard deviation (Table 6) to
randomly assign each road with 5 hourly vehicle counts, which corresponded to
5 vehicle classes. According to Equation 1, these values were then multiplied with
the hourly factor at a particular time to produce the number of vehicle at said time.
For example, with primary roads having ~ 5895 + 2922 MC/hour (Table 6), the
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script therefore assigns 2 roads with 6000 and 5500 MC per hour respectively.
The hourly factor at 1 o’clock is 0.09. These roads therefore have 540 and 495
MC at 1 o’clock. In overall, this process whilst retained a uniform diurnal pattern
throughout the road network, still introduced a sense of randomisation which
mimics the real-world situation. The drawback was that there may arise roads

with extreme values, e.g. 1600 Heavy Truck/ hour.
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Table 6. Finalised vehicle data.

Road
Type Primary Secondary Tertiar Trunk
Car Car | Truck | Truck Car Car | Truck | Truck Car Car | Truck | Truck Car Car | Truck | Truck
Vehicle | MC | light | Heavy | Light | Heavy | MC | light | Heavy | Light | Heavy | MC | light | Heavy | Light | Heavy | MC | light | Heavy | Light | Heavy
Time
0 834 265 26 88 326 851 271 4 85 33 617 | 150 4 48 29 631 161 15 221 610
1 459 159 3 70 244 496 160 2 64 20 346 91 3 45 22 390 110 14 204 483
2 332 103 2 59 214 388 109 2 62 15 261 61 2 38 16 444 86 13 197 433
3 438 122 7 61 187 482 111 7 55 11 333 71 5 37 16 657 115 34 190 394
4 779 181 14 63 229 735 166 8 50 10 621 | 106 6 51 21 1048 | 156 38 188 483
5 1892 | 291 41 91 208 1937 | 284 32 82 15 1312 | 155 14 45 26 2147 | 260 85 236 450
6 5353 | 593 95 33 29 4817 | 497 62 31 6 2945 | 245 25 32 13 5663 | 536 166 248 135
7 11189 | 941 99 42 27 10530 | 680 55 33 7 5808 | 333 25 102 i 11425 | 830 155 233 97
8 11050 | 999 80 123 33 10368 | 820 48 130 7 6000 | 420 25 69 16 9118 | 846 123 440 120
9 8671 | 1022 78 204 37 8390 | 865 56 205 6 4685 | 417 24 102 16 7023 | 808 120 935 142
10 7847 | 1006 73 243 50 7501 | 897 a7 218 6 4458 | 417 22 98 16 6571 | 789 114 607 162
11 7466 | 948 72 238 39 7771 | 825 47 228 10 4659 | 386 23 101 22 6220 | 706 109 589 170
12 6813 | 887 79 221 40 6788 | 830 48 212 10 3814 | 390 21 90 19 5540 | 684 112 556 181
13 5869 | 812 68 209 43 5835 | 706 42 196 12 3464 | 332 19 79 18 4909 | 671 104 529 162
14 6920 | 961 Zal 224 43 6738 | 868 42 208 10 3877 | 401 20 83 19 5595 | 684 104 578 177
15 7725 | 966 72 200 39 7126 | 859 44 198 12 4236 | 401 23 84 19 6053 | 744 106 562 178
16 8884 | 1009 76 70 32 7984 | 845 53 68 10 5265 | 415 25 60 17 6754 | 806 122 462 161
17 11120 | 1020 79 62 29 10162 | 844 48 65 8 6258 | 409 25 46 15 9766 | 826 144 347 148
18 9524 | 1001 75 36 21 8423 | 836 47 a7 12 5325 | 406 25 42 18 8170 | 822 106 301 131
19 6874 | 869 56 37 29 6759 | 801 44 58 2 4148 | 375 19 46 14 6137 | 707 106 291 156
20 6879 | 835 50 87 35 6468 | 763 36 94 1 4042 | 413 16 b2 13 5460 | 626 82 312 177
21 6033 | 776 30 85 29 4736 | 688 17 85 3373 | 394 11 52 2l 4230 | 542 57 278 172
22 4142 | 654 23 86 70 3145 | 592 14 107 32 1956 | 295 10 53 19 3121 | 485 38 295 240
23 1865 | 420 9 80 96 1342 | 383 3 120 40 888 | 185 5 55 20 1312 | 269 14 253 274
Average | 5895 | 714 56 114 84 5685 | 638 36 110 1kl 3465 | 302 17 b1 16 4933 | 553 87 360 243
5tDev 2922 | 509 41 131 380 2262 | 634 29 120 23 2530 | 495 18 91 42 2681 | 464 54 328 529
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3.1.3.3 Emission Factors and Vehicle Speed

This work used the ADMS'’s built in Emission Factors Toolkit (EFT) v7.0 issues
by UK Defra. The reason is that Vietham has not been able to produce a similar
conversion tool that calculates emission based on vehicle/ road condition and

speed.

3.1.4 Meteorological Data

3.1.4.1 Data Sources

Meteorological data were downloaded from two sources: 1. Met Office Hadley
Centre observations datasets (HadlSD) for cloud cover and temperature and 2.

The Global Forecast System (GFS) for wind speed and direction.

HadISD is based on the National Oceanic and Atmospheric Administration’s
(NOAA) National Centers for Environmental Information (NCEI) Integrated
Surface Dataset (ISD), which consists of hourly synoptic climatological
observations from over 35,000 stations worldwide. The advantages of using
HadISD are namely global coverage, uniform format, long duration and daily
updating frequency. However the dataset is susceptive to instrumental
variations. For example, 2 HadlSD'’s stations used in this project record wind at
different heights: 11.9m and 10.1m. HadISD has its own quality control code,
which encourages users’ evaluation based on individual purposes. Within the
scope of this project, it was most suitable to use HadlSD as an archive of readily

available meteorological data.

GFS is a weather forecast model produced by the NOAA’s National Centers for
Environmental Prediction (NCEP). Being a simulated, gridded wind dataset
instead of observation, GFS offers no chronologically missing record, uniform
quality and improved spatial definition. As such, it allows each domain to have a

respective wind condition. The version of GFS used in this project is surface wind
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(i.e., at 10m of elevation) and has a resolution of 0.5 degree (approx. 50km)
(Fernandez-Lopez & Schliep, 2019).

3.1.4.2 Data Processing
HadISD:

A HadISD’s station were chosen for each city: Noi Bai International Airport for
Hanoi and Tan Son Nhat International Airport for HCMC. Future studies may
benefit from that several other Viethamese cities also have their corresponding

stations.

Downloaded from the Metoffice, HadISD files were fed into RStudio to be
extracted to more conventional formats. Since there were missing data rows, it
was important to fill these chronologically with blank values. Else, once merged
with GFS winds, there would be time offsets and eventually errors. ADMS will

automatically skip meteorological lines that have inadequate parameters.
GFS:

Data were obtained using RStudio equipped with rWind, which is a R package
designed to download and manage GFS wind data (Fernandez-Lopez & Schliep,
2019). rWind only downloads GFS at 0.5 degree resolution, even though other

levels of resolution were found from the NCEP archive (i.e. 1 and 0.25 degree).

Approx. 7 years of wind data (i.e. from 2013 to the end of September 2019) were

downloaded for each of the 10 domains.

Each domain’s winds were calculated as the average of its contained GFS grid
points. This was done using the wind’s U and V component. Once calculated, the

averaged U and V were fed into the followings:

Speed = /u? + v2

) ) 180 u
Direction = a = — X atan2—
T v

Equation 3. Calculation of average wind from u and v components
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When applied, the second equation should be checked carefully since different

math packages have their arctan2 functions perform differently. For instance:
Excel: a = Degrees(atan2(V,U))
Python: a = Degrees(atan2(U,V))

Equation 4. Difference between Excel and Python in calculating Atan

Note that this direction remained as the wind vector azimuth (i.e. winds blowing
toward with an angle of a) instead of the meteorological wind direction (i.e. winds
blowing from an angle of B), which is the desired ADMS’s input. The finalised

direction was then calculated as:
B=a+180

Equation 5. Calculation of meteorological wind direction from wind vector azimuth

The entire process consisting of grouping, averaging U, V and calculating wind
speed and direction was computed by a dedicated Python script. Higher levels of
wind detail (e.g. GFS at 0.25 degree resolution) would logically enhance the
definition of each domain’s wind and help better segregate them. However, the

options are currently unavailable.

3.2 Concentration Data, Modelling Experiments and Layers

3.2.1 In Situ Concentration Data

Being the primary method of model validation, in situ concentration data and the
potential difficulties in acquiring them had been considered across the duration

of this project.
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Cranfield University deployed some CO sensors in both cities: 2 stations in Hanoi
and 3 in HCMC. These were operated for 6 months: from October 2018 to April
2019.

With the understanding that Vietham had performed multiple air pollution
monitoring projects, it was suggested to be further obtained concentration data
by contacting related personnel and proposing data sharing requests. As a result,

another 2 datasets from Hanoi were sourced.

The first set was from the Center for Environment Monitoring (CEM), Vietnam
Environment Administration (VEA), located at Nguyen Van Cu Street, Hanoi (from
here onward referred as NVC data). It contained hourly measurements of 9
commonly studied pollutant species and covered 5 years, from 2010 to 2015.
Meteorological records were also included. Produced by one of the first
government owned continuous monitoring stations, numerous studies have
employed this dataset, including multiple national environmental evaluations
(MONRE, 2016). However, similar to many older Viethamese projects, related
documentations and reports tend to be strictly kept for internal circulation.
Therefore, whilst the dataset is valuable, extra care was given since the overall

quality could not be critically evaluated.

The second set was from a network of 10 static continuous stations. Full name
and assigned acronym of stations were presented in Table 7. According to Nam,
et.al. (2018), which was among few accessible reports regarding these stations,
TY and MK employ Environment S.A’s equipment and standardised methodology
for high accuracy observations. The remaining 8 are equipped with small,
relatively low cost CAirPol's Cairsens sensors. They use TY and MK as
reference. The exact procedure was not documented however considering that
TY locates on the 6th floor whilst others may only be built on sample masts with
less than 10m of elevation, the dataset critically does not have the highest quality.
The obtained data were from May 2017 to May 2019.
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Table 7. Name, measured pollutants, and data duration of monitoring stations.

ID Measured pollutant Duration

PM1o PMz5 Cco NO2 SO2 O3 2013 2014 2015 2016 2017 2018 2019

MK

HD

HK

KL

MD

PVD

TC

™1

T™M2

NVC

132

151

138

145

146

In overall, both datasets showed the lack of associated documentation. Still, with
the country’s limited resources allocated for environment management, they
remained the best that could be offered. As such, out of 12 available monitoring
stations in Hanoi, listed by MONRE(2016), this work obtained data from 11.

3.2.2 Modelling Experiments

Once all data were collected, it became clear that the available datasets are too

centralised in the cities’ core that except for the main districts, those surrounding
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domains would not have any data to be used for model validation. The idea of

having two experiments therefore was initialised.

3.2.2.1 Experiment 1

The first one focuses on model validation by trying to engage as much of the
obtained data as possible. As such, it simulates the dispersion of pollutants in the
core districts only. Models in Experiment 1 also used meteorological data of
longer duration (7 years, from 2013 to 2019) to improve statistical significances

and to match the span of available in-situ observations,

3.2.2.2 Experiment 2

On the other hand, the second experiment simulates all 5 domains separately as
nested domains (Figure 11). The results of suburban domains were layered on
top of the core’s, i.e. total concentration at core = core + West + East + North +
South. This would allow conducting a coarse assessment of the contribution of
long-distance travelling to concentration at the cores. Similarly, Experiment 2
would indicate how effective long distance modelling is, considering the current
data scarcity. To save running time however, models in Experiment 2 only used

2 years’ worth of meteorological data (from 2017 to 2019).
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Figure 11. Nested domains used as layers in Experiment 2: A — West; B — Core; C
— East; D — North; E — South.

To help compare experiments’ result, both Experiment 1 and 2 were inputted with
identical road data and were set to output at the same resolution and grid points.
However, wind data for Experiment 1 were GFS averaged for the district domain
only, whereas Experiment 2 used winds averaged for the entire square of
120x120km. The impact of this difference should be minimal and is briefly

discussed in Section 4.3.2.1.
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3.2.3 Modelling Layers

With vehicle classes exhibiting various diurnal variation patterns, e.g. high influx
of Heavy Truck in night-time, similar to which found in Beijing (Biggart, et al.,
2019), it was deemed interesting to investigate the emission contribution of each
class explicitly. As such, each vehicle class was inputted into a separated model,
containing an individual hourly factor profile (.fac file). The total simulated
concentration would be the sum of all 5 layering models, i.e. MC + Car Light +
Car Heavy + Truck Light + Truck Heavy. For Experiment 2 in particular (Section
3.2.2.2), this would mean the total concentration being the sum of 25 layers (i.e.

5 nested domains, each contains 5 vehicle layers).

3.3 Background Pollution

As discussed above, background concentration is essential to the model as it
help validating the accuracy of prediction. ADMS would prefer background
information inputted along with the data during the modelling. However, since this
project would have multiple models laying on each other to calculate the sum
modelled concentration (Section 3.2.2 and 3.2.3), background data would be
doubled counted if add directly to the model. As a result, background pollution
was added at the end, which was part of the reason why chemical reactions could

not be included in this work.

Background data were sourced from a recent monitoring campaign in Ha Giang,
a province Northern of Hanoi (So Tai Nguyen va Moi Truong, 2019). They claimed
that measurements were made outside of the traffic busy hours and the average
values for each of their 34 stations were published. The background
concentrations used in work are: 35.15ug/m? for PM2.5, 49.1ug/m? for PM1o and
1940.41ug/ms3 for CO.
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4 Result and Discussion

This chapter firstly looks into the obtained data in order to gain a better
understand of the real world emission and how well the model input was able to
depict it. The result of in situ concentration observations is also briefed. Such
evaluations are then used to guide the model analysis and validation. Openair,
an R package designed specifically for performance evaluation of dispersion

models, was employed to compare modelled results against observations.

Due to the time and data limitation, even though the dispersion of 5 pollutants
including NOx, VOC, PM2.5, PM10 and CO were modelled, only CO results would
be discussed. Not only that CO measurements are available for all stations (Table
7), it is also the most chemically stable species among those modelled. This
decision was made under the consideration that the project could not include

chemical reactions, which have been discussed in (Section 2.6).

4.1 Input Data

Since Hanoi and HCMC have different socio-economic functions and travelling
demands, merging vehicle data is expected to inherit certain drawbacks. For
instance, Hanoi’s short-distance travelling need, which is mostly described by
vehicle count for Secondary and Tertiary roads, may increase. As a result,
concentrations at points closer to the city’s core may be overestimated and vice
versa for HCMC.
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Figure 12. Diurnal variation of vehicle classes and averaged observed CO in Hanoi.

From Figure 12, all travelling patterns can be seen revolving around two rush
periods at around 6 and 17. In detail, MC exhibits the sharpest peaks. This is
because MC remains as the dominant vehicle fleet and is superior in short
distance trips. Heavy Cars, most likely urban buses, have to follow their schedule.
Their pattern is thus similar to which of MC but is also less drastic. Light Car
avoids congestion by spreading its activities throughout the day. Regarding to
logistics, Light Truck operates mainly in the mid-day calm period (around 9 and
15) whereas Heavy Truck works almost exclusively during the night. This unique
inverted variation pattern is created because lorries are banned from running in
urban areas during sensitive hours (i.e. susceptive to congestion). Lunch break
around 11 and 14 are clearly visible with private and semi-private vehicles (i.e.

MC and Light Car), whilst public Heavy Car has much smoother decline. All
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vehicle classes also display a slight increase from 23 to 3. This may be an

indication of the long-distance travelling needs.

Aligned with the wealth growth, instead of buying new MCs, people seem to
prefer cars and logistic vehicles. As such, increased demand for other vehicles
has caused the dominance of the MC fleet to gradually decline. Similar trend has
been observed in China where car overpopulation is currently an issue. Even
though this work’s input ignored the shift in vehicle composition, plotting data for
each year might provide some insights. Additionally, from an urban management

standpoint, this is an interesting topic for future works.

For Hanoi, the wind data used for the modelling (i.e. GFS) is compared against
observations from NVC, TY and MK (Figure 13). Whilst the differences during
summer and autumn are negligible, in winter and spring, northern winds in GFS
present much more frequently and have higher velocity. Unfortunately HCMC

does not have any other wind data for reference.
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Figure 13. Frequency of counts by wind direction (%): GFS wind at Hanoi core
compared to wind at: A— NVC, B-TY and C — MK.
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4.2 In Situ Concentration Data
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Figure 14. Mean and standard deviation of CO observation at monitoring stations

in Hanoi.
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Figure 12 shows close correlations between the diurnal variation of MC and
measured CO concentration. This suggests that MC is the main contributor of
traffic derived pollution. With free flow traffic, pollutants are dispersed
considerably easier thanks to vehicle induced turbulence. During peak times
however, congestion allows emission to accumulate, slowing its release to the
surrounding areas. The slight lags between MC and observations at 8 and 18 can
be an indication of this effect. The increased concentrations during the night may

originate from other vehicle classes, most likely Light and Heavy Truck.

As for measurements at each station, HD has distinctively higher CO
observations compared to the remaining 12 stations (i.e. 1.6 to 4.3 times higher
than the average). HD is followed, with a large margin, by NVC, MK, PVD and
TC (Figure 14). This roughly aligns with Hanoi’'s urban expansion strategy in
which there are three concentric layers of development. The first, most inner ring
being the Old Quarter, contains HD and HK and is densely occupied by tourism
businesses (Figure 15). Because of its historical value, this zone restricts most
infrastructure developments and focuses on services. It is therefore suspected
that elevated CO concentrations at HD is a result of extreme MC traffic and
domestic activities, most likely cooking using coal briquettes, which is widely
referred as the second major emission source in urban areas of Vietnam
(MONRE, 2013). The second, marked by the circular route next to TY, TC, KL
and NVC, has the fastest population growth rate (JICA, 2007). It therefore allows
small developments, mostly for domestic uses. PVD and MD situate next to the
circular route that bounds the third zone, where the construction of skyscrapers

and industries is encouraged.

In general, the obtained measured data agree with (Hien, et al., 2020), which
found pollution level (albeit not CO) decreased from the urban centre outward
and concentrations spiked at around 9km away from HD due to the newly
established manufacturing facilities and their resident labours, e.g. the areas
containing MK. Transportation remains as the dominant source, however
industrial processing and domestic cooking can have a notable contribution, e.g.
15% CO, 70% SOx and 50% NOx (Hoang, et al., 2017). Similarly, (Truc & Oanh,
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2007) suggested that dinner time may intensify the pollution level during evening

peaks as it collides with the traffic rush hour.

Other than HD and NVC, measured CO from other stations are very comparable,
i.e. peak at around 2mg/m3. Similar observations were also found in (Sakamoto,
et al., 2018), in which CO concentration reaches 2ppm (2.3mg/m3) at 8:00 and
18:00, and drops to 0.8ppm (0.93mg/m?3) at 3:00. These values are well under
the Vietnamese regulatory standard for ambient CO (i.e. hourly average =
10mg/m3). This aligns with official findings that CO and SO:2 are not yet a notable
concern for the cities, whilst NOx and PMs should be the focus (MONRE, 2013)
(MONRE, 2016). Those with the lowest concentrations are Cranfield’s 132, TM1
and TM2 (Figure 14). No clear explanation could be given to low CO

concentrations at HK.

(Hoang, et al., 2017) and (Bang, et al., 2019) estimated the CO emission of
anthropogenic sources other than road-traffic, including thermoelectricity,
industrial production, services, and domestic activities, to be 15% and 1.2%
respectively. Combined with another 40% originated from natural processes
(World Health Organization, 2000), the background CO concentration in Hanoi,
as estimated using the obtained measured data, would be around 800ug/m?3
(based on (Hoang, et al., 2017)) and 600ug/m? (based on (Bang, et al., 2019)).
As such, both values are fairly close to CO concentration shown at station 132
as well as to the hourly minimum concentration (represented by the red coloured
lower bound in Figure 19). For instance, station 132, with its remote location,
exhibits a very consistent CO level throughout the day at 642.7 + 51.4ug/m3,
whereas the hourly minimum observation is 602.2 + 59.5ug/m3. It is therefore
believed that either dataset would be a great fit for background pollution in future
models. Additionally, the use of minimum concentration as background pollution

in ADMS has been carried out by (Biggart, et al., 2019), with very positive results.
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4.3 Model Result and Validation

4.3.1 Experiment 1

. ) .
< Winhomigs, 2 o~
. Ocean -
a POrk: .

® Stations

Hanoi_Road
v SumCO_AllHour
z g/ 1  <VALUE>
i v vk [ ]129-50
7 \ [ 50 - 100
I 100-200
I 200 - 400

e B 200 - 650
Il 50 - 1,201

© OpenStre

~ T
Lang Ci DA

-~
§
LS
e
\¥

-~
('
o

i @
> A ‘) <
X S : ‘. ‘ *
Ry v
N F

Figure 16. Long term contour of CO concentration in Hanoi core, without
background pollution.

As shown in Figure 16, the long-term averaged CO concentration in Hanoi core
is simulated to reach 1.2mg/m3. There are three hotspots with over 1mg/m3,
which are navy blue coloured, they are all located at junctions between two or
more large roads (i.e. Motorways, Trunks and Primaries). During evening peak

time (18 o’clock), concentration at those spots exceed 2mg/m?3.
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Figure 17. Mean modelled CO concentration, without background pollution,

compared to mean observed CO, as plotted by monitoring sites in Hanoi.

Similar to observation, HD and NVC exhibit the highest averaged modelled result,
whilst TM1 and 132 have the lowest (Figure 17), which is rational considering the
road network (Figure 16). The distribution of modelled emission also follows
Hanoi’s development pattern (i.e. from the city centre decreasing outward). There
are differences between observed and modelled CO concentration that suggest
the contribution of other emission sources namely natural, industrial, and
domestic, e.g. MK, from the 3™ highest, drops to the 4" lowest. Except for HD,
NVC and MK, which might need special treatment due to their surroundings, the
delta between observed and modelled CO is around 800ug/m3. As such, the
currently chosen background concentration (i.e. CO = 1940.41 ug/m?3) is likely to
cause overestimations. Contrarily, as discussed in Section 4.2, the use of station
132’s measurements or hourly minimum concentration would be a better fit for

future comparisons.
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Figure 18. Contribution of each vehicle type in the modelled CO concentrations at

stations in Hanoi.

As anticipated, MC takes the largest share of the modelled CO concentration at
all stations (Figure 18). The contribution of Heavy Car and Light Truck at HD and
NVC is significantly higher compared to which at the remaining stations. Whilst
this result is plausible for NVC as it situates very close to a major Trunk route,
and the Old Quarter has many bus hubs, it is odd for emissions of Light Truck to
be high at HD. It is therefore suspected that the random generating process
(Section 3.1.3.2) could have allocated some roads near HD with extreme counts
of Light Truck, thus enhances CO emissions at this station. Reinvestigating the
input data shows that HD is surrounded with several roads containing 3 times the
Light Truck mean (e.g. tertiary roads, each with 180 — 210 trucks/hour). As a
result, future works must find a method to refine the vehicle random generation,
e.g. cap the vehicle count at certain values depending on the city’s development

Zone.
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concentration at monitoring stations in Hanoi, as plotted by daytime.

The diurnal variation of modelled concentration follows the pattern of MC, in
which there are 2 main peaks as well as high concentrations during the evening
(Figure 19). There is also a third peak at 20, probably due to the increase in
number of MC and Light Truck. Compared to in situ observations, the evening
peak at 18 o’clock suggests that the model has simulated the effect of congestion.
High concentrations during the night are however not as noticeable with the

modelled outcome.

According to Figure 20, the modelled result has an overall weak to moderate
correlation with all sensors in Hanoi for CO. However, this relationship stays
constant except for Light and Heavy Truck. As a result, instead of rejecting the
model completely, this indicates that there remain many background variables
which need to be evaluated. There are not many differences between stations of
the Viethamese monitoring network, suggesting they have indeed been improved

through centralised communication.
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Figure 20. r value between modelled and observed CO, plotted by monitoring sites

in Hanoi (see Figure 15).

HD has the highest correlation with all vehicle classes except trucks, both light
and heavy. This confirms the above discussion regarding HD being in the Old
Quarter thus its elevated CO concentration is caused by extreme traffic but strictly

not from duty vehicles.

Station 151 has the lowest r value for the main vehicle classes (e.g. MC, cars,
buses) yet the relationship improves with trucks. No obvious reason is suitable to
explain this result. However, perhaps because 151 is placed in the Le Hong
Phong political school, i.e. an institute only teaches government officials with a
relatively large campus, the observed concentrations are already a poor
representation of the actual road-side emission. As for trucks, both light and
heavy, their diurnal variations specifically target non-congested periods, i.e.
lunchtime and late evening. It is thus possible that r value at 151 is enhanced

simply because truck’s schedule collide with the peaks of domestic activities.

Looking into the stations’ location, the closer into Hanoi’s core, the more r

appears to increase. For instance, HD has an overall r of 0.41, which is followed
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by HK (0.39) and KL (0.37). Even though this increasement is very slight and is
not completely linear, it statistically helps the above discussion regarding the
relationship between emission and Hanoi’s pattern of expansion. Similarly, these
values suggest that further geographical profiling can be done to Hanoi to

improve the prediction of traffic derived emission.

The contribution of Heavy Truck to modelled CO concentration is very
insignificant, ranging between 1.5 to 6.5% (Figure 18). (Bang, et al., 2019) even
estimated Heavy Truck’s contribution to be lower, at 0.11% of the total CO
emission in HCMC. It is therefore very difficult to evaluate the impact brought by
changes in Heavy Truck’s emission. Subsequently, it explains why this vehicle
class, with the least vehicle count, exhibits almost no correlation with observation,
as plotted by monitoring site (Figure 20). Evaluating the contribution of lorries

thus requires the simulation of diurnal variation.
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Figure 21. r value between modelled and observed CO in Hanoi, plotted by

daytime.

Prediction for large vehicles (i.e. Light and Heavy Trucks and Heavy Cars)

performs well (i.e. r > 0.5), especially after the morning rush (Figure 21). The
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overall correlation is however reduced by Light Car and MC. The lowest r values
are observed at 2 o’clock, meaning whilst the model suggests reduced vehicle
count and emission, observed concentrations stay mostly unchanged (Figure 19)
shows a consistent measured CO concentration from 1:00 to 5:00. This indicates
that concentration during the night is being maintained by the underlying

conditions uninfluenced by the modelled sources (Section 4.2).

As for the shift in vehicle fleet composition, Figure 22 shows an overall negligible
difference through the years. By adding a yearly increment rate of 0.3% and
3.38% for Light Car and MC respectively (Section 3.1.3), the correlation gradually
drops. Additionally, whilst the city’s development and economic growth can be
seen through the r value of Heavy Car and Light Truck, personal vehicles have a
rather neutral relationship. This suggests a very slow transition from MC to other
vehicle classes in the urban core, contrasting to which estimated by previous

studies.
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Figure 22. r value between modelled and observed CO in Hanoi, plotted by year.

For seasonal variation, as suggested by the above wind roses, summer has the

highest correlation with a r value of 0.214, followed by autumn, winter and spring.
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However, the differences in correlation are extremely minimum. In this project,
seasons therefore should not have any significant impact upon the concentration

result.

The prediction error is now evaluated. Without the addition of a fixed background
concentration, underestimation can clearly be seen from all stations (Figure 17).
Through a conditional quantile plot, which splits the data into evenly spaced bins
of value and shows the Median (red line), 25/75th and 10/90th percentile for each
bin (Figure 23), it is apparent that a value of 1940.41 ug/m? for background CO
is however too high and would cause overestimation. MK and NVC for example,
show very good agreement with observation during peak times and in the evening
(i.e. from 18 to 23) (Figure 24). But because their result reaches minimum at the
background value, one third of the modelled concentrations (i.e. during the night

and early morning from 0 to 6) are almost guaranteed to be too high.
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Figure 23. Conditional quantile plot for hourly CO at 132, without (A) and with (B)
background.
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Figure 24. Conditional quantile plot for hourly CO at: A —MK; B —NVC, at 18 o’clock

(evening peak), with background.

Looking into other statistics, when compared against TM1 (i.e. the lowest
observed set of concentrations), the fraction of predictions within a factor of two
(FAC2) of model with background CO is only 0.09. FAC2 for other stations ranges
from 0.25 (TM1) to 0.77 (MK). This is very plausible, considering that 132 is
located in the suburban area. Similarly, result at 132 has the highest mean bias
(MB) of 1256 pg/m?, i.e. the most overpredicted, whilst HD (-2750 yg/m?) and
NVC (-260 ug/m3) till manage to achieve negative MB, i.e. underestimated. It is
also worth mentioning that NVC situates closely to a military airport, which can
potentially have an impact on this comparison. MK appears to be the best fit with
a MB of only 231 pg/m3. These values suggest that for a city as diverse and rapid
changing as Hanoi, the use of one background concentration dataset alone is not

enough. Similar conclusion has been made in Biggart, et.al. (2019) for Beijing.

In overall, even with a fixed background value, good agreements and correlations
were achieved for most of the day (i.e. from 7 to 23). A simple 24-hour time

sequential background dataset can therefore significantly improve the prediction.
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4.3.2 Experiment 2

4.3.2.1 Hanoi

Experiment 2 simulates the dispersion of road traffic emission of all 10 domains
for the duration between May 2017 to May 2019. Observation data from NVC,

which covers 2010 to 2015, therefore is not discussed in these models.

Figure 25 shows the emission of Hanoi core at 18 o’clock moving toward the
North West. This is anticipated since the prevailing wind direction in the region is
East South East. Similarly, Figure 26 demonstrates how emission from the
suburban areas can affect CO concentrations in the populated districts. The East
domain can be seen having the most influence whereas the impacts from West
and South are minimum. As such, the inclusion of the East domain may affect
the agreement with observation at stations 132, HD and HK. With some Northern
winds observed during winter, the North domain also has a slight contribution.
However, it is unlikely to be enough to have an impact on any of the 12 available

stations.
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Figure 25. Long term contour of CO in Hanoi core at 18 o’clock, without
background.

Figure 26. Long term contour of CO from the surrounding domains to Hanoi core

at 18 o’clock, without background.
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Because both experiments use meteorological data from the same source, when
evaluate against winds observed by stations, the results are very similar to which
of Experiment 1, i.e. Northern winds appear more frequently with higher velocity
in Winter and Spring, minimum differences in Summer and Autumn. Compared
directly to Experiment 1 however, Experiment 2’s winds, which were obtained by
averaging multiple GFS grid points, are more neutral (Figure 27). Looking into the
seasonal variation of concentration, to Experiment 1, Experiment 2 has a
negligible reduction in correlation between modelled and observed data. Perhaps
with more detailed data in the future, the effect of winds in Hanoi can be further
studied. However, within the scope of this project, from this point, both

experiments are now considered to have indifferent wind input.
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Figure 27. Frequency of counts by wind direction (%) of Exp2’s winds compared
to Exp1’s winds.

As suspected with the contours, the inclusion of suburban domains does have an
impact, most significantly at 132 and HK, i.e. the Eastern sites. Whilst
concentrations can be seen being increased, the overall agreement with
observation is not actually improved (Figure 28). As such, it seems there is

threshold at which point emission from other domains becomes excess.
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Figure 28. Conditional quantile plot for hourly CO at: A - MK(Exp1); B — MK(Exp2);
C - HK(Exp1); D — HK(Exp2), without background.

The diurnal variation of concentration derived from heavy vehicles however

received a significant improvement. Based on Figure 29, except for during the

night, the r value stays relatively constant at positive 0.8. Since this experiment

aims specifically to better understanding the impact of long-distance travelling,

this is a very good result which indicates that Hanoi’s input is undermining the
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fleet of heavy vehicles from out site of the city core. On the other hand, Car Light
and MC appear to have their correlation slightly reduced, i.e., personal vehicles
operate mostly in the core, adding further emission of these classes from other

domains causes overestimation.
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Figure 29. r value between modelled and observed CO in Hanoi, plotted by

daytime.

4.3.2.2 Ho Chi Minh City

The above discussion suggests that HCMC, with its centralising manner of urban
planning, would likely to have CO concentrations following MC and Light Car
closely, whereas the contribution of heavy vehicles is negligible. However, Figure
30 shows that the measured concentrations actually resemble all vehicle classes
and that similar to Hanoi, high CO concentrations are found during the night. The
modelled result however follows MC too closely and is unable to produce such

features.
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Figure 31 shows that Light Car and MC have a much better relationship with
observed data in HCMC, as compared to Hanoi. This is expected since the
largest set of input data was sourced from HCMC. Both cities’ models have poor
correlation with observed data during the night. Again, this indicates another

emission source beside traffic.
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Figure 31. r value between modelled and observed CO in HCMC, plotted by
daytime.

As for the prediction accuracy, 1940.41ug/m?3 is again too high for CO background
concentration (Figure 32). The result stays relatively parallel with the perfect
model until reaching 1000ug/m?3 and exhibits overestimations caused by the

emission from external domains.
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Figure 32. Conditional quantile plot for hourly CO at stations in HCMC, with
background pollution.

4.4 Summary

There are currently too many variables to be considered, namely meteorological
data, diurnal variation, vehicle classes and randomly generated vehicle count.
Combined with that data for in situ concentration and background pollution are
limited, the model validation is deemed cluttered. As a result, further

investigations regarding to e.g. the impact of road canyons, road elevation/
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tunnels, could not be made. Still, this chapter has managed to evaluate positive
correlations between the modelled results and the available monitoring network
in Hanoi and HCMC. Encouraging agreements have been achieved and can be
easily improved with the addition of simple, more appropriate background
concentration. In situ observations whilst agree with models that MC is the
dominant urban polluting source, also indicates the contribution of other vehicle

classes as well as of emission sources other than traffic.
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5 Conclusion

ADMS was employed to simulate the dispersion of road traffic derived air pollution
in 2 cities: Hanoi and HCMC and their respective surrounding areas. In order to
satisfy ADMS’s input requirement however, a wide range of issues were
addressed with the current state of data in Vietham, most namely the lack of
effectively enforcement and quality standards which usually results in data
inconsistency and unreliability. Other constrains such as inefficiency in data
collection and handling were also discussed. A semi-automated modelling
framework was therefore designed to transfer quality data from previous studies
to produce a comprehensive input dataset. This also allowed the use of various

ADMS’s optional modules.

With the aim of demonstrating the applicability of dispersion modelling in
developing countries, this work emphasises on adaptability and future potentials

rather than in-depth investigations of air pollution in Hanoi and HCMC.

Multiple model configurations were initially idealised. However due to various
constrains, namely data limitations and time/ computational resources, only 2
configurations were used by this thesis. They were thoroughly referred as
Experiment 1 and Experiment 2. Concentration data from in-situ observations

were sourced as to validate the model outcomes.

Experiment 1 modelled a relatively small spatial area (i.e. Hanoi’s main districts)
for 7 years. Since most air pollution and traffic related studies in Vietnam remain
focused on the inner urban regions, this approach utilised the obtained data most
effectively. Experiment 2 demonstrated another potential application, in which the

dispersion of air pollutants was investigated on a much larger scale.

Without a suitable set of background concentration, the result validation
experienced some difficulties. However, the model does show encouraging
relationships with in-situ observations. In specific, stations in both cities achieved
strong positive correlation was with modelled emission derived from bus and
trucks. Result from HCMC suggests that the framework was able to produce a

very good representation of the real-world traffic activities. Similarly, even with a
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suboptimal background concentration, good agreements were obtained during
traffic active hours (i.e. 7 to 23). This shows that there remain many potentials to

improve the prediction.
This project has made three main contributions:

- Based on the actual requirement of a developing country, proposes a new

suitable tool to the air quality management system.

- By successfully using ADMS, this work has managed to demonstrate the

applicability of advanced modelling software in a developing country.

- A modelling framework has been developed to create a fairly
comprehensive dataset that satisfies the input requirement of dispersion

modelling.

5.1 Limitations

There are three major limitations derived from this work’s methodology, those
are: 1. The scale of models, 2. The emission random generating process, and 3.
The lack of an appropriate background concentration dataset. This section will
briefly discuss each, their impact on the study and provide potential

improvements.

The scale of models in this work was initially intended as to evaluate the overall
pollution level for both urban and suburban areas of Hanoi and HCMC.
Consideration was also given to the differences in cities’ socio-economic
functions, in hope that comparisons can be made to study the impact of those
differences. Inadequate data however have proven this to be too ambitious. As
such, not only that model output could not be evaluate fully (e.g. no CO
concentration available outside the core domains), the scale was too large and
thus introduced extra workload (e.g. main domains had to be divided into several
layers of nested domains). As a result, rather than fitting every agendas in a

domain, the planning of future models should be more concise, well optimised for
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a singular type of emission source (e.g. urban traffic). If required, models can

then be improved onward.

The random generating process of vehicle count was critically an innovative
technique, as it explicitly designates each road with individual emission data, in
turn creating a full road network containing both real-world randomisation and
controlled diurnal variation profiles. However the technique is not fully matured,
evidently producing extreme values that caused uncertainties in the model
output. Further refinements can be made including adding the consideration of
city’s development zones, or integrating data from traffic congestion models,

which is similar to what was done in (Yang, et al., 2019).

The lack of suitable information on background pollution was evident during the
model performance evaluation. By using a constant CO concentration that was
too high for the underlying condition, most stations experienced overestimation.
Similarly, the evaluation had to rely heavily on correlation (r — values) rather than
employing other statistics such as error (NMSE) and bias (FB). Fortunately,
Chapter 4 had manged to identify the contribution of background CO and gave
recommendations on more suitable sets of background information for future

uses.

5.2 Future Applications

This section will discuss the five most potential applications of this work and of
ADMS in general with regards to the conditions and needs of urban areas in
Vietnam, as an example of a developing country. Those applications are: 1.
evaluate traffic NOx and PMs emissions, 2. Fast, periodic predictions, 3.
Scenario/ urban planning prediction, 4. Study of large scale, difficult to define

sources, 5. Uses in health and exposure researches.

As discussed thoroughly in this work, CO was focused as a pilot species for
dispersion model because of the data and time limitation. CO is not the most
pressing concern for the cities in Vietham, as compared to PMs and NOx. It is

therefore important to have the models refined and applied on NOx and PMs and
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produce in-depth evaluations that is previously not available, e.g. diurnal
variation, chemical reactions. Perhaps, with those models the contribution of
Heavy Truck and Heavy Car can be further investigated since according to (Bang,
et al., 2019), their contribution to the total anthropogenic NOx are 9% and 11%

respectively, as compared to MC’s 29% contribution.

This work has produced a semi-automated modelling framework, that utilises
various large mega datasets. It is therefore able to re-use data, add
customisations and new inputs to serve other modelling purposes. As such, being
versatile, reasonably fast/ computational demanding whilst able to maintain
appropriate output resolution and accuracy, the framework is very suitable for
prediction and scenarios testing. For instance, a periodic modelling scheme can
be designed to predict air quality for the next few hours for the city centre. Not
only provide a useful tool for the protection of public health, this would also
encourage the departure from the use of Air Quality Index toward conventional

air quality standards, benefiting both researches and enforcements.

Similarly, the framework can exploit various ADMS’s integrated functions to test
urban planning scenarios. For example, survey showed that only 32% of MC in
HCMC met the EURO Ill standard (Bang, et al., 2019), using the UK’s Emission
Factor Toolkit supplied by ADMS, it is possible to promptly quantify the impact on
air pollution if the above value is doubled. Similar prediction can be done with
scenarios such as MC being replaced entirely by public transport or outgrown by

other vehicles within 10 years.

With the ability to explicitly specify emission source of various types, including
line, point, area, volume and grid, the framework can be applied to study the
emission of sources that have rarely been digitised before. Figure 33 is an
example of this work being used to simulate the dispersion of pollution produced

by crop/ biomass burning in the area around Hanoi.

Lastly, thanks to its road canyon functions and the ability to produce output at
high spatial/ temporal resolutions, this work can be adapted to street scale
dispersion modelling, thus allows fine evaluations regarding human exposure/

health — related impact.
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