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Abstract: 11 

In this study, we present the first long-term N2O eddy covariance dataset measured from a working 12 

farm. The eddy covariance method was used over a four year period to measure fluxes of the 13 

greenhouse gas nitrous oxide (N2O) from an intensively managed grazed grassland, to which regular 14 

applications of ammonium nitrate or urea fertilisers were spread, for two years each at the field site. 15 

The mean emission factors (EFs) reported for ammonium nitrate and urea fertiliser applications in this 16 

study over a period of 30 days after fertilisation, were 0.90 and 1.73 % of the nitrogen applied, 17 

respectively, with EFs of individual events ranging between 0.13 to 5.71 %. Our study accurately 18 

quantifies emission factors for multiple events and showing unambiguously that large-scale variability 19 

is real. EFs do indeed vary from one fertiliser event to another, even at the same site with the same 20 

fertiliser type under similar environmental conditions.  This makes distinguishing EFs between 21 

different fertiliser types for the purposes of developing emission mitigation policy very difficult. 22 

 23 

Introduction: 24 

Modern agriculture relies heavily upon the application of industrially produced synthetic fertilisers to 25 

provide the nitrogen (N) required for intensive crop production (Tilman et al., 2002). Global 26 

application of synthetic N fertiliser to agricultural land is now greater than 100 Tg N per year (Erisman 27 

et al., 2008). This has resulted in a large increase in emissions of the potent greenhouse gas nitrous 28 

oxide (N2O) (IPCC, 2014). Since pre-industrial times, atmospheric concentrations of N2O have 29 

increased by approximately 0.26 % each year (275 to over 330 ppb) as a result of human activities 30 

(Forster et al., 2007; Butler & Montzka, 2018), resulting in N2O becoming the single largest contributor 31 

to stratospheric ozone depletion (Ravishankara et al., 2009) as well as increasing its role as a 32 

contributor to the global warming potential of the atmosphere. 33 

 34 
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N2O is released after N application as a by-product of the naturally occurring microbial 35 

processes of nitrification and denitrification in soils and aquatic bodies (Davidson 2000; Bateman & 36 

Baggs, 2005). The microbial processes that produce N2O are influenced by a wide variety of 37 

environmental factors. Nitrification (i.e. the oxidation of ammonium) and denitrification (i.e. the 38 

reduction of nitrate) rely predominantly on aerobic and anaerobic conditions, respectively (Robertson 39 

& Tiedje, 1987; Davidson 2000). However, due to the heterogeneous nature of soils, the microbes 40 

associated with both of these processes can coexist at a macro-scale (Anderson & Levine, 1986), so 41 

the observed response to environmental variation over time can be complex. Emissions of N2O from 42 

microbial processes are known to be influenced by N availability (Cowan et al., 2017), temperature 43 

(Maag & Vinther, 1996; Smith et al., 1998), pH (Stevens et al., 1998), clay content (Rochette et al., 44 

2008a) and oxygen availability, the latter of which is often controlled by soil compaction (Ball et al., 45 

1999), soil moisture and water filled pore space (WFPS) (Linn & Doran, 1984; Dobbie & Smith 2003). 46 

Although relationships have been shown to exist between these soil properties and N2O fluxes in 47 

previous experiments, our understanding of the interactions with microbial activity and soil properties 48 

remains poor (Butterbach-Bahl et al., 2013). As a result there are currently no process-based models 49 

capable of reliably predicting microbial N2O emissions at the field or farm scale (Brilli et al., 2017). 50 

The IPCC Tier 1 method estimates the fraction of the fertiliser N that is released as N2O after 51 

a fertilisation event (the so-called “emission factor”). This is assumed to be a constant 1 % according 52 

to the guidelines of the Intergovernmental Panel on climate Change (IPCC, 2014). However, there is 53 

large variability and uncertainty in this value, with a reported uncertainty in the range of 0.3 – 3.0 % 54 

(IPCC, 2014), and different types of fertiliser types can yield different emissions. The most common 55 

form of N fertiliser is urea (over 50 % of all N applied globally), due to its high N content by weight and 56 

relatively low cost (Glibert et al., 2006). Other widely used N fertiliser types include ammonium nitrate 57 

(AN), calcium ammonium nitrate (CAN), ammonium sulphate, ammonium phosphate and several 58 

other compounds that contain a combination of N, phosphorus and potassium.  59 

The two most common synthetic N fertilizers used in the UK are AN (37.3 %) and urea (10.1 60 

%) (BSFP, 2017). The application of AN, urea and CAN account for 2.2 of the 3.9 Tg of synthetic N 61 

applied annually in Great Britain (BSFP, 2017). Research effort on reducing N2O emissions has focussed 62 

on quantifying the emission factors for different types of fertiliser (Smith et al., 1999; Akiyama et al., 63 

2009) to find types and application strategies which result in lower emissions.  64 

The majority of studies still use the static chamber method to measure emissions, which has 65 

been essentially unchanged in the last four decades (Hutchison & Mosier, 1981; Chadwick et al., 2014; 66 

Flechard et al., 2007). However, because of the spatial and temporal variability in N2O fluxes, results 67 

from chamber studies have large associated uncertainties (Cowan et al., 2017). N2O fluxes typically 68 
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show a highly left-skewed distribution in space, well-represented by the lognormal distribution, and 69 

also resemble the lognormal density curve in time. Accurately estimating the integral under these 70 

curves is very difficult with small sample sizes and infrequent sampling (Levy et al., 2017). Due to the 71 

relatively large uncertainties in estimates of EFs, and the wide variety of environmental factors that 72 

can influence N2O emissions, attributing emissions to agricultural practices remains difficult. In the 73 

pursuit of Tier 2 emission factors, which represent the effects of different fertiliser types in a given 74 

region, better methods are required. 75 

In the past, the instrumentation available to measure N2O via the eddy covariance method 76 

had been limited primarily by the sensitivities of the infra-red lasers available, requiring the use of 77 

liquid nitrogen and constant alterations to hold a stable wavelength in the region required to measure 78 

N2O (Jones et al., 2011, Mammarella et al., 2010). The development of more stable laser instruments 79 

has greatly improved the capability to measure N2O in the field, particularly using the eddy covariance 80 

method (Kroon et al., 2010; Haszpra et al., 2018; Liang et al., 2018; Merbold et al., 2014; Fuchs et al., 81 

2018). The eddy covariance method has several advantages which can improve estimates of emissions 82 

after fertilisation events. Critically, the method allows for near-continuous measurements, that 83 

integrates emissions from a relatively large spatial region (> 100 m) (Vesala et al., 2008). This method 84 

can thereby remove the uncertainties in upscaling measurements to the field scale, and provide more 85 

defensible estimates of cumulative flux emissions. 86 

This study presents a long term dataset of N2O fluxes measured using the eddy covariance 87 

method from a grazed grassland field in Scotland (Easter Bush). This is the longest eddy covariance 88 

dataset of N2O from a working farm we know of to date. The measurements cover four growing 89 

seasons, during which, AN fertiliser was applied for two seasons (2012 and 2018) and urea fertiliser 90 

was applied for two seasons (2016 and 2017). The aim of this manuscript is primarily to present 91 

methods for estimating emission factors using eddy covariance observations, and to compare the 92 

emissions associated with each of the fertiliser types, with associated uncertainties.  93 

 94 

Method: 95 

Field site and management 96 

Measurements were made at the permanent Easter Bush field site in the Easter Bush Estate 97 

(Midlothian, UK, 55°51’57.4“N 3°12’29.3”W) (Cowan et al., 2016; Jones et al. 2017) during 2012, then 98 

in 2016, 2017 and 2018. The site consisted of a small enclosed area in which a permanently stationed, 99 

temperature controlled cabin with access to mains power was located directly between two similarly 100 

managed grazed grasslands (North and South fields, each approximately 5.4 ha, Figure 1). The soil in 101 

the fields are classed as an imperfectly drained clay loam with a sand/silt/clay texture of 26/20/55 in 102 
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the top 30 cm. The grassland fields had been predominantly used as high intensity grazing pasture for 103 

sheep (0.7 LSU ha-1) for over twenty years before measurements took place, with occasional silage 104 

harvest. Their management is typical for this region, with predominately AN fertilization (but urea was 105 

used for two years during this study) via tractor mounted broadcast spreading, with liming every 3-5 106 

years to maintain the pH between 5.5 and 6 and occasional ploughing and reseeding.  107 

The sheep were typically absent from the fields in the winter months (November to February), 108 

with sporadic movement between local fields throughout the growing season (March to September) 109 

as management required.  Both fields were managed similarly across the measurement period with 110 

sheep grazing throughout the year, although there were stages when field management differed 111 

(Table 1). Fertiliser was applied to both fields on the same days with the same quantities throughout 112 

the growing seasons (Table 1). In 2012 there was a tillage event in the south field, thus the fields 113 

cannot be classed as similar in this period. For this reason we split flux measurements between the 114 

fields in 2012, with only the north field receiving a fertiliser application during event 1, and both fields 115 

receiving similar applications during the second event. As the wind shifted regularly to and from the 116 

predominant south westerly direction to a north easterly direction during 2012, we can observe the 117 

effects from both fields separately. For all other events (2016 to 2018), both fields were managed 118 

similarly and measurements from both fields are considered as one event.  119 

 120 

Figure 1 The eddy covariance mast and meteorological measurement equipment were positioned in 121 

a small enclosed area between two grazed grassland fields at the Easter Bush permanent field site, 122 

Midlothian, Scotland, UK. 123 

  124 
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Table 1 Field management and fertiliser application for the North and South fields during eddy 125 

covariance measurements at the Easter Bush permanent field site. 126 

Date Field Management Fertiliser Application 

01/05/12 South Tilled and resown  
28/05/12 North  AN 70 kg N ha-1 
09/08/12 Both  AN 70 kg N ha-1 
20/05/14 North Tilled and resown  
15/03/16 South Sheep removed  
13/06/16 Both  Urea 70 kg N ha-1 
16/07/16 South Silage harvest  
26/07/16 Both  Urea 50 kg N ha-1 
28/07/16 South Sheep returned  
23/08/16 Both  Urea 35 kg N ha-1 
01/04/17 Both  Urea 70 kg N ha-1 
22/06/17 Both  Urea 49 kg N ha-1 
12/04/18 Both  AN 70 kg N ha-1 
14/06/18 Both  AN 52 kg N ha-1 

 127 

Meteorology and Environment 128 

Measurements of soil temperature (0.35 m depth), air temperature (1.8 m height) and rainfall (tipping 129 

bucket) were made at the field site throughout the measurement period and averaged every 30 min 130 

(Figure 2, Table 2). After installation in 2015, soil moisture (0 – 30 cm) was also measured by a cosmic-131 

ray moisture sensor (Hyroinnova CRS-2000) (Köhli et al., 2015) at the COSMOS-UK Easter Bush 132 

measurement site (https://.cosmos.ceh.ac.uk/), located approximately 300 m north of the flux mast 133 

(Figure 2). Temperatures were not drastically different at the site during the growing seasons that flux 134 

measurements took place; however, 2012 was consistently cooler than the other years during the 135 

summer months (June to August). Soil moisture measurements were not available in 2012 as the 136 

COSMOS instrument was not installed until 2015. Rainfall was significantly higher than what is 137 

considered typical of the site in the summer of 2012, with an annual rainfall of 1191 mm. Total annual 138 

rainfall for the other years was 793, 780 and 690 mm for 2016, 2017 and 2018 (up to 12/12/18), 139 

respectively. A drought occurred during May in 2017, and more severely during the summer of 2018 140 

(July) after a particularly cold spring. During these periods (April to May in 2017 and May to September 141 

in 2018) the soil became very dry and field scale water filled pore space (WFPS %) of the soil dropped 142 

below 40 %. 143 

 144 
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 145 

Figure 2 (top) Daily average soil temperature (0.35 m depth), (middle) Hourly soil moisture (0 – 30 cm 146 

depth) expressed as WFPS % by COSMOS instrument (bottom) Daily cumulative rainfall. 147 

 148 

  149 
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Table 2 Measured environmental variables were averaged/summed for 7 and 30 day periods prior to 150 

and post fertilisation events. Soil moisture measurements were not available in 2012. 151 

 152 

Year  2012 2012 2016 2016 2016 2017 2017 2018 2018 

Event  1 2 1 2 3 1 2 1 2 

30 days prior          
Mean air temperature (°C) 8.3 13.3 10.9 14.3 14.3 7.0 14.6 4.2 12.3 

Mean soil temperature (°C) 8.3 14.4 12.3 15.9 16.1 6.0 14.8 4.0 13.3 

Mean soil moisture (WFPS %) NA NA 62.5 70.4 65.7 70.0 51.8 68.8 45.0 

Cumulative rainfall (mm) 92.0 148.1 59.2 69.4 60.6 59.0 114.6 72.0 31.4 

30 days post          
Mean air temperature (°C) 11.2 14.5 12.8 14.3 14.5 7.7 13.3 9.5 14.6 

Mean soil temperature (°C) 11.5 14.5 14.8 16.0 15.3 8.4 15.5 8.4 15.7 

Mean soil moisture (WFPS %) NA NA 70.8 65.2 60.4 55.5 64.0 60.9 39.5 

Cumulative rainfall (mm) 152.8 81.8 85.2 52.8 26.6 6.6 116.8 31.6 49.8 

7 days prior          
Mean air temperature (°C) 14.5 14.1 12.4 16.8 14.9 9.3 16.4 6.6 12.9 

Mean soil temperature (°C) 11.2 15.0 14.5 17.5 16.0 7.2 16.5 4.7 14.9 

Mean soil moisture (WFPS %) NA NA 62.9 67.8 65.9 69.0 56.4 71.8 42.6 

Cumulative rainfall (mm) 0.2 40.5 34.6 20.2 12.6 4.6 11.6 18.4 5.0 

7 days post          
Mean air temperature (°C) 10.3 15.7 11.6 13.8 14.6 8.5 12.3 9.3 11.5 

Mean soil temperature (°C) 11.5 15.2 13.5 16.5 15.6 8.3 15.5 6.7 13.6 

Mean soil moisture (WFPS %) NA NA 70.3 65.0 62.9 64.9 56.6 68.4 45.2 

Cumulative rainfall (mm) 19.6 9.9 28.2 5.4 0.8 0.0 34.8 9.8 40.8 

 153 

Eddy covariance measurements 154 

An eddy covariance mast was erected in an enclosure between the North and South fields (see Figure 155 

1). The mast was equipped with an ultra-sonic anemometer (WindMaster Pro 3-axis, Gill, Lymington, 156 

UK) mounted at a height of 2.5 m to measure fluctuations in 3-D wind components at a frequency of 157 

20 Hz. The prevailing wind direction was SW-NE, with predominant SW winds, however the wind field 158 

did vary on a number of occasions throughout the four years of measurement (see Figure 3). A 14 m 159 

length of 1/4" ID Dekabon tubing was attached to the mast near the sonic anemometer (northward, 160 

eastward and vertical separation from the centre of the sonic of 14, 4 and 15 cm, respectively). This 161 

inlet was run back along a protected conduit into the temperature controlled cabin where it was 162 

connected to a continuous wave quantum cascade laser (QCL) absorption spectrometer gas analyser 163 

(CW-QC-TILDAS-76-CS, Aerodyne Research Inc., Billerica, MA, USA). A 1 µm PTFE membrane air filter 164 

was fitted in-between where the inlet line joined the QCL to prevent particulates from damaging the 165 

instrument.  166 
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The QCL was fitted with either one of two different laser sources over the four year period, 167 

each capable of measuring atmospheric N2O with an instrumental noise smaller than 0.3 ppb, together 168 

with H2O and either CO2 or CO, using absorption features in the mid-infrared spectral range close to 169 

2200 cm-1. The TDLWintel software (Aerodyne Research Inc., Billerica, MA, USA), fits the observed 170 

spectra to a template of known spectral absorption line profiles from the HITRAN (HIgh-resolution 171 

TRANsmission) molecular spectroscopic database. Absolute trace gas mixing ratios can then be 172 

calculated from the intensity of the absorption line measured, the temperature and pressure of the 173 

absorption cell and the optical path length with an accuracy within 3 %. A vacuum pump (Triscroll 600, 174 

Agilent Technologies, US) was used to draw air through the inlet and instrument with a flow rate of 175 

approximately 14 l min-1. Data from the sonic anemometer and QCL were logged synchronously using 176 

a custom-made program written in LabViewTM (National Instruments, TX, USA). 177 

  178 
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 179 

Figure 3 Wind rose measured at the Easter Bush site for the duration of all eddy covariance 180 

measurements. 181 

 182 

Fluxes were calculated over 30 minute intervals using the EddyPro software (Version 6.2.1, Li-183 

COR, Lincoln, NE, U.S.A.), based on the covariance between gas concentration (χ) and vertical wind 184 

speed (w) (𝐹𝜒 = 𝜒′𝑤′). For flux data taken with a low signal-to-noise ratio, time lag identification by 185 

maximisation of the covariance between χ and w introduces systematic biases (Langford et al., 2015). 186 

Instead, the time lag was estimated on a six hour basis for N2O, taking the maximisation of covariance 187 

of data over six hours of measurement data. Firstly, all six hour data chunks were given a 10 second 188 

window to find the maximisation of covariance. Time lag varied through the years as the different 189 

instruments were swapped in and out of the enclosure (mode time lag varied between 1.1 to 1.4 s for 190 

all setups based on changes made to tubing and filters), although once running undisturbed, the mode 191 

time lag remained very consistent for extended periods (less than 0.1 s drift over 6 months). A second 192 

maximisation of covariance was carried out once a stable (mode) time lag had been identified. Here 193 

we ran the maximisation of covariance of the six hour data chunks a second time, constrained to within 194 

a 0.2 second window around the mode time lag we observed in the initial analysis. This time lag was 195 

then fixed for all data within the six hour chunk and fluxes were calculated on a 30 minute basis. This 196 

method was verified by comparing N2O time lag with CO2 time lag for the periods in which CO2 197 

measurements were available (2012 and late 2018), which were almost identical. 198 

In the flux calculation processing, we applied double coordinate rotation (vertical and crosswind), 199 

spike removal, block averaging and outlier removal of artefact measurements. Correction for the 200 
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frequency response of the system, both high and low-frequency losses, were made using the analytical 201 

method of Moncrieff et al. (1997). Corrections for density fluctuations due to temperature fluctuations 202 

were applied on a half-hourly basis using the method of Ibrom et al. (2007). The quality control scheme 203 

of Foken (2003) was used to remove poor quality flux measurements (category 5 or above). Data were 204 

also rejected on the basis of extreme outliers and friction velocity (u*) values less than 0.1 m s-1. Only 205 

data in which at least 90 % of the flux came from a radius of 200 m from the flux tower and data in 206 

which the peak contribution to the flux was at least 25 m from the tower were used in this study, 207 

based on the calculations of Kjun et al. 2004. Flux random uncertainty was estimated by the method 208 

of Finkelstein and Sims (2001) integrated over a fixed 10 s correlation period (as presented in Figures 209 

5 and 6). This was chosen because the estimation methods of the integral time scale of the turbulence 210 

become uncertain for noisy data. 211 

 212 

Estimating cumulative fluxes and emission factors (EFs) 213 

After quality control (i.e. removal of data where there was a lack of turbulence or there were technical 214 

difficulties with instrumentation), a significant portion of the data was removed from the final results. 215 

Over the four years, 35 % of the recorded data (during periods where there were no technical faults) 216 

passed quality control steps. In order to estimate cumulative fluxes, interpolation of the missing data 217 

points was required.  However, in the absence of a well-validated process-based model for N2O fluxes 218 

on which to base predictions, it is not obvious how this is best achieved.  To this end, we used a 219 

smoothing approach via a general additive model (GAM). This accounted for temporal patterns at a 220 

range of time scales and nonlinear responses to environmental variables, implemented using the mgcv 221 

package in the R software (Wood, 2006).  The GAM was fitted to the flux data, using the same model 222 

terms for both the AN and Urea events over the four year period (with the exception of 2012 for which 223 

no soil moisture data was available).  The terms included were soil temperature, precipitation, soil 224 

moisture (measured by the COSMOS system) and time since fertilisation. The GAM allows for non-225 

linearity by fitting a smooth response with cubic splines.  The degree of smoothing is optimised by the 226 

algorithm, but was also adjusted subjectively, such that the model was not over-fitting to noise in the 227 

data.  The emission factor (EF) for each event was calculated as the cumulative flux of N2O over 30 228 

days after fertilisation, divided by the quantity of total nitrogen applied. As a single eddy covariance 229 

tower is unable to make measurements of background flux in tandem with the experimental 230 

measurements, we do not negate background flux from our EFs in this study. Uncertainty was 231 

quantified by simulating 2000 replicate time series from the GAM, given the uncertainty in the fitted 232 

parameters, to estimate the posterior distribution.  The quantiles of this posterior distribution 233 

provided the 95 % credibility interval at each predicted time step (Marra and Wood, 2012). Finally, the 234 
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correlations between the N2O emission and the environmental variables have been evaluated with t-235 

Test for independent samples (R core team). 236 

 237 

Results: 238 

Eddy covariance measurements of N2O 239 

With the exception of the fertilisation events, emissions of N2O from the grasslands generally 240 

remained close to zero (< 1 nmol N2O m-2 s-1
, (< 28.01 ng N2O-N m-2 s-1)), even with the presence of 241 

grazing sheep which produce a continuous input of urine and faeces and should increase N2O 242 

emissions (Figure 4). After N fertiliser was applied, it was typical to see an immediate increase in 243 

emissions, reaching a peak within 7 days, with a return to fluxes near zero after two to three weeks. 244 

It is evident from these measurements that the application of fertiliser is the main cause of N2O 245 

produced in the fields and that the vast majority of emissions occur within 30 days after the application 246 

(Figure 4). There was no obvious pattern among fertiliser events related to fertiliser type or quantity 247 

of N applied (see Table 1 for details). After fertiliser events, emissions ranged from approximately zero 248 

(2017), to extreme spikes in emissions reaching fluxes greater than 40 nmol N2O m-2 s-1 (2018). The 249 

shape of the peak also varies between events: we observed both the expected sharp rise and gradual 250 

fall (2018, AN Event 1) and also a gradual rise and sharp fall (e.g. 2016, urea Event 2). 251 
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 252 

Figure 4 Fluxes of N2O measured using the eddy covariance method over four years at the Easter Bush 253 

field site (Midlothian, Scotland, UK). AN fertiliser (blue) was applied in 2012 and 2018, and urea 254 

fertiliser (red) was applied in 2016 and 2017 (dashed vertical lines show fertiliser application dates 255 

described in Table 1). This data is not gap-filled. 256 

As the majority of emissions appear to occur within one to three weeks after each fertilisation 257 

event, and that fertiliser events often occur in fairly short succession, in this study we limit emissions 258 

associated with each event to 30 days after application for comparison purposes.  259 

 For the events in which AN was applied, emissions of N2O generally followed the typical rise 260 

and fall of emissions expected after N application (Figure 5). The magnitude of fluxes observed after 261 

each fertiliser event varies greatly. The smallest of peaks after AN application was observed in 2018 262 

(Event 2), but a pronounced peak was still visible after the fertiliser application. 263 

 264 
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 265 

Figure 5 Emissions of N2O measured 14 days before and 30 days after the application of AN fertiliser. 266 

(Due to the tillage event occurring in 2012, the two adjacent fields are treated separately). The GAM 267 

interpolation (Red) and associated 95 % confidence intervals (C.I.s) are fit to the data for each event. 268 

The date of the fertiliser event is shown by the dashed vertical line. 269 

 270 

For the events in which urea was applied (Figure 6), the patterns in emissions were more 271 

varied. The largest emission after a urea application (2016, Event 2) appeared to have a delay, peaking 272 

16 days after application. Fluxes after the events in 2017 were similar in magnitude to background 273 

emissions, with only small peaks observed. 274 

 275 
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 276 

Figure 6 Emissions of N2O measured up to 30 days after the application of urea fertiliser. The GAM 277 

interpolation (Red) and associated 95 % confidence intervals (C.I.s) are fit to the data for each event. 278 

The date of the fertiliser event is shown by the dashed vertical line. 279 

 280 

Cumulative fluxes of N2O over a 30-day period after a fertiliser event ranged from 0.092 to 281 

2.856 kg N ha-1 (Figure 7, Table 2). Cumulative fluxes varied widely for both of the different fertiliser 282 

types, with one very large emission event each. In most events, pre-fertilisation fluxes were negligible, 283 

with the exception of the 2016 Event 3 urea application, which was close in time to the previous 284 

fertiliser application. Emission factors reported in this study range from 0.13 to 5.71 % (Table 3). 285 

Emission factors for AN and urea showed no clear difference, and had similar variability: the mean EFs 286 

were 0.90 (s.d. ± 1.08) and 1.73 (s.d. ± 2.30) %, respectively. The mean EF for urea in this study was 287 

dominated by one event (2016 Event 2), which tails off into the next urea application event (2016 288 

Event 3). Because observations have near-complete temporal coverage and measure a spatial 289 

average, we have a high degree of confidence in the emission factor for individual events (as shown 290 
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in Figure 7). However, there is wide variability among events which is not explained by fertiliser type, 291 

and we are therefore very uncertain of the mean effect of AN or urea. 292 

 293 

 294 

Figure 7 Cumulative fluxes are calculated 14 days before and 30 days after the application of AN 295 

(left) and urea (right) applications. The GAM method is used to interpolate measurement data and 296 

estimate 95 % C.I.s in cumulative flux estimates (shaded). 297 

Table 3 Cumulative fluxes over a 30-day period after each fertilisation event are reported for the GAM 298 

method (units in kg N2O-N ha-1). The 95 % confidence intervals (C.I.s) are included for comparison. 299 

Year Event 
Fertiliser 
Applied 

N2O Flux 
30 day Cumulative 

± 95 % C.I. Emission Factor 

   kg N2O-N ha-1 kg N2O-N ha-1 % 

2012 1 (North) AN 70 Kg 0.650 0.004 0.93 

2012 2 (North) AN 70 Kg 0.203 0.003 0.29 

2012 2 (South) AN 70 Kg 0.224 0.003 0.32 

2016 1 Urea 70 Kg 0.325 0.002 0.46 

2016 2 Urea 50 Kg 2.856 0.009 5.71 

2016 3 Urea 35 Kg 0.582 0.004 1.66 

2017 1 Urea 70 Kg 0.092 0.001 0.13 

2017 2 Urea 49 Kg 0.341 0.001 0.70 

2018 1 AN 70 Kg 1.944 0.013 2.78 

2018 2 AN 52 Kg 0.103 0.001 0.20 

 300 

Environmental impacts on N2O emissions 301 

The available environmental variables of precipitation, soil moisture (0 – 30 cm) and soil and air 302 

temperature were investigated for correlation with N2O emissions over the four years of 303 

measurements. Log-transformed daily-mean fluxes correlated significantly with soil moisture and soil 304 

temperature (P << 0.01); however, there remains a large amount of scatter in these relationships 305 

(Figure 8). A bell-curve relationship is observed with the fluxes and soil moisture, peaking at 60 – 70 306 
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% WFPS, and it appears that there is a small increase in N2O flux with temperature. Neither of these 307 

relationships, nor multiple regressions with all environmental variables provides a useful predictor of 308 

emissions of N2O. No diurnal cycling in emissions was observed, suggesting temperature changes 309 

between day and night had no significant impact of flux measurements. A comparison of EFs with 310 

environmental properties revealed no strong correlation between emissions and environmental 311 

conditions when looking at 7 or 30 day periods before and after fertiliser application (Table 2), 312 

although the WFPS % at the date of fertilisation was deemed significant (P =0.04) in a multiple 313 

regression fit (using the lm function in the ‘stats’ package for the statistical program R) with mean soil 314 

temperature, mean WFPS % and cumulative rainfall over 30 days (R2 = 0.65). However, this fit is 315 

dominated by a single point (the large 5.71 % EF) and no correlation with any variables is found when 316 

it is removed. 317 

 318 

 319 

Figure 8 (left) A boxplot of N2O on a log scale against WFPS binned by 10 % groups. The boxplot shows 320 

the median with hinges on the 25 % and 75 % quantiles. (right) Linear regression between N2O on a 321 

log scale and soil temperature (line). 322 

 323 

 324 

Discussion: 325 

Measurements of N2O using the Eddy Covariance Method 326 

The advantage of using the eddy covariance method to measure N2O fluxes is the near-continuous 327 

data coverage, paired with the spatial integration (covering up to several 100 m2). This provides a 328 

detailed picture of N2O flux at the field scale throughout the four-year measurement period with 329 

limited logistical effort (i.e. no intensive field work is required to carry out measurements after 330 

fertiliser events). Even the most rigorous of manual chamber sampling schedules accounts for just a 331 

few m2 with intermittent timings between measurements (mostly done during the day). Using the 332 
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eddy covariance method we can mitigate the uncertainty arising from spatial and temporal 333 

heterogeneity at the field scale, which is notoriously high and difficult to deal with using chamber 334 

measurements (Rochette et al., 2008b; Levy et al., 2017). However, with the eddy covariance method, 335 

it is also difficult to determine the influence of environmental conditions as a direct comparison 336 

cannot be made between two fertiliser treatments or a control when using one tower. Unless multiple 337 

towers are deployed in parallel fields, the eddy covariance method cannot assess fertiliser treatments 338 

in tandem. 339 

 Emissions observed from the fields were most varied after N application, for which fluxes 340 

varied log-normally over time, as is often observed with eddy covariance (Jones et al., 2011; Merbold 341 

et al., 2014; Liang et al., 2018) the flux-gradient method (Wagner-Riddle et al., 2007; Glenn et al., 342 

2012; Abalos et al., 2015; Waldo et al., 2019) and chamber methods (Levy et al., 2017).  Although each 343 

30-minute flux measurement represents a large footprint (> 100 m2), there remains some spatial 344 

variability in the reported measurements because the method is reporting measurements weighted 345 

towards a particular part of the field at any given time, depending on wind speed and direction. As the 346 

wind direction was predominantly south westerly during measurements (see Figure 3), this section of 347 

the field dominates the contributions to the measurements in this analysis. With the exception of a 348 

two month period in May to June in 2012 when the south field was tilled and re-sown (north field was 349 

tilled and re-sown in 2013 between measurement periods), both fields were in a permanent state of 350 

full grass coverage. 351 

As fluxes seemed uncharacteristically low after fertiliser applications in 2017, further checks 352 

were carried out to ensure that the system was still operating as normal. The reasons for this lack of 353 

N2O emission is unclear, as rainfall and temperatures were not abnormal during the growing seasons 354 

or the periods in which fertiliser was applied. Although there was limited rainfall in the immediate 355 

days after the first fertiliser event in 2017 (see Table 2), the WFPS of the soil was relatively high due 356 

to the high rainfall that preceded it. The urea pellets were readily dissolved by the damp surface and 357 

the formation of morning dew which forms regularly at the site in the cool damp climate. The EF of 358 

the second event in 2017 was also low, and did not respond to higher rainfall as may be expected. The 359 

reason for these observations is unclear. 360 

 As the laser source in the QCL instrument also measured H2O and CO in tandem with N2O, we 361 

checked fluxes measured in 2017 and compared them with those measured in 2016. There were no 362 

significant changes in fluxes of H2O and CO between the times that high N2O fluxes were observed in 363 

2016 with comparison to the low fluxes observed in 2017; therefore we conclude that the low fluxes 364 

of N2O in 2017 are genuine (CO fluxes for this period are published in Cowan et al., 2018). Other factors 365 

such as vegetation height or plant uptake should not have impacted EFs as the grass height of the 366 
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grazed pasture was fairly consistent across the duration of all years, with the exception of the silage 367 

cut in 2016. 368 

Rather than the low emissions from 2017 seeming suspect, it is perhaps the large emission 369 

event after the second application of urea in 2016 that is not representative. During the four years of 370 

measurements, there was only one harvest of silage from the field, approximately one month before 371 

the high flux event in 2016. Based on previous experimentation at the site, which found high emissions 372 

of N2O approximately one month after a tillage event in which the grassland crop was ploughed into 373 

the soil (Cowan et al., 2014), we speculate that the high emissions in 2016 may be the result of a large 374 

mass of decaying crop residue. Based on estimates made by the farm manager, automated collection 375 

methods of silage grass can expect to miss up to 10 % of a harvest. The decay of this crop residue and 376 

mineralisation of nitrogen into the soil may have resulted in an additional N input, and thereby 377 

impacted the EFs for events 2 and 3 in 2016. If these events were excluded, this would bring the mean 378 

emission factor for urea down to 0.43 % which is in line with other studies carried out at the site 379 

(Cowan et al., 2019).   380 

 381 

Flux Data Interpolation 382 

Interpolation of data measured using the eddy covariance data is considerably less of a problem here 383 

than when using the flux chamber approach. Gap filling N2O fluxes using the GAM method suits the 384 

eddy covariance method well when there are few missing data points. In this study, the relatively high 385 

data coverage, with limited gaps spanning more than a few hours, considerably reduces the 386 

uncertainty. Due to the large number of points to which the GAM is fit, the uncertainties calculated 387 

are very small, but these do not account for two important factors: (i) any systematic uncertainties 388 

which may be present in the eddy covariance method are ignored, and (ii) autocorrelation (and 389 

thereby non-independence) of the samples in the time series is not considered.  390 

At our field site in particular, the short height of the mast (< 3m) paired with the cold weather 391 

limit our ability to consistently measure well-formed spectra of sensible heat. This presents issues 392 

when correcting for high frequency losses which can systematically impact flux calculations. In our 393 

study we default to the Moncrieff et al., (1997) method to perform these corrections as applying the 394 

more defensible Fratini et al., (2012) method which requires well-formed sensible heat spectra to 395 

account for the effects of relative humidity in closed-path systems was not possible to achieve 396 

consistently across the four years. By comparing fluxes calculated using both methods during a period 397 

that sensible heat measurements were available and fluxes ranged from high to low (16/04/18 to 398 

23/04/18), we can see that differences in overall flux estimates are only fractional (Figure 9; R2 = 399 

0.975); however, the Moncrieff method appears to underestimate fluxes (~ 10 %) when emissions are 400 
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high (> 8 nmol m-2 s-1). As less than 1% of observed fluxes past beyond this threshold, this effect is 401 

unlikely to have a large impact on cumulative emissions over long periods of time, but may alter EFs 402 

calculated after particularly high and short-lived emission events (such as 2016 Event 2 and 2018 Event 403 

1).   404 

 405 

Figure 9 High and low-frequency losses, were corrected for using the analytical method of (Moncrieff 406 

et al. (1997, black). Potential systematic uncertainties may influence flux calculations depending on 407 

the exact method used, as demonstrated by comparing our results with those estimated using the 408 

method of Fratini (et al., 2012, red) for the period 16/04/18 to 23/04/18. 409 

 410 

The limits of the GAM method are most visible when large spans of data are missing; it is 411 

essentially a smoothing technique, and has little predictive power (e.g. it cannot predict when missing 412 

peaks may occur). However, this is also true for process-based models in most model validation 413 

attempts, and the GAM provides an appropriate tool for imputing the missing observations in the 414 

context of eddy covariance data. Significant improvements in our understanding of microbial 415 

processes are still required to gap fill N2O measurements with certainty. 416 

 417 

  418 



20 
 

N2O Emission Factors  419 

The EFs reported in this study varied widely, from 0.13 to 5.71 % of applied N. Although the IPCC 420 

method assumes 1 % for all fertilisers (ranging from 0.03 to 3.0 %), EFs of up to 10 % as well as negative 421 

values are reported from grasslands and agricultural fields (Charles et al., 2017), and the distribution 422 

is log-normal (Stehfest & Bouwman, 2006).  423 

In the UK, AN fertilisers are generally considered to emit more N2O than urea based fertilisers, 424 

although results based on experimentation has been inconsistent (Bell et al., 2015; Carswell et al., 425 

2018; Harty et al., 2016). For grasslands, the UK Agricultural Inventory (developed under the UK 426 

agricultural emission factor, e.g. Brown et al. 2019) estimates EFs of 1.54 and 0.62 % for AN and urea, 427 

respectively. In our experiment the mean EFs were 0.9 and 1.73 % for AN and urea fertiliser types, 428 

respectively, but varied widely, from 0.13 to 5.71 %, and the difference was not statistically significant 429 

(p = 0.49.) Given the difficulties of adequately sampling in space and time with chamber methods, it 430 

has never been unequivocally clear whether the wide log-normal distribution of emission factors 431 

observed was a result of sampling error, and whether genuine differences between fertiliser types 432 

was lost amid the underlying heterogeneity.  433 

Our study accurately quantifies EFs for multiple events and showing unambiguously that large-434 

scale temporal variability is real. That is, EFs do indeed vary from one fertiliser event to another, even 435 

at the same site with the same fertiliser type under similar (though not identical) conditions. This 436 

makes distinguishing EFs between different fertiliser types for the purposes of developing emission 437 

mitigation policy very difficult, especially when the higher priority of economic risk is considered such 438 

as impact on yield and farmer income. To estimate generic emission factors for different fertiliser 439 

types in the UK (or any other region), a very large number of fertilisation events would need to be 440 

measured to provide a robust comparison. In order to provide this comparison with practical 441 

uncertainty values (i.e. < ± 0.25 % of applied N), this is particularly challenging for chamber-based 442 

approaches due to the amount of data collection required. Difficulties in assessing these differences 443 

on a year to year basis are highlighted in this study by the possibility that 2 of the urea events may 444 

have been influenced by decaying crop residue after harvest, and that the mean EF for urea if these 2 445 

events were excluded would have been 0.43 % instead of 1.73 % (similar to what we might expect for 446 

urea application in the region, reported as 0.29 ± 0.22 % in Cowan et al., 2019).  447 

 The wide variability in EFs and unpredictable behaviour in emissions after N application has 448 

been attributed to a variety of reasons in the past, including fertiliser type, soil type, microbial 449 

presence and environmental conditions (Maag & Vinther, 1996; Smith et al., 1998; Stevens et al., 1998; 450 

Ball et al., 1999; Linn & Doran, 1984; Dobbie & Smith 2003). WFPS % was the environmental variable 451 

with the most statistically significant correlation with N2O fluxes in this study. The bell-curve 452 
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relationship between N2O and WFPS peaking at 60 % WFPS has been described before in detail 453 

(Davidson, 1993; Flechard et al., 2007). The relationship between soil moisture and rainfall with N2O 454 

emissions in this study is not as strong as in previous eddy covariance studies (Haszpra et al., 2018; 455 

Liang et al., 2018), but this is likely due to the large number of variables in the soil changing with time, 456 

the log-normal spatial variability of N2O at the field scale and the random wind dependent spatial 457 

coverage that the eddy covariance method measures from. Other studies examining the 458 

environmental factors associated with N2O emissions have measured closer to the surface (Congreves 459 

et al., 2016; Wagner-Riddle et al., 2017); which may better represent the mass of soil in which the 460 

microbiological processes are happening which contribute most to the land-atmosphere exchange of 461 

N2O.   462 

In this study we used the available environmental data that is recorded by the adjacent 463 

meteorological station to investigate for explaining variables in EFs, but these comparisons are limited 464 

as they only provide fraction of information about what is occurring in the soil. We did not observe 465 

any diurnal changes in N2O flux during high or low emission periods, as has been reported in previous 466 

eddy covariance studies in which it is suggested that temperature changes may affect N2O emissions 467 

(Liang et al., 2018).  Finding a statistically significant correlation between EF and the WFPS % at the 468 

time of fertilisation makes logical sense, as fertiliser pellets would be slow to dissolve into the soil 469 

during dry periods (Chen et al., 2013).  Correlation between EFs and rainfall prior to fertilisation events 470 

has been made before at the Easter Bush site (Skiba et al., 2012), but the correlations observed in this 471 

study are not convincing enough to say with certainty that this is a controlling variable in EF estimation. 472 

As there is only a limited number of points from which to draw conclusions in this study (n = 10), we 473 

do not believe the lack of strong correlation with variables is proof that environmental conditions are 474 

not important. On the contrary, our study shows that there is a great deal of variability across the 475 

events, and environmental factors must be the cause as very little else changes at the site during the 476 

measurement years of 2012 to 2018. 477 

 478 

Future considerations for N2O flux studies 479 

Although this study is unable to explain the reasons for the wide variability in EFs from different 480 

fertiliser types, it provides evidence that our ability to measure and understand fluxes of N2O at the 481 

field scale is improving, primarily via the application of the eddy covariance method. Previously, it was 482 

unsure if the wide ranging EFs reported in many chamber studies were real, or a result of 483 

measurement uncertainties and interpolation of data spatially and temporally. This study shows that 484 

even with almost constant data coverage, the reported fluxes still vary widely and unpredictably 485 

between events. The most significant difficulty we predict when carrying out future studies is how 486 
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best to correlate soil properties and microbial activity at the field scale for comparison with eddy 487 

covariance flux measurements. We know that the primary driver of anthropogenic N2O emissions is 488 

the availability of mineral nitrogen in soils (primarily NH4
+ and NO3

-); however, even mapping this 489 

single driver (based on a handful of soil core measurements with no model by which to gap fill 490 

spatially) to the footprint of an eddy covariance tower in a way that would allow significant statistical 491 

correlation between flux and soil properties would be logistically difficult. As with N2O flux (and many 492 

other heterogeneous soil properties), available nitrogen in a field also follows a log-normal spatial and 493 

temporal distribution (Cowan et al., 2015; Cowan et al., 2017) which means that a large number of 494 

soil measurements at multiple depths would be required at regular time intervals (the collection of 495 

which may even ruin the field site with constant trampling).  496 

Microbial presence and activity is also vital to understand soil processes (Butterbach-Bahl et 497 

al., 2013), and is prohibitively expensive, especially measured at the scale and high temporal rate that 498 

eddy covariance would require for a robust comparison. For these reasons we consider the eddy 499 

covariance method as a good way to provide data for the advancement of process based models and 500 

verification of fertiliser emission factors; however, we do not recommend its use in experiments 501 

attempting to advance understanding via controlled interactions between soil properties and N2O 502 

fluxes, which are probably better served by continuing incubation and plot scaled experiments using 503 

flux chamber methodology.  504 

 505 

Conclusion: 506 

The EFs for N2O reported in this study (cumulative flux over a period of 30 days after fertilisation) vary 507 

from 0.13 to 5.71 % of applied nitrogen with EFs of 0.90 and 1.73 % for AN and urea fertiliser types, 508 

respectively; however differences were not found to be statistically significantly due to the log-normal 509 

distribution of the EF estimates. The study shows that similar applications of N can result in drastically 510 

different emissions from the same field site in similar environmental conditions. More generally, given 511 

that EFs can be so variable, we can conclude that detecting differences between fertiliser types or 512 

other mitigation measures will be very challenging.  The GAM provided a useful method able to fill the 513 

gaps in flux data, using simple meteorological variables and provide uncertainties in cumulative flux 514 

estimates. 515 
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