THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




DEVELOPMENT OF CHEMICAL IONIZATION
MASS SPECTROMETRY FOR IN-SITU
MEASUREMENT OF HYDROXYL (OH) AND
HYDROPEROXYL (HO;) RADICALS AND THEIR
IMPACT ON ATMOSPHERIC CHEMISTRY

ZHOUXING Z0U

PhD

The Hong Kong Polytechnic University

2023



The Hong Kong Polytechnic University

Department of Civil and Environmental Engineering

Development of Chemical Ionization Mass
Spectrometry for In-Situ Measurement of Hydroxyl
(OH) and Hydroperoxyl (HO:) Radicals and Their

Impact on Atmospheric Chemistry

Zhouxing Zou

A thesis submitted in partial fulfillment of the

requirements for the degree of Doctor of Philosophy

December 2022



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and
that, to the best of my knowledge and belief, it reproduces
no material previously published or written, nor material
that has been accepted for the award of any other degree
or diploma, except where due acknowledgment has been

made 1n the text.

(Signed)

Zhouxing Zou (Name of student)




Abstract

The hydroxyl radical (OH) and hydroperoxyl radical (HO>) play a central role in
tropospheric chemistry. OH and HO», or HOy, interconversion removes many reduced
trace gases and forms secondary air pollutants. Measuring atmospheric concentrations
of HOx is a significant challenge due to its chemical properties. Additionally, the OH
sources and sinks are poorly understood under low nitrogen oxides (NOx) conditions.
This study developed and optimized a chemical ionization mass spectrometer system
(CIMS) with a calibration system to measure HOx and investigate their impact on the
atmosphere. Various components of the CIMS were compared to improve performance.
The sensitivity of CIMS was improved by optimizing the flow rates of various gases

and voltages. The sensitivity tests of the CIMS are explicitly described.

The first field campaign was conducted in urban Hong Kong in April 2019 to test
the optimized CIMS for OH measurement. An obvious diurnal pattern of OH radicals
was observed, with the highest concentration of 6 x 10° cm™ at midday and the daytime
detection limits at around 8 x 10° cm™. The overall uncertainty for this day is about +

51%. The results demonstrated the capability of our CIMS for OH measurements.

The second field campaign was performed in autumn 2020 at a coastal site in Hong
Kong. The measured average noontime OH concentration for the study period was 4.9
+ 2.1 x 10% cm™. The 0D-Box model with comprehensive observational constraints
reproduced daytime observed OH when the air parcels originated from the continental
regions but overpredicted daytime observed OH for coastal air parcels by 142% on
average. Missing reactivity for OH was proposed to be the cause of the model
overprediction in low levels of NOx and volatile organic compounds (VOCs). This
finding implies the existence of unmeasured chemical species in the aged coastal air

parcels. However, the lack of HO, measurement hindered further analysis.

Thus, in the third campaign in the winter of 2021-22 at the same coastal site, the

CIMS was further developed for simultaneous measurement of ambient OH, HO», and
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H>SO4 gases. A new data analysis method was developed to monitor the residual
problem of the injection gases after switching measurement targets. Eleven days of
results were obtained with the daily maximum concentration of HO», OH, and H>SO4
varying from 0.6 to 4.63 x 103cm™, 2.6 to 15.42 x 10° cm™ and 4.11 to 10.79 x 10°
cm™, respectively. This campaign shows the successful development of CIMS for HO»
and H>SO4 measurement and the potential to simultaneously measure other species

without isotopic **SO; addition. This made our CIMS unique around the world.

Overall, this work developed the CIMS for HOx and H>SOs measurement,
provided explicit details for the development and optimization processes of CIMS,
performed the first comprehensive measurement of HOx by CIMS in Asia, investigated
the OH chemistry in the coastal environment of China, emphasized the knowledge gap
of the aged air mass, and highlighted the importance of HOx radical measurement to

scrutinize our understanding of the atmosphere.
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1. Introduction

This study focuses on the investigation of the OH, HO> measurement, and the OH
radical impact on the atmosphere. This chapter starts with the structure of the thesis
(section 1.1), followed by an introduction to the formation and removal processes of
the OH, HO», and RO in the atmosphere (section 1.2). The importance and impact of
these radicals are discussed in section 1.3. Overall, the introduction section provided

the reactions and theoretical basis of the thesis.

1.1 Structure of the thesis

The thesis is composed of seven chapters which are summarized as follows:

Chapter 1 provides the outline of the study, the current knowledge of the ROx

family, and their impotency.

Chapter 2 reviews three major techniques for HOx measurement, summarizes the
previous field campaigns, and emphasizes the discrepancy found between observation

and simulation results.

Chapter 3 clarifies the research gaps in the literature review and how this study

fulfills the research demand of the gaps.

Chapter 4 introduces the measurement principles, the CIMS constructions, and the
calibration system. Then this chapter presents the unique procedure for CIMS
optimization to achieve a better sensitivity of measurement by adjusting the injected
gases, flow rates, and voltages of the CIMS. Lastly, the optimization results are shown

as the optimized detection limit uncertainty and calibration factor.

Chapter 5 introduces the field conditions, presents the campaign setups,
summarizes the specification of the CIMS in three campaigns, and presents the

modeling setup for simulation.
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Chapter 6 shows the observation results of field campaigns. The first campaign
results show the capability of CIMS for OH measurement. The second field study
reveals the overestimation of simulated OH in aged air mass and proposed the existence
of unmeasured OH sinks. The third campaign tests the capability of CIMS for HOx and

H>SO4 measurement.

Chapter 7 gives a summary of the major findings of this study and suggestions for

future work.

1.2 The ROx Chemistry

The OH radical mechanism was first deduced in the early 1970s. With the help of
14C isotopic trace methods, Weinstock and Niki (1972) deduced that the CO lifetime
was far shorter than the scientists believed and proposed that the OH radical in the
troposphere was responsible for the short lifetime of CO. The follow-up studies proved
the existence and importance of OH in the troposphere. It is now well known that the
hydroxyl radicals (OH) govern the oxidative capacity of the natural atmosphere and
initiate the reaction chains in both polluted and clean atmospheres since it reacts with
virtually all trace species. HO2 and RO> are the products of the oxidation of CO and
VOC:s initialed by OH. This chapter starts the introduction of the ROx family with the

production of OH.

1.2.1 The Primary Production of OH

The primary production of OH radical in the troposphere is the photolysis of

tropospheric ozone and HONO:

R 1.1 03+ hv > 0, + 0(*D)

R1.2 H,0 + 0(*D) — 20H
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R1.3 HONO - OH + NO

Even though HONO is the reservoir species of OH (see section 1.2.3), the source of
HONO includes other reactions besides OH + NO, for example, the heterogeneous
reactions (Fu et al., 2019). Thus, the HONO photolysis is introduced as the primary
source of OH. Besides that, the ozonolysis of alkene (R 1.4 and R 1.5) also contributes

to the ambient OH radicals.

R14 Alkene + 03 —» SCI + CI + RCHO
R1.5 Cls - OH + R'COR"

Where the (SCI) and CI represent the (stabilized) criegee intermediates (Mauldin 11T et
al., 2012). The CIs produced from ozonolysis dominate the primary nighttime OH

radical and gaseous sulfuric acid concentration (Guo et al., 2021).

The dominant production of OH for the different regions is different due to the air
conditions. Globally, ozone photolysis dominates the production of OH. However,
during the winter haze events (Ma et al., 2019) or in the polar region (Kukui et al.,
2014), HONO photolysis contributed to the majority of OH production. On the other
hand, OH production in coastal areas like the Hok Tsui site is dominated by HO> and

RO; recycling instead of primary production (see details in section 6.2).

1.2.2 The Production of Peroxide and the ROx cycle

The ROx cycle starts with the primary production of OH radicals. The OH
subsequently reacts with hydrocarbons R 1.6, and carbon monoxide R 1.7 forming

organic-peroxyl (ROz) and hydroperoxyl (HO>)

R 1.6 OH +RH + 0, + M - RO, + H,0 + M

R 1.7 OH+CO+0,+M—- HO,+CO, + M
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where M refers to air molecules (mostly N2 and O») that collide and carry away energy.
The peroxy radicals (HO2 and RO2) in high NOx (NOz + NO) conditions may react with

NO and recycle back to OH, with associated NO to NO» conversion.

R1.8 RO, + NO + 0, > R'HO + NO, + HO,

R 1.9 HO, + NO - OH + NO,

In the daytime, the NO; undergoes photolysis to form NO and leading to the
formation of ozone (R 1.10 and R 1.11). This means the NOx family promotes the

recycling of HO; to OH in the daytime and such a cycle leads to secondary ozone

production.
R 1.10 NO,+ hv - NO+ 0
R 1.11 0+0,+M - M+ 05

In low NOx condition, the HO> react with O3 and recycle back to OH:

R 1.12 05+ HO, > OH + 20,

Additionally, in high BVOCs conditions, a series of mechanisms was proposed for HO:
and OH regeneration from RO, by H-shift without reacting with NOx (Peeters et al.,
2009). The details for the review of these studies are shown in section 2.2.2. Since the
interactions between OH, HO;, and RO, are fast compared to the other reactions and
the lifetime of other species, they are collectively named as HOx (HO> + OH) and RO

(OH + HOz + RO») families.

1.2.3 The Reservoir Species in ROx Chemistry

When the ROx radicals are converted to relatively stable molecules and temporarily
removed from the atmosphere, they are “stored” in the reservoir species. The reservoir

species of the ROx family include the HOOH, ROOH, HONO, and Peroxyacetyl
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Nitrates (PANs) (R 1.21 to R 1.23). They have a longer lifetime (1-10 days) than the
ROx radicals and can recycle back via photolysis (R 1.3, R 1.16, R 1.17, and R 1.23) or
the reaction with OH (R 1.18 to R 1.20). The hydroperoxides (ROOH and HOOH) are
formed by HO> (R 1.13) and RO» (R 1.14) and react with HO; in the low NOy region.
The HONO (R 1.15) on the other hand, is formed when NO is present. The NO reacts
with OH is the main source of atmosphere HONO which contributes 95% of

atmospheric HONO production.

R 1.13 HO, + HO, —» HOOH + 0,

R 1.14 RO, + HO, - ROOH + 0,

R 1.15 OH + NO - HONO

R 1.16 HOOH + hv » 20H

R 1.17 ROOH + hv » OH + RO

R 1.18 HOOH + OH - H,0 + HO,

R 1.19 ROOH + OH - R'CHO + OH + H,0
R 1.20 HONO + OH - NO, + H,0

The formation of PANs, the well-known photochemical smog constituent and
important reservoir of ROz and NOx, is also closely related to OH radicals. The reaction
of the aldehydes with OH radical (R 1.21) forms the peroxyacetyl radicals (RC(0)0,)

which further reacts with NOx and forms PANs (R 1.22 and R 1.23).

R 1.21 RCHO + OH - RC(0)0, + H,0

R 1.22 RC(0)0, + NO » NO, + CO, + RO,
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R1.23 RC(0)0,+ NO, + M = RC(0)0,NO, + M

The PANSs are available for regional transport and produce RO> and NOy by photolysis
and thermal decomposition. Thus, the concentration and exact lifetime of PANs are
directly related to the air pollution problem and have attracted considerable interest

(Singh and Hanst, 1981).

1.2.4 The Sinks of RO« Radicals

Compared to the reversible reactions in section 1.2.3, the formations of H>SO4 (R
1.24to R 1.26) and HNOs3 (R 1.27) are the irreversible removal paths for the OH radical,

and these processes are related to the acid rain issue.

R124  OH+S0,+M — HSO; + M

R125  HSO;+ 0, > SO; + HO,

R126  SOs; + 2H,0 - H,S0, + H,0

R127  OH+NO,+M - HNO; + M

The reactions of OH with SO: to form H>SO4 are the key reaction for the OH

measurement by the CIMS. See section 4.1 for details.

Another potential loss for ROy is the heterogeneous uptake of HO; by the aerosol
particles. The loss rate is dominated by the aerosol surface area and the uptake
coefficient. However, the understanding of HO> uptakes requires more investigation
and the uptake coefficient differs by 3 to 5 magnitudes (Song et al., 2020) (see section
5.2 for the HO> uptake in the box model). The heterogeneous uptake, on the other hand,
represents a very minor sink of OH (Ivanov et al., 1996; Park et al., 2008) and there is

a lack of studies about the heterogeneous uptake of RO,. Besides that, the wet and dry
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depositions of the reservoir species (like the wet deposition of H>O>) are also important

removal paths of ROy radicals from the atmosphere.

1.3 The Importance of ROy

As shown in previous contents, OH is the major oxidant in the atmosphere and
relates to the self-cleaning process in all air conditions. In regions strongly affected by
anthropogenic activities, the ROy cycle assisted by NO (R 1.6 to R 1.9) decomposes the
anthropogenic VOCs to COsz. In the forest region, the OH initiates the degradation of
biogenic VOCs (BVOCs) like isoprene (Wennberg et al., 2018) and monoterpene
(Rolletter et al., 2019). During the last decade, the importance of the ROy family in the
forest region was further emphasized by the new recycling mechanisms discovered by
the measurement in forests (Lu et al., 2013b) and the follow-up chamber study (Peeters
et al., 2014). Moreover, the major anthropogenic greenhouse gas, methane, is mainly
removed by OH which means that the ROy family is also closely related to climate

change (Zhao et al., 2020a).

The ROx family is also closely related to secondary organic aerosols (SOA)
production. The reactions of OH with SO; (R 1.24 to R 1.26) and NO> (R 1.27) as well
as the self- and cross-reactions of ROz and HO» transform the primary pollutants into
low-vapor pressure gas molecules such as nitric acid (HNO3), sulfuric acid (H2SOs4),
and highly oxidized organic molecules (HOMs) (Lu et al., 2012). These products are
partitioned into aerosol particles and undergo multiphase reactions that form SOA.
They contribute to the aerosol mass in the atmosphere and further affect chemistry,
visibility, climate, and human health (Ziemann and Atkinson, 2012). Besides that, the
previously mentioned PANs formation via OH reaction with aldehyde and the
secondary NO> (R 1.9) and ozone (R 1.10 and R 1.11) formation also deteriorate the air

conditions.

Thus, the RO« family plays a key role not only in the degradation of VOCs but also
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in major environmental issues such as photochemical pollution, acid rain, haze, and
climate change (Calvert et al., 1985; Kulmala et al., 2004; Wang et al., 2017; Lu et al.,
2019). Therefore, the comparison of observed and model-simulated ROx concentrations
are vital for the estimation of the trace-gas lifetime and the comparison result is an
indicator of our understanding of atmospheric chemistry. In the next sections, the

previous efforts in ROx measurement and modeling will be introduced.
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2. Literature Review

As stated in the last section, the ROx family dominates the atmospheric oxidation
process and is closely related to environmental issues. Therefore, the observation of
ROx is important for our understanding of atmospheric chemistry. To observe the ROx
family, the measurement technique for OH radical is critical since the measurement of
RO and HO; is achieved by converting them to OH (R 1.8 and R 1.9). Due to the
complexity of RO> species, there are limited results of RO> measurement. Therefore,
section 2.1 mainly focuses on OH measurement techniques and their advantages and
disadvantages. Then section 2.2 summarizes and reviews the comparison between
observed HOx concentration and the zero-dimensional box model simulated HOx
concentration to scrutinize our understanding of atmospheric photooxidation chemistry

in different conditions.
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2.1 The Measurement Methods

Since the importance of OH was revealed in the 1970s (Levy, 1971), concerted
efforts have been made to develop techniques to measure OH in the atmosphere (Hard
et al., 1979). However, the low concentration, high reactivity, and short lifetime (<1 s)
of OH make it very difficult to be detected and quantified. The low concentration
requires high sensitivities and small interferences in the instruments; the high reactivity
demands a small loss in the sampling system, and the short lifetime requires
measurement at a high temporal-spatial resolution. It is a big challenge to meet all of

these requirements in a measurement system (Lu et al., 2019).

During the past decades, three major techniques have been developed for in-situ
OH measurements: differential optical absorption spectroscopy (DOAS) (Perner et al.,
1976), laser-induced fluorescence assay by gas expansion technique (LIF) (Hard et al.,

1979), and chemical ionization mass spectrometry (CIMS) (Eisele and Tanner, 1991).

LIF and DOAS directly measure OH based on spectroscopic methods. CIMS on
the other hand, measured OH indirectly by converting it to HSO4™ for mass spectrometer
detection. As shown in Figure 2.1.1, sixteen research institutes around the world are
capable of HOx measurement based on these techniques. The colors label the nation of
the research groups. The measurement method for HOx measurement is labeled in a
different shape: triangle, circle, and diamond represent the groups using LIF, CIMS,
and more than one instrument, respectively. The CIMS developed in this study is
labeled by a star. The names, detection limits uncertainties, and references of each

instrument are summarized in Table 2.1.

Unlike the measurement of OH, the HO; and individual species of RO; (*RO>)
measurements for both CIMS and LIF are achieved by a similar indirect measurement
method. The ambient HO» and *RO:> are converted to OH by the addition of NO injected
into the sample flow as shown in R 1.8 and R 1.9. Then the HO> and *RO; are detected

in the form of OH in the LIF and further converted to HSO4 for detection in CIMS. The
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DOAS is unable to measure HO2 and *RO;. The following sections will introduce the
basic OH measurement theory for different methods, the modification, and findings
based on these techniques. The optimization and findings of the HOxCIMS in PolyU

will be discussed in the latter section.
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Figure 2.1.1 Research groups and their location around the world.
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Table 2.1 Summary of research instruments for HOx measurement with the detection limits (DL) and uncertainties.

Group o . Instrument Interpolation DL of OH DL of HO,: 10° HO, LOD
Name of institution Nation SIN
Abb. (Name) time OH: 10° (cm®)  Uncertainty ~ or *Others (cm®)  Uncertainty ~ Reference
(Pang et al.,
DOAS 205s 1 8 6.5% (1o) N/A 6.5% (1o) 2022)
FZ2J Forschungszentrum Jdich Germany
(Pang et al.,
LIF-FAGE 47s 1 35 13% (1o) 15 16% (lo)
2022)
(Faloona et
LIF-FAGE
X . . i al., 2004;
PSU Pennsylvania State University USA (GTHOS or 1 min 1 2.7 32% (20) 49 32% (20)
Brune et al.,
ATHOS)
2020)
) o ) LIF-FAGE (Ma et al.,
PKU Peking University China 30s 2 6 10% (1o) 10 13% (1o)
(PKU-LIF) 2022)
o LIF-FAGE . 3.1 (Slater et al.,
Leeds University of Leeds UK . 7 mins 2 55 26% (20) 26% (20)
(AIrFAGE) *CH302: 6.5 2020)
. . . LIF-FAGE . . (Blocquet et
Lille University of Lille France 1 min N/A 3.7 N/A Not provided N/A
(UL-FAGE) al., 2013)
Japan Agency for Marine-Earth Science (Kanaya et al.,
JASMTEC Japan LIF-FAGE 73s 2 5.3 20% (1o) 5.4 24% (1o)
and Technology 2012)
. . . LIF-FAGE OH: 30 mins (Lew et al.,
Indiana Indiana University USA 1 8 18% (10) 70 18% (1o)
(IU-FAGE) HO,: 20's 2020)
(Nussbaumer
_ ) LIF-FAGE ) etal, 2021;
MPI Max Planck Institute for Chemistry Germany 1 min 2 9.8 28.5% (1o) 19.7 36% (1o)
(HORUS) Maro et al.,
2020)
. . . LIF-FAGE . (Zhang et al.,
CAS Chinese Academy of Sciences China 1 min 1 1.7 14% (1o) 8 17% (1o)
(AIOFM-LIF) 2022b)
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Table 2.1 (Continued)

DL of HO,: 10% or

Group o . Instrument Interpolation DL of OH HO, LOD
Name of institution Nation ) SIN . *Others ]
Abb. (Name) time OH: 10° (cm®) Uncertainty () Uncertainty  Reference
cm’
. . (Liao et al.,
*CIMS 10 mins N/A 1.3 30% (30) Not provided 35% (30) 2011)
Georgia Georgia Institute of Technology USA
. (Sanchez et
Br-Tof-CIMS 1 min 3 N/A N/A 17.2 18% (1o)
al., 2016)
National Center for Atmospheric Research CIMS . (Wolfe et al.,
NCAR USA 1 min 2 2 35% (N/A) 2 35% (N/A)
Boulder, Colorado (PeRCIMS) 2014)
Laboratoire des Sciences du Climat et de . (Kukui et al.,
CNRS ) France *CIMS 2 mins 3 5 40% (20) 2 47% (20)
I’Environnement 2014)
(Berresheim et
German Meteorological Service *H,S0,: al., 2000;
DWD ) German *CIMS 8s 2 45 19% (10) 19% (1o)
Hohenpeissenberg 3 x10* Kanaya et al.,
2012)
. . . *HO, and RO,: (Hanke et al.,
MPI Max Planck Institute for Chemistry Germany CIMS 1 min N/A N/A N/A 20%
12.3 2002)
. . . *H,SO, & MSA: (Berresheim et
NUIG National University of Ireland, Galway Ireland *CIMS 5 mins 2 24 40% (20) 40% (20)
4.3 x<10* al., 2014)
. o . . *CIMS . (Jeong et al.,
Irvine University of California, Irvine USA 5 mins 2 1 40% (20) N/A 40% (20)
(AP-CIMS) 2022)
. . . HK, . . .
PolyU Hong Kong Polytechnique University Chi CIMS 3 mins 2 1.7 48% (30) 20 38% (30)  This thesis
ina

N/A: not available
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2.1.1 Differential Optical Absorption Spectroscopy (DOAS)

The DOAS method measures the absorption of the OH radicals under the 308 nm
wavelength (Perner et al., 1976). and calculates the measured concentration by the

Beer-Lambert law,

E2.1 [OH] = In (%) x —

I oonl
where, I, is the background light intensity before transmission through the atmosphere
and I represents the light intensity after the transmission. The o,y is the absorption
cross-section of OH with respect to the wavelength used in the instrument. [ represents

the path length.

The advantages of DOAS are due to the Beer-Lambert law. Firstly, DOAS is self-
calibrating because of the law and does not require a calibration device. Secondly, the
uncertainty of DOAS is limited only by the accuracy of absorption cross-section and
the path length, which provide an extremely low uncertainty (6-7%, Pang et al., 2022a)
when compared to the other two measurement methods (See Table 2.1). These major
advantages make DOAS the primary standard in OH measurement. However, due to
the extremely low ambient OH concentration (~10° cm™), DOAS requires a long path
length for measurement (up to 10 km) to create a measurable difference between I, and
I (Hard et al., 1979; Stone et al., 2012). Thus, the size and the alignment of DOAS
become difficulties in the experiment and field study. Moreover, the DOAS requires
considerable averaging of air masses, and interference from other atmospheric

constituents also affects the OH measurement.

Even with these difficulties, some field measurements (Perner et al., 1976; Hbler
et al., 1984; and Platt et al., 1988) were done with the DOAS and provided the earliest
observed OH concentrations in the low troposphere including the marine boundary

layer (Brauers et al., 2001). The only DOAS that remain in service for OH measurement
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is owned by the Forschungszentrum Jiilich, Germany, which is used for the studies of
Simulation of Atmospheric PHotochemistry In a large Reaction (SAPHIR) Chamber.
With the help of this DOAS, the SAPHIR can monitor the OH concentration and reveal
the atmospheric oxidation processes of important VOCs species initiated by OH like
methacrolein (Fuchs et al., 2014), B-pinene (Kaminski et al., 2017), methyl vinyl
ketone (MVK, Fuchs et al., 2018), isoprene (Novelli et al., 2020a; and Zhao et al., 2021),
myrcene (Tan et al., 2021) and limonene (Pang et al., 2022). Besides the investigation
of oxidation processes, the DOAS application in the chamber also provides a unique
opportunity for intercomparison between different HOx measurement techniques
(Schlosser et al., 2009; Fuchs et al., 2010), and for investigation of the LIF-FAGE
interference under different conditions (Fuchs et al., 2012a, and 2016a, see details in

section 2.1.2).

2.1.2 Laser-Induced Fluorescence Assay by Gas Expansion

technique (LIF-FAGE)

Different from the DOAS which measures OH based on absorption, LIF-FAGE
measures the OH radicals by the laser-induced fluorescence techniques. The method
was pioneered in the 1970s and used the laser at 282 nm for OH excitation and to
measure the resonance fluorescence emitted by the excited OH radicals (Hard et al.,
1979, 1984). However, the problems of scattering and interference hinder the
application of LIF. For example, the photolysis of ozone and the subsequent reaction
with H,O (R 1.1 and R 1.2) to form OH radicals contribute to interference signals and
deteriorate the ambient OH measurement, especially in the troposphere (Smith and
Crosley, 1990). Thus the LIF technique was applied for stratospheric OH measurement
before the 1990s (Wennberg et al., 1990). Then a series of improvements to LIF were

done. 1. The laser wavelength of LIF was tuned to selectively excite the OH radicals
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on a single rovibronic transition at 308 nm for higher sensitivity (Hofzumahaus and
Holland, 1993). 2. The scavenger gas hexafluoropropene (CsFs) was introduced to
remove the ambient OH and the interference produced was monitored by the LIF
(Dubey et al., 1996). 3. A variety of laser system types was developed by different
research institutes to achieve better detection limits (Stimpfle and Anderson, 1988;
Chan et al., 1990; Dubey et al., 1996; Tan et al., 1998). With the improvements, the

detection limits for LIF reach from 2 to 10 x 10° cm™ for HOx measurement (Table 2.1).

In the last twenty years, the LIF is recognized as the most widely used technique
for OH measurement in laboratory and field studies globally (Stone et al., 2012; Lu et
al., 2019). As shown in Figure 2.1.1 and Table 2.1, nine groups measured HOx by LIF
and had various contributions to our understanding of the atmosphere. Some examples

of the findings for different groups are shown below.

The Forschungszentrum Jilich (FZJ) groups found the well-known
underestimated OH in the forest region by comparing observation to model simulation
(Hofzumahaus et al., 2009) and discovered the possible complementary mechanisms in
the chamber studies. Such underestimation was found in different forests by LIFs
owned by Indiana University (Indiana), University of Leeds (Leeds), Pennsylvania
State University (PSU), Max Planck Institute for Chemistry (MPI), and Peking
University (PKU). The PSU developed two forms of LIF configuration for ground and
aircraft measurement named GTHOS and ATHOS, respectively (Ground or Air based
Tropospheric Hydrogen Oxides Sensor, Faloona et al., 2004). The GTHOS found the
possible interference of LIF in low NOx forest conditions (Mao et al., 2012), and the
ATHOS found missing OH reactivity in the global marine boundary layer during the
Atom campaign (Thames et al., 2020). The follow-up study of the interference by the
University of Lille (Lille) found that such interference in low NOx atmosphere
measurement might be the Hydrotrioxide species (ROOOH, Fittschen et al., 2019). The
underestimation and the interference of LIF in low NOx conditions guide the research

interests of OH until now (see section 2.2.2. for a detailed description).
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On the other hand, the Japan Agency for Marine-Earth Science and Technology
(JASMTEC) found the overestimation of OH in the coastal air (Kanaya et al., 2012),
and investigated possible missing reactivity, after the modification of the LIF for
measuring OH reactivity, in different regions of Japan (Ramasamy et al., 2016; Li et al.,

2020a, 2021a, see section 2.2.1 for underestimation studies review).

The measurement of HOx by LIF also contributes to the pollution analysis. The
PKU and the Chinese Academy of Sciences (CAS) applied the LIF for pollution study
in different cities in China and revealed the importance of OH production from HONO
in the winter haze period (Tan et al., 2018) and stated the unknown behaviors of RO»
for high-NOx regimes (Zhang et al., 2022b). The LIF in MPI participated in the HCHO

budget study around Europe and defined the Ozone formation regimes in different areas.

Compared to the DOAS, the LIF has an advantage in size, selectivity, and
sensitivity (Heard and Pilling, 2003). However, the requirement of a calibration system

increases the measurement uncertainty.

2.1.3 Chemical Ionization Mass Spectrometer (CIMS)

The CIMS technique measures OH indirectly based on an ion-assisted mass
spectrometry method. It employs a chemical reaction scheme that OH is firstly
converted into H>SO4 (R 1.24 to R 1.26) by isotopic **SO,, and H2**SO4 s subsequently
measured by a specific chem-ionization method (Eisele and Tanner, 1991). The CIMS
technique for measuring OH was first developed at the Georgia Institute of Technology
(Georgia) by FEisele and Tanner (1991). The system was further improved at the
National Center for Atmospheric Research (NCAR) by reducing wall reactions (Eisele
and Tanner, 1993), reducing the background signal (Tanner and Eisele, 1995), and
developing a better calibration system (Tanner et al., 1997). Mauldin et al., (1998)

modified the CIMS for measurement at an aircraft platform during the First Aerosol
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Characterization Experiment (ACE1). Edwards et al., (2003a) further upgraded the
calibration system and developed the measurement of HO; and ROz by controlling the

concentration of NO and SO; added to the instrument.

Based on the design of Tanner et al. (1997) and the modifications mentioned above,
other CIMS instruments were developed at the Meteorological Observatory
Hohenpeissenberg (DWD), Germany, by Berresheim et al. (2000) and at the National
University of Ireland Galway (NUIG) by Berresheim et al. (2013). Kukui et al. (2008)
developed a new version of the CIMS instrument with a newly designed inlet for
residual time reduction at the Centre National de la Recherche Scientifique (CNRS),

France.

Most of the CIMS uses isotopic **SO; for OH conversion. The conversion product,
H>*S0s4, has a different mass-to-charge ratio. In this way, the ambient H>SOs
interference can be eliminated. final ratio of [NO] to [SOz2], CIMS has lower noise and
higher sensitivity compared to either DOAS or LIF techniques for OH measurement
because of the higher collection efficiency of ions than photons (Hard et al., 1979)(See
Table 2.1 for specific detection limit for different instruments). As a result, CIMS
processes the lowest detection limit for ambient OH measurement among the three

techniques (Heard and Pilling, 2003).

Despite the advantage of isotopic **SO,, this chemical is expensive due to the
limited demand and lacking industrial scale production. Some research institutes like
Georgia and NCAR use the **S powder combustion technique to produce the isotopic
34S0,. The **S powder is regulated due to its reactive chemical properties and is
expensive. The safety issue in the combustion process and the storage requirement of
the gases are also obstacles to isotopic **SO» application. Thus, even though the isotopic
4SO, improved the CIMS’s performance, the difficulty in getting **SO, hampered the
application of CIMS. Additionally, the indirect measurement method of CIMS is not

suitable for a high NOx environment due to NO-caused interference.
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The HOx measurement by CIMS has been used to investigate the observation-
model discrepancy in the forest regions (Wolfe et al., 2014; Jeong et al., 2022). However,
compared to the LIF which was used for measurements in urban as well as clear
environments, the CIMS was mainly deployed to the polar (Kukui et al., 2014), coastal
(Berresheim et al., 2002), and remote atmospheres (Tan et al., 2001b), which were

characterized by clean conditions.
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2.2 Comparison of Observed and Simulated

Concentrations of HO4

After the development of HOx measurement techniques, the HOx observations
were performed by different research institutes around the world in different
environments (Figure 2.2.1). The measurement results were often compared with model
simulations to evaluate whether a model has included major sources and sinks of HOx.
Table 2.2 summarizes the latest measurement and comparison results for the campaigns
shown in different locations in Figure 2.2.1. The simulated versus observed HO ratios

(Rs/o) show the discrepancy between observation and simulation.

As concluded by previous reviews (Lu et al., 2019; Rohrer et al., 2014; Stone et
al., 2012), the observed OH concentrations can generally be reproduced by box models
under high NO conditions (NO > 1 ppb) such as at the urban sites or within polluted air
mass (Table 2.2). However, the discrepancies between the model and observation were
often found under low NO conditions (NO < 1 ppb); the model generally overpredicts
OH observations in a low VOCs environment (Table 2.2a, section 2.2.1) and
underpredicts OH observations in a high biogenic VOCs (BVOCs) environment (Table

2.2b, section 2.2.2).

The HO», on the other hand, didn’t show clear trends that the agreement between
observation and simulation has been highly variable in different environments as shown
by the HO> Rs/0 in Table 2.2 and mentioned by the previous study (Lew et al., 2020).
This variation might due to the interference from aromatic and alkene based RO during

HO> measurement. (Lew et al., 2020)
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Table 2.2 Summary of the latest studies with respect to the measurement site shown in Figure 2.2.1.

Comparison o i Other references
. Location in Site OH conc. HO: conc. i .
results (OH Reference Time . Instrument Measurement notes Ratio notes OH Rsio HO:2 Rsio targeting the same
Figure 1 type 10%cm™ 10% cm™® .
only) for HOx site
Mean (All) 0.12 (Carslaw et al., 1999;
e (Berresheim et al., June-July Mean (17 June, Coastal) 2
Overprediction MaceHead Coast CIMS Peaks (Mean Clean) 25 N/A . N/A Berresheim et al.,
2002) 1999 i Mean (30 July, Continental) ~1
Peaks (Pollution) 18&12 2013, 2014);
(Sommariva et al.,
L Jan-Feb . Mean (Peaks) 35 2 Mean (7-8 Feb) ~1.11 N/A
Overprediction 2004; Creasey et Tasmania Coast LIF N/A
1999 Peaks (Range) 21055 1to25 Mean (15-16 Feb) ~1.32 ~2
al., 2003);
e (Kanaya et al., September o Island - .
Overprediction Rishiri LIF Peaks (Mean) 2.7 1.45 OH rectified by constrained HO2 1.35 1.89 N/A
2007a) 2003 Coast
L (Mauldin III et al., Nov-Jan . (Mauldin III et al.,
Overprediction AmundsenScott Antarctica CIMS Mean (Range) 15t025 N/A Mean ~2 N/A
2010) 2003-04 2001b)
. Mean (All) 31 0.99*
o (Kukui et al., Dec-Jan . . Mean (W/PSS HONO) 0.72 1.02*
Overprediction Concordia Antarctica CIMS Peaks (Mean) 52 1.7* N/A
2014) 2011-2012 Mean (w/measured HONO) 2.19 1.84*
Mean (range) 03to7.5 0.1to2*
Mean (13:00 w/o glyoxal) 2.4 15
. (Dusanter et al., March o Peaks (Range) 2t0 15 0.56 t0 4.5 Mean (Morning, polluted) ~0.5t0~1 0.2to~1
Overprediction MexicoCity Urban LIF N/A
2009a, b); 2006 Peaks (Mean) 4.6 1.9 Mean (11:00-14:30) 17 ~1
Mean (After 14:30) ~1 ~1
Peak (S1: Conventional) 0.67
. (Bloss et al., Jan-Feb Mean (All) 0.39 2.04 .
Overprediction Halley Polar LIF Peak (S2: S1 + halogen oxides) 1.64 N/A N/A
2007) 2005 Peak (Mean) 0.79 4.03 i
Peak (S3: S2 + possible VOCs) 1.27
. (Holland et al., Jul-Aug
Overprediction Pabstthum Rural LIF Peaks (Range) 6t08 5t07.4 Mean (Low NOx) 2 14 N/A
2003) 1998
e (Whalley et al., Jul-Aug i Mean (Noon; S-W air) ~2.2 ~0.2 Mean (Air mass: South-westerly) 1.25 ~4
Overprediction Kensington Urban LIF . . N/A
2018) 2012 Mean (Noon; E, polluted air) ~3 ~0.5 Mean (Air mass: Easterly, polluted) 2 10
Peaks (Range) 15t09 0.8* to 10*
o (Griffith et al., May-June Mean (Weekend) 1.43 0.77* (Volz-Thomas et al.,
Overprediction CalNexLA Urban LIF Peaks (Weekdays) ~4 ~3*
2016) 2010 Mean (Weekday) 1 0.33* 2003b, a)
Peaks (Weekend) ~5 ~8*
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Table 2.2b Continued

Comparison o i Other references
. Location in Site Instrument OH conc. HO: conc. X .
results (OH Reference Time . Measurement notes Ratio notes OH Rsio HO:2 Rsio targeting the same
Figure 1 types for HOx 10°cm® 108 cm® .
only) site
(Hofzumahaus et
e Mean (Range, NO < 1 ppb) 0.2t00.33
Underprediction al., 2009; Lu et al., July 2006 BackGarden Rural LIF Peaks (Mean) 15 15 N/A N/A
Mean (Lu et al., 2012a) 0.5
2012);
e (Whalley et al., Apr—-May . w/CsHg recycling mechanism
Underprediction DanumValley Rainforest LIF Peaks (Mean) 25 3 ~0.63 ~0.5 (Pugh et al., 2010)
2011) 2008 (Peeters et al., 2009)
May-June 2007 spring w/o BrO 0.72
. 2007 . Mean (2007 spring) 3.0 2.7* & w Bro 0.78 0.87
Underprediction (Liao et al., 2011) Summit Polar CIMS (Sjostedt et al., 2007)
Jun-Jul Mean (2008 summer) 4.1 4.2* 2008 summer w/o BrO 0.54 0.96
2008 &w Bro 0.56
24.6to
Underprediction (Wolfe et al., 2014) Aug 2010 Manitou Forest CIMS Peaks (Range) 3t010 443 Peak ~0.625 0.33 (Kim et al., 2013)
L Oct-Nov .
Underprediction (Tan et al., 2019) 2014 Heshan Suburban LIF Peaks (Mean) 45 3 Budget analysis only N/A 1 N/A
Jul-Aug Mean (2008) 04 ~0.57
L (Griffith et al., 2008 Peak (Mean, 2008) ~33 ~7 Mean (2008 w/ISOP mechanisms) ’ ~1.3
Underprediction UMBS Forest LIF N/A
2013) Jul-Aug Peak (Mean, 2009) ~1.6 ~4.8 Mean (2009) 0.9 ~0.6
2009 Mean (2009 w/ISOP mechanisms) ' ~15
L Peaks (Range) 41017 2t024 Mean (NO < 0.1 ppb) 0.38 ~1
Underprediction (Luetal., 2013a) Sept 2006 Yufa Urban LIF N/A
Peaks (Mean) ~7 ~15 Mean (NO > 1 ppb) ~1 ~1
L Jun-Jul Peaks (Mean w/ interference) ~4.5 Mean (w/ interference) 0.32
Underprediction (Mao et al., 2012) BFRS Forest LIF . N/A . N/A N/A
2009 Peaks (Mean w/o interference) ~1.8 Mean (w/o interference) 0.71
10 (NO >4
L Summer i Mean (NO > 0.3 ppb) ~1
Underprediction (Luetal., 2019) Wangdu Rural LIF Peaks (Range noontime) 5t0 15 3to 14 ppb) N/A
2014 Mean (NO < 0.3 ppb, afternoon) 0.5
N/A
- Mean (Daytime) 0.83
Underprediction (Lew et al., 2020) Jul 2015 IURTP Forest LIF Peaks (Mean) 4 10 . . 1.10t0 1.32 N/A
Mean (Evening and morning) 0.50
Mean (Forest boundary)
5.6 105 Mean (w/MIM: MPI ISOP
. Mean (Forest free troposphere) .
L (Lelieveld et al., i Forest i 8.2 4.9 mechanism) 0.1t00.2
Underprediction Oct 2005 AmazonSuriname . LIF Mean (Atlantic boundary) N/A N/A
2008) (Flight) i 9.0 6.7 Mean (W/MIM2+: extra 40% to ~1
Mean (Atlantic free
10.1 55 80% OH recycle)

troposphere)
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Table 2.2¢ Continued

Other references

Comparison i Location in Site Instrument OH conc. HO: conc. X .
Reference Time . Measurement notes Ratio notes OH Rsio HO:2 Rsio targeting the same
results (OH only) Figure 1 types for HOx 10°cm’® 10% cm™® it
site
(Ren, 2003b, Jun-Aug Peaks (Range) 21020 05t06
Good match NewYork Urban LIF Mean 0.91 0.81 N/A
a) 2001 Peaks (Mean) 7 1
(Ren et al., Jul-Aug .
Good match Whiteface Forest LIF Peaks (Mean) 2.6 49 Mean 1.22 0.83 N/A
2006) 2002
Jan-Feb & . .
(Kanaya et Peaks (Mean, winter) 15 0.27 Peaks (Mean, winter) 0.99 0.71
Good match Jul-Aug Tokyo Urban LIF N/A
al., 2007b) 2004 Peaks (Mean, summer) 6.3 14 Peaks (Mean, summer) 0.81 1.22
(Feiner etal.,
Jun-Jul
Good match 2016; Kaiser 2013 Alabama Forest LIF Peaks (Mean) 1 6.64 Peaks (Mean) ~1 ~1 N/A
etal., 2016);
(Jeong et al., Feb-Mar i Peaks (Mean 10:00-15:00)
Good match AmazonBrazil Forest CIMs ~1to N/A Mean 1 N/A N/A
2022) 2014 Peaks (Range) 28
35
(Hens et al., Summer i Mean (Above-Canopy) (Petg&et al., 2009;
Good match Hyytida Forest LIF ~1.8to N/A Mean 1 0.3 .
2014) 2010 Mean (Ground) 12 Novelli et al., 2014);
(Emmerson Jul-Aug )
Good match WrittleCollege Urban LIF Peaks (Range) 12t075 0.16 t0 3.3 Mean 1.24 1.07 N/A
etal., 2007) 2003
(Renetal., Apr-May (Mao et al., 2010;
Good match Houston Urban LIF Peak (Mean) ~8.8 ~6.2 Mean 0.9 1.22
2013) 2009 Chen et al., 2010);
(Ma et al., Nov-Dec Peaks (Mean clean) 2 0.4 Mean (clean) ~1 ~0.66
Good match PKU Urban LIF N/A
2019) 2017 Peaks (Mean polluted) 15 0.3 Mean (polluted) ~0.66 0.08
Good match with (Whalley et Summer
L IAP Urban LIF Peak (All) 28 10 Mean (NO < 1 ppb) ~1 1.83 (Slater et al., 2020)
missing source al., 2021) 2017
Good match with (Zhang et al., Nov-Dec .
i Shanghai Urban LIF Peaks (Mean) 2.7 0.8 N/A N/A N/A N/A
underpredicted HO2 2022b) 2019
i (Kukui et al., June-July i
No comparison Grignon Suburban CIMS Peak (July 6) ~23 ~2 N/A N/A N/A N/A
2008) 2007
. (Wang et al., Oct-Nov
No comparison 2021) 2018 PKUSZ Suburban LIF Peaks (Mean) 5.3 4.2 N/A N/A N/A (Wang et al., 2019a)

43



(Rohrer and

No comparison Berresheim, 1999-2003 MOHp Rural CIMS Mean (All) 1.97 N/A N/A N/A N/A (Handisides, 2003);
2006)
1.6to 15
i (Zhang et al., Aug-Sept Peaks (Range, PKU-LIF)
No comparison Chengdu Urban LIF 2.1to N/A N/A N/A N/A N/A
2022a) 2019 Peaks (Range, AIOFM-LIF) 159
Notes for Table 2.2:
Mean: Campaign averaged concentration or ratio
Peak: Campaign maximum concentration or ratio

Peaks (Mean):
Mean (Range):
Peaks (Range):

w/ and w/o:

N/A:

44

The maximum concentration or ratio for the averaged diurnal or cases result.

The daily average concentration or ratio range for the campaign or cases.

The maximum concentration or ratio range for the campaign or cases.

Consider or not consider the specific mechanism, species, or interference.

The result is based on the figure or description without the exact number mentioned in the article.
Not available in the article

The HO; result including some RO; species.



2.2.1 Overestimation of OH by Model

The model overestimation of OH was found in various environments including
remote marine boundary layers, coastal, urban, and Artic regions (Table 2.2a). Previous
studies have attributed the model overestimation to the overestimation of OH sources,
missing OH sinks, and the uncertainty of simulation and observation. For example,
model overestimation of OH was found when the dominant sources like HCHO and
NO (Zhang et al., 2006), HONO (Kukui et al., 2014), and HO, (Kanaya et al., 2007a)
were overestimated. The overestimation of OH was resolved when these sources were
better constrained in the model. On the other hand, unmeasured VOCs were proposed
as missing OH sinks, especially in aged air (McKeen et al., 1997; Carslaw et al., 1999;
Berresheim et al., 2002; Creasey et al., 2003; Mauldin III et al., 2010; Griffith et al.,
2016). Previous studies have shown evidence of missing OH sinks in the forest (Hansen
et al., 2014) and marine regions (Thames et al., 2020), likely from the unmeasured
organic compounds from biogenic (Kaiser et al., 2016) or oceanic emissions (Thames
et al., 2020) and their oxidation products. Regarding the OH model overestimations
caused by simulation and measurement uncertainties, some studies showed the
overestimations were within measurement uncertainties (McKeen et al., 1997; Carslaw
et al., 1999), while others suggested possible sampling loss of OH (Mauldin III et al.,
2010) or possible calibration bias due to the low relative humidity (Mauldin III et al.,

2001a).

2.2.2 Underestimation of OH by Model

The model underestimation of OH was mostly found in the forest area with high
BVOC emissions (mostly isoprene) and low NO conditions (Table 2.2b) by LIF. The
underestimation was attributed to the missing OH sources (Hofzumahaus et al., 2009;
Tan et al., 2001a; Lelieveld et al., 2008; Whalley et al., 2011). To explain the possible

missing source, a series of new OH regeneration reactions under low NO conditions
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were proposed from OH oxidation of isoprene experiments in the chamber. The
mechanism, known as the Leuven isoprene mechanism (LIM1, Peeters et al., 2014),
includes unimolecular reactions (Peeters et al., 2009; da Silva et al., 2010; Fuchs et al.,
2013; Novelli et al., 2020) and isomerization of isoprene and/or its products (Peeters
and Mdler, 2010; Fuchs et al., 2014). With the adoption of this mechanism, the
simulated OH concentration increased by 20 to 30% in the forest region (Lew et al.,
2020). Another breakthrough is the development of a new chemical scavenging
technique in the LIF instruments to better determine the interference to the instrument’s
background. Some studies show that the interference in LIF instruments can explain 40
to 60% of the previously observed high OH concentrations (Mao et al., 2012; Hens et
al., 2014; Novelli et al., 2014; Feiner et al., 2016; Woodward-Massey et al., 2020). With
the adoption of interference scavenging and LIM1 improved mechanism,
measurements by LIF in an Alabama forest (Feiner et al., 2016). Recently, OH
measured by CIMS in the Amazon forests (Jeong et al., 2022) agreed with the LIM1
improved model predicted OH. Whereas, other studies still indicated an

underestimation of OH in the model (Tan et al., 2019; Lew et al., 2020).
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3. Remaining Challenges

3.1 Limited Field Observation of HO

Based on the literature reviews about the measurement techniques and the
discrepancy problem, three major challenges remained for future study. At first, more
observation is needed to better understand the HOx chemistry and its impact on air
quality. Even though efforts have been made in the last thirty years, as shown in Figure
2.2.1, the measurement of HOy is scattered and limited around the world. HOx
observation is vital for atmospheric chemistry involved in the production of secondary

pollutants in polluted areas and surrounding areas.

The industrialization of the Pearl River Delta (PRD) and Hong Kong (HK)) region
during the past three decades was accompanied by high anthropogenic emissions of air
pollutants (Lu et al., 2013b), causing elevated levels of surface ozone (Wang et al.,
2019b) and particulate matters (Yao et al., 2014). Even though sparse measurements of
OH in the PRD region were done previously by LIF (Hofzumahaus et al., 2009; Lu et
al., 2012; Wang et al., 2019a, 2021a) to study the atmospheric oxidative capacity and
impacts on air quality, the measurement is still very limited in the PRD region, and no
measurement was performed in Hong Kong. Therefore, the observation of HOy in the

PRD-HK region is desirable.
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3.2 The Discrepancy Between Simulation and

Observation

Second, more comparison of HOx simulation and observation by different
measurement methods besides LIF is required to better understand the atmospheric

oxidation chemistry in low NOx conditions.

Underestimation of OH in low NOx high BVOCs conditions was attributed to the
interference of LIF. Thus, it is highly desirable to deploy an alternative technique to re-
examine the underprediction issue besides the LIF. A recent study in the Amazon forest
(Jeong et al., 2022) supports that the use of the CIMS for OH budgets study in the forest
region can cross-validate the observation results and provides another aspect for the

underestimation problem.

On the other hand, the overestimation found in low NOx areas like coastal, marine,
and polar regions is also important for the understanding of the atmospheric oxidation
process, and the fate of trace gases (Zhao et al., 2020b; Tan et al., 2022), and pollution
production, as low NOx aged air mass is where most of the atmospheric oxidation takes
place (Brune et al., 2020). Nevertheless, the overestimation received less attention
compared to the underestimation issue in recent studies. Additionally, the variable
agreement between observed and modeled HO> concentration remains to be resolved

and also requires more investigation.
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3.3 Difficulties in CIMS Development

Finally, it is still a great challenge to perform the HOx measurement due to its
reactive chemical properties. Since the LIF was widely used and was found subject to
interferences during development, the alternative CIMS technique is desirable for
comparison. However, as a customer—build instrument, CIMS is difficult for new users

which explains the fact that CIMS has not been widely used compared to the LIF.

Despite the previous development and application of CIMS for HOx measurements,
applications of this technique remain challenging and are hindered by a lack of detailed
experimental procedures to make a CIMS functional. Moreover, isotopic **SO, used for

conversion in the other CIMS is expensive and difficult to obtain due to safety concerns.
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3.4 The Aim of This Study

Due to the challenges that remained, this study aims to investigate the atmospheric
oxidative capacity and its impacts on air quality in the PRD-HK region by developing
a new CIMS system to obtain the ambient levels, and the diurnal variation of OH, and
HO». The observation results will further compare with the modeling results to
investigate the OH discrepancy problem under low NOy conditions. The development
process and measurement principles of the CIMS development will be detail recorded
to provide a useful reference to other CIMS users and promote the application of CIMS

for HOx measurement.

50



4. Development of PolyU CIMS

The chemical ionization mass spectrometer used in this study was originally
developed by the Georgia Institute of Technology (Tanner et al., 1997). Compared to
the CIMS in previous studies, the PolyU CIMS is not using isotopic SO» for OH and
HO: conversion due to the safety consideration and the restriction of its use by the
university. However, without isotopic SO2, the PolyU CIMS is still capable of not only
OH and HO> but also H>SO4 measurement. Section 4.1 describes the measurement
principles for three gases. Then sections 4.2 and 4.3 introduce the components and
working theory of the CIMS system and the calibration system, respectively. The
comparison of different components and the sensitivity test results of CIMS are shown
in section 4.4. Section 4.5 shows the calibration process. Section 4.6 shows the
detection limits and the uncertainties measured in the lab. Finally, the residual problem

of injection gases is shown in section 4.7.
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4.1 Measurement Principles

Sample_! I'nlet lonization Mass
etweeninjectors pectrometer
(Bet tors) Chamber Spect t
1Fee System

l:TE E

E a) Without addition
- (See 4.1.1)

CCLTTETYTTTTEE 23S

b) With SO, H2504 FONoiseciMs™ S97w/0

(See 4.1.2)

® d) With NO and SC;;:-"""""’ SOH+ SNoiseOH+ Ssto4 +SNoiseCIIVIS = S97502
" (See 4.1.3) B

:--------»

Sho2 * Sont Snoisero2 ¥ Snoiseon™ SH2s04 FNoisecivis = S97NO

Scavenger

R L LR R

c) With SO, and Scavenger
(See 4.1.2)

e) With SO,, NO,
and Scavenger
(See 4.1.3)

> Snoiseont Shas04 FSnoisecims = S97ScaS()2

> SNoiseHO2+ SNoiseOH+ SH2SO4 +SNoiseCIIVIS = S97’ScaNO

Figure 4.1.1 The flow chart for the relationship between the measurement species

and signal intensity at 97 (So7) with different gas injections.

Figure 4.1.1 show the flow chart for measurement principles. The label on the top
of the flow chats is the location where the process happens inside the CIMS (refer to
Figure 4.2.1). Fcg, Fig, and Frg are the efficiency factors affecting the sensitivity and
will be discussed later in section 4.4.3. Circled NO, SO, and scavengers are the gases
added to the front injectors. So7 refers to the signal intensity detected by CIMS at m/z
97 and the affixed label after So7 (So7w/io, S97802, S97NO, S978cars02, S97scan0) refers to the
S¢7 measured directly by CIMS when different gases are added to the sample flow. The
measured species affixed label (Sn2s04, SoH, SHO2, SNoiseOH, SNoiseH02, and Snoisecivs) refer
to the signals that corresponded to the species concentration or interferences. These
signals are not provided by CIMS measurement directly. See details in the following

sections.

52



4.1.1 H,SO4 Measurement Principle

The measurement principle H2SO4 is the foundation principle for CIMS
measurement since the HO> and OH are converted to H»SOs. Therefore, the

measurement principle of H2SOj is the common part of OH and HO> measurement.

The ambient H2SO4 in the sample flow is converted into HSOj by chemical

ionization in reaction with the NO3 primary reactant ions:

R 4.1 H,S0, + NOj - (HNO3),, * (H,0), = HSO; - (HNO3),(Ho0),, + HNO;

NO3 - (HNO3), * (H,0),, are cluster ions with m and n mostly of 0 - 2 and 0 - 3
(Berresheim et al., 2000). These cluster ions are generated by the reaction of HNO3

vapor with electrons (Fehsenfeld et al., 1975):

R4.2 HNO;+e™ - NO; + OH
R4.3 HNO; + NO; - NO; + HONO
R4.4 NOj + (HNO3)p + (Hy0)y + M —» NO3 - (HNO3),, * (H,0), + M

Where e™ is emitted from an ion source. The ion clusters are subsequently

dissociated in the collisional dissociation chamber (CDC):

R4.5 NO; - (HNO3),, (H,0), + M = NO5 + (HNO3),, + (H,0),, + M
R4.6 HSO; - (HNOs),, - (H,0), + M — HSO; + (HNO3),, + (H,0), + M

As shown in Figure 4.1.1 a) the H>SOs is finally detected by a mass spectrometer
system as HSOZ at 97 m/z (S¢7). Since no additional gases were added to the sample
flow through front injectors, the signal is further marked as So7wi. Due to the excess
reagent ion NOs", the H2SO4 is completely ionized. However, the noise signal of the

instrument is hard to eliminate. Thus, the So7w/ correlated to the H>SO4 contributed
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signal Smasos and noise signal Swoisecrvs from the instrument. The Swoisecrvs 1S
determined during calibration. Then the signal contributed by H>SO4 can be calculated

as follows.

E 4.1 Stzs04 = So7wjo — Soisecims

4.1.2 OH Measurement Principle

Ambient OH radical is measured by converting it to H,SO4 by adding SO; into the
sample flow. The addition of SO, initiates the chemical conversion sequence in the

presence of oxygen and water vapor as mentioned previously.
R 1.24 OH +S0,+ M - HSO; + M
R 1.25 HSO3; + 0, - SO; + HO,
R 1.26 S05; + 2H,0 - H,S0, + H,0

Then the OH is converted to H2SO4 goes through the same process and is detected
as So7. Since the SO is added through the injector for conversion, the signal is further
marked as So7s02 (Figure 4.1.1b). The S¢7s02 is not only contributed by the ambient
signal corresponding to OH (Son) but also ambient H>SO4 concentration (Suzso4), the
previously mentioned interference from CIMS (Swoisecivs), and other interference
signals marked as Snoiscon. The Snoiseon includes the signals corresponding to artificial
OH formed by primary ion creation, recycled OH from HO> triggered by NO, ambient
criegee intermediates, the interference signals due to the addition of scavenger gases

and other possible interference from ambient air.

To mitigate the Snoiscon for better performance, the scavenger gases were added to
the CIMS from three positions. Firstly, they are added to the sheath flow to mitigate the
effect of artificial OH which is the unwanted OH radicals formed from primary ion

creation (R 4.2).

R4.2 HNO3;+e™ —» NO, + OH

54



Another flow of scavenger gas is added into the sample flow via rear injectors to reduce
the reaction time of conversion to prevent the HO; recycled reaction triggered by

ambient NO in the conversion region and the ionization chamber.
R1.8 RO, + NO + 0, > R'HO + NO, + HO,
R 1.9 HO, + NO - OH + NO,

See section 4.4 for the optimization of reaction time by the flow rate adjustment.
However, the criegee intermediates (see the conversion from criegee intermediates to
H>SO4 in Mauldin III et al., 2012), ambient H>SO4, and other possible interference are
inevitably contribute to the S¢7. Besides, the noises mentioned above also cannot be
completely removed. Therefore, the scavenger gases are also added to the sample flow
together with SOz to eliminate the ambient OH radical and measure a background signal
(So7s02sca, Figure 4.1.1c,). In this case, the So7 corresponds to H2SO4 (Sh2s04) and the
interference (Snoiseon). Thus, the ambient OH corresponded signal (Son) can be
determined by subtracting the signals (S¢7s02sca) correlated with criegee intermediates,

H>S0O4, and other interference from the So7s02 as shown in the following equation.

E 4.2 Son = S97502 — S975025¢a

The injection positions of scavenger gases are shown in Figure 4.2.1. See details

about scavenger gas selection and their elimination efficiency in Section 4.4.3.5.

4.1.3 HO; Measurement Principle

Compared to the OH measurement principle, the HO> requires an additional
conversion for measurement. As shown by R 1.9, ambient HO, can be converted to OH
and further detected by CIMS. The addition of NO into the sample flow together with
SO» from the front injectors can indirectly measure HO2 by converting ambient HO: to
OH (R 1.9) and then to H2SO4 (R 1.24 to R 1.26) for detection. It is worth noting that

in the OH detection, the R 1.9 causes an interference; however, it becomes the key
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reaction during HO> measurement. The signals obtained with the addition of SO, and
NO are labeled as So7no (Figure 4.1.1d). Similar to the OH measurement, the HO»
measurement also suffers from an interference signal and is noted as SwoiseHO2.
Therefore, the scavenger gas applied for OH radical can also determine the background
signal during HO> measurement (S97nosca) Which corresponds to ambient H>SOq
(So7H2504), and both the interference of HO:2 (Snoisetio2) and OH (Snoiscon) as shown in
Figure 4.1.1e. It is note that, the Snoise Ho2 and Snoiseon including the interference that
caused by the addition of scavenger gases. Then the Sno> can be subtracted from the

following equation.

E 43 Snoz = So7n0 — So7nosca — Son

In the troposphere, the HO> concentration is 2 orders of magnitude greater than

OH. Thus, the Sy, can be approximated to Sg7n0 — S97n0sca-
R1.8 RO,+ NO+ 0, » R'HO + NO, + HO,

The RO; species will also contribute to the HO: signal by R 1.8. As indicated in
the previous study, the interference of RO> in HO; measurement is negligible when the
RO, species produced from the H-atom subtraction reaction like the OH reacts with
methane and ethane. However, the RO; species produced from OH-addition to the
alkene like isoprene, and methacrolein or aromatic precursors will have a higher
reaction rate with NO and affect the HO> measurement (Fuchs et al., 2011). Therefore,
the HO> measurement in remote low BVOC conditions like the second and third field

studies in this thesis is not affected by the RO» interference.
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4.2 CIMS System

Figure 4.2.1 shows the schematic and the photo of the PolyU CIMS system. The
CIMS measures the ambient OH concentration when connecting to the stainless-steel
inlet, and, during calibration, the calibrator is connected to the CIMS instead. The
chemical conversion region is the area between the front and rear injectors in the sample
inlet system. In this region, H>SOj4 is formed by the chemical conversion from OH (R
1.24 to R 1.26) or HO> (R 1.9 and R 1.24 to R 1.26). Then the H>SOg is ionized into
HSOyj ion cluster in the chemical ionization region. The ion cluster further transfers to
the mass spectrometer system through a pinhole by the force of the electric field. The
mass spectrometer system consists of three parts including a collisional dissociation
chamber (CDC) for ion cluster dissociation, an ion guide chamber (IGC) to refocus the
ions, and an ion detection chamber (IDC) for ion detection and electric signal

generation.
R 1.24 OH +S0,+ M — HSO; + M
R 1.25 HS03 + 0, » SO3; + HO,
R 1.26 S0; + 2H,0 - H,S50, + H,0
R1.9 HO, + NO - OH + NO,

It is noted that, in Figure 4.2.1, the blue color highlights the name of flows, the red
color highlights the injectors, the purple color highlights the ion sources, and the green
color highlights the modifications for simultaneous measurement for HO2 (NO/N:

Front Flow) and H>SO4 (Front Valve).
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Figure 4.2.1 Schematics of the CIMS system which consists of a stainless-steel inlet, a sample inlet, an ionization chamber, a mass spectrometer
system, and a calibration system. The photo of the PolyU CIMS shown on the right. The aluminum frame supports the CIMS to measure the

ambient air both horizontally and vertically.
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4.2.1 Sample Inlets System and the Conversion Region

As shown in Figure 4.2.1, during ambient sampling, the air sample at ambient
temperature and pressure is first drawn into a 5 cm diameter, 32 cm long stainless-steel
tube. A turbulence-reducing scoop is attached to the front of the tube to avoid the eddy
influence at high wind speeds and create a laminar flow to minimize the contact
between airflow and the inlet surface (Tanner et al., 1997). The flow velocity at the
center of the tube is 5 m/s, which is measured manually using a pitot. The residual time
in the stainless steel is less than 0.1s and the sampling loss is nearly constant (Tanner
etal., 1997). The central part of the air is then drawn through a 1.6 cm diameter stainless
steel inlet into the chemical conversion region with the flow rate being determined by
a mass flow controller (MKS, MFC company). The excess flow in the tube is vented

back into the atmosphere via the inlet pump.

The sample inlet in Figure 4.2.1 is equipped with two pairs of stainless-steel needle
injectors that are placed in opposite positions. The first (front injectors) pair is installed
at a 69 mm distance from the stainless sample inlet. The second pair (rear injectors) are
installed at 25.8 mm from the front injectors. The front injectors introduce different
gases to trigger the chemical conversions of the CIMS and determine the measurement
targets. The rear injectors on the other hand terminate all conversions by introducing
scavenger gases to the sample flow and eliminating the remained HO; and recycled OH.
The space between the front and rear injectors is the chemical conversion region. The
conversion between HO2 and OH to H>SO4 as described in sections 4.1.2 and 4.1.3

mainly takes place in this region.

During the H>SO4 measurement, no additional gases are added to the sample flow
through the front injectors. The front valve is switched off and guides all gases to the
exhaust flow instead of to the sample flow. In this case, the signal (So7w/0) obtained by
CIMS is correlated to ambient H2SO4 (Sy2504) and the instrumental noise (Syoisecims)

as mentioned in Section 4.1.1. The noise for the instrument is determined during
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calibration. Then the signal of ambient H>SO4 can be determined by simple subtraction

shown in E 4.1 mentioned above.

E 4.1 Sh2s0a = 597w/o — SNoisecims

To measure OH radicals, the 99.999 vol.% N> and 0.9 vol.% SO; are added to the

sample flow through the front injectors to convert OH into HoSO4 (R 1.24 to R 1.26).
R 1.24 OH +S0,+ M - HSO; + M

R 1.25 HSO; + 0, - SO3 + HO,

R 1.26 SO; + 2H,0 - H,S0, + H,0

The function of the scavenger valve in Figure 4.2.1 is to switch the injection
position of the scavenger gases to measure the total signals (S97s02) or the background
signals (So7scasoz). As discussed above, to eliminate the interference during OH
measurement, another flow is added through a pulsed flow controlled by a zero-dead
space four-way electrically operated valve, which automatically switches the injection
positions of scavenger gas and pure N; to change measurement modes. When the
scavenger gas is added through the front injectors to the sample flow, N2 is switched
through the rear injectors, the CIMS is then running in background mode. Under this
condition, atmospheric OH simultaneously reacts with SO; and the scavenger gas, with
the reaction of OH with scavenger gas being much faster than SO». This configuration
produces background signal S¢7so2sca from the interferences of OH measurement (e.g.,
atmospheric H2SO4) with negligible contribution from atmospheric OH. When the
scavenger gas and N; are switched into the sample flow through the rear and front
injectors, respectively, CIMS is running in signal mode. Atmospheric OH is all
converted by SO, and the total signal So7s02 i1s produced. Similarly, the signal

corresponding to OH (Son) can be determined by E 4.2 mentioned above.

E 4.2 Son = S97502 — S975025¢a

In the measurement of HO2, the 1 vol.% NO is added to the sample flow together
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with SO» for the conversion of HO> to OH and then to H2SO4 (R 1.9 and R 1.24 to R
1.26). The NO/N; front flow in Figure 4.2.1 is controlled by a zero-dead space four-
way electrically operated valve (the NO Valve in Figure 4.2.1) and switches the

injection flow between NO and N> automatically.
R 1.9 HO,+ NO - OH + NO,

Similar to the OH measurement, the scavenger valve is switched automatically to
create the total signal So7no and background signal So7nosca during HO2 measurement
when NO is added together with SO2 in the sample flow. Then the HO signal (Suo2)

can be calculated by E 4.3 mentioned above.

E43 Snoz2 = So7no — S97n0sca — Son

The concentration of OH, HO;, and H2SO4 can be calculated by the following

equations, respectively.

E 4.4 [H2504]=CLXM
OH Se4
1 SoH
= — X —
E45 [OH] CoH  Sea
E 4.6 [H02]=;X5Hi

CHo2 Se4

Where the Con is the calibration factor for OH and H>SO4 and the Choz is the calibration
factor for HO». The determination of calibration factors is shown in section 4.5. Sy2504,
Son and Sy, are the signals corresponding to measured species and calculated from
subtractions mentioned above E 4.1 to E 4.3. Ses is the signal corresponding to the
reagent ions (NO3’). As discussed in Berresheim et al. (2000), the absolute
concentration of the H>SO4 and reagent ion (NO3") is not required as the concentration
is determined based on their relative signal strength and the calibration factor. Therefore,

the signal strength is represented by the signal ratio between So7 (HSO4™ ion) and Se4

(NOs™ ion).
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4.2.2 Chemical Ionization Region

The sample flow through the chemical conversion region is then drawn into the
chemical ionization region and mixed with the sheath flow (Figure 4.2.1). The sheath
flow is continuously drawn into the same region through an annular space between a
3.5 cm o.d. outer tube and a 1.2 cm o.d. sample tube by a diaphragm pump (KNF-813).
These tubes are concentric with the downstream end of the chemical conversion region.
The sheath gas is produced by a zero-air generator (Thermo Electron Corporation,
Model 111) attached with active charcoal and silica gel to remove trace gases such as
SO, and NOy. Before entering the ionization region, HNO3 vapor and the scavenger gas
are added continuously to the sheath flow. The HNOj3 vapor is obtained by N> carrier
gas passing through the headspace of a reservoir of concentrated liquid HNO3. When
HNOs3™ doped sheath gas passes through the ion source (Figure 4.2.1), NO3 - (HNO3), -
(H,0),, reactant ions are produced by the reaction of HNO3 and electrons. Additionally,
the N»-carried HNO;3 is also added through the rear injector to maintain the ion cluster
distribution and further improve the stability of the reagent ion signal (Sjostedt et al.,

2007).

The NO3 - (HNO3),, * (H,0), reactant ions then react with HoSOs molecules
from the sample air to form HSOj - (HNO3),,(H,0), cluster ions in the chemical
ionization region according to R 4.1.

Voltages are applied to the sample and sheath flow tubes to produce an electrical field
to force the reactant ions to the center of the chemical ionization region and enhance
the interaction of reactant ions with H>SOs4. The optimization of voltages for better

sensitivity is shown in Section 4.4.3.

The total flow (Figure 4.2.1) is then exhausted at the end of the chemical ionization

62



region through diaphragm pumps (Thomas, SK-668) and controlled by an MFC. To
prevent the HNO3 vapor from corroding the pump and the MFC and polluting the
ambient air, the exhaust flow is first filtered through active charcoal cartridges and then
vented back into the atmosphere at a distance of > 10 m from the sampling point. A
small portion of the total flow is drawn into the mass spectrometer system through a
101.6 um diameter pinhole. A counterflow of N> buffer gas is added to the atmospheric
pressure side of the pinhole (Figure 4.2.1) to prevent unwanted clusters and molecules
from entering the pinhole (Berresheim et al., 2000). Voltages are added at the positions

of the N buffer and pinhole to force the ions into the mass spectrometer system.

4.2.3 Mass Spectrometer System

The mass spectrometer system is separated into three differentially pumped
chambers with two adjacent chambers being connected through a 4 mm pinhole (Figure
4.2.1). The first chamber behind the pinhole is a collisional dissociation chamber (CDC).
The pressure of the CDC is typically maintained at around 0.5 hPa through a drag pump
(Adixen, MDP 5011) and a scroll pump (Agilent Technologies, IPD-3). The CDC has
a high ion kinetic energy (i.e. high electric field to number density ratio), and most of
the entered cluster ions (e.g. HSO; - (HNO3),(HO;),, and NO3 - (HNO3),, - (HO3),)

are dissociated in the CDC through R 4.5 and R 4.6 mentioned previously.
R4.5 NO3-(HNO3),,  (H;0),+M - NO3 + (HNO3), + (H,0), + M
R4.6 HSO, - (HNO3)p, - (H,0), + M - HSO, + (HNO3),, + (H,0), + M

The second chamber is an octopole ion guide high vacuum chamber (IGC). In this
chamber, the pressure is maintained at about 1.3 x 107 hPa through a turbo molecular
pump (Agilent Technologies, TwisTorr 304 Fs) and the same scroll pump mentioned
above. Here, the ions from the CDC are refocused by an octopole ion guide and

transported to the third chamber.

The third chamber (IDC) contains a quadrupole mass filter and detector with
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attached signal amplifier electronics. The mass-selected ions of the quadrupole are
amplified and detected by a channeltron ion multiplier and then counted based on
standard techniques (Sjostedt et al., 2007). This chamber maintains a pressure of about

2.6 x 107 hPa through another turbo molecular pump and the same scroll pump.
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4.3 Calibration System

4.3.1 Calibration Unit and Principle

The calibration of the CIMS is achieved by controlled concentrations of OH and
HO; radicals, which are produced through photolysis of water vapor by 184.9 nm light

(Tanner and Eisele, 1995):
R4.7 H,0+ hv(1849nm) » OH + H

The calibration factor C is then determined based on the produced OH and HO»
concentrations and detected signals of HSO; and NO3 according to the measurement

principle.

sensor

Figure 4.3.1 The Calibration System. a) Schematic diagram of the calibration
system. b) The photo of the calibration system. c) The original gap for the lamp. d) The

narrowed gap for lower transmission. It is noted that when the calibrator connects to
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CIMS, the gap of the Hg lamp is less than 1 cm from the sample inlet. The reactions

triggered by the radicals before the conversion reactions are negligible.

Figure 4.3.1a and b show the diagram and the photo of the main components of
the calibration system, respectively. The system consists of a cuboid stainless steel tube,
a hygrometer, and an optical element. The length of the cuboid stainless steel tube is 52
cm with a 1.6 cm side length. The high-precision capacitance humidity measurement
hygrometer (Vaisala, HMP100) is connected at the front of the tube to measure the
temperature 7 and dew point temperature 74 of the mixed air. The optical elements are
mounted at the end of the tubes (air outlet side) to minimize the wall loss during
calibration. This element consists of a Pen Ray mercury lamp (Analytik Jena, UVP Pen
Ray) and a bandpass filter. The bandpass filter blocks most of the emitted photons
except those at 184.9 nm. Finally, the transmitted light enters the tube and photolyzes
water vapor to produce OH and HO; radicals according to R 4.7 and R 4.8. The mixing
ratio of water vapor in the airflow is controlled through the mix of the dry synthetic air

and humidity air from a water bubbler.

When the calibration tube was applied for calibration with the original gaps for
light transmission (Figure 4.3.1c), the OH radicals produced by the calibration system
is more than 100 times larger than the ambient concentration. Therefore, to achieve a
lower calibration concentration for higher accuracy, the gap for light transmission was
reduced by aluminum-foil paper as shown in Figure 4.3.1d. The following section

shows the result after such modification.
4.3.2 Quantification of the Calibration System

4.3.2.1 HOx Quantification

The concentrations of OH and HO, radicals produced from the water vapor

photolysis reaction during calibration can be described as follow:
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E 4.7 [H02] = [OH] =] XtX O-HZO X ¢H20 X [HzO]

where I and ¢ are the photon intensity (unit: photons s™! ¢cm) and the reaction time of
H>O photolysis, respectively. In the calibration system, the / and ¢ are determined at the
same time and considered as one factor. The determination of /¢ is described in the next
section (4.3.2.2). [HOz], [OH], and [H2O] are the concentrations of HO, OH radicals
and water vapor, respectively, oy, is the photolysis cross-section of water vapor at
184.9 nm (7.14x10?° cm?, Cantrell, et al. 1997) and ¢y, o represents the photolysis

quantum yield, which is assumed to be 1.0 at 184.9 nm. [H>O] is calculated according

to the temperature (T), saturated water vapor pressure (Pf;2 o) and relative humidity (RH)

of the mixed air flow (KUrten et al., 2012).

4.3.2.2 It Value Quantification

a) Hg Lamp
(184.9 nm)
Hygrometer B_a"dpﬁg —
Synthetic - Filter .
Air .
> H,0 Photolysis  ----» OH + HO, CIMS
Synthetic | w0 |_ —
Air Bubbler Cuboid Stainless Steel Tube .—-:
b) Hg Lamp
(184.9 nm)
| Over
Bandpass
Synthetic Hygimeter Filter *l— FI:'W
Air ol 5 I Thermo Model
» N,O Photolysis ~ ----+ NO, ----- .
O : y Tl 42iTL
2 Cuboid Stainless Steel Tube

Figure 4.3.2 Schematic diagram of calibration processes. a) The CIMS calibration

experiment. b) The N>O actinometry experiment for determination of product /¢ value.

The product /¢ is determined based on the chemical actinometry method (Figure
4.3.2b). This method measures NOyx generated from N>O photolysis with the same

calibration system under the same condition as that for the CIMS calibration. Since
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N2O photolysis and H>O photolysis require the same photon intensity (184.9 nm), the
product /¢ of H>O photolysis can be determined by measured NOx and N>O mixing
ratios produced by N>O photolysis (Edwards et al., 2003).

Briefly, high-purity N2O (99.9%) mixed with dry synthetic gas flows into the
calibration system. The photolysis of N>O generates NOx through the following

reactions (Edwards et al., 2003):

R 4.9 N,0 + hv (184.9 nm) - N, + 0( 'D)
R410 0o('D)+0,-0(°P)+0,

R 4.11 0('D) + N, - 0(*P) + N,

R412  0(°P)+0,+M > 0;+M

R4.13  0('D)+ N,0 - 2NO

R 4.14 0('D) + N,0 - N, + 0,

The O3 produced from R 4.12 could oxidize NO to NO». Therefore, the photolysis
of N2O eventually converts it to NOx which is concurrently measured by a commercial
NOx detector (Thermo, Model 42i-TL) The combined product /¢ is a function of the

mixing ratios of N>O, N3, O2, and produced NOx:

_ (K37x[03]+K38X[N2]+(Kao+Ka1)X[N;0])X[NOx]
2XK40X0N,0XPN,0X[N20]?

E 4.8 It

Where K37, K3s, K40, and K4; are the rate constants of R 4.10, R 4.11, R 4.13, and
R 4.14, respectively. oy, o is the absorption cross-section of N>O, and ¢y, o represents

the photolysis quantum yield. The values for them can be found in the previous study

(Kirten et al., 2012).

Ideally, the N>O actinometry experiment should be conducted with the same flow
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rate as in the H2O photolysis experiment such that the reaction time can be the same.
However, at the flow rate suitable for CIMS calibration (10 slpm), the concentration of
NOx produced from N>O photolysis is near the detection limit of the NOy detector.
Hence, the N>O actinometry experiment was carried out at a lower flow rate (3 and 6
slpm) to increase the reaction time for photolysis and then the NOy production. The /¢
values for the lower flow rate (Ityow) and higher flow rate (Ity;cy) have the

following relationship:

FRpowXItLow
E 4.9 Ityign = ———
FRyIGH

where FR; oy and FRy, ¢y represent different flow rates. Based on this equation,
Ityne can be obtained by scaling It oy, with the ratio of FR; oy, and FRy;sy. The E

4.9 is validated in the next section.
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Figure 4.3.3 The results of the N>O actinometry experiment. a) The produced NOx
concentration as a function of the N>O mixing ratio. Different colors represent different
flow rates. b) The product /¢ as a function of the inverse of flow rate (see detail in text).
c) The flow rate scaled product It as a function of the NoO mixing ratio, which was

obtained by scaling product It with the ratio of flow rates (3, 6, and 10 slpm) to 10 slpm.
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Figure 4.3.3 shows the results of the N>O actinometry experiment. The black line
is the average value of the flow rate scaled product It and the error bars show the
standard deviation. Figure 4.3.3a shows the NOx produced as the function of N>O
mixing ratios from 10% to 15% at different flow rates (FRy,o = 3, 6, and 10 slpm).
Generally, an increase in the N>O mixing ratio or a decrease in reaction time (lower
flow rate) led to more production of NOx. In Figure 4.3.3b, the product /¢ corresponding
to different flow rates was calculated according to E 4.9 based on the result in Figure
4.3.3a. The product /¢ linearly increased with the inverse of the flow rate, which
validates the linear dependency between product /¢ and the inverse of the flow rate
shown in Figure 4.3.3b. This linear dependency is consistent with the result of Kurten
et al. (2012). In addition, the product /¢ was independent of the N>O mixing ratios in
the range of 10% to 15% (Figure 4.3.3c). Based on the E 4.9, the flow rate scaled /¢
(Ityen) 1s calculated from It; 4y in Figure 4.3.3b multiplying the ratio of FR; oy (3, 6,
and 10 slpm, respectively) to FRy;¢y (10 slpm). The It varied from 1.37 to 1.53 x 10!
at different flow rates and N>O mixing ratios. The mean value of 1.46 x 10! photon
cm’! was adapted for Ity;cy. Then based on the calculated It values and E 4.7, the
calibration can be performed. See section 4.5 for the example of calibration results

during the field study.

4.3.3 Application of the Calibration System

After determining the value of Iz, the [OH] and [HO2] concentrations produced by
the calibration system can be calculated. By applying the calibration system to the
CIMS (Figure 4.3.2a), the calibration can proceed and the calibration factors for OH

and HO» can be determined by coupling E 4.5 and E 4.6 with E 4.7, respectively.

E 4.4 [H,50,] = CL x SH2504

OH Se4
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E 4.5 [0H] = — x o4

Con  Sea
1 S
E 4.6 [HOZ] = Crion X :TZZ

Besides that, with the addition of known [SO:] to the calibration flow, this
calibration system can calibrate the H2SO4(g) sensitivity of not only the QCIMS but also
the Tof-CIMS (Chen et al., 2022a). More importantly, the calibration system provides
a stable [OH] and [HO:] for the CIMS sensitivity tests. Section 4.4 and section 4.5
show the details of the optimization of CIMS and the calibration results for field studies

after optimization are shown, respectively.
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4.4 CIMS Optimizations

As shown in Figure 4.2.1, the CIMS system is complicated, and its performance
is affected by different parameters and components. In this section, we present the tests
result for different types of ion sources and scavenger gases (propane and CsF),
comparison of primary ions detection, and optimization of the instrument sensitivity
and noise. This section emphasizes the discussion of different selections and the ideas
of optimization, instead of the exact specification of CIMS, because the specification
of CIMS was changed during three campaigns due to the change of measurement targets
and settings. The difference in the CIMS technical specification for different campaigns

and the reason for changes are shown in section 5.2.

4.4.1 Ion Source

Radioactive ion source (*'°Po or *! Am) and corona discharge source (corona
ionizer) have been used as the ion source in previous studies (Berresheim et al., 2000;
Sjostedt et al., 2007; Kukui et al., 2008). In this study, *!°Po and corona sources were

compared.

210po emits alpha particles that interact with the carrier gas to quickly form
thermalized electrons and positive ions (Fehsenfeld et al., 1975). The formed electrons
react with O and then HNO3 to produce NO3 * (HNO3),, - (H,0),, reactant ions. >'°Po
was used due to its low OH interference and ease of installation. Corona ionizer
generates NO3™ by discharge formed between a tungsten needle and a 1 mm diameter
plate 3 mm from the needle tip (Kukui et al., 2008). The corona source has the
advantage of producing much higher concentrations of NO3z - (HNOj3),, -
(H,0),, primary ions compared with radioactive 2!°Po or **! Am foils, which leads to
higher concentrations of HSO, and higher signal intensities (and higher sensitivities).

However, the corona discharge source is known to produce a significant number of
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neutral species including OH radicals (artificial OH), which means the noise is

relatively high (Kukui et al., 2008).
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Figure 4.4.1 Signal intensity at 97 m/z when using a) corona and b) 2!°Po as the

1on source. The SO, flow rate was 5 sccm.

We compared a 2!°Po ions source and a corona source (Figure 4.4.1). The result
showed that the detection limit of the CIMS with the *!°Po ion source was lower than
that with the corona source due to larger noise in the corona source. We previously
applied the corona source in the same CIMS to measure peroxy radicals (RO2 and HO»
without OH), and the noise level was acceptable compared to the ambient concentration
of peroxy radicals. For OH measurement, although a scavenger gas was added in the
sheath flow to remove most artificial OH radicals, the remaining interferences were still

high compared to ambient OH concentrations.

In this study, >!°Po foils were chosen as the ion source in our CIMS system. It
should be noted, however, that a radioactive source like 2!°Po is often subject to strict
health safety regulations, and the users need to apply for a permit to use and transfer

the radioactive source. In addition, 2!°Po undergoes alpha decay to stable 2°Pb with a
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half-life of about 140 days. Therefore, in order to keep stable signal intensities for

primary ions, the 2!°Po foils need to be replaced regularly.

4.4.2 Primary Ions Detection
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Figure 4.4.2 Signal intensity at a) 62 m/z and b) 64 m/z for reagent ion detection

by an aged detector when using C;F¢ as a scavenger.

Determination of the concentrations needs to use the signal intensities of NO3™ ions
(Se2 or Se4) according to E 4.4 to E 4.6. Some previous researchers traced the NO;3™ ions
on the signal intensities at 62 m/z (Se2, Tanner et al., 1997; Sjostedt et al., 2007; Kukui
etal., 2012). We found that the concentrations of NOs™ in the inlet system was extremely
high (Figure 4.4.2a before the addition of C3F¢). Even though a small portion of the
NOs™ ions were finally detected by the mass detector, the signals were enough for
measurement (Figure 4.4.2b before the addition of C3Fe). After operating the CIMS by

detecting the signal of NOs™ ions at 62 m/z about a year, all signals from the channeltron
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detector dropped significantly compared to one year ago which may be due to the
accelerated aging of the detector by the high concentrations of NOs™ ions. Additionally,
the aged detector is also more vulnerable to the suppression effect of the addition of
CsFs and the change from Ses to Se2 can mitigate this decrease. Figure 4.4.2a shows the
signal continuously decreases after the CsFs suppression when using Se. Such
suppression recovers after time when applying the Ses as the reagent ion as shown in

Figure 4.4.2b. Note that the scales on the y-axis of Figure 4.4.2 a) and b) are different.

Therefore, the isotopic signal (N1803) at 64 m/z (Se4) was chosen to detect NO3”
primary ions for extended operation. The signal intensity at 64 m/z is lower than at 62

m/z by about a factor of 167.

4.4.3 Sensitivity Optimization

The sensitivity (S) of the CIMS instrument to the HoSO4, OH, and HO> radicals
depend on their conversion efficiency to H2SO4 in the chemical conversion region (Fcg),
the ionization efficiency of H>SO4 to HSOjy in chemical ionization region (Fig), and the

transmitted efficiency of HSOj from sample inlet to mass spectrometer system (Fr):
S~Fcg - Fig - Frg

Fcg 1s dependent on the reaction time and the reactant concentrations. Due to
different reactions path for OH and HO: to convert to H2SO4, this factor changes along
with different measurement targets. During H>SO4 measurement, Fcg-n2sos4 =1 due to
no conversion is needed. However, during the measurement of OH (Fcg-.on) and HO>
(Fce-H02), the conversion efficiency factors are affected by the [SO2] and the [NO]/[SO-]
ratio, respectively. Fig is affected by the flow dynamics, which determines the mixing
of flows, and the electric field inside the ionization region, which forces the NO3 -
(HNO3),, - (HO,),, primary ions to the center of the region for H>SO4 ionization. The
FrE is related to the N> buffer and the induced electrical field in the pinhole area which

determines the number of ions that can access the mass spectrometer system.
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Figure 4.4.3 The sample inlet system and conversion region diagram of the CIMS

with adjustable voltages and flows for a sensitivity test.

Figure 4.4.3 shows the inlet system of the CIMS. In order to produce OH and HO»
signals, the calibrator is applied, and the flows of the calibrator are maintained at the
same flow rates, RH, and temperature to produce stable radical concentrations for the
test. The adjustable flow rates and voltages are labeled based on the factors they
correlated to. During the sensitivity test, the calibrator is applied to the CIMS to
maintain OH and HO» concentration at a certain level. Yellow labels the sample flow,
SO», and scavenger flow relating to the Fce-on. The orange labels NO flow that needs
to be considered additionally for conversion efficiency Fcg-no2 during HO:»
measurement. Blue labels sample and sheath flow ratios and their voltages relating to
the Fie. The total and sheath flow indirectly determine the sample flow rate and further

the sample and sheath ratio and are labeled in green. Finally, buffer flow and pinhole
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voltages affect the Fcg and are labeled in dark green.

The sensitivity of OH is optimized first for OH and H>SO4 measurement by
determining the optimal Fcg.on, Fig, and Fre. The Fcron is first optimized for the
maximum conversion of the ambient OH to HoSO4 by adjusting the SO flow and the
sample flow rate. Then, to achieve the best Fir for HoSO4 ionization, the flow dynamic
and electric field are optimized by adjusting the sample/sheath flow ratio and the
voltages applied to the sample and sheath flow. Finally, the N> buffer flow rate and the
voltages of the pinhole are adjusted to control the Frg to determine the amounts of ions
entering the detector. During the optimization, the calibration tube is applied to produce

OH radicals and control their concentration.

The conversion efficiency factor Fcg-no2 for HO2 measurement is determined at
last by adjusting the [NO]/[SO-] ratio with settled SO» flow after the CIMS is optimized

for OH and H>SO4 measurement.

In order to compare the adjustment result, the signal is normalized in Figure 4.4.4
based on the signal intensity at the settings of 10 sccm SO, 16.8 slpm total flow, 12.6
slpm sheath flow, 3.7 slpm sample flow, 440 sccm N buffer flow, -80 V sheath voltage,
-32 V inlet voltage, and 41% relative humidity of the sample air. Red dashed lines
highlight the optimized values selected for PolyU CIMS. It is noted that the red dashed
line in the following figures in this section were the optimized settings applied for our

CIMS.

/8



40 40 40

a) —e—RH: 41% b) | —e—RH: 41% ) : —s—Total flow: 16.8 slpm
16 T i RH: 17% +35 16 + —s RH: 26% 1 35 16 T +$o:a:;:ow:§; s:pm + 35
i —=—RH: 8% x | ——Total flow: 12 slpm
RH: 5% 1 f ! 1
3 —a— . 3.0 DL(RH:41%) T 3.0 \ —=—DL (total flow: 16.8 slpm) 3.0
q 12 + | —— DL (RH: 41%) 12 1 12 +
£ | T 2° + 25 + 25
~ + 2.0 + 2.0 T 20 ,.’,,"
oy 08 + 08 + 0.8 A E
L + 15 + 1.5 + 15
© 2
n | : 1 1 ©
8 oa 10 04 4 § 10 04 4 1o S
z / | 1 o5 e—-—-s—-s-eo.o o 6 0 _ to0s5 &4 | 1os o
c e ————— o IV —————— T e
o oo 1 i " " 00 00 P —r—— AT AT 00 00 L e L . 00 4
'E 0 25 5 7.5 10 2 2.5 3 3.3 35 4 4.5 0.00 0.20 0.30 0.40 0.60 E
- Front injector SO, flow (sccm) Sample flow(slpm) Sample/sheath flow ratio —
gﬂ 4.0 : 40 - a0 <
c d) | —s—Sheath voltage: -80 V €) ; ——RH: 41% ) 3 ——RH:41% o
w10 : —«Sheathvoltage: -160V 1 35 1€ T ——RH:26% T35 187 ! ——RH:34% T35 0
- i RH: 17% i —=—RH: 12% (7]
'8 | —a—Sheath voltage: -40 V 130 i - ° 4 30 DL RH'0419/ 1 30 +
N : ——DL (sheath voltage: -80V) —< DL (RH: 41%) i —<—DL (RH: 41%) Q
= 12 i Los 127 25 12T 5 25 B
© 1 : ; T2 i + 2
. ;
£ 3 1 20 1 20 i + 20
S 08 \, 0.8 T 08 1 ;
2 f1s 115 ﬁ’——%\ |
04 T oad T oa ¢ 10
] i E | o | T s B—Q\% 1 os
T N % e o 3 VIO .
0.0 T . 00 gp L ‘ L 0.0 00 e e g
0 20 40 48 60 80 100 65  -80 -115 -165 150 300 440 600 750
Inlet and sheath voltage difference (V) Sheath voltage (V) Nitrogen buffer flow (sccm)

Figure 4.4.4 The normalized signal intensity at 97 m/z and detection limit as a function of a) SO, flow rate b) sample flow with fixed
sample/sheath flow ratio, c) sample/sheath flow ratio, d) inlet and sheath voltages difference, e) sheath voltage with the fixed voltage difference

between inlet and sheath voltages, f) N, buffer flow with the other parameters constant.
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4.43.1 Conversion Efficiency

Figure 4.4.4a shows the normalized signal intensity (NSI) at 97 m/z for HSOj as
a function of the flow rate of SOz (0.9 vol.%). The NSI first increased with increased
SO; and reached a stable level at a flow rate > ~2.5 sccm, which did not vary with the
relative humidity. This result indicates that the SO concentration at the flow rate of 2.5
sccm was adequate to convert sampled OH to H>SOs. Since the concentration of OH
radical produced by the calibration system during optimization was 1 to 2 magnitudes
higher than that in ambient conditions, the 2.5 sccm flow of SO is adequate for ambient
measurement. In field studies, the SO flow rate of the CIMS was set at larger than 5

sccm with a factor of 2 margins, following the previous study (Sjostedt et al., 2007).

The effects of the sample flow rate on NSI are shown in Figure 4.4.4b. During the
adjustment of the sample flow rate, if the sheath flow rate remains the same, not only
the conversion time but also the flow dynamics in the ionization chamber will be
affected. Thus, in order to show the effect of conversion time on NSI only, the sheath
flow was adjusted along with the sample flow to maintain the sample/sheath flow rate
ratios and control the Fig in Figure 4.4.4b. Briefly, the NSI increased with the decrease
in sample flow rate, which can be explained by a longer OH conversion time (R 1.24
to R 1.26) and a higher Fc at a lower flow rate. However, the increased reaction time
will also increase the OH interference produced from HO> recycling in the presence of
NO in sample air. Previous studies usually kept the reaction time less than 60 ms to
mitigate such interference (e.g. Tanner et al., 1997). After considering the reaction time
and interference, the sample flow rate was set at 3.7 slpm, which gives a reaction time
of ~47 ms. After the above selection of the SO, concentration and sample flow rate, the

optimal Fcg 1s determined.
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4.43.2 lonization Efficiency

Figure 4.4.4c shows the NSI as a function of the ratio of sample flow to sheath
flow in the ionization region. The NSI first increased and then decreased with the
increased ratio, with a peak value at a sample/sheath flow ratio of 0.3. This optimized
ratio was independent of the total flow rates from 12 to 21 slpm. This ratio produced a
turbulent flow in the chemical ionization region. Such flow dynamics facilitate a fast
mixing of the reactants and enhance the Fig of HoSO4 as well as the NSI at 97 m/z

(Tanner and Eisele, 1995; Tanner et al., 1997).

Figure 4.4.4d-e shows the change of NSI by different voltages applied to the
sample and sheath flow. The NSI first increased and then decreased as the increase of
the difference in voltage between the sample and the sheath flow (Figure 4.4.4d). At the
voltage difference of 48 V, the peak NSI was achieved, and this voltage difference is
selected. Figure 4.4.4e shows the NSI increased with the negative sheath voltage and
then kept stable with the sheath voltage < -70 V. This shows that when it is negatively
charged, it is the voltage difference but not the exact voltage that affects the NSI. In

later studies, the inlet and sheath voltages of the CIMS were set at -32 V and -80 V,

respectively.
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Figure 4.4.5 The normalized signal intensity at 97 m/z as a function of

sample/sheath flow ratio at different voltages

The cross interactions of sample/sheath flow and voltages on NSI were also
evaluated (Figure 4.4.5). The result shows that the highest NSI was achieved when the
sample/sheath flow ratio was close to 0.3, independent of the voltages. The optimized

Fie of the CIMS is achieved by the above selections of the flow ratio and electric field.
4.43.3 Transmission Efficiency

The N2 buffer flow rate controls the proportion of sample air in dry N, thereby
affecting the amount of ion cluster in the sample air entering the mass detector. Figure
4.4.4f shows that the NSI increased with the decreased buffer flow rate, as expected.
However, a lower flow rate of N buffer gas also allows more undesired neutral
molecules and particles in sample air to enter the mass spectrometer (Berresheim et al.,
2000). With these considerations, the flow rate of N> buffer gas was set as 440 sccm
(Figure 4.4.4f). To force the ions to the center of the pinhole, the voltage applied before
and on the pinhole was optimized similarly and set at -70 V and -40 V, respectively

(figure not shown).
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4.43.4 Conversion Efficiency of HO2
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Figure 4.4.6 Signal intensity at 97 m/z versus nitric oxide concentration at a fixed

sulfur dioxide concentration of 24 ppm.

The addition of NO gas through the front injector can convert peroxy radicals to

OH and further be detected by CIMS as So7 (R 1.9).

However, as a competitive reaction, the excess levels of NO can cause the formation of

HONO and prevents the OH from being detected by the CIMS (R 1.15).
R 1.15 OH + NO - HONO

Therefore, the key parameter for HO, measurement is the [NO] to [SO2] ratio and the
reaction time of the conversion. As shown in Figure 4.4.6, with the fixed SO>
concentration in sample flow, the Hz 97 signal detected by CIMS increases with the
increase of the [NO] in sample flow to a distinct maximum. As the [NO] further
increases (larger than 3.4 ppm in this case), the R 1.15 becomes important and the OH
radical trends to react with NO to form HONO instead of being converted by SO;. Thus,

the Hz 97 signal decreases with the increase of [NO] after peaking at 3.4 ppm.
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The final ratio of [NO] to [SO:] selected for the campaign is approximately 1:5 to
achieve a detection efficiency of 0.6. In this ratio, the sensitivity would not change
dramatically alone with the change of NO concentration and provide a relatively stable
sensitivity. Conversely, in larger reaction times, the Hz 97 corresponding to HO>
increases due to more complete conversion, as described by (Edwards et al., 2003).
However, in our CIMS the chemical conversion from HO> to H>SO4 (R 1.9 and R 1.24
to R 1.26) occurred in the same conversion region (Figure 4.4.3) where OH is converted
to H2SO4. This means that the increase in HO» conversion time will also increase the
conversion time of OH and cause unwanted interference in OH measurement as
discussed above. Thus, the reaction time remains at a low level for both HO, and OH

conversion.

4.4.3.5 Noise Minimization and Scavenger Gas

After optimization of CIMS’s sensitivity, noise minimization is needed to reduce
the signal that is not related to the ambient OH. As discussed above, the noises for OH
measurements include interference in ambient air and artificial OH produced by the ion
source. The artificial OH is mitigated by adding the scavenger gas in the sheath flow
(front injectors) and the ambient interference is quantified by the scavenger gas
switching between the front and rear injector for the subtraction shown in Figure 4.2.1.
In previous studies, propane, C3Fs, and NO2 have been used as scavenger gases by
different groups (Berresheim et al., 2000; Sjostedt et al., 2007; Kukui et al., 2008). In
this section, we determine the optimal scavenger flow rates for the CIMS operation and

then compare different scavenger gases during application.
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Figure 4.4.7 Artificial OH signal as a function of a) propane and b) C3;F¢ flow rate

added in sheath flow, respectively.

To test the artificial OH, N2 gas was used as sample air so that there were no OH
radicals in the sample air. As shown in Figure 4.4.7, the artificial OH concentration
from the 2!°Po ion source was around 3.5 x 10° cm™ when the scavenger gas was not
added through the sheath flow. Such noise was comparable to the ambient OH
concentration, when scavenger gases were added to the sheath flow, the artificial signals
were reduced with the increasing scavenger flow and kept stable at ~1 x 10° molecules

cm™ when the flow rate was higher than 1 sccm. The flow of scavenger gas in the latter
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field campaign was set at larger than 2 sccm in the sheath flow.
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function of the change of a) propane and b) CsFs flow rate added to the sample flow.

Figure 4.4.8 shows that the removal efficiency (RE) of OH increased with the
increased scavenger flow rate initially and leveled off at the flow rate > 2 sccm for
propane with the unchanged SO, flow rate. However, the RE of C3F¢ kept increasing
with the increase of scavenger flow. We adopted the flow rate of 2 sccm for comparison,
which led to more than 90% removal efficiency for OH in two scavenger gases. As OH

concentrations produced by the calibration system are higher than those in typical
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ambient air, the RE of the scavenger is appropriate for ambient measurement. The
interference introduced by the scavenger gases where estimated when the scavenger
gases were added through the front injector (So7scaso2, and Se¢7scano). Such interference
was eliminated by the subtractions as shown in Figure 4.1.1 when calculating the OH

and HO; concentrations.

Figure 4.4.7 and Figure 4.4.8 show that pure propane (99.95 vol.%, Harvest Wise
Gases (H.K.) Limited) has a higher efficiency than pure CsFs (99.95 vol.%). Thus,
theoretically, propane is a better scavenger for OH radical elimination with a lower
price compared to C3Fs (2~3 times higher). However, the by-product of OH elimination
by propane causes interference in HO> measurements. Thus, for the OH and HO>

measurement, the use of C3F¢ as scavenger gases is preferred.

Compared to propane, the signal removal efficiency of C3Fs is around 90% when
2 sccm is added as an elimination for both OH and HO, measurements. It is noted that
the C3Fs suppressed the signal intensities detected by the mass detector. This
suppression was recovered with a new detector. However, when the detector was aged,
such suppression caused a continuous decrease in the reagent signal as shown in Figure
4.4.2. This problem can be mitigated by changing reagent ions as previously mentioned.
Even though the Cs;F¢ elimination efficiency is lower, has a signal suppression problem,
and the price is more expensive when compared to propane, it is the best option for HOx

measurement and is widely applied in not only CIMS but also LIF.

NO; can also be a candidate for scavenger gas (Kukui et al., 2008), but is not
discussed in this study since the high purity of NO> as a scavenger is not available due
to the safety restriction in Hong Kong. In this thesis, we used both propane and CsFg as
scavenger gas for different campaigns. See the detailed discussion in section 5.2 about

the setting changes of CIMS in three field campaigns.
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4.5 Calibration Result

The calibrations were done for CIMS at different times of day with varying
temperatures, humidity, and solar intensity, and the calculated calibration factors seem

only related to the change of settings of the CIMS.
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Figure 4.5.1 The time series showing calibration results.

Figure 4.5.1 shows an example of a typical procedure for determining the
calibration factor in the field study. Gray-labeled areas represent the background mode
during calibration. The black line represents the ratio of signal intensity at 97 m/z and
64 m/z. The blue line represents water vapor concentration. Red dots represent the 3 -
minute averaged calibration factors at different steps. The instrument signals were
continuously measured by adjusting H,O concentrations without changing other

parameters. The different OH concentrations were calculated according to E 4.7.

E 4.7 [HOz] = [OH] =] XtX O-HZO X ¢H20 X [Hzo]

For each step, the signal intensities (in Hz) of HSO; and NO3 were collected for 6
minutes with 3 minutes each for background mode and signal mode. The calibration
factors were determined from the calculated OH concentrations and signal intensities

based on E 4.5.
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E 4.5 [0H] = — x 221

CoH  Ses

The red dots in Figure 4.5.1 represent the average calibration factors for every 6 minutes.
The result shows that the calibration factors in different steps were very close, ranging
from 1.60 to 1.69 x 107'°Hz cm?., and were independent of water vapor concentrations.
The averaged calibration factor for our CIMS is 1.64 x 10"'Hz cm? in this calibration.

During this campaign, the calibration factor remained unchanged.

In the last campaign, the calibration factor for OH (Con), H2SO4 (Ch2s04), and HO»
(Cro2) were determined by the same calibration system. The Cru2sos4 should be

approximate to the Con due to the measurement principle. The Cuoz is determined by

E 4.6.
1 S
E 4.6 [H0,] = ——x 2tz
E4.7 [HOZ] = [OH] :IXtXO-HZO Xd)HZO X [H20]

Where [HO:] is calculated from E 4.7 and the Snoz is calculated from the transformed
E 4.3 (Syoz = M). The Choo in this campaign were calculated in different

[H20]. Similar to the Con result, the Cuo2 1s independent of water vapor concentrations

and the averaged Cro2 is 0.60 x 10 Hz cm?® (figure not shown)

The calibration factors were closely associated with the specifications; hence, the
CIMS was calibrated both before and after any modifications. Additionally, the CIMS
underwent calibration in varying atmospheric conditions, such as temperature, relative
humidity, and light conditions, during each campaign. It is worth noting that the
calibration factors remained relatively stable under consistent settings, irrespective of

the ambient conditions.

4.6 Detection Limit and Uncertainty

The detection limit can be calculated as follows,
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E 4.10 DL =

where DL is the detection limit in 10° cm=, C is the calibration factor, and # is the ratio
of signal to noise (S/N). o represents the standard deviation of the signal intensity of
HSOj; at 97 m/z, and S, represents the signal intensity of NO3 at 64 m/z at the
integration time t. The o in detection limit calculations for OH, H>SO4, and HO»> is the
standard deviation of Sg75.4502> Snoisecims> and So7scano > respectively. Sg7scasoz »
Snoisecims> and Sg7scano are the signals with scavenger gas in the front injectors for

different measurements (Figure 4.1.1).
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Figure 4.6.1 The detection limit (26) of the CIMS. The one-day averaged

detection limit is 1.5x10° molecule/cm? for OH measurement.

Figure 4.6.1 shows the concentrations of OH radicals and the corresponding
detection limit (S/N = 2, average time = 6 minutes) in the laboratory as an example.
The detection limit was quite stable over the whole day and ranged from 0.08 to 0.20
x 10° cm™, with an average value of approximately 0.15 x 10° cm™. The detection limit

of HO; was acquired by the same method with the S/N ratio measured with the addition
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of NO. The average detection limit (S/N = 2, average time = 6 minutes) value of HO»
is around 2 x 10° cm™. Unlike the other CIMS in previous research institutes which has
a stable DL with the addition of isotopic **SO for conversion, the DL of our CIMS for
the field campaign varies under ambient conditions and is several times greater than the

lab DL.

The uncertainty for the calibration factor (C) of OH measurements is dependent
on the uncertainties of all the parameters involved in the calculation of the
concentrations of OH radicals and the precision of the measurements of signal at 64
m/z and 97 m/z. The uncertainty was ~36% for It, oy,0~5% for oy, <1% for ¢y, 0
(Cantrell et al. 1997), and ~10% for the water concentration (Kukui et al., 2008). The
precision of the measurement signal at 64 m/z and 97 m/z of the CIMS instrument (26)
was 11% (for 6 min integration time). The overall uncertainty for the calibration factor
was about 38% (20) for OH. The uncertainty for H2SO4 and HO is calculated similarly,

and the uncertainties for the three campaigns are shown in section 5.2.

Besides the uncertainty, the residual gases in the inlets after the switching of
measurement targets also need to be considered during the radical measurements.
However, the residual problem of SO2 and NO changed with measurement duration,
the inlet cleaning process, and the ambient air conditions. Thus, the residual problems
have to be addressed under measurement conditions. See the detailed description of the

residual problem and the solution in the next section.

4.7 Residual Problem and Solution

The residual problem did not affect the measurement result when the CIMS
measured OH only. However, in the development of H>SO4 and HO> measurements of
our CIMS, the residual of injection gases (NO and SO>) caused positive bias on OH

and H>SO4 measurements, respectively.

The ambient H>SO4 was measured by switching off the injection of SO2 gases in
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the front injector. After switching off of SO2 injection in front injectors, the SO> residual
in the injector tubes will be carried to the sample flow by other injection gases, react
with ambient OH (R 1.24 to R 1.26), and contribute to the So7w/ signal (Figure 4.1.1).
Similarly, when CIMS switched from HO> to OH measurement, the NO gases in the
front injectors will be switched off. The residual NO in the front injector tubes will be
carried to the sample flow and convert HO> to OH (R 1.9) and causing an unwanted

increase in the Sg7so2 signal (Figure 4.1.1).

The SO: residual problem for H2SO4 measurement can be solved due to the
measurement of H>SO4 does not require any injection in the front injector. By the
application of a three-way valve to the CIMS front injectors (The front valve in Figure
4.2.1), the entire front injector flow was switched to the exhaust. In this case, the
residual SO> in the front injectors tubes does not contact the sample flow, which

perfectly avoids the residual SO gases in the front injector during H2SO4 measurement.

The NO residual problem, on the other hand, is inevitable because the
measurement of OH requires SO2 injection in the front injectors and such injection will
carry the residual NO in the injector tubes to the sample flow after switching off the
NO injection. It is hard to estimate the residual problem during ambient measurement
by conventional time series analysis. The ambient OH concentration has distinct
variations during measurement due to their chemical properties which means it is
difficult to determine whether the change of signal is due to the residual problem or the
change of ambient conditions. The previous study determined the residual time of NO
by the calibration process (Kukui et al., 2012). By monitoring the changes in OH
calibration factors before and after NO injection, the residual time of NO can be

determined.

Nevertheless, the calibration process is not enough for NO residual time
determination. The concentration of OH in calibration is 10 to 100 times larger than in
ambient measurement which means the residual NO caused the increase of So7 might

be lower enough to not affect the OH signal during calibration but still attribute to the
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So7 during ambient OH measurement. Additionally, the residual problem seems
mitigated after the cleaning of the inlets and deteriorated during the continued
measurements without cleaning which means the positive bias signal caused by residual

NO will also increase during continued measurements.

To better determine the impact of the residual problem and monitor the signal
changes due to residual gases during the measurement, we developed a data analysis
method that divided the observation results into serval cycles (Cyc #) based on the

injection time of NO.

Table 4.1 The cycle and dataset set up for NO residual problem monitoring (Hok

Tsui 2021 to 2022 campaign).

1 I Setl1lto20
Cyc start Cycle # Setl Set2 Set3 Set4 SetS51 Set6 Set7 Set8 Set9 SetlOI 20 min to the
Time Omin 2min 4 min 6 min 8 min : 10 min 12 min 14 min 16 min 18 min= end
0:00 Cycl HO, HO, HO, H,SO, H2504i OH OH OH H,;SO, H,SO, i
repeat
0:40 Cyc2 HO, HO, HO, H,SO, HZSO4= OH OH OH H,SO, H,SO, : Set 6 to 10
.......................................... I ceeene v | twice

23:20 Cyc36 HO, HO, HO, H,SO, H,SO,] OH OH OH H,SO, H,SO,!

Table 4.1 shows the diurnal data rearranged by 36 cycles. Each cycle starts with
the injection of NO and the duration of each cycle is 40 mins. In the first 6 mins of each
cycle, SO, and NO were injected into the sample flow and measured the ambient HO»
radical (S97nvo0 and So7scano). Then in the next 4 mins of each cycle, the front injector
flow draws to exhaust by the three-ways valve for H2SO4 measurement (So7w/o). After
that, in the next 6 mins (Set 6 to 8 in Cycl) of each cycle, the front injectors switch
back and the SO: is injected again for OH measurement (S97s02 and So7scaso2) without
NO addition. The measurement of OH and H>SO4 will continue to switch two more
times (Table 4.1) to finish one cycle measurement. After the diurnal measurement was

finished, 36 cycles were collected.

The data sets (Set #) in Table 4.1 are the union of 2 mins results with respect to
their start time in each cycle. For example, set 1 is the collection of 2 mins HO;

measurement from each cycle (Cycl to Cyc36), and Set 8 is the collection of 2 mins
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OH measurement from each cycle (Cycl to Cyc36) which starts 4 mins after the stop
of NO injection. As the increase of the Set #, the measurement starts later after the NO
injection is switched off. By comparing the diurnal pattern and averaged concentration

in different sets of OH, the residual NO will be monitored.
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Figure 4.7.1 Measurement result of OH and H>SO4 at Hok Tsui, 25 December

2021.

Figure 4.7.1 shows the 2 mins averaged diurnal result for the CIMS measurement
in the field study after cleaning the CIMS’s injectors and inlet (See section 6.3 for
detailed results of the field study). The data sets were labeled in different colors. The
diurnal averaged concentration with standard deviation for each dataset is shown on the
right. Three sets of HO> shows similar diurnal patterns and the daytime averaged
concentration (1.84+0.95, 1.80+1.02, and 1.84+1.01x10% cm™ for set 1, 2, and 3,

respectively). The results in the different datasets didn’t show any significant difference
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(p>0.05). Similarly, H>SO4 and OH results show no significant difference (p>0.05)
between the data sets with maximum (7.33+3.74x10°% cm™, Set 6, for H2SO4 and 2.04
+2.68x10° cm™, Set 3, for OH) and minimum averaged concentration (1.06+1.63x10°

cm™, Set 18, for OH and 6.07+3.09x10° cm™, Set 19, for H2SO4), respectively.
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Figure 4.7.2 Measurement result of OH and H»SO4 at Hok Tsui on 08 January
2022.

Figure 4.7.2 shows the measurement results after about one week of measurement
without cleaning the inlet and injectors. The averaged HO2 and H>SO4 concentration
for different data sets on the same day didn’t show a significant difference (p>0.05)
which demonstrates that the CIMS was properly functioning for HO> and H>SO4

measurement.

However, the OH measurement results show an obvious decrease as the increase

of the number of data sets in raw data and the data set averaged concentration (Figure
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4.7.2). The first data set of OH measurement (Set 6) has an average concentration of
2.22+1.44x107 cm™ and the average concentration in the last OH data set (Set 18) is
4.34+4.21x10° cm™ which is significantly different. This implies that the residual NO
caused an increase in OH corresponded signal on 08 January (Figure 4.7.2) is more
obvious and the residual time of NO is longer compared to the first day after cleaning
(Figure 4.7.1). Nevertheless, the last two sets of OH didn’t show a significant difference
statistically (p>0.05) which implied that the residual NO can be eliminated within the
cycle duration. When the last two datasets of OH show significant differences, the inlets,
and injectors of the CIMS need to be cleaned to eliminate the residual NO for valid OH

measurement.

5. Methodology for Field Study

5.1 Field Setup

5.1.1 The Hong Kong Polytechnic University

% Polytechnic
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B \easurement point :
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Figure 5.1.1 The map of ambient experiment location from Google Earth (©

Google Earth).

UTA-LI200
Pyra not_e

Figure 5.1.2 The setup of CIMS in the sky garden in PolyU. a) the rain tent in the

sky garden and b) the front side of the tent for CIMS sampling.

Figure 5.1.1 shows the first campaign for testing the OH CIMS. The location is
labeled with a red dot in Figure 5.1.1 which is around 50 m high above the ground on
the 11" floor of a teaching building on the campus of The Hong Kong Polytechnic
University (PolyU) and was surrounded by several busy roads. A tent was set up as a
temporary shelter for the CIMS (Figure 5.1.2). The sample inlet was positioned
horizontally facing the south. Since the tents could only provide protection from fine
rain and without temperature control, other species like NOx were not included and only
OH concentration and solar radiation were measured to check the function of CIMS

after the sensitivity tests.
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5.1.2 The Hok Tsui Supersite

Hok Tsui
Site™ )

Hok Tsui ~ YardB |

P Supersite J

3 T .

Yard A

Google Earth

Figure 5.1.3 Location of Hok Tsui Supersite Air Monitoring Station on China’s

southern coast, in Hong Kong.

Two more field campaigns were conducted at the Cape D'Aguilar (or Hok Tsui
(HT)) Air Quality Supersite operated by the Hong Kong Environmental Protection
Department from October 6 to November 24, 2020 (HT 2020), and November 06, 2021,
to January 15, 2022 (HT 2021-22). The HT Supersite (22°12'32" N, 114°15'12" E) is a
coastal site located at the south-eastern tip of Hong Kong Island. The site is surrounded
by the ocean, vegetation, and sparse country roads (Figure 5.1.3) and is ~15 km away
from the nearest urban center. There is no strong anthropogenic emission source within
the surrounding area, except for the ocean-going vessels traveling in nearby waters
(Peng et al., 2022). Nonetheless, the site occasionally receives polluted air masses from
mainland China, including the highly urbanized Pearl River Delta (PRD) region (Li et

al., 2018; Peng et al., 2022).
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Figure 5.1.4 a) The measurement setup in yard B of Hok Tsui Supersite. b) the
sample inlet of CIMS without the rain cover. The rain cover without sample inlet under

¢) sunny and d) rainy conditions, respectively.

For the HT 2020 campaign, we measured OH radicals, O3, NOx, CO, HONO,
VOC, OVOCs, relative humidity, temperature, NO> photolysis frequency (Jnoz), and
aerosol size distribution. Table 5.1 summarized their measurement technique,
resolution, and detection limits. As shown in Figure 5.1.4, The OH-CIMS was housed
in an air-conditioned shelter in yard B together with Tof-CIMS, Ozone, and NOx
analyzers. The stainless-steel inlet with scoop stretched out from the hole of the
shelter’s wall and horizontally facing the south for sampling (Figure 5.1.4b). The self-
designed automatic rain cover was applied to protect the sample inlet from rain (Figure
5.1.4c and d). The Jno2 was measured on top of the shelter. The other gases and aerosol

size distribution were measured inside the main station building in yard A around 10 m
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away from yard B (Figure 5.1.3). Table 5.1 summarizes the instruments and measured
species during the HT 2020 campaign. The backward trajectory was calculated at 1-
hour intervals for sampling days at an elevation of 60 m above ground level using

MeteolnfoMap software on meteothink.org, (Wang, 2014, 2019).

For the HT 2021-22 campaign, the sampling conditions and sets up were the same
as that in HT 2020. Only the OH, HO», and H>SO4 results obtained in 2021 will be

shown in the results section to demonstrate the capability of HOx-CIMS.
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Table 5.1 Instruments and measured species in the HT 2020 field campaign.

Species Instruments Tlme_ Detection Limit Accuracy
Resolution (1o)

Chemiluminescence/photolytic . NO: £5.2%

NG, NG converter (Thermo, Model 42i) 1 min 60 ppt NO2: £15.2%

itrate- ical ionizati Lab: 1.7 x<10° cm™

OH Nitrate-quadrupole chemical ionization 10 _ +44%
mass spectrometer (CIMS) Daytime: 1.2 x10® cm

Ozone Oz_one_ a_nalyzer, model 49i, Thermo 1 min 0.5 ppb +6.0%
Scientific

INO; Filter Radiometer, Metcon 1 min 4x10° st +10%

HONO lodide-Tof-CIMS, Aerodyne Inc 1s 0.2 ppt +15%
Pulsed Fluorescence SO, Analyzer : 0

SO (Thermo, Model 43i) 1 min 1 ppb +6.1%
Gas Filter Correlation CO Analyzer . 0

O (Thermo, Model 48i) 1 min 40 ppb +7.4%
Chemiluminescence NHs Analyzer . 0

NHs (Thermo, Model 17i) 2 mins 1 ppb +8%

Particle number . - : : . . 3 0

size distribution Scanning mobility particle sizer, TSI 5 mins 1 particle cm +10%
GC-MS/FID (GC955 Series 611/811, _ 0

VOCs Syntech Spectras) 1 hour 10 ppt +20%
PTR-MS (PTR-QMS 500, IONICON . 0
Analytik, Austria) > mins 20 ppt +20%

OVOCs PTR-Tof-MS, IONICON Analytic; 1s ~10 ppt +15%
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5.2 CIMS Configuration in Different Field Studies

The CIMS for the first and second field campaigns measured OH only. These two
campaigns were done in April 2019 at PolyU and in Autumn 2020 at Hok Tsui,
respectively. As shown in Table 5.2, the scavenger gases changed from propane to CsFs.
Since the only first cylinder of propane had a satisfying purity for OH elimination, C3Fs
was applied in the second campaign. Besides that, the reagent ion also changed from
NO;™ to N'®0j3 to mitigate the reagent signal decrease due to detector aging. With the
rain cover applied in the second campaign, the nighttime signal was available for the
calculation of the detection limit. Therefore, the elimination rates, calibration factors,

and detection limits changed between the first and second campaigns.

The CIMS in the last campaign in Winter 2021 to 2022 at Hok Tsui could measure
OH, HO», and H2SO4 with the addition of NO and the front valve. Their detection limits,
calibration factors, and uncertainties are shown in Table 5.2. Compared to the previous

campaigns, settings changed as follows:

1. 2 sccm of NO was added to the sample flow for HO> conversion in the third

campaign.

2. The SO, flow was increased from 5 to 10 sccm to achieve the optimized

[SO.]/[NO] for HO, conversion as mentioned in section 4.4.3.4.

3. The elimination rate was relatively low compared to the previous campaigns
due to the increase of SO; and the extra measurement of HO,. This can be
improved by increasing the scavenger gas concentration. However, in this study,
the sensitivity was good enough for measurement even with a lower elimination
rate, the flows of scavenger gases remain the same in three campaigns for better

comparison.
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Table 5.2 Specifications of CIMS for HOx and H,SO4 measurements in three campaigns. The red color shows changes in CIMS’s settings.

PolyU 2019 Hok Tsui 2020 Hok Tsui 2021-2022
Effici . Specification fo .. |Effici . Specification fi .. | Efficii . Specification fo .
clency Parameters Gas Values  Units pecilication for Values  Units clency Parameters Gas Values  Units pecilication for Values  Units clency Parameters Gas Values  Units pecilication for Values Units
Related Measurement Related Measurement Related Measurement
S0,
10 Sample Flow [SO,] 24 ppm
SO. SO.
Fr_ont_ 2 sccm  Sample Flow [SO,] 12 ppm Frgnt_ 2 5 sccm  Sample Flow [SO,] 12 ppm Fr_ont_ (0.9%) sccm
Injection  (0.9%) Injection  (0.9%) Injection  NO
2 Sample Flow [NO] 5 ppm
(0.9%)
Cycle Duration (OH) 6 mins
N, 2 sccm  Cycle Duration (OH) 6 mins N, 2 sccm  Cycle Duration (OH) 6 mins N, 2 scecm
Pulse Pulse Pulse Cycle Duration (HO,) 60 mins
Valve Valve Valve . .
ECOHV C3Hg Scavenging Efficiency EConv CiFe Scavenging Efficiency Econv CoFs Scavenging Efficiency (OH) 90%
% 2 sccm (OH) 98% 90.9% 2 sccm (OH) 92% 99.9% 2 scecm
(99.9%) (99.9%) (99.9%) Scavenging Efficiency (HO,)  60%
Cate 2 sccm  Sample Flow [C3Hg] 1072 ppm CeFo 2 sccm  Sample Flow [C4Fg] 1072 ppm CeFs 2 sccm  Sample Flow [C3F] 1072 ppm
Rear  (99.9%) il Rear  (99.9%) i Rear  (99.9%) e
Injection HNO; 10 sccm  Reaction Time 47 ms Injection HNO; 10 sccm  Reaction Time 47 ms Injection HNO; 10 sccm  Reaction Time 47 ms
Sample Flow 37 slom  Sample Flow Speed 55 cm/s Sample Flow 37 slpm  Sample Flow Speed 55 cm/s Sample Flow 37 slpm  Sample Flow Speed 55 cm/s
Zero Zero Zero
Air 126 slpm Reynolds Number in >4000 Air 126 slpm Reynolds Number in >4000 Air 126 slpm Reynolds Number in >4000
Sheath lonization Chamber Turbulent flows Sheath lonization Chamber Turbulent flows Sheath lonization Chamber Turbulent flows
Flow HNO; 10 sccm Flow HNO; 10 sccm Flow HNO; 10 sccm
CaHs 2 sccm  Sheath Flow [C4Hg] 159 ppm CiFs 2 sccm  Sheath Flow [C4Fe] 159  ppm CFs 2 sccm  Sheath Flow [C4Fg] 159  ppm
Eion (99.9%) Eion (99.9%) Eion (99.9%)
Total Flow 16.8 slpm  Sheath Flow Speed 25 cm/s Total Flow 16.8 slpm  Sheath Flow Speed 25 cm/s Total Flow 16.8 slpm  Sheath Flow Speed 25 cm/s
Sheath Voltages -80 \% Voltages Difference " v Sheath Voltages -80 \% Voltages Difference 8 v Sheath Voltages -80 \% Voltages Difference i v
Sample Voltages 32 y  forionization Sample Voltages 32 v forionization Sample Voltages ~ -32 y  forionization
Buffer Gas N, 440 sccm Buffer Gas N, 440 sccm Buffer Gas N, 440 sccm
Eq, Buffer Voltages -70 v Voltages Difference 80 v | Eq, Buffer Voltages -70 v Voltages Difference 80 v | Eq Buffer Voltages -70 v Voltages Difference 80 v
rans | for transmission rans | for transmission rans | for transmission
Pinhole Voltages -40 \Y Pinhole Voltages -40 \ Pinhole Voltages -40 \
Calibration Flow 10 slpm o Calibration Flow 10 slpm o Calibration Flow 10 slom  calibration OH 1.09%10°
Calibration Factor Calibration Factor
Cal |Flow Speed 65 cm/s . . 164*10° c¢m® | Cal [FlowSpeed 65 cm/s . 15 121%10° cm® | Cal [FlowSpeed 65 cm/s  Factors {50,  107%10° cm?
(Reagent ion: NO3) (Reagent ion: N™05) N0,
Product It Value  1.46*10" photon/c? Product It Value  8.8%10°° photon/cn? Product It Value  8.8*10° photoiem? (N 03) HO,  6.01%10°
Sigma 2 o In lab 15 sigma 2 o Inlab 17 OH 46% Detection Limitin O 3
e . . Detection Limit e ) i Detection Limit Overall .
Unce rtainties Calibration 38% P Day 9 |Uncertainties Calibration 38% A Day 12 = H,S0, 40% Field Study H,S0, 1
(%10 cm™) (30) (%10° cm™) (36) Uncertainties (20) 5 3
Overall 51% Night N/A Overall 44% Night 85 0, 44% (>10" cm”) (30) HO, 20
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5.3 Box Modeling for Hok Tsui 2020 Campaign

The Framework for 0-D Atmospheric Modelling (FOAM) using the Master
Chemical Mechanism (MCM) v3.3.1 (Wolfe et al., 2016) was used to simulate OH

concentrations. MCM v3.3.1 (http://mcm.leeds.ac.uk/MCM) is a near-explicit chemical

mechanism that includes over 17,000 elementary reactions of 6700 primary, secondary,
and radical species (Jenkin et al., 2015). The isoprene degradation mechanisms, and in
particular the mechanisms OH regenerated by HOx recycling in low NOx condition,
were improved in MCM v3.3.1. The MCM mechanism has been used in previous
studies to investigate OH chemistry in different environments, including forests (Stone
et al., 2011), urban areas (Slater et al., 2020), suburban areas (Tan et al., 2018), and
coastal regions (Sommariva et al., 2004). In our study, observational data (shown in
Table 1) were used to constrain the model. These data included VOCs, OVOCs, SO-,
NOy, CO, O3, HONO, photolysis frequency of NO: (Jno2), and meteorological
parameters (temperature, relative humidity, and pressure). The photolysis frequencies
for other species were calculated by the “HYBRID” method in FOAM which is based
on Tropospheric Ultraviolet and Visible (TUV v5.2) Radiation Model from National
Center for Atmospheric Research. The Ozone column we used for TUV calculation was
240 DU (the Dobson unit) which is the average number from October to November

2020 for the Hok Tsui area according to the worldview website (EOSDIS Worldview

(nasa.gov)). The simulated photolysis frequencies were then scaled by the correction
factor obtained from the comparison between observed and modelled Jno2. The first-
order physical loss process, with a 24-hour lifetime for all species, was included in the
model to represent physical processes (Wolfe et al., 2016; Chen et al., 2022b). The
physical loss process has a negligible influence on OH simulation because the OH

concentrations are controlled by fast in situ chemistry.

The heterogeneous uptake of HO» by aerosols was included in the model by

assuming a pseudo-first-order loss of HO> (ES.1-E5.2; Jacob, 2000):
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ES5.1 %] = ko, [HO,)

__ VH0,XS5aXYHoO,
E5.2 ko, = 102 HO,
8RT
Vio, = |—_
ES5.3 HO, XMW o,

where ky o, is the first-order loss rate coefficient of HO» by aerosol uptake, v
is the effective HO> uptake coefficient (0.1 for the base model run; Guo et al., 2019),
Vho, 1s the mean molecular velocity of HO», S is the aerosol surface area concentration
measured by a scanning mobility particle sizing (SMPS), and My, (= 17 g/mol) is the
molecular mass of HO>. We assumed in the model that the products of heterogeneous
HO: loss would not participate in further reactions (Guo et al., 2019). On the other hand,
as mentioned in the introduction, the uptake of the OH radical is negligible and does
not change the troposphere OH concentration as shown in the previous study (Ivanov

et al., 1996; Park et al., 2008).

The observation data were averaged every 10 mins for the model input. Any
missing values were calculated assuming linear interpolation. The measured
concentrations of NO and NO; were used to constrain the model. Due to the clean
condition of the coastal air, some of the reactive alkenes and long-chain alkanes were
below detection limits. For the simulation of those compounds, we used concentrations
that were half of the detection limits. The measured VOCs were further divided into
those of anthropogenic origin (AVOCs) and biogenic origin (BVOCs). The AVOCs
included alkanes (C>—Cs), alkenes (C2—Cs) benzene, and TEXSs (toluene, ethylbenzene,
and xylenes), which covered the dominant species originating from petroleum gas and
industrial solvent evaporation (Tang et al., 2008), while the BVOCs included isoprene,
terpene, pinene, and limonene. The majority (> 95%) of the measured OVOC:s in this
study were C1—C3 aldehydes, ketones, and acids. For each run, a three-day spin-up was

performed with constant photolysis and deposition to create a stable model environment
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and to avoid the uncertainty of unconstrained species (Carslaw et al., 1999).
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6. Results of Field Measurement

6.1 PolyU OH Measurement (2019)

After the sensitivity tests and optimization of the instrument in the laboratory, the
CIMS was tested in the sky garden for ambient measurement. In this section, we show

one of the first successful measurement results of the CIMS.
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Figure 6.1.1 a) Diurnal variation of OH concentration and solar radiation on the
11th floor of a teaching building on the campus of the Hong Kong Polytechnic
University on April 25, 2019. b) The signal intensity at 97 m/z for two different
measurement modes: Signal mode also known as S¢7s02 and Background mode known

as S97scas02-
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Measurements were made with a time resolution of 10 seconds. A typical
measurement sequence consisted of 3 minutes in the background mode (So7scaso2) and
3 minutes in the signal mode (S97s02). The other details in the settings of the CIMS are

shown in Table 5.2.

Figure 6.1.1a shows the diurnal profile of OH concentrations (3-minute average)
observed on April 25, 2019, and the solar radiation measured using UTA-LI200 at a
time resolution of 1 minute. Figure 6.1.1b shows the measured signal intensities at 97
m/z at the signal mode and the background mode. The OH concentrations exhibited a
clear diurnal profile with the highest value of 6 x 10° cm™ at midday and the lowest
level of 0.25 x 10% cm™ at night. The OH concentrations were highly correlated to solar
radiation, which was similar to previous studies (Rohrer and Berresheim, 2006; Tan et
al., 2017). The 3-minute average OH concentrations were above the detection limits
(0.5-2 x 10° cm™) most of the daytime, except during a cloudy period (08:00 to 10:00)
(Figure 6.1.1a). This preliminary result demonstrated the capability of our CIMS for

measuring ambient OH on a clear day in an urban environment.

6.2 Hok Tsui OH Measurement (2020)

After the testing of CIMS in the sky garden of PolyU, the CIMS participated in a
2-month field study in the supersite held by EPD in Hok Tsui to study the atmospheric
oxidation capacity on the south China coast. The specification of CIMS for this

campaign is shown in Table 5.2.
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6.2.1 Observation Result
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Figure 6.2.1 Time series of OH between 7 October and 23 November with measured weather conditions (temperature and RH), OH primary
sources (ozone and HONO), NOx (NO and NOy), the reactivity of measured VOCs and OVOCs (VOCsgreac, and OVOCsgeac), and photolysis
frequency (/no2). All measurement data shown are 10 min averages. The gaps in the data were due to the calibration or instrument maintenance.
The black lines separate the non-continuous days during measurement and the black horizontal dotted line denotes [OH]=0. The grey shaded area

denotes night-time. The time zone was the local time (+8 UTC) for the x-axis.
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Figure 6.2.1 shows the time series of observed OH concentrations, along with the
concentrations of other trace gases and the meteorological parameters, during the study
period. The weather conditions featured relatively high temperatures, high relative
humidity (RH), and strong solar radiation, similar to previous autumn observations at
the same site (Li et al., 2018; Peng et al., 2022). The air temperature ranged from 20°C
to 30°C and RH ranged from 40% to 96%. The photolysis frequency of NO> (Jno2)
peaked at 8 x 10 s™! around noon on sunny days and decreased to 2 x 10~ s”! on cloudy
days. The observed OH concentrations were mostly above the detection limit during
the daytime but closer to the detection limit at night. The OH concentrations showed a
distinct diurnal pattern and a positive correlation with Jxoz2 (R?> = 0.68) and calculated
Joip (R?=0.46)( Figure 6.2.2), similar to the findings in previous studies (Berresheim
et al., 2003; Rohrer and Berresheim, 2006; Ma et al., 2019). The daily maximum OH
concentration varied from 2.1 x 10% cm™ on 21 November, accompanying the lowest
level of solar radiation, to 15.4 x 10® cm™ on 7 November during a pollution episode.
The pollution episode began on the evening of 6 November and featured a maximum
concentration of 174.0 ppb O3, 8.7 ppb NO, 22.7 ppb NO2, 9.8 s total reactivity of
measured VOCs, and 5.8 s™! total reactivity of measured OVOCs. The OH concentration
peaked the next day (7 Nov). This suggests abundant OH sources and fast radical

propagation under high-NOx and high-VOC conditions.
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Cluster Total Coastal Contim.ental
151 Slope 5.6e+05  4.4e+05  7.1e+05

Intercept 4.0e+05 5.7e+05 2.9e+05

R-Square 0.68 . 0.6?. 0.75 -

0 1 2 3 4 5 6 7 8
-1 -3
J NO2 (s )10
x10°

Cluster Total . Coastal Continental

151 Slope 3.0e+06  2.5e+06  4.6e+06
Intercept 8.8e+05 9.1e+05 7.9e+05
R-Square 0.46 + (.48 0.67
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Figure 6.2.2 Correlation between observed OH concentration and a) photolysis
frequency of NO» (Jno2), and b) model simulated photolysis frequency O3 (Simulated
Joip). The linear regressions with respect to total, coastal, and continental cases are
labeled in black, blue, and green. Note that the coastal and continental cases are reported
as correlations for all cases in different clusters, not only the selected cases in the

Figures 6 and 8 comparisons.
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Figure 6.2.3 Diurnal profiles of the average (£1c) concentrations of OH, other
chemical species, the measured VOCs reactivity and OVOCs reactivity (VOCsgeac and
OVOCsgeac), and meteorological parameters (7, RH, Jxo2) during the field campaign.
The grey shaded area denotes night-time. The error bars and shaded error bars are the

standard deviations of the averaged data.

Figure 6.2.3 shows the average diurnal profiles of OH and other representative
species. On average, the maximum OH concentration was 4.9 £2.1 x 10° (16) cm™. As
shown in Table 2.2, the OH concentrations at our site were comparable to those reported
in previous field studies conducted at tropical coastal sites. For example, the reported
OH maximum concentration was 4.5 x 10° cm™ in the low-altitude remote tropical
troposphere (Brune et al., 2020). In a study conducted in autumn at a suburban site in
Shenzhen, approximately 50 km away from our site, an OH diurnal maximum
concentration of 5.3 x 10% cm™ was observed (Wang et al., 2021b). The average night-
time OH concentrations in this study were 5.1 £ 1.8 x 10° (1) cm™ which was
comparable to the previous night-time results (below 10 x 10° cm™) measured at the
PRD region (in Heshan, Tan et al., 2019, and in PKUSZ site, Yang et al., 2022). The
OH concentration was slightly higher in the evening (6.8 + 1.1 x 10° cm™) than in the

morning (3.7 = 0.7 x 10° cm™), which might be due to the higher ozone concentration
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in the evening leading to a higher OH production from alkene ozonolysis.

Figure 6.2.3 also shows the average diurnal patterns of the other trace gases
measured. As a primary source of OH, HONO peaked in the morning at 0.21 £+ 0.09
ppb around 7:00 local time (LT), and O3 peaked in the afternoon at 70 + 20 ppb at
around 16:00 LT. The average NO and NO> concentrations reached a maximum of 1.2
+ 1.6 ppb at around 10:00 LT and 4.9 + 3.2 ppb at around 18:00 LT, respectively.
Isoprene showed a diurnal pattern similar to that of Jxo2 and OH, peaking at 0.5 + 0.4
ppb at noon. Non-negligible levels of NO (~ 0.1 ppb) and isoprene (~ 0.1 ppb) were
observed at night, which could be caused by nearby ship emissions and plant emissions,
respectively. The average concentrations of all the measured species during the

campaign are shown in Table 6.1.
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Table 6.1 The average concentration of MCM box model input with respect to

different cases.

Species Abb. Species Name Total Coastal Continental Oct10M Oct10A Episode
OH 10° .
(cm”) Hydroxyl radical 2.4+1.9 25+14 3.1+1.7 3.7+2.1 1.8+£15 4.2+28
; The detection
O't?\",a)lo limit of hydroxyl 1.0+0.5 0.8+0.3 0.9+0.3 1.2+0.5 1.5+0.7 1.0+£05
radical
5 OH
O}—l(gi::)lo Measurement  1.5+1.0 1.8+0.5 1.7+0.6 0.9+0.8 1.0+£0.9 25+1.7
Uncertainty
Number of
PM_Num 10°
-am particulate 38419  41+17  49+14 NaN NaN 5.6+2.0
(#/cm”)
matters
The surface of
*PM_Sur 10 .
- ur 3 particulate 19.749.0  15.0+2.3 26.8+4.3 NaN NaN 31.5+14.2
(nm“/cm’)
matters
, The volume of
PM‘\!OI 130 particulate 7.6+3.8 4.9+0.7 10.5+1.5 NaN NaN 12.0+5.9
(nm*/cm”)
matters
<RH (%) Relative 261,101 60.9+45 642428  693+46 637437 61.6+9.6
humidity
*CO2 (ppm) Carbon dioxide 426.7+14.8 412.8+1.2 426.3+2.4 424.1+2.8 4252425 428.0+10.8
WindDi (°)  Wind direction 45.9+35.7 49.3+0.9 53.3+24.0 30.7+£5.5 485+3.3 125.7+£90.1
WindSp (m/s) Wind speed 43+1.6 5.2+0.9 3.9+0.6 4.0+£0.5 3.0£0.5 24+15
*Temp (°C) Temperature  23.3+35 247409 255+14 253116 27.4+09 26.7+2.1
's02 Sulfur dioxide 26+1.2 3.2+0.2 34+0.1 3.5+0.2 3.2+0.1 4.4+0.8
+ Carbon
CcO ; 304.9+72 217.4+109 318.0+85 291.3+16.3 258.4+14.1 329.0+74.6
monoxide
NH3 Ammonia 8.8+1.8 8.9+0.4 9.5+0.6 9.7+£0.2 9.2+0.6 10.6+3.0
"NO Nirogen —9.14 03501 07404 0.6+0.3 0.3+0.1 1413
Monoxide
NO2 Nittogen 54,35 16407  45+11 3414 11405 101456
Dioxide
Nit
NOX WO9CN 48444  10:07 52412 4.0+16 14405 114462
Oxides
03 Ozone 4994206 59.5+10.1 54.7+145 44.2+9.9 61.2+3.8 70.4+33.5
*INO2 10° The photolysis
B rate constant of 3.6+2.5 47424 4.0+2.0 48425 5.0+£2.6 4.3+2.2
(s)
NO2
THONO Nitrous acid  0.15+0.069 0.15+0.019 0.16+0.035 0.29+0.101 0.14+0.015 NaN
*C2H4 Ethene 14+1.3 0.5+0.1 0.7+£0.1 0.6+£0.1 0.3+0.1 0.9+0.2
*C2H6 Ethane 1.9+0.9 1.4+0.1 2.1+0.1 2.0+0.1 1.7£0.1 2.3+0.5
*C3H8 Propane 1.7+0.9 1.1+0.2 1.5+0.2 1.3+0.1 0.8+0.1 21+1.7
*C3H6 Propene 0.10£0.05 0.07+0.01 0.11+0.02 0.18+0.06 0.06+0.01 0.12+0.04
*C2H2 Ethyne 1.63+0.65 0.97+0.03 1.42+0.23 1.07+0.08 NaN 1.39+£0.48
*|C4H10 i-Butane 0.55+0.44 0.22+0.04 0.61+0.14 0.44+0.09 0.23+0.07 1.02+1.04
*NC4H10 n-Butane 0.76£0.60 0.27+0.06 0.88+0.19 0.67+0.13 0.32+£0.08 1.53+1.62
*TBUT2ENE But-2-ene 0.06+0.01 0.05+0.00 0.06+0.00 0.05+0.00 NaN 0.06+0.01
*BUT1ENE But-1-ene 0.08+0.03 NaN 0.10+0.01 0.08+0.01 NaN NaN
*|C5H12 i-Pentane 0.40+0.22 0.18+0.04 0.42+0.05 0.46+0.03 0.28+0.11 0.60+0.36
*NC5H12 n-Pentane 0.24+0.12 0.13+0.02 0.24+0.02 0.33+0.05 0.17+0.04 0.29+0.21
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*C4H6  Buta-13-diene 0.06+0.01  NaN  0.06+0.00 NaN NaN 0.06+0.00
«M2PE zp'e'\:f;:Z' 0314014  NaN 0.28+0.05  030+0.04 0204000  0.36+0.27
sNC6H14  n-Hexane  015+011 008001 015:0.04 010+0.03  0.05+000  0.28+0.28
+IC8H18 i-Octane 0024002  NaN  0.02+0.01 NaN NaN 0.05+0.06
sNCTH16  n-Heptane 003+001  NaN  0.07+0.00 NaN NaN 0.07+0.00
sNC8H18  n-Octane  0.03+000  NaN  0.030.00 NaN NaN 0.030.00
“EBENZ  Ethyl Benzene 0.05:0.04 002+0.01 005001  0.05+002  0.01+0.00  0.08+0.09
AMXYL m-Xylene  0.03+0.03 001:000 003+0.01  003+001 001+0.00 0024002
<OXYL o-Xylene  004:003 001000 003+001 003+001  001+0.00  0.030.03
«“CH202  Formicacid 1024044 058+008 103+0.19  116+020 1554011 154047
“C2H402  Aceticacid — 2.76+146 1504034 3.03+068  454+0.35  3.19+061  4.38+3.25
+C2H802 ;Lhyyﬁ;”; 0.06+0.02 006+0.00 006+0.01  0.05+000 0.04+0.00  0.09+0.06
*+C5H8 lsoprene  031+024 0164006 036014  0.69+046 056+033  0.54+025
Methyl Vinyl

+C4HBO Ketone+  0.16+0.10 006+0.01 0224006 026005 015:0.06  0.32+0.19
Methacrolein

“C3H402  Acylicacid  012+0.05 006001 0.13+003  016+0.02 0134002  0.19+0.10
Propanoic acid/

#C3H602  Hydroxy  090:043 057015 097+023  126+003  101+011  1.45:093

acetone

+C6HB Benzene  0.28+0.13 012:003 033+003 043004 025:0.05  038+021

#C6H12  Cyclohexane 0024001 001+0.00 0.03+0.00 003:0.01 0024001  0.04+0.03

«+C3H403  Pyruvicacid  005:0.02 0.03+0.00 005:001  007+001  007+0.00  0.06:0.03
+CTH8 Toluene 038027 020:0.10 046+011 050008  0.24+0.04  0.69+0.67
+C8H10 Xylene 025022 009+0.08 035:007 0494017  007+005  041+0.34
«C10H16  Monoterpene 005003 0.03£0.00 0.06+0.01  010+0.06  0.09+004  0.07+0.03
«CH20  Formaldehyde 103+041 062+005 117+0.11  172+010 159017  117+0.42
“C2HAO  Acetaldehyde 1.88+090 098013 210+041  274:016 1964036  3.17+1.98
+C3HB0 Acetone  3.88+160 218+031 443074  564+049 5914047  592+2.85
+C3H40 Acrolein  0.25:011 014:002 029+005 039+004  033+0.05  039+0.19
+C4HBO MEK + Butanals 045+030 0.24+004 053+0.16 059:005 044005  0.87+0.86
+C8H8O ben';/l;;zyhly o 004£003 002:000 005:001 006000 004001 008006
“BVOC  BiogenicVOCs 0304  02+01 0401 1106 0.8+0.4 0.7+05
*AVOC Amh\%’gfe”ic 71436 40407  7.609 7.7+0.9 44407 11187
*0VOC Oxy\?ggztecj 72474 70410  9.2+15 186413 164419  14.9+128
“Arom C?;opmozizs 06+0.6 0402  0.8+0. 15+03 0.6+0.1 12413
“Alkane Alkane 6.5¢34 36405  6.8+08 6.3+0.6 3.8+0.6 9.9+7.5
“Alkene Alkene 25¢19 0501 22402 2.6+0.2 1.0+05 25410
‘Aldehyde  Aldehyde  4.4+45  42+05  57+08 11408 10411 9.1+7.6
“Acid Acid 28+29  28+05  34+06 7.2+0.5 59+0.8 58+5.2

Notes:

The concentration was averaged from the daytime (6:00 to 18:00) results.

116



The concentration unit is presented in the bracket in the ‘Species Abb.’.
The unit for other species is in ppb.

* Species measured by GC-MS and constrained by the model

** Species measured by PTR-MS and constrained by the model.

" Species measured by instrument specified in Table 1.

* Different VOCs functional groups.
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Figure 6.2.4 24 h back trajectories of the continental (a) and coastal (c) cases over
the whole measurement period. The selected days for coastal, continental, and mixed
cases are labeled in different colors. (b) and (d) show the average concentration of OH
with standard deviation in continental and coastal air masses, respectively. The error

bars and shaded error bars are the standard deviations of the averaged data.

Figure 6.2.4 shows the hourly backward trajectories over the whole campaign.
Consistent with previous studies conducted at HT in the same season (Li et al., 2018;
Peng et al., 2022), the air masses were dominated by continental air masses containing
high concentrations of pollutants (Figure 6.2.4a) and less polluted coastal air masses
(Figure 6.2.4c). In this study, we did not encounter oceanic air masses from the south.
The average noontime OH concentration was 5.0 = 2.2 x 10° cm™ in the continental air

(Figure 6.2.4b) and 3.3 + 1.6 x 10° cm™ in the coastal air (Figure 6.2.4d).
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6.2.2 Model-observation Comparison

To investigate the performance of the MCM box model in simulating OH
chemistry at our site, we selected 4 days featuring the continental air mass (8, 21, 22,
and 23 Oct) and 4 days featuring the coastal air mass (25-27 Oct, 5 November) (Figure
6.2.5). We also selected 10 October as a specific case due to the shifting continental and
coastal air masses within the same day during the daytime. These days were selected
for model analysis because they comprised relatively complete chemical data that could
be used to constrain the model. The below discussions focus on the comparison of the
daytime results since the simulated night-time OH concentration was mostly within the
measurement uncertainties and the night-time observations for Oct 08, 23, 27 and Nov.

5 were incomplete as shown in Figure 6.2.5.

OH,
=0.99 Obs

s/o OHRUNBA\.-

si0 =101 Rgp=1.18 Rgp=1.14 R

00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18
Oct-08

|
& N =
101 RSO_213"M Rg/o =

00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18

Figure 6.2.5 Comparison between observed (dots) and simulated (lines) OH in the
four continental cases (top panel) and the four coastal cases (lower panel), also shows
measurement uncertainty (error bars) and Jno2 measurement (yellow shades). The time

zone was the local time (+8 UTC) for the x-axis.
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6.2.2.1 Selected Continental Air Mass Cases
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Figure 6.2.6 Diurnal profiles of average concentrations of measured (dots) with
standard deviation and simulated (RUNBase, line) OH concentration, important trace
gases, and the measured BVOCs, AVOCs, OVOC:s reactivity (BVOCsgreac, AVOCSReac,
and OVOCsgeac) for selected cases in continental (green) and coastal (blue) air masses.
The grey shaded area denotes night-time. The error bars and shaded error bars are the

standard deviations of the averaged data.

Figure 6.2.5 shows the comparison between the simulated and observed OH
concentrations for the selected cases in the continental and coastal air masses (4 days
each). The simulated OH concentrations of the four continental cases (8 October and
21-23 October) were mostly within the OH measurement uncertainty (2c), with a
daytime average Rso of 1.14 (Figure 6.2.6), ranging from 0.99 to 1.18 (Figure 6.2.5).
High NOx (~ 5 ppb) and VOCs (~17 ppb) concentrations were measured for these days
(Figure 6.2.6, Table 6.1). Therefore, in the continental polluted air mass, the existing
MCM mechanism reproduced the observed OH concentrations well. On these days, the
reaction between HO> and NO was the dominant OH formation pathway (78%),

followed by O3 photolysis (8%), HONO photolysis (6%), the reaction between ozone
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and HO2 (2%), and alkene ozonolysis (< 2%; Table 6.2 and Figure 6.2.8). These results
are similar to the findings of previous studies in the PRD conducted during autumn
under polluted conditions (Tan et al., 2019). The removal of OH occurs mainly through
its reaction with non-methane hydrocarbons (NMHCs; ~63%), CO (20%), NOz (9%),
and CHg (4%:; Table 6.2).

The simulated OH reactivity was 8.1 = 1.0 s! on average for continental air masses
(Figure 6.2.9), which is comparable to the OH reactivity measured at suburban sites
which ranged from 5 to 30 s but lower than that measured at the urban sites which

ranged from 10 to 100 s™! (Yang et al., 2016).

The simulated daytime average and peak HO, concentration were 2.1 £ 1.2 x 10®
cm and 4.5 x 10® ecm™, respectively, for continental air masses (RUNBase, Figure
6.2.10). The peak HO; value at our is lower than the result at a clean midlatitude forest
area (10 x 108 cm™, Lew et al., 2020), and the average daytime value is higher than that
measured at polluted urban sites in Beijing (0.3 to 0.4 x 103 cm™, Ma et al., 2019). The
ratio of simulated HO: to observed OH (HO2s1m/OHogs) was 147 averaged during on

daytime (06:00-18:00) in continental cases.

6.2.2.2 Selected Coastal Air Mass Cases

In contrast to the continental air mass cases, the diurnal OH patterns in the coastal
air mass category (25-27 October and 5 November) were not well reproduced by the
model (Figure 6.2.5). The simulated results overestimated the observed OH
concentration, with the daytime average Rsio of 2.42 (Figure 6.2.6) for these 4 case
days (ranging from 2.08 to 3.11) (Figure 6.2.5). The coastal air masses showed
statistically significant (i.e., p-value < 0.05) lower NOx (=63%), AVOCs (—47%),
BVOCs (—50%), OVOCs (—23%), and CO (—31%) concentrations compared with the
continental cases (Figure 6.2.6, Table 6.1). The HO> and NO reaction was still the
dominant source (69%) of OH in the coastal air masses, like in the continental air mass

cases, but in a lower proportion than on continental days due to the lower NO
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concentration (Figure 6.2.8 and Table 6.2). The other major OH sources were O3
photolysis (13.8%), HONO photolysis (7%), and the reaction between ozone and HO»
(4%).

The simulated OH reactivity is 4.7 = 0.58 s™! on average for the coastal case (Figure
6.2.9), which is lower than the continental polluted air mass (8.1 = 1.0 s™!). As discussed
below, low OH reactivity could have been the cause of the model’s overestimation of
OH concentrations in the coastal cases. The model’s overestimation of OH in coastal
air masses indicates gaps in our knowledge about the OH budget in relatively clean

conditions with low NOyx and VOCs.

The simulated daytime average HO2 concentration was 3.4 = 1.7 x 10® cm™ for
the coastal cases (RUNBase, Figure 6.2.10), which was ~ 1.2 x 10® cm™ higher than
the value in the continental polluted air mass. The simulated HO> level is comparable
to the measured value at a rural site in Heshan (3 x 10® cm™, Tan et al., 2019). The
HO:> siv/OHogs was 218 in coastal cases, higher than the ratio in continental cases. This
could be explained by the lower NO concentration in the coastal cases that slows the
recycling reaction of HO> back to OH (Sommariva et al., 2004; Shirley et al., 2006;
Chen et al., 2010).
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6.2.2.3 The October 10 Case Day
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Figure 6.2.7 Diurnal profiles of measured (dots) with measurement uncertainty
(error bars) and simulated (RUNBase, line) OH on 10 October 2020, with other
chemical species and the measured BVOCs, AVOCs, OVOCs reactivity (BVOCsgeac,
AVOCsgeac and OVOCsgeac). The air mass drifted from continental (red) in the morning
to coastal (orange) in the afternoon. The grey shaded area denotes night-time. The time

zone was the local time (+8 UTC) for the x-axis.

During the day on 10 October, our site received continental air masses between
sunrise and noon and coastal air masses between noon and sunset. This served as
another case that could be used to check the model’s performance on continental versus
coastal air masses within the same day. On 10 October, the Rs/o changed from 1.20 in
the morning to 2.59 in the afternoon, driven by the air mass drift during continuous
measurement without interruption (Figure 6.2.7). As with the continental and coastal
results shown above, the afternoon of 10 October showed significantly (p <0.05) lower
concentrations of NO (—=50%), NO2 (—68%), and the reactivity of AVOCs (—42%),
BVOCs (—27%), and OVOCs (—12%) compared with the morning (Table 4). With

lower NO, the fraction of OH produced from HO> and NO reaction was also lower in
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the afternoon (65%) than in the morning (73%) (Figure 6.2.8 and Table 6.2). Similarly,
the simulated total OH reactivity was lower in the afternoon (7.6 = 2.3 s™! on average)
than in the morning (10.3 = 1.6 s™' on average; Figure 6.2.9). The simulated HO> was
3.6 £ 2.4 x 10® cm™ in the morning when continental air mass dominated and was 5.6
+ 1.9 x 10® cm™ in the afternoon when coastal air mass dominated (RUNBase, Figure
6.2.10). The HO2s1:v/OHogs was 142 in the morning and up to 476 in the afternoon.
Again, higher HO> concentration and HO2s1m/OHogs ratio were shown with low NO

concentration.
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Figure 6.2.8 OH radical budgets for the continental cases, coastal cases, and 10 October. Where DM23BU2ENE and ME2BUT2ENE

represent 2,3-Dimethyl-2-butene and 2-Methyl-2-butene respectively.
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Table 6.2 OH budgets for the selected continental and coastal cases, the morning

and afternoon of 10 October.

Continental Coastal Oct 10 Oct 10
Case Case Morning Afternoon
Production
HO2+ NO  77.66% HO2+NO 69.02% HO2+NO  73.17% HO2+NO  65.11%
O'D+H0 7.98% O'D+H0 1380% OD+H0 10.73% OD+H0 15.04%
HONO +hv  5.78% HONO + hv  7.32% HONO + hv 8.65% HONO+hv 7.16%
HO2+ 03  1.97% HO2+ 03  3.60% HO2+ O3 1.70% HO2+ O3 3.80%
DM23BUZENE 1.59% ME2BUTZENE 1.40% H202+ hv 0.52% H202+ hv 1.63%
+ O3 + 03
Other 5.02% Other 4.85% Other 5.23% Other 7.25%
Loss
CcO 19.91% CcO 23.39% CsHs 15.96% CsHs 15.38%
NO2 9.38% CsHs 8.17% CcoO 14.68% CcoO 13.72%
CsHs 9.09% C:HsCHO  7.44% CHsCHO 8.76%  C2HsCHO 10.64%
C2HsCHO  7.96% CHsCHO  6.97% C2HsCHO 8.31%  CHsCHO  7.52%
CHsCHO  7.94% NO2 6.27% NO2 5.70% HCHO 3.44%
CH4 3.68% CH4 591% CH4 3.04% NO2 3.33%
HCHO 2.79% HCHO 2.50% HCHO 3.03% CH4 3.06%
ACR 1.41% O3 2.04% ACR 1.65% ACR 1.71%
HOCH2CHO 1.36% H2 1.71%  HOCH2CHO 1.61% HOCH2CHO 1.71%
Other 36.48% Other 35.61% Other 37.27% Other 39.50%

Notes: The H concentration was constrained as 550 ppb in the model simulation.

The H>O> was simulated by the model with the average concentration of 0.95 ppb.

ACR- acrolein HCHO: Formaldehyde

CsHs: Isoprene HOCH>CHO: Glycolaldehyde
C2HsCHO: Propanol CH;CHO: Acetaldehyde
ME2BUT2ENE: 2-Methyl-2-butene DM23BU2ENE: 2,3-Dimethyl-2-butene
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Other represents the group of the species that contribute less than 2% to the total OH
reactivities. Most of them were the intermediate species produced by the reaction of

OH with VOCs.
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Figure 6.2.9 Simulated reactivity for continental cases (a), coastal cases (b), and
10 October (c). The AVOCs, BVOCs, OVOCs, and Inorganic demonstrate the reactivity
calculated from the measured species and the Model Calculated represents the reactivity

calculated by the derived species simulated by the model.

6.2.3 Discussion on the Model-observation Discrepancy

As discussed in the introduction, the model overestimation of OH could be caused
by multiple reasons including the uncertainties of OH measurements (McKeen et al.,
1997; Carslaw et al., 1999; Mauldin III et al., 2001a, 2010), the overestimate of OH
sources (HO, and HONO) (Kanaya et al.,, 2007a; Zhang et al., 2006), and the
underestimate of OH sinks (Berresheim et al., 2002; Creasey et al., 2003; Mauldin I1I

et al., 2010; Griftith et al., 2016). The possible reasons for the OH overestimation in the
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coastal air mass is discussed below.
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Figure 6.2.10 Sensitivity tests for the simulated OH and HO; in continental and
coastal cases on 10 October. RUNch3cHo shows the simulated results of the selected
coastal cases when additional CH3CHO is added as OH sinks. RUNymax shows the
simulated results for the maximum heterogeneous uptake effect of HO> (y = 1). The
RUNvoco and RUNvyocpr show the simulated results that constraint “0” and the
detection limit value as the concentration of VOCs when their concentration was below

detection limits.

The OH measurement uncertainties have been calculated as described in Section
4.6 and are shown as the error bars in Figure 6.2.5. The model’s overestimation of OH
in coastal air masses exceeded the measurement uncertainties (Figure 6.2.5 and Figure
6.2.6), and thus, the measurement uncertainty is unlikely to be the main reason for the

discrepancy.

Model uncertainties in our study include the uncertainties in photolysis
frequencies correction, uncertainties in the constrained VOCs concentrations when they

were below detection limits, and uncertainties from not considering halogen chemistry.
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On the first possibility, we acknowledge that the correction factor for photolysis
frequencies due to cloud presence may be different for different species (Walker et al.,
2022), thus, using a single correction factor (based on Jno2) may introduce uncertainty
in the model simulations. We think such uncertainty should not be significant because
the weather was mostly sunny in the coastal cases. Regarding the uncertainty from the
VOCs input, we conducted a sensitivity test to show that the treatment of VOCs that
were below the detection limits should have a negligible effect on OH simulation
(RUNvoco and RUNvocpr in Figure 6.2.10). We did not include halogen chemistry in
our study as we wanted to compare our results with previous modelling work most of
which did not consider halogen chemistry. Our other studies at the same site that did
consider the halogen chemistry show a 4% increase in OH concentration from CI
chemistry (Peng et al., 2022) and 2.8% from Br chemistry (Xia et al., 2022), which

would even increase the model-measurement in the coastal air mass discrepancy.

Our calculated OH budgets show that the main sources of OH in the coastal air
masses were the HO; + NO reaction (69%), O3 photolysis (14%), HONO photolysis
(7%), and the reaction between ozone and HO> (4%). In the simulation, NO, HONO,
and O3 were constrained by observations. Could HO> be overestimated which would
cause overprediction of OH? The main HO: sources are the VOCs oxidation by OH and
the photolysis of OVOC:s. In our study, VOCs and OVOCs were more likely under-
measured than over-measured, which would underpredict HO; rather than overpredict
it. In addition, not including the halogen chemistry would under-simulate HO> at this

site (Peng et al., 2022; Xia et al., 2022).

We next examine the possibility of the underestimation of HO; sinks as the cause
of the overprediction of OH. The major sinks of HO> include the reaction of NO to
recycle OH, self-reaction to form H>O- and heterogeneous loss by aerosol uptake. The
first and second pathways have been considered in the MCM. The heterogeneous
uptake of HO: onto aerosol was also included in our simulations with an uptake

coefficient of 0.1. We conducted a sensitivity run by increasing the aerosol uptake of
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HO; (RUNymax, Figure 6.2.10). Even when we set the uptake coefficient to unity
(which is unlikely large), the simulated HO> concentration would decrease by 34% and
the simulated OH Rs/o would decrease to 1.73 from 2.42 in the base case. This indicates
that the heterogeneous uptake of HO- is not the cause of the overestimation of OH in
the coastal case. In summary, the discrepancy in modelled and observed OH in coastal

cases is unlikely to be due to the overestimated HO».

The sensitivity tests for the change of sinks and sources were also performed as
shown in Figure 6.2.11 and the Rs/o for different cases is summarized in Table 6.3.
These sensitivity test results show that in low NO conditions (<0.5 ppb), the OH
concentration is more sensitive to the change of reactivity. The doubling inputs of
organic compounds (RUNSink200%) in the selected continental case (AOCs = 17.2
ppb) is larger than the selected coastal case (AOCs =11.2 ppb); however, the change of
OH between RUNBase and RUNSinks 200% in selected continental
(AOHgaytime=5.6x10° cm™) is smaller than that in selected coastal case
(AOHdaytime=12.4x10° cm™). The October 10 case simulated OH also more sensitive to
the change of sinks in the afternoon with low NO (AOHmoming=10.5%10° c¢m>,
AOCSmorming =27.4 ppb, AOHaftemoon=11.4x10° cm~, and AOCsafiernoon =21.6 ppb). This
can be explained by the HOx cycle behaving differently in different NO conditions
(Griffith et al., 2016). In high NO conditions like the urban site, the OH recycled from
the HO> and RO might buffer the OH concentration. On the other hand, in low NO
conditions, the missing sinks caused by high OH loss cannot be compensated by the
OH recycled from HO> and RO, (Griffith et al., 2016; Whalley et al., 2021). Therefore,
in the low NO condition, the OH concentration is more affected by the missing sinks.
This might explain the fact that the missing OH reactivity is found almost in all
conditions (Yang et al., 2016); however, the overestimation due to missing reactivity
mostly presents in relatively low NO conditions like coastal (NO <0.1 ppb) Carslaw et
al., 1999; Berresheim et al., 2002), remote marine boundary layer (NO <0.1 ppb, Brune

et al., 2020), clean condition of rural site (NOx<3 ppb, Konrad, 2003) or the weekend
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of the urban site (NO <2 ppb, Griffith et al., 2016).
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Figure 6.2.11 The sensitivity test results. VOCO represents the result of
constraining below detection limits species to zero as a minimum VOCs sink
(RUNVOCO0). RUNCO200% 1is the result of constraining double CO concentration.
Similarly, =~ RUNNO4200%, RUNISOP200%, RUNCH3CHO200%, and
RUNC,HsCHO200% are the result of doubling the input of NOy, isoprene,
acetaldehyde, and propionaldehyde, respectively. The RUNNOL50% is the halving NOy

input result.
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Table 6.3 The Averaged Rg/o ratio for different sensitivity tests in Figure 6.2.11

Selected Selected
Sensitivity Test 10 October 10 October
Continental Coastal
Labels (morning)  (afternoon)
Diurnal Diurnal
RUNBase 1.14 242 1.20 2.59
RUNvy1 0.77 1.40 0.93 149
RUNVOCO 0.96 175 1.08 184
RUNSinks 200% 0.82 1.28 0.82 123
RUNNO. 50% 0.87 135 0.91 134
RUNNO, 200% 0.83 1.90 1.09 2.46
RUNCO 200% 0.92 1.56 1.04 1.69
RUNISOP 200% 0.93 1.60 0.97 1.59
RUNCH.CHO 200% 0.94 1.64 1.03 171
RUNC;HsCHO 200% 0.85 154 0.96 161

Based on the above discussions, we propose that the model’s overestimation of OH
could have been caused by unmeasured species that were not included in the model as
OH sinks. We attempt to estimate the magnitude of possible OH sinks and investigate
which factors could be important to these sinks. We added an artificial loss reaction into
the model with the reactivity of kmiss (') and assumed that the reaction product would
not participate in further reactions. Assuming a pseudo-steady state of OH during the

daytime (P = A{OH]), kmiss was calculated as follows:

Pconstrain Pconstrain
E 6.1 kmiss = -
[OHobs] [OHsim]

where P.,nstrain 18 the model’s calculated OH production rates, with OH constrained
by observations; [OH,s] is the observed OH concentration; and [OHg;,,,] is the OH
concentration simulated in RUNBase. After introducing the OH sink with &miss into the
model, the model better reproduced the observed OH concentrations on the coastal case

days, with daytime Rs/o close to unity (RUNKmiss, Figure 6.2.12) The average daytime
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k,niss for the coastal cases was 5.0 = 2.6 s™!, which is larger than the total calculated
reactivity in coastal cases (4.7 = 0.6 s™!). The calculated k,y,;ss should be a lower limit
of the possible missing sinks as the products from the reactions of OH with unknown
species are most likely to further react with the missing source to produce RO> and HO»
and recycle back to OH. We conducted a sensitivity test in which we assume the missing
sink is resulting from under-measured CH3CHO. Results show that CH3CHO
concentrations would increase by 20 times (RUNch3cHo) to make up the missing OH
sinks and the missing reactivity with the cycling of the CH3CHO oxidation products

would increase to 7.2 s (Figure 6.2.10).
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Figure 6.2.12 Nine-day comparison between observed OH and simulated OH with

(RUNBase) and without (RUNKmiss) addition reactivity.

Here we next explored the dependence of kmiss on different trace gases. Figure
6.2.13a shows the correlation between k,,;.c and NO concentration for the nine days
(including 10 October) during 09:00-15:00. At NO > 0.5 ppb, kmiss is close to zero. At
NO < 0.5 ppb, kmiss tends to increase with decreasing NO. Similarly, kmiss trends to be
zero at high NO; (> 2.5 ppb), TEXs (> 0.25 ppb), and AVOCs (> 5 ppb, Figure 6.2.13),

and it increases with decreasing concentrations of NO», TEXs, and AVOCs. High kmiss
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mainly occurs at the low toluene/benzene ratio and low C,H,/CO ratio, which are

indicators of the aged air mass (Figure 6.2.13) (Xiao et al., 2007; Kuyper et al., 2020).

Therefore, while we cannot completely rule out other possibilities, we argue that
the aged coastal air masses could have contained unmeasured species such as
oxygenated organic molecules (OOMs; Nie et al., 2022) and ocean-emitted gases
(Thames et al., 2020) that contributed to the missing OH reactivity, causing the model

to overestimate OH concentrations on the coastal case days.
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Figure 6.2.13 The dependence of calculated missing reactivity on a) NO, b) NO»,
c) TEXs (toluene, ethylbenzene, and xylenes), d) alkanes (C, to Csg), e) the ratio of

toluene to benzene, and f) the ratio of C,H; to CO.
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Figure 6.2.14 Net O, (Ozone+NOy) production estimation for coastal air mass by
MCM v.3.3.1 with (RUNConsOH) and without OH constraint (RUNBase). RUNSinks

200% represents the Ox production calculated by doubling organic compounds inputs.

To investigate the effect of overestimation on pollutants production, Figure 6.2.14
shows the Ox production with different inputs as an example. With the observed OH
implemented into the model, the Ox (O3+NO>) production rate decreases by -3 ppb h’!
(Figure 6.2.14, RUNConsOH). However, with the extra sinks which can further

participate in the OH-HO:> recycling (Figure 6.2.14, RUNSinks 200%), the Ox
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production rate will increase by 2 ppb h™! compared to the RUNBase which is similar
to the previous study (Kohno et al., 2022). Whatever the cause; the Ox production
affected by the overestimation of OH radicals state the impact of discrepancy of OH in
low NOy conditions. Other species’ fate and lifetime like methane (Stevenson et al.,
2020), and VOCs (Travis et al., 2020) are directly related to the OH concentration. Thus,
further study of the OH discrepancy and missing reactivity in low NO conditions are

necessary for the global estimation of the atmospheric oxidation process.
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6.3 Hok Tsui HOx and H,SO4 Measurement (2021-22)

The overestimation of OH found in 2020 needs the HO> measurement for further
investigation. Thus, in the third campaign in Hok Tsui, we tested the upgraded CIMS

for not only OH but also HO; and H>SO4 measurements.

By applying the analysis method discussed in section 4.7, the NO residual problem
can be monitored during OH measurement. Figure 6.3.1 shows the CIMS measurement
results for the whole campaign. From 25, December 2021, to 13, January 2022, ten days
of results were collected by CIMS. The OH measurement is not available for 12 and 13
January 2022, after a one-week operation without cleaning the inlet and injectors.
However, the HoSO4 and HO, measurements of the last two days were not affected by

the residual problem and were available for the whole period.
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Figure 6.3.1 Time series of 10 mins trace gases (Ozone, Jnoz2, NO, and NO») and CIMS measurement results (HO,, OH, and H>SOj) from 25
December 2021 to 13 January 2022. The CIMS results are shown with the daytime averaged concentration (AVE), maximum concentration (Max),

measurement uncertainty (error bar), HO, to OH ratio (HO,/OH), and detection limits (DL), respectively.
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Figure 6.3.1 shows the time series of observed HO,, OH, and H>SO4
concentrations with the concentrations of other trace gases during the campaign.
Compare to the HT 2020 campaign, the solar radiation (Jno2) was relatively low due to
the Winter season, and most of the cases peaked below 6 x 10 s™!. Ozone ranged from
20 to 80 ppb in the daytime which was similar to the HT 2020 conditions. The NO
concentration was mostly above 0.5 ppb in the daytime and above 2 ppb on the daytime
of 26, 30 December, and 13 January. NO; show typical diurnal patterns that peaked at

around 10 ppb in the morning.

All CIMS measured species are mostly above detection limits (grey line) and peak
on 5 January 2021 (HO: 5.33 x 108 cm™, OH: 15.94 x 10° cm™, and H2SO4: 14.41 x
10% cm™), and have the lowest daytime peak concentration on 26 December 2022 (HO:
0.6 x 108 cm™, OH: 2.6x10° cm?, and H2SO4: 4.11 x 10° cm™) with the lowest Jnoz
value (<4 x 107 s™') and Ozone concentration (< 20 ppb). The campaign averaged peak
concentrations for HO»>, OH and H,SO4 were 2.86 x 103 cm™, 8.43 x 10° cm™ and 7.69

x 10% cm?, respectively.

The HO> averaged peak concentration close to the continental cases simulated
result (3.75 x 108 cm™) in HT 2020 and lower than the coastal result (5.51 x 10% cm™)
(Figure 6.2.10). This concentration is also relatively low when compared to the other
HO: measurements in forest results as shown in Table 2.2 (e.g. 10.5 x 10%, >20 x 108,
and 7 x 108, from Lelieveld et al., 2008; Griffith et al., 2013; and Wolfe et al., 2014,
respectively) and the nearest suburban sites in Peking University Shenzhen Graduate
School (PKUSZ shown in Figure 2.2.1) which peaked at around 4.2 x 10® cm? in the
measurement period from October to November. However, when compared to the other
HO: results in the winter season (2% 10% cm™, Sommariva et al., 2004), the coastal site
(1.45 x 108 cm™, Kanaya et al., 2007a) and some urban sites (e.g. peak range: 0.5 to 6
x 108cm™, Ren, 2003a) measurements the concentration is in a reasonable range (See

other results in Table 2.2).
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The H>SOs4 concentrations are also consistent with the previously observed
concentration in the coastal site. Previous studies measured H>SO4 at the coastal
(Berresheim et al., 2003) and mountain (Berresheim et al., 2000; Birmili et al., 2000)
sites by CIMS show maximum concentration up to 10 x 10° cm™. These comparisons
imply that the H>SO4 concentrations observed in this campaign are in the reasonable

range.

The OH concentrations, on the other hand, are higher than most of the previous
measurement results in HT 2020. Especially the concentrations measured before and
after the new year that have a maximum concentration higher than 10 x 10° cm™. Such
high concentrations are comparable to the episode in HT 2020 and the result was
dominated by polluted air mass presented previously (e.g., Berresheim et al., 2002;
Dusanter et al., 2009a; Lu et al., 2013a; see Table 2.2 for the exact concentrations in
these studies and more examples). Due to the previously observed winter pollution
event in the PRD region (Fu et al., 2019) and the high OH observed in winter haze
events with relatively weak solar radiation (Slater et al., 2020), this elevated OH
concentration might be related to the pollution events in the wintertime. However, the
ozone and NOx concentration didn’t show higher concentrations these days. Thus,

further analysis of the other trace gases is necessary.

The HO; to OH ratio (HO2/OH) is used as an indicator for the HO> to OH
recycling process (Chen et al., 2010). The measured daytime averaged HO»/OH variate
from 16.47 (December 30) to 62.67 (December 25). It is noted that when the NO
concentration was above 2 ppb on 30 December and 11 January, the HO2/OH ratio was
less than 20 which implies the faster recycling process from HO: to OH during
relatively high NO concentrations. The HO2/OH ratio in previous studies variated in
different conditions and didn’t show any tendency. The ratios in this campaign consisted
of previous results in polar (Mauldin III et al., 2010), urban (Griftith et al., 2016), and
forest (Feiner et al., 2016) sites with different NO conditions. The HO»/OH ratio and

comparison imply that recycling is not only affected by NO but also other mechanisms
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in different conditions.

Another breakthrough for the CIMS development besides HO2 measurement in
this campaign is the measurement of HoSOs. The successful measurement of H>SO4
represents the potential of CIMS to simultaneously measure other species during HOx
measurement. The measurement of HoSO4 was achieved without any injection through
the front injectors. The rear injector flows including the N2, HNO3, and scavenger gases.
Therefore, the CIMS in such mode is capable to measure the species that are available
for traditional nitrate CIMS and will not react with the scavenger gases. For example,
methane sulfonic acid (MSA; Berresheim et al., 2002) and nitrophenol (Nie et al., 2022)

can be possible targets for further measurement.

This development for simultaneous measurement was done previously in CIMS
with the addition of isotopic **SO, (Mauldin III et al., 2004). However, the method in
this study achieved the same purpose at a lower cost. Besides, this method is available
for measuring other species besides HOx. If the CIMS uses isotopic **SO» and applies
the front valve to switch off the front injectors at the same time, the CIMS can achieve

low detection limits and low uncertainty for both HOx and other species measurements.

It 1s noted that this thesis only shows the preliminary results and simple analysis
of this campaign. Further analysis and discussion of the OH, HO2, and H2SOj4 results

with the other trace gases and meteorological data will be shown in the coming article.
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7. Summary and Future Research

7.1 Key Findings

This thesis reports the detailed development process for the measurement of OH,
HO», and H>SO4 by chemical ionization mass spectrometer. Compared to the existing
CIMS in the other research groups, The CIMS in PolyU not only measured HOx family
but also H2SO4 at the same time without the expensive isotopic **SO, addition.
Compared to the previous measurement methods (LIF and DOAS), CIMS has a better
cost-performance ratio due to its low price and the potential for multiple species (e.g.,

MSA and nitrophenol) measurement.

Secondly, this thesis reports the details of the calibration system, the measurement
principles, and the working theory of the CIMS for HOx and H2SO4 measurement. A
series of comparisons of different components of CIMS (ion sources, scavenger gases,
and primary ions detection) have been conducted to optimize the performance of the
CIMS for measurement. 2!°Po has lower artificial OH interference compared to a corona
ionizer, and it is adopted as the ion source. C3Fs is a better HOx scavenger than C3Hg
due to the capability of removing the HO, radicals. A set of procedures has been
developed to optimize the flow rates of sample gas, sheath gas, and N> buffer gas,
voltages on the sample inlet system, and the concentration of NO and SO», the
conversion gas with the aim to increase the instrument’s sensitivity and reduce noise.
The CIMS instrument achieved a detection limit of 1.5 x 10> cm™ and an uncertainty
of 38% (S/N = 2) under laboratory conditions. Even though the optimal values of
instrument parameters may differ in different CIMS systems due to the different designs
and/or configurations, the procedures, and results of the tests from this thesis provide a
useful reference to other researchers who wish to apply the CIMS technique to measure
atmospheric HOx radicals and H>SO4. Additionally, the development experiment for

this CIMS might inspire the further development of other instruments that aim to tackle
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highly reactive species like CI and Br.

Three field campaigns were performed in Hong Kong. The first campaign aims to
test the capability of OH after development and sensitivity test. In the field, a clear

3 was observed. The detection limit

diurnal profile with a maximum of 6 x 10% cm
increased to about 8 x 10° cm™ on clear days, with an overall accuracy of about 51%.
The results have demonstrated the capacity of this instrument in measuring ambient OH

in an urban site on clear days. This is the first result of OH measurement in Hong Kong.

In the second field campaign, we measured OH concentrations using CIMS at a
coastal site in Hong Kong in the autumn of 2020 to gain insights into the atmospheric
oxidative capacity and to evaluate the performance of a box model in the coastal
atmosphere. The daily maximum OH concentration ranged from 2.1 to 15.4 x 10°cm
over the whole campaign, with an average of 4.9 £ 2.1 x 10%cm™. The air masses were
categorized into two groups based on their backward air trajectories: (1) continental air
masses, which contained high concentrations of NOx and VOCs, and (2) coastal air
masses, which contained low concentrations of NOx and VOCs. The observed OH
concentration in the continental air parcels was on average 52% higher than in the
coastal air parcels. The FOAM box model with comprehensive observational constraints
generally reproduced the observed OH in the continental cases during the daytime, with
a simulated/observed OH ratio (Rso) of 1.14 on average. However, the model
significantly overestimated OH concentrations in the coastal cases, with an Rs/o of 2.42
on average during the daytime. While we cannot completely rule out other possibilities,
we incline to attribute this overestimation to a missing OH reactivity in the aged coastal
air parcels that were not accounted for in the model. The lower limit of the missing OH
reactivity was estimated at 5.0 + 2.6 s”' on average between 09:00 and 15:00 and was
especially larger under low NOy, low AVOCs, and aged air conditions. We hypothesize
that unknown products from AVOCs oxidation or unknown OH-reacting gases emitted
from oceans could contribute to the missing OH reactivity in aged coastal air masses.

The overestimation of OH in the model could cause an overestimation of the formation
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of secondary aerosols, such as sulfate and nitrate, while the impacts would be even
more complicated if it is due to missing chemical species which participated in ozone
formation. Further studies are necessary to pin down the exact cause(s) of the OH
overestimation by concurrently measuring HO> and OH reactivities, VOCs oxidation

products, and ocean-emitted trace gases.

The last campaign tests the CIMS for HO> and H>SOs measurement
simultaneously during OH measurement at the same coastal sites in Hong Kong from
winter 2021 to 2022. The newly developed data analysis method identified the unusual
OH results due to the residual problem of NO after switching measurement targets from
HO; to OH. By applying such a method and removing the abnormal results, CIMS is
capable of HO,, OH, and H>SO4 measurement. The measured daily maximum HO;
variated from 0.60 to 4.63 x 10% cm™, OH variated from 2.6 to 15.42 x 10° cm™, and
H,SO4 ranged from 4.11 to 10.79 x 10% cm™. After this development, the PolyU CIMS
become the first instrument around the world that can measure OH, HO>, and H>SO4

simultaneously without isotopic **SO, for conversion.
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7.2 Suggestions for Future Research

7.2.1 Further Development of CIMS

Although the residual problem of NO is monitored by the analysis method and
mitigated by cleaning processes, the convenience and measurement frequency of the
CIMS are decreased compared to the settings for OH measurement only. It is
worthwhile to not only monitor but also figure out the solution for the residual NO. For
example, the injection of a high concentration of Ozone for NO elimination might

reduce the time for residential NO removal and increase the measurement effectiveness.

To enhance the quality and performance of data, additional laboratory and box
modeling research should be conducted for the NO residual issue, as well as for the
interference of HO: recycling during OH measurement. Moreover, it is necessary to
investigate the potential wall loss in the stainless steel and other potential sources of

interference for the CIMS instrument.

The OH reactivity can be measured by adding another pair of injectors in front of
the existing front injectors. The conversion between OH and H2SO4 can be switched
between the additional injectors and the existing injectors. Since the residual time for
OH in the inlet will be changed when the conversion starts (R 1.24 to R 1.26) in a
different position, by comparing the OH concentration measured during different
injection positions of SOz, the reactivity of OH can be determined. Besides that, by
coupling with the flow tube, the indirect comparative reactivity method can also be

conducted for OH reactivity measurement.

At last, the most impressive possibility of development is the additional
measurement of other species. When the CIMS measured the H2SO4, only the
scavenger gases and the N» from the pulsed flow were added. Therefore, theoretically,
the CIMS is capable to observe the species that can be observed by the unmodified

nitrate CIMS and will not react with scavenger gases. For example, the MSA (Mauldin
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III et al., 2001b) and even the hydrotrioxide were found recently (Berndt et al., 2022).
To achieve this purpose, further research on the reaction of target species with the

reagent (nitrate), possible interference, and the calibration method needs to be studied.

7.2.2 Investigation of Discrepancy Problem in Low NOx

condition

As mentioned by the previous studies and supplied by the second campaign results,
the reason for the discrepancy in the low NOx area remains unknown. This discrepancy
represents the knowledge gaps in our understanding of the atmosphere in the low NOx
condition. Therefore, it is still worthwhile to conduct more field campaigns for HOx
measurement, especially in low NOy regions. Revisiting the coastal site in the same
season with HO; and OH measurements might help further understand the
overprediction in the coastal site as mentioned in section 6.2.3. On the other hand, the
underprediction of OH found in the forest sites is also worth revisiting. An alternative

measurement method might provide some hints for underprediction.

Besides that, the H>SO4 and OH radicals are closely related to the new particle
formation. Therefore, the field campaign in the polluted area is also worthy to conduct
for the new particle formation study. Additionally, the further development of CIMS
will play an important role in the studies of atmospheric oxidation (by measuring HOx
radicals), new particle formation (by measuring OH, H>SO4), and marine atmosphere

(by measuring OH, H>SO4, MSA).
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