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We thank the editor for his helpful comments, which are listed below in italics, followed by
our response typeset upright. Changes to the manuscript are highlighted in blue colour.
A marked-up version of the revised manuscript is attached.

Comments

p1 line 3 /19: At both locations, a better explanation is necessary. It needs to be specified that (nocturnal)
stable stratification does not generally violate the assumptions for EC measurement, but only under "calm
and stable conditions” (or "very stable conditions’) without fully developed turbulence. Windy stable
conditions, which can also frequently occur during nights at many sites, are not problematic for EC
measurements.

Changed to ‘calm and stable conditions” and ‘Stable conditions combined with low wind
speeds’, respectively.

p1 line 10: change to "an area in the order of”

Changed

p1 line 16: Why is "methane” introduced here but not mentioned in the rest of the introduction? I
suggest to leave it away and fully concentrate on CO2.

Changed

p2 line 12: Why do you mix/combine "Biometric approaches, including enclosure-based methods”.
These are two totally different approaches in my view with different advantages/disadvantages.

We agree and changed the sentence to ‘Enclosure-based methods and biometric approaches,
including plant growth assessment and stock inventories, are often employed [...]".

p2 line 20/21: I do not agree that going from the EC scale to a larger scale is generally the better choice
than going to the smaller scale (chambers). This is not supported by existing literature and also not by the
present study (that uses small chambers as a reference). Instead the authors should argue that going to the
larger scale is an “alternative option’ to chambers with other advantages and disadvantages. I would even
suggest not to stress the potential of the NBL budget as direct alternative to nighttime EC (or chambers),
but rather as (the only) method being able to measure fluxes on a larger (landscape) scales.

It was not our intention to state that NBL budgets are better suited for validating EC measure-
ments than enclosure-based approaches. Our argumentation is rather that (1) EC measurements
are unreliable under calm and stable conditions, hence validation and correction is needed,
(2) enclosure-based and biometric approaches are often used for this purpose, but due to the
smaller footprint this comparison is prone to sampling biases, hence they cannot be the full
answer to the problem, (3) no method is known that measures fluxes independently of the EC



technique with the same footprint as EC measurements (this would be the optimal case with
no risk for sampling bias), hence (4) NBL budgets with their larger footprint are the best option
to constrain EC errors better than would be possible with chambers and biometric approaches
alone. To make this clearer, we revised 1. 13-23 as follows: ‘The nighttime problem of EC
measurements calls for error quantification and potentially correction. Ideally, this would be
achieved by comparison to a method that is sensitive to fluxes in the same area, but is not based
on the same assumptions as the EC technique. Unfortunately, no such method is available. Con-
straining the error of EC measurements must therefore rely on methods that determine fluxes
on smaller and larger scales.

Enclosure-based methods and biometric approaches, including plant growth assessment and
stock inventories, are often employed to obtain independent estimates for NEE [?, ?, ?]. These
methods quantify the exchange of carbon on a much smaller spatial scale than EC measure-
ments. The chambers typically used for determining soil respiration cover an area of less than
one square meter, while the EC technique is sensitive to fluxes from an area of 10%*-10° m2, de-
pending on the site and on meteorological conditions [?]. Given these different scales, inho-
mogeneities in the ecosystem under study, such as spatial variability of soil properties (e.g.,
texture, carbon content, nitrogen content), soil environmental conditions (e.g., soil temperature
and moisture) or plant community composition can lead to biases in the comparison.

In order to counteract these biases, larger-scale flux estimates should be obtained in addi-
tion to enclosure based or biometric measurements when constraining the error of EC measure-
ments. Nocturnal boundary layer (NBL) budgets [...]'

p2 line 25: Clarify to "Any tracer emitted from the surface into the atmosphere...”

Changed

p3 line 5: 1 suggest to write "...at low instrumental costs.” The instrumentation may be low cost
with this method, but the manpower for operation over certain time periods is definitely not low cost (in
contrast to an EC or chamber system that is run automatically). Maybe you also want to comment on
that latter issue.

In this sentence we state that UAS have ‘the potential to probe the NBL [...] at low cost’.
Neither EC nor chamber systems yield vertically resolved measurements of a significant part of
a the NBL, hence they are not ‘competitors’ in that respect. The two most common platforms
to obtain such measurements are manned aircraft and tall towers. UAS-based measurements
beat both of them in instrumental cost and cost of operation, so the sentence seems justified
and we would prefer to leave it as it is. Taking hourly nighttime measurements over the course
of several weeks with a non-automated UAS-based approach would of course be much more
expensive than operating a set of automated chambers over the same time span, but such a
measurement strategy is not recommended at any point in the manuscript.

p3 line 14: Replace "creation” by "determination”; line 19: Replace accordingly “created” by "deter-
mined”

Changed there and at several other occurences

p3 line 16/17: The sentence “In the following ...” can be omitted.

Changed

p3 line 29: Change "sowed” to "sown”

Changed

p3 line 33: It would be good to indicate the position and extension of this grid in Fig. 1 or 2.

We added ‘[...] a regular grid covering an area of 300 m by 300 m’. This grid would be hardly
visible at the scale of Fig. 2. In the right panel of Fig. 1 it would still be small and partially hide
the land cover, which to show is the main purpose of that panel. We also think that the soil grid
is not important enough to warrant a separate figure.

”



p3 line 33: "5 cm depth” occurs twice in the sentence. Omit one.

Changed

p7 line 30: Replace "lower than 150m” by “less than 150 m”

Changed

p8 Eq. 2: It is not clear what the subscript "SC” of x_SC(t) means here.

Eq. 2is introduced with the sentence ‘Its response to step-changes in CO; dry air mole fraction
can be approximated as xgc () =[...]". ‘SC’ stands for step-change and is used here to be coherent
with the cited reference. We do not see how we could make this clearer.

p11 line 10: What do "11, 12" mean here. I think they are not defined in the text.

Indeed I; and I, are not yet introduced as spatial coordinates at this point. We changed the
sentence to ‘In order to evaluate the second integral in term A, [, ¢(z,t) dz, we assume hori-
zontal and vertical homogeneity of the CO, dry air mole fraction at the time ty, i.e. xcoz(to) is
assumed to be constant within the spatial domain relevant for our experiments’.

p11 line 14/15: The sentence "The sign of the daytime CO2..." is not necessary and a bit confusing at
this position. I suggest to omit it.

The sentence plays an important role in the argumentation. Ecosystems that are a strong CO,
source at night often (not always) take up a lot of CO,during daytime. This finding leads to
the question how horizontal homogeneity of concentration can be a weaker assumption dur-
ing daytime than during nighttime, which is answered in the following two sentences in the
manuscript. If nighttime emission was e.g. a hundred times smaller than daytime uptake, the
argument of mixing height would be meaningless. We revised said sentence to put more em-
phasis on the magnitude and less emphasis on the sign: * Daytime and nighttime CO, flux of a
vegetated area are usually of the same order of magnitude, although different in sign.’

p11 line 21: The sentence "In a stable NBL, however, little turbulent exchange takes place” is not really
correct. Du to (intermittent) turbulent exchange, the CO2 emitted at the surface is mixed up to heights of
e.g. 100 m as shown in Fig. 7. Probably the authors wanted to say that "little (or no) turbulent exchange
takes place across the top of the NBL" ?

Changed to ‘"However, when a stable NBL has developed, little turbulent exchange takes place
across the top of the NBL.

p13 line 21/22: I think it should read here ”...with a Gaussian filter ...”

Changed to ‘with a Gaussian function” here and in the caption of Fig. 4 and 5.

p14 line 10/11: I do not really see the sense of smoothing the height z, as long as the filter for the
concentration profile is symmetric and a function of height (and not of number of available measurement
points). Was that not the case here?

As described in the text, the smoothing was carried out over a defined time span, translating
to a fixed number of measurement points. This has the benefit of reaching a defined noise level
and is computationally efficient.

p18 line 27: The term "stationary measurements” could be misleading in the micrometeorological
context (it is usually used for temporal stationarity of measurements). Better use e.g. "tower-based
measurements”

Changed here and at two other occurences

Figure 9: 1t should be clarified in the figure caption that the HPB data was a measurement at a single
height above the NBL, which is assumed representative for the entire (daytime) profile. In order to dis-
tinguish this data from the fully measured COPAP profiles, I suggest to plot the HPB concentration as a
dashed line.

We followed the suggestion by plotting the CO, dry air mole fraction measured at HPB as a
dashed line and by changing the caption to ‘[...] by the ICOS station HPB (a point measurement



460 m above ground level at Fendt as described in Section 2.2, representing the CO, dry air mole
fraction in the residual layer) and by the on-site 9 m mast [...]’

Figure 9: The figure caption statement “for each 1-minute sampling period of the mast” is not fully
clear. Did you mean ”...during the individual UAS flight” ?

This was explained in the text, we added the same description to the caption.

p19 line 10/11: The statement “that the stable NBL retains most of the surface fluxes.” is sloppy and
needs rephrasing. E.g. ”...retains most of the surface emitted CO2.”

Changed

Table 2: List also the duration of the flights in this table.

The flight duration is short in comparison to the time since ty, so the information seems not
relevant at this point and would rather distract the reader. We agree, however, that the exact
flight times should be part of the manuscript. For this purpose we introduce another table
(Table 2 in the revised manuscript):

Table 1: Take-off and landing times (UTC)

Flight Date Take-off Landing Duration
year-month-day houriminute hour:minute
#4 2016-07-06 18:04 18:14 10 min 50 s
#5 2016-07-06 19:05 19:16 10 min 58 s
#6 2016-07-06 21:13 21:23 10min13s
#7 2016-07-06 22:09 22:19 09min20s
#8 2016-07-06 23:06 23:16 09min43 s
#9 2016-07-07 00:18 00:28 09min23s
#10 2016-07-07 01:11 01:20 09min18s
#19 2016-07-09 20:01 20:11 09 min 58 s
#20 2016-07-09 21:02 21:13 11min31s
#21 2016-07-09 22:43 22:55 11min23 s
#22 2016-07-09 23:39 23:49 10min34 s
#23 2016-07-10 00:31 00:42 10min32s

To avoid confusion of the careful reader, we add to Sect. 4.3: “The times given in Fig. 6 and
7 are the midtimes of the flights rounded to full 10 minutes for readability. The exact times of
take-off and landing are provided in Table 2.” For the same reason, we add to the caption of
Table 3 (formerly Table 2): “The end time is specified as the midtime of the portion of the flight
used for determination of the NBL budget.’

p30 line 13: Better write: "Firstly, this would support ...”

Changed
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Abstract. The carbon exchange between ecosystems and the atmosphere has a large influence on the Earth system and specif-
ically on the climate. This exchange is therefore being studied intensively, often using the eddy covariance (EC) technique.
EC measurements provide reliable results under turbulent atmospheric conditions, but under calm and stable conditions — as
they often occur at night — these measurements are known to misrepresent exchange fluxes. Nocturnal boundary layer (NBL)
budgets can provide independent flux estimates under stable conditions, but their application so far has been limited by rather
high cost and practical difficulties. Unmanned aircraft systems (UASs) equipped with trace gas analysers have the potential
to make this method more accessible. We present the methodology and results of a proof of concept study carried out during
the ScaleX 2016 campaign. Successive vertical profiles of carbon dioxide dry air mole fraction in the NBL were taken with a
compact analyser carried by a UAS. We estimate an average carbon dioxide flux of 12 umol - m~2-s~!, which is plausible for
nocturnal respiration in this region in summer. Transport modelling suggests that the NBL budgets represent an area ien the
order of 100 km?2.

1 Introduction

The terrestrial biosphere plays a major role in the carbon cycle. It has taken up approximately one quarter of the carbon
emitted by human activities since 1750 (Ciais et al., 2013), but the future development of this land sink under a changing
climate is uncertain. Given its importance, the biosphere—atmosphere exchange is being studied intensively. On the ecosystem
level, sources and sinks of carbon dioxide and-methane-are commonly quantified using the eddy covariance (EC) technique
(Baldocchi, 2003). During the day, when the air is turbulently mixed, the EC technique provides reliable direct measurements
of net ecosystem exchange (NEE). However, EC measurements often misrepresent nighttime fluxes (Goulden et al., 1996;

Gu et al., 2005). This is related to the stable stratification that often develops close to the surface at night. Stable conditions
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combined with low wind speeds violate assumptions underlying the EC technique (see Aubinet et al., 2012 for a comprehensive
discussion). Despite large efforts, there is currently no generally accepted solution how to obtain reliable measurements of
nighttime fluxes using the EC technique (Gu et al., 2005; Aubinet et al., 2010; Hayek et al., 2018).

Daytime NEE consists of photosynthetic uptake and release of carbon through respiration. Nighttime NEE is governed
by respiration only, as photosynthesis cannot take place without light. Photosynthetic uptake and total respiration fluxes are
usually of the same order of magnitude, but with opposite sign. Therefore, even slight underestimation of nocturnal respiration
can result in a considerable overestimation of an ecosystem’s long-term carbon uptake. Furthermore, daytime fluxes are often
partitioned into photosynthetic uptake and respiration using methods that rely on the nighttime measurements (Falge et al.,
2001; Reichstein et al., 2005; Lasslop et al., 2010; Wohlfahrt and Galvagno, 2017). Errors in the nocturnal fluxes might
compromise this partitioning.

The nighttime problem of EC measurements calls for eomplementary-methods-to-quantifyerror quantification and potentially
correctionfer-the-errors. Ideally, this would be achieved by comparison to a method that is sensitive to fluxes in the same area,
but is not based on the same assumptions as the EC technique. Unfortunately, no such method is available. Constraining the
error of EC measurements must therefore rely on methods that determine fluxes on smaller and larger scales.

-Enclosure-based methods and Bbiometric approaches, including enclosure-based-methods; plant growth assessment and
stock inventories, are often employed to obtain independent estimates for NEE (Goulden et al., 1996; Wilson and Baldocchi,
2001; Campioli et al., 2016). However,—+tThese methods quantify the exchange of carbon on a much smaller spatial scale
than EC measurements. The chambers typically used for determining soil respiration cover an area of less than one square
meter, while the EC technique is sensitive to fluxes from an area of 10*~10° m?, depending on the site and on meteorological

conditions (Chen et al., 2009). Given these different scales,

FHinhomogeneities in the ecosystem under study, such as spatial variability of soil properties (e.g., texture, carbon content,
nitrogen content), soil environmental conditions (e.g., soil temperature and moisture) or plant community composition can

lead to biases in the comparison.

In order to counteract these biases, larger-
scale flux estimates should be obtained in addition to enclosure based or biometric measurements when constraining the error
of EC measurements.—are-the-next-best-choice-to-better-constrain-the-errors-of- EC-measurements: Nocturnal boundary layer
(NBL) budgets, first described by Choularton et al. (1995) and Denmead et al. (1996), provide such estimates. The NBL budget
method makes use of the stable stratification at night, which can act as a flux-integrating enclosure. During clear nights, the
emission of thermal radiation cools down the Earth’s surface much faster than the air, owing to the surface’s higher emissivity.
An inversion layer forms, inhibiting exchange of air between the stable NBL and the neutral residual layer above (Stull, 1988).
Any tracer emitted from the surface into the atmosphere is therefore accumulated within the NBL. By measuring the rate of
accumulation, the tracer flux can be estimated.

Different setups have been used for NBL budgeting. Acevedo et al. (2004) measured CO, dry air mole fractions at a
12 m tower, sampling only the lowest parts of the NBL. Although they did not sample the whole layer, they were able to
ereatedetermine a budget by determiningidentifying an effective accumulation height from either heat flux or balloon-borne
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humidity and temperature measurements and assuming a uniform accumulation rate of CO; up to this height. Winderlich et al.
(2014) used CO, and CHy4 dry air mole fraction measurements at 6 heights on a 301 m tall tower, yielding profiles that encom-
pass the whole NBL during most nights. Often the NBL budget method is applied without a tower. A tethered balloon can lift
a 100-300 m long hose through which a ground-based gas analyser samples air from different heights (Choularton et al., 1995;
Denmead et al., 1996; Culf et al., 1999). Alternatively, a light analyser can be carried by the tethered balloon directly (Pattey
et al., 2002).

Despite providing unique information, the NBL budget method has been applied only infrequently in recent years. This
might be related to the cost and operational limits of towers and tethered balloons. Unmanned aircraft systems (UASs) could
make the NBL budget method more accessible. UASs with payload capacities on the order of 1kg are now available for few
thousand Euros. When equipped with lightweight trace gas analysers and meteorological sensors (Kunz et al., 2018) they have
the potential to probe the NBL with large flexibility at low cost. Multicopters are a particularly attractive type of UAS for this
kind of study, because their vertical take-off, vertical landing and hovering capability makes them easy to operate in a range of
environments.

However, the air movement caused by a UAS can disturb the NBL and thereby compromise the measurements. A reliable
NBL budget can be ereateddetermined only if this issue is addressed. A second challenge is not specific to UASs, but common
to all NBL budgets: the area contributing to the budget depends heavily on the meteorological conditions and can extend
far from the point of measurement. For a given time and site this footprint cannot be influenced by experimental design.
Nevertheless, knowledge of the footprint is beneficial for the data analysis and interpretation of the results. In earlier NBL
studies, this topic has received only basic treatment (Culf et al., 1999) or was ignored altogether.

To assess the suitability of UASs as measurement platforms for the creation of NBL budgets we carried out a proof of
concept study. We deployed a carbon dioxide analyser on a multicopter and repeatedly sampled vertical profiles of the NBL
during two nights in July 2016 as part of the ScaleX 2016 campaign in Fendt, Germany. Tn-the-folowing,—wereport-on-this
study-and-presentourfindings-Section 2 is a description of the site and the available ground-based instrumentation, the airborne
measurement system and the unmanned aircraft. In Section 3 we explain how we dealt with the disturbance caused by the UAS,
which post-processing steps we carried out and how we determinedereated the NBL budget. Furthermore, we delineate how
a Lagrangian transport model can be applied to identify the areas that contributed to the budget, i.e. how to determine the
footprint of our flux estimates. In Section 4 we present and discuss the profiles taken by the UAS, the fluxes obtained from the
NBL budget and a summary of the footprint analysis. We compare our observations to references and assess the robustness of

our flux calculation. In Section 5 we summarise the merits and experimental challenges of our approach.

2 Site and instrumentation
2.1 Fendt site

The Fendt site is located in southern Germany in the Alpine Foreland (Fig. 1) at 11.060° N, 47.833° E (WGS84), 600 m

above mean sea level. The site lies in a flat valley bordered by a gentle slope to the east and a steep slope leading to a
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Figure 1. Location, topography and aerial image of the Fendt site and its surroundings. MOHP is the Meteorological Observatory Hohen-
peilenberg, HPB is the ICOS station Hohenpeiflenberg. Digital elevation model and aerial imagery by Bayerische Vermessungsverwaltung,

www.geodaten.bayern.de.

100 m higher plateau to the west. The valley floor is dominated by pasture and some crops, predominantly maize, which in
Germany is typically sowned in April or May and harvested between September and November. The slopes to the east and
west are covered with coniferous and mixed forest, respectively. Fendt belongs to the district Weilheim—Schongau, which has
a population density of 139 km ™2 (Statistisches Bundesamt (Destatis), 2018, 35th percentile of all districts in Germany).

While soil identification at the Fendt site resulted in Stagnosols at three locations, soil organic carbon (SOC) content was
determined additionally at 20 locations within a regular grid covering an area of 300 m by 300 m. SOC content in S5cm depth
varied between 4 and 11%-at5-em-depth, while at 50cm depth, values of up to 23% were obtained. The highest SOC contents
were observed at the eastern side of the regular grid where a peat area is located. According to BGR (2013), organically rich
soils (Cambisols and Histosols) prevail within 20 km radius around the Fendt site (Fig. 2a). The dominant land cover in this
region are crops, pasture and forest (Fig. 2b).

Five kilometres south-west of the Fendt site lies an isolated, 988 m high mountain, the “Hoher Peiflenberg”. Close to its sum-
mit the German Weather Service (Deutscher Wetterdienst DWD) operates the Meteorological Observatory Hohenpeillenberg
(MOHP) and the ICOS (Integrated Carbon Observation System) station Hohenpeilenberg (HPB, Fig. 1).

2.2 Ground-based instrumentation

Fendt is part of the TERENO (Terrestrial Environmental Observatories) network and is extensively instrumented for the pur-

pose of long-term monitoring of land—atmosphere exchange (Mauder et al., 2013; Kiese et al., 2018). Complementary obser-
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Figure 2. (a) Soil types in the region around the Fendt site, based on BGR (2013), denoted in WRB classification (IUSS Working Group
WRB, 2015). ‘F1./Gl.” stands for ‘Fluvisols/Gleysols’. (b) Simplified land cover map (CORINE 2012 v18.5, European Environment Agency,
EEA (2016)) of the same region. In both panels the location of the Fendt site is marked with a black diamond.

vations were made during the ScaleX 2016 campaign (Wolf et al., 2017). In the following, we list only those instruments that
produced the data presented in this publication.

During the ScaleX 2016 campaign, CO; dry air mole fraction at at a height of 1, 3 and 9 m above ground level was measured
with a cavity ring-down spectrometer by successive sampling of air through three inlets installed at a 9 m high mast. Each inlet
was sampled once every 7.5 min, with occasional interruptions due to calibrations and other measurements. An EC system
installed at 3.5 m height (Zeeman et al., 2017) quantified the turbulent exchange of CO,. Air temperature and upward as well
as downward radiation were measured at 2 m height. Two sets of automated chambers were operated to determine the total
NEE or respiration flux of grass and soil. One set comprised four LI-8100 long-term chambers (LI-COR, Lincoln, NE, USA),
two with clear enclosure for measuring NEE and two with opaque enclosure for measuring respiration (Zhao et al., 2018). All
four chambers covered an area of 317.8 cm? and will be referred to as “small chambers” from here on. The other set consisted
of 5 custom-built opaque chambers covering an area of 2500 cm?, referred to as “big chambers” hereafter. All the instruments
mentioned so far were located close to each other and our UAS flew within 200 m horizontal distance to each of them.

Besides the on-site instruments we use two more data sources for our analysis. One is the observation of cloudiness at the
Meteorological Observatory Hohenpeil3enberg, recorded every hour either by a person or an automated instrument. We consider
these 5 km distant measurements representative for Fendt, with a potential time lag on the order of 1 h in case of synoptic events.
The second non-local data source is the greenhouse gas monitoring system at the ICOS station Hohenpeiflenberg, situated at
934 m above mean sea level. We use its measurements of the CO, dry air mole fraction at 131 m height above ground level, i.e.

at 460 m above the Fendt site.



Figure 3. COCAP was carried by a multicopter during the ScaleX 2016 campaign. The position of the sample inlet for the CO, measurement

and of the temperature and humidity sensor board are indicated.

Table 1. Measurement principles, uncertainties and calibration range of the airborne sensors

CO; dry air mole fraction Temperature Pressure Humidity
Principle nondispersive infrared platinum resistance  piezoresistive  capacitive polymer
Uncertainty see Section 4.1 0.15°C 1.5hPa 2 %
Cal. range 380-600 umol - umol ~* 0-30°C 400-1000 hPa 20-90 %

2.3 Airborne payload

For the study presented here, temperature, pressure, relative humidity and CO, dry air mole fraction of ambient air were
measured using COCAP, the COmpact Carbon dioxide analyser for Airborne Platforms, developed at the Max Planck Institute
for Biogeochemistry in Jena (see Kunz et al., 2018 for a detailed description). COCAP was mounted below the multicopter. Air
5 samples for the measurement of carbon dioxide dry air mole fraction were drawn from an inlet placed 30 cm below and 20 cm
to the side of the rotors (Fig. 3). The temperature and humidity sensor board, requiring strong ventilation for fastest response,
was placed directly below one of the rotors. The sensor for ambient pressure was located inside COCAP’s housing, which was
not hermetically sealed and therefore in equilibrium with ambient pressure.
The measurement principles employed by the different sensors as well as their measurement uncertainties are listed in

10 Table 1. The uncertainty of the calibration is included in the measurement uncertainties reported.
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2.4 Unmanned aircraft

During ScaleX 2016 COCAP was deployed on an S1000 multicopter (SZ DJI Technology, China) controlled by a Pixhawk
autopilot (3D Robotics, Berkeley, CA, USA) running the Ardupilot APM:Copter V.3.3.3 Firmware. Take-off mass of the whole
system was 8 kg. The multicopter was powered by three lithium polymer batteries with a voltage of 22.2' V and a capacity of
5000 mAh each, achieving a maximum flight time of 12 min. Our special flight permit included nighttime flights, but because

the take-off mass of our UAS exceeded 5 kg, all flights were limited to a maximum height of 150 m.

3 Methods
3.1 Disturbance by the UAS

A multicopter as a rotary-wing aircraft counterbalances gravity by accelerating air downwards through the movement of its
rotors. The resulting displacement of air can interfere with in situ measurements, because air might be sampled at a location
where it would normally not reside. In addition, volumes of air originating from different locations can be mixed together.
The greater the displacement and mixing caused by the UAS, the greater is the potential impact on e.g. the measurement of
a gradient. Air movement below and above the rotors is not symmetric: below a rotor, air is pushed downwards as a directed
stream with high speed. In contrast, the air flow towards the rotor comes from different directions and has lower speed. The
reader can easily confirm this with a fan or a hair dryer: while the outflow of air can be felt meters away, the inflow is hard to
sense even near the rotor.

In view of the asymmetric flow pattern we expect that during ascent of the UAS air parcels are measured with negligible
displacement from their undisturbed location. During descent, however, the sensors are moved into a volume that potentially
has been flushed with air originating from several meters above. During hovering at a fixed location or during purely horizontal
movement, the sensors might reside in a partially closed flow loop that extends below and aside the multicopter, effectively
measuring a mixture of air from different locations.

For the study presented here, flying near the ground can have a particularly strong influence on the measurements for three
reasons. Firstly, downward motion of the air stops at the ground and displaced air must move laterally or upwards, making a
fast flow path back to the UAS more likely. Secondly, in our nighttime experiments the air near the ground is stably stratified.
Therefore, air pushed downwards by the rotors experiences a restoring upward force, increasing the chance that closed flow
loops form. Thirdly, the strongest gradients in temperature and CO, dry air mole fraction are present close to the ground, hence
even a small displacement of air can have a large effect on the measured values.

In case of considerable horizontal air speed, due to either wind or horizontal flight, the rotor-induced airflow should have a
smaller effect on measurements because the sampling system is moving away from air that has been displaced. We investigated
this effect by flying horizontally at different speeds over a homogeneous meadow (see Section 4.4).

Based on the considerations above and the data presented in Sections 4.3 and 4.4 we determineereate the NBL budget

only from those measurements that were taken during ascent of the multicopter. The sensitivity of the NBL-derived fluxes to
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inclusion of hover and descent data is discussed in Section 4.5. Furthermore we discard COCAP’s zco» data collected below
9m height for the calculation of the NBL budget. Instead, the lowest part of the xco, profile is defined by the stationary
measurements at the 9 m mast at 1, 3 and 9 m height. Pressure and temperature at these levels are interpolated from COCAP’s
measurements. During flight, the horizontal distance between COCAP and the 9 m mast was lessewer than 150 m at any time.
Hence, we do not expect pronounced horizontal gradients in zco, between the measurement locations. In Sect. 4.6 we discuss

how the NBL-derived fluxes are affected if- the data from the 9 m mast is not used.
3.2 Correction for response time of sensors

On a moving platform the finite response time of sensors can be a source of measurement error, as the response time distorts
the attribution of data points to time and location. COCAP’s pressure and temperature sensors are fast enough for this effect to
be neglected, but both the humidity and the CO, sensor require correction.

The response of a capacitive humidity sensor can be expressed as Miloshevich et al. (2004)

dUp,
Wzk(Ua—Um) ey
U, and U,, are ambient and measured relative humidity, respectively. The coefficient k is inversely related to the sensor’s
response time and might be temperature-dependent. Solving Equation 1 for U, provides a simple way to compute true hu-
midity from measurements. We use a 4th order Savitzky—Golay filter (Savitzky and Golay, 1964) with a length of 15 samples
to compute dg—g” while keeping high-frequency noise at an acceptable level. The coefficient k£ = 14s was determined by an
optimisation that minimises the difference between the corrected humidity profiles for ascent and descent. We tested a linear
and quadratic dependence of k& on ambient temperature, but found no improvement that would justify the additional degrees of
freedom in the model.

The response of COCAP’s CO, sensor is more complex. Its response to step-changes in CO, dry air mole fraction can be

approximated as

( ) '17“ 11 t < td (2)
rsc t)=
a(l'o - l'oo)e(td t)/ B (1 a)(xO xoo)e(td t)/ 2 Lo lf t Z 1d'

Here zy and z, denote the CO, dry air mole fraction before and infinitely long after the step change, respectively, and ¢ is
the sensor’s dead time.

We determined the coefficient a, the dead time ¢4 as well as the time constants 71 and 75 from experimental data collected in
the field. With COCAP running in flight configuration, i.e. with the inlet tube attached, we connected a tube with gas flowing
from a cylinder. We observed a dead time of {; = 5 s between making the connection and the first change of COCAP’s reading.

The remaining parameters were found by least-squares regression of Equation 2 to the data, yielding 7 = 27s and 75 = 3.2s.
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Figure 4. Response of COCAP to an abrupt change in CO, dry air mole fraction zco> at the inlet at time ¢ = 0s. The measured signal reveals
a dead time of 5s of the sampling system. Furthermore, the step change in xco» is smoothed out. Both effects are removed by deconvolution
at the cost of higher noise. Smoothing the deconvoluted signal reduces the noise with only minor impact on the time response. Smoothing

was carried out by convolution with a Gaussian function of 5 s full width at half maximum (FWHM).

Ignoring noise and calibration error, any CO; signal z,, is reported by COCAP as the convolution of z, with the CO, sensor’s

instrument function f (see Kunz et al. (2018)):

T (t) = (zq * f)(¢) 3)
0 ift <ty

with f = 4
e it >ty

As xg¢ is known from experiment, f can be calculated. The ambient signal x, can be recovered from the measured signal .,
by deconvolution (Fig. 4). We carried out the deconvolution in Fourier space where it is equal to a division. In the numerical
implementation it is important to discretise f in a way that does not underestimate the slope of f between the time steps ¢4
and tq + At, because doing so would lead to a strong enhancement of the noise during the deconvolution of z,,, with f. The

opposite error, i.e. overestimating the slope between t4 and ¢4 + At, is less critical and just results in a slight smoothing.

3.3 Calculation of the NBL budget

For a parcel of air in the atmosphere the following continuity equation holds (Leuning, 2004, Equation 6.2):
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o = S +V (cl) (5)
80 Oc oc
T +¢(V-U)+ ua—+ M +wo—. (6)

Here o is the strength of a volume source (or sink) of carbon dioxide (in units umol-m~3-s~1), ¢ is the concentration of
carbon dioxide and ¢ denotes time. The components u, v and w of the wind vector a0 point towards east (z-direction'), towards
north (y-direction) and upwards (z-direction), respectively. Molecular diffusion is neglected. Due to continuity of the air flow,
the term ¢(V - 7) equals zero. If we follow an air parcel as it is transported by horizontal winds, those terms that contain a

horizontal wind component vanish as well and Equation 6 is reduced to

oc oc

Now we integrate vertically over those air parcels that form a vertical column over our site at the time of measurement (at

earlier or later points in time, the air parcels are not aligned in a vertical column, unless the wind vector is equal at all heights):

/adzf /—dz+/w%dz. ®)
0z

For our measurements, we choose z; = 125m, so all biotic sources of carbon dioxide are within the column and .S represents
NEE.

Between a reference time ¢ (see below) and the time of a flight ¢ the column has accumulated

tr 2zt
/Sdt—//—d dt—&—//w%dzdt 9
0z

to 0 to 0
2zt zt tp 2t
Oc
= [ c(z,tp)dz— [ c(z,t0)dz+ wo- dzdt. (10)
z
0 0 t 0

'Only here and in Eq. 6  denotes a coordinate in space. Elsewhere in this publication - denotes the dry air mole fraction of a substance.
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Dividing the accumulated amount of CO, by ¢ — t, yields NEE averaged over this time span, denoted .S:

tp 2zt 2zt tr 2t

/Sdt /c(z,tp)dz—/c(z,to)dz //w—dzdt

to . qQ _ 0 0 to O

trp—1tg S = tr—to T tp—tyg (11)
(A) (B)

Term A represents the enhancement in CO, concentration and term B the vertical exchange of CO,. We choose ¢ as the time
when the surface radiation balance becomes negative, i.e. the time when the stable NBL starts to form. A positive S means
emission of CO, from the surface into the atmosphere.

The CO, concentration c can be calculated from CO, dry air mole fraction zcq;, air temperature 7" and dry pressure pg using
the ideal gas constant R (Foken et al., 2012, p. 5):

_ DPd
€= pr¥cor: (12)

As COCAP measures zcoo, T, p and relative humidity U, the integral |, Ozt ¢(z,tr)dzin Equation 11 term A is readily computed.
However, each air parcel is sampled only once, at the time ¢z when it passes the Fendt site. In order to evaluate the second
integral in term A, foz‘ ¢(z,to) dz, we assume horizontal and vertical homogeneity of the CO, dry air mole fraction at the time
to, i.e. zcoa(to) is assumed to be independent-of-t—r-and—=constant within the spatial domain relevant for our experiments.-
Thus we can calculate the second integral from the measurement of a different column at Fendt at ¢;.

Note that this is a weaker assumption than the horizontal homogeneity of the CO, concentration in the NBL presumed in
other studies Choularton et al. (1995); Culf et al. (1999); Acevedo et al. (2004). All natural environments exhibit a certain
horizontal heterogeneity in .S. Daytime and nighttime CO, flux of a vegetated area are usually of the same order of magnitude,

although different in sign. %ﬂﬁﬂx&%yﬁﬂ&%gmﬁ&gemﬂ}wﬁwgﬁﬁ%—whe%ﬁweﬁm&mg{ﬁﬁm&ﬂuﬁs

- Before g, the convective boundary layer is well mixed up to

a height of typically 1km, whereas after ¢y a strong NBL confines emissions from the surface to the lowest ~ 100m of the
atmosphere (see Sect. 4.3). Therefore, the horizontal heterogeneity in c caused by the horizontal heterogeneity in S is one order
of magnitude smaller during day time than during the night. The convective mixing during the day also keeps vertical gradients
inside the boundary layer low, hence the approximation of z:co, (o) being independent of z is justified.

Term B in Equation 11 contains the product w dc/dz, which generally includes both turbulent exchange and subsidence.
However, In when a stable NBL has developed;-hewever, little turbulent exchange takes place across the top of the NBL. In
the statically neutral residual layer above the NBL, turbulence is present, but the vertical concentration gradient in the residual

layer and as a consequence the net vertical transport of CO, is small. Hence, we neglect turbulent exchange and identify

11
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w Oc/ 0z with subsidence or lifting. The vertical wind speed w due to subsidence at a height of 100 m is usually on the order
of 100m-d~!, i.e. very low and therefore challenging to measure. We retrieve an estimate of w from the Integrated Forecast
System (IFS) run by the European Centre for Medium-Range Weather Forecasts (ECMWF).

In order to calculate 9c/Jz at different times between t( and ¢z, we use a simple model for the growth of the NBL:

tp — 1
F OZ)

(to <t<tp). (13)
t—to

zcoa(t, z) = rcoa(tr,

Where %z exceeds the maximum height of the profile measured at time ¢ we assume the CO; dry air mole fraction to be
equal to zcoz(to). This model for the growth of the NBL can be visualized best by starting at ¢ » and looking back in time. At
t = tr the factor (tg — t9)/(t — tr) is equal to unity and the model yields the measured profile. At earlier times, the measured
profile is compressed in z-direction, such that the height of the NBL decreases linearly as we go back in time. As ¢ approaches
to, the model yields a thin layer enriched with CO, at the surface and a constant CO, dry air mole fraction of zcoz(to) above.

The concentration c(t, z) is calculated from zco, (¢, ) using Equation 12. To this end, we determine p,4(t,z) and T'(¢,z) by
linear interpolation in time between the first profile of the night and the profile measured at ¢ .

In summary, the model for the growth of the NBL represents four simplifying assumptions: (1) During the night, the NBL
height increases linearly, (2) the integral fozt xcoa(t,z) dz increases linearly with time, (3) the shape of the xco, profile within
the NBL remains the same throughout the night and (4) the dry pressure and temperature of an air column measured at Fendt

are representative for the whole footprint of the measurement (see Sect. 3.4).
3.4 Footprint calculation

The columns of air probed at Fendt at different times had a different history, depending on the wind field and atmospheric
stability. Atmospheric transport models can identify the surface areas that have contributed to an observed tracer concentration,
i.e. the footprint of an observation. We simulate atmospheric transport with STILT, the Stochastic Time-Inverted Lagrangian
Transport model (Lin et al., 2003; Gerbig et al., 2003a), which is based on NOAA’s HY SPLIT particle dispersion model (Stein
et al., 2015). In our configuration, STILT launches 10000 air parcels at different heights (see below) at every full hour during
the period of our NBL measurements. Driven by meteorological data with a resolution of 0.1°x0.1° from the ECMWF IFS
(European Centre for Medium-Range Weather Forecasts Integrated Forecast System), STILT calculates the back trajectories
of these parcels until 10h in the past. For each time step of the simulated transport the model determines the sensitivity of the
CO; concentration in the parcel to the CO, flux at the surface. To do so, the height up to which mixing occurs is estimated from
the meteorological data using a modified Richardson number method (Lin et al., 2003). Surface fluxes influence air parcels
within a column that extends from the surface to 1/2 this height in each time step (Gerbig et al., 2003b).

The back trajectories calculated by STILT are then aggregated into mole fraction footprints on a regular grid with a resolution

of 2kmx2km. As explained in the previous section we assume the xco, distribution to be homogeneous in the lateral and

12
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horizontal directions at time ty. We therefore restrict the aggregation to that part of each back trajectory that lies between ¢
and the time of measurement.

A single STILT run determines the sensitivity of an observation at a specific height to upwind fluxes. Formally, the mole
fraction footprint of a measurement taken at the geographic location (I1,l3) at time ¢ and observation height z can be written
as f(l1,l2,2,t|lg1,lg2). As all our measurements were taken at the same horizontal location, the dependency of f on Iy
and [ will be omitted hereafter. The mole fraction footprint is a function whose value is the sensitivity to the surface flux at
the grid cell specified by (lg1,lg2) in units of [f] = umol - mol ™! - umol ~! - m? - 5. To determine the relative contribution of
surface fluxes in different areas to our NBL-derived fluxes we need a different, but related function, the flux footprint fr with

2

units [fr] = umol-m~2.s~ ! -umol ! -m? s = 1. The flux footprint is calculated by integration over an array of mole fraction

footprints for different measurement heights, i.e. analogous to Equation 11 term A and Equation 12:

i pd(zat)
B st ol

frt|ic,las) =2 (14)
t—1to

Dry pressure py and air temperature 7 at time ¢ and height 2 are inter- or extrapolated from the measured profiles. The ensemble
of mole fraction footprints comprises footprints for 12 different measurement heights between 10 m and 120 m in 10 m-steps.
The meteorological data we use have a horizontal resolution of 0.1°x0.1°, corresponding to 11 kmx 8 km at the latitude of
Fendt. Terrain features that are smaller than a grid cell, like the valley slope to the west of the Fendt site, cannot be represented
at these resolutions. The vertical resolution of the meteorological data depends on height above ground. The lowest layer
extends from the ground to 10 m height, the following 5 layers extend from the top of the previous layer to 31 m, 55 m, 80 m,

108 m and 138 m, respectively. The temporal resolution of the ECMWEF IFS data is 3 h.

4 Results and discussion
4.1 Uncertainty of xco, measurements

The uncertainty of COCAP’s ¢, measurements due to drift and calibration errors is about 1 umol-mol~! (Kunz et al., 2018).
The additional uncertainty caused by noise is dependent on the data treatment, as can be seen from Fig. 5. This Allan deviation
plot (Allan, 1987) is based on measurements of a gas standard (zcop = 447.44 umol-mol ') over a period of 1.4 h, taken in the
field on 6 July 2016.

The curves illustrate that deconvolution amplifies noise in the data by a factor of 7 if no averaging is applied (7 = 15).
However, if more than 100 samples are averaged (7 > 100s), the difference between original and deconvoluted data becomes
negligible and the uncertainty of the average due to noise is lower than 0.5 umol-mol~*. All our column integrals (see Sec-

tion 3.3) have a sample size larger than 100.
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Figure 5. Allan deviation of CO, dry air mole fraction o,co2 as measured, after deconvolution and after deconvolution followed by smoothing

(convolution with a Gaussian function of 5 s FWHM) for different averaging periods 7. All three cases converge for averaging periods longer
than 100s.

Figure 5 also shows that the Allan deviation of deconvoluted data that has been smoothed by convolution with a Gaussian
function of 10s full width at half maximum (FWHM) increases between 7 = 1s and 7 = 5s. This increase is an artefact
caused by the autocorrelation that the smoothing induces. If COCAP was perfectly calibrated and exhibited no drift, any single

point in the smoothed dataset would have an uncertainty of 2.1 umol-mol~!(corresponding to 7 = 55), not 0.8 umol-mol ~*

(corresponding to 7 = 1s).
4.2 Meteorological conditions

From the data collected during ScaleX 2016 we calculate NEE for the nights 67 July and 9-10 July. The sun set at 19:15 UTC
and 19:14 UTC on 6 and 9 July, respectively, and rose at 03:25 UTC and 03:27 UTC on 7 and 10 July, respectively. Both nights
were free of precipitation. Cloud cover was high during the first night (see Fig. 6a), but the pronounced negative net radiation
(Fig. 6b) indicates that the clouds were mostly transparent for outgoing long-wave radiation. In the second night the sky was
clearer, resulting in a steadier radiation balance. During both nights, strong radiative cooling was observed. Air temperature
decreased from 18 °C to 9 °C and from 24 °C to 11 °C over the course of the first and second night, respectively (Fig. 6¢). In
combination with low wind speeds (Fig. 6d) this lead to the development of a pronounced temperature inversion at the surface,

i.e. a stable NBL. The change from positive to negative net radiation occurs approximately at ¢ = 18:00 UTC in both nights.

14
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Table 2. Take-off and landing times (UTC)

Flight Date Take-off Landing Duration

year-month-day  hour:minute  hour:minute

#4 2016-07-06 18:04 18:14 10min 50 s
#5 2016-07-06 19:05 19:16 10 min 58 s
#6 2016-07-06 21:13 21:23 10min13's
#7 2016-07-06 22:09 22:19 09 min 20 s
#8 2016-07-06 23:06 23:16 09min43 s
#9 2016-07-07 00:18 00:28 09min23 s
#10 2016-07-07 01:11 01:20 09min 18 s
#19 2016-07-09 20:01 20:11 09 min 58 s
#20 2016-07-09 21:02 21:13 11min31s
#21 2016-07-09 22:43 22:55 11min23s
#22 2016-07-09 23:39 23:49 10min34 s
#23 2016-07-10 00:31 00:42 10min32 s

4.3 Profiles

We carried out a total of 27 flights during the ScaleX 2016 campaign. For the calculation of a NBL budget we analyse those
flights that took place after t5 = 18:00 UTC and reached a height of at least 125 m. Twelve flights fulfil these criteria: flight 4
through 10 (first night, Fig. 7) and flight 19 through 23 (second night, Fig. 8). For display in panel b of Fig. 7 and 8 the CO,
dry air mole fraction has been smoothed with a Gauss filter of 5s FWHM. To prevent distortion in the vertical direction, the
height above ground level 2 has been filtered the same way. For this reason, the upper end of the profiles in panel b is at slightly
lower height than in panel a. Calculation of the NBL fluxes (see Section 4.5) was carried out with unfiltered o, and z.

The times given in Fig. 7 and 8 are the midtimes of the flights rounded to full 10 minutes for readability. The exact times of
take-off and landing are provided in Table 2.

During the first night, a stable NBL can be identified from the UAS profiles for flights 6 through 10. The upper end of the
temperature inversion aligns with the top of the CO, enhancement to within 10-20 m. At the time of flights 6 and 8 through 10,
the NBL has a height of 50—-70 m, whereas the profile from flight 7 indicates a greater NBL height of ~ 100 m. We interpret this
as an indication that the column measured in flight 7 has been influenced by katabatic inflow of cool, CO,-enriched air at some
point during the night, potentially hours before the flight and kilometers away from Fendt. This interpretation is supported by
the flux estimates (see Section 4.5). The profiles from flight 5, which exhibit virtually no gradient, are discussed below.

During the second night, a stable NBL with a height of 50-70 m is visible in all profiles. The flight pattern had been refined
and included two ascents and descents far enough from each other to avoid disturbance of the measurements in the second part

by air movements caused during the first part. These redundant measurements give insight to the reliability of the measurement
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Figure 7. Profiles from flights 4 through 10, carried out in the night from 6 to 7 July 2016. Times are given in UTC and specify the middle
of the flight, rounded to the next 10 min. (a) Virtual potential temperature 6, at height above ground level z. (b) Carbon dioxide dry air mole
fraction xcos at height above ground level z. To reduce noise xcoz has been smoothed (for details see text). In both (a) and (b) the light grey
curves are copies of the previous profile (ascent, horizontal flight and descent combined). (c) Flight track with horizontal projections (grey)
for clearness. Northward and eastward direction are marked. The tick marks at the ground plane are 100 m apart. The location of take-off and

landing differs slightly between flights, but all flights took place With:l“l?the same 250x250x 150 m® bounding box.
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is shifted towards higher temperatures compared to Fig. 7, but covers the same span. All other axes are unchanged. The horizontal legs were

flown at 10 m height.
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system and to the variability of temperature and CO, dry air mole fraction on small temporal and spatial scales. The data
from flight 21 agrees well between each of the two ascents and descents, suggesting that disturbance by the UAS, instrument
noise and drift are small compared to the observed signals. Flight 22 and 23 were carried out only one and two hours later,
respectively, and followed the same flight track. However, the data from these flights reveals considerable differences between
each of the two ascents and descents, especially in zco, for heights below 50 m. We interpret this as natural variability on
the scale of the flight track, i.e. ~ 200m in horizontal distance and ~ 3min in time. This small-scale variability is a source of
random error in NBL budgets. In our flux calculations multiple ascents during the same flight are effectively averaged, resulting
in a reduction of the random error.

The zco, profiles measured during flight 20, 22 and 23 all exhibit a non-zero gradient with height in the region above the
strong inversion, indicating that some CO; has escaped the stable NBL. This is supported by the profiles of virtual potential
temperature, which are more inclined above the NBL in comparison to the first night. Both features might be the result of
intermittent turbulence, a phenomenon often observed at night that can have different causes (see Aubinet (2008) and references
therein). Our budgets include the measurements up to 125 m height, so any CO; that has been transported higher than this is
missing in the budgets. In future campaigns, flights with a greater maximum height could be carried out to quantify the effect
this has on the NBL-derived fluxes, or to extend the budget vertically.

The flight pattern used during the second night also included two horizontal transects at 10 m height that were flown at a
ground speed of 3m-s~!. Their purpose was to enable measurements of undisturbed air near the ground, but later analysis of
flight 14 (see Section 3.1) revealed that the ground speed was insufficient to fully reach this goal.

The profiles for flight 5 are close to straight vertical lines, which would indicate a well-mixed atmosphere. However, they
were measured under low wind speed one full hour after the surface radiation balance became negative, i.e. under conditions
favourable for the development of a stable nocturnal boundary layer and accumulation of CO, near the ground. This apparent
contradiction can be explained by comparing COCAP’s data to statienarytower-based measurements. Fig. 9a shows the CO,
profile taken by COCAP together with data from the 9 m mast and from HPB (see Sections 2.1 and 2.2). The diagram includes
those measurements from the mast that fall into the time interval from 15 min before take-off to 15 min after landing. They
reveal that the CO, dry air mole fraction near the ground was increased relative to the upper two thirds of the profile and
fluctuated strongly, e.g. between 450 and 650 umol-mol~* at 3 m height. These observations are in line with a weakly stable
layer near the surface: Surface fluxes accumulated in this layer, but weak turbulent events caused e.g. by wind shear occasionally
spread them out to higher layers. The disturbance by the multicopter during take-off or landing prevented COCAP from
capturing this accumulation. On the other hand, the higher part of COCAP’s profile, taken in the residual layer that is left over
from the daytime mixed layer, matches the mean CO; dry air mole fraction measured at HPB during the time interval from 1 h
before take-off to 1 h after landing. This agreement confirms that COCAP was working properly during the flight.

The profile from flight 8, carried out later in the same night, is consistent with the measurements at the 9 m mast (Fig. 9).
We see two reasons for this difference to flight 5. Firstly, the radiative cooling (see Fig. 6) at the time of flight 8 (23:10) was
stronger than at the time of flight 5 (19:10). The temperature gradient near the ground was not resolved during flight 5, but

the weaker radiative cooling compared to the later flight has likely resulted in a weaker temperature inversion that allowed

19



10

(a) (b)

125 T T T T T T
#5 #8
100 19:10 T 23:10 7
75 b + -
Ascent —
g 50r T Horizontal —
£ Descent —
N s | 1 Mast - |
HPB
5 - -+ .
h
0 .\ " " " 1 L .\ !
400 500 600 700 400 500 600 700
Xco2 in umol-mol! Xco2 in pmol-mol-?

Figure 9. Comparison of xzco, measurements by COCAP, by the ICOS station Hehenpeifienberg-(HPB (a point measurement 460 m above
ground level at Fendt as described in Section 2.2, representing the CO, dry air mole fraction in the residual layer) and by the on-site 9 m mast
(a) for flight 5 and (b) for flight 8. The dots and bars are mean and standard deviation, respectively, for each 1-minute sampling period of the
mast within the time interval from 15 min before take-off to 15 min after landing. Note that the scaling of the vertical axis changes at height

z=10m.

more vertical displacement of air by the multicopter. Secondly, the thicker NBL at 23:10 with a less steep CO, gradient close
to the ground means that potential sampling of air parcels originating from above or below the multicopter did not affect the
measurements during flight 8 as much as during flight 5.

At heights above 70 m the CO,; profile from flight 8 approaches the measurements at HPB, indicating that the stable NBL
retains most of the surface emitted fluxesCO,. Likewise, the CO, profiles of all other flights come near the measurements at
HPB above the NBL (not shown). This suggests that any transport of CO, across the top of the NBL is small in magnitude.

The measurement of continuous profiles of the CO, dry air mole fraction up to heights of 100 m or more has been challenging
in the past. In some studies, NBL budgets were therefore based on a measurement near the ground and an assumed gradient up
to the top of the NBL. However, the complex shape of the profiles displayed in Fig. 7 and 8 suggest that neither the assumption
of a constant (cf. Acevedo et al. (2004)) nor a linearly decreasing (cf. Culf et al. (1997)) CO, dry air mole fraction would
properly represent the conditions at Fendt. The detailed structures resolved in our measurements also indicate great potential
of combined measurements of meteorological parameters and trace gas mole fractions for studying small-scale phenomena in

the NBL.
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4.4 Disturbance by the UAS

The potential virtual temperature measured at heights between 10 and 60 m are generally higher during descent than during
ascent. This effect is more pronounced for flights 19 through 23 (Fig. 8), likely due to the stronger temperature gradient
compared to flights 5 through 10 (Fig. 7). The observed difference supports the reasoning of Section 3.1: As the multicopter
descends, the onboard sensors measure warmer air that was pushed downwards by the rotors. Close to the ground (at heights
below 10 m) closed flow loops start to form and colder air from below the multicopter reaches the sensors during descent, as
can be seen in the profiles from flights 6, 8, 9, 10 and 23.

Systematic differences between ascent and descent are less visible in the profiles of CO, dry air mole fraction, likely due to
a larger variability of CO, within the nocturnal boundary layer. This variability is reflected in the difference in zcg, between
each of the two ascents and descents in the flights 19 through 23, esp. flight 20 and 23.

Flight 14 was dedicated to the investigation of vertical mixing during horizontal movement at different air speeds. It was
carried out on 7 July at 22:15 UTC. Winds were particularly low that night (on average 0.3 m-s~! between 22:00 and 22:30
UTC) and hence ground speed of the UAS was approximately equal to air speed. A stable nocturnal boundary layer had
developed, as can be seen from the profiles of 6, and zco, measured during an earlier flight at 20:15 UTC (see Fig. 10
panels a and b). The UAS flew a spiral pattern at a height of 10 m above ground with decreasing ground speed (Fig. 10c).
Throughout flight 14, COCAP’s air inlet faced the direction of movement. The flight took place over a flat, homogeneous
meadow. Hence, we assume that terrain and vegetation had caused no heterogeneity in the lateral distribution of temperature
and CO,. We analyse three sections of nominal speed 5m-s~!, 3m-s~! and 1m-s~!. Figure 10d shows the median virtual
potential temperature and CO, dry air mole fraction for each section. The standard error of the median was calculated by
bootstrapping with 1000 samples generated from the empirical distribution of the measurements (Wilcox, 2012, pp. 43) and is
depicted as horizontal and vertical bars.

The decrease of virtual potential temperature with decreasing speed in Fig. 10d suggests that upward mixing of air from
lower layers has a stronger influence on the measurements at lower speed. Likewise, the CO, dry air mole fraction measured

1 is 20 umol-mol~! higher than during faster flight. However, we did not observe a significant difference in zco»

at Im-s™
between a ground speed of 3m-s~! and 5m-s~!. The sample inlet for the CO, measurement extends 20 cm to the side of
the rotors, while temperature and humidity are measured directly below a rotor (see Fig. 3). As the sample inlet was pointing
forward throughout the flight, it might have mostly avoided partially closed flow loops during movement at 5m-s !, while the
temperature and humidity sensors were still affected.

In summary, our results suggest that measurements taken during the ascent of the multicopter are more reliable than those
taken during descent and hover. Horizontal transects at low heights can yield measurements that are contaminated with air
from below the sampling height. This contamination is lower at higher horizontal air speed, because the multicopter moves
away from the vortices it has created. Our experiment does not answer the question whether at 10 m height a horizontal speed

1

of Sm-s™" is sufficient to avoid the contamination entirely.
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Figure 10. Vertical profiles of (a) virtual potential temperature 6, and (b) CO, dry air mole fraction zco, at 20:15 UTC on 7 July 2016. (c)
Track of flight at 22:15 UTC on the same night coloured by horizontal ground speed. Three sections of nominal speed 5m-s !, 3m-s~! and
1m-s~! are marked with brackets. Height was 10 m above ground throughout the flight. (d) Median of virtual potential temperature and CO,
dry air mole fraction measured during those three sections of the flight. Bars represent the bootstrapped standard error of the median, see text
for details. The standard error of the virtual potential temperature is so small that the vertical bars are barely visible. At lower speeds, 6, is

lower and xco2 higher, suggesting the sampling of air that originates from below the flight height.

4.5 Carbon dioxide fluxes

The first profiles of the first and second night were taken at 18:10 UTC (flight 4) and 20:10 UTC (flight 19), respectively.
Hence, Flight 4 is representative for the zcq, profile at £y = 18 : 00 UTC, but flight 19 is not. We therefore need an estimate for
the profile at ¢y. Due to the convective mixing that takes place during the day, the CO, dry air mole fraction within the boundary
layer is nearly independent of height, an assumption that is supported by the profile from flight 4 (see Fig. 7). Assuming further
that all surface fluxes were trapped in the developing NBL, air parcels above the NBL height should have preserved the CO,
dry air mole fraction of the column between ¢y and the time of the first flight. Consequently, we assume the whole column
xcoa(to, z) to be equal to the mean dry air mole fraction of the first measured profile between 50 m and 125 m height. For
consistency we apply this approach to both nights.

The fluxes we calculated from the NBL budgets are listed in Table 3, given as amount of CO, per time and surface area. The

storage flux in Table 3 corresponds to term (A) in Equation 11, the subsidence flux to term (B) and the total flux is equal to
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Table 3. Fluxes of CO; calculated from NBL budgets. Begin and end are given in UTC. The end time is specified as the midtime of the
portion of the flight used for determination of the NBL budget.

Begin End Storage flux Subsidence flux Total flux
dd/mm HH:MM  dd/mm HH:MM (flight) inpmol-m~2.s™' inpmol-m~2.s™' inpmol-m~2.s7!

06/07 19:08 (#5) 13.7 0.0 13.7
06/07 21:16 (#6) 12.3 0.1 122
06/07 22:14 (#7) 16.1 0.2 159
06/07 18:00
06/07 23:09 (#3) 113 0.1 11.2
07/07 00:21 (#9) 9.4 0.1 9.3
07/07 01:13 (#10) 8.4 0.1 8.4
09/07 21:06 (#20) 17.2 02 17.0
09/07 22:48 (#21) 113 0.1 11.2
09/07 18:00
09/07 23:43 (#22) 11 0.1 10.9
10/07 00:35 (#23) 9.9 0.0 9.9

S, i.e. the NEE averaged over the time from ¢ to ¢ . During both nights, horizontal convergence of air masses lead to lifting
and consequently a negative subsidence flux. However, the subsidence flux was small compared to the storage flux, accounting
for about 1 percent of the total flux. An important consequence of the low subsidence flux is that errors stemming from the
simplified model of the NBL growth (see Sect. 3.3) have only a minor influence on the uncertainty of the total flux.

The plausibility of our results can be checked against EC and chamber measurements taken at Fendt. Both the EC and the
chamber measurements observed only the fluxes from the pasture at the site, while the NBL budget has a larger footprint. Even
at low wind speeds of 0.5 m-s~! air parcels travel 1.8 km every hour. Therefore, the NBL budget also includes sources that are
located at several kilometres distance. Given the land cover around Fendt, those sources likely include forests, crop fields and
potentially some residential areas (see Fig 14 and 15 for- exemplary footprints). Nevertheless, as pasture is the dominant land
cover in the area, all three methods should agree in the order of magnitude of the CO, flux at night.

No EC measurements of acceptable quality are available for either of the nights we probed the NBL (Fig. 11). Conditions of
strong radiative cooling combined with weak wind resulted in stable conditions and a violation of the assumptions underlying
the EC technique. As a backup, we calculated the mean diurnal cycle from the EC measurements taken between 4 July 2016
00:00 UTC and 11 July 2016 23:59 UTC, a period that includes all our flights and was reasonably consistent in the diurnal
variations of temperature. The result is presented in Fig. 11. All fluxes calculated from the NBL budget lie within the range of
NEE observed by EC between 18:00 and 01:00 UTC (6-16 umol-m~2-s~1). The later the flight at Fendt took place, the lower
the NBL-based average NEE, indicating a decreasing flux over the course of the night. We interpret this, at least partially, as

an effect of the temperature decrease during the night (Fig. 6), which reduces respiration. In contrast, NEE measured by the
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Figure 11. Comparison of vertical CO, fluxes F' calculated from the NBL budget and using the EC method. The fluxes from the NBL
budget are depicted as lines, where the vertical position of each line represents the average flux over the time span specified by the horizontal
extend of the line. Open circles represent the quality-filtered EC measurements taken on the same days as the NBL measurements. Solid dots
represent the mean diurnal cycle of the quality-filtered EC measurements averaged over the period from 4 July 2016 00:00 UTC to 11 July
2016 23:59 UTC. Upward and downward arrows mark the time of sunrise and sunset, respectively. NBL and EC agree in magnitude of NEE

at night, but not in sign of trend.

EC station increases during the night. However, an increase in respiration over the course of the night is implausible. Given the
small number of EC measurements of acceptable quality this apparent trend is likely an artefact.

Figure 12 shows the NBL-derived fluxes in comparison to chamber measurements. Data from the small chambers is avail-
able only for the second night. Opaque chambers measure respiration, while clear chambers, the EC station and the NBL
budget observe NEE. Therefore, a comparison of the fluxes obtained with these different techniques is only meaningful when
photosynthesis is low or absent, i.e. roughly between sunset and sunrise. The convergence of the fluxes of the clear and dark
chambers just after 18:00 UTC suggests that photosynthesis has largely ceased as early as ty. Hence, throughout the time span
for which we ereatedetermine the NBL budget NEE is dominated by respiration and all the different techniques are compara-
ble. Surprisingly, the measurements with the big chambers yield fluxes only 1/3 as high as obtained with the small chambers,
even though all chambers were deployed close to each other on the same meadow. Despite careful investigation the reason for
this discrepancy has not yet been found. The NBL budget agrees in magnitude to the fluxes measured with the small chambers.

Similarly to the NBL budget, all chamber measurements exhibit a negative trend in fluxes over the course of both nights.
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Figure 12. Comparison of CO, flux F' calculated from the NBL budget and flux measured with different chambers. The Axis scaling and
sunset/sunrise markers are the same as in Fig. 3. Nighttime fluxes observed with the small and the big chambers differ by a factor of three

for unknown reasons. The NBL budget agrees in magnitude and sign of trend to the measurements with the small chambers.

In addition to in situ measurements at Fendt, the range of nighttime NEE of pasture and forests observed in other studies at
central European sites with a climate similar to Fendt (Cfb or Dfb in the Koppen-Geiger classification according to Peel et al.
(2007)) provides a plausibility check for the NBL budgets (Table 4).

We exclude crop fields from the comparison, as their NEE depends heavily on crop type and time of harvest. Compared
to the literature values, NEE for Fendt derived from the NBL budget is on the high end of ranges reported for pasture and
higher than most fluxes reported for forests. One explanation is that our measurements took place on two fair weather days
in the warmest month of the year 2016, which likely resulted in higher respiration than observed on average over a longer
period. Furthermore, Fendt lies in a region with organically rich soils (Fig. 2a). Soil organic carbon content has been shown
to be positively correlated with microbial biomass (Habashi, 2016), suggesting particularly strong respiration under beneficial
conditions. This explanation is supported by the measurements at Mooseurach (Table 4), a drained peatland forest 20 km to the

2.5~ 1 have been observed.

East of Fendt, where respiration fluxes of up to 15 umol - m~™

Another potential cause for higher fluxes observed with the NBL budget relates to the terrain at Fendt. At night, katabatic
flows of cool, CO,-rich air can stream down the steep slope west of the measurement site. Though Fendst is situated in a valley
with only a shallow slope to the east, this inflow might lead to localised lifting of air that is not accounted for in the ECMWF
IFS data and hence not included in our calculation of subsidence. The increased NBL height and high variability in the lowest

50 m observed during flight 7 as well as the higher flux derived from the NBL budget are an indication of such an inflow event.
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Table 4. Nighttime CO, fluxes observed in other studies (minimum-maximum of reported values)

Location Land cover Period Method Flux Source
dd/mm/yyyy pmol - m~2.s7?
Grillenburg, Germany Pasture 02/07/2004— EC 3.9-10.2 Gilmanov et al. (2007)
16/07/2004
Stubai Valley, Austria Pasture 01/07/2002— EC 6-17 ‘Wohlfahrt et al. (2005)
30/07/2002
Stubai Valley, Austria Pasture 01/07/2002—- Chambers + model 6-11 ‘Wohlfahrt et al. (2005)
30/07/2002
Stuttgart, Germany Pasture 13/08/2006— Chambers 1.3-3.2 Chen et al. (2014)
17/11/2006
Waldstein— Managed spruce 01/06/2007— Mass balance 1-7 Siebicke et al. (2012)
Weidenbrunnen, Germany forest 15/07/2007
Hesse, France Managed beech 05/08/2005— EC 1.1-5.5 Longdoz et al. (2008)
forest 06/08/2005
Hainich, Germany Unmanaged beech 12/08/2005— Mass balance 3-9 Kutsch et al. (2008)
forest 30/09/2005
Hainich, Germany Unmanaged beech 12/08/2005— Bottom-up model 5-5.5 Kutsch et al. (2008)
forest 30/09/2005
Mooseurach, Germany Managed spruce 01/01/2011- EC -1-15 Hommeltenberg et al.
forest 31/12/2011 (2014)
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Table 5. Sensitivity of CO, flux to different factors (see text for details). Unit of fluxes is pmol - m=2 - s~ 1.

Night  No change z+2m z-2m Tcoz+ Tcoz- Whole w/o 9 m mast No subsid.
3ppm 3ppm flight
1 11.8 12.2 10.6 13.1 10.5 114 10.8 11.9
(+3 %) (-10 %) (+11 %) (-11 %) (-3 %) (-8 %) (+1 %)
2 12.3 12.7 11.7 13.1 11.4 11.9 12.7 12.4
(+3 %) (-5 %) (+7 %) (-7 %) (-3 %) (+3 %) (+1 %)

4.6 Sensitivity of fluxes

The NBL budget is influenced by measurement uncertainty, incomplete knowledge about the state of the atmosphere and data
selection. In order to quantitatively assess the influence of these factors on our results, we changed the procedure of calculating

fluxes in either of the following ways:
1. by adding a bias of 2 m to the altitude measurements,
2. by adding a bias of +3 pmol~mol_1 to xcop of all but the first profile of each night,

3. by using COCAP data for the whole column instead of replacing xco; in the lowest 9 m with statienary-measurements

taken at the 9 m mast,
4. by using COCAP data taken during the whole flight, i.e. using ascent, descent and hover instead of ascent only, or
5. by disregarding subsidence.

Check 1 accounts for the uncertainty of COCAP’s pressure-based altitude measurements. Check 2 allows us to evaluate the
influence of both the uncertainty of COCAP’s x¢o, measurements and the spatial heterogeneity of z(ty). The former is known
from experiment (see Section 4.1) and the latter can be estimated from the CO, measurements at HPB. Assuming that the 131 m
inlet at HPB is in the residual layer all night, the interquartile range of the xco, measurements of a single night approximately
reflects the variability of the background onto which fluxes accumulate. It amounts to 1.1 umol-mol~" and 2.4 umol-mol " for
the period from 18:00 UTC to 02:00 UTC in the first and second night, respectively. Check 3 and 4 relate to the disturbance
caused by the UAS, which is discussed in Sections 3.1 and 4.4.

The mean fluxes for each night obtained using the changed procedures are summarised in Table 5. The largest difference
to the normal (“No change”) procedure occurs when Zcoy is altered (+11% for the first and +7% for the second night,
respectively). Changing the altitude or not using the data from the 9 m mast also have a considerable influence on the mean

flux.
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Figure 13. Sensitivity of CO, fluxes calculated from the NBL budgets to changes in calculation procedure. Dots denote the fluxes calculated
for each flight, crosses mark the mean of these fluxes. The lines are visual aids to facilitate comparison to the mean flux of the normal (“No

change”) procedure.

Fig. 13 shows the values from Table 5 in graphical form. In addition, the fluxes calculated for each flight are depicted,
visualising how their spread is affected by the different checks. A substantial increase in spread is observed only when the data
from the 9 m mast is not used.

Overall, the results from the sensitivity checks indicate that the NBL method is robust against measurement uncertainty in
the altitude and xco, measurements, spatial heterogeneity of (o), disturbance of the NBL caused by the UAS and the effect of
subsidence. It should be noted that the mean vertical wind extracted from the ECMWF IFS model was relatively small during
the two nights of our measurements. Under different conditions, e.g. in a strong high pressure system, the effect of subsidence

or lifting on the NBL budget could be much higher.
4.7 Flux footprint

Example flux footprints of one NBL budget of each night are visualised in Fig. 14 and Fig. 15.

The footprint depicted in Fig. 14 was calculated for a column of air passing Fendt on 6 July 2016 at 21:00 UTC, i.e. close to
the time of flight 6. The 1% contour of the footprint encloses an area of 60 km?, which accounts for 60 % of the total sensitivity.
The land cover map suggests that the NBL budget represents mainly the respiration of forests, pasture and crop lands north of

Fendt, with little contribution from urban areas.
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Figure 14. Footprint of an NBL budget at Fendt on 6 July 21:00 UTC. (a) Relative contribution of each grid cell to the total sensitivity of

the budget to surface fluxes. Water bodies depicted for orientation. (b) Contour of all grid cells with a relative sensitivity of 1% or higher on

top of a simplified land cover map (CORINE 2012 v18.5, European Environment Agency, EEA (2016)). The area observed is dominated by

forests, pasture and crop land.
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The footprint depicted in Fig. 15 was calculated for a column of air passing Fendt on 9 July 2016 at 21:00 UTC, i.e. close
to the time of flight 20. The 1% contour of the footprint encloses an area of 80km?, which accounts for 70 % of the total
sensitivity. Again, the NBL budget is mainly influenced by forests, pasture and crop lands.

The footprints for other times during the two nights are similar in size, i.e. on the order of 100 km?. They mostly cover the
sector within 20 km north-west to north-east of Fendt.

We recognise that the relatively low spatial and temporal resolution of the ECMWF IFS meteorological model entails errors
in the transport modelling. Variability of the horizontal wind component within a grid cell and on time scales below three hours
is neglected, possibly resulting in an underestimation of the footprint size. Likewise, terrain features that are smaller than a
grid cell are not represented in the meteorological model. However, as our NBL budgets cover time scales of 1-7 hours and the
footprints extend over many grid cells, sub-scale variability should play only a minor role. We are therefore confident that that

the model results provide a reasonable estimate of the region seen by the NBL budget method.

5 Conclusions and outlook

To the best of our knowledge, we have for the first time ereateddetermined nocturnal boundary layer budgets-that-are based
on trace gas measurements with an unmanned aircraft. During two nights we repeatedly sampled the NBL with a multicopter
carrying COCAP, a lightweight analyser designed for deployment on unmanned aircraft. Simultaneous measurement of CO,
dry air mole fraction, air temperature, humidity and pressure allowed to quantify the rate of accumulation of carbon dioxide
in the NBL. By applying deconvolution we could improve the temporal resolution of the CO, measurements, thus achieving
a higher vertical resolution of the profiles. We estimated the effect of subsidence or lifting on the NBL budgets with the help
of weather forecast data and corrected the budgets accordingly. The respiration fluxes obtained from the NBL budgets are
plausible in comparison to other flux measurements at the Fendt site, though on the high end of the range reported in the
literature for sites with land cover and climatic conditions similar to Fendt. A potential positive bias in the obtained fluxes
could be caused by convergence of cool, CO,-rich air at the floor of the valley in which Fendt is located. The current data set
does not allow to confirm or rule out this effect. In a future campaign, however, simultaneous deployment of a second UAS on
the elevated plateau west of the site could provide more insight, as downward transport of CO, should result in consistently
lower accumulation and hence lower flux estimates obtained from NBL budgets on the plateau.

We have investigated how the disturbance of the NBL caused by a multicopter influences in situ measurements. We found
that while flying close to the ground, air from below the UAS can reach the sensors, causing a bias if the respective quantity
has a non-zero gradient. To prevent this bias from affecting the NBL budget we replaced the airborne zcp, measurements
taken at low height with-statienary measurements from a 9 m mast. At greater height, some of our profiles exhibit a systematic
difference between ascent and descent. During descent, the airborne sensors are moved into a volume of air that may have been
disturbed by the downwash of the multicopter’s rotors. Therefore, we use only data captured during ascent for NBL budgeting.

The robustness of our approach has been demonstrated by a sensitivity analysis. The largest uncertainty of the NBL budget

is caused by spatial heterogeneity of the CO, dry air mole fraction in the late afternoon combined with the uncertainty of the
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CO, measurement. The estimated combined error in zcoy results in +11 % change of the mean of the fluxes obtained from the
NBL budget for the first night. Using only data from the UAS and not from the 9 m mast increased the spread of the fluxes, but
changed their mean by no more than 10 %. This suggests that satisfactory NBL budgets can be ereateddetermined from UAS
data even if no stationary measurements near the ground are available. For future studies, we suggest to position the sample
inlet 50-100 cm above the rotors to further reduce the sampling of air that was displaced or mixed by the UAS.

The region that influences an NBL budget has often not been reported in past studies. We improved on this situation by
carrying out mesoscale modelling. While the driving meteorological data and the underlying topography do not resolve small
structures at and below the scale of 1km, our method gives at least an estimate of the region that influences the NBL budget.
Under the conditions of our measurements the footprints were on the order of 100km? in size. In situ wind measurements
would enable- validation of the meteorological data and possibly improvement of the transport modelling. Such measurements
could be taken by UAS without the need for additional sensors (Mayer et al., 2012; Neumann and Bartholmai, 2015).

Future NBL studies could employ multiple UASs simultaneously to quantify spatial heterogeneity and horizontal gradients in
the CO,; dry air mole fraction. Firstly, this would supports the analysis of the uncertainty of the NBL-derived fluxes. Secondly,
concurrent profiles could yield constraints for the net advection of CO,.

While we carried out our measurements with multicopters, fixed-wing aircraft would also be capable platforms for NBL
studies. The vortices generated by their wings are slower and spread out wider than the concentrated downwash produced
by the rotors of a multicopter. Therefore they should cause less interference with the NBL soundings and could provide
precise measurements down to ground level. Additionally, their typically higher horizontal speed makes it easier to evade any
disturbance that they create.

Another possibility to reduce the disturbance of measurements near the ground would be a different placement of the inlet.
Given the asymmetric flow pattern below and above a multicopter’s rotors (see Section 3.1), sampling from several rotor
diameters above the UAS should reduce the artefacts caused by closed flow loops.

NBL budgets based on UAS measurements are an effective and efficient tool for the quantification of nocturnal fluxes.
Besides ecosystem respiration, it could also be applied to detect carbon dioxide emissions of other sources, e.g. urban areas.
Small and lightweight sensors for other tracers such as methane would open up even more possibilities. Alternatively, compact
time-resolved sampling systems (Andersen et al., 2017) or long flexible tubing (Brosy et al., 2017) can be used in connection
with conventional ground-based instrumentation to measure a whole range of species.

In summary, we have demonstrated that nocturnal surface flux estimates can be derived from UAS-based gas measurements
by means of an NBL budget approach. Given the moderate cost of UAS and their minimal infrastructure requirements this
innovation makes the NBL budget method for the quantification of surface fluxes much more accessible. Spurred by the in-
creasing adoption of unmanned aircraft in geoscience and the development of miniaturized high-accuracy sensors for different

tracers we foresee wide adoption of this technique in the coming years.
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Code and data availability. Measurement data from the UAS, output of the STILT model, analysis scripts and instructions how to run
them are available at https://dx.doi.org/10.17617/3.2¢c . Time series of cloudiness observed at MOHB can be downloaded from the Climate
Data Center (https://opendata.dwd.de/climate_environment/CDC/). Time series of the CO2 dry air mole fraction measured at HPB can be

requested from DWD; contact: dagmar.kubistin@dwd.de

Author contributions. R.H.G., M.K. and J.L. conceptualised and carried out the UAS-based measurements and M.K. curated the data ob-
tained. M.Z. coordinated the ScaleX campaign, operated the EC station and the small chamber measurements and curated the data obtained.
R.G. operated the big chamber measurements and curated the data obtained. B.W. operated the zco, measurements at the 9 m mast and
curated the data obtained. M.S. was responsible for the operation of the ICOS HPB site and curated the data obtained. C.G. and E.--T. K. ran
the STILT model. C.G., R.H.G., M.K. and J.L. analysed the data. M.K. wrote the original draft of this publication. All authors reviewed the
draft. M.K. compiled the final manuscript.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. We thank the scientific teams of the ScaleX Campaign 2016 for their contribution, especially Klaus Schifer for coor-
dination of work package 2, Caroline Brosy for taking care of the flight permissions and John E. Flatt for piloting the UAS. Thanks to the
staff of DWD for providing meteorological and trace gas data from Hohenpeilenberg. We thank Ingo Vélksch for soil data of the Fendt site.
M.K. thanks Fanny Kittler for illuminative discussions about the EC method. We gratefully acknowledge the authors of various open-source
software packages that were used in our study and for the preparation of the manuscript, in particular Inkscape, GIMP, GNU Octave (Eaton
et al., 2017), gnuplot, LaTeX, LyX and QGIS. The colours in diagrams and maps are based on the work of Cynthia A. Brewer (Brewer,
2017), Peter Kovesi (Kovesi, 2015) and the Wikicarto 2.0 colour map (Wikipedia contributors, 2012). We thank the Max Planck Society for
generous financial support. The TERrestrial Environmental Observatory (TERENO) pre-Alpine research is funded by the Helmholtz Associ-
ation ATMO Programme and the Federal Ministry of Education and Research. M.Z. received support from the German Research Foundation

(DFG; grant ZE 1006/2-1).

32



10

15

20

25

30

35

References

Acevedo, O. C., Moraes, O. L. L., Da Silva, R., Fitzjarrald, D. R., Sakai, R. K., Staebler, R. M., and Czikowsky, M. J.: Inferring Nocturnal Sur-
face Fluxes from Vertical Profiles of Scalars in an Amazon Pasture, Global Change Biology, 10, 886-894, https://doi.org/10.1111/j.1529-
8817.2003.00755.x, 2004.

Allan, D. W.: Should the Classical Variance Be Used as a Basic Measure in Standards Metrology?, IEEE Transactions on Instrumentation
and Measurement, IM-36, 646—654, https://doi.org/10.1109/TIM.1987.6312761, 1987.

Andersen, T., Scheeren, B., Peters, W., and Chen, H.: A UAV-Based Active AirCore System for Accurate Measurements of Greenhouse
Gases, Atmos. Meas. Tech. Discuss., 2017, 1-28, https://doi.org/10.5194/amt-2017-369, 2017.

Aubinet, M.: Eddy Covariance CO, Flux Measurements in Nocturnal Conditions: An Analysis of the Problem, Ecological Applications, 18,
1368-1378, http://www.jstor.org/stable/40062261, 2008.

Aubinet, M., Feigenwinter, C., Heinesch, B., Bernhofer, C., Canepa, E., Lindroth, A., Montagnani, L., Rebmann, C., Sedlak, P., and
Van Gorsel, E.: Direct Advection Measurements Do Not Help to Solve the Night-Time CO, Closure Problem: Evidence from Three
Different Forests, Agricultural and Forest Meteorology, 150, 655-664, https://doi.org/10.1016/j.agrformet.2010.01.016, 2010.

Aubinet, M., Feigenwinter, C., Heinesch, B., Laffineur, Q., Papale, D., Reichstein, M., Rinne, J., and Van Gorsel, E.: Nighttime Flux Cor-
rection, in: Eddy Covariance: A Practical Guide to Measurement and Data Analysis, edited by Aubinet, M., Vesala, T., and Papale, D.,
Springer Atmospheric Sciences, pp. 133—-157, Springer Netherlands, Dordrecht, https://doi.org/10.1007/978-94-007-2351-1_5, 2012.

Baldocchi, D. D.: Assessing the Eddy Covariance Technique for Evaluating Carbon Dioxide Exchange Rates of Ecosystems: Past, Present
and Future, Global Change Biology, 9, 479-492, https://doi.org/10.1046/j.1365-2486.2003.00629.x, 2003.

BGR: Bodeniibersichtskarte Der Bundesrepublik Deutschland 1:1.000.000 (BUKI1000DE), https://produktcenter.bgr.de/terraCatalog/
DetailResult.do?fileldentifier=A95A723E-1274-4601-9E60-27079436F1F3, 2013.

Brewer, C. A.: ColorBrewer: Color Advice for Maps, http://colorbrewer2.org, 2017.

Brosy, C., Krampf, K., Zeeman, M., Wolf, B., Junkermann, W., Schifer, K., Emeis, S., and Kunstmann, H.: Simultaneous Multicopter-Based
Air Sampling and Sensing of Meteorological Variables, Atmos. Meas. Tech., 10, 2773-2784, https://doi.org/10.5194/amt-10-2773-2017,
2017.

Campioli, M., Malhi, Y., Vicca, S., Luyssaert, S., Papale, D., Pefiuelas, J., Reichstein, M., Migliavacca, M., Arain, M. A., and Janssens,
I. A.: Evaluating the Convergence between Eddy-Covariance and Biometric Methods for Assessing Carbon Budgets of Forests, Nature
Communications, 7, ncomms13 717, https://doi.org/10.1038/ncomms13717, 2016.

Chen, B., Black, T. A., Coops, N. C., Hilker, T., (Tony) Trofymow, J. A., and Morgenstern, K.: Assessing Tower Flux Footprint Cli-
matology and Scaling Between Remotely Sensed and Eddy Covariance Measurements, Boundary-Layer Meteorology, 130, 137-167,
https://doi.org/10.1007/s10546-008-9339-1, 2009.

Chen, H., Fan, M., Kuzyakov, Y., Billen, N., and Stahr, K.: Comparison of Net Ecosystem CO, Exchange in Cropland and Grassland with
an Automated Closed Chamber System, Nutrient Cycling in Agroecosystems, 98, 113—124, https://doi.org/10.1007/s10705-014-9600-6,
2014.

Choularton, T. W., Gallagher, M. W., Bower, K. N., Fowler, D., Zahniser, M., and Kaye, A.: Trace Gas Flux Measurements at the Land-
scape Scale Using Boundary-Layer Budgets, Philosophical Transactions of the Royal Society of London A: Mathematical, Physical and
Engineering Sciences, 351, 357-369, https://doi.org/10.1098/rsta.1995.0039, 1995.

33



10

15

20

25

30

35

Ciais, P, Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Galloway, J., Heimann, M., Jones, C., Le Quéré,
C., Myneni, R., Piao, S., and Thornton, P.: Carbon and Other Biogeochemical Cycles, in: ClimateChange 2013: The Physical Science Ba-
sis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, edited by Stocker,
T., Qin, D., Plattner, G.-K., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P., Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, http://ipcc.ch/pdf/assessment-report/arS/wgl/WG1ARS_Chapter06_FINAL.pdf,
2013.

Culf, A. D., Fisch, G., Malhi, Y., and Nobre, C. A.: The Influence of the Atmospheric Boundary Layer on Carbon Dioxide Concentrations
over a Tropical Forest, Agricultural and Forest Meteorology, 85, 149158, https://doi.org/10.1016/S0168-1923(96)02412-4, 1997.

Culf, A. D., Fisch, G., Malhi, Y., Carvalho Costa, R., Nobre, A. D., de O. Marques Filho, A., Gash, J. H. C., and Grace, J.: Carbon Dioxide
Measurements in the Nocturnal Boundary Layer over Amazonian Forest, Hydrol. Earth Syst. Sci., 3, 39-53, https://doi.org/10.5194/hess-
3-39-1999, 1999.

Denmead, O., Raupach, M., Dunin, F., Cleugh, H., and Leuning, R.: Boundary Layer Budgets for Regional Estimates of Scalar Fluxes,
Global Change Biology, 2, 255-264, https://doi.org/10.1111/j.1365-2486.1996.tb00077.x, 1996.

Denmead, O. T.: Novel Meteorological Methods for Measuring Trace Gas Fluxes, Philosophical Transactions of the Royal Society of London
A: Mathematical, Physical and Engineering Sciences, 351, 383-396, https://doi.org/10.1098/rsta.1995.0041, 1995.

Eaton, J. W., Bateman, D., Hauberg, S., and Wehbring, R.: GNU Octave Version 4.2.1 Manual: A High-Level Interactive Language for
Numerical Computations, https://www.gnu.org/software/octave/doc/v4.2.1/, 2017.

EEA: CLC 2012 — Copernicus Land Monitoring Service, http://land.copernicus.eu/pan-european/corine-land-cover/clc-2012, 2016.

Falge, E., Baldocchi, D., Olson, R., Anthoni, P., Aubinet, M., Bernhofer, C., Burba, G., Ceulemans, R., Clement, R., Dolman, H., Granier, A.,
Gross, P., Griinwald, T., Hollinger, D., Jensen, N.-O., Katul, G., Keronen, P., Kowalski, A., Lai, C. T., Law, B. E., Meyers, T., Moncrieff,
J., Moors, E., Munger, J. W., Pilegaard, K., Rannik, U., Rebmann, C., Suyker, A., Tenhunen, J., Tu, K., Verma, S., Vesala, T., Wilson,
K., and Wofsy, S.: Gap Filling Strategies for Defensible Annual Sums of Net Ecosystem Exchange, Agricultural and Forest Meteorology,
107, 43-69, https://doi.org/10.1016/S0168-1923(00)00225-2, 2001.

Feigenwinter, C., Bernhofer, C., and Vogt, R.: The Influence of Advection on the Short Term CO,-Budget in and Above a Forest Canopy,
Boundary-Layer Meteorology, 113, 201-224, https://doi.org/10.1023/B:BOUN.0000039372.86053.ff, 2004.

Foken, T., Aubinet, M., and Leuning, R.: The Eddy Covariance Method, in: Eddy Covariance, Springer Atmospheric Sciences, pp. 1-19,
Springer, Dordrecht, https://link.springer.com/chapter/10.1007/978-94-007-2351-1_1, 2012.

Gerbig, C., Lin, J. C., Wofsy, S. C., Daube, B. C., Andrews, A. E., Stephens, B. B., Bakwin, P. S., and Grainger, C. A.: Toward Constraining
Regional-Scale Fluxes of CO, with Atmospheric Observations over a Continent: 2. Analysis of COBRA Data Using a Receptor-Oriented
Framework, Journal of Geophysical Research: Atmospheres, 108, 4757, https://doi.org/10.1029/2003JD003770, 2003a.

Gerbig, C., Lin, J. C., Wofsy, S. C., Daube, B. C., Andrews, A. E., Stephens, B. B., Bakwin, P. S., and Grainger, C. A.: Toward Constraining
Regional-Scale Fluxes of CO2 with Atmospheric Observations over a Continent: 2. Analysis of COBRA Data Using a Receptor-Oriented
Framework, Journal of Geophysical Research-Atmospheres, 108, 4757, https://doi.org/10.1029/2003JD003770, wOS:000187858300011,
2003b.

Gilmanov, T. G., Soussana, J. F., Aires, L., Allard, V., Ammann, C., Balzarolo, M., Barcza, Z., Bernhofer, C., Campbell, C. L., Cernusca,
A., Cescatti, A., Clifton-Brown, J., Dirks, B. O. M., Dore, S., Eugster, W., Fuhrer, J., Gimeno, C., Gruenwald, T., Haszpra, L., Hensen,
A., Ibrom, A., Jacobs, A. F. G., Jones, M. B., Lanigan, G., Laurila, T., Lohila, A., G.Manca, Marcolla, B., Nagy, Z., Pilegaard, K., Pinter,
K., Pio, C., Raschi, A., Rogiers, N., Sanz, M. J., Stefani, P., Sutton, M., Tuba, Z., Valentini, R., Williams, M. L., and Wohlfahrt, G.:

34



10

15

20

25

30

35

Partitioning European Grassland Net Ecosystem CO, Exchange into Gross Primary Productivity and Ecosystem Respiration Using Light
Response Function Analysis, Agriculture, Ecosystems & Environment, 121, 93—120, https://doi.org/10.1016/j.agee.2006.12.008, 2007.
Goulden, M. L., Munger, J. W., Fan, S.-M., Daube, B. C., and Wofsy, S. C.: Measurements of Carbon Sequestration by Long-Term
Eddy Covariance: Methods and a Critical Evaluation of Accuracy, Global Change Biology, 2, 169—182, https://doi.org/10.1111/j.1365-

2486.1996.tb00070.x, 1996.

Gu, L., Falge, E. M., Boden, T., Baldocchi, D. D., Black, T. A., Saleska, S. R., Suni, T., Verma, S. B., Vesala, T., Wofsy, S. C., and
Xu, L.: Objective Threshold Determination for Nighttime Eddy Flux Filtering, Agricultural and Forest Meteorology, 128, 179-197,
https://doi.org/10.1016/j.agrformet.2004.11.006, 2005.

Habashi, H.: Effect of Forest and Soil Type on Microbial Biomass Carbon and Respiration, Eurasian Soil Science, 49, 1084-1089,
https://doi.org/10.1134/S1064229316090064, 2016.

Hayek, M. N., Wehr, R., Longo, M., Hutyra, L. R., Wiedemann, K., Munger, J. W., Bonal, D., Saleska, S. R., Fitzjarrald, D. R., and Wofsy,
S. C.: A Novel Correction for Biases in Forest Eddy Covariance Carbon Balance, Agricultural and Forest Meteorology, 250-251, 90-101,
https://doi.org/10.1016/j.agrformet.2017.12.186, 2018.

Hommeltenberg, J., Schmid, H. P., Drosler, M., and Werle, P.: Can a Bog Drained for Forestry Be a Stronger Carbon Sink than a Natural Bog
Forest?, Biogeosciences, 11, 3477-3493, https://doi.org/https://doi.org/10.5194/bg-11-3477-2014, 2014.

IUSS Working Group WRB: World Reference Base for Soil Resources 2014, Update 2015. International Soil Classification System for
Naming Soils and Creating Legends for Soil Maps, no. 106 in World Soil Resources Reports, FAO, Rome, 2015.

Karion, A., Sweeney, C., Tans, P., and Newberger, T.: AirCore: An Innovative Atmospheric Sampling System, Journal of Atmospheric and
Oceanic Technology, 27, 1839-1853, https://doi.org/10.1175/2010JTECHA1448.1, 2010.

Kiese, R., Fersch, B., Baessler, C., Brosy, C., Butterbach-Bahl, K., Chwala, C., Dannenmann, M., Fu, J., Gasche, R., Grote, R., Jahn, C., Klatt,
J., Kunstmann, H., Mauder, M., Rodiger, T., Smiatek, G., Soltani, M., Steinbrecher, R., Volksch, 1., Werhahn, J., Wolf, B., Zeeman, M.,
and Schmid, H. P.: The TERENO Pre-Alpine Observatory: Integrating Meteorological, Hydrological, and Biogeochemical Measurements
and Modeling, Vadose Zone Journal, 17, https://doi.org/10.2136/vzj2018.03.0060, 2018.

Kovesi, P.: Good Colour Maps: How to Design Them, arXiv:1509.03700 [cs], http://arxiv.org/abs/1509.03700, 2015.

Kunz, M., Lavric, J. V., Gerbig, C., Tans, P., Neff, D., Hummelgard, C., Martin, H., R6djegard, H., Wrenger, B., and Heimann, M.: COCAP:
A Carbon Dioxide Analyser for Small Unmanned Aircraft Systems, Atmos. Meas. Tech., 11, 1833—1849, https://doi.org/10.5194/amt-11-
1833-2018, 2018.

Kutsch, W. L., Kolle, O., Rebmann, C., Knohl, A., Ziegler, W., and Schulze, E.-D.: Advection and Resulting CO, Exchange Uncertainty in
a Tall Forest in Central Germany, Ecological Applications, 18, 1391-1405, http://www.jstor.org/stable/40062263, 2008.

Lasslop, G., Reichstein, M., Papale, D., Richardson, A. D., Arneth, A., Barr, A., Stoy, P., and Wohlfahrt, G.: Separation of Net Ecosystem
Exchange into Assimilation and Respiration Using a Light Response Curve Approach: Critical Issues and Global Evaluation, Global
Change Biology, 16, 187-208, https://doi.org/10.1111/j.1365-2486.2009.02041.x, 2010.

Lee, X., Finnigan, J., and Paw U, K. T.: Coordinate Systems and Flux Bias Error, in: Handbook of Micrometeorology: A Guide for Surface
Flux Measurement and Analysis, edited by Lee, X., Massman, W., and Law, B., Atmospheric and Oceanographic Sciences Library, pp.
33-66, Springer Netherlands, Dordrecht, https://doi.org/10.1007/1-4020-2265-4_3, 2005.

Leuning, R.: Measurements of Trace Gas Fluxes in the Atmosphere Using Eddy Covariance: WPL Corrections Revisited, in: Handbook of
Micrometeorology, Atmospheric and Oceanographic Sciences Library, pp. 119-132, Springer, Dordrecht, https://doi.org/10.1007/1-4020-
2265-4_6, 2004.

35



10

15

20

25

30

35

Lin, J. C., Gerbig, C., Wofsy, S. C., Andrews, A. E., Daube, B. C., Davis, K. J., and Grainger, C. A.: A Near-Field Tool for Simulating
the Upstream Influence of Atmospheric Observations: The Stochastic Time-Inverted Lagrangian Transport (STILT) Model, Journal of
Geophysical Research: Atmospheres, 108, 4493, https://doi.org/10.1029/2002JD003161, 2003.

Longdoz, B., Gross, P., and Granier, A.: Multiple Quality Tests for Analysing CO, Fluxes in a Beech Temperate Forest, Biogeosciences, 5,
719-729, https://doi.org/10.5194/bg-5-719-2008, 2008.

Martin Kunz, Jost V. Lavric, Christoph Gerbig, Pieter Tans, Don Neff, Christine Hummelgard, Hans Martin, Henrik Rodjegard, Burkhard
Wrenger, and Martin Heimann: COCAP: A Carbon Dioxide Analyser for Small Unmanned Aircraft Systems, submitted to Atmospheric
Measurement Techniques, 2017.

Mauder, M., Cuntz, M., Driie, C., Graf, A., Rebmann, C., Schmid, H. P., Schmidt, M., and Steinbrecher, R.: A Strategy for Qual-
ity and Uncertainty Assessment of Long-Term Eddy-Covariance Measurements, Agricultural and Forest Meteorology, 169, 122-135,
https://doi.org/10.1016/j.agrformet.2012.09.006, 2013.

Mayer, S., Hattenberger, G., Brisset, P., Jonassen, M. O., and Reuder, J.: A ‘No-Flow-Sensor * Wind Estimation Algorithm for Unmanned
Aerial Systems, International Journal of Micro Air Vehicles, pp. 15-29, https://doi.org/10.1260/1756-8293.4.1.15, 2012.

Miloshevich, L. M., Paukkunen, A., Vomel, H., and Oltmans, S. J.: Development and Validation of a Time-Lag Correction for Vaisala
Radiosonde Humidity Measurements, Journal of Atmospheric and Oceanic Technology, 21, 1305-1327, https://doi.org/10.1175/1520-
0426(2004)021<1305:DAVOAT>2.0.C0O;2, 2004.

Neumann, P. P. and Bartholmai, M.: Real-Time Wind Estimation on a Micro Unmanned Aerial Vehicle Using Its Inertial Measurement Unit,
Sensors and Actuators A: Physical, 235, 300-310, https://doi.org/10.1016/j.sna.2015.09.036, 2015.

Pattey, E., Strachan, 1. B., Desjardins, R. L., and Massheder, J.: Measuring Nighttime CO, Flux over Terrestrial Ecosystems Using Eddy
Covariance and Nocturnal Boundary Layer Methods, Agricultural and Forest Meteorology, 113, 145-158, https://doi.org/10.1016/S0168-
1923(02)00106-5, 2002.

Peel, M. C., Finlayson, B. L., and McMahon, T. A.: Updated World Map of the Képpen-Geiger Climate Classification, Hydrol. Earth Syst.
Sci., 11, 1633-1644, https://doi.org/10.5194/hess-11-1633-2007, 2007.

Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., Bernhofer, C., Buchmann, N., Gilmanov, T., Granier, A.,
Griinwald, T., Havrankovd, K., Ilvesniemi, H., Janous, D., Knohl, A., Laurila, T., Lohila, A., Loustau, D., Matteucci, G., Meyers, T.,
Miglietta, F., Ourcival, J.-M., Pumpanen, J., Rambal, S., Rotenberg, E., Sanz, M., Tenhunen, J., Seufert, G., Vaccari, F., Vesala, T., Yakir,
D., and Valentini, R.: On the Separation of Net Ecosystem Exchange into Assimilation and Ecosystem Respiration: Review and Improved
Algorithm, Global Change Biology, 11, 14241439, https://doi.org/10.1111/j.1365-2486.2005.001002.x, 2005.

Savitzky, A. and Golay, M. J. E.: Smoothing and Differentiation of Data by Simplified Least Squares Procedures., Analytical Chemistry, 36,
1627-1639, https://doi.org/10.1021/ac60214a047, 1964.

Siebicke, L., Hunner, M., and Foken, T.: Aspects of CO, Advection Measurements, Theoretical and Applied Climatology, 109, 109-131,
https://doi.org/10.1007/s00704-011-0552-3, 2012.

Statistisches Bundesamt (Destatis): Daten Aus Dem Gemeindeverzeichnis Kreisfreie Stadte Und Landkreise Nach Fliche, Bevolkerung Und
Bevolkerungsdichte, Gebietsstand 31.12.2017, https://www.destatis.de/DE/Themen/Laender-Regionen/Regionales/Gemeindeverzeichnis/
Administrativ/04-kreise.xIsx?__blob=publicationFile&v=3, 2018.

Stein, A. F,, Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M. D., and Ngan, F.: NOAA’s HYSPLIT Atmospheric Transport and
Dispersion Modeling System, Bulletin of the American Meteorological Society, 96, 2059-2077, https://doi.org/10.1175/BAMS-D-14-
00110.1, 2015.

36



10

15

20

25

Stull, R.: An Introduction to Boundary Layer Meteorology, Kluwer Academic Publishers, Dordrecht, 1988.

Wikipedia contributors: Wikipedia:Graphics Lab/Resources/QGIS/Create a Topographic Background, Wikipedia, https://en.wikipedia.org/
w/index.php?title=Wikipedia:Graphics_Lab/Resources/QGIS/Create_a_topographic_background&oldid=526059852, 2012.

Wilcox, R.: Introduction to Robust Estimation and Hypothesis Testing, Statistical Modeling and Decision Science, Academic Press, Boston,
https://doi.org/10.1016/B978-0-12-386983-8.00003-2, 2012.

Wilson, K. B. and Baldocchi, D. D.: Comparing Independent Estimates of Carbon Dioxide Exchange over 5 Years at a Deciduous Forest in the
Southeastern United States, Journal of Geophysical Research: Atmospheres, 106, 34 167-34 178, https://doi.org/10.1029/2001JD000624,
2001.

Winderlich, J., Gerbig, C., Kolle, O., and Heimann, M.: Inferences from CO, and CH4 Concentration Profiles at the Zotino Tall Tower
Observatory (ZOTTO) on Regional Summertime Ecosystem Fluxes, Biogeosciences, 11, 2055-2068, https://doi.org/10.5194/bg-11-2055-
2014, 2014.

Wohlfahrt, G. and Galvagno, M.: Revisiting the Choice of the Driving Temperature for Eddy Covariance CO; Flux Partitioning, Agricultural
and Forest Meteorology, 237-238, 135-142, https://doi.org/10.1016/j.agrformet.2017.02.012, 2017.

Wohlfahrt, G., Anfang, C., Bahn, M., Haslwanter, A., Newesely, C., Schmitt, M., Drosler, M., Pfadenhauer, J., and Cernusca, A.: Quantifying
Nighttime Ecosystem Respiration of a Meadow Using Eddy Covariance, Chambers and Modelling, Agricultural and Forest Meteorology,
128, 141-162, https://doi.org/10.1016/j.agrformet.2004.11.003, 2005.

Wolf, B., Chwala, C., Fersch, B., Garvelmann, J., Junkermann, W., Zeeman, M. J., Angerer, A., Adler, B., Beck, C., Brosy, C., Brugger,
P, Emeis, S., Dannenmann, M., De Roo, F., Diaz-Pines, E., Haas, E., Hagen, M., Hajnsek, I., Jacobeit, J., Jagdhuber, T., Kalthoff, N.,
Kiese, R., Kunstmann, H., Kosak, O., Krieg, R., Malchow, C., Mauder, M., Merz, R., Notarnicola, C., Philipp, A., Reif, W., Reineke, S.,
Rodiger, T., Ruehr, N., Schifer, K., Schrén, M., Senatore, A., Shupe, H., Volksch, 1., Wanninger, C., Zacharias, S., and Schmid, H. P.:
The SCALEX Campaign: Scale-Crossing Land Surface and Boundary Layer Processes in the TERENO-preAlpine Observatory, Bulletin
of the American Meteorological Society, 98, 1217-1234, https://doi.org/10.1175/BAMS-D-15-00277.1, 2017.

Zeeman, M. J., Mauder, M., Steinbrecher, R., Heidbach, K., Eckart, E., and Schmid, H. P.: Reduced Snow Cover Affects Productivity
of Upland Temperate Grasslands, Agricultural and Forest Meteorology, 232, 514-526, https://doi.org/10.1016/j.agrformet.2016.09.002,
2017.

Zeeman, M. J., Shupe, H., Baessler, C., and Ruehr, N. K.: Productivity and Vegetation Structure of Three Differently Managed Temperate
Grasslands, Agriculture, Ecosystems & Environment, 270-271, 129-148, https://doi.org/10.1016/j.agee.2018.10.003, 2019.

Zhao, P., Hammerle, A., Zeeman, M., and Wohlfahrt, G.: On the Calculation of Daytime CO, Fluxes Measured by Automated Closed
Transparent Chambers, Agricultural and Forest Meteorology, 263, 267-275, https://doi.org/10.1016/j.agrformet.2018.08.022, 2018.

37



