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Abstract 

The measurement of acetic acid during the ClearfLo campaign for Winter 2012 and 

Summer 2012 in London and at the Weybourne Research Station (East Anglia), UK 

for Spring 2013 gives the average ± 1σ mixing ratios of 45.9 ± 31.5, 25.7 ± 14.3 and 

55.1 ± 32.0 ppt, respectively. The WRF-Chem-CRI model was run over these three 

seasons and within uncertainty reproduced the data from London, with mixing ratios 

during Winter (32.3 ± 25.3 ppt) and Summer (55.1 ± 22.6 ppt). The model’s 

seasonality was opposite to that observed and although within the combined 

uncertainty of the measurement and model data it underpredicted the levels observed 

at Weybourne during Spring (28.9 ± 19.3 ppt). The model-measurement correlations 

of the meteorological parameters (e.g. temperature, wind direction, wind speed) were 

good with a correlation of R > 0.7. The predicted diurnal trend of acetic acid 

resembled measurement data with a small negative bias during winter but performed 

less well during summer with a large positive bias and in spring with a large negative 
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bias. The reasonable correlation of acetic acid mixing ratios with temperature was 

found to be similar for both measurement and model (Rmeasurement=0.5, Rmodel=0.6) 

during Summer suggesting the importance of the photochemical secondary source of 

acetic acid which was reflected both in the measurement and the model. The key 

processes identified from the model results were a) missing direct anthropogenic 

sources of acetic acid (accounting for the lower model winter values) and b) not 

including its loss process by Criegee intermediates (accounting for the higher model 

values in summer). Comparing the weekend data with weekday data revealed a likely 

underpredicted source of acetic acid from vehicles. The wet deposition removal 

process of acetic acid was found not to be as significant in the UK as anticipated.  

 

Keywords: Meteorological parameters; diurnal trend; seasonal variation; 

Anthropogenic sources; Criegee intermediates; Wet deposition 

 

1. Introduction 

Acetic acid (CH3COOH), one of the most prevalent of the carboxylic acids, 

contributes significantly to atmospheric free acidity in remote regions; having 

subsequent effects on precipitation acidity and cloud water chemistry (Keene and 

Galloway, 1988), which can lead to detrimental effects on ecosystems (e.g. fish, 

vegetation and other biota) (Burns et al., 2016). The gaseous CH3COOH has a minor 

effect on aerosol processes (Meng et al., 1995; Nah et al., 2018), but its concentration 

in the aerosol phase is sufficient to act as cloud condensation nuclei (CCN) in some 

special source regions such as vegetation and biomass burning, which can affect 

global thermal balance (Yu, 2000).  

 

The spatial variability of the mixing ratios of CH3COOH is high (Chebbi and Carlier, 

1996) and its sources and sinks are not well understood (Paulot et al., 2011; Khan et 

al., 2018). Concentrations of CH3COOH are generally found elevated in the urban 

polluted areas in contrast to the remote and rural unpolluted areas (Meng et al., 1995; 

Chebbi and Carlier, 1996; Khare et al., 1999). A bottom-up estimate showed that 

approximately 20-40% of the total sources of CH3COOH could be attributed to direct 

emissions including vehicular exhaust emissions, biomass burning and vegetation and 

the remaining originated from its photochemical production (Baboukas et al., 2000; 

von Kuhlmann et al., 2003; Ito et al., 2007; Paulot et al., 2011; Khan et al., 2018). 
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Acetic acid has been detected in biomass burning plumes (from natural or man-made 

fires i.e. forest fires, agricultural burning, domestic wood burners) and fossil fuel 

combustion from motor vehicles, which contributed a significant amount of direct 

emissions (Talbot et al., 1988; Goode et al., 2000; Christian et al., 2003; Yokelson et 

al., 2009; Paulot et al., 2011). Investigation of the exhaust emissions with respect to 

the variety of carboxylic acids showed CH3COOH was the largest contributor to the 

total carboxylic acid budget (Kuwamura et al., 1985; Talbot et al., 1988; Zervas et al., 

2001). Atmospheric conversion of enols, potentially emitted as a product of 

combustion, may contribute to urban acetic acid (Archibald et al., 2007). Recent 

urban emission studies have also correlated CH3COOH concentrations with primary 

pollutants (e.g. NOx, SOx, CO and particulate matter) in urban regions, suggesting a 

possible anthropogenic source (Granby et al., 1997a; Fisseha et al., 2006).  

 

Biogenic sources of CH3COOH, from soil and terrestrial vegetation are key 

contributors, estimated to produce over half of the total direct emissions (Paulot et al., 

2011). While the emission from trees is known to be triggered by light, contributing to 

a diurnal CH3COOH cycle, crops are believed to not emit detectable quantities 

(Kesselmeier et al., 1998). The emission occurs via hydrolysis of acetyl-coA, as a 

product of the breaking down of fats and carbohydrates (Kesselmeier and Staudt, 

1999). There are few studies on soil emission, but it is found that soil microbial 

sources have an important role in areas of low terrestrial emission (Talbot et al., 1995; 

Enders et al., 1992). Sanhueza and Andreae (1991) suggested that the diurnal cycle of 

soil emissions varies with soil type. Emissions are also increased with increasing soil 

moisture (Sanhueza and Andreae 1991; Mielnik et al., 2018). Paulot et al. (2011) 

estimated that the inclusion of the increased acetic acid emissions due to wetting of 

dry soil could increase global soil emissions by 10%. 

 

From the seasonal and diurnal profiles of acetic acid, Mungall et al. (2018) suggested 

that the photochemical source of acetic acid is the dominant contributor to the acetic 

acid budget. Peroxy acetyl radicals (CH3CO3) have been found to be a major chemical 

precursor of CH3COOH, which is the most prevalent source (Jacob and Wofsy, 1988; 

Paulot et al., 2011; Khan et al., 2018). In rural or remote areas, these radicals react 

with HO2 and RO2 to form significant amounts of CH3COOH (Madronich and 
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Calvert, 1990; Madronich et al., 1990; Hasson et al., 2004). These reactions are 

suggested to represent 53% and 24% of photochemical production, respectively 

(Paulot et al., 2011). Acetaldehyde (CH3CHO) is one of the precursors of CH3CO3, 

which is strongly emitted from the terrestrial and marine biosphere (Millet et al., 

2010). Monoterpenes and isoprene are other biogenic sources, representing key 

precursors for CH3CO3 in rural and remote regions (Lee et al., 2006). Franco et al. 

(2020) also found a correlation of the abundance of acetic acid with isoprene and 

monoterpene emissions from satellite retrievals. Aqueous phase oxidation of 

methylglyoxal (a product of gas phase isoprene oxidation) has been proposed as a 

potential source of CH3COOH (Lim et al., 2005; Carlton et al., 2006). There are also 

anthropogenic olefin sources, including from biomass burning, vehicular exhaust and 

a variety of industrial emissions although they represent a small fraction of total 

precursors globally (Chebbi and Carlier, 1996; Paulot et al., 2011). Ozonolysis of 

olefins via the Criegee intermediate is an important source of CH3COOH (Calvert and 

Stockwell, 1983; Khan et al., 2018). Organic aerosols have recently been proposed as 

a potential source of CH3COOH in urban regions via photochemical degradation 

(Keene et al., 2015).  

 

The atmospheric lifetime of acetic acid is believed to be around 1.6 to 1.8 days 

(Paulot et al., 2011; Khan et al., 2018). CH3COOH has a relatively long lifetime (~10 

days) with respect to OH with this process accounting for approximately 20% of the 

global sink processes (Paulot et al., 2011; Khan et al., 2018). As a result of the low 

reactivity of CH3COOH, most of its losses are attributed to dry and wet deposition 

(Seinfeld and Pandis, 2016). Dry deposition is suggested to represent approximately 

30% of loss processes (Paulot et al., 2011; Khan et al., 2018). The wet deposition rate 

depends mostly on solubility and frequency of regional precipitation (Chebbi and 

Carlier, 1996). However, there is more debate as to the proportion wet deposition 

contributes to global loss processes. Irreversible deposition onto dust particles may 

contribute to ~3% of global CH3COOH loss, a process suggested by Paulot et al. 

(2011). Uptake on dust was found to be promoted by higher humidity, with higher 

acetate concentrations on mineral aerosols under these conditions (Falkovich et al., 

2004). Reaction with Criegee intermediates may also play a role in chemical loss 

(Welz et al., 2014; Chhantyal-Pun et al., 2018). A recent modeling study has 
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suggested that it contributes up to 60% of CH3COOH chemical loss in tropical 

regions (Khan et al., 2018). 

 

Having highlighted the tropospheric relevance of acetic acid and the gaps in our 

current understanding of its sources and sinks at a regional scale, we measure 

CH3COOH from two separate locations in the UK (London and Weybourne) in three 

time periods (Winter, Summer and Spring) to investigate the spatial, diurnal and 

seasonal variations of CH3COOH in these locations. We employ a regional 3-D 

meteorological model, WRF-Chem-CRI to simulate the distribution of CH3COOH 

over North-West Europe with updated chemistry and deposition parameters (Khan et 

al., 2018) and evaluate the production and loss of CH3COOH by comparing with the 

measurement data in these locations. 

 

2. Experimental 

2.1. Measurement site and measurement technique 

The measurement of acetic acid was performed over three time periods covering three 

seasons: Winter, Summer and Spring and from two separate locations (London and 

Weybourne) in the UK (Table 1). Summer and winter data were measured from 

London during the ClearfLo project (Bohnenstengel et al., 2015), which would 

primarily provide insight into the chemistry and vertical structure of the urban 

boundary layer in London through the measurement of meteorology, gas-phase 

chemistry and particulate matter loading. Winter ClearfLo measurements were made 

in January and February 2012 and Summer measurements were made in July and 

August of the same year. The London site is 7 km west of central London, hence 

providing data representative of an urban environment. Spring measurements were 

performed at The Weybourne Atmospheric Observatory (WAO) located on the North 

Norfolk Coast, UK, hence providing data representing of either a rural or a marine 

environment depending on wind direction. 

 

Table 1. Description of acetic acid measurements 

Season Time period Location  Site description 

Winter 16/01/12-08/02/12 London Urban 

Summer 30/07/12-18/08/12 London Urban 

Spring 14/03/13-04/04/13 Weybourne Marine/Rural 
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Detailed measurement descriptions of the winter and summer ClearfLo campaigns can 

be found in Bannan et al. (2014) and Bannan et al. (2015), respectively. A seasonal 

comparison of formic acid for the summer and winter campaigns can be found in 

Bannan et al. (2017a). Detailed measurement specifics of the Weybourne campaign 

can be found in Bannan et al. (2017b). All measurements used the same quadrupole 

iodide Chemical Ionisation Mass Spectrometer (CIMS), which was routinely 

calibrated for acetic acid. Calibrations were run weekly for winter and summer data 

collection. Post campaign acetic acid calibrations were carried out for the spring 

season after completion, and applied relative to the formic acid sensitivity that was 

regularly calibrated. This approach assumes a constant sensitivity ratio of formic to 

acetic acid throughout the campaigns and has been used in Le Breton et al. (2014) and 

Bannan et al. (2019) previously. The measurements of acetic acid were made with a 

quadrupole mass analyser that provides measurements at unit mass resolution with 

possible unquantifiable interferences at m/z 187. Measurements are therefore 

presented as an upper limit of the CH3COOH at each measurement site. The 

meteorological data (e.g. air temperature, wind speed and wind direction) are 

routinely measured using a Davis Vantage Pro2 plus weather station and Gill 

Windsonic Anemometer, which were mounted at 3m with respect to platform altitude 

(21 m). These measurements are maintained to AMOF data standards 

(https://amof.ac.uk/data/data-standards/) before ratification. 

 

2.2. Modelling Technique 

WRF-Chem-CRI is a regional-scale, three-dimensional meteorological model with 

online chemistry. The chemical and physical processes (e.g. transport, deposition, 

gas-phase chemistry, emissions, photolysis and aerosol components) utilized by the 

model are discussed in detail elsewhere (Grell et al., 2005). The model is fully 

coupled, whereby the meteorology and gas-phase chemistry are integrated over the 

same timestep as the transport processes.  

 

Meteorological data for model was taken from ECMWF (European Centre for 

Medium Range Weather Forecasts) data archives (Dee et al., 2011). Chemical 

boundary conditions were taken from the MOZART-4 forecast (Emmons et al., 2010). 

This is a global offline chemical transport model particularly suited for tropospheric 

studies. The biogenic emissions used in the model were calculated online by the 

https://amof.ac.uk/data/data-standards/
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Model of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 

2006). This is a global emissions model used for estimating net emissions of gases 

and aerosols from soil and vegetation. It has a base resolution of 1 km × 1 km grid 

squares, making it suitable for both regional and global studies. Variables of 

importance in the model are land cover, weather and atmospheric chemical 

composition. The inventory accounts for all known natural emission processes, which 

are deemed to be of atmospheric significance. There are currently primary emissions 

of 20 classes of BVOCs, which are then decomposed into approximately 150 species, 

however, certain species (ethanol, acetaldehyde, formaldehyde, formic acid and acetic 

acid) are grouped into the same class of emissions (bidirectional BVOC) (Guenther et 

al., 2012). Anthropogenic emissions have been sourced from a combination of the 

NAEI and TNO inventories. NAEI data (UK National Atmospheric Emissions 

Inventory; http://naei.defra.gov.uk/) employs a range of sources in order to calculate 

emissions, from national energy statistics to individual industrial plants. The data 

were disaggregated into different source sectors, e.g., combustion for energy 

production and transfer, combustion in commercial institutions, residential and 

agricultural sectors, combustion in industry, production processes, extraction or 

distribution of fossil fuels, solvent use, road transport and other transport which were 

combined with emission factors to estimate emissions. The NAEI data with a 

resolution of 1km × 1km includes seven direct greenhouse gases addressed at the 

Kyoto summit, as well as a multitude of other trace gases believed to be of 

atmospheric significance: NOx, CO, NMVOCs and SO2. Where data from the NAEI 

was not available, the TNO MACC-III (Netherland Organisation for Applied 

Scientific Research, Monitoring Atmospheric Composition and Climate; Kuenen et 

al., 2014) data with 0.125o × 0.0625o was employed to fill the gaps. The TNO 

MACC-III is an international project whose aim is to gather emissions from countries 

to ensure country compliance with EU emission ceilings and associated reductions. 

The chemistry scheme used is CRI-MECH (Common Representative Intermediates 

mechanism), a chemical mechanism describing gas-phase transformations of methane 

and 25 NMVOCs, via 232 chemical species participating in 638 simulated reactions 

(Jenkin et al., 2008; Watson et al., 2008).  

 

The model domain covering North-West Europe with a 15 km horizontal resolution 

with a size of 134 (E-W) by 146 (N-S) grid cells and 41 vertical levels (Archer-
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Nicholls et al., 2014; Khan et al., 2019) was run for three seasons (e.g. Summer, 

Winter and Spring). The meteorological fields were re-initialised every 3 days to 

ensure that the divergence of the WRF-Chem-CRI meteorology from the driving 

ECMWF operational/reanalysis meteorology is minimized. The model set-up has 

been described elsewhere (Khan et al., 2019). The simulation was carried out after the 

modification of the chemistry scheme and inclusion of dry deposition parameter of 

acetic acid as described in Khan et al. (2018). 

 

3. Results and Discussion  

3.1. Model evaluation: Meteorology 

The atmospheric chemical processes are meteorologically dependent. Thus it is 

necessary to consider the meteorological aspect of the model. The most important 

parameters with respect to the key process conditions are temperature, wind speed and 

wind direction. Temperature is of greatest importance for atmospheric chemical 

processing as it controls the rate of chemical reactions and also alters the gas-particle 

phase partitioning. The Winter and Summer scenarios simulate temperature to an 

acceptable degree, with a respectable Pearson correlation of 0.93 and 0.90, 

respectively, while the Spring scenario has a lower correlation (R = 0.78). The Spring 

season has a slight negative bias in temperature of -0.81o C whereas Winter and 

Summer seasons have larger negative biases of -3.3o C and -2.0o C, respectively.  

 

Wind speed is modeled to a reasonable degree for all seasons, with a Pearson 

correlation of 0.72, 0.74 and 0.77 for Winter, Summer and Spring, respectively. The 

negative biases for wind speed are found for Summer and Spring seasons with -0.12 

and -0.56 m/s, respectively, but a positive bias of 1.2 m/s is found for Winter. The 

positive bias of wind speed in Winter in the European domain was previously found 

in the study of Zang et al. (2013) and Brunner et al. (2015). The overestimate of wind 

speed in Winter leads to emissions being diluted and rapidly transported from polluted 

centres to background areas.  

 

Wind direction is an important factor for the data analysis and validating the model as 

the prevailing wind carrying an air mass from either marine or rural terrain in the 

Spring and central London for Winter and Summer scenarios. The Pearson correlation 

(R) between modeled and measured wind direction are acceptable with 0.87, 0.65 and 
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0.73 for Spring, Summer and Winter, respectively, although there are large 

discrepancies for Winter (bias=-34.5o, RMSE=78.3o), Summer (bias=8.4o, 

RMSE=64.0o) and Spring (bias=-9.3o, RMSE=34.2o). The correlation during summer 

is low because of the lower wind speed which can increase the errors of wind 

direction (Jimenez and Dudhia, 2013).  
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Figure 1. Validation of model meteorological data (orange) with measured 

meteorological data (blue) for Spring, Summer and Winter seasons. 

 

Table 2. Statistical summary of the WRF-Chem simulation relative to measured 

meteorological parameters  

Meteorological 

parameter  

Bias  RMSE  Pearson correlation 

(R) 

Spring 

Temperature (oC) -0.81 1.49 0.78 

Wind speed (m/s) -0.56 2.42 0.77 

Wind direction (o) 9.3 34.2 0.87 

Summer 

Temperature (oC) -1.93 3.0 0.90 

Wind speed (m/s) -0.12 1.3 0.74 

Wind direction (o) -7.9 64.1 0.65 

Winter 

Temperature (oC) -3.29 3.65 0.93 

Wind speed (m/s) 1.24 2.05 0.72 

Wind direction (o) 34.5 78.1 0.73 

 

3.2. Model evaluation: Seasonal variation of Acetic acid 

Inspecting the model-measurement comparison plot of acetic acid during Winter 

reveals a weak correlation (R=0.27), reasonable bias and RMSE of -13.5 ppt and 38.0 

ppt, respectively. There are several extended periods (23/01/2012 to 25/01/2012 and 

04/02/2012 to 06/02/2012) of significant under prediction of model CH3COOH (see 

Figure 2). Considering the model lacks wet deposition, it is surprising that the model 

has a negative bias. Upon adding wet deposition to the model, the bias would become 

even more negative and deviate further from measured data. This suggests that there 

are CH3COOH sources, which remain unaccounted for in the model. This finding is 

consistent with the previous studies that there are many unknown sources with respect 

to CH3COOH processes (Chebbi and Carlier, 1996; Paulot et al., 2011; Khan et al., 

2018). The missing sources may include additional vehicular or domestic cooking 

emissions in the urban areas (Kawamura et al., 1985; Zervas et al., 2001). There is 

one episode (31 January to 02 February) when the model CH3COOH is overestimated 
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compared with the measured CH3COOH (Figure 2). During this time, the model’s 

wind speed is overestimated compared with the measurement (see Figure 1), 

suggesting that the emission from the nearby central London transported to the 

measurement site has resulted in increase of model acetic acid. 

 

     

  
Figure 2. Comparison of time-series plots of modeled and measured CH3COOH for 

winter, summer and spring seasons. Note: Some missing values during 06-07 August, 

09-10 August, and 03-04 February 2012 are due to the instrumental failures. 

 

Unlike the winter season, the model has a significant positive bias (29.4 ppt) and 

RMSE (37.2 ppt) during Summer, which suggests that either the model is 

underestimating the acetic acid loss or/and overestimating secondary production of 

acetic acid. Inclusion of the loss due to wet deposition in the model would contribute 

in part to the imbalances between model-measurement, but due to lower levels of 

precipitation over the Summer (9.0 mm) compared with the Winter (25.3 mm), this is 

unlikely to have such a major impact. The simulation results during Winter suggested 

that there are unknown missing sources of CH3COOH, so overpredicting acetic acid 

emissions seems unlikely. Therefore, it is possible that the lack of loss processes in 

the model can be dominant during Summer. The Summer mixing ratios of CH3COOH 

would be higher due to an increase in biogenic precursors of CH3CO3 produced from 

isoprene and monoterpenes which emissions are known to increase during the months 

of May-August (Stewart et al., 2003). Criegee intermediates are more prevalent 

during the summer months, while their precursors, isoprene and monoterpenes are 
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emitted most (Sindelarova et al., 2014; Khan et al., 2018). Criegee intermediate loss is 

not included in the model and is estimated to account 20-60% of chemical loss in the 

UK (Khan et al., 2018). Thus the inclusion of CH3COOH loss by Criegee 

intermediates in the model will likely contribute to reduce the imbalances between 

model and measurement.  

 

The model acetic acid during Spring is underpredicted with bias -26.0 ppt and 

RMSE=45.4 ppt which is consistent with another study employing the WRF-Chem 

model and the TNO-MACC III inventory (Kuik et al., 2016). The TNO MACC-III 

inventory has removed agricultural emissions due to inconsistencies between 

countries, although it has not been made clear if this has been rectified in the 

inventory (Peuch et al., 2016). Agricultural emission is a major contributor to direct 

anthropogenic emissions, but it should be considered that the measurement station is 

coastal and depending on wind direction, anthropogenic emissions may not be of 

great significance.  

 

WRF-Chem-CRI predictions are consistent with other models and previous 

expectations of CH3COOH seasonality; concentrations are higher in summer than that 

in winter (Talbot et al., 1988; Granby et al., 1997a; Khan et al., 2018), but the 

measured data showed different seasonality with higher mixing ratios of CH3COOH 

(45.9 ± 31.5 ppt) during Winter and lower (25.7 ± 14.3 ppt) during Summer.  

 

Table 3. Average measured and modeled mixing ratios of CH3COOH in different 

seasons 

CH3COOH Summer Spring Winter 

Measured (ppt) 25.7 ± 14.3 55.1 ± 32.0 45.9 ± 31.5 

Model (ppt) 55.1 ± 22.6 28.9 ± 19.3 32.3 ± 25.3 

Bias (ppt) 29.4 -26.0 -13.5 

RMSE (ppt) 37.2 45.4 38.0 

Pearson 

correlation (R) 

0.33 0.10 0.27 

 

In addition to measured data not reflecting predicted seasonality, observed CH3COOH 

levels are significantly lower than many other measured data for urban, semiurban, 

rural, forest and marine environmental area reported by Granby et al. (1997b) and 

Baboukas et al. (2000).  
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3.3. Model evaluation: Diurnal Cycles of CH3COOH 

The Winter measurement data exhibits a diurnal cycle with maxima at 9 am (50 ppt), 

6 pm (62 ppt) and 10 pm (65 ppt) and minima at 5 am (34 ppt) and 2 pm (31 ppt) (see 

Figure 3). In addition to emissions/production and loss of acetic acid, the atmospheric 

mixing (i.e. the rising and lowering of the boundary layer) can be responsible for the 

diurnal variability of acetic acid. The boundary layer is at its lowest before sunrise, 

then steadily increases until mid-afternoon (e.g. 3 pm), coinciding with the acetic acid 

minima. The boundary layer then steadily falls, causing species which may have built 

up throughout the day to descend to closer to ground level and giving an increase of 

surface level concentration, hence the evening/night time increase with the maximum 

value at 10 pm. The model predicts CH3COOH very well during daytime with 

maxima at 9 am (42 ppt) and minima at 4 am (20 ppt).  

    
 

 
Figure 3. Diurnal comparison plots of modeled and measured CH3COOH for Winter, 

Summer and Spring seasons. 

 

We analysed the weekday and the weekend diurnal variation during the Winter period 

to investigate whether the direct vehicular emissions can contribute to the mixing 

ratios of CH3COOH during traffic rush period. The weekend measurement data of 
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CH3COOH lack a peak during traffic rush periods but, weekday data shows two 

distinct peaks during weekdays at 9 am and 6 pm coinciding with traffic rush period 

(Figure 4). The model also reproduced CH3COOH during traffic periods around 9 am 

and 6 pm. There are large underpredictions of modeled CH3COOH during traffic 

periods suggesting that the direct vehicular emissions are a significant contributor to 

the missing source of CH3COOH.  

    
Figure 4. Comparison of the weekday and weekend diurnal cycle of measured and 

modeled CH3COOH during Winter season.  

  

The model performs worst at night during Winter, missing the second maxima at 9 

pm and there is substantial under-prediction of CH3COOH (Figure 3). In the majority 

of other measured cases, CH3COOH increases with temperature and irradiance, 

therefore being at its peak mixing ratios during daytime. However, as is described in a 

study on diurnal CH3COOH mixing ratios in a cloud forest in Venezuela, CH3COOH 

can peak at night (Sanhueza et al., 1996). In reality, the dry deposition does not occur 

readily at night onto dew and wetted surfaces during winter season. The model could 

not account for this, therefore possibly removed too much CH3COOH in this 

circumstance.    

 

Summer measurement data exhibit a less exaggerated diurnal cycle (Figure 3), with a 

minimum at 5 am (16 ppt) and maximum at 2 pm (36 ppt). The model performs 

better, correctly predicting the minimum at 4 am (33 ppt) followed by an increase 

towards 12 pm and then decline during night-time. The increase in measurement data 

from 9 am to 3 pm can likely be attributed to the increase in solar radiation, causing 

release of biogenic precursors and photochemical reactions forming CH3COOH, 

which is reflected in the model very well. The high positive bias throughout the 

daytime can be attributed to omitting the Criegee intermediate loss process. 
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Comparing this diurnal cycle to that of urban measurements taken from another 

summer European urban environment at Brussels during June, the measured data 

bears little to no resemblance, showing peak mixing ratios at 6 am and a decrease 

until 10 pm (Granby et al., 1997). The same can be said of CH3COOH measurements 

taken from Zurich 2002 over August and September, interestingly the measured data 

better resembles the cycle of HCOOH rather than CH3COOH for this period (Fisseha 

et al., 2006). The HCOOH cycle follows a more classical diurnal trend, showing 

evidence of biogenic and secondary anthropogenic sources (Bannan et al., 2017a). 

This would therefore suggest the same for CH3COOH.  

 

The measured data from the Spring season exhibits a small average diurnal 

fluctuation, with the maximum (61 ppt) and minimum (50 ppt) (Figure 3). There are 

three maxima at 3 am, 12 pm and 9 pm and three minima at 12 am, 9 am and 3 pm. 

The model predicts the slight peak at 12 pm but fail to follow the trend from 3 pm to 

12 am. This is likely due to dry deposition removing too much CH3COOH overnight. 

A missing marine source will cause some underprediction of model CH3COOH 

(Arlander et al., 1990; Khan et al., 2018). Whether or not wind direction has an 

impact on bias will be a good indicator as to whether this is likely, this has been 

explained briefly in the later section 3.4. 

 

3.4. Impact of Meteorological parameter for the deviation of the model data from 

measurement data 

One of the shortcomings identified in the model runs has been the lack of wet 

deposition. Figure 5a shows a prolonged period of rainfall on 31/07 12 am to 5 am 

(total rainfall=3.4 mm). There is a visible decrease in measured CH3COOH during 

this period, with mixing ratios falling to 4 ppt, the lowest of the entire Summer. This 

decrease in only reflected to a slight extent in model run. Figure 5b shows two further 

periods of rainfall: 24/01 8 am to 2 pm (total rainfall=5.7 mm) and 26/01 5 am to 9 

am (rainfall=2 mm) during winter period. In the first case, there is a drop in 

CH3COOH levels slightly greater than that of the modeled data, but this does not 

cause significant deviation. The second rainfall period exhibits little to no decrease in 

measured CH3COOH and hence little deviation from the model. This period is 

actually shown to have one of the highest correlations of the entire period (R=0.74) 

suggesting that rainfall does not have a significant impact on the mixing ratios of 
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CH3COOH in UK. It does not seem likely that wet deposition contributing 30-50% of 

global loss (Paulot et al., 2011; Khan et al., 2018) is representative of loss in the 

surface levels of UK urban areas. 

   
   (a)             (b) 

Figure 5. Measured (black) and modeled (red) CH3COOH mixing ratios plotted 

against rainfall (blue) during (a) Summer and (b) Winter 

 

There is some correlation of acetic acid with temperature during summer and spring 

seasons, as suggested in a study conducted in Denmark (Granby et al., 1997). Both 

Summer and Spring measured data exhibit a modest correlation with measured 

temperature throughout the seasons (Rsummer=0.5, Rspring=0.3) (Figure 6). These values 

are fairly consistent with the work of Granby et al. (1997) with a slightly better 

correlation in the Summer than in the Spring. This is reproduced well in the model 

during Summer (Rsummer=0.6) (Figure 6a). Spring model run fails to follow the slight 

trend shown in the measured data with a correlation of Rspring=-0.2 (Figure 6b). This 

anti-correlation can be explained by the large disagreement between modeled and 

measured temperature (mostly model underestimation) during the spring season (see 

Figure 1). Winter measured data shows a very slight negative temperature correlation 

of -0.17. The model gives a negative correlation of -0.5, which is too far from the 

measured correlation to be considered an accurate representation. However, this 

prediction is closer to the winter value (R=-0.49) given by Granby et al. (1997). 
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          (a) 

 
 

           (b) 

Figure 6. Measured (black) and modeled (red) CH3COOH mixing ratios plotted 

against temperature for (a) summer (b) spring season 

  

At the Weybourne measurement site, northern winds would carry clean marine air 

over the site, whereas south-westerly and south-easterly winds transport polluted air 

from London over the site (Lee et al., 2009). During Spring, there are many episodes 

when model-measurement deviations occur, one of which occurs during the period 

18/03 6 am to 19/03 6 am (Figure 7). During this time, a significant fraction of south 

easterly wind carrying air mass from London may contain acetic acid (possibly 

derived from direct anthropogenic emissions), hence the deviation. A plume from 

London can be seen passing over the Weybourne site in Figure 8. The modeled wind 

direction during 18/03 3 pm at the Weybourne site (230o) is not consistent with the 

measurement at this time (320o). At 12 pm there is a measured CH3COOH peak, 

which coincides with a wind direction of 220o, until wind direction changes shortly 

afterwards and levels drop. Due to desynchronization, it is likely the plume in reality 

passed over the measurement site a few hours earlier than predicted by the model.  
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Figure 7. Measured (black) and modeled (red) CH3COOH mixing ratios over the 

Spring period 18/03-19/03 and 29/03-01/04. Measured wind direction is plotted with 

blue lines on the secondary axis. 
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Figure 8. Distribution plot of CH3COOH mixing ratios at 18/03 3 pm (left) and 30/03 

12 am (right). The Weybourne measurement site is approximately circled (red 

marked) 

   
Inspecting the time period of 29/03-01/04 with a better correlation than the remainder 

of the period, a relatively consistent wind direction of 25-50o is measured until 31/03 

12 pm, when winds shift to 50-90o (Figure 7). The model seems to correctly predict 

wind direction to a good approximation for the entire period (see Figure 1). As the 

Spring data were collected at a more remote measurement site, its low modeling 

performance could be explained by wind direction calculations, with polluted plumes 

causing a more exaggerated deviation than at the other site in London. The 

dependence of the measured CH3COOH on anthropogenic emissions will cause 

further deviation from the model as well. During periods of consistent wind direction, 

the model seems to cope far better and predicts trends to a better degree, with less 

desynchronization. Bias is clearly negative during this period and there are periods of 

both under and over prediction, however these periods of improved modeling are too 

infrequent to gather much information on whether marine sources are a likely 

contributor.  

 

Low temperatures can be responsible for stagnant weather conditions, resulting in low 

wind speed and elevated trace gas concentrations. This was observed by Fisseha et al. 

(2006) in a Spring study in Zurich. The Winter measured data showed a negative 

correlation with respect to wind speed and temperature (RWind=-0.25, RTemp=-0.17) 

which can explain the high mixing ratios of acetic acid during Winter. The model run 

had a lower negative correlation with wind speed (RWind=-0.10), but higher negative 

correlation with temperature (RTemp=-0.5) suggesting that the model may not have 

reflected this process effectively.  

 

4. Conclusion 

WRF-Chem-CRI was used to predict acetic acid in UK, which was compared against 

measured data taken during the ClearfLo campaign in Winter 2012 and Summer 2012 

and in Weybourne, UK during Spring 2013. The model was able to predict diurnal 

trends to an acceptable degree, however, failed at predicting its seasonality. The 

model seasonality (Summer maximum followed by the Winter and Spring) 

predictions are consistent with other studies, but an unexpected seasonality trend for 
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measured data was revealed, with the clean Spring (Weybourne) having the highest 

average, followed by the Winter and Summer (London). Intermittent periods of over 

24 hours, during which model output and measurement data were well synchronized, 

were noted, in some cases with a correlation coefficient exceeding 0.7. Vehicular 

emissions could be responsible for significant quantities of acetic acid in urban 

regions. Previous urban studies have been carried out in regions where CH3COOH is 

much higher, with mixing ratios of several ppb where a contribution in the order of 10 

ppt would not have a large impact. However, urban measurements in the UK are 

shown to be much lower (Winter average = 45.9 ppt, Summer average = 25.1 ppt), 

meaning a relatively low vehicular contribution could have a greater impact on the 

diurnal cycle. While some precursors were included in the model, underprediction 

during weekday at 9 am and 6 pm in the winter suggests that direct vehicular 

emissions could be an important source. Criegee loss could be a significant loss 

process during the summer months. This was not included in the model. The species’ 

precursors are produced most during this period meaning associated loss processes 

would increase during this time. The significant Summer overprediction by the model 

would benefit from this addition. It has been suggested that the wet deposition 

process, while a significant contributor to CH3COOH loss globally, may not have 

such a major influence in lower concentration regions with moderate precipitation. 

Periods of rainfall only caused minor deviation from the model on most occasions. 

Measured CH3COOH exhibited a modest temperature correlation for Summer 

(RSummer=0.5) and Spring (RSpring=0.3), while winter data showed a negative 

correlation. The negative correlation in Winter is consistent with the argument that the 

stagnant conditions caused by low temperature caused high concentrations for the 

winter period.  
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