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Abstract 

A chemical ionisation mass spectrometer (CIMS) was developed and utilised for 

measurements onboard the Facility for Atmospheric Airborne Measurements (FAAM) BAe-

146 aircraft. The I- ionisation scheme was implemented to detect nitric acid (HNO3), formic 

acid (HC(O)OH), hydrogen cyanide (HCN) and dinitrogen pentoxide (N2O5) simultaneously 

at a sampling frequency of 1 Hz. Sensitivities ranged from 35±6 ion counts pptv-1 s-1 for 

HC(O)OH  to 4±0.9  ion counts pptv-1 s-1 for HCN and limits of detection from 37 ppt for 

HNO3 and 5 ppt for HCN. Trace gas concentrations of species such as HC(O)OH are 

currently under predicted in global models. In order to understand their role in controlling 

air quality, it is crucial that their production pathways and abundance are accurately 

measured and constrained. To date, airborne measurements of these trace gases have been 

difficult as a result of instrumental limitations on an aircraft such as limit of detection and 

sampling frequency.  

The first UK airborne measurements of HC(O)OH and HNO3 confirmed that HC(O)OH is 

under predicted by up to a factor of 2 in a trajectory model that implements the full Master 

Chemical Mechanism (MCM) and Common Representative Intermediate Scheme (CRI). 

The inclusion of a primary vehicle source enabled the model to reproduce the concentrations 

observed; verifying that direct sources are under represented. Secondary formation of 

HC(O)OH was observed through its correlation with HNO3 and ozone (O3), indicating a 

strong photochemical production source. Hydroxyl (OH) concentrations were estimated for 

the first time in a flight around the UK using the HC(O)OH and HNO3 measurements. A 

biomass burning (BB) plume identification technique is applied to data obtained from 

Canadian biomass fires using HCN as a marker. A 6 sigma above background approach to 

defining a plume resulted in a higher R2 correlating value for the normalised excess mixing 

ratio (NEMR) to carbon monoxide (CO) when compared to current methods in the literature. 

The NEMR obtained from this work; 3.76±0.02 pptv ppbv-1, lies within the range found in 

the literature. This NEMR is then used to calculate a global emission total for HCN of 0.92 

Tg (N) yr-1
 when incorporated into the global tropospheric model STOCHEM CRI.   The 

first direct N2O5 airborne measurements on an aircraft at night are compared to indirect 

measurements taken by a broadband cavity enhancement absorption spectrometer. An 

average R2 correlation coefficient of 0.87 observed over 8 flights for 1 Hz measurements 

indicates the selectiveness of the I- ionisation scheme to detect N2O5 directly, without nitrate 

(NO3) interference. 
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Rationale for submitting this thesis in the alternative format 

The alternative thesis format was considered suitable as the research had an overall goal 

of implementing the CIMS for aircraft measurements, but independent themes were 
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The construction of the thesis format follows the progression of the research itself. 

Overleaf is a flow chart of how the research has developed. The finding from each paper 
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1 Introduction 

1.1 Trace gases in the troposphere 

The troposphere is the lowest section of the Earth’s atmosphere and contains 

approximately 80% of its mass and 99% of its water vapour and aerosols (Barry & 

Chorley, 1992). Atmospheric phenomena such as convection, turbulence and clouds 

occur here; consequently making the troposphere the determining factor controlling the 

atmosphere that supports life. Since the seminal paper of Haagen-Smit (1950) it has 

been acknowledged that trace gas chemistry and tropospheric concentrations of trace 

species can play an important role in controlling air quality and climate. A number of 

pollutants are known to have deleterious effects on humans, plant life and buildings at 

concentrations often found in polluted air, such as the emissions from highly populated 

areas (Bascin et al., 1996a,b; Xu et al., 2011). Species such as zone (O3), carbon 

monoxide (CO) and nitrogen dioxide (NO2) are known as “criteria pollutants” and are 

considered good indicators of air quality (WHO, 2000). The World Health Organization 

provide recommended threshold concentrations of these pollutants which must not be 

exceeded in order to protect human health. In addition to these criteria pollutants, a wide 

variety of trace gases have been observed in the polluted troposphere, such as organic 

acids (Veres et al., 2008).  These trace gases affect air quality through their own 

chemical characteristics, but also play a substantial role in the chemical cycling of 

criteria pollutants. For example, HNO3 acts as an atmospheric sink for NOx and 

therefore controls tropospheric O3 production; a prominent daytime pollutant (Brown et 

al., 2004), but also can increase cloud water pH; contributing to acid rain (Finlayson-

Pitts 2000). 

 

The ubiquitous nature of many trace gases is demonstrated through their partitioning to 

the aerosol phase and subsequent ability to alter the radiation balance of the atmosphere. 

Aerosols can scatter and absorb incoming shortwave radiation and absorb outgoing 

longwave radiation; the aerosol direct effect (McCormick and Ludwig, 1967; Haywood 

and Boucher, 2000). They can also act as cloud condensation nuclei (CCN), changing 

the number of droplets which subsequently affects the cloud albedo; the indirect effect 

(Twomey, 1974; McFiggans et al., 2006). Low molecular weight salts, formed by 

organic acid dissolution, are present in the fine fraction of aerosols. These aerosols 

possess relatively low critical supersaturations which enable the activation of cloud 
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droplets and therefore change the total indirect radiative forcing (Yu et al., 2000). The 

formation of particulate matter can also be governed by the relative concentrations of 

their gaseous precursors. Ammonium nitrate (NH4NO3) aerosol formation is governed 

by the relative concentrations of HNO3 and ammonia as shown in R1 and R2, 

confirming that measurements of HNO3 are integral to accurately quantify the cooling 

effect that NH4NO3 has on the climate (Forster et al., 2003). 

 

    

NO OH M → HNO M                                                           R1 

     HNO NH ⇋ NH NO                                                         R2 

 

      

The concentration of key pollutants, such as NH4NO3, can vary regionally and globally 

as their production and loss is controlled by a number of varying precursor reactions. 

NOx levels, which are pertinent to O3 production, can be influenced by a series of 

competing chemical pathways initiated by photolysis. The concentration and types of 

species controlling the production pathways are dependent on geographical location. An 

example of such variation is seen at nighttime where nitrogen dioxide (NO2) 

concentrations increase as a result of the termination of its photolysis, initiating an 

increase in the following days O3 production (Atkinson et al., 2000), as shown in R3 and 

R4. However an increase in possible sinks, such as N2O5 formation (R5), which could 

further react with water vapour to form HNO3, decreases the nighttime NOx 

concentration and therefore the following days O3 production potential (Brown et al., 

2004). This variation in production results in difficulties in estimating regional and 

global climatic impacts and air quality.  

 

NO hv → NO O P                                                         R3               

(hv, λ ≤ 420 nm) 

O P O → O                                                               R4               

    NO NO M ⇋  N O M                                                   R5 
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1.2  Regional and global air quality issues 

Trace gas sources in the troposphere can originate directly from primary emissions or 

indirectly via atmospheric chemistry creating secondary products. This variation in the 

emission of trace gases creates a heterogeneous composition of the atmosphere. Varying 

meteorological conditions and topology affect the distribution of these species and allow 

global and regional air quality issues to develop.  

 

1.2.1 Photochemical pollution 

Anthropogenic activity in major urban areas is an important source of primary pollutants 

such as NOx and volatile organic compounds (VOCs) (Kim et al., 2011). Low wind 

speeds and high incoming solar radiation allows the concentration of pollutants to build 

up and undergo photochemical reactions to form a variety of secondary pollutants such 

as O3, HNO3, and HC(O)OH (Grosjean et al., 2001) as demonstrated in figure 1. 

 

 

 

 

Figure 1: Example pathways for the production of photochemical pollutants. Gases with 

coloured boxes represent the species measured in this research. 
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An example of this photochemical pollution is observed in Los Angeles as smog. The 

smog is especially harmful to the elderly and children as it can inflame breathing 

passages and interfere with the body’s ability to fight infection and trigger asthma 

(Okwada et al., 1979). The production of these pollutants is controlled by the precursors 

available i.e. the prominent tropospheric pollutant here, O3, is dependent on NO2 

concentrations present (Stedman and Niki, 1973). NO2 loss via the creation of N2O5 at 

night by reaction with NO3, R5, or OH reaction during the day to form HNO3, as shown 

by R1, limits the O3 production (R3 and R4). Therefore knowledge of localised HNO3 or 

N2O5 production can help evaluate the following days O3 production potential and 

therefore the possibility of photochemical smog.  

 

1.2.2 Acid rain 

Acid rain predominantly arises from the oxidation of sulphur dioxide (SO2) and NO2 in 

the troposphere to form sulphuric acid (H2SO4) and HNO3 respectively (Finalyson and 

Pitts, 2000). HNO3 can dissolve into cloud droplets after being formed by R1, leading to 

low pH values in fogs and precipitation. Organic acids such as HC(O)OH can also 

significantly contribute to this rain water acidity (Keene and Galloway, 1997).  Acid 

fogs are known to effect cities such as London and are a major health concern as the 

water droplets are small enough to be inhaled (Hoffman, 1984; Bowes et al., 1995). The 

deposition of these acidic particles can also cause damage to buildings through the 

corrosion of stones and metals such as bronze. The addition of this acid rain into water 

can also disrupt freshwater ecosystems by lowering the pH level. The surrounding soil 

may not be able to buffer the water to a neutral pH, resulting in a release of aluminium 

from soils into the water, which is toxic to many aquatic organisms (Kochian, 1995). 

 

1.2.3 Biomass burning (BB) 

Naturally occurring events such as forest fires have an important role in determining the 

composition of the atmosphere. The emissions from forest fires are known to be a major 

contributor of trace gases and aerosols, with the ability to change air quality on a 

regional and global scale. Pyrogenic species such as carbon dioxide (CO2), carbon 

monoxide (CO), hydrogen cyanide (HCN), HC(O)OH and VOCs are emitted and 

transformed by photochemical processes within the plumes and can alter the distribution 

of tropospheric O3 via the formation and subsequent photolysis of NO2, changing the 
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oxidising capacity of the atmosphere (Coheur et al., 2007). Many of the species emitted 

can independently affect air quality, such as HCN. HCN is extremely poisonous as it 

binds irreversibly to the iron atom in haemoglobin in blood making it unavailable to 

transport oxygen to the body’s cells and tissues (Cummings, 2004). BB plumes can 

reach the stratosphere and therefore allow the global transport of these important species, 

impacting regional and global air quality (Levine, 2000). In order to assess the impact 

these events have on human health and air quality, detailed measurements of their 

chemical components, development and transport are necessary. 

 

1.3 Quantifying the global and regional impacts of trace gases 

In order to accurately represent the roles which trace gas emissions play in the 

atmosphere and the impact they have on air quality and climate, global emissions 

calculated by models must not only include accurate emission factors for all production 

pathways, but also ensure that the variance in their strength and dominance 

geographically is accounted for as concentrations of these species will vary with latitude, 

longitude, altitude, temperature, pressure, solar intensity, meteorological conditions and 

concentration of other reactive species present. The transition between day and night 

dramatically changes the atmospheric chemistry and therefore allows different 

mechanisms to control production and loss rate of key tropospheric species. 

 

1.3.1 Daytime chemistry  

Oxidation processes in the troposphere initiates the removal of trace gases, subsequently 

leading to the formation of CO2 and water vapour. Although oxidation can proceed via 

halogen chemistry, i.e chlorinated species, tropospheric O3 is predominantly formed via 

the photolysis of NO2. O3 is a highly reactive species whose concentrations far exceeds 

that of OH (Knipping and Daddub, 2003), allowing ozonolysis of alkenes to compete to 

be the dominant sink of alkenes in the troposphere (Goldstein et al., 2004). Ozonolysis 

is thought to be a dominant source of organic acids, which current models underestimate 

(Leather et al., 2012; Paulot et al., 2011). As a result of a lack of field measurements, 

there is considerable uncertainty in the magnitude of this underestimation.  

 

O3 is photolysed to form O1D, which then rapidly reacts with water vapour to form OH 

(Levy, 1971). The OH radical is able to react with a vast array of tropospheric species 
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such as carbon monoxide (CO), hydrocarbons, VOCs such as methane and 

formaldehyde, hydrofluorocarbons (replacements of CFCs) and SO2 (Stone et al., 2012). 

HNO3 formation via the reaction between OH and nitrogen dioxide (NO2), R1, plays an 

important role in controlling the tropospheric O3 budget (Kita et al., 2005) by providing 

a sink for NOx. Potential O3 production is further limited as the OH is no longer 

available to initiate VOC oxidation and produce RO2 which further reacts with NO to 

form NO2. HNO3 also condenses to form NH4NO3 (Seinfeld and Pandis, 1998), a major 

component of urban aerosols (Kaneyasu et al., 1999, Moya et al., 2001) and thought be 

a key compound in global cooling across Europe (Adams et al., 2001; Jacobson, 2001; 

Liao et al., 2004).  

 

1.3.2 Nighttime chemistry 

OH concentrations peak during the day (~0.4 ppt) and decrease to near zero at night as 

O3 is not photolysed (Hausmann et al., 1997). This decrease in OH concentration 

enables the nitrate radical (NO3) to replace OH as the main tropospheric oxidising 

species (Wayne et al., 1991). Nighttime oxidation by NO3 is comparable to the removal 

of NOx by OH during the day (Atkinson, 1991). The termination of O3 photolysis at 

night allows the reaction between NO2 and O3 dominate and produce NO3, which can 

then further react with NO2 to form N2O5, R5. NO3 and N2O5 concentrations therefore 

increase at nighttime in thermal equilibrium. 

 

N2O5 can react with water on the surface of aerosols to form HNO3 as shown in R6, 

acting as a sink for NO3 and NOx, which subsequently affects the following days O3 

concentrations due to the limitation of NO2 available for photolysis (Brown et al., 2004).  

 

 N O H O → 2HNO                                                    R6 

 

Nighttime NOx termination can also be as a result of N2O5 loss onto the surface of 

aerosols, as observed by the efficient production of ClNO2 on sea salt particles (Osthoff 

et al., 2008). N2O5 can react with hydrogen chloride (HCl) on the surface of aerosols 

producing high yields of ClNO2 at night (Thornton et al., 2010). This steady build up 

produces high ClNO2 concentrations at sunrise which dissociates via photolysis to 

produce Cl and NO2. This Cl formation enhances the oxidation rates of VOCs and 
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subsequently increases photochemical production of O3 (Simon et al., 2009). Halogen 

activation (from ClNO2 formation) can also affect aerosol formation and the lifetime of 

important trace gases such as methane. However, the impact of halogen activation on 

regional air quality is uncertain as a result of limited measurements of N2O5 and the 

halogenated species (Simpson et al., 2007).  

 

N2O5 formation and its subsequent reactions represent major sinks of NO3 and NOx at 

night. Knowledge of the relationship between NO3 and N2O5, and their nighttime 

heterogeneous chemistry is crucial to understand the impact that NO3 chemistry can 

have on O3 concentrations and regional air quality (Atkinson, 2000). Therefore accurate 

measurements of N2O5 are necessary to further our understanding of nighttime 

chemistry. 

 

1.4 Production pathways of trace gases in the troposphere 

Trace gases are produced via a number of different primary and secondary pathways 

which must be accounted for in models to understand their role in the atmosphere.  

Figure 2 summarises the varying production pathways of the key species for this work. 

The oxidising capacity of the troposphere and air quality is constrained via many of the 

mechanisms in figure 2 as they involve the production and loss of O3 and OH. 

Constraining the formation pathways of these trace species will provide further insight 

to the availability of the main oxidants in the troposphere. 
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Figure 2: A summary of the key atmospheric processes studied in this work, separated 

into primary, secondary, natural and anthropogenic pathways. Full red lines represent 

direct production and dotted blue represents a secondary pathway. The reactive gases 

producing the species of interest are in green. 

 

1.4.1 Primary production of trace gases and O3 

 

The lifetime of O3 can vary from minutes in the troposphere, as a result of 

photochemical destruction and dry deposition, to weeks in the free troposphere where it 

can be transported across the globe and therefore affect tropospheric composition and 

chemistry. O3 production from the precursors of the outflow from North America are 

often distributed over the North Atlantic and Europe, (Fehsenfeld et al., 2006).  In order 

to understand this outflow; knowledge and quantification of the formation of the 

precursors are essential. One major source of these precursors is BB fires (Li et al., 2000, 

2003, 2009; Shim et al., 2007).  Trace gases emitted directly from BB, such as 

HC(O)OH and HCN (Burling et al., 2010) can be used as markers for BB and can give 

an insight into how these plumes develop over long distances. HCN has an atmospheric 

lifetime of 5 months in the troposphere if wet deposition does not occur (Hamm and 

Warneck, 1990; Li et al., 2003) and a few years in the stratosphere (Cicerone and 

Zellner, 1983; Brasseur et al., 1985). As a consequence of the limited sources of HCN in 

the atmosphere, HCN measurements can be used as a BB plume marker and therefore 

utilised to estimate global emissions of important VOC`s emitted during BB by 

deducing normalised excess mixing ratios. 
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1.4.2 Secondary production of trace gases such as HC(O)OH by reaction 

with O3 

Trace gas species such as HC(O)OH can be emitted directly (as stated above) or 

indirectly through a number of different reactions. Table 1 shows the largest emission of 

HC(O)OH to the atmosphere is via photochemical production and largest sinks are wet 

and dry deposition. The secondary production of HC(O)OH is currently under-predicted 

in models as a result of uncertainty in the source strengths of the different formation 

pathways. For example, ozonolysis of alkenes is thought to be a source of HC(O)OH 

which is underestimated in current models (Stavrakou et al., 2012). A build up of O3 in 

the presence of alkenes can lead to the production of the Criegee intermediates (CIs) 

(Taatjes et al., 2008; Leather et al., 2011). If the CIs are collisionally stabilised, then the 

lifetime of CIs with respect to bimolecular reaction becomes comparable to that of 

decomposition and reaction with water vapour leading to the formation of carboxylic 

acids such as HC(O)OH, as observed by Wolff et al., (1997) and Orzechowska and 

Paulson, (2005).  

 

Formation of organic acids via the reaction of CIs is an important secondary pathway 

which is thought to dominate in Savannah regions (Sanhueza et al., 1996) creating levels 

of up to 1 ppbv. All sources must be accurately constrained in global models if the 

impact of organic acids on acidity of global precipitation (Keene and Galloway, 1983), 

the influence of organic acids on pH-dependent chemical reactions and OH cloud 

chemistry (Jacob et al., 1986) and the impact of organic acids on oxidising capacity of 

the atmosphere are to be quantified.  
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Table 1:  Estimated global budget of HC(O)OH sources and sinks to the atmosphere, 

including both primary and secondary sources (Paulot, et al., 2011). 
 

Origin Process 
Global HC(O)OH estimates / 

Gmol yr-1 

  Biogenic 917 
Photochemical 

Production 
Anthropogenic + 
biomass burning 

138 

      

  Fossil fuel 3.5 

Primary Emissions Biofuel burning 6.5 

  Biomass burning 32.5 
      

  Cattle 39.5 

  Soil 39 

Primary Emission 
(Biogenic) 

Terrestrial 
Vegetation 

56 (20-130a Forest emission) 

  Formicine Ants (10)a 

      
  Photochemical 229.5 

Sinks Dry Deposition 536 
  Wet Deposition 437.5 
  Dust 30 

        
 a signifies previous data collected by Kesselmeier & Staudt, (1999) 

 

1.5 Challenges in quantifying trace gas concentration 

This complex interlinking system of reaction pathways throughout the atmosphere 

creates a variability which cannot be simply defined within global emission models as a 

result of the atmospheric chemical cycling and sources, as table 1 highlights for 

HC(O)OH. (von Kuhlmann et al., 2003; Rinsland et al., 2004; Paulot et al., 2011). Not 

only must all sources of important atmospheric species be quantified, but the variance in 

source dominance of trace gases at different locations and in different conditions must 

be accounted for; e.g. primary emissions from anthropogenic activity to isoprene 

oxidation in the Amazon rainforest. The lifetime of these species will also vary 

depending on the air masses composition, age, geographical location horizontally and 

vertically and meteorological conditions. The knowledge we have about the different 

source strengths, locations and importance of meteorology is from direct observations. 

Therefore to capture and quantify the different sources/processes by measurements of a 

large range of species, the development of instrumentation and design of field 
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experiments and monitoring schemes must be ongoing to improve our understanding of 

their relevance to atmospheric chemistry and air quality issues. 

 

1.5.1 Atmospheric measurements 

To accurately characterise the individual effects these species have on the global climate 

and air quality, the quantification of the concentration of these species from all 

production pathways is crucial. Atmospheric measurements are essential in predicting 

future changes to the atmosphere and are necessary in the development of government 

policies and legislation. Understanding trace gas chemical abundance, behaviour and 

their effect on the global climate is one of the most important challenges facing current 

and future society.  

 

Although field measurements, laboratory studies and models are all necessary to gain a 

complete understanding of the complex processes within the atmosphere, field 

observations have played a role in major breakthroughs in atmospheric science, as 

observed for the detection of the O3 hole in the polar stratosphere. Molina and Rowland 

(1974) suggested that chlorofluorocarbons would destroy O3 as a result of laboratory 

measurements; however this would not have been verified without the development of 

sensitive and accurate field instruments allowing Farman et al (1985) to discover a 

reoccurring springtime O3 hole. This was confirmed with in situ data showing an anti 

correlation between ClO and O3 (Anderson et al., 1989). This demonstrated the need for 

field measurements to increase our knowledge of how trace gas chemistry contributes to 

air quality. 

 

1.5.2 Instrumental challenges and selection criteria in measuring trace 

gases 

Making trace gas measurements in the troposphere brings with it many technological 

challenges. As concentrations range from a few % to ppq (parts per quadrillion or 1 part 

in 1015), the measuring instrument must be able to efficiently detect these gases with  a 

limit of detection below the atmospheric variance of the species, but also must not suffer 

from measurement inaccuracies or low resolutions when encountering high concentrated 

plumes. Atmospheric concentrations of HNO3 can range from tens of ppb down to tens 

of ppt (4 orders of magnitude). Instruments must be able to accurately measure the low 
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concentrations immediately after the high concentrations without suffering from a high 

background which is a common problem due to its “sticky” nature (i.e. adsorbing onto 

surfaces inside the instrument) (Neuman et al., 1999). The importance of trace gases in 

the troposphere is not dependent on their absolute concentration, as seen for HNO3, as 

concentrations of ppt can have considerable implications for atmospheric chemical 

cycling. 

 

1.5.2.1 Detection  

The selection criteria for the measurements of atmospheric species are dependent on the 

species of interest. The minimum detectable amount must also be significantly less than 

the atmospheric concentration of the analyte.  The detection method must produce a 

unique signature for the analyte. For example, ethanol and HC(O)OH have similar 

molecular weight (46.07 and 46.03 respectively), therefore making it difficult to 

quantify HC(O)OH or ethanol concentrations using PTRMS (Paulot et al., 2011) as the 

masses cannot be separately resolved. Chemical Ionisation Mass Spectrometer (CIMS) 

does not detect ethanol using the I- reagent ion and therefore has one unique peak at 173 

atomic mass units (amu) (HC(O)OH adduct with I-). 

 

1.5.2.2 Sampling/inlet 

Limiting the interaction of an air sample with the instrument`s artefact is critical as it 

impedes the accuracy of the measurements by creating an instrumental background 

which can often be an issue for measurements of “sticky” species such as HNO3. 

Detailed research has been taken into possible ways of reducing the wall loss effect that 

measurements of such species suffer from (Neuman et al., 1999). Inlet material and 

heaters are a determining factor in the magnitude of this loss.  A variety of materials 

have been analysed such as silicone coated quartz (Horri, 2002) and hydrophobic 

roughened surfaces (Evans et al., 2005), although perfluoroalkoxy (PFA) is commonly 

used in atmospheric research because of its inertness (Neuman et al., 1999). 

 

1.5.2.3 Time response 

Atmospheric lifetime is defined by the concentration of a species to decay to 1/e (37%) 

of its original concentration. The time between the collection of the air sample and 

measurement of a species must be shorter than the atmospheric lifetime of the species of 
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interest, consequently making measurements of short lived species such as OH 

extremely difficult as it has a daytime tropospheric lifetime of around 1 second (Monks, 

2005). NO3 measurements must also have a high sampling frequency as it has an 

average nighttime lifetime of 89 seconds (Li et al., 2012) and 5 seconds in the daytime 

(Monks, 2005). A high measurement frequency also allows for in detail plume 

measurements to be taken from aircraft. The fast time response of an instrument is 

crucial if measurements are made on a moving platform, i.e. aircraft. The average 

science speed of the BAe 146 FAAM research aircraft when acquiring data is 100 ms-1
. 

In order to be able to detect a plume 1 km wide, the time response of an instrument must 

be better than 10 seconds to acquire 1 data point, which is not extremely useful to 

extract valuable information from. In reality, many plumes can be much smaller than 

this, limiting the detection to high frequency measurements. Obtaining knowledge of 

plume development is only possible with instruments with very high measurement 

frequencies.  

 

1.5.2.4 Operational requirements for use on an aircraft 

The operational requirements of the instrument are important if the species exhibit 

spatial variation due to different sources, such as altitudinal limits. Instruments on board 

the aircraft must overcome logistical limitations set by the aircraft itself. The rack which 

the instrument is positioned and mounted on must not exceed a set weight and size due 

to the limiting load of the aircraft. Power to the aircraft is only available for a set time 

before and after a flight. Therefore, instruments must be able to perform at 100% 

efficiency within a few hours with instrumental necessities such as vacuum pressures 

being met within this time. Pre and post flight calibrations must also be performed 

within a short time as the power is not available continuously.  

 

1.6 Measurements of trace gases 

The development of trace gas measurements has furthered our knowledge of 

atmospheric chemical processing, mechanisms and interconnections, but also improved 

the accuracy of global models by quantifying their under prediction through laboratory 

and field measurements (Leather et al., 2011, Stavrakou et al., 2011). The following 

section reviews the different methods applied to the measurements of important trace 

gases and is summarised in table 2. 
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Table 2. Current measurement techniques for nitric acid, formic acid, hydrogen cyanide 

and dinitrogen pentoxide. 

Species  Instrument  Comments 

Nitric acid 

Filter techniques  Low time resolution and requires offline analysis 

     

Denuders  Has converter efficiency issues and time resolution of several hours 

     

Aqeous scrubbers  Low limits fo detection (10`s ppt) but has interfence with nitrate aerosol 

     

LIF 
High  time  resolution  (seconds)  and  low  limit  of  detection  (90  ppt)  but  has 
interference from particulate nitrate 

CIMS 
Low  limit  of  detection  (10`s  ppt)  ,  high  sampling  frequency  (1  Hz)  and  high 
sensitivity (10`s counts per ppt per second) 

  

Formic acid 

Ion chromatography  High limits of detection and offline analysis 

     

Infrared 
spectroscopy 

Colum measurements and need of a‐priori profiles causing large errors 

     

Mass spectrometry 
Low limit of detection (10 ppt) , high sampling frequency (1 Hz) and high sensitivity 
(10`s counts per ppt per second) 

Hydrogen 
cyanide 

Infrared 
spectroscopy 

FTIR can have  integration  time sof  sub 1 Hz, but only  for high concentrations > 5 
ppb. Lack of resolution with profiles 

     

CIMS 
Low  limit  of  detection  (10`s  ppt)  ,  high  sampling  frequency  (1  Hz)  and  high 
sensitivity (10`s counts per ppt per second) 

     

PTR MS 
High  sensitivity and measaurement  frequency  (1 Hz). Exhibits a high  temperature 
and humidity dependance. Interference with ethene. 

     

Gas 
chromatography 

Low  limit  of  detection  (30  ppt).  Requires  5  minute  data  average  merge.  High 
accuracy. 

Dinitrogen 
Pentoxide 

Indirect 
measurements 

Fast  measurement  frequency  (1  Hz)  and  low  limit  of  detection  (1  ppt).  High 
sensitivity and proven for accurate aircraft measurements 

     

CIMS 
Low  limit of detection (5 ppt) , high sampling frequency (1 Hz) and high sensitivity 
(10`s counts per ppt per second) 
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1.6.1 Nitric acid (HNO3) 

1.6.1.1 Filter techniques 

HNO3 measurements are notorious for being difficult to make due to the “sticky” nature 

of HNO3 which results in high instrumental background concentrations, interfering with 

true ambient concentrations (Crosley, 1996; Parrish and Fehsenfeld, 2000). Appel et al., 

(1980) measured HNO3 using filter packs by sampling the gas on a nylon filter after 

separation using a Teflon filter and then ion chromatography to determine the 

concentration. This method suffers from a low time resolution due to the offline analysis 

and potential inaccuracies caused by adsorption onto the first particle filter (Goldan et al. 

1983). Further, displacement of particle nitrate on the filter by strong acids may also 

decrease the accuracy (Finlayson–Pitts 2000). 

 

1.6.1.2 Denuders 

Denuders have been implemented for HNO3 detection via detecting total NOy by 

converting all NOy compounds to NO using a molybdenum converter at 350 °C (Landis 

et al., 2002). Chemiluminescence relies on HNO3 solely reacting with the KCl (Landis 

et al., 2002). Denuder measurements suffer from converter efficiency issues (Landis et 

al, 2002) and a low time resolution of several hours. 

 

1.6.1.3 Aqueous scrubbers 

Aqueous scrubbers using liquid chromatography measure the sum of nitrous acid 

(HONO) and HNO3 (Huang et al., 2002). HNO3 is calculated by using two separate 

channels where one will only measure HONO. Although this enables the concentrations 

of HNO3 to be calculated, the error on the measurements can increase when ratios of 

HONO:HNO3 are high. The limit of detection is useful for tropospheric measurements 

of HNO3 (20ppt), but nitrate aerosols interferences with the measurement as they are 

also scrubbed and low time resolutions (10 minutes) inhibit aircraft use to detect plumes 

and fluxes.  

 

1.6.1.4 Laser induced fluorescence (LIF) 

Laser induced fluorescence (LIF) spectroscopy measures NO2 after thermally 

dissociating HNO3 to NO2 at 500 °C (Day et al., 2002). This method can be implemented 

for airborne measurements of HNO3 (Aruffo et al 2012) due to its high time resolution, 
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1Hz, and low limit of detection (LOD) (90ppt), although interference from particulate 

nitrate can increase the LOD dramatically up to 1 ppb (Day et al., 2002). 

 

1.6.1.5 Instrument comparison for HNO3 detection 

A field intercomparison using a suite of instruments including filter packs, tunable diode 

laser absorption spectrometers, a mist chamber, laser photolysis and a diffusion scrubber 

measuring HNO3 was taken by Gregory et al. (1990). Many of the instruments showed 

poor agreement when measuring low ppt levels of HNO3 (100 ppt) such as filter pack, 

tunable diode laser absorption and denuder; common concentrations found in the 

troposphere. The mist chamber (Talbot et al., 1990), diffusion scrubber (Komazaki et al., 

2001) and laser photolysis fragment fluorescence (Papenbrock and Stuhl, 1990) do not 

suffer from inaccuracies at low concentrations but were found to take up to 10 minutes 

to reach such a detection limit due to absorption of HNO3 onto the walls of the inlet. 

High frequency online measurements of HNO3 are limited due to its stickiness to inlet 

walls and materials, stressing the importance for the choice of inlet material (Neuman et 

al., 1999).   

 

In 1998 the filter pack technique was compared to measurements of HNO3 using two 

CIMS instrument (Fehsenfeld 1998). It was found that the two CIMS had a good 

agreement (within 10%) whereas the filter pack often over estimated concentrations due 

to the dissociation of NH4NO3 on the first filter. This further indicated the ability for 

CIMS to accurately measure HNO3 with a low sensitivity and fast time response.  

 

1.6.1.6 Chemical Ionisation Mass Spectrometer (CIMS) 

Arnold and Hauck (1985) and Huey et al. (1998) developed a CIMS technique to 

measure HNO3 with a limit of detection of around 10 ppt and integration time of a few 

seconds. This was then implemented by Neuman et al., (2001) for lower stratospheric 

and upper tropospheric measurement with a limit of detection of 30 ppt and time 

response of 1 second. Further campaigns by Neuman et al., (2002) allowed boundary 

layer measurements of HNO3; indicating the reliability of CIMS HNO3 measurements at 

a range of altitudes in the atmosphere with a high sensitivity, low limit of detection at a 

fast time resolution.  
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Measurements of HNO3 using CIMS have been taken by Veres et al., (2008, 2011), 

verifying its proficient ability to sensitively measure HNO3 at a high frequency. 

Although CIMS has been proven to be a useful technique for airborne HNO3 

measurements in the United States, no campaigns had taken measurements around the 

United Kingdom before 2011. 

 

1.6.2 Formic acid (HC(O)OH) 

1.6.2.1 Ion chromatography 

Initial measurements of HC(O)OH were made using liquid ion chromatography with 

ultraviolet detection (Grosjean et al., 1990) and sodium carbonate denuder tubes (Norton 

et al., 1992) implementing ion chromatography with conductivity detection. Both of 

these methods suffer from high limits of detection and low time resolution as they 

require offline analysis.  

 

1.6.2.2 Infrared spectroscopy 

Infrared spectroscopy enabled the first airborne measurements of HC(O)OH (Worden et 

al., 1997) which allowed column densities to be taken, although the detection limit was 

often above the ambient concentrations. 

 

A pulsed quantum cascade laser has been used on board an aircraft over New England 

which simultaneously measured formaldehyde (HCHO) and HC(O)OH (Herndon et al., 

2007). This method has a time resolution of 60 seconds and suffers from cross 

interference with water.  

 

The first satellite measurements by Rinsland et al., (2006) using a Fourier Transform 

Infrared Spectrometer (FTIR) allowed mixing ratios in the upper troposphere to be 

determined with a 2 second time resolution. However, the accuracy of satellite 

measurements is limited at altitudes lower than 11 km as an “a priori” vertical profile is 

implemented and can lead to error up to 31% (Zander et al., 2010). 

 

Infrared Atmospheric Sounding Interferometer (IASI) has also successfully measured 

column densities (Coheur et al., 2009) to retrieve vertical profiles of HCOOH. FTIR 



29 

 

satellite measurements of HC(O)OH have produced vertical mixing ratios down to 5 km 

with a statistical error in concentration of 50% (Gonzalez et al., 2009).  

 

1.6.2.3 Mass spectrometry 

A tandem mass spectrometer was utilised by Chapman (1995) using ratios of parent to 

daughter ions by successive collisions in order to determine HC(O)OH concentrations. 

The two quadrupoles are used to ionise then fragment the ions in order to produce 

unique ions for the species of choice. Collision conditions are often insufficient to 

fragment the parent ion thus the parent ions intensity is measured. Recently Veres 

(2008), Roberts et al., (2010, 2011) and Bertram et al. (2011) have shown how CIMS 

can be used to selectively detect gas-phase organic acids with a limit of detection below 

0.1 ppb for 1 second measurements. This means HC(O)OH can be measured accurately 

in the troposphere at a high time resolution and with limited interferences. Sensitivities 

such as 23 counts per second per ppt have been achieved to enable this fast time 

response at low detection levels (Veres et al., 2008).  

 

1.6.3 Hydrogen Cyanide (HCN) 

1.6.3.1 Infrared spectroscopy 

Column measurements of HCN can be obtained using Infrared Spectroscopy (IR) 

(Coffey et al., 1981; Zhao et al., 2002; Kleinbohl et al., 2006; Rinsland et al., 2007). 

Accurate tropospheric concentrations are limited using this technique due to the lack of 

resolution and ability to quantify vertical profile concentrations below 11 km (Rinsland 

et al., 2000). Yokelson et al. (2011) measured HCN from forest fires in Mexico onboard 

an aircraft using an FTIR capable of a time integration period of 0.83 seconds to acquire 

excess mixing ratios of HCN, but only for concentrations above 5 ppb. 

 

1.6.3.2 CIMS 

Negative Ion Chemical Ionisation Mass Spectrometer (NI-CIMS) using CO3
-(H2O)n as 

the reagent ion has measured HCN in the lower and upper stratosphere (Schneider et al., 

1997). The CIMS enabled fast time response for measurements but suffered from 

inaccuracies of up to 30% and was limited to measurements 1km above the tropopause 

due to the reliability of the reagent ion. The use of CF3O
- by Crounse et al., (2006) 

allowed HCN to be measured via a cluster ion with a sensitivity of 15 ppt in low water 
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conditions where hydrolysis of the reagent ion in the presence of above 1% water 

severely affects the sensitivity due to the formation of water cluster ions obscuring the 

mass spectra.  

 

1.6.3.3 Proton Transfer Mass Spectrometer (PTR MS) 

Recent PTR MS measurements of HCN have been found to exhibit a high temperature 

and humidity dependence due to the proton affinity being similar to that of water 

(Knighton et al., 2009). There is also an interference with ethene as the cluster C2H4
+ ion 

is formed which has the same mass to charge ratio as HCN and therefore causes an 

interference of ratio 1:0.1ppb. 

 

1.6.3.4 Gas chromatography 

A gas chromatography method has been developed and successfully implemented for 

bottle samples (Singh et al., 2003) with a limit of detection of 30 ppt and requires a 5 

minute merge (i.e. a running mean) for data precision. The offline analysis of this 

method inhibits high resolution measurements, although its low limit of detection allows 

accurate concentrations to be obtained. 

 

1.6.4 Dinitrogen pentoxide (N2O5) 

1.6.4.1 Indirect measurements via NO3 

N2O5 measurements are notoriously difficult in comparison to NO3 as it does not absorb 

at visible wavelengths (Smith et al., 1995; Allan et al., 2000; Geyer et al., 2001). 

Techniques which measure NO3 have been developed to infer N2O5 concentrations using 

the thermal relationship between NO3 and N2O5, for example high-finesse cavity 

techniques such as continuous wave cavity ring-down spectroscopy (Simpson et al., 

2003) and pulsed cavity ring-down spectroscopy (Dube et al., 2006). LIF and CIMS 

have also been employed to measure N2O5 indirectly by thermal dissociation to NO3 

(Slusher et al., 2004; Matsumoto et al., 2005b; Wood et al., 2005). LIF was able to 

detect concentrations up to 800 ppt in Tokyo using these techniques, although this 

instrument has been shown to have a limit of detection ranging from 80-4 ppt with 10 

seconds to 1 minute integrations times respectively (Wood et al., 2005; Matsumoto et al., 

2005b).  
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Broadband Cavity Enhancement Absorption Spectroscopy (BBCEAS) has recently 

measured N2O5 onboard an aircraft over the UK by using 2 channels to measure NO3; 

one heated in order to calculate the difference from dissociation of (Kennedy et al., 

2012). Although this instruments has proven its accuracy for NO2 measurements through 

a comparison with CL (Kennedy et al., 2012), possible measurement accuracies 

decrease with transmission efficiencies through separate inlets for determination of N2O5 

concentrations via detection of NO3.  

 

1.7 Chemical Ionisation Mass Spectrometry (CIMS) 

The selectivity, sensitivity and fast time response has enabled CIMS to become a 

powerful tool to measure a wide variety of atmospheric trace gases. Atmospheric ion 

composition measurements taken by Arnold and Henschen (1978) and Eisele (1986) led 

to the development of CIMS, allowing measurements of trace species such as HNO3 and 

acetonitrile (CH3CN) (Arnold et al., 1977, 1980, 1986; Arjis and Brasseur, 1986). The 

development of different ionisation schemes and technological advances has led to a 

number of different variations of the CIMS technique to be implemented for 

atmospheric measurements of a variety of compounds.  

 

Although there are variations on the general CIMS method, most consist of the same 

base components and operate through the same processes as shown in figure 3. The ion 

which is to be detected by a mass spectral scan is produced through the collision of the 

species of interest with a chosen reagent ion.  For instance Neuman (2003) uses a source 

of SiF5
- as the ionisation species to react selectively with HNO3 creating a cluster ion 

SiF5(HNO3)
- which can be detected. The ion-molecule region often operates at pressures 

ranging from a few Torr to atmospheric pressure. A Collisional Dissociation Chamber 

(CDC) at an intermediate pressure (Tanner, 1997) is often used to dissociate weakly 

bound cluster ions such as hydrated cluster ions via high energy collisions to ensure the 

signature of the mass spectra produced for the species of interest is not complicated by 

appearing at several different masses. A quadrupole mass filter in a vacuum pressure 

chamber then uses the stability of the trajectories in oscillating electric fields to separate 

ions according to their mass to charge ratio (m/z). An octopole ion guide can also be 

used to aid the guidance of ions between the intermediate pressure regions (Hagg and 

Szabo, 1986) which enhances detection signals (Slusher et al., 2004; Crounse et al., 
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2006; Nowak et al., 2006a,b). The resulting ions are then detected by an ion multiplier 

with a gain of up to 1 × 106, producing a signal in units of ion counts per unit time (Hz). 

Figure 3 is a schematic diagram of the CIMS implemented in this research. 

 

 

Figure 3: A schematic diagram of the chemical ionisation mass spectrometer (CIMS) 

developed and implemented n this study (dimensions not to scale) and a photograph of 

the instrument installed on the aircraft. A permeation source for HNO3 and diluted 

HC(O)OH gas mixture in a 3 litre  cylinder are installed on the rack for in-flight 

calibrations. 
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1.8 Ion chemistry  

CIMS differs from other mass spectrometry techniques by the use of ion molecule 

reactions to selectively ionise the compound of interest in ambient air at low ppt 

concentrations. A signature ion molecule which is unique to the compound of interest is 

produced and observed by the mass spectrometer.  Certain ions produced may not be 

unique to the initial compound of interest i.e. the formation of NO3
- could be a product 

from NO3, N2O5 or HNO3 (Huey et al., 2006) whereas the I- ion will give specific mass 

peaks for HNO3 and N2O5 and NO3 (Le Breton et al., 2012; Paper D).  

 

Product ion stability can be a limiting factor in the choice of the reagent ion. Interference 

via reactions with atmospheric species would complicate the mass spectrum arising in 

multiple peaks. Reactions of water vapour with product ions is a common challenge 

which complicates the mass spectrum as multiple peaks arise (Slusher et al., 2001) as 

observed when measuring pernitric acid (HNO4) using SF6
-, limiting the measurements 

to regions of low water vapour. Certain species may also be in thermal equilibrium with 

their reactants and therefore split if subjected to a temperature increase. Atmospheric 

measurements of N2O5 are notoriously difficult due to this relationship with NO3, 

leading to the development of indirect measurements of N2O5 by observing NO3 

concentrations (Dube et al., 2006).  

 

Naturally occurring atmospheric ions such as NO3
-, CO3

- and H3O
+ hydrated cluster ions 

were originally used (Mohler and Arnold, 1991; Tanner et al., 1997) as they are 

atmospherically stable and readily react with acidic and basic trace species of interest 

such as HNO3. These ions were found to suffer from issues with water clustering and 

reagent ion synthesis (Seeley et al., 1997; Miller et al., 2000) and are therefore confined 

to high altitude measurements. These constraints on reagent ions lead to the 

development of reactive ions whose use is more suitable in a wide range of atmospheric 

conditions; demonstrated by extensive laboratory studies (Hanson and Ravishankara, 

1991b; Jensen et al., 1994).  

 

The array of reagent ions lead to specific applications for the species of interest and 

conditions of measurements, whether this is may be high water vapour in the 

troposphere or high O3 in the stratosphere as for SF6
- (Huey et al., 1995). The 
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instrumental operational conditions must also be suitable for the reagent reaction scheme 

(e.g. pressure, temperature and reaction times).  Therefore, the reagent ion must be 

chosen for its specific use and detection. Table 3 lists the variety of reagent ions used so 

far for field measurements since the review by Huey (2005) and the trace gases which 

are detected.  

 

Table 3: Ionisation reagent gases and detectable species used in situ atmospheric 

measurements from 2006 to present. 

Reagent ion Detected compound Reference 

SiF5
- HNO3 Kita et al., 2006 

SF6
- 

HO2NO2, HCl 
Kim et al.,  2007, McNeill et al., 

2007 

H+(C3H6O) 
NH3 

Neuman et al., 2002 

CO3
- 

SO2 
Speidel et al., 2007 

CH3CO2
‐  HC(O)OH, CH3COCOOH, HONO, HNO3, HNCO, 

C3H4O2, C4H6O2, C2H4O3, C3H6O2, C6H6O2 

Veres et al., 2008, Roberts et al., 
2010 

I- 
ClNO2, N2O5, PAN, HC(O)OH, CPAN*, 

MPAN*, HOBr, BRO, HCN, HNO3 

Kercher et al., 2009, Roberts et 
al., 2009,  

Slusher et al., 2004, Le Breton et 
al., 2012, 2013 

SO2Cl- HONO Hirokawa et al., 2009 

 (C2H5O2)n H
+ NH4 Benson et al., 2010 

NO3
-(HNO3 
O)n H2SO4 

Zheng et al., 2010 

NO3
- 

H2SO4, HO2, RO2 
Hornbrook et al., 2011, Kurten et 

al., 2011 
 *CPAN – peroxyacetic nitric anhydride 

*MPAN – peroxymethacryloyl nitrate 

 

Previous studies have shown the capability of CH3I ionisation scheme to detect a wide 

variety of important atmospheric trace gases simultaneously in a range of atmospheric 

conditions. Recent work has also shown how this scheme is able to detect N2O5, HCN 

and HNO3 (Papers B, C and D). This enables methyl iodide to measure a variety of 

important trace gases with high sensitivity (1-50 ion counts pptv-1) and at a high 

frequency (0.8 seconds) on an aircraft. 
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1.8 Aims of this thesis 

Trace gases play an important role in atmospheric chemical cycling and thus have an 

impact on air quality and climate. They not only effect air quality through their own 

physical properties but are also often the precursors to the production and destruction of 

primary oxidants. To accurately constrain the roles these trace gases play in the 

atmosphere and their contribution to air quality, further knowledge of their production 

pathways and evolution is needed. The concentration of these species and subsequent 

effects vary with latitude, longitude, altitude, temperature, pressure, solar intensity, 

meteorological conditions, anthropogenic activity and concentration of other reactive 

species present. Airborne measurements are therefore integral to constraining these 

species within global models and also furthering our knowledge of global circulations of 

emissions from events such as forest fires. A CIMS has been implemented to measure 

trace species at low ppt concentrations onboard an aircraft at high measurement 

frequencies and limits of detection in the low ppt range. 

 

An inlet must be designed that is suitable for the measurement of sticky compounds such 

as HNO3, i.e. short length, suitable material and heated. An inlet allowing instrument 

background measurements in flight must be installed. Varying flight conditions which 

could impact the sensitivity of the CIMS must be measured and accounted for in the data 

analysis. Therefore, a calibration system must be developed to allow calibrations of 

HC(O)OH and HNO3. Remote access to the valves which control the calibration system 

is needed as the CIMS is not accessible during a flight. In conjunction with the species 

specific calibrations, an additional sensitivity assessment of the CIMS relative to 

additional variations in sampling conditions must be conducted in order to validate the 

instrument and eliminate any analytical artefacts. Such factors include dependencies of 

thermodynamic conditions (e.g. temperature and humidity) or pumping volume 

decreasing as a function of atmospheric pressure.   

 

A software package is needed to process the data acquired during a flight. The analysis 

necessary for CIMS data must factor in variability in the data observed from flight to 

flight. The software must be flexible in its analysis as investigated dependencies of 

sensitivity throughout the development of the instrument must be accounted for and 

incorporated into the data. The software must allow the processed data to be used in 
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conjunction with other data acquired in the same time series to allow for a full 

interpretation of multiple data acquisition from other instruments. 

 

Limited measurements have been acquired in the UK to constrain the sources of 

HC(O)OH. Therefore the first measurements of HC(O)OH over the UK will help further 

our knowledge of the current sources and dominant production pathways. Primary and 

secondary production will be assessed with supporting measurements of CO, NOx and 

O3. Atmospheric chemistry Trajectory models will be implemented to allow a 

comparison between the data collected from flights around the UK. This will validate 

both the CIMS measurements and the accuracy of the models in reproducing observed 

concentrations and confirm if the different sources are constrained accurately. 

 

The correlation of HC(O)OH and HNO3 observed by Veres et al., (2010) indicates the 

importance of the photochemical source of these species. Simultaneous measurements of 

these gases around the UK can validate the magnitude of this production pathway. O3 

and NOx measurements will be used to infer the photochemical production pathway used 

as an indication of plume development and aging. Additional HNO3 measurements 

further validates the secondary production of HC(O)OH. The sources incorporated into 

global models will be adjusted to understand where the discrepancies between measured 

and modelled acid concentrations occur. This work will investigate the link between 

HNO3 and HC(O)OH to probe the oxidising capacity of the troposphere. 

 

The efficiency of daytime tropospheric O3 production and the formation of secondary 

aerosols are influenced by NO3 and N2O5 levels from the previous night (Johnston et al,. 

1971). N2O5 formation can also act as a sink for NO3, the strongest night time oxidant, 

by further reacting with water to form HNO3, or with sea salt aerosols which activates 

halogen compounds (Atkinson and Arey, 2003). As N2O5 and NO3 are in equilibrium 

with each other dependent on temperature, high variability occurs spatially and 

temporally. Therefore the direct measurement of N2O5 can help further our 

understanding of the availability of NO3 at night and therefore O3 production potential 

the following day.  

 

BB is a major source of trace gases to the atmosphere, with concentrations often high 

enough to impact regional air quality (Damoah et al., 2004). Evolution of BB plumes 
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plays a crucial role in determining the effects these events have on a global scale. A 

method of plume identification is needed in order to study this evolution. This work will 

investigate an ionisation scheme for the detection of HCN. Furthermore, utilising the 

high sensitivity of CIMS and low detection limits, the data will be used to define what 

can be classified as “in plume” data. 

 

The overall aims of this thesis are to; 

 

 Develop the Manchester CIMS for simultaneous, high frequency measurements 

of HC(O)OH, HNO3, HCN and N2O5 using the CH3I ionisation scheme. 

 Develop an analysis toolkit software for the aircraft data collected. 

 Utilise the first aircraft measurements of HC(O)OH over the UK to investigate 

its dominant production pathways and compare to model predictions. 

 Investigate photochemical production of HC(O)OH and HNO3 by simultaneous 

measurements from CIMS 

 Develop the ionisation scheme for N2O5 measurements and compare results 

taken on aircraft with BBCEAS N2O5 measurements. 

 Develop the ionisation scheme for HCN measurements and utilise the data as a 

BB plume marker.  
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2. Paper A 

“Airborne measurements of formic acid using a chemical ionisation mass spectrometer” 

 

Atmospheric Measurements Techniques 5, 3029–3039, 2012 

 

Authors: M. Le Breton, M. R. McGillen, J. B. A. Muller, A. Bacak, D. E. Shallcross, P. 

Xiao, L. G. Huey, D. Tanner, H. Coe, and C. J. Percival. 

 

M. McGillen was integral to initial deployment of CIMS onto the aircraft. J. Muller and 

A. Bacak helped me with the initial setup for aircraft measurements and laboratory tests. 

I operated the instrument during this flight and analysed the data using a toolkit 

developed in the first year of my PhD. S-J. Bauguitte supplied the NOx data from the 

core chemistry instrument on the aircraft. I wrote the paper with direction from my 

supervisor. D. E. Shallcross performed atmospheric modelling. All work was carried out 

under the supervision of C. J. Percival. 
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Abstract. The first airborne measurements of formic acid
mixing ratios over the United Kingdom were measured on
the FAAM BAe-146 research aircraft on 16 March 2010 with
a chemical ionization mass spectrometer using I− reagent
ions. The I− ionization scheme was able to measure formic
acid mixing ratios at 1 Hz in the boundary layer.

In-flight standard addition calibrations from a formic acid
source were used to determine the instrument sensitivity
of 35± 6 ion counts pptv−1 s−1 and a limit of detection
of 25 pptv. Routine measurements were made through a
scrubbed inlet to determine the instrumental background.
Three plumes of formic acid were observed over the UK,
originating from London, Humberside and Tyneside. The
London plume had the highest formic acid mixing ratio
throughout the flight, peaking at 358 pptv. No significant cor-
relations of formic acid with NOx and ozone were found,
but a positive correlation was observed between CO and
HCOOH within the two plumes where coincident data were
recorded.

A trajectory model was employed to determine the sources
of the plumes and compare modelled mixing ratios with mea-
sured values. The model underestimated formic acid concen-
trations by up to a factor of 2. This is explained by miss-
ing sources in the model, which were considered to be both
primary emissions of formic acid of mainly anthropogenic
origin and a lack of precursor emissions, such as isoprene,
from biogenic sources, whose oxidation in situ would lead to
formic acid formation.

1 Introduction

Organic acids are ubiquitous in the gas and aerosol phase,
common constituents of global precipitation (Keene et al.,
1983) and are measured in urban, rural and remote areas
(Talbot et al., 1988). The contribution of organic acids to the
acidity of precipitation and subsequent effects on aquatic and
terrestrial ecosystems has been documented by Keene and
Galloway (1986). Formic (HCOOH) acid can dominate free
acidity of precipitation, thereby having an influence on pH-
dependent chemical reactions and OH cloud chemistry (Ja-
cob, 1986). Low molecular weight organic salts are present
in the fine fraction of aerosols, whose physical properties,
namely hygroscopicity, include relatively low critical super-
saturations, allowing the activation of cloud droplets to oc-
cur and subsequently affecting the total indirect forcing (Yu,
2000).

Sources of formic acid include biogenic and anthro-
pogenic primary emissions, e.g. biomass burning (Burling et
al., 2010) and in situ production such as hydrocarbon ox-
idation, though their relative fluxes are poorly constrained
(Chebbi and Carlier, 1996). The major sinks of saturated
carboxylic acids are dry and wet deposition as a result of
their low reactivity towards OH and NO3. Sanhueza and
Andreae (1991) and Hartmann et al. (1991) have shown
that forests (acetic acid dominating) and particularly savanna
regions (formic acid dominating) in Venezuela are strong
sources of formic and acetic acid. These are thought to be

Published by Copernicus Publications on behalf of the European Geosciences Union.
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in part from direct emission by plants, but are dominated
by in situ production following ozonolysis of alkenes (San-
hueza et al., 1996), where savanna levels for both species
peaked around midday with a level of around 1 ppbv. Gros-
jean (1992) observed high levels of formic at a site in South-
ern California close to a coastal area, here direct emissions
of acetic acid dominated over formic acid by a factor of 2,
peaking in the summer at 20.4 and 9.6 metric tons per day,
respectively. It was concluded that in situ production was of
similar magnitude, with formic acid dominating over acetic
acid (25.0 and 10.1 metric tons per day rising to 34.5 for
formic acid but dropping for acetic acid to 4.3 at night). Pre-
unkert et al. (2007) also concluded that in situ production was
the dominant process for formic and acetic acid production
in Europe, based on high-altitude measurements. However,
these in situ production rates are based on earlier product
data for acid formation from the ozonolysis of alkenes; more
recent data (Leather et al., 2012) would suggest that the in
situ production has been overestimated.

Johnson and Dawson (1993) carried out13C and14C anal-
ysis from background sites in the USA and concluded that
direct emission of formic acid from C3 plants was the most
likely dominant source. Biomass burning is also a significant
source of formic and acetic acid (Dibb et al., 1996; Talbot
et al., 1999; Zhong et al., 2001). In Sao Paolo, Fornaro and
Gutz (2003) concluded that high acetic acid resulted from di-
rect emissions from ethanol fuelled cars, whilst high formic
acid came from in situ production. Ocean sources of these or-
ganic acids have been suggested by Baboukas et al. (2000).

Gas-phase concentrations of formic acid in particular have
been measured in the low ppb ranges (Talbot et al., 1999),
and the modelled atmospheric lifetime has been suggested to
be 3.2 days (Paulot et al., 2011). Global models underpredict
formic acid budgets (von Kuhlmann et al., 2003; Rinsland et
al., 2004; Paulot et al., 2011) by up to a factor of 50 in ma-
rine locations. Such discrepancies between perceived source
strengths and observed atmospheric concentrations have led
many authors to speculate upon the existence of a missing or
poorly constrained source term (e.g. Grosjean and Seinfeld,
1989; Talbot et al., 1988, 1995; Granby et al., 1997; Rins-
land et al., 2004), and it has been suggested by several of
these studies that an unknown anthropogenic, and perhaps
secondary source may be responsible, such as higher bio-
genic emissions during the growing season (Rinsland et al.,
2004) and ageing of organic aerosols (Paulot et al., 2011).
Also, the oxidation of volatile organic compound (VOC) pre-
cursors leading to the production of formic acid has been sug-
gested as a significant source (Arlander et al., 1990), for in-
stance the ozonolysis of ethene, whose emissions have been
estimated to be 15 Tg yr−1 (Broadgate et al., 1997; Paulot et
al., 2011).

Proton transfer reaction mass spectrometry has been used
for the detection of organic acids, but has a limit of detection
(LOD) of the order of a ppb (de Gouw et al., 2003). How-
ever, negative ion chemical ionization mass spectrometry

(NI-CIMS) has proven to be a powerful method for sensi-
tive and selective measurements of organic acids at the ppt
level (Amelynck et al., 2000; Crounse et al., 2006; Paulot et
al., 2009a, b). More recently, Veres et al. (2008), Roberts et
al. (2010, 2011) and Bertram et al. (2011) have shown that
chemical ionization mass spectrometry can be used to selec-
tively detect gas-phase organic acids with a limit of detection
below 0.1 ppbv for 1s measurements of formic acid. Veres
et al. (2008) report a limit of detection of 80–90 pptv and
sensitivity of 24 ion counts s−1 pptv−1 using the acetate ion-
ization scheme. Roberts et al. (2010) utilised the same tech-
nique for measurements of formic acid and other inorganic
acids such as HONO. Although the sensitivity to formic acid
is not quoted, the sensitivity for HNCO of 16 ion counts
s−1 pptv−1 is reported. The rapid time response of CIMS is
particularly well suited for airborne measurements, and this
study focuses on the development of a negative ion chem-
ical ionization mass spectrometer (CIMS) utilising I− as a
method for the on-line measurement of carboxylic acids on
an airborne platform.

2 Experimental details

2.1 CIMS apparatus

Chemical ionization mass spectrometry (CIMS) was used for
real-time detection of formic acid. The CIMS instrument em-
ployed here was built by the Georgia Institute of Technol-
ogy as previously described by Nowak et al. (2007). The
schematic in Fig. 1 shows the setup used and operating con-
ditions of the CIMS on board the FAAM BAe-146 research
aircraft.

2.1.1 Inlet

The sample air for the CIMS was obtained by sub-sampling
from the aircraft air sampling pipe (ASP). The ASP is a ram
air inlet consisting of a 6 cm OD stainless steel pipe, with
an internal surface which has been highly electro-polished
for inertness. Several 0.6 cm and 1 cm OD Swagelok ports
are welded to the ASP, separated by∼ 8.9 cm, providing
air to instrumentation in the cabin. Pressure measurements
in the ASP were conducted at a flight level of 8230 m with
a pitot tube in order to determine the linear air velocity in
the ASP during scientific cruise speed, typically 210 knot
aircraft-indicated air speed. For an outside static pressure of
261 Torr, the ASP static pressure was 309 Torr, and its ram air
pressure was 325 Torr. The derived ASP linear air velocity is
85 m s−1. Given an estimated ASP ID of 45 mm (15.90 cm2

cross-section), the equivalent volumetric flow rate through
the ASP is 135 L s−1. The sub-sample passed through a
1.3 cm diameter PFA (perfluoroalkoxy) inlet line that entered
the CIMS body through a 8.9 cm 3-way valve (with inter-
nal orifice diameter of 0.63 cm, M-Series Solenoid Valve,
TEQCOM). A rotary vane pump (Picolino VTE-3, Gardner
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Fig. 1.Schematic of chemical ionization mass spectrometer (CIMS)
used in this study. Arrows indicate direction of gas flow. Dimen-
sions are not to scale.

Denver Thomas) allowed a fast inlet flow of 13 L min−1,
which corresponded to a residence time of 0.7 s (at standard
temperature and pressure) in the total length of inlet tubing. It
was not possible to test for loss along the ASP in situ; how-
ever, during ground tests only a 3 % loss of HCOOH was
observed for a inlet residence time of 0.8 s. Thus, the impact
of the ASP losses are assumed to be negligible as they are
smaller than the sum of other systematic errors.

2.1.2 Ionization region

Initially the sample passed through a 380 µm diameter sized
pinhole to reach the ion-molecule region (IMR) where ion-
ization occurred at a pressure of 22 Torr, maintained by a
dry scroll backing pump (UL-DISL 100, ULVAC Industrial).
Sample flow through the orifice was 0.8 SLM on the ground.
The pressure in the ionization region was set and controlled
to 22 Torr, and thus the flow through the orifice changes
slightly with ambient pressure. Flows were controlled and
measured using a mass flow controller (MKS 1179 and
MKS M100 Mass flow controllers, MKS Instruments, UK)
and Baratron (1000 Torr range, Pressure Transducer, Model
No. 722A, MKS Instruments, UK). At the IMR, N2 was
added at a flow rate of∼ 1.5 SLM, and the ionization gas
mixture of CH3I/H2O/N2 at a rate of 1 SCCM passed over the
ion source (Polonium-210 inline ionizer, NRD Inc Static So-
lutions Limited), producing an excess of I− and I− · H2O ions
in the IMR, which then ionized the organic acid molecules in
the air sample.

2.1.3 Ion filtration and detection

The ions are then passed through the pinhole (600 µm) of a
charged plate, which entered the mass spectrometer section
of the instrument, i.e. the first octopole ion guide chamber
which is the collisional dissociation chamber (CDC) where
weakly bound ion–water clusters are broken up to simplify

the resultant mass spectrum. The pressure in the CDC of
0.24 Torr was achieved by the use of a molecular drag pump
(MDP-5011, Adixen Alcatel Vacuum Technology). After the
CDC, the ions passed through the second octopole ion guide,
which has the effect of collimating the ions. The octopole
chamber was held at a pressure of∼ 10−3 Torr which was
maintained by a turbomolecular pump (V-81M Navigator,
Varian Inc. Vacuum Technologies). Past the second octopole
chamber, the ions were mass selected by a quadrupole with
pre- and post-filters with entrance and exit lenses (Tri-filter
Quadrupole Mass Filter, Extrel CMS). The quadrupole sec-
tion was kept at a pressure of 10−4 Torr by a second tur-
bomolecular pump (V-81M Navigator, Varian Inc. Vacuum
Technologies). The selected ions were then detected and
counted by a continuous dynode electron multiplier (7550 M
detector, ITT Power Solutions, Inc.).

2.2 Ionization scheme

The ion-molecule chemistry using iodide ions (I−) for trace
gas detection has been described by Slusher et al. (2004) and
was utilised here to detect organic acids. A gas mixture of
methyl iodide, CH3I, and H2O in N2 is prepared by gas ex-
pansion and used to obtain reagent ions I− and water clusters
I− · H2O, of which the latter is important for the ionization of
formic acid, forming the acid–iodine adducts as seen in the
mass spectrum (Fig. 2). Formic acid was ionized by I− via
an adduct reaction,

I− · H2On + HCOOH→ HCOOH· I− · H2On , (R1)

which enabled formic acid to be detected selectively at
m/z = 173. As the ionization efficiency is dependent on the
presence of water vapour through the production of I−

· H2O
(Slusher et al., 2004), water vapour was added to the ion-
ization gas mixture so as to produce an excess of I−

· H2O
cluster ions and hence allow operation in the water vapour
independent regime. The mix was produced using a manifold
by evaporating the liquid deionized H2O (≥15.0 M� cm, ob-
tained from a PURELAB Option-S 7/15, ELGA) and CH3I
sequentially into the manifold to reach the partial pressures
of 10 Torr H2O and 15 Torr CH3I, before adding 3800 Torr
of N2 to make a ionization gas mixture of 0.39 % CH3I and
0.26 % H2O. Methyl iodide CH3I, ≥ 99.5 %, was purchased
from Sigma Aldrich and used as provided. Typical reagent
ion values were I− = 1.5×106 Hz and I· H2O = 2.5×106 Hz.
The pressure in the CDC was 0.25 Torr, where the local elec-
tric field divided by the gas number density (E/N ) was 180
Townsend (Td = 10−17 V cm2).

2.3 Formic acid calibrations, sensitivity and LOD

Formic acid calibrations were made pre-flight and in-flight.
The calibration cycle involves obtaining the formic acid in-
strumental background by passing the sample air through an
acid scrubber which is made of nylon turnings coated with
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Fig. 2.Mass spectrum of CIMS during flight B518, 16 March 2010
at 16:00. Ionization peaks and formic acid adduct mass are labelled.
Peaks atm/z 190, 201, 215 correspond to HNO3, propanoic and
butanoic acid, respectively. The FWHM is 1 amu atm/z = 173.

sodium bicarbonate. After an effective zero acid air flow for
background determination, a known amount of formic acid
from a pressurised gas cylinder is added to this scrubbed air
flow until a plateau in formic acid signal is achieved. A sec-
ond background determination is carried out before the 3-
way PFA valve is switched back to atmospheric sampling
mode (Fig. 1). The organic acid gas mixture that was used
for the in-flight calibrations of the CIMS was analysed by
flame ionization detection as follows. A liquid standard of
the acid (with toluene added) was diluted and then injected
directly onto a gas chromatography-flame ionization detec-
tor system (GC-FID ADS). The dilution factor was deter-
mined by the dilution of the toluene, referenced to a certified
synthetic standard (Apel-Riemer Environment, USA) as out-
lined by Yates et al. (2010). The in-flight standard was then
calibrated against this standard mixture, and the formic acid
calibration factor was applied to the relative formic acid con-
centrations during post-flight data processing. During a test
flight, the calibration was proven to be invariant with altitude.
Calibrations were performed from 15 to 920 m, and the vari-
ation in inlet flow was taken into account. The sensitivity de-
termined from the calibrations at these altitudes were within
3 sigma of the error calculated from the statistical noise of
the calibration signal in the plateau region.

The sensitivity of the CIMS to formic acid (in units of
counts/ppb of formic acid) was calculated as the ratio of the
background corrected formic acid calibration counts to the
formic acid absolute calibration factor (in units of ppb). The
formic acid signal was normalized for I· H2O− counts to re-
move variance caused by changes in reagent ion signal. For
this flight the sensitivity was 35± 6 ion counts s−1 pptv−1.
The 3σ limit of detection (LOD) for formic acid was cal-
culated to be 25 pptv. The instrument response time was es-
timated by adding a known amount of formic acid to the in-
strument for a given period of time, as shown in Fig. 3. The
calibration gas is delivered via a 1/8′′ diameter PFA tube to
the acid-scrubbed air (3/8′′ tubing) about 3 cm before the 3-
way valve. Total inlet flow was measured and no clear differ-
ence between background/calibration flow and flow in sam-
pling mode was observed, and the pressure drop across the
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Fig. 3.Typical cycle for background, sampling and calibrations dur-
ing flight.

scrubber is hence minimal. The instrument has an e-folding
time of 1.5 s and a response time, i.e. the time required for a
steady-state signal to decay to 10 % of the initial signal when
a background measurement is made (Veres et al., 2008), of
4 s. The background was determined in-flight every sixty
minutes. The average difference between consecutive back-
grounds was 30± 5 pptv.

2.4 Data logging, capture and handling

The CIMS can count a number of separate masses in se-
quence; eight here, with a dwell time of 100 ms each yield-
ing a sampling frequency of 1.67 Hz. Alternatively, spectral
scans across the whole mass spectrum can be taken. Spectral
scans were performed twice during the flight B518 (Fig. 2).
The high-frequency formic acid time series was analysed by
removing background counts (averaging to 30 s) and cali-
brating relative counts using the calibration factor obtained
during the in-flight calibration cycle (averaging to 30 s). The
formic acid data capture is 86 % for the whole flight, and the
14 % of data loss is a result of the in-flight calibration and
background measurements. Data obtained during transit at
3048 m (10 000 feet) are not shown as no calibration was per-
formed at this height and calibration altitude independence
was only confirmed for heights up to 914 m (3000 feet, see
previous text).

2.5 FAAM BAe-146 onboard instruments

In addition to formic acid data, observations of CO, NO2
and O3 are used in the analysis. Nitric oxide (NO) and nitro-
gen dioxide (NO2) were measured using separate channels of
a chemiluminescence detector and were reported every 10 s
with an uncertainty of±6 % ppbv (Stewart et al., 2008). CO
data are reported at 1 Hz using as fast fluorescence CO anal-
yser with an uncertainty of±5 % (Gerbig et al., 1999). Ozone
was measured using a UV Photometric Ozone Analyser at
1 Hz with an uncertainty of±3 ppbv (Real et al., 2007).

2.6 Trajectory model

A trajectory model has been used to estimate formic acid
concentrations along the B518 flight path. The trajectory
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Fig. 4.Time series of 30-s averaged formic acid observations (left axis) with altitude (right axis) from the 16 March 2011 flight. The London,
Humberside and Tyneside plumes have been labelled. Sections of the flight where there are backgrounds, calibrations and transits are set to
zero, and comparison with back trajectory modelled data is shown.

model used for this purpose has been described in previ-
ous papers (Derwent et al., 1991; Derwent and Jenkin, 1996;
Johnson et al., 2006a, b; Evans et al., 2000) and will be only
briefly described here. The trajectory model simulates the
chemical development in a well-mixed air parcel being ad-
vected along multi-day trajectories. The air parcel picks up
emissions of NOx, CO, SO2, methane, anthropogenic VOC
and biogenic VOC when in the boundary layer, which are
processed using an appropriate description of the chemical
and photochemical transformations leading to the formation
of ozone and other secondary pollutants. Dry deposition of
species also occurs when the air parcel is in the boundary
layer.

Two chemistry modules have been integrated into the tra-
jectory mode: the full Master Chemical Mechanism (MCM
v3.1; Jenkin et al., 1997) and the Common Representative In-
termediates scheme (CRIv2-R5; Jenkin et al., 2008; Watson
et al., 2008; Utembe et al., 2009, 2011a, b; Archibald et al.,
2010). Trajectories are generated by the Hysplit model and
integrated for four days, arriving at a point coincident in time
and space with the aircraft flight track (Draxler and Rolph,
2003).

2.7 Field conditions for flight B518

The 1 Hz formic acid data obtained from takeoff until land-
ing on flight B518, 16 March 2010, enabled observations
of plumes from a variety of sources. The measurements
were taken over the North Sea, aiming to intercept pollution
plumes from the UK carried by a south-south-westerly wind
with wind speed of 2.8 m s−1. The meteorological conditions
for the previous 3 days and the day of the flight were free
of precipitation. These conditions favoured the accumulation
of carboxylic acids in the vapour phase, since wet deposition
would have been reduced.

3 Analysis and discussion

3.1 Observations of formic acid concentrations

The instrumental sensitivity of 35± 6 ion counts pptv−1 s−1

is comparable with previously reported measurements of
formic acid using CIMS (Veres et al., 2008; Roberts et al.,
2010). Formic acid mixing ratios ranged from 34.4 pptv to
358 pptv, as shown in Fig. 4, intersecting 3 separate ma-
jor plumes during the flight. The mean mixing ratio dur-
ing the flight was 142.4 pptv, with a 3-sigma standard de-
viation of 71.9 pptv. A comparison with previously reported
data is difficult due to its scarcity. Satellite and infrared (IR)
measurements have been made, but these are mainly at al-
titudes greater than 2 km. Zander et al. (2010) reported an
average mixing of ratio of 110.9 pptv in the 3.58 to 10.6 km
region, which is comparable to the concentrations reported
here. Satellite-based IR measurements have been made to al-
titudes of 5 km, where mixing ratios of 157± 60 have been
recorded (Gonźalez Abad et al., 2009), similar to the smaller
plumes measured on flight B518. A decrease in mixing ratios
with altitude is observed, which is most likely a consequence
of the increasing distance from direct and indirect sources
which results in the dilution of the original plume material
and allows time for loss processes (predominantly deposi-
tional) to operate. It is difficult to compare the measurements
made here with the current data available due to the possible
variances in experimental conditions such as different obser-
vational regions, times, altitudes and also measurement tech-
niques.

3.2 Urban plumes

Flight B518 intercepted 3 separate plumes of formic acid
over the UK. The different plumes detected during the flight
were plumes from London, Humberside and Tyneside; these
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Fig. 5. The FAAM BAe-146 flight track on 16 March 2010 over the UK. Formic acid mixing ratios are reverse rainbow colour coded from
0 ppb to 0.36 ppb. Populated urban areas are indicated and labelled.

are labelled in Fig. 4. The London, Humberside and Tyneside
plumes had peak concentrations of 358, 311 and 192 pptv, re-
spectively. The ability to detect these different source areas
demonstrates the utility of the instrument for formic acid de-
tection.

The highest formic acid concentration throughout the
flight was measured from the London plume. The London
metropolitan area is densely populated with a high volume
of industrial, domestic and transport activity, a known ma-
jor source of carboxylic acid emissions (Chebbi and Carlier,
1996). Kawamura and Kaplan (1985) observed formic acid
emitted directly from motor vehicle exhausts, which our re-
sults show agreement with. The high volume of traffic in
the Greater London region is likely to be a major source
of formic acid. Important emissions from anthropogenic
sources, such as motor exhausts’ incomplete combustion of
fuel, indicate high levels of formic acid should be emitted
from the London area (Kawamura and Kaplan, 1985). Enol
formation during combustion has also been noted as a poten-
tial source of organic acids (Archibald et al., 2007b). Flight
B518 collected data passing through this region. Figure 5
shows the flight track and the concentrations observed on this
day. The south-south-westerly wind direction allowed mea-
surements of this plume at an altitude of 700 m, 230 km away
from the source. With the average wind speed of 2.8 m s−1 on
this day, the plume is estimated to have taken around 18 h to
reach the location where the CIMS detected it (off the North
Norfolk coast). The time series of formic acid concentrations
indicates a peak mixing ratio of 358 pptv over this region. No
correlations were observed with NOx and O3, although NOx
is known to be a marker of traffic and anthropogenic sources.
However, restricting ourselves to just data known to be as-
sociated with a plume, a positive correlation between CO
and HCOOH emerges (see Fig. 6). Although it is tempting to
infer a primary source of HCOOH from urban environments,
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Figure 6. Correlation plots of HCOOH v CO for the London and Humberside plumes. 
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Fig. 6. Correlation plots of HCOOH vs. CO for the London and
Humberside plumes.

it is also possible that these data infer that HCOOH precur-
sors are emitted from urban areas and therefore correlate with
CO (see later). The different formation and loss processes
of NOx and formic acid may have different time constants,
therefore producing a low correlation even if a strong pri-
mary emission of HCOOH exists. Since CO is effectively an
inert tracer of pollution on the timescales considered here,
a correlation with HCOOH is strong evidence of an urban
source.

The second plume detected during the flight was from the
Humberside region. This is an urban area but with lower pop-
ulation and industrial activity than London; the lower con-
centrations observed may reflect this difference, but dilution
will also be a factor. North of latitude 53◦50, the average
ambient mixing ratio drops to below 100 pptv, whereas an
average concentration before this was 200 pptv. This low am-
bient concentration allowed the detection of a plume with a
peak of 192 pptv from the Tyneside region (Fig. 7). Tyneside
is expected to be a heavily polluted area similar to that of
Humberside and with similar sources as London. The lower
mixing ratios found in the Tyneside plume could be due to a
number of reasons: lower direct emissions, lower precursor
emissions, more aged plume, greater depositional loss, etc.
More data are needed to identify and characterise important
source regions over the UK.
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Fig. 7. Box and whisker plots of total flight data and individual
plumes detected during flight B518. Whiskers indicate the 5th and
95th percentile.

3.3 Altitude profile

The correct altitude profile is essential for satellite retrievals
and their inference regarding the photochemistry of formic
acid. A vertical profile of formic acid from 800 to 2300 m is
shown in Fig. 8. The concentration increases up to 1200 m,
peaking at a concentration of 313 pptv and then falling off
with increasing altitude. Low concentrations were observed
below 1000 m. Although Baboukas et al. (2000) observed
emissions of formic acid from the ocean, net flux measure-
ments are not well known. Emission rates during this flight
may have been lower than the deposition rates, causing the
observed lower concentrations. If the only source of formic
acid was of primary origin from the surface, then, irrespec-
tive of depositional losses, we would imagine that the highest
levels would be encountered at the surface and the mixing
ratios decrease with altitude. However, it is of course pos-
sible to intercept polluted plumes at only higher altitudes
and, relative to cleaner surface air, this would give rise to
the observations reported. A further explanation of the peak
observed at∼ 1000 m is that there are significant secondary
sources of formic acid, following oxidation of formic acid
precursors within the plume. At 1000 m, air masses rising
from anthropogenic and/or biogenic sources (primary and
secondary) will be far less susceptible to dry deposition, and
so it is possible to imagine that the formic acid altitude pro-
file goes through a maximum at this altitude. A decrease in
concentration is observed at 2000 m; this is effectively the
top of the boundary layer, and this decrease may simply be
dilution of these plumes. The profile in Fig. 8 was measured
on the edge of the London plume. Despite the possible higher
concentrations in the profile contributed by the plume, it can
still provide information concerning the gas as a function of
altitude, although it may not be typical of an ambient formic
acid profile. Hence, the plume correlation between CO and
HCOOH probably indicates that both primary emissions of
HCOOH exist and also emissions of HCOOH precursors ex-
ist in the urban environment.

Reiner et al. (1999) measured formic acid in the UTLS
(standard upper troposphere-lower stratosphere) region from
7–12 km and observed that formic acid concentrations
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Fig. 8. Vertical profiles of formic acid and NOx mixing ratios from
an altitude of 800 to 2300 m.

decrease with altitude, which is in agreement with this work.
The measured formic acid concentrations ranged from 0–
600 ppt, with mean concentrations of 59–215 pptv across the
measured altitude range.

3.4 Comparison between model and measurements

The comparison between the trajectory model CO and O3
and the respective measurements is good, as shown in Fig. 9.
The model slightly underestimates O3 and has a tendency to
slightly overestimate CO. We conclude that the dynamics and
chemical processing components (oxidising capacity) of the
model are operating correctly. If we assume that formic acid
is being formed by in situ chemistry, then ozonolysis of 1-
alkenes should be the dominant source. Since the model O3 is
reasonably well reproduced, we would conclude that where
the model underestimates formic acid significantly (before
ca. 02:00 p.m. LT), there is a shortage of 1-alkene precursors.
As an example, assuming propene as the 1-alkene, model es-
timates suggest that an additional 2–5 ppb is required in the
model to generate the formic acid observed. Rather than a
substantial omission of an emission of a species like propene,
we suspect that lower levels of faster reacting 1-alkenes are
missing from the model. It is perfectly possible for these fast
reacting alkenes to be missing from inventories or for them
to be represented by other alkenes that do not lead to formic
acid formation. There is no suggestion in the measurement
data or the model that a substantial biomass burning source is
present at this time (March). A primary emission of HCOOH
is also a strong possibility and would increase plume levels
of HCOOH.

Although the modelled concentrations do not show as
large a variation as the measurements, there is a clear neg-
ative gradient with altitude, in keeping with the observations.
The model underestimates measurements by a factor of two
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Fig. 9. Ozone and CO concentration time series from flight B518
with back trajectory modelled data.

up to around 02:30 p.m., and from then on agreement be-
tween the two is good (Fig. 4). The sources of formic acid in
the model are the reaction of CH2OO (from ethene ozonol-
ysis predominantly but also other sources such as isoprene)
with water and the reaction of OH with acetylene, where the
former represents over 95 % of the production and the latter
the remainder (Taatjes et al., 2008; Welz et al., 2012; Leather
et al., 2012). Based on the biogenic emission inventory used,
the level of primary emissions from biogenic hydrocarbons
into these trajectories is low. The underprediction early on in
the time series could be due to missing direct surface emis-
sions or missing extremely reactive formic acid precursors
(e.g. Archibald et al., 2007a) such as isoprene. Indeed, in-
spection of the trajectories shows that at around 02:00 p.m.
the aircraft encountered air associated with the plumes from
London and Humberside and would have picked up primary
surface emissions from combustion sources. Measurements
from around 03:00 p.m. onwards are lower; this is a result of
an increase in altitude, where air mass back trajectories sug-
gest that direct input from primary surface sources is much
weaker. If ozonolysis of terminal olefinic species leads to
the formation of CH2OO (Leather et al., 2012; Taatjes et
al., 2008; Welz et al., 2012) and the Criegee intermediate
reacts with water to form formic acid, there may be both
anthropogenic and biogenic sources (e.g. isoprene and cer-
tain terpenes). Inspection of urban isoprene levels from the
UK Air Quality (NETCEN) archive (e.g. Rivett et al., 2003a,
b; Khan et al., 2008) show that typical levels in March are
around 60 pptv, and not all of this will be of biogenic ori-
gin. Using these levels of surface isoprene (higher than those
predicted by the emission model) as input into the trajec-
tory model would not generate anywhere near enough formic
acid to rectify the model underprediction that is seen up to
around 02:30 p.m. Increasing primary morning emissions of
formic acid from an anthropogenic source increases formic
acid in the early afternoon, but has less effect in the late after-
noon, consistent with observations. Therefore, based on such
a simple analysis, the discrepancy early on is probably due
to anthropogenic emissions, either from direct emissions of
formic acid or emission of fast producing HCOOH precur-
sors and their reaction with ozone. Therefore, we conclude

that anthropogenic sources are probably responsible for the
additional formic acid observed before 02:30 p.m., and such
a conclusion is consistent with the correlation of HCOOH
with CO in these plumes.

4 Conclusions

The first detailed formic acid measurements by chemical ion-
ization mass spectrometer (CIMS) onboard an airborne plat-
form using I− ionization chemistry are presented. The I−

ionization chemistry has been successfully employed for the
detection and measurement of trace amounts of atmospheric
formic acid. The sensitivity of CIMS in the detection of
formic acid was 35±6 ion counts s−1 pptv−1, and the limit of
detection was 25 pptv. Mean concentrations of formic acid in
the UK boundary layer on 16 March 2010 were 142±72 pptv.
Higher concentrations were observed in plumes, which could
be linked by trajectory analysis to main urban and industrial
centres (London, Humberside and Tyneside regions). Formic
acid showed no clear correlation with anthropogenic pollu-
tion markers such as NOx, CO and O3. The highest formic
acid mixing ratios were observed at∼ 1000 m; although this
could arise from intercepting polluted plumes at higher al-
titudes only, it may also signal the presence of a significant
secondary source of formic acid within the plume. Formic
acid levels as estimated by a trajectory model showed an un-
derprediction of concentrations by up to a factor of 2. The
model discrepancy can be resolved by the addition of 1-
alkene surface emissions that are oxidised to produce formic
acid in situ or by addition of a direct emission of HCOOH.
Whether the source of the 1-alkene is of anthropogenic or
biogenic origin is unclear. More measurements and in-depth
modelling studies are needed to validate the current chem-
ical transport models and help identify and quantify formic
acid emission sources. This should also improve understand-
ing of the role of formic acid in chemical cycling in the tro-
posphere. Direct measurements of formic acid in the UK
boundary layer have shown how variable formic acid lev-
els can be, and that distinct plumes of formic acid can be
identified in the horizontal and vertical. The inability of the
model to reproduce the observations in the part of the flight
before ca. 02:00 p.m. highlights that further studies must aim
to improve the understanding and quantification of formic
acid sources.
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Abstract 

The first simultaneous measurements of formic and nitric acid mixing ratios around the 

United Kingdom were measured on the FAAM BAe-146 research aircraft with a 

chemical ionization mass spectrometer using I- reagent ions at 0.8 Hz. Analysis of the 

whole dataset shows that formic acid and nitric acid are positively correlated as 

illustrated by other studies (e.g. Veres et al., 2010). However, initial evidence indicates a 

prominent direct source of formic acid and also a significant source when O3 levels are 

high, suggesting the importance of the ozonolysis of 1-alkenes. A trajectory model was 

able to reproduce the formic acid concentrations by both the inclusion of a primary 

vehicle source and production via ozonolysis of propene equivalent 1-alkene levels. 
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Inspection of data archives imply these levels of 1-alkene are possible after 11 am, but 

formic acid and nitric acid plumes early in the flight are too high for the model to 

replicate. These data show the relationship between nitric acid and formic acid cannot 

solely be attributed to related photochemical production. The simultaneous measurement 

of HCOOH and HNO3 allows the OH levels along the flight track to be estimated 

through the assumed relationship between formic acid and nitric in photochemical 

plumes and a constant source of 1-alkene.  

 

Introduction 

Formic acid (HCOOH) has been measured in urban, rural and remote areas (Talbot et al., 

1988), with its presence in the gas and aerosol phase allowing it to be a common 

constituent of global precipitation (Keene and Galloway, 1983). Keene and Galloway 

(1986) have documented the contribution of formic acid to the acidity of precipitation 

and subsequent affects on aquatic and terrestrial ecosystems. Formic acid can dominate 

free acidity in precipitation, exerting an influence on pH dependent chemical reactions 

and OH cloud chemistry (Jacob et al., 1986). Organics are often found in the fine 

fraction of aerosols, encouraging the activation of cloud droplets through the change of 

their hygroscopicity and therefore affecting their total indirect forcing (Yu, 2000). 

 

The sinks of formic acid are relatively well understood to be wet and dry deposition and 

are the dominant formic acid loss pathways. Reactivity towards OH and NO3 is low, 

leading to an atmospheric lifetime of around 3 days (Paulot et al., 2011). However, 

sources are poorly constrained and many studies (Poisson et al., 2000; von Kuhlmann et 

al., 2003a; Ito et al., 2007) have found large inconsistencies between measurements and 

modelled results (Paulot et al., 2011). Sources of formic acid include biogenic and 

anthropogenic primary emissions, for example, biomass burning (Burling et al., 2010) 

and in situ production such as hydrocarbon oxidation, thought their relative fluxes are 

poorly quantified (Chebbi et al., 1996). The emission of acetylene and 1-alkynes from 

biomass burning can be oxidised by OH to produce formic acid (Hatakeyama et al., 

1986, Paulot et al., 2011). The photochemical oxidation of isoprene can also result in the 

formation of formic acid through the reaction of OH with hydroxycarbonyls, 
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glycolaldehyde and hydroxyacetone (Butkovskaya et al., 20061,b, Paulot et al., 2009), 

yielding up to 18% at room temperature.  

 

Strong sources of formic acid have been reported to originate from forested Savannah 

regions (Sanhueza and Andreae., 1991; Hartmann et al., 1991), as a result of direct 

emissions by plants, but in situ production via the ozonolysis of alkenes is though to 

dominate (Sanhueza et al., 1996). Formic acid concentrations have reached 1 ppbv in the 

Savannah with precursor species peaking at midday. High emissions of formic acid have 

been observed at coastal regions in Southern California, peaking in summer at 9.6 metric 

tons per day (Grosjean, 1992). In situ production was also found to be of similar strength; 

10.1 metric tons per day, peaking at 34.5 metric tons per day. However, these in situ 

production rates are based on earlier product data for acid formation from the ozonolysis 

of alkenes. The dominant reaction between the criegee intermediate and H2O to form 

organic acids has been recognised for some time (Atkinson et al., 1994), although more 

recent data (Leather et al., 2011) would suggest that the in situ production has been 

under-estimated (e.g. Taatjes et al., 2008; Verecken et al., 2012; Welz et al., 2012). 

Preunkert et al. (2007) concluded that in situ production was the dominant process for 

formic acid production in Europe, based on high altitude measurements. Isotopic 

analysis of 13C and 14C from background locations in the United States by Johnson and 

Dawson (1993) found that the direct emission of formic acid from C3 plants was the 

dominant source. Baboukas et al. (2000) also suggests the ocean may be a source of 

formic acid.  

 

Ground based measurements (Rinsland et al., 2004) and airborne measurements (Le 

Breton et al., 2012) have shown that current models underestimate formic acid by a 

factor of 10-50. Such discrepancies between perceived source strengths and observed 

atmospheric concentrations have led many authors to speculate upon the existence of a 

missing or poorly constrained source term (e.g. Grosjean, 1989; Talbot et al., 1988; 

Granby et al., 1997; Rinsland, 2004), and it has been suggested by several of these 

studies that an unknown anthropogenic, and perhaps secondary source may be 

responsible, such as higher biogenic emissions during the growing season (Rinsland et 
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al., 2004). Paulot et al. (2011) report evidence of long-lived missing secondary sources 

of formic acid which may be associated with the ageing of aerosols. Veres et al. (2011) 

has also shown that organic acids are photochemically and rapidly produced from urban 

emissions, shown through a correlation with nitric acid (HNO3). Furthermore, Stavrakou 

et al. (2012) using IASI data have suggested that formic acid levels are under predicted 

by a factor of 2-3 as a result of oxidation of terpenoids. The oxidation of volatile organic 

compound (VOC) precursors leading to the production of formic acid has also been 

suggested as a significant source (Arlander et al., 1990). An example of this observed by 

the ozonolysis of ethene, whose emissions have been estimated to be 15 Tg yr-1 

(Broadgate et al., 1997; Paulot et al., 2010).  

 

Le Breton et al. (2012) concluded that models under predict formic acid concentrations 

as a result of the under representation of both primary formic acid emissions of 

anthropogenic origin and a lack of precursor emissions, such as isoprene, from biogenic 

sources, which are oxidised to produce formic acid. Further research and analysis into 

the dominance and representation of such formation pathways is necessary in order to 

increase the constraint that models have on formic acid production. 

 

Recently, Veres et al. (2008, 2011), Roberts et al. (2010, 2011), Bertram et al. (2011) 

and Le Breton et al. (2012) have shown that chemical ionisation mass spectrometry 

(CIMS) can selectively detect gas-phase acids with a frequency of 0.8 Hz and a limit of 

detection below 0.1 ppbv for measurements of formic acid. Here, formic and nitric acid 

are simultaneously measured using a CIMS on board an aircraft utilising an I- ionisation 

scheme to determine the major sources of formic acid around the UK and a 

Photochemical Trajectory Model will be integrated and compared with the resulting 

aircraft measurements. The measurements of formic and nitric acid are critically 

analysed in order to determine the importance and origin of the missing sources. These 

measurements are then employed to estimate OH concentrations. 
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Instrumentation 

Chemical ionisation mass spectrometry (CIMS) was used for real-time detection of 

formic acid and nitric acid on board the airborne platform FAAM BAe-146. The CIMS 

instrument employed here was built by the Georgia Institute of Technology as 

previously described by Nowak et al. (2007). Measurements of formic acid have 

previously been described in Le Breton et al. (2012) with changes only to the inlet 

which are described in this section. Nitric acid is measured using methyl iodide as the 

ionisation gas and detected at m/z 189 as shown in equation 1. 

 

Ι-.Η2Ο +  ΗΝΟ3  →  ΗΝΟ3.Ι- + Η2Ο     

 (1) 

 

The inlet consisted of 3/8" OD diameter PFA tubing of length 580 mm and was heated 

to 50°C to reduce surface loss.  An orifice of diameter 0.9 mm was positioned at the 

front of the inlet to restrict the flow to 5.8 SLM. The pressure in the ionisation region 

was maintained at 19 Torr throughout the flight by controlling the flow of nitrogen into 

the ionisation region using a mass flow controller (MKS Instruments).   

 

 

Formic acid calibrations were performed as described in Le Breton et al (2012). The 

nitric acid calibration cycle involves obtaining the nitric acid instrumental background 

by passing the sample air through an acid scrubber which is made of nylon turnings 

coated with sodium bicarbonate. After an effective zero acid air flow for background 

determination, a known amount of nitric acid from a Permeation device (Kin-Tek 

Laboratories, Inc) is added to this scrubbed air at 75°C and 20 standard cubic 

centimetres per minute (sccm) flow until a plateau in formic acid signal is achieved. A 

second background determination is performed before switching back to atmospheric 

sampling model. The nitric acid permeation source was calibrated at varying 

temperatures using a Metrohm 761 Compact Ion Chromatograph to measure NO3
- ions 
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after running the permeation source gas through deionised water. The nitric acid 

calibration factor was applied to the relative formic acid concentrations during post-

flight data processing. The average sensitivity (±1σ) for nitric acid was 26 ± 6.5 Hz pptv-

1 for 1 MHz of reagent ion signal. The average sensitivity for formic acid was 28 ± 7.1 

Hz pptv-1 for 1 MHz of reagent ion signal. During a test flight, the calibration was 

proven to be invariant with altitude. Calibrations were performed from 50 feet to 3000 

feet. The calibration factor for the range of altitudes was within 3σ of the error 

calculated from the statistical noise of the calibration signal in the plateau region. 

 

Additional measurements 

Ozone (O3), nitric oxide (NO) and nitrogen dioxide (NO2) were also measured on board 

the aircraft during flight B547 (0/09/2010). A chemiluminescence detector measured 

NO and NO2 every 10 seconds with an uncertainty of ± 6 % ppbv (Stewart et al., 2008). 

O3 was measured using a UV Photometric Ozone Analyser at 1 Hz with an uncertainty 

of 3 ppbv (Real et al., 2007). 

 

Trajectory model 

A particle trajectory model has been used to estimate formic and nitric acid 

concentrations along the B547 flight path. The trajectory model used for this purpose 

has been described in detail previously (e.g. Johnson et al., 2006; Evans et al., 2000) and 

will be only briefly described here. The trajectory model simulates the chemical 

development in a well mixed air parcel being advected along multi-day trajectories. The 

air parcel picks up emissions of NOx, carbon monoxide (CO), sulphur dioxide (SO2), 

methane, anthropogenic VOC and biogenic VOC when in the boundary layer, which are 

processed using an appropriate description of the chemical and photochemical 

transformations leading to the formation of ozone and other secondary pollutants such as 

HCOOH and HNO3. Dry deposition of species also occurs when the air parcel is in the 

boundary layer.  
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Two chemistry modules have been incorporated into the trajectory mode: the full Master 

Chemical Mechanism (MCM v3.1; Jenkin et al., 1997) and the Common Representative 

Intermediates Scheme (CRIv2-R5; Jenkin et al., 2008; Watson et al., 2008; Utembe et 

al., 2009, 2010, 2011; Archibald et al., 2010). Trajectories are generated by the Hysplit 

model and integrated for four days, arriving at a point coincident in time and space with 

the aircraft flight track (Draxler et al., 2003). 

 

Results 

Overview 

Previous aircraft measurements around the UK have allowed national inventories to be 

validated using a boundary layer budget approach for compounds such as CO, CO2, CH4 

and N2O (Polson et al., 2011). Formic and nitric acid were measured onboard the BAe-

146 on 02/09/2010 around the coast of the UK at 0.8 Hz and are presented here averaged 

to 30 seconds. A high pressure system and resulting low wind speeds during this flying 

period allowed the air masses over the UK to age without substantial mixing from 

Europe as shown in figure 1. The average mixing ratios for this flight were 1478 and 

250 pptv for nitric and formic acid respectively. These are comparable of that measured 

on the ground by Veres et al. (2011) in Californian urban plumes, with peak 

concentrations of 4384 and 710 pptv for nitric and formic acid respectively. The peak 

concentration ratio of nitric to formic acid from both campaigns are also similar; 5.9:1 

for the work presented in this paper and 6.2:1 for Veres et al. (2011).  
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Figure 1. The potential height and temperature at 850 hPa during flight B547. 

 

The model simulation accurately predicted O3 concentrations throughout flight B547 a 

shown in figure 2; which is integral to accurately predicting formic and nitric acid 

mixing ratios (figure 2). Although only a small range of O3 concentrations were 

observed on this day, the diurnal structure is seen within the model and measurements, 

with the maxima seen at midday and the lowest levels in the morning. In general nitric 

acid concentrations were reasonably well predicted by the model but some elevated 

events were not reproduced (see later discussion). Model formic acid concentrations 

were under predicted throughout in comparison with the measurements, on inclusion of 

a primary source (correlated with direct NOx emissions (Bannan et al., 2013)) of formic 

acid better agreement was observed for part of the morning measurements. Evaluations 

of the model outputs for formic and nitric acid are assessed in the following sections. 

The overall comparison between modelled and measured NOx is good in terms of 

temporal variation, but the model tends to underestimate NOx levels somewhat, typical 

of trajectory models (e.g. Evans et al., 2000).  
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Figure 2. Time series of modelled and measured O3, NOx and formic acid data from 

flight B547. The green markers for formic are modelled concentrations of formic acid 

with primary emissions (emitting HCOOH (EHCOOH) using a factor of 0.01ENOx) and the 

black markers are without primary emissions. 

 

Plumes 

During flight B547, 4 distinct nitric acid plumes were intersected (A, B, C and D) as 

shown in figure 3. The peak concentrations for the plumes were 4365, 2417, 2546 and 

1501 pptv respectively. The background concentrations before and after these plumes 

were 1786, 1473, 112 and 168 pptv respectively (defined as a 3 sigma reduction in noise 

for a 5 minute mean). Although the peak concentrations are quite similar (a factor of 2-3 
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at most), the background concentrations decrease significantly on the North and North 

East side of the United Kingdom, particularly Scotland (a factor of 10 lower); since 

nitric acid production is directly related to NO2 levels, lower NOx emissions in these 

regions are consistent with these observations. The median concentrations for the 

plumes are 3080, 4292, 4384, 2475 pptv respectively. 
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Figure 3. Flight path of the aircraft over the UK during flight B547 with the track colour 

and size coded to nitric acid concentration. The box plot shows the minimum, maximum, 

mean, median, 5th, 25th, 75th and 95th percentile. 

 

Two formic acid plumes were measured during flight B547 (A and B) as shown in 

figure 4. Plume A was encountered at 11 00 feet and had a maximum concentration of 

710 pptv. It should be noted that instrumental calibration have been validated to be 

constant up to 10 00 feet. Although this plume is measured above this altitude, it is 
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highly unlikely that the sensitivity changes further than 3 sigma of error at this altitude. 

The peak concentration within plume B was 596 ppt, with an average background 

concentration of 290 ppt. The median concentrations in plumes A and B are 612 and 458 

ppt respectively. The plumes identified for formic acid are not coincident with those for 

nitric acid and this will be discussed later. 
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Figure 4. Flight path of the aircraft over the UK during flight B547 with the track colour 

and size coded to formic acid concentration. The box plot shows the minimum, 

maximum, mean, median, 5th, 25th, 75th and 95th percentile. 
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O3-NOx relationship 
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Figure 5. Plot of O3 v NOx for the entire flight. 

 

Figure 5 shows a plot of O3 vs. NOx for the entire of flight B547. The curve shows the 

classic photochemical relationship between NOx and Ox (e.g. Jenkin and Clemitshaw 

(2000)), where high NOx levels leads to suppression of O3 production as a result of 

reaction (2) but also the formation of PAN (peroxyacetyl nitrate) and PAN type species.  

 

OH   +  NO2  +  M  →  HNO3  +  M  (2) 

 

A maximum in O3 (55 ppb) is observed at 5 ppb of NOx and occurs at ca. midday off the 

West coast of Wales during nitric acid plume C.  Given typical urban levels of NOx in 

the UK in September it is safe to assume that concentrations exceeding 15 ppbv during 

the flight would be determined as an urban (‘polluted’) air mass. Figure 5 also illustrates 

that during the flight we encounter fresh plumes as well as somewhat aged air. We will 

use this O3-NOx relationship to guide discussions that follow.  
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Nitric acid 

Figure 6 shows the first ever nitric acid measurements around the UK on an aircraft. The 

main sources of nitric acid in the atmosphere are the reactions; 

 

OH   +  NO2  +  M  →  HNO3 +  M  (2) 

N2O5   +  H2O     →  2HNO3    (3) 

 

Where reaction (2) dominates, hence to a first approximation d[HNO3]/dt = 

k2[NO2][OH][M]. So NOx and nitric acid should be anti-correlated in a polluted plume, 

as the plume develops so NOx decreases and OH goes up and so does nitric acid (thick 

black line), illustrated in figure 7. As the level of NOx decreases and nitric acid 

increases one assumes that increasingly clean or aged air is encountered. As air becomes 

lower in NOx concentrations, the production of nitric acid drops off and as either very 

clean or very aged air is encountered; depositional processes will remove nitric acid 

leading to the low levels observed. If one extrapolates the correlation observed at high 

[NOx] back to [NOx] = 0, a value of ~ 3200 pptv for [HNO3] is returned. However, the 

actual observed [HNO3] levels at such near zero NOx are 50 pptv for nitric acid. If we 

imagine that this difference is due to physical loss, it represents some 6 half-lives, if we 

speculate that this loss occurs over a day it gives a half-life of 4 hours or an e-folding 

time of ca. 6 hours for physical loss. Although such analysis is speculative, the estimated 

half-life is in keeping with other studies where nitric acid physical removal has been 

estimated (e.g. Nunnermacker et al., 1998), where a half-life of ca. 5 hours was 

proposed.  

 

The formation of nitric acid through the heterogeneous reaction between H2O and 

dinitrogen pentoxide is assumed to be negligible in the model due to the extremely low 

daytime N2O5 concentrations (sub 5 ppt) (Osthoff et al., 2006). There is also a small 

possibility (0.8% according to Butkovskaya et al. (2007) of the reaction between the 

hydroperoxy radical and nitrogen oxide forming nitric acid rather than the hydroxyl 
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radical and nitrogen dioxide. Another minor pathway of nitric acid production is via H-

abstraction reactions of nitrate radicals, although this reaction is relatively slow under 

atmospheric conditions (Monks, 2004). The trajectory model therefore only utilises the 

dominant nitric acid formation pathway, R2. In doing so it is able to accurately predict 

the minimum and maximum concentrations of nitric acid on the flight, with the midday 

maxima observed in the model and measurement. Low concentrations were also 

observed in the morning and evening. In the model, reaction (2) dominates the 

production of nitric acid, hence it is reasonable to expect peaks in nitric acid to occur 

where the product [OH][NO2] is large. Although OH was not measured during this flight, 

an increase in NO2 levels is correlated with nitric acid concentrations up to 7 ppb.  

Figure 6 shows that the elevated morning levels of nitric acid at the start of the 

measurement period is underestimated by the model as is NOx, suggesting that the 

trajectory model either misses surface emissions along the trajectory or that the surface 

emissions are underestimated.   
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Figure 6. Time series of measured and modelled nitric acid concentrations. 
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Figure 7. Nitric acid measurements plotted against NOx and colour coded to formic acid 

concentrations. The Y intercept is 3200 ppt of HNO3. 

 

Estimated OH concentrations 

Measurements of nitric acid should provide an indication of OH levels along the flight 

path. In keeping with the work of Veres et al. (2010) we see a strong positive correlation 

between nitric acid and formic acid (figure 11). If we assume that they are both made 

photochemically in a plume we may estimate that the production terms for each 

compound are  

 

OH   +  NO2  +  M  →  HNO3  +  M        (2) 

O3    +  1-alkene   →  carbonyl  +  CH2OO      (4) 

CH2OO  +  H2O    →  HCOOH  +  H2O      (5a) 

CH2OO      → products                   (5b) 

 

leading to production rates 

d[HNO3]/dt = k2[NO2][OH][M]     I 

d[HCOOH]/dt = k4[O3][1-alkene]f(H2O)              II 
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noting that   + ) 

here ΓSCI(CH2OO) is the fraction of the 1-alkene forms ‘stabilised’ CH2OO on ozonolysis 

 ‘stab

mic acid 

f(H2O) = Γ SCI(CH2OO) k5a[H2O] /( k5a[H2O] k5b

 

w

and that this ilised’ Criegee intermediate reacts with H2O to form formic acid. For 

simplicity we assume that 50% of the reaction between O3 and 1-alkene forms CH2OO, 

50% of these CH2OO intermediates so formed are stabilised and that 50% of these react 

with H2O to form formic acid, i.e. ΓSCI(CH2OO)  = 0.25 and k5a[H2O] /( k5a[H2O] + k5b) = 

0.5. Assuming that the formation of for and nitric acid occurs in the same plume 

we assume that the transport time is the same. Inspection of the ratio of I:II and 

rearranging leads to 

 

]][[][
)(]1][[][][

22

2343

MNOkHCOOH
OHfalkeneOkHNOOH −

=                                           III 

 

he OH field generated using a constant source of 1-alkene is shown in figure 8. We 

et al. (2006). 

T

have assumed a constant level of 1-alkene (here 2 ppb of propene) and used the rate 

coefficient for the reaction of O3 with propene as k4.  There are several caveats with such 

an analysis, but the OH field returned is reasonable in terms of absolute level, although 

the distribution is skewed towards the afternoon. It is well known that OH levels can be 

very high in urban plumes and so elevated levels returned could be real. Further 

refinement of the method is of course required but may provide an alternative way to 

estimate OH and increase the information that can be retrieved from co-measurements of 

nitric acid and organic acids. 1-alkene data is a necessity in providing much more 

confidence in this method, as they will not have a homogenous distribution as assumed 

here and will be depleted as the plume ages. Inclusion of a direct emission of formic 

acid (related to NOx) will modify the expression III to (where E(HCOOH) = 0.01NOx). 

The average concentration calculated for OH along the flight path using this estimation 

is 3.5 x 105 molecules cm-3. Although the structure observed in the time series cannot be 

assessed, the average concentration retrieved lies within range of that observed by Smith 
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Figure 8.  Estimated OH concentrations using the measured formic and nitric acid 

during flight B547. 

The average concentration for the modelled run without primary emissions of formic 

h primary emissions (EHCOOH = 0.01ENOx) was 79.6 and 184.4 pptv 

e ag

 

Formic acid 

acid and wit

respectively. This indicates that the model is under predicting the emissions by a factor 

of 2-3. However, it should be noted that th reement between the model and measured 

formic acid is improved on inclusion of a direct emission, which is in agreement with 

Archibald et al. (2007) who postulated that direct emission of organic acids, as a result 

of incomplete combustion, can be a significant source in the urban environment. 

Furthermore, recent fieldwork from Le Breton et al. (2012) has identified direct 

emission of formic acid in urban plumes. During flight B547 two formic acid plumes 

were observed. At 09:22 the maximum concentration of 710 pptv was detected north of 

Norwich, plume A, which the model is able to reproduce with the inclusion of primary 

emissions, although the concentration is below that of the measured. An anti-correlation 
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exists between formic acid and nitric acid during this period of the flight; shown in 

figure 9, indicating this enhancement of formic acid to be from primary production. 

Apart from this episode, maximum formic acid concentrations are located in regions 

where low NOx (0.5 ppbv) and high O3 (47 ppbv) occurs, these peaks are not coincident 

with high nitric acid. One suggestion for this observation is that a secondary source is 

responsible for the maximum formic acid, e.g. the reaction of CH2OO, formed from the 

ozonolysis of alkenes, with water (Leather et al., 2012; Vereecken et al., 2012; Welz et 

al., 2012) 
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Figure 9. Formic acid vs nitric acid in the plume at 09:22. 

Secondary formation of formic acid is thought to be under predicted in current models 

 evident in these data during increased regions which are not predicted by the 

 

and is

model during this flight e.g. at 15:05 elevated concentrations of formic acid are observed 

north west of Glasgow by the CIMS but the model is unable to generate such elevated 

levels. Comparisons with the nitric acid measurements suggest this increase of formic 

acid concentration is due to photochemical processing (Veres et al., 2011). This 

secondary formation pathway is noticed also when this measurement is compared with 

figure 7 as it is situated where nitric acid and NOx correlated, therefore exhibiting 

signatures of an aged air mass. An increase in O3 and formic acid imply secondary 

production via oxidation of alkenes. A small plume at 16:20 also exhibits a correlation 

with O3, formic and nitric acid which again suggests a secondary source that is not 
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represented in the model. Although the model contains some alkenes, e.g. ethene and 

propene, there are many potential 1-alkenes that can yield CH2OO on ozonolysis. 
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Figure 10. Formic acid vs NOx measurements throughout the whole of flight B547 

colour coded to O3 concentrations. 

 

The area within the black ellipse on figure 10 shows formic acid concentrations elevated 

to 700 pptv where NOx concentrations do not exceed 1 ppbv. This area of high formic 

acid and ozone and low NOx are likely to be regions where secondary photochemical 

production from ozonolysis of alkenes is elevated. The blue circle indicates the 

maximum oxidation point where secondary production of formic is the dominant 

pathway. Areas of higher NOx and formic acid corresponding with lower O3 levels and 

suppressed levels of OH, indicate primary production.  
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Figure 11.  Nitric acid vs formic acid measurements colour coded to O3 concentrations 

and size coded to NOx concentrations. 

As NOx controls the production of nitric acid and O3 which in part makes formic acid 

through ozonolysis of alkenes, a correlation with nitric acid is observed, as shown in 

figure 11; with the same R2 as Veres et al. (2011). This graph enables regions of primary 

and secondary production to be clustered. There are regions of high O3, low NOx and 

high formic and nitric acid indicating secondary production of formic acid.  Regions of 

high formic and nitric acid with low O3 and relatively high NOx are characteristic of a 

high oxidation rate region. There is also a cluster of high formic acid and NOx with 

relatively low concentrations of O3 and nitric acid, implying a primary production 

pathway.  
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Figure 12. Time series of propene concentrations needed to be implemented into the 

model for formic acid predicted concentrations to match the measured levels via 

oxidation. 

 

This under prediction of secondary sources of formic acid can be accounted for in the 

model by increasing the concentrations of alkenes which will form formic acid via 

oxidation. Figure 12 shows a time series of the propene concentration needed to produce 

the measured levels of formic acid. A similar structure to that of formic acid is observed, 
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indicating that in order to model formic acid levels, model chemistry needs to consider 

1-alkene emissions more precisely.  

 

In order to test this hypothesis we mined the UK air quality archive for data on 1-alkenes 

that could act as precursors to the formic acid. Data were collected for the month of 

September from up to 14 sites around the UK incorporating the years 1995-2011. First, 

it is clear that levels of 1-alkenes have decreased over this period of time. Second, the 

levels of propene measured in 2010 in urban locations during the time of the flight are 

around 0.5 – 1.5 ppbv on average, which would account for some of the 1-alkene 

required but not enough to account for all (see figure 12). However, inspection of 1-

butene levels suggest that around 0.5 ppbv. is a reasonable average level. In all (ethene, 

propene, 1-butene, isoprene, 1, 3, butadiene and 1-pentene) about 2-3 ppbv. of 1-alkene 

(propene equivalent) can be accounted for. Therefore, either another source of formic 

acid is in operation or other 1-alkenes that are not measured by the network are present. 

It is perfectly possible for a number of fast reacting 1-alkenes that are present at low 

levels to make up this difference (AQIRP, 1995).  Therefore, there is corroborating 

evidence that some of the formic acid could arise from ozonolysis of appropriate alkenes. 

Although the high ‘propene’ levels required early on in the flight (great than 6 ppb) are 

hard to account for in total. 

 

Conclusions 

The simultaneous measurements of nitric and formic acid for the first time on a ‘Round 

Britain’ flight have provided data that are rich in information. It is clear that nitric acid is 

a good indicator of plume activity, where peaks indicate a plume that has undergone a 

degree of ageing. Analysis of the whole dataset shows that nitric acid and formic acid 

are correlated as illustrated by other studies (e.g. Veres et al., 2010). However, more 

detailed analysis reveals, first, evidence for a direct source (primary emission) of formic 

acid and second high formic acid when O3 levels are high suggesting that ozonolysis of 

1-alkenes could be a significant source of formic acid. A trajectory model fails to 

reproduce observed formic acid levels, underestimating them, some improvement is 
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made by assuming a primary ‘vehicular’ source but inclusion of a non-negligible level 

of ‘propene’ equivalent 1-alkene is required to generate sufficient formic acid. 

Inspection of data archives suggest that these levels of 1-alkene are possible post ca. 11 

am, but early flight data for both formic and nitric acid are too high for the model to 

simulate. Therefore, in these data, the relationship between nitric acid and formic acid 

cannot be attributed to related photochemical production solely. 
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Abstract

A Chemical Ionisation Mass Spectrometer (CIMS) was developed for measuring hydro-
gen cyanide (HCN) from biomass burning events in Canada using I− reagent ions on
board the FAAM BAe-146 research aircraft during the BORTAS campaign in 2011. The
ionisation scheme enabled highly sensitive measurements at 1 Hz frequency through5

biomass burning plumes in the troposphere.
A strong correlation between the HCN, carbon monoxide (CO) and acetonitrile

(CH3CN) was observed, indicating the potential of HCN as a biomass burning (BB)
marker. A plume was defined as being 6 standard deviations above background for the
flights. This method was compared with a number of alternative plume defining tech-10

niques employing CO and CH3CN measurements. The 6 sigma technique produced
the highest R2 values for correlations with CO. A Normalised Excess Mixing Ratio
(NEMR) of 3.76±0.022 pptvppbv−1 was calculated which is within the range quoted in
previous research (Hornbrook et al., 2011). The global tropospheric model STOCHEM-
CRI incorporated both the observed ratio and extreme ratios derived from other studies15

to generate global emission totals of HCN via biomass burning. Using the ratio derived
from this work the emission total for HCN from BB was 0.92 Tg(N)yr−1.

1 Introduction

Biomass burning (BB) is considered to be a major source of trace gases in the atmo-
sphere (Li et al., 2000, 2003, 2009; Shim et al., 2007) and at levels significant enough20

to perturb regional and global atmospheric chemistry and composition (Levine, 2000).
For example, large boreal forest fires in Russia from 2002–2003 were responsible for
global growth rates of many trace gases including carbon dioxide and methane (Ka-
sischke et al., 2005; Yurganov et al., 2005; Simpson et al., 2006). Fires in boreal re-
gions are estimated to account for 9 % of global fire carbon emissions (Van derWerf25

et al., 2010) and their occurrences are predicted to increase by 30 % by 2030, with
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a 74–118 % increase in area burned by 2100 (Flannigan et al., 2005). The area burned
in Canada has increased since 1970 as a result of rising surface temperatures (Gillett
et al., 2004; Kasischke and Turtesky, 2006) resulting in an expected doubling of CO2
equivalent greenhouse gas emissions from Canadian fires (Amiro et al., 2009). Long-
range transport of the emissions is enabled in the troposphere and lower stratosphere5

via convection and pyroconvection (Fromm et al., 2000; Jost et al., 2004; Val Martin
et al., 2010). This enables fires to not only impact local and regional air quality (Co-
larco et al., 2004; Morris et al., 2006), but also contribute to climate change (Damoah
et al., 2004; Vivchar et al., 2010; Tilmes et al., 2011).

BB is considered to be the major source of HCN in the atmosphere (Li et al., 2000,10

2003, 2009; Liang et al., 2007; Shim et al., 2007) via the pyrolysis of N-containing
species within the fuel (Johnson and Kang, 1971; Glarborg et al., 2003). HCN has pre-
viously been observed from field biomass fires (Hurst et al., 1994a,b; Goode et al.,
2000; Yokelson et al., 2007b; Crounse et al., 2009) and using laboratory biomass com-
bustion systems (Lobert et al., 1991; Holzinger et al., 1999; Christian et al., 2004;15

Becidan et al., 2007). Column measurements of HCN were measured from the Interna-
tional Scientific Station of the Jungfraujoch (ISSJ) by solar infrared (IR) spectroscopy
in 1998 during an intense period of biomass burning in the tropics (Rinsland et al.,
2000). Singh et al. (2003) observed a HCN contribution from automobiles and from
aircraft over the United States, although sources from automobile exhaust and indus-20

trial processes are thought to be negligible in comparison with BB (Lobert et al., 1991;
Bange and Williams., 2000; Holzinger et al., 2001). A field experiment also indicated no
detectable emissions of HCN from domestic biofuels (Bertschi et al., 2003). Thermo-
dynamic calculations carried out by Boldi (1993) predict that an air parcel associated
with lightning strikes could have a chemical composition such that the HCN/CO ratio25

would be around 10−4. Stribling and Miller (1987) showed that simulated lightning in
a laboratory could produce HCN on planets such as Jupiter, strengthening the case
that lightning-produced HCN has been observed on this planet (e.g. Podolak and Bar-
num, 1988). There have been examples where HCN has been observed in lightning
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perturbed air in the Earth’s troposphere (Singh et al., 2007; Liang et al., 2007), making
lightning a possible additional source of HCN, although how much is still to be deter-
mined.

HCN is lost in the troposphere via the reaction with the hydroxyl radical (OH), creating
a lifetime of a few years, although the reaction with singlet oxygen (O1D) is suggested5

to be important in the lower stratosphere. Uptake into the ocean is currently thought
to be the dominant sink with an inferred global HCN biomass burning source of 1.4–
2.9 Tg(N)yr−1 and an oceanic saturation ratio of 0.83 (Li et al., 2000). This oceanic
loss produces a lifetime of 2–5 months (Li et al., 2000, 2003; Singh et al., 2003). Al-
though HCN may play an insignificant role in atmospheric chemistry (Cicerone and10

Zellner, 1983), it is thought to be an important source of nitrogen in remote oceanic
environments (Li et al., 2000). HCN is currently thought to be a useful tracer of BB as
a consequence of its limited sources and sufficiently long atmospheric lifetime (Lobert
et al., 1990; Holzinger et al., 1999).

Carbon monoxide (CO), acetonitrile (CH3CN) and HCN are all currently used as15

a BB tracer, but a standard approach has not been well defined. Thresholds of CO
are used, but CO has many other strong sources (e.g. industrial activity), there can
be difficulties in filtering out plumes which do not originate from BB. Recent studies
implementing these various methods of identifying a BB plume have resulted in an
uncertainty in the ratio of HCN to CO (Simpson et al., 2011; Vay et al., 2011; Hornbrook20

et al., 2011; Yokelson et al., 2009; Sinha et al., 2003; Andreae and Merlet., 2001). Using
measurements of HCN and CO, BB plumes can be uniquely identified and emission
factors can be calculated.

Previous atmospheric measurements of HCN have been made using IR spec-
troscopy (Coffey et al., 1981; Zhao et al., 2002; Kleinböhl et al., 2006; Rinsland et al.,25

2007; Li et al., 2000). In situ measurements were first made in the stratosphere us-
ing NI-CIMS (Negative Ion-Chemical Ionisation Mass Sepctrometry) (Schneider et al.,
1997). Tropospheric measurements were then made by long-path Fourier transform IR
(FTIR) spectroscopy within BB plumes (Goode et al., 2000; Yokelson et al., 2007), with
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a GC system, using a reduction gas detector (RGD) (Singh et al., 2003), by NI-CIMS
using CF3O− as the reagent ion (Crounse et al., 2006, 2009; Yokelson et al., 2007),
and by PTR-MS (Proton Transfer-Mass Spectrometry) (Knighton et al., 2009). Crounse
et al. (2006) have shown that CIMS can be used to detect HCN selectively in the lower
atmosphere, with a low detection limit and at a high frequency. Hornbrook et al. (2011)5

recently reported HCN to CO ratios from BB plumes using HCN measurements from
a chemical ionisation mass spectrometer.

The overall goal of the “quantifying the impact of BOReal forest fires on Tropospheric
oxidants using Aircraft and Satellites (BORTAS)” campaign was to investigate the con-
nection between the composition and the distribution of biomass burning outflow, ozone10

production and loss within the outflow, and the resulting perturbation to oxidant chem-
istry in the troposphere (Palmer et al., 2013). Airborne measurements were taken on-
board the BAe-146 large Atmospheric Research Aircraft (ARA) over Eastern Canada
between the 12 July and 3 August 2011. The evolution and composition of these BB
plumes were studied using the airborne instruments, ground instruments and satellite.15

In order to study the characteristics of these plumes, an accurate method of plume
identification is required. The rapid time response of CIMS utilizing the I− ionisation
scheme (Le Breton et al., 2012) is deployed here for HCN measurements. The main
aim of this work is to develop a statistical methodology to define BB plumes using HCN
measurements and chemical enhancements within the plume which can then deter-20

mine their emission factors with respect to CO and VOC’s.

2 Experimental

2.1 CIMS

A Chemical Ionisation Mass Spectrometer (CIMS) was used for real-time detection
of HCN. The CIMS instrument employed here was built by the Georgia Institute of25

Technology as previously described by Nowak et al. (2007) and has been previously
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described for formic acid measurements (Le Breton et al., 2012). Subsequently various
adjustments have been made to the inlet and these are described in the following
section. The schematic in Fig. 1 shows the set up used and operating conditions of the
CIMS on board the airborne platform FAAM BAe-146 research aircraft.

The inlet consisted of 3/8′′ OD diameter PFA tubing of length 580 mm which was5

heated to 40 ◦C to reduce surface losses. An orifice of diameter 0.9 mm was positioned
at the front of the inlet to restrict the flow to 5.8 SLM. The pressure in the ionisation
region was maintained at 19 Torr (133.322 Pa) throughout the flight by controlling the
flow of nitrogen into the ionisation region using a mass flow meter.

2.2 Ionisation scheme10

The ion-molecule chemistry using iodide ions (I−) for trace gas detection has been
described by Slusher et al. (2004) and was utilised here to detect HCN. A gas mixture
of methyl iodide, CH3I, and H2O in N2 is used to obtain reagent ions I− and water
clusters I− · (H2O)n, of which the latter is important for the ionisation of HCN, forming
the adduct observed in the mass spectrum (Fig. 2). HCN was ionised by I− via an15

adduct reaction,

I− · (H2O)n +HCN → HCN · I− · (H2O)n (1)

which enabled HCN to be detected selectively at m/z =154.

2.3 HCN calibrations, sensitivity and LOD

HCN was calibrated relative to that of formic acid which was measured and calibrated20

in-flight throughout the campaign. The response of HCN relative to formic acid was
determined from laboratory calibrations performed with lab air with an RH∼55 % and
dry air by passing the lab air through a drierite dryer. Known concentrations of HCN
and HCOOH were flowed into the CIMS under these conditions and sensitivities for
both gases were calculated. An average sensitivity ratio of 33 : 1 was observed. The25
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HCN sensitivity was found to be independent of water cluster counts. The ion count
signal throughout the flights were normalised to the formic acid sensitivity to altitude
The average sensitivity (±1σ) for each flight was determined by taking the normalized
sensitivity and multiplying by the reagent ion count rate to account for reagent ion
variability from flight to flight. The average sensitivity for HCN was 4±0.9 Hz pptv−1

5

for 1 MHz of reagent ion signal. The 0.8 Hz data were then averaged over 3 s for the
analysis here.

2.4 STOCHEM-CRI modelling

The STOCHEM-CRI global chemistry-transport model has been described in detail in
several recent papers (Archibald et al., 2010; Cooke et al., 2010a,b; Utembe et al.,10

2009, 2011) and will only be briefly described here. STOCHEM-CRI is a global three-
dimensional model, which uses a Lagrangian approach to advect 50 000 air parcels
using a fourth-order Runge-Kutta scheme with advection time steps of 3 h (Collins
et al., 1997). The transport and radiation models are driven by archived meteorological
data, generated by the Met. Office numerical weather prediction models as analysis15

fields with a resolution of 1.25◦ longitude and 0.83◦ latitude and on 12 vertical levels
extending to 100 hPa (Derwent et al., 2008). The CRI (Common Representative Inter-
mediates) chemical mechanism (CRIv2-R5; Jenkin et al., 2008; Watson et al., 2008;
Utembe et al., 2009) has been incorporated into STOCHEM. CRIv2-R5 emits methane
and 22 non-methane hydrocarbons. Each air parcel contains the concentrations of 21920

species involved in 618 photolytic, gas-phase and heterogeneous chemical reactions,
using a 5-min time step. Formation of secondary organic aerosol (SOA) was derived
from the oxidation of aromatic hydrocarbons, monoterpenes and isoprene (Utembe
et al., 2009, 2011). Surface emissions for CO, NOx and non methane hydrocarbons
(NMHC), distributed over five emission types (anthropogenic, biomass burning, vege-25

tation, ocean and soil) are taken from the POET (Precursors of Ozone and their Effects
in the Troposphere) inventory (Granier et al., 2005). The distributions for lightning emis-
sions are parameterized based on the work of Price and Rind (1992) with the emissions
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being distributed evenly between the convective cloud top height and the surface. The
emissions are scaled so that the global total NOx emission from lightning is 5 Tg (N)
yr−1. The NOx emissions from civil and military aircraft are taken from NASA invento-
ries for 1992 (Penner et al., 1999). The implementation of the emissions from aircraft
is the same as for lightning with an annual total of 0.85 Tg(N) yr−1.5

2.5 HCN

Using the biomass burning emission ratios derived in this work for HCN : CO
(3.76×10−3) the total emission of HCN via biomass burning introduced
into the model was 0.92 Tg(N)yr−1 HCN is removed by reaction with OH
(k =1.2x10−13 exp (−400/T ) cm3 molecule−1 s−1) and deposited to the ocean at a rate10

of 3.4×10−15 g(N)cm−2 s−1. The model derived lifetime for HCN is then ca. 3 months,
consistent with other studies. Further simulations were carried out using more extreme
ratios derived from other studies, e.g. 0.43×10−3 which yields a total emission of
0.11 Tg(N)yr−1 and 12.6×10−3 which yields a total emission of 3.13 Tg(N)yr−1. In
addition to these three integrations, a second set of three, using the three HCN BB15

emission ratios relative to CO were performed with a lower deposition velocity (halved)
leading to an overall lifetime of ca. 6 months.

2.6 Aircraft measurements

In addition to HCN data, observations of CO and CH3CN are also used in the analysis.
CO data are reported at 1 Hz using a fast fluorescence CO analyser with an uncertainty20

of±5 % (Gerbig et al., 1999). CH3CN was measured by proton-transfer-reaction mass
spectrometry (PTR–MS) (see Murphy et al., 2010 for experimental details). During the
BORTAS flights the PTR-MS measured selected VOCs (volatile organic compounds)
with a cycle time of around 15 s. CH3CN, was measured at a m/z value of 42, which
corresponds to the CH3CNH+ ion.25
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2.7 Biomass burning plume identification

HCN is a known BB tracer (Lobert et al., 1990) and CH3CN is also an indicator of
BB emissions which is not significantly enhanced in areas of anthropogenic activity
(de Gouw et al., 2003, 2006). These tracers and CO are regularly used to identify
BB plumes but a consistent method has not yet been established. Variation in back-5

ground levels can make it difficult to define exactly when a plume is encountered with-
out the aid of trace gas measurements which are not characteristic of BB fires. Horn-
brook et al. (2011) defined a BB plume as having a CO mixing ratio above 175 ppbv,
a CH3CN mixing ratio of >200 pptv and an HCN mixing ratio of >400 pptv. Detec-
tion of BB plumes occurred when background levels of these species were low. When10

the background concentrations are low, the plumes selected are generally picked by
enhancement above background, but this is an inaccurate method. Vay et al. (2011)
limited the HCN mixing ratio to above 500 pptv, CO to above 160 ppbv and CH3CN to
above 225 pptv, but again will experience similar issues with background concentra-
tions. Simpson et al. (2011) states that the plume locations are defined by maximum15

CO concentrations. Holzinger et al. (2005) define a plume as CH3CN concentrations
increasing three standard deviations above neighbouring points.

Here we evaluate a statistical approach to plume identification by assuming that the
limit of quantification of a plume is ten times that of the standard deviation above the
variation in the background (ICH-Q2B, 2009). The lifetime of HCN is long enough to20

allow plumes to be identified weeks away from the date of the fire. Dilution during
this period will lower the concentrations but there will still be a strong characteristic
enhancement above the background levels. The long range transport and evolution
of BB plumes can be evaluated using this method as the plume is not identified by
a general enhancement for any air mass.25

In order to define the plume, the median background concentration for each flight
was calculated and the 6th and 10th standard deviation above this value were set as
the two alternative lower limits of the plume. This was utilised to create a HCN to CO
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Normalized Excess Mixing Ratio (NEMR) as shown in Table 1. The difference between
the slopes produced by the 6 and 10 sigma approach are within 2 sigma error and have
similar R2 values 0.72 and 0.67, respectively. The 6 sigma method reports a higher R2

and utilises more data points in the calculation; therefore the 6 sigma approach is used
for the analysis of flights B621, B622, B624, B626 and B628 as shown in Fig. 3. The5

HCN to CO ratios derived from the BORTAS flights are similar to those reported in
the literature (Table 2). In order to assess the accuracy of this method, other possible
approaches to BB plume identification were implemented using this data set. HCN, CO
and CH3CN have all been used in previous work (Vay et al., 2011; Hornbrook et al.,
2011) to indentify BB plumes. We have used 7 methods to define a plume; (1) 6 sigma10

above the HCN background (2) 6 sigma above the CO background (3) 6 sigma above
the CH3CN background (4) above 100 ppb of CO (5) above 300 ppt of HCN (6) above
175 ppt of CH3CN and 100 of ppb CO (7) above 200 ppb of CO. The HCN to CO
NEMRs for each of the methods with the corresponding errors and R2 value are shown
in Table 3 and the percentage of data calculated to be in a plume is shown in Table 4.15

The 6 sigma HCN method produced the highest average R2 of 0.76. The methods
using CO as a threshold exhibited low correlations on flight B628, as a result of a peak
in CO during low level sections of the flight, as shown in Fig. 4. This can be attributed to
non-BB sources of CO enhancing the CO levels where no HCN sources were present,
as CO is known to have other natural and anthropogenic sources (Logan et al., 1981).20

This highlights a potential problem when using CO as a marker, as other measure-
ments are required in order to determine the source. B622 had low CO concentrations
but did show structure which was reciprocated by the HCN measurements. The CH3CN
data was too close to the detection limit during flight B628 to be able to determine a 6
sigma above background. The 200 ppb CO threshold approach removed all of these25

data from this flight, which would suggest that none of the flight encountered a BB
plume. The method previously used by Hornbrook et al. (2011) produced an R2 of
0.30 for this flight as a result of the low CO and CH3CN concentrations, whereas the
6 sigma HCN approach produced an R2 of 0.69. Using CO as a BB marker is limited
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due to the variability in sources of CO. This method can be used for relatively fresh and
unmixed plumes, whereas aged plumes may suffer from enhancements of CO from
other sources.

The methods using CH3CN data did produce a high R2 on many flights, as shown
in Table 3. However, the Limit of Detection (LOD) of the PTRMS to CH3CN during5

BORTAS was a factor of 2.5 worse than the LOD of the CIMS towards HCN. As a result
when sampling aged, hence dilute, plumes the S/N ratio is not significant enough to
identify a plume, as exemplified by flight B628. Furthermore, as the PTRMS was used
to detect a range of compounds during each flight, the time response was slower than
that of the CIMS system. As a result, the CH3CN data has a time average from 9 to10

20 s, depending on the number of target gases that were being measured. With this
particular sampling protocol it is difficult to measure accurately plumes close to the
source as the lower measurement frequency may struggle to pickup small plumes as
a result of the speed of the aircraft. Nevertheless, CH3CN can be used to accurately
detect a BB plume, under most conditions, as exemplified by flight B626.15

2.8 Emission ratios

The 6 sigma technique is used here to calculate the emission ratio of HCN from 4 flights
during the BORTAS campaign 2011. Figure 5 shows all the data points which are used
to calculate the mean NEMR; 3.76±0.02 pptvppbv−1. The NEMR was calculated using
the equation20

NEMR=
∆ [X ]plume− [X ]background

[CO]plume− [CO]background
(2)

The data from flight B622 were omitted from this calculation due to the possible ageing
and mixing of the plume. The NEMRs calculated during BORTAS are similar to those
found in previous work, as seen in Table 2. The previously reported in previous work
vary from 0.43–12.8 pptvppb−1. The NEMRs calculated here for HCN from Canadian25
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BB plumes is lower than that found by Simpson et al. (2011), 8.2 pptv−1 ppb−1. Horn-
brook does highlight the observed variation in the ratios, and offers a possible explana-
tion for the difference between these NEMRs, but this variation is not seen from flight
to flight during the BORTAS campaign, which measured both fresh plumes and aged
plumes. Californian fire emission ratios during ARCTAS-CARB were significantly lower5

than the Canadian and Asian fires (Hornbrook et al., 2011), ranging from 2.4±0.9 to
8.8±3.8 pptvppbv−1, respectively. Andreae and Merlet (2001) reported very low ratios
(0.43 to 1.5 pptvppbv−1) in densely forested regions while Yokelson et al. (2007b) re-
ported a ratio in the Mexico City region of 12±7 pptv ppbv−1. The increase in these ra-
tios may be attributed to the high NOx levels found around Mexico City. Although emis-10

sions of HCN from motor vehicles are not believed to be important on a global scale,
localised emissions may become significant (Crounse et al., 2009). Boreal forests are
the primary source of fires in Canada, whereas Californian fires may be as a result
of varying fuels, such as coniferous forests and grass and shrubs (Hornbrook et al.,
2011).15

The 6 sigma HCN method of identifying BB plumes has shown the veracity of HCN
as a BB marker. In addition, this method performed better than the others over the
BORTAS campaign, as indicated by the statistics presented. Also, the 6 sigma HCN
method showed the ability to define BB plumes accurately in air masses which had
a low HCN background, enabling the identification of BB plumes in air masses distant20

from sources that were not constrained by a set threshold concentration. For example,
a plume may have dispersed over large distances, lowering the concentration below the
limit that defines a plume using previous methods. Nonetheless, this 6 sigma technique
is still able to identify these plumes, as they are defined relative to the background.
This 6 sigma method also has the same ability to determine VOC to CO ratios with25

the percentage of data at a high time resolution (3 s). This method is therefore used to
determine a HCN to CO ratio for models to calculate a global HCN budget.
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3 Model results

The purpose of the model integrations were to inspect the global HCN levels generated
using the extreme HCN biomass ratios (relative to CO) reported in the literature and the
value determined in this study, using two ocean deposition velocities that lead to HCN
lifetimes of ca. 3 months and ca. 6 months. The model results are in line with basic5

expectations, i.e. as the emission ratio increases the global HCN level increases and
when the deposition velocity is decreased the global HCN for all three integrations also
increases. Model results are presented in Fig. 6, which shows yearly averaged latitude-
altitude profiles. If we assume the lower deposition velocity leading to a lifetime of about
6 months we observe that an emission ratio of 0.4×10−3 leads to a global yearly10

averaged HCN level of 10–20 ppt, an emission ratio of 12.6×10−3 leads to a global
yearly averaged HCN level of 300–600 ppt and an emission ratio of 3.7×10−3 leads to
a global yearly averaged HCN level of 80–180 ppt. In each case the highest levels are
observed over the tropical regions, obviously driven by high biomass burning, with little
variation in vertical structure, reflecting the surface deposition process dominating loss15

and leading to a sink in the Southern Hemisphere in the model.
There is no attempt here to reproduce field measurements, but it is instructive to com-

pare field data with the model. We have concentrated on lower and mid tropospheric
measurements and note that there are measurements in the upper troposphere and
lower stratosphere. Liang et al. (2007) observed HCN using aircraft during INTEX-20

A (July–August 2004). This field campaign ranged across the USA and Canada and
took in measurements in both the Pacific and Atlantic Oceans. Although very high
levels were detected in biomass burning plumes (1090±850 ppt), the background
levels observed were 290±70 ppt. In their comparison, Liang et al. (2007) reported
levels in Asian plumes of 420±60 ppt compared with 270±80 ppt returned by Jacob25

et al. (2003) during Trace-P. Notholt et al. (2000), conducted vertical column mea-
surements of HCN and other gases between 57◦ N to 45◦ S across the central Atlantic.
HCN was detectable between 30◦ N and 30◦ S, with column amounts retrieved between
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0–12 km. The HCN column amounts ranged from 100–220 ppt, with the maximum oc-
curring just south of the equator (10–15◦ S). Singh et al. (2003) report HCN levels of
around 250±150 pptv for HCN in February to April and Ambrose et al. (2012) and Rins-
land et al. (2007) report mean mixing ratios of 360 ppt and 220 ppt respectively, while
Knighton et al. (2009) report a concentration ranging from 100–600 ppt and a mean5

background of 200 ppt. Therefore, based on the available measurements discussed
thus far we would conclude that yearly averaged levels of HCN vary between approxi-
mately 100–450 ppt in the lower to mid troposphere. In the upper troposphere lightning
may well contribute an additional non-negligible source and this region will be impacted
by continental scale plumes, evidenced by a variety of measurements (e.g. Liang et al.,10

2007; Singh et al., 2007; Park et al., 2008; Randel et al., 2010; Wiegele et al., 2012).
These plumes will contain a mixture of potential sources of HCN, of which biomass
burning may well be the most predominant. It is also recognised that emission ratios
will vary for different types of biomass burning, depending on vegetation type, tempera-
ture of burn etc. and no one ratio will be representative of the global emission. However,15

inspection of the model integrations suggests that the extreme ratios returned from field
measurements are indeed extreme values: a ratio of 0.4×10−3 returns a globally av-
eraged HCN that is far too low, irrespective of whether the lifetime is 3 or 6 months.
Similarly, a ratio of 12.6×10−3 produces HCN levels that have been observed but are
somewhat higher than expected for a yearly average, given the background measure-20

ments made. There is no suggestion that the ratio derived in this study is the one that
should be used for global model studies, but it does produce HCN levels that are rea-
sonable, compared with available field measurements, if a little on the low side. The
satellite derived measurements of Wiegle et al. (2012), although restricted in altitude
to above 5 km, suggest strongly that biomass burning (particularly that located in the25

Southern Hemisphere) is a dominant source and lends confidence to the present broad
brush model comparisons with measurements. Vegetation has also been suggested as
a non-negligible source of HCN (e.g. Fall et al., 2001) and vertical profile data from the
Jungfraujoch station in Switzerland (Rinsland et al., 2000) suggests that in addition
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to biomass burning there may well be a significant direct emission from vegetation.
Therefore, the tendency to underpredict lower and mid tropospheric HCN levels using
the ratio derived in this study may also point to a strong vegetation source. In summary,
model integrations suggest that the extreme ratios reported in the literature generate
too little or too much HCN and really are extreme values. The values reported in this5

study produce HCN levels that are consistent with field measurements but are on the
low side.

4 Conclusions

A CIMS instrument was developed for the airborne measurement of HCN in the
lower atmosphere using methyl iodide as the ionisation reagent gas. HCN measure-10

ments were successfully attained over Canada in July and August 2011, during the
BORTAS-B 2012 campaign onboard the FAAM BAe-146 aircraft. The high sensitivity
(4±0.9 ioncountss−1 pptv−1), low limit of detection (5 pptv) and selectivity of the data
acquired and presented here with a time resolution of 3 s illustrates the ability of this
instrument to measure HCN accurately; it is, therefore, a highly sophisticated instru-15

ment for detecting burning plumes. The mixing ratios measured through the biomass
burning plumes ranged from sub 0.1–3.7 ppb covering the range of previously reported
atmospheric levels (Singh et al., 2003, 2012; Knighton et al., 2009) and were strongly
correlated with CO and CH3CN, strengthening the ability of HCN to be a unique marker
for biomass burning.20

The 6 sigma methodology implemented and tested here for plume definition has
been shown to produce the strongest correlation with CO, indicating that it is poten-
tially an excellent method for defining biomass burning plumes. The NEMR (relative
to CO) calculated using this plume identification method was 3.76±0.02 pptvppbv−1

which is in the range of previously reported values (Andrea et al., 2001; Sinha et al.,25

2003; Yokelson et al., 2009; Hornbrook et al., 2011) indicating the accuracy of the HCN
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measurements. The accurate NEMR was then used to estimate the total emission of
HCN via biomass burning, which was calculated to be 0.91 Tg(N)yr−1.

These first results from CIMS for HCN measurements using I− chemistry suggest
that the instrument is capable to measure HCN in the lower atmosphere with a high
sensitivity, low limit of detection and high time resolution. The data produced also5

shows the accuracy at which HCN measurements can define biomass burning plumes
and the reliability of this method.
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Table 1. HCN : CO NEMRs (in pptv ppbv−1) for 5 flights during BORTAS campaign in plumes
determined by 6 or 10 sigma above background and R2 of correlations. NEMR units are
ppt ppb−1.

Flight 6 sigma slope 10 sigma slope 6 sigma R2 10 sigma R2

B621 4.7±0.05 4.68±0.05 0.83 0.83
B622 0.66±0.02 0.66±0.02 0.46 0.46
B624 2.68±0.03 2.68±0.03 0.82 0.79
B626 2.72±0.09 2.82±0.06 0.81 0.83
B628 3.68±0.05 3.3±0.08 0.69 0.45

average 2.89±0.05 2.83±0.05 0.72 0.67

Average without B622 3.45±0.06 3.37±0.06 0.79 0.73
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Table 2. HCN : CO NEMRs as quoted in literature and the calculated NEMR for HCN from
data collected throughout the BORTAS campaign, excluding flight B622. NEMR ratio units are
ppt ppb−1.

Andrea Sinha Yokelson Simpson Hornbrook This work

0.43±0.15 (Sv) 9±3 (Sv) 12.8±9.5 (MC) 8.2±2 (Can) 8.8±3.8 (As) 3.76±0.02 (Can)
1.5 (TF) 6±2 (W) 6.6±4.8 (Yu) 2.4±0.9 (CA)
1.4(TF) 9±5 (G) 7±5.9 (TF) 7.7±3.2 (Can)

Sv: African savannas, TF: tropical forests, W: savanna woodland, G: savanna grassland, MC: Mexico city
region, Yu: Yucatan, As: Asian, CA: California, Can: Canada
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Table 3. The HCN : CO NEMRs (in pptv ppbv−1) with R2 of slope for 5 flights during BORTAS
campaign calculated using varying methods previously described in literature.

6 sigma HCN 6 sigma CO 6 sigma of CH3CN, 100 ppb CO 300 ppt HCN 175 ppt CH3CN 200 ppb CO
HCN : CO and 100 ppb CO

Slope R2 Slope R2 Slope R2 Slope R2 Slope R2 Slope R2 Slope R2

B621 4.70±0.042 .83 4.92±0.038 0.83 4.75±0.11 0.83 4.81±0.035 0.85 5.03±0.06 0.82 5.11±0.049 0.84 5.81±0.087 0.83
B622 0.46±0.016 0.66 0.74±0.010 0.62 0.85±0.021 0.74 0.73±0.011 0.59 0.40±0.030 0.25 0.78±0.013 0.61 0.69±0.017 0.45
B624 2.68±0.029 0.82 2.91±0.037 0.76 3.24±0.072 0.85 2.93±0.418 0.72 2.72±0.035 0.76 2.98±0.047 0.70 3.13±0.064 0.64
B626 2.72±0.094 0.81 2.85±0.074 0.83 2.83±0.109 0.96 2.94±0.050 0.83 2.97±0.069 0.83 3.00±0.134 0.81 2.64±0.254 0.74
B628 3.68±0.050 0.69 6.77±0.10 0.60 0 0 6.21±0.17 0.42 0.74±0.11 0.24 4.66±0.270 0.30 0 0

average 2.85±0.047 0.76 3.64±0.052 0.73 2.33±0.062 0.68 3.52±0.062 0.68 2.37±0.061 0.58 3.31±0.103 0.65 2.45±0.084 0.53
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Table 4. Percentage of data determined to be within a plume from the BORTAS flights using
varying possible plume identification methods.

% data in plume
flight 6 sigma 6 sigma 6 sigma 100 ppb CO 300 ppt HCN 175 ppt CH3Cn and 200 ppb CO

HCN CO CH3CN 100 ppb CO

B621 25.05 38.60 22.35 43.28 16.65 39.00 11.00
B622 46.80 83.47 62.51 73.40 12.31 51.00 49.00
B624 58.25 64.92 55.23 61.07 49.42 49.00 37.00
B626 13.71 22.12 13.89 48.23 24.22 8.00 3.00
B626 46.49 63.65 0 48.52 2.52 12.00 0.00

average 38.06 54.44 30.80 54.90 21.02 31.80 20.00
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Experimental 

CIMS  

A Chemical ionisation mass spectromet

CIMS instrument employed here was built by the Georgia Institute of Technology as previously 

described by Nowak et al. (2007) and has been previou

(Le Breton et al., 2012). Subsequently various a

are described in the following section

operating conditions of the CIMS on board the airborne platform FAAM BAe

 

Figure 1. Schematic of chemical ionisation mass spectrometer (CIMS) used in this study. Arrows indicat

scale.  

 

The inlet consisted of 3/8" OD diameter PFA tubing of length

reduce surface losses.  An orifice of diameter 0.9

restrict the flow to 5.8 SLM. The pressure in the ionisation r

A Chemical ionisation mass spectrometer (CIMS) was used for real-time detection of HCN. The 

CIMS instrument employed here was built by the Georgia Institute of Technology as previously 

. (2007) and has been previously described for formic acid measurements 

Subsequently various adjustments have been made to the inlet and 

in the following section. The schematic in Figure 1 shows the set up used and 

he CIMS on board the airborne platform FAAM BAe-

. Schematic of chemical ionisation mass spectrometer (CIMS) used in this study. Arrows indicate direction of gas flow. Dimensions are not to 

3/8" OD diameter PFA tubing of length 580 mm which was heated to 40

.  An orifice of diameter 0.9 mm was positioned at the front of the

SLM. The pressure in the ionisation region was maintained at 19 Torr 

time detection of HCN. The 

CIMS instrument employed here was built by the Georgia Institute of Technology as previously 

sly described for formic acid measurements 

djustments have been made to the inlet and these 

The schematic in Figure 1 shows the set up used and 

-146 research aircraft.  

 

e direction of gas flow. Dimensions are not to 
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mm was positioned at the front of the inlet to 

egion was maintained at 19 Torr 

Fig. 1. Schematic of chemical ionisation mass spectrometer (CIMS) used in this study. Arrows
indicate direction of gas flow. Dimensions are not to scale.
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(133.322 Pa) throughout the flight by controlling the flow of nitrogen into the ionisation region 

using a mass flow meter.   

Ionisation scheme 

The ion-molecule chemistry using iodide ions (I−) for trace gas detection has been described by 

Slusher et al (2004) and was utilised here to detect HCN. A gas mixture of methyl iodide, CH3I, and 

H2O in N2 is used to obtain reagent ions I− and water clusters I−.(H2O)n, of which the latter is 

important for the ionisation of HCN, forming the adduct observed in the mass spectrum (Figure 2). 

HCN was ionised by I− via an adduct reaction,  

 

I−.(H2O)n+ HCN → HCN.I−.(H2O)n       (1) 

 

which enabled HCN to be detected selectively at m/z = 154.  

 

 

Figure 2. Mass scan from the CIMS during background (blue line) and encountering a HCN peak at mass 154 (blue line). 
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Fig. 2. Mass scan from the CIMS during background (red line) and encountering a HCN cali-
bration peak at mass 154 (blue line).

5681

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

  

        

                                            

 Figure 3.  HCN : CO correlations in plume determined by the 6 sigma HCN approach for 5 flights during the BORTAS campaign 

 

The 6 sigma HCN method produced the highest average R2 of 0.76. The methods using CO as a 

threshold exhibited low correlations on flight B628, as a result of a peak in CO during low level 

sections of the flight, as shown in figure 4. This can be attributed to non-BB sources of CO 

enhancing the CO levels where no HCN sources were present, as CO is known to have other 

natural and anthropogenic sources (Logan et al., 1981). This highlights a potential problem when 

using CO as a marker, as other measurements are required in order to determine the source. B622 

had low CO concentrations but did show structure which was reciprocated by the HCN 

measurements. The CH3CN data was too close to the detection limit during flight B628 to be able 
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Fig. 3. HCN : CO correlations in plume determined by the 6 sigma HCN approach for 5 flights
during the BORTAS campaign.
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to determine a 6 sigma above background. The 200 ppb CO threshold approach removed all of 

these data from this flight, which would suggest that none of the flight encountered a BB plume. 

The method previously used by Hornbrook et al., (2011) produced an R2 of 0.30 for this flight as a 

result of the low CO and CH3CN concentrations, whereas the 6 sigma HCN approach produced an 

R2 of 0.69. Using CO as a BB marker is limited due to the variability in sources of CO. This method 

can be used for relatively fresh and unmixed plumes, whereas aged plumes may suffer from 

enhancements of CO from other sources.   

 

 

Figure 4.  In plume HCN : CO ratio from flight  B628 using the 6 sigma HCN approach and the 175 ppt CH3CN and 100 ppb CO thresholds 

 

The methods using CH3CN data did produce a high R2 on many flights, as shown in Table 3. 

However, the Limit of Detection (LOD) of the PTRMS to CH3CN during BORTAS was a factor of 2.5 

worse than the LOD of the CIMS towards HCN. As a result when sampling aged, hence dilute, 

plumes the S/N ratio is not significant enough to identify a plume, as exemplified by flight B628. 

Furthermore, as the PTRMS was used to detect a range of compounds during each flight, the time 

response was slower than that of the CIMS system. As a result, the CH3CN data has a time average 

from 9 to 20 seconds, depending on the number of target gases that were being measured. With 

this particular sampling protocol it is difficult to measure accurately plumes close to the source as 

the lower measurement frequency may struggle to pickup small plumes as a result of the speed of 
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Fig. 4. In plume HCN : CO ratio from flight B628 using the 6 sigma HCN approach and the
175 ppt CH3CN and 100 ppb CO thresholds.
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found around Mexico City. Although emissions of HCN from motor vehicles are not believed to be 

important on a global scale, localised emissions may become significant (Crounse et al., 2009). 

Boreal forests are the primary source of fires in Canada, whereas Californian fires may be as a 

result of varying fuels, such as coniferous forests and grass and shrubs (Hornbrook et al., 2011). 

 

 

Figure 5. HCN : CO  correlations within BB plumes from the BORTAS campaign as determined using the 6 sigma HCN approach. Flight B622 data has 

been excluded due to the possible two separate slopes observed  

 

The 6 sigma HCN method of identifying BB plumes has shown the veracity of HCN as a BB marker. 

In addition, this method performed better than the others over the BORTAS campaign, as 

indicated by the statistics presented.  Also, the 6 sigma HCN method showed the ability to define 

BB plumes accurately in air masses which had a low HCN background, enabling the identification 

of BB plumes in air masses distant from sources that were not constrained by a set threshold 

concentration. For example, a plume may have dispersed over large distances, lowering the 

concentration below the limit that defines a plume using previous methods.  Nonetheless, this 6 

sigma technique is still able to identify these plumes, as they are defined relative to the 

background. This 6 sigma method also has the same ability to determine VOC to CO ratios with the 
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Fig. 5. HCN : CO correlations within BB plumes from the BORTAS campaign as determined
using the 6 sigma HCN approach. Flight B622 data has been excluded due to the possible two
separate slopes observed.
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Fig. 6. Year average HCN derived from model integrations with two ocean deposition velocities
leading to a lifetime of 3 months and 6 months. (a) Emission ratio (HCN : CO) of 4×10−4 ppb
ppb−1 and a lifetime with respect to deposition of 3 months. (b) Emission ratio of 4×10−4and
a lifetime with respect to deposition of 6 months. (c) Emission ratio of 3.7 x 10−3 and a lifetime
with respect to deposition of 3 months. (d) Emission ratio of 3.7×10−3and a lifetime with re-
spect to deposition of 6 months. (e) Emission ratio of 12×10−3 and a lifetime with respect to
deposition of 3 months. (f) Emission ratio of 12×10−3 and a lifetime with respect to deposition
of 6 months.
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Abstract 

Dinitrogen pentoxide (N2O5) plays a central role in nighttime tropospheric chemistry as its 

formation limits the following days O3 potential. Hence, accurate measurements of N2O5 

are critical to examine our understanding of this chemistry, therefore the comparison of 

measurement techniques are vital to evaluate their capabilities. A chemical ionization mass 

spectrometer (CIMS) and broadband cavity enhanced absorption spectrometer (BBCEAS) 

were deployed during the 20010/2011 Role of Nighttime Chemistry in Controlling the 

Oxidising Capacity of the Atmosphere (RONOCO) campaign onboard the BAe-146 

aircraft over the United Kingdom. 1 Hz mixing ratios of N2O5 were simultaneously 

measured during 8 flights throughout this campaign. The CIMS measured N2O5 directly 



using I- ionisation chemistry and the BBCEAS indirectly measured N2O5 via a heated inlet, 

thermally dissociating it to measure NO3.  

 

The sensitivity for the CIMS was 52 ion counts pptv-1 with a limit of detection of 7.4 pptv 

for 1Hz measurements. The limit of detection for the BBCEAS was 2 pptv. The 

comparison of N2O5 mixing ratios show excellent agreement between the instruments for 

the whole dataset as indicated by the square of the linear correlation coefficient, R2 = 0.89 

which increased to as high as 0.98 for flight B568. BBCEAS measurements for flight B534 

return higher concentrations in comparison with the CIMS instrument, possibly due to 

N2O5 conversion efficiency in the BBCEAS and also a change in sensitivity for the CIMS 

due to ionisation molecule concentration reduction below an excess threshold. Altitudinal 

profiles obtained during the campaign show close agreement, with a correlation coefficient 

R2 = 0.93. Large positive correlations of the BBCEAS and CIMS N2O5 concentrations with 

NO2 were observed within plumes, as both instruments present an R2 of 0.93. The dusk to 

dawn flight allowed the transition from day to night time chemistry to be observed; each 

instrument simultaneously detecting increases in N2O5 at sunset, supported by a 

simultaneous rise in NO2 levels. The CIMS and BBCEAS performance indicate their 

significant ability to constrain night time N2O5 chemistry through the accurate acquirement 

of high frequency measurements on an aircraft. 

 

 

1. Introduction 

 

Dinitrogen pentoxide (N2O5) is an important reactive nighttime oxide of nitrogen in both 

the stratosphere and troposphere. Its formation in the stratosphere limits ozone (O3) 

production (Johnston et al,. 1971) and presence in the troposphere enables halogen 

activation and the production of inorganic nitrate (Atkinson and Arey, 2003) by reaction 

with salt aerosols, forming ClNO2 (Osthoff et al., 2008). The efficiency of daytime 

tropospheric ozone production and the formation of secondary aerosols are affected by 

nitrate (NO3) and N2O5 levels the previous night (Brown et al., 2006). NO3 initiates the 

processing of anthropogenic and biogenic emissions at nighttime and has been shown to be 

as dominant as the daytime hydroxyl radical processing, due to its reactivity with 

unsaturated VOC`s (Atkinson, 1991). To improve the understanding of the processes 

affecting O3 formation and air quality, it is necessary to improve the understanding of the 



atmospheric cycle of NO3 through its formation, loss, spatial variability and role in the 

regulation of NOx and budgets of VOCs (Atkinson, 2000). 

 

NO3 is formed through the reaction of O3 and NO2, which can then further react with NO2 

to form N2O5. N2O5 is in thermal equilibrium with NO3 which is established in a few 

minutes in the atmosphere (Brown, 2003).  

 

NO � O� � NO� � O�                                               R1 

NO� � O� � NO� � O�                                             R2 

NO� � NO� � M 	  N�O
 � M                               R3 

  

N2O5 is only abundant at night due to the rapid photolysis of NO3; j (NO3) is 0.2 s-1 

according to Stark et al. (2007) and undergoes fast reaction with NO during the daytime. 

N2O5 mixing ratios can build up during the nighttime with maximum concentrations of a 

few ppbv (Brown et al., 2007). Nighttime production of N2O5 has a significant impact on 

the lifetime of NOx, enabling N2O5 to act as a nighttime sink of NOx or a reversible storage 

of NOx allowing possible transport (Dentener and Crutzen 1993).   

 

 

N2O5 acts as a sink for NOx in the troposphere through its reaction with water producing 

nitric acid (HNO3), which ultimately has a direct effect on tropopsheric O3 production 

(Morris and Niki 1973; Mozurkewich and Calvert 1988). 

 

N�O
 � H�O � 2HNO�                                        R4 

 

Therefore, the nighttime oxidative capacity of the troposphere and NO3 availability is 

partially dependent upon the hydrolysis of N2O5, reaction 4. This removal of NO3 and 

N2O5 at night directly impacts the production of daytime oxidants such as OH and O3. Due 

to this complex relationship between NOx and O3 production, the hydrolysis of N2O5 is 

thought to decrease O3 concentrations in low NOx conditions and increase O3 in high NOx 

regions (Riemer et al. 2003). 

 



N2O5 also affects the tropospheric aerosol budget as the nitric acid produced, via its 

hydrolysis, partitions to the aerosol phase at low temperatures or in regions of excess 

ammonia (Stelson and Seinfeld 1982; Russell and Cass 1986). N2O5 can also be directly 

taken up on particles or fog droplets resulting in a production of dissolved nitrate (Lillis et 

al. 1999). The dynamics of this resulting particle phase NO3 is an area of uncertainty in 

aerosol prediction (Yu et al. 2005) and its impact on regional air quality and climate is 

difficult to quantify (Liao and Seinfeld 2005; Feng and Penner 2007; Bauer et al. 2007). 

This uptake rate is not well known as it depends on aerosol composition and 

meteorological conditions (Brown et al. 2006b; Bertram et al. 2009). Recent studies have 

shown heterogeneous chemistry of N2O5 on chloride containing aerosols efficiently release 

chlorine radicals to the atmosphere (Osthoff et al. 2008). 

 

The first measurements of NO3 in the troposphere using DOAS (Platt et al., 1980) was 

followed by a wide range of ground studies investigating the role of NO3 in polluted and 

clean tropospheric environments (e.g. Geyer et al., 2001; Smith et al., 1995). The 

measurement of N2O5 during these studies was not possible as it does not absorb at visible 

wavelengths. Techniques measuring NO3 were then developed to infer N2O5 

concentrations via the thermal equilibrium of NO3 and N2O5. Following experiments used 

high-finesse cavity techniques (e.g. Brown et al., 2007a; Dube et al., 2006), ionisation 

mass spectrometry (Slusher et al., 2004) or Laser Induced Fluorescence (LIF) which were 

able to detect NO3 produced from the thermal dissociation of N2O5 (Matsumoto et al., 

2005b; Wood et al., 2005). Concentrations up to 800 pptv were measured in Tokyo using 

such techniques. Previous in situ measurements indicate an instrument with a fast time 

response is necessary to capture its temporal variability (Brown et al., 2001, 2003); 

however there are limited techniques with this capability. Kennedy et al (2012) report 

measurements of N2O5 via the thermal dissociation of N2O5 on a second channel of a 

broadband cavity enhanced absorption spectrometer (BBCEAS) onboard the FAAM BAe-

146 aircraft during the RONOCO campaign. In this paper, N2O5 detection using a chemical 

ionisation mass spectrometer is compared with the BBCEAS technique during the 

RONOCO project. 

 

 



2. Experiment details 

2.1. BBCEAS instrument 

The BBCEAS has previously been described for NO3, N2O5 and NO2 measurements in 

Kennedy et al. (2012). Here, a brief decryption for N2O5 measurements is given. The 

BBCEAS has two rear facing inlets situated on the aircraft fuselage. The first inlet is used 

for sampling ambient air whereas the second inlet is used for sampling ambient air drawn 

through a sheath surrounding the inlet, measuring ambient NO3 concentrations. The sheath 

is used to maintain the inlet temperature to ensure minimal perturbation by the NO3/N2O5 

equilibrium. Air is drawn through channel 1 which consists of a thermally insulated 60 cm 

long 5/32” internal diameter PFA tube at a rate of 50L per minute. This flow is then 

divided into two separate conduits, one of which heated to 120 degrees Celsius in a 68 cm 

long ½” outside diameter PFA tube to facilitate the thermal dissociation of N2O5 to NO3 

and NO2, assuming 100% conversion efficiency.  The sum of NO3 via the two heated and 

ambient temperature inlets are measured. The amount of NO3 thus produced was 

determined by monitoring its absorption in the wavelength range between 640 nm and 672 

nm in a cavity which was formed of two mirrors both with peak reflectivity’s of about 

99.99% at 660 nm. The temperature of the cavity was kept at 80 degrees Celsius. During 

flight operations, the background spectrum, which is acquired by stopping ambient flow 

and back flowing nitrogen through conduits 1 and 2, is measured on the ground before 

sampling begins and half-hourly in flight thereafter to accounts for lamp intensity 

variations.  

 

2.2. CIMS instrument 

The CIMS instrument was built by the Georgia Institute of Technology as previously 

described by Nowak et al. (2007) and Le Breton et al. (2012). The schematic in figure 1 

shows the set up used and operating conditions of the CIMS on board the airborne platform 

FAAM BAe-146 research aircraft. 



Figure 1. Schematic of chemical ionisation mass spectrometer (CIMS) used in this study. 

Arrows indicate direction of gas flow. Dimensions are not to scale.  

 

 

2.2.1. Inlet and ionization 

 

The CIMS is fitted with two identical inlets, one for background measurements and one for 

sampling. They consist of 6 cm OD diameter PFA tubing of length 580 mm and are heated 

to 35⁰C to reduce surface loss. A 3-way PFA valve is used to automate switching between 

measuring the background scrubbed air or atmospheric sample. An orifice of diameter 0.9 

mm was positioned at the front of the inlet to restrict the flow to 5.8 SLM which was 

brought in using a rotary vane pump (Picolino VTE-3, Gardner Denver Thomas) 

corresponding to a residence time of 0.28s at standard temperature and pressure) in the 

total length of inlet tubing.  

  

The pressure in the ionisation region was maintained at 19 Torr throughout the flight and 

was controlled and measured using a mass flow controller (MKS 1179 and MKS M100 



Mass flow controllers, MKS Instruments, UK) and Baratron (1000 Torr range, Pressure 

Transducer, Model No. 722A, MKS Instruments, UK) and a dry scroll pump (UL-DISL 

100, ULVAC Industrial). Here, N2 and the ionisation gas mixture of CH3I/H2O/N2 at a rate 

of 1 SCCM passed over the ion source (Polonium-210 inline ioniser, NRD inc Static 

Solutions Limited), producing an excess of I- and I-·H2O ions in the IMR, which then 

ionised the N2O5 molecules in the air sample.  

 

2.2.2. Ion filtration and detection 

 

The ions then passed through a pinhole of a charged plate, which entered the mass 

spectrometer section of the instrument, i.e. the first octopole ion guide chamber which is 

the collisional dissociation chamber (CDC) at a pressure of 0.25 Torr where the local 

electric field divided by the gas number density (E/N) was 180 Townsend (Td = 10−17 V 

cm2). Here, weakly-bound ion-water clusters are broken up to simplify the resultant mass 

spectrum. The pressure in the CDC of less than 1 Torr was achieved by the use of a 

molecular drag pump (MDP-5011, Adixen Alcatel Vacuum Technology). After the CDC, 

the ions passed through the second octopole ion guide, which has the effect of collimating 

the ions. The octopole chamber was held at a pressure of 10-3 Torr which was maintained 

by a turbomolecular pump (V-81M Navigator, Varian Inc. Vacuum Technologies). Beyond 

the second octopole chamber, the ions were mass selected by a quadrupole with pre and 

post filters with entrance and exit lenses (Tri-filter Quadrupole Mass Filter, Extrel CMS).  

 

The quadrupole section was kept at a pressure of 10-4 Torr by a second 15 turbomolecular 

pump (V-81M Navigator, Varian Inc. Vacuum Technologies). The selected ions were then 

detected and counted by a continuous dynode electron multiplier (7550M detector, ITT 

Power Solutions, Inc.). 

 

2.2.3 Ionisation scheme 

 

The ion-molecule chemistry using iodide ions (I-) for trace gas detection has been 

described by Slusher et al. (2004) and was utilised here to detect N2O5. A gas mixture of 

methyl iodide (CH3I) and H2O in N2 is used to obtain reagent ions I- and water clusters I-

.H2O, of which the latter is important for the ionisation of N2O5, forming the adduct as 

seen in the mass spectrum (Fig. 2). The mix was produced using a manifold by evaporating 



the liquid deionised H2O and CH3I sequentially into the manifold to reach the following 

partial pressures of 10 Torr H2O and 15 Torr CH3I, before adding 5 bar of N2 to make a 

ionization gas mixture of 0.39 % CH3I and 0.26 % H2O. CH3I (≥ 99.5 %) was purchased 

from Sigma Aldrich and used as provided. N2O5 was ionised by I- via the reaction 5; 

 

I�. H�O � N�O
 � NO�
� � NO� � I. H�O                       R5 

   

which enabled N2O5 to be detected selectively at m/z =62  Typical reagent ion values were 

I-= 1.5 ×106 Hz, and I.H2O = 2.5 ×106 Hz.  

 

 

 

Figure 2. Mass spectrum of CIMS during flight B565, 2011 at 17:22. Ionisation peaks and 

N2O5 detected mass (at mass 62, NO3) are labelled. 

 

As the ionisation efficiency is dependent on the presence of water vapour through the 

production of I-.H2O (Slusher et al., 2004), water vapour was added to the ionisation gas 

mixture, so as to produce an excess of I-.H2O cluster ions and hence allow operation in the 

water vapour independent regime. Figure 3 shows a formic acid calibration at a range of 

RH and therefore I-
.H2O counts. Mass 145 (I-

.H2O) counts never fell below 150 000 counts 

during operation onboard the aircraft due to this addition of water vapour. The sensitivity 

of the CIMS for N2O5 is assumed to be independent of water vapour as laboratory tests 

have shown formic acid and N2O5 sensitivities are linear, as explained in detail in section 

2.2.4. 
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Figure 3. Formic acid calibration at a range of RH values, indicating the stability of 

sensitivity above 100 000 I-
.H2O counts. 

 

2.2.4. Calibrations 

 

The CIMS was calibrated relative to the formic acid sensitivity for each flight. Post and in 

flight formic acid calibrations were taken as described in Le Breton et al. (2012).  N2O5 

was calibrated in the laboratory after the campaign by producing a known concentration of 

N2O5 as described later and simultaneously calibrating the instrument for formic acid. A 

linear relationship was found for formic acid and N2O5 sensitivities. Figure 6 shows how 

the CIMS sensitivity to formic acid and N2O5 increase linearly. As the CIMS was unable to 

calibrate for N2O5 during the RONOCO campaign, a single BBCEAS data point was taken 

to estimate sensitivity for the CIMS for N2O5 and ratio to the formic acid in flight 

calibration. The calculated ratio was then implemented for the whole dataset.  
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Figure 4. Formic acid and N2O5 laboratory calibration correlation at low I.H2O counts to 

demonstrate stability at low sensitivities.   

 

N2O5 was prepared by the gas phase reaction of nitrogen dioxide (NO2) and O3 based on 

the method described in Davidson et al. (1978) and reactions 2 and 3. The glassware 

consisted of a 5 litre capacity pyrex-glass reaction vessel, of 25 cm diameter, with 

removable and sealable cold traps at either end, all of which were covered with foil to 

ensure no photolysis. Youngs taps fitted to the traps in combination with the main 

synthesis glassware allowed for the periodical reversal of the gas flows. Water vapour was 

excluded from the glassware by purging the system with O3 and oxygen for ten minutes 

before use.  

 

O3 was generated by passing dry oxygen through a commercial O3 generator (BMT 802) at 

a flow rate of 200 sccm-1 using a mass flow controller. The NO2 was then introduced into 

the gas stream, its colour diminishing in the reaction vessel, an indication of chemical 

conversion. The product was collected over a methanol/liquid nitrogen trap at 260 K in the 

trap furthest away from the source. This flow direction was left for 30 minutes for 

sufficient deposition of N2O5. The NO2 flow was stopped and O3 flow reversed, moving 

the cold trap to the other end of the vessel. This was repeated until pine needles were 

collected in the cold trap, a sign of pure N2O5. The ozoniser was then switched off and the 

system was purged with oxygen for 5 minutes to remove unreacted O3. The N2O5 was then 

removed and stored at 195 K in the dark to limit decomposition.  

 

The N2O5, maintained at 195K, was then introduced to the CIMS and a NOx analyser with 

a supporting flow of Nitrogen. The N2O5 concentration was then inferred through the 

stoichiometric ratio of NO2:N2O5 as observed in reaction 7.  
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2.3 FAAM BAe-146 onboard instruments 

 

In addition to the N2O5 data from the BBCEAS and CIMS, NO2 measurements are used in 

this analysis. Nitric oxide (NO) and nitrogen dioxide (NO2) were measured using separate 

channels of a chemiluminescence detector and were reported every 1 second with an 

uncertainty of ± 6% ppbv (Stewart et al., 2008).  Ozone was measured using a UV 

Photometric Ozone Analyser at 1 Hz with an uncertainty of 15 ±3 ppbv (Real et al., 2007). 

The FAAM core GPS-aided inertial Navigation system is also used to provide altitude, 

longitude and latitude. 

 

 

2.4 RONOCO 2010 campaign 

The RONOCO campaign was conducted in the summer and winter 2010/2011 based at 

East Midlands airport, United Kingdom. The scientific objectives of RONOCO were to 

determine the morphology of tropospheric NO3 in different meteorological conditions and 

seasons, and in a range of gas phase and aerosol environments, in order to quantify the key 

processes and pathways of oxidized nitrogen chemistry at night in the troposphere. The 

ultimate aim was to assess the pervasiveness and importance of nighttime chemical 

processes, and in particular NO3, for UK regional and Western European air quality, 

eutrophication, and ultimately to quantify its links to climate change. In this project, NCAS 

scientists used the FAAM BAe-146 aircraft together with supporting instrument 

measurements and modelling studies. The CIMS instrument measured formic acid, 

propanoic acid, butanoic acid, nitric acid and N2O5 throughout the RONOCO campaign. 

The BBCEAS measured NO3, N2O5 water and NO2. 35 hours of flight data from 

RONOCO are presented within this paper for comparison; 5 flights at nighttime in summer, 

2 in winter and 1dusk to dawn transition in winter to study the transition between daytime 

and nighttime chemistry. All flights sampled air over the UK, North Sea and English 

Channel which are impacted by pollution from the UK and occasionally continental 

Europe. 

 

 

 



3. Results 

3.1. Overall comparison 

The concentrations measured and statistics reported here are at 1Hz for both instruments.  

The CIMS sensitivity is calculated as the average sensitivity for the 8 flights presented here. 

The average sensitivity was 52 ± 2 ion counts pptv-1s-1
, with a limit of detection of 7.8 pptv, 

calculated as 3 standard deviations above the background counts, and a total measurement 

error of 15%. The BBCEAS sensitivity is defined by its limit of detection (the smallest 

change in cavity throughput, I∆ min, that can be detected resulting from molecular 

absorption inside the cavity), calculated to be 2 pptv for 1Hz data. Good agreement was 

obtained between the N2O5 measurements using both CIMS and BBCEAS for the 8 flights 

presented here (Figure 4). The linear regression exhibits a line of best fit with a correlation 

coefficient R2 = 0.89. The agreement between the CIMS and BBCEAS measurements 

varies from flight to flight as shown in figure 5. Flight B566 has the highest r2 value of 

0.98, whereas as flight B537 has the lowest R2 of 0.74. This reduction in R2 may be a result 

of the instruments method of concentration retrieval. The BBCEAS depends on the σ(NO3) 

which is proportional to the temperature, pressure, water vapour, hv and additional 

absorption causing possible broadening of the peak. Whereas the CIMS sensitivity depends 

on I.H2O counts, which may decrease at high N2O5 concentrations as shown in figure 3. 

The mean N2O5 mixing ratio was 114 pptv for CIMS and 115 pptv for BBCEAS. 

Maximum concentrations reported by the CIMS and BBCEAS were 890 ± 133 pptv and 

1007 ± 141 pptv respectively, although these peak concentrations do not originate form the 

same air mass. These maxima were intercepted during measurements of the London plume 

travelling North East over the North Sea, but the BBCEAS maxima was reported during 

flight B534, whereas the CIMS report the measurement during flight B565. This 

discrepancy may arise from the slight curvature in the correlation between the CIMS and 

BBCEAS for flight B534. A CIMS/BBCEAS [N2O5] ratio of 1.73 may indicate a change 

of sensitivity for the CIMS at high N2O5 concentrations. The CIMS sensitivity may have 

decreased if the I.H2O counts drop below 150 000, subsequently increase in the calculated 

concentration.  The CIMS was much more sensitive for summer flights, through the 

efficient production of the I.H2O. This high sensitivity in summer and possible instability 

of sensitivity at high concentrations possibly explains how this curvature to the correlation 

is not observed in winter. The BBCEAS conversion efficiency to NO3 could also decrease 

at high concentrations. 



 

 

  

  

  

Figure 5: Scatter plots for the entire RONOCO dataset accumulated and for each flight 

from RONOCO where CIMS and BBCEAS measured [N2O5]. The black lines illustrate the 

linear regression.  
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3.2. Comparison as a function of altitude 

Vertical profiles obtained from aircraft measurements offer the ability to derive profiles 

from a variety of air masses, locations and meteorological conditions. Previous profiles 

obtained from aircraft measurements have shown that concentrations are larger and longer 

lived aloft as compared with the surface (Brown et al., 2007), as the sinks for N2O5  will 

generally decrease with altitude due to heterogeneous loss (Fish et al., 1999). 
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Figure 6: Vertical profiles of N2O5 nitric acid (HNO3) mixing ratios from an altitude of 64 

to 1711 metres from the CIMS and BBCEAS. Linear regression line for this data, R2 = 

0.97. HNO3 measurements are averaged to 15 seconds. 

 

Figure 6 illustrates a concentration profile attained during flight B568, increasing with 

altitude from 64 metres to 1711 metres. Good agreement between concentrations returned 

by both instruments, R2 = 0.97 (as shown in figure 6), confirms the accuracy of the 

instruments measurements during altitudinal profiles.  

 

At the lowest altitude of 64 metres, both instruments return an average concentration of 45 

pptv. A steady increase is observed up to 600 metres where the CIMS records a maximum 

concentration of 552 pptv and the BBCEAS records a maximum concentration of 353 pptv. 

Both instruments observe a sharp decrease in concentration to 100 pptv at 820 metres. An 

increase again is observed steadily to 1000 feet where the CIMS and BBCEAS record 

concentrations of 512 and 392 pptv respectively. Both instruments observe a very similar 

drop above this altitude to15 pptv at 1500 metres.  The difference in these concentrations 

during this profile may arise from BBCEAS inlet efficiencies as the heated inlet may not 

efficiently respond to this sudden change in concentration producing a higher temporary 

instrumental background.  

 

If it is assumed that nitric acid is produced by the hydrolysis of N2O5, correlations to the 

nitric acid profile can aid a comparison between the instruments. Both instruments profiles 

show a very similar structure to that of nitric acid, although rapid decreases in nitric acid at 

200 metres and 1200 metres are not observed in either N2O5 measurements. Further 

analysis using the steady state approximation is presented in a later section. 

 

3.3. Comparison as a function of NO2 

NO2 plays a key role in nighttime chemistry as it is a primary reactant to N2O5 formation; 

therefore it is useful to observe NO2 concentrations at the same time as N2O5 



measurements to validate the N2O5 formation and trends. Figure 7 shows a NO2 plume 

detected during flight B566 at 20:44, which increases above ambient concentrations during 

the flight (1.5 ppbv) to 15.7 ppbv. The CIMS and BBCEAS detect a similar increase in 

N2O5 concentrations at this time with close to identical structure. The correlation of N2O5 

to NO2 can be seen in figure 7 for the CIMS and BBCEAS which both show a very similar 

trend and the same high r2 value; 0.93.  The r2 for all the data obtained in flight B566 for 

CIMS and BBCEAS was 0.59 and 0.62 respectively.  

 

 

Figure 7: CIMS and BBCEAS N2O5 concentration time series during flight B566. NO2 

scatter plot for both N2O5 measurements (CIMS in red, BBCEAS in blue) and linear 

regression line for each (CIMS in black, BBCEAS in green). 

 

3.4. Dusk to dawn transition flight 

Flight B568 took off from East Midlands Airport, Leicestershire, UK at 14:53 and flew 

along the East coast of the UK over the North Sea. The timing of this flight allowed 

measurements during daylight and nighttime, enabling observation of the transition from 

day to nighttime chemistry as sunset was at 16:30. The daytime average concentrations 

measured by the CIMS and BBCEAS were 22 ± 3 pptv and 18 ± 3 pptv respectively. An 

increase in concentration is then observed from the point of sunset, indicating the transition 

from daytime chemistry to nighttime chemistry. This transition is confirmed by the 

increasing NO2 concentration above the earlier background levels, which is expected due 

to the reduction in photolysis. The high NO2 concentrations observed from 17:25 until 

17:50 correlate with a decrease in O3 concentrations. Low O3 mixing ratios are expected 
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and observed to reduce NO3 and N2O5 concentrations. Following the recovery to higher O3 

levels, N2O5 and NO3 progress to their maximum concentrations on the flight. The 

maximum concentration of 867 pptv measured by the BBCEAS was at 18:39 and the 

CIMS maximum concentration, 704 pptv, was measured at 18:27.  The time series in 

figure 8 shows that these will originate from the same air mass, but CIMS was calibrating 

during the time when the BBCEAS measured the maxima and therefore no data could be 

obtained. This flight shows the ability of both instruments, and measurements of N2O5, to 

track accurately the transition from day to nighttime chemistry and the emergence of NO2, 

NO3 and N2O5. 

 

Figure 8: Time series plot from flight B568 for concentrations of N2O5 from the CIMS (red 

line) and BBCEAS (blue line), NO2 concentrations (green line) and altitude (black line). 

 

4. Steady state analysis 

Brown et al., (2003) have described in detail the conditions under which the steady state 

approximation is valid for the analysis of atmospheric levels of NO3 and N2O5. We have 

analysed the dataset presented in this paper and conclude that the steady state 

approximation can be applied to the nighttime datasets. Following the work of Brown et al., 

(2003) we note that five reactions exist under the conditions encountered that will control 

both species. These are 

NO2 + O3 → NO3 + O2    (1) 
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NO3 + NO2 + M → N2O5 + M   (2) 

NO3 + NO → 2NO2    (3) 

N2O5 + M → NO2 + NO3 + M   (4) 

N2O5 → loss     (5) 

 

Application of the steady state approximation to NO3 and N2O5 yields the expressions 
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Further analysis using equations I and II then yield an expression for [N2O5] involving just 

NO, NO2 and O3. 
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Figure 9: Time series plot from flight B568 of N2O5 concentrations from the CIMS (red 

line) and BBCEAS (blue line) with the results from the model (green line), Model 

minimum (purple line) and model maximum (grey line). 

 

Comparison of the [N2O5] derived using equation III using the measurement data of NO, 

NO2 and O3, together with the rate coefficients taken from laboratory studies, with the 

measured data produces good agreement in general (figure 9). When one includes the 

combined uncertainties in rate coefficients and measurements to derive a lower and upper 

limit for the steady state analysis, these limits easily bracket the measured data. The dataset 

splits into two regions, one where nighttime NO is large such that NO3 loss is large via 

reaction (3). Here, N2O5 levels cannot build to high levels and is in keeping with the study 

by Zheng et al., (2008). These workers studied NO3 and N2O5 vertical profiles during the 

Milagro campaign over Mexico City and concluded that nighttime NO levels were large 

and led to a suppression on both species. Alternatively if NO2 levels dominate, equation III 

can be simplified to equation IV which further simplifies to equation V (and is in keeping 

with the linear correlation between N2O5 and NO2). 
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Rearranging equation V yields an expression for k5 which involves all parameters that are 

measured in this work. The average value returned is ~ 5 x 10-3 s-1, leading to a lifetime for 

N2O5 of ca. 3.5 minutes. Assuming that all the N2O5 lost produces gas phase HNO3 

(unlikely as one would imagine that a substantial fraction will be incorporated onto aerosol) 

leads to an upper limit production rate of HNO3 ~ 30 ppt min-1.  Although we note that this 

is an upper limit, it compares with a typical production rate during daytime through the 

reaction between OH and NO2, assuming [NO2] = 10 ppb, [OH] = 1 x 106 molecule cm-3, 

this produces a production rate of approx. 20 ppt min-1. This result would support the 

modelling work of Jones et al., (2005) who show that the nighttime production of HNO3 



from N2O5 chemistry can be an efficient sink for NOx, comparable to the daytime 

production of HNO3 form the hydroxyl radical. 

 

5. Summary and conclusions 

The RONOCO campaign 2010/2011 enabled a formal comparison of N2O5 concentrations 

measured by two fundamentally different techniques, CIMS and BBCEAS. The 

comparison was conducted successfully for the first time on the same aircraft over the UK. 

The campaign showed how N2O5 can be accurately detected at high frequency (1Hz), 

directly with a high sensitivity by the CIMS of 52 ion counts pptv-1 and indirectly with 

limits of detections down to 2 pptv. Good agreement in general was observed. Linear 

regression results show that [N2O5] CIMS = 0.98 X [N2O5] BBCEAS + 22.2 pptv with an 

average correlation coefficient R2 = 0.89. The difference between the CIMS and BBCEAS 

instruments for N2O5 measurements can be explained in general by their combined 

measurement uncertainties. The high correlation during altitudinal profiles (R2 = 0.93)  

prove the sensitivity of each instrument remains constant throughout varying flight 

conditions and allow detailed quick time profiles to be taken in varying environments. 

Simultaneous NO2 measurements helped validate the N2O5 plumes detected during the 

campaign and transition from day to night chemistry. These results show that CIMS and 

BBCEAS techniques can be applied to precise and rapid measurements of N2O5 on an 

aircraft. 
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6. Conclusions 

A CIMS has been implemented for 1 Hz simultaneous measurements of trace gases on the 

FAAM BAe-146 research aircraft over the UK and Canada using the methyl iodide 

ionisation scheme. The instrument attained sensitivities up to 35 ion counts ppt-1 with 

limits of detection in the low ppt range (5 ppt for HCN). Simultaneous measurements of 

HC(O)OH, HNO3 and N2O5 were successfully made during the RONOCO campaign, 

supporting the research aim to determine the morphology of tropospheric NO3 in different 

meteorological conditions and seasons. The CIMS measured HCN and HC(O)OH during 

the BORTAS 2011 campaign to accurately identify biomass burning plumes, enabling the 

assessment of how chemicals emitted from forest fires in North America change as they 

are transported away from the source. The accurate 1 Hz measurements of trace gases in 

the troposphere have enabled trajectory models to improve their accuracy on the 

production pathways and subsequently further our understanding of their role in 

controlling air quality. The simultaneous measurement of important trace species in the 

daytime and nighttime enabled a lifetime of 3.5 minutes for N2O5 and a production rate of 

30 ppt min-1
 for HNO3 to be calculated. This supports the modelling work of Jones et al., 

(2005) showing how HNO3 production from N2O5 can be an efficient sink for NOx. 

 

6.1 Instrumental conclusions 

An aircraft sampling system was developed consisting of two separate inlets, 580 mm in 

length, resulting in a low residence time, 0.7 seconds, subsequently reducing the wall 

surface interaction with sticky molecules such as HNO3 and optimising the signal to noise 

ratio. The sample inlet was lined with PFA tubing and heated to 75 degrees  Celsius to 

further reduce loss to the walls.  An acid scrubber was implemented on the background 

inlet to enable in-flight backgrounds and calibrations to be taken, allowing the sensitivity 

of the CIMS to be calculated at any point during operation.  

 

An in situ calibration system was developed for HC(O)OH and HNO3 in such a way to  

enable the HNO3 and HC(O)OH calibrants to be controlled remotely through the local area 

network on the aircraft. These calibrations were implemented to test the stability of the 

CIMS sensitivity under varying operating conditions. An altitudinal dependency 

experiment was performed during the RONOCO campaign in 2011 where a number of 

calibrations were made from ground level up to 9200 feet. The results showed no change 
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of sensitivity for HC(O)OH and HNO3 across these altitudes, indicating a stable sensitivity 

throughout flights.  

 

Laboratory experiments investigated the dependency of CIMS sensitivity with varying      

I-.H2O signal counts. The results found that above a threshold level of 1 million counts s-1 

of I-.H2O the CIMS sensitivity is independent of signal counts of that mass. Below this 

threshold, a linear decay is observed which has been quantified and is successfully 

accounted for into the data analysis. It must be noted that the instrument can be tuned in 

such a way that I.H2O counts do not fall below this threshold. This is achieved by 

balancing a high sensitivity with high mass resolution. An N2O5 calibration has also been 

developed in the laboratory and it has been shown that the CIMS sensitivity to HC(O)OH 

is linear to that for N2O5. This has enabled accurate, direct measurements of N2O5 to be 

obtained without the use of a N2O5 calibration system during the campaigns, on the basis 

of a relative calibration.  

 

A CIMS data analysis toolkit was developed specifically for aircraft observations. This 

toolkit allows data to be analysed efficiently post flight. The general user interface takes 

the raw CIMS signal and allows users to process the data easily by applying corrections for 

background counts, sensitivities and choosing a data averaging period. 

 

6.2 Observational conclusions 

The first ever measurements of HC(O)OH over the UK on the FAAM BAe-146 aircraft 

enabled the detection of urban and industrial plumes from London, Humberside and 

Tyneside (Paper A). HC(O)OH observed showed no correlation with known anthropogenic 

markers such as NOx, CO and O3. A trajectory model showed an under-prediction of 

concentrations by up to a factor of 2, which can be resolved by the addition of 1-alkene 

surface emissions that oxidise to form HC(O)OH. This flight highlighted how the model 

cannot reproduce the measured concentrations because of the lack of precursor emissions 

and direct HC(O)OH emissions from anthropogenic activity. 

 

The first simultaneous measurements of HC(O)OH and HNO3 around Britain showed how 

measurements of HNO3 can be a strong indicator of plume activity as peaks of HC(O)OH 

and HNO3  can indicate a degree of ageing, validated by O3 and NOx measurements (Paper 



51 

 

B). Although HNO3 and HC(O)OH correlations suggest photochemical production of the 

species, as noted by Veres et al. (2010), further analysis reveals a direct emission of 

HC(O)OH and strong secondary production when O3 concentrations are high, indicating 

the significance of ozonolysis of 1-alkenes for HC(O)OH production. Trajectory models 

failed to reproduce the observed HC(O)OH levels, as also observed in paper A. This 

inaccuracy was improved through the inclusion of vehicular primary sources, but a 

significant amount of propene equivalent 1-alkene is required to match the measured 

concentrations. This rich information attained from this flight concludes that the relation 

between HNO3 and HC(O)OH cannot be attributed to related photochemical production 

exclusively. 

 

The first high sensitivity (3±0.6 ion counts s-1 pptv-1) HCN measurements using I- 

chemistry from boreal forest fires over Canada were made during the BORTAS campaign 

in 2011 (Paper C). In conjunction with high sensitivity, a limit of detection of 5 ppt 

allowed the use of HCN as a marker for BB plumes, confirmed by a strong correlation with 

CH3CN and CO. A successful validation of the 6 sigma methodology for plume definition 

was implemented by comparison with other available methods through its correlation with 

CO. A normalised excess mixing ratio (NEMR) ratio to CO obtained via this method was 

found to be in range of that found in the literature, confirming the accuracy of this method 

and data obtained by CIMS. The NEMR from this work was then used to calculate a global 

emission total for HCN of 0.92 Tg (N) yr-1 when applied in the STOCHEM CRI model. 

NEMR`s stated in the literature produced too high or small global emission values when 

implemented into the model, therefore validating the NEMR obtained in this work.  

 

An airborne comparison between the CIMS and BBCEAS during the RONOCO campaign 

illustrated how both techniques can precisely and rapidly measure N2O5 in the troposphere 

(Paper D). The CIMS is also the first instrument to directly measure N2O5 on an aircraft. 

An R2 correlation coefficient value of 0.89 was obtained when comparing 1 Hz data from 

the CIMS and BBCEAS over 5 flights. The high correlation between the techniques (R2 = 

0.93) and correlation of CIMS HNO3 with N2O5 indicates the significant production of 

HNO3 from the hydrolysis of N2O5. Simultaneous NO2 measurement also aided the 

validation of the N2O5 plumes and transition from day to night time chemistry. 
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The results presented in this thesis have shown the versatility of the CIMS using I- as the 

ionisation scheme to measure a number of trace species in the troposphere at low ppt 

concentrations on board an airborne platform. CIMS is able to take 1 Hz simultaneous 

measurements of trace gases and can be implemented as a powerful and robust method to 

further our knowledge of trace gas sources and evolution. 

 

7. Further work 

7.1 Instrumental development 

An increase in the CIMS sensitivity and precision can be achieved by upgrading the 

Manchester CIMS to a Chemical Ionisation Time-of-Flight Mass Spectrometer (CI-TOF-

MS), such as that described by Bertram et al. (2011). Sensitivities of over 300 ion counts 

ppt-1 have been achieved for formic acid measurements with ion duty cycles greater than 

20%, lowering the instruments limit of detection to 4 ppt and attain an error of 5% at 1 

second averages. This development by Bertram et al. (2011) allows full mass spectra to be 

obtained at 10 Hz. The ability to attain mass spectra and full width half max values of 900 

Thomsons (Th) enable the mass spectrometer to resolve peaks at masses which differ by 

only 0.004 Th. The instrument is then able to provide greater detail on altitude profiles and 

plume development. Consecutive mass spectra attained at a high frequency also allow the 

possible detection of compounds which are not already being monitored. Constraining and 

quantifying the clustering and fragmenting of ions when using different ionisation schemes 

would also be more accurate. 

 

The raw data that CIMS produces during sampling is processed post flight due to 

limitations of the software. The CIMS analysis toolkit is to be developed so real time 

calibrated data is available in flight for future campaigns. Real time data allow the operator 

not only to be able to gain further understanding of the operational performance of the 

instrument in flight, but also provides the science team with important information as to 

plume strength and location. As many flight paths are determined through the information 

provided by online real time measurements, the CIMS will be able to support these 

decisions based on its trace gas measurements. Plume intersections, profiles and 

background concentrations provide the science team with valuable information. Real time 

data also allow for a more efficient flight planning process for upcoming flights as 

currently the data analysis takes at least 2 days. 
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7.2 HC(O)OH uncertainties 

Dibb et al., (2002) suggested snow photochemistry as a possible source of HC(O)OH in 

the Arctic region which has not been included in current emission inventories. Anderson et 

al., (2008) offer further support to this claim by identifying HC(O)OH as a large fraction 

of the water soluble organic carbon in snow over the polar region.  

 

Quantification of the sources based on satellite measurements are very difficult to obtain 

due to their restrictions in measuring only in the upper troposphere and lower stratosphere 

(Stavrakou et al., 2011). A lack of comprehensive measurements of HC(O)OH over the 

Northern Hemisphere mid to high latitudes at ground and airborne level also severely 

limits comparisons with model outputs. Therefore further aircraft and ground-based data 

are required to investigate the known and unknown sources and their contribution to the 

global formic acid budget.  

 

7.3 Simultaneous measurements 

The hydration of N2O5 to yield HNO3, R6, is considered a relatively important source of 

HNO3 at night as this reaction is not photochemically dependent (Finlayson-Pitts & Pitts Jr, 

2000). Other sources of HNO3 include NO3 free radicals reacting with species with an 

abstractable hydrogen such as alkanes. 

 

           NO RH → HNO R                                                          R7        

              

(where R represents any species with an abstractable hydrogen) 

Reactions 6 and 7 represent a sink for the strongest nighttime oxidant NO3, therefore 

simultaneous measurements of HNO3 and N2O5 on the aircraft will provide further detail 

and knowledge to the behaviour of these important nighttime species and their oxidising 

capacity. 

 

The low deposition velocity of NH4NO3 to the Earth's surface allows the nitrogen footprint 

of a source region to change substantially depending on the equilibrium stated in R2, as 

long range transport is possible. Its formation through reaction between HNO3 and NH3 

increases the importance of NH4NO3 in regional climate by contributing to the cooling 

effect of aerosol. NH4NO3 was found to be the dominant chemical component of the sub-
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micron aerosol burden over Northern Europe (Morgan et al., 2010). Constraining NH4NO3 

concentrations in models has proven to be challenging as it is relatively volatile and its 

concentration is dependent on the associated gaseous HNO3 and NH3.  The difficulty in 

measuring HNO3 and NH3 at low ppt concentrations at high frequencies has inhibited our 

ability to obtain an accurate picture of this nitrogen burden. 

 

The ability for CIMS to measure positive and negative ions provides the possibility for two 

ionisation gases to be used simultaneously to measure HNO3 and NH3. The CIMS would 

be developed to automatically change between positive ion and negative ion detection 

mode to implementing the I- ionisation scheme to detect HNO3 and an ionisation gas such 

as protonated ethanol ions to detect NH3 (Benson et al., 2010). This simultaneous 

measurement of HNO3 and NH3 using CIMS with low limits of detection and 1 second 

time integration will allow the assessment of the co-variability and phase partitioning of 

NH3, HNO3 and NH4NO3 in different regions around the UK onboard and aircraft. The co-

evolution downwind of plumes can also be studied.  

 

7.4 Detection of new species 

Nitryl chloride (ClNO2) is known to be a nighttime reservoir of NOx and due to its 

photolysis at sunrise (R8), at a time when oxidants such as O3 and OH are at a minimum, it 

can play a major role in affecting the oxidising capacity of the troposphere through halogen 

activation (Logan et al., 1981). ClNO2 is detectable using methyl iodide as the ionisation 

gas at mass 208 (Osthoff et al., 2008). The development of a ClNO2 permeation source 

enables the Manchester CIMS to calibrate ClNO2. A sea salt scrubber has been created to 

produce ClNO2 in the laboratory, as shown by reaction 9, and is currently being tested in a 

ground based measurement campaign.  

 

ClNO hv → Cl NO                                                           R8 

N O NaCl → ClNO 	NaNO                                                 R9 

 

Simultaneous measurements of N2O5, ClNO2 and HNO3 will further our understanding of 

the balance of nighttime chemistry through availability of NO3 and reservoirs of oxidants 

in nitric acid and ClNO2. 
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7.5 Criegee intermediate chemistry 

There are currently limited data in the world on the impact of CI on tropospheric 

composition and chemistry. In the UK, Harrison et al (2004) have shown that OH 

production by O3-alkene initiation was dominated by CI decomposition chemistry and 

subsequently makes it a significant source of OH in both summer and winter in urban areas. 

Mauldin et al., (2012) has also shown how 50% of H2SO4 in Northern European boreal 

regions comes from the reaction of SO2 with an unknown organic oxidant, postulated to be 

CI. Lu et al., (2011) observed enhancements of OH that were 3 to 5 times higher than 

expected in China. They hypothesize that the species responsible for this enhancement can 

form OH independent of NOx. Further research is required which correlates organic 

species levels with H2SO4 and OH levels with resolved diurnal variations to evaluate the 

model impact that CI intermediates have on the oxidizing capacity of the troposphere for 

the first time. 

 

Measurements of HNO3, NH3, HC(O)OH and H2SO4  by CIMS coupled with simultaneous 

measurements of OH, alkenes and aerosols will enable the assessment and quantification 

of: 

 The impact of the reaction between CI and SO2 for the first time 

 The link between CI and HOx formation 

 Impact of CI on gas/aerosol partitioning and aerosol nucleation 

  

This work will support an overall assessment of the impact of CI chemistry on regional air 

quality. 

 

 

 

 

 

 

 



56 

 

8. References 

Adams, P. J., Seinfeld, J. H., Koch, D. M, Mickley, L., and Jacob, D.: General circulation 
model assessment of direct radiative forcing by the sulphate-nitrate-ammonium-water 
inorganic aerosol system, J. Geophys. Res., 106, 1097–1111, 2001. 
 
Adams, P. J., Seinfeld, J. H., Koch, D., Mickley, L., and Jacob, D.: General circulation 
model assessment of direct radiative forcing by the sulfate-nitrate-ammonium-water 
inorganic aerosol system, J. Geophys. Res., 106, 1097–1111, 2011. 
 
Allan, J, D., McFiggans, G., Plane, J. M. C, Coe. H. and McFadyen, G. G.: The nitrate 
radical in the remote marine boundary layer, J. Geophys. Res., 105, 24,191– 24,204, 2000. 
 
Anderson, J. G., Brune, W. H., and Proffitt, M. H.: Ozone destruction by chlorine radicals 
within the Antarctic vortex: the spatial and temporal evolution of C1O-O3 anticorrelation 
based on in situ ER-2 data, J. Geophys. Res., 94(D9), 11465–11479, 1989. 
 
Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols from biomass burning, 
Global Biogeochem. Cy., 955–966, doi:10.1029/2000GB001382, 2001. 
 
Appel, B.R., Povard. V., and Kothny, E. L.: Loss of nitric acid within inlet devices 
intended to exclude coarse particles during atmospheric sampling. Atmos. Environ, 22(11): 
p. 2535-2540, 1980. 
 
Arijs, E., Brasseur, G.: Acetonitrile in the stratosphere and implications for positive ion 
composition, J. Geophys. Res. 91:4003–4016, 1986. 
 
Arnold, F., Krankowsky, D., Marien, K. H.: First mass spectrometric measurements of 
positive ions in the stratosphere, Nature, 267:30, 1977. 
 
Arnold, F., Henschen, G.: First mass analysis of stratospheric negative ions, Nature, 
257:521–522, 1978. 
 
Arnold, F., Fabian, R., Henschen, G., Joos, W.: Stratospheric trace gas analysis from ions: 
H2O and HNO3, Planet. Space Sci. 28:681–685, 1980. 
 
Arnold, F., Knop, G., Ziereis, H.: Acetone measurements in the upper troposphere and 
lower stratosphere - implications for hydroxyl radical abundances. Nature, 321:505–507, 
1986. 
 
Arnold, F., and  Hauck, G.: Lower Stratospheric Trace gas Detection Using Aircraft-Borne 
Active Chemical Ionization Mass Spectrometry, Nature, 315, 307-309, 1985. 
Arnold, F., and Henschen, G.: First mass analysis of stratospheric negative ions, Nature, 
275, 5210-522, 1978. 



57 

 

 
Aruffo, E., Di Carlo, P., Dari-Salisburgo, C., Biancofiore, F., Giammaria, F., Lee, J., 
Moller, S., Evans, M. J., Hopkins, J. R., Jones, C., MacKenzie, A. R., and Hewitt, C. N.: 
Observations of total peroxy nitrates and total alkyl nitrates during the OP3 campaign: 
isoprene nitrate chemistry above a south-east Asian tropical rainforest, Atmos. Sci. Phys. 
Disc., 12, 4797-4829, 2012. 
 
Atkinson, R.: Kinetics and mechanisms of the gas-phase reactions of the nitrate (NO3) 
radical with organic compounds, J. Phys. Chem. Ref. Data, 20, 459-507, 1991. 
 
Atkinson, R.: Atmospheric chemistry of VOCs and NOx, Atmos. Environ., 34, 2063–2101, 
2000. 
 
Atkinson, R., Arey, J. Gas-phase tropospheric chemistry of biogenic volatile organic 
compounds: a review. Atmospheric Environment,  37, S197–S219, 2003 
 
Bascum, R., Bromberg, P. A., Coast, D. L., Devlin, R., Dockery, D. W., Frampton, M. W., 
Lambert, W., Samet, J. M., Speizer, F. E., and Utell, M.: Health effects of outdoor air 
pollution, part 1, Atm. J. Respir. Crit. Care Med., 153, 3-50, 1996a. 
 
Bascum, R., Bromberg, P. A., Coast, D. L., Devlin, R., Dockery, D. W., Frampton, M. W., 
Lambert, W., Samet, J. M., Speizer, F. E., and Utell, M.: Health effects of outdoor air 
pollution, part 1, Atm. J. Respir. Crit. Care Med., 153, 477-498, 1996b. 
 
Beaver, M. R., Clair, J. M. St., Paulot, F., Spencer, K. M., Crounse, J. D., LaFranchi, B.W., 
Min, K. E., Pusede, S. E.,Wooldridge, P. J., Schade, G. W., Park, C., Cohen, R. C., and 
Wennberg, P. O.: Importance of biogenic precursors to the budget of organic 
nitrates:observations of multifunctional organic nitrates by CIMS and TD-LIF during 
BEARPEX 2009, Atmos. Chem. Phys., 12, 5773–5785, doi:10.5194/acp-12-5773-2012, 
2012. 
 
Benson, D. R., Markovich, A., Al-Refai, M., and Lee, S. H.: A chemical ionization mass 
spectrometer for ambient measurements of ammonia. Atmos. Meas. Tech., 3, 1075. 
doi:10.5194/AMT-3-1075, 2010. 
Bertram, T. H., Kimmer. J. R., Crisp. T. A., Ryder. O. S., Yatavelli. R. L. N., Thornton. J. 
A., Cubison. M. J., Gonin. M., and Worsnop. D. R.: A field-deployable, chemical 
ionization time-of-flight mass spectrometer: application to the measurement of gas-phase 
organic and inorganic acids, Atmos. Meas. Tech. Discuss., 4, 1963–1987, 2011. 
 
Bowes, S. M., Franics, M. and Laube, B. L.: Acute exposure to acid fog: Influence of 
breathing pattern on effective dose. Am. Ind. Hyg. Assoc. J., 56:143-150, 1995. 
 
Brasseur, G., R. Zellner, A. De Rudder, and E. Arjis.: Is hydrogen cyanide a progenitor of 
acetonitrile in the atmosphere?, Geophys. Res. Lett., 12, 117– 120, 1985. 



58 

 

 
Brown, S. S.: Absorption spectroscopy in high-finesse cavities for atmospheric studies, 
Chem. Rev., 103, 5219–5238, doi:10.1021/cr020645c, 2003. 
 
Burling, I. R., Yokelson, R. J., Griffith, D. W. T., Johnson, T. J., Veres, P., Roberts, J. M., 
Warneke, C., Urbanski, S. P., Reardon, J., Weise, D. R., Hao, W. M., and de Gouw, J.: 
Laboratory measurements of trace gas emissions from biomass burning of fuel types from 
the southeastern and southwestern United States, Atmos. Chem. Phys., 10, 11115–11130, 
doi:10.5194/acp-10-11115-2010, 2010. 
 
Chapman, E. G., Kenny, D. V., Busness, K. M., Thorp, J. M., and Spicer, C. W.: 
Continuous airborne measurements of gaseous formic and acetic acids over the western 
North Atlantic, Geophys. Res. Lett., 22, 405–408, doi:10.1029/94GL03023, 1995. 
 
Cicerone, R. J. and Zellner, R.: The atmospheric chemistry of hydrogen cyanide (HCN), J. 
Geophys. Res., 88, 10689–10696, 1983. 
Coffey, M. T., Mankin, W. G., and Cicerone, R. J.: Spectroscopic detection of stratospheric 
hydrogen cyanide, Science, 214, 333–335, 1981. 
 
Coheur, P.,F., Clarisse, L., Turquety, S., Hurtmans,D., and Clerbaux, C.: IASI 
measurements of reactive trace species in biomass burning plumes, Atmos. Chem. Phys. 
Disc., 9, 8757–8789, 2009. 
 
Crosley, D. R.: NOy Blue Ribbon panel, J. Geophys. Res., 101(D1), 2049–2052, 
doi:10.1029/95JD02276, 1996. 
 
Crounse, J.D., McKinney, K.A., Kwan, A.J., and Wennberg, P.O.: Measurement of gas-
phase hydroperoxides by chemical ionization mass spectrometry, Anal. Chem., 78, 6726-
6732, 2006. 
 
Cummings, T.F.: The treatment of cyanide poisoning. Occup. Med. (Lond), 54:82–85, 
2004. 
 
Day, D. A., Woolridge, P. J., Dillon, M. B., Thornton, J. A., Cohen, R. C.: A thermal 
dissociation laser-induced instrument for in situ detection of NO2, peroxy nitrates, alkyl 
nitrates, alkyl nitrates, and HNO3, J. Geophys. Res. Atmos., 107(D5-6): p. 14, 2002. 
 
Dube, W. P., Brown, S. S., Osthoff, H. D., Nunley, M. R., Ciciora, S. J., Paris, M. W., 
McLaughlin, R. J., and Ravishankara, A. R.: Aircraft instrument for simultaneous, in situ 
measurement of NO3 and N2O5 via pulsed cavity ring-down spectroscopy, Rev. Sci. 
Instrum., 77(3), 034101– 034101-11, doi:10.1063/1.2176058, 2006. 
 
Eisele, F. L.: Identification of tropospheric ions, J. Geophys. Res., 91:7897–7906, 1986. 
 



59 

 

Evans, C.  R., McHale, G.: The effect of SU-8 patterned surfaces on the response of the 
quartz crystal microbalance. Sensors and Actuators A: Physical, 123-24, 73-76, 2005. 
 
Farman, J. C.,Gardiner, B. G., and Shanklin, J. D.: Large Losses of Total Ozone in 
Antarctica Reveal Seasonal ClOx/NOx Interaction, Nature, 315, 6016, 207–210, 1985. 
 
Fehsenfeld, F.C., Huey, L. G., Leibrock, E., Dissly, R., Williams, E., Ryerson, T. B., 
Norton, R., Sueper, D. T., and Hartsell, B.: Results from an informal intercomparison of 
ammonia measurement techniques, J. Geophys. Res., 107(D24): p. 15, 2002. 
 
Fehsenfeld, F., Ancellet, G., Bates, T. S., Goldstein, A. H., Hardesty, R. M., Honrath, R., 
Law, K. S., Lewis, A. C., Leaitch, R., McKeen, S., Meagher, J., Parrish, D. D., Pzzenny, A. 
A. P., Russel, P. B., Schlager, H., Seinfeld, J., Talbot, R., and Zbinden, R.: International 
Consortium for Atmospheric Research on Transport and Transformation (ICARTT): North 
America to Europe. Overview of the 2004 summer field study, J. Geophys. Res., 111, 
D23S01, doi:10.1029/2006JD007829, 2006 
 
Finlayson-Pitts and B. J. Pitts, J. N.: Tropospheric air pollution: Ozone, airborne toxics, 
polycyclic aromatic hydrocarbons, and particles, Science, 276, 1045-1052, 1997. 
 
Finlayson-Pitts and B. J. Pitts, J. N.: Chemistry of the Upper and Lower Atmosphere. 
Academic Press, 969, 2000. 
 
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T. K., Betts, R., W. Fahey, D. W., 
Haywood, J., Lean, J., Lowe, D. C., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., 
and Van Dorland, R.: Changes in atmospheric constituents and in radiative forcing, climate 
change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA, 2007. 
 
Geyer, A., B. Alicke, S. Konrad, T. Schmitz, J. Stutz, and U. Platt, Chemistry and 
oxidation capacity of the nitrate radical in the continental boundary layer near Berlin, J. 
Geophys. Res., 106, 8013–8026, 2001. 
 
Goldan, P.D., Kuster, W. C., Albritton, D. L., Fehsenfeld, F. C., Connell, P. S., and Norton, 
R. B.: calibration and tests of the filter-collection method for measuring clean air, ambient 
levels for nitric acid, Atmos. Environ., 17(7): p. 1355-1364, 1983 
 
Goldstein, A. H., Mckay, M., Kurpus, M. R., Schade, G. W., Lee, A., Holzinger, R., 
Rasmussen, R. A.: Forest thinning experiment confirms ozone deposition to forest canopy 
is dominated by reaction with biogenic VOCs, Geophys. Res. Lett., 31, 2004. 
 
Goldstein, A. H., and Galbally, I. E.: Known and unexplored organic constituents in the 
earth`s atmosphere, Environmental Science and Technology, 41, 1514-1521, 2007. 



60 

 

Gregory, G. L., Hoell Jr, J. M., Huebert, B. J., Van Bramer, S. E., LeBel, P. J., Vat, S.A., 
Marinaro, R. M., Schiff, H. I., Hastie, D .R., Mackay, G. I., and Karecki, D. R.: An 
intercmparison or airborne nitric acid measurements, J. Geophys. Res., 95, NO. D7, P. 
10,089, doi:10.1029/JD095iD07p10089, 1990. 
 
González Abad, G., Bernath, P. F., Boone, C. D., McLeod, S. D., Manney, G. L., and Toon, 
G. C.: Global distribution of upper tropospheric formic acid from the ACE‐FTS, Atmos. 
Chem. Phys., 9(20), 8039–8047, 2009. 
 
Grosjean, D., Tuazon, E. C., and Fujita, E.: Ambient formic acid in southern California air: 
A comparison of two methods, Fourier transform infrared spectroscopy and alkaline trap-
liquid chromatography with UV detection, Env. Sci. and Tech,, 24, 144-146, 1990. 
 
Grosjean, D., Williams, E. L.: Photochemical pollution at two southern California smog 
receptors, J Air. Waste/ Man. Assoc, 805-809, 42,6, 2001. 
 
Hagg, C., Szabo, I.: New Ion-Optical Devices Utilizing Oscillatory Electric-Fields .3. 
Stability Of Ion Motion In A two-dimensional octopole field. Int. J. Mass. Spectrom. Ion 
Proc., 73:277–294, 1986. 
 
Hamm, S. and Warneck, P.: The interhemispheric distribution and the budget of 
acetonitrile in the troposphere, J. Geophys. Res. Atmos., 95 (D12), 20 593–20 606, 1990. 
 
Hanson, D. R., and Ravishankara, A.R.: The Reaction Probabilities of Clono2 and N2o5 on 
Polar Stratospheric Cloud Materials. J. Geophys. Res. Atmos., 96:5081–5090, 1991b. 
 
Hausmann, M., Brandenburger, U., Brauers, T., and Dorn, H. P.: Detetcion of tropsopheric 
OH radicals by long-path differential-optical-absorption spectroscopy: Experimental setup, 
accuracy, and precision, J. Geophys. Res, 102, D13, 16011-16022, 1997. 
 
Harrison, R. M., Yin, J., Tilling, R. M., Cai, X., Seakins, P. W., Hopkins, J. R., Lansley, D. 
L., Lewis, A. C., Hunter, M. C., Heard, D. E., Carpenter, L. J., Creasey, D. J., Lee, J. D., 
Pilling, M. J., Carslaw, N., Emmerson, K. M., Redington, A., Derwent, D. G., Ryall, D., 
Mills, G., and Penkett, S. A.: Measurement and modelling of air pollution and atmospheric 
chemistry in the U.K. West Midlands conurbation: overview of the PUMA Consortium 
project, Sci. Total. Environ., 360, 5-25, 2006.  
 
Herndon, S. C., Zahniser, M. S., Nelson, D. D., Shorter, J., McManus, J. B., Jiménez, R., 
Warneke, C., and de Gouw, J. A.: Airborne measurements of HCHO and HC(O)OH during 
the New England Air Quality Study 2004 using a pulsed quantum cascade laser 
spectrometer, J. Geophys. Res., 112, D10S03, doi:10.1029/2006JD007600l 2007. 
 



61 

 

Hirokawa, J., Kato, T., and Mafune, F.: In Situ Measurements of Atmospheric Nitrous 
Acid by Chemical Ionization Mass Spectrometry Using Chloride Ion Transfer Reactions, 
Anal. Chem., 81, 8380-8386, 2009. 
 
Hoffmann, M. R., and Jacob, D. J.: Kinetics and mechanisms of the catalytic oxidation of 
dissolved sulfur dioxide in aqueous solution: an application to nighttime fog water 
chemistry. In Calvert, J. G.,SO2, NO and NO2 oxidation mechanisms: atmospheric 
considerations. Boston, MA Butterworth Publishers; pp. 101-172, 1984. 
 
Horii, C. V.: Tropospheric reactive nitrogen speciation, deposition and chemistry at 
Harvard forest, Department of Earth and Planetary Sciences. Boston, Harvard University. 
PhD, 2002. 
 
Hornbrook, R. S., Crawford, J. H., Edwards, G. D., Goyea, O., Mauldin, R. L., Olson, J. S., 
and C. A. Cantrell.: Measurements of tropospheric HO2 and RO2 by oxygen dilution 
modulation and chemical ionization mass spectrometry, Atmos. Meas. Tech., 4(4), 735-
756, 2011. 
 
Huang, G., Zhou, X., Deng, G., Qiao, H., and Civerolo, K.: Measurements of atmospheric 
nitrous acid, nitric acid and pernitric acid, Atmos. Environ., 36, 2225– 2235, 2002. 
 
Hubler G, Hudson, P. K, Murphy, D. M, Nicks, D. K, Orsini, D., Parrish, D. D, Ryerson, T. 
B., Sueper, D. T., Sullivan, A., Weber, R.: Variability in ammonium nitrate formation and 
nitric acid depletion with altitude and location over California, J. Geophys. Res.,108, 
2003a. 
 
Huey, L.G., Hanson, D. R., and Howard, C. J.:Reactions of SF6

- and I- with Atmospheric 
Trace Gases, J. Phys. Chem., 99(14): p. 5001-5008, 1995. 
 
Huey, L.G., Tanner, D., Slusher, D., Dibb, J., Arimoto, R., Chen, G., Davis, D., Buhr, M., 
Nowak, J., Mauldin, R., Eisele, F., and Kosciuch, E.: CIMS measurements of HNO3 and 
SO2 at the South Pole during ISCAT 2000, Atmos. Environ., 38(32): p. 5411-5421, 2004. 
 
Huey, L. G.: Measurement of Trace Atmospheric Species by chemical ionisation mass 
spectrometry: speciation of reactive nitrogen and future directions, Mass Spectrom. Rev., 
26, 166– 184, 2007. 
 
Huey L. G., Dunlea E. J., Lovejoy E., R, Hanson D.,R, Norton R.,B, Fehsenfeld F., C, 
Howard C, J.: Fast time response measurements of HNO3 in air with a chemical ionization 
mass spectrometer, J. Geophys. Res. Atmos., 103:3355–3360, 1998. 
 
IPCC 2007. Summary for Policymakers, in Climate Change 2007: The Physical Science 
Basis: Contribution of Working Group 1 to the Fourth Assessment Report of the 



62 

 

Intergovernmental Panel on Climate Change. New York: Cambridge University Press, 
2007. 
 
Jacob, D.: Chemistry of OH in remote clouds and its role in the production of formic acid 
and peroxymonosulfate, J. Geophys. Res., 91, 9807–9826, 1986. 
 
Jacobson, M. Z.: Global direct radiative forcing due to multicomponent anthropogenic and 
natural aerosols, J. Geophys. Res., 106, 1551–1568, 2001. 
 
Jensen N. R., Hanson D. R., Howard C.J.: Temperature-Dependence of the Gas-Phase 
Reactions of CF3O with CH4 and NO, J. Phys. Chem., 98:8574–8579, 1994. 
 
Johnston, H. S., Reduction of stratospheric ozone by nitrogen oxide catalysts from 
supersonic transport exhaust, Science, 173, 517–522, 1971. 
 
Jones, R. L., S. M. Ball, and D. E. Shallcross, Small scale structure in the atmosphere: 
Implications for chemical composition and observational methods, Faraday Discuss., 
130, 165–179, doi:10.1039/b502633b, 2005. 
 
Keene, W. C., Galloway, J. N. and Holden, J. D.: Measurement of weak organic acidity in 
precipitation from remote areas of the world, J. Geophys. Res. Atmos., 88, 5122-5130, 
1983. 
Keene, W. C., & Galloway, J. N.: Considerations Regarding Sources for Formic and 
Acetic Acids in the Troposphere, J. Geophys. Res., 91, 11466-14474., 1986. 
 
Keene, W. C., Mosher, B. W., Jacob, D. J., Munger, J. W., Talbot, R. W., Artz, R. S.: 
Carboxylic acids in clouds at high elevation forested site in central Virginia, J. Geophys. 
Res., 100, 9345-9357, 1995. 
 
Kercher, J. P., Riedel, T. P., and Thornton, J. A.:  Chlorine Activation by N2O5 : 
Simultaneous, In-Situ Detection of ClNO2 and N2 O5 by chemical ionization mass 
spectrometry, Atmos. Meas. Tech., 2:193–204, 2009. 
 
Kesselmeier, J., and Staudt, M.: Biogenic volatile organic compounds (VOC): An 
overview on emission, physiology and ecology, J. Atmos. Chem., 33, 23-88, 1999. 
 
Kim, S., Huey, L. G., Stickel, R. E., Tanner, D. J., Crawford, J. H., Olson, J. R., Chen, G., 
Brune, W. H., Ren, X., Lesher, R., Wooldridge, P. J., Bertram, T. H., Perring, A., Cohen, R. 
C., Lefer, B. L., Shetter, R. E., Avery, M., Diskin, G., and Sokolik, I.: Measurement of 
HO2NO2 in the free troposphere during the intercontinental chemical transport experiment, 
North America 2004, J. Geophys. Res. Atmos., 112, D12s01, doi:10.1029/2006jd007676, 
2007. 
 



63 

 

Kim, S. W., McKeen, S.A., Frost, G. J., Lee, S. H., Trainer, M., Richter, A., Angevine, W. 
M., Atlas, E., Bianco, L., Boersma, K. F., Brioude, J., Burrows, J. P., de Gouw, J., Fried, 
A., Gleason, J., Hilboll, A., ellqvist, J., Peischl, J., Richter, D., Rivera, C., Ryerson, T., te 
Lintel Hekkert, S., Walega, J., Warneke, C., Weibring, P., and Williams, E.: Evaluations of 
NOx and highly reactive VOC emission inventories in Texas and their implications for 
ozone plume simulations during the Texas Air Quality Study 2006, Atmos. Chem. Phys., 
11, 11361–11386, 2011. 
 
Kita, K., Morino, Y., Kondo, Y., Komazaki, Y., Takegawa, N., Miyazaki, Y., Hirokawa, J., 
Tanaka, S., Thompson, T. L., Gao, R. S., Fahey, D. W.: A chemical ionization mass 
spectrometer for ground based measurements of nitric acid, J. Atmos. Ocean, Tech, 23, 
1104-1113, 2006. 
 
Kleinbohl, A., Toon, G. C., Sen, B., Blavier, J.-F. L., Weisenstein, D. K., Strekowski, R. 
S., ¨ Nicovich, J. M., Wine, P. H., and Wennberg, P. O.: On the stratospheric chemistry of  
ydrogen cyanide, Geophys. Res. Lett., 33, L11806, doi:10.1029/2006GL026015, 2006. 
 
Knighton, W. B., Fortner, E. C., Midey, A. J., Viggiano, A. A., Herndon, S. C., Wood, E. 
C., and Kolb, C. E.: HCN detection with a proton transfer reaction mass spectrometer, Int. 
J. Mass. Spectrom., 283, 112–121, 2009. 
 
Knipping, E. M., and Daddub, D.: Impact of chlorine emissions from sea-salt aerosol on 
coastal urban ozone, Env. Sci.Tech., 37, 2, 275-284, 2003. 
 
Kochian, K. V.: Cellular mechanisms of aluminium toxicity and resistance in plant. 
Annu. Rev. Plant Physiol. Mol. Biol., 46, 237-260, 1995. 
 
Komazaki, Y., Hashimoto, S., Inoue, T., and Tanaka, S.: Direct collection of HNO3 and 
HCl by a diffusion scrubber without inlet tubes, Atmos. Environ., in press, 2001. 
 
Krug, E. C., Frink, C. R.: Acid rain on acid soil: A new perspective, Science, 221, no. 4610, 
pp. 520-525, 1983. 
 
Kurten, T., Petaja, T., Smith, J., Ortega, I. K., Sipila, M., Junninen, H., Ehn, M., 
Vehkamaki, H., Mauldin, L., Worsnop, D. R., Kulmala, M.: The effect of H2SO4 - amine 
clustering on chemical ionization mass spectrometry (CIMS) measurements of gas-phase 
sulfuric acid, Atmos. Chem. Phys., 11, 6, 3007-3019, 2011. 
 
Landis, M. S., Stevens, R. Rk., Schaedlich, F., and Prestbo, E. M.: Development and 
Characterization of an Annular Denuder Methodology for the Measurement of Divalent 
Inorganic Reactive Gaseous Mercury in Ambient Air, Environ. Sci. & Techn., 36(13): p. 
3000-3009, 2002. 
 



64 

 

Le Breton, M., Mcgillen, M.R., Muller, J.B.A., Bacak, A., Shallcross, D.E., Xiao, P., Huey, 
L.G., Tanner, D., Coe, H., Percival, C.J. Airborne observations of formic acid using a 
chemical ionisation mass spectrometer, Atmos. Meas. Tech., 4, 5807-5835, 2012. 
 
Le Breton, M., Bacak, A., Muller, J. B. A., O`Shea, S. J., Xiao, P., Ahsfold, M. N. R., 
Cooke, M. C., Batt, R., Shallcorss, D. E., Oram, D. E., Forster, G., Bauguitte, S. J. B., and 
Percival, C.: Airborne hydrogen cyanide measurements using a chemical ionisation mass 
spectrometer for the plume identification of biomass burning forest fires, Atmos. Chem. 
Phys. Diss, 13, 5649–5685, 2013. 
 

Le Breton, M., Bacak, A., Muller, J. A., Bannan, T. J., Kennedy, O., Ouyang, B., Xiao, P., 
Ashfold, M. N. R., Bauguitte, S. J. B., Shallcross, D. E., Jones, R. L., and Percival, C.: The 
first airborne inter-comparison of N2O5 measurements over the UK using a Chemical 
Ionisation Mass Spectrometer (CIMS) and Broadband Cavity Enhanced Absorption 
Spectrometer (BBCEAS) during the RONOCO 2010/2011 campaign, in preparation for 
submission, 2013. 
 
Leather, K. E., McGillen, M., Cooke, M. C., Utembe, S. R., Archibald, A. T., Jenkin, M. 
E.: Acid-yield measurements of the gas-phase ozonolysis of ethene as a function of 
humidity using Chemical Ionisation Mass Spectrometry (CIMS), Atmos. Chem. Phys., 12, 
469-479, 2012. 
 
Li, S., Liu, W., Xie, P., Qin, M., and Yang.: Observation of nitrate radical in the nocturnal 
boundary layer during a summer field campaign in pearl river delta, China,  Terr. Atmos. Ocean. 

Sci., 23, No. 1, 39-48, 2012 
 
Li, Q. B., Jacob, D. J., Bey, I., Yantosca, R. M., Zhao, Y. J., Kondo, Y., and Notholt, J.: 
Atmospheric hydrogen cyanide (HCN): biomass burning source, ocean sink?, Geophys. 
Res. Lett., 27, 357–360, doi:10.1029/1999GL010935, 2000. 
Li, Q., Jacob, D. J., Yantosca, R. M., Heald, C. L., Singh, H. B., Koike, M., Zhao, Y., 
Sachse, G. W., and Streets, D. G.: A global three-dimensional model analysis of the 
atmospheric budget of HCN and CH3CN: Constraints from aircraft and ground 
measurements, J. Geophys. Res., 15 108, 8827, doi:10.1029/2002JD003075, 2003. 
 
Li, Q., Palmer, P. I., Pumphrey, H. C., Bernath, P., and Mahieu, E.: What drives the 
observed variability of HCN in the troposphere and lower stratosphere?, Atmos. Chem. 
Phys., 9, 8531– 8543, doi:10.5194/acp-9-8531-2009, 2009. 
 
Liao, H., J. H. Seinfeld, P. J. Adams, and L. J. Mickley.: Global radiative forcing of 
coupled tropospheric ozone and aerosols in a unified general circulation model, J. Geophys. 
Res., 109, D16207, doi:10.1029/ 2003JD004456, 2004. 
 
Levine, J. S.: Global biomass burning: A case study of the gaseous and particulate 
matter emissions released to the atmosphere during the 1997 fires in Kalimantan 



65 

 

and Sumatra, Indonesia, in Biomass burning and its inter-relationships with the climate 
system, edited by J. L. Innes, M. Beniston, and M. M. Verstraete, pp. 1-15, Dordrecht, 
Kluwer Academic Publishers, 2000 
. 
Levy, H., 1971: Normal atmosphere: Large radical and formaldehyde concentrations 
predicted, Science 173, 141–143. 
 
Lobert, J. M., Scharffe, D. H., Hao, W. M., and Crutzen, P. J.: Importance of biomass 

burning in the atmospheric budgets of nitrogen-containing gases, Nature, 346, 552–554, 
1990. 
 
Logan, J. A., Prather, M. J., Wofsy, S. C., and McElroy, M. B.: Tropospheric chemistry – 
A global perspective, J. Geophys. Res., 86, 7210-7255, 1981. 
 
Lu, K. D., Rohrer, F., Holland, F., Fuchs, H., Bohn, B., Brauers, T., Chang, C. C., Häseler, 
R., Hu, M., Kita, K., Kondo, Y., Li, X., Lou, S. R., Nehr, S., Shao, M., Zeng, L. M., 
Wahner, A., Zhang, Y. H., and Hofzumahaus, A.: Observation and modelling of OH and 
HO2 concentrations in the Pearl River Delta 2006: A missing OH source in a VOC rich 
atmosphere, Atmos. Chem. Phys. Discuss., 11 (4) 11311-11378, 2011. 
 
Matsumoto, J., Imai, H., Kosugi, N., and Kaji, Y.: In situ measurement of N2O5 in the 
urban atmosphere by thermal decomposition/laser-induced fluorescence technique, Atmos. 
Env., 39, 6802–6811, 2005. 
 
Mauldin, R. L., Berndt, T., Sipila, M., Paasonen, P., Petaja, T., Kim, S., Kurten, T., 
Stratmann, F., Kerminen, V.-M., and Kulmala, M.: A new atmospherically relevant 
oxidant of sulphur dioxide, Nature, 488, 193–196, doi:10.1038/nature11278, 2012. 
 
McFiggans, G., Alfarra, M. R., Allan, J. D., Bower, K. N., Coe, H., Cubison, M., Topping, 
D. O., Williams, P. I., Decesari, S., Facchini, M. C., and Fuzzi, S.: Simplification of the 
representation of the organic component of atmospheric particulates, Faraday 
Disscuss., 130, 1–22, doi:10.1039/b419435g, 2005. 
 
McNeill, V. F., Geiger, F. M., Loerting, T., Trout, B. L., Molina, L. T., and Molina, M. J.: 
Interaction of Hydrogen Chloride with Ice Surfaces: The Effects of Grain Size, Surface 
Roughness, and Surface Disorder, J. Phys. Chem., 111, 6274-6284, 2007. 
 
Miller, T. M, Ballenthin, J. O, Meads, R. F, Hunton, D. E, Thorn, W. F, Viggiano, A. A, 
Kondo, Y., Koike, M., Zhao, Y. J.: Chemical ionization mass spectrometer technique for 
the measurement of HNO3 in air traffic corridors in the upper troposphere during the 
SONEX campaign, J. Geophys. Res. Atmos., 105:3701–3707, 2000. 
 



66 

 

Mohler O, Arnold F.: Flow reactor and triple quadrupole mass spectrometer investigations 
of negative-ion reactions involving nitric acid - Implications for atmospheric HNO3 
detection by chemical ionization mass spectrometry,  J.Atmos. Chem., 13:33–61, 1991. 
 
Molina, M., and Rowlan, F.: Stratospheric Sink for Chlorofluoromethanes: Chlorine 
Atomic Catalyzed Destruction of Ozone, Nature, 249, 5460, 810–2, 1974. 
 
Monks, P. S.: Gas-phsae radical chemistry in the troposphere, Chem. Soc. Rev, doi: 
10.1039/b307982c, 2005. 
 
Morgan, W. T., Allan, J. D., Esselborn, M., Harris, B., Henzing, J. S., Highwood, E. J., 
Kiendler-Scharr, A., McMeeking, G. R., Northway, M. J., Osborjne, S., Williams, P. I., 
Krejci, R, and Coe, H.: Enhancement of the aerosol direct radiative effect by semi-volatile 
aerosol components: airborne measurements in North-Western Europe, Atmos. Chem. 
Phys., 10, 8151-8171, 2010. 
 
Mount, G. H., J. W. Brault, P. V. Johnston, E. Marovich, R. O. Jakoubek, C. J. Voppe, J. 
Harder, and J. Olsen, Measurement of tropospheric OH by long-path laser absorption at 
Fritz Peak Observatory, Colorado, during the OH Photochemistry Experiment, fall 1993, J. 
Geophys. Res., 102, 6393– 6414, 1997. 
 
Neuman, J.A., Huey, L. G., Ryerson, T. B., and Fahey.: Study of inlet materials for 
sampling atmospheric nitric acid. Environ. Sci. Tech., 33(7): p. 1133-1136, 1999. 
 
Neuman, J. A, Gao, R. S, Fahey, D. W, Holecek, J. C., Ridley, B. A,Walega, J.G, Grahek, 
F.E., Richard, E.C., McElroy, C. T., Thompson, T.L., Elkins, J. W., Moore, F. L., Ray, E. 
A.: In situ measurements of HNO3 ,NOy, NOx and O3 in the lower stratosphere and upper 
troposphere, Atmos. Environ., 35:5789–5797, 2001. 
 
Neuman, J. A., Huey, L. G., Dissly, R. W., Fehsenfeld, F. C., Flocke, F., Holecek, J. C., 
Holloway, J. S., Hubler, G., Jakoubek, R., Nicks D, K., Parrish, D. D., Ryerson, T. B., 
Sueper, D. T., Weinheimer, A. J.: Fast-response airborne in situ measurements of HNO3 
during the Texas 2000 Air Quality Study, J. Geophys. Res., 107, 4436, 14 PP., 2002. 
 
Norton, R. B.: Measurements of gas phase formic and acetic acids at the Mauna Loa, 
observatory, Hawaii During the Mauna Lao observatory photochemistry experiment 1988, 
J. Geophys. Res, 97, D10, 10,389-10,393, 1992. 
 
Nowak, J. B., Neuman, J. A.,  Kozai, K., Huey, L. G., Tanner, D. J.,  Holloway, J.S., 
Ryerson, T. B., Frost, G. J., McKeen, S. A.,  and Fehsenfeld, F. C.: A chemical ionization 
mass spectrometry technique for airborne measurements of ammonia, J. Geophys. Res.-
Atmos., 112, D10S02, DOI:10.1029/2006JD007589, 2007. 
 



67 

 

Okawada, N., Mizoguchi, I., and Ishiguro, T.: Effects of photochemical air pollution on the 
human eye concerning eye irritation, tear lysozyme and tear pH, J. Med. Sci., 41. 9-20, 
1979. 
 
Orzechowska, G. E. and Paulson, S. E.: Photochemical sources of organic acids. 1. 
Reaction of ozone with isoprene, propene, and 2-butenes under dry and humid conditions 
using SPME, J. Phys. Chem., 109, 5358–5365, 2005. 
 
Osthoff, H., Roberts, J. M., Ravishankara, A. R., Williams, E. J., Lerner, B. M., 
Sommariva, R., Bates, T. S., Coffman, D., Quinn, P. K., Dibb, J. E., Stark, H., Burkholder, 
J. B., Talukdar, R. K., Meagher, J., Fehsenfeld, F. C., and Brown, S. S.: High levels of 
nitryl chloride in the polluted subtropical marine boundary layer, Nat. Geosci., 1, 324–328, 
doi:10.1038/ngeo177, 2008. 
 
Pepenbrock, T. H, and Stuhl, F.: A laser-photolysisfragment-fluorescence (LPFF) method 
for the detection of gaseous nitric acid in ambient air, J. Atmos. Chem., 10, pp 451-469, 
1990a. 
 
Parrish, D. D., Fehsenfeld, F.C.: Methods for gas-phase measurements of ozone, ozone 
precursors and aerosol precursors, Atmos. Environ., 34:1921–1957, 2000. 
 
Paulot, F., Wunch. D., Crounse.J. D., Toon.G.C., Millet. D. B., DeCarlo. P.F., Vigouroux. 
C., Deutcher. N.M., Gonzalez Abad.g., Notholt. J., Warneke. T., Hannigan. J.W., de Gouw. 
J. A., Dunlea. E.J., De Maziere. M., Griggith. D.W.T., Bernath. P., Jiminez. J. L., and 
Wennberg. P.O.: Importance of secondary sources in the atmospheric budgets of formic 
and acetic acids, Atmos. Chem. Phys., 10, 1989–2013, 2011. 
 
Rinsland, C. P., Mahieu, E., Zander, R., Goldman, A., Wood, S. and Chiou, L.: Free 
tropospheric measurements of formic acid (HC(O)OH) from infrared ground-based solar 
absorption spectra: Retrieval approach, evidence for a seasonal cycle, and comparison with 
model calculations, J. Geophys. Res.-Atmos., 109, D18308, DO1:10.1029/2004JD004917, 
2004. 
 
Rinsland, C. P., Mahieu, E., Zander, R., Demoulin, P., Forrer, J., and Buchmann, B.: Free 
tropospheric CO, C2H6, and HCN above central Europe: Recent measurements from the 
Jungfraujoch station including the detection of elevated columns during 1998, J. Geophys. 
Res., 105, 24235–24249, 2000. 
 
Rinsland, C. P., Goldman, A., Hannigan, J. W., Wood, S. W., Chiou, L. S., and Mahieu, E.: 
Long-term trends of tropospheric carbon monoxide and hydrogen cyanide from analysis of 
high resolution infrared solar spectra, J. Quant. Spectrosc. Radiat. Transfer., 104, 40–51, 
2007. 
 



68 

 

Rinsland C. P., Boone C. D. Bernath P. F., Mahieu E., Dufour G. R. Z., Clerbaux C., 
Turquety S., Chiou L., McConnell J. C., Neary L., & Kaminski J. W.: First space-based 
observations of formic acid (HC(O)OH): Atmospheric Chemistry Experiment austral 
spring 2004 and 2005 Southern Hemisphere tropical-mid-latitude upper tropospheric 
measurements, Geophys. Res. Lett., 33, L23804, 2006. 
 
Roberts, J. M., Osthoff, H. D., Brown, S. S., Ravishankara, A. R., Coffman, D., Quinn, P., 
and Bates, T.: Laboratory studies of products of N2O5 uptake on Cl containing substrates. J. 
Geophys. Res. Lett., 36, L20808, doi:10.1029/2009GL040448, 2009. 
 
Roberts, J. M., Veres, P., Warneke, C., Neuman, J. A., Washenfelder, R. A., Brown, S. S., 
Baasandorj, M., Burkholder, J. B., Burling, I. R., Yokelson, R. J., Lerner, B. J., Gilma, J. 
B., Kuster, W. C., Fall, R. and de Guow, J.: Measurement of HONO, HNCO, and other 
inorganic acids by negative-ion proton-transfer chemical-ionization mass spectrometry 
(NI-PT-CIMS): application to biomass burning emissions, Atmos. Meas. Tech., 4, 981-990, 
2010. 
 
Roberts, J. M., Veres, P., Cochran, A. K., Warneke, C.,  Baasandorj, M., Burkholder, J. B., 
Burling, I. R., Johnson, T. J., Yokelson, R. J., and de Guow, J.: Isocyanic acid in the 
atmosphere and its possible link to smoke-related health effects, PNAS, 108, 8966-8971, 
2011. 
 
Sanhueza, E., Figueroa, L. and Santana, M.: Atmospheric formic and acetic acids in 
Venezuela, Atmos. Environ., 30, 1861-1873, 1996. 
 
Schneider, J., Burger, V., and Arnold, F.: Methyl cyanide and hydrogen cyanide 
measurements in the lower stratosphere: Implications for methyl cyanide sources and sinks, 
J. Geophys. Res., 102, 25501–25506, 1997. 
 
Seeley, J. V., Morris, R. A., Viggiano, A. A.: Rate constants for the reactions of CO3 -
(H2O), SO2: Implications for CIMS detection of SO2, Geophys. Res. Lett., 24:1379–1382, 
1997. 
 
Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and physics – from air pollution 
to climate change, John Wiley & Sons, New York, 1998. 
 
Shim, C., Wang, Y., Singh, H. B., Blake, D. R., and Guenther, A. B.: Source 
characteristics of oxygenated volatile organic compounds and hydrogen cyanide, J. 
Geophys. Res., 112, D10305, doi:10.1029/2006JD007543, 2007. 
 
Simon, H., Kimura, Y., McGaughey, G., Allen, D. T., Brown, S. S., Osthoff, H. D., 
Roberts, J. M., Byun, D., and Lee, D.: Modeling the impact of ClNO2 on ozone formation 
in the Houston area, J. Geophys. Res., 114, D00F03, doi:10.1029/2008JD010732, 2009. 



69 

 

Simpson, W. R.: Continuous wave cavity ring-down spectroscopy appliedto in situ 
detection of dinitrogen pentoxide (N2O5 ), Rev. Sci. Instrum., 74:3442–3452, 2003. 
 
Simpson, W. R., von Glasow, R., Riedel, K., Anderson, P., Ariya, P., Bottenheim, J., 
Burrows, J., Carpenter, L. J., Frieß, U., Goodsite, M. E., Heard, D., Hutterli, M., Jacobi, 
H.-W., Kaleschke, L., Neff, B., Plane, J., Platt, U., Richter, A., Roscoe, H., Sander, R., 
Shepson, P., Sodeau, J., Steffen, A., Wagner, T., and Wolff, E.: Halogens and their role in 
polar boundary-layer ozone depletion, Atmos. Chem. Phys., 7, 4375–4418, 
doi:10.5194/acp-7-4375-2007, 2007. 
 
Singh, H. B., Salas, L., Herlth, D., Koyler, R., Czech, E., Ciezee, W., Li, Q., Jacob, D. J., 
Blake, D., Sachse, G., Harward, C. N., Fuelberg, H., Kiley, C. M., Zhao, Y., and Kondo, 
Y.: In situ measurements of HCN and CH3CN over the Pacific Ocean:Sources, sinks, and 
budgets, J. Geophys. Res., 108, NO. D20, 8795, doi:10.1029/2002JD003006, 2003 
 
Slusher, D. L, Pitteri, S. J, Haman, B. J, Tanner, D. J, Huey, L. G. 2001.: A chemical 
ionization technique for measurement of pernitric acid in the upper troposphere and the 
polar boundary layer, Geophys. Res. Lett., 28:3875–3878, 2001. 
 
 
Slusher, D. L., Huey, L. G., Tanner, D. J., Flocke, F. M., and Roberts, J. M.: A thermal 
dissociation-chemical ionization mass spectrometry (TD-CIMS) technique for the 
simultaneous measurement of peroxyacyl nitrates and dinitrogen pentoxide, J. Geophys. 
Res.-Atmos., 109, D19315, DOI: 10.1029/2004JD004670, 2004. 
 
Smith, N., Plane, J. M. C., Nien, C. F., Solomon, P. A.: Nighttime radical chemistry in the 
San Joaquin valley, Atmos Environ., 29: 2887– 2897, 1995. 
 
Speidel, M., Nau, R., Arnold, F., Schlager, H., and Stohl, A.: Sulfur dioxide measurements 
in the lower, middle and upper troposphere: deployment of an aircraft-based chemical 
ionization mass spectrometer with permanent in-flight calibration, Atmos. Environ., 41, 
2427–2437, 2007. 
 
Stavrakou, T., Muller, J.F., Peeters, J., Razavi, A., Clarisse, L., Clerbaux, C., Coheur, P.F., 
Hurtmans, D., De Maziere, M., Vigouroux, C., Deutscher, N.M., Griffith, D.W.T., Jones, 
N., and Paton-Walsh, C., 2012. Satellite evidence for a large source of formic acid from 
boreal and tropical forests, Nat. Geosci., 5, 1, 26-30, doi 10.1038/NGEO1354, 2012. 
 
Stedman, D. H., and Niki, H.: Photolysis of nitrogen dioxide in air as measurement method 
for light intensity, Environ. Sci. Technol., 7 (8), pp 735–739 DOI: 10.1021/es60080a003, 
1973. 
 



70 

 

Taatjes, C. A., Meloni, G., Selby, T. M., Trevitt, A. J., Osborn, D. L., Percival, C. J., and 
Shallcross, D. E.: Direct observation of the gas-phase Criegee intermediate (CH2OO), J. 
Am. Chem. Soc., 130, 11883–11885, 2008. 
 
Tanner, D. J, Eisele, F. L.: Ions in oceanic and continental air masses. J. Geophys. Res. 
96:1023., 1991. 
 
Talbot, R.W., A.S. Vijgen, and R.C. Harriss, Measuring tropospheric HNO3: Problems and 
prospectsf or nylon filter and mist chamber techniques, J. Geophys. Res., 95, 7553-7561, 
1990. 
 
Thornton, J. A., Kercher, J. P., Riedel, T. P., Wagner, N. L., Cozic, J., Holloway, J. S., 
Dube, W. P., Wolfe, G. M., Quinn, P. K., Middlebrook, A. M., Alexander, B., and Brown, 
S. S.: A large atomic chlorine source inferred from mid-continental reactive nitrogen 
chemistry, Nature, 464, doi:10.1038/nature08905, 2010. 
 
Twomey, S.: Pollution and Planetary Albedo, Atmos. Environ., 8, 1251–1256, 1974. 
 
Veres, P., Roberts, J. M., Warneke, C., Welsh-Bon, D., Zahniser, M., Herndon, S., Fall, R. 
and de Gouw, J.: Development of negative-ion proton-transfer chemical-ionization mass 
spectrometry (NI-PT-CIMS) for the measurement of gas-phase organic acids in the 
atmosphere, Int. J. Mass Spectrom., 274, 48–55, 2008. 
 
Sanhueza, E., Figueroa, L. and Santana, M., Atmospheric formic and acetic acids in 
Venezuela, Atmos. Environ., 30, 1861-1873, 1996. 
 
Veres, P. R., Roberts, J. M., Cochran, A. K., Gilman, J.B., Kuster, W.C., Holloway, J.S., 
Graus, M., Flynn, J., Lefer, B., Warneke, C., and de Gouw, J.: Evidence of rapid 
production of organic acids in an urban air mass, Geophys. Res. Lett., 38, L17807, 5 PP., 
2011. 
 
Von Kuhlmann, R., Lawrence, M. G., Crutzen, P. J. and Rasch, P. J.: A model for studies 
of tropospheric ozone and nonmethane hydrocarbons: Model evaluation of ozone-related 
species, J. Geophys. Res.-Atmos, 108, 4729, DOI:10.1029/2002JD003348, 2003. 
 
Wayne, R. P., Barnes, I., Biggs, P., Burrows, J. P., Canosamas, C. E., Hjorth, J., Lebras, G., 
Moortgat, G. K., Perner, D., Poulet, G., Restelli, G., Sidebottom, H.: The Nitrate Radical - 
Physics, Chemistry, and the Atmosphere, Atmos. Environ., Part a-General Topics 25:1–
203, 1991. 
 
WHO: Air Quality Guidelines for Europe, 2nd edition, 2000. 
 
Wood, E. C., Bertram, T. H., Wooldridge, P. J., and Cohen, R. C.: Measurements of N2O5, 
NO2, and O3 east of the San Francisco Bay, Atmos. Chem. Phys., 5, 483–491, 2005. 



71 

 

 
Wolff, S., Boddenberg, A., Thamm, J., Turner, W. V., and Gab, S.: Gas-phase ozonolysis 
of ethene in the presence of carbonyloxide scavengers, Atmos. Environ., 31, 2965–2969, 
1997. 
 
Worden, H., R. Beer, and C. P. Rinsland.: Airborne infrared spectroscopy of 1994 western 
wildfires, J. Geophys. Res., 102, 1287– 1299, 1997. 
 
Xu, Z., Zhang, J., Yang, G., Hu, M.: Acyl peroxy nitrate measurements during the 
photochemical smog season in Beijing, China, Atmos. Chem. Phys. Discuss., 11, 10265–
10303, 2011. 
 
Yokelson, R. J., Burling, I. R., Urbanski, S. P., Atlas, E. L., Adachi, K., Buseck, P. R., 
Wiedinmyer, C., Akagi, S. K., Toohey, D. W., Wold, C. E.: Trace gas and particle 
emissions from open biomass burning in Mexico, Atmos. Chem. Phys., 11, 6787e6808, 
2011. 
 
Zander, R., Duchatelet, P., Mahieu, E., Demoulin, P., Roland, G., Auwera, J. V., Perrin, A., 
Rinsland, C. P., and Crutzen, P. J.: Formic acid above the Jungfraujoch during 1985–2007: 
observed variability, seasonality, but no long-term background evolution, Atmos. Chem. 
Phys., 10, 10047–10065, 2010. 
 
Zhao, Y., Strong, K., Kondo, Y., Koike, M., Matsumi, Y., Irie, H., Rinsland, C. P., Jones, 
N. B., Suzuki, K., Nakajima, H., Nakane, H., and Murata, I.: Spectroscopic measurements 
of tropospheric CO, C2H6 , C2H2 , and HCN in northern Japan, J. Geophys. Res., 107, 
4343, doi:10.1029/2001JD000748, 2002. 
 
Zheng, J., Hu, M., Zhang, R., Yue, D., Wang, Z., Guo, S., Li, X., Bohn, B., Shao, M., He, 
L., Huang, X., Wiedensohler, A., and Zhu, T.: Measurements of gaseous H2SO4 by AP-ID-
CIMS during CAREBeijing 2008 Campaign, Atmos. Chem. Phys., 11, 7755-7765, 2011. 
 
 


	Thesis after viva 120813_done
	Paper 1 (2)
	Thesis after viva 120813_done
	nitric margins
	Vereecken, L., Hartwig, H., and Novelli, A., 2012. The reaction of Criegee intermediates with NO, RO2, and SO2, and their fate in the atmosphere. Physical Chemistry Chemical Physics, DOI: 10.1039/C2CP42300F.
	von Kuhlmann, R., Lawrence, M.G., Crutzen, P.J., and Rasch, P.J., 2003. A model for studies of tropospheric ozone and nonmethane hydrocarbons: Model evaluation of ozone-related species. Journal of Geophysical Research - Atmospheres 108, 4294, doi:10.1029/2002JD002893,2003.

	Thesis after viva 120813_done
	HCN paper (3)
	Thesis after viva 120813_done
	N2O5 paper (1)
	Thesis after viva 120813_done
	Thesis after viva 120813_done

