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A B S T R A C T

Livestock facilities and biogas plants pose major challenges for odor assessment due to their spatial extent and
the heterogeneity of areal sources. Methods for assessing odor impact in such situations have to overcome points
of criticism, such as the lack of reliability and subjectivity in sensory analysis. The aim of this study was to
validate an improved procedure for investigating odor plumes by trained assessors. In addition to the widespread
approach, which focuses on odor frequency, we combined the odor parameters of intensity and frequency. Due to
the relevance of weak and mixed odors, very weak (i.e., perceptible) odors were included, rather than focusing
only on recognizable odors (clear, distinct perception). On two farms, a tracer gas approach was implemented to
provide an objective measure of dispersion. Comparable spatial patterns in odor parameters (frequency,
frequency-weighted odor intensity) and tracer gas concentrations provide a number of key findings to consider in
odor assessment of areal sources. Two spatial source configurations were studied—the animal part and the biogas
part nested or spatially separated—and discriminated by dosing two different tracer gases. In nested configu-
rations, tracer gases mix homogeneously in the plume and therefore only the combined source can be mapped. By
contrast, for spatially separated sources, each position in the plume receives an individual exposure to tracer
gases and odor, depending on source arrangement, wind direction, and the adjacent buildings. The presented
approach can be extended to reliably track and assign more complex situations. The improved procedures will
support objectifying odor impact assessment and pave the way for developing appropriate mitigation strategies.

1. Introduction

Livestock production in Switzerland has undergone enormous
changes over the last three decades. In addition to an increase in herd
size per farm (Zorn, 2020), more animal-friendly housing implies larger
diffuse emitting area sources (Keck et al., 2018a, 2018b). Furthermore,
the number of biogas plants in Europe has increased considerably over
the last 20 years (Torrijos, 2016). These farms feature an enormous
variety of individual odorants and the combined effect of various odor
sources from animal husbandry and biogas facilities, such as silage,
livestock area, slurry, dung, substrate, fermentation residue storage, and
biogas leakage. The impact of odor is mainly determined by (i) the size
and arrangement of emitting sources (Keck et al., 2018b), (ii) the
mixture of odorants (Hawko et al., 2021), and (iii) the wind conditions
and positioning of adjacent buildings, which have a decisive influence
on flow and dispersion (Al Jubori, 2016; Aubrun and Leitl, 2004). To

elucidate the effect of the spatial source configuration on the
impact-side, Schürmann (2007) varied the geometry, homogeneity, and
heterogeneity of multiple ground-level areal sources, using inverse
dispersion modeling for an airport as an exemplary application. He
concluded that the size of the source area controlled the size of the
affected area and its uncertainty. Davies et al. (2000) compared how the
correlation between the concentrations of two different tracer sources
(ammonia and propane) varied with downwind distance, located either
side-by-side or longitudinally behind each other. When the sources were
separated laterally, the correlation of the two tracer gas concentrations
decreased with increasing distance from the sources, whereas when they
were separated longitudinally, the correlation increased with distance.
However, there is a lack of systematic odor studies for situations with
two or more sources and their interaction or source allocation.

Approaches to measuring and predicting odors, with the aim of
achieving consistency in odor exposure assessment, range from odor
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(emission) source testing, odor dispersion modeling, ambient odor
monitoring, and setback distance determination (Barclay et al., 2023;
Laor et al., 2014). Nevertheless, discrepancies are increasingly evident
in that modeling tools using estimated odor emission rates do not reflect
undisturbed ground-level observations (Bydder and Demetriou, 2019;
Laor et al., 2014). Most models target single-point source emissions,
such as stacks with defined flow, while models for passive area or vol-
ume sources (e.g., open houses with natural ventilation) are lacking
and/or rely on many assumptions, exhibiting high uncertainties
(Barclay et al., 2023; Capelli, 2013; Laor et al., 2014). Human sensory
analysis is widely applied to assess odors. Odor scientists have empha-
sized highly dynamic, excellent sensitivity and extraordinary sensory
discrimination abilities (Mc Gann, 2017); however, criticisms concern
interpersonal and intrapersonal variability, odor-specific differences in
perception, individual experience, and the use of precise terminology
(Barczak et al., 2018; Hayes et al., 2023; Hummel et al. 2007; Kaeppler
and Mueller, 2013; Keller et al., 2012; Laing and Francis, 1989).
Therefore, it is necessary to find improved approaches for an objective
impact assessment in the field (Hawko et al., 2021; Hayes et al., 2023;
Laor et al., 2014).

The impact of odor patterns results from a combination of interacting
factors known as FIDOL: frequency, intensity, duration, offensiveness,
and location (Freeman and Cudmore, 2002; Nicell, 2009). There are
methodological differences in terms of spatial assessor positioning,
timing, and the parameters recorded. Two main methods are used to
investigate the spatial dispersion of odors in ambient air with trained
assessors: the grid method and the plume method (formalized in Euro-
pean Standards). With the grid method, odor is determined at defined
intersection points to provide a map of the exposure (EN 16841-1,
2016). By contrast, the dynamic and static plume methods allow for
locating the extent of the downwind odor plume from a specific source
crossing transects in zigzag form (EN 16841-2, 2016; Van Langenhove
and Van Broeck, 2001; VDI 3940-2, 2006) or sampling odor in inter-
section lines at different distances from the source, respectively. While
the grid method requires a long time period with 104 individual mea-
surements spread over a full year (at least half a year), the time re-
quirements for the plume inspection are less extensive and more
situation-specific. Depending on the objective of the individual study,
different odor parameters can be used. Some authors have focused on
the presence or absence of a recognizable odor (yes/no, based on
identifying a specific odor type) and have calculated the frequency (EN
16841-2, 2016; Sucker et al., 2008; VDI 3940-2, 2006). Others have
considered odor intensity (perceived relative strength of the odor) an
integral part of odor impact assessment (Aatamila et al., 2010; Brattoli
et al., 2011; Frechen, 2000; Gostelow et al., 2001). Odor intensity is
widely assessed using a 7-point-category scale, ranging from 0 (imper-
ceptible) to 6 (extremely strong), with a clear perception and recogni-
tion at level 3 (Hawko et al., 2021; VDI 3940-3, 2010), or a simplified
3-point intensity scale that classifies three levels of intensity: no odor,
weak but perceptible odor, and recognizable or strong odor (Bydder and
Demetriou, 2019). Beyond the challenge of assigning individual odor
sources (odor types), agricultural odors are typically complex and dy-
namic mixtures of multiple odorants. Additive and/or synergistic effects
have been reported. However, most of these compounds are below odor
and irritation thresholds, thus offering no possibility of identification
(Hayes et al., 2023; Laor et al., 2014; Schiffman et al., 2001).

Better applicability of data in statistical models requires modifying
the static plume method—that is, synchronous collection of odor decay
data with distance along the longitudinal axis (i.e., at the same wind
speed and direction). This was realized in our previous investigations by
positioning several assessors one after the other in the currently pre-
vailing plume axis: in pig farms 3 assessors (Keck et al., 2005) and in
livestock farms combined with biogas plants 6 assessors (Keck et al.,
2018b). A more comprehensive representation of odor impact in linear
mixed-effect models to identify influencing variables was achieved by
combining odor frequency and intensity, a calculation that weighted

odor intensity by frequency (Keck et al., 2018b). These two mod-
ifications—positioning assessors in the longitudinal axes and combining
perceptible odor frequency with intensity—need to be tested for
reliability.

To improve the procedure of assessing odor impact in ambient air,
systematic studies are required to validate the reliability of odor pa-
rameters in plumes and to improve the understanding of odor exposure
in different spatial source configurations (Griffiths, 2014; Hayes et al.,
2014; Hayes et al., 2023; Laor et al., 2014; Nicell, 2009). The objectives
of this study were to (i) validate our modified method for odor plume
inspections along the longitudinal axis using tracer gases as an objective
measure of dispersion; (ii) compare the odor parameters in terms of the
impact, namely odor frequency and odor intensity weighted by fre-
quency, based on perceptible or recognizable odor; and (iii) determine,
track, and compare the spatial distribution of the odor plume from two
different source configurations—nested or spatially separated sour-
ces—using two tracer gases and their ratio.

2. Materials and methods

This study presents a plume odor assessment using tracer gas dosing/
analysis as an objective parameter of odor dispersion to evaluate the
reliability of the human odor impact assessment method (Fig. 1). The
experiment is based on the following issues: (i) the two artificial tracer
gases SF6 and SF5CF3 represent two odor emitting areas of a farm,
namely the animal husbandry and the biogas facility; (ii) the dispersion
of odor and tracer gases follows the same principles; and (iii) tracer
concentrations can be measured and analyzed reliably, thus providing
an indicator for dispersion and enabling the validation of the odor plume
inspection method. The study comprised two farms, each with livestock
husbandry and a biogas plant, implying multiple areal odor sources
(Fig. 1). Two different spatial source configurations were investigated.
In the nested configuration of farm N, the livestock part and the biogas
plant were spatially combined, whereas these two parts were spatially
separated in farm S. These two spatial source configurations—nested or
spatially separated sources—allowed to determine and track the spatial
distribution of the tracer gases in the plume and their ratio as a substi-
tute for the indistinguishable odor of two mixed sources. The measure-
ments were carried out one afternoon in August 2011 on farm N with
nested sources and in September 2012 on farm S with separated sources
as part of a larger project on eight farms (Keck et al., 2018b). Tracer gas
dosing/sampling, the odor impact assessment and the recording of the
meteorological parameters were determined simultaneously in precise
synchronization.

2.1. Description of the measurement sites

Farm N (nested configuration) kept 100 fattening cattle and 20
young cattle on a bedded sloped floor, with solid and perforated exercise
areas with natural ventilation, and solid outdoor areas (Fig. 1). The
biogas facility was integrated into the farm in a nested configuration and
included an open solid substrate store, a slurry storage underneath the
perforated floors inside the cattle housing, a 280 m3 fermenter and a 750
m3 liquid fermentation-residue store. The emitting areas were 713 m2

for animal husbandry, 32 m2 for solid manure storage, and 77 m2 for
substrate storage. Farm S (spatially separated configuration) kept 26
dairy cows in a cubicle housing with solid (outdoor) exercise areas and
natural ventilation. The biogas facility was separated from the dairy
housing by approximately 45 m. The solid substrate store was enclosed
on three sides and roofed. The slurry store under the housing was con-
structed with concrete cover. The fermenter had a capacity of 700 m3

and the secondary fermenter was constructed aboveground with a
double membrane and a capacity of 1400 m3. The emitting areas were
420 m2 for the animal husbandry and 63 m2 for the substrate storage.
The proportion of the biogas plant’s emitting areas in relation to the
total emitting area of the farm was 9% for farm N and 13% for farm S.

M. Keck et al.



Environmental Advances 19 (2025) 100616

3

Both farms are located away from other odor-emitting sources in the
neighborhood and offer sufficient area and accessibility for plume
investigations.

2.2. Tracer gas release, sampling, and analysis

A tracer ratio method with two different tracer gases sulphur hexa-
fluoride SF6 and trifluoromethyl sulphur pentafluoride SF5CF3 was
applied over a period of 2 h (Berry et al., 2005; Mohn et al., 2018;
Schrade et al., 2012). SF6 was dosed at the emitting surface areas of the
animal husbandry section near the ground, while SF5CF3 was used at the
biogas facility (Fig. 1). The diluted tracer gases were continuously dosed
from six high-pressure cylinders filled with SF6 (with a concentration of
1.06% on farm N and 1.03% on farm S) and four cylinders filled with
SF5CF3 (with a concentration of 0.89% on farm N and 0.95% on farm S)
in synthetic air (20.5% O2 in N2). The tracer gas flow was controlled
using critical orifices with a hole diameter of 200 μm (Lenox Laser Inc.,
MD, USA). The flow rate of the tracer gases was adjusted, applying
different pressure settings at the orifice inlet, in response to the actual
wind speed to ensure that the analyzed tracer gas concentrations were in
an optimal concentration range (>50 ppt, <1500 ppt SF6 and SF5CF3).
The flow rates of each critical orifice were monitored before and after
each measurement day, and every 15 min during the odor plume in-
spections (farmN 1.5 L min-1 for both tracer gases; farm S 0.7 Lmin-1 SF6
and 1.5 L min-1 SF5CF3; GSM, Vögtlin Instruments Inc., Switzerland).
Individual orifices agreed within ± 10% (one standard deviation [SD]).
The dosing was initiated 30 min before the start of the measurements.
On farm N, the total flow of SF6 from all cylinders added up to 0.63 g
min-1 and 0.46 g min-1 SF5CF3, while the flows on farm S were 0.50 g
min-1 SF6 and 0.38 g min-1 SF5CF3. SF6 impurities in the SF5CF3 tracer
(1% SF6 in SF5CF3, absolute uncertainty ± 1%), specified by the SF5CF3
manufacturer (Fluorochemika, Poland SP.Z00), were corrected but did

not affect the study results.
Air samples were collected for 10min at 13 positions (farm N) and 12

positions (farm S) using 5 L non-permeable gas sampling bags (GSB-P/5,
Dr.-Ing. Ritter Apparatebau GmbH & Co. KG, Bochum, Germany).
Sampling was conducted using GilAir-5 personal air sampling pumps
with a constant low-flow module (Sensidyne, Clearwater, USA). The
flow of the pumps was calibrated before and after the survey day. The
assessors started and stopped the pumps synchronously with the onset
and end of odor inspections.

The tracer gas concentration was quantified in the laboratory
using a gas chromatograph (GC, 3400Cx Series, Varian, USA) with an
electron capture detector (ECD) according to Berry et al. (2005),
Schrade et al. (2012), and Mohn et al. (2018). A correction was applied
for background concentration (around 8.5 ppt SF6, 0.2 ppt SF5CF3).
Repeatability of gas sampling and GC-ECD analysis was tested with five
and three bags, respectively, sampled at the same time and place and
resulted in excellent agreements. Repeated gas sampling and GC-ECD
analysis in round NC resulted in mean concentrations and coefficients
of variation (COV) of 8.7 ppt and 3.4% for SF6, while the SF5CF3 con-
centration was below the detection limit. At enhanced concentrations
(round SC), the mean concentration was 579.2 ppt for SF6 (COV 1.2%)
and 52.5 ppt for SF5CF3 (COV 0.9%). In addition, the temporal stability
of tracer gas concentrations in the gas bags was demonstrated over 10
days storage (SF6 ± 0.01 ppt; SF5CF3 ± 0.05).

2.3. Odor plume inspections

During the odor plume inspections, each individual assessor was
placed in a given single position in the odor plume for 10 min at a time,
hereafter referred to as an inspection round (Fig. 1). Three consecutive
inspection rounds were conducted on farm N (N1–N3) and four on farm
S (S1–S4). The assessors—13 on farm N and 12 on farm S—recorded

Fig. 1. Layout of farm N with a nested source configuration and farm S with a spatially separated source configuration. Gray represents the odor-emitting surfaces,
green dots depict SF6 dosing in the animal area, and red triangles SF5CF3 dosing in the biogas plant. The black arrows show the mean wind direction during the
individual inspection round. The numbers combined with “c” (1c–5c for farm N, 1c–6c for farm S) indicate the position of the assessors along the longitudinal axis,
and the letters (a–e for N, b–d for S) indicate their positions along the transversal axes.
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their odor perception as intensity for a duration of 10 min for each 10-s
interval, resulting in 60 odor perceptions. Women and men were rep-
resented among the assessors in almost equal numbers. The scaling of
odor intensity followed a 7-level scale from 0 (no odor perceptible) to 6
(extremely strong odor), based on VDI Guideline 3940, Part 3 (2010).
Mere odor perception was rated with intensity level 1 (extremely weak,
perceptible odor) or level 2 (weak). A distinct odor and the recognition
of the odor source were assigned to level 3 (recognizable odor). At the
end of each inspection round, the assessors noted the type of odor that
they clearly recognized during the round. They also documented any
relevant information about their positions. For data input, ASUS P552w
PDA handheld PCs with MF3 V2.1 software (ECOMA, Honigsee, Ger-
many) and Psion Series 3a with Olfacto software (ECOMA, Honigsee,
Germany) were used. Paper protocols were also used. A visual signal
enabled the synchronized start of each round, while an acoustic tone
indicated the 10-s intervals.

The first step was to determine the prevailing odor plume using wind
vanes or, in the case of a very weak flow, with smoke samples leeward
from the emitting source. To cover the spatial extent of the plume, the
assessors were positioned along the longitudinal axis (1c–5c on farm N,
coded as Nlong; 1c–6c on farm S, coded as Slong) one after the other
(Fig. 1). This served to focus primarily on the effect of decay with dis-
tance rather than on plume width, as plume width depends heavily on
the spatial arrangement of the odor sources and the current flow situa-
tion. The assessors were positioned on two (2a–2e, 4a–4e at farm N) or
three (2b–2d, 4b–4d, 6b–6d at farm S) transversal axes. On farm N, po-
sitions 1 to 5 were distributed at a distance of 21 to 91 m from the last
emitting point of the farm; on farm S, positions 1 to 6 were between 32
and 97 m. The respective positions of the assessors were logged with an
R8 GNSS GPS device (Trimble Germany GmbH, Raunheim, Germany) or
GPSMAP 60CSx (Garmin, Romsey, United Kingdom). During breaks
between the inspection rounds, the assessors stayed outside the odor
plume as much as possible to protect their olfactory sense.

To ensure the quality of the odor evaluation by the assessors, the
procedure for each survey day was divided into a short introduction, a
warm-up (N0, S0), and a comparison round (NC, SC). After theoretically
repeating the assigned definitions as a reminder of the introduction,
three different odor samples typical of livestock or biogas facilities were
presented in bags and jointly evaluated with a view of the odor intensity
scale and of the odor source. This was followed by a warm-up with a first
inspection round of the day over a period of 10 min with all assessors at
the same place and thus with identical odor exposure (N0, S0). For this
purpose, a middle position (3c for both farms N and S) along the lon-
gitudinal axis was selected, with the expectation that both weak and
distinct odor perceptions would occur. Immediately afterward, the 60
intervals with the individual ratings and the temporal dynamics were
checked together with the assessors to detect the highest intensity levels
and intervals without odor perception. This made it possible to adjust
the individual assessment for subsequent inspection rounds in advance.
After three or four inspection rounds (N1–N3, S1–S4) combined with
tracer gas sampling, a dedicated comparison round was conducted with
all the assessors at the same location (NC, SC) in position 3c (Fig. 1).

2.4. Meteorological conditions

A meteorological station was positioned well exposed at a
distance of 150 m to farm N and 300 m to farm S in accordance with
WMO (2023) to allow ruling out the effects from buildings, trees, forests,
etc., as far as possible. At a height of 10 m, wind speed and wind di-
rection were measured with a USA-1 Scientific 3D ultrasonic anemom-
eter with turbulence extension (Version 4.42t by METEK, Germany),
frequency 10 Hz, and average values over 60 s (farm N) or 10 s (farm S).
At a height of 2 m, global radiation (FLA613 GS by Ahlborn Mess- und
Regelungstechnik GmbH, Germany), air pressure (MSR Electronics
GmbH, Switzerland), air temperature, and relative humidity (Rotronic
Messgeräte GmbH, Germany) were recorded at intervals of 1 s or 10 s.

The average air temperatures during the inspection rounds on farms
N and S were 29.5 and 18.7◦C, the relative humidity 42 and 68%, the air
pressure 970 and 950 mbar, and the global radiation varied between
627− 704 and 202− 463Wm-2, respectively. Fig. 2a and 2b show density
plots of the wind direction and the wind speed to illustrate the distri-
bution during the individual inspection rounds. On farm N, the mean
wind direction shifted from 235◦ in round N1 to 259◦ in N2 and 284◦ in
N3. Farm S displayed less variation within and between rounds S1 (54◦),
S2 (68◦), S3 (63◦), and S4 (57◦). The average wind speed was 1.7 m s-1

on farm N (N1 1.9, N2 1.9, N3 1.4 m s-1) and 4.2 m s-1 on farm S (S1 4.6,
S2 4.1, S3 4.2, S4 4.0 m s-1).

2.5. Data analyses

The statistical analysis was carried out in R v.4.3.3 (R Core Team,
2023). The comparison of all the assessors at the same time and place
(position 3c, NC, and SC), and thus with the same odor exposure, was
carried out by displaying the odor perception with the respective pro-
portion of the intensity levels (I) during the 60 consecutive intervals. In
comparison with the mean of the panel, the percentage of perfect
agreement and the percentage of deviations from the mean intensity
(OI) were calculated. The intraclass correlation coefficient (ICC) was
determined to measure the agreement between 13 or 12 assessors in
rating intensity levels (I) in 60 intervals each (Koo and Li, 2016). The
ICC values were interpreted as follows: greater than 0.75 = ‘excellent’,
0.60–0.74 = ‘good’, 0.40–0.59 = ‘fair’, and <0.4 = ‘poor’.

Different odor parameters were calculated for each individual in-
spection round and assessor by aggregating the results for the individual
10 s intervals (n = 1− 60) during the 10-min duration. In addition to the
mean odor intensity (OI), the odor frequency was calculated with the
intensities perceptible OF (I ≥ 1) and recognizable OF (I ≥ 3):

• OF (I ≥ 1), odor frequency (%), relative share of the odor intensity
levels 1− 6

• OF (I ≥ 3), odor frequency (%), relative share of the odor intensity
levels 3− 6

The odor intensity weighted by frequency OIF was calculated as
follows, according to Keck et al. (2018b):

• OIF (I ≥ 1), odor intensity with intensity levels 1− 6 weighted by
frequency

OIF (I ≥ 1) =
nI1⋅1 + nI2⋅2+ nI3⋅3 + nI4⋅4+ nI5⋅5+ nI6⋅6

∑
nI0− I6

Pearson’s correlation coefficient analysis was used for the variables
distance, odor parameters, and tracer concentrations on the farm level.
In addition, a subset was created with data collected along the longi-
tudinal axis only. A linear mixed-effects model was used to describe the
odor intensity weighted by frequency OIF (I ≥ 1) with the whole dataset
and data measured along the longitudinal axis (Pinheiro and Bates,
2000). We accounted for the hierarchical data structure of inspection
round bij and farm bi in the form of nested random effects. The fixed
effect for the target variable odor intensity weighted by frequency OIF (I
≥ 1) was the concentration of the tracer gas SF6 (in ppt). Graphical re-
sidual analyses were used to check the models’ assumptions. Effects p <

.05 were considered statistically significant.

3. Results

3.1. Equivalence of the panel during comparison rounds NC and SC

The results of the comparison rounds NC and SC showed good
agreement in odor assessment at both low odor levels on farm N and at
variable odor levels on farm S. On farm N, 84% of the ratings were no
odor (I = 0) because the assessors were positioned divergently to the

M. Keck et al.
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wind direction and the effective plume axis. The remainder of the ratings
(16%) resulted in very weak (I = 1) or weak (I = 2) odor intensities and
thus not assignable to any type of odor (Fig. 3a). On farm S, with a higher
wind speed (5 m s-1), odor was observed in 81% of all ratings. The odor

intensity varied between level 1 (very weak) and level 4 (strong), with a
clear temporal trend in accordance with wind speed (Fig. 3b).

Compared to the panel mean in each interval, on farm N in round NC,
98% of the ratings were identical to the mean of the panel or had a

Fig. 2. Density curves of (a) wind direction (degrees) and (b) wind speed (m s-1) during the inspection rounds on farm N (top) and on farm S (bottom), combined
with the positions of the longitudinal axes of the assessors on farm N at 41◦ and on farm S at 223◦ in blue color.

Fig. 3. Relative share of odor perception (%) over time during two comparison rounds, with 60 10-s time intervals, with 13 assessors in inspection round NC and 12
assessors in round SC located at the same place. Odor perception is depicted as intensity levels 0–6 (0 = no odor, 6 = extremely strong odor), supplemented with wind
speed in m s-1 (black dots). The mean tracer gas concentrations (ppt), odor intensity OI, odor frequency OF (I ≥ 1), and OF (I ≥ 3) (%) are provided in a box for the
respective comparison round.
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deviation of one intensity level up. On farm S in round SC, 91% of the
ratings were identical to the mean of the panel or had a deviation of one
intensity level up or down. This shows a clear synchronous response of
the assessors over time and good equivalence in the scaling of the odor
intensities. The ICC showed an excellent agreement among the 12 as-
sessors in inspection round SC, using the two-way random effect models
and the average rater unit with an ICC value of 0.79 (p< .001). In the NC
round, the ICC was poor despite the high inter-rater agreement, prob-
ably due to the high proportion (84%) of no odor perception (I = 0) and
minimal variance. In the immediately preceding introduction and warm-
up round N0 (before the start of round N1, with the same panel of

assessors and the same position) with a higher odor intensity and fre-
quency, we observed an ICC value of 0.84 (p < .001).

3.2. Intensity and frequency of odor assessments on the longitudinal and
transversal axes

Along the longitudinal axis (central positions c), the odor intensity
weighted by frequency OIF (I ≥ 1, perceptible odor) (hereafter abbre-
viated as intensity) and the odor frequency OF (I≥ 3, recognizable odor)
were higher in positions close to the source than in the distant positions
(Fig. 4a). Thus, the odor parameters decreased with distance for both

Fig. 4. Relative share of odor perception (%) by the assessors on farms N and S during the inspection rounds N1–N3 and S1–S4 along the longitudinal axis (a),
differentiated between the position 1–5/1–6 (1 = close to the farm, 5/6 = far from the farm), and transverse axes on farm N (b1) and farm S (b2), differentiated with
respect to positions a–e/b–d (c = central position). Odor perception is depicted as intensity levels 0–6 (0 = no odor, 6 = extremely strong odor), supplemented by the
tracer gas concentrations SF6 and SF5CF3 (ppt), odor intensity with intensity levels 1− 6 weighted by frequency OIF (I ≥ 1), and odor frequency, relative share of odor
intensity levels 3− 6 OF (I ≥ 3), given in %.

M. Keck et al.
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farms N and S with OIF (I ≥ 1): 1.6–0.1 and 3.4–0 (max-
imum–minimum), respectively, and OF (I ≥ 3): 23%–0% and 80%–0%,
respectively. Considering all positions, the low intensity levels, very
weak and weak (I= 1 and I= 2), were the most common. On farm N, the
assessors in positions 1 and 3 rated the odor with lower intensity levels
than the assessors in positions 2 and 4 in all 3 rounds, whereas on farm S,
the assessor in position 2 was systematically lower than the assessor in
position 3. This effect was visible both in the share of intensity levels and
in the odor intensity OIF (I≥ 1). On farm S, an odor frequency OF (I≥ 1)
of 80% or more was mostly found in the three front positions 1–3.

Regarding the odor perception in the two transversal axes (2, 4) of
farm N, the middle positions b, c, and d each had the highest values in
terms of odor frequency OF (I≥ 3) and intensity OIF (I≥ 1) compared to
the outer positions a and e (Fig. 4b1). On farm S, with three transversal
axes (2, 4, 6) and only three assessors within the transversal axis, the
difference in odor intensity levels between transversal positions was less
consistent (Fig. 4b2). On axis 2, higher values of OIF (I ≥ 1), and OF (I ≥
3) dominated in the middle position c, while OF (I ≥ 1) decreased from
positions b to d. On axis 4, the odor parameters increased in the opposite
direction from positions b to d. On axis 6, the odor parameters were at a
lower level, with a smaller gradient between the three positions b, c, and
d.

3.3. Tracer gas concentrations in the longitudinal and transversal axes

The tracer gas concentrations along the longitudinal axis, quantified
in the laboratory using a GC-ECD, on farm N decreased from 539 to 6 ppt
SF6 and from 307 to 1 ppt SF5CF3, on farm S from 1591 to 148 ppt SF6
and from 60 to 8 ppt SF5CF3 (Fig. 4a). With increasing distance from the
sources, a decrease in SF6 concentration was observed for all inspection
rounds, except for round N3, where the SF6 concentration in the first
position was lower than in the second. Similarly, for both farms, the
concentration of SF5CF3 showed a decay with distance from the farm but
at a lower (N) or much lower (S, <60 ppt) concentration level compared
to SF6.

Along the two transverse axes on farm N, the concentrations of SF6
and SF5CF3 were both higher in the middle position of the plume axis
(Fig. 4b1). On farm S, the concentration of SF5CF3 decreased from po-
sition b to d for all three transverse axes (Fig. 4b2), but a more variable

picture emerged for SF6. At positions further away from the farm (axes 4
and 6), the middle position c was usually the highest, but at positions
closer to the source, on axis 2, position d depicted the highest tracer
concentration.

As shown in Fig. 5, the correlation coefficients of the two tracer gases
SF6 and SF5CF3 in Table 1 resulted in a significant positive correlation on
farm N (r= 0.99, p < .001) and in a low positive correlation on farm S (r
= 0.37, p < .05). There was a significant negative correlation between
distance and both tracer concentrations for all three rounds on farm N
(N1–3) with r values of -0.73 (p < .001). On farm S, the negative cor-
relation between distance and SF6 was very high, at -0.88 (p < .001),
while the correlation for SF5CF3 was less strong, at -0.49 (p < .001) for
all four observation rounds (S1–4) and -0.58 (p<.01) for positions along
the longitudinal axis only (S1–4long).

3.4. Comparison of tracer gases and odor parameters

With increasing distance from the source, the concentrations of the
two tracer gases, as well as the odor intensity OIF (I ≥ 1) and the odor
frequency OF (I ≥ 3), decreased (Table 1). Considering the data from all
inspection rounds and positions on farm N (N1–3), the correlations of
colocated SF6 concentrations and odor perception, that is, OIF (I ≥ 1)
(0.44, p < .01) and with OF (I ≥ 3) (0.64, p < .01), were significant
(Table 1). By contrast, the tracer concentration along the longitudinal
axis N1–3long showed no significant correlation with OIF (I≥ 1). On farm
S, as shown in Table 1, the highest correlation was observed for the SF6
tracer gas concentration and OIF (I ≥ 1) and OF (I ≥ 3) both with an r of
0.85 (p < .001) for measurements conducted along the longitudinal axis
(S1–4long), while the second tracer gas SF5CF3 reached 0.5 (p < .01). On
farm S, all parameters showed a significant correlation when collected
along the longitudinal axis, with the only exception being the two tracer
gases (Table 1).

The statistical linear mixed effects models predicted the odor in-
tensity weighted by frequency OIF (I ≥ 1) with the concentration of SF6,
both based on the whole dataset, that is, with all positions of the plume
(p < .001), and based on the subset along the longitudinal axis (p <

.001).

3.5. Comparison of nested and spatially separated source configurations

To determine and track the effect of the nested and spatially sepa-
rated source configurations on the spatial pattern in the odor plume, the
observed tracer gas concentration ratios (SF6/SF5CF3) were compared to
the ratio of the actually dosed tracers, that is, assuming homogeneous
mixing and distribution of both gases. The actual SF6/SF5CF3 ratio was
1.36 on farm N and 1.33 on farm S. On farm N along the longitudinal
axis, the observed SF6/SF5CF3 concentration ratios were in the range of
the actual ratio of dosed gases, somewhat higher, with values ranging
from 1.3 to 2.2, with only a single value in round N3 being substantially
higher, at 7.0 (Fig. 6a). These results indicate the homogeneous mixing
and distribution of the tracer gases. On farm N with a nested source
configuration, no spatial pattern of the concentration ratio SF6/SF5CF3
in the plume was visible in all three inspection rounds; the ratio was of
the same order of magnitude at all positions (see Graphical abstract).

On farm S, with spatially separated odor sources, the ratio of tracer
gases varied along the longitudinal axis (Fig. 6b) in a very wide range
between 6.5 and 67.3, with higher values occurring at positions mainly
close to the source where the SF6 tracer was dosed. Thus, at maximum,
the SF6/SF5CF3 concentration ratio was a factor of 50 higher than the
actual ratio of the dosed gases. A larger variation in the measured tracer
gas concentration ratios was also observed along the transverse axes
(Fig. 6c), analogous to the longitudinal axis, with a general trend toward
the actual dosed ratio for sampling positions further away from the
dosing and in the direction of the remote transversal axis. Consequently,
for sampling positions closest to the farm, the odor of the animal hus-
bandry is expected to dominate, while for positions farther away, the

Fig. 5. Correlation of SF6 and SF5CF3 concentrations (ppt) measured at
different assessor positions on farm N with nested sources and on farm S with
separated sources.
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relative odor contribution of the biogas plant increased (Figs. 6b). The
mean wind direction varied only to a limited extent (54-68◦) between
the inspection rounds S1− S4. The individual assessors’ positions
(mainly in axis d, partly in axis c) with a large lateral deviation in de-
grees from the middle axis of the expected odor plume (Fig. 6c), based
on the mean wind direction during each inspection round, showed a
ratio of SF6/SF5CF3 concentrations indicating the predominance of the
nearby source with animal husbandry. On the other hand, the positions
in axis b with a ratio close to the actual dosing ratio indicate the
importance of the spatially separated biogas plant (Fig. 6c).

4. Discussion

4.1. Equivalence of the panel during comparison rounds

The assessors’ olfactory perceptions during comparison rounds,

when assessors were in the same place at the same time, showed good
agreement over time (in the course of the intervals) and in the scaling of
odor intensities compared to the panel mean at very weak and distinct
odor intensities (Fig. 3). Our study included consensus definitions,
training, and referencing with typical farm odor samples. On each sur-
vey day, a check and comparison of the assessor’s intensity scaling was
mandatory prior to starting the plume inspections, which also proved
valuable in our larger-scale study (Keck et al., 2018b). Gotow et al.
(2018) confirmed the value of a warm-up with samples on the perfor-
mance of assessors in time-intensive evaluations. Whereas Zhang and
Zhou (2020) used an 8-point intensity scale realized by n-butanol and
pig manure simulants, we used real air samples from farms collected in
Nalophan bags to train the odor intensity rating of assessors. In this way,
our assessors were already familiar with the odors relevant to the study,
in line with Hayes et al.’s (2023) recommendation. The limitations of the
current practice of using n-butanol as a reference for overall olfactory

Table 1
Pearson’s correlation coefficient rwith distance, tracer concentrations, and odor intensity weighted by frequency OIF and frequency OF. For each farm, the correlation
was calculated for the whole dataset (N1–3, S1–4) as well as based on subsets including only positions along the longitudinal axes (N1–3long, S1–4long). p-values
indicate the significance level at α = .05 (*p < .05, **p < .01, ***p < .001, H0: ρ = 0, there is no significant linear correlation). Degrees of freedom df = n - 2 with SF6,
SF5CF3, or distance; odor: N1–3: 33 and 37; N1–3long: 9 and 13; S1–4: 45 and 46; S1–4long: 21 and 22.

Dataset N1–3 N1–3long S1–4 S1–4long

Variable 1 var. 2 r p-value r p-value r p-value R p-value

SF6 SF5CF3 .99 < .001*** .99 < .001*** .37 .011* .40 .062
Distance SF6 -.73 < .001*** -.83 .002** -.88 < .001*** -.90 < .001***
Distance SF5CF3 -.73 < .001*** -.82 .002** -.49 < .001*** -.58 .004**
Distance OIF (I ≥ 1) -.42 .007** -.47 .080 -.67 < .001*** -.93 < .001***
Distance OF (I ≥ 3) -.60 < .001*** -.61 .015* -.61 < .001*** -.88 < .001***
SF6 OIF (I ≥ 1) .44 .008** .37 .257 .60 < .001*** .85 < .001***
SF6 OF (I ≥ 3) .64 < .001*** .63 .037* .59 < .001*** .85 < .001***
SF5CF3 OIF (I ≥ 1) .44 .009** .36 .272 .28 .057 .53 .009**
SF5CF3 OF (I ≥ 3) .64 < .001*** .61 .045* .27 .064 .52 .010*

Fig. 6. Observed ratio of SF6 and SF5CF3 concentrations at different sampling positions. In the middle longitudinal axis (a) on farm N with a nested source
configuration (positions 1c− 5c), and (b) on farm S with a spatially separated source configuration (positions 1c− 6c) compared to the actual dosing ratio (blue dashed
line). The individual inspection rounds on farm N (N1–N3) and S (S1–S4) are differentiated by color. (c) Lateral deviation (in degrees) between the middle axis of the
expected odor plume, based on the mean wind direction, and the position of the individual assessor during the inspection round in relation to the observed ratio of
SF6/SF5CF3. The transverse positions (b–d) are differentiated by color.
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performance with regard to specific odors and mixed odors have also
been elucidated in other studies (Barczak et al. 2018; Hayes et al., 2017;
Hove et al., 2016; Kaeppler and Mueller, 2013; Laor et al., 2014).

The two very different odor exposures during comparison rounds on
the two farms were evident in all odor parameters, for example, the
mean value of the odor intensity OI and in the odor frequencies OF (I ≥
1) and OF (I≥ 3) (Fig. 3). Consistent with the odor parameters, the mean
tracer gas concentrations displayed a distinct difference between farms
N and S with 0 and 567 ppt SF6 and 1 and 53 ppt SF5CF3, respectively.
The percentage of perceptible odor detection on farms N and S, with OF
(I≥ 3) being 0 (NC) and 21% (SC), was much lower than of recognizable
odor, OF (I≥1) with 16 (NC) and 81% (SC). Reliable identification of the
odor—what it smells like—in the plume is more demanding and in-
creases the risk of bias between assessors, especially at high temporal
resolution and for mixed odors (Hayes et al., 2023; Hawko et al., 2021;
Kaeppler and Mueller, 2013; Laing and Francis, 1989). A better recog-
nition of odors would require muchmore complex training in advance to
clearly identify different odor sources, yet in many field studies, the
specific odor sources are not even known in advance. Since weak odor
and odor mixtures account for a relevant proportion of time, focusing
only on distinct recognizable odors does not seem sufficient for mean-
ingful odor assessments.

4.2. Comparison of spatial patterns of odor parameters and tracer gases

A clear decay with distance from the farm along the longitudinal axis
was visible for both tracer gases as well as for the odor parameters on
both farms (Fig. 4a). A similar decay of odor intensity was demonstrated
in our earlier field studies with cattle, pig farming, and the combination
of animal husbandry with biogas facilities (Keck and Frei, 2016; Keck
et al. 2005; Keck et al., 2018b). Bydder and Demetriou (2019), as well as
Zhang and Zhou (2020), confirmed a decay with distance with a large
dataset of field-odor assessments in the case of waste handling facilities
or pig farms but at much larger dimensions up to 4000 m distance.

Bächlin et al. (2002) investigated a forced-ventilated pig house in a
simplified situation with only one exhaust stack and found correlation
coefficients between the tracer gas concentration and odor intensity in a
wide range between -0.1 and 0.8 but mostly between 0.6 and 0.8. In our
study, the correlation coefficients between tracer concentrations and
odor parameters along the longitudinal axis were between 0.36 and 0.85
(Table 1). The lower correlation in the longitudinal axis on farm N could
be due to a lower odor intensity, a higher variation in wind direction, or
a smaller number of available samples. Including data from the trans-
versal axes, decay with distance was also evident for both tracer gases
(Fig. 4b1). On farm S, however, with only three assessor positions in the
transversal axis (Fig. 4b2), the two tracer gases and the odor parameters
were not always equally aligned. One of the challenges might be the use
of the odor parameter frequency OF (I ≥ 1), as this parameter does not
allow sufficient differentiation in cases of a high percentage with odor
perception. This is also confirmed by Hartmann and Grabowski (2011),
who recommend the use of the parameter odor intensity. By contrast, OF
(I ≥ 3) and OIF (I ≥ 3) are not appropriate for situations with weak odor
exposure (see Section 4.1). The illustrations of the relative proportions
of the individual odor intensities along the longitudinal axis as a bar
graph (Fig. 4a) are indicative of an interpersonal effect with a zigzag
shape, which can only be overcome with training, monitoring, stronger
selection, randomization, or sufficient assessors. A practical approach to
coping with this challenge could be a more targeted selection of the
assessors immediately after the warm-up on each study day. Similarly,
Bächlin et al. (2002) reported deviations in odor perception that were
attributed to interpersonal effects or limits in the informative value of
the parameter odor frequency in cases of very weak odor intensities.

The entire odor situation cannot be fully described if only recog-
nizable odors (I≥ 3) are recorded, especially with different source types.
Extremely weak and weak odors are missed, and mixed odor recognition
is not always possible. With our approach using two tracer gases on farm

S, it is obvious that with separate sources and correspondingly separate
tracer dosing, complete agreement could not be achieved with a single
tracer. This would require two additive tracer gases. Section 4.3 offers
more detail on the source configurations, wind direction, and odor
impact, with a discussion of a broader context.

4.3. Odor assessment potential for nested and spatially separated source
configurations

For farm N with nested sources, a significant correlation of 0.99 (p <
.001) was observed between concentrations of the two tracer gases, SF6
and SF5CF3, for the different assessor positions, indicating that the entire
combined source configuration can be accurately mapped with just one
tracer gas (Fig. 5, Table 1). This means that the nested sources cannot be
distinguished because they are perceived as one odor source. The largely
similar ratio of the concentrations of the two tracer gases SF6/SF5CF3
along the longitudinal axes of farm N between 1.3 and 2.2 indicates
homogeneous mixing of the emitted gases and a comparable dispersion
of the two tracer sources (see Graphical abstract, Fig. 6a). Since the
observed tracer gas ratio was equal to or greater than the actual ratio of
the dosed gases of 1.36, the relative impact of SF6, that is, animal hus-
bandry, under the study conditions was overrepresented relative to
SF5CF3 representing the impact of the biogas plant.

On farm S with two spatially separated odor and tracer sources, the
ratio of tracer concentrations varied both with distance from the source
and with sampling point, illustrating a more complex interplay of source
configuration, wind direction, and individual position in the plume
(Graphical abstract, Figs. 4a, 4b2 and 6b and 6c). The decrease in con-
centrations with distance from the farmwas visible for both tracer gases,
even though SF5CF3 was at a much lower level (less than 60 ppt). Due to
the spatial separation between the two emitting parts within the facility,
with a maximum distance of 108 m, tracer and odor emissions from the
more distant biogas plant were already diluted prior to being mixed with
emissions from animal husbandry. Nonetheless, along the longitudinal
axis, the concentrations of both tracer gases SF6 resp. SF5CF3, correlated
with the odor parameters OIF (I ≥ 1) and OF (I ≥ 3), with correlation
coefficients of 0.85 (p < .001) and 0.53 (p < .01; Table 1), respectively.
The ratios between the two tracer gases SF6/SF5CF3 were highest at the
positions closer to the source, indicating that tracer/odor perception at
these positions was dominated by emissions from the spatially close SF6
dosing/husbandry buildings (Fig. 6b). The spatial pattern of the two
tracer gases in the plume and their ratios at the different assessor posi-
tions can be interpreted as a different contribution of the two spatially
separated emission sources to the indistinguishable mixed odor.

The positions of the assessors along the longitudinal axis of the
plume (angle of 223◦, measured from the last emitting point of the an-
imal husbandry, Fig. 1) covered the animal husbandry and the SF6
dosing points and, consistent with the mean wind direction between 54
and 68◦ (Fig. 2a), ensured an expected maximum exposure along the
middle longitudinal axis between 234 and 248◦. This is also reflected in
the high correlation coefficients of SF6 to the odor parameters of 0.85 (p
< .001, Table 1). If the longitudinal axis is plotted based on the wind
direction starting from the last emitting point of the biogas plant and
SF5CF3 dosing, it becomes obvious that the area affected by the biogas
plant and SF5CF3 dosing was only marginally covered by the actually
selected positions of the assessors, which is also represented by the lower
correlation coefficient (0.53, p< .01, Table 1). Whereas in round S2, the
greatest deviation of the mean wind direction with 69◦ was visible in the
high ratio of the concentrations of the two tracer gases SF6/SF5CF3 in the
front positions of the longitudinal axis, the ratio was lower in round S1,
with a smaller deviation (54◦, Fig. 6b). This effect close to the buildings
could be explained by the flow around the buildings and the wake
(Aubrun and Leitl, 2004). Furthermore, Eckhof et al. (2012), Molden-
hauer et al. (1999), and Olesen et al. (2005) stated that spatially
extended sources and building arrangements have a greater bearing on
odor impact, and hence on the importance at a particular impact

M. Keck et al.



Environmental Advances 19 (2025) 100616

10

location, than do smaller-scale, that is, point sources. In our setup with
two defined tracer gases and simplified with two somewhat separated
odor sources, we found that each position in the plume experienced an
individual exposure, which resulted from the interaction of the source
arrangement, the respective wind flow, the adjacent buildings, and the
respective individual position in the plume. How spatial configurations
of spatially extended, heterogeneous sources—with an enormous variety
of individual odor sources within and correspondingly different odor
release processes—affect odor impact in the vicinity should be investi-
gated in even more detail in future studies.

The wind direction, the source configuration and the flow charac-
teristics of the two dosing areas are decisive for the spatial dispersion/
mixing of the tracer gases, and this is also to be expected for the various
odor sources. Spatial differences in tracer and odor dispersion became
obvious when comparing individual positions in the plume. Accord-
ingly, the contribution of SF5CF3 emitted from the biogas plant, relative
to SF6, was highest for positions on axis b, while on axis c and especially
on axis d, the contribution of SF5CF3 was lower and SF6/SF5CF3 was
highest (Fig. 6c). We anticipate that the spatial inhomogeneity observed
for the two tracer gases also applies to odor contributions. However, the
interaction of different odor sources into a mixed odor and the effects
observed for dilution with distance are more complex and cannot be
predicted with a simple additive approach. Furthermore, the differen-
tiation of odors from biogas plants and animal husbandry is not feasible
without excessive analytical efforts.

5. Conclusions and outlook

Our study validated an improved approach for odor impact assess-
ment. The intensity of perceptible odor weighted by frequency demon-
strated superior performance to odor frequency. This considered both
weak and mixed odors and combined two odor dimensions: frequency
and intensity. The spatial configuration of odor sources and tracer gas
dosing, adjacent buildings, and local flow are relevant for the effective
exposure level in the plume. By combining odor parameters, tracer gases
with concentration and ratio, and wind direction even complex spatial
interactions can be traced in terms of source. The source–tracer-related
approach offers an improved odor impact assessment. These conclusions
are based on the findings of this study. The decay of odor with distance
along the longitudinal axis of the plume can be tracked systematically. A
high agreement of the tracer gas concentrations with the parameters
odor intensity weighted by frequency of intensity levels 1–6 OIF (I ≥ 1)
and odor frequency with intensity levels 3–6 OF (I ≥ 3) on the impact
side has been demonstrated. In a nested, homogeneous source configu-
ration, the two tracer gases showed a perfect match, and the entire
combined source was mapped exactly with just one tracer gas. Two
spatially extended, separated odor and tracer sources depicted: (i) the
partial decrease of the tracer concentration from the remote source
already within the farm, (ii) the relevance of odor and tracer gas sources
in close proximity to the individual positions of the plume, and (iii) the
effect of the respective wind direction. Especially in combination with
the prevailing wind direction, spatially extended sources, buildings, and
their arrangements have a great bearing on odor impact in the sur-
rounding area.

An outlook for advancing these findings may include a real-time
display with the current local wind direction, which could further
improve the optimal positioning of assessors in the plume. For nested
sources, a reduction in survey efforts would be possible by focusing on
the longitudinal plume axis. Since it is feasible to track odor sources
based on the spatial arrangement via the concentration ratio of two
tracer gases, such a combined source–tracer-related approach can be
extended to track and assign more complex situations with odor nui-
sances on-site, for example, several odor sources, their arrangement, and
contribution. These advances in odor impact assessment methods pave
the way for greater confidence in onsite assessments as a basis for
developing appropriate odor mitigation strategies.
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