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Abstract

This doctoral thesis aims at the improvement of the airborne measurement of peroxy radicals by
focusing on two applications of cavity ring-down spectroscopy (CRDS): the determination of the EM
radiation extinction cross-section of gas molecules, and the determination of gas molecule
concentrations with the knowledge of the EM radiation extinction and the EM radiation extinction
cross-sections. The experimental part of the work is based on the use of the Peroxy Radical Chemical
Enhancement and Absorption Spectrometer (PeRCEAS) instrument which combines the peroxy
radical chemical amplification (PERCA), for the amplified conversion of peroxy radicals in NO, with a
sensitive NO, detection by CRDS.

For the first CRDS application, three setups were used for the determination of Rayleigh scattering
cross-sections og,y of atmospheric gases at 408 nm. Thus, the EM radiation extinction by Ny, O, Ar,
CO, CO,, N,0, CHy, and synthetic air (SA) was measured using step pressure changes and pressure
ramps in optical cavities. The experimentally determined og,y were compared with calculated values
based on literature refractive index (n) and King correction factors. The calculated and measured oggy,
agreed within 0.6 %, 2.4 %, 1.2 %, 2.2 %, and 1.5 % for CO,, N, O, SA, and Ar, respectively, at ~ 408
nm. The measured og,y, for N,O and CH4 confirmed the improved accuracy of the most recently
published determinations of their refractive indexes. The CO og,y, experimentally determined for the
first time in this work at 408 nm, is 4.1 % higher than the calculated value resulting from extrapolation,
suggesting the need for improved knowledge of the refractive index and King correction factors in the
blue spectral region.

The second CRDS application is a pre-requisite for the acquisition of airborne peroxy radical data and
involves the deployment of PeRCEAS on an airborne platform for the measurement of the total sum of
peroxy radicals which react with NO (RO3%) during the EMeRGe (Effect of Megacities on the transport
and transformation of pollutants on the Regional and Global scales) project. The retrieved RO; were
then compared with the results of four atmospheric models and with calculations based on
photostationary steady state (PSS) assumptions. The box model and the PSS calculations are
constrained to the airborne measurements. Three case studies/scenarios were investigated: 1) close
to Rome and Manila's major population centres, 2) long-range transported air masses from megacities
in the Western Pacific, and 3) over a very populated area in Taiwan during different take-off and
landing scenarios.

Generally, models agree with measurements within their uncertainties, but they face difficulties with
short-term variations. Notably, in Rome, models underestimated measurements by up to 80% atlower
altitudes close to the boundary layer, while in Manila the box model underestimated 30% of the
observations. In the Taiwan cases, the models showcased a 2 to 5 times underestimation in capturing
short-term RO variability in more polluted, aerosol-rich conditions. A re-evaluation method,
adjusting the ratio of different peroxy radicals in the RO3 calculations, reduced differences between
the box model and PSS results by up to 40%. Overestimations by the PSS calculations were linked to
high NO levels, organic nitrate formation, and aerosol-induced radical losses unaccounted for in
current calculations. The findings underscore the capabilities of the models investigated and highlight
the necessity for the speciation of radical measurements to improve the understanding of the short-
term variability of RO? in complex polluted areas.

Keywords: cavity ring-down spectroscopy, PeRCEAS instrument, Rayleigh scattering, peroxy radicals,
airborne measurements, atmospheric models, EMeRGe project.
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List of abbreviations and acronyms

Abbreviation

Meaning

BAHAMAS Basic Halo measurement and sensor system

CFC Chlorofluorocarbon

CL Chain length

CRDS Cavity ring-down spectroscopy

DAQ Data acquisition
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eCL Effective chain length

EM Electromagnetic

EMeRGe Effect of Megacities on the transport and transformation of
pollutants on the Regional and Global scales

FWHM Full-width half maximum

Gl Gas of interest

HALO High altitude and long range

HWHM Half-width half maximum

IUP Institute for Environmental Physics ("Institut fir Umweltphysik" in
German)

MFC Mass flow controller

NMHC Non-Methane Hydrocarbon

oMo Oxidation Mechanism Observations

ovocC Oxygenated Volatile Organic Compound

P Pressure

PBL Planetary Boundary Layer

PERCA Peroxy radical chemical amplification

PeRCEAS Peroxy radical chemical enhancement absorption spectrometer

PSS Photostationary steady state

PXI PCl extensions for instrumentation

RH Relative humidity

RO; The total sum of peroxy radicals which react with NO

SA Synthetic air

T Temperature

TTL Transistor - Transistor logic

VvVOoC Volatile Organic Compound

c Cross-section

T Ring-down time
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Introduction: motivation and objectives
1 Introduction: motivation and objectives

Our understanding of atmospheric physics and chemistry has made much progress in the
past two centuries in particular since the 1950s. These advances have been driven in part
by scientific curiosity and also by the need to understand how the atmosphere is changing
as aresult of human activity. The human population has grown from around 1 billion since
1800 to 8 billion today. This growth began with the Industrial Revolution and has been
made possible by the use of fossil fuels as a major source of power. The increasing
population and associated industrial activity have led to increasing releases of i) chemical
precursors (e.g. nitrogen monoxide, NO, nitrogen dioxide NO,, ammonia, NH3, and sulfur
dioxide, SO;) of short-lived climate pollutants (aerosol and ozone, O3), ii) persistent
organic pollutants, which accumulate in the food chain, iii) ozone depleting species (e.g.
chlorofluorocarbons, CFCs, brominated fire retardants and methyl bromide, CH3Br), and
iv) long-lived greenhouse gases (e.g. carbon dioxide, CO,, methane, CH,, nitrous oxide,
N,O, etc.). In addition, there have been large land use changes. This has led to a) smog and
air pollution from local to global scales (Manisalidis et al., 2020), b) the loss of
stratospheric ozone (World Meteorological Organization, 2022), and c) climate change
(IPCC, 2023). As is well known, these changes impact the health of humans, the ecosystem
and its services, and the loss of biodiversity.

The improvement in our understanding of atmospheric chemistry and physics has in large
part been a result of the following research activities: a) the development of techniques
to measure meteorological parameters and atmospheric composition, and b) the
development of atmospheric models, accurately describing the chemical, physical, and
biological processes, which determine conditions in the atmosphere and at the earth’s
surface. Atmospheric modelling began with the objective of numerical weather
prediction, it has now evolved to include climate and chemistry modelling.

In this doctoral research, the scientific involvement extended to the development of
measurement techniques, experimental exploration of atmospheric composition, and the
analysis of model simulations within the troposphere. A significant aspect of the
experimental research encompassed active participation in the development of
instrumentation employing cavity ring-down spectroscopy, CRDS. This relatively novel
spectroscopic technique has brought about a revolutionary transformation in the
measurement of molecular absorption and scattering. Specifically, the focus of CRDS
applications centred on two primary areas: the detection of atmospheric gases and the
investigation of Rayleigh scattering by molecules. CRDS, a highly sensitive optical
spectroscopic technique utilised for the measurement of trace gases, isotopes, and other
molecular species, has a high-grade historical development as follows: Considered one of
the pioneers of CRDS, Kastler, 1962 employed a Fabry-Perot etalon to extend the path
length and thus enhance absorption. Later, Hansch et al., 1972 introduced intra-cavity
laser absorption spectroscopy. A significant advancement came in 1980 when Herbelin et
al. recognised the connection between the decay rate of electromagnetic (EM) radiation
inside a high-finesse cavity and its extinction due to absorption and scattering by
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Introduction: motivation and objectives

molecules. This understanding subsequently led to the invention of CRDS by O’Keefe and
Deacon in 1988. CRDS has since been employed for various applications, both in
laboratory settings and in atmospheric studies.

Within this PhD, CRDS has been used in two specific areas of application: a) the precise
and accurate measurement of Rayleigh scattering cross section of atmospheric gases; and
b) the detection of NO2. This work is grounded in the previous development of CRDS at
the Institute of Environmental Physics in Bremen (Institut fiir Umwelt Physik, [UP-
Bremen), Germany, which is detailed in the following:

L. CRDS in the measurement of peroxy radicals

Peroxy radicals in the troposphere comprise the hydroperoxyl radicals, HO,, and organic
peroxy radicals, RO,, where R stands for an organic group. They are short-lived free
radicals, which play an important role as key intermediates in the oxidation reactions in
tropospheric chemistry (Monks, 2005 and reference herein). Due to their high reactivity,
the peroxy radicals are present at low mixing ratios in the atmosphere and consequently
require accurate and sensitive observational techniques. In this context, the airborne
measurement of peroxy radicals is particularly challenging.

The IUP-Bremen has developed the Peroxy Radical Chemical Enhancement and
Absorption Spectrometer (PeRCEAS) instrument. PeRCEAS combines the Peroxy Radical
Chemical Amplification (PERCA) and the CRDS detection of NO, in an instrument
designed to make airborne measurements of the total sum of peroxy radicals, RO;. The
latter is the sum of HO, and those RO, which have at least one H atom in the R group and
react with NO to produce NO,. The RO} are converted and amplified after passing through
the instrument inlet. This is achieved by mixing the ambient airflow with flows of NO and
CO. A chain reaction ensues and the RO; are converted into an amount of NO,, which is
related to the length of the chain reaction. The airflow then passes into the CRDS detector,
which measures the decay time of an EM radiation pulse of a laser at approximately 408
nm to 1/e th of its initial value by the absorption and/or scattering of gas-phase molecules
inside a high finesse optical cavity (i.e. the cavity ring-down time). This decay time is
attributed to the extinction by NOz, and all gas molecules in the CRDS cavity, where the
absorption of NO; is dominant (see further details in chapter 2).

PeRCEAS was designed to be deployed on board the High Altitude and Long Range
Research Aircraft, HALO (HALO-SPP, 2023), and has been characterised and optimised for
participation in various HALO research campaigns (Horstjann et al., 2014; George et al.,
2020).

With respect to point I, the aim of this PhD was the participation in the development and
characterisation of the PeRCEAS instrument, the preparation and conducting of
measurements during the airborne campaigns of the EMeRGe (Effect of Megacities on the
transport and transformation of pollutants on the Regional and Global scales) project
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taking place in Europe in 2017 and in East Asia in 2018 (www.iup.uni-
bremen.de/emerge) (Andrés Hernandez et al., 2022; George, 2022).

IL. CRDS in the study of Rayleigh scattering cross-sections

The CRDS has been recently used for the accurate determination of the wavelength-
dependent Rayleigh scattering cross-section, o,y (1), of different molecules in the UV
and UV-VIS (Naus and Ubachs, 2000; Sneep and Ubachs, 2005; Ityaksov et al., 2008;
Thalman et al., 2014, 2017). Using the knowledge of the gas refractive index, n, and the
correction of the depolarisation known as the King correction factor, Fy, ogay. of gas
molecules can be calculated. This calculation is normally referred to as n-based
calculation or og,y, for a n-value.

In the investigation at IUP-Bremen, CRDS measurements of the target molecule NO, were
conducted to determine its change in concentration, as a result of the chemical
amplification. Measurements of the extinction of NO, and the absorption cross-section for
NO, determined as part of the PeRCEAS calibration (George, 2022) were consistent with
scattering by NO, having a negligibly small error on the determination of NO:2
concentration. From the literature (e.g. Vandaele, 2002), the Rayleigh scattering cross-
section Og,y), n-value for most gases at 408 nm is typically several orders of magnitude
smaller than the absorption cross-section of NO,. This implies that any interference of the
PeRCEAS measurement by changing the mixture of gases during the chain reaction in the
air sampled would be negligible. However, due to the wavelength dependency of n and Fy,
both parameters are usually determined experimentally at specific wavelength ranges
and then extrapolated to particular wavelength ranges. In some cases, the extrapolated
ORayl.Values have been shown to have significant inaccuracies (Wilmouth and Sayres,

2019, 2020; He et al,, 2021).

As part of the verification of the PeRCEAS instrument, the extinction of the flowing
mixtures used in PerCEAS inflight measurements (typically 9 % carbon monoxide, CO, and
9 % nitrogen, N,, in synthetic air, SA (see further details in section 4.10) at 408 nm were
compared in the laboratory. The high sensitivity of the CRDS detectors in PeRCEAS
enabled the difference in the extinction to be measured for the two mixtures of gases. The
difference between the two extinction decay times was ~ 4 times higher than the noise of
the ring-down time signal. Since CO, N,, and SA do not absorb at this wavelength, the
extinction must be dominated by the scattering of the three molecules. The results of
these experiments thus indicated that scattering by NO,, as expected, has a negligible
impact on the determination of NO, concentrations and that the CRDS detector is suitable
for the determination of the og,y for atmospheric gases, which do not absorb at 408 nm.

In the literature, the values available for many atmospheric gases are extrapolations from
measurements at shorter or longer wavelengths. At the start of this PhD, there were no
experimental data for the CO scattering cross section in the blue spectral region.
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With respect to point II, the goal of this PhD was the experimental determination of ogay;

for a set of atmospheric molecules at 408 nm, as discussed in Chapter 4, to analyse the
extent of potential interferences when gas mixtures in the PeRCEAS were changed,
potentially affecting the accuracy of PeRCEAS measurements.

I11. Measurements of PeRCEAS during airborne campaigns and comparison with
model simulations

Before EMeRGe, IUP-Bremen participated with the PeRCEAS measurements in the
airborne  campaign of the OMO (Oxidation Mechanism Observations,
https://www.mpic.de/3599603/0MO) project (Lelieveld et al, 2018). Most of the
measurements were carried out in the upper troposphere. From the simultaneous HO2
measurements and comparison with EMAC model calculations by other groups the
assumed 1:1 HO2 to ROz ratio for the PeRCEAS retrieval in the air masses sampled in the
lower troposphere was confirmed (George, 2022).

To assess the current understanding of the production and loss of the ROj in the air
masses observed during the EMeRGe campaigns, atmospheric models simulating the RO3,
were planned.

With respect to point III, the goal of the present PhD was to contribute to the retrieval and
analysis of RO; measurements following the completion of the campaigns and to evaluate
the performance of the RO; available simulations within EMeRGe in reproducing the
measurements.

Research objectives

From the considerations above, the research objectives of this doctoral research are
summarised as follows:

1. The experimental study of the Rayleigh scattering cross-section, oggay. , of
atmospheric gases at 408 nm. The gases nitrogen, N,, oxygen, O, synthetic air, SA,
argon, Ar, carbon monoxide, CO, carbon dioxide, CO,, nitrous oxide, N,O and
methane, CH, are selected for the experiments. The following tasks have to be
undertaken to achieve this objective:

e Design, installation, and characterisation of CRDS setups required to
determine ogay1;

e Undertaking of the measurements to determine ogay1;

e Determination of the accuracy and reproducibility of the experiments by
using different procedures (step pressure changes and continuous pressure
changes);


https://www.mpic.de/3599603/OMO
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e Comparison of og,y values at 408 nm for the gases, listed above, with

literature values and assessment of any consequences for PeRCEAS
measurements.

2. Acquisition of an accurate data set of airborne RO from the measurements of air
masses made during the EMeRGe project in Europe and East Asia. The following
tasks have to be undertaken to achieve this objective:

e Participation in further development and characterisation of PeRCEAS for
the airborne measurement of RO’ before and after the EMeRGe campaigns;

e Participation in the deployment and maintenance of PeRCEAS on HALO
during the EMeRGe campaigns;

e Participation in the retrieval of the RO} measurements from the PeRCEAS
measurements.

3. The investigation of the capabilities of state-of-the-art models to predict the RO}
airborne measurements made during the EMeRGe campaigns. The following tasks
were undertaken to achieve this objective:

e Selection of suitable atmospheric models and relevant PSS calculations;

e Selection of case studies for comparison among modelled, calculated, and
measured RO; made during the EMeRGe campaign;

e Acquisition of results from atmospheric models and calculations of RO
through cooperation with other scientists involved in the EMeRGe project;

e Preparation of data for RO} and chemical precursors for comparison;

e Analysis and interpretation of similarities and differences between
measurements and simulations.

Furthermore, the presentation and publication of results in scientific congresses and
peer-reviewed journals is an overall objective of the work.



Relevant experimental and theoretical background
2 Relevant experimental and theoretical background

In this chapter, fundamental physical and chemical knowledge of relevance to the
scientific objectives of this doctoral research is provided.

2.1 EM radiation scattering

The scattering of EM radiation occurs as a result of the interaction of atoms and molecules
with photons. As a result of the inhomogeneity of materials, fluctuation in the optical
properties of the material medium, specifically the refractive index also causes scattering.
When the EM radication passes from one medium to another, it is refracted. In Figure 1,
an example of a homogeneous piece of material is illuminated by plane waves. If the
volume dV; scatters EM radiation with an angle of 9, then all the other directions of EM
radiation scattered by volume dV, (where 9 is not 0) will have a destructive inference
with the EM radiation field of dV;. Since the material is completely homogeneous, all
volumes in the material dV would have the same scatter behaviour, aka. only scattering in
the forward direction can occur, i.e. the coherent forward scattering which is the origin of
the index of refraction.

A/2

incident plane wave
Figure 1: EM radiation scattering cannot occur in completely homogeneous matter (Boyd, 2008).

Generally, when an incident beam interacts with a medium, the EM radiation is partially
absorbed and partially scattered by the medium particles. When the incident EM
radiation's electric field interacts with molecules, it can induce oscillating electric dipoles
within the molecules. The induced dipoles will radiate, triggering a secondary EM
radiation field. The position of molecules is not correlated, the secondary wave of the
various particles cannot interfere with one another and the intensities may be added
directly. The strength of scattering depends on the wavelength of the EM radiation and
the size of the particles. The probability of scattering is inversely proportional to A* where
A is the wavelength of the EM radiation. The EM radiation scattering and in general the
EM scattering can be elastic, i.e. that does not gain or lose energy during the scattering
and therefore remains at the same A (e.g. Rayleigh and Mie scattering), or inelastic such
as the Raman, Compton and Brillouin scattering.

Raman scattering results from the interaction of EM radiation with the vibrational modes
of the molecules constituting the scattering medium. Raman scattering can equivalently
be described as the scattering of EM radiation from optical phonons. Brillouin scattering

6



Relevant experimental and theoretical background

is the scattering of EM radiation from sound waves, that is, from propagating pressure
(and thus density) waves. Brillouin scattering can also be considered as the scattering of
EM radiation from acoustic phonons. Rayleigh scattering (or Rayleigh-centre scattering)
is the scattering of EM radiation from no propagating density fluctuations. Formally, it can
be described as scattering from entropy fluctuations. (Boyd, 2008)

2.1.1 Rayleigh scattering

Lord Rayleigh explained why the sky is blue and why the sunset is red in his famous paper
of 1899 (Rayleigh, 1899). He used the theory of electromagnetism to show that the
scattering of molecules alone was sufficient to explain the observed brightness of the sky.
Lord Rayleigh derived a frequency-dependent expression for the total scattering cross-
section of a molecule as a function of the refractive index, molecular gas density and a
factor that considers non-spherical molecules. Later on, with the development of the
theory, two corrections were applied to the original expression. First, the correction for
the local field effect which is known as the Lorentz-Lorenz correction (Lorenz, 1869;
Lorentz, 1878; Jackson, 1998) and second, the correction related to the non-spherical
molecules and the effect of depolarisation. This was studied by Strutt (Strutt R.J., 1918,
1920) and later introduced by King as a correction factor for the cross-section values, the
so-called King correction factor (King, 1923).

According to the theory, the Rayleigh scattering of the molecules is expected to be
significantly smaller than their absorption. Consequently, the extinction of EM radiation
because of Rayleigh scattering in regions where there is no absorption is also very small.
The detection and investigation of Rayleigh scattering in the laboratory were difficult
before the measurements made by Naus and Ubachs, 2000, which directly from
extinction.

Rayleigh scattering by gas phase molecules is an adequate approximation for wavelengths
of incident EM radiation, which are much larger than the size of particles. This is because
the electric field of the incident EM radiation is assumed to be homogeneous relative and
not disturbed by the presence of the molecule. Therefore, the dipole secondary radiate
may be applied. That means if the particle size is larger, the scattering will have to include
higher-order multipole terms for triggering the secondary EM radiation field. To describe
the Rayleigh scattering, both the radiation of the oscillating dipole and the magnitude of
the induced dipole is needed.

The oscillating electric dipole radiation is described in classic electrodynamic theory
(Jackson, 1998):

I (19/) _ (1)4 2 Fa2 191

rad - 32807T2C3 Pmax | SIN E2-1
Where I,,4(9') is the intensity distribution of the emitted radiation by a dipole, 9’ is the
angle between the axis of the dipole and the direction of observations, w is the angular

7
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frequency of the radiation, p,,.x is the maximum value of the dipole and g, is the
permittivity of a vacuum. Permittivity is a measure of the electric polarisability of a
dielectric. Therefore, the permittivity of a vacuum is defined as the absolute dielectric
permittivity of a classical vacuum. As shown in Figure 2, the intensity distribution of
dipole radiation, in the direction of the dipole axis is zero.

#
i

a)

C) f Dipole axis (7) d)

e i

Figure 2: 3D model for the intensity distribution of dipole radiation a) in the coordinate system; b) the vertical
section along the dipole axis; c¢) the intensity distribution in the plane of the dipole (side); d) the intensity
distribution in the plane perpendicular to the dipole (top).

The total power which is radiated by the dipole is obtained by integrating the intensity
distribution over all directions:

w4 , 2w T s 1 4 2
Froa = Ggpgzgs Vb | _ [, s 9400 = b £22

For linear dielectric matter, the macroscopic polarisation P induced in a matter by a field
E is given by:

P= eoxek E2-3

where E is the macroscopic field, ¥, is the electric susceptibility (which is a dimensionless
proportionality constant that indicates the degree of polarisation of dielectric material in
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response to an applied electric field), and g, is the electric permittivity in vacuum. The
induced dipole for a single particle at a linear matter at microscopic perspective is:

P = asiEjocar E 2-4

Ejocal is then the electric field of the particle, here including the influence of nearby
induced dipoles. ag; is the molecular polarisability in S.I. units [F-m?]. Volume
polarisability is often used with the dimension of volume (Hohm and Kerl, 1990):

_ i
Ayor = 47‘[80 E2-5

For aless dense medium, the effect from nearby particle dipoles may be ignored, therefore
the macroscopic polarisation is given as P = pN = ag;E|,caN, where N is the number
concentration in m~3. Then, the molecular polarisability ag; can be rewritten as ag; =
€oXe/N. Since the electric permittivity is € = g£,(1 + X.), as; can be rearranged as:

& (€ &, ,
aS’_ﬁ(g_O_l)_ﬁ(n -1 E2-6

The speed of EM wave propagation is ¢ = ﬁ, where p is the electric permeability. Then

the speed of an EM wave in a vacuum, c,, over the speed of an EM wave in a medium, c,,
is the refractive index n = CC—O The magnetic susceptibility (x.) is very small in the case of

m

optical frequencies, i.e. € = g;. The electric permeability p will be the same in a vacuum
and a medium.

The Lorentz-Lorenz relation for molecular polarisability is required to include the
influence of the nearby particles.

35 (n? —1
N \n2 2 b7

Since for most of the gases n = 1, the error made by this approximation is proven to be
small, for example in the air a (polarisability per particle) has an error of about 0.05 %
(Bucholtz, 1995).

2.1.2 Scattering cross-section

The relationship between the intensity of the incident radiation and its electric field:

1
line, = ECEOEanax E 2-8

Combining equations E 2-4, E 2-7, and E 2-8 leads to the induced dipole py,.x-
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3 (n? =1\ |2l
Pmax = N \nZz+2 ce E 2-9

The power of the EM radiation scattered from a single particle at an EM radiation field
with an intensity of [, , i. e. Ps. can be calculated by inserting p,,,x into E 2-2:

3 w1 (n? -1\
fre = line e ve w2 E2-10

The surface area o receives the same power which is scattered by particles. This is known
as scattering cross-section, aka. 0 = Py /Iy

C3wt1 (n?-1\" 2473 m? -1
CTamctN2\n2+2) T *NZ\nZ +2 E2-11

Where w = 2nv = %, N in [molecule - m~3], A in [m]. This gives the scattering cross-
section the unit of [m? - molecule™]. Since the refractive index n depends on the
wavelength of the driving EM radiation, the refractive index is a collective effect and the
Lorentz-Lorenz relation E 2-7 shows the molecular polarisability for a single molecule,
the equation E 2-11 is independent of the density and could be rewritten (using E 2-5 and
E 2-7) in terms of the molecular volume polarisability:

B 1281 a?

0= E2-12
314 i
tyo1 has the unit [m3] and A has the unit in [m]. It is clear that in E 2-12 the scattering
cross-section is independent of the density of the molecules.

The theoretical calculation of the Rayleigh scattering cross-section o; based on the
refractive index of the gas at a given wavelength A is given by (Rayleigh, 1899; Strutt R.J.,
1920; King, 1923; Owens, 1967; Bates, 1984; Bucholtz, 1995):
2473 (nf —1 f
%= Nz \nz 7 2 k(4 E2-13

where A is the wavelength of EM radiation, N is the number density of the gas, n, is the
wavelength-dependent refractive index, and Fg(A) is the King correction:

6+ 3p,(1) 3+ 6p,(1)
6—7p2(2)  3—4p,() E2-14

Fe(D) =

where p, (1) and p,(2) are the depolarisation ratio for natural EM radiation and polarised

EM radiation at the given wavelength.

10
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2.2 Cavity Ring-Down Spectroscopy (CRDS)

2.2.1 Principle of the Cavity Ring-Down Spectroscopy (CRDS) technique

The principle of cavity ring-down spectroscopy is based on the measurement of the rate
of decay of laser EM radiation in an optical resonator with a long lifetime of photons
(Demtroder, 2014). Optical resonators also named optical cavities have been used in
many forms for spectroscopy, commonly as an analysis method of determining the
wavelength of resonant EM radiation. Herbelin et al. (1980) brought the idea of using the
rate of decay of a finesse cavity for optical measurements which was applied to the
measurement of mirror reflectivity. The connection between the extinction of EM
radiation in the cavity and the absorption by molecules was later made by O’Keefe and
Deacon (O’Keefe and Deacon, 1988), who developed cavity ring-down spectroscopy
(CRDS). Since then, CRDS methods have been applied to different absorption ranges from
around 200 nm to 10pm by using various excitation and detection setups (Berden et al,,
2000; van Zee and Looney, 2002; Wheeler et al., 1998). The principle of CRDS is described
as follows. A laser pulse of short duration is redirected into a stable but non-confocal
cavity which consists of (at least) two highly reflecting (R > 99.9 %) concaved mirrors.
The majority of the incident laser pulse will be reflected out of the cavity, and a small
fraction (1 - R) of the power will enter the cavity for the first round. Inside the cavity, at
each mirror, a small fraction (1 - R) of the circulating power will be coupled out, while the
remaining fraction is reflected back into the cavity. The first pulse leaking out of the cavity
will have an intensity:

Iy = (1 =R E2-15

The x pulse has the intensity:

Ix — IORZ(x—l) — Ioe(Z(x—l)lnR) E2-16

2d(x—1)n

This intensity will leak out of the cavity after the laser pulse in seconds, where d

is the length of the cavity, n is the refraction index and c is the speed of EM radiation. The
data acquisition system has a response time that will give discrete pulses to blend into a
continuous signal as a function of time t:

c
(-glinR|E)

I, = Ipe E2-17

The decay rate between each pulsed EM radiation for an empty cavity cell 5 or the decay
time:

™ =1/p7 E2-18

11
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is the background signal of cavity ring-down measurement. 5 is determined by the cavity
mirror reflectivity and the length of the cavity that is dependent on the wavelength of the
EM radiation:

0 C
Ba =5|lnRaI E2-19

Additional losses inside the cavity result in a faster decay rate, caused by the attenuation
of the EM radiation (absorption and scattering) on molecules. Any gas will cause
extinction through Rayleigh scattering, the total extinction (x,) is the sum of the loss

through absorption (a;) and the loss through scattering (o5°®"). For the total extinction:

__ _absorp. scat. __ absorp. scat.
=0 ta = N(0y top ) E 2-20
tot. _ _absorp. scat.

According to the Beer-Lambert law, the extinction in a medium is expressed as the
extinction over distance. In a first approximation, this can be rewritten as extinction over
time, neglecting the refractive index:

I, = Ioe(—zc,lz) — Ioe(—Naﬁ"t'z) = Ioe(_KACt) — Ioe(—No)tf’t‘ct) E2-22

If the additional losses (absorption of EM radiation and Rayleigh scattering on molecules)
also follow the Beer-Lambert law, the decay will remain exponential over time. Then the
total losses can be combined:

C
(—a(|lnR)L|+NO'Al)t)

I, = Iye E 2-23

l is the length inside the cavity filled with absorbing molecules, o; is the wavelength-
dependent cross-section. The decay rate of the ring-down signal with (3, ) or without (Bg)
the presence of additional absorbers, is given by:

c
ﬁl=a(|lnRA| + Noyl) E 2-24
c
B =7 inRy| E 2-25
Assuming that the absorber fills the entire cavity (I = d), it is possible to derive a simple

equation combining E 2-24 and E 2-25, which represents the extinction in terms of cavity
decay rates:

NO',1=

By — By
- E 2-26

12



Relevant experimental and theoretical background

2.2.2 Advantages and limitations of CRDS

For CRDS in general, a typical ring-down cavity is a stable, linear resonator with two
identical mirrors. The geometry stability criterion must be fulfilled by the cavity (Kogelnik
and Li, 1966):

d\2
0<<1—R—) <1 E2-27
c

Where d is the length of the cavity, R. is the radius of the curvature of the mirrors. A stable
cavity means the EM radiation remains close to the centre of the cavity while the beam
enters along its axis. According to E 2-27, the equation could be rewrittenas 0 < d < 2R,
the length becomes the criterion for a stable cavity.

As shown in E 2-26, the determination of the extinction cross-section from the known
concentration of molecules (or vice versa) does not depend on the intensity of the EM
radiation and all the information is obtained from the decay rate (or loss rate), 8, which
is basically the ring-down time, t,. Thus, CRDS is independent of the fluctuations of the
EM radiation source. A long effective path length can be created by using high reflectivity
mirrors up to 99.999%. In such a way, a cavity of 80 cm in length can lead up to 100 km
effective path length. The very long effective path length ensures a very high sensitivity
making it possible to detect weak absorption in the range of 2 X 10~°cm™?! (Naus et al,,
1997).

In summary, the CRDS technique enables high sensitivity with very small cavity volumes.
This makes the technique particularly suitable for volume-constrained measurement
setups.

However, the use of CRDS still faces limitations for the determination of the absolute
cross-sections of narrow line features. The decay rate of the EM radiation inside the cavity
should ideally obey the Beer-Lambert law and be exponential. Then considering the decay
of EM radiation purely depends on the cavity mirrors (see E 2-23), this will lead to a mono-
exponential decay in a cavity filled with gas. If the decay function is not exponential in
reality, the decay rate, 3;, cannot be derived from the fitting procedure. In addition, it is
very challenging to obtain mathematically a fitting procedure for a random sum of
exponentials. A multi-exponential decay could be caused by different mechanisms, one of
the most common being laser bandwidth-induced effects. As shown in Figure 3 when the
bandwidth of the exciting laser is not negligible to the width of the spectral line of a
molecule, the various wavelength components within the bandwidth profile are subject
to different rates of absorption. The frequency components will then produce a sum of
exponentials. Then the overall non-exponential decay is:

I = j [,eCP9da E2-28
s
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Laser
—Molecule

absorption

wavelength
Figure 3: Example of a multi-exponential decay in CRDS.

This effect is common in spectroscopy and called “slit-function”. In the case of CRDS, the
correction is especially complex because of its non-linear properties. This problem has
been noted in the literature (Jongma et al., 1995; Zalicki and Zare, 1995; Hodges et al.,
1996; van Zee et al.,, 1999). If both the laser profile and the absorption profile have a
Gaussian shape, the shift of bandwidth does not affect the integrated intensity ( f}\ 0, dA).

Even so, the peak absorption is underestimated and the result is sensitive to the laser line
shape. Therefore, the invariance from the assumption is not of practical use.

2.2.3 Retrieval of the Rayleigh scattering cross-section from CRDS

The extinction coefficient, a(A), in an optical cavity is defined as:

(A)—Nx ()D_n(/l)x<1 1 )
A A OO E2-29
where % is the gas number density [ molec.- cm™3], A is the wavelength, () is the

extinction cross-section [cm? - molec.”!] at the wavelength A, n(A) is the refractive index
of the molecule, ¢ is the speed of EM radiation in vacuum, t(A) and ty(A) are the cavity
ring-down times of the filled and the empty cavity, respectively. In the absence of
absorption, it is assumed that 6(A) = Ogay1.(A). Rearranging E 2-29 leads to:

1
~ = Oray (D)t — E2-30

where T is measured by CRDS, % can be calculated from the measured temperature and

pressure of the cavity, and n is close to 1 for most gases. o, can be retrieved from the slope
of the number concentration of molecules as a function of the decay rate (inverse of the
ring-down time, T1).

14
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2.3 Peroxy radicals in the troposphere

The peroxy radicals in the atmosphere comprise hydroperoxyl radicals, HO,, and organic
peroxy radicals, RO, where R stands for an organic group. They are reactive species that
play an important role in the chemistry of the atmosphere. For the research presented in
this dissertation, the role of peroxy radicals in the troposphere is the main focus, but
above the tropopause, they also participate in catalytic cycles which deplete the ozone in
the stratosphere and the mesosphere.

Peroxy radicals are produced by photochemical and chemical reactions which oxidise CO,
CH4, and volatile organic compounds, VOC, which include non-methane hydrocarbons,
NMHC and oxygenated NMHC (e.g. alcohols, aldehydes and, organic acids) emitted into
the troposphere.

Examples of oxidising agents in the troposphere are OH, O3, halogen atoms (chlorine, Cl,
bromine Br, and iodine, I) and at night the nitrate radical, NOz. The most important is the
hydroxyl radical, OH, which is produced as follows. The photolysis of O3 in the
troposphere occurs at wavelengths below 1180 nm. At longer wavelengths the ground
state of oxygen atoms O(3P) and molecules Oz(X3Zg ) are produced. However, in the
ultraviolet spectral region excited oxygen atom O(1D) is produced. In the UVA region from
310 to 411 nm, the quantum yield for the production of O(*D) in the photolysis of 03 is
small ~ 0.04, but in the UVB region from 280 to 310 nm, it is around 0.9. (Matsumi and
Kawasaki, 2003)

hv (A1<1180 nm)

0, 2 0GP + 0,(X35;) R2-1
hv (310<1<411 )

0, 2 T 0 (D) + 0,(X35;) R2-2
hv (280<1<310 )

04 — 5 0(D) + 0,(al4,) R2-3

In the troposphere, once O(*D) is formed there is a competition between quenching by
nitrogen N2 and oxygen Oz molecules and its reaction with H20 to produce OH:

O0(*D)+ N, >0 +N, R2-4
o(*D)+0,-0+0, R2-5
0(*D) + H,0 - 20H R2-6

OH is removed by its rapid reaction with CO, CH, and NMHC. The reaction of OH with CO
in the presence of O, produces HO, and CO,. The reaction between CO and OH is complex.
This reaction is considered to proceed via the generation of an activated HOCO*
intermediate, which can dissociate to HO + CO or H + CO,, and be collisionally stabilised
to yield thermalised HOCO. The H atoms and HOCO react rapidly to form HO2 and CO,:

OH + CO = HOCO" RZ2-7
HOCO* - H + (O, R2-8
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M
HOCO* > HOCO R2-9
HOCO + 0, - HO, + CO, R2-10

As these reactions are fast, this can be considered as a bimolecular reaction in the
presence of O, (Demore, 1984; Miyoshi et al., 1994).

(0]
HO + CO S HO, + CO, R2-11

The sum of HO,, RO,, OH, and RO is often referred to as RO; in relation to measurement
techniques which do not speciate these radicals.

ROj3 influence the equilibrium cycle between the NO and NO; and actively participate in
the catalytic cycles responsible for both the production and depletion of ozone in the
troposphere. In tropospheric chemistry, the photolysis of NO, is the only known source
of the tropospheric ozone, O(®P) produced from NO, photolysis reacts with 0, and
produces 03. The NO produced from the NO, photolysis react with O3 and produce NO,.
The NO and NO, reach a quasi-stationary equilibrium due to the fast reaction cycle. The
amount of O3 does not change in the absence of peroxy radicals, i.e. there is an ozone null
cycle:

hv (A<420 nm)

NO, ———— 0(®*P) + NO R2-12
M

0CP) + 0, 05 R2-13

NO + 03 = NO, + 0, R2-14

In the presence of peroxy radicals, they react with NO and for conditions where [NO] -
k(HO, + NO) > [03] - k(HO, + 03), NO, is produced:

HO, + NO - OH + NO, R2-15
RO, + NO > RO + NO, R2-16

The extra NO, produced changes the NO to NO, ratio and eventually results in O3
production through R 2-12 and R 2-13.

For other conditions where [NO] - k(HO, + NO) < [03] - k(HO, + 03), RO; react with
ozone leading to ozone depletion:

HO, + 05 - OH + 20, R2-17
RO, + 05 - RO + 20, R2-18
OH + 05 > HO, + 0, R2-19

RO3 are produced in the troposphere and lower stratosphere mainly through:

1. The oxidation of CO with OH is shown in R 2-11.
2. The oxidation of CH, with OH:
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OH + CH, — CH; + H,0 R2-20
M
CH; + 0, —» CH;30, R2-21

3. The oxidation of aldehydes with OH, e.g. HCHO:

OH + HCHO - CHO + H,0 R2-22
CHO + 0, > HO, + CO R2-23

4. The oxidation of peroxides with OH, e.g. H,0, and CH30,H:

OH + H,0, - HO, + H,0 R2-24
OH + CH30,H — CH0, + H,0 R2-25

5. Photolysis of aldehydes, e.g. HCHO:

hv (<340 nm)

HCHO —— H, + CO R2-26

H, + OH - H,0 + H R2-27
M

H+ 0, - HO, R2-28
hv (<340

HeHo 20T b L eHo R 2-29

The products from R 2-29 will then follow R 2-28 and R 2-23 to produce HO,.
6. The ozonolysis of alkenes, e.g. C,H, (Kan et al., 1981):

C,H, + 05 > CH,000CH, R2-30
CH,000CH, - HCHO + CH,00’ R 2-31

CH,00'is called the “Criegee intermediate”, and will go through complex pathways of
decomposition forming H, HCHO, and OH with a total radical yield of ~ 0.45 (Atkinson and
Aschmann, 1993; Paulson and Orlando, 1996).

7. The oxidation of organic species (RH) by the nitrate radical (NO3) which is a
significant radical source during night-time (Platt et al, 1981; Heikes and
Thompson, 1983; Wayne et al., 1991; Heintz et al.,, 1996; Geyer et al.,, 2001; Geyer

etal., 2003):
M
R+ 0,5 RO, R2-33

The sinks of peroxy radicals are mainly the following:

1. The direct radical-radical reactions of HO, and RO, leading to non-radical
productions (e.g. CH30;):

17



Relevant experimental and theoretical background

HO, + OH — H,0 + 0, R2-34
M

HO, + HO, » H,0, + 0, R2-35

HO, 4+ CH;0, = CH30,H + 0, R2-36

CH;0, + CH;0, — 2CH50 + H,0 R2-37

The peroxides produced from R 2-35 and R 2-36 might be washed out of the troposphere
leading to RO3 loss or get oxidised by OH through R 2-24 and R 2-25, leading to RO;
formation. The photolysis of peroxides produces OH and RO3 precursor, which leads to
the production of RO5.

h
H,0,  20H R 2-38
h
CH30,H = HCHO + H + OH R 2-39
M
H + 0, - HO, R2-40

2. The reaction of the OH produced from R 2-15, R 2-17, R 2-38, R 2-39 with NO and

N02:
OH + NO 5 HONO R 2-41
M
OH + NO, - HNO, R2-42

The HONO produced from R 2-41 will either be washed out or photolysis and produce OH
(R 2-43). The HNO3; consume OH and effectively acts as RO sink during the radical
interconversion.

A<
HoNO “ =™ o + NO R2-43

3. The radical heterogeneous uptake on particles in the submicrometer range.
Previous studies (Mozurkewich et al., 1987; Hanson et al., 1992; Gershenzon et al,,
1995; Bedjanian et al., 2005; Remorov et al.,, 2002; Thornton and Abbatt, 2005;
Taketani et al., 2008, 2009, 2010) showed the HO, update by aerosol for single
component particles depends on the phase and relative humidity of the particle.
The HO, heterogeneous loss rate is then given as:

-ASA -y

w
Lyer (HO,) = 2 - [HO,] E2-31

where w is the mean molecular speed of HO,; ASA is the total aerosol surface area; y is the
aerosol uptake coefficient; and [HO,] is the concentration of HO,.
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2.3.1 Peroxy radicals and Peroxy Radical Chemical Amplification (PERCA)

The measurement of peroxy radicals in the atmosphere is difficult due to their high
reactivity and short lifetime. Highly sensitive detection instruments are required for
which enough accuracy in the pptv (part per trillion volume) range.

The Peroxy Radical Chemical Amplification (PERCA) is an indirect measurement
technique for peroxy radicals, first reported by Cantrell and Stedman, 1982. Specifically,
it detects the sum of HO2 and RO, which react with NO to produce NO,, where R is an
organic group collectively known as RO} in the sampled air.

The PERCA method exploits a chain reaction which consumes NO and CO, and in which
OH and HO, are chain carriers.

(0]
HO + CO - HO, + CO, R2-11

NO is oxidised by the chain carrier HO, in reaction R 2-15, forming OH and NO,. CO is then
oxidised by the second chain carrier OH. The complex reactions between OH and CO in
the presence of Oz are represented in a simplified manner by reactions R2-11. HO, is
converted and amplified into NO,. Similarly, RO, will react with NO and CO in the chain
reaction. For example, the simplest RO,, CH30,:

CH30, + NO — CH50 + NO, R2-44
CH30 + 0, > CH,0 + HO, R2-45

The produced HO, from R 2-44 then follow the chain reactions through R2-15 and R2-11.
The chain length (CL) of the chain reaction defines the number of NO, produced by one
HO,. The CL is not infinite because the reaction cycle eventually ends due to a series of
loss reactions in the reactor as shown below (CH30, is taken as an example for RO,
radical-radical reaction):

RO, + wall - nonradical products R2-46
OH + wall - nonradical products R2-47
M
OH + NO - HONO R2-41
M
OH + NO, —» HNO, R2-42
M
HO, + NO - HNO, R2-48
M
HO, + NO, - HO,NO, R2-49
M
HO, + HO, > H,0, + O, R2-35
HO, + RO, - ROOH + 0, R2-50
CH;0, + CH;0, - 2CH;0 + H,0 R2-37
HO, + OH - H,0 + 0, R2-34
M
OH + OH - H,0, R2-51
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M
RO + NO = RONO R2-52
RO, + NO - RONO, R2-53

When NO and CO are introduced into the system at high concentrations, the reactions of
radicals with NO and CO are dominant instead of undergoing radical-radical reactions.
The losses of radicals primarily occur through wall loss reactions. The effective
amplification factor specific to each PeRCEAS instrument, known as the effective chain
length (eCL), is determined experimentally through a series of calibrations and is
determined by the setup and experimental conditions. The eCL is always smaller than the
theoretical CL due to the impact of radical losses within the instrument, which affects the
conversion and amplification rate of radicals into NO,. The NO, concentration is then
measured by a NO: detector.

The concentration of OH in the atmosphere is typically two orders of magnitude lower
than the concentration of HO,. Similarly, the concentration of RO is much smaller than the
concentration of RO,. Overall and to a good approximation [RO3] = [HO,] + Z[RO,]
where RO, measured as RO} are those RO,, which have at least one H atom in the R group
and react with NO to produce NO, A PERCA instrument operates by alternately
introducing CO/NO and N,/NO into the reaction area (i.e. the inlet). This causes a
modulation between the correspondingly amplified signal and the background signal
which allows for accurate measurements. When CO is added to the top of the inlet, a chain
reaction occurs, leading to an amplified signal detected by the NO, detector. On the other
hand, when N, is added to the top of the inlet, the reaction of OH with CO does not take
place, RO, and HO, react with the added NO and OH is produced. The OH terminations
reactions with NO, NO, and possibly the wall occur and OH decays rapidly before reaching
the second addition point where in this case CO is added. Only NO; in the ambient air and
03 which reacts with the added NO in the inlet is measured in this background flow or
mode.

Theoretically, the peroxy radical concentration in the air sampled can be calculated from
the difference in NO, concentration between the amplified and background signal. The
RO is then determined using E 2-32:

AINO,] E 2-32

[RO>] =

In E 2-32, A[NO,] is measured by the NO, detector and the eCL is determined in the
laboratory by sampling known concentrations of HO, and RO,.

2.3.2 Airborne measurement of peroxy radicals by PERCA and CRDS: PeRCEAS

The PeRCEAS instrument combines the PERCA with the CRDS technique in a dual channel
instrument to measure the RO5. The sampled air is first sampled through an orifice into
the Dual channel Airborne peroxy radical Chemical Amplifier (DUALER) inlet (as shown
in Figure 4) which was developed and reported by Kartal et al., 2010. Then the air will
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reach the two independent reactors and then reach two CRDS NO, detectors (more details
in section 3.1) which are mounted in a rack. The prototype of the instrument was first
reported by Horstjann et al., 2014, and further development and optimisation for the
instrument which was used for this study is reported by George et al., 2020.

Sample air
Orifice ===

For 1o calibration 4' MFC I

h 4

—| MFC [{ NOjscrubber [— S
——{ mrc H NOjserubber ||

~ Bypass line
g P YR for inlet pressure
L E stabilisation
~
« Z Q
7 % ¢l = % —_ iR L TRy Lower addition point

| PR |
NO,

scrubber l

scrubber

Scroll pump

To aircraft exhaust
Figure 4: Schematic diagram of PeRCEAS instrument. MFC: mass flow controllers; PR: pressure regulator; P:
pressure sensor;, T/RH: temperature/relative humidity sensor; NO/N,: a mixture of NO in N»; SA: synthetic air.
(George et al., 2020)
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3. Methodology

This chapter provides a detailed explanation of the experimental setups used for
determining the Rayleigh scattering cross-section, the EMeRGe campaign, PeRCEAS
deployment, and the associated modelled and calculated RO, employed in this study.

3.1 Experimental methodology for determinations of Rayleigh scattering cross-
sections

In this work, CRDS is deployed for the determination of the Rayleigh scattering cross-
section of molecules at 408 nm. The suitability of this highly sensitive measurement
technique to detect small intensity losses caused by scattering (e.g. around 2.13 X
10~®cm™*for O, at atmospheric pressure ) is investigated. Different gases are introduced
into the cavity equipped with highly reflective CRDS mirrors. The lasers used in these
experiments have a peak wavelength of approximately 408 nm, which is calibrated using
a pen-ray lamp as a calibration source. The procedure for the accurate determinations of
the peak wavelength of each laser is described in section 3.1.2. During the measurement,
the pulsed laser beam is reflected by mirrors into the CRDS cavity and then reflected
multiple times in the v-shaped cavity. Two beams exit the cavity, with one directed to a
photodiode detector and the other to a camera for monitoring the shape of the laser
modes. The two different cavity setups used in the Rayleigh scattering experiments are
described in the following sections.

3.1.1 Experimental setups

3.1.1.1 Setup A

Measurement setup A for the determination of Rayleigh scattering cross-section uses the
NO, detector from PeRCEAS instrument, which is also a standalone independent
instrument. As shown in Figure 5, the NO, detector comprises a continuous wave
multimode diode laser (Stradus 405, wavelength * 408 nm at max output power 100 mW,
Vortran Laser Technology Inc.), and an optical V-shape cavity with three highly reflective
mirrors (radius of the curvature, roc = 100 cm; reflectivity, R = 99.995 %; diameter, d =
0.5”; AT Films, USA). The EM radiation transmitted through the end mirrors of the cavity
is directed to a Silicon (Si) photodiode detector (type HCA-S, spectral range 320 - 1000
nm, active diameter 0.8 mm, bandwidth 2 MHz, gain 1 MV /A, Femto Messtechnik GmbH)
and to a beam camera (BM-USB-SP907-0SI, Ophir Spiricon Europe GmbH). The V-shaped
cavity used in this setup has a length of 39 cm. The ring-down times are recorded at 1 Hz
frequency by averaging (10° sample's™) a non-linear least-squares fit (Levenberg-
Marquardt algorithm) by a customised LabVIEW program.
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Figure 5: Schematic diagram of CRDS setup A used for the Opqy, determination in this work. PXI: PCI extensions
for instrumentation; DAQ: data acquisition system, TTL: transistor to transistor logic; FSM: front silvered
aluminium mirror; P: pressure sensor; T: temperature sensor; RH relative humidity sensor; MFC: mass flow
controller.

Figure 6 shows an example of a typical residuum trace along the decay time. The data are
measured by a data acquisition system (PXI-6132, National Instrument) DAQ card, saved
and analysed with a PXI-computer (PXI-8105, National Instrument). The laser base plate
is kept at 298 K using a Peltier element (type CP-031, Te Technology Inc.) and Peltier
temperature controller (type MPT 10000, Wavelength Electronics) ensuring a constant
operating temperature (~ 21 °C). The laser output is modulated using a customised TTL
switch-off (at 0.1 V measured by photodiode) signal generator (Stachl Elektronik GmbH).
Gas is added in the centre of the cavity and then equally distributed to the two ends close
to the mirrors to a common exhaust. The pressure- (HXC001A6V-1714, + 0.1 % accuracy
of the measurement value ~ * 1 hPa, Sensor Technics), temperature- (AS22100, * 0.4 %
accuracy of the measurement value ~ * 0.1 °C, Analog Devices), and relative humidity-
(HIH-4000-1311, £ 3.5 % accuracy of the measurement value ~ * 0.03 %, Honeywell)
sensors are installed at the outflow of the cavity. These sensor data are measured with
DAQ (PXI-6129 DAQ card, National Instrument) at a sample rate of 1 Hz.
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Figure 6: A screenshot example of applying a custom LabVIEW program to perform the Levenberg-Marquardt
algorithm of 1s averaged t residuum for online monitoring. The upper plot is the laser pulse decay measurements
(red dot) and the corresponding fit (vellow line) over time, the lower plot is the corresponding residuum between
measurements fits fit over time.

The setup depicted in Figure 7 is suitable to operate with a continuous flow of the
measurement gas through the cavity at discrete pressure using a pressure regulator (type
640A, MKS Instruments Inc.). This cavity was designed for airborne measurements, i.e.
controlled under pressure conditions.

il

Figure 7: Top view of Rayleigh scattering cross-section measurement setup A: NO: detector used in PeRCEAS
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3.1.1.2 Setup B

The Rayleigh scattering cross-section measurement setup B is a customise-designed
CRDS V-shaped cavity similar to the cavity in setup A but with a concaved mirror of 200
cm focus in the front (reflectivity, R = 99.995 %; diameter, d = 0.5”; AT Films, USA) and
two identical concaved mirrors with 100 cm focus in the back. Gas is added equally from
both ends of the cavity close to the mirrors and distributed evenly to the middle and exit
of the cavity. The pressure- (6264, * 0.15 % accuracy of the measurement value ~ + 1 hPa,
MKS Instruments Inc.), humidity and temperature- (HMP 238, + 0.04 % accuracy of the
measured temperature ~ * 0.1 °C; £ 1 % accuracy of the measured RH ~ * 0.01 %, Vaisala)
sensors of the cavity are installed after the gas exited the cavity with two T-piece KF
connections in series.
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Figure 8: Top view of Rayleigh scattering cross-section measurement setup 2: Optics, laser, mirror, cavity, and
the photodiode.

The detector is attached to a Peltier element with a temperature controller to keep a
constant temperature (~ 23 °C) as shown in Figure 8. Unlike setup A, the laser base plate
is not attached to the cavity hull but is separately fixed at the optical bench. A 1/8” tube is
added before the cavity as an additional gas addition, which makes small gas addition
possible for continuous pressure ramp measurements in a small volume. The laser output
is modulated using a digital switch-off (at 0.1 V measured by the photodiode, OE-200-S]I,
spectral range 320 - 1060 nm, active diameter 1.2 mm, bandwidth 0.4 MHz, gain 5 MV/A,
Femto Messtechnik GmbH) signal generator (DG 535, Stanford Research Systems, Inc.).
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The V-shaped cavity used in this setup has a length of 32 cm. This cavity setup is suitable
for operation with a continuous flow of the scattering gas through the cavity at a discrete
pressure and a continuous flow of the measurement gas accumulating inside the cavity
and creating a continuous pressure variation. A custom-made black cover is used for
optimising EM radiation isolation and temperature stabilisation. As depicted in Figure 8,
two fans are installed on diagonal sides of the cover with the same flow direction. An
additional housing with a different opening position as the fan is installed outside the
layer of the fan to prevent EM radiation interference via fan opening. In addition, all the
tubes and electric cables are connected to the outside through a special opening at the
back cover. The opening is covered by light-proof cloths with wire and cable wrapped.

In the experiments involving setup A, two detector setups were employed and will be
denoted as setup 1 (Abbé) and setup 2 (Fraunhofer), respectively. Setup B is associated
with only the customised detector setup, which will be referred to as setup 3.

3.1.2 Determination of the laser wavelength

The accurate determination of Rayleigh scattering cross-sections requires a high degree
of precision, with one of the key challenges being the determination of the peak
wavelength of the laser used for the experiment. In this work, two instruments were
employed for cross-comparison, a wavelength meter (Bristol 621, SN: 6081. 350 nm < A <
1100 nm, with an accuracy of + 0.2 ppm) and a spectrometer (AvaSpec-ULs2048x64
ENV11, SN: 1803001U1, Avantes BV. Grating, 1200 lines/mm, from 295 to 535 nm, with
slit size of 200 pm, 0.74 * 0.04 (20) nm spectral resolution). The wavelength meter
features a self-calibration function that does not require additional calibration, while the
spectrometer requires calibration prior to the comparison.

The Vortran Stradus 405 laser used in the experiments has a peak emission wavelength
of 405 + 5 nm. Natural Hg has several emission lines, and three strong emission lines (I-
line: 365.0153 nm, H-line: 404.6563 nm, and G-line: 435.8328 nm) are well described
(Burns etal., 1950). These emission lines make a Hg(Ar) pen ray lamp an ideal calibration
source for the spectrometer. To ensure stable and correct emission from the Hg lamp, the
calibration is started after at least 30 minutes of warm-up time, and the optical fibre must
point directly (perpendicular) to the Hg lamp. Figure 9 shows the measured spectrum by
the spectrometer at its full wavelength range of the Hg lamp. Since the H-line is close to
the peak emission (408 nm) of the laser, it is used for the fitting correction. The correction
for the spectrometer is + 0.517 nm. The spectrometer is calibrated before each
measurement of the laser peak emission wavelength.
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Figure 9: Avantes AvaSpec-ULs2048x64 ENV11 (SN: 1803001U1) calibration measurements using Hg(Ar) lamp,
sample rate 1ms then averaged for 1s. Each blue point is a total averaged value for the selected time. The zoom-
in plot shows the Gaussian fit (orange) for the H-line and G-line peak emission of the Hg lamp, where counts are
the intensity of the EM radiation, b is the offset, a is the height of the curve’s peak, u is the centre of the peak, o is
the Gaussian root mean square width, and y is the difference between the fit and the measurement values. The
residual of the fit is shown in grey.

Secondly, the wavelength meter and the spectrometer are installed to measure the laser
wavelength simultaneously. The wavelength meter detects the back-reflected beam from
the first cavity mirror, and the spectrometer detects one of the outgoing beams from the
V-shaped cavity while the other one is directed to the photodiode sensor, as illustrated in
Figure 10.

=
=3}
<
(1]
)
@
—* Laser beam Z
3
m
D o
——* Retlected laser beam =
A
&
Laser N\

‘ Photodiode sensor

—

Spectrometer |«

Figure 10: Scheme of the setup used for the simultaneous measurement of the laser wavelength by a spectrometer
and a wavelength meter
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According to the specification of the wavelength meter, the EM radiation input power
should be between 100 pW and 10 mW. After several tests prior to calibrations, the
possible series of measurements were made at 10 mW, 20 mW, and 30 mW laser output
power. In this way, the laser power does not exceed the tolerance of the spectrometer,
while its sensitivity is sufficient for detection. Each step takes approximately 60 minutes
and all the instruments have a minimum warm-up time of 60 minutes before calibration
begins. The results obtained from the wavelength meter are utilised for comparison with
the spectrometer results under laser power output of 10 mW, 20 mW, and 30 mW due to
the limitations of the wavelength meter.

Table 1: Bristol 621 wavelength meter measurement results without and with the threshold comparison for the
laser of setup 3 (VL03145D15)

All points Applying a threshold of 408.4nm
Laser power output 10mW | 20mW | 30mW 10mW 20mW 30mW
Averaged Wavelength | 408.50 | 408.10 | 408.07 | 407.99 408.02 408.07
Error (20) 14.67 1.80 0.24 0.16 0.14 0.09

The results of the raw calibration of the wavelength meter are shown in Figure 11. The
values at 10 mW and 20 mW have significantly more noise. Therefore, a threshold is set
that includes 97% of the measurements to calculate a realistically measured wavelength
over time (Figure 11 right-hand side). Table 1 summarises the results of the setup
threshold compared to all points.
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Figure 11: Bristol 621 measurements of the variation of the laser wavelength of setup 3 (VL03145D15) when
varying the laser power between 10-30mW. On the left side is the original data, and on the right side is the data
applying the threshold of 408.4nm.

To obtain the wavelength from the spectrometer at different laser powers, a Gaussian fit
is applied to the spectral measurements obtained within 60 minutes. The corresponding
spectrometer measurement results are corrected by using the Hg-lamp calibration. Figure
12 shows for the laser of setup 3 the averaged wavelength value over 60 minutes
corrected with the calculated values at 10 mW, 20 mW, and 30 mW, respectively.
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Figure 12: Spectrometer measurements of the laser wavelength of setup 3 at different power outputs. Blue filled
circles are the values of normalised intensity of averaging typically 60-mins of measurement with a 1-second
sample interval of the spectrometer. The orange solid lines are the Gaussian fit of the blue measurement filled
circles. b is the offset, a is the height of the curve’s peak, u is the centre of the peak, o is the Gaussian root mean
square width, and y is the difference between the fit and the measurement values

The results of the wavelength measurements of the Vortran Stradus 405 laser are
summarised in Table 5. The agreement between the wavelength meter and spectrometer
at 3 different laser powers is within the experimental error.

Table 2: comparison results from Bristol 621 wavelength meter with Avantes AvaSpec-ULs2048x64 ENV11 (SN:

1803001U1) for the laser of setup 3 (VL0O3145D15). The errors of the spectrometer measurements are given as
half-width half maximum, HWHM.

Correlation between the
Laser power wavelength meter Spectrometer measurement
setup (mW) measurements (nm) peak wavelength (nm) CEVEOTHENEIE D
spectrometer
10 407.99 £+ 0.16 (20) 407.71 £+ 0.36 (HWHM) — 0.9993x
20 408.02 &+ 0.14 (20) 407.74 £+ 0.42 (HWHM) y I_? _ 0.90 ’
30 408.07 £+ 0.09 (20) 407.77 £+ 0.44 (HWHM) )

In this study, all measurements for determining the Rayleigh scattering cross-section are
conducted using a laser output of 100 mW. The comparison shown above at 10 mW, 20
mW, and 30 mW shows good agreement between the spectrometer and the wavelength
meter. This validates the measurement results from the spectrometer at 100 mW
presented in the following. The fitted spectral plots for the different lasers used in the
experiments are shown in Figure 13. These are used to calculate the theoretical values of
the Rayleigh cross-section of the molecules investigated. The shape of the laser emission
line was stable within 98.5 % of the normalised intensity during the 60 minutes
measurements.
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Figure 13: The determination of the wavelength of the maximum intensity for the lasers used in this study using
the spectrometer. The corresponding lasers are a) laser of setup 1(VL04156E01), b) laser of setup 2 (VL1036S09),
and c) laser of setup 3 (VL03145D15). The counts at each wavelength A are normalised to the total intensity
measured during 60 min (blue measurement points). The parameters of the Gaussian fit applied (red line), i.e. a:
height of the curve, b: offset of the curve, u: centre of the peak, o: Gaussian root mean square width, FWHM: full-
width half maximum, and y: difference between fitted and measured values. The residual of the fit is shown in grey
and the 1o standard deviation of the normalised intensity is shown in yellow.

The free spectral range of an optical cavity, v, is given by Hecht, 2017:

c

UT=H E 3-1

where L is the length of the cavity, n is the refractive index of the medium, and c is the
speed of EM radiation. Since the CRDS optical cavities used in this study have a length
between 32 cm (setup 3) and 39 cm (setup 1 and 2) the free spectral range of the CRDS
cavity is much smaller compared to that of the diode laser cavity. Therefore, it is expected
that all the longitudinal modes from the laser can couple to the CRDS cavity. This is also
shown in Figure 13 where the output of the laser is measured after the optical cavity. The
effect of multiple longitudinal modes on the refractive index is accounted for by
convoluting the og,y, theoretical values with the corresponding laser spectral output.

3.1.3 Pressure control of the optical cavity

The number concentration of the molecules in the cavity is calculated using the ideal gas
law and precise pressure measurement. The sensors used were calibrated by using a
commercial calibration-free absolute pressure sensor (GDH 12AN, Greisinger GmbH)
with analogue output as a reference. The pressure sensors are symmetrically connected
to a chamber containing the reference unit in which different pressure levels are
generated. The readings from both instruments are recorded.
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Figure 14: Calibrations of the pressure sensors used in this work. a) P sensor used in setup 1; b) P sensor used in
setup 2; c) pressure sensor used in setup 3.

The pressure sensor calibrations and correction factors used in this work are shown in
Figure 14. The measurement of pressure in the setups had * 1 % accuracy and linearity
in the range of 100 - 1000 hPa. The pressure measurements in later sections are corrected
using this calibration.

3.1.4 Measurement procedures

In this work, the determination of the Rayleigh scattering cross-section is performed
using three distinct measurement procedures that depend on the specific characteristics
of the setups. These procedures include continuous flow, ramp and inverse ramp
experiments, which are all detailed in the following sections.

3.1.1.3 Measurement procedure 1: continuous mode

Measurement procedure 1 consists of the so-called continuous flow experiments with
discrete pressure steps, i.e. the investigated gases are passed at a constant flow through
the cavity, which is kept at pressures below ambient. The number densities are changed
stepwise by changing the pressure using a pressure regulator and a membrane pump.
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Figure 15: Gas flow sketch of the measurement procedure 1 with continuous flow.
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Figure 15 illustrates the gas flow scheme for measurement procedure 1. The gas of
interest is added using the mass flow controllers MFC1 and/or MFC2. Normally, the MFC3
is kept at a constant rate to maintain the flow through the cavity, and the total feed gas
flow (MFC1 and/or MFC2) is kept constant. An excess gas supply to the flow into the cavity
is required to prevent contamination from the lab air. A 0.5um Teflon filter upstream of
MFC3 removes small particles such as dust or aerosols. Prior to the experiment, the cavity
is flushed with the gas of interest and the pressure is varied between 300 hPa and 1000
hPa with 100 hPa steps every 10s several times until the ring-down time and the cavity
relative humidity of the cavity are stabilised. During the experiment, a pressure regulator
controls the pressure steps. Each pressure step is typically held for 2 to 10 minutes to
ensure the stability of the flow dynamics inside the cavity.

3.1.1.4 Measurement procedure 2: ramp mode

Measurement procedure 2, known as ramp experiments. In the pressure ramp mode, the
cavity is flushed with the gas of interest at a flow rate of 1000 cm3 - min™*! at 300 hPa until
the ring-down time and the relative humidity are stable. The exit line is then closed until
the standard deviation (1o) of the t signal remains < 0.007 ps for 1 hour. The pressure
ramp is then initiated by gas addition using a constant flow (typically at 20 cm® - min™1)
which then gradually increases the pressure as a function of time.
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Figure 16: Gas flow sketch for the Rayleigh scattering experiments for the measurement procedure 2.

The gas flow schematic for procedure 2 is depicted in Figure 16. The cavity is flushed with
the gas of interest using a mass flow controller (MFC1) following the same procedure as
mentioned in procedure 1 to obtain a stable ring-down time signal and relative humidity.
Next, the supply and exhaust flow to the cavity is stopped by switching off the two valves
of the cavity. In practice, the supply flow is cut off shortly before the exhaust flow to
prevent accidental pressure increases inside the cavity. The pressure inside the cavity is
then increased by adding gases through MPC2.

3.1.1.5 Measurement procedure 3: inverse ramp mode

The pressure ramp can also start from overpressure to reduced pressure in a controlled
manner. The flow sketch of procedure 3 is shown in Figure 17. The cavity is flushed with
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the gas of interest at a given flow with MFC1 and MFC3 open. When the ring-down time
signal and the relative humidity in the cavity are stable, the gas supply is adjusted to 1300
hPa, and MFC1 and MFC3 are closed simultaneously. A continuous pressure-decreasing
ramp is generated by venting the gas in the cavity by using MPC2. Unless stated otherwise,
the results of the ramp experiments are performed using the increased pressure
procedure.
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Figure 17: Gas flow sketch for the measurement procedure 3.

Prior to the pressure ramp experiments, all the PeRCEAS NO, detectors were pressure
tested. A leak rate of less than 0.61 * 0.03 hPa/min was determined for the cavities in the
PeRCEAS NO, detectors by averaging the pressure change over 15 minutes starting at 325
hPa. Such a leakage rate will not affect the measurements for measurement procedure 1,
as the molecules inside the cavity are rapidly refreshed by the molecules of the incoming
gas flow. However, a leak-free cavity is essential for ramp experiments to avoid errors, as
the molecules from the outside will inevitably enter the cavity and accumulate inside.
Therefore, the ramp procedure was applied only to setup 3, which had leak rates below
0.02 + 0.03 hPa/min after averaging the pressure change over 10 hours starting at 290
hPa.
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Figure 18: Synthetic air Rayleigh scattering cross-section retrieved for different flow rates using the ramp
procedure with setup 3.
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In order to determine the appropriate flow rate required for the ramp experiments, a
sensitivity study was conducted to assess its effect on the results. Synthetic air was added
to a cavity at different flow rates, and the cross-section was determined. The results
showed that a flow rate of at least 10 ml/min is required to obtain reproducible cross-
section measurements, as depicted in Figure 18. An adequate flow rate ensures a
homogeneous distribution of gas inside the cavity during the ramp procedure. Therefore,
a flow rate of 20 ml/min was selected for adding gas to the cavity during ramp
experiments.

3.2 EMeRGe campaign and PeRCEAS deployment

The EMeRGe campaign aims to investigate the local, regional, and inter-regional pollution
transport originating from major population centres (MPCs) in Europe and Asia, and their
impact on atmospheric chemistry and dynamics during two intensive operational periods
(IOPs) (Andrés Hernandez et al., 2022). The main objective is to improve the existing
knowledge of the chemical and physical changes that occur in the atmospheric outflows
originating from MPCs and their regional to global impact. To achieve this objective, the
campaign aims to identify emission signatures in MPC plumes, assess the chemical
processing of MPC pollution outflows, and determine the relative importance of MPCs as
sources of pollution of the I0Ps. The campaign primarily utilises the unique research
platform, HALO, in synergy with observational data sets from ground-based networks and
satellite measurements, supported by the modelling of the EMeRGe campaign. The HALO
payloads for EMeRGe comprise a set of instruments for the measurements of trace gases
and aerosol particles are summarised in Table 3.

The EMeRGe in EU field experiments were conducted during the summer from 10 - 28
July 2017, with a total of 53 HALO flight hours across 7 measurement flights. London,
Paris, Benelux, Ruhr region, Po Valley, Rome, Madrid, and Barcelona were taken as target
MPCs. All of the HALO flights were operated from the DLR base airport at
Oberpfaffenhoffen, and the EMeRGe international team provided additional coordinated
aircraft, satellite and ground-based observation and modelling studies. Two flights were
carried out by the Facility for Airborne Atmospheric Measurements (FAAM, FAAM, 2022)
from the UK Natural Environment Research Council, with one flight on 13-07-2017, being
the so-called blind intercomparison exercise. More details about the results from the blind
intercomparison exercise could be found at Schumann, 2021. The flight information and
targeted regions for each flight are summarised in Table 4, with E-EU-01 and 02 are test
flights which were not taken into consideration. The flight tracks for EMeRGe in Europe
are depicted in Figure 19.
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Table 3: HALO instrument payload for EMeRGe. VOC: volatile organic compound; 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 - Ion Trap Mass Spectrometry; GC-MS:
Gas Chromatography-Mass Spectrometry analysis; PAN: Peroxyacetyle nitrate; §3C(CHy): 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 Impactro for aerosol off-line analysis, CPC: Condensation Particle
Counting; DMA: Differential Mobility Analysis;, OPC: Optical Particle Counting; PSAP: Particle Soot Absorption
Photometry. KIT: Karlsruhe Insitute of Technology, DLR-IPA: Institute of Atmospheric Physics of DLR; MPIC:

Max Planck Institute for Chemistry, FZJ: Forschungszentrum Jiilich; DLR-FX: Flight experiments, DLR.

Trace gas in-situ measurements

Measurements Instrument Institute Instrumental References
Acronym Technique
RO; = HO, + ZRO, PeRCEAS Uni- PERCA, CRDS (George et al.,, 2020)
Bremen
VOC/C isotope ratios MIRAH Uni- HVS, GC-C-IRMS (Wintel et al., 2013)
Wuppertal
voC HKMS KIT PTR-MS (Brito and Zahn, 2011)
(09 FAIRO KIT UV photometry, (Zahn etal., 2012)
Chemiluminescence
0;, CO AMTEX DLR-IPA UV photometry, UV- (Gerbig et al., 1996)
Vis fluorimetry
NO, NOy AENEAS DLR-IPA | Chemiluminescence, (Ziereis et al., 2004)
gold converter
S0,, HCOOH CI-ITMS DLR-IPA CI-ITMS (Speidel et al., 2007)
CO,, CHa CATS DLR-IPA CRDS 1. (Chen etal, 2010)
PAN GC-MS 2. (Volz-Thomas et al.,
3.8'3C(CHy) 3. GC-IRMS 2002)
3. (Fisher et al., 2006)
PFC tracer PERTRAS DLR-IPA AT-BS, TD-GC-MS (Ren etal,, 2015)
Trace gas remote sensing measurements
NO,, HONO, BrO, Mini-DOAS Uni- DOAS, UV-NIR, 2D (Hiineke et al.,, 2017)
CH0, C;H,0,, C3H40,, Heidelberg optical
S0, I0 spectrometer
NO,, CH;0, C;H,0,, HAIDI Uni- DOAS, 3 x 2D (General et al., 2014)
H0, SO,, BrO, Os Heidelberg imaging
spectrometers
Aerosol measurements
Particle composition | C-ToF-AMS MPIC ToF-AMS, OPC (Schulz et al., 2018)
Mainz
Uni-Mainz
BC, CCN, microscopic CCN-Rack MPIC SP2 (Holanda et al., 2020)
properties Mainz CCNC, MI (Wendisch et al., 2016)
Particle size AMETYST DLR-IPA CPC, OPC, PSAP, (Andreae et al., 2018)
distribution, number DMA
concentration
Other parameters
Spectral actinic flux HALO-SR FZ] CCD spectro- (Bohn and Lohse, 2017)
density (up/down) radiometry
photolysis
frequencies
Basic aircraft data BAHAMAS DLR-FX various (Mallaun et al., 2015)
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Table 4: Details of HALO flights in IOPs of EMeRGe in EU. The flight naming: E stands for EMeRGe, EU for
Europe, and the flight number.

. Start/End . .
Flight Date time (UTC) Targeted MPCs and regions Other objectives
Mineral dust from Northern
E-EU-03 | 11-07-2017 | 10:00/16:30 Rome and Po Valley Avies, Fiines i Souitierm il
E-EU-04 | 13-07-2017 | 10:40/15:00 Central Europe HERORI Gl DITC COmENEes,
Canada fires
E-EU-05 | 17-07-2017 | 10:30/18:30 | 4™ Biﬁ;};‘ﬁ and Rubr | g5 AM flight over London
Mineral dust from Northern
E-EU-06 | 20-07-2017 | 09:00/17:30 Rome and Po Valley Africa, fires in Southern Italy
and Croatia
E-EU-07 | 24-07-2017 | 09:45/18:15 Po Valley, South France, Du.st trf'msp.ort from Northern
and Barcelona Africa, fires in Southern Europe
London, Benelux, Ruhr
e e ) ) region, Paris, English PFC tracer releases London and
B 26-07-2017 | 07:45/15:20 Channel, and Central Wuppertal
Europe
; ) Po Valley, South France, Fires in Southern France and
B 26-07-2017 | 10:00/18:30 Madrid, and Barcelona Portugal

The EMeRGe in Asia field experiments were carried out during the spring inter-monsoon
period from 10 March - 09 April 2018, with a total of 127 HALO flight hours across 18
measurement flights. Bangkok, Manila, Taipei, Tainan, the Peral River Delta region, the
Yangtze River Delta region, and South Japan were taken as target MPCs. Flights E-AS-01
to E-AS-03 were the transfer flights from the DLR base airport at Oberpfaffenhofen to the
Tainan airport, where all the [OPs measurement flights were operated for the mission.
Flights E-AS-14 to E-AS-16 were the transfer flights back to the Oberpfaffenhofen airport
base. The flight information and the targeted regions for [OPs of EMeRGe in Aisa are
summarised in Table 5. The corresponding flight tracks are depicted in Figure 20.

EMeRGe in EU measurement flight tracks
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Figure 19: Flight tracks of the 7 measurement flights carried out during the EMeRGe campaign in Europe.
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Table 5: Details of HALO flights in IOPs of EMeRGe in Aisa. The flight naming: E stands for EMeRGe, AS for
Asia, and the flight number. YRD: Yangtze River Delta; PRD: Pear River Delta.

. Start/End . .
Flight Date time (UTC) Targeted MPC and regions Other objectives
E-AS-04 | 17-03-2018 | 01:09/09:45 | Outflow from China over East
China Sea
E-AS-05 | 19-03-2018 | 00:24/08:28 Outflow from Sh.anghal and Impact' of'o.utﬂow from YRD
YRD region on Taipei in the afternoon
19/20-03- : .
E-AS-06 2018 23:47/06:37 Manila Tracer experiment
Taipei, Tainan, and outflow
E-AS-07 | 22-03-2018 | 00:46/09:31 from China over East China Tracer experiment
Sea
E-AS-08 | 24-03-2018 | 01:00/09:26 | OUtflow from China over East
China Sea and Taiwan
E-AS-09 | 26-03-2018 | 00:24/09:26 | OUtflow from China over East
China Sea and Taiwan
27/28-03- : . .
E-AS-10 2018 23:53/08:32 Manila and PRD region Tracer experiment
E-AS-11 | 30-03-2018 | 00:02/09:26 Ouiitosy e D erl
Fukuoka
E-AS-12 | 03-04-2018 | 00:25/06:25 Taipei and Tainan
A ) ) Long-transported biomass
E-AS-13 | 04-04-2018 | 00:26/09:24 Outflow from Japan o i e el s

EMeRGe in Asia Measurement flight tracks
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Figure 20: Flight tracks of the 10 measurement flights carried out during the EMeRGe campaign in Asia. YRD:
Yangtze River Delta, PRD: Pearl River Delta.
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3.3 Modelling and calculated data used for comparison

This chapter provides background information about the four state-of-the-art models and
the calculation method chosen for the comparison with the RO airborne measurements
during the EMeRGe campaign. Additionally, the background information of the two
trajectory models used as analysis tools was presented in this section.
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3.3.1 WRF/CMAQ model

The WRF/CMAQ model used in this study was developed under the project Japan’s study
for reference air quality modelling (J-STREAM) (Chatani et al., 2018). It used the Weather
Research and Forecasting (WRF) model version 3.7.1 (Skamarock et al., 2008) coupled
with the Community Multiscale Air Quality (WRF/CMAQ) version 5.0.2 (US EPA Office of
Research and Development, 2014; Byun and Schere, 2006). The model at the stage of this
study had two horizontal domains, D1: Asia 220 X 170 grids with a resolution of 45 km
and D2: Japan 154 X 160 grid with a resolution of 15 km. In this study, D1 was used for
the EMeRGe in Asia. The vertical domain consisted of 27 layers between 1013.15 hPa and
50 hPa. Land use was based on data from the Biodiversity center of Japan (Center of Japan,
Ministry of the Environment Natural Environment Bureau Biodiversity, 2023). The
National Center for Environmental Prediction (NCEP) Final Operational Global Analysis
(FNL, ds083.3) data (six-hourly; 0.25 ° X 0.25° resolution) (National Centers for
Environmental Prediction/National Weather Service/NOAA/U.S. Department of
Commerce, 2015) and real-time, global, sea surface temperature (RTG_SST_HR) analyses
(Gemmill et al., 2007) were used as the initial and boundary conditions and grid nudging.
The grid nudging was switched on for all levels of wind with a coefficient of 1 x 107*(s™1),
and all levels of temperature and water vapour with a coefficient of 5 x 107°(s™1), in D1
domain. The Kain-Frisch scheme (Kain and Fritsch, 1993) was used as the convective
parameterisation scheme. The Thompson scheme (Thompson et al., 2008) was used for
the microphysical parameterisation. The Mellow-Yamada-Nakanishi-Niino (MYNN) level-
3 scheme (Nakanishi and Niino, 2006) was applied for the Planetary Boundary Layer
(PBL) parameterisation. The Noah Land-Surface model (Ek et al., 2003) was used for the
surface physics calculations, and the MYNN Surface-Layer scheme (Olson, 2021) was used
for surface layer physics. The sea surface temperature data was based on the Group for
High Resolution Sea Surface Temperature (GHRSST) data (24 hourly; 1 X1 km
resolution) (Piolle, 2020). The Rapid Radiative Transfer Model for General circulation
models (RRTMG) (Pincus et al., 2015) was used to simulate the shortwave and longwave
radiations. The Statewide Air Pollution Research Center, version 07 (SAPRC-07) scheme
(Carter, 2010) was used to simulate the chemistry of trace gases, and the 6th generation
WRF/CMAQ aerosol module (AERO6) (Simon and Bhave, 2012) was used as aerosol
chemistry mechanism. Anthropogenic emissions were taken from the Hemispheric
Transport of Air Pollution (HTAP) version 2.2 (monthly 2010; 0.1° X 0.1° resolution)
(Janssens-Maenhout et al., 2015), and the Global Fire Emission Database (GFED) version
4.1 (Daily and three-hourly, 0.25° X 0.25° resolution) (van der Werfetal., 2017) was used
for biomass burning emissions. The Model of Emissions of Gases and Aerosols from
Nature (MEGAN) version 2.1 (Guenther et al., 2012) was used for biogenic emissions. The
Grell-Dévényi convection parameterising ensemble (Grell and Dévényi, 2002) was used
for cumulus modelling. The WRF/CMAQ model has provided the simulation output of 8
measurement flights from E-AS-05 to E-AS-12 with a temporal resolution of 15 s (E-AS-
08 to 12) and 30 s (E-AS-05 and 07). The RO; in this model is defined as:
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= HO, + CH;0, + RO,C + CH;C00, + RCO0, + BZCOO,
+ MACOO,

R OEWRF
/CMAQ
E 3-2

where HO, is the hydroperoxyl radical; CH;0, is the methylperoxy radical; RO,C is the
peroxy radical operator representing NO to NO, and NO3 to NO, conversions, and the
effects of peroxy radical reactions on acyl peroxy and other peroxy radicals, CH;COO, is
the acetyl peroxy radicals, RCOO,, is the peroxy propionyl and higher peroxy acyl radicals,
BZCOO, is the peroxyacyl radical formed from aromatic aldehydes, and MACOO, is the
peroxyacyl radicals formed from methacrolein (CH,CCH3;CHO) and other acroleins.

The WRF/CMAQ model simulations for EMeRGe in Asia were provided by Prof. Yugo
Kanaya, JAMSTEC, Kanagawa, Japan (yugo@jamstec.go.jp).

3.3.2 WRFchem model

The WRFchem model development is based on a study for Megacity Aerosol Composition
by Satellite: a tool to study anthropogenic Emissions, Climate changes and human Health
(MACSECH) project which contains two parts, the EMeRGe and the Dynamics-Aerosol-
Chemistry-Cloud Interactions in West Africa (DACCIWA) campaigns (Deroubaix et al,
2022). The model used for EMeRGe campaign is based on the Weather Research and
Forecasting model coupled with chemistry (WRFchem) (Grell etal., 2005; Fast etal.,, 2006;
Powers et al,, 2017). The model provided a horizontal resolution at 10 km and a vertical
domain consisting of 40 layers between 1013.15 hPa and 50 hPa. There are two models
used to define the initial and boundary conditions namely: the fifth-generation European
Centre for Medium-Range Weather Forecasts (ECMWF) climate Reanalysis (ERA5)
(Hersbach et al., 2020) which is denoted as WRFchem(ERAS); the Global Forecast System
(GFS) (National Oceanic and Atmospheric Administration, 2023) which is denoted as
WRFchem(GFS). The results will be discussed separately in the later sections. The WRF
Single Moment 6-Class (WSM6) scheme (Hong and Lim, 2006) was used for microphysical
parameterisation. The Carlson-Boland viscous sub-layer with the surface physics was
calculated by the Noah land surface model. PBL physics was calculated by the Yonsei
University scheme (Hong et al., 2006). The low frequency spectral nudging was used
above the 12th vertical level to enable the PBL variability to be resolved by WRF
(Deroubaix et al., 2022). The Kain-Frisch scheme was used for the convection
parameterisation scheme. The Rapid Radiative Transfer Model (RRTM) (Mlawer et al.,
1997) was used to simulate the shortwave and longwave radiations. The Model for Ozone
and Related chemical Tracers, version 4 (MOZART-4) mechanism (Emmons et al., 2010)
was used to simulate the chemistry of trace gases. The Georgia Tech/Goddard Global
Ozone Chemistry Aerosol Radiation and Transport (GOKART) model (Chin et al., 2000)
was used as the aerosol chemistry mechanism, the mineral dust, and the sea salt
simulations. The Copernicus Atmosphere Monitoring Service (CAMS) reanalysis based on
the global reanalysis dataset of the atmospheric composition produced by the ECMWF
(Inness et al., 2019) was used for the simulation of anthropogenic emissions. The Global
Fire Assimilation System (GFAS) (Heil et al, 2010) was used for biomass burning
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emissions. The MEGAN version 2.1 (Guenther et al, 2012) was used for biogenic
emissions. The WRFchem model has provided the simulation output of 14 measurement
flights for EMeRGe in EU from E-EU-03 to E-EU-08, and for EMeRGe in Asia from E-AS-04
to E-AS-10 and E-AS-12 with a temporal resolution of 60 s. The RO3 in this model is
defined as:

= HO, + CH;0, + ISOOH + ACETO, + DICARBO, + ENEO,
+ EO, + HMPROPO, + ISOPAO, + ISOPBO, + ISOPNO,
+ MVKO, + MALO, + MBONO50, + MBOO, + MCO,
+ MDIALO, + MEKO, + NTERPO, + PHENO, + PO, E3-3
+ TERPO, + TERP,0, + TOLO, + X0, + XYLENO,
+ XYLOLO,

*
R 02 WRFchem

where HO, is the hydroperoxyl radical; CH;0, is the methylperoxy radical; ISOOH is the
product from isoprene + OH oxidation; ACETO, is CH;COCH,0,, the product from
acetone (CH3;COCH3) and HO,; DICARBO, is CsH:0,, acylperoxy radical formed from
aromatic oxidation, via unsaturated dicarbonyl chemistry; ENEO, is C,Hy05, lumped
hydroxyperoxy radical from OH + large alkenes; EO, is HOCH,CH,0,, hydroxyperoxy
radical from OH + ethene chemistry; HMPROPO, is C,H-,0,, peroxy radical from HMPROP
(hydroxymethylpropanal, OH + 2-methyl-3-buten-2-0l [MBO] product) oxidation;
ISOPAO, is HOC5Hg0,, beta-isomer of isoprene peroxy radical; ISOPBO, is HOCs;HgO,,
delta-isomer of isoprene peroxy radical; ISOPNO5; is CsHgNOg, peroxy radical from
isoprene NOj3 oxidation; MVKO, is CH,CHCOCH,O0,, peroxy radical formed from methyl
vinyl ketone (MVK) oxidation; MALO, is C4H30,4, acylperoxy radical from OH reaction
with butenedial (BIGALD1), a product of aromatic oxidation; MBONO;0, is CsH;,NO,
peroxy radical from NO3; + MBO; MBOO, is CsH;,0,4, peroxy radical from OH+MBO; MCO;
is CH,CCH;CO3, peroxy radical from OH abstraction reaction with methacrolein (MACR);
MDIALO, is C,H;0,, peroxy radical from OH addition to BIGALD1; MEKO, is C,H-03,
peroxy radical formed from methyl ethyl ketone (MEK) oxidation; NTERPO, is
C1oH1¢NOs, peroxy radical from NO;z + terpene chemistry; PHENO,is C4H,0g, bicyclic
peroxy radical from phenol; PO, is C3HsOHO,, propene-derived peroxy radical; TERPO,
is C;oH1703, peroxy radical from terpenes + OH; TERP,0, is C;,H;50,, peroxy radical
from lumped terpene product oxidation; TOLO, is C;HqOs, bicyclic peroxy radical from
toluene; X0, is CsHqOs5 , peroxy radical from unsaturated hydroxyhydroperoxide
(ISOPOOH), isoprene-derived epoxide (IEPOX), unsaturated hydroperoxyaldehyde, from
isoprene chemistry (HPALD); XYLENO, is CgH;;05, bicyclic peroxy radical from
OH+xylenes chemistry; XYLOLO, is CgH;, O, bicyclic peroxy radical from OH + dimethyl
phenol from xylenes oxidation (XYLOL) chemistry.

The WRFchem model simulations for EMeRGe were provided by Dr. Andrien Deroubaix,
Institute of Environmental Physics, University of Bremen, Bremen, Germany
(Adrien.Deroubaix@iup.physik,uni-bremen.de).
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3.3.3 MECO(n) model

MECO(n) is short for MESSy-fied ECHAM and COSMO/MESSy models nested n times
which was developed by the Institut for Atmospheric Physics of DLR (German Aerospace
Center). The Modular Earth Submodel System (MESSy) (Jockel et al., 2005) is a software
and a framework for the assembly of Earth System Models (ESMs). The European Centre
- Hamburg (ECHAM) model evolved originally from ECMWEF (Roeckner et al., 2003;
Roeckner et al.,, 2004). The Consortium for Small-scale Modeling (COSMO) (Doms and
Baldauf, 2013) is a collaboration of meteorological institutes and research organisations
in Europe and the Climate Limited-Area Modeling (CLM) community extended the COSMO
model to be able to run long-term simulations, the resulting modelling system is called
COSMO-CLM (Rockel and Geyer, 2008). The MECO(n) model system (Kerkweg and Jockel,
2012b; Hofmann et al., 2012; Mertens et al., 2016; Kerkweg et al., 2018; Kerkweg and
Jockel, 2012a) consists of the global chemistry-climate model ECHAM/MESSy
Atmospheric Chemistry (EMAC) model and the regional chemistry-climate model
COSMO-CLM/MESSy. MECO(n) model provided three different horizontal resolutions:
CM50, 50 km horizontal resolution, 131 X 121 horizontal grid boxes, timestep length =
240 s; CM12, 12 km horizontal resolution, 245 X 221 horizontal grid boxes, timestep
length = 120 s; CM7, 7 km resolution, 330 X 310 horizontal grid boxes, timestep length =
60 s. The model refinements were applied with 40 terrain following vertical levels from
the surface up to around 20 km. Aqueous-phase chemistry in clouds and wet deposition
are simulated with the combined explicit scavenging (SCAV) submodel (Tost et al., 2006;
Tostetal, 2007; Tost et al,, 2010). The big leaf approach (Wesely, 1989) was used for the
dry deposition of chemical species. The Module Efficiently Calculating the Chemistry of
the Atmosphere (MECCA) submodel (Sander et al., 2011) was used to simulate the
chemical kinetics. Mainz Isoprene Mechanism ver.1 (MIM1) (Péschl et al., 2000) was used
for the isoprene and selected NMHCs chemistry simulation. The long-lived greenhouse
gases (CO,, CHy, and N,0) and chlorofluorocarbon (CFC) concentrations were taken from
the Representative Concentration Pathways (RCPs) (Moss et al., 2010) 8.5 emissions
scenario. The emissions from biomass burning and agricultural waste burning use the
RCPs emission inventory (except for the biomass burning missions in 2017). The
Emissions Database for Global Atmospheric Research (EDGAR) (Janssens-Maenhout et al.,
2019) 4.3.1 monthly resolution for the year 2010 was used for the anthropogenic
emissions. The emissions of NOx from soils and biogenic VOC are calculated from the
meteorological conditions following the empirical model of global soil-biogenic NOx
emissions (Yienger and Levy, 1995) and a global model of natural VOC emissions
(Guenther et al,, 1995). The modelling of global lightning distributions in GCM (Price and
Rind, 1994) was used for the lightning NOx emissions. The RO3 in this model is defined
as:

= HO, + CH30, + ISOOH + CH3C00, + CH;COCH,0,

RO;MECO(n)
E 3-4
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where HO, is the hydroperoxyl radical; CH;0, is the methylperoxy radical; ISOOH is the
product from isoprene + OH oxidation; CH3COO, is the product from CH;CHO and HO,;
CH;COCH,O0, is the product from acetone and HO,; C,;H50, is the product from ethan +
OH oxidation.

The MECO(n) model results for EMeRGe were provided by Dr. Mariano Mertens, Institute
for Atmospheric Physics, DLR, Oberpfaffenhofen, Germany (mariano.mertens@dlr.de).
The provided data has the resolution CM12 for EMeRGe in EU and CM7 for EMeRGe in
Asia.

3.3.4 Box model setups

The box model is a gas-phase chemistry mechanism operating freely, constraining the
measurements without considering aerosol mechanisms. The detailed setups are
described as follows: A chemistry mechanism was developed for box (Poisson etal., 2001)
and global (Kanakidou and Crutzen, 1999; Poisson et al., 2000) modelling studies, initially
coupled to the global 3-D climatological tropospheric transport model (CTM) MOGUNTIA
(Model Of the Global Universal Tracer Transport In the Atmosphere) (Zimmermann,
1988). The chemistry model scheme which was developed for the box modelling study is
then further developed and updated (Poisson et al., 2000; Myriokefalitakis et al., 2008;
Myriokefalitakis et al, 2020) by the Environmental Chemical Processes Laboratory
(ECPL), Department of Chemistry, University of Crete. The MOGUNTIA chemical scheme
was implemented in the global 3-D CTM chemistry Transport Model, version 5 (TM5)
(Krol et al., 2005) in the massively parallel version (TM5-MP) (Williams et al., 2017)
which has a resolution of 1° X 1° globally. The mass-conserving tracer transport
(Bregman et al., 2003) was applied in the box model. The meteorological field was taken
from the ECMWF ERA-Interim reanalysis (Dee et al., 2011) with an update frequency of 3
h. The slopes scheme (Russell and Lerner, 1981) was used as the advection scheme and a
comprehensive mass flux scheme (Tiedtke, 1989) is used for the deep and shallow
cumulus convection parameterisation. The dry and wet deposition scheme was taken
from the atmospheric aerosol distribution in European Community Earth System Model
(EC-Earth) v3.2.0 (de-Bruine et al., 2018). The Community Emissions Data System (CEDS)
(Hoesly et al., 2018) was used for the anthropogenic emissions and the gridded historic
global inventories (van Marle et al.,, 2017) developed for Coupled Model Intercomparison
Project Phase 6 (CIMP6) (Eyring et al, 2016) was used for the biomass burning
simulation. The box model runs by constraining all the available trace gas measurements,
photolysis frequencies, and the basic aircraft data from the EMeRGe campaign. In cases
where the measurements are unavailable, the model employs interpolation methods to
estimate the values based on nearby values. When this isn’t feasible, the model runs with
its chemical mechanism and the scheme setups as described. The RO in this model is
defined as:
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RO3, . = HO, + CH30, + C,Hs0, + TERO, + MEKO, + C,05 + HYPO,
+ AROO, + HYEO, + ACO, + C4HoO + MVKO, + ISOPO, g 3.5
+ MACRO, + NH,0, + C3H,0,p + C3H,0,s

where HO, is the hydroperoxyl radical; CH;0, is the methylperoxy radical; C,H50, is the
product from ethan + OH oxidation; TERO, is C;yH;,03, peroxy radical from terpenes +
OH; MEKO, is C,H,03, peroxy radical formed from MEK oxidation; C,05 is CH;COO,, the
product from CH;CHO and HO,; HYPO, is C;H¢OHO,, propene-derived peroxy radical;
AROO, peroxy radical from lumped aromatics product oxidation; HYEO, is C,H;00,,
hydroxyethylperoxy radicals; ACO, is CH;COCH,0,, peroxy radical from acetone; C,Hq0,
is the peroxy radical from butyl; MVKO, is CH,CHCOCH,O0,, peroxy radical formed from
MVK oxidation; ISOPO, is HOCg;HgO, , isoprene peroxy radical; MACRO, is
CH;COCHO,CH,0H, peroxy radical from OH addition to methacrolein; NH,0, is the
amino peroxy radical; C3H,0,p is CH;CH,CH,0,, the primary isomer of propylperoxy
radical; C3H;0,s is CH;CHO,CH3, the secondary isomer of propylperoxy radical.

The box model simulations for EMeRGe were provided by Dr. Maria Kanakidou,
Environmental Chemical Processes Laboratory (ECPL), Department of Chemistry,
University of Crete, Heraklion, Greece (mariak@uoc.gr).

3.3.5 FLEXTRA model

The Flexible kinematic Trajectories (FLEXTRA) 5.0 model (Stohl et al., 2001; Stohl et al,,
1995) was used to calculate the air mass back trajectories during the EMeRGe campaign.
The model employs the ECMWF ERAS reanalysis meteorological data ata 0.25° horizontal
resolution. The trajectories were calculated every 10 mins of flight time and 10 days in
the past. Post-processed scalar information of FLEXTRA (SCALTRA) provides additional
information over the boundary layer conditions.

The FLEXTRA model results for EMeRGe were provided by Dr. Mihalis Vrekoussis,
Laboratory for Modeling and Observation of the Earth System (LAMOS), Institute of
Environmental Physics, University of Bremen, Bremen, Germany (mvrekous@uni-

bremen.de).

3.3.6 HYSPLIT model

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et
al, 2015) was developed by the National Oceanic and Atmospheric Administration
(NOAA) Air Resources Laboratory (ARL). The model is widely used for atmospheric
trajectory and dispersion calculations. The model was used to calculate the transport and
dispersion of CO emissions over 6 days during the EMeRGe campaigns over I0Ps. The
model used the meteorology data from the operation ECMWF where it concatenates the
initial state and the first eleven hours of the forecast from successive forecasts datasets
(0-12UTC daily). The meteorological data featured a time step of 1 hour and 137 vertical
levels and was horizontally interpolated onto a 0.1° latitude-longitude grid for use with

43


mailto:mariak@uoc.gr
mailto:mvrekous@uni-bremen.de
mailto:mvrekous@uni-bremen.de

Methodology

the HYSPLIT model. The CO emissions were taken from the EDGAR HTAP V2 (Janssens-
Maenhout et al,, 2015) emission inventory (monthly gridmaps 0.1° X 0.1° for the year
2010). The CO outputs from the model indicate the enhancements in the plumes which
means that the CO accumulated in the background is not included. The model provides
the CO mixing ratio of the whole 6 days accumulation period and the different individual
age periods of 0 - 3 hrs, 3 -6 hrs, 6 - 12 hrs, 12 - 24 hrs, 24 - 48 hrs, 48 - 72 hrs, 72 - 96
hrs, and 96 - 144 hrs. Furthermore, the model also provides the average age of CO
contributions through arithmetic contributions. For the EMeRGe in EU, the available
source regions include Berlin, Benelux, London, Milan, Munich, Paris, Rome, and Spain.
For the EMeRGe campaign in Asia, the available source regions include Beijing, Manila,
Osaka, Pearl River Delta, Seoul, Taipei, and Yangtze River Delta.

The HYSPLIT model results for EMeRGe were provided by Dr. Robert Baumann, Institute
of Atmospheric Physics, DLR, Oberpfaffenhofen, Munich, Germany
(robert.baumann@dlr.de).

3.3.7 Radical photostationary steady state (PSS) expression

The peroxy radicals are short-lived in most environments, therefore, the RO;
concentration is expected to be in a photostationary steady state (PSS) where the
production and loss rate of RO} is balanced.

Under this assumption, an analytical expression is used for the calculation of the RO}
based on the works of George, 2022; George et al., 2023. The calculations are adjusted and
constrain the HALO onboard measurements. The main production reactions of RO3
considered in this work are:

hv (A <320 nm)

0; —————— 0('D) + 0, R3-1
0(*D) + H,0 - 20H R3-2
0(*D)+ 0, - 0(*P) + 0, R3-3
0(*D)+ N, - 0(®P) + N, R 3-4
hv (1 <400 nm)
HONO ———S 0H + NO R 3-5
h
H,0, - 20H R3-6
OH + 05 - HO, + 0, R3-7
OH + CO + 0, » HO, + CO, R 3-8
OH + CH, + 0, - CH;0, + H,0 R3-9
hv (1 <340 nm)
HCHO + 20, ————— 2HO0, + CO R3-10
hv (1< 340 nm)

CH3;CHO + 20, —————— CH30, + HO, + CO R3-11

hv (A <340 nm)
CH;C(0)CH; + 20, —————— 2CH30, + 2C0O R3-12

hv (1 <340 nm) R3-13
CH;C(0)CH; + 20, ————— CH,5C(0)0, + CH;0,

hv

CHOCHO + 20, — 2HO, + 2C0 R 3-14
OH + HCHO +0, - HO, + CO + H,0 R3-15
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OH + CH3CHO +0, A CH;C(0)0, + H,0 R 3-16
OH + CH;C(0)CH; - CH;C(0)CH, + H,0 R3-17
OH + CH;0H +0, - CH,0 + HO, + H,0 R 3-18
OH + CHOCHO +0, —» HO, + 2C0 + H,0 R3-19

Reactions R 3-3 and R 3-4 do not produce OH or RO; directly, but will influence the OH
yield by reacting with O(*D) will be used in the later calculations. There are second
channels for reactions R 3-10 and R 3-11 that do not produce proxy radicals therefore, the
reactions are not listed.

The loss process reactions of RO} considered in this calculation are:

M
HO,+ HO, — H,0, + 0, R 3-20
HO, + CH;0, - CH;00H + 0, R 3-21
CH;0, + CH;0, » CH;0H + HCHO + 0, R3-22
OH 4+ HO, - H,0 + 0, R 3-23
M
OH + OH - H,0, R 3-24
OH + OH - H,0 + 0(®P) R3-25
M
OH + NO - HONO R 3-26
M
OH + NO, - HNO, R3-27
OH 4+ HONO - H,0 + NO, R3-28
M
CH;0 + NO = CH;0NO R 3-29
HO,+ NO, - HO,NO, R 3-30

The OH, RO and RO participate in radical interconversion reactions:

HO, + NO - OH + NO, R 3-31
HO, + 05 » OH + 20, R 3-32
CH3;0, + NO — CH;0 + NO, R 3-33
CH;0, + CH30, - 2CH50 + 0, R 3-34
CH;0 + 0, » CH,0 + HO, R 3-35
OH + 0; - HO, + 0, R3-7
M

OH 4+ CO + 0, CO, + HO, R 3-8

OH + CH, + 0, » CH30, + H,0 R 3-9

OH + HCHO + 0, » HO, + CO + H,0 R 3-15
OH + CH3CHO +0, A CH;C(0)0, + H,0 R 3-16
OH + CH3C(0)CH; —» CH3;C(0)CH, + H,0 R3-17
OH + CH;0H +0, - CH,0 + HO, + H,0 R 3-18
OH + CHOCHO +0, - HO, + 2C0O + H,0 R3-19
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Based on the PSS assumption the relation between the production/loss rate of RO; and
the concentraiton of RO3 start with the balance between the production (Pgrg;) and loss
(Lro3) rates:

PR0; = LR0; E 3-6

Pro; is the sum of all the RO; produced from reactions R 3-1 to R 3-14 for which

measurements are available, specifically involving the photolysis of 03, HONO, HCHO,
CH3C(0)CH3, and CHOCHO:

PR0; =2 'f(R 3-1) - [03]
. < k(R 3-2) - [H,0] )

k(R 3-2) - [H,0] + k(R 3-3) - [0,] + k(R 3-4) - [N,]
+j(R3-5) - [HONO] + 2 - j(R 3-10) - [HCHO] + 2 - j(R 3-11)
- [CHsCHO] + 2 - (j(R 3-12) + j(R 3-13)) - [CH5C(0)CH;] + 2
-j(R 3-14) - [CHOCHO]

where j is the photolysis rate of the corresponding reactions; k is the reaction constant for
the corresponding reactions; [X] is the concentration from the measurements. For
simplicity of the calculation, the production of CH3C(0)0; from R 3-13 is treated as CH30,.
The effective yield of OH in the reaction of O(*D) with H,0 is defined as f for simplicity:

k(R 3-2) - [H,0]

B = i R3D) 0] + k(R3-3) - [0,] + k(R3-4) -[N,]

E 3-8

Lroy consists of 2 parts, the radical-radical reactions concerning reactions R 3-20 to R
3-22, and the radical losses through HONO and HNO; formation. R 3-6 leads to:

(2-j(R3-1)-[05] - B + j(R3-5) - [HONO]) - (1 — p) + 2 - j(R 3-10) - [HCHO]
+2-j(R3-11) - [CHsCHO] + 2 - (j(R 3-12) + j(R 3-13))
- [CH5C(0)CHs] + 2 - j(R 3-14) - [CHOCHO]
=& [RO3]- (k(R 3-31) - [NO] + k(R 3-32) - [0s]) - p + 2 £3-9
‘k(R3-21)-65-(1—06) - [RO3)*+ 2 k(R 3-22)
(1= 8) - [RO3])* + 2 - k(R 3-20) - (5 - [RO3])?

Where (1 — p) accounts for the effective yield of HO, and RO, production through radical
initiated reactions R 3-2, R 3-5, R 3-7, R 3-8, R 3-9, and R 3-15 (where only the measured
VOCs are considered). p is then accounting for the radical termination through the
reactions from R 3-26 to R 3-28 over the radical undergoes OH to peroxy radical
conversion. § is the ratio of the HO, to RO3 (i.e. [HO,] = 6 - [RO3],[CH50,] = (1 —§) -
[ROZ]).
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p = (k(R 3-26) - [NO] + k(R 3-27) - [NO,] + k(R 3-28) - [HONO])
/(k(R 3-7) - [05] + k(R 3-8) - [CO] + k(R 3-9) - [CH,]
+ k(R 3-10) - [HCHO] + k(R 3-11) - [CH;CHO] + k(R 3-12)
- [CH5C(0)CHs] + k(R 3-18) - [CH50H] + k(R 3-19)
- [CHOCHO] + k(R 3-26) - [NO] + k(R 3-27) - [NO,]
+ k(R 3-28) - [HONO])

E3-10

Equation E 3-9 is quadratic in terms of [RO3], and therefore, the calculated RO} is
determined as one of the solutions (with positive values) to this quadratic equation:

—(~Lgos) - \/Lio; =4+ (=2 kgoy) - Pro; E3-11
2 " (—2 - kRO’z")

[ROE]C =

As defined previously,

kro; = k(R 3-21) - 8- (1 — 8) + k(R 3-22) - (1 — 8)? + k(R 3-20) - 6?2 E3-12
Pro; = (2-j(R3-1) - [03] - B + j(R 3-5) - [HONO]) - (1 — p) + 2+ j(R 3-10)
-[HCHO] + 2 - j(R 3-11) - [CH;CHO] + 2 - (j(R 3-12) E3-13
+j(R 3-13)) - [CH5C(0)CH5] + 2 - j(R 3-14) - [CHOCHO]
Lro; = & - (k(R 3-31) - [NO] + k(R 3-32) - [05]) - p E3-14

& was set to 0.5 in kpp: and in the PSS calculation as a weighted rate coefficient of RO

self-reactions, assuming that HO, = RO, in RO5.
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4. Results and Discussion Part I: Rayleigh scattering cross-sections
experimental determination at 408 nm

The Rayleigh scattering cross-sections, ogay1, of selected gases have been determined

experimentally with the three CRDS detectors and two different setups mentioned in
sections 3.1.1 and 3.1.4.

In this study, the ORayl. of nitrogen, N, oxygen, O,, argon, Ar, carbon monoxide, CO, carbon
dioxide, CO,, nitrous oxide, N,0, methane, CH, molecules and synthetic air (SA) are
determined. The theoretical og,y values are calculated using n-based calculation
equation E 2-13 based on the refractive index values, n and the correction of the
depolarisation ratio, Fg(A). The comparison among the og,, measurements of this work,
the available og,y; measurements from other publications at the nearby wavelength, and
the n-based og,y values will be discussed in a later section. An example of the
determination of og,y. for O, with the CRDS measurements is shown in Figure 21. A 1st
order linear fit is applied to the loss rate, 1/(t - ¢)[cm~!] (where T is the ring-down time,
c is the speed of EM radiation) and the corresponding number density N of the molecules
of interest [molec.- cm™3]. According to equation E 2-30, the slope of the fit is the Rayleigh
scattering cross-section [cm?]. The offset value of the empty cell results from the

combined effect of the mirror cleanliness, the alignment of the CRDS mirrors of the cavity,
and the molecule absorption on the surfaces of the CRDS mirror.
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Figure 21: Example of CRDS measurement for the 0gqy, determination of Oz at 408.4 nm using setup 3. Panel a)
shows the continuous mode with discrete pressure changes 300 = 700 = 300 hPa with 50 hPa pressure
differences, 90 min total measurement duration (5 min each step), 4115 signal points; Panel b)shows ramp mode
with continuous pressure change from 350 hPa to 1000 hPa, 11 min measurement duration, 695 signal points.
The measurements are depicted as blue filled circles in panel 1)for ringdown time signal over time and in panel
2) for loss rate over number density. The orange filled circles in panel 1) represent the residuum of the ring-down
time signal from the non-linear least-squares fit, while the orange filled circles in panel 2) represent the residuals
of the loss rate measurements to the loss rate fit. The red dashed lines in panel 2) represent the linear fit. The slope
of the fitted lines corresponds to the determined 0¢,ray1)-
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Table 6. Configurations of the pulse generator used to improve the performance of setup 2.
Confl original setup

Conf2 | Replace the Stachl pulse generator with signal generator DG535, Stanford Research Systems,
Inc.
Conf3 Replace the power supply of the Stachl pulse generator to the VOLTCRAFT lab power supply

Conf4 Replace the Stachl pulse generator with Stanford Research Systems DG535 and clean the
cavity mirrors thoroughly

Several optimisations have to be made during the experiment to improve the stability of
different setups. In the early experiments of the oy, (ray1) determination, the results of
setup 2 show around 5 times lower reproducibility compared to setup 1 both using
continuous mode. As mentioned in section 3.1.1, setups 1 & 2 are equipped with a
customised TTL pulse generator from the company Stachl, which uses the 12V power
supply from the dedicated power distribution of the detector. The Stachl pulse generator
has sufficient accuracy and low noise for the PeRCEAS detector, which is intended for the
measurement of NO, extinction in 10™*° cm? order of magnitude. The noise of this pulse
generator was proven not to be adequate for the determination of the og,y in the 10726
cm? order of magnitude. Therefore, a cleaner power supply and/or a more accurate pulse
generator were required to improve accuracy. To address this issue, the pulse generator
system of setup 2 was replaced, and four different configurations of tests were conducted,
as shown in Table 6.

Confl e Conf2 Conf3 Conf4
1.62E-26
1.60E-26 §
1.58E-26 ) 5
1.56E-26

o (cm?)

1.54E-26 - ]
1.52E-26

1.50E-26
3.6 106 17.6 246 1.7 87 157 227 297 58 128

Date of 2019

Figure 22: Retrieved Oy, (ray1) With the configurations of setup 2 described in Table 6.

The test results depicted in Figure 22 indicate a significant improvement in
reproducibility (~ 10 times lower standard deviation) after replacing the pulse generator
system setup 2. This confirms that the original setup of the pulse generator was not
accurate enough to provide a stable pulse for the measurement. The effect from the power
supply seems not to be significant after cleaning the mirrors. Consequently, all
measurements with setup 2 were performed using Conf4.
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4.1 Nz O (Ray1) determination

All three setups were used to determine the N, Rayleigh scattering cross-section at 408
nm. Measurement procedure 1 (section 3.1.4.1) is used for all three setups; measurement
procedure 2 (section 3.1.4.2) and procedure 3 (section 3.1.4.3) are applied for setup 3.
The gas used in this study were from Air Liquide Alphagaz™ 1 N, (purity of 2 99.999 mol
%) and Alphagaz™ 2 N, (high purity N,, HPN,, purity of = 99.9999 mol %). For more
details about the N, gas supply please check appendix A 1. The different conditions for the
experiments with measurement procedure 1 are summarised in Table 7.

Table 7: Measurement conditions for the determination of Oy, (ray1,) Using measurement procedure 1.

Name Setup | Pressure range (hPa) | Step duration (mins) | Step P difference (hPa)
Condition 1 1 300-500 10 100
Condition 2 1 300-500 10 50
Condition 3 2 300-500 10 50
Condition 4 2 300-700 10 100
Condition 5 3 300-700 5 50

The measured oy, ray1) are compared with the oy, ray1) calculated with E 2-13 and E
2-14 from the measured refractive index and depolarisation ratios. The N, refractive
index, ny,, in the wavelength range of 254 nm <A < 468 nm is given by Bates, 1984; Sneep

and Ubachs, 2005 based on the measurements of Peck and Khanna, 1966 and Abjean,
1970 scaled to 15 °C and 1013.15 hPa:

318.81874 x 1012
1.44 x 1010 — 92

(ny, — 1) x 108 = 5677.465 + E 4-1

Based on the measurements by Alms et al., 1975, Bridge and Buckingham, 1966 and
calculations by Oddershede and Svendsen, 1982, the dispersion relation for the
wavelength dependent King correction factor of N,, F N, (V), is given by Bates, 1984:

FyN,(¥) = 1.034 + 3.17 x 10~ 1% - 92 F 4.2

where ¥ is the wavenumber (V = 1/A) incm™1.
Then the corresponding n-based oy, (ray1) vValues and the refractive index of N, for
different setups are calculated by convoluting the calculated oy, (ray1) and n with the

Gaussian fit of the laser spectrum at its full-width half maximum (FWHM). Note here that
the convoluted n values are needed in E 2-29. An example of the convolution is shown in
Figure 23. The calculated results of oy, (ray1) and n are shown in Table 8, as “n-based

ORrayl.” and “n (refractive index)”.
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Figure 23: a) Convolution of the calculated oy, (ray) (red filled circles) or b) the calculated refiactive index
ny, (green filled circles) ) with the Gaussian fit (orange line) of the spectrum of setup 3 at FWHM, aka, from 407.9
nm to 409.0 nm. The blue filled circles are the original measurements of the spectrometer.

Table 8 summarises the oy, ray1) retrieved for all setups with two procedures. All the
measurements for the ramp mode are retrieved at a pressure range between 350 hPa and
1000 hPa. The mean values for different conditions for the same setup agree within the
experimental error: conditions 1 & 2 for setup 1, conditions 3 & 4 for setup 2, and
condition 5 and ramp mode for setup 3. The pressure range and the step P difference do
not have a significant effect on the determination of the oy, (ray1)- Therefore, the results

are grouped by the laser peak emissions of the setups, and the later discussion for the
other molecules will not be differentiated between pressures. The differences between
the measured and calculated values for the continuous mode of setup 1, 2, as well as the
ramp mode of setup 3, were found to be - 1.12 %, - 1.35 %, - 3.22 %, and - 3.63 %,

respectively. The differences between the measured and calculated oy,rgray) are
calculated as: Gmej‘:‘_wx 100 % . The Oppn,(rayl) agrees within the standard
n-based

deviation of oy, (ray1) for all setups and measurement modes.

Table §: Measurement results for the determination of oy, (ray). The calculated values of n-based oggy,. are

included for reference. The error is reported as the 2o standard deviation of the mean values. C: condition. Nz and
HPN: results are both included.

mode Continuous mode | Ramp mode
Setup 1 2 3
Group C1 | C2 | overall | C3 | C4 | overall | C5 | overall
n-based o gy,
' 1.580 1.572 1.574
(x 10~%5cm?)
n 1.00028782 1.00028780 1.00028779
Mean
(x 10~26¢cm?) 1.564 | 1.562 | 1.562 | 1.552 | 1.554 | 1.552 | 1.521 1.515
20 std. dev.
(x 10-26¢m?) 0.020 | 0.017 | 0.018 | 0.003 0.003 | 0.016 0.014
Median
(x 10-26¢m?) 1.563 | 1.560 | 1.561 | 1.552 | 1.554 | 1.553 | 1.522 1.511
Number of measurements 3 13 16 4 1 5 14 11

The reproducibility was studied during the series of measurements for setups 1 & 2 (see
Figure 24). The mean value obtained for setup 1 is reasonably good, but the increase in
the standard deviation between the experiments in January (1.559 + 0.011 cm?) and May
(1.563 + 0.020 cm?) was due to a potential HCl contamination of the mirrors in setup 1
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related with experiments carried out between January and May 2019. This affected the
stability of the setup but the mean values are still valid.

= Condition 1 Condition 2 Condition 3 = Condition 4

2.1 16.1 30.1 25.4 9.5 23.5 6.6 20.6 4.7 18.7 1.8 15.8
Date of 2015

Figure 24: Reproducibility of the Oy, ray1) determined by with setup 1 & 2 in continuous mode. The error bars
represent the 2o standard deviation of the mean values.

The experiments are designed in a way to keep as much as possible the conditions
controlled. In reality, it is necessary to check the quality of the data and make the
necessary screening. In this work, the cavity temperature, frequency of the laser switch-
off, and the 1, of an empty cell are selected as key indicators for the quality control and
screen of the experiments before elaborating the final results. An example of
measurement quality control for N, with setups 1 & 2 is shown in Figure 25. The
temperature of the cavity was kept under 25 °C for this work and the temperature varied
for each experiment less than 0.5 °C so that the lasers worked with minimum temperature
interferences from the ambient environment. As mentioned in section 3.1.1, the laser
output is modulated with a switch-off threshold at 0.1 V. The switch-off frequencies
primarily depend on the CRDS mirror cleanliness, molecules inside the cavity, the degree
of alignment of the cavity, and the CPU power of the PXI computer. Therefore, the
frequency can be used as an indirect indicator of the signal quality. When a retrieved oggy;.
has obvious low or high values or higher standard deviations compared to the results
from the other measurements of the same setup, the experiment will be reviewed. The T,
is directly affected by the cleanliness of the CRDS mirrors and the alignment of the cavity.
To(N,) decreased gradually up to 15 % over the series of measurements (over 3 weeks)
without cleaning the CRDS mirror. This decrease might be related to a gradual gas
saturation of the CRDS mirror surface. The t signal decrease with continuous N, flow in
the cavity during one measurement (90 mins) is < 0.3 pus (2 %). The 1, recovers after
cleaning the CRDS mirrors at the best alignment. In the presented example in Figure 25,
the retrieved oy, (ray1) do not correlate with the variations observed in the selected

indicators. The data control procedures are similar for all the molecules measured by all
the setups and conditions as presented in the following sections. Therefore, the
corresponding plots for all the other molecules will be shown in the Appendix.
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Figure 25: Variability of the experimental quality control indicators during the determination of oy, (ray1) for
setup 1&2 over the time of the measured a) cavity temperature, b) frequency of the laser, and c) © of the cavity.
The numbers 1), 2) and 3) are the oy, (ray1) relative to the measured parameters a), b), and c), respectively.

When flowing N, through the cavity, a continuous and significant decrease in the t signal
at constant temperature and pressure is observed before a stable signal is reached. The
ring downtime decreases further within a few days and does not recover till the CRDS
mirrors are cleaned. Please note here that within these few days the cavity has continuous
N, flow during the measurement period (8 hours) and the system is shut down during the
night. The decreasing rate of T reduces non-linearly with constant N, flow through the
cavity. To minimise the time required for cavity stabilisation, N, was filled inside the
cavity at 300 hPa overnight without N, flow continuously before the ramp mode
experiment. A stable T signal was reached typically 6 hours after closing the cavity. Such
a procedure ensures a stable system ready for a ramp experiment on the following
morning.
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Figure 26: Long-term change of the ring downtime signal of setup 3 from 03-02-2021 to 04-02-2021 when the
cavity is filled with N>. The blue filled circles are the t signal. In yellow are highlighted the t signal drops with N:
flowing continuously through the cavity and in red the t signal increases when the cavity is flushed and filled with
N:.

Figure 26 shows a representative example of the T variation during the experiment. At the
beginning of the plot, stable T was observed after 8 hours of stabilisation. As soon as N,
start to flow into the cavity (marked in yellow, pressure and temperature are stable), the
T signal drops continuously over the day. When the N,-filled cavity is closed under
pressure, the t recovers over the night (marked in red). Since all system tubes have been
replaced with stainless steel except for the exhaust, the possibility of permeation of gases
(especially water) is very low. Another possible source of humidity is the lab air through
the leak of setup 3 at the rate of 0.02 hPa/min. The error in the determination of
ORayl, related to this water will be discussed in the error analysis in section 4.11.4. The

leak of the cavity does not explain the T signal increase overnight. One hypothesis to
explain this behaviour is that impurities from the N, (= 99.999 mol % Alphagaz™ 1,
AirLiquide S.A.) gas may stick to the cavity mirror when continuous N, flows through the
cavity. This will reduce the reflectivity of the CRDS mirrors and explain the continuous t
drop. According to this, the T should reach a stable value when the mirror is fully saturated
with impurities. However, this is not observed even after more than 48 hours of
continuous flow. In contrast, when the cavity is closed, no more impurities enter the
cavity. The impurities on the cavity mirror surface have a higher concentration than in the
cavity air. Consequently, the impurities diffuse from the mirror surface to the cavity air
gradually over time. The mirror reflectively is gained back gradually until a balance is
reached. This explains why the t increased and stabilised overnight. This hypothesis was
tested experimentally. As setup 3 has better tightness than setups 1 & 2 and is more
sensitive, it should be more suitable to identify a possible effect coming from impurities
in the added gases. Higher purity N, gas (= 99.9999 mol% Alphagaz™ 2 from AirLiquide
S.A.) with lower hydrocarbon impurities than the N, gas used in the previous experiments
was tested. The higher N, purity did not affect the T drop over time or the value of the
retrieved oy, (ray1)- Other potential NOx-related impurities in N2 are difficult to determine
by the manufacturer and cannot be ruled out. During the weekly period, the t decreases
significantly (~ 8 %). Therefore, the cavity mirrors are cleaned weekly.
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4.2 02 0 (Ray1) determination

The oxygen used in this study is from Air Liquide oxygen N48 which has a purity of >
99.998 mol % with Ar < 10 ppmv. For more details about the gas supply please check
appendix A 1. The Rayleigh scattering cross-section of oxygen, 0g,ray1), has been
determined from CRDS measurements made with all three setups using continuous mode
and setup 3 using ramp mode at 408 nm. The refractive index of Oz, ng,, is given by Bates,
1984; Sneep & Ubachs, 2005 for wavelength from 288 nm to 546 nm at 0 °C and 1013.15
hPa as:

2.480899 x 103

—1)x108 = :
(no, —1) x 10 20564.8 + -0~ — - ——

E 4-3

The 0, King correction factor of wavelength dependent, F,0,(V), was given by Bates,
1984 as:

F0,(¥) = 1.09 + 1.385 X 10711 - 92 + 1.448 x 10720 - 7% o

where ¥ is the wavenumber (V = 1/1) in cm ™1,

Table 9: Measurement conditions for the determination of 0y, ray1)) Using continuous mode.

Name Setup | Pressure range (hPa) | Step duration (mins) | Step P difference (hPa)
Condition 1 1 300-500 10 50
Condition 2 2 300-500 10 50
Condition 3 3 300-500 2 50
Condition 4 3 300-700 2 100
Condition 5 3 300-700 5 50

The continuous mode conditions for the determination of 0¢,(ray1) are summarised in
Table 9. The calculated 0, (ray1) are similar convolutions as shown in Figure 23 and are
presented in Table 10 as “n-based oggy1.”. The 0¢,(ray1) results indicate that the pressure
range and the step pressure difference do not affect the determination of the og,y; when

using continuous mode. In the experiment of O,, different step times are introduced for
the experiments with setup 3. All of the 0q,(ray1) results are summarised in Table 10.

Additional information about the quality control plots is shown in appendix A 2 and A 3.

The 0¢,(ray1) retrieved from setup 3 using continuous mode at different conditions agree

within the experimental errors. Conditions 3 & 4 using a shorter step time (2 mins) give
a higher standard deviation compared to condition 5. This indicates that the system needs
more time for pressure stabilisation after each change in the cavity pressure. Although
the stability of the signal is reduced, therefore, the larger standard deviation of o, ray1,),

the mean 0, ray1) does not change significantly. The measurements with different step
times are not grouped separately but considered in the overall mean calculation of ogay
for the continuous mode. The determined results using continuous and ramp modes agree
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within their experimental errors for setup 3. The differences between the measured and
calculated values for the continuous mode of setup 1, setup 2, setup 3 and ramp mode of
setup 3 are - 2.10 %, - 1.90 %, - 0.57 %, and - 0.44 %, respectively.

Table 10: Measurement results for the determination of 0¢,(ray1)- The calculated viues of n-based 0gqy and n
(refractive index) are included in the reference. The error is reported as the 2o standard deviation of the mean
values. C: condition.

mode Continuous mode ETTTE
mode
Setup 1 2 3
Group C1 C2 C3 | C4 I C5 | overall | overall
n-based ogg,y,.
(x 10-25cm?) 1.406 1.400 1.399
n 1.00027675 | 1.00027673 1.00027672
Mean (X 10~26cm?) 1.377 1.374 1.393 | 1.390 | 1.393 | 1.391 1.393
20 std. dev.
(x 10-26¢cm?) 0.012 0.008 0.010 | 0.006 | 0.003 | 0.006 0.004
Median
(x 10-26¢m?) 1.377 1.371 1.396 | 1.389 | 1.393 | 1.392 1.394
Number of measurements 2 7 3 11 9 23 6

In contrast to N,, the 1 signal of O, does not decrease with constant O, flow through the
cavity over time. The t variation is generally < 1.2 % over one hour. The long-term t,(0,)
variation is less than 0.2 us (~ 5 %) over 1 week without cleaning the CRDS mirrors. A
possible explanation is that the continuous O, flow into the cavity can clean the cavity
mirrors gradually. A cleaner surface will cause less EM radiation attenuations, i.e. higher
T signal.

4.3 SA O (Ray1) determination

Synthetic air used in this study was from the company Air Liquide ALPHAGAZ™ 1 Air
(synthetic air, SA, 299.999 mol %) and ALPHAGAZ™ 2 Air (high purity synthetic air, HPSA,
> 99.9999 mol %) with 20.5 mol. % O, mixed in N,. Alphagaz™ 1 Air is the mixture of
Alphagaz™ 1 N; and Alphagaz™ 1 O,. Alphagaz™ 1 N, does not contain Ar, but Alphagaz™
1 O, has Ar < 10 ppm, therefore, the mixture of SA has < 2.1 ppm Ar. In the case of
Alphagaz™ 2 Air, both Alphagaz™ 2 N, and Alphagaz™ 2 O, do not contain Ar. For more
details about the gas supply please check appendix A 1. For a known mixture of gas, the
ORayl. €an be calculated as (Bates, 1984):

OsA(Rayl) = f(N) - ON,(Rayl) T f(03)- 00,(Rayl.) E 4-5

where f(N;) and f(0;) are the fraction of the mixture. oy,gayi) and og,ray1) are

calculated using equations E 4-1 to E 4-4.

The refractive index, n, of a known mixture of gas, can be calculated in the case of SA
(Bates, 1984):

(nsa —1) = f(NR) - (ny, — 1) + f(02) - (no, — 1) E4-6
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The results are presented in Table 11, all the ramp mode experiments took the pressure
range between 300 hPa and 1300 hPa. As the oga(ray1) are often stable and reproducible,

SA is used as a reference gas during this study whenever a comparison is needed after
modification of the setups or the gases. The results presented in this section do not include
the SA measurements made for short tests. The differences between the measured and
calculated values for the continuous mode of setup 1, setup 2, setup 3 and ramp mode of
setup 3 are - 2.78 %, - 2.83 %, - 2.25 %, and - 0.79 %, respectively. The results obtained
by setup 3 in continuous and ramp modes agree within the experimental error. The
OHPSA(Rayl) agrees within the standard deviation of Ogaray) for all setups and
measurement modes. Additional information about the quality control plots is shown in
appendix A 5 and A 6.

Table 11: Measurement results for the determination of Osaray1)- The calculated viues of n-based orqy, and n

(refractive index) are included in the reference. The error is reported as the 2o standard deviation of the mean
values. SA and HPSA results are both included.

mode Continuous mode | Ramp mode
Setup 1 2 3
n-based 0 gqy; (X 10726cm?) 1.544 1.538 1.536
n (refractive index) 1.00027902 | 1.00027900 1.00027899
Mean (x 10~2°cm?) 1.501 1.495 1.502 1.524
20 std. dev. (x 10~26cm?) 0.005 0.009 0.018 0.014
Median (x 10-2°cm?) 1.500 1.495 1.499 1.523
Number of measurements 11 14 7 11

The 05a(ray1) values (appendix A 5) between 24-06-2019 and 07-08-2019 show larger
variability than in the other periods where the peak-to-peak difference of setup 1 is less
than 0.01x107%° [cm?] and of setup 2 is around 0.015x107%¢ [cm?]. The N, measurements
carried out with setup 2 in that period showed a similar variability (also see Figure 24).
This might be explained by stability changes related to set-up changes for the
measurement of other gases in between. The t, decreased ~ 4 us (~ 12 %) after the HCl
experiments with setup 1 agreed with the observed t, at the same period measuring with
N>. The T, variations for SA are normally below 0.2 ps (~ 0.6 %) over 2 weeks for all three
setups. The changes of 75 remained < 3 % for SA during 10 months. The cavity seemed to
be damaged and contaminated during the previous HCl tests, leading to higher T noise for
condition 2 and deviations in the ogaray1) determined. Interestingly, SA does not show
the fast temporal decrease of the T signal from N, (see section 4.1) despite N, being the
bulk constituent.

4.4 Ar 0 (Ray1) determination

The Ar used in this study was from Air Liquide Alphagaz™ Ar (purity = 99.999 mol %). For
more details about the gas supply please check appendix A 1. The Rayleigh scattering
cross-section of argon, Our(rayl) , has been determined at 408 nm with CRDS
measurements made with three setups using continuous mode and setup 3 using ramp
mode. The refractive index of Ar, ny,., was measured by Peck and Fisher, 1964 at the
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wavelength range from 467.9 nm to 2056.8 nm. A dispersion relation valid from 303 nm
to 2000 nm is given by Sneep and Ubachs, 2005 scaled at 1013.15 hPa and 15 °C:

286.06021 x 1012
14.4 x 109 — 92

(ngr — 1) X 108 = 6432.135 + E4-7

where ¥ is the wavenumber (V = 1/A) incm™1.

Argon is assumed to be spherical, the depolarisation is taken to be zero, therefore, the
King correction factor of Ar, FAr = 1.

Table 12: Measurement results for the determination of Oay(ray1)- The calculated values of n-based ogqy,. are
included for reference. The error is reported as the 2o standard deviation of the mean values.

mode Continuous mode | Ramp mode
Setup 1 2 3
n-based ogqy;. (X 10726cm?) 1.358 1.353 1.351
n (refractive index) 1.00027162 | 1.00027161 1.00027160
Mean (x 10~2°cm?) 1.348 1.337 1.324 1.327
20 std. dev. (x 10~%°cm?) 0.013 0.008 0.014 0.017
Median (X 10~26cm?) 1.347 1.333 1.322 1.326
Number of measurements 11 9 48 13

The results of the experimental determined 0ar(ray1) are tabulated in Table 12. All the

ramp experiments have the same pressure range from 300 hPa to 800 hPa. In the setup 1
continuous mode experiments, a needle valve was used in the beginning and then
replaced by a mass flow controller, MFC. The results indicate that using a mass flow
controller will stabilise the system faster in terms of flow dynamics and speed up the
process of reaching the stable T signal at each pressure change. Note that only some of the
Ar experiments used a needle valve instead of an MFC for controlling the flow rate control
in the continuous mode. Setup 1 was used for the continuous measurements mode in two
periods before and after the HCI experiment (as mentioned in sections 4.1 and 4.3). The
mean Oarrayl) retrieved before and after HCl experiments are (1.347 + 0.006) X
107%¢ cm? and (1.351 + 0.015) X 1072 cm?®, respectively, where the Garray1) agree
within the experimental error but the standard deviation after HCI experiments is more
than two times higher. Similar effects are observed in the case of N, and SA. The
Oar(Rayl)determined in continuous and ramp modes agree within the experimental error
for setup 3. The continuous mode results for setup 3 show a higher standard deviation
because 29 out of 48 measurements are using 2 mins step time. As mentioned in section
4.2, a shorter step time will increase the standard deviation of the g,y retrieval because
the system was just reaching stable before changing to another pressure level. The
differences between the measured and calculated values for the continuous mode of setup
1, setup 2, setup 3 and ramp mode of setup 3 are - 0.74 %, - 1.21 %, - 2.01 %, and - 1.84
%, respectively. Additional information about the quality control plots for Ar is shown in
appendix A 8 and A 9.
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The t signal for Ar drops continuously when the flowing gas inside the cavity is at constant
pressure and temperature. The effect is similar to the case of N,. During the
measurements of Ar in continuous mode (5 weeks), the change in Ty was up to 18 %. The
T signal decrease with continuous Ar flow in the cavity during a 100 mins measurement
is < 0.4 ps (1.5 %).

4.5 CO; 0(Ray1) determination

The CO; used in this study was from Air Liquide CO, N48 (purity =2 99.998 mol %). For
more details about the gas supply please check appendix A 1. The Rayleigh scattering
cross-section of carbon dioxide, o¢g,ray1), has been determined at 408 nm with CRDS

measurements made with setup 3 using continuous and ramp mode. The refractive index
of COz, ncp,, is given by Sneep and Ubachs, 2005 based on the measurements of Bideau-

Mehu et al,, 1973 for wavelength between 180.7 nm and 1694.5 nm scaled to 1013.15 hPa
and 15 °C:

(ngo, — 1) x 10®
= 1.1427 x 101!

y ( 5799.25 s 120.05 .\ 5.3334
128908.92 — 72 ' 89223.82 — 2 ' 75037.52 — 72 E4-8
4.3244 1.218145 x 10~°
T 6783772 =32 T 2418.1362 — 97 )

Alms et al., 1975 measured the depolarisation of CO,. Sneep and Ubachs, 2005 give the
fitted dispersion relation for wavelength dependent King correction factor of CO,,
FxCO,(V), based on these measurements and the model function presented by Bates, 1984:

F,CO,(¥) = 1.1364 + 2.53 x 10~ 1#2 e

where ¥ is the wavenumber (V = 1/A) incm™1.

Table 13: Measurement results for the determination of 0¢o,(ray1) Using setup 3. The calculated values of n-
based ogqy,. are included for reference. The error is reported as the 20 standard deviation of the mean values.

mode Continuous mode | Ramp mode
Setup 3
n-based ogqy1. (X 107*6cm?) 3.988
n (refractive index) 1.00043479
Mean (x 10~2°cm?) 3.989 3.975
20 std. dev. (x 10~2°cm?) 0.019 0.064
Median (x 10-26cm?) 3.992 3.982
Number of measurements 26 7

The experimentally determined results of oo, ray1) are tabulated in Table 13. All the

continuous mode experiments are made between 300 hPa and 700 hPa, with 50 hPa
pressure step differences, and 5 mins step duration. All the ramp mode experiments have
a pressure range from 300 hPa to 1200 hPa. The o¢g, ray1) mean value for both modes
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agrees within the experimental error. Due to higher o¢o, (ray1), the T signal for all the CO,
experiments remains below 11 ps. The 1, variation < 0.8 us (7 %) over two weeks. The
differences between the calculated and retrieved values from the setup 3 measurements
in continuous and ramp modes are + 0.04 %, and - 0.32 %, respectively. The t signal
decrease with continuous CO; flow in the cavity during 90 minutes of measurement is <
0.08 ps (0.7 %). Additional information about the quality control plots is shown in
appendix A 10.

4.6 CO 0 R,y determination

The CO used in this study was from Air Liquide CO N47 (purity = 99.997 mol %). For more
details about the gas supply please check appendix A 1. A dispersion relation of the
refractive index of CO, n¢, is given by Sneep and Ubachs, 2005 based on the measurement
of Smith et al., 1976 for the wavelength range between 168 nm and 288 nm at 1013.15
hPa and 15 °C:

12

—1) x 108 =22851 4+ 45.6 X ————

E4-10

where ¥ is the wavenumber (V = 1/1) in cm ™1,

Since CO is a diatomic molecule, the depolarisation is not zero. Measurements of the
depolarisation ratio of CO, Pco,, were made by Bogaard et al, 1978 at 488.0 nm,

pcop(488.0 nm) = 0.0521, at 514.5 nm, Pcop(514-5 nm) = 0.0519, and Bridge and
Buckingham, 1966, at 632.8 nm, pcop(632.8 nm) = 0.0480. A study using ab initio

calculations has shown that the dispersion in the depolarisation ratio can be neglected
(Oddershede and Svendsen, 1982), therefore, the depolarisation ratio of CO at 408 nm is
taken as pcop(408 nm) = 0.0520. The King correction factor for CO, FCO, is calculated

using equation E 2-14.

Table 14: Measurement results for the determination of 0¢o(pay) using setup 3. The calculated values of n-based
ORayi. are included for reference. The error is reported as the 2o standard deviation of the mean values.

mode Continuous mode | Ramp mode
Setup 3
n-based ogqy;. (X 10726cm?) 2.027
n (refractive index) 1.00032979
Mean (x 10~2°cm?) 1.938 1.953
20 std. dev. (x 10~26cm?) 0.011 0.021
Median (x 10~26cm?) 1.935 1.952
Number of measurements 14 6

As a toxic and flammable gas, the CO Rayleigh cross-section was first tried to be measured
as a diluted mixture for safety reasons. The measurement was undertaken under the CO
lower explosion limit, namely, at 9% CO in synthetic air, and the 6¢oray1) Was calculated
from the measurement of the CO mixing ratio using the equation similar to E 4-5, replacing
the N, and O, to N;, O, and CO. The results are highly dependent on the quality of the gas

60



Results and Discussion Part I: Rayleigh scattering cross-sections experimental determination at 408 nm

mixing process as well as the accuracy of the flow controller. This approach was shown
not to be suitable in the experiments carried out using setup 1. The retrieved o¢coray1) at
408 nm using a CO mixture differed between - 11 % and + 12 % from the theoretical value
and small changes in the gas mixture had a significant effect on the results. Therefore, the
direct measurement of pure CO gas is necessary. Since setups 1 and 2 are not airtight
enough, for safety reasons, the pure CO measurements were carried out by setup 3 using
continuous and ramp modes. The continuous mode measurements are made in the 300 -
700 hPa pressure range with 5 mins pressure steps, and 50 hPa pressure differences.
Ramp mode measurements are taken in the pressure range from 300 hPa to 1000 hPa.
The summarised results are tabulated in Table 14. The 6¢o(ray1) mean values for both
measurement modes agree within the experimental error. A t, variation < 1 ps (6 %) was
observed over two weeks. The 1 signal decrease with continuous CO flow in the cavity
during a 90 mins measurement is < 0.2 ps (2 %). Generally, the gas supply comes from a
dedicated gas storage location using stainless steel tubes more than 30 m in length to the
lab. During the experiment with CO, the gas supply line was shortened to 1 m in length.
The experimentally retrieved o¢o(ray1) Values do not change significantly with the length
of the supply line. The differences between the measured and calculated values for the
continuous mode and ramp mode of setup 3 are - 4.41 %, and - 3.67 %, respectively.
Additional information about the quality control plots is shown in appendix A 11.

4.7N20 0 (Ray1) determination

The N,0 used in this study was from Air Liquide N,O N25 (purity = 99.5 mol %). For more
details about the gas supply please check appendix A 1. The dispersion relation of the
refractive index of N,O, ny,o, is given by Sneep and Ubachs, 2005 based on the
measurement made by Alms et al.,, 1975 scaled to 1013.15 hPa and 15 °C:

(ny,0 — 1) X 108 = 46890 + 4.12 X 10672 E4-11

The dispersion relation of the N,O wavelength dependent King correction factor,
FxN,O(¥), is given by He et al., 2021 based on the measurement of Alms et al., 1975:

3.3462 + 70.8 X 1071272
2.7692 — 47.2 x 1071272

F,N,0(¥) = E4-12

A new dispersion relation of ny, ¢ is suggested by He et al, 2021 combining their latest
measurement for a wavelength range of 307 nm - 725 nm:

1.66291 x 1014
6.75226 x 10° — 72

(ny,0 — 1) x 108 = 22095 + E4-13

where ¥ is the wavenumber (V = 1/1) in cm ™1,
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The oy, 0(ray1) at 408 nm is determined by setup 2 using continuous mode and setup 3

using continuous and ramp mode. The ramp mode measurements are made between 350
hPa and 1000 hPa pressure. The results of the experimentally retrieved and calculated
ON,0(Rayl) are summarised in Table 15. Additional information about the quality control
plots is shown in appendix A 13 and A 14.

Table 15: Measurement results for the determination of oy,oray1)- The calculated values of n-based ogqy,. are
included for reference. The error is reported as the 2o standard deviation of the mean values.

mode Continuous mode | Ramp mode
Setup 2 3
n-based 0 gqy1. (X 10726cm?) (Sneep and Ubachs, 2005) 5.531 5.517
n-based 04y (X 10726cm?) (He etal,, 2021) 5.471 5.464
n (refractive index) 1.00049123 1.00049122
Mean (X 10~26cm?) 5.428 5.478 5.485
20 std. dev. (x 10~26cm?) 0.035 0.010 0.008
Median (x 10~26cm?) 5.431 5.476 5.484
Number of measurements 15 13 4

The t signal decreased < 0.2 ps (~ 0.9 %) when continuously flowing N,O during a 100
min measurement. The Ty of N,O decreased < 3 ps (~ 10 %) over two weeks for setup 2
and < 1 us (~ 7 %) over one week for setup 3. For the oy,o(ray1) €xperiments with setup
3, the CRDS mirrors were cleaned weekly and the t, recovered after each cleaning. The
differences between the measured and calculated values based on Sneep and Ubachs,
2005 for the continuous mode with setups 2 & 3 and the ramp mode with setup 3 are -
1.87 %, - 0.71 %, and - 0.58 %, respectively. Using the new proposed ny, o dispersion
relation, the difference between the measured and calculated ON,0(Rayl) for the
continuous mode with setups 2 & 3 and ramp mode with setup 3 are -0.79 %, + 0.25 %,
and +0.38%, respectively. The oy, oray1) results from this work at 408 nm agree with the
findings of He et al., 2021.

4.8 CHs O(Ray1) determination

The CH,4 used in this study was from Air Liquide CH4 N45 (purity = 99.995 mol %). For
more details about the gas supply please check appendix A 1. The refractive index of CHa,,
Ncy,, is given by Sneep and Ubachs, 2005 based on the measurements of Hohm, 1993:

(ncy, — 1) x 108 = 46890 + 4.12 x 107672 E 4-14

Wilmouth and Sayres, 2020 proposed a different dispersion function of ncy, for the

wavelength range 250 nm - 650 nm based on their measurement at 264 nm - 297 nm and
333 nm - 363 nm:

41023 x 10
1.133 x 1010 — 92 E4-15

(ncy, — 1) x 10% = 4869.8 +
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He et al,, 2021 give two dispersion functions of n¢y, based on their measurements at a
wavelength range between 307 nm and 725 nm.

For 307 nm - 400 nm:

41579 x 1014

_ 8 —
(ncy, — 1) X 10% = 5476 + TT568 X 1010 =32 E4-16
and for 320 nm - 725 nm:
4.40362 x 1014
(ncy, — 1) x 10% = 3603.09 + E4-17

1.1741 x 1010 — 2

where V is the wavenumber (V = 1/1) in cm™1.

The King correction factor for CH,, FyCH, = 1, the depolarisation ratio is negligible
according to Bridge and Buckingham, 1966; Sneep and Ubachs, 2005; Wilmouth and
Sayres, 2020.

Table 16: Measurement results for the determination of 0¢y,ray1) and the corresponding differences between the
mean values and the n-based calculations.

mode Continuous mode | Ramp mode
Setup 1 3
n-based 0'g,y1 (X 10726cm?) (Sneep and Ubachs, 2005) 4,434 4.411
n-based 0gay; (X 10726cm?) (Wilmouth and Sayres, 2020) 3.420 3.403
n-based 0oy (X 10726cm?) (He et al,, 2021) 307 - 400 nm 3.465 3.448
n-based 0gqy1 (X 10726cm?) (He etal,, 2021) 320 - 725 nm 3.425 3.407
n (refractive index) 1.00043133 1.00043127
Mean (x 10~26cm?) 3.403 3.447 3.450
20 std. dev. (x 10~26cm?) 0.021 0.018 0.050
Median (x 10~%6cm?) 3.401 3.448 3.456
Number of measurements 4 19 9
Differences between the measured mean value and the n-based o,y in (%)
(Sneep and Ubachs, 2005) -23.25 -21.85 -21.78
(Wilmouth and Sayres, 2020) -0.51 1.30 1.39
(He etal., 2021) 307 - 400 nm -1.80 -0.02 0.07
(He etal.,, 2021) 320 - 725 nm -0.64 1.17 1.26

The ocy, (ray1) has been determined at 408nm with setup 1 using continuous mode and
by setup 3 using continuous and ramp modes. All the ramp mode measurements with
setup 3 are made from 350 hPa to 900 hPa pressure. The results of the measurement, the
calculated ocy, (ray1), and the differences between the mean measured ocy, (ray1) and n-
based values are summarised in Table 16. The continuous and ramp mode results agree
within the experimental errors for setup 3. The ocy, (ray1) results show > 20 % differences
to the n-based values calculated by using the refractive index dispersion suggested by
Sneep and Ubachs, 2005. Comparably much smaller differences with < 2 % are observed
for the other 3 cases. The t decreases with continuous CH, flow through the system is <
0.15 ps (0.14 %) over one 90 mins measurement. The decreased t signal of setup 3
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recovered by itself overnight when the cavity was closed and filled with CHa. The variation
of Ty remained < 0.6 ps (5 %) over 3 weeks. Additional information about the quality
control plots is shown in appendix A 15 and A 16.

4.9 Comparison with other studies

Direct retrieval of ORayl- from measurements using CRDS have been made for N;, O, SA,

and Ar at 405.8 nm (Thalman et al., 2014); and for O,, CO,, N,0, and CH, at 404 nm (He et
al,, 2021). The calculated n-based og,y. based on various literature values, the available

CRDS direct measurements, and the results from this work in the wavelength range
between 403 nm and 410 nm are plotted in Figure 27. The values provided in the present
study are consistent with previous measurements for O,, Ar, CO,, and SA. The obtained
ORayl.(A) agree on average within 0.6 % with the calculated n-based og,4y () for CO2, N0,
and CH,, respectively. The obtained og,y (1) agree on average within 2.4 %, 1.2 %, 2.2 %,
1.5 %, and 4.1 % for N, O, SA, Ar and CO, respectively. For CH, and N0, the retrieved
ORrayl.(A) values provide independent experimental evidence and thus confirm the revised
values of n(A) reported by Wilmouth and Sayres, 2020 and He et al,, 2021 as part of their
CRDS and BBCES studies of the og,y1.(A) for these greenhouse gases in this wavelength
range. He etal., 2021 reported CH, absorption cross sections = 1 X 10727 cm? around 408
nm. This would imply a = 3 % contribution of the absorption in the total extinction
measured to retrieve the Rayleigh cross sections in this study. For the case of N,, the
commonly accepted n-based ogay (A) (Bates, 1984; Sneep and Ubachs, 2005)
overestimate the experimental og,y at around 408 nm. This overestimation of or,y (1)

of N, requires further investigation in other A ranges.
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Figure 27: Rayleigh scattering cross-sections, Opgyi, for Nz, Oz, Ar, CO, CO:, N:0 and CH.: available in the
literature in the range 403 < . < 410 nm and the measurements made in this study. The Opgy, experimentally
obtained in this study are shown as follows: triangles for continuous measurements (red, grey and blue for setup
1, 2 and 3, respectively) and yellow filled circles for the ramp measurements. Previous CRDS measurements: from
Thalman et al. (Thalman et al., 2014) and He et al. (He et al., 2021) are also indicated in squares (green and
black, respectively). The continuous lines show the calculations of Orqy,. using equation E 2-13 from Bates, (in
dark red) (Bates, 1984), Sneep and Ubachs (in black) (Sneep and Ubachs, 2005), He et al. N:O (dark blue) (He et
al., 2021), He et al. CH. with fitted refractive index based on measurement for307 — 400 nm (in orange), 320 -
725 nm (in cyan) (He et al., 2021) and Wilmouth and Sayres (in magenta) (Wilmouth and Sayres, 2020).

4.10 CO and N: EM radiation extinction for CRDS NO: detector

As mentioned in the introduction section, during the performance tests of PeRCEAS,
significant differences in EM radiation extinction were observed between 9 % CO in SA
and 9 % N, in SA, as depicted in Figure 28. One of the primary motivations for
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experimentally determination of og,y1. was to understand if the significant differences
could be attributed to differences in the og,y. from the respective gas molecules.
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Figure 28: Ring-down time signal for 9 % CO (in red filled circles) and 9 % N in (blue filled circles) mixing with
SA using CRDS NO; detector (peak emission at 408.3 nm).

Based on E 2-30, the ring-down time of the NO, detector filled when 9 % CO and 9 % N,
mixed with SA are calculated as:

1 _ N 4 1
o = O1(Rayl) " Co v, E4-18
1 N 1
- CCn— 4 — E 4-19
T, O02(Rayl) " Co v To

Where 1, and T, are the ring-down time measurements of 9 % CO and 9 % N, mixed with
SA, respectively; 01 (ray1) and o,(ray1) are the respective total o,y of the CO and N 9 %

mixture in SA; ¢, is the speed of EM radiation in vacuum; 7S the number concentration;
Tp is the ring-down time in an empty cavity. Subtract E 4-18 by E 4-19:
1 1 N

Lo (01(Rayl) — T2(Ray1)) * Co 7 E 4-20

According to Bates, 1984, the total og,y, of the mixtures can be calculated as:
O01(Rayl) = 9% - Oco(Rayl.) +91% - OsA(Rayl.) E 4-21

O2Rayt) = 9% " On,(Rayr) T 91% * Osa(rayt) E4-22

The left-hand side of equation E 4-20 is equal to 79 + 5 [s™!] from the measurements.
Based on the experimental determined o (ray1) results from the previous sections, the
right-hand side of the equation is equal to 53 + 29 [s™'] and 56 + 26 [s™"] for o(ray1)
measured by the continuous mode and ramp mode, respectively. The results from both
sides of the equation are in agreement within their associated errors for setup 3. The
agreement validates that the observed differences in EM radiation extinction can be
attributed to the Rayleigh scattering of different molecules.
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4.11 Error analysis and limit of detection

4.11.1 Error related to the determination of the laser wavelength

The multimode output of the laser was investigated by measuring the shape of the comb
of multimode lasers using an in comparison a low spectral resolution of the spectrometer,
having FWHM resolution of 0.74 + 0.02 nm. The FWHM values of the multimode laser
assuming a Gaussian profile were determined for setups 1, 2, and 3, and were found to be
1.33, 1.41, and 1.04 nm, respectively, which were larger than the FWHM of the
spectrometer (see Figure 13 in section 3.1.2). The bias in the measurement of n-based
ORayl.(A) is assessed by assuming that E 2-13 was accurate and using the value for n(A)
and Fy(A) determined, e.g. CO,. The n(A) CO, dispersion relation for the calculation of n-
based ogay1.(A) was determined by the measurement between 180.7 nm to 1694.5 nm
including the measurement at 410.9 nm (Bideau-Mehu et al., 1973). The convoluted value
of n-based g,y (A) was then compared across the FWHM of each laser, and the maximum
possible bias was found to be < 0.6 % for the FWHM spectral range around the maximum
intensity of the multimode laser emission.

4.11.2 Error related to the pressure and temperature measurements

In section 3.1, it was stated that the pressure sensors used in setups 1 and 2 have an
accuracy of = 0.1 %, while for setup 3, the accuracy is + 0.15 % of the output reading,
corresponding to * 1 hPa. The calibration process with the absolute pressure sensor
Greisinger GDH 12AN resulted in an accuracy and linearity of + 1% in the range of 100 -
1000 hPa. Considering the contribution of the pressure accuracy to the overall accuracy
of the retrieved og,y. values, it ranges between < 0.8 % and 1.1 %.

Concerning the T sensors, the accuracies are * 1 °C for setups 1 & 2 and * 0.1 °C for setup
3. The T accuracy contributes between < 0.4 % and 0.04 % to the accuracy of the oray.
values retrieved.

4.11.3 Error related to absorption cross-section

The molecules O,, N, CO, CO,, Ar, and N,0 are not expected to have spectral absorption
features at the wavelength (408 nm) measured. According to the MPI-Mainz spectral atlas
database (Keller-Rudek et al., 2013), no absorption cross-sections of these molecules have
been measured in the spectral range 0f 400 - 410 nm (Keller-Rudek et al., 2023). However,
for the case of CH,, the works of Karkoschka, 1994 and He et al., 2021 indicate that the
absorption cross-section of CH, from 406 to 410 is in the order of magnitude of = 2 X
10728 cm? and 1 X 10727 cm?, respectively (see appendix A 17). This would imply a < 3
% contribution in the total extinction measured in this work to retrieve the Rayleigh cross
sections.

67



Results and Discussion Part I: Rayleigh scattering cross-sections experimental determination at 408 nm
4.11.4 Error related to water during the determination of o gay)

During the stabilisation period before the ramp experiment in determining og,y1, a small
amount of water (typically < 1 %) is accumulated by the small leak and permeation from
the ambient air into the cavity. This water can be detected by using the RH sensor when
the ramp procedure starts, as this part of the water is brought into the cavity, diffused,
and detected by the RH sensor. Assuming that the cavity is only filled with the gas of
interest (GI) and water, it is possible to calculate the og,y for a known mixture of gas
using equation E 4-5:

Npix * Omix = Ngp * 01 + NHZO *0H,0 E 4-23

Where Np,x, is the number concentration of the mixture, Np,;x = Ng; + Ny,0, Ng; and
Ny, 0 are the number concentrations of the gas of interest and water, respectively. oy,
o1, and oy, o are the Rayleigh scattering cross-section for the mixture, gas of interest, and
water, respectively. Then the ring-down time of the mixture gas, according to E 2-30 is:

1

1
;=C'O'mix'Nmix+% E 4-24

Combine E 4-23 with E 4-24:

1 1
T C'(NGI'O'GI+NH20'UH20)+T_ E 4-25
0

During the ramp experiment, N,;x is changing, differentiate with N,;x to E 4-25 yields:

d 1 d

1
ANmix ;) - dNmix (C (NGI Oar + NHzO O-HZO) + ;)

d 1 d
-)=c- Ng; - 061 + (Npmix — Ngp)o
AN omix ‘r) deix( GI Gl ( mix GI) HZO)
d 1 d
— (=) = ¢ ——(Ng; " 061 + Nmix " 0n,0—Ng * 0n,0), apply product rule:
ANpix T ANmix
d 1 d(acr) d(Ng1) d(om,0) d(Nomix) d(91,0)
- -)=c- (Ngj—+ o, + + 0 —Neop—————
ANmix (T) ( ¢l ANmix Gl ANmix Tot AN mix H20 ANmix co ANmix
d(Ngr1)
(o)
H,0 deix)

Since the total N change is only caused by adding the gas of interest, and the amount of
water inside the cavity is considered constant during the ramp experiment and Ng; =

d(NG]) ~ 1_ d(Nﬂzo)
dNmix ’ dNmix

Npix aka. ~ 0; o¢p and oy, are constants.

d (1
(—)=c-(0+aG,+0+aH20—0—aH20)=c-0m E4-26
deix T
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The derivation demonstrates that the change in the % with respect to the Ny, is directly

proportional to og;. The initial trace amount of water inside the cavity has a negligible
effect on the determination of og,y. by the ramp experiment.

4.11.5 Limit of detection of the CRDS setups

The limit of detection (LOD) for the lowest signal is given by (Gold, 2019):

LD = 330-0 E4"27

Where o, is the standard deviation of the replicate measurements.

Table 17: Limit of detection for the CRDS determination of Ogqy,. in this work, defined as 3.3 times the standard
deviation of the ring-down time signal of each CRDS detector. Where % is the LOD divided by the rind-down time
signal of an empty cell.

LOD Unit N, 0, SA Ar CO | CO; | N,O | CH,
Seaup 1 (x10°cm™) | 1.53 | 2.03 | 1.65 | 1.08 1.40
(%) 0.08 | 0.05 | 0.07 | 0.12 0.10
Setup 2 (x10°cm™) | 0.48 | 1.00 | 0.60 | 0.89 0.78
(%) 0.28 | 0.11 | 0.19 | 0.14 0.21
Setup 3 (x10°cm™) | 3.28 | 4.48 | 3.23 | 3.69 | 3.97 | 7.66 | 6.43 | 6.53
(%) 0.07 | 0.04 | 0.06 | 0.07 | 0.06 | 0.04 | 0.05 | 0.05

In our case standard deviation of ring-down at a stable pressure (the number
concentration fixed). The detection limits of the CRDS detector for the corresponding
molecules are calculated and summarised in Table 17.

4.11.6 Error estimation of o g,y retrieval

The O(ray1) is retrieved by fitting a linear relationship between the loss rate and the
number concentration of the gas of interest inside the cavity. This involves analysing the
ring-down time signal for the loss rate and measuring the pressure and temperature for
the number concentration. To accurately account for errors in both the loss rate and
number concentration, the orthogonal distance regression method proposed by Boggs
and Donaldson, 1989 is utilised. This approach ensures that both sources of error are
appropriately considered when determining the slope of the linear relationship.
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5. Results and Discussion Part II: Airborne peroxy radicals:
measurements and modelling

As explained in section 2.3, peroxy radicals play many important roles in atmospheric
chemistry, particularly of interest for this doctoral dissertation in the troposphere. They
are reactive free radicals and thus have highly variable concentrations, which are strongly
dependent on a series of photochemical and chemical producing and removing reaction
mechanisms. Measurements of RO’ can therefore be used to test the capability of models
to simulate their atmospheric concentrations.

The PeRCEAS was deployed on the HALO aircraft during the EMeRGe research campaigns.
These included two measurement campaigns: one over Europe in July 2017, and another
over East Asia in March and April 2018 (refer to section 3.2 for more details).

Once the RO3 and the other trace gas, aerosol and meteorological data products from the
EMeRGe became available, the investigation was made into how well a set of atmospheric
models simulate RO3 and other trace gases. This study involved the comparison of the
measured RO; with that simulated by four different models and one calculation of RO3,
which assumes that the RO} achieved a photostationary state. To achieve this objective, a
collaboration was initiated with the group of modellers involved in the EMeRGe project.
They supplied simulations from the different models described in sections 3.3.1 to 3.3.4.

Three case studies were investigated, which represent three types of air mass and
conditions, observed during the EMeRGe EU and Asia campaigns: a) urban pollution from
MPCs close to the sources, b) long-range transported air masses, and c) pollution
measured over Taiwan, observed during the flights after take-off and before landing. The
goal was to evaluate the capability of the different models to reproduce the fast
photochemistry which determines the RO; atmospheric concentrations in different
environments.

5.1 EMeRGe case study 1: Rome and Manila

Among the pollution plumes from MPCs investigated within the EMeRGe project, those
from Rome (Europe) and Manila (Asia) were chosen for the comparisons presented here.
This is because the photochemical conditions experienced during the HALO research
flights around both MPCs were similar.

In Europe, two flights, E-EU-03 (11-07-2017) and E-EU-06 (20-07-2017), with similar
flight tracks and times, targeted the outflow from Rome as part of the EMeRGe in Europe
campaign. In Asia, the EMeRGe flights E-AS-06 (20-03-2018) and E-AS-10 (28-03-2018)
had similar flight tracks and times and targeted the measurement of pollution plumes
emitted from Manila. Figure 29 and Figure 30 show 2D and 3D plots of these four research
flights, colour-coded using the measurements of RO; mixing ratios.
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The HALO flights traverse Rome from the Southwest to the Northeast and Manila from
East to West. The FLEXTRA backward trajectories indicate that the air masses sampled
by the instruments during the legs along the East Coast of Italy had been transported over
Rome. The two HALO research flights close to Manila sampled air masses along the East
Coast of the Philippines, which had been transported via Manila.

These four flights by HALO thus measured air masses, which have emissions from Rome
and Manila that have been transported and transformed en route. The flight legs of the
four flights comprise shuttles at three different and selected altitudes. These shuttles
enable the urban pollution plumes to be captured downwind. In the subsequent sub-
sections, the measured RO; values are compared with the modelled RO and the

calculated RO assuming PSS (see section 3.3.7).
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Figure 29: Flight tracks from EMeRGe, colour-coded by 60 s interval RO, measurements for the target region
Rome during E-EU-03 and E-EU-06 flights in Europe. Panel a) depicts the entire flight tracks; panel b) provides
a detailed view focusing on the region around Rome, panels c) and d) present 3-D visualisations for E-EU-03 and

E-EU-06, respectively.
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Figure 30: Flight tracks from EMeRGe, colour-coded by 60 s interval RO; measurements for the target region
Manila during E-AS-06 and E-AS-10 flights in Asia. Panel a) depicts the entire flight tracks; panel b) provides a
detailed view focusing on the region around Manila; panels c) and d) present 3-D visualisations for E-AS-06 and

E-AS-10, respectively.
5.1.1 Rome

The modelled RO3 values presented here, with the exception of those from the MECO(n)
model, were converted into 60 s average values, to match the resolution of the PeRCEAS
RO3 measurements. MECO(n) used the CM12 horizontal resolution (i.e. 0.1°x0.1° which is
~ 12 km), and a temporal resolution of 120 s for EMeRGe in EU flight legs, as explained in

section 3.3.3.

The PSS RO; calculated results are also included in the comparison. The PSS RO;
analytical expression assumes a balance between peroxy radical production and loss rates
and is constrained by using the measurements of trace gases made onboard HALO, as

described elsewhere (George, 2022; George et al., 2023).

The flight legs of relevance in E-EU-03 and E-EU-06 are divided into 3 flight leg parts:

1) From take-off and southwards along the west coast side of Italy;
2) across the Rome region, where the urban plumes are expected and included the

sampling upwind and downwind of Rome;
3) northwards along the east coast side of Italy.
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In the following sections, the measurements from the flight leg part 2) are selected to be
representative of air masses emitted from nearby urban emissions.

5.1.1.1 E-EU-03

Figure 31 shows the time series of the measured and simulated RO; in E-EU-03.
Specifically, these comprise the RO, measured, RO calculated assuming PSS, and the RO},
simulated by the chemical models WRFchem(ERAS5), WRFchem(GFS), MECO(n), and the
box model. In addition, the following are also shown (with errors when
available/applicable from HALO database):

a) ancillary observation provided by the BAsic HAlo Measurement And sensor
System (BAHAMAS), such as the flight altitude, the airspeed, the height above the
PBL and water vapour, H,0,

b) the trace gases 03, HCHO, NO, and NO,, which were measured by the FAIRO, HKMS,
AENEAS, and mini-DOAS instruments on HALO, respectively;

c) jO(*D) measured by HALO - SR;

d) the CO enhancements from the HYSPLIT trajectory models.

In spite of the PeRCEAS instrument inlet and reactor being designed to operate at a
selected and constant pressure below the ambient pressure, pressure changes at the inlet
occur when changing altitudes. Consequently, after a flight altitude change, it takes some
time to stabilise the flows and this leads to pressure fluctuations in the CRDS detector.
The latter interferes with the CRDS decay signal. Consequently, the RO; measurements
impacted by these pressure fluctuations have been excluded from the time series and the
comparisons of measured and modelled RO, . A comparison of the original RO
measurements and those which have had ROj influenced by pressure fluctuations, is
provided in appendix A18.

The airspeed, during this HALO flight, reached values up to 190 m/s. As a result, the spatial
resolution of measurements made onboard HALO was less than 11.4 km per minute,
which is finer than that offered by all the models.

The modelled RO} shown in Figure 31 agree with the measured RO’ within error at
altitudes above 1200 m. Similarly, the modelled values for many other species and
parameters presented in Figure 31 show reasonable agreement with measurements at
altitudes above 1200 m. The exceptions are a) NO, which is underestimated by all the
models by up to a factor of 10 and b) the modelled O3 mixing ratios in the MECO(n) model,
which overestimates the measurements by up to 40 %.

According to the SCALTRA modelled height over the PBL, HALO flew above the PBL.
However, the lowest sampling altitudes are probably close to or even in the PBL. In
addition, the vertical layer setup, used in the models, makes the region close to the PBL
more challenging to simulate accurately.
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Figure 31: Time series of the RO, measured by PeRCEAS and simulated by WRFchem(ERAS5), WRFchem(GFS),
MECO(m), box model, and calculated values using PSS expression for E-EU-03 selected region. Altitude, water
concentration, and true airspeed are measured by BAHAMAS. The mixing ratios for Os, HCHO, NO, and NO:
were measured by AMTEX, HKMS, AENEAS, and mini-DOAS, respectively. jO(’D) are measured by HALO — SR.
The height above PBL and the CO enhancement due to the Rome outflow are modelled by SCALTRA and HYSPLIT,
respectively. The temporal resolution is normalised to 60 s for all the measurements and models except MECO(n)
has a temporal resolution of 120 s. The highlighted section denotes the location of Rome. Additionally, modelled
results for water concentration, Os, HCHO, NO, and NO: mixing ratio have been plotted using the
WRFchem(ERAS5), WRFchem(GFS), and MECO(n) models. The box model constrains the measurements,
therefore, is not featured in the plots.
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The measurements made during the flight leg part a) of this research flight between 12:00
and 12:30 UTC at a flight altitude of ~ 1200 m (~ 1000 m above PBL) are shown in Figure
31. The models underestimate the measurements of RO3 by up to 50 %. According to the
FLEXTRA 36 hrs back trajectory model, the air masses sampled at these locations
originated from Corsica and Sardinia Islands at altitudes close to or lower than the height
of the PBL. This implies that fresh emissions of radical precursors mix into these air
masses.

As mentioned above, for the flight leg part b) between 12:30 and 14:00 UTC where the
flight is clearly above the PBL, the modelled and measured RO3 were in reasonable
agreement. This probably implies the dominance of older long-range transported air
masses which are more accurately described by the models.

Similarly, the models and calculations underestimated up to 70 % of the
ROjmeasurements for the flight leg part c) between 14:40 and 15:10 UTC at an altitude
of ~ 1000 m. The HYSPLIT model indicates enhanced CO by 8 ppbv in these air masses,
which originated from Rome. This is corroborated by the FLEXTRA back trajectory model,
which indicates that the air masses originating from pollution in Rome below 1000 m
were sampled.

To summarise the comparison of the measurements and modelling of this flight, the
differences between the modelled and measured RO; and trace gases are most
pronounced when the probed air masses originate within the PBL. During these flight leg
parts, the variations of short-lived species such as NO can be significant. The models,
which are not constrained by measurements underestimate NO, and RO3 precursors such
as HCHO at < 1200 m. They thus also underestimate RO5.

In Figure 32, plots of measured versus modelled or calculated RO; mixing ratios for the
E-EU-03 flight are shown. The RO data are colour-coded using the corresponding
measured or modelled NO mixing ratio. The lower values of NO are associated with a
better agreement between measured and modelled RO. Figure 32 panel a) - e) are used
to investigate the capability of the models to simulate the RO; measurements.

Figure 32 panels a) and b), have cyan solid lines, which show the linear regressions
between the measured and the WRFchem modelled RO. The outliers have been removed
manually before determining the slope and the Pearson correlation coefficient of the
linear regression. In panels c), d) and e) the red solid lines are the linear regression
obtained between measured and modelled data for the MECO (n), box model, and PSS
calculations of RO5. The linear correlation and the correlation coefficient are displayed
only when the correlation coefficient is greater than 0.4. Additional information on scatter
plots featuring colour coding with different species is provided in appendix A 19. At lower
altitudes where the measured NO > 100 pptv, the models using the inventories often
underestimate the measured NO and RO3 precursors. Thus they also underestimate the
RO;.
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Figure 32: Scatter plots of PeRCEAS RO measurements and the modelled RO results from a) WRFchem(ERAS),
b) WRFchem(GFS), c) MECO(n), d) box model, and e) calculation assuming PSS for E-EU-03 selected region.
In f), the RO} simulated by the box model and the PSS calculation are plotted against one another and compared.
All the plots are colour-coded with corresponding NO from models or measurements. The 1:1 line is represented
by black dashed lines, and the linear regressions are the red solid lines. The cyan solid lines are the linear
regression fit after manually removing the outliers of WRFchem RO} values. The temporal resolution for the
plotted data is 60 s except for MECO(n) model, for which the temporal resolution is 120 s. All the linear
regressions and their slopes are forced through the origin. Slopes and correlation coefficients are not depicted
when the correlation coefficient is less than 0.4.

As explained by George et al, 2023, when NO is < 50 pptv in the probed air, the
calculations made using the PSS assumptions overestimate the RO} measurements. This
difference is tentatively attributed to missing RO; loss processes, involving the reactions
of OH with HO, and OH with OH (R 2-34 and R 2-51). In contrast, these reactions and thus
their rates are used in the box model. The box model estimates of RO agree best with the
measurements when NO mixing ratios are below 50 pptv, i.e. cleaner air.

In polluted air mass sampled below 1200 m, where the sum of the measured OVOCs
(oxygenated volatile organic compounds) mixing ratio exceeds approximately 7 ppbv, the
models underestimate the RO5 measurements up to 50 %. In such pollution plumes, the
oxidation and/or photolysis of OVOCs, coupled with the ozonolysis of alkenes, are
potentially significant sources of RO; which might not be considered adequately in the
simulations. As not all the OVOCs, present in air masses, were measured during the
EMeRGe campaigns, the PSS analytical expression is expected to underestimate the
sources of RO and thus the RO; mixing ratios. The RO, measurements were
underestimated by up to 25 % at high NO values in the box model. The box model and the
PSS calculations have similar RO’ radical production reactions involving the photolysis of
the precursors of the RO3. Unlike the PSS expression, the box model includes reactions
involving compounds, having organic groups, which are larger than CHs. Nevertheless, the
chemical mechanism does not adequately reproduce the production and loss of organic
peroxy radicals larger than CH30, in polluted air masses and underestimates RO
measurements.
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In the box model for the E-EU-03 flights HO, and CH30, comprise > 92 % of RO (see
appendix A 21). It can be concluded that an inadequate description of the production of
organic peroxy radicals in the box model is the most likely explanation for the differences
between the measured and the modelled RO5.

5.1.1.2 E-EU-06

Following the same methodology applied to flight E-EU-03, Figure 33 presents the time
series of RO; measurements from the flight E-EU-06 in the selected region. In addition,
the RO3. from the four available models and the PSS calculation, selected data provided
by BAHAMAS, and the trace gases measurements from the instrument payload onboard
HALO are plotted.

Figure 34 panels a) to e) show the scatter plots between measured and modelled RO3,
colour-coded by NO mixing ratio. The linear regression between the measured and the
two WRFchem modelled RO3, after the outliers are removed, are the cyan lines shown in
a) and b). In panels c) to f) the linear regressions are shown as red solid lines. The linear
correlation and the correlation coefficient are displayed only when the correlation
coefficient is greater than 0.4. Additional information on scatter plots featuring colour
coding with different species is provided in appendix A 20.

The analysis of the measured, modelled, and calculated RO for E-EU-06 is similar to that
for E-EU-03. The modelled RO and trace gas measurements generally agree with RO}
and trace gas measurements presented in the figure within the measurement
uncertainties for altitudes above flight altitudes of 1000 m. Similar to the analysis of the
E-EU-03, the exceptions for E-EU-06 are the O; mixing ratios modelled in MECO(n) and
the downwind air masses from Rome at 1600 m altitude. According to the SCALTRA
model, the flight was expected to be within or close to the PBL at the lowest altitudes of
the shuttles and along the Western and Eastern Italian coast during the E-EU-06 flights.
Downwind from Rome, RO of up to 92 pptv was observed at 1600 m altitude level, where
relatively large mixing ratios for the precursors such as HCHO, CH;CHO, and CH;COCH;
were observed, i.e. 4 ppbv, 750 pptv, and 3 ppbv, respectively.
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Figure 33: Time series of the RO, measured by PeRCEAS and simulated by WRFchem(ERAS5), WRFchem(GFS),
MECO(m), box model, and calculated values using PSS expression for E-EU-006 selected region. Altitude, water
concentration, and true airspeed are measured by BAHAMAS. The mixing ratios for Os, HCHO, NO, and NO:
were measured by AMTEX, HKMS, AENEAS, and mini-DOAS, respectively. jO(’D) are measured by HALO — SR.
The height above PBL and the CO enhancement due to the Rome outflow are modelled by SCALTRA and HYSPLIT,
respectively. The temporal resolution is normalised to 60 s for all the measurements and models except MECO(n)
has a temporal resolution of 120 s. The highlighted section denotes the location of Rome. Additionally, modelled
results for water concentration, Os, HCHO, NO, and NO: mixing ratio have been plotted using the
WRFchem(ERAS5), WRFchem(GFS), and MECO(n) models. The box model constrains the measurements,
therefore, is not featured in the plots.
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Figure 34: Scatter plots of PeRCEAS RO, measurements and the modelled RO, results from a) WRFchem(ERAS),
b) WRFchem(GFS), c) MECO(n), d) box model, and e) calculation assuming PSS for E-EU-06 selected region.
In f), the RO; simulated by the box model and the PSS calculation are plotted against one another and compared.
All the plots are colour-coded with corresponding NO from models or measurements. The 1:1 line is represented
by black dashed lines, and the linear regressions are the red solid lines. The cyan solid lines are the linear
regression fit after manually removing the outliers of WRFchem RO, values. The temporal resolution for the
plotted data is 60 s except for MECO(n) model, for which the temporal resolution is 120 s. All the linear
regressions and their slopes are forced through the origin. Slopes and correlation coefficients are not depicted
when the correlation coefficient is less than 0.4.

The models (except for the two variants of WRFchem) and PSS calculated RO;
underestimate the measurement consistently in air masses affected by recent emissions
of pollutants in the boundary layer. This is the case for flight leg part a) of the flight legs
between 13:10 and 13:25 UTC and b) after 14:35 UTC. According to the FLEXTRA 36 hrs
back trajectories, air masses in flight leg part a) likely originated from Sicily below 1000
m. The air masses in flight leg part b) originated below 2000 m downwind of Rome. An
enhancement of CO was expected in the outflow of Rome according to HYSPLIT, primarily
in air masses having an age of 24 to 72 hrs. According to FLEXTRA 24 hrs backwards
trajectories, the air masses are not only transported from Rome but also from the West
coast of Italy. The true airspeed of the aircraft during the measurements is less than 171
m/s, corresponding to a maximum spatial resolution of approximately 10.3 km per
minute. This spatial resolution is thus similar to that of the WRFchem models but is finer
than that of the other models. Both the PSS calculation and the box model, which are
constrained by precursor measurements, consistently underestimate the RO;
measurements in flight leg part b) of the research flight. In contrast, WRFchem does not
show this underestimation. This difference is possibly explained by the presence of
unmeasured OVOCs. The oxidation of such gases would provide a missing source of RO5.

In summary for the Rome cases, within the PBL, the RO} mixing ratios measured vary
from 60 to 120 pptv mainly depending on the variability of the precursor OVOCs and
reactants NOx. Above the PBL, RO, remain between 30 and 60 pptv depending on the
origin of the air masses and are reproduced by the models and calculations within their
uncertainties. Within the PBL, models relying on emission inventories fail to capture well
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short-term variations, e.g. those produced by the presence of cloud. This is in contrast to
the box model and PSS calculations, which are constrained to the onboard measurements.

At lower altitudes, particularly where the Rome plumes are expected, the measurements
of RO} are underestimated typically by the models/calculations by up to 80 %. The box
model underestimates the PSS RO’ by up to 50 %.

For cases where the measured sum of OVOCs mixing ratios is high (e.g. > 7 ppbv), the PSS
RO; underestimate the RO; measured by up to 50 %. This indicates potential missing
sources of RO} such as the oxidation and/or photolysis of OVOCs and the ozonolysis of
alkenes. These species are not measured and, therefore, are not included in the PSS
calculations.

The PSS RO3 overestimation of the measurements when NO < 50 pptv and RO3 < 60 pptv
might be explained in part by the absence of the reaction of OH with HO, in the calculation
of PSS RO5.

5.1.2 Manila

In Asia, additional simulations from the WRF/CMAQ model are available for the EMeRGe
flights (for more details, refer to section 3.3.1). As a result, there are five available models
for the following studies. The two selected flights, E-AS-06 and E-AS-10, were divided for
analysis into 4 flight leg parts:

1) take-off and flying southwards towards Manila over the South China Sea at
altitudes above 6000 m;

2) the selected and designated Manila region where the urban plumes are expected,
which includes upwind and downwind profiling legs below 2000 m;

3) flying northwards towards Taiwan at altitudes above 4000 m;

4) sample profiles close to the surface on the west coast of Taiwan.

According to UN Glossary of Environmental Statistics, long-range transport of air
pollutants is defined as the “Atmospheric transport of air pollutants within a moving air
mass for a distance greater than 100 kilometres.” (EEA Glossary). Therefore, flight leg
parts 1) and 3) of the flights were conducted over the ocean at elevated altitudes, where
encountering air masses which have long-range transport is anticipated. Flight leg part 2)
flights are representative of the urban plumes from Manila. The upwind and downwind
scenarios legs provide insight into the changing composition of trace gases introduced by
the Manila MPC.

An analysis of flight leg part 4) of the flight will be provided in section 5.3, which addresses
the measurement of air masses during landing in Taiwan. It should be noted that the box
model RO; outputs for the selected flights have occasionally errors when the constrained
measurements are missing. These data are manually removed and not considered in the

80



Results and Discussion Part II: Airborne peroxy radicals: measurements and modelling

analysis. For a detailed comparison of the original and considered data, please refer to
appendix A 26 and A 31.

5.1.2.1 E-A5-06

Figure 35 presents the time series of measurements, calculations, selected aircraft data
measured by BAHAMAS, and the trace gases measurements from HALO instruments
onboard during the E-AS-06.

During flight leg part 1) of E-AS-06, all the models and PSS calculated RO agree with the
measurements within their respective errors. Air masses are characterised as long-range
transported aged air masses coming from the western side of the flight track over the
South China Sea and South Asia above 5000 m altitudes.

The flight leg part 2) covers the up- and downwind regions of Manila. Measurements were
taken at altitudes above the simulated height of the PBL and between 1300 and 2000 m,
where fresh plumes were expected downwind Manila. The 60 s RO; measurements range
from 35 % 6 pptv to 140 * 65 pptv. According to the HYPSLIT model, up to 20 ppbv CO
enhancement from a plume of Manila origin occurs at the three flight levels downwind of
Manila as a consequence of air masses ranging from 12 to 24 hrs and 24 to 48 hrs age. The
FLEXTRA back trajectory model further indicates that the air sampled between 02:10 and
03:50 UTC likely originated from Manila. The true airspeed of the aircraft during these
measurements is up to 120 m/s, translating to a spatial resolution of approximately 7.2
km per minute which is similar to or better than that of the models.
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Figure 35: Time series of the RO, measured by PeRCEAS and simulated by WRF/CMAQ, WRFchem(ERAS),
WRFchem(GFS), MECO(n), box model, and calculated values using the PSS expression for E-AS-06 section 1)-
3). Altitude, water concentration, and true airspeed are measured by BAHAMAS. The mixing ratios for Os, HCHO,
and NO, and NO: were measured by AMTEX, HKMS, AENEAS, and mini-DOAS, respectively. jO('D) are
measured by HALO — SR. The height above PBL and CO enhancement due to the Manila outflow are modelled by
SCALTRA and HYSPLIT, respectively. The temporal resolution is normalised to 60 s for all the measurements and
models. The regions highlighted in blue, grey, and cyan mark sections 1), 2), and 3) of this flight, respectively.
Additionally, modelled results for water concentration, Os, HCHO, NO, and NO: mixing ratio have been plotted
using the WRF/CMAQ, WRFchem(ERAS5), WRFchem(GFS), and MECO(n) models. The box model constrains the
measurements, therefore, is not featured in the plots.
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With the exception of the MECO(n) and the box models, there is a reasonable agreement
with the RO; measurements within the given uncertainties. The MECO(n) model
underestimates the measurements by ~ 15 % upwind Manila and ~ 30 % downwind. The
box model, on the other hand, underestimates the measurements consistently by up to 40
%. With regard to other trace species presented in Figure 35, Oz is constantly and
significantly overestimated by MECO(n) while NOx is underestimated by all the models.
The short-term variations of NO and HCHO are captured at best by the WRF/CMAQ and
WRFchem models, especially downwind of Manila. The consistency in their performance
can be attributed to shared features, including the utilisation of WRF model ver 3.7.1,
MEGAN ver. 2.1 for biogenic emission inventories, the RRTM for radiation modeling, Noah
land surface model, and the Kain-Fritsch convection simulation. These shared features
ensure precise dispersion representation of emission inventories near the source.

The conditions in flight leg part 3) are similar to those in flight leg part 1), where long-
ranged transported air masses are sampled. These originate from the South China Sea and
South Asia, at altitudes above 6000 m. The lowest RO’ are measured in this region and
have an average mixing ratio of ~ 14 pptv. In general, the models and calculated RO}
results agree with the measurements within the uncertainties.
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Figure 36: Scatter plots of PeRCEAS RO; measurements and the modelled RO} results from a) WRF/CMAQ, b)
WRFchem(ERAS), c) WRFchem(GFS), d) MECO(n), e) box model, and f) calculation using PSS expression for E-
AS-06 section 2). In g), the RO; simulated by the box model and the PSS expression are compared. All the plots
are colour-coded with corresponding NO from models or measurements. The 1:1 line is represented by black
dashed lines, while the linear fit is denoted by red solid lines. The cyan solid lines are the linear fit for manually
removing the clear outliers of WRFchem RO,;. The temporal resolution for the plotted data is normalised to 60 s.
All the correlations are forced through the origin. Slopes and correlation coefficients are not depicted when the
correlation coefficient is less than 0.4.

In Figure 36 and Figure 37, scatter plots summarise the relationships between the RO3
measurements, modelled and PSS calculation results for E-AS-06 flight leg part 2) and
parts 1) & 3), respectively. The linear correlation and the correlation coefficient are
displayed only when the correlation coefficient is greater than 0.4. Additional information
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on scatter plots featuring colour coding with different species is provided in appendix A
25.

For flight leg part 2), the PSS calculations seem to reproduce the RO, measurements best.
The WRF/CMAQ model and WRFchem models also show reasonable agreement and
linearities with the measurements.
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Figure 37: Scatter plots of PeRCEAS RO, measurements and the modelled RO results from a) WRF/CMAQ, b)
WRFchem(ERAS), ¢c) WRFchem(GFS), d) MECO(n), e) box model, and f) calculation using PSS expression for E-
AS-06 section 1) as triangles and 3) as squares. In g), the RO simulated by the box model and the PSS expression
are compared. All the plots are colour-coded with corresponding NO from models or measurements. The dashed
black lines denote the 1:1 line. The temporal resolution for the plotted data is normalised to 60 s.

All the models and PSS calculations agree with the measurements for section 1), but
overestimate the measurements for ~ 30 % (WRF/CMAQ, WRFchem), ~ 50 % (MECO(n)),
and ~ 40 % (box model and PSS calculation), respectively in section 3). The models
underestimate the NO by up to 90 % in this section and the radical losses are expected to
be underestimated.

5.1.2.2 E-AS-10

Similarly to E-AS-06, the time series of the measured and PSS calculated RO, selected
aircraft data measured by BAHAMAS and trace gases measurements from HALO onboard
instruments for E-AS-10 are presented in Figure 38. During flight leg parts 1) and 3) of
this flight at altitudes of about 4000 m over the Pacific and the South China Sea all the
models and calculations agree with the RO measurement within the uncertainties. RO
measurements are generally below 60 pptv with the lowest mean values during the whole
flight. According to the 36 hrs HYSPLIT back trajectory model, the air masses are expected
to be long-range transported over the South China Sea and South Asia.
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Figure 38: Time series of the RO, measured by PeRCEAS and simulated by WRF/CMAQ, WRFchem(ERAS),
WRFchem(GFS), MECO(n), box model, and calculated values using PSS expression for E-AS-10 section 1)-3).
Altitude, water concentration, and true airspeed are measured by BAHAMAS. The mixing ratios for Os, HCHO,
and NO, and NO: were measured by AMTEX, HKMS, AENEAS, and mini-DOAS, respectively. jO('D) are
measured by HALO — SR. The height above PBL and CO enhancement due to the Manila outflow are modelled by
SCALTRA and HYSPLIT, respectively. The temporal resolution is normalised to 60 s for all the measurements and
models. The regions highlighted in blue, grey, and cyan mark sections 1), 2), and 3) of this flight, respectively.
Additionally, modelled results for water concentration, Os, HCHO, NO, and NO: mixing ratio have been plotted
using the WRF/CMAQ, WRFchem(ERAS5), WRFchem(GFS), and MECO(n) models. The box model constrains the
measurements, therefore, is not featured in the plots.
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In flight leg part 2), HALO flew between 980 and 2000 m, staying at least 300 m above the
PBL height, as simulated by SCALTRA. The RO’ mixing ratios vary between 33 + 8 pptv
and 100 + 31 pptv. The HYSPLIT model indicated a significant CO enhancement due to the
outflow from Manila around 4 UTC, primarily evident in fresh air masses less than 24 hrs
old atan altitude of around 1000 m. This interpretation is supported by the FLEXTRA back
trajectory model, suggesting that air sampled at these CO enhanced regions contains air
masses from Manila, at an altitude below 2000 m. The true airspeed of the aircraft during
the measurements up to 120 m/s, corresponds to spatial resolution of 7.2 km per minute,
which is on par or higher than the models. Models with higher spatial resolution do not
necessarily improve the agreement with RO measurements.

Concerning trace gas measurements, the MECO(n) model consistently exhibits a tendency
to overestimate the mixing ratio of O;. Notably, the two versions of WRFchem models
generally capture the HCHO short-term variations, especially downwind of Manila. NO
and NO2 are generally underestimated by the models, but the short-term variations are
reasonably well captured.

The RO, measurements upwind of Manila are 40 - 60 % overestimated by the models
with the exception of the box model. In contrast, downwind of Manila, the
WRFchem(ERA5) model overestimates the measurements by up to a factor of 2 whereas
the box model underestimates the measurements by ~ 20 %.
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Figure 39: Scatter plots of PeRCEAS RO, measurements and the modelled RO results from a) WRF/CMAQ, b)
WRFchem(ERAS), c) WRFchem(GFS), d) MECO(n), e) box model, and f) calculation using PSS expression for E-
AS-10 section 2). In g), the RO, simulated by the box model and the PSS expression are compared. All the plots
are colour-coded with corresponding NO from models or measurements. The 1:1 line is represented by black
dashed lines, while the linear fit is denoted by red solid lines. The cyan solid lines are the linear fit for manually
removing the clear outliers of WRFchem RO,. The temporal resolution for the plotted data is normalised to 60 s.
All the correlations are forced through the origin. Slopes and correlation coefficients are not depicted when the
correlation coefficient is less than 0.4.
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The relationships between the RO; measurements and the RO’ estimated by models and
calculations are shown in the scatter plots in Figure 39 for flight leg part 2) and Figure 40
for flight leg parts 1) and 3) of E-AS-10. The linear correlation and the correlation
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coefficient are displayed only when the correlation coefficient is greater than 0.4.
Additional information on scatter plots featuring colour coding with different species is
provided in appendix A 30.

For flight leg part 2), the WRF/CMAQ and MECO(n) models show reasonable agreement
and linearities with the measurements. The box model in this flight shows the
underestimation of the measurements by around 20 %, and the PSS calculated results
overestimate the measurements by around 20 %. The PSS calculations tend to
overestimate results most significantly when NO levels are higher than 80 pptv. In an
environment with a high level of NO where OVOCs are present, the formation of organic
nitrate is likely. As the radical loss process involving organic nitrate formation is not
considered in the PSS calculations, this may be a possible explanation for the
overestimation of the measured RO5.

Similar uncertainties arise in the PSS calculation observed under cloudy conditions
upwind of Manila around 2:00 UTC as in E-AS-06.
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Figure 40: Scatter plots of PeRCEAS RO, measurements and the modelled RO results from a) WRF/CMAQ, b)
WRFchem(ERAS), ¢c) WRFchem(GFS), d) MECO(n), e) box model, and f) calculation using PSS expression for E-
AS-10 section 1) and 3). In g), the RO, simulated by the box model and the PSS calculation are compared. All the
plots are colour-coded with the corresponding NO from models or measurements. The 1:1 line is represented by
black dashed lines, while the linear fit is denoted by red solid lines. The temporal resolution for the plotted data
is normalised to 60 s. All the correlations are forced through the origin. Slopes and correlation coefficients are
not depicted when the correlation coefficient is less than 0.4.

For flight leg parts 1) and 3), all the models and PSS calculations exhibit RO3 results of ~
20 pptv and ~ 40 pptv, respectively, each with a standard deviation of ~ 10pptv.

Summary for the Manila cases, for air masses influenced by emissions of precursors
within the PBL, RO5 ~ 50 pptv was measured upwind and ~ 70 pptv downwind of Manila.
The box model RO; underestimates the measured RO} by around 30 %. The PSS RO
calculations tend to overestimate the observations when NO levels are higher than 80
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pptv. and OVOCs are present. This overestimation might be the result of the formation of
organic nitrate, which is not considered in the PSS calculations.

Generally speaking, the models using the inventories simulate the trace gases and peroxy
radical precursors within their respective uncertainties except for the NOx and HCHO.
Consequently, they fail to capture the short-term variations of RO and other gases. In
particular, the O; simulated by MECO(n) is remarkably higher than the measurements.
This may imply that emissions are not adequately taken into account.

5.2 EMeRGe case study 2: long-range transported air masses

The investigation of processed air masses probed relatively far from emission sources
was investigated during the E-AS-08 flight over the East China Sea. The distance of HALO
from the coast is approximately 400 km. Figure 41 shows the CO enhancement due to
emission plumes from the Yangtze River Delta (YRD) and Beijing, as calculated by
HYSPLIT. According to these simulations, the East China Sea receives the long-range
transport of plumes mostly having their origin in the YRD, but with a significant
contribution from Beijing emissions. The relevant measurements were made at three
different altitudes above the East China Sea.
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Figure 41: CO enhancement mixing ratio for E-AS-08 flight track by forward dispersion calculations using
HYSPLIT for transportation from a) Yangtze River Delta (YRD) and b) Beijing. ¢) and d) are the top view colour-
coded with altitude and the 3-D plot of the selected region colour-coded with RO; measurements, respectively.

As shown in Figure 42, the region of the selected measurements is dominated by cloudy
conditions with lower insolation. Consequently, the RO} production from the photolysis
of precursors is reduced significantly. The HALO measurements investigated between
altitudes of 300 and 1000 m have RO} values with an average of 35 + 19 pptv. The
relationship between the RO measurements, PSS calculations, and the modelling RO, are
presented in scatter plots in Figure 43. Additional information on scatter plots featuring
colour coding with different species is provided in appendix A 35.

These show no simple linear relationship between measurement and modelled
simulations. The CO enhancement results from the HYSPLIT model as well as the
FLEXTRA back trajectory model imply that the aircraft was likely sampling the aged air
masses from the Yangtze River Delta and Beijing at this selected region. At the lower
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altitude level, HALO travelled through or above cloudy locations at ~ 330 m. The true
airspeed during measurements is up to 111 m/s. This corresponds to a spatial resolution
of 6.7 km/min, which is still comparable to or higher than the spatial resolution of the
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Figure 42: Time series of the RO, measured by PeRCEAS and simulated by WRF/CMAQ, WRFchem(ERAS),
WRFchem(GFS), MECO(n), box model, and PSS calculation for E-AS-08. Altitude, water concentration, and true
airspeed are measured by BAHAMAS. The mixing ratios for Os, HCHO, and NO & NOy are measured by AMTEX,
HKMS, and AENEAS, respectively. jO(’D) are measured by HALO — SR. The height above PBL is modelled by
SCALTRA. CO enhancements due to the Beijing and YRD outflows are modelled by HYSPLIT. The temporal
resolution is normalised to 60 s for all the measurements and models. Additionally, modelled results for water
concentration, Os, HCHO, NO, and NO: mixing ratio have been plotted using the WRF/CMAQ, WRFchem(ERAS),
WRFchem(GFS), and MECO(n) models. The box model constrains the measurements, therefore, is not featured
in the plots.
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The PSS RO} overestimate the measured values within the pollution plume by up to 20 %.
The models mostly underestimate the measured RO3 and the other trace gases (e.g.
HCHO, NO, and NO;) used for this study. In contrast, maximum NO, NO,, CO and minimum
03 mixing ratios simulated by MECO(n) were observed between 04:40 and 05:10 UTC. As
a result, MECO(n) simulated small RO} to approximately zero. Consequently, MECO(n)
results were omitted from the correlation plot analysis from this part.

As previously explained in both cases of air masses upwind of Manila, measurement
uncertainties in the remote sensing instruments, particularly under cloudy conditions
might lead to significant uncertainties in the PSS calculations.
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Figure 43: Scatter plots of PeRCEAS RO, measurements and the modelled RO results from a) WRF/CMAQ, b)
WRFchem(ERAS), c) WRFchem(GFS), d) MECO(n) where RO; modelling results with 0 are not included, e) box
model, and f) calculation using PSS expression for the E-AS-08 at the selected region. In g), the RO, simulated by
the box model and the PSS calculation results are compared. All the plots are colour-coded with corresponding
NO from models or measurements. The dashed black lines denote the 1:1 line. The temporal resolution for the
plotted data is normalised to 60 s.

Additionally, this measurement region is particularly cloudy and the total aerosol
concentration measurement is 800 [cm™3] on average, whereas the typical total aerosol
concentration for Manila flight leg parts 1) and 3) are below 30 [cm™3]. Radical losses by
aerosol uptake and heterogeneous reactions on the aerosol surface are therefore
expected.

In summary, the RO3 observations in aged and long-range transported air masses from
the Yangtze River Delta and Beijing within the PBL averaged below 35 pptv. The models
generally underestimate the RO; observations and cannot reproduce the variability
observed. In addition the measurements of other involved species in the radical
chemistry, such as OVOC precursors, in particular HCHO, and NO, are not well simulated.
This might imply the necessity of revision of the dispersion patterns used in the models.

The PSS calculation constrained to the on-board measurements tends to overestimate the
RO5 measurements by approximately 30 %. This overestimation may be linked to cloudy
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conditions, which introduce significant uncertainties in the measurements obtained from
remote sensing instruments, further affecting the precision of PSS calculations. Moreover,
these air masses were characterised by high aerosol load, averaging around 800 [cm™3].
which indicate potential radical aerosol uptake and heterogeneous reactions on the
aerosol surface which are not accounted for in the current PSS calculations.

5.3 EMeRGe case study 3: flights over Taiwan — take-off and landing

During the EMeRGe campaign in Asia, the use of the airport in Tainan as the operations
base for HALO flights, combined with strict air traffic regulations resulted in the flight
tracks having similar routes following take-off and landing. The resultant set of
atmospheric composition and meteorological measurements provides an opportunity to
investigate the concentrations and mixing ratios of the atmospheric species and peroxy
radical mixing ratios, measured in the different air masses above the same or very similar
surface regions. In addition, comparing the PeRCEAS measurements with modelling
results provides insight into the capability of the available models to simulate the total
peroxy radicals concentrations and mixing ratios.
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Figure 44: Flight tracks over Taiwan selected for the peroxy radical measurement and model comparison colour-
coded with the altitude measured by BAHAMAS in 60 s temporal resolution. TW1 refers to take-off phases of the
flight.

Figure 20 and Table 5 in section 3.2 summarise the 10 research flight tracks flown by the
HALO aircraft during the EMeRGe campaign in Asia. Five of these flights (E-AS-05, E-AS-
07 to E-AS-09, and E-AS-12) have nearly identical flight paths over Taiwan, for
approximately 1 hour after the take-off. Nine of these flights (E-AS-05 to E-AS-13) have
nearly identical flight paths over Taiwan, for approximately 1 to 3 hours before landing.
For this reason, these flights provide interesting measurements of the composition of the
atmosphere on the coast of Taiwan along the flight tracks during the campaign. For ease
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of reference in the following, the take-off and landing flight legs are denoted as “TW1” and

“TW2”, respectively.

The RO;, retrieved from PeRCEAS has a temporal resolution of 60 seconds. Consequently,
as for the previous case studies, the models were resampled and averaged such that they
coincided with the 60s resolution of the PeRCEAS instrument. In appendix A 57 to A 126
for TW1 and A 147 to A 272 for TW2 time series of the following measurements are

provided:

a) the measured and simulated mixing ratios of RO3;

b) the mixing ratios of the trace gases NO, NO,, NOy, CO, 03, HCHO, CH;CHO, CH3CO

CH3, HONO, and SO;

c) the concentration of water vapour;
d) the concentration of black carbon;
e) the photolysis frequency for jO(*D).
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Figure 45: Flight tracks over Taiwan selected for the peroxy radical measurement and model comparison colour-
coded with the altitude measured by BAHAMAS in 60 s temporal resolution. TW2 refers to the landing phases of

the flight.
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Figure 44 and Figure 45 provide summaries of the flight tracks and the flight altitudes for
the TW1 and TW2 cases. The altitudes plotted are 60 s averages. As part of the comparison
between measurements and models at specific locations, the measurement and model
data were grouped according to their respective coordinates. For a consistent spatial
resolution when comparing measured and modelled data, the measurements were binned

at intervals of 0.1 ° latitude.
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Figure 46: Flight tracks for the selected flights for TW1 and TW2. a) and c) represent the top view of the locations
after binned over 0.1° latitude, b) and d) are the corresponding 3D plots in 1 min temporal resolution colour-
coded with RO, measurements.

Figure 46 shows the flight tracks for the TW1 and TW2 groups of flight legs, after 0.1°
binned and their respective 3D plots. For the TW1, measurements were taken at four
flight altitudes around 600 m, 1000 m, 1200 m, and above 4500 m. In TW2, measurements
were taken at five flight altitudes around 600 m, 900 m, 1300 m, 1500 m, and 2500 m. The
60s averaged flight track measurements, spaced at 0.1 ° intervals along the latitude for
each flight, provide comprehensive coverage without gaps. This binned resolution
effectively captures both the temporal and spatial details of the measurements. In the
following sections, the investigation of the TW1 and TW2 flight legs will be discussed
separately in detail.

5.3.1 Take-off (TW1)

As explained above, the TW1 case comprises all comparable HALO post take-off
measurements during the EMeRGe campaign in Asia. Figure 47 shows the altitude
measured, the modelled height of the PBL, and the modelled height over the PBL at the
position of the aircraft provided by SCALTRA. The area investigated during the TW1 is
divided into two types of flight legs:
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i) from take-off to 24.4 °N latitude the aircraft flights along the coast below 640
m except for E-AS-12, which reaches around 970 m;

ii) from 24.4 °N to 25.2 °N the aircraft heads towards Taipei over land and starts
to ascend before leaving the island.
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Figure 47: HALO altitude and modelled PBL height of the five flights selected for TW1 with a temporal resolution
of 60 s. a) vertical profile of the flight along the latitude, b) PBL height modelled by SCALTRA along the latitude,
and ¢) HALO height over the modelled PBL. The PBL height information is provided by SCALTRA. The black
solid line in c) denotes 0 m.

The modelled PBL height is different from flight to flight. As shown in Figure 47 c), E-AS-
07 was below, and E-AS-09 and E-AS-12 were close to the modelled PBL height during
flight leg part i) of the TW1. During flight leg part ii), E-AS-05 was close to and E-AS-08
was within the PBL. The FLEXTRA 12 hrs backward trajectory model, at flight leg part i)
of TW1 shows that the flights sampled air masses below 1000 m before ascending to
around 24.4 °N. These air masses originated from the boundary layer of Taiwan. For TW1,
~ 60 % of the RO5 measurements were made above the PBL. The other measurements of
gases and aerosols are shown in the appendix (A 39 to A 56).

During flight leg part ii), HALO in the flights E-AS-05 and E-AS-08 flow at a near constant
altitude and sampled air masses below 1000 m from Taiwan. The measurements from E-
AS-08 showed enhanced concentrations of total aerosol, NO and NOy. During E-AS-09, air
masses from 1000 to 2000 m above Taiwan were sampled. In the last flight leg part of the
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flights E-AS-07 and E-AS-12, HALO ascended to higher altitudes and sampled air masses
from mainland China (Fujian) at altitudes of 4000 to 5000 m and 5000 to 6000 m,
respectively.

In Figure 48, individual RO; measurements were taken and binned at 0.1° latitude
intervals, spanning from 23.0 °N to 25.2 °N. Figure 48 a) shows the 1 min averaged and
0.1° binned RO; measurements made by PeRCEAS. The mean of each binned interval is
calculated as the mean of the measurements of all individual flights and is plotted at each
0.05 ° of the 0.1 ° interval. That means, for example, that all the measurements between
23.0 °N and 23.1 °N are shown at 23.05 °N in the navy blue coloured square. The navy
blue colour envelopes represent 1o error around the mean, which includes the
propagation of the individual measurement error for RO;. The data is further grouped
into two categories, i.e. above and below the PBL height, as modelled by SCALTRA.
Specifically, measurements taken at altitudes greater than the modelled PBL height + 100
meters are defined to be “above the PBL” in Figure 48 b). In contrast, measurements at
altitudes lower than this threshold are categorised as “within the PBL” in Figure 48 c).
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Figure 48: Plots of RO, as a function of latitude for the TW1 group of flights at 60 s temporal resolution during
EMeRGe in Asia. Panel a) shows the binned and averaged RO, measurements colour-coded for each selected
flight. Panel b) shows the binned and averaged RO; above the PBL, as modelled by SCALTRA. Panel ¢) shows
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measurement error bars are not depicted in the plots.
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The average RO; measurement is 44 * 24 pptv for TW1. Over 60% of the RO}
measurements for the TW1 flight legs were made above the PBL and yielded an average
mixing ratio of 50 * 22 pptv. The most significant differences are observed in flight leg
parti), where the sampled air masses are presumed to originate from Taiwan island areas
along the flight track, particularly near the western cities and industrial regions. However,
at flight leg part ii), significantly higher RO} are observed in the air masses within the PBL
which remain similar to the mixing ratios measured above.

Differences between the two categorised groups of measurements (above and within the
PBL) are evident when sampling occurs around 600 m altitude in flight leg part i), with
the exception of flight E-AS-09. The mixing ratios of measured radical precursors (HCHO,
CH3CHO, and CH3COCH3) and photolysis conditions are similar across all five flights,
regardless of whether they were taken above or within the PBL. Peaks in NOx mixing
ratios were observed for flights E-AS-07 and E-AS-12 around latitudes from 23.6 °N to
23.9 °N, correlating with low RO} measurements. Notably, flight E-AS-07 shows a total
aerosol concentration at least five times higher than that observed in other flights at the
same location. This flight also recorded peak mixing ratios of NO (4ppbv), NOy (16ppbv),
CO (350ppbv), and SO, (3 ppbv). These elevated levels of trace gases and aerosols and a
possible overall more rapid RO} loss rate may explain the lower RO; measurements
observed, due to the radical losses in the aerosol surface. At flight leg part ii), the
difference in measurements taken above and within the PBL is less than 10%. The air
sampled in this section is anticipated to come from north of the flight measurement
location over the ocean.

The mean ROj are calculated and modelled together with the 10 standard deviation of the
averages shown as the coloured envelopes in Figure 49 for the WRF/CMAQ,
WRFchem(ERA5), WRFchem(GFS), MECO(n), box models, and calculations using PSS
assumptions, respectively. In these figures, individual modelling results are separately
marked above or within the modelled PBL height + 100 m by SCALTRA. The averaged
results are 18 + 9 pptv (WRF/CMAQ model), 9 + 9 pptv (WRFchem(ERAS5) model), 10 £ 9
pptv (WRFchem(GFS) model), 18 + 12 pptv (MECO(n) model), 29 * 15 pptv (box model),
36 + 11 pptv (PSS calculation).

The PSS calculated RO; have some missing values due to the availability of all required
measurements at the beginning of the TW1 flight legs. Both the box model results and the
PSS calculations, which are constrained to the in-situ measurements made on board
HALO, show the best agreement with the RO5 measurements and are within the 1o
envelope. The WRF/CMAQ model, the two WRFchem models, and the MECO(n) model, all
of which use selected emission inventories as input, underestimate the averaged RO5
measurements for TW1 flight leg part i), by approximately 60 to 80 %. The degree of this
underestimation varies from flight to flight but is typically less than 15 pptv.
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Figure 49: Comparison of the selected flights between 0.1° binned and averaged RO; measured from PeRCEAS
and a) results from the WRF/CMAQ model, b) results from WRFchem(ERAS) model,c) results from
WRFchem(GFS) model, d) results from MECO(n) model, e) results from the box model, and f) results from
calculations using PSS expression over TW1. The corresponding colour-coded 1 o envelope, are the measured and
modelled RO; averages for each latitude interval, respectively. Symbols used: filled circles represent
measurements within the modelled PBL by SCALTRA, and hollow circles indicate measurements above it.
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The differences are evident when comparing modelling and measurement results for
jO(*D), NO, HCHO, and CH5;CHO. For example, models tend to overestimate jO(*D) up to
40 %. For NO, the modelled results are between 50 % and 500 % higher than the
measurements. In contrast, HCHO measurements are underestimated by the models by
50 % to 100 %. Similarly, underestimations for CH;CHO range from 50 % to 200 % in the
model simulations.

In TW1 flight leg part ii), where the flights operate at different altitudes, the agreement
between the modelled and the measured RO results improve. The models tend to
overestimate jO(*D), though the differences remain below 15 %. As for NO, the models
overestimate by 20 % to 50 % (except for a few peaks). HCHO measurements are
commonly underestimated by the models, with the range lying between 20 % to 50 %.
Similarly, differences for CH3CHO range from 20 % to 60 % underestimation by the
models.

Both the box model simulation and the PSS calculation of RO are constrained to the
measurements made of trace gases and meteorological parameters onboard HALO. They
do not consider the halogen in their RO; calculations since there are no related
measurements available. In those cases, the underestimation of the observations could be
attributed to the missing halogen sources.

One possible additional explanation for the underestimation of RO3 could be the presence
of a sufficient amount of halogens in the atmosphere. Halogens and interhalogens (X,
where X= Cl, Br, or I and XY where Y= Cl, Br, or I) are known to be released from the ocean.
In addition, there are also organic methyl halides and dihalomethanes (CH;Cl, CH3Br, CH3I
and CH,CL,, CH,Br,, CH,I,) that are released on land and from the ocean. A potential
daytime source of halogen atoms in the lower troposphere is the photolysis of halogens
and interhalogens in the visible and UV. Cl reacts with aliphatic hydrocarbons to generate
an R radical. Cl, Br, and I also potentially add to unsaturated hydrocarbons, e.g. natural
emissions from terpenes and anthropogenic emissions of alkynes and alkenes. The
resulting halogen atom, X or Y then oxidises the hydrocarbons, RH, leading to the
production of organic peroxy radicals RO,, as shown in reactions R 5-1 to R 5-4 and R 2-
31(Simpson et al., 2015):

X, 5 2% R5-1

XYSX+y R5.2

X+ RH - R + HX R5-3

Y + RH — R + HY R5-4
M

R + 0, RO, R2-31

The reactions of XO or YO with NO are known to change the ratio of NO to NO,. The
unconstrained models do contain halogen chemistry. Inaccurate estimates of halogen
inventories may in part play a role in the underestimate of RO;. However, an analysis
outside the scope of this study would be required to quantify, whether missing halogen
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chemistry is playing a role in the difference between measured and unconstrained model
RO5.

A further point to consider is the true airspeed at the 600 - 800 m levels was around 110
m/s for all the flights. This implies that each in-situ measurement represents ~ 6.6 km
along the flight paths. This resolution is finer than the spatial resolution of all the models,
presenting a challenge for these models to capture accurately the short-term local
variations of the RO5.

Overall it can be concluded that inaccuracies in the inventories used by the models will
have a large impact on the simulations of the RO5.

5.3.2 Landing (TW2)

The measurements made during nine landings during the EMeRGe campaign in Asia were
analysed for the TW2 group of flights. Figure 50 shows the measured flight altitude of
HALO and the corresponding modelled PBL heights. Most TW2 flights flew at around 600
m and 900 m altitude levels.
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Figure 50: HALO altitude and modelled PBL height for the nine flights selected for TW2 with a temporal resolution

of 60 5. Panel a) vertical profile of the flight along the latitude, panel b) PBL height modelled by SCALTRA along
the latitude, and panel ¢c) HALO above the PBL.

Heigh

The comparisons of the photolysis rates, the composition of the air masses, the aerosols
probed (see A 128 to A 146 in appendix) as well as the HYSPLIT (see appendix A 273 to A
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281) and FLEXTRA model results indicate that there are three main sources of pollution
observed in TW2 flights:

a) Urban pollution from the city of Tainan. Generally related to elevated mixing ratios
of trace gases and aerosols between 22.5 °N and 23.3 °N over the coast. This urban
plume is at its best captured during the E-AS-08, a clear and highly polluted flight
day.

b) The Mailiao and Taichung power plants led to recurrent plumes of aerosols, NO,
NOy, and SOz plumes at the coast between 23.7 °N and 24.5 °N approximately. This
is well captured in E-AS-05.

c) Urban pollution from Taipei around 25 °N. Elevated mixing ratios of organic and
inorganic aerosol and trace gases such as NOy and VOCs are generally observed

Individual RO} measurements binned and averaged at 0.1° latitude intervals between
22.3 °N and 25.1 °N. Figure 51 presents plots for TW?2 flight legs, similar to those of TW1
shown in Figure 48. These are depicted with 1o envelopes and are classified based on
whether the measurements were taken above or within the PBL. The average RO}
measurement is 35 + 17 pptv for TW2. Less than 45 % of the RO measurements were
taken above the PBL with an average value of 31 + 16 pptv. On average the RO measured
within the PBL (37 + 16 pptv) and above the PBL (31 + 16 pptv) are equivalent. This
indicates that the polluted air masses probed over the PBL were of similar radical
precursor composition to that within the PBL. The observed mixing ratios of most of the
trace gases selected and the aerosol concentration over the PBL were higher in TW2 than
in TW1 (see A41-A56 for TW1 and A131-A146 for TW2 in the appendix).

Given that the landing phase of the flights comprised in TW2 occurred at different local
times of the day, the photolysis conditions differed significantly. E-AS-12 took place
approximately 3 hours before other flights and had at least two times higher averaged
jO(*D) than those of the other flights. More active photochemical processing of the probed
air masses in comparison with the other four flights might be the cause of the RO5
observed during E-AS-12 being in the upper part of the envelope.
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Figure 51: Plots of RO; as a function of latitude for the TW2 group of flights at 60 s temporal resolution during
EMeRGe in Asia. Panel a) shows the binned and averaged RO; measurements colour-coded for each selected
flight. Panel b) shows the binned and averaged RO; above the PBL, as modelled by SCALTRA. Panel c) shows
binned and averaged RO within the PBL, as modelled by SCALTRA. Symbols used: filled circles represent
measurements within the modelled PBL, and circles indicate measurements above it. The colour-coded
loenvelopes represent the standard deviation of the binned and averaged dataset. For clarity, individual
measurement error bars are not depicted in the plots.

The composition of air masses measured during the E-AS-07 and E-AS-10 flights varied
significantly, with each flight corresponding to the lower and upper limits of the RO,
envelope, respectively. E-AS-07, conducted later in the day, exhibited lower jO(1D) levels
that decreased significantly over the course of the flight. This flight also had elevated
aerosol concentrations, particularly above the PBL at 900 m altitude. In this altitude
range, a distinct plume enriched in NOy, CO, SO,, and O3 was observed, spanning latitudes
between approximately 23.5 °N and 24.1 °N. Given the location, it is likely that this plume
originated from Taichung and was transported above the PBL without much diffusion of
pollutants out or into it. In contrast, E-AS-10 stayed within the PBL throughout the flight,
resulting in lower trace gas and aerosol mixing ratios. This suggests that the air mass was
less influenced by elevated emissions or long-range transport, i.e. a less complex chemical
environment.

Figure 52 presents the comparison of the 0.1 ° latitude binned PeRCEAS measurements,
the simulations of the WRF/CMAQ, WRFchem(ERAS), WRF/CHEMRE(GFS), MECO(n), box
models, and the calculations using the PSS assumptions, respectively.
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Figure 52: Comparison of the selected flights between 0.1° binned and averaged RO, measured from PeRCEAS
and a) rvesults from the WRF/CMAQ model, b) results from WRFchem(ERAS5) model,c) results from
WRFchem(GFS) model, d) results from MECO(n) model, e) results from the box model, and f) results from
calculations using PSS expression over TW2. The corresponding colour-coded 1o envelopes are the measured
and modelled RO, averages for each latitude interval, respectively. Symbols used: filled circles represent
measurements within the modelled PBL by SCALTRA, and hollow circles indicate measurements above it.
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Similar to TW1, individual modelling results are separately marked as being above or
within the PBL height + 100 m by modelled SCALTRA. The averaged results are 26 + 17
pptv (WRF/CMAQ model), 23 = 17 pptv (WRFchem(ERA5) model), 24 + 15 pptv
(WRFchem(GFS) model), 32 + 16 pptv (MECO(n) model), 26 + 18 pptv (box model), 38 *
20 pptv (PSS calculation).

The overlap between the 1o envelope of the binned and averaged measured and modelled
RO; significantly improves compared to the TW1 case. Here, all the models and the
calculated RO3 lie within the envelopes of the binned average of the measurements.
Changes in the complexity of the air masses (e.g. due to different content of aerosols or
contact with surface emissions) might affect the insolation and the photochemical activity
of the air masses with respect to the standard assumptions of the models.

As can be seen in the figures, the flights E-AS-05 and E-AS-12 RO; are best simulated by
the models investigated. These are flights with a comparatively longer time above the PBL
and higher insolation conditions than the rest. In addition, the air masses probed during
E-AS-12 were less polluted than on other days as indicated by the significantly lower
mixing ratio of NO, NOy, BC, and OVOC.

Figure 53 shows latitudinally binned and averaged RO; measurements for five selected
flights of TW1 and nine selected flights of TW2, with each data point representing a
latitudinal average. The mean RO} measurement over latitude for TW1 is presented with
a propagated 1o error of 44 + 24 pptv, and for TW2 35 + 17 pptv. The average total peroxy
radical expected at these locations around Taiwan is around 39 + 21 pptv.

100

80 RO, "m binning average TW1 RO, " m binning average TW2

60

40

RO;" (pptv)

20

0

225 23.0 235 24.0 24.5 25.0
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Figure 53: Binned and averaged RO, measurement over latitude for 5 selected flights of TW1 and nine selected
flights of TW2. The corresponding envelopes are the 1o standard deviation of the binned and averaged.

In summary, around 60 % of the TW1 (take-off) scenarios are taken above the PBL. At
altitudes higher than 1000 m, the air masses are transported from mainland China. The
averaged RO; measurements of TW1 is 44 + 24 pptv, where the measurements above the
PBL are ~ 20 % higher than within the PBL in air masses originating from western cities
and industrial regions of Taiwan. The box model and PSS calculations constrained to the
HALO measurements provide the best agreement and are within the 1o envelope of the
ROj retrieved from PeRCEAS. The rest of the models fail to capture the short-term RO5
variability, which is partly underestimated by 60 to 80 %. The models which rely on
inventories generally overestimate NO and underestimate OVOC by up to 70 % for TW1.

103



Results and Discussion Part II: Airborne peroxy radicals: measurements and modelling

In addition, the dominant foggy conditions with a high content of aerosols and pollution
are challenging for the modelling of fast photochemistry at low spatial resolution.

Around 45 % of the TW2 (landing) scenarios are taken above the PBL. The TW2 averaged
RO measurement is 35 + 17 pptv, without significant differences within and above the
PBL. This indicates the probing of polluted air masses of similar radical precursor
composition up to 1300 m approximately above the PBL. Pollution plumes from Tainan,
Mailiao and Taichung power plants, and Taipei are identified based on the trajectory
models and HALO measurements. The models agree within 16 with the mean RO,
observed. but are generally not able to capture short-term variations of RO; and their
precursors as expected in such a complex polluted atmosphere.

The averaged RO} in Taiwan based on the take-off and landing location is around 39 + 21
pptv. This value can be used as a reference in photochemical simulations of polluted
plumes of similar composition and atmospheric conditions.

5.4 Comparison of PSS calculation and box model RO;

Although the box model and PSS calculations are both constrained to the measurements,
the box model systematically underestimates the RO’ PSS values by about 50% (Figure
32 f). As discussed in section 3.3.7, one of the assumptions for the PSS calculation
postulates a constant radical ratio, 6 (= HO,/R03), of 0.5. The PeRCEAS instrument does
not separate the measurement of the different types of peroxy radicals but measures them
as a total. The use of § values, derived from the box model, in the RO; PSS calculation
enables the difference between the box model and PSS calculated RO3 to be investigated.

Changing the value of § has impacts on: 1) The PSS calculations, where radical-radical
reactions play a significant role in determining losses; 2) The eCL measured for PeRCEAS
during calibration. The eCL values determined in the calibration use § values generated
in the laboratory of either 0.5 in the photolysis of mixtures of H,0 and CH, mixtures where
HO, = CH;30,, or 1 for the photolysis of H,0 and CO for HO,. For the EMeRGe campaigns,
the 6 = 0.5 calibrated eCL is used for the RO; measurement retrievals.

Table 18: eCL obtained experimentally for the measurement conditions during EMeRGE campaign. § =
HO,/RO;.

EU (Inlet 1) Asia (Inlet 2)
Inlet P (mbar) s | ecL Simple Linear relationship s | ecL Simple Linear relationship
between eCL and & between eCL and &

1 48

350 05 325 eCL =318+ 17
1 48 1 37

300 05 1355 eCL = 188 + 25.5 05 29 eCL =168 + 21
1 | 43.5 1 30

200 05 | 345 eCL = 258 + 23 05 | 23 eCL =148+ 16

To investigate the effect of § on the differences observed between the box model and PSS
calculations, the PSS RO3 values were re-calculated using the § values from the box model.
A linear relationship was assumed between the eCL and 6, which is a simple
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approximation because the eCL calibrations are made using the photolysis of H,0 and
thus only generate two values of §, i.e. 0.5 or 1. Using the § values from the box model, the
eCL was calculated assuming a linear relationship between eCL and the 6 values.

E-EU-03

The experimentally determined eCL used during the campaign, as well as the linear
relationships used for the re-evaluating of the RO’ measurements are presented in Table
18. Plots with the measured RO3 calculated for different 6 values are presented in Figure

54 for E-EU-03.
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Figure 54: Time series of the RO, box model (green line), PSS calculation with 6 = 0.5 (lime triangle), PSS
calculation with 6 from box model (black triangle), measurement original (red circles), and re-evaluated
measurement using o from box model (blue circles) for E-EU-03 selected region.

Figure 55 shows improved correlations of E-EU-03 between the box model and the
measurements, the PSS calculation and the measurements, and the PSS calculation and
the box model. Following the re-evaluation and the re-calculation, the overall difference
between the box model and the measurements was reduced from 69 % to 48 %. Similarly,
the overall difference between the PSS calculation and the measurements dropped from
15 % to 7 %, and between the PSS calculation and the box model, it decreased from 48 %
to 29 %.

As mentioned in section 3.3.7, the reaction rate coefficient of the total radical production
within the PSS is dependent on the value of §. When 6 = 0, the reaction rate coefficient =
k, corresponding to pure RO,. When 6 = 1 the reaction rate coefficient, k(R 2-35),
represents pure HO,. The pure HO, radical-radical losses are ~ 10 times higher than the
pure RO, radical-radical losses at the measurement conditions. Given that the mean 6
derived from the box model is > 0.7, the rate of radical-radical loss reaction is higher than
when § = 0.5. As a result, the re-calculated RO3 is up to 20 % lower than the original
calculation for the altitude level < 1200 m.
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Figure 55: Scatter plots for i) box model vs. re-evaluated measurement RO, ii) PSS re-calculated RO; vs. re-
evaluated measurement ROy, iii) box model vs. PSS re-calculated RO, for the E-EU-03 selected region. All the
plots are colour-coded with measurements of NO. &8 adopted from the box model. The 1:1 line is represented by
black dashed lines, while the linear fit is denoted by red solid lines. All the correlations are forced through the
origin. Slopes and correlation coefficients are not depicted when the correlation coefficient is less than 0.4.

A higher § is associated with a higher eCL for the PeRCEAS instrument (as the eCL
obtained experimentally showed in Table 18) as a consequence of the balance between
HO, and RO, terminating reactions and wall losses. The re-evaluated RO measurements
reduced by 14 - 22 % with respect to the original measurements. The re-calculated PSS
RO; is 6 - 25 % smaller than the original results which lead to the PSS calculation
underestimating the measurement from up to 80 % to up to 50 %.
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Figure 56: Time series of PSS calculated O3 with different & for E-EU-03 selected.
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A sensitivity study of E-EU-03 for the calculated RO’ has been made by using 6 = 0.2 and
0.4 as shown in Figure 56. The differences between the calculated RO3 with § = 0.2 and
the measurement narrows to 10 % for altitudes under 1200 m. This observation suggests
that in highly polluted air masses, where a higher variety of radical precursors are
expected, RO, radicals could account for around 80 % of the RO5. The accurate conversion
of the RO3 measured for different § requires specific eCL calibrations in the lab.

E-EU-06

The box model has an average § of around 0.6 (refer to appendix A 22), close to the 0.5
used for the PSS calculations and the eCL for RO; measurement retrieval for E-EU-06. The
RO retrieved from the box model and the PSS calculations agree reasonably for the E-EU-
06 selected regions. This is also the case for the comparison between the RO;measured
and RO; calculated assuming PSS and that simulated by the box model. HO, and CH;0,
account for 83 % of the total peroxy radical output from the box model, while RO, larger
than CH;0, is not considered in the PSS calculations.
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Similar to the approach used to investigate the E-EU-03 RO, the 6 values from the box
model were used in the RO PSS calculation and a re-evaluation of the RO; measurements
(results in appendix A 23 and A 24). After re-evaluating and recalculating the RO, the
agreement between the box model, the measurements, and the PSS calculations of RO;,
improved overall. Specifically, the difference between the box model and the
measurements of RO, was reduced from 41 % to 12 % and between the PSS calculations
and the measurements of RO; was reduced from 38 % to 19 %. Though the difference
between the PSS calculation and the box model increased by ~ 6 %, the scatter of data
points became more compact, indicating less dispersion compared to the initial results.

The re-calculated RO is on average 10 % smaller than originally estimated. The re-
evaluated RO measurements were smaller by 14 - 22 % than the original measurements.
With these corrections in place, the box model RO3, re-calculated RO, and re-evaluated
RO3 measurements agree within the measurement uncertainties.

E-AS-06

The box model underestimates the measurements by ~ 50 %. The box model and the PSS
calculation both are constrained to the measurements onboard HALO but the box model
underestimates the results of the PSS calculation by a factor of 50 %. The 6 simulated by
the box model is 74 %. Similar to the Rome cases, the PSS and measured values were re-
calculated by applying the § from the box model (see & details for E-AS-06 in appendix A
27 and the results in A 28 and A 29). It is important to note that around 1:20 - 1:30 UTC
when HALO is flying upwind of Manila and passes under cloudy conditions (based on the
water concentration, jO(*D) measurements and the flight report), significant
uncertainties may arise in the PSS calculations due to measurement uncertainties from
the remote sensing instruments.

For section 2), the PSS re-calculated RO} are ~ 6 - 20 % lower than the original results
and still higher than the box model values by ~ 25 %. The re-evaluated measurement
results are ~ 10 - 22 % lower than the original values, and the overall underestimation
by the box model drops from ~ 80 % to ~ 40 %.

E-AS-10

The PSS calculated values are higher than the box model results by ~ 50 % overall. The
average 6 used by the box model is around 0.73 The re-calculated and re-evaluated RO3
by applying the 6 from the box model (see appendix A 32) results are depicted in A 33
(time series plots) and A 34 (correlation scatter plots).

The PSS re-calculated RO shows a decrease of ~ 7 - 19 % relative to the original results.
This re-calculation reduced the difference with the box model results from ~ 40 % to ~
15 %. The box model results agree with the re-evaluated measurements within their
uncertainties. The PSS re-calculated RO; still overestimated the re-evaluated
measurements, specifically between 01:10 and 02:00 UTC. At this time cloudy conditions
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dominated which might increase the uncertainties associated with the use of remote
sensing instrument data as stated by George, 2022. Such uncertainties remain
unaddressed in the § reanalysis.

E-AS-08 long-range transported air masses

To analyse the source of differences with the box model, a § reanalysis has been applied
using 6 = 0.71 as in the box model (see appendix A 36 - A 38). However, the differences
are less than 10 % compared to the original results. Given that the sampled air masses are
long-transported and aged the modelling results should rely on the adequacy of the
dispersion of the air masses in the models which should dominate over the emission
inventories and emissions patterns.

. HO,, . . o
In summary, the effect of the & ratio (= R—Of) in the systematic underestimation of the
2

RO3 observations and PSS calculations by the box model were investigated. Different 6
values than 0.5 as used for the experimental retrieval and PSS calculations can lead to
significant differences in the final results due to changes in the radical-loss reactions. In a
first approach, re-evaluation of the RO5 measurements using the § from the box model
reduce the differences in RO; from up to 40 % to minimal or no difference.

These results emphasise the uncertainties related to the ratio of different peroxy radicals
in the air masses sampled as 6 = 0.5 may not be appropriate for all the conditions
investigated. Thus, speciation of the peroxy radical measurement becomes a critical
consideration for future investigations. The differences between the results of the box
model and the PSS are partly reduced if the § = 0.7 calculated by the model is used for the
PSS.
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6. Summary and Conclusion

The research described in this dissertation has exploited CRDS in two application areas.
These address two scientific objectives: a) the accurate measurement in the laboratory of
the Rayleigh scattering cross sections of atmospheric gases in the blue spectral region;
and b) the improvement of our understanding of the formation and loss of tropospheric
peroxy radicals RO; (= HO, + ZRO,, where R is an organic group having an H atom and the
RO reacts with 02 to form HO,). The latter was achieved by making airborne
measurements of ROj, by the PeRCEAS instrument, which uses CRDS to determine the
modulated and the chemically amplified NO, proxy for RO;. Consequently, the doctoral
thesis has addressed the following topics:

1. The experimental determination of Rayleigh scattering cross-sections at 408 nm
for selected atmospheric gases using CRDS. Accurate knowledge of Rayleigh
scattering is of fundamental interest and required for atmospheric radiative
transfer calculations. The gases selected in this study were bulk and trace
atmospheric gases of relevance for the measurements of RO; by the PeRCEAS
instrument. These gases would determine the cavity ring-down times measured in
PeRCEAS in the absence of the absorption by NO,.

2. The PeRCEAS measurements of RO’ during the airborne measurement campaigns
of the EMeRGe project. One focus was therefore accurate in-situ airborne
measurement of RO5. The payload of the HALO research aircraft during the
EMeRGe research campaigns included PeRCEAS and a set of instruments to
measure trace gases which can be classified as precursors and reactants of RO,
photolysis frequencies, and meteorological parameters. Having measured RO;
during EMeRGe, a collaboration with atmospheric modelling groups enabled the
comparison of PeRCEAS measurements of RO; with the simulated RO3 from a set
of atmospheric models provided by the modelling groups, as well as calculations
of RO using photostationary steady state (PSS) assumptions. The atmospheric
models used are i) atmospheric models using inventory emission data (MECO(n),
WRF/CMAQ, WRFchem) and ii) a box model constrained to the HALO
measurements. A series of case studies were selected to test the capability of the
models to simulate RO3 in different scenarios. In this context the investigation
focused on a) the city plumes of Rome and Manila as examples of air masses close
to the emissions from European and Asian major population centres, b) the long-
range transport of plumes from Beijing and the Yangtze River Delta at the China
Sea, and c) the complex pollution plume over Taiwan measured during repeated
take-off and landing procedures.

The main achievements of this research are summarised in the following two sections.
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6.1 Rayleigh scattering cross-section measurements

Some key activities and achievements during the measurement of the gas Rayleigh
scattering cross sections, og,y). at 408 nm are as follows:

e Three CRDS detectors were designed and built for this study and also used in
PeRCEAS. Two measurement modes (i.e. the continuous and pressure ramp
modes) were developed to determine ogg,y;.-

e The CRDS detectors were used to investigate the effect of set-up changes and
different modes of operation on the determination of o,y values. Using the same
detector for both modes of operation confirmed the values determined for ogay
were within the experimental error. A systematic error in the ramp experiments
related to the interference of ambient humidity in the laboratory was identified
but is estimated to be < 1 % of the total error.

e The ORayl. of N, 03, SA, Ar, CO, CO,, N;0, and CH, measured at 408 nm by CRDS
were accurately determined.

e The ogay1. 0f Oy, Ar, CO,, and SA at 408 nm, determined in this study are shown to
be consistent with previous literature measurements within 2.2 %, 1.5 %, 0.6 %,
and 2.2 %, respectively.

o This study reports the first measurement of og,y1 (CO) at 408 nm. The currently
available n-based calculation of og,y;. underestimates the experimental values and
therefore requires revision.

e The use of the commonly accepted n-values to calculate og,y1 (N;) underestimate
the retrieved ogay1 (N) values determined in this study. Consequently, there is a
need for further studies of the og,y (N;) investigation in other wavelength
ranges. N, is a bulk constituent of air. Accurate radiative transfer calculations
require accurate knowledge of the retrieved o,y (N3).

One unresolved experimental issue is also noted: The ring-down time signal decreased
steadily during the period of measurements using N, and Ar. This decrease was
reproducible and significantly higher than for other gases. The ring-down time was
recovered after cleaning the mirrors. The effect of humidity and impurities was
investigated but the reason for the decrease remains unclear. There are two potential
explanations: a) the deposition of an unknown impurity or impurities in the gases on the
cavity mirrors, or b) a gradual gas saturation of the CRDS mirror surface in the coated
layer of N, or Ar.

Overall this part of the doctoral dissertation highlights the potential of CRDS as an
absolute measurement technique for determining highly accurate Rayleigh scattering
cross-sections of molecules. These results have been published by Liu et al., 2023.
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6.2 Investigation of the capabilities of state-of-the-art models to reproduce the
airborne measurements obtained during the EMeRGe campaigns

Part of this study involved active participation in the preparation and operation of the
PeRCEAS instrument in the airborne campaigns of the EMeRGe project. Airborne
measurements of RO;were made on board the HALO platform in Europe and Asia. After
the acquisition and calibration of experimental data, case studies were selected for
investigation. The RO data simulated for these case studies by four different models and
calculations using PSS assumption were gathered and prepared for comparison with the
experimental measurements of RO, , trace gases, photolysis frequencies, and
meteorological parameters. The comparison of observations with simulations provides
valuable insight into the capability of current atmospheric models to simulate RO} in
different types of air masses. The main achievements are the following:

a) Studies on city plumes: Rome and Manila cases.

al) City plume of Rome: Within the PBL, RO5 mixing ratios range from 60 to 120
pptv, influenced by OVOC and NOx variability. Above the PBL, RO3 levels (30 - 60
pptv) depend on air mass origin and agree with models. However, within the PBL,
emission-based models failed to capture short-term variations (i.e. cloud), unlike
box models and PSS calculations constrained by onboard measurements. At lower
altitudes, especially in Rome plumes, models underestimate RO’ (up to 80%), with
the PSS RO} also underestimating (up to 50%). Cases with high OVOCs (> 7 ppbv)
suggest potential missing sources in PSS calculations, not accounting for OVOC
oxidation or photolysis and alkene ozonolysis. The PSS RO} overestimation at low
NO (< 50 pptv) and RO3 (< 60 pptv) might be linked to the absence of OH reacting
with HO, in PSS RO;, calculations.

a2) City plume of Manila: Within the PBL influenced by precursor emissions, the
RO3 upwind is ~ 50 pptv and downwind ~ 70 pptv near Manila. The box model
underestimates by ~ 30%, and PSS RO tends to overestimate when NO > 80 pptv
with OVOCs presented. This overestimation may result from unconsidered organic
nitrate formation in PSS calculations. Models, using inventories, simulate trace
gases and peroxy radical precursors within uncertainties except for NOx and
HCHO, leading to a failure in capturing short-term RO} variations. MECO(n)
simulates remarkably higher O3 than measurements, suggesting inadequate
emission consideration.

b) Studies on long-ranged transported air masses:

In aged and long-range transported air masses from the Yangtze River Delta and
Beijing within the PBL, average RO; observations are below 35 pptv. Models
generally underestimate RO and fail to reproduce observed variability, especially
for OVOC precursors (e.g. HCHO) and NO, suggesting a need for dispersion pattern
revision in models. PSS calculations, constrained to on-board measurements,
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d)

overestimate RO by around 30%, possibly due to cloudy conditions introducing
uncertainties in remote sensing measurements and affecting PSS precision. These
air masses have high aerosol loads (~ 800 cm™3), suggesting potential radical
aerosol uptake and heterogeneous reactions not considered in current PSS
calculations.

Complex pollution over Taiwan: take-off (TW1) and landing (TW2) scenarios:

There are large differences between the estimates of RO} from the model using
inventories and measurements in TW1. The simplest explanation is that the
inventories used in the model in the morning may be not sufficiently accurate e.g.
the NOx and OVOCs underestimated by the models. The box model and the PSS
calculation which constrained the measurements are closer to the RO;
measurements.

For TW2, the trace gases and radical precursors simulated by the models using the
inventories agree reasonably well with the measurements. It is probably not a
coincident that all the modelled and measured RO3 also agree reasonably well.
However, the models do not capture well the short-term variations of the RO}
precursors and reactants. It is important to note that these conclusions come from
the comparison with airborne RO, observations which are also subject to
limitations. In that respect, the speciated measurement of radicals would notably
improve the knowledge of production and loss mechanisms in radical chemistry.

The averaged RO; in Taiwan, based on take-off and landing locations, is
approximately 39 + 21 pptv, serving as a valuable reference for photochemical
simulations of similarly composed and atmospheric conditions polluted plumes.

The comparison of PSS calculation with the box model RO3:

This part of the study shows that a better understanding of the speciation (& ratio)
of RO3 in future measurements and modelling studies would be beneficial. It is
likely to reduce the differences between the measured and modelled RO5.

Overall, the results obtained in this part of the thesis highlight that the accuracy and

resolution of the inventories for radical precursors and trace gases involved in radical

formation and loss mechanisms limit the abilities to reproduce the short-term

RO3 variability observed close to the polluted areas. In particular, inaccuracies in the
simulation of the NOx and HCHO variabilities determine the inaccuracy of the RO3
simulations. Similarly, the accuracy in the photolysis rates and the dispersion patterns

used for the simulation of long-range transported pollution plumes is of crucial
importance.
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Appendix

A 1: Air Liquide gas supply consistent data
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A 2:Variability of parameters selected for 0o, (ray1)) determination with setup 1 & 2 continuous mode: a) 0o, (ray1,)
variation over time; b) cavity temperature averaged over measurement time and 00,(Rayl)’ ¢) laser frequency
averaged over measurement time and 0g,(ray1); d) To variation over time and 0g,(ray1)-

115



Appendix

+ Detector 3 Step 1 « Detector 3 Step 2

eﬁ} + Detector 3 Step 3 Detector 3 Ramp
1.44E-26
1.42E-26
= 1.40E-26
g s I s % ol W |
o 1.38E-26
1.36E-26
1.34E-26
252 27.2 29.2 23 43 63 83 112 312 512 712 912 1112
Date of 2020
b% « Detector 3 Step 1 « Detector 3 Step 2
§ « Detector 3 Step 3 Detector 3 Ramp
22
E 3 3 + = *
21 *
:520 o
=19 I
18 it
17
25.2: 272 29.2 23 43 63 83 112 342 512 712 912 1112
Date of 2020
ﬁ? - Detector 3 Step 1 - Detector 3 Step 2
: + Detector 3 Step 3 Detector 3 Ramp
1700
__1s00
I 1500
>
3 1400 1 [ } I
;,.4_1300 =
g 1200 Ik %
& |
1100 ] -
1000
252 272 292 23 43 63 83 112 312 512 712 912 1112
Date of 2020
d‘s « Detector 3 Step 1 « Detector 3 Step 2
f « Detector 3 Step 3 Detector 3 Ramp
24
22
= 20
= s ¢ ¥+ " [ —
< 18
16
14
252 272 29.2 23 43 63 83 112 312 512 712 912 1112

Date of 2020

+ Detector 3 Step 1
- Detector 3 Step 3

1.44E-26
1.42E-26
< 1.40E-26
5 £
o 1.38E-26
1.36E-26

1.34E-26
17 18

- Detector 3 Step 1
« Detector 3 Step 3

1.44E-26
1.42E-26
T 1.40E-26
S
= 1.38E-26
1.36E-26

1.34E-26

+ Detector 3 Step 2
Detector 3 Ramp

19 20 21 22
T(°C)

« Detector 3 Step 2
Detector 3 Ramp

10001100 1200 1300 1400 1500 1600 1700
Frequency (Hz)

» Detector 3 Step 1
« Detector 3 Step 3

1.44E-26
1.42E-26
T 1.40E-26
S
5 1.38E-26
1.36E-26

1.34E-26
14 16

= Detector 3 Step 2
Detector 3 Ramp

of

18 20 22 24
To (1)

A 3: Variability of parameters selected for 0o, (ray1) determination with setup 3 continuous and ramp mode: a)
00, (Rayl) Variation over time; b) cavity temperature averaged over measurement time and 0o, ray1), ¢) laser
Jrequency averaged over measurement time and 0¢,(ray1); d) To variation over time and 0o, (ray1y- The conditions

are tabulated in Table 9 (conditions 3,4, and 5).
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A 4: Measurement conditions for the determination of 0 (ray1)) Using continuous mode.
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A 5: Variability of parameters selected for Osaray1) determination with setup 1 & 2 continuous mode: a)
Osa(Rayl) variation over time; b) cavity temperature averaged over measurement time and Osprayry; ¢) laser
Jrequency averaged over measurement time and Ogu(ray1); d) To variation over time and Og4(ray1)- The conditions
are tabulated in appendix A 4.
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A 6: Variability of parameters selected for 0sa(gray1) determination with setup 3 continuous and ramp mode: a)
OsA(Rayl.) variation over time; b) cavity temperature averaged over measurement time, c¢) laser frequency averaged
over measurement time; d) T, variation over time. The conditions are tabulated in appendix A 4.

A 7: Measurement conditions for the determination of Oayray1) using continuous mode. NV: needle valve; MFC:
mass flow controller.

i 300-500 10 50 NV
300-500 10 50 MFC
2 300-500 10 50 MFC
300-500 10 100 MFC
2 300-500 10 100 MFC
300-500 10 50 MFC
300-500 10 100 MEFC
300-500 2 50 MFC
3 300-500 100 MEFC
300-700 10 100 MFC
300-700 2 100 MEFC
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A 8: Variability of parameters selected for 04y (ray1) determination with setup 1 & 2 continuous mode: a) Oy (rayt)
variation over time; b) cavity temperature averaged over measurement time and Oar(Rayl)” ¢) laser frequency

averaged over measurement time and Oy (ray1), d) To variation over time and Oy (ray1)- The conditions are
tabulated in appendix A 7.
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A 9: Variability of parameters selected for 04 (ray1) determination with setup 3 continuous and ramp mode: a)
Oar(RayL) Variation over time; b) cavity temperature averaged over measurement time and Oay(ray1), €) laser
frequency averaged over measurement time and Oy (ray1); d) To variation over time and 04y (ray1)- The conditions
are tabulated in appendix A 6.
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A 10: Variability of parameters selected for 0¢o,(ray1) determination with setup 3 continuous and ramp mode: a)
Oco,(Rayl) Variation over time; b) cavity temperature averaged over measurement time and 0c0,(Rayl); € laser
Jrequency averaged over measurement time and 0o, (ray1); d) To variation over time and 0¢o,(ray1)-
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A 11: Variability of parameters selected for oco(ray1) determination with setup 3 continuous and ramp mode: a)
Oco(rayl) Variation over time; b) cavity temperature averaged over measurement time and Oco(rayl)s ) laser
Jrequency averaged over measurement time 0¢orayt), d) To variation over time and o¢opayi)-
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A 12: Measurement conditions for

ON,0 (Rayl.

determination using continuous mode.
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A 13: Variability of parameters selected for oy, (ay1) determination with setup 2 continuous mode: @) Oy, o (rayt)
variation over time; b) cavity temperature averaged over measurement time and Oy,oay1); ¢) laser frequency
averaged over measurement time and Oy, (ay1); d) To variation over time and Oy, o(ay1)- The conditions are listed

ind 2.
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A 14:Variability of parameters selected for ay,o(ray1) determination with setup 3 continuous and ramp mode: a)
ON,0(RayL) Variation over time; b) cavity temperature averaged over measurement time and Oy, orayt)s ¢) laser
Jrequency averaged over measurement time and 0y, (ray1); d) To variation over time and oy, o(rayt.)-
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A 15:Variability of parameters selected for o¢cy, rayr) determination with setup 1 continuous mode: a) 0cy,(rayt,)
variation over time; b) cavity temperature averaged over measurement time and ¢y, (ray1), ¢) laser frequency
averaged over measurement time and Oy, (ray1); d) To variation over time and 0¢y, (rayi)-
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A 16: Variability of parameters selected for ocy,ray1) determination with setup 3 continuous and ramp mode: a)
OcH,(Rayl) variation over time; b) cavity temperature averaged over measurement time and 0cy,ray1); ¢) laser
frequency averaged over measurement time and ¢y, (ray1); d) To variation over time and 0¢cy, (ray1)-
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A 17: Absorption cross section of methane at room temperature. (He et al., 2021).
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A 18: Time series of the RO; measurements of E-EU-03. Panel a) shows all RO; measurements, with P flags
marked at the corresponding time; b) RO, measurements where P flags marked in a) are removed, resulting in a
plot of the remaining measurement points. P flag: pressure flag represents the RO; measurements retrieval
affected by the pressure variations in the inlet.
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A 19: Scatter plots between RO, PeRCEAS measurements and the modelling results from a) WRFchem(ERAS), b)
WRFchem(GFS), c) MECO(n), d) box model, and e) PSS calculation for E-EU-03 selected. f) is the RO, simulated
by the box model and the PSS expression are compared. All the plots are colour-coded with measured or modelled
1) altitude, 2) jO'D, and 3) HCHO mixing ratio. The black dashed line is the 1:1 line in the scatter plot. The
temporal resolution for the plotted data is normalised to 60 s except for MECO(n) with a temporal resolution of
120 s.
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A 20: Scatter plots between RO, PeRCEAS measurements and the modelling results from a) WRFchem(ERAS), b)
WRFchem(GFS), ¢) MECO(n), d) box model, and e) PSS calculation for E-EU-06 selected. In f), the RO,
simulated by the box model and the PSS expression are compared. All the plots are colour-coded with measured
or modelled 1) altitude, 2) jO*D, and 3) HCHO mixing ratio. The black dashed line is the 1:1 line in the scatter
plot. The temporal resolution for the plotted data is normalised to 60 s except for MECO(n) with a temporal
resolution of 120 s.
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2017-07-11 E-EU-03 box model
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A 21: Time series of differentiation of peroxy radicals using the box model for the E-EU-03 flight. The top panel
displays stacked results of peroxy radicals with outputs exceeding 0.1 pptv. The bottom panel illustrates specific
radicals contributing more than 0.1 pptv to the total radical composition, expressed as a percentage. Percentages
represent the average contribution of each specific radical to the total radical count.
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A 22: Time series of differentiation of peroxy radicals using the box model for the E-EU-06 flight. The top panel
displays stacked results of peroxy radicals with outputs exceeding 0.1 pptv. The bottom panel illustrates specific
radicals contributing more than 0.1 pptv to the total radical composition, expressed as a percentage. Percentages
represent the average contribution of each specific radical to the total radical count.
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—— RO;" box model

A RO:"c, 6 from box model

4+ RO2"m re-evaluated using box model &
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A 23: Time series of the RO, box model (green line), PSS calculation with 6 = 0.5 (lime triangle), PSS calculation
with ¢ from box model (black triangle), measurement original (red filled circles), and re-evaluated measurement
using J from box model (blue filled circles) for E-EU-06 selected region.
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A 24: Correlation scatter plots for i) box model vs. re-evaluated measurement RO, ii) PSS re-calculated RO,
vs. re-evaluated measurement RO;, iii) box model vs. PSS re-calculated RO; for the E-EU-06 selected region.
All the plots are colour-coded with measurements of NO. & adopted from the box model. The 1:1 line is
represented by black dashed lines, while the linear fit is denoted by red solid lines. All the correlations are forced

through the origin. Slopes and correlation coefficients are not depicted when the correlation coefficient is less
than 0.4.
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A 25: Relationship between RO, PeRCEAS measurements and the modelling results from a) WREF/CMAQ, b)
WRFchem(ERA5), ¢) WRFchem(GFS), d) MECO(n), e) box model, and f) PSS calculation for E-AS-06 over
Manila. In g), the RO, simulated by the box model and the PSS expression are compared. All the plots are colour-
coded with measuremed or modelled 1) altitude, 2) jO*D, and 3) HCHO mixing ratio. The black dashed line is
the 1:1 line in the scatter plot. The temporal resolution for the plotted data is normalised to 60 s.
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2018-03-20 E-AS-06 box model RO, "
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A 26: Time series of box model interpolation correction for E-AS-06. The black dashed line refers to the original
box model RO, output, the green filled circles refer to the corrected results. The highlighted section denotes the
region traversed before and after passing over Manila.
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A 27: Time series of differentiation of peroxy radicals using the box model for the E-AS-06 flight. The top panel
displays stacked results of peroxy radicals with outputs exceeding 0.1 pptv. The bottom panel illustrates specific
radicals contributing more than 0.1 pptv to the total radical composition, expressed as a percentage. Percentages
represent the average contribution of each specific radical to the total radical count.
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A 28: Time series of the RO, box model (green line), PSS calculation with 6 = 0.5 (lime triangle), PSS calculation
with 6 from box model (black triangle), measurement original (red filled circles), and re-evaluated measurement
using o from box model (blue filled circles) for E-AS-06 sections 1)-3). The regions highlighted in blue, grey, and
cyan mark sections 1), 2), and 3) of this flight, respectively.
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A 29: Correlation scatter plots for E-AS-06 i) box model vs. re-evaluated measurement RO;; ii) PSS re-
calculated RO; vs. re-evaluated measurement RO, iii) box model vs. PSS re-calculated RO, for section 2). iv)
- vi) are the same correlations for sections 1) as triangles and 3) as squares. All the plots are colour-coded with
measurements of NO. & adapted from the box model. The 1:1 line is represented by black dashed lines, while
the linear fit is denoted by red solid lines. All the correlations are forced through the origin. Slopes and correlation
coefficients are not depicted when the correlation coefficient is less than 0.4.
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A 30: Relationship between RO, PeRCEAS measurements and the modelling results from a) WRF/CMAQ, b)
WRFchem(ERAS), ¢) WRFchem(GFS), d) MECO(n), e) box model, and f) PSS calculation for E-AS-10 over
Manila. In g), the RO, simulated by the box model and the PSS expression are compared. All the plots are colour-
coded with measured or modelled 1) altitude, 2) jO*D, and 3) HCHO mixing ratio. The black dasehd line is the
1:1 line in the scatter plot. The temporal resolution for the plotted data is normalised to 60 s.
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2018-03-28 E-AS-10 box model RO,"
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A 31: Time series of box model interpolation correction for E-AS-10. The black dashed line refers to the original
box model RO, output, the green filled circles refer to the corrected results. The highlighted section denotes the
region traversed before and after passing over Manila.
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A 32: Time series of differentiation of peroxy radicals using the box model for the E-AS-10 flight. The top panel
displays stacked results of peroxy radicals with outputs exceeding 0.1 pptv. The bottom panel illustrates specific
radicals contributing more than 0.1 pptv to the total radical composition, expressed as a percentage. Percentages
represent the average contribution of each specific radical to the total radical count.
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A 33: Time series of the RO, box model (green line), PSS calculation with 6 = 0.5 (lime triangle), PSS calculation
with 6 from box model (black triangle), measurement original (red filled circles), and re-evaluated measurement
using J from box model (blue filled circles) for E-AS-10. The regions highlighted in blue, grey, and cyan mark
sections 1), 2), and 3) of this flight, respectively.
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A 34: Correlation scatter plots for E-AS-10 i) box model vs. re-evaluated measurement RO;; ii) PSS re-
calculated RO; vs. re-evaluated measurement R 05 iii) box model vs. PSS re-calculated RO, for section 2). iv)
- vi) are the same correlations for sections 1) as triangles and 3) as squares. All the plots are colour-coded with
measurements of NO. 6 adapted from the box model. The 1:1 line is represented by black dashed lines, while the
linear fit is denoted by red solid lines. All the correlations are forced through the origin. Slopes and correlation
coefficients are not depicted when the correlation coefficient is less than 0.4.
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A 35: Relationship between RO, PeRCEAS measurements and the modelling results from a) WREF/CMAQ, b)
WRFchem(ERAS), c) WRFchem(GFS), d) MECO(n), e) box model, and f) PSS calculation for E-AS-08 over the
East China Sea. In g), the RO, simulated by the box model and the PSS expression are compared. All the plots are
colour-coded with measured or modelled 1) altitude, 2) jO'D, and 3) HCHO mixing ratio. The black dasehd line
is the 1:1 line in the scatter plot. The temporal resolution for the plotted data is normalised to 60 s.
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2018-03-24 E-AS-08 box model
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A 36: Time series of differentiation of peroxy radicals using the box model for the E-AS-08 flight. The top panel
displays stacked results of peroxy radicals with outputs exceeding 0.1 pptv. The bottom panel illustrates specific
radicals contributing more than 0.1 pptv to the total radical composition, expressed as a percentage. Percentages
represent the average contribution of each specific radical to the total radical count.
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A 37: Time series of the RO, box model (green line), PSS calculation with 6 = 0.5 (lime triangle), PSS calculation
with ¢ from box model (black triangle), measurement original (red filled circles), and re-evaluated measurement
using 0 from box model (blue filled circles) for E-AS-08.
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A 38: Correlation scatter plots for E-AS-08 i) box model vs. re-evaluated measurement RO;; ii) PSS re-
calculated RO, vs. re-evaluated measurement RO, iii) box model vs. PSS re-calculated RO;. All the plots are
colour-coded with measurements of NO. & adapted from the box model. The 1:1 line is represented by black
dashed lines, while the linear fit is denoted by red solid lines. All the correlations are forced through the origin.
Slopes and correlation coefficients are not depicted when the correlation coefficient is less than 0.4.
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A 39: jO('D) measurement by HALO — SR over the latitude for the selected flights over TW1 at 60 s temporal
resolution.
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A 40: H:0 measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 41: NO measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 42: NO: measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 43: NOy measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 44: CO measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 45: Os measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 46: HCHO measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 47: CH;CHO measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 48: CHsCOCH; measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 49: SO: measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 50: Totoal aerosol measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 51: Black carbon measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 52: Organic aerosol measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 53: Chloride aerosol measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 54: Ammonium aerosol measurement over the latitude for the selected flights over TWI1 at 60 s temporal
resolution.
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A 55: Sulfate aerosol measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 56: Nitrate aerosol measurement over the latitude for the selected flights over TW1 at 60 s temporal resolution.
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A 57: Temporal distribution of RO, measurement and the corresponding results from available models for E-AS-
05 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 58: Temporal distribution of jO* D measurement and the corresponding results from available models for E-AS-
05 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 59: Temporal distribution of H,0 measurement and the corresponding results from available models for E-AS-
05 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 60: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
05 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 61: Temporal distribution of NO: results from available models for E-AS-05 TW1. The corresponding latitudes
are provided on the secondary y-axis.
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A 62: Temporal distribution of NOy measurement and the corresponding results from available models for E-AS-
05 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 63: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
05 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 64: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-05
TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 65: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-05 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 66: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-05 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 67: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models for

E-AS-05 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 68: Temporal distribution of HONO measurement and the corresponding results from available models for E-
AS-05 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 69: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
05 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 70: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-05 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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2018-03-22 E-AS-07 TW1l
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A 71: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculation for E-AS-07 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 72: Temporal distribution of jO*D measurement and the corresponding results from available models for E-AS-
07 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 73: Temporal distribution of H,0 measurement and the corresponding results from available models for E-AS-
07 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 74: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
07 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-22 E-AS-07 TW1
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A 75: Temporal distribution of NO: measurement and the corresponding results from available models for E-AS-
07 TWI. The corresponding latitudes are provided on the secondary y-axis. The NO: measurement made by
HAIDI.
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A 76: Temporal distribution of NOy measurement and the corresponding results from available models for E-AS-
07 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 77: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
07 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 78: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-07
TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-22 E-AS-07 TW1
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A 79: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-07 TW1. The corresponding latitudes are provided on the secondary y-axis.

2018-03-22 E-AS-07 TW1

—— CH;CHO WRF/CMAQ model —— CH3CHO MECO(n) model —— CH3CHO box model CH3CHO measurement —— Latitude
2200 252
2000 25.0
=~ 1800 248
E. 1600 2462
& 10 244%
° 1200 24.2%
I 1000 2403
Q 800 238E
£ 600 2361
U 400 234
200 232
0 23.0
03:45 03:50 03:55 04:00 04.05 04:10 04:15 04:20 04:25

Time(UTC)

A 80: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-07 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 81: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models for
E-AS-07 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 82: Temporal distribution of HONO results from available models for E-AS-07 TWI. The corresponding
latitudes are provided on the secondary y-axis.
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2018-03-22 E-AS-07 TW1
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A 83: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
07 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 84: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-07 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 85: Temporal distribution of RO, measurement, the corresponding results from available models, and the PSS
calculation for E-AS-08 TW1. The corresponding latitudes are provided on the secondary y-axis.

2018-03-24 E-AS5-08 TW1

—— J(0'D) WRF/CMAQ model —— j(O'D) MECO(n) model ¢ J(O'D) measurement —— Latitude
6.6 25.2
,?— 6.0 25.0
' 5.4 248
n 4.8 2462
' 42 24.4%
o
S 36 2429
x 3.0 S 2403
=]
2 T i i T e e S G T 238§
' - T
o L8 —= 2361
e 12 23.4
Soe o2
01:00 01:05 01:10 01:15 01:20 01:25 01:30 01:35 01:40 o145
Time{UTC)

A 86: Temporal distribution of jO* D measurement and the corresponding results from available models for E-AS-
08 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 87: Temporal distribution of H,0 measurement and the corresponding results from available models for E-AS-
08 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 88: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
08 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 89: Temporal distribution of NO: results from available models for E-AS-08 TW1. The corresponding latitudes
are provided on the secondary y-axis.
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A 90: Temporal distribution of NOy measurement and the corresponding results from available models for E-AS-
08 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 91: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
08 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 92: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-08
TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 93: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-08 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 94: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-08 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 95: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models for
E-AS-08 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 96: Temporal distribution of HONO measurement and the corresponding results from available models for E-
AS-08 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 97: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
08 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 98: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-08 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 99: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculation for E-AS-09 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 100: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-09 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 101: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-09 TW1I. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 102: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
09 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 103: Temporal distribution of NO: results from available models for E-AS-09 TW1. The corresponding latitudes
are provided on the secondary y-axis.
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A 104: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-09 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 105: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
09 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 106: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
09 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-26 E-AS-09 TW1
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A 107: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-09 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 108: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-09 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 109: Temporal distribution of CHsCOCH:s measurement and the corresponding results from available models
for E-AS-09 TW1I. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 110: Temporal distribution of HONO measurement and the corresponding results from available models for E-
AS-09 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-26 E-AS-09 TW1
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A 111: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
09 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 112: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-09 TW1I. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 113: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculation for E-AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis.

2018-04-03 E-AS5-12 TW1

—— j(O'D) WRF/CMAQ model ~—— j(O!D) MECO(n) model j{O'D) measurement ~—— Latitude

- 6.6 25.2

T 6.0 250

w 54 248
n 4.8 24.6°Z
' 42 244 %
Q

S 36 24.2 g

x 30 M 2403
-
- 24 : 23.81=
o 18 . 2361
) Ry 234
= 0.6 232
0.0 23.0
00:25 00:30 ge:as 00:40 00:45 00:50 00:55 01:00 01:05
Time(UTC)

A 114: Temporal distribution of jO'D measurement and the corresponding results from available models for E-
AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-04-03 E-AS-12 TW1
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A 115: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 116: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
12 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 117: Temporal distribution of NO: results from available models for E-AS-12 TW1. The corresponding latitudes
are provided on the secondary y-axis.
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A 118: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis

159



Appendix

2018-04-03 E-AS-12 TWL

—— CO WRF/CMAQ model —— CO WRFchem(GFS) model —e— CO measurement

—<— CO WRFchem(ERA5) model  —— CO MECO{(n) model —— Llatitude
410
380
350
- 320
2 290
& 260
2530
© 200
Y70
140
110
80
00:25 00:30 00:35 00:40 00:45 00:50 00:55 01:00 01:05

Time(UTC)

A 119: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
12 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 120: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
12 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 121: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 122: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 123Temporal distribution of CHsCOCHs measurement and the corresponding results from available models for
E-AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 124: Temporal distribution of HONO measurement and the corresponding results from available models for E
AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis.
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A 125: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
12 TWI. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 126: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-12 TW1. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 127: Latitudinal distribution of RO, mixing ratios observed of the five selected flights for TW2. The yellow filled
circles and line are the mean value of five flights within the same 0.1° binning range, and the yellow envelopes
are the 1o standard deviation of the average including each measurement error propagation.
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A 128: jO('D) measurement by HALO — SR over the latitude for the selected flights over TW2 at 60 s temporal
resolution.
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A 129: Time series of jO('D) measurement by HALO — SR for the selected flights over TW2 at 60 s temporal
resolution.
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A 130: H:0 measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 131: NO measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 132: NO: measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 133: NOy measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 134: CO measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 135: Os measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 136: HCHO measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 137:CH3;CHO measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.

164



Appendix

5000

4000

E-AS-05

eas06 [ eas07 ] easo0s ] Ers-00 ] Eas-10

B eas11

B essa2

22.5

22.7 229 23.1 23.3 235 23.7 23.9

Latitude (°N)

24.1 24.3

24.5 24.7 249 251

A 138: CH;COCH;: measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 139: SO: measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 140: Total aerosol measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 141: Black carbon measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 142: Organic aerosol measurement over the latitude for the selected flights over TW2 at 60 s temporal
resolution.
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A 143: Chloride aerosol measurement over the latitude for the selected flights over TW2 at 60 s temporal
resolution.
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A 144: Ammonium aerosol measurement over the latitude for the selected flights over TW2 at 60 s temporal
resolution.
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A 145: Sulfate aerosol measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.

166



Appendix

5
- E-AS-05 eas-06 ] eas07 ] ensos [ eAsos i eas0 I eas11 [ Eas1z [ EAs13
m
IE 4 ‘ E-AS-07 max = 8.5 (ug m~3)
o E-AS-08 max = 6.0 (ug m~ JP
3
3
-3
]
b
g
2
g
]
®
E 1
=

0, - & = 5 i . e =
22.3 22.5 22.7 22.9 23.5 23.7 23.9 24.1 24.3 24.5 24.7 24.9 25.1
Latitude (°N)

A 146: Nitrate aerosol measurement over the latitude for the selected flights over TW2 at 60 s temporal resolution.
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A 147: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculations for E-AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis.

2018-03-19 E-AS-05 TW2
—— J(O'D) WRF/CMAQ model —— j(O'D) MECO(n) model ¢ J(O'D) measurement ~—— Latitude

06:50 07:00 07:10 07:20 07:30 07:40 07:50 08:00 08:10 08:20
Time(UTC)

A 148: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 149: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 150: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
05 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 151: Temporal distribution of NO: results from available models for E-AS-05 TW?2. The corresponding latitudes
are provided on the secondary y-axis.
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A 152: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 153: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 154: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-

05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the

measurements, therefore, is not featured in the plots.

2018-03-19 E-AS-05 Tw2

—— HCHO WRF/CMAQ mcdel —— HCHO WRFchem(GFS) model HCHO measurement.
—<— HCHO WRFchem(ERAS5) model ~—— HCHO MECO(n) model —— Latitude
7700 25.1
6600 HCHO,,, max =24031.0 (pptv)| 24 7
—
P 5500 24.3&
a ]
£ 4400 239 g
-~ °
g 3300 2353
¥ 2200 ‘ 2318
| i p P~
1100 \/J\/\(\/\,/\/ ﬁ 27
0 —22.3
06:50 07.00 07:10 07:20 07:30 07:40 07:50 08:00 08:10 08:20
Time{UTC)

A 155: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 156: Temporal distribution of CHsCHO measurement and the corresponding results from available models for

E-AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.

2018-03-19 E-AS-05 TW2

—— CH3COCH; WRF/CMAQ model  —— CH3;COCH; MECO(n) model CH5;COCH3; measurement —— Latitude

4800 251

'E 4200 24.7
g g

-y 3500 24.34

L '
m 2800 2399
F L]
g 2100 23.5_|=_,I
1400 2318
T -l

W 700 227

223

06:50 07:00 07:10 07:20 07:30 07:40 07:50 08:00 08:10 08:20
Time{UTC)

A 157: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models
for E-AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 158: Temporal distribution of HONO results from available models for E-AS-05 TW2. The corresponding
latitudes are provided on the secondary y-axis.
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A 159: Temporal distribution of SO: results from available models for E-AS-05 TW2. The corresponding latitudes
are provided on the secondary y-axis.
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A 160: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-05 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 161: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculations for E-AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis
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A 162: Temporal distribution of jOD measurement and the corresponding results from available models for E-
AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 163: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 164: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
06 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 165: Temporal distribution of NO: results from available models for E-AS-06 TW?2. The corresponding latitudes
are provided on the secondary y-axis.
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A 166: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 167: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
06 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 168: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
06 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 169: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis.
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2018-03-20 E-AS-06 TW2
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A 170: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 171: Temporal distribution of CHsCOCH: measurement and the corresponding results from available models
for E-AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 172: Temporal distribution of HONO results from available models for E-AS-06 TW2. The corresponding
latitudes are provided on the secondary y-axis.
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A 173: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
06 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-20 E-AS-06 TW2
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A 174: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-06 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 175: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculations for E-AS-07 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 176: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-07 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 177: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-07 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 178: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-

07 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 179: Temporal distribution of NO> measurement and the corresponding results from available models for E-AS-
07 TW?2. The corresponding latitudes are provided on the secondary y-axis. NO: measurement made by HAIDI.
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A 180: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-07 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 181: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-

07 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-22 E-AS-07 TW2
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A 182: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
07 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 183: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-07 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 184: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-07 TW?2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 185: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models
for E-AS-07 TW?2. The corresponding latitudes are provided on the secondary y-axis.
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A 186: Temporal distribution of HONO results from available models for E-AS-07 TW2. The corresponding
latitudes are provided on the secondary y-axis.
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A 187: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
07 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 188: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-07 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 189: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculations for E-AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis.
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2018-03-24 E-AS-08 TW2
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A 190: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 191: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 192: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
08 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 193: Temporal distribution of NO: results from available models for E-AS-08 TW2. The corresponding latitudes
are provided on the secondary y-axis.

178



Appendix

2018-03-24 E-AS-08 TwW2
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A 194: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 195: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
08 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 196: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
08 TW?2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 197: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots
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2018-03-24 E-AS-08 TW2
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A 198: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-08 TW?2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 199: Temporal distribution of CHsCOCH: measurement and the corresponding results from available models
for E-AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 200: Temporal distribution of HONO measurement and the corresponding results from available models for E-
AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 201: Temporal distribution of SO: results from available models for E-AS-08 TW2. The corresponding latitudes
are provided on the secondary y-axis.
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2018-03-24 E-AS-08 TW2
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A 202: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-08 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 203: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculations for E-AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 204: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 205: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-26 E-AS-09 TW2
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A 206: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 207: Temporal distribution of NO: results from available models for E-AS-09 TW2. The corresponding latitudes
are provided on the secondary y-axis.
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A 208: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 209: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-

09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-26 E-AS5-09 TW2
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A 210: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 211: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 212: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 213: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models
for E-AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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2018-03-26 E-AS-09 TW2
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A 214: Temporal distribution of HONO measurement and the corresponding results from available models for E-

AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 215: Temporal distribution of SO: results from available models for E-AS-09 TW2. The corresponding latitudes

are provided on the secondary y-axis.
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A 216: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-09 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains

the measurements, therefore, is not featured in the plots.
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A 217: Temporal distribution of RO, measurement, the corresponding results from available models, and the PSS

calculations for E-AS-10 TW2. The corresponding latitudes are provided on the secondary y-axis.
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2018-03-28 E-AS-10 TW2
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A 218: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 219: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 220: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 221: Temporal distribution of NO: results from available models for E-AS-10 TW?2. The corresponding latitudes
are provided on the secondary y-axis.
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2018-03-28 E-AS-10 TW2
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A 222: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-10 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 223: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 224: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 225: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-10 TW?2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-28 E-AS-10 TW2
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A 226: Temporal distribution of CH;:CHO measurement and the corresponding results from available models for
E-AS-10 TW?2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 227: Temporal distribution of CHsCOCH: measurement and the corresponding results from available models
for E-AS-10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.

2018-03-28 E-AS-10 TW2

—— HONO WRF/CMAQ model = —— HONO MECO(n) model = —— HONO box medel —— Latitude
21 251
18 24.7
p—, —
IE. 15 24.3 ‘Z
—
£ 12 239 ¢
o
2 2
5 9 23.5’:
Qs 231%
I 3
3 227
0 - 223
06:00 06:30 07:00 07:30 08:00 08:30

Latitude (°*N)

A 228: Temporal distribution of HONO results from available models for E-AS-10 TW2. The corresponding
latitudes are provided on the secondary y-axis.
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A 229: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-28 E-AS-10 TW2
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A 230: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-10 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 231: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculations for E-AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 232: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 233: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-30 E-AS-11 TW2
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A 234: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 235: Temporal distribution of NO: measurement and the corresponding results from available models for E-AS-
11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 236: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 237: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-03-30 E-AS5-11 TW2
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A 238: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 239: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 240: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 241: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models
for E-AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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2018-03-30 E-AS-11 TwW2
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A 242: Temporal distribution of HONO measurements and the corresponding results from available models for
E-AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 243: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
11 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 244: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-11 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 245: Temporal distribution of RO, measurement, the corresponding results from available models, and the PSS
calculations for E-AS-12 TW2. The corresponding latitudes are provided on the secondary y-axis.
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2018-04-03 E-AS-12 TW2
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A 246: Temporal distribution of jOD measurement and the corresponding results from available models for E-
AS-12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 247: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 248: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 249: Temporal distribution of NO: results from available models for E-AS-12 TW2. The corresponding latitudes
are provided on the secondary y-axis.
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2018-04-03 E-AS-12 TW2
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A 250: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-12 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 251: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 252: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 253: Temporal distribution of HCHO measurement and the corresponding results from available models for E-
AS-12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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2018-04-03 E-AS-12 TW2
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A 254: Temporal distribution of CH;CHO measurement and the corresponding results from available models for
E-AS-12 TW?2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 255: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models
for E-AS-12 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 256: Temporal distribution of HONO results from available models for E-AS-12 TW2. The corresponding
latitudes are provided on the secondary y-axis.
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A 257: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 258: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-12 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains
the measurements, therefore, is not featured in the plots.
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A 259: Temporal distribution of RO; measurement, the corresponding results from available models, and the PSS
calculations for E-AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 260: Temporal distribution of jO*D measurement and the corresponding results from available models for E-
AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 261: Temporal distribution of H,0 measurement and the corresponding results from available models for E-
AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 262: Temporal distribution of NO measurement and the corresponding results from available models for E-AS-
13 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 263: Temporal distribution of NO: measurement and the corresponding results from available models for E-AS-
13 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 264: Temporal distribution of NOy measurement and the corresponding results from available models for E-
AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 265: Temporal distribution of CO measurement and the corresponding results from available models for E-AS-
13 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 266: Temporal distribution of Os measurement and the corresponding results from available models for E-AS-
13 TW2. The corresponding latitudes are provided on the secondary y-axis. The box model constrains the
measurements, therefore, is not featured in the plots.
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A 267: Temporal distribution of HCHO measurement and the corresponding results from available models for E-

AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 268: Temporal distribution of CHsCHO measurement and the corresponding results from available models for
E-AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 269: Temporal distribution of CHsCOCHs measurement and the corresponding results from available models
for E-AS-13 TW?2. The corresponding latitudes are provided on the secondary y-axis.
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A 270: Temporal distribution of HONO measurement and the corresponding results from available models for E-
AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 271: Temporal distribution of SO: measurement and the corresponding results from available models for E-AS-
13 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 272: Temporal distribution of black carbon measurement and the corresponding results from available models
for E-AS-13 TW2. The corresponding latitudes are provided on the secondary y-axis.
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A 273: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-05 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 274: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-06 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 275: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-07 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 276: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-08 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 277: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-09 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 278: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-10 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 279: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-11 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 280: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-12 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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A 281: Stacked time series of CO enhancements from Taipei outflows modelled by HYSPLIT for E-AS-13 TW2
colour-coded with 8 aged period groups. The corresponding latitudes are provided on the secondary y-asix.
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