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Response to comments of Reviewers 
We would like to thank all the Reviewers for their thoughtful and valuable comments, which 

helped us to improve the content and quality of our manuscript. We addressed all comments 

and included changes in the manuscript as follows:  

Blue: Comments of Reviewer 

Black: Answers of Authors 

Black, italic, quotation marks: “Changes in the manuscript” 

 

Page and line references in our answers refer to the reviewed manuscript. 

Additional references and updated Figures with captions were inserted at the end of this 

revision after addressing the comments of the three Reviewers. 

 

 

 

Reviewer #1 
Specific Comments: 

a) p. 1 line 11: Define high spatial and temporal resolution. What is the resolution exactly? 

Answer: We included a definition for high spatial and temporal resolution and changed the 

text to: 

“Vertical profiles of atmospheric variables in the SL at high spatial (meters) and temporal 

(1 Hz and better) resolution increase our understanding of these interactions, but are still 

challenging to measure appropriately.” 

 

b) p. 1 line 13: Scanning lidar observations (of various kinds: Doppler, DIAL, Raman) can 

measure winds, temperature, moisture, and some trace gas quantities (such as ozone) with 

high-vertical and spatial resolution (on the order of meters to 10s of meters) at low elevations 

angles and over large horizontal areas close to the ground. Thus, the broad statement that 

‘remote sensing techniques ... are challenged to achieve sufficient detail near the ground’ 

should be modified. 

Answer: We agree with this and changed the sentence to: 

“At the same time, most remote sensing techniques and aircraft measurements have 

limitations to achieve sufficient detail close to the ground (up to about 50 m).” 

 

c) p. 1 line 14: Change ‘horizontal sounding’ to ‘horizontal transect’. A ‘sounding’ implies a 

vertical profile by definition. 

Answer: We changed the text to: 

“Vertical and horizontal transects of the PBL can be complemented by unmanned aerial 
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vehicles (UAV).” 

 

d) p. 1 line 24: Clarify that the UAV measures a continuous profile, in comparison that 

towers only measure at discrete levels where instrumentation are installed. 

Answer: Since in this context it was pointed out that the vertical height of tower 

measurements was extended by UAV measurements, we think that at this point an 

explanation is not necessary. In addition, this is too much information for the abstract. 

Instead, we stated on p. 2, l. 3: 

“The operation of towers is fixed to a certain location and the vertical information is limited to 

the height of the tower as well as to discrete levels at the tower.” 

 

e) p. 2 line 9: Again, there have been studies using scanning lidar to make profiles where 

the minimum height above ground is 10-20 m (see Langford et al., 2015 (ozone profiles), 

Banta et al., 2013 (wind profiles), Yabuki et al. (water vapor), and Hammann et al., 2015 

(temperature)). Data shown in these studies contradicts the statement that ground-based 

remote sensing cannot measure near the surface. 

Answer: Looking at the literature you provided, it is indeed possible to measure at low 

altitudes with a LIDAR. But considering for example acoustic instruments, this is not the 

case. Therefore, we differentiated LIDAR and acoustic methods and changed the sentence. 

References were included, too:  

“Considering ground-based remote sensing methods, data of vertical profiles from low 

altitudes up to about 50 m above ground level (a.g.l.) are hardly usable (e.g. acoustic 

instruments), but possible with LIDARs applying certain scan patterns with low elevation 

angles at the position of such an instrument (Emeis, et al., 2009; Banta et al., 2013; 

Korhonen et al., 2014; Hammann et al., 2015).	
 

f) p. 2 lines 10-14: This paragraph seems out of place here. I recommend it gets moved and 

integrated into the paragraph at line 33 or before that paragraph. 

Answer: Yes, we agree with the reviewer that this paragraph fits better before the last 

paragraph of the introduction and we moved it there. 

 

g) p. 2 lines 16-32: Most of the cited works here are within the past 2 years, however UAVs 

for atmospheric research have been more widely used for ~10 years. I recommend that the 

authors provide more details on the pioneering (first) uses of UASs for atmospheric 

measurements. 

Answer: Yes, it is true that UAVs were already used for some decades. We inserted the 

following paragraph to show the pioneering usage of UAVs and included the citations in the 
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references: 

“From the 1970s on, UAVs were used for atmospheric research, for example for convective 

processes (Konrad et al., 1970; Rennó and Williams, 1995) and weather forecast (Holland et 

al., 1992; McGeer and Holland, 1993), as well as for vertical sounding of the planetary 

boundary layer (Egger et al., 2002; Soddell et al., 2004; Spiess et al., 2007).”  

 

h) p. 3 line 20: Add a statement ‘location of instruments is shown in Fig. 1’. 

Answer: We included the following sentence: 

“An overview about the location of instruments is given in Fig. 1.”  

 

i) p. 3 line 24 & 27: Remove references to Fig. 1, seems odd here since the figure does not 

show the resolution. Seems like odd placements. 

Answer: We removed the references to Fig. 1 in those two lines. 

 

j) p. 4 line 14: Here, the authors discuss night flights. In the next paragraph, it states that the 

aircraft has permission to fly in the daytime. Did the authors fly at night when there was no 

permission? Alternatively, if they did get special permission for the night flights, this should 

be explained so that it is clear the flights were legally conducted. 

Answer: We agree that this statement is misleading. We exchanged “daytime” with “time of 

the day” which makes it clear that day and night is meant. 

 

k) p. 4 line 30: What are the specifications for the pressure sensor? This is important to 

identify the accuracy of the potential temperature calculation. 

Answer: We included the specification of the pressure sensor as follows: 

“The used pressure sensor is a MS5611-01BA03 (AMSYS, Mainz, Germany) and is able to 

resolve an altitude of 10 cm corresponding to a precision of about ±0.02 hPa.” 

 

l) p. 5 line 12: Can this method be used to retrieve ‘w’ as well as u/v? If not, specify that the 

horizontal wind speed is measured. 

Answer: No, the vertical wind component cannot be estimated with that method, only the 

horizontal components. We specified the text: 

“Consequently, in the easiest case the direction of TAS represents the horizontal wind 

direction and the length of the TAS vector the horizontal wind speed.” 

 

m) p. 5 line 30 / Fig. 4: Was the RMSE of the wind speed measurement a function of 

speed? Specifically, were high or low wind speeds measured more accurately? In Fig. 4, it 

may be more useful to show errorbars for each data point separately, if the statistics are 
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robust enough to calculate the RMSE at each speed bin. Similarly, was the RMSE for the tilt 

angle constantly 0.4 deg at all speeds? 

Answer: The wind speed estimation is a function of TAS, which is equal to the flight speed 

under completely calm conditions (no wind). Since the experiment took place outside, this 

was not totally true (wind speed < 1 m s-1). Therefore, a specific flight speed can be assigned 

to a specific tilt angle, which shows a variability depending on actual atmospheric conditions. 

The less small-scale turbulence was present the lower the variability of the tilt angle. But this 

variability was independent on the flight speed. So within the measurement accuracy, it is not 

possible to determine whether the estimation of low wind speeds is more accurate than 

higher wind speeds or the other way round. However, the relative error of wind speed 

estimation is higher for lower than for higher wind speeds, considering a mean TAS error. 

Tow sentences were added in the manuscript, the first on p. 5, l. 27 and the second on p. 5, 

l. 31: 

“While the ground speed was kept constant by the GPS (< ±0.2 m s-1), the variability of the 

assigned tilt angle was dependent on atmospheric conditions.” 

“This mean error of TAS leads to a higher relative error for low wind speeds than for higher 

wind speeds.” 

 

n) p. 6 line 7: What qualifies as ‘windy’? Give specifics. 

Answer: In order to give numbers for windy conditions, we added this to the sentence:  

“During windy conditions (3–5 m s-1) the multicopter was hovering for 5 min close to the 

tower at a distance of approximately 5 m.” 

 

o) p. 6 line 15: Since the inlet for the methane measurement was only 30 cm above the 

propellers, how was it ensured that the measurement was not disturbed by the flow above 

the spinning propellers? The methane measurement was taken as a 60 s average; during 

that 60 s, surely the measurement was distorted as air is transported downward by the 

propellers. 

Answer: Yes, it is true that during 60 s the air was distorted due to the spinning propellers. 

Simulations and experiments showed that the air above a multicopter is affected up to 2 m 

(Haas et al., 2014), but most of the influence is within the first 0.5 m (Alvarado et al., 2017). 

Unfortunately, Haas et al. (2014) belongs to the grey literature and is not cited in the 

manuscript.  

A sentence was included in the manuscript on p. 6, l.18 and literature was added to the 

references: 

“Alvarado et al. (2017) experimentally determined a distance of 40–45 cm above the 

multicopter, where the influence of the rotors to air speed decreases significantly. So, the 
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methane mixing ratio is actually not a point measurement but valid for a volume.” 

 

Reference Haas et al. (2014): 

Haas, P. Y., Balistreri, C., Pontelandolfo, P., Triscone, G., Pekoz, H., and Pignatiello, A.: 

Development of an unmanned aerial vehicle UAV for air quality measurement in urban 

areas, In 32nd AIAA Applied Aerodynamics Conference, 2014. 

 

p) p. 6 line 26: Looking at Fig. 5 (and the standard deviations given on lines 23-24), it is 

clear that the multicopter does not capture the full range of variability that the sonic 

anemometer measures. The extrema measured by the tower are much larger (1.5 m/s and 6 

m/s) compared to the hexacopter. Presumably the hexacopter measurement is some kind of 

an average, possibly because the volume the hexacopter takes up is much larger than the 

sonic measurement volume and the hexacopter has inertia. Have you tried running a 

smoothing filter (or low-pass filter) over the sonic data to quantify these effects? These 

effects should be noted in the manuscript, as the wind speed deviation should not be used as 

a measure of turbulence (since it does not compare favorably, at least here, to the sonic 

anemometer measurement). 

Answer: Yes, the multicopter does not capture the full range of variability compared to the 

anemometer because of inertia. Actually, we used the same 10 s moving average for the 

anemometer as for the multicopter. To make that clearer, we added this to the sentence on 

p. 6, line 25:  

“For both time series the 10 s moving average was applied resulting in a RMSE between 

multicopter and tower of 14.5° and 0.7 m s-1, respectively.” 

 

Additionally, we included following sentences at the end of this paragraph to note the effects 

of inertia: 

“Since the volume of the multicopter is larger compared to the measurement path of the 

sonic anemometer, the multicopter does not react to the small turbulent elements, the so-

called eddies, and therefore cannot capture the full range of wind speed. In addition, the 

multicopter has inertia due to its weight. Consequently, the wind speed deviations measured 

by the multicopter should not be used as information about atmospheric turbulence.”  

 

In order to see the standard deviation of multicopter and tower measurements in the plot 

(Fig. 5) and not only have the numbers in the text, we added colored bands to the time series 

lines. Accordingly, an explanation is given in the caption: 

“The colored bands around the lines represent the standard deviation of each time series.” 
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q) Fig. 6: To increase readability and for ease of comparison, I suggest averaging the lidar 

and EC data over the profiles. To convey the variability, error bars could be used. 

Answer: Indeed, averaging the data makes it easier to understand and the variability is still 

visible with the error bars. Additionally, we extended the caption of Fig. 6 to: 

“LIDAR and EC station data were averaged over the time the multicopter needed for the 

profile. Error bars show their standard deviation.” 

 

r) p. 7 line 8: Could topography cause the observed wind speeds at the sodar site and 

multicopter site to be higher? Without a map of the topography, this is difficult to determine. 

Answer: In order to have an impression of topography from the investigation site, we 

included contour lines in Fig. 1. Generally, topography as well as different land uses can 

cause different wind conditions comparing the available instruments. While topography is the 

predominating reason for west wind situations, during north-east wind, the edge of the forest 

causes the generation of turbulence leading to spatial differences in wind conditions. 

Therefore, we included the following sentence (p. 7, l. 9): 

“Besides, during north-easterly winds generation of turbulence is likely at the edge of the 

forest, which is to the east of the investigation area.” 

 

s) p. 7 line 22 and Fig. 7: When was sunset? I suggest adding a vertical line on Fig. 7 

denoting sunset time. Also, keep units consistent for CH4 (either ppm or ppb). For the 

caption of Fig. 7, clarify what the error bars show exactly (standard deviation of what, the 1-

min timeseries)? 

Answer: On that day, sunset was at 19:05 UTC at the investigation site. Since this was 

about 15 min before our UAV measurements started, the vertical line indicating sunset would 

be on top of the y-axis. So, we included the time of sunset on p.7, l. 13: 

“In the night between 21 and 22 July 2015, methane measurements were made with the 

multicopter starting about 15 minutes after sunset (19:05 UTC) and extending over seven 

hours (Fig. 7).” 

 

“ppb” was replaced by “ppm” throughout the manuscript: p. 1, l. 20; p. 7, l. 19, 26, 30; p. 8, 

l.25f; p. 10, l. 1 

 

In the caption of Fig. 7 the following sentence was added: 

“Error bars show the standard deviation for each measurement averaged over 60 s.” 

 

t) Fig. 8: i) I suggest changing this to a two panel plot, one panel each for the methane and 

one for the potential temperature with separate lines for different profile times. With having all 
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of the profiles on one plot, it will be much easier to see the change in the profile over time, 

even the small changes and increase in stabilization. ii) Can error bars be added for each 

measurement? It may clutter the plot too much, but it is something to consider. iii) It would be 

better to change potential temperature units to Kelvin, as it is usually presented. iv) Also, 

please explain in the text why there is a discontinuity at each height where the multicopter 

hovers. Is it due to the fact that the temperature is evolving over the time it is hovering, or 

some kind of hysteresis in the sensor? 

Answer: i) We have looked into this but found that the current layout provides most clarity 

and least clutter. Since the x-axes have the same range for each time step, we think that 

changes can be seen easily, better than using six different colors and lines crossing each 

other. 

ii) Error bars were added for methane in Fig. 8. 

iii) Unit of potential temperature was changed to Kelvin. 

iv) Temperature discontinuity was caused by the spinning of the rotors because they stir the 

air around the multicopter and not because of hysteresis of the sensor. Reviewer 2 

suggested to average potential temperature at hovering levels as it is done for methane as 

well and we changed the profiles and caption of Fig. 8 accordingly to this suggestion:  

“Tpot was averaged at hovering levels and smoothed with a moving average (3 s).” 

 

u) p. 7 line 28: How could the gradients be both intensifying and weakening over time? 

Please clarify. 

Answer: With stabilization of the atmosphere a vertical CH4 gradient developed, which was 

intensifying at first. Due to changing meteorological conditions, on the one hand air was 

mixed vertically due to a weakening of the stable stratification and on the other hand another 

air mass was advected due to wind direction change. This led to mixing of CH4 too. 

Afterwards, meteorological conditions were similar to those before at the beginning of the 

night and the vertical CH4 gradient could develop again.  

For clarification we rewrote the sentence and gave a short explanation, which is addressed in 

more detail in the manuscript on p. 8, l. 1: 

“Vertical gradients were already visible right after sunset, were intensifying until the 

measurement at 22:32 UTC, weakening afterwards and then intensifying again at 

00:32 UTC. This variability in varying gradients was in agreement with changing 

meteorological conditions.” 

 

v) p. 7 line 31: There was an increase at 50 m as well, it simply was not as large of an 

increase. 

Answer: It is true and we removed this sentence and wrote instead: 
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“The strongest increase was seen at all heights between 21:32 and 22:32 UTC with 

0.25 ppm at 10 m, 0.15 ppm at 25 m, and 0.06 ppm at 50 m.” 

  

w) p. 8 line 23: With regard to the statement ‘although the multicopter does stir air with its 

propellers’, are there any tests you can do to quantify these effects on the inlet? Measure the 

flow disturbance at the inlet itself to infer any vertical transport during the 60 sec hovering 

periods? 

Answer: Experiments regarding this issue were already done by Alvarado et al. (2017) and 

Palomaki et al. (2017). Palomaki et al. (2017) used the same hexacopter configuration 

except with larger propellers (9’’ versus 14’’) as we in our study leading to an air speed of 

0.5 m s-1 at 30 cm above the multicopter. Alvarado et al. (2017) found even less influence 

above 40–45 cm.  

For additional information, this was inserted in the manuscript on p. 8, l. 23: 

“Palomaki et al. (2017) demonstrated in an experiment that wind speed at 30 cm above the 

hexacopter is 0.5 m s-1 due to spinning rotors. According to Alvarado et al. (2017) this 

influence is negligible at a distance of 40–45 cm above the multicopter.”	
 

x) p. 9 line 8: Given these values were made using only 5-min of data under a small range of 

values, the robustness of these statistics is questionable. I suggest adding a qualifying 

statement here to emphasize these limitations. Also, the RMSE of the wind direction is highly 

dependent on the wind speed. At low wind speeds (<1 m/s), the RMSE of the wind direction 

measurement would be much larger. 

Answer: Yes, it is true that this is rather a qualifying result and not a quantitative one. Since 

the experiment already had the limitation of < 1 m s-1, wind speeds below that cannot be 

determined. 

“Since the estimated errors were a result of only a 5 min flight, further experiments and 

comparisons would be necessary to confirm these values. Our experimentally determined 

relationship between TAS and the tilt angle is only valid for this hexacopter configuration and 

up to a speed of 6 m s-1.” 

 

y) p. 9 line 13: This statement should be modified. The vertical wind profiles were not in 

good agreement. The wind speed from the mulitcopter was systematically larger, and the 

wind direction was also biased high. 

Answer: Taking into account the uncertainties of the wind measurements as well as 

topography, horizontal distance and averaging time, wind estimation is in good agreement 

from our point of view. We included the statement about the biased results and specified 

differences: 
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“Although the multicopter-based wind estimation was biased, measurements show similar 

results and the results of the other instruments showed differences too. Wind speed differed 

up to about 1 m s-1 and direction up to 50° above 50 m. Below this height, influences of 

topography, land use and horizontal distance as well as averaging time were more 

pronounced and differences larger. Horizontal distance to the multicopter was 370 m for 

LIDAR and 540 m for SODAR, while they had averaging times of 1 min and 10 min, 

respectively, compared to the 10 s moving average of the multicopter.” 

 

z) p. 9 line 16: Were the differences that Lothon et al (2014) systematically different 

(biased), or were the differences more scattered (inaccurate)? 

Answer: The differences Lothon et al. (2014) found were biased dependent on horizontal 

distance and land use. We change the sentence to:  

„Lothon et al. (2014), for example, found similar biased differences dependent on horizontal 

distance and land use during the BLLAST campaign.“ 

 

aa) p. 9 line 23: Should ‘in the west’ actually be ‘to the southwest’? 

Answer: Looking at Fig. 1, the “Farms” are to the west of the “Methane tower”. To avoid 

ambiguities of the flight locations, we added a sentence at the end of section 2.4: 

“While most of the flights were done above the grassland site south of the EC station as 

shown in Fig. 1, the flights including methane measurements took place close to the 

methane tower in the south-east of the investigation area.” 

 

Technical corrections: 

a) p. 3 line 2: Should this be Sect. 2.2 (not 2.4)? 

Answer: Sect. 2.2 was added, because this section explains the measurement device and in 

Sect. 2.4 the measurements themselves are explained. 

 

b) p. 3 line 9 and p. 4 line 29: ‘at’ instead of ‘with’ 10 Hz. 

Answer: Corrected as suggested. 

 

c) p. 4 line 22: ‘approximately’ instead of ‘approx.’ 

Answer: Changed as suggested. 

 

d) p. 4 line 23: Use ‘At 50 m length’ instead of ‘In 50 m height’. 

Answer: Changed as suggested. 

 

e) p. 5 line 17: ‘simultaneous’ instead of ‘simultaneously’ 
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Answer: Changed as suggested. 

 

f) p. 6 line 6: ‘a’ instead of ‘an’ 

Answer: Changed as suggested. 

 

g) p. 6 line 7: ‘at’ instead of ‘@’ 

Answer: Changed as suggested. 

 

h) p. 7 line 29: Remove ‘of these gradients’ and ‘respectively’ 

Answer: Removed as suggested. 

 

i) p. 7 line 31: Remove ‘remarkably’ 

Answer: Removed as suggested. 

 

j) p. 9 line 20: Change ‘is’ to ‘if’ 

Answer: Corrected as suggested. In addition, “is” was inserted: 

“If this angle is significantly…” 

 

k) p. 10 line 11: Add missing word, ‘hence infer dispersion and mixing processes’. 

Answer: The word “infer” was inserted. 

 

 

Reviewer #2 
 

a) general: although I am not a native speaker, I think the correct word before naming an 

altitude is ’at’, not ’in’ or ’for’, e.g. text below Fig. 5, lines 14 and 27 on page 7, etc. 

Answer: According to your suggestion we changed it in the caption of Fig.5, on page 7 lines 

10,14,27,33, page 8 lines 5,10,15 and page 9, line 17. 

 

b) Page 5 and following: The procedure to find the relationship between tilt gamma and 

true airspeed TAS is based on the following assumptions: 

1) TAS equals ground speed (measured using GPS) during absent wind (very calm wind, 

below 1 m/s) 

2) TAS and gamma have a linear relation. Thus knowing gamma from attitude 

measurements leads directly to the TAS. 

3) Since the difference between TAS and ground speed equals the wind vector, knowing the 

attitude / Euler angles allows the calculation of the wind vector (or at least an estimation) 
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First question addresses assumption #1: what is the mistake done to the TAS-gamma 

relationship by assuming zero wind during calm wind (1 m/s is not zero)?  

Answer: Concerning assumption 1: The length of TAS equals the length of the ground 

vector, but the direction of both vectors is in opposite direction. 

As written on p. 5, l. 33ff, the variability of the tilt angle is 0.7° ±0.3° during wind speeds 

< 1 m/s. Together with the mean error of gamma of ±0.4° in the regression, the maximum 

absolute error is 0.7° ±0.7° which corresponds to 0.7 m s-1 ±0.6 m s-1. 

 

Assumption #2: TAS and tilt angle gamma are not in a linear relation, but due to  

Seddon, J. M., and S. Newman, 2011: Basic helicopter aerodynamics. 3rd ed., Wiley, 286 

pp.,  

and  

Palomaki et al., 2017, Wind estimation in the lower atmosphere using multi-rotor aircraft, 

JTECH online: http://journals.ametsoc.org/doi/10.1175/JTECH-D-16-0177.1 (btw this article 

should be cited anyway), 

TASˆ2 = C * tan gamma 

Even assuming very small gamma angles, a Taylor series expansion would lead to 

TASˆ2 approx C * gamma, and not TAS approx C * gamma ! 

This explains why the curve in Fig. 4 is not a straight line. 

Answer: It was not an assumption from us that TAS and gamma have a linear relationship. 

This was found experimentally with the racetrack flights. This method is widely used for 

aircraft measurements of the 3D wind vector with turbulence probes (e.g. multi-hole probe). 

The difference is that an aircraft is flying with a constant true air speed and a varying ground 

speed dependent on the wind conditions. To counteract these conditions, a lead angle is 

used. In contrast, a multicopter has a continuous ground speed and varying true air speed; 

the wind is compensated by changing the tilt angle.  

 

Palomaki et al. (2017) was included in the manuscript (p. 2, l. 28) and references: 

“In addition, Neumann and Bartholomai (2015) and Palomaki et al. (2017) showed that the 

onboard flight control sensors can be used to derive wind estimates from a multicopter’s 

attitude control data.” 

 

c) How was the wind direction estimated for situations with significant wind speed? Is the 

simple linear (or squared, see comment b) approach still valid for significant wind speed? 

Answer: Since the maximum flight speed of the multicopter is about 10 m s-1, significant 

wind would be in the range of 7–8 m s-1, which is 70–80 % of the speed. Our experiment to 

determine the regression function included that speed, but within the 120 m long straight legs 
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this speed could not be reached. Therefore, the approach is valid up to ~6 m/s and not for 

significant wind speed. Further tests for significant wind speed were not done yet and for the 

flights in this manuscript this was not necessary. 

 

d) While the relation between gamma and TAS in Fig. 4 was found for calm wind situations 

only, the corresponding calibration experiment (race-tracks flights) was performed without 

the 70 m tube that provides the methane measurements in the following. The tube adds 

weight and moment of inertia to the multicopter and thus changes the flight mechanics. What 

/ how large is the influence of the tube on the relation between gamma and TAS, and finally 

on the wind-vector estimation? I see that this aspect is addressed in line 4 on page 9 - but 

there it is just a statement, not explained or proven. 

Of course the autopilot could handle the extra load, but this does not mean that the gamma-

TAS relation remains untouched. 

Answer: Concerning the effect of the tube to the wind estimation, Neumann and Bartholomai 

(2015) stated that the influence of the payload is negligible regarding the TAS-gamma 

relationship. Their tests included a payload of 27 % of the takeoff weight. In our case, the 

additional payload was 30 % at 50 m a.g.l. and was therefore in the same range. 

Additionally, since the wind data were only used during hovering, no change in payload 

occurred compared to ascending to the next level.  

We included a statement in the manuscript (p.9, l. 4f): 

“A negligible influence of payload was also found by Neumann and Bartholomai (2015).” 

 

* Chapter 3.2: How much time did the multicopter spend at the three probing altitudes 10, 25 

and 50 m? 

Answer: The multicopter hovered 60 s at each level, which is written on p. 6, l. 15. 

 

* Chapter 3.2 / Fig. 8: The curvature of the blue temperature lines in Fig. 8 is misleading, 

because it does not represent the vertical temperature profile of atmosphere, but was most 

likely caused by (all together) 

1) non-stationarity of the ABL 

2) the change of the multicopter flight mechanics before climbing to the next probing level 

(thrust) and thus the change of the wind field around the aircraft 

3) sensor inertia of the quite slow thermocouple I suggest to use averaged temperature data 

at the three probing levels only, similar to the CH4 data (green) 

Answer: We agree with statement 1) and 2), but with a time response better than 1 Hz the 

thermocouple is not slow and the discontinuities of potential temperature were rather caused 

by the rotors downwash and drawing air from above, which was mentioned by Reviewer #3 
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too.  

But we agree with averaging the temperature data as for methane and smoothed the profile 

using a 3 s moving average. This was included in the caption of Fig. 8: 

“Tpot was averaged at hovering levels and smoothed with a moving average (3 s).” 

 

e) line 29 on page 7: How is the ’mean concentration of a gradient’ defined? 

Answer: It means that the data at each height were averaged over all measurements. So the 

mean concentrations at each height are not the same and therefore there is a gradient. For 

clarification in the text, it was changed to: 

“Mean concentrations averaged over all measurements at each level were 2.091 ppm 

(10 m), 2.049 ppm (25 m), and 1.976 ppm (50 m).” 

 

f) line 30 on page 7: ’concentrations increased even before sunset’ - how can you know? 

Because line 13 same page: ’starting 15 minutes after sunset’ 

Answer: Since methane measurements were done continuously at the tower, we know that 

close to the ground the concentration already increased before sunset. We included this 

explanation as follows: 

“According to the continuous measurements at the tower, the CH4 concentration increased 

close to the ground even before sunset.” 

 

g) line 7 on page 8: ’due to the fact that turbulence was not totally suppressed’ - Well, this is 

more a guess rather than a fact, since turbulence was not measured. 

Answer: Yes, it is true that turbulence was not measured. But since methane was mixed, 

vertical exchange was present. To make it clear that this is a guess we changed the 

sentence to: 

“The results indicated a developing surface layer up to 25 m a.g.l. where methane 

accumulated, but exchange with air above was not completely inhibited likely due to the fact 

that turbulence was not totally suppressed.” 

 

h) line 22ff on page 9: You could visualise the mulitcopter downwash and quantify the 

downwash area using smoke. We did this - really easy to do and impressive. 

Answer: Thank you for this suggestion, we will try it out. 

 

i) section 3.2 and line 27ff on page 9: the methane data interpretation depends strongly on 

the accuracy of the methane concentration measurement, which is not addressed in the 

article. How accurate is the CRD spectrometer? See also missing error bars in Fig. 8 for 

additional statistical uncertainty. 
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Answer: Yes, it is right that there is no information about the accuracy of the CRD 

spectrometer. We included this information in section 2.1 where the instrument was 

introduced. Error bars were included in Fig. 8. 

“Methane mixing ratios were determined using a cavity ring down (CRD) spectrometer 

(G2508, Picarro Inc., Santa Clara, CA, USA) with an accuracy of < 0.007 ppm.” 

 

j) Fig. 6 and line 13ff on page 9: it seems that the lidar wind direction at 9:00 UTC was 

corrupt due to very low wind speed. Same for all lidar data below 25 m. I looks like the lidar 

did not deliver reliable data at all under these conditions, and that this has nothing to do with 

horizontal separation from the sodar etc. This should be mentioned. 

Answer: Yes, the determination of wind direction is more difficult when wind speed is low. 

But this has nothing to do with height. At 9:00 UTC, wind speed measured by the LIDAR was 

even lower at around 50 m leading to higher variability in direction. At 9:30 UTC, wind speed 

was higher and wind direction variability was lower. For clarity, we included the following 

sentence at the end of this paragraph: 

“In addition, low wind speeds (< 1 m s-1) lead to high variability in wind direction as seen for 

LIDAR data.” 

 

Due to the insertion of this sentence, the following two sentences were swapped and 

modified as follows: 

“This is because then the wind is not well coupled to the meso-scale flow, which is often 

leading to variable wind directions (Anfossi et al., 2005, Mahrt, 2010). The same is true for 

multicopter-based wind direction at 10 m during the nighttime flights, which mainly occurred 

during wind speeds of less than 2 m s-1.” 

 

k) Fig. 7: for most data points the error bars are missing (since data points are a result of 

averaging it should be easy to add error bars) 

Answer: In Fig. 7, the error bars are not missing, they are sometimes just not larger than the 

size of the data point. This includes a standard deviation of 10 ppb or less. Therefore, an 

explanation was inserted in the caption of Fig. 7: 

“Error bars show the standard deviation for each measurement averaged over 60 s. A 

standard deviation of 0.01 ppm or less cannot be shown because the size of the data point 

exceeds the error bar.” 

 

l) Fig. 8: Since the data points (at least the CH4 concentration) are a result of averaging it 

would be easy to add error bars. This would give better confidence, or rather would help to 

see the significance of the concentration gradient described in the text, respectively. 
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Answer: Error bars were included in Fig. 8. As for Fig. 7, a standard deviation of 10 ppb or 

less cannot be represented and therefore error bars are not visible. We added two sentences 

in the caption of Fig. 8: 

“Error bars of methane concentration show the standard deviation for each measurement 

averaged over 60 s. A standard deviation of 0.01 ppm or less cannot be shown because the 

size of the data point exceeds the error bar.” 

 

m) Fig. 9: How were the errors calculated? What do the small circles represent? 

Answer: The boxplots in Fig. 9 represent the variability of wind speed and direction at each 

level during the hovering time of 60 s. The caption of Fig. 9 was adapted as follows: 

“Figure 9: Variability of wind direction (left) and speed (right) during 60 s hovering at 10, 25 

and 50 m a.g.l. for flights between 19:32 UTC and 00:32 UTC in the night 21 to 22 July 2015. 

The blue box contains 50 % of the data and represents the interquartile range with the 

median as a black line. The dashed lines show maximum and minimum values in case those 

values are within the 1.5 interquartile range. Values outside this range (outliers) are 

represented with circles.” 

 

 

Reviewer #3 
 

First, based on the placement of the temperature and humidity sensors (on the arm of the 

multicoptor below one rotor; Fig. 1), it is very likely that these meteorological measurements 

were negatively impacted by rotor-wash. Indeed, the discontinuities in the potential 

temperature profiles at UAV sampling locations (Fig. 8) support this idea. I suggest placing 

the meteorological sensors closer to the methane inlet and away from the rotors. At the very 

least, this flaw in the method should be openly discussed and addressed in future studies. 

The authors should also comment on why the humidity data obtained from this sensor was 

not presented. Ideally, the authors could demonstrate using laboratory tests that the current 

flying geometry and sampling strategies do not adversely affect the either the methane 

measurements or the wind estimates. 

Answer: Yes, the rotor downwash has an impact on the temperature and humidity sensors, 

but this position was chosen to ensure a continuous flow to make the sensors faster. To 

address this, we included a sentence in the discussion (p. 9, l. 27): 

“Since the thermocouple was placed below a rotor, discontinuities were found while hovering; 

the temperature measurement is rather representative for the volume around the multicopter 

than for a point. But this ensured a continuous flow around the sensor, which increased its 
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response time. For analysis, temperature was averaged for hovering at each level during the 

methane measurements.” 

 

The humidity data were not shown in this study because the used SHT75 sensor was not 

fast enough for vertical profiles and always showed a hysteresis. Although the hovering time 

was long enough for the sensor to adapt to surrounding conditions during the methane 

measurements, humidity data were not shown. This was because this sensor is not 

appropriate for this kind of UAV-based measurements.  

 

Concerning the suggested laboratory tests with regard to effects of the flying geometry and 

sampling strategy on methane measurements and wind estimates, this was already shown in 

other studies and addressed in this revision.  

For methane measurements, we would like to refer to the comments o) and w) of Reviewer 

#1 and for wind estimation to comment c) of Reviewer #2. 

 

The interpretation of the methane concentration gradients rely heavily on the interpretation of 

the meteorological conditions and changes in the surface layer with time. As a result, it would 

be helpful for figures 7 and 8 to show the local time, as well as UTC time. 

Answer: Yes, we agree with this. In the manuscript, we included the sentence (p. 6, l. 19):  

“Time is given in UTC which corresponds to CEST-2.” 

 

In addition, we stated local time in the caption of Fig. 7 and 8 explicitly: 

Fig. 7: “Local time (CEST) is UTC+2.” 

Fig. 8: “This corresponds to: 21:32 CEST to 02:32 CEST (UTC+2).” 

 

The discussion on L25-30 is difficult to follow and should be re-written.  

Answer: Since the page number for this comment was not given, it was not clear to us which 

discussion was meant by the Reviewer. Therefore, unfortunately, we could not address it.  

 

Finally, as noted in the manuscript, a more powerful UAV with a larger payload would enable 

longer profiles by ground-based gas spectrometer. Given a UAV with a larger payload, could 

the authors comment on what is the maximum altitude that could be reasonably sampled 

using this method, either due to prolonged residence time in the tubing, flow restrictions or 

other logistical concerns?  

Answer: From our point of view, it is difficult to give a maximum altitude, which is possible 

with this method. We would rather suggest the other way round. (1) What is the altitude you 

want to reach, (2) how long you want to sample at each height and (3) at how many heights? 
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From (1) you know the length of your tube. The residence time in the tube is dependent on 

the pump in the gas analyzer and the diameter of the tube. This defines the possible flow 

rate and the sampling time at each height. Is (1) not reachable, a higher payload is needed 

or an adaptation of (2). Depending on the payload the possible flight time defines (3). In 

addition, it has to be highlighted that the material of the tube should not react with the gas of 

interest. Therefore, inert gases as methane are preferable to measure with this method. 

From other methane measurements during the campaign we know that it is possible to use a 

1/4 inch Teflon tube with a length of 140 m. But the weight of this tube is about 2 kg, which 

would have been too heavy for our hexacopter.  

So, the existing parameters and limitations affect the possible reachable altitude for each 

individual application. Therefore, no maximum altitude was stated in the manuscript. 

 

 

Further technical corrections by authors 
a) “LiDAR” was replaced by “LIDAR” throughout the text 

b) p. 2, l. 19: “size distribution” instead of “size distributions” 

c) p. 3, l. 7: “TERrestrial” instead of “TERrestrail” 

d) p. 3, l. 20: “Mauder et al., 2013” instead of “Mauder et al., 2014” 

e) p. 4, l. 17: Comma was inserted 
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Updated Figures and captions 

 
Figure 1: Measurement site DE-Fen, Germany, with land use and ground-based instrumentation important for this 
study during the ScaleX campaign 2015. Contour lines stand for altitude (m) above sea level (QGIS, OpenStreetMap). 
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Figure 5: Wind direction (WD) and speed (WS) comparison between tower (grey) and multicopter (blue) at 9 m a.g.l. 
over 5 min. The colored bands around the lines represent the standard deviation of each time series. 

	
	
	
	
	
	

	
Figure 6: Wind direction and speed profiles during two different flights: 09:01 UTC (left panels) and 09:31 UTC 
(right panels) on 15 July 2015. The blue profiles show multicopter data, dark grey circles represent EC station data, 
light grey squares LIDAR data and orange squares SODAR data. LIDAR and EC station data were averaged over the 
time the multicopter needed for the profile. Error bars show their standard deviation. 
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Figure 8: Vertical potential temperature (Tpot) profiles in blue and methane concentrations in green over six hours 
from 19:32 UTC (left) to 00:32 UTC (right) in the night 21 to 22 July 2015. This corresponds to: 21:32 CEST to 02:32 
CEST (UTC+2). Air temperature was measured with the thermocouple (ascent data only) and Tpot was calculated 
with the onboard pressure data from the autopilot. Tpot was averaged at hovering levels and smoothed with a moving 
average (3 s). Error bars of methane concentration show the standard deviation for each measurement averaged over 
60 s. A standard deviation of 0.01 ppm or less cannot be shown because the size of the data point exceeds the error 
bar. 
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Abstract. The state and composition of the lowest part of the planetary boundary layer (PBL), i.e., the atmospheric surface 

layer (SL), reflects the interactions of external forcing, land surface, vegetation, human influence and the atmosphere. 10 

Vertical profiles of atmospheric variables in the SL at high spatial (meters) and temporal (1 Hz and better) resolution 

increase our understanding of these interactions, but are still challenging to measure appropriately. Traditional ground-based 

observations include towers that often cover only few measurement heights on a fixed location. At the same time, most 

remote sensing techniques and aircraft measurements have limitations to achieve sufficient detail close to the ground (up to 

50 m). Vertical and horizontal transects of the PBL can be complemented by unmanned aerial vehicles (UAV). Our aim in 15 

this case study is to assess the use of a multicopter-type UAV for the spatial sampling of air and simultaneously the sensing 

of meteorological variables for the study of the surface exchange processes. To this end, a UAV was equipped with onboard 

air temperature and humidity sensors, while wind conditions were determined from the UAV’s flight control sensors. 

Further, the UAV was used to systematically change the location of a sample inlet connected to a sample tube, allowing the 

observation of methane abundance using a ground-based analyzer. Vertical methane gradients of about 0.3 ppm were found 20 

during stable atmospheric conditions. Our results showed that both methane and meteorological conditions were in 

agreement with other observations at the site during the ScaleX-2015 campaign. The multicopter-type UAV was capable of 

simultaneous in situ sensing of meteorological state variables and sampling of air up to 50 m above the surface, which 

extended the vertical profile height of existing tower-based infrastructure by a factor of five.  

1 Introduction 25 

The planetary boundary layer (PBL) is the lowest part of the atmosphere directly influenced by the Earth’s surface and 

reflects interactions between land surface, vegetation, human activities and the atmosphere (Stull, 1988). Since mixing 

processes and transport or the lack of those affect trace gas and aerosol distributions in the atmosphere on all scales, vertical 

profiles provide more detailed information which have to be accounted for when dealing with emission and flux estimations 

(Worden et al., 2012).  30 
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Well-known in situ platforms for the measurement of vertical profiles of atmospheric variables in the PBL are towers, 

(tethered) balloons and radiosondes (Konrad et al., 1970). The operation of towers is fixed to a certain location and the 

vertical information is limited to the height of the tower as well as to discrete levels at the tower. However, towers provide 

continuous recording of the investigated variables and are routinely used (e.g. Sasakawa et al., 2010; Wang et al., 2013; 

Andrews et al., 2014). With radiosondes, balloons or kites, information of meteorological conditions can be acquired for an 5 

extended vertical range, but these systems are expensive and the location of the vertical profiles is dependent on atmospheric 

conditions. Nevertheless, mobile and temporary applications are possible. Research aircraft and satellites cover large areas in 

the range of kilometers within a short time span, but their operation close to the ground is still challenging (Velasco et al., 

2008; Martin et al., 2011). Considering ground-based remote sensing methods, data of vertical profiles from low altitudes up 

to about 50 m above ground level (a.g.l.) are hardly usable (e.g. acoustic instruments), but possible with LIDARs applying 10 

certain scan patterns with low elevation angles at the position of such an instrument (Emeis, et al., 2009; Banta et al., 2013; 

Korhonen et al., 2014; Hammann et al., 2015). 

From the 1970s on, UAVs were used for atmospheric research, for example for convective processes (Konrad et al., 1970; 

Rennó and Williams, 1995) and weather forecast (Holland et al., 1992; McGeer and Holland, 1993), as well as for vertical 

sounding of the planetary boundary layer (Egger et al., 2002; Soddell et al., 2004; Spiess et al., 2007). In recent years, 15 

unmanned aerial vehicles (UAVs) became increasingly used as flying platforms for measurements in atmospheric research 

for both vertical and horizontal applications (Villa et al., 2016). Martin et al. (2011) demonstrated the utilization of fixed-

wing UAVs for measurements of meteorological variables, i.e. air temperature, humidity and wind, up to 1600 m above 

ground level (a.g.l.). In addition, de Boer et al. (2016) implemented radiation and aerosol size distributions sensors, 

Altstädter et al. (2015) focused on ultrafine particles and Båserud et al. (2016) showed the possibility of turbulence 20 

measurements. Nathan et al. (2015) measured methane with an in situ sensor flying around a compressor station to calculate 

its emissions. The importance of knowing both meteorological conditions and methane (or aerosols, particulate matter, etc.) 

was highlighted in previous studies (e.g. Bamberger et al., 2014; Mathieu et al., 2015). Fixed-wing systems can cover a 

vertical and horizontal range of several kilometers and therefore, they are suitable for investigations throughout the boundary 

layer. Multicopters offer flexible maneuverability at low flight speed and the possibility of hovering (i.e. no horizontal 25 

movement). Their applications include meteorological and air quality measurements, e.g. particulate matter (Alvarado et al., 

2015) or air samples for analyses of chemical composition (Chang et al. 2016), but on a smaller scale of several hundreds of 

meters. In addition, Neumann and Bartholomai (2015) and Palomaki et al. (2017) showed that the onboard flight control 

sensors can be used to derive wind estimates from a multicopter’s attitude control data. Although small and lightweight 

methane sensors are available (Berman et al., 2012; Khan et al., 2012), current model multicopters with a takeoff weight 30 

below 5 kg still require further miniaturization of the sensors. As a consequence, mobile investigations of vertically resolved 

profiles of greenhouse gases in combination with information about atmospheric state variables are not conventionally 

applied yet.  
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Methane (CH4) is the second most important greenhouse gas with regard to global warming and has a global warming 

potential 20 times that of carbon dioxide (Forster et al., 2007). Its current concentration is more than twice as much as before 

preindustrial times (Kirschke et al., 2013; Saunois et al., 2016). While the global budget is well known, this is not the case 

for regional to local scales, especially vertical distributions (Dlugokencky et al., 2011). Using tethered balloons, Choularton 

et al. (1995), Beswick et al. (1998) and Stieger et al. (2015) investigated the vertical methane distribution within the 5 

nocturnal boundary layer (NBL) by pulling up a sampling tube.  

In this case study we aim to assess the feasibility of a multicopter-type UAV approach to detach methane and meteorological 

measurements at a tower by pulling up a tube with a multicopter weighing below 5 kg. Both methane and atmospheric state 

are important to analyze the vertical methane distribution focusing on stable atmospheric conditions above a typical 

agricultural setting in the foothills of the Bavarian Alps. The nighttime is of particular interest because turbulent mixing is 10 

low and vertical methane gradients can develop. 

2 Methodology 

2.1 Site description and instrumentation 

The first experiments with our multicopter took place at the measurement site Fendt (DE-Fen) of the TERENO-preAlpine 

(TERrestrial ENvironmental Observatory) observatory (Zacharias et al., 2011) during the ScaleX campaign (Wolf et al., 15 

2016, in press) in June and July 2015. This intensive campaign aimed to address atmosphere-land surface interactions across 

different scales with both measurements and modeling. As a long-term TERENO site, DE-Fen is equipped with automated 

instrumentation and continuous data availability already for several years. During ScaleX, measurements of energy, water 

and greenhouse gas fluxes were extended in time and spatial resolution to investigate spatial patterns and vertical gradients 

to obtain three-dimensional and more detailed information. 20 

DE-Fen (47.832 °N, 11.062 °E, 600 m above sea level (a.s.l.)) is located in a north-south oriented valley in the foothills of 

the Bavarian Alps in southern Germany  (Fig. 1). While the surface is relatively flat towards the east about 300 m to the west 

a steep forested slope of about 100 to 130 m borders the grassland in the valley. Thus, orographical winds and diurnal wind 

systems favor northerly and southerly directions with occasional easterly or northeasterly components. Westerly winds are 

normally associated with orographic turbulence. Prevailing land use is grassland with sporadic croplands. Further details on 25 

climate characteristics of the region can be found in Kunstmann et al. (2004, 2006). 

The site is equipped, among other instruments, with a permanent eddy-covariance (EC) station for carbon dioxide, water 

vapor and energy flux measurements (Mauder et al., 2013; Zeeman et al., 2017). An overview about the location of 

instruments is given in Fig. 1. During the campaign, a radio acoustic sounding system (SODAR-RASS, Metek GmbH, 

Elmshorn, Germany) was installed on the east side of the area. The SODAR-RASS consists of a SODAR for the wind 30 

measurement with an acoustic signal and two RADAR antennas for measurements of vertical profiles of air temperature 

(Emeis et al., 2009). The temporal resolution is 10 min with a range between 40 m to 650 m a.g.l. and a vertical resolution of 
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20 m. In addition, vertical profiles of wind direction and speed were determined at the intercept of three simultaneously 

scanning Doppler wind-LIDAR systems (model Stream Line, Halo Photonics Ltd, Worcester, UK) as a so-called ‘virtual 

tower’, in 1 min and 18 m intervals and up to approximately 800 m a.s.l.. Methane mixing ratios were determined using a 

cavity ring down (CRD) spectrometer (G2508, Picarro Inc., Santa Clara, CA, USA) with an accuracy of < 0.007 ppm. The 

instrument was installed close to a 10 m tower equipped with wind speed and direction measurements (CSAT3, Campbell 5 

Scientific Ltd., Bremen, Germany and WindMaster 3D, Gill Instruments, Lymington, Hampshire, UK) and sample air inlets 

at 1, 5 and 10 m height. The three sampling lines (stainless steel, 3.2 mm outer diameter, 1.2 mm inner diameter) were 

flushed continuously with ambient air and a custom built system of solenoid valves connected one sampling line to the CRD 

spectrometer every 75 s. Those measurements were complemented with UAV-based measurements being explained in Sect. 

2.2 and 2.4. 10 

2.2 Multicopter and its instrumentation 

The multicopter used in this study was a commercially available hexacopter DJI F550 Flame Wheel (DJI Innovations, 

Shenzhen, China) with dimensions of 55 cm x 55 cm x 30 cm and a frame weight of 1.3 kg including motors, propellers, 

autopilot and electronics (Fig. 2). It was equipped with a Pixhawk (3DR, Berkley, USA) autopilot for stabilized and 

autonomous flights. The autopilot contains a 3D accelerometer, gyroscope, magnetometer and barometer for position control 15 

as well as an external GPS (LEA-6 u-blox 6, u-blox, Thalwil, Switzerland) for autonomous flying. All data were logged 

onboard, attitude angles as well as motor output at 10 Hz, the accelerometer and gyroscope data at 50 Hz and GPS at 5 Hz. 

Additionally, a remote receiver was installed onboard for manual flying with remote control. The takeoff weight of 2 kg led 

to a flying time of approximately 10 min with a ground speed of 5 m s-1. In case of a communication loss of the remote 

control, GPS signal or low battery status a pre-programmed fail-safe mode took over the control and initiated the landing. 20 

The open-source software Mission Planner was used for ground control to transmit and display important flight data (e.g. 

height, horizontal and vertical speed, battery capacity, position) during the flights. For night flights, bright LEDs were 

mounted on the landing gear of the multicopter for visibility and the identification of its orientation. 

This kind of UAV with a weight below 5 kg was chosen to fly with general flight permission from the Bavarian aviation 

authority, independent on area, altitude above ground and time of the day in the uncontrolled air space. 25 

For vertical methane investigations close to the tower, a 40 cm long aluminum tube (3.2 mm outer diameter, 1.2 mm inner 

diameter) was installed on the multicopter with the inlet about 30 cm above the propellers. This was attached airtight to an 

additional sampling line (PTFE, 3.2 mm outer diameter, 2 mm inner diameter, 70 m long) and was connecting the CRD 

spectrometer and the multicopter. The 70 m sample line was flushed at a flow rate of 350 sccm min-1 (calibrated for 0 °C and 

1013.25 hPa) of which 200 sccm min-1 were drawn by the CRD analyzer. This resulted in a residence time of approximately 30 

38 s in the tube. At 50 m length, the tube was an additional payload of 650 g. Thus, the maximum ascent height was limited 

by the payload capacity of the multicopter. 
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A fast thermocouple was installed for high time resolution air temperature measurements. The used thermocouple was a butt 

welded type K (CHROMEGA®/ALOMEGA® CHAL-003, OMEGA, Stamford, CT, USA), one wire chromium nickel alloy 

and the other constantan, both with a diameter of 0.08 mm. Its measurement range was 0 ° to 60 °C with an output voltage of 

50 mV per °C. The response time was better than 1 Hz in calm air with an accuracy of ±0.1 °C. Calibration against a 

reference thermometer was done in the lab. Data were logged at 10 Hz. These data were also used together with pressure 5 

data from the autopilot for potential temperature (Tpot) calculations to get information about the stability of the atmosphere. 

The used pressure sensor is a MS5611-01BA03 (AMSYS, Mainz, Germany) and is able to resolve an altitude of 10 cm 

corresponding to a precision of about ±0.02 hPa. 

2.3 Wind estimation 

Multicopters move through the air by setting a tilt angle (!) towards the flying direction with the magnitude of tilt angle 10 

roughly proportional to speed. This angle is also changing for compensation of wind variations during the flight. Therefore, 

without using an additional sensor for wind measurements, estimation of both horizontal wind speed and direction was 

possible with onboard sensors for the vehicle’s attitude control by measuring the pitch (for- and backwards), roll (left and 

right) and yaw (orientation to north) angles. In contrast to an aircraft, which is controlled by setting a true air speed, a 

multicopter is flying with a given ground speed resulting in a varying true air speed.  15 

This relationship is shown in the wind triangle (Fig. 3). The ground (G) vector represents the speed and direction of the 

multicopter’s movement determined by the GPS, while the true air speed (TAS) vector represents for the actual speed and 

direction the multicopter is heading to. The deviation of G and TAS is caused by the wind. Assuming hovering, the tilt angle 

is only a result of the wind and the TAS vector is contrary to the ground vector. Consequently, in the easiest case the 

direction of TAS represents the horizontal wind direction and the length of the TAS vector the horizontal wind speed.   20 

Equations applied for the wind calculation are based on Neumann and Bartholomai (2015) and explained in detail there. In 

this study, only vertical flights were investigated. First, the multicopter’s tilt angle γ was calculated from roll and pitch 

angles and then projected to the xy-plane, which results in the true air speed vector. Then, its direction was calculated 

relative to the viewing direction of the multicopter (yaw angle (ψ)) and is given by the angle λ. TAS direction and 

simultaneous wind direction was determined by the sum of ψ and λ in case the TAS vector is on the right side of the viewing 25 

direction ([ψ,ψ + 180°]). In the other case, this sum was subtracted from 360° and in both cases the result has to be within 

0° and 360°. Finally, the calculated tilt angle was inserted into a regression function to get the corresponding true air speed. 

The length of the TAS vector represents the wind speed. 

Neumann and Bartholomai (2015) used wind tunnel experiments to determine the regression function. In contrast, in our 

approach the length of the TAS vector was determined by relating tilt angles to specific true air speeds during different flight 30 

experiments. The assumption was that without wind the true air speed corresponds to the flight speed measured with the GPS 

(GPS speed or ground speed), which has an accuracy of 0.1 m s-1. The multicopter’s tilt angle was calculated by using pitch 

and roll angles. Their accuracy was better than 0.1°. Using racetrack flights, the regression function was experimentally 
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determined during calm wind conditions with wind speeds below 1 m s-1. The track had a length of 120 m and had been 

flown six times on average for several ground speeds between 2 m s-1 and 8 m s-1. While the ground speed was kept constant 

by the GPS (< ±0.2 m s-1), the variability of the assigned tilt angle was dependent on atmospheric conditions. To avoid an 

offset in the regression function the multicopter was balanced out. The resulting regression function is shown in Fig. 4 with 

the following Eq. (1): 5 

!"# = 0.9743 ∗ !!.!!"#           (1) 

The root-mean-square-error (RMSE) of TAS determination was ±0.3 m s-1. Based on this error for TAS, the RMSE of the tilt 

angle was ±0.4°, which is similar to the one of Neumann and Bartholomai (2015). This mean error of TAS leads to a higher 

relative error for low wind speeds than for higher wind speeds. 

With this equation, horizontal wind speed and wind direction were estimated from 1 Hz data and were averaged with a 10 

moving window over 10 s for further smoothing. To determine the inaccuracy caused by a wind speed up to 1 m s-1 during 

the experimental flights, the variability of the tilt angle was analyzed during hovering under calm wind conditions (<1 m s-1). 

This led to an uncertainty of 0.7° ±0.3° corresponding to a true air speed of 0.7 m s-1 ±0.3 m s-1, which resulted in an overall 

accuracy of TAS estimation of 0.7 m s-1 ±0.6 m s-1. 

2.4 Flight strategies 15 

To demonstrate the functionality of the wind estimation based on the attitude control sensors of the multicopter, a 

comparison was done to a 3D ultrasonic anemometer (uSonic3, Metek GmbH, Elmshorn, Germany) installed at a 9 m tower 

having an accuracy of 0.1 m s-1 and 2° at 5 m s-1, respectively. During windy conditions (3–5 m s-1) the multicopter was 

hovering for 5 min close to the tower at a distance of approximately 5 m. This horizontal distance as well as the 9 m height 

of the measurements ensured that the multicopter’s downwash neither had an influence on the multicopter itself nor on the 20 

anemometer. For calm wind conditions, influences of the downwash were detected up to 5–6 m a.g.l.  

In addition, vertical wind profiles were compared to other instruments such as LIDAR and SODAR. The EC station was 

used as continuous time series information close to the ground. Reaching a height of 150 m a.g.l. with the multicopter, the 

range comparable to other instruments was about 100 m. For these flights, the vertical speed was set to 1.5 m s-1. 

For methane measurements, the additional sampling line was attached to the multicopter and the spectrometer and was raised 25 

up to heights of 10, 25 and 50 m a.g.l. A hover time of 60 s at each level was included to get an averaged value. The pattern 

was repeated every 15 min. This led to a rotation of 5 min measurements with the multicopter and 10 min measurements at 

the tower at 1 m and 10 m a.g.l. For analysis, only the ascent data were used from the flights because there was no hovering 

during the descent. In addition, this strategy ensured that the multicopter did not mix the air before flying through. Alvarado 

et al. (2017) experimentally determined a distance of 40–45 cm above the multicopter, where the influence of the rotors to 30 

air speed decreases significantly. So, the methane mixing ratio is actually not a point measurement but valid for a volume. 

While most of the flights were done above the grassland site south-west of the EC station as shown in Fig. 1, the flights 

including methane measurements took place close to the methane tower in the south-east of the investigation area. 
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Time is given in UTC which corresponds to CEST-2. 

3 Results 

3.1 Wind estimation 

Information about the accuracy of the wind estimation was determined while hovering next to an ultrasonic anemometer 

with a distance of about 5 m (Fig. 5). The multicopter derived wind direction showed a standard deviation of ±11.1° and 5 

±0.7 m s-1 for wind speed within a hovering time of 5 min. During the same time, the anemometer’s wind direction varied by 

±10.6° and wind speed by ±1 m s-1. The difference between the multicopter and tower measurements both averaged over 

5 min was 7.7° and 0.3 m s-1. For both time series the 10 s moving average was applied resulting in a RMSE between 

multicopter and tower of 14.5° and 0.7 m s-1, respectively. Both changes in wind speed and direction could be captured by 

the multicopter. The highest deviation was between 150 s and 200 s with differences of about 30° and 2 m s-1, respectively 10 

(see Fig. 5). Since the volume of the multicopter is larger compared to the measurement path of the sonic anemometer, the 

multicopter does not react to the small turbulent elements, the so-called eddies, and therefore cannot capture the full range of 

wind speed. In addition, the multicopter has inertia due to its weight. Consequently, the wind speed deviations measured by 

the multicopter should not be used as information about atmospheric turbulence.  

In addition to the side-by-side measurements, wind estimation from vertical profiles was compared to LIDAR and SODAR 15 

measurements as well as EC station data for near ground information (Fig. 6). Both LIDAR and EC station data (both 1 min 

time resolution) are shown for the time around the vertical profiles of the multicopter (~4 min). The SODAR had a temporal 

resolution of 10 min, so only one value was available at each height. Wind direction and speed of the UAV data were in 

good agreement with the recordings of the different instruments. During the flights at 09:01 UTC and 09:31 UTC, wind 

direction was mainly from north to east with an increasing wind speed over time. For the first flight, spatial and temporal 20 

averages of multicopter, SODAR and EC station were in agreement within 20–30° and a standard deviation of about ±20° 

for wind direction. LIDAR data showed higher variability than other measurements but above 100 m data were in the same 

range. Wind speed for all instruments was low with an average of about 1–1.5 m s-1 and a standard deviation of about 

±0.6 m s-1. For the second flight, the same was true for wind direction, but greater differences occurred for wind speed. 

While the multicopter and SODAR recorded a mean speed of 2.6 m s-1 and 2.5 m s-1, respectively, LIDAR and EC station 25 

had 1.7 m s-1 and 1.4 m s-1, respectively. At this point it has to be highlighted that the instruments were not located at the 

same place (distance 100–570 m from multicopter, see Fig. 1) and that time resolution varied. Besides, during north-easterly 

winds generation of turbulence is likely at the edge of the forest, which is to the east of the investigation area. Accordingly, 

differences were explainable, especially at heights up to 50 m. 
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3.2 Methane and meteorological conditions 

In the night between 21 and 22 July 2015, methane measurements were made with the multicopter starting about 15 minutes 

after sunset (19:05 UTC) and extending over seven hours (Fig. 7). For comparison of tower and multicopter results, the 

subsequent measurements are displayed with orange points for tower data in 10 m and multicopter data with green ones also 

for 10 m. Short-term variations in methane concentration were detected by both techniques, even with the same extent 5 

(around 22:00 UTC). There was only one major deviation shortly past midnight when the multicopter measured a value of 

2.45 ppm compared to 2.2 ppm at the tower. This may be due to the distance of approx. 5 m between tower and UAV and a 

time difference of around 30 s between those measurements. Overall, the two data sets were significantly correlated with a 

spearman correlation coefficient of 0.96. Calculation of the RMSE led to ±0.063 ppm. Consequently, the measurements on 

the moving platform were as representative as those of the stationary tower installation.  10 

Considering the vertical methane profiles up to 50 m a.g.l., gradients were detectable during stable atmospheric conditions 

after sunset (Fig. 8). Data are shown for six flights with one-hour intervals beginning at 19:32 UTC and ending at 

00:32 UTC. According to the potential temperature profiles, a stable stratification of the atmosphere developed after sunset 

indicated by increasing potential temperature with height. Its difference reached 5–6 K between ground and 50 m. 

Thus, this overall stable stratification led to the reduced vertical mixing, and methane sources in the surroundings caused a 15 

concentration rise of 0.3 ppm after sunset within six hours. The mean background concentration measured during this 

campaign was 1.9 ppm. The concentration increased at each height with time, while accumulation started from the ground. 

Vertical gradients were already visible right after sunset, were intensifying until the measurement at 22:32 UTC, weakening 

afterwards and then intensifying again at 00:32 UTC. This variability in varying gradients was in agreement with changing 

meteorological conditions. Mean concentrations averaged over all measurements at each level were 2.091 ppm (10 m), 20 

2.049 ppm (25 m), and 1.976 ppm (50 m). 

According to the continuous measurements at the tower, the CH4 concentration increased close to the ground even before 

sunset. The strongest increase was seen at all heights between 21:32 and 22.32 UTC with 0.25 ppm at 10 m, 0.15 ppm at 

25 m, and 0.06 ppm at 50 m. Afterwards (23:32 UTC), concentration decreased in 10 and 25 m and increased in 50 m, 

leading to almost the same concentration in all heights (approx. 2.07 ppm). 25 

Variations in agreement with a stabilization of the NBL were observed from the vertical potential temperature profiles. The 

stability of the atmosphere increased especially between 25 and 50 m until 22:32 UTC, while CH4 accumulated in the NBL. 

Below 25 m, the atmosphere was slightly stable to neutral. In the following hour, a destabilization in the lowest 50 m of the 

atmosphere was detected and afterwards stable conditions developed again. This destabilization occurred simultaneously to 

the mixing of methane at all heights followed by a reestablished methane gradient. The results indicated a developing surface 30 

layer up to 25 m a.g.l. where methane accumulated, but exchange with air above was not completely inhibited likely due to 

the fact that turbulence was not totally suppressed.  
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Wind in this night was mostly from west to north-west with low speed between 1–2 m s-1 and up to 3 m s-1 in 50 m (Fig. 9) 

and is shown for the same times as in Fig. 8. During the first two hours, wind direction was roughly the same with height 

showing a variability of about 50° (W to NW), while wind speed was about 2–3 m s-1. Afterwards, wind speed was lower at 

10 and 25 m. Mean wind direction stayed between west and north-west in 25 and 50 m, while in 10 m it changed from south 

(21:32 UTC) to west (22:32 UTC) and back to south and south-west (23:32 UTC). So, southern directions were accompanied 5 

by a methane decrease, lower wind speeds and higher potential temperature. In contrast to that, at 22:32 UTC wind speed 

was higher than 1 m s-1 and potential temperature was 4–5 K lower than the hour before and after. During the last flight, 

wind direction changed back to north-west with high variability of about 100° at 10 m and 25 m, which was not seen in the 

second height before. This higher variability occurred mostly during low wind speeds of 1–1.5 m s-1. 

4 Discussion 10 

The presented results of the multicopter-based approach showed that extending measurements from towers have advantages 

because measurement height and location is more flexible. Methane concentration measurements at 10 m height were in 

good agreement with those on the tower and could be conducted at different heights. Therefore, we conclude that the 

technique of using a tube with a multicopter could be also applicable for other inert trace gases and related research 

questions. In view of the good agreement of tower and UAV-based methane concentrations, plausible methane gradients 15 

were observed during stable atmospheric conditions although the multicopter does stir air with its propellers. Palomaki et al. 

(2017) demonstrated in an experiment that wind speed at 30 cm above the multicopter is 0.5 m s-1 due to spinning rotors. 

According to Alvarado et al. (2017) this influence is negligible at a distance of 40–45 cm above the multicopter.  
Methane concentration increases close to the ground were found below a nocturnal inversion. Using a tethered balloon 

instead of a multicopter, Choularton et al. (1995) detected a concentration drop of 0.05 to 0.075 ppm from the inversion layer 20 

to the layer above. This is in agreement with our multicopter measurements in 10 and 25 m a.g.l. being below 0.1 ppm in the 

first half of the night while a stable stratification occurred. 

The vertical range of measurements was limited by the payload capacity of the multicopter and the lateral extent of the 

measurements was restricted by electricity availability for the methane analyzer. Using a tethered balloon, Denmead et al. 

(2000) pointed to the problem that it was difficult to adapt to varying NBL heights with fixed installed sampling lines. This 25 

shortcoming can be overcome with the multicopter because hovering heights can be easily changed in the flight plan. A 

limitation of our setup was that the vertical range of 50 m is usually not enough to cover the whole NBL height. To 

overcome this limitation, a multicopter with a higher payload would be necessary with the ability of carrying a longer tube. 

Apart from that, the vertical extension of meteorological measurements to the NBL height without the tube would be 

benefiting for interpretation, although no methane data would be available.  30 

In addition, no influence of the tube on the tilt angle could be detected while hovering at 10, 25 and 50 m. A negligible 

influence of payload was also found by Neumann and Bartholomai (2015). To each height, the multicopter had to lift more 
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weight, but the autopilot compensated this with the spinning speed of the propellers, which was significantly higher on the 

side where the tube was mounted. Therefore, it is recommended to mount the tube in the center for a better flight 

performance. Besides, non-gusty wind conditions are favorable to reduce the wind load on the tube.  

The wind estimation carried out during hovering showed good agreement with the tower with a RMSE of 14.5° and 0.7 m s-1 

for wind direction and speed, respectively. These values were determined using a moving average of 10 s. Applying a 20 s 5 

moving average values of 12.5° and 0.6 m s-1 are similar to those obtained by Neumann and Bartholomai (2015) for 

hovering. The advantage of our approach is that no wind tunnel experiments are necessary and that the experimental flights 

are easy to reproduce. Since the estimated errors were a result of only a 5 min flight, further experiments and comparisons 

would be necessary to confirm these values. Our experimentally determined relationship between TAS and the tilt angle is 

only valid for this hexacopter configuration and up to a speed of 6 m s-1. 10 

Although the multicopter-based wind estimation was biased, measurements show similar results and the results of the other 

instruments showed differences too. Wind speed differed up to about 1 m s-1 and direction up to 50° above 50 m. Below this 

height, influences of topography, land use and horizontal distance as well as averaging time were more pronounced and 

differences larger. Horizontal distance to the multicopter was 370 m for LIDAR and 540 m for SODAR, while they had 

averaging times of 1 min and 10 min, respectively, compared to the 10 s moving average of the multicopter. Lothon et al. 15 

(2014), for example, found similar biased differences dependent on horizontal distance and land use during the BLLAST 

campaign. In addition, low wind speeds (< 1 m s-1) lead to higher variability in wind direction as seen for LIDAR data.  

This is because then the wind is not well coupled to the meso-scale flow, which is often leading to variable wind directions 

(Anfossi et al., 2005, Mahrt, 2010). The same is true for multicopter-based wind direction at 10 m during the nighttime 

flights, which mainly occurred during wind speeds of less than 2 m s-1. With regard to wind estimation from horizontal 20 

flights, this is especially important because flying with a specific speed requires a certain tilt angle. If this angle is 

significantly larger than the wind induced angle, determination of wind contribution to the angle could be more difficult 

depending on the accuracy of measuring the angle. 

Hovering close to the ground led to limitations in the estimation of wind from the flight control sensors. The propeller’s 

downwash caused motion of air beneath the multicopter. These were compensated by changing the tilt angle, but did not 25 

reflect actual wind conditions below a height of 5–6 m a.g.l. The effect was stronger during calm conditions because the jet 

of perturbed air did not advect away effectively. For the same reason, the data collected during descent were not used to 

estimate wind conditions because the multicopter moved through its own downwash. 

Since the thermocouple was placed below a rotor, discontinuities were found while hovering; the temperature measurement 

is rather representative for the volume around the multicopter than for a point. But this ensured a continuous flow around the 30 

sensor, which increased its response time. For analysis, temperature was averaged for hovering at each level during the 

methane measurements. 

The combination of the wind and concentration measurements suggest that the significant methane increase between 

21:32 UTC and 22:32 UTC was caused by emissions from the dairy farms (about 150–200 dairy cows) to the west of the 
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measurement location (about 600 m distance). Actually, the methane mixing ratio started to increase around 22:00 UTC 

(Fig. 7), when wind direction changed from more southern to predominating western directions (250–300°) with wind speeds 

of around 1.5 m s-1 (Fig. 9). Below 25 m, the atmosphere was mixed according to the vertical potential temperature profile. 

Taking into account these conditions, dispersion of a methane plume is low. According to Dämmgen et al. (2012), an 

emission rate of 14.5 g h-1 cow -1 can be assumed. This value was estimated for dairy cows in Bavaria (Germany) based on 5 

the IPCC guidelines (2006). Depending on the width of the methane plume(s) (100–500 m) coming from the farms, the 

methane concentration increase of about 0.15 ppm in half an hour would lead to emissions from about 90–450 cows. In 

comparison to the actual number of dairy cows measured methane concentrations were plausible. For further investigation, 

an approach similar to that of Hacker et al. (2016) would be suitable to calculate emission rates by flying upwind and 

downwind of the farms and measuring the vertical and horizontal extent of the plume.  10 

5 Conclusion and outlook 

This case study demonstrated the feasibility of a multicopter-based approach to detach measurements of constituent mixing 

ratios and meteorological variables from fixed towers to achieve mobile and flexible investigations. Especially for regions 

difficult to access, sensible ecosystems or locations where high towers are prohibited, multicopter-based measurements could 

be a suitable alternative. In addition, the results highlighted the need of both meteorological and methane measurements 15 

simultaneously. Information about potential temperature is important to determine the (in-)stability of the atmosphere and 

hence infer dispersion and mixing processes. Wind speed and direction provide information about the footprint, i.e. where 

the enhanced concentration originates. This is not only true for methane but is transferable to investigations of other trace 

gases and aerosols in the air. However, to apply budget methods for ground flux estimations as discussed by Denmead et al. 

(2000), the vertical coverage needs to be extended, for example by utilization of a lightweight onboard methane sensor.  20 

Also for horizontal methane investigations, a lightweight and small methane sensor onboard a multicopter would be 

beneficial. With such a sensor it would become possible to investigate the size of the methane plumes horizontally and 

vertically and determine methane fluxes. Besides, the investigation of further methane sources and sinks as well as their 

strengths is planned in that area. To this end, horizontal wind estimation is necessary.  
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Figure 1: Measurement site DE-Fen, Germany, with land use and ground-based instrumentation important for this study during 
the ScaleX campaign 2015. Contour lines stand for altitude (m) above sea level (QGIS, OpenStreetMap). 
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Figure 2: DJI F550 multicopter with installed sensors and tube. 
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Figure 3: Relationship between the tilt angle ! of the multicopter and the wind triangle with true air speed (TAS) vector, ground 
(G) vector and wind vector. Pitch angle is in x-axis and roll angle in y-axis direction. Yaw (!) is the viewing direction of the 
multicopter relative to north and the angle between TAS and yaw is !. 
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Figure 4: Regression function of relationship between true air speed (TAS) and tilt angle (!) experimentally determined with 
racetrack flights during calm wind conditions. The green line represents the fitted regression function and the error bars indicate 
the standard deviation of ±0.4° for the tilt angle and ±0.3 m s-1, respectively. 
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Figure 5: Wind direction (WD) and speed (WS) comparison between tower (grey) and multicopter (blue) at 9 m a.g.l. over 5 min. 
The colored bands around the lines represent the standard deviation of each time series. 
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Figure 6: Wind direction and speed profiles during two different flights: 09:01 UTC (left panels) and 09:31 UTC (right panels) on 
15 July 2015. The blue profiles show multicopter data, dark grey circles represent EC station data, light grey squares LIDAR data 
and orange squares SODAR data. LIDAR and EC station data were averaged over the time the multicopter needed for the profile. 
Error bars show their standard deviation. 5 
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Figure 7: Methane mixing ratio measured at the tower and with the multicopter in the night between 21 and 22 July 2015. Tower 
data were measured just before the 10 m data from the multicopter. Error bars show the standard deviation for each 
measurement averaged over 60 s. A standard deviation of 0.01 ppm or less cannot be shown because the size of the data point 
exceeds the error bar. The dashed grey lines represent the time for which vertical profiles are shown in Fig. 8 and 9. Local time 5 
(CEST) is UTC+2. 
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Figure 8: Vertical potential temperature (Tpot) profiles in blue and methane concentrations in green over six hours from 
19:32 UTC (left) to 00:32 UTC (right) in the night 21 to 22 July 2015. This corresponds to: 21:32 CEST to 02:32 CEST (UTC+2). 
Air temperature was measured with the thermocouple (ascent data only) and Tpot was calculated with the onboard pressure data 
from the autopilot. Tpot was averaged at hovering levels and smoothed with a moving average (3 s). Error bars of methane 5 
concentration show the standard deviation for each measurement averaged over 60 s. A standard deviation of 0.01 ppm or less 
cannot be shown because the size of the data point exceeds the error bar. 
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Figure 9: Variability of wind direction (left) and speed (right) during 60 s hovering at 10, 25 and 50 m a.g.l. for flights between 
19:32 UTC and 00:32 UTC in the night 21 to 22 July 2015. The blue box contains 50 % of the data and represents the interquartile 
range with the median as a black line. The dashed lines show maximum and minimum values in case those values are within the 
1.5 interquartile range. Values outside this range (outliers) are represented with circles. 5 

 


