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Abstract

Gaseous air pollutants can be hazardous to health and contribute to global warming,
both directly or via the formation of particulate matter. Understanding atmospheric
composition in both remote and urban regions is essential for understanding air pollu-
tion and developing methods for mitigating its harmful impacts. In this thesis, mea-
surements of gas-phase pollutants are presented in Beijing, China and over the North
Atlantic. Despite being very different, both these atmospheres are polluted. Seasonal
differences in air pollution are examined for Beijing comparing measurements made
during November—December 2016 and May—June 2017. Meteorology significantly
impacts the winter pollution experienced as periods of stagnant weather allow pol-
lution to build up leading to haze events. High Oz mixing ratios were measured in
summertime, with a daytime average of 66.4 ppbv. Large deviations from the Os-
NO-NO; photostationary state are presented which cannot be explained solely by the
presence of peroxy radicals. Seasonal differences in emissions were also explored. For
the first time in Beijing, the eddy-covariance technique was used to quantify emissions
of NOy, CO and aromatic VOCs with traffic found to be the dominant source. NOy and
CO fluxes were then compared to a Chinese emissions inventory, which significantly
overestimated emissions for the region, suggesting that proxy-based emissions inven-
tories have positive biases in urban centres. This work provides a useful benchmark
of emissions from the city which can help to inform future inventories. The spatial
distribution of gas-phase pollutants over the North Atlantic Ocean is explored and it is
shown that transport of pollutants from North America impact the atmospheric compo-
sition of the region. Measurements were then compared with the GEOS-Chem model
which highlighted a systematic underestimation in CO mixing ratios by the model,

possibly indicating a missing source of emissions in the inventory used.
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Introduction

T the time of writing many countries across the world are in some state of lock-
down due to the COVID-19 pandemic. Daily life has changed dramatically
and within a very short period of time. For example, in the UK mobility decreased
significantly since lockdown was announced on 23 March 2020. Compared to the pre-
lockdown period, there was a 70% reduction in vehicle traffic and a 90% reduction
in UK rail journeys by mid-April [AQEG, 2020]. Significant reductions in air traffic
also occurred; a 94% drop in revenue passenger kilometres (the number of revenue
passengers carried multiplied by the distance flown) was reported across the industry
in April compared to the previous year [IATA, 2020]. Reductions in activity have led
to air quality improvements in cities across the world due to a reduction in emissions
[e.g. Mahato et al., 2020, Bao and Zhang, 2020, Li et al., 2020a]. Figure 1.1 shows the
reductions in ambient concentrations of nitrogen dioxide (NO;), a key anthropogenic
pollutant, over China during lockdown compared to the period before lockdown.

As well as improvements in air quality as a result of lockdown restrictions, there
is some evidence that exposure to air pollution is linked to more serious disease out-
comes in coronavirus patients, though it is not possible to say conclusively this is the
case. Liang et al. [2020] and Wu et al. [2020] have suggested a link between high con-
centrations of traffic-related pollutants and COVID-19 mortality, though it is difficult
to disentangle air pollution exposure from other factors that could lead to increased
severity of the disease. Often the highest air pollution concentrations occur in urban
areas where population density is higher, there are higher rates of poverty and public
transport is more commonly used, all of which increase the risk factors for disease

transmission and severity. Nonetheless, public concern about air pollution is growing.
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Figure 1.1: Tropospheric NO; column density over China before (1 — 20 January 2020)
and during (10 — 25 February 2020) lockdown. Data was obtained from the Tro-
pospheric Monitoring Instrument (TROPOMI) on European Space Agency’s (ESA’s)
Sentinel-5 satellite. Image taken from NASA Earth Observatory [2020].
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1.1: Impacts of air pollution

The visible improvements in air quality, as well as heightened awareness of public
health issues, are two possible reasons that public concern about air pollution has in-
creased dramatically since the virus outbreak. According to the environmental charity
Global Action Plan, 47% of those surveyed were now more concerned about air pollu-
tion than during the pre-lockdown period [Client Earth, 2020].

Whilst there currently appears to be heightened awareness and concern about air
pollution it is not a new problem. Air pollution has long been recognised as an issue
with records dating back to 12" century Egypt [Finlayson-Pitts and Pitts, 2000a]. In
fact, the first known instance of air pollution legislation was introduced in 14" cen-
tury England when Edward I introduced a law banning coal burning when Parliament
was in session [Gaffney and Marley, 2009]. Since the mid 18t century, the Industrial
Revolution in Europe and North America led to the development of heavy industry
and subsequent poor air quality. By the 1850s, higher coal usage was associated with
higher death rates from respiratory diseases [Beach and Hanlon, 2017]. During this
period a range of legislation was introduced to deal with the “nuisances” of smoke pol-
lution, including changing how furnaces were built to reduce the gases and particles
emitted [Heidorn, 1978]. Severe pollution episodes have often acted as driving forces
for new environmental legislation. For example, the UK’s 1956 Clean Air Act, an
important milestone in environmental law, was introduced following severe haze pol-
lution events in London during December 1952 [Brimblecombe, 2006]. Air pollution
remains a problem today, though scientific understanding of the complex interactions
between pollutants and their impacts on health and climate has developed dramatically

since its first records in the 12 century.

1.1 Impacts of air pollution

Air pollution is a global problem. Air is polluted when substances that “substantially
alter or degrade the quality of the atmosphere” are present [American Meteorological
Society, 2012a]. Studies have shown the devastating impacts air pollution can have
with estimates that air pollution causes 4.2 million deaths globally in 2015 [Cohen
et al., 2017]. The World Health Organisation (WHO) estimates that 90% of the global
population breathes unhealthy, polluted air [World Health Organization, 2016]. Such

21



Introduction

Table 1.1: Summary of WHO limits for regulated pollutants.

Pollutant WHO Limit

PM;o 50 ug m™ (24-hour mean)
20 ug m (annual mean)

PM; 5 25 pg m (24-hour mean)

10pg m (annual mean)

03 100 ug m™ (8-hour mean)
NO, 200 ug m™ (1-hour mean)

40 pug m> (annual mean)

SO, 500 ug m (10-minute mean)
20 g m (24-hour mean)

is the impact of air pollution that the United Nations (UN) has called for clean, healthy
air to be recognised as a human right [UN Environment Programme, 2019]. Across
the world, people are exposed without their consent to hazardous substances which
increase their risk of developing diseases and disabilities. The WHO recommends
concentrations of certain pollutants be maintained under thresholds to reduce harm to
health with regulated pollutants including particulate matter (PM), ozone (O3), nitro-
gen dioxide (NO,) and sulfur dioxide (SO;). These pollutants are directly harmful to
health linked to reduced lung function, chronic obstructive pulmonary disease, asthma
and cardiovascular diseases [Kampa and Castanas, 2008]. Table 1.1 summarises the
limits set by the WHO for key pollutants [World Health Organization, 2006]. Accord-
ing to the urban air quality database for 2018 (latest available) 49% of cities with more
than 100,000 residents in high income countries do not meet these guidelines [World
Health Organization, 2018]. Residents in low and middle income countries are worse
affected still, with 97% of cities in these countries breaching air quality guidelines.
Shaddick et al. [2020] shows that over half of the global population were exposed to
air pollution substantially above the WHO guidelines and highlight in many countries
there are regions, particularly in Central and Southern Asia and Sub-Saharan Africa,

where inhabitants are exposed to increasing levels of pollution.
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1.1: Impacts of air pollution

Aside from dangerous health impacts air pollution is closely linked to climate
change. Global climate has been changing at an unprecedented rate since industriali-
sation driven by increases in ambient concentrations of greenhouse gases (GHGs), like
carbon dioxide (CO;) and methane (CHy) [Fiore et al., 2015]. The Paris Agreement
2015 was heralded as a historic event in environmental law which set out an inter-
national commitment to hold the increase in the global average temperature to “well
below 2 °C...and to pursue efforts to limit the temperature increase to 1.5 °C” [UN,
2015]. In 2018 the Intergovernmental Panel on Climate Change (IPCC) published a
special report investigating the impacts of a mean global temperature increase of 1.5 °C
compared to a larger temperature increase. Global warming of over 1.5 °C increases
the likelihood of catastrophic environmental damage, including a rise in sea levels of
over 0.8 m by 2100 and irreversible instabilities in Antarctica and the Greenland ice
sheet, which could lead to multi-metre sea level rise, destruction of valuable habitats
including coral reefs and thawing of permafrost [Allen et al., 2018]. Global warming
can also create dangerous feedback loops; for example, thawing of permafrost can ac-
celerate release of CO; into the atmosphere, further warming the planet [Schuur et al.,
2015]. In order to prevent warming above 1.5 °C there must be rapid action and un-
derstanding the mechanics of climate change, including the role of air pollution, is
vital.

GHGs act to warm the planet by absorbing and emitting radiation that would other-
wise escape to space. Radiative forcing (RF) is used to quantify the warming potential
of an atmospheric species with positive RF leading to surface warming and negative
RF leading to surface cooling [Stocker et al., 2013]. CO, and CH, are the most potent
climate change gases with an RF of +1.83 W m~2 and +0.61 W m~? respectively [Et-
minan et al., 2016]. As well as air pollutants themselves leading to warming, climate
change in turn influences air pollution by altering the severity, length and frequency of
precipitation, heat waves and air stagnation events [Jacob and Winner, 2009].

Air pollutants which are hazardous to health and regulated by the WHO can also
impact global climate. In particular, changes in tropospheric O3 have been estimated
to have a RF of +0.35 W m~2, making it the third largest contributor to total tropo-
spheric radiative forcing between 1750 and 2011 [Myhre et al., 2013, Iglesias-Suarez
et al., 2018]. O3 is a GHG as well as a harmful air pollutant and is formed from the
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I I 1 I 1 1 1 I
o | CO;
5
e CH,
2 5 ‘ co, Il
s | HaloCarbons
z . CH, -
[o)
|
H,O(Strat.
, | HFCs—PFCs—SFg | | [ECCust -
& . [ i
5 | | CO
|
o)
9 | | | NMvOC
j N‘trote | |
- | | NO,
2 |
2 | Nitsgs Sulphate | | NH3
o | | ‘
S Sulphote |BC - | SO,
5 i snow
) Fossil-and \V/’ \
] Bnofuel >\\\\ ﬂ—“ Black Carbon
o
Swpy. 0 Carb
i) '_W rganic Carbon
g Blomossl : 9
Burni
% | ernng Mineral Dust
prd | | \
g -1.2 ERFaci | | Aerosol—Cloud
< | [
| Contrails | | Aircraft
|
T
m I | | Land Use
s SurfocelAlbedo ’
g | Solor Irradiance
' 1 1 l 1 1 I 1 1 ‘ 1 I 1 1 1
-0.5 0.0 0.5 1.0 1.5

Radiative Forcing (W m™2?)

Figure 1.2: Radiative forcing (W m~2) for a range of gases and aerosol species for
the period 1750 — 2011. Air pollutants like NOx and CO influence climate through
impacting other species like CH4 and O3. Image taken from Myhre et al. [2013].
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1.1: Impacts of air pollution

photochemical reactions of precursor gases. Figure 1.2 presents the radiative forcing
of a range of atmospheric species for the period 1750-2011 and shows that some air
pollutants have secondary impacts on climate. These pollutants do not act as GHGs
directly but influence climate through altering concentrations of GHGs, like O3 and
CHy, or through aerosol formation. Nitrogen oxides (NOy) and volatile organic com-
pounds (VOCs) react in the presence of UV radiation to form O3z and emissions of
these O3 precursors have risen sharply since the pre-industrial era [Lamarque et al.,
2010, Hoesly et al., 2018]. Through O3 formation, NOy, CO and VOCs have a warm-
ing effect. NOy can also have a cooling impact through CHy perturbations as a result
of changes to hydroxyl radical mixing ratios [Derwent et al., 2008].

NOy and VOCs can form particulate matter, with SO, also being an important
aerosol precursor [Ziemann and Atkinson, 2012]. Aerosols absorb and scatter radia-
tion and affect cloud properties by providing a surface for water vapour to condense.
In these ways they impact the radiative balance of the earth and therefore climate.
It is generally assumed aerosols have a net-cooling effect however, aerosol impacts
on clouds and precipitation are some of the largest sources of uncertainty in climate
models [Stocker et al., 2013, Seinfeld et al., 2016]. Unlike for O3, legislating to re-
duce aerosol concentrations which would improve public health could have a negative
impact on climate. Studies have suggested that reduced aerosol concentrations could
lead to climate warming in the short term, modelling alarming increases in temperature
of up to 0.8 °C per decade as a result of aerosol mitigation strategies [e.g. Raes and
Seinfeld, 2009, Samset et al., 2018, Lelieveld et al., 2019]. However, more recent mod-
elling studies, which took a more holistic approach to emissions reductions scenarios,
suggest there is no such trade-off between protecting public health and tackling cli-
mate change [Shindell and Smith, 2019]. As aerosol and aerosol precursor emissions
have similar fossil-fuel sources, the reduction in aerosol concentrations and resulting
cooling impact is negated by the concurrent reduction in CO, emissions.

Given the public mood since the outbreak of the COVID-19 pandemic, the urgency
of climate change and the devastating health implications of air pollution it is vital air
pollution is controlled. Understanding the drivers of air pollution is critical in order to
develop successful management strategies to alleviate the catastrophic repercussions

of air pollution.
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1.2 Meteorology & atmospheric transport

Ambient concentrations of air pollution are dictated by emissions, chemical transfor-
mation, transport and deposition [Monks et al., 2009]. Across all spatial and tem-
poral scales meteorology, which dictates vertical and horizontal transport of pollu-
tion, can have large impacts on air pollutant concentrations, often to a greater degree
than emissions reductions [Grange and Carslaw, 2019]. It is possible to legislate and
change behaviours to reduce emissions of pollutants but it is not possible to change
the weather! An interesting case study is that of the 2014 Asia-Pacific Economic Co-
operation (APEC) conference which took place in Beijing during November. Due
to rapid industrialisation and urbanisation Beijing experiences significant air quality
problems, with dramatic haze events caused by particulate pollution frequent during
winter months [Zheng et al., 2015]. Mean 24-hour concentrations of PM; 5 of up to
630 ug m= were measured in Beijing 2012—2013 during such haze events [Ouyang,
2013], over 25 times greater than the WHO limit (Table 1.1). During the APEC 2014
conference extensive emissions control measures were put in place including factory
closures, reductions in traffic volume, the closure of construction sites and operations
of coal-fuelled industries paused to reduce the likelihood of the hazardous winter haze
events. Similar emissions controls had previously been found to improve air quality
in the short term at the 2008 Olympic Games which was also held in Beijing [Wang
et al., 2010a]. Emissions reductions were imposed locally (within Beijing) as well
as in the surrounding provinces or municipalities; Tianjin, Hebei, Liaoning, Shanxi,
Shandong, Henan and Inner Mongolia [Guo et al., 2016]. The relative contributions of
meteorology and emissions controls were evaluated and it was found that the emission
control measures reduced the PM; 5 concentrations in Beijing by 41.3% indicating
these measures were effective, but that on average, meteorology played a dominant
role in the air quality improvements observed [Liu et al., 2017a]. As mentioned ear-
lier, during the COVID-19 pandemic lockdown in China, emissions of air pollutants
decreased (Figure 1.1) however this was not the case for all air pollutants and across
the whole of China. Whilst NO, emissions were reduced by over 90% in some re-
gions, there were simultaneously extremely high PM, 5 concentrations observed in the
North China Plain [Le et al., 2020]. Analysis revealed that this enhancement in PM, s
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Figure 1.3: Diagram to show the vertical structure and layers of the atmosphere taken
from Seinfeld and Pandis [2006]. The typical variation of temperature with altitude is

shown.

concentrations was driven by meteorology; relative humidity (RH), was higher than
typical for the time of year and created favourable conditions for secondary aerosol
formation. Wind speeds also decreased by 20% in Beijing which is favourable for
haze formation creating stable conditions with no advection to remove pollution from
over the cities.

Figure 1.3 shows the structure of the atmosphere. The troposphere is the lowest
layer of Earth’s atmosphere extending from the surface to about 10 km upwards. It
contains most of the mass (about 90%) of the atmosphere and is where weather occurs

[Wayne, 1991]. The lowest part of the troposphere, the boundary layer, is strongly

27



Introduction

influenced by its direct contact with the Earth’s surface. Heat transfer between the
surface and the atmosphere means the depth and turbulence of this layer varies con-
siderably with location and time, both on a seasonal and diurnal scale. During the day,
heating means that the boundary layer is usually turbulent and well mixed throughout
its vertical extent. A capping layer, often due to a temperature inversion (shown in
Figure 1.4) separates the boundary layer from the free troposphere. The depth of this
well mixed layer, the mixed layer height (MLH), affects pollutant concentrations as
it determines the rate and range of vertical dispersion of pollutants that are formed or
emitted on the surface and defines the volume of air that pollution is mixed into [Emeis
and Schiéfer, 2006].

As well as vertical transport, wind drives atmospheric transport. Low wind speeds
in areas where air pollutants are emitted reduce ventilation and hence lead to deteriora-
tion of air quality [Grundstrom et al., 2015] on local scales. Larger scale meteorolog-
ical phenomena have also been shown to drive air quality. Intercontinental pollution
transport is driven by the general circulation of the atmosphere and constrained by the
MLH [Dentener et al., 2010]. The North Atlantic Oscillation (NAO), an atmospheric
pressure system characterised by a region of low pressure centred over Iceland and
a region of high pressure centred over the Azores, has been shown to affect pollu-
tant transport and impact air quality [Pope et al., 2018, Grundstrom et al., 2015]. The
pressure difference between these two regions dictates the phase of the North Atlantic
Oscillation Index (NAOI); when the atmospheric pressure difference is small between
the two centres, NAOI is in its negative phase whereas a large pressure difference
means NAOI is in its positive phase. During a positive NAOI, strong westerly winds
are favoured which typically lead to better air quality over Europe due to increased
ventilation. Negative phase NAOIs result in cold and stable air masses over North-
ern Europe, normally originating from Arctic or Siberian regions. These more stable
conditions can lead to pollution building up over Europe.

Atmospheric transport can mean regions without emissions sources become pol-
luted. For example, it is well documented that O3 pollution is often worse downwind
of urban environments owing to reactions of NOx and VOC emissions [e.g. Xu et al.,
2011]. Remote regions which have few local emissions sources can be influenced by

atmospheric transport of pollutants from other regions. For example, the Azores in the
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Figure 1.4: Infographic to show how a temperature inversion can “trap” pollution.
This phenomenon is particularly common during winter where air in contact with the
ground is cold. Warm air rises and stops vertical mixing trapping colder area close
to the ground where pollution can build up. Adapted from European Environment
Agency [2016].
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North Atlantic Ocean is influenced by anthropogenic pollution from North America
and biomass burning emissions, which can lead to enhanced CO, oxidised nitrogen
and O3 mixing ratios [Val Martin et al., 2006]. Intercontinental transport can impact
regions previously considered ‘pristine’ environments. For example, the Arctic was
considered a pristine area with few local emissions sources but since the 1950s has
been affected by haze pollution, the so-called “Arctic haze”. This is a result of pollu-
tion from anthropogenic activities transported from mid-latitudes and being trapped in

the polar region by the stable winter meteorological conditions [Granier et al., 2006].

1.3 Pollutant emissions

Pollutants can be emitted into the atmosphere from natural or anthropogenic sources.
Whilst the role of pollutant transport and meteorology has been discussed above, the
availability of emissions sources is an important driver of air pollution. For example,
for the short-lived pollutant NOy, there are very few emissions sources in remote atmo-
spheres like remote marine or forest environments. In these environments NOy mixing
ratios tend to be < 1 ppb whereas in urban atmospheres mixing ratios are higher on
the order of 10-1000 ppb [von Schneidemesser et al., 2015]. Anthropogenic pollu-
tant emissions are closely linked with economic growth [Li et al., 2019b] as economic
prosperity generally brings about growth in vehicle use, power demands and indus-
try. Environmental legislation has led to reductions in ambient concentrations of many
directly emitted pollutants, though there is regional variation in the success of policy
[Guo et al., 2019].

1.3.1 Overview of global trends in pollutant emissions

NOy largely originates from fossil fuel combustion processes, for example, during
vehicle use or power generation. Global NOy emissions increased between 1960 and
2013, only very recently reaching their peak [Huang et al., 2017]. The decrease in
NOy emissions has largely been driven by reductions in coal consumption and the
implementation of denitration technologies in China [Liu et al., 2016]. In terms of
the spatial distribution of NOy emission sources, emissions from industry are most

significant in China and East Asia whereas power generation and vehicle emissions
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are more significant in Europe and North America. NOx from biomass burning is
significant in Africa and Australia [Huang et al., 2017].

Observations have shown that global concentrations of CO have been decreasing
since 2000 [Yin et al., 2015, Zheng et al., 2019]. CO is emitted from incomplete com-
bustion processes from industry and vehicle emissions. Studies have linked reduced
anthropogenic emissions in the northern hemisphere to the downward trend in CO con-
centrations [Yin et al., 2015, Zheng et al., 2019]. Reductions in CO emissions from the
transport sector are likely the dominant cause of this improvement for North America
and Europe, with improvements in emissions technology for industry and within the
residential sector driving CO emissions reductions in China [Zheng et al., 2019]. Jiang
et al. [2017] also highlighted a reduction in biomass burning events was significant for
reduced CO emissions.

Global emissions of SO, peaked in 1970 [Smith et al., 2011] and decreased by
31% between 1990 and 2015 [Aas et al., 2019]. SO, emissions largely originate from
fossil fuel burning in industrial processes and power generation [Fioletov et al., 2016],
though ships tend to burn fuel with a high sulfur content and emissions from the ship-
ping industry make an increasing contribution to global SO, [Smith et al., 2011]. SO,
was a major air quality problem in the UK during the 1950s due to high levels of
coal burning. In London during December 1952 a dramatic pollutant event caused by
high particulate and SO, pollution, combined with favourable meteorological condi-
tions occurred which is thought to have directly led to 4000 deaths [Thorsheim, 2004].
Developments in emissions technology within the energy sector has largely been re-
sponsible for the recent reduction in global SO, emissions [Klimont et al., 2013].

Volatile organic compounds (VOCs) are a class of organic compounds sufficiently
volatile to exist in the gas-phase. There are numerous natural and anthropogenic
sources of VOCs in the atmosphere, including plants and trees as well as traffic, in-
dustry and solvents. Some VOCs are directly harmful to health (e.g. benzene [Smith,
2010]) but VOCs can also degrade air quality through formation of O3 and PM. VOC
emissions from traffic have decreased in many regions because of emissions controls
technologies, like catalytic converters [Parrish et al., 2016]. As the transportation sec-
tor becomes cleaner, an increasing proportion of the VOC emission budget originates

from volatile chemical products containing organic solvents (e.g. pesticides, cleaning
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agents and personal care products) [McDonald et al., 2018].

1.3.2 Emissions inventories

Emissions inventories provide information about the types and sources of pollution
emitted into the atmosphere as well as the magnitude of the emission. Emissions in-
ventories are central to air quality research and are useful tools for policy makers and
scientific investigation; inventories can be used to check compliance with environmen-
tal law, identify regions which have especially high emissions and evaluate the success
of emissions controls over time. Inventories are used as inputs to atmospheric models
which are used to improve scientific understanding of air pollution processes in the
atmosphere. Access to reliable and accurate emissions inventories is therefore impera-
tive for guiding policy to improve public health and furthering scientific understanding
of the air pollutants in the atmosphere. If inventories do not correctly detail pollutant
emissions, regardless of the quality of the atmospheric model, the model outcomes
will be wrong.

Emissions inventories exist at a range of spatial resolutions. For example, the Emis-
sions Database for Global Atmospheric Research (EDGAR) presents emissions on a
global scale [Crippa et al., 2020]. Other emissions inventories exist on national and
regional scales for example the National Atmospheric Emissions Inventory (NAEI)
in the UK [DEFRA, 2014] and the Multi-resolution Emissions Inventory for China
(MEIC, http://www.meicmodel.org/) [Qi et al., 2017]. Local inventories can be
useful to assess air quality on a city-scale to improve understanding of local condi-
tions [Zhao et al., 2015]. This is especially useful for urban areas with high popu-
lation density where poor air quality has significant impacts on residents. Emissions
inventories can be developed using ‘bottom-up’ or ‘top-down’ methods. Bottom-up
approaches involve statistical analysis of activity data and emissions factors whereas
top-down approaches estimate emissions based on observations [Oda et al., 2019].
Emissions inventories can be associated with large uncertainties due to difficulty esti-
mating emissions and activity factors [e.g. Li et al., 2017b, Cheewaphongphan et al.,
2019]. Top-down methodologies often use inverse modelling techniques to scale na-
tional emissions statistics or observations to higher resolutions, but developing emis-

sions estimates on sub-national scales can be problematic [Oda et al., 2019]. Spatial
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proxies can be used to downscale emissions estimates but these do not often accurately
represent emissions at local scales [Zheng et al., 2017].

One way that emissions inventories can be evaluated at local scales is by com-
paring to directly measured emissions. Using the eddy-covariance (EC) technique,
fluxes of pollutants can be quantified and the pollutant flux compared to the emission
inventory. Work carried out in London, UK used the EC technique to quantify NOy
flux and highlighted a significant underestimation of NOx emissions by the NAEI.
Measured emissions were on average 80% higher than the inventory suggested [Lee
et al., 2015]. Discrepancies were assumed to be caused by unexpectedly high NOy
emissions from diesel vehicles which had not decreased as expected given emissions
legislations [Carslaw and Rhys-Tyler, 2013]. A systematic underestimation of NOy
emissions by the NAEI for London was also suggested by a series of airborne eddy
covariance measurements [Vaughan et al., 2016]. Karl et al. [2017] calculated NOy
fluxes for Innsbruck, Austria which also showed that NOy from traffic sources could
be considerably underestimated in Europe. Other sets of EC measurements have shown
good agreement between inventories and measured emissions. For example, Velasco
et al. [2009] showed that a local inventory compared well to measured emissions of
CO; and selected VOCs in a residential district of Mexico City. Gioli et al. [2015]
used long-term EC flux measurements of CO, to improve the temporal variability in a
local atmospheric inventory, though showed good agreement between annual average
CO, emissions.

EC fluxes only allow direct comparison to inventories on local scales, typically
over a few kilometres, and for evaluation of emissions inventories on larger scales
other techniques must be used. The mass balance technique has been used to calculate
emissions from aircraft which allows emissions to be quantified over larger areas, for
example over a city [e.g. Mays et al., 2009, Cambaliza et al., 2014, Pitt et al., 2019].
O’Shea et al. [2014] measured CO,, CH4 and CO fluxes over London using the mass
balance technique and compared results with the NAEI. Measured fluxes were found to
be at least a factor of 2 larger than emissions given in the annual inventory. As the flux
measurement only provided a ‘snapshot’ of emissions it was difficult to evaluate the
emissions inventory given the large degree of temporal variation in emissions. Aircraft

mass balance techniques, whilst offering the ability to calculate emissions for city-
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scale areas, are often limited as they require the surrounding areas to have negligible
emissions sources which is often not a reasonable assumption to make [Pitt et al.,
2019].

Inverse modelling is another technique which has been used for the evaluation of
emissions inventories at local and regional scales. Essentially inverse modelling at-
tempts to constrain an emissions inventory to observed pollutant concentrations. An
atmospheric transport model is used to show how pollutants travel to a measurement
site from a source given in the emissions inventory. Emissions can then be optimised
in the model to best fit the measured pollutant concentrations. Bergamaschi et al.
[2015] used inverse modelling and long-term, continuous measurements from a net-
work of monitoring stations to evaluate GHG emissions for Europe and suggested that
emissions inventories underestimate CH,4 emissions by 26-56%. A study over Paris
used inverse modelling to show that NOy emissions were overestimated in urban areas
and underestimated in suburban areas of the city [Pison et al., 2007]. Inverse mod-
elling is limited by the number of observations available however. This is especially
problematic especially when using inverse modelling at local scales where air quality
monitoring stations may be present but local meteorological observations are generally
sparse and pollutant backgrounds variable.

Given the variable performance of emissions inventories, it is important to perform
such evaluation exercises using techniques like EC flux, inverse modelling or mass bal-
ance. Depending on the purpose and scale of the inventory a combination of evaluation

techniques may be useful.

1.4 Tropospheric chemistry of air pollutants

Emissions and meteorology have striking impacts on the pollutant concentrations ex-
perienced on Earth but pollutant emissions do not build-up in the atmosphere indefi-
nitely. Thousands of tons of pollutant gases are released into and removed from the
atmosphere each year. Photochemical reactions initiated by hydroxyl radicals (OH)
oxidise pollutant gases [Lelieveld et al., 2004], allowing pollution to be removed from
the atmosphere normally via wet- or dry-deposition [Fowler et al., 2009]. Production

of the OH radical itself is initiated by the photolysis of O3 in the presence of water
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vapour (reaction R1 and R2) [Wayne, 1991].

O3 +hv — O('D) + 0,1 ('A,) (R1)

o('D) +H,0 — 20H (R2)

In polluted atmospheres, the photolysis of nitrous acid (HONO) is also an impor-
tant source of the OH radical (reaction R3) [Harrison, 2018].

HONO+hv — OH+NO (R3)

1.4.1 Tropospheric ozone formation

Nitrogen oxides (NOy) exists as NO and NO, in the atmosphere. In atmospheres
with low VOC concentrations NO and NO; exist in equilibrium with O3 according
to reactions R4-R6 below. This equilibrium is known as the photostationary state
(PSS). NO, is photolysed at A < 420 nm, producing NO and an oxygen atom, OCP).
O(CP) reacts with O, to form Os. This is the only significant source of O3 within
the troposphere [Monks et al., 2015]. Ogz reacts rapidly with NO, so there is no net

formation or destruction of O3, summarised in Figure 1.5A.

NO, +hv — NO+0(’P) (R4)
OCP)+0,4+M — O3+M (R5)
034+NO — NO» + 0, (R6)

In the presence of CO or VOCs however (figure 1.5B) the PSS is perturbed. VOCs
are oxidised by OH to form reactive peroxy radical intermediates (RO, or HO;) shown

in reactions R7 and RS:

(0]
VOC + OH =% RO, + H,O (R7)
0]
CO+OH 2% HO, +CO, (R8)
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Figure 1.5: Schematic showing the interconversion of NO and NO, and O3 formation
in the absence of VOCs (A) and in the presence of VOCs (B). Figure taken from
Atkinson [2000].

RO, or HO; can then react with NO to form NO; (reactions R9 and R10), in place
of the O3 molecule (shown earlier in reaction R6). O3 is then generated according to
reactions R4 and RS but because an O3 molecule is not used up when generating NO,
as in the absence of VOC:s, there is net O3 production [Atkinson, 2000].

[0)
RO>+NO —2 secondary VOC +HO» +NO, (R9)
HO>+NO —3 OH+NO, (R10)

O3 production is a non-linear process with respect to NOy concentrations [Monks
et al., 2015]. This is due in part to the rapid reaction between O3 and NO (reaction R6)
so at high NO concentrations, O3 is titrated by NO. Observations in urban areas, where
NO concentrations are typically high due to plentiful emissions sources, show that O3
concentrations can decrease when NO is over a threshold concentration [e.g. Tiwari
et al., 2015]. At low VOC/NOy ratios, NO, can compete with VOCs for reaction with
OH to form nitric acid, HNOj5 (reaction R11) so NO, and a radical are removed from
the system without formation of an O3 molecule. HNO3 is removed easily from the

atmosphere by wet- or dry- deposition.

NO»+OH+M — HNO3; +M (R11)
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Figure 1.6: A typical O3 isopleth, taken from Finlayson-Pitts and Pitts [2000b].

Figure 1.6 shows a typical O3 isopleth, representing the non-linear relationship be-
tween concentrations of NOy, VOCs and Os. The sensitivity of O3 formation to VOC
or NOy can be described as a “VOC limited” regime or “NOy limited” regime. Figure
1.6 shows that in the NOy limited part of the isopleth, increasing NOy concentrations
whilst VOC concentrations remain constant, increases O3 concentrations. In contrast,
the VOC limited part of the isopleth shows that moving along a line of increasing VOC

concentrations and constant NOy emissions increases O3 concentrations.

1.4.2 Nitrogen oxides

As well as being the major route to O3 formation in the troposphere, NOy reacts to
form other nitrogen species. The lifetime of NOy in the troposphere is dictated by the
chemical composition of the air, usually by loss of NOy via formation of alkyl nitrates

or HNO3 via reaction with OH (reaction R11) and is non-linearly dependent on NOy
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concentration [Laughner and Cohen, 2019]. Generally speaking though, the lifetime
of NOy is short, on the order of a few hours to a few days [Monks et al., 2015], in
the troposphere. In remote atmospheres, where there are no direct emissions sources,
NOy present in the atmosphere is usually released from other molecules which have
longer lifetimes and can be transported over long distances. For example, peroxyacetyl
nitrate (PAN, CH3C(O)OONO,) is a pollutant formed from the reaction of NO, with
the peroxyacetyl radical (shown in reaction R12) [Fischer et al., 2014], itself formed
from the oxidation of non-methane VOCs (NMVOCs).

CH3;C(0)0O+NO;+M = PAN+M (R12)

Traditionally, it has been assumed that NOy in marine atmospheres is formed from
the transport and successive thermal decomposition of organic nitrates, such as PAN,
originating in continental regions. Formation of HNOs (reaction R11) then removes
NOy from the system. A balance between these two processes was assumed to main-
tain the low NOy mixing ratios observed but more recently, the role of particulate
nitrate (p-NOs3) has been considered to be a significant source of NOy in oceanic at-
mospheres. Reed et al. [2017] suggest that long-term observations of NOy at the Cape
Verde Atmospheric Observatory (CVAO), positioned on the north-eastern side of Sdo
Vicente (one of 10 islands in the Cape Verde archipelago) indicate photolysis of p-NO3
plays a critical role in NOx formation. Long-term measurements from CVAO show a
consistent diurnal cycle with peak concentrations in the daytime (~ 15 pptv higher
than at night), indicative of an in-situ, photolytic source. If the traditional view of NOy
formation is accepted, it would be expected that NOy concentrations would decrease
over the day due to reaction with OH. Ye et al. [2016] present further evidence for p-
NOj3 as an in-situ source of NOy. Rather than acting as a sink of NOyx, HNO3 could act
as a reservoir species that regenerates NOy. Photolysis is enhanced by up to 4 orders
of magnitude when adsorbed onto a surface, for example sea salt particles [Zhou et al.,
2003, Baergen and Donaldson, 2013].

1.4.3 Carbon monoxide

Carbon monoxide (CO) is a major sink of OH and therefore influences the oxidising

capacity of the atmosphere, accounting for around 40% of the removal of OH in the
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troposphere [Lelieveld et al., 2016]. CO impacts global radiative forcing indirectly in
this way by reducing OH concentrations and increasing O3 and CH,4 abundances [Fiore
et al.,, 2012]. As well as leading to O3 formation in the troposphere, CO competes
for the OH radical (reaction R13), the major CH4 sink and therefore increases CHy
lifetimes [Fiore et al., 2015]. CO contributes to tropospheric Oz formation via the
formation of HO, (reactions R13 and R34).

CO+OH — COy+H (R13)

H+0,+M — HO,+M (R14)

The global average lifetime of CO is approximately 2 months [Novelli et al., 1998],
but its lifetime is dependent on OH abundance. As such a great degree of spatial and
temporal variability in CO lifetimes; CO lifetimes are approximately 10 days near the
tropics due to higher OH abundance and over a year in the polar regions [WMO, 2018].
Compared to NOx however it exists on timescales long enough to be transported over
longer distances away from emissions sources, influencing atmospheric composition
and chemistry of other regions. This makes CO an ideal tracer of transport of global
and regional pollutants from biomass burning and anthropogenic activities [e.g. Stohl
et al., 2003, Sodemann et al., 2011, Panagi et al., 2020].

1.4.4 Volatile organic compounds

Volatile organic compounds (VOCs) are important for O3 formation, discussed in sec-
tion 1.4.1, and can also be oxidised to form secondary organic aerosol (SOA). As emis-
sions technologies improve secondary particulates comprise an increasing component
of particulate matter [Air Quality Expert Group, 2012, Guo et al., 2014, Duan et al.,
2020]. The chemistry of VOCs is complex due to the wide variety of emitted com-
pounds with different structures and functional groups and hence different chemical
properties [Mellouki et al., 2015]. As a result of the differences in reactivity, different
VOC:s have different O3 formation potentials. For example, aldehydes (which contain
a carbonyl group) were found to have higher O3 formation potentials than other VOCs,
accounting for 40% of total O3 formation for a study in Beijing [Duan et al., 2008].

Atmospheric lifetimes vary greatly for VOCs as a result of different reactivity ranging
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from minutes to years depending on atmospheric composition [Atkinson and Arey,
2003].

Saturated hydrocarbons like alkanes can react with OH or NO3 radicals or CI atoms
through abstraction of a H atom [Stockwell et al., 2012]. This leads to the formation
of peroxy radicals which leads to tropospheric O3 production (presented in section
1.4.1). Saturated hydrocarbons that are larger or have a greater degree of branching
produce more stable radicals and therefore are more reactive to OH. For unsaturated
hydrocarbons, like alkenes, OH can react through addition of OH across the double
bond [Atkinson, 2000] e.g. for 1-butene:

CH;CH,CH = CH, + OH + M — CH3CH,CHCH,OH +M (R15)

This hydroxyalkyl radical can then react with O, to form a hydroxyalkyl peroxy rad-
ical which can contribute to tropospheric O3 formation as per the reaction scheme
in section 1.4.1. Aromatic hydrocarbons predominantly react with OH, first via H
abstraction from a C—-H bond, then by radical addition of OH to the aromatic ring
[Atkinson, 2000].

1.5 Thesis Outline

This thesis presents work carried out in Beijing, China; a megacity with a population of
over 20 million, and over the remote North Atlantic Ocean. Both of these atmospheres
can be described as polluted, though to different degrees. The work in this thesis
explores the atmospheric composition of both environments and demonstrates the role
of emissions, meteorology and chemistry in determining the atmospheric composition

observed.

Chapter 2 outlines the principles of operation for the measurement of gas-phase pol-
lutants; O3, NOx, NOy, CO and SO, and describes the measurement site and instru-
ment set-up. Measurements were carried out during two field campaigns in Beijing,
as part of the Air Pollution and Human Health-Beijing project. Fieldwork took place
during November—December 2016 and May—June 2017. An uncertainty analysis is

carried out for the measurements made during the two field campaigns.
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Chapter 3 presents details of gas-phase pollutants measured in Beijing. Seasonal
differences in pollutant mixing ratios are presented and possible drivers for these dif-
ferences suggested. An analysis of the NOx-O3 chemistry is carried out, with particular

focus on any reasons for deviations from the photostationary state.

Chapter 4 presents emissions measurements made using the EC technique in Bei-
jing. Emissions of NOx, CO and some aromatic VOCs were quantified for the first
time using this technique, the dominant source of which was determined to be vehicle
emissions. The seasonal differences between emissions are discussed and the mea-
sured emissions are compared to a Chinese emissions inventory. It was found that for

the emissions measured, the inventory considerably overestimates emissions.

Chapter 5 presents airborne measurements of gas-phase air pollutants made over the
North Atlantic Ocean. The spatial distribution of pollutants is examined and pollutant
ratios and trajectory analysis used to classify some air masses sampled during flights.

Measurement data is compared with the GEOS-Chem model.

Chapter 6 summarises the main findings of this work.
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HIS chapter discusses the methods used during two field campaigns in Beijing,
China as part of the Air Pollution and Human Health-Beijing (APHH) project.
An overview of the techniques used to obtain measurements presented in this thesis is

given and an uncertainty analysis carried out.

2.1 A note on terminology used in this thesis

The term ‘mixing ratio’ is used throughout this thesis to refer to the molar fraction of
a substance in air. This can also be referred to as ‘amount fraction’ (short for amount
of substance fraction), but given the prevalence of mixing ratio within the atmospheric
science community, it is used in this work instead. The units of gaseous mixing ratios

are defined as:
e ppm = umol mol~! = 107® mole of substance per mole of air
e ppb =nmol mo~! = 10~ mole of substance per mole of air

e ppt = pmol mol~! = 1072 mole of substance per mole of air

2.2 The measurement site in Beijing, China.

Measurements were taken at the Institute of Atmospheric Physics (IAP), Chinese
Academy of Sciences (39°58°28”N, 116°22’16”E) in central Beijing, shown in Fig.

2.1. The site is between the third and fourth ring roads and surrounding land use can
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be characterised as urban, being mainly residential with some busy (two and three lane
dual-carriageway) roads nearby. The Jingzang Highway is approximately 400 m east
of the site. Buildings surrounding the tower are predominantly 15-30 m in height, but
with some almost 100 m tall within 500 m to the south of the tower. The site is in a
‘green’ area with some park space and a canal close by. In terms of the wider area,
Beijing is situated at the northern tip of the North China Plain. The city itself and areas
to the south are reasonably flat. Beijing is surrounded by the Yanshan mountain ranges

to the north and the Xishan mountain ranges to the west.
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Figure 2.1: Measurement site position is shown by the red triangle between the third
and fourth ring roads. Key landmarks of Beijing are highlighted in orange with major
roads shown in black and smaller roads in grey. Parks are shown in green and water
in blue. Surrounding land use is mainly residential with many restaurants within a
few hundred meters of the site with the Jingzang Highway close by. Map was built
using data from () OpenStreetMap contributors 2019. Distributed under a Creative

Commons BY-SA License.
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2.3: Gas-phase air quality instrumentation

2.3 Gas-phase air quality instrumentation

This section describes the measurement of O3, NO, NO, NOy, SO, and CO with

instrumentation shown in Fig. 2.2.

co —»@—»Exhaust
Sensors|

PR | NAFION

Exhaust-—

48.9 PPB
Exhaust -

ypy

Exhaust-— 57.5 PPB AQD N0y
Converter

22.8 PPB
Exhaust-— . ) 3 Exhaust

Exhaust-| 63:93BEB

Figure 2.2: Flow schematic for the air quality instrumentation deployed during the
winter and summer field campaigns in Beijing. All measurements shared a manifold

line apart from the NOy measurement which had a dedicated sample inlet.

Air quality instrumentation was housed in a modified shipping container labora-
tory at the IAP site, to make measurements of gas-phase pollutants: NO, NO,, NOy,
O3, CO and SO,. A vacuum pump sampled ambient air at a rate of approximately
30 SLPM from an elevated inlet at 8 m. All gas lines were heated and insulated to
minimise condensation within the line. A filter was installed at the inlet of the mani-
fold to remove any particles and changed regularly to ensure sufficient flow rates were
maintained. Each instrument drew from the sample manifold as shown in Fig. 2.2,

apart from the NOy measurement which had a dedicated sample inlet.

Measurement of ozone

O3 was measured using a Thermo Scientific Model 49; UV photometer which exploits

the absorption of O3 in the UV range. O3 absorbs light at a wavelength of 254 nm
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[Parrish and Fehsenfeld, 2000] with the degree of absorption being proportional to
concentration as per the Beer-Lambert law:

é = ¢ KIC (2.1)
Where [ is the intensity of UV light emitted by Oz in the sample gas, Iy is the intensity
of UV light emitted by the reference gas, K is the molecular absorption coefficient
of Oz, L is the length of the cell (38 cm) and C is the mixing ratio in ppm. The in-
strument itself has two separate cells, into which monochromatic light at 254 nm is
shone. Sample gas alternates between reference and sample modes which allows con-
tinuous O3 measurements and compensates for fluctuations in instrument conditions
e.g. lamp intensity. Air is sampled at a rate of 1 SLPM and split into two streams.
One gas stream passes through an ozone scrubber, removing any ambient O3 creating
areference sample whilst the second stream passes unaltered into the sample cell. Two
detectors measure the UV light intensities in the two cells and the O3 mixing ratio is
calculated according to equation 2.1. Given that few other atmospheric species absorb

at this wavelength there are minimal interferences.

Measurement of nitrogen oxide

Nitrogen oxide was measured by chemiluminescence with a Thermo Scientific Model
42i NOy analyser which quantifies NO through its reaction with O3 and subsequent
light emission from the decay of excited state NO;, produced [Drummond et al., 1985].
The instrument sampled ambient air from the sample manifold at a rate of 1 SLPM.
The sample is directed to a reaction chamber where any NO in the sample reacts with
0O3. The O3 is generated from ambient O, by an internal silent discharge ozonator
sampling dry ambient air from a separate inlet. On reaction with Oz, NO reacts to
produce excited NO,* molecules which produce infra-red light emission when the

molecules decay to the ground state. Simply, the reaction is:
NO+0O3 — NOy+Or+ hv (R16)

The resulting luminescence is detected by a photomultiplier tube (PMT) which pro-
duces a photocurrent proportional to the number of photons emitted. The chemilumi-

nescence technique will be discussed in more detail in section 2.5.
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2.3: Gas-phase air quality instrumentation

Measurement of nitrogen dioxide

NO, was measured directly, using a Teledyne Model T500U Cavity Attenuated Phase
Shift (CAPS) spectrometer. This instrument operates as an optical absorption spec-
trometer, exploiting the strong absorbance of NO, at 450 nm (as per the Beer Lambert
Law, equation 2.1). A light emitting diode (LED) emits light at a wavelength of 450 nm
into a measurement cell which has high-reflectivity mirrors at either end of the cell to
increase the path length of the light. When NO; is present and light is absorbed, there
is a shift in the phase of light detected by the photodiode detector compared to the
phase of the incident light. This phase shift is proportional to absorption so increases
with amount of NO, [Kebabian et al., 2005]. This method is advantageous as there
are no interferences from reactive nitrogen species due to the wavelength used as have
been reported for NO, measurements in chemiluminescence systems. Many commer-
cial chemiluminescence systems use a non-selective catalytic converter to reduce NO,
to NO, allowing detection as for NO, which also convert reactive nitrogen species like
HNO3 and PAN [Dunlea et al., 2007, Ge et al., 2013].

Measurement of total reactive nitrogen

Odd nitrogen, NOy (the sum of NOx + HONO + HNO3 + HO,NO; + NO3 + 2N,0s5
+ PAN + other organic nitrates + aerosol nitrate...) was measured using a Thermo
Scientific Model 42C NOy analyser with a molybdenum mesh catalyst heated to ap-
proximately 350 °C located at the sample inlet. The molybdenum converter reduces
NOy compounds to NO, which is then measured via the chemiluminescence reaction
with O3. The Mo surface is oxidised to MoO, and MoO3 as NOy is reduced. The
difference between NOy and NOx mixing ratios quantifies non-NOy reactive nitrogen
compounds termed NO,. This method has been shown in other studies to have a high
conversion efficiency (> 90%) for NOy species at ambient mixing ratios [Fehsenfeld
et al., 1987, Williams et al., 1998]. For analysis presented in this thesis it is assumed
that the conversion efficiency of NOy by the molybdenum converter is 100% which

has been calibrated using NO,.
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Measurement of sulfur dioxide

SO, was measured using a Thermo Scientific 43i fluorescence spectrometer. SO,
molecules absorb UV light at wavelengths 190-230 nm (equation R17) with emis-
sion from electronically excited SO,* molecules occurring at 240-420 nm (equation
R18), as they decay back to the ground state [Okabe et al., 1973].

SO, +hvy — SO, (R17)

SO," — SO>+hvy (R18)

The intensity of light emission is proportional to SO, concentration. Air is drawn into
the instrument at a rate of 1 SLPM, via a nafion drier, to remove water vapour from
the sample stream which can weaken the fluorescence signal by providing an alterna-
tive path back to the ground state through quenching. Fluorescence systems can suf-
fer from interferences with hydrocarbons being highly fluorescent at UV wavelengths
which can cause misleading enhancements in SO, signal. To eliminate this interfer-
ence, the sample passes through a hydrocarbon ‘kicker’ before entering the reaction
cell, through which hydrocarbons are removed from the sample stream by application
of differential pressure across a partially permeable membrane. SO, molecules pass
through unaltered. A UV flash lamp, pulsed at a rate of 10 Hz, emits UV light for
the excitation of SO, molecules. The UV light from the lamp is focused through a
condensing lens onto a series of mirrors which selectively reflect wavelengths of light
required for excitation of SO, (wavelengths 190-230 nm). Fluorescence is then de-
tected by a PMT.

Measurement of carbon monoxide

CO measurements were made using 6 clustered electrochemical sensors (Alphasense
Ltd.) encased in a 2 x 3 formation. Ambient air was supplied from the manifold line
to the sensors at a flow rate of 1.5 SLPM via a metal bellows pump. The sensors per-
formed well when compared to a reference CO instrument (Aero-Laser AL5002 vac-
uum UV analyser) described in section 2.6. It was found that through clustering the

sensors, rather than having individual sensors, the performance was improved through
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2.3: Gas-phase air quality instrumentation

eliminating random drift observed for individual sensors [Smith et al., 2017]. The
electrochemical sensors use a three electrode system; the working electrode which is
coated with a high surface area catalyst, a counter electrode and a reference electrode
[Mead et al., 2013]. When CO comes into contact with the working electrode it under-
goes a redox reaction, generating a current at the working electrode which is balanced
by reaction at the counter electrode. This changes the potential of the counter electrode
whereas the potential of the working electrode is fixed through the reference electrode
which is maintained at a constant potential. A potential difference is therefore gen-
erated between the working and counter electrodes which forms the output signal of
the sensor. Because the rate of diffusion of the CO gas into the sensor is slower than
the rate of reaction of the gas at the electrode the potential difference generated is

proportional to CO concentration [Stetter and Li, 2008].

2.3.1 Calibration of air quality instrumentation

All instruments were calibrated regularly throughout the measurement period, at least
once every week, but more frequently during the summer campaign when temper-
atures were warmer and laboratory conditions less stable. A ‘zero’ or background
calibration was carried out for the NO, NO, NOy, SO, and O3 instruments using a
Sofnofil/charcoal trap. Sample gas passes through Sofnofil beads first then activated
charcoal. Activated charcoal removes NO,, SO, and O3 as the molecules adsorb onto
the charcoal surface. NO is oxidised to NO, by the Sofnofil, which contains potassium
permanganate as the oxidising agent and is then removed by the activated charcoal as
NO;. The background signal of the CO sensors was determined by calibration with a
BTCA zero air standard. Span (high mixing ratio) calibrations were carried out using
gas standards. Both the Thermo Scientific 42i (NO measurement) and 42C (NOy mea-
surement) were calibrated by overflowing the inlet with a 100 ppbv NO in nitrogen
standard, traceable to the National Physical Laboratory (NPL) NO scale. The NO,
instrument was calibrated using a 73 ppbv NO; in nitrogen standard (BOC). The SO,
instrument was calibrated using a 1 ppm SO, standard (BOC). CO sensors were cal-
ibrated frequently throughout the campaign using a BOC 1 ppm CO in synthetic air

standard.
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2.4 Measurement of NO, and CO fluxes

2.4.1 Instrument set-up

In order to quantify pollutant flux, high time resolution data is required to capture the
rapid changes that result from the turbulent transport of pollution. 5 Hz measurements
of NOy and CO mixing ratios were made at the IAP site at which there is a 325 m
tall meteorological tower. NOy and CO instrumentation was housed in a temporary
shipping container laboratory located at the base of the tower and sample lines from

an inlet platform at an elevation of 102 m ran down the tower to the laboratory.

2.5 NOy chemiluminescence measurements

Chemiluminescence is a well documented technique for the measurements of nitro-
gen oxides which has been used extensively in remote and polluted environments [Lee
et al., 2009, Reed et al., 2017, Karl et al., 2017]. The key principles behind the mea-
surement technique are explored here.

NO is detected through the reaction with excess O3 to form excited state NO;
(reaction R19), which emits a photon on decaying to the ground state (reaction R20).
Light at a wavelength of > 600 nm is emitted with an intensity proportional to the
concentration of NO [Kley and McFarland, 1980].

NO+ 03 — NOY* 4+ 0, (R19)

NOy* —3 NO, + hv (R20)

The measurement of NO, is slightly more complex. For detection by chemilumines-
cence, NO;, must first be reduced to NO. One way to achieve this is through catalytic
reduction e.g. a molybdenum converter, as is used in some commercially available
NOy measurement systems. The high conversion efficiency of the Mo converter has
made this option attractive in the past, however other reactive nitrogen species (NO,)
are also reduced to NO leading to overestimation of NO; concentrations [Dunlea et al.,

2007]. Another more specific method is to photolytically convert NO; to NO [Kley
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2.5: NO4 chemiluminescence measurements

and McFarland, 1980, Ryerson et al., 2000], shown in reaction R21.
NOy+hv — NO+O (R21)

NO; is photolysed at wavelengths below 400 nm. A range of converters have been
used to photolyse NO, to NO, for example mercury lamps, Xenon arc lamps and UV-
LEDs [Sadanaga et al., 2010]. Those with broadband light sources (e.g. mercury
and Xenon arc lamps) are associated with low conversion efficiencies and given these
emit radiation at shorter and longer wavelengths than required for NO; photolysis they
are affected by interferences from other species, e.g. HNOj3, at wavelengths below
350 nm [Buhr, 2007]. Pollack et al. [2010] evaluated the performance of three types of
photolytic converter and showed that blue light converter (BLC) with A = 395 nm had
a smaller spectral overlap with interfering compounds compared to those operating at

a shorter wavelength of 365 nm.

2.5.1 The AQD NOy chemiluminescence detector

5 Hz NOy mixing ratios were measured in Beijing using a dual channel chemilumines-
cence analyser (Air Quality Design Inc., Golden, Colorado, USA). The two channels
enable simultaneous measurements of NO and NO,. A flow schematic is shown in
Fig. 2.3.
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Figure 2.3: Flow diagram for the Air Quality Design Inc. (AQD) NOy Chemilumines-
cence Analyser.

Ambient air enters the system via the inlet box, and is pressure controlled at
300 Torr by an MKS 640 pressure controller before being split into two channels;
the NO channel and the NOy channel. Both channels are mass flow controlled using a
mass flow controller (MFC, MKS Instruments, Type 1179A), maintaining flow in each
channel at 1500 sccm. In effect, the two channels are identical with the same compo-
nents and the same path lengths apart from a photolytic converter in the NOy channel
which converts NO; to NO. The photolytic converter used is supplied by Air Qual-
ity Design Inc. (AQD) and has a high conversion efficiency compared to traditional
photolytic converters that use broadband light sources [Buhr, 2007]. The converter
is comprised of two UV-LED arrays at either side of a highly reflective Teflon block
through which the sample gas flows. The volume of the converter is 10 mL, giving
a residence time of 0.12 s. To remove heat generated by the UV-LEDs, and prevent
thermal decomposition of reactive nitrogen species that could lead to a falsely high
NO; reading [Reed et al., 2016], the converter is Peltier cooled to below 35 °C. The
wavelength of light produced by the UV-LED arrays is 395 nm which provides good
spectral overlap with the NO, quantum yield and cross section, and limited overlap

with the spectra of other potentially interfering species [Pollack et al., 2010] including
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2.5: NO4 chemiluminescence measurements

HONO, shown in Fig. 2.4. In the NO channel an extra length of PFA tubing with a

volume of 10 mL is included so that there is no lag between the two channels.
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Figure 2.4: Absorption cross section (red) and quantum yield (dashed black) of NO,,
presented with the average spectral output of BLC lamps (dark blue) used in a similar
instrument discussed in Reed et al. [2016]. The absorption cross spectra for NO3
radicals (green), HONO (light blue), BrONO?2 (lilac) and PAN (yellow) are also shown
to show that these species are not interferences for the BLC. Figure adapted from Reed
et al. [2016].

Gas in the two channels is then fed into the detector unit, which houses the reaction
cells where the ambient sample in each channel reacts with excess O3 generated in the
ozonizer units (described below). Two reaction vessels (241 mL, stainless steel with
gold coating) sit in front of two PMTs (Hamamatsu, R2257P). The signal detected
by the PMTs is the sum of chemiluminescence from the NO + O3 reaction, the “dark
current” from thermionic emissions of the PMT and from any interference e.g. other
gas-phase reactions or from illumination of chamber walls [Drummond et al., 1985].
In order to minimise quenching of the excited NO, molecules by other molecules, and
therefore maximise the chemiluminescence signal, the reaction cell is maintained at
a low pressure of 10 Torr. Other atmospheric molecules (such as alkenes) can react
with O3 but these emit photons between 400 and 600 nm. This signal is negated by
the presence of a red transmission filter in front of the PMT which only transmits pho-

tons with a wavelength longer than 600 nm [Drummond et al., 1985]. To minimise the
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dark current signal the PMT is cooled to below -15 °C by Peltier coolers but it is still
necessary to quantify this background signal. In order to do this the instrument is “ze-
roed” at regular intervals (once every hour for 2 minutes during instrument operation
in Beijing). When the instrument is in zero mode the O3 generated in the ozonizer unit
is diverted to a zero volume (180 mL, PFA) to mix with the sample before reaching
the reaction volume. This means that the chemiluminescent reaction occurs in the zero
volume rather than the reaction chamber and no chemiluminescence is detected by the
PMTs. The counts measured are due to background signal.

The ozonizer unit supplies a constant flow of O3 to the detector unit. O, gas from
a cylinder is supplied to two “ozonizers” which generate O3 by corona discharge. A
high voltage is applied across the surface of a glass tube through which the O, gas
flows, splitting O, molecules, forming two unstable O~ atoms. These unstable O™
atoms then react with other O, molecules forming Os.

A scroll pump (Edwards nXDS20) is used to pull the sample air through both
channels. An O3 scrubber (Ozone Solutions) is used to remove O3 from the exhaust

stream, with a removal efficiency of 99.9%.
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2.5.2 AQD NOx calibrations
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Figure 2.5: Example calibration sequence for the AQD NOy analyser showing the four
stages of the calibration. When the BLC or GPT signal is 1 they are switched on and
when the signal is O they are off. Note that the GPT trace in grey has been offset
slightly from the BLC trace so it can be seen clearly.

Regular calibrations were carried out during the field campaigns in Beijing approxi-
mately every 2-3 days. To calibrate the sensitivity of each channel to NO a flow of
10 sccm of a 1 ppmv NO calibration standard was added to a scrubbed ambient air flow
of 3000 sccm to give a NO mixing ratio of approximately 3000 pptv. By adding the
calibration gas to ambient air, channel sensitivities are calculated in air which has the
same humidity as the sample. Water vapour acts as a quencher of the NO; excited state
so sensitivity can be affected by changes in humidity. The stages of the calibration can
be seen in Fig. 2.5. The scrubbed air is supplied through a Sofnofil/activated charcoal
scrubber sampling air from inside the laboratory. The conversion efficiency of the pho-
tolytic converter is calibrated by gas phase titration (GPT), where O3 is added to the
sampled NO calibration gas in the titration cell to create a known mixing ratio of NO,.

The GPT cell consists of a mercury pen lamp which generates UV light converting O3
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from O, (fed to the cell from the O, cylinder) and oxidising 60-80% of the NO into
NO;.

Calculating conversion efficiency

Figure 2.5 shows an example calibration sequence for the AQD NOy analyser. During
stage 1 the GPT lamp is on, so NO from the calibration cylinder is converted to NO,.
As the BLC in the NOy channel is off, only NO which has not been titrated is measured.
During stage 2, the GPT lamp remains on and the BLC switches on corresponding
to a signal increase. The NOy channel is now measuring NO, as per stage 1 with
the addition of the titrated NO, created in the GPT. Any small amount of NO, in
the calibration standard will also be measured at this stage. During stage 3, both the
BLC and GPT are off so the NOy channel signal is solely from NO in the calibration
standard. During the final stage of the calibration the BLC is turned on again to allow
measurement of any NO; in the cylinder, corresponding to a small increase in counts.
Conversion efficiency is then calculated from the mean counts at each stage in the
calibration, according to equation 2.2. The subscripted numbers correspond to the

different stages of the calibration.

NOxCounts 4y — NOxCounts )

CE.=1-
NOXCOLtl’ltS(3) —NOXCOLmtS(I)

(2.2)

As instrument conversion efficiency deteriorated over the course of the two campaigns,
conversion efficiencies were linearly interpolated between each calibration and applied
to raw data. Conversion efficiencies varied between 0.9 and 0.5 over the two cam-

paigns.

Calculating channel sensitivity

Sensitivity to NO is calculated during the third stage of the calibration shown in Fig.
2.5. The sensitivity of each channel is equal to the increase in counts caused by the
calibration gas during NO calibration (untitrated) divided by the mixing ratio of the
diluted calibration gas. The median sensitivity for the NO channel was determined to
be 4.97 Hz pptv—! during the APHH winter and summer measurement campaigns. The

NOy channel sensitivity was slightly lower at 4.53 Hz pptv—!. The channel sensitivities
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remained consistent during the two campaigns. NO and NO; mixing ratios are then

calculated from raw PMT counts using equations 2.3 and 2.4 respectively.

NO Countsmeasure mode — NO Countszero mode

NO(pptv) = 2.3
(pptv) NO sensitivity 2.3)
NOx Countseqsure mode—NOx COUNtS ;010 mode
( § NOx semsitivity ‘ ) —NO (pptv)
NOy(pptv) = (2.4)

C.E.

2.6 Carbon monoxide measurements

CO was measured using a resonance fluorescence technique where the fluorescence
from excited state CO to its ground state is at a similar wavelength as the exciting
radiation. Vacuum ultra-violet (VUV) fluorescence is used to excite the fourth positive
bands of CO at 150 nm and was first described by Volz and Kley [1985]. CO is excited
by filtered radiation from a resonance lamp according to reaction R22 and relaxes
to its ground state via fluorescence (equation R23). Excited CO molecules can also
be deactivated by quenching, which can be minimised by maintaining a low pressure

inside the instrument fluorescence chamber (equation R24).

COX'L,v' =0)+hv — CO(A'TL, V) (R22)
CO(A'TL, V') — CO(X'E, V" = 0) +hv (R23)
COA'TLV)+M — COX'E,v' =0)+M (R24)

The instrument used was an Aerolaser AL5002 CO monitor described by Gerbig et al.
[1996, 1999]. Figure 2.6 shows the flow system for the instrument.

2.6.1 The AeroLaser AL5002 CO monitor

The AeroLaser instrument comprises a resonance lamp and optical filter, fluorescence
chamber and PMT to measure CO fluorescence. The resonance lamp is used to gen-

erate VUV radiation at approximately 150 nm. A mixture of 0.25% CO; in Ar is
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required to operate the lamp and is supplied from a cylinder. The light generated
is collimated with a parabolic mirror and then filtered using dielectric mirrors which
have a bandwidth of approximately 10 nm centred at 150 nm. The entire optical path
between the lamp and the fluorescence chamber is flushed with high purity N, (N6.0)
to avoid absorption by molecular oxygen and impurities, especially CO [Gerbig et al.,
1999] Given the volume of the optical path is small, a low flow of N; gas is required
(approximately 35 mL min'!). Ambient air is drawn into the fluorescence chamber,
via an external nafion drier, using a scroll pump. The filtered light from the resonance
lamp is directed into the fluorescence chamber where fluorescence from atmospheric
CO is viewed at a right angle by a PMT with suprasil windows, thus only measuring
fluorescence from CO in the ambient sample and not that from the lamp. The fluo-
rescence of CO is distributed in the range 145-220 nm [Volz and Kley, 1985] so to
maximise the ratio of resonance fluorescence to scattered light the PMT detects light
in the between 160 nm and 190 nm. This, along with the filtering of the resonance
lamp and the PMT angle minimises the signal from scattered light. The AeroLaser
instrument has a fast time response (less than 0.1 s) making it appropriate for the fast

measurements required for calculating fluxes.
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Figure 2.6: Flow diagram for the AL5002 CO Monitor adapted from the AeroLaser
ALS5002 Manual v1.27 (http://www.aero-laser.de).

2.6.2 Calibration of the AL5002 CO analyser

The AL5002 CO analyser was calibrated at regular intervals during the APHH winter
and summer campaigns to determine the sensitivity of the instrument. Each calibration
takes approximately 90 seconds. The instrument was calibrated using a 1 ppmv gas
standard to determine instrument sensitivity (Hz ppbv'!). The calibration starts with
the stabilisation of the calibration standard, by flushing the gas through the internal
lines before allowing the standard gas to enter the fluorescence chamber. The signal
is averaged and sensitivity calculated. The background signal (Hz), i.e. signal when
CO mixing ratio is 0 ppbv, was determined by passing the calibration gas through
an internal Hopcalite scrubber which quantitatively removes CO to mixing ratios <
1 ppbv by oxidising CO to CO,. Instrument calibrations are automatically applied
to the data as they are performed. The instrument has been shown to have a linear

response to CO mixing ratios from < 1 ppb to 100 ppmv CO [Gerbig et al., 1999].
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2.7 Instrument uncertainties

When reporting a measurement it is necessary to quantify the uncertainty or ‘doubt’
associated with that measurement. This is essential as it allows an assessment of the
reliability or quality of the measurement to be made. It is important to note that uncer-
tainty is different from error, where error is the difference between the measured value
and the ‘true’ value and is generally corrected by applying calibration factors. When
an uncertainty is normally distributed it can be reported as an expanded uncertainty
by applying a coverage factor, k. The expanded uncertainty gives the range which the
result of a measurement can then be expected to fall within at a given confidence inter-
val. A k of 2 is applied in this analysis which equates to a confidence level of 95%, the
level recommended by the World Meteorological Organisation [World Meteorological
Organization, 2018]. The uncertainty associated with a measurement can be estimated
in two ways; ‘Type A’ uncertainties are estimated using statistical methods and ‘Type
B’ which are estimated by any other means e.g. calibration certificates and manufac-
turers specifications [Bureau International des Poids et Mesures, 2008]. Instrument
uncertainties are first discussed for the flux instrumentation and then for air quality

instrumentation.

Estimating uncertainty of the AQD NOy analyser measurements

Sources of uncertainty for the AQD NOy analyser were identified and include instru-
ment precision, uncertainty due to the calibration factors applied, uncertainty in the
calibration cylinder mixing ratio, variable instrument flows, instrument drift and NO
and NO, artefacts. The instrument precision in this analysis refers to the minimum
signal that can be reliably recorded by the detector and is related to the signal-to-noise
ratio. The instrument precision of the AQD NOy analyser was determined from the
zero count variability which is determined by the photon-counting precision of the
detector [Lee et al., 2009]. Photon-counting rates are best described by a Poisson
distribution [Mandel, 1958] but at high photon counting rates can be described by a
Gaussian distribution [Lee et al., 2009]. The background photon counting rates for the
campaigns in Beijing ranged between 6000 Hz and 8000 Hz for the two channels and

can therefore be described by a Gaussian distribution. To evaluate precision the anal-
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Figure 2.7: Data to show the response of the AQD NOy analyser to ‘zero’ or NOy-free
air. Data is presented at a frequency of 5 Hz. A slight downward trend (shown by the
blue line) was observed which was removed prior to calculating the precision of the

NO and NO, measurements.

yser was set to sample zero air from a Pure Air Generator (ECO PHYSICS, PAG 003)
for 3.5 hours. There was a slight downwards trend during the period sampling zero
air shown in Fig. 2.7. This trend was removed from the data and detrended counts
were converted to a mixing ratio by dividing by the channel sensitivities, giving the
frequency distribution of zero measurements, shown in Fig. 2.8. The 10 standard de-
viation was 37.7 pptv for the NO channel and 45.6 pptv for the NOy channel for 5 Hz
data.

The uncertainty due to the calibration cylinder is a ‘Type B’ uncertainty and taken
to be 0.5% from the calibration certificate of the NO/N; cylinder (NPL). The uncer-
tainty due to the calibration factors applied is calculated using statistics (type A) and
was evaluated from calibration data from the two campaigns. Six calibrations, three
from the winter campaign and three from the summer campaign, were selected to cal-
culate the uncertainty in the calibration factors. The time of the calibrations selected
were evenly spread over the campaigns. For each calibration the relative uncertainty
in sensitivity, ug.ys. /sens., was calculated according to equation 2.5, where SE,3 is the

standard error of the counts measured during stage 3 of the calibration (shown in figure
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Figure 2.8: Frequency distributions of NO and NOy mixing ratios for 3.5 hours of zero

air measurements showing that the response of the detectors is normally distributed.

2.5) and X3 is the mean counts measured during stage 3 of the calibration. The mean
10 uy.ns was found to be 0.09% for the NO channel and 0.13% for the NOx channel

across the two campaigns.
2
Usens. _ (SE)C3) (2.5)

sens. X3

The relative uncertainty in the conversion efficiency calibration, uc g /C.E., was
determined using equation 2.6, where SE|, ) is standard error of the counts, x, is the

mean counts and n denotes the stage of the calibration as described in figure 2.5.

uce. [ {SEw)—SEu)\" . (SE) —SEw)\’
UCE. _ [ 220 TOR) |y (270) TR (2.6)
C.E. 4 — X X3 —X1)

The mean 1ouc g was found to be 2.2% for the calibrations evaluated over the two

campaigns.

Uncertainty due to variability in instrument flows was taken to be the uncertainty
of the mass flow controllers in the instrument. There were 3 mass flow controllers in
the AQD NOy analyser, one for each channel and one to control the flow of the cali-
bration gas, all with a reported uncertainty of 1%. These individual uncertainties were

combined through error propagation to give a 10 uncertainty for the NO measurement
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of 1.5% with a precision of 37.7 pptv and a 10 uncertainty for the NO, measurement
of 2.9% with a precision of 45.6 pptv. The uncertainty in the NO, measurement is
larger than for the NO measurement as it is affected by uncertainties in both channels.

Uncertainty due to instrument drift is expected to be small because linear inter-
polation between the regular (hourly) background measurements was performed. As
such it is not considered when combining uncertainties for the NOy analyser. No NO
or NO, artefacts were applied for NOx measurements in Beijing and are not expected
to be important at the mixing ratios measured for the city because the artefact to NOy
ratio is low. Artefacts are caused by “fake” NO signal and are not removed by subtrac-
tion of the signal observed during the pre-chamber zeroes [Drummond et al., 1985].
Artefacts have been determined for a near-identical instrument deployed in Cape Verde
where the low NOy mixing ratios measured make the NOy artefact a significant source
of uncertainty. Artefacts for NO and NO, were found to be < 10 pptv [Lee et al.,
2009, Andersen et al., 2020] and so are not incorporated into the combined uncertainty
for the NOy analyser. By applying a coverage factor, k, of 2 the expanded uncertainty
becomes 3.0% with a precision of 75.4 pptv and 5.8% with a precision of 91.2 pptv
for NO and NO, respectively. Table 2.1 summarises the sources and value of individ-
ual uncertainties. To put the uncertainty values into context, uncertainties are given in

ppbv for a range of NOy mixing ratios in Table 2.2.

Estimating uncertainty for the AL5002 CO analyser

The precision of the CO instrument at 5 Hz was evaluated using the zero count statis-
tics during the background calibration of the instrument. As for the calibration uncer-
tainties associated with the AQD NOy analyser, six calibrations spread over the two
campaigns (three from the winter campaign and three from the summer campaign)
were selected for analysis. For each background calibration a standard deviation was
calculated and converted to a mixing ratio by applying the sensitivity calculated for
that calibration. The precision of the instruments during the two campaigns was taken
as the pooled standard deviation (equation 2.7, where s is standard deviation and 7 is
the number of observations made per calibration), of the six background calibrations.

The resulting 10 precision of the AL5002 CO Analyser was determined to be 5.2 ppbv
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Table 2.1: Summary of Uncertainties associated with the AQD NOy Analyser

Source of Uncertainty 20 Uncertainty
Cylinder 1.10%
MEFC (NO Channel) 2%

MFC (NOy Channel) 2%

MEFC (Calibration Flow) 2%

NO; Conversion Efficiency 4.4%
Sensitivity of NO Channel 0.18%
Sensitivity of NOy Channel 0.26%
Precision of NO measurement* 7.54%
Precision of NO, measurement* 9.12%

*Precision reported as a percentage of 100 ppbv NO or NO, at a 5 Hz measurement

frequency.

Table 2.2: Combined uncertainties for the AQD NOy analyser for a range of mixing

ratios measured at 5 Hz.

NO /ppbv 20 NO Uncertainty / ppbv

0.1 0.08

1 0.11

10 0.38
100 3.08

NO; /ppbv 20 NO;, Uncertainty / ppbv

0.1 0.10

1 0.15

10 0.67
100 5.89
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Table 2.3: Combined uncertainties for the AL5002 CO analyser for a range of mixing

ratios measured at 5 Hz.

CO /ppbv 20 CO Uncertainty / ppbv

100 14.8
500 32.4
1000 54.4
2000 98.4
5000 230.4
for 5 Hz data.
(n1 — I)S% —+ (n2 — 1)S% +...
= 2.7
Spooled \/ n +ny o+ ... ( )

The uncertainty of the AL5002 CO Analyser was determined statistically from the
pooled standard deviation of the six calibrations where the instrument sampled the cal-
ibration standard. Unlike the standard deviation associated with the zero calibration,
where it was assumed that the variability in signal was due solely to detector counting,
variability in the calibration signal represents additional instrument uncertainties. The
uncertainty associated with the cylinder mixing ratio is assumed not to contribute to
variability in calibration signal, as whilst the absolute mixing ratio has an associated
uncertainty, the mixing ratio should be constant. Absolute standard deviations were
converted to relative standard deviations (or the coefficient of variance) by dividing by
the mean mixing ratio measured during the calibration. The pooled standard devia-
tion representing uncertainty of the AL5002 CO analyser was 2.0% (1c). The total
uncertainty of the CO measurements is due to the instrument precision, uncertainty of
the instrument and the uncertainty associated with the CO calibration cylinder which
was reported as 1%. Bell [2001] suggests that uncertainties reported on calibration
certificates can be assumed to be normally distributed and it is assumed that 1% is a
10 uncertainty. The combined 26 uncertainty associated with the AL5002 CO anal-
yser was estimated to be 4.4% with a precision of 10.4 ppbv for 5 Hz data. Table 2.3

summarises uncertainties in ppbv for a range of mixing ratios.
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Table 2.4: 20 Uncertainties for the AQI instruments.

Instrument 20 Uncertainty 20 Precision /ppb*
O3, TEi491 4.04% 0.28
NO, TEi42i-TL 4.58% 0.03
NOy, TEi42C 4.73% 0.05
SO,, TEi43i 3.12% 0.03
NO,, CAPS, T500U 5.72% 0.04
CO Sensors 9.14% 2.14

*Precision given for 15 minute averaging time.

Estimating uncertainty for the gas phase air quality instruments

Uncertainty was estimated for each of the air quality instruments described in section
2.3. As for the AQD NOy and the AL5002 CO analysers, precision was determined
for the air quality instruments using data from the zero measurements. For each zero
calibration performed in the field the standard deviation of the measurements was cal-
culated. The pooled standard deviation was then calculated according to equation 2.7.
The standard deviation calculated from the zero calibrations corresponds to the 10 pre-
cision of the instruments at the averaging time of the data (in this case 1 minute). In the
analysis presented in Chapter 3, however, the data was 15 minute averaged which im-
proves the signal-to-noise ratio, and hence the precision, by a factor of 1/y/n where n
is the number of samples averaged. The uncertainty of the instruments was determined
as for the AL5002 CO analyser from the standard deviations of the span calibrations.
Standard deviations were converted from mixing ratios to percentages by dividing by
the mean mixing ratio recorded during each calibration and multiplying by 100 and
combined using equation 2.7.

Uncertainty in the calibration cylinders are another source of uncertainty for the
measurements described in section 2.3. For the SO, and CO measurements these were
taken to be 1%, as quoted on the calibration cylinder certificate. For NO, NOy and
NO, the calibration cylinders used were first measured on the AQD NOy so that these
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cylinders are traceable to the NPL NO standard. This is especially important as NO,
standards are not typically stable and degrade over relatively short periods of time. The
uncertainty of the NO, NOy and NO; calibration standard is therefore taken to be the
uncertainty of the NO and NO, measurements of the AQD NOy analyser. A mixing
ratio of 100.4 ppbv was measured by the AQD NOy analyser for the NO calibration
standard and 72.9 ppbv for the NO; calibration standard. The uncertainty due to preci-
sion of the NO and NO, measurements of the AQD NOy analyser is very small when
averaged over minutes as was done in order to determine the mixing ratio of NO and
NO; in the calibration standards. These are therefore not included in the uncertainty
calculation for the calibration cylinders with the 10 uncertainty taken to be 1.5% for
the NO calibration cylinder and 2.9% for the NO, cylinder.

An additional source of uncertainty affecting measurements of NO, NO,, NOy and
O3 is the contribution from the reaction of O3 and NO in the sample inlet line. NO and
O3 react to form NO; and so the NO, mixing ratios are overestimated and NO mixing
ratios underestimated. The NO mixing ratio prior to reaction with O3 in the sample

manifold can be calculated according to:
INOJo = [NO], x 93 (2.8)

Where [NO|p is the mixing ratio at fy, the time before the sample gas enters the mani-
fold line, [NO];, is the measured NO mixing ratio, k03 is the rate of the reaction between
NO and O3 multiplied by the measured O3 mixing ratio and 7 is the residence time in
the sample inlet. k was taken to be 1.9 x 10~ cm® molecule™ s! at 298 K [Atkinson
et al., 2004]. The residence time in the sample inlet was calculated to be 1.02 s, assum-
ing a flow rate of 30 SLPM and an inlet length of 8 m for %” O.D. (9 mm L.D.) tubing.
This is an overestimation of the true residence time as the 8 m length is measured from
the sample inlet outside the container to the manifold pump and instrumentation sam-
pled part way off the manifold line. NOy is measured as NO, and once converted the
NO can react with O in the sample line so [NOy]o was calculated as for [NOJo. Given
that the rate of loss of NO to O3 is equal to the rate of formation of NO,, the NO,

mixing ratio at 7, [NO;]o can be calculated according to:

[INO2Jo = [NO>]: — ([NOJo — [NO;) (2.9)
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The O3 mixing ratio at fy, [O3]o can be calculated in the same way according to:
(03] = [03]; x efvo! (2.10)

For each 15 minute averaging period the difference between measured mixing ratio
(at time ¢) and mixing ratio at 7y were calculated as a percentage of the measured
value. The uncertainty due to the reaction of O3 and NO was taken to be the standard
deviation of the differences. This led to a 10 uncertainty of 1.70%, 0.18%, 1.71%
and 2.02% for the NO, NO;, NOy and O3 measurements respectively as a result of
O3 and NO reactions in the sample line. The instrument uncertainties and calibration
standard uncertainties are summed in quadrature to give combined uncertainties, which

are presented in Table 2.4.
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in Beijing

3.1 Introduction

HINA’S economy has rapidly grown as a result of economic reforms which be-
C gan in 1978. Between 1978-2018 the mean growth in gross domestic product
(GDP) has been 9.5% year! [World Bank, 2020]. This rapid economic growth has
led to an explosion in population which has been predominantly concentrated in urban
areas including megacities. Megacities are defined by the United Nations (UN) as a
“metropolitan area with a total population of more than 10 million people” [United
Nations’ Department Of Economic and Social Affairs: Population Division, 2016]. In
1978, before economic reforms, just 17.9% of China’s total population lived in urban
areas. This had increased to 59.2% in 2018 according to the UN [United Nations, De-
partment of Economic and Social Affairs, Population Division, 2019]. Beijing itself
became a megacity in 2000 when population reached 10.3 million people and at the
start of 2016 it was estimated that the population was approaching 22 million [Beijing
Municipal Bureau of Statistics, 2016].

An inevitable consequence of economic development and population growth is a
degradation of air quality. Increases in energy consumption, motor vehicle use, con-
struction and industrial waste have contributed to China’s air pollution. Air pollution
is one of the leading contributors to the global burden of disease causing an estimated
4.2 million deaths globally in 2015 [Cohen et al., 2017]. Around 1.1 million premature
deaths in China were attributable to air pollution in 2015 with 21.8 million disability-
adjusted life-years (DALYSs) lost. As well as severe impacts on physical health, poor
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air quality has profound effects on mental health and well being and detrimental eco-
nomic impacts. Studies have indicated a link between poor air quality and increased
instances of dementia [Carey et al., 2018]. Annual economic losses due to air pollution
in China were estimated to account for approximately 1.2% of the nation’s GDP based
on disease cost.

Tackling poor air quality in China has been challenging. Despite the establishment
of a legal framework to control pollution in the late 20" century [Feng and Liao, 2016],
pollution control strategies were not widely enforced until the start of the 215 century.
Zhang et al. [2012] outlined that controlling air pollution had been a secondary priority
to economic growth. China’s economic success had been driven by energy intensive
construction of highways, railways and cities and by expansion of heavy industries like
pig-iron and cement production. Between 2005-2010 vehicle production increased by
220% and coal usage rose by 44% [Zhang et al., 2012]. Environmental protection was
further hindered by a decentralised system of environmental enforcement with little
cooperation between local governments. To address this, in 2013 the Chinese gov-
ernment introduced the “Air Pollution Prevention and Control Action Plan” to combat
severe air pollution and improve public health. Some key features of the legislation
included improving industrial emissions standards, upgrading industrial boilers, pro-
moting use of natural gas and electricity instead of coal within the residential sector,
strengthening vehicle emissions standards and removing older vehicles from the Chi-
nese vehicle fleet. Reductions of PM; 5 by 25% were mandated in Beijing and the
surrounding region by 2017 [Jin et al., 2016].

The impacts of legislation are reflected in the ambient concentrations of air pollu-
tants and have had some positive outcomes. In general, up until 2005 the effectiveness
of pollution control measures was limited [Jin et al., 2016] and concentrations of air
pollutants increased over China during the early 2000s, though longer term measure-
ments of pollutants are sparse [Xue et al., 2019]. Gas-phase pollutants like NO;, SO,
and Os are identified by the World Health Organisation (WHO) as harmful to human
health which has set exposure thresholds for these pollutants. As such these com-
pounds have been relatively well monitored in many countries for some time. WHO
also offers guidelines on particulate matter (PM) limits and so important precursor

species are also widely monitored. This allows insight into long-term trends of air
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quality over China.

In terms of NOy, China’s emissions increased by 70% between 1995 and 2004
[Zhang et al., 2007]. Satellite observations of NO, column densities provide useful
data about trends in NOy concentrations. Liu et al. [2016] report that between 2005
and 2011 NO, emissions increased by 53% for the whole of China, attributed for the
most part to increasing fuel consumption with coal the dominant fuel type. An esti-
mated three quarters of all electricity in China was generated by coal in 2016 [Inter-
national Energy Agency, 2016]. After 2012 however, a combination of the installation
of power plant de-nitration devices and vehicle emissions controls has led to a 32%
decrease in NO, emissions [Liu et al., 2016, Krotkov et al., 2016, Miyazaki et al.,
2017]. Whilst nationwide, the upward trend of NOy emissions in China is slowing or
being reversed, this is not the picture for all regions of China due to discrepancies in
how new emission legislation is implemented [Liu et al., 2016]. It tends to be more
economically developed regions, including the Pearl River Delta, Shanghai and Bei-
jing, where a decreasing trend in NO, levels has been observed [Gu et al., 2013, Jin
and Holloway, 2015, Duncan et al., 2016]. From monitoring stations across China no
downward trend was observed in NO; concentrations between 2015-2017 and the per-
centage of the stations that comply with the WHO’s annual mean guideline of 40 ug
m 3 had declined, from 71% in 2015 to 66% in 2017 [Silver et al., 2018].

SO, concentrations peaked over the North China Plain in 2007 when concentra-
tions were the highest in the world but dropped to less than half of its 2005 levels
in 2015 [Krotkov et al., 2016]. This occurred despite increases in coal combustion
across China as a result of legislation mandating the use of desulfurisation technolo-
gies. SO, continued to decrease at a rate of 10.3% year™! across China between 2015—
2017 [Silver et al., 2018]. CO concentrations have also declined over China between
2005-2016. Using observations of tropospheric CO columns, Zheng et al. [2018]
showed that there was a -1% to -2% year™! trend in CO over eastern China. The study
concluded that improvements in combustion efficiency and strengthened air pollution
control were responsible for 92% of China’s emissions reductions over this period.

In the Pearl River Delta region of China Wang et al. [2016] reported PM, 5 concen-
trations rose between 2000-2005 and then decreased between 2005-2010. Trends in

PM, 5 have been assessed using satellite retrievals of aerosol optical depth. Ma et al.
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[2016] investigated trends in PM, 5 between 2004-2013 and found that concentrations
increased over China between 2004-2007 and decreased thereafter. Between 2015-
2017 Silver et al. [2018] reported that PM, s had decreased by 7.2% year™' across
China using data from air quality monitoring stations.

The situation for secondary pollutants like secondary organic aerosol and O3 is
more complex. These pollutants cannot be reduced directly by emissions controls
but instead have non-linear dependencies on emissions of precursor species. Satellite
observations show O3 concentrations have been increasing across China at a rate of 7%
per year between 2005-2010 [Verstraeten et al., 2015]. It is thought that reductions in
ambient PM; 5 could be at least partly responsible for increases in O3 concentrations
[Li et al., 2019a], highlighting the challenges facing legislators when designing air

quality controls.

3.1.1 Air quality in Beijing

Megacities and surrounding regions bear the brunt of poor air quality. Studies have
shown that the health impacts of poor air quality are greater in denser urban areas
like megacities with higher pollutant exposure levels for residents [Zhou et al., 2018a,
Carozzi and Roth, 2019]. Beijing itself has frequently been in the headlines as a result
of the dramatic pollution events that occur there.

Beijing experiences severe haze episodes, usually during the winter months. The
frequency of haze events has increased over past decades with heavy pollution periods
occurring in January 2013, December 2015 and December 2016 being particularly no-
table. In January 2013 the maximum daily PM, 5 in Beijing reached 500 pg m—3 [Cai
et al., 2017]. These haze episodes are heavily influenced by local meteorology; the
concentration of aerosol increases rapidly when the back trajectories of the air mass
swing from the north west to the south in a process termed “sawtooth cycles” [Jia et al.,
2008]. As aerosol concentration increases the airmass tends to become more humid
and particle size decreases. Haze formation during these “sawtooth cycles” has also
been reported by Li et al. [2017a] during December 2015. Analysis of back trajecto-
ries indicated that each stage of haze formation was driven by sudden changes in wind
speed, indicating the significance of meteorology in the evolution of haze episodes.

Clean air brought in from the north west, associated with higher wind speeds, led to
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the end of these haze episodes and a sharp reduction in air pollutant concentrations.
This distinctive meteorological phenomenon occurs in Beijing as a result of the East
Asian Winter Monsoon, itself driven by temperature differences between the Pacific
Ocean and Asian continent [Chen et al., 1992]. Moreover, Beijing’s surrounding land-
scape influences its air quality; the mountain ranges which surround Beijing enable the
efficient transportation of non-local pollutants into the city [Xu et al., 2017]. Cai et al.
[2017] predicts that increasing temperatures due to climate change could increase the
frequency of haze events by altering circulation patterns in the region.

Beijing has adopted a very intensive set of air quality control measures called the
Clean Air Action Plan since 2013. Control measures taken can be classified into seven
categories; coal-fired boiler control, clean fuels in the residential sector, optimiza-
tion of the industrial structure, improvements in end-of-pipe control, vehicle emission
control, fugitive dust control and integrated treatment of volatile organic compounds
(VOCGs). The impacts of this plan have been positive with emissions reductions for
all major air pollutants. Cheng et al. [2019] estimates that Beijing’s anthropogenic
emissions decreased by 83.6% for SO,, 42.9% for NOy , 42.4% for VOCs and 54.7%
for PM, 5 as a result of the plan. Air quality monitoring stations across Beijing mea-
sure CO, NO,, SO, and O3 and ambient concentrations measured reflect the impact of
legislation. Figure 3.1 shows the location of the air quality monitoring stations across
Beijing. For all sites in the air quality network there was a mean annual decrease of
5.2% between 2013-2017 for CO. SO, showed a larger decrease of 16.1% year™! and
NO, showed the smallest trend of the three directly emitted pollutants with a mean
decrease of 1.5% year—!.

Whilst the decreases in concentrations of directly emitted pollutants is a positive
story, O3 concentrations are increasing over Beijing, as for China as a whole. O3 con-
centrations over Beijing increased by approximately 2% year! between 1995-2005
[Ding et al., 2008]. Data from air quality monitoring stations across Beijing show
an increasing trend in O3 concentrations at a rate of about 5% year! between 2013
and 2017. Figure 3.2 shows the de-seasonalised trend in measured O3. All stations
within the sixth ring road, apart from Dongsi, showed an increasing trend in mean O3
concentration ranging from 4.38-19.32% year™!, indicating worsening photochemi-

cal pollution within the city. Stations outside of the sixth ring road, further away from
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Figure 3.1: Map to show locations of air quality monitoring stations around Beijing.

The measurement site is shown by the red triangle labelled ‘IAP’.

O3 precursor emission sources, generally showed a negative trend apart from Dingling

which experienced a mean increase of 2.84% year~!.

3.1.2 The “Air Pollution and Human Health-Beijing” Campaign

The Air Pollution and Human Health-Beijing (APHH) in a Chinese megacity program
was funded to address air quality problems experienced in Beijing by improving under-
standing of pollution sources, atmospheric processes and health impacts. An overview
of the campaign can be found in Shi et al. [2019]. The APHH project has several re-
search themes including AIRPRO (the integrated study of AIR Pollution PROcesses in
Beijing) which aimed to inform understanding of the processes by which pollutants are
transformed or removed through transport, chemical reactions and photolysis in Bei-
jing. Measurements of key gas-phase pollutants were made to investigate local in-situ
chemical processing of air pollution during two intensive field campaigns in central
Beijing as part of the APHH project, the first in November—December 2016 and the

second during May—June 2017, to contrast winter and summertime processes.
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Figure 3.3: Temperature (top panels), wind speed (second panels), relative humidity
(third panels) and mixed layer height (lower panels) measurements from the winter

and summer campaigns. Data is 15 minute averaged.

3.1.3 Meteorological conditions during the APHH campaigns

Meteorological data is presented in Figs. 3.3-3.5 for the two campaigns. Temperature
and relative humidity data was obtained from a weather station located on top of a
shipping container housing air quality instrumentation (discussed in Chapter 2). Wind
data was obtained from a sonic anemometer located on a platform at 102 m up a meteo-
rological tower at the measurement site. Mixed layer height was measured throughout
both campaigns using a celiometer (Vaisala CL31) and determined using the CABAM
algorithm [Kotthaus and Grimmond, 2018].

As expected temperatures were higher in summer than winter. Mean daily max-
imum temperature for summer was 31.1 °C (occurring around 15:00) compared to a
mean daily maximum temperature of 8.6 °C (occurring at 14:00) during the winter
campaign. Solar intensity is greater during the summer campaign than for the winter
campaign due to the higher solar elevation angle (72.9° at solar noon for the midpoint
in the summer campaign compared to 29.7° for the midpoint in the winter campaign).
Relative humidity, was on average, very similar for the two campaigns with mean rel-

ative humidity being 50.3% across the whole winter campaign and 50.9% across the
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Figure 3.4: Wind roses averaged over the winter campaign (left hand panel) and the

summer campaign (right hand panel). Wind direction is averaged into 30° segments

and wind speed shown by the colours on the wedges. Note that the scales are different

between winter and summer.
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Figure 3.5: Diurnal variation in MLH for the winter and summer campaigns. The solid
line represent the mean diurnal variation with shaded areas corresponding to the 95%

confidence intervals about the mean.

summer campaign. Relative humidity in winter was more variable than for summer
with very dry periods (e.g. 14/11/2016). These fluctuations in relative humidity dur-
ing the winter correspond to sudden changes in wind speed indicating the influence
of different air masses. Wind speeds during the winter campaign were characterised
by stagnant periods with low wind speeds followed by periods of mixing by stronger
winds. During the summer, conditions were more consistent with a diurnal cycle in rel-
ative humidity clear for summer. Dominant wind directions varied between the winter
and summer campaign (shown in Fig. 3.4) which show that during the winter northerly
winds dominated. These tended to be associated with higher wind speeds compared to
winds from other directions. During the summer campaign southerly wind directions
were more frequently observed, with south westerly being dominant. A wider range
of wind speeds were observed during the summer compared to the winter.

Mixed layer height (MLH) can drive pollutant concentrations in the troposphere
by determining the effective volume pollution is “trapped” within. Diurnal variation
in MLH for the winter and summer campaigns is presented in Fig. 3.5. During the

winter campaign the MLH was stable in the early hours of the morning (00:00-06:00
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3.2: Overview of air pollutant measurements during the winter and summer
campaigns

with a mean height of 290 m) until it started to increase after 06:00 as temperatures
increased. Daily mean maximum height was 765 m at 14:00. The MLH contracted
again as the temperature cooled. MLH in summer also expanded and contracted in
line with temperature. Overnight the MLH in summer was the same as for the winter
(290 m between 00:00-05:00) but started to expand after 05:00 and reached a mean
daily maximum height of 1070 m at 14:00, approximately 300 m higher than in the

winter.

3.2 Overview of air pollutant measurements during

the winter and summer campaigns

3.2.1 Seasonal differences in air pollutants

Table 3.1: Table summarising key statistics for gaseous pollutants measured in Beijing.

Winter Summer
Mean Median S.D. Min Max | Mean Median S.D. Min Max
NO /ppb 40.5 22.8 458 0.066 220 | 3.86 0.678 9.10 0.0166 87.1
NO, /ppb | 364 36.0 17.1 539 88.0 | 20.2 17.6 11.3 4.22 64.9
O3 /ppb 8.79 418 898 0.05 333 | 547 49.7 362 0.222 176
CO /ppb 1408 1226 856 90.0 4379 | 534 492 258 41.6 2103
SO, /ppb | 5.37 457 4.09 004 19.1 | 243 144 258 4x107* 143
T/°C 5.68 6.05 390 -576 18.17| 36.7 26.3  5.06 16.6 39.6
RH /% 50.3 473 215 776 98.0 | 509 463 215 14.1 100
WS/ms1 | 270 2.25 149 0391 872 | 3.17 3.04 141  0.667 7.86
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Figure 3.6: Time series data for CO, NOy O3 and SO, for the winter (LHS) and sum-

mer (RHS) campaigns. Data is 15 minute averaged.

Figure 3.6 presents time series data for CO, NO, NO,, O3 and SO;. Generally,
higher pollutant mixing ratios (apart from O3z) were measured during the winter cam-
paign, though there was a several-day period (21/11/2016-24/11/2016) during which
mixing ratios well below the campaign average were measured. During the summer-
time a diurnal pattern was clear for O3 and NO,, though there is greater variability in
CO and SO, mixing ratios. Taking the mean mixing ratios (Table 3.1) the greatest sea-
sonal difference was for NO which was 10.5 times higher in winter than summer. The
seasonal dependence of NO,, CO and SO, is less, with mean wintertime mixing ratios
measured between 1.8-2.6 times higher than the mean summertime mixing ratios.

Diurnal variation for CO, NO, NO,, O3 and SO, mixing ratios alongside MLH
for the two campaigns is shown in Fig. 3.7. Measured mixing ratios are a result of a
balance between emissions, vertical mixing, transport from other regions and chem-
istry. Wintertime mixing ratios are therefore generally higher than those experienced in
summertime as anthropogenic emissions are higher due to increased energy demands,

combustion inefficiencies due to colder temperatures, slower chemical destruction due
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3.2: Overview of air pollutant measurements during the winter and summer
campaigns

to weaker solar radiation and weaker vertical mixing. NOy, CO and SO, are emitted
from industrial processes, power plants and domestic heating whilst vehicle emissions
are also sources of NOx and CO [Monks et al., 2009]. Diurnal trends in these primary
pollutants reveal the relationship between factors controlling mixing ratios. As tem-
perature increases through the day the MLH is lifted to its maximum height at 14:00
due to convection and most primary pollutant mixing ratios decreased to a minimum
at this time. The MLH tended to be stable and low overnight which had the effect of
concentrating pollutants.

CO mixing ratios in winter were high during the nighttime (here defined as be-
tween 20:00-06:00), with a mean value of 1554 ppb + 949 ppb compared to 1306 ppb
=+ 784 ppb during the daytime (06:00—19:00). During the daytime, CO peaked at 06:00
and between 18:00—-19:00 in the winter. This was most likely due to emissions, proba-
bly from vehicles as these times correspond to peak traffic density across Beijing [Jing
et al., 2016]. For summer, CO mixing ratios peaked between 06:00—07:00, due to the
rush hour, with a small enhancement at 10:00, indicating an increase in emissions at
this time. CO mixing ratios then decreased to a minima at 14:00 before increasing
steadily to 21:00 as the MLH contracted.

Diurnal variation in NO mixing ratios during the winter was similar to that for
CO. NO mixing ratios were also higher overnight than during the day (50.0 ppbv £
52.7 ppbv at night and 34.0 ppbv 4 40.7 ppbv in the day). A peak in NO mixing ratio
occurred at 07:00, likely due to emissions from rush-hour traffic, and decreased to its
minima at 14:00 as for CO. There was a small enhancement in NO at 19:00. During
the summer, NO mixing ratios peak between 04:00-07:00 and then steadily decreased
throughout the day reaching mixing ratios of less than 500 pptv after 17:00. Mean
mixing ratios were 3.2 ppbv + 6.2 ppbv during the daytime and 4.8 ppbv 4 12.7 ppbv
during the nighttime. During summer, daytime NO mixing ratios were low which was
probably due to the reaction of NO with high levels of O3, though this photochemistry
will be explored in detail later in the chapter (section 3.3).

The mean nighttime NO, mixing ratio was 38.6 ppbv + 16.1 ppbv compared to
34.8 ppbv £ 17.9 ppbv during the daytime. NO; peaked at 07:00 and 19:00 during
the day, the same as for NO though the morning peak in NO, mixing ratio is smaller

than the evening peak, which was the opposite to NO. For summer, NO, mixing ratios
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show a similar diurnal trend to that for CO; peaked between 06:00-07:00, decreased
to its minima at 14:00 after which NO; steadily increased till 20:00.

SO, mixing ratios during winter were higher at night similar to the other pollutants
already discussed, with a mean nighttime value of 5.6 ppbv =+ 4.5 ppbv compared to
5.2 ppbv + 3.9 ppbv during the daytime. SO, mixing ratios peaked in the morning
at 09:00, later than observed for CO or NOy. This could suggest that from around
06:00 there was a significant increase in SO, emissions as mixing ratios increased
despite the increase in effective volume they were being emitted into. Alternatively, the
increase in SO, mixing ratio observed could be due to mixing of SO, which has been
transported above the boundary layer, into the surface layer as turbulence increases.
SO, mixing ratios reached a minimum at 18:00, later than for NOy and CO, with a
small peak at 19:00. For summer, daytime mixing ratios were slightly higher than at
night; 2.5 ppbv + 2.7 ppbv compared to 2.3 ppbv £ 2.4 ppbv at night. The diurnal
profile is most similar to that of NO in the summer. SO, mixing ratios increased in the
early hours of the morning, presumably due to a build up of pollution overnight and
peaked between 06:00-07:00. After this, MLH effects dominated and SO, decreased
until reaching a minimum at 20:00. SO, mixing ratios did not increase as the boundary
layer contracts, possibly as there were no further emissions or the most significant SO,
emissions occurred in the morning.

O3 is a secondary pollutant formed through photochemical reactions of precursor
species. As expected, the diurnal trend in O3 was closely linked to solar radiation,
peaking at the same time where the MLH was at its highest for both campaigns. This
is due to faster photochemistry with increased solar radiation combined with reduced
amounts of pollutant species (i.e. NO) resulting in less titration of O3. O3 mixing
ratios were much higher in the summer than in the winter due to higher solar radiation;
mean daytime O3 mixing ratios were 10.6 ppb + 9.9 ppb in the winter and 66.4 ppb
£ 37.9 ppb in the summer. During the summer campaign half of the campaign days
breached the WHQO’s 8-hourly health limit for Os.
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Figure 3.7: Diurnal variation for mean gas-phase pollutant mixing ratios and MLH for

the winter and the summer campaigns.

3.2.2 Correlations between directly emitted pollutants

Correlations of NOy, CO and SO, were investigated to see if these differed between

the two campaigns. Correlations were stronger between all primary pollutants during

the winter campaign compared to the summer campaign. NOy and CO exhibited the
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strongest correlation of the winter campaign with R = 0.73. These species are typ-
ically emitted from vehicle sources so this could suggest that local sources are more
significant in the winter than the summer campaign. SO, is usually a marker of indus-
trial combustion processes, along with NOy and CO, and is not typically emitted in city
centres. In winter, there was a positive correlation between SO, and CO (R? =0.51)
suggesting some regional influence from an industrial or power source. CO has a
longer atmospheric lifetime than NOx which may explain its stronger correlation with
SO, (R? for SO, and NOy correlation = 0.36). That said, SO, is also a marker of
coal burning which whilst banned by the Clean Air Act since 2013, markers of coal
burning have been observed in a series of flux measurements made during the APHH
campaigns suggesting that there could be a local source of SO, [Langford, 2020]. In
the summer, NOy was very weakly correlated with CO (R? = 0.10) and not correlated
with SO, (R? < 1 x 10~#). This was possibly due to higher rates of photochemistry in
the summer removing and transforming NOy. The correlation between CO and SO,
during the summer (R?> = 0.50) was similar to winter suggesting the influence of a
regional industrial source remains for the summer campaign.

In order to investigate the relationships between these primary pollutants further
the correlations were investigated for different wind quadrants, shown in Figs. 3.8 and
3.9. For winter, Fig. 3.8 the strongest correlation between NOx and CO were seen
for northerly (R? = 0.81 between 315°~45°) and westerly (R*> = 0.77 between 225°—
315°) wind directions, suggesting the influence of local roads in these directions. NOy
was best correlated with SO, when wind directions were from the north, though cor-
relations were poorer than those with CO. CO and SO, were most strongly correlated
when associated with northerly and westerly wind directions, as for NOy, probably
due to these wind directions being the dominant experienced during the winter cam-
paign (see Fig. 3.4). For the summer, correlations between NOx and CO were weaker
than for the winter in all wind directions, with air masses from the west showing the
strongest relationship (R> = 0.32). Very little correlation was observed between NOy
and SO, (all R < 0.1). A strong correlation was observed between SO, and CO with
easterly winds (R*> = 0.63) suggesting there could be an industrial source east of the

site.
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Figure 3.8: Correlations of primary pollutants separated by wind direction during the

winter campaign. Data is hour averaged. The wind quadrants are defined as; North =
315°-45°, East = 45°-135°, South = 135°-225° and West = 225°-315°.
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3.2: Overview of air pollutant measurements during the winter and summer
campaigns
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Figure 3.10: Polar plots showing the relationship between mixing ratios of O3, CO,
SO;, NO, NO, and NOy and wind direction during the winter campaign.

3.2.3 Meteorological impacts on pollutants

The winter campaign

The relationship between pollutant mixing ratio, wind direction and wind speed is
shown for the winter campaign in Fig. 3.10. In these plots wind speed can be thought
of as a proxy for distance as higher wind speeds mean pollutants can be transported to
the site over greater distances. In general during the winter campaign primary pollu-
tant mixing ratios (NO;, NOy, CO and SO;) were lower for northerly wind direction
sectors. Oz mixing ratios show the opposite trend due to reduced titration with NOy.
The highest primary pollutant mixing ratios in winter were observed when there were
southerly winds. South of the measurement site is the centre of Beijing where traffic

density is higher and there are more pollution sources. Mountains surround Beijing to
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and the right hand middle panel shows the last 5 hours of the mean trajectory path and

the lower panel shows the mean travelling height.



3.2: Overview of air pollutant measurements during the winter and summer
campaigns

the north west and north (shown in Fig. 3.1) which enhance pollutant mixing ratios by
acting to accumulate pollution when wind directions came from the south. There were
some “hot spots” for pollution to the south-west for SO,, CO, NO, and NOy and to the
south-east for CO. O3 also showed some enhancements to the east and south-east of the
measurement site, possibly indicating low levels of photochemical O3z production. NO
mixing ratios were highest when the wind speed was lowest indicating a local source
likely from vehicle exhausts on roads close to the measurement site. NO is oxidised
rapidly to NO, after being emitted and therefore NO which is emitted further from the
site is transported as NO; accounting for higher NO, emissions when wind speeds are
higher.

These polar plots can give insights into processes occurring on local scales but
not about long range transport. The influence of long-range transport on pollution
can be investigated by calculating backward trajectories. Figure 3.11 shows 24 hour
backwards trajectories calculated using the HY SPLIT model [Stein et al., 2016] using
6-hourly archive meteorological data from the NCEP Global Data Assimilation Sys-
tem (GDAS) (1° x 1°). The IAP site (39.97 N, 16.37 E) was set as the end point of the
trajectory with a height of 8 m above ground level (the height of the inlet) and trajecto-
ries were calculated hourly. Individual trajectories were then grouped into 5 clusters,
shown in Fig. 3.11 using the OpenAir package [Carslaw and Ropkins, 2012]. Table
3.2 summarises the mean mixing ratios associated with each trajectory grouping.

During the winter campaign, clusters 1-3 were associated with the highest primary
pollutant emissions. Cluster 3 indicates slow moving air masses that originated south
of the measurement site and had a low travelling height (mean 745 m) meaning that
these air masses could have spent time within the boundary layer. Cluster 3 was as-
sociated with the highest mean CO and SO, mixing ratios (1829 ppbv and 7.47 ppbv
respectively). Data taken from the Emissions Database for Global Atmospheric Re-
search (EDGAR), shown in Fig. 3.12, indicate high CO emissions which are fairly
homogeneous for Beijing and extending south of the city. Emissions of SO, indicate
numerous SO, point sources to the south of Beijing. For this cluster O3 mixing ra-
tios were lowest presumably due to titration with high amounts of primary pollutants
and limited mixing of free tropospheric air due to the low travelling height of the tra-

jectory. Clusters 1 and 2 both originated west/north-west of the site. Using EDGAR
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Table 3.2: Mean travelling height, pollutant mixing ratios and pollutant ratios associ-

ated with each 24 hour backwards trajectory cluster.

WINTER
Cl1 C2 C3 C4 G5
% contribution 27.0 19.0 18.0 235 124

Height /m 1624 1481 745 1455 1880
NO /ppb 542 427 453 19.2 46.8
NO, /ppb 420 41.1 354 245 392
NOy /ppb 96.2 83.8 83.6 437 86.0
CO /ppb 1702 1576 1829 726 1404
SO, /ppb 6.78 642 747 238 437
O3 /ppb 6.69 6.10 548 149 8.88
NOx/NOy, 091 0.88 0.88 0.99 0.93
NO/NO, 1.14 095 1.03 053 0.99
SUMMER

% contribution 18.1 27.7 238 23.0 7.5

Height /m 1083 529 617 1877 899

NO/ppb 401 227 1.77 778 1.93
NO, /ppb 207 214 17.6 219 159
NOy /ppb 2477 235 195 297 17.8
CO /ppb 537 632 573 389 492

SO, /ppb 1.68 3.67 2.67 1.13 2.74
O3 /ppb 56.7 70.5 46.6 453 494
NOx/NOy 0.70 0.70 0.73 0.75 0.76
NO/NO, 0.12 0.06 0.08 026 0.11
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3.2: Overview of air pollutant measurements during the winter and summer
campaigns

data there appears to be lower emissions in this region compared to south of Beijing.
There are several major roads in this area which could explain why the highest NO and
NO, mixing ratios were observed in cluster 1. Cluster 2 spends longer at lower alti-
tudes compared to cluster 1, so it may be expected that this cluster should have higher
mixing ratios of primary pollutants but the trajectory lies more to the north where
emissions are lower. Cluster 5 also has high amounts of pollutants (though generally
less than clusters 1-3) following a similar path to cluster 2 but travelling at a higher
altitude and is more influenced by cleaner mountainous regions and air over Mongolia
where emissions are lower. The second highest O3 mixing ratios are observed for this
cluster. Cluster 4 has the lowest amounts of all pollutants apart from O3 originating

north of the site where emissions are low over the mountains.

The summer campaign

Figure 3.13 shows the local impacts of surface wind on pollutant mixing ratio during
the summer campaign as described for Fig. 3.10. For the summer campaign O3 mixing
ratios were more consistent for all wind directions compared to winter, indicating that
O3 was reasonably well mixed over the city during summer. O3 was enhanced at higher
wind speeds in most directions indicating that O3 was formed as it was transported
to the site from primary emissions in the city and wider region. O3 mixing ratios
were lowest close to the site (lowest wind speeds and northerly wind direction), where
mixing ratios of NO, NO, and NOy were highest indicating O3 titration from local
emissions. There were enhancements in SO, and CO east and south-east of the site
possibly indicating an industrial source east of the site. There is a coal-fired power
station east of the measurement site in the Chaoyang District of Beijing though this
has largely been retired since March 2017 and remains on standby. The district of
Tianjin, a major industrial centre in China lies south east of Beijing.

The back trajectory clusters are presented in Fig. 3.14. Cluster 2 represents air
masses that originated south of the measurement site, which predominantly travelled
within the boundary layer. The highest mean mixing ratios of CO and SO, were also
observed in these air masses which was also observed during the winter campaign due
to high levels of emissions in south Beijing and beyond. Interestingly, O3 mixing ratios

associated with these air masses were also highest, indicating that O3 is being directly
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Figure 3.12: Annual emissions for CO, NOy and SO, are shown for a region around
Beijing from 2015 (the most recent publicly available emissions from EDGAR). The
mean trajectory paths, coloured by cluster are overlaid with the left hand column show-
ing the winter campaign trajectories and the right hand column showing the summer

campaign trajectories.
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Figure 3.13: Polar plots showing the relationship between mixing ratios of O3, CO,

SO;, NO, NO, and NOy and wind directions during the summer campaign.
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formed in these air masses. This is unlike the case in winter where the influence of free
tropospheric air from north of the site led to the highest mixing ratios of O3. Whilst
examining VOC data is beyond the scope of this work, it is likely anthropogenic VOC
concentrations are also enhanced in these air masses given CO and SO, are tracers for
industry. Cluster 1 represents slow moving air masses that have spent the 24 hours
over Beijing which has the second highest mean O3 mixing ratio. Mixing ratios of CO
and SO, are lower than for cluster 2 probably due to the higher travelling height of
these air masses, though given the high levels of Os it is likely in-situ O3 production is
still occurring. O3 mixing ratios are broadly similar for clusters 3—5. The highest NOy
mixing ratios were associated with clusters 4 and 1 which originated north west of
the measurement site, which was also observed during the winter campaign, probably
due to the presence of major roads in this region. Cluster 3 originates east of the site
covering some coastal area. Figures 3.13 and 3.12 indicate some SO, point sources in
this direction and CO emissions are consistently high east of the site, corresponding
to the observed high CO and relatively high SO, mixing ratios for this cluster. NOy
mixing ratios are relatively low for this cluster however. Cluster 5 is associated with
low NOy air masses with moderate CO and SO, mixing ratios probably influenced by
emission sources east and south of the measurement site during the final hours of the

air mass journey.

3.2.4 [NOx]/[NOy] Ratios

The ratio of NOx to total reactive nitrogen, NOy, can provide some information about
how photochemically processed an air mass is. This is because the majority of NOy is
emitted as NOy and then further oxidised to form other reactive nitrogen species. Gen-
erally, daytime values of [NOx]/[NOy]< 0.3 indicate highly processed air masses and
[NOx]/[NOy]> 0.3 are representative of air masses with fresher emissions [Trainer
et al., 1993, Chin et al., 1994]. Mean diurnal variation in the [NOy]/[NOy] ratio is
shown in Fig. 3.15 for the winter and summer campaigns. The [NO]/[NOy] ratio for
the winter campaign ranged between 0.88-0.95 indicating that most NOy is present as
NOy and that local emissions dominate the NOy budget. Overnight the [NO]/[NOy]
ratios are stable around 0.92 and increase to its maximum value of 0.81 at 07:00 due

to an increase in NOy emissions due to morning rush-hour traffic emissions. The
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Figure 3.14: HYSPLIT back trajectories for the summer campaign. The top panel
shows all trajectories that were run for the campaign coloured by cluster determined
using Openair for R, the left hand middle panel shows the mean trajectory for each
cluster and the right hand middle panel shows the last 5 hours of the mean trajectory

path and the lower panel shows the mean travelling height. o5
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Figure 3.15: Diurnal variation in NO4/NOy ratios for the winter and summer cam-

paigns.

[NO]/[NOy] ratios decrease to a minima during the day at 14:00 when solar radia-
tion is at its peak due to the photochemical oxidation of NOy. For the summer cam-
paign, the mean diurnal variation in the [NO]/[NOy] ratio ranged between 0.60-0.80
with its minimum value at 13:00-15:00 and maximum at 07:00 as for the winter cam-
paign. These values still indicate that most NOy is in the form of NOy highlighting
the importance of local emissions in Beijing however there is still more photochemical
processing of the air masses above the city in summer compared to winter. Photo-
chemistry during the summer will be faster due to increased solar radiation. Looking
at the [NOx]/[NOy] ratios by cluster (Table 3.2) for the winter seems to indicate that
the slower moving clusters which have spent more time over Beijing within the bound-
ary layer have lower NO4/NOy ratios indicating more chemical processing than for the
longer, higher trajectories. Overall however the difference between ratios is small. The
same is true for the summer campaign, where all clusters have similar ratios. Again
the shorter, slower moving trajectories that have spent more time within the boundary

layer have lower ratios.
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3.2.5 Ozone production efficiencies

Due to the non-linear relationship between O3 and its precursors, O3 is a difficult
pollutant to control. The ozone production efficiency (OPE) is defined as the number
of O3 molecules produced for each NOx molecule oxidised and is a useful method for
assessing O3 production and developing control strategies. O3 is often correlated with
the products of NOy oxidation and therefore OPE can be calculated from the observed
ratio of NOyx oxidation products and O3 [Trainer et al., 1993]. NO, (=NOy—NOy)
corresponds to NOy oxidation products (e.g. HNO3, PAN). Previous studies have used
odd oxygen (Oy), the sum of O3 and NO,, in linear regression analysis to calculate
OPE as this quantity is better conserved than O3z as O is not affected by the O3 +
NO — NOx titration reaction [Lin et al., 2011, Kleinman et al., 2002]. Mixing ratios
of O3 and NOy experience strong diurnal cycles due to the influence of the planetary
boundary layer, photochemical activity and emissions. For the calculation of OPE,
data was filtered to select periods where the boundary layer was fully developed and
that were photochemically active (i.e. j(NO;)> 0.001), as outlined by Trainer et al.
[1993]. During the winter campaign, data was selected between 12:00—14:00 when
observed MLH was at its maximum and NOx/NOy> 0.9. During the summer, data
between 13:00-17:00 was used during which NOy/NOy was stable below 0.7. OPE
was calculated for each day during the winter and summer campaigns and shown in
Fig. 3.16.

During the winter campaign OPE was negative for nearly half (47%) of the days,
indicating O3 destruction by NOy from local emissions, but the mean OPE was
1.1 ppb ppb™! & 3.5 ppb ppb™'. This implies that there is still some photochemical
production of O3 during the winter campaign despite the weaker solar radiation and
higher NOy mixing ratios. For summer, OPE was higher as expected, with a mean
value of 4.0 ppb ppb™! + 5.7 ppb ppb’!. These values compare to those previously
calculated for Beijing. Lin et al. [2011] reported a mean OPE of 1.1 ppb ppb! +
1.6 ppb ppb! at an urban site in Beijing from measurements taken between November
2007-March 2008. Previous values for urban regions of Beijing during the summer
vary between 4-20 [Sun et al., 2011, Ge et al., 2013, Wang et al., 2018a]. Sillman
[1995] suggested that OPE < 7 indicated that O3 formation is VOC limited.

Other studies have suggested that Beijing is largely a VOC limited regime [Sun
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Figure 3.16: Time series of OPE calculated for each day of the winter and summer

campaigns. Error bars indicate the residual standard error of the linear fit.

etal., 2011, Tan et al., 2019] though on days with high O3 mixing ratios, O3 production
became sensitive to NOy. Sun et al. [2011] reported an OPE value of 20.2 on a day
during which O3 mixing ratios exceeded 100 ppb. The highest OPE calculated during
the summer campaign was 24.4 ppb ppb™' and occurred on a day where O3 mixing
ratios were over 160 ppb (15 minute average). Whilst the O3 formation regime can
transition between being sensitive to VOCs and sensitive to NOy, the mean OPE values
calculated are under 7 suggesting that measures to control VOC emissions in Beijing
would be most effective to reduce O3. As different VOC functionality changes their O3
formation potential, it is useful to design O3 control strategies which tackle the most
important VOCs for O3z formation. Recent work showed that aromatics and alkenes
were the VOC classes with the largest O3 formation potentials in Beijing and therefore

should be targeted in order to reduce O3 pollution in the city [Li et al., 2020b].
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3.3 Chemistry during the summer campaign

3.3.1 HO; and RO; chemistry

The low NO mixing ratios observed in Beijing during the summer campaign have sig-
nificant impacts on the chemistry of the peroxy radicals (HO, or RO,). In atmospheres
with high NO mixing ratios peroxy radicals formed from VOC oxidation predomi-
nantly react with NO to form NO,, which leads to O3 formation and alkoxy radicals.
However, when mixing ratios of NO are low ([NO]< 1 ppbv), the photostationary
state no longer holds because the lifetime of peroxy radical species are longer than 1
second (T(Ho,)= 45 s at [NO]= 100 pptv). Therefore, other peroxy radical reactions
become more favourable e.g. peroxy radicals may react with other peroxy radicals
(HO; or RO,) or isomerisation/autoxidation process may occur. Autoxidation refers
to intramolecular hydrogen shift reactions to form highly oxidised molecules. These
reactions are typically slow but can occur when radical lifetimes are long (on the scale
of 10-100 s) and become more favourable with increasing temperature due to an in-
crease in isomerisation rates. The highly oxidised molecules formed are generally less
volatile and can effectively partition into the aerosol phase to make ssecondary organic
aerosol (SOA) [Ehn et al., 2014], a significant component of particulate matter which
is hazardous to public health.

Newland et al. [2020] shows that as a result of the low NO mixing ratios observed
during the summer campaign in Beijing oxidation products typically observed in re-
mote regions like rainforests can form. Large emissions of isoprene were observed
during the summer campaign [Acton et al., 2020]. Isoprene is oxidised by OH radi-
cals to form ISOPOO which under high NO mixing ratios, typically observed in the
morning, reacts with NO to form isoprene hydroxy-nitrate. As NO levels decrease, re-
actions with peroxy radicals become more favourable and so called ‘low-NO’ products
form; ISOPOOH and IEPOX. The extreme low NO mixing ratios observed highlight

that it is overly simplistic to think of urban atmospheres as ‘high NO’ environments.
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3.3.2 Deviations from the photostationary state during the

summer campaign

Tropospheric O3 is an important atmospheric species as it influences the oxidising ca-
pacity of the troposphere and is a harmful air pollutant. In air masses with very low
levels of VOCs the reactions that form O3 are in equilibrium, known as the photosta-

tionary equilibrium:

NO>+hv —s NO+O(*P) (R25)
OCP)+ 0y +M — O3 +M (R26)
O03+NO — NO»+ O (R27)

There is no net O3 formation for reactions R25-R27. The photostationary state ex-

pression can therefore be defined as:

_ /NO,)INO,|

— 3.1
ke INOT[O3) (-1

kro7 is taken to be 1.9 x 10~ % cm3 molecule™! s™' [Atkinson et al., 2004] and ¢ will be
1 if the photostationary state holds. The assumption of a photochemical equilibrium
only holds true when competing reactions (e.g. between NOx and VOCs or peroxy
radicals) can be ignored. Given that Beijing is an urban area with high NOy levels, it is
expected that the photostationary state will hold, as at higher NOy mixing ratios (above
1 ppbv) other oxidants are suppressed, with the OH radical reacting preferentially with
NO, to form HNO3 [Carpenter et al., 1998]. Time series data for ¢ for the winter
and summer campaigns were calculated using Equation 3.1 and are presented in Figs.
3.17 and 3.19. Only j(NO,) values greater than 0.001 were used so nighttime data is
disregarded for the calculation.

During the winter campaign, ¢ ranged between 0.15—4.04. Figure 3.17 shows that
for the majority of cases deviation from ¢ = 1 are negative which is indicative of fresh
NOy emissions perturbing the photostationary state [Chate et al., 2014]. Figure 3.18
shows a negative correlation between NOyx mixing ratios and ¢ calculated, so when

there are high amounts of NOy ¢ is low. As discussed previously in this chapter there
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Figure 3.17: Time series of ¢ for the winter campaigns. Negative deviations from
unity dominate indicate any perturbation of the photostationary state is due to fresh

NO emissions.
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Figure 3.18: ¢ as a function of NOx mixing ratio during the winter campaign. In

general, higher NOy mixing ratios result in ¢ values below 1.
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Figure 3.19: Time series of ¢ for the summer campaign.

are numerous roads close to the measurement site which are hot spots for NO emission
which are likely responsible for these perturbations in PSS.

Figure 3.19 shows the calculated ¢ values for the summer campaign. For summer,
¢ ranges between 0.36—4.01 but, in contrast to winter, has mainly positive deviations
from the photostationary state. Figure 3.19 shows that the largest positive deviations
occur when NOy mixing ratios are low. The diurnal variation in ¢ is shown in Fig.
3.21. The highest deviations from unity occur between 13:00-15:00, when NO mixing
ratios are on average below 1 ppbv (see Fig. 3.7). ¢ deviates positively from unity
when another chemical process converts NO to NO; so O3 is not the sole oxidant. The
O3 molecule in reaction R27 can be substituted by the presence of hydroperoxy or

peroxy radicals, HO, or RO;:

NO+HO, — NO,+OH (R28)

NO+ ROy —» NO2 +RO (R29)

This reaction will take place preferentially to the reaction of the radical and O3 (below)

when mixing ratios of NO are above a threshold amount (around 30 pptv).

O3 +HO, — 20, +OH (R30)
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Figure 3.20: ¢ as a function of NOy mixing ratio for the summer campaign.
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Figure 3.21: Diurnal variation in ¢ for the summer campaign. Mean ¢ is presented

with error bars representing the 5™ and 95™ percentiles.
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HO,, in turn, can be formed from reactions of OH with CO or O3 (reactions R31
and R32) and from the photolysis of formaldehyde (reactions R33—-R35) [Stone et al.,
2012].

CO+OH+ 0Oy — HO> +CO,+H,0 (R31)
OH+ 03 — HO,+ 0, (R32)
HCHO+hv — H+HCO (R33)
H+0,+M — HO,+M (R34)
HCO+ 0, — HO,+CO (R35)

RO; is formed from the oxidation of hydrocarbons e.g.:

RH+OH — R+ H,0 (R36)

R+0y+M — RO, + M (R37)

If HO; or RO, are perturbing the photostationary state, then the photostationary state

expression can be modified as shown in Carpenter et al. [1998].

INO,| _ kroe + krog[H O3] + Zkgroo [RO;]

= 3.2
NO) iNOY) 2

Which can be simplified to:
(H03] +[R0;] = (9 — 1)1 %] (3.3)

kr29

By solving equation 3.3 the amount of total peroxy radicals (PO,=HO,+RO,) re-
quired to make ¢ = 1 can be calculated. kgo9 was taken to be 9.0 x 10?2 cm?
molecule™! s™, based on an average of rate coefficients for different R groups at 298 K
[Jenkin et al., 2019]. Figure 3.22 shows a time series of peroxy radical mixing ratios

calculated assuming that ¢ = 1 along with the measured PO, mixing ratio. PO, mixing
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ratios calculated assuming PSS conditions are significantly larger than those measured,
with the most significant discrepancy occurring between 14:00-16:00, when calculated
mixing ratios are on average 9.9 times greater than those measured. This discrepancy
is not likely to be explained by a systematic underestimation of PO, mixing ratios in
the measurement. PO, is measured via conversion to and subsequent detection of OH.
Reported interferences on the measurement technique mean that HO, mixing ratios are
more likely to be overpredicted than underpredicted. Its detection relies on conversion
of HO; into OH via NO and it has been found that some complex RO, could convert on
a timescale quick enough to interfere with the HO, measurement [Fuchs et al., 2011,
Whalley et al., 2013]. This interference has been lowered by decreasing the amount
of NO added to the sample [Whalley et al., 2013]. Whalley et al. [2018] reports that
sensitivity to some more complex RO, species may be low due to reduced conversion
efficiency, though given the large difference between measured and calculated values,
this is not likely to account for the discrepancy observed.

The sensitivity to the rate constant was investigated by substituting kgy9 for the
range of values presented for different types of RO, in Jenkin et al. [2019]. In Beijing,
isoprene was found to be important for OH reactivity [Bryant et al., 2020] so kg9
was substituted for the isoprene-derived rate constant of 8.8 x 10~!2 cm? molecule’!
s'! given in Jenkin et al. [2019]. This was found to slightly worsen the agreement,
with calculated peroxy radical mixing ratios being overestimated by a factor of 10.1
between 14:00-16:00. The higher rate constants associated with acyl peroxy radicals
(k = 20-34 x 1012 cm?® molecule™! s°!) were found to best improve the agreement
between the measured PO, and calculated PO, mixing ratios. For a kg9 value of
34 x 10712 cm® molecule™ s*! calculated PO, are a factor of 2—3 times higher than
the measured mixing ratios between 14:00 and 16:00. In order to match measured
and calculated PO, mixing ratios during the afternoon however, kr29 would have to be
adjusted to around 1 x 1071% cm® molecule™! s!.

The large discrepancy between the amount of PO, calculated to make ¢ = 1 and
the measured PO, indicates another process is driving deviations from the photosta-
tionary state. Values of ¢ and [PO»]pss/[PO2]peasured grouped by trajectory cluster
are presented in 3.3. The largest discrepancy between predicted and measured PO; is

associated with air masses from clusters 1 and 4. Figure 3.14 shows that these two
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Figure 3.22: Calculated peroxy mixing ratios (dark grey) compared to measured per-
oxy radical mixing ratios (orange) for the summer campaign. Only data for ¢ > 1 is

presented.
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Table 3.3: Summary of ¢ and [PO,]pss/[PO2 | peasurea Tatio for each cluster shown in
Fig. 3.14.

Cl C2 C3 C4 CS
0 20 21 16 20 L6
Ratio 7.5 5.0 44 86 7.3

clusters follow a very similar trajectory but mean travelling heights are quite different
and only becoming similar in the last four hours of the air parcel’s journey. The trajec-
tory originates north west of the measurement site and is associated with the highest
NO mixing ratios. This is surprising as clusters 1 and 4 are associated with the two
highest NO mixing ratios (Table 3.2) and overall there are larger deviations from the
PSS when NO mixing ratios are lower.

In order to investigate whether there is some physical process driving deviations
from the photostationary state ¢ was compared with wind direction, wind speed, tem-
perature, relative humidity and jno, and regression analysis carried out. No correlation
was observed between ¢ and wind direction (R%2=0.002) and wind speed (R%2=0.005).
There was a stronger correlation with temperature (R’= 0.2) and negative correla-
tion with RH (R?= 0.1). A strong correlation between ¢ and JNo, was calculated
with R? equal to 0.8. This indicates that solar radiation controls the chemical process
that causes deviations from the photostationary state. Similarly correlations between
[PO21pss/[PO2 1 peasurea showed little correlation with wind speed and wind direction
(R? values of 0.0008 and 0.001 respectively). Both correlations were negative. R?
values of 0.05 and 0.02 were obtained for temperature and RH, with correlation with
RH being negative.

The correlation between ¢ and jno, indicates that any deviations from the PSS
are driven by a process influenced by solar radiation. Mannschreck et al. [2004] con-
cluded that local forests and vegetation caused deviations from the PSS by reducing
the photolysis of NO; due to lower light penetration through forest canopies increasing
NO,/NO ratios. In the study, a correlation between wind sector and deviations from

¢ was observed in the directions where there were coniferous forests. For Beijing, no
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such correlation between ¢ and wind direction was observed. Hollaway et al. [2019]
showed that jno, was reduced by up to 66% due to haze pollution in the summer. If
deviations from the photostationary state were due to reductions in jyo, however, we
would see a negative correlation between jno, and ¢ whereas we see a correlation that
is strongly positive.

Rather than a meteorological driver for deviations from ¢ it is possible that there
is another unknown oxidant acting to titrate NO in the afternoon. Halogenated com-
pounds are known to influence the oxidising capacity of the atmosphere. For example,
the reaction rate of Cl with some VOC:s is around 200 times greater than the respective
reactions with OH and hence can be a significant contributor to overall oxidation rates
[Le Breton et al., 2018]. Halogen oxides (XO) can form from the reaction of X and O3

and go on to oxidise NO e.g. for chlorine:
CIO+NO — NO,+Cl (R38)

Reactive Cl originates in the atmosphere from a range of sources, including HCl,
sea salt aerosol and gaseous Cl containing species e.g. nitryl chloride (CINO;) which
photolyse to release CI. Liu et al. [2017b] showed correlations between Cl, and SO,
suggesting that Cl, can originate from power generation facilities that burn coal. Stud-
ies for other urban areas also indicate an anthropogenic source of Cl can lead to the
formation of CINO, [Mielke et al., 2011]. CINO, forms via the reaction of NO3 and CI
during the night when NO3 concentrations are significant. Upon sunrise CINO, readily
photolyses releasing highly reactive Cl radicals. Measurements of CINO, were made
in London in 2012 with concentrations peaking directly before sunrise before being
photolysed. It was concluded that Cl atoms were the dominant oxidant for alkanes in
the early morning, significantly influencing the oxidative capacity of the atmosphere
[Bannan et al., 2015].

High levels of CINO; have been reported for Chinese megacities. Tham et al.
[2016] reported mixing ratios of 2070 pptv (I minute averaged measurement) in a
plume from Tianjin in the North China Plain and CINO, continued to increase for
four hours after sunlight. It was thought that CINO, could be produced by reactions
between Cl” containing aerosol and NOy from coal fired power plants during the night
and the mixing of the nocturnal boundary layer (NBL) in the morning would lead

to enhancements of CINO; in the morning. For Beijing, mixing ratios of reactive
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molecular Cl and CINO; reached up to 1 ppbv and 1.4 ppbv respectively in Beijing
[Zhou et al., 2018b]. Laboratory studies have shown production of CINO, can occur
through the heterogeneous uptake of N»,Os on Cl-containing aerosol [Finlayson-Pitts
et al., 1989]. Particulate Cl mixing ratios measured during the summer campaign were
found vary between 76-300 ppt during a mean diurnal cycle, with an average of 85 ppt
between 14:00 and 16:00. During the summer campaign the mean diurnal variation
in CINO;, showed that mixing ratios were lowest in the afternoon, with approximately
10 ppt being measured between 14:00 and 16:00. CINO; peaked at 21:00 and remained
elevated through the nighttime.

Given that CINO, photolyses readily in the morning and its lowest mixing ratios
were reported when deviations from the photostationary state are the highest, CINO,
may not be the dominant source of an additional oxidant but Cl could still be an impor-
tant oxidant, indicated by the particulate chloride measurements. Assuming a source
of reactive Cl which forms CIO, it is possible to calculate the amount of halogen re-
quired to make ¢ equal to 1. If we assume the additional oxidation is due to chlorine

oxides equation 3.2 becomes [Ma et al., 2017]:

J(NO>)[NO,]
kgra7INO][O3] + kroo[H O3 4+ RO,|[NO] + kg3g[CLO][N O]

(Pext = (34)

This equation can be rearranged to give chlorine oxide:

1 (j(Noz)[Noz]

[ClO] = - (kR27 [03] —kro9 [HOZ + ROz])> 3.5)

Assuming any halogen reactivity is due to solely CI, the mean mixing ratio of ClO
required to make ¢ = 1 was 112 ppt with 240 ppt needed between 14:00-16:00. The
rate constant for reaction R38 was taken to be 1.7 x 10~ ¢cm? molecule™! s™! [[UPAC,
2013]. Maet al. [2017] observed deviations from the photostationary state for Kaiping
in the Pearl River Delta of China and calculated a mean mixing ratio of C1O of 118 pptv
would be required to make ¢ unity, similar to the value obtained for Beijing. At the
time of writing no measurements of CIO are available for the summer campaign to
compare to but up to 240 pptv of CIO does not seem likely. However, the deviations
from the photostationary state could indicate that halogen chemistry has a role to play

in Beijing.
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3.4 Conclusions

Beijing experiences severe air quality problems as a result of rapid economic growth
and an increase in the urban population. Air quality controls have been successful
in some aspects (reductions in SO, in particular) but other air pollutants, such as Os,
are still increasing highlighting the challenges of managing air pollution. Large scale
measurement campaigns can provide useful information about how atmospheric com-
position is changing and provide a basis for recommendations for air pollution control
strategies. Measurements of gas-phase pollutants; O3, CO, NOyx and SO;, made as part
of two intensive field campaigns have been summarised in this chapter.

All pollutant mixing ratios were higher during the winter campaign than the sum-
mer campaign, with the exception of O3. The high mixing ratios observed were at-
tributed to enhanced emissions, weaker vertical mixing and, at times, stagnant con-
ditions. The impacts of meteorology were clearly observed during the winter with
periods of high and low mixing ratios linked to distinctive weather patterns as a result
of the East Asian Monsoon. Good correlation between CO and SO, for the two cam-
paigns hinted at a common industrial source that is transported to Beijing with strong
correlations between NOy and CO during winter highlighting the dominance of traffic
emissions on measured pollutants. Understanding and quantifying emissions is impor-
tant to effectively implement pollution control strategies and the emissions of Beijing
will be explored in Chapter 4.

During the summer campaign, O3 mixing ratios were high enough to be consid-
ered hazardous to health with half of the days during the campaign breaching the 8
hourly limit set by the WHO, highlighting an urgent need to understand the relation-
ship between O3 and its precursor emissions. High OPE values were calculated during
the summer showing that Beijing is a photochemically active environment. This mean
OPE value calculated for winter and summer (1.1 ppb ppb™! + 3.5 ppb ppb™! and
4.0 ppb ppb™! & 5.7 ppb ppb! respectively) suggests that O3 formation is VOC lim-
ited for the city, which is in line with previous studies. Future air quality measurement
strategies should target VOC species to reduce O3 pollution.

NO mixing ratios were low during the afternoon for the summer campaign due

to titration with O3 and regularly fell below 500 pptv. This had profound impacts on
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atmospheric chemistry and highlights the importance of making NO measurements.
NO; measurements are the only NOy measurements required for public health moni-
toring, but this does not show the whole picture. The low NO mixing ratios observed
lead to peroxy radical reactions becoming more favourable and are linked to deviations
from the photostationary state. Deviations from the photostationary state are driven by

photochemistry and possibly indicate the presence of an unknown oxidant in Beijing.
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Measurements of traffic
dominated pollutant
emissions in a Chinese
megacity

4.1 Introduction

APID development and population growth has led to an ever increasing number
R of “megacities”, defined by the United Nations (UN) as a “metropolitan area
with a total population of more than 10 million people” [United Nations’ Department
Of Economic and Social Affairs: Population Division, 2016]. In addition to being
home to a large population, megacities are typically associated with high levels of
industrialisation and extensive transportation networks making air pollution a common
problem. Beijing is one such city that regularly experiences significant air quality
problems. High levels of particulate matter (PM) in Beijing during winter months
have been widely reported. In 2017, annual PM, s (PM with a diameter less than
2.5 um) concentrations reached 58 g m—3, approximately six times greater than the
World Health Organisation (WHO) guideline [Ministry of Ecology and Environment,
the People’s Republic of China, 2018]. During the summer, concentrations of ozone,
O3, a major component of photochemical smog, regularly exceeded the WHO 8-hour
mean limit of 100 ug m~> in Beijing. Both PM and O3 have detrimental impacts
on public health and both are formed in the atmosphere from reactions by precursor

emissions that include nitrogen oxides (NOy), carbon monoxide (CO) and volatile
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organic compounds (VOCs). Secondary aerosols have been shown to comprise a large
fraction of fine particulate matter in Beijing [Guo et al., 2014, Duan et al., 2020].

China is the largest NOy emitter globally and is estimated to contribute as much as
18% to global NOy emissions [European Database For Global Atmospheric Research,
2000-2012] while Beijing itself is reported to have annual mean NO, concentrations
16 p1g m™ higher than the national average [Ministry of Ecology and Environment, the
People’s Republic of China, 2018]. At high concentrations, NO; is a respiratory irritant
[Strand et al., 1998, Tunnicliffe et al., 1994]. CO is a harmful air pollutant produced
from incomplete combustion processes including those used in power generation and
from vehicle engines. Liu et al. [2018] concluded that there is an association between
short-term exposure to ambient CO and increased cardiovascular disease mortality,
especially coronary heart disease mortality. For both these pollutants, traffic emissions
tend to be the dominant source in megacities.

In order to manage air quality it is vital that legislators have a clear understanding
of pollutant emissions to guide abatement strategies. Models of atmospheric chemistry
provide an important mechanism to predict the efficacy of abatement measures on fu-
ture air quality yet these predictions are only as certain as the emission inventories
upon which they are based. For example, previous studies have highlighted large dis-
crepancies between emissions inventories and measured emissions for UK cities both
for NOy [Lee et al., 2015, Vaughan et al., 2016] and VOCs [Langford et al., 2010,
Valach et al., 2015]. In addition to discrepancies in magnitude, the sources of emis-
sions are not always correctly identified in inventories. Karl et al. [2018] indicates
via emission measurements that a large, unidentified source of oxygenated VOCs is
not represented in emissions inventories and that actual non-methane VOC (NMVOC)
emissions could be significantly higher than those used in most models. As new emis-
sions controls are introduced and emissions technologies improve the main sources of
pollutant emissions will change. McDonald et al. [2018] showed that an increasing
proportion of the VOC emission budget is from volatile chemical products contain-
ing organic solvents (e.g. pesticides, cleaning agents and personal care products) as
the transportation sector becomes cleaner. Inventories in China are associated with
large uncertainties and are rapidly changing in response to economic development and

new environmental regulations. Saikawa et al. [2017] reviewed and compared five dif-
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ferent emissions inventories for China and found large disagreements between them.
Thus there is a critical need for reliable field measurements in order to further improve
the emission estimates and reduce the uncertainty of inventories at local and regional
scales [Zhao et al., 2017].

Given this pressing need for measurements of pollutant emissions, fluxes of NOy,
CO and commonly co-emitted VOCs (benzene, toluene, C,-benzenes and C3-benzenes)
were calculated using the eddy-covariance (EC) technique for an urban area in Beijing.
To the knowledge of the authors, this is the first time these emissions have been directly
quantified in Beijing. This work was carried out as part of the Air Pollution and Hu-
man Health-Beijing (APHH) project and an overview of this campaign can be found
in Shi et al. [2019].

4.2 Methodology

A more detailed description of the measurement location and the techniques used to

measure NOy and CO concentration is described in detail Chapter 2.

4.2.1 Site description

Measurements were taken from an inlet part-way up a 325 m meteorological tower at
the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (39°58°28”N,
116°22’16”E) in central Beijing. The site is between the third and fourth ring roads
and surrounding land use can be characterised as urban, being mainly residential with
some busy (two and three lane dual-carriageway) roads nearby. The Jingzang High-
way is approximately 400 m east of the site. Building heights surrounding the tower
are predominantly 15-30 m in height, but with some almost 100 m tall within 500 m
to the south of the tower. The site is in a ‘green’ area with some park space and a
canal close by. Measurements were made over two field campaigns; the winter cam-
paign from 05 November 2016 — 11 December 2016 and the summer campaign from
22 May 2017 — 25 June 2017 to allow a seasonal comparison of emissions.
Instrumentation was housed in a temporary shipping container laboratory located
at the base of the tower. Sample lines from an inlet platform at an elevation of 102 m

ran down the tower to the laboratory. Air for sampling was drawn down a 5” O.D. (L.D.
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9 mm) perfluoroalkoxy (PFA) tube at a rate of approximately 95 L min™! resulting in
an inlet pressure of 44 kPa. This ensured turbulent flow was maintained (Reynolds
Number ~ 7000) and attenuation of signals along the ~ 120 m sample line were min-
imised. Particles were removed from the airflow via a 90 mm Teflon filter mounted
near the inlet which was changed at 24 hour intervals. The inlet of the tube comprised
of a custom built, 32 mm diameter, stainless steel manifold cap with gauze to prevent
larger debris entering the tube. The manifold was mounted 82 cm vertically below a
sonic anemometer (Model HS-50, Gill Instruments) which measured the three wind
components, u, v and w data at a rate of 10 Hz. During the winter campaign it was
orientated NW from the tower and during the summer campaign towards the SE to
measure the main wind direction without obstructions. However, analysis of the tur-
bulence characteristics did not suggest that the open structure of the tower affected the
measurements even when the flow came through the tower. This may be due to the

size of the eddy-motions at this measurement height.

4.2.2 Instrumental description

NOy sampling and measurement

Concentrations of NOy were measured using a dual-channel chemiluminescence in-
strument (Air Quality Designs Inc., Colorado). The instrument is similar to that de-
scribed in Lee et al. [2009], but modified to enable high time resolution data to be
collected with a residence time of 0.12 s inside the photolytic conversion cell. NO
was measured directly by chemiluminescence from the reaction of NO and O3 in one
channel. The second channel measures total NOy via photolytic conversion of NO; to
NO, at a wavelength of 395 nm, and then by chemiluminescence reaction with O3, as
per the direct measurement of NO. Instrument data were recorded at a frequency of
5 Hz.

The NOy instrument was calibrated regularly (every 2—-3 days) throughout the cam-
paign using NO gas standards traceable to the UK National Physical Laboratory (NPL)
NO scale. The instrument was calibrated via standard addition of a small flow of
NO calibration gas to a flow of NOx-free ambient air (NOx was removed using a

Sofnofil/charcoal trap). The sensitivities of the NO and NOy channels were calcu-
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lated by direct addition of the diluted NO calibration gas. The NO,-NO conversion
efficiency within the NOy channel was calculated by gas-phase titration of the diluted
NO calibration gas with O3 to create a known quantity of NO,. During the calibration
cycle, an instrument zero was quantified by diversion of sample flow to ‘zero vol-
umes’ so that the chemiluminescence reaction was completed before the gas reached
the detectors. Zero measurements were scheduled to occur for 15 seconds every hour

through the normal operating schedule.

CO sampling and measurement

CO was measured using a resonance fluorescent instrument (Model AL5002, Aero-
laser GmbH, Germany). Flows were adjusted to reduce cell lag times so data could
be recorded at 5 Hz to match the NOy data acquisition rate. Details of the unmodified
system are described by Gerbig et al. [1996, 1999]. The CO instrument was calibrated
regularly (every 2-3 days) throughout the campaign as for the NOy instrument using
a 1 ppm CO in synthetic air standard. Previous urban flux measurements with this
type of instrumentation have been presented for UK cities by Famulari et al. [2010],
Harrison et al. [2012], Helfter et al. [2016].

4.2.3 VOC sampling and measurement

VOCs were measured using a Proton Transfer Reaction Time-of-Flight Mass Spec-
trometer (PTR-ToF-MS). The PTR-ToF-MS (PTR-MS 2000, Ionicon Analytik, Inns-
bruck, Austria) was installed at the base of the tower and sampled from the common
inlet line at 30 sccm. The instrument was operated with a 5 Hz measurement fre-
quency. The drift tube maintained at 60 °C, with a pressure of 1.9 mbar and 490 V
applied across it. This gave an E/N (the ratio between electric field strength and buffer
gas density) of 120 Td in the drift tube. This set up is described in more detail by
Acton et al. [2020].

The PTR-ToF-MS was calibrated twice a week during both the winter and sum-
mer campaigns using a VOC standard containing methanol, acetonitrile, ethanol, 1,3-
butadiene, acetone, isoprene, butenone, butan-2-one, benzene, toluene, m-xylene and
1,2,4-trimethylbenzene at 1 ppmv (NPL, Teddington, UK). The standard was dynami-

cally diluted in zero air to provide a six point calibration. In the winter campaign the in-

117



Measurements of traffic dominated pollutant emissions in a Chinese megacity

strument was also calibrated using two Ionicon standards the first containing methanol,
acetonitrile, acetaldehyde, ethanol, acrolein, acetone, isoprene, crotonaldehyde, butan-
2-one, benzene, toluene, o-xylene, chlorobenzene, a-pinene and 1,2-dichlorobenzene
at 1 ppmv each and the second made up of formaldehyde, acetaldehyde, acrolein,
propanal, crotonaldehyde, butanal, pentanal, hexanal, heptanal and octanal at 1 ppmv,
nonanal at 600 ppbv and decanal at 500 ppbv. The background signal was corrected
for by sampling a zero air standard for 5 minutes every hour. Background mixing ra-
tios were subtracted from subtracted from measurement data to give corrected mixing

ratios. PTR-ToF-MS data was processed using PTRViewer (Ionicon Analytik).

4.2.4 Data processing

Prior to the calculation of pollutant fluxes, the raw data were scaled to take account
of calibrations. The sensitivity within each channel of the NOx chemiluminescence
instrument remained consistent throughout the winter and summer campaigns so data
were scaled using median sensitivity values. The conversion efficiency of the NOy
channel gradually deteriorated over the two campaigns and so NO, data were scaled
using linearly interpolated conversion efficiency values. As highlighted in Fig. 4.1, the
NO; calibration was applied in two stages, the first during pre-processing and the sec-
ond following lag correction. During the pre-processing stage the channel sensitivities
(counts pptv—!) determined by field calibration are applied to both the NO and NOy
channels to give NO (pptv) and a term referred to as converted NOy channel counts
‘NO.’. NO3 is then calculated from the difference between the time-lagged corrected
NO, and NO divided by conversion efficiency. The time lag correction is described
below. For CO concentration data, the instrument sensitivity following each calibra-
tion was directly applied and the sensitivity remained consistent for the duration of the
two campaigns.

Concentration data were coupled with wind data reported by the sonic anemometer
by sub-sampling the wind data to match the 5 Hz concentration data. Data were then
despiked prior to flux calculation as per the method described in Brock [1986] and
Starkenburg et al. [2016]. Following despiking, the lag time between vertical wind
velocity measured in-situ on the tower and the pollutant concentrations, measured on

the ground, was calculated. The lag time correction was determined by maximisation
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Pre-Processing

Raw Concentration Data Pre-
Treatment

Scale data to account for field
calibrations. Calculate CO, NO
concentrations and NO_ (the result of
the NO, channel scaled by channel
sensitivity calibration but without
conversion efficiency applied).

Combine with meteorological
measurements.

Sub-sample the wind vector data to
match the 5 Hz concentration data.

eddy4R Algorithm

Define Parameters

Define site specific information (e.g.
tower height, location), permitted
missing data threshold (10 %) and
flux averaging period (30 minutes).

Despike Data

Using a median filter, method used is
described by Brock (1986).

Lag Correction

Perform cross covariance analysis.
High pass filter applied (Hartmann,
2018).

Calculate NO, Concentrations

Calculate NO, concentration from the
difference between NO and NO,
channels and apply conversion

Calculate Fluxes
Pollutant luxes determined by Eddy
Covariance.

Stationarity Tests
Stationarity determined according to
Foken and Wichura {1998).

Calculate Errors and Uncertainties
Random uncertainty determined
using method outlined by Mann and
Lenschow (1994).

Footprint Model

Flux footprint calculated for each 30
minute flux period. Footprint model is
a version of Kljun (2004) footprint
model combined with a cross-wind
distribution detailed in Metzger

efficiency calibration.

Coordinate Rotation
Double rotation method was used.

Decomposition/Detrending
Linear detrending applied.

(2012).

Figure 4.1: Workflow schematic summarising the data processing steps required for
calculation of NOy and CO fluxes.

of the cross-covariance between pollutant concentration and the vertical wind compo-
nent. When determining the lag time for each species a high-pass filter [Hartmann
et al., 2018] was used which improves the precision of the determined lag time by an
order of magnitude. The median lag time was then calculated for each species during
each campaign. The lag time between the concentration and vertical wind speed dur-
ing the winter campaign was found tobe 9.6 s 0.4 s, 10.0s £ 0.4 s, 10.2 s + 0.3 s for
NO, NO; and CO respectively. For the summer campaign lag times were calculated
as 9.4 s+ 045s,98s+03sand 10.6 s = 0.5 s. Because there was no discernible
pattern or trend in the lag times and to prevent the flux bias that cross-covariance max-
imisation can introduce when fluxes are small [Langford et al., 2015], the final fluxes

were calculated by applying the median lag time value for each campaign to all flux
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periods. Lag time correction was performed using the same method for the PTR-ToF-
MS VOC concentrations. Lag times were calculated for isoprene (summer data) and
benzene (winter data) within a 5-15 s window and these values were then applied to all
compounds. Where the lag time was found to be outside of the 5—15 s range a standard

lag time of 9 s was applied.

4.2.5 Flux calculations

The flux, F, of each species, which can be defined as the vertical transport of a pollutant

per unit area per unit time, was then calculated using the EC method [Lee et al., 2004]:

F~wc 4.1)

where W’ is instantaneous change in vertical wind speed (i.e. w' = w — w, where over-
bars denote averages) and ¢’ is instantaneous change in pollutant concentration. The
flux was calculated over a 30 minute averaging period and quantified using the eddy4R
family of R-packages [Metzger et al., 2017] with a customized EC workflow template
to suit the requirements of this study. Figure 4.1 shows the key steps involved in the
calculation of pollutant fluxes. Random uncertainty was calculated using the method
outlined by Mann and Lenschow [1994]. The flux limit of detection was taken to be
twice the random error. It should be noted that, due to the high measurement height,
30 minute fluxes might be an underestimation of the ‘true’ flux as the averaging period
may not capture low frequency contributions. To quantify the effect, a comparison
between 30 minute, 60 minute and 120 minute averaging intervals was carried out for
a week-long period of the summer campaign which indicated 30 minute fluxes were
93% of the 60 minute fluxes whilst 120 minutes fluxes were considered too long an av-
eraging periods for sufficient temporal resolution. Additionally increasing the length
of averaging time introduces more non-stationary periods into the data. The 30 minute
flux is therefore a compromise between capturing the entirety of the flux by keeping
the low frequency flux loss small (7%) and having sufficient temporal resolution to
relate the measurements to real-world processes. Fluctuations in temperature and hu-
midity can impact fluxes by causing variation in air density [Webb et al., 1980]. For
closed path systems, such as those used in this study, air density variations caused by

sensible-heat flux are negligible however variations due to latent heat flux may need
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to be corrected for. For CO fluxes, samples were passed through a dryer negating the
need for this correction, however latent heat flux could have an impact on the NOy
fluxes [Moravek et al., 2019]. The magnitude of the correction is proportional to the
concentration/flux ratio which for reactive species, like NOy, is small. The effect of
latent heat flux on NOy fluxes was found to be significantly less than 1% throughout
the campaigns and so the WPL correction was not applied [Pattey et al., 1992]. The
effect of high-frequency spectral loss on NOx and CO fluxes was investigated using a
wavelet-based methodology [Nordbo and Katul, 2013]. Spectral losses were found to

be less than 3% and so were not corrected for.

Corrections and filtering

There are numerous assumptions made when calculating EC fluxes, all of which can
introduce uncertainties in the derived quantity. Further conditions need to be met for
the measured flux to be representative of surface flux. Assumptions include but are
not limited to, the flux being fully turbulent with all transport done by eddy trans-
fer, the terrain being homogeneous, measurements being made within the boundary
layer, air density fluctuations being negligible and conditions remaining stationary. A
common method to deal with periods of low turbulence, during which the flux at the
measurement height may not reflect the surface flux, is to filter the data based on a
friction velocity (u,) threshold. Friction velocity accounts for shear stress in the tur-
bulent boundary layer, and can be calculated from the instantaneous wind components
u’,v' and w' [Foken, 2017]. Concepts for u, filtering were originally developed by the
community measuring CO, exchange with vegetation. Here, incorrect application of
uy filtering can lead to a “double-counting” of flux as described in Aubinet [2008]. In
addition, by filtering out low-turbulence cases (low u, values) the data set can become
biased with little information about nighttime and winter periods. Whilst for CO, ex-
change with vegetation fairly robust parametrisations exist that can be used to gap-fill
periods of low turbulence, no such information is yet available for urban fluxes. Liu
et al. [2012] therefore argue against applying u, filtering for the IAP site during a
similar analysis of CO, fluxes, and suggest more errors could be introduced through
filtering than not. Thus u, filtering was also not applied to the data presented here, un-

less otherwise stated. Approximately 29% of winter fluxes and 11% of summer fluxes
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were associated with u, values below 0.175 m s Average fluxes as a function of
u, values are presented in Fig. 4.2 and the effect of u, filtering on diurnal variation
is shown in Fig. 4.3. These show the maximum possible effect of low turbulence on
fluxes. Because low turbulence is correlated with nighttime conditions during which
emission activity is reduced, an increasingly stringent u, filter preferentially removes
periods during which the surface flux is smaller than the average. This may result in
an increase in the average nighttime flux that does not necessarily reflect suppression

of the flux by lack of turbulence.
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Figure 4.2: Mean NOy and CO fluxes as a function of different u, thresholds. Error

bars show =+ 1 standard deviation.

Stationarity is another important consideration for flux data. Stationarity is when

the flux is statistically invariant over the averaging period and is quantified using the
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Figure 4.3: Comparison between diurnal variation in NOy and CO fluxes for all u,

values and for u, values over 0.175.

method described in Foken and Wichura [1996]. The stationarity criterion is likely
not to be met when fluxes are small and subject to a large random uncertainty; this
is irrespective of whether the conditions are actually non-stationary. As a result this
filter tends to remove the smallest fluxes and can bias flux results [e.g. Nemitz et al.,
2018]. A broad stationarity filter of 60% was applied to all flux data presented in any
average diurnals, though non-stationary data is presented and highlighted in time series
plots. This stationarity filter was used as a more rigorous filter of 30%, commonly used
within the CO, flux community, removed a large proportion of the data. During the
winter campaign 23% of NOy fluxes and 22% of CO fluxes were non-stationary un-

der this more rigorous criterion. During the summer campaign these proportions were
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16% of NOy fluxes and 39% of CO fluxes. The 60% threshold used was determined to
be appropriate as it falls within the stationarity range recommended for “general use”,
such as using diurnal averages to interpret trends [Foken et al., 2004]. Further to these
corrections, any periods where the boundary layer was within 30 m above the mea-
surement height were removed from the data. Boundary layer height was measured
throughout both campaigns using a celiometer (Vaisala CL31). The data are analysed
using the CABAM algorithm [Kotthaus and Grimmond, 2018].

It was also important to consider storage effects; due to the build-up or dilution of
the pollutants below the measurement height. Build-up can occur during periods of low
turbulence e.g. during the night and this accumulation reduces the flux at the measure-
ment height with respect to the emission at the ground [Finnigan, 2006]. As conditions
become more turbulent the accumulated pollutant concentration gets diluted again and
the measured flux contains a component that originates from the stored material rather
than emission. Gas concentration profile measurements can be used to allow detec-
tion of build-ups by providing data for computing a storage term below measurement
height, z,,. In this case, the storage flux, F;, at time, ¢, was calculated according to the
following equation, where C is concentration and 7" is flux averaging interval [Andreae

and Schimel, 1990]:
Cit+L)—-cit-1)

F(t) = 7 22 X Zm (4.2)

The validity of calculating the storage flux at a single measurement height was evalu-

ated by comparing CO, concentration measurements made at the measurement height
and CO; concentration profile measurements made at three different heights on the
tower. By comparing the evolution of the CO, concentration at the single measure-
ment height with the CO, profile measurements, it was determined that calculating
storage flux using the single concentration at the measurement height was a reasonable
approximation of the storage within the column. It should be noted that this storage
correction to some extent takes care of the flux suppression at low turbulence, except
for the interaction with advection and chemistry.

Throughout, this chapter focuses on the analysis of total NOy flux rather than NO
and NO, flux separately. Whilst the two compounds undergo rapid interconversion
the total should be conserved at the time-scale that governs the transport from the

surface to the measurement height; the major loss route for NOy is HNO3 formation
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through reaction with the hydroxyl (OH) radical. This loss is assumed to be negligible
between ground emission and sampling at the tower inlet. Calculation of Deardorff
velocity suggests that on average the time taken for a parcel of air to reach the 102 m
measurement point is ~ 68 s [Deardorff, 1970]. Assuming average OH concentrations
of 1 x 10% molecule cm it is estimated that less than 1% reacts with OH at this time-

scale.

4.2.6 Footprint model

A flux footprint is the area surrounding the measurement tower that contributes to a
measured flux based on factors such as wind speed, wind direction, atmospheric sta-
bility and surface roughness. A statistical flux footprint model can be used to quantify
the flux contribution of each cell of an emission grid relative to the distance away from
the measurement position in all directions, creating a weighing matrix that estimates
the ground influence of a particular cell contributing to the observed emission flux. A
footprint was calculated for each half hour flux period at 100 m resolution. The foot-
print model used is based on Kljun et al. [2004] with a cross-wind distribution detailed
in Metzger et al. [2012]. Surface roughness values were taken from Liu et al. [2012]
and taken to be 2.5 m, 3.0 m, 5.3 m and 2.8 m for the NE, SE, SW, and NW wind
quadrants respectively. Figure 4.4 shows the average footprint for the winter and sum-
mer campaigns with the 30%, 60% and 90% cumulative contributions to the measured
flux represented by the contours.

For both campaigns the 90% contribution to the measured flux extended as far as
7 km from the measurement site for some averaging periods, however, as shown in Fig.
4.4 on average 90% of the contribution to measured emissions was from within 2 km
of the tower. Figure 4.4 shows the difference in areas of influence covered during the
winter and summer campaigns due to differences in dominant wind directions. During
the winter, the measured fluxes were predominantly from the north-west encompass-
ing Beitucheng West Road and a block of predominantly commercial buildings and
restaurants. The mean footprint maxima, the distance away from the tower at which
the maximum contribution to the measured flux occurs, falls 0.26 km away from the
tower in winter. In summer, the fluxes were mostly influenced by areas to the north

east and east of the tower, encompassing the Jingzang Expressway. The mean footprint
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maxima for summer was also 0.26 km away from the site.

Winter Summer

Figure 4.4: The mean flux footprints for the winter and summer campaigns. The site
is shown by the red triangle in the centre of the map. Each square is 100 m? and
the brighter colours indicate a greater influence on measured emission for a particular
area. The white rings show the areas contributing 30%, 60% and 90% to the flux
total with inner ring representing the 30% contribution and outer ring representing
90% contribution. The 90% of the influence from the footprint extends up to 2 km
away from the tower with maximum contribution 0.26 km away from the tower. Map
was built using data from (¢) OpenStreetMap contributors 2019. Distributed under a

Creative Commons BY-SA License.

4.2.7 Inventory

The measured pollutant fluxes were compared with the Multi-resolution Emissions
Inventory for China (MEIC, Qi et al. [2017], http://www.meicmodel.org/, last ac-
cess: 19 May 2020) to evaluate how well the inventory describes the diurnal evo-
lution of pollutants and their absolute magnitude. MEIC emissions are available at
0.25 x 0.25 degree resolution and were downscaled to 3 x 3 km resolution on a sec-
tor by sector basis following the approach of Zheng et al. [2017]. MEIC considers five

emission source sectors; power plants, industry, transport, residential, and agricultural.
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4.3: Results & discussion

Agricultural emissions are not relevant within our flux footprint so were not included
in this work. Emissions are available on a monthly basis, and are assumed to be the
same each day of the month, and a diurnal cycle appropriate to Chinese sources is ap-
plied to each emission sector. Example emissions for Beijing are presented in Fig. 4.5
for November. The NOy and CO emission predicted by the inventory are calculated
from the multiplication of each footprint matrix by the MEIC grid. In order to match
the scales of the footprint matrix and the inventory, a pseudo 100 m x 100 m MEIC
grid was created by splitting the 3 km resolution inventory into smaller 100 m x 100 m

grid squares, each with the same emission value.

Olympic Park

NO, Emission/mg m 2 h™" - CO Emission/mg m2h™" -
10 20 30 40 25 50 75 100

Figure 4.5: MEIC inventory emission grids for NOy and CO for November. Map
was built using data from (¢) OpenStreetMap contributors 2019. Distributed under a

Creative Commons BY-SA License.

4.3 Results & discussion

Statistics for NOx and CO fluxes and concentrations presented in this work are shown
in Table 4.1. Figure 4.6 shows a time series of measured NOy and CO fluxes during the
winter and summer measurement campaigns where dark coloured traces highlight data
which does not meet the 60% stationarity criteria. For winter, 3.5% of NOy fluxes and
8.2% of CO fluxes were non-stationary. In summer, slightly fewer measurements did

not meet the stationarity criteria with 3.1% of NOy fluxes and 7.3% of CO fluxes falling

127



Measurements of traffic dominated pollutant emissions in a Chinese megacity

Table 4.1: Summary table for NOy and CO fluxes and concentrations. Data presented

is for fluxes which are within 60% stationarity criteria for all u, values.

Winter Summer

Concentration (mg m>) NOy CO NOy CO
Mean 0.103 141 0.0310 0.502
Median 0.0839 1.01 0.0213 0.429
Percentiles

5th 0.0154 0.268 0.00810 0.210

95th 0.252 3.60 0.0876  0.998
Standard Deviation 0.0776 1.16  0.0278  0.267

Flux (mg m2 hl)

Mean 4.41 3477 3.55 15.2
Median 4.14 320 245 12.4
Percentiles

5th -1.24 270 -0.0139 -2.15

95th 10.6 103 11.5 42.9
Standard Deviation 3.86 40.1  3.69 14.4
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Figure 4.6: Time series data for 30 minute averaged NOy and CO fluxes for the winter
(blue trace) and summer (orange trace) campaigns with fluxes outside of the 60% sta-
tionarity criteria shown in darker colours. Gaps in the time series are due to instrument

problems. The two contrasting periods discussed in section 4.3.2 are highlighted in

grey.
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outside the 60% stationarity limits. The mean flux for NOy during the winter measure-
ment period was 44 mg m?h'+£3.9mgm?h'! and 3.6 mgm?h'! £3.7mgm? h’!
for the summer measurement period. For CO, there was a larger difference between the
two seasons with the mean flux calculated as 35 mg m™2 h™! 40 mg m™ h'! for winter
and 15 mg m? h'! 414 mg m? h'! in summer. Some of the calculated fluxes were
negative, corresponding to deposition to the surface, however, as expected in an urban
environment, the net flux was strongly positive indicating emission. The average NOy
fluxes for the winter and summer periods were similar suggesting an emission source
that did not change much between seasons. In contrast the average CO flux was over
double in the winter compared to the summer indicating an additional source in the
winter.

When considering previous literature, the NOy fluxes measured in Beijing were
low compared to London, UK where net emissions were in the range of 10.8 mgm™ h™'—
14.4 mg m? h'! [Lee et al., 2015]. A study investigating NO, fluxes across 13 urban
locations in Norfolk, Virginia reported values in the range of 1828 mg m2 h™!, up to
8 times higher than those measured in Beijing [Marr et al., 2013]. Fluxes measured
in Beijing were similar to those measured in Innsbruck at a roadside site in July—
October, 2015 where NOy fluxes of 2.5-5.2 mg m2 h! were reported [Karl et al.,
2017]. For CO, measured fluxes in central London were 2-3 times lower than those
measured in Beijing. Average winter (December—February) CO flux was reported to
be 12.5 mg m? h™! 3.4 mg m? h'! and average summer (June—July) CO flux was
reported to be 4.0 mg m2 h™! £0.1 mg m™ h'!, for the measurement period September
2011 — December 2014 [Helfter et al., 2016]. NOy emissions are likely to be lower in
Beijing than for other cities as the majority of road vehicles in Beijing are light-duty
gasoline vehicles (LDGVs) which made up to 93% of the vehicle fleet in Beijing in
2013 [Yang et al., 2015] compared to other cities which have a higher proportion of
diesel vehicles. However, because fluxes vary spatially within each city, care needs to
be taken when comparing measurement datasets as the type of the location within the

city needs to be considered.
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Figure 4.7: Average diurnal profiles for A) NOx flux, B) CO flux, C) NOy concen-
tration, D) CO concentration and E) mixed layer height and F) heat flux. Blue, solid
lines are for measurements taken during the winter campaign and the orange, dashed
lines are measurements taken during the summer campaign. The shaded areas repre-
sent the 25" and 75" percentiles. For the NO, and CO fluxes, only stationary data has
been used but no u, filtering has been applied when doing the diurnal averaging, as

described in section 4.2.5.
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4.3.1 Average diurnal cycles

Figure 4.7 shows the mean diurnal profile for both campaigns for pollutant fluxes,
concentrations and mixed layer height. Diurnal profiles are a useful way to visualise
flux data, as time of day may indicate processes responsible for emissions. During the
winter campaign, the NOy fluxes were lower during the early hours of the morning
(between 00:00-05:00) ranging between 1.9 mg m? h'! and 3.6 mg m? h'l. After
06:00, the NOy fluxes increased and remained elevated, though variable, throughout
the day with a mean daytime value (06:00-18:00) of 5.1 mg m2 h'!. The NO, fluxes
decreased again in the evening. The daily variability in CO fluxes followed a simi-
lar pattern to NO,. The mean daytime CO flux was 38 mg m™ h'!, and was lower
during the night (19:00-05:00) with a mean nighttime value of 29 mg m? h'!. Con-
centrations are influenced by meteorology and long range transport as well as local
emissions (in this study local emissions refer to emissions from within the flux foot-
print). NOx and CO concentrations remained constant during the night due to stability
in the mixed layer height. When NOy and CO emissions increased after 05:00, this
enhancement in flux was reflected in the concentration data with a small peak in NOy
and CO concentrations around 06:00, though the effect is masked as the mixed layer
height begins to increase. Concentrations decreased to their minima at 15:00 when the
mixed layer height reached its highest point and increase again when the mixed layer
height contracted over night.

Fluxes were lower during the summer campaign than during the winter. The mean
nighttime flux was less than 1.6 mg m™ h™! for NO, and 6.5 mg m2 h! for CO. Emis-
sions rapidly increased after 05:00 and started to decrease at around 17:00. Daytime
emissions for NOy were fairly consistent with a mean value of 4.6 mg m™2 h™!. The first
of two distinct peaks in the observed NOy fluxes occurred at 07:00, where emissions
reached 5.4 mg m™ h™! and the second occurred at 17:00 with a slightly higher value
of 6.3 mg m? h!. The daytime profile for CO showed two distinct peaks in emissions;
the first peak occurred at 11:00 with CO emissions around 30 mg m™ h™! and the sec-
ond at 17:00, when CO fluxes were around 24 mg m™> h'!. Between these times the
CO emissions dipped with a minimum daytime value of 16 mg m™ h™! at 14:00—15:00.
The influence of local emissions on concentration is more clearly observed during the

summer campaign; the peaks in NOy and CO fluxes at 17:00 occurred at the same time
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as an enhancement in NOy and CO concentration. Both NOy and CO concentrations
reached their daytime minima at 14:00—15:00 when the mixed layer height was at its
peak.

Given that the NOy emissions were fairly consistent between the two seasons it is
likely that the major sources of NOy do not vary significantly over the year. In urban
areas, vehicular emissions tend to be a dominant source of NOy [Parrish et al., 2009,
von Schneidemesser et al., 2010, Borbon et al., 2013] and previous studies measur-
ing NOy fluxes have attributed emissions to vehicles [Lee et al., 2015, Vaughan et al.,
2016]. Diurnal variation in summer NOy emissions agree well with previously re-
ported diurnal variation in Beijing’s traffic flow. Jing et al. [2016] showed that traffic
flow (vehicle number per hour) begins to increase from 05:00 in the morning, cor-
responding to the observed increase in NOx emissions. As would be expected, peak
traffic flow coincided with lowest average vehicle speeds and occurred at 08:00 and
18:00. NOy emissions are dependent on fuel type, engine type, combustion tempera-
ture, vehicle speed, engine load and exhaust after-treatment technology. It is known
that “stop - start” driving conditions and idling can enhance NOy emissions compared
to driving at steady speeds and observations indicated that there are peaks in NOy
emissions during these rush hour periods. Beijing has attempted to reduce emissions
through traffic management as well as by imposing emissions reduction regulations;
for example yellow label vehicles, vehicles which do not meet the China I emissions
standard have been forbidden from entering Beijing since 2014 [Yang et al., 2015].
One management strategy imposed restrictions on heavy duty vehicles (HDVs) en-
tering the city (past the sixth ring road) and only permits non-local vehicles to enter
between 00:00-06:00. HDVs, particularly those using diesel fuel, are thought to be
responsible for 85% of NOy emissions, whilst light-duty vehicles (LDVs) are consid-
ered responsible for more than half of CO emissions [Yang et al., 2015]. Nighttime
emissions of NOy and CO during both seasons could be attributed to HDVs making
up an unusually high proportion of the vehicle fleet. CO emissions for summer also
suggested a strong daytime traffic influence, although the peak at 11:00 may indicate
an additional source, possibly relating to cooking given the time of day. Cooking was
identified as a major contributor to the organic PM flux in aerosol flux measurements

made during the same measurement period [Langford, 2020]. NOy and CO fluxes
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measured during the winter also indicated some traffic influence, although the trend is
less clearly resolved than for the summer measurements. Winter NOy emissions had
a peak of 6.0 mg m2 h™! at 07:00 and there was a broader evening peak of similar
magnitude between 17:00-18:00. NO, flux peaked at 11:00 at 6.7 mg m™> h'!. CO
flux was more variable; there was a small peak around the time of the morning rush
hour though this was not as clearly resolved as it is for NOy. CO flux peaked at 11:00
and in the evening though the profile showed greater short term variability for NOy.
The difference between the winter and summer diurnal averages was more signif-
icant for CO than for NOx with larger CO emissions in the winter than the summer
throughout the day. This may be in part due to an additional source unique to win-
ter, for example domestic heating. Local heating sources are likely to be reasonably
consistent throughout the day which may go some way to explaining why the relative
difference between nighttime and daytime emissions is smaller than for NOy. Local
heating sources also appear to contribute to the NOy emissions measured, albeit to a
lesser degree than for CO. The rush hour peaks that were clearly observed in NOy flux
during the summer campaign are masked somewhat in the winter and the peak was
broader in the evening which could be due to increased residential emissions through-
out the day. It is possible that additional emissions from the residential sector were not
the only reason for the difference in magnitude of winter and summer CO emissions
however. Strong seasonal variability in the fluxes of CO has been observed for London
as another megacity where CO emissions measured in summer were 69% lower than in
winter [Helfter et al., 2016]. In this case, higher winter CO emissions were attributed
mainly to vehicle cold starts and reduced fuel combustion efficiency due to colder
ambient temperatures. It should be noted that this study took place in a temperate,
developed city and Beijing needs more winter heating which until recently, was pri-
marily from coal. Indeed, Langford [2020] identified signatures of coal and solid fuel
combustion within the flux footprint of the measurement although residential heating

is overwhelmingly dominated by district heating in this area of Beijing.

4.3.2 Impact of local emissions on air quality

The average diurnal profiles in Fig. 4.7 highlight the relationship between emissions,

mixed layer height and concentrations. Whilst emissions and concentrations seem to
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be closely linked when averaged over the whole campaigns, there are periods where
local emissions do not drive concentrations. During the winter months Beijing expe-
riences a frequent cycling between “polluted” and “clean” days and this phenomenon
has been termed “sawtooth cycles”. During winter pollutants build up during near stag-
nant periods with SE wind flow being trapped by the mountain range in the NW. These
are then advected out of the city when wind speed increases and the direction switches
to the NW resulting in sharp reductions in atmospheric concentrations [Jia et al., 2008,
Li et al., 2017a]. This distinctive meteorological phenomenon occurs in Beijing as
a result of the East Asian Winter Monsoon, itself driven by temperature differences
between the Pacific Ocean and Asian continent [Chen et al., 1992]. This cycling was
observed during the winter field campaign and can be seen in NOy and CO concentra-
tions highlighted in Fig. 4.6. During the period 21 November 2016 — 23 November
2016 average daytime concentrations of 0.020 mg m™ and 0.35 mg m™ for NOy and
CO respectively were observed. On the following three days, 24 November 2016 —
27 November 2016, higher concentrations of 0.13 mg m™ of NOy and 1.7 mg m™ of
CO were measured, a more than five-fold increase in average daytime concentrations
compared with the “clean” period. Corresponding increases and decreases in pollutant
flux were not clearly observed however (Fig. 4.6). Figure 4.8 shows the distribution of
the NOy and CO fluxes and concentrations over the “clean” and “polluted” days. De-
spite the higher concentrations during the polluted period the measured flux is slightly
lower. During the polluted period more deposition flux occurred; 13% of NOy fluxes
and 23% of CO fluxes (associated with u, values over 0.175 m s’!) were negative
whereas no deposition fluxes were measured during the clean period.

Figure 4.9 shows two flux footprints; one averaged for the clean period and one for
the polluted period. Satellite images and Open Street Map data (openstreetmap.org)
shows that these footprints cover very similar land use areas; predominantly residential
with busy roads so it is expected that the emissions would be similar for these areas,
consistent with the variability in the measured flux. This indicates concentrations were
more affected by meteorology, driving the accumulation at the city scale, or transport
from regions outside Beijing than local emissions. There was not a significant contrast
between mean mixed layer heights between the two periods. A mean height of 464 m

(including nighttime and daytime) with a daytime maxima of 811 m for the clean
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period was measured. For the polluted period the mean mixed layer height was 434 m
with a daytime maxima of 822 m. Wind speeds were much lower during the polluted
period with a mean wind speed of 1.9 m s™! compared to 6.0 m s! for the clean period.
These more stagnant conditions cause emissions to build up before being advected out
of the city when wind speeds increase once again. Additionally, the higher wind speeds
experienced during the “clean” period mean the city is influenced by air masses from
further away. To the north-west, the dominant wind direction for the “clean” period,
there is less industrial activity compared to the south of the measurement site towards

the centre of Beijing, so these air masses are also likely to be less polluted.

4.3.3 Dependence on wind direction

Examining the relationship between diurnal flux and wind direction can give further
information about emission sources. Figure 4.10 shows the average diurnal emission
NOy and CO flux plotted as a function of wind direction for both the winter and sum-
mer campaigns. Hour of day is represented by the radial scale between the inner and
outer rings and starts at 00:00 in the inner side of the ring to 23:00 on the outer side of
the ring.

For the winter campaign there appears to have been an enhancement in flux when
there is a northerly wind direction. For NOy the emission was largest throughout the
afternoon hours but for CO peaks are more distinct, with an enhancement at midday
and again between 16:00-20:00. Within the flux footprint, to the north of the site
are residential areas, Beitucheng West Road (a busy traffic route) as well as some
university buildings and a hospital. Further north (approximately 1 km from the tower)
is the fourth ring road. The largest NOyx fluxes were observed between 16:00-20:00
when the wind direction was westerly. Within this wind sector lies Beitaipingzhuang
Road, about 0.65 km from the tower and Xueyuan Road which links the third and
fourth ring roads slightly further to the west and just under 2 km away from the tower.

During the summer campaign, there was an enhancement in the daytime flux of
CO and NOy with an easterly wind, indicating an emission source to the east of the
site; probably the Jingzang Highway just 0.35 km east of the site as shown in Fig. 2.1.
There are also some daytime enhancements in NOy and CO emissions from the south

of the measurement site towards central Beijing. For CO, enhancements to the south
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Figure 4.8: The probability density function for NOy and CO concentrations and fluxes
during the “clean” period (21 November 2016 — 23 Novemeber 2016) and “polluted”
period (24 November 2016 — 27 November 2016). Only fluxes for which u, values are

over 0.175 m s”! and which meet the 60% stationarity criteria are presented to allow a

valid comparison.
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Figure 4.9: Average footprints for the “clean” period, 21 November 2016 — 23 Novem-
ber 2016 (left) and the “polluted” period, 24 November 2016 — 27 November 2016
(right). Map was built using data from (¢) OpenStreetMap contributors 2019. Dis-
tributed under a Creative Commons BY-SA License.
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Figure 4.10: Polar annulus plots for NOy and CO fluxes for both campaigns, showing
the relationship between mean diurnal flux and wind direction. 0-23 refers to hour of

day and the colour scale shows flux in mg m™ h!.
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show two quite distinct enhancement periods in the morning and evening, suggesting
these emissions are from vehicles. It is unlikely that there were any significant seasonal
change in traffic density on roads surrounding the measurement site. The change from
a westerly influence observed during the winter to an easterly influence in summer
is due to changes in the dominant wind direction. Beijing’s wind patterns are quite
different during the winter and the summer. There is a noticeable absence of easterly
winds in the winter and the mean flux footprints (Fig. 4.4) highlight the difference in

regions contributing to the observed flux.

4.3.4 Comparison with VOC flux

Aromatic hydrocarbons, including benzene, C,-benzene, C3-benzene and toluene are
components of gasoline fuel and are typically emitted from combustion and evapo-
ration of fuels and solvents in urban environments [Caplain et al., 2006, Langford
et al., 2009]. Table 4.2 summarises the fluxes and concentrations measured dur-
ing the APHH-Beijing measurement campaigns. Concentrations were significantly
greater during the winter season while emissions were higher during the summer for
all four hydrocarbon species. During the summer, toluene fluxes were the largest
(0.31 mg m2 h'l), followed by C;,-benzene (0.24 mg m2 h'!) then Cs-benzene
(0.15 mg m2 h'') and the flux of benzene being the smallest (0.10 mg m2 h'"). Diur-
nal variation of VOCs for winter and summer is shown in Fig. 4.11. The uncertainty
in the diurnal averages makes drawing conclusions about variations between daytime
and nighttime difficult, although there are some indications that summertime trends
at least may mimic those of CO and NOy. During summer, fluxes of all four species
followed a very similar diurnal trend with generally higher emissions in the daytime
compared to the nighttime. A smaller early morning peak was observed at 08:00,
slightly later than the morning peak in NOy emissions which reached their maximum
at 07:00. Emissions increased again in the afternoon for toluene, C,-benzene and Cs-
benzene peaking between 15:00-16:00. Benzene remained fairly constant throughout
the afternoon with a mean emission of 0.076 mg m h™!. The peak during the night
corresponds to a one-off event measured on the 29/05/2017 at 03:30. During the win-
ter, Co-benzene fluxes were the largest (0.073 mg m™ h'!), followed by the toluene
flux (0.064 mg m2 h'!), then benzene (0.012 mg m2 h'") with the flux of C3-benzene
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flux (0.0036 mg m™ h'!) being the smallest. There was no clear difference between
nighttime and daytime emissions for all species.

Table 4.3 summarises previous urban flux measurements to allow the VOC fluxes
from Beijing to be put into context. The benzene fluxes measured in Beijing during
summer fall into the range of those reported in Table 4.3 and are most similar to val-
ues reported for large cities in the UK. Toluene fluxes and C,-benzene fluxes measured
during the summer in Beijing are also similar to the mean fluxes measured in UK cities
where vehicular emissions were found to dominate aromatic fluxes. However, it should
be noted that previous measurements over London were all made with a quadrupole
PTR-MS instrument, which, unlike the time-of-flight instrument used in the present
study, is restricted to a unit mass resolution. This means that the benzene, toluene
and C;-benzene signals may have included contributions from other compounds and
therefore is likely to be an overestimate of the true C,-benzene emission. The VOC
flux values reported for Mexico City are much greater than those measured in Beijing
for both seasons. Karl et al. [2009] reported an influence from evaporative emissions
from the northern industrial district but there is no industrial emission source within the
flux footprint for the Beijing measurements. This, along with a more modern vehicle
fleet subject to stricter emissions regulation in Beijing may explain the larger discrep-
ancy between these two cities. Fluxes measured in Helsinki are lower than emissions
measured in the summer but comparable to those measured during the winter.

Emissions of all four species were higher in summer than in winter, although the
statistical significance of all but Cz-benzene is somewhat uncertain. This is the op-
posite to the trend observed for NOx and CO emissions, most likely driven by higher
evaporation rates due to higher temperatures. The mean daytime temperature was
281 K during the winter campaign and 305 K during the summer campaign. Compar-
ing VOC fluxes to NOx and CO fluxes in the summer, emissions of C,-benzene and
Cs-benzene started to increase in the early hours of the morning (05:00) as observed
for NOy and CO, indicating a rapid release of emissions from a new source, such as
traffic emissions. This is true for toluene and benzene, although the relative difference
between night and day emissions is less pronounced. All four hydrocarbon species
showed an enhancement during the mid-morning during the summer, like CO, prob-

ably due to an additional contribution from residential and cooking emissions from
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Figure 4.11: Diurnal profiles for A) benzene concentration, B) benzene flux, C) toluene
concentration, D) toluene flux, E) C,-benzene concentration, F) C;-benzene flux, G)
C3-benzene concentration and H) C3-benzene flux measured by PTR-ToF-MS. Blue,
solid lines are for measurements taken during the winter campaign and the orange,
dashed lines are measurements taken during the summer campaign. The shaded areas
represent the 251 and 75" percentiles to give an idea of the spread of the data. Only

stationary data has been used but no u. filtering has been applied when doing the
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Table 4.3: Summary of mean VOC fluxes measured in various urban or semi-urban

locations.
Species Mean Flux  Location and Year Reference
(mg m2hl)
Benzene 0.0121 Beijing, November—December 2016  This study
0.101 Beijing, May—June 2017 This study
4.7* Mexico City, March—April 2006 Karl et al. [2009]
0.396 Mexico City, March 2006 Velasco et al. [2009]
0.12 Manchester, June 2006 Langford et al. [2009]
0.15 London, October 2006 Langford et al. [2010]
0.17 Houston, May—July 2008 Park et al. [2010]
0.09 London, August—-December 2012 Valach et al. [2015]
0.02 Helsinki (urban background), Rantala et al. [2016]
January 2013 — September 2014
0.07* Central London, July 2013 Vaughan et al. [2017]
0.02 Innsbruck, July—October 2015 Karl et al. [2018]
Toluene 0.0640 Beijing, November—December 2016  This study
0.307 Beijing (May—June 2017) This study
0.83 Mexico City, April 2003 Velasco et al. [2005]
14.1%* Mexico City, March—April 2006 Karl et al. [2009]
3.1 Mexico City, March 2006 Velasco et al. [2009]
0.28 Manchester, June 2006 Langford et al. [2009]
0.58 Houston, May—July 2008 Park et al. [2010]
0.41 London, August—-December 2012 Valach et al. [2015]
0.051 Helsinki (urban background), Rantala et al. [2016]
January 2013 — September 2014
0.24% Central London, July 2013 Vaughan et al. [2017]
0.08 Innsbruck, July—October 2015 Karl et al. [2018]
C,-Benzene 0.0730 Beijing, November-December 2016  This study
0.236 Beijing, May—June 2017 This study
0.468 Mexico City, April 2003 Velasco et al. [2005]
1.3 Mexico City, March 2006 Velasco et al. [2009]
0.32 Manchester, June 2006 Langford et al. [2009]
0.28 London, October 2006 Langford et al. [2010]
0.059 Helsinki (urban background), Rantala et al. [2016]
January 2013 — September 2014
0.32%* Central London, July 2013 Vaughan et al. [2017]

*Measured from an aircrafft.
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local restaurants. There is possibly a winter contribution from evening rush hour traf-
fic to the benzene and toluene emissions that mirrors that observed in the CO and NOy
emissions at 17:00, though this is not clearly observed during the summer campaign.
During the summer, the emissions of all four species are elevated in the afternoon
(between 13:00-18:00) when temperatures are highest. These emissions are likely en-
hanced by evaporation which masks the evening rush hour traffic contribution. There
is a strong correlation between total VOC flux and heat flux in summer (r = 0.83)
compared to the winter (r = 0.35).

The ratio of benzene to toluene (B/T) is often used to gauge the photochemical
age of an air mass as the two species have different atmospheric lifetimes due to their
different reactivity with the OH radical. Heeb et al. [2000] reported B/T concentration
ratios between 0.41-0.83 for primary exhaust emissions. As an air mass ages, the ra-
tio increases as toluene is more reactive than benzene. For Beijing, the median B/T
concentration ratio in the winter was 0.89 and 0.73 for the summer at the upper end
of the expected range for primary exhaust emissions. Barletta et al. [2005] reported a
roadside B/T value of 0.6 for Beijing, however vehicle fleet and fuel types are rapidly
changing in response to legislation so this measurement may not be representative for
the measurement period of this work. The difference in B/T concentration ratios does
however indicate that VOC sources are changing between winter and summer as the
change in ratio cannot be explained by expected changes in atmospheric oxidation
rates caused by seasonal differences in temperature. Langford et al. [2009] points out
that temperature can impact B/T ratios as reactivity rates increase with warmer tem-
peratures but if temperature was driving the seasonal difference it would be expected
that the B/T ratio measured during summer is higher than during winter. It is likely
that additional sources such as domestic burning and cooking are present in winter;
Barletta et al. [2005] reports that higher B/T concentration ratios are associated with
natural gas and biomass combustion, which supports the hypothesis that these type of
emission sources could be leading to an increased B/T concentration ratio in the win-
ter. The B/T flux ratio should reflect better the ratio of the two pollutants in emissions
sources as flux ratios are confined to the area of the flux footprint rather than being in-
fluenced by a wider area [Karl et al., 2009]. The median B/T flux ratios were 0.72 for

the winter campaign and 0.31 for the summer campaign, further suggesting a change
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in emission source between the two seasons. The B/T flux ratio for summer is lower
than expected for primary exhaust emissions though similar values have been reported
for vehicles without catalytic converters [Heeb et al., 2000] and given higher tempera-
tures, emissions from other sources such as solvent evaporation, may affect this ratio.
Indeed, Karl et al. [2009] showed that fuel evaporative losses typically have a higher
toluene fraction, leading to lower B/T ratios. The strong VOC-heat flux correlation
and the low B/T ratio observed during the summer campaign suggests fuel evaporative

loss is a source of aromatic VOC emissions in Beijing.

4.3.5 Comparison with an emissions inventory

The measured NOy and CO fluxes were compared to the high-resolution (3 km x 3
km) MEIC v1.3 inventory with a base year of 2013. The comparison of VOC emissions
with an emissions inventory is beyond the scope of this work. A direct comparison of
the diurnal variation in measured emissions and that in the inventory indicates that NOx
and CO emissions are grossly overestimated throughout the day for both campaigns.
Total NOy emissions are overestimated by a factor of 3.8—17 (mean overestimation of
9.9 throughout the day) in the winter and 4.2-25 (mean = 11) in the summer. For CO,
winter emissions were between 1.6-9.7 (mean = 4.8) times larger in the inventory than
those measured and summer emissions between 5.2-21 (mean = 10) times larger.

Part of the discrepancy between the inventory and measured emissions may be due
to the comparison of observations (made in 2016/2017) with an older inventory (base
year 2013). China’s NOy emissions have rapidly changed in the past three decades.
Liu et al. [2016] report that between 2005 and 2011 NO, emissions increased by 53%
for the whole of China, attributed for the most part to increasing fuel consumption with
coal the dominant fuel type. An estimated three-quarters of all electricity in China was
generated by coal in 2016 [International Energy Agency, 2016]. After 2012 however,
a combination of the installation of power plant de-nitration devices and vehicle emis-
sions controls has led to a 32% decrease in NO, emissions [Liu et al., 2016, Krotkov
et al., 2016, Miyazaki et al., 2017]. In Beijing, NOy emissions are decreasing thanks to
numerous air pollution control measures implemented since 2000; polluting industries
and power plants have been relocated outside of the city, stricter emissions standards

for industrial and domestic boilers have been introduced and the fuel type shifted from
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coal to gas [Wang et al., 2010b]. Since the introduction of the “Clean Air Action Plan”
in Beijing in 2013, 900,000 households in Beijing have converted from using coal to
cleaner technologies like gas or electricity. The burning of biomass, such as wood and
crops, was completely forbidden by the end of 2016 [Cheng et al., 2019]. The impact
of the emissions controls has been predicted to reduce emissions of NOy and VOCs by
43% and 42% respectively between 2013-2017 in Beijing [Cheng et al., 2019]. Most
significant for NOy emissions however is the stringent vehicle control measures intro-
duced within the last decade, accounting for 47% of the total reduction in emissions
for the city.

CO emissions have also been declining in Beijing over the past two decades by
an average rate of 1.14% year'! [Wang et al., 2018b]. Zheng et al. [2018] highlight a
reduction in inefficient domestic stoves and improvements in emissions standards for
vehicles as being dominant forces for the observed reduction in CO emissions. For
VOCs, vehicle emission controls were another significant contributor to the reduction
with 16.1% of the reduction attributed to new controls. Improvements in management
of solvent use (e.g. use of high-solid and waterborne paints instead of solvent based
ones) dominated the reduction in VOC emissions contributing 49.3% to the total re-
duction in Beijing. Emissions between 2013-2016 were predicted to reduce by 30%
for NOy and 35% for VOCs [Cheng et al., 2019, Biggart et al., 2020].

These estimated changes were applied to the inventory leading to reductions in
emissions of 30% in the winter and 43% for the summer for both species. No emis-
sions reductions were presented for CO alone but given that its expected sources are
similar to NOy the same reduction factor was applied to the CO inventory emissions.
The mean diurnal profiles for the lowered inventory estimates are presented in Fig.
4.12, with measured emissions shown by the black dashed line. With the expected
reduction considered, NOy is still overestimated by a factor of 2.7-12 (mean = 7.0) in
the winter and 2.4-14 (mean = 6.8) times in the summer. Similarly, CO emissions are
still overestimated for both seasons with inventory CO emissions 1.1-6.8 (mean = 3.4)
times larger than the measured CO emission for the winter campaign. For summer, the
inventory overestimated CO emissions by a factor of 2.9-12 (mean = 5.6) times. The
closest agreements between inventory and measurements were during the nighttime in

all cases. Applying these reductions does obviously improve the inventory compari-
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son, compared with the original, however large overestimations remain. Examination
of the flux footprint suggests that the majority of measured emissions are coming from
transportation and residential sources. The inventory supports this for CO, suggesting
that transportation is the largest contributing sector, followed by the residential sector.
However, for NOy the inventory also suggests that there is a large industrial source,
contributing up to 60% to the total emissions for the winter campaign and 52% for the
summer campaign. No obvious industrial sources could be identified within the flux
footprint for this study. Zheng et al. [2017] observed a decoupling between real world
emissions and the spatial proxies used to develop and downscale inventories as pollut-
ing industries are moved out of urban centres. The methods used to allocate emissions
in the MEIC inventory appear to result in emissions being overestimated in the urban
area of Beijing; spatial proxies such as population density and gross domestic prod-
uct (GDP) are used to scale down national emissions statistics. This method tends
to overestimate emissions in urban centres and underestimate emissions in rural areas
and so even if this comparison only considered the residential and transport sectors,
NOy and CO emissions would still be overestimated by the inventory. Just considering
these two sectors, NOy emissions are overestimated by a factor 1.6-5.1 (mean = 3.3)
for winter and 1.9-8.5 (mean = 3.7) for summer. CO emissions are overestimated by
1.1-6.5 (mean = 3.1) in winter and 2.7-12 (mean = 5.2) in summer. The sensitivity
of the inventory to location was tested by shifting the inventory grid 3 km in each di-
rection (north, east, south and west) and it was found that this had little impact on the
comparison with the inventory still overestimating emissions for all directions.

The inventory did capture some of the general diurnal variation in emissions. Fig-
ure 4.13 shows the normalised diurnal variation for the transportation and residential
sectors, calculated relative to one another assuming these sectors are the only emission
sectors. The diurnal variation in measured emissions normalised by the daily average is
overlaid. For NOy and CO emissions in the winter (Fig. 4.13, panels A and B) the sum
of the residential and transportation emissions captures the time of the morning rush
hour peak at 07:00 and the evening enhancement in emissions in the mid-afternoon to
evening due to a combination of increased residential and traffic activity. Residential
emissions are predicted in the inventory to increase between 11:00-12:00 which was

observed in the measurements, though to a greater extent than the inventory suggests.
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Figure 4.12: Measured diurnal trend (dashed black line) and predicted diurnal trend
using the MEIC inventory (filled areas by sector) for NOx and CO emissions. MEIC
inventory data has been reduced by 30% for comparison with the winter 2016 cam-
paign and by 43% for comparison with the summer 2017 campaigns to take account
of expected emissions reductions indicated in Cheng et al. [2019]. Panels A and B
show emissions for the winter campaign and panels C and D show emissions from the

summer campaign.
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Figure 4.13: Comparison of normalised diurnal variation in NOy and CO emission pre-
dicted by the MEIC inventory and measured flux. The normalised emission has been
calculated for the inventory by dividing hourly sector emission by the mean daily sec-
tor emission. Given there are no clear industrial or power generation emission sources
within the flux footprint, only the residential (blue solid line) and transportation (pur-
ple solid line) sectors have been presented. The normalised diurnal variation for these
sectors have been multiplied by the normalised diurnal variation for the sum of the res-
idential and transportation sectors (grey solid line) to reflect the relative contributions
of the two sectors. Normalised diurnal variation in the measured emission has been
calculated by dividing mean hourly emission by mean daily emission (black dashed
line). Panels A and B show data for NOy and CO from the winter campaign and panels

C and D for the summer.

150



4.3: Results & discussion

Looking at the summer data for NOy (Fig. 4.13, panel C), the increase in emissions
after 05:00 when traffic density increased was well captured for NOy though the mea-
surements suggested a slightly quicker increase in emission than suggested by the in-
ventory. The minimum daytime emission predicted by the inventory occurred at 12:00
where there was a dip in emissions from transportation though this was not reflected
in the measurements where there was an almost constant decrease in NOy emissions
until the evening rush hour peak at 17:00. The evening rush hour peak for NOy in sum-
mer was much more distinct than the inventory suggests and NOy emissions decrease
rapidly after 18:00, earlier than the inventory predicts. NOx emissions from residential
sources in the inventory showed a small enhancement around midday which was not
clearly observed in the measurements, suggesting traffic related emissions dominate
here. For CO in summer (Fig. 4.13 panel D), the increase in measured emissions after
05:00 matches the rate of increase predicted by the inventory very well. After 07:00
the inventory predicted CO emissions would not increase further which was not re-
flected in the measured emissions. Emissions from the residential sector are predicted
to increase between 11:00-12:00 reflecting emissions from cooking activities. Within
the flux footprint there were several restaurants including barbecue restaurants where
food was cooked over open coals. This is not likely to be included in the inventory but
would explain the increase in measured CO emissions before lunchtime as food is pre-
pared. As with NOy emissions, the evening rush hour peak in measured CO emissions
was narrower and began to decrease earlier than suggested by the inventory.

The inventory suggests that total emissions are higher in winter than in summer;
NOy emissions from the residential and transportation sectors are between 1.3—1.7
times larger and for CO emissions from these two sectors are between 1.5-2.0 times
larger. The inventory performs relatively well capturing the measured seasonal dif-
ference for emissions of both species. The seasonal difference in NOy emissions are
slightly overestimated (measured emissions were on average 1.2 times greater in win-
ter compared to summer) and the inventory underestimates the seasonal difference in
CO emissions (measured emissions were on average 2.3 times higher in winter than
summer). For both NOy and CO the inventory suggests that seasonal variation is driven
by increased residential sector emissions, which are predicted to be 5 times higher in

winter than summer.
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4.4 Summary

NOy, CO and aromatic VOC emissions have been quantified for the first time during
two contrasting seasons for an area of central Beijing. The magnitude of NOy emis-
sions were found to be similar during the winter and summer periods whilst the fluxes
of CO showed a greater seasonal dependence with winter emissions being over 2 times
greater than CO emissions measured during summer. The dominant source for NOyx
and CO emissions is traffic with influence from residential emissions. The diurnal
variation in aromatic VOC fluxes also suggested traffic and residential sources, though
evaporative effects due to higher summer temperatures meant emissions were greater
in the summer than the winter. The NOy and CO fluxes presented in this work pro-
vide good evidence that proxy-based inventories can overestimate emissions for urban
centres as suggested by Zheng et al. [2017]. When developing inventories at an urban
scale future work should look carefully at up-to-date proxies or at deriving emissions
by bottom-up approaches in order to correctly predict the magnitude of emissions.
When comparing the diurnal variation in inventory and measurement the inventory
performed relatively well capturing morning and evening rush hour peaks. The in-
ventory also attributed traffic and residential emissions as the major source of NOyx
and CO emissions which was supported by analysis in this work. This set of pollu-
tant flux measurements can provide a useful basis for developing these high resolution
urban inventories which are at an appropriate scale to assess public health impacts of

pollution.
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Measurements over the
North Atlantic Ocean

5.1 The North Atlantic climate system and why it

matters

HE NORTH ATLANTIC region plays a central role in global climate system. The
Atlantic Ocean transports heat from the southern hemisphere and the tropics to
the northern hemisphere and in doing so acts to maintain the mean climate state. The
North Atlantic Ocean is unique in that it exhibits variation in sea surface tempera-
tures (SSTs) over multidecadal time scales, termed Atlantic multidecadal variability
(AMV). AMYV has been linked to a range of climate impacts including rainfall anoma-
lies across Africa, Europe and North America, Greenland ice sheet melt, hurricane
activity and sea level changes [Knight et al., 2006, Buckley and Marshall, 2016]. In
some cases the magnitude of these impacts is such that the AMV can dominate over
the impacts of longer-term climate change, albeit on shorter time scales [Sutton et al.,
2018]. Given these significant impacts, understanding the processes that drive AMV
and ensuring models are skilful in predicting AMV is a major challenge. Uncertainty
in how North Atlantic temperatures will change in the future is a major uncertainty in
climate modelling especially for Europe [Woollings et al., 2012]. The importance of
this climate system means it is critical to understand the processes driving AMV in
order to predict it.
A climate system consists of five main components; the atmosphere, the hydro-

sphere, the cryosphere, the lithosphere and the biosphere [Stocker et al., 2013]. The
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relationship between these is complex with all parts interacting, which makes deter-
mining the drivers of AMV difficult. It is generally thought that AMV is related to
changes in the strength of ocean circulation, specifically the Atlantic meridional over-
turning circulation (AMOC) [Ba et al., 2014]. Variability in the North Atlantic Oscilla-
tion (NAO), which refers to variability in atmospheric pressure over the North Atlantic
region, is thought to be a driver of the AMOC and therefore also influences AMV
[Eden and Willebrand, 2001, Robson et al., 2012]. Common features of the NAO in-
clude regions of high pressure centred over the Azores and regions of lower pressures
centred over Iceland, which regularly cycles in a “see-saw” type pattern. When the
NAO is in positive phase there is a greater than usual pressure difference between the
two regions. The positive NAO phase is associated with mild, stormy and wet winter
conditions in northern Europe. When the NAO is in negative phase (there is a weaker
pressure difference than usual between the two regions) Europe tends to experience
colder, drier winters. Given the interactions between all aspects of the North Atlantic
climate system predicting the variability is challenging, made more so by a sparsity of
observations in the region [Robson et al., 2018].

One key element of the North Atlantic climate system is the atmosphere and the
role of external forces like changes in greenhouse gas (GHG) emissions. By alter-
ing radiative forcing these factors can affect atmospheric circulation and the NAO,
hence impacting on the North Atlantic climate system. Booth et al. [2012] proposed
a link between AMV and changes in atmospheric composition. Using an Earth sys-
tem climate model the authors showed how aerosol emissions and volcanic activity
could explain North Atlantic SST variability between 1860-2005. It follows that un-
derstanding the composition of the atmosphere over the North Atlantic is useful for
understanding aerosol formation which may in turn affect SST. Changes in O3 and
CH4 mixing ratios over the North Atlantic can also affect radiative balance through
action as GHGs. Amounts of these pollutants can change due to enhanced emissions
of GHG species (or precursor emissions in the case of O3) and due to transport from
other regions. The phase of the NAO plays an important role in pollutant transport and
can impact air quality; when the NAO is in positive phase, strong westerlies can act to
transport European pollution away from their anthropogenic source regions, whereas

when the NAO is in negative phase more stable meteorological conditions cause pol-
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lution to build up over the source regions [Pope et al., 2018]. The exception to this is
for O3 as during the positive phase of the NAO there is an increased rate of transport

of O3 rich air from North America to Europe [Robson et al., 2018].

5.1.1 Recent changes in atmospheric composition over the North
Atlantic.

Emissions of pollutants are not only important in terms of influencing local air qual-
ity but also have the potential to impact remote regions like the North Atlantic due
to transport. Indeed, following an airborne measurement campaign investigating the
transport of O3 and precursor emissions to the Atlantic, Lewis et al. [2007] concluded
that the remote region was polluted. Transport of pollutants from North America have
been observed over the North Atlantic region [Parrish et al., 1998, Honrath et al., 2004,
Lewis et al., 2007, Kumar et al., 2013] and less frequently transport from Europe and
Africa [Zhang et al., 2017]. Emissions from biomass burning from forest fires have
also been shown to impact atmospheric composition over the North Atlantic. Lapina
et al. [2006] showed that CO and O3 mixing ratios were enhanced in air masses asso-
ciated with fires. Val Martin et al. [2008] showed that transport of polluted air masses
from North America leads to enhancements in NOy over the North Atlantic throughout
the year.

In the northern hemisphere, tropospheric O3 levels have increased at a rate of 1—
5 ppb decade™! equating to > 100% increase since the 1950s [Cooper et al., 2014].
Satellite observations from the Ozone Monitoring Instrument (OMI) show that tropo-
spheric O3 concentrations at the northern mid-latitudes exceed those in the southern
hemisphere by 19% on an annual basis, generally thought to be because anthropogenic
emissions are greater in the northern hemisphere than the south, with approximately
90% of the global population and 90% of anthropogenic NOy emissions [Cooper et al.,
2010, Horowitz et al., 2003]. Observations of O3 concentrations show a spring max-
imum for northern hemisphere, though the drivers of this phenomenon are not well
understood [Monks, 2000]. Long-term observatories such as Mace Head (located on
the west coast of Ireland) offer an insight into changes O3 mixing ratios over the North
Atlantic where increases in baseline O3 mixing ratios of 0.25 ppb year™! between 1987

and 2012 have been reported, though episodic peak O3 levels have declined steadily
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[Derwent et al., 2018].

Unlike in urban areas, direct emissions of NOy are practically non-existent in the
remote oceanic atmosphere, though emissions from shipping may have some impact
[Lawrence and Crutzen, 1999, Kasibhatla et al., 2000, Beirle et al., 2004]. For the
North Atlantic, observations at Pico Mountain Observatory in the Azores have shown
that NOy transported in anthropogenic plumes from North America causes year-round
enhancements in NOy, as well as larger enhancements in boreal wildfire plumes.

CO is also transported from North America to the North Atlantic. Downward
trends in CO mixing ratios measured at Pico Mountain Observatory have been reported
at a rate of 0.31 ppbv year™! between 2001 and 2011 which is thought to be driven by
a decline in anthropogenic emissions from North America [Kumar et al., 2013].

Atmospheric methane (CH4) concentrations have been increasing globally since
pre-industrialisation as a result of increasing emissions from human agriculture and
increased fossil fuel usage [Turner et al., 2019]. As methane has a lifetime of around
10 years in the troposphere it is relatively well mixed and trends in total column CHy
show a strong increase over the North Atlantic, consistent with global methane trends
[Robson et al., 2018, Nisbet et al., 2016].

5.1.2 Measurements from atmospheric research aircraft

Atmospheric Research Aircraft (ARA) are indispensable research tools which allow
the study of the atmosphere in unique ways. The manoeuvrability of aircraft offer the
chance to sample regions inaccessible by other means, provide large spatial coverage
in a short time scale, tracking of meteorological phenomena as well as an ability to
respond rapidly to civil contingency events thus providing near real time data as situa-
tions unfold. Such is the worth of ARA that investment in the technologies is increas-
ing and an impressive global fleet of ARA are available [Schumann et al., 2013]. These
aircraft complement a worldwide network of ground-based and satellite atmospheric
monitoring systems allowing a more complete understanding of the atmosphere.

The UK’s ARA is a BAe-146-301 (shown in Fig. 5.1) managed by the Facility
for Airborne Atmospheric Measurements (FAAM) and has been in service since 2004.
The FAAM aircraft is capable of carrying a 4 tonne instrument load, and can operate at
altitudes between 50 and 35000 ft (15-10600 m) [McBeath, 2014] allowing the study

156



5.1: The North Atlantic climate system and why it matters

Photograph courtesy of Adrian Court

Figure 5.1: The UK’s atmospheric research aircraft, a modified BAe-146-301 four
engine jet, landing at Cranfield Airport.

of the troposphere and boundary layer processes. A wide range of instrumentation is
fitted on the ARA including measurements of key meteorological parameters including
temperature, humidity, wind speed and direction as well as a range of in-situ trace gas
measurements including CO, O3z, NOy, CO, and CHy4. The core principles of operation
of the instrumentation of CO, O3, and NOy are described in Chapter 2, as they are the
same type of analysers as those used for work in Beijing. Greenhouse gases (GHGs),
CO; and CH4 were measured using IR absorption spectroscopy (Fast Greenhouse Gas
Analyser, Los Gatos Research) and the instrument is described in detail in O’Shea
et al. [2013].

Numerous scientific campaigns have deployed aircraft to study atmospheric pro-
cesses. A key role of ARA, is rapid response to civil contingency events and the UK’s
ARA has been called on to make measurements in such cases, for example the 2010
Eyjafjallajokull eruption. Between 14 April 2010 and 21 May 2010, the eruption of
the Icelandic volcano, Eyjafjallajokull, caused extensive disruption to the aviation in-
dustry, with an estimated cost of $320 million per day [Turnbull et al., 2012]. The
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FAAM ARA was deployed to investigate the volcanic ash clouds around the UK and
validate volcanic ash dispersion forecasts and was instrumental in re-opening airspace.
The FAAM ARA was also called upon to quantify the flow rate of an uncontrolled
gas leak from the Total Elgin gas platform which was leaking between 25" March and
16t May 2012 [Lee et al., 2018]. Whilst ARA have this ability to rapidly respond to
events, where direct access is impossible or dangerous, the FAAM ARA is usually used
for scheduled atmospheric research. One example is the Intercontinental Transport of
Ozone and Precursors (ITOP) campaign which happened in 2004 and is of particu-
lar relevance to this work as it studied atmospheric composition of the North Atlantic

region, highlighting the role of pollution transport in affecting chemical composition.

5.2 The ACSIS Campaign

The North Atlantic Climate System Integrated Study (ACSIS), is an ongoing project
(2016-2021), and was established in order to increase understanding of changes oc-
curring in the North Atlantic region. ACSIS aims to study all aspects of the North
Atlantic climate system and consider their interactions with a view to enhancing the
capability to detect, attribute and predict changes in the climate system [Sutton et al.,
2018]. In-situ measurements from ground-based stations, like from the observatories
in Sao Vincente, Cape Verde and Penlee Point, Cornwall, UK provide useful infor-
mation improving understanding of atmospheric composition change near the surface,
however measurements made from the ARA allow a more complete picture of the at-
mosphere to be composed. ARA missions as part of ACSIS provide the longest record
of composition change in the lower free troposphere over the North Atlantic [Sutton
etal., 2018].

In this chapter, data from the first four campaigns are reported, referred to through-
out ACSIS 1, ACSIS 2, ACSIS 3 and ACSIS 4. Table 5.1 summarises the dates, loca-
tion and flight numbers for each campaign. There is a total of 20 flights comprising of
nearly 80 hours of measurement data. Measurements were made from approximately
50 m over the sea surface to 7600 m with aircraft position ranges are given for each
flight in Table 5.1. ACSIS 1, 2 and 4 were predominantly based out of the Azores,
whilst flights for ACSIS 3 were based out of Cork, Ireland. Figure 5.2 summarises
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Table 5.1: Summary of timings and location for ACSIS 1-4 flights.

Campaign Flight Numbers Dates Take Off-Landing Times (UTC) Latitude Range Longitude Range Description
B996 13/02/2017  09:19:31-13:03:40 41.2-52.8 -9.04--1.17 East Midlands—Porto
B998 14/02/2017  12:59:40-17:15:45 38.7-39.1 -37.5--27.0 Lajes—Lajes (West of Azores)
ACSIS 1 B999 15/02/2017 11:55:18-16:39:40 38.7-39.1 -38.1--26.9 Lajes—Lajes (West of Azores)
C001 16/02/2017  09:48:22-13:01:05 38.7-41.4 -27.1--8.67 Lajes—Porto (East of Azores)
C002 16/02/2017  14:32:27-17:29:17 38.7-52.2 -27.1--0.490 Porto—Cranfield
C066 19/10/2017  10:56:21-13:59:24 41.2-52.1 -9.00--0.610 Cranfield to Porto
C067 20/10/2017 08:17:08-12:26:06 38.6-41.3 -27.1--8.62 Porto to Lajes (East of Azores)
ACSIS 2 C068 20/10/2017  14:21:08-17:58:55 38.7-39.1 -36.0--27.0 Lajes to Lajes (West of Azores)
C069 22/10/2017  11:04:13-15:49:29 30.5-39.1 -28.6—-26.9 Lajes to Lajes (South of Azores)
C070 23/10/2017 08:32:59-12:14:43 36.6-52.0 -27.1--8.49 Lajes to Cork (North of Azores)
C071 23/10/2017  14:06:20-15:54:43 50.2-52.2 -8.50--0.474 Cork to Cranfield
C103 14/05/2018  11:53:27-15:08:23 41.0-52.4 -9.00--0.285 Cranfield to Porto
ACSIS3  Cl105 17/05/2018  08:55:25-12:40:07 50.4-52.0 -20.1--8.45 Cork to Cork (West Ireland)
C106 17/05/2018  14:23:00-16:12:17 50.1-52.4 -8.45--0.451 Cork to Cranfield
C139 19/02/2019  09:04:35-12:32:21 40.9-52.4 -9.00--0.410 Cranfield to Porto
C140 19/02/2019  14:21:39-18:10:18 38.8-41.4 -27.2--8.677 Porto to Lajes (East of Azores)
ACSIS 4 Cl142 20/02/2019  15:28:36-19:10:52 38.8-39.6 -36.3--27.1 Lajes to Lajes (West of Azores)
C143 21/02/2019 10:44:25-15:24:48 30.5-38.9 -28.6—-27.1 Lajes to Lajes (South Azores)
Cl44 22/02/2019  09:38:52-13:04:06 38.8-52.0 -27.2--8.49 Lajes to Cork (North East of Azores)
C145 22/02/2019 14:22:31-16:02:52 50.3-52.1 -9.33--0.571 Cork to Cranfield

the locations of the first four ACSIS campaigns, with flight tracks coloured by alti-
tude. ‘Quicklook’ files showing a time series of the flight, a flight track and profile

information have been generated for all flights and are presented in Appendix A.

5.2.1 Meteorology during the ACSIS campaigns

Figure 5.3 shows how the NAO has changed since 1950, with positive phase NAO
shown in red and negative phase NAO in blue. For all four ACSIS campaigns the
NAO was in the positive phase though to different magnitudes. The NAO was 1.0
for ACSIS 1 (February 2017), 0.19 for ACSIS 2 (October 2017), 2.12 for ACSIS 3
(May 2018) and 0.29 for ACSIS 4 (February 2019). In order to determine where the
air masses sampled during the four ACSIS campaigns were coming from, 96 hour
HYSPLIT back trajectories were run for the mid-point of each straight level run with
the results presented in Fig. 5.4. All four campaigns were influenced by air passing
over North America, with air masses originating west of the Azores dominating. The
strong dominance of westerly wind is expected for positive NAO values. There was
also influence from air masses from Europe and south of the UK on some of the most

easterly flights from the UK or Ireland.

159



Trace Gas Measurements over the North Atlantic Ocean

ACSIS 1 - 4 Flight Tracks
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Figure 5.2: Locations of the 20 flights completed as part of the first four ACSIS cam-
paigns. Flight tracks are coloured by altitude.
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Figure 5.3: Time series of the NAO values since 1950. Data is taken from National

Oceanic and Atmospheric Administration [2020].

5.3 Vertical distribution of pollutants

Figure 5.5 shows the vertical profiles for O3, CO, NO, NO,, CO, and CHy for all 20
flights across the four campaigns. Mean O3 mixing ratios were lowest in the bottom
two kilometres of the atmosphere with a mean mixing ratio of 44 ppbv £ 5.0 ppbv
(0—1000 m) and 46 ppbv £ 6.6 ppbv (1000-2000 m), though there were more outliers
in the lowest kilometre of the atmosphere with a minimum measured value of 14 ppbv.
Between 2000-5000 m, O3 mixing ratios were stable with a mean mixing ratio of
51 ppbv £ 10 ppbv. Between 5000-6000 m, the mean O3 mixing ratio was slightly
elevated at 55 ppbv & 13 ppbv and between 6000—7000 m the mean mixing ratio was
49 ppbv + 13 ppbv. A wider range of O3 mixing ratios were observed in the free
troposphere with a maximum value of 118 ppbv recorded between 5000-6000 m.

CO mixing ratios are highest in the lowest kilometre of the atmosphere, with a
mean value of 117 ppbv £ 13 ppbv. CO mixing ratios decreased to a minimum be-
tween 3000 and 4000 m, with a mean value of 102 ppbv 4+ 19 ppbv though up to
202 ppbv was measured at this altitude, similar to the range recorded for the atmo-

sphere below. Above 4000 m, the mean CO mixing ratio was enhanced, though a
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ACSIS 1 13/02/2017 - 16/02/2017

ACSIS 2 (19/10/2017 - 23/10/2017)

P -

ACSIS 3 (14/05/2018 - 18/05/2018)

g

Height
7500

5000
2500
0

Figure 5.4: 96 hour HYSPLIT back trajectories for the four ACSIS campaigns. Tra-

jectories were initiated at the midpoint of every straight-level run during the flights and

are coloured by air mass altitude.
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Figure 5.5: Box plots showing the vertical distribution of O3, CO, NO, NO,, CO,
and CHy4 for all four ACSIS campaigns. Flight data is filtered to only include sections

noted as “straight level runs” and “profiles” to avoid erroneous data from aircraft turns
etc. Note that due to high mixing ratios of NO and NO, these data have been filtered
to only show data below 200 pptv for NO and 400 pptv for NO,.
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smaller overall range of mixing ratios were observed at these levels with fewer “out-
liers” (instances higher than 1.5x the interquartile range (IQR)) than lower in the at-
mosphere. Mean CO mixing ratios in the top part of the atmosphere were 106 ppbv
4 19 ppbv (4000-5000 m), 108 ppbv + 18 ppbv (5000-6000 m), 97 ppbv £ 16 ppbv
(6000-7000 m) and 104 ppbv =+ 11 ppbv (7000-8000 m).

NO and NO; mixing ratios follow a similar profile, as would be expected. The
highest average mixing ratios are observed up to 1000 km in the atmosphere, with a
wide range of mixing ratios measured due to influence from local sources. The me-
dian NO mixing ratio was 18 pptv £ 20 pptv (= IQR) and median NO, mixing ratio
was 41 pptv £ 42 pptv (£ IQR) for the lowest kilometre of the atmosphere. Average
NO and NO; mixing ratios are uniformly distributed above 1000 m, aside from an en-
hancement between 6000—7000 m. In this region, maximum mixing ratios of 807 pptv
and 467 pptv (note high NOy values are not shown on Fig. 5.5) were recorded for NO
and NO; respectively, suggesting the sample of a higher NOy air mass at this altitude
on one of the flights possibly caused by transport and mixing or from higher altitude
formation due to lightning. Lightning NOy is one of the most important sources of
NOy in the upper troposphere [Pickering et al., 1998]. Airborne observations made
over Europe have shown that thunderstorms can lead to enhancements of several ppbv
close to the storms and lead to enhancements of hundreds of pptv over wider regions
as air is advected away from storms [Huntrieser et al., 2002]. At this altitude O3, CO,
CO,, CH4 mixing ratios appear to dip slightly.

CO;, is uniformly distributed throughout the atmosphere up to 5000 m with a sim-
ilar range of mixing ratios measured. The highest CO, mixing ratios were observed
in the lowest kilometre of the atmosphere as for CO and NOy. Between 5000 and
6000 m mean CO, mixing ratios are enhanced, with a mean value of 411 ppm +
3.3 ppm. Above this the CO, mixing ratios decrease slightly. Between 7000—8000 m a
narrower range of mixing ratios were observed compared to the rest of the atmosphere,
though fewer observations were made at this level, possibly driving this.

CH4 had a similar profile to that of CO, with the highest mixing ratios observed
between 0—1000 m (mean CH4 was 1930 ppb £ 14 ppb), decreased to the lowest ob-
served mixing ratios between 3000 and 4000 m (mean CH4 was 1900 ppb + 19 ppb),

above which CH,4 was elevated. Like CO,, there was an enhanced layer in CHy be-
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tween 5000 and 6000 m with a mean value of 1909 ppb £ 21 ppb.

5.3.1 Determining boundary layer height
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Figure 5.6: A profile from flight B996 showing the method used to determine boundary
layer height and free troposphere. Within the boundary layer and the free troposphere
(below and above dashed lines) potential temperature is relatively constant compared
to the “transition layer” where the gradient changes. Changes in pollutant mixing ratios
are generally seen between the boundary layer and the free troposphere as shown for
03, CO, CO, and CHy in this profile.

It is overly simplistic to consider vertical distribution in 1000 m bins and it is important
to determine the height of the boundary layer (or mixed layer height) to investigate its
impact on pollutant mixing ratios. There are numerous methods to determine bound-
ary layer from aircraft measurements [Dai et al., 2014]. Boundary layer height was
determined for ACSIS 14 using the temperature gradient method as generally in the
troposphere there is a temperature inversion at the boundary layer. This method has

been widely used for identifying the boundary layer height for studies using aircraft

165



Trace Gas Measurements over the North Atlantic Ocean

data [Lee et al., 2018]. For the ACSIS flight data, most flights had at least one long
profile (from the surface to > 6000 m) which was used to determine any temperature
inversion layer. Potential temperature, “the temperature that an unsaturated parcel of
dry air would have if brought adiabatically and reversibly from its initial state to a
standard pressure, py, typically 100 kPa.” [American Meteorological Society, 2012b],
was calculated for each flight and plotted against altitude, alongside dew point temper-
ature and air temperature. Figure 5.6 shows an example profile for flight B996 from
which the boundary layer height was determined. Boundary layer top was defined as
the starting point where the temperature gradient begins to change from the well mixed
air below. Most flights showed a clear “transition layer” between the boundary layer
top and free troposphere, as shown in Fig. 5.6 where there is a temperature inver-
sion and change in gradient. The start of the free troposphere was defined as where
the temperature gradient changed and the air became homogeneous once again. For
some flights, the temperature profile did not show a clear temperature inversion layer
so mixing ratios of CO, O3, CO, and CH,4 were plotted against altitude and also used
as a secondary check.

5.3.2 Comparison of pollutant mixing ratios within the boundary

layer and in the free troposphere

Figure 5.7 compares pollutant mixing ratios measured within the boundary layer and
the free troposphere. Mean O3 within the boundary layer was 43 ppb 4 5 ppb, and
ranged from 14-64 ppbv whereas O3 mixing ratios were in the free troposphere were
higher. Mean O3 mixing ratios in the free troposphere were 50 ppb £ 11 ppbv and
ranged from 25-118 ppbv. All other pollutants had higher mixing ratios within the
boundary layer compared to above it. Mean CO mixing ratios in the boundary layer
were 117 ppb £ 13 ppbv and 105 ppb + 18 ppbv in the free troposphere. NO and NO,
were varied within the boundary layer due to influence from local sources ranging
between 10 and 13000 pptv and 13 and 4100 pptv respectively (note that high NO
values have been omitted from Fig. 5.7). Median NO and NO; mixing ratios within
the boundary layer were 20 pptv 4= 20 pptv and 42 pptv 4 41 pptv respectively. In
the free troposphere, median NO and NO; mixing ratios were 17 pptv + 11 pptv

and 30 pptv £ 30 pptv respectively. Mean CO; mixing ratios were similar in the
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Figure 5.7: Mixing Ratios of O3, CO, NO, NO,, CO, and CH4 above and below the
boundary layer. All four ACSIS campaigns are included in this grouping. Note that

due to high mixing ratios of NO and NO, these data have been filtered to only show
data below 200 pptv for NO and 400 pptv for NO.
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free troposphere (409 ppm £ 4 ppm) and boundary layer (410 ppm £ 5 ppm) but a
wider range of values were observed within the boundary layer. CHy showed greater
variability between the two with a mean mixing ratio of 1930 ppb =+ 14 ppb within the
boundary layer and 1900 ppb + 21 ppb in the free troposphere.

5.4 Spatial distribution of pollutants

In order to gain some understanding of the spatial distribution of pollutants over the
North Atlantic, the relationship between pollutant mixing ratio and longitude and lat-
itude are shown in Figs. 5.8 and 5.9. Figure 5.8 shows that all species apart from O3
are enhanced within the boundary layer between 0—10 °W. Within this longitude range,
there is enhanced shipping activity with some of the main shipping lanes entering the
English Channel here. The enhancements within the boundary layer are likely to be
influenced by local sources such as ship or possibly emissions from Europe in some
cases. The dip in O3 mixing ratios in this region is likely due to its titration with the
higher NOx mixing ratios observed in this region. In the free troposphere, or above
the boundary layer, there are some enhancements in pollutants within this longitude
range. This enhancement is most notable in NOy, CH4 and CO and suggests some
mixing from surface emissions to higher up into the atmosphere. Further west, NOy
mixing ratios within the boundary layer flatten out and remain low. There are few ship-
ping lanes or land masses in this region and the lifetime of NOy is short (on the order
of < 1 day in the lower free troposphere [Val Martin et al., 2008] and so mixing ratios
remain low. Above the boundary layer there is a some more variability in NOy, with a
small enhancement around 30 °W. CO mixing ratios within the boundary layer remain
low and stable between 20—40 °W. In the free troposphere however, CO is enhanced
between 20—40 °W, possibly due to long range transport of emissions. This enhance-
ment within the free troposphere is also observed for CHy with low and stable CHy
mixing ratios for the same region within the boundary layer. CO; mixing ratios are
more variable compared to other species. For CO; in the free troposphere, mixing ra-
tios decrease between 0-20 °W and there are some enhancements between 20-30 °W.
It is difficult to see any trends in CO, mixing ratios within the boundary layer, though

there appears to be some enhancements around 20 °W and 30 °W. O3 mixing ratios are
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Figure 5.8: Mixing ratios of O3, CO, NO, NO,, CO, and CHy as a function of lon-

gitude. Data presented has been grouped into 2° longitude bins and the median value

presented as a thick line and the shaded areas represent the lower and upper quartiles
of the data. The dashed line at -27.1° and -8.68° are the longitudinal positions of Lajes

Airport and Porto Airport respectively. All four ACSIS campaigns are included in this

grouping.
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enhanced within the boundary layer at 14 °W and 32 °W and are homogeneous within
the free troposphere between 20—40 “W.

In terms of variability with latitude, shown in Fig. 5.9, NOy within the boundary
layer was enhanced at the most northerly point of the flight track (48—-52 °N) where
there is likely to be more shipping activity and influence from the European conti-
nent. CO within the boundary layer peaks at 50 °N (136 ppbv) with a dip at 48 °N
(110 ppbv), as does CH4 and CO,, though there is no GHG information for areas fur-
ther north. In general O3 mixing ratios appear to follow CO mixing ratios closely with
a maximum value of 46.9 ppbv recorded at 50 °N, falling to 37.1 ppbv at 48 °N. Further
south, there is little variability of NOyx measured within the boundary layer between
30—46 °N. O3 and CO mixing ratios remain largely constant within the boundary layer
between 38—46 °N. CH, steadily decreases from its maximum at 50 °N (1951 ppb) to
a minimum (1913 ppb) at 32 °N within the boundary layer. CO, mixing ratios within
the boundary layer are lowest at 32 °N with a value of 404 ppm, though measure-
ments showed a large degree of variability. Above the boundary layer, CO, mixing
ratios do not show much variability. A median CO, mixing ratio of 410—411 ppm was
measured between 36 and 50 °N with lower median mixing ratios north and south of
these points. For CHy, mixing ratios are generally lower in the free troposphere com-
pared to within the boundary layer and peak at 32 °N, 38 °N and 46 °N. NO and NO,,
measured above the boundary layer, are enhanced between 40 and 50 °N with median
mixing ratios between 17-32 pptv and 35-65 pptv respectively. CO ranged between
90 and 115 ppbv in the free troposphere, lower than within the boundary layer. The
largest CO value was measured at 38 °N and average mixing ratios were consistent
between 44 and 50 °N. O3 was higher in the free troposphere than the boundary layer
and ranged between 45 ppbv and 51 ppbv with averages uniformly distributed through
the latitude range covered during the flights.

In order to investigate the spatial variation in atmospheric composition further,
flights were grouped into five areas; north, east, south and west of the Azores
archipelago and west of Cork, shown in Fig. 5.10. Any parts of the flights which
occurred overland were removed. Table 5.2 shows the statistics for the flights within
each area. The highest average (mean and median) mixing ratios of Oz and NOy were

associated with flights in the west Ireland area. For CO and CO, the highest mixing
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Figure 5.9: Mixing ratios of O3, CO, NO, NO,, CO, and CHy as a function of latitude.
Data presented has been grouped into 2° latitude bins and the median value presented
as a thick line with the shaded areas showing the lower and upper quartiles of the
data. Dashed lines at 38.7°, 41.2° and 51.4° are the latitudinal positions of Lajes
Airport, Porto Airport and Cranfield Airport respectively. All four ACSIS campaigns

are included in this grouping.
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Table 5.2: Key statistics for O3 (ppbv), CO (ppbv), NO (pptv), NO; (pptv), CO, (ppm)
and CH4 (ppb) grouped by area. LQ, UQ and SD refer to the lower and upper quartiles

and standard deviation of the data respectively. Note that NO and NO;, mixing ratios

are reported over a 10 s averaging period unlike all other data reported over a 1 s

averaging period explaining their apparent low number of observations.

Area Species Mean Median SD LQ UuQ Minimum Maximum n
O3 48.42 47.52 10.22 42.16 51.92 14.39 117.7 217242
CO 107.9 110.5 17.11 96.89 119.1 58.38 237.7 175936
All NO 34.16 17.56 148.8 13.51 26.05 10.30 12790 9769
NO, 86.55 33.92 288.1 21.70 57.59 12.61 4109 7201
CO, 409.1 409.0 3.831 405.0 412.6 402.0 424.0 159775
CHy 1910 1911 21.42 1899 1926 1840 2035 159775
03 50.70 50.18 4.01 48.81 52.34 38.10 65.42 9983
CO 10523 102.70 14.61 97.54 118.09  66.85 132.97 8283
North NO 16.46 14.97 549 1244 18.91 10.31 46.66 454
NO, 30.55 25.94 18.44 19.49 32.95 13.03 132.01 116
CO, 408.22 40524 415 404.68 41293  402.90 414.59 8111
CHy4 1912.44 1915.30 13.88 1907.85 1919.67 1869.61 1936.65 8111
03 49.59 41.32 14.27 40.61 55.43 38.70 117.70 5251
CO 111.76  111.80 7.64 109.29 11637 86.42 126.93 4598
East NO 21.16 16.48 18.61 13.71 20.98 10.33 153.93 277
NO, 41.64 31.87 4213 21.83 43.89 12.82 328.31 285
CO, 406.29 40430 3.64 40398 407.70  402.95 413.39 4420
CHy 1921.09 192646 1198 1919.02 1928.24 1881.86 1932.95 4420
03 47.28 47.53 8.42  41.67 51.46 31.82 68.84 12701
CO 99.62 98.35 13.30 87.51 112.77  74.96 125.21 11050
South NO 15.60 14.40 6.09 1194 17.00 10.30 79.48 480
NO, 33.37 27.65 17.92  20.04 43.43 12.71 97.05 291
CO, 408.17 40496 429 40430 412.27 402.68 414.66 10794
CHy 1905.44 1904.25 13.43 1895.03 1911.92 1872.48 1935.79 10794
(o2} 46.10 45.52 562 41.64 49.65 32.51 70.32 19696
CcO 116.86  118.76 1240 111.42 12474 71.55 161.76 16936
West NO 23.77 17.12 42.57 13.04 24.66 10.30 736.10 934
NO, 46.50 31.86 81.55 21.37 50.24 12.74 1307.72 876
CO, 409.09 408.76  3.30 40632 41040 403.42 415.92 16424
CHy 1917.57 1920.83 21.05 1908.19 1930.51 1854.08 2002.06 16424
O3 52.66 50.79 11.94 48.07 59.62 25.27 92.70 10022
CcO 91.79 95.84 11.64 83.13 99.26 64.09 119.30 2407
West Ireland NO 25.53 17.43 39.21 14.14 22.15 10.32 663.19 586
NO, 70.31 36.34 9248 2221 91.45 12.71 1098.74 366
CO, 406.62 40479 3.27 40433 41043  402.40 414.24 2710
CHy 1895.11 1908.10 21.93 1869.79 1913.03 1859.19 1929.33 2710
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Figure 5.10: Map showing the grid boxes used for grouping flights for analysis.

ratios were measured during flights within the west (of the Azores) grouping with the
highest average CH4 measured east of the Azores. Figures 5.11a-5.11e show the mix-
ing ratios of each pollutant separated for within boundary layer or above it for each
area. For all areas, Oz mixing ratio are higher in the free troposphere than within the
boundary layer. In general, directly emitted pollutants (CO, NOy, CHy) show higher
mixing ratios within the boundary layer compared to above it though there are some
exceptions. For the “North” area, median mixing ratios of NO were higher in the free
troposphere than within the boundary layer. During flights in the “North” and “South”
areas high NO values (> 40 pptv) were measured in the free troposphere, possibly
due to recent lightning or a pollution transport event. These groupings show that for
the most northerly parts of the North Atlantic NOy pollution is more prevalent, due
to shipping emissions and influence of European continental air, which could also be
driving the slightly higher O3 mixing ratios observed in this area. The open ocean west
of the Azores is influenced by pollutant transport from North America leading to the
higher CO mixing ratios measured in this region (9 ppbv higher than the average for

all areas).
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Figure 5.11: Mixing ratios of O3, CO, NO, NO,, CO, and CH4 above and below the
boundary layer for each area grouping.
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5.5 Investigating different air mass types

Over the four flight campaigns variability in pollutant mixing ratio is observed because
a range of air masses with different chemical histories have been sampled. Figure 5.4
shows that during the four campaigns westerly winds dominated with many flights
encountering air that had passed over North America. There was however, a high de-
gree of variability in the history of the air masses. Previous studies, both airborne
and ground-based, have attempted to classify air masses measured in the North At-
lantic based on chemical composition and relationships between chemical species. A
common method includes calculating the dO3/dCO ratio, which provides information
about changes in O3 chemistry in the absence of fresh emissions and indicates the ten-
dency for O3 formation in a particular air mass. CO is longer lived in the troposphere,
with a lifetime on the order of months rather than days or weeks as is the case for
O3. Whilst the relationship between O3 and CO has been commonly investigated it is
worth noting it is very difficult to link this relationship to sources due to a high degree
of mixing of pollution plumes into a variable background [Parrish et al., 1998, Yokel-
son et al., 2013], however combined with back trajectory analysis and measurements
of other species it can be a useful tool when classifying air mass type.

For the flights west and south of the Azores, the relationship between O3 and CO
mixing ratios was examined. Six flights (B998, B999, C068, C069, C142 and C143)
were chosen as they cover an area free of major shipping lanes, unlike the area west of
Ireland where enhancements in NOy were observed. Figure 5.12 shows the relation-
ship between O3 and CO, coloured by run for each of the six flights, highlighting the

number of different types of air masses encountered during a single flight.

5.5.1 Positive dO3/dCO ratios

For some of the runs shown in Fig. 5.12 there is a positive correlation between O3
and CO, suggesting O3 formation [Parrish et al., 1993]. Figure 5.13 shows regression
analysis for some of these runs that showed a positive relationship, during flights B998
and B999. dO3/dCO for the air masses is taken as the reduced major axis (RMA)
slope of the two species. RMA was used to determine the slope as it takes into account

variability in both the x and y coordinates when determining fit, unlike standard linear
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regression which is based on the assumption that variability only occurs in the y direc-
tion with the x values known precisely [Ayers, 2001, Parrish et al., 1998]. dO3/dCO

values for the three runs vary between 0.15-0.68.

Biomass burning air mass

Numerous studies have demonstrated the influence of biomass burning and wildfires
on the mid-North Atlantic region [e.g. Lapina et al., 2006, Lewis et al., 2007, Val Mar-
tin et al., 2008, Zhang et al., 2017]. Air masses influenced by biomass burning have
enhanced CO mixing ratios and can affect O3 mixing ratios with O3 production in
wildfire plumes widely reported, leading to enhancements in O3 [Jaffe and Wigder,
2012, and references therein]. Low dO3/dCO ratios have been associated with biomass
burning influenced air masses, with ratios of 0.1-0.2 with plume ages between 2 and
5 days old reported in previous studies [Jaffe and Wigder, 2012]. Zhang et al. [2017]
characterised different air masses sampled at Pico Mountain in the Azores by transport
pattern and calculated dO3/dCO ratios for each type of air mass. In air masses asso-
ciated with biomass burning the dO3/dCO was 0.12 for data recorded in the autumn.
Data measured during summer has a higher dO3/dCO ratio of 0.31. dO3/dCO ratios
tend to be lower for biomass burning plumes as there are high emissions of CO in
wildfires.

Figure 5.13 shows that run 11 (mean altitude was 4400 m) during flight B998 has a
dO3/dCO slope of 0.15, with CO ranging between 129 and 147 ppbv and O3 between
44 and 48 ppbv. Figure 5.14 shows the clear enhancement in CO compared to sur-
rounding air masses which may be more representative of CO mixing ratios in the free
troposphere. There is no continuous volatile organic compound data available for this
flight but a sample taken during run 11 measured 3616 pptv of ethane and 87 pptv of
ethene, considerably enhanced compared to the rest of the samples taken during flight
B998. For other runs on the flight, the mean ethane mixing ratio was 2000 pptv and
the mean ethene mixing ratio was 41 pptv. Lewis et al. [2007] commented that ethene
was enhanced in biomass burning plumes encountered during flights over the North
Atlantic when the air mass was sampled some days downwind of the fires. Enhance-
ments of other VOC species in biomass burning plumes have been observed, namely

acetylene, benzene, toluene, propane, n-butane and iso-butane [Lewis et al., 2007].
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Figure 5.12: O3 mixing ratio as a function of CO mixing ratio coloured by run number

for flights south and west of the Azores. The different clusters highlight the variation

in air mass sampled.
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Figure 5.13: dO3/dCO calculated for some flight runs that showed a positive corre-
lation between O3 and CO. Slope was calculated using a reduced major axis method
which accounts for variability in both x and y coordinates. p is a measure of the statis-
tical significance of the fit. The dashed black lines represent the error in the fit (95%

confidence intervals).

Mixing ratios of all these species were enhanced compared to the median values mea-
sured during flight B998, summarised in Table 5.3. Enhancements in NOx mixing
ratios have been observed in biomass burning plumes measured in the North Atlantic.
NOy mixing ratios during run 11 on B998 were 40 pptv, but this value is not notice-
ably different from NOyx mixing ratios measured on other runs. Unfortunately no NOy
data is available. To assess whether a biomass burning influence was likely given the
physical history of the air mass sampled during this run, a 96 hour back trajectory was
computed using HYSPLIT, shown in Fig. 5.15. The map in Fig. 5.15 uses fire radia-
tive power data from Global Fire Assimilation System (GFAS) for the 10th February
2017 to mark the location of active fires, shown by the orange dots. This suggests that
the air mass is influenced by burning in the USA around the Gulf of Mexico and if
this is the case the air mass sampled is on the order of 4 days since emission. Whilst
ethene is enhanced relative to the average value for the rest of flight B998 by a factor
of > 2, the mixing ratio measured is considerably lower than those measured by Lewis
et al. [2007], where the mean value associated with biomass burning air was 410 pptv
4 380 pptv. Ethene has a lifetime on the order of 2 days [Dolan et al., 2016] which
could explain the lower value observed compared to previous observations of biomass

burning plumes. Toluene has a similar lifetime [Cabrera-Perez et al., 2016] and mixing
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Table 5.3: Summary of VOC mixing ratios in a biomass burning plume observed
during flight B998.

Median
B998 Run 11 . .
. . Mixing Ratio
Mixing Ratio
B998

Ethane /pptv 3616 2003
Ethene /pptv 87 35
Acetylene /pptv 264 253
Benzene /pptv 80 71
Toluene /pptv 19 1
Propane /pptv 1561 732
n-butane /pptv 463 198
iso-butane /pptv 200 98

ratios measured during run 11, B998 were lower than those reported by Lewis et al.
[2007], where an average value of 43 pptv + 41 pptv was reported for biomass burning

plumes.

North American anthropogenic outflow

Pollution from North America has been reported to lead to enhanced O3 and CO mix-
ing ratios over the North Atlantic ocean. Zhang et al. [2017] reports dO3/dCO values
0of 0.45-0.71 for air masses associated with outflow from North America, with CO mix-
ing ratios lower and Oz mixing ratios slightly higher than those reported in biomass
burning plumes. The air masses sampled during run 7 and run 11 on flight B999 (mean
run altitudes were 970 and 360 m respectively, both within the boundary layer deter-
mined for the flight) had a dO3/dCO value of 0.68 and 0.37, close to or within the
range of the values reported by Zhang et al. [2017]. The average Oz and CO mixing
ratios on these two runs were similar, with mean values of 46 ppbv and 124 ppbv (Run
7) and 44 ppbv and 126 ppbv (Run 11). Figure 5.16 shows a time series of the flight
with run 7 and run 11 highlighted by pairs of dotted lines.
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Figure 5.15: 96 hour HYSPLIT back trajectory initiated at the midpoint of run 11 on
flight B998. Trajectory is coloured by height. Orange dots show the location of active
fires on 10/02/2017, four days prior to flight B998. Fire location was determined using
fire radiative power data from GFAS.

181



Trace Gas Measurements over the North Atlantic Ocean

5000

4000

3000

Altitude/m

2000

1000

60

50

40

O3/ ppbv

30

20

300

200

VOC /pptV

100
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Figure 5.17: 10 day HYSPLIT back trajectory initiated at the midpoint of each run.
Trajectory is coloured by height. These back trajectories indicate that the air masses

sampled were slow having spent > 4 days within the boundary layer.

For the VOC species shown in Fig. 5.16 there are no striking enhancements during
runs 7 and 11, though the second sample taken during run 11 shows enhanced toluene
and ethene. A 10-day back trajectory for these runs is presented in Fig. 5.17. It would
be expected that O3 and CO would be preserved over 10 days given their lifetimes
in the troposphere. Runs 7 and 11 on flight B999 sampled air masses that have a
similar history. The 10 day back trajectories showed that these air masses spent > 4
days within the marine boundary layer and passed over east coast of the US at a low
altitude (approximately 1500 m). The east coast of the US is a densely populated,
industrialised region which would lead to enhancements in CO in these air masses as
is observed. The discrepancies in the dO3/dCO slope for the two runs are likely due
to mixing with different types of air masses. Given the history of the air mass some
enhancements in longer-lived hydrocarbons may be expected during the runs. Zhang
et al. [2017] showed that propane and butane were enhanced in air masses associated
North American anthropogenic outflow. Table 5.4 shows the average mixing ratios for
some VOCs measured during runs 7 and 11 on flight B999 compared to the average for
the flight. Ethane, acetylene, benzene, propane and iso-butane are enhanced in both
runs compared to the average for the flight which further supports the idea that these

air masses have been influenced by anthropogenic sources.
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Table 5.4: Summary of VOC mixing ratios observed during runs 7 and 11 during flight
B998.

Median
B999 Run7 B999 Run 11 . .
. . . . Mixing Ratio
Mixing Ratio Mixing Ratio

B999
Ethane 1911 1891 1790
Ethene 22 61 26
Acetylene 234 233 195
Benzene 69 76 56
Propane 583 613 540
n-butane 128 140 120
iso-butane 63 75 58

5.5.2 Negative dO3/dCO Ratios: The influence of free

tropospheric air

Section 5.5.1 discussed three examples where there was a positive correlation between
O3 and CO mixing ratios, but Fig. 5.12 shows that during many runs O3 and CO were
negatively correlated. The free troposphere is associated with high O3 and low CO
mixing ratios. For this reason, these air masses are typically associated with negative
d0O3/dCQO correlations [Fishman and Seiler, 1983]. Looking at Fig. 5.12 there are some
runs that stand out with high O3 mixing ratios. These are typically the highest level
runs carried out during the flight, sampling the upper troposphere and generally have
a negative dO3/dCO value. Examples of the RMA analysis for runs which represent
free tropospheric air masses are shown in Fig. 5.18. For almost all the runs, the value
of dO3/dCO became more negative as altitude increased (shown in Fig. 5.19) though
run 14 on flight C068 stands out as having a strongly negative dO3/dCO despite being
sampled in the mid troposphere. A four day back trajectory calculated for this run
indicates that whilst the run was sampled at 2500 m, the air mass had spent 43 hours

out of the previous four days above 4000 m, mixing with O3 rich air masses and is
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representative of the free troposphere. Four day back trajectories were calculated for
the other five runs presented in Fig. 5.18 indicate that all the air masses spent most of
the previous four days above 4000 m (> 59 hours). It is of note that even for the highest
level runs sampled during the ACSIS campaigns, CO mixing ratios are frequently over
100 ppbv indicating that pollution from continental sources affects the remote North

Atlantic atmosphere for all altitudes.
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Figure 5.18: dO3/dCO calculated for flight runs where free tropospheric air was sam-
pled and where a negative correlation between Oz and CO was observed. Slope was
calculated using a reduced major axis method which accounts for variability in both x
and y coordinates. p is a measure of the statistical significance of the fit. The dashed

black lines represent the error in the fit (95% confidence intervals).
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Figure 5.19: The relationship between mean run altitude and dO3/dCO. In general, the
higher the run the more negative dO3/dCO.
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Figure 5.20: Relationship between measured and modelled mixing ratios for O3 (top
left panel), CO (top right panel), NO (bottom left panel) and NO; (bottom right panel).
A black 1:1 line is included in each plot for reference.

5.6 Comparison with the GEOS-Chem model

One of the major motivations for making measurements in the North Atlantic, out-
lined in this chapter’s introduction, is evaluating atmospheric models in order to re-
duce uncertainty about future climatic impacts of the North Atlantic. GEOS-Chem
is a global 3D model of atmospheric chemistry (details of which can be found at
www.geos-chem.org). Output presented here is from GEOS-Chem (v10-01) with
an offline stratosphere, run along the flight tracks for ACSIS 1, 2 and 3. At the time of

writing no model comparisons were available for ACSIS 4.
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Figure 5.20 shows the agreement between the measured and modelled mixing ra-
tios for O3, CO, NO and NO, (CH4 and CO; are not outputs of the model for this
analysis). Modelled O3 mixing ratios both overestimate and underestimate measured
O3 throughout the two campaigns. The highest measured O3 mixing ratios (above
~70 ppbv are all underestimated by the model). CO mixing ratios are systematically
underestimated by the model during the two campaigns, with an offset of between 10
and 15 ppbv. A wide range of NO and NO; mixing ratios were measured with sporadic
high values measured due to point sources which are not expected to be captured in
the model and are shown in the inset plots of Fig. 5.20. For NOy mixing ratios lower
than 100 pptv, the modelled values agree relatively well but are largely underestimated
by the model at higher mixing ratios.

Figure 5.20 includes all data from ACSIS 1, 2 and 3 at all altitudes and locations
and as such does not show whether the model has particular biases at certain altitudes
or in space (i.e. with longitude or latitude). Figure 5.21 shows the modelled and mea-
sured mixing ratios for ACSIS 1, 2 and 3 with altitude. Looking at O3, median mixing
ratios are underestimated throughout the atmosphere up until 5000 m, typically well
into the free troposphere. The model predicts a strong increasing trend with altitude
up until 6000 m above which mixing ratios decrease. This strong trend in O3 is not
observed in the measurement data with an increase in O3z observed between 0 and
2000 m and then O3 appears well mixed at higher altitudes. In the lowest 2 km of
the atmosphere, the model underestimates O3 mixing ratios by an average of 7 ppbv.
Above 5 km, the model overestimates O3 mixing ratios by an average of 2 ppbv. CO
was consistently underestimated by the model throughout the atmosphere with mod-
elled values being on average 10 ppbv lower than the measured values for the first
4 km of the atmosphere. Above 4 km modelled and measured quantities diverge fur-
ther with modelled mixing ratios being on average 14 ppbv lower than those measured.
Similarly, both NO and NO; mixing ratios are underestimated by the model. NO is un-
derestimated in the model by an average of 13 pptv throughout the atmosphere. There
is a larger discrepancy between measured and modelled NO, with an average discrep-
ancy of 70 pptv with the largest differences between measured and modelled mixing
ratios occurring between 4 and 7 km.

In order to assess if the model performs better in some regions the normalised mean
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Figure 5.21: Plot showing the variation in pollutant mixing ratios with altitude. Median
measured (gold) and modelled (purple) mixing ratios are shown with the error bar
showing the 25™ and 75" percentiles. Data has been grouped by altitude and presented
every 1000 m. No error bar is shown for NO; at 4000 m due to the wide range of
NO; mixing ratios sampled at this altitude which makes the relationship between the
measured and modelled data unclear. For this level the lower quartile was 47.5 pptv

and the upper quartile 817 pptv.
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Figure 5.22: Plot showing the NMB for how well the model data agrees with the
measurement across the longitude range covered during ACSIS 1, 2 and 3. Positive
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indicate an underestimation. Data presented has been grouped into 2° latitude bins.
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bias (NMB) is presented as a function of longitude and latitude in Figs. 5.22 and 5.23.
The NMB was calculated for 2 degree bins according to equation 5.1, where M is mod-
elled mixing ratio and O is observed mixing ratio. A NMB over 0% indicates a positive
bias in the model and a negative NMB indicates a negative bias in the model. NMB
is a commonly used statistical method for evaluating atmospheric model performance

[Emery et al., 2017].

(M —-0)
Y0

O3 mixing ratios are underestimated within the boundary layer across all longitudes

and latitudes covered along the flight tracks, with an overall NMB of -18%. CO is

NMB = x 100 (5.1)

underestimated for all locations within the boundary layer with an overall NMB of
-12%. There is a great deal of variation in NMB calculated for NO and NO, within the
boundary layer across the whole longitude range with no clear trend. NOy is slightly
better represented in the model further west, between 18° and 38°W although large
under and overestimations (tending towards £100%) were still calculated in this re-
gion. NO and NO; modelled and measured mixing ratios diverge for more northerly
latitudes within the boundary layer with modelled data overestimating NO mixing ra-
tios between 46° and 52°, with a NMB between 40 and 340%. NO, mixing ratios
are overestimated in this region with a NMB between 14 and 140%. In general, O3
is better represented in the free troposphere than the boundary layer for all longitudes
and latitudes, with an overall NMB of -11%. In terms of variability with latitude O3 in
the free troposphere tends to be overestimated (average NMB of 11%) between 30 and
36°N and underestimated further north between 42 and 52°N (average NMB of -14%).
As for within the boundary layer CO is consistently underestimated by the model in
the free troposphere for all locations (overall NMB is -13%). NO is consistently un-
derestimated between 20° and 40°W in the model above the boundary layer (mean
NMB of -43%), with model-measurement agreement worsening further east. In terms
of variability with latitude NO appears to be best represented furthest south (between
30 and 36°N) but is generally underestimated across the latitude range covered. NO,
mixing ratios above the boundary layer are also almost consistently underestimated for
all locations.

As outlined in section 5.5, several different air masses were encountered during
the flights. The NMBs of O3, CO, NO and NO, are presented in Table 5.5 alongside
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Table 5.5: Modelled/Measured Ratios for different air mass classifications.

NMB /%
Flight and Run Number Air Mass Classification

O; CO NO NO;,
B998, Run 11 Biomass Burning 3.7 37 -44 -
B999, Run 7 N. Am. Anthropogenic  -18 -15 - -
B999, Run 11 N. Am. Anthropogenic  -19 -14 - +74
B998, Run 2 Free Troposphere 30 -19  -76 -
B999, Run 9 Free Troposphere 20 -12 -15 -
C068, Run 14 Free Troposphere 36 7.1  -65 -56

run details and air mass classification. O3 mixing ratios are underestimated for all
examples given in Table 5.5, though are best represented in the biomass burning air
mass, followed by the air masses associated with anthropogenic pollution. O3 mixing
ratios in the free troposphere tend to be underestimated to a greater degree though
run 9 on B999 has a similar model-measurement discrepancy to the runs representing
North American anthropogenic outflow. The worst agreement is between model and
measurement is on run 14, flight C068 with a NMB of -36%. This run was performed
at an altitude of 2500 m which may explain the larger discrepancy suggesting that the
model does not appear to capture the vertical mixing of air masses well (shown in Fig.
5.21). As for O3, CO is underestimated for all air masses. The largest underestimation
for CO is associated with the biomass burning air mass sampled during flight B998. Air
masses associated with anthropogenic pollution outflow and free tropospheric air are
better represented for CO. The best represented air mass for CO is the free tropospheric
air mass sampled during flight C068, likely driven by the fact that this was sampled
at a lower altitude where the model anticipated higher CO mixing ratios. NOx data is
more limited and as such it is difficult to comment on the performance of the model
at representing NOy in different air masses. NO mixing ratios are underestimated for
all air masses, though to varying degrees. NO, was overestimated by the model for
the air mass sampled during run 11, flight B999 representative of North American
anthropogenic outflow.

The comparisons modelled and measured mixing ratios highlight a systematic un-
derestimation of CO by GEOS-Chem. GEOS-Chem has been reported to systemati-
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cally underestimate CO mixing ratios in several studies [Bey et al., 2001, Val Martin
et al., 2008, Kopacz et al., 2010, Kumar et al., 2013] which may be due to a missing
source of emissions in the model. Yamasoe et al. [2015] showed that GEOS-Chem cap-
tured anthropogenic emissions reasonably well but underestimated those from biomass
burning to a larger extent. This is supported by the NMB determined for the different
air mass classifications in this work, with the air masses associated with anthropogenic
outflow appearing to be better represented for CO than those influenced by biomass
burning. However, the two air masses associated with North American anthropogenic
outflow are from the same flight and so another factor specific to this flight could lead
to the improved model-measurement agreement observed. A more extensive air mass
classification, with categories spanning a range of flights and campaigns is required to
more confidently determine if biomass burning emissions are low in the model. Aside
from a missing source of emissions in the model, an excess of OH which acts as a sink
of CO, could lead to CO mixing ratios that are lower than those measured.

As well as underestimations in CO mixing ratios, NOy is largely underestimated
by the model. This is possibly due to a missing source of NOy emissions, a missing
method of transport of NOy to the North Atlantic region or partitioning from NOy not
being well represented in the model. Previous studies have estimated that < 20% of
NOy emitted over the eastern US is exported to the North Atlantic and of this fraction,
less than 10% is transported as NOy [Parrish et al., 2004]. PAN and HNOj have
been reported to be the dominant nitrogen species for the region in previous studies
[Val Martin et al., 2008]. Without an NOy measurement from the aircraft it is difficult
to evaluate potential drivers of the low NOy mixing ratios in the model however.

O3 mixing ratios are also largely underestimated by the model. The situation with
O3 underestimations are more complicated given that O3 is not directly emitted but
formed from precursor emissions. Figures 5.22 and 5.23 show that the NMB for O3
and CO appear to follow one another between -40° and -20° longitude and 30° and
40° latitude, within the boundary layer. This may suggest that, in this region at least,
the drivers of the model’s underestimation of O3 mixing ratios could be linked to the
underestimation of CO mixing ratios. As well as this the relationship between NOy and
O3 is highly non-linear, with small changes in the amount of NOy having significant

impacts on the amount of O3. For example, O3 production efficiency is greater at low
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levels of NOy [Liu et al., 1987]. Discrepancies between precursor emissions likely

lead to the misrepresentation of O3 mixing ratios in the model.

5.7 Conclusions and further work

This chapter presents a series of airborne measurements of trace gases made over the
North Atlantic Ocean between 2017 and 2019. Measurements were made as part of
the ongoing ACSIS programme, which aims to improve understanding of the North At-
lantic region, in part through provision of a comprehensive set of atmospheric compo-
sition measurements. The values measured compare well with previous measurements
over the North Atlantic Ocean indicating that this data is representative of the region.
The spatial variation in atmospheric composition has been explored which showed dif-
ferent pollutants were more prevalent in some areas compared to others. For example,
during flights west of Ireland the highest NOy and O3 mixing ratios were observed, but
CO and CH4 were highest during flights west of the Azores, presumably due to long
range transport of pollution from North America. The variability in pollutant amounts
and relationships between pollutants demonstrate that the atmosphere above the North
Atlantic is composed of a range of air masses of different origins. Despite being a
remote region the North Atlantic is polluted.

The comparison with the GEOS-Chem model shows that this data set is suitable
for use evaluating the performance of models over the North Atlantic region. The data
set collected is valuable in that it allows an understanding of the spatial variation in
atmospheric composition over the North Atlantic and can be used to highlight biases in
models for particular areas. The GEOS-Chem model data presented consistently show
underestimations for O3, CO and NOy suggesting that the extent to which the North
Atlantic is polluted is not captured. Significant underestimations of CO mixing ratios
in a biomass burning air mass suggest that there is a missing source of biomass burning
emissions in the model. There were no clear spatial biases in the model in terms of
longitude and latitude, though better data coverage, by including more flights from
future ACSIS campaigns could add weight to this. The vertical profile in modelled O3
does not capture the mixing observed between 2 km and 6 km, instead predicting a

steady decline in O3 mixing ratios throughout the atmosphere up to 6 km.
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Going forward, it would be beneficial to improve the methods used to identify air
mass types, for example performing a cluster analysis using more parameters which
would enable air masses to be classified more reliably. Additionally, ACSIS is an
ongoing project (2017-2021) and more data sets can be incorporated into this analysis
to create a more complete set of atmospheric composition data. In this chapter a
few examples were selected to show the types of air mass typically encountered on
the flights but more data, particularly more VOC data, would allow a more thorough
analysis to be performed. No work has currently been carried out to assess whether the
composition of the atmosphere is changing over time from this data set. Given that the
ACSIS flying campaigns are an ongoing series of measurements which have occurred
in different months they provide a unique opportunity to evaluate any seasonal
change over a wide area, something which cannot be achieved with a ground-based
measurement station. In addition to seasonal variation it may be possible to evaluate

any longer term trends once the five year period is over.
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Conclusions

Air pollution has serious public health and climate implications. In order to control
air pollution and minimise harm to the planet and public health it is necessary to un-
derstand the drivers of pollution. This thesis has explored gas-phase pollution in two
contrasting atmospheres, examining the role of meteorology, chemistry and emissions
in these environments.

Chapters 3 and 4 presented pollutant concentration and emission measurements
in Beijing during the winter and summer seasons. During the summertime in Beijing
there are significant O3 problems with half of the days during the summer measurement
campaign breaching the 8 hourly limit for O3 concentrations set by the World Health
Organisation. O3 is a dangerous air pollutant with a positive radiative forcing and
as such it is imperative that O3 pollution is brought under control. The chemistry of
O3 formation is complex, with a non-linear relationship to its precursor species so the
design of O3 pollution control measures can be difficult. Ozone production efficiencies
calculated for both the winter and summer field campaigns indicate that targeting VOC
pollution would be beneficial for the reduction of O3 pollution.

The Air Pollution and Human Health Beijing program has demonstrated the value
of an intensive measurement campaign which allow exploration of the complex chem-
istry occurring in urban atmospheres due to the mixture of pollutants present. Air qual-
ity monitoring stations are a useful tool for evaluating long-term trends in atmospheric
composition or the impacts of legislation, but many stations only measure pollutants
which are regulated because of their direct health impacts. Gas-phase pollutant data
from the air quality network in Beijing (presented in section 3.1.1) is only available
for NO,, SO,, O3 and CO but no information is readily available for NO or VOCs.
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This lack of information limits the degree to which the atmospheric chemistry of a
region can be explored and consequently hinders the ability to design pollution control
measures. Recognising the importance of a complete set of measurement data when
studying atmospheric processes, the UK has recently granted funding for the installa-
tion of so-called air quality ‘supersites’ which will provide more in-depth information
over a longer period of time. This level of air quality monitoring could be useful for
cities like Beijing. Analysis presented in this thesis shows that deviations from the
03-NO-NO; photostationary state cannot be explained by peroxy radicals alone and
suggest the presence of an unknown oxidant at work in Beijing. Further monitoring
could help uncover what oxidants are at work in Beijing’s atmosphere.

During the winter campaign the impacts of meteorology were clear on the ambient
pollution concentrations experienced in Beijing. Through the direct measurement of
local emissions the relationship between meteorology, local emissions and pollutant
concentration was shown. Due to reduced vertical mixing driven by a low boundary
layer height, concentrations measured during the winter campaign were higher than
those measured during the summer campaign for all pollutants apart from O3. The
highest pollutant concentrations were observed during periods associated with low
wind speeds which allow the build-up of pollution due to lack of advection out of
the city. Direct emission measurements allowed an investigation contrasting a low-
pollution and high-pollution period and determined that the high pollution concentra-
tions were not driven by an increase in local emissions, but rather a change in wind
speed reducing ventilation and allowing pollution to build up over the city under stag-
nant conditions.

As well as using measurements to aid greater understanding of a polluted atmo-
sphere, it is vital to understand pollutant emissions in order to control air pollution. Air
quality models which can be used to design and test management strategies are limited
by the quality of their inputs and it is therefore important to have access to accurate and
reliable emissions inventories. The work presented in Chapter 4 of this thesis presents
the first direct measurements of NOy, CO and aromatic VOC emissions made in Bei-
jing. Comparison of measured emissions and those estimated by the MEIC inventory
reveal that the inventory does not accurately represent important O3 precursor species;

NOy and CO, for a central region of Beijing. NOyx and CO were consistently over-
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Time Averaged Map of NO2 Total Golumn (30% Cloud Screened) daily 0.25 deg. [OMI OMNO2d v003] 1/cm2
over 2020-06-18 - 2020-07-18
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Figure 6.1: Average global NO; column density for 18 June 2020 — 18 July 2020. Data
obtained from Krotkov et al. [2019].

estimated by the inventory, providing strong evidence that when using spatial proxies
to scale-down inventories to urban scales, emissions in urban regions can be overesti-
mated. VOC emissions were compared to the MEIC inventory in another publication
associated with the campaign and it was found that the MEIC inventory also did not ac-
curately represent a wide range of VOC emissions with certain species overestimated
and some underestimated [Acton et al., 2020]. The emissions measurements presented
in this work provide useful information for future inventory development and highlight
the need to update the spatial proxies used to rescale inventories or to derive emissions
using bottom-up approaches in order to correctly represent emissions in the city.
Figure 6.1 shows the global NO; column density for 18 June 2020 — 18 July 2020.
It is clear from this image that pollution is generated from anthropogenic activities in
urban or populated regions, but it is not just urban atmospheres that need to be stud-
ied. The atmosphere is interconnected and pollutant emissions generated in one region
can be transported and transformed, impacting regions far away from the emission
source. It is necessary to investigate atmospheric composition across all scales to fully
appreciate the impacts that humans have on the planet. The North Atlantic ocean is a
globally important climate system and a cause of major uncertainty in climate models
due to difficulty predicting Atlantic Multidecadal Variability. Chapter 5 of this thesis
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Conclusions

explored atmospheric composition over the North Atlantic ocean using measurements
made from a research aircraft. By examining pollutant ratios and performing back-
wards trajectory analysis it was shown that transport of air pollutants away from their
emission source impact the atmospheric composition of this region. In particular, an-
thropogenic pollution and biomass burning from North America leads to enhanced
CO, O3 and VOC mixing ratios over the North Atlantic. Measurements made are part
of an ongoing project which when completed will form the most complete record of
the region’s atmospheric composition to date. Future work will provide insight into
pollutant trends in the region.

The atmospheric composition data collected over the North Atlantic was compared
to a global atmospheric chemistry model. Given the region’s global importance and it
being a large source of uncertainty in climate models, ensuring models can represent
its atmospheric composition accurately is vital. The model comparison indicated a
systematic underestimation of CO mixing ratios by the model. This could be due
to an excess of a chemical sink (OH) or a missing source of CO emissions in the
model and could highlight a problem with the emissions inventories used as an input
to the model. The work in this thesis has outlined that emissions inventories can be
limited on local scales, for Beijing, and has shown that measurement data is critical
to identify discrepancies in emission estimates and reality. These measurements over
the North Atlantic may also hint at errors in the emissions inventory used. Bias in
the model for O3 and CO appear to be correlated in some regions at least, which could
suggest common drivers of the underestimations in these two species. Future work will
continue to evaluate and inform atmospheric chemistry models of the region using the
extended data set collected as part of the full ACSIS program.

This is a critical time for air quality. With the COVID-19 pandemic public concern
about air pollution is growing and time is rapidly running out in order to tackle danger-
ous climate warming. By making measurements in urban and remote atmospheres it
is possible to identify drivers of atmospheric composition change and deliver solutions

for clean, healthy air.
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Flight ‘quicklook’ files
for data presented in
Chapter 5

The following pages present the ‘quicklook’ files generated for each flight used in the
analysis presented in Chapter 5. For each flight a time series of CO, O3, NO and
NO; alongside quality flags are presented. Profile data for temperature data and gas-
phase pollutants (CO, Oz, CH4 and CO;) are shown which were used to determine the
boundary layer height. A map of each flight track is also presented.
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Acronyms

ACSIS North Atlantic Climate System Integrated Study. 158-160, 162, 163, 166,
167,169, 171, 186, 197, 198

AMOC Atlantic meridional overturning circulation. 154

AMYV Atlantic multidecadal variability. 153, 154

APEC Asia-Pacific Economic Cooperation. 26

APHH Air Pollution and Human Health-Beijing. 40, 43, 56, 59, 74, 85, 115, 140
AQD Air Quality Design Inc.. 9, 11, 51, 52, 55, 56, 60-65, 67

ARA Atmospheric Research Aircraft. 156158
BLC blue light converter. 51, 53, 55, 56

CAPS Cavity Attenuated Phase Shift. 46, 66
CAS Chinese Academy of Sciences. 43, 115
COVID-19 Coronavirus disease 2019. 19, 25, 26

CVAO Cape Verde Atmospheric Observatory. 38
DALY disability-adjusted life-year. 69

EC eddy-covariance. 33, 41, 115, 120, 121

EDGAR Emissions Database for Global Atmospheric Research. 32, 90, 92, 93
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Acronyms

ESA European Space Agency. 20
FAAM Facility for Airborne Atmospheric Measurements. 156158

GDAS NCEP Global Data Assimilation System. 90
GDP gross domestic product. 69, 70, 149

GFAS Global Fire Assimilation System. 179, 182
GHG greenhouse gas. 23, 25, 34, 154, 157, 170

GPT gas phase titration. 55, 56
HDV heavy duty vehicles. 133

IAP Institute of Atmospheric Physics. 43, 45, 50, 115, 121
IPCC Intergovernmental Panel on Climate Change. 23
IQR interquartile range. 164

ITOP Intercontinental Transport of Ozone and Precursors. 158

LDGYV light-duty gasoline vehicle. 130
LDV light duty vehicles. 133

LED light emitting diode. 47, 51, 52

MEIC Multi-resolution Emissions Inventory for China. 32, 126, 127, 146, 148—150

MLH mixed layer height. 28, 78, 79, 82—-84, 98, 130-132, 134, 135, 165

NAEI National Atmospheric Emissions Inventory. 32, 33
NAO North Atlantic Oscillation. 28, 154, 155, 159, 161

NAOI North Atlantic Oscillation Index. 28
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Acronyms

NBL nocturnal boundary layer. 109
NMB normalised mean bias. 190, 192—-195
NMVOC non-methane VOC. 38, 114

NPL National Physical Laboratory. 49, 61, 67, 116, 117

OMI Ozone Monitoring Instrument. 155

OPE ozone production efficiency. 98, 99, 111

PM particulate matter. 22, 31, 70, 113, 133

PMT photomultiplier tube. 46, 48, 53, 54, 57, 58

PSS photostationary state. 35, 100-103, 105, 106, 108—-110, 112
PTR-MS Proton Transfer Reaction Mass Spectrometer. 144

PTR-ToF-MS Proton Transfer Reaction Time-of-Flight Mass Spectrometer. 9, 117,
118, 120, 141, 142

RF radiative forcing. 23, 39
RH relative humidity. 27

RMA reduced major axis. 176, 185

SOA secondary organic aerosol. 39, 100

SST sea surface temperature. 153, 154
TROPOMI Tropospheric Monitoring Instrument. 20
UN United Nations. 22, 69, 113

VOC volatile organic compound. 9, 10, 25, 28, 31, 33, 35-37, 39, 41, 73, 95, 98-101,
109, 111, 113-115, 117, 120, 140, 141, 143-147, 151, 152, 177, 180, 184, 185,
198
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VUV Vacuum ultra-violet. 57

WAS Whole Air Sampling. 181, 183

WHO World Health Organisation. 9, 21-23, 26, 70, 71, 83, 111, 113
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