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Abstract. A mobile atmospheric measurement platform combining an open-path ammonia (NH₃) analyzer 12 

(HT‑8700E) and a closed-path tunable infrared laser direct absorption spectroscopy (TILDAS) multi-gas system 13 

was deployed to enable simultaneous, high-frequency observations of NH₃, methane (CH₄), and carbon monoxide 14 

(CO) under real-world conditions. The open-path configuration minimizes inlet-related artefacts and enables fast-15 

response NH₃ measurements. A comprehensive measurement framework is presented, including instrument 16 

integration, field calibration and validation using co-located reference measurements, data synchronization, plume 17 

identification, background removal, and plume-integrated enhancement analysis. 18 

The performance of the platform was evaluated during a 160 km mobile campaign in the Veluwe region of the 19 

Netherlands, a Natura 2000 nature reserve surrounded by intensive livestock farming. During the campaign, 20 

plumes from 49 individual sources and approximately 630 transient traffic-related events were detected, resolving 21 

short-lived concentration enhancements across agricultural, industrial, and traffic-dominated environments. 22 

Plume-integrated enhancement ratios (ΣNH₃:ΣCH₄) showed systematic differences among source types, with low 23 

ratios for livestock farms (∼0.04 for cattle and goats), intermediate values for industrial sources, and substantially 24 

higher ratios for manured fields (>2) and traffic plumes (>4). In addition, NH₃ emission factors derived for traffic 25 

increased with driving speed from approximately 0.12 g kg⁻¹ fuel at low speeds to ~0.28 g kg⁻¹ under highway 26 

conditions.  27 

These results demonstrate that simultaneous mobile measurements of NH₃, CH₄, and CO provide an effective 28 

approach for detecting and differentiating emission sources under real-world conditions. The combined 29 

observations reveal distinct source signatures and potential gaps in existing emission inventories. Although 30 

uncertainties remain due to atmospheric variability, calibration, limited temporal sampling, and overlap in source-31 

specific ratios, the methodology shows strong potential for high-resolution characterization of heterogeneous NH₃ 32 

emissions through repeated mobile monitoring campaigns. 33 

34 
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1 Introduction  35 

Ammonia (NH₃) emissions are a major contributor to reactive nitrogen (Nr) deposition in the Netherlands, driving 36 

eutrophication, biodiversity loss, and potential human health impacts. NH₃ emission densities are among the 37 

highest in Europe (Wever et al., 2024), with livestock production, fertilizer application, and traffic representing 38 

the primary sources. However, emission estimates largely rely on bottom-up inventories rather than direct 39 

measurements, and especially at local scale substantial uncertainties remain due to the heterogeneity in sources 40 

and practices, as well as atmospheric dispersion, chemical transformation, and deposition processes (Ding et al., 41 

2024; Kumar et al., 2025; Nair & Yu, 2020). The availability of high-resolution NH₃ measurements are therefore 42 

essential for verifying emission inventories, evaluating emission reduction strategies and supporting evidence-43 

based policy decisions. 44 

Traditionally, NH₃ monitoring in the Netherlands relies mainly on fixed stations, primarily located in sensitive 45 

natural areas (Van Pul et al., 2004), complemented by a limited number of sites with high-time-resolution 46 

measurements within the national air quality monitoring network Landelijk Meetnet Luchtkwaliteit (LML) (Van 47 

Zanten et al., 2017). While these networks provide valuable long-term observations, their spatial coverage is 48 

insufficient to resolve local emission hotspots or distinguish individual source types. More recently, some studies 49 

in intensive agricultural regions have applied periodical monitoring approaches, including passive samplers, to 50 

characterize NH₃ levels in source areas (Lô et al., 2025; Van Wijk et al., 2025). However, their temporal resolution 51 

is typically limited to monthly averages, which hampers deriving emission information for individual sources or 52 

specific source types (Li et al., 2025). Satellite observations offer broader spatial coverage but lack the spatial 53 

resolution required to resolve near-source emissions or verify source-specific contributions (Ding et al., 2024).  54 

Over the past decades, mobile measurement platforms have been widely used to quantify emissions of greenhouse 55 

gases such as methane (CH₄) and nitrous oxide (N₂O) from point and area sources using inverse modelling 56 

approach (Mønster et al., 2014; Moyes et al., 2025; Yacovitch et al., 2015; Yang et al., 2025). Building on this 57 

foundation, a few studies have extended mobile approaches to on-road NH₃ emission quantification, using open-58 

path and portable spectroscopic techniques to derive NH₃ emission factors under real-world driving conditions 59 

(Dai et al., 2024; Suarez-Bertoa et al., 2015; Sun et al., 2014). 60 

Mobile NH₃ measurements provide a promising pathway to overcome the limitations of fixed and low-resolution 61 

monitoring. Earlier mobile applications using wet-chemical or closed-path optical analyzers were constrained by 62 

slow response times and adsorption artifacts (Twigg et al., 2022), but recent advances in high-frequency open-63 

path optical techniques have largely addressed these challenges, enabling real-time NH₃ measurements in 64 

emission-dense environments (Pu et al., 2023; Sun et al., 2014). The HT-8700E NH₃ analyzer (Healthy Photon 65 

Co., Ltd., China) employs a quantum cascade laser combined with an open-path Herriott cell, allowing fast-66 

response mobile NH₃ measurements without inlet line interactions. When coupled with high-resolution analyzers 67 

for CH₄, N₂O, carbon dioxide (CO₂), and carbon mono-oxide (CO), this system enables simultaneous 68 

characterization of NH3 and greenhouse gas emissions. Similar HT-based mobile platforms have been successfully 69 

deployed in the United States (Golston et al., 2020; Vechi et al., 2023) and China (Sun et al., 2014, 2017), 70 

demonstrating their ability to resolve agricultural and traffic emissions at fine spatial and temporal scales. 71 
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In this study, we report the first European mobile deployment of the commercial HT-8700E analyzer, focusing on 72 

the Veluwe region, a mixed agricultural landscape and nature reserve (Natura 2000) in the central Netherlands. 73 

The objectives are to: (1) demonstrate the capability of mobile NH₃ observations to resolve spatial and temporal 74 

variability of emissions, (2) identify and characterize agricultural and non-agricultural emission sources using 75 

simultaneous NH₃, CH₄,  CO and CO2 measurements, (3) support the quantification of NH₃ emissions from 76 

livestock farms by analyzing NH₃:CH₄ ratios, and (4) estimate traffic NH₃ emission factors from NH₃:COx (CO2 77 

and CO) ratios. This approach provides a novel measurement framework for regional NH₃ source characterization 78 

and supports improved emission assessment and interpretation. 79 

2 Methodology 80 

2.1 Study Area 81 

Agriculture is the dominant source of NH₃ emissions in the Netherlands, accounting for 91% of the national total 82 

(116.4 Gg NH₃ yr⁻¹ in 2023) (Statistics Netherlands (CBS), 2024). In Gelderland province, where the Veluwe is 83 

located, emission densities reach 9–12 t km⁻² yr⁻¹, roughly three to four times higher than the national average 84 

(2.9 t km⁻² yr⁻¹) (Dutch National Institute for Public Health and the Environment [RIVM] & CBS, 2024), reflecting 85 

the high density of livestock farms and spatial heterogeneity of agricultural sources in the area. 86 

The Veluwe, the largest nature reserve in the Netherlands (~88,400 ha), is a protected Natura 2000 site with 87 

predominantly coniferous forests, along with heathlands, deciduous forests, and sandy soils. Despite its protected 88 

status (European Environment Agency (EEA), 2023), nitrogen deposition remains elevated, with average levels 89 

of ~1,445 mol N ha⁻¹ yr⁻¹ (range ~1,000–1,860 mol N ha⁻¹ yr⁻¹) and locally exceeding 2,000 mol N ha⁻¹ yr⁻¹ in 90 

downwind regions such as the western Veluwe, exceeding critical loads for many habitat types (RIVM, 2023).  91 

The Veluwe is bordered to the west and southwest by the Gelderse Vallei, an intensive agricultural region with 92 

substantial emissions from livestock farming and manure application (Fig. 1). In addition, traffic contributes to 93 

local NH₃ levels, with several motorways crossing the reserve and surrounding urban areas generating road-related 94 

emissions (Fig. 1). Although generally lower than agricultural sources, traffic-related NH₃ emissions can be locally 95 

significant, yet on-road quantification of these contributions remains limited (Chen et al., 2022; Wen et al., 2023). 96 
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 97 

Figure 1: Map of the study area in Gelderland province, the Netherlands, highlighting livestock farms, major 98 
motorways, and the Natura 2000 protected area. Modified from base map data provided by the Province Gelderland 99 
public map viewer (Rijksdienst voor Ondernemend Nederland, n.d.-a). 100 

 101 

2.2 Measurement setup and campaign 102 

2.2.1 Measurement setup 103 

Data were collected using a mobile laboratory truck (Fig. 2a) equipped with a closed-path tunable infrared laser 104 

direct absorption spectroscopy (TILDAS) quantum cascade laser (QCL)-based multi-gas analyzer (Aerodyne, 105 

USA), which simultaneously measured CH₄, ethane (C₂H₆), N₂O, CO, CO₂, and water vapour (H₂O) at 2 Hz. The 106 

system achieved measurement precisions of 2.4 ppb for CH₄, 0.1 ppb for C₂H₆, 0.1 ppb for N₂O, 2.5 ppb for CO, 107 

and 0.4 ppm for CO₂ (Tong et al., 2025). To minimize contamination from the vehicle’s own exhaust, the analyzer 108 

inlet was connected to a 6 m stainless steel sampling line extending 1.5m ahead of the trailer and positioned ~3 m 109 

above ground level, well upstream of the exhaust outlet. The measurement system included a central data 110 

acquisition computer, Wi-Fi router, and GPS unit, all powered by a battery pack. The TILDAS instrument was 111 

calibrated at the beginning and end of each measurement day using calibration gases referenced to WMO-certified 112 

standards at the Cabauw tall tower, the ICOS atmospheric measurement station in the Netherlands (Delre et al., 113 

2022; Velzeboer et al., 2024).  114 

To enable high-frequency NH₃ measurements, the mobile platform was equipped with an open-path NH₃ analyzer 115 

(HT-8700E, Healthy Photon Co., Ltd., China, hereafter, HT) mounted on the roof of the truck tractor (Fig. 2a). 116 
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The instrument measures NH₃ concentrations at up to 10 Hz with an accuracy of ~0.15 ppb (Wang et al., 2021). 117 

The open-path configuration avoids inlet-related adsorption and memory effects that commonly affect closed-path 118 

NH₃ measurements, enabling fast-response detection of short-lived concentration enhancements in mobile 119 

applications.  120 

All measurement data were averaged to 1 Hz. GPS, TILDAS, and HT datasets were synchronized by applying a 121 

5-s correction to account for the TILDAS inlet line delay. Meteorological data, including wind speed and direction, 122 

were obtained from the Royal Netherlands Meteorological Institute (KNMI) station at Deelen Airport, located 19 123 

km from the southern edge of the Veluwe. In addition, a 3-D sonic anemometer (model Gill WindMasterPro™, 124 

Gill Instruments, Lymington, UK) was deployed outside the mobile laboratory to perform short-duration 125 

measurements at selected locations along the driving route, providing on-site verification of ground-level wind 126 

conditions. 127 

2.2.2 Measurement campaign 128 

The functioning of the mobile platform was demonstrated during a 160 km long mobile measurement campaign 129 

on 21 February 2023. Measurements started at 09:00 UTC in the Veluwe region and were conducted at an average 130 

driving speed ~65 km h⁻¹. Wind speed remained relatively constant at 3–4 m s⁻¹, with a predominantly 131 

southwesterly direction (220–240°), typical for the region. Weather conditions were cloudy in the morning, with 132 

occasional rain showers beginning after 13:00 UTC. The HT mirrors were manually cleaned following initial rain, 133 

and measurements were terminated after 13:20 UTC when a prolonged rain period started. The route was chosen 134 

such that different agricultural regions to the west and north of the nature areas were covered, as well as some 135 

agricultural areas enclosed by the nature area. By driving through the nature area a regional background condition 136 

was sampled. The route and the measured variation in NH₃ concentrations along the route are shown in Fig. 2b. 137 

Additional observations of traffic-related emissions were made along Highway A1 between Hilversum and 138 

Amsterdam on the same day between 15:00 and 15:45 UTC during rainless conditions and at a driving speed of 139 

~80 km h-1 (see Fig. S1 in the Supplement).  140 

 141 

Figure 2: (a) The mobile measurement platform equipped with the HT open-path NH₃ analyzer mounted on the roof of 142 
the truck. The inlet of the TILDAS analyzer was positioned on the top right of the trailer, while the 2-D sonic 143 
anemometer and GPS unit were mounted on the top left of the trailer. (b) Driving track and measured NH₃ 144 
concentrations across the source area and the Veluwe forest area. The red arrow indicates the prevailing southwesterly 145 
wind direction during the drive. The background map is credited to Kadaster.nl.  146 

https://doi.org/10.5194/egusphere-2026-2838
Preprint. Discussion started: 28 July 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

2.3 Data processing and calibration 147 

2.3.1 HT calibration 148 

After the mobile campaign, HT measured NH₃ values were evaluated through field comparison with an 149 

independently operated mini Differential Optical Absorption Spectroscopy (mini-DOAS) 2.2D system at the 150 

Veenkampen site, in the Netherlands, using the similar set-up descripted by Swart et al., (2023). The comparison 151 

revealed that the HT measurements systematically underestimated NH₃ concentrations, likely due to calibration 152 

issues associated with the permeation tube used in the factory calibration unit. To correct for this bias, a non-linear 153 

transfer function was derived based on 2-month long co-located measurements under field conditions. This 154 

correction was applied to the HT data prior to further analysis. 155 

Additional laboratory experiments were conducted after the campaign within the VSL Reference Gas Mixture 156 

(RGM) framework to characterize the response of the HT analyzer under controlled conditions, including the 157 

influence of temperature and humidity (Zhang et al., 2025). These experiments were performed using a different 158 

HT unit than that deployed during the 2023 campaign and were therefore not used to correct the field measurements. 159 

Instead, they provide supporting information on the general HT instrument response characteristics.  160 

Data quality was ensured by excluding measurements with low optical signal strength (OSS < 10%) and by 161 

performing zero-drift checks before and after the mobile measurement period. 162 

2.3.2 Plume definition and background removal 163 

For this campaign, plumes were defined as Gaussian-shaped enhancements in gas concentration exceeding the 164 

instrumental noise by more than 1 ppb for both NH₃ and CH₄ measurements. However, natural variability in 165 

background concentrations was considered when selecting plumes. Only plumes with a peak concentration at least 166 

three times greater than the background variability observed within 5–10 seconds before and after the peak were 167 

selected. In practice, this corresponded to concentration enhancements in excess of  ~5 ppb for NH₃ and ~10 ppb 168 

for CH₄. A second criterion required that each plume was traceable to a well-defined upwind source. 169 

Approximately three-quarters of the detected plumes met this criterion, with several sources confirmed by the 170 

operators. Potential sources were primarily identified using aerial imagery (Google Earth). For the remaining 171 

quarter, multiple potential sources were too close to each other to be individually resolvable and were therefore 172 

treated as multiple sub-sources in the plume modeling. 173 

Although the Veluwe region contains many emission sources, the analysis focuses on short-lived concentration 174 

enhancements detected during mobile measurements rather than regional background levels. While NH₃ can be 175 

transported over long distances, dilution and overlap with emissions from multiple sources limit the detectability 176 

of individual plumes. However, near emission sources NH₃ concentrations may decrease due to dry deposition and 177 

gas–particle partitioning (Schulte et al., 2022; Yi et al., 2025), which may reduce plume contrast with distance and 178 

suppress the contribution of far away sources to transient enhancements.  179 

Measurement distances were constrained by road accessibility for mobile sampling and therefore do not represent 180 

a detection limit. Under the conditions encountered during the campaign, clearly attributable plumes were typically 181 

observed at distances of ~50–800 m from the source. At larger separations, or when other emission sources were 182 
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present between the farm and the measurement location, plume attribution to a single source became ambiguous 183 

and such cases were excluded. Accordingly, the analysis focuses on well-defined near-road plumes associated with 184 

a single dominant source type. 185 

Background concentrations were removed in two steps. First, the regional background was estimated by 186 

subtracting the 10th percentile within a 5-minute centered running mean window. Secondly, a plume-specific local 187 

background was removed by subtracting the minimum concentration observed across the plume period. The 188 

remaining signal was considered to represent plume enhancements, which were used for individual source 189 

emission analysis. Enhanced concentrations above background are expressed as ΔNH₃, ΔCH₄, and ΔCO.  190 

2.4 Emission quantification methods  191 

2.4.1 Integrated plume analysis and emission ratio approach 192 

All plumes were subsequently integrated over time to obtain ΣNH₃ and ΣCH₄, representing the total gas 193 

enhancement of the plume, which is the amount of gas crossing the road at the measurement height of 3 m. The 194 

measured concentration reflects both the source strength and the dilution occurring between the source and the 195 

point of measurement, as described by Eq. (1): 196 

𝐶𝐶 = 𝑆𝑆 × 𝐷𝐷                                        (1) 197 

Where, 𝐶𝐶 (μg m-3) is the concentration measured at the transect, S (g s⁻¹) is the source strength, and 𝐷𝐷 is the 198 

dispersion factor describing transport and dilution from the source to the measurement location, with units of (μg 199 

m-3) / (g s-1) or equivalently (s m-3) after unit conversion. 200 

For data interpretation, either the ratio of ΣNH₃ to ΣCH₄ was used, which largely cancels dilution effects, or the 201 

dilution was estimated using a Gaussian plume dispersion model (e.g. Hensen et al., 2009; Turner, 1994; Wietzel 202 

et al., 2025).  203 

Source emission ratios between NH₃ and CH₄ can be determined using three approaches. First, the ratio of peak 204 

concentrations within the plume is simple but sensitive to noise and multiple peaks. Second, a linear regression of 205 

NH₃ versus CH₄ across the plume is less sensitive to instrument differences and small fluctuations. Third, the ratio 206 

of integrated concentrations (ΣNH₃ : ΣCH₄) provides the most representative estimate for complex plumes (Miller 207 

et al., 2015). In this study, the integrated-concentration approach was applied. 208 

To minimize contamination from the measurement vehicle itself, data collected at low speeds or during turns 209 

(vehicle speed < 8 km h⁻¹) were excluded. The remaining data were used for on-road CO and NH₃ emission 210 

analyses (Zavala et al., 2009).  211 

To distinguish traffic emissions from other local sources, we first applied the approach of Sun et al. (2014), 212 

identifying candidate traffic plumes based on enhanced CO (>100 ppb) and CO₂ (>15 ppm) after background 213 

removal. In the Veluwe region, however, some non-traffic sources (e.g. agricultural or waste-related emissions) 214 

also occasionally met these criteria. Therefore, additional screening was applied using CH₄ enhancements (>50 215 

ppb) as an indicator of non-traffic influence. Plumes exceeding this CH₄ threshold were flagged and further 216 
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evaluated using wind direction, Google Earth imagery, and operator observations to ensure correct source 217 

attribution and to avoid mixing of multiple nearby sources.   218 

2.4.2 Gaussian plume model 219 

The observed plumes originating from various sources dispersed downwind, with both horizontal and vertical 220 

spreading approximating a Gaussian distribution. In this study, measured plumes were compared with plumes 221 

calculated using a Gaussian dispersion model as described by Vinković et al. (2022) and Hensen et al (2009). 222 

Emission calculations were performed on a per-plume basis by comparing the integrated concentration patterns of 223 

measured and modeled plumes. The Gaussian plume model calculates positions along the plume axis perpendicular 224 

to it using wind direction, wind speed, stability class, source location, and the measurement vehicle’s position. 225 

Dispersion parameters in the model are determined by the terrain roughness length (z0) and the atmospheric 226 

stability class for the measurement episode. The stability class, following (Pasquill & Smith, 1983), indexes 227 

atmospheric turbulence and sets parameters that govern how rapidly the plume spreads with distance from the 228 

source.  229 

Additional dispersion parameters include the characteristic travel time of air between the source and the 230 

measurement platform, typically on the order of 1–5 minutes. For the current dataset, measurement-day conditions 231 

were cloudy with wind speeds of approximately 2–4 m s⁻¹, corresponding to neutral to slightly unstable 232 

atmospheric conditions (Pasquill classes B or C). Roughness lengths were estimated for each source location based 233 

on land cover as identified from aerial imagery (Google Earth, December 2020, winter conditions) and manually 234 

verified using field notes and photographs taken during the February 2023 mobile campaign. 235 

2.4.3 Agricultural emission inventory   236 

For agricultural sources, NH₃ emissions depend on multiple factors, including management practices, mitigation 237 

technologies, animal feeds, and seasonal conditions (Gyldenkærne et al., 2005; Luo et al., 2025; Saha et al., 2014; 238 

Shan et al., 2025). To derive representative emission factors, repeated campaigns across the year are required. In 239 

contrast, traffic emissions are less sensitive to ambient conditions (Park et al., 2023; Wen et al., 2023), allowing 240 

the current campaign data to be used for on-road emission factor calculations. No specific agricultural activity data 241 

were available for the measurement period; therefore, inventory-based emissions were all downscaled to daily 242 

values, assuming negligible seasonal variations. 243 

Livestock kept in animal housing represents a major source of NH₃ in the study area. Data on livestock farm 244 

characteristics, including housing type, animal numbers, emission height, and stable type, were obtained from the 245 

Dutch Core Registration of Animal Enclosures Database (Kernregistratie Dierverblijven, KRD) (Rijksdienst voor 246 

Ondernemend Nederland, n.d.-a). NH₃ emission factors per livestock house and per animal were applied based on 247 

Regeling ammoniak en veehouderij (RAV) guidelines (Rijksdienst voor Ondernemend Nederland, n.d.-b). CH₄ 248 

emission factors for cattle farms were derived from the RIVM National Inventory Report (NIR) (Van der Net et 249 

al., 2024), while default Intergovernmental Panel on Climate Change (IPCC) 2006 Tier 1 factors were used for 250 

swine and goats (IPCC, 2006). Poultry were excluded from the CH₄ emission factor analysis because their CH₄ 251 

emissions are negligible relative to other livestock.  252 
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Emissions from manured fields are highly variable, with peak emissions typically occurring within the first day 253 

after application. Although such sources were captured during the measurements, information on application rates 254 

and timing was not available. Therefore, these emissions are not suitable to directly compare with inventory values, 255 

and only their relative contribution on the measurement period is reported. 256 

2.4.4 On-road emission factor derivation using a carbon balance approach 257 

Traffic constitutes another significant source of NH₃, CO and CO2 (EEA, 2025; Wang et al., 2023). For traffic 258 

sources, the method of Sun et al. (2014) was adapted to estimate on-road NH₃ emission factors using Eq. (2). While 259 

CO is a more specific tracer for vehicle emissions, CO₂ was used to quantify NH₃ emissions due to its dominant 260 

contribution to vehicular carbon by mole fraction. NH₃ emission factors (EF) are expressed in grams of NH₃ per 261 

kilogram of fuel burned, using a carbon balance approach.  262 

𝐸𝐸𝐸𝐸 =  � ∆𝑁𝑁𝑁𝑁3
∆𝐶𝐶𝐶𝐶2+𝛥𝛥𝛥𝛥𝛥𝛥

� �
𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁3
𝑀𝑀𝑀𝑀𝐶𝐶

�  𝑊𝑊𝐶𝐶                                                      (2) 263 

where 𝑀𝑀𝑊𝑊𝑁𝑁𝐻𝐻3and 𝑀𝑀𝑊𝑊𝐶𝐶 are the molecular weights of NH₃ (17 g mol⁻¹) and carbon (12 g mol⁻¹), respectively, and 264 

𝑊𝑊𝐶𝐶 = 0.85 represents the carbon mass fraction in gasoline. The carbon fraction for diesel (𝑊𝑊𝐶𝐶 = 0.87) was not 265 

included, as diesel vehicles have been shown to contribute only minimally to on-road NH₃ emissions (Burgard et 266 

al., 2006). ΔNH₃, ΔCO₂, and ΔCO represent the respective enhanced concentrations. Ratio calculations were 267 

restricted to peaks where ΔCO exceeded 100 ppb and ΔCO₂ exceeded 15 ppm, thresholds at which operators could 268 

clearly detect the passage of a vehicle and its associated plume.  269 

2.5 Statistical analysis 270 

Differences between independent source categories were statistically assessed using the Mann–Whitney pairwise 271 

U-test (Mann & Whitney, 1947) with p < 0.05 considered to indicate a significant difference. This nonparametric 272 

test is suitable for small sample sizes and non-normally distributed data and is particularly useful for comparing 273 

continuous data between groups with low numbers of observations. 274 

To enable a robust comparison between measurement-based and inventory-based emissions for livestock farm 275 

sources, outliers (defined as large discrepancy values) were identified using the interquartile range (IQR) method, 276 

based on the ratio of measured to inventory-based emissions for both NH₃ and CH4. The first (Q1) and third (Q3) 277 

quartiles were calculated, and the IQR was defined as Q3 − Q1. Values lying outside the range Q1 − 1.5 × IQR to 278 

Q3 + 1.5 × IQR were classified as outliers and excluded from subsequent analyses. After removal of these outliers, 279 

summary statistics (mean and median) were recalculated using the remaining data. 280 

3 Results 281 

3.1 Observed increments of NH3, CH4 and CO  282 

On 21 February 2023, the mobile measurement covered approximately 160 km between 9:00 and 13:20 UTC 283 

around the Veluwe area. Calibrated NH₃ concentrations ranged from near zero to approximately 1300 ppb and 284 

exhibited strong spatial variability. Details of the HT calibration and validation are provided in the Supplement 285 

(Figs. S4 and S5). Due to the prevailing southwesterly wind, elevated NH₃ concentrations were observed in source-286 
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intensified rural areas, particularly southwest and north of the Veluwe Natura 2000 site, while concentrations 287 

decreased sharply to near-background levels downwind in the northeast (Fig. 2b). Within the Veluwe nature 288 

reserve, NH₃ concentrations were typically below 3 ppb, whereas agricultural areas showed elevated baseline 289 

levels and frequent plume events (Fig. 2b).  290 

Background-corrected time series of NH₃, CH₄, and CO illustrate plume signatures from four main source types: 291 

livestock housing, manured fields, a chemical waste treatment facility, and traffic (Figs. 3 and 4). NH₃ plume 292 

enhancements ranged from tens to hundreds of ppb, well above the detection limit, enabling robust identification 293 

of short-lived emission peaks. The strongest NH₃ enhancements were observed near a chemical waste treatment 294 

facility, followed by large livestock farms and manured fields (Fig. 4a). NH₃ and CH₄ plume enhancements 295 

remained detectable up to approximately 800 m downwind, depending on source strength. CH₄ concentration 296 

increased up to ~2 ppm above background level near agricultural sources, whereas in urban areas CO 297 

enhancements reached up to 2.5 ppm (Fig. 3).  298 

Plume characteristics varied by source type. Livestock emissions showed co-enhanced NH₃ and CH₄ signals, 299 

reflecting their shared origin (Fig. 4b), while manured fields exhibited broader NH₃ plumes with comparatively 300 

weaker CH₄ enhancements (Fig. 4c). For more than 70% of the agricultural sources, NH₃ and CH₄ enhancements 301 

were moderately to strongly correlated (R² > 0.71), In contrast, traffic-related plumes were characterized by strong 302 

CO signals with lower NH₃ and CH₄ enhancements (Fig. 4d).  303 

During the measurement period (~4.5 h), data coverage was ~90% for the HT analyzer (affected by short rain 304 

events) and 100% for the TILDAS. Zero‑drift checks indicated stable baseline conditions, with no significant drift 305 

observed. In total, 49 sources were identified, with six livestock farms sampled twice, resulting in 55 plumes for 306 

further analysis. Of these, 41 originated from livestock farms (with either single or mixed animal types), seven 307 

from manured fields, three from long-lived traffic plumes (lasting > 5 s, sufficient for ΣNH₃:ΣCH₄ ratio 308 

calculations), and four from industrial sources. All plumes could be attributed to either individual sources or a 309 

cluster of nearby sources with modest to strong NH₃–CH₄ correlations. In addition, approximately 630 transient 310 

CO peaks coinciding with NH₃ enhancements were detected and attributed to passing vehicles (Fig. 3). These 311 

short-lived events were too brief for ΣNH₃:ΣCH₄ ratio calculations but were used to estimate NH₃ emission factors 312 

across driving speeds (Section 3.5). 313 
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 314 

Figure 3: Time series (in UTC) of measured gas plumes after background removal: (a) NH₃ and CH₄, (b) NH₃ and 315 
CO, and (c) zoomed view of CO <1000 ppb and NH₃ <100 ppb for better visualization. In agricultural areas, CH₄ and 316 
NH₃ plumes overlap, whereas in (sub)urban areas, NH₃ and CO plumes overlap in the Veluwe region.  317 

 318 
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 319 

Figure 4: Examples of background-corrected concentrations of NH₃, CH₄, N₂O, CO₂, and CO measured at different 320 
source types: (a) a chemical waste treatment facility, (b) a cattle livestock farm, (c) a manured field, and (d) traffic 321 
sources. 322 

 323 

3.2  ΣNH3: ΣCH4 ratios for agricultural emission sources 324 

ΣNH₃:ΣCH₄ integral ratios provide a simple means to distinguish among agricultural source types. Among the 31 325 

single species livestock farms (cattle, poultry, swine, or goat), ΣNH₃:ΣCH₄ ratios ranged from 0.01 to 1.1, with an 326 

overall median ± median absolute deviation (MAD) of 0.04 ± 0.02. Cattle and goat farms showed similarly low 327 

ratios (median ± MAD: 0.04 ± 0.06 and 0.04 ± 0.004, respectively), whereas swine and poultry farms exhibited 328 

substantially higher ratios (0.26 ± 0.02 and 0.42 ± 0.17, respectively). Manured fields displayed a median ratio of 329 
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2.1 ± 1.0, but spanned a wide range (0.84–8.1). This variability likely reflects differing emission dynamics, as CH₄ 330 

is primarily emitted during the first few hours following manure application, whereas ammonia emissions occur 331 

over a longer timescale of approximately two to four days after manure application (Sherman et al., 2022; Sommer 332 

et al., 2003). Mixed farms (n = 4), which contained multiple animal types, were excluded from the statistical 333 

analysis (Tables 1 and 2).  334 

Figure 5 illustrates the variability in the ΣNH₃:ΣCH₄ ratios observed at all 31 single-species livestock farms across 335 

different measurement distances. The majority of cattle farms exhibited ΣNH₃:ΣCH₄ ratios of 0.05 or lower, 336 

although substantial variability was observed among individual farms. The limited number of observations from 337 

goat farms fell within a similar range. However, five cattle farms showed substantially higher ratios, with values 338 

reaching up to 0.42. These enhanced values were found occasionally, independent of distance to the source, which 339 

hints differences in farm-specific management practices or technologies, or contributions from manure storage 340 

emissions. Swine farms showed very little variation in the ΣNH₃:ΣCH₄ ratios, whereas the three poultry farms 341 

show ratio’s far apart from each other.   342 

 343 
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Figure 5: ΣNH₃:ΣCH₄ ratios for individual single-species farms plotted as a function of downwind distance (upper 344 
panel) to accessible driving roads for sampling. Distances reflect road accessibility, and data were excluded when 345 
other emission sources were present between the farm and the measurement location. A zoomed-in view highlighting 346 
the lower ratio range is shown in the lower panel. For farms sampled more than once during the day, the mean value 347 
and standard deviation are displayed.   348 

 349 

3.3 Inversion results compared to emission estimates for livestock farms  350 

The ΣNH₃:ΣCH₄ ratio shows promise to disentangle different agricultural source types but for a quantitative 351 

emission estimation one needs to perform an inverse model approach. To enable an indicative comparison between 352 

the mobile-based measurements and inventory-derived emissions, Gaussian plume modelling was applied to 353 

estimate CH₄ and NH₃ emissions for the livestock sources with available inventory data (Fig. 6, Fig. S2 and Table 354 

S1 in the Supplement). The model accounted for source type, wind speed and direction, and terrain roughness (z0) 355 

for each plume.  356 

Among the livestock plumes, six sources were measured twice within the same day. The resulting variability, 357 

expressed as the coefficient of variation (CV), was generally lower for CH₄ (2–30%) than for NH₃ (4–59%), 358 

indicating greater short‑term variability in NH₃ emissions.  359 

Annual inventory data (animal type and numbers from KRD) were available for 25 NH₃ sources and 22 CH₄ 360 

sources that were measured in the day (Fig. 6, Table S1). Discrepancies between measurement-based and 361 

inventory-based emissions were larger for NH₃ than for CH₄ when expressed as emission ratios 362 

(modelled / inventory; mean ± SD: 3.5 ± 5.4 versus 3.1 ± 5.0). Using the interquartile range (IQR) method, two 363 

high-end NH₃ values and two CH₄ values were identified as outliers and excluded to reduce the influence of 364 

extreme values on summary statistics. The remaining NH₃ ratios yielded a mean ± SD of 2.2 ± 2.2 and a median 365 

of 1.4, while CH₄ showed 1.8 ± 1.2 and a median of 1.7. Furthermore, CH₄ emissions exhibited a moderate 366 

correlation between inventory-based and measurement-based estimates (r ≈ 0.66), whereas NH₃ showed only 367 

weak agreement (r ≈ 0.37). This indicates substantially larger discrepancies for NH₃ compared to CH₄ (Fig. S3 in 368 

the Supplement). 369 

Inventory-measurement discrepancies seems also depend on animal type. Using modelled / inventory ratios, cattle 370 

farms exhibited the closest agreement (NH₃ median = 1.1, CH₄ median = 1.5; n = 13), higher NH₃ ratios for swine 371 

(median = 6.1; n = 3) and mixed‑species farms (median = 5.6; n = 4), intermediate discrepancies for poultry (NH₃ 372 

median = 2.2; n = 3). CH4 ratios were generally smaller and less variable across animal types (median range ≈ 1.4–373 

3.2; poultry excluded due to missing CH4 inventories) (Fig. 6). 374 
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 375 

Figure 6: Comparison of measured NH₃ emissions (Gaussian plume inference) with KRD inventory‑reported values for 376 
cattle, poultry, swine, and mixed‑species livestock farms. Data are shown on a logarithmic scale and ordered by NH₃ 377 
inventory emissions per category (upper panel). The lower panel presents the corresponding CH₄ comparison using the 378 
same NH₃‑based ranking. Farms measured once (measured‑1) and twice (measured‑2) are indicated in the legend. Only 379 
sources with available inventory data are shown. 380 

 381 

3.4 Comparison with non-agricultural sources 382 

Plumes from non-agricultural sources were evaluated to determine whether they could be distinguished from 383 

agricultural plumes using the ΣNH₃:ΣCH₄ ratio. Among livestock farms, cattle and goat farms exhibited low ratios 384 

(median ± MAD: 0.04 ± 0.02 and 0.04 ± 0.00, respectively), which were significantly lower than those observed 385 

for swine and poultry farms (0.25 ± 0.01 and 0.42 ± 0.17, respectively; p < 0.05, Table 2), reflecting differences in 386 

emission dynamics among animal types. 387 

Manured fields showed substantially higher ratios (2.11 ± 1.03) than livestock sources (p < 0.05), consistent with 388 

enhanced NH₃ emissions relative to CH₄ following manure application. The three long‑lived traffic plumes 389 
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observed during the campaign exhibited markedly elevated ΣNH₃:ΣCH₄ ratios (4.59 ± 0.34), clearly exceeding 390 

those of livestock farms, manured fields, and most industrial sources. Pairwise Mann–Whitney U tests indicate 391 

that traffic plumes are significantly different from livestock sources (p < 0.01), while differences relative to 392 

industrial sources were not statistically significant, reflecting partial overlap and limited sample size (Table 2). 393 

Industrial sources, including an agricultural service company, a chemical waste treatment facility, and two logistics 394 

sites, displayed intermediate but variable ratios (0.47 ± 0.37; range 0.06–2.10), indicating heterogeneous emission 395 

characteristics. Statistical tests show that industrial ratios overlap with both livestock and manured‑field emissions, 396 

whereas the highest ratios remain characteristic of traffic plumes (Tables 1–2; Fig. 7). 397 

Despite the use of robust summary statistics (median and MAD), some manure‑related ratios overlap with 398 

industrial or traffic sources, highlighting the limitations of using ΣNH₃:ΣCH₄ ratios alone for source discrimination. 399 

The small number of traffic and industrial observations further constrains statistical power, and results should 400 

therefore be interpreted with caution. Nonetheless, the observed contrasts indicate that ΣNH₃:ΣCH₄ ratios provide 401 

useful, first‑order discrimination between traffic and most agricultural sources, particularly when interpreted in 402 

conjunction with contextual information. Sampling of non‑agricultural sources outside manure‑application periods 403 

is advisable, as temporal overlap may otherwise complicate source attribution. 404 

  405 
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Table 1: Statistical overview (median ± MAD) of different source categories, showing the ΣNH₃:ΣCH₄ ratio ranges for 406 
the captured sources during the 21 February 2023 Veluwe campaign. Note: Only three traffic plumes met criteria for 407 
NH₃:CH₄ ratio calculation. The other transient traffic-related peaks were not included in this analysis (see text). 408 

Source category                Subtype     n 
ΣNH₃:ΣCH₄  

(Median ± MAD) 
Range 

Livestock farms   31 0.04  ± 0.02 0.01 - 1.14 

  Cattle 22 0.04 ± 0.02 0.01 - 0.43 

  Goat 3 0.04 ± 0.004 0.03 – 0.05 

  Swine 3 0.25  ±  0.01 0.22 -  0.26 

  Poultry 3 0.42  ±  0.17 0.24 - 1.14 

Manured fields — 7 2.11 ± 1.03 0.84 - 8.14 

Traffic sources — 3 4.59 ± 0.34 2.99 - 4.92 

Industrial sources — 4 0.47 ± 0.37 0.06 - 2.10 

 409 

Table 2: Mann-Whitney pairwise test p-value results among different source categories. Results with p < 0.05 are 410 
indicated in bold italic font with a star sign (*) to highlight significant differences between sources. 411 

Source type  
(sample number) Cattle (22)  Goat (3)  Swine (3)  Poultry (3)  Manured field (7)  Traffic (3) Industry (4) 

Cattle (22) — 0.969 0.006* 0.003* 1.0×10⁻⁶* 0.001* 0.010* 

Goat (3) 0.969 — 0.100 0.100 0.017* 0.1 0.057 

Swine (3) 0.006* 0.100 — 0.400 0.017* 0.1 1.000 

Poultry (3) 0.003* 0.100 0.4 — 0.033* 0.1 0.857 

Manured fields (7) 1.0×10⁻⁶* 0.017* 0.017* 0.033* — 0.517 0.042* 

Traffic (3) 0.001* 0.100 0.100 0.100 0.517 — 0.057 

Industry (4) 0.010* 0.057 1.000 0.857 0.042* 0.057 — 

 412 

 413 
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 414 

Figure 7: Boxplots of ΣNH₃:ΣCH₄ integral ratios for different source categories. (a) Comparison of four major source 415 
types: livestock farms, manured fields, traffic, and other, industry-related sources. (b) Variation in ΣNH₃:ΣCH₄ ratios 416 
among livestock subcategories (cattle, poultry, swine, and goats). The central line represents the median value; box 417 
edges denote the 25th and 75th percentiles; whiskers extend to the 5th and 95th percentiles; and solid black dots indicate 418 
outliers. 419 
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3.5 Traffic emission factors and comparison with national inventory 420 

On-road traffic emits CO, CO₂, and NH₃, with NH₃ produced mainly by vehicles equipped with three-way catalytic 421 

converters. As stated previously, the ~630 transient CO peaks identified along the drive were too brief to allow 422 

ΣNH₃:ΣCH₄ ratio calculations but they provided a sufficiently large dataset for estimating NH₃ emission factors 423 

(EFs) across driving speeds (Figs. S2 and S3). 424 

The median NH3-to-carbon EF value was 0.18 g kg⁻¹, consistent with the geometric mean of 0.18 g kg⁻¹ (Table 3). 425 

NH₃ EFs showed a positive association with driving speed.  On highways (≥80 km h⁻¹), EFs were significantly 426 

higher than those in urban traffic conditions (20–80 km h⁻¹). At very low speeds (8–20 km h⁻¹), typically 427 

corresponding to vehicle turns, traffic jams, traffic lights, or roundabouts, the NH₃ EF was markedly reduced 428 

(Table 3). Vehicle class immediately ahead was not recorded for individual plume encounters. Figure 8b illustrates 429 

the corresponding EF distributions per speed category whereas the related traffic source peaks under different road 430 

types are shown in Fig. 8a and Fig. S1.  431 

For comparison, the 2023 Netherlands traffic emission inventory reported by CBS indicates total motor vehicle 432 

emissions of 27.1 Mt CO₂, 163.6 kt CO, and 3.8 kt NH₃, corresponding to an NH₃-to-carbon ratio of approximately 433 

0.14 g kg⁻¹. Measurement-derived NH₃ EFs for low-speed traffic conditions (< 60 km h⁻¹) were within the same 434 

range as this inventory-based ratio, whereas higher EFs were observed for traffic speeds exceeding 60 km h⁻¹. 435 

Table 3: Traffic speeds and related geometric means (and standard deviations) per speed category of the NH3 436 
emission factor (EF in g NH3 / kg fuel) using the carbon balance approach. 437 

 8-20 km h-1 20-60 km h-1 60-80 km h-1 ≥ 80 km h-1 All > 8 km h-1 

Number of samples 76 306 150 95 627 

Geometric mean 0.12 0.16 0.19 0.28 0.18 

Geometric SD 3.19 2.68 2.16 1.76 2.55 

Median 0.10 0.16 0.20 0.31 0.18 

Q25 0.05 0.08 0.11 0.19 0.09 

Q75 0.24 0.25 0.35 0.41 0.32 

Min. 0.01 0.02 0.04 0.04 0.01 

Max. 6.9 19 0.85 0.88 19 

 438 
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 439 

Figure 8: (a) Time-series of traffic-related NH₃ (orange) and CO (blue) concentration enhancements during urban and 440 
highway driving (logarithmic scale). (b) Boxplots of NH₃ emission factors as a function of driving speed, illustrating 441 
their dependence on traffic conditions. The red dash line indicates the average EF value based on the 2023 Netherlands 442 
traffic emission inventory (0.14 g kg-1).  443 

 444 

4 Discussion 445 

The objective of this study was to demonstrate the use of a mobile measurement platform to characterize real-446 

world ammonia emission sources in the vicinity of the Veluwe Natura 2000 area, capturing both observed 447 

concentrations and inferred emission characteristics. During a half-day mobile measurement campaign, an area of 448 

approximately 1,500 km² was surveyed, yielding plume-based emission information for 49 individual, well-449 

defined sources. By simultaneously measuring NH₃, CH₄, and CO, we were able to distinguish agricultural and 450 

traffic-related emissions and to assess source-specific emission ratios under real-world conditions. Although the 451 

region surrounding the Veluwe contains a large number of potential NH₃ emitters, only sources located relatively 452 

close to the measurement route and aligned with prevailing wind conditions provided well-defined Gaussian-453 

shaped plumes required for source characterization. Contributions from more distant sources are therefore 454 

expected to manifest primarily as background variability and do not materially influence the plume-based emission 455 

ratios derived here. Within this framework, the selection of sources provided a first insight into important 456 

agricultural emission and into both local and regional traffic emission characteristics relevant to the Veluwe area. 457 

https://doi.org/10.5194/egusphere-2026-2838
Preprint. Discussion started: 28 July 2026
c© Author(s) 2026. CC BY 4.0 License.



21 
 

The open-path configuration of the NH₃ analyzer, combined with high measurement frequency, allowed for the 458 

effective capture of both on-road and downwind NH₃ emissions with minimal signal damping, an advantage not 459 

achievable with closed-path instruments (Lemes et al., 2023; Miller et al., 2015). Moreover, the applied method 460 

not only enabled detection of traffic- and agricultural emissions, but also holds potential for identifying and 461 

characterizing emissions from large industrial sources, such as chemical waste treatment facilities (Table S1 and 462 

Fig. S2 in the Supplement).  463 

4.1 Application of the ratio method and its limitation  464 

The enhanced concentration ratio method (ΣNH₃:ΣCH₄) was applied to quantify emissions from different 465 

agricultural source types. For more than 70% of the agricultural sources, NH₃ and CH₄ enhancements were 466 

moderately to strongly correlated (R² > 0.71), indicating that both species originated from a common source and 467 

that plume dilution effects were largely consistent across the measurement transect. This supports the applicability 468 

of integrated concentration ratios for source characterization under mobile sampling conditions. 469 

As expected, ruminant animals (such as cattle and goats) exhibited much lower ΣNH₃:ΣCH₄ ratios compared to 470 

non-ruminant animals (such as poultry and swine) (Table 1, Fig. 7). This outcome reflects fundamental 471 

physiological and management differences: ruminant enteric fermentation produces large CH4 emissions relative 472 

to NH3 (Liu et al., 2017), and direct field measurements show that dairy cattle manure emits over five times more 473 

CH₄ than swine manure (Zhuang et al., 2020). Livestock emission inventories further indicate that cattle often 474 

dominate total NH₃ emissions while also generating substantial enteric CH₄, thereby lowering the NH₃:CH₄ ratio 475 

relative to monogastric animals (Jiang et al., 2024). These distinct ΣNH₃:ΣCH₄ ratios can help constrain the 476 

dominant livestock type in barns to some extend, but the observed within-type variability and overlap indicate that 477 

the ratio is most robust as a supporting indicator rather than a definitive separator. In regions with comprehensive 478 

agricultural statistics, such information may be readily available, but in many parts of Europe and worldwide, data 479 

on the precise locations of housing emissions are often incomplete or not publicly accessible. Hence, the ratio 480 

method provides a valuable approach for inferring livestock sources where official spatial emission data are limited. 481 

This study represents the first regional mobile deployment in the Europe combining HT-based open-path NH₃ 482 

measurements with TILDAS-based greenhouse gas observations. While the dataset provides valuable first-order 483 

insights, such as clear differentiation between livestock types, manured fields, traffic, and industrial sources, the 484 

limited temporal coverage restricts assessment of diurnal, seasonal, and meteorological variability. Multiple 485 

campaigns spanning different seasons and time-of-day conditions will therefore be required to improve statistical 486 

robustness and to better constrain variability in NH₃ and CH₄ emission across source types.  487 

4.2 Drivers of Spatial Variability in ΣNH₃:ΣCH₄ Ratios  488 

Near-source concentration declines are driven primarily by strong atmospheric dilution, which affects both NH₃ 489 

and CH₄ in similar manner (Miller et al., 2015; Nair & Yu, 2020). Consistent with previous studies, we also observe 490 

an exponential decrease in plume enhancements above background levels with increasing distance from the source. 491 

Despite this rapid dilution, mobile measurements enabled source identification at distances of up to 800 m from 492 

the road, which is notable given the high density of livestock farms in the study area. 493 
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Our results reveal substantial variability in ΣNH₃:ΣCH₄ ratio across livestock types and individual farms in pasture-494 

dominated landscapes. In particular, individual cattle farms exhibit pronounced heterogeneity in ΣNH₃:ΣCH₄ ratios. 495 

This heterogeneity may be explained by site-specific conditions, such as farming practice, housing and or manure 496 

storage type or simply the age of the animals or the (variable) number of animals (Lichtfouse, 2012; McCabe et 497 

al., 2023; Yang et al., 2022). Variations in animal numbers may be especially relevant for calf-rearing farms and 498 

poultry (broiler) farms, where population sizes can fluctuate markedly over short timescales (Ruyssenaars et al., 499 

2020; Van der Net et al., 2024). 500 

Note that the processes responsible for the ammonia emission are distinctly different than those for methane. 501 

Methane emissions depend primarily on enteric fermentation and feed management strategies (Liu et al., 2021). 502 

Ammonia emissions intrinsically depend on the evaporation of ammonia from Total Ammoniacal Nitrogen (TAN) 503 

pools (Jiang et al., 2024). The latter means that ammonia emissions, in contrast to methane, are highly dependent 504 

on meteorology, with much larger emissions at high ambient temperature than at low temperature (Gyldenkærne 505 

et al., 2005). Hence, the ΣNH₃:ΣCH₄ are anticipated to vary with season and synoptic situation. Moreover, whereas 506 

the ammonia emission may vary over the day as function of temperature, the methane emissions vary with feeding 507 

practice (Saha et al., 2014) leading to variable ΣNH₃:ΣCH₄ ratios throughout a day. Although these aspects may 508 

not be important for the current single day proof of concept study, it means that measurements in different 509 

meteorological conditions are required to obtain a good grip on the fingerprinting and emission quantification 510 

process based on mobile measurements. 511 

In theory, the ΣNH₃:ΣCH₄ is expected to decline systematically over distance due to the removal of ammonia 512 

through dry deposition (Asman et al., 1998; Flechard et al., 2011). Near-source deposition (within ~1 km) may 513 

remove a fraction of total NH3 emissions, typically in the order of  5–10%. For example, ~8% of annual NH₃–N 514 

was estimated to be deposited within 1 km of an Australian feedlot (Shen et al., 2016), 5–10% within 1 km for a 515 

poultry farm (Fowler et al., 1998), and ~10% of NH₃ dry deposition occurred within 500 m of a swine production 516 

site in United States (Miller et al., 2015; Nair & Yu, 2020). The magnitude of NH₃ loss due to near-source dry 517 

deposition is substantially smaller than the variability observed in ΣNH₃:ΣCH₄ ratios among individual farms in 518 

this study (Fig. 5). Consequently, our measurements do not allow any conclusions regarding the influence of near-519 

source dry deposition on the observed ratios. Future work could address this process through repeated, high-520 

resolution measurements downwind of individual farms, including transects driven parallel to the wind direction 521 

to quantify systematic changes in ΣNH₃:ΣCH₄ ratios within a single plume.  522 

Overall, these findings demonstrate that ΣNH₃:ΣCH₄ ratios are highly dynamic with livestock type, and 523 

management practices, whereas CH₄ remains a comparatively robust spatial tracer. Accurate assessment of 524 

agricultural NH₃ emissions therefore requires integrated NH₃–CH₄ measurements combined with deposition-aware 525 

interpretation, particularly in heterogeneous agricultural landscapes. 526 

4.3 Uncertainty of on-road mobile measurements for NH3 emission estimation  527 

When all available farm sources were ranked, approximately 60% of the scanned livestock sources exhibited 528 

emission estimates exceeding the annual inventory-based values for both NH₃ and CH₄ (Fig. 6). After excluding 529 
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outliers, the mean ratio between measurement-based and inventory-based emissions was larger for NH₃ than for 530 

CH₄ (2.2 ± 2.2 versus 1.8 ± 1.2), indicating a systematically greater discrepancy for NH₃. The predominance of 531 

measurement-based estimates exceeding inventory values suggests that inventories may underestimate emissions 532 

under certain conditions; however, contributions from measurement uncertainties and short-term emission peaks 533 

cannot be excluded. This pattern is consistent with earlier satellite-based and ground-based studies reporting larger 534 

uncertainties and deviations for NH₃ compared to more stable tracers such as CH₄ (Shen et al., 2016; Van Der 535 

Graaf et al., 2022). 536 

The larger discrepancies observed for NH₃ likely reflect its strong sensitivity to meteorological and surface 537 

conditions, including temperature, humidity, and boundary-layer dynamics (Asman et al., 1998; Flechard et al., 538 

2011), as well as its dependence on short-term agricultural management activities such as manure handling and 539 

field application. In contrast to CH₄, NH₃ emissions can vary substantially on short time scales, causing short-lived 540 

concentration enhancements that may exceed temporally averaged inventory estimates based on annual emission 541 

factors (Velthof et al., 2012). The open-path measurement approach minimizes instrumental artefacts such as inlet 542 

adsorption and delayed response, suggesting that much of the observed variability reflects real atmospheric and 543 

emission variability rather than measurement bias.  544 

An additional source of uncertainty arises from the field calibration applied to the HT NH₃ measurements. The 545 

calibration function was derived from co-located miniDOAS observations under ambient and moderately enhanced 546 

conditions (~1–100 µg m⁻³), whereas substantially higher concentrations were occasionally encountered during 547 

mobile plume measurements. Consequently, the concentration correction was partly applied outside the primary 548 

calibration range, which may introduce additional uncertainty at the highest observed NH₃ concentrations. 549 

Nevertheless, the calibration substantially improved agreement between the HT and independently operated 550 

miniDOAS observations and primarily affected the absolute magnitude of NH₃ enhancements rather than the 551 

spatial occurrence of plumes or the relative differences between source types. Therefore, calibration-related 552 

uncertainty is not expected to alter the main conclusions regarding the spatial variability and relative magnitude 553 

of NH₃ emissions observed during the campaign. 554 

Differences between measured and inventory-based NH₃ and CH₄ emissions further reflect variability in 555 

agricultural practices. Emissions from poultry farms, manure application, and grazing are highly variable in time 556 

and space and contribute substantially to inventory uncertainty. For example, manure-related field emissions have 557 

been estimated to contribute up to 37% uncertainty at fine spatial scales, while grazing contributes up to 49% at 558 

broader scales (Lessmann et al., 2025). Such temporally dynamic activities are known to explain a substantial 559 

fraction of discrepancies between bottom-up inventories and measurement-based estimates (Lessmann et al., 2025; 560 

Van Der Graaf et al., 2022). 561 

More accurate quantification of individual emission sources using mobile plume measurements generally requires 562 

multiple downwind transects (typically 6–10) to reduce uncertainty (Maazallahi, 2022; Tettenborn et al., 2025; 563 

Wietzel et al., 2025). In this study, only one or two transects per source were recorded, resulting in substantial 564 

uncertainty for individual emission estimates. Additional uncertainty arises from assumptions in the Gaussian 565 

plume model, including steady-state conditions, homogeneous turbulence, and uncertainties in wind fields and 566 
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plume interception during mobile sampling. However, the primary objective was not precise quantification of 567 

single sources in a single measurement pass, but rather to demonstrate the feasibility of mobile NH₃ measurements 568 

and to compare emission characteristics across an ensemble of sites. Future studies should focus on optimizing 569 

measurement strategies to derive more accurate emission estimates for highly variable ammonia sources.  570 

In addition to quantifying emissions, the mobile measurements also revealed several previously unregistered  571 

sources, particularly near provincial boundaries (e.g. between Gelderland and Overijssel; Table S1, Fig. S2 in the 572 

Supplement), highlighting the method’s potential for identifying overlooked or misclassified sources. Similar 573 

inventory gaps have been documented in other sectors, where a significant fraction of emitting sources were absent 574 

from bottom-up records (Jiang et al., 2024; Vogel et al., 2024).  575 

Overall, despite limited temporal coverage, mobile measurements provide high spatial resolution and near-source 576 

sensitivity (Maazallahi, 2022), offering a valuable complement to inventory-based and remote-sensing approaches 577 

for characterizing heterogeneous and temporally variable NH₃ emissions. 578 

4.4 Estimated NH3 traffic emission factors from on-road measurement data  579 

In our study, the NH₃-to-carbon ratio indicated that traffic-related NH₃ emissions contributed substantially less to 580 

the regional atmospheric NH₃ enhancements than agricultural sources during the measurement period as expected 581 

(Table 2, Fig. 1). The derived geometric mean on-road traffic NH₃ emission factor of 0.18 g kg⁻¹ (geometric SD = 582 

2.55) for the relatively sparsely populated Veluwe area is substantially lower than values reported for major urban 583 

regions such as Beijing and California (Sun et al., 2017), and also below the mean value of 0.44 g kg⁻¹ derived 584 

from traffic-related measurements across multiple urban environments (Pu et al., 2023). These results highlight 585 

the dominant role of agricultural emissions in shaping local NH₃ concentrations and suggesting that mitigation 586 

efforts in the region should prioritize agricultural emissions.  587 

In a broader context, several studies have shown that vehicle-related NH₃ emissions are frequently underestimated 588 

in emission inventories, particularly in urban environments. For example, urban passenger car NH₃ emissions in 589 

the UK were found to be underestimated by a factor of 17 (Farren et al., 2020), while Dutch studies identified both 590 

three-way catalytic converters and SCR-equipped heavy-duty vehicles as important NH₃ sources not adequately 591 

captured by COPERT-based emission factors (Stelwagen & Ligterink, 2015).  592 

Within this context, our measurements show a clear dependence of NH₃ emission factors on driving speed. 593 

Highway traffic conditions were associated with higher NH₃ emission factors (0.28 g kg⁻¹; Table 3) than urban 594 

driving conditions (0.19 g kg⁻¹), with both exceeding the NH₃-to-carbon ratio implied by the National Emission 595 

Inventory (0.14 g kg⁻¹; CBS, 2023). This suggests that emissions under high-speed or high-load conditions may 596 

be insufficiently represented in current inventories. Although our observations are limited in spatial and temporal 597 

coverage, they indicate potentially important contributions from highway traffic that warrant further investigation. 598 

Previous studies have reported a U-shaped relationship between vehicle speed and NH₃ emissions, with maxima 599 

at low and high speeds and minima at moderate cruising speeds (Kean et al., 2009; Li et al., 2021). In contrast, our 600 

results indicate a more monotonic increase with speed (Fig. 8b), likely reflecting limited sampling of low-speed, 601 
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stop-and-go traffic. More generally, recent work highlights that NH₃ formation depends on a combination of 602 

driving dynamics, engine load, and after-treatment performance rather than speed alone (Farren et al., 2020; Jiang 603 

et al., 2023; Wen et al., 2025).  These findings highlight the importance of accounting for driving behavior, fleet 604 

composition, and emission control technologies (Brinklow et al., 2023; Li et al., 2021) when interpreting speed-605 

dependent NH₃ emission factors and translating localized measurements to inventory-scale assessments. 606 

For traffic-related emissions, uncertainties arise from the lack of vehicle-specific, speed-resolved data, as 607 

differences in fleet composition and driving conditions likely influence observed emission patterns. Nevertheless, 608 

the mobile observations successfully captured on-road NH₃ plumes and revealed systematic changes in NH₃ to 609 

carbon enhancement ratios with vehicle speed (Fig. 8b and Fig. S1), demonstrating the capability of the approach 610 

to detect real-time traffic-related NH₃ emissions. 611 

5 Conclusions 612 

A mobile measurement platform equipped with an open-path HT-8700E NH₃ analyzer and a closed-path Aerodyne 613 

TILDAS QCL-based multi-gas analyzer was deployed during a mobile drive in the Veluwe  area (central 614 

Netherlands) on 21 February 2023 to demonstrate its capability to characterize and quantify ammonia emission 615 

sources along a 160 km route. Multiple emission plumes containing NH₃, CH₄, and CO were detected from a range 616 

of agricultural and non-agricultural sources. Several previously unregistered sources were also identified, 617 

highlighting potential gaps in existing emission inventories. Plume-integrated enhancement ratios (ΣNH₃:ΣCH₄) 618 

were evaluated across 49 distinct sources, and source-specific CH₄ and NH₃ emission rates were estimated using 619 

an inverse Gaussian plume dispersion model and compared with the 2023 national livestock emission inventory. 620 

This study demonstrates that the concentration ratio ΣNH₃:ΣCH₄ derived from mobile measurements provides  a 621 

useful metric for identifying and characterizing emission source types in heterogeneous agricultural landscapes. 622 

Livestock farms exhibited characteristically low ratios, with median values of 0.04 for cattle and goat farms, 0.26 623 

for swine farms, and 0.42 for poultry farms, reflecting fundamental differences in emission processes. In contrast, 624 

traffic emissions showed much higher ratios (median 4.6), while manured fields displayed intermediate and highly 625 

variable ratios (median 2.1, range 0.84–8.1), consistent with temporally variable NH₃ and CH₄ release following 626 

manure application. These contrasting signatures demonstrate the potential of combined NH₃ and CH₄ observations 627 

for source attribution during mobile monitoring campaigns, although partial overlap between source-specific ratios 628 

limits strict source separation. 629 

Emission estimates derived from plume inversion showed closer agreement with inventory values for CH₄ than 630 

for NH₃. The larger discrepancies observed for NH3 likely reflect its stronger sensitivity to meteorological 631 

conditions, short-term agricultural activities, and uncertainties associated with highly dynamic near-source 632 

emission and NH₃ deposition. In addition, uncertainties related to plume sampling strategy, atmospheric variability, 633 

limited temporal sampling, and calibration outside the primary concentration range may contribute to the spread 634 

in individual NH3 emission estimates. Nevertheless, the observed spatial patterns and relative differences between 635 

source categories remained robust.  636 
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In urban areas and along highways, traffic-related NH₃ emissions were clearly detectable together with CO and 637 

CO₂, demonstrating the capacity of the mobile platform to characterize combustion-related NH₃ sources under 638 

real-world driving conditions. Measured NH₃ emission factors showed substantial variability with driving speed 639 

and exceeded inventory-based values under highway conditions, indicating that traffic-related NH₃ emissions may 640 

be more variable than represented in current inventories. Future integration with vehicle identification approaches 641 

could further improve attribution of traffic-related emissions to specific vehicle classes and emission-control 642 

technologies. 643 

Overall, simultaneous mobile measurements of NH₃ and greenhouse gases provide an efficient approach for 644 

mapping and characterizing multiple emission sources over short time periods. The robustness and 645 

representativeness of such datasets can be further improved through repeated measurements across seasons, times 646 

of day, and meteorological conditions, enabling better characterization of emission variability across both 647 

agricultural and urban environments.  648 
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