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Abstract: Estimating and measuring the occurrence of a sensation, odor, around livestock facilities
is challenging. This research compares the estimated frequency of odor nuisance with measured
hydrogen sulfide (H2S) concentrations at various distances around a swine and a dairy operation,
and discusses the results based on time of day, weather conditions, distance, and topography.
The estimated odor annoyance-free and odor annoyance frequencies were based on a publically
available calculator of odor impact derived from average odor emission rates, historical, and regional
weather patterns, and dispersion modeling. Continuous monitoring of H2S was by single point
monitors (SPM) at locations around the operations. Time-weighted average H2S concentrations
were less than 10 ppb for odor annoyance-free frequencies, and less than 10 to at least 73 ppb for
odor-annoyance frequencies. Verifying a proxy odor indicator can help update odor annoyance
models and respond to site-specific concerns for existing facilities.

Keywords: odor; hydrogen sulfide; concentration; setback models

1. Introduction

Odor emissions from livestock and poultry farms can create annoyances among neighbors,
while producers or farmers consider odors as an unavoidable consequence of their livelihood [1–6].
For established facilities, odor nuisance and complaints cause community tension and in some situations,
lead to legal proceedings. The potential for odor nuisance is often an argument against livestock
development or the expansion for existing facilities. Historical odor emission and downwind impact
estimates have proven useful in discussions for current and potential livestock facilities. However,
updates to odor emission rates and impact estimates have not kept pace with changes in the size and
types of livestock production systems in the US.

The South Dakota Odor Footprint Tool (SDOFT) [7] is one of many publically available calculation
tools that estimate odor annoyance from livestock housing and manure storage. Other examples are the
Odor from Feedlots Setback Estimation Tool (OFFSET) [8], Nebraska Odor Footprint Tool (NOFT) [9]
and Purdue Setback Model (PSM) [10]. The SDOFT combines odor emission rates for a variety of
livestock species and common housing and manure storage types, odor mitigation technologies
(if applicable), historical weather patterns for regions of South Dakota, and AERMOD dispersion
modeling system (US Environmental Protection Agency, Durham, NC, USA) estimates to predict odor
annoyance-free frequencies as a function of distance around an odor source. The SDOFT is promoted
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as a “starting point for discussion” about odor impact around proposed livestock facilities. However,
within SDOFT and other examples, there is opportunity to evaluate and update (where necessary) odor
emission rates to better reflect current housing, manure storage, management practices, and mitigation
technologies. Furthermore, validation of downwind impacts serves to increase trust and continuously
improve these estimation tools.

Triangular, forced-choice olfactometry is a standard lab-based method for quantifying odor
concentration using a panel of human noses. The human nose is most sensitive to the combination
of often low-level compounds that contribute to livestock odor sensations compared to electronic
sensors [11–13]. However, olfactometry has potential to give biased and highly variable results
as it involves the evaluation by one or more persons [12,14], and requires air samples be brought
from the point of measurement to a lab—thus, odor is assessed through periodic versus continuous
sampling [15]. In situ odor concentration measurements are possible with or without equipment,
but the measurements still are considered periodic, and subject to the variability between human noses.

Establishing a reliable indicator gas to quantify and characterize odor around livestock farms is
a popular solution to resolve the complexity of odor measurements [16–26]. Among 113 identified
odorous compounds, Filipy et al. [25] found volatile organic compounds were highest in concentration
near the feedlot and lagoon. Barth et al. [17] identified hydrogen sulfide (H2S) as the second best among
three odorants (volatile organic acids, H2S and ammonia) near stored manure. Guo et al. [26] indicated
H2S as a good odor indicator for some animal facilities with a coefficient of determination of 0.569 for air
samples collected from various sources on 80 different farms including swine, cattle and poultry facilities.
Akdeniz et al. [16] measured a significant correlation between H2S concentration and odor from two free
stall dairy (coefficient of determination = 0.30 and 0.21 respectively), a swine finishing site (coefficient of
determination = 0.61), and at a farrowing site with a 0.10 coefficient of determination. Some researchers
found little or no correlation between odor and H2S concentration [27,28]. These previous studies
focused on relating source odor and gas concentrations, which are typically higher in concentration
than those experienced at downwind receptor points.

Hydrogen sulfide is the indicator gas typically chosen for regulatory purposes. Some U.S. states
including Minnesota, Nebraska, Missouri, California, and Iowa have established standards for H2S
emissions for property lines. The standards typically consider both concentration and duration.
For example, Minnesota’s standard is a 30-min average of 30 ppb found twice in five days, or a 30-min
average of 50 ppb twice per year [29]. South Dakota does not have a property-line standard.

This paper presents an exploratory project to relate hydrogen sulfide concentrations to simulated
odor nuisance around livestock facilities. The frequencies of hydrogen sulfide concentration data
collected around a dairy farm and swine farm in South Dakota are compared to odor annoyance
frequencies estimated by SDOFT. The paper also provides recommendations for future efforts to
improve odor emission rate and/or downwind impact estimation methods.

2. Experiments

This research uses two datasets presented as case studies, namely, the dairy case study and the
swine case study. The dairy case study data were novel data collected for the purpose of this research.
The swine case study dataset is derived from Hofer [30]. The swine farm data were collected during a
project to evaluate the effect of vegetative buffers; the data used in this study was collected prior to
installation of the vegetative buffers.

2.1. Farms

Table 1 provides general descriptive data for the case study farms, located in Eastern South
Dakota, USA..

At the dairy (Figure 1), manure was pumped from the barns to a small out-building (pumphouse)
with a holding pit before transferring to the manure storage, and the manure transfer coincided with a
three-times per day milking schedule. The out-building was 102 m from the manure storage, but not
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included as an explicit odor source in Table 1. The two-stage earthen manure storage was emptied
and land applied shortly after (but not during) the monitoring period for the dairy case study. Table 1
shows the total area for the two-stage storage.

The swine barns for the swine case study (Figure 2) had deep pit manure storage under the floor
of the barns. There were no significant animal or manure management activities noted by Hofer [30]
during the monitoring period for the swine case study.

Table 1. General description of the sites.

Case Study Odor Emission
Sources # of Animals Type of

Animal
Source

Description
Source Dimension

(Length ×Width), m

Dairy

Barn 1 1565
Dairy cattle Freestall

480 × 100

Barn 2 320 98 × 34

Manure storage 1885 Earthen basin 290 × 116

Swine
Barn 1 1000

Finisher swine
Deep pit

manure storage
61 × 12

Barn 2 1000 61 × 12
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Figure 2. Monitoring locations around a swine facility for the swine case study (adapted from Hofer,
2009). Point B is next to the barn. The shelterbelts were planted on the property line between monitoring
location B and D, but the data used in case study 2 were collected before the trees were planted.
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2.2. Monitoring Approach

For both case studies, single point monitors (SPMs; Zellweger Analytics, Inc., Lincolnshire, IL,
USA), using chemcassette tapes with a dry reagent medium, detected and reported H2S concentrations
based on a rate of color change of the tape. This change of color was proportional to the concentration
of the exposure of the target gas. The chemcassette tapes were designed to measure H2S concentration
between 1 and 90 ppb. Each SPM output a 4–20 mA signal to an Eltek 1000 series data loggers (Eltek
Ltd., Haslingfield, Cambridge, UK), which recorded the SPM signal every 17 min. During data analysis,
the mA signal was converted to ppb.

Continuous sampling of H2S occurred at four locations near the Dairy (Figure 1): (1) near the
manure storage (we considered the manure storage the primary odor/H2S Source); (2) in a clearing of a
neighbor’s yard southwest (SW) of the farm (827 m from the manure storage); (3) the southeast (SE)
corner of the section (542 m from the manure storage); (4) and the northwest (NW) corner of the section
(1666 m from the manure storage). Data collection was over 25 days in August and September 2016.

For the swine farm, there were ten monitoring points in the north and northwest directions relative
to the barns (Figure 2). Hofer [30] designed this monitoring scheme based on regional prevailing
summer winds from the south and southeast, and the resulting summer plume area downwind of the
barn. At each of the monitoring locations, there were two monitors at 1 m (low) and 5.5 m (high) heights.
Monitoring point B was considered indicative of the source concentration. Point A was considered an
upwind measurement. Data were collected in the month of July 2007. However, data processing by
Hofer [30] for the original project limited the data available for the present study to periods with south
to southeast winds only. The monitoring data, therefore, represented 29% of the total monitored period.

For the dairy, weather data were obtained from a local weather station from the South Dakota
Climate Office. For the Swine site, an on-site weather tower and data logging system (Campbell
Scientific Inc., Logan, UT, USA) recorded wind direction, wind speed, humidity and solar radiation
every eight minutes.

2.3. Odor Annoyance Frequency

The SDOFT calculation of odor annoyance-free frequencies is a two-step process. First, the odor
emission factor for a site is based on user-specified housing and manure storage sources, source
area(s), and odor emission numbers for various source types. Second, the calculator references curves
relating odor emission factors and distance for odor annoyance-free frequencies from 91% to 99%.
The curves are not visible to the user on the excel-based calculation tool (Supplementary Material
S1). Odor intensity less than 2 on a scale of 0–5 is considered not annoying. With respect to time,
the annoyance frequency in percent is 100 minus the annoyance-free frequency. Therefore, 91% odor
annoyance-free frequency corresponds to 66 h per month when odor would be considered annoying.

Jacobson et al. [31] describe the concept and development of odor annoyance-free frequency
curves. In short, the frequency is a reflection of the weather conditions that favor odor transport (i.e.
6% of the time). Dispersion modeling estimates downwind odor detection threshold concentrations,
and Jacobson et al. [31] also developed and tested a relationship between odor detection threshold
concentrations to odor intensity (or annoyance). For the weather conditions of interest, dispersion
model setback distances to odor intensities less than 2 for varying odor emission numbers formed a
curve. Odor annoyance-free frequency curve development for SDOFT (and NOFT) mirrored that of
OFFSET [31–33], with two exceptions. First, SDOFT and NOFT used the dispersion model AERMOD
in place of INPUFF 2. Thus the odor emission numbers, while derived from the same literature as
OFFSET [34], use different scaling factors to compensate for the different dispersion models. Second,
historical weather data for South Dakota regions between April and October were used in dispersion
modeling, whereas OFFSET and NOFT use data from Minnesota and Nebraska, respectively. Thus,
SDOFT is specifically designed for application in South Dakota, but uses a premise and method
used elsewhere.
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The SDOFT calculator outputs for the dairy and swine case studies are shown as Supplementary
Materials S2 and S3. Using Table 1 data, the SDOFT-specific, unit-less, total odor emitting factors for
the dairy and swine case studies were 3,884 and 257, respectively. The SDOFT estimates are based on
historical weather conditions for South Dakota regions between April and October, which coincides
with the monitoring periods for both case studies. However, SDOFT assumes flat terrain around a
farm. There were buildings between the source and SE monitoring point on the Dairy.

2.4. Analysis and Comparison Methods

Wind and H2S concentration conditions are discussed relative to hour of day and atmospheric
stability conditions. The stability conditions were grouped Pasquil–Gifford (PG) stability classes [35].
Unstable refers to PG classes A and B, neutral refers to PG classes C and D, and stable refers to PG
classes E and F. The stability classes were estimated with the turbulence-based σA method [36] which
uses the standard deviation of the wind direction in combination with the scalar mean wind speed.

The continuous H2S data for each monitoring site were grouped in 10 ppb concentration ranges
for simplicity. Because the range of the SPM was 90 ppb H2S, concentrations of 90 ppb and above are
considered a separate range. The proportion of H2S measurements at each monitored location that
fell within a 10 ppb concentration range was considered indicative of the percent time, or frequency
of that concentration range during the monitoring period. Assuming that low concentration H2S
ranges are “annoyance-free”, the cumulative frequency of low to high H2S ranges for the monitored
period are compared to the odor annoyance-free frequencies estimated by SDOFT, and vice versa
for the odor annoyance frequencies with high to low ranges. Using the midpoint concentration of
each range, time (or frequency)-weighted average concentrations were calculated. In the case where
concentrations were 90 ppb or above, the weighted average is likely a low estimate of the actual
weighted average concentration.

3. Results

3.1. Dairy Case Study

3.1.1. Weather Conditions

The average daily temperature varied between 14 and 28 ◦C during the monitoring period,
which corresponds to the normal daily temperature range (9–28 ◦C) for the local weather station.
Total precipitation during the monitoring period was 177 mm, greater than the normal monthly
precipitation of 70–77 mm for August and September in this region [37].

The stability conditions neutral and stable accounted for at least 73% of the study period. Unstable
conditions were approximately 50% of the daylight hour measurements (Figure 3a). Approximately
35% of the winds were from the S–SE direction during the monitoring period (Figure 3b), blowing
towards the NW monitoring location.

3.1.2. Hydrogen Sulfide Concentrations

Figure 4 shows the range and distribution of H2S concentrations at the source and three receptor
points based on time of day. Near the manure storage (Source), 86% of the measurements were below
20 ppb. However, concentration levels greater than 20 ppb occurred more frequently between 5 h and
15 h compared to the receptor sites. This time period coincides with higher daytime temperatures and
on-farm manure transfer activities.

More than 90% of the H2S concentration measurements at the three receptors were less than
20 ppb. The H2S concentrations tended to exceed 20 ppb overnight between 20:00 and 08:00. Neutral
and stable wind conditions during this time (Figure 3) reduce mixing and dilution of gases, enabling
plumes to travel further downwind. There were occasions at the SW location of H2S greater than
20 ppb between 08:00 and 20:00. The SW location was further from the source than the SE location;



Atmosphere 2020, 11, 249 6 of 15

however, there were fewer topographical obstructions. Distance and topography between the source
and receptors can partially explain the differences in concentration measurements for each receptor.
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Figure 3. Frequency (% of measurement period) of wind measurements for the dairy case study,
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stability class.
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Figure 4. Hydrogen sulfide concentration measurements (ppb) based on time of day during the
monitoring period for the dairy case study at monitoring points NW of the dairy (upper left); near the
manure storage of the dairy (upper right); SW of the dairy (lower left); and SE of the dairy (lower right).

Figure 5 shows the cumulative frequencies of H2S concentration measurements in 10 ppb ranges
(greater than or equal to 10 ppb) with respect to the corresponding wind direction. There were limited
wind direction conditions contributing to high concentration occurrences at the NW (Figure 5a) and SE
(Figure 5d) receptor sites. For the SE receptor site, the buildings between the source and receptor may
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have contributed to the stronger effect by north winds. The SW receptor measurements corresponded
with winds from the north through southeast direction (Figure 5c). Again, distance, topography,
and microclimate differences between the source and receptors may help explain he occurrence of
higher concentrations where wind direction cannot.
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Figure 5. Cumulative frequency (% of monitored time) that hydrogen sulfide concentration measurements
(ppb) were greater than or equal to 10 ppb and less than the upper ranges specified in the legend, at the
monitoring locations for the dairy case study: (a) NW of the dairy; (b) near the manure storage of the
dairy; (c) SW of the dairy; and (d) SE of the dairy. Note: Hydrogen sulfide concentrations less than
10 ppb are excluded from this figure to highlight the patterns for higher concentration measurements,
more likely to trigger odor annoyance.
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3.1.3. Comparison to Odor Annoyance Frequencies

Table 2 summarizes simulated odor annoyance frequencies for the receptors estimated
using SDOFT.

Table 2. Odor annoyance estimated by SDOFT for the dairy case study based on distance from
the source.

Monitoring Locations Distance from Source (m) Estimated A Odor Annoyance
Frequency (% time)

NW corner 1658 3–4

SW corner 805 6–9

SE corner 547 6–9
A Estimated using the South Dakota Odor Footprint Tool [7].

Figure 6 is the summary of frequencies for all measurements, regardless of wind direction shown
in Figure 5. The SDOFT estimated odor annoyance 6–9% of the time at the SW receptor site based on
the odor sources at the dairy (Table 1). Using cumulative frequencies, the onset of odor annoyance
coincides with measurements between 0 and 20 ppb. The weighted average concentrations for the
6–9% of time with “annoying odor” were at least 73 and 45 ppb, respectively. For the SE receptor
site, the estimated onset of odor annoyance coincides with H2S concentrations less than 10 ppb,
and weighted average concentrations for the highest 6–9% of time were 43 and 30 ppb, respectively.
For the NW receptor site, located further from the dairy, the onset of annoyance frequency aligns with
the proportion of measurements in the 10–20 ppb range, and 37 and 31 ppb are weighted averages for
the highest 3% and 4% frequencies, respectively. The average concentrations corresponding to the
annoyance-free frequencies are less than 10 ppb for the NW, SE and SW locations.
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3.2. Swine Case Study

3.2.1. Weather Conditions

The average daily temperature during the monitoring period varied between 15 and 29 ◦C, similar
to the normal daily high (28 ◦C) and low (15 ◦C) of the nearest weather station [37]. Precipitation was
lower than the normal precipitation during this time of the year. The normal monthly precipitation
during September is 83 mm, but during the case study period it was only 3.5 mm [37].

For the swine case study, Hofer [30] only reported data when wind was blowing from S to SE
direction, which accounted for 29% of the monitoring period. The majority of the S–SE winds were
neutral (Figure 7). Approximately 10% of the nighttime winds were stable and 11% of the daytime
winds were unstable.
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Figure 7. Frequency (% of monitoring period when the wind was in the direction of the downwind
sensors—28.5% of the total monitored period) of wind measurements at the swine site, classified by
hour of day and Pasquill–Gifford stability classes.

3.2.2. Hydrogen Sulfide Concentrations

The occurrence of higher H2S concentrations near the source (B) was more frequent between
08:00 and 20:00 (Figure 8), similar to the dairy case study (Figure 4). At the upwind location (A), the
highest reported H2S concentration was 3.5 ppb. Generally, the frequency and magnitude of H2S
concentration measurements decreased with increasing distance away from the source, and occurred
during nighttime hours. Location I deviated from this general pattern compared to F, G, and H.
Although the manure management activity is less at nighttime, the calm and stable condition from
midnight till early morning helped H2S spread towards the receptors from the source.
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Figure 8. Hydrogen sulfide concentration (ppb) measurements based on time of day during the
monitoring period (when the wind was in the direction of the downwind sensors—29% of the total
monitored period) for the swine case study at monitoring locations A (upwind of barns), Source
(B), and C–J (increasing downwind distance from barns). High and low points are indicative of the
concentration data collected by the monitors at 5.5 m and 1 m heights, respectively.

3.2.3. Comparison to Odor Annoyance Frequencies

According to SDOFT estimates, odor annoyance frequencies greater than 9% were likely for
monitoring points A, C, D, E, and F (Table 3). The SDOFT-estimated frequencies decreased with
increasing distance from the site.

Table 3. Odor annoyance calculated by SDOFT for case study 2.

Monitoring Locations Distance from the Source (m) % of Total Time Having Odor
Annoyances Calculated by SDOFT

B (Source) Source >9%

C 82 >9%

D 82 >9%

E 247 >9%

F 257 >9%

G 510 4–6%

H 521 4–6%

I 506 3–4%

J 842 2–3%

The onset of odor annoyance for monitoring locations F and further from the source coincide
with concentrations less than 10 ppb (Figure 9). The odor annoyance free frequencies correspond to
average concentrations less than 10 ppb for all locations G and further from the source. The weighted
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average concentrations for the “annoying” frequencies were also less than 10 ppb with the exception of
monitoring locations IL and JH. At IL, the 3–4% “annoying” average concentrations are 17 and 14 ppb,
respectively. At JH, the average concentrations for the highest 2–3% of measurements were 13 and
10 ppb, respectively. The exclusion of data when wind was not in the direction of the sensors may
distort the data and reduce the frequency of higher concentrations; the SW monitoring location for the
dairy case study (Figure 5) suggests dispersion may not always follow wind direction during neutral
and stable wind conditions. It is also possible the odor and/or H2S emission from the swine farm were
lower than average emission rates used in SDOFT estimates.
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Figure 9. Cumulative frequency of hydrogen sulfide concentration measurement ranges from low
to high (in 10 ppb increments) at the monitoring locations for the swine case study, or unknown
(Not Recorded because wind was not blowing in the direction of the sensors). The dashed black
boxes indicate the range of time when the South Dakota Odor Footprint tool estimates the onset of
odor annoyance for the distance away from the source (swine farm), and the black boxes indicate the
remainder of the range of time of odor annoyance from onset.

4. Discussion

Simultaneous and continuous hydrogen sulfide concentration monitoring at the source and
downwind locations demonstrated the influence of time of day and wind stability. While concentrations
tended to be higher during the day near the source for both case studies, peak concentrations tended to
occur during nighttime hours for the receptor points. Near the source, concentrations are not directly
indicative of emissions, though gas and odor production are generally greater during warmer daytime
temperature conditions and with animal activity. Greater mixing with unstable wind conditions would
lessen downwind impacts.

Many gas and odor studies relating source emissions and/or concentration and downwind
concentrations relied on periodic daytime measurements [22,38–40]. Based on the dairy and swine
case studies, periodic daytime sampling is more likely to capture maximum gas and odor emission
rates but does not capture the peak downwind concentrations—more likely to cause annoyance.
Unfortunately, olfactometry methods for odor analysis are not conducive to continuous or long-term
sampling. Collected samples can be modified during the storage period. Additionally, there is a risk of
diffusion of collected samples through the bag [41]. The SW receptor for the dairy case study suggest
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higher H2S concentrations are not solely limited to those periods with a direct wind from the source to
the receptor (Figure 4 lower left).

Odor annoyance estimates consider both an odor intensity and frequency of occurrence for a
location. In the dairy case study, the estimated odor annoyance onset occurred in 0–20 ppb H2S ranges
for receptors with no obstructions between the source and receptor (NW and SW), but the 0–10 ppb
range for the receptor site with a lot of obstructions (SE). For the swine case study, the onset of odor
annoyance was between 0 and 10 ppb. The odor annoyance-free frequency periods corresponded to
average H2S concentrations less than 10 ppb for both case studies. The average H2S concentrations for
odor annoyance frequency periods ranged from 31 to 73 ppb for the dairy case study, and less than
10–17 ppb for the swine case study.

There are many assumptions in this comparison. First are the assumptions associated with SDOFT.
This comparison assumes the average odor emission rates built into SDOFT (Table 1) reflect the true
emissions for the sources. The short-term weather patterns for the monitoring periods at the case
studies also influence the comparison, though the temperature and wind direction patterns were
consistent with historical conditions. The SDOFT also assumes flat terrain between source and receptor,
which was not the case for all receptor points. The second assumption was that H2S is an appropriate
proxy gas. While some studies show a strong correlation between odor and H2S, this relationship is not
consistent. The time of day sampling occurred may be part of this discrepancy, as well as correlating
source versus downwind concentrations. As an individual gas, H2S has a very low odor detection
threshold, 0.41 ppb [42]. In the range of 0–100 ppb, an odor or sensation of this gas is detectable,
though the nose may desensitize. Finally, SDOFT and this research relates odor annoyance to odor
intensity, but individual persons may experience discomfort at varying levels of odor and gas.

This research highlights future directions for monitoring downwind odor/gas concentration impacts.

• Continuous H2S (or other appropriate gas) sampling can help establish dispersion conditions and
patterns for specific sources and receptors. Time-consuming and costly odor sampling points and
times then can be judiciously chosen.

• Additional case studies may strengthen the relationship for the onset of estimated odor annoyance
with hydrogen sulfide concentration ranges.

5. Conclusions

An indicator gas for odor intensity and frequency can support odor monitoring needs for current
and potential livestock farms. Continuous hydrogen sulfide concentration data collected for dairy and
swine case study farms near the source and receptor sites showed:

• The H2S concentrations near the source were higher during the day, whereas H2S concentrations
near downwind receptors were higher during stable and neutral nighttime conditions.

• The H2S concentrations were generally related to proximity to the source and a lack of
topographical obstructions.

The SDOFT-estimates for odor annoyance frequency were compared with H2S concentration
frequencies, and the onset of odor annoyance coincided with concentration bins of 0–10 ppb or
10–20 ppb. Time-weighted average H2S concentrations were less than 10 ppb for odor annoyance-free
frequencies, and less than 10 to at least 73 ppb for odor-annoyance frequencies. Additional refinement
of the bins or onset concentration are possible with more data.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/3/249/s1,
Spreadsheet S1. South Dakota Odor Footprint Tool with example data entries, Figure S2. South Dakota Odor
Footprint tool report for the dairy case study, Figure S3. South Dakota Odor Footprint tool report for the swine
case study.
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