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ABSTRACT

The monitoring and analysis of formaldehyde (HCHO) column densities in urban
environments is crucial due to adverse impacts of trace gases on human health and the
environment. This study presents an in-depth investigation into the temporal
variability of HCHO column densities in Islamabad, Pakistan from 2015-2023.
Advanced ground-based instruments MAX-DOAS and NASA Pandora Spectrometer,
as well as satellite observations from OMI and TROPOMI instruments were used. The
study also presents a comprehensive analysis of meteorological parameters and their
role in tropospheric HCHO levels. Diurnal measurements of HCHO showed highest
levels during early morning and late evening hours due to the influence of
temperature, low solar radiation, and absence of radicals involved in atmospheric
chemical reactions. The seasonal cycle of HCHO showed higher levels during the
summer months, reaching a peak in June due to higher temperatures and resultant
biogenic emissions contributing to HCHO production. It was found to be the lowest in
winter owing to lower solar irradiance and temperature. Both OMI and TROPOMI
underestimated the ground-based HCHO observations due to their coarse spatial
resolution. In comparison with OMI, TROPOMI had a higher correlation of 0.79 and
0.71 for MAX-DOAS and Pandora respectively for HCHO vertical column densities
measured at the satellite overpass time. Comparisons between the two ground-based
instruments revealed nuanced discrepancies in measurements, highlighting the need
for rigorous intercomparison studies.

Keywords: HCHO, Temporal Variation, MAX-DOAS, NASA Pandora
Spectrometer, Air Quality.



CHAPTER 1
INTRODUCTION
1.1. Background

Despite advancements in technology and continuous efforts to curb environmental
degradation, air pollution remains a major concern in urban centers globally. Driven
by rapid industrialization, urbanization and persistently increasing vehicular
emissions, deterioration of air quality has grave impacts on the environment, human
health, as well as the economy. According to a study by the Global Burden of Disease,
exposure to air pollution contributed to increased risk of being affected by health
issues such as cardiovascular diseases, respiratory infections, and neonatal disorders,
and was responsible for an estimate of almost 7 million deaths in 2019 (Institute for
Health Metrics and Evaluation, 2020). Additionally, the World Bank has estimated
that the global cost of air pollution, mainly attributable to health impacts of degraded
air quality, is about 8 trillion USD, which is equal to slightly over 6% of the global
GDP (World Bank, 2022).

Though the effects of air pollution are felt throughout the world, the issue is much
more severe in less developed countries. Rapidly developing nations like Pakistan
face challenges such as unbridled economic growth, poor implementation of air
quality laws and regulations, leniency regarding emissions standards, as well as
dependence on non-renewable sources of energy (Anjum et al., 2021). In addition,
developing nations are economically incapacitated to invest in alternative
technologies to mitigate air pollution (UNEP, 2019). In 2022, Pakistan was found to
be the country with the third most polluted air in the world, ranking higher than other
South Asian countries like Bangladesh and India which were fifth and eighth
respectively (IQAir, 2023). Currently, there is a severe lack of air quality monitoring
systems in Pakistan, which contributes further to the challenge of assessing and
mitigating air pollution in the country (Khan et al., 2023). Thus, the need to
understand and address sources, distribution and temporal variation of air pollutants is

critical.

1.2. Formaldehyde as an Air Pollutant

Formaldehyde (HCHO) is a reactive trace gas released into the atmosphere through
2



both natural and anthropogenic sources. It is classified as one of the 188 hazardous air
pollutants (HAPs) by the United States Environmental Protection Agency (US EPA,
2022). HCHO has several adverse health impacts. Exposure to elevated concentrations
can lead to acute health problems such as conjunctival, nasal, and pharyngeal
irritation, allergic dermatitis, respiratory issues, as well as impacts on the nervous
system causing symptoms like dizziness and headaches (Agency for Toxic Substances
and Disease Registry, 2016; National Research Council (US) Committee on
Toxicology, 1980; TURI, 2022). It also has several chronic effects. HCHO has been
found to be a group 1 carcinogen (Protano et al., 2021; Zhu et al., 2017). Being
subjected to an average level of approximately 0.7 parts per billion (ppb) of HCHO
throughout an individual’s lifespan can cause the development of lung and
nasopharyngeal cancers in up to 13 individuals per million. This gas alone contributes
to over half of the cumulative cancer risks associated with HAPs in the United States
(Zhu et al., 2017). These adverse effects demonstrate the significant impact of HCHO

on human health.

Apart from health risks, HCHO also exerts a substantial influence on air quality and
atmospheric chemistry. It stands as the predominant atmospheric aldehyde across both
urban and rural regions (Ho et al., 2006). Compounds containing carbonyl groups,
such as aldehydes, are important precursors to products like ozone (O3). Photolysis of
HCHO causes a series of reactions which lead to the formation of strong oxidizing
agents like hydroxyl (OH) and hydroperoxyl (HO2) radicals, which then cause the
production of tropospheric Oz. Unlike beneficial Oz found in the stratosphere,
tropospheric O3 is a greenhouse gas and a main component of photochemical smog. It
causes cardiovascular and respiratory diseases, being responsible for about a million
premature deaths per annum (Climate & Clean Air Coalition, 2022). It also affects the
climate by increasing temperatures and influencing factors such as rate of evaporation
and precipitation and impacts agricultural growth by decreasing crop productivity
(Mahmood et al., 2020; Noreen et al., 2018).

1.2.1. Sources of Formaldehyde

While HCHO is a by-product of the oxidation of many hydrocarbons and VOCs
(Gratsea et al., 2016; Razi et al., 2022), the main source of tropospheric HCHO is the
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photooxidation of methane (CHs) in oceanic regions and non-methane VOCs
(NMVOCs) in continental regions (Khan et al., 2018; Khokhar et al., 2015; Y. Zhang
etal., 2019).

Methane is first converted to methyl radical (CHz) followed by methyl peroxy radical
(CH302). The methyl peroxy radical is then oxidized to acetic acid (CH3OO0H), which
reacts with photons to form methoxide (CH30). Methoxide then reacts with molecular
oxygen to form formaldehyde and water. The reactions through which CH4 oxidizes
into HCHO are represented by Equations 1 — 5 (Seinfeld & Pandis, 2016).

Equation 1 CH4 + OH - CH3 + H20
Equation 2 CHz + O2 > CH30:

Equation 3 CH302 + OH - CH300H + O3
Equation 4 CH300H + hv - CH30 + OH
Equation 5 CH30 + O > HCHO + H.0

HCHO is a by-product of the oxidation of almost all VOCs and is commonly used as a
marker for NMVOCs (Lok Chan et al., 2020). When looking at NMVOCs as sources
of HCHO, it has been found that about 85% emissions are attributable to biogenic
sources, 12% to anthropogenic sources, and 3% to pyrogenic sources (Freitas &
Fornaro, 2022). The main biogenic source is isoprene (CsHg), which is the most
abundant biogenic volatile organic compound (BVOC) found in the atmosphere. The
annual global emissions of isoprene from vegetation are estimated at 600 teragrams,
and this source consequently greatly affects atmospheric chemistry through the
production of Oz (Guenther et al., 2006). While isoprene emissions have an adverse
impact on both the climate and human health, its residual lifetime is less than one hour
(Pang et al., 2009), making it difficult to accurately measure emissions on a large
scale. HCHO can be used as a proxy for the analysis of isoprene emissions. The
lifetime of HCHO in the atmosphere is about 3 — 4 hours on average (Khan et al.,

2018), making it easier to assess as it remains in proximity to its point of origin.

Isoprene produces HCHO through two main pathways. In the presence of OH
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radicals, isoprene is converted to either methacrolein or methyl vinyl ketone. These
products, in the presence of OH radicals reacting with molecular oxygen, then form
HCHO. The reactions through which isoprene is converted into HCHO are
represented by Equations 6 — 7.1 (Freitas & Fornaro, 2022).

Equation 6 CsHg + OH - CH,=C(CH3)CHO
Equation 6.1 CH>=C(CH3)CHO + OH(+0;) - HCHO
Equation 7 CsHg + OH - CH>COCH=CHz
Equation 7.1 CH2COCH=CHj + OH(+02) > HCHO

Anthropogenic sources of HCHO include industrial processes, combustion of fossil
fuels, vehicular emissions, while pyrogenic sources include agricultural stubble
burning, garbage burning, and burning of biomass (C. Zhang et al., 2022; Fan et al.,
2021; Hoque et al., 2018; Liu et al., 2023).

1.2.2. Sinks of Formaldehyde

HCHO is removed from the atmosphere mainly through photolysis, oxidation by OH
and HO; radicals, as well as by wet deposition. Removal of HCHO by photolysis
occurs at wavelengths lower than 400 nm, particularly at 290 — 310 nm and 320 — 350
nm (Freitas & Fornaro, 2022; Hoque et al., 2018). The photolysis reactions through
which HCHO is removed from the atmosphere are shown in Equations 8 — 9 (Freitas
& Fornaro, 2022).

Equation 8 HCHO + hv (290-310 nm) 2 H + HCO
Equation 9 HCHO + hv (320-350 nm) = CO

Removal of HCHO through oxidation by OH and HO: radicals is represented by
Equations 10 — 10.1 (Shoaib et al., 2020) and Equations 11 — 11.2 (Freitas & Fornaro,
2022).

Equation 10 HCHO + OH -2 HCO + H,0

Equation 10.1 HCO + O 2 HO. + CO



Equation 11 HCHO + HO, - 0.CH.0OH
Equation 11.1 02CH20H + HO2(+0OH) = HO?
Equation 11.2 02CH20H + HO2(+0OH) - HCOOH

Removal of HCHO by wet deposition is due to its pronounced electric dipole moment,
which results in high water solubility (Seinfeld & Pandis, 2016). The reactions
through which HCHO is removed by wet deposition are represented by Equations 12
—12.2 (Freitas & Fornaro, 2022).

Equation 12 HCHO + H,O - HOCH,OH
Equation 12.1 HOCH,OH + OH > HCOOH
Equation 12.2 HOCH20H + OH 2 H20-

1.3. Significance of the Study

While it has been established that atmospheric trace gases contribute significantly to
degrading air quality, Pakistan is lacking a comprehensive monitoring system to
observe HCHO concentrations. Due to this, there is limited air quality baseline data

available for the country. The significance of this study lies in several key aspects.

HCHO is a hazardous air pollutant which affects human health and the environment.
Monitoring its temporal variation will help in better understanding the air quality in
Islamabad. As climate change continues to amplify factors that exacerbate HCHO
levels, this study provides valuable insights for policymakers, environmental agencies,
urban planners, and other relevant authorities to make informed decisions regarding
air quality management and mitigation strategies. It aims to equip them with insights
into the present situation, as well as potential future trajectories of air quality in
Pakistan. The identification of temporal patterns and trends in HCHO emissions can
guide the formulation of targeted strategies to mitigate pollution, improve air quality,

and safeguard public health in Islamabad.

This study uses novel monitoring techniques to monitor and analyze HCHO

emissions. It pioneers the application of the inaugural NASA Pandora Spectrometer
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instrument in South Asia, marking the first instance of HCHO measurement through
this technology in Pakistan. This showcases the application of advanced technologies
for air quality monitoring and contributes to the growing body of knowledge in the
field of atmospheric sciences. The study also integrates ground-based measurements
with satellite observations, which enhances the accuracy and reliability of the

findings.

1.4. Objectives of the Study

This study was conducted to achieve the following objectives:

1. To retrieve atmospheric trace gas formaldehyde from MAX-DOAS and
Pandora observations to determine its temporal variation.

2. To validate satellite-based data with MAX-DOAS and Pandora
observations.

3. To examine the influence of meteorological parameters on the temporal

variation of formaldehyde.



CHAPTER 2

LITERATURE REVIEW
2.1. Overview

Owing to a combination of factors such as increased industrial activities, population
growth, and heavy reliance on non-renewable sources of energy, air pollution has
emerged as a significant environmental predicament in Pakistan (Greenstone & Fan,
2019). Degraded air quality has severe effects on human health and the environment,
and can gravely impact a country like Pakistan, which is already vulnerable to climate
change. Though there is an abundance of research on prominent air pollutants such as
carbon dioxide, nitrogen dioxide, and methane, gases like HCHO remain relatively

less researched and warrant further investigation.

This literature review embarks on a comprehensive exploration of the interplay
between the atmospheric trace gas HCHO and its complex interactions with the
environment. By exploring an array of research studies, methodological approaches,
and the evolving role of state-of-the-art technology, this review aims to provide an
overview of the existing body of knowledge, whilst also pinpointing critical research
gaps that need to be addressed. Through the review of literature, 6 main themes
relevant to this study were identified and explored. These themes are discussed in the

following subsections of this chapter.

2.2. HCHO Monitoring Studies in Pakistan

While other trace gases such as NOz and Os have been studied extensively, the
evaluation of HCHO concentrations in Pakistan has only gained momentum in recent
years. Notably, Khokhar et al. (2015) embarked on a comprehensive examination of
spatiotemporal patterns of HCHO over Pakistan between 2003 and 2012 using
satellite instruments like SCIAMACHY and GOME-2. This study identified elevated
HCHO concentrations in urban centers, particularly within the province of Punjab,
where cities exhibited the highest HCHO columns. Although Islamabad was also
found to have significant concentrations of this trace gas, it did not rank among the
cities with the highest column densities. Similarly, Zeb et al. (2019) investigated

various atmospheric trace gases over Pakistan using satellite instruments including
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OMIL. This study also found Punjab to have the highest HCHO tropospheric columns.

Within this domain, Khan et al. (2018) focused on the twin cities of Islamabad and
Rawalpindi. While this study was comparable to that of Khokhar et al. (2015), it
incorporated ground-based measurements as well instead of relying solely on satellite
data. The use of Mini MAX-DOAS instrument for stationary and mobile observations
in tandem with OMI satellite data yielded insights into the HCHO scenario in the twin
cities. Stationary monitoring was conducted in IESE, NUST while field campaigns
were also conducted within the two cities. A prominent finding of this study was that
HCHO concentrations surpassed WHO air quality guidelines on several occasions.
Shoaib et al. (2020) adopted a similar methodology, concentrating only on stationary
monitoring at IESE, NUST. This study also measured HCHO levels which exceeded
WHO guidelines.

Expanding their research to encompass the broader South Asian region, Rana et al.
(2019) and Baruah et al. (2022) investigated how HCHO emissions vary across
different countries, including Pakistan. Both studies used OMI measurements, while
Baruah et al. (2022) also employed the GEOS-Chem model in their study. Findings
from both studies revealed that despite Pakistan having relatively lower tropospheric
HCHO column densities, some of the highest concentrations were found in cities
located in Punjab. Interestingly, Baruah et al. (2022) observed a downward annual
trajectory for HCHO columns across South Asia.

However, Ali et al. (2022) established that the only significant decrease in this trace
gas was over parts of China, Bangladesh, and India. This study offered an alternative
approach of examining HCHO, focusing on observing changes in distribution of
different pollutants over Asian countries during the COVID-19 pandemic. Although
other countries showed either a strong positive or negative correlation between HCHO
concentrations and active COVID-19 cases, Pakistan was the only country found to
have an insignificant correlation. However, the reason behind this was not stated in
the study. A study by Karim & Rappengliick (2023) also found that there was almost
no reduction in HCHO during the COVID-19 lockdown.



2.3. Temporal Variation of HCHO Emissions

The temporal variation of a gas refers to how its concentration changes or fluctuates
over a certain period. In the context of HCHO, it is important to look at its diurnal as
well as seasonal pattern. This type of analysis helps in identifying trends, which can
be valuable when understanding the dynamics of the trace gas in the atmosphere. The
realm of HCHO monitoring studies in Pakistan remains relatively limited, so insights
from research conducted in other regions has also been included. This provides a

valuable lens through which the temporal variation of HCHO can be examined.

While investigating the diurnal variation of HCHO in Pakistan, Khan et al. (2018)
found that column densities were at lowest during early morning hours, while they
reached their maximum around noon. Conversely, Shoaib et al. (2020) highlighted
that for the same study area, HCHO concentrations peaked during the early morning
and late evening hours. This difference may be due to varying methodologies and the
inclusion of field campaigns in the study by Khan et al. (2018), which may have

resulted in higher concentrations during noontime due to emissions from traffic.

A study conducted by Tian et al. (2019) in Beijing found similar patterns as Khan et
al. (2018), with HCHO concentrations being lowest in the morning and highest at
noon, with peaks showing around 14:00. Comparable diurnal patterns were also noted
in China by Liu et al. (2023) and Wang et al. (2017), as well as in South Korea by
Spinei et al. (2018). These studies collectively pointed to HCHO concentrations
increasing after sunrise, peaking in the afternoon, decreasing gradually in the evening,
and reaching the lowest point at night. Moreover, Herman et al. (2018) explored
HCHO in Korea using the Pandora spectrometer and found concentrations to be

higher in the morning.

Park et al. (2017) established a contrasting diurnal trajectory in Seoul. It was observed
that while HCHO vertical column densities peaked at noon, they were at their lowest
at 14:00. This pattern remained consistent across all seasons. Meanwhile, although
Hoque et al. (2018) observed higher HCHO concentrations during the early morning

hours in Thailand, it did not find any significant diurnal variation patterns for HCHO.

A different insight into the diurnal pattern of HCHO was offered by Gratsea et al.

(2016), who noted that it varies according to season. The study found that in Athens,
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HCHO began to increase in concentration much earlier during the day in winter as
compared to summers. This was attributed to anthropogenic sources such as central
heating, which result in the production of HCHO. In the summer, a noon peak was
observed, which was mainly attributed to photochemical reactions in the atmosphere.
In both seasons, HCHO concentrations began to increase rapidly right after sunrise
due to the oxidation of VOCs.

Khokhar et al. (2015) observed that HCHO had a notable seasonal variation in all
provinces of Pakistan. Summer months saw the highest emissions while the lowest
were during winter. This was predominantly driven by biogenic emissions of
isoprene, which increase in warmer temperatures. Seasonal peaks observed in April,
May and November aligned with crop residue burning activities during wheat
harvesting and rice paddy clearing, and this finding was also supported by Zeb et al.
(2019). Moreover, a study conducted in the Southern Hemisphere by Ryan et al.
(2020) also recorded summer peaks in Australia and New Zealand, underpinned by

biogenic emissions.

Hoque et al. (2018) identified enhanced HCHO levels during the dry season, mainly
due to the burning of biomass. This contrasted with lower concentrations during the

wet season, which was due to wet deposition.

While most literature concurred that HCHO emissions peak during the summer, Wang
et al. (2017) unveiled a different perspective. It found that in Southern China, HCHO
concentrations were highest in autumn, and lowest in spring. This was attributed to
higher temperatures as well as secondary formation of HCHO in the autumn season.
Y. Zhang et al. (2021) echoes these patterns in the Qinghai-Tibet Plateau region,
where the autumn season saw an increasing trend of HCHO concentrations. However,
the effect of natural factors such as temperature and precipitation resulted in these
concentrations to decrease significantly, establishing summer as the season with the

highest concentration of HCHO.

Freitas & Fornaro (2022) offer a completely different insight, concluding that summer
and autumn had the lowest concentration of HCHO in Brazil while spring and winter
had the highest. This was explained by thermal inversions occurring near the surface

during winter, in addition to lower precipitation and weak winds resulting in
11



accumulation of the pollutant.

2.4. Influence of Weather

Having examined the seasonal patterns of HCHO concentrations, the focus now shifts
towards the intricate relationship between these trends and a range of meteorological
parameters that influence them. Sun et al. (2021) highlighted the role played by
meteorological conditions in driving HCHO production. Apart from solar irradiance,
factors such as ambient temperature, relative humidity, wind speed and direction, and
precipitation have been identified as the primary drivers of variations in HCHO

columns.

2.4.1. Temperature
Notably, temperature has been found to have a profound effect on the biogenic
emissions of HCHO. This is because at higher temperatures, plants release more
isoprene due to heat stress (Freitas & Fornaro, 2022; Khokhar et al., 2015). It has been
estimated that a 5°C rise in temperature can cause isoprene emission rates to double
(Stavrakou et al., 2018). This observation was corroborated by Ryan et al. (2023),
who noted that HCHO emissions increase during heatwave periods. It must be noted
that extended periods of heat waves can negatively impact HCHO production. This is
because high temperatures tend to suppress fungal activity in plant roots, which
causes stomatal channels to close, resulting in the inhibition of the production of

isoprene (Fan et al., 2023).

Furthermore, the rate of photochemical reactions resulting in HCHO production also
escalates at higher temperatures. These reactions are mainly the photooxidation of
VVOCs under the influence of intense solar radiation (Fan et al., 2023; Wang et al.,
2017). A positive correlation between HCHO columns and ambient temperature was
also reported by Y. Zhang et al. (2021), attributing it to temperature driven reactions
of pollutants such as aerosols, particulate matter, and NOx, which ultimately
contribute to HCHO production.

In contrast, Hoque et al. (2018) observed that temperature did not exhibit a strong
correlation with HCHO concentrations. This discrepancy was attributed to the
relatively consistent temperature values across different seasons in the studied area,

resulting in minimal variations in isoprene emissions as well.
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2.4.2. Relative Humidity
Relative humidity, another important meteorological parameter, significantly
influences HCHO production. This gauges the moisture content of air in relation to its
capacity to hold moisture at a specific temperature (Patel et al., 2023). It is expressed
as a percentage, with higher values indicating more humid air and lower values

indicating drier air.

Similar to temperature, relative humidity also affects the photooxidation of VOCs,
contributing to HCHO production. S. Zhang et al. (2021) documented a negative
correlation between relative humidity and HCHO concentrations, noting that the
highest HCHO levels were associated with low relative humidity and high
temperatures. This aligns with Khokhar et al. (2015), who observed lower HCHO
concentrations during high humidity instances in the coastal city of Karachi in
Pakistan. Additionally, high humidity levels can prompt HCHO conversion to other
pollutants through hydrolysis (Y. Zhang et al., 2021).

2.4.3. Wind Direction and Speed
Another pivotal factor impacting HCHO concentrations across regions is wind
direction. The transport of air masses from polluted areas can introduce HCHO to
downwind regions. Backward trajectory analyses conducted for the IESE, NUST
monitoring site revealed elevated HCHO concentrations when the site was downwind
from industrial zones in the twin cities. It was established that the study area did not
have any prominent local source of HCHO and was mainly influenced by air masses

traveling over polluted areas (Khan et al., 2018; Shoaib et al., 2020).

Transboundary transport of HCHO in Pakistan was also observed by Khokhar et al.
(2015). Polluted winds from neighboring countries, especially India, were carried into
Pakistan, resulting in higher HCHO columns in the country. Y. Zhang et al. (2021)
had similar results, finding that monthly variations of HCHO concentrations were
significantly influenced by the direction of wind. Adding to this, Tian et al. (2019)
saw that on several instances, HCHO peak values were determined by wind direction,
with highest values measured when air from polluted areas was carried towards the

monitoring site.

Interestingly, S. Zhang et al. (2021) found primary emissions of HCHO to be less
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reliant on wind direction as compared to secondary emissions, which were more
closely associated with air masses from neighboring regions. It has also been noted
that wind direction only has a minor impact on HCHO during the daytime, as
photochemical processes dominate instead (Wang et al., 2017). Similarly, Gratsea et
al. (2016) showed a weak relationship between wind direction and HCHO column
amounts in urban areas. However, this study also observed that wind direction

contributed to enhanced HCHO concentration in remote areas.

While wind speed, often coupled with wind direction, is an important factor (Khan et
al., 2018; Shoaib et al., 2020), its exact influence on HCHO columns warrants further

exploration due to the limited available information.

2.4.4. Precipitation
Precipitation also influences HCHO columns. With increased precipitation, the
growth of vegetation is promoted. While isoprene emissions increase because of this,
humidity and hydrolysis also increase, resulting in the conversion of HCHO into other
products (Fan et al., 2023; Y. Zhang et al., 2021). Additionally, HCHO is removed by
wet deposition, meaning that precipitation in the form of rainfall can have a

scavenging impact on the trace gas.

2.5. Sources of HCHO

While investigating the temporal variation of HCHO, it is also important to examine
the sources of the gas. There are two main sources of HCHO: anthropogenic and
natural. Some of the major anthropogenic sources that were identified included
burning of waste from agricultural activities, emissions from industrial processes,
vehicular emissions, as well as the production and distribution of energy (Rana et al.,
2019). Moreover, oil and gas processing facilities were identified as important sources
of HCHO as well (Ali et al., 2022). C. Zhang et al. (2022) observed high HCHO
concentrations in agricultural areas but found low emissions in industrial regions.
Contrary to this, Nowlan et al. (2018) measured large HCHO columns near industrial

facilities.

Moreover, Herman et al. (2018) noted that the transportation sector contributes
minorly to HCHO production in urban areas with high population densities. It was

found by Lok Chan et al. (2020) that there were lower levels of HCHO during the
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weekend. Upon further investigation, reduced industrial activities and low traffic
during weekends were identified as the main reason. Pyrogenic activities such as
agricultural fires and open biomass burning are also responsible for HCHO emissions
(C. Zhang et al., 2022; Sun et al., 2021).

Natural sources of HCHO mainly include biogenic emissions from isoprene oxidation.
Y. Zhang et al. (2019) and Fan et al. (2021) stated that vegetation had one of the
highest contributions towards HCHO. The vegetation type contributing most towards
HCHO production was broadleaf forests, while other types such as coniferous trees
and shrubs also contributed by emitting high amounts of isoprene (Fan et al., 2021,
Millet et al., 2008). Natural pyrogenic sources such as forest fires also emit HCHO
(Y. Zhang et al.,, 2019). Moreover, photochemical activities that occur in the
atmosphere, such as oxidation of organic compounds, are major sources of
tropospheric HCHO production (Ali et al., 2018; Herman et al., 2018).

2.6. Instruments Used for HCHO Monitoring

Research endeavors have utilized various instruments for HCHO monitoring. While
some studies focus exclusively on using either ground-based measurements, satellite
observations, or modeling, others incorporate a combination of these tools to achieve

a comprehensive outlook on HCHO dynamics over different regions.

2.6.1. Ground-Based Instruments

The ground-based instruments commonly identified in this review were the MAX-
DOAS and Pandora Spectrometer. The measurements taken from these instruments
were compared with readings obtained from other tools. In a study by Ryan et al.
(2020), MAX-DOAS measurements were validated against OMI observations,
revealing that OMI was unable to accurately capture the seasonal variation of HCHO.
It showed HCHO columns to be roughly 200% higher than those measured by MAX-
DOAS. Similarly, Park et al. (2017) observed significantly higher HCHO VCDs from
OMI in comparison to Pandora.

Conversely, Spinei et al. (2018) detected higher Pandora Spectrometer values for
HCHO than those obtained from the Compact Atmospheric Multispecies
Spectrometer (CAMS) onboard the NASA DC-8 aircraft. Yet, Nowland et al. (2018)

noted a strong spatial and temporal correlation between HCHO columns derived from
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Pandora Spectrometer and the GeoCAPE Airborne Simulator (GCAS) instrument
onboard the King Air B-200 aircraft.

2.6.2. Satellite Instruments
Millet et al. (2008) observed a correlation between isoprene emission patterns and the
spatial distribution of HCHO columns obtained from OMI. However, OMI appeared
to be unable to identify anthropogenic emissions. Addressing this limitation, Marais et
al. (2012) utilized OMI to filter out biomass burning and anthropogenic influences,
isolating the biogenic factors. This technique holds promise for detecting HCHO

emissions from anthropogenic sources as well.

In contrast, TROPOMI exhibits notably enhanced spatial resolution, estimated to be
sixteen times superior to that of OMI (De Smedt et al., 2021). TROPOMI is built on
algorithms akin to those developed for satellite instruments such as GOME, GOME-2,
SCIAMACHY, and OMI. It is considered to be more advanced than OMI due to its
capacity to reduce striping effects, enhanced precision which is comparable to
COPERNICUS products, improved vertical column accuracy for HCHO, and a better
signal-to-noise ratio (De Smedt et al., 2018, 2021).

Ryan et al. (2020) noted a marked improvement in the correlation between MAX-
DOAS and TROPOMI values in comparison to those from OMI. However,
Vigouroux et al. (2020) pointed out that while TROPOMI effectively captured the
seasonal HCHO variations, it tended to overestimate concentrations during elevated
levels of HCHO. It was suggested that accounting for aerosol effects could refine
TROPOMI measurements.

According to De Smedt et al. (2021), both OMI and TROPOMI perform well for
moderate to high HCHO levels, but OMI exhibits a higher bias for lower column
densities. OMI tends to overestimate values for medium columns, whereas TROPOMI
underestimates MAX-DOAS measurements for higher columns. This underestimation
was also observed by Lok Chan et al. (2020), who found that MAX-DOAS readings
were 30% higher than TROPOMI records. This discrepancy mainly results from
TROPOMI’s coarse spatial resolution.
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2.6.3. Modelling Techniques
Other studies incorporated models to explore the temporal dynamics of HCHO. The
Model of Emissions of Gases and Aerosols from Nature (MEGAN) was a prevalent
choice for HCHO monitoring studies, enabling an understanding of the long-term
HCHO column trends in relation to climatic changes. Stavrakou et al. (2018) utilized
MEGAN to compute biogenic isoprene emissions, shedding light on HCHO variations
across diverse ecosystems and the response of biogenic HCHO sources to evolving
climates. However, Kaiser et al. (2018) detected a bias in MEGAN result, indicating
higher HCHO concentrations compared to OMI readings. Conversely, Millet et al.
(2008) noted that OMI’s measurements of isoprene emission were lower than

MEGAN’s estimations.

In addition to MEGAN, the CHIMERE model also proves valuable in assessing
HCHO columns. Dufour et al. (2009) combined this model with SCIAMACHY
observations and concluded that, on average, the discrepancy between the model and
satellite instrument remained below 20%. Additionally, it was ascertained that

SCIAMACHY could reduce errors in emission estimates by a factor of 2.

2.7. Research Gaps and Limitations

After reviewing relevant literature, several research gaps and limitations need to be
acknowledged. There is limited spatial coverage as most HCHO monitoring studies
concentrate on urban regions, leading to a lack of data from remote areas. This can
result in an incomplete understanding of the distribution and sources of HCHO,
especially in regions that have unique emission patterns. Some studies also have
relatively short observation periods, because of which longer-term trends or rare

events that may influence HCHO concentrations are not captured.

Instrumental differences also need to be addressed. Comparison of HCHO
measurements obtained from different instruments or methods could lead to
discrepancies due to varying sensitivities, measurement principles, and calibration
approaches. Moreover, ensuring data consistency and cross-validation can be

challenging.

Additionally, accurate estimation of HCHO concentrations relies on emission
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inventories for precursor gases like isoprene and anthropogenic VOCs. Inaccuracies in
these inventories can lead to inconsistent estimation of HCHO levels. The
quantification of HCHO emissions from biogenic sources also remains a challenge.
Incorporating accurate and region-specific emission factors for these sources can

improve the accuracy of HCHO models.

Within Pakistan, limited ground-based data remains a challenge. Ground-based
monitoring stations are limited and unevenly distributed, leading to spatial gaps in
data coverage. This hinders the assessment of localized emission sources, as well as
the validation of satellite measurements. Limited monitoring infrastructure in Pakistan
also leads difficulties in accurately validating HCHO measurements due to lack of

comprehensive ground-truth data.

Addressing these research gaps and limitations is crucial for advancing the
understanding of HCHO distribution, sources, and impacts on air quality and human
health.
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CHAPTER 3
MATERIALS AND METHODS

3.1. Understanding Formaldehyde Emissions in Islamabad

This study analyzed the temporal variation of HCHO emissions over the capital city
of Islamabad, Pakistan using ground-based instruments as well as satellite data.
Ground-based measurements were taken using the Mini Multi-Axis Differential
Optical Absorption Spectroscopy (Mini MAX-DOAS) and NASA Pandora
Spectrometer. The ground-based data was then validated by satellite data using the
Ozone Monitoring Instrument (OMI) and Tropospheric Monitoring Instrument
(TROPOMI). Additionally, the influence of meteorological parameters on HCHO

levels was assessed.

3.1.1. Study Area and Monitoring Period

The selected study site for this research was IESE, NUST (33.6425 ° N, 72.9930 ° E),
where stationary monitoring of HCHO was conducted. Both instruments used in this
research are installed on the rooftop of the Institute of Environmental Sciences and
Engineering (IESE) at the National University of Science and Technology (NUST) in
Islamabad. The monitoring site is immediately surrounded by vegetation on one side,
and a road on the other which sees regular transport activities. Furthermore,

Islamabad’s main highway, Srinagar Highway, is situated close to the site.

The Mini MAX-DOAS had a fixed schedule of monitoring with elevation viewing
angles set at 2°, 4°, 5° 10°, 15°, 30°, 45° and 90° and data was obtained from 1%
September 2015 till 17" September 2021. The instrument’s frequent non-operational
status rendered data collection unviable for several dates during this period, as well as
from 2021 onwards. The Pandora Spectrometer was installed in IESE in October
2022, and therefore data was obtained from its installation on 25" October 2022 till
10" June 2023.

19



3.2. Measurement Instruments
3.2.1. Mini MAX-DOAS

Figure 3.1: Mini MAX-DOAS installed at IESE, NUST.
The Mini Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS)

instrument was used in this research study. This instrument employs a remote sensing
technique based on absorption spectroscopy in the ultraviolet (UV) and visible
spectral range to measure atmospheric trace gases including HCHO. Absorption
spectroscopy relies on the principles of Lambert-Beer’s law, which in simple terms
states that the concentration of a solution and path length are directly proportional to
the absorbance of light (Wypych, 2015). In context of this study, this means that
higher concentrations of the trace gas will cause the absorption of more light, whereas
less light will be absorbed at lower concentrations. This law can be written as a

formula as represented by Equation 13 (Bobrowski and Filsinger, 2005).
Equation 13 I2) =Io() - eLot)e

Where I()) is the radiation intensity of a beam of light, Io(A) is the initial intensity of
the beam, L is the length of the path in cm, o()) is the absorption cross section in
cm2/molecule, and c is the average trace gas concentration in molecules/cm?®,
However, determining the accurate lo(A) value from the atmosphere proves to be
challenging, as this requires an atmosphere devoid of any absorbers. The Mini MAX-
DOAS instrument employs the DOAS principle to address this issue, calculating the
difference between absorption at two different wavelengths (Bobrowski and Filsinger,
2005). The DOAS technique can either be active or passive, depending on whether a
synthetic or natural light source is used. In this study, the Mini MAX-DOAS was a
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passive instrument as it measured HCHO only in the presence of sunlight.

The Mini MAX-DOAS instrument used in this study has dimensions of 13x19x14
cm. It has a front-mounted quartz lens with focal length of 40 mm used to collect and
focus scattered sunlight, which is transmitted into an Ocean Optics USB2000+
spectrograph through quartz fiber. The instrument has a crossed Czerny-Turner
spectrometer with a 0.7 nm spectral resolution, and the spectrometer maintains a
stable temperature through a Peltier cooling system. A linear charge coupled device
(CCD) detector is used to detect photons for the spectrograph, with a spectral range of
320 — 465 nm and 2048 pixels. The instrument also has a stepper motor on the outside
of the box which is used to control the elevation viewing angles. The motor has a 0.1
degree/step precision and a frequency of 784 Hz. The instrument is connected to a
computer system with Windows XP installed, where it can be operated through the
DOAS Intelligent System (DOASIS) software.

3.2.2. NASA Pandora Spectrometer

Figure 3.2: NASA Pandora Spectrometer installed at IESE, NUST.

The second instrument used in this study is Pakistan’s first NASA Pandora
Spectrometer. This is a part of the Pandonia Global Network (PGN) which allows
researchers to remotely obtain data regarding atmospheric gases from over a hundred

locations around the world. This instrument is used to measure atmospheric trace gas
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columns. Similar to the MAX-DOAS instrument, Pandora Spectrometers also employ
the DOAS technique to obtain measurements. The Pandora Spectrometer is highly
accurate and can retrieve data with a temporal resolution of 80 seconds (NASA, n.d.).
The instrument can be remotely accessed via TeamViewer or AnyDesk by the PGN
Network Operators to resolve problems, update software, and ensure that the
instrument is operating properly. The team also determines how frequently the
instrument needs to be re-calibrated. The local operator is required to maintain a local
log file, where all actions performed on the instrument are noted. This information is
used by the PGN Network Operators for data quality control.

The Pandora Spectrometer is operated by the Blick Software Suite, which is written in
Python language and consists of three software: BlickO, BlickF, and BlickP. BlickO
is responsible for operating the instrument through functions such as moving the sun
tracker, operating the camera, controlling temperature, taking measurements, etc.
BlickF is the software responsible for monitoring BlickO (Figure 3.3) as well as
transferring files from the local to a remote directory. BlickP converts Level 0 (LO)
data to Level 1 (L1) data by applying instrumental corrections. Additionally, it is

responsible for creating Level 2 (L2) data as well.

® BickO V129 - o x

Thu 24 Aug 2023

06:48:16 UT
Solar ZEN=23.06°
Solar AZI=165.91°
Cm—

Thu 24 Aug 2023, 06:48:06 Skipped routine SS, since optimized integration time exceeds the allowed limit
Thu 24 Aug 2023, 06:48:06 Executing routine SQ .|

Pandora #73 at Islamabad-NUST, routine EO, Thu 24 Aug 2023, 06:47:56
ZEN=0.00, AZI=34.44, IT=46.200ms
T

| Enter routine sequence
->uv_su _sky_hsm.sked

T T T

© P A
hf¥ TV,

7

P

1

v VA
i (n,\ I

WAL f
i v
10000 M '

A

| \‘
If
|

1500

2000

Number of repetitions
Integration time [ms] -22¢
Number of cycles
Filterwheel 1 1-0pEN
Filterwheel 2 4-p1FF
Pointing ZEN [°]
Pointing AZI [?]

Track Sun Moor
Save fiqure Save comment

Exit

Track

& 30c

Mostly cloudy ~ &

Figure 3.3: Interface of BlickO software used to operate NASA Pandora

Spectrometer.

22



The Pandora instrument used in this study is the Pandora73s1, which has a 75x61 cm
control box, and a 3 ft diameter base holding the spectrometer. The spectrometer is
connected to an external computer running on Windows 11 and has three major
components: the sensor head, control box and sun tracker. The sensor head has optical
elements as well as a microcontroller. The optics manipulate light in a manner that
facilitates a straightforward and precise analysis by the spectrometer, while the
microcontroller governs the motors and conveys instructions from the PC to both the
sun tracker and spectrometers.

The main control box (Figure 3.4) houses the spectrometers, which uphold a
consistent temperature using a thermos-electric cooler. It also contains the relay box
which administers power distribution and effective communication among different
components, as well as a computer. The sun tracker’s main role is to hold and
maneuver the sensor head through the day, ensuring that it remains pointed at either
the sun, moon, or any specific coordinated in the sky as directed by the routine
mentioned in the operational software. In this study, the schedule file loaded was

uv_sun_moon_sky hsm.sked.

Figure 3.4: NASA Pandora Spectrometer main control box, containing spectrometer
box, thermoelectic cooler, relay box, and computer.

All measured data can be remotely accessed from the Pandonia Global Network
website through the index named Islamabad-NUST. For this study, L2 data for HCHO

was used.
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3.3. Software and Tools Used in the Study

The various software used to measure and analyze HCHO for this study are listed in
Table 3.1 below.

Sr. No.

Table 3.1: List of software and tools utilized for this study.

Name of Software/Tool

Differential Optical Absorption
Spectroscopy Intelligent System
(DOASIS) v. 3.2.35

Windows Differential Optical
Absorption Spectroscopy
(WinDOAS)

QDOASVv. 2.112.1

Microsoft Excel v. 2307

Giovanni (NASA Portal) v. 4.38

Google Earth Engine

RStudio v. 2023.06.0

Blick Software Suite v. 1.8
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Function/Purpose

Software package used to run MAX-
DOAS

Wavelength calibration and

convolution
Analysis of HCHO to obtain slant
column densities

Mathematical calculations to determine
vertical column densities and other

statistical analyses

Level 3 tropospheric HCHO data from
OoMI

Level 3 tropospheric HCHO data from
TROPOMI

Data analysis

Operating software for NASA Pandora

Spectrometer



3.3.1. Differential Optical Absorption Spectroscopy Intelligent System
(DOASIS)

DOASIS software is used to perform various functions while running the Mini MAX-
DOAS instrument. Commands can be given using Jscript language, which can include
changing elevation angles through the stepper motor, maintaining a stable
temperature, acquiring spectra, etc. DOASIS was used to calculate the ring spectrum
to filter out Raman scattering, as well as for measuring dark current and offset values

for error reduction.

Photosensitive instruments like spectrometers have sensors to measure photons. Even
when they are not exposed to light, these sensors can detect small amounts of
electrical signals. In the context of the MAX-DOAS instrument, the dark current value
refers to the small signal detected in darkness. This is akin to background noise, and
therefore may impact the precision of measurements taken. Thus, it needs to be
accounted for to get accurate data. Offset refers to a small, baseline value which is
recorded by the detector in the absence of light. This can be due to inherent factors
within the instrument’s measurement system, such as imperfections in electronic
components, sensor properties, etc. By correcting this offset value, measurement
accuracy can be enhanced. The values used to obtain dark current and offset

measurements are stated in Table 3.2.

Table 3.2: Values used to obtain dark current and offset measurements.

Integration Time (milliseconds) Number of Scans
Dark Current 10,000 1
Offset 100 1000
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3.3.2. Windows Differential Optical Absorption Spectroscopy (WinDOAS)

WInDOAS software is used for the analysis of spectra recorded in the UV-visible
range through DOAS technique. This software was used for two main steps: spectral

calibration and cross-section convolution.

3.3.2.1. Spectral calibration

For spectral calibration, a measured spectrum was fitted to a convoluted solar
spectrum. The wavelength of the reference solar spectrum was assigned to the
detector’s pixels, i.e., 2048. The wavelength range was split into 6 sub-windows to
better analyze fits. During the calibration process, the shift and squeeze function was
used to adjust the shift of measured and convoluted spectra. For each of the sub-
windows, the Slit Function Parameter was employed. This function, which indicated a
polynomial degree of 3, enabled the interpolation of missing data points, and helped

obtain a comprehensive understanding of the data distribution.

The spectrum characterized by the lowest solar zenith angle (SZA) and highest
concentration at a 90° angle at noon was chosen. The best spectrum was saved as an
ascii file and used as a reference spectrum in the subsequent steps. This calibration fit
is also referred to as the Kurucz-fit. This is because it usually involves obtaining a
high-resolution spectrum from the Kurucz solar atlas to use as input. This spectrum is
convoluted further according to the spatial resolution of the instrument being used —
Mini MAX-DOAS in this case. The calibration procedure was repeated several times

to minimize any discrepancies in the data.

3.3.2.2. Cross-section convolution

Employing the mathematical technique of convolution is integral for wavelength
processing. The convolution/filtering tool in WinDOAS played a pivotal role in this
step. The calibration file derived from the Kurucz-fit was used. A slit function type of
Gaussian with a FWHM of 0.7 nm was chosen. The online convolution method was
employed, where cross-sections of gases are automatically convoluted during the

spectral analysis process.
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3.3.3. Quantitative Differential Optical Absorption Spectroscopy (QDOAS)

For the analysis of HCHO, QDOAS software was used. The main settings applied in
QDOAS for the analysis of HCHO in this study are shown in Figures 3.5 — 3.10. First,
the date, time, SZA, and elevation viewing angle fields were selected in the display
tab (Figure 3.5).

Ground-Based ~ Instn Format  MFC (BIN, DOASIS) A
Display Selection Analysis Filtering Calibration Undersampling Instrumental Slit Output
Plot

Spectra Information on record Calibration fits Analysis fits

Available Fields Selected Fields

Spec No Date (DD/MM/YYYY)
Name | Time (hh:mm:ss)

Date & time (YYYYMMD Dhhmmss) SZA
Year Elev. viewing angle
Day number

Fractional day

Fractional time

Scans

Tint

Chi Square

RMS

Solar Azimuth angle

Tdet

Ref SZA

Raf numher

Figure 3.5: QDOAS display tab.

In the calibration tab, the solar reference file was added, and the calibration interval

was set (Figure 3.6).
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Ground-Based ~ Instr Format MFC (BIN, DOASIS) -

Display Selection Analysis Filtering Calibration Undersampling Instrumental Slit Output

Solar Ref. File (Desktop/Abeer Work/NUST/Thesis/MAX-DOAS Data/NOZ2 Data/sao2010_solref_air.dat Browse
Analysis Method  Optical Density Fitting -
Line Shape (SFP) Gaussian -
Display Polynomial Degree Calib. Interval (nm) Calibration windows Preshift (nm)
Specita [ calculate preshift
Fits shift 3 = Min 330.00 Subdivision Contiguous ¥
. Min preshift -3.00
Residual  orp 3 |2 Max 460.00 Number 8 [2 -
Shift/SFP Max preshift 3.00
Molecules Linear Parameters SFP Parameters Shift and Stretch Gaps Output
Molecules Diff/Ortho Interp/Conv AMF Fit disp. | Filter Cons. SCD | £

Figure 3.6: QDOAS calibration tab.

In the instrumental tab (Figure 3.7), the calibration file, and the dark current and offset
files corresponding to the date of the loaded spectra were added. Additionally, the

detector size of the Mini MAX-DOAS instrument, 2048, was entered.

Ground-Based v Inst Format MFC (BIN, DDASIS) -

Display Selection Analysis Filtering Calibration Undersampling Instrumental Slit Output

Site No Site Specified -
Detector Size 2048 1st Wavelength (nm) 0
= Masks
[ ] Revert
Offset 0 Instr. ften 0
() Auto. File Selection Dark Current 0 Spectra 0
Calibration File Work/NUST/Thesis/MAX-DOAS Data/HCHO Project Settings/calib_final_file_15650 Browse

Transmission file Browrse

Dark Current ases/Tooba(HCHO)/2017-18(IESE)/Novemnber 2017 analysis/OSDC/Nov.04-2017 DC Srowse

Offset 2ses/Tooba(HCHO)/2017-18( [ESE)/November 2017 analysis/0SDC/Nov.04-2017 0S Srowse

Figure 3.7: QDOAS instrumental tab.
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Lastly, the output path was set and the date, time, time integration (T int), SZA, solar
azimuth angle, azimuth viewing angle, and root mean square (RMS) fields were

selected (Figure 3.8).

Ground-Based = Insic Format  MFC (BIN, DOASIS) i
Display Selection Analysis Filtering Calibration Undersampling Instrumental Slit Qutput
Qutput Fath afabeer Work/HUST/ Thesis/MAX-DOAS Data/ Anahysis/aNm2017 Browse File Format | ASC ~
Options Auxes (nm)

B analysis (| Directories

Central wavelengths

|| calibration | use file name
Averaging bandwidth  1.00
[] automatic reference [E Successful records only g

Available Fields Selected Fields
Spec No Date (DD/MMAYYYY)
Name | Time (hh:mm:ss)
Date & time (YYYMMDDhhmmss) 1 Tint
Year == |5ZA
Day number - Solar Azimuth angle
Fractional day Azim. viewing angle
Fractional time RMS
Scans

Figure 3.8: QDOAS output tab.

In the HCHO analysis window properties (Figure 3.9), the HCHO fitting interval was
set at 336.5 — 359 nm in accordance with the results of DOAS fit with lowest residual
errors, and the FWHM was set at 0.5 nm. The calibrated spectrum obtained from the
previous steps was used as a reference spectrum. Cross-sections of gases were added,
and their convolution settings were applied. Moreover, a polynomial order of 5 was

selected (Figure 3.10).

29



OO0 ooc)s

ooooODO;
g
m

sopoooo(

Figure 3.9: QDOAS HCHO analysis window properties.

Wavelength Calibration ~ Ref. Selection  Ref. Resal Fitting Interval  Display
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Figure 3.10: QDOAS HCHO analysis window properties showing polynomial order.

Analysis was run in QDOAS to obtain HCHO differential slant column densities
(dSCDs), which represent the difference in column density of a specific trace gas
along two different paths: one being the slant path from the instrument to a light
source such as the sun, and the second being the vertical path through the atmosphere.
The SCDs were saved in ascii file format and accessed using Microsoft Excel for

further analysis.

3.3.4. Analysis Through Microsoft Excel

The ascii file was opened in Excel to perform further analysis, mainly to calculate the
air mass factor (AMF) and using this to convert the SCDs into vertical column
densities (VCDs). The AMF is a crucial parameter in atmospheric remote sensing,

especially in techniques like DOAS. It is simply a ratio of the SCD and VCD. This
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quantifies the influence of the vertical distribution of atmospheric trace gases like
HCHO on the column density measurements from ground-based instruments like the
Mini MAX-DOAS, or from space instruments like satellites. The AMF helps in
accounting for how the concentration of trace gases changes with height, ensuring that

measurements are correctly interpreted (Veefkind et al., 2006; Lorente et al., 2017).

A VCD represents the amount of a gas present in a vertical column of the Earth’s
atmosphere, directly above a specific location. This quantifies the concentration of the
gas in a particular section of the atmosphere, from the ground to the top, helping in
understanding the distribution of gases in the atmosphere (Royal Belgian Institute for
Space Aeronomy, 2010). While converting SCDs to VCDs, it necessary to use the
AMF as this acts as a correction factor by accounting for the complex interactions
between light and the atmosphere thus accurately quantifying vertical distribution of

atmospheric trace gases such as HCHO.

3.3.4.1. dAMF calculation

The differential air mass factor (lAMF) was used to determine the tropospheric VCD
values. This, like dSCDs, is the difference between the AMF measured at a specific
angle and the AMF measured at 90° (Liu et al., 2016). The formula used to calculate
AMF in this study is stated in Equation 14.

1
2 x3.14 xElevation Viewing Angle

sin (; 360 )

Equation 14 AMF =

3.3.4.2. Tropospheric VCD calculation
To calculate the tropospheric VCD, AMF and SCD values were used. The sequence
of calculations required for this step are represented by Equations 15 — 20.

Equation 15 vep = —2€be

= where a is the elevation angle # 90°.
dAMFa—AMFoqo

By using geometric approximation, AMF can be written as stated in Equation 16.

1

sina

Equation 16 AMF =

Thus, tropospheric VCDs can be calculated using the formula stated in Equation 17.
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Equation 17 VCDirop = dfci

In Microsoft Excel, the following formula was used to calculate VCDs:

SCD
AMF-1

Equation 18 VCD =

3.3.5. Validation of Ground-Based Data with Satellite Data

To ensure the consistency and credibility of atmospheric datasets, it is important to
compare and cross-reference measurements taken from ground-based instruments
with satellite observations (Wu et al., 2019). For this study, the Ozone Monitoring
Instrument (OMI) onboard NASA’s Aura satellite and the Tropospheric Ozone
Monitoring Instrument onboard the European Space Agency’s Copernicus Sentinel-5
Precursor (S-5P) spacecraft were used for HCHO data validation. OMI was launched
in 2004 and uses a wide field imaging spectrometer for daily global measurements
(NASA, 2021). TROPOMI was launched in 2017 and uses a nadir-viewing wide field
imaging spectrometer (ESA, 2023). The main features of both instruments are listed in
Table 3.3 (ESA, 2023; NASA, 2021).

32



Table 3.3: Comparison of the main features of OMI and TROPOMI

Sr. Parameters OMI TROPOMI
No.
1 | Spectral Bands UV-Vis: 270-500 nm UV-Vis: 270-500 nm
Near IR: 675-775 nm
Shortwave IR: 2305-2385
nm
2 Spatial | 13 km x 24 km? 7 x 3.5 km?
13 km x 48 km? for | UV-1: 7 x 28 km?
) Ozone profile
Resolution
SWIR: 7 x 7 km?
Spectral | 0.45—-1.0 nm 0.23-0.65 nm
3 | Orbit Altitude 705 km 824 km
4 | Swath Width 2600 km 2600 km
3.3.5.1. OMI

Level 3 (L3) HCHO data from OMI was obtained using Giovanni. A time-series,

area-averaged map was plotted for HCHO column amount using OMHCHOdv003 at

a daily temporal resolution and 0.1° spatial resolution. Data was acquired from 1%
September 2015 until 17" September 2021 to correspond with MAX-DOAS

measurement dates. IESE, NUST was selected as the region. The plot was

downloaded in a CSV format and opened through Microsoft Excel.
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OMI data for HCHO was available until June 2022, so validation with Pandora could

not be possible.

3.3.5.2. TROPOMI
A code for L3 HCHO offline product was used to obtain TROPOMI data via Google
Earth Engine. Data was acquired from 29" November 2018 till 17" September 2021
for MAX-DOAS, and 26™ October 2022 till 10" June 2023 for Pandora. Plots were
downloaded in a CSV format and opened through Microsoft Excel. For repeated

dates, a pivot table was created to obtain daily averages.

3.3.6. RStudio
Once all data was obtained, RStudio was used for subsetting. This process helped in
creating a file with MAX-DOAS/Pandora, OMI and TROPOMI measurements for the

same dates.

3.3.7. Meteorological Data

Weather data was acquired from the U.S.-Pakistan Center for Advanced Studies in
Energy, NUST. This included temperature, wind speed, global horizontal irradiance
(GHI), and relative humidity (RH). Data was obtained from 1% September 2015 until
9™ June 2021 for MAX-DOAS, and 25™ October 2022 till 16" May 2023 for Pandora.
Values for several dates were missing due to the weather station being non-
operational for repair and maintenance purposes. Analysis was conducted using
Microsoft Excel and RStudio.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1. Ground-Based Monitoring at IESE, NUST
4.1.1. HCHO Time Series

A time series graph for HCHO VCDs was plotted to show how the concentration of
the trace gas changed over the period selected for this study. This was valuable for
understanding the temporal variation of HCHO around IESE, NUST. Figure 4.1
shows the time series of HCHO VVCDs as measured by MAX-DOAS, while Figure 4.2
represents HCHO VCDs as measured by Pandora Spectrometer. On average, HCHO

values from both instruments are higher in summer months as compared to winter.

MAX-DOAS HCHO Timeseries
(Sep 2015 - Sep 2021)

1.2E+17
1E+17
8E+16

6E+16

HCHO VCDs {molec/cm?)

4E+16

2E+16

Figure 4.1: MAX-DOAS HCHO time series (2015 — 2021).
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NASA Pandora HCHO Timeseries
(2022-2023)
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Figure 4.2: NASA Pandora Spectrometer HCHO time series (2022 — 2023).

4.1.2. HCHO Annual Diurnal Cycle at IESE, NUST
During the study period, the diurnal cycle of HCHO was investigated using hourly
average of vertical column densities (VCDs). Specifically, a 12-hour window
spanning from 06:00 to 18:00 in Pakistan Standard Time (PST) was chosen for
analysis, aligning with the operational hours of the MAX-DOAS instrument. To
ensure consistency and conduct a meaningful comparison, the same time range was

applied to Pandora Spectrometer measurements as well.

Analyzing the annual diurnal cycle through MAX-DOAS measurements (Figure 4.3)
revealed elevated HCHO concentrations during early morning and late evening hours.
The lowest concentration was observed at 09:00, with a VCD of 2.48E+16
molecules/cm?, followed by a gradual increase throughout the day. Peak concentration
of 4.79E+16 molecules/cm? was reached at 18:00. These findings correspond with
those reported by Shoaib et al. (2020). Morning concentrations were attributed to
background concentrations and low solar irradiance, while increase in the afternoon
solar intensity led to photolysis and other photochemical processes causing a decline
in concentrations. This trend shifted as temperatures triggered biogenic emissions and

subsequent VOC photooxidation, resulting in an evening increase.
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MAX-DOAS HCHO Annual Diurnal Cycle
(Sep 2015 - Sep 2021)
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Figure 4.3: HCHO annual diurnal cycle measured by MAX-DOAS.

Examining the annual diurnal cycle using Pandora Spectrometer measurements
(Figure 4.4) displayed a somewhat different pattern. While peak concentrations
aligned with early morning and late evening periods, a noticeable rise in midday
concentrations was evident. The lowest level occurred at 08:00, measuring 1.85E+16
molecules/cm?, then rising to 2.03E+16 molecules/cm? by 11:00. Subsequently,
concentrations of HCHO gradually decreased until 15:00, followed by a peak of
2.78E+16 at 18:00. Discrepancies with MAX-DOAS values could stem from the
relatively shorter observation window and potential data gaps in certain months when
Pandora was not operational. To further understand the diurnal pattern of HCHO as

measured by Pandora, other contributing factors will need to be examined.
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Pandora HCHO Annual Diurnal Cycle
(Oct 2022 - June 2023)
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Figure 4.4: HCHO annual diurnal cycle measured by NASA Pandora Spectrometer.

4.1.3. HCHO Seasonal Diurnal Cycle at IESE, NUST
To determine the difference in HCHO concentrations during different seasons, the
seasonal diurnal cycle was also investigated. Seasonal categorization was established
based on the climate profile for Pakistan as defined by the World Bank (2021). The
specific categories are outlined in Table 4.1.
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Table 4.1: Categorization of Pakistan’s seasons according to months

Sr. Season Name Months
No.

1 Pre-Monsoon / Spring March — May

2 Monsoon / Summer June — September

3 Post-Monsoon / Autumn October — November

4 Winter December — February

Figure 4.5 represents the seasonal diurnal cycle of HCHO based on MAX-DOAS
observations. It is important to note that the seasonal diurnal cycle for HCHO was
solely determined using VCDs obtained through the Mini MAX-DOAS instrument.
This choice was necessitated by the fact that Pandora was installed at IESE in October
2022, resulting in incomplete data coverage across all seasons up to this study’s

conclusion in June 2023.

HCHO Seasonal Diurnal Cycle
(Sep 2015 - Sep 2021)
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Figure 4.5: Seasonal diurnal cycle of HCHO using MAX-DOAS observations.
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It can be seen in Figure 4.5 that the highest concentrations of HCHO were during the
monsoon, or summer season, while winter months saw the lowest concentrations on
average. This remains consistent with findings by Khokhar et al. (2015). Moreover,
like Gratsea et al. (2016), this study also observed a summer afternoon peak. This is
mainly as a result of photochemical reactions in the atmosphere which result in rapid
HCHO production. During this time, winter season sees a dip in concentration. This
can be because of lower solar intensity. Additionally, summer months see higher
HCHO concentrations because of biogenic emissions of isoprene. During the winter,
plants experience minimum heat stress, causing them to release lower levels of

isoprene.

4.1.4. HCHO Average Weekly Cycle at IESE, NUST
The average weekly cycle for HCHO was examined to determine whether the days of
the week have any influence on the concentration of the trace gas. As seen in Figures
4.6 — 4.7, the weekly cycle of HCHO as calculated using measurements from both
MAX-DOAS and Pandora observations showed no pronounced differences over the
course of the week (p-value > 0.05). This contradicts with the findings by Lok Chan et
al. (2020), as there was no weekend effect observed in the results obtained for this
study. It can therefore be assumed that anthropogenic activities were not a major

source of HCHO at the IESE monitoring site.

MAX-DOAS HCHO Average Weekly Cycle
(Sep 2015 - Sep 2021)
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Figure 4.6: HCHO average weekly cycle measured through MAX-DOAS.
40



NASA Pandora HCHO Average Weekly Cycle
(Oct 2022 - June 2023)
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Figure 4.7: HCHO average weekly cycle measured through NASA Pandora

Spectrometer.

4.1.5. HCHO Average Monthly Cycle at IESE, NUST

To assess the variation in HCHO concentrations over the course of the year, average
monthly values were utilized. For MAX-DOAS measurements, HCHO concentrations
were highest in summer months and lowest during the winter (Figure 4.8). For
Pandora, the summer months from July to September were not available, so an
accurate assessment could not be made. However, for the available months, Pandora
also showed a similar trend of higher concentrations in summer and lower in winter
(Figure 4.9). Measurements from both instruments showed a notable decrease in
April.

Khokhar et al. (2015) and Zeb et al. (2019) observed seasonal peaks in April, May,
and November due to crop residue burning activities occurring during that time in
Pakistan. The increase of HCHO in March and May suggests the consequences of
stubble burning following the harvesting of wheat. However, no peak can be observed
in November. To further understand the decline in concentrations in April,

meteorological parameters can be examined.
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MAX-DOAS HCHO Average Monthly Cycle
(Sep 2015 - Sep 2021)
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Figure 4.8: MAX-DOAS HCHO monthly cycle.

Pandora HCHO Average Monthly Cycle
(Oct 2022 - June 2023)
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Figure 4.9: Pandora HCHO monthly cycle.

4.1.6. HCHO Average Yearly Observations Over IESE, NUST
To determine how HCHO levels varied throughout the monitoring period, yearly
observations were analyzed. This analysis was only conducted for MAX-DOAS

observations, as Pandora observations covered only nine months. As seen in Figure
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4.10, the year 2016 had the highest HCHO VCDs, whereas 2020 had the lowest.
Meteorological parameters were assessed to determine the cause of the increase in
2016. For 2020, it can be assumed that HCHO levels were low due to the COVID-19
pandemic resulting in lockdowns and consequently significantly reduced

anthropogenic emissions from vehicles and industries.

MAX-DOAS HCHO Yearly Observations
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Figure 4.10: MAX-DOAS HCHO yearly cycle

4.2. Satellite Observations

4.2.1. OMI

The HCHO data received from MAX-DOAS instrument was validated against OMI
data. For this purpose, MAX-DOAS VCDs were organized hourly, and measurements
taken between 12 — 2 pm PST were extracted. This is to match with the overpass time
for OMI, which is at approximately 1:30 pm local time. As seen in Figure 4.11, OMI
significantly underestimated HCHO concentrations when compared with ground-
based observations. This contrasts the findings of De Smedt et al. (2021), who noted
an overestimation. OMI satellite data showed a correlation of 0.61 with MAX-DOAS
measurements over IESE, NUST. Figure 4.12 depicts this correlation.
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MAX-DOAS vs. OMI
(Sep 2015 - Sep 2021)
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Figure 4.11: Validation of ground-based MAX-DOAS 12:00 — 14:00 measurements
with OMI satellite measurements over IESE, NUST.
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Figure 4.12: Correlation of HCHO VCDs of OMI vs. MAX-DOAS 12:00 — 14:00
average over IESE, NUST

As OMI data for HCHO was not available for the monitoring period of Pandora for

this study, it was not included.

4.2.2. TROPOMI
Data from TROPOMI was compared with both MAX-DOAS and Pandora values.
TROPOMI also underestimated the ground-based observations. This remains
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consistent with the findings of De Smedt et al. (2021) and Lok Chan et al. (2020).
While measurements between 12:00 — 14:00 PST (Figure 4.13) were used due to the
satellite’s overpass time, measurements from 06:00 — 18:00 (Figure 4.15) were also
assessed to compare diurnal cycle values from ground-based and satellite

observations.
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Figure 4.13: Validation of ground-based MAX-DOAS 12:00 — 14:00 measurements
with TROPOMI satellite measurements over IESE, NUST.
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Figure 4.14: Correlation of HCHO VCDs of TROPOMI vs. MAX-DOAS 12:00 —
14:00 average over IESE, NUST.

HCHO VCDs obtained from MAX-DOAS showed a higher correlation with
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TROPOMI for 12:00 — 14:00 (Figure 4.14) as compared to 06:00 — 18:00 (Figure
4.16). This is mainly due to the former matching with the satellite’s overpass time,

giving more accurate results.
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Figure 4.15: Validation of ground-based MAX-DOAS 06:00 — 18:00 measurements
with TROPOMI satellite measurements over IESE, NUST.
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Figure 4.16: Correlation of HCHO VCDs of TROPOMI vs. MAX-DOAS 06:00 —
18:00 average over IESE, NUST.
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The same data was examined using Pandora measurements (Figures 4.17 — 4.20). This
also showed a similar trend as MAX-DOAS, with Pandora values also having a

greater correlation with 12:00 — 14:00 values.
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Figure 4.17: Validation of ground-based NASA Pandora Spectrometer 12:00 — 14:00

measurements with TROPOMI satellite measurements over |IESE, NUST.
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Figure 4.18: Correlation of HCHO VCDs of TROPOMI vs. Pandora 12:00 — 14:00
average over IESE, NUST.
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Pandora vs. TROPOMI
(2022-2023)
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Figure 4.19: Validation of ground-based NASA Pandora Spectrometer 06:00 — 18:00

measurements with TROPOMI satellite measurements over |IESE, NUST.
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Figure 4.20: Correlation of HCHO VCDs of TROPOMI vs. Pandora 06:00 — 18:00
average over IESE, NUST.

4.3. Comparison of MAX-DOAS and NASA Pandora Spectrometer

Measurements
To assess the difference in measurements by MAX-DOAS and Pandora, a comparison
was made for the diurnal cycle of HCHO measured by both instruments. To ensure a

valid comparison, MAX-DOAS observations were only taken for months from
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October to June to match Pandora observations. Figures 4.21 shows that MAX-DOAS
VCDs were higher than those measured by Pandora. One reason for this could be the
significantly shorter study period for Pandora measurements as compared to MAX-
DOAS. Additionally, the high vertical column densities of HCHO measured in 2016
also resulted in levels measured by MAX-DOAS being much higher than those
measured by Pandora. As seen in Figure 4.22, when this year was excluded from the

comparison, the values from both instruments were similar.
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Figure 4.21: Comparison of MAX-DOAS and Pandora 06:00 — 18:00 average HCHO
VCDs.
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MAX-DOAS vs. Pandora Diurnal Cycle
October - June
(Excluding 2016)
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Figure 4.22: Comparison of MAX-DOAS and Pandora 06:00 — 18:00 average HCHO
VCDs excluding the year 2016.

4.4. Influence of Meteorological Parameters

As established while reviewing literature, meteorological parameters have a notable
influence on the production and removal of HCHO. For this reason, four main factors
were analyzed in this study. These include temperature, global horizontal irradiance
(GHI), relative humidity (RH), and wind speed.

4.4.1. Temperature

4.4.1.1. Diurnal cycle
Figure 4.23 shows the 24-hour cycle of temperature as observed in the study area
from September 2015 till May 2023. It was observed that the temperature decreased
after midnight, reaching a low at 06:00. It increased after sunrise, and then decreased
again in the late evening hours.
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Temperature Diurnal Cycle
(Sep 2015 - May 2023)
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Figure 4.23: 24-hour temperature cycle over IESE, NUST.

As seen in Figure 4.24, temperature values align with MAX-DOAS HCHO VCDs,
indicating a positive correlation. In the early morning hours, lower temperatures are
observed which correspond with lower HCHO VCD values. However, as
temperatures increase in the afternoon, VCD values do not increase significantly. This
is because HCHO breaks down into other pollutants because of photolysis and other
photochemical reactions (Freitas & Fornaro, 2022; Hoque et al., 2018). In the later
hours of the day, solar intensity decreases while temperatures remain high, leading to
increased production of HCHO. A maximum temperature of 26.7°C was recorded at
15:00.
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MAX-DOAS vs. Temperature
Diurnal Cycle
(Sep 2015 - Sep 2021)
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Figure 4.24: Comparison of temperature with the diurnal cycle of MAX-DOAS HCHO
VCDs.

A similar trend is seen in Pandora measurements (Figure 4.25). A maximum

temperature of 26.6°C was noted at 16:00.
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Pandora vs. Temperature
Diurnal Cycle
(Oct 2022 - May 2023)
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Figure 4.25: Comparison of temperature with the diurnal cycle of NASA Pandora
Spectrometer HCHO VCDs

Upon further investigation, it was found that temperatures during the period when
Pandora measurements were taken were much lower than those during the MAX-
DOAS measurement period. While temperatures at 06:00 were 15.7°C for the MAX-
DOAS period, they were 14.3°C for Pandora. This can explain the variation in HCHO

VCD values between the two instruments as well.

4.4.1.2. Monthly cycle
When looking at temperature according to the months of the year, the decrease in
VCDs in the month of April cannot be explained by ambient temperature (Figures
4.26 — 4.27). 1t can, however, be seen that the highest VCDs occurred in months with
highest temperatures which indicates that biogenic emissions dominated during this
period. Temperatures peaked in June for MAX-DOAS monitoring period, and May
for Pandora monitoring period.
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MAX-DOAS vs. Temperature
Monthly Cycle
(Sep 2015 - Sep 2021)
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Figure 4.26: Comparison of temperature with the monthly cycle of MAX-DOAS
HCHO VCDs.
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Figure 4.27: Comparison of temperature with the monthly cycle of NASA Pandora
Spectrometer HCHO VCDs.
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4.4.1.3. Yearly Cycle

When looking at the yearly cycle of MAX-DOAS VCDs in the context of
temperature, it can be seen in Figure 4.28 that 2016 had the highest emissions whereas
2020 had the lowest. These values correspond with temperature, with 2016 having the
highest average ambient temperature of 25.8°C compared to a low of 20.7°C in 2020.
It can be concluded that due to COVID-19 and resultant lockdown situation in the
country, there were minimum contribution of anthropogenic sources of HCHO in
2020.
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Figure 4.28: Comparison of temperature with the yearly cycle of MAX-DOAS HCHO
VCDs.

4.4.2. Global Horizontal Irradiance (GHI)
GHI can be understood as the total solar radiation which reaches a horizontal surface
on Earth. In other words, it measures the total solar energy received on a horizontal
plane at a specific location (Khare et al., 2022). When looking at GHI in comparison
to HCHO VCDs, an inverse relationship is observed. As GHI increases, HCHO levels
decrease. This is due to increased photochemical reactions caused by intense solar
radiation at higher GHI levels. It can be seen in Figures 4.29 and 4.30 that GHI is

maximum during the afternoon, when the sun reaches its peak. Resultantly, a decrease
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in HCHO concentrations can be observed as well.

MAX-DOAS vs. GHI
Diurnal Cycle
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Figure 4.29: Comparison of GHI with the diurnal cycle of MAX-DOAS HCHO VCDs.
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Figure 4.30: Comparison of GHI with the diurnal cycle of NASA Pandora

Spectrometer HCHO VCDs.
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The decrease in HCHO VCDs in the month of April can be explained by looking at
the monthly cycle compared with GHI (Figures 4.31 and 4.32). A maximum GHI
value of 571.4 W/m? and 452.0 W/m? was observed in April for MAX-DOAS and
Pandora monitoring periods respectively, suggesting an increase in photochemical

processes that led to the breakdown of HCHO in the atmosphere.
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Figure 4.31: Comparison of GHI with the monthly cycle of MAX-DOAS HCHO
VCDs.
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Pandora vs. GHI

Monthly Cycle
(Oct 2022 - May 2023)
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Figure 4.32: Comparison of GHI with the monthly cycle of Pandora HCHO VCDs.

4.4.3. Relative Humidity

As seen in Figure 4.33, relative humidity also had an inverse relationship with MAX-
DOAS HCHO VCDs. Relative humidity is high during the early morning and
decreases gradually over the course of the day. This is consistent with the findings of
Khokhar et al. (2015), who found that there were lower HCHO concentrations during
periods of high relative humidity. A maximum value of 71% relative humidity is
observed at 06:00, with a low of 40% at 15:00. However, the 18:00 VCD value is
much higher than that of 15:00. This is due to an increase in ambient temperature
leading to higher biogenic emissions.
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MAX-DOAS vs. Relative Humidity
Diurnal Cycle
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Figure 4.33: Comparison of RH with the diurnal cycle of MAX-DOAS HCHO VCDs.

Figure 4.34 shows a similar relative humidity trend with Pandora VCDs.
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Pandora vs. Relative Humidity
Diurnal Cycle
(Oct 2022 - May 2023)
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Figure 4.34: Comparison of RH with the diurnal cycle of NASA Pandora
Spectrometer HCHO VCDs

4.3.4. Wind Speed
As there was a lack of information on the impact of wind speed on HCHO VCDs, this
meteorological parameter was studied for this research. For MAX-DOAS
measurements (Figure 4.35), a maximum wind speed of 2.85 m/s was observed for
15:00. For Pandora (Figure 4.36), the maximum was 2.75 m/s at 14:00. However, no

clear relationship between HCHO VCDs and the speed of wind could be established.
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MAX-DOAS vs. Wind Speed
Diurnal Cycle
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Figure 4.35: Comparison of wind speed with the diurnal cycle of MAX-DOAS HCHO
VCDs.
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Figure 4.36: Comparison of wind speed with the diurnal cycle of NASA Pandora

Spectrometer HCHO VCDs.
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4.3.5. Meteorological Data Correlation Matrix

To better assess the relationship between different meteorological parameters and

concentrations of HCHO, a correlation matrix was created using RStudio. The
correlation matrix for MAX-DOAS and Pandora are shown in Figure 4.37. The

correlation values for each parameter are also stated in Table 4.2 below.

Table 4.2: Correlation values for the studied meteorological parameters

Meteorological Parameter

Correlation value with

Correlation value with

MAX-DOAS HCHO Pandora HCHO VCDs
VCDs
Temperature 0.58 0.57
GHI -0.43 -0.39
Wind Speed 0.02 0.01
Relative Humidity -0.05 -0.08

Both MAX-DOAS and Pandora HCHO VCDs showed a strong positive correlation

with temperature, a weak positive correlation with wind speed, a moderate negative

correlation with GHI, and a weak negative correlation with relative humidity.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusion

This study aimed to comprehensively investigate the temporal variation of HCHO
levels in the urban environment of Islamabad, Pakistan, using ground-based MAX-
DOAS and Pandora Spectrometer instruments in tandem with satellite observations
from OMI and TROPOMI. Through the analysis of diurnal, seasonal, weekly,
monthly, and yearly cycles, significant insights were gained in addition to the
interplay between HCHO levels and the various meteorological parameters that

influence them.

HCHO VCDs were found to be high during the early morning and evening hours due
to background concentrations, low intensity of solar radiation, biogenic emissions,
and oxidation of VOCs. During noon, photochemical reactions result in the removal
of HCHO, causing levels to decline. Similarly, summer months exhibit higher HCHO
levels due to increased temperature and resultant biogenic emissions, while winter
months showed the lowest HCHO measurements due to low temperatures and solar
radiation. Out of all four meteorological parameters assessed for this study,
temperature had the greatest influence on HCHO VCD values, followed by GHI,
relative humidity, and wind speed. This suggests that biogenic emissions of HCHO

dominate over other sources in the IESE monitoring site.

Validation of ground-based instruments with satellite data showed an underestimation
of HCHO concentrations by both OMI as well as with TROPOMI observations.
However, TROPOMI proved to be slightly more in agreement with ground-based data
as evident by higher correlation values for both MAX-DOAS as well as Pandora.
However, a comparison of MAX-DOAS and Pandora Spectrometer showed that
Pandora measured lower HCHO columns, which could be due to a shorter study
period. This challenge limited the establishment of a clear rationale for the observed
differences in measurements, which can be resolved through long-term analysis of

HCHO using the NASA Pandora Spectrometer instrument.

In summary, this study contributes to the growing body of knowledge concerning
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HCHO dynamics in an urban environment, emphasizing the need for further

investigations into the synergistic relationships between HCHO and its sources. The

findings underscore the importance of comprehensive monitoring approaches to

capture the multifaceted nature of atmospheric trace gases and their interactions with

other parameters. Ultimately, a deeper understanding of the temporal patterns of

HCHO can inform air quality management strategies and provide insights into urban

atmospheric chemistry.

5.2. Recommendations

Based on the findings of this study, the following recommendations are given to

further improve HCHO monitoring studies:

1.

Given the observed disparities between MAX-DOAS and Pandora
Spectrometer measurements, it is recommended to conduct rigorous long-term
intercomparison studies for these instruments.

Data collection should be continued for multiple years, ensuring complete
coverage of all seasons. This would provide a more comprehensive dataset for
future analysis and a more accurate representation of HCHO patterns.

The scope of this research can be extended by comparing these findings with
other urban locations in Pakistan, as well as potentially with other countries
that have similar climatic and urban characteristics. This would enable a
broader understanding of HCHO behavior and help identify common trends
and local anomalies.

Further investigation into the relationship between HCHO and meteorological
parameters is recommended. There is currently a lack of data on the influence
of wind speed on HCHO concentrations which needs to be explored.

Air quality modeling techniques can be used to simulate and predict HCHO
concentrations under various scenarios, especially in the context of climate
change for Pakistan. This could help forecast potential air quality challenges
that could be faced in the foreseeable future, and support policy decisions.

The influence of urban design, such as road layout, green spaces,
infrastructure, etc. on HCHO concentrations can be studied to understand how

urban morphology influences the dispersion of trace gases. Examining the
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7.

impact of the urban heat island on HCHO could also provide insights for
sustainable urban planning.

A long-term monitoring network needs to be established for continuous
HCHO measurements across Pakistan. This would facilitate the monitoring of
trends, enable early detection of pollution episodes, and help in the timely
development of intervention measures.

Public awareness regarding the risks associated with elevated HCHO levels
needs to be raised amongst local communities, authorities, and policymakers.
Relevant governmental and environmental agencies need to collaborate to
develop and implement air quality management policies. This research can
provide valuable insights for formulating effective strategies to mitigate the
impact of HCHO emissions on public health and the environment.
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