
Author response to the reviewers comment from Anonymous Referee 
#3 on the manuscript amt-2018-392: “Low-cost eddy covariance: a case 
study of evapotranspiration over agroforestry in Germany”

We thank you for your feedback, suggestions and helpful comments on the manuscript. In 
the current document we give a point-by-point answer on above mentioned referee report. 
We show first the referee comments (RC) and secondly the answer of the authors (AR). 
Changes made in the manuscript can be found in the track changes document attached to 
the current document. Figure numbers and references refer to the track-changes 
document, if not otherwise stated. We are still editing the manuscript and will perform 
minor changes explicitly stated in the text. 

1. RC: General comments

This manuscript presents a test of a low-cost hygrometer manufactured by Bosch
GmbH being used for eddy-covariance measurements. The sonic anemometer is the
same as for regular eddy-covariance system being deployed. Another difference be-
tween the low-cost system and the regular system is the data acquisition, which is
realized by a Raspberry Pi instead of a Campbell CR6 data logger. The regular EC
system has a Licor LI7200 for measuring water vapor and CO2 fluctuations. I doubt
that the data acquisition causes significant differences in the collected data since both
systems are recording digitally. So, the main question of this study is, whether the 
precision and the spectral response characteristics of the Bosch hygrometer are suffi-
cient for eddy covariance applications. The results of evapotranspiration show a good
agreement, if adequate spectral corrections are applied, which leads the authors to
the main conclusion that this low-cost system is an alternative when a larger number
of measurement units is required for a certain application. I generally agree with this
assessment; however, I suggest that a more extensive evaluation of the spectral re-
sponse characteristics of the Bosch sensor based on the collected field data should be
presented, e.g. the system’s cut-off frequency based on in-situ assessment method of
Ibrom et al. (2007) and the transfer function of the Moncrieff et al. method. This would
perhaps also better explain why the one method gave different results than the other.

1. AR: We included more information on the spectral response characteristics of the 
thermohygrometer. In detail, we derived the cut-off frequency and the sensor time constant
from water vapour mole fraction spectra as a function of relative humidity. And we included
information on the spectral correction factor for both the low-cost and conventional EC 
system. See the author response 5 of the current document for more information.

In a lab experiment we estimated the sensor time constant of the temperature and relative 
humidity sensor of the BME280. The time constant of the temperature sensor was 23.3
±0.9 s as a mean over 4 replications. Preliminary results showed a faster time response 

of the relative humidity sensor. The lab experiment will be continued in the next days and 
results will be included in the revised manuscript, perhaps in the Materials and Methods 
section.

Thank you for comment and suggestion on differences found between the two different 
high-frequency spectral corrections. One explanation of differences found for the two 
different high-frequency spectral corrections is the low amount of data. The in-situ 
assessment method of Ibrom et al. (2007) requires at least one month of data to 
successfully estimate the transfer functions cut-off frequency. For shorter time periods the 



cut-off frequency might not be appropriate. Therefore, the corrections might be performed 
in a wrong frequency range.  

In contrast, for the high-frequency correction after Moncrieff et al. (1997) a transfer 
function is estimated for each 30-min period and is therefore independent on the amount 
of data. We will follow your advice and show first the cut-off frequencies in dependence on 
relative humidity for the Ibrom et al. (2007) spectral correction and second an average 
transfer function after Moncrieff et al. (1997) for the sites. 

2. RC: Minor comments

Abstract: I find the abstract too long, I am not sure though, if this journal has any limits
in that respect. E.g. the introductory sentences could be shortened. Nevertheless, I
would suggest to mention the main results, perhaps even including information about
the RMSE.

2. AR: We shortened the Abstract as shown below.



3. RC: P2, L10-21: It is not clear how this is relevant for the topic of this paper. Perhaps 
omit these sentences, although they are correct.

3. AR: We shortened this paragraph and focused on the most important parts.



4. RC: L9, L7: How were the clocks of the two systems synchronized and how good was 
this synchronization. It needs to be better than 0.05 s.

4. AR: We agree that this sentence was misleading. We changed the line accordingly. This
sentence should rather be understood as matching of data sets. The turbulence data, the 
3D wind and the sonic temperature, were sampled with a frequency of 20 Hz and the air 
temperature, relative humidity and air pressure were sampled with a frequency of 8 Hz on 
two data acquisition systems, the CR6 logger and the RaspberryPi, respectively. We 
matched the two different time stamps during preprocessing according to the nearest 
neighbour time stamp. Regarding the synchronization of the two different data acquisition 
systems, the time stamp of the RaspberryPi was synchronized hourly with an online ntp 
server, whereas the time on the CR6 logger was manually set during regular maintenance 
visits.

We corrected for a time lag between the 3D wind velocity and the sonic temperature 
recorded with the CR6 logger and the water vapour mole fraction recorded with the 
RaspberryPi during preprocessing, using the cross correlation function ccf (R-package 
ccf). We assume that the drift of the two acquisition systems is inside the window of the 
cross correlation function of 62.5 s.

5. RC: P10, L17: Since you analyzed the spectra already, I suggest that you also 
empirically determine and present the cut-off frequency of the Bosch sensor, also in order 
to verify the response time provided in the specifications.

5. AR: In the following we want to address the spectral response characteristics of the 
BME280 thermohygrometer in two ways, first, in terms of the cut-off frequency and as the 
derived sensor time constant and, second, in terms of the spectral correction factor for 
water vapour.

Cut-off frequency and sensor time constant

We estimated a theoretical cut-off frequency according to the given time constant, τc , with 
the following equation: 

                                                       f c=
1

2 π τ c
 (1)

The nominal response time of the relative humidity sensor is one second for a step change
in relative humidity from 0 to 90 and 90 to 0% relative humidity at 25°C ambient air 
temperature, as stated in the specifications. A theoretical cut-off frequency of 0.16 Hz (6.3 
s) results from equation 1 from the current document. 



In comparison to the theoretical cut-off frequency, we estimated a cut-off frequency from 
spectra of the the water vapour mole fraction. We estimated the cut-off frequency as the 
frequency of the intercept between the maximum water vapour spectral energy and the 
linear fit of the energy spectrum in the inertial sub-range (between ~ 0.1 and 1 Hz) on a 
double logarithmic scale. The signal below the cut-off frequency is attenuated.

Under field conditions the mean cut-off frequency was 0.063 ±0.02 Hz for the low-cost 
set-up and 0.3 ±0.2 Hz for the EC set-up across five plots and all humidity classes (30-
90% relative humidity). The mean time constant calculated from the cut-off frequency was 
2.802 ±1 s for the EC-LC set-up and 0.648 ±0.3 s for the EC set-up, respectively. 

We found an exponential increase of the time constant with increasing relative humidity for
both the EC and the EC-LC set-ups (see Figure 1 of the current document). We are not 
able to reproduce the response time of 1 s even under very dry ambient conditions. The 
main cause are different ambient conditions than given in the specifications. The estimated
time constants consider a relative humidity dependency, but not a temperature  
dependency. For a temperature of 25 ±1 °C the time constant for the water vapour 
spectra was equal to the time constant at 30% relative humidity. 

Figure 1: Time constant against relative humidity (from 20 to 90% in 10% classes) for the EC (black solid 
lines) and the EC-LC (red solid lines) set-up. Dashed lines and the values written correspond to the median 
time constant for the respective set-ups. Sites correspond to Dornburg AF, (a), Dornburg MC, (b), Forst AF, 
(c), Reiffenhausen AF, (d), and Wendhausen AF, (e). 



Spectral correction factor for water vapour

Site Spectral correction 
factor (-)

Spectral correction factor 
flux magnitude change (%)

Method EC EC-LC EC EC-LC

Dornburg AF 1.12 1.78 6.9 40.82

Dornburg MC 1.21 3.05 14.3 60.9

Forst AF 1.1 1.99 9.9 47.7

Reiffenhausen AF 1.11 1.31 9.4 42.3

Wendhausen AF 1.19 1.74 5.9 21.83

Mean+-sd 1.146 ±0.05 1.974 ±0.65 9.28 ±3.3 42.7 ±14.1

Table 1: Median spectral correction factor and the impact of the spectral correction factor on the flux 
magnitude change.

We found a higher frequency correction factor for water fluxes (combines the correction for
high and low-frequency losses) obtained by the EC-LC set-up than for the EC set-up with 
a median flux increase of 97.4% and 14.6% (see Table 1 and Figure 2 of the current 
document), respectively. 

Figure 2: Box-whisker plot of spectral correction factors for the EC (grey) and the EC-LC (red) set-up for all 
sites, e.g. Dornburg AF, “D AF”, Dornburg MC, “D MC”, Forst AF, “F AF”, Reiffenhausen AF, “R AF” and 
Wendhausen AF, “W AF”. Values indicate the median spectral correction factor. Error bar

The effect of the spectral corrections on a flux magnitude increase was most pronounced 
for the low-cost set-up than for the conventional EC set-up with an overall flux magnitude 
increase of 42.7 ±14.1 % and 9.28 ±3.3 % for the EC-LC and the EC set-up, 
respectively (see Figure 3 and Table 1 of the current document). 

We found the highest median spectral correction factor (3.05) and the highest flux 
magnitude increase (60.9%) caused by the high-frequency correction for the low-cost set-
up of the monocultural agriculture plot of Dornburg. We interpret the higher spectral 
correction factor as caused by different measurement heights, with a measurement height 
of 3.5 m at the monocultural agriculture plot of Dornburg and a measurement height of 10 
m at the agroforestry plot of Dornburg. At the lower tower high frequency eddies are more 



likely than at the taller tower. As the nominal time response (1 s) given in the specifications
and the estimated time response are quite low, the flux loss is quite high and needs to be 
corrected for. We will include the information presented in the current document also in the
revised manuscript.

Figure 3: Barplot of cumulative sums of ET for the EC and the EC-LC set-up for all sites. Only data available
at each time step and for both methods were used. The black and red bars indicate the summed ET 
corresponding to the frequency corrections. The error bars correspond to the summed random uncertainties, 
which were added to the cumulative evapotranspiration rates. Incomplete records with either of EC or EC-LC
missing were omitted.


