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Abstract

This thesis is motivated by the Earth’s environment taking serious hits, due to the propagation
of varying atmospheric pollution across the cities of the globe. This propagation is driven
mainly by the discharge of anthropogenic emissions such as; vehicular emissions, fossil fuel
burning, industrial and biomass activities. Human exposure to alarming atmospheric pollution
levels continues to be associated with a great number of adverse health effects. This challenge
has resulted in air quality policymakers introducing globally adopted indices for air quality
monitoring. The first task of this thesis was to review the existing air pollution status within the
Nigerian territory. From the review of the available literature, the challenges were identified.
A Nigerian city was adopted with the prospect of conducting a multi-technique appraisal of
city-scale atmospheric pollution monitoring. Northern Nigeria’s educational hub, Zaria, was
spatially and temporally analysed for the period of December 2015 — November 2016.
Considering Nigeria’s limited technological resources, portable pollutant monitors were
procured, validated and utilized for outdoor pollution measurement in this study. The results
revealed alarming pollution levels, enough to rank Zaria amongst the World Health
Organization’s list of polluted cities. With the alarming pollution level in Zaria, respiratory
wellness from population exposure was assessed. Certified health markers revealed that
outdoor pollution contributed significantly to the respiratory well-being of the studied
population. Satellite datasets have been a distinctive means for air quality monitoring over
developing countries like Nigeria with limited ground pollution information. Using collocating
ground measurements, we appraised the city-scale suitability of multi-satellite pollution
measurements. The performance indicators adopted revealed that the Measurements of
Pollution in the Troposphere Carbon Monoxide (MOPITT CO) estimates and the Moderate
Resolution Imaging Spectroradiometer aerosol optical depth (MODIS AOD), as the suited
satellite measurements. Another fundamental issue of this study was to identify if the existing
Nigerian Global Navigation Satellite System Reference Framework (NIGNET) could be utilized
for aerosol/particulate monitoring. This was achieved by appraising the effect of atmospheric
aerosol optical depth (AOD) and ground particulate matter (PM) on the NIGNET derived-
precipitable water vapour (PWV). A dual-comparison of the PWV estimates showed a
significant correlation between the GPS PWV and MODIS PWV estimates. Analysing the
ground particulate datasets, MODIS AOD measurements and GPS derived precipitable water
vapour (PWV) estimates, the result of the collocating datasets showed good agreement. The
findings of this study contribute immensely to policies on efficient air pollution monitoring in
Nigeria.
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Chapter 1

Introduction

This chapter provides a succinct introduction to the research. First, it details the
background to the subject matter ‘atmospheric (air) pollution’ in terms of the environment,
public health risk and monitoring techniques. The chapter describes the status of air pollution
highlighting the situation and initiatives, at the regional and local level. The main theme of this
research is the portable cost-effective remote pollutant monitor. It is discussed conscientiously
in each of the corresponding chapters. Further, this chapter elucidates the research motivation,
research question and the specific objectives. The methodological framework adopted for the
research, scope and limitations is also described. This chapter concludes with the thesis

structure.

1.1. Air pollution and the environment

The atmosphere is said to be polluted if the concentration of elements within the earth’s
atmosphere is capable of interfering adversely with the physiological processes of man and his
environment (UNEP, 2015). The severity of these adverse effects is mostly dependent on the
concentration levels of these atmospheric elements. The atmospheric elements summarily
comprise of gases (oxides of carbon, nitrogen, sulphur); particulates (fumes, aerosol);
radioactive materials (barium, uranium) and so on (Heck et al., 1988). They are mainly
discharged into the atmosphere through motor vehicle emissions, industrial activities, fossil fuel
burning and biomass activities. They are grouped into primary or secondary pollutants. While
the former is directly discharged into the atmosphere, the latter usually develops from the
chemical interactions among the primary pollutants (Nazaroff and Weschler, 2004).

The environment contains various mechanisms necessary for life. The need for rapid
industrialization of the environment is resulting in the discharge of harmful atmospheric
pollutants, thus contributing to the atmospheric air pollution. This detrimental air pollution level
within the earth’s surface is becoming a key concern across the globe (Seinfeld and Pandis,
2016). The earth’s atmospheric temperature is raising as a result of heat-trapping by carbon
pollution. This anthropogenic-induced warmth is destroying the ecosystems since some of the

species depend on the stable environment (Agarwal et al., 2017). The predominant
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environmental effects of air pollution include photochemical smog, acid rain deposits and
land/water pollution.

The earth’s ozone layer is responsible for protecting the ecosystem from the sun’s
ultraviolet radiations. However, man-induced chemicals like the chlorofluorocarbon (CFC) etc.
continue to react with ozone particle thus depleting the layer and affecting the earth’s
environment (Ramanathan and Feng, 2009). Smog is created when gases mainly comprising
of nitrogen oxides (NOx), ozone (Os) and peroxyacetyl nitrate (PAN) mix under the radiation
of sunlight. This forms yellowish-brown haze which hampers visibility. It is referred to as
brown air when the mixture occurs under intense sunlight. The incomplete smog formation
resulting from less beaming solar radiation is referred to as grey air (Palliyaguru and Jayaweera,
2017). Acidic rain deposits do occur when dry and wet acidic components fall unto the earth
surface under the influence of precipitation. They include rain, snow, fog, hail or even dust that
is acidic. These deposits adversely corrode metal and deteriorate paints thus affecting cars and
buildings, therefore increasing maintenance cost (Gerengi et al., 2016). The harmful elements
released into the atmosphere are transported by air current over varying distances during dry
and rainy seasons. In this process, some of the particles settle on the ground or in the water
body. For the particles that would settle on the ground, some would be inhaled by living
organism during the process. For the contaminated particles that would settle on water, it would
upset the nutrients-balance in the rivers and coastal waters thus affecting the trees and forest

soils (Nriagu and Pacyna, 1988).

The sensitivity between air pollution and the earth’s environment is described in Figure
1.1. With the anticipation that earth’s future environment will be more stagnant, researches are
still utilizing various meteorological variables to comprehend the detrimental connection
between atmospheric air pollution and environmental variables in polluted regions (Jacob and
Winner, 2009; Maione et al., 2016).

2
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Figure 1.1. The influence of air pollution on the environment (Source: EPA, 2000)

1.2. Air pollution and public health

The human population exposure to critical atmospheric pollution concentration levels
has been linked with numerous unfavourable health outcomes. The outcomes include, but are
not limited to respiratory and cardiovascular illnesses. In severe situations, total mortality is
inevitable (Vanos et al., 2014; Gray et al., 2015). According to the World Health Organization
(WHO), there are quite a lot of processes that have been and are still being proposed in
describing the harmful effects of air pollutants (WHO, 2005; WHO, 2014; WHO, 2017).

In air quality monitoring, there are major primary pollutants being monitored by various
global environmental agencies. These primary pollutants, carbon monoxide, particulate matter,
sulphur dioxide and volatile organic compounds (VOCs), are usually tagged as criteria
pollutants. The ozone (Os) is an example of the secondary pollutant (Arbex et al., 2012).
Selected criteria pollutants, their origin and effects on the human respiratory systems are

described as follows:

3
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1.2.1. Carbon monoxide (CO)

Carbon monoxide is a lethal colourless, odourless and tasteless gas (Jang et al., 2017).
It is a short-lived gas that plays a part in the development of ozone at ground-level. It is mainly
generated from forest fires, partial fossil fuel combustion and road transportation. In the urban
areas of developing cities, heavy traffic and biomass activities are the main anthropogenic
contributors of CO emissions. Volcanic eruptions and chlorophyll decomposition are also
organic sources of CO emissions. Human exposure to an excessive concentration of CO affects
the alveoli and bloodstream of their respiratory system. This binds the haemoglobin interfering
with oxygen distribution in the system. The results include headache and nausea. In pregnant
women, CO exposure has been linked with low birth weight and foetal loss (Ocak et al., 2016;
Jain, 2017).

1.2.2. Particulate matter (PM)

Particulate matter or particle pollution is the combination of solid elements and liquid
precipitations found in the earth’s atmosphere. Some of these particles (e.g. dirt, smoke) are
large or dark that they can be seen with the human eye, while the very small ones would require
an electron microscope. The microscopic particles are mainly referred to as respirable particles
that can easily be inhaled through the nostrils or throat. This causes critical health problems
especially in children (Tecer et al., 2008). They impair the mucociliary flow and macrophage
activity resulting in airway irritation. PM exposure creates a systemic imbalance between
reactive oxygen species resulting in lung inflammation. Chronic exposure instigates chronic
obstructive pulmonary disease (COPD), bronchial remodelling and cancer formation. They also
cause reduced visibility. The respirable particulates include PM2s (particles with a diameter of
fewer than 2.5 micrometres) and PMao (particles with a diameter of fewer than 10 micrometres)
(Saxena and Bhargava, 2017). The particles less than 10 micrometres (um) in diameter presents
the bigger problem, as they are trapped in the nasal cavity thus affecting/contaminating the
respiratory system (Upadhyay et al., 2014; Youn et al., 2016; Samek et al., 2017). The sources
of particulate pollution include motor vehicles, biomass burning, sanitation activities,
construction works, agricultural processes, pollen and volcanic ash (Kampa and Castanas,
2008). Table 1.1 highlights the exposure outcomes of air pollutants on the population.

4
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1.2.3. Sulphur dioxide (SOy)

Sulphur dioxide is a colourless gas characterized by a sharp irritating smell. The
atmospheric sulphur dioxide results mainly from anthropogenic fossil fuel combustion, motor
vehicle emissions and other industrial processing activities, e.g. oil and gas exploration,
electricity generation using coal etc. This criteria air pollutant reacts easily with other
substances creating harmful compounds, such as sulphuric acid and particles (Bernstein et al.,
2008; Al-Haseen et al., 2015). Short-term exposures to SO2 affect human health when it is
breathed in through the upper airways, thus affecting the trachea, bronchi, and bronchioles of
the human respiratory system. It irritates the mucous membrane that links the human eyes and
the respiratory tract. This results in cough, wheeze, shortness of breath, increases bronchial
reactivity and eventually facilitates bronchoconstriction (Kunzli et al., 2010). In plants, high
gaseous sulphuric oxide concentrations can harm plant vegetation by damaging their foliage
thus hampering growth (USEPA, 2017).

Table 1.1. Health outcomes of criteria pollutants on exposed population (modified after Kiinzli
et al.,2010)

Period of exposure Effects on the respiratory system

Short-term (pollution  Raised symptoms for individuals with COPD or asthma; heightened

level counting in
g frequency of respiratory infections (e.g. cough and wheeze); raised

days)
level of financial commitment for medical visits, medical dosage and
hospital admissions; critical alterations in lung function; higher rates
of occupational and academic non-appearance

Long-term Increased mortality from cancer, pneumonia and other respiratory

(prolonged exposure  diseases; heightened prevalence of asthma and COPD; chronic
over the years) ) . )
changes in pulmonary functions; protracted decrease in FEV1 and
FVC; compromised pulmonary development in children hampering

their intellectual development; low birth weight; premature birth

1.3. Air pollution in Africa

For the last two decades, the hurried pace for development in numerous developing
countries of the world has resulted in their air quality facing drastic degradation. During this
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process, the countries experienced measurable economic growth and sprawling urban
populations generating excessive emissions from motor vehicles, factories and waste burning
(Rai etal., 2011; Lindley et al., 2015).

Africa is one of the least developed and underperforming continents, especially in terms
of monitoring intense atmospheric pollution activities (Lindley et al., 2015; Simos et al., 2017).
Emissions in the African continent can be categorised into two (natural and anthropogenic)
based on their sources. The natural sources include digestive tracts of animals, lightning,
termites and vegetation. Anthropogenic emissions do result from human-related activities
directly linked with energy-use in biomass, construction, industry, mining, and transportation
(Knippertz et al., 2015). Africa’s contribution to the global biomass burning activity still
remains significant when compared to other regions (Vakkari et al., 2014; Marais and Chance,
2015; Ichoku et al., 2016).

In order to monitor air pollution in Africa, there are several established challenges that
should be taken into consideration. The ground-level air pollution information varies as Africa
IS not a homogenous entity. The high-resolution emission inventories for regular monitoring
are insufficient. More so, the countries have weak government institutions, high level of
poverty, modest health care structures and inadequate social welfare, making it difficult for

these countries to conform to the tenets of better air quality (Hanna and Oliver, 2016).

This nevertheless does not mean that the little available information should not be
utilized by professionals to address the existing air pollution evidence (Knippertz et al., 2015;
Roy, 2016). The African policymakers must make it a priority to push for trimming down of
pollution emissions at least on the interim. During the process, the population should be

counselled on adaptive procedures to minimize the exposure effects of air pollution.

1.4. Air pollution in Nigeria

Presently, Nigeria has the highest burden of fatalities from air pollution in Africa
(Ogundipe, 2018). The rising population which would lead to increased anthropogenic activities
seems to be not helping matters. Over the last six decades, the Nigerian state has experienced a
steady increase in its human population, rising from 38 million in 1950 to 182 million in 2015.
This increase has been as a result of the rural-urban migration, which accounts for 51 per cent

of Nigeria’s total population. The United Nations are optimistic that by 2030, Nigeria’s human
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population would further rise to 263 million of which 80 per cent would be living in the urban
areas (UNFPA, 2008; UNWPP, 2015). Figure 1.2 displays the population density map of

Nigeria.
5°E 10°E
10°Ng 10°N
5°N OUFRE Cameroon I 5°N
Guif of Guinea V19T Delta /2 na &
SE 10°E
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Figure 1.2. Population density map of Nigeria highlighting major emission centres (Source:
Marais et al. 2014)

Selected studies in some of the major cities in Nigeria have confirmed the impacts of
pollutants at in situ levels on the ambient air quality across the geopolitical zones in Nigeria.
They have highlighted three main contributors to air pollution in Nigeria. These are the natural
north-easterly harmattan dust (Dimari et al., 2008), roadside activities which include domestic
combustion of solid fuels, wood etc. (Ndoke et al., 2006; Olowoporoku 2011) and industries
(Nwaichi and Uzazabona, 2011). The industries are categorized as petroleum, non-petroleum

and cottage.

The rapid population growth in Nigeria is yet to be coordinated with proper
environmental planning, causing serious air quality concerns (Owoade et al., 2013; Marais et
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al., 2014). This lack of improper planning is resulting to unregulated use of time-worn vehicles,
generators for personal and commercial energy supply, refuse and biomass burning (Assamoi

et al., 2010; Orogade et al., 2016), thus elevating outdoor atmospheric pollution level.

From the industry sector, gas flaring (Osuji and Avwiri, 2005), frequent pipeline
explosions (Fadeyibi et al., 2011) and illegal oil refining (USEIA, 2016) are also a source of
worry for air pollution. The industries are mainly concentrated across 5 cities. They are Kaduna
and Kano in the northern region; Lagos, Warri and Port Harcourt in the southern region. The
oil and gas development are all situated in the Niger Delta of the southern region (Marais et al.,
2014).

1.5. Air pollution monitoring techniques

There is a wide range of available techniques that can be employed for real-time
monitoring of air pollutants. They extend from the professional to low-cost sensors for ground-
level monitoring and also the remote sensing retrievals for top-bottom atmospheric estimates.
These varieties do have their individual advantages as well as drawbacks. The selection of a
pollution monitoring technique is mostly determined by the monitoring campaign objectives as
well as the available budget (Gupta et al., 2006; Steinle et al., 2013).

The reference or professional instruments are designed and calibrated to accurately
monitor pollutant properties either using a fixed or mobile approach. Majority of the available
professional devices are usually adopted, validated and certified by the relevant governmental
environmental agencies for official air quality measurements. They are however unsuitable for
large-scale pollution monitoring due to their high cost (Budde et al., 2013). Spatial air pollution
monitoring Is attracting a growing interest across the globe especially for participatory
monitoring (Patton et al., 2014; Van den Bossche et al., 2015). Presently, the portable lower-
cost pollutant sensors are being utilized for high-time resolution and real-time spatial air
pollution monitoring. The approach of these lower cost, portable pollutant monitors have totally
changed the impression of mobile air quality assessment. Their lower-cost, low power demand
and small dimensions are their main advantages, as it comfortably gives room for local air
quality monitoring and also large-scale resolution mapping from several single measurements.
While the public can be bothered by their limited accuracy, studies have demonstrated that their
accuracy can be improved upon with the appropriate calibration and data optimization process
(Budde et al., 2013; Gozzi et al., 2016).
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In territories with limited technological resources, portable cost-effective devices are
significant alternatives when we take into consideration the increasing rate of air pollution in
developing countries. The portable sensors can be utilized for short/medium time monitoring
inventory. Another available alternative for air quality monitoring in an environment with

limited ground-level air pollution monitoring resources is the satellite remote sensing estimates.

For the remote sensing capabilities, there are existing atmospheric pollution monitoring
satellites that were launched over two decades ago (Table 1.2). These satellites have continued
to display better proficiency in observing atmospheric pollutants at high spatial and temporal
resolutions as well as the conversion of raw satellite data retrievals to archived end user-friendly
products (Streets et al., 2013).

Table 1.2. Selected NASA satellite sensors, their specifications, and pollutants configuration
(modified after Streets et al., 2013)

Onboard Description

Satellite platform Terra Terra Terra Aura Agua

Instrument MODIS MISR MOPITT OMI AIRS

Operational period 2000-date 2000-date 2000-date 2004-date 2009-date

Orbital Specification

Universal coverage 1 -2 days 9 days 3 days daily daily

Spatial resolution (Km) 1x1 176 x17.6 22 x 22 13 x 24 50 x 50

Spectral portion Visible — Visible — Infrared Ultraviolet Visible -
Infrared Infrared — Visible Infrared

Spectral interval (um) 04-144 0.44 -0.87 2.2,2.3,4.6 0.27-0.5 3.7-154

Pollutants Retrieved

Cco - - v v v

PM (AOD) v v - v )

The large quantity of air pollution data from satellite measurements has proven
beneficial to the decision-making process of environmental professionals. They can be utilized
for ground-level pollution estimation, monitor/track exceptional events, assess regional trends
and evaluate air pollution model output (Duncan et al., 2014). Satellite datasets are a distinctive
means for air quality monitoring in a country like Nigeria with limited ground pollution
information (Marais et al., 2014). Regulatory agencies, stakeholders and researchers are
encouraged to make use of these satellite datasets to enrich the air quality decision support
system. This will assist the scientists to improve the products to the varying requirements of the

air quality community (Duncan et al., 2014).
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1.6. Research motivation

In 2014, the WHO reported that air pollution exposure has resulted in approximately
one in eight of the entire global deaths. The report did, as a matter of fact, double the WHO
earlier projected estimates. This affirmed that the prevailing air pollution level is the world’s
major definite health threat (WHO, 2014). A breakdown of global mortality attributed to

respiratory-related illnesses is highlighted in Figure 1.3.
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Figure 1.3. Summary of specific respiratory diseases attributing to air pollution deaths
(Source: WHO, 2014)

Global policymakers continue to reflect on the need for nations to create emission
inventories that are accurate and consistent so as to encourage continuous improvement of
emission inventory compilation, to international standards (Francesco et al., 2014). In Africa in
which Nigeria plays a major role, the increasing air pollution levels are raising serious concerns
in line with the World’s sustainable development goals (SDGs). These goals are aimed at
harmonizing economic activities and revamping the public health system for sustainable urban
development. For a country like Nigeria where its environmental policymakers appear
unperturbed about the air quality status, this impact would not only expose its population to
respiratory morbidity and mortality. It may blow out of proportion, escalating human and
economic costs, making it further difficult to attain regional and global SDGs (Roy, 2016).
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Atmospheric pollution has been a serious menace in most Nigerian urban cities
(Hopkins et al., 2009). The Nigerian government is still yet to consider environmental
legislation a priority as earlier reported (Akinlo, 2009). Mitigating the air pollution level in
Nigeria would save millions of lives. Most individual researches within Nigeria have adopted
portable pollutants monitoring devices. The reason for adopting this technique is mainly
because Nigeria has no real-time reference air pollution monitoring station (Koku and
Osuntogun, 2007; Abam and Unachukwu, 2009; NESREA, 2013; Jimmy et al., 2014; Njoku et
al., 2016). The Nigeria Meteorological Agency (NiIMET) did report that it had established five
air pollution monitoring sites (UNEP, 2015). However personal inquiry did reveal that stations
were not real-time functional, and are stationed at the city airports (Figure 1.4), which are at the
outskirts away from the dense pollution urban activities. Additionally, this reveals that the
majority of the air pollution studies reported using portable monitoring devices are not tied to
any existing reference instruments. This is the main motivation for this research. This research
seeks to develop the frontier by evaluating the functionality of these portable remote pollutant

sensors using a multi-technique approach.
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Figure 1.4. The distribution of NIMET air monitoring stations situated at the city airports
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1.7. Research question

With the existing air pollution menace and the limited monitoring capabilities to
effectively appraise atmospheric pollution effects within the Nigerian territory, this thesis
provides answers to a far-reaching question, that is, how useful are portable pollutant sensors
measurements for a multi-technique atmospheric pollution evaluation using an exposed

Nigerian city? In answering this question, this thesis identifies specific objectives.

1.8. Research aim and objectives

The aim of this research is to appraise outdoor air pollution exposure in a Nigerian city
with the view of integrating the retrieved pollutants variations with available environmental
variables, for effective atmospheric pollution monitoring. The specific objectives of this

research are described as follows:

1. Determine the ground-level seasonal distribution of the outdoor air pollutants in
comparison to globally stipulated air quality indices

2. Evaluate the observed criteria pollutants’ level for interim assessment of exposed
population epidemiology

3. Appraise preferred satellite estimates using ground-level pollutant concentration as a
city-scale bottom-top link analysis

4. Investigate the viability of the Nigerian GNSS signals as a pollution monitoring system

for aerosol/particulates

1.9. Research methodology

First, ground measurements of selected criteria pollutants were obtained for the period
of 1 December 2015 - 30 November 2016. These measurements were obtained across the
various seasons over 19 appropriately selected sampling locations. The daily day-time samples
were collected with devices positioned at 1.5m above the existing ground-level for peak
morning (0730 — 0845 hrs), non-peak afternoon (1300 — 1415 hrs) and peak evening (1700 —
1815 hrs) periods daily (Bell and Davis, 2001; Yazdi et al., 2015). The ground measurements
were restricted to day-time observations for the contributing anthropogenic activities as well as
safety reasons.

12
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Secondly, the population exposure appraisal assessed cross-sectional data on the
lifestyle, household and medical histories by utilizing a standardized questionnaire survey
modified after the ATS epidemiologic standardization project questionnaire for adults (Ferris,
1978) which has been successfully used in Liu et al. (2014). The respondents were identified
across the selected sample sites in the area of study. The responses were analysed in comparison
with observed criteria pollutant concentrations. The questionnaire was administered based on
Krejcie and Morgan (1970) sample size determination for research. Respiratory health records
were also obtained to determine population relative risk and baseline incidence. Study protocols

were endorsed by the appropriate ethics committees.

Thirdly, we appraised the city-scale pollution monitoring capability of satellite pollution
estimates with the available time-series ground pollution data. The satellite remote sensed
pollutant estimates data were downloaded via NASA download portal. They are archived in a
user-friendly format for applications covering a wide range of atmospheric problems.

Finally, we evaluated the effects of atmospheric aerosols and ground particulate matter
on an existing Nigerian GNSS reference network (NIGNET) signals. The GNSS, the RINEX
observation data, precise orbit data and site log information were retrieved over a GNSS/AWOS
station with collocating aerosols and particulate matter datasets. The RINEX dataset was
processed using the WaSoft software to obtain zenith tropospheric delay (ZTD) estimates at
GNSS station for 2015 — 2016. Precipitable water vapour (PWV) estimates were obtained by

interpolating meteorological parameters over the study GNSS station.

The methodology applied in this research is described using the flowchart in Figure 1.5.
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Figure 1.5. Flowchart of the research methodological framework

1.10. Scope and limitation of the research

The purpose of this research is to evaluate outdoor city-scale atmospheric pollution in
Nigeria with the view of integrating the retrieved pollutants variations with available
environmental variables, for effective atmospheric pollution monitoring. This includes the
acquisition of ground-level selected criteria pollutants concentrations over a limited period of
time (2015 — 2016). The portable devices utilized were obtained solely for the purpose of this

research. In evaluating air pollution devices, much time and thought are given to evaluating
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data quality using reference stations. These devices are large, expensive and mostly
unaffordable to most developing regions of the world. In most limited resource environments,
the portable cost-effective sensors are being embraced. At present, studies are still formulating
standards for the various types of portable pollutant sensors being used for air pollution

monitoring. Their accuracy is the focus of this research.

This research is greatly dependent on the ground-level pollutant measurement datasets
obtained using the MSA Altair 5x gas detector and the Chinaway CW-HAT200 particulate
counter, and are limited to demonstration and evaluation of the criteria pollutants; carbon
monoxide (CO), sulphur dioxide (SOz) and particulate matter (PMzs and PMao). For the
theoretical baseline incidence of the exposed city population, population estimates were

adopted since the most recent population census for Nigeria was conducted in 2006.

1.11. Structure of the thesis

The introduction, reviews, analyses, results and conclusions of this thesis are structured
in a total of seven chapters. The chapters 3 — 6 comprise of published peer-reviewed journal
articles, that covers the four specific objectives of this thesis. The texts of Chapters 3 — 6 are
formatted as the published manuscripts drafts, but the numbering and reference styles are

reformatted for consistency. Typographic errors/mistakes were also corrected.
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Chapter 2

Literature review

2.1. Introduction

Air pollution is the mixture of fume, dust and odour emissions in quantities that might
negatively affect the human population and ecosystems (Powell, 2012). Air pollution sources
can be categorized into a point, line, area or volume sources. A factory stack is an example of
a point source. The stack point source component entails the gas emission volume, height and
diameter of the stack. Mobile emission from vehicular activities characterises line sources.
While the area or volume source can be described using the pollution distribution over the urban

area. This merges all the available sources and criteria for area analysis (Beychok, 2005).

Figure 2.1. The environmental atmosphere in a Nigerian city
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Many cities within the African continent do not have an existing and up-to-date air
pollution database, which is the criteria for understanding the trend pattern of criteria pollutants
(WHO, 2016). In Nigeria, atmospheric pollution is still a serious menace in many of its
metropolitan cities. This is resulting from poorly managed vehicles, general use of the single-
engine motor-cycles for shuttling commuters, traffic congestions (Figure 2.1) generating high
levels of localized air pollution that can affect population health (Ite et al., 2017; Oluwole et
al., 2017). To efficiently monitor the ambient air quality, there are various steps which include:
identification of species pollutants, distribution of sample sites, regularity/period of sampling,
sampling methods, infrastructural amenities, manpower and operation and maintenance costs
(Schwela, 2010).

In 2013, five Nigerian Meteorological Agency (NiIMET) air quality monitoring stations
(Figure 1.4) were installed to monitor NO, NO2, SO2, CO and PMauo criteria pollutants (UNEP,
2015). However, there is no record online of any study/reports conducted using its datasets. The
data is recorded at a temporal resolution of 15-minutes for NO, NO2, SOz, CO and 1-hour
interval for PMao. Unfortunately, these stations lack continuous data due to the poor electricity

supply in Nigeria (NIMET, personal communication, 15 March 2016).

In the southern region of Nigeria, studies analysed the impact of road transportation
emission on urban ambient air and reported pollutant concentrations to be above the Federal
Environmental Protection Agency (FEPA) stipulated limit (Jerome, 2000) for Warri, Port
Harcourt, Calabar and Uyo respectively (Abam and Unachukwu, 2009; Ediagbonya and Tobin,
2013; Olumayede and Okuo, 2013; Jimmy et al., 2014). In the south-west zone, air quality
monitored within Ado-EKiti, Ibadan and Lagos exceeded the stipulated limits (Koku and
Osuntogun, 2007; Ana et al., 2013; Yusuf et al., 2013; Njoku et al., 2016), while Olotu
community in Ondo recorded acceptable limits for observed pollutants (Akande et al., 2013).
In the Northern region of Nigeria, pollutant levels contributed by automobile emissions were
examined in some areas of Kaduna (Adewunmi et al., 2015; Mohammed et al., 2013; Orogade
et al., 2016) and Abuja (Moen, 2008) in Northern Nigeria and concluded that the concentration
impacted negatively on air quality. Okunola et al. (2012) evaluated the outdoor air pollution
level in Kano with portable pollutant sensors and concluded that the observed concentration
levels were above the United States Environmental Protection Agency (USEPA) threshold.
Dimari et al. (2008) also reported a significant increase in pollution level across Maiduguri in

North Eastern, Nigeria. The Nigerian environmental agency charged with ensuring an
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environmental-friendly environment for Nigerians monitored noise and criteria pollutants
across selected sites within Abuja, Nigeria and revealed high levels of gaseous emissions with
concentration levels above the USEPA and WHO standard limit except for SO2 (NESREA,
2013).

2.2. Application of geoinformatics in atmospheric pollution monitoring

It is widely agreed that Geoinformatics has typical potential benefits in many
environmental applications. It explores, visualizes and models spatial data. There is a growing
increase in the adoption of Geoinformatics’ remote sensing and geographic information system
(GIS) capabilities for atmospheric pollution monitoring. This is mainly due to its ability to
remotely collect pollution information for analysis and display (ESRI, 2007).

There is no doubt that air quality is vital to the health and environment. However, the
process of monitoring the sources responsible for contamination remains challenging. The
introduction of geoinformatics tools and technology through air pollution distribution, remotely
sensed pollutants datasets and spatial statistics, continues to assist in describing the connection
that links atmospheric pollution and other existing environmental variables. Geoinformatics
also utilizes the process and interpretation of satellite remote-sensed data. This serves as a
valuable mechanism for environmental aerosol analysis. An improved resolution from the
satellite data would provide environmental managers with incredible geospatial research
information. It would also serve as a data source for areas with limited or no ground related
pollution information. In regions with ground field crews that mainly utilize mobile monitoring
technology, the acquisition of air pollution and additional geographic data can be utilized by
scientists to warn people residing in areas where hazardous pollution level is approaching to
take precautions. Policymakers can also use environmental pollution analysis to stimulate
control measures (ESRI, 2007).

Geoinformatics can process spatial data from a variety of air pollution sources for
analysis, forecasting and integration into any mapping project. Many cities are embracing the
concept of Geoinformatics for their day-to-day analysis, especially with governments
encouraging public availability of spatial datasets. The global community is adopting this
technique to collect all kinds of information in limited resource developing countries. For
reliability, these techniques require that they are validated from time to time. Since the process
of atmospheric pollution monitoring is thought-provoking due to its variability across locations,
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there is a need to spatially investigate the validity of remotely sensed data across every region.
The techniques that are usually employed for a better understanding of air pollution pattern

across a multiple of sampling locations are either the dispersion or interpolation models.

2.2.1. Interpolation models

Air pollution is a function of space. The majority of the existing air pollution monitoring
approaches are designed in a way that the monitoring stations are usually positioned at intervals.
The presence of spatial correlation in atmospheric pollutants provides the ideal interpolation
for pollution mapping/prediction and valuable awareness on the structure of the air quality
patterns (Moral et al., 2006). Interpolation models include Inverse Distance Weighting (IDW)
and the Kriging technique (Shad et al., 2009).

The IDW interpolation model uses a simple mathematical computation to estimate the
values of any point of interest. It interpolates the point of interest by assigning weights to values
closer to that point of interest than values farther than the point of interest. This distance-
dependent technique is usually achieved by introducing an inverse and non-linear weighting
parameter (Equations 2.1 and 2.2) to the distance to a reference point (Syafei et al., 2013). These

weights are computed by means of interpolation point distances.

25) = | wis) x 26) | + Swes) 21
w(s,)=Ps, -s,P" (2.2)

The Kriging interpolation model estimates point values between available samples using
a combined linear weighting system (Diem and Comrie, 2002). The technique has been used
extensively for air quality data management due to its spatial continuity. Amongst these two
models, the Kriging technique is the most adopted due to its ability to estimate the optimal
values of its weights. A regular form of Kriging is the Ordinary Kriging (OK) described as
follows:

Z(S)=pu+¢&'(9) (2.3)

where u denotes the fixed function (global mean) which is constant and ¢’(s) represents the
stochastic part of variation which is spatially correlated.

The collective idea is that the predicted value Z(s) (e.g. pollutant concentration), at any

location, will be attained as a weighted average of the nearest value (Bailey and Gatrell, 1996).
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ZOK(so)zzn:vw(so)xZ(si):/ioTxz (2.4)
i=1

Ao denotes the vector of Kriging weights (wi), Z represents the vector of sample observations
(n) at primary locations.

The contrast of the Kriging to the IDW can be attributed to the fact that the Kriging
technique generates interpolation errors and confidence intervals. This is achieved because it
adopts the semi-variogram distance sample, the point difference of the observed values to
describe interpolation weights and develop spatial correlations (Robinson and Metternicht,
2006). This is described in Equation 2.5 below.

7(h)=5E[(2(s)- 2 (5 +h))’] (25)

where z (si) represents the measured variable at selected sampled location assuming the variance
of Z is constant, z (si+h) represents the neighbouring value at distance h from s;, h is the mean
squared difference between observed values at z (si) and the observation value at z (si+h), all
divided by half.

2.2.2. Multivariate statistical analysis

Outdoor air pollution investigation is a diverse area that has experienced a range of
multivariate analysis applications. For the appraisal and prediction evaluation of the
atmospheric pollution effects, this study adopted extensive forms of discrimination analysis.
The statistical approaches include bias (Zeger et al., 2000), correlation coefficient
(Statheropoulos et al., 1998), root mean squared error (Chai and Draxler, 2014), model
efficiency (McCuen et al., 2006), linear regression (Zeger et al., 2000) and test of dataset
normality (Leiva et al., 2010). Multivariate interpolation is another branch of multivariate
analysis. It is useful for prediction and forecasting measured outdoor pollutants (Araki et al.,
2015).

2.3.  Atmospheric pollution monitoring procedure

2.3.1. Air pollution data quality

To efficiently monitor air pollution, the datasets to be acquired and utilized should be
able to guarantee that it is of high standards. To make certain the amount of confidence in the
datasets, statistical analysis is usually performed from which conclusions can be drawn. Most
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methodologies adopted when trying to enhance the quality of air pollution data across the
monitoring networks are tasked with picking the ideal sampling frequency/resolution and
ensuring the appropriate distribution of sampling locations. Exploratory techniques for probing
the quality of any dataset include descriptive statistics and a host of other time-series assessment
(Shumway and Stoffer, 2000). These methods can be utilized to evaluate the spatial and
temporal correlation of air pollution datasets, especially during an experimental phase.

2.3.2. Ground-based data retrieval

The present state of awareness on urban pollution assessment shows a rising emphasis
on anthropogenic emissions, which occurs at ground-level, resulting in significant population
exposure. Due to the severity of this menace in the developing world, there is the need to
embrace available cost-effective mobile pollution sensors. These devices assist in the
measurement of air pollution level, that remains key, for any atmospheric pollution mitigation
plan. These pollutant measurements also help in conducting high spatial and temporal
variability feasibility studies on pollutant concentrations (Kumar et al., 2015). The paradigm of
monitoring air pollution is changing from the conventional use of expensive, complex,
equipment/laboratories to inexpensive, user-friendly, and handy air pollution sensors that
provide efficient near-real-time resolution data, that will better safeguard of public health at an
affordable cost (Snyder et al., 2013). Available portable gas monitors for air pollution studies
include: MSA Altair gas detector (Shibata et al., 2015), Crowcon gasman (Kaur, 2007),
MultiRAE gas monitor (Devi et al., 2013), BW Technologies GasAlert (Chai et al., 2010) and
the Chinaway CW-HAT200 particulate counter (Liu et al., 2014). Multiple ground-based
retrieval stations are assumed to represent a spatial exposure/pattern of pollutants (Engel-Cox
et al., 2013). Spatial and temporal distribution of pollutants with sufficient accuracy is the key
step for identifying pollution hot spots (Jiang et al., 2012), assessing human health risks,

seasonal trend analysis and evaluating the air quality policy quantitatively (Araki et al., 2015).

2.3.3. Remote sensing (satellite) based data retrieval

For the past two decades, Earth-observing satellites have been designed for the purpose
of detecting atmospheric air pollution at increased spatial and temporal scales (Streets et al.,
2013). In this section, a concise review of the latest relevant satellite instruments designed by
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the United States National Aeronautical Space Agency (NASA) that have helped to improve
the monitoring of atmospheric air pollution.

The NASA Earth Observation System (EOS) programme commenced in December
1999 with the launching of the Terra platform. In May 2002, the second EOS platform (Aqua)
was launched. Two years later, the Aura satellite platform hosting the Ozone Monitoring
Instrument (OMI) and the Tropospheric Emission Spectrometer (TES) was launched (Martin,
2008). The Terra platform featured three onboard sensors. They are The Measurements of
Pollution in the Troposphere (MOPITT), the Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Multi-angle Imaging SpectroRadiometer (MISR) instruments. The MODIS
and MISR measure PM and its optical effects (Kumar et al., 2015; Xiong et al., 2014) while the
MOPITT sensor measures Carbon monoxide (Buchholz et al., 2017). The Aqua platform
carried a second MODIS sensor and the Atmospheric Infrared Sounder (AIRS) sensor which
collects CO emissions (Elliott et al., 2015). On the Aura platform, the OMI and TES instruments
measure PM (Levelt et al., 2014) and CO (Luo et al., 2015) respectively.

2.4. Review of air pollution studies in Nigeria

2.4.1. Review methods

The search for literature was done in the English language using the Google Scholar
database. The search keywords utilized include air pollution, air quality, air monitoring,
respiratory health and Nigeria. A total of 318 journal articles were identified and retrieved. All
the retrieved publications were vetted to eliminate duplicates. The relevant articles were
manually sorted from the ensuing list. Three criteria were utilized for the selection: (1) internet
available peer-reviewed articles in English language journals; (2) publications conducting air
pollution and respiratory-related studies within Nigeria containing criteria air pollutants
monitoring data and (3) additional literature were also obtained from the bibliographies of the
chosen literature. All articles with the indistinct methodology or data analysis were excluded
from the selection. We do note that some of the air pollution studies conducted within Nigeria

may have not been electronically indexed.
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2.4.2. Main findings of the reviewed air pollution studies in Nigeria

A total of 174 peer-reviewed journal articles were utilized in this review of air pollution
studies within Nigeria. The search revealed that the first peer-reviewed article on air pollution
studies in Nigeria was authored by Oluwande (1977). The literature revealed that air pollution
studies became prominent in this millennium, with the majority conducted less than a decade

ago (Figure 2.2).
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Figure 2.2. Air pollution studies in Nigeria spanning the period of pre-1990 — post-2010

The overall prevalence of air pollution studies in Nigeria across the 36 states of the
country is displayed in Figure. 2.3. Seven states were identified to have no record of any air
pollution study. A further breakdown (Figure 2.4) reveal that the South-West (SW) region
recorded the highest number of researches for air pollution and respiratory-related studies with
44 per cent. It is followed by the South-South (SS) geopolitical zone with 27 per cent (Figure
2.4).
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Figure 2.3. Map of Nigeria showing the states with no review record of air pollution studies
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Figure 2.4. Distribution of air pollution studies across Nigeria’s geopolitical zones

From the available literature, the air pollutants sampling techniques utilized are
categorized into two. They are the ground mobile sampling (which accounts for 90.1 per cent
of the entire literature) and the satellite remote sensing technique. The ground sampling
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technique is further sub-divided into direct reading and mobile indirect reading. Direct and
indirect reading techniques signify that the pollutant concentration was observed directly on-
site with the sampling instrument while for the indirect, pollutant samples were retrieved and
returned to the laboratory for post-sampling processing. The direct reading technique accounted
for 51.5 per cent. The literature review revealed that the majority of the sampling duration fell

within the sampling duration of <I month (Figure 2.5).

7 - 11 months W
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Figure 2.5. Sampling time frequency of the air pollution studies

The majority of the studies that covered a one-year period or more utilized the satellite
remote sensing technique. No literature utilized the direct reading technique for a 1 year or more
sample period. For the air pollution studies that took into consideration respiratory-related
issues, literature revealed that cross-sectional questionnaires, health records, respondent blood
samples, forced expiratory volume in one second (FEV1) and forced vital capacity (FVC)
assessment techniques were adopted. While 61.9 and 30.2 per cent of the study population are
adults and children, respectively. The remainder utilized a combination of both. For respiratory
illness assessment, most of the literature utilized the cross-sectional questionnaire approach
(Figure 2.6). The researches that utilized health records data were low and can be attributed to
the tedious procedure of collating health record data since the majority of the health facilities

store them away in hard copies.
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Figure 2.6. Respiratory health assessment technique utilized in the literature

2.5. Gaps in the present knowledge

The broader research area considered during this literature review was conceived from
a goal to contribute towards solving the challenge of atmospheric pollution and climate change
activities in the 21°% century most especially for a limited resource country like Nigeria. From
the review, we can evidently conclude that there was no electronically indexed study that
utilized the NIMET reference station data, thus no validation ground monitoring techniques
utilizing the NIMET stations. We also observed that the northern region of Nigeria had a lower

count of atmospheric pollution studies, across the country. The gaps in the literature are:

I. There are limited time-series ground pollutant measurements for efficient air
pollution appraisal across most Nigerian cities

ii. The contributory level of atmospheric pollutants in appraising the respiratory
well-being of the exposed population has not been ascertained

iii. There is no attempt to evaluate the atmospheric relationship between ground
pollutant measurements and collocating satellite retrieval estimates

Iv. Finally, no attempt has been made to appraise the ability of signals from the
available Nigerian GNSS network (NIGNET) for atmospheric pollution

monitoring
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2.6. Conclusions

The literature review outcome reveals that mitigation of air pollution remains a
challenge in many Nigerian cities. This may perhaps be partly due to non-existent reference air
monitoring facilities as well as minimal collaborative efforts among environmental policy
makers, academic and research institutes leading to low research output on the collective use
of modern pollution monitoring technologies. Additionally, the majority of the literature
revealed that pollution sampling at ground-level did not go beyond 3 months. On the other hand,
literature showed that mobile pollution sensor deployment is on the rise, thus critical as it affects
the quality of data being collected. Since the deployment methods are most likely based on
optimising a constrained cost role, global researches have revealed that there are available
multi-satellite datasets that offer valuable atmospheric pollution information in high spatial and
temporal resolutions. The majority of available literature that utilized the modern satellite
pollution monitoring technology clearly highlighted the minimal availability of ground
pollution data. Attempts to determine the association between ground-level pollutants and
satellite predicted estimates in Nigerian cities have not been reported, thus should be
encouraged. A comprehensive ground-level time-series pollution data can be integrated with
population socio-economic factors and remotely sensed estimates to serve as background to
guide Nigeria policymakers on the need to adopt and implement of a functional air pollution

monitoring system across its cities.
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Chapter 3

Reviewing the local and global implications of air pollution trends
in Zaria, northern Nigeria™

Abstract

Air pollution is an unnoticed problem in many Nigerian urban cities. This is mainly
attributed to the usage of power generating sets, indiscriminate refuse burning, biomass
consumption and import/recycle of timeworn automobiles, which dominates the Nigerian
automobile fleet. Reduced economic infrastructure and the Nigerian climate, are a major factor
for dense outdoor population activities. This is contributing to the increasing population health
risk resulting from pollution exposure. The literature on the seasonal spatial-temporal
distribution of air pollutants within Nigerian urban cities is presently scanty. This study
evaluates the local and global implications of air pollution trends in northern Nigeria's
educational hub. The study utilized validated cost-effective devices (MSA Altair 5x gas detector
and the CW-HAT200 particulate counter) to assess the outdoor air quality in Zaria. The
findings revealed the one-year day-time weighted average concentration level for CO, SO2
PMz5 and PM1o as 29.22 ppm, 0.32 ppm, 219.73 pgm and 451.96 pgm respectively. These
concentration levels were above the locally and globally stipulated air quality indices. In
particular, the concentration levels of particulate matter pollutants (PM2sand PMao) were high
enough to place Zaria amongst the World Health Organization’s list of polluted cities. We are
optimistic that these findings would instigate Nigerian policymakers to take decisive steps for

air quality management across its cities.

Keywords: Air pollution; Air quality index; MSA Altair 5x gas detector; Chinaway CW-
HAT?200 particulate counter; Nigeria

““This chapter is a formatted text of a peer-reviewed journal article described as follows:

Aliyu, Y.A. & Botai, J.0. 2018. Reviewing the local and global implications of air pollution
trends in Zaria, northern Nigeria. Urban Climate, 26: 51-59. https://doi.org/10.1016/j.uclim.
2018.08.008
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3.1. Introduction

Urban air pollution is a major ecological threat in most developing countries (Gorai et
al., 2017). The consistent rise in greenhouse gas emissions is also intensifying and therefore
affects the earth’s climate system (Nsubuga et al., 2013). Studies have expressed concerns over
outdoor air pollution especially since the anthropogenic sources in urban cities are positioned
at ground level, thus aggregating the exposure profile of the population within (Aliyu et al.,
2014; Patton et al., 2016).

In Africa, air quality studies are very challenging especially when it comes to accessing
observed station series data. This is due to difficulties regarding the availability, accessibility
and consistency of pollution datasets. Some of the cited studies revealed that they depended on
remote sensing re-analysis data (e.g. top-down estimates), to fill this gap (DeMott et al., 2003;
Hopkins et al., 2009; Marais et al., 2014; Marais and Chance, 2015). Proper management of
city-scale air pollution can be complex, especially when there is no accurate and organized
geospatial data for up-to-date identification of species pollutants, distribution of sample sites,
regularity/period of sampling, sampling methods, infrastructural amenities, manpower and

maintenance expenditures (Al-Awadi et al., 2015).

Nigeria is Africa’s leading economy. It has a rapidly growing population with little
information available about its air quality (Marais et al., 2014). Air pollution is a serious threat
to public health in most Nigerian urban cities resulting from poorly managed
private/commercial vehicles, unregulated recreational activities, trash burning, traffic
congestion and biomass consumption. These often lead to high air pollution from unproductive
fuel combustion in the socio-economical scheme (Hopkins et al., 2009; Aliyu et al., 2014). The
challenges with urban air pollution across Nigerian urban cities are well-known, however, the
attitude towards tackling it remains uncertain. Air quality studies across Nigerian cities
demonstrate that pollution measurements are collected on a makeshift basis and in most cases,
the monitoring network is scantily distributed. With such a situation, it is therefore difficult to
develop an air quality management plan for its cities. To instigate this process, we appraise the

ramifications of air quality for northern Nigeria’s educational hub, Zaria.

The Intergovernmental Panel on Climate Change (IPCC) guideline continues to reflect
on the need for policymakers to create emission inventories that are accurate and consistent.

This will encourage continuous improvement of emission inventory compilation to
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international standards (Francesco et al., 2014). For effective air pollution management, there
must be a collaboration between various key sector players including transportation, energy,
water resources, urban planning and health (Hasenfratz et al., 2015). In addition, air pollution
is usually regulated by air quality guidelines. Presently, organizations and countries e.g. World
Health Organization (WHO); South African National Standards (SANS); Nigeria’s Federal
Environmental Protection Agency (FEPA), have adopted varying air quality indices (AQISs)
(Table 3.1). These AQIs are centred on the ambient concentrations of criteria pollutants
including, but not limited to — CO (Carbon Monoxide), PMao (Particulate Matter of less than 10
pm in aerodynamic diameter) and SOz (Sulphur Dioxide), while in some cases PM2.s (less than
2.5 um in aerodynamic diameter) is taken into consideration (Cairncross et al., 2007).

Table 3.1. Guidelines/standards of selected air pollutants, modified after (FEPA, 1999; SANS,
2011; WHO, 2017)

Pollutants AQIs

WHO? SANS? FEPAP
CO 9 ppm 9 ppm 20 ppm
PM2s 25 pgm3 40 pgm’3 -
PM1o 50 pgm 75 ugm3 150 pugm-3
SO2 0.01 ppm 0.04 ppm 0.1 ppm

#24-hour average period for listed pollutants except for CO (8-hour); "time average is not indicated; ppm
(parts per million); ug.m™ (microgram per meter cube)

3.2. Materials and methods
3.2.1. Study area

Zaria metropolis is the educational hub of Northern Nigeria (Figure 3.1). It occupies an
area of approximately 296.04 km?. It has an estimated population of 938, 521 from the 2006
census considering its growth rate of 3.0 per cent per year. The study area is stationed at an
altitude of mainly about 670 m above mean sea level (MSL) (NPC, 2010). Its climate is
characterized by 2 seasons: dry (October — May) and rainy (June — September). The respective
seasonal average values for dry and rainy seasons are precipitation (24.6 mm and 213.8 mm),
minimum temperature (14.1°C and 19.5°C) and maximum temperature (35.2°C and 28.9°C)
(Grace et al., 2015).
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Figure 3.1. The study area highlighting the distribution of pollution sample sites. The sampling
sites are described in Table 3.2.

Table 3.2. Description of pollution sample sites

S/No  Description Longitude (deg.)  Latitude (deg)  Dcn€ Population

activity
1 Kofar Kibo 7.695 11.080 Yes
2 Danmagaji, Wusasa 7.686 11.078 Yes
3 Madaci, Saye 7.673 11.064 No
4 Gwargwaje 7.682 11.054 Yes
5 Kofar Gayan 7.701 11.044 Yes
6 Kofar Kona 7.720 11.041 No
7 Zaria City Market 7.699 11.051 Yes
8 Babban Dodo 7.706 11.066 Yes
9 Kofar Doka 7.710 11.081 Yes
10 Banzazzau 7.725 11.074 Yes
11 FCE/Ungwan Kaya 7.735 11.079 Yes
12 Agwaro, Tudun Wada 7.717 11.093 Yes
13 PZ 7.721 11.104 Yes
14 Sabon Gari Market 7.730 11.113 Yes
15 MTD 7.715 11.124 Yes
16 Kwangila Bridge 7.703 11.130 Yes
17 Aviation by NITT Road 7.686 11.139 Yes
18 Basawa by Hayin Dogo 7.672 11.177 No
19 Samaru Market 7.651 11.159 Yes
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3.2.2. Method and instrumentation

The nineteen sampling sites were identified across the study area (Table 3.2). All the
sites are located along major road intersections. 16 sites are positioned within dense population
activities which cut across the residential and commercial settlements, while the remaining 3
control sites are positioned strategically in the outskirts of the city with minimal population
activity. The control sites were used to aid in result comparison. The most convenient route
across the 19 sample stations for effective cost and timing was identified and tagged serially as
119 (Figure 3.1). This covers a distance of 42.8 km.

Four criteria air pollutants CO, SOz, PMzs, and PM1o were monitored to achieve study
objectives. The MSA Altair 5x gas detector (Figure 3.2a) and CW-HAT?200 particulate counter
(Figure 3.2b) were used to collect ground-level criteria pollutant concentrations, for December
2015 — November 2016. Ground in-situ samples were retrieved daily across three epochs. They
are morning (0730 — 0845 hrs), afternoon (1300 — 1415 hrs) and evening (1700 — 1815 hrs).
The reason for adopting these epochs is to ensure adequate representation of pollution-related
activities at peak (morning and evening) and less peak (afternoon) periods (Pattinson et al.,
2014; Wang et al., 2014; Yazdi et al., 2015). The observed concentration levels for the criteria
pollutants were recorded based on instrument configuration (Table 3.3). To ensure assurance
and control of data quality, detectors were calibrated using the procedures described in the
producer manual. The instrument background and pump flow were also examined prior to
conducting each monitoring session. Pollutant concentration levels for CO and SOz were
obtained using the MSA Altair 5x in parts per million (ppm) units, while the CW-HAT200
collected particulate matter (PM2s and PM1o) in microgram per meter cube (g m). The day-
time observations were collected with devices positioned at 1.5m above ground-level (the
average height of an adult).

@ O

gl MSA Altair 5x

MSA Link

Calibration Tube

Figure 3.2. Portable air pollutant detectors (a) MSA Altair 5x gas detector; (b) Chinaway CW-
HAT200) particulate counter

42

© University of Pretoria



-

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Qo

Table 3.3. Specifications of portable pollutant monitors utilized for the study

Specifications MSA Altair 5x gas detector? Chinaway CW-HAT200 particle

counter
Dimension (cm) 17 (H)x8.94 (W) x4.83(D) 18 (H)x9.3(W)x4.8(D)
Weight (kg) 0.45 0.60
Measuring method Internal pump; Internal pump; laser light
Catalytic/electrochemical scattering
sensor
Pollutant measured CO; SO2; H2S; LEL PMzs, PM1o
(Combustible)
Concentration range CO (0 - 500 ppm) PMz2s (0 - 500 pgm™3)
SOz (0 - 25 ppm) PMio (0 - 1000 pugm)
H2S (0 - 100 ppm)
LEL (0 - 100 %)
Sample/response time  CO (15 secs) PM2s (60 secs)
SOz (20 secs) PMao (60 secs)
H2S (15 secs)
Accuracy +10% of reading 5% of reading
Operating temperature  -10 °C to 40 °C 5°Cto45°C
Operating humidity 15-90% RH <90% RH
Calibration due 6 months 1 year
Battery Rechargeable lithium-ion Rechargeable lithium-ion
polymer
Display Monochrome LCD
Certification CE, UL, CSA| IEC, IP CE

®Instrument re-calibration was carried out in January 2016 and June 2016 (6 months’ intervals after
factory calibration) using span calibration mixed gas specifications: CO — 50 ppm; SO, — 5 ppm; H,S —
15 ppm; LEL — 58 %.

3.2.3. Statistical analysis

The observed data were entered and analysed in Microsoft Excel 2013, SPSS version
18 and Matlab. The geostatistical analysis was conducted using the Surfer 8 software. The day-
time weighted average (Llanes, 2016) for criteria pollutants concentrations were adopted to
compute the 1-year running average. The outdoor pollution exposure categories were
determined using the WHO, FEPA and SANS stipulated limits.

3.3. Results and discussion

The results highlight the weighted day-time average of criteria pollutants (CO, SOz,
PMz2s and PM1o) obtained in Zaria from December 2015 - November 2016. Table 3.4 presents
the descriptive statistics of criteria pollutants concentrations averaged across the various

seasons of the study period. The 1-year averaged concentration values of criteria pollutants
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reveal that CO, SOz, PM2sand PMio recorded 29.22 ppm, 0.32 ppm, 219.73 pgm and 451.96
ugm2 respectively. The concentration level for observed criteria pollutants was lowest during
the December-January-February (harmattan) season. This can be attributed to the restricted
outdoor activities due to low ambient temperature, especially during morning and evening
periods. Another factor is the windy harmattan season which quickly disperses pollutant
emissions. Correlation values between the observed criteria pollutants averaged 0.985, 0.988,
0.988 and 0.986 for CO, SO2, PM2z5and PMio. They were all significant at the 0.01 level.

Table 3.4. Descriptive statistics of criteria pollutants: CO, SO2, PM2s and PMio in Zaria
metropolis in 2015 — 2016 (N = 19, 104)

g(;'ltlirt;ams Mean SD Median Q1 Q3 Min®  Max
Whole Year 2922 2828 230 120 380 00 4130
DJF 2034 2009 160 60 290 00  269.0
CO (ppm) MAM 3433 3020 280 170 420 00  407.0
JA 3420 3224 270 140 440 00  386.0
SON 2800 2714 230 120 360 00 4130
Whole Year 032 026 020 010 040 00 350
DJF 028 025 010 010 030 00  1.70
SO (ppm) MAM 021 017 020 010 040 00 350
JA 037 030 030 010 050 00 320
SON 042 027 040 020 060 01 280
Whole Year 21973 12346 197.0 1270 3040 60  500.0°
DJF 19615 10395 1730 1180 2505 11.0 500.0°
PMzs (ugm?)  MAM 21636 12209 197.0 1230 3000 9.0  500.0°
JA 10040 12342 1810 1060 277.0 60  500.0°
SON 27601 13064 261.0 1720 371.0 7.0  500.0°
Whole Year 451.96 25142 4030 2590 6150 12.0 1000.0°
DJF 40182 21345 3500 2430 5050 160 1000.0°
PMuo (ugm?)  MAM 44245 24813 4050 2500 608.0 17.0 1000.0°
JA 40572 25098 3630 2140 5610 120 1000.0°
SON 55758 26589 5290 3493 7580 18.0 1000.0°

2 values recorded mostly at control sites, ® maximum concentration range for CW-HAT?200 particulate
counter

Figure 3.3 displays the time-series plots of criteria pollutants for control site 6 and two
other sites (9 and 15). The FEPA/SANS/WHO standards/guidelines are introduced to compare
the range of ground pollutant measurements across the 19 sampling sites (Figure 3.4).
Acknowledging the discrepancies, this aims to enlighten Nigeria’s policymakers on how the
range of observed pollutant measurements within its territory, fares with recognized

guidelines/standards. Site 14 recorded the highest concentration levels for the criteria pollutants
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studied. This could be attributed to the site being positioned at the study area’s main market.
The average concentration of CO measured was above WHO stipulated limit in 16 of the 19
sample sites; FEPA limit (in 15 sample sites) and 10 sites exceeded the SANS limit. The
averaged SOz and PMio levels were above WHO, FEPA and SANS limit in all the sampling
sites. Averaged PM2s concentrations were also above WHO limit in all the sample sites
(Nigeria’s FEPA and South Africa’s SANS guidelines do not have specified threshold for
PM25); PM1o was above WHO, FEPA and SANS limit in all the sites (Figure 3.4). The predicted
spatial distribution of criteria pollutants from the network relationship over the 19 sample sites
is also displayed in Figure 3.4. The pollution map process was achieved by averaging the
spatiotemporal pollutant concentrations based on the Kriging function (Araki et al., 2015). This
spatial pollution distribution is often used for predicting air pollutant measurements over

unmeasured locations (Contreras and Ferri, 2016).
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for the 366 days of the study period
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Figure 3.4. Box plots of pollutant concentrations from the 19 sample sites showing the performance
against the WHO/FEPA/SANS stipulated limits and the predicted exposure maps in 2015 — 2016
(@) CO (b) SO2 (c) PM25 (d) PM1o (Sites 3, 6 and 18 are control sites)
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Taking into consideration, the global ambient air pollution update (WHO, 2016) in
addition to the observed yearly day-time average concentration level for PMz.s and PMao as
219.73 ugm3 and 451.96 pugm respectively revealed by our study, we can categorically report
that the study area, Zaria metropolis, is a major contender for the World’s top 5 polluted cities
(Figures 3.5a and b).

(@)
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Figure 3.5. The 1-year weighted average of measurement PMzs (a) and PMio (b) for Zaria, in
contrast with the 10 most polluted cities of the World. This is modified after the (WHO 2016).
*Zaria is placed in the 15t and 4" position respectively.

3.3.1. Instrument reliability

Owing to the unavailability of real-time reference air pollution monitors within the study
region, the devices were validated the portable pollutants monitors using the WHO air filter
sampling model (Equation 3.1). To validate the portable devices, total suspended particulates

were collected at two distinct sample test stations at 1.5m above existing ground-level. One of
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the sample sites had dense outdoor traffic/population activity and the other had minimal
traffic/population activity (control site). The validation samples and synchronized portable
monitor measurements were obtained on Mondays, Wednesdays, Fridays and Sundays in
November 2015 across three periods, that are, morning, afternoon and evening. Total suspended
particulates are described as particulate fraction ranging from 0.1 pm to about 100 pum in size
(diameters). Particulates matter PM2s (diameter less than 2.5 um) and PMao (diameter less than
10 um) fall within the specified range. Based on Brook et al. (1997) which identified significant
relationship between total suspended particulates, PM1o and PM2s and Guo et al. (2017) which
reported that there is a significant correlation among pollutant emissions resulting from
common source, the study adopted the WHO air sampling filter technique for the validation of
the CW-HAT?200 particulate counter and MSA Altair 5x multi-gas detector measurements.
Equation 3.1 describes the WHO air sample model technique (Efe and Efe 2008).

Total Suspended Particulates (ugm™) = M - Mo

= (3.1)

Where Mo is the mass of filter paper prior to sampling, Ms is the mass filter paper after
sampling, V is the TSP volume. To determine the concentration (ugm-3), model equation 1 was
divided by the sample time (in hours).

Using the WHO air filter sample model, validation samples were collected individually
on filter papers and collocating pollutant measurements with the portable device over the
sample duration. The particulate filter samples were processed in the laboratory to obtain their
individual concentrations using Equation 3.1. The 102 filter papers had an equal dimension (5in
x5in). The gravimetric mass was obtained using a semi-micro analytical balance. A graduated
20mL test-tube was utilized to determine the volume. the TSP samples were mixed with 10mL

of water and the resulting rise in volume was recorded.

The filter sample results were then analysed with the separately recorded collocating
pollutant measurements from the portable devices. The collocating measurements were then
analysed using linear regression and bias, for the validation of the portable monitors. The
analysis is described in Figures 3.6 and 3.7 below. The observed measurements for the

validation procedure were normal distributed [skewness (-0.334); kurtosis (0.301)].

The study adopted two performance indicators for the purpose of validating the portable
pollutant instrument. The performance indicators are the Bland-Altman agreement plot and the
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coefficient of determination (R?). The Bland-Altman plot evaluates the systematic bias between
the two measurements techniques while the coefficient of determination indicates how strongly

related the pair(s) of variables are. The Bland-Altman agreement plot can be seen in Figure 3.6.

(@) (b)

L 1:96SD g i imm i S
225.00 e R 00 s
300.00
.
® ® ®
Qo o
§ e *3 g Y
5 150.00 Bias Py - 5 Bias
£ 744,824 O £ 82417 g 8@
a ° o 150.00
.
e ®
o L
75.007 @, o oo -1.96SD
L 0 e e =0 ~mocmacood o T g e
.00
100.00 200.00 300.00 200.00 400.00 600.00
Mean[(TSP+PM2.5)/2] Mean[(TSP+PM2.5)/2]
°
20,000 ==+ =t ket et st s gy
e ¢ o +1'963D
20.00T +1.96SD L4 °
° . ©
o °
° .. ] ° © Bias
g . 8 -10.00 ve 8.882
5 5 [} L]
N . £ )
= 3, =
8 ° 8 O PP . L I
40.00
. ® o0 °
o
20,00 Py
Loty e ey e
® 70.00
200.00 300.00 400.00 200.00 400.00 600.00
Mean [(TSP+PM10)/2] Mean[(TSP+PM10)/2]

Figure 3.6. Bland-Altman bias plot highlighting the agreement of observed validation
measurements (PMzs and PMaio) within the 95% confidence interval. (a) a control site (b)
densely populated site
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Figure 3.7. Scatter plots showing the linear regression and coefficient of determination
between the TSP and the portable monitor samples, (a) control site, (b) densely populated site

Additionally, studies have evaluated the reliability of this low-power and relatively low-
cost pollutant sensors for air pollution monitoring application. They have been adjudged to have
acceptable potential when compared to reference monitoring instruments (Walker, 2012; Lin et
al., 2015; Liu et al., 2014; Mishra et al., 2015; Shibata et al., 2015; Li and Biswas, 2017).
However, considering that the study area has no existing reference pollution monitoring
stations, we decided to adopt validated theories on air pollution contributes to global warming
(Hansen et al., 2000; Duan et al., 2017). We utilized the retrieved criteria pollutant
concentrations for analysis with the independent collocating ground air temperature and land
surface temperature (LST) data for the study period. The ground air temperature data are
collected using the Casella and Co. wall thermometer stationed at the Nigerian Meteorological
Agency (NIMET) Zaria office, while the LST were extracted from Landsat 8. This is a unique
approach. For the LST, the Landsat 8 at Path/Row 189/52 (which collocates with image tile
covering the area of interest) was downloaded from the USGS website
(https://earthexplorer.usgs.gov/). The criterion of Landsat 8 image file was set at cloud cover

of less than 10 per cent. The Landsat scene information is described in Table 3.5.
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Table 3.5. Landsat image parameters which fulfilled the criteria for the study period of interest

Acquisition Scene centre  Cloud S_un Sun_
date Scene ID time (GMT)  cover (%) Azimuth  elevation

(deg.) (deg.)
10-Dec-15 LC81890522015344LGNO0  09:49:29 4.41 146.47 48.65
11-Jan-16  LC81890522016011LGNO0  09:49:27 0.01 141.42 47.28
12-Feb-16  LC81890522016043LGN0O0  09:49:20 0.03 130.87 51.81
28-Feb-16  LCB81890522016059LGNO0  09:49:16 0.01 129.59 55.58
31-Mar-16  LC81890522016091LGNO0  09:49:02 7.56 103.26 62.99
16-Apr-16  LC81890522016107LGN0O0  09:48:57 0.50 90.34 65.17
02-May-16  LC81890522016123LGN0O0  09:49:00 5.10 77.74 65.76
25-Oct-16  LC81890522016299LGN0O0  09:49:44 0.01 138.01 58.21
10-Nov-16  LC81890522016315LGNO0  09:49:42 0.00 143.79 54.37
26-Nov-16 LC81890522016331LGNO0  09:49:43 0.89 146.36 50.87

The LST extracted from Landsat 8 OLI and TIRS images was achieved using thermal
bands 10 and 11, which retrieve information at 100-meter resolution but are resampled to 30-
meter for data delivery. LST was retrieved from thermal bands 10 and 11 using ArcGIS 10.2.2
software with Equations (3.2 - 3.4) below.

LST =[T /1+wx (T / p)xIn(e)] (3.2)

where T is satellite brightness temperature derived from inversion of Planck’s Law (Equation
3.3); w is the wavelength of emittance (11.5 um); p is 14380 and e is the land surface emissivity
derived from normalized vegetation difference index (NDVI).

K
T=—r2 (3.3)

Kl
In| —+1
L/‘i

where K2 and Ki are the band specific thermal conversion constant for thermal bands,
1321.0789 and 774.8853 respectively; L, is top of atmosphere radiance described in Equation
3.4.

L =M xQ_, +A (3.4)
where L, is top of atmosphere radiance; Mv is 0.0003342 (radiance multiplicative scaling factor

for thermal bands); Qcac is the quantized digital number; AL is 0.1 (radiance additive scaling
factor for thermal bands).

For improvement of reliability, the 10 LSTs days derived from the Landsat 8 thermal

bands were first correlated with collocating day-time ground air temperature data and then the
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weighted averaged pollutant measurements. The correlation coefficient revealed a compelling
relationship between the Landsat 8 retrieved LST with ground air temperature and pollutant
concentration (Figure 3.8). The analysis showed that ground air temperature and Landsat LST
correlated highest as expected (R = 0.94), then followed by PM1o (R = 0.91) in Figure 3.8b.
Considering the limitations within the study area, this approach to utilize independent datasets
was adopted to further give confidence in the reliability of the sensor measurements. These

coefficient values certified the reliability of the portable pollutant monitors.
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Figure 3.8. The correlation coefficient between (a) ground air temperatures with Landsat LST
estimates; (b) observed ground pollution measurements and ground temperature/Landsat LST
confirming instrument reliability

3.4. Conclusions

There is a need for Nigeria to improve its management of air pollution. This conclusion
is based on the alarming results revealed by this study. The study revealed a one-year day-time
weighted average of 29.22 ppm for CO, 0.32 ppm for SOz, 219.73 pgm for PM2s and 451.96
ugm2 for PM1o. The recorded PM2s and PM1o pollutants sadly predict Zaria metropolis, as a
major contender for the top five of the World Health Organization’s most polluted cities (Figure
3.5). Measured concentration levels of CO were above WHO, FEPA and SANS stipulated limit
in most of the sample sites; SO2, PM2s and PM1o concentration levels were above WHO, FEPA
and SANS limit in all the sites. The need for in-situ pollution data in Nigerian cities cannot be
over-emphasized. With the disturbing findings of this study, other fields of study that should
be explored include the population health risk due to air pollution exposure and existing remote

sensing capabilities for air pollution monitoring.
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Chapter 4

An exposure appraisal of outdoor air pollution on the respiratory
well-being of a developing city populationt

Abstract

Zaria is the educational hub of Northern Nigeria. It is a developing city with a pollution
level, high enough to be ranked amongst the WHO most polluted cities. The study appraised
the influence of outdoor air pollution on the respiratory well-being of the population in a limited
resource environment. With the approved ethics, the techniques utilized are portable pollutant
monitors, respiratory health records, the World Health Organization (WHO) AirQ+ software
and the American Thoracic Society (ATS) questionnaire. They were utilized to acquire day-time
weighted outdoor pollution levels, health respiratory cases, assumed baseline incidence (BI)
and exposure respiratory symptoms among selected study participants respectively. The study
revealed an average respiratory illness incidence rate of 607 cases per 100, 000. Findings
showed that an average of 2, 648 cases could have been avoided if the theoretical WHO
threshold limit for the particulate matter with a diameter of less than 2.5 micron/10 micron
(PM2.s/PM1o) were adhered to. Using the questionnaire survey, phlegm was identified as the
predominant respiratory symptom. A regression analysis showed that the criteria pollutant
PM2s was the most predominant cause of respiratory symptoms among interviewed
respondents. The study logistics revealed that outdoor pollution is significantly associated with

the respiratory well-being of the study population in Zaria, Nigeria.

Keywords: Air pollution; Respiratory health; Zaria

""This chapter is a formatted text of a peer-reviewed journal article described as follows:

Aliyu, Y.A. & Botai, J.O. 2018. An exposure appraisal of outdoor air pollution on the respiratory
well-being of a developing city population. Journal of Epidemiology and Global Health, 8(1):
91-100. DOI: 10.2991/j.jegh.2018.04.002.
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4.1. Introduction

Clean air is extremely essential for human well-being (Gong et al., 2016). Ambient air
quality remains a major concern in developing cities with limited pollution monitoring
capabilities (Marais et al., 2014). The spatial and temporal classification of city-scale ambient
air quality is vital from any respiratory epidemiological standpoint (Dash, 2016). Estimates
have put respiratory infections as the cause of nearly 20 per cent of mortality in children under
5 years, with a sizeable portion of the dilemma experienced by populations in Africa and Asia
(Mehta et al., 2013). Managing air pollution can be very complex, especially as it revolves
around the intricacy of emission sources, implementation strategy concerns and scarce means
for regulating and pursuance (Krupnick, 2008). These difficulties, combined with the hurried
demand for technological advancement in many countries, have resulted to a global concern on

possible vulnerability from air pollution (Evans et al., 2013; Miranda et al., 2016).

Anthropogenic emissions are the largest contributors of urban outdoor air pollution as
they emit various kinds of petrochemical gases into the atmosphere (Svendsen et al., 2012; Ana
et al., 2014; Obaseki et al., 2014). The atmospheric air quality plays a crucial role in population
health as its pollution is projected to be responsible for 3.2 per cent of the worldwide burden of
diseases (WHO, 2016). Other than conventional respiratory illnesses, poor air quality is also
reported to be linked with non-respiratory health conditions such as diabetes (Thiering et al.,
2015), stroke (Maheswaran, 2016) and infertility (Vizcaino et al., 2016).

Strategies are being identified for reducing population exposure to air pollution. They
include: restricting air pollution emitters, technological upgrade on emitters to cut or eradicate
emissions, and creating health risks alertness of pollution exposure to population (Oltra and
Saint Jean, 2009; Plaia and Ruggieri, 2010; Wolff, 2014). The idea of restriction or
technological upgrades of air pollution sources can be strenuous to enforce or probably not in
line with the paradigms of the state, such as restrictions that may end up minimizing economic
output (Abbasi, 2012). Providing health hazard awareness on air pollution is a concrete first
step for policies that find it tasking to revolutionize their present emission status. And if

executed properly, it will provide health benefits (Adams and Kanaroglou, 2016).

In Nigeria, atmospheric pollution and its burden of respiratory diseases is still a serious
menace in many of its metropolitan cities. This is mainly due to expended vehicles, general use
of the single-engine motorcycles for shuttling commuters, traffic congestions and the natural
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north-easterly harmattan which all combine to generate high levels of localized air pollution
that can affect population health (Oluwole et al., 2017). With Nigerian cities now beginning to
rank among the top most polluted in the world (WHO, 2016), it is worth noting that researches
are identifying increased occurrence of respiratory disease symptoms in individuals exposed to
this pollution (Sarnat et al., 2014; Peters et al., 2015; Patton et al., 2016).

This study is a step in confronting public concerns as it aims to evaluate the influence
of outdoor air pollution on interim respiratory well-being within a limited resource
environment. To achieve this, it is necessary to first assess the present air pollution levels within
the study population. Secondly, to determine the theoretical attributable risk proportion using
the available respiratory health outcome information and the measured exposure level. Thirdly,
establish whether outdoor air pollutants exposure is significantly associated with the respiratory
symptoms within the study population. For reliable theoretical influence, pollution
epidemiology studies require pollution and health outcome data covering a reasonable time-
frame. This study hopes to provide a scientific basis for air pollution regulation in a local

metropolis of Nigeria.

4.2. Methods
4.2.1. Study area

This study was conducted in Zaria metropolitan area, northern Nigeria (Figure 4.1).
Zaria metropolis consists of two local government areas (Zaria and Sabon-Gari) and occupies
an area of about 296.036 km?. It is the educational hub of northern Nigeria. The topography is
mainly flat with a mean height of 670 m above mean sea level (MSL). The climate comprises
of the dry (October — May) and wet (June — September) seasons. The lowest temperature is
14.1°C and maximum average = 35.2°C during the harmattan (January) and heat (April)
seasons. It has a 2016 population estimated to be 938, 521 using the 2006 population census
and a 3-per cent growth rate (NPC, 2010). The western areas are sparsely vegetated around the

Kufena Hills. The main water body in the study area is the River Kubanni.
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Figure 4.1. The study area showing the distribution of pollution sample sites and government
health facilities from which respiratory health records were obtained

4.2.2 Ethics

Research protocols were endorsed by the Kaduna State Ministry of Health Research
Ethics Committee (MOH/ADM/744/\VOL.1/448); Ahmadu Bello University Teaching Hospital
Health Research Ethics Committee (ABUTH/HREC/CL/05) within the study area and the
Faculty of Natural and Agricultural Sciences Ethical Committee at the University of Pretoria,
South Africa (EC170124-092).

4.2.3 Data collection

To appraise the influence of outdoor air pollution on respiratory well-being within the

study area, four categories of datasets were obtained. They are described as follows:
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4.2.3.1. Outdoor pollution data

With the design of numerous handy cost-effective devices for monitoring airborne
contaminants (Moltchanov et al., 2015; Deary et al., 2016; Thompson, 2016), this study utilized
portable air quality monitors to collect pollution data. The sample monitors are the MSA Altair
5x gas detector and the Chinaway CW-HAT200 particulate counter (Figures 4.2a and b). The
devices are manufactured by the Mine Safety Appliances Company, Pennsylvania, USA and
the Shenzhen Environmental Technologies Co. Ltd, Guangdong, China respectively. The MSA
Altair collects criteria pollutants: carbon monoxide (CO) and sulphur dioxide (SO2), measured
in parts per million (ppm) while the CW-HAT200 collected particulate matter PM2s and PM1o
in micrograms per cubic meter (ugm). The portable pollutant devices were validated (R >
0.96) before the commencement of proper sampling. The World Health Organization (WHO)
filter sampling procedure, described in Efe and Efe (2000), was adopted to validate the portable
devices used in this study. 19 sample sites distributed across the study area, were utilized to
routinely observe air pollution concentrations, 3-epochs daily (Bell and Davies, 2001; Yazdi et
al., 2015). The duration of the outdoor sampling was 1 December 2015 — 30 November 2016.
The sites were situated along the major road intersections. 16 sites are positioned within dense
population activities which cut across the residential and commercial settlements, while the
remaining 3 control sites are positioned strategically at the outskirts of the city with minimal

population activity. The control sites were embraced to aid in the result comparison.

9 r

P : il MSA Altair 5x

CW-HAT200
Particulate
Counter

MSA Link

Calibration Tube

Figure 4.2. Portable air pollutant detectors (MSA Altair 5x/ Chinaway CW-HAT200)
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4.2.3.2. Attributable risk data

The health records of respiratory illnesses utilized in this study were restricted to the
five major government-owned health facilities in the study area. This is because they are the
most medically equipped thus most likely to handle referrals cases. They are also cost-effective
for all patients to access medical treatment. The facilities are National Tuberculosis and Leprosy
Training Centre, Hajiya Gambo Sawaba General Hospital, Major lbrahim A. Abdullahi
Memorial Hospital, Ahmadu Bello University Medical Centre and Ahmadu Bello University
Teaching Hospital (They are tagged A — E in Figure 4.1). The data obtained comprised of
reported cases from the health facility records, for varying age brackets and death occurrences
for case fatality rates (CFR) computations. The obtained data were used to determine the
attributable proportion using the WHO AirQ+ software designed by the WHO, Europe regional
office.

To ascertain the theoretical attributable risk proportion (AP) of respiratory illnesses on
the Zaria population, we adopted the input files embedded into the WHO air quality software
AirQ+. The inputs adopted include peer-reviewed relative risks (RR) estimates, mathematical
formulae and WHO stipulated limits, The WHO encourages the use and dissemination of
information using the software. Several studies have corroborated the use of the software
(Fattore et al., 2011; Nagpure et al., 2014; Miri et al., 2016; Khaniabadi et al. 2017). The
validated AirQ+ software quantifies possible respiratory health effects resulting from exposure
to pollutant within any study area. This is achieved by computing the ratio of traceable health
outcomes resulting from exposure to atmospheric pollutant(s), for a defined population. It
hypothesizes the relationship between exposure and health consequence, with no significant
discountenance. The assumed AP can be derived using the formulae below (Wang et al., 2009).

AP = {[RR(5)=1]x p(s)} / Y ARR()x p(5)] (4.1)

RR(s) is the relative risk for the health outcome difference that can be calculated using Equation
4.2; p(s) is the fraction of the population all in exposure class s, depending on the varying level
of exposure within the field of study.

RR(s)=(C—T)/{10x(RR—1)+1) (4.2)

C is pollutant concentration in air, T is the WHO stipulated limit for detected pollutant; RR is
the relative risk derived from the exposure-response function for selected health outcomes
generated from local epidemiological studies.

63

© University of Pretoria



-

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Qo

To determine the rate and the estimated number of cases attributable to the pollution
exposure, Equations 4.3 and 4.4 were utilized, taking into consideration that the theoretical
baseline frequency of endpoint (incidence) and population size are known respectively (Miri et
al., 2016). A baseline incidence is a theoretical threshold derived using mathematical

procedures, to determine if an epidemic incidence is in excess (Prochdzka and Kynxcl, 2015).

IE =Ix_A4P (4.3)

IE is the rate of the health outcome related to the exposure, | is the baseline frequency of the
health endpoint in the population.

NE=IExN (4.4)

NE is the number of cases attributed to the exposure, and N refers to the size of the investigated
population.

4.2.3.3. Questionnaire survey data

As a predictive indicator to analyse on-the-spot respiratory well-being resulting from
outdoor pollution exposure, a respiratory indicator-based questionnaire was utilized to
investigate respiratory symptoms from respondents. The American Thoracic Society Division
of Lung Disease questionnaire (ATS-DLD-78A) (Ferris, 1978) is a universally accepted
process for detecting respiratory warning signs in a population. The design comprises of
questions related to recurrent respiratory indicators such as cough, phlegm, wheeze and
breathlessness. The questionnaire has been utilized by various studies (Albers et al., 2015;
Goldberg et al., 2015; Schultz et al., 2016; Brown et al., 2017), to achieve their objectives. In
our study, we applied a modified version of the questionnaire for adults, to trace the
manifestation of respiratory symptoms. It comprises of questions pertaining to the occurrence
of cough/phlegm for the most part of 3 consecutive months or more within a year; wheeze
(noisy breath resulting in breathing difficulty on most days or only during the cold season);
breathlessness Grade I, (rapid breathing as a result of hastening on a level or pacing up a slight
hill) and Grade II (not being able to walk at the same pace with one’s age class on a level or
pausing for breath when strolling at own pace on a level). The account of past ailments
(described as bronchitis, pneumonia, asthma, emphysema, hay fever confirmed by a doctor)
and hereditary likelihoods (described as any of the biological parents who had any chronic lung
condition such as chronic bronchitis, asthma or lung cancer, confirmed by a doctor). We
restricted the questionnaire survey to participants that are stationed within a 30-meter radius of
sample sites, for at least 6 hours a day, for the last 1 year (which will coincide with our pollution
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sampling duration). We ensured that their ages were > 20 years. With this criterion, we could
confirm that such participants were mature enough and have been exposed to the recorded
concentration levels of pollutants, for a considerable amount of the sample time. The sample
size of participants was determined based on the minimum population sample size for research
activities (Krejcie and Morgan, 1970). The questionnaire was drafted in the English language
and if necessary, translated to the Hausa language. The participants had paper-assisted
interviews which were controlled for prolonged/already existing respiratory illnesses and likely
hereditary symptoms. During the administration process, the investigator ensured that the
respondents comfortably and accurately understood the value of all questions, most especially
respiratory symptoms, such as phlegm and wheeze. Participants gave verbal and written
informed consent. The participants were restricted to non-smoking individuals situated at the

selected sample sites so that the results are not skewed as a result of their personal habits.

4.2.3.4. Socio-economic influence data

A remote sensing Landsat data was employed to ascertain if socio-economic factors
contributed to reports of respiratory well-being within the study period. Landsat data was
adopted because it is an independent data that can be freely accessed from the United States
Geological Survey (USGS). For our study site, the Landsat 8 at Path/Row 189/52, was acquired
from the USGS website (https://earthexplorer.usgs.gov/) for the study period (1 December 2015
— 30 November 2016). To improve accuracy, the image data was restricted to satellite image
tiles with less than 10 per cent cloud cover. Only ten image files fulfilled the specified criteria
for the entire study period. The socio-economic factor can be interpreted in the Landsat data as
Land surface temperature (LST) and normalized difference vegetation index (NDVI). The
derivation techniques for LST and NDV1 are described in Sobrino et al. (2004) and Xu and Guo
(2014).

4.2.4. Data analysis

The day-time weighted average for observed criteria pollutants was computed for the 1-
year running. The spatial data (easting, northings and elevation) of the sampling points and their
individually observed pollution levels were analysed to determine for skewness of sampling
position. The spatial distribution of reported respiratory symptoms was analysed for

homogeneity of variance using the Levene’s test. The respiratory health data with variables
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(age group, gender and resulting mortality) were subjected to statistical logistics, to determine
their association with outdoor pollution exposure through a likelihood ratio test. To determine
population exposed response, the ATS questionnaire responses were coded and analysed for all
responded respiratory outcomes. The empirical analysis did correct for possible priors and
hereditary respiratory traits. A reliability test was also conducted on the ATS questionnaire. All
statistical computations were executed using Microsoft Excel, SPSS 19 statistical software from
IBM and Matlab R2014b from MathWorks, all for Windows.

4.3. Results

The day-time seasonal statistics for CO (ppm), SO2 (ppm), PMzs (ugm==) and PMxo
(ugm™) is averaged over the 19 sample stations in Zaria, Nigeria during the period December
2015 — November 2016 (Figure 4.3). The 1-year day-time weighted average concentration of
criteria pollutants revealed values of 29.22 ppm for CO, 0.32 ppm for SO2, 219.73 pgm for
PM2s and 451.89 pugm for PMao.
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Figure 4.3. Histogram of seasonal day-time pollutant concentrations across the 19 sampling
sites (a) CO and (b) SOz (c) PM2s (d) PMao (Sites 3, 6 and 18 are control sites). DJF,
December—January—February; MAM, March-April-May; JJA, June—July—August; SON,
September—October—November

From the health records obtained, an aggregate of 31, 042 respiratory-related illnesses
were reported in the five major government-owned health facilities in Zaria from January 2011
— December 2016 (Table 4.1). A total of 461 respiratory-related casualties were recorded. All
the years of interest (2011 — 2016) did record respiratory-related death, with the year 2013
having the peak (112 deaths). On average, the case fatality rate (CFR) was 1.67%, over the

study period under investigation.
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To determine if the outdoor pollution level significantly did contribute to exposed
population respiratory symptoms, a total of 396 responses were obtained. We ensured that each
of the 19 sample stations had at least 20 responses, i.e. participants situated at the exposed
station were tagged as exposed. While participants responding from control stations were
tagged as the control. There were 352 (88.9%) males and 44 (11.1%) females as participants.
The internal-consistency reliability (Cronbach's alpha) of the ATS interview was within
acceptable limits (a. > 0.70). The predominant respiratory symptom was phlegm (97.2%),
followed by chest cough (80.8%), dyspnoea (55.6%), chest cough plus phlegm (54.8%) and
wheeze (49.8%). Pneumonia (14.1%) was the major medically-diagnosed past respiratory
illness. This can be attributed to the annual natural windy ‘harmattan’ period that is
characterized by dusty conditions and low temperatures. Table 4.2 shows the descriptive
statistics of respiratory symptoms among interviewed respondents. The interviewed responses

were coded for further analysis.

4.4. Discussions

4.4.1 Outdoor air quality

The skewness analysis (P < 0.184) revealed that the recorded criteria pollutant levels
were normally distributed across the 19 study sites. The pollution level of the observed criteria-
pollutants was lowest during the December-January-February (DJF) season; this can be
attributed to the windy Harmattan (cold season) in the study area. The windy harmattan season
has the tendency to quickly disperse pollution emissions. In addition, outdoor activities are
limited due to low ambient temperature, especially during morning and evening periods. The
weighted average concentration level of CO measured were above WHO/FEPA (Nigeria)
stipulated limit (Table 4.3) in 15 of the 19 sample sites; SO2 and PMuo levels were above
WHO/FEPA limit in all the sites; PM25 were above WHO limit in all the sample sites (Nigeria’s
Federal Environmental Protection Agency (FEPA) guidelines has no specified limit for PMz25s);
PM1o was above the WHO/FEPA limit in all the sites. Considering the global ambient air
pollution update WHO 2016 results, the weighted average concentration level of recorded PM2.5

and PM1o firmly puts Zaria among the top five polluted cities of the World.
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Table 4.2. Descriptive statistics of respiratory symptoms among interviewed respondents in the
study area

Case characteristics Male (n)  Female (n) Total (n, (%))
Study population (n, %) 352 (88.9) 44 (11.1) N=2396
_Age
20 — 29 years 38 15 53 (13.4)
30 — 39 years 133 10 143 (36.1)
40 — 49 years 149 9 158 (39.9)
> 50 years 32 10 42 (10.6)
Education
Primary 33 2 35(8.9)
Secondary 169 16 185 (46.7)
Tertiary 150 26 176 (44.4)
Respiratory conditions
Chest cough 289 31 320 (80.8)
Phlegm 344 41 385 (97.2)
Cough + phlegm 200 17 217 (54.8)
Wheeze 175 22 197 (49.8)
Breathlessness 192 28 220 (55.6)
Past IlInesses
Lung trouble before 16 years 18 3 21 (8.3)
Bronchitis attack 14 3 17 (4.3)
Pneumonia attack 47 9 56 (14.1)
Asthma attack 15 4 19 (4.8)
Emphysema 31 1 32(8.1)
Hay fever 2 - 2 (0.5)
Chest illness 5 1 6 (1.5)
Chest operation 3 - 3(0.8)
Chest injury 12 2 14 (3.5)
Heart trouble 5 3 8 (2.0)
High blood pressure 23 5 28 (7.1)
Hereditary probability
Father 36 3 39 (9.9)
Mother 60 10 70 (17.7)

Table 4.3. The threshold of selected air pollutants, modified after (FEPA, 1999; WHO, 2017).

Stipulated limits Pollutants
CO PM2s PMao SO2
FEPA 20 ppm - 150 pgm*® 0.1 ppm
WHO 9 ppm 25 pugm’3 50 ugm 0.01 ppm
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4.4.2 Attributable health risk

A Levene’s test revealed that the spatial distribution of reported respiratory symptoms
in Zaria metropolis was heterogeneous (P = 0.050). From Table 4.2, the health records indicate
the most respiratory cases were notified in Ahmadu Bello University Medical Centre (D) [3,
856.83; 95% confidence interval (Cl): 2, 199.9 — 5, 513.8]. This is attributed to the fact that it
is the only major health facility within a 4 km radius of Zaria’s Samaru axis. The least notified
cases were reported at the Ahmadu Bello University Teaching Hospital (E) [34.5; 95%
confidence interval (CI): 4.2 — 64.9]. This may be attributed to its location, which is at the
outskirts of the metropolis. Using the population estimates, the respiratory illness incidence rate
was highest in 2016 (914 per 100 000). Table 4.2 above highlights the trend of reported
respiratory-related complaints obtained from the major health facilities. Respiratory illnesses
were reported for age ranging from infancy (< 1 year) to the elderly (76 years). The physically
active group of 15-44 years, which accounts for 58.21 % (18, 069) of all notified cases, were
most at risk over the study period. Their case was remarkably high in 2016 with 58.07 % (4,
835) of cases. The age group 0-14 ranked second, accounting for 32.24 % (10, 009) of all
notified cases and 33.85 % (2, 818) in 2016. The age group of 45 and older were the least
affected by respiratory illnesses, accounting for 9.55 % (2, 964) of total notified cases and a
major report of 8.08 % (673) in 2016. From 2011 — 2016, respiratory-related illnesses afflicted
more males 58.0 % (18, 003) compared to females 42.0 % (13, 039). This trend was harmonious
all through the study period (R? = 0.994; P < 0.01). With available pollution data for the year
2016, the WHO AirQ+ software was utilized to compute the theoretical attributable risk
proportion for the study area in 2016.

To determine the theoretical AP for 2016, the total of 8, 326 cases of respiratory
diseases, the day-time weighted running average of PM2s and PMio are 219.73 ugm and
451.89 ugm3 and all other parameters were inserted into the AirQ+ software. The model report
revealed that 32.62 % and 29.12 % of notified respiratory cases can be attributed to pollutants
PM2s and PMao respectively, having exceeded the stipulated threshold. In Table 4.3, we can
see that for every 10 ugm2 increase in PM2s pollutant concentration, the corresponding amount
of RR for the hospital accessed respiratory illnesses was 1.484 % as well as 1.411 % for every
20 pgm3 increase in PM1o. An average of 31.8 % (2, 648 cases) could have been avoided if the
WHO guideline for PM2s and PMio had been respected in the year 2016. However, the

theoretical baseline incidence per 100, 000 for short-term effects of the population exposed to
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PM2.s and PM1o (298.10 pgm and 271.27 ugm2) are minimal compared to the WHO guideline
of 1, 260 for the land mass and total estimated population of Zaria.

The adopted relative risk (RR) value for concerned air pollutants (see Table 4.4) are
based on multiple analysis of peer-reviewed findings conducted in Asia, North America and
Western Europe (Nagpure et al., 2014; Miri et al., 2016; WHO, 2017). Even though our study
understood that the adoption of the theoretical RR obtained from researches conducted outside
our region may alter predictions of the model, we felt that there is the need to most importantly,
drive the step in providing valuable evidence on the effects of air pollution for Nigeria’s policy-
makers. We were also optimistic that our findings will assist the WHO AirQ+ software
developers to further moderate any prediction error. Based on the available datasets, we utilized

the theoretical WHO AirQ+ software to assess the interim effects of PM2.s and PMuo.

Table 4.4. WHO theoretical values of relative risks (RR) implemented in AirQ+ corresponding
to hospital admission/access for respiratory diseases and estimated RR in percentage and
excess of number cases in the year 2016 resulting from short-term exposure to PM2s/PMuo
above the 10/20 pugm-2 limits respectively.

WHO default values Theoretical outcome
Annual Annual mean Attributable .
RR . RR . Baseline
Pollutant Threshgld (95% CI) concentr_aatlon (95% CI) respiratory Incidence”
(Mgm™) (Hgm™) cases
1.019 1.4840
PMas 10 (0.9982 — 219.73 (0.9629 — 2,798 298.10
1.0402) 2.2856)
1.008 1.4108
PMyo 20 (1.0048 — 451.89 (1.235 - 2,498 271.27
1.0112) 1.6177)

*the PM2s and PMao threshold limit prescribed by the WHO for theoretical baseline incidence
per 100 000 is 1, 260

4.4.3 Pollution exposure response

To determine if the outdoor air pollutants measured within the study area can contribute
to the respiratory condition of the present population, we analysed the relationship between
each measured criteria pollutant against the individual respiratory response interviewed. Table
4.5 shows the association between the presence of respiratory symptoms from interviewed

respondents and observed criteria pollutant level.
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Table 4.5. The relationship between individual respiratory symptoms from respondents and
each observed pollutant level

Cough Phlegm Cough + Phlegm Wheeze Breathlessness

R RMSE R RMSE R RMSE R RMSE R RMSE

CO 090 2961 086 33.63 0.79 10.68 0.80 1572 082 1371
SO, 091 2844 0.87 33.07 0.81 10.17 080 1561 0.78 14.86
PM.s 0.89 31.17 0.87 3295 0.90 7.60 0.80 1571 0.76 15.36

PMyp 088 3288 0.83 37.04 0.79 10.45 0.71 1863 0.72 16.54

*Shaded cell highlights the possible association of pollution exposure and respiratory condition

Additionally, we determined the contribution of the measured pollution level to the
general respiratory outcome of the interviewed population. The interviewed respondent
outcomes were controlled for past illnesses and possible family hereditary influence using
Equation 4.5 below.

PER:{Z& —(ZP +2Hﬂ (4.5)

PER is the pollution exposure-response; Si is responses from respondents for the varying
symptoms (chest cough, phlegm, cough plus phlegm, wheeze and breathlessness); Pi is
responses with regards past illnesses (lung disease before 16 years of age, bronchitis, asthma,
chest injuries/operation, high blood pressure) and H is the responses with regards possible
inheritance of symptoms from biological parents.

From Figure 4.4 below, we would see that the PMz2s is the predominant cause of
interviewed respiratory symptoms (R = 0.93). This result is supported the WHO AirQ+ software
findings (Table 4.3) and also literature (Halonen et al., 2009; Miri et al., 2016). In addition, SO2
ranked second after PM2.s, which is in agreement with Ren et al., (2017). Their study reported

SO:2 as their major cause of respiratory-related illnesses, however, PM2swas not investigated.
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Figure 4.4. Scatter plot showing a strong positive relationship between criteria pollutants (a)
CO, (b) SOz, (c) PM2s and (d) PM1o respectively) against at-risk population respondents from
the sample sites

To certify that the exposure to outdoor air pollutants in this population was the major
contributor to the measured respiratory symptoms, we analysed the level of significance of the
socio-economic factor on respiratory well-being. Using an independent remote sensing
approach, we derived the land surface temperature (LST) and the normalized difference
vegetation index (NDVI) from Landsat 8 data, in the ArcGIS 10.2.1 software. The LST and
NDVI values over the 19 sample points were extracted, collocated and correlated with ATS
questionnaire responses across the sample sites. The analysis shows that socio-economic
factors, LST (R = 0.76) and NDVI (R = 0.69). These results were not as significant as the
measured pollutants level for the respondent respiratory outcome in Figure 4.4 (R > 0.90). Note
that the Landsat data was validated (R = 0.94) using the extracted LST and collocating ground
temperature data obtained from the Nigerian Meteorological Agency station within the study

area.
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4.5. Conclusions

The study utilized portable pollutant sensors, ATS-respiratory questionnaire and WHO
AirQ+ software model to evaluate the contributory effects of outdoor air pollution to respiratory
outcomes in a highly polluted area. The study provides an encyclopaedic picture of outdoor air
pollution exposure and possible ramifications to human health in a Nigerian city-scale. The
study confirmed that a substantial amount of outdoor air pollution contributed significantly to
respiratory indicators (cough, phlegm, wheeze and breathlessness) from the interviewed
respondents. This relationship advocates the use of AirQ+ software and ATS questionnaire for
estimating the incidence of respiratory symptoms, as they are effective tools when assessing
the liability of respiratory symptoms in any polluted cities. The results of this study indicate
that there is a relationship between the observed criteria-pollutants, (CO, SOz, PMz.sand PMuo)

and respiratory well-being of study population in Zaria metropolis, Nigeria.

The study had five key strengths. (1) It revealed a metropolitan city air pollution level,
high enough to be ranked amongst the WHO polluted cities. (2) The sources of respiratory-
related data obtained from the five major health facilities within the study area ensured their
authenticity and dependability. (3) Two certified respiratory epidemiological indicators (ATS—
DLD-78A questionnaire and WHO AirQ+ software model) were adopted to examine the health
effects of observed criteria pollutants. (4) The suspended particles (PM2s) had the most
influence on the study population respiratory health, which is harmonious with other findings
on this subject. (5) Our findings conclude that the respiratory symptoms investigated in this
study are hypothetically associated with outdoor air pollutants measured using the MSA Altair
5x gas monitor and CW-HAT?200 particulate counter.

We do recognize the following limitations in our study. First, since the only two
population censuses conducted in Nigeria were in 1991 and 2006, this study was constrained to
adopt population estimates. Second, the RR coefficients adopted might have under-estimated
the extent of the attributable cases. However, we are confident that our results offer vital
information on which Nigeria’s policymakers can base its public health strategies and
interventions. Finally, the unavoidable time variation in collecting outdoor pollutant samples
may have introduced marginal errors, we, however, believe like similar studies in this field that

these errors are not significant enough to alter the findings of this study.
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Chapter 5

Appraising city-scale pollution monitoring capabilities of multi-
satellite datasets using portable pollutant monitors*

Abstract

The retrieval characteristics for a city-scale satellite experiment was explored over a
Nigerian city. The study evaluated carbon monoxide and aerosol contents in the city
atmosphere. We utilized the MSA Altair 5x gas detector and CW-HAT200 particulate counter
to investigate the city-scale monitoring capabilities of satellite pollution observing instruments;
atmospheric infrared sounder (AIRS), measurement of pollution in the troposphere (MOPITT),
moderate resolution imaging spectroradiometer (MODIS), multi-angle imaging
spectroradiometer (MISR) and ozone monitoring instrument (OMI). To achieve this, we
employed the Kriging interpolation technique to collocate the satellite pollutant estimations
over 19 ground sample sites for the period of 2015 - 2016. The portable pollutant devices were
validated using the WHO air filter sampling model. To determine the city-scale performance
of the satellite datasets, performance indicators: correlation coefficient, model efficiency,
reliability index and root mean square error, were adopted as measures. The comparative
analysis revealed that MOPITT carbon monoxide (CO) and MODIS aerosol optical depth
(AOD) estimates are the appropriate satellite measurements for ground equivalents in Zaria,
Nigeria. Our findings were within the acceptable limits of similar studies that utilized reference
stations. In conclusion, this study offers direction to Nigeria’s air quality policy organizers
about available alternative air pollution measurements for mitigating air quality effects

within its limited resource environment.

Keywords: Nigeria; Air pollution; Portable monitors; Satellite pollution estimates

“IThis chapter is a formatted text of a peer-reviewed journal article described as follows:

Aliyu, Y.A. & Botai, J.O. 2018. Appraising city-scale pollution monitoring capabilities of multi-
satellite datasets using portable pollutant monitors. Atmospheric Environment, 179: 239-249.
https://doi.org/10.1016/j.atmosenv.2018.02.034
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5.1. Introduction

Air quality is undoubtedly a key subject of public concern (Gozzi et al., 2016).
Petroleum derivatives and biomass consumption are the major sources of air pollution in
developing cities and have been linked to unfriendly respiratory impacts (Marais et al., 2014).
Exposure to air pollutants is increasing respiratory and cardiovascular morbidity and mortality
(2.8 million deaths), with developing countries still experiencing the worst air pollution (WHO,
2016). With over a decade of global awareness on air pollution, studies are still reporting the
effects of criteria pollutants on the human cardiovascular and respiratory systems (Ghozikali et
al., 2015; Miri et al., 2016; Ren et al., 2017).

Rapid economic development coupled with scarce administrative policies within the
African continent is leading to an increased level of air pollution, thus putting the wellbeing of
its major population at risk (Marais and Chance, 2015). In Africa, studies on surface air
pollution monitoring are insufficient, with only a few nations have established environmental
procedures. South Africa is the only African country that appears to have established well-

defined standards and a comprehensive monitoring network (Kgabi, 2014; Hersey et al., 2015).

Nigeria is Africa’s most populated country (182 million people as at 2015) and also the
largest economy, recently surpassing South Africa (The Economist, 2017; UN, 2017). Nigeria’s
rapid growth stimulates a variety of environmental worries, most especially air quality. Outdoor
air pollution is majorly worsened by inept automobiles, unsystematic road structure leading to
traffic obstruction, dependence on power generating sets by commercial outlets due to poor
electricity infrastructure and congested roadside activities (Adewunmi et al., 2015; Orogade et
al., 2016). The measurements of outdoor pollutants are essential for human exposure awareness
(Duvall et al., 2012; Bereznicki and Kamal, 2013).

Since urban air pollution undergoes several processes which generate its spatial variable
concentrations, a network of pollution station units can be employed to predict concentrations
at unmeasured locations and also effectively monitor urban air pollution (Kanaroglou et al.,
2005; Adams et al., 2012; Dash, 2016). The density of an urban environment combined with
natural variability and unpredictable anthropogenic emission sources compels for the constant

appraisal of pollution models by means of up-to-date datasets (Neophytou et al., 2011).

Low-cost pollutant monitors are getting extra attention in the area of air pollution

monitoring when compared with established reference devices (Kumar et al., 2015). The
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majority of the lower cost sensors is robustly designed using micro-electro-mechanical
techniques and energy efficient sensor circuits. This makes them cost-effective, light-weight
and compact, thus consuming minimum power for detecting selected toxic gases and
particulates in any industrialized environment (Mead et al., 2013). Their user-friendliness
enables efficient near real-time resolution data acquisition, thus allowing for larger spatial
coverage especially in remote/developing areas (Snyder et al., 2013). The availability of
portable pollution monitoring detectors has considerably increased the possibility of identifying
pollution hot spots, enriching air pollution maps, evaluating air quality policies and
safeguarding public health (Engel-Cox et al., 2013; Gozzi et al., 2016). Cities across the globe
are embracing the concept of portable test sites for gathering air quality variability and statistics
for mitigation planning. Validated portable pollutant monitors can be adopted as ground-based
retrieval stations, as they provide fast and transparent dissemination of observed dataset (Kumar
et al., 2015; Gozzi et al., 2016). However, the challenges regarding the deployment of portable
sensors for air pollution monitoring are their operational maintenance which in most cases
eventually exceeds the actual cost of the sensor. The operation maintenance comprises of device
stability (such as sensor re-calibration, sensor/battery replacement), data management costs and

operational longevity before replacement (Kumar et al., 2015).

Considerable achievements are still being realised in the area of space-based
atmospheric pollution monitoring. Satellite pollution sensors have continued to show the
increased capability of observing chemical species at high 4-D resolutions that can be utilized
for a wide range of environmental-friendly atmospheric related applications (Duncan et al.,
2014; Zhang et al., 2016). While the particle satellite instruments measure the extinction of light
to retrieve the chemical aerosols, the trace gas instruments measure the number density of the
trace gas, all in a vertical column of air. This approach is also used to further estimate the
chemical particles precisely under that column of air, as long as their movement and chemical
conversion is minimally interfered with or compensated for (Streets et al., 2013). The advantage
of satellite pollution data is its spatial and temporal coverage. This coverage serves as a
surrogate for long-term regional air quality monitoring, as well as the development of emission
inventories (Engel-Cox et al., 2004; Schaap et al., 2009). The space-based pollution
measurements are also being embraced as a distinctive resource for detecting air quality in
regions with scarce ground-based information (Marais et al., 2014). The main challenge of
satellite pollution instrument is its resolution at low-altitude. The measurements at low altitudes

are perceived to be influenced by all kinds of atmospheric attenuations thus generating errors.
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For this reason, the satellite brochures continue to encourage researches to utilize the retrieved
satellite datasets for surface test/validation procedures. Another familiar challenge of the
satellite pollution instrument with limited resources establishments is the technical know-how
to access, process and accurately interpret the satellite pollution observational datasets (Duncan
etal., 2014).

The dependence on portable monitors for air pollution monitoring is on the rise. There
is also no record of Nigeria’s air quality planners acknowledging the use of satellite pollution
data resources. These are the motivation for the study. Thus, we attempt to determine, the level
of pollution measurements these satellite pollution estimates represent in a developing Nigerian
city. It is on this basis, that this study pilots an approach for appraising city-scale monitoring
capabilities of multi-satellite pollution datasets using ground-positioned, portable pollutant

monitors.

5.2. Methods
5.2.1. Study area

Zaria metropolis is the centre for educational advancement for the Northern part of
Nigeria. The city is experiencing a rapid population increase and urban sprawl thus deteriorating
the air quality within the city. It covers an area of 296.036 square kilometres, with an estimated
population of 938, 521. The topography is mainly flat at 670 m above mean sea level (Figure
5.1). The climate is categorized into dry (October — May) and wet (June — September) seasons.
The seasons are distinguished by low temperature (14.1°C) during the harmattan in January and
peak temperature (35.2°C) in April. The population is majorly Hausa speaking and dominant
land use outside the built-up area is sparse vegetation except during the rainy season. The area

is drained by the Kubanni River and its many tributaries.
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Figure 5.1. Study area displaying the Kufena hill, meteorological station and distribution of
the 19 sample sites (Sites 3, 6 and 18 are control sites)

5.2.2. Ground CO and PM datasets

Figure 5.1 shows the distribution of the 19 sampling sites across the study area. The
sample sites were distributed to represent the majority of outdoor activities contributing to air
pollution in the study area. 16 sites are located along major road intersections with dense
population activity across residential and commercial settlements, while the remaining 3 control
sites are positioned strategically at the outskirts of the city with minimal population activity.
The control sites were adopted to serve as checks for results comparison. The portable
monitoring devices are the MSA Altair 5x which measures carbon monoxide (CO) in parts per
million (ppm) and the CW-HAT200 which measures particulate matter (PMz10) in microgram
per meter cube (ugm3). The use of these devices has been assessed by Liu et al., (2014): Mishra
et al., (2015); Shibata et al., (2015). The devices were procured solely to collect ground-level
pollution concentrations of selected criteria pollutants across the study period (1 December
2015 — 30 November 2016).
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Prior to the commencement of the ground sample collection using the portable monitors,
the devices were validated using filter sampling papers to obtain total suspended particulates
(TSP) at 2 sample test sites. This is based on the WHO air sampling model (Equation 5.1)
described in Efe and Efe (2008).

M - M,

TSP (ugm™) = —"—

(5.1)

Where TSP is the particulate matter, Mo is mass of filter paper prior to sampling, Ms is the mass
filter paper after sampling, V is the TSP volume. To determine the concentration (ugm-3), model
equation 5.1 was divided by the sample time in hours.

102 filter samples were utilized to collect totally suspended particles (TSP) concurrently
with the portable devices’ measurements. Validation samples were obtained on Mondays,
Wednesdays, Fridays and Sundays in the month of November 2015. One of the sample sites
had dense outdoor population activity and the other had minimal population activity (control
site). Samples were collecting for morning, afternoon and evening periods. The portable devices
and sample filters were positioned at the same 1.5m above ground elevation. The obtained
measurements at each site were weighted in order to obtain the 8-hr day-time average for
outdoor activities over the 17 sampling days. Since our study is interested in air pollution
resulting from outdoor population activities, we believed all pollutant emissions resulting from
the population activities would strongly correlate against one another (Guo et al., 2017). It is
for this reason that we utilized the filter samples from the two selected sample sites for
validation of CW-HAT200 particulate counter and MSA Altair 5x multi-gas detector using
PMi1o and CO values respectively. The validation statistics showed that the correlation
coefficient between the TSP concentrations from filter sampling and PM1o/CO for the CW-
HAT200/MSA Altair 5x were highly significant. The correlation value (R) of TSP/PM1o and
TSP/CO was very strong across the two sites. The WHO procedure validated the reliability of
the portable devices (Figure 5.2).
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Figure 5.2. Linear regression showing validation of portable pollutant monitors and TSP
samples using the WHO air sampling model. (a) Control site, (b) dense activity site

The criteria pollutants measured across the study site are ground-level carbon monoxide
(GCO) and particulate matter with a diameter less than 10 microns (GPM). The accuracy
obtained was similar to those stated in the instrument configuration. To determine day-time
averages, ground in-situ samples were collected daily across three epochs. The epochs are peak
morning (0730 — 0845 hrs), moderate afternoon (1300 — 1415 hrs) and peak evening (1700 —
1815 hrs) (Bell and Davis, 2001; Yazdi et al., 2015). A sample resolution time of 3 minutes was
adopted per site. For each sampling, the highest perceived CO and PMao concentrations were
recorded based on instrument configuration. The values were weighted for the morning,
afternoon and evening epochs respectively (Llanes, 2016). The samples were collected with
devices positioned at 1.5 metres above ground level. Ground pollution samples (N) for GCO
and GPM were collected for 339 out of the 366 days. A time-series plot for a control site (Site
6) and a seeming polluted site (Site 16) is displayed in Figure 5.3. The characteristics of the
portable devices employed are highlighted in Table 5.1 and the descriptive statistics of recorded

concentrations are shown in Table 5.2.
88

© University of Pretoria



CO (ppm)

PM10 (ugm-3)

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Qo

o Morning o Afternoon a Evening

>

400 .

PM10 (ugm-3)

Figure 5.3. Times-series of the GCO and GPM concentrations (a) control site 6 (b) populated

site 16, for the study period (1 December 2015 — 30 November 2016). Note that the blue, red
and black scatter plots represent the morning, afternoon and evening sampling periods

respectively.
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Table 5.1. Specifications of the portable pollutant monitors utilized for ground measurements

Specifications MSA Altair 5x Gas Detector® Chinaway CW-HAT200 Particulate

Counter
Dimension (cm) 17 (H) x8.94 (W) x4.88 (D) 18 (H)x9.3(W)x4.8 (D)
Weight (kg) 0.45 0.60
Measuring method Internal pump; Internal pump; laser light scattering
Catalytic/electrochemical
sensor
Pollutant measured CO; SO2; H2S; LEL PMas, PM1g
(Combustible)
Concentration Range  CO (0 - 500 ppm) PM2s (0 - 500 pgm)
SO, (0 - 25 ppm) PMo (0 - 1000 pugm)
H2S (0 - 100 ppm)
LEL (0 - 100 %)
Sample/Response CO (15 secs) PM_5 (60 secs)
Time S0O; (20 secs) PMjo (60 secs)
H2S (15 secs)
Accuracy +10% of reading +5% of reading
Operating -10°Cto40°C 5°Cto45°C
temperature
Operating humidity 15-90% RH <90% RH
Calibration Due 6 months 1 year
Battery Rechargeable lithium-ion Rechargeable lithium-ion polymer
Display Monochrome LCD
Certification CE, UL, CSA, IEC, IP CE

2Instrument was re-calibrated during the data collection stage (January 2016 and June 2016).
The calibration mixed gas specifications are CO — 50 ppm; SOz — 5 ppm; H2S — 15 ppm; LEL
—58 %.

Table 5.2. Descriptive statistics of the GCO and GPM for the study area in 2015 — 2016 (N =
19, 104)

f/lreoausrllﬁements Period Mean Median SD
Whole Year 29.2 23.0 28.3
December-January-February 20.3 16.0 20.1

GCO (ppm) March-April-May 34.3 28.0 30.2
June-July-August 34.2 27.0 32.2
September-October-November 28.0 23.0 27.1
Whole Year 451.9 403.0 251.4
December-January-February 401.8 350.0 213.5

GPM (ugm?) March-April-May 4425 405.0 248.1
June-July-August 405.7 363.0 251.0
September-October-November 557.6 529.0 265.9
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5.2.3. Satellite CO and AOD datasets

The National Aeronautics and Space Administration (NASA) has a catalogue of datasets
generated from several nadir-viewing earth observing system (EOS) instruments which include:
atmospheric infrared sounder (AIRS); multi-angle imaging spectroradiometer (MISR);
moderate resolution imaging spectroradiometer (MODIS); measurements of pollution in the
troposphere (MOPITT) and ozone monitoring instrument (OMI) (Streets et al., 2013). The
NASA-funded exploration aims to enable researches trace, link and cite these data to the
scientific literature (NASA, 2017).

Carbon monoxide is a gaseous pollutant that usually results from incomplete
combustion of anthropogenic sources, or oxidation of hydrocarbons (Rinsland et al., 2006). CO
retrievals are exceptional for detecting anthropogenic activities, assessing emissions, and
resolving wind effect on emission sources (Fisher et al., 2010). NASA’s EOS instrument
records nadir measurements of CO at 4.6 um from low Earth orbit using varying retrieval
algorithms: AIRS (McMillan et al., 2005) and MOPITT (Deeter et al., 2003). For the city-scale
evaluation, the vertical mixing ratio for satellite CO estimates was utilized based on data source
recommendation. The reason is that the AIRS CO total column is the integral over the entire
atmospheric column (AskAirs, personal communication, 16 February 2016). The lowest
altitude/pressure level for AIRS and MOPITT CO mixing ratios are 925 hPa and 900 hPa
respectively. These pressure levels are a weighted average of a good portion of the lower and
middle troposphere. Normally, the same altitude/pressure level should be adopted for
consistency. However, the lowest collocating CO mixing ratio altitude between the AIRS and
MOPITT sensor is 700 hPa. This pressure level is not good enough for comparison with ground-
level data (Marey et al. 2015).

Particulate matter is reported to adversely affect the respiratory health of varying age-
groups (Yoshizaki et al., 2017). The primary satellite parameter for PM is aerosol optical depth
(AOD). AQOD is the total extinction effects on the incident radiation after its atmospheric
interaction with particulates of different dimensions (Liou, 2002). To evaluate AOD and PM,
available literatures have indicated that, there is a linear relationship between these two
quantities. This empirical approach is the most recognised for distinguishing PM concentration
from satellite data, whereby the degree of prediction can be determined using the level of
correlation between the in-situ PM measurement and corresponding satellite AOD, of equal

variables (Schafer et al., 2008; Yap and Hashim, 2013). A detailed data processing method for
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distinguishing AOD from PM is described in Filip and Stefan (2011). For the satellite AOD
estimates used in this study, the MODIS (1 km resolution) and OMI (13*24 km resolution)
instruments provide daily global AOD coverage via recording of the Earth’s spectral radiance.
The MISR as well delivers AOD information at 17.6 km resolution approximately twice a

month.

5.2.4. Satellite data parameter

Level 3 data was adopted for the various satellite instruments. This is due to their
geophysical parameters which have been averaged into longitude/latitude grid cells. The map
coordinates are gridded from -180.0° to +180.0° across longitude and -90.0° to +90.0° across
latitude (Tian et al., 2014). The NASA satellite data provide global coverage of atmospheric
pollution in Hierarchical Data Format-Earth Observing System (HDF-EOS) and Network
Common Data Form (NetCDF) formats, which can be accessed using software such as Panoply
(Vollmer, 2010). Users are encouraged to embrace the level 3 processing as every essential
filters and rectification have been affected (Streets et al., 2013). The NASA data acquisition

portal also made provision for sub-setting locations and variables of interest.

A subset covering the study area was adopted using spatial boundary box of (7.0, 11.0,
12.0, 8.0) degrees for West, South, North and East respectively. The satellite data estimates
were synchronized with the ground measurements using Kriging interpolation technique (Araki
et al., 2015). The AIRS standard product and MOPITT (near and thermal infrared radiance)
were utilized. The data variables used for this study are available on the NASA retrieval
platform (https://reverb.echo.nasa.gov). Table 5.3 shows the retrieval characteristics of the

satellite instrument datasets adopted for the study.
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Table 5.3. Retrieval characteristics of the selected NASA satellite instruments

Sar_nple URL Variable
size
http://disc.sci.gsfc.

nasa.gov/SSW/#ke  ascending_TqJoint:CO

Instrument  Species  Version

AIRS O 6 251 ywords=AIRX3ST _VMR_TqJ A
D 006
https://eosweb.larc. . .
MOPITT co 6 79 nasa.gov/project/m Eggr'g}/ielggg/Mlxnga
opitt/mop03j_table
http://disc.sci.gsfc. Deep_Blue_Aerosol
MODIS AOD 5.1 g10  NasagoviSSWiEke o d ol henth Land.
ywords=MYDO08_ Mean
D35.1
https://eosweb.larc.
MISR AOD 4 47 nasa.gov/project/mi  Optical_depth_average
sr/misr_table
AerosolOptical Thickn
. . essMW:  Best  Fit
i, Specrl Ao
oMl AOD 3 143 o Optical Thickness
ywords=OMAERO deri . .
e 003 erived with the Multi-

Wavelength  method,
scaled by a factor 1000

To determine the city-scale performance of these satellite pollution datasets, four
performance indicators; reliability index, correlation coefficient, root mean square error and

model efficiency, were utilized. The indicators are described as follows:

The Cronbach’s alpha (o) is an index of reliability (RI) which reveals the internal
consistency associated with the variation accounted for a test or scale. The internal consistency
defines the extent to which all the items in an investigation are inter-related. The reliability
should be determined before an investigation can be employed for research to ensure validity
(Le Boennec and Salladarré, 2017). It is expressed as a number between 0 and 1, with > 0.7
regarded as an acceptable reliability coefficient. It is expressed in Equation 5.2 below.

N-C
o == —
v+(N-1)-C

(5.2)

N is the sample size; ¢ average covariance between the observed ground-level pollutants Oi
(i.e., GCO and GPM) and the predicting Pi (i.e., AIRS, MOPITT, MODIS, OMI and MISR)
retrievals; » is the average variance
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The Correlation Coefficient R is the measure of how intimate the statistical data are to
the fitted line of regression. As expressed in Equation 5.3 below, it is the correlation coefficient

or anomaly correlation coefficient (ACC) (Jolliffe and Stephenson, 2012).

(- P)(0,-0))
R= = : (5.3)

7

S(n-pSo-0f |

i=1 i=1

The Root Mean Square Error (RMSE) is the square root of the variance of the residuals
which describes how close the observed pollution data points are, to modelled predicted values

(Chai and Draxler, 2014). It is expressed in Equation 5.4 below.

RMSE = \/%Z”:(ol. _ Py (5.4)

The Nash-Sutcliffe model efficient coefficient (NSE) is a statistic of fitness that
evaluates how one model forecasts the other relative to the average of the observation between
both, with values varying between 0 and 1 (McCuen et al., 2006). It is expressed by Equation
5.5.

7

(Bz’ayj )2
=1

NSE=1- :

7

5 n-0]-{l0-o)

(5.5)

Oi and Pi are respectively the time series of the observed ground-level pollutants (i.e., CO and
PM) and the predicting (i.e., AIRS, MOPITT, MODIS, OMI and MISR) retrievals. The average
of the observed and predicted retrieval values is indicated by O and P, respectively, and the
number of observations is indicated by N.

The NSE and R, are unit-less prediction measures that are indicative of model fit. The
model prediction performance is acceptable if the NSE and R, are respectively greater than 0.4
and 0.5 (Engel et al., 2007).

5.3. Results

This section discusses the results of the various satellite retrievals evaluation at diurnal

and seasonal scales, with relation to the respective validated ground measurements (GCO and
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GPM). Table 5.4 highlights the number of collocating samples size between the satellite
retrievals and ground measurements as well as collocating samples size between co-satellite

retrievals for the study period.

Table 5.4. Collocating sample size of the satellite retrieved estimates with ground
measurements

Indicators Pollutants Collocating Instruments Seasons
DJF MAM JJA SON
GCO-AIRS CO 78 75 64 11
(6{0) GCO- MOPITT CO 26 21 6 20
AIRS CO-MOPITT CO 26 21 8 2
GPM-OMI AOD 40 40 8 19
Sample size, N GPM-MODIS AOD 82 70 23 12
GPM-MISR AOD 17 13 5 11
PM (AOD)
OMI-MODIS AOD 41 31
OMI AOD-MISR AOD 1 2 -

MODIS AOD-MISR AOD 11 13 5

5.3.1. Diurnal distribution of the satellite retrievals and ground measurements

The collocated diurnal averages of satellite retrievals (AIRS-MOPITT CO and MODIS-
MISR-OMI AOD) were plotted respectively against GCO and GPM as shown in Figure 5.4,
Our findings showed that the day-time 8-hour averaged samples from ground measurements
were above the stipulated threshold (WHO, 2017) of 9 ppm and 50 pugm-= for CO and PMio
respectively. For the GPM measurements, there was a sudden increase in GPM concentrations
in late 2016. This is attributed to the commencement of intense construction works (drainage
and road rehabilitation) by the Kaduna state government across the study area. For satellite
retrieved pollutants, AIRS CO mixing ratio (ppb) and MOPITT CO vertical mixing ratio (ppbv)
recorded CO peak values of 229.876 and 247.338 respectively (Figures 5.4a and b), while
MODIS AOD, MISR AOD and OMI AOD recorded 3.146, 1.135 and 5.817 (no units)
respectively (Figure 5.4c). This study notes that there was data breach from the NASA
download portal for the satellite instruments AIRS CO data from 25 September 2016 and
MODIS AOD data from 7 October 2016 to the end of study period (30 November 2016).
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5.3.2. Seasonal relationship of the satellite retrievals with ground measurements

in Figure 5.5.

For analysis suitability, the seasonal pollution estimates of AIRS CO, MOPITT CO,
MODIS AOD, MISR AOD and OMI AOD were harmonized (i.e. pairing of common days in
2015 and 2016) with the respective validated GCO and GPM measurements. The study period
was also categorized into December-January-February (DJF); March-April-May (MAM); June-
July-August (JJA); September-October-November (SON). Satellite retrievals were also
harmonized against one another, to serve as a check. Their statistical performance is displayed
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Figure 5.5. Seasonal performance of satellite retrieved estimates with collocating ground
measurements. The a, R and NSE value ranges from 0 — 1 (Left axis). Note that the collocating
instruments that did not display any information, is due to their collocating sample size data
being less than 5 (See Table 5.4).
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5.3.2.1. CO analysis

The seasonal coefficients of reliability amongst synchronized retrieval instruments
varied between (0.923 — 0.973) and (0.838 — 0.964) for AIRS CO and MOPITT CO
respectively. AIRS CO showed a higher RI which can be attributed to its higher paired
measurement samples of 228 with GCO, compared to MOPITT CO’s 73. Both models’
reliability coefficients were within acceptable limits. Accuracy measures for the satellite
retrievals showed acceptable results of RMSE for AIRS CO (3.629 — 18.289) and MOPITT CO
(3.171-10.171). The MOPITT CO showed a better correlation compared to the AIRS CO. The
efficiency of the models as indicated by the NSE in Figure 5.5, displayed that both AIRS CO
and MOPITT CO had acceptable values (> 0.40) for all the season except for season SON where
AIRS CO recorded 0.317. The correlation of paired data over the 2015 — 2016 period yielded
coefficient value for AIRS CO and MOPITT CO in the range of (0.493 — 0.814) and (0.734 —
0.841) respectively. The reference AIRS CO - MOPITT CO model showed acceptable values
for the four performance indicators except for the SON season, where paired common days was
less than 5 (Table 5.4). The analysis revealed that the MOPITT CO product displayed the better
performance and therefore, is deemed the better-suited satellite CO measurement instrument
for users in the Zaria. To further improve our findings on the MOPITT CO analysis, we
compared the MOPITT CO surface variable (RetrievedCOSurfaceMixingRatioDay) with the
GCO. Using the above-listed performance measures, the results (Table 5.5) confirmed the
performance of the MOPITT CO surface, as still, the well-matched satellite CO instrument for

Zaria users.

Table 5.5. Seasonal performance of MOPITT CO surface estimates against validated GCO

Pollutant Collocating Indicators Seasons
Instrument
DIJF MAM JIA SON
Sample size, n 26 21 6 20
GCO/ A 0972 0.970 0914 0.975
(6{0) MOPITT co . RMSE 7997 9.113 6.162 3.005
Surface Mixing Ratio
NSE 0.417 0450 0.462 0.520
R 0.732 0.875 0.910 0.895
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Our evaluation of the MOPITT CO estimates for city-scale monitoring are similar to
documented studies on comparison using validated ground measurements (Barret et al., 2003;
Asatar and Nair, 2010; Zhang et al., 2016; Buchholz et al., 2017) and better than Sukitpaneenit
and Oanh (2014) (Figure 5.6a).

(a)

*GCO-MOPITT Surface CO
Buchholz et al., 2017 ]
Zhang et al., 2016 | |
Sukitpaneenit and Oanh, 2014 | |
Asatar and Nair, 2010 |
Barrett et al., 2003 O

0.1 0.3 0.5 0.7 0.9

7
Z

Range of Correlation (R)

(b)
*GPM-MODIS AOD e
Kong et al., 2016 1
Bibi et al., 2015 L1
Sukitpaneenit and Oanh, 2014 1
Yap and Hashim, 2013 Ol
Filip and Stefan, 2011 C 1
Liu et al., 2007 I
0.4 0.6 0.8 1

Range of Correlation (R)

Figure 5.6. The range of correlation coefficient obtained in comparison with similar literature
(a) ground CO-MOPITT CO, (b) ground PM-MODIS AOD; (*) shaded bars — authors’ findings

5.3.2.2. AOD analysis

In Figure 5.5, the reliability of the collocating satellite datasets across the seasons
averaged 0.885, 0.946 and 0.944 for OMI AOD, MODIS AOD and MISR AOD respectively.
These values were within acceptable limits. RMSE ranged from 0.094 — 0.937, with MISR
AOD recording the most precise of the three models. For model efficiency, the MODIS AOD
averaged highest with 0.430, followed by MISR AOD with 0.424 and finally OMI AOD with
0.406. They were all within acceptable limits (NSE > 0.40). Correlating satellite retrievals with
respective GPM, the model estimations (R) varied from (0.343 — 0.878), (0.587 — 0.922) and
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(0.481 — 0.950) for OMI AOD, MODIS AOD and MISR AOD respectively. On average, the
MISR AOD outpaced other comparatives in the DJF and MAM seasons. The performance
reduced in the latter part of 2016. This can be attributed to its reduced sample size during the
JJA and SON seasons (N = 16). Analysis between AOD satellite-satellite retrievals revealed
that none of their comparisons had collocating paired data (common days greater than 5) for all
the seasons of the study period. While MODIS AOD - MISR AOD was affected in SON and
OMI AOD - MODIS AOD in JJA and SON, OMI AOD - MISR AOD was affected for the
entire study period. The MODIS AOD valuation using validated ground PM measurements are
similar to results drawn from other comparative in-situ PM and MODIS AOD studies (Liu et
al., 2007; Filip and Stefan, 2011; Yap and Hashim, 2013; Sukitpaneenit and Oanh, 2014; Bibi
et al., 2015; Kong et al., 2016). Our findings are within the acceptable range established by
similar literature (Figure 5.6b). This reveals that MODIS is the most suited satellite PM

measurement instrument for users in the Zaria metropolis, Nigeria.

5.4. Conclusion

Studies have established that satellite datasets from remote sensing of surface air quality
contain a wealth of knowledge that is still being exploited, thus, the need to evaluate satellite-
based pollution monitoring to specific areas or regions of the world. In a limited resource
environment like Nigeria, portable pollutant monitors are being embraced for air pollution
monitoring. This study utilized validated MSA Altair 5x gas sensor and the CW-HAT200
particulate counter to evaluate the city-scale monitoring capability of selected NASA pollution
monitoring instruments. The findings revealed that the MOPITT CO and MODIS AOD are the
better-suited satellite pollution estimates for representing ground-level CO and PMuo
measurement within Zaria metropolis, Nigeria. Our city-scale evaluation of satellite pollution
estimates using portable monitors was within acceptable boundary limits when compared to
other similar studies that utilized the reference pollution monitoring stations. These findings
pilot a fundamental issue in air pollution monitoring within the Nigerian frontier, where none
has been previously carried out. We are optimistic that our findings offer Nigeria’s air quality
planners with the framework of portable cost-effective pollutant monitors and satellite air
pollution measurements, to mitigate the adverse impacts of air quality within its rapidly

growing population and scarce air quality information.
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Chapter 6

Appraising the effects of atmospheric aerosols and ground
particulates concentrations on GPS-derived PWV estimates®®

Abstract

In 2016, three Nigerian cities were listed amongst the World’s most polluted in terms of
particulate matter (PM). Acknowledging Nigeria’s limited resources for outdoor air pollution
monitoring, this study attempts to investigate the effects on atmospheric aerosol optical depth
and ground PM on GPS derived-precipitable water vapour estimates. The study utilized
available GPS-derived precipitable water vapour (GPSpwv), the moderate resolution imaging
spectroradiometer aerosol optical depth (MODISaop) and the ground-level particulate matter
of less than 10 microns (GPM) datasets for December 2015 — November 2016. All the datasets
were tested for normality. To evaluate the atmospheric aerosol properties, the MODISpwv
estimates were pre-validated using the GPSpwv measurements. The results revealed GPSpwv-
MODISpwy agreement (R = 0.964; RMSE = 3.810 mm). The GPSpwv-MODISaop analysis
showed the relationship (R <-0.636;, RMSE < 0.563) for the atmospheric aerosol experiment,
while the collocating GPSpwv-GPM seasonal analysis also revealed a significant correlation
(R < -0.660). The correlation of combined seasonal datasets for the GPSpwv-MODISaop and
GPSpwv-GPM relationships showed high negative correlation values of 0.79 and 0.68
respectively. The findings of this study are in agreement with similar related studies, as well as

serve as position accuracy for future related studies.

Keywords: GPS PWV; MODIS AOD; Particulate Matter PM1o; Nigeria

$5This chapter is a formatted text of a peer-reviewed journal article described as follows:

Aliyu, Y.A. & Botai, J.0. 2018. Appraising the effects of atmospheric aerosols and ground
particulates concentrations on GPS-derived PWV estimates. Atmospheric Environment, 193: 24-
32. https://doi.org/10.1016/j.atmosenv.2018.09.001
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6.1. Introduction

Atmospheric water vapour plays a crucial role in the Earth’s climate system as well as
the monitoring of aerosols/particulate properties (Solomon et al., 2010; Zhang et al., 2017).
Despite its importance to a wide range of spatial and temporal atmospheric processes, it is one
of the poorly understood components of the Earth’s atmosphere (Boutiouta and Lahcene, 2013).
Observational studies have reported that the intensity of aerosol particles contributes to climatic
variables such as precipitation of liquid water and electrification of thunderstorms (Middey and
Chaudhuri, 2013; Zhao et al., 2016). The significance of atmospheric studies for aerosol/water
vapour projections has attracted earth observation satellites and global positioning system
(GPS) approaches (Nordio et al., 2013; Ortiz de Galisteo et al., 2014).

Scientists have since embraced the concept of GPS meteorology as it provides the ability
to measure atmospheric water vapour content for application in diverse topics such as
atmospheric chemistry and global climate change (Bevis et al., 1992). GPS offers consistent
and precise  atmospheric  information  for  precise-point  positioning  (PPP),
ionospheric/tropospheric studies and general environmental assessments that can be used for
sensing atmospheric water vapour contents (Zumberge et al., 1997). The GPS signals recorded
using ground-level continuous operating reference station (CORS), are usually subjected to
various attenuations such as multipath, ionosphere/troposphere delay and signal strength
fluctuations. Some of these signal attenuations are presently being assimilated into models for

aerosol evaluation.

Since the introduction of the space-based pollution monitoring instruments in the mid-
90s, the instruments have continued to display increased user-friendly proficiency for
atmospheric processes estimations in 4-dimensional resolution (Duncan et al., 2014; Tsay et
al., 2016). Aerosols (particulates) are a composite combination of suspended solid and liquid
elements (excluding cloud units) that are being monitored using satellite-based instruments
(Gupta et al., 2006). They are an essential component of the climate system and a major concern
of the earth’s existing anthropogenic radiative force. To minimize these concerns, precise and
regular appraisal of these aerosols’ distributions are necessary so as to regulate its negative
impact on man’s environment. Accurate monitoring of atmospheric processes such as aerosols
and trace gases are also vital for developing efficient local, regional or global climate models
(Madrigano et al., 2013; Chew et al., 2016).
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Air pollution remains a serious environmental challenge in many developing countries
(Lau and He, 2017). Nigeria accommodates Africa’s largest sophisticated population, many of
whom continue to migrate to the high-density settlements that surround the urban cities. Three
of its developing cities (Onitsha, Kaduna and Aba) were listed amongst the World’s top ten
most polluted cities (Figure 6.1), in terms of the particulate matter of less than 10 microns
(WHO, 2016). Nigeria is reported to have five air monitoring stations established by the
Nigerian Meteorological Agency (NIMET) (UNEP, 2015), their operational status remains

sceptical as the review of the literature showed that there is no record of their data being utilized.

Onitsha, Nigeria H 594
Peshawar, Pakistan ] 540
Zabol, Iran ] 527
Rawalpindi, Pakistan ] 448

Kaduna, Nigeria H B 423

Aba, Nigeria = g 373
Riyadh, Saudi Arabia ] 368
Al Jubail, Saudi Arabia ] 359
Mazar-e-Sharif, Afghanistan ] 334
Gwalior, India ] 329
0 100 200 300 400 500 600
pgm-

Figure 6.1. The World’s 10 most polluted cities in terms of particulates less than 10 microns,
modified after the (WHO, 2016). The shaded column highlights the Nigerian cities.

Satellite-based observations provide a comprehensive view of the earth’s atmosphere
(Streets et al., 2013) and serve as a practical means for the retrieval of both water vapour and
aerosol estimates in a limited resources environment like Nigeria. If the precision and
legitimacy of satellite-based estimates are to be verified, the availability of ground-based
pollution network/dataset is crucial. Ground-based GNSS operates a meteorological technique
whereby its signal delays can be used to derive PWV estimates (Boutiouta and Lahcene, 2013).
GNSS remote sensing is becoming necessary due to the technical improvements applied to their
inexpensive processing and easy-access of weather insensitive signals (Bonafoni and Biondi,
2016).
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It is important for a country like Nigeria to exploit available resources for mitigating
particulate air pollution. It is on this basis that this study utilizes the seasonal variability of input
parameters; GPS-derived precipitable water vapour, MODIS AOD estimates and ground PM
measurements, to appraise the effect of atmospheric aerosols and ground particulates
concentrations on GPS derived PWV estimates. This study plans to direct a latent position for
Nigeria, on the practicability of its existing Nigerian global navigational satellite system
reference network (NIGNET) for ground particulates and atmospheric aerosols monitoring. The

data processing techniques are described as follows.

6.2. Methodology
6.2.1. Study area

Nigeria established a GNSS Reference Network (NIGNET) through a joint
collaboration between Nigeria’s Office of the Surveyor General of the Federation (OSGOF)
and the Africa Reference Frame (AFREF) programme (Ayorinde et al., 2016). The ABUZ
station was utilized for the extraction of the GPS PWV estimates (Figure 6.2). The ABUZ
station is hosted in the main campus of the Ahmadu Bello University Zaria, northern Nigeria.
The ABUZ station is hosted in the main campus of the Ahmadu Bello University Zaria, northern Nigeria.
The climate within the study area is categorized into dry (October—May) and wet (June—
September) seasons. It is further characterized by the peak low temperature (14.1 °C) during
the harmattan in January and the peak high temperature (35.2 °C) in April. The ABUZ
Continuous Operating Reference Station (CORS) is a Trimble NETRS8 receiver type with
antenna TRM59800.00. The system(s) of observations are GPS and GLONASS. The vertical
antenna height specification is 0.17m. The ABUZ station utilized in this study was adopted for
two reasons. First, it is the only study location with collocating time-series atmospheric and
ground particulates (aerosols) measurements, to achieve the study objectives. Secondly, Abbasy
etal. (2017) have endorsed the practicability of utilizing a single GPS station for meteorological
studies. The meteorological parameters (surface temperature and pressure) required for the
ABUZ GPS derived PWV estimates were synchronized with existing automatic weather
observing station (AWQOS). The derived PWV were extracted from GPS data obtained in
Receiver Independent Exchange (RINEX) format. The ABUZ RINEX observation sampling
frequency is 30 secs and was accessed via NIGNET portal
(http://www.nignet.net/data/RINEX).
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Figure 6.2. The ABUZ NIGNET station situated within the Ahmadu Bello University Main
Campus, Zaria — Nigeria from which precipitable water vapour (PWV) estimates were
extracted for this study

6.2.2. GPS PWV estimates

To extract the PWV estimates for precise-point positioning (PPP), the GPS RINEX
observation data was processed using WaSoft GNSS software designed by Wanninger (2000)
and validated by Schroder et al. (2017). We utilized International GNSS service (IGS) final
paths and earth revolution parameters for tropospheric delay derivation and antenna phase
centre offsets. Satellite elevation mask of 10 degrees was adopted (Kouba, 2009). The
Saastamoinen model (1972) plus random-walk mechanism from meteorologically sourced
global pressure and temperature (GPT) model was employed as a priori tropospheric model
while the zenith delay was processed via the Vienna mapping function (VMF) (Boehm et al.,
2006). The WaSoft software is capable of determining the three-dimensional data as well as

tropospheric factors, which incorporates the Zenith Tropospheric Delay (ZTD).

We transferred atmospheric temperature and pressure to the ABUZ station from the

nearby meteorological (AWOS) station using Equation (6.1) (Bai and Feng, 2003; Musa et al.,
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2011). We took into consideration the horizontal distance and observation height between the
GPS and AWOS station (Table 6.1).

TGN&Y = ’IZMAS’L —0.0065x H, GNSS
5.225 (61>

Pinss = Py (1—0.0000226 X Hi5 )
Where Tonss; Ponss are the respective reduced temperature and pressure at the ABUZ station of
interest, Tums; Pums. are the respective temperature and pressure values at the automatic weather
observing station (AWOS) mean sea level. The Equation (6.1) takes into consideration, possible
variability in the sensitivity of temperature and pressure at the GNSS antenna height, Honss.

Table 6.1. Properties of the ABUZ station and the matching AWOS station from which
meteorological parameters were interpolated to the actual station level (modified after Isioye
etal., 2017)

GNSS station AWOS station . Station height (m)
GNSS coordinate AWOS coordinate Horizontal Y
: . distance
Station Longitude  Latitude station Longitude  Latitude (m)
ongri GNSS  AWOS
(deg.) (deg.) (deg.) (deg.)
ABUZ 7.65 11.15 Zaria 7.68 11.10 6855.03 705.05 655.00

To apply GNSS for meteorological purposes, it is necessary to scale down the Zenith
Tropospheric Delay (ZTD) into its constituent fractions; the zenith hydrostatic delay (ZHD)
and zenith wet delay (ZWD). The ZHD is majorly accountable for the ZTD (~ 90% using
experimental models with given surface temperature and pressure). The ZWD is of
meteorological importance, due to its significant relationship with humidity changes both
spatially and temporally. The PWV can be derived from ZWD as described by Bevis et al.
(1994) in Equation (6.2).

6
PV = 10 x(ZTD - ZHD) (6.2)

Ry py (K, +K,/T,)

pw - Water density; Rw - water vapour specific gas constant {461.525 + 0.003 [J kg K™]}; k%
and ks - [refraction constants in K mb™(22.1 + 2.2 K mb* and 373900 + 0.012)]; Tm - weighted
mean temperature in troposphere gauged in Kelvin; PWV - precipitable water vapour

The mean temperature (Tm) utilized for the extraction of the PWV estimate is described
in Equation (6.3) below.
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To, ff and A are meteorological parameters; H — orthometric height in metres; 1’=A+1 (unitless);
R is the gas constant for dry air (287.054Jkg*K™); gm — gravity acceleration at the atmospheric
column centroid in ms™,

Applying Saastamoinen (1972) model for the ZHD constituent and meteorologically
sourced global pressure-temperature (GPT) model, a simplified PWV (mm) relationship to

Z\WD is described in Equation (6.4) as follows:

(6.4)

PWV:ZWDX{9.80392— 16917.64 }

0.053499T, +1739.07624

ZWD = zenith wet delay; Ts - surface temperature measured in Kelvin

6.2.3. Atmospheric aerosol estimates

MODIS is the most appropriate atmospheric satellite information for investigating
aerosols with proficiency for local, regional and global scale air pollution monitoring (Ali et
al., 2017). It comprises of 36 spectral bands for precise observation of atmospheric heat and
humidity, as well as its constituents which include aerosols and trace gases (Misra et al., 2015).
The algorithm for the MODIS aerosol optical depth (AOD) retrieval is centred on the theory of
recording aerosol reflectance from reflectance at the atmospheric top using Rayleigh path
radiance and surface reflectance. This is expressed by Wong et al. (2008) using Equation (6.5).

pTOA(001051¢) =
TTot (90) x TTot (95) x pSurf (90’95)
1_pSurf (00’05) X rHem (TTot’ g)

0o - peak slant of sun; s - peak slant of satellite; ¢ — clockwise horizontal slant from meridian;
p(0) - phase function (angular dispersal of scattered light); parm - atmospheric path reflectance;
g - asymmetry parameter; tHem (zTot, g) - hemispheric reflectance; wo — single scattering albedo;
Tot (Mo) - total transmittance; psurf (B, ds) - surface reflectance; zaer, Tray and zrot - aerosol optical
thickness, Rayleigh optical thickness, and overall optical thickness respectively.

Par (65,65, 0, T per TRay " p(0), w,) + (6.5)

The Rayleigh path radiance is obtained from Equation (6.6) by computing its spectral

requirements and phase function, as described by Bucholtz (1995).

TRay(ﬂ’) — P % /’L'(Q+RZ+S/1) X % (66)
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where P, Q, R, S are the standard atmospheric aggregate of Rayleigh scattering cross-section
plus volume scattering coefficients while p(h), the appropriate height pressure is defined in
Equation (6.7).

-29.87 x g x 0.75 x h

6.7
8.315 x (Tg - g x 0.75 x h) ©.7)

p(h) = po x exp{

Where h — altitude from digital elevation model; g —acceleration due to gravity and Ts — surface
temperature

For the MODIS aerosol estimates, the deep blue level 3 version 5.1 aerosol products
(http://disc.sci.gsfc.nasa.gov/SSW/#keywords=MYD08 D3 5.1) was adopted for its
geophysical parameter, averaged into (-90.0° to +90.0°) latitude and (-180.0° to +180.0°)
longitude grid cells (Tian et al., 2014). The variable
[Deep_Blue_Aerosol_Optical_Depth_Land_Mean] takes the convenience of the dark-exterior
attributes at 0.47 pm blue wavelengths and frail dust penetration at 0.65 pm red wavelength
(Shi et al., 2013; Misra et al., 2015). The downloaded MODIS precipitable water vapour
variable (IR retrieval) datasets were accessed using Panoply software (Vollmer, 2010). The
subset MODISaob and MODISpwy estimates were then collocated over the ABUZ station using

the Kriging interpolation mechanism (Araki et al., 2015; Li et al., 2016).

6.2.4. Ground particulate measurements

The use of efficient portable sensors for particulate matter (PM1o) measurements is
getting major attention across the globe (Liu et al., 2014; Li and Biswas, 2017). The study
utilized the validated Chinaway CW-HAT200 particulate counter, to obtain ground samples
measurements for PM1o in (microgram per meter cube, ug m) using the laser diode principle.
The sample measurements were collected for the duration of 1 year (1 December 2015 — 30
November 2016) and collocated with the available daytime averaged ABUZ GPSpwv and
MODISaop estimates. Instrument background and pump flow were also examined prior to
conducting each measurement session. The portable PM1o instrument was validated using the
WHO air filter sampling technique, described in Efe and Efe (2008). The validation results are
displayed in Figure 6.3.
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Figure 6.3. Agreement and linear regression plots showing the bias and coefficient of
determination between the TSP and the CW-HAT200 particulate monitor samples at two
sample sites (a) control site, (b) dense activity site (modified after Aliyu and Botai, 2018)

6.2.5. Data analysis approach

The study is interested in evaluating the effects of atmospheric aerosols and ground
particulates concentrations on GPSpwv estimates. Figure 6.4 highlights the flowchart which
describes the steps taken to achieve this study. The datasets utilized in this study covered the

duration of 1-year (December 2015 — November 2016).
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Figure 6.4. Flowchart of the data analysis steps

The assimilation process for aerosol estimation using GPS-derived PWV estimates
involves three empirical steps (Equations 6.1 — 6.3). First, we determined the ZTD. It is the
GNSS signal attenuation primarily responsible for indicating precipitable water vapour contents
(Bevis et al., 1994; Rohm et al., 2014). Second, we utilized the GPS meteorology concept. This
extracts the precipitable water vapour (PWV) from the GPS-ZTD estimates given that the
atmospheric temperature and pressure at the ABUZ station is known (Isioye et al., 2017).
Finally, we utilized literature which indicated that water vapour takes out aerosol from the
atmosphere that usually occurs as a result of particulate matter (PM) floating in the air/gas or

dissolved in water. PM is a major contributor of aerosol constituents in the troposphere from
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which the PWV is derived using the GPS ZTD signal (Lau and He, 2017). It has been
established that PWV and particulates (aerosols) have a significant inverse relationship (Gui et
al., 2017a). Furthermore, the degree of relationship between the PM and AOD quantities have
established by literature. Their relationship can be determined using their level of correlation
(Schafer et al., 2008; Yap and Hashim, 2013). This practical approach is acknowledged for
examining PM concentration from satellite remote sensing AOD data. A full data processing
technique for relating PM with AOD is discussed in Filip and Stefan (2011).

To ensure the reliability of our results, we adopted four performance indicators to
evaluate the GPS-derived PWYV estimates for aerosol monitoring. The indicators include: alpha
data reliability (Le Boennec and Salladarré, 2017), correlation coefficient (R) (Murphy, 1988)
and root mean square error (RMSE) (Chai and Draxler, 2014). They are represented
mathematically in Equations (6.8 — 6.10). The alpha data reliability index computes the average
factor by which observed measurements of interest differ from one another. The correlation (R)
weighs the level of variability in the actual values that is explained by the model. RMSE
expresses the difference between observations predicted by a model.

N-C

“= R N-T (©5)

n

2(P=P)(0,-0))

R=— = (6.9)

(-7 S0 -o) |

i=1 i=1

i

RMSE:[li(O,, —P,,)ZT (6.10)
7

i=1

where N is the sample size, c is average covariance between the GPSpwv estimates (Oi) and the
predicting MODISpwv and MODISaop estimates (Pi), & is the average variance, Oi is the time
series of reference GPSpwv estimates, Pi, is the time series of predicted MODISpwyv and
MODISaop models, © and P denote the averages of the reference and predicted model values;
N indicates the number of observation samples.

The statistical analyses were performed using Microsoft Excel 2013, Sigma Plot and
SPSS software. MATLAB was also exploited to generate some of the plots which were

presented.
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6.3. Results and discussion

The distribution of the GPS-derived PWV (GPSpwyv) estimates over the ABUZ station
was analysed for skewness and kurtosis. The GPSpwyv data revealed a skewness value (- 0.256)
and kurtosis value (-1.509). The standard error across the GPSpwv variables is 1.240 mm. This
indicated that the GPS-derived PWV estimates were normally distributed with the 95%
confidence interval. To further certify the assumption of normality, the Shapiro-Wilk’s test
based on an empirical standardization of the GPSpwv observation residuals was conducted. The
test displayed a value of 0.890. For the MODISpwv, the value for skewness and kurtosis is -
0.312 and -1.426 respectively. The Shapiro-Wilks test of the MODISpwv observation residuals
is 0.882. These results did conclude that the GPSpwv observations are normally distributed.
Figure 6.5 illustrates the time-series data of the collocating average PWV estimates from the
ABUZ and MODIS instruments for the time interval (1300 — 1415 hours). The time series data
revealed varying data breaches for the collocating observations. While the data gap for the
ABUZ station is restricted to hardware issues, he MODIS breaches is as a result of the Lance-
MODIS latency plus hardware issues.

ABUZ —e—MODIS

50
—~ l \
E4O e \ ”..‘( ‘ M
EX Lk A ) TE ‘r
> 20 ' 11
Elo '
0
HOUONDDOMOMNTAOLOLANDDOMONNT IO NDDOMOIDNS 0L
AN ANMTOODOMNNMNOOOODO TN NMESTOOOON~NOOOO O N
A A ddAd A A A A A A A NNNN
Sample Days

Figure 6.5. Time series of collocating averaged PWV from the ABUZ station and MODIS
instrument for the study period (available sample days’ equals 232)

6.3.1. Effects of MODISaop concentrations on GPSpwy

Prior to the GPSpwv-MODISaop investigation, we conducted a pre-validation of the
MODIS instrument (MODISpwv) using the GPSpwv measurements. The MODISpwy estimates
were extracted from the MODIS MYDO08 D3 5.1 IR retrieval variable. We utilized available

GPSpwv data for the study period. The available datasets were categorized across seasons;
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December-January-February (DJF), March-April-May (MAM), June-July-August (JJA) and
September-October-November (SON). The time-analysis in Figure 6.5 showed that MODISpwv
recorded good correlating estimates when compared to the GPSpwv estimates over the ABUZ
station. Figure 6.6 displays the Bland-Altman agreement plot, linear regression and boxplots of
the compared PWYV residuals. The daily average PWV (mm) recorded across the collocated
stations ranged from (4.60 — 49.66) and (2.25 — 45.09) for GPS and MODIS instrument
respectively (Figure 6.6b).
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Figure 6.6. (a) Difference - linear regression plot of the GPSpwv and MODISpwy estimates (b)
Boxplots showing the range of PWV values

The GPS data acquisition process revealed that there were no available datasets for SON
season. From Figures 6.5 and 6.6, it can see that the MODISpwv estimates showed a good linear
agreement with GPSpwv estimates. Table 6.2 illustrates the GPSpwv-MODISpwy validation
results. The descriptive revealed good GPSpwv-MODISpwyv agreement at surface level (R =
0.96; RMSE = 3.81). This MODISpwv validation is within the range of acceptable results, when
compared to similar research findings on PWV validation (Tsidu et al., 2015; Gui et al., 2017Db)

but slightly lower than Ningombam et al., (2016). From Table 6.2, we can also conclude that
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the computed alpha reliability, correlation coefficient, root mean square error and bias, were
within the range of PWV estimation with GPS positioning.

Table 6.2. Performance statistics between GPSpwv and MODISpwv retrievals estimates

GPS station Season a R RMSE (mm)  Bias (mm)
DJF 0.98 0.77 1.03 5.46
MAM 0.99 0.93 3.42 2.94
ABUZ
JJA 0.98 0.79 3.95 6.49
Combined  0.97 0.96 3.81 441

To determine the effect of MODISaop concentrations on GPSpwy estimates, MODISaop
estimates were collected over the ABUZ station collocating with the GPSpwv estimates for the
study period. The MODISaop measurement over the ABUZ station was obtained after the initial
spatial boundary box sub-setting and subsequent Kriging interpolation described in Aliyu and
Botai (2018). The descriptive statistics of the MODISaop estimates over the ABUZ station
showed that the standard error of mean ranged from 0.04. The standard error of skewness and
kurtosis were computed as 0.17 and 0.34 respectively. The Shapiro-Wilks test of normality
(0.83) also indicated that the estimates are normally distributed over the ABUZ station. All the
collocating data observations (GPSpwv and MODISaop) indicated strong reliability (a > 0.90)
over the ABUZ station. Figure 6.7 displays the time-series of the MODISaop measurements
against the GPSpwv estimates.

—e—MODIS AOD* (No unit)  —&—ABUZ PWV (mm)

4 60
©0 3 >
o) 40
;
<E1 20

0 0

Sample Days

Figure 6.7. Time-series of the collocating averaged GPSpwv estimates and MODISaop
measurements
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The GPSpwv and MODISaop measurements were significant (p < 0.05). The GPSpwv
and MODISaob analysis showed good correlation performance (R <-0.64) with the JJA season
recorded the better performance (R = -0.79; o = 0.999; RMSE = 0.46). Our finding for the
GPSpwv - MODISaop analysis does agree with Gui et al. (2017a) that evaluated atmospheric

aerosols with PWV estimates from radiosondes and weather stations.

6.3.2. Effects of GPM concentrations on GPSpwv

Secondly, we evaluated the applicability of the GPSpwv estimates derived from the
ABUZ station for monitoring ground particulate matter (GPM) measurements. We utilized the
available collocating GPM time-series data. The linear relationship between the GPSpwv and
GPM measurement is illustrated in Figure 6.8. Table 6.3 also displays the descriptive statistics

of the collocating GPM measurements.

—A&—ABUZ PWV (mm)  —e—Ground PM10 (ugm-3)

1000
800
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400
200

PWV

Particulates

Figure 6.8. Time-series of the collocating averaged GPSpwy estimates and GPM measurements

In Table 6.3, we can see that the probabilities of datasets normality are greater than 0.05,
thus the null hypothesis (Ho) is accepted. This indicates that the datasets are normally
distributed as well as within satisfactory skewness and kurtosis. Also, the MAM and JJA season
recorded higher GPM concentrations. This could be attributed to the massive construction

activities that commenced within the study area.
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Table 6.3. Descriptive statistics of collocating GPM measurements

Season DJF MAM JJIA
Mean (ug m=) 309.08 300.94 224.01
SE of mean 12.24 10.99 9.71
SD 127.25 114.30 100.90
Skewness 1.12 0.49 0.167
Kurtosis 1.28 -0.12 -1.01
Shapiro-Wilk’s Test 0.92 0.97 0.97

For the comparative results of the GPM concentrations against the GPSpwv estimates.
The GPSpwv and GPM measurements were significant (p < 0.05). Similarly, the GPSpwv and
GPM analysis showed good correlation (R) range of values (-0.66, -0.67 and -0.79) for the DJF,
MAM and JJA seasons. The GPSpwv-GPM recorded the better relationship (R = -0.79; a =
0.99; RMSE = 2.39) in the JJA season. This is also similar to the GPSpwv-MODISaop
comparison. This indicated that the presence of ground-level particulates resulting from
anthropogenic activities contributes significantly, to the atmospheric aerosol concentration
within the study area. There are very limited studies that have performed the GPSpwv-GPM
analysis. However, this correlation coefficient was satisfactory, if compared to AOD — PMag
study (R = -0.70) reported by Filip and Stefan (2011). Furthermore, the GPSpwv-GPM

investigation can contribute to the position accuracy for similar related studies in the future.

From the above-described results, we can conclude that the prediction of MODIS AOD
and particulate matter, PM1o from GPSpwv estimations, does provide a convincing argument
for the study location. The better performance of the GPSpwv-GPM to the GPSpwv-MODISaob
can also be attributed to the alternating humidity and cloud across the study seasons, as it may

impact negatively on the MODIS retrievals thus responsible for observation variations.

6.4. Conclusions

With the World Health Organization reporting alarming particulate pollution level
across Nigerian cities, this paper presents seasonal variability of the input parameters; GPS-
derived precipitable water vapour, MODIS AOD estimates and ground PM measurements over
Zaria, Nigeria for December 2015 - November 2016. We examined the effect of atmospheric

aerosols and ground particulate matter concentrations on GPS derived precipitable water

123

© University of Pretoria



-

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Qo

estimates. The collocating datasets utilized for this study revealed satisfactory results for
skewness and normality. The MODIS-GPS pre-validation procedure results showed good
agreement for GPSpwv-MODISpwy across the instruments. The analysis of the GPSpwv-
MODISaop and the GPMpwv-GPM measurements revealed promising relationships which
were similar to related studies. The spatial variability of particulates/aerosols concentration
within the Nigerian territory cannot be ignored, thus the need to explore alternative operational
techniques for effective atmospheric pollution monitoring. Our study introduced a novel
physical mechanism of the PWV-PM relationship that can be utilized for future position
accuracy. The incorporation of our findings will provide a basis for the improved analysis of
the aerosol/particulates processes. These findings present applicability of the Nigerian GNSS
Reference Network (NIGNET) for monitoring ground particulates and satellite aerosol
measurements. Thus, the Nigerian air pollution planners can begin to consider its NIGNET
stations as an alternative for aerosol monitoring, taking into consideration its limited air

pollution monitoring capabilities.
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Chapter 7

Overview, conclusions and recommendations

7.1. Overview of study motivation

Air pollution is an endemic that should be of serious concern in a limited pollution
monitoring resource environment like Nigeria. Nigeria is experiencing a rapid increase in
anthropogenic activities, that continues to be compounded by the unchanging effort to monitor
air pollution exposure within its population. Despite efforts by individual researches within
Nigeria to evaluate atmospheric pollution effects, the Nigerian population upsurge and struggle
reveal that the efforts are still inadequate. Portable pollutant monitors have proven to be a viable
alternative to the present reference monitoring methods, thus providing acceptable quality
observations at local and regional scales. It is for this reason that this study attempted to tackle

important issues that confront Nigeria’s air pollution status.

The PhD syllabus presented in this thesis is the result of a four-year multidisciplinary
effort on improving air pollution innovation for Nigeria using one of its cities. The wider
context investigated in the course of this study was formulated from an aim towards city-scale
atmospheric pollution monitoring in a limited resource environment utilizing portable remote
pollutant sensors. This was achieved with the introduction of an empirical multi-technique

approach for air pollution assessment.

This thesis is self-initiated with bursary support from the University of Pretoria, South
Africa; Ahmadu Bello University, Zaria, Nigeria, the Surveyors Council of Nigeria among
others. With the global concerns on the rising air pollution level, especially in developing cities,
this study sought to address this by proposing a network of lower cost remote pollutant sensors
that can electronically detect airborne pollutants by exploiting the science of atmospheric

interaction.

This approach offered significant improvements to the currently available experimental
methods that have been utilized. The multi-technique air pollution monitoring approach enabled
the adoption of advanced data analysis tools within a limited resource environment. This created
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a robust air pollution monitoring, simplify atmospheric pollution measures and made

population exposure forecasting more efficient.

It is within this context that this PhD study focused on adopting a multi-technique
approach to address its four specific objectives that are fundamental to the success of the study:
first, determine the seasonal distribution of city-scale outdoor criteria pollutants in comparison
to locally and globally stipulated air quality indices; second, evaluate the effects of outdoor
pollution on the respiratory well-being of the exposed city population; third, appraise multi-
satellite datasets pollution monitoring capabilities using city-scale ground datasets as a city-
scale bottom-top analysis and finally investigate the effects of atmospheric aerosols and ground
particulates on the existing Nigerian GNSS signals, thus serve as a ground-surface aerosol

monitoring system.

7.1.1. Summary of principal findings

This thesis is a study that adopts a multi-technique approach to appraise city-scale
atmospheric pollution in Nigeria. This section summarises the scientific contributions of this

thesis, as follows:

e A review of the literature revealed that the mitigation of air pollution remains a
challenge in many Nigerian cities. Generally, the rationale for this type of study is
usually as a result of historical data availability. This, however, is not always possible
within the Nigerian context, since no prior data is available or has been collected.
This may perhaps be partly due to non-existent reference air monitoring facilities as
well as minimal collaborative efforts among environmental policy makers, academic
and research institutes leading to low research output on the collective use of modern

pollution monitoring technologies.

e Prior air pollution studies across Nigeria adopted portable pollutant monitoring
devices due to the non-availability of real-time pollution reference monitors across
its population. None of these studies has collected time-series ground-level criteria
pollutant measurements within the Nigerian territory. For this reason, a pilot phase
of city-scale air pollution monitoring becomes necessary. With the World Health

Organization (WHO) 2016 report introducing Nigerian cities amongst the World’s
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most polluted, this thesis presents the first time-series spatial and temporal analysis
of ground-level pollutant measurements in a Nigerian city. This was achieved using
validated portable pollutant sensors. The 1-year variation and trend of the ground
pollutant measurements provide vital analysis of a Nigerian candidate for World
Health Organization’s list of polluted cities, thus signifying a pilot step towards the
urgency of air pollution application in Nigeria.

e The thesis integrates time-series outdoor pollutant measurements and certified
population exposure health markers, to ascertain the degree of relationship between
measured outdoor pollution level and the exposed population. It presents the
exposure appraisal of outdoor air pollution on the respiratory well-being of a

Nigerian city population.

e For the first time, the study utilized the National Aeronautics and Space
Administration (NASA) satellite pollution measurements and portable pollutant
sensor datasets for ground-surface city-scale atmospheric pollution monitoring in
Nigeria. It identifies available alternative satellite air pollution measurements for

mitigating air quality effects within its limited resource environment

e The study synergizes observational datasets from the outdoor pollution
measurements, satellite pollution sensing instruments, Global Navigation Satellite
Systems Continuous Operating Reference Station (GNSS CORS) and Automatic
Weather Observing Stations (AWOS) within Nigeria. The satellite pollution retrieval
instruments are operated by NASA while the GNSS CORS is operated by Office of
the Surveyor General of the Federation (OSGOF) in collaboration with African
Reference Frame (AFREF). This provides an insight into the viability for Nigeria to
monitor atmospheric aerosol/ground particulate effects using PWV estimates from

the existing GNSS stations.
7.2.  Conclusions

The specific objectives of this thesis were addressed in the respective chapters. The

conclusion is hereby presented as reflected in the chapters.
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- Reviewing the local and global implications of air pollution trends in Zaria,

northern Nigeria

This chapter addressed the first objective of this thesis. It highlights the background
information on city-scale outdoor air pollution by providing operational prerequisites and
standards in comparison with the existing facilities available for an African city-scale air
pollution monitoring. A detailed review revealed that portable pollutant devices can be utilized
as a point of reference for city-scale air pollution studies. The study adopted portable pollutant
monitors that were validated with the World Health Organization (WHO) air filter technique.
Outdoor pollution measurements were collected over 19 ground sample sites for the period of
December 2015 — November 2016. The study revealed particulate matter (PM2.5 and PMz1o)
measurements that were high enough to place Zaria amongst the World Health Organization’s
most polluted cities. This thesis offers direction to Nigeria’s air quality policy organizers on
available alternative air pollution measurements for mitigating air quality effects within its

limited resource environment.

- An exposure appraisal of outdoor air pollution on the respiratory well-being of a

developing city population

This chapter addressed the second objective of this thesis. It utilized the outdoor
pollutant measurements to appraise its influence on the respiratory well-being of the exposed
population. The incorporation of pollution measurements, health records and questionnaire
field survey datasets provided a unique approach to evaluate the exposure appraisal to the study
population. The study findings showed that 2, 648 reported cases could have been avoided if
the WHO limit for PM2.5/10 had been adhered to. Regression analysis identified the PM2s as the
most predominant cause of respiratory symptoms among interviewed respondents. It concludes
that outdoor air pollution did significantly contribute to the respiratory health status of the study

population.

- Appraising city-scale pollution monitoring capabilities of multi-satellite datasets

using portable pollutant monitors

This chapter addressed the third objective of this thesis. It evaluated carbon monoxide
and aerosol contents in the city atmosphere by employing the MSA Altair 5x gas detector and

CW-HAT200 particulate counter to investigate the city-scale monitoring capabilities of satellite
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pollution observing instruments; atmospheric infrared sounder (AIRS), measurement of
pollution in the troposphere (MOPITT), moderate resolution imaging spectroradiometer
(MODIS), multi-angle imaging spectroradiometer (MISR) and ozone monitoring instrument
(OMI). comparative analysis revealed that MOPITT carbon monoxide (CO) and MODIS
aerosol optical depth (AOD) estimates are the appropriate satellite measurements for ground
equivalents in Zaria, Nigeria. The results were within the acceptable limits of similar studies

that utilized reference stations.

- Appraising the effects of atmospheric aerosols and ground particulates

concentrations on GPS-derived PWV estimates

This chapter addressed the fourth objective of this study. It utilized available GPS-
derived precipitable water vapour (GPSpwv), moderate resolution imaging spectroradiometer
aerosol optical depth (MODISaop) and ground-level particulate matter of fewer than 10
microns (GPM) datasets, to appraise the effect on atmospheric aerosol optical depth (AOD) and
ground PM on GPS derived-precipitable water vapour (PWV) estimate. All the datasets were
tested and were adjudged as normally distributed. The study conducted a pre-validation for the
MODISpwv estimates using the GPSpwv measurements. The correlation of combined seasonal
datasets for the GPSpwv-MODISaop and GPSpwv-GPM relationships showed significant
correlation values of -0.79 and -0.68 respectively. This chapter provided valuable particulates
- GPSpwv estimates assessment, which would serve as future position accuracy for similar

related studies.
7.2.1. The significant contribution of the study

In line with the goal of this study which was to conduct a city-scale appraisal of
atmospheric pollution in Nigeria using a multi-technique approach, the strategies adopted to
achieve the set objectives, the achieved findings and the resulting contributions are provided as

follows:

e The study conducted a field experiment from which it generated novel time-series
outdoor pollutant measurements using validated portable pollutant monitors, to

determine the spatial variability of outdoor air pollution in a Nigeria city.

e The study established that day-time outdoor air pollution levels have exceeded the
air quality threshold stipulated by the World Health Organization (WHO) for
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measured pollutants. That is, outdoor pollutant measurements in the study area were
high enough to place it amongst the WHO list of polluted cities.

e The study determined the spatial/statistical dependence of the measured outdoor air
pollutants and their effects on the exposed study population within the study area.
This can be adopted for control measures, diligent resource management and public

awareness by the Nigerian environmental policy planners.

e The study established city-scale accuracies between the measurements from the
portable pollutant devices and selected remotely-sensed pollution retrieval datasets
operated by the National Aeronautics and Space Administration (NASA).

e The study established that GPS-derived precipitable water vapour (PWV) estimates
can be utilized for appraising atmospheric aerosols and ground-level particulate

concentrations. It also presents a future position accuracy for similar related studies.
7.2.2. Limitations of the study

Amidst significant findings of this study, it cannot be said to be free of limitations. There
may be concerns about the possible effect of meteorological factors and non-climatic factors
such as population growth/economic status, not considered in this study. Additionally, there
might be concerns about the sampling datasets being limited to 1 year. The portable pollutant
monitors utilized for the study were procured solely for the purpose of the PhD study. Thus, the
reason why the observation datasets were limited to December 2015 and November 2016.
Another drawback of the ground-based pollutant datasets is that they do not provide
atmospheric profile information. The missing night-time air pollution measurements can also
be seen as a challenge to the real-world applications of atmospheric pollution monitoring. This
data gap is attributed to a number of reasons ranging from the security of the life of the
researcher to likely possibilities of theft and vandalism. Thus, the reason why the study

data/analysis was restricted to day-time sampling site locations.

7.3. Recommendations

The experience achieved during the course of this study has without any doubt shed

light on the possibilities of continued research on atmospheric pollution monitoring, especially
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within a limited resource environment. A number of future research perspectives are

highlighted below:

e Future studies should be conducted in Nigeria to improve the procedure and
applicability of the portable pollutant measurements. It should also consider the
above highlighted climatic/non-climatic factors so as to provide a robust prediction
monitoring of the spatial and temporal pattern of atmospheric pollution across

Nigerian cities.

e Inthis study, the MSA Altair 5x multi-gas detector and the Chinaway CW-HAT200
particulate counter were utilized to provide ground pollution measurements. Another
promising area is in the field of portable pollutant monitor design. Future research
should make use of a different brand(s) of portable pollutant monitors. This would
provide a performance gateway for future research using portable pollutant estimates

pending the densification of reference pollutant monitors in Nigerian cities.

e As a step towards a more efficient population exposure assessment due to air
pollution, there is a need for clear policies on health data sharing among the various
health/environmental organizations. This synergy will assist in real-time logging of
health risk data that will provide a more efficient exposed population

incidence/baseline rate.

e Future research should evaluate city-scale accuracies between ground measurements
and other non-NASA satellite pollution estimates within other African cities. This
will develop/improve on the top-bottom atmospheric pollution experiments at the
local scale. Also, since satellite pollution instruments do obtain atmospheric pollution
measurements across the vertical profile, it is recommended that future study should
adopt atmospheric profile techniques and dispersion factors, to attain effective

atmospheric operational status.
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Appendix B. Ethics approval — Kaduna State Ministry of Health, Kaduna, Nigeria
(MOH/ADM/744/VOL.1/448)

MINISTRY OF HEALTH AND HUMAN SERVICES

KADUNA STATE, NIGERIA

MOH/ADM/744/VOL.1/448 29TH AUGUST,2016

NOTICE OF APPROVAL AFTER FULL COMMITTEE REVIEW
GROUND AND SATELITE BASED RETRIEVALS OF AIR POLLUTION

CONCENTRATIONS AND TRENDS OVER ZAR!A METROPGLIS,NIGERIA.

Name of Principal Investigator: ALIYU YAHAYA ABBAS

Address of Principal Investigator: Dept.of Geomatics,Faculty of
Environment A.B.U-Zaria

Date of receipt of Application 5% August, 2016

Date of Ethical Approval 17" August, 2016

This is to inform you that the Kesearch described in the submitted Protocol, the Consent forms,
advertisements and othier participant information materials have been reviewed and given full
approval by the Health Research Eihics Committee (HREC).

If there is delay in starting the research or any change, inform the HREC so that the dates of
approval can be adjustad accordingly.

However, Researcher is kindly requesied to submit a copy of his/her findings to the State
Ministry of Health, please.

Wg. M. JATAU

CHAIRMAN

Independence Way, PM.B 2014, Kaduna, Kaduna State-Nigeria
Tel: +234 (0) 818 407 8693 | Website: www.kdsg.gov.ng | Email: health@kdsg.gov.ng
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Appendix C1. Ethics approval (use of datasets) - Faculty of Natural and Agricultural Sciences,
University of Pretoria, South Africa (EC170124-092)
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Faculty of Natural and Agricultural Sciences
Ethics Committee

E-mail: ethics.nas@up.ac.za
Date: 10 March 2017

ETHICS SUBMISSION: LETTER OF APPROVAL

Name of Applicant | Dr J Botai

Department Geography, Geoinformatics and Meteorology

Reference number | EC170124-092

Ground and Satellite Based Retrieval of Air Pollution and Trends over
Zaria, Nigeria

Title

Dear Dr Botai

The submission conforms to the requirements of the NAS EC. Any amendments must be
submitted to the NAS EC on a relevant application form as used for the original application
quoting the reference number and detailing the required amendment. An amendment would
be for example differentiating within the research target population.

You are required to submit a progress report no later than two months after the anniversary
of this application as indicated by the reference number. The progress report document is
accessible of the NAS faculty’s website: Research/Ethics Committee.

You are required to notify the NAS EC upon the completion or ending of the project using the
form Project Completed. Completion will be when the data has been analysed and
documented in a postgraduate student’s thesis or dissertation, or in a paper or a report for
publication.

The digital archiving of data is a requirement of the University of Pretoria. The data should
be accessible in the event of an enquiry or further analysis of the data.

The NAS EC wishes you well with your research project.

Yours sincerely,

Chairperson
NAS Ethics Committee
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Appendix C2. Ethics approval (engaging human participants) - Faculty of Natural and
Agricultural Sciences, University of Pretoria, South Africa (EC170124-093)

Faculty of Natural and Agricultural Sciences
Ethics Committee

E-mail: ethics.nas@up.ac.za

Date: 12/5/2017

ETHICS SUBMISSION: LETTER OF APPROVAL

Mr YA Aliyu

Department of Geography, Geoinformatics and Metereology
Faculty of Natural and Agricultural Sciences

University of Pretoria

Reference number: EC170124-093
Project title: Ground and satellite based retrievals of air pollution concentration and trends

over Zaria, Nigeria.

Dear Mr Aliyu

We are pleased to inform you that your submission conforms to the requirements of the
Faculty of Natural and Agricultural Sciences Ethics committee.

Please note you are required to submit annual progress reports (no later than two months
after the anniversary of this approval) until the project is completed. Completion will be when
the data has been analysed and documented in a postgraduate student'’s thesis or
dissertation, or in a paper or a report for publication. The progress report document is
accessible of the NAS faculty's website: Research/Ethics Committee.

If you wish to submit an amendment to the application, you can also obtain the amendment
form on the NAS faculty’s website: Research/Ethics Committee.

The digital archiving of data is a requirement of the University of Pretoria. The data should
be accessible in the event of an enquiry or further analysis of the data.

Yours sincerely,

P il
// ;

e

v —
Qfafi'person: NAS Ethics Committee
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