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Abstract. Emissions from agricultural sources substantially
contribute to global warming. The inverse dispersion method
(IDM) has been successfully used for emission measure-
ments from various agricultural sources. The IDM has also
been validated in multiple studies with artificial gas releases
mostly in open fields. Release experiments from buildings
have rarely been conducted and were partly affected by ad-
ditional nearby sources of the target gas. Specific release
studies for naturally ventilated animal housings are lacking.
In this study, a known and predefined amount of methane
(CH4) was released from an artificial source inside a barn that
mimicked a naturally ventilated dairy housing, and IDM re-
covery rates, using a backward Lagrangian stochastic (bLS)
model, were determined. For concentration measurements,
open-path devices (OPs) with a path length of 110 m were
placed in a downwind direction of the barn at fetches of 2.0h,
5.3h, 8.6h, and 12h (h equals the height of the highest obsta-
cle), and a 3D ultrasonic anemometer (UA) was placed in the
middle of the first three OP paths. Upwind of the barn, an
additional OP and a UA were installed. The median IDM re-
covery rates determined with the UA placed upwind of the
barn and the downwind OP ranged between 0.55–0.75. It is
concluded that, for the present study case, the effect of the
building and a tree in the main wind axis led to a system-
atic underestimation of the IDM-derived emission rate prob-
ably due to deviations in the wind field and turbulent disper-
sion from the underlying assumptions of the used dispersion
model.

1 Introduction

The growth in atmospheric methane (CH4) concentration is
largely due to emissions from the fossil fuel, agriculture, and
waste sectors (Arias et al., 2021). For the period 2008–2017,
global CH4 emissions from agriculture and waste manage-
ment contributed 56 % of the total anthropogenic CH4 emis-
sions (Saunois et al., 2020). Within the livestock sector at
a global scale, CH4 mainly originates from enteric fermen-
tation in the digestive tract of ruminants and to a minor ex-
tent from emissions from manure management (Gerber et al.,
2013). A common housing system for cattle is loose hous-
ing in naturally ventilated buildings (Sommer et al., 2013).
To improve national emission inventories and test mitiga-
tion effects under real-world conditions, accurate measure-
ments are necessary. For confined sources of greater com-
plexity, the inverse dispersion method (IDM) has become es-
tablished in recent years. The IDM is a micrometeorological
method that combines the measurement of the concentration
enhancement downwind of the spatially defined source with
an atmospheric dispersion model. For agricultural emissions,
most often the backward Lagrangian stochastic (bLS) model
approach by Flesch et al. (1995) is used. This bLS model
has been verified in multiple release experiments on open
fields that reflected ideal conditions in terms of the Monin–
Obukhov similarity theory (Flesch et al., 2004). Ideal condi-
tions for the bLS model are a horizontally homogeneous sur-
face layer and a distance between source and sensors of less
than 1 km (Flesch et al., 1995). Also, under less ideal condi-
tions in terms of the Monin–Obukhov similarity theory, the
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bLS model showed its aptitude for a wide range of sources
(e.g. Bühler et al., 2022, 2021; Flesch et al., 2009; Laubach et
al., 2013; VanderZaag et al., 2014). However, there are only
a few studies available where the gas was released within or
close to a building or structure. Baldé et al. (2016) and Hrad
et al. (2021) released CH4 at real-world facilities in addi-
tion to the CH4 from sources existing at the sites. McGinn
et al. (2006) conducted a release experiment at a barn with
three release positions on top of the roof and three positions
outside the walls of the barn. Gao et al. (2010) released CH4
via four side vents of a barn. The barn in the study of Gao et
al. (2010) is comparable to a mechanically ventilated build-
ing which is common for fattening pigs or poultry.

In this study, we present an experiment with the artificial
release of CH4 within a building similar to a naturally venti-
lated dairy housing. The goal of this experiment was to test
the IDM with bLS modelling for the quantification of emis-
sions from an agricultural building with natural ventilation
under conditions that were as realistic as possible. Compared
to Gao et al. (2010), multiple 3D ultrasonic anemometers
(UAs) were available in our experiment. Thus, the focus was
on the positioning of the open-path concentration sensors and
the ultrasonic anemometers at different horizontal distances
downwind of the source.

2 Material and methodology

2.1 Experimental site and periods

The release experiment was conducted in a barn lo-
cated in the Central Plateau of Switzerland (47.04307° N,
7.22691° E). The barn allowed a setup which mimicked a
naturally ventilated dairy housing. About 350 m northeast of
the barn was a river with 4 m high dams on each side and
trees that were about 25 m high. There were no other obsta-
cles between the barn and the dam. The canopy height di-
rectly around the barn was 20 cm and lower, and it remained
constant over the course of the measurements. The barn was
25 m long, 17 m wide, and 7 m high (Fig. 1). During the re-
lease experiment, about 17 % of the barn’s surface was oc-
cupied by storage boxes stacking almost up to the ceiling.
Despite other agricultural equipment inside the barn, about
33 % of the south end of the barn was empty. The barn had
a 4.8 m wide and 4.0 m high gate on each transverse side.
During the CH4 releases, the gate on the south side was fully
open, whereas the gate on the north side was opened 1.3 m.
The north-facing wall of the barn was impermeable; however,
the south wall and the longitudinal side walls exhibited small
holes and cracks all over, allowing air exchange through the
wall. At both longitudinal sides of the barn there were gaps
of about 0.6 m below the roof which were covered by cracked
plastic sheets. About 20 m southwest of the barn was a tree
of about 15 m height (Fig. 1).

Figure 1. Barn used for the CH4 release experiment and the adja-
cent tree. In the background, a river dam with trees on it is visible.
The photo was taken from the southwest side of the barn. In the
foreground is a 3D ultrasonic anemometer (UA-2.0h).

A petrol-powered generator (Honda EU20i), located out-
side the barn at the southeast side, provided the necessary
power for all the instruments.

The wind and concentration measurements lasted over
several weeks from 5 to 26 March 2021. A first intercom-
parison (IC1) of the open-path devices was conducted from
5 to 10 March 2021. The measurement campaign (MC) took
place from 18 March 2021 11:00 LT to 21 March 2021
13:00 LT (UTC+1). Within this MC, CH4 was released with
a CH4 source inside the barn from 19 March 2021 10:30 LT
to 19 March 2021 16:40 LT, denoted as daytime release,
and 19 March 2021 21:50 LT to 20 March 2021 06:50 LT,
denoted as nighttime release. The second intercomparison
(IC2) of the open-path devices was conducted from 21 March
2021 15:00 LT to 26 March 2021 10:00 LT. CH4 was also re-
leased during part of IC2 (Sect. S1 in the Supplement).

2.2 Methane source

For the release during the MC and half of IC2, a gas bundle
of 12 cylinders with 50 L at 200 bar, each with high-purity
(> 99.5 % mol) CH4, was used to supply the CH4 source.
For the rest of the release in IC2, one gas cylinder with
50 L at 200 bar was used. Attached to the bundle was a pres-
sure regulator (Fig. 2). The pressure on the high-pressure
side was measured with a digital pressure sensor (LEX1-
Ei 200 bar 81770.5, KELLER AG, Winterthur, Switzerland).
The low-pressure side was set to 3 bar. The pressure regu-
lator and the mass flow controller (MFC; EL-FLOW Select
F-202AV-M20-AGD-22-V, Bronkhorst High-Tech BV, Ru-
urlo, the Netherlands) were connected by polyethylene naph-
thalate (PEN) tubing (Festo, PEN-16X2,5-BL-100 551449)
with an inner diameter of 10.8 mm. After the MFC, there was
an 8 m long PEN tube with an inner diameter of 10.8 mm
connected to a gas distribution block made of aluminium
with three outlets (ITV, 124 A24 G1/2′′). Each outlet had
an L-fitting (Festo, QSL-G1/2-16 186126) and 1.5 m of the
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same tubing connected to another gas distribution block with
eight outlets, with a reduction in the tubing diameter to
2.7 mm (Festo, FR-8-1/4 2078). To each of these outlets an
L-fitting (Festo, QSLL-1/4-4 190662) and a 20 m long tube
with an inner diameter of 2.7 mm (Festo, PPEN-4X0,75-BL-
500 551444) were attached to release CH4. At the end of
these tubes, no pressure reduction was added. The total pres-
sure drop of the system was expected to be around 0.4 bar.

The pressure and the temperature recorded with the
KELLER pressure sensor were logged with 10 Hz (Sect. S2).
From the MFC, the set-point (Ln min−1), the flow rate
(Ln min−1), and the temperature were logged with 0.1 Hz
resolution. The MFC had a maximum flow of 160 Ln min−1

and was calibrated for CH4 at 15 °C. During IC2, the set-
point was varied between 50 and 160 Ln min−1, whereas
the flow was kept constant at 140 Ln min−1 during the MC
(Sect. S2). 140 Ln min−1 corresponds to 6.02 kg CH4 h−1,
which represents an emission rate of about 360 dairy cows.
This emission rate was chosen to achieve sufficient concen-
tration enhancement at the concentration measurement lo-
cations and is thus an adequate signal-to-noise ratio. Under
Swiss regulations, the space in the barn would be insufficient
for 360 dairy cows. The cumulative flow through the MFC
whilst the gas bundle was connected was within 1 % of the
CH4 volume inside the gas bundle.

The gas bundle and the MFC were placed outside the barn
on the north side. The release points inside the barn were
at 1.5 m above ground. The 24 release points were equally
distributed in the southern half of the barn.

At the beginning of the daytime release, a short circuit
caused a shutdown of the power generator for about 30 min.
On 20 March 2021 around 01:00 LT (nighttime release), the
computer was needed to check data from a UA; thus, the CH4
release was stopped for a few minutes.

2.3 Methane concentration measurements

The CH4 concentrations were measured with five
GasFinder3-OP (Boreal Laser Inc., Edmonton, Canada)
open-path tunable diode laser absorption spectrometers
(hereafter denoted as OPs). Mirrors with 12-corner cubes
were used as retroreflectors. Data with insufficient light
intensity were removed. Device-specific relationships deter-
mined by factory calibration were applied to the measured
concentration using local air temperature and air pressure
measured by a weather station (WS700-UMB Smart Weather
Sensor, G. Lufft Mess- und Regeltechnik GmbH, Fellbach,
Germany) placed about 100 m southwest of the barn (Fig. 3).
The measured CH4 concentrations (0.3–1 Hz resolution)
were averaged to 10 min periods, and periods with data
coverage lower than 75 % (7.5 min) were removed. The
concentrations between the five OPs were intercalibrated
with data from the parallel measurements in IC1 and IC2 and
were corrected for slope and offset using linear regression.
Afterwards, an additional offset correction was applied

based on periods during the MC when no CH4 was released.
The precision for the employed OP was determined from
the parallel measurements according to Häni et al. (2021;
Sect. S3).

2.4 Turbulence measurements and data filtering

Four 3D UAs (Gill WindMaster, Gill Instruments Ltd.,
Lymington, UK) were used to determine turbulence parame-
ters. A two-axis coordinate rotation was applied to the wind
vector rotation. From the 10 Hz data, 10 min periods were
built.

As the bLS model uses Monin–Obukhov similarity the-
ory scaling, the UA data required compatibility with Monin–
Obukhov similarity theory assumptions and, consequently,
a screening of data with the goal to exclude situations that
substantially deviated from these assumptions. The goal of
this screening or quality-filtering was to retain as much data
as possible without introducing too many erroneous results.
Quality filters were applied for the wind direction and the
friction velocity u∗. Data with u∗≤ 0.15 m s−1 were ex-
cluded (Flesch et al., 2005b). The wind direction intervals
are given in Sect. S4. No additional quality filters were ap-
plied.

2.5 Experimental setup

For all measurements, the five OPs (sensor modules and
retroreflectors) were placed 1.60 m above ground level with
a path length of 110 m. In IC1, the OPs were placed about
100 m southwest of the barn. During the MC, four OPs were
placed southwest of the barn, and one was placed northeast
of the barn (Fig. 3). The distances between the barn and the
middle of the OP paths on the southwest side were 50, 100,
150, and 200 m. Since the tree located 20 m southwest of the
barn was the highest obstacle in the experiment, the locations
of the instruments (OP and UA) are indicated as the relative
distance to the tree (multiple of the tree height h= 15 m), re-
sulting in fetches of 2.0h, 5.3h, 8.6h, and 12h. Three UAs
were placed downwind in the middle of the OP paths, and
one was placed upwind of the barn. The distance between the
upwind UA (UA-UW) placed in the northeast of the barn and
the trees on the dam in the direction of 52° (mean wind direc-
tion during release) was 370 m, which corresponded to a dis-
tance of > 12h when regarding the trees on the dam as dom-
inant height. The measuring height of all UAs was 2.16 m
above ground level. For IC2, all five OPs were placed next
to each other about 50 m southwest of the barn, and one UA
was placed 55 m southwest of the barn at 2 m above ground
level (Sect. S5).

2.6 Inverse dispersion method

A backward Lagrangian stochastic model (Flesch et al.,
1995, 2004) was used to establish the relationship between
the emissions at the source and the concentration mea-
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Figure 2. Schematic of the CH4 source for the artificial release experiment.

Figure 3. Schematic overview of the measurement setup during the measurement campaign. OP: open-path device. UA: 3D ultrasonic
anemometer. UW: upwind. The numbers behind the OP and UA represent the fetch.

sured downwind of the source under investigation. This
concentration–emission relationship is quantified by the dis-
persion factor D (s m−1), which depends both on the geo-
metrical configuration of the source and concentration sensor
and on the turbulence and the wind field. To separate the con-
tribution of the source from the incoming (background) con-
centration at the downwind measurement location, the con-
centration upwind of the source is also measured. With the
area A (m−2) of the source, the emission of the source Q

(kg s−1) can be calculated (Eq. 1):

Q=
CDW−CUW

D
·A, (1)

where CUW and CDW are the upwind (background) and
downwind concentration (kg m−3).

The bLS model by Flesch et al. (2004) uses Monin–
Obukhov similarity theory formulas to specify turbulence
statistics in the inertial sublayer of the atmosphere that are
derived from the friction velocity, the Obukhov length, and
the roughness length measured by the UA. Monin–Obukhov
similarity theory needs stationarity and homogeneity regard-
ing the turbulence conditions; therefore, the measurement
site should be horizontally homogeneous and flat over a large
area. Additionally, the bLS model assumes a homogeneous
diffusive ground source. A building or a structure violates
these conditions; thus, based on experimental field trials, it is
recommended that the distance between the source and the
downwind measurement locations should be not less than 10
times the source height so that the turbulence fulfils the as-
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sumptions of homogeneity and stationarity (Gao et al., 2010;
Harper et al., 2011).

The OPs in the bLS model were approximated by a se-
ries of point sensors with 1 m spacing along the path length.
For each of these point sensors and each emission interval,
1 million backward trajectories were used to calculate the
value of D. The simulations were run in R statistical software
(v3.6.6; R Core Team, 2019) using the package bLSmodelR
(Häni et al., 2018) available at https://github.com/ChHaeni/
bLSmodelR (Häni, 2021). The following quantities were
used as input parameters for the bLS model: the coordinates
of the source (barn area) and the OP, the height of the OP
and the UA above ground, the friction velocity, the Monin–
Obukhov length, the roughness height, the wind direction,
the standard deviation of the wind direction, the displace-
ment height, and the standard deviation of the u, v, and w

wind divided by the friction velocity.

3 Results

A general overview of the weather conditions during the
measurement campaign is given in Fig. 4. Due to a change
in wind direction, the CH4 release was stopped for sev-
eral hours until the conditions were suitable again. Dur-
ing the daytime release, the inverse of the Monin–Obukhov
length (L−1) recorded by the UA-UW was between 0 and
−0.1 m−1; thus the atmospheric conditions were moderately
unstable. During the nighttime release, the atmospheric con-
ditions were moderately stable, with L−1 between 0 and
+0.1 m−1 (Fig. 5, Table 3). The mean wind direction, the
mean wind speed, and the mean friction velocity recorded by
the UA-UW in the MC during the CH4 release phases were
51.7°, 3.5 m s−1, and 0.28 m s−1, respectively (Table 3).

3.1 Concentration measurements

The precision of OP concentration measurements, expressed
as path-integrated concentration in parts per million metre
(ppm m), reflects the concentration integrated over the single
distance between the sensor module and the retroreflector. It
was determined during the IC1, MC, and IC2 and ranged be-
tween 3.3TS1 and 8.5 ppm m (Table 1).CE1 During the MC,
only periods 10 min before and 60 min after a CH4 release
were used to determine the precision. The precision of the
OP was lowest during the MC. The median concentration en-
hancements (1C = CDW−CUW) for the daytime and night-
time release are given in Table 2. For these 1C values, we
only used periods for which recovery rates were also deter-
mined. The concentration enhancements were higher during
the nighttime release when the atmospheric conditions were
stable than during the daytime release with unstable condi-
tions.

Table 1. Precision of the OP determined according to Häni et
al. (2021). N is the number of intervals used to determine preci-
sion.

IC1 MC IC2 All data

OP-2.0h Precision (ppm m) 4.3 5.8 5.9 5.3
N 695 232 504 1431

OP-5.3h Precision (ppm m) 3.3TS2 8.5 4.4 4.4
N 638 226 505 1369

OP-8.6h Precision (ppm m) 5.1 7.1 5.2 5.7
N 685 228 512 1425

OP-12h Precision (ppm m) 4.3 6.3 4.3 4.8
N 679 226 286 1191

3.2 Recovery rates

IDM emissions (Eq. 1) and corresponding recovery rates
(IDM emissions divided by actual emissions according to
gas release) were determined with the different downwind
OP instruments using turbulent parameters determined with
the UA-UW. During the CH4 release, the data loss due to
quality filtering was 8 %, 11 %, 29 %, and 36 % for OP-2.0h,
OP-5.3h, OP-8.6h, and OP-12h, respectively. The resulting
recovery rates were always below 1 (Fig. 5). The median re-
covery rates for the daytime release during unstable atmo-
spheric conditions ranged between 0.57 and 0.61. For the
nighttime release during stable atmospheric conditions, the
range was 0.55–0.75 (Table 2). The recovery rates for the
nighttime release slightly increased with the distance from
the OP to the barn and the adjacent tree, whereas for the day-
time release no clear pattern is visible. The highest recovery
rates were achieved under stable atmospheric conditions with
the OP furthest away from the source.

3.3 Influence of the barn and the tree on the wind field

The wind directions of the downwind UA instruments
showed systematic deviations from the UA-UW for the wind
sector between 40 and 65°, with a maximum deviation at
around 55° (Fig. 6). The barn was located 45° of the down-
wind UA locations (Fig. 3). The closer the downwind UA
was placed to the barn, the further the local wind direction
deviated towards north from the wind direction measured by
the UA-UW (Table 3). A similar pattern was found for the
friction velocity (Sect. S6). The observed atmospheric stabil-
ity was very similar for all UAs (Table 3). Emission recovery
rates determined with the UA placed downwind of the barn
can be found in the Supplement (Sect. S7).

https://github.com/ChHaeni/bLSmodelR
https://github.com/ChHaeni/bLSmodelR
au711252
Comment on Text
Of course, this should then also be changed to 3.4.

katharina.rueckert
Comment on Text
au711252, Aug 7:Most likely, this was an error in 'copying' the information from the R output to the word file. As I was preparing the data for the Zenodo upload, I rechecked all the values in the manuscript and saw that there is this slight difference.The correct value is 3.4. This does not alter any of the findings.
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Figure 4. Weather conditions as 10 min averages measured with the on-site weather station (temperature) and the UA-UW (wind direction
and wind speed) during the measurement campaign. The grey shaded areas indicate the times during which CH4 was released.

Figure 5. (a) Recovery rate for the measurement campaign. The colours indicate the OP used to calculate the recovery rate. (b) Atmospheric
stability recorded with the UA-UW. Grey shaded areas are the times during which CH4 was released. The time zone is LT (UTC+1).

4 Discussion

4.1 Influence of the barn on the wind field

The influence of the barn and the tree on the measured down-
wind turbulence is clearly visible (Fig. 6, Tables 2 and 3).
The closer the UA was placed to the tree and the barn, the
larger the influence was. The wind must flow around the
barn and the tree; thus the largest deviation in the wind
direction was measured at around 55°, which corresponds
to the southwest–northeast diagonal of the barn. The wind
field deviation is also visible in all other turbulence param-
eters (Sect. S6). The wind speed of the downwind UA clos-
est to the barn was, depending on the wind direction, either

higher or lower than the wind speed measured by the UA-
UW (Sect. S8). At UA-5.3h and UA-8.6h, the wind speed
and friction velocity were on average slightly higher than at
the upwind location, independent of the atmospheric stabil-
ity. The difference in the turbulence parameters indicates that
all the downwind UAs (fetch between 2.0h–8.6h) were still
in the wake of the barn and the tree. This wind field devi-
ation most likely led to a deviation in the actual emission
plume dispersion from the simulations by the bLS model,
but, unfortunately, the resulting deviation in the calculated
IDM emissions cannot be quantified and corrected for.
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Table 2. Median recovery rates with standard deviation, median concentration enhancements (1C) with standard deviation, and number of
10 min intervals (N ) for all OPs using the data from the UA-UW for the two releases in the MC. Daytime release (unstable atmospheric
conditions) and nighttime release (stable atmospheric conditions).

OP Daytime release Nighttime release Entire MC
(L < 0) (L > 0)

OP-2.0h Recovery rate 0.57± 0.09 0.55± 0.06 0.56± 0.07
1C (ppm m) 58.4± 12.9 78.3± 16.9 70.7± 17.8
N 30 50 80

OP-5.3h Recovery rate 0.61± 0.10 0.59± 0.06 0.59± 0.08
1C (ppm m) 33.2± 8.4 49.8± 12.3 43.5 TS3 ± 14.9
N 29 48 77

OP-8.6h Recovery rate 0.61± 0.15 0.64± 0.06 0.63± 0.10
1C (ppm m) 21.2± 4.8 36.1± 10 30.4± 11.7
N 20 42 62

OP-12h Recovery rate 0.57± 0.18 0.75± 0.10 0.71± 0.17
1C (ppm m) 12.9± 4.4 27.6± 8.6 22.1± 10.9
N 19 37 56

Table 3. Mean wind direction (WD), mean wind speed (WS), mean friction velocity (u∗), and the mean of the inverse of the Obukhov length
(L−1) recorded by the UA during the two release phases in the MC.

Daytime release Nighttime release

WD WS u∗ L−1 WD WS u∗ L−1

(°) (m s−1) (m s−1) (m−1) (°) (m s−1) (m s−1) (m−1)

UA-UW 43.0 4.0 0.32 −0.03 58.1 3.2 0.25 0.02
UA-2.0h 41.1 3.9 0.31 −0.03 50.4 2.7 0.22 0.05
UA-5.3h 43.9 4.2 0.36 −0.02 55.9 3.2 0.30 0.02
UA-8.6h 44.5 4.3 0.37 −0.02 55.4 3.5 0.29 0.02

4.2 Quality filtering and data loss

In this study, a minimum of quality filters was applied.
Compared to other measurement campaigns conducted in
Switzerland (Bühler et al., 2022, 2021), this campaign was
of shorter duration and the atmospheric conditions were
more favourable for emission quantification. Additional fil-
ters, other than u∗ and the wind direction, were tested but
not applied in the final analysis, since they excluded more
data but did not alter the findings and the mean and median
recovery rates.

4.3 Recovery rates

The recovery rates of the IDM emission results slightly in-
creased with the distances of the downwind OP to the barn
for the nighttime release. For both release phases and for all
fetches (2.0h–12h), the median recovery rate did not exceed
0.75. Gao et al. (2010), who released CH4 via side vents in a
barn, achieved a recovery rate of 0.66 for a fetch of 5h. How-
ever, for a fetch of 10h to 25h, Gao et al. (2010) measured
recovery rates between 0.93 and 1.03. McGinn et al. (2006)

determined recovery rates between 0.59 and 1.05 with an av-
erage of 0.86 for a fetch of 9h and larger. For a fetch of 10h at
a biogas plant, Hrad et al. (2021) measured a recovery rate of
1.19 (variant 1, USA A). Baldé et al. (2016) released CH4 on
the slurry surface of two storage tanks and got recovery rates
ranging from 0.91 to 1.20 with an average of 1.05. However,
it was unfortunately not possible to determine a fetch from
the given data. Among the abovementioned studies, the one
by Gao et al. (2010) is the most comparable to our study.

The minimum fetch of 10h often proposed and used for
the positioning of downwind concentration measurements
might not always be sufficient. In our study, at a fetch of
12h, the observed recovery rates showed a median of 0.57
and 0.75 and were never above 1. This suggests that the fetch
of 12h from the flow-disturbing obstacle was not enough in
this case. However, from the available data in our study, it is
not possible to state that longer fetches would considerably
improve the recovery rate. This is in line with the statement
of Flesch et al. (2005a) that the determination of a universal
distance for a fetch that reliably avoids wind disturbances is
unlikely.

katharina.rueckert
Comment on Text
au711252, Aug 8:See comment above. The correct value is 43.6. This does not alter any of the findings.
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Figure 6. Absolute difference in the wind direction between the
three downwind UAs (UA-DW) and the upwind UA (UA-UW)
recorded during the entire measurement campaign, given as 10 min
data. The exact locations of the UAs are given in Fig. 3.

Nevertheless, we tried to rule out or explain possible
mechanisms for the low recovery rates. A bias in the release
rate that could explain them is unlikely, as the cumulative
flow through the MFC was within 1 % of the CH4 volume in-
side the gas bundle. The precision of the OPs was comparable
to the values presented by Häni et al. (2021) for intercompar-
isons with similar path lengths. Based on Häni et al. (2021),
the high CH4 release rate of 140 Ln min−1 was chosen in
the present study to achieve a suitable signal-to-noise ratio.
This was generally accomplished, as the precision was 26 %
of the median concentration enhancement for the OP-12h.
In the nighttime release, where the highest recovery rates
were determined, the concentration enhancement for OP-12h

was even larger and the precision was generally below 23 %.
Thus, to the best of our knowledge, biases in the intercalibra-
tion of the OP instruments or in the amount of released gas
cannot explain the low IDM recovery rates. Therefore, it is
likely that the deviations in the modelled dispersion by the
applied bLS model from real conditions are mainly respon-
sible for the lower IDM recovery rates.

Despite promising experimental conditions and careful ex-
ecution of the experiment, such as long measurement paths
(the use of path-integrated concentration measurements is
much less sensitive to biases in the wind direction than point
measurements; Häni et al., 2024), relatively long fetches,
high release rates, and the terrain being approximately hori-
zontally homogeneous and flat, the recovery rates were lower
than expected. In our case, the CH4 was actively released in-

side the barn about 1.5 m above ground and might have left
the barn at an even greater height above ground; thus, the ini-
tial vertical displacement of the CH4 could have led to lower
emission estimates, since the bLS model assumes a diffusive
ground source. Also, the flow distortion caused by the barn
and the nearby tree could have led to an updraft resulting
in increased vertical mixing of the plume. To verify this hy-
pothesis, a vertical profile of the CH4 concentrations inside
the plume would provide insight on changes in the recovery
rates with height.

5 Conclusions

The median IDM recovery rates of the release experiment
were 0.55–0.75 and thus smaller than 1, which cannot be ex-
plained conclusively. We hypothesise that the barn and the
tree in the main wind axis led to the systematic underesti-
mation of the derived emission rates due to the deviations in
the wind field and to turbulent dispersion from the ideal as-
sumptions in the bLS model. However, information regard-
ing the shape of the plume was not available. It is important
to note that the present study does not provide conclusive
evidence that the IDM with the bLS model applied gener-
ally underestimates barn emissions. In our study at a fetch
of 12h, we were still in the disturbed zone from the barn
and the tree. Other studies using the applied bLS model have
shown nearly 100 % recovery with comparable fetches for
similar release experiments or good agreement with an in-
dependent reference method. Thus, there is no universally
valid minimum distance at which one must place the concen-
tration measurements downwind of a source to obtain accu-
rate results. More experiments with controlled gas releases
(including the tracer ratio method) inside a barn would be
desirable for validation. Additional downwind vertical pro-
file measurements of the concentration might help to detect
deviations in shape of the dispersion plume.
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