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ARTICLE INFO ABSTRACT

Keywords: Volatilization of ammonia from field-applied animal slurry is a significant problem. Accurate emission mea-
NHj surements are needed for inventories and research, but are not provided by all measurement methods. Wind
Micrometeorology

tunnels may give emission values substantially above or below micrometeorological results, which have been
shown to be accurate. This limitation reduces the utility of wind tunnel results, which make up a large fraction of
available measurements. The present work focused on understanding wind tunnel measurement error by
comparing micrometeorological and wind tunnel measurements with the aid of a semi-empirical model.
Ammonia loss from digestate after field application was measured in high time resolution in three field trials
using wind tunnels and the backward Lagrangian stochastic (bLS) dispersion technique simultaneously. Differ-
ences in measured emission were interpreted using the ALFAM2 model, and measurements were used to evaluate
the model. Results showed that wind tunnel and bLS methods provided different cumulative emission estimates,
although there were similarities in measured emission dynamics. The ALFAM2 model was generally able to
reproduce emission dynamics for both measurement methods, but only when differences in mass transfer be-
tween the two methods were incorporated in an experimental parameter set. This important result suggests that:
1) the simple structure of the ALFAM2 model captures the essential physical and chemical processes controlling
emission and 2) the two measurement methods differ only (or mainly) through mass transfer above the slurry/
soil surface and rain. Therefore, with careful selection of wind tunnel air flow it should be possible to approx-
imately match emission that occurs under open-air conditions. But without temporal variation in air flow, actual
emission dynamics cannot be captured. This work provides a template for integrating and comparing mea-
surements from different methods, and suggests it is possible to use wind tunnel measurements for model
evaluation and even parameter estimation.
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1. Introduction et al., 2003, 2006; Pedersen, Nyord, et al., 2021), models that can be

used to predict emission (e.g., Génermont and Cellier, 1997; Huijsmans

The agricultural sector is a significant source of emissions, including
ammonia (NH3), greenhouse gases, and volatile organic compounds, all
of which have negative effects on the environment and human health
(Houlton et al., 2019). Emission occurs throughout the livestock pro-
duction chain, with livestock housing, manure handling and storage,
and field application all contributing (Uwizeye et al., 2020). Field
application of liquid manure (slurry) will always pose a risk of envi-
ronmental pollution due to volatilization of NH3. Research on this topic
over the past few decades has resulted in an increased knowledge on
specific parameters affecting NHsz emission dynamics (e.g., Sommer

* Corresponding author.
E-mail address: jp@bce.au.dk (J. Pedersen).

https://doi.org/10.1016/j.agrformet.2023.109790

et al., 2018; Hafner et al.,, 2019), and development of different
low-emission application techniques (e.g., Nyord et al., 2008; Webb
et al., 2010; McCollough et al., 2022) and slurry treatments (Fangueiro
et al., 2015; Pedersen et al., 2022). Some of these results have been put
into practice; several countries have policies or regulations aimed at
reducing NHs emission after field application of slurry (Aneja et al.,
2009; Huijsmans et al., 2016). Despite this progress, the complex pro-
cesses involved in NH3 emission are not completely understood, making
accurate prediction of observed variation in ammonia loss challenging
(Hafner et al., 2019).
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Several different methods can be used to measure NH3 emission after
field application of slurry. They can roughly be sorted into two cate-
gories: micrometeorological methods and enclosure methods. Micro-
meteorological methods include integrated horizontal flux (IHF) and the
backward Lagrangian stochastic (bLS) dispersion technique. Enclosure
methods include wind tunnels which is a type of enclosure method with
continuous (primarily longitudinal) airflow (Shah et al., 2006). Micro-
meteorological methods do not affect emission because they do not
manipulate airflow or atmospheric conditions above the emitting sur-
face. The resulting flux measurements are considered accurate based on
results from gas release experiments (Flesch et al., 2004; McBain and
Desjardins, 2005; Yang et al., 2016). Furthermore, slurry can be applied
by full-scale farm machinery, which can be a challenge with enclosure
methods.

Adsorption of NHg in the sampling system and analyzers and depo-
sition between the source area and the sensor can cause biases in
emission estimation. These challenges make it difficult to measure NH3
emission using eddy covariance (EC) with a closed path analyzer,
because EC requires high-frequency measurements and adsorption will
dampen the response. Simultaneous release of NH3 and methane gas
with an open path analyzer and a line integrated system showed
approximately 10 % lower recovery for a closed path system with bLS
(Lemes et al., 2023). Heating and increased sampling line flow are the
key to minimize loss of NH3 in the sampling system. However, contin-
uous measurements at a single location should not lead to loss of NH3,
but rather a dampening of temporal variability or memory effect by
longer response time.

Micrometeorological methods can be challenging to implement
because wind profiles should be undisturbed in order to meet the as-
sumptions implicit in emission calculations. Therefore, large homoge-
neous field plots without large objects (buildings, trees, etc.) are
required (Businger, 1985; Loubet et al., 2010), making replication
challenging. On the other hand, the large scale of micrometeorological
field trials can reflect normal random variation in e.g., soil properties
and uneven application with full-scale machinery. Replication is much
easier with wind tunnels, which only require a small plot area. Unlike
micrometeorological methods, wind tunnels do not rely on natural air
movement and therefore avoid periods where calculation assumptions
are not valid leading to less data loss. But wind tunnels change the
airflow over the emitting surface, prevent precipitation, and affect sur-
face heating (Scotto di Perta et al., 2020). The slurry is often applied
manually in wind tunnel experiments to avoid application outside the
wind tunnel plot area, ensuring that air entering the tunnel has low
concentrations of NHz and emission is not suppressed (Wulf et al., 2002;
Misselbrook et al., 2005; Bell et al., 2015).

Wind tunnel design affects emission as the air movement inside the
tunnel determines mass transfer, with higher air exchange rates (AER)
resulting in higher NHj3 flux (Eklund, 1992; Smith and Watts, 1994;
Sommer and Misselbrook, 2016). The longitudinal air velocity or speed
(m s'!) is commonly reported in studies using wind tunnels. This value is
sometimes measured as a speed within the emission chamber and other
times calculated as an average velocity based on the volumetric flow
rate and the cross-sectional area of the emission chamber. Neither the
measured nor calculated average values provide insight into the varia-
tions of air velocity that are known to occur within the chamber (Jiang
et al., 1995; Loubet et al., 1999; Scotto di Perta et al., 2016) or the mass
transfer coefficient near the soil surface, which depends on the velocity
profile and turbulence intensity (Loubet, Cellier, Génermont, Flura,
1999). Flux has been found to increase with air velocity and turbulence
intensity (Sommer et al., 1991; Mannheim et al., 1995), and decrease
with wind tunnel size, probably due to differences in velocity profiles
and turbulence (Saha et al., 2011).

Other studies have compared micrometeorological measurements
with wind tunnel measurements after field application of slurry. Some
found a good correlation in trials or periods without precipitation and
moderate to high wind speed as long as the air velocity or speed within
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the emission chambers was controlled to be equal to ambient wind
(Ryden and Lockyer, 1985; Mannheim et al., 1995), whereas other trials
or measuring periods showed under- or overestimation by the wind
tunnels (Ryden and Lockyer, 1985; Mannheim et al., 1995; Misselbrook
et al., 2005; Scotto di Perta et al., 2019). These studies all used relatively
low temporal resolution to compare methods, with a measurement fre-
quency of 4 — 11 d}. Systems with high-frequency measurements in the
field can provide shorter measurement intervals, for example a fre-
quency of 14 d’! for wind tunnels (Pedersen et al., 2020) or 48 d! for bLS
(Kamp et al., 2021). This level of detail could provide more measure-
ments for comparison in a single trial, but also facilitates comparison of
emission dynamics, which may be more useful than cumulative emission
for understanding differences.

As new slurry application methods and slurry treatments are devel-
oped with the purpose of mitigating NHg emission (Fangueiro et al.,
2017; McCollough et al., 2022), it is necessary to be able to evaluate and
compare them with a reference scenario so end users and policy makers
have sufficient knowledge for decision making. Methods that allow
replication and simultaneous evaluation of multiple treatments, such as
wind tunnels, are therefore useful. Even though these features are
difficult to implement in micrometeorological methods, the estimates of
absolute emissions they provide are essential. Careful consideration
about the objectives of the research is necessary before selecting which
method to use.

Measurement of NH3 loss from field-applied slurry is labor-intensive
and expensive, and generally only one or two of the parameters influ-
encing emission can be studied at the same time. Varying climatic
conditions, changes in soil and slurry properties, and different
measuring methods between experiments complicate direct compari-
sons of results, making it difficult to draw general conclusions (Hafner
et al., 2018). modeling can be used to overcome some of these chal-
lenges, and models are often used to estimate emission factors for na-
tional inventory reporting and legislative purposes. The ALFAM2 model
(Hafner et al., 2019) is a flexible semi-empirical dynamic model for
predicting NH3 emission from field applied slurry that has been used for
research (Pedersen et al., 2022; Andersson et al., 2023) and inventory
calculations (Hafner et al., 2021).

Empirical models require measurement data for parameter estima-
tion, and even mechanistic models require measurement data for eval-
uation. The numeric values of ALFAM2 model parameters (see Section
2.4 for more details), which describe effects of application method,
slurry properties, and weather on emission, have been determined from
fitting to measurements available in the large public ALFAM2 database
(Hafner et al., 2018, Hafner, Adani, et al., 2023). Because of the chal-
lenge in determining absolute emission from wind tunnel measure-
ments, so far only micrometeorological measurements have been used
for estimating parameter values for the ALFAM2 model (Hafner et al.,
2019, 2021). A large number of wind tunnel observations, which un-
doubtedly contain useful information about NH3 emission, have been
excluded (nearly 700 of 2200 plots in the database). A better under-
standing of differences between wind tunnel and micrometeorological
measurements could facilitate the use of these measurements.

Two questions are relevant to the problem of using wind tunnel
measurements for parameter estimation, and more generally, in un-
derstanding the value of wind tunnel results compared to micrometeo-
rological methods. First, are wind tunnel results representative of
plausible weather conditions? Stated differently, do wind tunnel mea-
surements reflect natural emission that could be expected to occur? If so,
is it reasonable to rely on differences in emission between e.g., appli-
cation methods or slurry properties measured using wind tunnels?
Second, how can wind tunnel and micrometeorological measurements
be quantitatively related? Without some approach accounting for
emission biases resulting from wind tunnel use, it is difficult to use wind
tunnel results for direct estimation of emission factors or model pa-
rameters. It is difficult to answer these questions through a direct
comparison of flux or cumulative emission measured with the two
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methods, because NH3 flux measured at any particular time depends on
the cumulative history of mass transfer to the atmosphere and into the
soil up to that point. In this work, we applied the ALFAM2 model to
address this challenge. The model was applied to high-resolution online
NHj emission measured simultaneously after field-applied slurry with
bLS and wind tunnels in three field trials. In addition, the default
parameter set for the model was itself evaluated using the bLS mea-
surements. Digested slurry was chosen as the slurry type for the trials
because an increasing amount of slurry is digested or co-digested for
biogas production prior to field application (Abanades et al., 2022).
Studies measuring emission after field application of digested slurry are
rare, resulting in a higher uncertainty in emission factors (Hafner et al.,
2021).

2. Materials and methods
2.1. Overview of field trials

Three field trials were conducted, each including NH3 emission
measured simultaneously in different plots on the same field (size of the
field: 3.5 ha) with the bLS method and wind tunnels (see Fig. 1 for field
trial layouts). The trials were conducted over one week in three different
periods at the same field (Aarhus University, Campus Viborg;
56.493412, 9.561302) with the same slurry. Two trials were conducted
in August 2021 (2021-08-11 and 2021-08-20) and one trial in January
2022 (2022-01-05) as different climatic conditions were desired. The
emissions were measured for 168 h in each field trial.

Calculations and data can be found in a GitHub repository (htt
ps://github.com/AU-BCE-EE/Hafner-2022-bls-wt-comp)  and  the
version presented here is archived as a Zenodo dataset (Hafner, Peder-
sen, Kamp, 2023).

2.2. Slurry and soil properties, slurry application, and climatic conditions
during the trials

Before the first trial, approximately 30 tonnes of digested slurry
(digestate) was pumped from a storage tank to a concrete storage tank
covered with a concrete lid to be used for all three trials. The digestate
was produced at the biogas plant at Aarhus University, which operates
two reactors in series. Reactor 1 was operated at 51 °C and had a
retention time of 14 days, whereas reactor 2 was operated at 47 °C with
a retention time of 40 days. After the second reactor, the digestate was
pumped to the concrete storage tank where the digestate for the trials in
the present study was collected. The input to the first reactor in the
period where the digestate was produced for the trials was 70 % cattle
slurry (by fresh mass), 14 % silage (primarily grass), 9 % grass, 7 % pig
slurry, and small amounts of poultry feed and horse manure.

For the measurements with the wind tunnels, the slurry was applied
manually with a watering can with a hose attached to mimic trailing
hose application For the bLS measurement, the plots were 588, 778, and
335 m? for the first and second trial in August and the third trial in
January, respectively. Slurry was applied with trailing hoses by a 16-m
wide slurry boom with 30 cm between the hoses (hose diameter: 45
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mm). The tractor had a driving speed of approximately 7-8 km h™. The
application rate of the machinery used to apply digestate in the bLS plots
was determined by weighing the tractor and slurry tank before and after
an application. For both wind tunnels and bLS measurements, 35.9
tonnes ha~! was applied in the three trials.

The soil was a loamy sand and barley had been sown in the previous
spring. Harvest occurred prior to the trials, so stubble (about 5 cm) was
present during all three. The soil had a 1:1 water pH of 5.4 + 0.2 (+
standard deviation, n = 3). Dry bulk density and gravimetric water
content were determined using 100 cm® soil cores taken at 0-5 cm
depth. The dry bulk density was 1.29 4+ 0.17 (n = 9) and the gravimetric
water content was 0.21 4 0.004, 0.21 + 0.01, and 0.27 £ 0.03 g'1 (n=
3) at the beginning of the first and second trial in August and the third
trial in January, respectively.

Slurry DM content was determined by drying at 105 °C for 24 h
(American Public Health Association, 1999), total nitrogen was deter-
mined with the Kjeldahl method by distillation and titration (Associa-
tion of Official Analytical Chemists, 1999), and total ammoniacal
nitrogen (TAN) was determined photometrically (International Stan-
dard, 1984). All analysis and application rates during the trials can be
found in Table 1.

The surface pH of the slurry after application was measured in the
field with a flat surface pH electrode (Orion™ 8135BN ROSS™, Com-
bination Flat Surface pH Electrode, Fischer Scientific, Loughborough,
UK). The method vas validated previously (Pedersen, Andersson, et al.,
2021). The electrode was placed in the slurry band as close to the
slurry-air interface as possible. Two additional slurry bands only for
measuring the pH were made close to the wind tunnel system. One was
covered with a plastic sheet to protect the slurry from precipitation but
allow airflow over the slurry surface to mimic conditions inside the wind
tunnels. The other was left unprotected to have the same conditions as
the bLS plot. The plastic sheet might have affected the emissions, and
thereby the pH, of the slurry band covered. The covering might reduce
emissions by reducing the air transfer over the slurry surface, whereas it
might increase emission in experiments where precipitation occurred.

2.3. Emission measurements

All concentration measurements were performed with cavity ring-
down spectrometer (CRDS) instruments (G2103 NHj3 concentration
Analyzer, Picarro, CA, USA). Two instruments were used for the bLS
measurements (one for background and one for plot concentration) and
one instrument was used for the wind tunnel measurements. These in-
struments have been shown to be robust and reliable in agricultural
environments (Kamp et al., 2019).

2.3.1. Wind tunnels

Nine wind tunnels were used to continuously measure NH3 emission
with a CRDS. The wind tunnel system was described in detail by Ped-
ersen et al. (2020), including an evaluation of mass transfer by
comparing evaporation of ethanol inside the emission chamber at
different positions with evaporation outside the chambers. The system is
summarized here, and a sketch of the tunnels can be found in the

— | N
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Fig. 1. Field layout for the three field trials. Placement of wind tunnels, weather station (including background measurement position for bLS), and CRDS analyzer
measuring NH3 concentration for bLS. Blue line shows field edges and green areas show where slurry was applied.
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Table 1
Digested slurry properties (+ standard deviation, n = 2) and application details.
Application time Application rate (kg TAN ha™!) DM (%) Total N (g kg™1) TAN (g kg™ pH
Field® Laboratory”
2021-08-11 16:15 68 5.31 £ 0.03 2.80 = 0.04 1.90 + 0.10 7.7 7.7 £0.1
2021-08-20 10:51 70 4.95 £+ 0.08 2.80 + 0.04 1.95 + 0.10 7.9 7.6 £0.1
2022-01-05 13:26 62 4.47 £ 0.06 2.49 +£0.13 1.72 + 0.03 7.9 7.8+0.1

# Measured in the field immediately prior to application.
> Measured in the laboratory after storing for 1 day at 5 °C.

supplementary material (Fig. S1). Each wind tunnel consisted of an
open-bottomed stainless-steel chamber (25 cm height, 80 cm length and
40 cm width). A motor with a fan was connected to the downwind end of
the chamber via a steel duct to control the emission chamber airflow,
which was held constant for each tunnel during each trial. The air inlet
was a narrow slot only 1.3 cm high to increase resistance of the air flow
through the chamber and thereby stabilization of the fans. Furthermore,
the small air inlet prevents back-flow, which might lead to false high
measurements of the background concentration. During each of the
trials three tunnels had a volumetric air exchange rate (AER) of 25
min~! (m3 flow per minute per m3 chamber volume) (average air ve-
locity of 0.33 m s, see Section 2.4 for more information). In the first
August trial, two tunnels were operated with an AER of 20 min~! and
two with an AER of 30 min~!. During the second August trial and the
January trial, two and three tunnels, respectively, were operated with an
AER of 7 min~! and 54 min~!. Each tunnel was mounted on a metal
frame (inner length: 67.4 cm, inner width: 29.3 cm) which was inserted
into the soil, giving a field plot area of 0.2 m?. A subsample of air was
drawn from the tunnels at 1.4 L min~! through heated PTFE tube (OD:
6.35 mm, ID: 4.75 mm) to a 10 or 19 port rotary valve (VICI, Valco
Instruments Co. Inc., Houston, TX, USA). The air was sampled from the
duct between the emission chamber and the fan through a y-shaped inlet
with quadratically spaced sampling points (configuration C3u (ii) in
Loubet, Cellier, Flura, Génermont, 1999). Three open-ended tubes for
measuring the NH3 concentration in the air entering the chambers
(background air) were evenly distributed between the tunnels. The
length of the tubes for sample and background air ranged from 5 to 10
m. Each measurement required 8 min, yielding a data point every 80
min for each sampling point (tunnel and background) during the two
trials in August (seven tunnels and three backgrounds) and every 104
min during the trial in January (nine tunnels, three backgrounds and one
background 20 m away from the setup). Only the background mea-
surements from the air entering the tunnels were used for calculations.

The recovery of NH3 was tested throughout the system prior to each
trial by adding a standard gas (98.9 + 3.0 ppm NHj) to the inlet of one of
the tubes. The recovery was found to be minimum 95 % within the 8-
minute measurement interval.

An average of the last 30 s of measurements per 8-minute measure-
ment cycle was used for calculations of the flux and cumulative emis-
sion. An average of the background measurements (n = 3 locations) was
subtracted for each measurement cycle concentration before further
calculations. The flux, (F, mg st m?), was calculated from the
background-corrected concentration (C, mg m3), the air flow in the
emission chamber (q, m? s'l), and the area of the soil surface covered by
the tunnel (A, mz) (Eq. (1)).

_C4q
A

F @
The beginning of an 8-minute measurement cycle was taken as the
start of each 80 or 104 min measurement interval, and average flux and
interval emission was calculated for each interval using the trapezoidal
integration rule (Simmons, 1996). Measurement data were submitted to
the ALFAM2 database and are available as plot-measurement method
keys (pmid) 1904 through 1925 (v2.22, Hafner, Adani, et al., 2023).

2.3.2. The backward Lagrangian stochastic model

The bLS model (Flesch et al., 2005) embedded in the software R in
form of the bLSmodelR package (https://github.com/ChHaeni/bLSmo
delR, v4.3, Hani et al., 2018) was used to estimate the emission rate
of NHs in half-hourly intervals. The model estimates a
concentration-to-emission ratio (CEpg) for each interval by calculating
upwind dispersion from the position of the concentration sensor. The
ratio is then used to calculate flux (Eq. (2)).

F = Cdownwind - Cupwind (2)
CE,s

In Eq. (2), F is the NH3 flux (mg s'm?) and Cdownwind and Cypywing are
NHj concentrations (mg m™>) measured down- and upwind of the slurry
covered area, respectively. These calculations are backward in time and
the number of backward trajectories calculated can be increased to
improve the model estimate. In these trials, 1 million trajectories were
calculated for each interval using a computer cluster. The trajectories
touching the ground inside the source area and the vertical touchdown
velocities were used to calculate CEps (see Hani et al., 2018 for further
explanation).

The bLS model relies on accurate measurements of wind statistics,
up- and downwind concentrations, and relative position between sour-
ces and sensors. The wind statistics were measured at 16 Hz with an 3D
ultrasonic anemometer at 2 m (WindMaster, Gill Instruments Limited,
Lymington, UK).The Monin-Obukhov Similarity Theory (MOST) was
applied to get estimates of friction velocity (u*), stability defined by the
Monin-Obukhov length (L), the roughness length (zp), the standard
deviation of the wind components normalized by the friction velocity
(6w 0y, 0y), and the wind direction. The concentration of NHs was
measured 0.5 m above the surface with two CRDS instruments. The
PTFE inlet tubes for the CRDS analyzers were insulated with hot wires
between the tube and the insulation and heated to approximately 40 °C.
The sampling positions and the outline of the plot area were mapped out
with a pole-mounted GPS receiver (Trimble R10, Sunnyvale, California,
USA). Concentration measurements are most often conducted some
distance away from the source depending on the source height, but here
the source was a flat field, which allows for concentration measurements
inside the source area. This means the plume from the source was caught
at all wind directions leading to less data exclusion. This approach has
been tested and verified against measurements outside the source area
after field application of slurry (Kamp et al., 2021).

Within an averaging interval, the conditions were assumed to be
stationary, and the source was assumed to have a spatially homogeneous
emission strength. Evaluations of the bLS model have shown error of 10
% or less from experiments with release of known quantities of a target
gas (Flesch et al., 2004; McBain and Desjardins, 2005; Harper et al.,
2010; Yang et al., 2016; Lemes et al., 2023). The uncertainty in a single
interval can be larger. Performance of the bLS model is dependent on the
atmospheric conditions, thus filtering of the data is a necessity for high
accuracy (Flesch et al., 2004). Data were removed when either u* <
0.05ms, |L| <2m,zp>0.1m, 6,/ u*> 4.5, 0,/ u*>4.5,0rCp>10
(Biihler et al., 2021). Cy is the Kolmogorov constant of the Lagrangian
structure function. The filtering removed 19 % to 33 % of the mea-
surement intervals from the three trials. To properly estimate the overall
cumulative loss of NH3 during the measurement without
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underestimation due to the removal of the filtered data, gap filling was
necessary. Gap filling will introduce uncertainty in the cumulative TAN
loss, but the alternative is a certain underestimation. Gap filling was
done by linear interpolation between valid points, with most of the gap
filling during night when the lowest emission was observed. The cu-
mulative loss of NH3 with filtered data removed was 17 % to 26 % lower
than when gap filling was applied to the removed periods. Measurement
data were submitted to the ALFAM2 database and are available under
plot-measurement method keys (“pmid”) 1935, 1936, and 1938 (v2.22,
Hafner, Adani, et al., 2023).

2.4. ALFAM2 model application

The ALFAM2 model was applied for two purposes in this work: 1) to
aid in the interpretation of differences between wind tunnel and bLS
measurements of emission, and 2) to evaluate the model structure and
the current default parameter set (set 2) with emission measurements
(Section 2.3). The ALFAM2 R package (v3.5, https://github.com/sashah
afner/ALFAM?2) (Hafner et al., 2022) was used in the R environment
(v4.2.1) (R Core Team, 2022) to make all model calculations. A brief
description of the model and software package is given here; for more
details see Hafner et al. (2019).

Immediately following slurry application, the ALFAM2 model par-
titions TAN between “slow” and “fast” pools, where the slurry in the fast
pool is in close contact with the atmosphere and the slow pool represents
slurry with a lower emission rate due to soil infiltration or other pro-
cesses. Mass of TAN is then tracked over time, using a closed-form so-
lution to a set of differential equations that can be applied to any time
step size (interval duration) without a loss of computational accuracy,
typically matching the temporal resolution (measurement frequency) of
weather inputs. Applied TAN may only volatilize or remain in one of the
two pools; the model does not include any conversion processes. The
model has five “primary” parameters that describe rates of NH3 loss or
transfer between pools, and their values are linked to a set of predictor
variables, such as weather conditions, slurry dry matter (DM), and
application technique (Fig. 2). This structure (Fig. 2) is a simplified
representation of the physical-chemical slurry-soil-atmosphere system,
with multiple complex processes (e.g., chemical speciation, diffusion,
advection) lumped into parameters with empirical values. The software
package includes a default parameter set, currently “set 2" (Table S1). As
described elsewhere, these parameter values were determined from
fitting to micrometeorological emission measurements from the
ALFAM2 database (Hafner et al., 2018, 2021). Inclusion of particular
predictor variables depends on availability of sufficient measurements
for parameter estimation. For example, no soil properties are included as
predictor variables.

The first purpose of ALFAM2 model application (interpretation of
differences between wind tunnel and bLS measurements) was realized
by application of the model to both measurement methods together. A

r
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Fig. 2. The structure of the ALFAM2 model (based on Hafner et al., 2019).
Applied TAN is immediately partitioned between two pools upon slurry appli-
cation. Five primary parameters together determine partitioning, transfer be-
tween pools, and emission. Model parameters control instantaneous TAN
partitioning (f parameters, fp for initial and f; for incorporation) or mass
transfer rate (first-order r parameters) and their values are related to various
predictor variables.
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new “experimental” parameter set developed for this task (referred to as
“set E” for experimental) included different values for bLS and wind
tunnel for those parameters related only to mass transfer. Parameter set
E included: intercept terms for fy and r, separate intercept (constant)
terms for bLS and wind tunnel for r; and rs, air temperature parameter
for r;, separate parameters for wind tunnel air velocity and bLS wind
speed effects on r; and r3, and a rainfall parameter that affects r, (Fig. 2).
Together these particular parameters reflect a conceptual model where
differences between these two measurement methods are related only to
mass transfer of TAN in the two pools to the atmosphere and a lack of
rainfall. Differences in mass transfer are captured in the different
intercept and air velocity or wind speed terms for r; and rs. Ammonia
that volatilizes from field-applied slurry undergoes mass transfer both
within slurry (or soil) and air above the surface (Génermont and Cellier,
1997; Sommer et al., 2003) but these processes are lumped together in
the ALFAM2 model. Here we hypothesize that r; and r3 differences be-
tween the two measurement methods are due only to differences in mass
transfer within air above the slurry/soil surface, i.e., air-side mass
transfer. Parameter estimation was based on minimizing the difference
between measured and calculated interval flux F. The optim() function
from the stats package in base R (v4.2.1) (R Core Team, 2022) was used
with the gradient-based quasi-Newton method of Byrd et al. (1995)
(method = “L-BFGS-B”). A nonparametric bootstrap approach was used
(Davison and Hinkley, 1997) to estimate approximate standard error for
parameter estimates. In the bootstrap approach three bLS and 22 wind
tunnel plots were randomly selected with replacement in each of 100
iterations (i.e., resampling with replacement), matching the total num-
ber of each type of measurement technique in the complete dataset in
each iteration. Lack of stratification among dates or wind tunnel AER
and the small number of bLS plots limit the accuracy of these standard
error estimates, but the method provides an estimate of precision.

The two purposes of ALFAM2 model application are not completely
distinct. Whether or not the model can be applied simultaneously to
both wind tunnel and bLS measurements, and the structure and numeric
values of parameter set E, has implications for both interpreting wind
tunnel measurements and the accuracy of the model. The second pur-
pose (evaluation of the model) therefore also relied on the performance
of parameter set E. But the default parameter set 2 was also evaluated by
comparison between model predictions and measured emission. The
ALFAM2 model was applied to both bLS and wind tunnel measurements.
Considering the model structure (Fig. 2), there is no fundamental reason
it would apply to one method and not the other, but the default
parameter values were based on (and are intended to represent)
micrometeorological measurements. Application of the model to bLS
measurements was straightforward; measured air temperature and
average air speed (measured at 2 m height) within each interval were
used along with manure properties and application details to predict
NHjs loss over time. For wind tunnel measurements, calculated average
air velocity within the wind tunnel was used as a surrogate for average
natural wind speed. This substitution is known to be problematic, as
discussed in detail previously (Andersson et al., 2023). The relationship
between mass transfer and average air velocity within a wind tunnel
depends on wind tunnel design, and earlier measurements made with
this particular design suggest that the wind tunnels provide similar mass
transfer rates at much lower numeric values of average air velocity,
compared to natural wind speed (Pedersen et al., 2020). Average ve-
locity and AER are related through the ratio of chamber volume to
cross-sectional area, which was the chamber length (0.8 m).

3. Results and discussion
3.1. Ammonia loss and effects of weather
The weather was similar for the two trials in August; air temperature

ranged from around 10 to 22 °C with a mean value of 15 °C and wind
speed at 2 m above ground ranged from below 0.2 to above 5 m s, with
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amean of 2.3-2.4 m s (Fig. 3). Air temperature was much lower in the
January trial: —3.4 to 9 °C with a mean of 2.5 °C, and wind speed was
only slightly higher with a mean of 2.8 m s (Fig. 3). Regular diurnal
patterns were obvious in temperature with peaks a few hours after
midday (around 15:00). Wind varied as well with the lowest wind
speeds at night, but less regularly. Precipitation was very low over the
first two days in all three trials (maximum of 1.5 mm over first 48 h in
January). Total precipitation was 0.6 mm for the second August trial and
higher for the other two. Ammonia flux peaked at or near the start of
measurements, rapidly declined over the first ;> day, and remained at a
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much lower level for the duration of the trials (Fig. 3). This pattern is
typical for NHs loss from field-applied slurry (Hafner et al., 2018). Peak
flux in the January trial was lower for all plots than during the two
warmer August trials (Fig. 3). There was some indication of peaks in NH3
flux at later times associated with high air temperature or wind speed.
With only low precipitation over the first two days, large effects on NH3
emission were unlikely.

Cumulative emission varied widely among the trials and measure-
ment methods, from 17 % to 55 % of applied TAN (Fig. 4). As expected,
NH;j loss was the lowest for the coldest third trial. Despite similar
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weather conditions measured at the field site (30 min averages). Wind speed was measured at 2 m height. Red lines show bLS measurements, and blue wind tunnel,
while the intensity of blue represents the magnitude of the air exchange rate within wind tunnels (see legend). Interpolated values are omitted from the flux lines for
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Fig. 4. Cumulative ammonia emission measured with wind tunnels (points)
and bLS (dashed lines) vs. air exchange rate (applies to wind tunnel results
only), showing the relationship between wind tunnel air exchange rate and
measured emission, along with a comparison to bLS results.

weather conditions and slurry composition, as well as identical fields,
there were substantial differences in emission between the first two
August trials. Cumulative emission measured by bLS was nearly twice as
high (486 %) in the second trial compared to the first. Conversely, wind
tunnel results were slightly lower in the second trial compared to the
first. The reason for these differences between trials and measurement
methods is not completely clear. Although rainfall was higher in the first
trial (23 vs. 0.6 mm over 168 h), it occurred well after the highest fluxes
were measured, and likely had only a small effect on emission. Instead,
exposed slurry surface area probably contributed to bLS differences.
Although not quantified, comparison of photos (supplementary material
Fig. S2) shows obviously greater slurry spreading and a larger exposed
surface area for the second trial. Similar photos were not taken for the
wind tunnels, but slurry was applied manually there. This issue high-
lights the potential importance of variables such as exposed slurry sur-
face area, that are not commonly measured or difficult to assess when
measuring ammonia loss after slurry application.

Wind tunnel air exchange rate (AER) had a clear effect on measured
emission, with a similar response in the two trials where it varied widely
(p = 1-107° for AER effect, p = 0.99 for interaction based on an F test
from a linear regression model). Both the second and third trials showed
an increase in volatilization with AER through the entire AER range,
with no indication of a plateau. In contrast, earlier studies with smaller
dynamic chambers reported a plateau in NHs flux (Kissel et al., 1977;
Bacon et al., 1986) or calculated mass transfer coefficient (Sommer and
Ersbgll, 1996) below an AER of 20 min~!. The smaller size of those
chambers compared to the wind tunnels used here almost certainly
contributed to these different responses. The effect of AER is, unfortu-
nately, not equivalent among chamber designs. For example, the wind
tunnel of Ryden and Lockyer (1985) was applied with measured air
speed of 1.2 to 2.4 m s}, corresponding to AER of 36 to 72 min " for the
2 m length chambers. Even at these high levels, change in NH3 flux with
changing air speed was apparent.

Although both measurement methods showed a similar qualitative
trajectory in emission, there were substantial differences between wind
tunnel and bLS results (Figs. 3 and 4). Ammonia flux measured with the
two methods was close during multiple periods within each trial (see
first row of plots in Fig. 3). But differences were large enough and
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persisted long enough to lead to generally higher wind tunnel cumula-
tive emission. Not surprisingly, differences in flux between the two
methods appeared to be related to changes in weather. While both wind
tunnel and bLS flux are expected to respond to air temperature, bLS is
also expected to respond to changes in natural wind. This mechanism
likely accounts for the difference soon after the start of the first trial,
which approximately coincided with a steep drop in wind speed, as well
as the tendency for smaller diurnal variation in wind tunnel results
(Fig. 3). Although several bLS intervals were removed early on in the
filtering process, it is unlikely that these contributed to the observed
difference between the methods. Periods were filtered out during pe-
riods with low wind speed when emission was likely low, and interpo-
lated values used to calculate cumulative emission (see Section 2.3.2)
should provide a reasonable approximation of actual flux.

Only for the second August trial were some of the cumulative
emission values measured with wind tunnels lower than the bLS result,
which was much higher than the other bLS results (Fig. 4). Taken alone,
these results suggest that an AER of around 40 would provide emission
measurements comparable to bLS. However, this result applies only to
this particular field trial (20 August 2021); results show clearly that
there is no single wind tunnel AER that can replicate bLS measurements
(Fig. 4). Instead, air flow would need to be adjusted between or even
within trials (Sommer and Misselbrook, 2016). The two measurement
methods are compared further with the aid of the ALFAM2 model below
(Section 3.2).

Measured pH of the slurry surface after application showed a rapid
increase of more than half a pH unit (Fig. S3). This general pattern has
been observed elsewhere and is likely related to loss of CO, (Hafner
et al., 2013; Pedersen, Andersson et al., 2021). Surface pH tended to
decline several hours after application, and trajectories and differences
between covered and open locations were not consistent between the
trials.

3.2. ALFAM2 model application

The ALFAM2 model with the latest public default parameter set (set
2) (Table S1) approximately replicated the trajectory of bLS flux but
tended to predict higher initial flux and a steeper drop in flux during the
first day (Fig. 5). The model also missed later low peaks in flux that
occurred in the days following application. Calculated cumulative
emission (168 h) was quite close to bLS results for the first and last trials,
but the model underestimated cumulative emission from the second
August trial by a factor of 2, similar to the difference in bLS measure-
ments between the two trials (Fig. 6), which was likely related to dif-
ferences in slurry surface area or coverage (Section 3.1). The model
underestimated wind tunnel cumulative emission for all trials using the
default parameter set 2. Performance in replicating the wind tunnel
measurements is not particularly meaningful, because of known prob-
lems with substituting average wind tunnel air velocity with natural or
open-air wind speed (Section 2.4 in Andersson et al., 2023). But it
highlights the challenges in interpreting wind tunnel measurements in
terms of absolute emission as well as use of wind tunnel measurements
in parameter estimation.

Experimental parameter set E, which accommodates differences
between wind tunnel and bLS measurements, performed reasonably
well, and substantially better than parameter set 2 for both types of
measurements (Figs. 6 and S4). Changes in flux soon after application
were not completely captured, but error was small over the complete
trial (Fig. S4) and relative error in final cumulative emission was
generally below 20 % of measured emission (Fig. 6). Any increase in flux
over time that is not correlated with an increase in temperature or wind
speed (air velocity) is inconsistent with the model structure, where the
flux from each of two pools is proportional to the quantity of TAN
remaining. Observed increases were measured by both methods in
multiple plots, including over periods where wind speed and air tem-
perature decreased. In the first and second trials, flux increased from the
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first to second measurement intervals for bLS and wind tunnel mea-
surements (by a maximum of about 20 %) but then decreased (Fig. 3).
This increase may have been due to measurement lag (instrument
response lagging behind a rapid increase in NH3 concentration), related
to saturation of NH3 adsorption on tubing or transport of NH; from the
source to the sampling points. In the third trial, the increase occurred
over the first several hours, and this explanation is less plausible. The
increase in surface pH that occurred (Fig. S3) may have caused this
response. In the model, slurry pH is assumed to be constant, and in-
clusion of this increase in a simple model would be challenging (Hafner

et al.,, 2013). Fortunately, the contribution of this apparent error is
relatively small (Fig. S4). Apart from this particular challenge of
observed increasing flux, the ALFAM2 model structure seems
well-suited to describe NH3 emission dynamics. Consistent with mea-
surements, calculated values included diurnal patterns that diminished
over time as TAN was depleted and transferred to the slow pool, ac-
cording to the ALFAM2 conceptual model. These diurnal patterns were
somewhat weaker in experimental parameter set E results than in
measurements (Fig. 5). In the model, these responses are related to an
increase in r; due to temperature (and for bLS, wind speed) increases. In
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reality loss from dew during evaporation could contribute as well
(Wentworth et al., 2016). Early high bLS emission in the second August
trial seemed inconsistent with later rates and results from the other two
trials, according to the model predictions, which effectively account for
the differences in weather and slurry composition (Figs. 5 and S4). As
discussed above (Section 3.1) this discrepancy may be related to exposed
slurry surface area, which is not typically measured and is not a pre-
dictor variable for either parameter set applied here.

Performance of the model with experimental parameter set E pro-
vides some indication of the degree to which the model structure
accurately captures the underlying emission processes, and whether
differences between wind tunnel and bLS measurements can be attrib-
uted only to air-side mass transfer and rainfall (Section 2.4). From this
perspective, results (Figs. 5 and 6) are encouraging. Much (not all) of the
difference between bLS and wind tunnel cumulative emission (Fig. 6)
and flux (Fig. 5) was reproduced by the model. Differences among the
three application dates were also reproduced relatively well, especially
for wind tunnel measurements. Compared to parameter set 2, set E has
more TAN in the fast pool (larger fy intercept), but a lower emission rate
constant for the fast pool (r;) (especially for wind tunnels), along with a
higher sensitivity to wind speed (Table S1). Even for bLS results, the
resulting predictions match measurements much better than set 2.

According to the conceptual model represented by experimental
parameter set E, wind tunnel and bLS emission differ because air-side
mass transfer differs, as reflected by different values of r; and rs for
the two measurement methods (Section 2.4). The effect of no rainfall in
wind tunnels is captured through a difference in an input variable, not a
model parameter. The relatively good performance of the ALFAM2
model with parameter set E supports this conceptual model. Parameter
values (Table S1) indicate that wind tunnels have a larger intercept term
for both r; and rs, with roughly the same quite large relative difference
(0.8-0.9 for log;p-transformed values, or about 7-fold larger for wind
tunnels). All these differences between bLS and wind tunnel parameter
values are large compared to standard error estimates, implying that
they are meaningful (see Table S1 for values). Parameters for the
response to air speed or velocity are similar for the two methods. Model
parameters r; and r3 lump multiple processes (or sources of mass transfer
resistance) together, so results do not conclusively show that observed
differences between the measurement methods are due to differences in
mass transfer within air only, but they are consistent with that
interpretation.

In the ALFAM2 model, the value of r; determines early loss of NH3.
Calculated r; values show overlap between the two measurement
methods for some AER values within each of the three trials (Fig. S6).
While bLS values of r; change with diurnal patterns in both air tem-
perature and wind, only temperature affects values for these wind tun-
nels with constant air flow. Therefore, the range of wind tunnel mass
transfer values (r; and r3) will generally not be as large as those for bLS
or other micrometeorological methods (unless two different functions
are used to link primary parameter values to air velocity or wind speed).
The stretched appearance of the r; curves for the highest air velocities
(Fig. S6) is, within the model, due to the log-linear relationship between
air velocity and r; that was assumed. A square root transformation of
speed and velocity slightly improved the fit and was used here. There
was no overlap for r3, which defines the rate of NHs loss from the slow
TAN pool.

In the model, and in reality, weather variables do not independently
determine emission. At very cold temperatures, for example, even the
highest wind speeds will not cause high fluxes. In the actual slurry-
atmosphere system, this effect is caused by a reduction in the gaseous
concentration of NHs at the slurry surface. In the model, the log-linear
relationships used for calculation of primary parameters ensure a low
value of r; at low temperature. This effect explains the low and only
weakly diurnal patterns in r; values for the January trial (Fig. S6), which
are generally reflected in measured flux as well (Fig. 2). Infiltration of
TAN into the soil may have a somewhat similar effect as low
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temperature. In the model, this process is represented by transfer from
the fast to slow pool, which explains the low flux observed after the
initial decline, despite high values of r; later (Figs. 2 and S4). These
results generally support the ALFAM2 model structure, including the
way that weather variables enter the model.

3.3. Implications for emission measurement

3.3.1. Differences between micrometeorological and wind tunnel results

Measurements and results of the ALFAM2 application presented in
this work are consistent with earlier work that shows that wind tunnel
and micrometeorological methods for measuring NHs loss are not
equivalent (Scotto di Perta et al., 2019; Andersson et al., 2023). More-
over, wind tunnel average air velocity is a poor surrogate for natural
wind speed with the wind tunnel design used in the present work, as
shown perhaps most clearly by the differences between measurement
methods apparent in r; model parameter values, where wind tunnels
have a larger intercept term and a coefficient for air velocity that is
similar to the bLS wind speed term (Table S1), resulting in a tendency for
higher values of r; in these trials (Fig. S6). This result is consistent with
earlier work that showed that mass transfer will generally be greater
within wind tunnels if average air velocity is matched with external
wind speed (Loubet, Cellier, Génermont, et al., 1999). The small air inlet
(Section 2.3.1) likely contributes to high turbulence within these tun-
nels, affecting mass transfer. In other designs with broad inlets (often
equal to the cross-sectional area) (Ryden and Lockyer, 1985) or features
for reducing turbulence (Scotto di Perta et al., 2016) the relationship
between mass transfer and air velocity almost certainly differs. Experi-
ments where air velocity or speed within a wind tunnel is varied to
match external wind suggest that this relationship can be similar within
and outside these more conventional wind tunnels (Ryden and Lockyer,
1985; Mannheim et al., 1995). But the analysis presented here shows
that wind tunnel and micrometeorological measurements should not be
assumed to be equivalent in general.

3.3.2. Uncertainty in bLS measurements

It is generally assumed that bLS and other micrometeorological
methods provide more accurate estimates of emission under natural
conditions than do wind tunnels (see Introduction), but error in bLS
measurements should not be discounted. The accuracy of the bLS model
is influenced by sensor height and wind direction offset, with wind di-
rection offset being the most import when measuring outside the source
area (Lemes et al., 2023). The overall uncertainty of emissions measured
with the bLS model is a combination of concentration measurement
uncertainty, which is instrument and inlet dependent, uncertainties in
the input parameters for the model, and the bLS model output CEps,
which is dependent on number of touch-downs inside the source area
and the number of trajectories. Although the estimates of total emission
are likely relatively accurate (notwithstanding filtering and gap filling
errors), measurement error may be much higher in individual intervals
(Flesch et al., 2004; McBain and Desjardins, 2005; Harper et al., 2010;
Yang et al., 2016). These errors likely affect the results presented here,
and effects are difficult to quantify. For all three trials, the measurement
position for bLS concentration was inside the source, which eliminates
the issue of ammonia deposition between the source and sensor.

3.3.3. Interpretation and use of wind tunnel results

Interpretation of wind tunnel results in terms of emission that will
occur in practice (even relative effects) is strengthened when it can be
shown that wind tunnel results are similar to measurements made with
micrometeorological methods. The model analysis shows some overlap,
although it also shows that wind tunnel emission dynamics cannot
exactly match bLS results without changes in air velocity over time,
consistent with other experimental studies (Ryden and Lockyer, 1985;
Mannheim et al.,, 1995) and a literature review (Sommer and Mis-
selbrook, 2016). Although r; values tend to be higher for the wind
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tunnels here, the overlap in values, especially for the lower AERs used in
the second August trial, do suggest that these wind tunnels can provide
emission measurements that could plausibly occur under natural con-
ditions. Unfortunately, the unusually high bLS results for this trial
(Section 3.1) do not support similarity between low AER and bLS results.
Certainly, additional comparisons in field trials, perhaps with quantifi-
cation of the area covered with slurry, would be useful.

In contrast to the values of r;, differences in r3 are large and
consistent, with lower values for bLS (Fig. S7). Parameter values clearly
reflect persistent differences in NH3 flux in the first and last trials, where
bLS measurements showed much lower flux and less diurnal variation
(Fig. S8). The cause of this pattern is not obvious, but it is not certain to
be related only to air-side transport processes, as proposed above (Sec-
tion 2.4). Higher turbulence and likely pressure oscillations could
perhaps drive dispersion through gas pores in the slurry-soil mixture at
the surface, as proposed for silage in a wind tunnel (Hafner et al., 2012)
and straw mulch and other high-porosity materials in natural conditions
(Hanks and Woodruff, 1958). Alternatively, the observed differences in
measured flux might be primarily due to the rain that fell in these two
trials, which is expected to reduce bLS but not wind tunnel flux by
transporting TAN downward away from the surface. Although rainfall
increases the rate of TAN transfer from the fast to slow pool in the model
(through the ry parameter), the default effect may be too small (indeed
parameter set E has a larger effect), and furthermore, there is no means
of changing the quantity of TAN within the slow pool in this structure
(Fig. 2). Inclusion of an additional non-emitting pool would address this
model shortcoming and may resolve this issue. Differences in surface
drying, nighttime cooling and daytime heating, or even slurry coverage
or infiltration at the time of application may have also played a role in
the observed differences. Regardless, there is a clear difference between
methods. But the difference does not necessarily limit the utility of this
wind tunnel design in estimating differences in emission under natural
conditions among e.g., application methods or slurry types, because
calculated cumulative emission is dominated by losses from the fast
pool, which is controlled by r; (along with fy and r2). As with other re-
sults presented in this work, additional comparisons are needed; this r3
difference is based on results from only two bLS plots.

The ability of the ALFAM2 model to approximately replicate emis-
sion measurements made with both methods supports the use of wind
tunnel measurements along with micrometeorological results for esti-
mation of parameter values. Of course, parameters related to wind
tunnel air velocity and intercept terms for r; and r3 should not be applied
to natural conditions, but it is reasonable to expect that all other model
parameters could be applied under these conditions to estimate “actual”
emission. Differences in wind tunnel design should be considered,
however. The wind tunnel-specific parameters included in set E will
almost certainly vary with wind tunnel design. This presents a challenge
for parameter estimation. Grouping wind tunnel measurements by
design and air velocity or air exchange rate and comparing them to
average micrometeorological responses may solve this challenge.

4. Conclusions

A combination of direct comparison of emission measurements and
interpretation with the aid of a model confirms that wind tunnel and bLS
emission measurements differ primarily because of differences in mass
transfer above the emitting surface and rainfall. This result supports the
common assumption that micrometeorological methods such as bLS are
a better choice for estimation of absolute emission and estimation of
model parameters. But similarity in mass transfer in the two methods
inferred from the model application confirms that it is reasonable to use
wind tunnels to quantify relative effects of application methods or other
variables. Successful use of the ALFAM2 model for interpretation of
differences in emission provides a template for integrating or comparing
measurements from different methods, and suggests that a combination
of wind tunnel and micrometeorological measurements may be useful

10

Agricultural and Forest Meteorology 344 (2024) 109790

for evaluation or estimation of emission model parameter values.
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