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A B S T R A C T   

Nitrous oxide (N2O) is a potent greenhouse gas that is currently the third largest contributor to 
anthropogenic radiative forcing. It is also a strong ozone depleting substance. Given this 
importance, mitigation of N2O emissions remains important and sources must be understood in 
greater detail. In this study, in situ measurements of N2O alongside a variety of other trace gases 
and aerosols were made from a ground-based air quality observation site in an urban environment 
of Fallowfield, Manchester, United Kingdom over a period of 12 months between October 2020 
and October 2021. N2O mole fraction was observed to be poorly correlated with other atmo-
spheric pollutant tracers during the measurement period, with little evidence of co-enhancement 
(and therefore common source relationships) between N2O and other local pollutant trace gases 
and aerosol. Large N2O enhancements (> 400 ppb above background) over short time scales (< 2 
min) were seen with no co-enhancement of other trace gases and aerosol concentrations, sug-
gesting discrete N2O sources in the near vicinity of the measurement site. Measured N2O con-
centrations showed a consistent temporal pattern over day, week, and year timescales with 
consistently large weekend enhancements observed between the hours of 18:00 and 02:00 local 
time, suggesting the source of N2O may be associated with night-time recreational use by nearby 
residents. These weekend-night-time temporal patterns were not correlated with other trace gases 
measured at the same location. Analysis of the air transport history of N2O measurements showed 
high mean nocturnal mole fractions originating from the west and south-west of the observation 
site, suggesting that emissions may have originated from nearby areas of student accommodation 
and dense areas of private housing to the west. This study finds evidence for a detectable rec-
reational N2O source that appears to be dominant over other potential N2O sources for the area 
studied. Further study is needed to quantify the local and national emission rates of this poten-
tially increasing atmospheric pollution source, and to compare the magnitude of this source to 
other locations within the UK. The study demonstrates an important need to assess and validate 
National Atmospheric Emission Inventory (NAEI) estimates for recreational N2O emissions.   

1. Introduction 

Nitrous oxide (N2O) is a potent greenhouse gas with a global warming potential 298 times that of carbon dioxide, and the third most 
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important greenhouse gas in terms of contribution to anthropogenic climate change (IPCC, 2013). In addition, N2O is the dominant 
stratospheric ozone depleting substance emitted in the 21st Century (Ravishankara et al., 2009). N2O persists in the atmosphere for 
114 ± 9 years (Prather et al., 2015), meaning that the impact of current emissions on climate and ozone will persist for many years to 
come. Mitigation of N2O emissions can therefore benefit both climate impact and stratospheric ozone depletion. The global average 
mole fraction of N2O in the troposphere has increased from a pre-industrial level of ~270 ppb to a current abundance of 334 ppb as of 
July 2021 (NOAA, 2021). Atmospheric growth of N2O mole fraction persists at an estimated rate of 2% per decade, with post-industrial 
growth understood to be driven by anthropogenic activity, most significantly from the widespread use of fertilisers in agriculture (Tian 
et al., 2020). 

Gaseous N2O is frequently used as an anaesthetic during childbirth and in dentistry. However, it has also been used as a recreational 
substance throughout history due to its euphoria-inducing side effects (Zuck et al., 2012), with dangerous (and sometimes deadly) 
health implications (Randhawa and Bodenham, 2016). N2O gas is typically inhaled when used recreationally from balloons filled from 
pressurised stainless-steel canisters designed for use in the food industry (shown in Fig. 1). Recreational use of N2O in the UK is 
widespread (Ehirim et al., 2018; UK Home Office, 2018) and increasing (Randhawa and Bodenham, 2016). An estimated 7.6% of 16 to 
24-year-olds in the UK reported recreational N2O use in 2014 (Randhawa and Bodenham, 2016), which increased to 8.8% in 2018 (UK 
Home Office, 2018). Even though the physical risks, including dizziness, asphyxiation, and vitamin B12 deficiency, and environmental 
concerns regarding the casual disposal (littering) of the stainless-steel canisters have been reported, there is little public awareness of 
the additional environmental threat of N2O emissions as a greenhouse gas or ozone-depleting substance. As there is no metabolization 
of N2O in the body (Banks and Hardman, 2005), N2O breathed in is exhaled to the atmosphere. The UK National Atmospheric Emission 
Inventory (NAEI) estimates an emission of 13 t of N2O via recreational use in 2019, representing ~0.02% of the total UK N2O budget 
for 2019 (75 Kt) (NAEI/BEIS, 2022). Despite the relatively small estimated contribution of recreational N2O to the total source, there 
has been no measurement work to validate the NAEI estimate for recreational N2O. In situ measurement studies of this source are 
therefore crucial for assessing the accuracy of inventory-reported recreational N2O emissions. 

There has hitherto been little research on N2O emission sources from urban areas, and no known measurement-led study of 
detectable emissions from recreational use. Many studies have focused on soil N2O emission from fertilised urban lawns and turf 
grasses (Townsend-Small and Czimczik, 2010; Van Delden et al., 2016), or riverine N2O emissions from sewage input into urban river 
systems or from sewage treatment plants (Tallec et al., 2008; De Mello et al., 2013; Yu et al., 2013). Eddy covariance flux measure-
ments of N2O were reported for an urban environment in Edinburgh, UK by Famulari et al. (2010), in which a mean net flux of 91 ng 
m− 2 s− 1 was measured, and a diurnal pattern indicated traffic N2O emissions were a major source. A similar eddy covariance study was 
carried out in an urban area of Helsinki, Finland by Järvi et al. (2014), where a median N2O flux of 21 ng m− 2 s− 1 was measured. 
Significant fluxes were measured from traffic and from urban green areas, but the urban soils appeared to be the largest N2O emission 
sources in the Järvi et al. (2014) study. In summary, there are limited examples of urban N2O emission studies where direct fluxes have 
been derived, and there has yet to be any in situ measurement studies investigating the presence and extent of N2O emission from 
recreational sources. 

This paper presents results from continuous in situ N2O mole fraction measurements from a ground-based observation site in an 
urban environment. Measurements were made over a period of 12 months between October 2020 and October 2021 from an air quality 
measurement site in Fallowfield, Manchester operated by the University of Manchester. In the following sections, a statistical 
climatology of the measurements over the year-long period is described in conjunction with spatial and temporal trends, where N2O 
mole fractions demonstrate weak correlations with other atmospheric pollutant tracers that would otherwise suggest co-emission from 
sources other than recreational use. Finally, the presence of a potential recreational source in the vicinity of the site based on diurnal 
mole fraction variability and weekend overnight maxima are discussed. 

Fig. 1. Photograph of discarded nitrous oxide whipped cream charger canisters in Manchester, UK. Nitrous oxide from these canisters is used to fill 
balloons, from which the gas is then inhaled for short-term euphoric effect. 
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2. Materials and methods 

2.1. Site description 

Measurements of typical urban pollutant trace gases, aerosols, and meteorological parameters (see Table 1) were made at the 
Manchester Air Quality Supersite (MAQS) (53◦ 26′ 39.20”N, 2◦ 12′ 52.20”W) situated in the University of Manchester Fallowfield 
campus, approximately four kilometres south of Manchester city centre. Fig. 2 shows the location of the MAQS and the surrounding 
Fallowfield area. Two single-carriage British A-class roads pass along the south and west of the measurement site, with a high density of 
shops, bars and restaurants situated to the southwest. Student accommodation buildings surround the site from the south to north-east 
in a clockwise direction. Three car parks are also situated to the north, east, and south-east of the measurement site. 

2.2. Instrumentation 

The MAQS is comprised of a stack of four shipping containers housing an array of in situ trace gas and aerosol instrumentation, a 
picture of the MAQS site is shown in Fig. 3. All enclosures are mains-powered and air-conditioned. Inlets for all instruments and 
meteorological instrumentation are situated on the top of the shipping container stack at a height of 7 m above ground level. 
Continuous measurement of N2O mole fraction started at 13:30 UTC on 28 October 2020 and remains ongoing at the time of writing 
(reported up to 19 October 2021 in this study). Concurrent measurements of CH4, CO2, CO, O3, NO, NO2, PM2.5, PM10, and meteo-
rological parameters were recorded throughout the same period. All data were averaged to a 1-minute sampling frequency for analysis 
in this work. The parameters used in this work, along with their instruments, operational ranges and precisions, and sampling fre-
quencies are displayed in Table 1. 

N2O dry-air mole fractions were measured using an Aerodyne Quantum Cascade Laser Absorption Spectrum (QCLAS), described by 
Pitt et al. (2016). The QCLAS instrument uses a single thermoelectrically cooled quantum cascade laser tuned to a wavelength of ~4.5 
μm and calibrated using three calibration gas standards, all of which are traceable to the World Meteorological Organisation (WMO) 
X2006A calibration scale for N2O. A 1σ precision of 0.3 ppb was calculated for 1 Hz N2O mole fraction measurements during the 
measurement period. Mole fractions of CH4 and CO2 were measured using a Los Gatos Research (LGR) Multi-gas Carbon Emissions 
Analyser, which utilises the off-axis Integrated Cavity Output Spectroscopy (OA-ICOS) technique. The LGR instrument had a precision 
of 0.3 ppm for CO2 and 2 ppb for 1 Hz CH4 measurements. Mole fractions of CO were measured with a Thermo Scientific Model 48i 
Infrared CO Analyser, with an uncertainty of 0.1 ppb at 20 s sampling frequency. Mole fractions of NO were measured using a Thermo 
Scientific Model 42i-y Chemiluminescence NOy Analyser, which has an uncertainty of 0.4 ppb at 20 s sampling rate. NO2 was measured 
using a Teledyne API T500U Cavity Attenuated Phase Shift (CAPS) Analyser, with an uncertainty of 10% at 10 s measurement fre-
quency. Particulate matter (PM2.5 and PM10) concentrations in ug m− 3 were measured at 1 min sampling frequency using a Palas Fidas 
200 S Aerosol Spectrometer, with a < 10% uncertainty on these measurements. Measurements of wind speed and direction were 
acquired using a Gill Windmaster Sonic Anemometer, with a precision of 0.01 m s− 1 for wind speed and 0.1◦ for wind direction. 

3. Results and discussion 

This section will discuss the spatial and temporal trends in N2O and other trace-gas concentrations over the 12-month measurement 
period to assess source behaviour and location. Section 3 will first discuss the correlation of N2O mole fraction with other atmospheric 
tracers to understand potential sources of co-emission. Following this, the temporal variability of N2O and other trace gases over an 
average day, week, and over the course of the year will be discussed to determine likely source behaviour based on temporal 
enhancement patterns. In addition to temporal analysis, qualitative spatial analysis of trace gas variability with wind speed and di-
rection will also be described, including a brief overview of the climatology during the measurement period followed by an analysis of 
trace gas enhancement as with wind direction. 

Table 1 
Trace gases, aerosols, and meteorological parameters measured at the MAQS that feature in this work, the instruments models, instrumental ranges 
and precisions, and measurement frequencies are also shown.  

Species/Parameter Instrument Range and Precision Sampling Frequency 

Ozone (O3) Thermo 49i 0.5 ppb – 200 ppm, 1 ppb 20 s 
Nitric Oxide (NO) Thermo 42i-y 50 ppt – 1000 ppb, 0.4 ppb 20 s 
Nitrogen Dioxide (NO2) Teledyne API T500U (CAPS) 40 ppt – 1000 ppb, 0.5% 10 s 
Carbon Monoxide (CO) Thermo 48i 0.04–10,000 ppm, 0.1 ppm 20 s 
Carbon Dioxide (CO2) LGR Multi-gas Carbon Emissions Analyser 0.1–3000 ppm, 0.3 ppm 1 s 
Methane (CH4) LGR Multi-gas Carbon Emissions Analyser 0.3 ppb – 100 ppm, 2 ppb 1 s 
Nitrous Oxide (N2O) Aerodyne QCLAS Precision: 0.58 ppb 1 s 
Particulate Matter (PM2.5, PM10) Palas FIDAS200 0–10,000 μg m− 3, < 10% 1 min 

Wind Speed and Direction Gill Windmaster Sonic Anemometer 0–50 m s− 1, 0.01 m s − 1 
20 Hz 

0–359◦ , 0.1◦

Temperature and Pressure  
T: − 40 - +60 ◦C 

1 min P: 500–1100 hPa  
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3.1. N2O-tracer relationships 

Fig. 4 shows a time series of measured pollutant trace gas and aerosol concentrations across the measurement period. Small gaps in 
the N2O dataset (e.g. early Jan 2021) were due to unscheduled power losses and technical issues. Fig. 4 shows evidence of co-emission 
between some of the trace gases measured at the site, most notably CH4, CO2, CO, NOx and, to some extent, particulate matter. 
Emission of these species and the correlation between them is expected to be associated with vehicles from nearby roads (Ketzel et al., 
2003), whereas the large enhancements in particulate matter accompanied by more modest enhancements in NOx, CO, and greenhouse 
gases are likely the result of biomass burning (Andreae, 2019). Of particular note is the potential relationship with the use of fireworks 

Fig. 2. Map of the area surrounding the MAQS (shown as a yellow circle). Student accomodation buildings are highlighted in blue, main roads are 
shown in red, and car parking areas are shown in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 3. Photograph of the MAQS. Trace gas and aerosol instruments are enclosed within the shipping containers. Instrument inlets, pressure and 
temperature sensors, and the sonic anemometer are situated on top of the container stack. 
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as a number of the large particulate matter enhancements occur close to Guy Fawkes Night (05 November 2021), when fireworks and 
urban outdoor fires are common in the UK (Vecchi et al., 2008). Contrary to typical urban source relationships between air quality 
tracers (such as those indicative of traffic emissions), N2O does not display the same common pattern of enhancement with other trace 
gas and aerosol species. 

The common emission patterns observed between tracers are also illustrated by the correlation matrix in Fig. 5. Relatively high 
correlation coefficients (> 0.5) were observed between CH4, CO2, CO, and NOx, which all showed common patterns of enhancement 
seen in the time series in Fig. 4. High correlation between relatively well-mixed and unreactive trace gases such as CO2 and CH4 is 
likely influenced by diurnal mole fraction variation with boundary layer dynamics over the day/night. Vertical turbulent motion 
during the daytime mixes pollution into background air more effectively, resulting in lower mean mole fractions during daylight hours. 

Fig. 4. One-minute-average time series of concentrations of PM2.5, PM10, NO, NO2, CO, CO2, CH4, and N2O from the MAQS from October 2020 to 
October 2021. 

Fig. 5. Correlation matrix for various trace gases, aerosols and temperature measured at the MAQS between October 2020 and October 2021. 
Pearson correlation coefficients of the various species/parameters are shown in the boxes, and boxes are coloured by correlation coefficient. 
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In contrast, the nocturnal boundary layer is typically more stable, trapping urban surface emissions and resulting in higher average 
nocturnal mole fractions. N2O is notably less well correlated with all other trace gases, with correlation coefficients consistently lower 
than 0.5. Of all species, N2O mole fraction has the highest positive correlation with CH4 and CO2 mole fractions, with coefficients of 
0.49 and 0.44 respectively. 

Fig. 6 shows scatter plots of selected species and temperature versus N2O mole fraction. It can be seen that there were modest 
enhancements of N2O (approximate 10–20 ppb above background) that coincided with high enhancements of NOx, CO, CO2 and CH4. 
However, very high N2O enhancements (up to 400 ppb above background) do not appear to be correlated with enhancements of any 
other species measured at the MAQS site, as shown by the horizontal linear enhancements shown in Fig. 6. Rather, all of the afore-
mentioned large N2O enhancements appear to be relatively sudden increases in mole fraction that were only observed on timescales of 
a few minutes. The sudden onset and transient nature of N2O enhancement (relatve to other gases) suggests that the source of these 
N2O emissions was in relatively close proximity to the measurement site rather than originating from longer range transport of a more 
well-mixed airmass. 

In summary, there appears to be weak correlation between N2O and other trace gas and aerosol species, especially at lower N2O 
concentrations (< 50 ppb over background), which we expect to be a result of co-emission from traffic, biomass burning, and other 
typical urban emission sources. Much larger enhancements in N2O (50–400 ppb over background) were observed with no correlation 
to any other measured tracers, suggesting the presence of a significant nearby source of solely N2O that does not appear to originate 
from other urban emission sources such as traffic or combustion. 

3.2. Temporal variability 

The temporal trends in trace gas observations are used here to understand emission source behaviour and to identify the dominant 
emission sources in the area. 

3.2.1. Time of day 
Fig. 7 shows the statistical variability of N2O, CH4, CO and NO over daily, weekly, and yearly timescales, with variability over the 

span of a day shown on the left panels. Solid lines show the median concentrations, darker shaded regions show the 25th to 75th 
percentile range, and the lighter shaded areas show the 5th to 95th percentile range. N2O exhibits a diurnal pattern of enhanced 
nocturnal mole fraction relative to daytime concentrations, with mole fractions increasing from ~18:00 onwards, peaking at 
approximately 02:00 before declining rapidly thereafter. The most prevalent use of recreational N2O is known to occur at house parties 
(van Amsterdam et al., 2015). Such events most often occur from evening to early morning, which coincides with the nocturnal period 
of enhanced N2O shown in Fig. 7. It is therefore a strong possibility that the evening to early morning N2O enhancements observed here 

Fig. 6. Scatter plots of NO2, NO, CO, CH4, CO2, PM2.5, PM10, and temperature versus N2O for October 2020 – October 2021 measurements at 
the MAQS. 
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primarily result from recreational N2O use. 
As with N2O, CH4 displays a diurnal enhancement pattern, with a 95th percentile maximum between approximately 21:00 and 

06:00, before declining thereafter to a minimum between 12:00 and 17:00. There are a lack of significant CH4 point sources within 
close proximity of the site that follow a nocturnal pattern of emission seen in Fig. 7; traffic CH4 emissions would be minimal, and would 
show likely exhibit morning-afternoon commuter traffic spikes (Squires et al., 2020), large-scale gas leaks may represent a significant 
source, but are likely transient in nature, and would not persist throughout the measurement period. It is therefore likely that CH4 mole 
fraction is well mixed at the MAQS. As a result of the well-mixed nature of CH4 here, the nocturnal enhancements are consistent with 
ventilation and dilution as a result of boundary layer dynamics (Davies et al., 2007). Pooling of local emissions (i.e. from small leaks in 
domestic gas infrastructure or from wastewater treatment) at night and subsequent reduction in mole fraction with boundary layer 
development (mixing and ventilation) in daylight hours (Helfter et al., 2016; Daelman et al., 2012). Despite the presence of diurnal 
patterns in both N2O and CH4, there appear to be notable differences between the time profiles of both gases. Firstly, N2O enhancement 
peaks earlier in the morning than CH4; N2O decreases sharply after 02:00 whereas CH4 remains enhanced until 06:00 before the mole 
fraction begins to decrease. Furthermore, the nocturnal N2O enhancement is sustained for a far shorter time than with CH4, with a 
rapid increase to peak enhanced N2O at 02:00 followed by a sharp decline as opposed to relatively constant enhanced CH4 between 
23:00 and 16:00. The difference between the diurnal profiles of N2O and CH4 suggests that while daily CH4 mole fraction variability is 
governed largely by boundary layer dynamics, N2O variability is additionally influenced by a combination of boundary layer dynamics 
and a strong nearby recreational N2O source as evidenced by the difference in temporal profile with CH4. 

As opposed to the diurnal profiles of N2O and CH4, NO and CO both exhibit a similar daily trend of morning enhancement peaking 

Fig. 7. N2O, CH4, CO, and NO mole fraction variability with hour of the day (left), month of the year (middle), and day of the week (right). Solid 
lines represent median values, darker shaded areas represent the 25th to 75th percentile range, and lighter shaded areas represent the range be-
tween the 5th and 95th percentiles. 
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at approximately 07:00, followed by an afternoon enhancement from approximately 17:00 onwards. This morning-afternoon trend is 
consistent with emissions from commuter traffic. There is some evidence of the same boundary layer driven diurnal profile seen in CH4 
present in CO, but not in NO. NO does not exhibit the same diurnal pattern associated with boundary layer dynamics as seen in longer- 
lived species such as CH4 and CO, due to its short lifetime (on the order of hours depending on solar radiation, temperature, and O3 
abundance (Larin and Kuskov, 2014; Kenagy et al., 2018)). The absence of a commuter traffic source pattern in the temporal profile of 
N2O suggests that traffic is not a dominant N2O source in this region, hence nocturnal recreational N2O emissions may be significantly 
higher than N2O from a vehicular source in this area. 

3.2.2. Day of week 
The right-hand panels of Fig. 7 shows the variability in trace gas mole fraction over a weekly timescale. It can be seen that N2O mole 

fraction is relatively constant during weekdays, but significantly enhanced on Saturdays and Sundays. The 95th percentile N2O mole 
fraction is in the range of 341–342 ppb from Monday to Friday but increases by ~4 ppb to 345–346 ppb during the weekend. Fig. 8 
shows the variability in mean N2O mole fraction over the course of a day, but is coloured by day of the week in order to further 
illustrate changes observed at the weekend. It can be seen that there are two clear modes of N2O mole fraction variability for weekends 
and weekdays which appear to only deviate from each other between 20:00 and 06:00. Interestingly, Friday evenings are similar to 
weekend mode of N2O enhancement, whereas Sunday evenings do not follow this weekend pattern, instead more closely resembling 
the typical weekday mode. The specific times during the weekend (approximately 20:00 to 06:00 from Fig. 8) that N2O is enhanced 
relative to weekdays suggest that the source of the nocturnal N2O enhancements could be from the use of N2O as a recreational 
substance. In contrast to N2O, NO mole fraction is lower on weekend days with a minimum on Sundays due to commuter traffic being 
the dominant NOx source in the area. Additionally, there appears to be little sensitivity of CH4 or CO mole fraction to the day of week, 
with median values and interquartile ranges remaining relatively consistent between days of the week. The lack of weekend sensitivity 
in CH4 and CO is consistent with the boundary layer influence on their mole fractions identified in Section 3.2.1, as this behaviour 
would be constant throughout the week. None of the other species share the pattern of weekend enhancement seen in N2O mole 
fraction, suggesting that the source of N2O responsible for these enhancements is discrete, with no co-emission of other tracers. 

3.2.3. Time of year 
The variability of trace gas mole fraction over the course of the year-long measurement period is shown in the central column of 

Fig. 7. There appears to be little seasonal sensitivity in N2O mole fraction in contrast to other trace gases, with minima in median, 75th, 
and 95th percentile N2O mole fraction in February, March, and August. The lower February and March mole fractions are potentially a 
result of the significant gaps in N2O data acquisition during these months due to unplanned instrument shutdowns. N2O mole fraction 
appears to rapidly decrease from July to August, but recovers to a similar magnitude in September. This sharp August drop could be the 
result of the summer university break from 11 June 2021 to 20 September 2021. There is likely a lower number of students occupying 
nearby accommodation buildings in August, resulting in a reduced recreational N2O source from these buildings during this time. 

As opposed to N2O, CO and NO mole fractions display a more predictable seasonal variability that can be explained by changing 
meteorological conditions. Both CO and NO show lower mole fraction enhancement over summer months than winter, with NO and CO 
minima occurring in July and maxima in December. This is to be expected from the vertical convection of surface emissions in warmer 
summer months, resulting in better air quality. There is evidence of the same yearly pattern in CH4 mole fraction shown by the 
generally higher 95th percentile mole fractions during winter months, however this pattern is not as clear as it is with NO and CO. The 
presence of near-field urban sources likely mask the natural seasonal variability in CH4 mole fraction. 

Fig. 8. Mean N2O mole fraction variability with hour of the day. Solid lines represent mean values and shaded areas represent 95% confi-
dence intervals. 
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3.3. Airmass and wind climatology 

As shown in Fig. 9, the dominant wind directions over the course of the year-long measurement period are south westerly and east- 
south easterly. The strong and dominant southwesterly wind component is typical of prevailing westerly winds from the Atlantic in the 
north west of England. A marked east-southeasterly wind component is expected to be partially a result of the less obtrusive topog-
raphy in the vicinity of the site. Buildings and trees in the area to the southeast of the site are relatively sparse compared with other 
radial directions. The presence of such obstacles may affect our ability to accurately and quantitatively capture the mean near-surface 
flow representative of the wider area around the measurement site. However, in this study, we only interpret measured wind direction 
in a broad and qualitiative sense to infer the likely upwind origins of sources of pollution observed at the MAQS site. 

3.4. Spatial variability 

Using measurements of wind direction and wind speed from the MAQS coincident with pollutant measurements, the spatial 
variability of enhancements and hence potential emission sources can be investigated. Fig. 10 shows polar annulus plots of selected 
trace gases from MAQS measurements, these plots show the variability of mean mole fraction with wind vector as well as showing 
temporal variability of mean mole fraction throughout the outer radius of the annulus (with the radial dimension representing hour-of- 
day). Fig. 10 therefore allows for spatial analysis of emission sources with temporal sensitivity (i.e. emissions from commuter traffic). 

All species show moderately enhanced mole fractions from all wind directions, highlighting the dense urban location of the 
measurement site with emission sources distributed in all directions. However, there is a clear trend of high mean mole fractions 
hotspots to the northeast and southeast seen with all species in Fig. 10. The mean mole fraction hotspot to the northeast seen in all 
species could result from pollution from Manchester City Centre advected southwards towards the MAQS. The southeast mole fraction 
hotspot is likely a result of the complex urban topography within the study area as seen in Fig. 1, there are relatively few buildings 
situated to the southeast of the MAQS, therefore it is likely that airflow and hence pollution, is funnelled from the southeast due to the 
lack of building obstruction, this is also illustrated by the higher proportion of southeasterly wind directions shown in Fig. 9. 

N2O mole fraction does appear to show the same northeast and southeast hotspot activity as the other species, yet the largest mean 
N2O mole fraction hotspot in excess of 342 ppb originates from a southwest wind direction. No emission hotspots from any of the other 
species in Fig. 10 are present from this wind vector, therefore suggesting that the majority of emissions from the previously identified 
recreational N2O source may originate from the region west of the measurement site. It is worth noting that CH4 mole fraction also 
exhibits a small mole fraction hotspot from the southwest wind direction, albeit not as prominent as with N2O. This could potentially 
be a result of CH4 emission from domestic gas heating systems (Lebel et al., 2020) and from natural gas distribution infrastructure 
supplying residential areas (McKain et al., 2015). Recreational N2O use likely occurs from within residential buildings, so recreational 
N2O emissions from the southwest could be coincident with CH4 emissions from gas-powered heating systems in homes as well as gas 
leaks from pipelines supplying areas of housing. 

The previous trend of nocturnal N2O enhancements with a particular sensitivity for weekend nights is illustrated again in Fig. 11, 

Fig. 9. Wind rose for measurements at the MAQS between October 2020 and October 2021, showing the percentage contribution of specific wind 
directions to all wind direction measurements. Wind rose segments are coloured by wind speed in m s− 1. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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with significantly higher mean N2O mole fractions during the night as opposed to the day, and peak mean mole fractions in excess of 
410 ppb occurring during Saturday night time. The nocturnal N2O hotspots appear to orignate from a southwesterly direction in 
Fig. 11, reiterating the hotspot shown in the polar annulus plots of Fig. 8. Peak mean enhancements also appear to occur at relatively 
low wind speeds (< 2 m s− 1), which is consistent with a source relatively close to the site. As seen in Fig. 2, a number of student 
accomodation buildings are located to the immediate west of the measurement site which may contribute to this N2O hotspot. Use of 
N2O canisters at house parties both inside and outside university accomodation buildings may represent a nearby source location. As 
the measurement period coincided with COVID-19 lockdown restrictions, the frequency of the aforementioned house party events may 
have been higher relative to times without restricted social mobility, hence there is a reasonable likelihood that these areas of uni-
versity accomodation may contribute to the nearby recreational N2O source. However, other areas of student accomodation exist to the 
northeast of the site, which are not seen on the nocturnal polar plots in Fig. 11. In addition to student accomodation, a high-density 
area of terraced housing exists to the west of the measurement site past the student accomodation buildings it is possible that rec-
reational use of N2O from these residences could also contribute to the strong southwesterly nocturnal N2O hotspot. 

4. Conclusions and future work 

In situ ground-based measurements of N2O, alongside CH4, CO2, CO, NOx, PM2.5, and PM10 were made at the Manchester Air 
Quality Supersite situated in Fallowfield, Manchester between October 2020 and October 2021. Emissions of N2O were detected that 
appeared to be independent of any other measured tracers. These N2O emissions peaked at 02:00, and are independent from commuter 
traffic emissions seen in NO and CO. The diurnal pattern of N2O enhancement was more prominent between the period of Friday night 
to Saturday morning than during weekday periods. The spatial origin of these emissions appears to be different to that of all other 
species measured at the supersite, with a peak mean N2O mole fraction hotspot southwest of the measurement site, downwind of areas 

Fig. 10. Polar annulus plots of mean CH4, CO2, N2O, NO, CO, and PM2.5 concentration for October 2020 – October 2021 measurements at 
the MAQS. 
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of student accommodation and dense terraced housing. Both the temporal and spatial distribution of N2O enhancement strongly 
suggest a significant nearby recreational source of N2O from the use of N2O whipped-cream chargers as a party drug. There has been 
very little previous study of N2O emissions from its use as a recreational substance, and while the work here is purely qualitative, there 
is potential for this source to be significant due to the dominant temporal pattern in N2O over more expected source patterns such as 
from commuter traffic. Future study should focus on quantification of this source, and comparison to NAEI for recreational N2O. 
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