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ABSTRACT 

The measurement of methane emissions from landfills is important to the understanding of landfills’ 

contribution to greenhouse gas emissions. The Tracer Dispersion Method (TDM) is becoming widely 

accepted as a technique, which allows landfill emissions to be quantified accurately provided that 

measurements are taken where the plumes of a released tracer-gas and landfill-gas are well-mixed.  

However, the distance at which full mixing of the gases occurs is generally unknown prior to any 

experimental campaign.  

To overcome this problem the present paper demonstrates that, for any specific TDM application, a 

simple Gaussian dispersion model (AERMOD) can be run beforehand to help determine the distance from 

the source at which full mixing conditions occur, and the likely associated measurement errors. An 

AERMOD model was created to simulate a series of TDM trials carried out at a UK landfill, and was 

benchmarked against the experimental data obtained. The model was used to investigate the impact of 

different factors (e.g. tracer cylinder placements, wind directions, atmospheric stability parameters) on TDM 

results to identify appropriate experimental set ups for different conditions.  

The contribution of incomplete vertical mixing of tracer and landfill gas on TDM measurement error 

was explored using the model. It was observed that full mixing conditions at ground level do not imply full 
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mixing over the entire plume height. However, when full mixing conditions were satisfied at ground level, 

then the error introduced by variations in mixing higher up were always less than 10%. 

 

 

Keywords: Modelling, Tracer dispersion method, Full mixing distance, vertical mixing, GHG emissions.   
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1. INTRODUCTION 

 

Methane is a significant contributor to climate change, with a global warming potential 28 times higher 

than carbon dioxide if considered over a 100-year period [IPCC, 2014]. The European Environment Agency 

(EEA) reports that the decomposition of solid waste in landfills contributes up to 31% of the total emissions 

of methane from anthropogenic sources [GMI, 2013]. Monitoring helps comply with the European pollutant 

release and transfer register [E-PRTR, 2006], which requires reporting of the amount of pollutants released 

to the atmosphere from industrial facilities incl. landfills. 

Several experimental methods have been developed to quantify methane emissions from landfills. 

Among them, the static flux chamber [Chan et al., 1998; Czepiel et al., 1996; Hutchinson & Mosier, 1981], 

the dynamic flux chamber [Abichou et al., 2006] and the differential adsorption LiDAR [Babilotte et al., 

2010; Robinson et al., 2011] are well-established techniques. The tracer dispersion method (TDM) [Babilotte 

et al., 2010; Czepiel et al., 2003; 1996; Foster-Wittig et al., 2015; Mønster et al., 2014; 2015; Scheutz et al., 

2011] uses tracer gas that is released from gas cylinders placed on the site emitting methane. Methane and 

tracer gas concentrations are measured in transects downwind from the emission source. Assuming full 

mixing conditions, the unknown methane emission rate (𝑄𝐶𝐻4) can be computed as: 

 

𝑄𝐶𝐻4 = 𝑄𝑡𝑟 ∙
∫ 𝐶𝐶𝐻4(𝑥)𝑑𝑥

𝑥2

𝑥1

∫ 𝐶𝑡𝑟(𝑥)𝑑𝑥
𝑥2

𝑥1

 
𝑀𝑊𝐶𝐻4

𝑀𝑊𝑡𝑟
      [1] 

 

where 𝑄𝑡𝑟 is the tracer mass emission rate (e.g. kg/h), 𝑥1 and 𝑥2 are the starting and ending location of 

the transect measurements, 𝐶𝐶𝐻4(𝑥) and  𝐶𝑡𝑟(𝑥) are respectively the volumetric methane and tracer gas 

cross-plume concentrations (e.g. ppmv) above background and 𝑀𝑊𝐶𝐻4 and 𝑀𝑊𝑡𝑟 are the molar weights of 

methane and tracer gas respectively.  

The gas concentrations are usually measured by means of portable instrumentation that is mounted on a 

vehicle, which is driven through the plumes downwind of the landfill-source [Mønster et al., 2014]. 

The TDM is considered a reliable and cost-effective alternative to existing and well established 

monitoring methods [Babilotte et al., 2010]. However, its use is still hampered by a number of technical 

difficulties.  

In particular, the TDM requires concentration measurements at transects where the methane and the 

tracer gas plumes overlap and are fully or well-mixed. The distance downwind of the landfill where these 

conditions begin to be satisfied is referred to as the Full Mixing Distance (FMD). Interpreting data collected 

in the absence of well-mixed conditions can lead to substantial errors in the measured flux (e.g. Taylor et al., 

2016). Equally, the further away the FMD is from the source, the more dilute the tracer and methane source 

gas will be making it more difficult to detect above their background concentrations, and the higher is the 

probability that the methane plume will be influenced by other methane-sources.  
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The FMD does not depend only on meteorological conditions (which dictates mixing in the 

atmosphere), but also by other factors including the heterogeneity in the methane source, the number and 

placement of tracer-gas cylinders on the landfill, and by topography [Mønster et al., 2014; Taylor et al., 

2016]. 

Given this dependency on so many variables, in practical applications, the FMD is never known a-priori 

and is commonly identified by trial and error. This may involve performing measurements over many 

transects at different downwind distances from the landfill. This increases the time and cost of a TDM survey 

release trial. Furthermore, full-mixing conditions are confirmed by interpolating (i.e. correlating) 

concentration measurements of tracer gas and methane at ground level.  It is a tacit assumption of TDM 

campaigns that if full mixing occurs at ground level then the full mixing condition will also occur at higher 

altitudes.  Although a previous study [Delkash et al., 2016] investigated gas concentrations above ground 

level, the variation in mixing conditions along a vertical profile have not been investigated (either 

experimentally or by modelling) and this ultimately adds uncertainty to the reliability of a TDM survey.  

This paper intends to mitigate such difficulties and shortcomings associated with the TDM. We propose 

that, for any specific application (e.g. a landfill site), simple Gaussian dispersion models can be run 

beforehand to help determine the distance from the source at which full mixing conditions occur, the likely 

associated measurement errors and how dependent the FMD will be to different experimental conditions 

(e.g. different tracer cylinder placements, wind directions, atmospheric stability parameters) so that it is 

possible to identify appropriate experimental setups for different conditions.  Ideally, such calculations 

require knowledge of the emission patterns and rates, which is unlikely to be known before the TDM survey, 

meaning that major assumptions need to be made.  End members of different scenarios could include evenly 

distributed emissions over the whole site, and a “worst case scenario” which might be based on point source 

emissions from the operational area. Gaussian models are quick to run. For the purpose of experiment-

planning their use is preferred over more complex models, including transient models, as they allow a wide 

range of scenarios to be explored in very little time.  

To test this hypothesis, TDM experiments were carried out on a UK landfill [Rees-White et al., 2018] to 

provide  benchmark data to assess whether the open-source Gaussian dispersion model AERMOD [Cimorelli 

et al., 2004] could be successfully employed to predict FMDs and associated measurement errors. AERMOD 

was selected over other possible models as it is the preferred steady state dispersion model of the US EPA 

and is free to use. 

A range of simulations were performed using AERMOD to investigate the dependence on a number of 

variables on FMD, including: the surface roughness, the atmospheric stability conditions and the number and 

positioning of tracer gas cylinders. The aim was to identify general and straightforward guidelines that can 

be used to help perform successful TDM experiments, whilst recognising that there may still be a need for 

Gaussian dispersion models for certain site specific planning and interpretation tasks. 
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2. METHODOLOGY 

 

2.1  Model setup and simulations  

Simulations were carried out using the Gaussian AMS/EPA Regulatory Model, AERMOD, developed 

by the American Meteorological Society (AMS) and the U.S. Environment Protection Agency (EPA) [EPA, 

2016]. AERMOD overcomes the simplifications of Gaussian assumptions by introducing algorithms that 

improve the reliability and functionality of the model compared with other more simplified models that have 

been used in previous studies [Mønster et al., 2014; Fredenslund et al., 2017]. AERMOD can analyse the 

dispersion of pollutants in rural and urban areas, in flat or complex terrains, using point, area and volume 

sources. The software requires meteorological and terrain inputs, which are obtained by a meteorological 

pre-processor, AERMET, and a terrain pre-processor, AERMAP. AERMOD requires surface air and upper 

air data (e.g. wind speed, direction, temperature, pressure and solar radiation), which can be obtained from 

meteorological stations and soundings. Where upper air data is not available, as in this case, AERMOD uses 

an algorithm to extrapolate from surface data. The data are processed to obtain output files compatible with 

AERMOD and can be used both in convective and stable atmospheric conditions. AERMAP requires a 

Digital Elevation Model (DEM) and the coordinates of the source and receptors. Data are elaborated to 

create representative heights of the receptors, considering the influence of the topography on the dispersion 

processes. AERMOD processes the input data and furnishes the pollutant concentration values at the location 

of the receptors.  

In this study a DEM with a 5 m resolution (Digimap® Ordnance Survey Terrain 5 SHAPE file) was used and 

meteorological data were obtained from an on-site-weather station. The source areas emitting methane 

(described further in section 2.2), were modelled as polygons superimposed onto the DEM. Tracer gas 

release was modelled as point sources 0.7 metres above ground level, again according to the location of 

different combinations of tracer gas cylinders as shown in Fig. 1. The range of simulations undertaken 

included: a sensitivity analysis; the calibration of the AERMOD landfill model using the known release of 

tracer gas from point sources; and the application of the calibrated model to interpret TDM surveys at the 

site. 

 

Further simulations, for the purpose of analysis and discussion, were run to investigate: the effect of vertical 

full mixing condition on TDM results; the influence of surface roughness on the downwind distance at which 

TDM surveys should be carried out; the influence of meteorological parameters on the downwind distance at 

which TDM surveys should be carried out; and the influence of tracer gas cylinder placement and wind 

direction on measurement error.  
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2.2  TDM experiments 

Tracer gas release experiments were carried out at a landfill in south-east of UK, hereafter referred to as 

the study site. The landfill area is approximately 330,000 m2 with three sub-areas, as shown in Fig. 1: a fully 

restored area with an MDPE top liner and restoration soils, a partially restored area with an MDPE liner, but 

no soils, and a small operational area in the centre of the site. A Gas Utilisation Plant (GUP) is located in the 

south-east of the landfill. 

    

 

Fig. 1. Plan of the landfill showing fully and partly restored areas, the active (operational) filling area and the location of the tracer 
gas cylinders (triangles). Each area is modelled to have the same homogenous methane release rate. The red cross indicates the 
landfill centre “reference point” referred to in modelling. 

 

A TDM campaign was carried out to quantify methane emissions from the landfill in August 2014 

[Rees-White et al., 2018]. Measurements were performed over five days during changing meteorological 

conditions (e.g. wind speed, wind direction, solar radiation). Acetylene (C2H2) was used as the tracer gas 

with between three and four cylinders used in combination from five different locations to emulate the 

landfill emission as shown in Fig. 1. The number of cylinders used, and the release location was dependent 

on the wind direction. On-site and remote gas concentrations were measured using cavity ring-down 

spectroscopy [Mønster et al., 2014, Rees-White et al., 2018] at different distances and directions from the 

landfill, depending on the wind direction and the availability of roads (Fig. 2). Between 15 and 20 plume 

transects were performed for a given tracer gas release [Rees-White et al., 2018]. 

Over the course of the TDM, wind speed and direction were measured adjacent to the GUP (Fig. 1) from a 

weather station mounted ~5 m above the ground. Values reported are 30 minute averages of readings taken at 

1Hz frequency. 
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Fig. 2. A Google Earth image showing land use (terrain) around the landfill, monitoring routes used during the campaign to collect 
concentration data, and average wind direction during each release (Google, 2017). TDM 2, 3, and 4 refer to measurements 
performed 7th, 8th, and 11th August, respectively. 

 

3 RESULTS 

 

3.1  Sensitivity analysis of the model 

AERMOD requires a number of estimated surface parameters, including: surface roughness (Z0), 

albedo (A) and Bowen ratio (BR). Although the User’s Guide for the model provides a range of values for 

these parameters depending on season, land use (terrain) and moisture condition, it was considered important 

to assess their influence (Table 1) on the model output. In this way the error resulting from performing 

simulations with incorrect values of surface parameters could be evaluated.  

Fig. 3 illustrates that AERMOD is particularly sensitive to the choice of the surface roughness (Fig. 3a), 

whereas it has very low sensitivity to the albedo (Fig. 3b) and Bowen ratio (Fig. 3c). The higher the value of 

the surface roughness, the wider the plume at any given location. This is because surfaces that are rougher 

favour mechanically-generated turbulence and hence scalar dispersion [Cimorelli et al., 2004; Michálek et 

al., 2012]. 

This analysis shows that AERMOD should be calibrated mainly in terms of the surface roughness (Z0), 

as the influence of other surface characteristics, such as albedo and Bowen ratio, are minimal. This is in line 

with previous literature on AERMOD [Grosch & Lee, 1999; Karvounis et al., 2007; Long et al., 2003; 

Faulkner et al., 2008)] and allows a substantial simplification of the model calibration procedure. Subsequent 

modelling in this paper used representative values of albedo (= 0.20) and Bowen ratio (= 0.80), according to 

the values suggested by AERMET User’s Guide. 
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Table 1. Range of values for surface roughness (Z0), albedo (A) and Bowen ratio (BR) used in the sensitivity analysis.  

Variable parameter Justification Constant parameters 

0.001 m ≤ Z0 ≤ 0.2 m Surrounding land use varies from grassland in winter 

(Z0 = 0.001) to cultivated land in summer (Z0 = 0.2)  

BR = 0.8, A = 0.2 

0.2 ≤ BR ≤ 3 The Bowen ratio range chosen covers all land use 

types other than desert and urban land use 

Z0 = 0.01, A = 0.2 

0.14 ≤ A ≤ 0.50 The values of albedo chosen cover all land use types Z0 = 0.01, BR = 0.8 

 

 

Fig. 3. Sensitivity analysis of AERMOD to a) surface roughness (Z0), b) Bowen ratio (BR) and c) albedo (A) for a transect 2000 meters 
downwind the reference point and tracer gas (C2H2) releases from release points 1, 3 and 5 with wind from east and a wind speed 
of 5 m/s. Concentrations of acetylene 2 m above ground level are plotted as a transect perpendicular to the wind direction.  
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3.2  Model calibration and validation 

AERMOD simulations were carried out for three days of the TDM campaign, namely 7th, 8th, and 11th 

August, hereafter called TDM2, TDM3, and TDM4, respectively. The meteorological conditions varied 

significantly over the three experiments including the wind direction, providing a wide range of situations 

against which AERMOD was tested. Different wind directions may be associated with changes in Z0 as the 

atmospheric boundary layer develops over fetches which may have different effective surface roughness. 

Fig. 2 shows the average wind direction measured (and used in the simulations) for the three days of the 

campaign. As a result of the sensitivity analysis discussed above, the calibration of the model was firstly 

carried out only in terms of finding the value of Z0 that provided the best match between the modelled and 

measured acetylene plumes. Only acetylene plumes were considered because the release rate and exact 

location of cylinders were known. Monitoring routes downwind of the landfill are also shown in Fig. 2. In 

AERMOD, receptors were placed at 2 metres above ground level along the same measured transects with a 

spacing of 30 m. The positions of the gas cylinders, modelled as individual point sources, are shown in Fig. 

1. Table 2 provides a summary of the data from the three tracer releases, giving information about the 

monitoring roads (transect location), the number and position of the tracer gas cylinders and the associated 

total acetylene release rate. Atmospheric conditions were slightly stable (negative sensible heat flux, i.e. 

ground colder than air) during TDM2 and unstable (positive heat flux, i.e. ground warmer than air) for 

TDM3 and TDM4. The comparison between measured and calculated acetylene concentration data, allowed 

optimal values of the surface roughness parameter for the three days of the measurement campaign to be 

obtained. Fig. 4a compares AERMOD’s outputs with measured data during TDM2 at a distance of 6700 m. 

The real data lies between model curves of Z0 = 0.01 m and Z0 = 0.02 m. The lowest residual sum of 

squares was for Z0 = 0.012 (29.8) and consequently Z0 = 0.01 m was selected as an appropriate value for 

surface roughness. Analogous comparisons with the experimental data pertaining to TDM2 at 2000 m (not 

shown) and TDM3 (Fig 4b) also suggest values for Z0 = 0.01 m. The values of Z0 resulting from the 

calibration procedure were compared to those suggested by the AERSURFACE User’s Guide [EPA, 2013] 

in order to check their appropriateness. Z0 = 0.01 m corresponds to “grassland-type” land covers, which is 

consistent with the roughness size and the land-use surrounding the study site to the north, south and west 

(see Fig. 1). It was not possible to obtain a good match between measured and modelled acetylene plumes 

for TDM4 (Fig 4c). During TDM4 a fresh 9.3 m/s wind was from the south-west which together with high 

heat fluxes contributed to modelled unstable atmospheric conditions with high turbulence. Acetylene 

cylinders 1, 3 and 4 contributed to the left hand peak in Fig 4c, whereas cylinder 5 was responsible for the 

right hand peak as confirmed by model simulations carried out with and without cylinder 5 (not shown here).  

Even assuming the lowest surface roughness value of Z0 = 0.001 m, the model under-predicted the left hand 

peak by approximately 50%, although the right hand peak was over-predicted. Both modelled peaks were 

narrower than the monitoring data.  The land-use between the landfill and the monitoring route 1E (Fig. 2) 

included areas of industrial units and housing, which would tend to increase the average surface roughness. 
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Higher surface roughness values would disperse the plume more, which would help achieve a better fit of the 

width of the modelled plume compared to the monitored, but not with peak height.  A reasonable fit of the 

left hand peak could only be achieved if the modelled wind speed was dropped to ~ 5m/s and stable 

atmospheric conditions were assumed. However, these conditions resulted in an exceedingly poor fit for the 

right hand peak – only if much lower acetylene release rates from cylinder 5 were assumed could the 

differences be reconciled. Consequently, in the absence of more detailed modelling work we have excluded 

the modelling results of TDM 4 from the rest of the paper. 

 

Table 2. Overview of data and standard deviations (SD) used in the modelling of TDM.  

TDM  

Date 

Avg. wind direction 

[degrees]  

(SD) 

Avg. wind 

speed [m/s] 

(SD) 

Heat flux  

[W/m2] 

Road, Distance 

from the landfill 

[m] 

Tracer cylinders 

used (refer to 

Fig. 1) 

Total released 

tracer gas rate 

 [kg/h] 

TDM2 

7th Aug 

94 

(9.4) 

4.9 

(1.3) 

<0 1W, 2000 

3W, 6700 

1,2,3,5 3.48 

TDM3 

8th Aug 

124 

(12) 

5.1 

(1.2) 

12.5 1W/1N, 1600-

2000 

1,3,5 2.55 

TDM4 

11th Aug 

239 

(13) 

9.3 

(1.3) 

73.5 1E, 1700-2000 1,3,4,5 2.60 
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Fig. 4. Measured and calculated acetylene data for a) TDM2 (at a distance of 6700 m from the landfill), b) TDM 3 (distance 2000 m) 
and c) TDM 4 (distance 2000 m).  

 

3.3  Full mixing distance of tracer and source gas  

Following calibration of the model against Z0, further AERMOD simulations were carried out to 

establish the distance at which AERMOD predicted full mixing of the tracer and source gas in TDM 2 and 

TDM3. These simulations were run assuming homogenous emissions of methane from the landfill (as shown 

in Fig. 2) because no data were available to define its spatial variations.  
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Towards this end, it was necessary to define a mixing indicator; RMSD (root mean square deviation - a 

measure of how well-mixed the gas plumes along a transect are) as follows: 

 

𝑅𝑀𝑆𝐷 =
√∑ (

𝐶𝐶𝐻4,𝑖 − 𝐶𝐶𝐻4,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐶𝐶𝐻4,𝑚𝑎𝑥 − 𝐶𝐶𝐻4,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
−

𝐶𝑡𝑟,𝑖 − 𝐶𝑡𝑟,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐶𝑡𝑟,𝑚𝑎𝑥 − 𝐶𝑡𝑟,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
)

2
𝑁
𝑖=1

𝑁
      [2] 

 

where 𝐶𝐶𝐻4
, 𝑖 and 𝐶𝑡𝑟, 𝑖 are the measured methane and acetylene concentration at each point of N 

receptors along the transect and 𝐶𝐶𝐻4,𝑚𝑎𝑥 and 𝐶𝑡𝑟,𝑚𝑎𝑥 are the maximum recorded concentrations along each 

transect. All concentrations, including background concentrations (e.g. 𝐶𝐶𝐻4,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑), were reported in 

units of μg/m3. 

In a similar approach to that used by Taylor et al. (2016), AERMOD was used to calculate the potential 

measurement error of a transect. 

  

𝐸𝑟𝑟𝑜𝑟 =
𝑄𝑇𝐷𝑀−𝑄𝑎𝑐𝑡𝑢𝑎𝑙

𝑄𝑎𝑐𝑡𝑢𝑎𝑙
     [3] 

 

where 𝑄𝑇𝐷𝑀 is the measured methane emission rate applying equation [1] and 𝑄𝑎𝑐𝑡𝑢𝑎𝑙 is the total 

landfill methane emission rate used in the model. 

Using the meteorological conditions associated with the various individual transects measured in the 

TDMs, AERMOD was used to generate ground level (+2 m) transects of C2H2 and CH4 at varying downwind 

distances from the site using different surface roughness values. Equation 1 was applied to these transects to 

estimate a methane flux, which was then compared to the known methane flux in the model to calculate a 

measurement error. Equation 2 was used to produce a RMSD value for each model generated transect, which 

was plotted against the measurement error in Fig. 5. This indicates that when 𝑅𝑀𝑆𝐷 ≤ 0.10 the 

measurement error was always less than 10%, and consequently we define full-mixing conditions as being 

satisfied when 𝑅𝑀𝑆𝐷 ≤ 0.10. It does not always follow that an RMSD value > 0.10 will necessarily result in 

poor measurement error, but values less than 0.10 always resulted in acceptable modelled results. 
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Fig. 5. RMSD versus measurement error in AERMOD simulations. 

 

Foster-Wittig et al., 2015 used the R2 correlation coefficient of a plot of CH4 versus C2H2 concentrations 

as an indicator of mixing, rejecting any transects with an R2 value of less than 0.8. When the same test was 

applied to transects with an RMSD of <0.1, the corresponding R2 value was always greater than 0.8. 

The measurement error was normally positive (i.e. methane estimates from the transects was more than 

the actual) although some errors, especially for TDM 2 were negative. The possible reasons accounting for 

error are explored further in section 4.  

Fig. 6 shows the RMSD results of the AERMOD simulations for the two different tracer release tests, 

TDM2 and TDM3; it can be seen that full mixing conditions were achieved at approximately 2600 m and 

2300 m, respectively.  

Equation 2 was also applied to the experimental data generated in TDM2 and TDM3 in exactly the same 

way as for the AERMOD simulations. For each TDM there were a number of different transects, sometimes 

at different monitoring distances from the landfill. The average RMSD for the different experimental TDMs 

at different distances are shown on Fig. 6 in comparison to the AERMOD generated values. 

The limited experimental data generally matches the AERMOD simulations. RMSD for TDM2 reduces 

at increasing distances downwind, and the single experimental data point for TDM3 lies on the modelled 

curve.   
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Fig. 6. Trend of the RMSD parameter with the increasing distance from the landfill for the two days of the campaign. Symbols 
represent the average RMSD value based on the measured concentration transects (TDM2, 2000 m and 6700 m, TDM3, 2200 m) the 
experimental data, while the lines refer to modelled data. Distance is measured radially from landfill centre, perpendicular to the 
wind direction. 

 

4 ANALYSIS AND DISCUSSION 

The calibrated AERMOD model was used as a tool to explore the effect of different meteorological and 

operational factors on the FMD. This included the effect of mixing conditions over the full height of the 

Planetary Boundary Layer (PBL), the influence of land-use (terrain), meteorology and the location of 

different numbers of tracer gas release cylinders. Some of the analyses were derived from simulations of the 

study site, and others from a more general theoretical approach, but in all instances the interpretation of 

results is considered by the authors to be applicable to many other landfill sites, especially those in the UK 

which share similarities with the study site in terms of climatic and topographic conditions.  

 

4.1 Investigation of full mixing condition above ground level 

The TDM campaigns usually measure the pollutant concentrations at heights of about 2 metres above 

the ground, without concentration data being collected at higher heights. The use of equation [1] is in 

principle valid only if the full-mixing condition is satisfied over the entire plume’s height, which can vary 

between 200 and 2000 m [Collaud Coen et al., 2014]. However, during experiments, full-mixing conditions 

can only be experimentally checked at ground level. An unanswered question, is whether full mixing 

conditions measured only at ground level represent acceptable estimates of methane emissions across the full 

PBL? To answer this question simulations were run to investigate to what extent full vertical mixing can be 
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expected over a range of distances from the landfill and with different meteorological conditions. Secondly, 

simulations were used to investigate the uncertainty associated with methane estimations by means of 

equation [1], when full mixing conditions were achieved at ground level and not achieved at higher heights.  

AERMOD allows the location of receptors to be placed from ground level through the full vertical 

height of the PBL. Mixing conditions over the entire plume height were investigated for TDM2 and TDM3 

by placing receptors at increasing longitudinal distances from the landfill and at different heights above 

ground surface (Z). RMSD was calculated for transects of plumes at different heights above the ground (Z = 

2 - 150 m). Fig. 7 shows the simulated results associated with TDM2 and TDM3, which demonstrate that the 

full mixing condition is dependent on measuring height above the ground. This is particularly evident for 

TDM2 (Fig. 7a), where ground level analysis would suggest a FMD (RMSD ≤0.10) is achieved at ~2500 m, 

whereas at heights more than 75 m, FMD increases to ~4000 m. For TDM3 (Fig 7b), the effect is less clear, 

though still apparent at higher measuring heights. The main difference between TDM 2 and TDM 3 is that 

stable atmospheric conditions are present in TDM2. It is most likely that the increased turbulence associated 

with TDM 3 resulted in better vertical and horizontal mixing of the tracer gas and methane plumes.  

 

 

Fig. 7. Trend of RMSD based on simulations at different heights above the ground (Z) for a) TDM2 and b) TDM3.  
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The AERMOD calculated measurement error for a ground level generated transect for TDM2 at a 

distance of 2300 metres was 10.2% and corresponds to the finding in Fig. 5 that as long as RMSD <0.10, 

measurement errors are at most ~10%. This indicates that incomplete vertical mixing did not unduly affect 

methane emissions based on ground-level concentration monitoring where full mixing had been achieved. 

 

4.2 The influence of surface roughness on FMD 

Section 3.1 identified the sensitivity of the model to surface roughness, and calibrated the model to a Z0 

value of 0.01 m, which correspond to a grassland land cover. Surface roughness values vary considerably 

according to land cover namely, from 0.001 for open water to 1.3 for evergreen forest [EPA 2013 ]. Using 

meteorological and source conditions measured during the TDM campaign, simulations of RMSD as a 

function of monitoring distance were run by varying Z0 between 0.002 m to 1.3 m and placing receptors at 

ground level.  

Fig. 8 shows results pertaining to TDM3, with similar results obtained for TDM2 (not shown). FMD 

varies from <1 km to >3km downwind of the site depending on Z0. From an operational point of view, it is 

important to run simulations covering the full range of plausible Z0 values to ensure that monitoring routes 

for TDM experiments are at distances where full mixing is reached. Ideally this should be based on 

conservative choices of Z0 values, but as monitoring route locations are usually restricted, knowing the 

sensitivity of FMD to Z0 is useful information for the operator.  

 

 

Fig. 8. Trend of the RMSD parameter with the increasing distance from the landfill centre using different surface roughness values 
based on the meteorological data of TDM3. Receptors are placed at ground level. 
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4.3 The influence of meteorological parameters on FMD 

According to AERMOD’s formulation of lateral dispersion [Cimorelli et al., 2004], wind speed and 

sensible heat flux are the meteorological parameters that have the most influence on lateral dispersion and 

consequently the FMD. Specifically, wind speed affects the mechanical production of turbulence (i.e. 

turbulence generated by shear), while the sensible heat flux drives turbulence in its convective form, i.e. 

turbulence driven by temperature gradients. In AERMOD, both sources of turbulence are lumped into a 

lateral dispersion parameter that is expressed as follows: 

 

𝜎𝑦𝑎 =
𝜎𝑣 ∙ 𝑥

𝑢 ∙ (1 + 𝛼𝑋)𝑝
    [3] 

 

where 𝑥 is the distance (m) from the source, 𝑢 is the wind speed (m/s) along the longitudinal direction, 

𝛼 = 78 and 𝑝 = 0.3 are two free parameters that are set as constants. 𝑋 is a dimensionless term, which 

accounts for lateral turbulence intensity 𝜎𝑣 (m/s): 

 

𝑋 =
𝜎𝑣 ∙ 𝑥

𝑢 ∙ 𝑧𝑖
 

 

where 𝑧𝑖 is the mixing height (m), defined as the highest value between the mechanical and convective 

mixing heights. The lateral turbulence intensity is calculated using: 

 

𝜎𝑣
2 = 𝜎𝑣𝑐

2 + 𝜎𝑣𝑚 
2  [4] 

 

where 𝜎𝑣𝑐
2 = 0.35 ∙ 𝑤∗

2 and 𝜎𝑣𝑚
2 = [

𝜎𝑣𝑚
2 {𝑧𝑖𝑚}−𝜎𝑣0

2

𝑧𝑖𝑚
] 𝑧 + 𝜎𝑣0 

2 are respectively the convective and 

mechanical turbulence component (m2/s2). 𝑤∗ is the convective velocity scale (m/s) and 𝜎𝑣0
2 = 𝐶 ∙ 𝑢∗

2, where 

C ranges between 3 and 5 and 𝑢∗ is the friction velocity (m/s). Finally, 𝜎𝑣𝑚
2 {𝑧𝑖𝑚} = 𝑀𝐼𝑁[𝜎𝑣0

2 ; 0.25𝑚2/𝑠2]. 

Simulations were carried out using a range of heat flux (H) and wind speed combinations (Table 3), Z0 

was fixed at 0.01 m and the wind direction from the east. Receptors were placed at increasing distances from 

the landfill, 2 metres above the ground. The results of the simulations are shown in Fig 9. It is clear that the 

influence of the heat flux on the FMD decreases with increasing wind speed. For velocities greater than 15 

m/s, the heat flux does not influence the FMD. The least favourable conditions are those associated with a 

wind speed <3 m/s and a sensible heat flux <30 W/m2, where both mechanical and convective turbulence are 

very low. These conditions lead to the largest distances (~ 4 km) before full mixing conditions are achieved.  

Interestingly, the model indicates low FMDs for low wind speed and (high) positive heat fluxes. 

However, these results must be viewed with caution, and may reflect a limitation of AERMOD. Experience 
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of running TDM campaigns (Rees-White et al., 2018) indicates plumes are often not detected at ground level 

during periods of high heat flux (e.g. middle of summer days) as strong convective forces rapidly transport 

the gases to high heights.  

Overall the simulations suggest that the FMD decreases for increasing wind speed and this is reasonable 

because higher wind speeds cause greater (mechanical) turbulence and, ultimately, lateral dispersion. This 

trend is generally valid except for wind speeds lower than 4 m/s and sensible heat fluxes greater than 30 

W/m2 whereby Fig. 9 shows an increasing trend of FMD with increasing wind speed. It is suggested that this 

rather counter-intuitive result is associated with how the lateral dispersion parameter depends on the velocity 

u in equation [3]. Whether this trend reflects real physics is something that goes beyond the scope of this 

paper and should be investigated further. 

 

Table 3: Wind speed and heat flux values used in the AERMOD simulations to evaluate the influence of meteorological parameters 

on full mixing distance. 

Wind Speed [m/s] 2 5 10 15 20 

Heat Flux [W/m2] <0 10 30 75 150 

 

 

Fig. 9. Full mixing distance (FMD) from the landfill centre with varying wind speed and heat flux; H (W/m2). 

 

Fig. 9 suggests that high wind velocities may be desirable in tracer gas experiments, as they contribute 

to a decrease in the FMD. However, tracer gas dilution should also be taken into consideration. Fig. 10 

shows acetylene peak concentrations at increasing distances from the landfill, obtained from simulations 

where the sensible heat flux was fixed at H=10 W/m2 and the wind speed varied from 5 m/s to 15 m/s. The 

threshold line identifies the detection limit a typical cavity ring down (CRD) analyser for acetylene (0.4 ppb 

= 0.46 μg/m3) such as the one used in the experimental trials. Fig. 10 shows that the more the wind speed 

increases, the more the tracer gas is diluted and the sooner the plume becomes undetectable by the 

instrumentation. This means that ideal velocities should allow for short FMDs as well as avoiding excessive 
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dilution. As a simple rule of thumb, it was observed that wind velocities within the range of 4-8 m/s may 

satisfy this trade-off. This agrees with Foster-Wittig et al. (2015) who concluded that best results were 

achieved from the tracer gas dispersion method under “moderate” wind speeds, less than 10 m/s. 

 

 

Fig. 10: Acetylene peak concentrations at increasing distance from the landfill centre and with varying wind speed. The heat flux is 
fixed to 10 W/m2. The threshold represents the detection limit of a typical CRD acetylene analyser (0.40 ppb). 

 

4.4 The influence of tracer cylinder placement and wind direction on measurement error and FMD 

The optimum number and correct placement of tracer gas cylinders on the landfill surface is key to 

accurate TDMs. How these two variables influence the RMSD and measurement errors (and ultimately, the 

quality of TDMs) is not yet clear (Taylor et al. 2016). In order to investigate this issue a large number of 

simulations were undertaken by varying the number of cylinders, their positioning within the landfill and the 

wind direction. Wind speed, heat flux and surface roughness were kept constant at 5 m/s, 30 W/m2
 and 0.01 

m, respectively. These are realistic values as observed during the experimental campaign and from the model 

calibration procedure (section 3.2). In agreement with the results of Taylor et al. (2016) and Mønster et al. 

(2014), the simulations confirmed that cylinders placed close to the centre of a landfill result in the lowest 

measurement errors at different distances downwind. Fig. 11, as an example, displays results from 

simulations with the wind from the south and three acetylene tracer gas cylinders positioned in five different 

configurations. In this case, configuration 5 (best reflecting the centre of the landfill when the irregular 

topology is taken into account) resulted in the lowest measurement error. It was also observed that tracer gas 

cylinders placed downwind of the centre of the site (configuration 3) resulted in under estimation of methane 

emissions at monitoring distances up to 4 km from the site, whereas gas cylinders on the upwind side of the 

site (configuration 1) significantly overestimated emissions. Finally, it is worth noting that configurations 

characterised by small measurement errors are not necessarily associated with low RMSD values.  

Although the agreement with the literature is encouraging, it is not clear to what extent the results 

obtained from these simulations can be considered of general validity because of the site-specific landfill 
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conditions including geometry, methane emission pattern, topography, and meteorological and roughness 

conditions. It was therefore decided that further insights could be obtained by performing idealised 

simulations of a circular and homogeneous landfill in flat terrain, which rules out the effects landfill 

geometry and topography. Meteorological (and roughness) conditions as well as number and placement of 

tracer gas cylinders were extensively varied in order to identify (i) the appropriate number of cylinders to be 

used for a given landfill size, and (ii) to better understand how cylinders’ placement and number influence 

RMSD and measurement error of TDMs.  

 

Fig. 11. a) Tracer configurations using three tracer gas cylinders with wind from the south; b) Measurement error; c) RMSD; d) 
Measurement error with y-axis zoomed to show detail. 

 

The landfill was modelled as a circular area within a flat terrain and its radius (R) was incrementally 

increased from 100 up to 750 metres. We compared meteorological and terrain parameters that led to very 

good mixing of tracer gas and methane (wind speed, heat flux and surface roughness equal to 8 m/s, 45 

W/m2 and 0.1 metres respectively) with conditions that led to poor mixing (wind speed, heat flux and surface 

roughness equal to 4 m/s, 15 W/m2 and 0.01 metres respectively). Fig. 12 shows the results obtained using 

one gas cylinder placed centrally in the idealised landfill. When downwind monitoring distance is normalised 

against landfill radius all plots of measurement error for different landfill sizes are closely bounded (Fig 

12b). The effect of meteorological conditions that encourage good versus bad mixing has little impact on 

measurement error (Fig. 12b), although mixing strongly affects RMSD (Fig. 12a). For the specific conditions 

a) 
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modelled, which includes an aerially homogeneous emission area, if measurement errors are to be 

constrained within 10% then the monitoring distance downwind should be approximately 2.5 times the 

landfill radius; for errors less than ~5% the downwind monitoring distance should be approximately 3.5 

times the landfill radius. Further modelling is required to test the validity of this conclusion for other 

combinations of meteorological conditions, and heterogeneity in surface roughness values and emissions.  

 

 

Fig. 12. a) RMSD and measurement error b) with ratio of distance downwind (x) to landfill radius (R). One cylinder release point is 
placed in the landfill centre. The red and blue lines refer to meteorological conditions that encourage and discourage full mixing, 
respectively.  

 

Fig. 13 shows the RMSD trend when the landfill radius is fixed at 750 metres (approximately the 

average dimensions of the study site) and the number of tracer release points is increased from 1 through to 

4. The analysis indicates that increasing the number of gas cylinders perpendicular to the wind direction has 

no influence on measurement error (Fig 13b), although it has a major impact on RMSD (Fig 13a). The 

explanation for this is that the TDM method requires that both tracer and source gas disperse, both laterally 

and vertically, in a similar manner in a downwind direction. This is usually interpreted as requiring that 

source and tracer gas plume transects match, which is a sufficient but not a necessary requirement. Consider 

the case of a single point source of methane co-located with a point source of tracer gas emitting at a 

different rate. At all locations downwind the source gas and tracer gas will have dispersed in exactly the 

same manner, and theoretically the application of the TDM technique would result in identically shaped 

normalised plume transects (i.e. RMSD=0) and zero measurement error. If, in this theoretical situation, the 

tracer gas is moved perpendicular to the wind direction and if it is further assumed that the manner in which 

the tracer gas disperses does not change, then the tracer gas plume will continue to give zero error as long as 

it is measured at exactly the same distance downwind as the source plume. The plumes do not even have to 

overlap, a situation which would result in RMSD=1.   

Previous TDM campaigns have tended to locate tracer release cylinders as close to the areas assumed to 

be emitting methane as practically possible. The ideal location for a single tracer gas release point is in the 

centre of an emitting area. Where more than one cylinder is used and in the case of aerially distributed and 

homogenous methane sources (as modelled here), Fig 13c and Fig 13d, show that increasing the number of 

a) b) 
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cylinders parallel to the wind direction may result in lower measurement error at locations close to the 

landfill. However, there is little benefit of using more than one tracer gas release point if monitoring is 

undertaken at distances greater than 2500 m downwind. The RMSD value associated with cylinders placed 

parallel to the wind is independent of the number of cylinders used.  

Fig. 14 investigates the relationship between wind direction and measurement error for different 

numbers of tracer gas cylinders. We report the downwind TDM monitoring distance for a 750 m radius 

landfill at which measurement error is 10%. The modelled conditions were wind speed 5.5 m/s, heat flux 15 

W/m2, and surface roughness 0.01 m. As reported above, when the wind direction is perpendicular (90°) to 

the line of cylinders, the measurement error (at a given downwind distance) is independent of the number of 

gas cylinders. This effect occurs at wind directions between 75° and 90°. At a wind direction between ~45° 

and 60° an improvement in measurement error occurs if the number of cylinders is increased from one – 

however, there is no difference whether two, three or four cylinders are used. When wind direction is 

between 0° (parallel) and ~30° then four gas cylinders provide the lowest measurement errors: two or three 

gas cylinders provide similar results. 
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Fig. 13. Trend of the RMSD parameter and measurement error for a) and b) wind perpendicular to, and c) and d) wind parallel to 
cylinder orientation. The landfill radius is 750 m. The wind speed and the heat flux are 5.5 m/s and 15 W/m2, respectively. 

 

 

 

 

 

b) d) 

a) c) 
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Fig. 14. Monitoring distance where measurement error is 10% considering 1 to 4 gas cylinders and wind direction varying from 0° to 
90°. The landfill radius is 750 m. The wind speed, heat flux and surface roughness are 5.5 m/s, 15 W/m2 and 0.01 m, respectively. 

 

4.5 The use of Gaussian dispersion models for planning and analysing tracer gas dispersion tests 

 

The ability to use downwind plumes of the known release of tracer gas to calibrate Gaussian dispersion 

models that includes topography, like AERMOD, provides a valuable tool to help analyse the results of 

TDM surveys on landfills. In this study, where the surrounding land-use was grassland (or crops) this 

approach worked very well. It was not successful when the wind direction meant that the plumes were 

passing over industrial and residential areas, but this does not mean that this is a general exception – 

additional work is required to investigate this further. 

A pre-configured AERMOD type model with reasonable estimates of roughness coefficients allows pre-

planning of TDM tests to be undertaken, for a range of wind speeds, wind directions and in stable and 

unstable meteorological conditions. A desk-study of the surrounding land-use (e.g. through satellite imagery) 

would allow approximate roughness coefficients (Z0) depending on wind direction to be estimated. This 

could then be verified by on-site acetylene releases. In particular, the number and placement of tracer 

cylinders can be investigated to provide an indication of how far downwind monitoring needs to be 

undertaken for full-mixing conditions to be established. The nature of the emission source is of course an 

unknown model variable, but by considering a variety of extreme emission behaviours, (e.g. homogenous 

emissions and/or a small number of hotspots) then insights can still be learned, measurement error can 

potentially be bounded and a relationship between RMSD and measurement error established. 

Although RMSD is not an absolute indicator of whether a low measurement error can be achieved, low 

RMSD does usually lead to low measurement error. As a tool to the user it has the advantage that it is a 

parameter that could be calculated in real time as TDM surveys are being undertaken. If prior modelling has 

given the operator an understanding of the relationship between RMSD and error for different cylinder 
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positions and a range of wind speeds, then it could potentially become a very useful tool to help run 

campaigns to minimise error.  

The speed of running Gaussian models also creates the possibility that a pre-configured model could 

allow some on-site analysis of data during a monitoring campaign, which could positively influence 

decisions about the ongoing planning of TDM tests.  

 

5 CONCLUSIONS AND FUTURE WORK 

The Gaussian model AERMOD was used to investigate the possibility of using simple atmospheric 

dispersion models to support TDM campaigns. A sensitivity analysis indicated that surface roughness has the 

most significant influence on the calibration of the model. Calibration of the model against field data 

indicated that AERMOD’s default surface roughness values for a land-use of grass, which matched the land-

use surrounding much of the site, were applicable and provided a good match between experimental and 

modelled results. This provides confidence that, for planning purposes, a desk study that identifies the 

surrounding land-use will help configure the model appropriately. The results show that measured acetylene 

concentrations can be used to further calibrate the model.  

The calibrated model was used to evaluate the actual TDM campaigns carried out, which involved a 

number of different tracer gas release points within the curtilage of the landfill and different meteorological 

conditions over a number of days. A uniform aerially distributed methane release was assumed and transects 

of tracer gas and methane produced at varying downwind distances at 2 metres above ground level, where a 

typical measurement campaign would be performed. RMSD was used as an indicator of the degree to which 

acetylene tracer gas and methane plumes were well-mixed, with mixing increasing the further downwind the 

plumes have travelled. Full mixing conditions are defined when RMSD < 0.10, which occurred at full mixing 

distance (FMD) downwind of the site. The measurement error associated with plumes that were fully mixed 

(RMSD < 0.10) were always less than 10% for the site modelled.  

The calibrated model was used to investigate mixing conditions across the entire plume height for the 

actual TDM campaigns carried out. It was observed that full mixing conditions at ground level do not imply 

full mixing over the entire plume height. However, when full mixing conditions were satisfied at ground 

level, then the error introduced by variations in mixing higher up were always less than 10%. 

The influence of meteorological and terrain parameters on FMD was investigated, considering a wide 

range of roughness length, wind speed and sensible heat flux values. Simulations demonstrated that surface 

roughness highly influences the FMD. High surface roughness values encourage mechanical turbulence and 

lateral dispersion, reducing the full mixing distance. Furthermore, although the model suggests that high 

values of wind speed and heat flux reduce the FMD, these meteorological conditions can cause excessive 

dilution. Low wind speeds are also not favourable for TDM campaigns as they are associated with large 

values of FMD. The modelling indicated an optimal wind speed for TDM campaigns of between ~4-8 m/s. 

The influence of the number and placement of tracer gas cylinders on measurement error and FMD was 
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investigated. The Gaussian model AERMOD replicated the results of others that measurement error was 

lowest when tracer was released from the centre of an emitting area when assuming homogenous methane 

emissions. A theoretical study of a circular landfill with homogenous emission of methane indicated that the 

distance downwind at which monitoring should be undertaken was approximately 2.5 times the landfill 

radius to achieve measurement errors less than ~10% and 3.5 times the landfill radius for measurement errors 

less than ~5%. There was little difference in measurement error between meteorological conditions that 

encouraged good atmospheric mixing and those that resulted in poor mixing. Further work is required to tests 

the general applicability of this finding.  

In terms of measurement error, there was no difference whether tracer gas was released from a single 

point in the middle of the theoretical circular site, or from a line of gas cylinders across the middle of the site 

perpendicular to the wind direction. However, increasing the number of cylinders parallel to the wind 

direction resulted in lower errors. This is presumably a result of a better representation of the source along 

the longitudinal direction, which creates a distribution of tracer fetches downwind that better reflects the true 

distribution of fetches of the source plume. There was a strong correlation between wind direction relative to 

the number and orientation of a line of tracer gas cylinders. This finding has potential implications on the 

running of TDM surveys, although further modelling work is required to understand how this relates to 

emissions that are more heterogeneous.  

RMSD is not an absolute indicator of whether a low measurement error can be achieved, although low 

RMSD values do usually lead to low measurement error. RMSD is a parameter that could be calculated in 

real time as TDM surveys are being undertaken, and is potentially a useful tool during monitoring campaigns 

to help minimise measurement errors. This is especially true if the operator has developed an understanding 

of the relationship between different tracer release positions and a range of wind / directions from prior 

modelling.  

The results of this research relate to a single experimental study site, but the results are applicable to 

other sites. Future works will focus on analysing the landfill emission heterogeneity and the possibility to use 

simple models to consider a large number of scenarios, helping further TDM campaigns. 
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