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Abstract 

In Beijing, poor urban air quality has a demonstrable effect on human health; with 

high aerosol loadings during winter and high ozone episodes during summer. The 

hydroxyl radical (OH) mediates virtually all the oxidative chemistry in the 

atmosphere, being responsible for the transformation of primary emissions into 

secondary pollutants such as NO2, O3 and SOA (secondary organic aerosol). 

Comparison of measured radicals with results from detailed chemical box models 

serves as a vital tool to assess our understanding of the underlying chemical 

mechanisms involved in tropospheric oxidation. A recent comparison of radical 

measurements with those predicted by box models highlight missing 

understanding at both high and low NO mixing ratios.  

The Leeds FAGE (fluorescence assay by gas expansion) instrument was 

deployed in Beijing for two field campaigns, one in the winter in 

November/December 2016 and the other in summer in May/ June 2017. The 

chemical conditions varied vastly between the two campaigns, with NO 

concentrations exceeding 250 ppb in the winter, while O3 levels over 100 ppbv 

were frequently observed during the summer. The average OH concentration 

during the winter campaign was high (~ 2.5 x 106 cm-3) even during haze events, 

and during the summer elevated levels of OH were observed, reaching up to 

2.5 x 107 cm-3. 

The OH measurements were compared with the OH calculated using a 

photostationary steady-state (PSS) calculation and showed that in winter the 

experimental budget could be closed, but in the summer the PSS calculation 

underpredicts OH by a factor of ~2 and highlights a missing source of OH. The 

measured radicals have been compared to results from a box model 

incorporating the Master Chemical Mechanism (MCM, v3.3.1). The model 

underpredicts OH, HO2 and RO2 in winter, and the underprediction increases with 

increasing NO. By contrast, in summer the model can replicate OH very well, but 

overpredicts HO2 and underpredicts RO2. Several model scenarios have been 

performed to investigate the differences between the measured radical values 

and the model results. In winter, the model can reproduce the measured OH 

reactivity. When the model is constrained to measured HO2, the model can 

reproduce OH, which suggests the missing understanding is linked to RO2 radical 

chemistry. In summer the model can reproduce the OH, HO2 and RO2 radical 
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concentration when the RO2 + NO rate constant is reduced by a factor of ~10, 

and may suggest that the RO2 species are undergoing autoxidation forming 

HOMs (highly oxidised molecules) which is competing with RO2 + NO reaction. 

HOMs species were also observed during the summer campaign in both the 

gas-phase and aerosol phase by a CIMS (chemical ionisation mass 

spectroscopy) instrument. The impact of HO2 uptake onto aerosols on both 

modelled HO2 and calculated O3 production was assessed for both the winter 

and summer campaign. It shows that HO2 uptake decreases O3 by up to 

~6 ppbv hr-1 in summer; while there is a much smaller impact in winter as the 

reaction of HO2 + NO outcompetes HO2 uptake.  
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1. Introduction 

1.1 Air Quality and Important Atmospheric Pollutants 

Atmospheric chemistry research can be divided into three mains areas: field 

measurements, laboratory experiments and modelling studies. Field 

measurements can give an insight into emissions and their trends, and how these 

link to the formation and losses of different trace gases and aerosols. On the 

other hand, laboratory experiments can give more details into the processes that 

occur and their physical parameters including rate constants and how these 

change as a function of temperature and pressure. Numerical models are used 

for future predictions, and to test theoretical understanding of processes 

occurring in the atmosphere, including climate change and urban air pollution.  

Inhabitants of megacities, a metropolitan area with a population over 10 million 

(Sekovski et al., 2012), are vulnerable to health effects caused by air pollution 

(Gurjar et al., 2010), important air pollutants include SO2, NO2, O3 and particulate 

matter (PM). Air pollution is linked to over 40,000 (Roberts, 2016) early deaths 

per year in the UK alone (Gurjar et al., 2010). This thesis shall focus on air 

pollution in Chinese megacities, where in 2012 air pollution was related to more 

than 1 million (Vaugham, 2016) premature deaths, with data from two field 

campaigns during winter and a summer in central Beijing. 

NO2 is formed from reactions of NO with radicals (RO2 and HO2) or ozone. NO2 

can also be generated directly from combustion processes with higher emissions 

coming from diesel vehicles (Finlayson-Pitts and Pitts, 1997). NO2 can cause 

health problems including airway inflammation and can cause various health 

problems for people affected by asthma (Dab et al., 1996). NO2 can also cause 

a net change in ozone from the oxidation of NOx in the presence of light and 

volatile organic compounds (VOCs) (Finlayson-Pitts and Pitts, 1997). Ozone is a 

radiatively active gas interacting with short (downwelling radiation) and long 

wavelengths (upwards IR). Changes in ozone have been estimated to contribute 

Ḑ10% to the positive radiative forcing of climate change (Ramaswamy et al., 

2001). O3 is an air pollutant in the troposphere and can cause difficulty breathing 

(Lamarque et al., 2013). Ozone is also attributed to plants and crop death 
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(Agency, 2017a). The long-term effects of exposure to ozone can lead to 

permanent lung damage and abnormal lung development in children (Agency, 

2017a). Ozone is also a source of the OH radical (R1.1 ï R1.2) hence an increase 

in ozone leads to a higher tropospheric OH concentration and a decreased 

lifetime of methane (Finlayson-Pitts and Pitts, 1997). Both methane and ozone 

are greenhouse gases meaning HOx chemistry has an impact on global climate 

change.  

/ Ὤὺʇ σσφ ÎÍᴼ/ $ /  R1.1 

 / $ (/ᴼς/( R1.2 

 

 

Most SO2 comes from: burning fossil fuels; power plants; industrial facilities and 

is also emitted from volcanoes (Agency, 2017b). SO2 can cause short-term 

effects on the respiratory system. Large concentrations of SO2 also leads to the 

formation of SOx which contributes to PM (particulate matter) (Agency, 2017b). 

SO2 can also contribute to acid rain which can damage the ecosystems of fish 

and wildlife. Table 1.1 shows the EU and Chinese set limits for concentrations of 

PM2.5 (particulate matter less than 2.5 nm), SO2, NO2, PM10 (particulate matter 

less than 10 nm) and O3 (Comission, 2017, China, 2012). 

Pollutant 
European 

Concentration (µg m-3) 

Chinese 

Concentration (µg m-3) Averaging 
Period 

Grade-I Grade-II 

PM2.5 25 15 75 1 year 

SO2 
350 150 500 1 hour 

125 50 150 24 hours 

NO2 
200 200 200 1 hour 

40 40 40 1 year 

PM10 
50 50 150 24 hours 

40 40 70 1 year 

O3 120 100 160 8 hour mean 

Table 1.1 European Union (Comission, 2017) and Chinese (Comission, 2017, 
China, 2012) limits for Grade-I and Grade-II on exposure to PM2.5, SO2, NO2, 
PM10 and O3. Grade-II is for urban or industrial areas; whilst Grade-I is for 
everywhere else in China. 

The role of ambient airborne PM has been highlighted as an important pollutant 

for cardiopulmonary diseases and lung cancer (Valavanidis et al., 2008). It has 

been shown that different sizes and different surface areas of PM determines the 
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potential to cause inflammatory injury, oxidative damage and other biological 

effects (Valavanidis et al., 2008). The effects are stronger for fine and ultrafine 

particles as they can penetrate deeper into the airway, and effect the alveoli 

(Valavanidis et al., 2008). PM can be made up of transition metals, sulfate, nitrate, 

organic compounds, stable radicals of carbonaceous material, minerals and 

reactive gases (Valavanidis et al., 2008). Particulate matter can cause adverse 

effects through several mechanisms including oxidative stress; oxygen-free 

radical generating; DNA oxidative damage and mutagenicity (Valavanidis et al., 

2008). It is estimated that a decrease of 10 µg m-3 PM2.5 is related to ~0.6-year 

mean life expectancy increase (Gao et al., 2016b). In general, studies have 

shown that smaller particles (PM2.5), which are generally produced from vehicular 

emissions in urban areas, have higher toxicity by causing oxidative stress and 

inflammation than larger particles (PM10) (Valavanidis et al., 2008). 

It has also been shown that aerosol, natural or anthropogenic, can impact global 

climate (Gao et al., 2016b). Atmospheric aerosol can directly affect the Earthôs 

radiation budget by scattering and absorbing solar radiation, and indirectly by 

disturbing clouds acting as a cloud condensation nuclei (CCN) and ice nuclei (IC) 

(Gao et al., 2016b). It is difficult to distinguish between anthropogenic PM and 

PM from biogenic sources and to identify the pollution source, as this requires 

in-situ chemical measurements which are restricted to time and location. In 

January 2013 in Beijing, a haze event occurred and the daily PM2.5 reached over 

500 µg mī3 (Wang et al., 2014). From 1960 to 2010 dramatic changes in 

emissions led to +260% increases in sulfate, +320% increases in nitrate, +300% 

increases in ammonium, +160% increases in black carbon (BC), and +50% 

increases in organic carbon (OC)(Gao et al., 2016b). Also, it has been observed 

that the winters in China, especially in the northern regions, are warming up (Gao 

et al., 2016b). Additionally, the average wind speed in China has lowered along 

with the decrease of RH (relative humidity) throughout China (Gao et al., 2016b).  

The PM in the atmosphere can be directly emitted from wildfires, combustion, 

windblown dust and sea salt: or formed from gases via secondary organic aerosol 

mechanisms. Meteorology affects PM levels by chemical reactions, transport, 

deposition processes and changing chemical emissions (Dawson et al., 2007). 

An example of this is shown by increased temperatures leading to higher biogenic 

emissions, which in turn are important SOA precursors (Dawson et al., 2014). 
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Increasing temperatures can also increase sulfate concentration due to SO2 

oxidation via the OH into H2SO4 which is a temperature dependant reaction 

(Dawson et al., 2007). At higher temperatures semi-volatile aerosols may also 

decrease due to evaporation (Dawson et al., 2007). High RH favours the 

formation of nitrate and increasing precipitation decreases PM species because 

wet scavenging occurs (Dawson et al., 2007). 

Generally in China organic material contributes 20-50% of PM2.5, and organic 

aerosols can be produced by either primary emissions or secondary formation 

(secondary organic aerosol), estimated using the WRF-CHEM (Weather 

Research and Forecasting (WRF) model coupled with Chemistry) regional model 

over China. SOA is formed from semi-volatile organic gases and may account for 

20-80% of the total aerosol in organic aerosol (Jiang et al., 2012). For SOA 

simulation it is important to understand oxidation reactions of organic species in 

the gas-phase and the associated heterogeneous reactions which generate the 

low volatility organic compounds. These processes are very complex and not 

completely understood, and SOA concentrations are generally underestimated 

by the models (Jiang et al., 2012). Emission sources for SOA include 

anthropogenic (alkane, alkene, aromatic and isoprene), biomass burning (alkane, 

alkene, aromatic) and biogenic sources (isoprene and monoterpene) (Jiang et 

al., 2012). Summary of Chinese air pollution and models can be found in 

section.1.3. 

1.2 Photochemistry in the Troposphere 

Anthropogenic and biogenic emissions including CH4, CO, SO2, NOx and VOCs 

are processed in the troposphere through photochemical oxidation reactions 

mainly with short-lived radical species such as OH. Tropospheric oxidation is 

dominated by reaction of hydroxyl radical (OH), but other radicals are important 

including Cl, NO3 and halogen oxides (XO, X=Br, I). A non-radical oxidant is O3. 

Tropospheric oxidation controls the lifetime of primary emitted species and their 

formation into secondary pollutants, which can have implications on climate 

change and air quality. Photochemical reactions involving NOx and VOCs can 

lead to the formation of ground-level O3 (a component of photochemical smog) 

and can also lead to the formation of secondary organic aerosols. 
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1.2.1 Hydrogen Oxides 

OH, HO2 and RO2 play an important role in the chemistry of the atmosphere 

(Stone et al., 2012). The OH radical initiates the oxidation of VOCs, converting 

the OH into either HO2 or RO2 (organic peroxy radicals). As shown in Figure 1.1, 

the radical chain following this leads to the production of ozone (in the presence 

of NOx) and SOA in the troposphere (Stone et al., 2012, Lu et al., 2012). The 

understanding of the chemistry underpinning OH, HO2 and RO2 is important in 

developing air quality control strategies (Griffith et al., 2016). Oxidation proceeds 

through a series of partially oxidized intermediates; the primary emitted 

compounds and the intermediates have a wide range of atmospheric lifetimes 

that mostly depend on their rate of reaction with OH and the OH concentration 

(Stone et al., 2012). OH clearly plays a pivotal role in the tropospheric chemistry; 

this is why a large emphasis has been placed on in-situ measurements, but the 

short lifetime and low concentration makes measuring these radicals difficult 

(Stone et al., 2012). There are several instruments in use to measure OH 

including the following: fluorescence assay by gas expansion (FAGE); differential 

optical absorption spectroscopy (DOAS) and chemical ionisation mass 

spectrometry (CIMS) (Heard and Pilling, 2003). These instruments are described 

further later in section.1.4. 

In remote areas the major sources of OH is from the photolysis of O3 at short 

wavelengths to form atomic oxygen in either its electronically excited state (O1D) 

(R1.3) or its electronic ground state (O3P) (R1.5): 

/ ὬὺO / $ /  R1.3 

 / ÈÖO / 0 /  R1.4 

 Conversion of spin dictates that the dioxygen formed from R1.3 must also be in 

a singlet state: 

/ Ὤὺ σρπ ὲά ᴼ/ $ / ɝ  R1.5 

 However, at longer wavelengths photolysis can also occur through the spin-

forbidden channel: 

/ Ὤὺσρπ ‗ στπ ὲάᴼ/ $ / ɫ  R1.6 

 j(O1D) the photolysis rate of O3 to form O(1D), is given by: 
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ὮὕὈ  „ ‗ȟὝ‰ ‗ȟὝὊ‗Ὠ‗ 

 

R1.7 

 
where „ ‗ȟὝ ὥὲὨ ‰ ‗ȟὝ are the O3 absorption cross-section and O(1D) 

quantum yield, respectively, and Ὂ‗ is the spectral actinic flux. The actinic flux 

increases rapidly at longer wavelengths and between 310 nm and 320 nm, there 

is more than a factor of ten increase in the flux. The increase of actinic flux at 

longer wavelengths means that the spin-forbidden channel (R1.6) is significant 

despite both the O3 absorption cross-section and quantum yield decreasing 

dramatically above 310 nm (Finlayson-Pitts and Pitts Jr, 1999). The spin-

forbidden process is especially important at dawn and dusk when the solar zenith 

angle is high (SZA), as the spectral actinic flux is red-shifted as the scattering 

efficiency through the atmospheric column is proportional to 1/ ‗. 

 

Figure 1.1 Schematic of the HOx chemistry and the major pathways in the 
troposphere. The blue arrows represent the initiation of radical chemistry. 
Radical chain reactions are represented by the red arrows. The termination 
reactions include radical recombination reactions forming nitric acid (HNO3), 
hydroperoxides (H2O2, ROOH) and organic nitrates (RONO2). The reaction 
of RO2 and HO2 with NO leads to the photochemical production of ozone, 
OVOCs and SOA and secondary OH production. Figure taken from Lu et al. 
(2013). 

 

The O(1D) formed, proceeds to react with water vapour to form OH (Finlayson-

Pitts and Pitts Jr, 1999) (R1.8): 

/ $ (/ᴼς/( R1.8 
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The importance of R1.8 decreases with increasing altitude due to decreasing 

water vapour concentration (Finlayson-Pitts and Pitts Jr, 1999). Only a small 

fraction (Ḑ10%) of O(1D) reacts with water to form OH (R1.8) at the surface, as 

collisional quenching by collisions with N2 and O2 to form O(3P) is favoured 

(Finlayson-Pitts and Pitts Jr, 1999). OH can also be formed from alkene 

ozonolysis and hydrogen peroxide (H2O2, R.10) photolysis; in polluted areas 

there are additional sources of OH from nitrous acid (HONO, R1.9) (Finlayson-

Pitts and Pitts Jr, 1999). Also when the NO concentration becomes larger then 

HO2 becomes a secondary source of OH (R1.11) (Stone et al., 2012): 

(/./Ὤὺʇ τππ ÎÍᴼ/( ./  R1.9 

 
(/ Ὤὺʇ σχπ ÎÍᴼς/( 

 

R1.10 

 
(/ ./O /( ./ 

 

R1.11 

 OH can be removed in the troposphere by the reaction with CH4 and other volatile 

organic compounds (VOCs), to form peroxy radicals (RO2, R1.12 ï R.13) (Stone 

et al., 2012). The chemically activated RO2 is stabilised from the reaction with M, 

which is usually N2 or O2, via collisional quenching (R1.13) (Stone et al., 2012). 

These RO2 can either undergo a self-reaction (R1.14) or a cross-reaction, this 

eventually leads to the formation of formaldehyde and HO2 (R1.15) (Stone et al., 

2012). 

/( 2(O 2 (/ R1.12 

 

 

2 / -ᴼ2/ - 

 

 

R1.13 

 

 

 

2/ 2/ᴼ2/ ÏÔÈÅÒ ÐÒÏÄÕÃÔÓ 

 

R1.14 

 

 

2/ / ᴼ(/ (#(/ 

 

R1.15 

 

 

 

 

In environments with high NO concentrations, the following reactions become 

important (R1.11, R1.16 ïR1.18), and form hydroperoxy radical (HO2) and 

carbonyl species (R1.20) (Stone et al., 2012). 

(/ ./O /( ./ 

 

 
R1.11 

2/ ./O 2/ ./ 

 

 

 
R1.16 

 

2/ ./ -ᴼ2./ - 

 

 
R1.17 

 
2/ ./ -ᵶ2/./ - 

 

 
R1.18 

 
2#/ ./ -ᵶ0!.- 

 

 
R1.19 

 
2/ / ᴼ2ᴂ#(/(/ 

 

 
R1.20 

 
./ ÈÖ  / ./  

R1.21 
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HO2 has a typical lifetime that ranges from 5 to 100 s and a concentration of 

Ḑ108 molecule cm-3. HO2 can also be formed from the reaction of OH with CO 

and O3 (R1.22 - R1.23) (Stone et al., 2012). 

/( #/ / ᴼ(/ #/ (/ 

 

 
R1.22 

 

 

/( / ᴼ(/ /  

 

 

 
R1.23 

 
 

  
HO2 can also be formed from the photolysis of formaldehyde (HCHO, R1.24 -

R1.27) (Stone et al., 2012). 

(#(/Ὤὺʇ σφρ ÎÍᴼ( #/  

 

 
R1.24 

 

 

(#(/Ὤὺʇ σσπ ÎÍᴼ( (#/ 

 

 

 
R1.25 

 
( / -ᴼ(/ - 

 
R1.26 

 

(#// ᴼ(/ #/ 
 

R1.27 

 
 

  
OH can be reformed from the reaction of HO2 by reacting with O3 (R1.28) and 

NO (R1.11) (Stone et al., 2012). 

(/ / ᴼ/( ς/ 

 

  

 

R1.28 

 
 

   
HO2 can be lost through termination with itself and peroxy radicals in low NOx 

environments (R1.29 - R1.30) (Stone et al., 2012). 

(/ (/ ᴼ(/ /  

 

  

 

R1.29 

 
(/ 2/ ᴼ2//(/  

 

  
R1.30 

 Whilst both H2O2 and ROOH can photolyse to form OH, these species have a 

short lifetime in respect to deposition and so results in a net loss of radicals. Other 

important HOx loss processes include uptake on aerosol surfaces, and the 

reaction of OH with SO2 and NO2 (Stone et al., 2012). 

1.2.2 NO3 

Most of the OH sources are photolytic and this makes OH the major primary 

oxidant during daylight hours in the removal of trace gases in the troposphere. 

NO3 can act as an oxidant during the night-time. NO3 is formed by the reaction of 

NO2 with O3 (R1.31) (Stone et al., 2012). The NO3 formed can react with NO2 to 

form N2O5 in a reversible process (R1.32). 

./ / ᴼ./ /  

./Ç ./ - ᵰ ./ - 

 

R1.31 

R1.32 
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The dissociation of N2O5 is favoured at higher temperatures. Unlike OH, the 

hydrogen abstraction reactions of NO3 with saturated hydrocarbons are relatively 

slow. However, the addition of NO3 to unsaturated hydrocarbons is relatively fast, 

especially for a biogenic compound (e.g. isoprene). NO3 can also react with 

aldehydes, dimethyl sulphide and phenolic compounds via a hydrogen 

abstraction. The typical NO3 mixing ratio is 10 pptv at night (Brown and Stutz, 

2012), although the NO3 concentration is generally lower at ground level as it can 

be lost onto surfaces. NO3 also reacts with NO to form NO2, and the NO3 

concentration is very low during the day as it is lost through rapid photolysis 

(Brown and Stutz, 2012). 

1.2.3. Cl Chemistry 

Chlorine atoms are highly reactive and, especially in marine environments, may 

contribute significantly to the oxidation of VOCs. While the Cl atom concentration 

is generally very low (between ~103 ï 104 molecule cm-3) (Saiz-Lopez and von 

Glasow, 2012), Cl reactivity towards VOCs is much higher compared to OH. For 

example, the hydrogen abstraction of CH4 is 14 times faster for Cl than OH and 

the overall CH4 loss through Cl is 3 ï 15% (Platt et al., 2004). In polluted air ClNO2 

may be formed when N2O5 reacts with chloride on aerosol particles: 

./ Ç #ÌÁÑO #Ì./Ç ./  

 

  

 

R1.33 

 
ClNO2 accumulates overnight and then photolyses rapidly in the morning: 

#Ì./ÈÖ ʇ τππ ÎÍᴼ#Ì ./ 

 

 

  
R1.34 

 
The photolysis of ClNO2 in the morning represents the major course of Cl radicals 

in polluted environments (high NOx) in both marine and continental regions 

(Thornton et al., 2010). Therefore, Cl chemistry can be important for the formation 

of peroxy radicals in the morning and contribute to the net formation of O3.  

1.2.4 Ozone 

O3 reacts with alkenes in a reaction termed ozonolysis, which can form Criegee 

biradicals. The rate of ozonolysis is usually an order of magnitude slower than 

OH radical oxidation, but at high O3 concentrations these reactions can contribute 

to a significant loss of VOCs. An example is shown below of propene ozonolysis 

(R1.35a ï R1.36c) (Beebe and Barnet, 1987). 
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R1.35a 

                                       O #(// #(#(// 

 

 

 

 

R1.35b 

#(#(//O#( #/ /( 

 

 

 

R1.36a 

                       O #( #/ ( 

 

 
R1.36b 

                     O #( #/  
 

R1.36c 

CH2OO and CH3CHOO are Criegee biradicals and are often denoted as C1 and 

C2 Criegee intermediates (CIs). Decomposition of the CI (Criegee Intermediates) 

are an important source for night-time HOx as primary production of OH through 

photolytic routes are not available (as discussed above). OH production has been 

observed after IR (infrared radiation) excitation of CIs (Liu et al., 2014, Newland 

et al., 2015). Criegee Intermediates (CIs) can be collisionally stabilised (sCI) and 

these have been suggested as important oxidants for SO2 (Mauldin et al., 2012, 

Novelli et al., 2015, Welz et al., 2012). The only net source of O3 in the 

troposphere is through the reaction of peroxy radicals (RO2/HO2) with NO (R1.11 

and R1.16) to form NO2. NO2 can be photolysed to form O(3P) which reacts with 

O2 to form O3 (R2.21). Furthermore, even though ozone is formed through 

photochemistry it is long-lived enough to be present during the night-time, hence 

it affects both day and night-time chemistry in the troposphere.  

1.2.3 Secondary Organic Aerosol Production 

SOA is formed from the low volatility products from the oxidation of VOCs (Lim 

and Ziemann, 2005). SOA formation is dominated mostly by monoterpenes and 

aromatic compounds that form low volatility organic compounds that can partition 

to the condensed phase (Kroll and Seinfeld, 2008a). VOCs can be oxidised in the 

gas phase with species such as OH, NO3, Cl and O3. A generic reaction 

mechanism is shown in Figure 1.2. The reaction of RO2 and HO2 with each other 

can lead to low volatility products and is predicted to be a major component of 

SOA (Kroll and Seinfeld, 2008a). At high NOx either an organic nitrate formation 

dominates or an alkoxy radical can be formed via RO2 + NO (dominant reaction). 

Hence under high NOx conditions the reaction of alkoxy (RO) radicals are 

important (Kroll and Seinfeld, 2008a). The alkoxy radicals have three primary 

reactions available, shown in Figure 1.3 (Kroll and Seinfeld, 2008a), with the rates 

of these reactions strongly dependent on the structures. The rate of dissociation 

increases with increasing substitution on the centre where the radical is formed. 

Isomerisation only occurs when there is a hydrogen four carbons away from the 
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radical centre. Isomerisation rate increases with the substitution of the carbon 

where the hydrogen is abstracted.  

 

Figure 1.2 Simplified mechanism of the atmospheric oxidation of VOCs. The thick 
black arrows represent reactions that can lead to a significant decrease in 
volatility; grey arrows represent reactions that lead to an increase in 
volatility. Figure reproduced from (Kroll and Seinfeld, 2008). 

 

Figure 1.3 Reaction of alkoxy radicals: Dissociation (R5a), isomerization (R5b) 
and reaction with O2 (R5c). Figure reproduced from (Kroll and Seinfeld, 
2008). 
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1.2.4 Autoxidation of RO2 species 

Autoxidation is when an RO2 radical can undergo an inter- or intramolecular 

H-abstraction, for unsaturated RO2 radicals autoxidation can also proceed via 

endocyclization (Jokinen et al., 2014). Functionalised and complex RO2 groups 

have weaker C-H bonds compared to pure hydrocarbons, making these 

molecules more prone to intramolecular H-abstraction.  

The fate of the peroxy radicals formed is a competition between uni- and 

bimolecular reactions. The bimolecular reactions partners are NO, HO2 and other 

RO2 species, and since the concentration of the reaction partners can vary 

significantly the RO2 lifetime is highly variable. For the unimolecular reactions to 

occur in this case, the H-shift represented by arrow A1 in Figure 1.4, it needs to 

be competitive with the bimolecular reaction (A3 and A4). The rate of the H-shift 

reactions depends on the strength of the C-H bond and the steric restraint for the 

RO2 to reach the active site (Jokinen et al., 2014). Normally the optimum 

configuration for H-shifts is by the 1,6 or 1,5(Jokinen et al., 2014). The strength 

of the C-H bonds depends strongly on: branching; structure of the carbon 

backbone and types of adjacent functional groups.  

Following the H-shift a carbon-centered radical is formed whose lifetime is very 

short, as the addition of O2 takes place with a rate of ~2.5 x 107 s-1 (Jokinen et 

al., 2014) (A2 in Figure 1.4). The addition of O2 to the R. forms a new peroxy 

radical but this time with two added oxygens. The combination of route A1 and 

A2 in Figure 1.4 is what constitutes autoxidation and it can proceed multiple 

times, each time the molecule gets more oxidised, until the reaction is terminated 

via some other channel. There are some cases when unimolecular termination 

reactions can outcompete the O2 addition. For example, if the radical formed was 

on a carbon with a hydroperoxide functional group a carbonyl would immediately 

be formed whilst releasing OH.  

The alkoxy radicals can also undergo H-shifts (Jokinen et al., 2014) (A6 and A7) 

to form a new RO2 that has one more oxygen than the previous RO2 radical. This 

can take place by either: H-abstraction from a C-H bond (A6) followed by the 

addition of oxygen or by directly abstracting a H-atom from a hydroperoxide group 

(A7). Ultimately the termination reaction of A4, A5 and A8 will form closed-shell 

products that may be classified as HOMs if enough steps of autoxidation have 

occurred (Jokinen et al., 2014). The resulting HOM can either have a similar 
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composition to the precursor VOC with a higher degree of oxygenation, but 

organic nitrates (RONO2) or dimer species (ROOR) can also be formed.  

 

Figure 1.4 Schematic overview of typical radical reaction pathways forming 
HOMs, starting from an initial RO2 from VOC oxidation (see the text for 
details). 

1.2.5 HONO 

HONO was first detected in the atmosphere in 1979 by Perner and Patt (Perner 

and Platt, 1979), who detected a concentration of ~0.8 ppbv just before sunrise 

in Juelich. HONO is a major source of OH in urban areas as it builds up overnight 

and photolyses in the morning (Ma et al., 2013). The main loss pathway for 

HONO is photolysis and reaction with OH. HONO can be produced overnight 

from the conversion of NO2 on humid ground surfaces (Harrison et al., 1996). 

Compared to O3, HONO photolyses at longer wavelengths, which means HONO 

is photolysed earlier than ozone at higher solar zenith angles (SZA) and can act 

as the dominant source of OH (Colussi et al., 2013, Jarvis et al., 2005). Also, 

HONO is damaging to human health as it causes damage to the lungs and 

mucous membranes (Jarvis et al., 2005).  



14 
 

 

 

During the daytime, the lifetime of HONO is ~10 minutes. The daytime 

concentration in urban and rural environments is between 100-330 pptv and 

100 - 200 pptv (Leong et al., 2016), respectively. Observable concentrations of 

HONO during the day suggests there must be additional sources to 

counterbalance photolysis (Alicke et al., 2003). In urban environments, high 

concentrations of HONO have been observed during the day. Model simulations 

are often unable to predict these elevated concentrations (Lee et al., 2015a, 

Acker et al., 2006, Kleffmann, 2007, Li et al., 2012). In Lee et al. (2015a) the 

Master Chemical Mechanism (v3.2) was used to assess the different source of 

HONO. The base model only included the gas-phase source of HONO through 

the reaction of OH + NO. Additional heterogeneous sources were incorporated 

into the model (discussed below) and improved the measurement:model 

agreement. 

There have been various studies for different sources for HONO involving both 

homogeneous and heterogeneous reactions. The well understood homogeneous 

source of HONO involves the reaction: 

/( ./ - O (/./- R1.37 

R1.37 is primarily a daytime source as the OH radical is generally generated 

through photolysis. The rate of R1.37 at 298 K is approximately 9.7 x 10-12 cm3 

molecule-1 s-1 (1 bar, Stone et al., 2014). Also, there can be an additional source 

of HONO during the night-time in environments where OH can be generated 

through ozonolysis. HONO has also been found to be directly formed through 

several combustion processes and emitted by cars and power plants (Alicke et 

al., 2003).  

Other than homogeneous reactions and direct emission sources of HONO there 

has been a larger focus on HONO production through heterogeneous reactions 

(surfaces and aerosol). R1.38 shows HONO produced from the reaction of NO2 

with water on different surfaces which, it has been suggested, is why during field 

campaigns a build-up of HONO is observed throughout the night (Alicke et al., 

2003). In R1.380 HONO is released into the gas-phase, whilst the HNO3 that is 

produced stays absorbed onto the surface.  

ς./ (/ ựựự  (/./Ç (./ ÁÄÓ R1.38 
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Other sources of HONO have also been suggested that included the production 

from humic acid (Stemmler et al., 2006) and titanium dioxide particles (Dupart et 

al., 2014). Also, other studies have shown that snow (Michoud et al., 2015) and 

soot surfaces (Kalberer et al., 1999) enhance the production of HONO under 

illuminated conditions. 

1.2.6 HO2 Uptake 

In many previous studies, models have overpredicted the HO2 concentration 

compared to the observed concentration measured in campaigns. The 

overprediction of HO2 has reached up to 95% and has been attributed to the 

heterogeneous uptake of HO2 onto aerosols (Mao et al., 2013). The uptake of 

HO2 is commonly measured by the reactive uptake coefficient (ɔ(HO2)), which is 

defined as the fraction of HO2 collisions with aerosol surfaces resulting in 

reactions (George et al., 2013). A summary of previous campaigns where ɔ(HO2) 

has been inferred from the comparison of measurements of HO2 with modelled 

HO2 is shown in Table 1.2. Table 1.2 shows that the estimated ɔ(HO2) for all the 

campaigns was between 0.5 ï 1, with the majority campaigns using an uptake 

coefficient of 1 (1 being the maximum effect HO2 uptake can have, rather than 

the experimentally determined value).  

The global impact of heterogeneous loss of HO2 onto aerosol has been assessed 

and shows that uptake can significantly reduce the tropospheric HO2 

concentration. In most global studies the value of ɔ(HO2) = 0.2 has been used, 

as recommended by Jacob (2000). However, experimental work has shown that 

the value of HO2 uptake coefficient varies widely depending upon the type of 

aerosol, Table 1.3 shows a summary for the experimental determination of HO2 

uptake onto different salt composition aerosols. Table 1.3 shows there is a large 

difference between dry and aqueous aerosol; with aqueous aerosol having a 

higher ɔ(HO2) value as HO2 is soluble and is a weak acid. Also, very high ɔ(HO2) 

have been measured with aerosols containing transition metals ions like copper. 

This work highlights that HO2 uptake coefficients will vary in different areas 

depending on the type of aerosol composition. Recent work by Li et al. (2019) 

has suggested the upwards trend in O3 observed in China is caused by a 

decrease in PM, which in turn is decreasing HO2 uptake onto aerosols. Less HO2 

uptake will results in an increased HO2 concentration in the gas-phase which will 

lead to an increase in net ozone formation from the oxidation of NO. 
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Location Type HO2 Conc 

(pptv)a 

Estimated 

ʴόIhнύ 

Comments Reference 

Mauna Loa, Hawaii Remote 15b 0.5 ς 1  Cantrell et al. (1996) 

Southern Ontario, 

Canada 

Rural 10 ~1 HOx reduced 

by a factor of 2 

McConnell et al. (1996) 

Oki Island, Japan, Remote 10 ~1 To reduce HO2 

by 50% 

Kanaya et al. (2000) 

Remote marine 

boundary layer near 

Australia 

Remote 5 1  Sommariva et al. 

(2004); Haggerstone et 

al. (2005) 

Saharan dust plume Plume 8 1 No H2O2 

formed from 

HO2 uptake. 

Also needs 

uptake for 

H2O2. 

De Reus et al. (2005) 

Mace Head, Ireland Remote 15b 1  Sommariva et al. 

(2006) 

Rishiri Island, Japan Remote 6 1  Kanaya et al. (2007b) 

Jungfraujoch research 

stationc 

Remote 6 1  Parker et al. (2009) 

Arctic spring Remote 5 ~1  Mao et al. (2010); 

Olson et al. (2012) 

Arctic summer Remote 10 ~1  Olson et al. (2012) 

Table 1.2 Evidence for HO2 uptake from the comparison of field measurement 
with modelled values. All uptake coefficients are inferred from 
photochemical modelling. a noon mean or median value. b estimated from 
the measured total peroxy radicals (HO2 + RO2 ).c estimated for the uptake 
on the snow surface. This table has been modified from Mao et al. (2013)
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Salt Composition Substrate type and phase RH/% [HO2]/cm -3 ʴόIh2) Reference 

(NH4)2SO4 Dry aerosol 20 ~108 0.04 ± 0.02 Taketani et al. (2008) 
Dry aerosol 45 ~108 0.05 ± 0.02 Taketani et al. (2008) 

Dry aerosol 32 ς 54 1.5 x 108 - 1.5 x 109 <0.004 George et al. (2013) 

NaCl Dry film 0 4 x 109 ς 3 x 1011 0.016 Remorov et al. (2002) 
Dry film 0 4 x 109 ς 5 x 1011 0.0117 ± 0.0008 Remorov et al. (2002) 

Dry film 28 4 x 109 ς 5 x 1011 0.0102 ± 0.0008 Remorov et al. (2002) 

Dry aerosol 20 ~108 <0.01 Taketani et al. (2008) 

Dry aerosol 45 ~108 0.02 ± 0.01 Taketani et al. (2008) 

Dry aerosol 0 5 x 1011 0.0018 Loukhovitskaya et al. (2009) 

Dry aerosol 33 ς 54 1.5 x 108 - 1.5 x 109 <0.004 George et al. (2013) 

(NH4)2SO4 Aqueous aerosol 42 5 x 1010 ~0.1 Thornton and Abbatt (2005) 
Aqueous aerosol 45 ~108 0.11 ± 0.03 Taketani et al. (2008) 

Aqueous aerosol 55 ~108 0.15 ± 0.03 Taketani et al. (2008) 

Aqueous aerosol 65 ~108 0.17 ± 0.04 Taketani et al. (2008) 

Aqueous aerosol 75 ~108 0.19 ± 0.04 Taketani et al. (2008) 

Aqueous aerosol 65 ς 75 1.5 x 108 - 1.5 x 109 0.01 ± 0.01 George et al. (2013) 

Aqueous aerosol 55 1.5 x 108 - 1.5 x 109 0.003 ± 0.005 George et al. (2013) 

NaCl Aqueous aerosol 53 ~108 0.11 ± 0.03 Taketani et al. (2008) 
Aqueous aerosol 63 ~108 0.09 ± 0.02 Taketani et al. (2008) 

Aqueous aerosol 75 ~108 0.10 ± 0.02 Taketani et al. (2008) 

Aqueous aerosol 54 1.5 x 108 - 1.5 x 109 0.016 ± 0.008 George et al. (2013) 

Aqueous aerosol 67 - 76 1.5 x 108 - 1.5 x 109 0.01 ± 0.02 George et al. (2013) 

Cu(II)-doped (NH4)2SO2 Aqueous aerosol 42 5 x 1010 0.5 ± 0.1 Thornton and Abbatt (2005) 
Aqueous aerosol 45 ~108 0.53 ± 0.13 Taketani et al. (2008) 

Cu(II)-doped NaCl Aqueous aerosol 53 ~108 0.65 ± 0.17 Taketani et al. (2008) 

Cu(II)-doped NH4HSO4 Aqueous aerosol 75 108 ς 109 0.40 ± 0.08 Mozurkewich et al. (1987) 
Aqueous aerosol 53 ς 65  1.5 x 108 - 1.5 x 109 0.4 ± 0.3 George et al. (2013) 

TiO2 Dry aerosol 11 1.6 x 109 0.021 ± 0.001 Moon et al. (2018) 
Dry aerosol 66 1.6 x 109 0.036 ± 0.007 Moon et al. (2018) 

Table 1.3 Uptake coefficients for HO2 onto inorganic salts from previous studies. This table has been updated from George et 

al. (2013). 
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1.3 Air Pollution in China 

China has one of the fastest expanding economies and industrial developments 

in the world, which has rapidly grown its urban area population to form many 

megacities (Chan and Yao, 2008). The rapid expansion has caused an increase 

in industrial areas and energy consumption (Zhang et al., 2007) thus an increase 

in the emission of air pollutants (Chan and Yao, 2008). Beijing, Shanghai, Pearl 

River Delta (PRD), Shenzhen and Hong Kong are the most densely populated 

areas in China, with of changes from 19.6 to 40.5% of the Chinese population 

living in urban areas from the years 1980 to 2005 (Chan and Yao, 2008). The 

population in Beijing increased by 250% between 1989 to 2012 (Li et al., 2017). 

Figure 1.5 shows a map of China. Beijing is the capital city of China and is located 

on the northwest border of the Great North China Plain and is surrounded by the 

Yanshan Mountains in the west, north and northeast (Chan and Yao, 2008).  

 

Figure 1.5 Map of China and the locations of the major megacities, including a 
larger diagram of the Pearl River Delta region. Figure copied from Chen et 
al (2007). 
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1.3.1 Annual Variation 

Figure 1.6 shows the annual variation of PM2.5, PM10, O3, SO2, NO2 and CO in 

Beijing between May 2014 to April 2015. The PM concentration is lowest during 

May, June and August with less than 100 µg/m3 and 130 µg/m3 for PM10 and 

PM2.5, respectively (Chen et al., 2015). PM concentration increases sharply from 

October to February, this correlates with heating time in Beijing, most of which 

comes from coal. SO2 follows a similar trend as PM; highest in winter and lowest 

in summer (Chen et al., 2015). The SO2 trend also correlates to the heating period 

in Beijing. O3 is highest during summertime with the highest daily maxima 

between June and August, with minimum concentration during the winter. NO2 

follows the same trend as PM and SO2, although not as noticeably (Chen et al., 

2015). In the summer NO2 is higher at the traffic sampling station compared to 

the suburban, urban and background stations. Although in summer all the 

stations are comparable, this could indicate a different source of NO2 in summer 

and winter. CO concentrations are much higher in the winter compared to the 

summer (Chen et al., 2015). 

PM2.5, SO2, NO2 and CO concentrations increase in Beijing with southwest, 

northwest and easterly winds with a wind speed less than 3 m s-1, and very slow 

wind speeds (2 m s-1) are associated with very high concentrations of PM2.5 and 

NO2. PM10 generally comes from high speed northwest winds, and high 

concentrations of ozone from southerly wind. In general, the northwest winds 

have a positive impact on air pollutants concentration, except PM10, while 

southwest and easterly winds increase the concentration of pollutants. 
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Figure 1.6 Monthly variation of a) PM2.5, b) PM10, c) O3, d) SO2, e) NO2 and f) 
CO between May 2014 to April 2015. Figure copied from Chen et al. (2015). 

1.3.2 Pollutant changes over time in Beijing 

1.3.2.1 Ozone 

Ground ozone has become a major airborne pollutant and the frequency of ozone 

pollution episodes has increased rapidly in China (Chen et al., 2019). The ozone 

trend in Beijing from 2006 to 2016 is shown in Figure 1.7 and shows that the O3 

concentration is on the rise. It shows that the levels of O3 is in the order 

summer>spring>auntumn>winter. The influence of meteorological factors was 

assessed by Chen et al. (2019) for each season, with meteorological factors 
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influencing ozone production being the strongest in spring and autumn. The main 

factor contributing to ozone production was the temperature, except in winter 

when wind and humidity was key. The rise in O3 in China, whilst other pollutants 

(PM, SO2 NO and NO2) have been decreasing, has been suggested to be from 

the increase in HO2; the HO2 concentration is suggested to be increasing due to 

the decrease in PM which is, in turn, is decreasing the loss of HO2 onto aerosols 

(Li et al., 2019). 

 

Figure 1.7 Inter-annual and seasonal variations of ozone concentrations in 
Beijing during 2006 ï 2016. The figure has been taken from Chen et al. 
(2019). 

1.3.2.2 PM, NO2 and SO2 

The inter-annual trend of PM, NO2 and SO2 is shown in Figure 1.8. The annual 

average concentration of PM10 in Beijing has steadily decreased from 188 µg m-3 

in 1998 to 108 µg m-3, although the values are still higher than the limit value of 

70 µg m-3
 of Chinaôs AAQS (Ambient Air Quality Standards) for PM10 (Zhang et 

al., 2016). Also, the ratio of PM2.5/PM10 has increased from 0.61 in 2008 to 0.82 

in 2013 which indicates the particulate pollution is mainly from PM2.5 in Beijing. 

The SO2 and NO2 concentration in Beijing dropped from 121 ɛg mī3 in 1998 to 

27 ɛg mī3 in 2013 and from 74 ɛg mī3 in 1998 to 56 ɛg mī3 in 2013, respectively. 

In 2013 the SO2 concentration was much lower than the guideline value of 

60 ɛg mī3 of Chinaôs AAQS Grade-II (urban and industrial areas) and only slightly 

higher than 20 ɛg mī3 for Grade-1 (not urban and industrial areas) standard, 

which indicates the SO2 emission control has been successful (Zhao et al., 2013). 

NO2 concentration has not shown a large decrease from 1998 to 2013, and there 

has been no noticeable decrease from 2008 (Zhang et al., 2016). It has been 



22 
 

 

suggested that no reduction in NO2 has been observed from 2008 as the 

reduction in coal-burning has been counteracted by the increase in vehicle 

emissions (Zhang et al., 2016).  

 

Figure 1.8 Trend of PM10, PM2.5, SO2 and NO2 in Beijing. PM10, SO2 and NO2 
data presented from 1998 to 2013; whilst PM2.5 is presented from 2008 to 
2013. , PM2.5 SO2 and NO2 are from Beijing Municipal Environmental 
Protection Bureau (http://www.bjepb.gov.cn/). PM2.5-U S Embassy is from 
the Embassy of the United States (http://beijing.usembassy-
china.org.cn/070109 air.html). This figure has been taken from Zhang et al. 
(2016). 

1.3.3 SOA Formation in Beijing 

The WRF-CHEM model was coupled with a secondary organic aerosol model 

(SORGAM) to investigate the spatial and temporal characteristics of SOA and the 

contribution from anthropogenic and biogenic sources in the formation of SOA 

over China in 2006 (Jiang et al., 2012). In a previous study, SOA was found to 

contribute 30-77% and 44-71% of PM2.5 and organic aerosol, respectively, across 

Beijing, Shanghai, Guangzhou and Xiôan (Huang et al., 2014). The high SOA 

concentrations are in central China during the summer (8 ɛg mī3), but in winter 

this moves down to the Pearl River Delta region with a concentration of 2 ɛg mī3 

(Jiang et al., 2012). Across the whole country average ground level SOA 

concentrations was 0.94, 2.54, 1.41, 0.43, and 1.34 ɛg mī3 in spring, summer, 

autumn, winter, and year, respectively (Figure 1.9) (Jiang et al., 2012).  SOA 

concentrations are dominated by biogenic emissions in the summer and most 

regions anthropogenic sources dominated during winter. Across China, 

anthropogenic sources contribute 35% to total SOA, with 41%, 26%, 39%, and 
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59% in spring, summer, autumn and winter, respectively. SOA formation from 

isoprene oxidation accounts for 29% of total SOA in 2006. The estimated annual 

production of SOA is 3.05 Tg yr-1 in China which accounts for 4-25% of the global 

SOA formation (Jiang et al., 2012). SOA formation was described further in 

section.1.2.3. 

 

Figure 1.9 The seasonal mean surface concentration of SOA (ɛg mī3) a) spring, 
b)summer, c) autumn and d) winter. Figure copied from Jiang et al. (2015). 

The high SOA in the summer is related to strong solar radiation and high air 

temperature which leads to high BVOCs (biogenic volatile organic compounds) 

emission and intensive photochemical reactions which favour SOA formation 

(Jiang et al., 2012). Even though south China has larger biogenic emissions and 

stronger solar radiation than Central China, the level of SOA is lower, due to 

transport of clean marine air which suppresses air pollution formation (Jiang et 

al., 2012). 

The comparison of anthropogenic sources (ASOA) and total SOA (Figure 1.10) 

shows that the North China Plain has a high anthropogenic contribution (>60%), 

and in the west and southern China ASOA contributes less than 40% and 

biogenic emissions are the dominant source of SOA (Jiang et al., 2012). There is 
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a large difference between summer and winter with most areas, other than the 

North China Plain, showing less than a 30% contribution from ASOA (Jiang et al., 

2012). 

 

Figure 1.10 Seasonal mean percentage contribution from ASOA to total SOA a) 
spring, b) summer, c) autumn and d) winter. Figure copied from Jiang et al. 
(2015). 

1.3.4 Haze Dependence on Meteorological Conditions and 

Emissions 

The WRF-CHEM model was applied to simulate haze event conditions that 

occurred in January 2010 in the North China Plain (NCP) (Gao et al., 2016a). The 

haze event was caused by high emission of air pollutants and anticyclonic 

weather conditions. Air pollutants transported from outside of Beijing contributed 

to 64.5% of the PM2.5 level in Beijing, the aerosol was mainly transported from 

south Hebei, Tianjin, Shandong and Henan provinces. The aerosol feedback 

affects the RH and wind speeds, which can affect the aerosol formation (Gao et 

al., 2016a). 

Another haze event occurred in Beijing with PM2.5 concentrations peaking at 

450 ɛg mī3 (He et al., 2015) on 18th January 2013 and rapidly decreased on 

January 19 2013 to 100 ɛg mī3 (He et al., 2015). The variability gave a good 
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opportunity to study the causes of haze formation. In-situ measurements (surface 

meteorological data and vertical structures of the winds, temperature, humidity, 

and planetary boundary layer (PBL) and use of the WRF-CHEM model were used 

to analyse the strong variability in PM2.5 concentrations (He et al., 2015). 

 

Figure 1.11 Calculated PM2.5 surface concentration (ɛg mī3) and wind at a) 
06:00, b) 18:00, c) 20:00 on 18th of January and d) on 19th of January 2013. 
Figure copied from He et al.(2015). 

The effect on horizontal transport was studied and the regional PM2.5 

concentration distribution in the Beijing region was calculated. Figure 1.11 shows 

the results of the model, which showed that at 06:00 on 18th of January the wind 

was from the southwest with speeds of 4 m s-1 (He et al., 2015). This resulted in 

dispersed air pollution. At 18:00 on January the wind speed calmed (1 m s-1) and 

the pollution accumulated near the large emission areas, the winds were 

continuously calm leading to the build-up of pollution and the measurement of 
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450 ɛg mī3 of PM2.5 (He et al., 2015). The wind speed increased to 3 m s-1 and 

transported from the pollution from Beijing to the southern part of the city. These 

results suggest that regional transport plays an important role in haze events as 

the highest PM2.5 concentration was when northwestern winds dominated (He et 

al., 2015). 

An experiment was performed to determine the contribution from regional and 

local emissions for January 18 at 20:00 when the PM2.5 concentration was at a 

peak value (450 ɛg mī3) (He et al., 2015). It was shown that without local 

emission, the calculated PM2.5 concentration would be 100 ɛg mī3, and that local 

emissions contributed to 350 ɛg mī3. This suggests that local emissions (78%) 

dominated the contribution to the heavy haze, and regional emissions only 

contributed about 22% (He et al., 2015). 

These two haze events discussed here show that there is a large variability 

between whether the haze is formed from regional (January 2010) or from local 

emissions (January 2013).  

1.4 Methods for detection of HOx and ROx 

1.4.1 Chemical Ionisation Mass Spectrometry (CIMS) 

CIMS detects OH by first converting it into H2SO4 (R1.39 - R1.41) followed by 

conversion into H2SO4
- by the reaction with NO3

- ions, which can then be detected 

via mass spectrometry (Stone et al., 2012). The instrument injects 34SO2 

(isotopically labelled) into a flow tube which initiates the conversion, 34SO2 is used 

to distinguish from ambient H2SO4. 

/( 3/ -ᴼ( 3/ -   
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Little sensitivity is lost in the conversion stage of this instrument as conversion 

occurs on a time scale of 10-20 ms, which is small compared to the 0.1-1 s lifetime 

of OH (Stone et al., 2012). Twice as much 34SO2 is injected as required and this 

leads to a 99% conversion of OH to H2SO4. An OH scavenger propane is used 

further downstream to remove any OH generated within the flow tube from the 
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reaction of HO2 or RO2 with NO and O3. Conversion into ions is achieved by 

adding NO3.HNO3 (R1.42) (Stone et al., 2012): 

./Ͻ(./ ( 3/ᴼ( 3/Ͻ(./ (./ 

 

R1.42 

 

 

 
 

The ( 3/Ͻ(./ is moved out of the sampling stream and into an N2 flow, and 

then into a collisional dissociation chamber where the fragments form HNO3 and 

( 3/ (Stone et al., 2012).  The ratio between the ./ initial reactant ion) and 

( 3/ (derived from OH), allowing for the OH concentration to be calculated. 

Propane can be injected at the same time as 34SO2
 to remove 98% of the sample 

OH, which allows for the background OH to be measured, this is like the IPI 

method described later (Stone et al., 2012).  

CIMS has a detection limit of (1 - 4 x 105 molecule cm-3, 5 - 10 minutes) (Stone 

et al., 2012). CIMS can also be used to measure HO2 radicals by adding NO into 

the SO2 injection stream and converting HO2 into OH. The peroxy radical CIMS 

(PerCIMS) leads to the recycling of HO2 in the system so amplification of SO3 

occurs (Stone et al., 2012). The ratio of SO2/NO at the injection, and the 

parameters of the experiments allows for the HO2 concentration to be 

determined. The use of different buffer gases ratio (N2/O2) allows for the 

measurement of HO2 + RO2 or just HO2. At low levels of O2, the conversion of RO 

into HO2 is not favoured except for those derived from alkenes, on the other hand, 

high levels of O2 total peroxy concentrations can be measured (Stone et al., 

2012). PerCIMS has a lower detection level than OH (1 - 4 x 107 molecule cm-3, 

15 seconds), but the more abundant peroxy radicals do not require such high 

sensitivity as OH (Stone et al., 2012). 

1.4.2 Differential Optical Absorption Spectroscopy (DOAS) 

The DOAS techniques uses the Beer-Lambert law. By using 308 nm light to excite 

the A2Ɇ+ (ɜô=0) Ŷ X2Ʉ (ɜôô=0) transition (the same used for FAGE) the OH radical 

concentration can be calculated using the transmittance (E1.1  - E1.2) (Heard 

and Pilling, 2003): 
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where I0 and I are the intensity of light before and after absorption respectively, 

ʎ is the absorption cross-section at 308 nm and l is the path length (Heard and 
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Pilling, 2003). The rovibrational transition lines for OH are very narrow, and lasers 

must be used to achieve the high intensity required over a narrow line. Also, a 

longer path length allows for a lower detection limit, but to be used in ambient 

conditions a path length of 1 km is required to reach high enough sensitivity 

(~1 x 106 molecule cm-3) (Heard and Pilling, 2003). The long path length required 

is now achieved using a multipass setup, which uses two mirrors to reflect light 

back and forth over short distances (Heard and Pilling, 2003). The multipass 

system is better than the use of a single pass system where the light is reflected 

off mirrors kilometres away (the single-pass systems suffers from averaging of 

the airmass being sampled where the concentration of OH is variable across the 

airmass). The multipass does not suffer from this, but maintains the sensitivity 

(Heard and Pilling, 2003). 

DOAS also suffers from a much more complex data analysis compared to FAGE, 

as species other than OH absorb at 308 nm (Heard and Pilling, 2003). This 

means these species must be subtracted from the differential spectrum, the 

largest interference comes from trace gases (e.g. SO2 and HCHO). Also, signal 

from unknown species must be accounted for which leads to an uncertainty in 

the measurements. This makes DOAS less sensitive (1-4 x 106 molecules cm-3, 

3-6 minutes) than FAGE and CIMS. DOAS is also difficult to transport because 

of the complex laser system and optical setup (Heard and Pilling, 2003). DOAS 

now is just used in the SAPHIR (Simulation of Atmospheric PHotochemistry In a 

large Reaction Chamber) chamber at Juelich and retired from the field. 

1.4.3 Fluorescence Assay by Gas Expansion (FAGE)  

FAGE was pioneered by Hard and OôBrien in 1979, and has overcome the O3 

interference suffered by earlier LIF measurements, and is one of the most 

common instruments in the measurement of HOx radicals.  

In FAGE, ambient air is expanded through a pinhole (Ḑ1 mm diameter) into a cell 

that is operated at low pressure (0.7-4 Torr) to reduce the water vapour and to 

allow temporal gating of the laser scattered light (Heard and Pilling, 2003). Earlier 

instruments of FAGE used 282 nm light to excite the (ɜô = 1) Ŷ (ɜôô = 0) transition, 

however, this experienced significant interference from the generation of OH from 

the photolysis of ozone (R1.43) (Heard and Pilling, 2003).  

/ Ὤὺςψς ÎÍᴼ/ $ /  R1.43 
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 All current FAGE setups now use 308 nm light to excite the (ɜô = 0) Ŷ (ɜôô = 0) 

transition, with fluorescence also collected at 308 nm (on-resonance 

fluorescence). The use of 308 nm compared to 282 nm means the O3 interference 

is reduced by a factor of Ḑ30, this is due to a combination of the lower O3 

absorption cross-section and lower quantum yield of O(1D) at this wavelength 

(Heard and Pilling, 2003). Using the transition at 308 nm also increases the 

sensitivity as the OH absorption cross-section is Ḑ6 times higher than at 282 nm 

(Heard and Pilling, 2003). The sensitivity of FAGE is 2 - 5 x 105 (1-5 minutes) and 

1-4 x 106 (30 seconds - 5 minutes) for OH and HO2 respectively. 

In all current FAGE instruments the laser pulse is short (Ḑ30 ï 40 ns) to allow 

distinction between OH fluorescence and the laser pulse (Heard and Pilling, 

2003). The solar light is minimised via the sampling nozzle, and the low pressures 

reduce the Rayleigh scattering. The rate of collisional quenching of OH the 

! ɫ  excited state is decreased because of the decrease in the number density 

of air, extending the fluorescence lifetime (Heard and Pilling, 2003). This extends 

the fluorescence lifetime to several hundred nanoseconds, and longer than the 

laser pulse. The OH fluorescence and scattered light are measured by a gated 

photon counter during a 500 ns integration period (Gate A), commencing 50 ns 

after the end of the laser pulse (Whalley et al., 2010) A small amount of the laser 

and solar scattered light, along with detector dark counts, constitutes a 

background signal to the OH fluorescence in gate A (Whalley et al., 2010). The 

contribution to the fluorescence made by solar is determined by a second photon 

counting gate (Gate B), which is delayed by Ḑ50 µs to allow the laser pulse and 

OH fluorescence to subside (Whalley et al., 2010). The laser scatter in the signal 

(background) is measured by tuning the wavelength on and off, the off-line signal 

gives the background. 

HO2 is measured indirectly by conversion to OH using NO, and detection is 

performed using the method stated above (R1.45). (Heard and Pilling, 2003). 
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 1.4.3.1 Calibration 

In principle, if detailed instrumental parameters were known it is possible to 

calculate the instrument response to [HOx] (Holland et al., 1995), but in practice, 
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this is quite difficult. Instead, FAGE instruments are calibrated by adding a known 

concentration of OH and HO2 into the inlet (Stevens et al., 1994). The signal that 

is observed is proportional to the radical concentration: 

3  #  Ø (/  E1.3 

 
where CHOx represents the calibration factor for either OH or HO2. The most 

common form of calibration uses the photolysis of water vapour in a flow of 

humidified zero air that is delivered to the inlet. A 184.9 nm mercury lamp is used 

to general equal concentrations of OH and HO2 (concentration produced between 

~106 ï 109 molecule cm-3): 
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 The concentration of OH and HO2 can be calculated by: 

/( (/  (/ ʎ ȟ Ȣ ה   & Ȣ  Ô E1.4 

where ʎ ȟ Ȣ   = 7.14 x 10-20 cm2 molecule-1, űOH = 1 and [H2O] is measured 

during the calibration (stated above). The product F184.9 t is determined by 

chemical actinometry which relies on either the photolysis of O2 (laminar flow 

method) to produce O3 (Aschmutat et al., 1994) or N2O (turbulent flow method) 

to produce NO (Faloona et al., 2004), the O3 and NO can then be measured. The 

uncertainty in FAGE measurements largely stems from the accuracy of the 

product of the flux and photolysis time measurements (~15 - 50%) deriving from 

chemical actinometry (Heard and Pilling, 2003). 

1.4.2.2 Interferences 

1.4.2.2.1 OH Interferences 

As discussed earlier significant interference from O3 photolysis was observed in 

a FAGE instrument using 282 nm for detection; whilst the effect has been reduced 

changing to detection at 308 nm but may still be significant. For the 308 nm FAGE 

set-up Griffith et al. (2016) measured an interference up to 

~4 x 106 molecule cm-3. For the Penn State, instrument laboratory experiments 

showed negligible interference in the OH detection range from H2O2, HONO, 

HCHO, HNO3, acetone and various RO2 radical species (Ren et al., 2004). 

Measurements of OH and HO2 radicals are sometimes higher than those 

predicted by the models for instruments measuring in certain environments, 
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especially those affected by high levels of biogenic emissions such as isoprene 

(Lelieveld et al., 2008, Whalley et al., 2011, Wolfe et al., 2011). The traditional 

background method (ñOHwaveò) where the laser wavelength is scanned to 

off resonance does not discriminate between ambient OH and OH generated 

within the cell (interference). However, an alternative chemical method for 

determining the background is called OHchem, where a chemical scavenger for 

OH (C3F6 and propane) is injected into the ambient OH stream. The scavenger 

removes the ambient OH so anything detected within this period must be an 

interference generated within the cells.  

The chemical background method has been used in several previous campaigns. 

The PROPHET (Programme for Research on Oxidants: Photochemistry, 

Emissions and Transport) campaign measured high night-time OH 

concentrations of ~ 1 x106 molecule cm-3. One night during the PROPHET 

campaign the scavenger C3F6 was injected upstream of the OH detection axis for 

~1 h, during this period the average OH concentration measured was 

~1.1 x 105 molecule cm-3 (effectively zero) suggesting the high night-time OH 

measured was due to an interfering species.  

During the BEARPEX-09 (Biosphere Effects on Aerosols and Photochemistry 

Experiment II) the Penn State FAGE instrument took measurements using a 

scavenger system (Mao et al., 2012). The comparison between OHwave and 

OHchem showed that only 40-60% of the OH signal was real. Mao et al. (2012) 

also concluded that the interference was not laser generated as the OH signal 

scaled linearly with the laser power suggesting it is a one-photon process. Also, 

the difference between OHwave and OHchem correlated well with temperature 

(R2 = 0.94), suggesting the interference was related to BVOC oxidation. 

A scavenger system was used in the SHARP (Study of Houston Atmospheric 

Radical Precursors) campaign (Ren et al., 2013). The results showed that ~30% 

(~ 2 x 106 molecule cm-3) of the daytime signal and ~50% 

(~6 x 105 molecule cm-3) of the night-time signal was from an interference. The 

Penn State scavenger system was also used during the SOAS (Southern Oxidant 

and Aerosol Study) that took place in a forest in Alabama (Feiner et al., 2016). 

During the day 75% (~ 3 x 106 molecule cm-3) of the signal was from an 

interference; whilst at night the ~5 x 105 molecule cm-3 was measured through 

OHwave whilst OHchem measurement was below the LOD for the instrument 



32 
 

 

(2 ï 3 x 105 molecule cm-3). During the SOAS campaign, the background signal 

observed to decrease with increasing NO. The background and OHchem signal 

also increased linearly with isoprene.  

The MPIC (Max Planck Institute for Chemistry) FAGE instrument (HORUS, 

HydrOxyl Radical measurement Unit based on fluorescence Spectroscopy) has 

been equipped with an ñInlet Pre-Injectorò (IPI) system. The instrument made OH 

measurements in three separate field campaigns: measurements in a forested 

region of Finland made during the HUMPPA-COPEC 2010 (Hyytiala United 

Measurements of Photochemistry and Particle Air ï Comprehensive Organic 

Precursor Emissions and Concentration study); measurements in Spain 

(DOMINO HOx 2010: Diel Oxidants Mechanisms In relation to Nitrogen Oxides) 

and in Germany during the HOPE 2011 (HOhenpeibenberg Photochemistry 

Experiment) (Novelli et al., 2014). It was found that during the HUMPPA-COPEC, 

DOMINO HOx and HOPE campaign that between 60 ï 80%, 50% and 20 ï 40% 

of the daytime signal was from an interference, respectively. In respect of all three 

of the campaigns, 100% of the night-time signal was from interference. For the 

HUMPPA-COPEC campaign, a strong correlation between OH background 

signal and: temperature (R2 = 0.64); ozone (R2 = 0.49) and a lesser extent OH 

reactivity (R2 = 0.25) (Novelli et al., 2017), was observed. These results further 

support that the interference is caused by sCIs formed from ozonolysis of BVOCs. 

For the HOPE campaign the correlation was much weaker (R2 < 0.26), but the 

addition of SO2 which reacts rapidly with sCIs, reduces the background signal to 

zero, suggesting sCIs were the source of the interference.  

Several interference tests have been conducted for different FAGE instruments. 

Fuchs et al. (2016) mixed ozone and various alkenes, along with a propane as a 

scavenger (up to 1000 ppmv) in a flow tube that was interfaced with the FAGE 

cell nozzle. Interferences were observed, and they were highly correlated with 

the ozonolysis turnover rates (TOR). However, once the concentrations used in 

the experiment were scaled back to ambient values the interference was 

negligible ~3 x 104 molecule cm-3
 of OH at the highest TORs observed in the 

boreal forest (Hakola et al., 2012). The interference increased with a longer inlet, 

higher cell pressure and had no dependence on laser power. The concentration 

of H2O vapour and SO2, which react rapidly with sCIs, was increased and there 

was no dependence suggesting that the interference is not from sCIs which is 
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contrary to other studies (Novelli et al., 2014, Novelli et al., 2017). Similar to 

results from Fuchs et al. (2016), Rickly (2018) found an interference signal was 

observed at high O3 and alkene concentration although the interference was 

negligible when scaled back to ambient concentrations. The interference was 

also not laser generated and increased with longer inlet, although unlike Fuchs 

et al. (2016) an addition of sCI scavenger (CH3COOH) eliminated the 

interference.  

The Peking University (PKU) LIF instrument used an IPI system to test for 

interferences. During the Wangdu campaign that took place in the North China 

Plain (NCP) revealed a small but significant interference of 

0.5 ï 1.2 x 106 molecule cm-3 that contributed to between 9 ï 35% of the OH 

signal (Tan et al., 2017). The highest interference was observed during the 

afternoon/early evening and no trend was observed with kOH, temperature, NO, 

isoprene or ozone (including the product of isoprene and ozone). More extensive 

interference testing was conducted during the BEST-ONE (Beijing winter finE 

particle Study ï Oxidation Nucleation and light Extinctions) campaign that took 

place Jan ï March 2016 (Tan et al., 2018). During the BEST-ONE no significant 

interference was detected.  

Fuchs et al. (2016) also explored an interference caused by NO3 radicals. To 

generate the NO3, NO2 and O3 were injected into the SAPHIR chamber. A NO3 

interference signal was observed for all the radical species, and despite the 

absence of a hydrogen atom a NO3 interference was still seen for OH and was 

equivalent to 1.1 x 105 molecule cm-3 per 10 pptv of NO3. The OH interference 

signal observed in the Juelich instrument showed a linear dependence with NO3, 

and no dependence on inlet length, cell pressure, laser power or humidity. It was 

postulated that a heterogeneous process involving NO3 and H2O absorbed onto 

the cell walls was the source of the interference.  

These results show that, especially in forested environments, significant 

interferences have been observed for some instruments and considering the 

interference for those instruments can improve the measurement-model 

agreement. It also suggests that chemistry in forested environments is better 

understood than previously thought (Feiner et al., 2016, Mao et al., 2012). Also, 

there has been the identification of two potential interferences, from ozonolysis 

and alkenes (Novelli et al., 2014, Rickly, 2018) and NO3 (Fuchs et al., 2016). 
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However, the detected interferences under laboratory conditions are not able to 

explain OH background signal observed under ambient conditions. Also, it should 

be noted that the FAGE instruments are highly variable in design, and this will 

contribute to different interferences observed in different set-ups.  

1.4.2.2.2 HO2 Interferences 

To measure HO2 the addition of NO to the ambient airflow is required, which could 

convert any of the RO2 radicals present into HO2 and then into OH (Stone et al., 

2012). Until recently it was assumed that while this is efficient at low pressures, 

R1.49 is too slow and is a negligible interference (Stone et al., 2012). 
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More recently it has been shown that certain RO2 radicals can interfere with the 

detecting of HO2, especially ɓ-hydroxy RO2 radicals (Fuchs et al., 2011). 

Conversion efficiencies of RO2 to OH were reported to be >80% relative to HO2 

for alkene and aromatic derived RO2 radicals (Fuchs et al., 2011). For the 

isoprene oxidation products methyl vinly ketone (MKV) and methacrolein 

(MACR), the relative sensitivity Ḑ60%. Interference for smaller chain RO2 

(methane and ethane), were found to be <10% (Fuchs et al., 2011). This work 

showed that previous measurements for some groups suffered from significant 

interferences, and was estimated to be >30% of the daytime observation for the 

PRIDE-PRD2006 field campaign (Lu et al., 2012). This interference can be 

corrected for using E1.5 (Whalley et al., 2013) All FAGE designs are different 

between groups, and each have their own level of interference. E1.5 can be used 

to correct for biases from RO2 to calculate the true HO2 concentration by using 

the total HO2 concentration measured (HO2
*).  
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where [HO2] is the true concentration of HO2 and ‌ is the detection sensitivity 

of each RO2 radical. However, to measure the detection sensitivity requires a 

laboratory determination in conjunction with a detailed box model to calculate the 

RO2 mixture. The interference of the instrument can be lowered by decreasing 

either the NO concentration or the reaction time for the conversion of HO2 to OH 
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(Whalley et al., 2013, Fuchs et al., 2011). Decreasing either the NO concentration 

or reaction time also decreased the sensitivity towards HO2 but would still be 

acceptable for atmospheric measurements with the detection limit being on the 

order of 106 molecule cm-3. The total ROx (OH + HO2 + RO + RO2) can be 

measured by converting RO2 into OH in a method called ROxLIF. The ROxLIF 

method works by drawing ambient air into a flow tube held at Ḑ19 Torr with NO 

(Ḑ0.7 ppmv) added downstream to convert ROx into OH (R1.48- R1.50) and then 

CO is added in excess which partitions almost all HOx into HO2 which reduces 

wall losses of OH (R1.51) (Whalley et al., 2013, Fuchs et al., 2008).  
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The outlet of the flow tube is sampled by FAGE and measures OH by the reaction 

of HO2 with NO (R1.50) (Stone et al., 2012). The long residence time in the flow 

tube ensures a high conversion of RO2 to HO2, with similar sensitivities for C1-C3 

linear alkanes, ethane and isoprene which is limited by wall losses. Interferences 

suffered by FAGE instruments are highly dependent on cell design and operating 

conditions (Whalley et al., 2013). Previously it has also been shown that by 

varying the NO flow rate a partial speciation in RO2 methods could be achieved 

between small (C1-C3) alkane RO2 and larger alkane derived RO2 (aromatic and 

alkene) (Whalley et al., 2013). 

1.4.4 HOx Instrument Intercomparisons 

Radical (OH, HO2 and RO2) species are difficult to measure in the troposphere 

due to their short lifetime and low/highly variable concentration. Instrument 

comparison is important for quality assurance in ambient measurements. The 

most recent formal intercomparison campaign, HOxComp, took place in Juelich 

in summer 2005 (Schlosser et al., 2009, Kanaya et al., 2012, Fuchs et al., 2010). 

HOxComp was a blind intercomparison, and during HOxComp there were 3 days 

of ambient measurements and 6 days of measurements within the SAPHIR 

chamber. During the HOxComp campaign 4 LIF, 1 CIMS (ambient only) and 1 

DOAS (chamber only) participated in the campaign. A wide range of NO and 

isoprene mixing ratio were sampled during the campaign. For OH (Schlosser et 

al., 2009) pairwise comparison between each instrument correlated well 

(R2 = 0.75 ï 0.96) yielding slopes between 1.01 ï 1.13 (chamber) and 

1.06 ï 1.69 (ambient). The ambient OH comparison showed more variability 
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between instruments and the suggested differences were caused by 

inhomogeneous sampling and calibration issues. For HO2 good correlations 

(R2
 = 0.82 ï 0.98) were reported, although compared to OH the level of 

agreement varied, with slopes of 0.69 ï 1.26 (chamber) and 0.46 - 2.95 (ambient). 

The variability in the HO2 data was associated with H2O vapour. Since the 

HOxComp campaign, additional interferences, especially in the HO2 

measurement, from RO2 (Fuchs et al., 2011) and NO3 (Fuchs et al., 2016) have 

been reported. 

An intercomparison between the Juelich ROxLIF and MIESR technique was 

conducted in the SAPHIR chamber. In two separate experiments the oxidation of 

CH4 and 1-butene to form CH3O2 and C2H5O2, respectively, was studied. The 

results showed an excellent agreement between the RO2LIF and MIESR 

technique, yielding slopes of 1.02 ± 0.13 (R2 = 0.97).  

During the ARCTAS (Arctic Research of the Composition of the Troposphere 

from Aircraft and Satellites) campaign a HOx intercomparison between LIF and 

(PeR)CIMS was performed in the spring of 2008 (Ren et al., 2012). In general, 

there was a good agreement with slopes of 0.89 (R2 = 0.72) and 0.86 (R2 = 0.72) 

for OH and HO2 respectively. Although the CIMS:LIF OH and HO2 ratio 

decreased and increased, respectively, with increasing altitude, reaching ~0.4 

and ~2 above 9 km. The discrepancies at high altitude were associated with water 

vapour, as the most severe discrepancies were observed at low water vapour 

(<3000 ppmv) that is characteristic of the upper troposphere.  

During the SOAS (Southern Oxidant and Aerosol Study) campaign, an 

intercomparison between a LIF (with chemical background technique, see 

section.2.1.2) and CIMS was performed for OH. Intercomparison slope (LIF vs 

CIMS) was 0.65 (R2 = 0.80). On a diurnal basis, the discrepancies between the 

instrument were highest in the morning and afternoon, which corresponds to the 

time when the OH concentration was below 1 x 106
 molecule cm-3. The 

differences were also associated with low NO and OH concentration, but high OH 

reactivities. 

1.4.4 OH reactivity Measurements 

OH reactivity (kOH) is an important measurement as it is difficult to measure all 

the species that contribute to OH loss, it has been estimated that 104 ï 105 
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organic compounds have been measured in the atmosphere (Goldstein and 

Galbally, 2007). Measurements of OH reactivity can be compared with calculated 

and modelled OH reactivity, and this gives an insight into the unmeasured VOCs. 

The contribution to missing reactivity can be substantial, missing reactivity 

observed during the CLearFLo (Whalley et al., 2016) (15%), TOKYO2003 

(Yoshino et al., 2006) (14%), TOKYO2007 (Chatani et al., 2009) (30%) and 

MEGAPOLI (Dolgorouky et al., 2012) (56%). 

Three main methods are used to measure OH reactivity. The first measurement 

of OH reactivity was using a flow tube with a sliding injector technique (Kovacs et 

al., 2003, Kovacs and Brune, 2001, Ingham et al., 2009, Edwards et al., 2013). 

The flow tube methods use LIF to detect OH following injection of high OH 

concentrations into the flow tube whilst sampling ambient air. OH reactivity can 

be determined using a pseudo first-order decay of OH as a function of the 

residence time. The residence time can be changed by moving the injector 

position. The second technique is the laser flash photolysis pump and technique 

(see section.2.3) which also uses LIF detection of OH. The OH is generated by 

photolysis of O3 followed by the reaction of O(1D) with H2O vapour (R1.3, R1.8). 

The OH signal decay is observed in real-time (Jeanneret et al., 2001).The last 

technique is the comparative rate method (CRM) where OH reactivity is 

measured indirectly by monitoring the change in concentration of a reference 

compound (pyrrole) in ambient and synthetic air exposed to a high concentration 

of OH (Sinha et al., 2008). 

1.4.5.1 OH Reactivity Intercomparison  

Two intercomparison campaigns of different OH reactivity instruments were 

performed at Juelich in the SAPHIR chamber in October 2015 and April 2016 

(Fuchs et al., 2017). The chemical conditions were chosen to be either 

representative of the atmosphere or to test the limitations of the instruments. Four 

different methods for measuring OH reactivity was used in the campaign 

including: CRM (comparative rate method), flow-tube LIF from PSU 

(Pennsylvania State University), CIMS and LP-LIF (laser photolysis ï laser 

induced fluorescence). The CRM instruments during the campaign were called 

MDOUAI, LSCE and MPI (Max Plank Institute). The LP-LIF instruments used 

during this campaign were called Lille LP-LIF, Leeds LP-LIF, FZJM LP-LIF and 
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FZJS LP-LIF. The CIMS instrument used during this campaign was called DWD 

CIMS.  

During several experiments only CO and CH4 were present under dark conditions 

(no photochemistry), the tested range of k(OH) was up to 150 s-1
. The comparison 

between measured k(OH) and calculated showed a good agreement, the slopes 

varied between 0.98 ï 1.17 (R2 > 0.8) for most instruments. The mean of the 

relative absolute difference between measured and calculated OH reactivity was: 

32 ï 48% for CRM; 19% PSU LIF; 8 ï 11% for the LP-LIF and CIMS.  

The second set of experiments included VOCs (isoprene, 1 -pentane, o-xylene 

and toluene), NO2 and CO. For most instruments, the agreement between the 

measured and calculated was as good as for experiments with CO/CH4 only, 

yielding slope between 0.94 ï 1.07 (R2 > 0.8). However, the CIMS gave larger 

deviations from calculated OH reactivity in these experiments, yielding a slope of 

0.73 (R2 = 0.91), and the deviation between calculated and measured OH 

reactivity increased at higher reactivity. The deviation was attributed to 

instrumental instability from the CIMS reactant ion counts (NO3
-). In another 

experimental alongside the isoprene, 1-pentane, o-xylene, toluene, NO2 and CO; 

MVK, MACR and acetaldehyde (all oxidation products of VOCs in the previous 

mixture) was also injected. The LP-LIF instruments were not affected by these 

species. Also, the flow tube LIF instrument and the CRM by MPI gave similar 

values within 10 ï 20%. The LSCE and MDOUAI CRM instruments were affected 

significantly, especially for the experiments with acetaldehyde, and Fuchs et 

al., (2017) suggested that the presence of oxygenated VOCs may cause 

additional complications in the CRM reaction system. 

In a third test, the chamber either had a mixture of monoterpenes/sesquiterpenes 

injected or real plant emission flushed into the chamber. This experiment also 

included the ozonolysis reactions of terpenes. A high linear correlation between 

LP-LIF instruments yielding slope between 0.96 ï 1.08 (R2 > 0.96), and no 

systematic difference was observed when O3 was present, hence no difference 

when ozonolysis products were present. The measurements by the flow-tube 

PSU instrument were 10 ï 15% lower than the reference instrument when 

monoterpenes/sesquiterpene were not present but 20% higher when emission 

was flushed into the chamber. The differences observed for the flow tube PSU 

instrument did not depend on whether O3 was present. Fuchs et al., (2017) 
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suggested the differences for the flow-tube PSU instrument may be caused by 

instrumental problems (laser and electronics driving the movable OH source). 

The agreement between the CRM and LP-LIF instrument is worse during these 

experiments, the R2 for different CRM instrument varied between 0.48 ï 0.72. 

The agreement for the CRM instruments is even worse during the ozonolysis 

experiments when the CRM measured 5 times lower than the LP-LIF instruments. 

Although the difference does vary between CRM instruments, all instruments 

measured lower than LP-LIF instruments. Fuchs et al., (2017) suggested that 

since the CRM instruments have longer residence time (5 to 6 s) compared to the 

LP-LIF (0.5 ï 4 s) the monoterpenes/sesquiterpenes may stick to the walls, 

leading to a lower measured reactivity.  

Finally, the OH reactivity in the presence of NO was tested as NO can affect 

measurements of OH reactivity due to recycling of OH by the reaction of 

HO2 + NO. The NO concentration was increased stepwise up to 120 ppbv. OH 

reactivity from the Leeds LP-LIF agrees well with calculated OH reactivity below 

20 ppbv. However, the Leeds LP-LIF values are increasingly lower with 

increasing NO. The lower measured OH reactivity measured by the Leeds LP-

LIF instrument was, unlike other LP-LIF groups, fitted with a single exponential 

rather than a bi-exponential hence not considering NO recycling. The PSU LIF 

instrument tended to underestimate the reactivity values with increasing NO, with 

a maximum relative difference of 20%. The relative difference between measured 

OH reactivity for DWD CIMS and the reference (FZJS LP-LIF) increase with 

increasing NO, up to a factor of 1.3 for 10 to 20 ppbv. The difference between 

MWM CIMS and FZJS LP-LIF demonstrates the limitation of the CIMS instrument 

in its current configuration under high NO conditions.  

1.5 ROx measurements and Model Comparisons 

Comparison of model simulation with observations allow us to assess our current 

understanding of the atmosphere. Models can vary in complexity for their 

treatment of different atmospheric processes, from detailed chemistry zero-

dimensional box models that neglect physical processes to 3-D global chemistry-

climate models that simulate transport and mixing effects and incorporate 

simplified chemistry.  
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1.5.1 Box model mechanisms 

The short lifetimes of OH and HO2 mean that their concentrations are controlled 

by local in-situ chemistry, and not via transport processes and makes them ideal 

for testing the mechanism of chemical models (Stone et al., 2012). 

Zero-dimensional models can be used to describe the chemistry of OH and HO2 

without having to include transport (Stone et al., 2012). Models can be used to 

compare with the results from various field campaigns. The models are highly 

constrained to the field data for long-lived species and photolysis rates, these 

models can require thousands of reactions and chemical species to adequately 

describe the photo-oxidative degradation of VOCs (Stone et al., 2012). 

1.5.2 HOx Measurement-Model comparisons 

This section will summarise the comparisons of modelled HOx to field 

measurements in urban environments.  

1.5.2.1 Wintertime Urban Environments 

1.5.2.1.3 PUMA 

OH and HO2 measurements were made during the winter PUMA (Pollution of 

Urban Midland Environments) campaign in Birmingham using FAGE. The 

average midday maximum of the OH and HO2 measurements was 2 x 106 cm-3 

and 3 x 108 cm-3 respectively (Heard et al., 2004). A zero-dimensional box-model 

based on the MCM (Master Chemical Mechanism) was used to calculate OH and 

HO2 concentration and compared to the measurements, and in both cases the 

model underpredicted the concentrations of the radicals (Heard et al., 2004).  

The important initiation, termination and propagation reactions are shown in 

Figure 1.12, and shows that O3 + alkenes are the main contributor for OH initiation 

in winter, which is generally not considered a large source of radicals in winter 

(Heard et al., 2004). HONO was not measured during the PUMA campaign so 

the contribution from HONO photolysis should be considered a lower limit. 
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Figure 1.12 Reaction cycle showing the main initiation, propagation and 
termination steps for OH, HO2 and RO2 radicals for the PUMA campaign in 
Birmingham. The first number in italics is an average for summer (1999) and 
the second is the average for winter (2000). The values are given in units of 
105 molecules cm-3 s-1. Diagram copied from Heard et al. (2004). 

1.5.2.1.4 NACHTT 

Measurements of OH were made in Boulder, Colorado in February 2011 (Kim et 

al., 2014). The average midday maxima was 2.7 x 106 molecule cm-3.  HONO 

was the dominant primary source of radicals contributing 80.4%, with ozonolysis 

(4.9%) and ozone photolysis (14.7%) contributing the rest. The UWCM 

(University of Washington Chemical Mechanism) underpredicted the OH 

concentration by 1.3 in the morning (09:00 ï 11:00). The impact of Cl atom 

chemistry was also assessed by constraining the model to measured ClNO2, the 

Cl atom concentration produced in the model ~103 molecule cm-3 and the Cl 

concentration was too low to perturb the OH concentration (Kim et al., 2014). 

1.5.2.1.5 IMPACT 

OH and HO2 radicals were measured using FAGE in Tokyo during January and 

February 2004. The average maximum concentration of OH and HO2 measured 

during the campaign was 1.5 x 106 cm-3 and 0.27 x 108 cm-3
, respectively (Kanaya 

et al., 2007a). The RACM (Regional Atmospheric Chemistry Model) box model 

was used to compare to the measured radical values, to see how well the 

tropospheric chemistry is understood in urban environments. In general, the 

observed daytime OH was reproduced well by the model, but the model tends to 
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underestimate daytime HO2 (Kanaya et al., 2007a). The budget for the radical 

species was assessed (OH + HO2 + RO2) for a smog event on the 29th of January. 

This budget showed that the reaction of O3 + olefin was the dominant reaction 

during night and daytime (Kanaya et al., 2007a). During the day photolysis of 

carbonyls (e.g. HCHO and CH3CHO) was more important than the photolysis of 

O3 which only contributed 3% at noontime. The importance of carbonyl photolysis 

was highlighted during the PUMA campaign in Birmingham (see 

section.1.5.2.1.3). HONO photolysis made no impact on the net production of 

radicals as it was compensated by OH + NO (Kanaya et al., 2007a). 

1.5.2.1.6 PMTACS-NY2001 

OH and HO2 was measured in New York City during wintertime (Jan ï Feb) using 

FAGE. The mean OH and HO2 concentrations that were measured during the 

PMTACS-NY (PM2.5 Technology Assessment and Characterization Study New 

York) was 1.4 x 106 cm-3 and 0.17 x 108 cm-3 respectively (Ren et al., 2003b). 

The RACM zero-dimensional box model was used to compare the model results 

with the measurements. The model generally reproduced daytime OH well, 

however, HO2 was significantly underestimated especially at high NO 

concentrations (Ren et al., 2003b). The photolysis of HONO is the major daytime 

source, whilst O3 alkenes reactions were the major night-time source. The 

discrepancy between the measured and modelled results could arise from a 

missing HOx production source that is either an unknown new HOx source or 

unknown HO2 recycling that does not proceed via OH (Ren et al., 2003b). The 

PUMA, IMPACT IV and PMTACS show an underprediction of HO2 especially at 

high NOx, although these measurements were made before the discovery that 

significant interference in the HO2 values may be present, this may reduce the 

measured values and bring them closer to the values predicted the models (Ren 

et al., 2003b). 

1.5.2.1.1 BEST-ONE 

Measurements of OH, HO2 and RO2 were made in Huairou (60 km Northeast of 

Beijing) in January to March 2016 as a part of the BEST-ONE campaign (Tan et 

al., 2018). The average midday OH concentration in clean and polluted air (k(OH) 

> 27 s-1) was 3.6 x 106 molecule cm-3 and 2.4 x 106 molecule cm-3, respectively. 

The RACM2 was used to simulate the radical concentration under polluted 

periods the model underpredicted the OH concentration by 1.6 and the HO2 and 
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RO2 by up to a factor of 5. During clean periods the RACM2 model could 

reproduce OH, HO2 and RO2 within a ratio of 1.5. The photolysis of HONO, 

ozonolysis and photolysis of carbonyls produced 46%, 28% and 24% of the 

primary radical production.  

1.5.2.1.7 PKU 

OH and HO2 measurement were made during winter, November/December 2017, 

at the Peking University campus (Ma et al., 2019). The daily maxima of OH for 

clean and polluted ([CO] > 1 ppmv) periods was 2.0 x 106 molecule cm-3 and 

1.5 x 106 molecule cm-3. The daily maxima of HO2 for clean and polluted periods 

was 0.4 x 108 molecule cm-3 and 0.3 x 108 molecule cm-3, respectively. The 

RACM2-LIM1 mechanism during clean periods could reproduce the OH 

concentration but underpredicted HO2 by 50%. During polluted periods, OH and 

HO2 concentrations were underestimated by 50% and 12-fold, respectively. The 

underprediction of OH and HO2 has a strong dependence on NO, with a higher 

underprediction with increasing NO. The major primary source of radicals during 

clean and polluted periods is HONO contributing 84% and 94%. The major 

termination pathway is through the reaction of OH with NOx. 

1.5.2.2 Summertime Urban Environment 

1.5.2.2.1 PRIDE-PDR2006 

OH and HO2 measurements were made during the PRIDE-PRD2006 campaign 

in 2006 (Program of regional Integrated Experiments of Air Quality over the Pearl 

River Delta) in a rural site that is downwind of the megacity Guangzhou (Lu et al., 

2012), the - is shown in Figure 1.13. The daily maximum of OH concentration 

observed reached (15 - 26) x 106 cm-3 and HO2
* (3 - 25) x 108 cm-3.  
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Figure 1.13 Time series of 5 min-average measured (red) and simulated 
concentration (blue) of OH and HO2

* for the PRIDE-PRD2006 campaign. 
Figure copied from Lu et al. (2010). 

The RACM-MIM-GK chemical model was applied, coupled with the Leuven 

Isoprene Mechanism (LIM) (Lu et al., 2012). The Leuven isoprene mechanism 

recycles HOx with high efficiency at low NO. The mechanism proposes a fast 

interconversion of isoprene hydroxyperoxy radical isomers, some of which 

undergo fast 1,6-H shift, followed by reaction with O2 (Lu et al., 2013). This 

favoured reaction is expected to form HO2 and hydroperoxyaldehydes (HPALDs) 

(Lu et al., 2013). The HPALDs are assumed to undergo decomposition that leads 

to the formation of one HO2 and up to three OH radicals. The mechanism is more 

important in forested environments when comparing to field data as levels of 

isoprene are higher (Lu et al., 2013). The measurement of k(OH) is reproduced 

well (within 20%) which shows that the model simulates total OH sinks well. The 

agreement between measured and modelled k(OH), but underprediction of 

observed OH, indicates that at low NOx (afternoon) there is a missing OH 

production source (Lu et al., 2012). The model has been able to simulate HO2
* 

(HO2 + complex RO2) well, the model indicates that interference from RO2 is small 

in the morning and becomes large contributions in the afternoon with a daily 

average of 30% (Lu et al., 2012). 

Table 1.4 shows various model scenarios used in (Lu et al., 2013).  
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Simulation Chemical Mechanism 

M0 RACM-MIM-GK (base case) mechanism 

M1 as M0, with generic recycling reactions added: 

2/ 8O (/ 

 

R1.52 

(/ 8O /( 

 

R1.53 
 

M2 as M0, with a single generic recycling reaction added: 

(/ 9O /( 

 

R1.54 
 

M3 as M0, with additional OH-forming channels in reactions of acyl peroxy 
+ HO2 and ɓ-keto peroxy + HO2 reactions. 

M4 as M3, with the OH-reforming mechanism in which reactions of OH with 
isoprene hydroxyhydroperoxides produce epoxides and prompt OH 

M5 as M4, with the LIM0 scheme incorporated, in which isoprene 
hydroxyperoxy radicals produce prompt HO2 and HPALDs, followed by 
HPALDs photolysis. 

Two variants are tested: 

Á (0!,$ÓὬὺO /(  (/ ÐÒÏÄÕÃÔÓ 

 

R1.55 

Â (0!,$ÓὬὺO σ/( (/ ÐÒÏÄÕÃÔÓ 

 

R1.56 
 

M6 as M3, with OH-formation from the reaction of isoprene hydroxyperoxy 
radicals with HO2. 

Two variants are tested: 

Á)3/0(/ᴼς/( ÐÒÏÄÕÃÔÓ 

 

R1.57 

Â)3/0(/ᴼτ/(ÐÒÏÄÕÃÔÓ R1.58 
 

M7 MCMv3.1 

Table 1.4 Chemical mechanism used in box models simulation of HOx for 

PRIDE-PRD2006. Reproduced from Lu et al.(2012). 

The results from the different model scenarios are shown in Figure 1.14. M1 is 

the simplest solution to the additional recycling of OH in low NOx and the 

concentration of X to bring the model and measured results to unity is 0.8 ppb of 

X. M2 with additional recycling using species Y (R1.54) can also explain the 

discrepancies between model and results, and both using additional recycling 

from X and Y (Lu et al., 2012). The MCM (M7) agrees well with the base model 

(M1), and this demonstrates that the underprediction of OH is not from 

RACM-MIM-GK model lumped VOC chemistry (Lu et al., 2012). The addition of 

acyl peroxy and ɓ-keto peroxy made little difference to the model result. Also, for 
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model runs M3 and M4 are almost indistinguishable from M0. M5 and M6 

calculate significantly larger OH concentration than M0, although none of these 

reactions can reproduce OH over a range of NOx conditions (Lu et al., 2012). 

 

 

Figure 1.14 Comparison of measured and modelled concentrations of a) OH, b) 
HO2

*, c) HO2 and d) RO2 with six different scenarios described above. The 
results for M0, M3 and M4 and indistinguishable. Figure copied from Lu et 
al. (2012). 

1.5.2.2.2 CAREBeiijing 

The CAREBeijing2006 campaign measured at the suburban site Yufa in the south 

of Beijing in summer 2006. The concentration of OH and HO2 were measured 

using FAGE, no RO2 measurements were taken during this campaign and the 

HO2 interference from RO2 was estimated (Lu et al., 2013). The concentration 

maximum was (4 - 17) × 106 cmī3 for OH and (2-24) × 108 cmī3 for HO2 (including 

a model estimated interference of 25% from RO2). The OH reactivity during the 

day were generally high, 10ï30 sī1, with contributions from VOCs and their 

oxidation products. The air chemistry was mostly influenced by aged air pollution 

in slow winds from the south. The modelled and measured HOx concentrations 

reveal a systematic overprediction of OH as a function of NO. The largest 
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discrepancy of a factor of 2.6 is found at the lowest NO concentration 

encountered (0.1 ppb), whereas the discrepancy became insignificant above 

1 ppb NO (Lu et al., 2013). The discrepancy at low NO concentrations is similar 

to the observations found during the Wangdu campaign (discussed in 

section.1.5.2.2.8). The OH discrepancy can be resolved if NO-independent 

recycling is assumed, also the inclusion of the postulated Leuven isoprene 

Mechanism (LIM) can explain the gap.  

The model used in this campaign was RACM-MIM-GK which is derived from 

Regional Atmospheric Chemical Mechanism (RACM), with the addition of a 

condensed version MIM (Mainz Isoprene Mechanism). It also included reactions 

that recycles OH without NO including; carbonyl peroxy radicals with HO2 and 

isoprene epoxide chemistry. Although these changes made little impact on the 

results of the model. An additional model was run that included species X and Y 

(R1.52 - R1.54) for recycling to OH without NO, which has been proposed 

previously as sources of missing OH (Lu et al., 2012). 

2/ 8O (/ 

 

R1.52 

 
(/ 8O /( 

 

R1.53 

(/ 9O /( 

 

R1.54 

 
 

The MCMv3.2 was used as a bench test for the models that were run earlier. A 

good agreement is achieved with the inclusion of additional OH recycling 

reactions. The RACM-MIM-GK and the MCMv3.2 agree well, which shows that 

higher levels of chemistry detail available in the MCM does not influence the 

discrepancies between modelled and measured results. 

1.5.2.2.3 PUMA 

The OH and HO2 concentration was measured in June/July 1999 in Birmingham 

as a part of the PUMA campaign (Emmerson et al., 2005). The daily maxima in 

OH concentration varied between 2 ï 9 x 106 molecule cm-3; and the HO2 daily 

maxima varied between 1.5 ï 10 x 108 molecule cm-3. The Master Chemical 

Mechanism (v3.1) was used to compare with the measurements and showed that 

the measured:modelled ratio was 0.58 and 0.56 for OH and HO2 respectively.  

The primary radical formation from HONO, O1D + H2O and ozonolysis contributed 

39%, 24% and 46%, respectively, to the total primary OH formation.  
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1.5.2.2.4 ClearfLo 

OH, HO2 and RO2 were measured during the ClearfLo project in London 2012 

(Whalley et al., 2018). the HO2 measurement was made using a low flow of NO 

(7.5 sccm) which laboratory studies have shown minimalizes the interferences 

from alkene and aromatic-derived RO2 species (Whalley et al., 2013). During this 

campaign, a detailed budget analysis of HONO was made and it revealed a 

missing daytime source (Lee et al., 2015b). The missing HONO sources 

correlates with the product of j(NO2) with other species, in particular j(NO2) and 

the product of NO2 with OH reactivity. This suggests this missing source is linked 

to NO2 and sunlight is involved in the mechanism. When the photosensitized 

surface conversion of NO2 is increased by a factor of 10 but varies as a function 

of j(NO2) this closes the daytime budget for HONO apart from in the late afternoon 

(Lee et al., 2015b). This suggests that urban surfaces may increase the 

production of HONO by enhancing the photosensitized (source from a surface 

exposed to light) source (Lee et al., 2015b). 

(/./Ὤὺʇ τππ ÎÍᴼ/( ./  R1.9 

 

 

As shown by R1.9, HONO is an important source of OH during the day. Rate of 

production analysis (ROPA) was used for OH radicals to assess the importance 

of HONO and the missing HONO source (Figure 1.15) (Lee et al., 2015b). It 

shows that HONO is an important source in the early morning contributing 30-

40% and is second to NO + HO2. This is due to the build-up of HONO in the night 

when sunlight is absent. At solar noon HONO unconstrained accounts for 40% of 

the OH radical sources and 57% of the HOx initiation sources (Lee et al., 2015b). 

The photolysis of O3 is only a minor source throughout the day peaking at a 

contribution of 10%. The model can be constrained to the measured HONO and 

the OH production rate increases by Ḑ20% compared with the modelled HONO, 

which shows that missing radical sources are important to HOx production at 

ground level. This can be shown in Figure 1.16 when the model PSS-calculated 

HONO (OH + NO source only) OH is underpredicted by Ḑ40% when known and 

postulated sources of HONO was added the predicted OH was increased by 

1.4 - 1.6 during the day (Lee et al., 2015b). Although in the late afternoon there 

is still an underprediction of OH by Ḑ20-30% suggesting further missing OH 

source (Lee et al., 2015b). 
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Figure 1.15 Average diurnal profile of gross OH production rates from different 
initiation and propagation sources calculated by the model. Figure copied 
from Lee et al. (2015). 

 

 

Figure 1.16 Average diurnal profile of OH showing measured (black), modelled 
with unconstrained HONO (green), modelled unconstrained with additional 
HONO sources (blue) and modelled constrained to measures HONO (red). 
Figure copied from Lee et al. (2015). 

 

1.5.2.2.5 PMTACS-NY2001 

OH and HO2 were measured as a part of the PMTACS-NY2001 campaign in New 

York in 2001 (Ren et al., 2003a). The daytime maxima of OH and HO2 varied 

between 5 ï 20 x 106 molecule cm-3 and 0.4 ï 6 x 108, respectively. Relatively 
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high OH was measured during the night-time (~0.8 x 106 molecule cm-3). and was 

consistently above the LOD for OH and HO2 of 3.0 x 105 molecule cm-3 and 

2.5 x 106 molecule cm-3. The RACM model was able to reproduce OH well during 

the day with a measured:model ratio of 1.1; whilst at night the model 

underpredicted the radical concentration. The HO2 could be reproduced well by 

the model with a measured:model ratio of 1.24 for both day and night. The 

production of radical was from: photolysis of HONO (34%); ozonolysis (27%); 

photolysis of HCHO (9%) and O1D + H2O (30%) (Ren et al., 2003a). 

1.5.2.2.6 MCMA 

Measurements of OH and HO2 were made during the Mexico City Metropolitan 

Area (MCMA) field campaign in March 2006. Maximum OH concentrations 

observed varied between 2.0 × 106 and 1.5 × 107 molecule cmī3, and the 

maximum daily HO2 concentration ranged from 5.6 × 107 to 4.5 × 108 molecule 

cmī3 (Dusanter et al., 2009).  The RACM model highlighted that measured 

concentrations of OH and HO2 were underpredicted during the morning hours 

and HO2/OH ratios underestimated when the NO mixing ratios were above 5 ppbv 

(Dusanter et al., 2009). These observations suggest missing sources of radicals 

in polluted environments and that under high NOx concentrations a process 

converting OH into HO2 is missing from the model. The elevated levels of HOx 

during the morning coincided with high measurements of benzene and toluene, 

and is suggesting that the elevated HO2 may be linked to oxidation capacity of 

aromatics under high NOx (Dusanter et al., 2009) because OH is overestimated 

in the afternoon by Ḑ1.7. The model predicts that HONO (35%), photolysis of 

HCHO (24%), O3-alkene reactions (19%) and photolysis of dicarbonyls (8%) are 

the main sources of radicals (Dusanter et al., 2009). 

1.5.2.2.7 IMPACT-L 

The OH and HO2 concentration was measured in Tokyo in July/August 2004 as 

a part of the IMPACT-L campaign (Kanaya et al., 2007a). The average daily 

maxima OH and HO2 concentration was 6.3 x 106 molecule cm-3 and 

2.31 x 108 molecule cm-3
. The RACM was used to simulate the radical 

concentrations and the modelled:observed ratio for OH and HO2 was 0.86 and 

1.29, respectively, showing an underprediction for OH and an overprediction for 

HO2. The average production channels were not assessed for this campaign, but 

on the 8th August, the major primary production channels were O1D + H2O (30%), 
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photolysis of HONO (9%), ozonolysis (3%), photolysis of carbonyls (18%) and 

photolysis of HCHO (22%) (Kanaya et al., 2007a).  

1.5.2.2.8 Wangdu 

The most recent published summer campaign in China took place in Wangdu 

2014, using FAGE to measure OH, HO2 and RO2. Daily maximum concentrations 

between (5-15) × 106 cmī3, (3-14) × 108 cmī3 and (3-15) × 108 cmī3 for OH, HO2 

and RO2 respectively (Tan et al., 2016). The Regional Atmospheric Chemical 

Mechanism version 2 (RACM) box model is used to compare measured and 

modelled results. Figure 1.17 shows that modelled and measured OH 

concentrations agree for NO mixing ratios higher than 1 ppbv, but discrepancies 

occur in the afternoon for NO mixing ratios of less than 300 pptv (Tan et al., 2016). 

If additional OH recycling equivalent to 100 pptv NO is assumed, the model is 

also capable of reproducing the observed OH concentrations for high VOC and 

low NOx concentrations with a good agreement for HO2 and RO2 (Tan et al., 

2016). 

Observed RO2 are underestimated in the morning by a factor of 3 to 5, the 

underprediction occurs when there is high NO concentration ([NO] > 1 ppbv) (Tan 

et al., 2016). The underprediction of RO2 suggests there is a missing source of 

peroxy radicals in the model and increasing the VOC concentration decreases 

the discrepancy between measured and modelled results (Tan et al., 2016). The 

underestimation of RO2 leads to the underestimation of O3 at high NOx. OHchem 

was used during this campaign, the differences between OHwave and OHchem 

(see section 2.4.4) varied between 0.5 × 106 and 1 × 106 cmī3 (average: 

(0.85 ± 0.3) × 106 cmī3), which is in the order of 10% of the total OH signal during 

daytime when no scavenger is present (Tan et al., 2016). The differences are 

with 2ů systematic error of SOH (OH signal) and are at the limit of detection for 

the instrument. These differences can either be from error in the determination of 

SOH or an unknown OH interference. Like the CAREBeijing and PRIDE-

PRD2006, the model starts to underpredict HO2 above ~ 3 ppbv of NO. 
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Figure 1.17 NO dependence of OH, HO2 and the RO2 concentrations and 
instantaneous ozone production rate for daytime conditions. OH is 
normalised to average j(O1D) value (1.5 x 10-5 s-1). Figure copied from Tan 
et al. (2016). 

1.5.2.2.9 CalNex 

Measurements of HOx were made at a Pasadena ground site during the CalNex-

LA 2010 campaign using LIF (Griffith et al., 2016). The OH and HO2
* 

concentrations exhibited a distinct weekend effect with higher radical 

concentrations being measured during the weekend corresponding with low NOx 

(Griffith et al., 2016). The RACM-2 model was used to simulate the radical 

concentrations and the model overpredicted OH concentrations during the 

weekends by a factor of Ḑ1.4 ± 0.3 but agreed better during weekdays 
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(Ḑ1.0 ± 0.2) when NO mixing ratio greater than 4 ppbv (Griffith et al., 2016). The 

model underpredicted HO2
* by a factor of Ḑ1.3 ± 0.2 on the weekends and 

weekday concentration was underpredicted by Ḑ3.0 ± 0.5 (Griffith et al., 2016). 

Increasing the modelled OH reactivity to match the measured OH reactivity during 

the campaign improved the general overall agreement between modelled and 

measured results. Due to this difference in measured and model OH reactivity, it 

suggests that the discrepancies may be related to incomplete characterisation of 

reactive trace gases (Griffith et al., 2016). Even with constraining the model to 

observed OH reactivity, HO2
* on weekdays are still underpredicted by 2.0 ± 0.5. 

The underprediction of HO2
* on weekdays leads to an underprediction of HO2

*/OH 

at a higher mixing ratio of NO, this suggests that the propagation chemistry of 

RO2 is not being understood well by the model. This could be due to simplified 

propagation chemistry that is used in the RACM-2 model or segregation of peroxy 

radicals and NO in these airmasses (Griffith et al., 2016). HONO photolysis 

accounted for 26-30% of radical initiation; photolysis of formaldehyde and 

carbonyl accounted for 40% and O3 only accounted for 15% of the radical 

initiation (Griffith et al., 2016). 

1.5.2.2.10 MEGAPOLI 

OH and the sum of (HO2 + RO2) radical measurements were made during the 

summer MEGAPOLI campaign in Paris using a CIMS (Michoud et al., 2012).  OH 

and (HO2 + RO2) showed an average daytime maxima of 5 × 106 and 

1.2 × 108 molecule cm-3, respectively (Michoud et al., 2012). The MCMv3.1 was 

used to calculate the radical concentrations and this lead to an overestimation of 

12% and 5% for OH and (HO2 and RO2) respectively (Michoud et al., 2012). This 

shows that modelled and measured results agree well within error. A radical 

budget analysis was also conducted and indicates that HONO photolysis (Ḑ35%), 

O3 photolysis (Ḑ23%), and aldehydes and ketones photolysis (Ḑ16% for HCHO 

and 18% for others) are the main pathways for radical initiation (Michoud et al., 

2012). 

A comparison between measured and modelled HONO using the 

PhotoStationary State (PSS) approach was made during both the winter and 

summer campaign (Michoud et al., 2014). The comparison of these results 

showed that the model underestimated the amount of HONO, and made evident 
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there was a missing HONO source (Michoud et al., 2014). This missing source 

shows a correlation with j(NO2) and the product of j(NO2) and soil moisture, this 

implies that the missing source is photolytic and occurring at the ground surface 

(Michoud et al., 2014). 

1.5.2.2.11 SHARP 

The OH and HO2 concentration was measured in April/May 2009 as a part of the 

SHARP campaign (Ren et al., 2013). The average daily maxima OH 

concentration of OH and HO2 measured was 9.3 x 106 molecule cm-3 and 

4.9 x 108 molecule cm-3. The OH and HO2 concentration was replicated very well 

by the RACM with a modelled:measured ratio of 0.95 and 0.98. The OH and HO2 

concentration is underpredicted by the model at higher NO concentration. The 

major primary sources of radical during the SHARP campaign was: O1D + H2O 

(30%), photolysis of HONO (22%), ozonolysis (13%), photolysis of carbonyls 

(15%) and photolysis of HCHO (14%).  

1.5.2.2.12 TRAMP 

The TRAMP campaign measured OH and HO2 in Aug/Oct in 2006, the campaign 

took place in Texas. The average daily maxima of OH and HO2 was 

1.5 x 107 molecule cm-3 and 1.2 x 108 molecule cm-3, respectively. The RACM 

model was used to simulate the radical concentration and the 

modelled:measured ratio was 1.6 and 1.37 for OH and HO2, respectively, 

highlighting an overprediction of both radical species by the model. The model 

tended to overpredict the radical concentration below 0.4 ppbv of NO and 

underpredict the radical concentration above 0.4 ppbv. The major primary source 

of radical during the campaign was: O1D + H2O (24%); photolysis of HONO 

(25%); ozonolysis (10%) and the photolysis of carbonyls (37%, including HCHO).  

1.6 Summary 

This introduction has highlighted the important air quality pollutants include SO2, 

NO2, O3 and particulate matter (PM) and the effect/damage they can have on 

health. The fundamental reactions controlling oxidation chemistry and formation 

of secondary pollutants including O3 and SOA. The trend in air pollutants in 

China/Beijing has shown that PM, SO2 and NOx have decreased; whilst O3 has 

been increasing. The different techniques for measuring OH, HO2 and RO2 has 
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been outlined with a focus of the FAGE method. A summary of different ROx 

measurements and comparison with box models for urban environments in the 

summer and winter has been explored. The comparison between measured and 

modelled values highlights missing understanding in high NO (above 3 ppbv) and 

low NO (below 1 ppbv). The radicals (OH, HO2 and RO2) under high NO 

environments tend to be underestimated; whilst under low NO conditions, the 

model tends to overpredict the HO2 (except during the PRIDE-PRD2006 

campaign) concentration and suggests that under low NO there is a missing 

source of OH. 

1.7 Structure of Thesis 

In the next chapter details of the experimental procedure conducted as part of 

this work are given, with a large focus on the description of the Leeds University 

of ground-based FAGE instrument. This section will include details of calibration, 

general running conditions, measurement uncertainties and the data workup 

procedure. Chapter 3 will explore instrument developments including: 

characterisation of the losses of OH and HO2 on the inlet pre-injector (IPI); O3 

interference experiment; NO3 interference experiment and theoretical calculation 

for the IPI internal losses. Chapter 4 will compare measurements of OH, HO2, 

RO2 and OH reactivity made in central Beijing during winter-time with several 

model scenarios and simple photostationary steady-state. The chapter will 

explore the measured and modelled radical concentration dependence on NO 

and also a comparison of radical measurements in and outside haze events. The 

impact of unconstraining the model to HONO and also the contribution of OH + 

NO to HONO formation.  Finally, we compare calculated in-situ production rates 

of O3 using measured and modelled radical values. 

Chapter 5 will compare measurements of OH, HO2, RO2 and OH reactivity made 

in central Beijing during summer-time with several model scenarios and a simple 

photostationary steady-state calculation. The chapter will explore the possible 

source of OH interference observed sometimes during the campaign. Also, the 

measured and modelled radical concentration dependence on NO will be 

explored, with different model scenarios used to try and reconcile measurements 

with model, including a representation autoxidation. The impact of unconstraining 

the model to HONO and the contribution to HONO formation from OH + NO will 
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be discussed. The impact of including Cl atom chemistry in the model will also be 

explored. The missing OH reactivity observed during the campaign will be 

explored and will also show the impact of filling the missing reactivity with different 

species. And finally, we compare calculated in-situ O3 production rates using 

measured and modelled radical values. 

Chapter 6 will be a comparison between measurements of radical species in both 

summer and wintertime, and how well the model performs under different NOx/O3 

regimes. It will compare the impact of similar model scenarios including: 

constraining the model to HO2; changing the RO2 + NO rate constant; the impact 

of unconstraining the model to HONO and the contribution to HONO formation 

from OH + NO. Chapter 6 will also compare the calculated in-situ ozone 

production rates during summer and winter using measured and modelled radical 

values. Finally, Chapter 6 will explore the impact of HO2 uptake in summer and 

winter and show the effect on in-situ O3 production. Chapter 7 will compare OH 

and HO2 measurements made from two different FAGE instruments: the Leeds 

University ground-based instrument and Peking University FAGE instrument. 

This chapter will include time-series, diurnal and correlation comparison between 

the two instruments. Chapter 7 will also explore the reason for differences 

between the two-instrument including: NO segregation; chemical conditions and 

calibration differences. Finally, the overall conclusion of this thesis and 

suggestions for future work will be presented in Chapter 8. 
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2. Experimental 

All the data presented in this work has been obtained using instruments housed 

inside the University of Leeds Atmospheric Research shipping container, which 

acts as a mobile laboratory and normally resides at the School of Chemistry 

except during fieldwork periods. The container houses several instruments for 

ambient measurements of OH, HO2, RO2 and other species including O3, NOx 

and photolysis rates. A schematic for the Leeds shipping container is shown in 

Figure 2.1. The majority of the container, including the roof box, is used to house 

the Leeds ground-based FAGE instrument. OH reactivity instrument is not shown 

in Figure 2.1, but was housed in the Leeds shipping container for the APHH 

(winter and summer) and Tibet field campaigns.  

 

Figure 2.1 Schematic of the Leeds Atmospheric Research shipping container 
(not to scale), showing all key features. MFC = mass flow controller, PD = 
photodiode, MCP = micro-channel plate, GB = MCP gating box, Amp. = 
MCP signal amplifier, A/C = air conditioning. 

 2.1 Overview of the Leeds Ground-Based FAGE instrument 

The FAGE technique was outlined in Chapter.1, the section below will describe 

the main principles behind the Leeds ground-based FAGE instrument. The Leeds 

ground-based FAGE (Whalley et al., 2010, Creasey et al., 1997) instrument has 

been involved in over 25 field campaigns after initially being deployed in 1996. 

Measurements of OH, HO2 and more recently RO2 have been made in various 
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locations including; pristine open oceans (Creasey et al., 2003, Whalley et al., 

2010); rainforests (Whalley et al., 2011); Antarctica (Bloss et al., 2007) and urban 

environments including highly polluted megacities (Lee et al., 2016, Whalley et 

al., 2018). 

2.1.1 Laser System 

The Leeds FAGE setup uses 308 nm light to excite (ɜô = 0) Ŷ (ɜôô = 0) transition, 

with fluorescence also being collected at 308 nm (on-resonance fluorescence); 

the schematic for the laser system is shown in Figure 2.2. The 308 nm laser light 

is provided by a wavelength tuneable Nd:YAG pumped Ti:Sapphire laser 

(Photonics Industries DS 20-532). The Nd:YAG produces Ḑ10 W of 532 nm 

radiation at a pulse repetition of 5 kHz, which is used to pump a Ti:Sapphire laser 

which generates Ḑ1.6 W of broadband (690 ï 1000 nm) near-IR radiation. The 

wavelength of 924 nm is selected by changing the incident angle of an intra-cavity 

diffraction grating. The IR radiation is refocused into temperature-controlled 

(Ḑ50 °C) lithium triborate (LBO) and ɓ-barium borate (BBO) non-linear optical 

crystals to generate 462 nm light via frequency doubling and finally the required 

308 nm UV radiation required for OH excitation is produced via sum frequency 

ómixingô of 462 and 924 nm light.  

 

Figure 2.2 Schematic of the laser system used in the Leeds ground-based FAGE 
instrument. WP = half-wave plate, M = mirror, L =lens, SHG = second 
harmonic generation (LBO), THG = third-harmonic generation (BBO), DWP 
= dual-wavelength half/full-wave plate. Green represent ɚ = 532 nm, red 
presents broadband IR and ɚ = 924 nm and blue represents ɚ = 308 nm. 

Typical UV power is in the range of 50 ï 100 mW which is split between detection 

cells (HOx, ROx and OH reactivity) and the reference cell via beamsplitters and 
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coupled to optical fibres (Oz Optic QMMJ-55-UVVIS-200/240-3-5). Using optical 

fibre launchers (Elliot Gold) the laser power is split into 73.25:25:3.75 (HOx/ROx 

cells, OH reactivity instrument and reference cell respectively). The reference cell 

is used to produce a large concentration of OH via pyrolysis by flowing humidified 

air over a heated Nichrome filament into a low pressure ( Ḑ2 Torr) fluorescence 

chamber. The wavelength is monitored from the back reflection at mirror M9 

(Figure 2.2) using a wavemeter (Coherent Wavemaster 33-2650, 1 pm precision). 

The laser light is directed into the HOx cell using a collimator attached to the 

entrance arm, the light passes through the HOx cell into the ROx cell via an 

anti-UV coated window, this results in a beam that is Ḑ 10 mm in the fluorescence 

imaging region inside the cells. The power of the laser light exiting the HOx/ROx 

is measured using UV sensitive filtered photodiodes (New Focus 2032) and a 

further photodiode is used to measure the position of the laser pulse in time 

(Timing Corr. PD). 

2.1.2 Fluorescence Cells 

The fluorescence cells are located on the roof of the shipping container within the 

aluminium roof box (Figure 2.1). The cells are held at low pressure (Ḑ1.2 ï 2 Torr) 

which is provided by a Roots blower (Leybold RUVAC WAU 1001) backed by a 

rotary pump (Leybold SOGEVAC SV200), connected via 10 cm ID stainless steel 

flexible hose (length 5m). The pressure in the cells is measured using a 

capacitance manometer (Barotron, MKS instruments). The two cells are identical 

apart from the dimensions of the two inlets, the cells are 22 cm ID (in-diameter) 

stainless steel cylinder. The ROx cell has been sandblasted and coated with black 

Teflon to reduce contributions to detector signal from scattered light.  

Figure 2.3 shows a schematic of the cells. The optical rail is perpendicular to the 

laser axis and gas flow, the optical rail houses a spherical concave mirror and a 

biconvex lens. This focuses the light produced from LIF into a detection axis that 

passes through a bandpass filter (Barr Associates, >50% transmission at 308 

nm), then is imaged using a planoconvex lenses on to the detector in this case a 

micro-channel plate (MCP) detectors are used (Photek OMT325). 
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Figure 2.3 Schematic of the fluorescence cells, MCP = Micro-channel plate. 

2.1.2.1 HOx Cell 

The HOx cell (Figure 2.4) (Whalley et al., 2013) is used to make sequential 

measurements of OH and HO2, with RO2 interferences minimised (using a small 

flow of NO) in the HO2 measurements. Ambient air is drawn in the fluorescence 

cell through a 1 mm ID pinhole on a flat stainless steel plate at Ḑ8 slm, the plate 

sits on a 5 cm tall and 2.54 cm wide turret (Figure 2.4). The supersonic gas 

expansion results in a molecular beam which intersects the laser axis in the 

fluorescence imaging region. 

 

 

1 mm pinhole 
nozzle sat on 5 
cm tall, 2.54 cm 
diameter turret 

Laser beam directed 
onto photodiode for 
power measurement 

Micro-channel 
plate and 
imaging optics  

NO injection 

To the pumps 

Region of 
excitation 
and imaging 

Laser bean 
collimator 

Fibre optics 

Figure 2.4 Schematic of then HOx cell design. Modified from Whalley et al.(2013). 
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To measure HO2, NO (BOC, 99.95%) is injected into the centre of the cell, 7.5 

cm below the pinhole, via a single 1.6 mm ID stainless steel injector using a 

solenoid valve (Metron Semiconductors). Normally 5 sccm is injected, which 

results in an Ḑ8% conversion efficient from HO2 to OH. The residence time 

between NO injection and OH detection is ~0.9 ms (Creasey et al., 1997) 

2.1.2.2 ROxLIF Cell 

The ROxLIF cell is used to measure HOx (OH + HO2
*) and 

ROx (=OH + HO2 + RO + RO2) sequentially. The ROxLIF cell and HOx cell only 

differ by the addition of a differentially-pumped flow tube above the cell. The flow 

tube is 83 cm in length and 6.4 cm ID, it is constructed from aluminium and the 

internal walls are coated with halocarbon wax to reduce radical losses. Ambient 

air is drawn into the flow tube at Ḑ7.5 slm through a 1 mm diameter pinhole, the 

flow tube itself is held at 30 Torr. The FAGE cells samples air at Ḑ5 slm via a 

4 mm diameter pinhole on a 5 cm turret from the base of the flow tube. This 

results in a cell pressure of Ḑ1.5 Torr.  

To measure HOx 250 sccm of CO (BOC, 5% in N2) enters the centre of the flow 

tube 2 cm below the pinhole, through a 6.4 mm ID stainless steel tubing. This 

results in the HOx being partitioned into HO2 (R2.1). 

hI Ҍ /h Ҍ hн Ҧ Ihн Ҍ /hн Ҍ Iнh R2.1 

 To measure ROx NO (BOC, 500 ppmv in N2) is added at 30 sccm together with 

CO and converts the peroxy radicals into HO2 (R2.2 - R2.3), the residence time 

in the flow tube of ~0.8 s ensure high conversion of OH back to HO2. 

whн Ҍ bh Ҧ wh Ҍ bhн 

 

 

  
R2.2 

 wh Ҍ hн Ҧ wϥ/Ih Ҍ Ihн 

 

  
R2.3 

 

 

 

Ihн Ҍ bh Ҧ hI Ҍ bhн 

 
  

R2.4 

 

 
Some of the HO2 reacts with NO to form OH (R2.4), but the OH is quickly 

converted back to HO2 via R2.1. NO (BOC 99.95%) is continuously injected 

(100 sccm) into the fluorescence cell 7.5 cm below the pinhole via a 1.6 mm ID 

stainless steel injector. The NO converts the HO2, produced from RO2 conversion 

(R2.4) into OH for detection via LIF. 
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Figure 2.5 Schematic of the ROxLIF cell design. Modified from Whalley et al 
(2013) 

2.1.3 Photon Counting and Timing Control 

Gating is used to discriminate between fluorescence and scattered light, the 

Leeds ground-based FAGE uses two delay generators (Stanford Research 

Systems SRS-DG535). See Figure 2.6 for a schematic of the photon counting 

and gating. The first delay generator is used to define t0 and triggers the laser at 

t0 + 5 µs, the actual temporal position of the laser pulse relative to t0 is measured 

using a photodiode (Hamamatsu, S668 series) coupled with a counter timer 

(Agilent Technologies, 225 MHz). The temporal position of the laser is dependent 

upon laser power and alignment. This time (t1 ~ 5.8-5.9 µs) measured is used to 

correct the temporal positions of the gating and photon counting processes to 

ensure the time between the laser pulse and fluorescence collection remains 

constant and thus ensures there is no change in the instrument sensitivity. The 
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second delay generator is used to control whether the MCP detectors are in low 

or high gain by sending signals to the gating units that control this process. The 

MCP is normally in a low gain state for 180 µs of the 200 µs cycle. The MCP is 

switched to high gain state after ~ 20 ns after the laser pulse (ȹtMCP = t1 + 20 ns) 

for 20 µs.  For the MCP detectors that were used in the APHH campaign compact 

gating units were used (Photek GM10-50B) and the potential held at 3900 V in 

the high gain state. The signal was amplified for part of the campaign using 

Photek PA200-10S preamplifier, 20 dB gain. The power for the MCP gating boxes 

(+5 V DC) and amplifiers (+12 V DC) is supplied by a home-built low noise power 

supply unit (PSU).  

 

Figure 2.6 Diagram of the timings of the MCP detector gain state (middle trace) 
and photon counting windows (bottom) relative to t0 and the temporal position of 
the laser pulse (top) during one 200 ɛs duty cycle. For details see text, diagram 
not to scale.  
 

Following the fast decay of the scattered laser light, the photon counter (SRS 

SR400) measures photons (as electrical pulses) from LIF, solar, remaining laser 

light and dark counts from the detector for 1 µs collection window (A gate). The 

A gate starts 20 ns (ȹt1) after the MCP detector switches to high gain state, after 

14 µs relative to MCP gain switch a 5 µs collection window (B gate) measures 

the solar light and dark count, by which time the fluorescence and scatter light 

has decayed to zero. The OH signal from fluorescence (OHsig) is given by E2.1, 
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where A and B are the counts measured in the A and B gates, respectively and 

X is the ratio of the two gates (Ḑ5). This measurement is integrated over 5000 

laser pulses to give the signal in count s-1. A discriminator level is applied to the 

photon counter, so only pulses with amplitude greater than -25 mV and -5 mV are 

counted as photons to distinguish from electrical noise for amplified and 

non-amplified signal respectively. 

hIǎƛƎ Ґ ! π .κ· E2.1 

 

2.1.4 Reference Cell and Data Acquisition Cycle 

Inside the reference cell a large concentration of OH radicals is produced via 

pyrolysis by flowing humidified air over a Nichrome filament (V ~ 2-8 V, I ~ 4-8 A) 

into a small low pressure (Ḑ 2 Torr) fluorescence chamber. The fluorescence is 

collected perpendicular to the laser axis using a CPM (Perkin Elmer 993P) in 

conjunction with a 308 nm bandpass filter (Barr Associates). The reference cell 

is used in data acquisition process to find the line and tune the laser wavelength 

to the peak of the Q1(2) branch of the (ɜô = 0) Ŷ (ɜôô = 0) transition at 308 nm.  

Figure 2.7 shows the overview for the acquisition cycle for the HOx and ROx 

measurements in OHwave mode. In step one (blue) the laser is scanned over 

307.995 ï 308.005 nm to find the peak position. The laser is then scanned back 

to the peak position and held constant (step 2, green) and OH and HO2* is 

measured at 1 Hz for Ḑ60 s in the HOx and ROx cells respectively. In step 3 (red) 

NO is injected and the sum of OH + HO2 and RO2 + HO2
* is measured for ~ 60 s 

in the HOx and ROx cells, respectively. The wavelength is then changed to offline 

(Ḑ308.005 nm) and held constant to measure the offline background signal for 

OHwave mode (step 4, yellow). The background is typically measured for 30 s, 

with 15 s for OH background (NO off) and HO2 background (NO on). The 

background with NO injection is sometimes higher, this is suspected to be from 

impurities in the NO cylinder (HONO and HNO3) that photolyse to form excited 

OH. 
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Figure 2.7 Figure showing the ambient data scan for FAGE measurement when 
in OHwave mode for the HOx and ROx cell. See text for me details. 

The signal differential for OH, HO2, HO2
*
 and RO2 (SOH, SHO2, SHO2* and SRO2) are 

shown in E2.2, E2.3, E2.6 and E2.7, respectively, where A and B are the counts 

measured in the A and B gates and X is the ratio of the two gates (Ḑ5) and Ix 

(X = HO2, HO2
* and RO2) term accounts for the non-zero intercept for HO2, HO2

* 

and RO2 calibrations. 
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In Figure 2.7 there is a spike in the signal after the injection of NO (step 3) which 

is caused by a pressure spike that increases the rate of reaction of R2.4, these 

points are not included in the data processing stage. 

The use of the Inlet pre-injector (IPI) changes the data acquisition cycle, as shown 

in Figure 2.8, with the introduction of chemical modulation using propane as a 

scavenger to measure the OH background (step 3, purple area).  

 

Figure 2.8 Figure showing the ambient data scan for FAGE measurement when 
in OHchem mode for the HOx and ROx cell. See text for me details. 

During the OHchem period the ROx cell continues to measure HO2
* (green). The 

simultaneous measurements of the OHwave and OHchem backgrounds allow for 

a direct comparison between the two, and highlights whether the environment 

being measured introduces interferences into the FAGE measurement system. 
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The calculation for the signal differential for OH, HO2, HO2
* and RO2 (E2.2- E2.5) 

is the same for both IPI and non-IPI periods (E2.2 - E2.4), except for the offline 

measurement is taken from the OHchem period (step 2). OHwave and OHchem 

can be measured simultaneously as the OHchem background is taken at the end 

of the data acquisition cycle (step 4).  

The design for the Leeds inlet pre-injector is shown in Figure 2.9 and consists of 

a 4 cm, 1.9 cm ID perfluoroalkoxy (PFA) cylinder inside an aluminium housing. 

The scavenger was injected into the centre of the PFA flow tube, 4 cm above the 

FAGE inlet, via four 0.25 mm ID needles.  

 

Figure 2.9 Labelled SolidWorks model of the Leeds IPI (provided by Dr Trevor 
Ingham). The scavenger is injected into the centre of the PFA flow tube via 
four 0.25 mm ID needles. The yellow arrows indicate the direction of the 
sheath flow. Taken from (Woodward-Massey, 2018) 

 

Propane (BOC, research grade 99.95%, ~1100 ppmv) was used as the 

scavenger in this work, 5 sccm of propane was diluted in a flow of 500 sccm N2 

(BOC, 99.998%). Experimental work has shown that using the conditions stated 

above the inlet pre-injector has a removal efficiency for OH of ~100% and does 

not suffer from any internal removal of OH (OH generated within the cell) 
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(Woodward-Massey, 2018). Although further experimental work, see section.3.3, 

has shown that ~2020 ppmv results in ~38% internal removal. Experimental work 

has also shown that the Leeds inlet pre-injector does not suffer losses of OH on 

the wall of the IPI, thus no decrease in sensitivity for OH is observed when the 

HOx cell is run with the inlet pre-injector. 

2.1.5 FAGE Calibration 

FAGE instruments can be calibrated by the addition of known concentrations of 

OH, HO2 and RO2 radicals into the inlet. The signal response to species 

X (X = OH, HO2 or RO2) is directly proportional to the concentration (E2.6).  

{ȄҐ /Ȅώ·ϐ E2.6 

 Cx is the calibration factor (sensitivity of the instrument) for species X. 

2.1.5.1 Radical Generation and Actinometry 

2.1.5.1.1 HOx Calibration 

The radicals in the Leeds ground-based FAGE calibration are generated in a 

turbulent flow tube, with equal concentrations of OH and HO2 (Fuchs et al., 2011) 

being made by vacuum UV photolysis of water vapour in the presence of oxygen 

(R2.5 and R2.6) (Stevens et al., 1994). 

Iнh Ҍ ƘǾ ˂ҐмупΦф ƴƳ Ҧ I Ҍ hI     R2.5 

 I Ҍ hн Ҍ a Ҧ Ihн Ҍ a R2.6 

 The flow tube is 30 cm in length, containing a square cross-section (1.27 x 1.27 

cm) of black anodised aluminium tube with a Hg (Ar) pen-ray lamp (LOI LSPO35) 

mounted via a Suprasil window. The lamp is maintained a heat of Ḑ30-40 oC 

using a resistance heater, the output of the lamp is ɚ = 184.9 nm.  

The turbulent flow method for calibration ensures a constant radical distribution 

across the flow tube. This is achieved by using a fast flow (38 slm) of zero air 

(BOC, BTCA 178) which has been humidified using a bubbler and delivered to 

the wand using ıôô perflouroalkoxy (PFA) tubing. A small portion of this flow (2 

slm) is sampled by a chilled mirror dew point hygrometer (General Eastern 

1311DR sensor and 4x4 Optica, range -65-20 oC) to measure the water 

concentration. The flow tube is held at 45o to the FAGE inlet, with the inlet 

sampling air at the centre of the flow tube. The high flow rate (38 slm) relative to 
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the inlet flow ensures that no ambient air is sampled by the pinhole being 

ñover-flowedò. The HOx concentration is varied by changing the lamp 

current (0 ï 5 mA), which provides concentrations in the range of 5 x 107 to 

1 x 109 molecule cm-3. The concentrations of OH and HO2 can be calculated 

using (E2.7): 

hI Ґ Ihн Ґ ώIнhϐ ̀IнhΣ мупΦфƴƳ hI CмупΦф ƴƳ ǘ  E2.7 

 where ʎ ȟ Ȣ  = 7.14 x 10-20 cm2 molecule-1, űOH = 1 and [H2O] is measured 

during the calibration (stated above). The product F184.9 t is determined by 

chemical actinometry which relies on either the photolysis of O2 (laminar flow 

method) to produce O3 or N2O (turbulent flow method) to produce NO, the O3 and 

NO can then be measured.  

The calibration constant (Cx) is determined from the plot of Sx against [X] which 

is shown in Figure 2.10  and Figure 2.11 for OH and HO2, respectively. Sx has 

been normalised to laser power (mW) using the value of 2.1.5. f* is the 

relationship between the photodiode reading and laser power (E2.8). 

Ŧϝ± Ƴ²πмҐ
t5ŎŜƭƭ±

t όƳ²ύ
 

E2.8 

  

 

 

 

 

 

The calibration is shown in Figure 2.10 and Figure 2.11 was performed on the 

HOx cell with the amplified MCP detector. NO is injected at Ḑ5 sccm for the 

measurement of HO2 with a conversion efficiency of Ḑ8%. 
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Figure 2.10 Example of OH calibration, the error bars are 1ů. The black line 
represents the line of best fit obtained from orthogonal distance regression 
(ODR), and the grey shaded area represents the 68.3% confidence interval 
bands. The intercept (a) and gradient (b) are in units of counts s-1 mW-1 and 
counts s-1 mW-1 molecule-1 cm3. Calibration taken during the winter AIRPRO 
campaign. 

 

Figure 2.11 Example of HO2 calibration, the error bars are 1ů. The black line 
represents the line of best fit obtained from orthogonal distance regression 
(ODR), and the grey shaded area represents the 68.3% confidence interval 
bands. The intercept (a) and gradient (b) are in units of counts s-1 mW-1 and 
counts s-1 mW-1 molecule-1 cm3. Calibration taken during the winter AIRPRO 
campaign. 
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2.1.5.1.2 ROx Calibration 

The calibration method for the ROxLIF cell is slightly different than the HOx 

calibration, an important step in the ROxLIF calibration is quantifying the reduction 

in sensitivity after the addition of NO into the system which causes increased 

partitioning of ROx to OH via R2.2 - R2.4, which causes increased wall losses. 

Equal concentrations of OH and HO2 radicals are generated analogously to the 

HOx calibrations. The flow rate is the same as that used in the HOx calibration 

(38 slm) to ensure that the ROxLIF flow tube inlet is over-flowed, the wand is also 

held at a ~45° angle. The radical concentration generated within the wand is 

calculated using E2.7, inside the flowtube the OH radicals are converted 

immediately into HO2 via R2.1 (Ű < 3 ms, compared to a residence time of ~0.8 s), 

making the HO2 concentration double that calculated using E2.7. For the RO2 

calibration, a hydrocarbon is added to the flow to generate RO2 radical (R2.7), in 

a typical calibration the hydrocarbon used is methane to produce CH3O2. 

wI Ҍ hI Ҍ hн  whнҌ Iнh R2.7 

High hydrocarbon concentration used in the calibration ensures quantitative 

conversation of OH to RO2, producing an RO2 concentration equal to HO2 

concentration calculated through using equation E2.7. The typical RO2 calibration 

data cycle is shown in Figure 2.12 during the APHH campaign. In the first part of 

the experiment no hydrocarbon is added to quantify with the addition of dilute NO 

(500 ppmv, 2ppmv in flow tube). During the first 30 seconds of the calibration only 

CO is added (250 sccm, 10% standard cylinder, 0.3% in the flow tube).  The HO2 

signal (SHO2*) is calculated by R2.9: 

SHO2* =Sonline, NO off ï Soffline E2.9 

The subscript for the signal is HO2* as this part of the data acquisition is used to 

calculated HO2* for ambient HO2* data. After 30 seconds dilute NO (500 ppmv, 

30 sccm) is added alongside the CO for another 30 second period. The reduced 

signal when dilute NO is added to the flowtube is represented by SHO2*(NO) and 

is given by R2.10: 

SHO2*(NO) = Sonline, NOinjected ï Soffline E2.10 
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Figure 2.12 a) Shows the ROx calibration without CH4 showing the reduction in 
sensitivity from the introduction of NO. b) Shows the ROx calibration with 
CH4 and the relative signals of SHO2* and SRO2. 
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And the reduction in sensitivity is represented as the ratio, A in E2.11: 

A = SHO2*/SHO2*(NO) E2.11 

The ratio is typically greater than 0.9, and in the example above the A factor 

calculated was 0.988. The average A factor for the APHH campaign was 0.98 

and 0.94 for winter 2016 and summer 2017, respectively. 

The second part of the ROx calibration is shown in Figure 2.12, CH4 (500 sccm) 

is added to the calibration wand flow (1.2%, ŰOH+CH4 ~ 0.5 ms, compared to a 

residence time of ~7 ms in the photolysis region) to generate CH3O2 radicals via 

reaction R2.7. During the first 30 seconds of the calibration only CO is added, 

these points represented as SHO2*(CH4). Using the SHO2* and SHO2*(CH4) can be 

used to calculate the ROxLIF cell sensitivity towards HO2* (CHO2*, using E2.6). 

The CH3O2 do not undergo reaction during this time period hence not contribute 

to SHO2*(CH4). In the final 30 seconds of the calibration dilute NO is added into 

the ROxLIF flowtube and CH3O2 is converted to HO2  via (R2.2 - R2.3), and the 

presence of CO partitions HOx into HO2 R2.1. The signal from CH3O2 (SRO2) is 

given by E2.12: 

SRO2 = Sonline, dNO injected ï A × SHO2* (CH4) ï Soffline 

 

E2.12 

 A plot of SRO2,  normalised to laser power, versus the calculated RO2 

concentration using E2.6, gives the calibration factor for the RO2 (CRO2). A 

calibration for RO2 and HO2
* is shown in Figure 2.13. 
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Figure 2.13 a) Example of HO2
* calibration, the error bars are 1ů. b) Example of 

RO2 calibration, the error bars are 1ů. For both, the black line represents 
the line of best fit obtained from orthogonal distance regression (ODR), and 
the grey shaded area represents the 68.3% confidence interval bands. The 
intercept and gradient are in units of counts s-1 mW-1 and counts s-1 mW-1 
molecule-1 cm3. Calibration taken during the winter AIRPRO campaign. 
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2.1.6 Actinometry 

N2O chemical actinometry is used to determine F184.9 nm, this involves measuring 

the NO produced from the photolysis of N2O at different Hg lamp currents. NO is 

measured using a NOx chemiluminescence instrument (Thermo Environemt 

Instruments Inc. 42C). Three steps are involved in chemical actinometry: (a) the 

MFCs must be calibrated; (b) the NOx instrument must be calibrated as a function 

of N2O concentration. This is because the NOx instrument relies on the 

measurement of fluorescence from NO2
* formed from the reaction of NO and O3, 

but N2O can collisionally quench by NO2
* to the ground state which would lead to 

the underprediction of the NO concentration and (c) the NO produced from the 

N2O photolysis is measured as a function of the lamp current. 

Following the calibration of the NOx box, a turbulent flow of air (40 slm) and N2O 

(3.6 slm, 8.9%) is delivered to the calibration wand. The NOx instrument samples 

from the centre of the wand exit. During the experiment, the lamp current is varied 

between Ḑ0-7 mA. The chemistry within the flow tube is described by R2.8 - 

R2.13. 

./ ÈÖ ʇ ρψτȢω ÎÍᴼ . / $ R2.8 

 
/ $  / O / 0  /  

R2.9 

 
/ $  .  O / 0  .  

R2.10 

 
/ $  ./ O / 0  ./ 

R2.11 

 
/ $  ./ O  .  .  

R2.12 

 
/ $  ./ O ς./ 

R2.13 

 The rate constants for R2.9 - R2.13 is shown in Table 2.1. The quenching of O1D 

by N2O (R2.11) has a yield of less than 1% at 298 K and therefore is neglected 

when calculating the production of NO (Commane, 2009, Vranckx et al., 2008). 

The quenching of O(1D) (R2.9 and R2.10) and reaction with N2O (R2.12) is fast 

enough to compete with the formation NO (R2.13), therefore the rate of 

production of O(1D) is given by E2.13: 

Ä/ $

ÄÔ
./ ʎ Ȣ  ה  & Ȣ  

E2.13 
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where ʎ Ȣ  = 1.43 x 10-19 cm2 molecule-1 (Sander et al., 2006) and the 

quantum yield of O(1D), ‰ = 1 and F184.9 nm is the lamp flux. E2.14 shows the 

expression for the lamp flux after applying the steady-state approximation for 

O(1D), where t (Ḑ 7.4 ms) is the photolysis exposure time, therefore F184.9 nm can 

be calculated as a function of lamp current from the measurement of NO 

concentrations. 

& Ȣ  
./Ë / Ë . Ë Ë ./

ςÔὯʎ Ȣ  ה  .ὕ
 

E2.14 

 

 Rate 
Constant 

Value/ cm3 
molecule-1 s-1 

Value at 298 K/ cm3 
molecule-1 s-1 

Reference 

k1 3.3 x 10-11e(55/T) 3.95 x 10-11 Sander et al.(2011) 

k2 2.15 x 10-11e(110/T) 3.1 x 10-11 Sander et al.(2011) 

k3 Not available 2.0  x 10-11 Vranckx et al.(2008) 

k4 4.63 x 10-11e(20/T) 4.95 x 10-11 Sander et al.(2011) 

k5 7.25 x 10-11e(20/T) 7.7 5 x 10-11 Sander et al.(2011) 

Table 2.1 Rate constants for quenching and reaction of O(1D) in N2O actinometry 

To complete actinometry first the NOx analyser is calibrated. The NOx analyser 

uses chemiluminescence that is produced from the reaction NO and O3 

(R2.14 - R2.15): 

./  / ᴼ ./ᶻ  /  

  

  

R2.14 

 ./ᶻᴼ ./  ÈÖ 

 

R2.15 

 

The electronically excited NO2* emits visible and IR light upon the relaxation to a 

lower state. The intensity of the light emitted is directly proportional to the 

concentration of NO. Although the N2O that is used during actinometry can 

collisionally quench NO2
* and reduce the intensity of emitted light for a given NO 

concentration. Therefore the NOx analyser must be calibrated for sensitivity to 

NO and the reduction in sensitivity from the effect of N2O. To calibrate the NOx 

box variable flows of NO (BOC, 450 ± 5 ppbv in N2) and N2O (BOC, medical grade 

98%) is mixed in 2 SLM of N2 (BOC, 99.998%), and is flown through the 

calibration wand with the lamp off. For the NOx analyser calibration shown in 

Figure 2.14, the NO flow was varied between 0 - 100 sccm and performed at 

three different concentrations of N2O (0, 5.2 and 11%). The N2O concentration 
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was achieved using flows of 0 sccm, 112 sccm and 262 sccm for 0%, 5.2% and 

11%, respectively. Figure 2.14 also shows the reduction in sensitivity from the 

effect of N2O. 

 

Figure 2.14 a) NOx instrument calibrations, b) NOx instrument calibration at 5.2% 
N2O, c) NOx instrument calibration at 11% N2O, d) Thermo 42C instrument 
sensitivity to NO as a function of N2O mixing ratio 

The experimental details for N2O actinometry are now described. A flow of 5 SLM 

N2O (BOC, medical grade 98%) in 40 SLM of zero air (BOC, BTCA 178) gives a 

total flow rate of ~45 SLM. The flow is passed through the calibration wand where 

the N2O is photolyzed using ɚ = 184.9 nm produce from the mercury lamp. The 

NO that is produced from R2.8 - R2.13 is sampled by the commercial NOx 

analyser (Thermo environmental 42C) that measures the NO concentration every 

5 seconds. During the actinometry experiment the lamp current is varied between 

0 ï 10 mW.  
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When calculating the lamp flux it is important to take in account the absorption of 

light by N2O, O3 and O2. The photolysis of N2O and O2 leads to the production of 

O3 (R2.16-R2.18): 

./ ÈÖ ʇ ρψτȢω ÎÍᴼ . / 0 R2.16 

  /  ÈÖ  O / 0  / 0 R2.17 

 / 0  /  O  /  - 

M 

R2.18 

 N2O, O3 and O2 can absorb light at ɚ = 184.9 nm and lead to an exponential decay 

of light intensity across the width of the photolysis region, therefore the lamp flux 

(F184.9 nm) that is calculated in E2.14 must be corrected to account for this 

absorption as N2O is not present during the HOx and ROx calibration. Although it 

has been shown that the absorption of light by O2 and O3 is negligible at the 

concentration used in the actinometry (~10% N2O) (Floquet, 2006). Therefore the 

transmittance of radiation across the tube, T, is calculated using the 

Beer-Lambert law (R2.13): 

Ὕ    Ὡ   E2.15 

 Where l is the distance across the calibration wand. The total transmittance, Ttotal, 

across the calibration wand (w = 1.27 cm) is found by integrating T with respect 

to w: 

Ὕ  ᷿ Ὡ Ὠύ  E2.16 

 
The mean transmittance, T, can be found by dividing results by w: 

Ὕ       ) 
E2.17 

 The lamp flux can be corrected for the absorbance of light by N2O dividing E2.14 

by the mean transmittance (E2.18): 

&
ρ

Ὕ
 
./Ë / Ë . Ë Ë ./

ςÔὯʎ Ȣ  ה  ὔὕ
 

E2.18 

 

 
With the N2O equal to 10% of the total flow T is calculated to be 0.8. The results 

for an actinometry experiment that took place in December 2018 is shown in 

Figure 2.15. The y error bars are calculated by propagating uncertainties in 

E2.18, and is summarised in Table 2.2. The error in the calculated lamp flux 

~ 18% and is a reflection of the uncertainties in k1 ï k5 (Table 2.2). The error is 
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the slope for Figure 2.15 is consistent with the previous estimate of the lamp flux 

derived using N2O actinometry method (Commane, 2009, Walker, 2013, 

Furneaux, 2009, Woodward-Massey, 2018). 

Parameter Uncertainty calculation 
Typical 

Uncertainty 
Reference 

Temperature  1%  

Pressure  1%  

K1 ρȢρ ὼ Ὡὼὴρπ
ρ

Ὕ

ρ

ςωψ
 10% Sander et al. (2011) 

K2 ρȢρ ὼ Ὡὼὴςπ
ρ

Ὕ

ρ

ςωψ
 10% Sander et al. (2011) 

K4 ρȢρ ὼ Ὡὼὴςυ
ρ

Ὕ

ρ

ςωψ
 10% Sander et al. (2011) 

K5 ρȢρ ὼ Ὡὼὴςυ
ρ

Ὕ

ρ

ςωψ
 10% Sander et al. (2011) 

Table 2.2 Parameters contributing to the uncertainty in the lamp flux. 

 

Figure 2.15 Lamp flux as a function of lamp current. The best fit line (black) for 
a-e obtained using a least-squares fit and (errors at 1ů). 

 

2.1.7 Accuracy and Precision 

The error in the precision of the OH (ůOH) measurements is obtained by 

propagating the uncertainties in both the on and offline measurements (E2.19): 

ʎ/(  ʎ ȟ   ʎ ȟ   
E2.19 
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The ů term in the E2.19 represents the 1ů standard deviation of the 1 s online 

OH data, and if Poisson statistics are assumed then  ʎ ȟ   Ó  and 

E2.19 equates E2.20: 

ʎ/(  ʎ ȟ  3   
E2.20 

 

The precision error in HO2 (ůHO2) measurements are derived similarly to OH: 

H̀O2 Ґ Ҟ όˋ2
online, NO off Ҍ ˋ2

online, NO injected + Soffline, NO off + Soffline, NO injected) E2.21 

 

If there is no change in the signal when NO is injected then E2.21 equates: 

H̀O2 Ґ Ҟ ό2̀
online, NO off + ̀ 2

online, NO injected) E2.22 

and finally, the precision in the HO2
* and RO2 are given by E2.23 and E2.24, 

respectively: 

H̀O2* Ґ Ҟ ό2̀
online, dNO off + Soffline) E2.23 

 

R̀O2 Ґ Ҟ ό2̀
online, dNO off + ̀ 2

online, dNO injected) E2.24 

 

For errors in calibration, the signal errors (y-error bars) are calculated just from 

the precision uncertainty at a 1ů, using E2.21, E2.22, E2.23, E2.24 for OH, HO2, 

HO2
* and RO2, respectively. The errors in the radical concentration (x-axis error 

bars) are obtained from both the variability in the lamp and the uncertainty in the 

actinometry (18%), an example calculation for the OH radical concentration is 

shown in E2.25: 

/( /( Ø πȢρψ
ʎ

ÌÁÍÐ
 

E2.25 

 

The OH represents the OH radical concentration produced during the calibration, 

and the ůlamp shows the 1ů standard deviation of the lamp current (mW). The 

error in the HO2 and RO2 radicals are derived in the same manner as the OH 

calculation. The calibration factors for OH, HO2, HO2
* and RO2 are derived from 

the slopes of linear orthogonal distance regression (ODR), which takes into 

account the error in both the x and y-axis. The derived errors in the calibration 
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factors are not used during the ambient data work-up, but aids in comparison with 

previous calibrations. 

2.1.8 Limit of Detection 

The limit of detection (LOD) for the measurement of radical X (X = OH, HO2, HO2
* 

and RO2), is given by E2.26: 

8  
3.2

#,0

3

Ô

ρ

Í

ρ

Î
 

E2.26 

 

Where SNR represent the signal-to-noise ratio, Cx is the instrument sensitivity to 

species X, LP is the laser power(mW), t(= 1 s) is the measurement periods, and 

m and n are the number of on- and offline points (duration of t), respectively. 

According to Poisson statistics, Soffline is equivalent to the square of the standard 

deviation of the background signal (ů2
offline), and is given by: 

Soffline = Slb + Ssb + Sdc = ̀ 2
offline E2.27 

where Slb, Ssb and Sdc are the contributions to the total background signal (Soffline, 

counts s-1) from laser scatter, solar scatter and detector dark counts, respectively. 

The median campaign LOD and sensitivities for OH, HO2 and RO2 for ClearfLo, 

APHH and ICOZA is shown in Table 2.3. In general the LOD between APHH, 

ICOZA and ClearfLo for OH and HO2 is consistent despite the low ICOZA 

calibration factors. The low calibration factors during ICOZA is offset by higher 

laser power compared to AIRPRO and ClearfLo. The improvement in LOD for 

OH and HO2 between the ClearfLo campaign and ICOZA is attributed to the use 

of MCPs rather than CPM detectors during ICOZA. MCPs have faster electronic 

switching and reduced after-pulsing effects that leads to lower background and 

increased sensitivities. The APHH winter campaign has a lower RO2 calibration 

factor compared with the summer campaign, this is caused by changing to a 

better MCP on the ROx cell in between the two campaigns. The ICOZA campaign 

has a much higher LOD for RO2 and this comes from a combination of low RO2 

sensitivity but also changing between CPMs and MCPs frequently during the 

ICOZA campaign (Woodward-Massey, 2018). 
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Field Campaign 
 

LP 

(mW) 

COH 

(10-7) 

[OH]LOD 

(105 cm-3) 

CHO2 

(10-8) 

[HO2]LOD 

(106 cm3) 

CRO2 

(10-8) 

[RO2]LOD 

(106 cm3) 

APHH Winter 11 1.38 7.7 1.96 5.6 1.16 5.0 

APHH Summer 11 1.37 6.9 3.61 2.8 3.2 8.4 

ICOZA 

(Woodward-
Massey, 2018) 

16 0.53 6.1 0.89 4.0 0.51 50.0 

ClearfLo  

(Whalley et al., 
2018) 

13  9.0  4.2  14.0 

Table 2.3 A table showing the average laser power, calibration factor for OH, HO2 
and RO2 (COH, CHO2 and CRO2, respectively) and the LOD for OH, HO2 and 
RO2 ([OH]LOD, [HO2]LOD and [RO2]LOD, respectively) for the ClearfLo, ICOZA 
and APHH (winter and summer). LP = laser power, units for Cx is counts s-

1 mW-1. 

2.1.8 RO2 Speciation and Ambient Data Workup 

The Leeds ground-based FAGE instrument can make measurements of OH, HO2 

and total organic peroxy radical concentration (RO2). The RO2 measurement can 

be speciated into different simple and complex RO2 species, simple referring to 

small (C1-C3) alkaneïderived RO2 and the complex refers to alkene-, aromatic- 

and large (ÓC4) alkane derived RO2 species. Simple RO2 species are converted 

to alkoxy radicals through the addition of NO (R2.19) 

2/ ./ O 2/  ./ R2.19 

2/  /  O 2 / (/  R2.20 

(/ ./ O /(  ./ R2.21 

However, the reaction of the alkoxy radical and oxygen (R2.20) to is too slow at 

the lower pressure (~1.5 Torr) inside the FAGE on the timescale between the 

injection of the NO and the LIF detection to proceed efficiently. For complex RO2 

species, the propagation of RO2 to HO2 to OH is fast enough to allow for OH 

formation on the timescale of the NO injection. The mechanism for the fast 

formation of HO2 from complex RO2 species is shown in Figure 2.16 for ethene 

and butane derived RO2 species. The key step is the formation of ɓ- and 

ŭ-hydroxyalkoxy radicals, which undergo fast unimolecular decomposition and/or 

reaction with O2 to generate HO2. 
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Speciation of RO2 radicals is achieved through the use of different NO flows in 

the HOx and ROx cell, as reported by Whalley et al. (2013). In the HOx cell a low 

flow of NO (5 sccm, ~3 × 1013 molecule cm-3 at 1.5 Torr) is used to convert HO2 

into OH, suppressing the interference in the HO2 measurement from complex 

RO2 species. Whilst in the ROx cell the interference from complex RO2 species is 

maximised from an injection of a high concentration of NO (100 sccm, 

~1 × 1015 molecule cm-3).  Determining the ambient concentrations of OH and 

HO2 is relatively straightforward using E2.2 and E2.3, and then the signal 

calculated can be converted into concentration using calibrations factors (on field 

campaigns calibrations occur every 3-4 days). The determination of total organic 

peroxy radical concentration (×RO2), and (×RO2) speciation in simple and 

complex RO2 involves more steps. The SHO2* now includes the measurement of 

complex RO2 and HO2. SHO2* can be converted into [HO2
*] using CHO2*. The 

difference between [HO2] and [HO2
*] is proportional to the concentration of 

interfering RO2 species, [RO2]i:  

[HO2
*] = [HO2ϐ Ҍ ʅi ( ih

RO2 × [RO2]i) E2.28 

Where Ŭi
RO2 is the conversion efficiency of different complex RO2 species into 

OH, the conversion efficiency is dependent on different experimental conditions 

(i.e. residency time between NO injection and OH detection, [NO] and 

temperature). The Ŭi
RO2 for various RO2 species was explored by Whalley et al. 

(2013), Ŭi
RO2 varied from 0.947 to 0.606 for ethane- and cyclohexane- derived 

RO2, respectively. The conditions used by Whalley et al. (2013) are similar to the 

ones used in this work. The experimental OH yields for different RO2 species are 

in good agreement with those that are predicted by the MCM (v3.2), which 

suggests that Ŭi
RO2 can be modelled instead of being determined in the 

laboratory. Since further speciation of complex RO2 species in ROxLIF cannot be 

achieved the RO2 concentration determined here is the total concentration of 

complex RO2 species, [cRO2] can be derived using the equation below: 

[HO2
*] = [HO2] + h avg

RO2 × [cRO2] E2.29 

In Figure 2.17, SRO2 represents the signal from simple RO2 species (alkanes 

C1 - C3), but first must be correct for the decrease in sensitivity (ANO) when NO 

added, ANO is determined during calibrations (see Section.2.4.1.2). The total 
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concentration of simple RO2 species, [sRO2], can be determined from CRO2, 

[×RO2] and [cRO2]: 

ʅώwh2] = [sRO2] + [cRO2]  E2.30 

The uncertainty in complex RO2 measurement is calculated by summing in 

quadrature the error of HO2 and HO2
*, and similarly the uncertainty in total RO2 

from the errors in both simple and complex RO2 species.  

 

Figure 2.16 Top ï Reaction of a ethane derived RO2 with NO for the fast 
formation of HO2. Bottom - Reaction of a n-butane derived RO2 with NO for 
the fast formation of HO2. Taken from (Woodward-Massey, 2018). 
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Figure 2.17 Ambient cycle for the HOx and ROx cells showing the signal 
contribution from OH, HO2, HO2

* and RO2. 

2.2 Laser Flash Photolysis-LIF Total OH Reactivity 

The Leeds shipping container also houses an instrument that can measure total 

OH reactivity (k(OH)). It is difficult to measure the concentration of all species that 

account for OH loss in the atmosphere. But total OH reactivity, k(OH), can be 

measured instead. The measured k(OH) can be compared to the model OH loss 

to give an insight into the missing reactivity. The missing reactivity comes from 

unmeasured VOCs that contribute to OH reactivity. The Leeds instrument uses 

the laser flash photolysis pump and probe technique (Jeanneret et al., 2001, 
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Sadanaga et al., 2004) which also relies on LIF, but here the OH is produced 

from the 266 nm laser photolysis pump of O3 (R2.22 - R2.23).  

/ ÈÖʇ σσφ ÎÍᴼ / $  /  R2.22 

/ $  (/ O ς/( R2.23 

 

Figure 2. 18 Schematic of the laser flash photolysis laser-induced fluorescence 
OH reactivity. Figure copied from Stone et al.(2016). 

The instrument consists of a reaction cell of cylindrical stainless steel that is 50 

mm internal diameter and 85 cm in length. During the APHH the OH reactivity 

instrument was positioned on the roof of the laser rack (see Figure 2.1). The 

reaction cell is coupled to a low-pressure fluorescence cell that is held at 2 Torr, 

the pressure is achieved using the same pump as the FAGE instrument. The 

reaction cell samples ~16 slm of ambient air through İò PFA using a vacuum 

pump (Agilent Technologies IDP-3 Dry Scroll Pump). The sample line for the OH 

reactivity instrument is positioned close to the FAGE inlets. OH radicals are 

produced in the reaction cell by the photolysis of O3 (R2.22-R2.23) at 266 nm 

(Big Sky Laser CFR 200, Quantel USA) in the presence of H2O vapour. The OH 

decay is observed in real-time by laser induced fluorescence using a probe light 

at 308 nm. The 308 nm probe light is generated using the same laser system as 

the FAGE instrument (see section.2.1.1) The first-order exponential decay of OH 

can be fitted to calculated the OH reactivity. Due to the OH reactivity instrument 

using the same laser system as the FAGE instrument, k(OH) can only be 
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measured when the FAGE instrument is online (308 nm). Full details on the OH 

reactivity instrument can be found at (Cryer, 2016, Stone et al., 2016) 

2.3 HCHO LIF Instrument 

HCHO was also measured during both of the APHH campaign using a LIF 

instrument developed in Leeds. During the APHH the HCHO was housed in a 

different shipping container to the FAGE and OH reactivity instrument. The 

instrument uses a pulsed (300 kHz) tuneable fibre laser (TFL2000, NOvawave) 

to generate UV radiation at 353.370 nm to excite HCHO 50,5 Ŷ 51,4 rotational 

transition of the 4 A1A2 Ŷ X1A1 vibronic band. The gas is sampled at low pressure 

(110 ï 120 Torr) and the broadband fluorescence is collected at red-shifted 

wavelengths (ɚ ~ 390 ï 550 nm). The fluorescence produced is detected using a 

PMT (Sens-Tech P25PC photodetector module) and the signal is recorded by a 

gated photon counter (PMS40A). Similar to the FAGE method the background is 

collected by moving the laser wavelength to an offline position (ɚ = 353.360 nm). 

Full details of the Leeds HCHO instrument can be found in Cryer (2016). 

2.4 Auxiliary Measurements 

A spectral radiometer (Bohn et al., 2016) was used to measure the photolysis 

rates of several species including O(1D), NO2, H2O2, HONO and ClNO2. j(O1D) 

was also measured using a filter radiometer (Bohn et al., 2016). A wireless 

weather station (Davis Vantage Vue) is used to collect meteorological data: 

temperature, humidity, wind speed and direction, pressure and rainfall. The met 

station is normally situated on the roof of the container. 
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3. Inlet Pre-Injector and FAGE Instrument Characterisation 

3.1 Introduction 

Previous observations of radicals in low-NOx (below 1 ppbv NO) environments 

are much higher than models can predict when high levels of BVOCs are present 

(Lelieveld et al., 2008, Whalley et al., 2011, Wolfe et al., 2011) and has led FAGE 

groups to validate OH measurements through developing an alternative chemical 

background method called OHchem. The alternative background method, 

OHchem, was first deployed by Stevens et al. (1994). The conventional method 

to determine the background is called OHwave, where the laser wavelength is 

moved to an offline position where OH is not excited by the laser and so does not 

fluoresce. The OHwave method can lead to an overestimation of the ambient OH 

concentration as it is prone to interference from species that generate OH within 

the FAGE cell. The OHchem background method utilises an OH scavenger that 

reacts quickly with OH. The use of the OHchem background method has been 

shown to improve measurement-to-model agreement (Mao et al., 2012), 

suggesting previous measurements in low-NOx/biogenic environments for that 

particular instrument could have been influenced by OH artefacts generated 

within the FAGE cells. 

There have been several studies investigating potential interferences (see 

section.1.4.3) within the FAGE instrument including O3, NO3, VOCs (butane, 

isoprene etc.) (Fuchs et al., 2016, Novelli et al., 2014b, Rickly, 2018, Faloona et 

al., 2001). However, FAGE instruments can vary largely between different groups 

down to the home-built nature of the instruments. The main differences between 

instruments include: inlet size, inlet shape, residence time between the pinhole 

and laser axis and whether the laser crosses the detection axis once 

(single-pass) or multiple times (multi-pass). The difference in the FAGE designs 

may result in the magnitude of the interference investigated between instruments 

to vary significantly, and because of this, it is recommended that every FAGE 

group should develop their own chemical scavenger system and test for 

interferences within the laboratory (Hofzumahaus and Heard, 2015).  

The Leeds ground-based FAGE instrument has been modified to incorporate a 

scavenger system called the Inlet pre-injector (IPI). The design of the IPI and 
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previous characterisation has been discussed in section.2.1.2. This chapter will 

focus on the characterisation of any sensitivity loss through the introduction of the 

IPI using both ambient measurements and laboratory experiments in 

section.3.1.1. This chapter will also cover the investigation O3 and NO3 

interferences within the FAGE cell in section.3.4 and section.3.5, respectively. 

3.2 Inlet pre-Injector Sensitivity Loss 

The inlet pre-injector design and previous characterisation has been described in 

Chapter.2 and Woodward-Massey et al. (2020). The IPI was designed to 

minimise the reduction in sensitivity caused by additional surfaces which may 

remove radicals from ambient air sampled (Novelli et al., 2014a). Reducing OH 

loss is very important since the ambient OH concentration is generally very low, 

typically less than 1 pptv during the daytime. The IPI uses a sheath flow to 

minimise the FAGE instrument sampling air from near the walls of the IPI, housing 

and turret. 

Previously experiments have been performed to determine the loss in sensitivity 

from the introduction of the IPI for the Leeds ground-based FAGE instrument. 

These experiments were performed by supplying a known concentration of OH 

and HO2 to the instrument using the Leeds calibration system, this method is 

described in section.2.1.5. Although, unlike the calibration method described in 

section.2.1.5, in the IPI characterisation experiments the wand is held at 90° 

relative to the pinhole rather than 45°. The wand was held at 90° to minimise 

perturbation in the flow profile compared with sampling inside the IPI, if the wand 

was held at 45° like the standard calibration procedure (see section.2.1.5) the 

gas flow would have been directed at the walls of the IPI. The distance between 

the wand and the pinhole was ~3 cm. The results from older experiments 

performed at Leeds using the wand (using the 90° wand angle) to supply radicals 

to the instrument showed a ~40% and 10% loss of OH and HO2, respectively, 

onto the walls of the IPI (Woodward-Massey, 2018). 

Measurements of OH, HO2 and RO2 were made using the Leeds ground-based 

FAGE instrument during the summer 2017 for the Air Pollution and Human Health 

in Chinese megacities project (APHH). The APHH campaign took place in central 

Beijing at the Institute of Atmospheric Physics (IAP),  and the OH concentrations 
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exceeded 2 x 107 (molecule cm-3). Ambient measurements using both the 

OHwave and OHchem technique were made, and initially, the OH concentration 

was derived using a sensitivity loss of 40% which had been determined in older 

experiments (Woodward-Massey, 2018)). The levels calculated using the 40% 

loss showed very large OH concentrations (some days 

> 3.5 x 107 molecule cm-3), and the steady-state calculation for OH showed a 

factor of 4 underprediction of OH at midday. Therefore, it was suspected that the 

discrepancy between the steady-state calculation and the measured OH could 

have been due to inaccurate parameterisation of the wall losses caused by the 

use of the IPI, and hence characterisation experiments were performed both in 

the field in Beijing and also at the University of Leeds and these experiments are 

described below.  

The APHH summer campaign (see Chapter 5 for more details) provided ideal 

conditions to assess IPI losses, as the OH radical concentration was very high 

with OH peaking above 1 x 107 molecule cm-3 almost every day yielding a high 

signal-to-noise ratio. For the ambient experiment to determine the IPI losses that 

took place during the summer APHH campaign the instrument running conditions 

are the same as those described in Chapter.5. Sequential measurements of 

OHwave were made, where the IPI was taken on and off repeatedly after ~4 data 

acquisition cycles (7 mins per cycle). During the ambient experiment, only 

OHwave was measured using the OHwave data acquisition cycle (see 

section.2.1.4 for details) to see if the presence of the IPI assembly reduced the 

sensitivity of the instrument towards OH. The results from the ambient experiment 

are shown in Figure 3.1 and shows that the application of a 40% reduction in 

sensitivity (determined previously in older experiments performed at Leeds) 

results in significantly higher concentrations than those for the adjacent IPI-off 

sampling periods (with the IPI assembly taken off), and results in discontinuities 

in the OHwave time-series.  Figure 3.1 also shows the comparison between 

IPI off and IPI-on sampling periods when no sensitivity reduction was applied, 

and shows a good qualitative agreement between the two OHwave data sets with 

no discontinuities in the OHwave time series, implying the sensitivity loss ~ 0%.  
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Figure 3.1 Time series of OH concentration for a day of sequential IPIon/IPIoff 
sampling during the summer APHH 2017 campaign. The IPI off periods in 
the blue, whilst if 40% or 0% reduction in sensitivity is applied to COH for the 
IPI-on sampling periods is shown in purple and red, respectively.  

The above test which was performed during the APHH summer campaign to 

determine the loss of sensitivity towards OH was only qualitative as it is based off 

interpolation of ambient radical concentrations that may exhibit strong variability, 

especially during the day. To quantify the sensitivity loss further, calibration 

experiments were performed at the University of Leeds. The calibration 

experiments used a laminar flow (Re < 2100) rather than a turbulent flow 

(Re > 4000) that is normally used in the standard calibration experiments using 

the wand (see section.2.1.5 for details). Laminar flow was used as it was 

hypothesised that the difference between previous calibrations performed at 

Leeds (which indicated a 40% loss in sensitivity when the IPI was present) using 

the turbulent wand method and the ambient measurements performed in Beijing 

(which showed no decrease in sensitivity towards OH), was due to inappropriate 

sampling methodology (i.e. the turbulent flow method is not representative of how 

the IPI sampled ambiently) in the wand calibration case.  For the turbulent wand 

method, it was thought that positioning the wand ~3 cm above the IPI would 

minimise flow perturbation inside the IPI, however, this may not have been 

sufficient to replicate the conditions inside the IPI during ambient sampling due 

to the fast wand gas velocity (~10 m s-1) impinging on the sampling pinhole and 

may have resulted in the elevated radical wall loss of ~40% that was previously 

measured. To generate radicals by a method which provides conditions 
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analogous to ambient sampling, a 184.9 nm mercury lamp was placed ~ 19 cm 

above the IPI inside a tent which was placed around the fluorescence cell 

assembly on the roof of the container, which was outdoors next to the Chemistry 

department. The use of the Hg lamp, which photolysed ambient water vapour to 

form OH, allowed for the FAGE instrument to sample elevated radicals formed 

within the tent (~2 ï 7 x 107 molecule cm-3) in an ambient sampling set-up, and 

the loss of sensitivity could be determined under realistic conditions. The 

experiment was performed in a tent to minimise the effects of meteorological 

conditions (i.e. wind) and allowed the OH concentration to build up to a                   

steady-state value and become homogeneous within the tent.  

The experiment was performed with sequential measurements of IPIon and then 

IPIoff, and for each measurement, the online time-period was 60 seconds 

measuring OH only, then with 30 seconds offline. The experiment was repeated 

three times as the generated OH concentration can be affected by ambient 

variability (e.g. in NOx levels, wind speeds impacting the environment within the 

tent). The results from the experiment are shown in Figure 3.2, based on the 

average for each set of repeated measurements the experiment yielded a mean 

IPIon/IPIoff signal ratio of 0.95 ± 0.12 (95% confidence errors, 2 s) representing 

a ~5% sensitivity reduction due to the presence of the IPI. The reduction of HO2
 

sensitivity from losses onto the wall of the IPI was not determined as it is less 

reactive than OH and is assumed to have no wall losses. For OH the reduction in 

sensitivity is smaller than the total instrumental uncertainty (~26% at 2ů, see 

section.2.1.7), and as such, no corrections have been applied to OH or HO2 

calibration factors for the work-up of ambient data. Also, the experiments 

performed in the tent in Leeds and the ambient experiment in Beijing are 

consistent with one another. The result for OH is consistent with previous studies 

by Mao et al. (2012) and Tan et al. (2017), where the introduction of a chemical 

modulation system (analogous to the Leeds IPI) caused no changes in the 

instrument sensitivity for OH. On the other hand, Novelli et al. (2014a) observed 

a ~34% reduction in sensitivity based on ambient measurements with sequential 

IPIon/IPIoff measurements. 
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Figure 3.2 Testing of OH losses in the IPI system. Each panel shows repeat 
measurements of OH signals (Ñ2ů) over the course of one day, where high 
OH concentrations were generated using a 184.9 nm Hg lamp placed 
~19 cm above the instrument inlet. Blue and red markers denote individual 
measurements (one measurement ñloopò, i.e., one wavelength online-offline 
cycle) performed with (ñIPIonò) and without (ñIPIoffò) the IPI system, 
respectively. Solid lines correspond to the average signals for each day, with 
2ů standard deviations (SD) shown by the dashed lines. 
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3.3 Inlet pre-Injector ï Internal Removal 

3.3.1 Introduction 

Previous experiments have been performed to assess whether the scavenger (in 

this work propane) that removes external OH could also remove internally 

generated OH and cause the OHchem measurement to be underestimated. 

These experiments showed that, at the propane (110 ï 1110 ppmv) concentration 

used for fieldwork, the internal removal was close to zero (Woodward-Massey et 

al., 2020) although a theoretical calculation showed that at 1110 ppmv of propane 

12% of internally generated OH may be removed. Previous experiments used the 

calibration wand to generate equal concentrations of OH and HO2, sufficient CO 

(75 sccm, 95 ppmv) was added to the calibration wand to quantitatively convert 

the OH formed into HO2 (98.0 ± 0.4%). Then a high flow of NO (50 sccm) was 

injected inside the FAGE cell (injection point was immediately beneath the 

pinhole) to reconvert HO2 back to OH inside the cell. The concentration of OH 

was tracked whilst the flow of propane was on and off. It should be noted that 

Tibet field data is only discussed within this chapter and no work-up data will be 

discussed later. 

Although recent work during the Tibet field campaign highlighted there was 

internal removal of OH when 2020 ppmv of propane was used as a scavenger, 

the same flow and set-up were used in Tibet as the APHH summer campaign but 

due to the propane flowing into 0.55 Bar (atmospheric pressure of Namco 

measuring site, ~4800 m), the mixing ratio of propane was increased by a factor 

of ~1.82. For two days of the Tibet field campaign, the FAGE instrument was 

turned off, including the pumps (Roots blower (Leybold RUVAC WAU 1001) 

backed by a rotary pump (Leybold SOGEVAC SV200)) attached to the HOx and 

ROx cell, due to power supply issues. Another instrument (PERCA) shared the 

same exhaust line as the FAGE instrument, and whilst the FAGE instrument 

pumps were off it was suspected that the NO exhausted from the PERCA was 

able to enter the FAGE cells and damage the seal between the HOx and ROx 

cells. Damage to the seal meant that NO (injected into the ROx cell) could leak 

into the HOx cell during the OH measurement period, and internally convert HO2 

into OH. However, the damage to the seal between the cells is currently only 

theoretical as the instrument has not been able to be assessed since the 
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campaign, and other reasons, such as a leak on the HOx FAGE cell NO valve 

could also lead to HO2 internally converting to OH during the OH measurement 

period. As shown in Figure 3.3, after the instrument was turned back on 

(14/05/2019 ï 20/05/2019) a large spike in both OHwave and OHchem 

concentration was observed, compared to the previous period (30/04/2019 ï 

10/05/2019). The OHwave and OHchem values were ~3.7 and ~3 times larger 

during the 14/05/2019 ï 20/05/2019 compared with the 30/04/2019 ï 10/05/2019, 

respectively.  

 

Figure 3.3 Measurements of OHwave(left) and OHchem(right) for the two 
different measurements periods with the 30/04/2019 ï 10/05/2019 
represented by blue, and the 12/04/2019 ï 20/04/2019 represented by the 
black.  

If there were no removal of internally generated OH, then only the OHwave value 

would be expected to increase as both ambient OH and the small % of ambient 

HO2 converted to OH using the leaked NO would be measured, whilst the 

OHchem value should have stayed a similar order of magnitude. The OHchem 

value changing between the two measurement periods suggests that some of the 

OHchem signal is removed by propane entering the cell, and means that at 

2020 ppmv of propane does internally remove OH which is not what the previous 

laboratory experiment showed.  

The previous internal removal laboratory experiments may have shown no 

internal removal at 1100 ppmv as it used the turbulent calibration wand method 

to generate the radicals, which was shown in section.2.1.5 to give the incorrect 

sensitivity loss with the IPI in place. The turbulent wand method, in this case, may 

have prevented propane entering the cell by disrupting the flows, whilst when the 

FAGE instrument samples ambiently there is no turbulent air being directed at 
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the pinhole and propane may enter the cell and remove any internally generated 

OH. Unfortunately, no internal removal experiments using a laminar flow were 

made as a part of this work due to the time-frame, but a theoretical calculations 

based of the Tibet data and the step-change observed is shown in section.3.2.2. 

3.3.2 Internal Removal Correction 

As discussed in section.3.3 a removal of internally generated OH was noticed 

during the Tibet campaign. The major sources of radical (O3, j(O1D) and H2O) 

had very little day-to-day variability which means the measurement of OHchem 

between 30/04/2019 ï 10/05/2019 and 14/05/2019 ï 20/05/2019 should be 

similar once corrected for the internal removal. To calculate the theoretical 

internal removal the expected similar OHchem concentrations between the two 

different measurement periods has been exploited. The theoretical OHchem 

values for the 14/05/2019 ï 20/05/2019 can be calculated by using the linear 

relationship of OHchem (30/04/2019 ï 10/05/2019) vs j(HONO), which is shown 

in Figure 3.4, yields a slope of (9.48 ± 0.31) x 108 molecule cm-3 s. j(HONO) was 

used as it generated a linear relationship with OHchem. 

 

Figure 3.4 Relationship between OHchem measured from the 30/04/2019 ï 
10/05/2019 vs j(HONO). a represents the intercept that has been forced 
through zero, and b is the slope. 
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The slope can be used to calculate the OH between 14/05/2019 ï 20/05/2019, 

as shown in E3.1: 

/( ÍÏÌÅÃÕÌÅ ÃÍ Ὦ(/./ Ó ωzȢτψ Ø ρπÍÏÌÅÃÕÌÅ ÃÍ  Ó E3.1 

where the OHcal is then converted in Counts (s-1) by dividing through by the 

calibration factor and the measured f*
 (f* is the relationship between the laser 

power and the PDI, see section.2.1.5 for more details). Then the OHcal can be 

compared to OHchem that has been adjusted at several values for internal 

removal (called OHchem(adjusted) from now on), and when OHcal and 

OHchem(adjusted) are roughly the same the internal removal value is correct. 

The process to adjust the OHchem value is shown below, first, the online counts 

measured during the OHchem need to be increased, as shown in E3.2 using Ŭ: 

/(ÃÈÅÍɻ Ó /(ÃÈÅÍÏÂÓÅÒÖÅÄ Ó ɻz E3.2 

where OHchem(Ŭ) represents the signal that should have been observed if there 

was no internal removal. Next OHchem(adjusted) is calculated using E3.3: 

/(ÃÈÅÍÁÄÊÕÓÔÅÄÓ /(×ÁÖÅ Ó /(ÃÈÅÍɻ Ó  E3.3 

 where OHwave is the online counts measured during the OHwave period. The 

internal removal factor can be calculated using E3.4: 

)ÎÔÅÒÎÁÌ 2ÅÍÏÖÁÌρ  
/(ÃÈÅÍÏÂÓÅÒÖÅÄ 

/(ÃÈÅÍɻ
ρzππ 

E3.4 

Figure 3.5a shows the comparison of OHcal and OHchem(adjusted) using 0.4 as 

the value for Ŭ, which yields an internal removal of 38 Ñ 26%. The error has been 

calculated by varying the internal removal such that all the points in Figure 3.5b 

are either above or below zero. The ~38% removal is higher than the theoretical 

value calculated ~12%, but the propane mixing ratio in Tibet was 2020 ppmv due 

to the ambient pressure of 0.55 bar and so at 1110 ppmv the calculated internal 

removal would be ~20 ± 14% which is similar to the 12% theoretical value 

calculated by Woodward-Massey et al. (2020). The difference between OHcal 

and OHchem is shown in Figure 3.5b and shows the value hovers around zero 

demonstrating that the internal removal value is bringing OHcal and OHchem 

close to unity. The deviation away from zero is expected as these measurements 

were taken under ambient conditions and would not expect to fall exactly on the 

line OH vs j(HONO) that was used to calculated OHcal, as there would be other 
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ambient factors to include (i.e change in air-mass, O3, NO). A controlled 

laboratory experiment would yield better results, but as discussed earlier due to 

the time-frame no laboratory experiments have been completed. 

 

Figure 3.5 a) Comparison of OHcal and OHchem(adjusted), where 
OHchem(adjusted) was calculated using E3.2- E3.3 with a value of Ŭ = 0.4 
yielding an internal removal of 38% using E3.4. b) Difference between 
OHcal ï Ohchem(adjusted) yielding the results closest to zero for different 
internal removal.  

To correct the ambient data from both the APHH summer campaign and the Tibet 

campaign for internal removal, several steps have to be taken into account. First 

the measured OHchem(observed) signal must have the OHwave(offline) 

subtracted as the internal removal of the OHchem does not affect the OHwave 

background signal(from laser scatter), but does make up a part of the 

OHchem(observed) signal. Then this is corrected for the internal removal by 

dividing through with 1 ï internal removal value, and finally the OHwave is added 

a 

b 
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back on. The steps used to correct the online OHchem signal in counts is 

summarised E3.5: 

/(ÃÈÅÍÃÏÒÒ

/(ÃÈÅÍÏÂÓÅÒÖÅÄ  /(×ÁÖÅÏÆÆÌÉÎÅ 

ρ ÉÎÔÅÒÎÁÌ ÒÅÍÏÖÁÌ

/(×ÁÖÅÏÆÆÌÉÎÅ 

E3.5 

To calculate the ambient concentration of OH the corrected OHchem(corrected) 

value must be subtracted from the online OHwave, which is shown in E3.6: 

/(ÃÈÅÍÁÍÂÉÅÎÔ
/(×ÁÖÅÏÎÌÉÎÅ/(ÃÈÅÍÃÏÒÒ

#
 E3.6 

The corrected summer APHH and Tibet data is shown in section.3.3.3.1 and 

section.3.3.3.2, respectively. The Penn. State University (PSU) internal removal 

of OH was quantified by Mao et al. (2012). PSU used a mercury lamp to generate 

OH inside the cell and compared the OH signal with and without the presence of 

the scavenger (C3F6), added externally using the IPI system. PSU found the 

internal removal loss was ~ 20% and that most losses occurred at the instrument 

inlet, rather than at the OH detection axis. The Max Planck Institute for Chemistry 

(MPIC) internal removal was not tested in the laboratory by Novelli et al. (2014a) 

but instead, they limited the scavenger (propene and propane) concentration 

such that the OH removal efficiency was <95%, to minimise possible reactions of 

the scavenger with OH inside the fluorescence cell. However, during ambient, 

night-time tests (constant atmospheric OH concentration assumed), no change 

in the OH background signal was observed after increasing the scavenger 

concentration by a factor of seven, providing evidence for a lack of internal 

removal (Novelli et al., 2014a). The Leeds ground-based FAGE instrument has a 

much higher internal removal than PSU and MPIC, although currently internal 

removal has only been tested qualitatively via the Tibet incident at the higher end 

of the propane concentrations. The internal removal in the Leeds ground-based 

FAGE instrument needs to be determined quantitively in the laboratory that is 

analogous to measuring ambiently, and lower propane mixing ratios should be 

used in future campaigns. 
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3.3.3 Corrected Data 

3.3.3.1 APHH Summer 

The APHH summer data reported in Chapter 5 has been corrected using the 

steps shown in section.3.3.2, using an internal removal value of 20%. The time-

series comparison between OHwave, OHchem and OHchem(corrected) is shown 

in Figure 3.6. Figure 3.6 shows that in general, no correction needs to be applied 

to the APHH summer data as there are no observed differences between 

OHwave and OHchem (see section.5.4.2 for details). Although on 24/05/2017, 

30/052017, 09/06/2017, 15/06/2017 and 16/06/2017 differences between 

OHwave and OHchem was observed, hence a correction for internal removal of 

OH is required for those days.  

 

Figure 3.6 Time-series comparison of OHwave, OHchem and 
OHchem(corrected). OHchem(corrected) has the correction applied for 
internal removal. Top ï represents the time-series comparison between 
22/05/2017 to 08/06/2017. Bottom ï represents the time-series comparison 
between 08/06/2017 ï 22/06/2017. 
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The largest differences between OHwave and OHchem was observed on the 

24/05/2017 and 15/06/2017, Figure 3.7 shows a case-study comparison between 

OHwave, OHchem and OHchem(corrected) for these days. The comparison 

shown in Figure 3.7 for both 24/05/2017 and 15/06/2017 shows that OHchem, 

within 2ů error, agrees with the OHchem(corrected) data.  

 

Figure 3.7 Top ï Case study comparison of OHwave, Ohchem and 
OHchem(corrected) for the 24/05/2017. Bottom - Case study comparison of 
OHwave, Ohchem and OHchem(corrected) for the 15/06/2017 ï 
16/06/2017. For both the error bars on the OHchem represents 2ů, and 
OHchem(corrected) is the OHchem data corrected for internal removal. 

 

Figure 3.8 shows a comparison between the error of the OHchem measurements 

and the difference between OHchem and OHchem corrected for internal removal 

plotted against OHcherm.  Figure 3.8 shows that both the OHchem error and the 
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difference between the OHchem data sets increases with increasing OH 

concentration, it also shows that the correction for internal removal is much 

smaller than the OHchem error (~5 times smaller at 2.7 x 107 molecule cm-3). 

Figure 3.7 and Figure 3.8 shows that in summertime Beijing where only small 

difference between OHwave and OHchem was observed, the internal removal is 

a small correction. Since the internal removal correction is very small and 

uncertain, the APHH summer campaign data has not been corrected for internal 

removal, hence all the data presented in Chapter.5 is OHchem and not 

OHchem(corrected). 

 

Figure 3.8 Comparison of the OHchem errors and the difference between 
OHchem and OHchem corrected for internal removal. 

3.3.3.2 Tibet Campaign 

The Tibet data has been corrected using the steps shown in section.3.3.2. The 

comparison between OHwave, OHchem and OHchem(corrected) for the Tibet 

campaign is shown in Figure 3.9. It should be noted that the Tibet data has not 

been finalised, and the data shown in Figure 3.9 is subject to change. As 

discussed in section.3.3.1 the step change in the data between 11/05/2019 to 

13/05/2019 is suspected to be caused by NO leaking into the HOx cell during the 
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OH measurement period converting HO2 into OH. The high OHchem signal 

observed during this period is suspected to be caused by internal removal of OH 

by the propane used to remove the ambient OH, decreasing the internally 

generated OH background signal. The comparison in Figure 3.9 for 

OHwave/OHchem (01/05/2019 to 11/05/2019) and OHchem(corrected, 

1305/2019 to 205/2019) shows a consistent OH concentration between the two 

time-periods, rather than the previous large step-change. The good agreement 

between the two time-period suggests the internal removal correction of 38% is 

correct. Although the internal removal needs to be determined quantitatively in 

the laboratory, as discussed previously this could not be achieved in the 

time-frame of this project.  

 

Figure 3.9 Time-series comparison of OHwave, OHchem and 
OHchem(corrected). The OHchem(corrected) data has had the correction 
applied for internal removal. 

3.4 Ozone Interference Testing 

3.4.1 Experimental 

In FAGE instruments there is a known interference from laser generated OH from 

ozone photolysis in the presence of water-vapour (Griffith et al., 2016, Fuchs et 

al., 2016, Tan et al., 2016). The ozone interference has been explored for the 
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Leeds ground-based FAGE instrument, the experimental set-up is shown in 

Figure 3.10. Ozone was generated from the 184.9 nm photolysis of oxygen in a 

flow of zero air (BOC, BTCA 178) using a Hg(Ar) pen-ray lamp (LOT LSP035), 

the ozone concentration was varied during the experiment by changing the flow 

past the mercury lamp between 12 ï 20 slm. Another flow of zero air was used 

to humidify the flow by passing the air through a water (HPLC grade) bubble, the 

H2O concentration was varied between 0.1 ï 1% by changing the zero airflow 

past the bubbler or removing the bubbler from the system. A further 5 slm dilution 

flow of zero air was used to allow for more variability in changing the flow past 

the lamp and bubbler whilst keeping a total flow of 32 slm. The water vapour was 

detected using a hygrometer (General Eastern 1311DR sensor and 4x4 Optica, 

range -65-20 oC). The inlet pre-injector was used during this experiment to 

measure both OHwave and OHchem background (see section.2.1.2 for more 

details), OHchem ï OHwave (background) measured the interference generated 

within the cells from the O3 + H2O interference. 

 

Figure 3.10 Experimental set-up for testing the ozone interference in the Leeds 
ground-based FAGE instrument. 

Three separate experiments were performed to measure the OH interference 

dependence upon ozone concentration, H2O vapour mixing ratio and laser power. 

For the ozone experiment, the ozone was changed between 0 ï 2.5 ppmv, whilst 

water vapour and laser power were kept constant at 0.71% and 9.1 mW, 

respectively. For the H2O vapour experiments, the H2O vapour concentration was 

varied between 0.1 ï 1%, whilst ozone and laser power were kept constant at 

2390 ppbv and 8.25 mW, respectively. For the laser power experiment the laser 

power was varied between 3 ï 17 mW by varying the ratio of acetone:water in a 

cuvette placed before the fibre launcher that is used to send the laser light to the 
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detection cells, and hence attenuating the 308 nm laser power. During the laser 

power experiments, the ozone and H2O concentration was kept constant at 

2450 ppbv and 0.07%, respectively. 

3.4.1 Results 

The results from the O3 interference test is shown in Figure 3.11. It can be seen 

that the interference signal is linear with both ozone (a) and H2O vapour (b) mixing 

ratio, and that the interference in terms of raw counts has a quadratic dependence 

with laser power. The quadratic dependence on laser power indicates the 

interference originates from a two-photon process. Once the data was normalised 

to laser power, the equivalent OH concentrations have a linear dependence with 

respect to laser power. The overall interference is linear with ozone, H2O vapour 

and laser power and can be calculated by normalising the slope in Figure 3.11a 

to O3 = 1 ppbv, H2O = 1% and laser power = 1 mW yields E3.7: 

/( υςπ ρτπÍÏÌÅÃÕÌÅ ÃÍ ÐÐÂÖ Í7 Ø / ᶻ(/ ,z0 E3.7 

where LP represents laser power. The ozone interference has been 

characterised for the Indiana University FAGE (IU-FAGE) to be given by E3.8 

(Griffith et al., 2016): 

/( χυππ ρπππ ÍÏÌÅÃÕÌÅ ÃÍ ÐÐÂÖ Í7 Ø / ᶻ(/ ,z0 E3.8 

which shows a 14.4 times higher ozone interference in the IU-FAGE compared 

to the Leeds ground-based FAGE instrument. However, the IU-FAGE uses a 

multipass system and in general a lower laser power. The differences between 

the observed ozone interference between FAGE instruments highlights the 

importance of each FAGE group investigating the potential interferences 

separately.  
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Figure 3.11 OH interference (Ñ2ů) from O3 + H2O as a function of (a) O3, (b) H2O 
vapour, and (c) laser power. The interference signal is linear in O3 and H2O 
vapour mixing ratios and quadratic in laser power, confirming the two-
photon nature of the process. Normalising the slope in panel (a) to O3 = 1 
ppbv, H2O = 1%, and laser power = 1 mW yields an OH interference 
equivalent to a concentration of 520 ± 140 molecule cmī3. 

Figure 3.12 shows the comparison between OHwave and OHwave corrected for 

the experimentally determined O3 interference using E3.7 for the APHH summer 

campaign in Beijing where O3 concentrations were very high. The results show 

that the O3 interference constitutes ~9% of the OHwave signal, with the average 

O3 interference for the campaign 0.65 x 106 molecule cm-3, at an average laser 

power of ~ 11mW. These results show the importance of determining different 

a 

b 

c 
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interferences in individual FAGE set-ups, as the signal from an interference could 

become significant in different environments. 

 

Figure 3.12 Time-series comparison of OHwave and OHwave corrected for 
ozone interference, alongside the calculated O3 interference. Top ï 
represents the time-series comparison between 22/05/2017 to 08/06/2017. 
Bottom ï represents the time-series comparison between 08/06/2017 ï 
22/06/2017. The gap between 16/06/2017 to 21/06/2017 is caused by 
missing data not allowing for the O3 interference to be calculated.  

3.6 NO3 Interference Testing 

3.6.1 Experimental 

Previously a NO3 interference has been observed in the Juelich FAGE instrument 

(Fuchs et al., 2016) which has a similar set-up and design to the Leeds ground-

based FAGE instrument (single pass and a relatively short distance between 

pinhole to laser excitation axis). An OH interference from NO3, despite the 

absence of a hydrogen was observed and was equivalent to 1.1 x 105 molecule 

cm-3 per 10 pptv of NO3 (Fuchs et al., 2016). The OH interference signal observed 

in the Juelich instrument showed a linear dependence with NO3, and no 

dependence on inlet length, cell pressure, laser power or humidity. It was 
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postulated that a heterogeneous process involving NO3 and H2O vapour 

adsorbed onto the cell walls was the source of the interference.  

The NO3 interference was tested for the Leeds ground-based FAGE instrument, 

the experimental set-up is shown in Figure 3.13. 

 

Figure 3.13 The experimental set-up for the NO3 interference testing 

The NO3 was generated from the reaction of ozone with NO2:  

/  ./ᴼ./  + O2 R3.1 

./  ./ -ᴼ./  + M R3.2 

./ -ᴼ./  ./  +M R3.3 

The ozone was generated by flowing zero air (BOC, BTCA 178) past a Hg(Ar) 

penray lamp (LOT LSP035) at 15 slm, the ozone concentration was changed 

between 0 ï 3000 ppbv during the experiment by changing the lamp current 

between 0 ï 21 A. A constant 0.5 slm of NO2 (BOC, 2ppmv) was diluted in the 

25 slm flow of zero air/ozone mixture yielding a final concentration of 40 ppbv of 

NO2, the additional 10 slm for the dilution flow was provided by 20 slm 

MFC (25% -  5 slm) and 5 slm MFC (100% -  5 slm). The gas was delivered to 

the system using the calibration wand with a total residence time of ~3.7 s for the 

O3 + NO2 reaction. The NO3 mixing ratios during the experiment range between 

0 ï 90 pptv and was calculated using a zero-dimensional box model with rate 

constants taken from the Master Chemical Mechanism shown in Table 3.1. The 

results from the box model calculation of NO3 at three different O3 concentration 

is shown in Figure 3.1b, which was been used to calculate the NO3 concentration 

vs O3 at a residence time of 3.7 s which is shown in Figure 3.14a. The slope from 
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Figure 3.14a was used to calculate the NO3 concentration for the interference 

experiment. It should be noted that NO3 was not measured during the experiment 

so the experimental concentration is uncertain. The experiment was performed 

under dry conditions (H2O(v) ~0.07%) to reduce the signal from the O3 + H2O 

interference, the water was measured using a hygrometer (General Eastern 

1311DR sensor and 4x4 Optica, range -65-20 oC). The interference from O3 + 

H2O was corrected using the equation that was presented in section.3.4.  

Reaction Rate Constant Reference 

/  ./ᴼ./  3.52 × 10ī17 cm3 moleculeī1 sī1 http://mcm.leeds.ac.uk/MCM 

./  ./ᴼ./  1.24 × 10ī12 cm3 moleculeī1 sī1 http://mcm.leeds.ac.uk/MCM 

./ ᴼ./  ./ 0.045 sī1 http://mcm.leeds.ac.uk/MCM 

Table 3.1 The reactions and rate constants used in a box model to calculate the 
NO3 concentration for the interference experiment. 

The inlet pre-injector was used during this experiment to measure both OHwave 

and OHchem background (see section.2.1.2 for more details), E3.9-E3.10 shows 

how the NO3 interference was calculated: 

/( /(ÃÈÅÍ/(×ÁÖÅÏÆÆÌÉÎÅ E3.9 

/( ȟ /( /( ȟ  E3.10 

where OHôint is the difference between OHchem and OHwave(offline) and is the 

sum of the interference from both NO3 and O3 + H2O. As shown in E3.10 the NO3 

interference can be calculated by subtracting the known O3 + H2O interference 

away from the OHôint.  
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Figure 3.14 a) The linear dependence of NO3 vs O3 for a residence time of 3.7 s, 
the NO2 concentration was kept constant at 40 ppbv. The slope has been 
used to calculate the NO3 concentration during the NO3 interference 
experiment. b) NO3 concentration as a function of time at 500, 2000 and 
3000 ppbv of O3, the vertical dashed line represents a residence time of 
3.7 s. 

3.6.2 Results 

The results from the NO3 interference testing is shown in Figure 3.15 and shows 

that whilst there was an observed interference during the experiment, the 

interference signal observed was from OH internally generated from O3 + H2O 

(see section.3.4) and not from NO3. The OH signals from NO3 interference were 

all <8 x 105 molecule cm-3, and almost always below the instrument LOD of 

6.3 x 105 molecule cm-3 (SNR = 2).  

a 

b 
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Figure 3.15 a) The total OH concentration of internally generated OH as a 
function of NO3 during the NO3 interference experiments, the error bars 
represents 2ů  errors. b) The internally generated OH as a function of NO3 
from the known O3 + H2O interference using E3.7 (section.3.4) with 2ů error 
bars. c) The internally generated OH from the NO3 interference as a function 
of NO3 obtained by subtracting (b) from (a), with 2ů error bars. The red 
dashed line represents the LOD during the experiment. 

Unlike the results from Fuchs et al. (2016), the interference does not increase 

linearly with the NO3 mixing ratio. However, using the point taken at 90 pptv, the 

interference is equivalent to ~ 6 x 104 molecule cm-3 at 10 pptv, which is 

approximately half that was observed by Fuchs et al. (2016) at 10 pptv. These 

experiments suggest that an interference from NO3 is not significant for the 

detection of OH inside the Leeds ground-based FAGE instrument. These results 

a 

b

 

c 
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are also supported by no observed interference during the APHH summer 

campaign at night-time, where NO3 reached up to 100 pptv. 

3.7 Summary 

This chapter has described experiments that have been used to determine: the 

reduction in sensitivity from the introduction of the IPI; the qualitative analysis for 

internal removal; ozone interference in the FAGE instrument and experiments to 

test for a NO3 interference. The determination of the reduction in sensitivity due 

to radical wall losses proved to be a challenge. Previous experiments performed 

in Leeds showed ~40% loss in sensitivity using the turbulent calibration method, 

whilst further experiments in the field in Beijing and analogous laboratory 

measurements in Leeds mimicking ambient sampling but with higher 

concentrations of OH gave consistent results and showed a loss closer to ~0%. 

This work highlights the importance of performing experiments under conditions 

similar to ambient sampling methods, as the turbulent flow can perturb the flow 

within the IPI compared to ambient sampling. The impact of performing 

experiments using a turbulent flow is highlighted for determining the internal 

removal. Whereas previous turbulent flow experiments showed ~0% internal 

removal, measurements during the Tibet field campaign following a suspected 

leak of NO into the fluorescence cell showed that using 2020 ppmv of propane 

as the scavenger resulted in ~38 ± 26% internal removal. However, the Tibet 

campaign estimation of internal removal is only qualitative and is based on an 

assumption that a there was a leak of NO between the HOx and ROx cell during 

the latter part of the campaign, causing ambient HO2 to convert to OH via reaction 

with NO. Also, the Tibet campaign estimations of internal removal is very 

sensitive to real-time differences in ambient OH concentration due to different 

ambient conditions. Also, the internal removal calculated for the APHH summer 

campaign was reduced to ~20 ± 14 as the propane mixing ratio was ~1.82 times 

smaller than the Tibet campaign. The internal removal value of ~20 ± 14 is similar 

to the theoretically calculated values of ~12% by Woodward-Massey et al. (2020).  

Since the difference between OHwave and OHchem was small in the APHH 

summer campaign, hence internal removal was less important the APHH summer 

data presented in Chapter.5 has not been corrected for internal removal. The 

internal removal experiment will have to be repeated under laboratory conditions, 
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using conditions that would not perturb the flow and analogous to ambient 

sampling conditions. Alternatively, a mercury lamp could be placed within the cell 

to generate OH inside the cell, which was the method used by Mao et al. (2012) 

in the Penn. State University instrument. Also, in future campaigns, the propane 

concentration used will be reduced to reduce the internal removal of internally 

generated OH. 

Interference testing was also conducted for ozone photolysis in the presence of 

water vapour and the interference from NO3. The O3 interference test showed a 

linear relation with ozone and H2O mixing ratios and a quadratic relationship with 

laser power (linear once normalised to laser power).1 The interference is smaller 

than the one determine by Griffith et al. (2016), although as discussed previously 

as the FAGE instrument is a home-built with large variations from instrument-to-

instrument this was to be expected, especially since the Pasadena State 

University (PSU) instrument uses a multi-pass cell whilst the Leeds instrument is 

a single pass cell. The NO3 interference testing showed no interference up to 90 

pptv of NO3, the NO3 concentration made during the experiment was limited by 

O3 mixing ratio and the residence time. The NO3 experiment results were also 

supported by the comparison between OHwave and OHchem during the summer 

campaign, where NO3 could reach up to 100 pptv at night, but no differences 

between OHwave and OHchem was observed at night-time (see section.5.4.2 for 

details).  

Going forward, the internal removal experiment needs to be determined using 

experimental conditions analogous to ambient sampling. Quantitative 

determination of internal removal will allow for the Tibet data to be finalised and 

should be determined before any future campaigns. Also, in future campaigns, a 

lower propane flow will be used (most likely 110 ppmv mixing ratio as used in the 

Beijing winter campaign) so that internal removal does not occur. Also, further 

laboratory investigation to different interferences that may be present in the FAGE 

instrument, such as reaction O3 with different biogenic VOCs. 

 

1 Raw counts(counts s-1) is quadratic in nature as it is a two-photon process, but 
becomes linear once normalised to laser power (counts s-1 mW-1) 
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4. Measurements of OH, HO2, RO2 and OH reactivity made in 

central Beijing and a comparison with the Master Chemical 

Mechanism during wintertime. 

This chapter describes the measurement of OH, HO2, RO2 and k(OH) and their 

comparison with a box model incorporating the master chemical mechanism 

(MCM). The measurements were made in central Beijing at the Institute of 

Atmospheric Physics (IAP) in November and December 2016, as a part of ñAir 

Pollution and Human Health in Chinese megacitiesò (APHH). A review of previous 

publications of radical measurements made in China and other urban 

environments has been described in Chapter 1. 

The structure of this chapter is summarised in the following paragraph. First, an 

introduction to the APHH and AIPRO project (Shi et al., 2018) is provided 

including the: motivation for the project; details of the instrumentation; details 

about the measurement site; chemical and meteorological conditions 

encountered and description of various models used to compare to radical 

observations.  The next section will explore the results from the APHH campaign 

which includes: a comparison of the measurements with previous Chinese 

campaigns; an investigation of potential interferences in the OH measurement by 

comparing OHwave and OHchem; a comparison of the measured OH to OH 

calculated using photostationary steady-state; a comparison of the 

measurements with the MCM-base model; a discussion of the major sources and 

sinks of radicals during the APHH campaign; an analysis of the NO-dependence 

of measured and modelled radical species which is followed by a discussion of 

missing chemistry/understanding in high NO environments; then a discussion of 

the impact of using modelled HONO to predict OH; followed by an investigation 

into the behaviour of radicals under haze conditions and the implications for 

gas-phase oxidation under these conditions, and, finally a comparison the models 

ability to predicts ozone production, especially in high NO environments. 
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4.1 Introduction to the Winter ñAn Integrated study of AIR 

Pollution PROcesses in Beijingò 

Air Pollution and Human Health (APHH) in a Chinese Megacity is a joint UK-

China programme which aims to: identify the concentrations and sources of urban 

air pollution in Beijing; identify how people are exposed; understand how it affects 

your health and determine future strategies to decrease air pollution. APHH has 

been broken into five different projects: AIRPOLL, AIRPRO, APIC-ESTEE, 

AIRLESS and INHANCE. The work undertaken by the University of Leeds and 

described below was under the AIRPRO section of the APHH campaign and was 

separated into two field campaigns: one in winter (Nov ï Dec 2016) and one in 

summer (May ï June 2017). The results from the winter campaign are described 

in this chapter, whilst the summer results are presented in Chapter 5. 

AIRPRO (AIR Pollution PROcesses) is an integrated study of air pollution in 

Beijing. The project aimed to assess which pollutants are transformed or removed 

through transport, chemical reactions or photolysis. A further aim of the project is 

to compare the environment in Beijing with the understanding of environments 

that are fundamentally different from Beijing. Another key aim is to quantify 

detailed properties of PM and how this can influence its physical properties and 

behaviour within the atmosphere (e.g. for haze formation). The AIRPRO project 

has been separated into seven different sections including: oxidation chemistry; 

nitrogen budgets; physical and optical properties of aerosols; secondary 

aerosols; urban meteorology; feedback between haze, photochemistry and 

dynamics and integration through a multiscale modelling approach. 

The APHH campaign took place in central Beijing at the Institute of Atmospheric 

Physics (IAP),  the location of the site is shown in Figure 4.1 (coordinates: 

39Á58ôN 116Á22ô41ôô E). The site is typical of central Beijing with roads ~150 m 

away to the north, south and west. There is a small canal directly north of the site, 

and further west there is a park covered mainly by conifer pine trees (Yuan 

Dynasty Wall Heritage). Beijing is the capital city of China and is classified as a 

megacity, with a population of more than 20 million people. Beijing is located on 

the northwest border of the North China Plain (NCP), and is surrounded by the 

Yanshan Mountains in the west, north and northeast. The topography of Beijing 

allows for the accumulation of pollutants, especially under southerly winds 
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carrying emissions from the industrial regions. As shown by Figure 4.1, the 

measurement site was close to major roads. Thus, local anthropogenic activities 

might influence the site although no noticeable rush hour was observed (k(OH) 

diurnal in Figure 4.11). The site was also close to a few restaurants and a petrol 

station. More details of the measurement site can be found in the APHH overview 

paper (Shi et al., 2018). 

 

Figure 4.1 Location of the Institute of Atmospheric Physics, Chinese Academy of 
Sciences (source: Google Maps), the location (39°58ô33ôô N 116°22ô41ôô E) of 
the APHH campaign. 

Alongside the Leeds observation of radicals (OH/HO2/RO2), OH reactivity, HCHO 

and photolysis rates; there were a variety of other supporting measurements 

operated by several universities. A full list of instrumentation present at the IAP 

site during the APHH winter campaign is shown in Table 4.1. The supporting 

measurements used in the work below were operated by collaborators from the 

Universities of Birmingham, York, Cambridge and IAP providing measurements 

of trace gases (e.g. CO, NOx, O3 SO2, VOCs, PM2.5, HONO) and aerosol surface 

area.

 

 

мнΦо ƪƳ 
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Instrument Measurements Institute References 

Container 1 

FAGE 
OH (chem and wave), HO2 

and RO2 
Leeds 

Whalley et al. 

(2010) 

OH Reactivity OH reactivity Leeds 
Stone et al. 

(2016) 

Spectral 

Radiometer 
Photolysis Rates Leeds 

Bohn et al. 

(2016) 

Filter radiometer j(O1D) Leeds 
Bohn et al. 

(2016) 

Dew point 

hygrometer 
Water Vapour Leeds 

Whalley et al. 

(2010) 

Davis met station 
Wing speed, direction, temp, 

RH, pressure 
Leeds  

Vaisala CL31 ALC 

ceilometer 

Cloud-base height, mixing 

height, attenuated backscatter 

profiles 

Reading 

Kotthaus and 

Grimmond 

(2018) 

Personal air 

monitors (PAMS) 

CO, NO, NO2, PM1, PM10, 

PM2.5 
Cambridge 

Moore et al. 

(2016) 

MicroPEMs Personal PM exposure IOM 
Sloan et al. 

(2016) 

Container 2 

DC-GC_FID C2ïC7 VOCs and oVOCs York 
Hopkins et al. 

(2011) 

GCxGC-FID C6ïC13 VOCs and oVOCs York 
Dunmore et al. 

(2015) 

TEI 42i NO Birmingham  

Teledyne CAPS NO2 York  

TEI 42c Total NOy York  

TEI 49i O3 York  

TEI 43i SO2 York  

Sensor box CO York 
Smith et al. 

(2017) 

BBCEAS HONO, NO3, N2O5 Cambridge 
Le Breton et al. 

(2014) 
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Container 3 

LOPAP HONO Birmingham 
Crilley et al. 

(2016) 

LIF-HCHO HCHO Leeds Cryer (2016) 

LOPAP HONO IC-CAS 
Zhang et al. 

(2019) 

GC-MS Organic nitrates East Anglia 
Mills et al. 

(2016) 

ROS online 

analyser 
Reactive organic species Cambridge 

Wragg et al. 

(2016) 

Container 4 

FAGE OH (wave), HO2 Peking Lu et al. (2012) 

FAGE OH (chem) Peking Tan et al. (2017) 

TEI 42i NO Peking Tan et al. (2017) 

Teledyne CAPS NO2 Peking  

TEI 42c with Moly 

converter 
NO2 Peking  

TEI 49i O3 Peking  

TEI CO Peking  

Spectral 

radiometer 
Photolysis rates Peking  

GC-ECD PAN Peking 
Zhang et al. 

(2011) 

GC-MS VOCs Peking 
Wang et al. 

(2015a) 

Container 5 

H-TDMA/V-TDMA Hygroscopicity/volatility Peking Wu et al. (2016) 

SMPS+APS 
Particle number size 

distribution 
Peking Wu et al. (2016) 

Particle size 

magnifier 

Size distribution of < 3 nm 

particles 
Peking 

Vanhanen et al. 

(2011) 

IGAC-IC Water-soluble ions Peking Yu et al. (2018) 

Xact Metal Peking Yu et al. (2018) 

 

Sunset OC/EC 

 

 

EC/OC Peking 
Zhang et al. 

(2017) 
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Container 6 

IBBCEAS HONO, NO2 AIOFM 
Duan et al. 

(2018) 

CRDS NO3 and N2O5 AIOFM Li et al. (2018) 

Nitrate Api-ToF-

CIMS 
Organics, clusters (HOMs) Birmingham 

Junninen et al. 

(2010) 

SMPS Particle size distribution Birmingham Shi et al. (1999) 

Particle size 

magnifier 

Size distribution of < 3 nm 

particles 
Birmingham 

Vanhanen et al. 

(2011) 

Container 7 

Fast NOx NOx fluxes York 
Vaughan et al. 

(2016) 

AL5002 CO 

analyser 
CO fluxes York 

Gerbig et al. 

(1999) 

HR-ToF-AMS 
Fluxes of PM1 non-refractory 

(NR) species 
CEH 

Nemitz et al. 

(2008) 

SP2 BC fluxes Manchester Liu et al. (2017) 

PTR-ToF-MS VOC fluxes 
GIG 

Lancaster 

Huang et al. 

(2016) 

SYFT-MS Voice 

200 Ultra 

 

 

VOC fluxes York 
Storer et al. 

(2014) 

Container 8 

SMPS3968-

APS3321 

Particle number size 

distribution 
BNU Du et al. (2017) 

H/V TDMA Particle hygroscopicity BNU 
Wang et al. 

(2017b) 

CCNC-100 CCN BNU 
Wang et al. 

(2017b) 

PAX (870 nm) 
Extinction and absorption 

coefficients 
IAP Xie et al. (2019) 

Ammonia analyser NH3 IAP 
Meng et al. 

(2018) 

Sunset OC/EC 

analyser 

 

Online OC/EC IAP 
Zhang et al. 

(2017) 
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Container 9 

Iodide FIGAERO-

ToF-CIMS 

Particle- and gas-phase molar 

molecule 
Manchester 

Breton et al. 

(2018) 

CPMA-SP2 
Black carbon mass and 

mixing state 
Manchester Liu et al. (2017) 

Micro-reactor oVOCs York 
Pang et al. 

(2014) 

Tower ~ 100 m 

QCL NH3 Ammonia fluxes CEH 
McManus et al. 

(2010) 

IRGA LiCOR-7500 CO2/H2O flux CEH 
McDermitt et al. 

(2011) 

DMT UHSAS 
Size-resolved particle flux 

(0.06ï1 µm) 
CEH 

Deventer et al. 

(2015) 

TSI APS3021 
Size-resolved particle flux 

(0.5ï25 µm) 
CEH 

Nemitz et al. 

(2002) 

TSI CPC3785 Total particle number flux CEH 
Petäjä et al. 

(2006) 

ROFI O3 flux CEH 
Coyle et al. 

(2009) 

Sonic 

anemometer                

R3-50 

Turbulence, sensible heat flux CEH 

Högström and 

Smedman 

(2004) 

WXT530 weather 

station 

T , P, RH, wind speed and 

direction, precipitation 
CEH  

2B O3 analyser O3 concentration CEH 
Johnson et al. 

(2014) 

Tower ~ 120 m 

High-volume 

sampler 
PM2.5 filter samples IAP  

Anderson sampler Size-resolved PM samples IAP  

Tower ~ 260 m    

High-volume 

sampler 
PM2.5 filter samples IAP  

Anderson sampler Size-resolved PM samples IAP  

ACSM NR PM1 species IAP 
Sun et al. 

(2012) 
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CAPS-PM-Ext 

(630 nm) 
Extinction IAP 

Wang et al. 

(2015b) 

SMPS 3938 
Particle number size 

distribution 
IAP Du et al. (2017) 

Gas analyser CO, O3 and SO2 IAP 
Zhou et al. 

(2018) 

Aethalometer 

AE33 
Black carbon IAP Xie et al. (2019) 

Single particle 

sampler 
Individual particles CUMTB 

Wang et al. 

(2018) 

Tower and Tower Basket Measurement 

SNAQ boxes (×6 

at different 

heights) 

CO, NO, NO2, SO2, PM1, 

PM10, PM2.5 
Cambridge 

Popoola et al. 

(2018) 

LOPAP HONO (3 min average) Birmingham 
Crilley et al.( 

2016) 

Spectral 

radiometerc 
Photolysis rates Leeds 

Bohn et 

al.(2016) 

SNAQ 
CO, NO, NO2, SO2, PM1, 

PM10, PM2.5 
Cambridge 

Popoola et 

al.(2018) 

WIBS 
Fluorescent biological aerosol 

particles (FBAPs) 
IAP Yue et al.(2016) 

AE33 BC IAP Xie et al.(2019) 

Los Gatos NH3 

analyser 
NH3 IAP 

Meng et 

al.(2018) 

PAX Light scattering/absorption IAP Xie et al.(2019 

IAP Ground    

High-volume 

sampler 
PM2.5 filter samples Peking  

Four-channel 

sampler 
PM2.5 filter samples Peking  

High-volume 

sampler 

High-time-resolution PM2.5 

filter samples 
York  

FDMS+Thermo 

Scientific 1405-DF 

Online PM2.5 mass 

concentration 
IAP  

IAP Roof/Lab 
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Partisol sampler PM2.5 + PM2.5ī10 Birmingham 
Taiwo et 

al.(2014) 

Streaker sampler 
Hourly elements in PM2.5 and 

PM2.5ī10 
Birmingham 

Taiwo et 

al.(2014) 

Digitel high-

volume 
PM2.5 daily IAP  

Digitel high-

volume 
PM1 ï 3-hourly IAP  

Andersen sampler Size-resolved PM IAP  

WIBS 
Fluorescent biological 

particles 
IAP Yue et al.(2016) 

CAPS-NO NO2 IAP Ge et al.(2013) 

Aethalometer 

AE33 
Black carbon IAP Xie et al.(2019) 

CAPS-PMSSA Extinction, scattering IAP Han et al.(2017) 

HR-ToF-AMS NR-PM species IAP Sun et al.(2016) 

SP-AMS 
Refractory BC and coated 

aerosol composition 
IAP 

Wang et 

al.(2017a) 

Iodide FIGAERO- 

ToF-CIMS 

Particle- and gas-phase molar 

molecule 
IAP Zhou et al.(2018 

Single particle 

sampler 
Individual particles CUMTB 

Wang et 

al.(2018) 

Table 4.1 Table showing the measurements made at the Institute of Atmospheric 
Physics (IAP) during the winter APHH campaign. AIOFM is Anhui Institute 
of Fine Optics and Mechanics; BNU is Beijing Normal University; CEH is 
Centre for Ecology and Hydrology; CUMTB is China University of Mining 
and Technology (Beijing); GIG is Guangzhou Institute of Geochemistry, 
Chinese Academy of Sciences; NUIST is Nanjing University of Information 
Science and Technology; IC-CAS is Institute of Chemistry, Chinese 
Academy of Sciences. a - Deployment of instrument from 10 November 
2016 to 25 June 2017. b - Winter campaign only. c ï summer campaign 
only. Table taken from Shi et al.(2019) 

The APHH winter campaign official campaign dates were from the 10th of 

November to the 10th of December 2016, but radical measurements commenced 

on the 8th of November. The last radical observations were made on the 10th of 

December in the early morning followed by a final calibration. The coverage of 

radical data shown in section.4.4.1 is patchy due to several logistical and 

instrumental issues that arose during the winter campaign, including: delays in 

gas delivery which meant OH measurements were only available between 
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08/11/2019 ï 17/11/2019; failure of the roots blower (Leybold RUVAC WAU 

1001) on the 9th of November and replacement on 16th of November and laser 

alignment problems from the 24th of November to the 2nd of December. The OH 

reactivity measurements were also dependant on the roots blower and the laser, 

so the OH reactivity and radical data coverage is very similar. The photolysis 

frequency, filter radiometer and HCHO measurements were consistently made 

from 08th November to 10th December. The measurements of OH made from 

08th November to 24th November were OHwave only, whilst the measurements 

from 2nd December to 10th December utilised the inlet pre-injector (IPI) allowing 

measurements of both OHwave and OHchem. 

As shown in Figure 4.3, throughout the campaign various chemical and 

meteorological conditions were observed, including several haze periods. 

According to the meteorological standards (QX/T113-2010), haze is defined as 

either visibility < 10 km at a relative humidity (RH) < 80% or if RH is between 

80 - 95%, visibility < 10 km and PM2.5 > 75 µg mī3. For this work the periods 

defined as haze events are when PM2.5 exceeds 75 µg m-3, the date and time of 

the measured haze events is shown in Table 4.2.  The windrose diagram shown 

Figure 4.2a shows the 30-year climatology between 5 November ï 10 December, 

this climatology shows that during this winter period the dominant wind direction 

is from the northwest which coincides with higher wind speeds. The wind roses 

for the winter 2016 campaign (Figure 4.2b) is noisier but shows a similar trend to 

the 30-year climatology, although southwesterly winds were more frequent during 

the winter of 2016. The south-westerly winds observed in Beijing during the winter 

2016 campaign potentially brought an increased amount of more polluted air from 

the upwind Hebei province. 

The variation, during the campaign, of j(O1D), relative humidity (RH), 

temperature, CO, SO2, O3, NO, NO2, HONO and PM2.5 is shown in Figure 4.3. 

There were several co-located measurements of HONO made during the APHH 

campaign. The HONO mixing ratios shown in Figure 4.3 and used in the models 

were values taken from a combination of all measurements taken at the IAP site, 

as recommended in Crilley et al. (2019) where further details of the methodology 

for selecting the HONO data is provided. For a given time of day, large variations 

in j(O1D) were observed during the campaign, with the reductions in j(O1D) driven 

by enhanced PM2.5 (see Figure 4.3). The temperature during the campaign varied 
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between -10°C and +15°C. The relative humidity during the campaign varied 

between 20% and 80% RH; generally higher RH coincided with haze events. The 

time-series for trace gas species showed high mole fractions for CO (1000-4000 

ppbv), SO2 (5 ï 25 pbbv), NO (20 ï 250 ppbv) but relatively low O3 (1 ï 30 ppbv). 

During the campaign HONO was generally quite high, reaching up to 10 ppbv 

(Crilley et al., 2019). Frequent haze events were also observed during the winter 

campaign, with PM2.5 mass concentration reaching up 530 µg m-3.  

 

 

 

Figure 4.2 Beijing wind roses from ERA-Interim 10 m horizontal wind (40° N, 
116°E) for a) 5 November ï 10 December 1988 ï 2017 and b) 5 November 
ï 10 December 2016. Diagram modified from Shi et al. (2019) 

The median diurnal variation for j(O1D), NO, NO2, O3, Ox (O3 + NO2), HONO, SO2 

and CO separated into haze and non-haze is shown in Figure 4.4; the periods 

defined as haze are shown in Table 4.2. During the haze events j(O1D) decreased 

by ~50% at midday on average. The photo-activity of j(HONO) and j(NO2) 

extends further into the visible region of the solar spectrum and so they exhibit 

lower reductions in their photolysis rates during haze; ~40% reduction for 

j(HONO) and ~35% for j(NO2) (see Hollaway et al. (2019)). On average, during 

haze periods NO concentrations reached 100 ppbv at 8 am, although on some 

days NO was close to 250 ppbv. On clearer days, peak NO was ~ 40 ppbv at 

8 am. A distinct increase in CO, NO2 and SO2 was also observed during haze 

periods, however, no distinct diurnal pattern inside and outside of haze for these 






























































































































































































































































































































































































































































































