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Abstract
Exceedances of particulate matter (PM10) health limit and finding ways to reduce the
sources of ambient particulate matter in Reykjavik, Iceland and Accra, Ghana, has been of
major concern over the years. Iceland has in the last years been able to implement the use
of electric cars to reduce exhaust emissions, which enhances the Environmental
Performance Index of Iceland towards the achievement of sustainable ‘‘pollution-free’’
environment. As a developing country, Ghana’s inadequate resources has resorted to the
consistent use of low-cost air quality sensors and monitors to measure and identify possible
sources of PM10 pollution.
This research focuses on local and remote sources that contributed to the exceedance of
PM10 concentrations over the 24-hour health limit in 2015 in Reykjavik and the impacts of
weather on the concentrations. Three PM10 data sets (GRE, FHG and Model results) and
meteorological data from GRE and IMO (back-up data) were used to assess the impacts of
weather conditions on the PM10 concentrations.
PM10 concentrations measured at GRE station were compared with predicted PM10 model
results to ascertain how well the model works in predicting PM10. The model only accounts
for traffic related pollution; including local resuspension events at GRE station only. Out
of 328 monitoring days, nine (9) days were observed to have exceeded the PM10 24-hour
health limit of 50 µg/m³ at GRE monitoring station and two (2) days were exceeded at
FHG monitoring station. However, both GRE and FHG stations recorded 15th June 2015 as
a day of exceedance thus, a total of 10 exceedance days in 2015. Measured PM10 levels for
these 10 days ranged from 52.2 µg/m³ to 116.0 µg/m³ at GRE station. A series of daily
PM10 data at GRE station were missing from 5th March through to 11th April 2015 due to
equipment failure.
Main sources of PM10 pollution for the 10 exceedance days were anthropogenic (traffic
emissions and resuspension events: 6 days and construction activities: 1 day) with few
occurrences of natural events (dust storm: 3 days). PM10 concentrations from traffic
exhaust follow the Gaussian distribution plume model. Some weather parameters
(precipitation and wind speed) affected PM10 levels on the exceedance days. Generally,
model results underestimated PM10 concentrations from traffic emissions and resuspension
events with wind speed ≥5 m/s. These results are useful in future environmental policy
decisions for incorporating weather conditions as key environmental indicator of PM10
pollution.
The 2015 annual average PM10 concentrations measured in Accra, Ghana and Reykjavik,
Iceland were recorded as 172 µg/m³ and 18 µg/m³, respectively. Anthropogenic sources of
PM10 are the main contributors of particulate matter pollution in Accra which includes
traffic emissions, use of coal, open fire burning of waste and fish smoking (small scale
business operation). Policy measures have been implemented by the government of Ghana
to curb this situation and this research adds to the existing policy measures of air pollution
in Ghana.

Útdráttur
Undanfarin ár hefur í jafn ólíkum löndum og Ísland og Ghana verið lögð áhersla á að finna
leiðir til að minnka magn svifryks í umhverfinu og fækka fjölda þeirra skipta sem svifryk
(PM10) fer yfir heilsuverndarmörk. Á Íslandi er nú lögð áhersla á rafbílavæðingu
bílaflotans, sem bætir stöðu landsins á "Environmental Performance Index" og þannig má
draga úr mengun í umhverfinu. Sem þróunarland, þarf Ghana að reiða sig á ódýrar lausnir
við mælingar á svifryksmengun og þegar kemur að því að skoða uppsprettur
mengunarinnar.
Þessi rannsókn fjallar um uppsprettur svifryksmengunar sem ollu því að farið var yfir
sólarhringsheilsuverndarmörk árið 2015 í höfuðborg Íslands, Reykjavík og áhrif veðurs á
styrk svifryksmengunar. Þrennskonar gögn voru aðallega notuð, mælingar úr
loftgæðamælistöðvunum við Grensásveg (GRE) og í Fjölskyldu-og húsdýragarðinum
(FHG), auk niðurstaðna úr einföldu líkani af styrk svifryksmengunar. Einnig voru
veðurgögn frá Veðustofu Íslands notuð.
Mælingar á GRE voru bornar saman við líkanreikninga til að meta hversu vel einfalda
líkanið virkaði. Líkanið metur einungis mengun vegna umferðar og að takmörkuðu leiti
vegna staðbundinnar uppþyrlunar og einungis fyrir GRE stöðina að svo stöddu. Af 328
mælidögum voru 9 yfir heilsuverndarmörkum í GRE og 2 í FHG. Báðar stöðvarnar fóru
yfir mörkin þann 15. júní, þannig að í raun eru dagarnir 10. Dægurgildi PM10 þessa daga
var milli 52 µg/m³ og 116 µg/m³ á GRE. Gögn vantaði vegna tækjabilunar frá 5. mars til
11. apríl á GRE.
Helstu uppsprettur svifryksmengunar þessa 10 daga sem voru yfir heilsuverndarmörkum
voru af mannavöldum (umferð og uppþyrlun ryks, 6 dagar og byggingarframkvæmdir, 1
dagur), en einnig voru náttúrulegar uppsprettur, sandfok, 3 dagar. Svifryk vegna útblásturs
fylgir Gaussian plume líkaninu. Úrkoma og vindhraði höfðu áhrif á styrk svifryks þá daga
sem farið var yfir sólarhringsheilsuverndarmörkin.
Almennt vanmat einfalda líkanið styrk svifryks vegna umferðar og uppþyrlunar ef
vindhraðinn fór yfir 5 m/s. Þekking á ástæðum og veðuraðstæðum þegar svifryk mælist
yfir heilsuverndarmörkum gagnast við ákvarðanir í umhverfismálum. Ársmeðaltal svifryks
(PM10) í Ghana (í höfuðborginni Accra) var 172 µg/m³ og í Reykjavík (GRE) 18 µg/m³. Í
Accra er helsta uppspretta svifryksmengunar (PM10) af mannavöldum þ.e.a.s. frá umferð,
brennslu kola, opinni brennslu úrgangs og frá fyrirtækjum sem reykja fisk. Stefnumótun
hefur verið þróuð til að minnka þessa mengun og í þessari ritgerð eru settar fram tillögur
um það hvernig megi bæta loftgæðin í Ghana.
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1 Introduction
Globally, air pollution is considered as one of the major environmental concerns (WHO,
2013). The ambient air quality is classified as polluted when harmful substances or
pollutants are present in the atmosphere with consequent negative impacts on other living
organisms and the natural environment as a whole (Kim, Jahan, & Kabir, 2013). The
noticeable trend of air pollution is most often attributed to rapid human population growth,
urbanization and its associated economic activities. Even though such activities are
beneficial for human development and survival, toxic pollutants released into the
atmosphere as by-product of daily industrial operations are not. The knock on effect of
these air pollutants are devastating as research has shown that the direct and indirect
exposure to the six major criteria air pollutants (CO, Pb, O3, NOx, SO2, and PM(1, 2.5, 10))
generally have adverse effects on human health in addition to other impacts on the
environment (Pope III et al., 2004). According to recent studies, the impacts of PM10, and
PM2.5 pollutants are based on their size (Patel et al., 2009) and composition (Bell, Ebisu,
Peng, Samet, & Dominici, 2009). Thus, the smaller the particle size, the deeper its entry
into the respiratory system (i.e. into the alveoli and even the bloodstream) and the more
harmful the pollutants. Also, the composition of the pollutants, meteorological factors,
spatiotemporal variations and proximity of these pollutants sources (primary or secondary)
account for a greater percentage of their exposure (Chang & Lee, 2007) and influence the
rate at which the pollutants affect living organisms and the environment (Bell et al., 2009).
As part of international environmental policies, many nations implement the
Environmental Performance Index (EPI) which is a numerical method used to quantify and
assess the effectiveness of its sustainable environmental benchmark policies. With
reference to the major objective of EPI, air quality is aimed to be mitigated or curbed
drastically due to its impacts on public health and other environmental consequences. In
that regard, Iceland was ranked as the top performer in 2010; especially due to the use of
clean renewable energy sources. Despite these efforts, consequent years of EPI have shown
relatively poor performance of Iceland particularly in air quality. In the context of air
quality this observation could be attributed to increased usage of vehicles, high emission
rates of pollutants coupled with variations in weather patterns during those years in
question (2012, 2014, 2016 and 2018). This noticeable decline in achieving policy
objectives geared towards curbing air pollution defeats the aims set by the European Union
in its 6th Environment Action Program: ‘‘ …to attain levels of air quality that do not induce
major risks and harmful effects on human health and the natural environment.’’ (European
Commission, 2002).
Most sub-Saharan African countries perform poorly in EPI rankings. In the context of air
quality, the main reason for the poor ranking is due to the household air quality. Household
air quality measures the percentage use of burning biomass (such as wood, charcoal, coal,
crop residues and dung) for cooking. Developing countries, like Ghana, rarely has access
to advanced stoves, thus a larger percentage of the low-income communities resort to the
use of traditional stoves and open fires. The biomass fuels release substantial pollutants
into the ambient air as a result of incomplete combustion. Also, the emissions from traffic
(particularly from exhausts of older vehicles) and unpaved feeder roads and streets in
23

Ghana expose inhabitants to higher particulate matter concentrations. Over a 10-year
period, Ghana has a 7.58% change in EPI since 2010. For instance, Ghana was ranked
130th and 124th with corresponding EPI scores of 58.89 and 49.66 for 2016 and 2018,
respectively whereas Iceland ranked 2nd (90.51) and 11th (78.57) for 2016 and 2018,
correspondingly. Since Ghana and Iceland are different countries with different
demography and socio-economic activities amongst others, the 2015 annual average PM10
concentrations will be compared to show the different levels of air pollution experienced in
both countries. EPI rankings have shown relatively poor air quality in Ghana compared to
Iceland. This, however implies that Ghana is exposed to more harmful and toxic pollutants
than Iceland. The poor air quality is a major concern to the general public thus based on
these observation, environmental policy analysis and measures (pertaining to air quality in
Ghana) will be outlined and discussed in this research to aid in curbing the poor air
pollution in Ghana.

1.1 The significance of the study
Amongst the six major criteria ambient air pollutants, this research will focus on the
measurements of PM10 due to its ability to serve as indicators of air quality. This research
offers estimates of the spatio-temporal variations of PM10 with the different weather
patterns of Reykjavik both in summer and winter conditions for the year 2015.
This study will serve as a baseline tool to aid in predicting potential harmful days of
pollution (days with exceedance over the health limit) with reference to prevailing weather
conditions. This research is of great policy relevance in the sense that it will add to the
existing policy measures in Ghana to curb air pollution and help create environmental
awareness through educating of the general public about the potential health effects of
PM10 coupled with a more detailed mitigation planning on ways to solve this
environmental issue.

1.2 Research questions and objectives
1. How often and what are the sources of PM10 when measurements are over the 24hour health limit in 2015?
2. How effective is a simple PM10 model for traffic and resuspension events in
comparison with Real Time Kinematic (RTK) measurements at GRE
(Grensásvegur) station?
3. What kind of weather conditions prevail for the different sources on the 10
exceedance days? How do weather conditions in Reykjavik 2015 affect the PM10
concentrations and spatio-temporal variations of potential air pollution sources
(traffic emissions, local resuspension, dust storm) for the days over the health limit?
Following the trending issues of ambient air quality pollution in general, this research aims
to provide a systematic review which involves identifying and analyzing the potential
sources of PM10 pollution over a significant time span (2015) in Reykjavik (Grensásvegur,
24

proximity to main city center) and the impacts of prevailing weather conditions on
concentrations of PM10 with respect to time at a particular location. This study will use
different types of data sets; Real Time Kinematics (RTK) measurements of PM10 at
Grensásvegur (GRE), Fjölskyldu-og húsdýragarðurinn (FHG) and Predicted PM10 model
data and measurements of weather conditions in 2015.
However, for the purpose of air quality mitigation in Reykjavik, the specific aim of this
research is to compare already existing data (RTK PM10 measurements) for the exceedance
days with a MODEL results to ascertain the underlying major air pollution dynamics, and
to check if the MODEL factors records traffic emissions and local resuspension events.
Another objective for this research is to compare 2015 annual average PM10 concentrations
of Reykjavik and Accra, address the reasons for Accra- Ghana’s exceedance over the
annual average health limit and suggest measures for the development of Ghana’s air
quality policy.
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2 Background

2.1 Particulate Matter (PM10)
Aerosols consists of a heterogeneous mixture of solid (particulate matter) and liquid
components that emanates either from natural or man-made sources with variations of
particle size distributions at global, local, regional and seasonal scales (Thorsteinsson,
Gísladóttir, Bullard, & McTainsh, 2011). Noted as an environmental indicator of air
pollution, particulate matter sources are of different intensities, thus exposures to the
pollutants are dependent on the type of source and how close the source is. Particulate
matter sizes are indicated by PM1, PM2.5 and PM10, where PM10 refers to particle sizes
smaller than 10 µm and so on (Figure 2.1). Particulate matter with extremely fine particle
size, particles smaller than 2.5 µm (PM2.5), has a higher ability of causing harm as
compared to 10 µm because smaller particles have more influence on the heart, vascular
tissues and other internal organs and cells (Kim, Kabir, & Kabir, 2015).

Figure 2.1 Size comparison of PM2.5 and PM10 with the average diameter of fine beach
sand (~ 90 µm) and human hair (~ 70 µm) (Guaita, Pichiule, Mate, Linares, & Diaz,
2011).
The chemical composition (nitrates, sulfates, elemental and organic carbon, metals,
polycyclic aromatic hydrocarbons, allergens and microbial compounds) (WHO, 2013),
space and time within which PM10 disperses pose more negative impacts to living
organisms as compared to other ambient air pollutants such as carbon monoxide and
ground level ozone (Kim et al., 2015).
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2.1.1 General sources and impacts of PM10
The nature of PM (size, chemical composition and concentration) emitted is highly
dependent upon its source of emission. Particulate matter (PM) originates from both
natural sources (such as sea spray, volcanic ash, dust storms and resuspension events) and
anthropogenic sources, such as exhaust and non- exhaust road traffic emissions (Jeong et
al., 2019) which includes heavy/light-duty diesel and gasoline vehicles (Zawacki, Baker,
Phillips, Davidson, & Wolfe, 2018). In the coastal environment, the marine diesel engine
exhausts of shipping vessels can also contribute substantially to PM levels in the
environment due to the use of heavy fuel oil and marine gas oil (Di Natale & Carotenuto,
2015).
Primary particles of PM10 are emitted directly into the ambient atmosphere whereas
secondary particles are formed in the atmosphere as a result of a chemical reaction
processes with primary precursors (SO2, VOC, NOx, NH3) (European Environment
Agency, 2013). The European Economic Area (EEA) has multiple sources of
anthropogenic PM10 emissions. Amongst the many sources, EEA identifies the
‘‘commercial, institutions and households’’ sector as the biggest contributor (38.0%) of
PM emissions followed by the ‘‘industrial’’ and ‘‘road transport’’ sectors which emit
14.7% and 14.1% respectively (Figure 2.2) (European Economic Area, 2014a). Besides,
other sectors in the EEA (agricultural, energy production & distribution, energy use in
industry, non-road transport, waste generation, solvent and product use processes)
contribute to PM10 concentrations (European Economic Area, 2014a). Nonetheless, PM10
emissions from the energy production, energy distribution and use sectors do not account
for PM10 levels in Iceland since hydropower for electricity and geothermal energy are used
in more than 90% of Icelandic homes (Ministry for the Environment in Iceland, 2006).

Figure 2.2 Primary and secondary PM10, PM2.5 , SO2, NOX, and NH3 emissions from
different sectors within the European Economic Area (EEA) in 2010 (European Economic
Area, 2014a).
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Besides respiratory health effects associated with air pollution (Gauderman et al., 2015),
research has shown a positive correlation between the degree of exposure to particulate
matter and adverse health conditions like neurodegenerative and cardiovascular diseases
(Taghvaee et al., 2018). Children, women and the elderly are classified as most sensitive
and highly prone to indoor pollution and exposure of particulate matter due to their
sensitivity to hormonal imbalance and children, specifically due to their rate of
developmental growth (Brook et al., 2010). A recent epidemiological study conducted in
Reykjavik attributes increased cardio-respiratory disease in adults to high levels of PM10
from volcanic ash and other local sources (Carlsen et al., 2015). Not only does PM10
pollution affect human health but it directly affects the performance (productivity and
working hours) of people (US EPA, 2018). In addition, there is a direct impact on the
Gross Domestic Product (GDP) and major economic loss to countries and institutions that
allocate large sums to curb air pollution consequences via the provision of medical
assistance (Wang, Zhu, & Liu, 2016).

2.1.2 Particulate matter in Iceland
Natural and anthropogenic origin either from point or diffuse sources contribute to
particulate matter pollution in Iceland. These sources include traffic emissions, dust storms
(Thorsteinsson et al., 2011), industrial emissions (Ilyinskaya et al., 2017), direct plume
from eruptions and resuspension events from volcanic eruptions (Thorsteinsson,
Jóhannsson, Stohl, & Kristiansen, 2012)

Natural Sources
Sahara Desert amongst other arid regions contributes largely to dust emissions beyond
Africa to other continents globally through a long-range transport. Aside these
transboundary transports, high latitude areas with records of proglacial and paraglacial
occurrences are subject to severe dust events of which Iceland is no exception (Arnalds,
2010). Dust storms are major contributors of particulate matter levels in Reykjavik with
origin from the surrounding glaciers and south coast areas of Iceland (Thorsteinsson et al.,
2011).
Weather conditions in addition to topographical features stimulate the occurrence of dust
storms in Iceland (Gisladottir, Arnalds, & Gisladottir, 2005). PM10 concentrations ranging
between 1000 and 2000 Tg yr-1are emitted through dust storms globally (Tanaka & Chiba,
2006). In that regard, particulate matter is measured as a major air pollutant at both
regional and global scales (Thorsteinsson et al., 2011) aside the many other dust storm
constituents such as plant pollen, textile fibers, minerals from soils (Colbeck, 1995).
From a local perspective, recent studies show that potential sources of dust storms in
Reykjavik are attributed to the extensive 22000 km2 of sandy desert amongst other sources
(Arnalds, 2010). Dust storms are sometimes captured by satellite imagery (Thorsteinsson
et al., 2011). One major dust plume event (Figure 2.3) from the south coast of Iceland
(Landeyjasandur and Markarfljót) towards Reykjavik was observed on 28th April, 2007
with maximum PM10 concentration of 353 µg/m3 in Reykjavik (GRE) (Arnalds, 2010;
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Thorsteinsson et al., 2011). Exceedance of PM10 levels with reference to daily health limit
(50 µg/m3) in Reykjavik showed main origin from sandur regions surrounding glacier sites
and other sources (Thorsteinsson et al., 2011).
Empirical studies for PM10 non-compliance health limit in 2008 shows that dust storms and
local sources contribute about 1/3, each, whereas traffic-related emissions due to road wear
and remote sources emit 1/6, each, of air pollutants into the ambient air (Thorsteinsson et
al., 2011). The natural origin of dust storms in Iceland occurs as a result of resuspension of
particles from the areas highly susceptible to erosion (Arnalds, Dagsson-Waldhauserova, &
Olafsson, 2016). The phenomenon of resuspended ash was evident after the
Eyjafjallajökull eruption which resulted in increased PM10 levels (2000 µg/m3; 10-min
average on 4th June) and reduced visibility over the entire Reykjavik in 2010
(Thorsteinsson et al., 2012)

Figure 2.3 Satellite image showing dust blowing from Landeyjasandur and Markarfljót
towards Reykjavík on April 28, 2007, 13:45GMT. Source: MODIS Rapid Response System
at NASA/GSFC.

Anthropogenic sources
Numerous pollutants (SO2, NO2, CO, CO2, PM(2.5-10)) emanate from traffic emissions. With
much emphasis on addressing non-exhaust particle emissions by the European Directives,
particulate matter guidelines for emissions have been adopted to tackle PM contributors of
road traffic emissions (road dust, brake wear particles, tyre wear) to the increasing impacts
of ambient air pollution (Amato et al., 2014). Excerpts from the environmental reports of
Environment Agency of Iceland (UST) have categorized road traffic related emissions as
the utmost anthropogenic sources of PM10 pollution in Reykjavik (Alkalaj, 2014).
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Observations have shown that the use of diesel private vehicles has increased by 5% each
year from 1995 to 2015 (Jóhannsson, 2015) in Iceland. Over the past few years (20092016) Iceland recorded the number of vehicles per capita as; approximately 717 vehicles
per 1000 inhabitants (Statistics Iceland, 2019). Aside the exhaust emission sources of
PM10, research (EFLA, 2013) has shown increased PM concentrations in Reykjavik during
wintertime as compared to spring season and this result is attributed to the use of studded
tyres.
Studded tyres, one of the most common sources of non-exhaust emission, contribute
substantially to PM10 pollution due to road wear and tyre wear. In Iceland, the use of
studded tyres are only allowed from 1st November to 15th April every year but deep treads
all-year round tyres are also used (European Union, 2015). Statistics have shown that in
2002 winter, about 60% of vehicles used in Iceland were embedded with studded tyres
(Ingason & Johannesson, 2002). The use of studded tyres in Reykjavik clearly shows
seasonality (depending on the prevailing weather conditions; snow and ice cover) and thus
contribute to increased PM10 levels in winter. Subsequent years have also shown the use of
studded tyres during winter seasons. However, with regards to this research, about 39% of
vehicles used studded tyres during the winter in 2015 (EFLA, 2017) thus, the use of these
tyres has declined with reference to the year 2002.
Furthermore, asphalt (a major constituent of road construction aggregate material) emits
greater percentage of coarse particulate matter during the usage of studded tyres in
Reykjavik (Figure 2.4a and 2.4b) due to road surface wetness and lower temperatures
(Ingason & Johannesson, 2002; Skúladóttir et al., 2003). The lower the temperature, the
less elastic the tyre rubber and the higher the surface wear rate per unit time (Dominy,
1981; Persson, 2001). Recent studies and reports (EFLA, 2017) highlight asphalt (49%) as
the main source of pollution from the use of studded tyres in 2015 (Figure 2.4b).
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Figure 2.4 Percentage of each source material in PM samples from studded tyres use in
Reykjavik during the winter season in figure a, (top) 2003 (Skúladóttir et al., 2003) and
figure b, (bottom) 2015 (EFLA, 2017).

In addition, study results covering winter and summer seasons in 2003 depicts that, asphalt
contributed 55% of PM10 in 2003 aside other sources such as 25% soil, 11% salt, 7% soot,
and 2% brake lining (Skúladóttir et al., 2003). Subsequent research (EFLA, 2013) between
January and April 2013 showed a drastic decrease in asphalt (17%). However, soot levels
and brake lining contents increased significantly compared to 2003 research study (Figure
2.5). Furthermore, research conducted in March – May 2015 shows asphalt levels (49%)
and soot concentrations (31%) increased whereas about 13% of PM sources in 2015 were
from soil, salt and brake lining wears (EFLA, 2017). Based on these 3 studies conducted
on the origins of particulate matter in Reykjavik, it is worth noting that non-exhaust
emissions significantly add to particulate pollution, but it is not possible to draw too many
conclusions from only these studies.
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Figure 2.5 Average percentage representation of potential origin of PM (coarse and fine)
samples collected in Iceland during the winter season in 2003, 2013 and 2015 respectively
(Skúladóttir et al., 2003), (EFLA, 2013) and (EFLA, 2017) .

Aside the other ambient air pollutants, shipping emissions degrade the air quality via its
significant contribution of PM10 and PM2.5 concentrations based on experimental
observations (Contini et al., 2011). Further statistical studies show that majority of the
sources of criteria air pollutants in European countries most often exceed the health limit
and are of major threat to both humans and natural environment (Guerreiro, 2013). Even
though this research focuses on PM10, it is of a great importance to have general
knowledge on some sources of PM2.5 concentrations in Iceland.
There have been several records of daily exceedance of pollutants in Reykjavik either from
natural events or human-induced activities. For instance, 2017/2018 New Year’s Eve
(NYE) in Reykjavik was categorized as a record holder of the highest measured hourly
particulate matter (PM2.5) in Europe (Andradottir & Thorsteinsson, 2019). Dalsmari NYE,
Grensásvegur Station-GRE and Fjölskyldu-og húsdýragarðurinn (FHG; background
station) measured higher concentrations with Dalsmari NYE measuring an overall hourly
PM concentration of 3014 µg/m3 (DAL PM2.5). This implies that within a 4-hour period,
the measured ambient PM pollutants were higher (60 times) than the required threshold of
50 µg/m3. Hence, an increased exposure to PM pollution exceeds the dose response and
health safety margins for humans (most especially sensitive populations like elderly,
children and asthmatics). PM concentrations in Iceland have always been high on NYE
thus, concentrations were very high during 2017/2018 New Year’s Eve. Therefore, there is
the need to abate air pollution effects and undertake mitigation measures to curb such
devastating air pollutants in Reykjavik.
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2.1.3 Particulate matter in Accra, Ghana
The sources of pollution vary across continents and is basically dependent on the
topographical or neighborhood location and the socio-economic status of the location in
question (Dionisio et al., 2010). Most towns and municipalities in Ghana are classified as a
middle to low-socioeconomic status communities whereas just a few residential areas fall
under high-socioeconomic status. Ghana, a developing country has over the years
experienced diverse sources of PM10 pollution. These sources range from anthropogenic
and natural origins. The natural sources of air pollution in Ghana includes sea salt spray,
emissions of volatile organic compounds from plants, bush and forest fires. Also, Ghana
experiences humid weather conditions during the dry season (November to March) and this
exposes its inhabitants to PM10 from suspended soil and dust particles.
Over the years, Accra, the capital city of Ghana has undergone rapid economic growth due
to continuous industrialization and urbanization and this has contributed substantially to
anthropogenic impacts on the city and the country as a whole (Bortey-Sam et al., 2015).
The man-made contributors of PM10 pollution in Accra-Ghana surpasses the naturally
induced sources of PM10 pollution. One of the major contributors of PM10 pollution is
traffic emission (both exhaust and non-exhaust emissions). Other pollution sources include
open burning of solid household waste or garbage, burning of wood for making charcoal
amongst other sources.

2.2 Distribution and behavior of PM10
2.2.1 Gaussian distribution
The emission of particulate matter from either natural or anthropogenic sources is
considered as the initial but not the final phase in the life cycle of PM air pollutants. The
distribution of these pollutants at different time periods is important. Dispersion of
pollutants is a term used to illustrate the combination of diffusion and advection processes
by turbulent movement of pollutants or by wind (Elperin, Fominykh, & Krasovitov, 2016).
PM10 pollutants emitted from their sources disperse with time.
The plumes generated by local emissions of particulate matter are dependent upon and
transported by wind speed and wind direction locally or across oceans and different
continents (Ewing et al., 2010; Stith et al., 2009). Major mathematical models and
descriptions have been proven to demonstrate the dispersion rate and trends of PM10
pollutant distribution. Such models can be utilized to study and determine complicated
relationships between air quality and emission origins coupled with functional parameters
(meteorology and surface conditions) (Shir & Shieh, 1974).
Amongst these models is the Gaussian Plume Model (Figure 2.6). Gaussian plume model
uses statistical theory and formula which takes into consideration both multiple point, areas
and line sources either in a two-dimensional or three-dimensional pattern.
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Figure 2.6 Schematic figure of Gaussian plume model distribution for a point source.
(Kou, Gao, & Guan, 2013).
The Gaussian plume formula is based on the assumption that at downwind from a point
emission source, the mean concentration of PM10 in a vertical, horizontal or transverse
direction will attain an approximate normal statistical distribution (Shir & Shieh, 1974).
Other assumptions made are related to the steady-state conditions, the homogenous flow
rate, and conservative type of pollutants amongst others. The application of the Gaussian
plume model is useful and requires information on the shear strength of the wind, its
stability and other meteorological factors (Hanna, Briggs, & Hosker Jr, 1982). Other
primary input data used for Gaussian model include the pollution emission rates.
Mathematically, a point source is calculated using the equation (Simon, 2007),

(1)

where,
C = concentration,
S= a point source of a source strength,
σy = 465 x tan θ,
σz = axb,
θ = 0.0175 [12.5 – 1.086 ln(x)],
a = 61.4 (Pasquill stability category C),
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b = 0.915 (Pasquill stability category C),
H = stack height,
X=

the downwind distance,

y = perpendicular to x on the ground,
z = vertical distance,
U = wind speed at height (H),
L = length,

The Gaussian distribution model highlights atmospheric turbulence and mixing events with
wind. Atmospheric turbulence is characterized by small-scale, irregular air motions that
vary in speed and direction. The turbulence is a much more efficient mechanism than
diffusion. In that, atmospheric turbulence mixes and churns the atmosphere and causes
PM10 pollutants, water vapor and other substances to become distributed vertically and
horizontally over time. The nature of the prevailing atmospheric conditions determines the
level of concentrations in the periphery of the plume center line.
An atmospheric condition is termed unstable when the environmental lapse rate is greater
than the adiabatic lapse rate thus, a looping shape of concentration dispersion. On the other
hand, a stable atmospheric condition occurs when the adiabatic lapse rate is greater than
the environmental lapse rate hence, a coning shape of pollutant dispersal. For the purpose
of this research, much focus is based on the turbulent diffusion thus, implies that the
Gaussian plume model should be applied for average wind speeds with velocity greater
than 5 m/s. Two major parameters would be highlighted upon with reference to the PM10
concentration Gaussian distribution theory: steady state concentrations (C in µg/m3) of
PM10 at a point and the average wind speed (U in m/s).

2.2.2 Meteorology
Weather patterns in Reykjavik, Iceland
With geographical coordinates of latitude 64°07'.41" N and longitude 21°53'43.48" W,
Reykjavik, the largest city of Iceland, is situated in the southwestern part of Iceland close
to the southern shore of the Faxaflói Bay (Einarsson, 1984). Reykjavik’s location in the
North Atlantic Ocean and its proximity to other surrounding oceans makes it prone to the
transfer of thermal energy which is backed by ocean currents and atmospheric circulations
(Einarsson, 1984). The geographical location and prevailing meteorological conditions
(wind direction and speed) play major role in determining the weather types which varies
from one part of Iceland to another (Einarsson, 1984).
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Reykjavik’s weather conditions (air temperature, wind, cloud cover) induce the rate at
which the concentrations of local air pollutants are dispersed within a specific time period
(Thorsteinsson, Hackenbruch, Sveinbjörnsson, & Jóhannsson, 2013). This applies to
resuspension events from accumulated particles on and near roads, volcanic eruptions and
dust storm events. Resuspension events occur during dry conditions with wind speeds ≥5
m/s. Generally, the undulating weather patterns of Iceland play major role in the variability
of ambient PM10 concentrations but not so much of the first approximate direct emissions
from traffic sources even though wind affects concentrations at a given location from
exhausts or plumes.

Weather parameters that affect particulate pollution (PM10)
Emission sources and atmospheric conditions determine the distribution of PM10 and its
chemical composition over wide area at a specified time (European Environment Agency,
2013). Weather conditions affect the distribution of PM10 but not so much of the direct
emissions from traffic sources but certainly emissions from resuspension events. In
addition, prevailing precipitation levels completely suppress PM10 concentrations from
resuspension events and wind speed stimulates the distribution of particles during dust
storms.
Meteorological parameters have an impact on concentrations of PM10. Wind speed is
crucial in the distribution of PM10 emitted into the ambient atmosphere from its source (Eq.
1). In that, the higher the wind speed, the lower the PM10 concentrations and vice versa
depending on the source (especially for a line or point source such as traffic emission).
PM10 concentrations from traffic emissions are thinned by increase in wind speed. Also,
lower but steady wind speed reduce PM10 concentrations measured away from its source
(Chaloulakou et al., 2003).
Wind speed and wind direction naturally dilute the concentrations from the environment.
This phenomenon is, however, contrary for dust storms and resuspension of accumulated
road dust and volcanic ash debris. For dust storms and other resuspension events, the
higher the wind speed, the higher the emission rate of PM10 pollutants to disperse from its
origin, hence, the higher the PM10 concentration measured. This implies that wind speed
can either act as natural agent that reduces the concentration of PM10 or increases it.
Weather conditions such as precipitation, snow cover/depth, wind speed and humidity have
a higher likelihood to affect the concentration of particulate matter in the atmosphere.

2.3 PM10 standards and policies
Many mitigation strategies have been derived since the local, regional and global scale
recognition of the negative effects of air pollutants (in this context; particulate matter and
NOx) on health and environment. Primary efforts include establishing and adopting
emission standards and air quality guidelines as first steps to aid in the mitigation of air
pollution. Every ambient air pollutant has either an international or local limit to which
both measured indoor and outdoor pollutants are compared with.
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Air quality standards are based on the facts (in most cases) that above certain recognized
concentrations, pollutants cause harm to the immediate public (Matus et al., 2012). The
primary goal of these standards is to achieve the ‘‘cleanest possible air’’ which has ‘‘zero
damage’’ on both life and environment (WHO, 2006).
As part of the goal to control and curb air pollution, several policies and legislative
measures have been implemented to regulate the release of pollutants that pose threat to
public health and living organisms. Hence, the United States Environmental Protection
Agency emphasizes on the 1970 Clean Air Act as a means to achieve a substantial
pollution reduction in America (US EPA, 2017).
The Clean Air Act identifies and classifies two types of National Ambient Air Quality
Standards (NAAQS) as Primary and Secondary standards which provide public health
protection and public welfare protection, respectively. The NAAQS emphasizes on the six
criteria ambient air pollutants of which particle pollution (PM10) is included (Table 2.1).
The US focuses on PM2.5 for health limits. The United States (US) use the US EPA health
limits, Occupational Safety and Health Standards (OSHA) whereas European countries
resort to the EU Directives. Also, the World Health Organization (WHO) sets minimum
requirement for most ambient air pollutants which many countries use as standards for air
quality.

Table 2.1 National Ambient Air Quality Standards for criteria ambient air pollutants
(PM10 and NOx).
Pollutants

Primary/
Secondary
Primary and
Secondary

Averaging
Time
24-hours

150 µg/m3

Primary and
Secondary

24-hours

35 µg/m3

Primary

1-year

12 µg/m3

Secondary

1-year

15 µg/m3

Nitrogen dioxide
(NO2)

Primary

1-hour

191 µg/m3

Annual mean, averaged
over 3 years
Annual average mean,
averaged over 3 years
98th percentile of 1-hour
daily maximum
concentrations, averaged
over 3 years

Nitrogen dioxide
(NO2)

Primary and
Secondary

1-year

101µg/m3

Annual Mean

Particulate Matter
(PM10)

Particulate Matter
(PM2.5)

Level

Form
Not to be exceeded more
than once per year on
average over 3 years
98th percentile, averaged
over 3 years

(1)

(1) The level of the annual NO2 standard is 0.053 ppm. It is shown here in terms of µg/m3
for the purposes of clearer comparison to the 1-hour standard level. Source:
https://www.epa.gov/criteria-air-pollutants/naaqs-table
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2.3.1 European Union Directives
Aside the US Act, a more legislative approach to control air pollution within the European
Union community was established. The initial air pollutants framework directive
(96/62/EC) was adopted in 1996 for the assessments and management of air quality
(Amann & Lutz, 2000). In addition, preliminary revised guidelines for daughter derivatives
(PM, NO2, SO2 and Pb) were implemented as (99/30/EC) in 1999. Consequent European
Union (EU) directives have been initiated and implemented within a time span from 1996
to 2008 (Table 2.2).
Currently, the European Union community has adopted the 2008/50/EC air quality
directive (Directive on Ambient Air Quality and Cleaner Air for Europe). The purpose for
these directives is to combine a number of air-pollution related legislation into a single
directive with the exception of the fourth daughter directive (relating to arsenics, cadmium,
nickel and Polycyclic Aromatic Hydrocarbons) in the ambient air (Alkalaj, 2014).
Table 2.2 European Union (EU) air quality directives.
Date
27th September,
1996

Type of EU
directives
96/62/EC

Description
Ambient air quality
assessment and
management

Links
http://eurlex.europa.eu/LexUri
Serv/site/en/consleg/1996/L/01
996L0062-20031120-en.pdf

22nd April, 1999

99/30/EC

Relating to limit values
http://eurlex.europa.eu/LexUri
for Sulfur dioxide,
Serv/LexUriServ.do?uri=OJ:L:
Nitrogen dioxide, Oxides 1999:163:0041:0060:EN:PDF
of nitrogen, Particulate
Matter and Lead

16th November,
2000

2000/69/EC

Relating to limit values
for benzene and carbon
monoxide in ambient air

http://europa.eu.int/eurlex/pri/e
n/oj/dat/2000/l_313/l_3132000
1213en00120021.pdf

12th February,
2002

2002/3/EC

Relating to ozone in
ambient air

http://eurlex.europa.eu/LexUri
Serv/LexUriServ.do?uri=OJ:L:
2002:067:0014:0030:EN:PDF

15th December,
2004

2004/107/EC

Relating to arsenic,
cadmium, mercury,
nickel and Polycyclic
Aromatic Hydrocarbons
in ambient air

http://eur-lex.europa.eu/legalcontent/EN/TXT/?uri=CELEX
:32004L0107

21st May, 2008

2008/50/EC

Ambient air quality and
cleaner air for Europe

http://eur-lex.europa.eu/legalcontent/en/ALL/?uri=CELEX:
32008L0050
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EU policies and directives focus on minimizing exposure to air pollution therefore
reducing emissions and setting air quality standards (Table 2.3). Several ways of
minimizing exposure to air pollution are implemented by the EU through legislative
measures, non-governmental agencies, research, national and regional authorities, amongst
others (European Economic Area, 2018). Similar to the US Clean Air Act, the European
Commission (EC) adopted the Clean Air Policy Package with objectives of improving
Europe’s ambient air quality by complying strictly with the implemented 2020 air quality
legislation (European Economic Area, 2018).
These international and national ambient air quality standards have brought about
significant improvements in the air quality in Europe even though these standards have
been implemented everywhere within Europe but not completely adhered (Guerreiro,
2013). Many European countries have higher average PM10 levels than allowed by the EU
Air Quality directives (Guerreiro, 2013).
However, the European countries struggle to meet the requirements of the EU directives
mainly because of the activities of eastern and some parts of the southern European
countries. Low income and poor air quality in eastern Europe are the main forces driving
the entire European countries into the non-compliance of EU air quality directives
(Richardson, Pearce, Tunstall, Mitchell, & Shortt, 2013). Aside that, inadequate system of
hazardous waste management has rather resulted in a higher potential of increasing air
pollution (Dawson, 2001).

Table 2.3 Current European Union air quality standards for PM10 and NOx.
Pollutant
PM10

Averaging
time
24-hours

Concentration

Legal nature

50 µg/m³

Limit value to be met
as of 1.1.2005**

Permitted
exceedance per year
35

PM10

Annual

40 µg/m³

Limit value to be met
as of 1.1.2005**

n/a

NO2

1-hour

200 µg/m³

Limit value to be met
as of 1.1.2010

18

Limit value to be met
as of 1.1.2010**

n/a

105 ppbv
NO2

Annual

40 µg/m³
21 ppbv

**Under Directive 2008/50/EU, the Member State was able to apply for an extension until three
years after the date of entry into force of the new Directive (i.e. May 2011) in a specific zone. The
request was subject to assessment by the Commission. In such cases within the time extension
period the limit value applies at the level of the limit value + maximum margin of tolerance (35
days at 75 µg/m3 for daily PM10 limit value, 48 µg/m3 for annual PM10 limit value).
http://ec.europa.eu/environment/air/quality/standards.htm

39

2.3.2 Other internationally recognized air quality standards
Other International platforms and protocols amended in 2012 (Convention on Long-range
Transboundary Air Pollution- LRTAP Convention, The Kyoto Protocol, Montreal
Protocol, Earth Summit and Paris agreement) equally address the issues of national
reduction in air pollutant emissions (including fine particulate matter) by 2020 (European
Economic Area, 2018). Currently, fine particulate matter particles (PM2.5), amongst other
criteria air pollutants, has been recognized and internationally regulated but there is no EU
health limit for PM2.5.
World Health Organization (WHO) since its establishment has been designed to present
regulation in minimizing the health effects of air pollutants internationally. In view of that,
WHOs implemented Air Quality Guidelines (AQGs) were formulated based on extensive
body of scientific evidence relating to air pollution and its environmental and health
impacts. The PM10 air quality guidelines according to WHO is 50 µg/m3 average value for
24 hours (public health limit) and 20 µg/m3 for annual mean concentration (WHO, 2006).
Likewise, the annual mean and 1-hour average standard for NO2 set by WHO is regulated
as 40 µg/m3 and 200 µg/m3, respectively (WHO, 2006).

2.3.3 Iceland
Iceland’s isolation and proximity to the Arctic regions exposes its ambient atmosphere to
oceanic currents and strong winds which helps to keep the air quality good. Ambient air
pollution has been monitored in Reykjavik over the past three decades with first measuring
station at Miklatorg (UST, 2014). Currently, Miklatorg monitoring station is no longer
active. About eleven (11) monitoring stations have been deployed across the various
municipalities in Iceland. Four air quality monitoring stations are operated in Reykjavík,
two are stationary and are run by the State (The Environment Agency of Iceland) and the
other two are mobile, run by the Public Health Authority of Reykjavik to measure the
criteria ambient air pollutants (Particulate Matter, Sulfur dioxide, Nitrogen dioxide, Carbon
monoxide, benzene and ozone). Grensás/Miklabraut station operates as the main urban
traffic station in Reykjavik capable of measuring NOx and particulate matter (UST, 2014).
Similar to the European Union (EU), the 24-hour mean health limit concentration for PM10
in Iceland is 50 µg/m3 (Thorsteinsson et al., 2012) not more than thirty-five (35)
exceedances per year. Apart from the implementation of EU directives in Iceland, series of
Icelandic regulations pertaining to ambient air pollution is being utilized (Alkalaj, 2014).
Per the Icelandic regulation No 920/2016, mean annual PM10 is regulated to have a
standard limit of 40 µg/m3. Consistent monitoring and implementation of these Icelandic
health regulations are conducted by Environment Agency of Iceland (Umhverfisstofnun),
municipalities and other non-governmental and private authorities.
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2.3.4 Ghana
With geographical coordinates of latitude 7.9465° N and longitude 1.0232° W (WirekoGyebi, Adu-Frimpong, & Ametepeh, 2017), Ghana is situated on the southern coast of
West Africa close to the Atlantic Ocean (Gulf of Guinea). Ghana shares border with
Burkina Faso on the north, Togo on the east and Côte d'Ivoire on the west (Figure 2.7).
Ghana covers an area of 238,540 km2 extending 458 km NNE – SSW and 297 km ESE –
WNW and has boundary length of 2,633 km with 539 km coastline (Figure 2.7). Accra, the
capital city of Ghana is located on the Gulf of Guinea coast at latitude 5.6037° N and
longitude 0.1870° W (Asase & Kumordzie, 2018). With population of 2.154.000
inhabitants, Ghana’s population growth rate increases steadily at an average rate of 1.83%.
Higher population growth is tantamount to increased economic and industrialization
processes thus, higher levels of pollution.

Figure 2.7 Map of Ghana. Red circle represents Accra, the capital of Ghana. Source:
(Google Earth, 2020).
Air quality monitoring and measurements in Ghana have shown high levels of particulate
matter concentration for close to two decades, contributing to poor air quality and over
2000 reported deaths per year due to exposure to PM (Kelly & Fussell, 2015). The adverse
effects of PM10 concentrations resulted in the increased routine monitoring of atmospheric
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particles (Aboh & Ofosu, 2010). Over the decades, the gravimetric method was the only
means of monitoring PM by a 6-day monitoring routine on an urban scale. This routine
lacked regulatory grade real time continuous PM monitors and measurements of key
gaseous pollutants thus, the inability to predict and report timely air quality hazards and
information to the public.
Currently, most routine monitoring of PM pollution focuses on low socioeconomic status
(SES) communities particularly for private research findings or academic purposes. Accra,
the capital of Ghana and its suburbs are the target areas for such monitoring activities due
to high population and compactness of the city with reference to infrastructure and
industrialization. Accra is the only municipality which focuses on the monitoring of
ambient air pollution with three (3) monitoring stations and reports to the World Health
Organization. In that regard, data on the concentrations and characteristics of PM10 are
inadequate and less representative of the air quality in Ghana as a whole (Kent, Trepte,
Skeens, & Winker, 1998) specifically because Ghana constitutes 10 regions and 260
metropolitans, municipalities and district assemblies as of 2019. At present, the
Environmental Protection Agency has deployed low cost sensors at ten (10) monitoring
sites in Accra (Figure 2.8).

Figure 2.8 Ghana Air quality monitoring and sensor network at 10 sites (EPA, 2018).
Brown, green, blue and yellow dots represents the sensors located at the roadside,
residential areas, industrial and commercial areas respectively. Solid red lines are the bus
transit routes and the solid gray lines are district boundaries.
Ghana utilizes different ambient air quality guidelines from various international
organizations as accepted by the World Bank (IFC, 2007). Each of these different air
quality guidelines are utilized during specific air quality monitoring. For instance, Ghana
uses the WHO PM10 guideline value (50 µg/m3 for 24-hour average and 20 µg/m3 for 1year average) for community health and safety monitoring, construction and
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decommissioning air quality monitoring amongst other environmental issues. Likewise,
US NAAQS criteria guideline of 150 µg/m3 over a 24-hour period is utilized provided the
concentration is not to be exceeded more than once per year on average over three years.
Also, Ghana uses the OSHA guidelines as standards during indoor and outdoor
occupational health and safety monitoring and their related health hazards.
Like Iceland, Ghana also applies the EC directives for most of the criteria air pollutants
especially by private companies and research firms. According to EC 2008/50/EC, PM10
levels for 24-hour average and 1-year period is allocated as 50 µg/m3 and 40 µg/m3,
respectively. Each of the limits are not to be exceeded more than 35 times per calendar
year with limit enforcement which begun on 1st January 2010. Aside these international
guidelines, appropriate standards for Ghana have been set by the Ghana Environmental
Protection Agency based on informed-basis and ongoing activities (mining, agriculture,
construction and manufacturing) in the country. All these industrial activities contribute
substantially towards atmospheric pollution of which PM10 is included.
Other legislative measures such as Environmental Impact Assessment (EIA),
Environmental Management Plan (EMP), and National Environmental Standards (NES)
have recently been introduced to serve as guidelines for compliance to control the extent of
PM10 emissions from industries (Aboh & Ofosu, 2010). Information from the recent air
quality database shows that, high-income countries generally adhere with the WHO air
quality guidelines whereas low-income and middle-income countries with population
exceeding 100.000 inhabitants do not comply with the WHO air quality guidelines (WHO,
2019).
Several environmental factors and economic statuses account for this vast difference in the
air quality. Research has shown that open burning of solid waste, small scale fish smoking
businesses (Figure 2.10), biomass and coal fuel use for cooking and selling street foods
often by members of poor households are major contributors to PM10 pollution in Accra,
Ghana (Rooney et al., 2012; Zhou et al., 2011). Also, associations between PM10 pollution
and road capacity depicts that major traffic routes in Accra (Figure 2.9) contribute largely
to PM pollution (Dionisio et al., 2010). In addition, the unpaved and dusty nature of many
roads in Accra (Figure 2.9) increases the rate of resuspension of dust particles (Dionisio et
al., 2010).
As the air quality of Ghana becomes worse, there is a higher likelihood of exposure and
risks of respiratory diseases and other negative impacts. Following these negative impacts
of Ghana’s air pollution on human health and environment, policy measures are suggested
in Chapter 5 of this research to help curtail the devastating effects.
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Figure 2.9 PM10 pollution from dusty unpaved roads (left) and exhaust from cars (right).
Source; Overview of air quality monitoring in Accra, Ghana, 2018
https://asic.aqrc.ucdavis.edu/sites/g/files/dgvnsk3466/files/inlinefiles/Emmanuel%20Appoh
%20%20Ghana%20%20International%20Plenary%20Presentation%20at%20%208am%2
0of%2014%20Sept%202018.pdf

Figure 2.10 PM10 pollution from small scale fish smoking business at Jamestown, Accra
(left) and open burning of solid waste at Korlebu, Accra (Right). Source; Overview of air
quality monitoring in Accra, Ghana, 2018
https://asic.aqrc.ucdavis.edu/sites/g/files/dgvnsk3466/files/inlinefiles/Emmanuel%20Appoh
%20%20Ghana%20%20International%20Plenary%20Presentation%20at%20%208am%2
0of%2014%20Sept%202018.pdf
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3 Data and Methods
This chapter presents and discusses the various approaches used in conducting this
research and has been divided into two major sections. The first section highlights the
monitoring locations and equipment while the second focuses on statistical analysis of the
data and the 2015 annual PM10 averages for Ghana and Iceland. The type of air quality
data used for this research and the data limitations that arise from this study are
highlighted.

3.1 Monitoring stations
With the novel approach to identify and separate ambient PM10 concentrations into
different sources, two monitoring stations Grensásvegur (GRE) and Fjölskyldu-og
húsdýragarðurinn (FHG) located in Reykjavik were used in this research (Figure 3.1). GRE
is a stationary station located by a busy junction which is believed to provide data where
the highest concentrations of air pollution occur in the city. The other stationary station,
FHG station is classified as an urban background station thus, measures the urban
background levels in order to provide data that represents the exposure of the general
population. FHG station is situated in a park (Family and pet zoo) close to residential
areas. These two monitoring stations (GRE and FHG) which are approximately 1 km apart,
have measured PM10 and other criteria ambient air quality pollutants in Reykjavik since
2002.
Both monitoring stations are equipped with air quality monitoring equipment; the Thermo
EMS Andersen FH 62 I-R instruments which is successfully installed at GRE Station and
the Eberline Instrument Gmbh instrument located at the FHG station. Pre-existing Real
Time Kinematics (RTK) air quality 2015 data (PM10, NOx and others) were obtained at
GRE and FHG monitoring stations. The meteorological conditions for the year 2015 was
recorded by the monitoring instruments at GRE station. For quality control and assurance
purposes, weather data sets were accessed from the database of the Icelandic Met Office
(IMO; https://www.vedur.is/) for back-tracking observations. Meteorological conditions
such as snow cover, snow depth, wind speed, relative humidity, temperature and
precipitation were also obtained from IMO.
Model data
Analyzed air quality data provided by Professor Þröstur Þorsteinsson (Air quality expert)
include modeled airborne particulate matter PM10 results. The modeled data presents a 30minute PM10 concentrations for the entire period of 2015. The model includes weather and
traffic data and partially local resuspension events. The model does not include dust
storms, remote pollution, fireworks and other anthropogenic activities. Hence, the PM10
model results only capture pollution events caused by traffic emission and local
resuspension at GRE station (Figure 3.2).
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Meteorological data
The prevailing weather conditions measured by the air quality equipment entails different
parameters which affect the concentration levels of PM10 introduced into the ambient air.
In Reykjavik, the presence of snow cover (cm) and rainfall (%) are associated with winter
seasons whereas rainfall showers and intense sunlight radiations are most especially
associated with spring and summer seasons. The precipitation in GRE data is recorded in
%. This unit shows when and for how long there was precipitation. The equivalent unit
(mm) from the IMO data were also used to know the amount or quantities of rainfall
measured. Aside these meteorological conditions attributed to seasonal variations, other
atmospheric parameters (relative humidity, %, wind speed, m/s, and snow cover, cm) were
analyzed to determine the relationship between these variables and the ambient PM10
concentrations for the 10 exceedance days in 2015.
However, snow cover and depth for the 10 exceedance days were recorded as 0 cm. Thus,
no similarities were drawn on how snow cover affects PM10 levels for the 10 exceedance
days (9 days at GRE station and 2 days at FHG station). For quality assurance and control
purposes, the PM10 levels at the background station (FHG) for these 10 exceedance days
with reference to snow cover were considered to crosscheck and identify any similarities
between snow cover and PM10. The meteorological conditions were numerically
quantified; wind speed levels ≥5 m/s were attributed to resuspension and dust storm events.
NOx levels were considered for all the 10 exceedance days to figure out if exhaust
emissions are the possible sources of pollution. Also, the degree of certainty (which varied
from High, Medium, and Low levels) was used to identify the potential sources of PM10.
The exceedance of PM10 concentrations for the 10 days will be classified according to the
occurrence of specific events in Chapter 4.

Figure 3.1 Sampling locations at Grensásvegur (GRE) and Fjölskyldu-og
húsdýragarðurinn (FHG) in Reykjavik, Iceland, are marked as red circles (Google Maps
Reykjavik, 2019).
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Figure 3.2 PM10 30-min average values, measured at GRE (black line) and predicted
model results (red line) in 2015.

3.2 Statistical methods of analysis
With atmospheric pollution in Reykjavik as the main aim of this research, basic descriptive
statistics (24-hour mean, median, minimum, maximum and standard deviation) was
conducted for PM10 data throughout the year 2015 and model PM10 results. Missing and
bad measurements were eliminated from the analysis. The pollution variables (PM10, NOx)
were measured as concentrations with standard unit of µg/m³. The 30-minutes interval
RTK PM10 data obtained from the monitoring stations were analyzed and grouped as daily
averages (24-hour) for the entire 2015 period. Daily averaging period for RTK PM10 data
was analyzed between 00:30GMT of a new day to the 24:00 GMT of the following day.
Aside the 24-hour daily averages of PM10 for each month, further analysis was conducted
on the weekly averages for each month. Weekly averages (say; 1st January to 7th January
2015 and so on) were grouped in order to depict the series of pollution events and the
spatio-temporal trend of PM10 levels for each of the 52 weeks in 2015. For compliance
purposes, the calculated daily PM10 concentrations (GRE, FHG and Model PM10) were
compared with European Union Directives and Icelandic Environment Agency threshold
limits of 50 µg/m3.
Monitoring days with PM10 concentrations higher than 50 µg/m3 were categorized as
exceedance days and those were the days of main interest for this research. Various daily
activities carried out on these exceedance days were predicted and analyzed based on the
levels of PM10 measured, coupled with the prevailing atmospheric conditions and
measurements. Pre-existing scientific research findings were also used as evidence to
support the results of this project.
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With the aid of Microsoft Office Excel 2013, deviations of PM10 levels between model
results and GRE station for the 328 days in 2015 were calculated. In addition, predicted
PM10 model results were compared with the measured RTK PM10 data for the exceedance
days at GRE station to determine how effective the model works during those days to
identify the parameters that need to be improved to enhance the effectiveness of the model.
Also, similarities were observed between PM10 concentrations and the prevailing weather
conditions to ascertain how weather conditions affect the distribution of PM10
concentrations in the ambient air.
The 2015 annual average PM10 concentrations for Ghana and Iceland were compared to
ascertain the most polluted country, the sources of PM10 for the polluted country and the
reasons for the exceedance over the annual average limit. Following these comparisons,
policy analysis was conducted for Ghana to contribute to the existing policy measures. The
policy focused mainly on the anthropogenic aspects of air pollution because more than
80% of Ghana’s air pollution is due to human activities.

Data limitations
Focus of this research is placed on GRE station and the Model PM10 results. However, the
measured 2015 particulate matter pollution at both GRE and FHG stations were compared
to inspect for autocorrelation and any outstanding data variation. The exceptional results
from FHG station due to construction activities will be addressed in the results section of
this research. A series of daily PM10 data at GRE station were missing from 5th March
through to 11th April 2015 due to equipment failure. Likewise, other single meteorological
data were not available. Missing data were eliminated from the analysis, but the number of
missing data was factored in the overall averaging (mean PM10 concentrations) for the sake
of precision and clarity.
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4 Results
The analyzed data retrieved from the monitoring instruments were categorized into
different types of data sets according to their location; PM10 at GRE, PM10 at FHG and
PM10 model results. The description of the monitoring results from GRE station, FHG
station, predicted PM10 model data and prevailing weather data are presented to show the
sources of PM10 levels and the effects of weather on their concentrations in Reykjavik. Predetermined physical observations and research categorize dust storms, traffic emissions,
asphalt, street salt, and construction activities amongst others as the primary sources of
PM10 pollution in Reykjavik.
For the purpose of this research, much emphasis is placed on 10 days out of 328 days due
to their non-compliance with the 24-hour health limit of 50 µg/m³. Thus, these 10
exceedance days are of main interest due to the occurrence of different natural and
anthropogenic events. The similarities between PM10 levels and weather variables were
only focused on the 10 exceedance days even though these days are usually event days.
The ability and effectiveness of the PM10 model results that captured local resuspension
events and traffic emissions is also highlighted in this chapter.

4.1 Meteorological overview
According to the Icelandic Meteorological Office, the year 2015 was observed as the
coldest year of this century. Average temperatures were 1°C lower compared with the
average temperature for the past decade (IMO, 2015). Following this research, the 2015
meteorological data recorded at GRE station in Reykjavik, Iceland, shows an annual
average humidity of 79.4 % and an annual average wind speed of 3.3 m/s. Seasonal
variations in temperature (Figure 4.1) depict an undulating pattern throughout the entire
year but gradual increase in temperature from May through to mid-August (highest peak).
Overall temperatures in 2015 varied between -7.8 °C and 12.2 °C with December as the
coldest month and August, the warmest month (Figure 4.1). Precipitation in Reykjavik was
on average high throughout the year with an annual average level of 1025 mm (IMO,
2015).
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Figure 4.1 Hourly time series data of wind speed, humidity and temperature for
Grensásvegur from GRE station in 2015.

50

4.2 PM10 overview
4.2.1 PM10 at GRE and FHG monitoring stations
In 2015, concentrations of ambient particulate matter in the air (PM10) were quite low
throughout most of the year especially during the winter seasons (November, December).
Highest PM10 levels were recorded in April. The 24-hour health limit for PM10 (50 µg/m3)
was exceeded 20 times in 2015. However, there was a record of equipment failure at
Grensásvegur (GRE) monitoring station from 5th March through to 11th April 2015. Due to
this, the 20 days of exceedances were scaled down to 10 days out of 328 days in 2015
(Table 4.1) for precision, quality control and quality assurance purposes.
In this research, the 10 days are classified polluted days with PM10 concentrations over the
24-hour health limit of 50 µg/m3. PM10 was exceeded 9 times at Grensásvegur (GRE)
station; one exceedance was above 100 µg/m3, three between 90 – 70 µg/m3 and five
below 70 µg/m3 (Figure 4.2). At Fjölskyldu-og húsdýragarðurinn (FHG) monitoring
station, two exceedances were observed with PM10 concentration between 75 - 80 µg/m3
(Figure 4.3). However, 15th June 2015 was recorded at both GRE and FHG monitoring
stations.
Table 4.1 List of 2015 exceedance days measured at GRE and FHG monitoring stations.
Dates

Location

PM 10 (µg/m³)

21 February

GRE

52.2

22 April

GRE

59.7

26 April

GRE

116.0

27 April

GRE

97.0

13 May

GRE

53.3

15 June

GRE

91.5

15 June

FHG

78.7

26 June

GRE

62.5

8 August

GRE

70.3

22 August

FHG

77.5

18 November

GRE

67.0
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Figure 4.2 PM10 concentrations (daily, 24-hour, average values) at GRE- station for the
year 2015 and the daily health limit value of 50 µg/m³.

Figure 4.3 PM10 concentrations (daily, 24-hour, average values) at FHG- station for the
year 2015 and the daily health limit value of 50 µg/m³.

4.2.2 PM10 model data
The model PM10 results were in conformity with the 24-hour health limit (50 µg/m³) at
GRE throughout the entire 328 days in the year 2015. Calculated deviations between the
measured PM10 levels at GRE station and predicted model results for the 318 nonexceedance days show various categories of deviations which ranges between
concentrations ≥0 µg/m³ to ≤30 µg/m³ (Figure 4.4). From a general perspective, the
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predicted PM10 model performed well with lower deviations for most days in 2015 thus,
measured results complied with the 50 µg/m³ 24-hour health limit (Figure 4.4).
However, ten (10) days out of the 328 days categorized as days of exceedance over the 24hour health limit measured deviations which ranged from a minimum of 1.3 µg/m3 to a
maximum of 61.1 µg/m3 (Table 4.2). Higher deviations recorded depicts that, the measured
RTK PM10 values at GRE are far from the model results. Lower deviations show how close
most measured PM10 values are to the average concentrations and model results. The
model was designed to predict traffic emissions and resuspension events at GRE station
only. The model should not predict higher PM10 values due to dust storms or construction
activities at both GRE and FHG stations thus, it is not a failure of the model if it does not
capture such events for the 10 exceedance days.

Number of non-exceedance
days

250
200
150
100
50

0
≥0 and ≤5

≥5 and ≤10
≥10 and ≤20
PM10 deviation range (µg/m³)

≥20 and ≤30

Figure 4.4 Bar graph showing different ranges of deviations between RTK measured PM10
concentrations and model PM10 levels for the 318 non-exceedance days.
Table 4.2 Categories of PM10 deviations between GRE and model PM10 results during the
10 days exceeding the health limit.
Category
≤10
≤20
≤30
≤40
≤50

≤70

Date
22 August, 2015*
21 February, 2015
13 May, 2015**
26 June, 2015**
18 November, 2015
22 April, 2015
27 April, 2015
15 June, 2015***
8 August, 2015
26 April, 2015

Deviation (µg/m3)
1.3
19.2
10.9
28.7
28.7
31.0
44.2
42.9
43.7
61.1

*Deviation due to construction activities at FHG, **deviations due to mixture of dust storm
activities and resuspension events at GRE, ***deviation due to dust storm activities at GRE.
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4.3 Identification of PM10 sources in 2015
during days over the health limit
PM10 sources vary in location, time and space. The degree at which PM10 exceeds the 24hour health limit is highly dependent on various factors and reasons some of which are yet
unknown. Nonetheless, traffic and local resuspension of particulate matter have over the
years been identified as local sources of air pollution in Reykjavik, Iceland (Thorsteinsson
et al., 2012). For the 10 exceedance days in 2015, the unknown sources of PM10 remain
outstanding based on the derived deviations of PM10 values (Table 4.2). Prevailing
meteorological conditions such as snow cover, snow depth, wind speed amongst others aid
to figure out some sources of PM10 for 2015. The most likely source of PM10 is related to
events where wind speed levels are ≥5 m/s with consistent northerly wind directions. For
all the 10 exceedance days, NOx levels are used as derivatives to identify if exhaust
emissions are the possible sources of pollution especially during traffic rush hours. The
exceedance of PM10 concentrations for the 10 days are grouped and explained according to
the occurrence of specific events in the sections below.

4.3.1 PM10 exceedance 52 µg/m³ on 21.02 and 70 µg/m³ on
08.08 due to local resuspension events
Amongst the 10 exceedance days, 2 of the days measured higher PM levels with sources
specifically from resuspension events only. 21st February 2015 measured PM10 levels of 52
µg/m³ whereas PM10 concentrations were measured as 70 µg/m³ on 8th August. Weekly
averages show slightly similar patterns of PM10 levels in the first 5 days in mid-February
(16th to 20th), for GRE, FHG and the model (Figure 4.5). PM10 levels at FHG do not depict
any increase in concentrations compared to PM10 concentrations at GRE station even
though FHG station acts as the background station for GRE. The progression of PM10
concentration at the FHG and model data is very similar, unlike that of GRE station
(Figure 4.6). At around 21:00 GMT, the PM10 levels starts to increase at GRE station with
concentrations up to 503 µg/m³ at 22:30 GMT (Figure 4.6).
The wind direction is steady easterly between 16:30 GMT and 00:00 GMT whereas the
wind speed is quite high with values up to 10.9 m/s (Figure 4.7). Slight rain showers were
measured on 21st February (0.2 mm/h from 23:00 GMT to 00:00 GMT) with no snow
cover for the entire day. The comparison between the wind speed and PM10 concentrations
at GRE station depicts sudden gush of wind at GRE. Following this observation, it is clear
to say that PM10 released into the air is as a result of local resuspension in the Grensásvegur
vicinity. Model did not capture the occurrence of local resuspension events hence, a
deviation of 19 µg/m³ (Table 4.2) between PM10 measured at GRE and the model data on
21st February.
Very high PM10 concentrations measured at GRE (8th August 2015) ranged from 61.9
µg/m³ to 423.7 µg/m³ between the early hours of the day (07:00 GMT to 11:00 GMT). It is
therefore quite likely to attribute such an observation to traffic-related activities. However,
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NOx levels were relatively low with a minimum concentration of 1.3 µg/m³ and a
maximum, 5.5 µg/m³ (Figure 4.8). Wind speed ranged between 0.45 m/s to 6.5 m/s during
the 07:00 GMT to 11:00 GMT on 8th August. The wind speed induced the occurrence of
resuspension events thus high concentrations of PM10 at GRE on 8th August. A large
deviation of 43.7 µg/m³ explains the inability of the model to record any of such local
activities on that day (Figure 4.8).
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Figure 4.5 Weekly PM10 concentrations measured at GRE (black solid line), FHG (red
solid line) and Model data (black dashed line) on 21st February 2015.
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Figure 4.6 PM10 concentrations measured at GRE (black solid line), FHG (red solid line)
and Model data (black dashed line) on 21st February 2015.
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Figure 4.7 Wind speed (black solid line) and wind direction (red solid line) measured at
GRE on 21st February 2015.
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Figure 4.8 PM10 concentrations at the GRE-station (black solid line), PM10 model results
(black dashed line) and NOx concentrations measured at GRE (red solid line) on 8th
August 2015.
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4.3.2 PM10 exceedance 60 µg/m³ on 22.04, 116 µg/m³ on 26.04
and 97 µg/m³ on 27.04 due to mixed events of local
resuspension and traffic emissions
Weekly PM10 concentrations measured from 16th April to 30th April (Figure 4.9) displayed
undulating patterns with intermittent episodes of PM10 for GRE and model results.
However, model results show different patterns on the 22nd, 26th and 27th April 2015. For
these 3 notable days, PM10 deviations ranged between ≥30 and ≥60 µg/m³. Hence, model
underestimated events that occurred on these exceedance days. Daily averages of PM10
concentrations for these days (22nd, 26th and 27th April 2015) show the occurrence of local
resuspension events and traffic emissions. PM10 and NOx levels varied with time with an
indirectly proportional relationship; an increase in PM10 levels leads to a decrease in NOx
concentrations and vice versa (Figure 4.10). Wind direction was northerly the entire time
for all the 3 days (22nd, 26th and 27th April 2015).
More so, NOx levels increase with increasing traffic and decreases with increasing wind.
This noticeable trend is highly attributable to particle pollution due to traffic emissions.
Even though resuspension events were observed at GRE due to higher wind speed (>5
m/s), the resuspension events were not locally accounted for by the model and there is no
exact reason for the failure of the model to do so. However, a deviation of 31 µg/m³ (Table
4.2) showed great variations in the PM10 concentrations measured at GRE and model data
on 22nd April 2015. A deviation of 10 µg/m³ was calculated between model data and PM10
concentrations at FHG station. Daily averages of PM10 levels exceeded the 24-hour health
limit of 50 µg/m³ at GRE (Figure 4.10).
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Figure 4.9 Daily PM10 concentrations measured at GRE (black solid line), Model data
(black dashed line) and FHG (red solid line) from 16th April to 30th April 2015.
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Figure 4.10 PM10 concentrations at the GRE-station (black solid line), PM10 model results
(black dashed line) and NOx concentrations measured at GRE (red solid line) on 22nd April
2015.

The highest PM10 levels during the spring season with a daily 24-hour average of 116
µg/m³ were recorded on 26th April 2015 (Figure 4.11). PM10 levels showed highest peaks
between hours of 12:00 GMT and 13:00 GMT with a sharp decline in concentration at
14:00 GMT. Subsequent hours especially during the rush hours showed an undulating
pattern of PM10 levels (Figure 4.11). PM10 levels goes up to almost 930 µg/m³ (GRE) at
13:00 GMT. Source is obviously from resuspension event because NOx level was as low
as 10.4 µg/m³ with a high wind speed of 7.7 m/s (Figure 4.12). NOx concentrations were
higher during some parts of the day and night time hours with episodes of peaks between
10:00 GMT to 21:00 GMT (Figure 4.11). NOx and PM10 displayed slightly similar patterns
but the higher the NOx levels, the lower the PM10 concentrations.
Wind speed fluctuated often on 26th April, 2015 (Figure 4.12). Wind direction was
specifically between the North and North West directions. Between the early hours of the
morning (07:00 GMT – 12:30 GMT) and late hours of night (19:00 GMT – 23:30 GMT).
The higher values for wind speed explains the dilution of NOx and PM10 from vehicular
emissions. NOx concentrations were low the whole day with maximum value of 20 µg/m³
which is not much compared to the measured PM10 levels on that same day.
Resuspension of particulate matter from dust and aggregates of road material also
contributed to PM10 levels on 26th April 2015 between 12:00 GMT and 13:00 GMT
(Figure 4.12). The higher levels of wind speed regenerate the transport and distribution of
particles over that period of monitoring. Model results show lower PM10 values in
comparison with monitored concentrations at GRE station with large deviation of 61.1
µg/m³ (Table 4.2).
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Figure 4.11 PM10 concentrations at the GRE-station (black solid line), PM10 model results
(black dashed line) and NOx concentrations measured at GRE (red solid line) on 26th April
2015.
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Figure 4.12 PM10 concentrations at GRE -station (black solid line) and wind speed (red
solid line) measured at GRE on 26th April 2015.

59

Variations of PM10 for the three data sets on 27th April show different patterns of
concentrations. PM10 levels at GRE station had high particle matter pollution. Maximum
levels of PM10 at GRE were measured as 383.7 µg/m³ (Figure 4.13). Pollution levels at
GRE station were high during the rush hours of the day (16:00 and 16:30 GMT). It is quite
clear that this trend is higly attributed to traffic emissions. To support this observation,
NOx levels at GRE displayed similar patterns as PM10 concentrations at GRE station
(Figure 4.13).
However, NOx levels were not very high (Figure 4.14) although traffic emissions
contributed substantially to the concentrations on 27th April 2015. Wind speed contributed
to the transport of PM10 and NOx on 27th April 2015. Wind speed levels ranged between
3.6 m/s and 8.1 m/s whereas wind direction was fairly constant and northerly. Wind speed
was fairly high with an average of 6.2 m/s (Figure 4.14) thus, a higher likelihood of the
ocurrence of resuspension events during the afternoon from 12:00 GMT to 18:00 GMT.
PM10 predicted model results were relatively lower and stable on 27th April 2015. The
model did not show any interesting patterns or episodes of pollution or resuspension events
(Figure 4.13) as that of GRE station, rather the model measured PM10 concentrations
below 50 µg/m³.
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Figure 4.13 PM10 concentrations at the GRE-station (black solid line), PM10 Predicted
model results (black dashed line) and NOx concentrations measured at GRE (red solid
line) on 27th April 2015.
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Figure 4.14 PM10 concentrations at the GRE-station (black solid line), NOx concentrations
(black dashed line) and wind speed levels measured at GRE (red solid line) on 27th April
2015.

4.3.3 PM10 exceedance 53 µg/m³ on 13.05 and 63 µg/m³ on
26.6 due to mixed events of dust storms and local
resuspension
13th May 2015 recorded as one of the exceedance days during which PM10 levels (30-min)
measured between 1 µg/m³ and 171.5 µg/m³. PM10 concentrations for GRE, FHG and
Model increased gradually from midnight through to 23:00 GMT. FHG and GRE
displayed similar trends (Figure 4.15). This noticeable pattern is associated with dust
storms and local resuspension events in Reykjavik. However, PM10 model results recorded
was in between concentrations of GRE and FHG. Only part of the resuspension events
were captured by the model results with a deviation of 10.9 µg/m³. The comparison of the
wind speed and the PM10 concentrations at GRE (Figure 4.16) suggest wind as the cause
for the exceedance. An average wind speed of 6.3 m/s (Appendix 1) was recorded on 13th
May 2015 and thus, makes the source related to local resuspension of particles. Also, wind
direction was fairly constant and depicted similar trend as wind speed (Figure 4.16). Wind
direction ranged between 80.7° and 134° with an average of 117.7° thus, dust storm event
is the main source of PM10 levels on 13th May.
Likewise, PM10 levels measured at GRE on 26th June 2015 varied between 0 µg/m³ and
281.7 µg/m³ with highest peaks at 16:30 GMT. The time of the day of this occurrence
could be related to rush-hour traffic but measured NOx concentrations were lower.
However, the corresponding NOx levels measured at 16:30 GMT shows that traffic is not a
major contributor to this exceedance but rather, a mixed event of local resuspension and
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possible dust storms (Figure 4.17). Increased PM10 levels at 16:30 GMT depicted increased
wind speed levels of 6.5 m/s at the same time with wind direction ranging between 4.7°
and 340.6° at an average of 108° (Figure 4.17).
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Figure 4.15 PM10 concentrations measured at GRE (black solid line), FHG (red solid line)
and Model data (black dashed line) on 13th May 2015.
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Figure 4.16 PM10 concentrations (black solid line) and wind speed (red solid line)
measured at GRE on 13th May 2015.
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Figure 4.17 PM10 concentrations at the GRE-station (black solid line), PM10 model results
(black dashed line) and wind speed measured at GRE (red solid line) on 26 th June 2015.

4.3.4 PM10 exceedance 92 µg/m³ on 15.06 due to dust storm
Recognised as one of the most polluted days (15th June 2015) during the summer season
(Figure 4.18), episodes of PM10 concentrations show an undulating pattern with highest
peaks between 13:00 GMT and 20:30 GMT. Average daily PM10 concentrations were
measured as 91.5 µg/m³ at GRE station with a minimum and maximum value of 0 µg/m³
to 321 µg/m³, respectively.
Likewise, a mean concentration of 78.7 µg/m³ was recorded at the urban background
station (FHG) with concentrations, ranging from 0.7 µg/m³ to 285 µg/m³ (Figure 4.18).
This is attributed to an occurrence of dust storm from Landeyjasandur that hit the
southwestern parts of Iceland with <1 km of visibility (Dagsson-Waldhauserova,
Magnusdottir, Olafsson, & Arnalds, 2016). Higher PM10 levels of 91.5 µg/m³ and 78.7
µg/m³ were measured at both Grensásvegur and FHG stations, respectively.
Wind speed levels ranged from 1.9 m/s to 7.9 m/s with an average of 5.3 m/s (Figure 4.19).
An average wind direction of 111.6° was measured with small changes in wind direction
(Figure 4.19).

63

GRE

FHG

Model

350

PM₁₀ (µg/m³)

300
250
200
150
100
50

00:00
01:00
02:00
03:00
04:00
05:00
06:00
07:00
08:00
09:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00
00:00

0

15th June, 2015

Figure 4.18 PM10 concentrations measured at GRE (black solid line), FHG (red solid line)
and Model data (black dashed line) on 15th June 2015.
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Figure 4.19 Wind speed (black solid line) and wind direction (red solid line) measured at
GRE on 15th June 2015.
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4.3.5 PM10 exceedances 78 µg/m³ on 22.08 due to construction
activities
Episodes of PM10 concentrations measured at FHG station (78 µg/m³) on 22nd August
depicts local sources of PM10 particularly due to the wind direction which varied between
157° (eastward approaching southerly direction) and 270° (westward direction) (Appendix
1). The higher concentrations of PM10 recorded at FHG station on 22nd August 2015
suggests a source unrelated to traffic but rather, construction activities.
On 22nd August 2015, a noticeable pattern was observed at FHG (urban background
station) (Figure 4.20). PM10 concentrations increased between the hours of 11:30 GMT
through to 15:30 GMT. This is explained by an ongoing construction activity during the
afternoon on 22nd August 2015. Also, variations between measured PM10 concentrations at
FHG station and the predicted PM10 model results show a larger calculated deviation of
49.3 µg/m³. It is worth noting that model did not record any of the pollution which
emanated from the construction works at FHG simply because model was not designed to
do so. On the contrary, model results and PM10 measurements (Figure 4.20) displayed
similar patterns with slight overlaps thus, a smaller deviation of 1.36 µg/m³ was recorded
between which shows the effectiveness of the model.

PM₁₀ (µg/m³)

GRE

FHG

PM₁₀_Model

90
80
70
60
50
40
30
20
10
0
16th

17th

18th

19th

20th

21st

22nd

23rd

August, 2015

Figure 4.20 Weekly PM10 concentrations measured at GRE(black solid line), FHG(red
solid line) and Model data (black dashed line) from 16th August to 23rd August 2015.

4.3.6 PM10 exceedance 67 µg/m³ on 18.11 due to traffic
emissions
Amongst the 10 recorded exceedance days, traffic emissions contributed substantially to
PM10 and NOx levels in 2015 per the data generated from this study. The exceedance on
18th November 2015 is solely attributed to traffic. The pollutants show a similar pattern
over the day with a quite unstable curve progression. PM10 and NOx concentrations at GRE
station start to increase at around 07:30 GMT (Figure 4.21). NOx values are oddly low
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between 10:00 GMT and 13:00 GMT, and drops to zero around 17:00 GMT, 19:30 GMT
and after 22:00 GMT. Thus, the model has little traffic volume related pollution estimated
from NOx data. PM10 concentrations for model results are low for the entire day with a
deviation of 28.7 µg/m³ (Table 4.2) and this could possibly be an inversion due to average
colder temperature of -1 °C ranging between -3.4 °C to 1.5 °C. Also, the strange low NOx
values may have partly contributed to the low model PM10 levels. There were no records of
precipitation thus, it is imposible to attribute the lower concentrations of model data to
rainfall. Measured wind speeds were low and varied between 0.6 – 2.9 m/s hence, either
minimize or prevent rapid thinning out of pollutants in the ambient air.
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Figure 4.21 PM10 concentrations at the GRE-station (black solid line), PM10 model results
(black dashed line) and NOx concentrations measured at GRE (red solid line) on 18th
November 2015.

4.3.7 2015 New Year’s Day
In Iceland, New Year’s Eve is noted as a day with a higher likelihood of air pollution rising
from the use of giant crackers and other fireworks operations. This part of the research is
not related to the 10 exceedance days. However, interesting results were observed from the
PM10 data recorded at GRE and FHG stations. During the 2015 New Year’s Day, 24-hour
average of PM10 at GRE and FHG measured low concentrations of 17.1µg/m³ and 16.6
µg/m³ respectively. However, the 30-minute value between 00:30 and 01:30 GMT was
above the 24- hour health limit of 50 µg/m³ (Figure 4.22).
The smoldering of fireworks introduces harmful compounds; suspended particulate matter
(PM10, PM2.5) into the ambient air which are coupled with severe health risks (Wang,
Zhuang, Xu, & An, 2007). The high concentrations of PM10 at both GRE and FHG
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immediately after midnight (00:30 – 01:30) explain the presence of fireworks within
Reykjavik. Sharp peaks of PM10 at both monitoring stations ranged from 230 to 270 µg/m³.
Subsequent concentrations after 02:00 GMT were under 20 µg/m³ at GRE and 10 µg/m³ at
FHG. Wind speed levels ranged from 1.9 m/s to 6.9 m/s at GRE and 0.2 m/s to 3.9 m/s at
FHG station. Results shows a strong relationship between wind speed and PM10 levels
(with a positive correlation of 0.56) released into the ambient through the smoldering of
fireworks. Therefore, the higher the wind speeds, the lower the PM10 concentrations. There
was no comparison made between the measured PM10 levels and the model data because
the model has been designed to account for only traffic emissions and resuspension events.

Figure 4.22 30-minutes values of PM10 measured at GRE (black solid line), FHG (red solid
line), model (black dashed line) on 1st January 2015 and the health limit for PM10 (brown
solid line).

4.4 Summary of PM10 sources for the 10
exceedance days
In summary, the sources of PM10 in Reykjavik for the 10 exceedance days are classified
and highlighted in Table 4.3. The PM10 data highlights traffic and local resuspension
events as the main sources of exceedance in 2015. However, it is not possible to derive
without some degree of uncertainty which potential sources were the major factors of
higher PM10 concentrations measured for the 10 polluted days. The degree of certainty
varies from H to L where H implies Higher level of certainty, M; moderate level and L;
low level of certainty.
PM10 levels for the 10 exceedance days in 2015 show particulate matter sources ranging
from a high degree of certainty to an indefinite degree of certainty (Table 4.3). The high
degree of certainty is attributed to dust storms, local resuspension events and local sources
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(construction activities). The medium sources of PM10 in Reykjavik are mainly
characterized by traffic emissions and local sources whereas low certainties cut across
local resuspension events, dust storms and unclear mix of other sources.
Per findings of this research, local resuspension was the main sources of PM10 on 21st
February 2015. Spring season (22nd April through to 13th May 2015) recorded multiple
anthropogenic (traffic emissions) and natural events due to the occurrence of dust storms
and local resuspension events (Table 4.3). Moreover, dust storms and local sources
contributed substantially to PM10 levels in the ambient during summer (15th June to 8th
August 2015). Also, on-going construction activities at FHG were identified as a major
origin of particle pollution on 22nd August 2015. Traffic emission pollution was evident on
18th November 2015 (Fall) together with other unclear mix of several sources.

Table 4.3 Sources of PM10 during days of exceedance over 24-hour health limit in 2015.

Nr.

Polluted Days

1

21 February

2

22 April

3

Dust
storms

Traffic
emissions

Sources of PM10
Local
Other
Resuspension
(construction
events
activities)

Season

H

Winter

M

M

Spring

26 April

M

M

Spring

4

27 April

M

M

Spring

5

13 May

L

L

Spring

6

15 June

H

7

26 June

L

8

8 August

9

22 August

10

18 November

Summer

M

M

Summer

H

Summer
H

Summer

L

Fall

*Degree of certainty: H: high, M: middle, L: low

Different time scale measurement (daily, weekly, monthly, seasonal, etc.) and patterns of
pollutant dispersion affect the variations in the levels of air pollutant at a given location
(Whiteman, Hoch, Horel, & Charland, 2014). The concentration does not really vary
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depending on the temporal scale of measurement. The averaging time varies, and if the
concentration has high frequency (short duration) peaks, then those get smoothed out and
maximum values are lower when longer averaging time is used. For example, 24-hour
averages of PM10 concentrations can be high but as the value is averaged (over a month),
the peaks for the 24-hour levels smoothen out. Thus, a lower PM10 maximum concentration
will be measured for monthly concentrations than 24-hour concentrations.
Monthly average concentrations of PM10 are highest in spring and summer, April to June
(Figure 4.23) in 2015. For instance, monthly average PM10 is highest in April (20.2 µg/m3)
at the main urban traffic station GRE whereas winter concentrations in October are lower
than 12 µg/m3. However, the PM10 concentrations measured in March 2015 were low
specifically due to missing data from 5th March to 11th April 2015. For the sake of quality
control and accuracy purposes, the month of March was excluded in monthly average
(Figure 4.23). A graphical representation of monthly average PM10 data and Model PM10
data shows a good average concentration between the two data with less deviations (Figure
4.23). Model did quite well thus, most days of the monthly average concentrations were
captured by the model.
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Figure 4.23 Monthly average PM10 concentrations at GRE (blue bars) and model data
(green bars) in 2015.

The daily averages of PM10 concentrations for the 10 exceedance days depict an undulating
pattern which was observed for all four seasons in Reykjavik, Iceland (Figure 4.24).
Concentrations of particulate matter are highest in spring and summer days except for 13th
May which measured lowest PM10 concentration of 53.3 µg/m³ in spring (Figure 4.24).
Inversely, PM10 levels are lowest in fall and winter days. Spring season measured four (4)
days of pollution events which commenced from 22nd April to 13th May 2015 with the
most polluted day observed to be 26th April 2015 (116.0 µg/m³) at Grensás Station. Fall
(18th November 2015) and winter seasons (21st February 2015) each recorded daily
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averages of 67 µg/m³ and 52.2 µg/m³ correspondingly at Grensás station. On the other
hand, four exceedance days were observed during summer season which ranged between
15th June and 22nd August 2015 (Figure 4.24).
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Figure 4.24 Daily averages of PM10 concentrations for the 10 exceedance days at GRE in
2015.Gray, green, yellow and brown bars represent winter, spring, summer and fall
seasons, respectively.

4.5 Effects of weather conditions on PM10
concentrations

4.5.1 Snow cover and snow depth effects on PM10 levels
Measured PM10 concentrations and prevailing meteorological conditions (Appendix 1) for
each of the 10 exceedance days show effects of prevailing weather conditions on PM10
levels. In this research, there was no presence of snow cover and snow depth for the 10
exceedance days thus, no similarities and relation can be drawn on how the presence of
snow affected the PM10 concentrations on the days over the health limit. All PM10 levels at
the background station, FHG, were lower than 50 µg/m³ apart from 2 exceedance days
(15th June and 22nd August 2015). However, these 2 days measured no snow.
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4.5.2 Temperature and precipitation effects on PM10
concentrations
Besides snow cover, other meteorological parameters; wind speed and relative humidity
show relationship with PM10 levels in 2015. Prevailing meteorological factors have a
higher likelihood to control episodes of high PM10 concentrations in different seasons even
though subsequent research findings explains that meteorological parameters do not often
have a linear regression relationship with PM10 concentrations (Chaloulakou, Kassomenos,
Spyrellis, Demokritou, & Koutrakis, 2003).
Temperatures affect air pollution due to their ability to change air dynamics. However,
there is no expectation of similarities between temperature and PM10 for the 10 exceedance
days due to the difference in events and inversion phenomenon on each day. Average
measured temperatures for the 10 exceedance days was low -5.6 °C (varied between -5.6
°C and 13.1°C) (Appendix 1). The likelihood of an inversion increases during colder
temperatures which can increase PM10 concentrations. The other 318 days of 2015 shows
similar weak relationship between temperature and particle pollution. A negative
temperature gradient implies the presence of colder air suspending above warmer air
(Aldrin & Haff, 2005). This was evident for some months in 2015 especially during the
first half of the year (January to May) (IMO, 2015).
Some findings support the overall predictions and conclusions that precipitation levels
minimize the rate at which PM10 levels increases (Keary, Jennings, O’Connor, McManus,
& Lee, 1998). This is evident for most days in 2015 including the 10 exceedance days with
measured rainfall values (Appendix 1). Out of the 10 exceedance days, 6 of the days (21st
February, 22nd April, 26th April, 27th April, 8th August and 22nd August 2015) recorded 24hour average precipitation levels which ranged between 2.3 % and 19.4 % (equivalent of 0
mm to 0.4 mm per IMO data which is relatively less amount of rain possibly due to mist)
whereas the other 4 days had no available recorded precipitation data. For the 6
exceedance days, higher PM10 concentrations decreased after slight rain showers; thus, the
presence of precipitation suppresses the particle pollution in the ambient air. An example is
illustrated for 8th August 2015 (Figure 4.25).
Findings from this research support the practical notion that lower levels of PM 10 are
measured when there is some amount of rainfall. PM10 levels were lower on hours of the
days with higher rainfall events or slight rain showers (Figures 4.25). Likewise, PM10
concentrations increase few hours after rainfall and then decrease again during rainfall
events (Appendix 2).
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Figure 4.25 PM10 concentrations at the GRE-station (black solid line) and precipitation
levels measured at GRE (red solid line) on 8th August 2015.

4.5.3 Wind speed effects on PM10 levels
Wind direction (where particles disperse off from the source) and wind speed generally
have huge impacts on the concentration and dispersal of particulate matter in the ambient
air (Levy, Bennett, Melly, & Spengler, 2003); either by stimulating the occurrence of
resuspension or thinning PM10 concentrations in the environment. The shorter distance of
monitoring stations closer to the source (from where wind blows) will measure higher
concentrations than stations at further distance away from the source (Aldrin & Haff,
2005). Thus, if the wind blows over the source area, there is a likelihood of higher
concentrations at that time. For instance, results for the 7 out of 10 exceedance days
(excluding dust storm days) show higher concentrations of PM10 measured at GRE (main
urban traffic station) in comparison with concentrations at FHG due to the closeness of
monitoring equipment to the road at GRE. Hence, higher PM10 levels at GRE when wind is
blown from the Grensásvegur-Miklabraut highway towards the equipment. Resuspension
events for most common dry wind usually occur close to northerly at GRE monitoring
station.
Wind speed plays crucial role on pollutants released at a steady state from their sources
into the ambient air per the Gaussian plume distribution model (Figure 2.6); an increase in
wind speed corresponds to a decrease in levels of pollution and vice versa (Aldrin & Haff,
2005). Concerning the 10 exceedance days, 4 days were classified as spring days (22nd
April, 26th April, 27th April and 13th May 2015). These spring days recorded similar
sources and events of PM10 and NOX pollution. Amongst the 4 days, traffic emissions were
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the most common source of pollution (22nd, 26th and 27th April 2015) followed by dust
storm (13th May 2015) and resuspension events (22nd April, 26th April and 13th May 2015).

PM10 and NOX concentrations from traffic emission vs. wind speed
With reference to the traffic emission days, an average wind speed of 5.2 m/s was
calculated for 3 days (22nd, 26th and 27th April 2015). Per the general rules governing the
calculation of correlation coefficient and identifying the relationship between variables, it
is impossible to use the average 24-hour concentrations of the events (traffic emission
days) to conclude on a relationship between PM10 and wind speed. This is because, these 3
days are related to discrete events which lasted for 3 – 4 hours maximum and are average
concentrations for 24 hours. For the sake of quality assurance, the hourly PM10 and wind
speed data were used.
However, per the hourly data used for each day it was observed that PM10 concentrations
decrease with an increase in wind speed (Figures 4.26 and 4.14) however, in this instance,
the wind speed is not having any major effect on the PM10 concentrations on 22nd April,
2015 (Figure 4.26) possibly because of ongoing resuspension events. Thus, it is impossible
to attribute these instances to the occurrence of an inversely proportional relationship
(PM10  1/U) where U is the measured wind speed in m/s with reference to the gaussian
plume distribution (Figure 2.6). PM10 concentrations measured at GRE station during
spring season decrease with an increase in wind speed thus, agrees with previous findings
which states that increasing wind speed corresponds to decreasing particle pollution
(Aldrin & Haff, 2005; Chaloulakou et al., 2003; Levy et al., 2003) with the exception of
resuspension events which depicts a contrary relationship (Figure 4.12 and 4.26).
Traffic emissions are generally characterized and associated with the levels of NO x
concentrations. In this research, NOx levels are highlighted upon during multiple traffic
emission events that led to higher PM10 levels in the ambient air. Hourly NOx
concentrations recorded during the 2 spring exceedance days due to traffic emissions
(Figure 4.27 a & c) for 22nd and 27th April did not show any significant indirectly
proportional relationship due to nearly constant wind speed with no variations in traffic
volume that affects NOx levels. Hence, per the gaussian model (Figure 2.6), it is difficult to
express the relationship as NOx  1/U. However, the trend of increasing wind speed and
decreasing air pollution is predominantly associated with NOx concentrations (Aldrin &
Haff, 2005) and this is graphically evident on 26th April (Figure 4.27b). None of these
traffic exceedance days were national holidays per the Icelandic Calendar in 2015 but
rather, the days after each of these exceedance days (22nd April and 13th May 2015) were
national holidays (Sumardagurinn fyrsti on 23rd April 2015 and Mæðradagurinn on 14th
May 2015) thus, the emissions from NOx can be associated with rush hour traffic prior to
the holidays.
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Figure 4.26 Estimated effects of wind speed (red solid line) on PM10 concentrations (black
solid line) at GRE on 22nd April 2015.
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Figure 4.27a Estimated effects of wind speed (red solid line) on NOx concentrations (black
solid line) on 22nd April 2015 at GRE-station.
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Figure 4.27b Estimated effects of wind speed (red solid line) on NOx concentrations (black
solid line) on 26thApril 2015 at GRE-station.
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Figure 4.27 c Estimated effects of wind speed (red solid line) on NOx concentrations (black
solid line) on 27th April 2015 at GRE-station.
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PM10 concentration from resuspension events vs. wind speed
PM10 concentrations measured on 26th April (Figure 4.12) displayed an opposite trend but
direct relationship where PM10 levels were higher with increasing wind speed of 5.4 m/s
hence, (PM10 ~ U). This noticeable observation is attributable to the occurrence of
resuspension events in addition to the traffic emissions on the 26th April 2015. Thus, the
wind speed triggers the transport and redistribution of accumulated dust particles and
aggregates which thereby increases the 24-hour average PM10 concentrations to a
maximum of 116 µg/m3 (Table 4.1). From the above observation, it is noted that wind
speed does not only decrease concentrations of PM10 in the ambient air but rather, strong
winds with speed of ≥5 m/s has the tendency to pick up accumulated particles and
materials on the ground and cause the occurrences of resuspension events.

4.5.4 Relative humidity impacts on PM10 concentrations
Previous studies have shown some relationships between relative humidity and particulate
matter concentrations (both PM2.5 and PM10). However, according to research, relative
humidity only plays an important role on PM2.5 concentrations than on PM10 levels.
Research has also shown that, the effects of relative humidity on PM10 is based on
seasonality. Thereby, relative humidity has more severe effect on PM10 during winter and
spring days than summer and autumn days (Lou et al., 2017). Thus, PM10 levels either
increase or decrease as relative humidity increases during winter and spring days. This
was, however, evident for winter and spring days from 21st February to 13th May 2015
(Figure 4.28). However, PM10 levels only decrease with increasing relative humidity and
vice versa during summer and autumn days (Lou et al., 2017) but this relationship was not
displayed during the summer and autumn season for the exceedance days; 15th June to 18th
November, 2015 (Figure 4.28) hence, no strong relationship can be deduced between
relative humidity and PM10 since they vary with time thus, it is possible to state that RH
has a higher likelihood of strongly affecting PM2.5 concentrations than PM10 levels (Cheng
et al., 2015; Lou et al., 2017).
According to research, the presence of high wind speeds induces the rate at which RH
affects PM10 levels (Csavina et al., 2014). At high wind speeds (>4 m/s) PM10
concentrations increase with increasing RH levels but after few moments, PM10 levels
decrease afterwards with a decrease in RH levels (Csavina et al., 2014) . Wind speed levels
for the 10 exceedance days ranged between 0 m/s and 6.3 m/s with an average of 3.7 m/s.
No such relationship was observed for the 10 exceedance days hence the effects of relative
humidity seems to have different levels of influence on PM10 levels for the 10 exceedance
days (Figure 4.28) possibly because these are strictly event days and thus subject to an
anomaly.
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Figure 4.28 Scatter plot of daily average PM10 concentrations and relative humidity in
2015.

4.6 Comparison of 2015 annual average PM10
concentrations between Accra and
Reykjavik
Ghana and Iceland are two different countries located on separate continents (Africa and
Europe) with diverse weather conditions and socio-economic statuses. The population of
the developing country (Ghana) and the developed country (Iceland) was 2.277.298
inhabitants (Worldometer, 2015) and 329.100 inhabitants (Statistics Iceland, 2015) in
2015. Iceland and Ghana use same international air quality guidelines (WHO standards and
EU directives 2008/50/EU) even though there is a vast difference between the multiple
PM10 sources, the nature of pollutants being emitted and the prevailing environmental
factors that either induce the rate at which pollutants are dispersed or partially reduce
concentrations of the pollutants emitted. Aside these international guidelines, both
countries have adapted to internal regulations implemented by the environmental agency
and country. The Icelandic regulation No. 920/2016 has an annual mean PM10 of 40 µg/m³
likewise the Environmental Protection Agency of Ghana has an annual average PM10 limit
of 40 µg/m³.
For over a decade (2006 – 2017) the annual average PM10 concentrations measured in
Accra increased spontaneously with sharp peaks for some years whiles other years
recorded low and consistent PM10 levels. However, none of these years were in compliance
with Ghana EPA annual average limit of 40 µg/m³ and the international annual average
PM10 limit of 20 µg/m³ and 40 µg/m³ for WHO and EU directives 2008/50/EU,
respectively (Figure 4.29). Ghana’s exceedance of annual average PM10 concentrations has
been an issue of concern to the government and the public in general. On the contrary,
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annual average PM10 concentrations measured in Reykjavik at Grensás (Figure 4.30) from
2006 to 2017 shows compliance with annual average limits of 40 µg/m³ for both EU
directives 2008/50/EU and the Icelandic regulation No. 920/ 2016. However, WHO annual
average PM10 standard of 20 µg/m³ was exceeded from 2006 to 2011 at Grensás,
Reykjavik. The 2015 annual PM10 average of 17.5 µg/m³ complied with the WHO
standards, EU directives and the Icelandic regulation (UST, 2020).
The 2015 annual average PM10 concentrations for Accra varies due to different data
sources from WHO and the Environmental Protection Agency of Ghana. PM10 pollutants
in Accra measured an annual average PM10 of 100 µg/m³ (Environmental Protection
Agency, 2018) whereas WHO recorded annual average PM10 for Accra as 172 µg/m³
(WHO, 2019). The vast difference of 72 µg/m³ between the concentrations from these 2
data sources could be that, 100 µg/m³ PM10 levels is an average value of the PM10 from the
different monitoring stations in Accra whereas 172 µg/m³ from WHO is a county wide
estimate of annual average PM10 in Accra. Thus, for the sake of quality control and
assurance purposes, both concentrations are used in this study.
Both 2015 annual average PM10 concentrations of 100 µg/m³ and 172 µg/m³ in Accra
(Figure 4.31) exceeded the annual average limits of WHO (20 µg/m³), EC 2008/50/EC
directives (40 µg/m³) and Ghana EPA (40 µg/m³). These noticeable exceedances are
attributable to exhaust traffic emissions, open air solid waste burning and untarred feeder
roads which released dust particles into the atmosphere. This observation shows that
Accra, Ghana, is 6 to 11 times more polluted than Reykjavik, Iceland in the year 2015;
thus, records of episodic occurrences of events and their exceedance days in Iceland are
few hence, low mean concentrations of PM10 in Iceland compared to Ghana (Figure 4.31).
The overall air quality in Reykjavik is good but PM10 pollution from traffic emissions and
intermittent pollution from volcanic ash and resuspension events sometimes exceed the 24hour EU directives and standards most especially during the winter seasons.

Figure 4.29 Trend of annual PM10 and PM2.5 concentrations in Accra from 2006 to 2017
(Environmental Protection Agency, 2018).
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Figure 4.30 Trend of annual PM10 concentrations in Reykjavik from 2006 to 2017(UST,
2020).

Figure 4.31 Bar graph of 2015 annual average of PM10 levels in Reykjavik and Accra.
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5 Discussion
This section of the research highlights the different pollution events for the 10 exceedance
days. The pollution events for each exceedance day have been grouped according to the
similar occurrences of events. The prevailing weather conditions, their relationship with
PM10 pollutants and their associated NOx concentrations from traffic emissions will be
discussed. The similarities between variables (hourly values) for the 10 exceedance days
are discussed. Furthermore, concrete policy measures have been highlighted upon with
reference to the state of Ghana’s ambient air quality over the decades.

5.1 Review of PM10 concentrations
Concentrations of pollutants either increased or decreased in a day depending upon the
anthropogenic activities and the occurrence of natural events. Out of the 10 exceedance
days, nine were measured at GRE station (Urban traffic station) and 2 days (1 of the days;
15th June 2015 same as that at GRE) at FHG station (Urban background station). Predicted
PM10 model results were generally lower compared to concentrations at GRE station on the
days of exceedance.
PM10 levels were highest on 26th and 27th April, and 15th and 26th June 2015. During rush
hour, traffic emissions contributed substantial amount of particle pollution of 116 µg/m³,
97 µg/m³ and 67 µg/m³ on 26th and 27th April, and 18th November 2015, respectively.
Traffic emissions were classified as the major sources of pollution on these days. The
emissions were mainly from the exhaust and NOx concentrations were higher on these
same days.
NOx levels and PM10 concentrations displayed similar patterns. However, a directly
proportional relationship (PM10  NOx) was observed between PM10 and NOx levels
during traffic emission events (Figure 4.13). On the contrary, an inverse relationship (PM10
 1/NOx) exists when a mixture of multiple events such as resuspension other than only
traffic emission either increase or decrease particle pollution intermittently. Hence, higher
PM10 levels connote lower NOx concentrations (Figures 4.10 and 4.11) especially due to
the presence of higher wind speed levels. From this research it is observed that NOx
concentrations for some exceedance days decrease with wind speed levels and vice versa
(Figures 4.14 and 4.27b). Hence, NOx is inversely proportional to wind speed levels (NOx
 1/U).
With reference to traffic emission events during 2015 spring days, it was observed that
wind speed was one of the main weather parameters that affected concentrations in the
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ambient air. During traffic emission days, PM10 concentrations decreased with an increase
in wind speed >5.0 m/s for 22nd and 27th April 2015, thus an inversely proportional
relationship of PM10  1/U. However, this relationship was different on days with both
traffic emissions and resuspension events (26th April 2015) due to wind speed levels
greater than 5 m/s. PM10 levels increased with an increase in wind speed levels on 26th
April 2015. Therefore, based on the 10 exceedance event days for this research, it can be
concluded that the higher the wind speed levels, the greater the likelihood of occurrences
of resuspension events. NOx concentrations were higher on days with higher PM10 levels
due to traffic emission. Also, NOx concentrations were lower on days with higher wind
speed and resuspension events.
Results from this research shows that, the Gaussian plume distribution works well for NOx
concentrations (Figure 2.6, Equation 1). Also, per the Gaussian plume distribution theory,
it is deduced that concentrations of PM10 pollutants for a constant rate emission source are
inversely proportional to average wind speed levels. Hence, the similarities between PM10
levels and wind variables shows that the Gaussian distribution theory holds when PM10
concentrations are from exhaust emissions. Hence, C  1/U; where C is the PM10
concentration (µg/m³) and U, the measured wind speed (m/s).
Apart from traffic emissions, further results from this research highlight dust storms and
resuspension events as main sources of PM10 in Reykjavik. Likewise, few occurrences of
dust storms and frequent resuspension events were intense during spring and summer
seasons with temperatures ranging between -5.6°C and 13.1°C. Not only did traffic
emissions contribute to particulate pollution during mid-spring days (26th and 27th April
2015) but local resuspension events also contributed substantially.
Snow depth measurements were recorded as 0 cm for the 10 exceedance days (Appendix
1). Despite the absence of snow cover for those days, PM10 concentrations varied
seasonally during 2015 at both GRE and FHG stations. FHG station measured lower PM10
concentrations for the 10 exceedance days apart from 15th June and 22nd August which
measured higher PM10 levels due to the occurrence of dust storms and constructions
activities, respectively. Also, days with no record of snow cover (21st February, 22nd April
to 22nd August 2015) at GRE station measured higher PM10 levels in the ambient air
(Figure 4.24) but it is not possible to deduce that the absence of snow cover could attribute
to higher PM10 concentrations over time since no snow cover (dry snow or wet snow due to
melting of ice on roads) were measured to absorb PM10 particles. Likewise, no snow was
measured at the background station (FHG) thus, no similarities between PM10
concentrations and snow measurements can be drawn.
In the absence of snow cover, 24-hour average wind speed of 5.8 m/s and 6.2 m/s lead to
resuspension of the particles on 26th and 27th April 2015. Large deviations between
measured PM10 concentrations at GRE and the model results which ranged between ≤30
µg/m³ and ≥ 60 µg/m³ was recorded for 26th and 27th April and 18th November 2015. The
model did not capture both traffic emissions and local resuspension events for these days
even though model does quite well for most days. The inability of the model to record
these events could possibly be because of higher wind speeds which most likely lead to
much resuspension events.
In addition, the model results increased due to high winds but did not capture natural
events like dust storms on 22nd April and 15th June 2015 (Figure 4.18) because the model
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was not designed to capture dust storm activities. Moreover, other local resuspension and
dust storm events were slightly captured by the PM10 predicted model on 21st February and
13th May 2015. Deviations were low and were measured as 19.2 µg/m³ and 10.9 µg/m³ ,
respectively.
Even though the year 2015 was observed and categorized as the coldest year in the 21 st
century, the temperature difference seems to be of little importance for the PM10
concentration. Results do not necessarily identify how the prevailing temperatures affect
particle pollution. However, for the 10 exceedance days, an inverse relationship was
observed where PM10 levels increase with decreasing temperatures. This observation was
no different for that of the remaining 318 non-exceedance days in 2015. No exact pattern
as to how the prevailing temperatures contributed to an increase or decrease in particle
pollution was deduced.
A noticeable trend was observed with reference to precipitation levels and PM10 pollution.
Amongst the 10 exceedance days, six spring days recorded a decrease in PM10 levels with
an increase in the daily amount of rainfall. PM10 levels increased slightly after hours of
heavy rains and minutes of rain showers (Figure 4.25, Appendix 2). For instance, PM10
emissions showed higher variations in concentrations with time throughout the entire day
on 8th August. PM10 levels were above the health limit during the early hours of the day
(03:00 GMT to 13:00 GMT) after which pollutant levels decreased gradually. This distinct
observation is attributed to precipitation levels which ranged between 0 % to 100 %
(Figure 4.25) with an average precipitation level of 8.3 %. Thus, rainfall levels have a
higher likelihood to suppress the concentrations and distributional effects of PM10 levels in
the ambient air.
Unlike temperature, wind speed and mostly dry, strong and northerly winds displayed
tremendous effects on the concentrations in the ambient air. Wind speed ≥ 5 m/s have a
higher likelihood of generating resuspension events from accumulated dust particles.
Relative humidity levels (RH) were quite unstable and varied all year in 2015. However,
seasonal variations were observed for the 10 exceedance days with reference to PM10
concentrations and RH levels. PM10 concentrations increased and decreased as RH levels
increased during the winter and spring days (21st February to 13th May, 2015) for the 10
exceedance days (Figure 4.28). Per other studies, PM10 levels only decrease with an
increase in RH levels during the summer and autumn days and this was not evident for the
exceedance days from 15th June to 18th November 2015 because they are discrete events.
Wind speed recorded on 15th June 2015 at GRE station varied between 1.9 m/s and 7.9 m/s
whereas that of FHG station ranged from 0 m/s to 3.5 m/s. PM10 levels at GRE and FHG
stations depicted similar patterns with peaks between 13:00 GMT and 20:30 GMT (Figure
4.18) hence, can be attributed to the occurrence of dust storm event. Higher PM10
concentrations were observed at GRE station (91.5 µg/m³) followed by FHG station (78.7
µg/m³). The model results did not capture this event thus, a deviation of 42.9 µg/m³ which
is acceptable because the model was not designed to record dust storm events. PM10 was
higher at GRE because of resuspension of particles from dust storm at an average wind
speed of 5.34 m/s from the road toward the monitoring equipment at Grensásvegur. The
closer the monitoring station is to the pollution source, the higher the likelihood of
recording higher pollution concentrations. PM10 concentrations on 21st February 2015 were
higher as wind speed increased from 0.8 to 10.9 m/s (Figure 4.7). The highest wind speed
was measured as 10.9 m/s at 22:30 GMT. A similar increase in PM10 levels of 503.1 µg/m³
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was observed at 22:30 GMT (Figure 4.6 and 4.7). This noticeable pattern depicts the
ability of local wind to cause resuspension of dust particles at GRE environ. This
observation is no different from that on 13th May 2015 (Figure 4.16).
Apart from traffic emissions as a major anthropogenic contributor of PM10 concentrations
in 2015, results generated from this research classify local construction at FHG as another
anthropogenic origin of PM10 in Reykjavik (Figure 4.20). The predicted PM10 model
worked accurately on 22nd August 2015. PM10 levels at GRE station and model result were
lower and depict a similar trend with a deviation of 1.3 µg/m³ (Table 4.2). Likewise,
predicted model results for the remaining 318 non-exceedance days in 2015 showed signs
of effectiveness with deviations ranging between ≥0 µg/m³ and ≥30 µg/m³ (Figure 4.4).
210 days measured deviations ≤5 µg/m³ whereas a deviation of ≥ 30 µg/m³ was observed
for only a day in 2015 (Figure 4.4). Thus, the overall performance for the model was
impressive since almost two-thirds of the 318 non-exceedance days (210 days) had PM10
levels close to the measured concentrations.
For the 318 non-exceedance days, few hours (between 00:30 and 01:30 GMT) on New
Year’s Day was observed to have concentrations higher than the health limit of 50 µg/m³
(Figure 4.22). This noticeable observation was attributable to the smoldering of fireworks
and crackers during the celebration of New Years. Concentrations at GRE monitoring
station were higher (270 µg/m³) at a wind speed ranging between 1.9 m/s and 6.9 m/s.
Subsequent PM10 measurements after the fireworks (02:00 GMT) were lower than 20
µg/m³ and this noticeable observation could probably be as a result of the increasing wind
speed (6.9 m/s) thus, thinning PM10 concentrations in the ambient air.

5.2 Possible limitations
The one year (2015 data) is a major limitation for this research in terms of weather patterns
and variability. Despite the fact that other prone or susceptible areas in Reykjavik may
have equal or more likelihood of measuring high ambient pollutants, the GRE (traffic) and
FHG (urban background) stations were selected based on assumptions of proximity to busy
highways and condensed family apartment areas correspondingly. Also, the availability of
Eberline Gmbh instrument at only these areas (GRE and FHG) determine the criteria for
selection of monitoring areas. Hence the limitation or unavailability of Eberline Gmbh
instrument in other potential vulnerable areas minimizes the chances of conducting
monitoring at those areas even though portable handheld instruments could be used.

83

5.3 Suggestions for policy development in
Ghana
Excerpts from the results section of this research show that, Accra, the capital of Ghana is
more polluted than Reykjavik with reference to the annual average PM10 concentrations in
2015 and other years. The measured 2015 annual PM10 concentrations for Accra was
recorded as 100 µg/m³ (Ghana EPA) and 172 µg/m³ (WHO) whereas Reykjavik measured
an annual average of 17.5 µg/m³; air in Ghana is 6 - 11 times more polluted than that of
Iceland.
Certain on-going activities support the fact that Ghana is highly polluted compared to
Iceland. The domestic energy source is most often from biomass burning; fuel wood and
charcoal (Wamukonya, 2007) which contributes about 70% of total energy consumption in
Africa (Baumbach et al., 1995). The vehicular population growth rate in Ghana is about
70,000 vehicles per annum with 65% of these vehicles concentrated in Accra-Tema
Metropolitan (Aboh & Ofosu, 2010). Majority of these secondhand vehicles lack catalytic
converters and are concentrated on a small fraction of quality road network thus, high
volumes of emissions. Street dust, soil dust and desert sands from the Sahara pose a lot of
environmental problems aside the humid weather patterns during the dry seasons
especially from December to March every year (Aboh & Ofosu, 2010). The above
observations and reasons for Ghana’s non-compliance to annual average PM10 levels
depict that PM10 pollution in Ghana is induced by both natural and anthropogenic sources
but majority of the impacts are from man-made sources.
Subsequent years of Ghana’s non-compliance to the annual average PM10 limit makes
Ghana highly susceptible to continuous harmful effect of air pollution. Ghana previously
had no comprehensive air quality policies and programs but rather, a National
Environmental Policy in 2014 which policy statement primarily states that ‘‘The National
Environmental Policy takes account of the national environmental priorities while
sufficient attention is also given to longer-run sustainability concerns. Government
ownership of the national environmental objectives is indeed important, but ministries,
departments and agencies, as well as other institutions including non-governmental
organizations must buy into the policy implementation process to ensure overall success’’
(National Environmental Policy, 2014). These policies covered different sectors of
Ghana’s development hence not much focus was placed on the air quality sector of Ghana
thus, there was the need to implement a comprehensive National Air Quality Policy for
Ghana.
The currently implemented National Air Quality Policy covers four major sections of
Ghana’s air quality catalogue with general goals of reducing emissions from: industries,
transport, open burning of agricultural/ municipal waste (outdoor), and open burning of
biomass (indoor) (United Nations Environmental Program, 2015). Each of these four major
sections have different but related policy aims and programs to curb air pollution in Ghana.
Some of these policy measures have been successfully initiated and complied by citizens
and authorities. For instance, the checks and balances with regards to strict adherence to
road worthiness and its associated traffic emissions has by far been one of the most
successful measures to curb air pollution. However, there are loopholes in some parts of
these policy programs thus, a need to revise these measures to suit its purpose.
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The focus of this suggested air quality policy measures is placed on the anthropogenic
sources of PM10 in general and thus, this policy aims to be implemented for subsequent
years in Ghana. This research policy considers Ghana’s environment, health, safety and
quality as key research issues and these are factored into decision making processes. The
principle purpose of this policy is to minimize the anthropogenic sources and their negative
impacts of PM10 in low socioeconomic status (SES) communities in Accra, Ghana.
Research findings depicts that, low and middle income communities have a higher
capability to induce the rate of air pollution specifically via their daily income survival
activities and small-scale businesses such as fish smoking, open fire cooking, street food
selling (via burning of biomass and coal fuel) among others.
Following these facts, this policy aims at:
•

Creating environmental awareness of air pollution and its consequences to low and
middle SES communities in Ghana. Such awareness would be created via regular
environmental training and capacity building in order to minimize waste, emissions
and pollution through their daily operations.
o Air pollution issues like burning of solid waste (agricultural, municipal, and
electronic wastes) in the open air and dump sites would be tackled by
introducing waste segregation and recycling techniques to these
communities. Also, laws should be passed with reference to the use of
environmentally sustainable packaging (bio-degradable) by industries and
businesses to minimize the amount of household waste from the
consumption levels.
o Imparting current knowledge and training communities on the use of
modernized cooking technology and home appliances. The existing policy
focuses on the use of new improved clean stoves, the promotion of the use
of LPG and subsidizing LPG cylinders for rural communities in Ghana. In
addition to LPG, this research suggests the implementation and promotion
of largescale biogas production (in both city and rural areas) from the
organic waste since Accra generates about 900,000 metric tons of solid
waste per year (Environmental Protection Agency, 2013), approximately
67% of which is organic matter (Millennium Cities Initiative, 2010). This
will help to strive for environmentally safe and sustainable use of energy
sources other than burning biomass and coal for household and street
cooking.
o Most parts of Accra are zoned into industrial, residential, and mixed-use
areas. However, some factories are situated in residential and mixed-use
areas which thereby poses threat to the health of inhabitants. In that regard,
strict zonation regulations should be implemented and sanctions should be
attached to the violation of such rules.

•

Striving to meet all environmental legislation relating to air quality via the use of
accredited programs and procedures and encouraging the adoption of similar
principles by individuals, private and governmental agencies and institutions.
o This policy objective can be achieved by not concentrating only on the
capital of Ghana (Accra) but rather, increasing the number of air quality
monitoring stations over the 10 regions and 260 metropolitan,
municipalities and district assemblies in Ghana.
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o Majority of the low-cost sensor network sites are installed close to major
traffic routes and highways (Figure 2.8) thus, a higher probability and
expectation of measuring higher PM10 pollutants along these routes.
However, per this policy measure the state-of-the-art air quality sensors and
equipment should be installed within communities to find out most polluted
areas and their effects on the population. Also, most of these communities
have in-built feeder roads which induces the resuspension of dust particles.
o Direct access to readily available air quality data to the public should be
included as a policy objective. The availability of current and updated air
quality data of Ghana will maximize the concerns of the public thus aid in
public education, research and other innovative measures to curb air
pollution in Ghana.
o Also, strict legislation pertaining to road worthiness for instance use of
second-hand vehicles which lack catalytic converters should be
implemented and fines should be associated with the breaching of laws and
regulations. Aside the existence of pedestrian walkways on major roads and
highways in Ghana, there is the need for the introduction of bicycle paths/
routes and promotion of bicycle use as an alternative to directly reduce
PM10 emissions from the use of vehicles.
These few but efficient suggested policy measures would be communicated to every
individual, and environmental agency (both private and governmental) and will thus be
reviewed on regular basis to ensure its amendment to aid in the effectiveness of curbing
PM10 pollutions in Ghana.
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6 Conclusion
In 2015, measured RTK PM10 and NOx concentrations were higher at Grensásvegur
(Urban traffic) monitoring station than FHG (urban background) monitoring station. The
spatio-temporal variations of these concentrations varied with time and prevailing weather
conditions. Amongst the 365 days in 2015, 37 days (5th March to 11th April) were
exempted from the research due to unreliable data as a result of equipment failure on those
days thus, a total number of 328 valid measurement days were analyzed in this research.
Out of the 328 days, 10 days were identified as exceedance days due to their noncompliance with the WHO and Icelandic regulations for 24-hour average health limit of 50
µg/m³.
The particle pollution was identified to have originated from both natural and
anthropogenic sources. The natural sources included few occurrences of dust storm events.
However, the major anthropogenic contributor of PM10 and NOx concentrations were
attributable to traffic emissions at GRE monitoring station and local resuspension events
(resuspension of mostly traffic generated dust particles). Traffic emissions were highest
during spring days (especially in April) whereas resuspension of accumulated materials
and traffic generated dust were higher during summer seasons (June). At FHG monitoring
station, an on-going construction activity on 8th August 2015 contributed substantially to
PM10 levels in the ambient air.
Apart from the measured RTK concentrations of PM10, PM10 model results were analyzed
in this study where the model only accounts for traffic and local resuspension events at
GRE. For the 10 exceedance days, PM10 model results were lower and underestimated
compared to concentrations at GRE station. Only slight patterns of resuspension and traffic
emission events were captured by the model during days of exceedance. Deviations which
ranged from ≤ 10 µg/m³ to ≤ 60 µg/m³ were calculated between the PM10 model and RTK
PM10 measurement for the 10 exceedance days. The larger the deviation in µg/m³, the
lesser the ability of the model to record an event.
This research shows scenarios where higher wind speeds generate local resuspension
events. Thus, there has been no instance of high wind speed completely thinning out PM10
levels in the ambient air. The number of times the model has failed for the 10 exceedance
days is more than its degree of effectiveness. This is because, 3 of the exceedance days
recorded dust storm events and construction activities as main sources of PM10 on those
days thus, the model was not able to capture such events because the model was not
designed to do so. Predicted model results were generally lower and as a result failed 7
times (days) with deviations between 28.7 µg/m³ and 61.1 µg/m³. The model was effective
in some instances (21st February, 13th May and 22nd August, 2015) and was able to
measure a part of ongoing particle pollution with deviations of 1.3 µg/m³, 10.9 µg/m³ and
19.2 µg/m³, respectively during these 3 exceedance days.
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On the other hand, predicted model results for the 318 days (non-exceedance days) in 2015
showed signs of effectiveness with deviations ranging between ≤0 µg/m³ and ≤30 µg/m³.
210 days measured deviations between ≥0 µg/m³ and ≤5 µg/m³, 82 days between ≥5 µg/m³
and ≤10 µg/m³, 25 days ranging from ≥10 µg/m³ and ≤20 µg/m³ whereas a deviation
within the range of ≥20 µg/m³ and ≤30 µg/m was observed for only a day in 2015. Thus,
the overall performance for the model was impressive for 318 non-exceedance days
because, 210 days (almost two-thirds of the total 318 non-exceedance days) measured
deviations ≤5 µg/m³ between RTK PM10 and the model data.
Comparisons between the PM10 model results for the 10 exceedance days and the 318 nonexceedance days shows that, the model is ineffective during event days (large resuspension
events and dust storm). This observation could be attributable to the higher particulate
matter concentrations that are released into the atmosphere by these events. However, the
model has not yet been designed to capture dust storm events thus, there is a need of
redesigning the model to include dust storm activities and to fully capture local
resuspension pollution events on exceedance days.
Recorded as the coldest year in the 21st Century, different weather conditions were
experienced in the year 2015 thus, contributing to its cold and stormy nature. Weather
parameters included in this research (snow, wind speed, relative humidity and
precipitation) show how PM10 concentrations are affected in the presence of
meteorological conditions. From this research, there was no snow cover during the 10
exceedance days. Hence, it is hard to consider street salting and use of sand crystals on
sidewalks as major sources of PM10 concentrations in 2015 since in the absence of snow,
there is no need for the use of such abrasive mechanisms.
The relationship between PM10 levels and wind speed for the exceedance days shows that
the Gaussian distribution theory holds; that is (C  1/U) during traffic emission events
with unstable wind speed levels, thus an inversely proportional relationship where PM10
concentrations decrease with an increase in wind speed. However, a directly proportional
relationship was observed during mixed event days (resuspension and traffic emission).
Increased wind speed accounted for resuspension events. In this scenario, higher
concentrations of particle pollution are dispersed into the ambient air due to the higher
resuspension of accumulated dust particles and other materials by the wind. Hence, it can
be deduced that wind speed ≥5 m/s plays crucial role in either minimizing concentrations
or inducing the rate at which PM10 concentrations are distributed.
Per findings of this research, another environmental variable that suppresses PM10 levels is
precipitation. With much emphasis on the 10 exceedance days, it was observed that
increased amounts of rainfall during the spring days measured relatively lower PM10
levels. A noticeable trend showed that, particle pollution increased some few hours after
rainfall (Appendix 2) and immediately reduces during rainfall events.
Other weather parameters such as relative humidity showed seasonal variations with
reference to PM10 concentrations for the 10 exceedance days especially for the winter and
spring days. However, no exact relationship was observed between the RH and PM10 for
summer and autumn days. This observation is attributable to the fact that, these 10 days are
strictly event days and have different PM10 sources, thus subject to an anomaly. Further indepth research needs to be conducted to ascertain how the weather conditions affect PM10
levels on non-exceedance days and days with no occurrences of pollution events.
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With a population of 366.130 (at the end of the 1st quarter of 2020), majority of Iceland's
population are categorized as sensitive (children and elderly) with a median age of
approximately 36 years (Statistics Iceland, 2020). The sensitivity of such individuals
makes it relevant to protect Iceland's population by predicting pollution event days in order
to minimize exposure to PM10 pollutants which are harmful to health even in minute
concentrations.
Even though days with wind speed ≥5 m/s is quite common in Iceland (and not nearly all
those days have high PM10 levels), results from this research shows that it is acceptable to
classify dry and windy days with wind speed levels ≥5 m/s as days with a higher likelihood
of an occurrence of PM10 pollution event either from natural events (resuspension) or
anthropogenic sources (local resuspension mostly due to traffic). Thus, with accurate and
adequate information from the Icelandic Meteorological Office, it is much easier to
ascertain upcoming pollution days with reference to dry weather conditions, wind speed
levels and PM10 concentrations. Likewise, days with higher rainfall amounts can be related
to lesser PM10 pollution in Reykjavik Iceland hence, cleaner and healthier atmosphere.
This categorization of pollution days based on seasonal weather conditions (rainfall and
wind speed) will also help minimize the amount of money invested into unforeseen
emergency health cases most especially when prior notification and precautionary
measures are laid out successfully.
Anthropogenic sources of PM10 concentrations have been the main source of air pollution
in Accra, Ghana, over the years. However, excerpts from this research highlighted the
major consistent anthropogenic sources of particle pollution as traffic emissions, open
waste burning, unpaved feeder roads, small scale fish smoking and street food selling as
well as use of coal for domestic cooking. All these activities have consequent effects on
human health thus, the suggestions and recommendations of Ghana’s policy measures
discussed would be adopted to aid in curbing PM10 pollution especially in the dense,
overpopulated areas and low-economic status communities in Accra, Ghana.
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Appendix 1. Weather during the exceedance days
Summary of measured meteorological parameters for the 10 exceedance days in 2015. There was no snow on these 10 days.
Table A1.1 PM10 concentrations and prevailing meteorological conditions of 10 exceedance days in 2015.
Season

Exceedance days

PM10 (µg/m³)

Wind direction
(°)

Wind Speed
(m/s)

Temperature
(°C)

Humidity
(%)

Rain
(%)

Winter

21 February

52.2

113

3.9

-5.6

62.8

2.3

22 April

59.8

262.7

3.8

5.4

75.1

11.9

26 April

116

204.6

5.4

-3.0

64.9

7.5

27 April

97

205.3

6.2

-0.4

69.7

6.5

13 May

53.4

117.8

6.3

6.5

66

0.0

15 June

91.5

111.6

5.3

10.7

66

0.0

15 June

78.8

149.7

3.5

10.7

64.4

n/a

26 June

62.6

108.2

3.7

13.1

58.1

0.0

8 August

70.3

270.2

n/a

11.3

77.1

8.3

22 August

77.5

157.1

0.80

12.4

84.7

19.4

18 November

67.1

135.8

1.29

-1.00

63.9

0.0

Spring

Summer

Fall
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Appendix 2. Precipitation during
exceedance days
Graphical presentation of PM10 concentrations and precipitation levels for some exceedance days
in 2015.
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21st February, 2015

Appendix A2.1 PM10 concentrations at the GRE-station (black solid line) and precipitation levels
measured at GRE (red solid line) on 21st Febuary 2015.
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22nd April, 2015

Appendix A2.2 PM10 concentrations at the GRE-station (black solid line) and precipitation levels
measured at GRE (red solid line) on 22nd April 2015.
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26th April, 2015

Appendix A2.3 PM10 concentrations at the GRE-station (black solid line) and precipitation levels
measured at GRE (red solid line) on 26th April 2015.
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Appendix A2.4 PM10 concentrations at the GRE-station (black solid line) and precipitation levels
measured at GRE (red solid line) on 27th April 2015.
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