
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Papers in Natural Resources Natural Resources, School of 

7-27-2022 

Comparing airborne algorithms for greenhouse gas flux Comparing airborne algorithms for greenhouse gas flux 

measurements over the Alberta oil sands measurements over the Alberta oil sands 

Broghan M. Erland 

Cristen Adams 

Andrea Darlington 

Mackenzie L. Smith 

Andrew K. Thorpe 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.unl.edu/natrespapers 

 Part of the Natural Resources and Conservation Commons, Natural Resources Management and 

Policy Commons, and the Other Environmental Sciences Commons 

This Article is brought to you for free and open access by the Natural Resources, School of at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Papers in Natural 
Resources by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 











Supplement of Atmos. Meas. Tech., 15, 5841–5859, 2022
https://doi.org/10.5194/amt-15-5841-2022-supplement
© Author(s) 2022. CC BY 4.0 License.

Supplement of

Comparing airborne algorithms for greenhouse gas �ux measurements
over the Alberta oil sands

Broghan M. Erland et al.

Correspondence to:Broghan M. Erland (erland@ualberta.ca)

The copyright of individual parts of the supplement might differ from the article licence.



1 

 

1 Mass-balance Box-flight Algorithm Theory Overview 

The two mass-balance box-flight algorithms fundamentally differ in their parameterization of the emission flux and the mass-

balance system of equations: SciAv simplifies the process to one flux and one mass-balance equation, whereas TERRA 

includes several flux terms to solve two mass-balance equations. Both algorithms require the same fundamental assumptions, 

but their approaches to quantifying the uncertainty in meeting those assumptions and estimating emissions differ. TERRA 5 

evaluates the entire dynamic system and estimates integral terms of a mass-balance equation used to derive an overall total 

flux (Gordon et al. 2015). 

1.1 Top-Down Emission Rate Retrieval Algorithm (TERRA) 

A strength of the TERRA model is its ability to capture and account for all the flux dynamics such as the emission vertical 

flux transport, chemistry, and deposition. It evaluates individual integral terms for the system of fluxes then adds them 10 

collectively. TERRA parameterizes a system of equations to derive flux and solves two mass-balance equations to estimate 

emissions (Gordon et al. 2015). Two common flux motions include advective transport following flow, and turbulent quasi-

random, swirling traverses (Vinuesa and Galmarini 2009). The first mass balance equation for TERRA constrains the emission 

mixing ratio concentrations within the sampling box (the control volume), for each integral E term: 

EC =  EC,H + EC,HT +  EC,V + EC,VT + EC,VD − EC,m − EC,X (1) 15 

Where C is the emission of interest (in this study CH4 or CO2), H the horizontal advective flux through the box walls, HT the 

horizontal turbulent flux through the box walls, V the advective flux through the box top, VT the turbulent flux through the 

box top, VD the deposition of flux to the ground, m the mass increase within the box due to air density change, and X the mass 

increase within the box due to chemical changes. Figure S 1 depicts the flux directions of each E integral term in Equation 1 

given a cylindrical flight path to create the ‘box’. The walls of the box are the boundaries of the flight laps and arrows depict 20 

the flux that is occurring given a western wind (from the left).  
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Figure S 1: The TERRA integral E terms of Equation 1 with arrows depicting their contribution to estimating emission flux through 

the ‘box’, or volume. 

The second mass balance TERRA equation accounts for air flow in the control volume:   25 

0 =  Eair,H +  Eair,V −  Eair,M (2) 

Where the three terms are: H the horizontal advective flux of air through the sides of the box, V the advective flux through the 

box top, and M the change in the airmass within the box respectively. The integrals are estimated using input variables derived 

directly from the raw data collected, or through functional equations as described in the methodology paper published by 

Gordon et al. (2015).  30 

 

There are seven error terms (δ) defined in methodology of TERRA that relate to the calculation of the integral terms in Equation 

1 which are added in quadrature to estimate the total uncertainty (δTERRA
2 ) in the emission rate estimate (Gordon et al. 2015). 

δTERRA
2 =  δM

2 +  δEx
2 +  δWind

2 + δTop
2 +  δdens

2 + δVT
2 + δBH

2 (3) 

The seven error terms in Equation 3 pertain to the uncertainty in: measurement (δM
2 ), near surface extrapolation of the mixing 35 

ratio (δEx
2 ), near surface extrapolation of the wind (δWind

2 ), the box-top mixing ratio (δTop
2 ), the change in air density (δdens

2 ), 

the vertical turbulent flux (δVT
2 ), and the boundary layer height (δBH

2 ). The largest error term of the method is the extrapolation 

of the mixing ratio from the lowest flight to the near-surface (Gordon et al. 2015). Mixing ratio surface extrapolation is chosen 

as either background, constant, background to constant, linear, or as an exponential fit depending on the location and dispersion 

of the plume and boundary layer conditions (Gordon et al. 2015). The contribution of the error of the vertical turbulent mixing 40 

term has been found to be functionally negligible and has been dropped from the overall calculation in TERRA (Baray et al. 

2018; Gordon et al. 2015). The other uncertainty terms of TERRA are calculated from measuring the wind and mixing ratios, 

estimating the range in the box-top mixing ratio, calculating the uncertainty due to the height flown to capture the plume, and 

assessing atmospheric stability from the temperature and pressure ratios (Gordon et al. 2015).  
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1.2 SciAv Gaussian Plume Inversion Algorithm 45 

The SciAv model simplifies the dynamics within the box to estimate flux due to emissions from within the box. It assumes 

that the vertical flux is zero and that there is no flux deposition to the ground, so that only the horizontal flux needs to be 

estimated. As the name would suggest the Gaussian theorem algorithm utilizes Gauss’s theorem, also known as the Divergence 

Theorem, for relating a volume integral to an integral of a surface (the laps) enclosing the volume (the box). Conley at al. 

(2017) use the measurements to directly evaluate the balance budget of Equation 4 as described in their methods: 50 

Qc =  〈
∂m

∂t
〉 + ∫ ∮ c′uh ∙ n̂dldz

zmax

0

(4) 

The definition of terms and diagram of the SciAv method given a cylindrical ‘box’, derived from the laps of the flight path, is 

shown in Figure S 2. Equation 4 is used to calculate the mean flux divergence for each lap. An enhancement of the mixing 

ratio occurs when the emission plume is captured within a lap and a positive divergence is calculated. Bins are created for 

ranges of altitudes and the lap estimates are aggregated into bins according to altitude and average flux values are estimated 55 

for each bin as described by Conley et al 2017. The bin averages are multiplied by the height of their respective bin then 

summed together. The lowest bin average is extrapolated to the ground as a constant to estimate the emission to the surface, 

multiplied by its bin height, then added to the other bin estimates to produce the total emission. The final flight emission 

estimate is the result of this discrete integration of bins of averaged lap estimates over the entire flight altitude. 

 60 

Figure S 2: The SciAv method simplifies the mass-balance equation to one instantaneous flux to calculate the overall horizontal sum 

of the source and sinks within the ‘box’, or volume. 

 

SciAv defines three error terms that are added in quadrature to estimate the uncertainty (δSciAv
2 ) in the final emission estimate:  

δSciAv
2 =  δM

2 +  δflux divergence
2 +  δtemporal

2 (5) 65 

The first term is the measurement error (δM
2 ) which contributes the smallest amount to the final estimate error (Conley et al. 

2017). The second is the flux divergence error (δflux divergence
2 ) and is calculated by summing the variance of the flux 

divergence estimates within each bin. The error of the surface extrapolation is estimated as twice the error of the lowest bin 
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and included in the flux divergence term (Conley et al. 2017). The flux divergence error accounts for the stochastic variation 

in plume capture for each lap and is often the largest component of the total error. The third error term is the temporal variance 70 

(δtemporal
2 ) and is a measurement of the stationarity of the plume. The error due to the time rate of change is extracted from a 

regression of the emission density over altitude and time (Conley et al. 2017).  

 

Use of the TERRA Algorithm in Further Detail 

To use TERRA (top-down emission rate retrieval algorithm), the appropriate surface extrapolation needed to be chosen and 75 

the emission screens assessed, the error terms calculated, and a background value calculated to use specific fits for each flight. 

This section outlines the processes to evaluate those four requirements as instructed by Environment and Climate Change 

Canada (ECCC).  

1.3 TERRA Flight Screens 

The emission screens produced by TERRA after fitting the chosen surface extrapolation are shown in Figure S 3 - 12. The left 80 

y-axis gives the altitude above ground level in meters, the right hand the colour scale of CH4, or CO2 in ppm. The length along 

each lap, denoted as s(m), is plotted for each s location in meters along the x-axis with the direction of sampling overlaid. The 

surface is shown as grey and the gap between sampling has been filled in by the surface extrapolation. Most figures show a 

concentrated plume surrounded by a blue of background mixing ratio concentrations. The extent of the dispersion of the F04 

CH4 is noticeable in Figure S 9. The surface extrapolation sometimes estimates a decreasing emission plume towards the 85 

surface as per Figure S 4 and S 12. This leads to a larger range in the mixing ratio and a change from the typical royal blue 

background colour to a lighter shade such as cyan, or even light green to adjust for the lower scale. The background values are 

not affected by the change in colour. Aside from F04, the flight data used in the comparison analysis represent standard 

emissions screens for the TERRA method.  

 90 

To use the interpolate, or background fit options, TERRA requires estimates of background concentrations of the desired gas 

present in the atmosphere, unrelated to the emission source. As part of ECCC’s methodology for TERRA, ideally independent 

samples are gathered to estimate the background mixing ratio value of each gas for a box-flight. Background values are used 

in the surface extrapolation for the “background” and “linear interpolate to background” fits. The data gathered by Scientific 

Aviation for this analysis did not have independent samples, so the background mixing ratios were determined by inspecting 95 

the histogram of concentrations, removing the tail of enhanced emissions, then fitting a normal distribution to the values and 

estimating the background value as the mean of the distribution. Results are given in Table S 1. The background values used 

are given in Table S 2. 
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Table S 1: TERRA emission rate estimates using the method’s five surface extrapolation fits in kilograms per hour for CH4 and 

tons per hour for CO2. 

Flight 
Surface 

Extrapolation 

CH4 Emission 

(kg h -1) 

CO2 Emission 

(t h -1) 

F01 Constant 4320 1220 

F01 Linear 4810 1340 

F01 Interpolate 3710 1040 

F01 Background 2910 503 

F01 Exponential 4460 1200 

F02 Constant 412 535 

F02 Linear 424 544 

F02 Interpolate 395 515 

F02 Background 369 485 

F02 Exponential 414 543 

F03 Constant 457 459 

F03 Linear 476 467 

F03 Interpolate 416 401 

F03 Background 364 326 

F03 Exponential 475 468 

F04 Constant 125 589 

F04 Linear 104 572 

F04 Interpolate 123 569 

F04 Background 119 543 

F04 Exponential 122 589 

F05 Constant 3540 882 

F05 Linear 3910 877 

F05 Interpolate 3150 8410 

F05 Background 2630 790 

F05 Exponential 3680 1220 
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Figure S 3: The TERRA screen for F01 CH4 in ppm. Altitude measured in meters is shown along the left y-axis and the 

colour bar on the right depicts the mixing ratio gradient in ppm. The s location along each lap in meters, all in scientific 105 

notation, is plotted along the x-axis as s(m) with the direction of sampling overlaid. The ground is shown in grey. 

 

Figure S 4: Same as Figure S 3 for flight F01 CO2 (ppm). 
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Figure S 5: Same as Figure S 3 for flight F02 CH4 (ppm). 110 

 

Figure S 6: Same as Figure S 3 for flight F02 CO2 (ppm). 
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Figure S7: Same as Figure S 3 for flight F03 CH4 (ppm). 

 115 

Figure S 8: Same as Figure S 3 for flight F03 CO2 (ppm). 
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Figure S 9: Same as Figure S 3 for flight F04 CH4 (ppm). 

 

Figure S 10: Same as Figure S 3 for flight F04 CO2 (ppm). 120 
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Figure S 11: Same as Figure S 3 for flight F05 CH4 (ppm). 

 

Figure S 12: Same as Figure S 3 for flight F05 CO2 (ppm). 


