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T
EIn recent years, there has been a growing concern about potential impacts on public health

and wellbeing due to exposure to environmental odour. Separation distances between
odour-emitting sources and residential areas can be calculated using dispersion models, as
a means of protecting the neighbourhood from odour annoyance. This study investigates
the suitability of using one single year of meteorological input data to calculate reliable
direction-dependent separation distances. Accordingly, we assessed and quantified the
inter-annual variability of separation distances at two sites with different meteorological
conditions, one in Brazil and the other in Austria. A 5-year dataset of hourly meteorological
observations was used for each site. Two odour impact criteria set in current regulations
were selected to explore their effect on the separation distances. The coefficient of variation
was used as a statistical measure to characterise the amount of annual variation. Overall,
for all scenarios, the separation distances had a low degree of inter-annual variability
(mean coefficient of variation values from 8% to 21%). Reasonable agreements from year to
year were therefore observed at the two sites under investigation, showing that one year of
meteorological data is a good compromise to achieve reliable accuracy. This finding can
provide a more cost-effective solution to calculate separation distances in the vicinity of
odour sources.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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U1. Introduction

Odour emissions have become a topic of increasing interest in
both developed and developing countries worldwide. For
Health, Department of Biom
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many years now, environmental odour is the leading cause
of public complaints reported to authorities regarding air
quality (Hayes et al., 2014; Henshaw et al., 2006). Indeed,
environmental odour is an ambient stressor since it is
edical Sciences, University of Veterinary Medicine Vienna, Veterinärplatz
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physically perceptible, negatively valued, unpredictable, un-
controllable and entails moderate adjustments (Campbell,
1983). In many jurisdictions, environmental odour is already
handled as an air pollutant subject to specific legislation
(Brancher et al., 2017). In the policy context of the European
Union (EU), it is worth mention that, for the first time, odour
has been considered in the Joint Research Centre Reference
Report on monitoring of emissions to air and water from
installations covered by the Industrial Emissions Directive
2010/75/EU (Brinkmann et al., 2018).

Odour exposure has been associated with health issues,
affecting both the physiological and psychosocial status
(Sucker et al., 2009). Physiological health symptoms comprise,
for instance, headache, nausea, respiratory complications,
tiredness, eye irritation and palpitations (Schiffman and
Williams, 2005). Because dilution occurs in the atmosphere,
odours often reach the population at concentrations far below
toxicity thresholds, making direct toxicological mechanisms
unlikely to explain the association between exposures and
symptoms (Blanes-Vidal et al., 2014). Interestingly, epidemi-
ological studies have shown indirect mechanisms in which
psychosocial responses (i.e., odour annoyance) mediate phys-
ical symptom reporting (Blanes-Vidal, 2015). Hence, odour
annoyance has been identified as one of the most important
effects due to exposure to malodour (Cantuaria et al., 2017;
Shusterman, 1992).

A suitable parameter to describe the influence of an odour
source on the nearby residential area is the separation
distance intended to embrace the area within which odour
has the potential to cause annoyance (Piringer et al., 2015;
Schauberger et al., 2000). The separation distance approach is
part of an integrated multi-tool strategy recommended by
Brancher et al. (2017) to manage environmental odours. The
separation distance divides the area around odour-emitting
facilities into two zones: (i) a zone beyond the separation
distance where odour annoyance is likely to be avoided and
(ii) a zone closer than the separation distance where loss of
public amenity can be expected (Piringer et al., 2016). The
separation distance can be fixed, given by pre-established
distances; or variable, determined as direction-dependent
distances on a case-by-case basis typically using dispersion
models. In this case, time series of ambient odour concentra-
tion predicted by dispersionmodels are evaluated by so-called
odour impact criteria OIC. As a result, separation distances
between an odour source and residential areas are calculated,
in a direction-dependent manner. Thereby, direction-
dependent separation distances are the ultimate measure
accounting for the entire chain from the odour emission rate,
the dilution in the atmosphere, and the evaluation of the time
series of ambient odour concentration by the OIC (Sommer-
Quabach et al., 2014).

Nowadays, a wide range of OIC is in force, which shows
that the assessment of odour annoyance varies greatly
(Brancher et al., 2017; Griffiths, 2014; Sommer-Quabach et al.,
2014). The OIC can be specified by three components: (i) the
odour concentration threshold Ct (given in European odour
units per cubic meter ouE/m3 or equivalent units), (ii) the
percentile rank value P (also specified as exceedance proba-
bility 100 − P), and (iii) the averaging time At. Typically,
dispersion models predict hourly time series of ambient
Please cite this article as: Brancher, M., et al., Assessing the inter-a
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odour concentrations (De Melo Lisboa et al., 2006; Drew et
al., 2007). If the OIC are specified for an At shorter than 1 h,
then a coefficient called peak-to-mean factor F comes into
play. The F is used to estimate concentrations for shorter
averaging times than that equivalent to the model output, as
an attempt to mimic the odour perception of the human nose
(Schauberger et al., 2012). A pioneering concept structured in
the computation of ambient odour concentration variances to
determine this F has been recently presented (Ferrero et al.,
2017; Oettl and Ferrero, 2017; Oettl et al., 2018).

It is well known that, together with emissions, meteoro-
logical data play a central role in dispersionmodelling (Capelli
et al., 2013). Unsurprisingly, a critical methodological step in
the calculation of separation distances using dispersion
models is the acquisition, pre-processing and validation of
meteorological data. In this regard, a key challenge is to
calculate representative distances, while the meteorological
input data is reduced. In addition, international regulatory
requirements for odour dispersion modelling differ consider-
ably in the sense that odour studies can be conducted on a
monthly, annual or multi-year basis over the meteorological
input data (Brancher et al., 2017). The year-to-year variation of
odour contour lines, in particular, has been briefly touched by
few technical reports (ERM, 2012; Featherston et al., 2014;
GHD, 2015). However, the inter-annual variability of direction-
dependent separation distances to avoid odour annoyance
has yet to be explored. This knowledge is of relevance not only
for future research but also for improving current odour
regulations.

In this work, we investigated whether one single year of
meteorological input data is enough to calculate reliable
separation distances. For this purpose, we assessed and
quantified the inter-annual variability of separation distances
at two sites with different meteorological conditions. The
calculations were undertaken for São José dos Pinhais (Brazil,
near Curitiba) and Groß-Enzersdorf (Austria, near Vienna).
Five years of hourly meteorological observations were used
for each site. Modelling scenarios consider a point source with
constant odour emission rate (annual mean value). Two
national OIC were selected as references to calculate the
separation distances.
2. Material and methods

2.1. Description of sites

The investigation was carried out at two sites, one in Brazil
and the other in Austria, where yearly datasets of meteoro-
logical observations are available. Furthermore, we chose
these sites because they meet the terrain requirements for
performing modelling studies using a Gaussian plume model,
and are representative of the odour sources found in the
surrounding areas. São José dos Pinhais (−25.555° S, −49.132°
W, 906 m ASL; close to Curitiba, the capital of the state of
Paraná) is the location of the odour source in Brazil. This site is
within flat and elevated terrain. Land uses such as farmland,
remaining forest, woody wetlands, low residential areas, and
a few industries can be found scattered around the emission
nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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source in nearly all directions. The Austrian site is located in
Groß-Enzersdorf (48.203° N, 16.564° E, 151 m ASL), district of
Gänserndorf in Lower Austria, and east of Vienna. It is within
mainly flat terrain, typically farmland. However, surrounding
residential dwellings and a few industries (mainly in the
southwesterly and southeasterly directions) are present about
350–500 m from the source.

2.2. Characterisation of the odour source

Among the sources of uncertainty in dispersion modelling,
algorithms that deal with the source typology are prominent.
According to Pullen and Vawda (2007), predicted concentra-
tions are fundamentally more accurate for single stacks, first
hand. So, we chose a single point source for the investigation.
The odour emission rate (OER) is constant, continuous, and
stationary in time, with an annual mean value of 17,500 ouE/s.
A variety of emission factors can be found in the German
guideline VDI 3894 Part 1 (2011) to translate this OER into a
typical livestock building. The geometry of the source is
presumed circular, with a height of 6 m from the ground,
inner diameter of 1.2 m, and vertical release. The exit velocity
is 3.0 m/s, and the gas temperature is 35 °C. This source
configuration attempts to replicate the emission from a
typical mechanically ventilated livestock building. Table 1
summarises the odour source parameters assumed for the
dispersion calculations.

2.3. Atmospheric dispersion modelling

The U.S. Environmental Protection Agency (U.S. EPA) regula-
tory air quality model, AERMOD Modelling System, was used.
The model has also been adopted worldwide and accepted for
regulatory demonstrations by several other environmental
agencies. Essentially, the modelling system consists of three
modules: the AERMOD dispersion model itself, the AERMET
meteorological processor, and the AERMAP terrain processor.
AERMOD is fundamentally a steady-state Gaussian plume
model with algorithms based on planetary boundary layer
turbulence structure and scaling concepts. AERMOD is the U.S.
EPA preferred/recommended software for demonstrating
regulatory compliance for short-range transport of air pollut-
ants (<50 km), including treatment of surface and elevated
sources for simple and complex terrain. The steady-state
concept assumes that over the model time step, the emis-
sions, meteorology, and other model inputs, are constant all
U
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Table 1 – Characteristics of odour source assumed for
dispersion calculations.

Parameter Description Unit

Source type Point .
Release type Vertical .
Geometry Circular .
Release height 6 [m]
Inner diameter 1.2 [m]
Gas temperature 35 [°C]
Exit velocity 3.0 [m/s]
Volume flow rate 3.39 [m3/s]
Odour emission rate 17,500 [ouE/s]
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over the modelling domain. This assumption results in a
resolved plumewith the emissions distributed throughout the
plume according to a Gaussian distribution (U.S. EPA, 2017).
Comprehensive model principles and formulation can be
found elsewhere (Cimorelli et al., 2005; Perry et al., 2005; U.S.
EPA, 2016a). The model is used with the graphic user interface
AERMOD View 9.4.0, version 16216r (Lakes Environmental
Software, Ontario, Canada). The suitability of AERMOD for the
scenarios of this work is justified based on: (i) the topographic
features and meteorological conditions of the areas being
modelled, (ii) the detail and accuracy of the primary inputs
(meteorology and emission) required for a refined model, (iii)
the way complexities of atmospheric processes are handled
by the model, (iv) the need to apply a recognised model
typically used in the permitting process, (v) the efficiency
relationship between computational time and reasonable
accuracy; and finally, (vi) the resources available to apply
such desktop software. The modelling protocol follows
current default regulatory options consistent with the Guide-
line on Air Quality Models (U.S. EPA, 2017), except where
stated and justified otherwise.

The modelling domain, at both sites, consists of a circular
area of 750 m radius centred on the source. The domain is
discretised using a uniform polar grid network. Receptors are
distributed along 72 radial directions, with the initial direction
at 0° and with moves of 5° clockwise, over 20 concentric rings.
The nearest and the last ring are placed 50 m and 750 m from
the source, respectively. The distance of the nearest ring from
the source allows for the satisfactorily accurate calculation of
odour concentrations because to date Gaussian plumemodels
are inherently more uncertain for receptors very close to the
source. 1440 receptor points are placed for the calculation of
odour concentrations for each site. The design of the receptor
network is supported by the receptor density and location and
not because of the total number of receptors. The receptor grid
is progressively more resolved near the source, which proves
to be the hotspot of maximum impact for our scenarios
(highest predicted concentrations). Both the receptor grid and
the size of the modelling domain influence the computational
model time. Consequently, their assumptions reflect the level
of detail needed for the output. In other words, the choices
capture the extent of the odour impact adequately. Receptors
are positioned 1.5 m above the ground at the average height of
the human nose. No background concentrations are assumed.
The influence of a possible building downwash effect is not
considered. Both sites are classified as rural, so the rural
dispersion option was selected.

Terrain elevation data are obtained from the Shuttle Radar
Topography Mission (SRTM) conducted by the National
Aeronautics and Space Administration (NASA). The data for
the modelling domains are in SRTM1 (spacing for individual
data points is 1 arc-second), which corresponds to about 30 m
resolution. Accordingly, the digital elevation models are built
using the AERMAP terrain processor, version 11103 (U.S. EPA,
2016b). The modelling domain at the Brazilian site has
elevations from near 883 m to 911 m ASL. For the Austrian
site, elevations from near 147 to 153 m ASL can be found (Fig.
1). The model can account for elevated orographic effects.
This is performed by inputting elevated receptor heights to
model the effects of terrain above or below stack base.
nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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Fig. 1 – Elevations at (left) São José dos Pinhais/Brazil and (right) Groß-Enzersdorf/Austria: Modelling domains are within the
circular areas of 750 m radius centred on the source (red star marker). Legends denote elevations in meters and their
associated colours; scale bars indicate meters. For interpretation of the colours used in this figure, the reader is referred to the
web version of this work.
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Because of the orography of the sites, the elevated option is
used to characterise the terrain effects. Elevations/hill heights
are assigned to receptors and the odour source by AERMAP.

Land surface characteristics (i.e., albedo, Bowen ratio, and
surface roughness length) around the meteorological towers
were determined by the procedures of AERSURFACE (U.S. EPA,
2008) and AERMET User's Guides (U.S. EPA, 2016c) using the
AERSURFACE utility (version 13016). For the Brazilian site,
surface characteristics were extracted from the Global Land
Cover Characterisation GLCC for South America, with a
resolution of 1 km. For the Austrian site, the CORINE
CLC2006 database with 0.1 km resolution was used. In order
to improve the resolution and to homogenise the resolution of
the surface characteristics data, a refinement was performed
using the tool called Land Use Creator available for AERMOD-
View. The surface roughness was determined by sectoring (12
angular sectors of 30°) with a default upwind distance of 1 km
radius relative to the meteorological tower location. Albedo
and the Bowen ratio values were determined based on a
default area of 10 × 10 km also centred on the meteorological
tower. Monthly values were assigned to account for a
temporal change of surface characteristics.

The adjusted surface friction velocity technique (ADJ_U*) is
currently considered a default regulatory option in the
AERMOD (U.S. EPA, 2016c). As a previous diagnostic evalua-
tion, we ran the model for both sites to verify the sensitivity
that the ADJ_U* option could exert on the predicted concen-
trations. The model results at both sites showed high linear
correlation (R2 ≈ 0.99) for ADJ_U* turned on against ADJ_U*
turned off, for the two OIC tested (Section 1.5). Residual plots
further exhibited the goodness of linear fit. Moreover, by
visual scrutiny on the shape of the separation distances
(contour plots), no changes in the envelope were found. Once
Please cite this article as: Brancher, M., et al., Assessing the inter-a
to protect the residents from odour annoyance, J. Environ. Sci. (20
Emodel outputs at both sites were well-correlated for ADJ_U*
turned on against ADJ_U* turned off for the selected OIC, the
usage of the ADJ_U* option becomes non-compulsory for our
modelling scenarios. In response, we ran the model with
ADJ_U* turned off to demonstrate the full range of atmo-
spheric stability estimated by AERMET (Section 2.2).

2.4. Meteorology

2.4.1. Brazilian site
Surface meteorological observations of 1 h time-steps for
wind direction (Wd), wind speed (Ws), air temperature (T),
atmospheric pressure (Patm), and cloud cover (CC) were
obtained from the National Oceanic and Atmospheric Admin-
istration (NOAA) database for Afonso Pena International
Airport SBCT (−25.531° S, −49.167° W). At airports, Wd is
typically recorded to the nearest 10° for that hour. The
weather years selected to perform the modelling were 2004,
2008, 2013, 2014, and 2015. Due to not meeting the U.S. EPA
minimum requirements of completeness, the additional
annual datasets from 2005 to 2016 were disregarded. Prepro-
cessing was conducted to fix unordered times, non-uniformly
spaced times, missing data, and duplicate records. Gaps were
filled using established data substitution protocols (U.S. EPA,
2000, 2016c). Representativeness regarding both spatial and
temporal resolution of the meteorological data is mandatory.
The SBCT station dataset is representative of the meteorolog-
ical conditions at the source location and in adjacent areas
because of the (i) proximity of the meteorological tower to the
area being modelled: (~4.5 km), (ii) complexity of the terrain:
topography between the surface station and the source
location is not complex, (iii) surface characteristics: compara-
ble land use characteristics around the meteorological tower
nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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to the area being modelled, and (iv) period of the data
collection and completeness: recent and valid years of
weather data are used. Upper air data for the weather years
previously selected were obtained for SBCT from the NOAA/
ESRL Radiosonde Database. Both surface and upper air data
were inspected using quality assurance procedures and
validation and were processed using AERMET (version
16216). Atmospheric pressure is used within the model
basically to calculate dry air density, and cloud cover is a
necessary input to AERMET to derive the micrometeorological
parameters. The model uses the Monin-Obukhov similarity
theory to estimate the stability of the planetary boundary
layer. This theory is grounded on the Obukhov stability
length, which is an estimation of the height where the shear
production of turbulent kinetic energy is comparable with the
buoyancy production of turbulence kinetic energy (Temel and
van Beeck, 2017).

2.4.2. Austrian site
Primary surface meteorological data in 1 h time-steps for Wd,
Ws, T, and Patm were made available by the Central Institute
for Meteorology and Geodynamics (ZAMG, Vienna, Austria) for
Groß-Enzersdorf GE (48.199° N, 16.559° E). Wind direction was
recorded to the nearest 1°. However, GE station does not have
CC observations; then, this variable was also provided by
ZAMG for Schwechat Vienna International Airport LOWW
(48.110° N, 16.569° E) which is situated ~10 km from the
source. Minor missing data were filled using recommended
procedures. The period of data collection is associated with
the Brazilian site to harmonise the meteorological years used
for model calculations. For that reason, we selected five years
of weather data for each site. The GE station dataset is
representative of the spatial and temporal conditions at the
odour source location and in adjacent areas for the same
conditions previously described (e.g., the
meteorological tower is located ~0.6 km from the source).
Upper air data for the corresponding surface weather years
were obtained from the NOAA/ESRL Radiosonde Database for
Wien-Hohe Warte WHW (located ~16 km from the source,
48.248° N, 16.356° E).

Table 2 summarises the information on the surface and
upper air meteorological stations at the Brazilian and Aus-
trian sites.
U
N
C

Table 2 –Meteorological stations selected for the modelling ap
2013, 2014, and 2015.

Site Station
code

Type Coordinates Elevation A
(m)

Brazil SBCT Surface −25.531° S, −49.167°
W

908

SBCT Upper
air

−25.531° S, −49.167°
W

908

Austria GE Surface 48.199° N, 16.559° E 154
LOWW Surface 48.110° N, 16.569° E 183
WHW Upper

air
48.248° N, 16.356° E 198

SBCT: Afonso Pena International Airport; GE: Groß-Enzersdorf; LOWW: Sc
wind direction; Ws: wind speed; T: air temperature; Patm: atmospheric pre
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2.5. Selection of odour impact criteria

The calculation of the direction-dependent separation dis-
tances was performed for two national OIC, as follows:

• OIC1: Ct = 0.25 ouE/m3, P = 90th, At = 1 h;
• OIC2: Ct = 1 ouE/m3, P = 98th, At = 1 h.

The OIC1 is presently used in Germany (GOAA, 2008; TA-
Luft, 2002). The OIC2 is used, for example, in Flanders
(Belgium) for new geographically isolated livestock farms
(LNE, 2008; Willems et al., 2015). Criteria of this type are
often used for odour impact assessment purposes. A detailed
description of OIC in several jurisdictions throughout the
world can be found in recently published papers (Brancher et
al., 2017; Brancher et al., 2016; Sommer-Quabach et al., 2014).

For all simulations, the same source data and modelling
assumptions were considered. This arrangement enables the
calculated separation distances to deviate mainly because of
the length of the meteorological input data and the selected
OIC. Meteorological data were combined into a single model
run encompassing the whole period of meteorology (i.e.,
multiple-year modelling configured by concatenating the
five individual years of meteorological data for each site).
The results of these multiple-year model runs were named
“5 years”. Furthermore, individual model runs were con-
ducted for each meteorological year separately. In this case,
each output was named according to the year in which the
meteorological data collection occurred.

2.6. Statistical analysis

Separation distances are typically drawn to the opposite side
of the Wd because this is the direction to which emissions
spread. This direction is called transport direction Td (given by
Td = Wd + 180°). For instance, when the wind blows from the
South (180°) the corresponding separation distance is located
to the North (Td of 360°) (Schauberger et al., 2006; VDI 3894 Part
2, 2012). The calculated direction-dependent separation dis-
tances are given in increments of 10° using the stack position
as the reference point for the distance determination. The
separation distances are given in full meters. The contour
method used to draw the separation distances is B-spline
plications. The meteorological years used are 2004, 2008,

SL Distance
from the source

(km)

Hourly meteorological
parameters

4.5 Wd, Ws, T, Patm, CC

4.5 Wd, Ws, T, Patm

0.6 Wd, Ws, T, Patm
10 CC
16 Wd, Ws, T, Patm

hwechat Vienna International Airport; WHW: Wien-Hohe Warte; Wd:
ssure; CC: cloud cover; ASL: above sea level.

nnual variability of separation distances around odour sources
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smoothing. Statistical analyses were performed using the
Guide to the expression of Uncertainty in Measurement
(GUM), which recommends a standardised approach for
expressing the uncertainty of measurements (BIPM et al.,
2008). We determined the mean separation distance values
(sample size = 5), the standard deviations (degrees of free-
dom = 4), in addition to the upper and lower confidence
interval boundaries (k = 2, level of confidence = 95%) over the
single meteorological years. The coefficient of variation CV,
which is defined as the standard deviation divided by the
meanwith the result reported as a percentage, is used to show
the extent of variability in relation to the mean separation
distance values over the individual meteorological years. The
CV is widely used in many fields when performing quality
assurance and evaluations of repeatability and reproducibil-
ity. We also compared the direction-dependent separation
distances for the model runs using the five years of
meteorological data against the distances resulting from
single meteorological years, in addition to the mean values
over the single meteorological years.
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Table 3 t3:1– Descriptive statistics for hourly meteorological
t3:2surface observations used for the model calculations
t3:3according to the period of data collection.
t3:4t3:5Parameter Station Minimum Maximum Mean

t3:6Wind speed (m/s) SBCT 0.5 25.7 3.3
t3:7GE 0.5 13.2 3.3
t3:8Temperature (°C) SBCT −3.0 33.0 17.4
t3:9GE −16.5 38.0 11.4
t3:10Atmospheric pressure

(hPa)
SBCT 900 930 915

t3:11GE 959 1029 998
t3:12Cloud cover (tenths) SBCT 0 10 7.6
t3:13GE 0 10 6.7

t3:14SBCT: Afonso Pena International Airport; GE: Groß-Enzersdorf. t3:15
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3. Results

3.1. Surface meteorological conditions

The wind statistics for the Brazilian site (São José dos Pinhais,
SBCT station) shows that the prevailing wind during the five
years of meteorological observations (2004, 2008, 2013–2015) is
East to Southeast (E–SE). Winds characterised as calms (<
0.5 m/s) amount to ~3.5% of the observations. The averageWs

is 3.3 m/s; high speeds can be experienced from nearly all
directions, with a maximum of 25.7 m/s for the period. The
site is located on a plateau ~0.9 km ASL hence low atmo-
spheric pressure is observed (915 hPa, on average). The site
altitude and location also result in monthly mean tempera-
tures being mild in the summer and relatively cold during the
winter.

Groß-Enzersdorf in Austria can have high wind speeds,
mainly from prevailing northwesterly (NW) directions, during
the selected meteorological period. The secondary prevailing
wind direction is from Southeast (SE), which also can have
stronger winds. Whereas the northwesterly wind is mainly
associated with cloudy or rainy periods, the southeasterly
wind is regularly observed with anticyclonic conditions. Calm
winds account for approximately 0.4% of the observations.
The average Ws is 3.3 m/s; the highest speed of the period is
13.2 m/s. In general, the weather conditions for Groß-
Enzersdorf are characterised by different seasons regarding
temperature. The winter has relatively low monthly mean
temperatures, while in summer high monthly mean temper-
atures are observed.

For both sites, calm conditions recorded in the surface
meteorological dataset are not excluded for dispersion calcu-
lations. The calms are adjusted into a minimum speed
threshold of 0.5 m/s and uniformly redistributed around the
compass tomaintain the wind profile. However, this inclusion
is considered minor because 3.5% and 0.4% of the total hours
were added for the Brazilian and Austrian datasets,
Please cite this article as: Brancher, M., et al., Assessing the inter-a
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respectively. Table 3 shows the descriptive statistics for
hourly mean values of the two meteorological datasets over
the five years at the Brazilian and Austrian sites, respectively.
Fig. 2 and Fig. 3 show the annual wind roses with distributions
of wind direction for 10° sectors (i.e., 36-part wind roses) at the
Brazilian and Austrian sites, respectively. While the general
characteristics are preserved, a distinctive year-to-year vari-
ation in the wind data can already be delineated from a visual
inspection of these figures.

3.2. Atmospheric stability

The Obukhov length L, with dimension of length (m), is used
by AERMET to estimate the atmospheric stability. Here, we
show L as an indicator of atmospheric stability estimated by
themodel, and not as a definitivemeasure of the dispersion of
the plume. Because L, by definition, can approach positive or
negative infinity for neutral states, the inverse of L (1/L, given
in m−1 and often called the Obukhov stability parameter) is
assessed. Unstable atmospheres have negative values of 1/L;
neutral atmospheres have |1/L| values of approximately zero;
stable atmospheres have positive values of 1/L. Consequently,
the more positive the 1/L value, the greater the atmospheric
stability is assumed to be. Similarly, the more negative 1/L
becomes, the more unstable the surface layer is presumed.

Once we turn off the ADJ_U* option for the modelling
applications, themaximum and theminimumof L that can be
calculated by the model are +1 m and − 1 m, respectively.
Consequently, the magnitude of the 1/L values (per meter) is
within this interval. Fig. 4 presents bivariate histogram plots
to show the atmospheric stability (given by 1/L) estimated by
AERMET against wind direction and speed. On the top panel of
Fig. 4, the stability is shown for the Brazilian site and on the
bottom panel for the Austrian site. These charts cover five
years of meteorology data (2004, 2008, 2013, 2014, and 2015) at
both sites.

The dependence of turbulence on the wind speed is
confirmed, as expected. With increasing wind speed, there is
a tendency that only near-neutral conditions for both sites
occur. At both sites, neutral stability essentially dominates
with wind speeds greater than ~5 m/s. Extremely unstable
and moderately stable atmospheric conditions are both
estimated for very low wind speeds (<1.0 m/s). For example,
greater abundance of extremely unstable conditions with 1/L
nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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Fig. 2 – Wind roses at São José dos Pinhais (SBCT station, Brazil): Legend denotes wind speed categories and their associated
colours. For interpretation of the colours used in this figure, the reader is referred to the web version of this work. WS: wind
speed.

Fig. 3 – Wind roses at Groß-Enzersdorf (GE station, Austria): Legend denotes wind speed categories and their associated
colours. For interpretation of the colours used in this figure, the reader is referred to the web version of this work. WS: wind
speed.
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Fig. 4 – Obukhov stability parameter estimated by AERMET against wind direction and speed at (top) São José dos Pinhais/Brazil
and (bottom) Groß-Enzersdorf/Austria. Meteorological data for years: 2004, 2008, 2013, 2014, and 2015. 1/L: Obukhov stability
parameter.
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values of −1.0 m−1 at the Brazilian site (302 cases, 0.7% of the
total observations), and with wind from numerous directions,
are observed than at the Austrian site (40 cases, 0.1% of the
total observations). These extremely unstable conditions are
only associated with certain wind directions.

Also, an effect by which low wind speeds favoured the
incidence of daytime unstable and night-time stable atmo-
spheric conditions, is detected at both sites. Plots of the
annual Obukhov stability parameter 1/L against wind direc-
tion and speed (data not shown) indicate that the atmospheric
stability (estimated by AERMET) is similar among the years at
each site. Some year-to-year differences can be observed,
mainly for the dependence on the wind direction. The inter-
annual variability of the atmospheric stability appears to be
lower than for the wind data, whereby the Brazilian site
shows more variation than the Austrian site.
Please cite this article as: Brancher, M., et al., Assessing the inter-a
to protect the residents from odour annoyance, J. Environ. Sci. (20
3.3. Direction-dependent separation distances

Fig. 5 shows the direction-dependent separation distances
measured in increments of 10° at São José dos Pinhais (Brazil)
and Groß-Enzersdorf (Austria). The results for OIC1 are shown
on the left panels and for OIC2 on the right panels.

Considerable differences in the shape, length, and trans-
port directions Td are found between the sites. These
differences are, evidently, due to the yearly varying meteoro-
logical conditions at each site, once the same source data and
modelling assumptions are considered for all modelling runs.

The distribution of Wd primarily drives the spreading of
the separation distance. This is made clear by comparing
wind roses (Figs. 2 and 3) with the shape of the separation
distance at the Brazilian and Austrian sites (Fig. 5). The
largest distances are observed in the prevailing wind
nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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Fig. 5 – Direction-dependent separation distances at the Brazilian and Austrian sites: Legend denotes the meteorological years
used for the model calculations and their associated colours and markers. OIC: odour impact criteria.
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directions. Accordingly, a priori one can expect that the
higher the frequency of a certain wind direction sector, the
greater the elongation of the separation distance will be in
that direction. However, the extent of the distances is
probably a combination of many factors such as the
frequency distribution of atmospheric stability classes and
wind speeds per wind direction sector, as well as the
selection of the OIC.

At the Brazilian site, a maximum separation distance of
612 m and 590 m for the OIC1 and OIC2 are obtained,
respectively. These distances occur at Td = 290° in 2014. The
minimum separation distance in Td = 290° is 547 m for the
OIC1 (in 2013) and 528 m (in 2004). The minimum separation
distance considering all wind direction sectors is 42 m for the
OIC1 and 49 m for the OIC2 at north-easterly Td, with almost
no variation from year to year. The highest variation of
separation distance from one year to the next at the Brazilian
site is observed for the OIC1 in the sector from 140° to 210°.
Please cite this article as: Brancher, M., et al., Assessing the inter-a
to protect the residents from odour annoyance, J. Environ. Sci. (20
Another source of inter-annual variability occurs for the OIC2

between 30° and 60°. Both scenarios of odour criteria also have
year-to-year variations in the prevailing wind. All in all, a
variation in Td between ~ 50 and 600 m is observed at the
Brazilian site.

At the Austrian site, two main separation distance peaks
are observed around the odour source because of the
prevailing winds heading in these directions. For the OIC1, a
maximum separation distance of 396 m for Td = 320° in 2014
and 350 m for Td = 130° in 2013 are found. Using OIC2 results
at a maximum separation distance of 383 m for Td = 320° in
2014, and 299 m for Td = 130° in 2013. The minimum
separation distance in the prevailing winds is 323 m for a
Td = 320° in 2013 and 307 m for a Td = 120° in 2013 for the
OIC1. Considering OIC2, a minimum separation distance in the
prevailing winds of 326 m for a Td = 320° in 2013 and 258 m for
a Td = 130° in 2015 are obtained. At the Austrian site, the
largest variations of separation distance from year to year are
nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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observed mainly in the prevailing winds for both OIC1 and
OIC2. All in all, separation distances vary in Td between ~ 50
and 400 m at the Austrian site.

3.4. Inter-annual variability of the direction-dependent sepa-
ration distances

For evaluating and expressing the amount of inter-annual
variability in the direction-dependent separation distances,
we present Fig. 6. At both sites, the mean direction-dependent
separation distances over the individual meteorological years
are largely in agreement with the distances determined for
the five years of meteorology data. This result can be observed
in Fig. 6 through the great overlapping of the lines “mean over
single years” and “5 years”. Moreover, the separation dis-
tances determined for the five years of meteorology, assumed
herein as the “true value”, are continuously inside the
confidence interval of the mean direction-dependent
U
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Fig. 6 – Inter-annual variability of the direction-dependent separ
denotes the metrics used for the evaluation. OIC: odour impact c

Please cite this article as: Brancher, M., et al., Assessing the inter-a
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separation distance values determined for the individual
years of meteorology data.

As previously identified, the peak of variability at the
Brazilian site is for a sector between 140° to 210° when
selecting the OIC1 to delineate the distances. In this regard, a
CV of about 55% is observed for Td = 170°. For the OIC2, a CV of
34% is determined for a Td of 30°. The overall CV for all
direction-dependent distances corresponds to 21% and 12%
for the OIC1 and OIC2, respectively.

At this point, the question arises as to why the results at
the Brazilian site have high variation of separation distances
from year to year in some specific directions. Wind data
analysis shows a time trend for particular wind direction
sectors. In this analysis, the slope k1 for linear regression of
the wind frequency data is calculated. The prevailing wind
directions (~50 to 110°) show a negative slope for the trend of
the wind frequency, whereas the wind directions between
~280 and 50° shows district positive slope. In between these
E
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O

ation distances at the Brazilian and Austrian sites. Legend
riteria; CV: coefficient of variation.

nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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two regions no time trend is detected. This means that the
prevailing wind directions become less frequent, while the
wind frequency for the sector between ~280° and 50° is
increasing. The relative trend in % (given by k1 divided by the
mean value of the wind direction frequency for each sector) is
also calculated. It is observed high values for the relative trend
between ~ 350° and 40° with an increase of about 3 to 5% per
year, which is more than the relative trend for the other wind
directions. This can be considered as a systematic error rather
than a random error. Therefore, the relative trend further
explains that the wind frequency for the period of meteorol-
ogy herein used is increasing for this sector which is related to
the high variation of the annual separation distances.

At the Austrian site, some peaks of variation in the annual
separation distances are observed for both OICs. However,
these peaks are not very pronounced. This reflects the overall
CV for all direction-dependent distances of 8% and 12% for
OIC1 and OIC2, respectively.
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4. Discussion

In this work, we assessed the inter-annual variability of
direction-dependent separation distances to avoid odour
annoyance. The model calculations were undertaken for one
site located in São José dos Pinhais (Brazil) and another in
Groß-Enzersdorf (Austria). Model outputs are typically related
to a specific odour impact criterion, which is a combination of
an odour concentration threshold Ct, a percentile rank value P,
and an averaging time At. Here, two typical national OIC were
selected to calculate the separation distances as a final
measure of the expected odour annoyance (Section 1.5). The
comparability of the two national OIC was shown by Sommer-
Quabach et al. (2014).

The same emission characteristics and modelling assump-
tions were used for both sites. This means that the outcomes
are largely dependent on the site meteorology and the
selected OIC. We collected, preprocessed and validated five
years' time-series of hourly meteorological observations for
each site. São José dos Pinhais, near Curitiba, can experience
high wind speeds from nearly any direction. The prevailing
wind blows from between E and SE. Fig. 2 shows some inter-
annual variability, especially in the main wind directions,
both concerning the frequency of occurrence and to the wind
speed. Groß-Enzersdorf, in Lower Austria east of Vienna, can
have high wind speeds mainly from NW directions. The
secondary prevailing wind directions are from SE, directions
which can have stronger winds as well. In contrast to the
Brazilian site, Groß-Enzersdorf shows the bi-polar structure of
wind directions commonly observed in Central Europe,
attributable to the west wind belt at these latitudes with
alternating low and high-pressure influence. Inter-annual
variability in the wind data here appears to be lower than at
the Brazilian site when comparing Figs. 2 and 3. For both sites,
the average Ws is 3.3 m/s, and the terrain within the
modelling domain is in large part flat, with some receptors
located in elevated positions.

As far as atmospheric stability is concerned, the Brazilian
site is subjected to more unstable conditions than the
Please cite this article as: Brancher, M., et al., Assessing the inter-a
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Austrian site (Fig. 4). This is expected because of the climate
classification of the sites, which further endorses the ap-
proach selected to determine atmospheric stability via the
Obukhov length L. With increasing wind speed, neutral
conditions are predominant at both sites.

The meteorological conditions, especially the distribution
of wind directions, are reflected in the direction-dependent
separation distances (Fig. 6). Both the range and the inter-
annual variability of the separation distances are larger at
the Brazilian than at the Austrian site. The separation
distances vary over the transport direction Td between ~50
and 600 m at São José dos Pinhais and 50 to 400 m at Groß
Enzersdorf.

At São José dos Pinhais, OIC2 often delivers larger separa-
tion distances than did OIC1, whereas, at Groß-Enzersdorf,
OIC1 often delivers the larger separation distances. This is the
combined effect of the wind speed and stability data for each
wind direction sector. The maximum separation distances of
about 600 m for a Td = 290° at the Brazilian site, for example,
result from a combination of a high frequency of the relevant
Td, high wind speeds and a large amount of neutral to slightly
stable atmospheric stability.

From the short interpretation of meteorological data given
before, it is no surprise that the inter-annual variability of the
separation distances is generally larger at São José dos Pinhais
than at Groß-Enzersdorf (Figs. 5 and 6). At both sites, a
dependence on the transport direction can be seen that is
different between the two OIC used. At the Brazilian site, the
largest CV is obtained for the seldom occurring southerly Td

for OIC1. At Groß-Enzersdorf, the CV is often high for Td

between 270° and 360°, but not inevitably for the most
frequent directions.

The present work allows answering two research ques-
tions regarding the inter-annual variability of the direction-
dependent separation distances, as follows.

i. Is one year of meteorological observations enough to calculate
reliable separation distances?

In general, a fair agreement is observed between the
calculated separation distances (Fig. 5). Therefore, based on
the shape of the distances and the distance measurements as
well as the inter-annual general tendencies (Fig. 6), a one-year
dataset of hourly meteorological observations is enough to be
taken as a plausible length of time to attain reliable distances.
This finding is further supported because the meteorological
conditions for the Brazilian and Austrian sites have no
excessive dissimilarities within a period of 11 years (from
2004 to 2015), as demonstrated in the annual wind roses in
addition to the atmospheric stability. Although some meteo-
rological years were disregarded because of modelling re-
quirements, these and other years were investigated, mainly
regarding wind distribution. We observed that these data are
also representative of the climatic conditions of the two sites,
and of the ability of the individual parameters to characterise
the transport and dispersion conditions in the areas of
interest (U.S. EPA, 2017).

As noted by Featherston et al. (2014), conducting a
modelling study against each meteorological year assessed
nnual variability of separation distances around odour sources
18), https://doi.org/10.1016/j.jes.2018.09.018
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independently has the effect of increasing the effective
compliance threshold above the current percentile predicted
odour level. In other words, a requirement for odour assess-
ments to be conducted for individual years, and compliance
obtained for each of these individual years, increases the
percentile that an odour source must comply with for
licencing. Furthermore, Featherston et al. (2014) state that
applying in particular the 99.9th percentile across the mete-
orological dataset as a whole is more representative of real-
world dispersion because significant smoothing of the petal/
fingering pattern (usually associated with Gaussian plume
model plots) was observed.

Bear in mind, the Guideline on Air Quality Models (U.S.
EPA, 2017) accepts at least one year of “site-specific” meteo-
rological data for conventional air pollutants. Also, this guide
states that if more years are available, more data is preferred
for use in air quality analyses, which is rational. The data from
the most recent and valid meteorological year should be
preferred, according to international modelling guidelines.
This recommendation is mainly related to possible changes in
the surface roughness around meteorological towers over the
years, which might influence local micrometeorology
patterns.

Regarding policy implications, in many countries, the use
of more than one year of meteorological data for odour
dispersion modelling is mandated. One year is accepted in a
few other countries (Brancher et al., 2017). However, lacking a
sound scientific basis for odour. The utilisation of one single
year of meteorological data has the potential to improve the
relationship between accuracy and time/financial resources
in odour modelling studies, and aid harmonisation of odour
modelling guidelines.

ii. Which inter-annual variability can be expected if one year of
meteorological observations is used to calculate direction-
dependent separation distances?

Significant volatility within the separation distance results
from one year to the next is not observed at the two sites
under investigation. If a single year of meteorology is
reasonable to calculate separation distances to avoid odour
annoyance, the amount of inter-annual variability involved in
this outcome arises. The mean CV values for all direction-
dependent distances at the Brazilian site correspond to 21%
and 12% for the OIC1 and OIC2, respectively. At the Austrian
site, the mean CV values for all direction-dependent distances
are 8% and 12% for OIC1 and OIC2, respectively.

Therefore, the statistical analyses reveal a relatively low
yearly variability, which is further evidence supporting the
representativeness of one single meteorological year. The
results show good agreement (Fig. 6) of the separation
distances determined for the individual years of meteorology
because the distances for the five years of meteorology are
continuously within the confidence interval of the mean
values over the single meteorological years. As previously
mentioned, visual interpretation of the separation distance
results (Fig. 5) also indicates the representativeness of the
single meteorological years against the full five years of
meteorology.
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The year-to-year variation of the separation distances is
most likely related to the frequency of wind direction and
atmospheric stability in a certain sector. As noted by Piringer
et al. (2016), the combination of atmospheric stability with
frequent wind directions can be significant for large separa-
tion distances. In a comparison of separation distances at
other sites across Austria, Piringer et al. (2016) showed that
separation distances are a result of a complex interaction of
wind conditions, stability classes, and attenuation curves due
to peak-to-mean factors. As a consequence, it can be expected
that these factors also will influence the year-to-year vari-
ability of separation distances. The results of the present work
allow adding that such inter-annual variability can be affected
by the application of the OIC. Lower percentiles (e.g., the 90th
percentile) may be better at reducing inter-annual variability
in the separation distances. This is because the odour
concentration values related to the 90th percentile reflect
commonly occurringmeteorology (Schauberger et al., 2006). In
contrast, odour concentration values related to very high
percentiles, such as the 99.9th, have the potential to reflect
more unusual meteorological conditions (ERM, 2012). Al-
though the remarks presented in this paragraph are broadly
consistent, they are not incontestable. Further research is
necessary to explore themain factors driving the inter-annual
variability of direction-dependent separation distances.
E5. Conclusions

To the extent of our knowledge, this is the first comprehen-
sive study to assess the inter-annual variability of direction-
dependent separation distances between odour sources and
residential areas to avoid odour annoyance. The results show
that one single year of hourly meteorological observations is a
good compromise to achieve reliable accuracy when calculat-
ing separation distances. The inter-annual variability of the
separation distances is shown to be within a plausible range,
which justifies this length of one year of meteorological data.
Furthermore, the results indicate that long time series of
meteorological data can be seen as a gold standard. However,
long time-series of meteorology data are not always available,
and it can be costly to prepare a large dataset to input into a
dispersion model. Therefore, the findings of this study
provide a meaningful step forward for odour dispersion
modelling. The search for consistent separation distances
that are calculated using short periods of meteorological data
represents a new direction for odour modelling.
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