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Abstract

Hydroperoxyl (HO,) and organic peroxy (RO,, where R stands for any organic group) radicals

are highly reactive molecules produced in the oxidation of many compounds in the troposphere. They
participate in the catalytic cycle producing or destroying ozone (O;) in the troposphere. Thus, HO, and
RO, measurements provide unique information about the chemical processing of an air mass. Over the
last decades, the understanding of the role of HO, and RO, in the chemical processes in the planetary
boundary layer (PBL) has improved through ground-based in-situ measurements. However, the
number of unequivocal measurements of peroxy radicals in the free troposphere is still quite limited.
Measurements from airborne platforms offer a unique opportunity to measure HO, and RO, together
with other relevant trace gases to test and improve the understanding of their chemistry in the free

troposphere.

During this doctoral study, an extensive set of airborne ROZ* (ROZ* = HO, + YRO,, where
RO, represents the organic peroxy radicals reacting with NO to produce NO,) measurements in the
PBL and free troposphere was acquired, analysed and interpreted. The RO,  measurements were made
using the Peroxy Radical Chemical Enhancement and Absorption Spectrometer (PeRCEAS)
developed at the Institut fiir Umweltphysik (IUP) of the University of Bremen. PeRCEAS has
successfully deployed onboard the High Altitude LOng range research aircraft (HALO) in three
research campaigns: the Oxidation Mechanism Observations (OMO) Asia and the Effect of
Megacities on the transport and transformation of pollutants on the Regional to Global scales
(EMeRGe) field missions in Europe and Asia. The PeRCEAS instrument was characterised and
calibrated under atmospherically representative conditions in the laboratory to assure data quality,
reproducibility, accuracy and to define optimal operating conditions for the airborne measurements.
PeRCEAS successfully measured RO," in 33 HALO flights. RO, mixing ratios of up to 120 pmole
mole” were measured in air masses having different origins, chemical compositions and physical

conditions in Europe and Asia.

The RO,  measurements, the simultaneous measurements of other relevant trace gases, aerosol
concentration, photolysis frequencies and other meteorological parameters were synergistically
analysed to identify the chemical processes controlling the amount of RO,". From the analysis, it was
found that RO, is primarily produced following the photolysis of ozone (O;), formaldehyde (HCHO),
glyoxal (CHOCHO), and nitrous acid (HONO) in the air masses investigated. The estimate for the
contribution of O3 photolysis to RO, production rate is > 40 % in the PBL and < 40% in the free
troposphere. This reduction is explained by the decrease in the water vapour concentration ([H,O]) as

a function of altitude.
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Abstract

Subsequently, the RO, mixing ratios in the air masses measured during the EMeRGe in Asia
and Europe campaigns were calculated assuming a photostationary steady-state (PSS) for RO,". The
RO, production from precursor photolysis, the loss through HO, — HO,, RO, — RO, and HO, — RO,
reactions, the hydroxyl radical (OH) and organic oxy-radicals (RO) loss during the radical
interconversion, and HO, uptake on aerosol were considered for the calculation of RO,". The
calculations were constrained by the simultaneous measurements of photolysis frequencies, trace gas
concentrations and aerosol particle number concentrations onboard HALO. Case studies confirmed the
validity of the PSS assumption for air masses having different chemical compositions under different
physical conditions. The RO,  calculated are generally in excellent agreement with the RO,"

measurements.

An experimental budget analysis was performed to estimate the main loss processes of RO,"
by introducing the RO, measurements in the PSS equation. Except for the measurements inside
pollution plumes with NO > 800 pmole mole™ or aerosol particle number concentration > 800 particles
cm™, the HO, — RO, and HO, — HO, were the dominant RO, loss process during both EMeRGe Asia
and Europe. The RO, losses through HO, uptake on aerosol were higher in the pollution outflows
measured in Asia than in Europe. This is attributed to the higher aerosol concentrations observed in
the air masses probed during EMeRGe in Asia. The contribution from the HO, uptake on aerosol
increases up to 60 % for an assumed aerosol uptake coefficient of 0.24 inside pollution plumes in
Asia, where the aerosol particle number concentration is > 1000 particles cm™. In Europe, the OH —
NO, reactions were the dominant RO," loss process in the pollution outflow. This finding is explained
by the EMeRGe in Europe measurements being typically closer to anthropogenic emissions sources

than in Asia, except for the case study of Taipei and Manila.
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Introduction

Over the last decades, the advance in laboratory studies, field measurements, and model

studies has led to a much better understanding of anthropogenic emissions and their impact on the
chemical composition of the Earth's atmosphere. Phenomena such as the stratospheric ozone (O3)
depletion, the ozone hole, tropospheric pollution during summer and winter smog episodes and
climate change demonstrate how harmful anthropogenic emissions are to life on Earth. The emission
of the precursors of short-lived climate pollutants and long-lived greenhouse gases significantly affect
air quality and the climate. Consequently, accurate knowledge of these trace gases and their
photolysis, oxidation, and other reaction pathways are essential to improve the understanding of
tropospheric chemistry and the mitigation strategies of the harmful anthropogenic emissions to achieve

sustainability.

The chemical transformation of trace gases in the troposphere proceeds through a complex set
of chemical reactions. The hydroperoxyl (HO,) and organic peroxy (RO,, where R stands for an
organic group, typically an alkyl) radicals play a key role in tropospheric chemistry. During the day,
they are produced following the oxidation of carbon monoxide (CO) and many volatile organic
compounds (VOCs), as well as the photolysis of oxygenated volatile organic compounds (OVOCs).
The reaction of HO, and RO, with nitrogen monoxide (NO) leads to nitrogen dioxide (NO,) and either
hydroxyl radical (OH) or organic oxy-radicals (RO) formation. The photolysis of NO, produces an
oxygen atom and is the only source of O; in the troposphere. The RO formed often reacts with
molecular oxygen (O,) to generate HO, and OVOC:s, i.e. aldehydes and ketones, which are oxidised
by OH and/or photolysed to produce more HO, and RO,. Dependent on the amount of NO, (NO +
NO,) in the air mass, the catalytic cycles involving HO, and RO, produce or destroy O;. The
temperature-dependent equilibrium reactions of HO, and RO, with NO, form temporary reservoirs, a
good example being peroxyacetyl nitrate (PAN; CH3;COO,NO,). These temporary reservoirs are
convected, cooled, and transported. When descending, they are warmed and release HO,, RO, and

NO,, which participate in chemical transformations far from the pollutant emission sources.

As inferred from the above, HO, and RO, play a role in determining the amounts and
distributions of the oxidising agents like OH and Os in the troposphere and thus the oxidizing capacity
of the troposphere. Consequently, knowledge about the spatial distribution and concentration of HO,
and RO, is essential to test the current understanding of tropospheric chemistry. As HO, and RO, react
rapidly with themselves and key tropospheric trace gases, their concentrations and mixing ratios are

relatively small. Consequently, their measurement in the troposphere requires sensitive and accurate
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instruments and techniques. Except for the method of freezing air and subsequent observation of HO,
and RO, by Matrix Isolation Electron Spin Resonance technique (MIESR; Mihelcic et al., 1985),
there are no direct measurements techniques for HO, or RO, which have been applied successfully in
the field measurements. Alternatively, indirect measurement techniques like Peroxy Radical Chemical
Amplification (PeRCA), Laser Induced Fluorescence (LIF), Peroxy Radical Chemical Ionization
Mass Spectrometry (PerCIMS), and Ethane Chemical AMPlifier (ECHAMP) have been developed
and deployed in field campaigns. These measurement techniques convert HO, and RO, to other

species, which can be detected and quantified more accurately.

In the last decades, ground-based measurements of HO, and RO, have been successfully made
in a variety of environments (Monks et al., 1998, 2009 and references herein; Burkert et al., 2001a, b;
Carslaw et al., 2002; Fleming et al., 2006a, b; Emmerson et al., 2007; Qui et al., 2007; Kanaya et al.,
2007, 2012; Hofzumahaus et al., 2009; Andrés Hernandez et al., 2009, 2010; Mao et al., 2010; Kukui
et al., 2014; Lelieveld et al., 2018; Tan et al., 2017, 2018; Whalley et al., 2018, 2021; Lew et al.,
2020). The majority of these measurements were made in field campaigns that studied different
aspects of the chemistry in the lower troposphere, especially in the planetary boundary layer (PBL).
These studies tested the understanding of known oxidizing cycles by comparing the measurements
with radical calculations from different photochemical models constrained with either measured or
estimated radical precursors, photolysis frequencies and meteorological parameters. This approach led
to different degrees of agreement between the measured and model results depending on the chemical
mechanisms considered in the model, chemical and physical constraints applied to the simulations,
and the chemical composition of the air masses investigated. Even though the differences between
measured and modelled HO, and RO, were not entirely resolved, these case studies significantly
improved the understanding and knowledge of the role of HO, and RO, in tropospheric boundary layer

chemistry.

In contrast to the studies in the lower part of the PBL, the number of unequivocal
measurements of peroxy radicals in the upper part of the PBL and the free troposphere is still quite
limited. Campaigns involving the measurement of peroxy radicals and an adequate set of ancillary
measurements of the trace gas composition and meteorological parameters are required to better
understand oxidation processes during the transport and transformation of pollution plumes. Airborne
measurements offer a unique opportunity to measure HO, and RO, in the upper part of the PBL and
the free troposphere. However, the temporal and spatial variability in the chemical composition of the
air masses makes the measurement from airborne platforms challenging. Robust instruments with high
accuracy, sensitivity, and specificity are required to unequivocally identify and quantify potential
spectral and chemical interferences (Green et al., 2002, 2006; Zanis et al., 2003; Clemitshaw, 2004
and references herein; Heard, 2006; and references herein; Stone et al., 2012 and references herein;

Ren et al., 2012). In addition, each particular airborne platform has unique capabilities and limitations
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(e.g., mechanical, electrical, and safety constraints), which significantly differ from one another.
Similarly, the optimal operating conditions for the instruments are different onboard an aircraft to
those used for ground-based or ship-board measurements. As a result, instruments for the airborne
measurement of HO, and RO, must usually be designed and optimised for deployment on a specific

aircraft platform.

Airborne measurements of HO, and RO, have been reported in a variety of environments in
different parts of the world (Crawford et al., 1999; Faloona et al., 2000; Tan et al., 2001; Green et al.,
2002; Cantrell et al., 2003a; Olson et al., 2006; Ren et al., 2008, 2012; Andrés-Hernandez et al., 2009;
Kartal et al., 2010; Martinez et al., 2010; Commane et al., 2010; Stone et al., 2011; Hornbrook et al.
2011). These airborne measurements were also compared with different photochemical models. The
degrees of agreement between the measured and model results depend on the chemical mechanisms
considered, chemical and physical constraints applied to the simulations, and the chemical

composition of the air masses investigated (Stone et al., 2012).

1.1 Motivation

The overarching motivation of this research study is to improve the understanding of sources
and sinks of HO, and RO, in the troposphere. To achieve this goal, the following are required:
a) accurate and extensive measurements of the total sum of peroxy radicals, collectively known as
RO," (RO," = HO, + YRO,, where RO, are those organic peroxy radicals reacting with NO to produce
NO,)
b) analysis of the chemistry taking place in the air masses observed during their transport and

transformation.

The interpretation of the acquired observational data also aims to improve the current understanding of

oxidation mechanisms and radical chemistry in the PBL and the free troposphere.

This research aims to significantly extend the limited number of RO, measurements from
different locations and atmospheric regions. The acquisition and interpretation of the data have taken
advantage of the capabilities and the scientific payload of the High Altitude LOng range research
aircraft (HALO; http://www.halo.dlIr.de). RO, measurements were carried out on board HALO in

three airborne campaigns: the Oxidation Mechanism Observations (OMO) Asia and the Effect of
Megacities on the transport and transformation of pollutants on the Regional to Global scales
(EMeRGe) in Europe and Asia. These are multi-institutional projects supported by the priority
research program of the Deutsche Forschungsgemeinschaft (DFG), which facilitates the investigation
of atmospheric processes using the HALO platform. The instrumentation deployed during these
campaigns (see section 3.2) provides a unique opportunity to investigate chemical processes

controlling RO, concentration under different chemical compositions and physical conditions.


http://www.halo.dlr.de/
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The Peroxy Radical Chemical Enhancement and Absorption Spectrometer (PeRCEAS),
designed and constructed by the scientists from the Institute fiir Umweltphysik Physics (IUP) of the
University of Bremen (UB), was selected for the measurement of RO,” from HALO. PeRCEAS
combines the PeRCA and Cavity Ring-Down Spectroscopy (CRDS) techniques in a dual-channel
instrument to measure the sum of OH + Y RO + HO, + Y RO,, where RO, are those organic peroxy
radicals reacting with NO to produce NO,, in the free troposphere and lower stratosphere. Since the
amount of OH and RO is much smaller than that of HO, and RO, in the atmosphere, PeERCEAS
measures the sum of HO, and those RO, radicals that react with NO to make NO,. During this
doctoral research, the PeRCEAS instrument was transformed from the prototype (Hortsjann et al.,
2014) to its final form (section 2.5 and George et al., 2020). The characterization, certification and
deployment of Pe(RCEAS onboard HALO was also an essential part of the experimental phase of this

doctoral research.

1.2 Scientific Objectives

Based on the scientific motivation described in section 1.1, the scientific objectives of this
doctorate were chosen to be as follows:

e Characterization and optimization of the PeRCEAS instrument for airborne measurements
through laboratory calibrations and characterization under atmospherically representative
conditions.

e Acquisition of an accurate RO, data set during the OMO Asia and EMeRGe field campaigns.
This implies active participation in the instrumental deployment, adaptation, modification and
calibration between measurement campaigns, as well as a thorough data quality control.

o Investigation of the processes controlling RO," production and loss in the air masses
encountered in the Asian troposphere using experimental data obtained during the campaigns.

e Comparison of RO, production and loss processes in the air masses measured during

EMeRGe in Asia and Europe.

1.3 Outline of the Dissertation

This dissertation comprises the above introduction and the following four chapters. The latter

introduces and describes the research undertaken to achieve the aforementioned scientific objectives.

Chapter 2 provides a short review of the physics of the atmosphere and the chemistry relevant
to this research. The known sources and sinks of RO, in the atmosphere and RO, measurement
techniques are briefly explained and discussed afterwards. Finally, the PeRCEAS instrument and its

configuration used in this study for the airborne measurement of RO," are described in detail.

Chapter 3 describes the laboratory studies carried out: a) to identify and characterize the

critical parameters affecting the accuracy and reproducibility of PeERCEAS measurements; and b) to
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calibrate the Pe(RCEAS instrument. After that, the OMO Asia campaign and EMeRGe campaigns in
Europe and Asia are briefly described together with the operating conditions selected for PeRCEAS

during these campaigns.

Chapter 4 focuses on the presentation, analysis and interpretation of the airborne
measurements of RO,  during the OMO Asia and EMeRGe campaigns. This involves the analysis of
the RO, and ancillary trace gas and photolysis frequencies synergistically to identify RO,  sources.
Subsequently, RO, concentration and mixing ratios are estimated using a photostationary steady-state

(PSS) approximation for RO,".

The final chapter of the dissertation, chapter 5, summarises the research undertaken during this
doctoral study and a set of conclusions obtained from the study. Two useful appendices follow
Chapter 5. Appendix A-I contains the set of RO,” measurements from EMeRGe in Asia. Appendix A-
II describes the derivation of the equation used for calculating RO,". Details of the dataset and
different model simulations used in this study are included in Appendix A-III and A-IV, respectively.
Table AS in Appendix A-V summarises the specifications of state-of-the-art instruments measuring

peroxy radicals.






2

Relevant Theoretical and
Experimental Background

This chapter briefly describes the relevant aspects of the physics of the atmosphere, kinetics

and photochemistry, and the role of free radicals in the troposphere. More detailed information can be
found elsewhere (Egbert Boeker and Rienk Van Grondelle, 1994; Seinfeld and Pandis, 1997; Richard
P. Wayne, 2000). The peroxy radical measurement techniques are also briefly introduced and
explained in this chapter. The chapter ends with a detailed description of the technique and
instrumentation used in this study for RO, measurements, together with some results reported in

previous studies.

2.1 Physics of the Atmosphere

The atmospheric temperature and pressure vary as a function of height, which results in
changes in the physical and chemical process with height. The Earth's atmosphere is divided into

different layers based on the average temperature profile (Figure 2.1).

80
£ 70
= MESOSPHERE
g 60 &
2
< 50 - - Stratopause - - -} - - -f - - —--—----
40 —
30 - STRATOSPHERE 20 A
Ozone -
20 Tropopause

-100 -80 -60 —40 -20 0 20 40 60 °C
-120 -80 —40 0 40 80 120 *F
Temperature

Figure 2.1 Vertical profiles of atmospheric temperature and pressure. The different
atmospheric layers are also shown for visual support.
(https://robertcarrollweather.files.wordpress.com/2014/11/ agburtO1 _09.jpg).

2.1.1 Vertical Profile of Temperature: Atmospheric Layers

Troposphere: The lowest layer of the atmosphere. It extends from the Earth's surface to the
tropopause, which is at an average height of 18 km over the Equator and 8 km over the poles. The

height of the tropopause depends on the latitude and time of the year. In the troposphere, temperature

7
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decreases almost linearly with height due to the adiabatic cooling of rising air parcels heated by
conduction from the sun-warmed Earth. The troposphere contains about 80% of the total mass of the
atmosphere and is a region of ceaseless turbulence and mixing. The troposphere can be further divided
into the planetary boundary layer (PBL), extending from the Earth's surface up to 1 km, and the free

troposphere, extending from about 1 km to the tropopause.

Stratosphere: The layer between the tropopause and the stratopause, which is at the height of
45 to 50 km. The stratosphere has a positive temperature gradient with increasing height. As a result,
the vertical mixing in this layer is very low. The temperature profile in the stratosphere results from

the solar UV radiation absorption by O;.

Mesosphere: The layer between the stratopause and the mesopause. The temperature
decreases with height due to adiabatic and radiative cooling until the mesopause, the coldest point in
the atmosphere. Mesopause extends from 80 to 90 km. Rapid vertical mixing happens within this

layer.

Thermosphere: The region with a positive temperature gradient with height situated above
the mesopause. The absorption of short wavelength radiation by N, and O, results in this positive
temperature gradient. The vertical mixing is rapid. The region of the upper mesosphere and lower

thermosphere where ions are produced by photo-ionization is known as the ionosphere.

Exosphere: The region above 500 km, where molecules with sufficient energy can escape the

Earth's gravitational field.

2.1.2 Vertical Profile of Pressure

The pressure in the atmosphere at each height is due to the weight of the air parcel located
above. The atmospheric pressure at the surface of the Earth, known as the standard pressure, is
1015.13 hPa. If the mass density of air at a height z is given by p(z), then the rate of change of

pressure over a small height dz can be expressed as:

dP(z) _
= p(z)g Eq. 2.1

where g is the acceleration due to gravity. By applying the ideal gas law, Eq. 2.1 can be rewritten as

dP(z) _ MairP(2)
iz - RT@ g Eq.2.2

where M,; is the molecular weight of air (28.97 g mole™), T(z) temperature at a height z, and R the

universal gas constant 8.314 J mole K™

Eq. 2.1 can be rewritten as:
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d(n(P(2))) _ 1
—a - E Eq.2.3
where H, = RT) is the characteristic length scale for the decrease of pressure with height.

air'g

The expression for P(z) can be simplified by considering the temperature to be approximately constant

over dz.

P& _ o n Eq.24

Po

where H = —— is known as the scale height. It is the vertical distance over which the density and

air

pressure fall by a factor of 1/e.

Eq. 2.4 shows that the pressure decrease with height is approximately exponential. By
considering the corresponding molecular weight (M;), the concept of scale height can be applied to
individual atmospheric species to find the partial pressure, P;(z). Heavy molecules tend to concentrate
near the Earth's surface since the scale height is inversely proportional to the molecular weight.
However, the separation based on molecular weight does not occur in the lower atmosphere due to
rapid mixing. By considering a mean tropospheric temperature of 253 K, a scale height of 7400 m can

be obtained.

2.1.3 General Atmospheric Circulation

Over the globe, the incoming solar radiation and the outgoing terrestrial radiation emitted by
the Earth are nearly balanced when averaged over a year. When averaged over a latitude band, the
incoming radiation is a surplus in the tropics, while a deficit of radiation is found in the Polar Regions.
This is due to the outgoing terrestrial radiation being larger than the absorbed solar radiation in the

poles. Atmospheric and oceanic transport processes account for this energy imbalance.

The intense incoming solar radiation leads to air rising in the equatorial region. The rising air
cools, condenses, and forms a region of intense clouds and heavy precipitation. This area is called the
Inter-Tropical Convergence Zone (ITCZ). Tropical rain forests are found in this region. The ITCZ
moves north and south during the year following the relative position of the Sun. Because the
stratosphere is stable, rising air that reaches the tropopause moves poleward. By the time the air
moving northward reached about 30°N, it had become a westerly wind (it is moving to the east) due to
the Coriolis force. Due to the conservation of angular momentum, the poleward moving air increases
speed. This increased speed and the Coriolis force are responsible for the subtropical jet. This
poleward moving air piles up, forming high-pressure areas at the surface known as subtropical highs.
Some of the air sinks toward the surface. Subsidence inhibits cloud formation, which is why many
large deserts are near 30°N and 30°S. Once the sinking air reaches the ground, a part of it flows to the

Equator, turning west due to the Coriolis force. This surface air forms the trade winds that blow
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steadily from the northeast in the northern hemisphere and southeast in the southern hemisphere. This

convection cell is known as the Hadley cell (http://cimss.ssec.wisc.edu/wxwise/class/gencirc.html,

https://seos-roject.eu/oceancurrents/oceancurrents-c02-s02-p01.html).

Between 30° and 60° latitudes in both hemispheres, a new cell, known as the Ferrel Cell, takes
over. This cell produces prevailing westerly winds at the surface within these latitudes. This is because
some of the air sinking at 30° latitude continues travelling northward toward the poles and the Coriolis
force bends it to the right (in the Northern Hemisphere). This still warm air at roughly 60° latitude
approaches cold air moving down from the poles. With the converging air masses at the surface, the
low surface pressure at 60° latitude causes air to rise and form clouds. Some of the rising warm air
returns to 30° latitude to complete the Ferrel Cell. The two air masses at 60° latitude do not mix well
and thereby form the polar front, separating the warm air from the cold air. Thus the polar front is the
boundary between warm tropical air moving poleward and the colder polar air moving equatorward.
The polar jet stream aloft is located above the polar front and typically flows from west to east. The
polar jet is strongest in the winter because of the greater temperature contrast than during the summer.
Waves along this front can pull the boundary north or south, resulting in local warm and cold fronts,

which affect the weather at particular locations (https://mhsapes.weebly.com/44-45-reading.html).
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Figure 2.2: Schematic representations of general circulations in Earth's atmosphere. (a) plan, and (b)
cross-section views (Figure source: NWS, National Weather Service, 2016).

10


http://cimss.ssec.wisc.edu/wxwise/class/gencirc.html
https://seos-roject.eu/oceancurrents/oceancurrents-c02-s02-p01.html
https://mhsapes.weebly.com/44-45-reading.html

Relevant Theoretical and Experimental Background

Above 60° latitude, the polar cell circulates cold, polar air equatorward. The air from the
poles rises at 60° latitude where the polar cell and the Ferrel cell meet, and some of this air returns to
the poles completing the polar cell. Because the wind flows from high to low pressure and due to the
effects of the Coriolis force, the winds above 60° latitude are prevailing easterlies

(https://mhsapes.weebly.com/44-45-reading.html).

The Earth's heat engine not only moves heat from one part to another but also from the Earth's
surface and lower atmosphere back to space. The flow of incoming and outgoing energy is the Earth's
energy budget. In order to maintain a stable average temperature, the energy budget at the top of the
atmosphere must Dbalance. This state of Dbalance is called radiative equilibrium

(https://earthobservatory.nasa.gov/features/EnergyBalance/page4.php).

Bright ground surfaces like sea ice and snow together with the backscattering from the
atmosphere (= 22 %) reflect 29 % of the incoming solar radiation back to space. This energy plays no
role in Earth's climate system. Water vapour, dust and ozone in the atmosphere absorb almost 23 % of
the incoming solar energy. The surface absorbs the rest, 48 % of the incoming radiation. So, to keep a
stable temperature, the Earth system must radiate the absorbed 71 % of the incoming radiation back to

space.

2.1.4 Troposphere — Stratosphere Exchange

Air transport across the tropopause plays an essential role in determining the chemical
composition and hence the radiative properties of both the troposphere and stratosphere. One direct
example is the ozone depletion in the stratosphere by the chlorofluorocarbons emitted at the Earth's
surface. This exchange directly results from the wave-driven pumping from the extratropical

troposphere. This pumping causes a steady ascent of air in the tropical stratosphere (Figure 2.3).
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Figure 2.3: Dynamical aspects of stratosphere-troposphere exchange (Figure source: Holton et al.,
1995).
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2.1.5 Optical Properties of the Atmosphere

The Sun is the primary energy source of Earth. As shown in Figure 2.4, the energy in some
spectral regions does not reach the Earth's surface due to the strong absorption by atmospheric gases.
About 40 % of the solar energy is concentrated in the region between 400 to 700 nm, where the

absorption is weak.

The interaction of electromagnetic radiation with molecules can be determined only by
quantum mechanical calculations. In general, the molecules (like H,O and O;) with electric dipole
moment interact strongly with electromagnetic radiation. The induced dipole in the CO, molecule
makes an absorption band at 15um, where the Earth emits most of its infrared radiation. This creates

the so-called greenhouse effect.

The terrestrial long-wave infrared radiation emitted by the Earth's surface also has a window
region from about 7um to 13pm. Nearly 80 % of the terrestrial radiation in this region escapes to
space. Most non-CO, greenhouse gases like O;, methane (CH,), Nitrous oxide (N,O) and
chlorofluorocarbons have a strong absorption band in this window region. Because of this, small

changes in the concentration of these gases can produce significant changes in the net radiative flux.

K Sunlight without atmospheric absorption

A

Figure 2.4: Solar spectral irradiance at the top of the atmosphere and sea level. (Figure source:
https://commons.wikimedia.org/w/index.php?curid=24648395).

Due to the presence of clouds and aerosols in the atmosphere, = 22 % of the incoming solar
radiation is backscattered to space without being absorbed. This opposes the greenhouse effect and

produces a cooling effect on the Earth's surface.

2.1.6 Chemical Composition of the Atmosphere

The Earth's atmosphere contains a mixture of several different gases in different amounts. The
amounts of the most abundant gases are shown in Table 2.1. The percentage of permanent components

does not vary from day to day and has little effect on the weather and other atmospheric processes.
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The variable components, which make up far less than 1 % of the atmosphere, greatly influence
weather and climate. Gases like water vapour, CO,, CH,4, N,O and sulphur dioxide (SO,) absorb the
infrared radiation emitted by the Earth's surface and warm the atmosphere. Without any traces of the
so-called greenhouse gases, the Earth's atmosphere would be 303 K colder, which is too cold for life to
exist on Earth. On the other hand, the increase in these gases causes global warming and affects the
global energy balance. In addition to gases, the atmosphere also contains particulate matter such as
dust and volcanic ash. These are highly variable and generally less persistent than gases. Nevertheless,
they can  sometimes remain in the atmosphere for an  extended period

(https://www.visionlearning.com/en/library/Earth-Science/6/Composition-of-Earths-

Atmosphere/107/reading).

Even though the most abundant components are relatively inert molecules like N, and O,, the
Earth's atmosphere is a relatively efficient oxidizing medium. The presence of very reactive molecules
with an unpaired electron in the outer (valence) shell, the so-called free radicals, is one of the main
reasons for this. The most important free radical in the troposphere chemistry is the OH radical, which
reacts with nearly every molecular species in the atmosphere. In addition, during the daytime, the HO,
and RO, radicals also contribute to the oxidative capacity of the atmosphere. The nitrate (NO;) radical
and OH control the oxidation processes at night-time. Although less reactive than free radicals, ozone

reacts with various compounds and participates in oxidation processes.

Table 2.1: Composition of the Earth's atmosphere (Data source: Atmospheric composition and
Vertical Structure by Thomas W. Schlatter, book: Encyclopaedia of Aerospace Engineering 2010,
chapter: Environmental Impact, Manufacturing and Operations Operational Environment).

Permanent Components Variable Components

Constituent (ﬁzizgnfs;;) Constituent (ﬁﬁrelgmri?‘)
Nitrogen (N») 780840 Water Vapour (H,0O) 0 to 40000
Oxygen (O,) 209460 Carbon dioxide (CO,) 399

Argon (Ar) 9340 Methane (CHy) 1.8

Neon (Ne) 18.18 Nitrous oxide (N,0) 0.320
Helium (He) 5.24 Ozone (0O5) 0.01 to 0.10
Hydrogen (H) 0.56 Particles (dust, soot, etc.) 0.01
Xenon (Xe) 0.09 Chlorofluorocarbons (CFC) 0.0002
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2.2 Chemical Kinetics and Photochemistry

The gas-phase reactions occur when one or more molecules are converted to other molecules
through bond breaking. For this, sufficient energy must be available to break chemical bonds. The
minimum energy necessary for a reaction to take place is called activation energy, E,. The E,
necessary for a reaction comes from either the collision of two or more gas molecules or the collision
of a photon with a molecule. The molecules undergoing the chemical conversion during the reaction
are called reactants, and the molecules produced at the end of the reaction are called products. The
resultant product may have less (exothermic reaction, Figure 2.5b) or higher (endothermic reaction,
Figure 2.5a) energy than the reactants. The energy released during an exothermic reaction is converted
to heat, kinetic energy, and/or photons. Similarly, the energy absorbed during an endothermic reaction
is given by heat, kinetic energy, and/or photons. A reaction involving two reactants and products is

denoted as:

A+B—-C+D R2.1

a)

Dinaction of resclion Direction of reaction

Figure 2.5: Potential energy surface along the reaction coordinate for an (a) endothermic and (b)
exothermic reaction.

The rate of decrease of reactants or the rate of production of products in a reaction is known as the
reaction rate. The reaction rate depends upon the rate coefficient (k) and the amount of reactant
present. So the gas phase reactions can be further classified according to the number of reactants

present as unimolecular, bimolecular, and termolecular reactions (Levine, 1995).

2.2.1 Unimolecular Reactions

The reactions involving only one reactant molecule are called unimolecular reactions. These
reactions occur when a molecule lowers its energy by undergoing bond breaking. Thermal
decomposition, cis-trans isomerization, ring-opening, and racemization are some examples of
unimolecular reactions. Since the rate at which a substance decomposes depends on its concentration,

unimolecular reactions are often first-order reactions and can be written as:

A—B R2.2
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The rate of reaction R2.2 is given by

d[A
dAl — g, [A] Eq.2.5
dt

k for a first-order reaction is given in units of s™.

A molecule might undergo a unimolecular reaction after getting excited by an incident photon
with sufficient energy denoted by hv. These types of reactions are called photolysis reactions. The

excitation of a molecule by a photon is denoted as:
AB +hv — AB’ R2.3

This excited state will result in one of the following processes:

Dissociation AB "> A+B R2.4
Direct reaction AB +C — A +BC R2.5
Luminescence AB" — AB +hv R2.6
Collisional deactivation AB'+M — AB+M" R2.7
Ionisation AB" > AB" +¢ R2.8

Photodissociation of a molecule occurs when the energy of the incident photon exceeds the
binding energy of the particular chemical bond. Thus the excited species AB” will have higher energy
than the dissociation threshold of the molecule. Then the rate of the reaction is given as:

d d d .
— 4 [AB] = —[A] = —[B] = j,3[AB] Eq.2.6
where j is the photolysis frequency expressed in units of s™. The photolysis frequency of a particular

molecule, j, over a wavelength range from A, to A,, is defined as:
= ;1 oA, T) @A, T)I(V)dA Eq.2.7

where o(A, T) is the wavelength and temperature-dependent absorption cross-section; ®(A, T) is the
wavelength and temperature-dependent quantum yield for the reaction, and I(A) is the spectral actinic

flux.

2.2.2 Bimolecular Reactions

The reactions involving the collision of two reactants are known as bimolecular reactions. The
collision produces an activated complex that decomposes rapidly to either the original reactants or the

products. An elementary bimolecular reaction can be written as:
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A+B—-C+D R2.9

for which the rate expression is given by

—S[Al = —=[B] = £[C] = = [D] = ky[A][B] Eq.2.8

A special case of bimolecular reaction is the self-reaction of a reactant:
A+A=B+C R2.10

The corresponding rate equation is:

1d d

—23 Al = S[B] = 1C] = kyo[AT? Eq.29

The k for bimolecular reactions is expressed in units of cm® molecules™ s™.

In some cases, the products of a reaction might react together to get the reactants back. These
reactions are called reversible reactions. Depending upon the physical parameters, reversible reactions
will reach an equilibrium point where the concentrations of the reactants and products will no longer
change. A reversible reaction is denoted by a double arrow pointing in both directions in a chemical

equation. For example, a two reactant, two product equation is written as:

A+BsC+D R2.11
The forward and the backward reactions can be written separately as:

A+B—->C+D R2.12
and

C+D—>A+B R2.13
After the steady-state is reached,
ka 12[A][B] = k2.15[C][D] Eq.2.10

from which an equilibrium constant, k; ;; is defined for the two-way reaction R2.11 as:

_ [c[D]
Kon [Al[B] Eq. 2.11

The equilibrium constant is a thermodynamic quantity that only depends upon the free energies of

molecules A, B, C and D.
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2.2.3 Termolecular Reactions
The reactions in which the activated complex from the collision of reactants requires the
collision with a third body M before decomposing into products are known as termolecular reactions.

An elementary termolecular reaction involves the following steps.

A+B— AB’ R2.14
AB" > A+B R2.15
AB"+M —> AB+M" R2.16

The third body, M is an inert molecule (in the atmosphere, generally N, and O,) that can remove the
excess energy from AB" and eventually dissipate it as heat. Common practice is to write the overall

reaction as:

A+B+M—- AB+Mor

M
A+B - AB R2.17

The rate of a three-body reaction is defined as the formation rate of AB by reaction R2.16 and is given

by:
%[AB] = Kka.16[AB*][M] Eq.2.12

The excited complex AB” has a very short lifetime and reacts through R2.15 or R2.16 as soon as it is
produced. Therefore, we may assume that it is in a steady-state at all times, i.e., the production of AB”

is equal to the loss of AB".
Ky 14[A][B] = ko is[AB"] + ks 1s[AB"][M] Eq.2.13

Rearranging and substituting for [AB"] in Eq. 2.12:

_4a
dt

_ _4d _4d _ Kk2.14Ka.16[A][B][M]
A= —ge[Bl = e lAB] = e Fq.2.14

The equivalence between the production of AB and losses of A and B follows from the steady-state

assumption for AB". [M] is typically taken as the number density of air molecules in the atmosphere.

Equation 2.14 is the general rate expression for a three-body reaction. There are two limits of
interest. In the low-density limit where [M] << Kk, 145/K.15 (called the low-pressure limit), Eq. 2.14

simplifies to:

—qi[Al = — G [B] = L[AB] =22 [A][B][M] Eq.2.15

K215
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In this case, the overall reaction rate depends linearly on [M]. One refers to k;, = Ky 14K216/K2.15 as
the low-pressure limit rate constant. In the high-density limit [M] >> k, 14/K, 15 (called the high-
pressure limit), Eq. 2.14 simplifies to:

d d d
—S[A] = —=[B] = < [AB] = Ky 14[A][B] Eq.2.16
The rate of AB production is limited by the production of AB" and is independent of [M]; M is in
excess to ensure that all AB” complexes stabilize to AB. Since the rate of reaction R2.14 determines
the rate of the overall reaction, one refers to R2.14 in the high-pressure limit as the rate-limiting step
for the production of AB, and ky = Kk, 14 as the high-pressure limit rate constant. Rewriting Eq. 2.14

in terms of k;, and ky makes the two limits apparent:

d _ ku[A][B][M]

d
A = —gi1e] = Glae) = RO q

dt

The rate constant of a three-body reaction is sometimes given as one of the two limits
identified by the units of k (cm® molecule™ s™ for the low-pressure limit and cm® molecule s™ for the

high-pressure limit), indicating that the appropriate limit holds.

2.3 Atmospheric Free Radicals

Typically, the fastest reactions in the troposphere involve at least one free radical species.
Many tropospheric free radical reactions have zero activation energy. Free radicals have at least one
unpaired electron. This results in having relatively high enthalpies and Gibbs free energies for them.
They are much more reactive than non-radical species whose electrons are paired. Often, species with
an odd number of electrons are free radicals, and those with an even number are non-radicals. An
important exception to this rule is atomic oxygen, which has 8 electrons but two unpaired valence
shell electrons in its "triplet" O(C’P) ground state (2s” 2p,” 2py1 2p,") and is, therefore, a free radical,
more precisely a biradical. Atomic oxygen with all electrons paired (2s* 2p,’ 2py2) is in a higher-

energy "singlet" O('D) state. It is more reactive than OCP).

Since free radicals have high enthalpies and Gibbs free energies, their formation from non-
radical species is generally endothermic; i.e. an external energy source is required to form a free

radical. In the atmosphere, this energy is generally supplied by sunlight.
non-radical + hv — radical + radical

The production of free radicals initiates radical reaction chains, which are propagated by subsequent

reactions of free radicals with non-radical species:

radical + non-radical — radical + non-radical
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A free radical and non-radical species reaction must always produce a free radical to conserve
the total odd number of electrons. The free radical produced in the atmosphere reacts with another
non-radical, propagating a chain of reactions. A non-radical species produced by a reaction involving
free radicals may subsequently photolyse to produce additional free radicals during the propagation
chain. This photolysis is called a branching reaction as it accelerates (or "branches") the chain by
increasing the pool of free radicals. Due to the critical importance of solar radiation in initiating
radical-assisted chain mechanisms in the atmosphere, these mechanisms are often referred to as

photochemical processes.

The free radicals are lost by reactions between free radicals leading to non-radical products or
on the surfaces (heterogeneous loss processes), for example, on aerosols. Termination through radical—
radical reactions is generally slower than propagation reactions because of the low concentration of
free radicals in the atmosphere. On the other hand, the heterogencous loss process depends on the
actual aerosol loading, the effective surface area, phase and compounds present in the particles, and

relative humidity.

The free radicals influence the atmospheric composition through their central function in
controlling the oxidative capacity of the atmosphere (OCA). The oxidation in the troposphere is of
crucial importance because the troposphere contains the bulk of atmospheric mass and gases that are
generally emitted at the surface. Since H. Levy II (1971) found a route for the formation of OH
radicals in the troposphere and suggested that they could be a significant sink for CO, the free radicals
have been recognised as the cleaning agents of the atmosphere. OH, by far, is the most effective
scavenger in the troposphere during the daytime. It is the primary oxidant for CO, VOCs, hydrogen
sulphide (H,S) and SO,. The oxidation of CO and VOCs by OH produces peroxy radicals, HO, and
RO,, which significantly contribute to the OCA during the daytime. HO, and RO, are very much
intertwined with OH through oxidation processes in the atmosphere, as summarised in figure 2.6.
Even though not as reactive as OH, HO, and RO, play a vital role in the photochemical formation of
oxidizing agents like ozone, peroxides and organic nitrites. This initiates the degradation and removal
of most oxidisable trace gases. The self-reaction of HO, produces hydrogen peroxide (H,0,), an
important oxidant in cloud droplets. The NO; radical takes over the role of hydroxyl and peroxy
radicals as the dominant oxidant in the atmosphere at night. NO; are mainly formed by the reaction of
NO, with O;. Due to the fast photolysis of NO; by sunlight, the concentration is negligibly small
during the daytime.

2.3.1 Peroxy Radicals

HO, and RO, participate in catalytic cycles, which produce and destroy O;_as shown in figure

2.6. The photolysis of NO, is the primary source of O; in the troposphere.
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NO —» No,

¥ et/
Heterogeneons hv Heterogeneons
losses losses

Figure 2.6: Schematic representation of reactions of relevance for the OCA involving OH and RO,
The red, blue, and green arrows indicate radical production, loss, and catalytic cycles, respectively.

NO, + hv (< 320 nm) — OCP) + NO R2.18

OCP)+0,+M — O; +M R2.19
The NO produced in R2.18 and O; produced in R2.19 reacts to produce NO, and O,.

NO + O; —» NO, + O, R2.20

These three reactions make a null cycle. The Oz budget is controlled by the additional NO, formation

and O losses through the following RO, reactions:

HO, + NO — OH + NO, R2.21
RO, + NO — RO + NO, R2.22
RO + O, — HO, + carbonyl products R2.23
HO, + O3 — OH + 20, R2.24
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OH + 03 — H02 + 02 R225

When the [NO] > 1;2.24 [03], the NO, producing reactions R2.21 and R2.22 will dominate over the O3
2.21

consuming reaction R2.24. This extra NO, produced changes the NO to NO, ratio and eventually

results in O3 production through R2.18 and R2.19. On the other hand, when [NO] < % [03], the O;

2.21

is consumed through R2.24 and R2.25.

2.3.2 Sources of RO;

The following reactions produce HO, and RO, in the troposphere and lower stratosphere:

e Oxidation of CO by OH:

OH + CO % HO, + CO, R2.26

e Oxidation of CH, by OH followed by the reaction between methyl radical and O,:
CH, + OH — CH; + H,0 R2.27
CH; +0,+M — CH;0,+M R2.28

e Oxidation aldehydes by OH. The oxidation of formaldehyde (HCHO) is given as an example:
HCHO + OH — CHO + H,0 R2.29
CHO + O, — HO, + CO R2.30

e Oxidation of peroxides by OH. The oxidation of H,0, and methyl peroxide (CH;0,H) are given

as an example:
H,0, + OH — HO, + H,O R2.31
CH302H +OH — CH302 + HzO R2.32

e Photolysis of aldehydes. The photolysis of the simplest aldehyde (HCHO) is given by:

HCHO +hv (A <340 nm) — H, + CO R2.33
H, +OH - H,O+H R2.34
H+0,+M —HO,+M R2.35
HCHO + hv (A <340 nm) — H + CHO R2.36

R2.36 is followed by R2.30.
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e Ozonolysis of alkenes. The ozonolysis of the simplest alkene (i.e., ethylene) is given by:
CH, = CH, + O; — HCHO + [H,COO]" R2.37

The HCHO produced acts as a source of HO, by R2.29 + R2.30, R2.33 + R2.34 + R2.35 and R2.36.
[HZCOO]* is called the "Criegee intermediate", which decomposes, forming H, HCHO and OH with a
total radical yield of approximately 0.45 (Atkinson and Aschmann, 1993; Paulson and Orlando et al.,

1996). The exact reaction mechanism is specific for each alkene.

e Oxidation of some organic species by NOs:
NO; +RH — HNO; +R R2.38
R+0,+M —-RO,+M R2.39

Since the NO; concentration during daytime is very low, the contribution from reactions involving

NOs is only significant at night-time.

2.3.3 Sinks of RO,

The following reactions act as a direct sink of RO,":

HO, + OH — H,0 + O, R2.40
HO, + HO, + M — H,0, + O, R2.41
HO, + CH;0, — CH;0,H + O, R2.42
CH;0, + CH;0, — 2CH;0 + H,0 R2.43

The peroxides formed through reactions R2.41 and R2.42 might undergo washout leading to
RO, loss or get oxidised by OH through R2.31 and R2.32, leading to RO," formation. The peroxides

might also undergo photolysis leading to OH and other RO, precursor formations, further producing

*

RO, .
H,0, + hv — OH + OH R2.44
CH;0,H + hv - HCHO + H + OH R2.45

The reaction of OH formed from R2.21, R2.24, and R2.44 with NO and NO, results in nitrous
acid (HONO) and nitric acid (HNO;) formation, respectively.

M
OH + NO —» HONO R2.46

M
OH + NO, —» HNO; R2.47
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The HNO; formed results in OH consumption and effectively acts as a peroxy radical sink during the
radical interconversion. In contrast, the HONO produced in R2.46 might undergo washout and

transport acting as a peroxy radical or undergo photolysis and produce OH back.
HONO + hv (A <400 nm) — OH + NO R2.48

The loss rate of HO, (Dy,e¢) through uptake on small particles (submicrometer) is described by:

ASA
Dhet = 222 [HO, ] Eq.

2.18

where o is the mean molecular speed of HO, (o = 43725 cm s ' at 298 K), ASA is the total acrosol
surface area, and vy is the aerosol uptake coefficient. Previous kinetic studies about the HO, uptake on
aerosol (Mozurkewich et al., 1987; Hanson, 1992; Gershenzon et al., 1995; Bedjanian et al., 2005;
Remorov et al., 2002; Thornton and Abbatt, 2005; Taketani et al., 2008, 2009, 2010) showed that the
uptake coefficient (y) for single-component particles depends upon the phase and relative humidity of
the particle. For particle-containing water, the reported y varies between 0.1 and 0.2 at 45 % to 75 %
relative humidity. In the case of dry particles with 20 % to 53 % relative humidity, y is < 0.01 to 0.05.
In addition, the presence of transition metal ions (Cu and Fe) in the aerosol acts as catalysts for the
heterogeneous uptake of HO, and thereby increases y (Jacob, 2000). Taketani et al., 2012, reported
measurements of HO, uptake coefficients in two sites in North China Plane with regional-scale air
pollution. The value varied between 0.09 and 0.4 depending on the components in the aerosol. In
previous studies, different values have been used for y to account for the loss of HO, through uptake

on aerosol (references herein).

2.4 Peroxy Radical Measurement Techniques

The HO, and RO, concentrations in the atmosphere are small because of their high reactivity.
Consequently, their measurement requires sensitive and accurate techniques. Except the Matrix
Isolation-Electron Spin Resonance (Mihelcic et al., 1985), the Bromide Chemical lonization Mass
Spectrometry (Veres et al., 2015) and chemical ionization—atmospheric pressure interface—time-of-
flight (CI-APi-TOF) mass spectrometry (Junninen et al., 2010; Jokinen et al., 2012; Rissanen et al.,
2014), there are no other direct measurement techniques of HO, or RO, in air. Most commonly used
are indirect methods, in which peroxy radicals are chemically converted into other molecules that can
be detected and quantified more accurately. In this section, well-established peroxy radical

measurement techniques are briefly discussed.

2.4.1 Matrix Isolation-Electron Spin Resonance (MIESR)

MIESR is the first reported technique for directly measuring peroxy radicals (Mihelcic et al.,
1985, 1990, 1993). The air samples are collected on a gold-coated cold finger kept at 77 K in a
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vacuum D,0O-ice matrix during the measurement. These samples are then analysed in laboratory
conditions using the Electron Spin Resonance (ESR) technique to obtain a spectrum due to the
unpaired electron of radicals. This spectrum is fitted with reference spectra to determine the
concentration of individual species (Mihelcic et al., 1990). NO,, NOs3;, HO,, CH;C(O)O, and the sum
of the organic peroxy radicals can be measured by this technique. MIESR enables the discrimination
of HO, from RO,. The long sampling time required, over 20-30 min, makes it unsuitable for

monitoring fast variations in the air mass.

2.4.2 Laser Induced Fluorescence (LIF)

The LIF instrument samples ambient air by expansion into a low-pressure volume, where OH
in the sampled air is detected spectroscopically by laser-excited fluorescence at 308 nm. This concept
is also known as Fluorescence Assay with Gas Expansion, FAGE (Hard et al., 1984). By adding NO in
excess to the sampled air mass, HO, is converted to OH (R2.21). Thereby the sum of OH and HO; in
the sampled air mass is measured by LIF as OH. Using two measurement channels or modes, with and
without NO, the LIF instrument can separately determine OH and HO,. The RO, radicals from
alkenes, such as isoprene and other aromatics, are partly detected in the HO, modus and might

interfere in air masses with a significant amount of biogenic VOCs (Fuchs et al. 2011).

The ROXLIF instrument reported in Fuchs et al., 2008 can measure OH, HO, (OH + HO,)
and RO, (OH+ HO, + RO +RO,) using a two-stage chemical conversion scheme at reduced pressure
with a flow reactor. For the RO, measurement, excess reagent gases (CO and NO) are added to
convert RO, into HO, in the flow reactor. The added NO converts RO, to HO,, while CO converts
HO, to HO,. For the HO, measurement, only CO is added to convert all the HO, into HO,, thus
avoiding major radical losses by OH reactions such as wall losses. This is followed by the chemical
conversion of HO, to OH in a downstream low-pressure chamber, which is measured using the LIF
technique. The OH present in the sampled air is measured in a separate channel without adding
reagent gases. This allows simultaneous measurement of OH along with alternating RO, and HO,
measurements. However, the HO, measurement might have some interference from RO,. This can be
reduced below 20 % by reducing the reaction time and/or the NO concentration in the detection cell.
This leads to a decrease in the HO, detection limit. The ROXLIF technique is very sensitive, with a
detection limit signal-to-noise ratio around 0.1 pmole mole™ of HO, or RO, at a time resolution of 1

minute.

2.4.3 Peroxy Radical Chemical Amplifier (PeRCA)

The chemical amplification technique (Cantrell and Stedman, 1982; Hastie et al., 1991) has
been used to measure the total sum of peroxy radicals, collectively known as RO,", (RO," = OH +
YRO + HO,+ ZR0O,), by the amplified conversion into NO, in a flow reactor and subsequent detection

of the NO, produced. The conversion into NO, is achieved by adding an excess amount of reagent
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gases (NO and CO) to the sampled air. Due to the low concentration of OH and RO molecules
compared to peroxy radicals in the atmosphere, the PeRCA technique gives the sum of HO, and those
RO,, which react with NO to form NO,. Larger RO,, which do not react with NO and thereby do not
contribute to the total O; budget, are not detected by the PeRCA technique. So the PeRCA
measurements give an accurate quantification of peroxy radicals which controls the O3 budget. Figure

2.7 shows a simplified illustration of the chemistry in a PeRCA flow reactor.

Figure 2.7: Simplified illustration of the amplification cycle and the main loss reactions of PeRCA.
The reagent gases are marked with green background. The radical amplification and loss reactions are
indicated with green and blue arrows, respectively. The grey colour indicates other important reactions
taking place inside the reactor.

The NO, reaching the detector connected to a PeRCA flow reactor is the sum of the
background NO, and the amplified amount of NO, produced from RO," in the sampled air. The
background NO, is the sum of ambient NO, in the sampled air, NO, produced from the reaction of
ambient O; with the reagent gas NO (R2.20), and NO, produced from the thermal decomposition of
peroxy nitrates (e.g. PAN), and peroxynitric acid (PPN) in the flow reactor. Accurate measurement of
the background NO, is necessary to discriminate the NO, produced from the amplified conversion.
The background NO, is measured by adding N, to the flow reactor instead of CO to suppress the chain
mechanism. By considering this, the RO, is calculated from the difference in NO, (ANO,)
concentration in the sample flow after passing through the flow reactors with and without the
amplification, i.e., with and without the addition of CO. The amount of RO, from a PeRCA system is
given by:

A[NO,]

[ROz]1=="

Eq.2.19

Where eCL is the conversion factor of RO, into NO,, known as effective chain length.

Since the rate of chain propagation reaction (R2.26) is directly proportional to the amount of
reagent gas CO, the eCL increases with the amount of CO added to the reactor (Ashbourn et al., 1998;
Reichert et al., 2003; Sadanaga et al., 2004). Unlike CO, NO participates in both the chain carrier
(R2.21) and chain termination (R2.46) reactions (Hastie et al., 1991; Mihele et al., 1999). These NO
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reactions determine the eCL at different NO concentrations added to the sample flow for a constant
CO concentration. The rate of titration of the sampled O; by NO to form NO, also depends on the
concentration of NO and the time for reaction before reaching the detector. The eCL is also affected
by the sample flow velocity due to the wall losses at the inlet before the addition of CO. This wall loss
is directly proportional to the residence time and increases with decreasing sample flow velocity.
Several studies have shown that the eCL of a PeRCA reactor decreases with inlet humidity (Mihele
and Hastie, 1998; Mihele et al., 1999). It has been partially characterised by Stobener, 1999; Reichert,
2000; Burkert et al., 2001; Salisbury et al., 2002. Reichert et al. (2003) conducted experimental studies
and numerical simulations to accurately define the main processes involved and postulated this as the
effect of HO, water clusters formation acting as an extra loss process by reducing the HO, — NO

(R2.21) reaction.

To account for the fast variations of RO, and background NO, during ambient measurements,
continuous monitoring of both amplified and background NO, signals is necessary. This can be

achieved by different reactor-detector configurations:

i) a single flow reactor — single detector combination, where the reagent gas flows into the inlet are
alternated periodically between NO + N, the so-called 'background mode', and NO + CO, the so-
called 'amplification mode', which suppresses or allow the chain mechanism respectively. This
method has been successfully demonstrated in many previous studies (Cantrell et al., 1984; Hastie et
al., 1991; Cantrell et al., 1993, Carslaw et al., 1997; Penkett et al., 1997; Andrés Hernandez et al.,
2001; Burkert et al., 2001a, b; Burkert et al., 2003; Green et al., 2002; Li et al., 2009, Liu et al.,
2009). This technique cannot account for the background variations during the amplification mode
and the RO, variations during the background mode. This increases the uncertainty in the retrieved

RO,". The uncertainty can be reduced by reducing the time in each mode.

i) a two flow reactor — single detector combination, where one reactor works in amplification mode
and the second one in background mode. The reactor connected to the detector is alternated
periodically to account for the background variations (Cantrell et al., 1996; Sadanaga et al., 2004;
Miyazaki et al., 2010). This method monitors background variations much more efficiently than a
single reactor — single detector method. Still, fast variations of O3 and NO, in the sampled air mass

will increase the uncertainty of the retrieved data set (Cantrell et al., 1996).

iii) a two flow reactors — two detector combination, where one reactor — detector line is working in
amplification mode and the second reactor detector line is working in the background mode
continuously (Cantrell et al., 1996; Liu et al., 2014; Chen et al., 2016). This method offers the
possibility to retrieve RO, at the exact resolution as the NO, measurement. The continuous
background and amplification mode monitoring accurately discriminates NO, produced from the

amplified conversion during any background variations. Since the amplified NO, signal from one
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detector is compared with the background NO, from another detector, the quality of the retrieved
ANO, and thereby of the RO," data mainly depends on the measurement accuracy and the variations
in sensitivity to NO, from each detector. So, any malfunction present only in one detector increases

the error in the retrieved RO, .

iv) a two flow reactor — two detector combination, where both reactors alternate between amplification
and background mode out of phase to one another. Thus, during the first part of the measurement
cycle, the first reactor and detector are in amplification mode, while the second reactor and detector
are in background mode. In the second part of the cycle, the first reactor and detector are in
background mode, while the second reactor detector are in amplification mode (Green et al., 2006;
Fleming et al., 2006a, b, Kartal et al., 2010; Horstjann et al., 2014; Wood et al., 2014; George et al.
2020). This method continuously measures the amplification and background modes while reducing

all the uncertainties arising from differences in the measurement channels.

Over the years, several techniques have been reported for the accurate detection of NO,

produced in a chemical amplifier.

i) Chemiluminescence: The NO, is measured using the chemiluminescence reaction between NO, and
a luminol solution (3-aminophthalhydrazide: CgH;N;0,) (Cantrell et al., 1984; Hastie et al., 1991;
Cantrell et al., 1993, Carslaw et al., 1997; Penkett et al., 1997; Andrés Hernandez et al., 2001;
Burkert et al., 2001a, b; Burkert et al., 2003; Green et al., 2002, 2006; Fleming et al. a, b, 2006; Li et
al., 2009; Kartal et al, 2010). The photons produced are measured using a
photodiode/photomultiplier tube from which the actual number concentration of NO, is calculated.
The luminol detector sensitivity reduces with increasing NO. The response of the detector changes
depending upon the amount of reagent gas NO added to the inlet. To account for this, the luminol
detector requires an additional NO, offset to assure its linear response, especially at low ambient O;
concentrations (Clemitshaw et al., 1997). The luminol based detectors also have interferences for
impurities like Ni(CO), and Fe(CO); in the reagent gas CO stored in nickel coated iron cylinders. In
addition, the luminol-based instruments are prone to instrumental drift, which increases the necessity

for periodic calibration of the NO, detector sensitivity.

i1) Laser Induced Fluorescence: The NO, detection is based on the fluorescence of excited NO,
(Sadanaga et al., 2004; Miyazaki et al., 2008; Miyazaki et al., 2010). A second harmonic of the solid-
state pulsed Nd:YAG laser is used as a light source for NO, excitation. The photons produced in the
fluorescence decay are used to calculate the actual number concentration of NO,. Fluorescence
quenching and the collision quenching of the excited NO, molecules might reduce the accuracy of
the measurements (Sadanaga et al., 2004; Miyazaki et al., 2008). In addition, accurate knowledge of
the Nd:YAG laser power is necessary to correct the variations in the fluorescence due to laser power

drift.
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ii1) Cavity Ring-Down Spectroscopy: In CRDS (O'Keefe and Deacon, 1988; Atkinson, 2003; Brown,
2003; Berden and Engel, 2010 and references herein), the time decay of the intensity of
monochromatic electromagnetic radiation trapped inside a low-loss high finesse optical cavity
defined by two or more high reflective mirrors (R > 99.99 %) is measured. The concentration of NO,
is calculated from the decay times of the light pulse to 1/e™ of its initial value, the so-called ring-
down time, for a resonator containing (T) or not containing (ty) NO,. Since the actual laser intensity
is not necessary to determine NO,, this technique is inherently independent of source power
fluctuations. The drift in Ty manly due to changes in the cavity finesse and temperature might add

uncertainties to the NO, measurement.

iv) Cavity Phase Shift Spectroscopy (CAPS): This technique also makes use of a low-loss high finesse
optical cavity defined by two or more high reflective mirrors (Herbelin et al., 1980; Engeln et al.,
1996; Kebabian et al., 2005 and references herein). The concentration of NO, is calculated from the
phase shift difference of the electromagnetic radiation reaching the detector from a resonator coupled
with a square or a sine wave modulated continuous light source containing (vy) or not containing

(1) NO..

v) Incoherent Broad Band Cavity Enhanced Spectroscopy (IBBCAS): A high-finesse optical cavity is
coupled with a broadband incoherent light source, enabling high-sensitivity measurement of
multispecies. The NO, molecules are identified by applying a Differential Optical Absorption
Spectroscopy (DOAS) type data processing algorithm to the measured broadband absorption spectra
(Fiedler et al., 2003; Langride et al., 2006; Varma et al., 2009; Thalman et al., 2010 and references

herein)

2.4.4 Peroxy Radical Chemical Ionization Mass Spectrometry (PerCIMS)

In the PerCIMS method (Cantrell et al., 2003, Edwards et al., 2003), also known as ROxMas
(ROx Chemical Conversion/Chemical lonisation Mass Spectrometry) (Reiner et al., 1997; Hanke et
al., 2002), the peroxy radicals in the sampled air mass are chemically amplified and converted into
H,SO,4 by replacing CO with SO, as a reagent in a PeRCA flow reactor. The H,SO, formed is
converted into HSO, ion by adding NO3 (nitrate ion), which is subsequently detected by mass

spectrometry. Figure 2.8 shows the conversion reaction in a PerCIMS instrument.

Separate measurement of HO, and HO, + > RO, is achieved by varying the concentration of
NO relative to O, to favour or suppress the RO conversion to HO, (Edwards et al., 2003; Hornbrook et
al., 2011).
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Figure 2.8: Simplified illustration of the conversion mechanism of simple organic peroxy radicals,
RO, to HO, in a PerCIMS flow reactor (Figure source: Hanke et al., 2002).

2.4.5 Ethane Chemical Amplifier (ECHAMP)

Wood et al. (2017) introduced a new chemical amplifier, Ethane CHemical AMPIlifier
(ECHAMP), that uses ethane (C,Hj) rather than CO to convert RO, to NO,. The net amplification
cycle in an ECHAMP flow reactor is given by:

C,Hg¢ + 20, + 2NO,; — CH;CHO + H,0 + 2NO, R2.49

The replacement of the toxic reagent CO with C,Hs reduces the risk and simplifies the safety
requirements of the chemical amplifier. The amplification factor of ECHAMP is almost seven times
lower than that of the CO-based amplifiers under dry conditions. The difference decreases as the

relative humidity increases (Wood et al., 2017).

2.4.6 Bromide Chemical Ionization Mass Spectrometry (Br-CIMS)

To overcome the limitations of indirect measurement techniques, Veres et al. (2015)
developed a relatively new approach for direct detection of HO, radicals by a CIMS instrument using
iodide as the primary ion. Sanchez et al. (2016) proposed for the first time the use of Br~ (Br-CIMS)
and showed that the most promising ionization technique is detecting the bromide cluster. In this
method, the sampled air is mixed with a Br~ reagent, which results in the Br~(HO,) adduct
formation. The subsequent detection of Br~(HO,) adduct is achieved by a high-resolution time-of-

flight chemical ionization mass spectrometer (HR-ToF-CIMS) and a quadrupole CIMS. Even though
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the technique shows no significant interference from NO,, HCHO, SO,, or O; in the sampled air, the

temperature and humidity dependence might increase the uncertainty of the measurements.

In a further study, Albrecht et al. (2019) compared the measurement of the Br-CIMS
technique with the LIF measurements in controlled atmospheric chamber experiments. A good
agreement between these two techniques was observed except for measurement under a high amount
of some VOCs loading. Further experiment and characterization are still required to fully quantify the

interferences before using this technique for field measurements.

2.4.6 Chemical lonization—Atmospheric Pressure interface—Time-of-Flight Mass

Spectrometry (CI-APi-ToF MS)

Recent developments in mass spectrometry have improved the resolution and sensitivity of
mass spectrometers, facilitating the measurement of low concentrations of atmospheric OVOCs
(Junninen et al., 2010; Jokinen et al., 2012; Rissanen et al., 2014). CI-APi-ToF MS consists of a
chemical ionisation (CI) system, and a time-of-flight mass spectrometer (ToF) coupled to an
atmospheric pressure interface (APi). The ionisation of the sample gas occurs in the Cl-system at
ambient pressure through proton transfer with the nitrate (NO; ), acetate (CH3COO ), lactate
(CH3CH(OH)COO ') or pyruvate (CH3C(O)COO") ions (Berndt et al., 2016). APi guides the
chemically ionised sample gas into the ToF mass spectrometer, where they are separated according to
their mass to charge ratio (m/z). Berndt et al., 2016 showed that when acetate (CH;COO ), lactate
(CH3CH(OH)COOQO") and pyruvate (CH3C(O)COQ") ions are used for the chemical ionisation, RO,
produced from the ozonolysis and oxidation of a-pinene and p-pinene can be measured using a CI-

APi-ToF MS.

2.5 PeRCEAS Instrument

The PeRCEAS instrument, which combines the PeRCA and the CRDS techniques in a dual-
channel instrument to measure ROz*, has been used to acquire all the RO, data analysed in this work.
The core of the PeRCEAS airborne instrument (Figure 2.9) are the DUal channel Airborne peroxy
radical Chemical Amplifier (DUALER) inlet installed inside a pylon, located on the outside of the
HALO fuselage, and two CRDS NO, detectors mounted in a rack inside the cabin. The prototype was
reported in Hortsjann et al. (2014), and further optimization and characterization in the laboratory for

airborne measurements made during this research are presented in George et al. (2020).
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Figure 2.9: Schematic diagram of the PE(RCEAS instrument. MFC: mass flow controllers, PR: pressure
regulator, P: Pressure sensor, T/RH: Temperature and relative humidity sensor, NO/N,: a mixture of
NO in N,, and SA: synthetic air.

2.5.1 DUALER Inlet
The DUALER inlet consists of one pre-chamber and two PeRCA flow reactors (Figure 2.10).

The pre-chamber is necessary to keep the pressure inside the flow reactor constant during airborne
measurements to preserve the chemical conversion irrespective of outside pressure. As mentioned in
section 2.4.3, in the flow reactors, RO,  in the sampled air is converted into an amplified amount of

NO; in the presence of the excess reagent gases NO and CO.

In the DUALER, the sampled air enters the pre-chamber, which is at a lower pressure than
outside, through an orifice in a truncated cone, i.e. a nozzle. The temperature, pressure and relative
humidity of the sample are measured at the pre-chamber. The air is pumped through the two flow
reactors and a bypass line from the pre-chamber. A mixture of CO or N, and NO are added at the
upper addition point in the flow reactors. At the lower addition point, a flow of N, or CO is added to
each reactor. The two flow reactors work in alternating measurement modes (amplification and
background modes) out of phase with one another. Four three-way solenoidal valves (Type QE 622,
operation range 0-1 bar, Staiger GmbH) allow the CO/N, flows to be switched simultaneously but out
of phase with one another from the upper to the lower or lower to upper addition point for each
reactor. The reagent gases enter the reactor through eight circular distributed 1 mm holes. This results

in rapid mixing of the sampled air and reagent gases. The flows from each reactor pass through a 5 pm
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PTFE membrane filter (Whatman™, GE Healthcare Life Sciences) and enter separate CRDS NO,

detectors.

Reactor 2

Reactor 1

-

additien point

Figure 2.10: Schematic drawing of the DUALER inlet. P: Pressure sensor, T/RH: Temperature and
relative humidity sensor.

Two versions of DUALER, i.e., DUALER I and DUALER 1I, were designed, built and
calibrated at [UP-UB. After the first field deployment of DUALER I, the inner dimensions of the pre-
chamber were further optimised to reduce wall losses and turbulence in the pre-chamber, and
DUALER II was designed. In DUALER II, the volume of the pre-chamber was increased by
extending its vertical extent, and the length of the truncated cone on top of the reactors was reduced by
3 mm. In addition, the volume of the reactors was increased to 130.5 ml from the 112 ml in DUALER
I. These changes resulted in a higher eCL and improved pressure stability during the flight in
DUALER 1II as compared to DUALER 1. Figure 2.11 shows the upper part of both DUALER I and
DUALER II.

. N
\\ €——— Pre-chamber ——>

b L Bypass lines

Reactor 1

(—’7 Reactor 2

DUALERI DUALER II

Figure 2.11: Graphical 3D representation of the upper part of the DUALER I and DUALER II inlets.
Pre-chamber volume DUALER I = 75.25 cm’; reactor volume DUALER I = 112 cm’; pre-chamber
volume DUALER 1T = 119.57 cm’; reactor volume DUALER I = 130.5 cm’.

2.5.2 NO, Detector

The CRDS based detectors measure the time decay of the electromagnetic radiation trapped

inside an optical cavity. Provided that dominant light extinction in the cavity at the operating
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wavelength is from NO,, the [NO,] is determined from the time decay using Eq. 2.20 (O’Keefe and
Deacon, 1988; Atkinson, 2003; Brown, 2003; Berden and Engel, 2010).

1 1
ONO, [NOZ] = aNO, = Ci (— - —) Eq 2.20

o \T To

where oy, is the wavelength-dependent absorption cross-section of NO,, ayg, the absorbance, n the
refractive index of air, ¢y the speed of light in vacuum, t the ring-down time in the presence of NO, in
the optical cavity and T, the ring-down time without NO,. The A[NO,] in PeRCEAS is calculated
from the difference in the ring-down times of the background and amplification modes of operation by
substituting and rearranging equation Eq. 2.20. If t, and the total scattering do not change
substantially during two consecutive sampling modes, then:

Ono, A[NO;] = Aa=a; —a; = l(l — l) Eq.2.21

Co \T2 T1

where a; and a,are the absorbance during background and amplification modes of operation, t; and

T, are the ring-down time during background and amplification modes.

As shown in Figure 2.12, the NO, detector houses a 100 mW continuous wave multimode
diode laser (Stradus 405, wavelength ~ 408 nm, max output power 100 mW, Vortran Laser
Technology Inc.). The laser is aligned to a V-shape cavity using two motorised alignment mirrors
(0.5" aluminium mirrors, Thorlabs BB05-E02, mounted on Newport 8885 Picomotor Actuated Pint-
Sized Center Mounts). These mirrors enable the correction of any misalignment of the optical
elements with respect to the optical cavity. The misalignments generally arise from vibration or
mechanical shocks during transport, installation or in-flight measurement. Three glued-in highly
reflective mirrors (reflectivity, R = 99.995%, diameter, d = 0.5", the radius of curvature, roc = 100 cm,
AT Films, USA) on the side of a Teflon coated aluminium cuboid form the V-shape cavity of 100 cm’
volume. The cavity is fixed to the 19" outer case by steel springs to reduce mechanical vibrations. All
the optical elements are fixed to the cavity to make the entire optical system vibration-free. Two
vacuum-sealed cleaning windows are situated on the top part of the cavity, which are opened to clean
the high reflective mirrors. The output from the two back mirrors of the optical cavity is directed
towards a Silicon (Si) photodiode detector (type HCA-S, bandwidth 2 MHz, gain 5 x 105 VA™!, Femto
Messtechnik GmbH) using two fixed 0.5" front silvered aluminium mirrors and one motorised 1"
front silvered aluminium mirror. A 9:1 beam splitter is used to reflect 10 % of the resonator output
towards a beam camera (BM-USB-SP907-OSI, Ophir Spiricon Europe GmbH) to monitor the beam
profile during alignment procedures and for test purposes. This simplifies the identification of
misalignments or loss of performance of the optical system. The laser diode is temperature stabilised
at 303 K by an in-built Peltier element. The laser base plate is kept at 298 K using an external Peltier
element (type CP-031, Te Technology Inc.) to improve the efficiency of the in-built Peltier element in
the laser. The laser output is modulated using a TTL switch-off signal generator (designed and built by
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Stachl Elektronik GmbH). The switch-off signal is generated when the cavity output measured by the

photodiode reaches 100 mV. Under normal working conditions, the laser modulation frequency is
between 650 and 800 Hz.

The gas flow from each of the DUALER reactors enters the corresponding optical cavity
through the centre, exits at both ends through NPT-threaded connections and then passes through the
pressure (HCX Series, Sensortechnics GmbH), temperature (AD22100, Analog Devices, Inc), relative
humidity (HIH-4000-001, Honeywell Sensing and Control) sensors and a flow meter (mass flow

controller, Bronkhorst”™) placed inside the 19" detector case.

The 19" outer case also houses a temperature sensor to measure the temperature inside the
case, a DAQ (data acquisition) distribution board (BNC-2110, National Instruments), a power supply
distribution board, two fans, necessary cables and gas flow components. Three identical
interchangeable detectors (hereafter named Abbé: AB; Fraunhofer: FH; and Fresnel: FR) have been
constructed and characterised at the [UP-UB, of which two are always simultaneously deployed in
measurement campaigns. During the measurement, each DUALER reactor is connected to a specific
detector. From here onwards, the combination of reactor 1 with the corresponding detector is called

system 1, and the combination of reactor 2 with the corresponding detector is called system 2.
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Figure 2.12: Schematic of a PeBRCEAS NO, detector. MFC: mass flow controllers, P: Pressure sensor,
T: Temperature sensor, RH: relative humidity sensor, DAQ: data acquisition distribution board.
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2.5.3 Airborne Configuration on HALO

The two NO, detectors are mounted in the customised HALO 19" rack (outer dimension 170
cm X 65 cm % 55 cm; total mounted weight 118 kg), shown in figure 2.13. The rack also contains the
main power supply distribution, a 15" touch screen monitor (VISAM GmbH), an electronic
distribution unit (designed and built by Stachl Elektronik GmbH), a PXI-8840 computer (processor
intel 17-5700EQ @ 2.60 GHz processor; 8 GB RAM; 500 GB SSD hard drive, National Instruments),
a picomotor controller, two Peltier temperature controllers (type MPT 10000, Wavelength
Electronics), one pressure and ten mass flow controllers (Bronkhorst GmbH), necessary gas
connections, tubing and electrical connections. The bottom of the rack holds a drawer (figure 2.14)
which houses a 0.5 L 5000 pmole mole” NO in N, gas cylinder, the corresponding pressure regulator

and a NO, scrubber (Iron2+ sulfate heptahydrate, i.e., FeSO, 7H,0, Honeywell).

a) ,_ b)  DUALER Inlet

Detector

Figure 2.13: a) PeRCEAS main rack, b) DUALER inlet mounted on the HALO fuselage, and ¢) CRDS

detector.
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Figure 2.14: Detail of the Gas Bottle Drawer located at the bottom of the PeERCEAS rack.

The DUALER inlet is connected to the main rack through an aperture plate. The pressure in
the DUALER inlet, reagents and sample gas flows are controlled by Bronkhorst pressure regulators
and mass flow controllers situated in the main rack. These pressure regulators and mass flow
controllers, in turn, are controlled by the PXI computer through serial com port communication. The
photodetector signal and the laser modulation pulse from both detectors are measured at 1 M samples
s using separate PXI-6132 cards. All other sensor data such as pressure, temperature and humidity
are measured with one PXI-6129 DAQ card at 1 sample s'. A custom-built LabVIEW program
controls, displays and saves all the measurements. The program calculates the real-time ring-down
time in 1 Hz from the individual ring-down times averaged over one second. Generally, the individual
ring-down times are deleted after averaging, except in the case of sensitivity studies. Thus, the

measurement of NO, is typically made at 1 Hz.

After the NO, detectors, the sampled air passes through a NO, scrubber, i.e., activated
charcoal pellets to adsorb NO, (Donau Carbon GmbH), and a CO scrubber filled with Pt/Al pellets
heated to a temperature above 373 K for the conversion of CO into CO, (figure 2.15). After scrubbing,
the air is exhausted to the main aircraft exhaust through the scroll pump (Scrollvac SC 30 D, Oerlikon
Leybold Vakuum), which is also used for air sampling in PeRCEAS. Due to the space and weight
limitation of the main rack, the scrubber unit is placed in a separate rack near the Pe(RCEAS main
rack. The scroll pump is directly mounted on the aircraft floor. A check valve (Swagelok) is installed
between the pump and the aircraft exhaust to prevent the flow of exhaust air into PeRCEAS in case of

any malfunction.
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Figure 2.15: Details of the PeRCEAS peripherals: a) gas scrubber unit; b) scroll pump.

The N, gas required for the PEBRCEAS operation is supplied from a 10 L N, gas cylinder
(99.99% N,, Air Liquide) placed in a separate rack. Additionally, a 10 L synthetic air cylinder (20.5%

0O, in Ny, Air Liquide) is also placed in this rack and connected to PeERCEAS for Ty measurements.

CO is a toxic and flammable gas with a lower explosive limit (LEL) in the air of 12.5% v v''
at room temperature and atmospheric pressure (Zabetakis, 1965). LEL is the minimum concentration
necessary to support the gas combustion along with an ignition source such as a spark or flame.
Therefore the CO necessary for the operation of PeRCEAS is supplied from a 2 L CO bottle (Air
Liquide) placed inside a vacuum-sealed secondary containment, the so-called GSBX
(Gassicherheitsbehélter). The GSBX is certified to carry dangerous gases onboard HALO and is
equipped with the following elements (figure 2.16):

i) Pressure reducers to keep the pressure in the CO gas lines at 1.8 bar.

i) Solenoidal valves to cut off the CO flow in the case of emergency.

iii) Manometers to identify pressure changes inside the GSBX due to CO leaks.

iv) A safety valve to release CO to the aircraft exhaust in the case of a leak inside the GSBX.
v) Critical orifices to limit the flow towards PeRCEAS to 120 ml min™.

vi) A mechanical valve to close the CO cylinder entirely without opening the GSBX.

vii) An electronic interface for remote monitoring and operation.

The GSBX is installed in the same rack as the scrubber unit. In addition to storing the CO
cylinder inside GSBX, the safety concept onboard includes five CO sensors placed at different
positions in the aircraft cabin to identify CO leaks and a CO flow cut-off switch in the cockpit for the
pilots.
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1‘4;

Figure 2.16: HALO GSBX secondary containment: a) front view; b) top view of the internal parts; c)
detail of burst valve and exhaust pipes in the back; d) top view with the vacuum-sealed container.
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Experimental Studies

The laboratory characterisation and optimisation of the PeRCEAS instrument and airborne

measurements conducted during this doctoral study are presented in this chapter. The chapter
describes a series of laboratory experiments carried out to characterise the PEBRCEAS instrument under
airborne measurement conditions and the critical parameters influencing PeRCEAS measurements.
The chapter also discusses the capability of PeRCEAS to retrieve RO, during rapid background
changes and the sensitivity of the measurements based on laboratory studies. The results from these
laboratory studies are published in George et al., 2020. These laboratory studies enhanced the
interpretation of the field measurements carried out during the international airborne campaigns:
OMO-Asia and EMeRGe in Europe and Asia. The chapter ends with a detailed overview of these

three measurement campaigns.

3.1 Laboratory Characterisation

The optimal PeRCEAS operating conditions for different expected airborne scenarios were
determined through thorough laboratory characterisation during this study. In addition, pre and post-
campaign laboratory characterisations were made to check and quantify changes in eCL and the NO,
sensitivity of the detector. The post-campaign study also focused on calibrations under the unique
measurement conditions encountered during the campaigns. This section gives an insight into the
laboratory calibrations, the inflight performances, and the critical parameters influencing PeRCEAS

measurements.

3.1.1 NO, Detector

Provided that the NO, absorption is the dominant process leading to light extinction at ~ 408
nm in the optical cavity of each detector, the absorption coefficient can be calculated from Eq. 2.20.
Under stable measurement conditions, only oyg,, T and Ty might differ from one detector to another
due to differences in the laser emission spectrum, mirror reflectivity and alignment of the optical

cavity.

The effective oyg, for each PeRCEAS NO, detector has been determined by using the
convolution of the oy, from Vandaele et al. (2002) with the normalised laser spectra from each

corresponding detector. The values obtained have been verified by regular sampling of known NO,

mixtures in synthetic air (SA).
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The PeRCEAS lasers are kept at the maximum 100 mW power to achieve the best Gaussian
profile for the emission and are digitally modulated during operation. The laser emission spectrum is
measured periodically in the laboratory using a calibrated spectrometer (AvaSpec-ULS2048x64; 295-
535 nm grating; 0.132 nm resolution) to verify the long-term spectral stability. The comparison of
spectra obtained for the three PeRCEAS detectors together with the high-resolution NO, spectrum
reported by Vandaele et al. (2002) is shown in Figure 3.1.

By integrating oo, under the normalised laser spectrum, the effective oyg, are calculated to

be 6.0 £ 0.3 x 107, 6.3 £ 0.3 x 10" and 6.4 + 0.3 x 10"” cm’ molecule” for AB, FH, and FR
detectors, respectively. The errors are calculated from the 2¢ variation of 1 hour average spectrum of

laser emission measured at 10 Hz and the error reported for the high-resolution NO, spectra.

In addition, the effective oyg, is also calculated by sampling known mixtures of NO, from
commercial gas cylinders (Air Liquide, 9.89 + 0.2 pmole mole’ NO, in SA) under controlled
laboratory conditions, as shown in figure 3.2. According to Eq. 3.1, the effective oyp, is 1/c, times

the slope of the 1/t versus the [NO,] plot.

Eq. 3.1

o]

-

wn
ono, (X 10719 ¢m? molecule'l)

(=]

4
3
2
001....!-'. "lool'ﬂl
406.0 406.5 407.0 4075 4080 4085 4090 409.5 410.0 410.5

Wavelength (nm)

Figure 3.1: Emission spectrum of the lasers used by the three PeBRCEAS detectors (large dots) AB:
Abbé (red); FH: Fraunhofer (blue); and FR: Fresnel (green). The high resolution oyg, at 294 K from
Vandaele et al. (2002) is also depicted for comparison (small dots).
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Figure 3.2: PeRCEAS measurement of known NO, mixing ratios in SA using the FH detector at 200
hPa and 500 ml min" sample flow. The blue dots show the sampled NO, mixing ratio, and the red
show the corresponding ring-down time measured.

The result of applying Eq. 3.1 to the Pe(RCEAS detectors at 200 hPa is depicted in figure 3.3.
The obtained effective onp, agrees within 5 % to the values derived by integrating oyg,under the
normalised laser spectrum as described above. The y-intercept in figure 3.3 corresponds to 1/1,
values which are different for each detector. These variations are attributed to slight differences in the
mirror reflectivity and the overall alignment of the optical cavities. Under laboratory conditions T, is

not expected to vary significantly for a particular detector.
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Figure 3.3: Effective absorption cross-section, oyg,, obtained from NO, calibrations carried out at 200

hPa detector pressure for the PeRCEAS detectors: AB (red), FH (blue) and FR (green). The
corresponding linear fits are also depicted as dashed lines.

An Allan variance (Allan, 1966; Werle et al., 1993) study has been applied to the ring-down
time of each detector to estimate the limit of detection. Given a time series of N elements and a total
measurement time of t,q = foq * N, where f,, is the frequency of acquisition, the Allan variance is

defined as:

64(1) = 2{((Kier — X2 x Eq.32
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where x; is the mean over a time interval of length T = f,;; X m; and m is the number of elements in a
selected interval. The use of (... ) denotes the arithmetic mean. The square root of the Allan variance is
the Allan deviation. The Allan deviation for any given integration time determines the limit of
detection (LOD) for random noise. The Allan variance plot of PeRCEAS detectors when measuring
5.6 nmole mole’ NO, at 200 hPa and 296 K is shown in Figure 3.4. As can be seen, the optimal
averaging time for the three Pe(RCEAS detectors is in the range of 20 s to 50 s. The minimum (20)
detectable NO, mixing ratio is < 40 pmole mole™ for FH and FR (1.96 x10® molecules cm™ for these
measurement conditions) and < 60 pmole mole™ (3.153 x10® molecules cm ™ for these measurement
conditions) for AB. The LOD for NO, (LODyy,) is therefore estimated to be 60 pmole mole™. Slow
temperature drifts over longer averaging times impact both the laser and the resonator characteristics.
This behaviour is observed for averaging times longer than 60 s, as indicated by the increase in the

Allan variance.

T (ns)

Allan variance, 62 (pmole? mole™?)

20 0 40 50 60 7058090 E H 56 g 30 40 30 60 708090

Integration time (s) Integration time (s)

Figure 3.4: Allan variance analysis of PERCEAS measurements: a) 40 minutes of data from detector
FH used for the calculations, b) Allan variance, and ¢) Allan deviation when 5.6 nmole mole™ of NO, at
200 hPa and 296 K is sampled by the PeRCEAS detectors: AB (red), FH (blue), and FR (green). The
theoretical behaviour of random noise and slow drifts are also shown by the solid and dashed lines,
respectively.

In addition to random noise, systematic noise in the measurement arises from the instability of
the laser and or that of the detector response over the modulation time. This is decisive for the overall
accuracy of the RO, determination. As mentioned in section 2.5.2, the ANO, concentrations are

calculated from the detector signals using Eq. 2.21. This assumes that the variation of T, has a

negligible impact over two consecutive sampling modes.

Temperature changes of the detector affect (i) the laser emission, both its amplitude and
wavelength, and (ii) the mode matching between laser and detector, and consequently t,. The effect of
variations in t resulting from changes in room or HALO cabin air temperatures on the accuracy and

precision of ANO, determination was investigated through a series of laboratory experiments. For this,
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modulated concentrations of NO, in the sample flow were generated by alternating between two
selected NO, concentrations once per minute. The temperature of the CRDS detector (T) and t were
then measured. Temperature gradients over a time t, i.e. AT/At, were induced by controlled changes in
the room temperature. The detector temperature was measured by using a temperature sensor within
the detector housing close to the photodiode. Figure 3.5 shows the effect of introducing temperature
perturbations in a modulated NO, signal between 11.5 and 12.1 nmole mole™ measured at 200 hPa and
296 K. As seen in the figure, the temperature perturbation affects both the precision and accuracy of
the retrieved ANO,. For temperature gradients up to AT/At ~7 K h™' the experimental precision of the

ANO, determination (26) remains within 150 pmole mole™ (7.3 x 10® molecules cm > at 200 hPa and

296 K).
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Figure 3.5: Effect of varying room temperature on the ring-down time T and the ANO, accuracy. Panel
(a): detector temperature, (b): T for a modulated NO, flow and the corresponding NO, mixing ratios,
and (c): ratio of the measured to the set ANO,. The error bars in panel (c) are estimates of the total
uncertainty of the retrieved ANO,. The inset in panel (b) magnifies three modulation cycles. The first
20 s of the signal after a change in the NO, mixing ratio are not used in the analysis to avoid the

transition time between stable mixing ratios.

3.1.2 DUALER Inlet

The eCL of a PeRCA reactor depends on the physical and chemical losses of RO, in the inlet,
defined by the measurement conditions such as the inner surface of the flow reactor, the amount of
reagent gases added, the temperature, pressure, and water number concentration. Accurate knowledge
of the eCL of each particular reactor under specific measurement conditions is necessary for the
retrieval of RO," from ANO, using Eq. 2.19. This is achieved in the laboratory by using a modified
version of the RO," source (Figure 3.6) reported by Reichert et al. (2003) and Kartal et al. (2010).
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The RO, are produced using water photolysis (Schultz et al., 1995), as described by Reichert
et al. (2003). For PeRCEAS, the flow reactor providing a known amount of HO, or RO, is placed
inside a pressure chamber, having a vacuum-sealed connection to the DUALER inlet (Figure 3.7). The
photolysis of H,O leads to an OH and a hydrogen (H) atom (R3.1). The hydrogen atom formed reacts
with O, in a three-body reaction to make HO, (R2.37). The addition of CO is used to convert OH to
HO, through R2.28. Alternatively, the addition of a hydrocarbon (RH) leads to the production of RO,
through reactions R2.29 and R2.30.

RO N, N0
+—cCo
—sA ¥4

Hg-Lamp

Cylindrical lense

Shutters

Quartz-Glass

Absorption cell

Interference filter Photolysis zone

Photomultiplier

Figure 3.6: Schematic of the RO, " source (Figure source: Kartal, 2009).

Figure 3.7: DUALER laboratory calibration setup: a) RO," source inside the pressure chamber, b)
zoomed-in view of the RO," source, and ¢) DUALER connected to the RO, " source inside the pressure
chamber.
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H,O + hv (A = 184.9 nm) — H + OH R3.1

For the HO, configuration, the HO, concentrations are calculated using the following equation:

184.9nm

[HO,] = —20 — x 200 10,1 Eq.3.3
00, [02]

The value for the absorption cross-section of H,O at 184.9 nm, Gﬁi%gnm =7.14 £ 02 x 10% cm?
molecules™ is taken from Cantrell et al. (1997) and Hofzumahaus et al. (1997). The O, effective cross-

section G%)it‘?fnm is determined experimentally for any particular calibration Hg lamp and the

measurement conditions, according to Hofzumahaus et al. (1997) and Creasey et al. (2000).

HO, and 1:1 HO,:CH;0, mixtures are generated at controlled pressures within the expected
airborne concentration ranges by adding 0.35% of CO or CHy, respectively, to the humidified air. The
HO, and RO," mixing ratios are changed every ten minutes and stepwise from 8 pmole mole™ to 150
pmole mole™ using a customised LabVIEW™ program. The PeRCEAS eCL is determined as the
slope of measured NO, versus set HO, or RO, mixing ratios. Figure 3.8 shows an example of the
calculated eCL from 6 calibrations carried out over six months. The results of experiments conducted
under similar experimental conditions are reproducible, as indicated by the small spread of the data

points in Figure 3.8.
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Figure 3.8: Experimental eCL determination of the DUALER II reactors from a series of 6 calibrations
with HO, (in blue) and 1:1 HO,:CH;0, radical mixture (in red) mixing ratios generated at 300 hPa
inlet pressure, and NO reagent gas added to achieve a mixing ratio of 30 umole mole™ within the inlet.

The value of the eCL depends on i) the concentration of the NO added as reagent gas, ii) the

inlet pressure, and iii) the humidity of the sampled air. The effects were studied separately in detail.
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i) Reagent gas NO

In Figure 3.9, the eCL obtained experimentally for PeRCEAS as a function of [NO] reagent
gas at inlet pressures between 200 and 350 hPa are depicted. As expected, the eCL decreases with an
increase in NO concentration due to the terminating reactions forming HONO and CH3ONO, the latter
also causing the eCL to be lower for the 1:1 HO,:CH;0, radical mixture. The eCL values increase
with increasing pressure for a constant NO number concentration. This is due to the increase in the
CO number concentration with pressure as the CO mixing ratio was kept at 9 % irrespective of the

inlet pressure to match the safety regulations.
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Figure 3.9: Variation of eCL with NO under laboratory conditions for DUALER I and DUALER 1L
The RO, source is kept at 500 hPa while the inlet pressure varies between 200 and 350 hPa. For
comparison, the values from Hortsjann et al. (2014) are also depicted.

A simple chemical box model was developed using the Kintecus software (Ianni, 2013, 2017,

http://www.kintecus.com) to simulate the ROz* amplification in the DUALER inlets. The model

comprises two consecutive modules to simulate the pre-chamber and the reactors separately. The first
module considers RO, terminating reactions on the pre-chamber surface before adding the reagent

gases. The second module includes the relevant amplification and terminating reactions in the reactor,
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as listed in Table 3.1. The rate coefficients used are taken from Burkholder et al., 2015. The first
module is initialised either with 50 pmole mole™ HO, (6.07 x 10®* molecules cm ™ at 500 hPa) or a 50
pmole mole™” HO, plus 50 pmole mole’ CH;0, mixture. The second module is initialised with the
RO, output of the first module and calculates the eCL at different inlet pressures for a series of NO
concentrations with 9 % CO. An initial O mixing ratio of 3 nmole mole™ at 500 hPa is also introduced

in the model to account for the O3 produced in the RO, source.

Table 3.1: Reactions used in a box model for the eCL simulation in the DUALER inlet.

. . k ko k,
Amplification reactions 3 - . - n 3 - m
(cm’molec”'s ™) (cm’molec™s™) (cm’molec”s™)
HO,+NO — NO, + OH 8.0x 10"
CO+OH -5 HOCO 5910 1.0 1.1x 10" -1.3
HOCO + 0, — HO,+ CO, 20x 10"
CO+OH - H+ CO, 15> 10"
H+ 0,5 HO, 44107 1.3 7.5 10" 0.2
CH;0,+ NO — CH;0 + NO, 7.7 %101
CH;0 + 0, — CH,0 + HO, 1.9 x 107
Termination reactions
OH+NO % HONO 7.0 x 107! 2.6 3.6x10" 0.1
OH + NO, — HNO; 1.8 %107 32 2.8x 107" 0.0
OH + NO, — HOONO 1.0x10%2 | 3.9 42x 10" 0.5
CH;0 + NO —= CH;ONO 23x10% | 28 38x10" 0.6
OH + HO, — H,0 + O, 1.1x 10T
HO, + CH;0,— CH;00H + O, 52x10™"
OH + OH -5 1,0, 6.9 x 107! 1.0 2.6x 10" 0.0
OH + HONO — H,0 + NO, 45x%x107"
CH;0, + CH;0, — CH;0+ CH;0+ O, 35x10
HO, + HO, —» H,0,+ O, 1.4 x 107"
HO, + NO, — HO,NO, 1.9 %107 34 40x 10" 0.3
HO, (g) — HO, (s) 0.97
CH;0, (2) — CH;0, (s) 0.74
Other reactions
0;+NO — 0,+NO, 1.9x10™
CH;COO0,NO, — CH;COO, + NO, 2.52 x 106 e(~1353/T)
CH,;CO0, +NO, i CH;COO0,NO, 9.7x107% 5.6 9.3 x 1072 1.5
CH;COO, + NO —CH; + CO,+NO, 2.0x10"
CH;+ 0, + M — CH;0,+ M 4.0x10% 3.6 12x10" 1.1

According to sensitivity studies, the amount of O; used for initialising the model does not

affect the eCL value calculated. As in previous work (Kartal, 2009; Chrobry, 2013), the RO," wall loss
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rates (k,,) in the DUALER reactors are estimated by using the expression from Murphy et al. 1987 and

Hayman, 1997 for a cylindrical reactor:

U1/3 D2/3 S
where S is the surface area in cm?, V the volume in cm’, L the length and d the diameter of the flow

tube in cm, v the velocity of the gas in cm s ', and D is the diffusion coefficient, calculated to be Do,

=0.21 and D¢y,0, = 0.14 in cm’ s . Using Eq. 3.4, values for k and k are estimated to be

WHO, WCH30,
0.97 and 0.74 s™', respectively, for the DUALER reactors at a pressure of 300 hPa. The k,, for the pre-
chamber cannot be calculated by Eq. 3.4 due to its complex geometry and flow dynamics.
Consequently, different values of k., are used in module 1 to account for RO, losses in the pre-
chamber matching the eCL obtained experimentally. Figure 3.10 shows the eCL obtained
experimentally for the DUALER II at 300 hPa inlet pressure, 500 ml min~' sample flow and different
NO mixing ratios added to the inlet. The best agreement between modelled and experimental data is
obtained for the k,, calculated in the reactor using Eq. 3.4, and 64 % HO, and 54 % CH;O, radical
losses in the pre-chamber. This agrees with previous results reported by Kartal et al. (2010) for a
similar configuration. Table 3.2 summarises the simulated PeRCEAS sensitivity for the HO, and
CH;0, detection for different NO mixing ratios in the reactor at 300 hPa. Up to 10 pmole mole™ NO
(INO] = 7.29 x 10" molecules cm™ at 300 hPa and 298 K), the difference in sensitivity remains
within the PeRCEAS uncertainty.

mt g
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eCL

40
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® HO;, measured B HO; modelled
® 1:1 HO; : CH30, meas. —#- 1:1 HO7 : CH30; mod.

Figure 3.10: PeRCEAS eCL values retrieved experimentally at 300 hPa for HO, (blue circles) and a
1:1 HO,:CH;0, radical mixture (red circles) for different NO mixing ratios in DUALER II. Modelled
eCL values obtained for the same conditions are also depicted (blue and red squares) for comparison.
The simulations use calculated values of ka02= 0.97 s and k = 0.74 s™', and assume 64 %

HO, and 54 % CH;0, radical losses in the pre-chamber.

WCH30,
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In the case of a HO,:CH30, mixture, Eq. 2.19 can be written as:

AINO,] = eCLyo, X [HO,] + eClcy,o, X [CH30,] Eq.3.5
AN%1 — [HO,] + « x [CH50,] Eq. 3.6
eCLHOZ

The ratio of eCLcy,o,to0 eCLyp, is defined as o. Estimated values of a from modelling and

measurements are given in Table 3.2.

Table 3.2: PeRCEAS eCL simulated at 300 hPa for HO,, CH;0, and a 1:1 HO,:CH;0, mixture
(eCLmix)'

NO [NO] eCLlcu,0, | €CLlpmix/eClyo, | €Clpix/eClyo, o=
(umole mole™) | molecules cm® | modelled measured modelled eCLch,0,/€Clyo,

6 4.37E+13 93.5 0.89 0.97 1.04

10 7.29E+13 85.3 0.76 0.90 0.89

20 1.46E+14 46.8 0.73 0.79 0.65

30 2.19E+14 27.3 0.84 0.74 0.52

40 2.91E+14 17.7 0.77 0.70 0.43

45 3.28E+14 14.7 0.76 0.68 0.40

ii) Inlet pressure

The PeRCEAS operating pressure is kept constant and below ambient pressure to preserve the
ROZ* chemical conversion in the inlet during the flight. However, the AP = P, upient - Pinler Varies at
different flight altitudes, leading to physical losses and humidity changes in the pre-chamber. These
may significantly affect the eCL, as reported in previous work by Kartal et al., 2010.

To evaluate this effect for PeRCEAS, different APs were experimentally generated by
changing the pressure in the pressure chamber while keeping inlet conditions like pressure, mixing
ratios of the reagent gases (NO, CO and N,), sampling gas velocity (sample flow) and relative
humidity invariable. Figure 3.11 shows the variation of the eCL for 10 and 45 umole mole™ NO within
a pressure range of 50 hPa < AP < 600 hPa. As shown in the figure, the eCL variation remains within
10 % except for AP values < 100 hPa. As the AP decreases, the total flow through the inlet pre-
chamber also decreases, which increases the sample retention time in the pre-chamber. Increasing the
retention time of the sample in the pre-chamber favours wall losses. This might lead to variations in
the relative importance of terminating processes (wall losses versus chemical reactions) with the
sample velocity through the pre-chamber (Kartal et al., 2010). Consequently, AP = 100 hPa is defined
as the minimum operating pressure for PERCEAS airborne measurements. Since the ambient pressure
at 12000 m is approximately 200 hPa, PeRCEAS can measure up to 12000 m with an inlet pressure of
100 hPa.
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Figure 3.11: Dependency of eCL on AP (AP = P.upient - Pinier) @s determined for PeRCEAS under
controlled laboratory conditions for 10 (squares) and 45 (circles) pmole mole” NO and 300 hPa inlet
pressure. The error bars represent the 1o deviation of identical calibrations at each AP.

iii) The humidity of the air sampled

The effect of variations in the sampled air humidity on the eCL (Mihele and Hastie, 1998;
Mihele et al., 1999) was also investigated. In a previous work, Reichert et al., 2003 confirmed the
dependency of the eCL on the relative humidity for ground-based measurements reported by Mihele
and Hastie (1998) by investigating the eCL variation as a function of relative humidity for 293 K and
303 K at standard pressure, i.c., almost doubling the absolute water concentration. According to the
results from Reichert et al., 2003, the effect of [H,O] on eCL decreases with the operating

temperature.

During airborne measurements, the DUALER inlet pressure is kept at < 300 hPa for all
measurement conditions to reduce the dependency of eCL on ambient [H,O]. The pressure reduction
reduces [H,O] in the inlet up to 3 times compared to the ambient. This reduced [H,O] effect on the
eCL has been investigated for different added reagent gas NO mixing ratios at 295 K and 300 hPa inlet
pressure. The results obtained and the values from Reichert et al., 2003 are shown in Figure 3.12.
Since Reichert et al., 2003 used 3.3 pmole mole™ NO at 1000 hPa, the [NO] is similar to the 10 pmole
mole” NO at 300 hPa. As shown in Figure 3.12, the eCL dependency on [H,O] reduces with an
increase in the [NO] reagent gas added to the inlet and is in good agreement with the result presented

in Reichert et al., 2003.
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Figure 3.12: Dependency of PeRCEAS eCL on a) inlet humidity, and b) [H,O], at constant sample
flow, AP, [CO] and [N,], measured at 300 hPa inlet pressure. Depicted are the results for adding 10
(magenta), 30 (blue), and 45 (red) pmole mole”’ NO mixing ratios (respectively 7.29 x 10", 2.19 x
10" and 3.28 x 10" molecules cm ) in the sample flow. The values from Reichert et al., 2013
obtained for adding 3.3 pmole mole” NO at standard pressure (8.12 x 10" molecules cm ) are also
plotted for comparison.

This result is explained considering the resistance model described in Hastie et al., 1991 and
Reichert et al., 2003. The chain length (CL) of a PeRCA reactor can be expressed using a resistance

model as follows:

1 1 1

— = Eq. 3.7
CL (CLHOZ + CLOH) q

1 1. ( Y»HO, removal rates >OH removal rates ) Ea.3.8
cL PNno, Y»HO, propagating rates Y0OH propagating rates q. 2
If only the predominant processes are considered:

1 1 (ka02+ Kother losses kWOH+ kHONO'[NO]) Ea. 3.9
CL  Pno, kN0 +HO,[NO] kco+ou '[CO] 4>
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where Pno, is the probability of ROZ* conversion into NO,, k and k are the wall losses of HO,

WHO, WOH

and OH, respectively, Kno+Ho, 18 the rate constant for NO, production from the HO, — NO reaction,
kuono 1s the rate constant for HONO formation from the OH — NO reaction, and K¢gyop is the rate
constant for HO, formation from the OH — CO reaction. Kgiher1osses represents all other losses of
HO,, such as the HO, water clusters, which are formed in the presence of H,O and do not react with

NO, as postulated by Reichert et al., 2003.

As [NO] increases, the rate of the chain termination termolecular reaction of OH with NO
making HONO and the rate of the propagation reaction between HO, and NO increases. As a result,
CLop decreases and CLyg, increases with an increase in [NO]. Due to this, CL begins to be dominated
by CLoy, which is independent of water vapour. The result of adding 45 pmole mole™ (3.28 x 10"
molecules cm ™) NO to the inlet at 300 hPa indicates that variations in the sample humidity do not lead
to additional uncertainty in the RO, retrieval as the PeRCEAS eCL remains invariable within the
experimental error up to [H,O] ~ 1.4 x 10" molecules cm™. Increasing the reagent gas NO also
changes the PeRCEAS sensitivity to HO, and RO, due to the higher rate constant of organic nitrites

formation, which terminates the RO, chain reactions (see Table 3.2).

The solid lines in Figure 3.12.b result from applying the least square fit to each measurement
condition using Eq. 3.10. The fit parameters are given in Table 3.3 and are later used to correct eCL

during ambient measurements.

eCLyyer = eCL x Al(lH20]x1077¢) Egq.3.10

Table 3.3: Fit parameters from Figure 3.12.b.

NO Temperature
A
(molecules cm™) (K)
7.29 x 10" 298 0.960
This work 2.19 x 10* 298 0.973
3.28 x 10" 298 0.996
13
Reichert et al., 8.12 x 10 293 0.946
200 8.12 x 10" 303 0.970

3.1.3 Operating Conditions

In PeRCEAS, both systems measure in background and amplification mode in an alternating
manner out of phase with one another (Figure 3.13). This enables the continuous monitoring of both

background NO, and the NO, produced from RO," through chemical amplification. The uncertainties
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due to differences in the detector sensitivity and the NO, scrubber efficiency in the inlet are reduced
significantly through this method. A complete measurement cycle of each system consists of one
background and one amplification measurement mode. The time taken for one complete measurement
cycle is defined as a modulation time. The time selected for the measurement in either amplification or
background mode is called the mode time. The ANO, for each detector is calculated from the ring-
down time of two consecutive modes using Eq. 2.21. Provided that the mode time is adequately
selected, the RO, retrieved per measurement cycle shall be identical in both systems, as the two
reactors are operated out of phase with one another. Therefore, the final RO, data is calculated as the
mean of the RO, determined from the ANO, and eCL of both systems for a given measurement cycle.
This makes the RO," time resolution to be equal to the mode time. Modulation and mode times are
selected empirically. The optimised values are a compromise between the time taken for the detector
signal to stabilise and the temporal variability of the chemical composition of the air probed. Using the
results from the sensitivity and calibration studies done for detectors and DUALER, a 60 s mode time
and a 120 s modulation time are selected. This provides an optimal signal to noise ratio for ANO, and
a 26 error < 3.15 x 10°® molecules cm . From the 60 s mode time, the first 20 s are removed during the
RO, retrieval to account for the small pressure pulse arising from the switching between modes. The
time lag arising from the time taken for the sample flow between the point of switching and the CRDS

detectors is typically less than 8 s.
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Figure 3.13: PeRCEAS measurement cycle: a) and b) show the ring-down time of detector one (D1)
and two (D2) in both amplification (AP mode) and background (BG mode) modes and the retrieved
ANO,. The ANO, and the respective eCL of each reactor are used to retrieve the HO, mixing ratio in
¢). The blue shading in c¢) corresponds to the 2c uncertainty of the HO, mixing ratio produced in the
source.
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Sample and reagent gas flows have different and related impacts on the sensitivity of the
PeRCEAS measurements. The rate of the sample flows determines the residence time in different parts
of the flow system, which in turn determines the reaction time for the conversion of RO, to NO,, the
titration of the O; in the sampled ambient air, and the thermal decomposition of PAN and PNN to
produce NO, interfering signals. Interferences are minimised by short residence times, facilitated by a
rapid flow. Conversely, the RO, to NO, conversion rate in the DUALER is determined by the
concentration of CO and NO reagent gases added. Since CO is a toxic and flammable gas, CO mixing
ratio was limited to 9 % v v for all measurement conditions to meet the safety requirements in the
aircraft. On the other hand, sample flow, amount of reagent gas NO, and pressure in the DUALER are
selected for each deployment of PeRCEAS. This ensures maximum chain length and complete
conversion of ambient O; into NO, while keeping interferences as low as possible at different ambient

conditions.

Table 3.4 shows the residence time of the sampled air mass in PeBRCEAS for different sample
flows and inlet pressures. The residence time between the upper and lower addition points is defined
as the reactor residence time. In the same way, the residence time between the upper addition point
and the detector is defined as the total residence time. To get maximum eCL, the amplification chain
reactions have to be completed within the reactor residence time. In a previous study of a similar
PeRCA inlet, Kartal (2009) showed that the chain reaction requires 1.88 s to be completed under 200
hPa inlet pressure and 3 pmole mole™ NO reagent gas. As the NO increases, the chain termination is
faster due to the reactions forming HONO and organic nitrites. As a result, the time required for the

chain reaction reduces with an increase in NO.

Increasing NO will also facilitate the Oj titration to NO,. Since NO is always added at the
upper addition point irrespective of the measurement mode, the total residence time is available for the
O; titration. Figure 3.14 depicts the O; decay simulated for 100 and 200 nmole mole™ O sampled, i.e.
5% 10" = 1.7 x 10" molecules cm ™ at 200 and 300 hPa, respectively. The titration is assumed to be
completed for a rest of [O3] =5 x 107 molecules cm . These results agree with a series of laboratory
measurements made at 300 hPa for DUALER II with a sample flow of 500 mL min”', as shown in
Figure 3.15. After 8 s, the O; is titrated out for NO mixing ratios above 10 pmole mole™ added to the
sample flow at the conditions investigated (i.e. [NO] = 4.83 x 10" and 7.29 x 10" molecules cm at

200 and 300 hPa, respectively).
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Table 3.4: Sample residence times in PeRCEAS for different sample flows and pressures. Reactor
residence time: residence time between upper and lower addition points in each reactor; total residence
time: residence time between upper addition point in each reactor and the corresponding detector. The
inner volumes up to the detector are 132 cm® in DUALER I and 220 cm’ in DUALER 1I.

DUALER I
Inlet Reactor residence time (s) Total residence time (s)
pressure 300 500 1000 300 500 1000
(hPa) ml min™ mlmin® | mlmin’ | mlmin® | mlmin’ ml min™
300 6.55 3.93 1.96 7.82 4.69 2.35
200 4.36 2.62 1.31 5.21 3.13 1.56
160 3.49 2.10 1.05 4.17 2.50 1.25
100 2.18 1.31 0.65 2.61 1.56 0.78
80 1.75 1.05 0.52 2.09 1.25 0.63
50 1.09 0.65 0.33 1.30 0.78 0.39
DUALER 1T
Inlet Reactor residence time (s) Total residence time (s)
pressure 300 500 1000 300 500 1000
(hPa) ml min™ mlmin' | mlmin® | mlmin® | mlmin® | mlmin®
300 7.73 4.64 2.32 13.18 7.91 3.95
200 5.15 3.09 1.55 8.79 5.27 2.64
160 4.12 2.47 1.24 7.03 4.22 2.11
100 2.58 1.55 0.77 4.39 2.64 1.32
80 2.06 1.24 0.62 3.51 2.11 1.05
50 1.29 0.77 0.39 2.20 1.32 0.66
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Figure 3.14: Time evolution of the O; decay for different NO mixing ratios added at the PeERCEAS
reactors as simulated by a box model for 200 and 300 hPa for different operating conditions (OC) 1:
100 nmole mole™ Os at 200 hPa inlet pressure; OC 2: 200 nmole mole” O; at 200 hPa inlet pressure;
OC 3: 100 nmole mole” O; at 300 hPa inlet pressure; OC 4: 200 nmole mole” O at 300 hPa inlet
pressure. The sample residence times for 500 ml min™ sample flow in the DUALER I and II are also
depicted for reference.
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Figure 3.15: PeRCEAS measurement of O; mixing ratios up to 100 nmole mole™ for different [NO]
added in DUALER II. NO is scaled in pmole mole” and molecules cm™. The Os conversion is
completed when the ratio NO; yeasured / O3 st Teaches unity. R 1: PeRCEAS reactor 1 (blue squares); R
2: PeRCEAS reactor 2 (red circles).

/ O3,

Under a rapidly changing background, the RO," determination might be affected by the
thermal decomposition of Peroxyacyl nitrates (RC(O)OONO,) such as PAN and PPN. This effect
depends on the temperature and the sample residence times between the gas addition points in the
DUALER (Table 3.4). To evaluate this effect, the production of RO," from the thermal decomposition
of 1 nmole mole”’ PAN at different temperatures and pressures has been simulated. The results

obtained with a box model (Ianini, 2003), including the reactions:

CH3C002N02 — CH3C002 + NOZ R3.2
CH;COO, + NO — CH; + CO, + NO, R33
CH3 + 02 +M— CH302 R34

are depicted in figure 3.16. The rate coefficients used are taken from Burkholder et al., 2015. The
[CH30,] produced does not vary significantly at the pressures investigated for the same temperature.
As the temperature of the PeBRCEAS reactors during flight generally remains under 290 K, this source
of RO, interference is considered to be negligible for most operating conditions. The thermal stability
of the PAN analogues is similar to that of PAN, but they are usually at much lower concentrations

than PAN in the atmosphere. Therefore, they are also assumed to be a negligible source of error.
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Figure 3.16: CH;0, radical production from the thermal decomposition of 1 nmole mole” PAN as
simulated by a box model between 288 and 298 K at 200 and 300 hPa. OC 1: 288 K and 300 hPa; OC
2: 288 K and 200 hPa; OC 3: 293 K and 300 hPa; OC 4: 293 K and 200 hPa; OC 5: 298 K and 300
hPa; OC 6: 298 K and 200 hPa. The sample residence times for 500 ml min~' sample flow in the
DUALER I and II are also depicted for reference.

3.14 ROz* Retrieval Procedure

As explained in section 2.4.3, the RO, retrieval using the PeRCA technique requires a
continuous and accurate knowledge of the background NO, variation. Compared to ground-based
measurements, airborne measurements might have rapid background variations due to the relative
motion of the aircraft with respect to the air mass. In this context, the reliability of the PeBRCEAS RO,’
retrieval technique to effectively remove short-term background variations was investigated in the
laboratory. The O3 mixing ratio in the sampled air was varied in a controlled manner between 3 and 30
nmole mole™” in different steps while keeping the HO, mixing ratio at 16 + 2 pmole mole”. The
DUALER I inlet was stabilised at 200 hPa, and all other parameters like chamber pressure, mixing
ratios of the reagent gases (30 pmole mole™ NO, 9 % CO and 9 % N,), the sample flows (500 ml min”

", and relative humidity (< 3 %) were controlled and held constant.

As shown in figure 3.17, the ANO, calculated from both detector signals remains around 700
pmole mole™” for a constant O; mixing ratio, which is eCL times the HO, set value (i.e., ~ 43 x 16
pmole mole™). Os variations within one minute lead to opposite deviations in the ANO, calculated for
each system from 700 pmole mole™. This causes the HO, calculated from each system to deviate in the
same manner from the actual value. Because the two reactors are operated out of phase with one
another, the final HO, data determined as the mean of HO, calculated from each detector cancel out

the variations in their respective ANO,.
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The ANO, calculated over 1 minute has a standard deviation of the order of the variation of
0O;, as shown in the retrieved ANO, plot in figure 3.17. In the case of short term background O;
variations up to 30 nmole mole™, the set HO, mixing ratio of 16 pmole mole™ (7.8 x 107 molecules
cm” at 200 hPa and 298 K) is successfully retrieved with a maximum deviation of 6 pmole mole™ (2.9
x 10" molecules cm™ at 200 hPa and 298 K). The error in the retrieved HO, data results from the 15 %
uncertainty of the eCL and the background NO, variation within one minute caused by the change in
;. This result is valid for all the background signal variations during a real-time measurement and
proves the robustness of the DUALER approach for the retrieval of RO, even with rapid changes in

the sampled air mass.

o]

5

7 P 07,
= 201 °
g # + _ , 20 E
) h i —
= | o 10 £
g Y | . :
T L. 7 : ‘ _ n g

[ ® HO; measured O3 set value 1.0 I8 :T.‘ln..'
P - oS
i )
g 50 : \ + KB
e AR Y A
(%} . )
E 0 sz;nul ﬁ . . © = 3 l:\
5 f+ +; +‘ % '}
S —50/ - ?
Z
ﬁ L

| ® DI ANO; ® D2 ANO»

<) acazeze
= 281 ' ’____,.._I"""
E 28.5prg \
- 1 ‘I..

28.34'*1!*! —gemen
14:30 14:45 15:00 15:15 15:30 15:45
Time
[ ® DI AP ® DI BG ® D2 AP ® D2BG

Figure 3.17: HO, retrieval under controlled O; variations using DUALER 1. Panel: a) retrieved HO,
and O; variation. The blue shaded area in a) shows the HO, produced in the source (15 %, i.e. 20,
uncertainty); b) ANO, retrieved from detector 1 (red) and detector 2 (blue); c) ring-down time from
both detectors. D1: detector 1; D2: detector 2; AP: amplification mode, BG: background mode. The
inset in panels b) and c¢) magnifies corresponding plots.

3.1.5 Detection Limit and Accuracy
The PeRCEAS lower limit of detection for RO," (LODRos) is calculated by dividing the
LODyo, by the corresponding eCL for each measurement condition set in the laboratory. Provided that

LODyyo, is 90 pmole mole” NO, (3.15 x 10°® molecules cm ™ at 200 hPa and 296 K), 36 over 1 minute,

as mentioned in section 3.1.1, the LODgg; varies between 1 and 3.5 pmole mole™ for the eCL values
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expected under prevailing conditions in the free troposphere. The LODgo:; can additionally be

determined from the eCL calibration curves at different measurement conditions, according to

3xS,
m

LODgo; = Eq.3.11

where S, is the standard deviation of the y-intercept and m is the slope of the measured NO, versus set
HO, from the calibration curve, as in Figure 3.8. For controlled laboratory conditions, the LODgey is
6.2x10° molecules cm (< 2 pmole mole™ in all conditions investigated for DUALER I and DUALER
1).

The generation of RO, described in section 3.1.2 has a precision < 3 pmole mole™ (20).
Based on the experimental reproducibility of RO," calibrations, the eCL precision is < 3 % under all
conditions investigated. In addition to this, the experimental determination of eCL has a 15 %

uncertainty, dominated by the 10 % uncertainty of both [O;] and G%,ii‘?fnmdeterminations using the

current calibration setup (Creasy et al., 2000; Kartal et al., 2009). Other errors associated with the
determination of [H,O] (0.05 %), [O,] (0.5 %) and the Gll_i%gnm literature value (1.4 %) are

significantly lower compared to the uncertainty of [Os] and og;t?fnm

As described in section 3.1.1, the oyo, used for the retrieval of NO, from the ring-down
signal has an uncertainty of 5 %. Therefore, the NO, measurements from the PeRCEAS CRDS

detectors are expected to have 5 % uncertainty under stable laboratory conditions.

Considering these uncertainties, the RO, retrieval using Eq. 2.19 has an overall uncertainty of

<16 % for all conditions investigated in the laboratory.

Conversely, the in-flight PeRCEAS detector signals can be significantly affected by

instabilities in the following physical and chemical parameters:

i)  Dynamic pressure at the inlet: Even though the DUALER inlet pressure is constantly kept below
the ambient pressure, sudden changes in dynamic pressure experienced by the inlet might induce
pressure fluctuations. Depending upon the variation rate (< 10 hPa with 60 s), the inlet pressure
regulator might take several seconds to adjust the pressure back to a stable set value. The pressure
fluctuations in the inlet propagate to the detector and cause signal instabilities due to the change
in the number of molecules inside the detector. Since the pressure fluctuations are not the same in
both detectors, the signal instabilities cannot be accounted for during the final RO," retrieval.
Pressure fluctuations in the reactor also affect the eCL due to the termolecular reactions involved
in the amplification and loss mechanisms. These variations in the eCL further increase the
uncertainty in the final RO," retrieval. In addition to this, the pressure fluctuation affects the
sample flow stability, which changes the residence time of the sampled air mass (Table 3.4) and

thereby the Oj titration and PAN decomposition. The uncertainties due to the dynamical pressure
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fluctuations are nonlinear and cannot be quantified during the RO," retrieval. The data points
expected to be affected by pressure fluctuations are marked with a flag during the analysis.

ii) Temperature inside the aircraft: The temperature variations in the HALO cabin might increase the
noise in the NO, measurements. This increases the uncertainty of ANO, and thereby increases the
uncertainty in the retrieved RO,". The in-flight temperature in the HALO cabin remains
reasonably constant (< 298 K). However, during the instrumental preparation on the ground
before the flight, the cabin temperature may increase up to 313 K. This affects the stability of the
ring-down time signal and thereby the accuracy of the reference measurements.

iii) Mechanical vibration: The airborne measurements are expected to have higher noise than
laboratory conditions even under stable pressure and temperature due to the mechanical
vibrations experienced by the instrument during the flight. Even though PeRCEAS detectors are
equipped with steel springs to absorb mechanical vibrations, the vibration of the aircraft under
turbulent conditions might affect the performance of the CRDS detectors and increase the noise.
In extreme cases, the cavity might get misaligned entirely due to the relative motion of optical
parts under heavy vibrations.

iv) Variation in the chemical composition: Even though the continuous measurement of both signal
and background account for fast variations in the chemical composition of the sampled air mass,
the uncertainty of the RO, retrieval increases with changes occurring within a mode time (section

3.1.4).

Therefore, the in-flight error in the RO, measurement is calculated by considering the uncertainty of
the RO, under laboratory conditions (16 %) and the background variation in the signal within a mode
time, as discussed in section 3.1.4. Furthermore, changes in the HO, to RO, ratio affect the accuracy
of the PeRCEAS retrieval of ROZ*. As described in section 3.1.2, the PeRCEAS sensitivity for HO,
and CH;0O, depends on the concentration of the reagent gas NO added to the reactor. Therefore, the
effect of changes in the HO, to RO, ratio in the air mass on the accuracy of PeRCEAS retrieval varies

with operating conditions (see Table 3.2).

The current sensitivity of PERCEAS on HALO is competitive with similar airborne peroxy
radical instruments. Table A.5 in appendix A-V summarises the specifications of state-of-the-art
instruments for the airborne measurement of peroxy radicals. Ground-based instruments are also
included for comparison. Due to physical and chemical operating conditions differences, a direct
comparison between methods is challenging and only possible for time resolution and detection limits
related to well-defined and controlled measurement conditions. As mentioned in chapter 2, MIESR,
though the only direct measurement technique of high precision, is not suitable for airborne
measurements and is difficult to implement in field campaigns. LIF based instruments have a better

detection limit but are subject to interferences from RO, in the sample (Fuchs et al., 2011).
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3.2 Flight Deployment

As part of the research undertaken, the PERCEAS instrument was successfully deployed and
measured the sum of peroxy radicals, i.e. RO, (ROZ* = HO, + > R0O,) in 33 mission flights during the
airborne campaigns Oxidation Mechanism Observations (OMO) Asia and Effect of Megacities on the
transport and transformation of pollutants on the Regional to Global scales (EMeRGe). The optimal
operating conditions for each campaign were determined based on the laboratory calibration prior to
the campaign. During the campaign, the instrument was calibrated before and after each flight on the
ground to identify potential mechanical and electrical malfunctions and detector miss alignments. Post
campaign laboratory calibrations were made to check the instrumental stability and variation in the

sensitivity.

The maintenance and calibration on the ground and the inflight operations were also part of
the research undertaken during this doctoral study. The final RO," data were retrieved using a program
in Python language developed during this doctoral study using the procedure mentioned in section
3.1.4. After quality assessment based on sample air temperature and humidity, operating pressure,
detector temperature, and laser beam profile, the final version of the data set was uploaded to the

HALO database.

3.2.1 OMO Asia Campaign

The OMO is a multi-institutional project belonging to the priority research program of the
Deutsche Forschungsgemeinschaft (DFG) to investigate atmospheric processes using the HALO
platform. OMO involves the Max Planck Institute for Chemistry, Mainz; the Research Centre Jiilich;
the Institut fiir Physik der Atmosphire (IPA), DLR Oberpfaffenhofen, Munich; the Research Centre
Karlsruhe; the Universities of Bremen, Heidelberg, and Wuppertal..

The quasi-stationary anticyclone formed during the Asia summer monsoon uplifts natural and
anthropogenic air pollutants into the upper troposphere and are transported downstream. During the
transport, the pollutants are partly removed by wet deposition or transformation into soluble gases or
involved in chemical processing. In this context, OMO Asia tries to understand these mechanisms by
focusing on the key aspects like oxidation processes, radical chemistry, the efficiency of convective
cloud transport, deposition, and the impact of long-distance transport of air pollution on air quality and
climate change. The radiation, water vapour, species that are emitted by natural and anthropogenic
sources (NMVOC and their isotopes, CH,, NO,, CO, SO,), short-lived free radicals that initiate and
propagate photo-oxidation processes (OH, HO,, RO,, BrO), longer-lived oxidants (Os;), reaction
intermediates (OVOC including aldehydes, ketones), and products that can be removed from the
atmosphere by deposition processes (acids, peroxides) were measured during the field campaign

(https://www.mpic.de/3599603/OMO).
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The OMO Asia mission took place in July and August 2015. A total of 111 flight hours were
carried out during 19 flights (Figure 3.18), with 90 % of the flight tracks in the upper troposphere
(9000 — 15000 m) over the Mediterranean, the Arabian Peninsula, and the Indian Ocean. HALO was
based alternately at Paphos in Cyprus and Gan in the Maldives with refuelling stops at the Bahrain
airport. The flight tracks were made to measure the air mass from the western part of the anticyclone,
where the emission from South Asia is expected after about 1 to 2 weeks of chemical processing
(Lelieveld et al., 2018, Tomsche et al., 2019). Table 3.5 summarises the flight time and the flight
routes carried out during the field campaign. The flights are named OMO-FN, where OMO stands for
the OMO mission, and FN are two digits for the flight number. The instrumentation used during OMO
onboard the HALO aircraft is summarised in Table 3.6. Further information about OMO Asia mission
can be found on the following websites: http://www.halo.dIr.de/science/missions/omo/omo.html;

https://www.mpic.de/3599603/OMO.
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Figure 3.18: OMO Asia flight tracks. The HALO bases at DLR in Oberpfaffenhofen, Paphos in
Cyprus, and Gan in the Maldives are indicated by a yellow star for reference.

In addition to the measurement of ROz* from PeRCEAS, other in-situ measurements and basic
aircraft data from HALO are also used in this study. Details of the corresponding dataset from the

instruments listed in Table 3.6 are given in appendix A-III.

62


http://www.halo.dlr.de/science/missions/omo/omo.html
https://www.mpic.de/3599603/OMO

Experimental Studies

Table 3.5: Details of the HALO flights carried out during OMO Asia.

Flight Day/ Start/End time . . .
M tifi t Flight t
number Month (UTC) ain scientific objectives ight route
OMO-06 | 13/07 | 09:35/11:55 Test flight Different altitudes over
Munich
OMO-07 | 16/07 | 10:00/12:40 Test flight Different altitudes over
Munich
Transfer flight from Oberpfaffenhofen to
OMO-08 21/07 09:02/12:28 Paphos and sampling of Asian Monsoon Oberpfaffenhofen — Paphos
outflow over Cyprus
OMO-09 25/07 05:53/11:08 Measurements over the Mediterranean Sea leferent. altitudes over the
Mediterranean Sea
Sampling of Asian Monsoon outflow at . .
OMO-10 28/07 06:01/13:59 different altitudes over the Mediterranean leferent. altitudes over the
Mediterranean Sea
Sea
OMO-11 01/08 05:50/14:35 Transfer flight from Paphos to Gan Paphos — Bahrain — Gan
Sampling of polluted air trapped within
OMO-12 06/08 02:00/06:40 Asian monsoon anticyclone over the Gan — Bahrain
Arabian Sea
Sampling of polluted air trapped within
OMO-13 06/08 07:45/12:55 Asian monsoon anticyclone over the Bahrain — Gan
Arabian Sea
Sampling of Asian
OMO-14 08/08 07:30/11:24 monsoon outflow over the Indian Ocean at Gan — Sri Lanka — Gan
different altitudes
Sampling of polluted air trapped within
OMO-15 09/08 01:50/06:30 Asian monsoon anticyclone over the Gan — Bahrain
Arabian Sea
Sampling of polluted air trapped within
OMO-16 09/08 07:40/12:35 Asian monsoon anticyclone over the Bahrain — Gan
Arabian Sea
Transfer flight and sampling of polluted
ir t ithi
OMO-17 | 10/08 04:50/09:35 _ airtrapped within Gan — Bahrain
Asian monsoon anticyclone over the
Arabian Sea
Transfer flight from Bahrain to Paph
OMO-18 | 10/08 10:55/14:30 ransier Hlight from Bahrain to Paphos Bahrain — Paphos
and sampling of polluted air over Egypt
) ) Sampling Asian monsoon outflow over
OMO-19 13/08 06:01/14:54 Saudi Arabia and Oman Cyprus — Oman — Cyprus
OMO-20 15/08 05:50/15:10 Sampling Asian monsoon outflow over Panh o Panh
i ’ ' Saudi Arabia and Oman Aphos —man — Faphos
Paphos — Egypt — Saudi
Sampling Asian monsoon outflow over Arabia —UAE — Oman —
MO-21 1 :16/15:1 . . . .
OMO 8/08 06:16/15:10 Egypt, Saudi Arabia, UAE, and Oman Saudi Arabia —
Egypt — Paphos
Sampling of Asian monsoon outflow over
OMO-22 | 23/08 06:00/12:30 Egypt and background measurements | | 2P10s ~ Egypt— Greece -
Paphos
over Greece
Sampling of Asian monsoon outflow over
. . Paphos — Egypt — Mount
OMO-23 25/08 06:10/14:35 Egypt and sampling the volcanic plume aphos = LEYP outt
Etna — Paphos
from Mount Etna
Transfer flight from Paphos to Paphos — Mount Etna —
MO-24 2 :38/14:32
OMO 7/08 08:38/14:3 Oberpfaffenhofen Oberpfaffenhofen
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Table 3.6: HALO instrumental payload for OMO Asia. PeRCA: Peroxy Radical Chemical
Amplification; CRDS: Cavity Ring-Down Spectroscopy; LIF: Laser Induced Fluorescence; HVS:
High Volume Sampler; GC-C-IRMS: Gas Chromatography Combustion Isotope Ratio Mass
Spectrometry; PTR-MS: Proton-Transfer-Reaction Mass Spectrometer; CI-ITMS: Chemical Ionisation
Ion Trap Mass Spectrometry; GC-MS: Gas chromatography-mass spectrometry analysis; DOAS:
Differential Optical Absorption Spectrometry; CPC: Condensation Particle Counting.

Trace gas-in situ measurements

Species/parameters Acronym Institution Technique/Instrument Reference
RO, =HO, + >RO, | PeRCEAS Univ. Bremen PeRCA + CRDS George et al., 2020

. Martinez et al., 2010,
OH, HO,, NO, HORUS MPIC Mainz LIF

Marno et al., 2020
OH, HO, Air LIF FZ Jiilich LIF
VOC/C isotope ratios | MIRAH Univ. Wuppertal HVS/GC-C-IRMS Wintel et al., 2013
ovoC HKMS KIT Karlsruhe PTR-MS Brito and Zahn, 2011
0s FAIRO KIT Karlsruhe UV-Photometry/ | o\ et al., 2012
Chemiluminescence
Schiller et al., 2008,
C0, HCHO, CO,, TRISTAR MPIC Mainz TDLAS
CH,4 Tadic et al., 2017
Total Peroxides, HYPHOP MPIC Mainz Liquid face reaction/ | 1y o nn et al., 2020
H,0, Florescence
None methyl VOC MGC MPIC Mainz
Chemiluminescence/
NO, NO, AENEAS DLR-IPA Ziereis et al., 2004
Gold converter

SO,, HCOOH CI-ITMS DLR-IPA CI-ITMS Speidel et al., 2007

Trace gas- remote sensing measurements

NO,, HONO, BrO,
CH,0, C,H,0,.
C;H,0,, 805, 10

mini-DOAS

Univ. Heidelberg

DOAS / UV-nIR; 2D
optical spectrometer

Hiineke et al. 2017

Aerosol measurements

Particle size

distribution/number CPC DLR-IPA CPC

concentration

Other parameters

Spectral actinic flux

density (up/down) |\ 1 5 gr FZ Jiilich CCD spectro- Bohn and Lohse, 2017
Photolysis radiometry

frequencies

Basic aircraft data BAHAMAS DLR -FX various Mallaun et al., 2015

The data from the following model simulations provided to the OMO community were also

used during the analysis presented in this study.

The Lagrangian particle dispersion model FLEXPART version 9.2 beta (Stohl et al., 1998) was

used to derive the origin of the air masses sampled during the flights. The model is driven by
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European Centre for Medium-Range Forecasts (ECMWF) operational data with a horizontal
resolution of 1° x 1° and a vertical resolution of 137 levels between 1013.25 and 0.01 hPa.

e The fully coupled chemistry-climate model ECHAM/MESSy Atmospheric Chemistry (EMAC),
which consists of the general circulation model ECHAMS (fifth generation of the European
Center HAMburg model, Roeckner et al., 2006) and the Modular Earth Submodel System
(MESSy, Jockel et al., 2005, 2010), was used to model different trace gases measured during the
flights. A horizontal resolution of 2.8° x 2.8° and a vertical resolution of a hybrid pressure grid
between the surface and 0.01 hPa were used for the simulations.

More information about the model simulation and the dataset is given in Lelieveld et al., 2018;

Tomsche et al., 2019 and appendix A-IV.

3.2.2 PeRCEAS Operating Conditions During OMO Asia
PeRCEAS successfully measured RO, in 17 out of 19 mission flights during OMO Asia. The

detector configuration used in OMO Asia was similar to that described in Horstjann et al., 2014, which
does not have a beam camera and pico motors for identifying and correcting misalignments without
removing the detectors from the HALO rack. As a result, RO, data from the mission flights in which

one of the detectors was miss-aligned are not available, as in the case of OMO-19 and OMO-20.

DUALER I with AB as Detector [ and FH as Detector II were deployed during all the mission
flights except in OMO-19 and OMO-24. In the mission flight OMO-19, AB as Detector I and FR as
Detector Il was deployed. Similarly, in mission flight OMO-20, FR as Detector I and FH as Detector
II were deployed. The measurement conditions and the corresponding eCL determined from
laboratory calibrations for OMO Asia are given in Table 3.7. The eCL,,; is used for the retrieval of
RO, from ANO, measurements. The mixing ratio of the reagent gas CO was kept constant at 9 %,

irrespective of the measurement conditions.

Table 3.7: eCL obtained experimentally for the measurement conditions during OMO Asia.
eCLyo,and eCLpyyx are determined for pure HO, and a 1:1 mixture of HO,:CH;0,. The number
concentration of NO is calculated at 298 K.

Al Safl‘lrf)lsfl ) prlezls?re (ulil(gle (mc[)I;Ie(<3)1]lles Reacor Reacior 2
@ | mlminY) | Ps) | molel) em?) | €CLHO, | €Clmix | €Clio, | eClimx
lli)%(t)% 1000 160 15 583 x10° | 51 40 53 41
Between
12330 500 80 30 58x10% | 30 24 32 26
12000
?‘;g;g 300 60 30 44x10% | 28 23 29 26
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As described in section 3.1.2, depending upon the amount of reagent gas NO added to the
inlet, the eCL dependency on [H,O] varies. Figure 3.19 shows the ambient [H,O] versus [H,O] inside
the DUALER plot for OMO Asia measurements. Even though the reduced pressure in the inlet
reduces [H,O], it is still significant enough to affect the eCL. Therefore the eCL was corrected using

Eq. 3.10 described in section 3.1.2.
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Figure 3.19: Ambient [H,0] versus [H,O] measured in DUALER during OMO Asia colour coded with
altitude.

3.2.3 EMeRGe Campaigns

The EMeRGe is a project of the Priority research program of the DFG to investigate the
atmospheric processes using HALO. The overarching objective is to improve the current
understanding of the photochemical and heterogeneous processing of outflows from major population
centres (MPCs) and their atmospheric impact on a regional to global scale. Two intensive operational
periods (IOPs) were carried out to investigate selected European and Asian MPC outflows to achieve
the scientific goals. The European field experiment took place from 10 to 28 July 2017 during the
European summer, focusing on the study of active plume processing close to emission sources. The
field experiment in Asia took place from 10 March to 9 April 2018 during the spring inter-monsoon

period and investigated plume processing from Southeast Asian MPCs.

A total of 180 HALO flight hours were successfully made during the IOPs. Measurements at
different altitudes downwind and upwind of the target MPCs were made to investigate the impact of
mixing long-range transport of biomass burning and mineral dust with fresh emissions. The emission

sources of the species measured onboard HALO were identified with the help of backward
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trajectories. The origin and history of the plumes probed at each point of the flight track are traced by
using highly-resolved backward trajectories calculated by the kinematic trajectory model FLEXTRA
5.0 (Stohl et al., 1995, 1999) and dispersion calculations of CO enhancement caused by the selected
MPC outflow over the CO background by using the NOAA (National Oceanic and Atmospheric
Association) HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectories,
https://www.arl.noaa.gov/hysplit/) model. FLEXTRA uses the European Centre for Medium-Range

Weather Forecasts (ECMWF) operational data set ERAS meteorological data at 0.25° horizontal
resolution. Trajectories are started every 10 minutes of flight time and reach back 10 days. The
HYSPLIT was also driven by the ECMWF forecast (0-11 hours forecast, 12-hourly update,
interpolated at 0.1° horizontally, 137 vertical model levels, 1-hourly output). The CO emission rates

were taken from the EDGAR HTAP V2 emission inventory (http://edgar.jrc.ec.europa.eu/htap v2/).

More details about the model simulations used in this study are given in appendix A-IV.

Ground-based and satellite measurements during the IOPs were also synergistically combined
with the airborne measurements to improve the understanding of the emission sources and the
transport pathways. More details about the EMeRGe mission can be found elsewhere (Andrés

Hernandez et al., 2022, https://doi.org/10.5194/acp-22-5877-2022).

For EMeRGe in Asia, the Weather Research and Forecasting (WRF) version 3.7.1 (Skamarock et
al., 2008) coupled with the Community Multiscale Air Quality (CMAQ) version 5.0.2 (the United
States Environmental Protection Agency, 2014, http://doi.org/10.5281/zenodo.1079898; Byun and

Schere, 2006) model was used to calculate different trace gases concentration along the flight tracks.
The regional-scale air pollution with a horizontal resolution of 45 km and 27 vertical layers between
1013.25 hPa and 50 hPa was simulated by WRF/CMAQ model. The sixth-generation CMAQ aerosol
module (AERO6) and the Statewide Air Pollution Research Center version 07 (SAPRC-07) were used
as aerosol and air chemistry mechanisms. The fixed anthropogenic emissions were taken from the
monthly data of Hemispheric Transport of Air Pollution (HTAP) version 2.2 with a 0.25° x (0.25°
resolution (Janssens-Maenhout et al., 2015) for 2010. The Global Fire Emissions Database (GFED)
version 4.1 was used for the monthly emissions from biomass burning. The Model of Emissions of
Gases and Aerosols from Nature (MEGAN) v2.1 was used for biogenic emissions, and the AeroCom
database was used to account for the aerosol emission. More details about the model simulation are

given in appendix A-IV.
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Table 3.8: HALO instrumental payload for EMeRGe. PeRCA: Peroxy Radical Chemical
Amplification; CRDS: Cavity Ring-Down Spectroscopy; HVS: High Volume Sampler; GC-C-IRMS:
Gas Chromatography Combustion Isotope Ratio Mass Spectrometry; PTR-MS: Proton-Transfer-
Reaction Mass Spectrometer; AT-BS: Adsorption Tube and Bag air Sampler; TD-GC-MS: Thermal
Desorption Gas Chromatography and Mass Spectrometry; CI-ITMS: Chemical lonisation lon Trap
Mass Spectrometry; GC-MS: Gas chromatography-mass spectrometry analysis; PAN: Peroxyacetyl
nitrate; 813C(CH4): Isotopic signature of methane; PFC: Perfluorinated carbon chemicals; DOAS:
Differential Optical Absorption Spectrometry; ToF-AMS: Time of Flight- Aerosol Mass
Spectrometry; SP2: Single Particle Soot Photometry; CCNC: Cloud Condensation Nucleus Counting;
MI: Multi Impactor for aerosol off-line analysis; CPC: Condensation Particle Counting; DMA:
Differential Mobility Analysis; OPC: Optical Particle Counting; PSAP: Particle Soot Absorption

Photometry.

Trace gas-in situ measurements

Species/parameters Acronym Institution Technique/Instrument Reference
RO, =HO, + > RO, PeRCEAS Univ. Bremen PeRCA + CRDS George et al., 2020
VOC/C isotope ratios MIRAH Univ. Wuppertal HVS/GC-C-IRMS Wintel et al., 2013
ovocC HKMS KIT Karlsruhe PTR-MS Brito and Zahn, 2011
0, FAIRO KIT Karlsruhe UV-Photometry/ Zahn et al., 2012
Chemiluminescence
UV-Photometry/ )
0;,CO AMTEX DLR-IPA Gerbig et al., 1996
VUV-Fluorimetry
Chemiluminescence/
NO, NO, AENEAS DLR-IPA Ziereis et al., 2004
Gold converter
SO,, HCOOH CI-ITMS DLR-IPA CI-ITMS Speidel et al., 2007
a) CO, and CH,4 a) CRDS Chen et al., 2010
b) PAN CATS DLR-IPA b) GC-MS Volz-Thomas et al., 2001
¢) 8"*C(CH,) ¢) GC-IRMS Fisher et al., 2006
PFC tracer PERTRAS DLR-IPA AT-BS/TD-GC-MS Ren et al., 2015

Trace gas- remote sensing measurements

NO,, HONO, BrO,

DOAS / UV-nIR; 2D

CH,0, C,H,0, C;H,0, | mini-DOAS Univ. Heidelberg . Hiineke et al., 2017
’ ’ optical spectrometer
SO,, IO
NO,, CH,0, CH,0,, . . DOAS / 3x2D-imaging
HAIDI . Heidelb G letal, 2014
H,0, SO,, BrO, O; Univ. Heidelberg spectrometers enerat et at,
Aerosol measurements
MPIC Mainz &
Particle composition | C-ToF-AMS - vz ToF-AMS, OPC Schulz et al., 2018
Univ. Mainz

i i SP2 Holanda et al., 2020
BC, CON, microscopic | e\ pack MPIC Mainz
properties CCNC, MI Wendisch et al., 2016
Particle size
distribution/number AMETYST DLR-IPA CPC, OPC, PSAP, DMA | Andreae et al., 2018
concentration
Other parameters
Spectral actinic flux
density (up/down) HALO-SR FZ Jiilich CCD spectro- radiometry | Bohn and Lohse, 2017
Photolysis frequencies
Basic aircraft data BAHAMAS DLR -FX various Mallaun et al., 2015
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In addition to the measurement of RO,  from PeRCEAS, other in-situ and remote-sensing
measurements and basic aircraft data from HALO are also used in this study. Details of the
corresponding dataset from the instruments listed in Table 3.8 are given in appendix A-III. Concerning
the data obtained by the remote-sensing instruments, the miniDOAS retrieves the Slant Column
Density (SCD) of the target gas and a scaling gas (O,) towards the horizon at the flight altitude. From
this, concentration and mixing ratios of the targeted gas within the line of sight are estimated using RT
modelling (Stutz et al., 2017; Hiineke et al., 2017; Kluge et al., 2020; Rotermund et al., 2021). The
HAIDI instrument retrieves SCDs below the aircraft. The SCDs from HAIDI are then converted to
mixing ratios using the corresponding geometric Air Mass Factor (AMF) under a well-mixed target
gas layer assumption. As a result of this assumption, the calculated mixing ratios for HAIDI target
gases are lower limits and close to the actual values while flying within and close to a well-mixed
boundary layer. Despite the differences in sampling volume and temporal and spatial resolution in the
in-situ and remote sensing measurement techniques, the concentration of common and related species

obtained are in reasonable agreement (Schumann, 2020).

3.2.4 EMeRGe in Europe

The main scientific goals of EMeRGe in Europe were the identification of individual emission
signatures in MPC plumes over Europe, investigation of processing in MPC pollution outflows, and
the assessment of the relative importance of MPCs as sources of pollution over Europe. In this context,
the European megacities London and Paris, Benelux/ Ruhr metropolitan area, Po Valley, Rome,

Madrid, and Barcelona were taken as target MPCs.

A total of 53 HALO flight hours were carried out in 7 mission flights (Figure 3.20) to investigate
the target MPC outflows under the most favourable conditions. All HALO flights started from the
DLR base in Oberpfaffenhofen, southwest of Munich in Germany. To measure outflows from the
target MPCs, 60 % of the EMeRGe flights over Europe were done below 3000 m. Dedicated vertical
profiling was made in the upwind and downwind of the target MPCs with three stable flight levels
(FLs). The flights are named E-EU-FN, where E stands for EMeRGe, EU for Europe, and FN
represents two digits for the flight number. Table 3.9 summarises the flight time and the target MPC
outflows investigated by HALO. More details about the EMeRGe in Europe IOP can be found
elsewhere (Andrés Hernandez et al., 2022).
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Figure 3.20: HALO flight tracks during the EMeRGe campaign in Europe on 11, 13, 17, 20, 24, 26
and 28 July 2017 (E-EU-03 to E-EU-09, respectively, colour coded). The specific flight times are
presented in Table 3.9. MPC target areas are colour coded by shading, and distinctive
locations/regions are marked with red stars, M: Madrid, B: Barcelona, P: Paris, L: London; BNL:
BeNeLux, Ru: Ruhr area, PV: Po Valley, R: Rome. The position of the HALO base at DLR in
Oberpfaffenhofen (OP) is also indicated by a yellow star for reference. (Figure source: adapted from
Andrés Hernandez et al., 2022).

Table 3.9: Details of the HALO flights carried out in Europe during EMeRGe.
Flight Day/ | Start/End time MPC emission and

Other features

number | Month (UTC) transport target
Rome, Po Valley; Mineral dust from Northern
E-EU-03 | 11/07 10:00/16:30 convection over Alps and Africa, Fires in Southern
Apennines Italy.
Central Europe; HALO-FAAM blind

E-EU-04 | 13/07 10:40/15:00 Intercontinental transport | comparison; Canada fires

London, BNL/Rubhr,
E-EU-05 | 17/07 10:30/18:30 English Channel, and FAAM flight over London
Central Europe

Rome, Po Valley; Mineral dust from Northern
E-EU-06 | 20/07 09:00/17:30 convection over Alps and Africa; Fires in Southern
Apennines Italy and Croatia
Po Valley, South France, Dust transport from
E-EU-07 | 24/07 09:45/18:15 Barcelona; west Northern Africa, fires in
Mediterranean Southern Europe

London, BNL/Rubhr,
E-EU-08 | 26/07 07:45/15:20 Paris, English Channel,
and Central Europe
Po Valley, South France,
E-EU-09 | 28/07 10:00/18:30 Madrid, Barcelona, and

West Mediterranean

PFC tracer releases
London., Wuppertal

Fires in Southern France
and Portugal
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3.2.5 PeRCEAS Operating Conditions During EMeRGe in Europe

PeRCEAS successfully measured RO," in all the seven mission flights. DUALER I with AB
as Detector I and FR as Detector II were deployed during the IOP in Europe. The inlet was kept at 300
hPa for the measurements done up to 6000 m. To keep the AP > 100 hPa, all the measurements above
6000 m were made with 200 hPa inlet pressure. Other measurement conditions used were 500 ml min™
sample flow, 9 % reagent gas CO, and 30 pmole mole™ reagent gas NO. The eCL determined from
laboratory calibrations for EMeRGe in Europe measurement conditions are given in Table 3.10. The
eCL,,;x is used for the retrieval of ROz* from ANO, measurements. The measurement conditions
selected for this study give different sensitivities for HO, and RO, (section 3.1.2) with o = 0.52 and
0.65. If the ratio of HO,:RO, changes to 3:1, then the RO, results in a 10 % overestimation of HO, +
RO,. Similarly, a HO,:RO, ratio of 1:3 results in a 10 % underestimation. Considering the 16 %
uncertainty from the laboratory calibrations, the maximum uncertainty of RO, is 26 % for the
HO,:RO, ratio between 3:1 and 1:3 for the measurements during EMeRGe in Europe. This uncertainty
is below the in-flight uncertainty of the PeRCEAS instrument. The uncertainty coming from the
variation of the HO,:RO, ratio is not included in the error calculation of the RO,  measurements but

has been explicitly discussed during the analysis in section 4.1.11.

Table 3.10: eCL obtained experimentally for the measurement conditions during EMeRGe in Europe.
eCLyo,and eCLpyx are the chain length determined for pure HO; and a 1:1 mixture of HO,:CH;0,,

respectively. The number concentration of NO is calculated at 298 K.

Reactor 1 Reactor 2
Inlet NO
. . . a
pressure mixing ratio [NO]
(hPa) (umole mole™) | (molecules cm™) | €CLpo, | eCLpyix | €CLluo, | eCLpyix
200 30 1.46 x 10" 5148 | 376 | 45+7 | 34+5 |0.65
300 30 2.19 x 10" 47+7 | 36+5 | 40+6 | 33+5 | 0.52

As described in section 3.1.2, the eCL dependency on [H,O] varies depending upon the
amount of reagent gas NO added to the inlet. Figure 3.21 shows the ambient [H,O] versus [H,O]
inside the DUALER plot for EMeRGe in Europe measurements. Even though the reduced pressure in
the inlet reduces [H,O], it is still significant enough to affect the eCL. Therefore the eCL was

corrected using Eq. 3.10.

71



Experimental Studies

1 8000
> 2_05 lmoo
: ! L6000
s ]
=
g 157 15000 ~
A E
| ] L4000 2
S 1o =
S 1.04 ! £
o] ts 13000 <%
R o]
£ i o e
5\; 0.54 =& e, 2000

] &
= 4 ' 1000

O-Ofl T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 0
0 1 2 3 4 3 ¢
[Hy0ambient (x 1017 molecules cm™3)

Figure 3.21: Ambient [H,O] versus [H,O] measured in DUALER during EMeRGe in Europe, colour
coded with altitude.

3.2.6 EMeRGe in Asia

The main scientific goals of EMeRGe in Asia were: the identification of individual emission
signatures in the outflows from selected East Asian MPCs, the investigation of long-range transport
and transformation of pollution outflows from China to the Yellow and the East China Sea, the
characterisation of the transport of outflows from selected MPCs, and the assessment of the relative
importance of MPCs as sources of pollution over the West Pacific, especially of Taiwan. Based on
these scientific goals, Bangkok, Manila, Taipei, Tainan, the Pearl River Delta region, the Yangtze
River Delta region, and South Japan were taken as target MPCs. Tainan in Taiwan was selected as the

HALO base for the mission.

A total of 127 HALO flight hours were carried out in 18 flights during EMeRGe in Asia. The
flights are named E-AS-FN, where E stands for EMeRGe, AS for Asia, and FN represents two digits
for the flight number. Six out of the 18 flights were transfer flights from Oberpfaffenhofen, Germany,
to Tainan, Taiwan and back. Transfer to one direction was divided into three flights due to the
measurement restrictions over India. The flights E-AS-01 and E-AS-16 were transfer flights between
Oberpfaffenhofen and Abu Dhabi with measurements over the Mediterranean region and Arabian
Peninsula (Figure 3.22). During the E-AS-02 and E-AS-15 transfer flights between Abu Dhabi and
Pattaya, Thailand, airborne measurement was not permitted. The flight tracks of the transfer flight
between Pattaya and Tainan (E-AS-03 and E-AS-14) and other mission flights are shown in Figure
3.23. Even under constraints like flight permission and maximum range of HALO, dedicated vertical
profiling was made in the regions expected to have target MPCs outflow signatures with at least three

stable flight levels.
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Figure 3.22: HALO transfer flight tracks from Oberpfaffenhofen to Abu Dhabi (in blue) and back (in
red) during the EMeRGe campaign in Asia. OP: Oberpfaffenhofen, AD: Abu Dhabi.

40°N

. 5
30°N Ao

E-AS-03

E-AS-04

E-AS-05

20°N

E-AS-06 |
E-AS-07

E-AS-08

E-AS-09

E-AS-10

10°N

E-AS-11

E-AS-12

E-AS-13

AEEEEEE RN

E-AS-14

=

100°E  110°E 120°E 130°E 140°E

Figure 3.23: HALO flight tracks during the EMeRGe campaign in Asia. The red shaded areas show
the regions with target MPC outflow signatures calculated using the HYPLIT dispersion model.
Distinctive target MPC locations/regions are marked with red stars, B: Bangkok, M: Manila, TP:
Taipei, PRD: Pearl River Delta region, YRD: Yangtze River Delta region, S: Shanghai, F: Fukuoka, T:
Tokyo. The position of the HALO base at Tainan (TN) and the Total Carbon Column Observing
Network (TCCON) station at Burgos (BR) are marked with yellow and green stars, respectively.
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Table 3.11: Details of the HALO flights carried out in Asia during EMeRGe. FR: flight route, OP:
Oberpfaffenhofen, YRD: Yangtze River Delta, PRD: Pearl River Delta, TCCON: Total Carbon
Column Observing Network.

Flight Day/ Start/End MPC emission and Other mission objectives
Number Month time (UTC) transport targets
E-AS-01 | 10/03 | 07:38/15:32 | Rome and Athens Transfer flight from OP to
Abu Dhabi
No permission for
E-AS-02 | 11/03 | 06:02/11:51 None measurements; transit flight
from Abu Dhabi to Pattaya
over India
Transfer flight from Pattaya to
E-AS-03 12/03 04:05/11:19 | Bangkok and Manila | Tainan. Overflight at TCCON
station at Burgos
E-AS-04 | 1703 | 01:09/09:45 | Ovflow from China None
over East China Sea
Outflow from
E-AS-05 | 19/03 | 08:24/08:28 | Shanghaiand yRD | mpactofoutflow from YRD
. on Taipei in the afternoon
region
E-AS-06 | 19—-20/03 | 23:47/06:37 Manila Tracer experiment
Taipei, Tainan and
E-AS-07 | 22/03 | 30:46/09:31 | Cutflow from China Tracer experiment
over the East China
Sea
Outflow from China
E-AS-08 24/03 01:00/09:52 over the East China None
Sea and Taiwan
Outflow from China
E-AS-09 26/03 00:24/09:26 over the East China None
Sea and Taiwan
E-AS-10 | 27-28/03 | 23:53/08:32 | Mianilaand PRD Tracer experiment
region
Outflow from YRD
E-AS-11 30/03 00:02/09:26 and Fukuoka None
E-AS-12 |  03/04 | 00:25/06:25 | Taipei and Tainan Long transported biomass
burning in higher altitudes
E-AS-13 04/04 00:26/09:24 Outflow from Japan None
Outflow from Laos, Transfer flight from Tainan to
E-AS-14 07/04 01:02/08:42 Cambodia, Vietnam, Pattaya. Tracer experiment
Thailand and Bangkok | released from Nanjing China.
No permission for
) ) measurements; transfer flight
E-AS-15 08/04 04:16/11:14 None from Pattaya to Abu Dhabi
over India
Saudi Arabia, Nile .
E-AS-16 | 09/04 | 06:00/14:44 | Valley, Cairo, Crete, | | onster flight from Abu
) Dhabi to OP.
Greece and Munich
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3.2.7 PeRCEAS Operating Conditions During EMeRGe in Asia
During the IOP of EMeRGe in Asia, PeRCEAS successfully measured RO, in 13 out of the

14 measurement flights. During the preparation of the mission flight E-AS-04, one of the magnetic
valves in the inlet broke down and could not be fixed before the flight. Due to this mechanical

problem, the RO,” measurements from this flight are not of sufficient quality for the analysis.

DUALER II with FR as Detector I and FH as Detector II was deployed during this IOP. For
the measurements done up to 6000 m, 350 and 300 hPa inlet pressure were used. To keep the AP > 100
hPa, all the measurements above 6000 m were made with 200 hPa inlet pressure. 500 ml min"' sample
flow and 9 % reagent gas CO were used in all the measurement flights. Unlike EMeRGe in Europe, a
constant NO number concentration of 3.28 x 10" molecules cm™ (45 pmole mole™ at 300 hPa and 298
K) was used throughout the mission. The corresponding eCL determined from laboratory calibrations
are given in Table 3.12. The eCL,,; is used for the retrieval of RO, from ANO, measurements. The
measurement conditions used in this study lead to different sensitivities for HO, and RO, (section
3.1.2) with o = 0.40. If the ratio of HO,:RO, changes to 3:1, then the ROZ* results in a 16 %
overestimation of HO, + RO,. Similarly, a HO,:RO, ratio of 1:3 results in a 16 % underestimation.
Considering the 16 % uncertainty from the laboratory calibrations, the maximum uncertainty of RO,"
is 32 % for the HO,:RO, ratio between 3:1 and 1:3 for the measurements during EMeRGe in Asia. The
uncertainty coming from the variation of the HO,:RO; ratio is not included in the error calculation of
the RO, measurements but has been explicitly discussed during the analysis in sections 4.1.3, 4.1.5,

4.1.6, and 4.1.7.

Table 3.12: eCL obtained experimentally for the measurement conditions during EMeRGe in Asia.
eCLyo,and eCLyy are determined for pure HO, and a 1:1 mixture of HO,:CH;0,, respectively. The

number concentration of NO is calculated at 298 K.

Inlet NO Reactor 1 Reactor 2
[NO]
pressure mixing ratio
1 (molecules cm™) eClyo, | eCLpyix | €Cluo, | eCLpyix

(hPa) (umole mole™)

350 39 3.28 x 10" 48 32 48 33
300 45 3.28 x 10" 37 29 37 29
200 60 3.28 x 10" 30 23 30 23

Figure 3.24 shows the ambient [H,0] versus [H,O] inside the DUALER for the measurements
during EMeRGe in Asia. The reduced [H,O] in the inlet due to the low pressure in the inlet and the

[NO] reagent gas used makes the eCL independent of inlet [H,O] during EMeRGe in Asia.
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Results and Discussion

This chapter presents the RO, measurements (RO, ) and the analysis of their sources and

sinks using the knowledge of photochemistry in the air masses measured during the OMO Asia and
EMeRGe campaigns. The chapter begins with the description of the RO,",, from EMeRGe in Asia
campaign. The RO, ", and their analysis from OMO Asia are presented at the end of the chapter.

4.1 Tropospheric Fast Photochemistry During EMeRGe

The relation of RO,", with precursor mixing ratios and photolysis frequencies is investigated
in this section to understand the main chemical mechanisms controlling the RO," concentrations in the
air masses measured during the EMeRGe IOPs. Subsequently, the RO,", is compared with RO,"
calculated (RO, ’,), assuming a photostationary steady-state (PSS) for RO,". A detailed analysis of the
outflows from Manila, Taiwan, and the Yangtze River Delta region are presented to illustrate the main
physical and chemical mechanisms involved in RO," formation and losses under different chemical
and physical regimes. Then the upper limit for [OH] and Os production rate (Pp,) expected during
EMeRGe in Asia are also calculated from RO, ;. In addition, a comparison between EMeRGe in Asia
and Europe is made to identify the differences and similarities in RO," production and losses between

both case studies.

4.1.1 Airborne ROZ* Measurements

RO, mixing ratios up to 100 pmole mole™ were measured during EMeRGe IOP in Asia (see
3.2.6). Figure 4.1 shows the RO, ,, as a function of altitude and latitude. Typically, the RO, mixing
ratios observed above 7000 m were < 25 pmole mole”, which agrees with results from previous
airborne campaigns from different parts of the world (Faloona et al., 2000; Tan et al., 2001; Green et
al., 2002; Cantrell et al., 2003a; Ren et al., 2008, 2012; Martinez et al., 2010; Commane et al., 2010;
Stone et al., 2011; Hornbrook et al. 2011). The highest values were observed below 4000 m between
9° to 11° East and 14° to 16° east. These measurements were made in the outflows of Bangkok and
Manila over the sea. In previous airborne campaigns in different parts of the world, HO, + RO, > 80
pmole mole” (Cantrell et al., 2003a, Hornbrook et al., 2011) were reported in PBL. In other studies
where only HO, was measured, HO, up to 60 pmole mole™ were reported during the measurements
below 5000 m (Tan et al., 2001; Ren et al., 2008, 2012; Martinez et al., 2010; Commane et al., 2010;
Stone et al., 2011; Hornbrook et al. 2011). Since the physical conditions and chemical compositions

during these campaigns and EMeRGe are different more comparison is not feasible.
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Figure 4.1: RO," mixing ratios measured during EMeRGe in Asia as a function of latitude and altitude.

Figure 4.2 shows the RO, ", from E-AS-06, E-AS-08, and E-AS-12 over the flight tracks as
exemplary results of the flight routes carried out during the IOP. Similar plots for the rest of the flights
from EMeRGe in Asia are given in appendix A-I. Higher RO, mixing ratios were typically observed
at altitudes below 2000 m close to the target MPCs. This indicates the effect of the MPC outflows on
the regional photochemistry. A more detailed analysis of the measurements from these flights is given

in sections 4.1.5 to 4.1.7.

The origin and composition of the air sampled during the eleven flights over Southeast Asia
considered in this study were very heterogeneous. The air masses measured were influenced by
emissions from MCPs and their surroundings, emissions from the forest, dust events, and sometimes
biomass burning. The variations in RO, depend on insolation and chemical composition, particularly
on the abundance of precursors. Provided that insolation conditions and a sufficient number of key
participating precursors are comparable, the RO, production should be independent of the air mass
origin due to the fast photochemistry involved. Thus, the RO," variability and its production rates
through precursor photolysis give an insight into the photochemical activity of the air masses probed.
Figure 4.3 shows the RO, vertical profiles averaged for the EMeRGe flights over Southeast Asia in
500 m altitude bins. The error bars are standard errors (i.e. £ 1o standard deviation of the frequency
distribution of measured RO," in an altitude bin). As the altitude of the flights was mostly kept below
5000 m during the campaign, the vertical profiles are somewhat biased. Furthermore, they result from
averaging different flights and are intended to merely indicate the variability of the composition of the

measured air masses during the campaign.
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Figure 4.2: Examples of RO, ,, obtained in the EMeRGe campaign in Asia. The left panel shows the
flight tracks colour-coded with flight altitude, and the right panel shows the 3D view of the
corresponding flight track colour-coded with RO," mixing ratios. Plot a) and b) show the E-AS-06
flight; plot ¢) and d) show the E-AS-08 flight; plot e) and f) show the E-AS-12 flight. Red stars
indicate the targets MPC Taipei, Manila, and Yangtze River Delta, and the yellow star indicates the

HALO base in Tainan.
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Figure 4.3: Averaged vertical profiles of a) RO,", b) joctpy and ¢) [H,O] observations during EMeRGe
over Southeast Asia. The measurements are binned over 500 m altitude. The error bars are standard
errors of each bin. Median values and the number of individual measurements of each bin are

additionally plotted.
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Most of the EMeRGe measurements below 3000 m were carried out in the outflow of MPCs
which are expected to contain a significant amount of RO," precursors. As expected, the H,O content
in the air masses decreases steadily with the altitude. The slight increases in H,O at 4250 m and 6250
m bins are associated with measurements under stormy conditions. The photolysis frequencies (j
values) generally increase with altitude as expected but show high variability due to the frequent
cloudy conditions encountered during the measurements. The variations in photolysis frequencies and
the RO, precursors concentrations make the interpretation of the averaged RO, vertical profiles
challenging. The investigation of the underlying photochemistry requires a joint analysis of the RO,

and the RO," production rates.

* .
4.1.2 RO, Production Rates

The production rate of the sum of OH and RO, was calculated using onboard measurements
of their precursors and photolysis frequencies to identify their primary sources. For this, the

Pon+Ho,+xR0, €an be calculated by considering the following reactions:

®0, + hv (A < 320 nm) — O('D) + O, R4.1
O('D) + H,0 — 20H R4.2a
*0o('D) + 0, — OCP) + 0, R4.2b
“0('D) + N, — OCP) + N, R4.2¢
HONO + hv (A < 400 nm) — OH + NO R4.3
H,0, + hv (A <320 nm) — 20H R4.4
OH + 0; — HO, + O, R4.5
OH + CO + 0, — HO,+ CO, R4.6
OH + CH, + O, — CH;0,+ H,0 R4.7
“™HCHO + hv (A <320 nm) + O, 5 2HO, + CO R4.8

koo ok M
***JCH;CHO + hv (A <320 nm) + O, » CH;0, + HO, + CO  R4.9

(*) The O, photolysis has a second channel, O; + hv (A < 320 nm) — O(P) + O,. Only the photolysis frequency for R4.1 is
used in the calculation.

(**) Reactions R4.2b and R4.2¢ do not produce OH or ROZ*.

(***) The HCHO photolysis has a second channel, HCHO + hv (A < 320 nm) — H, + CO. Only the photolysis frequency for
R4.8 is used in the calculation.

(****) The CH3;CHO photolysis has a second channel, CH;CHO + hv (A < 320 nm) — CH4; + CO. Only the photolysis
frequency for R4.9 is used in the calculation.
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skkskokk M
“**CH,C(0)CH; + hv + 20, = CH;C(0)0, + CH;0, R4.10a
M
CH;C(O)CH; + hv + 20, = 2CH;0, + CO R4.10b
M
CHOCHO + hv + 20, - 2HO, + 2CO R4.11

VOCs + OH — OH+ HO,+RO, and other oxidation products R4.12

alkenes + O; — OH+ RO,+ other oxidation products R4.13

If OH produced from reactions R4.2a, R4.3, and R4.4 are assumed to be converted entirely to RO,
through reactions R4.5, R4.6, R4.7, and R4.12, then, based on the above reactions, Poy 4 Ho,+3R0, 18

expressed as:

POH+H02+ZR02 =

2j, ,105] e2a [0l 7t ja3z [HONO] + 2j,4 [H,0,] + 2 %;j; [OVOG;] +

K4.2a [H20]+ky 2b [02]+K42¢ [N2

Zkog, +alkenes| O3] [alkenes] Eq.4.1

As stated in section 2.5, HO, and RO, are not speciated but retrieved as RO,’ by the
PeRCEAS instrument. To a good approximation, this is the total sum of peroxy radicals that convert
NO to NO,. Hence, Eq. 4.1 is accordingly modified to calculate the RO," production rate (PRro) using
the onboard measurements during EMeRGe. Based on the results from previous airborne campaigns
(Tan et al., 2001 and Cantrell et al., 2003b), the contribution from the photolysis of H,O, and other
peroxides are expected to be negligible for the measurement conditions in EMeRGe. VOC photolysis
has been assumed to dominate as a source of RO,  over the ozonolysis of alkenes. The most abundant

and reactive OVOCs were considered as the surrogate for all VOC measurements. Thus:

— 9 Ky.2a [H20] . . .
Pro; = 2j4.1[03] Kaa (Fy01 ks 26 [05]+Kage [No] + ja3 [HONO] + 2j,g [HCHO] + 2j,4 [CH;CHO] +
2(js.10a t ja10b)[ CH3COCH3] + 2j,4.4, [CHOCHO] Eq. 4.2

The HCHO, CHOCHO, and HONO measurements for the calculation of Pgg; are taken from
the data provided by miniDOAS. The miniDOAS retrieves the Slant Column Density (SLD) of the
target species towards the horizon at the flight altitude. The SLDs are then converted to mixing ratios
using the corresponding Air Mass Factor (AMF) and the total number concentration calculated at the
flight altitude. During the mission flights E-AS-03, E-AS-07, E-AS-12, and E-AS-14, the miniDOAS
instrument malfunctioned, and no measurements were available. Measurements from these four flights
and all other data points with missing measurements of trace gases and photolysis frequencies used in

Eq. 4.2 are excluded from the following analysis for consistency.

(*****)To simplify the calculation, the CH;C(O)O, produced is treated as a CH;0, molecule in the calculation.
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Figure 4.4 shows the variation of the fractional contribution of each ROZ* precursor included

in Eq. 4.2 with altitude. The data have been classified according to Prp; < 0.06 pmole mole™ s’

(4.4a), 0.06 < Prp; < 0.8 pmole mole” s™ (4.4b), and PRro: > 0.8 pmole mole” s™ (4.4¢). For 87 % of

the measurements applies 0.06 < Pre: < 0.8 pmole mole” s

while the rest of the data are equally
distributed in the other two Pgo: ranges. The data in each group were binned over 500 m always when
available. The vertical variation of selected precursor mixing ratios and photolysis frequencies are

detailed in Figures 4.5a to 4.5f.

Proz < 0.06 pmole mole” s is associated with measurements under cloudy conditions or
towards the sunset with significantly lower photolysis frequencies. In this range, the highest
contribution to the RO," production (85 %) comes from the sum of HCHO, CHOCHO, and HONO
photolysis. The contribution from the O; photolysis followed by the reaction with H,O (R4.1 and
R4.2a)is < 15 %.

In the range 0.06 < Pro; < 0.8 pmole mole” s, the highest contribution to the RO,
production (> 30 %) comes from the O; photolysis followed by the reaction with H,O due to the high
H,O0 loading in the air masses probed during EMeRGe in Asia. Only in altitude bins with a number of
measurements < 10, the O; photolysis contribution is less than 30 %. The HCHO, CHOCHO, and
HONO photolysis contributions ranged from 15% to 30%, 10 to 20%, and 20% to 40%, respectively.
The sum of these three sources exceeds the contribution from the O; photolysis in most of the altitude

bins in the 0.06 < Proz < 0.8 pmole mole” s range.
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Figure 4.4: Variation of total Pre and fractional precursor contributions with altitude, as calculated
by Eq. 4.2, for a) Proz; < 0.06 pmole mole™ s, b) 0.06 pmole mole™ s < Pro; < 0.8 pmole mole™ s

' and ¢) Proz > 0.8 pmole mole” s
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As can be seen in Figure 4.4, the Prp: > 0.8 pmole mole” s is mainly calculated in air
masses measured below 3000 m with HCHO > 600 pmole mole™, indicating high precursor mixing
ratios and good insolation with joapy > 3 X 10° s, These measurements were done in pollution
plumes. The O; photolysis gives the major contribution to the RO," production (> 50 %) in this Pro
range. The contribution from HONO photolysis is between 10 % and 40 %. In contrast to other Pros
ranges, the HCHO and CHOCHO photolysis contribute < 15 %. The contribution of CH;CHO and
CH;C(O)CH; photolysis in all the Prox ranges are <5 % and negligibly small.
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Figure 4.5: Vertical variation of: a) to ¢) precursor mixing ratios; d) to f) photolysis frequencies for the
corresponding Proz bin shown in Figure 4.4. Note the change in the scale of [H,O] for a) b) and ¢)

In previous airborne campaigns, Tan et al. (2001) and Cantrell et al. (2003b) reported a
reduction of the fractional contribution of the reaction of O('D) with H,O as the Pro: value decreased.
At very low Pro: values (< 0.03 pmole mole™ s™), the sum of all other production terms exceeded the

fraction from the O('D) + H,O term. Then H,0, and VOCs photolysis dominated in Pro:. In the case
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of the EMeRGe measurements over Southeast Asia, only 7 % of Prox remains below 0.06 pmole
mole™ s where the fraction from the O(ID) + H,0 term < 15 %. Hence, the H,0O, and VOC photolysis

not considered in Eq. 4.2 are expected to have a minor contribution to the production of RO, .

The relation of the ROz*m with PRo’g and the amount of precursors has been further
investigated in Figure 4.6. Figure 4.6a shows the averaged vertical profile of all measured RO,"
mixing ratios, colour-coded with the calculated Prey. Small circles show the 1-minute measurements
binned with Proz up to 0.8 pmole mole” s™ in 0.1 pmole mole™ s intervals. All the values above 0.8
pmole mole” s were binned to 0.8 pmole mole™ s”. Larger circles in the figure result from further
binning the small circles over 500 m altitude steps. The error bars are the standard errors of each
altitude bin. For the sake of representativeness and comparability, the number of measurements in
each altitude bin are shown in figure 4.6b. Higher RO," were observed below 3000 m; both Pro; and
ROz* starts to decrease with altitude, as expected. The latter is related to the decrease in H,O and other
RO," precursor concentrations with altitude. In previous airborne campaigns in various parts of the
world, RO, vertical distributions showed a local maximum between 1500 and 4000 m, as reported by
Tan et al. (2001), Cantrell et al. (2003a, 2003b), Ren et al. (2008), Andrés-Hernandez et al. (2009),
Commane et al. (2010), Martinez et al. (2010), and Stone et al. (2011). For the measurements over
Southeast Asia during EMeRGe, this local maximum is more evident for measurements with Pggz>

0.5 pmole mole™ s™.
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Figure 4.6: a) Vertical averaged distribution of RO, ", colour-coded with Pro;, b) the number of

measurements in each altitude bin. The small circles are 1-minute individual measurements binned
with Proy values in 0.1 pmole mole” s intervals. Larger circles result from a further binning over 500

m altitude.
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4.1.3 PSS Approximation
The relation between RO, ", and Pro is further investigated to identify the dominant RO,
loss process in the air masses investigated. Under most ambient conditions in the troposphere, RO,"

are short-lived, and RO," reactions dominate over the transport. Consequently, pseudo-steady-state

conditions prevail, and the RO," production and loss rates are balanced. i.e.
PRO; = DRO; Eq 4.3

If the interconversion reactions between OH and RO," cancel out in the balance and the OH — RO,
interconversion reactions dominate over the OH — NOy reactions, then the total sum of OH + HO, +
YRO,, which to a good approximation is the RO, measured by PeRCEAS, can be calculated by
solving Eq. 4.3.

If only RO," — RO,  reactions are considered as the dominant loss processes, then Eq. 4.3

leads to Eq. 4.4.

; K424 [H20] . . .
2j4.1[03] Ko n [H50] Ky 25 [05]7Ka e [No] + j4.3 [HONO] + 2(j4.10a + ja.100)[ CH3COCH3] +

2j45 [HCHO] + 2j46 [CH3CHO] + 2j44, [CHOCHO] = 2kgp; [RO3]? Eq.4.4

where Kgroz represents an effective RO, self-reaction rate coefficient.

Consequently, the RO," mixing ratios are expected to correlate with the square root of the
PRo; calculated. Figure 4.7 shows the relationship between the ROZ*m and m. The ROZ*m and
m are correlated and increase with the photolysis frequency of O; (jo(1py). However, the weak
correlation observed indicates the presence of other dominant loss processes and/or missing
production terms in the Pros calculation. Apart from this, RO,",, versus m assumes a constant
value for the effective RO, self-reaction rate constant, KRro; in Eq. 4.4, which cannot capture changes

related to changes in the HO, to RO, ratio in the air mass.

The measurements over the Gulf of Thailand close to Bangkok and the South China Sea close

to Manila were made in a polluted air mass with joipy > 5 % 10”. This is also reflected in the higher
Proz and RO, values observed around 15°N (figure 4.7b). The low RO, ,, and 3/Proz with j odp) >3

x 107 corresponds to measures done at altitudes above 7000 m with low RO," precursor concentration.
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Figure 4.7: RO, ", vs 2 /Proy colour-coded with: a) jo1py and b) latitude

RO, losses during the IOP were further investigated by considering: i) RO," — RO, ", ii) OH —

NOy and iii) HO, heterogeneous reactions.

i) RO," - RO, reactions

Eq. 4.4 is a quadratic equation of [RO3] in the form

ax’+c=0 Eq.4.5
where a = —2kgg: and ¢ = Pro:.
The solution of Eq. 4.4 is given by
Eq. 4.6

Pro:
RO} ], = 2’ 2/
[RO3]. 2kgo;

The second solution gives negative values for [RO, ], therefore has no physical meaning. As a
first approach, if the RO," is assumed to consist only of HO,, i.e. RO, = HO,, then kRo; =
Kho,+H0,- The Kyo,+Ho, has a pressure independent bimolecular channel and a pressure-dependent
termolecular channel. Both these channels have a dependence on ambient H,O concentration due to
the formation of weakly-bonded and reactive HO,-H,O complexes (Hochanadel et al., 1972, Hamilton,
1975, Hamilton and Lii, 1977, Cox and Burrows, 1979, DeMore, 1979, Lii et al., 1981, Sander et al.,
1982, Andersson et al., 1988, Stone and Rowley, 2005, English et al., 2008, Tang et al., 2010, and
Burkholder et al., 2019). Therefore, the overall rate coefficient is the sum of the bimolecular and
termolecular components corrected for water dependency. i.e.,

kno,+Ho, = (1.4 X 10712 + 4.6 x 10732 x [M])[1 + 1.4 x 1072 [H,0] e(?2°0/D] Eq. 4.7

where M is the total number of molecules.

Figure 4.8 shows the 1-minute RO, ", (small circles) and the average of the binned values over

10 pmole mole™ RO," intervals (large circles) versus the calculated RO, (RO, ",) using Eq. 4.6. The 1-
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minute data are colour-coded with onboard measurement of NO. The error bars are the standard error
of each bin. The slope of the linear regression (solid line) is 0.78 (R*= 0.95), and the y-axis intercept is

-9.69 pmole mole™.
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Figure 4.8: RO,",, versus RO;c using Eq. 4.6. The HO,:RO, ratio is assumed to be 1. The 1-minute
(small circles), average (large circles) and median (triangles) of binned measurements over 10 pmole
mole” RO,’, intervals are shown. The data are colour-coded with NO. The error bars indicate the
standard error of each bin. The linear regression for the binned values (solid line) and the 1:1 relation
(dashed line) are also depicted for reference.

Despite the approximations made in this analysis for the production and loss processes, the
RO," mixing ratios calculated from Eq. 4.6 are in reasonable agreement with the measurements.
Overall RO, ,, as indicated by the fit parameters, is overestimated. Overestimation indicates missing
loss processes and/or overestimation of the production rate in Eq. 4.2. In addition, Eq. 4.4 and thereby
Eq. 4.6 only considers the HO, self-reaction as a loss mechanism and neglects all other reactions
resulting in the loss of RO,". Therefore, Eq. 4.4 was modified to incorporate the following reactions in
the calculation of RO,":
a) OH, RO and RO," loss reactions

HO, + HO, — H,0, + 0, R4.14
HO, + CH;0, — CH;00H + O, R4.15
“CH;0, + CH;0, — CH;0H + HCHO + O, R4.16a
OH + HO, — H,0 + 0, R4.17
¢YOH + OH > H,0, R4.18a
“YOH + OH — H,0 + O(’P) R4.18b

(+) The CH30, self-reaction has a second channel (R4.16b) with a relative product yield,
Ky16b — (262 + 66) e(—1130i240)/T~

k4.163
(++) The sum of ky 15, and ky ;55 1S taken as the effective rate coefficient for OH self-reaction.
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OH + NO 5 HONO R4.19
“OH + NO, 2 HONO, (85% to 95%) R4.20a
“"YOH + NO, ¥ Hoono (5% to 15%) R4.20b
““9HO, + NO, e HO,NO, R4.21
(“"ICH,0 + NO 5 CH,0ONO R4.22

b) OH, RO and ROZ* interconversion reactions

#®HO, + NO — OH + NO, R4.23
HO, + 0; — OH + 20, R4.24
*)CH;0, + NO — CH;0 + NO, R4.25
*)CH;0, + CH;0, — 2CH;0 + O, R4.16b
CH;0 + 0, — CH,0 + HO, R4.27
OH + 03 — H02 + Oz R4.5
M
OH + CO + 0, —» CO, + HO, R4.6
M
OH + CH4 + 02 d CH302 + Hzo R4.7
OH + HCHO + 0, — HO, + CO + H,0 R4.12a
M
OH + CH3CHO + 02 g CH3C(O)02 + H02 R4.12b
M

#HOH + CH;C(0)CH; + 0, — CH;0, + CH;C(O)OH R4.12¢
#HOH + CH;C(0)CH; — H,0 + CH;C(0)CH, R4.12d
#HOH + CH;0OH — CH,O + HO, R4.12¢
OH + CHOCHO + 0, — HO, + H,0 +2CO R4.12f

To account for the variation of kges due to changes in the HO, and the } RO, composition in

the air mass, Eq. 4.4 is modified by introducing HO, to RO," ratios, represented by & (& =
[HO,]/[RO3]). In addition, CH30, reactions were taken as a surrogate for all RO, reactions to reduce

the complexity of the calculations. Thus, Eq. 4.4 is modified to become Eq. 4.8.

(+++) The rate coefficient of R4.20a is used as the effective rate coefficient for the OH + NO, reaction.

(++++)The HO,NO, made from the HO, + NO, reaction is assumed to undergo photolysis to produce HO, + NO, or OH +

NO;. For the purpose of the present work, the HO, + NO, reaction is taken as a null cycle.

(+++++) The CH;0 + NO has another set of products, i.e. CH;0 + NO — CH,O + HNO with a rate coefficient < 8 x 107
cm’molecules™'s™.

(#) The HO, + NO reaction has another channel producing HNO;. The probability of this channel is less than 1%.

(##) The CH;0, + NO reaction has another channel producing CH;NO,. The probability of this channel is less than 0.5%.

(###) For simplicity, only R4.12c¢ is considered in the derivation to account for the CH;C(O)CH; oxidation by OH.

(####) Reaction R4.12e has two channels that result in the same product under Earth’s atmospheric conditions (Burkholder et

al., 2019)
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2j41[03]B + ja3[HONO] + 2j, g[HCHO] + 2j,4[CH3CHO] + 2j4102[CH3C(0)CH;]
+ 2j4100[CH3C(0)CH3] + 2j41; [CHOCHO]

= 2k4158(1 — 8)[RO31% + 2ks16((1 — 8)[RO3])” + 2Ky 14(5[RO3])?

Eq. 4.8
where P is the effective yield of OH in the reaction of O('D) with H,O and is given by:

B= ( K4.2a[H20] )

K4.2a[H20]+ kg 2p[02]+ kg.2c[N2]

By solving Eq. 4.8 for [RO,'], Eq. 4.9, is obtained.

Pro;
* 2
[RO3]. = / Z/ZkRo; Eq. 4.9

where

kroy = (Ka158(1 —8) + ky16(1 = 8)% + k41457) Eq. 4.10
and Pgo; is the RO, production rate given by Eq. 4.2.

A detailed derivation of Eq. 4.8 and Eq. 4.10 are given in Appendix A-IL

Figure 4.9 shows the RO,",, versus ROZ*C from Eq. 4.8 colour-coded with the NO mixing
ratios. RO, ", and RO, ", are retrieved and calculated, respectively for 6 = 1, i.e., RO, = HO, and & =
0.5, i.e., HO; = RO,. The corresponding eCL given in Table 3.12 is used to convert the ANO,
measurements from PeRCEAS to ROz*m. The small circles represent 1-minute ROz*m, while the large

. . - * L
circles are the average of measurements binned over 10 pmole mole 'RO,", intervals.

Even though figure 4.9.b shows more spread than figure 4.9.a, the general agreement and the
overestimation of RO,", do not change significantly in both cases, as indicated by the fit parameters
(Table 4.1). This is due to the increase in both RO,",, and ROZ*c resulting from the reduction of eCL
and kgo:, respectively while reducing the 8. This implies that the correlation between RO, and
ROZ*C is independent of HO, to RO, ratio under the assumptions made in this study. The general

overestimation indicates missing loss processes and/or overestimation of production rates in Eq. 4.8.
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Figure 4.9: RO, , versus RO, . using Eq. 4.8 fora) § =1, b) &=0.5 (8 = [HO,]/[RO3]) by assuming
only OH, RO and RO," — RO, loss reactions. The 1-minute (small circles) data, average (large circles)
and median (triangles) of the binned measurements over 10 pmole mole™ RO, intervals are shown.
The error bars indicate the standard error of each bin. The linear regression for the binned values (solid
line) and the 1:1 relation (dashed line) are also depicted for reference.

The CH;0, self-reaction (R4.16) rate coefficient is an order of magnitude smaller than the
HO, self-reaction (R4.14) and HO, — CH;0, reaction rate coefficients expected in the troposphere. As
a result, the loss of RO,  in Eq. 4.8 reduces as the fraction of CH;0, increases, i.e. when the value of &
decreases. Due to the pressure and [H,O] dependencies of the HO, self-reaction, the effective RO,"
self-reaction rate constant (Kre3) also depends on the pressure and [H,O]. As the pressure and [H,O]
decrease with altitude, kgp: also decreases with altitude. The altitude dependency decreases with a
decrease in HO, to RO, ratio as the RO, self-reaction and HO, — RO, reactions are bimolecular and
have no dependency on [H,O]. Figure 4.10 shows the variation of Kro; with altitude and water
number concentration measured during the EMeRGe flights over Southeast Asia for two HO, to
CH;0, ratios, i.e. for 8= 1 and 6 = 0.5. For 6 = 1, kRofé is higher than that for 6 = 0.5 at altitudes
below 10000 m due to the higher HO, self-reaction rate coefficient. Above 10000 m, the kro; for 8 =
1 keeps on decreasing while that of 6 = 0.5 reaches the value of HO, — RO, reactions rate coefficient

and stays constant. This causes the ko for 8 =1 to be smaller than that for 6 = 0.5 above 10000 m.
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Figure 4.10: Vertical distribution of the effective RO," self-reaction rate constant, KRroy, calculated

using Eq. 4.10 for: a) 8 = 1 and b) = 0.5 (8 = [HO,]/[RO3]). The data are colour-coded with H,O
number concentration.
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ii) OH - NOx reaction

The ROz*m in Figure 4.8 were calculated assuming the radical interconversion between OH,
RO and RO," occurs without losses, and the limiting case of [OH] << [HO,+ RO,] with low [NO] and
[NO,]. Furthermore, VOC oxidation processes were not considered as a source of RO, ". The effect of
these approximations was investigated by extending Eq. 4.8 with interconversion processes between
OH, CH;0 and RO,", and the OH and CH;O reactions with NO, forming HONO, HNOs, and organic
nitrites. CH, and the OVOCs such as HCHO, CH;CHO, CHOCHO, CH;0OH, and CH;C(O)CH;
measured onboard HALO were taken as surrogates for the dominant VOC RO, precursors through

oxidation processes.

(2j41[03]B + j43[HONO]D (1 — p) + 2j,5[HCHO] + 2j44[CH3CHO] + 2(js.10a + ja.100)[CH3C(0)CH3] +
2j4,11[CHOCHO] — 8[RO3](Kk423[NO] + Kky,4[03])p —
k4.22[NO]

(2k4-16b((1 = OIRO3]) + Kazs(1-5) [ROE][NO]) ((k4.22[N0]+ k4.26[021))
2ky6,((1 — 8)[RO3])” — 2k414(8[RO31)% = 0 Eq.4.11

— 2k4158(1 — 8)[RO3]* —

p is the HONO and HNOj; formation efficiency of the OH + NO, reaction and is given by

p =
k419[NOJ+ kg 20[NO,]
(k4.6[CO+ Ky 7[CHu)+ Ky 12a[HCHOL+ Ky 12p[CH3CHOL+ Ky 12[CH3C(O)CH3]+ Ky 12a[CH30H] + k4 12e[CHOCHO]+ kg 5[03] + k4 19[NOJ+ kg 20[NO,])

(1 — p) is the OH to RO," conversion efficiency. d is the HO, to RO, ratio and varies between 1 and
0. The detailed derivation of Eq. 4.11 and the rate coefficients used are given in Appendix A-II. The
solution of Eq. 4.11 is given by:

‘(‘LRO’Q)‘ 2\/(‘LR03 )2‘ 4(‘2kRo§ )PR0§
2(~2kgos )

[RO3] = Eq. 4.12

where Kroz is the effective RO, self-reaction rate coefficient, Lro is the linear RO, loss through

HONO, HNO;3, and organic nitrites formation, and Pgo: is the RO, production rate given by Eq. 4.2.

_ K422[NO] o2 _ 2
kpo = ((k4.16b (o) + Kisa) (1= 8) + kus8(1 = 8) + k4.146> Eq.4.13

k NO
(8(ka23[NOT + ky24[0sDp + (i) kaos(1 = 8)INO])  Eq.4.14

Lro;

When
K419[NO] + Kky20[NOy] <<ky124[HCHO] + kg 125[CH3CHO] + kg 12.[CH3C(0)CH;3] +
k4.12d[CH3OH] + k4.12€‘ [CHOCHO] . then p = O

Figure 4.11 shows the 1-minute RO, , (small circles) and the average of binned measurements
over 10 pmole mole™ RO, ", intervals (large circles) versus RO, using Eq. 4.11 for =1 and & = 0.5.

The fit parameters from the linear regression (solid line) of the averaged bin values are given in Table
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4.1. The difference between the RO, ", using Eq. 4.8 and Eq. 4.11 are negligible, indicating the loss
through the HO, — HO, and HO, — CH;0, reactions were higher than the loss through HONO, HNO;,
and organic nitrites formation for the measurements considered in this study. As described in section
4.1.2, measurements with insufficient trace gas or photolysis frequency data for calculating RO, using
Eq. 4.11 are excluded from the current analysis. Some of the excluded data points had NO > 500
pmole mole™, where the RO, loss through HONO, HNOs, and organic nitrites formation is expected
to dominate. As a result, the data presented in Figure 4.10 is partially biased. An example, the
importance of considering RO," loss through HONO, HNOs, and organic nitrites under NO > 500

pmole mole™ is given in section 4.1.5.
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Figure 4.11: RO, ", versus RO, ", using Eq. 4.11 for a) = 1 and b) & = 0.5 (8 = [HO,]/[RO3]). The
data are colour-coded with NO. RO, ", (small circles), average (large circles) and median (triangles) of
the binned RO, ,, over 10 pmole mole™ RO,", intervals are shown. The error bars indicate the standard
error of each bin. The linear regression for the binned values (solid line) and the 1:1 relation (dashed
line) are also depicted for reference.

Table 4.1: Fit parameters from figures 4.8, 4.9, 4.11, 4.12, 4.14, 4.16, and 4.32. The data using
methylglyoxal (MGL) are discussed on page 84. HONOcpmaq: HONO modelled using the CMAQ
model; RO; __,: estimated using HONO concentration modelled by the CMAQ model and y = 0.

The PSS formula to calculate Plot -intercept
RO,’ HO;:CH0; number o slope (pi]nole mo{)e’l) R’
Fq. 4.8 1:0 4.8,49a 1 0.78 £0.08 -9.69 +4.82 0.95
1:1 4.9b 0.5 | 0.85+0.05 -13.38 £3.33 0.97
Eq.4.11 1:0 4.11a,4.12a 1 0.78 £0.09 -9.53+£495 0.94
1:1 4.11b, 4.12¢ 0.5 | 0.85+0.05 -13.40 £ 3.11 0.98
1:0 4.12b 1 0.98 +£0.18 -6.96 + 6.56 0.92
Eq. 4.16 4.12d, 4.14,
1:1 4.16a, 432b 0.5 | 0.91+0.11 -2.12+5.11 0.94
Eq. 4.16 with MGL 1:1 4.16b 0.5 | 0.86+0.13 -7.95+6.97 0.91
Eq. 4.16 with y = 0.08 1:1 4.32a 0.5 | 0.95+0.07 | -13.05+4.31 | 0.97
£q. 4.16 withy =0 and 11 432¢ 0.5 | 093009 | -550+592 | 0.93
HONOcmaq
Eq. 4.16 (RO, vs ROj__,) 1:1 4.32d 0.5 | 098009 | 4.17+480 | 095
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ii) Heterogeneous reactions of HO, on aerosol surface

As mentioned in section 2.3, the HO, is removed by heterogeneous reactions in the presence
of aerosol. To account for the heterogeneous loss mechanism, a first-order rate coefficient ky is
calculated from the measured aerosol surface area using Eq. 4.15.

Knet = =" [ASA] Eq. 4.15
where o is the mean molecular speed of HO, (o = 43725 cm s ' at 298 K) and y is the aerosol uptake
coefficient (y = 0.24 is used in this work, as recommended by Taketani et al., 2012 for semi-
urban/regional-scale air pollution). The total aerosol surface area concentration, ASA, is calculated
from the Optical Particle Counter (OPC) measurements. The Sky-OPC in the C-ToF-AMS instrument
measures the number concentration of particles classified in 21 bins of the particle sizes from 250 nm
to 7500 nm. A bimodal lognormal function with fixed widths for fine and coarse modes is fitted over
the size distribution to extrapolate the size up to 150 nm. By assuming a spherical shape for the
particles, the total aerosol surface area is calculated using the method described in Heintzenberg

(1994).

To account for heterogeneous loss, Eq. 4.11 is modified by adding the heterogeneous loss term as:

(2j4.1[03]B + j43[HONO]) (1 — p) + 2j,5[HCHO] + 2j,0[CH3CHO] +

2(ja10a + Ja.100)[CH3C(0)CH3] + 2j4.11 [CHOCHO] — kpe8[RO5] — 8[RO3] (k4.23[NO] +
+7\2 . K4.22[NO

K4.24[031)p — (2ka26((1 — 8)[RO3])" — Kya5(1 — 8) [ROZ]NO]) (-—zelll )

(k4.22[NOJ+ k4 27[02])

This in turn modifies Lroy, Eq. 4.14 as:

k4 22[NO]
(k422[NOJ + 4.26[0;])

> Ky25(1— 5)[N0]>

Eq.4.17
Eq. 4.17, together with Eq. 4.13 and Eq. 4.2 are substituted in Eq. 4.12 to calculate the RO,".

Lroy = — <5khet + 8(ky23[NO] + ky24[03])p +<

Figure 4.12 shows the RO, ,, versus RO, . without and with considering heterogeneous loss
mechanism for 8 = 1 and 6 = 0.5. The data are colour-coded with the total aerosol surface area
concentration calculated from the Sky-OPC measurements. The last two binned values in Figure 4.12b
and 4.12d are not considered for the linear fit calculation since the number of data points in those bins
are less than 20. The correlation between the RO, ", and RO,", improves significantly after including
the heterogeneous loss mechanism in the analytical equation, as shown by the fit parameters. The
negative y-intercept might be coming from the uncertainties in the RO, production and loss terms
calculation and/or the measurements down below the LODgg; of PeRCEAS. The RO, with ASA >4
x 10® em® cm” (OPC > 800 cm™) reduces significantly by introducing the heterogeneous loss
mechanism, which improves the overall correlation. Since the value of y varies depending on the

phase, relative humidity, and the type of components in the particle (Mozurkewich et al., 1987;
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Hanson, 1992; Gershenzon et al., 1995; Bedjanian et al., 2005; Remorov et al., 2002; Thornton and
Abbatt, 2005; Taketani et al., 2008, 2009, 2010), a sensitivity study on the dependence of RO,". on Y
was made (section 4.1.8). In addition, the relative importance of the heterogeneous loss processes
under different chemical conditions and physical regimes is discussed in sections 4.1.5 to 4.1.7. Even
though the slope is very close to 1 (0.91), a systematic overestimation is still present for RO, ", < 25
pmole mole™ with total acrosol surface area concentration (ASA) < 1x 10 cm® cm™ (particle number

concentration < 100 cm™) and NO, < 150 pmole mole™ (Figure 4.14).
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Figure 4.12: RO, ", versus RO, . for a) and b) & = 1; ¢) and d) & = 0.5 (8 = [HO,]/[RO%]) without (a,
¢) and with (b, d) HO, losses on the aerosol surface. The data are colour-coded with total aerosol
surface area concentration (ASA). RO, ", (small circles), average (large circles) and median (triangles)
of the binned RO, ", over 10 pmole mole” RO, . are shown. The error bars indicate the standard error
of each bin. The linear regression for the binned values (solid line) and the 1:1 relation (dashed line)
are also depicted for reference.

The contribution of different loss processes to the total RO, loss rate (DRroy) is estimated by
substituting RO, in Eq. 4.16 with RO; . During the substitution, RO, ,, is assumed to be the sum of
an equal amount of HO, and CH;0,, i.e. 6 = 0.5. Figure 4.13 shows the variation of RO,",, observed
during EMeRGe in Asia as a function of latitude and altitude and the calculated contribution of HO, +
HO, reaction, HO, + RO, reaction, RO, + RO, reaction, OH + NO reaction, OH + NO, reaction, and

HO, uptake on aerosol to Doz For the calculation, CH30, is taken as the surrogate for all RO,.
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Figure 4.13: Plot of: a) [ROz*]; RO; loss contribution from b) HO, + HO, reaction, ¢c) HO, + RO,
reaction, d) RO, + RO, reaction, ¢) OH + NO reaction, f) OH + NO, reaction, and h) HO, uptake on
aerosol as a function of latitude and altitude.

The HO; + RO, reaction has the highest contribution to the total Dgox and it reaches up to 75
% and remains above 25 % in most of the conditions encountered. The contribution from HO, + HO,
reaction also remains above 20 % in most cases and reaches up to 50 % during the measurements in
the PBL under sunny conditions. Due to the higher pressure dependency of Kyo,4+Ho,, the loss
through the HO, + HO, reaction decreases with altitude. On the other hand, the RO, + RO, reaction

contributes < 2 % to the Dgox due to the lower reaction rate coefficient than HO, + RO, and HO, +
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HO,. In general, for the measurements of EMeRGe in Asia, the HO, + RO, and HO, + HO, reactions

. *
were the main loss process of RO, .

The contribution from the OH + NO reaction forming HONO remained below 20 % for all the
cases investigated except for the measurements near Taiwan with NO, > 8 x 10'* molecules cm™
(shown in section 4.1.6). The OH + NO, reaction forming HNOs also remained below 25 % for all the
cases investigated. Since there were no NO, measurements available near Taiwan, the loss rate
through HONO formation is not calculated. The reaction between RO + NO forming organic nitrites
contributes < 2 % to Dgp;. The small contribution from the OH + NO and OH + NO, reactions
compared to the HO, + RO, and HO, + HO, reactions is the reason for the negligible difference
between RO, ", calculated using Eq. 4.9 and 4.12. During EMeRGe in Asia, the loss through the HO,
uptake on aerosol is generally below 30 % but reaches up to 60 % in air masses with ASA >7 x 10
em” em” (OPC > 1400 particles cm™) for y = 0.24. The loss through the HO, uptake on aerosol > 50
% in figure 4.13 is calculated for ASA > 5 x 10° cm” cm™ (OPC > 1000 particles cm™) over the East
China Sea. A detailed discussion on these measurements and a sensitivity study on y are given in

sections 4.1.7 and 4.1.8.

The air masses with ASA < 1x 10° cm® cm™ (particle number concentration < 100 particles
cm”) and NO, < 150 pmole mole™ were measured above 4000 m during the IOP in Asia. Under these
conditions, the HO, — HO, and HO, — RO, reactions are the dominant RO," loss processes. So the
overestimation of RO, ", by ROZ*C under these conditions might be due to the underestimation in kRo’g,
the OH loss reactions (OH — HO, and OH self-reaction) that are not considered in Eq. 4.16 and/or the

overestimation of the production rate.

The correlation between the RO, ", and RO, . is further investigated by considering different
physical and chemical regimes. Figure 4.14 shows the RO, ", versus RO, . using Eq. 4.16 for § = 0.5

colour-coded with jo1py, the mixing ratio of the sum of selected OVOCs as a surrogate for the

dominant VOC precursors, XVOCs, (XVOCs = HCHO + CH3;CHO + CHC(O)CH; + CHOCHO +
CH;0H), the mixing ratio of NO,, and the flight altitude. As the miniDOAS instrument has no
measurements available in flights altitudes above 6000 m, those measurements are not considered in
the correlation study in figure 4.14. As a result, the maximum altitude is set to 6000 m. The RO, ",
overestimate (up to 4 times) the measured values at altitudes above 4000 m. Neither the accuracy nor
the LODgro; of PeRCEAS can explain this discrepancy completely. These measurements were
associated with joeipy >3 % 10° s, indicating high insolation. The mixing ratio of NO, < 150 pmole
mole™ indicates the absence of fresh emissions, and the ZVOCs mixing ratio remains < 2 nmole mole
'. The overestimation might come from the overestimation of production rates and/or underestimation
of the loss processes. The RO, loss reactions (OH self-reaction and OH — HO, reaction) excluded

from Eq. 4.16 might significantly contribute to the total overestimation under this chemical
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composition. Even though the lower VOC loading indicates the HO,:RO, in these air masses might be
higher than 1:1, i.e., 6 > 0.5, the variation does not affect the correlation between RO, ,, and ROZ*C

(see Figure 4.9).
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Figure 4.14: RO, ", versus RO, using Eq. 4.16 for & = 0.5 (8 = [HO,]/[R03]). The data are colour-
coded with: a) jo(1p), b) mixing ratio of ZVOCs, being XVOCs = HCHO + CH;CHO + CHC(O)CH;
+ CHOCHO + CH;0H, ¢) NO, mixing ratio, and d) altitude. RO; (small circles), the average (large
circles) and the median (triangles) of the binned RO,",, over 10 pmole mole”’ RO, intervals are

shown. The error bars indicate the standard error of each bin. The linear regression for the binned
values (solid line) and the 1:1 relation (dashed line) are also depicted for reference.

In addition to this, the spatial and temporal differences in the in-situ measurements (O3, NO,
H,0, CO, CH,, CH;CHO, CH;0H, and CH;C(O)CHs) with respect to remote sensing observations
(NO,, HCHO, CHOCHO, and HONO) used in Eq. 4.16 might partly contribute to the overestimation
observed in Figure 4.14. Although the temporal evolution reasonably agrees, as shown for HCHO in
Figure 4.15, these instruments have different air sampling volumes and do not perfectly overlap in
coverage. This may occasionally lead to significant differences depending on the location of the
pollutant layers with respect to HALO. In addition, PTR-MS measurements of HCHO might include
interferences from molecular fragments of other compounds in the sample air (Inomata et al., 2008).
Further details about the accuracy and comparability of the instrumentation on board during the

campaign can be found elsewhere (Schumann, 2020).
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Figure 4.15: Example of a time series of HCHO obtained from remote sensing (HAIDI in blue and
miniDOAS in green) and in-situ (HKMS in red) instruments during the flight E-EU-04. The shaded
region shows + 1c uncertainties of the HKMS and miniDOAS instruments. HAIDI 3 stands for the
data retrieved from the third spectrometer of HAIDI. The HALO altitude is depicted in black.

The effect of including methylglyoxal (CH;C(O)C(O)H) photolysis as an RO, source in Eq.
4.16 was investigated by using the CH;C(O)C(O)H" measurements provided by the miniDOAS
instrument. The CH;C(O)C(O)H™ measured is the sum of CH;C(O)C(O)H and a fraction of other
substituted dicarbonyls (mainly 2,3-butanedione, C;H40,), with visible absorption spectra similar to
that of CH;C(O)C(O)H. For the calculation, CH;C(O)C(O)H was assumed to be half of
CH;C(O)C(O)H" as recommended by Zarzana et al. (2017) and Kluge et al. (2020). Figure 4.16 shows

the comparison between the RO, , and RO,. without and with CH;3;C(O)C(O)H (where

w) photolysis. As can be seen in the figure and the fit parameters, the

CH;C(O)C(O)H =
spread and the overestimation increase when the RO," production from CH;C(O)C(O)H is considered.
The influence of CH;C(O)C(O)H is evident in data points with CH;C(O)C(O)H > 500 pmole mole™.
This indicates that the 2 factor might be too inaccurate depending on the composition of the air
masses, and CH;C(O)C(O)H photolysis was not included in the RO,  calculations to avoid an

unknown variable source of inaccuracies.
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Figure 4.16: RO,", versus RO, . using Eq. 4.16 for & = 0.5 (8 = [HO,]/[RO%]) a) without and b) with
RO," production from CH;C(O)C(O)H. The data are colour-coded with the CH;C(O)C(O)H" mixing
ratio. RO, ,, (small circles), average (large circles) and the median (triangles) of binned RO, ", over 10
pmole mole™ RO,", intervals are shown. The error bars indicate the standard error of each bin. The
linear regression for the binned values (solid line) and the 1:1 relation (dashed line) are also depicted
for reference.
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In summary, the correlation study between RO,", and RO,", shows that the RO, — RO,
reactions (HO, self-reaction and HO, — RO, reactions) dominate the RO," loss processes in the air
masses investigated with NO < 200 pmole mole” and ASA < 4 x 10° ecm® em™ (particle number
concentration < 800 cm™). Due to the pressure and [H,O] dependency of the HO, self-reaction, the
loss through the HO, — HO, reaction decreases with altitude. For the measurements considered in the
PBL, the loss contribution from the HO, uptake on aerosol is estimated to be < 30 %, except for the
measurements in the East China Sea with ASA >4 x 10° cm? em™ (particle number concentration >
800 cm™). Similarly, the RO, loss through the HONO and HNO; formation was < 20 %, except for
the measurements near Taiwan with NO, > 8 X 10" molecules cm™. ROZ*c overestimates RO;m for
the measurement above 4000 m with RO, ,, < 25 pmole mole™. The overestimation might be coming
from the RO," loss reactions (OH self-reaction and OH — HO, reaction) excluded from Eq. 4.16 and
the overestimation of the RO, precursor measurements. Further studies of the RO, precursors are still
necessary to pinpoint the cause of this overestimation. The correlation between RO, and RO, is
independent of 9, i.e. of the HO, to RO, ratio, since both RO, ", and RO, . vary in the same manner as

o under the assumptions made in this study.

4.1.4 Error Estimation of the PSS Calculation

The uncertainty of the RO, is estimated from the uncertainty of the measurement used in Eq.
4.16. An accuracy or precision estimate of the measurements is given in the data files by the
corresponding instrument group. During EMeRGe, the maximum uncertainty of photolysis
frequencies was < 10 % and was highest during the measurements with a low solar zenith angle (<
15°). The O; uncertainty remains around 2.5 % and increases up to 4 % during altitude changes. The
CH;3;C(O)CH;3 and the CH3;CHO measurements from the HKMS instrument have an uncertainty
between 10 % and 15 %, between 20 % and 60 %, respectively. Since the relative contribution of
CH;CHO photolysis in RO, . is < 5 %, the higher relative error of CH;CHO has negligible importance
in the uncertainty of RO, .

The NO, and HCHO measurements from the miniDOAS instrument have an uncertainty of 20
% for the data considered in this study. The uncertainty of CHOCHO from the miniDOAS instrument
is between 20 % and 30 %. HONO measurements from miniDOAS have the highest uncertainty
compared to all other measurements and are between 20 % and 60 %. For those datasets without
uncertainty estimates, the relative uncertainty is calculated from the corresponding detection limit, a,
and the additive relative error, r, as Ay = a + r y (Schumann 2020). The measurement uncertainties for
NO, CO, ambient pressure, ambient temperature, and H,O volume mixing ratio were calculated using

this method with the values given in Table 4.2.

The uncertainty of RO, resulting from the error propagation of the measurement

uncertainties mentioned above in Eq. 4.16 is 15 % to 20 %. Even though this uncertainty cannot
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completely explain the difference between ROz*m and ROz*C, it might reduce the differences observed

between RO, and ROZ*C in particular cases.

In addition to the higher uncertainty, i.e. 20 % to 60 %, the measured HONO concentration
was significantly higher (more than 100 times) than the expected values in the free troposphere from
known gas-phase reactions, as indicated by comparisons with model simulations. Up to the submission
of this work, no known physical or chemical mechanisms resulting in higher HONO production in the
free troposphere have been identified by the instrument group responsible for the HONO
measurements (Benjamin Schreiner and Prof. Klaus Pfeilsticker, private communication). A
sensitivity study of the RO,". dependency on HONO measurements is presented in sections 4.1.5 to

4.1.8 to investigate the effect of a potential HONO overestimation.

The contribution from the uncertainties of the first-order reaction rate constants is < 5 % to the
total uncertainty. The uncertainties on the second-order reaction rate constants are estimated using the
reported error in the rate constants and the uncertainty of the pressure and temperature measurements.
The contribution from these estimated uncertainties of the second-order reaction rate constants was
also < 5 % to the total uncertainty of RO,".. The relative importance of each measurement and its
uncertainty on RO,’. under different physical conditions and chemical compositions are further

discussed in sections 4.1.5 to 4.1.7.

Table 4.2: Detection limit, a, and additive relative error, r, used to estimate the instrumental
uncertainty. NA: not available.

Instrument Parameter Unit a r
AMTEX CO nmole mole™ 1.3 | 24%
AENEAS NO nmole mole™ | 0.003 | 11 %
AENEAS NO, nmole mole” | 0.035 | 10%

BAHAMAS | Static pressure hPa 0.3 NA
BAHAMAS Temperature K 0.5 NA
BAHAMAS H,O pmole mole™ NA 10 %

4.1.5 Special Case Study: Manila

During the flights E-AS-06 on 20.03.2018 and E-AS-10 on 28.03.2018, both upwind and
downwind measurements were made close to Manila under similar physical conditions. These
measurements near Manila were studied in detail to understand the chemical processes involved in
RO, production and losses close to the source with NO < 200 pmole mole”. The flights took place

under mostly clear sky conditions favouring RO, production.

Flight E-AS-06
Figure 4.17 shows the 2D and zoom-in 3D representation of the flight pattern near Manila

from E-AS-06. The flight tracks are colour-coded with: a) altitude; b) RO, , ¢) CO; and d) NO.

100



Results and Discussion

Vertical profiling was made in the upwind and downwind of Manila to distinguish Manila outflow
from the background. Different flight legs near Manila are marked with letters A to K. At point A,
HALO reached north of Manila and descended to 2700 m. The forecasting predicted wind blows from
east to west over Manila. At point B, HALO descended to 1650 m and made the upwind
measurements in four flight legs at two altitudes, i.e., at 1650 m between B—C and C-D and 2000 m
between D-E and E-F over the east side of Manila. HALO reached the predicted Manila outflow
region over the west coast at point H and made altitude profiling at 1700 m, 1500 m, and 1270 m
between H-I, I-J, and J-K, respectively. Both CO and NO mixing ratios measured on the west side of
Manila were higher than those measured on the east side. This indicates the presence of fresh emission
plumes during the measurements on the west side. FLEXTRA backward trajectories indicate that air
masses measured during the flight legs over the west coast were transported over Manila in the PBL
before reaching the sampling point. Therefore, the sampled air masses are expected to contain

emissions from Manila.

The CO and NO mixing ratio reached up to 200 nmole mole™ and 100 pmole mole™ during
the measurements on the west side of Manila between J-K at 1270 m. These were the highest values
encountered during measurements near Manila. RO,", > 100 pmole mole™ was observed during this
period and was also the highest mixing ratio measured during E-AS-06. The pollution plumes
observed between H—I and I-J at 1700 m and 1500 m were more to the south than the plume observed
between J-K at 1270 m. Inside the plume between H-I and I-J, CO was less than 200 nmole mole™,

while the NO mixing ratio was similar to the value observed in the flight leg J-K.
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Figure 4.17: E-AS-06 flight on 20.03.2018 a) flight tracks colour-coded with flight altitude and zoom-
in 3D view of the flight track near Manila colour-coded with b) RO,",, ¢) CO, and d) NO mixing
ratios. Stars indicate the target MPC Manila (red) and the HALO base in Tainan (yellow). Different
flight legs near Manila are also marked with letters from A to K.
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Figure 4.18 shows the variation of ROz*m, ROz*C, other trace gas measurements, and photolysis
frequencies along the flight track near Manila from flight E-AS-06. Different flight legs are marked
with vertical lines and letters (A to K). Panel e) in figure 4.19 shows the HYSPLIT modelled CO
enhancement over the background concentration due to emissions originating from Manila. In
addition, based on HYSPLIT simulations, the measurements expected to contain emissions from

Manila are highlighted with grey vertical spans.

During the upwind measurements on the east side of Manila, HALO encountered three
different pollution layers. The first layer was measured between A—B at 27000 m. According to
FLEXTRA trajectories, the air masses measured were transported over the land in the PBL north of
Manila. The second layer was measured between B-D at an altitude of 1650 m. The air mass was
transported in the PBL over the Philippine Sea. As a result, [H,O] reaches up to 4 x 10'7 molecules
cm”. The third layer was measured between D—F at an altitude of 2000 m, which was also transported
in the PBL over the Philippine Sea and contained local emissions from the land. During the
measurements in the first and second layer, i.e. between A-D, the RO, ,, is around 50 pmole mole™,
and the ROZ*C value agrees very well with RO;m during this period. Between D—F, i.e. in the third
layer, RO,",, increases to 70 pmole mole”. The increase in RO,",, is correlated with the increase in the
photolysis frequency and } VOCs. As shown in figure 4.19, during the upwind measurements, the
contribution from the O('D) reaction with H,O to the total RO, production is around 60 %. The
HCHO photolysis contributes around 20 %, while the CHOCHO and HONO photolysis contribute <
10 %. The estimated total RO, loss rate (Droz) shows that the loss rate is dominated by the HO, -
RO, and HO, — HO, reactions and is between 70 % and 90 %. The RO," loss through the HO, uptake
on aerosol and HONO and HNO; formation are < 20 % and < 10 %, respectively. The contribution

from RO, — RO, reactions and RO — NO reactions are < 2 %.

As shown in Figure 4.18, VOCs, NO,, NO, mixing ratios and [H,O] also increase
simultaneously with CO and NO downwind of Manila. NO,, CH;0H, CH;CHO, and CH;C(O)CH;
reach 3; 5.8; 1.15; and 3.8 nmole mole™, respectively, during the measurements between J—K. The
enhancement in the trace gas measurements agrees with the HYSPLIT modelled CO enhancement.
The ROQ*c do not capture the enhancement in RO;m within the plumes. This might be due to the
complex chemistry inside the plume, which cannot be represented by Eq. 4.16. The RO," source
contribution from the O('D) reaction with H,O increases from 60 % to 75 % in downwind
measurements, and the HCHO photolysis contribution remains between 15 % and 20 %. The
CHOCHO photolysis and HONO photolysis contribution also remain < 10 % throughout the period. In
the downwind measurements, the contribution of HO, — RO, and HO, — HO, reactions to Dgo;
reaches < 80 %, and the contribution from HO, uptake on aerosol increases up to 30 % inside the
pollution plume. The contribution of HONO and HNO; formation to Dgo; remains < 10 %, as the NO

does not show any enhancement above 100 pmole mole™ (Figure 4.18). The difference between the
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total RO," production and loss rates is within the standard errors estimated from the measurement
uncertainty indicating that the relevant processes in RO," production and loss are considered in the

Eq.4.16. A significant difference between production and destruction is observed during pressure

fluctuation.
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Figure 4.18: Variation of RO, ,, and ROz*c, selected RO, precursors and jo(1D) measurements along
the flight track near Manila from E-AS-06. a) RO, 1, RO, using Eq. 4.16, OH calculated (OH.) using
Eq. 4.18 discussed in section 4.1.7, and flight altitude. The P_flag indicates RO, measurements
affected by dynamical pressure variations in the inlet. b) O; and CO mixing ratios, [H,O], and ASA
(total aerosol surface area concentration). ¢) NO, NO,, HONO, NO, mixing ratios and joip). d)
HCHO, CH;CHO, CH;0H, CHOCHO and CH;C(O)CHj; mixing ratios. ¢) HYSPLIT model results in
CO enhancement over background concentration due to emissions originating from the target MPCs
Manila (02-04h UTC). The error bars show the standard error of the measurements. Based on
HYSPLIT simulations, the measurements expected to contain the emission from Manila are
highlighted with grey vertical spans. Different flight legs near Manila are also marked with vertical
lines and letters from A to K.
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Figure 4.19: Variation of RO, and ROZ*C, RO;CMAQ (sum of HO; cmag, CH30; emag, and RO, C cmag
modelled using the CMAQ. RO, C cuaq is the organic peroxy radical other than CH;0, that converts
NO to NO,), RO," production and loss contribution from each term in Eq. 4.16 along the flight track
near Manila from E-AS-06. a) RO, ,, RO,", ROZ*CMAQ (HO; cmag + CH30; cmag + RO, C cmaos
where RO, C is the sum of organic peroxy radicals other than that convert NO to NO,) and flight
altitude. The P_flag indicates RO, measurements affected by dynamical pressure variations in the
inlet. b) RO," source contribution from R4.1, R4.3, R4.8, R4.9, R4.10, and R4.11. ¢) RO," loss
contribution from R4.14 (Dyo, +Ho,)> R4.15 (Dxo,+r0,)> R4.16 (Dro,+R0,)> R4.19 (Don4no), R4.20
(Don+no,)> R4.22 (Droysno), and HO, uptake on aerosol (Dpet). d) difference between the total
production (Pre;) and loss (Dgp;) rate with standard errors estimated from the measurement
uncertainty. e) percentage of HO,, CH;0,, and RO, converting NO to NO, other than CH;0, modelled
using the CMAQ model in RO;CMAQ. Based on HYSPLIT simulations, the measurements expected to
contain the emission from Manila are highlighted with grey vertical spans. Different flight legs near
Manila are also marked with vertical lines and letters from A to K.
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The RO, calculated from the CMAQ model as the sum of peroxy radicals that convert NO to
NO, (ROZ*CMAQ = HO,; cmag + CH30; cmag + RO, C cmag, Where RO, C are organic peroxy radicals
which convert NO to NO,), shows good agreement with RO,"., but fails to capture the variations in
RO,’,, inside the plumes (figure 4.19). As the model entirely relies on emission inventories and the
chemical transport mechanism to estimate the RO,  precursors and other trace gases, the
underestimations of ROZ*m might be due to the underestimation of ROz* precursors or NO, in the
plumes. A detailed study comparing the RO, ,, and the CMAQ model result is beyond the scope of
this study. On the other hand, the HO, to RO, ratio calculated from the CMAQ results is around 50 %
for both upwind and downwind measurements and is in reasonable agreement with the assumption
used to retrieve RO, ,, and RO, .. The uncertainty in RO, ", from the variations in the HO,:RO, ratio
due to different sensitivities for HO, and RO, (section 3.2.7) is expected to be < 5 % as the calculated

ratio from CMAQ remains around 50 %.

In summary, during the measurement near Manila, in both upwind and downwind
measurements, the RO, production is dominated by the O(ID) reaction with H,O and the RO, loss is
dominated by the HO, — RO, and HO, — HO, reactions. The uncertainty of RO,". calculated from the
uncertainties of the measurements used in Eq. 4.16 is around 20 %, and RO,", and RO, ", agree within
the uncertainties except inside the pollution plumes. Even though the HONO measurements
uncertainty is higher than 60 %, the contribution to the RO, uncertainty is < 10 % since the HONO

contribution to the RO," production remains less than 10 % over the period considered.

Flight E-AS-10

Figure 4.20 shows the 2D and zoom-in 3D representation of the flight track near Manila from
flight E-AS-10. The flight tracks are colour-coded with: a) altitude; b) RO, ., ¢) CO; and d) NO. As
can be seen from the flight tracks, E-AS-10 made a similar flight pattern to E-AS-06 with vertical
profiling on both upwind and downwind of Manila to distinguish Manila outflow from the
background. Different flight legs near Manila are marked with letters A to K. FLEXTRA backward
trajectories indicate that the measured air masses over the west side of Manila were transported over

Manila in the PBL before reaching the sampling point.
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Figure 4.20: E-AS-10 flight on 28.03.2018 a) flight tracks colour-coded with flight altitude and zoom-
in 3D view of the flight track near Manila colour-coded with b) RO, ", ¢) CO, and d) NO mixing
ratios. Stars indicate the target MPC Manila (red) and the HALO base in Tainan (yellow). Different
flight legs near Manila are also marked with letters from A to K.

Similarly to flight E-AS-06, the forecasting predicted wind blow from east to west over
Manila. At point A, HALO descended to 1500 m for upwind measurements on the east side of Manila.
Between A-B and B—C, upwind measurements were made at 1500 m. At point C, HALO ascended to
2000 m and repeated the upwind measurements between C—D and D-E at 2000 m. At point F, HALO
reached the predicted outflow region and made altitude profiling over the west coast at 2000, 1600,
1300, and 1000 m between the points F-G, G-H, H-I, and [-J, respectively. From point J, HALO
ascended to 1650 m and flew towards Manilla till K. From K, HALO ascended to 5000 m and flew
back to Taiwan. Unlike flight E-AS-06, only the CO mixing ratio was enhanced during the
measurements over the west coast compared to the measurements over the east coast. Even though the
air masses were expected to contain emission signatures of Manila according to FLEXTRA backward
trajectories, NO measurements indicate flight E-AS-10 has less amount of NOj than in flight E-AS-06.
As a result, RO, ,, < 80 pmole mole” is observed in flight E-AS-10 even though the photolysis
frequency and [H,O] are comparable with those from E-AS-06.

Figure 4.21 shows the variation of RO, 1, RO, ., other trace gas measurements, and photolysis
frequencies along the flight track near Manila from E-AS-10. Different flight legs are marked with
vertical lines and letters (A to K). Panel e) in Figure 4.21 shows the HYSPLIT modelled CO

enhancement over the background concentration due to emissions originating from Manila. In
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addition, based on HYSPLIT simulations, the measurements expected to contain emissions from

Manila are highlighted with grey vertical spans.

The upwind measurements were made in a single layer as indicated by the stable mixing ratio
of O3 and CO of 50 and 130 nmole mole™, respectively, throughout the measurements. According to
FLEXTRA backward trajectories, the upwind measurement in both 1500 (A—B and B—C) and 2000 m
(C-D and D-E) altitudes were influenced by local emissions from the land. The NO mixing ratio of
100 pmole mole™ observed during the measurements between B—C and D-E indicates the presence of
fresh emissions from the east coast. The RO, ", was around 40 to 60 pmole mole™ throughout the
upwind measurement. The high variations in the jo1p) between A-B, B-C, and C-D indicates the
presence of clouds above the aircraft. Precisely at these positions, CHOCHO and HONO
measurements from the remote sensing instrument miniDOAS show enhancements and reach up to 5
nmole mole™ and 150 pmole mole™, respectively, where all the other in-situ trace gas measurements
show a stable value. The peak in the measurements from the remote sensing instruments might be an
artefact coming from the mixing ratio retrieval under cloudy conditions. On the other hand, the NO,
measurement from the miniDOAS remains stable at around 150 pmole mole™. Due to the increases in
CHOCHO and HONO, the contribution from their photolysis in the production rate increases from 10
% to 15 % and 15 % to 30 %, respectively, under cloudy conditions (figure 4.22). As a result, RO, ",
overestimate RO, ", by 40 to 50 pmole mole”. As shown in Figure 4.22, the O('D) reaction with H,O
contributes more than 50 % to the total production rate, and HCHO photolysis contributes around 15
% for the upwind measurements. The HO, — RO, and HO, — HO, reactions were the main loss process
of RO," and are > 80 % of the total. The loss through HO, uptake on aerosol and HONO and HNO;
formation is < 10 %. The difference between the RO, production and loss rates varies around 0.5
pmole mole” s'. This also confirms that the RO,  production is overestimated in the upwind

measurements.

In the downwind measurements of Manila, three different pollution layers were encountered.
The first layer was observed during the measurement above 1500 m, i.e. between F—G at an altitude of
2000 m and between G—H at an altitude of 1650 m. During this period, CO increases up to 250 nmole
mole” and remains above 200 nmole mole™. The VOC mixing ratios and the ASA also increase during
this period. On the other hand, the NO mixing ratio remains < 40 pmole mole”. Due to the
enhancement in the RO, precursors (e.g. VOCs), RO, ", reaches up to 80 pmole mole™” and remains
above 60 pmole mole”. The second layer was observed during the measurement between H-I at an
altitude of 1300 m. All trace gas measurements except RO," and NO, have stable and similar values to
the upwind measurements during this flight leg. RO,", remains stable around 60 pmole mole™, which
is 20 pmole mole™ higher than the upwind measurements. This increase might be due to the higher and
stable photolysis frequencies under the clear sky observed during this period. The third layer was

observed between I-J at 1000 m. All the trace gases show an enhancement near point J, indicating the
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presence of a pollution plume. Inside the plume, RO, ,, reaches 75 pmole mole”. During the
measurements between J-K, the in-situ measurements indicate the presence of a pollution plume.
According to FLEXTRA and HYSPLIT model results, these were also Manila outflow. Due to the
increase in VOCs, the RO, ,, reaches up to 80 pmole mole”. HYSPLIT showed four times smaller CO
enhancement in E-AS-10 than in E-AS-06. In contrast, the CO, O3, H,O, NO, NO,, and NO, mixing
ratios were similar in E-AS-06 and E-AS-10. The HONO measurements in E-AS-10 are around 20
pmole mole higher than that in E-AS-06. On the other hand, the ¥ VOCs were almost 1 nmole mole™
smaller during E-AS-10 than during E-AS-06 near Manila. This might be the reason for the 20 pmole
mole” lower RO,", observed during E-AS-10 compared to E-AS-06.

Even though RO,", has better agreement with RO, ,, for downwind measurements than for
upwind measurements in flight E-AS-10, short-term variations in the pollution plume are not captured
by ROZ*C. The contribution from the ROZ* sources considered in Eq. 4.16 remains almost similar in the
upwind and downwind measurements. The O;, HCHO, CHOCHO, and HONO photolysis contribute
around 60 %, 20 %, 10 %, and 10 %, respectively. Outside the pollution plumes, the overall loss
contributions are similar to that of upwind measurements. Inside the pollution plumes, the contribution
from the HO, uptake on aerosol increases up to 40 % due to increased aerosol loading. As a result, the
loss through HO, — RO, and HO, — HO, reactions reduces to 60 % inside the pollution plumes. The
HONO and HNOj; formation contribution to the RO, loss remains < 10 %, as the NO mixing ratio
was < 100 pmole mole™” during the measurement near Manila (Figure 4.21). The uncertainty of RO,
calculated from the uncertainties of the measurements used in Eq. 4.16 is around 20 % throughout the
flight. In the downwind measurements, the difference between the total RO, production and loss rates
is within the uncertainties indicating that the relevant processes in RO,  production and loss are

considered in Eq. 4.16.
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Figure 4.21: Variation of RO, , and RO, ", selected RO, precursors and jocip) along the flight track
near Manila from E-AS-10. a) RO, ,,, RO, using Eq. 4.16, OH, using Eq. 4.18 discussed in section
4.1.7, and flight altitude. The P_flag indicates RO,” measurements affected by dynamical pressure
variation in the inlet. b) O; and CO mixing ratios together with H,O and ASA (total aerosol surface
area concentration). ¢) NO, NO,, HONO, NO, mixing ratios and jo(1D). d) HCHO, CH3CHO, CH;0H,
CHOCHO and CH;C(O)CH; mixing ratios measurements. €) HYSPLIT model results of CO
enhancement over background concentration due to emissions originating from the target MPC Manila
(02:25-04:15 UTC). The error bar shows the standard error of the measurements. Based on HYSPLIT
simulations, the measurements expected to contain the emission from Manila are highlighted with grey
vertical spans. Different flight legs near Manila are also marked with vertical lines and letters from A
to K.

109



Results and Discussion

8000

,_.
2
<

4100 i
s ~6000 _
g g
] @
ER ~4000E
S o <
K 2000
g 20

RO, source condribution (%)

PcrscioicH, M Prono

RO, loss condribution (%)

B Do, + Ho, Dro, +ro, Dgo, +ro, EEE Dpee WSS Doy 4o EEEE Do+ nvo, EEEE Dpo+no

Pro; — Dpo; (pmole mole™t s™1)

,_.
(=3
=)

3 & &

Peroxy radical ratio (%)

[
=]

=]

01:00 01:30 02:00 02:30 03:00 03:30 04:00 04:30
Time (UTC)

N HO, N CH-0:> Il RO, C
Figure 4.22: Variation of RO, and RO, ", RO;CMAQ (sum of HO; cmag, CH30; cmag, and RO, C
cmag modelled using the CMAQ. RO, C cuaq is the organic peroxy radical other than CH;0, that
converts NO to NO,), RO," production and loss contribution from each term in Eq. 4.16 along the
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production (Pgrp:) and destruction (Dgoy) rate with standard errors estimated from the measurement
uncertainty. e) ratio of HO,, CH30,, and RO, converting NO to NO, other than CH;0, modelled using
the CMAQ model. Based on HYSPLIT simulations, the measurements expected to contain the
emission from Manila are highlighted with grey vertical spans. Different flight legs near Manila are
also marked with vertical lines and letters from A to K.
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RO,’ cmag model shows good agreement with RO,". and fails to calculate the short-term
variations observed in ROZ*m inside the plumes. In addition, upwind RO;m 1s 50 % overestimated
between points A—C, where the local clouds reduced the photolysis frequencies, which are not
accounted for in the model. The HO, to RO, ratio calculated from the model results is around 50 %
during upwind and downwind measurements. Under this HO, to RO, ratio, the uncertainty from the
HO, to RO, ratio variations on RO,",, due to different sensitivities for HO, and RO, (section 3.2.7) is
expected to be <5 %.

In summary, the photolysis frequencies and trace gases like VOCs and H,O observed during
the upwind measurements in both E-AS-06 and E-AS-10 were similar. As a result, the RO, ,, observed
during the upwind measurements of Manila in both flights was similar, around 50 pmole mole”. On
the other hand, RO, ", overestimated RO, ", during the upwind measurements in E-AS-10 due to the
uncertainties in the remote sensing instruments under cloudy conditions. During upwind
measurements under cloud-free conditions in E-AS-06, ROZ*c agrees reasonably well with ROz*m.
Similarly, RO, cmaq Values are closer to RO,",, and ROZ*c in E-AS-06 than in E-AS-10. The
overestimation of RO, by RO,’ cmag in-flight E-AS-10 is attributed to the overestimation of
photolysis frequencies by the model under cloudy conditions. This indicates the necessity of
constraining the model with onboard measurements. In both flights, E-AS-10 and E-AS-06, the RO;
is higher in downwind than upwind Manila. As mentioned earlier, ) VOCs were almost 1 nmole mole”
" smaller during the downwind measurements of flight E-AS-10 compared to E-AS-06. As a result, the
RO, observed in pollution plumes during E-AS-10 is 20 pmole mole” smaller than that observed
during E-AS-06. The underestimation of RO, , by RO,". downwind Manila is higher for E-AS-06,
where > VOCs are also higher. This indicates that the processes considered in Eq. 4.16 are not
adequate to represent the RO," production from VOCs inside the pollution plums. ROQ*CMAQ in the
downwind measurements of both flights agrees well with the RO, but fails to capture short-term
variations of RO, , inside the pollution plume. A 20 % increase in RO, ", is observed in the downwind
measurements from both flights. This is attributed to increased RO," production due to the increase in

OVOC:s in the downwind measurements.

During the measurements in both E-AS-06 and E-AS-10, the RO," production was primarily
dominated by the O; photolysis during upwind and downwind measurements. The HCHO photolysis
contribution was around 20 % in both flights. The RO," loss was mainly through the HO, — RO, and
HO, — HO, reactions in both upwind and downwind measurements. The RO," loss through HO,
uptake on aerosol was < 20 % during measurements outside pollution plumes and reached up to 40 %

inside pollution plumes.

4.1.6 Special Case Study: Taiwan

The measurements during flight E-AS-12 on 03.04.2018 around Taiwan were made to

investigate the outflow from Taiwan and the impact of long-range transport from other target East
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Asian MPCs on the air quality of Taiwan. Several flight legs were carried out on the east and west
coast of Taiwan for upwind and downwind measurements, respectively. The measurements from the
west coast of Taiwan were investigated in detail to understand the RO,” production and losses close to

emission sources with NO > 800 pmole mole™.

Figure 4.23 shows the 2D and zoom in 3D representation of the flight legs below 2000 m of
E-AS-12 colour-coded with: a) altitude; b) RO, ", ¢) CO; and d) NO. The flight took place under
mostly clear sky conditions with some high clouds above the aircraft. As mentioned in section 4.1.2,
the miniDOAS measurements were not available during this flight due to instrumental malfunction. As
a result, the production rate and the RO,". presented in this section do not include HONO, HCHO, and
CHOCHO photolysis. The NO, used in Eq. 4.16 is taken from the HAIDI measurements. According to
the FLEXTRA back trajectories, the measurements below 1000 m over the west coast were mainly in
the PBL. On the other hand, the measurements over the east coast were made in the free troposphere

from 5000 m to 12500 m.

a)
Y — b)
0 7000 13000
Altitude (m) l“" t 2000

c) d)

Altitude (m

Longitude (*E) ~ Longitude (°E) ~

Figure 4.23: E-AS-12 flight on 03.04.2018: a) flight tracks colour-coded with flight altitude and zoom-
in 3D view of the flight track on the west coast of Taiwan colour-coded with b) RO,",, ¢) CO, and d)
NO mixing ratios. Stars indicate the target MPC Taipei (red) and the HALO base in Tainan (yellow).
Different flight legs are also marked with letters from A to K.

The flight took off at 00:25 UTC and flew towards the north over the west coast of Taiwan.
Between A-B, HALO flew at 650 m and between B—C at 1000 m. According to FLEXTRA and
HYSPLIT model simulations, air masses sampled during these flight legs were expected to contain
pollution from China and Taiwan. Between A-B, distinct pollution plumes were measured as
indicated by the variations observed in CO, NO, NOy, and ASA (Figure 4.24). The CO, NO, and NO,
reach up to 300, 6, and 11 nmole mole™, respectively, inside the plume near B. The high NO mixing

ratio indicates the presence of regional emissions from Taiwan. The ASA is > 2 x 10 cm” cm™ during
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this period. The low-resolution OVOCs measurements also show enhancement between A—B. The
CH,C(0)CH;, CH;0H, and CH;CHO mixing ratios reach up to 2, 4, and 1 nmole mole™, respectively,
inside the plume. This indicates a high amount of RO, precursors. As this flight leg was in the
morning, around 08:30 h local time, jo1py < 1.5 % 10° s™. As a result of low photolysis frequencies
and NO > 500 pmole mole”, RO,", < 50 pmole mole™ during this flight leg. RO,",, decreases to 20
pmole mole” inside the plume near B even though the [H,0], OVOCs, and photolysis frequencies do
not vary significantly. The decrease in RO, 1, is due to the loss of OH and RO as non-reactive nitrogen
species during the interconversion under a high amount of NO, (NO = 6 nmole mole™). As shown in
figure 4.25, during this time, the formation of HONO, HNOj;, and organic nitrites dominates the loss
of RO,". Os, on the other hand, was < 50 nmole mole™ and increased to 50 nmole mole” as HALO
moved from A to B. As HALO ascended to 1000 m and flew from B—C, a different pollution layer
was encountered with lower and more stable CO, NO, NO, mixing ratios, and ASA than the previous
flight leg. The lower NO and ASA reduced the RO," losses. The reduced RO, losses and increases in
the photolysis frequencies resulted in RO,", > 60 pmole mole™ even though the [H,O] and OVOCs
were less than the previous flight leg. Near point C, CO, NO, and NO, mixing ratios increase to 1200,
43, and 60 nmole mole™, respectively. This indicates the presence of a fresh urban pollution plume.
Even though the CH3;C(O)CH;, CH;CHO and CH3;0H remained stable around 1.6, 0.5, and 2.4 nmole
mole™, respectively, the RO, ,, decreased to 40 pmole mole™ inside the plume. This is due to the loss
of OH and RO as HONO, HNO;, and organic nitrites during the interconversion. As indicated by the
background CO enhancement from the HY SPLIT model, outflow from Taipei aged between 24 to 144
hours was expected between points A and C. At point C, where HALO started to ascend, all trace gas
mixing ratios increased. According to the onboard measurements, the wind was flowing towards the
north at this point. This indicates that the air mass measured was transported over Taipei. The
HYSPLIT results also indicate the presence of Taipei outflow as HALO moves to the east side of
Taiwan around Taipei. During this time, O; and RO, ,, reach 100 nmole mole™ and 80 pmole mole™,

respectively.

The RO, . between A—C underestimates the RO, ", up to 50 %. This is attributed to the RO,
production from HCHO, CHOCHO, and HONO photolysis not being considered in the calculation due
to missing measurements. As the photolysis of these RO,  precursors takes place at a longer
wavelength than that for Os, the relative importance of HCHO, CHOCHO, and HONO photolysis is
expected to be higher in the morning due to a higher solar zenith angle. The difference between the
total RO, production and destruction rates also indicates missing production rates. The additional
ROz* source contributions calculated using the HCHO and HONO estimated from the CMAQ model
result in an additional RO," source of 50 % (Figure 4.25b). This confirms that missing measurements
of HCHO and HONO cause the underestimation of RO, ", by RO, .. RO;CMAQ also underestimates
RO,",, during flight legs between A—C. The underestimation is mainly due to the overestimation of

NO, and underestimation of VOCs by the model during this period. The loss of RO, outside the
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pollution plume was dominated by the HO, — RO, and HO, — HO, reactions. ROZ* loss inside the
pollution plumes was through HONO and HNO; formation. The HO, to RO, ratio calculated from the
model results is < 60 % during the measurements between A—C. This indicates that the uncertainty in
RO,",, from the HO, to RO," ratio due to different sensitivities for HO, and RO, (section 3.2.7) is
around 8 % to 10 %.
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Figure 4.24: Variation of RO, ", and RO,,, selected RO, precursors and jocip) along the flight track
of E-AS-12 from take-off till 03:00. a) RO, ", RO, . using Eq. 4.16, OH, using Eq. 4.18 discussed in
section 4.1.7, and flight altitude. The P_flag indicates RO, measurements affected by dynamical
pressure variation in the inlet. b) O; and CO mixing ratios together with H,O and ASA (total aerosol
surface area concentration). ¢) NO, NOy mixing ratios, and jopy. The scale of NO and NOy is in
logarithmic scale to account for the variations during the flight. d) HCHO, CH;CHO, CH;0H,
CHOCHO and CH;C(O)CH; mixing ratios measurements. ¢) HYSPLIT model results in CO
enhancement over background concentration due to emissions originating from the target MPCs
Taipei (00:15-01:00 and 03:00-06:30 UTC). The error bars show the standard error of the
measurements. Based on HYSPLIT simulations, the measurements expected to contain the emission
from Taiwan are highlighted with grey vertical spans. Different flight legs in the boundary layer are
also marked with vertical lines and letters from A to D.
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Figure 4.25: Variation of RO, ", and RO, ", RO, cymaq (sum of HO; cyvag, CH30; cpags and RO, C cyag
modelled using the CMAQ. RO, C cumaq is the organic peroxy radical other than CH;0, that converts
NO to NO,), RO," production and loss contribution from each term in Eq. 4.16 along the flight track
of E-AS-12 from take-off till 03:00. a) RO, 1, RO,"¢, RO, cmag (HO; cmag + CH30, cpag + RO, C
cmaQ> Where RO, C is the sum of organic peroxy radicals other than that convert NO to NO,) and flight
altitude. The P_flag indicates RO, measurements affected with dynamical pressure variation in the
inlet. b) RO,  source contribution from R4.1, R4.9, and R4.10. The additional RO, source
contributions from R4.3 and R4.8 calculated using HONO and HCHO estimated using the CMAQ
model are also shown as the contribution above 100 %. ¢) The contribution of R4.14 (Dyo,+H0,)
R4.15 (Dyo,+Rr0,)> R4.16 (Dro,+r0,)s R4.19 (Don+no)> R4.20 (Don+no,) R4.22 (Dro+no), and
HO, uptake on aerosol (Dpet) to RO," loss. d) the difference between the total production (Pro3) and
destruction (Dgos) rate with standard errors estimated from the measurement uncertainty. e) ratio of
HO,, CH30,, and RO, converting NO to NO, other than CH30, modelled using the CMAQ model.
Based on HYSPLIT simulations, the measurements expected to contain the emission from Taiwan are
highlighted with grey vertical spans. Different flight legs in the boundary layer are also marked with
vertical lines and letters from A to D.
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From point C to D, HALO made five flight legs over the east coast at 12500, 10600, 8700,
6700, and 4800 m. The altitudes above 10000 m were made for background measurements. During the
measurements above 5000 m between C—D over the east coast of Taiwan, the RO, ,, was below 20
pmole mole™ and most of the time close to the detection limit of PeRCEAS. The RO," calculated from
the CMAQ model overestimates RO, ', up to four times during this period. More detailed sensitivity
studies are necessary to understand the reason for this overestimation, which is beyond the scope of
this work. As the ASA was close to zero, the contribution of the heterogeneous reaction of HO, to the
total RO," loss was negligibly small. The loss through the HO, — RO, and HO, — HO, reactions is also
small due to the lower RO, mixing ratio and the pressure dependency of the HO, — HO, reaction.
RO,’, is not available during the measurements at 12500 and 10600 m due to missing trace gas

measurements.

At point D, HALO reached the west coast of Taiwan south of Tainan and descended to 1300
m. From D to J, HALO made shuttles at 1300 (D-E and E-F), 950 (F—G and G—H), and 650 m (H-I
and I-J) over the west coast of Taiwan, measuring the outflow in three different layers. HALO flew
north between D—E over the sea. At point D, the mixing ratio of CO, NO, NO,, and OVOCs increased,
indicating air masses containing urban pollution (Figure 4.26). The NO mixing ratio reaches up to 10
nmole mole™. Despite the elevated concentrations of ROZ* precursors, the ROZ*m remains below 20
pmole mole™ due to the high NO (10 nmole mole™) and ASA (> 3 x 10° cm® cm™). As HALO flew
out of the plume, there were some clouds, as indicated by the variations in the joapy. The lower
photolysis frequencies and higher ASA (>3 x 10°® cm® cm™) made RO,", < 50 pmole mole” even
outside the plume where NO was below 500 pmole mole”. As HALO flew from D-E, the trace gas
mixing ratios were relatively stable in the first half and increased in the second half except RO, ,,. The
RO,",, was relatively stable at 60 pmole mole™ during this period. The stable RO, ", is attributed to the
simultaneous increase in RO," production from VOCs and loss through the heterogeneous reactions of
HO,. HALO flew southwards from E—F at the same altitude as D—E but mainly over land. As HALO
flew from E to F, all the trace gas mixing ratios and ASA decreased to the value observed in the first
half of D-E. This indicates HALO flew out of the pollution outflow. In the second half of E-F, all
measurements except RO, ', increased, indicating the presence of pollution outflow. Considering the
geolocation and the wind direction, this might be the same pollution outflow layer observed near point
D. The ASA reached a value >4 x 10 cm?® cm™. The higher NO (< 2 nmole mole™) and ASA resulted
in higher RO," losses. Higher RO," loss and the reduction in photolysis frequencies due to clouds

resulted in a reduction of RO, ", to 40 pmole mole™ during this period.

At point F, HALO descended to 950 m and flew northwards through the same path of D-E.
During this leg, the CO, NO, NO,, CH3C(O)CH;, CH30H, and CH;CHO mixing ratios were around
130, 0.1, 0.6, 1.7, 1.9, 0.3 nmole mole™ and did not change significantly. These were the lowest values

observed on the west side of Taiwan and were similar to the upwind measurements made at 4800 m on
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the southeast side of Taiwan. The HYSPLIT simulations also predict that the air mass measured
between F-G was older than 48 hours. The ROz*m, on the other hand, increased due to the higher
[H,0] and was above 60 pmole mole” between F~G. From point G, HALO starts to fly southwards
through the same path of E-F. Near point G, all the trace gases except ROZ*m increased. CO, NO, NO,,
0;, CH;C(0O)CH3, CH;0H, and CH3CHO reached 700, 10, 30, 80, 3.5, 3.8, and 0.6 nmol mole™,
respectively. The increase in NO and ASA effectively increased RO," loss and reduced the RO, ,, to
10 pmole mole™. As HALO flew towards H, all the measurements were similar to that of the previous
flight leg and did not change significantly during the first half. In the second half of the flight leg
between G—H, the trace gas and ASA show an increase similar to that observed in the second half of
the flight leg between E—F. This indicates that the same outflow layer between E-F is again observed
between G-H. RO,",, decreases during this period due to the increased NO and lower photolysis

frequencies due to clouds above HALO.

At point H, HALO descended to 650 m and flew towards the north in the same path as D-E
and F-G. During the flight between H-I, all the measurements except RO, ", were similar to those
observed between F—G. This indicates that the same outflow layer was observed between F—G at 950
m and H-I at 650 m. RO,", was around 40 to 60 pmole mole™ during the flight leg H-I, 10 to 20
pmole mole” smaller than during F-G. This is due to the decrease in the photolysis frequencies
towards the evening. At point [, HALO started to fly towards the South in the same path as E-F and
G-H. The NO and NO, mixing ratios have high variability during this flight leg, indicating the
presence of distinct pollutions. The NO and NO, mixing ratios reach up to 2 and 10 nmole mole™,
respectively, in two plumes encountered at the middle of the flight leg I-J. CO and O; mixing ratios
also increased from 130 to 175 and 40 to 60 nmole mole™, respectively. The CH;CHO mixing ratio
reaches 1.3 nmole mole” at the middle of the flight leg. The RO,",, mixing ratio of 50 pmole mole™
decreased below 20 pmole mole™ during the NO peaks due to increased RO," losses. From point J,

HALO flew towards Tainan and landed at the base.

The slow decrease of RO, ,, from D-J is well correlated to the decrease in the jO(lD)' The

RO, captures the temporal variations but underestimates RO, , by 10 % to 30 % at different flight
legs. The production of RO, in Eq. 4.16 is mainly from O; photolysis, as the HCHO, CHOCHO, and
HONO photolysis were not included in the production rate calculation. The RO," production from the
photolysis of HCHO and HONO calculated using the CMAQ model result indicates the

underestimation results from the missing production terms in the calculation (Figure 4.27).
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Figure 4.26: Variation of RO, ,, and RO, ", selected RO," precursors and jo(1D) along the flight track
of E-AS-12 from 02:45 UTC till landing. a) RO, m, RO, using Eq. 4.16, OH,, and flight altitude. The
P_flag indicates RO,” measurements affected by dynamical pressure variation in the inlet. b) O3 and
CO mixing ratios together with H,O and ASA (total aerosol surface area concentration). ¢) NO, NO,
mixing ratios, and jo1p). The scale of NO and NO is in logarithmic scale to account for the variations
during the flight. d) HCHO, CH;CHO, CH;0OH, CHOCHO and CH;C(O)CH; mixing ratios
measurements. €) HY SPLIT model results in CO enhancement over background concentration due to
emissions originating from the target MPCs Taipei (00:15-01:00 and 03:00-06:30 UTC). The error
bars show the standard error of the measurements. Based on HYSPLIT simulations, the measurements
expected to contain the emission from Taiwan are highlighted with grey vertical spans. Different flight
legs in the boundary layer are also marked with vertical lines and letters from D to K.
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NO to NO,), RO," production and loss contribution from each term in Eq. 4.16 along the flight track
of E-AS-12 from 02:45 till landing. a) RO, , RO,"., RO, cmag (HO: cmag + CH30; cmag + RO, C
cmaQ> Where RO, C is the sum of organic peroxy radicals other than that convert NO to NO,) and flight
altitude. The P_flag indicates RO, measurements affected with dynamical pressure variation in the
inlet. b) RO,  source contribution from R4.1, R4.9, and R4.10. The additional RO, source
contributions from R4.3 and R4.8 calculated using HONO and HCHO estimated using the CMAQ
model are also shown as the contribution above 100 %. ¢) The contribution of R4.14 (Dyo,+Ho0,)
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HO, uptake on aerosol (Dpet) to RO," loss. d) the difference between the total production (Pro3) and
destruction (Dgos) rate with standard errors estimated from the measurement uncertainty. e) ratio of
HO,, CH30,, and RO, converting NO to NO, other than CH30, modelled using the CMAQ model.
Based on HYSPLIT simulations, the measurements expected to contain the emission from Taiwan are
highlighted with grey vertical spans. Different flight legs in the boundary layer are also marked with
vertical lines and letters from D to K.
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The relative uncertainty of RO,", remains < 15 % during this period since the miniDOAS
measurements with higher uncertainty than the in-situ measurements are not included in the
calculation. In the pollution plumes, the RO," loss was mainly through the formation of HONO,
HNO3, and organic nitrites due to the high amount of NO, (NO > 2 pmole mole™). The loss of HO,
uptake on aerosol has a relative contribution of up to 40 % when ASA > 4 x 10°® cm? cm™. The loss
through the RO," — RO, reactions is around 60 % outside the pollution plumes and < 40 % inside the
pollution plumes. Even though the production from HONO, HCHO, and CHOCHO photolysis is not
included in the RO," production, the difference between the RO," production and destruction rates is
small compared to the measurements on the west coast in the morning (Figure 4.25). This indicates
that the contribution from the missing production terms is smaller in the measurement between D—K
compared to the measurements between A—D in the morning. Since the missing precursor mixing
ratios estimated by the CMAQ model and the [H,O] measurements in both cases, i.e., measurements
between A-D and D-K, are comparable, this effect comes from the higher dependency of jg1p) on
solar zenith angle compared to other photolysis frequencies considered in Eq. 4.16. The HO, to RO,"
ratio calculated from the model results is < 60 % during the measurements between A—C. This
indicates that the uncertainty in ROZ*m from the HO, to RO; ratio due to different sensitivities for HO,
and RO, (section 3.2.7) is around 8 % to 10 %.

Even though the ROZ*CMAQ has an excellent agreement with the RO,",, for measurements
below 5000 m, the model fails to reproduce the short-term decreases in RO, ", caused by the increases
in NO and ASA and decrease in the photolysis frequencies due to clouds above HALO. This indicates
the necessity of constraining the model calculation by onboard measurements for accounting the
influence of local pollution events and physical conditions in the RO," production and losses. On the
other hand, the CMAQ model overestimates RO, ,, at altitudes above 5000 m. This might be due to
the underestimation of NO at these altitudes. A more detailed sensitivity study is required to address

this issue.

The measurements on the west coast of Taiwan show that under high NO (NO > 800 pmole
mole™), RO," are mainly lost through the OH — NOj reactions forming HONO and HNO; during the
OH and RO, interconversion. As a result, the RO, mixing ratio decreases to < 20 pmole mole™” in
these pollution plumes, irrespective of the precursor mixing ratio. The loss through HO, uptake on

aerosol also has a higher contribution (> 30 %) in the air masses with ASA >3 x 10 cm” cm”™.

4.1.7 Special Case Study: Yangtze River Delta

The measurements over the East China Sea from flight E-AS-08 on 24.03.2018 are studied in
detail to understand the RO," production and loss processes in the outflow far from the emission
source. The flight legs considered were carried out to investigate the transported outflow from the

Yangtze River Delta region, which is expected to be more processed and mixed than the outflows
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considered in the previous case studies. Unlike other case studies, the measurements were made under

lower insolation conditions (jo1py <2 % 10°s™).

Figure 4.28 shows the 2D and zoom in 3D representation of the flight over the East China Sea
colour-coded with: a) altitude; b) RO, ; ¢) CO; d) NO. Vertical profilings were made over the areas
predicted to have outflow from the Yangtze River Delta region. FLEXTRA backward trajectories and
HYSPLIT CO enhancements indicate that the measured air masses during the flight leg presented
below were transported from the Yangtze River delta region and Beijing. Unlike previous special case
studies, cloudy conditions dominated during flight E-AS-08, which significantly reduced the RO,"
production from the photolysis of precursors. As a result, RO, ,, stayed below 50 pmole mole™
throughout the flight. During the measurements below 1000 m, HALO intercepted three pollution
plumes as indicated by the two CO enhancements between B—C and C-D, and one NO enhancement

between B—C.
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Figure 4.28: E-AS-08 flight on 24.03.2018 a) flight tracks colour-coded with flight altitude and zoom-
in 3D view of the flight track over the East China Sea colour-coded with b) RO, ¢) CO, and d) NO
mixing ratios. Different flight legs are also marked with letters from A to E.

Figure 4.29 shows the time series of measurements over the East China Sea during E-AS-08.
At point A, HALO reached the predicted transport pathway of the outflow from the Yangtze River
Delta region. HALO descended to 950 m and flew towards the south till point B. As HALO descends,
CO, O;, NO, NO,, HONO, NO,, HCHO, CH;C(O)CH3;, CH;0H, CH;CHO, and CHOCHO increased
to 330, 80, 0.10, 0.10, 0.16, 5.2, 0.35, 0.90, 2.5, 5, 0.70, and 0.35 nmole mole™, respectively. This
indicates the presence of a pollution outflow layer. According to the FLEXTRA analysis, these air
masses were transported through the PBL over the Yangtze River delta region. Since the RO, loss
processes increase with NO and particle number concentration, RO,",, was around 20 pmole mole™ in

the first half of the flight leg, even with the increased amount of RO, precursors. As the ASA
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decreased by 50 % towards the end of the flight leg, RO, ", increased to 40 pmole mole™, even though
the precursor and photolysis frequencies did not change significantly during the flight leg. This
indicates that the lower RO, ,, during the first half of the flight leg is due to higher heterogeneous

losses of HO, on the aerosol surface.

At point B, HALO descends to 340 m and flies towards the north. During the first half of
flight leg B—C, the }VOCs, NO, and ASA remained similar to the values in the previous flight leg.
Even though the [H,O] increased, the photolysis frequencies decreased. As a result, RO, ,, remained
around 40 pmole mole”. At the beginning of the second half of B-C, CO, NO,, O;, CH;C(O)CHj3,
CH;OH, and CH;CHO had an enhancement of 200, 6, 15, 1.80, 3, 1 nmole mole™, respectively,
nearly doubling the mixing ratios for 12 minutes. The ASA showed a similar pattern and enhanced to
6% 10° cm? em™. The NO and NO, were also enhanced to 300 and 50 pmole mole™” but only for <3
minutes. [H,O], on the other hand, decreased. This indicates the presence of a distinct pollution layer.
The jo(lD), remained <2 x 10° s and RO,",, < 40 pmole mole™. The observed NO, NO,, and [HO;]
enhancements towards the end of the flight leg indicate a second pollution layer with a fresh emission
signature. FLEXTRA analysis indicates that the airmass in the second pollution layer has been in
contact with the marine PBL layer shortly before reaching the sampling point. As this part of the East
China Sea is one of the busiest shipping areas, the short-term variations in NO and NO, mixing ratios
might originate from ship emissions. CO, OVOCs, and ASA are lower compared to the previous
plume. During the flight leg B-C, the RO, ", pattern agrees with the photolysis frequency variations

and decreases from 40 to 20 nmole mole™ as joctpy decreases from 3 x 10°t02 x 107 5™,

From point C, HALO ascended to 940 m and flew towards the south till point D. During the
first half of the flight leg C—D, HALO encountered a pollution plume as indicated by the enhancement
in CO, CH;C(O)CH;, CH;CHO, CH30H, and particle number concentration. The jo(ip)> remained < 2
x 10° s! and RO;m < 40 pmole mole. At point D, HALO ascended to 2500 m, and all the
measurements decreased to the similar value observed before point A at 3000 m. The RO, ,, remained

below 20 pmole mole™. At point E, HALO ascended to 3000 m and flew towards Taiwan.

The oxidation VOCs not considered in the RO, calculation might have a negligible
contribution due to high CO (CO > 300 nmole mole™) and the chemical transformation during the long
transport. As a result, the RO, is in good agreement with RO, ", within the calculated error
throughout the period considered. The small difference between the total RO," production and
destruction indicates that the PSS assumption considered in this study is robust enough to calculate the
RO, in the processed pollution outflows. As shown in Figure 4.30, O; and HONO photolysis have a
similar contribution of 30 % to 40 % to the total production rate. This is due to the lower photolysis

frequency of O; under cloudy conditions than that of HONO.
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Figure 4.29: Variation of RO, ,, and RO, ", selected RO, precursors and jo(ip) along the flight track
of E-AS-08. a) ROz*m, RO,". using Eq. 4.16, OH,, and flight altitude. The P_flag indicates RO,
measurements affected by dynamical pressure variation in the inlet. b) O; and CO mixing ratios
together with H,O and ASA (total aerosol surface area concentration). The CO and O; are on a
logarithmic scale to account for the variations in CO during the flight. ¢) NO, NO, mixing ratios, and
j0(1D)- d) HCHO, CH;CHO, CH;0H, CHOCHO and CH;C(O)CH; mixing ratios measurements. €)

HYSPLIT modelled CO enhancement over background concentration due to emissions originating
from the target MPCs Yangtze River delta region and Beijing (04:25-06:25 UTC). The error bars show
the standard error of the measurements. Based on HYSPLIT simulations, the measurements expected
to contain the emission from the Yangtze River Delta region and Beijing are highlighted with grey
vertical spans. Different flight legs in the boundary layer are also marked with vertical lines and letters
from A to E.
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NO to NO,), RO," production and loss contribution from each term in Eq. 4.16 along the flight track
of E-AS-08. a) RO, 1, RO, ¢, RO, cuvag (HO; cmag + CH30; cmag + RO, C cuao, Where RO, C s the
sum of organic peroxy radicals other than that convert NO to NO,) and flight altitude. The P_flag
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production (Pgrp3) and destruction (Dgey) rate with standard errors estimated from the measurement
uncertainty. e) ratio of HO,, CH30,, and RO, converting NO to NO, other than CH;0, modelled using
the CMAQ model. Based on HYSPLIT simulations, the measurements expected to contain the
emission from the Yangtze River Delta region and Beijing are highlighted with grey vertical spans.
Different flight legs in the boundary layer are also marked with vertical lines and letters from A to E.
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The RO," loss processes were dominated (> 50 %) by the HO, uptake on aerosol due to the
higher ASA (> 4 x 10° cm? cm™). As the NO mixing ratio was < 100 pmole mole™ most of the time,
the loss through HONO and HNO; formation was < 20 %. Due to the lower RO,’ mixing ratio, the
loss contribution from the HO, — RO, and HO, — HO, reactions was < 50 %. The RO; estimated from
the CMAQ model has an excellent agreement with both RO, ,, and RO, .. The RO, calculated from
the CMAQ model consists of 60 % to 70 % HO,, 20 % to 25 % CH;0,, and 20 to 10 % other RO,.
This indicates that the uncertainty in RO, ,, from the HO, to ROZ* ratio due to different sensitivities for
HO, and RO, (section 3.2.7) is expected to be between 8 % and 10 %. In the next section, the
sensitivity study on the radical production by HONO photolysis and the radical loss by aerosol uptakes
on RO,", in these flight legs has been further investigated.

4.1.8 The Effect of Aerosol Uptake Coefficient on RO,

The heterogeneous uptake coefficient, y, depends upon the phase, relative humidity and
compounds present in the aerosol. The presence of transition metal ions (Cu and Fe) in the aerosol acts
as catalysts for the heterogeneous uptake of HO, and thereby increases y (Jacob, 2000). Previous
studies using aerosol produced in the laboratory reported y values between 10 to unity (Tan et al.,
2020). As a result, previous ground-based studies used different values (0.25 in Kanaya et al. 2009, 0.2
in Li et al. 2019) to explain the possible HO, loss through the uptake on aerosol in the North China
Plain. Based on the measurements and budget analysis of OH, HO, and RO,, Tan et al., 2020
suggested that the y > 0.2 is too large for the North China Plain and proposed a value of 0.08. Due to
this lower y, HO, uptake on aerosol did not play any significant role in determining peroxy radical
concentrations during the measurements made in 2014 presented in Tan et al., 2020. Since the metal
ion components in the aerosol were not measured during the EMeRGe campaign, it is not possible to
estimate the actual value of y in the measured air masses. Therefore, y = 0.24, the average value
recommended by Taketani et al., 2012 for studying semi-urban/regional scale air pollution based on

direct measurement of aerosol uptake coefficient at two sits in North China plain, is used in this study.

A sensitivity study on RO,". was carried out to investigate the role of HO, uptake on aerosol
in the RO," budget. RO, was estimated for y = 0, 0.08 and 0.24 using the EMeRGe in Asia dataset.
Figure 4.31 shows the RO, ,, and RO, over the East China Sea from flight E-AS-08. In addition to
RO," calculated using y = 0.24, four more values of RO,". were estimated. These comprise the
following: RO3 . , which is calculated using the measured HONO concentrations and y = 0.08;
RO3 ¢, which is calculated using the measured HONO concentrations and y = 0; RO3 __,, which is
calculated using the modelled HONO concentrations from the CMAQ and y = 0; RO ¢__,, which is
calculated using the modelled HONO concentrations from the CMAQ and y = 0.24. During the
measurements over the East China Sea, HO, uptake on aerosol, for an assumed uptake coefficient of

0.24, contributes > 60 % to the total RO, loss. As a result, if the y is reduced to 0.08 (RO cssy M
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figure 4.31) or to 0 (RO3 ., in figure 4.31), then RO, ", is significantly overestimated, as shown in

figure 4.31.
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Figure 4.31: Values of ROz*m and ROZ*C, ROz*CMAQ (Sum of H02 CMAQ> CH302 CMAQ> and R02 C CMAQ
modelled using the CMAQ. RO, C cmagq 1s the organic peroxy radical other than CH30, that converts
NO to NO,) along the flight track of E-AS-08. a) RO, , RO,'¢, RO, RO} . RO3. ., RO3 . _,

and flight altitude. RO; . : calculated using the measured HONO concentrations and y = 0.08;
RO3 ¢, calculated using the measured HONO concentrations and y = 0; RO ¢__.: calculated using
the modelled HONO concentrations by CMAQ and y = 0; RO3 ¢__,: calculated using the modelled
HONO concentrations using CMAQ and y = 0.24. The HO,:RO, ratio is assumed to be 0.5. The P_flag
indicates RO, measurements affected by dynamical pressure variations in the inlet. b) HONO
measured, HONO from the CMAQ model, HONO measurement uncertainty, and ASA (total aerosol
surface area concentration). Based on HYSPLIT simulations, the measurements expected to contain
the emission from the Yangtze River Delta region and Beijing are highlighted with grey vertical spans.

Figure 4.32 shows the correlation between RO, ,, and different RO;c determined using either
the HONO concentrations measured by miniDOAS or those predicted by the CMAQ model and a
range of y values for all the measurements from EMeRGe in Asia considered in this study. Except for
the measurement over the East China Sea, in most of the measurements considered in this study, even
with a y of 0.24, the contribution of HO, uptake on aerosol to total ROz* loss 1s < 30 %. As a result,
reducing y to 0.08, as suggested by Tan et al., 2020, yields a good agreement between RO, , and
RO, within the calculated errors (Figure 4.32a). However, RO,", is overestimated when the y is
reduced during the measurements over the East China Sea, where aerosol number concentration and
ASA are high (ASA >4 x 10° cm® cm™, OPC > 800 particle cm™). The relative humidity during these
measurements was > 60 %, higher than those reported by Tan et al., 2020, during the measurements in

the North China plain. Thus the value of y > 0.08 is feasible for this measurement condition.

On the other hand, the HONO measurements from miniDOAS were significantly higher than
the CMAQ model results and the values reported by previous studies in the free troposphere (Ye et al.,
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2018). The source of this large daytime HONO is not yet identified. In addition, most of the HONO
measurements from EMeRGe also have relatively high uncertainty (= 50 %). As mentioned in section
4.1.2, the RO," production from HONO photolysis is between 10 % and 40 %. The higher contribution
from HONO photolysis (= 40 %) to the total RO," production is observed in the air masses with higher

particle number concentration (> 800 particles cm™).
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Figure 4.32: Plot of RO, ", versus RO, for a) using the measured HONO concentrations and y = 0.08
(RO3 ¢,,,); b) using the measured HONO concentrations and y = 0.24 (RO,",); ¢) using the modelled

HONO concentrations by CMAQ and y = 0 (RO3 __,). d) RO,’, versus RO; css3+ Lhe data are colour-

coded with ASA (total aerosol surface area concentration). 1-minute data (small circles), average
(large circles) and median (triangles) of 1-minute data binned over the X-axis (10 pmole mole™) are
shown. The error bars indicate the standard error of each bin. The linear regression for the binned
values (solid line) and the 1:1 relation (dashed line) are also depicted for reference. The HO,:RO, ratio
is assumed to be 1:1.

In the PSS estimate of RO, during the measurement over the East China Sea, the photolysis
from the measured HONO results in a large OH and thereby large RO, source, compared to that from
the photolysis of the much lower HONO concentration modelled by the CMAQ. Due to the lower
HONO concentration from the CMAQ model simulation, the effect of HO, uptake on aerosol is not
necessary (i.e. y = 0) for a good agreement between RO, and RO, ", when the modelled HONO is
used in Eq. 4.16 (RO ¢, in Figure 4.31 and Figure 4.32c). This is also why the RO, estimated using
the CMAQ model agrees reasonably well with RO,", even though the model does not include any
HO, uptake on aerosol. Including the HO, uptake on aerosol with y = 0.24 while using the modelled
HONO in Eq. 4.16 results in an underestimation of RO,",, (RO} cssq 1 figure 4.31). Since the higher

127



Results and Discussion

contribution from HONO photolysis (= 40 %) to the total RO, production is observed in the air
masses with higher particle number concentration (> 800 particles cm™), the RO," calculated using
HONO measurements and y = 0.24 is in good agreement with the RO," calculated using HONO
modelled by the CMAQ model and y = 0 (Figure 4.32d). Higher RO," production contribution from
HONO and higher RO," loss contribution from HO, uptake on aerosol are observed during the
measurements from the flights E-AS-08 and E-AS-09.

RO, budget analysis for the measurements made below 2000 m from the two flights (E-AS-
08 and E-AS-09) made over the East China Sea during EMeRGe in the Asia campaign indicates that
the HO, uptake on acrosol estimated for y = 0.24 dominates the RO, loss processes in these
airmasses. As mentioned in section 4.1.7, these airmasses were transported from the Yangtze River
Delta region over the ocean. This indicates the influence of aerosol loading on RO," and thereby in the
O; production in China, as previously reported by Li et al., 2019. Further measurement studies of the
fresh and transported emission from the polluted urban agglomerations, such as the Yangtze River
Delta region, are still necessary to support this result. Other measurements close to the East Asian
MPCs (Manila and Taipei) show a loss of RO," from HO, uptake on aerosol < 30 %, and y = 0.08 is

enough to get a good agreement between RO, ,, and RO, ", within the expected uncertainties.

4.1.9 OH Estimation

An equation similar to Eq. 4.16 is formulated to estimate the upper limit of OH concentration
from the onboard measurements of precursors and photolysis frequencies. Eq. 4.18 is obtained by
considering the OH production reactions (R4.1 to R4.3, R4.23 and R.4.24), loss reactions (R4.5 to
R4.7; R4.17 to 4.20, and R4.12), and PSS for OH.

2j41[03]B + j43[HONO] + k4 53[HO2][NO] + k4 24[HO2][03] — [OH](k46[CO] + ky7[CH4] +
K412a[HCHO] + kg 155[CH3CHO] + kg 15[CH3C(0)CH3] + kg 5[03] + k4 19[NO] +
K420[NO;] + Kky17[HO2]) — 2(K4 182 + Ka18p)[OH]> =0 Eq.4.18

Assuming & = 0.5, i.e. [HO,] = 0.5 x [RO,"], the OH in the air masses probed during EMeRGe in Asia

is calculated by solving the quadratic equation:

2
Lon-— \/L%)H +4-(—2kon)-Pon

[OH] = 2:(-2kon) Eq 4.19
where Poy represents the OH production

_ K4.2a [H20] *
Pou = 2]441[03] Koo [H50]+Ka 26 105] + Kaoc[Ns] + J43[HONO] + 0.5 (k2.23 [RO3][NO] +
k2.24[RO§][03]) Eq. 4.20

Log the OH loss processes,
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Lon = —(k417[RO3] + K4 19[NO] + k4 20[NO;2] + k4 6[CO] +ky7[CHyl + ky5[03] +
K4 122[HCHO] + k4 12,[CH3;CHOJ] + k4.12c[CH3C(O)CH3]) Eq. 4.21

and Koy = Ks18a + Ka1sp-

The OH calculated from Eq. 4.19 assuming & = 0.5 is higher than the OH concentration
reported in the previous airborne (Crawford et al., 1999; Tan et al., 2001) and ground-based
measurements (Mihelcic et al., 2003; Kanaya et al., 2007, 2012; Hofzumahaus et al., 2009; Elshorbany
et al., 2012; Lu et al., 2012, 2013; Tan et al., 2017, 2018; Whalley et al., 2018, 2021; Michelle et al.,
2020) in different urban environments. This indicated that the limited number of OVOCs
measurements available for the EMeRGe data set is insufficient to calculate the OH reactivity. The
overestimation of OH agrees with the underestimation of RO, ", in air masses with a high amount of
OVOCs (Y VOCs > 7 nmole mole™ ) as the missing OH — OVOCs reactions in Eq. 4.16 should reduce
p (the OH loss during the OH — RO, interconversion) and thereby increase the RO, .. Due to the
direct reaction of OH with most of the gases emitted in the atmosphere, OH budget calculations in air
masses of complex chemistry are challenging and require the experimental determination of the OH

reactivity, as described by Tan et al. 2019 and Whalley et al., 2021.

4.1.10 O; Production Rate

The contribution of RO, to the O; formation rate (Po,) was calculated for the EMeRGe Asia

dataset by using the reaction of RO,  with NO as in previous studies of urban environments (e.g.
Kleinman et al., 1995; Volz-Thomas et al., 2003; Mihelcic et al., 2003; Cantrell et al., 2003b; and

references herein).
Po, = kroy +No[RO3][NO] Eq.4.22

where kro: +no 1s the effective rate coefficient calculated assuming 6 = 0.5 in the same way as in Eq.

4.16.

Figure 4.33 shows the mean Py, calculated using the RO, (red circles) and RO, using Eq.
4.16 as a function of NO (blue circles). The measurements are binned into 50 bins over NO in the
logarithmic scale from 10 to 10000 pmole mole™ and from 5 x 107 to 3.5 x 10'° molecules cm™ in
Figures 4.32a and 4.32b, respectively. The coloured area shows the standard error of each bin. Up to
500 pmole mole” NO, the Py, calculated using the RO, , and RO,", agree well within the standard
deviation of the bins. For higher NO concentrations, the Pg,calculated from RO,", remains lower than
that calculated from the RO, . The deviation is due to the underestimation of RO, ", inside the plumes

with a high NO mixing ratio (> 500 pmole mole™) as mentioned in the previous sections.
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Figure 4.33: O; production calculated from RO, ", (red dots) and RO, (blue dots) versus: a) NO
mixing ratio; b) NO number concentration. The 1-minute measurements are binned into 50 bins over
NO in the logarithmic scale a) from 10 to 10000 pmole mole™ and b) from 5 x 10" to 3.5 x 10"
molecules cm™. The shaded area shows the standard error of each bin. For comparison with ground-
based measurements, the number concentration corresponding to 1 nmole mole™ NO at 1000 hPa and
298K has been marked by the solid black line in b).

Similar Py, values have been reported for ground-based measurements in polluted areas such
as Wangdu (Tan et al., 2017) and Beijing (Whalley et al., 2021) in the same range of RO,  and NO
mixing ratios. In a previous work, Whalley et al. (2018) calculated Pp, about an order of magnitude

lower for NO < 1 nmole mole™ (2.45 x 10" molecules cm™ at 1000 hPa and 298K) for observations in

central London where the measured RO, was < 15 pmole mole™.

During the measurement considered for the Pg,calculation over Southeast Asia, NO remained
< 300 pmole mole™ (approximately < 1 x 10" molecules cm™) in 95% of the measurements. Similar
values of ozone production rates were reported in other ground-based modelling studies in China for
urban environments with NO < 1 nmole mole™ (Tan et al., 2017; Whalley et al., 2021) and the sum of
peroxy radicals > 80 pmole mole™. This confirms the capabilities of the PSS-based analytical equation
Eq. 4.16 for the simulation of airborne RO,” measurements. Since Eq. 4.22 only take into
consideration NO and RO, measurements, similar Po, is expected for measurements with similar NO
and RO, values irrespective of other physical and chemical parameters in the PBL and free

troposphere.

4.1.11 Comparison of Results from Asia and Europe

As the target MPCs in Europe were situated closer to each other than those in Asia, all the
measurement flights in Europe were made close to the MPCs during EMeGRe in Europe. As a result,
the NO mixing ratio was generally higher in the outflow plumes encountered in Europe compared to
Asia. On the other hand, the photolysis frequencies and the measurement altitude were comparable
between Asia and Europe. So the results from Asia are compared with the results from Europe to

identify the similarities and differences in RO, production and loss processes.
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RO, mixing ratios up to 120 pmole mole™ were measured during the EMeRGe campaign in
Europe, as shown in Figure 4.34. As shown in Figure 4.34b, 60 % of the measurements were made
below 3000 m during EMeRGe in Europe. Typically, higher mixing ratios were observed in southern
than northern Europe. This is due to the higher insolation and temperatures present during the

measurements over southern Europe, favouring the active photochemistry.
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Figure 4.34: RO," measured during EMeRGe in Europe a) over the flight tracks, b) as a function of
latitude and altitude.

Figure 4.35 shows the averaged vertical profile of RO, colour-coded with the Proz
calculated for both EMeRGe in Asia and Europe. Similarly to the measurements in Asia, the averaged
vertical profiles obtained from Europe are also partly biased by the large number of measurements
below 3000 m. The vertical profile of RO, ", from EMeRGe in Europe measurements is similar to the
EMeRGe in Asia measurements (Figure 4.6), with higher RO, mixing ratios observed below 3000 m

and a local maximum observed between 1500 and 4000 m for Pgo:x = 0.5 pmole mole™ s, Above

3000 m both Pro: and RO, starts to decrease with altitude.

Figure 4.36 shows the variation with the altitude of the fractional contribution of each RO,"
precursor included in Eq. 4.2 for EMeRGe Asia and Europe. The data are classified into three groups
according to Pgrp: to show the lowest, most common, and highest ranges encountered during the

campaigns. The data in each group are binned over 500 m always when available.

The vertical variation of the precursor mixing ratios and photolysis frequencies used to
calculate the fractional contributions in Figure 4.36 for Asia are shown in Figures 4.5a to 4.5f and
Europe in figure 4.37a to 4.37f. Since the precursor mixing ratio and photolysis frequencies in the
Pro: ranges are comparable, the vertical profiles of the production rate contribution from each source
in Eq. 4.2 are comparable in both EMeRGe in Asia and Europe. This implies that due to the fast
photochemistry involved, Pro: does not depend upon the origin of the air mass and can be calculated

from the precursor mixing ratios and photolysis frequencies. In both campaigns, the main RO,"

sources were the O;, HCHO, CHOCHO, and HONO photolysis. The contributions of CH;CHO and
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CH;C(O)CHj; photolysis are practically negligible in EMeRGe in Asia and Europe measurement
campaigns. Up to 4000 m, the O; photolysis has the highest contribution in both cases.
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Figure 4.35: Vertical distribution of measured RO," colour-coded according to Pro: (a and ¢) and the
number of measurements in each altitude bin (b and d) from EMeRGe in Asia and Europe. Small
circles are l-minute individual measurements binned with Pro:; values in 0.1 pmole mole™ s’

intervals. Larger circles result from a further binning over 500 m altitude steps. All the production
rates below 0.1 pmole mole™ s™ and above 0.8 pmole mole™ s™ are binned to 0.1 pmole mole™ s™ and
0.8 pmole mole™ s, respectively.
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Figure 4.36: Variation of total Pre: and fractional precursor contributions with altitude, as calculated
by Eq. 4.2, from EMeRGe in Asia for: a) Pro: < 0.06 pmole mole™ s™; b) 0.06 pmole mole™ s <
Proz < 0.8 pmole mole” s™; and c) Pro; > 0.8 pmole mole” s, and Europe for: d) Pro; < 0.07

pmole mole™ s™; €) 0.07 pmole mole™ s' < Pres < 0.8 pmole mole™ s™; and f) Pros; > 0.8 pmole
mole™ s™.
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Figure 4.37: Vertical variation of: a) to ¢) precursor mixing ratios; d) to f) photolysis frequencies for
the corresponding Pgo;: bin shown in Figure 4.36 for EMeRGe in Europe.

Figure 4.38 shows the variation of Kro; with altitude colour-coded with water number

concentration measured during both EMeRGe campaigns for different HO, to CH;0, ratios, i.e. for &

=1 and 6 = 0.5. The 3 = 1 condition has a higher krp; than the = 0.5 condition and is two times
higher below 2000 m in both campaigns. The decrease in Kro; with altitude is also comparable

between the two campaigns.
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Figure 4.38: Vertical distribution of the effective RO,  self-reaction rate constant, KRroz, calculated

using Eq. 4.15 from EMeRGe in Asia for: a) 6 = 1; and b) 0.5, and Europe for: ¢) 6 =1; and d) 0.5 (6 =
[HO,]/[RO3]). The data are colour-coded with H,O number concentration.

Figure 4.39 shows the variation of RO, , observed during EMeRGe in Europe as a function of
latitude and altitude and the calculated contribution of HO, + HO, reaction, HO, + RO, reaction, RO,
+ RO, reaction, OH + NO reaction, OH + NO, reaction, RO + NO reaction, and HO, uptake on
aerosol to Dgpy. Similar to the results observed in Asia, the highest loss contribution is from the HO,
+ RO, which reaches up to 80 %. The HO, + HO, reaction is also a major loss process, and the
contribution to the total loss process reaches up to 50 % during the measurement below 1000 m. Due
to the pressure dependency of Kyo,+Ho,, the loss through the HO, + HO, reaction decreases with
altitude. On the other hand, the RO, + RO, reaction contributes < 3 % to the DRo; due to the lower
reaction rate coefficient than HO, + RO, and HO, + HO,. The contribution from the OH + NO
reaction forming HONO and OH + NO, reaction forming HNOj; remained below 20 % except for the
measurements near the target MPCs Po Valley, Rome, and London with NO, > 8 x 10" molecules cm”
?. The reaction between RO + NO forming organic nitrites contributes < 1 % to DRrog. Air masses with
[NO,] > 8 x 10" molecules cm™ are encountered more often during EMeRGe in Europe. The loss
through the HO, uptake on aerosol is below 10 %, even with y = 0.24. This is due to the lower aerosol

loading (ASA <4 x 10° cm® cm™ and OPC < 800 particles cm™) compared to EMeRGe in Asia and
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indicates that the HO, uptake on aerosol during EMeRGe in Europe is negligible compared to the

measurements from EMeRGe Asia.
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Figure 4.39: Plot of: a) [ROZ*]; RO, loss contribution from b) HO, + HO, reaction, ¢) HO, + RO,
reaction, d) RO, + RO, reaction, ¢) OH + NO reaction, f) OH + NO, reaction, and h) HO, uptake on
aerosol as a function of latitude and altitude.

Figure 4.40 shows the RO, , versus RO, using Eq. 4.16 for & = 0.5 colour-coded with joctpys
the ZVOCs, NO,, and the flight altitude. The slope of the linear regression (solid line) is 0.67 (R’=
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0.96), and the y-axis intercept equals 15.87 pmole mole™. The RO, from the European measurements
also overestimates RO, ,, < 25 pmole mole’ (up to 4 times). For EMeRGe in Europe, these
measurements belong to altitudes above 6000 m. Similar to EMeRGe in Asia, these measurements
were associated with joipy > 3 % 10° 5™, NO, < 150 pmole mole™”, and ZVOCs mixing ratio < 2
nmole mole™. These comparisons show that Eq. 4.16 systematically overestimates RO, ", in air masses
with low VOC and NO, with high photolysis frequencies. As mentioned in section 4.1.3, most of the
overestimation might come from the RO, loss reactions (OH self-reaction and OH — HO, reaction)

excluded from Eq. 4.16 and the overestimation in the RO," precursor measurements.

In summary, the O;, HCHO, CHOCHO, and HONO photolysis were the dominant peroxy
RO, sources in the air masses investigated in both Asia and Europe. The loss through heterogeneous
reactions of HO, was higher in Asia due to higher ASA compared to Europe. The loss through OH —
NO, reactions was dominant in Europe as most measurements were made close to the source with NO
> 500 pmole mole™. In both campaigns, the RO, — RO, reactions were the dominant loss process in

the free troposphere with NO < 800 pmole mole” and ASA <4 x 10 cm® cm™.
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Figure 4.40: RO, ,, versus RO, . from Eq. 4.16 for & = 0.5 (8 = [HO,]/[R03]) for EMeRGe in Europe.
The data are colour-coded with: a) jo1py, b) mixing ratio of ZVOCs, being EVOCs = HCHO +
CH;3;CHO + CHC(O)CH;3 + CHOCHO + CH;0H, ¢) NO, mixing ratio, and d) altitude. RO, (small
circles), the average (large circles) and the median (triangles) of the binned RO, over 10 pmole
mole”’ RO, intervals are shown. The error bars indicate the standard error of each bin. The linear
regression for the binned values (solid line) and the 1:1 relation (dashed line) are also depicted for
reference.
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4.2 OMO Asia: RO, in Lower Troposphere

OMO Asia offered the unique opportunity to compare the RO,",, with the HO, measurements
(HO, ) from the AirLIF instrument. The comparison allows to check the HO, to RO, ratio in the air
masses investigated and validate the 1:1 HO,:RO, ratio assumed for eCL determination and thereby
the RO," retrieval. Additionally, comparing RO, ", and HO, ,, with HO, modelled using the EMAC

also validates these results.

More than 80 % of measurements during OMO Asia were made at an altitude above 10000 m,
mainly in the upper troposphere and lower stratosphere, to intercept the transported outflow from the
Indian subcontinent over the measurement area. As shown in Figure 4.41, the EMAC model results
indicate that the HO, mixing ratios during the measurements above 10000 m were < 6 pmole mole™.
Based on the PeRCEAS inlet pressure < 80 hPa, the amount of reagent gas, NO used, and the in-flight
stability of the detectors, the LODgg; > 15 pmole mole™ for the measurements above 10000 m. As a
result, during the measurements above 10000 m, the RO, mixing ratio was expected to be below the

detection limit of PeERCEAS.

Below 10000 m, EMAC predicts HO, > 20 pmole mole™, which is expected to be above the
LODRo3; (< 10 pmole mole™) of PeRCEAS at the corresponding operating conditions (160 hPa inlet

pressure and 15 pmole mole™ reagent gas NO).
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Figure 4.41: HO, mixing ratios calculated using EMAC model during OMO Asia as a function of
latitude and altitude.

4.2.1 Case Study: Flight Over Egypt

Figure 4.42 shows the flight legs above Egypt below 10000 m from the mission flight OMO-
23 on 25.08.2015 colour-coded with flight altitude. During this measurement period, HALO flew three
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stable altitudes below 10000 m over the land. From point A to C, HALO flew towards the southeast in
two flight legs at 9000 m and 7600 m. The flight leg between points C and D was made at 5500 m
while flying southwest. FLEXPART backward trajectories indicate that the air masses measured
during these flight legs were transported over the Arabian Peninsula in the PBL before reaching the

sampling point and were not influenced by the Asian summer monsoon.

Figure 4.43 shows the variation of RO,",, OH and HO, measured using the AirLIF instrument
(OH , and HO, ,,), and HO, calculated using the EMAC model (HO, gvac) together with other
relevant trace gas measurements during the flight rack over Egypt from flight OMO-23. Different
flight legs shown in Figure 4.42 are marked with vertical lines and letters (A to D). The gaps in the
measurements correspond with missing data points. The photolysis frequency measurements were not
available during these flight legs due to instrument malfunction. The variations in NO, NO,, CO, and
O; indicate the HALO encountered different layers between A—B. NO,, CO, and Oj; increased to 0.6,
100, and 100 nmole mole™ from A to B. NO has an enhancement of 40 pmole mole™ for 8 minutes
between A—B. The HO, ,, and HO, gvac have similar values around 10 pmole mole'l, while RO, ",
varies between 10 and 20 pmole mole™”. The RO, ", > 40 pmole mole™ near point B are measurements
with pressure instabilities, as shown by the pressure flags. The RO, ", HO, m» and HO, gyac agree well
within the measurement uncertainties for a 1:1 HO,:RO, ratio during this flight leg. The OH , varies

around 0.25 pmole mole™.
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Figure 4.42: Flight legs over Egypt from flight OMO-23 on 25.08.2015. The flight track is colour-
coded with flight altitude. Different flight legs are marked with letters A to D.
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Figure 4.43: Variation of a) RO, 1,, OH and HO, measured using AirLIF instrument (OH,, and HO, ,,)),
HO;, calculated using EMAC model (HO, gvmac), and flight altitude, b) O3, CO mixing ratios and [H,O]
measured, and ¢) NO, NO,, CH;0H, and CH;C(O)CH; mixing ratios along the EMeRGe flight OMO-
23 over Egypt. The P_flag indicates RO, measurements affected by dynamical pressure variation in
the inlet. Different flight legs shown in Figure 4.42 are marked with vertical lines and letters from A to
D.

At point B, HALO descended to 7600 m. The NO, NO,, CO, and O; variations indicate
HALO encountered three different layers transported over the Arabian Peninsula at altitudes above
5000 m during the flight leg B—C. The first layer has 0.6, 60, and 90 nmole mole™ NOy, CO, and O3,
respectively. The second one has < 0.5, 80, and < 80 nmole mole™ NOy, CO, and Os. The third one has
> 0.6, 90, 80 nmole mole™ NOy, CO, and Os. The NO mixing ratio was around 20 to 30, 30 to 40, and
> 40 pmole mole™ inside the first, second, and third layers. RO;m and HO, ,, were 10 pmole mole™ in

the first two plumes and increased to 20 pmole mole™ in the third. HO, pyac Was between 15 and 20

pmole mole” during the flight leg B—C.

HALO descended to 5500 m at point C and flew towards the southwest in the flight leg C-D.
The air mass measured was transported over the Arabian peninsula at altitudes below 5000 m with <
0.3, 90, and 60 nmole mole™ NO,, CO, O;. The HO, ,, and HO; gmac were around 20 pmole mole™!
during this flight leg. RO, ,, was around 50 pmole mole™ which is more than two times HO, ,,. This

might result from a higher RO, mixing ratio in the air mass.
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4.2.2 Special Case Study: Outflow from Mount Etna

Figure 4.44 shows the flight legs above the Mediterranean Sea near Mount Etna from the
mission flight OMO-23 on 25.08.2015, colour-coded with flight altitude. This part of the flight was
performed to measure the volcanic plume from Mount Etna. The volcanic plume was tracked during
this period using the in-situ SO, measurements > 20 nmole mole™. HALO flew at an altitude of 3200

m and carried out a zigzag flight pattern, as shown in figure 4.44.
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Figure 4.44: Flight legs near Mount Etna from flight OMO-23 on 25.08.2015. The flight track is
colour-coded with flight altitude.

Figure 4.45 shows the variation of RO, ,, OH ,, and HO, ,, from the AirLIF instrument and
HO; gmac together with other relevant trace gas measurements during the flight rack near Mount Etna.
The air masses with SO, > 20 nmole mole™” indicate the presence of a volcanic plume and are
highlighted with grey vertical spans. The air mass with SO, > 20 nmole mole™ was encountered two
times during measurements near Etna. In the volcanic plume, HO,/ RO, , changes. RO, reaches up
to 120 pmole mole™, almost five times the HO, ,, and HO, pyac. The higher RO; might be due to a
CIO, (C1 + CIO + OCIO) interference in the chemical amplifier, as previously reported by Perner et
al.,, 1999 and Martinez et al., 1999 for the Arctic Tropospheric Ozone Chemistry (ARCTOC)
campaigns at Ny-Alesund. Perner et al., 1999, proposed that the chemical amplifiers using the PeRCA

technique are also sensitive to ClO and OCIO due to the following reactions.

OCIO + NO — CIO + NO, R4.32

CIO + NO — Cl + NO, R4.33
M

Cl+CO - CICO R4.34
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M
CICO + O, - CICO; R4.35

CICO; +NO — Cl1 + CO;, + NO, R4.36

The termination of this cycle is through the wall losses and formation of nitrosyl chloride (CINO).

M
Cl+NO - CINO R4.37

As the interference is proportional to the amount of ClO, present in the air mass, accurate
measurements of these species and the chain length are necessary to account for the interference in the
ROz*m. Since CIO, were not measured during OMO-Asia, it is impossible to calculate the possible

. . * . .
overestimations of RO, , in the volcanic plume.
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Figure 4.45: Variation of ROz*m, OH and HO, measured using AirLIF instrument (OH,, and HO, ),
HO, calculated using EMAC model (HO, gmac), and selected RO, precursors along the EMeRGe
flight OMO-23 near Mount Etna. a) RO, ,, HO, m» OHu, HO; gmac, and flight altitude. The P_flag
indicates RO, measurements affected by dynamical pressure variation in the inlet. b) O; and CO
mixing ratios together with [H,O] and j0(1D). ¢) NO, NOy, CH;0H, and CH;C(O)CH; mixing ratios
measurements. The air mass with elevated SO, values indicating the presence of a volcanic plume is
highlighted with grey colour.
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During the laboratory studies to quantify the interference, Perner et al., 1999 reported two
times higher chain length for ClO than RO,". Laboratory calibrations were carried out in [UP Bremen
to quantify the chain length of ClO, for the measurement conditions used during OMO-Asia in
PeRCEAS. The photolysis of an HCI gas mixture in SA at 184.96 nm was used as the ClO, source.
During the experiment, the detector signal continuously deteriorated due to the hydrochloric acid
formed inside the detector from the rest of the HCI gas and a small amount of the humidity coming
from the additional gases, especially NO. The hydrochloric acid caused permanent damage to the high
reflective mirrors and eventually damaged the NO, detector used. As a result, estimating the chain
length for ClO, was challenging and the subject of high experimental errors. Further laboratory studies
with a different Cl1O, source or a detector with mirrors protected from the sample flow with purging
are necessary to determine the chain length for ClO, for the measurement conditions used during

OMO-Asia.

Outside the volcanic plume, ROZ*m is 40 to 60 pmole mole'l, two times HO; ,, and HO, gyac. This

indicates 50 % HO, and 50% RO, in RO, ", and is similar to the measurements over Egypt.

143



Results and Discussion

Ty




S

Summary and Conclusion

The scientific objective of the research undertaken as part of this doctoral dissertation was to

investigate and assess the current knowledge of the chemical and physical processes which control and
determine the amount of peroxy radicals in the planetary boundary layer (PBL) and the free
troposphere. Specifically, the sum of peroxy radicals collectively known as RO,". The RO, is defined
as the sum of HO, and those RO, that react with NO to make NO,.

RO, measurements of known accuracy are necessary prerequisites to understand its sources
and sinks as well as the impact of transport and transformation on its amount. This requires a
thoroughly characterised, calibrated and optimised instrument (i.e. PeRCEAS) for RO,
measurements. After the laboratory calibration and characterisation, a sufficient number of ROQ*
measurements must be made under various ambient conditions to represent the different air masses. In
this respect, participation in three airborne measurement campaigns using HALO research aircraft
provides an extensive set of data to analyse Asian and European air masses. Finally, comparing RO,"
measurements with RO," calculations using mathematical models based on currently known radical
chemistry facilitates assessing the current understanding of the processes controlling the amount of

RO, in the troposphere.

To fulfil these requirements, the research undertaken addresses three areas.
i) Instrument Characterisation, Calibration and Optimisation

e The PeRCEAS instrument was calibrated, characterised and optimised for its deployment on
HALO through laboratory studies made under atmospherically representative conditions. As a
result, the dependency of the instrumental response to variations in the sample air pressure,
humidity and mixing ratios of the reagent gases added to the chemical reactor of PeRCEAS was
quantified. Potential interferences from ambient trace gases were investigated. The sensitivity of
the HO, to CH;30, ratio was parametrised for different operating conditions. In addition, the
detection limit and reproducibility of RO,” measurements under controlled laboratory conditions
were determined.

e The installation, testing, and monitoring of the PeRCEAS instrument before, during and after the

campaigns enabled the optimisation of instrument and calibration procedures.

ii) Data Acquisition and Processing
e The customised LabVIEW™ data acquisition program was optimised using the experience from

the first airborne deployment. It was extended to monitor and save key parameters such as
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detector temperature, laser beam profile, and individual ring-down time for data quality
assessment.

The PeRCEAS retrieval technique and the error analysis were improved and modified to obtain
an accurate RO," data set with a 1- minute temporal resolution. Different routines were developed
using LabVIEW™ and Python. The final analysis program developed during this doctoral study
uses advanced data analysis tools like PANDAS from Python.

iii) Airborne RO,” Measurements and Data Analysis

Airborne RO," in-situ measurements were made using PeRCEAS onboard HALO from the PBL
to the upper troposphere during the measurement campaigns OMO Asia and EMeRGe. During
these campaigns, PeRCEAS successfully measured RO," in 33 mission flights with a total of 275
flight hours. Onboard operations during the measurement flights, maintenance and instrument
calibration after each flight were also carried out as part of the doctoral study.

A rigorous quality assessment of the retrieved RO, data set was made based on sample air
temperature and humidity, operating pressure, detector temperature, and laser beam profile. The
data expected to have uncertainties from these parameters were flagged. The final RO, data set
from OMO Asia and EMeRGe campaigns were uploaded to the HALO database to be distributed
in the scientific community.

An algebraic equation was developed to calculate the RO," during campaigns assuming that the
RO, is in photostationary steady-state (PSS). A Python routine was developed to apply this
equation to the simultaneous measurements of trace gases and photolysis frequencies involved in
known radical chemistry to calculate RO,".

RO," measurements (RO, ) from PeRCEAS during EMeRGe campaigns were compared with
the calculated RO," (RO;C). In addition, for the Asian data set, a further comparison was made
with RO," estimated by using the CMAQ model. The comparisons of the RO, and RO;c with
the RO, estimated by the CMAQ model were used to study the ability of CMAQ to calculate
RO,

An experimental budget analysis was performed to estimate the main loss processes of RO," by

introducing the RO," measurements in the PSS equation.

The analysis of laboratory and campaign measurements conducted during this doctoral research led to

the following conclusions.

i) Instrument Performance

PeRCEAS was shown to be a sensitive instrument for the airborne measurement of RO," in the
troposphere. This is evidenced by the small limit of detection for RO, (LODRo3), LODgo: =

6.2x10° molecules cm (< 2 pmole mole™ in all atmospheric conditions investigated) for a 60 s
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average. Under stable laboratory conditions, PeRCEAS measurements have a relative error of

16%.

A novel RO, retrieval method delivers continuous RO, measurements at a temporal resolution
of 60 s during airborne measurements. This method combines both PeRCEAS channels and
accounts for the errors arising from the short-term variations in the air composition during the
measurement.

Background variations in the signal within one modulation period arising from the dynamic
pressure changes at the inlet, the temperature inside the aircraft, mechanical vibrations, and
variation in the chemical composition are expected to increase the in-flight LODgrg: and
uncertainty of PeRCEAS measurements. Therefore, the in-flight error in the RO,  measurement is
calculated by taking into account the uncertainty of the eCL and the background variation in the

signal within one modulation period.

ii) Airborne RO,  Measurements

RO, , < 15 pmole mole”! was measured above 10000 m in Asia during EMeRGe and OMO
campaigns. Below 10000 m, RO," ,, varied between 20 and 120 pmole mole” depending on the
amount of water vapour (H,O), OVOCs, NO, aerosol and the photolysis frequencies.

The agreement between the RO," calculated (ROZ*C) using the PSS assumption and the RO,
measured (RO, ) using PeRCEAS is generally good. The order of magnitude and short term
variations of RO," mixing ratios measured for most of the conditions encountered during the
EMeRGe campaigns is reasonably explained by the known photochemistry described in the PSS
analysis.

Some limitations of the PSS analysis are evident inside the pollution plumes probed, where RO, ,
is underestimated (< 20 %) by RO, .. The underestimation is attributed to the production of RO,"
through OVOCs oxidation and photolysis not considered in the PSS analysis.

The primary source of RO,  during the EMeRGe campaigns was the photolysis of RO,"
precursors. This conclusion is supported by the observed correlation between RO, and
photolysis frequencies. More specifically, O;, HCHO, CHOCHO, and HONO photolysis were the
dominant RO," sources in the air masses investigated. O5 photolysis followed by the O('D) — H,O
reaction contributes more than 40 % to the RO," production rate in the PBL and is the highest
source contributor compared to other precursors. Due to the decrease in H,O, the production rate
contribution from O; photolysis is < 40 % in the free troposphere. As a result, other RO, sources,
such as the photolysis of HCHO and HONO, become more significant in the free troposphere.
The HO, — HO, and HO, — RO, reactions are the most important loss process in air masses
having NO < 800 pmole mole” and aerosol ASA < 4 x 10° ¢cm’ cm™ (particle number
concentration < 800 particles cm™). The loss from the reaction of OH with NO and NO, forming

HONO and HNO; become the dominant RO, loss process for measurements with NO, > 800
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pmole mole™. In addition, for an assumed acrosol uptake coefficient of 0.24, the HO, uptake on
aerosol becomes an important RO, loss process when ASA >4 x 10 cm” em™ (particle number
concentration > 800 particles cm™) and NO, mixing ratios < 800 pmole mole™.

e The RO, loss rate through HO, uptake on aerosol is higher than the loss rate through OH
reactions with NO and NO, during the measurements in Asia when the aerosol uptake coefficient
is assumed to be > 0.2. Conversely, the RO," loss through the OH reaction with NO and NO,
during the radical interconversion is more significant than the heterogeneous loss of HO, in the
MPC outflows investigated in Europe, even with an uptake coefficient = 0.24. These observations
are attributed to the high aerosol number concentration (> 800 particles cm™) typically observed
in Asian air masses and the high NO, (> 800 pmole mole™) and the lower particle number
concentration (< 800 particles cm™) observed near European target MPCs during EMeRGe.

e RO, determined by the PSS assumption fails to calculate the RO," accurately in the air masses
with RO, ", < 20 pmole mole”! measured above 4000 m. The overestimation of RO, , by ROZ*C 1S
attributed to the errors in the spatial and temporal uncertainties of the in-situ and remote sensing
measurements used in the calculation and the RO,  loss processes (OH — OH and HO — HO,
reactions) not considered in the PSS assumption.

e The RO, calculated using the CMAQ model could reproduce the amount of RO, in most of the
air masses investigated but fails to capture short-term variations, especially those inside the
pollution plumes and under cloudy conditions. These are attributed to an underestimation of NO,
and overestimation of photolysis frequencies under cloudy conditions in the model, respectively.
The agreement should improve when the model is constrained with HALO measurements.

e The RO, calculated using the CMAQ model agrees reasonably well with the RO, even though
the model does not consider the loss of RO," through the HO, uptake on aerosol. This is due to
the lower production rate contribution from HONO in the model since the modelled HONO is
significantly lower (more than 100 times) than the measured values from miniDOAS.

e The 1:1 HO,:RO, ratio assumed for eCL determination and thus RO, ", retrieval is confirmed by
the results of the CMAQ model for most of the measurements considered in this study.

e The 1:1 HO, to RO, ratio assumed generally agree with simultaneous HO, measurements and
model calculations in the air masses sampled within OMO Asia.

e Potential interferences from ClO, in RO," obtained using PeRCEAS cannot be ruled out during
the measurements in the volcanic plume of Mount Etna. RO, ,, is five times higher than the HO,

measured using AirLIF and calculated using the EMAC model in the volcanic plume.

Some of the results presented above are published in George et al., 2020; Andrés Hernandez et al.,
2022; and the ACPD publication George et al., 2022. In addition, it is planned to submit one paper on

the measurements of RO," in Asia.
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Figure Al: Examples of RO, , obtained in the EMeRGe campaign in Asia. The left panel shows the
flight tracks colour-coded with flight altitude, and the right panel shows the 3D view of the
corresponding flight track colour-coded with RO," mixing ratios. Plots a) and b) show the E-AS-03
flight; plots ¢) and d) show the E-AS-05 flight; plots ¢) and f) show the E-AS-07 flight. Red stars

indicate the targets MPC Taipei, Bangkok, Manila, and Yangtze River Delta, and yellow indicates the
HALO base in Tainan.
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Figure A2: Examples of RO, , obtained in the EMeRGe campaign in Asia. The left panel shows the
flight tracks colour-coded with flight altitude, and the right panel shows the 3D view of the
corresponding flight track colour-coded with RO,™ mixing ratios. Plots a) and b) show the E-AS-09
flight; plots ¢) and d) show the E-AS-10 flight; plots e¢) and f) show the E-AS-11 flight. Red stars
indicate the targets MPC Taipei, Manila, and Yangtze River Delta, and the yellow star indicates the
HALO base in Tainan.
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Figure A3: Examples of RO, , obtained in the EMeRGe campaign in Asia. The left panel shows the
flight tracks colour-coded with flight altitude, and the right panel shows the 3D view of the
corresponding flight track colour-coded with RO," mixing ratios. Plots a) and b) show the E-AS-13
flight; plots ¢) and d) show the E-AS-14 flight. Red stars indicate the targets MPC Taipei, Bangkok,
and Yangtze River Delta, and the yellow star indicates the HALO base in Tainan.
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I. Reaction and rate constants used in the current study
The temperature dependent rate constant of the bimolecular reactions is calculated using the Arrhenius expression:

k(T) = A x e("*/r1) Eq. Al
The low-pressure-limiting rate constants for termolecular reactions are given in the form:
ko(T) = Kkq208 X (T/298) ™" cm® molecules™ s™ Eq. A2
The high-pressure-limiting rate constants for termolecular reactions are given in the form:
Koo (T) = Ko208 X (T/298)™ ™ ecm’® molecules™ s™ Eq. A3

The following formula calculates the effective second-order rate constant for a given temperature and pressure (altitude) (Burkholder et al., 2019).

-1
_ | keo(Mko(T)[M] 1+[log, o(KoDIM] 2
(T, [M]) = {MTH—IZO(T)[M]} 0.6{ [1og1o koo (T) )l }

Eq. A4
Where [M] is the total gas concentration.

Table Al: Reactions and corresponding rate constants taken from Burkholder et al., 2019. The radical intermediate formed during OVCO oxidation and photolysis
are assumed to be converted to RO,”, and the oxidation reaction or the photolysis is taken as the rate-determining step.

ko(T) = Koo (T) =
k (298 K) -n -m
Number Reaction A-Factor E/R or kozoe X (T/298) Koo208 X (T/298)
Kior (298K, Tatm) ko298 n K 298 m
R4.1 @05 + hv — O('D) + O,
R4.2a 0o('D) + H,0 — 20H 1.63 x10™° | -60 2.0x10™
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k (298 K) ko(T) = . Ko (T) = o
K208 X (T/298)~ k x (T/298)
Number Reaction A-Factor E/R or 0208 X ( / ) w200 X (T/ )
Kioal (298K, Tatm) ko298 n K298 m
R4.2b O('D) + 0, — O(CP) +0, 3.3x10™M -55 3.95x10™"
R4.2¢ O('D) + N, — O(CP) +N, 2.15x 10" | -110 3.1 x10™"
R4.3 HONO + hv — OH + NO
R4.4 H,0, + hv — 20H
R4.5 OH + O; —» HO, + O, 1.7 x 10" 940 73 x 10
R4.6 OH + CO + 0, 5 HO, + CO, 2.4 x 107" 6.9x10% | 2.1 | L1x10"7| -13
R4.7 ®0OH + CH, + 0,— CH;0, + H,0 245 %10 | 1775 6.3 x 107"
R4.8 ©HCHO + hv + 20, — 2HO,+ CO
R4.9 @CH,CHO + hv + 20, — CH;0, + HO, + CO

R4.10a | ®CH;C(O)CH; + hv + 20, — CH,C(0)0, + CH;0,

R4.10b | CH;C(O)CH; + hv + 20, — 2 CH;0, + CO

R4.11 CHOCHO + hv + 20, — 2HO, + 2CO

R4.12a | OH + HCHO + O, — HO, + CO + H,0 55x10"% | -125 8.5x 10"
R4.12b | OQH + CH,CHO + 0, = CH,C(0)0, + HyO 4.63 %102 | -350 1.5 % 10™"
R4.12¢ | ®YOH + CH;C(0)CH; — H,0 + CH;C(O)CH, See note

R4.12d | OH + CH;0H + O, — CH,0 + HO, + H,0 29x10" 345 9.1 x10"
R4.12¢ | OH + CHOCHO + O, — HO, + H,0 + 2CO 1.15x 10™" 0 1.15 x 10™"
R4.13 ™03 + CH,=C(CH;)CH=CH, — products 1.1 x10™ | 2000 1.3 x 107"
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ko(T) = Ko (T) =
k (298 K) 0 -n -m
Number Reaction A-Factor E/R or kgz0s X (T/298) ko208 X (T/298)
ktoml (298K’ 1atm) k0298 n koo298 m
“HO, + HO, — H,0, + O, 3.0x10" | -460 1.4 x 102
R4.14
M H,0, + O, 2.3 x10%°[M] | -920 4.6 x 107 [M] See note
R4.15 HO, + CH;0, — CH;00H + O, 4.1 x 107" -750 5.2 x 107"
R4.16a | YCH;0, + CH;0, — CH;0H + HCHO + O, 9.5x 10" -390 3.5 x 10"
R4.16b | CH;0, + CH;0, — 2CH;0 + O, 9.5x 10 -390 3.5 x 10"
R4.17 OH + HO, — H,0 + O, 4.8 x 107! 2250 1.1x107"
M -12 231 -11
R4.18a | OH + OH — H,0, 6.3 x 10 6.9 x 10 1.0 |2.6x10 0
R4.18b | OH + OH — H,O + O(’P) 1.8 x 107" 0 1.8 x 10"
M -12 =31 -11
R4.19 OH + NO = HONO 7.4 %10 7.1 x10 2.6 3.6 x10 0.1
M -11 -30 -11
R4.20 OH + NO, - HNO; 1.1x10 1.8 x 10 3.0 [2.8x10 0
M -12 231 -12
R4.21 (k)H02 +NO, » HO,NO, 1.3 x10 1.9 x 10 34 4.0 x 10 0.3
R422 | 0+ N0 S cH0NO 2.9 x10™ 23x107| 2.8 |3.8x10" 0.6
)
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ko(T) = Ko (T) =
k (298 K) 0 -n -m
Number Reaction A-Factor E/R or kgz0s X (T/ 298) K208 X (T/ 298)
ktoml (298K’ 1atm) k0298 n koo29s m
R4.24 | HO,+ O; — OH + 20, 1.0 x 107 490 1.9 x 10"
R4.25 | ™CH;0,+NO — CH;0 + NO, 2.8 x10™" -300 7.7 x 1072
R4.26 | CH;0 + 0, — CH,0O + HO, 3.9x 10 900 1.9 x 107

(a) The O5 photolysis has a second channel O; + hv (A < 320 nm) — O(’P) + O,. So, only the photolysis frequency for R4.1 is used in the calculation.

(b) Reaction OH with CH, produces CH; and H,O. The CH; formed further reacts with O, to form CH;0,. The formation of CH30, is assumed to be much faster than the CH; formation due to the high
amount of O, present in the atmosphere. So the reaction of OH with CHj is taken as the rate-determining step for R4.7.

(c) The HCHO photolysis has a second channel, HCHO + hv (A <320 nm) — H, + CO. So, only the photolysis frequency for R4.8 is used in the calculation.

(d) The CH;CHO photolysis has a second channel CH;CHO + hv (A <320 nm) — CH, + CO. So, only the photolysis frequency for R4.9 is used in the calculation.

(e) To simplify the calculation, the CH;3C(O)O, produced is treated as a CH;0, molecule during the calculation.

(f) The reaction of OH with CH;CHO produces CH;C(O) and H,O. The CH3C(O) formed reacts with O, in a three-body reaction to form CH;C(O)O,. The formation of CH;C(O)O, is assumed to be
much faster than the CH3C(O) formation due to the high amount of O, present in the atmosphere. So the reaction of OH with CH3;CHO is taken as the rate-determining step for R4.12b. To simplify the
calculation, the CH;C(O)O, produced is treated as a CH;0, molecule during the calculation.

(g) The temperature-dependent reaction rate constant is given by: ky 15.(T) = 1.33 x 107% +3.82 x 10" x %D ep’molecules's™. CH;C(O)CH, formed reacts with O, in a three-body reaction to form
CH;C(O)CH,0,. The formation of CH;C(O)CH,0, is assumed to be much faster than the CH;C(O)CH, formation due to the high amount of O, present in the atmosphere. So the reaction of OH with
CH;C(O)CHj is taken as the rate-determining step for R4.12c. To simplify the calculation, the CH;C(O)CH,O, produced is treated as a CH30, molecule during the calculation.

(h) The reaction R4.13 shows an example of an ozonolysis reaction. To simplify the calculation, the ozonolysis reactions are not considered in this study.

(i) Reaction R4.14 exhibits a dependence on H,O concentration. So the overall rate constant is given by the sum of the bimolecular component and a pressure-dependent termolecular component
multiplied by the H,O enhancement term. i.e.,

(14 x 10712+ 4.6 x 10732[M])(1 + 1.4 x 10721[H,0]exp(200/T))

(j) The CH;0, self-reaction has a second channel with relative product yield, :*‘16" = (26.2 + 6.6) e(-1130£240)/T

4.16a

(k) The HO,NO, made from the HO, + NO, reaction is assumed to undergo phétolysis to produce HO, + NO, or OH + NOj;. The HO, + NO, reaction is taken as a null cycle for the present work.
() Note that the HO, + NO reaction have another channel producing HNO;. The probability of this channel is less than 1% and therefore negligible.
(m) Note that the CH30, + NO reaction have another channel producing CH;NO,. The probability of this channel is less than 0.5% and therefore negligible.
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II. Deviation of Eq. 4.8 and Eq. 4.9

An analytical equation to calculate RO," was derived, assuming the primary source of RO, production is precursor photolysis, the loss of RO, is only through RO,"
— RO, reactions, and the radical interconversion reactions between OH, RO and RO, occurs without losses. Based on the results of previous airborne campaigns
(Tan et al., 2001 and Cantrell et al., 2003b), the production of RO," from the photolysis of H,O, and ozonolysis of alkenes were assumed to have a minor
contribution and are excluded from this study. In addition, CH3;0, reactions were taken as a surrogate for all RO, reactions to reduce the complexity of the
calculations.

Under these assumptions and based on the reactions in Table Al

e The rate of change of [RO, ] is given by

d d
E([ROED = a([OH] +[CH30] + [HO,] + [CH30,])
d . .
—([RO3]) = 2j41[03]B + ja3[HONO] + 2j4g[HCHO] + 2j411[CHOCHO] + 2j4,9[CH3CHO] + 2(js10a + Ja100) [CH3C(O)CH3] — 2ky.15[HO,][CH30,]
dt
— 2k4.14[HO]? — 2k4164[CH30,]?
Eq. AS
. . 1 . .. _ k4.2a[H20]
Where B is the fraction of O('D) that reacts with H,O to form OH and is given by 3 (k4.2a[H20]+ *1aplOa]F k4.zC[Nz])

Now substituting [HO,] = §[RO, ] and [CH30,] = (1- ) [RO, ] in Eq. A5

d ) . . "
a([ROE]) = 2j41[03]1B + jaz[HONO] + 2j,g[HCHO] + 2j4,11[CHOCHO] + 2j49[CH3CHO] + 2(js10q + Ja10n) [CH3C(0)CH3] — 2k4158(1 — 8)[RO5]?

— 2ky160((1 = 8)[RO3D? — 2k4 14(8[RO3])?
Under photostationary steady-state

d RO,]) =0
7 (RO =

= 2j41[031B + jaz[HONO] + 2j,g[HCHO] + 2j4,11[CHOCHO] + 2j,9[CH3CHO] + 2(js10a + ja10)[CH3C(O)CH3] = 2k4158(1 — 8)[RO3]* +

* 2 *
2k416a((1 = 8)[RO3])" + 2k4 14(8[RO3])? Eq. A6
Eq. A6 is a quadratic equation of [RO,"] without a linear term. The solution is given by
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Pro
* 2
[RO3]. = ’ Z/ZkR - Eq. A7

kro; = (ka156(1—8) + ks16a(1 = 8)* + ky146?)

Pro; = 2j41[03]1B + jaz[HONO] + 2j,g[HCHO] + 2j,11[CHOCHO] + 2j45[CH3CHO] + 2(js.10a + Ja100) [CH3C(0)CHs]

III. Derivation of Eq. 4.11 and Eq. 4.12

If the radical interconversion and the loss of OH and CH;0 through the reaction with NO, during the interconversion are considered, then

e The rate of change of [OH] is given by

d . )

E([OH]) = 2j41[03]1B + jaz[HONO] + k4 23[HOZ][NO] + ky24[HO;][03] — [OH] (ks 6[CO] + ky7[CHyl + kg12q[HCHO] + ky12,[CH3CHO] +
k412c[CH3C(0)CH3] + k412q[CH30H] + k412.[CHOCHO] + ky45[03] + k419[NO]1 + ky20[NO2] + kyq7[HO,]) — 2(kg1ga + ka1sp) [OH]? Eq. A8

Under photostationary steady-state

d OH])= 0
E[ D=

1.e.,

2j41[03]1B + ja3[HONO] + ky33[HOL][NO] + ky24[HO3][03] = [OH](kyg[CO] + ky7[CH4] + ky12q[HCHO] + ky12,[CH3CHO] + ky12.[CH3C(0)CH3] +
ka124[CH30H] + ky12e[CHOCHO] + kys[03] + ka19[NO] + ky20[NO2] + ky17[HOz]) — 2(ka18q + Ka18p) [OH]? Eq. A9

Since the atmospheric [OH] and [HO,] << [NO] and [NO,], reactions R4.18 (OH — OH reaction) and R4.17 (OH — HO, reaction) are assumed to be negligible in the
loss process of OH compared to the OH — NOy reactions. So Eq. A9 can be modified as:

2j4.1[03]B+)4.3[HONO]+ ky.23[HO2][NO]+ k4.24[HO2][03]

OH| =
[ ] (ka.6[COJ+ ky 7[CH4]+ Kk4.12a[HCHO)+ K4.12p[CH3CHO)+ K4.12c[CH3C(O)CH3]+ Kk4.12a[CH30H] + K4.12e[CHOCHOL+ k4 5[03] + k4.10[NO]+ k4. 20[NO2])

Eq. A10

e The rate of change of [CH30] is given by
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d

— ([CH30]) = 2ka16p [CH30,]* + k425[CH30,][NO] — [CH30] (k422 [NO] + ky26[0]) Eq. All
Under photostationarysteady state

d ([CH30]) = 0

dt [ 3 ] -

2k4.16b[CH302]%+ k4.25[CH30,][NO]
(k4.22[NOJ+ k4.26[02])

= [CH30] = Eq. A12

e The rate of change of [HO,] is given by

d . ) .

E([Hoz]) = 2j,8[HCHO] + ju9[CH3CHO] + 2j41,1[CHOCHO] + [OH](k46[CO] + k45[03]+ ka12a[HCHOI+ ky12a[CH30H]+ k4 12.[CHOCHO]) +
k426[CH301[0;] — [HO;](ka15[CH305] + ka17[OH] + kaz3[NO] + ka24[05]) — 2ks14[HO,]?

Since the atmospheric [OH] << [NO] and [NO,], reaction R4.17 (OH — HO, reaction) is assumed to have a negligible contribution to the HO, loss process. So

%([HOZD = 2j48[HCHO] + j49[CH3CHO] + 2j411[CHOCHO] + [OH](k46[CO] + k4s[03]+ kg 124[HCHO]+ kg 12q[CH3OH]+ k4 12,[CHOCHO]) +
k426[CH301[0;] — [HO;1(ky15[CH30;] + ky23[NO] + ky24[03]) — 2ky14[HO,]? Eq. A13

e The rate of change of [CH30,] is given by

d . ) .

E([CH302D = Jjao[CH3CHO] + 2(js10a + Ja100)[CH3C(O)CH3] + [OH](ky7[CHy) + kg 124[CH3CHO] + ky12.[CH3C(0)CH3]) — [CH30,]( k4 15[HO,] +
k425[NOD) — 2(kigq + kq6p) [CH30,]? Eq. Al4

e If CH;0, is assumed as a surrogate for all RO,, then the rate of change of [RO, ] is given by

d d
27 ([RO2D) = = ([HO,] + [CH30,])

2j4g[HCHO] + jao[CH3CHO] + 2j4,11[CHOCHO] + [OH](k46[CO] + ky5[03]+ ka12q[HCHON+ kg 124[CH30H]+ Ky 12.[CHOCHO]) + k4 26[CH30][0,] —
[HO;1(ky15[CH30,] 4 k423[NO1 4 ky24[03]) — 2k414[HO2)? + jao[CH3CHOY + 2(js10a + Jjaa0p)[CH3C(O)CHs] + [OH](ky7[CH,] + ky124[CHsCHOJ +
k412c[CH3C(0)CH3]) — [CH30,](ky15[HOZ] + kyz5[NO]) — 2(kyeq + k16p) [CH30,]? Eq. A1S
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Since OH and CH;0 are not measured onboard during EMeRGe, Eq. A10 and Eq. A12 are substituted in Eq. A15 and rearranging.

S (RO3D =

2j4g[HCHO] + 2j49[CH3CHO] + 2j4,11[CHOCHO] + 2(js.104 + ja100)[CH3C(0)CH3] +
2j4.1[03]B+j43[HONO]+ ky.23[HO2][NO]+ k4.24[HO2][03] (kyc[CO] +
(ka.6[COT+ ka7 [CHyl+ kg 12q[HCHO+ kg 12p[CH3CHOL+ Ky 12c[CH3C(O)CH3]+ Kg.12a[CH3OH] + Kg.12¢[CHOCHOI+ Ky 5[03] + kg19[NOJ+ kg 50[NO2]) © +©

kas[03]+ ks 12a[HCHO+ ky12q[CH30H ]+ ky12[CHOCHO] + ky7[CHy] + ky12q[CH3CHO] + k4 12.[CH3C(0)CH5] ) +

2k CH30,]%+ k CH30,][NO
k426 4'16b([k4 232[12\30;_ ;;226[[023])2][ ] [02] = [CH30,]( ky15[HO5] + kg25[NO]) — 2(k1sq + k16p) [CH30,]? — [HO3](k415[CH30,] + k4 23[NO] +

k424[05]) — 2k 14[HO,]? Eq. Al6

Now substituting

(1-p) = (k4.6[COT+ ka5[03]+ K4.12a[HCHO]+ k4.12d[CH3OH]+ k4,12¢[CHOCHO]+ kg 7[CH4]+k4124[CH3CHOL+ K4.12.[CH3C(0)CH3] )
(k46[COl+ k4.7[CH4]+ Kk4.12aHCHOL+ k4 12p[CH3CHO)+ K4.12c[CH3C(O)CH3]+ k4.12q[CH30H] + k4.12e[CHOCHO]+ ky 5[03] + k4.19[NO]+ k4.20[NO2])

in Eq. A16 gives

d . , ) ) ) , ) ,

E([ROZD = 2j4g[HCHO] + 2j49[CH3CHO] + 2j411[CHOCHO] + 2(js.10a + Jja100)[CH3C(O)CH3] + (2j41[0318 + jaz[HONO] + k4 23[HO,][NO] +
2k CH30,]%+ k CH303][NO

k24 [HO[05)) (1 — p) + ey p tebCHs02lt ezl OHOlINON 1)) | [0 1,0,]( hey15[HOL) + Kaas[NOD) — 2(kigq + krgp) [CH305]% —

(k4.22[NOJ+ k4.26[02])

[HO;](k415[CH30,] + ky23[NOl 4+ ky24[03]) — 2k414[HO,]? Eq. Al7

Where p is the HONO and HNO; formation efficiency of the OH + NO, reactions

On rearranging

d
—([RO3]) = (2j41[03]B + jaz[HONOD(1 — p) + 2j,g[HCHO] + 2j49[CH3CHO] + 2(js10q + Ja100) [CH3C(0)CH3] + 2411 [CHOCHO]

dt
2ky 165 [CH303)% + k4 p5[CH30,][NO]
(k422[NO] + k426[02]) [02] = [HO2](ka23[NO] + ks24[03])

- k4.15[H02][CH302] - k4.15[H02][CH302] - (2k16b[CH302]2 + k425[CH302][N0]) - 2k16a[CH302]2 - 2k4.14[H02]2

+ [HO;](ks23[NO] + ky24[03D(1 —p) + kyze
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Combining common terms indicated by the same colours gives

d

—([RO3]) =

dt

(2j4.1[03]B + jaz[HONOD(1 — p) + 2j,g[HCHO] + 2j49[CH3CHO] + 2(js10q + Jja10b)[CH3C(0)CH3] + 2j411[CHOCHO] — [HO,|( k4 23[NO] +

k NO
ka241051)p = (ks 165 [CH3 0217 + ka25[CH30,]INOY) (G2 80—os) = 2kes 15[HO,][CH5 05] = 2k16alCH3 0217 = 2ka 14 HO,)?
Eq. A18

Under steady-state

d o
a([Roz]) =0

= (2/41[031B + ja3[HONO]D(1 — p) + 2j4,4[HCHO] + 2j40[CH3CHO] + 2(js10a + Ja10p) [CH3C(0)CH3] + 2j411[CHOCHO] = [HO,](k423[NO] +

K4 22[NO
ky24[03D)p + (2k4165[CH30,]* + k4 25[CH30,][NO]) ((k422[1\;}(.)2]2+[ k4]26[02])) + 2k415[HO,1[CH30,] + 2k16q[CH30,]% + 2ky14[HO,]?
Eq. A19

Now substituting [HO,] = 8[RO, "] and [CH;0,] = (1- 8) [RO,"] in Eq. A19

(24110318 + jaz[HONOD(1 — p) + 2jag[HCHO] + 2j4,9[CH3;CHO] + 2(ja10a + ja100)[CH3C(0)CH3] + 2j, 11 [CHOCHO] = 6[RO;](ky23[NO] +

* 2 * k. [NO] * * 2
ka2a[05Dp + (2kn165((1 = OIRO51)” + ki 25(1 = OIROFIINO) (G2 i 2os) + 2ka58(1 = OIROFI + 2kiga((1 = OIRO]) +

2k414(S[RO3])? Eq. A20

Eq. A20 is a quadratic equation of [RO,"]. The solution is given by

_(_LRO’Q)_ z\/szo’é _4(_2"71%0’5)”120;

[RO21 = 2(-2kpo: )

Eq. A21

Where
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. = k4.22[NO] N2 _ 2
kro; = <(k4.16b ((k4_22[N0]+ k4_26[02])) + k16a) (1—-68)°+ ky156(1 —8) + ky146 )

ka422[NO]
(k422[NOJ + ky426[02])

Lgro; = (5(k4.23[N0] + Kk424[03])p + ( >k4.25(1 - 5)[1\70])

Pro; = (2j41[031B + jaz[HONOD(1 — p) + 2j45[HCHO] + 2j45[CH3CHO] + 2(ja10a + Ja100) [CH3C(0)CH3] + 2j411[CHOCHO]

e Special case |
When k4 19[NO] + ky420[NO;| << k4 124[HCHO] + k4125[CH3CHO] + ky12.[CH3C(0O)CH3] + ky12q[CH30H] + k412.[CHOCHO],i.e., p=0, Eq. A19 can
be simplified as follows:

(24110318 + jaz[HONO]) + 2j,g[HCHO] + 2j49[CH3CHO] + 2(ja10a + ja100) [CH3C(O)CH3] + 2j, 4,1 [CHOCHO] = (2k4.16b((1 - 5)[R02]) +

ky2s(1— 6)[R0;][1v0]) ( Ka22[NO]

(K4.22[NOJ+ k426[02])

) + 2ka158(1 = ORI + 2ksea((1 — 8)RO31)" + 2ks14(SIROZD?
Eq. A22

Lgo; and Pgo; becomes

Lo, = ( k422[NO]
ROz (k422[NO] + k426[02])

>k4.25(1 — 8)[NO]

Pro; = (2j41[03]B + ja3[HONO]) + 2j,g[HCHO] + 2j40[CH3CHO] + 2(js.10a + Ja10p) [CH3C(0)CH3] + 2j41,[CHOCHO]
e Special case I

If p ~ 0 and OH and CH;0 are converted to RO, without any losses, then Eq. A20 becomes Eq. A6 and the solution is given by Eq. A7.
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Table A2: Details of the airborne measurements data set used from the OMO Asia campaign. NA: not available

Trace gas-in situ measurements
Species/parameters | Instrument Institution Technique/Instrument Version (]:?:zigi Database
RO; “HO:* 1 percEAS University of PeRCA + CRDS 01 HALO database
> RO, Bremen
OH, HO, Air LIF FZ Jilich LIF NA 2016.09.15 | HALO database
CH;0H
g - HALO datab
CHLC(O)CH, HKMS KIT Karlsruhe PTR-MS 01 2016.09.14 atabase
0; FAIRO KIT Karlsruhe UV-Photomery/ 01 2016.02.09 | HALO database
Chemiluminescence
NO, NO, AENEAS DLR-IPA Chemiluminescence/ NA 2015.10.28 | HALO database
Gold converter
CcO TRISTAR MPIC Mainz TDLAS NA 2015.07.16 | HALO database
Other parameters
Spectral actinic
flux density
(up/down) HALO-SR FZ Jiilich CCD spectro- 01 2016.06.13 | HALO database
. radiometry
Photolysis
frequencies
Basic aircraft data | BAHAMAS DLR -FX various 01 2016.02.25 | HALO database

All measurement datasets used in this study are available in the HALO database under the OMO Asia directory. The permission to access the directory is limited to the OMO
partners. The dataset is available to the open community on demand. The contact person for data access is Dr Hartwig Harder, MPIC Mainz (hartwig.harder@mpic.de).
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Table A3: Details of the airborne measurements dataset used from the EMeRGe in Europe campaigns.

Species/parameters Instrument Institution Technique/Instrument Data Version | Date of creation Measure flight Database
- University of E-EU-03 to
RO, =HO, + YRO, PeRCEAS Bremen PeRCA + CRDS 04 2021.06.17 E-EU-09 HALO database
a) 03 a) 2020.03.04 a) E-EU-05
HCHO HKMS KIT Karlsruhe PTR-MS b) 06 b) 2020.12.09 b) E-EU-03 04,06 to 09 HALO database
a) 03 a) 2020.03.04 a) E-EU-05
CH;CHO HKMS KIT Karlsruhe PTR-MS HALO database
b) 06 b) 2020.12.09 b) E-EU-03,04,06 to 09
a) 03 a) 2020.03.04 a) E-EU-05
CH;C(O)CH3; HKMS KIT Karlsruhe PTR-MS HALO database
b) 06 b) 2020.12.09 b) E-EU-03,04,06 to 09
a) 03 a) 2020.03.04 a) E-EU-05
CH;0H HKMS KIT Karlsruhe PTR-MS HALO database
b) 06 b) 2020.12.09 b) E-EU-03,04,06 to 09
0, FAIRO KIT Karlsruhe Chemiluminescence 03 2020.06.29 E]fg[ﬁggo HALO database
. E-EU-03 to
NO AENEAS DLR-IPA Chemiluminescence/ 02 2020.03.05 E-EU-09 HALO database
Gold converter
: : E-EU-03 to
NO, AENEAS DLR-IPA Chemiluminescence/Gold 02 2020.03.05 E-EU-09 HALO database
converter
CH, CATS DLR-IPA CRDS 02 2020.03.03 EEEEUOSJ" HALO database
a) E-EU-03, E-EU-05 to
a) 02
co AMTEX DLR-IPA UV-Photometry/ 2020.03.18 09 HALO database
VUV-Fluorimetry b) 03
b) E-EU-04
R Cersi . E-EU-03 to
“NO, mini-DOAS University of DOAS /UV-nIR; 2D 01 2019.05.03 E-EU-07 HALO database
Heidelberg optical spectrometer
2) 03 a) E-EU-03, E-EU-05 to
“HONO mini-DOAS University of DOAS /UV-nIR; 2D 2021.06.10 07 HALO database
Heidelberg optical spectrometer b) 02
b) E-EU-04
. iversi . E-EU-03 to
“)CHOCHO mini-DOAS University of DOAS /UV-nIR; 2D 02 2021.10.30 E-EU-07 HALO database
Heidelberg optical spectrometer
University of DOAS / 3x2D-imagin E-EU-08 and
NO, HAIDI gmg 01 2017.07.28 E-EU-09 HALO database

Heidelberg

spectrometers
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Species/parameters Instrument Institution Technique/Instrument Data Version | Date of creation Measure flight Database
Spectral actinic flux E-EU-03 to

density (up/down) HALO-SR FZ Jiilich CCD spectro- radiometry 02 2021.03.22 E-EU-09 HALO database

Photolysis frequencies
L . E-EU-03 to

Basic aircraft data BAHAMAS DLR -FX various 01 2017.10.12 E-EU-09 HALO database
Total aerosol surface E-EU-03 to On-demand

area concentration C-ToF-AMS MPIC Mainz OPC 01 NA E-EU-09 . .

(K.Kaiser@mpic.de)

(ASA)

(*) There were no data available from the miniDOAS instrument for the flights E-EU-08 and E-EU-09 due to instrument malfunction.

All measurement datasets except the total aerosol surface area concentration (ASA) used in this study from EMeRGe in Europe are available in the HALO database under
the EMeRGe Europe directory. The permission to access the directory is limited to the EMeRGe partners. At the time of submission of the present work, the dataset is
available to the open community on demand. The contact person for data access is Dr M. D. Andrés Hernandez, IUP, University of Bremen (lola@iup.physik.uni-
bremen.de). The ASA data are calculated by Katharina Kaiser (K.Kaiser@mpic.de) from MPIC Mainz, and the data is available on-demand.

Table A4: Details of the airborne measurements dataset used from the EMeRGe in Asia campaigns.

Measure flight

Species/parameters Instrument Institution Technique/Instrument Data Version | Date of creation Database
Universitv of a) 03 a) 2021.06.17 a) E-AS-03, 06 to 14
RO,"=HO, + >RO, PeRCEAS Bremez PeRCA + CRDS b) 04 HALO database
b) 2022.02. b) E-AS-05
CH;CHO HKMS KIT Karlsruhe PTR-MS 05 2020.12.09 E-AS-03 to E-AS-14 HALO database
CH;C(0)CH; HKMS KIT Karlsruhe PTR-MS 05 2020.12.09 E-AS-03 to E-AS-14 HALO database
CH,0H HKMS KIT Karlsruhe PTR-MS 05 2020.12.09 E-AS-03 to E-AS-14 HALO database
0, FAIRO KIT Karlsruhe Chemiluminescence 03 2020.06.23 E-AS-03 to E-AS-14 HALO database
L a) 02 a) E-AS-03
NO AENEAS DLR-IPA Chemiluminescence/ Gold 2020.03.06 HALO database
converter b) 03 b) E-AS-05 to E-AS-14
L a) 02 a) E-AS-03
NO, AENEAS DLR-IPA Chemiluminescence/ Gold 2020.03.06 HALO database
converter b) 03 b) E-AS-05 to E-AS-14
CH, CATS DLR-IPA CRDS 01 2020.03.03 E-AS-04 to E-AS-14 HALO database
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co AMTEX DLR-IPA UV-Photometry/ 02 2020.03.18 E-AS-03 to E-AS-14 HALO database
VUV-Fluorimetry
Species/parameters Instrument Institution Technique/Instrument Data Version | Date of creation Measure flight Database
NO, mini-DOAS University of DOAS /UV-nIR; 2D 02 2019.11.07 E-AS-05, 06, 08, 09, 10, 11, HALO database
Heidelberg optical spectrometer 13
HONO mini-DOAS University of DOAS /UV-nIR; 2D 04 2021.06.10 E-AS-05, 06, 08, 09, 10, 11, HALO database
Heidelberg optical spectrometer 13
HCHO mini-DOAS Unlyer51ty of DOAS / UV-nIR; 2D 03 2021.03.23 E-AS-05, 06, 08, 09, 10, 11,
Heidelberg optical spectrometer 13
CHOCHO mini-DOAS University of DOAS /UV-nIR; 2D 03 2021.10.30 E-AS-05, 06, 07, 08 HALO database
Heidelberg optical spectrometer

Spectral actinic flux E-AS-03 to
density (up/down) HALO-SR FZ Jilich CCD spectro- radiometry 02 2021.03.22 E-AS-14 HALO database
Photolysis frequencies

Basic aircraft data BAHAMAS DLR -FX various 01 2018.06.18 E}—ﬁ:;ﬁr;o HALO database
Total aerosol surface E-AS-01, E-AS-03 to On-demand
area concentration C-ToF-AMS MPIC Mainz OPC 01 NA E-EU-14 and E-AS-16 n-demand
(K.Kaiser@mpic.de)

(ASA)

All measurement datasets except the total aerosol surface area concentration (ASA) used in this study from EMeRGe in Asia are available in the HALO database under the
EMeRGe Asia directory. The permission to access the directory is limited to the EMeRGe partners. At the time of submission of the present work, the dataset is available to
the open community on demand. The contact person for data access is Dr M. D. Andrés Herndndez, IUP, University of Bremen (lola@iup.physik.uni-bremen.de). The ASA
data are calculated by Katharina Kaiser (K.Kaiser@mpic.de) from MPIC Mainz, and the data is available on-demand.
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I.

II.

Model description
FLEXPART back trajectories for OMO Asia

The origin of the air masses during the OMO Asia campaign was derived using the
Lagrangian particle dispersion model FLEXPART version 9.2 beta (Stohl et al., 1998) by Laura
Tomsche from the Department of Atmospheric Chemistry, Max Planck Institute for Chemistry,
Mainz, Germany. The details of the model setup have been described in Tomsche et al., 2019.
Briefly, the model is driven by European Centre for Medium-Range Weather Forecasts (ECMWF)
operational data with a horizontal resolution of 1° X 1° and a vertical resolution of 137 levels
between 1013.25 and 0.01 hPa. The temporal resolution is 3 h, with analyses at 00:00, 06:00,
12:00, and 18:00 UTC and forecasts for 03:00, 09:00, 15:00, and 21:00 UTC. FLEXPART
accounts for turbulence using the mean wind plus turbulent fluctuations and the mesoscale wind
fluctuations (Stohl et al., 2010). The planetary boundary layer (PBL) height is parameterised
following the concept of Vogelezang and Holtslag (1996) using the critical Richardson number
(Stohl et al., 2010). Vertical transport is calculated using the Langevin equation (Thomson, 1987),
which considers the turbulent vertical wind and its standard deviation. It also includes a decrease in
the air density with height. Additional moist convection is parameterised according to Emanuel and
Zivkovic-Rothman (1999). Their parameterisation builds on temperature and humidity fields to
provide mass flux information (Stohl et al., 2005). Trajectories are started every 10 min along the
flight tracks for air parcels, neglecting loss processes due to deposition or chemical reactions. The
trajectories are calculated 10 days back in time for 10000 parcels that are initialised per release
point (size: 1° X 1° x 500 m and 1 h).

The model results are available on-demand from the OMO Asia coordination team in Max
Planck Institute for Chemistry, Mainz, Germany. Contact person: Dr Hartwig Harder
(hartwig.harder@mpic.de).

EMAC model for OMO Asia

The trace gas/aerosol concentrations and meteorological parameters during the OMO Asia
campaign were modelled using the ECHAM/MESSy Atmospheric Chemistry (EMAC) model by
Andrea Pozzer and Patrick Joeckel from the Department of Atmospheric Chemistry, Max Planck
Institute for Chemistry, Mainz, Germany. A detailed description of the model setup is given in
Lelieveld et al., 2018; Tomsche et al., 2019. Briefly, the EMAC model consists of the general
circulation model ECHAMS (fifth generation of the European Center HAMburg model, Roeckner
et al., 2006) and the Modular Earth Submodel System (MESSy, Jockel et al., 2005, 2010), which
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I11.

extends the model to a fully coupled chemistry-climate model. The horizontal resolution applied is
2.8° x 2.8, and the vertical resolution is determined by 90 layers on a hybrid pressure grid between
1015.25 and 0.01 hPa. The EMAC model is a hydrostatic model and the convective transport is
parameterised (Tost et al., 2006; Ouwersloot et al., 2015). Indication of the vertical transport time
in EMAC can be found in Krol et al. (2018), where a comparison with a model of similar
complexity is also shown. The emissions are based on the Representative Concentration Pathways
(RCP) 8.5 for anthropogenic activity (Van Vuuren et al., 2011) and the Global Fire Emissions
Database (GFED) v3.1 for biomass burning emissions of 2015 (van der Werf et al., 2010). For
methane, additional sources of wetlands in the Amazon and North American shale gas drilling were
added to simulate the methane trend since 2007 (Zimmermann et al., 2018).

The EMAC model was not run in an offline chemistry-transport mode, as the radiation
calculations were based on simulated greenhouse gas concentrations. The model was weakly
nudged towards ECMWF ERA-Interim data (Jeuken et al., 1996) and therefore reproduced very
similar dynamics to the ECMWF model (although not binary identical). The simulation is an
extension of simulation RC1SD-base-10 (Jockel et al., 2016) to cover the full OMO Asia
campaign. Few changes to the original simulation have been applied (i.e. increased South Asia SO,
emissions and reduced lightning NO,), as described in Lelieveld et al. (2018). Although the
simulation is a continuation of a well-evaluated experiment, the simulation was run from 1 March
2015 to give the SO, and NOy time to balance the new emissions (i.e. 4-month spin-up time). Only
the data from July/August 2015, which cover the field campaign, are used. The model results are
available in the HALO database in NASA ames 1001 formate for the campaign partners. Contact

person: Dr Andrea Pozzer (andrea.pozzer@mpic.de).

FLEXTRA back trajectories for EMeRGe campaigns

Air mass back trajectories for the EMeRGe flights are calculated with the FLEXTRA 5.0
trajectory model developed by Stohl et al. (1999), which uses the ECMWF operational data set
ERAS5 meteorological data at 0.25° horizontal resolution. The model simulations were performed
by the Laboratory for Modeling and Observation of the Earth System (LAMOS) group at IUP,
University of Bremen. Trajectories are started every 10 minutes of flight time and reach back 10
days. The general content of the model output has been enhanced by adding manually other
parameters after the simulations (troph, tropp, blh, sp, surf, cwc), which provide additional
information over the BL conditions along the trajectory.

There are two sets of data:

1. Original trajectories of the FLEXTRA run at the ~10 min temporal resolution along the flight
tracks.

2. Interpolated trajectories at a strict 5 min temporal resolution, linearly interpolated from the
original trajectories. In the interpolated trajectories, the timestamps are the same for all

releases/trajectories, and the temporal resolution is higher than the original trajectories.
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IV.

The model results are available in the Seafile directory for the EMeRGe mission in the ITUP
Bremen server. The results are accessible to the EMeRGe community. Others can obtain the data

on demand from the server. Contact person: Dr. M. D. Andrés Hernandez (lola@iup.physik.uni-

bremen.de).
HYSPLIT model for EMeRGe campaigns
The Lagrangian Particle Dispersion Model HYSPLIT

(https://www.arl.noaa.gov/hysplit/hysplit/) was utilised to calculate the transport and dispersion of
regional CO emissions accumulated over 6 days during EMeRGe IOPs. These values do not
include accumulated background concentrations due to the much longer lifetime of CO and are thus
not to be compared with absolute concentrations but rather with enhancements inside of local
plumes. The model simulations were performed by Dr Robert Baumann, Institute of Atmospheric

Physics, DLR, Oberpfaffenhofen, Munich, Germany (robert.baumann@dlr.de).

HYSPLIT was driven by meteorology data from the operational ECMWF forecast. For this,
the initial state and first 11 hours of the forecast of successive forecast datasets (00 UTC and 12
UTC daily) were concatenated. The meteorological data has a time step of 1 hour, 137 vertical
model levels, and is horizontally interpolated onto a 0.1° latitude-longitude grid for use with the

HYSPLIT model.

CO emission rates were taken from EDGAR HTAP V2 emission inventory (monthly means of

2010, 0.1° resolution, http://edgar.jrc.ec.europa.eu/htap _v2/). The model provides the CO volume

mixing ratio (VMR), in nmole mone™, of the whole 6-days accumulation period as well as the
partial VMR in eight different age classes: 0-3h, 3-6h, 6-12h, 12-24h, 1-2d, 2-3d, 3-4d, 4-6d. The
arithmetic mean age of all contributions provided is also provided. Data files for source regions that
did not significantly contribute CO (i.e. VMR < 0.1 nmole mole™) along a specific flight track were
removed from the data collection; hence some combinations of date and region are omitted

intentionally.

The model results are available in the Seafile directory for the EMeRGe mission in the TUP
Bremen server. The results are accessible to the EMeRGe community. Others can obtain the data
on demand from the server. Contact person: Dr. M. D. Andrés Hernandez (lola@iup.physik.uni-

bremen.de).

CMAQ model for EMeRGe in Asia campaign
The Weather Research and Forecasting (WRF) coupled with the Community Multiscale Air

Quality (CMAQ) model was used to model the gas/aerosol concentrations and meteorological
parameters during EMeRGe in Asia campaign. This WRF/CMAQ model included the effects of

stagnation, dilution, and dispersion in both the horizontal and vertical directions. The details of the
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model setup have been described in Chatani et al. (2018). The model simulations were performed

by Dr Yugo Kanaya, JAMSTEC, Kanagawa, JAPAN (yugo@jamstec.go.jp).

Briefly, the WRF model version 3.7.1 (Skamarock et al., 2008), based on the National
Centers for Environmental Prediction (NCEP) Final (FNL) Operational Global Analysis data
(ds083.2) originating from GDAS, was coupled to the CMAQ version 5.0.2 (Byun and Schere,
2006) to simulate regional-scale air pollution with 27 vertical layers between surface and 50 hPa.
Two model runs were performed with 220x170 grids/45km (East Asia) and 154x160 grids/15km
(Japan) horizontal domains (Figure A1). The results from the model run for the East Asian domain

were used during this study.

The sixth-generation CMAQ aerosol module (AER06) was used for the aerosol simulation,
while the Statewide Air Pollution Research Center version 07 (SAPRC-07) was used for air
chemistry. The wet deposition was represented with the cloud acm ae5 module. The boundary
concentrations were derived from the climatological means of the global chemical transport
CHemical Atmospheric general circulation model for the Study of atmospheric Environment and
Radiative forcing (CHASER) described in Sudo et al., 2002. The fixed anthropogenic emissions
were taken from the monthly data of Hemispheric Transport of Air Pollution (HTAP) version 2.2
with a 0.25° x 0.25° resolution (Janssens-Maenhout et al., 2015) for 2010. The Global Fire
Emissions Database (GFED) version 4.1 was used for the monthly emissions from biomass
burning. The Model of Emissions of Gases and Aerosols from Nature (MEGAN) v2.1 was used for

biogenic emissions, and the AeroCom database was used to account for the aerosol emission.
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Figure Al: The domain of the different CMAQ model simulations. The results from the simulation
with the largest domain covering entire East Asia were used in this study.
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Table A.5: State of the art instruments for the airborne measurement of peroxy radicals. Ground-based
instruments are also included for comparison.

LODyo, LODgoy
Averagin Pressure
Author Year | Technique eCL (pmole (pmole gme
| | time (s) (mbar)
mole™) mole™)
Airborne instruments
Green et PeRCA %;7 r_nf)zlz not controlled
| 2002 + mol:_‘l o 180 1 20 (from ground
Luminol 7% CO) level to 7 km)
+
Kartal et PeRCA (; X m07le
1 2010 + mole*_‘l NG+ 130 £5 342 60 200
’ Luminol
Hmne 7.4 % CO)
110+ 21
(6 umole
PeRCA mole™! NO + 300 3-3 120 300
Horstjan et | 2014 + 9 % CO)
al. OF-CEAS 55+ 10
(6 pmole
mole NO + 300 6 120 200
9 % CO)
HOZTZOOI( 2011 | PeRCIMS 2 200
LIF 0.1 20) 60 up to 300
Ren at al. 2012
enata PerCIMS 1 20) 15 up to 300
100+ 15
(10 pmole
mole! NO 9
% CO)
+
PeRCA (332 m91
This work + Y 51 ;’IS 60 <2 60 200 to 350
RD
CRDS 9 % CO)
38+4
(45 pmole
mole! NO 9
% CO)
Ground-based instruments
1010
PeRCA
Can;rlen 1 o4 + m(()?eﬁnll\?(l)eJr 0.6 300 1000
Luminol 10 % CO)
120
: PeRCA
Hasatl‘e 1 1991 + mgeﬁnﬁ;’éi 50 2 10 1000
Luminol 4% CO)
PeRCA 300
Camrle” 1 1993 + (3 pmole <2 60 1000
al. Luminol mole! NO +
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10 % CO)
. PeRCA .
Ret:lnler 1997 L 100 10 molicules 1000
ct.al. IMR-MS cm
154 + 15 and
PeRCA 195+ 10 3105
Burkert et
ur le 1 2001a + (3 pmole 150 (60 to 80 % 60 1000
al Luminol mole” NO + RH)
9% CO)
0,
Sadanaga PeRCA 3 :L?r(l)ole 2.7R(15{(; "’
2004 + 61 60 1000
et al. LIF mole! NO + 3.6 (80 %
10 % CO) RH)
PERCA 5o
Liuetal. | 2009 + 150£5020) | 3 o0 10 (30) 60 1000
CRDS
168 = 20
PeRCA
Woodet | o e+ (3.75 pmole 12 0.6 (40 % " 1000
al. CAPS mole™! NO (10 30s) RH)
9.8 % CO)
PeRCA
Liuetal | 2014 + 190 4 10 1000
CRDS
PeRCA oL+l 49 and 62 for
0
Chenetal. | 2016 + (7.7 pmole different 0.9 (10% 60 1000
IBBCEAS | Mol¢° NO hannel R
8.5 % CO) cHannes
25 (dry) and
0,
Wood et ECHAMP | 17(50 % RH) 10 1.6 (50 %
N 2017 + (1 pmole (16.45) RID 90 1000
: CAPS mole! NO
2.3 % C,Hy)
23 (dry) and
0,
Anderson ECHAMP | 12(58 % RH) 10 1.6 (50 %
o 2019 + (0.9 pmole (16.45) RED 120 1000
: CAPS mole! NO
1.3 % C,Hy)
E‘i‘t”:lrds 2003 | PeRCIMS 0.4 15 200
Fushetal. | 2008 LIF 0.1 60 1000
M;‘ZIICIC 2003 | MIESR 2 1800 1000
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