
Reply to Reviewer number 1, Anynymous review  
 
Dear Anonymous Referee, 
 
Thank you for your thorough review of our manuscript. Hereby I present the replies to all 
your comments (in green).  
 
General comments 
 

• Perhaps the title can be a little more specific on the type of sensor being tested. Many 
in situ methane sensors have been tested so it might be nice to add some more details 
on which one, to emphasise the novelty of this work. 

o We changed the title to: Evaluating the performance of a cost effective in situ 
methane sensor for UAS-based systems and its ability to quantify facility-scale 
emissions.”  In this case, the title is less generic and incorporates the general 
comment of this reviewer and anonymous reviewer number 3.  
 

• The authors have based their description of different UAV flux techniques in the 
introduction on a small number of references with limited newer citations. Lots of 
work has been done on testing different near-field flux quantification methods in 
recent years. In addition, perhaps some more recent UAV flux results could be 
included in the discussion section for uncertainty comparisons. 

o Additional, and newer references were added to the introduction 
 

• The linearity test is not really a linearity test. This section presents the results from a 
simple calibration, which is fine as a calibration. However, to evaluate linearity, one 
must evaluate the goodness of the linear fit. This may be quantified using the root-
mean-squared error of the fit, for example. Without any indication of the quality of the 
linear fit, the linearity remains unknown. An identity line (or one-to-one) fit does not 
necessarily mean that an instrument is linear, as the data could average out to provide 
a gain factor of unity over the full sampled range, but different parts of the sampled 
range may deviate from the linear fit. 

o Thank you for your comment, we added a plot of residuals vs. measured 
concentrations to Appendix B. We believe this test shows the linearity of the 
system over the range 20 – 2 ppm. The residual plot confirms this linearity 
nicely.  
 

• A water correction coefficient derived at approximately 81 ppm was applied to all 
sampling data. This seems like a strange approach. It is indeed a useful test to confirm 
that the coefficient remains constant over a large methane mole fraction range, but 
this is not useful to derive a single universal coefficient, for application to all methane 
mole fraction levels. It would be better to derive such a coefficient at an ambient 
methane mole fraction level, where most UAV sampling takes place. Unless the 
authors can confirm that the coefficient is independent of methane mole fraction, it 
should be re-evaluated at roughly 2 ppm, with the 2 ppm coefficient instead used.  

o Dear reviewer, you are right we asked ourselves the wrong question. Instead 
of asking ourselves “how clearly can we see the effect at 20 ppm?” we should 
have asked “can we see any effect at 2 ppm?”. We therefore carried out and 
report an additional new experiment performed at a concentration of 2 ppm. 



This test did show no visible effect (within the measurement noise) at this 
concentration level, suggesting additional correction is not needed.  

o This stands to reason; the magnitude of the effect is expected (based either on 
first principles or the 20-ppm experiment) to be 20 to 40 ppb of CH4 over a 
H2O range of 0 to 100%, on a sensor noise of some 65 ppb. The original 
experiment, performed at higher concentration does clearly indicate that no 
dilution correction is applied by the instrument. We therefore still opt to 
implement the correction found during the high-concentration experiment. 
 

• A calibration conducted between 0 ppm and 2 ppm (according to Figure B1) was 
applied to UAV sampling conducted up to 3 ppm. It would make more sense to 
sample higher methane mole fraction levels during this calibration. Furthermore, the 
mole fraction range presented in Figure B1 is inconsistent with the description of the 
experiment provided in the text, which instead suggests that sampling was conducted 
up to 81 ppm. This is clearly not the case from Figure B1.  

o Dear reviewer, thank you for the comment. The curve depicted in Figure B1 
shows a range of 2 to 20 ppm, and therefore also incorporates higher methane 
mole fractions. We changed the axis labels from ppm to ppb to state this more 
cleary. The description is still correct but due to the mixing of the high 
concentration air with ambien air, the actual recorded starting concentrations is 
closer to 20 ppm instead of the 81 ppm inside of the tank. Additionally, please 
note that this procedure does not constitute a calibration, but rather a 
characterization of the sensor's linearity. 
 

• What is missing from this manuscript is a comparison of emission flux estimates 
derived using raw measurements versus those with a water correction and calibration 
applied to them. The authors claim that the laboratory testing helped to improve their 
measurements, but it would be interesting to evaluate the importance of this effect on 
final emission fluxes. Perhaps, the Axetris data does not require any supplementary 
correction and raw measurements would still be competitive with the AirCore 
(provided that the heating coil is used). 

o Dear reviewer, we performed these experiments hoping to ascertain the absence 
of negative effects caused by water sensitivity and non-linearity. We found that 
these effects were indeed absent, indicating that the results are trustworhty,  
much more so than they would have been without testing. From your comment 
we learned that the point we tried to make (the sensor performs adequatly “out 
of the box” provided one controls temperature carefully). We have now 
attempted to make this point more clearly throughout the text.  
 

• This manuscript presents a comparison in methane emission flux estimates using 
AirCore data and Axetris data. The most logical way in which to test the effectiveness 
of a sensor would be to compare mole fraction measurements directly, as identical 
mole fractions would result in identical fluxes. This alterative sensor comparison 
approach must be clearly justified throughout the manuscript. I think I understand the 
reason. The AirCore data is smoother and a background must be derived in a different 
way. But please make this clearer. 

o Dear reviewer, the reasons are actually more mundane. A true test would require 
comparison to a high cost and high precision in situ sensor and drift free, but 
we do not have access to one, if one exists at all. The adverse effects of baseline 
drift affects background determination to a large degree, demonstrably being 



the largest sources of error. The AirCore does not suffer from that, making it an 
ideal reference instrument (despite its inherent smoothing). We have added 
additional sentences to reflect this.  
 

• This paper then compares flux uncertainties from this work to flux uncertainties from 
other studies, as a means to evaluate the sensor performance. This is incorrect as there 
are many factors determining flux uncertainties, as the authors themselves show in 
this work. This comparison to other studies instead allows the overall UAV flight 
strategy to be evaluated, including the sensor as a component of the overall sampling 
framework. This is useful in the context of evaluating the overall the UAV flux 
quantification strategy, but cannot be used to draw conclusions on the quality of the 
sensor. 

o This is correct. We used the examples of other studies to highlight where other 
studies find that the largest part of their flux uncertainty comes from. We are 
aware that direct, numerical comparison between the uncertainties found in 
this study with uncertainties found in other studies does not allow for 
quantitative comparison due to varying methodologies. However, it does allow 
for qualitative comparison. We tried to clarify this by incorporating the 
following sentences: “During field deployment, the variability of the observed 
plume was 39% (1s, n=4). The observed simulation uncertainties and the field 
example agree well. Furthermore, the main contributors to the uncertainty 
identified with the simulation are consistent with those reported in other 
studies (Andersen et al., 2021; Karion et al., 2013; Morales et al., 2022; 
Nathan et al., 2015). To the point of our study, drift and sensor noise do not 
emerge from the uncertainty analysis as dominant.” 

 
• A key advantage of the Axetris is that it offers a higher temporal resolution than the 

AirCore. It may actually be better than the AirCore in general, if the appropriate 
laboratory-derived corrections are applied and a heating coil is used. This may be 
tested with a controlled release in future work. It would be interesting to see. Maybe 
the authors can include this thought in the discussion section, if they agree. 

o Yes you are right, we would love to do this and we included this to the 
discussion sentence as future work.  

 
Specific comments 
 
Line 14: “accurate quantification of its emissions is critical for mitigating climate change” 

• Strictly speaking, quantifying methane emissions does not mitigate climate change. It 
allows for the improvement of climate change mitigation strategies. 

o We revised the sentence to: “accurate quantification of emissions is critical to 
the improvement of climate mitigation policies” 

 
Line 16: “in sity CH4 sensor (Axetris)”.  

• Please provide details on which specific sensor model is used. This is and important 
detail in the abstract 

o The sensor model is added to the Abstract and now the sentence reads: 
o “… a commercially available in situ CH4 sensor (LGD-compact A CH4; 

Axetris AG, Kaegiswil, Switzerland)…” 
 

Line 19: “provided a water vapour correction term”. 



• How can the tests “provide” a water correction “term”? Does this mean that the 
authors devised a water correction by conducting laboratory testing? I don’t think it is 
right to say that the tests provided a “term”. Perhaps a water correction was applied to 
raw measurements using a laboratory-derived water correction coefficient. But that is 
not clear from what is said here. 

o Noted, we changed the sentence to: “…and a water vapour correction was 
applied to ensure accurate measurements.”  

 
Line 21: “This mean flux was comparable to the value of 4.2 ± 1.1 gCH4/s obtained from the 
established AirCore technique.”  

• Does this mean that the AirCore sampled simultaneously to the Axetris on a UAV?  
o Correct. This will become more evident in the rest of the paper, but for clarity 

we added this sentence to the abstract 
 

• It seems a bit strange to compare fluxes when evaluating the performance of the 
sensor. It would be better to compare direct mole fraction measurements. The flux 
technique is irrelevant. If the two sensors provide identical mole fraction 
measurements then they will inevitably provide identical fluxes. Some justification is 
required.  

o Thanks for bringing this up, this is a valuable point to make more explicitly. 
We believe it to be a misrepresentation of a complex interplay between noise, 
drift, flight speed, enhancement height etc to state that “identical 
concentrations ==> identical fluxes”. Surely the Axetris performance is not 
identical to a high-cost in in situ sensor. But under certain conditions (e.g. 
gentle, long flights with fair plume coverage, enhancements of several 100's of 
ppbs, etc.) it does yield comparable results. For flux calculations, the 
enhancements instead of the raw concentrations are used. Restricting ourselves 
to only comparison sensor output would not illustrate this point well enough. 
By contrast, deriving flux esimtates from our noisy results does demonstrate 
the sensor’s capability.  
 

Line 22: “Ornstein-Uhlenbeck method”  
• Maybe a few short words on this method could be good here, but I understand if the 

authors prefer to avoid this here.  
o We’ve certainly attempted this, but believe that merely a few short words 

would not provide sufficient explanation of the method, and we believe it is 
best to leave it as it is and provide more in-depth information in the text.  

 
Line 33: “1942 ppb”  

• This is quite precise, considering it represents mole fraction for the entire planet for a 
full year. Maybe it is better to say 1.9 ppm. But it’s fine if the authors insist.  

o This is the mole fraction presented by the WMO and we believe this is a good 
representation of the average mole fraction. However, we added the 
uncertainty as presented by the WMO to address this comment.  

Line 35: “Saunois et al., 2020”  
• There is a new methane budget paper: https://doi.org/10.5194/essd-17-1873-2025. It 

is better to cite and use this instead of or in addition to the 2020 paper.  



o Revised and we updated the reference to “Saunois et al., 2025” instead.  
 

Line 37: “climate mitigation”  
• This doesn’t make much sense (mitigating the climate). I thing the authors mean to 

say that reducing emissions is essential to mitigate climate change. “Climate change” 
and “climate” do not mean the same thing.  

o This is correct, thank you for pointing this out. We changed “climate 
mitigation” to “mitigating climate change” 
 

Line 43: “underreporting”  
• There can also be over-reporting (or double-counting) taking place.  

o This is correct, we incorporated these suggestions to the sentence. It currently 
reads: “These uncertainties arise from limitations in available data as well as 
under- and over-reporting in national inventories.” 
 

Line 44: “scarce”  
• This is a strong word. While it is true that data can be scarce in places, some regions 

on Earth have dense sampling networks.  
o We revised the sentence to: “Current CH4 emission inventories suffer from 

inconsistencies due to spatial variability in observational data and 
methodological disparities.” The wording is less strong, but the sentence still 
highlights the differences in the density of sampling networks.  

 
Line 48: “exhibit complex emission patterns with substantial diurnal and seasonal variability”  

• Some citations are required here to support this statement. 
o We added two references to this statement 

 
Line 65: “max”  

• Please replace this with “maximum”.  
o Revised and changed to maximum.  

 
Line 66: “relatively low implementation cost”  

• UAVs may be cheaper than aircraft, but not necessarily cheaper than ground-based 
vehicular sampling. This statement should be qualified. 

o Dear reviewer, we have added the following table, showing our interpretation 
of the order of magnitude to the supplementary material. The qualatiy class 
column identifies the classification we give to a sensor based on the other 
categories presented. We hope we addressed the critique given with the 
implementation of this table and you understand our reasoning.  

  
 Quality class Purchase 

cost 
 

Per-day 
use cost† 

Conc. 
precision / 
accuracy* 

Emission 
uncertainty 

Comment 

Electrochemical 
sensors + 
(small) UAV 

Low 0.5 + 2 = 
2.5 k€ 

0.5 k€ ±1000 ppb 
(with limit 
of 
detection 
often >>5 
ppm) 

(very high) Not useful except 
for (indoor) leak 
detection 



Axetris + UAV Medium 5 + 10 = 15 
k€ 

0.5 k€ <80 ppb 
/ 
<50 ppb 

20% This study 

AirCore + 
Licor + UAV 

High 25 + 45 + 
10 = 80 k€ 

1 k€ <1 ppb 
/ 
<2 ppb 

20% This study 

High-end 
sensor + UAV 

High 50 + 10 = 
60 k€ 

1 k€ <1 ppb 
/ 
<2 ppb 

20% May require sensor 
specialists during 
deployment 

Licor + Vehicle High 45 + rental 
= 45 k€ 

1 k€ <1 ppb 
/ 
<2 ppb 

50% Mass balance not 
possible (emissions 
obtained through 
OTM 33A). Access 
limitations. 

Licor + small 
aircraft 

High 45 k€ + 
rental = 45 
k€ 

3 k€ <1 ppb 
/ 
<2 ppb 

20% Hard to do facility 
scale  

† All high quality class instruments are assumed to require two operators, while low and 
medium class sensors are assumed to require one.  
* note: accuracy is operationally approximated here as the instrumental drift that may 
roughly be expected over the duration of a emissions quantification deployment (e.g., 
between calibrations / during a flight). This is <50 ppb for the Axetris (see Figure 2 of the 
manuscript) and typically is much smaller for high-end sensors. Note that these figures are 
meant to indicate performance ranges, not to represent precise technical specifications.   
 
Line 72: “these techniques”  

• Which techniques is this referring to? The previous sentence refers to three 
“deployment strategies”. This next sentence is describing how sampling acquired 
from any of the three deployment strategies can be used to derive a methane emission 
flux, which seems like a logical order to present this information.  

o We refered to the deployment strategies. We changed the wording to make it 
clearer: “Although these deployment strategies differ operationally…” 
 

Line 73: “they all rely on the mass balance approach (MBA; Nathan et al., 2015; Vinković et 
al., 2022) or the inverse Gaussian approach (IGA; Andersen et al., 2021) for flux 
quantification”  

• This seems like a major oversimplification. All methods are effectively a type of mass 
balancing as they compare downwind enhancements (due to source emissions) to an 
upwind background. Both approaches subtract a downwind plane from an upwind 
plane. The difference is how measurements on the downwind plane are integrated. 
Gaussian plume modelling typically applies Gaussian statistics to downwind sampling 
to obtain a smooth sampling plane (hence yielding an inverted flux). By contrast most 
other so-called simple “mass-balancing” approaches do not apply Gaussian statistics 
and simply spatially interpolate available measurements or average them into grid 
squares (yielding a flux through spatial integration). I would therefore argue that 
Gaussian plume inversions are a more advanced approach to (or subset of) mass-
balancing.  

• I would recommend replacing this statement with the something like “Although these 
deployment strategies differ operationally, mole fraction measurements from any 
approach rely on mass balancing to derive a flux, where downwind sampling is either 



spatially integrated (following spatial interpolation or grid-square averaging), or 
modelled using a Gaussian plume inversion.”.  

o Thank you for this clear feedback. We understand where you are coming from 
and we agree that your suggestion improves the argument. We therefore 
replaced the statement to: “Although these deployment strategies differ 
operationally, the mole fractions (observed during flights) require subsequent 
processing to derive flux estimates from them, where downwind sampling can 
be spatially integrated (e.g. following spatial interpolation or grid-square 
averaging), or modelled using the inverse Gaussian method” 

 
Line 75: “it can directly convert atmospheric concentration measurements into fluxes”  

• How is the so-called MBA method more “direct” than IGA approach? Both methods 
require some computation to convert mole fraction into flux. So I disagree with the 
idea that one approach is more “direct” than the other.  

o We concur, “directly” may not have been the correct wording for this. What 
we are trying to convey with this statement is that the MBA is a more 
straightforward framework for flux estimation, since the IGA usually requires 
additional assumptions on atmospheric state / plume geometry (that may not 
hold up in real life scenarios). We have amended the sentence to read: 
“This study focuses on the mass balance approach (MBA) because it converts 
atmospheric mole fractions to fluxes following fewer intermediate modelling 
steps compared to the IGA.” 

 
Line 79: “20% to 75%”  

• Multiple citations are required here to support this. 
o Revised, the citations were placed at the end of the paragraph, but we copied 

them to a few sentences earlier and also retained them at the end of the 
paragraph.  

 
Line 80: “non-uniform sampling”  

• What does this mean?  
o In this setting, non-uniform refers to uneven sampling along the flight track, 

e.g. when one area is overrepresented compared to another. Ofcourse getting 
perfectly uniform sampling is difficult (if not impossible), but the larger the 
gap in sampling, the larger the error can become. We implemented this 
comment by altering the manusctipt to: “”non-uniform sampling (sampling 
taken at irregular intervals).”  

 
Line 86: “Tuszon et al., 2020”  

• I can’t find this in the reference list.  
o Thank you for pointing this out, we revised this and added the reference to the 

reference list.  
 

Line 86: “Allen et al., 2019”  
• Allen et al. did not conduct any sensor development. They tested pre-existing 

commercially available sensors.  
o You are correct, we removed the citation from this summation.  

 



Line 87: “high cost and maintenance demands”  
• High precision sensors do not necessarily have higher maintenance demands. Quite 

often, they are easier to maintain.  
o This may well be true for certain types of high-cost sensors. However, for 

various published open-path QCL systems, we are aware of the significant 
effort required in maintaining optical performance. However, this information 
is not directly citable, and we therefor haved toned down the the statement to 
“conceivably high maintenance demands (particularly for open-path optical 
designs)”.  

• It may be worth noting here that better sensors are often heavier, potentially resulting 
in reduced flight endurance.  

o Indeed, and these require the use of costlier drones, etc. We further clarified 
this in the text by adding the following sentence: “In addition, high-precision 
sensors tend to be heavier, which can reduce flight endurance or require larger 
and more expensive UAS platforms to accommodate the increase in payload.”   
 

Line 88: “low-cost”  
• According to my personal understanding a low-cost sensor is less than 100 €. So I 

would not call an Axetris low-cost, in my opinion.  
o You are right. We already realized this, but we did not change all the mentions 

of low-cost ot medium cost. Besides, we prefer the term cost-effective over the 
classification of medium/ low cost.  

• A rough cost range should be given here.  
o See table above/ and attached as supplementary material.  

 
Line 88: “medium-precision”  

• What does medium-precision mean? I think the authors should provide a rough parts-
per-million range here.  

o See table, where we clarified our reasoning. However, as mentioned it is 
difficult to make this classification a part of the official manuscript since most 
is based on assumptions and experience with the field.  

 
 

Line 92: “low-cost”  
• See the comment above. It is fine to call this sensor “low-cost” if the authors insist 

(although I advise against this), but then a rough cost range definition of “low cost” 
should also be provided in the manuscript.  

o Thank you for your comment. We do agree that this sensor falls more within 
the medium-cost category and we changed instances of low-cost to medium-
cost.  

 
Line 94: “minimise drift”  

• Laboratory testing cannot be conducted to minimise drift. It is only possible to 
measure drift or to conduct testing to “account” for drift. But the sensor will naturally 
drift regardless of whether it is tested in the laboratory or not.  

o Revised and we changed the wording to “identify drift”.  



• The authors add a heating coil to the sensor, which improves stability by reducing 
temperature sensitivity. However, this is not a part of laboratory characterisation 
testing. This is instead hardware development and sensor optimisation.  

We only partly concur with this statement. Specifically, we do not reduce 
temperature sensitivity, but rather we reduce the temperature variability (that 
the sensor is sensitive to). The identification of temperature sensitivity and the 
quantification of the results of alleviating measures (e.g. the heating coil) 
would count as characterisation. The addition of the heater is, indeed, 
development. We make that distinction more carefully in the manuscript.  
 

Line 102: “in situ CH4 sensor”  
• It might be nice to introduce the Axetris here and discuss the sensor technology here 

(i.e. the second sentence of subsection 2.1). This would make this subsection seem a 
little less abstract. But it is fine if the authors want to leave it as it is.  

o The purpose of this section is as a leading paragraph, showing an overview of 
the complete paragraph. We decided to leave it more abstract for that specific 
reason and have the more detailed description in subsection 2.1.  

 
Line 113: “We developed a UAV-mounted sensor package”  

• Consider including an annotated photograph of the sensor package (highlighting the 
inlet and outlet). This may be included as a subfigure of Figure 1.  

o Revised and added to Figure 1. We decided to leave out the highlighting of the 
inlet and outlet since this did not make the Figure clearer. Figure one is 
updated to: 

 

 
 

Line 120: “the interface PCB”  
• I don’t follow this. How can the Axetris report the interface PCB on which it is 

mounted?  
o Thank you for pointing this out. There are actually two PCBs; one PCB 

manufactured by our group and an additional one that is part of the Axetris 
instrument, which was mounted on the self-built PCB. We have clarified this 
in the main text as follows: “We integrated the Axetris onto a custom printed 
circuit board (PCB) designed around an ESP32 microprocessor, enabling 
logging of data from the Axetris and ancillary sensors. The Axetris reports 
CH4 mole fractions, the temperatures of the measurement cell and the interface 
PCB (which is mounted onto the custom-built PCB).” 

PUMP

AXETRIS
LGD

FILTER

TEMPERATURE SENSOR

DATA 
LOGGER

PRESSURE SENSOR

(b)

HEATING ELEMENT

(c)(a)



 
Line 131: “ground time”  

• What is the ground time? 
o Thanks, this was a spelling mistake. Revised to “ground team” 
 

Line 137: “PID”  
• This acronym has not been defined.  

o Revised and defined in the main text as: “A proportional-integral-derivative 
(PID) controller controlled…” 

 
Line 144: “Figure 1”  

• What does “REF” stand for in this figure? Is it defined in the main text?  
o We added the meaning of REF to the figure caption. The complete caption of 

Figure 1 now reads: “Figure 1: a) Photograph of the Axetris package. The 
different colours visualise the flow of air through the sensor. Blue represents 
the path of the air entering the Axetris sensor. Orange represents the 
connection between the Axetris and the pump and green represents the outflow 
of the air. b) schematic overview of the Axetris package for UAS applications. 
The blue arrows show the airflow through the system during measurements. 
Components in the dotted and dashed lines enclosed area are integrated onto 
the PCB and enclosed in the PE foam. The datalogger communicates with the 
Axetris sensor and provides active control of the heating element, including 
setting and maintaining the desired temperature. c) Experimental overview for 
linearity test setup. First, the flask is filled with the reference gas (REF), which 
has a high CH4 concentration (indicated by the green arrow). Then, both 
systems start to sample the air from the flask, while ambient air was drawn in 
to mix with the high concentration (blue arrows), slowly decreasing the 
concentration in the flask. 

 
Line 162: “short-term drift”  

• Was pressure and temperature controlled when making this assessment, with 
sufficient warm-up time?  

o This was indeed the case, we clarified this in the main text as: “From our 
laboratory tests under controlled conditions and with sufficient warm-up time, 
we found 1-second, …” 

 
Line 166: “Linearity of the Axetris”  

• This subsection (in its current format) does not provide an evaluation of the linearity 
of the measurement, but rather provides a calibration of the instrument. A linearity test 
shows whether the increase in one measurement is consistent with increase in a 
second measurement, following a linear regression. The magnitude of any derived 
linear coefficients is independent of the standard of linearity.  

o We added a plot of the residuals between observations and the linear fit to 
show the sensors linearity (i.e., neutral, non-wavey noise around the linear fit) 
over the observed concentration range. We believe this sufficiently 
demonstrates the linearity of the Axetris. The following figure is added to the 
Appendix as Figure B2: 



 
 
Line 167: “high CH4 concentration (~81ppm)”  

• If this is the case, why is Figure B1 plotted between 0 ppm and 2 ppm? Why not plot 
it up to 81 ppm?  

o We used 81 ppm to increase [CH4] in a mixing vessel to ~21 ppm. Gradual 
reduction back to background concentrations yields a range from 20 ppm to 2 
ppm. For clarity we have removed from the figure the initial (at the start of the 
experiment) rise from 2 to 21 ppm that, confusingly, was originally visible as a 
S-shaped trace (due to difference response times of the two sensors). Only the 
gradual, monotonous decay of concentrations back to ambient is now plotted. 

o The updated Figure (Figure B1) is as follows: 

 
• If a high concentration was diluted with ambient air, how was 0 ppm (lower than the 

ambient background) achieved in Figure B1?  
o See comment above, a minimum concentration of 2 ppm was recorded.  

• Where did this high concentration gas come from? Was a specially prepared gas blend 
purchased? If so, did the authors consider the presence of interfering trace gases in the 
overall gas matrix?  

o The used air mixture is simple dried, compressed ambient air spiked (pre-
compression) with pure CH4 and prepared in our laboratory. Our lab is 
excellently equiped for this procedure (including ICOS certification). We are 
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confident of the absence of contaminant gases. 81 ppm was derrived using the 
LI-7810, assuming linearity.  

 
Line 168: “ambient air”  

• Where did the ambient air come from? Was a compressed gas cylinder used? If it was 
natural laboratory air, can the authors be sure that is was not contaminated?  

o You are in principle right to worry about the appropriateness of the methods 
employed to prepare our standards. However, our laboratory is excellently 
equipped for high-accuracy work with compressed gases (incl. ICOS 
certification).  We employ well-documented, community-standard procedures 
for collecting, filtering, drying, compressing, storing and assigning (values to) 
our standards.  Also, TDLS like the Axetris are typically insensitive to cross 
sensitivity. We therefore assume effects of unexpected contamination to be of 
insignificant concern. 

 
Line 169: “LI-7810 system linearity”  

• Please make it clear that this linearity was tested for a different LI-7810 to the one 
being used in this work. Linearity results from a previous study for a different unit are 
being assumed to be valid here.  

o Linearity of high-quality instruments like the LI-7810 is assumed to be rather 
homogeneous between individual instruments. Insofar as this is not the case, 
the deviations from this assumptions are considered by us to be far from 
relevant  to our application. To stress that point, we included a figure showing 
the residuals of the fit between the LI-7810 and the Axetris (Figure B2). These 
residuals are neutrally distributed along the range CH4 concentrations 
observed. Either both instruments are linear, or they happen to both be non-
linear to the exact same degree, which is the less likely option.  

o However, to address the point of the reviewer, we included the following 
clarification in the text: “The precision, accuracy, and linearity of the LI-7810 
analyser under standard operating conditions were evaluated in an extensive 
report executed by ICOS (ICOS, 2020; we generalise these findings to our 
specific instrument).” 
 

Line 171: “wide range of concentrations”  
• Please provide the concentration range here (assuming this is referring to the ICOS 

testing).  
o Revised and added the observed concentration range 
o “These tests enabled direct comparison of the systems' response across a wide 

range of concentrations (2 to 20 ppm).” 
 
Line 178: “The slope confirms linearity between the two systems”  

• Calculating a gain factor value for the slope of a linear regression does not provide an 
indication of the linearity of the fit. A gain factor of exactly 1 or a gain factor of 100 
can both be derived from perfectly linear data, assuming all of the data points follow a 
straight line. Linearity can instead be evaluated by the root-mean-squared error of the 
fit, indicating that the gain factor (regardless of its magnitude) remains valid over a 
large mole fraction range.  



o To address the majority of the comments we added a residual plot to the 
results. We hope these results will strenghten our statement that the sensor 
behaves linearily. 

 
Line 184: “significantly”  

• This word is unnecessary. Sometimes the effect is large, sometimes it is small.  
• A dilution effect is, by definition, only as large as the mole fraction of water. As water 

mole fraction is typically around 1% (and no more than around 3%), it is hardly 
“significant”.  

o Revised and we removed the word “significatly” 
 
Line 191: “high concentration of CH4 (~81 ppm)”  

• Why use a high concentration source? It would make more sense to characterise the 
water effect at an ambient methane mole fraction. The UAV will rarely sample at 81 
ppm, so it seems strange to obtain a universal water correction coefficient for extreme 
sampling conditions.  

o As mentioned with the general comments we chose for this high concentration 
since we believe the water vapour effect is not noticable at lower 
concentrations. We do understand the critique here, and we therefore decided 
to perform an additional water vapour test at ambient levels.  

 
Line 195: “1.5% – 61 % at 25 ºC”  

• At which pressure were these values derived? I don’t think relative humidity is 
important here, but if the authors insist in including it, they should include the 
pressure that this corresponds to.  

o Revised and removed the mention of the relative humidity.  
 

Line 199: “Chen et al. (2010)”  
• Is this citation necessary? In this work, the wet and dry data is simply compared and a 

linear fit is applied to it. It’s not really a new “method” devised by Chen et al.. 
Furthermore, Chen et al. used a polynomial fit, while a linear fit is used in this work.  

o Revised and removed the reference 
 

Line 207: “Chen et al., 2010”  
• Rella et al. (https://doi.org/10.5194/amt-6-837-2013) should also be cited here.  

o Revised and added Rella et al. to the reference list and updated the citation in 
the text.  

 
Line 212: “With this, we assume that the non-dilution part of the water vapour correction 
remains the same at ambient levels as at high concentrations.”  

• But the spectral interference and overlap between the water and methane peaks can 
change depending on the methane mole fraction level. Methane affects the water peak 
and vice-versa. So, the most standard condition in which to evaluate the influence of 
water mole fraction variability is at ambient methane mole fraction levels of 2 ppm 
(see Figure 2b in Chen et al. (2010), for example).  

o This is correct, but we assume it does not change much and since we cannot 
see the water vapour effect at lower levels we need to make some 



assumptions. However, we did perform an additional water vapour test and 
added the results to the supplementary material.  
 

Line 218: “System precision”  
• Was the data used for this test calibrated and water-corrected? This is especially 

important for the UAV precision test, where varying water mole fraction may have 
influenced instrumental measurements.  

o In all cases we used a dry gas (tank gas in the laboratory) and a calibration bag 
filled with tank gas during the UAV precision test, so no water correction was 
applied. The manuscript was amended to read: “The system's precision can be 
determined by operating it under stable conditions while sampling a dry 
reference gas with a known concentration over a longer period.” 
 

Line 222: “e.g. the Axetris”  
• Is ths necesarry?  

o Revised and removed this mention. The sentence now reads: “It provides 
insight into the noise, stability, and drift of the Axetris,…” 

 
Line 229: “observed”  

• Where were these observations made? Were these measurements from the Axetris cell 
or from somewhere in the ambient laboratory?  

o Revised and added the following: “… (as recorded by the sensors on the 
PCB), …”  
 

Line 230: “UAV's precision”  
• Please rephrase this. The UAV precision is not being measured but rather the sensor 

precision during UAV deployment.  
o Revised to: “The sensors precision during UAS deployment was determined 

for each of  three consecutive flights…” 
 

Line 231: “three consecutive flights”  
• Please clarify that an Allan variance test was applied to each flight individually. This 

is an important detail, as it would otherwise be incorrect to merge different datasets 
into a single Allan variance analysis.  

o Revised to: “… each of the three consecutive flights” 
 

Line 241: “To maintain measurement precision below 10 ppb, calibration every 
hour is required.”  
• I do not understand the basis of this statement.  
• The minimum Allan deviation is 60 ppb, at 1 Hz. So how can a precision of less than 

60 ppb (i.e. 10 ppb) possibly be achieved?  
o Thank you for pointing this out. This confusing likely stems from the meaning 

of precision in this example. The Allan variance is a way to measure the 
system precision over a longer period of time. However, in our case, this 
precision is directly translated to the observed drift.  

• How is this time of 3600 s between calibrations derived from this Allan variance test?  
o This is based on the averaging time over a longer period of time. The 60 ppb 

precision is minimum when you would average over 1 second. When 



increasing the averaging time, the sensor precision can improve. However, 
when the allan deviation is going up again, this usually means that sensor or 
instrumental drift starts to play a role as well. We believe that within the hour, 
these effects are not pronounced yet and the precision is still below 10 ppb. 
We added an enlarged version of the Allan deviation plot (Figure 2e) to the 
supplementary material and showed a visualization of the allan deviation after 
an hour (Figure D1).  
 

Line 246: “without additional temperature control”  
• Please provide some temperature measurements (and standard deviation) values here 

please for the three UAV flights.  
o Revised and added the standard deviation of the three flights as: “…pressure 

and temperature variations (1.01 ± 0.004 bar; 28.4 ± 0.7 °C),…”. 
 

Line 249: “Figure 2”  
• The title for the horizontal axis title should either be the correct Greek symbol (τ) or 

be replaced with the text “averaging time”.  
o Revised and changed the xlabel to averaging time.  

• It might make more sense to change the colour of subplot b and then to use consistent 
colours in subplot d. Otherwise it is confusing because different colours mean 
different things in the four subplots.  

o Revised and changed the colours to match. The revised figure 

o  
 

Line 287: “~ 100 minutes; Figure 2c”  
• I don’t see this. ?  
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o We tried to visualize this by plotting each time series over the same length (so 
each from 7:30 until 12:40. However, since this cannot be read clearly, we 
decided to remove the specific “~ 100 minutes” statement.  

 
Line 293: “Both instruments were deployed”  

• Please clarify here whether they were both deployed simultaneously or if they were 
deployed individually for separate flights.  

o Revised and added “simultaneously” to stress that they were deployed at the 
same time. 
 

Line 298: “dairy cow farm”  
• It would be good if site coordinates can be included here (although I understand if this 

is not possible).  
o We believe the description of the site location (including the farm outline in 

our flight maps and the aerial photography in Vinkovic et al., 2022) is 
sufficient and adding the exact coordinates will not improve the message of 
this manuscript. We therefore decided to not include this.  
 

Line 300: “The farm was”  
• Please replace this with “Emissions from the farm were”.  

o Revised and replaced with “Emissions from the farm were…”  
 

Line 306: “senor package was mounted”  
• But where was the air inlet? Was the air inlet also below the plane of the propellers? If 

so, has the influence of downwash been considered?  
o Revised and added information about the location of the sampling inlet as: 

“…UAS using two straps, and the sampling inlet was connected to a sampling 
tube pulled through a 1 m long carbon fibre rod. The inlet is located 50 cm 
upwind of the propeller downwash column.”  

o The positioning of the sampling inlet ensures it is not influenced by the 
drone’s propeller downwash.  
 

Line 314: “drone”  
• Replace this word with “UAV”.  

o Revised and changed to “UAS” to match the entire manuscript  
 

Line 316: “altitude”  
• Please replace this with “height above ground level”. Altitude generally refers to a 

measurement with reference to mean sea level.  
o Revised and changed all instances of altitude to “height above ground level”  

 
Line 324: “as the average the”  

• Please replace this with “as the average of”  
o Revised and replaced “as the average the” with “as the average of”  

 
Line 324: “during the duration”  

• Consider replacing this with “for the duration”.  
o Revised and replaced “during the duration” with “for the duration” 



 
Line 325: “height”  

• Please replace this with “height above ground level”.  
o Revised and replaced “height” with “height above ground level”  

 
Line 354: “shifting the assigned timestamps of the project AirCore data”  

• Was the lag time through the air inlet of the Axetris accounted for?  
o It was indeed. Prior to field testing, we determined the time lag from the 

sampling inlet to both the LI-7180 and the Axetris. For both instruments, this 
was 3 seconds, and we accounted for this time lag before spatial interpolation 
and linking to the correct GPS coordinates.  

• Were Axetris measurements shifted to the AirCore time-stamp or vice-versa?  
o The AirCore measurements were linked to the Axetris since the AirCore 

samples are analysed on the ground. However, we updated the linking method 
to be more robust and less dependent on visual confirmation by including the 
AirCore pump status for linking the Licor observations to the geospatial data 
from the AirCore. The following sentences were added to the manuscript: 
“Information about the AirCore pump status helped to correctly link the 
AirCore observations to the UAS’s geospatial position. Incorrectly selecting 
the LI-7810 timestamps corresponding to the ambient sample introduced a 
larger uncertainty.” 
 

• The best way to adjust concentration measurements is to ensure that they correspond 
to the time stamp of geospatial position (with lag time and time lag accounted for). 
Shifting mole fractions so they agree with each other, rather than adjusting them 
independently to geospatial position measurements, seems suspicious.  

o We updated the explanation to include the pump status of the AirCore and 
highlight the importance of correclty selecting the timestamps of the LI7810 
corresponding to the ambient sample.  
 

Line 364: “altitude”  
• Please replace this with “height above ground level”. Altitude generally refers to a 

measurement with reference to mean sea level.  
o Revised and replaced “altitude” with “height above ground level” 

 
Line 369: “complete”  

• Remove this word. 
o Revised and removed the word “complete”  

 
Line 376: “Spatial interpolation”  

• This work presents a very sensible approach to spatial integration. Perhaps it can be 
alluded to in the abstract or introduction. This approach is much better than geospatial 
kriging or simple grid-square averaging, with no weighting.  

o Thank you for the acknowledgment. We agree with this and decided to 
introduce the method a bit more broadly in the abstract. We revised the 
abstract to include: “Additionally, the sensor was used to quantify whole-farm 
CH4 emissions by spatially interpolating measured mole fractions using a 
Gaussian weighting scheme. This yielded a mean flux of 4.1 ± 1.6 gCH4/s 



averaged over four flights, which was comparable to the value of 4.2 ± 1.1 
gCH4/s obtained from simultaneous flights with the established AirCore 
technique.” 
   

Line 378: “observed CH4 enhancements were interpolated onto a grid”  
• A fundamental requirement of this approach is the assumption that the emission 

plume does not move during sampling. This method assumes that turbulence does not 
change the location of the plume and that the wind direction does not change. Please 
discuss this here as a caveat to this approach.  

o This is not the case. Turbulence and location variability would yield a broader, 
more sparse or even non-contiguous and less intense contour plot of identical 
integral. We acknowledge that this result may not be intuitive. We attempt and 
clarify and illustrate this in Section 4.2.1: we added a six-panel figure in the 
Appendix (Figure K2) showing the integral approaching a clean Gaussian after 
six repeated samplings of the same variable plume.  

 
Figure K2: Illustration of sampling of a stochastic plume with an increasing number of flight repeats. Panels (a)-(f) correspond 

to 1-6 flight repeats, respectively. Increasing flight repeats progressively converge toward a Gaussian plume shape. The 

determined fluxes from panel (a) to (f) are: 13.9 kgCH4/hr, 12.3 kgCH4/hr, 10.4 kgCH4/hr, 9.5 kgCH4/hr, 11.1 kgCH4/hr, 10.0 

kgCH4/hr, respectively.  

 
Line 397: “Grid cells with no contributing observations (i.e., beyond the cutoff radius of the 
nearest measurement) are assigned missing values (NaN) and excluded from subsequent 
analysis.”  

• An inevitable consequence of this is that if a grid-square is under-sampled, but it 
potentially contains parts of the emission plume, this will inevitably result in flux 
underestimation. Please comment on this in the main text.  

o This is correct, thank you for your sharp observation.  
• Unless the authors can be sure that each grid square containing flux emissions has 

been sampled, the entire plume will not be captured, resulting in flux underestimation 
following this approach.  

o Of course, this is a possibility, and is known as a source of uncertainty in 
UAS-based sampling. Our flight strategy was designed to ensure that sampling 
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was performed well beyond the expected plume boundary. With this, we 
ensure we captured the entire plume and do not underestimate flux estimates.  

 
Line 401: “spatially interpolated CH4 concentration”  

• Please describe exactly which corrections were applied to the data. Was a calibration 
and water correction applied, as alluded to in section 2? Perhaps this detail can go 
somewhere else in this section. But it needs to be stated clearly somewhere.  

• I am not totally sure if the sensor data is calibrated and water corrected or not. It 
should be totally clear if the corrections from Section 2 are used and how.  

o Revised, we added the following sentence to Line 394: “After applying the 
corrections as stated in Section 2 (i.e. compensation for water vapour dilution 
and thermal stability), we interpolated the corrected and observed CH4 
enhancements onto a grid using a Gaussian weighting scheme with finite 
spatial influence.”  
 

Line 408: “∆x and ∆z”  
• Please provide the exact size of these values chosen for this work.   

o Revised and added the following clarification: “… (2 by 2 meters in this 
study), …” 
 

Line 411: “Mvol gives the molar volume”  
• So this equation actually provides molar volume in dry conditions (excluding all 

water molecules), as the partial pressure of air in dry conditions is used here. This is 
very nice to see and often overlooked in most research. I am glad that the authors 
have included this detail. However, this only works if a water correction is applied to 
raw mole fraction measurements to obtain dry mole fractions. This really must be 
clarified throughout the manuscript.  

o As a reply to the specific comment on Line 401 we decided to include 
clarification of the applied correction. We do indeed correct for water vapour 
based on the correction term presented in Section 2. 
 

Line 437: “The averaging background method is not ideal for the Active AirCore due to its 
intrinsic signal smoothing (Morales et al., 2022).”  

• Please can a bit more explanation be provided here? I don’t really understand why the 
Aircore data cannot be used in the same way as the Axetris data. This is an important 
point. 

o We added a figure to the appendix (F) showing that the “tail” of the AirCore 
data is much longer than that of the Axetris data. To use the same strategy for 
the AirCore means increasing the length of each transect, which is not 
something we took into account.   
  

Line 450: “the integral of raw and smoothed Axetris data is identical”  
• What exactly does this mean? Does this mean that adding up all of the numbers in the 

smoothed Axetris and Aircore time series is identical?  
o I am sorry for the confusion; this statement actually refers to the Axetris data 

only (smoothed vs. non-smoothed) not the AirCore. With the statement we try 
to clarify that smoothing the data does not appreciably change the integral 



(e.g. the flux) calculated. We acknowledge that the discussion of the integral 
creates confusion, and removed this statement.  

• Please provide the result here, showing how identical this result is. I think “identical” 
is a strong word, unless it can be shown that it is exactly the same.  

o (Does not apply) 
 

Line 460: “in subsequent analysis”  
• Please replace this with either “in subsequent analyses” or “in the subsequent 

analysis”.  
o Revised and replaced “in subsequent analysis” to “in subsequent analyses” 

 
Line 481: “Figure 3”  

• What size are the grid cells? I think this detail needs to be included here and in the 
main text. It is difficult to see any grids in this image.  

o The grid sizes in the figure are not the same as the grid sizes used for the 
spatial interpolation (which are 2x2 meters). This information was added to 
subsection 3.7 

• What do the black contour lines represent? If this data is averaged into grid squares, 
there shouldn’t be any continuous contour lines. 

o The black contour lines are a feature of the contourf function in MATLAB. 
The choice between displaying gridded data as "squares" or "contours" based 
on an assumed smooth field is, for our purposes, arbitrary, and we prefer the 
contour method. We note that with an infinitely detailed grid (say, of length 
1x1cm), the "squares" approach would approximate the "contour" approach. 
 

• The green and purple colours in panel a are impossible to distinguish. They both look 
grey to me. I suggest using two alternative bolder colours.  

o Revised and changed to deep blue and orange and updated all the graphs in the 
process.  
 

• How was sampling conducted so close to ground level with a UAV? What was the 
minimum sampling height (excluding take-off)? Perhaps provide this detail in Table 1.  

o The cirlces in the plot show the actual sampling points where the lowest is at 5 
meters above take-off. We note that ground level in The Netherlands typically 
is exceedingly horizontal; our field site does not show elevation changes more 
than 70 cm.  
 

Line 535: “θ is the mean-reverting term”  
• I would recommend using a different symbol here, as θ is already used in section 3, to 

describe the flux quantification method.  
o Revised and changed 𝜃	to Θ 

 
Line 541: “drone”  

• Replace this word with “UAV”.  
o Revised and replaced “drone” with “UAS” 

 
Line 457: “4D”  

• Please define this acronym.  



o Revised and replaced “4D” with “4-Dimensional” 
 

Line 555: “using a typical flight trajectory from the previous field campaign”  
• This means that this analysis is only valid for the type of sampling conducted in this 

specific UAV sampling campaign. The sampling extent and sampling spatial density 
are specific to flight 1 in this work. Different uncertainty analysis results may occur if 
using a different UAV piloted in a different way. I think this point needs to be 
explicitly made in this section.  

o These results are representative for any sampling attempt that has a 
sufficiently dense sampling grid as we elaborate on in Section 5. Of course we 
concur that flying a too sparse sampling grid will result in strongly elevated 
errors.We do acknowledge the outcome can differ, but this will not result in 
significant variations. We clarified this in the updated manuscript by adding 
the following paragraph: “The statistical analysis provides insight into 
potential sources of uncertainty in UAS-based sampling. The OU-simulation is 
appropriate for the specific flight trajectory presented in this study. The 
uncertainties derived using the simulation remain reasonable when real-world 
flights are conducted comparable to those simulated. Deviations may arise 
when observed fluxes are highly variable over a short time (i.e. one hour) or 
when the flight path (specifically: sampling density) is sparser than the 
modelled configuration. In those cases, the simulation results may no longer 
be representative. Flight paths of all flights in this study are comparable to 
flight 1, therefore OU-derived uncertainties can be applied to all flights.” 

 
Line 573: “Flight duration”  

• This analysis requires the flux, wind conditions, atmospheric turbulence and position 
of the plume to remain constant throughout the full duration of each of the six flights. 
In reality the plume will be influenced by all of these things. Therefore, I am not sure 
how useful the conclusions of this subsection are in the real world.  

o Even though this is correct, it still shows how multiple flights can lower the 
uncertainty observed. Of course, in real life scenarios a lot of additional 
factors play a role, but this point is addressed in subsection 4.2.5 where we 
combine the uncertainties.  
 

Line 596: “Figure 4”  
• Why not combine Figure 4 and Figure 5 into a single figure with four subplots?  

o We decided to combine both Figures, resulting in the following Figure and 
caption:  



 

Figure 4: The marker shows the mean error, and the error bars present the 95% confidence interval. (a) An overview 

of the emission flux estimates and the variability from 500 repeat simulations with an increase in flight repeats. (b) 

An overview of the uncertainties linked to the background determination. (c) An overview of the emission flux 

estimates and the effect of the wind speed uncertainty. (d) An overview of the uncertainties linked to the instrumental 

noise.  

 
 

Line 642: “improved spatial resolution the nominal plume”  
• Consider rewriting this, as I don’t follow the text.  

o Revised and rewritten to: “Low-noise sensors enable improved detection of 
smaller plumes and enhance the spatial resolution of the nominal plume” 
 

Line 663: “standard deviation of ± 40%”  
• How does this compare to the standard deviation between the four UAV fluxes from 

this work? It is interesting to compare here, in this subsection?  
o We addressed this comment by adding the following sentences: “During field 

deployment, the variability of the observed plume was 39% (1s, n=4). The 
observed simulation uncertainties and the field example agree well. 
Furthermore, the main contributors to the uncertainty identified with the 
simulation are consistent with those reported in other studies (Andersen et al., 
2021; Karion et al., 2013; Morales et al., 2022; Nathan et al., 2015). To the 
point of our study, drift and sensor noise do not emerge from the uncertainty 
analysis as dominant.” 

 

(a) (b)

(c) (d)



Line 690: “a persistent uncertainty of approximately 20%”  
• But this 20% minimum threshold is specific to the UAV sampling strategy in flight 1. 

If sampling over a greater area or with a higher spatial density, this uncertainty 
threshold may be lower. It is worth making this point.  

o This is indeed correct, we added the following statement in the discussion to 
address this comment: “The statistical analysis provides insight into potential 
sources of uncertainty in UAS-based sampling. The OU-simulation is 
appropriate for the specific flight trajectory presented in this study. The 
uncertainties derived using the simulation remain reasonable when real-world 
flights are conducted comparable to those simulated. Deviations may arise 
when observed mass emission rates are highly variable over a short time (i.e. 
one hour) or when the flight path (specifically: sampling density) is sparser 
than the modelled configuration. In those cases, the simulation results may no 
longer be representative. Flight paths of all flights in this study are comparable 
to flight 1, therefore OU-derived uncertainties can be applied to all flights.” 
 

Line 693: “cost-effective CH4 sensor”  
• How much does the Axetris cost? What is the total cost of the finalised UAV 

enclosure, in terms of raw materials? The authors cannot make such a statement 
unless they provide at least a rough idea of how much their system costs.  

• How much does the AirCore cost for comparison? This also requires a LI-7810 so the 
net cost is inevitably higher, for this work.  

o This comment is addressed by the table presented above (which is also added 
in the Appendix (Table A1).  
 

Line 697: “exceeds 39%”  
• Why say that it exceeds 39%? It is better to just provide the actual value.  

o Revised. “Exceeds” was not the correct choice of words, since it is equal to 
39%. Thank you for pointing this out. 
 

Line 700: “The results”  
• Please specify which results are being referred to here.  

o Changed “the results” to “The differences in the standard deviation of all 
flights indicate that…” 
 

Line 702: “mid-cost sensor”  
• In the introduction it is called a low-cost sensor. The cost of the sensor is not 

consistent, even in this manuscript.  
o Thank you for pointing this out. We realized the Axetris falls more within the 

medium cost range and we missed some of the metions in our final revision. 
We made sure the manuscript is consistent  

• It is better to provide the cost (even roughly) and stick to either mid-cost or low-cost, 
with a defined price range for the chosen term.  

o As mentioned before, we decided against this since the total cost of a sensor 
depends on a wide variety of costs and not a lot is published on this matter.  
 

Line 702: “the Axetris sensors uncertainties are similar to those found during prior UAV-
based studies  



(Andersen et al., 2021; Karion et al., 2013; Morales et al., 2022; Nathan et al., 2015) using 
higher precision and accuracy sensors.”  

• I disagree with the way the sensor uncertainty is evaluated here. This statement does 
not represent the sensor uncertainty. It represents the uncertainty in fluxes derived 
using a specific sensor with a specific UAV sampling strategy. As the authors show in 
Figure 6, the flux uncertainty in a function of the emission flux rate. Unless all of the 
previous papers cited in the sentence sampled the same flux rate with exactly the same 
UAV sampling strategy (and identical atmospheric conditions), this comparison 
cannot be made. This is not a way to evaluate sensor performance as it conflates other 
factors specific to each sampling campaign.  

o You are correct that we cannot compare the uncertainties found in this study 
with other UAS based studies. We agree that a direct comparison is not 
possible and this was also not our intention. With our uncertainty analysis we 
try to show that even though the conditions vary, the Axetris is capable of 
determining the flux within the same uncertainty ranges as found in other 
studies. We changed the sentence to: “With active temperature control, the 
Axetris sensors is capable of determining the fluxes within 10% of the AirCore 
findings and the total uncertainty during the campaign fall within the 
uncertainty ranges reported by other  UAS-based studies (Andersen et al., 
2021; Karion et al., 2013; Morales et al., 2022; Nathan et al., 2015) using 
higher precision and accuracy sensors.” 

 
Line 732: “creating favourable conditions for both IGA and MBA”  

• As mentioned in the introduction, I don’t think mass balancing and Gaussian plume 
modelling can be split into two totally different approaches, as in this paragraph. Both 
methods are a form of mass balancing as they compare upwind measurements 
(assumed background) to downwind plume enhancements. The key difference is that 
Gaussian plume modelling attempts to model a continuous plane from available 
sampling using Gaussian statistics whereas simple “mass-balancing” integration 
methods do not. These simple mass-balancing methods either spatially interpolate 
available data or average the data into a grid, as in the method presented here.  

o We concur that both methods are "mass balance" approaches that produce, 
each in its own way, an interpolated cross-section of a plume. For both 
methods, this cross-section must be multiplied by the (often ill-constrained) 
wind profile, making both methods equally susceptible to wind speed 
variability. Indeed, these methods do not at all differ in the latter half of their 
application, but merely in the initial inference of the cross-section. Perhaps 
these methods should be distinguished between only in that respect, and be 
referred to as, say, "local interpolation MBA" vs. "gaussian fitting MBA" 
(we'll note that we don't make things any easier by performing our local 
interpolation by gaussian smoothing, which has nothing to do with IGA). 
However, while we agree with your rationale, we consider that proposing new 
terminology would also create inconsistency with existing literature and 
therefore prefer to clarify it instead. 

• All flux methods (including Gaussian plume modelling) are affected by wind speed. 
This is not exclusively a problem for the grid-square averaging integration method 
presented in this work. This paragraph may therefore seem to be misleading.  



o Having said all of the above, we do not believe that this makes the "IGA" and 
"MBA" methods equally suited to all circumstances. Specifically, we believe it 
important to consider both the degree to which a plume is represented by the 
sampling along the flight path and the conformance of its shape to "gaussian". 
With non-complete sampling of the plume, IGA may "fill in the blanks" in 
ways that local interpolation (such as used in this study) does not. When the 
plume is completely sampled, and is of gaussian shape, local interpolation and 
IGA will produce similar results. In the situation of a completely sampled but 
non-gaussian plume (due to, say, excessive turbulence or wind direction 
variability), we believe that IGA may produce overly simplistic results. We 
write "Wind direction during the flights was variable, leading to horizontally 
stochastic plume observations, making appropriate the use of a method that 
does not rely on Gaussian plume assumptions."  

 
Line 739: “making appropriate the use if a method that does not rely on Gaussian plume 
assumptions.”  

• I disagree. If enough sampling is conducted, Gaussian plume methods can also deduce 
the average emission flux, as a turbulently moving plume and the UAV randomly 
intersect. These random intersections should average out over time. It certainly isn’t 
better for a non-Gaussian approach, such as for the grid-square averaging approach in 
this work. The assumption in this work is that each grid square will include a 
statistical sample of the moving plume as well as the background.  

o Certainly, given enough sampling, both methods converge. Indeed, we show in 
an added figure FigureK2 that our 'local interpolation' method does converge 
towards a Gaussian shape with more sampling (in this case of a modelled 
plume). We remain of the opinion that for a well-sampled, non-gaussian-
shaped plume, regular local interpolation produces a more appropriate result 
that gaussian fitting. We cannot follow reviewer's assertion about each grid 
cell including a sample of both the plume and the background. 

 
Line 753: “in situ CH4 sensor”  

• I think the sensor should be named here. Otherwise it is a bit of an empty statement.  
o Revised and added: “…in situ CH4 sensor (referred to as the Axetris)…” 

 
Line 761: “lab”  

• Replace this with “laboratory”.  
o Revised and replaced “lab” with “laboratory” 

 
Line 768: “the close agreement”  

• Please add a sentence here stating that different background methods were used for 
the difference sensors. This is an important detail, to emphasise that the data was not 
processed in the exact same way.  

o Revised to: “The close agreement between the techniques, despite using 
different background determination methods tailored to each technique, 
validates the use of the Axetris sensor for reliable flux quantification.” 
 

Line 768: “robust”  
• Consider the implications of this strong word. A 20% uncertainty may not be that 

robust for some.  



o Thank you for pointing this out, we decided to replace “robust” with “reliable” 
 
Line 778: “Multiple flights”  

• It is important to include the caveat here that this requires the emission flux to remain 
the same and atmospheric conditions to remain exactly the same.  

o We do not fully agree with the caveat pointed out. With this type of research 
we try to approach facility scale emissions of the chosen anthropogenic 
source. In reality, there are a lot of factors influencing the observed flux. 
However, changing wind does not directly affect the obtained flux, since 
enhancements scale with wind speed and multiple flights will definitely 
improve the effect of changing wind directions.  

o Due to inherent sensor noise of the sensor and time varying fluxes, your flux 
estimate always has a certain uncertainty from the start. Doing multiple flights 
will approach the “true” average of that day. The average is therefore better 
approached by conducting more flights.  

o If instead we wanted to identify and quantify a short lived event, it will 
become important that the emission flux remains constant, since doing 
multiple flights would indeed be problematic.  
 

Line 848: “https://icos-atc.lsce.ipsl.fr/docs”  
• This link does not seem to work. 

o Reference has been updated with a working link 
 

Line 933: “Figure B1”  
• It is really difficult to distinguish the line from the points. Perhaps make the line 

bright red with small black dots for data. 
o Revised and changed the line to blue to match the colour scheme of the 

manuscript   

 
 
Line 954: “drone”  

• Replace this word with “UAV”.  
o Revised and replaced “drone” with “UAS” 
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Line 961: “drone”  
• Replace this word with “UAV”.  

o Revised and replaced “drone” with “UAS” 
 

Line 968: “drone”  
• Replace this word with “UAV”.  

o Revised and replaced “drone” with “UAS” 
 

Line 974: “drone”  
• Replace this word with “UAV”.  

o Revised and replaced “drone” with “UAS” 
 

Line 980: “drone”  
• Replace this word with “UAV”.  

o Revised and replaced “drone” with “UAS” 
 

 
 


