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  Abstract  

Determination of OH reactivity in the atmosphere by way of the 

Comparative Reactivity Method 

Rikesh Panchal  

September 2016 

 

Hydroxyl (OH) radicals play an important role in ‘cleansing’ the atmosphere of 

many pollutants such as, nitric oxides (NOx), methane (CH4) and various volatile 

organic compounds (VOCs). To measure the reactivity of OH, both the sinks 

and sources of OH need to be quantified, and currently the overall sinks of OH 

seem not to be fully constrained.  In order to measure the total rate loss of OH 

in an ambient air sample, all OH reactive species must be considered and their 

concentrations and reaction rate coefficients with OH known.  

Using the method pioneered by Sinha and Williams at the Max Plank Institute 

Mainz, the Comparative Reactivity Method (CRM) directly quantifies total OH 

reactivity in ambient air without the need to consider the concentrations of 

individual species within the sample that can react with OH. 

The CRM measures the concentration of a reactive species that is present only 

in low concentrations in ambient air, in this case pyrrole, flowing through a 

reaction vessel and detected using Proton Transfer Reaction- Time of Flight- 

Mass Spectrometry (PTR-ToF-MS).  

The research presented in this thesis will aim to build, develop, calibrate and 

validate a suitable instrument the measures total OH reactivity using the CRM 

technique, with the final aim of employing this technique in a number field 

campaigns. 
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Chapter 1. Introduction 

 

The primary aim of this thesis is to quantify the rates of Hydroxyl radical (OH) 

loss through the use of the Comparative Reactivity Method (CRM). The CRM 

explores comparative reactions of OH with pyrrole and with atmospheric Volatile 

Organic Compounds (VOCs) in order to determine OH loss rate.  

The CRM was first employed by Sinha et al. (2008), and the development of the 

CRM for use by the University of Leicester (UOL-CRM) is discussed within this 

thesis. Particular focus is paid to characterising the UOL-CRM, the 

determination of interferences and the procedures used to correct for these 

interferences. 

A Proton Transfer Reaction- Time of Flight- Mass Spectrometer (PTR-ToF-MS) 

is coupled to the UOL-CRM. The feasibility of using a PTR-ToF-MS to 

simultaneously detect VOC concentrations and measure total OH reactivity 

through to the CRM technique is also discussed within this thesis.  

The final chapters of this thesis discuss the use of the UOL-CRM during a field 

campaign.  The stability of the instrument is explored and measurements are 

compared to both calculated total OH reactivity and a second instrument used 

to measure total OH reactivity (a pump- probe instrument). These comparisons 

aim to validate the UOL-CRM as any variables and interferences during periods 

of disagreement between the calculated OH reactivity and measurements made 

by the pump- probe method are characterised. 

 

1.1 The structure of the atmosphere 

The atmosphere is a thin gaseous envelope surrounding the earth and is 

composed predominantly of nitrogen (78%), followed by oxygen at 20% and 

argon at 0.9%, (Table 1:1) (Harrison, 2007).  It can be divided into a number of 
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layers depending on the temperature and pressure at a specific altitude (Figure 

1:1).  

 

 These layers include: 

1. The troposphere from the surface of the earth to an approximate height 

of 10- 15 km. Temperature within the troposphere ranges from -50°C 

during wintertime at the poles to a maximum of 40°C over the continents 

close to the equator (Webb and Coe, 2007). 

2. The stratosphere lies above the troposphere (10-50 km). The ozone layer 

exists within the stratosphere which plays a key role in absorbing solar 

ultraviolet radiation thus reducing the amount of harmful UV rays entering 

the troposphere. At a height of approximately 50 km is the stratopause, 

in which the temperature of the stratosphere reaches a maximum (due to 

ozone UV absorption), thus marking the boundary of the stratosphere and 

the mesosphere as the atmospheric temperature within the mesosphere 

is cooler than the stratosphere 

3. Above 50 km is the mesosphere. Atmospheric temperatures decrease in 

comparison to the stratosphere within the mesosphere and there are 

  (% amount fraction) 

Constituent Molecular mass 
(g mol-1) 

(a) (b) 

Nitrogen (N2) 28.01 78.08 ± 0.004 78.09 

Oxygen (O2) 32.00 20.94 ± 0.002 20.936 

Argon (Ar) 39.95 0.93 ± 0.001 0.93 

Carbon 
dioxide (CO2) 

44.01 0.03 ± 0.001 0.040* 

Table 1:1 The main components of dry air  

Table adapted from Derwent (2001) and contains data from Glueckauf (1951). The CO2 content was 
extrapolated from data collected from Callendar (1940).  

* recalculated for a CO2 content of 400 ppm and oxygen consumption due to combustion of fossil fuels, 
assuming 48% of CO2

 have remained in the atmosphere. CO2 concentrations from August 2016, from (Trans 
and Keeling) 



3 

 

large regions of turbulent motion. The mesosphere extends to 90 km in 

height where it reaches a temperature minimum at the mesopause. 

4. Finally, above the mesosphere is the thermosphere. At this altitude, there 

is a large inversion in temperature in comparison to the mesosphere, and 

atmospheric pressure is significantly lower than at lower altitudes. So low 

that, species such as molecular oxygen and nitrogen dissociate as 

molecular collisions occur less often, (Webb and Coe (2007), Harrison 

(2007)).   

 

Figure 1:1 The vertical structure of the atmosphere. Vertical changes in 
temperature can be used as an indicator of different atmospheric layer. Adapted 
from  Brasseur and Solomon (2005) 
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1.2 Tropospheric Hydroxyl radical (OH) chemistry 

The hydroxyl radical, is a key molecule within that atmosphere dictates the 

pathways of many chemical reactions. It is capable of oxidising many VOCs, 

greenhouse gases and is able to initiate chain reactions in an oxygen containing 

atmosphere  (Prinn (2003) H. Ehhalt (1999)) owing to its unpaired electron 

resulting in highly energetic molecules. This  feature of the radical, plus its 

presence in high concentrations (up to 107 cm3 (H. Ehhalt, 1999)) ensures its 

importance to the chemistry of the troposphere (Monks, 2007). 

For example, less than 15% of tropospheric carbon CO is removed through the 

processes of soil microorganisms and bacteria, whereas approximately 85% is 

removed though the reaction with OH, a similar removal proportion pertains for  

methane (CH4), alkanes and biologically emitted VOCs (BVOCs) such as 

isoprene, all present within the troposphere (H. Ehhalt, 1999).  

 The importance of OH radicals in the removal of trace gases is summarised in 

Table 1:2, depicting the estimated emissions of various trace gasses per year 

and the percentage removed through their respective reactions with OH 

radicals. 

 Global emission 
rate (Tg/ yr) 

Removal by OH 
(%) 

Removal by OH 
(Tg/ yr) 

CO 2800 85 2380 

CH4 530 90 477 

C2H6 20 90 18 

Isoprene 570 90 513 

Terpene 140 50 70 

NO2 150 50 75 

SO2 300 30 90 

(CH3)2S 30 90 27 

Table 1:2 estimated global emission rates of various trace gases (Tg) including the percentage 
and absolute amounts of each trace gas remove by removed during their respective reactions 
with OH. According to H. Ehhalt (1999), the average concentration of OH was taken as 1x10-6 
molecules cm-3 (1Tg = 1012 g). Adapted from Prinn (2003). 
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1.2.1 OH production 

The major source of OH radicals is through the photolysis of ozone by UV light 

in the presence of water (Harrison, 2007) (R 1:1 and 1:2): 

 

 𝑂3 + ℎ𝜈 → 𝑂 (1𝐷) +  𝑂2(1∆g) (R 1:1) 

 𝑂 (1𝐷) +  𝐻2𝑂 → 2𝑂𝐻 (R 1:2) 

 

In the presence of molecular nitrogen and oxygen, most excited O(1D) atoms 

are quenched back to their ground state (R 1:3 1:4): 

 

Other, secondary OH production pathways include the photolysis of: nitrous acid 

(HONO) in polluted regions (Lee et al., 2016), formaldehyde (HCHO), hydrogen 

peroxide (H2O2), and acetone (C3H6O). The reaction of O(1D) with methane is 

also considered a secondary source of OH (Harrison, 2007). OH can also be 

formed via reaction 1:9, as HO2 formed in R 1:6 reacts with ozone.    

The photolysis of HONO can be a major source of OH radicals in polluted 

regions and is of particular importance at sunrise. During early periods of the 

morning, the frequency of sunlight entering the troposphere has sufficient 

energy to dissociate HONO. As concentrations of HONO generally reach a 

maximum before or at sunrise, the rate of OH production then reaches a 

maximum at the same time (Alicke et al., 2003).  

As HONO is rapidly photolysed, the primary source of OH production then shifts 

HCHO and ozone photolysis as seen in Figure 1:2.  

 𝑂 (1𝐷) + 𝑁2  →  𝑂(3𝑃) +  𝑁2 (R 1:3) 

 𝑂 (1𝐷) + 𝑂2  →  𝑂(3𝑃) +  𝑂2 (R 1:4) 
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1.2.2 Reactions of OH radicals 

In areas where the concentration of NOx (NO and NO2) is low, OH radicals will 

primarily react with either carbon monoxide (CO) or methane (CH4). R 1:5 

generates a hydrogen atom, which can further react with oxygen to produce a 

hydroperoxy radical HO2 (R 1:6). 

 

However, the reaction of OH with methane produces a CH3 radical which then 

reacts with oxygen generating a methylperoxy radical (R 1:7 and 1:8).  

 𝑂𝐻 + 𝐶𝑂 →  𝐻 +  𝐶𝑂2 (R 1:5) 

 𝐻 + 𝑂2 + 𝑀 →  𝐻𝑂2 +  𝑀 (R 1:6) 

 𝑂𝐻 + 𝐶𝐻4  →  𝐶𝐻3 +  𝐻2𝑂 (R 1:7) 

 𝐶𝐻3 + 𝑂2 + 𝑀 →  𝐶𝐻3 𝑂2 +  𝑀 (R 1:8) 

 𝐻𝑂2 + 𝑂3 →  2𝑂2 +  𝑂𝐻 (R 1:9) 

Figure 1:2 Calculated rates of OH production through the photolysis of 
HONO, O3 and HCHO. Adapted from Winer and Biermann (1994) and 
Finlayson-Pitts and Pitts Jr (2000c) 
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When the concentration of NO is high (larger than approximately 10ppt) 

(Finlayson-Pitts and Pitts Jr, 2000b), the HO2 radical formed in R 1:6 can react 

with NO to form NO2 thereby recycling OH (R 1:10). This is because, the HO2 

radical is highly reactive, more so than O2 as the addition of a hydrogen atom to 

an oxygen molecule weakens the bond between oxygen atoms within the 

radical, (H. Ehhalt (1999), Monks (2005)). 

Whereas the methylperoxy radical generated in R 1:8 reacts with NO to form a 

methoxy radical that proceeds to generate formaldehyde as it reacts with 

molecular oxygen (R 1:10, 1:12) 

 

Formaldehyde is then removed by photolysis (R 1:13), however, it can also react 

with OH forming a formyl radical (HCO). HCHO can then further react with 

oxygen to regenerate HO2, (R 1:13 to 1:16). 

 

The reaction of OH with methane (R 1:7) illustrates the typical pathway for the 

reaction of OH with alkanes (R 1:17). As OH abstracts a hydrogen from the 

alkane forming a radical species and water as a by-product.  

OH reacts with alkenes via the addition onto the alkene double bond to form an 

adduct or intermediate that can either decompose or be stabilised. The rate of 

reaction of OH radicals with hydrocarbons increases with increasing size and 

the number of branches within the hydrocarbon. This also depends upon the 

 𝐻𝑂2 + 𝑁𝑂 →  𝑁𝑂2 + 𝑂𝐻 (R 1:10) 

 𝐶𝐻3𝑂2 + 𝑁𝑂 →  𝐶𝐻3𝑂 + 𝑁𝑂2 (R 1:11) 

 𝐶𝐻3𝑂 + 𝑂2  →  𝐻𝐶𝐻𝑂 + 𝐻𝑂2 (R 1:12) 

  𝐻𝐶𝐻𝑂 + ℎ𝜈 →  𝐻𝐶𝑂 + 𝐻 (R 1:13) 

 𝐻𝐶𝐻𝑂 + ℎ𝜈 →  𝐶𝑂 + 𝐻2 (R 1:14) 

 𝐻𝐶𝐻𝑂 + 𝑂𝐻 →  𝐻𝐶𝑂 + 𝐻2𝑂 (R 1:15) 

 𝐻𝐶𝑂 + 𝑂2  →  𝐻𝑂2 + 𝐶𝑂 (R 1:16) 
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number of primary, secondary and tertiary bonds within the hydrocarbon, as 

tertiary carbon hydrogen bonds react faster with OH than secondary bonds 

which intern react faster with OH than primary bonds (Finlayson-Pitts and Pitts 

Jr, 2000b).  

When the concentrations of non-methane hydrocarbons (NMHCs) along with 

NOx (the summation of NO and NO2) are elevated, the reactions of OH with 

hydrocarbons proceeds in a similar way to that seen in R 1:7. In which a radical 

of the alkyl chain is formed (R 1:17), the radical then proceeds to react with 

oxygen to form a peroxy- radical (RO2), (R 1:18), and following the reaction of 

the peroxy- radical with NO, oxy- radicals (RO) are formed (R 1:19) (Monks, 

2005).  

 

Finally, the peroxy- radicals formed in R 1:18 can either be photolysed (similarly 

to R 1:13 and 1:14) or will be further oxidised in thermal reactions, (Tuck (1992), 

Atkinson (1986), Atkinson (2007)). 

 

1.2.3 HOx termination pathways 

The reactions discussed above show that the OH radical has the ability to initiate 

chain reactions whilst maintaining a cycle where there is no net loss in OH. In 

order to terminate the cycle, (thus ensuring a net loss in HOx radicals), both OH 

and HO2 radicals have to react with other radicals (R 1:21 to 1:23): 

  𝑂𝐻 + 𝑅𝐻 →  𝑅 + 𝐻2𝑂 (R 1:17) 

 𝑅 + 𝑂2 + 𝑀 →  𝑅𝑂2 + 𝑀 (R 1:18) 

 𝑅𝑂2 + 𝑁𝑂 →  𝑅𝑂 + 𝑁𝑂2 (R 1:19) 

 𝑅𝑂 →  𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 𝐻𝑂2 (R 1:20) 

 𝑂𝐻 + 𝐻𝑂2  →  𝐻2𝑂 + 𝑂2 (R 1:21) 

 𝐻𝑂2 + 𝐻𝑂2  →  𝐻2𝑂2 + 𝑂2 (R 1:22) 
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The reaction of OH with NO2 is the primary loss mechanism for both OH and 

NO2 in a polluted region (H. Ehhalt, 1999). Figure 1:3 displays a schematic 

representation of the OH and HO2 radical reactions discussed. 

 

 

1.3 Tropospheric Nitrogen Oxides (NOx) chemistry 

NOx is emitted into the atmosphere through a number of natural and man-made 

sources, for example: anaerobic reactions in soil, lightning storms, and 

combustion of oil, gas (Tuck, 1992), (Monks et al., 2009).  

In addition, NO2
 can facilitate the production of ozone. The photolysis of NO2 

produces an oxygen atom that can react with molecular oxygen to generate 

ozone (R 1:25 and 1:26); as NO is regenerated in R 1:25, the O3 that is 

generated can complete a reaction cycle by reacting with NO (R 1:27) this is the 

major source of ozone in the troposphere.  

 𝑂𝐻 + 𝑁𝑂2 + 𝑀 →  𝐻𝑁𝑂3 + 𝑀 (R 1:23) 

 𝑂𝐻 + 𝑁𝑂 + 𝑀 →  𝐻𝑂𝑁𝑂 + 𝑀 (R 1:24) 

Figure 1:3 Systematic diagram representing the OH production and destruction pathways within 

the troposphere (Tuck, 1992) 
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In addition to NO reacting with ozone, NO2, can also react with ozone to form a 

nitrate radical (NO3) (R 1:28) at night.  

The nitrate radical can react with NO2 to produce N2O5 (R 1:29), which exists in 

equilibrium with NO2 and NO3 (R 1:29 and 1:30).  

 

Reactions 1:5 and 1:6 leading to the formation of HO2, can ultimately result in 

the formation of ozone through reaction 1:10, and following this, reactions 1:25, 

and 1:26 within the troposphere. Therefore illuminating the fact that OH 

reactions with trace gases such as CO (in high NO environments) can produce 

ozone or other species that can be particularly harmful (H. Ehhalt, 1999).  

 

1.4 Calculating OH concentrations and reactivity  

OH radicals play a major role in tropospheric chemistry as they are to react with 

a wide range of compounds whilst possessing a short atmospheric lifetime 

(~1 s). Although OH radicals possess a short lifetime, large concentrations have 

been measured within the troposphere, (on the order of 2 x 106 molecules cm-3) 

(Monks, 2005).  

As stated previously, the major source of OH production is though the photolysis 

of ozone, resulting in the production of excited oxygen atoms (R 1:1), and the 

subsequent reaction of the excited oxygen atoms with water vapour (R 1:2).  

 𝑁𝑂2 + ℎ𝜈 →  𝑂(3𝑃) + 𝑁𝑂 (R 1:25) 

 𝑂(3𝑃) +  𝑂2 + 𝑀 →  𝑂3 + 𝑀 (R 1:26) 

 𝑁𝑂 +  𝑂3 + 𝑀 →  𝑁𝑂2 + 𝑂2 (R 1:27) 

 𝑁𝑂2 +  𝑂3 →  𝑁𝑂3 +  𝑂2 (R 1:28) 

 𝑁𝑂3 +  𝑁𝑂2 + 𝑀 → 𝑁2𝑂5 + 𝑀 (R 1:29) 

 𝑁2𝑂5 +  𝑀 →  𝑁𝑂3 + 𝑁𝑂2 + 𝑀 (R 1:30) 
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The rate of OH production can therefore be expressed as: 

 

 𝑃(𝑂𝐻) =  2𝑓[𝑂3]  ×   𝑗(1𝐷) (E 1:1) 

 𝑓 =
𝑘1:2[𝐻2𝑂]

𝑘1:2[𝐻2𝑂] +  𝑘1:3[𝑁2] +  𝑘1:4[𝑂2]
 (E 1:2) 

 

Where k1:2, k1:3 and k1:4 are the rates at which oxygen atoms are quenched by 

water, oxygen and nitrogen.  

The overall rate of change in OH concentration is expressed as: 

 

 

−
𝛿[𝑂𝐻]

𝑑𝑡
=  𝑃(𝑂𝐻) +  𝑘1:9[𝐻𝑂2][𝑂3] + 𝑘1:10[𝐻𝑂2][𝑁𝑂]

+ ∑ 𝑣𝑖𝐽𝑖[𝑖] + 𝑃, − ∑ 𝑘𝑂𝐻+𝐿𝑛
[𝐿𝑛][𝑂𝐻]

𝑛
𝑖

 
(E 1:3) 

 

Where vi and Ji are the stoichiometric coefficients and the photolysis rates of any 

species (i) that will generate OH after photolysis, (as mentioned in section 1.2.1, 

photolysis of HONO, formaldehyde and hydrogen peroxide). P’ represents the 

rate of OH production from any other chemical reaction, such as the ozonolysis 

of alkenes, and Ln is the total loss rate of OH with all of its sinks. kOH+Ln is the 

rate coefficient for the reaction of Ln with OH.  

When the rate of OH production is equal to the rate of OH loss, a steady- state 

is established and the concentration of OH can be calculated (Stone et al., 2012) 

as: 

 

[𝑂𝐻] =
𝑃(𝑂𝐻) +  𝑘1:9[𝐻𝑂2][𝑂3] + 𝑘1:10[𝐻𝑂2][𝑁𝑂] + ∑ 𝑣𝑖𝐽𝑖[𝑖] + 𝑃,

𝑖

∑ 𝑘𝑂𝐻+𝐿𝑛
[𝐿𝑛]𝑛

 (E 1:4) 
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Equation 1:4 derives OH concentration, by considering the rates of OH 

production and loss. However, in order to calculate OH loss (OH reactivity) due 

to a chemical, one must consider the concentration of the species reacting with 

OH and the respective OH reaction rate coefficient (E 1:5). In order to calculate 

total OH reactivity however, the concentration of all species (and their respective 

rate coefficient) that can react with OH must be considered, this includes: all 

NMHCs, all oxygenated volatile organic compounds (OVOCS), NOx, ozone and 

other inorganic species. 

  

 𝑅(𝑠−1) =  ∑ 𝑘(𝑥+𝑂𝐻)[𝑥] (E 1:5) 

 

By taking the inverse of E 1:5, the lifetime of the species that reacts with OH can 

be calculated, (Bell et al. (2003), Finlayson-Pitts and Pitts Jr (2000a)): 

 

 

Measurements of total OH reactivity act to help improve the understanding of 

tropospheric chemistry in a number of ways. For example: 

1. Measurement of total OH reactivity and OH concentrations can be used 

to calculate OH production rates, assuming steady state conditions where 

the rate of production is equal to the rate of loss.  

2. The accuracy of photochemical models can be better constrained using 

total OH reactivity measurements. Photochemical models must 

accurately consider all atmospheric species that can react with OH 

radicals, whereas OH reactivity measurements can be made using 

various instruments without the need to measure the concentrations of all 

atmospheric VOCs. These measurements can act to improve the 

accuracy of photochemical models.   

 𝜏 =  
1

𝑘(𝑥+𝑂𝐻)[𝑂𝐻]
 (E 1:6) 
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3. Using Equation 1:5, total OH reactivity can be calculated based on the 

measured concentration of OH reactive species. This calculated total OH 

reactivity can be compared to measurements in order to determine any 

OH reactivity that can be considered as ‘missing’. Where there is a 

significant difference between the measured and calculated total OH 

reactivity which can be attributed by unmeasured or unidentified VOCs 

(Michoud et al. (2015), Sinha et al. (2008)) .  

 

1.5 Techniques used to measure OH reactivity 

A number of instruments have been developed for the specific purpose of 

measuring total OH reactivity (Heard and Pilling, 2003). 

These techniques include: The Total OH Loss Method (TOHLM) (Kovacs and 

Brune, 2001), the pump- probe method (Sadanaga et al., 2004b) and the 

Comparative Reactivity Method (CRM) (Sinha et al., 2008). These measurement 

techniques synthetically generate OH radicals, a sample of ambient air then 

reacts with OH and a change in concentration is measured. By directly 

measuring the rate of OH decay using the TOHLM and pump- probe (indirect 

measurements of the changes in OH concentration and kinetics is measured by 

the CRM technique) methods, there is no need to measure the individual 

concentrations of all OH sinks within a certain environment (Sinha et al., 2008).  

  

1.5.1 The TOHLM  

The TOHLM uses a flow tube to generate OH radicals through the photolysis of 

water vapour (184 nm UV light) (R 1:31). OH generated within the instrument is 

then injected into a larger flow tube where the radicals mix with trace gases from 

an ambient air sample (Figure 1:4).  
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The sample is then detected using Fluorescence Assay with Gas Expansion 

(FAGE) (described within section 5.3). After a period of time, the injector is then 

pulled backwards, increasing the reaction time within the flow tube. 

Measurements are then made at different reaction times in order to measure a 

OH decay signal (Kovacs and Brune, 2001). 

 

1.5.2 The pump- probe method  

The second technique is the so- called pump- probe method (Sadanaga et al., 

2004b). Ozone photolysis is used as a source of OH radicals inside a photolysis 

cell. OH radicals then react with trace gases within an ambient air sample. Using 

a FAGE laser, the OH radicals are then probed in order to measure OH decays. 

In contrast to the TOHLM, (in which a steady state of OH concentration is 

Figure 1:4 A schematic of the instrument employed by the TOHLM 

technique. From Kovacs and Brune (2001) 
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needed for each position of the sample injector), the use of a laser to generate 

OH radicals enables OH decays to be recorded in real time, (Sadanaga et al. 

(2004b), Hansen et al. (2015), Stone et al. (2012)). A detailed description of the 

pump- probe method is discussed in section 5.3 and a schematic is shown in 

Figure 5:10. 

 

1.5.3 The Comparative Reactivity Method (CRM) 

A third technique used to measure total OH is the Comparative Reactivity 

Method (CRM). The CRM is a technique designed to measure OH reactivity. 

Initially developed by the Max Planck Institute, Mainz (Sinha et al., 2008). CRM 

involves the examination of competing OH radical reactions, the first with a 

specific reagent, the second with a sample of ambient air within a glass reaction 

vessel. A schematic of the glass CRM reaction vessel is shown in Figure 1:5. 

 

 

The methodology used by the CRM is as follows: 

1. A reactant, pyrrole (C4H5N) along with dry zero air (ZA) is introduced into 

the reaction vessel, and its concentration is determined by 

Proton Transfer Reaction - Time of Flight - Mass Spectrometry (PTR-

Figure 1:5 A schematic of the CRM glass reaction vessel adapted from (Sinha et al., 
2008) 
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ToF-MS), (Rennie et al. (1999), Taipale et al. (2008)). The PTR-ToF-MS 

used in this thesis is discussed in further detail in section 2.3. Derivation 

of pyrrole concentrations from a PTR-ToF-MS signal is discussed in 

section 3.2. This phase of measurement is designated as C0 mode 

2. A mercury UV lamp positioned within the glass reaction vessel is 

switched on, and the concentration of pyrrole is then determined, this is 

because the use of the UV lamp results in some photolysis of pyrrole, 

(the need for the UV lamp is discussed within step 3), this phase of 

measurement is labelled as C1 mode 

3. Humidified nitrogen (nitrogen gas in the presence of water vapour) is then 

introduced into the reaction vessel and with the mercury UV lamp still 

switched on, OH radicals are produced through the photolysis of water 

vapour, according to reaction 1:31 (Creasey et al., 2000). Clean ambient 

air also flows through the reaction vessel at this time, this ensures that 

the humidity within the reaction vessel during this mode of measurement 

is the same as C3 mode (discussed below and in further detain in section 

3.2). As OH within the reaction vessel reacts with pyrrole, the monitored 

concentration of pyrrole decreases (C2 measurement phase).  

 

4. The final phase of measurement is C3. During this mode, ambient air is 

introduced into the reaction vessel along with pyrrole and the synthetically 

generated OH radicals. Any VOCs present within the ambient air will 

compete with pyrrole for the reaction with OH. This results in the increase 

in pyrrole concentration in comparison to C2 (Sinha et al., 2008).  

An illustration of the changes in pyrrole concentration during each measurement 

phase is illustrated in Figure 1:6. Chapter 2 discusses each measurement phase 

in more detail and how phase is implemented, with the aid of a practical example 

of each measurement phase.  

 

 H2O+ hν (λ 184nm)→H∙ + OH∙ (R 1:31) 
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OH loss occurs during C2 and C3, by comparing the concentration of pyrrole 

during C2 to the concentration during C3 (and the difference in kinetics for both 

modes of measurements), the loss of OH during both modes is given as: 

 

The rate equations for both reactions are therefore: 

 

 

 

 

 OH+ pyrrole → products (R 1:32) 

 OH+ VOC → products (R 1:33) 

 −
𝛿[𝑂𝐻]

𝑑𝑡
=  𝑘𝑝 [𝑂𝐻] [𝑝𝑦𝑟𝑟𝑜𝑙𝑒] (E 1:7) 

 −
𝛿[𝑂𝐻]

𝑑𝑡
=  𝑘𝑂𝐻+𝑉𝑂𝐶[𝑂𝐻] [𝑉𝑂𝐶] (E 1:8) 

Figure 1:6 A representation of the CRM measurement principle depicting the changes 

in pyrrole concentration during various measurement periods, (Sinha et al., 2008)  
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And a combined rate equation of: 

 

Where kp (cm3 molecule-1 s-1) is considered the rate coefficient for the reaction 

of OH with pyrrole (molecules cm-3), and kOH+voc (cm3 molecule-1 s-1) is the rate 

coefficient for the reaction of OH with the summed concentrations of VOCs 

within the ambient air sample. The rate coefficient kp at 25°C is 

1.2x10-10 cm3 molecule-1 s-1 (Dillon et al. (2012), Atkinson et al. (1984)). 

If Rp is considered the first order rate loss of OH with respect to pyrrole, and 

Rvoc, the rate loss of OH with respect to VOCs within the air sample, then the 

change in pyrrole concentration (C1-C3) is given as: 

 

 (𝐶1 − 𝐶3) =  
𝑅𝑝

𝑅𝑝 +  𝑅𝑉𝑂𝐶
 ×  [𝑂𝐻] (E 1:10) 

 

As stated previously, the concentration of pyrrole is determined during C1 

(during which, no OH is present within the reaction vessel), introducing OH 

radicals into the reaction vessel (during C2) results in the decrease in pyrrole 

concentration. Therefore, as pyrrole reacts completely with OH, the 

concentration of OH (molecules cm-3) is given as: 

 

 (𝐶1 − 𝐶3) =  
𝑅𝑝

𝑅𝑝 +  𝑅𝑉𝑂𝐶
 ×  (𝐶1 − 𝐶2) (E 1:11) 

 

 

 

 −
𝛿[𝑂𝐻]

𝑑𝑡
=  𝑘𝑝[𝑂𝐻] [𝑝𝑦𝑟𝑟𝑜𝑙𝑒] +  𝑘𝑂𝐻+𝑉𝑂𝐶[𝑂𝐻] [𝑉𝑂𝐶] (E 1:9) 
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Rearranging E 1:11 gives: 

 

 𝑅𝑎𝑖𝑟 =  (
(𝐶1 − 𝐶2)

(𝐶1 − 𝐶3)
− 1) × 𝑅𝑝 (E 1:12) 

 

Considering the concentration of pyrrole is given as C1: 

 

Finally, the calculation of total OH reactivity is given as: (Sinha et al., 2008) 

 

 𝑅𝑉𝑂𝐶(𝑠−1) =  
(𝐶3 − 𝐶2)

(𝐶1 − 𝐶3)
 × 𝑘𝑝𝐶1 (E 1:14) 

 

The technique however, is prone to a number of interferences which need 

correcting (Michoud et al., 2015): 

1. Differences in humidity within the sampled air results in different 

concentrations of OH within the reaction vessel during C2 and C3, (Sinha 

et al. (2008), Nölscher et al. (2012a), Sinha et al. (2009). 

2. The equations above assume that the CRM operates under a 

pseudo- first kinetics regime (the concentration of pyrrole is in excess of 

the OH). However, this is not the case and the UOL-CRM operates in 

conditions in which the concentration of pyrrole is at a maximum twice as 

high as the OH concentration, (Sinha et al., 2008). 

3. An influx of high NO concentrations within the ambient air sample into the 

CRM reaction vessel results in the recycling of OH (Dolgorouky et al. 

(2012), Hansen et al. (2015), Michoud et al. (2015)).  

 𝑅𝑉𝑂𝐶 =  (
(𝐶1 − 𝐶2)

(𝐶1 − 𝐶3)
− 1)  × 𝑘𝑝𝐶1 (E 1:13) 



20 

 

4. The use of pyrrole and nitrogen during C3 results in the dilution of 

sampled VOCs during C3, this needs to be corrected for during the final 

calculations of total OH reactivity (Zannoni et al., 2015). 

The determination into the degree at which these interferences need to be 

corrected are discussed in detail in chapter 3, and the implementation of these 

corrections to data collected during a field campaign is discussed in chapter 4 

and 5.  

 

1.5.4 Comparisons of total OH reactivity measurement 

techniques 

All of the measurement technique mentioned above have their advantages and 

disadvantages. Table 1:3 compares the measurement principles, uncertainties 

and interferences between the TOLHM, pump- probe method and the CRM 

(adapted from Yang et al. (2016)). The TOHLM and the CRM are susceptible to 

interferences from high NO concentrations as photolysis of OH radicals will also 

generate HO2
 radicals (R 1:31 and 1:6). HO2 radicals, will then react with NO to 

regenerate OH within the instrument (R 1:10) (Sadanaga et al. (2004b), Stone 

et al. (2016), Michoud et al. (2015), Shirley et al. (2006)). This artefact results in 

a deviation from the true OH reactivity and needs to be calibrated and corrected 

for. Corrections due to NO based OH recycling within the CRM is discussed in 

chapter 3.  

As stated previously, in order to establish a series of reaction times in the 

TOHLM technique, the position of the OH injector needs to be varied, this 

requires time to establish a steady state concentration of OH. However, the use 

of a laser allows the pump- probe technique to generate a constant, stable 

concentration of OH radicals, (Hansen et al. (2015), Stone et al. (2016), 

Sadanaga et al. (2004b)). OH radicals are also generated within the CRM at a 

constant concentration, however this also depends upon the humidity of the 

ambient air entering the reaction vessel, if the humidity of the air sampled during 

the C2 measurement phase is significantly different to that during C3, there will 
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be a discrepancy in the concentration of OH when comparing both phases of 

measurement. This will ultimately result in different C2 and C3 reaction rates as 

the concentration of OH changes (E 1:7 and 1:8). However, any difference in C2 

and C3 humidity is compensated for with the use of a catalyst and a humidity 

calibration.  

Other interferences that result in deviations from a true measurement of OH 

reactivity with the CRM technique are stated above and discussed in more detail 

in chapter 3.  

 

 

A third interference was also determined within the frame of the University of 

Leicester CRM, in which temperature fluctuations within the shipping container 

that housed the University of Leicester CRM resulted in variations of the 

detected PTR-MS signal. This interference is not described in other CRM work 

Method TOLHM Pump-probe CRM 

OH radical 

production 

Photolysis of 

water 

Photolysis of 

ozone 

Photolysis of water 

Measurement 

principal 

Direct 

measurement of 

OH decay 

Direct 

measurement of 

OH decay 

Measurement of 

reference species 

concentration 

Detector FAGE FAGE PTR-MS/ GC-PID 

Main 

interference 

NO recycling  Humidity, NO recycling, 

temperature 

Uncertainty 10-15% 10-20% 43%b 15-20%c 

Table 1:3 Comparisons of total OH reactivity measurement techniques. Adapted from Yang et al. 
(2016). 

a. CRM interferences and corrections are described in chapter 3. Within this work the effect of temperature 
fluctuations on CRM data are discussed within section 4.5. b. An uncertainty of 43% was calculated for this 
work and is described in further detail in section 3.8.c. Uncertainties determined within previous work. 
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by Sinha et al. (2008), Michoud et al. (2015), as the detector used in previous 

work was not subject to this interference, it was however determined that the 

Kore Technology PTR-ToF-MS used here is. The effect of temperature on the 

detected PTR-ToF-MS signal and overcoming this issue is discussed in section 

4.5.  

Comparing total OH reactivity measurement techniques, the CRM shows similar 

uncertainty to both the TOHLM and the pump-probe method. However, the CRM 

used within this work has a higher uncertainty due to errors within techniques 

used to correct reactivity data, (described within section 3.8).  

The CRM is able to measure a wide range of total OH reactivity, ranging from 

the Limit of Detection (LOD) to a maximum of 130 s-1 measured by Dolgorouky 

et al. (2012). However, in comparison, the CRM measures at a lower limit of 

detection in comparison to the TOHLM and pump- probe method. The LODs 

and time resolutions for each OH reactivity measurement technique is shown in 

Table 1:4. 
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Technique Reference LOD (s-1)a/ 
time 
resolution 
(min) 

Institution Comments 

TOHLM Kovacs and 
Brune (2001) 

2.4/4 Penn State 
University, USA 

Laminar- flow 
reactor 

Ingham et al. 
(2009) 

2.0/5 University of Leeds, 
UK 

Turbulent- flow 
reactor 

Hansen et al. 
(2014b) 

2.1/2.5 Indiana University, 
USA 

Turbulent- flow 
reactor 

Pump- 
probe 

Sadanaga et al. 
(2004b) 

-b/ 3c Tokyo, Metropolitan 
University, Japan 

- 

Lou et al. (2010) 0.9d/1-3 Forschungszentrum 
Julich, Germany 

- 

Michoud et al. 
(2015), Amedro 
et al. (2012) 

3.6-0.9/ 1-
3 

University of Lille- 
PC2A, France  

- 

Stone et al. 
(2016) 

1-1.5/ 1-3 University of Leeds, 
UK 

- 

CRM Sinha et al. 
(2008) 

3.5-6e/1 Max Planck Institute 
Mainz, Germany 

PTR-QMSf 

Kim et al. (2011) 15/-b- NCAR, USA PTR-QMS 
branch 
enclosure 
measurements 

Nölscher et al. 
(2012b) 

3-6h/ 1 Max Planck Institute 
Mainz, Germany 

GC-PID 

Dolgorouky et al. 
(2012) 

3.0/2i LSCR, France PTR-QMS 

Kumar and Sinha 
(2014) 

4/1 IISER Mohali, India PTR-QMS 

Hansen et al. 
(2015) 

3.4/5 Mines Douai, 
France 

PTR-ToF- MS 

This Work 5/1 University of 
Leicester, UK 

PTR-ToF- MS 

Table 1:4 Summary of OH reactivity instruments. Adapted from Hansen et al. (2015). 

a Limit of detection: 3σ unless otherwise stated, b value not reported, c value reported by Yoshino et al. 
(2006), dLOD determined from 3σ in zero air reported by Lou et al. (2010), e LOD of 6 s-1 reported by 
Sinha et al. (2008), LOD of 3.5 s-1 reported by Sinha et al. (2010), f Proton Transfer Reaction- 
Quadrupole Mass Spectrometry, g values taken from Table 2 of Nölscher et al. (2012a), h value reported 
for 2σ relative to C2, I based on frequency of measurements made in Figure 8 of Dolgorouky et al. 
(2012).  
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1.6 Previous measurements of total OH reactivity  

The first set of OH reactivity measurements utilising the CRM technique was 

made by Sinha et al. (2008) at the Max Planck Institute, Germany.  

However the CRM technique described in this thesis has changed slightly in 

comparison to that described in Sinha et al. (2008). The method discussed in 

Sinha et al. (2008) had no heated catalyst attached to the glass reaction vessel 

(whereas the CRM used within this thesis does utilise a heated catalyst). The 

lack of a catalyst results in large differences in humidity during the C2 mode of 

measurement in comparison to C3. As, C2 consisted of sampling pyrrole along 

with, synthetically generated OH and dry zero air, whereas during C3, zero air 

is replaced with ambient air of higher humidity.  

Other OH reactivity measurements using the CRM have employed a PTR-QMS 

as a pyrrole detector, (Sinha et al. (2008), Kim et al. (2011), Dolgorouky et al. 

(2012) and Kumar and Sinha (2014)) (Tables 1:4 and 1:5). However, Nölscher 

et al. (2012a) have explored the use of a Gas- Chromatography- Photo 

Ionisation Detector (GC-PID), rather than a PTR-Mass Spectrometer. This 

alternative to a mass spectrometer however has a number of disadvantages, for 

example: the GC-PID results in a higher total OH reactivity limit of detection 

(3 – 6 s-1) compared to 3 – 4 s-1 measured with a PTR-MS, and a higher degree 

of uncertainty (25 - 46 %) compared to 16 – 20% uncertainty in PTR-MS 

measurements, 

More recently, Michoud et al. (2015), have moved away from using a PTR-QMS 

as a detector to a PTR-ToF-MS, this type of detector has its advantages and 

disadvantages over a PTR-QMS. The disadvantage is that the PTR-QMS is ion 

selective, as the use of a quadrupole allow many unwanted ions to be filtered 

out. Therefore the quadrupole is tuned to only detect a signal of pyrrole thus 

generating higher detection sensitivities in comparison to a PTR-ToF-MS, (Ellis 

and Mayhew, 2014a).  However, this can also provide an advantage for the PTR-

ToF-MS over the PTR-QMS, as the ability to monitor multiple ions in a single 

scan means that VOCs can be detected in ambient air samples whilst at the 

same time measuring changes in pyrrole concentrations for the CRM.  
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Kumar and Sinha (2014), have in fact adapted the CRM sampling strategy to 

accommodate for VOC measurements, in which ambient air is sampled in 

between C2 and C3 measurement modes. Within this thesis, the same method 

is used as concentrations of a number of VOCs are measured simultaneously 

to total OH reactivity. 

Table 1:5 shows that the CRM has been utilised for OH reactivity measurements 

in a number of environments, from the Amazon rainforest (Nolscher et al., 2016), 

to a European megacity such as Paris, France (Dolgorouky et al., 2012) in which 

a wide range of total OH reactivity has been measured.  

For example, Nolscher et al. (2016) have measured total OH reactivity during a 

dry and wet season within the Amazon at 62.4 s-1 and 9.9 s-1 respectively. 

Whereas a range in total OH reactivity is measured in Paris by Dolgorouky et al. 

(2012) depending on the trajectory of the air mass passing over the city. One 

period at which the OH reactivity measured was at 130 s-1 a second at 20 s-1 

and a third at 110 s-1 as air masses from Germany, from the Atlantic Ocean and 

from Germany again passed over the sampling location. 

In contrast, measurements made using the pump- probe method by Lee et al. 

(2009) at a costal location (Weybourne Atmospheric Observatory, Norfolk), 

show a significant difference in total OH reactivity to the measurements 

discussed above (the Amazon rainforest and Paris). As an average total OH 

reactivity of 4.85 s-1 was recorded. This measurement however is higher than 

that calculated based on measured concentrations of VOCs (1.9 s-1) (calculated 

using E 1:5). This difference is observed during other field campaigns (Table 

1:5).  

The difference between calculated and measured total OH reactivity is evidence 

for unknown species that contribute to total OH reactivity. Discrepancies 

between measured and calculated total OH reactivity arise because E 1:5 

considers all species that act as a sink for OH.  

During some field campaigns however, ancillary measurements are sometimes 

unable to determine the entire contribution of all OH sinks to total OH reactivity 

for a variety of unmeasured and unidentified species, (Yang et al., 2016). Di 
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Carlo et al. (2004) have determined that some missing reactivity is temperature 

dependant, and monoterpene emissions respond to fluctuations in temperature, 

Yoshino et al. (2006) in contrast, have observed that secondary oxidation 

products by photochemical reactions are responsible for missing reactivity.  
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Campaign Site Dates Environment Technique 
Collected 
Measurementsa 

Missing OH 
reactivity 
fractionb 

kOH (measured) 
(s-1) 

Reference 

SOS 
Nashville, TN, 
USA 

Jun- Jul 
99 

Urban TOHLM HICOF 1.4 11.3 Kovacs et al. (2003) 

PROPHET 
2000 

Michigan, 
USA 

Jul- Aug 
00 

Forest (mixed) 

TOHLM 

HICc ~1.5 1-12 Di Carlo et al. (2004) 

TexAQS 
2000 

Houston, TX, 
USA 

Aug- Sept 
00 

Urban HICOFBd ~1 7-12 (Mao et al., 2010) 

PMTACS-
NY 

New York 
City, USA 

Jun- Aug 
01 

Megacity TOHLM HICOF ~1 15-25  Ren et al. (2003) 

- 
Pennsylvania, 
USA 

May- Jun 
02 

Rural 

TOHLM 

HIe - 6.1  Ren et al. (2005) 

PMTACS 
Whiteface 
Mountain, 
USA 

Jul- Aug 
02 

Forest (mixed) HICOF ~1 5.6  Ren et al. (2006) 

CareBeijing- 
2006 

Yufa, China 
Summer, 
2006 

Suburban Pump- probe I - 10-30 Lu et al. (2010), Lu et al. (2013) 

MCMA 
2003/ 
MILAGRO 

Mexico City, 
Mexico 

Apr-03 Megacity TOHLM HICFe - 10-120  Shirley et al. (2006) 

- Tokyo, Japan 
Jul- Aug 
03 

Megacity Pump- probe ICOFB 1.4-1.5 10-100  Sadanaga et al. (2004a) 

PMTACS 
New York 
City, USA 

Jan- Feb 
04 

Megacity TOHLM HICF <1.5 18-35  Ren et al. (2006) 

Table 1:5  Previous OH reactivity field campaign measurements. Adapted from Hansen et al. (2015) and Yang et al. (2016). 
a Measurements made at the same location. Key: H= HOz, I= inorganics (including CO), C= anthropogenic NMHCs (including isoprene), O= OVOCs (excluding formaldehyde), F= formaldehyde, B= biogenic 
VOCs (BVOCs). b Missing OH reactivity, expressed as a ratio of measured total OH reactivity to total OH reactivity (Lou et al., 2010). c OVOCs, formaldehyde and BVOCs estimated from 1998 PROPHET 
campaign for OH reactivity calculation. d Based on description from (Mao et al., 2010). e Ancillary measurements not used to calculate total OH reactivity during this campaign. f Measurements of isoprene 
oxidation products not used in OH reactivity calculations. g Branch enclosure measurements. h Ambient measurement. I No measurements of CO, limited coverage of OVOCs and formaldehyde. * Data 
collected by the University of Leeds and presented within this work. 
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TORCH-2 
Weybourne Norfolk, 
UK 

May, 04 Costal marine TOHLM HICOF 1.6 4.85  Lee et al. (2009) 

- Tokyo, Japan Nov-04 Megacity Pump- probe ICOFB 1.3 10-100  Yoshino et al. (2006) 

- Mainz, Germany Aug-04 Urban CRM - - 10.4  Sinha et al. (2008) 

HOxComp Julich, Germany 
Summer, 
2005 

Suburban Pump- probe - - 6-20 Elshorbany et al. (2012) 

- Brownsburg, Suriname Oct-05 Forest (tropical) CRM CO ~3.5 53  Sinha et al. (2008) 

PRIDE-PRD Backgarden, China 
Summer, 
2006 

Suburban Pump- probe I - 10-120 Lou et al. (2010) 

INTEX-B Pacific Ocean Apr- May 06 Marine TOHLM HICOF 2.5 4.0  Mao et al. (2009) 

PRIDE-
PRD2006 

Pearl River Delta, 
China 

Jul-06 Rural Pump- probe HIC ~2 10-120  Lou et al. (2010) 

TRAMP2006 Houston, TX, USA Aug- Sept 06 Urban TOHLM HICOFB ~1 9-22  Mao et al. (2010) 

- Tokyo, Japan Aug- Sept 07 Megacity Pump- probe ICOFB ~1.4 10-55  Chatani et al. (2009) 

OP-3 Borneo, Malaysia Apr- May 08 Forest (tropical) TOHLM HICOFBf ~2 83   Edwards et al. (2013) 

SMEAR-BFORM Hyytiala, Finland Aug-08 Forest (boreal) CRM ICOB ~2 3.5-60  Sinha et al. (2010) 

BEACHON-
SRM08 

Colorado, USA Aug-08 Forest (conifer) Pump- probe ICOB 1.4 6.7  Nakashima et al. (2014) 

DOMINO El Arensillo, Spain Nov- Dec 08 Costal marine CRM HIFe - 6.3-85 Sinha et al. (2012) 

BEARPEX09 California, USA Jun- Jul 09 Forest (conifer) TOHLM HICOFB ~1.5 24  Mao et al. (2012) 

CABINEX Michigan, USA Jul- Aug 09 Forest (mixed) CRM COB ~1   Kim et al. (2011) 

CABINEX Michigan, USA Jul- Aug 09 Forest (mixed) TOHLM HICOFB ~2 3-33  Hansen et al. (2014a) 

MEGAPOLI Paris, France Jan- Feb 10 Megacity CRM ICO ~2 10-130  Dolgorouky et al. (2012) 

CalNex--SJV California, USA May- Jun 10 Rural TOHLM HICO - 2.1  Pusede et al. (2014) 

HUMPPA-
COPEC 

Hyytiala, Finland Jul- Aug 10 Forest (boreal) CRM ICOFB 3-9 3-76  Nölscher et al. (2012b) 

CleafLO London, UK Jul- Aug 12 Megacity Pump- probe HIOFB - 15-116 Whalley et al. (2016) 

Table 1:5 continued 
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1.7 Thesis objectives and structure 

OH reactivity measurement techniques have increasingly become a standard 

measurement parameter during field campaigns, with the use of the TOHLM and 

pump- probe techniques along with the CRM. They provide insight into the 

extent to OH sinks, during pollution regimes contribute to the loss of OH.  

The research presented in this thesis will aim to build, develop, calibrate and 

validate a suitable instrument the measures total OH reactivity using the CRM 

technique, with the final aim of employing this technique in a number field 

campaigns. The innovation was to explore the application and insights that could 

be added using a PTR-ToF-MS detector with the capability to simultaneously 

measure OH reactivity and VOC concentrations.  

Chapter two discusses the CRM instrument built at the University of Leicester, 

the fundamentals of how each measurement mode (C1, C2 and C3) are 

employed by the UOL-CRM and a background discussion on the PTR-ToF-MS 

that is coupled to the UOL-CRM.  

- 
Lille, 
France 

Oct-12 Urban 
CRM, 
Pump- 
probe 

ICOFi ~1 ~70 
Hansen et al. 
(2015) 

 
Dunkirk, 
France 

Summer, 
2014 

Urban CRM IOC - 10-130 
Michoud et al. 
(2015) 

ATTO 
Amazon 
Rainforest, 
Brazil 

Oct-12- 
Sept- 13 

Forest 
(tropical) 

CRM IOCB 

79% 
(dry 

season), 
49% 
(wet 

season) 

62.4 
dry 

season, 
9.9 wet 
season 

Nolscher et al. 
(2016) 

- 

Beijing,  
China 
Amazon 
Rainforest, 
Brazil 

Aug- 13 
Sept- 13 

Megacity 
Forest 
(tropical) 
 

CRM ICO - 19.98 
Williams et al. 
(2016) 

CANOPEE 
Haute 
Provence, 
France 

Summer, 
2014 

Forest CRM IFOB 

Daytime 
match, 
possible 
night 
time 
missing 

3-70 
Zannoni et 
al. (2016) 

ICOZA 
Weybourne 
Norfolk, UK 

Jul- Aug 
15 

Costal 
marine 

CRM, 
Pump- 
probe* 

HIOCF 5.2 14.4 This work 

Table 1:5 continued 
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Chapter three then moves on to characterise and calibrate for the interferences 

which result in deviations of measured total OH reactivity from a true 

measurement of OH reactivity. These interferences and artefacts are briefly 

stated above, (section 1.5.3), variations in C2 and C3 relative humidity, NO 

driven recycling of OH and deviations from pseudo- first order kinetics. 

The calibrations conducted above are then applied to field campaign 

measurements made by the UOL-CRM at a coastal location of the UK. The 

results of these measurements, the performance and stability of the UOL-CRM 

and PTR-ToF-Ms are then discussed in chapter four.  

Following from this, the measurements that are shown in chapter four are then 

compared to measurements made by a pump- probe, the University of Leeds 

Laser Induced Fluorescence instrument (UL-LIF), and also compared to 

calculations of total OH reactivity. This acts to validate the UOL-CRM by 

comparing measurements to an established technique. Any variations in 

measurements errors and interferences are then explored.  

Finally, chapter six concludes this thesis and discusses future work. 
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Chapter 2. Instrument Development 

 

2.1 Introduction 

The University of Leicester CRM (UOL-CRM) consists of a Pyrex reaction vessel 

that is used to mix pyrrole, zero air, ambient air, OH radicals and a gas standard 

(propyne) coupled to a PTR-ToF MS acting to detect changes in pyrrole 

concentrations. 

 

2.2 Glass Reactor 

Figure 2:1 shows a diagram of the reaction vessel used in the UOL-CRM 

instrument. The 14 cm x 10 cm x 2 cm Pyrex vessel is internally coated with 

Teflon and has three inlet arms attached, along with two output arms. The 

reaction vessel was crafted and Teflon coated by the John Williams group at the 

Max Planck Institute Mainz, and delivered to the University of Leicester for use 

as a standard reaction vessel in CRM measurements.  

The caveat in using a mercury UV lamp to generate OH radicals via the 

photolysis of water (R 1:31) is the potential photolysis of trace gases and pyrrole 

within the reactor. In order to minimise the interference that can occur if pyrrole 

and VOCs within the sampled ambient air are photolysed, a tapered Wood’s 

horn exists on the vessel. 

Figure 2:1 Schematic of University of Leicester CRM reaction vessel 
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The Wood’s horn is a curved surface that acts to attenuate a beam of UV light 

entering the reaction vessel by reflecting off each side of the horn, acting to 

reduce the degree of photolysis of gases flowing into the reactor (Moore and 

Coplan., 2009). It is important to note that, in comparison to the Wood’s horn 

shown in Figure 2:2, the UOL-CRM reaction vessel is not blackened on both the 

inside and outside of the reaction vessel.  

 

2.2.1 The configuration of the UOL-CRM and various phases of 

measurements 

The UOL-CRM consists of seven Tylan mass flow controllers (MFCs) used to 

regulate the flows of pyrrole (BOC, 10 ppm in nitrogen), nitrogen (BOC) and zero 

air (BOC) into the reaction vessel through quarter inch Teflon tubing, (Figure 

2:3). The same configuration shown in Figure 2:3 is used in laboratory 

calibrations, testing and on field campaigns, shown in chapters three, four and 

five. 

Owing to the design of the reaction vessel (two inlet arms and two output arms), 

pyrrole is mixed with either: ambient air, zero air, or propyne (test gas) before it 

is introduced into the reaction vessel, and a separate arm is used for and inlet 

flow of nitrogen (Figure 2:3).  

Figure 2:2 A magnified diagram of the Wood's horn depicting the principles of its 
operation. Adapted from Moore and Coplan. (2009) 
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For calibration purposes, propyne can be used to test the reactivity and 

response of the system (controlled by a 100 sccm MFC). The OH reactivity is 

measured with respect to propyne in order to validate the instrument and 

determine, if there is a large discrepancy between the measured reactivity and 

calculated reactivity (section 3.4).  

Two water bubblers generate water vapour and, along with a UVP mercury pen 

ray lamp, one bubbler creates the OH radicals necessary for the CRM technique 

by passing humidified nitrogen over a UV lamp, the second bubbler is used for 

amplifying the humidity levels within the reaction vessel (via the flow of 

humidified zero air) during the experimentation discussed within section 3.3. 

During OH reactivity measurements, this flow of zero air is not used. 

Like the bubbler designed to deliver humidified nitrogen, zero air is split through 

a 500 sccm MFC for dry air, and a 100 sccm MFC for humid air in order to quickly 

and accurately adjust the humidity levels within the UOL-CRM reaction vessel.  

One Solenoid valve is used to direct a flow of ambient air after it has been drawn 

through a Teflon diaphragm pump into either, a heated catalyst for C2 mode or 

the catalyst is bypassed so ambient air flows directly into the reaction vessel for 

C3 mode.  

A second Solenoid valve is used to divert the flow of ambient air from the 

reaction vessel completely, this allows the PTR-ToF-MS to sample ambient air 

directly.  

The MFCs used vary depending on which mode the instrument is in at the time. 

The flow of nitrogen is split through two MFCs (one 100 sccm MFC used for dry 

air, and another 100 sccm used for humid air). For C0 dry (section 2.2.1.1) and 

C1 (section 2.2.1.2), nitrogen flows through a 100 sccm dry MFC, along with 

pyrrole through a 50 sccm MFC, and zero air through a 500 sccm MFC into the 

glass reactor (Figure 2:3). 

Included with an explanation of each measurement phase below is, a detailed 

representation of the flow changes along with the corresponding pyrrole 

concentration changes (for each measurement mode) in Figure 2:9. This 
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example is taken from a series of measurements taken on the 22nd of July during 

a field campaign at a site in Weybourne, Norfolk, (see Chapter 4 and Chapter 

5).  

Some degree of scatter is observed within Figure 2:9, this is owing to noise 

within the PTR-ToF-MS reagent ion signal. This noise signal propagates into the 

measured pyrrole signal. Any large variations within the mass spectrometers 

signal when making measurements are corrected through normalisation, 

(described in section 3.2). 

 

2.2.1.1  C0 wet and C0 dry modes 

The first mode in the UOL-CRM measurement cycle is C0 wet and is used as a 

starting point for measurements in combination with C0 dry. C0 wet (Figure 2:4) 

is a measurement of pyrrole concentration diluted with zero air and in humid 

nitrogen with no UV light. Whereas, C0 dry (Figure 2:5) is measured in the same 

conditions, however dry nitrogen is used instead of humid nitrogen.  

A ratio of C0 dry to C0 wet needs to be calculated, and multiplied by the pyrrole 

concentrations in modes C2 and C3. This is because the sensitivity of pyrrole 

within the mass spectrometer is humidity dependant (see section 3.3 for further 

details). C2 and C3 are measured in humid conditions, whereas the PTR-MS 

pyrrole sensitivity, (used to convert from the detector ion count rate to a 

concentration during all measurement modes) (section 3.2) is calculated through 

a calibrations completed in dry conditions. However, discrepancies in pyrrole 

sensitivities are observed when calibrating in dry air, in comparison to humid air, 

(Sinha et al., 2009). In order to correct for this, a ratio of C0 wet to C0 dry is 

calculated in order to obtain an accurate pyrrole concentration for C2 and C3 

measurement modes.  

For C0 wet, humid air is introduced into the vessel through a water bubbler. This 

is done by switching a dry 100 sccm nitrogen MFC off, and a second 100 sccm 

MFC on, allowing a flow of nitrogen into the bubbler, (Figure 2:3). The flow rates 

of gases entering the reaction vessel is the same during C0 dry mode as it is in 



35 

 

C0 wet mode, thus ensuring that the concentration of pyrrole is always diluted 

to the same degree during both measurement modes.  

When switching between C0 wet and C0 dry, the reaction vessel needs to be 

dried completely in order to avoid any humid air within the vessel introducing a 

bias altering the measured ratio of C0 wet/ C0 dry. This is done by flushing the 

vessel with dry nitrogen and zero air. The MFCs regulating the flow of these 

gases are increased to their maximum to ensure that the time taken to dry out 

the reaction vessel is kept to a minimum, (approximately 10 minutes). A 

temperature, pressure and humidity sensor (Hygrosens CON-HYTE-LOG 

humidity and temperature probe) connected to the exhaust flow of the vessel is 

used to monitor humidity changes between C2 and C3, it is also used to 

determine if the vessel is completely dry before C1 measurements, (Figure 2:3). 

In Figure 2:9, the average concentration during C0 wet is 600 ppb, as the mode 

of measurement is changed to C0 dry, the average pyrrole concentration 

decreases to 590 ppb. This is due to the changes in the PTR-ToF-MS sensitivity 

that occur when sampling in dry air and humid air, (Sinha et al., 2009), this is 

discussed in greater detail in section 2.3.2 and in 3.3.  
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Figure 2:3 A schematic representation of the CRM set up developed at The University of Leicester 



37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.1.2  C1 mode 

During C1, (Figure 2:6) the mercury UV lamp is switched on. As the reaction 

vessel is dry during this period, no OH radicals are produced. Therefore, C1 is 

used to determine the initial concentration of pyrrole within the vessel.  

The same mass flow controllers used to regulate the flow of nitrogen and zero 

air into the reaction vessel during C0 dry are used in C1, (Figure 2:3).  

UV 
OFF 

Pyrrole + 
Zero Air 

N2 + H2O  
Exhaust 

PTR-MS 

1. C0 wet 

Figure 2:4 C0 wet measurements are conducted with pyrrole, zero air and nitrogen and 
water vapour. No UV light enters the reaction vessel at this time 

UV 
OFF 

Pyrrole + 
Zero Air 

N2  
Exhaust 

PTR-MS 

2. C0 dry 

Figure 2:5 C0 dry measurements are conducted with pyrrole, zero air and dry nitrogen with 
no UV light entering the reaction vessel at this time 
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As the UV light is switched on (C1 mode), a degree of pyrrole photolysis does 

occur within the reaction vessel, pyrrole decreases in concentration from C0 dry 

to C1. This is due to the angle at which the UV lamp is positioned in comparison 

to the pyrrole inlet as some UV light does shine onto the pyrrole flow. 

The degree of pyrrole photolysis is calculated by determining the percentage 

loss of pyrrole between C0 dry and C1. 

In the case shown in Figure 2:9, there is 6% pyrrole photolysis between C0 dry 

and C1. As the concentration of pyrrole decreases from 590 ppb to 554 ppb.  

 

 

 

 

 

 

 

 

 

 

2.2.1.3  C2 mode 

As the reaction vessel is switched from dry air measurement mode to humid 

measurements by passing humidified nitrogen over the UV lamp (from C1 to 

C2), OH radicals are produced through the photolysis of water using the 184 nm 

emission line of the lamp (Figure 2:7) (R 1:31). 

During C2 mode, ambient air is drawn through a Teflon (KNF) pump into catalyst 

consisting of platinum pellets heated to 350 °C, (Figure 2:3) generating clean air 

free of any VOCs with the same relative humidity as the ambient air used during 

UV ON 

Pyrrole + 
Zero Air 

N2  
Exhaust 

PTR-MS 

3. C1 

Figure 2:6 An illustration of the C1 measurement configuration. C1 has the same flow 
regime as C0 dry, however during C1, UV light enters the reaction vessel 
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C3 mode. Differences in ambient air humidity when sampling during C2 and C3 

results in fluctuations in OH concentration. Any large fluctuation in humidity is 

negated with the use of a heated catalyst. The resulting effects of C2 and C3 

humidity differences are discussed in chapter 3. The flow of ambient air in these 

steps is controlled by a 500 sccm MFC.  

The concentration of OH can be calculated from the difference between C1 and 

C2 pyrrole concentrations (E 2:1) (E 1:11). As stated previously, the PTR-MS 

sensitivity towards pyrrole varies depending on the humidity of the air entering 

the PTR- MS. As C1 is a measurement of pyrrole concentration in dry air, and 

C2 is a measurement in humid air, the sensitivity towards pyrrole is different for 

C1 and C2. Therefore C2 measurement of pyrrole concentration is multiplied by 

the ratio of C0 dry and C0 wet, in order to correct for the differences in pyrrole 

sensitivity as humidity changes.  

 

 

For the example shown in Figure 2:9, the concentration of OH calculated as 

164 ppb. As the Weybourne Atmospheric Observatory is located on the Norfolk 

coast, the humid coastal air acts to increase the concentration of OH generated 

within the reaction vessel as ambient air is sampled during C0 wet, C2 and C3.  

When changing from C1 mode to C2 mode, the concentration of pyrrole 

decreases to 390 ppb. These changes in pyrrole concentration are then used to 

calculate a value of total OH reactivity (E 1:14). 

 [𝑂𝐻]𝑝𝑝𝑏 = 𝐶1 − (𝐶2 ∙  
𝐶0 𝑑𝑟𝑦 

𝐶0 𝑤𝑒𝑡 
) (E 2:1) 
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2.2.1.4  C3 mode 

In the final mode of the cycle, C3 (Figure 2:8) ambient air is introduced into the 

reaction vessel, bypassing the catalyst. In this step, any VOCs present in the 

ambient air flow react with OH radicals within the vessel. The same mass flow 

controller used to regulate the flow of ambient air into the reaction vessel during 

C2 is used during C3, (Figure 2:3). Just as the concentration of pyrrole is 

multiplied by the ratio of C0 dry to C0 wet pyrrole concentrations during C2 

mode, the measurement made during C3 mode is also multiplied by this ratio. 

When switching from C2 to C3, the pyrrole concentration increases from 

390 ppb to 410 ppb as ambient air flows into the vessel. These changes in 

pyrrole concentration are seen in Figure 2:9, when switching from C2 to C3, 

during which time any VOCs present within the ambient air sample during C3 

consume OH. 

C0 wet/ dry and C1 are measured manually by setting the flow rates for each 

mode of measurement. C2 C3 and ambient air measurement modes however, 

are measured by switching automatically between each flow regime. This is 

Figure 2:7  An illustration of C2 measurement mode. In this case, the reaction vessel is under humid 
conditions and OH radicals are produced through the UV lamp. Scrubbed ambient are is also 
introduced 

UV ON 

Pyrrole + 
Scrubbed 
Air 

N2 +H2O 

Exhaust 

PTR-MS 

4. C2 
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done by using software developed by Dan Spence at the University of Leicester 

to switch the two, 3-way Solenoid valves (engineered at the University of 

Leicester electrical workshop) on and off at pre- determined times.  

The pyrrole dilution factor is maintained at a constant level during all 

measurement modes as the use of mass flow controllers maintains a constant, 

stable flow of pyrrole, nitrogen and either zero air (for C0 wet, C0 dry and C1 

modes), or ambient air for C2 and C3 modes. Therefore any changes in pyrrole 

concentration should occur owing to the production of OH during C2 and the 

introduction of VOCs into the UOL-CRM during C3.  

 

Figure 2:8 C3 is the final mode of measurements. In comparison to C2, ambient air is introduced into the 
reaction vessel to induce a reaction vessel to induce a reaction of VOCs with OH radicals 

UV ON 

Pyrrole + 
Ambient Air 

N2 + H2O 

Exhaust 

PTR-MS 

5. C3 
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C3 C2 
C1 
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Figure 2:9 A representation of all pyrrole measurement modes and the associated changes in concentration over time. Adapted from a poster created by the John 
Williams group at the University of Mainz 
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2.3 Proton Transfer Reaction- Time of Flight- Mass 

Spectrometry as a detection method 

There are a number of advantages with regards to the use of pyrrole as a 

reagent for the UOL-CRM and PTR-ToF-MS as a detector: 

 

1. For a VOC (and pyrrole) to be detected using the PTR-ToF-MS, a proton 

transfer reaction must occur form a hydronium ion (H3O+) to a pyrrole 

molecule (R 2:2) which intern generates a detectable protonated ion. In 

comparison to other ionisation techniques such as electron impact (Ellis 

and Mayhew, 2014c), using a proton transfer method, there is little to no 

fragmentation of the detected pyrrole parent ion (C4H6N+ m/z 68).  

2. Aside from nitrile molecules with the same molecular formula as pyrrole, 

there are no known species in ambient air with the same protonated mass 

as pyrrole that could interfere with the pyrrole ion signal. For example, 

whilst 3-butenenitrile and (z)-2-butenenitrile are BVOCs that have been 

found within natural oils (Sghaier et al., 2016) and have the same 

molecular formula, and therefore the same molecular weight as the 

protonated pyrrole ion (C4H6N+ m/z 68). They can interfere with the 

detected pyrrole signal during C3 mode, but this cannot be accounted for 

as there is no way to differentiate between different ions with the same 

mass when using the PTR-ToF-MS. The resolution of the PTR-ToF-MS 

used within this work is 1 atomic mass unit and it cannot distinguish 

between different molecules with the same mass. 

3. Common atmospheric VOCs when protonated have odd mass to charge 

ratios, for example: methanol (CH4OH+ m/z 33), methyl vinyl ketone 

(C4H7O+ m/z 71), acetone (C3H7O+ m/z 59) and isoprene (C5H9
+ m/z 69). 

Whereas, the protonated pyrrole ion has an even mass to charge ratio 

(due to the presence of a nitrogen atom within its structure) (m/z 68). This 

helps to differentiate pyrrole from other species that could be detected by 

PTR-ToF-MS.  
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4. Pyrrole is present in low concentrations in the ambient environment and 

has only been detected during biomass burning events, (Karl et al. 

(2007), Yokelson et al. (2007), Sinha et al. (2008)). 

In order to generate the necessary ions to be detected, proton transfer reactions 

are employed in which a reagent ion (in the case of the UOL-CRM, hydronium 

H3O+ is the reagent ion), transfers a proton to the analyte creating an ionised 

sample of the analyte.  

Hydronium ions are produced in a hollow cathode region of the PTR-ToF-MS 

via R 2:1, (Blake. R. S et al., 2009), (Lindinger et al., 1998) and is discussed in 

greater detail in section 2.3.1.  

In relation to the UOL-CRM, a hydronium proton is transferred to pyrrole, thus 

generating a pyrrole ion, (R 2:2). This reaction proceeds because pyrrole has a 

higher proton affinity (875 kJmol-1) than water (619 kJmol-1), (used to generate 

H3O+ hydronium ions (R 2:1)), allowing for a proton transfer reaction to occur 

between hydronium ions (H3O+ m/z19) within the mass spectrometer and pyrrole 

(R 2:2).  

 

 

If the proton affinity of pyrrole was lower than water, it could not abstract a proton 

from the hydronium ion and, therefore it would not be detectable (Ellis and 

Mayhew, 2014c).  

Once the relevant ions are generated, they are directed to a time of flight mass 

analyser where they are separated depending on their mass finally reaching a 

detector, where a signal is measured and a mass spectrum is collected. The 

entire process, including its relation to the UOL-CRM, and the PTR-ToF-MS 

used alongside the UOL-CRM is discussed in further detail in section 2.3.1.  

 H2O+ + H2O → H3O+ + OH (R 2:1) 

 C4H5N + H3O+ → C4H5NH+ + H2O (R 2:2) 
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A diagram of a mass spectrometer similar to that used in this thesis can be seen 

in Figure 2:10, (Ennis et al., 2005) illustrating: a Hollow Cathode (HC) in which 

hydronium ions are produced (described below), a Flow Drift Tube (FDT) where 

proton transfer reactions occur, a transfer and flight tube region where a beam 

of ions are focused and travel to the detector and a mass analyser region 

consisting of a Reflectron and Detector, where, as stated above, ions are 

separated according to their masses. 

 

2.3.1 The Kore Technology Ltd PTR-ToF-MS 

A Kore Technology Ltd (2010) Proton Transfer Reaction- Time of Flight- Mass 

Spectrometer was utilised with the UOL-CRM. The Kore Technology 

PTR-ToF-MS consists of a hollow cathode glow discharge reaction cell coupled 

to a time of flight mass analyser and multi-channel plate detector.  

Detailing the ion source and PTR region of the mass spectrometer is Figure 2:11 

(Kore-Technology-Ltd). Plasma is generated in the HC region as a voltage is 

passed between an anode and a cathode, ionising a flow of water vapour 

Figure 2:10 A schematic of a PTR-ToF-MS depicting the hollow cathode (HC) ion source, 
source drift (SD) tube, flow drift tube (FDT), into a MCP detector 
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(reagent gas) to H2O+ ions.  In order to produce the necessary hydronium ions 

needed for proton transfer reactions, an excess of water is required to react with 

the ions produced (R 2:1), (Ellis and Mayhew, 2014c). Typical operating 

conditions used in the Hollow Cathode region are approximately 1.5 mbar to 

2.0 mbar, 380 V. 

The glow discharge region of the mass spectrometer produces hydronium ions 

with a purity of approximately 99.5%, however some side reactions within the 

hollow cathode do occur generating ions such as N2
+ and N+. The source drift 

region can compensate for this, by converting these secondary ions into H3O+ 

through reactions with water (Lindinger et al., 2001).  

 

 

From the hollow cathode, hydronium ions pass into a flow drift tube (shown as 

PTR in Figure 2:11) where proton transfer reactions with pyrrole or VOCs occur, 

Figure 2:11 Schematic of the PTR-ToF-MS hollow cathode region and PTR 
reaction cell(Kore-Technology-Ltd, 2010). 

HC 

HC cathode 

HC anode 
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(in the case of the UOL-CRM, R 2:2). The typical pressure used within the PTR 

region is 1.3 mbar.  

Within the flow drift tube, a series of electrodes provide an electric field to 

facilitate the transport of ions towards the transfer optics and flight tube. The 

electric field also acts to reduce any water clusters that could form within the 

PTR region changing the kinetics and thermodynamics of the PTR reaction 

(section 2.3.2).  

As the series of ions then flow into the transfer optics section of the mass 

spectrometer, a beam of ions is extracted, accelerated (or decelerated), focused 

and steered. In a similar fashion to the electrodes used to facilitate the transition 

of ions from the flow drift tube to the transfer optics, the same occurs within the 

transfer optics region, in order to transfer the ions towards the pulsar. (Ellis and 

Mayhew, 2014d). 

At this point, a continuous stream of ions reaches the mass spectrometers 

pulsar. The pulsar unit is a series of electrodes that receives the stream of ions, 

and using a timed mechanism (controlled by the Time- to Digital- Converter 

(TDC) acting as a trigger), generates a voltage (300- 400 V) at regular intervals, 

converting the continuous stream into a series of ion packets. In order for the 

ion beam to reach the detector, the direction at which the beam transverses the 

spectrometer needs to be changed. This is done with the use of a pulsar unit in 

combination with the TDC.  

The electrodes are positioned so that, when fired, the ions change direction and 

travel orthogonally towards a flight tube and reflectron (Kore-Technology-Ltd, 

2010).  

Whilst travelling through the flight tube of the mass spectrometer, there is an 

option to steer the ion beam in order to maximise the ion count number upon the 

detector, this is done by adjusting the voltage output of two electrodes within the 

flight tube. This acts to steer the beam along its x and y axes.  

As the ions enter the time of flight region (reflectron) (Figure 2:12), they are 

separated by their mass to charge ratio (m/z) and heavier ions now travel slower 
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than the lighter mass ions (all ions are assumed to have a single positive 

charge).    

 

Within the reflectron exits a number of electrodes, these electrodes are 

employed to slow down and reflect the ion beam in the opposite direction using 

a sequence of electrodes of increasing potential within the flight tube. Ions 

travelling at faster speeds will penetrate further into the reflectron than those 

moving at a slower pace. This acts to increase the mass resolution of the 

instrument (Ellis and Mayhew, 2014d).  

Once the ions are reflected back through the flight tube, they reache the 

detector. The detector used in this instrument is a microchannel plate (MCP). 

The MCP is a disc of lead consisting of a number of cylindrical channels. 

Electrons are emitted from the walls of each channel as the ions travelling 

through the spectrometer impact upon the MCP. The electrons that are emitted 

from the plate are accelerated by an electric field towards a higher potential. 

Following this, secondary electrons are generated through a cascade within 

each channel (Breham et al., 1995).  

Data collection software working alongside the MCP then acts to count the 

number of ions passing through the instrument within a designated period of 

time.   

Figure 2:12 A depiction of passing through the time of flight region of a ToF-MS (Blake. 
R. S et al., 2009, 2009) 
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The mass spectrometer is operated under a vacuum at all times, using a series 

of turbo molecular pumps and a rotary pump. The GD, PTR and flight tube are 

sustained at pressures of: 1.7 - 2.0 mbar, 1.3 mbar and 1.6x10-6 mbar 

respectively. The vacuum needed is essential for various reasons: to prevent 

collisions of ions with background gas molecules within the time of flight region, 

and to protect the sensitive MCP.  

By manipulating the pressure within the flow drift tube, the formation of water 

clusters can be controlled; for instance, at higher pressures, there would be 

multiple collisions between the reagent ion and the sample analyte, sufficient for 

protonation (Ellis and Mayhew, 2014d). 

 

2.3.2 Hydronium cluster ratios within the flow drift tube 

Hydronium should be the only reagent ion within the hollow cathode to act as a 

proton donor to pyrrole or VOCs, however a high pressure (or low electric field) 

within this region could result in high concentrations of water, leading to the 

formation of hydrated hydronium clusters (R 2:3).  

High concentrations of water clusters can greatly affect the ability to transfer a 

proton from hydronium to the reagent ion due to the fact that water clusters 

possess higher proton affinities than water molecules. The m/z 37 hydronium 

cluster for example, (H3O+(H2O)) has a proton affinity 808 kJ mol-1 whereas the 

lone hydronium molecule has a proton affinity of 691 kJ mol-1.As a result of this, 

in scenarios when there is a higher concentrations of the m/z 37 hydronium 

cluster in comparison to the m/z 19, and if analyte ion has a higher proton affinity 

than 808 kJ mol-1, protonation from the water cluster, rather than the hydronium 

ion can occur (Ellis and Mayhew, 2014c). As pyrrole has a higher proton affinity 

than both the water and the m/z 37 water cluster (875 kJ mol-1), this is likely the 

case if the signal for the hydronium clusters is higher than the hydronium ion 

signal.  

  H3O+(H2O)n-1 + H2O + C4H5N → H3O+(H2O)n + C4H5N (R 2:3) 
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This can result in variation in CRM measurements because, the m/z 37 ion is an 

indicator of sample humidity, (discussed further in 3.3), therefore any variability 

in sample humidity, during C2 and C3 modes, will result in variability in the 

measured pyrrole signal, and so the m/z 37 is reduced as much as possible.  

To reduce the cluster ratios within the PTR region of the mass spectrometer, the 

reduced electric filed (E/N) of the instrument needs to be altered. The E/N is a 

measurement of the ratio of the electric field strength (E) (V cm-1) to the gas 

number density (N) (cm-3) within the flow drift tube. Where, the gas density and 

electric filed within the FDT are altered by changing the pressure of the water 

reservoir used to generate the necessary hydronium ions and voltage output of 

various electrodes.  

 

Figure 2:13 shows the effect of changing the reduced field on the proportion of 

hydronium clusters as a percentage of the total ion count, measured on the Kore 

PTR-ToF-MS to determine the ideal E/N to be used with the UOL-CRM system. 

Above 110 Td (1 Td = 1 Townsend = 1x10--17 V cm2) the total ion count is 

dominated by the hydronium ion. Over 90% of the total ions produced are 

hydronium ions, this therefore results in proton transfer solely occurring through 

Figure 2:13 Measured distributions of hydronium and hydronium water clusters as an effect of 
changing E/N 
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the m/z 19 hydronium ion. Throughout this work, the PTR-ToF-MS operated at 

178 Td over the entire drift tube.  This E/N values was determined by changing 

the electric filed strength across the flow drift tube whilst maintaining a constant 

pressure. Changing the E/N over the PTR region requires a balance, between 

breaking water clusters at a high E/N whilst also reducing the risk of 

fragmentation of the pyrrole ion. 

178 Td, is above the threshold at which there is a shift between m/z 19 ions and 

m/z 37 hydronium clusters causing proton transfer. The m/z 37 hydronium 

cluster produces only 6%, of the total ion count (in comparison to the m/z 19 

producing 92% of the total ion count), as a result, at this E/N, proton transfer will 

only occur from the hydronium ion to pyrrole, and not from the hydronium water 

cluster. Also at this E/N there is also no fragmentation of the pyrrole ion. As no 

other ion is observed in the mass spectrum, only the m/z 19, 37 and 68 ions.  

The E/N for the mass spectrometer was calculated using a derivation of the ideal 

gas equation to calculate the gas number density (N) (E 2:2). 

 

Where: NA is Avoadros’s constant (6.022 x 1023 mol-1), VM is the molecular 

volume of an ideal gas (22414 cm-3 mol-1), P0 is the pressure (in kPa) at 

1 atmosphere (101.325), T0 is the temperature at 1 atmosphere (273.15 K), Td 

and Pd are the temperatures (in Kelvin) and pressures (in kPa) within the drift 

tube respectively (Ellis and Mayhew, 2014d).  

Finally, the E/N is calculated by measuring the voltages at a number of 

electrodes within the drift tube, and then dividing this number by the gas number 

density above. 

A value for the E/N can be calculated for the majority of the drift tube component, 

(measured from the reactor entry and the reactor first plate electrodes), the 

collision cell (from the reactor entry and the reactor last plate electrode) and an 

 N =  
(𝑁𝐴  × 𝑇0  ×  𝑃𝑑)

(𝑉𝑉 × 𝑇𝑑  ×  𝑃0)
 

(E 2:2) 
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average for the entire drift tube (reactor entry to the reactor exit electrodes) 

(Figure 2:11)  

The E/N that is measured above and in Figure 2:13 is a measurement of the 

average E/N through the drift tube.  

 

2.4 Conclusions 

The CRM designed at the Max Planck Institute, Mainz has been adapted an 

implemented into a system at the University of Leicester (UOL-CRM).  

The UOL-CRM consists of a glass Teflon coated reaction vessel, in which a flow 

of pyrrole is introduced into the reaction vessel. Additional flows of nitrogen and 

zero air introduced into the reaction vessel (C1), and along with the use of a UV 

lamp, humidified nitrogen is used to generate OH radicals (C2). Ambient air 

enters the reaction vessel during C3 mode and the presence of VOCs within the 

ambient air sample causes the concentration of pyrrole to increase. The UOL-

CRM is coupled to a PTR-ToF-MS, this is used to monitor the changes in pyrrole 

concentration during each mode of measurement.  

It has been tuned, and optimised to monitor pyrrole concentrations when 

measuring total OH reactivity.  
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Chapter 3. Calibration and Validation of the UOL-CRM  

 

3.1 Introduction  

A number of interferences can affect the total OH reactivity measurements by 

the CRM technique by causing deviations of pyrrole concentrations during C2 

and C3 modes. The interferences reported by: Michoud et al. (2015), Zannoni 

et al. (2015) and Dolgorouky et al. (2012) include: 

 

1. Changes in sampled ambient air relative humidity between C2 and C3 

modes  

2. Deviations from pseudo- first order kinetics 

3. Recycling of OH due to the presence of high NO concentrations within 

the reaction vessel 

4. Dilution of ambient air within the UOL-CRM  

This chapter presents the calibration used in order to convert the measured 

PTR-ToF-MS signal into an absolute measurement of pyrrole concentrations 

and experiments performed in order to characterise the UOL-CRM, and the 

interferences which can cause a deviations in measured OH reactivity. This is 

done through several tests initially developed in the references above. Once 

these calibrations have been carried out, the results are then applied to 

atmospheric measurements. 

 

3.2 Pyrrole concentration calibration 

In order to convert the pyrrole signal measured by the PTR-ToF-MS into a 

concentration, the PTR-ToF-MS must be calibrated in order to determine its 

sensitivity towards pyrrole. 

This calibration is conducted by mixing the desired concentrations of pyrrole with 

nitrogen. The corresponding signal is then detected by the PTR-ToF-MS and a 
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calibration curve is then plotted. An example of this is shown in Figure 3:1.  

The vertical scale in Figure 3:1 is plotted in units of normalised counts per 

second (ncps). Normalisation is the process of scaling the ion count of an 

analyte signal relative to the hydronium ion (m/z 19 H3O+), more specifically the 

isotope of hydronium of the hydronium ion (m/z 21). As the mass spectrometer 

is commonly used continuously during the day, the ion count rate of the 

hydronium isotope could change significantly during the day. Normalising the 

pyrrole ion count ensures that the pyrrole concentration detected, is a 

measurement of the actual concentration of pyrrole exiting the UOL-CRM 

reaction vessel, and is not affected by any fluctuations within the hydronium 

signal.  

Normalisation is carried out by applying the following equation to the measured 

pyrrole signal: 

 

Where i(MH+) is the ion count rate of the analyte and i(m/z 19) is the ion count 

rate of hydronium ions. The ratio of the analyte count rate to hydronium is 

multiplied by one million because the PTR-ToF-MS generates an H3O+ ion count 

rate of close to one million. 

However, large concentrations of hydronium (m/z 19) have the capacity to 

overwhelm and saturate the detector, possibly damaging the MCP detector. To 

account for this, the measured pyrrole signal is normalised to the 18O isotope of 

hydronium ion, (H3
18O+ m/z 21) instead of the H3

16O+ (m/z 19) hydronium signal 

as seen in equation (E 3:2) (Ellis and Mayhew, 2014e). 

 

 ncps = 
1 × 106

500 ×  𝑖(m/z 21) × 𝑖(MH+)
 

 

(E 3:2) 

 ncps = 1 × 106 × 
𝑖(MH+)

𝑖(m/z  19)
 (E 3:1) 
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The naturally occurring 16O to 18O ratio is close to 500:1, so multiplying the 

m/z 21 signal by five hundred, allows the abundance of H3O+ to be deduced. 

Dividing this by the H3O+ ion count rate (assumed to be one million) and 

multiplying by the analyte count rate normalises the analyte signal to the m/z 21 

signal (Ellis and Mayhew, 2014b). 

The sensitivity of the PTR-ToF-MS towards pyrrole is then calculated from the 

gradient from the calibration curve (Figure 3:1) and is expressed in units of 

normalised counts per second per ppb-1  (ncps ppb-1) (de Gouw et al., 2003). A 

decrease in sensitivity can occur however if there are changes in the E/N of the 

instrument. de Gouw et al. (2003), have observed that reducing the pressure 

within the flow drift tube of the PTR-MS (thereby changing the E/N of the mass 

spectrometer) will reduce the sensitivity of the PTR-ToF-MS. Due to this effect, 

all measurements throughout this work have been made at the same E/N. 

The determination of the sensitivity towards pyrrole allows the calculation of 

pyrrole concentrations by dividing the measured normalised counts per second 

of pyrrole by the sensitivity factor (E 3:3). 

 

 

The variation in the mass spectrometers sensitivity towards pyrrole is shown in 

Figure 3:1, as calibrations are conducted over a period of approximately one 

year. A precision of 38% within the PTR-ToF-MS sensitivity was caudated using 

E 3:4. Using the average standard deviation and average sensitivity for all of the 

calibrations shown within Figure 3:1.  

 

 pyrrole (ppbV-1) = 
m z⁄  68 (ncps)

m (ncps-1 ppbV-1)
 (E 3:3) 

 precision (%) = 
𝑠𝑡𝑎𝑛𝑑𝑎𝑡𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (1𝜎) 𝑜𝑓 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

average sensitivity
 (E 3:4) 
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With a maximum and minimum sensitivity of 0.213 and 0.061 ncps-1 ppb-1 

respectively, a large variation in sensitivity is seen in period of time. Based on 

this instability and variation in sensitivity, it is concluded that the sensitivity needs 

to be measured frequently. As a result, before the characterisation of each 

correction (C2, C3 relative humidity deviations, kinetics corrections and NO 

artefact corrections), the pyrrole sensitivity is measured.  

 

 

3.3 Changes in sampled ambient air relative humidity between 

C2 and C3 modes. The effect on pyrrole sensitivity 

As stated in section 2.2.1.1, the ratio of m/z 19 to hydrated water clusters can 

affect the thermodynamics and kinetics of proton transfer between pyrrole and 

hydronium, this can result in a different pyrrole sensitivity when sampling humid 

air, in comparison to dry air measurements. 

In a study by Sinha et al. (2009) the influence of humid air on pyrrole sensitivity 

was  investigated. The sensitivity was measured in dry air approximately 0% 

relative humidity and in humid air of approximately 70% relative humidity. It was 

Figure 3:1 PTR-ToF-MS pyrrole calibration curves measured over a period of approximately one year 



57 

 

concluded that the sensitivity changes by as much as 16% between dry air and 

humid air (Figure 3:2).  

 

The calibration to determine sensitivity of the PTR-ToF-MS towards pyrrole is 

conducted under dry conditions (the calibrations discussed within section 3.2, 

and shown in Figure 3:1), at a relative humidity ranging from approximately 

1 - 2%. However, C2 and C3 modes (sections 2.2.1.3 and 2.2.1.4) are measured 

under humid air conditions (relative humidifies ranging from approximate (30-

40%), due to the differences in humidity between the dry air and humid 

measurements modes, there is also an inherent difference in sensitivity, this 

difference in sensitivity will result in variations of the measured pyrrole 

concentrations between dry air and humid air modes. 

Figure 2:9 shows that when the concentration of pyrrole is determined in dry and 

humid conditions, the concentration of pyrrole in humid air is 10 ppb higher than 

in dry air, (as shown by the C0 dry and C0 wet measurements within the figure). 

This difference is solely due to the differences in sensitivity, as no OH is 

produced within these modes. Therefore a correction factor is needed to account 

Figure 3:2 Measurements of PTR-MS pyrrole sensitivity conducted in dry and humid air by 
Sinha et al. (2009) 
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for differences in humidity dependant sensitivity, this is done by multiplying C2 

and C3 pyrrole concentrations by the ratio of C0 dry to C0 wet. 

 

3.3.1 The effect of C2 and C3 humidity differences on OH 

concentration 

Humid air is introduced into UOL-CRM reaction vessel is during C2 and C3 

modes because the photolysis of humidified nitrogen is used to generate OH 

radicals. However, measurements of C2 and C3 modes requires the influx of 

ambient air into the reaction vessel, the caveat of using ambient air during C2 

and C3 modes is that any fluctuations in ambient air relative humidity results in 

fluctuations in OH concentrations. This needs to be accounted for and 

measurements of pyrrole concentration during C2 mode are corrected by 

determining the degree at which the measured pyrrole concentration changes 

(owing to changes in OH concentrations) with relative humidity.  

For this correction, the ratio of the hydronium water cluster (H2O.H3O+ m/z 37) 

to the hydronium isotope (m/z 21) ion is used as an indicator of humidity within 

the mass spectrometer (Inomata et al., 2008) and UOL-CRM reaction vessel. 

Michoud et al. (2015), have determined that there is a linear relationship 

between relative humidity and the ratio of m/z 37 to m/z 19 ions (Figure 3:3). 

This ratio can therefore be used when examining the effect of humidity on the 

pyrrole ion signal. In the case of the corrections conducted here, the hydronium 

isotope (m/z 21) ion is used in place of the m/z 19 ion. 

As stated within section 2.3.2, the E/N of the PTR-ToF-MS has been altered to 

reduce the degree of hydronium clustering within the PTR-ToF-MS ion source 

as the m/z 37 hydronium cluster contributes to 6% of the total ion count. 

However, the m/z 37 signal will naturally increase with humidity, regardless of 

the E/N, (in the case of the UOL-CRM, the water cluster signal will increase with 

increasing humidity of ambient air). This does not prove a problem with 

measurements made by the UOL-CRM because the m/z 19 signal is always 

higher (90% higher) than the m/z 37 signal, therefore the kinetics of proton 
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transfer between the hydronium ion and pyrrole molecule is not affected when 

increasing humidity and m/z 37 clusters (only the concentration of OH is 

affected).  

As a starting point, an experiment was carried out to determine the degree at 

which the concentration of pyrrole changes during conditions when the relative 

humidity within the UOL-CRM reaction vessel during C2 mode is lower than that 

measured during C3 mode. In order to generate these conditions, zero air was 

used to dilute pyrrole during C2 rather than ambient air. The results of this 

experiment is seen in Figures 3:3 and 3:4  

 

During C2 measurements, due to the use of dry zero air to dilute pyrrole, a 

m/z 37 count rate of approximately 300 ncps is detected (25% relative humidity), 

this then increases to approximately 700 ncps when switching to C3 (40% 

relative humidity), using ambient air to dilute pyrrole. As the flow regime switches 

back to C2 from C3, the m/z 37 water cluster then returns to a base line. This 

Figure 3:3 Measured hydronium m/z 37 ion counts (ncps) and the corresponding pyrrole 
concentrations when switching from modes C2 to C3 and back to C2 
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change in the hydronium cluster signal when changing from C2 to C3 and back 

to C2 mode is confirmed by the changes in relative humidity measured using a  

sensor, located on the output flow of the reaction vessel (Figure 2:3). 

 

 

As can be seen from the measurements (Figure 3:4), C3 mode pyrrole 

concentrations are now lower than that measured during C2 mode. This occurs 

because there is now a higher concentration of OH during C3 mode than there 

is for C2 mode (due to the relative humidity during C3 mode being higher than 

in C2 mode) as more OH available to react with pyrrole during C3 than C2 mode.  

This is not ideal scenario because in order to calculate total OH reactivity using 

the CRM equation, the concentration of pyrrole measured during C3 needs to 

be higher than that during C2 mode, (E 1:14).  

In order overcome this problem, ambient air is sampled during both C2 and C3 

modes, thereby resulting relatively in small changes relative humidity in 

comparison to that observed within Figure 3:3 (and therefore small changes in 

Figure 3:4 Time series of pyrrole concentrations C1, C2 and C3. C2 measured with a dilution of 

zero air, and C3 measured with a dilution of ambient air. C2 measurements are highlighted in grey. 
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OH concentrations). Clean air free of VOCs is generated during C2 mode by 

drawing ambient air through a heated catalyst. (Figure 2:3). 

However, slight variations in relative humidity are still observed between C2 and 

C3 modes even with the use of a catalyst. To compensate and correct for 

variations in humidity and m/z 37 normalised counts, a correction factor is 

applied to C2 mode, determined through calibration measurements. 

 

3.3.1.1 Experimental- Correcting for changes in relative humidity 

between C2 and C3 modes 

With the mercury pen ray lamp switched on, a constant flow of humid nitrogen, 

pyrrole and zero air is introduced into the reaction vessel. In this case, a second 

bubbler is used to increase the humidity within the reaction vessel. In the same 

way that a flow of nitrogen is split to allow a flow of dry and humid nitrogen into 

the reaction vessel (for C1 and C2), a flow of zero air is also split through two 

MFC’s (500 sccm directly into the reaction vessel, and 100 sccm through a water 

bubbler Figure 2:3). 

By changing the ratio of dry air flow to humid air flow through both MFC’s, the 

humidity within the reaction vessel is increased whilst maintaining the same 

pyrrole dilution factor. 

The results of numerous humidity calibrations are shown in Figure 3:5, in which 

a linear decrease in pyrrole concentration is observed as the m/z 37 to m/z 21 

ratio (and therefore the relative humidity within the reaction vessel) increases. 

Using the linear regression from the experiments, a corrected value of C2 pyrrole 

concentration is calculated based on the pyrrole concentration during measured 

C mode, and the difference in the m/z 37 to m/z 21 ratio monitored during C2 

and C3 modes. This leads to equation 3:5 where m is the slope of the linear 

regression and (m/z 37/ m/z 21) is calculated from ambient air measurements 

during C2 and C3 modes, (Dolgorouky et al. (2012) Michoud et al. (2015)). 
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3.4 Deviations from pseudo- first order kinetics 

Throughout all of the OH reactivity measurements, the CRM equation (E 1:14), 

assumes that the system is under pseudo- first order kinetics regime and that 

the concentration of pyrrole is at least several orders of magnitude higher than 

the concentration of OH radicals. 

However, the UOL-CRM does not usually operate under these conditions, as 

the concentration of pyrrole used can be on the same order of magnitude as the 

OH generated. This is due to a need to create a concentration balance, if the 

concentration of pyrrole is too high, then the amount of OH generated will not 

be large enough to cause a significant decrease in the pyrrole signal when 

 C2 corrected = C2 + m [(
 𝑚 𝑧 ⁄ 37 

𝑚 𝑧 ⁄ 21
) C3 −  (

𝑚 𝑧 ⁄ 37

𝑚 𝑧⁄ 21
) C2] (E 3:5) 

Figure 3:5 Experimentally determined humidity calibrations measured at relative humidity ranging 
from 20 to 70% (22°C). Error bars are measured at one standard deviation of each pyrrole 
concentration. Calibrations conducted on 20/04/16, 24/03/16, 14/12/15, 23/01/15, 20/01/15 and 
27/01/15 
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switching from C1 mode to C2 mode. Whereas due to the relatively low 

sensitivity of the PTR-ToF-MS toward pyrrole, a high concentration is needed to 

observe a detectable change in pyrrole when switching between measurement 

modes. 

The ratio of pyrrole to OH is an indicator of whether the system is under pseudo- 

first order conditions and is calculated using E 3:6. Where, as stated within 

section 1.5.3, the difference between C1 and C2 is a calculation of the OH 

concentration within the reaction vessel. The higher the ratio of pyrrole to OH, 

the closer the system is to pseudo- first order conditions. 

 

 Pyrrole :  OH = 
𝐶1

𝐶1 − 𝐶2
 (E 3:6) 

 

Owing to this need for a concentration balance between pyrrole and OH, an 

overestimation of OH reactivity is determined through measurements with a gas 

standard. Which can be corrected for by calibrations. 

 

3.4.1 Experimental characterisation of UOL-CRM operating 

conditions- deviation from pseudo first order conditions 

Using a test gas (propyne, BOC 500 ppb in nitrogen, 200 bar), the degree at 

which the measured OH reactivity deviates from the theoretical, calculated OH 

reactivity under a pseudo- first order kinetics regime (based on a specific 

concentration of propyne introduced into the UOL-CRM reaction vessel and its 

rate of reaction with OH) can be determined.  

After measuring C0 dry, C0 wet, C1 and C2, increasing concentrations of 

propyne are introduced into the reaction vessel to induce increasing rates of OH 

reactivity, (from 7 s-1 to 239 s-1) a measurement of OH reactivity is determined 

using the CRM equation (E 1:14) for each concentration of propyne. 
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When conducting these experiments, ambient air flows through the catalyst to 

generate air free of VOCs which could cause interferences with this calibration. 

The flow of ambient air is also used to dilute propyne whilst providing a stable 

constant humidity. Using zero air to dilute propyne has the disadvantage altering 

humidity levels within the reaction vessel as the concentration of propyne is 

changed.  

By only changing the ratio of propyne to VOC- free ambient air (at a total flow 

rate of 150 sccm), the concentration of can be propyne changed, whilst ensuring 

a constant concentration of pyrrole.  

The changes in pyrrole concentration that occur when adding propyne into the 

reaction vessel are shown in Figure 3:6. As usual, the concentration of pyrrole 

decreases when changing from modes C1 to C2 as OH radicals are generated. 

When propyne is introduced along with OH, the concentration of pyrrole 

increases as propyne competes with pyrrole over the reaction with OH (as seen 

in (Figure 1:6). As more propyne is introduced, the concentration of pyrrole 

increases further. 

 

Figure 3:6 Measured pyrrole concentrations during C1 and C2. Increasing amounts of propyne 
introduced into the reaction vessel to induce higher rates of OH reactivity. Shaded grey areas 
indicate the measurement mode and the concentration of propyne introduced into the UOL-CRM  
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When calculating OH reactivity for each C3 modulation, any deviation in 

humidity that occurs between C2 and C3 have been accounted for by applying 

the correction factor from determined from Equation 3:5. After calculating OH 

reactivity, based on the rate coefficient for the reaction of OH with 

propyne (6.21x10-12 cm3 molecule-1 s-1 at 298 K and 1 bar), (Lockhart et al., 

2013) and the concentration of propyne introduced during each C3 step (E 1:5), 

the degree at which the measured OH reactivity differs from the calculated 

reactivity is determined (Figure 3:7).  

 

This experiment is repeated at a series of pyrrole to OH ratios, (controlled by 

either changing the concentration of pyrrole or changing the humidity within the 

reaction vessel) (Figure 3:7). 

The results of these experiments show that a linear relationship is observed 

between the theoretical calculated OH reactivity, and measured OH reactivity of 

the UOL-CRM system. As a result, the gradient of the linear regression (F) can 

be used as a factor to correct the measured OH reactivity using Equation 3:7.  

Figure 3:7 Experimentally determined OH reactivity and its deviation from calculated OH 
reactivity using propyne gas standard at pyrrole to OH ratios of 1.37, 1.4 and 3.9 
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Where R (OH)true is the calculated OH reactivity (based on the concentration of 

the gas standard flowing through the reaction vessel and its OH reaction rate 

coefficient), and R (OH)measured is the OH reactivity measured through the 

UOL-CRM, corrected for deviations in humidity between C2 and C3. For ambient 

air measurements, R (OH)true is the measured OH reactivity corrected for 

deviations from pseudo- first order kinetics.  

 

 

The relationship between corrected and measured OH reactivity was also 

investigated with the use of a mix of hydrocarbons (200 bar BOC 20 ppm 

methane, 20.1 ppm ethane, 19.9 ppm propane and 20 ppm n-butane in 

nitrogen). This test is conducted in the same manner as the propyne test 

described above, using a similar range of concentrations to induce a range of 

OH reactivity from: 13 s-1 to 36 s-1 at pyrrole to OH ratios of 3.5, 3.51 and 2.0. 

 

Concentration 
(ppb) 

Total rate 
coefficient (cm3 

molecule-1 s-1)a 
Calculated 
reactivity (s-1) 

Measured reactivity 
(s-1) 

150 3.70x10-12 13.8 122.1 

200  18.4 233.9 

250  23.0 205.6 

300  27.6 259.2 

350  32.2 301.0 

400   36.8 421.6 

Table 3:1 Calculated and measured OH reactivity at a pyrrole to OH ratio of 3.51 for a mix of 
hydrocarbons 

a Total rate coefficient calculated through the summation of OH + hydrocarbon rate coefficients for all 

hydrocarbons tested 

 

 R(OH)(s-1) true = F × R(OH) (s-1) measured (E 3:7) 
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Rate coefficients of 6.4x10-15 cm3 molecules-1 s-1, 2.48x10-13 cm3 molecules-1 s-1, 

1.09x10 cm3 molecule-1 s-1  and 2.36x10-12 cm3 molecules-1 s-1 for the reactions 

of OH with methane, ethane, propane and n-butane respectively (298K and 1 

bar) (Atkinson, 2003) are used to calculate the OH reactivity with these 

hydrocarbon mixture (Table 3:1, pyrrole to OH ratio of 3.51). 

 

 

In the same fashion as the propyne experiments, tests were conducted at 

various pyrrole- to- OH ratios, and a linear relationship is also observed between 

the calculated and measured reactivity, which can be used to correct the 

measurements made by the UOL-CRM (Figure 3:8).  

Using Equation 1:5, the rate coefficients of all the hydrocarbons tested, (along 

with their respective concentrations) can be summed to obtain an average the 

total OH reactivity.   

Figure 3:8 Measured and calculated OH reactivity of a hydrocarbon mix (methane, ethane, propane 
and n-butane). At pyrrole to OH ratios of 2.0, 3.51 and 3.53. As a function of the summed rate 
coefficients and concentrations of all hydrocarbons 
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It is worth noting that, reactivity measurements conducted at pyrrole to OH ratio 

of 3.53 was conducted on a different PTR-ToF-MS to that at ratios of 3.51 and 

2.0, but produces a correction factor that follows the trend. 

The results of these experiments show a relationship between the pyrrole-to-OH 

ratio and the correction factor (shown in Figure 3:9). As the ratio of pyrrole-to-

OH increases, the correction factor F, derived from the gradients within Figures 

3:7 and 3:8 decreases, where the largest pyrrole-to-OH ratio at 3.9, has a 

correction factor of 0.02, and the lowest pyrrole-to-OH ratio generates the 

highest correction factor. As seen in Table 3:2 summarising the correction 

factors obtained and their respective pyrrole-to-OH ratios. 

 

This trend is consistent with the kinetics of the system verging on a regime that 

is closer to pseudo-first-order. In which, at higher pyrrole-to-OH ratios the 

concentration of pyrrole is higher and in excess of the OH concentration, the 

difference between measured and calculated OH reactivity is minimal and the 

correction factor F is also small.  

Figure 3:9 The relationship between the correction factor at measured pyrrole to OH ratios. The 
ratios are obtained from kinetics studies of propyne and a mix of hydrocarbons (Figure 3:7 
Figure 3:8). Adapted from (Michoud et al., 2015). The area highlighted in grey indicate the pyrrole 
OH ratios measured during the Weybourne campaign. Error bars are calculated from one 

standard deviation of measured correction factor 
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Therefore in order to correct UOL-CRM based measured OH reactivity the 

pyrrole-to-OH ratio of the system must be known in order to derive the correction 

factor.  

Using Table 3:2, and Figure 3:9, the relationship between the correction factor 

and the pyrrole-to-OH ratio is determined (E 3:8). During the time of 

measurement, the pyrrole-to-OH ratio is calculated and used within Equation 3:8 

to determine the factor needed to correct the UOL-CRM measurements. This 

factor is then substituted into Equation 3:7 (along with the measured OH 

reactivity) in order to determine a true value of UOL-CRM based OH reactivity.  

 

 

The experiment conducted using propyne at a pyrrole to OH ratio of 1.4 showed 

a large degree of error within the intercept (-136.63 ± 30.4 1σ), this was 

conducted during the ICOZA field campaign (campaign discussed within chapter 

4), the source of this error is owing to variations within the measured C1 mode 

pyrrole signal as a standard deviation of 2.2 was calculated during C1 mode, 

however for C2 mode, and the addition of propyne (C3), the standard deviation 

ranged from 0.09 to 0.7 (1σ).  This was because the hydronium isotope signal 

measured during C1 mode was 22% lower than during C2 modes. 

Pyrrole / OH ratio  Correction factor a  

1.37b 0.27 

1.4b 0.66 

2.0c 0.39 

3.51c 0.07 

3.53c 0.09 

3.9b 0.02 
Table 3:2 All pyrrole OH ratios from propyne and hydrocarbon kinetics calibrations 
and their corresponding OH reactivity correction factors  

a slope from hydrocarbon and propyne kinetics calibrations 
b Pyrrole to OH ratio from propyne calibrations 
c  Pyrrole to OH ratio from hydrocarbon calibrations 

 F = -0.18 × (
𝑃𝑦𝑟𝑟𝑜𝑙𝑒

𝑂𝐻
) + 0.733 (E 3:8) 
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A test using the mix of hydrocarbons also showed a large degree of error within 

the measurements, as the test conducted at a pyrrole-to-OH ratio of 2.0 has a 

calculated intercept of 5.28 and an error of ± 6.41 (1σ).  

It is likely that this error within the measurements is also owing to short 

experiment times, and a lack of time allowed for the instrument to stabilise in 

between adjustment of the gas standards concentration resulting in long 

response time for the instrument. From Figure 3:6, it can be seen that whilst the 

concentration of propyne increases in between each C3 mode, it may also be 

increasing during C3. This is likely owing to a short residence time and low flow 

rates of the introduced gas standard.   

All of the raw measurements in the following chapters have been corrected using 

the factor determined in Equation 3:8, after the correction factor is determined 

from the pyrrole to OH ratio, it is then substituted in Equation 3:7 in order to 

generate a measurement of total OH reactivity.  

Owing to the fact the ambient air flowing into the reaction vessel contains a 

mixture of VOCs, it is best to correct the measured reactivity of the UOL-CRM 

by an average correction factor determined at a specific pyrrole to OH ratio at 

the time of sampling. This leads to the use of equation (E 3:7) (Michoud et al., 

2015)  

Using a similar calibration method, Michoud et al. (2015) have observed that 

higher correction factors are determined for more reactive spices at the same 

pyrrole to OH ratios. At pyrrole to OH ratios of 1.4, they have determined that 

the correction factor based isoprene experiments is 7.6% higher than for 

propene, which is 50.6% higher than for ethane. However, at a lower pyrrole to 

OH ratio (2.3), the correction factor derived for isoprene was only 1% different 

than for isoprene. The consequence of this is that the CRM method needs to be 

fully characterised at numerous pyrrole to OH ratios with a number of fast and 

slow reacting species. 
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3.5 Recycling of OH due to the presence of high NO 

concentrations within the reaction vessel 

Hydrogen atoms generated through Reaction 1:31, will proceed to react with 

oxygen present within the reaction vessel to form HO2 molecules (R 1:6). HO2 

can then react with NO present in ambient air to form excess OH along with NO2 

(R 1:10). The process of generating OH within the UOL-CRM reaction vessel 

(photolysis of water vapour) can generate a stable concentration of OH, 

however, high concentration of NO within the ambient air can cause the 

concentration of NO to fluctuate.  

In some circumstances, high concentrations of NO within ambient air will 

regenerate so much OH that C3 pyrrole concentrations establish a level similar 

or lower than C2. 

 

3.5.1 Experimental- Correction of C3 measurements owing to 

NO induced OH recycling  

This effect can be accounted through experimentation in order to determine the 

degree at which NO regenerates OH. This experiment involves the injection of 

a gas standard to in order to obtain a measurement of a baseline C3 level 

(termed: C3expected). Increasing concentrations of NO are then added to the 

reaction vessel, as more and more NO is added to the vessel, the measured C3 

pyrrole concentration deviated further away from the baseline pyrrole C3expected 

signal. The degree at which the measured C3 level decreases with each addition 

of NO is then characterised and used to corrected pyrrole concentrations 

measured during C3 mode when NO is present within the sampled ambient air 

(Michoud et al., 2015, Hansen et al., 2015). 

Figure 3:10 shows the results of a particular experiment in which five minute 

measurements are recorded of C1, C2, C3 modes, followed by a final 

measurement of C2 mode, (propyne in the absence of ambient air flows into the 

reaction vessel during C3 mode). As higher concentrations of NO flows into the 
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reaction vessel, more OH is generated within the reaction vessel and the pyrrole 

C3 level decreases further from the baseline. 

 

 

Figure 3:10 CRM pyrrole concentration measurements. Areas highlighted in grey show 
measurements of C1, C2 and baseline C3 measurement obtained with the addition of propyne. 
Further addition of 20, 30, 50, 70 and 120 ppb of NO results in the decrease of pyrrole signal 

Figure 3:11 Observed changes in pyrrole concentration when switching from C2 to C3 followed by 
the addition of increasing concentrations of NO into the reaction vessel. NO concentrations of 30, 
40, 50, 60 and 70ppb at a pyrrole to OH ratio of 1.29 and 3.97. 20, 30, 50, 70 and 120 ppb at pyrrole/ 
OH ratio 3.55. 27, 36, 44, 52, 59 and 66ppb pyrrole/ OH ratio 3.7 
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The experiment was repeated at various pyrrole to OH ratios (Figure 3:11). As 

expected, when injecting higher concentrations of NO into the UOL-CRM, the 

difference between the baseline, C3expected and the actual measured 

concentration of pyrrole (termed C3measured) increases.  

For each experiment it was observed that levels of approximately 50-66 ppb of 

NO within the reaction vessel is enough to cause a drop in the pyrrole signal to 

a concentration similar to that of C2.  

In order to determine the degree at which C3 pyrrole concentrations diverge 

from the baseline the difference between C3expected and C3measured (ΔC3) is then 

calculated and a linear fit is applied to the variables; ΔC3 and the concentration 

of NO added (ppb) generating coefficient values that can be used to correct C3, 

based on the concentration of NO measured at a specific time, through the use 

of equations 3:9 and 3:10. (Michoud et al., 2015). 

 

Figure 3:12 Experimental characterisation of the degree at which C3 differs from a baseline 
measurement with the addition of NO at pyrrole to OH ratios of 2.46, 3.55, 3.7 and 3.97. Error bars 
are calculated from the standard deviation in ΔC3 
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The results show that the change in C3 pyrrole concentration is dependent on 

the ratio of pyrrole to OH. Therefore the pyrrole- to- OH ratio at the time of 

measurement can be substituted into equation 3:10 and then used to correct C3 

mode pyrrole concentrations (E 3:11). Where m and c is the gradient and 

intercept shown in Figure 3:13. 

 

 

 C3 corrected = C3 measured +  ∆C3 (E 3:9) 

 ∆C3 = m [NO](𝑝𝑝𝑏) + 𝑐 (E 3:10) 

 ∆C3 = m (
𝑃𝑦𝑟𝑟𝑜𝑙𝑒

𝑂𝐻
) [𝑁𝑂] + 𝑐 (E 3:11) 

Figure 3:13 Gradients calculated from the correction experiments shown in Figure 3:12 at their 
corresponding pyrrole to OH ratios 
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3.6 Dilution of ambient air within the UOL-CRM  

During C3 mode, as nitrogen and pyrrole flow into the UOL-CRM reaction vessel 

along with ambient air, any VOCs present within the sampled ambient air are 

therefore diluted with nitrogen and pyrrole resulting in an underestimation of OH 

reactivity. By calculating the dilution factor based on the flow rates ambient air, 

pyrrole and nitrogen, a final corrected value of OH reactivity can be determined, 

(E 3:12 and 3:13) (Zannoni et al., 2015). 

 

Dilution factor

=  
𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑎𝑖𝑟 (𝑠𝑐𝑐𝑚) +  𝑝𝑦𝑟𝑟𝑜𝑙𝑒 (𝑠𝑐𝑐𝑚) +  𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (𝑠𝑐𝑐𝑚)  

𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑎𝑖𝑟 (𝑠𝑐𝑐𝑚)
 

(E 3:12) 

 R OH (𝑠−1)final = R OH (𝑠−1)measured ×  Dilution factor (E 3:13) 

 

3.7 Limit of detection (LOD) 

The UOL-CRM LOD is defined as the minimal detectable difference between C2 

and C3 mode pyrrole concentrations. The UOL-CRM LOD was calculated using 

measurements of C1 and C2 mode, in a similar method to that described within 

Michoud et al. (2015). Measurements were conducted in the same manner as 

that discussed within sections 2.2.1.2 and 2.2.1.3, however C2 measurements 

were conducted for 24 hours and separated into five minute section.   

The standard deviation within the measured pyrrole concentration for each five 

minute C2 section was calculated (σC2) (1σ), along with the average standard 

deviation for the entire period (average σC2) and the average pyrrole C2 signal 

for the whole period (average C2[pyrrole]).  

C3 pyrrole concentrations are calculated by summing three times the average 

standard deviation in C2, with the average pyrrole signal 

(C3 = 3(average σC2) + average C2[pyrrole]). Following this, the total OH 

reactivity was calculated using the CRM equation (E 1:14).  
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At an average pyrrole to OH ratio of 1.5, the LOD was therefore calculated as 

5 s-1 (corrected for deviations in pseudo first order kinetics).  

 

3.8 Measurement uncertainties 

The uncertainty of the field campaign measurements shown in chapters 4 and 5 

are calculated through the propagation of errors using the uncertainties shown 

within Table 3:3 which contribute to the error within the final measurement of 

total OH reactivity, the rate coefficient between pyrrole and OH, the calculated 

sensitivity pyrrole  (Figure 4:3). These errors include: the correction due to 

deviations from pseudo first order kinetics (Figure 3:9) and the correction owing 

to differences in humidity between modes C2 and C3 (Figure 3:5) an overall 

systematic uncertainty of ~43% is calculated. The error associated the 

correction owing to NO derived OH recycling is not included within this 

calculation as the data within chapters 4 and 5 has not been corrected  for NO 

based OH recycling. 

 

3.9 Conclusions 

The Comparative Reactivity Method is subject to a number of interferences that 

need to be corrected: 

Error Source Error (%) 

Uncertainty of OH+ pyrrole rate coefficient 8 

Calculated pyrrole sensitivity 7 

Deviations in pseudo- first order kinetics 30 

Corrected differences in C2 and C3 humidity 28 

Total Error 43 

Table 3:3 Error budget table listing the components used to derive measured OH reactivity using 
the UOL-CRM and their corresponding uncertainty 
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1. Deviations in ambient air humidity within C2 and C3 modes results in 

variations of OH concentrations. The influence of relative humidity on C2 

pyrrole concentration is determined by performing experiments in which 

the pyrrole concentration is measured at increasing relative humidity, 

(Figure 3:5). Using equation 3:5 derived from the experiment, the 

humidity measured during C3 mode is then used to correct C2 pyrrole 

concentrations. 

2. The CRM equation used to calculate total OH reactivity assumes that the 

system is under pseudo first order conditions (the pyrrole concentration 

is in excess of the OH concentration). However this is not the case as a 

balance of flow rates is needed in order to produce a stable pyrrole 

concentration and ensure that a suitable datable change is observed 

when switching from C2 to C3 modes. In order to correct for this deviation 

from pseudo first order kinetics, a series of experiments were conducted 

in which a gas standard (propyne and a mixture of hydrocarbons) is 

injected into the UOL- CRM. The OH reactivity is the measured by the 

UOL-CRM, and compared to an expected reactivity (calculated based on 

the concentrations of gas standard injected into the UOL-CRM reaction 

vessel). A linear relationship between the measured and calculated 

reactivity, and a dependence on pyrrole to OH ratio is observed. This 

dependence is then used to derive a correction factor based on the 

pyrrole to OH ratio. Ambient air measurements are then corrected based 

on this correction factor and the calculated pyrrole OH ratios (E 3:8).  

3. A correction also needs to be applied to measured reactivity as NO 

present within the UOL-CRM can recycle OH. Increasing concentrations 

of NO within with UOL-CRM will linearly decrease the measured C3 

signal. This effect has been characterised within section  3.5.1 

4. Finally, VOC within the ambient air sampled during C3 mode are diluted 

by the presence of pyrrole and humidified nitrogen present within the 

UOL-CRM reaction vessel. A dilution factor is therefore calculated based 

on the flow rates of nitrogen, ambient air and pyrrole at the time of 

sampling to correct for this dilution.  
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Chapter 4. Deployment of the UOL-CRM. Measurements 

conducted at Weybourne Atmospheric Observatory (WAO) 

 

4.1  Introduction 

Chapters 2 and 3 discussed the instrumentation used for the UOL-CRM, its 

development, calibrations and validation. Following this, the UOL-CRM was 

deployed during the Integrated Chemistry of Ozone in the Atmosphere (ICOZA) 

field campaign throughout July 2015.  

 

4.1.1 Campaign objectives 

ICOZA was a National Environmental Research Council (NERC) funded field 

campaign throughout July 2015. Led by the University of Birmingham, along with 

the University of East Anglia (UEA), Leeds, York and Leicester. 

The purpose and objectives of this campaign was to measure and understand 

ozone transport and formation, by studying aged pollution regimes from London 

in comparison to cleaner air approaching from the North Sea. During the field 

campaign, local chemical ozone production rates were measured. Included with 

this are measurements in response to ozone production with respect to 

measurements of NOx and VOC levels.  

Measurements of ozone concentration can act to constrain act to constrain OH 

concentration and OH loss measurements. For example, during periods of the 

campaign when NOx concentrations are high, the capacity for ozone production 

is high, this could result in high degrees of OH reactivity if the contribution to OH 

reactivity is dominated by NOx rather than VOCs. OH reactivity measurement 

could thereby act as an indicator of varying pollution regimes, by measuring total 

OH reactivity when a specific contributor to total OH reactivity such as ozone is 
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high or low. Once the UOL- CRM had been tested in laboratory conditions 

through calibrations and validations. The next aim is to test the system during a 

field campaign. The objective was to measure total OH reactivity profiles and 

regimes which be attributed to air masses from local megacities upwind of the 

site.  

A final objective is to in order to test the capability of the UOL- CRM set up for 

field measurements. With the aid of total OH reactivity measurement made by 

the UL-LIF, and measurements of VOC, NOx, ozone and CO concentrations 

(used to calculate total OH reactivity), measurements made by the UOL-CRM 

can be easily understood. Any variations in measurements made by the UOL-

CRM in comparison to that made by the UL-LIF and calculated total OH reactivity 

can be identified and used to improve the UOL-CRM. Supporting measurements 

are also used to correlate any trends in OH reactivity to changes in VOC, NOx 

and ozone concentration.  

 

4.1.2 Measurement Location 

The Weybourne Atmospheric Observatory is a site located on the North Norfolk 

Coast (52°N52’02”N, 1°07’19”E) (Figure 4:1), established  by the University of 

East Anglia in order to measure various components of atmospheric gases such 

as: carbon monoxide, methane and oxygen (Brooks, 2016). 

At the location, a converted shipping container (Figure 4:2) (was used to host 

the PTR-ToF-MS and the UOL-CRM, along with the other instruments provided 

by the University of Leicester, such as a Chemical Ionisation Mass Spectrometer 

(CIMS), and a Broadband Enhanced Cavity Enhanced Spectrometer 

(BBCEAS). 

The shipping container is situated approximately 200 m from the North Sea, 

owing to this, the location of the site is susceptible to clean air sea salt and 

aerosols from the North Sea. Including long range transport of polluted air 

passing from Europe. Polluted air from London can also pass over the 

measurement site. Trajectories of air masses during various periods of the 
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campaign and the corresponding total OH reactivity for each period are shown 

in chapter 5.  

 

 

Figure 4:2 A picture of the University of Leicester shipping container housing the UOL-CRM 

Figure 4:1 Google Maps image of the measurement location for the ICOZA field 
campaign 
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4.2 Instrument set up  

The UOL-CRM is configured the same manner as that described in chapter 2 

and shown in Figure 2:3. The exhaust line from the reaction vessel was directed 

to flow out of the shipping container and positioned downwind (10 m) from a 3 

m Teflon, quarter inch diameter sample inlet. Typically, the wind direction 

throughout the filed originated from a south to south- west direction (Figure 5:3).  

An air conditioning unit regulated the temperature within the shipping container, 

ranging from a maximum of 36°C to a minimum 19°C, and averaging 22°C for 

the duration of the campaign. Through the regulation of the temperature within 

the shipping container, a stable kinetics regime within the UOL-CRM reaction 

vessel should be observed, whilst also maintaining a stable hydronium pro-

duction rates within the mass spectrometer. However small temperature 

fluctuations within the container were observed and resulted in variations in 

hydronium production within the mass spectrometer. The effects of these 

variations on UOL-CRM measured total OH reactivity are discussed in further 

detail in section 4.4  

 

4.3 Calibrations 

A pyrrole calibration was conducted at the start of the campaign (in the same 

manner as that discussed within section 3.2) in order to determine the sensitivity 

of the mass spectrometer towards pyrrole (calculated as 0.100 ncps / ppb) as 

seen in Figure 4:3. This sensitivity is used throughout the whole campaign 

period and it is used to determine the OH reactivity as discussed below.   

The raw data was corrected for deviations from pseudo first order kinetics 

(section 3.4) by calculated the pyrrole to OH ratio for each measurement and 

applying equations 3:7 and 3:9 to the data. 

Calibrations for the recycling of OH due to the presence of NO, and a humidity 

calibration were also conducted, but these were unsuccessful due to instability 

of hydronium counts within the mass spectrometer. These calibrations were 
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repeated in the laboratory post- campaign, at the same sensitivity and E/N 

observed during the campaign.  And applied to the data collected during the 

period of the campaign. The results of these calibrations are seen along with 

others in chapter 3.   

 

C0 wet, C0 dry and C1 is measured at the start of every measurement cycle. 

Measurements of C2 and C3 were conducted continuously throughout the 

campaign via sequential cycling between C2 and C3. At the start of each day, 

the reaction vessel is dried by flowing propyne into the reaction vessel, this acts 

to scavenge any residual OH present within the reaction vessel, generating a 

true C1 signal that is in dry conditions (Zannoni et al., 2015). Days in which 

calibrations were conducted are seen within the time series as gaps within the 

data, gaps are also present due to a power cut on the morning of 04/07/15 and 

in the evening on 06/07/15. 

Figure 4:3 Pyrrole calibration conducted during the ICOZA campaign to determine 
instrument sensitivity towards pyrrole 
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4.4 Measurements of VOC concentrations made by the 

UOL-CRM 

Chapter 1 discussed the objectives that this research will work towards, one 

objective was to utilise extra functionality provided by the PTR-ToF-MS to 

simultaneously measure total OH reactivity and VOC concentrations.  

Kumar and Sinha (2014), have explored a method in which the PTR-ToF-MS, 

samples ambient air in between C2 and C3 measurement modes. This approach 

was employed during the field campaign, as concentrations of numerous VOCs 

were measured by bypassing the UOL-CRM reaction vessel as ambient air is 

directed into the PTR-ToF-MS (Figure 2:3). 

However, this method proved unsuccessful as a caveat with regards to 

PTR-ToF-MS measurements are exposed. The PTR-ToF-MS is tuned and 

optimised for the sole detection of pyrrole as the E/N (178 Td) is adapted to 

reduce the formation of hydronium clusters, whilst reducing the probability of 

pyrrole fragmentation.  

At this E/N, whilst no fragmentation of pyrrole occurs, it is likely that ambient 

VOCs could fragment. For example, at an E/N of 106 Td, de Gouw and Warneke 

(2007) have observed the fragmentation of alkyl benzenes, therefore changing 

the E/N to accommodate for pyrrole measurements will increase the sensitivity 

of the PTR-ToF-MS towards pyrrole but also at the detriment of the 

PTR-ToF-MS sensitivity towards VOCs.  Baasandorj et al. (2015), for example 

have observed that at an E/N of 125 Td, the PTR-MS sensitivity towards ethanol 

is 5 – 20 times lower than that of formic acid.  

Figure 4:4 shows a series of VOC (methanol, acetonitrile, acetaldehyde, 

acetone, toluene, isoprene, MVK and MEK) concentration measurements made 

from 19th July to 20th July. A large degree of noise can be seen within these 

measurements, and all of the VOCs measured follow the same trends. Whilst 

daily changes in VOC concentrations are observed, no individual variation 

between VOC time profiles were observed, as seen within Figure 4:4. This is 

attributed to the poor sensitivity of the PTR-ToF-MS towards these VOCs. 
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Measurements of VOC concentrations made by the UOL-CRM were therefore 

not used when examining OH reactivity measurements due to the high amount 

of noise and unreliability within these measurements.  

As a result, UOL-CRM OH reactivity data was compared to instruments 

specifically designed to monitor VOC concentrations, a Proton Transfer 

Reaction- Quadrupole Mass Spectrometer (PTR-QMS) and a Gas 

Chromatography- Flame Ionisation Detector (GC- FID), (Table 5:1). 

 

4.5 Hydronium instability within the mass spectrometer 

Two sets of temperature and humidity probes were located within the shipping 

container, one attached to the UOL-CRM reaction vessel, and a second situated 

within the container next to the mass spectrometers ion source. Both sets of 

temperature/ humidity measurements agree with each other (Figure 4:5 a. and 

b.), and from this it can be concluded that any temperature fluctuations that 

Figure 4:4 Concentrations of VOCs measured by the UOL-CRM PTR-ToF-MS from 19th July to 20th 
July 
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occur within the reaction vessel are also a representation of the same 

temperature fluctuations that occur within the shipping container.  

 

 

These temperature fluctuations within the shipping container have the potential 

to influence the hydronium count rate within the mass spectrometer. Other 

interferences influencing the measured total OH reactivity have an effect that is 

Figure 4:5 Temperature recordings measured by a temperature humidity 
probe located within the reaction vessel from 20th to 21st July and from 28th 
to 21st July, in comparison to temperature recorded using a data logger next 

to the mass spectrometers ion source for the same time period 
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negligible during this period of measurements and throughout the campaign. For 

example, the relative humidity of sampled ambient air during the period of the 

field campaign seen within Figure 4:5 saw only variation of approximately 10% 

when sampling during C2 and C3. Spikes in relative humidity were only 

observed when the Solenoid valves used to switch between C2 and C3 modes 

turn on and off (Figure 4:6). Fluctuations in relative humidity on a scale of 10% 

within the reaction vessel should not affect the hydronium isotope count rate 

within the mass spectrometer as a constant supply of hydronium and humidity 

is provided by the mass spectrometers water bubbler. Only the m/z 37 count 

rate is influenced by humidity. This 10% fluctuation in relative humidity is 

accounted for when calculating total OH reactivity as a humidity calibration is 

applied to C2 and C3 measurements, (section 4.4, Figure 4:12).  

 

 

Figure 4:6 Relative humidity (%) measured within the reaction vessel from 20th to 21st July 
and from 28th to 29th July 
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4.5.1.1 The effect of temperature on the PTR-ToF-MS hydronium 

signal 

Temperature fluctuations within the shipping container is the only reasonable 

source for the fluctuations within hydronium count rate. The shipping container 

is fully air conditioned, however the use of pumps, along with entering and 

leaving the container can cause slight fluctuations in temperature within the 

container. This affects the water reservoir that is used as a water vapour source 

for hydronium production which was not heated and insulated during the field 

campaign. As a result, fluctuations in temperature can change the rate of water 

vapour production from the bubbler with a rise in temperature increasing the 

kinetic energy of the water within the bubbler.  

This variation in temperature introduces, variations and instability within the 

hydronium (m/z 19) reagent ion signal within the mass spectrometer throughout 

the campaign. This instability is therefore propagated into the count rate of the 

hydronium isotope (m/z 21) discussed within section 3.2.  

Fluctuations within the hydronium count rates also introduces noise within the 

normalised pyrrole signal, this is owing to the degree at which the hydronium 

count rate decreases, for example during the time period at which the hydronium 

count rate is at its maximum on 20th July (68661 counts per minute), the standard 

deviation within the C2 normalised pyrrole count rate is 0.38, and a high signal 

to noise ratio of 310 is calculated.  

As the hydronium count rate decreases, the standard deviation within the 

normalised pyrrole signal increases to 2.04, this is due to the count rate for the 

hydronium reagent ion being so low (859 cpm), that a reduced amount of pyrrole 

is protonated via the proton transfer reaction. At this point, the C2 signal to noise 

ratio is also reduced (218) in comparison to that measured at the maximum point 

of hydronium concentration. It is assumed that the background noise throughout 

the entire experiment is constant, however as the pyrrole signal decreases, so 

does the signal to noise ratio.  
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This effect is observed in Figure 4:8 a. and b. Temperature recorded using the 

sensor within the reaction vessel is plotted alongside the m/z 21 count rate (in 

counts per minute) for 20th through to 21st July. During this time period, the mass 

spectrometer and the UPL-CRM was cycling through C2, C3 and ambient air 

measurement phases. 

It is obvious from these measurements that temperature within the reaction 

shipping container, has a profound influence on the hydronium count rate. At the 

start of this particular measurement cycle, a maximum temperature within the 

reaction vessel is recorded at 28.3 °C, this then decreases to 22.8°C. This 

happens on the same time scale at which the hydronium isotope count rate 

(m/z 21) fluctuates within the mass spectrometer, reaching a maximum count 

rate of 68661 counts per minute and a minimum of 859 counts per minute. A 

similar relationship can be seen on 28th to 29th of July (Figure 4:8 c. and d.) as 

the temperature within the reaction vessel fluctuates, so does the hydronium 

count rate within the mass spectrometer. 

Since hydronium is used as a reagent ion for proton transfer reactions (section 

2.3) any changes in hydronium concentration will result in changes in pyrrole 

count rate. Figure 4:7 is an example of this effect in which the raw pyrrole signal 

is seen to follow and track the hydronium signal.  

Because the pyrrole signal follows the hydronium signal so well (Figure 4:7), any 

changes in the pyrrole signal that occurs through variation in the hydronium 

counts can be corrected through normalisation, resulting in a pyrrole time series 

in which any changes in concentration occur only through the switching between 

C2 and C3 modes.  
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Figure 4:7 a. and b. hydronium along with the corresponding pyrrole signal (c. and d.) measured 

on 20th through to 21st July with measurements carried out from 28th July to 29th July 

Figure 4:8 a. and c. m/z 21 hydronium isotope count rate measured alongside b. and d. temperature 
within the reaction vessel measured on 20th through to 21st July and 28th through to 29th July 
respectively 
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For example; changes in the measured pyrrole concentration when alternating 

between C2 and C3 modes can be seen in the raw pyrrole data (Figure 4:9 a.), 

however, due to the variation in hydronium signal during this period, the full 

degree at which the changes occur in both measurement modes in the raw data 

is not clarified. For example, from 11:00 pm 20/07/15 to 1:00 am 21/07/15 within 

Figure 4:9 a. as the hydronium ion count is fluctuating, it is impossible to 

differentiate between C2 and C3 when examining the raw pyrrole signal. 

Normalising the raw data can then correct for changes in hydronium isotope 

count rate and allows the true difference between C2 and C3 to be easily 

clarified and calculated. This effect is also seen in Figure 4:9 c. and d. 

 

The consequence of this variation in within the hydronium signal however, 

results in a variation in the measured total OH reactivity. As seen in Figure 4:10 

a. and b. the variation in hydronium signal, propagates through into a normalised 

pyrrole signal, which finally propagates into the measured total OH reactivity.  

Figure 4:9 a. and d. raw pyrrole signal measured from 20th to 21st July and 28th to 29th July along 
with the corresponding normalised pyrrole signals (b. and c.) 
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The effect can clearly be seen in Figure 4:10 for both time series, as a similar 

magnitude of variation in baseline C2 can be seen on the same time scales as 

the variation in baseline total OH reactivity. So whilst normalisation can correct 

for small changes within the hydronium signal, on the scale at which the 

fluctuation is observed within the PTR-ToF-MS within the examples show, 

normalisation cannot correct for large temperature based baseline changes thus 

resulting in large variations within the measured total OH reactivity. 

Although the temperature fluctuations that occur within the shipping container 

are significant to cause such a large variation in hydronium ion count rates, the 

degree at which temperature varies within the reaction vessel varies would not 

be enough to cause a significant shift in the OH pyrrole rate coefficient, as 

throughout the campaign, only a maximum difference of 5 °C is observed on an 

individual day.  

Figure 4:10  a. measured total OH reactivity and b. the corresponding pyrrole concentrations from 20th 

to 21st July and the same measurements c. and d. for 28th to 29th July 
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Using the temperature dependent OH pyrrole rate coefficient (Dillon et al., 

2012):  

 

At an average temperature of 22°C measured within the shipping container, the 

pyrrole OH rate coefficient is calculated as 1.05 x10-10 cm3 molecule-1 s-1, the 

±5°C variation from the average temperature within the shipping container would 

therefore result in an error of ± 2.5 x10-12 cm3 molecule-1 s-1.  

As the mass spectrometers ion source is not heated, it is possible that the 

temperature fluctuations that are observed could affect the glow discharge of 

the mass spectrometer and the kinetics of the proton transfer reaction. There is 

also the possibility that pressure issues could change ion count rates within the 

mass spectrometer as the E/N changes with pressure, (section 2.3.2). Pressure 

fluctuations can possibly occur due to blockages within the mass spectrometers 

inlet line, however if this were to happen, the hydronium count rate and the 

pyrrole count rate would fall to zero, which was not observed during the 

campaign. Also the use of gas cylinders and mass flow controllers ensures a 

constant stable flow of gasses into the mass spectrometer. Measurements of 

the mass spectrometers inlet flow rate however showed no change, as the mass 

spectrometers hollow cathode and flow drift tube pressures (Figure 2:10) are 

dependent on the inlet flow rate, no pressure fluctuations within these sections 

of the mass spectrometry are therefore observed.  

 

4.5.1.2  The effect of temperature on E/N 

As stated in 2.3.2 the E/N within the drift tube of the mass spectrometer 

determines the partitioning of water clusters and the fragmentation of pyrrole 

ions. If the E/N is low, then proportionally, there will be a large number of 

 𝑘(𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1) = 1.45 × 10−10(𝑇
298⁄ )

1.40
 

(E 4:1) 
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hydronium water clusters in comparison to bare hydronium ion. Whereas, if the 

E/N is too high, then fragmentation of pyrrole ion can occur.  

The E/N is effected by temperature according to Equation 2:2, therefore, by 

manipulating this equation, the effect that temperature has on the calculated E/N 

can be determined. Figure 4:11 shows the temperature measured within the 

reaction vessel for the above time series, and the E/N calculated for the drift 

tube component and collision cell at each temperature.  

 

The figure above is based on E/N calculations that assume the fluctuations of 

temperature within the shipping container only effects the drift tube. It does not 

account for the influence that temperature has on water vapour production 

through the water bubbler.  

As can be seen in Figure 4:11, only a slight variation in E/N is observed at the 

temperatures measured within the container, this is not enough to cause a 

Figure 4:11 Calculations of E/N during periods of temperature fluctuations within the mass 
spectrometer from 20th July to 21st July and from 28th to 29th July 
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significant variation in hydronium water cluster ratios as the minimum average 

E/N calculated for the drift tube was 175 Td. Comparing to this, to the E/N 

measurements conducted in Figure 2:13 then at this E/N (175 Td), the 

concentrations of hydronium ions are significantly higher than its water clusters. 

Therefore, the temperature fluctuations observed within the container would not 

cause a shift in hydronium to hydronium cluster ratios.  

It is important to note that throughout the campaign, all of the factors that could 

affect the instruments hydronium count rate, (the instruments sample flow rate, 

its pressures, and the voltages within the ion source) and therefore its E/N were 

not changed. Therefore all measurements were conducted at the same E/N. 

Using a heater and insulated for the ion source (and bubbler) would ensure that 

the temperature within the drift tube and water bubbler is constant and stable. 

However this was not present during the campaign, it is therefore impossible to 

fully determine whether the temperature fluctuations within the shipping 

container had more of an effect on water vapour production by heating and 

cooling the water bubbler or by heating and cooling the drift tube. 

 

4.6 Data work up procedure- applications of calibrations and 

corrections to campaign measurements  

Measurements of total OH reactivity were conducted in the same manner as 

shown in (2.2.1 through to 2.2.1.4). Chapter 3 discussed the calibrations and 

corrections applied to the collected raw data, this section discusses the 

application of these calibrations on data collected during the first UOL-CRM 

measurement day of the ICOZA field campaign (04/07/15 to 05/07/15).  

Once all of the measurement cycles have been completed (C0 wet and dry, C1, 

C2 and C3), and all of the data has been collected, total OH reactivity is then 

calculated via the following steps shown in the flow chart within Figure 4:12. 

Examples of the data analysis process are also shown within Figures 4:13 to 

4:15 (one minute time resolution). 
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1. Raw data is normalised to the m/z 21 isotope of hydronium (Figure 4:13 

a. and b.). A slow decrease is seen in the hydronium isotope signal from 

04/07/15 to 05/07/15 (from approximately 15000 to 5000 counts per 

minute), this variation in hydronium signal will result in a variation in 

proton transfer kinetics, this is because, as the hydronium concentrations 

decrease within the mass spectrometer, as less hydronium is available to 

protonate pyrrole, resulting in a decrease in the measured pyrrole signal.  

This effect can be accounted for by normalisation. 

2. Normalised pyrrole counts are converted to a concentration (in ppb) 

(Figure 4:14 a. and b) by dividing the measured pyrrole count rate by a 

sensitivity factor measured via a pyrrole calibration seen within Figure 4:3 

and applied to C0, C1, C2 and C3 pyrrole concentrations. 

3. Spikes within the measured pyrrole concentration due to pressure spikes 

from the Solenoid valves switching on and off are removed when 

alternating between C2 and C3 modes are removed from the data series. 

As the Solenoid valves switch on and off, there is a sudden and rapid 

change in the direction of flows, this causes spikes in pressure within the 

reaction vessel as the dead volume of air within gas lines also start to 

flow when a specific mode of measurement is activated.  

4. C2 and C3 modes are sequentially recorded for approximately 24 hours. 

Each C2-C3-C2 cycle are separated into individual data sets 

5. Averages are calculated for each measurement mode 

6. A ratio is calculated for C0 dry/ C0 wet, (as discussed within section 

2.2.1). 

7. Average C2 pyrrole concentrations are then interpolated over C3 

measurement time periods. C3 is a mode of measurement in which the 

pyrrole concentration depends upon the concentration of OH (and 

therefore the humidity within the reaction vessel), and the concentration 

of VOCs within the ambient air sample. C2 pyrrole concentrations are 

also determined by OH concentrations within the reaction vessel. 

However, changes in ambient air humidity during sampling can result in 

variations of C2 pyrrole concentrations, therefore due to changes in 
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ambient air humidity when sampling over the duration C3 mode, the C2 

concentration (and relative humidity within the reaction vessel) measured 

before switching to C3 may not be the same sampling C2 mode after C3. 

To account for this, C2 needs to be interpolated over the C3 time period. 

A C2 concentration is therefore calculated from a specific time period of 

C3. For example, in Figure 4:14 (b); one minute C3 measurements are 

made over a period of twenty minutes per cycle. Average C2 measured 

before and after C3 are interpolated to generate a C2 measurement over 

the entire period of C3. 

8. Each C2 and C3 concentration is then multiplied by the ratio of C0 dry to 

C0 wet, (section 2.2.1.1). 

9. Whilst calculating average pyrrole concentrations for C2 and C3, average 

m/z 37 to m/z 21 ratios are also calculated, (for C2 and C3 modes). The 

ratios are then used to correct interpolated C2 concentrations, due to 

differences in humidity between C2 and C3 according to Equation 3:5. 

The interpolated C2 signal is shown as dotted lines in Figure 4:14.  

10. Using the corrected C2 and C3 mode measurements along with C1, a 

value of total OH reactivity is calculated that has been corrected for 

variation in C2 and C3 humidity using the CRM equation (E 1:14) (Figure 

4:15 red dots uncorrected data) (Sinha et al., 2008).  

11. Depending on the ambient concentrations of NO measured alongside the 

UOL-CRM (and the pyrrole to OH ratio), Equations 3:9 and 3:11 are 

applied to C3 concentrations to for the recycling of OH. The pyrrole to OH 

ratio is calculated for the average of C1 and each interpolated C2 (E 3:6).  

12. The raw total OH reactivity is then corrected for deviations from pseudo- 

first order kinetics using E 3:8 based on the same pyrrole to OH ratio 

calculated in step 11, (Figure 4:15 black dots).  

13. Finally, the corrected reactivity is multiplied by a dilution factor. The 

dilution factor is calculated based on the flow rates of pyrrole, nitrogen 

and ambient air entering the reaction vessel, (E 3:12 and 3:13) (Figure 

4:15 blue dots).  
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Figure 4:12 A flow diagram representing the data processing sequence from measured pyrrole signals to final OH reactivity data. Adapted 

from (Kesel et al., 2014) 
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Figure 4:14 a. Background subtracted pyrrole signal. b. pyrrole concentration (ppb). Measurements made 
from 04/07/15 to 05/07/15. C1 highlighted in grey, C2 highlighted in white, C3 highlighted in green and 
ambient air VOC mode highlighted in blue 

 

Figure 4:13 Raw data collected from 04/07/15 to 05/07/15. a. m/z 21 hydronium isotope signal. b. pyrrole 
signal. Measurements conducted during C1 (highlighted in grey), C2 (highlighted in white), C3 
(highlighted in green) and VOC ambient air measurement mode highlighted in blue 
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Figure 4:15 shows the final results of measurements from 04/07/15 to 05/07/15 

after steps one through to eleven have been completed and all calibrations and 

correction factors have been applied to data as an example of the work up 

procedure.  

Although a humidity correction is applied to the uncorrected data in Figure 4:15, 

the difference in relative humidity between C2 and C3 was determined at 

approximately 2-3%, this results in correction of 0.5 ppb in C2. Therefore, whilst 

the final measurements of OH reactivity was corrected for differences between 

C2 and C3 humidity, the humidity correction of the raw data, (before the 

correction due to dilution) is not displayed on Figure 4:15 due to the small 

difference in calculated OH reactivity before and after this correction is applied.  

During this period, the average concentration of NO was measured at 0.6 ppb, 

with maximum and minimum concentrations of 0.1 and 2.5 ppb respectively. 

This range of NO concentration is not large enough to cause a significant 

Figure 4:15 Total OH reactivity measurements from 04/07/15 corrected for: a. C2 C3 humidity 
variations (red markers), b. humidity variations and deviation from pseudo- first order kinetics 
(black markers) and c. humidity variations, deviation from pseudo- first order kinetics and 

dilution of ambient air 
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artefact within the UOL-CRM by recycling OH and reducing the C3 pyrrole 

concentration as seen in Figure 4:17. The average pyrrole to OH ratio during 

this period was 1.34, using equation 3:11 and the average NO concentration for 

this time, it was determined that C3 pyrrole concentration would reduce by 

0.7 ppb, as a result, the NO correction determined within chapter 3 was not 

applied to the data in Figure 4:15, (the application of the NO concentration based 

correction to all of the measured data during the field campaign is discussed 

within section 4.7).  

Gaps within the time series appear because the measured reactivity is plotted 

over the time period for C3 measurements. As ambient air enters the reaction 

vessel only during periods of C3 measurement mode, total OH reactivity is 

measured and calculated based only on each period of C3. Therefore, gaps will 

appear within the data because C2 is measured in between each C3 cycle. 

 

4.7 Results 

All measurements were corrected based on the factors discussed within 

sections 3.3 and 3.4, however the measurements were not corrected for NO 

based OH recycling, as the concentrations of NO measured during the field 

campaign were not large enough to cause significant differences in C3 pyrrole 

concentrations.  

This is demonstrated within Figures 4:16 and 4:17, in which the measurements 

made by the UOL-CRM are corrected based on the concentrations of ambient 

NO measured by the University of Birmingham for two periods of the field 

campaign. Both figures show data that has been corrected for deviations in 

sample humidity and shifts in the kinetics regime, however, the two sets of data 

in each figure show minimal difference in the measured OH reactivity when 

applying the NO correction (± 0.3 s-1 from 04/07/15 to 05/07/15 and ± 0.1 s-1 

from 13/07/15 to 14/07/15).  

As this data is taken from two periods of the field campaign when the measured 

concentrations of NO are at a minimum and maximum (Figure 5:3) and no 
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difference in measured OH reactivity is observed, the correction was not applied 

to the field campaign data.   

 

Figure 4:17 Measurements made by the UOL-CRM from 04/07/15 to 05/07/15 before (red 

dots) and after (blue dots) the application of the NO concentration derived correction factor 

Figure 4:16 Measurements made by the UOL-CRM from 13/07/15 to 14/07/15 during periods of high 
NO events. Red dots show measurements before the application of the NO concentration derived 
correction factor, blue dots show measurements made after correction due to NO based OH 

recycling  
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Minimum Mean Maximum 
25% 
Percentile 

75% 
Percentile 

Standard 
deviation 

04/07 
24.77 57.3 101.7 45.58 72.57 17.41 

05/07 
10.59 32.79 65.69 25.6 40.73 10.22 

06/07 
32.6 50.35 69.74 44.65 54.75 7.456 

08/07 
12.91 12.91 151.4 44.59 78.74 26.29 

09/07 
39.59 39.59 125.4 62.94 93.67 22.31 

11/07 
24.45 24.45 131 54.23 87.18 22.15 

12/07 
25.44 25.44 140.7 64.69 95.29 21.06 

13/07 
5.22 5.22 43.63 13.58 25.08 8.21 

14/07 
5.02 5.02 55.36 12.18 25.07 9.25 

15/07 
5.13 5.13 69.73 11.38 25.85 12.59 

16/07 
5.32 5.32 57.1 8.88 19.1 9 

18/07 
5.32 5.32 25.38 8.53 16.1 4.63 

19/07 
5.01 5.01 131.8 14.55 49.63 27.05 

20/07 
5.16 5.16 226.7 44.5 83.41 28.53 

21/07/ 
5.39 5.39 210.7 25.02 69.97 35.38 

23/07 
7.37 7.37 38.01 16.4 25.49 6.66 

24/07 
5.47 5.47 56.34 13.52 26.44 10.67 

25/07 
5.55 5.55 31.87 12.51 19.45 5.98 

26/07 
5.74 5.74 56.4 14.12 29.52 10.55 

27/07 
6.12 6.12 36.08 12.24 19.79 6.68 

28/07 
5.32 5.32 54.6 14.14 33.04 11.82 

29/07 
10.98 10.9 36.68 20.71 28.57 5.6 

30/07 
3.34 3.34 49.16 26.83 37.31 8.02 

31/07 
12.47 12.47 45.66 28.67 34.84 5.19 

Average 11.43 14.45 83.78 26.66 45.48 13.86 

Table 4:1 Summary of data shown in Figure 4:19  Measurements made by the UOL-CRM during the 
ICOZA campaign 
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One minute averaged measurements of total OH reactivity for the whole 

campaign are seen in Figure 4:18. Daily average measurements are shown in 

Figure 4:19 box and whisker plots (summary of daily measurements in Table 

4:1). 

To summarise: an average total OH reactivity of 30.1 s-1 is measured through 

the campaign, with a maximum of 226.6 s-1 on 22/07/15 at 12:40 am. Negative 

reactivity is also measured, this is attributed to the large degree of noise within 

the UOL-CRM measurements.  

During periods of the campaign when pyrrole concentrations during C3 mode 

are as low as C2 mode, the measured total OH reactivity is low (as the 

concentration of VOCs within the ambient air sample are at a minimum), 

however, due to the large degree of noise within the hydronium isotope and 

pyrrole signals, there are occasions when C3 pyrrole concentrations are lower 

than C2 concentrations. This ultimately results in negative measurements of 

total OH reactivity, (as C3 has to be subtracted from C2 when calculating total 

OH reactivity). These periods are removed from Figure 4:19, Table 5:1 and the 

measurements discussed within chapter 5.  

Owing to the high degree of noise within the measurements made by the 

UOL-CRM, there are periods of the campaign in which the measurements made 

are lower than the limit of detection (5 s-1), the periods are also removed from 

the box and whisker plot shown in Figure 4:19 and Table 4:1. Further 

discussions of the measurements made by the UOL-CRM are made in chapter 

5, when comparing to UL-LIF and VOC measurements.  
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Figure 4:18 Total OH reactivity measured during ICOZA campaign 
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Figure 4:19 Box and whisker plot depicting the measurements made by the UOL-CRM during the ICOZA campaign 
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4.1 Conclusions 

The UOL-CRM was deployed during the ICOZA field campaign in Weybourne 

Norfolk (July 2015).  

Measurements of total OH reactivity were conducted during the field campaign 

with the addition of VOC measurements made by the UOL-CRM between C2 

and C3 modes. These VOC measurements proved unsuccessful as the PTR-

ToF-MS is optimised specifically for pyrrole detection, as a result, there were not 

used when examining total OH reactivity measurements.  

Fluctuations in temperature within the shipping container are observed 

throughout the field campaign (as much as 5°C variation from the average) 

within a day. This variation in enough to cause fluctuations in hydronium m/z 19 

count rate. This variation propagates into the measured pyrrole signal and 

therefore the measured total OH reactivity. Small variation in pyrrole signal are 

corrected by normalising this signal to the hydronium isotope. 

The same fluctuations in temperature as seen within the shipping container are 

also observed within the measured E/N of the PTR-ToF-MS drift tube, this 

degree of temperature variation is not large enough to cause a shift in hydronium 

cluster ratios.  

Periods of the campaign in which there are large fluctuations in hydronium signal 

have been removed from the final UOL-CRM total OH reactivity data set. The 

result of this is that the average measured total OH reactivity for the campaign 

was 30 s-1. Full examination of UOL-CRM based total OH reactivity are 

discussed in the next chapter.  
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Chapter 5. Comparisons of UOL-CRM measurements with 

calculated reactivity and measurements made by the UL-LIF 

 

5.1 Introduction 

Chapter 4 discussed the deployment of the UOL-CRM at the ICOZA field 

campaign throughout July 2015 with the aim of discussing how the calibrations 

conducted in chapter 3 are applied to measurements. 

Chapter 4 also discussed the stability of the PTR-ToF-MS and problems that 

occurred. The measurements shown in chapter 4 were then compared to total 

OH reactivity calculated though measurements of VOC, NOx, O3 and CO 

concentrations.  

Any fluctuations in calculated total OH reactivity, (including measurements made 

by the UL-LIF), are compared to measurements made by UOL-CRM. Periods 

during the campaign when total OH reactivity is high, the species contributing to 

that particular period of high reactivity is determined, and compared with the 

response from the UOL-CRM measurements.  

Correlations between UOL-CRM, calculated reactivity and UL-LIF 

measurements are then determined. The factors responsible for agreement or 

disagreement between the measured and calculated reactivity is determined, 

whether this is owing to an atmospheric factor (i.e. when the wind speed is 

particularly high, when wind is flowing in a particular direction or when the 

concentration of a measured species is high), or an instrumental issue.  

 

5.1 Concentration measurements of VOCs and inorganic 

species 

A number of ancillary measurements were made during the field campaign, 

those that are used to calculate total OH reactivity are shown in Table 5:1. 

NMHCs and OVOCs were made using a GC-FID and a PTR-QMS respectively. 
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The GC-FID used by UEA is a PerkinElmer On-line Ozone Precursor Monitoring 

system that consists of a thermal desorption GC coupled to a flame ionisation 

detector. In order to sample ambient air, analytes are cooled onto an absorbent 

trap. Following this, the analytes are thermally desorbed and transported via a 

carrier gas into the GC separating column, the analytes are then separated 

depending on their volatility and transported to a flame ionisation detector 

(Seeley et al.).  

The PTR-QMS is an Ionicone, Analytik Proton Transfer Reaction- Quadrupole- 

Mass Spectrometer adapted from the one described by Lindinger et al. (1998) 

and Murphy et al. (2010).   

Dynamic calibrations for the PTR-QMS were conducted with an Apel- Riemer 

multi-component gas mixture in order to determine a sensitivity for all VOCs 

Institute Instrument Parameters 

Birmingham Thermo Fisher 42i-TL 
NOx analyser 

NOx 

 

Thermo Fisher 49i 
Ozone analyser 

O3 

Leicester UOL-CRM OH reactivity 

UEA RGA3, Trace Analytical, 
Inc. 

CO, H2 

 

Aero Laser AL4021 
Formaldehyde monitor 

HCHO 

 Thermo Scientific 43i 
sulphur dioxide analyser 

SO2 

 

GC FID NMHCs  

PTR-QMS OVOCs 

Leeds UL-LIF OH reactivity 

Table 5:1 A list of instruments provided by the University of Birmingham, Leicester, East 
Anglia, Leeds and York and the corresponding species detected by each instrument for the 
campaign 
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within the gas mixture. This method is similar to that used to calibrate the 

PTR- ToF- MS used with the UOL-CRM, (section 3.2). 

The UOL-CRM employs a proton transfer reaction mass spectrometer with a 

Time of Flight mass analyser in order to separate ions, (described in further 

detail in section 2.3). A quadrupole mass analyser consists of a series of four 

cylindrical electrodes positioned perpendicular from each other (Figure 5:1). The 

quadrupole mass analyser has an advantage over the use of a Time of Flight 

mass analyser in that it provides better sensitivity signals towards compounds. 

However the ToF-MS has the ability to detect a wider range of mass channels 

in comparison to a quadrupole mass spectrometer. 

 

Concentration measurements from made by both the PTR-QMS and GC-FID  

are shown in Figures 5:2 a. and b. Owing to the large range of concentrations 

measured, a number colour scales have to be used in order to plot the time 

series for each for each VOC, (Figure 5:2). The extent to which the range of 

VOC concentrations vary is shown in Table 5:2 summarising the measurements 

made by the PTR-QMS and GC-FID depicting the minimum, average and 

maximum concentration of each VOC respectively.  

It is important to note that whilst pinenes and terpenes have been detected using 

the PTR- MS at m/z 137 and 121 respectively, unfortunately; the PTR-MS is 

unable to differentiate between isomers of compounds, such as terpenes, 

α-pinene, β- pinene, and isomers of Trimethylbenzene (TMB). 

Figure 5:1 Diagram of a quadrupole mass analyser adapted 
from Ellis and Mayhew (2014a) 
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Instrument 

Species Detected Measured concentrations (ppb) 

Functional 
group 

VOC 
Minimu
m 

Average Maximum 

PTR-QMS 
  
  
  
  
  
  
  

Alcohol methanol 0.33 2.7 12.04 

Nitrile acetonitrile 0.03 0.08 0.2 

Aldehyde acetaldehyde 0.05 0.33 1.53 

Sulphide 
dimethyl 
sulphide 
(DMS) 

0 0.27 1.19 

Ketone 

methylvinyl 
Ketone 

0 0.08 0.64 

methylethyl 
ketone 

0.02 0.1 0.54 

Acetone 0 0.71 4.16 

Table 5:2  concentrations of VOCs throughout the ICOZA campaign, along with the respective 
minimum, maximum and average concentration of each VOC (ppb) 
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Table 5:2 continued 

Instrument Species Detected Measured concentrations (ppb) 

  
Functional 
group 

VOC Minimum Average Maximum 

GC-FID 

Terpene 

α-pinene 
0 0.01 0.08 

β- pinene  

isoprene 0 0.12 1.19 

Alkane 

ethane 0.67 1.02 2.15 

propane 0 0.34 3.56 

2-methylpropane 0 0.08 1.15 

butane 0 0.16 2.24 

2-methylbutane 0 0.13 1 

n-pentane 0 0.13 9.3 

n-hexane 0 0.01 0.11 

i-hexane 0 0.27 19.81 

Alkene 
  
  
  
  
  
  

ethene 0.03 0.15 1.12 

propene 0 0.14 0.63 

trans-2-butene 0 0 0.01 

cis-2-butene 0 0.01 0.04 

        

1-butene 0 0.01 0.08 

1,3-butadiene 0 0.02 0.15 

PTR-QMS 

Aromatic 
  

benzene 0 0.04 0.24 

toluene 0 0.04 0.33 

Trimethyl benzene 
(TMB) 

0 0.02 0.10 

Terpene isoprene 0 0.04 3.18 
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b. 

Figure 5:2 a. and b. measured concentrations of NMHCs and OVOCs throughout the ICOZA campaign. Measurements made via 

the UEA PTR-QMS and the UEA GC-FID 
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Table 5:3 shows a summary of measurements made during the campaign by 

summing together the concentrations of all species detected by the PTR-QMS 

and the GC-FID, (OVOCs and NMHCs respectively). Table 5:3 also includes 

measurements of inorganic species made by instruments stated in Table 5:1.  

A time series of all measurements is also shown in Figure 5:3, and their 

dependence on wind direction in Figure 5:4.  

NO2 was observed within air masses arriving from a south to westerly direction 

(local wind direction 170 to 270°), from the 1st to 2nd July with concentrations 

ranging from 7 - 10 ppb. The same is observed until the 14th July as large spike 

in NO2 occurred whenever the wind was arriving from the same direction 

(Figures 5:3 and 5:4). This is indicative of air masses travelling from London and 

other large cities that are south/ south west of the measurement site. One day 

back trajectories shown in Figure 5:5 (created by Zoe Flemming, University of 

Leicester), from 2nd July and 13th July confirm this, as air is observed as 

passing over the Atlantic, and then through large cities such as Birmingham and 

London.   

Added to this, Figures 5:3 and 5:4 also shows that large spikes in OVOC and 

NMHC concentrations (maximum 24 - 44 ppb and 14 to 22 ppb respectively) 

Species Concentrations (ppb) 

Minimum  Average Maximum 

NMHC (non-methane hydrocarbons) 1.2 3.0 22.1 

OVOC (oxygenated VOCs) 0  7.2 44.5 

NO 0 0.5 8.3 

NO2 0 3.3 12.0 

CO 81.1 111.7 188.2 

O3
 10.3 35.0 113.5 

SO2
 0.02 0.1 0.6 

Table 5:3 Summary of ancillary measurements made during the ICOZA campaign. Used for OH 
reactivity calculations 
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were observed in polluted air arriving at the measurement location from the 

same direction and over the same time periods as that observed when 

examining changes in NO2 concentrations (south/ west 170 to 270°).  

However, whilst NO2 arrives predominantly from a south to south west location, 

whenever the wind direction changed to northerly (23 to 53°), large increases in 

NO concentration is observed, (Figure 5:3 and 5:4 ). This is particularly obvious 

on 3rd, 9th and 14th July when NO concentrations spiked at 4 ppb, 3.9 ppb and 

8.33 ppb (the average concentration of NO for the duration of the campaign was 

0.5 ppb, (Table 5:3).  

The one day trajectories in Figure 5:6 show air travelling from a northern location 

during the periods discussed above, when spikes in measured NO are 

observed. These trajectories indicate that the spikes in NO concentration are 

owing to air arriving from North Sea, most likely due the emissions from ship 

plumes, as SO2 which is observed within ship plumes (McLaren et al., 2012) are 

also high during this period measured (Figure 5:7).  

No CO dependence on wind direction was observed during the campaign, 

however, large concentrations of ozone was measured at the start of the 

campaign (1st July), owing to high temperatures measured at the location and 

large concentrations of NO2, resulting in the formation of ozone according to 

reactions 1:25 and 1:26, with air masses travelling to the measurement site from 

mainland (and coastal) Europe (Figure 5:8) at which point total large 

concentrations of OVOCs are also observed due to a period of intense pollution.  
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Figure 5:3 Measurements of OVOCs NMHCs NOx CO, ozone and wind direction measured during the field 
campaign 
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Figure 5:4 Total NMHC, OVOC and inorganic species measured during the field campaign, including 

calculated total OH reactivity. And their sources depending on wind direction 
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Figure 5:5 One day back trajectory showing the origin of air travelling to the measurement 
site 
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Figure 5:6 One day trajectories of air masses arriving at the measurement site 



120 

 

Figure 5:7 SO2 concentrations measured during the ICOZA campaign and the corresponding wind direction 
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With the use of a PTR-QMS, PTR-ToF-MS and GC-FID, quantitative 

measurements of VOC concentrations are limited. One disadvantage to the PTR 

technique stated in section 2.3, is that only VOCs that have a high enough proton 

affinity to abstract a proton from a hydronium ion can be detected, therefore 

certain hydrocarbons especially hydrocarbons emitted from diesel engines 

cannot be detected. Chin and Batterman (2012), for example have detected 

multiple alkanes such as: n-Heptane, n-Decane and Cyclohexane that would not 

be detected by the PTR-MS due to their low proton affinity. A further 

disadvantage with the use of a QMS is a decrease in sensitivity towards ions 

with a mass to charge ratio above 150 owing to increased losses of heavier ions 

in the quadrupole filter (Müller et al., 2014). 

In order to use Gas Chromatography to detect atmospheric VOCs, the stationary 

phase of the separating column needs to be considered, as only certain 

functional groups present within a molecule can be separated depending on the 

phase and type of separating column. For example, the use of a non-polar 

Figure 5:8 One day back trajectory depicting air travelling to the campaign site during the high ozone 
production regime 
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stationary phase within the separating column will only efficiently separate 

non- polar hydrocarbons. Whereas a polar column is used for the separation of 

polar compounds such as OVOCs from a sample. Therefore the species of VOC 

detected using a GC during a field campaign depends solely on the type of 

separating column, it may not be possible to detect a full suite of VOCs if only a 

certain type of separating column is available (Ellis and Mayhew, 2014a).  

In order to overcome this issue, two dimensional Gas Chromatography 

(GC x GC) can be used to further separate VOCs from an ambient air sample. 

This technique utilises two separation columns. This can be a primary column 

in one dimension used to separate polar compounds from a sample and a 

non- polar column in the second dimension used to separate non- polar 

compounds.  

A chiral stationary phase can also be employed within this method in order to 

separate chiral molecules from a sample such as the enantiomers of pinene 

which may otherwise not be detected using a non- polar separating column.  

This leads to the conclusion that, it is possible some species that can react with 

OH  can go undetected when calculating OH reactivity based solely on the 

measured concentrations of VOCs using these techniques. In order to measure 

the concentrations of all the individual VOCs that can react with OH radicals 

within an environment, a multitude of techniques must be employed, as no single 

technique has the ability to measure the concentrations of all VOCs within an 

environment. Whereas, with the use of total OH reactivity measurement 

techniques there is no need to measure the concentrations of VOCs.  

 

5.2 Calculated total OH reactivity 

For each VOC and inorganic species measured during the campaign, (Tables 

Table 5:2 and 5:3), their respective temperature dependant OH reaction rate 

coefficients were calculated, based on the atmospheric temperature recorded 

during the campaign. The resulting rate coefficients were then used with their 

measured concentrations, to calculate total OH reactivity using E1:5.  
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The results of these calculations are shown in Figure 5:9, which shows total OH 

and the contributions of different classes of compounds to the total for the whole 

of the ICOZA campaign.  

By segregating the calculated total OH reactivity, individual functional group 

related contributions to total reactivity can be determined. Table 5:4 shows the 

average total OH reactivity measured throughout the whole of the campaign, 

along with calculations of the percentage of the total reactivity by functional 

group. As can be seen from both Figure 5:9 and Table 5:4, OH reactivity 

throughout the campaign is dominated by NO2, contributing up to 64% of the 

total OH reactivity.  

NO at 8.85%, is the second most dominant species that contributes to total OH 

reactivity. Although the majority of total OH reactivity is provided by NO2, the 

effect of NO2 on OH production and pyrrole concentration within the UOL-CRM 

reaction vessel is negligible. As Hansen et al. (2015) and Michoud et al. (2015) 

have observed, NO2 within the reaction vessel has the potential to be converted 

to NO, this however, does not proceed through photolysis, but rather by 

heterogeneous reactions on stainless steel surfaces upstream and downstream 

of the reaction vessel. However, for the UOL-CRM, the presence of NO2 within 

the ambient air should not prove a problem with the UOL-CRM as there are no 

stainless steel components within the entire system. 

In Table 5:5, the average total OH reactivity for the entire field campaign has 

been calculated once the contribution from NOx to OH reactivity has been 

subtracted) and the percentage contribution by species has also been 

calculated.  

As discussed within section 1.2.3, the reactions of OH radicals with both NO and 

NO2 act as HOx termination pathways (R 1:23 and R 1:24) in which there is no 

re-generation of OH radicals once these reactions take place. Therefore, once 

the contribution of NOx to the calculated reactivity has been subtracted, the 

contribution of other OH reactive species and ozone can be determined. 

Therefore, from this analysis it was determined that alkenes are the primary 

contributors to total OH reactivity at 27.9% followed by CO.  
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Average total OH 
reactivity (s-1) 

Functional 
group 

% of total OH reactivity  

5.38 NO2 64.6 

NO 8.85 

Alkene 7.43 

CO 4.39 

Alkanes 3.83 

Terpene 2.87 

Aldehyde 2.32 

Carboxylic 
acids 

1.37 

Ozone 1.06 

Alcohol 1.05 

Ketone 0.87 

Aromatic 0.611 

Sulphide 0.51 

SO2 0.06 

Alkyne 0.03 

Nitrile 0.0007 

Table 5:4 Average total OH reactivity calculated for the ICOZA campaign and the percentage of 
total OH reactivity separated by functional group 
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However, whilst alkenes were determined as the primary contributors to total 

OH reactivity, spikes in alkane and terpene related OH reactivity are observed 

at certain periods of the field campaign, more specifically, from 05/07/15 at 23:59 

to 06/07/15 a 06:37 at which point, alkane based OH reactivity reaches a 

maximum of 2.7 s-1 and from 19/07/15 at 17:36 to 20/7/15 at 02:48 when terpene 

based OH reactivity reaches a maximum of 8.1 s-1 (Figure 5:9).  

The increase in alkane based OH reactivity can be attributed to an increase in 

isohexane concentration(diesel emissions are a source of isohexane), which 

rapidly rises from approximately 0.01 ppb to 19.8 ppb and then proceeds to fall 

to a concentration of 0.0054 ppb. Isohexane is the only alkene observed to have 

such a rapid change in concentration during this time period. The concentrations 

Average total OH 
reactivity (s-1) 

Functional group % of total OH reactivity  

1.48 Alkene 27.9 

CO 16.50 

Alkanes 14.42 

Terpene 10.79 

Aldehyde 8.71 

Carboxylic acids 5.17 

Ozone 3.93 

Alcohol 3.92 

Ketone 3.30 

Aromatic 2.29 

Sulphide 1.95 

SO2 0.22 

Alkyne 0.13 

Nitrile 0.0028 

Table 5:5 Calculated average total OH reactivity after the removal of NO and NO2 measurements, and 
the percentage contribution to total OH reactivity by functional group 
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of the other alkanes measured during this time do not rise above 1 ppb as shown 

in Figure 5:2 a. and b.  

The terpene responsible for the increase in OH reactivity from 19th July to 20th 

July can be ascribed to an increase in isoprene concentration. During this time 

period, the concentration of isoprene quickly increases from a baseline of 

approximately 0.05 ppb to 3.1 ppb and then decreases back to the average 

baseline concentration as isoprene based OH reactivity increases from; 0.2 s-1 

to 8.1s-1 and then decreases back to 0.2s-1. As with the increases in alkane 

based OH reactivity described above, only an increase in isoprene concentration 

can be responsible for this spike in total OH reactivity, as the concentration of 

other VOCs and terpenes during this time does not change. Although, the 

measured concentration of isoprene was low during this period, (and the 

increase in isoprene concentration is small), the rate of reaction between OH 

and isoprene is so fast that a large increase in OH reactivity is seen 

(1.0 x 10-10 cm3 molecule-1 s-1 at 298 K 1 bar (Atkinson et al., 2004)). For 

example, whilst 3.1 ppb of isoprene is measured, at the same time, a higher 

concentration of ozone is measured (41.29 ppb). However, as the rate 

coefficient of OH + isorprene is a factor of 100 times faster than the rate 

coefficient of OH + ozone (7.3 x 10-14  cm3 molecule-1 s-1 (Atkinson et al., 2004)), 

a large OH reactivity is calculated with respect to isoprene in comparison to the 

reaction of OH + ozone (8.1 s-1 and 0.06 s-1 respectively). 

Relating the calculated total OH reactivity to wind direction measurements and 

the dependence of VOCs and inorganic species on wind direction (Figures 5:3 

and 5:4), it is clear that calculated reactivity is at its highest in air masses arriving 

from either a south to south westerly or northern direction, (Figure 5:4). This also 

corresponds to periods at the start of the when concentrations of NO2 are at its 

highest (and therefore based on the trajectories shown in Figures 5:5 and 5:6 

periods during the campaign when polluted air arrived at the measurement site), 

as shown in the calculations of OH reactivity.  
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Figure 5:9 Calculated OH reactivity based on the concentrations of VOCs and inorganic species measured during the ICOZA campaign 
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5.3 The UL-LIF Instrument 

As discussed in section 1.5, along with the Comparative Reactivity Method, total 

OH reactivity can be measured via the TOHLM method (Ingham et al. (2009), 

Kovacs and Brune (2001)) and Laser Induced Flash Photolysis (LIF) (Whalley 

et al. (2016), Sadanaga et al. (2004a)).  

The instrument used by the University of Leeds employs Laser Induced Flash 

Photolysis, a schematic of which is shown in Figure 5:10, and is described in 

more detail in Stone et al. (2016).  

The LIF instrument has the capacity to monitor ambient OH concentrations and 

to measure OH reactivity, (Hansen et al., 2015).  

The instrument consists of a reaction cell where OH radicals are formed and 

react with VOCs within an ambient air sample, and a detection cell where the 

decay signals of OH is measured (Sadanaga et al. (2004a), Ingham et al. (2009). 

 

Figure 5:10 A schematic of the University of Leeds LIF instrument. From 
(Stone et al., 2016) 
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The reaction cell is a stainless steel tube that draws in ambient air via an 

extractor fan. Situated adjacent to the reaction cell is a flashlamp pumped 

Nd:YAG laser which, via a series of mirrors allows light from the laser to enter 

the reaction cell. After which, the laser is used to generate OH radicals through 

the photolysis of ozone in the presence of water vapour at ambient 

concentrations (R 5:1 and 5:2). 

.   

 O3+ hν (λ 266nm)→ O2 + O(1D) (R 5:1) 

 O(1D)+ H2O →2OH (R 5:2) 

 

However, at concentrations of less than 10 ppb of ozone, a makeup flow of high 

purity air can be used to increase the concentration of ozone, and therefore OH 

within the reaction cell (Stone et al., 2016).  

Once the OH radicals have reacted with any VOCs within the ambient air 

sample, the flow of gas from the reaction cell enters the detection cell where OH 

radicals are detected through Laser Induced Fluorescence using the 

Fluorescence Assay by Gas Expansion (FAGE) technique (Ingham et al., 2009). 

The FAGE detection cell consists of a pumped sapphire laser (Bloss et al., 2003) 

that produces light at a wavelength of 308 nm. Pulsing of the laser within the 

detection cell causes the OH radicals within the detection cell to fluoresce as 

electronic transitions occurs within OH radicals from the ground state to a higher 

state (Ingham et al., 2009). 

The light generated as the electronically excited OH radicals relax back down to 

the ground state is focused onto a photomultiplier tube (PMT) (Sadanaga et al., 

2004a). 

A short time after the OH fluorescence has been detected (10 μs), the instrument 

background is measured by collecting solar radiation entering the reaction cell 

through the sampling pinhole. The background signal is then subtracted from 

the signal measured from the sample.  
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LIF measurements of OH concentration and reactivity are made during a 

number of cycles. An online period during which, the 308 nm laser is tuned to 

electronically excite OH radicals. And an offline period at which point, the 

emission lines of the laser is changed from 308 nm to a wavelength that doesn’t 

result in electronic transitions within OH radicals when excited. The purpose of 

this change in wavelength is to allow background ambient concentrations of OH 

to be measured (Whalley et al., 2010). Following this, the emission wavelength 

of the laser is then shifted back to 308 nm and used to excite OH within a 

reference cell. The reference cell is used for calibration purposes and to 

determine the linearity of the LIF. During the cycling of the instrument, the LIF is 

used to determine reactivity during the online period (Stone et al., 2016).  

 

5.3.1 LIF determination of OH reactivity 

The measured OH reactivity is determined by monitoring the OH decay signal 

once OH within the reaction cell reacts with trace gases within the ambient air 

sample. 

The rate coefficient for OH losses (kloss) is then fitted to the decay signal which 

has the expression:  

 

 𝑆𝑂𝐻,𝑡 =  𝑆𝑂𝐻,0 𝑒
(−𝑘𝑙𝑜𝑠𝑠𝑡)+𝑏 (E 5:1) 

 

Where: SOH,t is the fluorescence signal at time, t after the 266 nm laser pulse, 

SOH,0 is the fluorescence signal at time zero, kloss is the rate coefficient for the 

loss of fluoresce signal, t is the time since the pulse of the 266 nm laser and b 

is the background fluorescence signal (Stone et al., 2016).OH decay is then 

given by the sum of a number of different OH loss pathways within the reaction 

cell. These losses (kloss) can occur due to chemical reactions (OH reactivity), 

diffusion and wall losses. Therefore, the OH reactivity due to chemical reactions 

(kOH,obs) can be determined from kloss and kphys (E 5:2). Where kphys is the rate 

coefficients of physical OH losses within the reaction cell. 
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The physical losses of OH within the instrument (kphys) is determined through the 

measurement of OH decays in the absence of any VOCs within the ambient air 

sample. It is measured in order to improve the accuracy of the true OH reactivity, 

and is completed by flowing ultra-pure air into the reaction cell whilst measuring 

OH decay (Stone et al., 2016).  

Examples of OH decay profiles are shown in Figure 5:11. Equation 5:1 is fit to 

the OH decay signal shown in Figure 5:11 (red line), and from the fitting function, 

kloss is determined. Using 5:2, total OH reactivity is then determined. 

 

 𝑘𝑂𝐻,𝑜𝑏𝑠 =  𝑘𝑙𝑜𝑠𝑠 −  𝑘𝑝ℎ𝑦𝑠 (E 5:2) 

Figure 5:11  (a) OH decay profile measured during a polluted period of the Clean Air for 
London (ClearfLO) campaign (2012), and (b) measurements made during a cleaner 
period of the campaign. Measurements made are shown with black point and red lines 

show the fits using E 5:1. Adapted from Stone et al. (2016).  
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Measured in London 2012 during the Clean Air for London (ClearfLO) campaign, 

Figure 5:11 (a) shows a profile measured during a polluted period of the 

campaign, OH reactivity measured during this period was determined as 

46.6 s-1, (b) shows measurements made during a particularly clean period, in 

which reactivity was be 13.9 s-1 (Stone et al., 2016).  

 

5.4 UL- LIF measurements during the ICOZA campaign 

The instrument was positioned within a shipping container with its sample inlet 

positioned directly next to the sample lines used for the UOL-CRM. The UL-LIF 

ran for the majority of the campaign period (from 1st July to 22nd July), with 

calibrations and zero measurements conducted in between sampling periods.  

The measurements during ICOZA made by the UL-LIF are shown in Figure 5:12. 

The measurements are time averaged based upon the sampling interval of the 

GC-FID. To summarise: the minimum, maximum, average and standard 

deviation in total OH reactivity was: 1.87 s-1, 15.57 s-1, 4.87 s-1 and 1.91 

respectively.  

The box plots shown in Figure 5:21 summarises the data collected by the 

UL- LIF for each day of the campaign, alongside the comparable UOL-CRM 

measurements. Comparisons of measurements made by both instruments are 

discussed in the section 5.6. 
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Figure 5:12 Measurements of OH reactivity made by the University of Leeds using LIF instrument during the ICOZA campaign 
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5.5 Comparing calculated total OH reactivity and UOL-CRM 

measured reactivity. An overview of the campaign 

Figure 5:13 shows the measurements made by the UOL- CRM and the UL-LIF 

along with calculated total OH reactivity.  

In Figure 5:13 and hereafter, the calculations and measurements of OH 

reactivity are averaged based on the sampling times of the GC-FID, (for 

comparison, the data shown in Figure 4:18 is composed of one minute 

measurements). The data set was averaged in order to reduce the degree of 

noise within the UOL-CRM measurements and facilitate the comparison 

between datasets. As a result, the average standard deviation (1σ) in the total 

OH reactivity measurements was reduced from 29.09 (one minute data) to 24.6 

(averaged to GC time series). 

No clear correlation is observed between the measurements made by the 

UOL- CRM and the calculated OH reactivity. However there are periods of the 

field campaign when the disagreement between the measured and calculated is 

lower in comparison to other periods.  

These areas are depicted in Figure 5:13 (and after). Areas shaded in grey, are 

periods when the agreement between UOL-CRM measurements and calculated 

reactivity is high, and areas highlighted in blue are periods of the field campaign 

when the agreement is low, (these periods are discussed in greater detail from 

section 5.5.1 onwards). 

More specifically, the periods discussed are:  

1. 04/07/15 (03:18) to 05/07/15 (09:33), at which point there is a large spike 

in total OVOC concentration which slowly decreases over time.   

2. 13/07/15 (21:51) to 16/07/15 (08:23) when measured NOx concentrations 

are above the average for the entire campaign. 

3. 19/07/15 (06:14) to 20/07/15 (22:38) when there is a spike in total OVOC 

concentrations and an increase in NO2 

4. 23/07/15 (18:59) to 27/07/15 (20:49) during which, the concentrations are 

total NMHC, OVOC and NOx all reach a minimum. 
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The box and whisker plot shown in Figure 5:14, (and the corresponding data in 

Table 5:6) show daily UOL-CRM measurements and calculated OH reactivity, 

(during periods of the campaign when the UOL-CRM, PTR-QMS and GC-FID 

were simultaneously sampling ambient air). Both the figure and table show the 

extent to which the data sets disagree.  

When comparing the overall campaign measurements, there was a difference 

of 30 s-1 between the UOL-CRM and calculated total OH reactivity (85% 

dfference). On average, no overlap between the measured and calculated 

reactivity was observed as the measured range in OH reactivity was a lot larger 

(23 s-1) in comparison to that of the calculated OH reactivity (range of 6 s-1). With 

the minimum (2.5 s-1) and maximum (9.3 s-1) calculated OH reactivity being 

lower than that measured by the UOL-CRM respectively (23 s-1 to 52.5 s-1) on 

average for the entire campaign. This wide range in UOL-CRM measurements 

can be attributed to the higher standard deviation in measurements in 

comparison to the calculated OH reactivity. On average the standard deviation 

within the UOL-CRM measurements was 80% higher than within the calculated 

reactivity. The standard deviation of UOL-CRM measurements are lower during 

periods of the campaign when the agreement between measurements and 

calculations are high (Table 5:6).  

Looking at all of the periods of the campaign shown in blue in Table 5:6, the 

standard deviation in UOL- CRM measurements was 82% higher than that of 

calculated reactivity. In comparison, for the periods of the campaign shown in 

grey in Table 5:6, the standard deviation in UOL- CRM measurements was 67% 

higher than that of the calculated OH reactivity.  
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Figure 5:13 Time series of measurements made using the UOL-CRM and the UL-LIF along with calculated total 

OH reactivity 
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Figure 5:14 Box and whisker plot comparing UOL-CRM measurement and calculated total OH 
reactivity 
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Table 5:6 Statistics from the box and whisker plot shown in Figure 5:14.  Comparing data from the UOL-CRM and calculated OH reactivity for the duration of the 
field campaign. Shading in grey and blue represent days of the campaign when the agreement between measured and calculated reactivity was high and low 
respectively. These periods are discussed in the following sections 

 Total OH reactivity (s-1) 

 Minimum  Mean Maximum 25% Percentile 75% Percentile Std. Deviation (1σ) 

 Calculated  
UOL-
CRM Calculated  

UOL-
CRM Calculated  

UOL-
CRM Calculated  

UOL-
CRM Calculated  

UOL-
CRM Calculated  

UOL-
CRM 

04/07/15 1.6 41.89 5.205 48.58 7.89 55.05 4.41 41.89 6.31 55.05 1.83 6.58 

05/07/15 3.47 20.15 5.85 32.42 11.03 41.07 4.77 24.84 6.143 40.08 1.70 7.57 

06/07/15 1.82 44.43 5.541 49.84 8.05 56.88 3.92 45.16 7.25 56.17 1.89 5.84 

08/07/15 0.5 46.93 3.226 62.54 7.31 73.12 2.3 46.93 3.99 73.12 1.67 13.8 

09/07/15 0.88 22.18 3.091 68.95 5.39 117.2 1.04 38.67 4.57 96.86 1.65 30.76 

11/07/15 3.34 49.05 6.947 68 13.88 91.47 4.08 49.41 10.07 81.82 3.43 15.97 

12/07/15 3 61.11 4.521 79.74 7.44 102.6 3.578 67.89 5.658 95.39 1.45 15.21 

13/07/15 4.24 11.02 6.23 17.43 9.38 22.7 4.79 13.08 7.19 21.19 1.74 4.33 

14/07/15 3.47 5.21 6.39 16.31 12.94 26.86 4.29 12.66 8.82 19.96 3.26 6.11 

15/07/15 4.03 5.25 8.63 17.1 17.68 45.73 5.65 8.56 11.99 18.76 3.98 11.76 

16/07/15 2.41 9.494 5.03 12.95 9.3 15.91 2.51 9.49 7.11 15.91 2.39 3.23 

19/07/15 1.34 7.67 7.01 29..95 11.97 64.55 5.93 13.34 8.51 37.99 2.79 19.25 

20/07/15 1.35 42.92 5.53 54.8 12.11 99.34 3.81 45.57 7.1 55.73 2.53 16.34 

23/07/15 3.07 13.83 5.3 18.3 7.75 21.63 4.07 13.83 6.85 21.63 1.47 4.02 

24/07/15 2.83 11.55 4.72 20.62 8.06 28.92 3.50 17.35 5.77 24.75 1.44 4.95 

25/07/15 1.88 8.37 2.84 20.42 6.48 30.04 2.02 11.71 3.09 24.82 1.25 6.20 

26/07/15 3.1 8.65 4.80 17.81 7.37 30.04 4.08 11.71 5.56 25.67 1.10 7.08 

27/07/15 3.08 5.78 3.99 15.97 5.08 21.15 3.6 13.42 4.41 20.5 0.601 5.36 

Average 
2.52 23.08 5.27 36.20 9.39 52.46 3.79 26.97 6.68 43.63 2.01 10.24 
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 Figure 5:15 Box and whisker plot showing UOL-CRM data measured during the ICOZA campaign and the corresponding error within the mean 
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Figure 5:16 Measurements made of VOC concentrations throughout the ICOZA campaign (a.) (total OVOC, total NMHC), NOx(b.) along with total OH 
reactivity measured using both the UL-LIF and UOL-CRM and calculated total OH reactivity (c. and d.). Areas shaded in grey are regions of high 
instrument and calculated agreement and regions in blue are periods where there is little agreement, discussed, (the same regions are also 
highlighted in the figures below). 
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Figure 5:17 (a). Calculated ratios of total OH reactivity measurements and calculations, UOL-CRM/Calculated reactivity, UOL-CRM/UL-LIF reactivity. (b). Ratio of UL-LIF/ 

calculated OH reactivity. Colour scale applied to both a. and b. show the concentrations of NO during the field campaign And (c). Ratios of UOL-CRM/UL-LIF reactivity, 

colour scales show the ratio of the VOC and inorganic species contribution to OH reactivity to the contribution of NOx to total reactivity 
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Added to the box and whisker plot of the UOL-CRM measurements are 

calculated error bars (Figure 5:15). These bars are calculated by adding or 

subtracting an error of 43% from the mean (uncertainty calculated in section 

3.8).  

A large degree of error is observed within the measurements during the 

campaign, and there are periods at which some of the measurements exist 

outside of the error. However it is observed that, during periods 2 and 4 of the 

campaign, when the measurements made by the UOL-CRM agree to a higher 

degree (than periods 1 and 3) with the calculated measurements and the UL-LIF 

data, the range in error is lower than periods 1 and 3. This is owing to a larger 

standard deviation in UOL-CRM measurements made during periods 1 and 3 in 

comparison to periods 2 and 4. 

Figure 5:16 shows measurements of: total VOCs made by the PTR-QMS and 

the GC-FID, NOx, wind direction, calculated OH reactivity and measured OH 

reactivity (UOL-CRM and UL-LIF). The data presented within this figure, is used 

to determine what the ambient conditions were when the UOL-CRM agreed with 

the calculation of OH reactivity. As stated previously, periods of agreement are 

highlighted in grey, periods of disagreement are highlighted in blue. 

As no correlation could be found between UOL-CRM measurements and 

calculated reactivity, ratios were calculated for each day of the field campaign 

(where the ratio of measured to calculated reactivity is termed as 

‘R UOL-CRM/R Calculated’, and ‘R UL-LIF/ R Calculated’ and the ratio between 

measured data is termed as ‘R UOL-CRM/ R UL-LIF’ respectively). Figure 5:17 

shows the calculations of these ratios along with the concentrations of NO 

measured during the campaign (colour scale) and the fraction of VOC 

dependant OH reactivity to NOx dependant reactivity. This fraction is calculated 

by separating the calculated NOx based contribution to OH reactivity from the 

VOC and inorganic species based contribution to OH reactivity. 
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5.5.1 Period 1 04/07/15 to 05/07/15 

Large spikes OH reactivity due to a sudden increase in total OVOC and NMHC 

concentrations are observed during this period of measurement. An example of 

this is 20:21 on 04/07/15 (Figure 5:16), in which a spike in OVOC concentrations 

are observed, (13 ppb), the concentration then proceeds to decreases to 5 ppb 

on 5th July at 12:09 pm.  

During this time period, the corresponding OH reactivity that results from the 

sudden spike and the subsequent decrease in OVOC concentration is observed 

and tracked within the UOL-CRM measurements. As OH reactivity is measured 

at 55 s-1 within the UOL-CRM, when the OVOC concentration is 13 ppb, which 

then decreases to 20 s-1 as the OVOC concentration falls.  

The species contributing to this sudden increase and slow decrease in total 

OVOC concentrations are: methanol, acetone, acetaldehyde, acetic acid MVK, 

MEK and formaldehyde. This was determined from the concentrations changes 

of individual species within Figure 5:2, and the corresponding fluctuations in 

species based OH reactivity within Figure 5:9. 

When the UOL-CRM measured OH reactivity reaches its peak on this day (55 s-1 

on 4th July), it is ten times higher than the calculated OH reactivity, (Figure 5:17). 

Figure 5:17 shows that the R UOL-CRM/ R calculated ratios have a possible 

dependence on the concentration of NO, as the ratio between the 

measurements and calculations decrease with NO concentration.    

When the ratio R UOL-CRM/ R calculated is 10:1, the NO concentration is 

0.17 ppb, as the ratio deceases, the NO concentration increases as seen when 

the ratio is at its minimum, 2.9:1, the NO concentration is 2.5 ppb (Figure 5:18). 

The same trend is observed in period two and discussed in further detail in the 

following sections.  

It is likely then that the UOL-CRM is able to follow the same trends and 

fluctuations in OVOC and HMHC concentrations, and the resulting OH reactivity, 

however the absolute value differs from the calculated value. And for the 

measured OH reactivity to match the calculated OH reactivity, higher 
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concentrations of NO are needed. These observations are seen in the following 

periods of measurement.  

 

 

5.5.2 Periods 2 13/07/15 to 16/07/15  

From 13th to 16th July, the UOL-CRM measurements reached a minimum. 

Ranging from 11 s-1 to 5 s-1 on 15th July. With maximum measurements ranging 

from 15.9 s-1 to 45.7 s-1. The degree of overlap between the calculated and 

measured OH reactivity is higher during this period in comparison to the rest of 

the campaign, as the calculated reactivity ranged from an average minimum of 

3.5 s-1 to an average maximum of 12.3 s-1 as shown in  Figure 5:14 and Table 

5:6. On average the UOL-CRM measurements was 57% higher than the 

calculated reactivity.  

In comparison to Periods 1, 3 and 4, the concentration of NOx was elevated 

above the average (8 ppb of NO and 10 ppb of NO2 from 13th to 16th July) and 

just as with the Period 1, the ratio R UOL-CRM/ R calculated reaches a minimum 

when the concentration of NO is at its highest (Figure 5:19). The ratio of 

Figure 5:18 Magnification of Period 1 shown in Figure 5:17  
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UOL-CRM measured to calculated OH reactivity is 1.1:1 when the concentration 

of NO is 8.3 ppb (the highest measured during the campaign) and 1.2:1 when 

NO was measured at 6.7 ppb, (Figures 5:15, 5:16 and 5:18). When the 

concentration of NO was less than 2 ppb during this period, the UOL-CRM/ 

calculated R ratio ranged from 1.5:1 to 4:1. 

There are two conditions to this conclusion that when the NO concentration is 

elevated the UOL-CRM measured reactivity is low. That the measurements 

made by the UOL- CRM is generally high in comparison to the calculated 

reactivity but is affected by the concentrations of NO and at high concentrations 

of NO, the measurements made by the UOL-CRM will decrease. The second 

conclusion is that the measurements made by the UOL-CRM is higher in general 

in comparison to the calculated OH reactivity, regardless of the concentration of 

NO. And that high concentrations of NO only affects the calculated OH reactivity.  

 

Figures 5:16 and 5:17 (and 5:19) show that the former is the case, as there are 

periods of the field campaign when the concentration of NO is low, but the 

measured OH reactivity is higher than the calculated reactivity. More specifically, 

Period 1 which follows the calculated trend in OH reactivity, but is ten times 

Figure 5:19 Magnified view of Period 2 from Figure 5:17 
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higher the calculated reactivity, the R UOL- CRM/ R calculated ratio then 

decreases as the concentration of NO increases. The same is seen from 6th July 

to 13th July and during period 3 (23rd to 27th July) as the UOL-CRM measured 

OH reactivity is higher than the calculated reactivity when the concentration of 

NO is low.  

 

5.5.3 Period 3 19/07/15 to 20/07/15 

At the start of period 3, (from 00:58 to 07:32 on 19th July), there is a high degree 

of agreement between the measurements made by the UOL-CRM and the 

calculated OH reactivity, as the UOL- CRM/ R calculated ratio ranged from a 

maximum of 4.5:1 (30 s-1 measured by the UOL-CRM) to  a minimum of 1.2:1 

(7.6 s-1 as measured by the UOL-CRM) (Figures 5:16 and 5:17). The minimum 

measurement of the UOL-CRM shown in Figure 5:14, and Table 5:6 is 6.3 s-1 

higher than the minimum calculated OH reactivity.  

In contrast to the Period 2, when the UOL- CRM/ R calculated ratio was low 

whenever the concentration of NO was high, over this period of time, the 

concentration of NO was minimal and ranged from 0.14 ppb to 0.9 ppb. The 

agreement between the calculated and measured reactivity is so high (the 

measurements made by the UOL-CRM is close to the calculated reactivity) 

during this period because the measured concentrations of OVOCs is at a 

minimum (less than the LOD), (from measurements shown in Figure 5:16). This 

is because the reactivity measured by the UOL-CRM depends upon the 

difference in pyrrole concentration measured during C2 and C3 modes. This 

difference between C2 mode and C3 mode therefore only depends upon the 

concentration of VOCs when sampling ambient air (if any fluctuation in humidity 

and the presence of NO within the ambient air has been corrected for). If the 

concentration of VOCs within the ambient air is minimal during C3 mode, the 

difference between C2 and C3 pyrrole concentration is also minimal, and 

therefore, so is the measured OH reactivity. As shown when correcting the 

UOL-CRM measurements due to deviations from pseudo first order conditions 

within section 3.4.1, and Figure 3:6 and Equation 1:14. 
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After this point the UOL- CRM/ R calculated ratio increases to 27:1 at 14:58 on 

19th July. This is because at this point, the concentration of both NO and NO2 

was less than their LOD respectively. This resulted in a calculated reactivity of 

1.4 s-1. The same is seen at 09:22 on 20th July when the NOx concentration again 

decreased below the LOD and OH reactivity was calculated as 1.5 s-1, 

corresponding to a UOL- CRM/ R calculated ratio of 38:1. As a comparison, 

when examining the UL-LIF data, a similar response is observed when the NOx 

concentration falls to below its LOD, and the ratio of UL-LIF to calculated OH 

increases to 2:1 (at 14:58 19th July) as OH reactivity is dominated by OVOCs 

and NMHCs (Figures 5:9 and 5:17). The same trend is observed within the 

UOL- CRM/ R calculated ratio at 09:22 on 20th July as the NOx
 concentrations 

decrease below its LOD, the ratio of UOL-CRM measured OH reactivity to 

calculated reactivity is 38:1.  

The UOL-CRM measurements are higher than the calculated reactivity because 

some OH reactivity is detected due to the concentrations of VOCs within the 

ambient air sample, but just like the measurement within the previous periods, 

Figure 5:20 Magnified view of Period 3 
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this is out of scale and higher than the calculated data. This is possibly owing to 

calibration errors, and is discussed within section 5.7. 

For example, following a decrease in NOx, a large increase in isoprene is 

observed on 19th July at 17:36. As seen within the GC-FID measurements 

(Figure 5:2 a), the concentration of isoprene increase from an average of 

approximately 0.01 ppb to 3.1 ppb, over this time period, isoprene becomes the 

dominant species that contributes to OH reactivity, shown by the change in the 

fraction of VOC to NOx reactivity in Figure 5:9 and Figure 5:20. 

Before the spike, the calculated OH reactivity corresponding to the 

concentrations of isoprene was on average 0.06 s-1, this then increased to  

8.1 s-1 (at 3.1 ppb of isoprene) (Figure 5:9) when the increase in isoprene 

concentration occurred. Total terpene based OH reactivity increased from on 

average 0.08 s-1 to 8.1 s-1 as isoprene was the only terpene based VOC to 

increase in concentration at the time, (increasing the contribution to total OH 

reactivity to 73%).  

Calculated total OH reactivity and UOL-CRM OH reactivity increases from 

1.4 s-1 to 11.3 s-1 and 36.5 s-1 to 64 s-1 respectively during this time. As the 

UOL- CRM/ R calculated ratio is 5:1 (UOL-CRM measurements was 82% higher 

than the calculated reactivity). This follows on from the pattern stated previously, 

in which the UOL-CRM is able to observe the resulting changes in OH reactivity 

as the concentrations of VOCs change, but the absolute value is higher in 

comparison to the calculated value.  

A second spike in OH reactivity at 17:20 on 20th July, corresponding to an 

increase in NOx and total OVOC concentrations, more specifically: acetic acid, 

DMS, methanol, acetaldehyde, ketones and terpenes, is seen in Figures 5:2 and 

5:9. Whilst the peak in OH reactivity at this point is not observed by the 

UOL-CRM (due to the UOL-CRM reaching the end of it sampling cycle), the 

increase in reactivity beforehand is detected, as the measurement increases 

from 44 s-1 to 99 s-1. This fluctuation in NOx and OVOC concentrations is 

observed in both the calculated and measured OH reactivity, but the 
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UOL- CRM/ R calculated ratio is 21:1 as the measured OH reactivity is on 

average 95% higher than the calculated reactivity.  

 

5.5.4 Period 4 23/07/15 to 27/07/15 

The fourth period of the campaign is characterised by low concentrations of both 

NOx and VOCs, ranging from 11 to 0.7 ppb of OVOCs, 4.9 to 1.4 ppb of NMHCs 

and NOx ranging from 5 to 1 ppb of NO2 and 1.5 to 0.1 ppb of NO. 

On average, UOL-CRM measurements were 76% higher than the calculated 

measurements, with the UOL- CRM/ R calculated ratio ranging from 14:1 to 

1.4:1. On average the minimum measurements of reactivity was 4 s-1 higher 

than the minimum calculated reactivity, (shown in Figure 5:14 and Table 5:6). 

Just like the previous periods, the agreement between the calculated and 

measured reactivity is high when the concentrations of VOCs and NO is low. 

However, the agreement is higher than in the previous period because the 

concentrations of OVOCs is higher than the previous period. The concentration 

of VOCs needs to be at a minimum for the UOL-CRM to completely agree with 

the calculated OH reactivity.   

 

5.6 Comparisons between UOL-CRM and UL-LIF 

measurements 

Figure 5:21 shows a box and whisker plot comparing the data collected by the 

UL-LIF and the UOL-CRM, and the corresponding data from the box and whisker 

plot is shown in Table 5:6. When comparing the average measurements for the 

entire campaign, the UOL-CRM measurements was 89% higher than the UL-LIF 

measured reactivity, (42 s-1 in comparison to 4 s-1). With the highest degree of 

overlap within the measurements occurring during Period 2. 
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Figure 5:21 Box and whisker plot of the OH reactivity measurements made by the UL-LIF and the UOL-CRM during the ICOZA 
campaign 
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  Total OH reactivity (s-1) 

  Minimum Mean Maximum 25% Percentile 75% Percentile Std. Deviation (1σ) 

  UL-LIF UOL-CRM UL-LIF UOL-CRM UL-LIF UOL-CRM UL-LIF UOL-CRM UL-LIF UOL-CRM UL-LIF UOL-CRM 

04/07 4.68 41.89 5.58 48.58 6.4 55.05 4.91 41.89 6.11 55.05 0.62 6.58 

05/07 2.62 20.15 6.08 32.42 13.43 41.07 4.71 24.84 6.74 40.08 2.47 7.57 

06/07 3.48 44.43 4.58 49.84 6.61 56.88 3.72 45.16 5.57 56.17 1.10 5.84 

08/07 2.3 46.93 3.30 62.54 5.98 73.12 2.55 46.93 3.52 73.12 0.88 13.8 

09/07 1.87 22.18 3.16 68.95 4.4 117.2 2.71 38.67 3.87 96.86 0.76 30.76 

11/07 2.83 49.05 5.15 68 7.19 91.47 4.37 49.41 6.76 81.82 1.31 15.97 

12/07 3.37 61.11 4.82 79.74 8.28 102.6 3.72 67.89 5.57 95.39 1.40 15.21 

13/07 4.46 11.02 5.21 17.43 6.3 22.7 4.693 13.08 5.68 21.19 0.59 4.338 

14/07 2.96 2.93 4.63 14.54 7.65 26.86 3.96 8.44 5.06 17.89 1.21 7.327 

15/07 2.74 5.25 4.69 17.1 6.95 45.73 2.905 8.56 6.48 18.76 1.70 11.24 

16/07 2.29 9.49 3.06 12.95 5.07 15.91 2.5 9.49 3.44 15.91 0.78 3.236 

19/07 2.88 7.67 4.03 29.95 6.38 64.55 3.09 13.34 4.16 37.99 1.14 19.25 

20/07 3.03 42.92 4.86 54.8 8.18 99.34 3.42 45.57 6.03 55.73 1.57 16.34 

Average 3.03 28.25 4.55 42.83 7.14 62.49 3.63 31.79 5.30 51.22 1.19 12.11 

Table 5:7  summary of the statistics collected from the box and whisker plot comparing the data collected by the UOL-CRM and the UL-LIF 
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Figure 5:22 shows a scatter plot comparing the UL-LIF measured OH reactivity 

to the calculated reactivity for the entirety of the field campaign, (scatter plots 

comparing the UOL-CRM measurements and calculated reactivity for periods 2 

and 4 of the campaign are shown in section 5.7, Figure 5:23). The UL-LIF 

measurements shows good agreement with the calculated OH reactivity, but 

there is some discrepancy between the measured and calculated data as seen 

within Figure 5:21. Both Figures 5:17 and 5:22 show that the UL-LIF 

underestimates total OH reactivity in comparison to the calculated reactivity at 

higher NO concentrations. The average UL-LIF to calculated OH ratio during the 

campaign was 0.9:1, however, during periods of the campaign, when the 

concentration of NO was above the average (0.4 ppb) the UL-LIF/ R calculated 

ratio decreased below the average. 

 

 

Figure 5:22 Scatter plot comparing the UL-LIF measured OH reactivity to the calculated reactivity. 
Red line shows a 1:1 ratio between calculated and measured reactivity. The colour scale shows 
concentrations of NO measured during the campaign  
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For example, during period 1 when a spike in NO concentration was observed, 

the UL-LIF to calculated OH ratio decreased to 0.4:1 from the average, and 

during period 2 when the concentrations of NO was at its highest, the UL-LIF to 

calculated reactivity decreased to 0.3:1 and 0.2:1 from the average when the 

concentrations of NO was 8.3 ppb and 6.7 ppb respectively (shown in Figure 

5:17).  

Because of degree at which the UL-LIF and calculated OH reactivity agree, on 

average, the ratio between the UOL-CRM and the UL-LIF measurements is the 

same as the UOL- CRM to calculated reactivity ratio, (on average the calculated 

OH reactivity is 13% higher than the UL-LIF measured reactivity). However, as 

the UL-LIF underestimates OH reactivity when the concentration of NO is high, 

the disagreement between UOL- CRM and UL-LIF measurements is higher than 

that of the UOL-CRM to calculated reactivity when the concentration of NO is 

high.  

Table 5:8 summarises the comparisons made between the UOL-CRM, the 

calculated reactivity and the UL-LIF. As can be seen from the table, the 

percentage difference between the UOL-CRM and the UL-LIF for period 1 is 

very similar to the percentage difference between the UOL-CRM and the 

calculated OH reactivity.  

 

 

The percentage difference between the UOL-CRM and UL-LIF measured 

reactivity is higher than the difference between UOL-CRM and calculated 

 R UOL-CRM/ R Calculated R UOL-CRM/ R UL-LIF 

 Average ratio Average % 
difference  

Average ratio Average % 
difference  

Period 1 6.0:1 86 6.3:1 85 

Period 2 2.5:1 57 3.4:1 71 

Period 3 8.8:1 84 11.1:1 89 

Table 5:8 Summary of measurements comparing the average UOL-CRM/ calculated R, UOL-CRM/ 
UL-LIF ratios for periods 1, 2 and 3, along with the percentage difference between measurements 
and calculated reactivity for the three periods 
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reactivity during periods 2 and 3 because a higher concentration of NO was 

measured during periods 2 and 3. 

This is because the measurements made by the UL-LIF is so similar to the 

calculated reactivity during period 1, that it is not discussed below when 

comparing the UL-LIF to UOL-CRM measurements. Period 4 is also not 

discussed below because the UL-LIF collected measurements only until the 22nd 

July. 

During period 2, when the concentration of NO was less than 2 ppb, the 

UOL- CRM/ R Calculated ratio ranged from 0.6:1 to 5:4, and the 

UOL-CRM/ UL-LIF ratio ranged from 0.7:1 to 5.3:1. However, when the 

concentration of NO was above 2 ppb, the range of ratios differed, (from 2:1 to 

1.1:1 UOL- CRM/ R Calculated and 4.6:1 to 3.3:1 for the UOL-CRM/ UL-LIF 

ratio). This difference in measurements is due to the discrepancy within the 

UL-LIF measurements and calculated reactivity at high NO concentrations.   

Over period 3, the same discrepancy between calculated and measured OH 

reactivity is observed when the concentration of NO is above 2 ppb. However 

one notable feature of this period is the isoprene spike that is observed within 

the measured VOC concentrations and the calculated OH reactivity (discussed 

within sections 5.2). The UL-LIF underestimates OH reactivity in comparison to 

calculated reactivity, as OH reactivity is measured at 2.8 s-1 by the UL-LIF and 

calculated at 11.3 s-1.  

However, the UOL-CRM is able to observe and measure this fluctuation in OH 

reactivity whilst overestimating the reactivity in comparison to the calculated OH 

reactivity. The ratio of UOL-CRM to calculated reactivity here is 5:1 compared 

to a UL-LIF to calculated reactivity ratio of 22:1.  

 

5.7 Possible calibration and instrumentation errors 

Based on the comparisons of the measurements made by the UOL-CRM with 

the calculated reactivity and the measurements made by the UL-LIF, a number 

of conclusions can be made: 
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1. When the concentrations of VOCs are at a minimum, the measurements 

made by the UOL-CRM agrees well with the calculated OH reactivity. As 

shown by the ratios calculated during periods 1 and 3. When the 

concentration of VOCs increase and fluctuate, the UOL-CRM is able to 

track the corresponding change in OH reactivity, but the measurement 

differs in absolute value in comparison to the calculated OH reactivity. An 

example of this is during period 3 when there is an increase in isoprene 

based OH reactivity, the UOL-CRM is able to monitor this change in 

reactivity, but the measurements is higher than the calculated reactivity.  

The same is true  

2. The agreement between the UOL-CRM and the calculated reactivity is 

higher when the concentration of NO is more than 2 ppb. It is likely that 

this is owing to calibration errors, and is discussed below. 

The first point can partly be explained by the degree of noise within the OH 

reactivity measurements. Both Tables 5:6 and Table 5:7 show that the standard 

deviation within the UOL-CRM measurements is lower during periods 2 and 4, 

as the agreement between calculated and measured reactivity is higher during 

these periods, and there is a higher degree of overlap in measurements during 

these periods. Unfortunately, the reasons as to why the standard deviations is 

differs through the entire campaign is likely due to fluctuations in PTR–ToF-MS 

sensitivity and temperature variations within the shipping container resulting in 

variations within the hydronium ion count (section 4.5), but these days have 

been removed from the data shown within this section.  

The measurements made by the UOL-CRM have to be corrected due to 

deviations from pseudo- first order kinetics, this is done by calculating a true 

reactivity from known concentration of a standard. It is likely then that these 

deviations have not been fully characterised, and that the correction factor used 

on the raw data should be higher as a wide range of VOCs and pyrrole to OH 

ratios need to be tested. As the calibration was conducted using propyne, and 

mixture of hydrocarbons as a test gas, (section 3.4) it does not cater for all of 

the VOCs measured during the campaign with the PTR-QMS and GC-FID. 
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Although the UOL-CRM operates at pseudo-first order conditions, these 

conditions, it does not account for the kinetics of other VOC.  

By rearranging Equation 3:7 (and taking Rtrue as the calculated reactivity), the 

difference in the correction factor used within the raw campaign data and the 

true correction factor can be determined based on the calculated OH reactivity. 

As a result, it was determined that the correction factor used through the 

calibration procedure discussed within section 3.4 was 62% higher, 47% higher, 

33% higher, 78% higher than compared to that using the calculated reactivity as 

a basis of true reactivity for each period of the campaign respectively, this is also 

likely owing to varying PTR-ToF-MS sensitivity towards pyrrole throughout the 

field campaign.  

Figure 5:23  a. and b. Correlations of the total OH reactivity measured by the UOL-CRM to the 
calculated total OH reactivity for periods 1 and 2. Colour scales depict concentrations of OVOCs 
and NMHCs. Lines in black show a 1:1 ratio 
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Figure 5:23 depicts correlations of the measurements made by the UOL-CRM 

and the calculated total OH reactivity during periods 3 and 4 of the campaign.  

Colour scales within the correlation plots show the concentrations of OVOCs, 

NMHCs and inorganic species during this time frame.  

These scatter plots were created in order to determine whether there is a pattern 

to the disagreement between the calculated and measured OH reactivity. It 

shows that overall, no individual VOC contributes to the measured or calculated 

OH reactivity during the better periods of agreement. However it does confirm 

that the agreement is better when during periods of high NO concentrations, 

Figure 5:23 continued 
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confirming the statements made about the measurements during periods 1, 2, 3 

and 4. 

Two factors play a role in producing a better agreement when the concentration 

of NO is high: 

1. In general, the measurements made by the UOL-CRM is higher than the 

calculated reactivity, (as seen in Figure 5:17 when calculating ratio of 

measurements when discussing various periods of the field campaign). 

The use of a calibration to correct for deviation from pseudo first order 

corrects for this. However, as mentioned above, this correction factor 

does not fully correct the measured reactivity (leaving the measurements 

still higher than the calculated reactivity).  

2. The addition of NO within the UOL-CRM system recycles OH, this will 

therefore decrease the difference between C2 and C3 pyrrole 

concentrations (as discussed in section 3.5) thereby decreasing the 

measured OH reactivity, in addition to the decrease in measured 

reactivity after applying the calibration due to deviations from pseudo first 

order kinetics. 

The effect of OH recycling due to high NO concentrations was characterised 

using a calibration discussed within section 3.5. High concentrations of NO will 

recycle OH within the UOL-CRM reaction vessel, this will decrease the 

measured C3 pyrrole concentrations in comparison to the expected C3 pyrrole 

concentrations, and therefore, during the C3 mode of measurements, the 

concentration of OH within the reaction vessel will vary in comparison to that 

generated during C2. The difference between C2 and C3 should only depend 

on the concentrations of VOC and any other OH reactive species entering the 

UOL-CRM. The larger the concentration of VOCs during C3, the greater the 

difference between C2 and C3, and therefore the greater the measured 

reactivity.  

Through this calibration to determine the degree at which C3 will decrease 

based on the concentration of NO entering the UOL-CRM reaction vessel, it was 

determined that a minimum of 10 ppb NO was enough to cause a 1 ppb change 
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in pyrrole concentration, by rearranging Equation 3:10. As a result, the NO 

calibration was not applied to the UOL-CRM data, as the concentrations of NO 

during the campaign did not reach this threshold, (the maximum concentration 

observed was 8 ppb NO during period 2). Though these calibrations were 

conducted using NO concentrations ranging from 20 ppb to 120 ppb, and the 

calibrations shows good linearity, the range of NO concentrations measured 

during the campaign was lower than that used within in the calibration, and it is 

likely that the difference in C3 measured during the campaign, due to the 

addition of NO is outside of the uncertainty calculated during the calibration.  

 

5.8 Conclusions 

The calculation of total OH reactivity  based on the measured concentrations of 

VOCs, and inorganic species show that the reactivity during the campaign is 

driven by NO2 as it contributes up to 64% of the total OH reactivity (Table 5:4). 

This was observed within air masses arriving at the measurement site from a 

south to westerly direction for the first and final third of the campaign, and within 

air arriving from a northerly direction over the midpoint of the campaign.  

Over the entire campaign, on average the UOL-CRM measurements was higher 

than the calculated reactivity by 80%. Four periods of the campaign show 

interesting regions when the disagreement between the measured reactivity and 

the calculated reactivity is high or low. Periods 2 and 4 show better agreement 

between the calculated and measured OH reactivity. Over which the UOL-CRM 

measurements was higher than the calculated by 57% over period 2 and 76% 

during period 4.  

Over the entire campaign, it was observed that the UOL-CRM is able to monitor 

fluctuations in OVOC and NMHC based OH reactivity, as seen in periods 1 and 

3. When there was a sudden fluctuation in methanol, acetone, acetaldehyde, 

acetic acid MVK, MEK and formaldehyde based reactivity during period 1, the 

UOL-CRM was able to monitor the change, all be it overestimating the calculated 

OH reactivity. The same is true during period 3, in which a large increase in 

isoprene based reactivity was observed, the UOL-CRM was able to monitor this 
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change, but the measured reactivity was overestimated, being 82% higher than 

the calculated OH reactivity. 

At the start of period 3, the concentration of OVOCs was 0 ppb, and the ratio of 

UOL-CRM measured reactivity to calculated reactivity ranged from 4.5:1 to 0.2:1 

before the spike in isoprene concentration. From this it can be concluded that 

the measurements made by the UOL-CRM overestimates the true reactivity, but 

any fluctuations in OH reactivity will be recorded by the UOL-CRM. 

This disagreement is reduced during periods of the campaign when the 

concentration of NO is above 2 ppb, as period 2 shows that when the 

concentration of NO is less than 2 ppb, the UOL-CRM/ calculated R ratio ranged 

from 0.7: 1 to 4:1. However when the NO concentration was increased to 8.3 

ppb, when the concentration measured to calculated reactivity ratio was 1.1:1.  

The UL-LIF measurements of OH reactivity correlates well with the calculated 

reactivity, however, during periods of high NO concentrations, the UL-LIF 

underestimated reactivity in comparison to the calculated reactivity. This 

therefore leads to further overestimation of the UOL-CRM reactivity when 

comparing to the UL-LIF measured reactivity during high NO periods (above 2 

ppb NO).   

This finally leads to two conclusions, that in general, the UOL-CRM 

overestimates OH reactivity. This overestimation is reduced when correcting for 

deviations from pseudo first order kinetics. However, as the UOL-CRM 

overestimates reactivity after the application of the calibration discussed within 

section 3.4, it is likely that this deviation needs to be characterised further with 

the use of numerous gas standards that have varying rates of reaction with OH.  

The second conclusion is that high concentrations of NO will reduce this 

overestimation further as OH is recycled when the concentration of NO is above 

2 ppb, resulting in a better agreement between measured and calculated 

reactivity. This needs to be further characterised by repeating the calibrations 

discussed within section 3.5 at a wider range of NO concentrations and pyrrole 

to OH ratios.  
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Chapter 6.  Conclusions and future work 

 

The work presented in this thesis describes the development, characterisation 

and deployment of an instrument that is used to measure total OH reactivity by 

implementing the Comparative Reactivity Method (UOL-CRM). The primary aim 

of this work was to compare total OH reactivity measurements made by the 

UOL-CRM with calculations of reactivity and measurements made by an 

additional technique (the University of Leeds LIF instrument). The secondary 

aim of this work was to explore the application of utilising the PTR-ToF-MS to 

simultaneously measure OH reactivity and VOC concentrations.  

The use of a PTR-ToF-MS presented a novel aspect in its use to simultaneously 

measure concentrations of VOCs and total OH reactivity. This method was first 

proposed by Kumar and Sinha (2014) and first implemented within the frame of 

this work, in order to conduct measurements at a coastal region. This method, 

however proved unsuccessful as no variations in VOC concentrations were 

observed during the field campaign. It was therefore observed, that the 

PTR-ToF-MS used must be optimised in order to strike a balance between 

obtaining a suitable sensitivity towards pyrrole for total OH reactivity 

measurements, and a large sensitivity towards detectable atmospheric VOCs 

(discussed within section 4.4), with the implementation of the improvements 

discussed within section 6.5 and Table 6:1 and an improvement of the sampling 

strategy. 

Previous measurements of total OH reactivity using the CRM technique are 

shown in Table 1:5. When comparing these measurements, a wider range in OH 

reactivity is observed with the UOL-CRM, however on average the UOL-CRM 

measured total OH reactivity was lower in comparison to that measured in 

previous work (an average of 14 s-1 determined from one minute 

measurements).   
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For example, Sinha et al. (2012) have measured total OH reactivity ranging from 

3.6 - 85 s-1 in El Arenisillo, Spain. A costal location approximately 300 m north 

of the Atlantic Ocean, whereas the UOL-CRM measured total OH reactivity 

ranging from 11.4 - 83.7 s-1 at the Weybourne Atmospheric Observatory 

(approximately 200 m from the North Sea) a smaller range in measurements at 

two coastal locations. 

Comparing CRM measurements at different locations, the UOL-CRM at a costal 

location recorded a lower range of reactivity than that measured in urban 

locations. For example, the UOL-CRM on average, measured total OH reactivity 

at 14.4 s-1 (one minute measurement), whereas measurements made by 

Hansen et al. (2015), Williams et al. (2016) and Dolgorouky et al. (2012) in Lille, 

Beijing and Paris have recoded OH reactivity at levels of 70 s-1, 19.98 s-1 and 

10-130 s-1 respectively. These measurements were made in major cities during 

large pollution regimes during which large concentrations of NOx. 

The measurements made by the CRM instrument during the above mentioned 

field campaigns was corrected for OH recycling through the same method 

discussed in section 3.5. For example, Williams et al. (2016) corrected their 

measurements based on measured concentrations of 2 ppb NO and Dolgorouky 

et al. (2012) measured average concentrations of 10 ppb NO which was used 

to correct their measurements. Contrast this with the UOL- CRM where these 

measured concentrations of NO (2 ppb and 10 ppb) would not be large enough 

to cause significant recycling of OH (at a minimum, 10 ppb of NO would could 

1 ppb change in pyrrole concentration).  

Previously, Lee et al. (2009) have conducted total OH reactivity measurements 

at the Weybourne Atmospheric Observatory using a LIF instrument. In contrast 

to the measurements made by the UOL-CRM at the same location, the 

measured concentrations of NO was more than 10 ppb (maximum measured 

NO concentration during the ICOZA campaign was 8.3 ppb). However, on 

average a lower value of total OH reactivity was measured by Lee et al. (2009) 

in comparison to the UOL-CRM (4.8 s-1 to 14 s-1), where the contribution to OH 

reactivity is dominated by firstly NO2 and secondly by CO, in contrast the 
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calculations conducted within section 5.2 for the ICOZA campaign show that the 

contribution to OH reactivity comes from firstly NO2 and secondly NO.  

This contribution to OH reactivity originated from air masses travelling from three 

different locations, the North Sea, the Atlantic Ocean and from mainland Europe, 

over different periods of the TORCH-2 campaign. Whereas from the wind roses 

and back trajectories seen in seen in Figures 5:4, 5:5 and 5:6 for the ICOZA 

campaign show air arriving at the measurement site from primarily the North 

Sea, and from mainland England (likely also over the Atlantic) with the exception 

being the large spike in measured ozone concentration at the start of the field 

campaign shown in Figure 5:8.  

 

6.1 The UOL-CRM and the PTR-ToF-MS 

The CRM technique was first developed at the Max Planck Institute, Mainz 

(Sinha et al., 2008). Chapter 2 discusses the development of the UOL-CRM and 

the PTR-ToF-MS coupled to the UOL-CRM. The UOL-CRM is similar to that 

described in Sinha et al. (2008), however in comparison to the original CRM 

design, the UOL-CRM uses a heated catalyst to ensure that the relative humidity 

of sampled ambient air is consistent during measurement.  

Measurements of total OH reactivity using the UOL-CRM consists of two primary 

phases, dry air mode (C1) in which the concentration of pyrrole is determined 

without OH radicals, and humid air modes (C2 and C3), in which the 

concentration of pyrrole is measured in the presence of OH radicals in two 

phases, with clean air free of VOCs present (C2 mode) and after the introduction 

of ambient air into the UOL-CRM reaction vessel (C3 mode). 

The PTR-ToF-MS is used as a detector and is tuned and optimised in order to 

detect the changes in pyrrole concentrations during each mode of 

measurement. The PTR-ToF-MS can also be used to track changes in relative 

humidity within the reaction vessel during C2 and C3 modes which can be used 

to correct for changes in OH concentrations when sampling ambient air.  
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6.2 Interferences 

The CRM technique is subject to a number of interferences. The influence of 

these interferences on pyrrole and OH concentrations can be characterised 

through a number of experiments. These interferences include:  

1. Variation in OH concentrations owing to fluctuations in ambient air 

humidity. This can be corrected for by determining the dependence of C2 

mode pyrrole concentrations with relative humidity.  

2. Deviations from pseudo first order kinetics regime as the concentration of 

pyrrole is on the same order of magnitude as the concentration of OH. In 

order to derive the correction factor of this interference, a series of 

experiments were conducted in which a number of gas standards were 

introduced into the UOL-CRM reaction vessel. The relationship between 

measured OH reactivity and calculated reactivity (based on the 

concentration of standards introduced) is determined, and the 

dependence of this relationship on pyrrole to OH ratio is also determined 

in order to derive a correction factor. 

3. NO driven recycling of OH through the use of a mercury UV lamp to 

generate OH radicals. HO2 formed within the UOL-CRM glass vessel will 

react with NO introduced when sampling ambient air. This will result in a 

linear decrease in C3 pyrrole concentration with increasing NO 

concentration. This linear relationship can be used to correct C3 mode 

pyrrole concentrations based on measurements of ambient NO 

concentrations made alongside the UOL-CRM.  

4. VOCs sampled during C3 mode are diluted owing to the use of humidified 

nitrogen and pyrrole. This can be corrected for by calculating a correction 

factor based on the flow rates of all species during C3 mode. 

 

6.3 Instability and noise within the UOL-CRM measurements 

The UOL-CRM was deployed at the ICOZA field campaign throughout July 

2015. A large degree of fluctuation was observed within the measured total OH 

reactivity as a standard deviation of 29.09 (1σ) was calculated.  
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The source of noise within the measurements is owing to fluctuations within the 

hydronium signal within the PTR-ToF-MS which fluctuates with temperature 

within the shipping container. It was observed that an increase of 5°C results in 

an increase of 6000 counts per minute within the hydronium signal, this 

fluctuation also propagates into the pyrrole signal. Improvements that can be 

made to the PTR-ToF-MS in order to prevent variations in the hydronium signal 

are discussed within section 6.5 and Table 6:1. 

 

6.4 Discrepancies between measured and calculated OH 

reactivity 

On average, over the entire campaign, measurements made by the UOL-CRM 

was higher than the calculated reactivity by 80%. With four periods of the 

campaign showing interesting regions when the disagreement between the 

measured reactivity and the calculated reactivity is high or low.  

Periods 2 and 4 show better agreement between the calculated and measured 

OH reactivity than periods 1 and 3. In comparison to period 1, large 

concentrations of NO was measured (8 ppb) during period 2 as the ratio of 

measured to calculated reactivity was 1.1:1. Based on the patterns observed 

during the field campaign and the scatter plots created within Figure 5:22, it was 

determined that as the concentration of NO decreased, the ratio between the 

UOL-CRM measured OH reactivity and the calculated reactivity increased and 

the disagreement was worse off.  

Whilst this is the case for the duration of the field campaign, it was observed that 

the measured ambient concentrations of NO was not large enough to cause 

significant recycling of OH, as a result the correction determined within section 

3.5.1 was not applied to the collected data as seen within Figures 4:16 and 4:17. 

Experiments conducted within section 3.4 show that UOL-CRM overestimates 

calculated OH reactivity, by applying the correction factor discussed within 3.4.1, 

this overestimation is reduced. However it was determined that there is a large 

degree of error within these experiments resulting in a smaller correction factor 
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than that based on the calculated reactivity as seen within section 5.7. This is 

likely owing to PTR-ToF-MS sensitivity changes throughout the campaign and a 

need to further test a wider range of VOCs at a number of pyrrole to OH ratios. 

The UL-LIF shows a large amount of agreement with the calculated reactivity, 

therefore the comparisons between the UOL-CRM with the UL-LIF is similar to 

the comparison of the UOL-RM with calculated reactivity. However there is some 

degree of underestimation with regards to UL-LIF measurements in OH 

reactivity during high NO regimes as seen within Figure 5:22. As a result the 

disagreement between the UOL-CRM and UL-LIF is larger than that of the UOL-

CRM and calculated reactivity when the concentration of NO is high.  

Regardless of the disagreement between the measured and calculated 

reactivity, it was observed that the UOL-CRM is able to monitor fluctuations in 

OVOC and NMHC based OH reactivity. As shown in periods 1 and 3, when there 

are fluctuations in ambient VOC concentrations, the UOL-CRM detects changes 

in total OH reactivity.  

 

6.5 Future work 

The difficulties encountered during the development and deployment of the 

UOL-CRM are shown in Table 6:1. It is clear that the interferences regarding OH 

recycling and deviations from pseudo first order kinetics needs to be further 

characterised. The measurements made within section 3.4.1 were conducted 

using propyne and a mixture of hydrocarbons, it is recommended that these 

experiments be expanded with the use of a wider range of VOCs with differing 

rate of reaction with OH and pyrrole to OH ratios to improve the accuracy of this 

correction. 

These experiments can also be modelled with the use of the Maser Chemical 

Mechanism (MCM). Michoud et al. (2015), for example, have used the MCM 

(v3.2) to conduct an analysis of the chemistry occurring within the CRM reaction 

vessel, these tests can also be conducted for the UOL-CRM and compared to 
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the experimentally determined correction factors in order to constrain and 

improve the accuracy of the various correction factors.  

 

 

Hydronium signal fluctuations owing to variations in temperature within the 

shipping container, can be reduced by insulating and heating both the ion source 

and water vapour source.  

Error source Improvement recommendation 

Temperature 
fluctuations 

 Heated ion and water source  

Power fluctuations  PTR-ToF-MS powered through 
Universal Power Supply (UPS) 

Variations within 
the measured 
PTR-ToF-MS 
sensitivity towards 
pyrrole  

 Increase the number of 
calibrations. Depending on the 
rate at which the sensitivity 
towards pyrrole changes within 
laboratory experiments, the 
number of calibrations during field 
campaigns have to be changed 

 Error within OH 
recycling 
corrections  

Further experiments needed at a 
wider range of pyrrole to OH ratios 

 Error within kinetics 
corrections 

Further experiments conducted 
with a wider range of fast and slow 
reacting VOCs and pyrrole to OH 
ratios. Experiments can be 
modelled using the Master 
Chemical Mechanism (MCM)  

 Unable to 
determine VOC 
concentration 
profiles 

Improve the balance between 
sampling ambient air and CRM 
measurements using the PTR-
ToF-MS by increasing both the 
ambient air and C3 sampling time, 
whilst also reducing the C2 
sampling time 

Table 6:1 A list of problems determined during the development and deployment of the UOL-
CRM and recommended improvements 
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Variations in voltage and the current supplied to the mass spectrometer have 

been observed to change the generated hydronium signal, a Universal Power 

Supply (UPS) for the mass spectrometer can be used in future work to ensure a 

constant and stable power supply to the instrument and therefore a stable 

hydronium signal.  

The use of the PTR-ToF-MS to simultaneously detect VOC concentrations and 

measure total OH reactivity should also be explored further. The PTR-ToF-MS 

in this thesis was configured in order to improve the sensitivity and detection 

toward pyrrole. However the caveat to this approach is that the sensitivity 

towards VOCs is decreased. 

Ideally a middle ground is needed in which the detection of pyrrole is optimised, 

whilst minor changes in ambient VOC concentrations are detected. This can be 

done though fragmentation tests, in which the PTR-ToF-MS detects a mixture 

of standard, including pyrrole, the E/N of the mass spectrometer is changed in 

order to determine the optimal in conditions in which there is little fragmentation 

of VOCs whilst also achieving a high pyrrole sensitivity. 

A better sampling strategy can to improve on this difficulty, in which the length 

of ambient air sampling time can be increased (ambient air was sampled for a 

maximum time of two minutes per cycle for each day of the field campaign), 

whilst also increasing length of time at which C3 is employed and whilst reducing 

the C2 measurement time. This can be achieved by changing the rate at which 

the Solenoid valves used by the UOL-CRM switch on an off.  

However, this requires extensive testing, Sonderfeld et al. (2016), for example 

have determined that for the PARADE and ClearfLo campaigns, the discrepancy 

between OH reactivity calculated from 5 minute data and hourly values was 2 - 

26% and 0 - 44% respectively therefore a balance is needed in order to measure 

the full extent of OH reactivity within an environment and to detect VOCs which 

may have a short lifetime.  

Optimisation of the system can be tested by introducing a flow of a detectable 

VOC into the PTR-ToF-MS during the ambient air sampling mode. By measuring 

the changes in concentration of this VOC during ambient air mode, any variation 
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in the measured signal due to pressure changes or wall losses be can be 

determined, allowing for the verification of the optimum sampling time (Kumar 

and Sinha, 2014).  

It is also important to note that the relative humidity of the sampled ambient air 

may be different in comparison to the air sampled during OH reactivity modes. 

For example, if the UOL-CRM is used within a dry environment, the humidity of 

the air entering the PTR-ToF-MS during ambient air mode will be lower than the 

humidity introduced into the mass spectrometer from the UOL-CRM (due to the 

use of humidified nitrogen to generate OH radicals) therefore, the sensitivity 

towards numerous VOCs will vary. And so in order to determine, a calculated 

OH reactivity via the VOC concentrations measured during ambient air mode, 

calibrations need to be conducted for all detectable VOCs in order to determine 

their PTR-ToF-MS sensitivity at all humidity levels.  

As shown in section 3.2 and Figure 3:1, a large degree of variation was observed 

within the measured PTR-ToF-MS sensitivity towards pyrrole over a period of 

one year. Whilst the pyrrole sensitivity was measured at the start and end of the 

field campaign it is likely that the sensitivity can change over the duration of the 

campaign, it is therefore possible that the discrepancy between the calculated 

and measured total OH reactivity is owing to sensitivity changes during the field 

campaign. 

Intern, it is recommended that the sensitivity towards pyrrole and a calibration 

be measured on a regular basis, due to the fact that the sensitivity has changed 

on such a large degree over the period of one year, it is recommended that the 

sensitivity be measured on a weekly basis during the field campaign.  
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