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Abstract

Ammonia (NH3) is one of the primary forms of reactive nitrogen and can negatively affect
the environment and human health. It has adverse impacts on air, water, soil quality and
ecosystems. Emissions of NH3 mainly originate from agricultural activities and are found
to be strongly dependent on environmental conditions. Current emission inventories often
consider the effects of environmental factors in a limited way. To address this deficiency
in existing estimates, a dynamic, process-based emission model, AMmonia—CLIMate

(AMCLIM) has been developed to quantify agricultural NH3 emissions.

AMCLIM simulates important physical, chemical and biological processes that are
sensitive to climatic conditions in agricultural systems, and focuses on major livestock
farming and synthetic fertilizer use. The model has been applied to different scales, with
modelled results evaluated by comparison with site-measurements, showing close
agreement. When applied at the global scale, AMCLIM operates at high spatial and
temporal resolution, and AMCLIM is thought to be the first model that simulates NH3
emissions from all individual sectors using a consistent process-based modelling approach,

with high levels of detail.

For the year 2010, global agricultural NH3 emissions estimated by AMCLIM are 44.9+4.4
Tg N yr!, equivalent to 22+2 % of agricultural nitrogen input (synthetic fertilizer and
livestock excreta) being lost through NH3 volatilization. The global estimates of AMCLIM
are consistent with other models and studies. Around 1/3 of the NH3 emissions result from

synthetic fertilizer use, with 2/3 associated with livestock farming (including housing,



manure management, land application of manure and grazing). China, India, US, Brazil
and Pakistan result in the largest estimated emissions, together accounting for nearly 60 %
of global NH3 emissions. Cattle are the largest emitter group among livestock, followed by
pigs, chicken, sheep and goats. Emissions of NH3 not only show large spatial variations but
also exhibit significant seasonal variation. The highest estimated NH; emissions are found
in July, mainly driven by the planting season and high temperatures in the northern

hemisphere.

The impacts of temperature, wind speed and water availability on NH3 volatilization have
been investigated. Increasing temperature and wind speed facilitates volatilization to cause
more NH3 emissions, with temperature normally being the most critical factor especially
under cold conditions. A global sensitivity test to temperature indicates that annual NH3
emissions may increase by around 7 % due to a (uniform) 2 °C warming, compared to the
base value of year 2010. Ammonia emissions tend to be larger under drier conditions, but
wetter soils can either result in higher or lower emissions, depending on complex
interactions with other variables. Soil pH is also a critical factor as alkaline soils typically
lead to more intense volatilization. Mitigation measures have been simulated and have been
found to be effective in reducing NH3 emissions. These include decreasing nitrogen
application rates and improving livestock feeding materials, covering stored manure and
better land application techniques (e.g., incorporation and deep placement). It is estimated
that a potential 40 % abatement of global NH3 emissions can be achieved when applying a

suite of the tested measures.

Using AMCLIM, it is estimated that NH3 emissions have increased from 39.8 Tg N yr'! in
2000 to 45.2 Tg N yr'! in 2018, and future emissions by 2100 are projected to go up to 51
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to 55 Tg N yr'! due to warming alone (with 2018 activity) and can reach 59 to 102 Tg N
yr'! when also combined with growing livestock numbers and synthetic fertilizer usage. It
is suggested that climate change and food production pose risks for future agricultural NH;
emissions at different spatial scales. Regional and local environment and agricultural
systems may suffer the consequences of the warming effect, while the globe may face

challenges due to increased food production.
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Lay summary

Ammonia (NH3) is a gas containing nitrogen, which has significant impacts on the
environment. It affects the air we breathe, the quality of our water and soil, and the
functioning of ecosystems. The main sources of NH; emissions are agriculture, such as
livestock rearing and fertilizer use. The amount of NH; released into the air can be very
different in places with different environmental conditions, but current studies often lack
consideration of these effects. A special model called AMmonia—CLIMate (AMCLIM) has
been developed to understand and calculate NH3 emissions from agriculture, whilst taking

into account how the environment influences these NH3; emissions.

The AMCLIM model includes various factors and processes to estimate how much NH;
originates from the breakdown of livestock excreta and chemical fertilizers. AMCLIM can
be used for simulations with different spatial coverage: it can estimate the NH3 gas from a
farm, a piece of cropland and the whole planet. When focusing on small scales, AMCLIM
provides good results as evaluated by comparison with measurements. For global
simulations, the calculations of the model are done at a high frequency and resolution, with

high levels of detail.

For the year 2010, it is estimated by AMCLIM that around 22+2 % of the nitrogen used in
agriculture is lost as NH3 emissions, which adds up to about 44.9+4.4 million tons of
nitrogen. Most of these emissions come from livestock agriculture (such as housing,
dealing with manure and grazing) and the use of fertilizers. Countries including China,

India, the US, Brazil and Pakistan have the highest levels of NH3 emissions. Among
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different types of livestock, cattle rearing causes the largest NH3 emissions. These
emissions are different across the globe and change throughout the year. The highest NH;

emissions are estimated to occur in July due to the timing of planting and high temperatures.

Ammonia emissions are affected by both the environmental conditions and how farming is
managed. Factors like temperature, wind speed and water availability are important in
affecting the NH3 emissions. Simply speaking, hotter and windy conditions make NH3
emissions bigger. Dry conditions typically tend to increase emissions, but more
complicated interactions are also found as sometimes there is less NH3 emitting. Applying
fertilizers to more alkaline soils can also result in more NH3 volatilized from the field.
Various measures have been tested to learn how much NHj3; emissions can be reduced, such
as by applying less nitrogen fertilizers, mixing or burying the fertilizer into soils and
covering stored manure etc. By applying a group of these effective measures, it is possible

to cut down about 2/5 of NH3 emissions.

Using the AMCLIM model, the NH3 emissions are estimated to have increased over the
past 20 years, as a result of both global environmental change and food production. Future
NH; emissions are expected to keep rising because of warming temperatures and increasing
livestock and fertilizer use, and the emissions may more than double the present values by
the end of this century. Such a consequence can worsen environmental problems and cause
harm from the nutrient use for both the local community and the whole world. Therefore,
managing NH3 emissions will be crucial to protect our environment and ensure sustainable

agriculture in the future.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Motivation and research aims

Ammonia (NH3) is the one of the most critical species in the nitrogen cycle. It is the primary
form of reduced reactive nitrogen (N;) and also the principle alkaline gas in the atmosphere,
which can have significant impacts on the environment. Excessive NH3 emissions affect
air, soil, water quality and local ecosystems, and can pose serious threats to human society.
The largest NH3z-emitting sector is agriculture, via the volatilization of NH3 from fertilizer
and animal excreta. Estimated agricultural NH3 emissions have increased rapidly from over
20 Tg N yr'! in the 1970s to over 45 Tg N yr'! in the 2010s (EDGAR, 2023) as a result of

agricultural intensification.

Environmental conditions, such as temperature, water availability and many other
meteorological factors can greatly influence NH3 emissions. A warmer climate tends to
cause higher NH3 emissions, with one projection indicating NH3 emissions increasing to
93 Tg N yr'! in 2100 due to increases in temperature (Sutton et al., 2013). As synthetic
fertilizer use and livestock farming are expected to increase with growing population, it has
been estimated that projected NH3 emissions could reach 135 Tg N yr'! (89-179) by the end

of this century (Sutton et al., 2013), nearly trebling the present values. Such large increases,
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if realised, are likely to significantly exacerbate existing environmental problems

associated with excessive N.

Current emission inventories and future projections for NH3 are largely based on emission
factors (EFs) and models that only consider the impacts of environmental factors in
relatively limited ways. This may result in not only less reliable estimates of NH3 emission,
but also uncertainty in atmospheric chemistry simulations by chemistry and transport
models (CTMs), which require representative NH; emissions that capture the spatial and
temporal variability. So the questions arise: how to improve the quantification of NHj3
emissions that are sensitive to environmental conditions? How do NH3 emissions vary in a
changing climate? Moreover, local management practices can also have huge impacts on
NHs, and improvements in agricultural practices are found to be effective in NH;3 abatement.
Therefore, it is also worth investigating the influences of management practices on NH3
emissions and the potential measures that can effectively mitigate NH; emissions, including

consideration of their environmental dependencies.

The overarching goals of this thesis and the research questions that this thesis aims to

answer include

1. Presenting the development and evaluation of a dynamic, process-based NH3
emission model.

a) How can a model be developed for quantifying climate-dependent NH3 emissions
based on knowledge at the process-based level?

b) How well does the model agree with measurements for NH; emissions from

different agricultural activities?
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b)

Applying the model at the global scale to estimate agricultural NH3 emissions.
What is the magnitude of global agricultural NH3; emission?

What are the sectoral NH3 emissions (e.g., from synthetic fertilizer use and different
livestock types) and what is the contribution of each major agricultural activity?
What is the spatial distribution of agricultural NH3 emissions and the corresponding
volatilization rates (i.e., the percentage of agricultural N that is volatilized as NH3)?
What are the daily/seasonal temporal profiles of agricultural NH3 emissions?

What are the major N flows and pathways in the agricultural systems?

Enhancing understanding of the impacts of environmental factors and
management practices on NH3 emissions.
How do environmental conditions/factors affect NH3 emissions from agriculture?

How to improve agricultural practices to reduce NH3 emissions?

Estimating present and future NH3 emissions.
How have NH3 emissions changed over the past two decades in this century?
What could future NH3 emissions from agriculture look like (emission totals and

spatial patterns)?
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1.2 Reactive nitrogen in the environment

1.2.1 Background

Nitrogen is the most abundant element in the air, making up 78% of the Earth’s atmosphere
in the form of di-nitrogen (Nz), and N plays a key role in the Earth System. Nitrogen is
essential for the growth of vegetation and crops and is tightly coupled with the carbon cycle
that shapes the functioning and structure of ecosystems. The unreactive nature of N> means
that it cannot be assimilated by most organisms. In natural systems, to convert the highly
stable N2 to biologically available resources for life, a process called biological nitrogen
fixation (BNF) is achieved by symbiotic bacteria, or by reactions in lightning to form
nitrogen oxides (NOx). Nitrogen compounds that are accessible to organisms are defined
as reactive nitrogen (N;), which includes inorganic reduced nitrogen (e.g., NH3, NH4"),
inorganic oxidised nitrogen (e.g., NOx, N>O, NO3") and organic forms of nitrogen (e.g.,
amino acids, proteins). In natural environments, N; is normally scarce, often limiting the
productivity of ecosystems. Meanwhile, in early human’s society, agricultural and
industrial productivity was also largely constrained by the limiting supply of N;. With the
increasing demand for food in the late nineteenth century, BNF became insufficient to feed
the world’s growing population. This challenge was only overcome in the early twentieth
century with the development of Haber-Bosch process, an industrial process that produces
NH; using di-nitrogen and hydrogen by a high-pressure reaction. Since the 1950s, N:
production in Europe has increased exponentially due to the Haber-Bosch process, which
not only satisfied the agricultural needs, but also supplied a vital feedstock for industrial

processes (Sutton et al., 2011b).
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The dramatic increasing of anthropogenic N: production has greatly benefited human
society through its largest use: agricultural fertilizers. Without anthropogenic N, a hectare
of good agricultural land produces about two tonnes of cereal annually, a yield of which is
only about a quarter of the yield compared to the same land with additional chemical
fertilizer (Sutton et al., 2011b). According to Erisman et al. (2008), synthetic fertilizers
have supported 48% of the global population, 100 years after the invention of the
Haber-Bosch process to synthesize NH3 directly from its elements. There is no doubt that
N: manufacturing has greatly facilitated human productivity. However, unintended leaks of
N: into the environment in various forms have led to numerous adverse effects on the
environment and human health. The European Nitrogen Assessment (ENA) highlighted
that the overall costs of N; losses to the environment in Europe outweigh the direct
economic benefits of N; in agriculture. Thus the ENA estimated that excess N; in the
environment costs the European Union (EU) between 70—320 billion euros annually, while
the direct benefits of N; for farmers are only between 25—130 billion euros per year (Sutton
et al., 2011b, c). It is reported that the largest societal costs are associated with the harmful
impacts on human health and ecosystems resulting from air and water pollution, with a
smaller fraction from the effect of nitrous oxide (N>O) emission on climate warming

(Sutton et al., 2011b, c).

1.2.2 Ammonia and the Nitrogen Cycle

The nitrogen cycle describes the movement of N between the Earth’s various reservoirs

(such as atmosphere, hydrosphere, biosphere and lithosphere) within a repeating cycle,
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which plays a key role in the biogeochemistry of the Earth. Figure 1.1 illustrates the major

natural processes involved in the nitrogen cycle.

Under natural conditions, atmospheric N2 is mostly reduced to NH3 and ammonium (NH4")
through BNF. This process transfers large natural nitrogen flows from the atmosphere to
terrestrial and marine ecosystems. Bacteria then assimilate NH3/NH4" as organic forms of
nitrogen, which can be used by other organisms. After organisms die, organic nitrogen is
mineralized back into NH3/NH4". With oxygen, NH3/NH4" can be oxidised to nitrite (NO2")
and nitrate (NO;3") by a process called nitrification. If oxygen is limited, denitrifying
bacteria may use NO>  and NOs" as an oxidant to convert organic carbon to carbon dioxide.
This process, called denitrification, converts the NO>™ and NO3™ to Ny, thus returning the
nitrogen from the biosphere to the atmosphere. It is also worth mentioning that nitrous
oxide (N20), which is a greenhouse gas with a strong global warming potential, can also

be generated through denitrification (not shown in Figure 1.1).

As noted, lightning is another pathway for fixing atmospheric N2, which introduces
nitrogen oxides (NOx . the combination of NO + NO») to remote regions of the troposphere.
Nitrogen oxides are then oxidised to nitric acid (HNO3), which is scavenged by rain. The
nitrogen cycle also involves exchange between the lithosphere and other reservoirs. Burial
of dead organisms in the bottom of the ocean can bring nitrogen to the lithosphere, and
these dead organisms are then incorporated into sedimentary rock. The stored nitrogen is
eventually released by weathering of the sedimentary rocks. This process closes the

nitrogen cycle in the surface reservoirs.
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Figure 1.1. Major natural processes in the nitrogen cycle (figure from Jacob, 2000).

Humans have substantially altered the nitrogen cycle by increasing the production of N;
through three processes (Fowler et al., 2013). The first process is the combustion of fossil
fuels for transportation and energy production, which generates NOy from the oxidation of
N> under high temperature. The second process is the creation of NH3 from industrial
production of fertilizer and chemicals through the Haber-Bosch process. And the third
process is the planting of nitrogen-fixing crops that convert N> to NHs, which contributes

substantial quantities of N; to soils.

Anthropogenic activities have had a profound impact on the nitrogen cycle, very likely

doubling its turnover rates (Gruber and Galloway, 2008; Sutton et al., 2011b; Fowler et al.,
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2013). While natural processes such as BNF and lightning contribute about 203 Tg N yr!
of N; to the terrestrial and marine ecosystems annually, human activities add a comparable
amount of 210 Tg N yr'! in the 21 century (Fowler et al., 2013). The main anthropogenic
sources of fixed N include fertilizer production, agricultural BNF and combustion. Among
these sources, 180 Tg N yr! is in the reduced form of NHj from fertilizer production and
agricultural BNF, while 30 Tg N yr'! is in the oxidised form (NOx) from combustion (Fig
1.2).

fertilizer
production

combustion agricultural

lightning I\ ) BNF

% 5 + 50% 120£10% 60 +30% Q'AA

. -
58 +50% land
140 £ 50%
annual fixation N_ 413 Tg N yr~! ocean

anthropogenic 210 Tg N yr~!

Figure 1.2. Global N fixation in both oxidised and reduced forms of N (units Tg N yr,
with percentage uncertainties). Arrows indicate transfers of N, from the atmosphere
to terrestrial and marine ecosystems. Green arrows represent natural sources, and
purple arrows represent anthropogenic sources (figure from Fowler et al., 2013).

These fixed N compounds undergo a variety of chemical processing in the atmosphere and

microbial and plant biochemical processing in the terrestrial and marine systems. Figure
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1.3 shows the relative magnitudes of N; cycling within these environments, with the
terrestrial environment processing the largest quantity of 240 Tg N yr!. Oceans process an
estimated 230 Tg N yr!, and the remaining 100 Tg N yr'! is estimated to be processed in

the atmosphere.
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Figure 1.3. Processing and fluxes of N; in terrestrial and marine systems and in the
atmosphere (Tg N yr!) (figure from Fowler et al., 2013).

1.2.3 Environmental impacts of reactive nitrogen

Nature is normally very effective in conserving and recycling N; components because of

its limited availability. In contrast, anthropogenic N; flows are less conservative. A
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well-managed system is expected to fully recycle N, within the system, but this is nearly

impossible to achieve. As a result, there are unintended N losses into the environment.

Galloway et al. (2003) introduced the concept of the “N cascade” to illustrate how leakage
of N: through different media contributes to a range of environmental responses until it is
denitrified back into N> (Fig 1.4). Taking NH3 as an example, a freshly produced NH;
molecule from the Haber-Bosch process is intended to enrich soil fertility and increased
production of crops, subsequently feeding livestock and humans and enabling essential
living activities. However, the NH3; molecule can undergo many unintended
transformations, leading to a cascade effect. For example, NH3, NOx and N>O can be
released to the atmosphere, causing aerosol formation, ozone production and enhancing the
greenhouse effect. The leaching of NO3/ NO>™ to freshwater systems, catchment and open
oceans results in eutrophication. Ecosystems are damaged due to N; deposition, such as
NH; and NOx. These transformations and processes have a wide range of negative impacts

on the environment.
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Figure 1.4. Schematic of N cascade. Unintentional losses of N; to the environment from
agricultural and industrial activities (taken from Sutton et al., 2011).

The significant environmental impacts of excess N; can be summarized by an acronym
“WAGES”, which represents five major threats due to N;: Water quality, Air quality,
Greenhouse balance, Ecosystems and biodiversity, and Soil quality (Sutton et al., 2011a;

Fig 1.5). The impacts on each of these aspects can be far-reaching and long-lasting.
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Figure 1.5. Summary of the five key environmental threats of excess reactive
nitrogen by an acronym as the ‘WAGES’ (figure from Sutton et al., 2011a).

Water quality

Excess N: causes acidification and eutrophication in water systems. Nitrogen is a key
nutrient required to support primary production by plants and algae in water ecosystems
(Durand et al., 2011). In undisturbed aquatic systems, organic N is the main form of
nitrogen export, and concentrations of inorganic N are generally much lower compared to
organic N. However, direct deposition of N; or leached N; (nitrate originated as NOx or
NH3/NH4) can introduce a net input of acidity to these systems, which can significantly

influence their productivity and biodiversity. Research has shown that HNOs is the main
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cause of acidification in many parts of Europe and North America (Murdoch and Stoddard,
1992; Allott et al., 1995; Wright et al., 2001). Eutrophication can occur in both marine and
non-marine freshwater systems. Estuaries and their adjacent coastlines are particularly
affected by eutrophication from N;, which can be four times the natural background,

resulting in biodiversity loss, toxic algal blooms and fish kill (Billen et al., 2011).

Air quality

Air quality is significantly affected by atmospheric releases of N;. Both NH; and NOx are
precursor air pollutants and contribute to the formation of particulate matter (PM; as
ammonium, NH4" and nitrate, NO3™ aerosol), which can reduce visibility of the atmosphere
and pose threats to human health. Prolonged exposure to high levels of NH3 and PM can
cause respiratory and cardiovascular diseases (Brunekreef and Holgate, 2002; Pinder et al.,
2007; Wyer et al., 2022). Ammonia is the most significant alkaline gas in the atmosphere,
while NOx plays a crucial role in the production of tropospheric ozone (also a major air
pollutant). In addition, NOx can affect other key oxidants and radical species, making it
closely coupled to the oxidizing capacity of the atmosphere (Isaksen et al., 2009). It has
been reported that N; contributes 30% to 70% of the PM by mass (Sutton et al., 2011Db).
Globally, Gu et al. (2021) and Yao et al. (2023) have estimated that control of NH3 emission

1s more cost-effective than further control of NOyx emissions.

Greenhouse gas balance

While N2O is a potent greenhouse gas and an important contributor to radiative forcing
because of its strong warming potential and relatively long lifetime in the atmosphere, N;

containing aerosols have a cooling effect by scattering radiation (the direct effect) and

13
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influencing cloud formation (the indirect effect). According to the IPCC’s sixth Assessment
Report on Climate Change (AR6), N>O is estimated to contribute approximately 0.21 W
m2 of radiative forcing (Intergovernmental Panel On Climate Change, 2023), while Xu and
Penner (2012) estimated that the direct and indirect anthropogenic forcing from particulate
nitrate and ammonium at the top of the atmosphere was —0.12 W m? and —0.09 W m2,
respectively. European N; emissions are estimated to have a net cooling effect on climate
of —16 mW m2, with the uncertainty ranging between substantial cooling to a small net

warming (— 47 to +15 mW m) (Butterbach Bahl et al., 2011b; Sutton et al., 2011b).

Ecosystems and biodiversity

The lifetime of N in the atmosphere is relatively short (with the exception of N>O), ranging
from days to weeks (Jacob, 2000; Fowler et al., 2013; Seinfeld and Pandis, 2016). The
removal of N; from the atmosphere through deposition has huge impacts on biodiversity of
the ecosystems, causing foliar damage to vegetation, eutrophication, acidification and
susceptibility to secondary stress (Krupa, 2003; Dise et al., 2009). Atmospheric deposition
of N: encourages organisms to thrive that favour high nutrient supply or more acidic
conditions, which outcompete other vulnerable species that are adapted to low nutrient
levels and sensitive to elevated N; deposition or are poorly buffered against acidification.
Grassland, heathland, peatland and forest ecosystems are considered vulnerable habitats
(Dise et al., 2011). Although the relative effects of different forms of N; (e.g., NO3™ versus
NH4") on ecosystems remain unclear for many habitats, gaseous NH3 is recognised to be
particularly harmful to vegetation, especially to lower plants, through direct foliar damage
(Dise et al., 2011), and is thought to be at least partly related to the ‘alkaline air’ effect of

NH3 on sensitive vegetation (Sutton et al., 2020).
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Soil quality

Additional N; typically has a beneficial effect on soils, and typically enhances soil fertility
and to stimulates the growth of plants. But when presenting in large amounts, excess Nrcan
have adverse impacts on both agricultural and natural soils, which includes soil
acidification, changes in soil organic matter (OM) content and loss of soil biodiversity
associated with eutrophication (Butterbach-Bahl et al., 2011a). Soil acidification is a
common consequence of excess N, which results from the deposition of both NH3 and NOx
emissions, as well as more directly from fertilizer and manure applications. Soil
acidification negatively impacts crop yield and forest growth, and increases leaching of
toxic components, such as heavy metals. The impact of N fertilization on agricultural soil
OM content is varied, with some studies showing increases while others show decreases
due to N from fertilization (Glendining et al., 1996; Sleutel et al., 2003). Increased N;
deposition has greatly altered C and N cycling and soil C/N ratios over the last decade
(Vitousek et al., 1997; Gundersen et al., 1998; Corre et al., 2007). Eutrophication of natural
soils caused by the high nitrogen input is often linked to low C/N ratios of organic matter,

elevated nitrogen leaching and a reduction in biodiversity.
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1.3 Ammonia emission: its sources and fates

1.3.1 Sources of ammonia emissions

The dominant source of NH3 emission is from agriculture, often accounting for over 80 %
of the total NH3 emissions (Sutton et al., 2000; Hertel et al., 2011). Agricultural NH3
emissions are mainly from NH3 volatilization from synthetic fertilizer and livestock excreta,
and the involved processes are very sensitive to the environmental conditions such as

temperature.

The N loss from the agricultural systems through NH3 emission can originate from various
agricultural activities, as illustrated in Figure 1.6, including livestock housing and grazing,

manure management, and the application of both manure and synthetic fertilizer to the land.

Nitrogen applied to arable land is taken up by crops (or grass), while livestock obtain N
from feed and grazing and convert it into meat, milk, or eggs. Any surplus of N is then
excreted, which is a by-product that can be used as manure fertilizer. Livestock manure can
be managed in different ways depending on local needs, such as being stored for further
use or burned as fuel. Although N is desired to be used by living organisms as much as

possible, a significant portion of nitrogen is lost through volatilization unintentionally.

Compared with agriculture, non-agricultural sources of NH3 emissions are much smaller,
typically accounting for only 5 to 15 % of the total emissions, depending on the region
(Sutton et al., 2000, 2013). These sources include biomass burning, transport, industry,

residential and some natural sources such as soil and ocean emissions.
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Figure 1.6. Schematic of NH3 emissions that originate from livestock farming and crop
agriculture following the N flows. Note the difference between this figure and Figure
1.4 that illustrates the N cascade. This figure focuses on the NH; emissions from
various activities in the agricultural system.

1.3.2 Atmospheric processing of ammonia

Ammonia is released from the surface and undergoes a variety of processes once it enters
the atmosphere. Ammonia is reactive and consequently relatively short-lived in the
atmosphere, with a typical lifetime of hours to days (Bian et al., 2017; Ge et al., 2022). As
introduced in Section 1.2.2, NH3; emissions can lead to the formation of aerosols in the
presence of gas phase acids, such as sulphuric acid (H2SOs, forming ammonium sulfate)

and nitric acid (HNO3, forming ammonium nitrate). Atmospheric NH3 can be transported
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away from the emission source and be removed from the atmosphere by dry or wet
deposition. The efficiency of these processes depends on the prevailing meteorological and
environmental conditions. Therefore, the atmospheric concentration of NH; shows

significant spatial and temporal variation.

Gas phase NH3 can either lead to aerosol formations or condense onto existing atmospheric
particles. For aerosol formation, NH3 readily reacts with gas phase H2SOs and HNOs,
forming ammonium sulphate ((NH4)2SO4) and ammonium nitrate (NH4NO3), respectively.
The former reaction between NH3z and H>SOs is favourable over HNOs, if HoSOy is present.

A two-step processes is used to describe the reaction:

NH, + H,S0, - NH,HSO,
(1.1)

NH, + NH,HSO, — (NH,),SO, (1.2)

The reaction is considered irreversible and dependent on temperature and humidity. In
contrast, when NHj3 reacts with HNOs, it leads to an equilibrium between the gases and

aerosol phase products, but it is a reversible process:
NH, + HNO; = NH,NO, (1.3)

The equilibrium depends on temperature and humidity (Stelson et al., 1979; Stelson and

Seinfeld, 1982).

Besides undergoing chemical reactions to form aerosols, NH3 can also be removed from

the atmosphere effectively through dry and wet deposition. Dry deposition is the direct
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transfer of NH;3 onto terrestrial or marine surfaces, while the wet deposition occurs when
NH3 is captured by rain droplets and subsequently deposited on surfaces. Given its high
solubility, NH3 is readily deposited on wet surfaces and scavenged by precipitation. As a
result, NH3 typically does not travel long distances from its source before being deposited
or scavenged (Hertel et al., 2011; Fowler et al., 2013; Seinfeld and Pandis, 2016). By
comparison, ammonium aerosols have a longer lifetime than NH3 and can travel greater

distances (Hertel et al., 2011; Fowler et al., 2013; Seinfeld and Pandis, 2016).

1.4 Estimating ammonia emissions

1.4.1 Emission factors and process-based models

The two most commonly used methods for estimating NH; emissions are EFs and
process-based models. Emission factors are empirically derived or experimental values,
which summarize NH3 volatilization rates that vary by specific source sectors. The NH3
emission is then calculated by combining statistical activity data with reference EFs. The
simplicity in calculations is an advantage. However, these EFs may not provide an accurate
representation of NHj3 volatilization because NH3; emissions are highly sensitive to
environmental conditions, such as temperature, that show large spatial and temporal
variations. For example, it has been suggested that a 5 °C rise in temperature will lead NH3
volatilization potential to nearly double, as predicted by solubility and thermodynamics

(Sutton et al., 2013). As EFs only consider the climatic effects to a limited extent, using
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constant values to describe the fraction of N that volatilizes as NH3 from different sources
may not provide realistic estimates under all environmental conditions. Significant
uncertainties may result from using EFs in large-scale assessment (e.g., global-scale
calculations), and these also typically lack information in the temporal characteristics of
NH; emissions. Due to increasing awareness of the climate sensitivity of NH3 emissions,
EFs have been improved by either applying corrections of environmental factors or

temporal profiles, for example, in Ren et al. (2023).

Process-based models are another method used to estimate NH3 emissions, which are
developed based on the theoretical understanding of relevant processes and foundations
developed for sources (Sutton et al., 1995; Nemitz et al., 2001; Flechard et al., 2013;
Moring et al., 2016). Process-based models attempt to include the effects of environmental
factors on NHj3 volatilization to address the deficiency of the EFs that are lack of response
to environmental drivers. These models can have different levels of complexity, with

different processes and factors emphasized.

Nemitz et al. (2001) developed a two-layer model (2LCCPM) to investigate the
bi-directional exchange of NH3z between the ground layer and the vegetation above. The
2LCCPM model incorporates the “compensation point” theory (Farquhar et al., 1980;
Sutton et al., 1995), which introduces a theoretical equilibrium reached by the atmospheric
NH; concentrations above a given source or sink of NH3. This bi-directional exchange
scheme has been adapted and modified for different purposes in later studies and models,
such as estimating NH3 emissions from fertilized agricultural land like CMAQ-EPIC (Bash
etal., 2013; Fu et al., 2015; Chen et al., 2021) and DLEM (Xu et al., 2018, 2019a) and for
investigating NH; volatilization from urine patches in the GAG model (Moring et al., 2016).
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Pinder et al. (2004) constructed a model for simulating NH3 emissions from dairy cattle
with a range of activities included, such as housing, grazing, manure storage and
application. The FAN model, which simulates global agricultural NH3 emissions, includes
response to climatic factors and has detailed soil processes (Riddick et al., 2016; Vira et al.,

2020a).

Although process-based models are more sophisticated compared with EFs, they also have
limitations. For example, the CMAQ-EPIC model (Bash et al., 2013) has limited
representations for the soil processes, and the FAN model simulates manure management
and livestock housing in a much simpler way relative to its land simulations. Due to the
difficulties in covering all processes in a reasonable level of detail, each model has its own
focus. It is critical to justify which processes are important and should be included because
process-based models often require more detailed model inputs and higher computational

resources than studies and inventories that use the EFs.

A further approach is the use of empirical models, which may be derived from regression
relationships between measurements and driving parameters (Bouwman et al., 2002) or
from simplification of more detailed process based models (Ramanantenasoa et al., 2019).
In practice, such approaches may range from incorporation of empirical elements within

largely process-based models to EF approaches with some additional effects considered.

1.4.2 Global assessment of ammonia emissions

Existing NH3 emission inventories largely rely on the use of EFs due to the simplicity of

this approach. As non-agricultural NH3 emissions are primarily driven by activities and are
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less dependent on climate, it is rational to use EFs for these sources. Table 1.1 summaries
estimates of global NH; emission from inventories and several process-based models.
Agriculture is the largest sector of NH3 emissions, and inventories that focus on different
years suggest comparable total emissions. In particular, Emissions Database for Global
Atmospheric Research (EDGAR) emphasizes the larger contribution of agricultural NH3
(including manure management and agricultural soils) than other studies. As shown in
Figure 1.7, EDGAR estimates that global NH; emissions have substantially increased over
the past 50 years, and agricultural NH; emissions are estimated to have nearly doubled.
Meanwhile, models mainly focus on assessing agricultural NH3 and provide broadly

consistent estimates with inventories.
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Table 1.1. Estimates of global NH3; emissions.

Agricultural Total
Inventory/Model Year NH; (Tg N yr') §H3_(1Tg
yr)
EDGAR v6.1? 2010 44.2 50.7
2018 46.4 53.1
Dentener&Crutzen1994® 1990 28.4 45.0
Inventory  Bouwman1997°¢ 1990 342 53.6
Van Aardenne2001¢ 2000 33.7 43.0
Beusen2008¢ 2000 32
MASSAGE_NH;f 2005-2008 34 54
CAMEO# 2005-2015 44
Model FANv]P 2000 33
FANv2 2010 48

*EDGAR, 2023 ® Dentener and Crutzen, (1994) ¢ Bouwman et al. (1997) ¢ Van Aardenne
etal. (2001) ¢ Beusen et al. (2008) f Paulot et al. (2014) & Beaudor et al. (2023) " Riddick et
al. (2016) ' Vira et al. (2020)
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Figure 1.7. Global NH3; emission from agricultural and non-agricultural sources
between year 1970 and 2018 (based on data from EDGAR, 2023).

1.5 Existing guidance and policies on ammonia emission control

As discussed, NH3 emissions have significant environmental and human health
implications. Plenty of studies have demonstrated the benefits and importance of NHj
control on the sustainable development and human well-being. For example, recent studies
have shown that abating NH3 is a cost-effective measure in addressing air pollution (Gu et
al., 2021; Xu et al., 2022; Liu et al., 2023). Such scientific evidence needs to be translated
into policies, regulations and economic incentives to have real-world impacts. Over the past

decades, there have been great achievements in reducing sulphur dioxide (SO2) and NOy
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for improving the air quality due to the success of policies. By comparison, less attention

has been given to NH3, which remains a key challenge for the future.

The Gothenburg Protocol, established under the United Nations Economic Commission for
Europe (UNECE) as part of the Convention on Long-Range Transboundary Air Pollution
(CLRTAP), is the first international protocol that addressed the needs of reducing NHj
emissions for the benefit in human health and environment, along with SO, NOx and
volatile organic compounds (VOCs) (UNECE, 2012). The protocol set emission mitigation
targets for countries and included national emissions reduction commitments. However,
under revision of the UNECE Gothenburg Protocol in 2012, the EU projected decrease in
the NH3 emissions was only 2 per cent compared with 30 per cent for SO> and 29 per cent

for NOx, with NHj being the least ambitious of all pollutants considered (UNECE, 2012).

The UNECE Guidance Document on preventing and abating ammonia from agricultural
sources (Ammonia Guidance Document, ECE/EB.AIR/120; Bittman et al., 2014) provided
supporting material to the Gothenburg Protocol and has encouraged the use of best
available techniques to reduce NHs from various agricultural sectors, along with the
scientific background, economic cost and limitations of the techniques (Bittman et al.,
2014). Similarly, the UNECE Framework Code for Good Agricultural Practice for
Reducing Ammonia Emissions (Ammonia Framework Code, ECE/EB.AIR/129) is
designed to support Parties in establishing or updating their national advisory codes of good
agricultural practice to control ammonia emissions (UNECE, 2015). Although these
documents are for guidance only and is not a prescriptive set of measures for full adoption,

they present potential effective low NH3 emission systems in agricultural practices.
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These two documents further facilitated the establishment of the UNECE Guidance
Document on Integrated Sustainable Nitrogen Management (ECE/EB.AIR/149) prepared
by the Task Force on Reactive Nitrogen (TFRN), which focuses on broader perspectives to
guide Parties and other stakeholders in tackling multiple forms of nitrogen loss
simultaneously (Sutton et al., 2022). A further important milestone is the Colombo
Declaration, where 14 United Nations (UN) members states agreed the ambition to halve
nitrogen waste by 2030. This follows up the first ever UN Resolution on Sustainable
Nitrogen Management (UNEP/EA.4/14), and itself informed adoption of the subsequent
resolution at the 5" UN Environment Assembly (UNEP/EA.5/2; UNEP, 2019, 2022).

In addition to the international frameworks, national policies also play a crucial role in
regulating domestic NH; emissions. Notable examples include the Netherland’s Nitrogen
Emission Action Programme (Programmatische Aanpak Stikstof), which both addresses
NH; and NOx emissions within the country. Denmark’s Action Plans have been
implemented to reduce NH; emissions whilst also improving water quality (Danish
Ministry of Climate, Energy and Utilities, 2019). The United Kingdom’s Clean Air Strategy
(DEFRA, 2019) and United States Clean Air Act (USEPA, 2021) highlighted the
significance of controlling farming NHj3 for better air quality. These national policy actions
have demonstrated the ambitions and comprehensive efforts in mitigating NH3 emissions.
However, there are still gaps between developed countries and some developing countries
regarding monitoring and reducing NH;3 emissions due to limited resources and knowledge

or lack of awareness.

While significant progress has been made, challenges remain, and continuous efforts are

required to achieve substantial NH3 emission reductions and to develop integrated
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approaches to N management. Furthermore, future research should also focus on evaluating
the effectiveness of implemented policies, identifying cost-effective strategies and

enhancing international collaboration.

1.6 Thesis layout

The motivation and aims of this study, along with background and introduction of the topic
are presented in this chapter (Chapter 1). The main chapters presenting methods and results
of the research are Chapters 2 to 6. Chapter 2 is a methodology chapter that describes the
development of the emission model AMmonia—CLIMate (AMCLIM), which presents the
overall model structure, simulated processes and input data required for running the model.
Chapters 3 to 5 are written in the format of scientific papers that consist of introduction,
methods and materials, results, discussion and conclusions. These chapters present the
quantification of NH3 emissions from synthetic fertilizer use (Chapter 3), pig and poultry
farming (Chapter 4) and ruminant farming (Chapter 5) by using the AMCLIM model, with
complementary and detailed descriptions of the model development for individual sectors.
Chapter 6 is a synthesis chapter that provides a comprehensive outlook on agricultural NH3
emissions simulated by the model, including analysis for impacts of environmental factors
and management practices on NH3 volatilization, potential mitigation measures and present
and future NH3 emissions in the 21% century. Chapter 7 contains the conclusions and key

research findings, as well as limitations and future outlook.
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Chapter 2
Development of AMmonia—CLIMate
(AMCLIM) model

2.1 Overview

AMmonia—CLIMate (AMCLIM) is a dynamical emission model that quantifies
climate-dependent NH3 emissions from agriculture. It incorporates the effects of
environmental conditions on the formation and transport of N compounds to simulate the
temporal evolution of each N species, especially NH;. There are three modules in
AMCLIM: a) Housing, b) Manure Management and c) Land. The model focuses on
synthetic fertilizer application and livestock farming, simulating relevant physical,
chemical and biological processes that govern the N flows in agricultural systems, whilst

also considering agricultural management practices.

The AMCLIM model can be operated at multiple scales; it is calibrated and validated at
the site scale by comparing with measurements and experimental studies and then is applied
on a global scale to provide estimates of global NH3 emissions. For site-scale simulations,

the AMCLIM model explores various source sectors and can be run with different length
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time-step, depending on inputs given in the measurement datasets. For global simulations,
the AMCLIM model covers all major agricultural sectors and aims to provide a
comprehensive assessment of agricultural NH; emissions. Livestock sectors include pigs,
poultry, cattle, sheep and goats, which together dominate the livestock NH3 emissions. The

AMCLIM model also simulates NH3 emission from global synthetic fertilizer use on crops.

2.2 Model structure and components

The design of the AMCLIM model is closely associated with human activities in agriculture.
The model structure and components are shown in Figure 2.1. Three main modules in
AMCLIM cover essential agricultural activities and practices, and the connections between
modules reflect the typical N flows in the livestock production systems (as introduced in
Section 1.3.1), from animal housing to manure storage and then to the ultimate land
spreading. As NH3 emissions can be released at all stages, all modules need to provide
robust estimates as previous components can have substantial influences on the following
ones, i.e., less emission from housing leaves higher N content in the animal excreta and

possibly cause larger emissions in the succeeding practices.
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Figure 2.1. Components and structure of the AMCLIM model and inputs (blue
arrows) used for simulations. The dashed yellow arrows represent a fraction of
unmanaged N from housing that is not simulated in the Manure Management Module
(AMCLIM-MMS). Solid yellow arrows represent the N flows between modules.

(MMS: Manure Management Systems. Envs: Environments. Techs: Techniques.)

2.2.1 Housing Module

A Housing Module in AMCLIM (AMCLIM—-Housing) was designed to estimate the NH3

emission from livestock housing. Pigs and poultry are mostly kept in buildings, and
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ruminants like cattle and sheep may also spend a considerable amount of time in barns or
stalls depending on weather and local management. In animal houses, nitrogen in animal
excretion can decompose and potentially leads to NH3 emission. Ventilation in the house
causes turbulence and mixing of indoor air. Indoor NH; increases as NHs is quickly
released from the surface through mixing under turbulent conditions. But indoor NH3 must
be controlled below a certain level for eliminating odour and maintaining a healthy
environment for the animals. Meanwhile, ventilation continuously removes NH3 from the
house to the outside free atmosphere and brings in fresh air, which results in a decline of
indoor NH3 concentrations. In AMCLIM-Housing, NH3 removed from the animal house
to the free atmosphere is assumed to equal the amount of NH3 released from the surface to
the indoor atmosphere, which is considered to be true under most conditions when there
are no filters that absorb NH3. Released NH3 may get deposited on “clean” wet surfaces in
the animal house, e.g., walls. This flux is considered to be negligible due to NH3 saturation

in small amount of water so is not included in the model.

AMCLIM-Housing includes two housing systems and three house types, depending on the
production system of the livestock and management. Two housing systems are
distinguished: enclosed housing and partially enclosed housing, which are reflected by
different indoor environmental conditions. Enclosed housing is assumed to have forced
heating and managed ventilation, which is commonly used for commercial pig and poultry
production systems in order to improve livestock performance (Gyldenkerne, 2005; FAO,
2018). Partially enclosed housing refers to barns or houses that are naturally ventilated, of
which the indoor environment is assumed to be close to the natural environment. These two

systems are employed to differing degrees by different livestock sectors and production
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systems. For example, cattle have a higher tolerance to cold weather than pigs and poultry

so are typically kept in naturally ventilated barns (Seedorf et al., 1998a).

Three house types are included in AMCLIM—Housing: 1) houses with slatted floors and
storage pits, 2) normal barns (without slatted floors and pits) and 3) poultry houses. The
first house type allows animal excreta to be removed quickly and effectively, so the house
can be easily cleaned. The slatted floor is usually concrete or iron, and there are partially
slatted compartments. The gap area of the slatted floor usually accounts for approximately
20 % and no more than 50 % of the total floor area (Aarnink et al., 1997). The excreta fall
to the pit underneath through the gaps and is stored in-situ for a period. Emission of NH3
can be from both the slatted floor area and the storage pit. Such slatted-pit houses are
prevalent in pig farming, especially for industrial production system. This house type is
simulated by a two-reservoir emission scheme in AMCLIM—-Housing, with details given in

Chapter 4.

The second house type is barns. Barns are commonly used facilities in livestock housing
because they can be easily set up and requires less capital input compared to animal houses
with slatted floor and pit storage. Barns are normally naturally ventilated and are not fully
enclosed. During cold days, mechanical blocking may be applied to open barns to reduce
ventilation (Gyldenkerne, 2005a). Excreta and bedding are frequently removed to a
separate storage unit to keep the barn clean. In most cases, daily cleaning of barns is

necessary. Barn modelling is described and discussed in Chapter 4 and 5.

The third house type is poultry houses. Poultry houses for broiler and layer production

systems are mainly enclosed with forced heating and ventilation except for some regions.

33



Chapter 2: Development of AMmonia—CLIMate (AMCLIM) model

Commonly, poultry excreta accumulate and remains in the houses for a long time, e.g.,
months to years until it is removed. Bedding materials such as straw are added to absorb
moisture as well as to reduce emissions, which is typically for breeders and meat-type

poultry (FAO, 2018a). Details of poultry house modelling are presented in Chapter 4.

2.2.2 Manure Management Module

Properly dealing with animal excreta is crucial because poorly managed animal excreta
cause large unintentional NH3 emissions, which results in a series of environmental issues.
Under adequate management, livestock excreta become a valuable N source and can be
spread on land as fertilizers. Manure is a mixture of animal excreta (including urine and
faeces), bedding, feeds, drinking water and water used for cleaning from the housing.
Collected manure is usually stored for a period until it is applied to fields at an appropriate
time, and manure can also be used as fuel. In AMCLIM, a Manure Management Module
(AMCLIM-MMS) was developed to simulate the NH3; emission from the stage when
manure is removed from the housing systems and before it is spread on land. According to
the Global Livestock Environmental Assessment Model 2 (GLEAM?2) (FAO, 2018a), there
are over 20 manure management systems (MMS), and these MMS are in either liquid or
solid phase based on the water content (see Appendix B4,). The main divisions identified
for AMCLIM and regrouped from the GLEAM-defined MMS are based on the similarities

existing in the general practices, as follows:

A) Indoor storage: manure is stored and managed in stables/barns/enclosed or partially

enclosed facilities.
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B) Outdoor storage: manure is stored in open environments, i.e., an earthen basin or
pond.

C) Covered storage: manure is stored in tanks or containers with a cover/crust on top.

D) Left on land: manure is left on pastures soon after it is removed from housing, or

there is daily spreading of collected manure on fields.

The above divisions of MMS were implemented in AMCLIM-MMS for simulating NH3
emissions, and each division may include two phases or only include one phase. It worth
mentioning that the types of manure storage included in AMCLIM is a simplification. The
current level of complexity is justified as adequate for global modelling. It is impossible to
simulate every specific practice in manure management given the computational costs and
the extra uncertainty entailed from more assumptions on data and processes. Divisions A,
B and C represent manure storage in different manners. Subsequent land spreading of
manure N from these three divisions will be simulated by the Land Module (see Section
2.2.3). In contrast, manure N from division D which has already been spread or left on land
will not go into the Land Module of AMCLIM, and the NH; emission is counted as manure
management emission. As described in Table B3 (see Appendix B7), manure can be used
as fuel (burned) or converted to fuel (digester), which may cause significant NH3 emissions
but is not included in the AMCLIM model due to the uncertainty (limited studies) and scope
of this study. Meanwhile, these types of management are only a small fraction across the
globe. The amount of manure N used as fuel will be presented but will not be simulated
further here. In addition, there is unmanaged manure N from housing. Although it is not an
MMS according to the definitions used in GLEAM?2, it is still critical because this fraction
reflects a direct N loss from the agricultural system to the environment. Unmanaged N is

quite common in a few regions and nations for some particular livestock production
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systems according to the UN Food and Agriculture Organization (FAO, 2018a). These
unregulated systems include “discharge”, “dumping”, “fishpond” and “public sewage”,
which have adverse impacts on local aquatic systems and ecosystems. Nitrogenous manure
discharged to water bodies does not cause large NH3 emissions but has other environmental
implications. The amount of nitrogen that is not managed at this stage is reported but not
simulated further in AMCLIM. This is treated as a loss or an untraceable term in

AMCLIM-MMS.

2.2.3 Land Module

Agricultural soils have been estimated to contribute to 60 to 80 % of the NH3; emission
from the whole agricultural sector (Beusen et al., 2008; Crippa et al., 2018; Vira et al.,
2020b). The Land Module of the AMCLIM (AMCLIM-Land) model consists of three
submodules that quantify the NH3 emission from animal grazing, land spreading of manure
and synthetic fertilizer application, respectively. The submodules for simulating grazing

and manure application are closely linked to AMCLIM—-Housing and AMCLIM-MMS.

There are two types of grazing in the Grazing Submodule: year-round grazing and seasonal
grazing. The former practice indicates that ruminants freely roam around on pastures
throughout the year, while the latter addresses the fact that ruminants graze seasonally
depending on the climate/weather (e.g., ruminants are gathered in and housed for winter),
and excreted N from the seasonal grazing livestock is split into two parts: housing and
grazing. Emission of NH3 from grazing fields is dominated by urine patch emissions, and

dung pat is found to contribute to only a tiny fraction (Saarijarvi et al., 2006; Laubach et
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al., 2013). Schemes for both urine patches and dung pats are included in the Grazing
Submodule, with details presented in Chapter 5.

As mentioned in Section 2.2.2, manure is applied to land after storage. Applied manure is
assumed to have generally identical features as the stored manure, i.e., the liquid phase
storage leads to application of slurry which is a type of manure that has relatively low dry
matter (DM) content, and the solid phase storage leads to solid manure application in
AMCLIM-Land. It is assumed in AMCLIM that the manure from each livestock sector is

spread on fields independently and there is no use of a mixture of manure.

Synthetic fertilizer application is an independent component in AMCLIM—-Land as it is not
directly associated with the livestock farming that is simulated by the other modules. The
Synthetic Fertilizer Application Submodule simulates the flows of N applied on crops with
an emphasis on the estimation of NH3 emission, from the application of urea N and
ammonium N. Nitrogen application rates and planting calendars for individual crops were
incorporated into the model to simulate the spatial and temporal variability of NH3 emission

which is influenced by human management.

Three typical techniques in fertilizer application were implemented, namely: a)
broadcasting, b) incorporation and c) deep placement. Each technique has advantages and
disadvantages in practice from the aspects of nutrient use efficiency, costs and
environmental impacts, which are presented and discussed in Chapter 3. In AMCLIM—
Land, all of the above three techniques are used for synthetic fertilizer application, while
manure is assumed to be applied only at the surface by broadcasting. Contrary to housing

and manure management, land simulations are driven by the natural climatic conditions
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under local management. Practices that can affect the environmental variables, i.e.,
irrigation events and slurry application which temporarily alter the soil moisture, are

evaluated in the AMCLIM-Land with details given in later chapters.

2.3 Modelled N processes

The AMCLIM model was developed based on the understanding of physical and chemical
processes. The model simulates atmospheric, soils and interfacial processes which are
associated with the N flows in agricultural practices, as shown in Figure 2.2. These
processes govern the formation of NH; emissions and are strongly dependent on
environmental factors. Simulated processes differ in each module because of the different
systems and practices and different environmental conditions (i.e., indoor conditions for
housing vs. outdoor/open conditions for fertilizer application and grazing) and may vary
between livestock sectors because of different forms of N in the animal excreta (i.e., uric
acid in poultry excreta vs. urea in pig excreta). This section provides a brief general
introduction to these processes, and detailed descriptions and parameterizations, as well as

more specific processes, are presented in the following chapters.
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Figure 2.2. Simulated N processes in the AMCLIM model (shown in the solid black
box). Ammonification, denitrification, and emission of NO, N,O and N: are not
included in this study but are shown (dashed arrows; or outside the black box) to
provide the comprehensive concept. The dotted black box indicates soil N processes.
Red arrows represent physical processes, including NH3 volatilization, surface runoff,
leaching and diffusion of nitrogen to deep soils. Green arrows represent biological
processes, such as plant uptake of N and decomposition of organic N. Blue arrows
represent chemical transformations, including hydrolysis of urea and uric acid in

animal excreta and nitrification.
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2.3.1 Masses of nitrogen pools and concentrations

In the AMCLIM model, pools of N compounds are determined by the sources and losses.
Flows between the pools are simulated, termed fluxes. Masses of pools are calculated at
every time step. The general expression for the time-dependent N pools can be simply

written as:

dMm
d_tN = FPN - FLN (21)

where My is the mass of a N species (g N m™, given in per unit area; all masses have units
of g m?if not specifically explained). Fp and Fi,, (g N m?s'; all N flows have units of g
N m2s!if not specifically explained) represent the sum of production (including inputs)

and losses of the N compound, respectively.

AMCLIM uses the same mass balance approach to calculate the water pool and then solve
the concentrations in the aqueous phase of each N species by dividing the mass by the

volume of water, as follows:

MN

[N] = (2.2)

9
VHzO

where [N] (g mL™) is the concentration of the N species, and Vi, (mL m™) is the volume
of water. It must be noted that the sources and losses terms of each N pool and the water
pool in different modules are not the same, and Equation 2.2 is a general representation for
the concentration calculations, which is modified when considering multi-phase equilibria.

Details are given in the following chapters.
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2.3.2 Volatilization of ammonia

The most important N species simulated in the AMCLIM model is the total ammoniacal
nitrogen (TAN, TAN = NH3+ NHy4"), which can either be partitioned into gaseous or

aqueous NH3 and aqueous or adsorbed NH4" (as shown in Equation 2.3).
Mran = MynH,g + MraNag T Mrans (2.3)

Livestock excreta and synthetic fertilizers are major sources of N inputs to the environment
that cause NH;3 emissions (Fig. 2.2). The physical and biochemical processes involved in
these anthropogenic activities influence the transformations between various N forms and
the transport of N species, in which the abundance of TAN is the key component that

governs the NH3 emission potential (/) of a system.

Ammonia emission is a physiochemical process that typically takes place from wet or
drying surfaces. Gas phase NHj3, held within the excreta and soil pore spaces, or at the
surface in the slurry, is in dynamic equilibrium with aqueous ammonium depending on the
substrate pH and temperature response of combined Henry and dissociation equilibria as

follows (Nemitz et al., 2000):

161500 —10378
x = exp (F2E) T 2.4)
_ [nm3] _ _ (TAN]
=T T Ky +[H*] 3)

where Knus+ is the dissociation constant of NHy*.
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The flux of NH3 (Fyp,) volatilized to the atmosphere from the surface is then determined

by assuming a resistance model (developed from the electrical resistance analogy). The
model uses gas concentrations at two vertical levels constrained by a set of resistances
(Sutton et al., 2013), which is calculated from:

Fyi, = [Xsfc;)((z)] ’ (2.6)

where yg represents the concentration at the surface, and y(z) represents the
concentration at a reference height. Equation 2.6 represents a general formula as the
resistance term needs to be parameterized for different environments, e.g., inside an animal
house, or on cropland, which is influenced by turbulent conditions, specific to each setting.
The magnitude of concentrations at two heights used in Equation 2.6 determines the
direction of the NH; flux, i.e., emission takes place when surface concentration is higher,
and deposition takes place if surface concentration is lower. A bi-directional air-land
exchange scheme incorporating vegetation interactions is more sophisticated in simulating
NH;3 fluxes (emissions and depositions) as proposed by Sutton et al. (2013). Given the
complexity and computational expense of bi-directional exchange, the AMCLIM model
focuses on a uni-directional transport in this study. This is considered to be appropriate in
most cases as agricultural activities usually lead to big emission source at the surface, e.g.,
animal houses, fertilizer applications. The implementation of the bi-directional exchange

scheme can be a potential future work.
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2.3.3 Chemical transformations of nitrogen compounds and biological

Pprocesses

There are various N compounds that are included in AMCLIM, and the model simulates
the chemical transformations between these species. There are two important chemical
pathways that can influence the source and loss of the TAN pool. The first one is the
hydrolysis of ureic N (uric acid and urea) and the mineralization of organic N, which leads

to TAN formation, expressed as follows:
FTAN = Z KNiMNi = KUreaMUrea + KUAMUA + KOrgNMOrgNa (27)

where Kx is the conversion rate (s!) at which a N compound, e.g., urea, UA and organic N,
decomposes to form TAN. All decomposition processes are assumed to be first-order
reactions so that the production of TAN is dependent on the mass of the reactants. The
conversion rates expressed as the general term Kn used in Equation 2.7 are strongly

dependent on environmental factors, such as temperature, RH and the substrate pH.

In contrast to the decomposition that leads to TAN production, the second pathway is
through nitrification which is a TAN removal process where NH4" and NH3 are oxidised
into nitrite (NO2") or nitrate (NO3"). Nitrification is a key process in ecosystem N cycling
because of its relevance for nutrient loss in ecosystems (Butterbach-Bahl et al., 2011b), i.e.,
readily leaching of NO>~and NOs™ from soils. Nitrification is generally an aerobic process
and is considered to take place in soils and solid manure systems due to exposure to oxygen.
Conversely, for liquid systems, such as the slurry system or lagoons, nitrification is absent
or negligible due to high water content that reduces oxygen availability. In AMCLIM,

nitrification is calculated when solving the losses of the TAN pool in the following
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practices: solid phase manure management and land simulations, including fertilizer
application and grazing. A simple first-order reaction is used to estimate nitrification (Fhitif)

as shown in Equation 2.8.

Fritrit = KnitritMTaN, (2.8)

where Kiiuir (s!) is the nitrification rate which is influenced by temperature, substrate pH
and water availability. The amount of nitrified N is subtracted from the TAN pool and is

added to the nitrate (including nitrite) pool.

Plant uptake of N, which mainly occurs throughout the crop growing season, also
influences the TAN pool (and nitrate/nitrite pool) in soils and is an important N pathway
for NH; emissions as it depletes NH4" concentrations in soil. However, existing studies
argue that plant uptake is likely to have only a small effect on the TAN pool considering
its timescales (Vira et al., 2020b). Although the importance of plant uptake in affecting
volatilization relative to other processes remains unclear, the amount of N taken up by crops
is a critical indicator for evaluating fertilizer use efficiency and provides implications for
reducing NH; emissions and other N losses. Therefore, the AMCLIM model incorporated
a plant uptake scheme to quantify plant N uptake. Details are given in Chapter 3.

2.3.4 Physical transport of nitrogen species

There are two basic types of physical transport of N species in the AMCLIM model:

diffusion and mass movement of N in water. Diffusion is driven by concentration gradients
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and can be either gaseous or aqueous. The diffusive fluxes (Fdiffusion(ag/eas)) are estimated by

a general equation as follows:

[N4]=[N
Faiffusion(ag/gas) = R:Tf[;a:], (2.9)

where Rageas (S/m) is the resistance that constrains the aqueous or gaseous diffusion

processes.

The transport of N compounds by the movement of water includes two critical loss
processes: leaching and surface runoff. Both processes are evaluated by multiplying the
corresponding concentrations by the movement fluxes. For leaching (Fieaching), @ percolation

flux of water (gp, m/s) is used for the calculation, as follows
Fleaching = dqp- [N(SOiD], (210)

where [N(soil)] is the concentration of the N species in the soil. The loss via surface runoff

(FN runofr) 1s calculated similarly by the following equation:

FN runoff — qr "’ [N(SfC)], (211)

where ¢; (m/s) is the surface runoff flux of water, and [N(sfc)] is the surface concentration
of the N species. It is worth noting that the surface runoff of N is assumed to ultimately

enter water bodies and not to contribute to further emissions.
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2.4 Model global applications

2.4.1 Model inputs and setup for global applications

The AMCLIM model is driven by meteorological reanalysis data and uses a variety of
external data resources as model inputs. As shown in Figure 2.1, there are four primary
inputs to AMCLIM: meteorology, livestock and MMS information, nitrogen application
data and crop calendars. The meteorological fields required by AMCLIM include hourly
air temperature, humidity, wind speed, precipitation, evaporation, soil temperature and soil
moisture. These variables are taken from the European Centre for Medium-Range Weather
Forecasts Reanalysis v5 (ERAS5) collection (Hersbach et al., 2018). In addition to the
meteorological variables, hourly surface runoff and subsurface runoff fluxes are also ERAS

reanalysis data. The ERAS data have a resolution of 0.25° % 0.25° in longitude-latitude grid.

The primary input to AMCLIM—Housing, livestock data, is provided by the GLEAM?2
model, which includes annual average animal density distribution, animal live body
weights and annual total N excretion rates, with a spatial resolution of 0.083° x 0.083° in
longitude-latitude grid. Data for each type of livestock are categorised into production
systems, e.g., broiler and layer chicken, industrial and backyard pigs. Global MMS data by
livestock sectors are also from the GLEAM?2 model. Additional livestock information is N
content and forms in urine and faeces, urinary N concentration and excretion pH, which is

obtained from the literature. More details are given in Chapters 4 and 5.

For modelling synthetic fertilizer application, the AMCLIM model uses N application rates
for 16 crops and corresponding crop calendars from the Global Gridded Crop Model

46



Chapter 2: Development of AMmonia—CLIMate (AMCLIM) model

Intercomparison Phase 3 (GGCMI3) dataset, with a spatial resolution of 0.5° x 0.5°
(Mueller et al., 2012; Hurtt et al., 2020; Jagermeyr et al., 2021). Other data requirements
include soil physical properties and soil chemical characteristics such as soil sand and clay
content, soil pH and soil organic matter content, which are presented in the following

chapters.

The AMCLIM model is run at a 0.5° % 0.5° resolution on a global latitude-longitude grid
(360 x 720). The time step for all global simulations in AMCLIM is an hour, and the model
outputs hourly NH3 emission and other N fluxes and pathways. The simulations were
mainly carried out for the year 2010 and 2018 with one year as spin-up and covered a longer
period over the past two decades to study the interannual variations and long-term trend of
NH; emissions. The AMCLIM model was also used to simulate several N scenarios that
influences the NH3 emissions under a changing climate and tested the effectiveness of

mitigation measures for NHz abatement. Details are presented in Chapter 6.

2.4.2 Global upscaling for livestock housing, manure management and

grazing

The AMCLIM model quantifies the NH3 emissions from global livestock farming of pigs,
poultry, cattle, sheep and goats. Simulated practices include housing, manure storage and
management, and manure application on fields. Practices differ between livestock sectors,
i.e., ruminants vs. pigs and poultry. Practice can also vary in different production systems
within the same livestock sector. For example, industrial-scale pig factories that are fully

market-oriented often have relatively high stocking density and use modernised housing
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systems with slatted floors and storage pits which require more capital input. In comparison,
backyard-scale and family-run farms use simpler settings and cheaper materials to build
animal houses, e.g., barns with solid concrete or pavement floor, and the herd performance

is normally lower than commercial systems.

One challenge for global modelling is that there are enormously different management
systems across the globe varying with regions, policies and climate. The AMCLIM model
aims to have a comprehensive inclusion of influential management factors whilst also
carrying out reasonable simplifications for providing general and universal schemes and
reducing the computational burden. The geographical distribution of livestock and
production systems information determine the housing systems and house types. The
indoor environment of the animal houses is affected by the weather and is related to the
housing systems. AMCLIM—Housing uses a series of generalized equations that reflect the
relationship between indoor conditions and outdoor conditions to derive the indoor
temperature, RH and ventilation for the animal houses. The house types affect the source
areas of NHj3 volatilization and the N exchange between housing and manure storage. As
both floor and storage pit are sources of NH3 emissions, animal houses with pit storage tend
to have larger source areas of emission compared to houses without pit storage. In houses
with in-situ storage (e.g., a pit), the manure is less frequently removed. But in normal
animal barns, manure can be collected on a daily basis. This results in a more frequent
transfer of smaller amounts of manure from a more often cleaned housing system to the

stores and may possibly lead to a larger emission potential.

AMCLIM-MMS takes the nitrogen that is from AMCLIM-Housing as inputs, from which
the nitrogen is then used by the Manure Application Submodule in AMCLIM—-Land. The
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environmental conditions of indoor manure storage are assumed to be the same as the open
animal barns. The natural environments drive the simulations for outdoor manure
management. Manure storage is assumed to be long-term, and stored manure is assumed to
be spread on land twice a year. Short-term manure storage is included as a subdivision
under the Manure Management Division D, that manure is applied or left on pastures (in

Section 2.2.2).

2.4.3 Global upscaling for grazing and application of manure and

synthetic fertilizer

Concerning the global simulations for livestock grazing and the land application of manure
and synthetic fertilizer, it is assumed that practices take place under natural environmental

conditions, so the simulations are directly driven by meteorological reanalysis data.

For grazing, the local practices of whether it is year-round grazing or seasonal grazing are
based on the production systems. Timing of the seasonal grazing practices varies in
different regions due to the climate, for which the air temperature is used as a decisive
indicator (see Section 5.2.2). In the Grazing Submodule, all excretion is assumed to be
deposited on pastures for year-round grazing, and only a fraction of excretion is deposited
while grazing seasonally. It should be noted that there is a distinction between the grazing
area and the source area of NH3 emissions. The grazing field can be very large, but only a
fraction of the area has livestock excretion. According to Saarijirvi et al. (2006), around
1/5 of grazed pasture is deposited with excreta. This source area is split into urine patches

and dung pats based on values provided by Saarijirvi et al. (2006), which allows the NH3
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emission to be simulated separately to investigate the relative importance of both schemes

(see Section 5.2.2).

Land application of manure is assumed to take place throughout the spring and winter
planting seasons, respectively. All stored manure is applied on fields without explicitly
simulating a vegetation cover in the Manure Application Submodule. The manure
application rates are determined by the stored manure mass at the beginning of planting,
and the N application rates are calculated accordingly from the amount of N remaining in

the stored manure that is ready for land application.

The AMCLIM simulations for synthetic fertilizer application incorporate crop calendar and
N application rates. Synthetic fertilizers are assumed to be solely applied on croplands for
crop growing in the Synthetic Fertilizer Application Submodule. Applied nitrogen in
synthetic fertilizers is split into three main types, urea N, ammonium N and nitrate N.
Nitrate application contributes to a negligible amount of NH3 emission so is not specifically
simulated in AMCLIM. Urea N and ammonium N are applied by three techniques (as
introduced in Section 2.2.3). It is assumed that there is no use of a mixture of multiple types
of fertilizers or techniques. All three techniques used for application are simulated
independently on the global scale, and the geographic distribution of techniques is
determined for all the countries based on national income level (see Appendix B3). The
total NH3 emission from synthetic fertilizers use is a weighted sum of the compound
emissions simulated by using each technique. Details are presented in Chapter 3. The
application of urea causes a temporary increase in soil pH because the hydrolysis of urea
consumes hydrogen ions in the soil. Therefore, the AMCLIM model uses an empirical

relationship to represent the soil pH dynamic and does not explicitly simulate this
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complicated process. The same empirical formula is also applied in the grazing simulations

(see Section 5.2.2).
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Chapter 3
Ammonia emissions from synthetic

fertilizer applications

3.1 Introduction

The invention of synthetic fertilizer revolutionized agriculture by significantly increasing
crop yields with additional nitrogen input. Since the development of the famous
Haber-Bosch process, it is estimated that about half of the global population has been
supported by this innovation (Erisman et al., 2008). However, while synthetic fertilizers
have brought immense benefits to humanity, the use of synthetic fertilizers also causes
significant environmental impacts. A large portion of applied N is lost to the environment
instead of being absorbed by the crops, through processes such as runoff, leaching, and in
particular, volatilization of NHj3 to the air. These processes greatly disturb the N cycle and

cause a wide range of environmental problems.

Fertilizer use is a major source of agricultural NH3 emissions. Since the mid-20" century,
the exponential increase in synthetic fertilizer use has led to a drastic rise in NH3 emissions
(Lu and Tian, 2017; Xu et al., 2019b). Improving our understanding of the NH3 emissions

from synthetic fertilizers is critical not only for evaluating their environmental impacts and
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resource distributions, but also for developing effective mitigation measures, especially in
the face of a changing climate and growing population. Although studies have been
conducted to quantify NH;3 emissions from synthetic fertilizers, most of these estimates rely
on emission factors (EFs) that are not climate-dependent or only take climate effects into

account to a limited extent.

In this chapter, the LAND Module of AMCLIM (AMCLIM-Land) is described, which can
dynamically simulate NH; emissions based on local management whilst also considering
the impacts of environmental factors on NHj volatilization. The chapter presents
applications of AMCLIM-Land for simulating fertilizer related NH; emissions and
evaluations against measurement at the site scale and its global applications, as well as the
results and implications. The extension of the model to address NH3 emissions from manure

is described in Chapters 4 and 5.

3.2 Methods and Materials

AMCLIM-Land simulates N flows following the applications of various types of nitrogen
fertilizers (this chapter focuses on synthetic fertilizer), with an emphasis on the NH;
volatilization to the air. It simulates key processes related to fertilizer applications, taking
into account management practices specific to fertilizer applications. This section provides
a detailed description of the simulated processes in AMCLIM-Land and highlights the
representation of critical management practices. Applications of AMCLIM—-Land at site

and global scale are also introduced.
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3.2.1 Simulated processes and soil layers in AMCLIM-Land

AMCLIM-Land simulates NH3 volatilization at the land surface and the soil processes
involved in the evolution of N species. AMCLIM-Land models the physical, chemical and
biological processes associated with fertilizer applications, including NH; volatilization to
the atmosphere, surface runoff, nitrogen diffusion and leaching into deep soil, nitrification,

hydrolysis of urea and plant N uptake, as illustrated in Figure 2.2.

To simulate these processes, AMCLIM—-Land defines four soil layers with a total depth of
28 cm, each with a specific thickness of 2 cm, 5 cm, 7 cm and 14 cm, respectively (Fig
3.1a). The upper two layers (0—2 cm, 2—7 cm) correspond to the first soil layer defined by
ERAS reanalysis data, while the lower two layers (7-14 cm, 14-28 cm) correspond to the
second soil layer in ERAS (Hersbach et al., 2020). By integrating these soil layers into its
model, AMCLIM-Land can simulate the soil processes related to fertilizer applications at

various depths.
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Figure 3.1. Sketch of vertical soil layers and physical transport scheme for N species
(showing TAN as an example) in AMCLIM-Land (a) Four soil layers in the soil
column from the surface (0 cm) to a depth of 28 cm. (Not scaled); (b) Physical
transport of N species in soils and atmosphere. Processes include 1) NHj; volatilization,
2) surface runoff, 3) aqueous diffusion, 4) gaseous diffusion and 5) drainage/leaching.
The concentrations of aqueous TAN and gaseous NH; are the mean concentrations of
each soil layer, represented by black dots. Soil resistances are shown between two
black dots, with the numbering representing the soil layers, i.e., Ri> is the soil
resistance for diffusion from soil layer 1 to layer 2. Arrows represent the direction of
diffusion which can be upwards, downwards or bi-directional. Transport distances
for diffusion are the distance between the midpoints of two adjacent soil layers, e.g.,
3.5 cm from soil layer 1 to layer 2, and 6 cm from soil layer 2 to layer 3. The
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concentrations of N species in the bottom soil layer are assumed to be 0, and
downward fluxes take place from the above layer 3 to this layer.

3.2.1.1 Calculation of soil TAN pool and partition

In AMCLIM, the most critical N species that is simulated is TAN, which is the core N pool
that governs NH3 emission. In managed arable lands, the primary sources of the TAN pool
are the application of N fertilizers, where ammonium acts as a direct source, while urea is
an input of TAN via hydrolysis. The TAN pool in soils can be depleted through multiple
processes, such as NH3 volatilization, diffusion and nitrification etc., as introduced
previously. The time-dependent TAN pool (Mtan; given in per unit area; all masses have
units of g m2if not specifically explained) is determined by the following equation, which

includes the inputs and the depleting processes:

dMTaN _
e ITAN + FTAN - FNH3 - FTAN runoff — Fdiffusion - Fleaching - Fnitrif - Fuptake >

(3.1)

where Itan (g N m2 s!) represents direct input of TAN species, such as ammonium or
ammonia, and Fran is the TAN production, i.e., through urea hydrolysis for synthetic
fertilizer application (together with other processes are presented in Appendix Al). The
remaining fluxes are removal processes explained in Section 2.3 (Fyy, — flux of NH3
volatilization; FTaN runoff — flux of surface TAN runoff; Fuitusion— diffusive fluxes; Ficaching —
flux of leaching; Fhiwir — nitrification; Fupake — flux of N uptake by plants/crops; all N

fluxes/flows have units of g N m? s if not specifically explained).
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It should be noted that each soil layer may have different modelled processes. Equation 3.1
provides a general expression for the TAN budget of the entire soil column. Nitrogen losses
through volatilization and runoff occur at the land surface in the top soil layer. These losses
are not included in deeper soil layers, where volatilization and surface runoff are absent.
Furthermore, it is assumed that there is no N uptake in the top soil layer. In addition,
diffusive and drainage fluxes considered as losses in the soil layer above become sources
of nitrogen for the layer underneath. Fluxes are modified accordingly in each simulated soil

layer, and detailed equations are presented in Appendix A2.

Equation 3.2 describes the partitioning of the soil TAN pool into three phases: gaseous NH3
that exists in the air-filled porous space of soil, aqueous TAN dissolved in the soil water,
and solid exchangeable TAN adsorbed onto solid particles (Riedo et al., 2002; Vira et al.,
2020b):

Mran =z ((e — 6)[NH3(g)] + 6[TAN(aq)] + (1 — &)[TAN()]),  (3.2)

where 0 is the soil volumetric water content (m®> m™ or m m™!') and ¢ is the porosity of soil
(or the soil volumetric water content at saturation). The thickness of the soil layer is
represented by z (m). Gaseous NHj3 is in equilibrium with aqueous TAN. The gaseous

concentration of NH3 ([NH3(g)]) can be expressed as follows:
[NH3(g)] = Knu, - [TAN(aqg)], (3.3)

where Kyy, is a combined coefficient of Henry and dissociation equilibria as shown in

Equations 2.4 and 2.5. Similarly, the concentration of solid exchangeable TAN can be

expressed by the following equation:
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[TAN(s)] = Ky - [TAN(ag)], (3.4)

where K4 (m® m)is the partition coefficient that represents soil adsorbed of TAN, which
is dependent on soil properties (see Appendix A3). By combining Equations 3.2 — 3.4, the
concentration of aqueous TAN is given by:

[TAN(aq)] = AN (3.5)

Z(0+KNH, (e—0)+Kq(1-€))’

AMCLIM-Land also simulates other N species, including urea and nitrate, which have

their own equations and processes that are detailed in Appendix A2.

3.2.1.2 Chemical transformations and biological processes of nitrogen in soils

Nitrogen in soils occurs in several forms which are controlled by a range of chemical and
biological processes. Nitrification and plant N uptake are crucial processes in AMCLIM—
Land for simulating N dynamics in soils. Nitrification is the process by which NH4" is
converted to NOs~, which leads to depletion of the soil TAN pool. Nitrification is dependent
on the abundance of NH4" (as shown in Equation 2.8), and its rate is influenced by various
environmental factors, such as temperature, oxygen availability and substrate pH (Parton
et al., 1996b, 2001b; Malhi and McGill, 1982; Bateman and Baggs, 2005; Gilmour, 1984;
Norton and Stark, 2011). In AMCLIM-Land, the nitrification rate is calculated by scaling
the optimum nitrification rate (Kaiuifopt) by normalising factors that depend on temperature

(knitie,T), water-filled pore space (kniwit,wrps) and pH (kiwitpH) as follows:

Knitrif = Knitrif,opt knitrif,T knitrif,WFPS knitrif,pH' (36)
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The optimum nitrification rate and the representation of each dependence is presented in

Appendix A4.

The uptake of N by crops is a key biological process in AMCLIM-Land and is a critical
indicator for evaluating the fertilizer N use efficiency. However, simulating plant N uptake
is complex and can be challenging; AMCLIM-Land uses a root uptake scheme derived
from several studies (Riedo et al., 1998; Thornley, 1991; Thornley and Cannell, 1992a;
Thornley and Verberne, 1989). The scheme uses an integrated root activity parameter for
N uptake (Ao, € N m? s71), the combined response factor for substrate C and N level
(JeN), the effective available N pool for the plant, including NH4" and NO3™ (Mnesr, g N
m2), and the correction constant for root activity (Knefr, g N m2), which is expressed by
the following equation:

_ @root MNeff
Fyptake = s 3.7)
JcN Myeffr +KnNeff

The uptake of N by crops in AMCLIM-Land is mainly affected by temperature, and it is
assumed to take place in soil layers beneath the top soil layer (as explained in Section
3.2.1.1). The growth of crops is represented by a set of empirical parameters reflecting the
maturing state of roots. The C and N dynamics of crop growth are not modelled; constant
values suggested by literature are used in this study as the model focuses on the NHj3

emission process. Details are presented in Appendix AS.
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3.2.1.3 Physical transport of nitrogen in soils

The physical transport scheme of TAN and other N compounds (e.g., nitrate), is shown in
Figure 3.1b. General descriptions of these transport processes have been presented in
Section 2.3.4. The volatilization of NH3 from the land surface to the atmosphere is driven
by the concentration difference at two heights and is constrained by the atmospheric
resistances, which is calculated as:

Fxn, = [NH3(§:‘]:;fb_Xatm’ (3.8)
where [NH5(g)]sr¢ and y.om are NH3 concentrations at the surface and atmospheric NH3
concentration at a reference height consistent with atmospheric resistances (typically 2 m).
R. and Ry are aerodynamic and boundary layer resistance, respectively (see Appendix A6).
AMCLIM-Land simulates NHj3 volatilization as a uni-directional process, i.e., NH3 flux is
an emission only, and deposition is not simulated. There is no interaction with surface

vegetation as explained in Section 2.3.2 so that there is no surface resistance in Equation

3.8.

Diffusion processes in soils are similar to volatilization and are also driven by concentration
gradients. AMCLIM simulates diffusion in both the aqueous and gaseous phases. Each
phase is limited by soil resistances, which are functions of transport distance, molecular
diffusivities and soil tortuosity factors (Moring et al., 2016; Vira et al., 2020a). Detailed
calculations are given in Appendix A7. Diffusion is treated as a bi-directional process
between soil layers 1 to 3, while diffusion is assumed to take place downward only from

soil layer 3 to the bottom soil layer and upward only from soil layer 1 to the soil surface
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(Fig 3.1b). It is worth noting that the surface concentrations used to calculate fluxes from
the surface are solved variables by assuming an equilibrium state. Upward diffusion from
the first soil layer to the surface (Fuitfusion to surface) 18 €qual to the sum of NH3 emission and
runoff from the land surface to satisfy mass conservation (details given in Appendix AS8),

as follows:

Fdiffusion to surface — FNH3 + FN runoff- (39)

The transport of N by movement of water includes leaching and runoff (Equation 2.10 and
2.11). Leaching of NOs3™ occurs more frequently because NOs~ is highly mobile in soils
compared with NH4", while NH4" is absorbed on the soil cation exchange complex so is
less mobile (Butterbach-Bahl et al., 2011b). Annual NH4" leaching is usually less than 5 %
of the total dissolved N in soil but may have larger contributions in soils with heavy NH4"
loads (Dise et al., 2009; de Vries et al., 2007). Nitrogen flows out from the simulated soil
column is termed as “leaching”, while N fluxes that are transport between soil layers by
water movement are termed as “drainage”, as shown in Figure 3.1b. The percolation flux
of water (¢gp, in Equation 2.10) is the minimum between soil hydraulic conductivity (Ks, m
s'!) and water drainage potential of a soil layer (Dpoi, m s7!), as expressed by the following

equation:
dp = min(K, Dpot). (3.10)

The soil hydraulic conductivity is related to the soil textures and soil water content. The
water drainage potential is defined as the excess amount of water beyond soil field capacity

draining out from the soil layer. The calculation of g, is given in Appendix A9. In contrast,
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the surface runoff flux of water (g, in Equation 2.11) is not explicitly modelled in
AMCLIM-Land but is taken from the reanalysis meteorological dataset as described in

Section 2.4.1.

3.2.1.4 Soil pH scheme in AMCLIM-Land

Soil pH can greatly affect NH3 emissions from fertilizer. Urea application is found to have

strong impacts on soil pH as urea hydrolysis consumes hydrogen ions (H") (CO(NH2), +

2H,O + H* lﬂ§2NH4+ + HCO3"). Experimental studies found that soil pH increased
dramatically after urea application (including urine deposition), resulting in a peak in NH3
emissions (Chantigny et al., 2004; Curtin et al., 2020; Cabrera et al., 1991; Moring et al.,
2016). Moring et al (2016) developed a detailed chemistry scheme for soil pH dynamics in
a urine patch and suggested that it is nevertheless suitable to use a fixed pH for larger scale
modelling as it is extremely difficult to explicitly simulate soil pH change on a larger scale,
e.g., global scale (Mdring et al., 2017). AMCLIM-Land therefore uses an empirical
relationship describing the soil pH after urea application. Soil pH is assumed to reach a
peak value of 8.5 within 24 to 48 hours after application, and then gradually recovers back
to the original values in the next 120 hours, as shown in Figure 3.2 (Chantigny et al., 2004;
Moring et al., 2016). Due to limited experimental knowledge, for soils with higher pH than
8.5, pH values are assumed to remain unchanged in AMCLIM—-Land. Meanwhile, soil pH
also does not change for fertilizer applications other than urea, e.g., NH4", for which a

database of soil pH is used in AMCLIM-Land (see Section 3.2.3.2)
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Figure 3.2. Soil pH scheme used in AMCLIM-Land. Changes of soil pH for 192 hours
(8 d) after urea application for soils with initial pH of six different values.

3.2.2 Representations of human management in AMCLIM-Land

Local agronomic practices can significantly impact the environment and the distribution of
resources. Therefore, it is crucial to ensure that numerical models adequately represent
human management in agricultural systems. However, given the vast diversity of
management and practices across the globe, simplifications are often necessary.
AMCLIM-Land addresses this challenge by focusing on some of key activities in crop

farming: the timing and techniques of fertilizer applications, as well as irrigation.

64



Chapter 3: Ammonia emissions from synthetic fertilizer applications

3.2.2.1 Fertilizer application timing and techniques

Nitrogen fertilizers are applied on cropland within a specific time period of the year
depending on the climatic conditions, crop types and other environmental factors.
AMCLIM-Land incorporates a static crop calendar dataset which specifies the planting
and harvesting seasons for major crops in both rain-fed and irrigated croplands (Jagermeyr
etal., 2021). AMCLIM assumes a simple scheme for synthetic fertilizer application, where
half the fertilizer is applied at the beginning of the planting season and the other half in the
middle of the growing period, i.e., midway between the dates of planting start and

harvesting start.

AMCLIM-Land includes three techniques for fertilizer application: broadcasting,
incorporation and deep placement (as introduced in Section 2.2.3). Different techniques
refer to different locations where fertilizer N is applied, which can be reflected in
AMCLIM-Land by distributing N input to the corresponding soil layer(s). “Broadcasting”
is the easiest method and involves spreading fertilizers broadly at the land surface, with N
input added only to the first soil layer. “Incorporation” requires additional work to mix
fertilizer deeper into the soil, and AMCLIM—-Land assumes that applied N is well-mixed in
the top two soil layers as a representation of immediate incorporation after fertilizer
application. “Deep placement” is a less commonly used technique that involves burying
fertilizer under the soil surface to mitigate nutrient loss to the air, and the model reflects
this by adding N input to the third soil layer in simulations. By including this range of
application techniques, the AMCLIM model can simulate NH3 emissions under different

management that more closely reflect real-world situations and allows testing of potential
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mitigation measures. AMCLIM-Land does not simulate the impacts of fertilizer

application on changing soil characteristics.

3.2.2.2 Irrigation events

Water availability is a crucial factor that influences crop performance and determines local
agricultural practices. In areas with adequate rainfall, natural precipitation is sufficient for
crop growth, while in arid or semi-arid regions, additional water inputs are necessary for
crop production. AMCLIM-Land classifies croplands into two categories: rain—fed and
irrigated. For rain—fed croplands, it is assumed that there are no irrigation events, so soil
moisture is represented using reanalysis soil moisture data and the percolation flux (in
Equations 2.10 and 3.10) is represented by reanalysis subsurface runoff data. For irrigated
croplands, irrigation is assumed to occur after fertilizer application and when necessary.
Consequently, the soil moisture of irrigated croplands needs to be re-estimated, as

expressed by the following equation:
eirr,t = Ureat + A0, (311)

where i and Orear represent the soil water content of irrigated croplands and the reanalysis
soil water content data at time ¢, respectively. The reanalysis soil moisture data provide a
reference value for “unperturbed” conditions, i.e., no irrigation. The term A represents an
incremental change in soil moisture due to various to processes and activities, including
irrigation (wirr, m), percolation flux of water (g, m s™') and water uptake by crops (Wuptake,

ms™):
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AG = Wirr— (qp+WuPtake)At’ (3.12)

zZ

where At is the model time step. The amount of water applied during a single irrigation
event equals the soil water content when the top two soil layers reach field capacity (6x).
The water uptake by crops is described in Appendix AS. As mentioned, irrigation also takes
place when necessary. Water is applied when the soil is too dry for crop growth. The
threshold for initiating irrigation is when soil water content falls below the soil wilting point

(Bwp), as expressed by the following equation:

Wiy = {ch Ziz=1 Zi, if girr,t < ewp. (3.13)

0, if Ojre > Oyp

Irrigation is considered to have impacts on NH3 emissions by influencing the leaching and
altering the soil moisture. There are other processes affecting soil moisture such as
evapotranspiration, which are considered to be implicitly included in the reanalysis data. It
is worth noting that Equation 3.11 is a simplified approximation for the soil moisture of
irrigated croplands, and water uptake by plants is only simulated under this condition. A
systematic simulation of soil moisture based on the underlying physics is beyond the scope

of this study and is not considered in AMCLIM-Land.
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3.2.3 Modelling NH3 emissions from fertilizer application at site and

global scale

3.2.3.1 Application of AMCLIM-Land at site scale

AMCLIM-Land was applied at site scale to simulate NH; emissions from a fertilized
grassland. To evaluate the model, modelled emissions were compared with measurements
from the GRAMINAE (GRassland AMmonia INteractions Across Europe) experiment on
NH; biosphere-atmosphere exchange conducted over intensively managed grassland in
Braunschweig (52° 18'N, 10° 26’E), Germany (Sutton et al., 2009a; Sutton et al., 2009b).
The GRAMINAE project measured NH3 fluxes from managed grassland at three different
stages: prior to cutting, post-cutting, and after fertilization using a combination of
aerodynamic gradient method (AGM) and relaxed eddy accumulation (REA). AMCLIM—
Land was applied to simulate the NH3 emissions during the third stage, in which ammonium
nitrate fertilizer was broadcast onto the grassland at a rate of 100 kg N per hectare on 5 June
2000. The N input to AMCLIM-Land was then set to be 5 g ammonium N per meter square
which is equivalent to 50 kg NH4"—N per hectare for the simulation (because nitrate is
assumed not to contribute to NH3 emissions in the model). AMCLIM—-Land was driven by
meteorological variables such as air temperature, relative humidity, wind speed,
precipitation and ground temperature. Soil properties and characteristics, including soil
moisture, soil pH and soil textures, were also used as model input, all measured at the site
by the GRAMINAE project. Measured atmospheric NH3 concentrations interpolated to a
reference height of 1 m were used to determine the emissions, with atmospheric resistances

calculated from the meteorology. AMCLIM-Land was operated with a 15-min time step to
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match the frequency of meteorological inputs and the integrated NH3 fluxes measured by
AGM. The GRAMINAE project provided the necessary level of detail for running
AMCLIM-Land to simulate NH3; emissions from fertilizer application, and additional
information can be found in Sutton et al. (2009). No irrigation event occurred after fertilizer
application, so AMCLIM-Land used measured soil moisture data documented by the

GRAMINAE dataset.

3.2.3.2 Global application of AMCLIM-Land: input and model set up

AMCLIM-Land was also applied at the global scale to quantify NH3 emissions from global
synthetic fertilizer application. There were three major types of inputs: nitrogen application
information, crop calendars and meteorological variables, as illustrated in Figure 2.1.
Nitrogen application data were obtained from the GGCMI3 dataset for 16 major crops,
including synthetic fertilizer N application rates and total synthetic fertilizer N applied to
crops (Mueller et al., 2012; Hurtt et al., 2020). The GGCMI3 datasets reported data for
years from 1850 to 2015. Data for years after 2015 were then extended by a linear
interpolation. Data for the year 2010 and 2018 were used in this Chapter, and a timeseries
for global fertilizer use of the 21% century is given by Figure C6 in Appendix C3. The crops
simulated are listed in Appendix B1. The areas of croplands that use synthetic fertilizers
were derived from GGCMI3, which have incorporated the harvested area from the Farming

the Planet 2 (FTP2) dataset (Monfreda et al., 2008).

Nitrogen fertilizers include several types, such as urea, ammonium nitrate and ammonium
phosphate etc. AMCLIM-Land considers three groups of applied N: ammonium N, urea N

and nitrate N. Ammonium N directly enters the soil TAN pool and has little immediate
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impact on the soil pH, while urea hydrolysis results in a temporary rise of soil pH after
application. In contrast, nitrate use causes little NH3 emission compared to ammonium and
urea. AMCLIM-Land combines the GGCMI3 nitrogen application data with country-level
synthetic fertilizer consumption statistical data provided by the International Fertilizer
Association (IFA, 2021) to split the application rates into fractions of the three groups of
applied N (see Appendix B2). The area of cropland that uses a specific type of fertilizer is

proportional to the fraction of the fertilizer used.

The crop calendars used in AMCLIM-Land were also obtained from the GGCMI3 dataset,
which distinguish the planting and harvesting seasons of crops in rain-fed and irrigated
systems. These calendars were used to determine the timing of fertilizer application, and
each crop has a specific calendar that varies geographically. It should be noted that these
crop calendars are static modelling results based on climatology and therefore do not vary

with years.

The meteorological inputs for AMCLIM were from the ERAS reanalysis meteorology as
introduced in Section 2.4.1 and include air temperature, relative humidity (derived from
dew point temperature), wind speed, rainfall, soil temperature and water content at 2 levels
(07 cm, 7-28 cm) and runoff fluxes. Soil data inputs such as soil pH, soil texture (sand,
clay and silt fraction) and soil organic matter content were obtained from the Regridded
Harmonized World Soil Database (HWSD) v1.2 (FAO and ITASA, 2012; Wieder et al.,
2014). The GRIPC dataset was used to classify cropland into rain—fed and irrigated systems

and to determine the irrigation events and corresponding crop calendars.
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AMCLIM-Land uses a longitude-latitude grid at a resolution of 0.5° x 0.5°, with an hourly
time step. All model inputs were regridded to the model resolution if necessary. AMCLIM—
Land was set up to use a one-year spin-up in order to keep an annual cycle of simulation
period for each grid (as fertilization that takes place in November or December may result
in NH3 emissions in the following year), and was run for three rounds in which three
application techniques were simulated independently and were assumed not to interact with
each other. Each round was comprised of 32 full-year simulations, with urea and
ammonium N run separately for the 16 major crops. The total NH; emission from fertilizer

application is calculated using the following equation:
Fan, = 2isq frech(i) 2ie1 frert() Lot FNHs(ijn)» (3.14)

where Fyp,ijn) 18 the component NH3 emission from n crop with fertilizer type j by using
application technique 7, and fecn(iy and frer(j) are the fraction of the application technique and
fertilizer type used in a grid, respectively. The assumption in AMCLIM-Land is that the
fraction of a specific fertilizer application technique used is related to the country income
level, with higher income countries assumed to use more incorporation and deep placement
compared with lower income countries. The income classification is provided by World

Bank statistics (WB, 2022). The details are presented in Appendix B3.
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3.3 Results

3.3.1 Site simulations for NH3; emissions from synthetic fertilizer

application

Figures 3.3 and 3.4 show the results of simulated NH3 emissions over 10 days from the
fertilized post-cutting grassland (the GRAMINAE campaign site), along with comparisons
with measurements. Meteorological conditions are given in Figure 3.3, which shows that
the ground temperature at the study site varied between 10 and 25 °C, with three
particularly hot days on 9, 10 and 13 June. It is notable that ground temperature, relative
humidity (RH) and friction velocity (which is dependent on wind speed and atmospheric
stability) showed large diurnal variations. During the daytime, ground temperature and
friction velocity were high while RH was low, with the opposite occurring at night time.
Atmospheric resistances (including aerodynamic and boundary layer resistance) are
inversely related to the friction velocity, of which values were small during the day and
much larger at night. A few precipitation events occurred during the study period, with the
largest rainfall occurring on 10 June (Fig 3.3c). Soil water content was measured every two
days at two depths of 0.15 and 0.30 m. The grassland was watered prior to the fertilization
on 15 to 17 May, and there was no irrigation between 5 to 15 June. Therefore, subsurface
runoff fluxes retrieved from the ERAS reanalysis data were used as the percolation fluxes
to determine drainage and leaching, ranging from 0.60 to 0.75 mm d™! in the simulated days.
The shallower layer had lower soil water content than deeper soils, and moisture levels at

both depths decreased from 12 % to 10 % in the 10 days following fertilizer application.
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The extent to which rainfall affected soil water content was uncertain based on the available

measurements.

Ammonium nitrate fertilizer was applied on the grassland by broadcasting at 5:00 — 6:00
am on 5 June, 2000. Emissions of NH3 occurred immediately after the fertilization, with
maximum values of over 3000 ng m? s! observed on the same day. The measured
emissions then gradually decreased over the following days, but showed strong diurnal
variability, peaking around the midday, when temperature and friction velocity were high,
and declining to a minimum at night when these variables were low. By 7 June, the third
day after fertilization, the highest emission was 1500 ng m? s*!, which was only half of the
peak value observed on the first day. The NH3 emissions increased substantially on 8 June
relative to the previous day (7 June) and declined again. From 12 June, the measured
emissions were generally less than 500 ng m s™!, which was significantly lower compared

with the first week.

Figure 3.3d demonstrates that the AMCLIM model is capable of capturing the predominant
features of the measured NH3 emissions throughout the simulated period and producing
estimates for daily NH3 emissions and sub-hourly fluctuations comparable to the
measurements. However, there are some differences between modelled and measured NH3
fluxes, particularly on the first day and during night time simulations. Simulated emissions
are higher than measurements in the afternoon and evening of the first day and night time
on 6, 7,9 and 10 June. Meanwhile, the highest measured emissions on 8 June are over 2500
ng m? s, but AMCLIM is unable to replicate these values and underestimates the peak
emissions by about 40 %. It should be noted that particularly large standard errors (shown

as shaded grey area) also exist in measured NH; fluxes during 8—10 June, which is mostly
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due to instrument uncertainties when reading concentrations in these hot days (Sutton et al.,
2009b). Overall, AMCLIM overestimates cumulative NH3 emissions by 50 % from 5 June
to 15 June (when there are available measurements). The modelled cumulative NHz is 0.49

g m~ compared to 0.32+0.07 g m*2 by the measurements (Sutton et al., 2009b).
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30 m depth and precipitation. (d)

Figure 3.3. Meteorological variables measured by GRAMINAE and site simulations
75

for NHs emissions from a post-cutting grassland after fertilization in Braunschweig,
Germany, from 5 June 2000 to 15 June 2000 by AMCLIM-Land. (a) Surface

temperature and relative humidity. (b) Atmospheric resistances and friction velocity.

(¢) Soil volumetric water content at 0.15 m and 0.

Modelled and measured NH3 emissions.
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Figure 3.4 shows the modelled concentrations of N species (aqueous TAN and gaseous
NHs; in this paragraph, TAN refers to aqueous TAN only excluding solid exchangeable
TAN) in soils, as well as soil resistances and the NH3 emissions. The solved concentrations
of surface NH3 are found to be much higher than the atmospheric NH3 concentration at 1
m. Surface NH3 concentrations range between 100 and 150 pg m™ on the first day, and
between 50 to 100 ug m for the rest of the week, while the atmospheric concentrations of
NH3 are mostly within the range between 0 to 25 pg m. Two evident peaks in surface NH3
concentrations that are larger than 200 pg m= on 10 June can be seen. In comparison to
NH; concentrations, surface TAN concentration shows greater variation within a day, and
its trends are opposite to the emissions, with higher values at night and lower values in the
day. In the top soil layer (0—2 cm), TAN concentrations show a smooth declining curve
from 1750 g m™ to less than 250 g m™ throughout the simulated period (Fig 3.4c), indicating
depletion of the TAN pool due to N losses through multiple pathways, which together act
as a 1% order loss process. The NH3 concentrations of this soil layer show large variations

due to the diurnal cycle in the temperature.

Soil resistance that constrains aqueous diffusion are found to be much larger than the
resistance for gaseous diffusion (Fig 3.4c). It is found that soil resistances are larger at night
than day time due to low temperature, which slows down diffusion fluxes through the soil.
Surface TAN concentrations are higher at night when atmospheric resistances and
corresponding soil resistances are larger. When there are no runoff fluxes (i.e., no
precipitation), upward soil diffusion fluxes are only balanced by the volatilization. As a
solved variable by assuming an equilibrium state, surface TAN concentrations therefore

tend to be high, leading to low concentration gradients. Meanwhile, since the resistances
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are large, upwards diffusive fluxes become smaller, which limits the surface fluxes (i.e.,

volatilization).

An averaged value of measured soil pH of ~6.3 was used for the simulations (Fig 3.4d). As
a result, the gamma value (([NH4]/[H']) of the top soil layer derived from the TAN
concentration is shown as a smooth decaying curve. The modelled gamma values of the top
soil layer were between 50000 and 25000, which are the same order of magnitude as the
estimated measured values (exact measured values of gamma are not available; crude
values are estimated from Figure 3 in Personne et al. (2009); Sutton et al. (2009b) by vision)
and are comparable with the simulated gamma of the litter layer by Personne et al. (2009).
Surface runoff was directly represented by the precipitation, and the modelled NHj3
emissions show sharp declines immediately after rain (e.g., 5 June evening) because the
surface runoff is a competing pathway to the volatilization, which together deplete the TAN
pool of the soil (Fig 3.3). For the entire simulated period of 5 to 15 June, 10.4 % of the
applied ammonium N is estimated to be lost due to NH;3 emissions to the air, 1.1 % is
washed off by rainfall (runoff), 13.4 % is converted to NO3~ through nitrification, and the

remaining 75.1 % of N is retained in the soil.
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To evaluate the performance of the model against the measurements, AMCLIM—-Land
operated 12 runs with varying model parameters, variables and processes. In general, there
were four groups of simulations, with correlation coefficients (“r”” value) of each run and
measurements, standard deviations normalized to measurements and normalized root mean
square error (NRMSE) showing in Figure 3.5. The base run exhibits the “best” fitting as it
is the closest point to the measurement. All runs show similar correlation coefficients,
ranging between 0.7 to 0.85, which demonstrates the model’s robustness as over 50 % of
the variability in the measured NH3 flux can be explained by the model. Varying the
thickness of the top soil layer leads to the largest changes in standard deviation and the
NRMSE (circles in Fig 3.5). Changing z1 to 1 cm results in much larger NRMSE than the
base value of 2 cm, and also overestimates the variability of the measurement. In contrast,
simulations using different atmospheric NH3 concentrations at 1 m does not show
significant changes in NRMSE (triangles in Fig 3.5), and the standard deviations of these
simulations are close to those of the measurement. A range of tortuosity correction was
tested (stars in Fig 3.5). Lowering tortuosity (no tortuosity and j=6) results in large increase
in NRMSE compared with the base run using j of 8.5, with an overestimation of the
variations of measured fluxes. By comparison, higher tortuosity (j/=10) leads to comparable
NRMSE but much smaller standard deviations. AMCLIM—-Land was also run by switching
off several N processes, including drainage flux to the soil layer underneath, surface runoff
and nitrification (“P”s in Fig 3.5). Excluding the drainage of N in the model results in larger
NRMSE than the base run, while excluding runoff or nitrification only leads to small

changes.
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Based on the comparison with the GRAMINAE measurements, AMCLIM—Land provided
an overall reasonable estimate for the NH3 emission from a fertilized field and generally
captured the variations of NH3 at a high temporal resolution. The Taylor plot shows that
current model set up have produced the best fitting to the measurement compared with
several model runs with varying parameters. Moreover, assuming a zero background NH3
concentration for global simulations is justified as only limited impacts were found on the
overall model performance. AMCLIM-Land was then applied at the global scale and the

results are presented in the following sections.
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Figure 3.5. A Taylor plot of correlation of simulated and measured NH3 emissions by
GRAMINAE, and normalized standard deviation of the model and measurements for
four groups of model runs. Circles: base run (red); top soil layer thickness z1 =1 cm
(orange); z1 = 3 cm (green). Triangles: atmospheric NH3 concentration set to 0 (red);
2.0x measured NHj3 concentration (orange); 0.5x measured NH3 concentration (green).
Stars: no soil tortuosity correction for diffusion (red); tortuosity correction factor
Jj=1.0 (orange); j=0.65 (green). P1-P3 represent simulations without drainage, surface
runoff and nitrification, respectively. The blue contours represent the root mean
square error normalized by measurements (NRMSE).
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3.3.2 Global NHs emissions from synthetic fertilizer use

According to simulations using AMCLIM-Land, the global NH; emissions from synthetic
fertilizer use are 15.0 Tg N yr'! in 2010 and 16.8 Tg N yr'! in 2018. The use of synthetic
fertilizer increases from 102.3 Tg N yr! to 120.5 Tg N yr! during this period. The
volatilization rates, which represent the percentage of applied N in ammonium and urea
fertilizer that volatilizes as NH3, are 17.2 % in 2010 and 16.7 % in 2018, respectively.

Additional details about the use of three types of fertilizer are summarised in Table 3.1.

82



Chapter 3: Ammonia emissions from synthetic fertilizer applications

Table 3.1. Use of three types of synthetic fertilizers, corresponding NH3 emissions and
percentage of volatilization (Pv) simulated by AMCLIM-Land in 2010 and 2018. Data
for synthetic fertilizer use are derived from GGCMI3 and IFA. ?Nitrate fertilizer is
assumed not to contribute to NH3 emissions in AMCLIM-Land. Percentage of
volatilization when not including nitrate fertilizers. ‘Percentage of volatilization when
including nitrate fertilizers.

Year Ammonium Urea Nitrate? Total
Fertilizer use
31.9 55.2 15.1 102.3
(TgNyr')
NH3 emission
2010 ’ 6.2 8.9 - 15.0
(TgNyr')
Py (%) 19.3 16.1 -- 17.2° (14.6%
Fertilizer use
39.8 61.3 19.5 120.5
(TgNyr')
NH3 emission
2018 ’ 72 9.6 - 16.8
(TgNyr')
Py (%) 18.1 15.7 -- 16.7° (13.9%)

The geographical distributions of NH3; emissions and the volatilization rates for 2010 and
2018 are shown in Figures 3.6 and 3.7. The spatial patterns are similar for both years, with
the highest emissions occurring in some parts of South Asia (mainly India and Pakistan),

the Northern China Plain (NCP) and northeastern China, and mid US and southern Canada.
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Regions including Europe, the Middle East and South America also had high emissions in

some countries such as France, Spain, Turkey, and Argentina.

For the volatilization rates (Pv), the highest rates are found in eastern Africa (e.g., Kenya,
Ethiopia and Somalia), southern Africa (e.g., Namibia), part of East Asia (e.g., Mongolia
and northern China), exceeding 50 %. High Pv values of over 36 % are also found in several
regions in western US, the southern part of South America, the Sahel region, Ukraine,
southwestern Russia and western Australia. It should be noted that regions with high
volatilization rates do not always coincide with high emissions. Countries with high
emissions often have moderate Py rates. In particular, the NCP and northeastern China
show Py values of around 20 %, with high volatilization hot spots. The estimated
volatilization rates of India are approximately 24 %, while some regions in the middle part
of India and southern India show higher Py values. In most parts of Europe, estimated Pv
rates range from low to moderate (6 % to 18 %). However, both relatively high emissions

and high volatilization rates are observed in mid US and Argentina.

Simulated NH3 emissions from individual crops are shown in Figures C2 and C3. Among
the 16 major crops, wheat, maize and rice are the top three emitter crops. The NH3
emissions associated with wheat are the largest, with NH3 increasing from 4.6 Tg N yr!
2010to 5.3 Tg N yr'! in 2018. Maize contributes to 2.9 and 3.2 Tg N yr!in 2010 and 2018,
respectively, and emissions from rice increase from 2.4 Tg N yr'! in 2010 to 2.5 Tg N yr!
in 2018. For the other crops, emissions range from 41.9 (rye) to 843.4 (cotton) Gg N yr'! in
2010, and from 45.4 (rye) to 1116.3 (cotton) Gg N yr!in 2018.
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The total global NH3 emissions from synthetic fertilizer use in 2018 are generally higher
than 2010 as a result of increasing synthetic fertilizer, and most of crops have higher
emissions in 2018 compared to 2010. Cotton and groundnut, in particular, have a 32 %
increase in NH3 emissions, which are the topmost increase over time among these crops.
By comparison, rapeseed is the only crop of which emissions decreased, with around 3 %

less NH3 emitted in 2018 than in 2010.

In terms of volatilization rates (Fig.C4 and CS5), sunflower has the highest estimated
volatilization rates in 2010, with 28.5 % of applied N lost through NH; emissions. Sorghum
(26.2 %) and millet (25.9 %) also have relatively high volatilization rates compared to other
crops that had Py values ranging from 10 % to 20 %. Cassava (10.6 %) and rye (9.6 %)
have the smallest estimated volatilization rates in 2010, and rice has a smaller Pvof 11.3 %
compared to maize (17.0 %) and wheat. In 2018, most crops have lower volatilization rates
compared with 2010. In contrast, cotton, groundnuts and sorghum show slightly higher
volatilization rate. Rye has the lowest Py rates of 8.9 % in 2018, which is the only crop with

Py less than 10 % in both simulated years.
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Figure 3.6. Simulated (a) annual global NH3; emissions (Gg N yr! grid!') from
synthetic fertilizer use in 2010. The colour bar represents 5%, 15, 25th, 35% 5(th g5th,
75th, 85t 95" and 99" percentile of NH3 emissions from synthetic fertilizer
application in 2010. (b) Percentage of applied N in synthetic fertilizers (urea and
ammonium fertilizers) that volatilizes (Pv) as NH; in 2010. The resolution is 0.5° X
0.5°. Maps of global fertilizer use in 2010 are shown in Figure B1.
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Figure 3.7. Same as Figure 3.6 but for 2018. Maps of global fertilizer use in 2018 are
shown in Figure B2.

Figures 3.8 and 3.9 show the component NH3 emissions from fertilization by different

techniques for the two years. Broadcasting is responsible for more than 90 % of NHj,
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whereas incorporation and deep placement together contribute less than 10 % of the
estimated global emissions. The geographical distributions of the volatilization rates for
broadcasting are consistent with the global totals, given that broadcasting is the primary
method used in fertilizer applications (Riddick et al., 2016). By comparison, incorporation
and deep placement result in lower volatilization rates. Specifically, incorporation reduces
simulated emissions by more than 50 % based on the Py rates, while deep placement could
potentially reduce emissions by almost 98 %, although this reduction needs to be further
investigated as it may be an overestimation. Regions with high volatilization rates for
broadcasting also have high rates even when fertilizers were assumed to be incorporated
into the soils in the simulations, such as Argentina, northern China, Mongolia, Namibia and

mid US (Fig 3.8b and Fig 3.8d; Fig 3.9b and Fig 3.9d).

88



Chapter 3: Ammonia emissions from synthetic fertilizer applications

a) broadcasting NH3 14129.3 Gg N b) broadcasting Py 19.9 %

6.2x10°*
2.1x10°1
7.9x102
1.6x10°2

w
&
Py (%)

2.4x107*

NH3 (Gg N yr~1 grid~1)

5.6x10-*
7.9x10-°
2.5x107°

10

2
6.2x10*
2.1x10°!
7.9x10°2

Py (%)

1.6x10°2
2.4x10°°

NH3 (Gg N yr~1 grid~1)

5.6x10-*
7.9x10-*
2.5x10°°¢

10

2
6.2x10*
2.1x10°*
7.9x10°2

o
Py (%)

1.6x10°2
2.4x10°°

3 (Gg N yr~! grid™?)

5.6x10* T
7.9x10-*

2.5x10-°

Figure 3.8. Simulated NH; emissions (Gg N yr™!) from synthetic fertilizer application
by three techniques and the corresponding volatilization rates (Py) in 2010. NH3
emissions from (a) broadcasting, (¢) incorporation and (e) deep placement. Percentage
of applied N that volatilizes as NH; by (b) broadcasting, (d) incorporation and (f) deep
placement.
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Figure 3.9. Same as Figure 3.8 but for 2018.

Figures 3.10 and 3.11 show the NH3 emission from ammonium and urea fertilizer and the
corresponding volatilization rates. In both 2010 and 2018, urea application results in more
emissions than ammonium application due to its widespread use, although the emissions
from each type of fertilizer are comparable. In 2010, about 40 % of emissions are from the
use of ammonium and 60 % are from urea, and the relative contribution of ammonium to

NH3 emissions increases to 43 % in 2018. The volatilization rates of both fertilizers are
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similar, with ammonium application resulting in slightly higher volatilization rates. The
overall volatilization rate from ammonium application decreases from 19.3 % in 2010 to
18.1 % in 2018, while the rate for urea also decreases from 16.1 % in 2010 to 15.7 % in
2018.

As shown in Figure 3.10, ammonium application in 2010 shows higher volatilization rates
than urea application in most of the regions, especially in Argentina, mid US, the Middle
East (Iran and Turkey), South Asia (Pakistan, note that there was no urea application in
Pakistan in 2010 according to IFA), while urea application shows higher volatilization than
ammonium in northern China, Mongolia and Ukraine (Fig 3.10b and Fig 3.10d). In 2018,
the spatial variations of the volatilization rates for both fertilizers are very similar (Fig 3.11b

and Fig 3.11d).
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Figure 3.10. Simulated NH; emissions (Gg N yr!) from two main types of fertilizers
and the corresponding volatilization rates (Pv) in 2010. Ammonia emissions from (a)
ammonium application and (c) urea application. Percentage of applied N that
volatilizes as NH; from (b) ammonium application and (d) urea.
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Figure 3.11. Same as Figure 3.10 but for 2018.

The fate of applied N in ammonium and urea fertilizers for 2010 and 2018 are shown in
Figure 3.12. For both years, N uptake by crops is the largest among all processes, equivalent
t0 46.6 % (40.6 Tg N yr')and 45.1 % (45.6 Tg N yr'!) of fertilizer N applied in 2010 and
2018, respectively. Surface runoff is responsible for the smallest N loss, which is only 3.6 %
(3.1 Tg N yr!)in 2010 and 2.4 % (2.4 Tg N yr'!) in 2018. The amounts of N losses (in the
form of ammonium and urea) due to volatilization, nitrification and dissolved in soils
through diffusion and leaching are comparable. In 2010, around 16.8 % (14.6 Tg N yr'!) of
N undergoes nitrification and 14.5 % (12.6 Tg N yr'!) is transferred to deeper soils.
Nitrification is 16.2 Tg N yr'!in 2018, accounting for 16.2 % of the total pathways, which
is similar to 2010. The diffusive fluxes and leaching in 2018 are approximately 50 % higher
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than the 2010 values (12.6 Tg N yr'!), which together account for 11.0 % (18.5 Tg N yr'!)
of the N in synthetic fertilizers.

HEl Year 2010
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Runoff NH3 emissions Uptake Nitrification Dissolved N
(TAN and urea) to deeper soils

Figure 3.12. The fate of N of ammonium and urea application in 2010 and 2018
simulated by AMCLIM-Land. Note that the runoff only includes surface runoff of
TAN and urea, while nitrate runoff is excluded.

3.3.3 Seasonal and regional NH3 emissions from synthetic fertilizer use

As NHj3 emissions are greatly influenced by climatic conditions and local management,
NH; emissions exhibit strong seasonality that varies across the globe. Figures 3.13 and 3.14

show the seasonal NH; emissions from fertilizer applications for 2010 and 2018,
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respectively. The seasonal emissions in both years are similar, with over 50 % of NHj3
occurring in the Northern Hemisphere (NH) summer months and about 25 % in spring (all
seasons refer to the NH seasons). Autumn and winter both contribute slightly over 10 % of
the annual emissions. In the NH, more than 70 % of annual emissions are from JJA, while
emissions in SON and DJF are significant in the Southern Hemisphere (SH). For example,
Brazil and central African countries have predominantly SON emissions, while Argentina
and southern Africa have the emissions largely occurred in JJA. Countries with high annual
NH; emissions such as China, India and US generally show similar seasonal patterns, with

the highest emissions occurring in JJA and lower emissions in other months.
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Figure 3.13. Seasonal NH3 emissions (Gg N) from ammonium and urea fertilizer
application and the relative percentage of annual emissions that are from the
corresponding season (Pscason, %0) in 2010 simulated by AMCLIM-Land. Ammonia
emissions in (a) March, April and May (MAM), (c¢) June, July and August (JJA), (e)
September, October and November (SON), and (g) December, January and February
(DJF). Percentage of annual emissions in the season of (b) MAM, (d) JJA, (f) SON
and (h) DJF.
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Figure 3.14. Same as Figure 3.13 but for 2018.

Global monthly emissions of NH3 from synthetic fertilizer use categorized between the 16
crops are shown in Figure 3.15 and Figure 3.16. The trends for both 2010 and 2018 are

generally the same. The highest emission of around 4.0 Tg N month™! occurs in July, and
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August shows the second highest emission of around 2.5 Tg N month'!. Large emissions
take place in between April and August. The first emission peak is in May, which is the
first month of the year when NH3 emissions reach 2.0 Tg N month! in both years.
Emissions slightly decrease in June, but then reach the maximum in July. Wheat-related
emissions are seen throughout the year and are the most significant emissions in most
months, expect for August, September, and October, in which rice contributes to the largest

emissions. Maize is also one of the most important crops that result in NH3 emissions from

May to August.
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Figure 3.15. Global monthly NH; emissions (Gg N month!) from ammonium and urea

fertilizer applications for 16 major crops in 2010 simulated by AMCLIM-Land.
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Figure 3.16. Same as Figure 3.15 but for 2018.
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The seasonality of NH3z emissions differs across the globe and varies between regions.

Figure 3.17 and Figure 3.18 present monthly NH3 emissions from 12 different geographical

regions and the percentage of global monthly emissions that each region contributes. The

map of the geographical regions is given in Appendix B4. The highest emissions are from

East Asia and South Asia, with both regions responsible for roughly a quarter of global

emissions. For year 2010, South Asia shows the highest emissions of over 3.8 Tg N yr!,

while East Asia has the highest emissions of around 4.2 Tg N yr'! for year 2018. North

America has the third highest emissions, accounting for over 17 % of global emissions.

Southern Africa has the lowest emissions, which only accounts for about 1 % of the global

total. In terms of country-level statistics, China results in the largest emissions of 3.7 Tg N

yr1in 2010 and 4.1 Tg N yr'! in 2018, followed by India which contributes to 3.4 Tg N yr!
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and 3.5 Tg N yr'!in 2010 and 2018, respectively. US is the third largest emitter country
with emissions of 1.9 Tg N yr'!in 2010 and 2.0 Tg N yr'! in 2018.

Regions in the NH, including East Asia, South Asia, North and Central Asia, Northern
Europe and the Mediterranean, North America and the Middle East, generally show high
emissions in JJA and MAM, as shown in Figures 3.17 and 3.18. In particular, East Asia,
Northern Europe and North America exhibit very similar monthly variations, with high
NH; emissions firstly occurring in May and reaching the maximum in July. North and
Central Asia and South Asia show similar monthly trends, with summer (July or August)
peaks of NH3 emissions, and emissions in February are also high in these regions. The NH3
emissions in the Mediterranean region are high in spring and summer emissions but much
lower in autumn and winter. In contrast, South America and South Africa show higher
winter emissions and lower emissions in other seasons. Oceania has distinct seasonal
emission patterns. The emission in Oceania peaks in May and is high in August and
September. Southeast Asia and Central Africa, two tropical regions, show different
seasonal trends as Central Africa displays Northern Hemispheric characteristics and
Southeast Asia shows similar trends to the SH. Figure 3.17 and Figure 3.18 show that
different regions dominate NH3 emissions in different seasons, with East Asia and South
Asia being the largest contributors to spring and summer emissions, while South Asia and
South America dominate autumn and winter emissions. North America also contributes

significantly to summer emissions.
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Figure 3.17. Monthly NH3 emissions from ammonium and urea fertilizer application
in different regions of the world and the relative percentage of the global monthly
emissions that are from the corresponding regions (Pregion). Annual total NH3
emissions of the region are given at the top right corner of each plot, with the
percentage of emissions from this region. The figure is for 2010.
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Figure 3.18. Same as Figure 3.17 but for 2018.

Table 3.2 provides a summary of the regional volatilization rates from the use of synthetic
fertilizers in both 2010 and 2018. The data show that ammonium application generally
results in higher estimated volatilization rates than urea application. Africa and Oceania
have the highest volatilization rates for both 2010 and 2018, with over 23 % to 25 % of N

in ammonium and urea application volatilized as NHs, while South America shows the
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lowest volatilization rates of less than 13 %. In the listed regions, the volatilization rates of
both ammonium and urea application for 2018 are higher than 2010, except for Europe,

North America and South Asia.

Table 3.2. Volatilization rates of synthetic fertilizer use in different regions for year
2010 and 2018. Values in the parentheses are volatilization rates when including
nitrate application.

North South Other
- Afric  East Europ orth South outh Oceani  part Globa
Year Fertilizer . Americ . Americ
a Asia e Asia a of 1
a a .
Asia
ﬁmm"mu 236 175 176 194 257 14.2 273 194 193
201  Urea 236 131 149 153 20.0 11.2 211 160 161
0
Al 53‘2 (}‘1‘; 164 179 58‘3 123 237 (}g‘f 17.2
3 a6 (159) 509 @2 ) (46)
ﬁmm"mu 258 178 15.1 18.0 233 13.6 31,1 179 181
201 Urea 245 127 138 145 174 12.5 269 166 157
8
250  15.0 18.3 16.9
All Qls (12 143 166 |7 12.9 283 g3 167

(10.6)  (14.8) (1.7)  (27.0) (13.9)

) )
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3.4 Discussion

3.4.1 Comparisons with other studies

Table 3.3 compares the simulated NH3 emissions from synthetic fertilizer applications by
AMCLIM-Land with those estimated by other studies, including models and inventories,
on global, continental and national scales. Table 3.3 also includes volatilization rates, where
available. Among all studies for comparisons, DLEM and FAN are both processed-based
models (see Table 3.3 for references of all model descriptions/studies), while the other
studies are inventories that mainly use EFs methods. DLEM incorporates a bi-directional

exchange scheme for NH3, and FAN is interactively coupled to an Earth System Model.

AMCLIM-Land is more often compared with DLEM and FAN in Table 3.3 due to the
availability of results on various spatial scales. Among models, estimated global NH3
emissions by AMCLIM are the second largest, which are in close agreement with DLEM.
For 2010, AMCLIM and DLEM estimate 15.0 Tg N yr! and 16.7 Tg N yr! of NH3
emissions, respectively. By comparison, the FAN model provides lower estimates of 12 Tg
N yr! for 2000 by FANv1 and 11 Tg N yr'! for 2010-2015 by FANv2. The lower NH3
emissions estimated by FAN is partially due to less total N application in FANv2, which is
79 — 87 Tg N yr! compared to 102 Tg N yr! in AMCLIM and DLEM. The volatilization
rates estimated by the three models are comparable, ranging between 13 to 16 %. For
different types of fertilizers, it is estimated that about 16 % of N in urea fertilizers is lost as
NH3 compared with 19 % by FANv2, and NH;3 emissions from ammonium and nitrate

fertilizer application account for 12 to 13 %, which is higher than 7 % estimated by FANV2,
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while DLEM does not specifically report NH; emissions from urea or ammonium fertilizers.
The high volatilization rates of ammonium fertilizers estimated by AMCLIM are possibly
due to the following reasons: 1) AMCLIM does not simulate the dissolving process of
ammonium fertilizers and instead it assumes that ammonium “pellets” instantly dissolves
in soil moisture, which result in large initial emission potential and might cause an
overestimation of NH3 emissions (as shown in Figure 3.3d, the majority of overestimation
by AMCLIM occurs in the first day). 2) The drainage and diffusion in AMCLIM might be

underestimated so that more N in the ammonium fertilizer is available for volatilization.

Global estimates of emissions from other studies vary significantly, ranging from 5.9 to
28.6 Tg N yr!. MASSAGE NH; and NH;_stat both suggest that annual global NH3
emissions are less than 10 Tg N yr! for 2008 and 2012. The NH3_stat model estimates
much lower emissions of 5.9 Tg N yr'!, which is only about 35 % of AMCLIM’s result. In
contrast, estimated emissions by Yang et al. (2023) are the highest (28.6 Tg N yr'!) for the
2010s. The large differences among the studies can be partly explained by the different

agriculture activities included and different input data used in each study.

For NH3 emissions from major continents and emitters (China, India and US), AMCLIM
provides consistent estimates as compared with DLEM for regions including Africa, Asia,
Europe and China, but higher emissions than FANv2. However, the volatilization rates of
AMCLIM and FANvV2 agree with each other in Africa, Asia, Oceania, China and India,
indicating that the different NH3 emissions can be partly explained by the different inputs
of N fertilizer to the models. As shown in Table 3.3, AMCLIM has similar estimates for
NH; emissions with other studies for most of regions expect for North America, US and

India. For the US, emissions estimated by AMCLIM are higher than EPA by 60 % and
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NH;_stat and MASSAGE NHj3 by two to four times. The higher estimate for the US by
AMCLIM than other studies also caused a higher estimate for North America. Meanwhile,
NH; emissions from India are also higher in AMCLIM; approximately 10 % to 20 % higher
than other models and inventories. Only Yang et al. (2023) suggested even higher NHj3
emissions from India than AMCLIM. However, the volatilization rate for India estimated
by AMCLIM is comparable to FANv2. The slightly lower values of AMCLIM than FANv2
indicate that the difference mainly results from different input data used. For example, the

total N application in India is 16 Tg N yr'!in AMCLIM compared to 10 Tg N yr!in FANv2.
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Table 3.3. Comparisons of global, continental and national NH; emissions from fertilizer (Tg N yr!) and
corresponding volatilization rates (%) between AMCLIM and other inventories, models and studies.

Model/

North

South

Study Year Global Africa Asia  Europe America America Oceania China  India US
13.6,
. 2000s, 16.7
DLEM 2010 (163%) 0.5 9.0 1.9 2.0 0.9 0.2
2000-
b
DLEM 2014 4.1 2.8
FANv1© 2000 12
5.9
2010- 11 0.3 23 2.7
d () 0, 0,
FANv2 2015 (13%) (20%) (()/1)56 0.7 (6%) 1.3 0.6 (17%) 0.2 (22%) (11%) (26%)
Literature® 2000 11
Literature! 2010s  28.6 1.4 5.5 6.9 1.3
. 2008-
Literature® 2010 24-52
. 2003-
h
Literature 2010 2.2-33
EPA! 2011 1.2
MASSAGE
NH, 2008 94 3.0 0.5
NH;_stat 2012 5.9 0.7 0.6 0.8
9.2 1.9
AMCLIM 2010 15.0 0.6 (148 1.6 2.6 0.6 0.3 3.7 3.4 (15
(this study) (14.6%)  (19.5%) %) ’ (11.6%)  (15.9%) (10.9%) (22.2%) (12.0%)  (21.0%) S‘Vj
0 0
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@ Xu et al. (2019) ® Xu et al. (2018) © Riddick et al. (2016) ¢ Vira et al. (2020) ¢ Beusen et al. (2008) f Yang et al.
(2023) & Kurokawa et al. (2013); Kang et al. (2016); Zhang et al. (2017, 2018) " Aneja et al. (2012); Kurokawa
etal. (2013) ' EPA, 2011 i Paulot et al. (2014) ¥ Aneja et al. (2020) * Values are calculated based on the results

in the literature.
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Table 3.4 summarizes the crop-specific NH3 emissions from synthetic fertilizer applications
estimated by AMCLIM-Land and other studies. Although there is limited data available for
NH; emissions from individual crops, the results from each study are generally consistent in
magnitude. Zhan et al. (2021) focuses on year 2000, and their values are the smallest. The
results from Yang et al. (2023) are average values for the period from 2010 to 2018 and are
generally higher. All studies agree that wheat, rice and maize are the top three crops that
dominate the NH; emissions. AMCLIM has similar estimates for maize but much higher wheat
emissions and lower soybean emissions compared to DLEM. The emissions related to rice
estimated by AMCLIM are also nearly 50 % lower than estimates by DLEM, which might be
partly due to the fact that AMCLIM does not include a flooded paddy scheme for rice
simulations. Urea hydrolysis can be faster in flooded rice paddy, which tends to result in higher
NH; emissions. The differences in crop-specific NHz emissions highlight the need for further
research to improve the understanding of NH3 emissions from different crops and fertilizer

management practices.

109



Chapter 3: Ammonia emissions from synthetic fertilizer applications

Table 3.4. Crop-specific NH; emissions (Tg N yr!) from synthetic fertilizer use simulated by AMCLIM
and comparisons with other studies.

Study Year A B C D E F G H I J K

DLEM® 2000s 33 35 <l.5 3.4
Yang2023°  2010s 1.3 3.7 4.9 0.9 6.0
Zhan2021° 2000  0.30 022 22 033 020 3.0 022 030 038 3.0

AMCLIM 2010 058 084 030 3.0 035 049 24 0.53 0.68 041 4.6

@ Xu et al. (2019) ® Yang et al. (2023) ¢ Zhan et al. (2021)

A —Dbarley; B — cotton; C — groundnuts; D — maize; E — potato; F — rapeseed; G —rice; H — sorghum; I — soybean;

J — sugarcane; K — wheat
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3.4.2 Spatial and temporal variations in NH3 emissions

The NH; emissions from synthetic fertilizer use are primarily determined by the amount of
N applied and are strongly influenced by both environmental conditions and local
management practices. High NH3 emission regions are typically found in countries with
intensive agricultural activities such as China, India, Pakistan and US, where large amount
of synthetic fertilizer N has been used. The Py rate is an important indicator that shows the
percentage of applied N volatilizes as NH3 however, the regional pattern of the Py rate does
not always match the distribution of NH3 emissions due to the combined effect of

environmental factors and management practices.

When considering the environmental effects on NH3 emissions, there are several factors
that can cause volatilization rates to vary, including soil pH, soil temperature and moisture
and wind speed. Alkaline soils tend to cause higher estimated NH3 emissions in AMCLIM
due to the chemistry involved so that regions with high soil pH, such as western US,
Argentina, the Middle East, Namibia, Mongolia and part of northern China show high
volatilization rates (Fig.B4). Since the base soil pH distribution is fixed in AMCLIM—-Land
according to HWSD v1.2 (FAO and ITASA, 2012; Wieder et al., 2014) and does not vary
over time, the similar geographical patterns of the volatilization rates in the two simulated
years indicates clear climatic dependences (due to temperature, water and wind conditions)

featured in NHj3 volatilization.
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High temperature leads to faster rates and quicker processes, which can result in larger
emissions. Soil moisture influences the concentrations of N species in soils. When the soil
is dry, soil TAN concentrations can be high, which may result in a greater emission
potential at the soil surface, especially under alkaline soil conditions. This effect could be
further amplified for ammonium fertilizer application as AMCLIM does not simulate the
initial dissolving of fertilizer pellets. Dry regions, such as Mongolia, Namibia, western US
and the Middle East show high volatilization rates. It is worth noting that these regions also
have alkaline soils with high pH values, suggesting that the high volatilization may be due
to a combined effects of soil dryness and alkalinity. Moreover, when the soil is dry and the
subsurface percolation flux is small, there may be a lack of infiltration/drainage, which
prevents N from moving from the surface to deeper soil layers. Instead, more N will
volatilize as NH3 from the surface. It is notable that the N fluxes of leaching and diffusion
for 2010 are lower but the volatilization rate is higher than 2018. Wind speed is also a
critical factor that impacts NH3 volatilization since it influences the turbulence which
affects the atmospheric resistances. Emissions are higher under windy conditions because
atmospheric resistances are smaller. Simulations for the GRAMINAE site indicate that the
sub-hourly NH3 emissions vary with temperature and the friction velocity (which is related
to wind speed and atmospheric resistances; Fig 3.2) and show strong diurnal
cycles. Rainfall can also affect the NH3 emission, mostly causing a reduction. Nitrogen
species are washed off from the land surface during heavy rainfall event, and rain droplets
can capture ammonia in the air, limiting the emission through a process known as
“scavenging”. Although the effects of rainfall are not explicitly included in AMCLIM, they

are reflected implicitly by the runoff fluxes, and the magnitude of scavenged NH3 is small
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compared with the emission flux. The above meteorological factors can interactively affect

the NH3 emission.

Management plays another key role in affecting the NH3 emissions in the agricultural
activities, specifically through the timing of fertilizer application during planting seasons,
the type of fertilizer used and the application techniques. The temporal variations of NH3
emissions are largely related to the timing of fertilizer application, since volatilization
usually takes place soon after the fertilizers are applied. The regional monthly emissions
are closely linked to the planting seasons, with large emissions being found in a few months
throughout the year. On the global scale, NH3 emissions are the highest in MAM and JJA,
with the first peak of emissions in May and the largest emissions in July, corresponding to

the typical planting seasons for crops in the NH.

The second factor is the type of fertilizer used. According to simulations using AMCLIM—
Land, application of ammonium and urea have similar volatilization rates on the global
scale. The comparable volatilization rates of the two fertilizer types are possibly because
of the following reasons. Ammonium is a direct input to soil TAN pool which is readily to
be volatilized as NHs, while urea must be hydrolysed before it is converted to TAN. The
hydrolysis process is limited by water availability. If the soil is very dry, the amount of urea
that hydrolyses is reduced (Rodriguez et al., 2005). Furthermore, hydrolysis of urea can
cause soil pH to increase, leading to more NH3 emissions. As a result, NH3 volatilization
from urea application is controlled by two processes with opposite effects. When including
both ammonium and nitrate fertilizers (e.g., ammonium nitrate, the N content doubles but

volatilization rate of NH3 halves because the nitrate part does not contribute to NH3
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emissions), urea application is found to result in higher NH3 emission due to the elevated

soil pH by hydrolysis.

The third critical factor is the application techniques. How fertilizers are applied on land
can have huge impacts. Broadcasting is the most commonly used method and contributes
to the largest fraction of NH3; emissions, while both immediate incorporation and deep
placement of fertilizers are effective methods that can reduce NH3 emissions to a large
extent. Based on current estimates, less than 50 % of applied N is taken up by crops, which
may be partly due to the very simple application techniques used. In addition to the three
factors discussed above, irrigation can also influence NH3 emissions as it has been found
in literature that less NH3 emissions occur after irrigation (Dawar et al., 2011; Yang et al.,
2022; Zhang et al., 2022), although AMCLIM is not evaluated against observations because
of insufficient input data. Irrigation leads to an increase of the soil moisture and reduction
of emissions by diluting concentrations of N species and transporting them to deeper soil
layers. Proper management practices, such as timely and precise application of fertilizers
and adequate application techniques can help reduce NH3 emissions and improve crop

uptake of N.

3.4.3 Uncertainty and limitations

In general, uncertainty in NH3 emissions arises from two main aspects: input data and
model parameters. Input data uncertainty includes the N application rates, the crop
calendars that determine the application dates and the soil characteristics. The crop

calendars used in AMCLIM are static. Emissions could be influenced if using different crop
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calendars as the environmental conditions may also change. AMCLIM assumes that
fertilizers are applied twice during the growing season, which is a moderate value used as
a representation for fertilization. This value mostly varies between one to three or four
times across the globe. For example, there can be two to four times of fertilizer application
in North America or zero to three times for South America (Xu et al., 2019a). The
heterogeneity of the land during fertilization can also contribute to uncertainty in the overall
estimates. In intensive farming countries like China and India, where fertilization can take
up to a week or more, the assumption of fertilization being completed within a day in
AMCLIM introduces uncertainty. Soil characteristics including soil pH, bulk density, soil
constituents and organic matter content, etc., are assumed to remain constant in AMCLIM—

Land, which can affect the chemical equilibrium and variables dependent on these data.

Uncertainty is also introduced from various parameters used in the AMCLIM model. First,
the representation of soil pH evolution after urea application relies on an empirical
relationship due to the complexity in simulating soil pH dynamics. In addition, long term
trends of soil pH changes, i.e., soil acidification due to fertilization, are not included in
AMCLIM. Instead, simulations for different years used the same base soil pH. Second,
AMCLIM assumes the atmospheric concentrations of NH3 to be zero for convenience,
which may cause some overestimation of emissions, although this is expected to be small.
Third, the model uses linear relationships to calculate the diffusive and drainage pathways,
including irrigation-related drainage, which is difficult to simulate accurately. The
overestimation of night-time NHj; at the GRAMINAE site by approximately a factor of two
suggests that the diffusive fluxes were not well represented. Fourth, the relative fraction of

techniques used in fertilizer application worldwide are assumed to be dependent on country
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income level, which is based on expert judgement due to the lack of statistical data so can
introduce uncertainty. There are also sub-national-level variations in techniques used,
which can affect the weighted sum and lead to different estimates. Considering all the
factors, the estimated uncertainty is 33 % and 20 % for NH3 emissions from ammonium
and urea application, respectively. As a result, the overall expected uncertainty of emissions
from synthetic fertilizer use is 3.9 Tg N yr'!in 2010 and 4.3 Tg N yr!in 2018, which

accounts for 26 % of the emission in each year.

The AMCLIM model only simulates NH3 volatilization and does not include a bi-
directional exchange scheme for NH3, which may overestimate the NH3 flux when there is
enhanced deposition, especially for areas close to agricultural and semi-agricultural land.
Another limitation of AMCLIM is the plant N uptake scheme. The current scheme for N
uptake by crops has limited interactions with the carbon cycle, and the crop dynamics are
represented by fixed empirical parameters that only account for temperature effects. There
is also no consideration of water stress constraining the uptake. However, these points are
considered beyond the scope of this study due to the complexity involved in simulating the

relevant processes.

3.5 Summary and conclusions

This chapter presents the development and operation of AMCLIM-Land, a module in
AMCLIM designed to simulate NH3 emissions from synthetic fertilizer use at both the site
scale and global scales. AMCLIM-Land simulates physical, chemical and biological
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processes in the soils and at the land surface that control NH; volatilization. It incorporates
the effects of environmental conditions and important management practices on these
processes. AMCLIM-Land employs a four-layer soil structure, allowing for a detailed
simulation of the soil processes and evaluation of various application techniques. Besides
NH;3 volatilization, AMCLIM-Land also models other important N pathways in the
agricultural systems, including surface runoff, nitrification, crop uptake and dissolved N to

deep soils via leaching and diffusion.

AMCLIM-Land was tested at the site scale (only one field campaign with detailed
measurements) and then applied on the global scale. It demonstrates close agreement with
measurements in the GRAMINAE experiment. AMCLIM—-Land accurately captures the
major features of NH3 fluxes from a post-cutting grassland after fertilization. On the global

scale, using AMCLIM-Land, it is estimated that NH3 emissions from synthetic fertilizer

use are 15.0+3.9 Tg N yr'!in 2010 and 16.8+4.3 Tg N yr'! in 2018, which account for
14.6+3.8 % and 13.9+3.6 % of the total N in synthetic fertilizers in each year. The spatial
and temporal variations of NH3 emissions are significant, with high emissions occurring in
regions with intensive agricultural activities, such as China, India and US. Global NHj3
emissions are dominated by East and South Asia, and North America. AMCLIM highlights
key factors that tend to cause larger NH3 emissions, including hot temperatures, low soil
moisture, windy conditions and high soil pH. The highest NH3 emissions occur in July
during both simulated years, and the seasonality of emissions was largely driven by
planting seasons and temperature. Summer (JJA) contributed to over half of the annual NHj3

emissions.
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Based on simulations using AMCLIM-Land, less than 50 % of applied N is absorbed by
crops, and NH3 volatilization to the air is one of the major pathways for N losses.
Broadcasting is the most commonly used methods for fertilizer application, but it results in
a large fraction of N being lost due to NH; emissions. By comparison, incorporation and

deep placement are effective methods that can be employed to mitigate NH3 emissions.

AMCLIM-Land is a valuable tool for exploring the impacts of different agricultural
management practices on NH3z emissions and N pathways, despite the necessary
simplifications of complex processes. The main advantages of AMCLIM-Land include: 1)
the model is based on understanding at process-level and includes the most important N
pathways, 2) responses to environmental variables are included, 3) there are representations
of local management, 4) the model performs simulations at high temporal resolution which
provides more reliable estimates of NH3 emissions which are strongly influenced by
environmental conditions. Overall, AMCLIM-Land provides insights on how
environmental conditions and changes in agricultural management can affect NH;

emissions and the N pathways.

Future research should focus on improving the soil pH dynamics and a better representative
of the diffusion and drainage in the AMCLIM model in order to provide more accurate
estimate for NH3 emissions. Incorporating a bi-directional exchange scheme for NH3 could
be a potential future task so the model can simulate interactions between the soil and the
vegetation. More testing and comparisons against site scale measurements will also be

helpful to reduce uncertainty and improve the model performance.
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Chapter 4
Ammonia emissions from pig and poultry

farming

4.1 Introduction

Livestock farming is an important component of agricultural systems. As the global
population continues to grow, livestock numbers are also increasing dramatically to fulfil
the rising demand for animal products such as meat and eggs. Specifically, pigs and poultry
are the sectors which recorded the largest increase in livestock population numbers, with
pigs having increased by about 140 % and poultry having increased by nearly five-fold
over the past 50 years (FAO, 2018b). This surge in livestock population has also resulted
in a substantial increase of nutrient requirements, particularly in N inputs in animal feed.
However, N recycling within livestock farming systems is often poor, resulting in a
significant amount of N loss instead of being used by the animals. In particular, NH;
emissions are a major pathway of N loss to the environment and can cause serious
environmental problems (Sutton et al., 2011). Therefore, accurate estimation of NH3
emissions is crucial for assessing the environmental impact of livestock farming systems

and optimizing resource utilization.
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This chapter presents the development and application of the dynamic process-based model,
AMCLIM, to quantify NH3 emissions from pig and poultry farming. For livestock
simulations, the AMCLIM model focuses on three major practices: housing, manure
management systems (MMS) and land application of manure. The application of AMCLIM
at both the site and global scales and the evaluation against measurements are presented,

and the results and implications are discussed.

4.2 Methods and Materials

4.2.1 Overview

Livestock ingest nitrogen from crops or feeds and use the nitrogen for gaining weight,
producing meat, milk and eggs. Excess N is excreted (urine and dung) in their manure,
which can be a valuable source of fertilizers for land. In general, animal excreta collected
from animal houses is stored and then applied to arable land during growing seasons.
However, the management of livestock manure can vary greatly across regions, with some
farmers spreading manure daily or simply leaving it on pastures without much management
rather than storing the manure, while others may use it as fuel. Each of these activities can

result in NH3; emissions.

To simulate the NH3 emission from pig and poultry farming, all three modules in AMCLIM
must be operated. In this section, the Housing (AMCLIM-Housing) and Manure
Management (AMCLIM-MMS) Modules in AMCLIM are mainly described, as the Land
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Module (AMCLIM-Land) has already been presented in Chapter 3. Different processes of
manure application as compared to the synthetic fertilizer application are highlighted in this
section. This section also presents the global applications of all three modules for

simulating NH3 emissions from pig and poultry farming.

4.2.2 Simulating pig and poultry housing

4.2.2.1 Processes in animal houses

Animal housing is one of the primary sources of NH3 emissions in the livestock farming
systems as animal houses are often the very first place where emissions take place. Figure
4.1 depicts the processes through which NH3 emissions originate from excreta in animal
houses, ultimately releasing into the exterior atmosphere. In general, there are six processes

as follows:

- Livestock excreta contains N in the form of urea in pig (and ruminants’) urine and
uric acid in poultry excretion, as well as other organic forms of N in pigs’ dung and

poultry excretion (Process 1).

- Excreted N on the floor surface of the animal house is converted to TAN through
hydrolysis of urea or uric acid and decomposition of organic N (Process 2; as

expressed by Equation 2.7; details are given in Appendix Al).

- The TAN pool partitions into multiple phases; gaseous NH3 is in equilibrium with

aqueous TAN (Process 3; as expressed by Equations 2.4 and 2.5).
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- NHj; volatilizes to the house atmosphere from the surface (Process 4; as expressed

by Equation 2.6).
- Indoor NHj level builds up due to NH;3 volatilization (Process 5).

- Indoor NH3 is continuously removed from the house to the outside atmosphere

through ventilation (Process 6).

Physical House atmosphere
Biological P6. Removal of
Chemical NH; .thr.ough flventilation)
ventilation
Excreted N
@ Urea Indo}c;r NH; NH; to atmosphere
in H
@ Uric acid (poultry only) &SJOBJJIS:pI:JeIS
® Organic N 3 P4. NH3
}/olan:;ed f(T:, ventilation)
rom the
P1. N, in livestock P
excreta surtace
T P2. Urea/Uric acid P3. Equilibrium between
¥ hydrolysis and N TAN and gaseous NH;
N, pool | ©rganic N decomposition | TAN pool Gaseous NH;
2® ATenes PH, RH) N NS fTgnss PH) Kort
gnds ’ ends
House floor

Figure 4.1. Schematic of NHj3 volatilization in animal houses (adapted from Elliott and
Collins, 1982 and Jiang et al., 2021). Physical, biological and chemical processes are
highlighted in red, green and blue, respectively.
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The concentration of NH3 inside the animal house (y;,, g m™) is regulated by the balance

between NHj volatilization from the floor surface (Fyu, volatlization) and removal of NH3

to the outside atmosphere (Fyy, removal), Which can be expressed by the following equation:

dxin _
dt FNH3 volatlization — FNH3 removal> (41)

where the fluxes are expressed as the sum of the flux for the whole animal house (g N s™),
which differs slightly from the standard fluxes given by Equation 2.1. The time-dependent
concentration of indoor NH3 of the animal house can be represented by the following

equation:

dXin srf—Xin
Vhouse ji(t = (ort~2in) ’ Shouse - Qin (Xin - Xout)a (42)

RG,house

where yi, (g m™) represents the indoor NH3 concentration assuming a well-mixed state of
air inside the animal house. y¢.¢ (g m™) is the gaseous NH3 concentration at the emitting
surface, and y,, (g m™) is the free-atmosphere NH3 concentration. Shouse (m?) and Vhouse
(m®) represent the surface area and the volume of the house, respectively. Oin (m® s!) is the
airflow rate of the house with a unit of cubic meter per second. The resistance for NH;
volatilization in the animal house (RGhouse, S M) is determined by the inverse of an
empirically-derived gaseous transfer coefficient for NH3 (kG housing, m s™'), which depends
on housing conditions such as temperature and ventilation, as expressed by the following

equation:

1
RG,house = (43)

kG,housing
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Animal houses are cleaned after certain amount of time. The frequency of cleaning varies
depending on the housing management. The TAN pool (Mran; given in per unit area; all
masses have units of g m? if not specifically explained) in the animal house can be
determined by the following equation:

dMm
thAN = FTAN - FNH3 - ]’ljcleaning(t; TAN), (4.4)

where Fran is the TAN production, i.e., through urea or uric acid hydrolysis and
decomposition of organic N for livestock excreta (together with other processes are
presented in Appendix Al). Fyy, is the flux of NH3 volatilization (all N fluxes/flows have
units of g N m2 s’ if not specifically explained). Yeleaning (V) represents the cleaning event
of the house, as expressed as follows:

0, if "Not a cleaning day",

lpcleaning(tr excreta/N/H2 O) = {Mexcreta/N/H,0 if "

tcleaning

a cleaning day" (#3)

The cleaning event refers to the removal of livestock excreta (Mexcreta), all N species (M)
and water (My, o) from the animal house within an assumed time scale of 24 h (Zcicaning).
The removed excreta can either be stored or applied to land as fertilizer, which will be
described in the following sections. The pools for other N species, e.g., urea, in the animal

houses can be expressed as follow:

dMy;,
dt = FexcrethNi - KNiMNi - l/)cleaning(tr Ni)a (46)
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where Fexcretn 1S the total N excretion rate from the livestock, and fx is the fraction of a N
form in the excretion. K is the conversion rate (s'!) at which a N species decomposes (as
Equation 2.7). For pigs, nitrogen is excreted in AMCLIM as urinary N and faecal N in a
ratio of 2:1, with 75 % of urinary N being in the form of urea and the rest in organic forms
(Vu et al., 2009a, b; Jergensen et al., 2013). For poultry, AMCLIM assumes 60 % of the
excreted N is in the form of uric acid, and the remaining 40 % is in organic forms (Nahm,

2003). The excretion pool is determined using the following equation:

dm
ezireta = Fexcreta - l/)cleaning (t' excreta), (47)
where Fexcreta 1S the excretion rate from the livestock, which is derived from the N excretion
rates based on the N content in the excreta. The pH of the livestock excretion is used for
determining the decomposition rates of N species (see Appendix Al) and chemical
equilibria (as described in section 2.3.2) in housing simulations. The pH value is set at 7.7

for pig excreta and 8.5 for poultry (Sommer and Hutchings, 2001).

4.2.2.2 Simulations for pig housing

AMCLIM-Housing includes three types of animal houses, as introduced in Section 2.2.1.
The first two housing types are designed for pig housing simulations. The first housing type
has slatted floor and pit storage that allows pig excreta to be stored in-situ, keeping the floor
area clean. For this housing type, a two-source emission scheme is used to model NH3
emissions as there are two emitting surfaces: the slats and pit. The two NH3; emission
elements are treated as additive, i.e., the total housing emission is the sum of the emissions

from the two housing compartments. To represent the processes on the slats and in the pit,
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the pools of N species and other simulated variables are divided into two separate reservoirs.
Pig excreta are split proportionally between the two reservoirs depending on the gap space
of the slats. For example, if the gap space is 20 %, then 20 % of initial pig excreta will fall
into the underneath pit, and the remaining 80 % will stay on the slats. Given the fact that
excretions left on the slats will eventually fall to the pit (i.e., through cleaning), but
excretions in the pit cannot go back to the slatted floor above, a uni-directional transfer is
applied on a daily basis in AMCLIM—-Housing. It is assumed that all pools from the slat
reservoir go into pit reservoir by the end of each day, and the slat reservoir is reset to zero

subsequently. Excreta that go into the pit are stored for longer time, e.g., weeks to months.

The process of NHs volatilization differs between the two reservoirs because of the
different amount of water held in the two reservoirs. For the slats, excreta are typically a
thin wet layer, so the surface concentrations can be expressed by the concentrations of the
entire layer. The gaseous NH; concentration at the surface is directly derived from the
aqueous TAN concentration of this layer. In contrast, the pit reservoir holds more water
(and faeces) because urine in the excreta accumulates in the pit. There is an additional
aqueous transfer process of TAN from the bulk water to the air-water interface. AMCLIM—
Housing incorporates a two-film model that describes the gas exchange across the air-liquid
interface (Liss, 1973; Liss and Slater, 1974). Details of the two-film model and the

calculation of mass transfer are given in Appendix A10.

The second house type is a normal barn with a solid floor (without pit storage). In
AMCLIM-Housing, normal barns are assumed to be cleaned daily so that pig excreta are

removed from the house, and all pools are reset to zero every day. Volatilization of NH3
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from the pig excreta on the solid floor is identical to the processes taking place on the slats

in the first house type.

For pigs (and ruminants), the water pool simulated in AMCLIM—Housing is determined by
sources of water from urination (Furine), Water in faecal excreta (Ffaccal water) and loss by
evaporation of water (Fevap, mm s') A cleaning-day function is included in the equation to

account for the effect of cleaning on the water pool as follows:

dMy,0

d—tz = Furine + Ffaecal water Eevap - lpcleaning(t' HZO) (48)
Excess water, such as washing water or drinking water in the houses, is not included since
the quantity is unknown. The evaporation rate in the animal houses is approximated by

applying an aerodynamic method, which is described in detail in Appendix A1l.

4.2.2.3 Simulations for poultry housing

The third type of animal house in AMCLIM—-Housing is designed specifically for poultry
housing simulations. This accounts for the fact that poultry excreta are in the form of uric
acid which hydrolyses to TAN much more slowly than urea (see Appendix Al).
Furthermore, poultry excreta are much drier than pig excreta, so the rate of uric acid
hydrolysis is also limited by the moisture levels (see Appendix A1). Housing management
for poultry can also differ from other livestock. Addition of bedding materials to poultry
excreta produces a solid litter. Consequently, poultry litter can be left in houses for a longer

period than for other housed livestock, i.e., so called “deep litter” systems.
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In AMCLIM-Housing, the water pool in poultry houses is determined by the initial water
content in the excreta (Fexcretion water), €vaporation, and the cleaning function, as shown in

the following equation:

dMy,0
dtz = max (Fexcretion water Fevap' mEMDM) - lpcleaning(t' HZO) (49)
where mg is the equilibrium moisture content of the excreta as a function of ambient
temperature and humidity, which is calculated as described in Appendix All. Mpw is the
mass of dry matter (DM) of the excreta, which is used to determine the water at equilibrium

moisture.

The high DM content of the poultry litter can result in NH4" adsorption on litter solids, a
process similar to NH4" adsorption on soil particles (as described in Section 3.2.1.1;
Equation 3.4). Due to the lack of knowledge regarding nitrogen adsorption on livestock
manure, AMCLIM—-Land uses a constant partitioning coefficient (Kq) of 1.0 for all
livestock (as introduced in Appendix A3), so the amount of N adsorbed on manure solid is
only dependent on the water content of the manure. Moreover, the surface of poultry excreta
can dry quickly, forming a natural outer “crust” that prevents further emissions from the
old litter below. The quantity of this layer is uncertain, and modelling the drying process is
difficult. To simulate the NH3 volatilization from poultry excreta, AMCLIM—Housing
assumes an additional surface resistance of 8640 s m™!' (0.1 d m™") for litter (Riiwer). This
surface resistance is derived using an inversion method as described in the previous version
of AMCLIM-Poultry (Jiang et al., 2021). For deep litter system, surface resistance doubles
(17280 s m! or 0.2 d m™") due to bedding materials added.
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4.2.3 Simulations for manure management of pig and poultry

The AMCLIM model simulates manure management for pig and poultry as a subsequent
stage after housing, with the exception of in-situ storage of livestock excreta in pits or litter
management for broiler poultry, which are counted as housing emissions. In AMCLIM-
MMS, there are two types of manure under management: slurry and solid manure,
corresponding to liquid and solid phase manure, respectively. As described in Section 2.2.2,
four manure management divisions are defined and simulated in AMCLIM-MMS,
including three types of storage and one type of land application. This section describes the

approach for manure storage, while land application is described in the next section.

Liquid manure or slurry can have a DM content that ranges from 2% to 20%, depending on
the amount of water added to the manure. As such, slurry refers to manure with a relatively
low DM content, which consists mainly of livestock urine, faeces and added water
(Sommer et al., 2006; Vira et al., 2019). In this study, the manure management section uses
the term "liquid manure", while the land application section uses "slurry". Note that these
two terms are used interchangeably in different modules, and both refer to the same
substance. Figure 2.1 illustrates the three types of storage for liquid manure: indoor,

outdoor and covered storage.

The indoor storage of liquid manure and pit storage in animal houses are similar, as both
reservoirs have high water content (however, as mentioned, it should be noted that NH3
emissions from pits in animal houses are counted as housing emissions.). The volatilization
of NH; from indoor storage of liquid manure is calculated using the same two-film mass

transfer model as for pit emissions. The TAN pool of the storage unit is determined from

129



Chapter 4: Ammonia emissions from pig and poultry farming

the TAN pool from housing, conversion from other N species, loss through NH3
volatilization, and removal when manure is used for land application, which can be

expressed by the following equation:

dm
thAN = lphousing(t' TAN) + FTAN - FNH3 - IIJtO land(t; TAN), (4.10)

where Y ousing (1) 18 the function that represents the housing excreta that are transferred to
the storage unit. The relationship between Ypousing(t) and the cleaning function

Yeleaning(t) can be expressed as:

1»[)cleaning (t)

b
fstore—housing

lphousing(t) = 4.11)

Jstore-housing 18 the ratio of storage area to housing area. If the area for manure storage is
smaller than the housing area, the pools of manure storage (per unit area) will be larger than
housing, as manure concentrates in smaller areas (note that concentrations remain
unchanged). The function Y, 1anq(t) represents stored manure used for land application

within 24 h (#o 1and), and is expressed as follows:

0, if "Not an application day",

Wto1ana (t, excreta/N/H,0) = MM—eicreta/N/Hzo, if "an application day". (-
to land
Similarly, the other N pools during storage can be expressed as follow:
dMy;,
dt = lphousing(t' Ni) - KNiMNi - l/Jto land(tr Ni)~ (413)
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The water pool of the storage unit is determined by the initial water amount of animal

excreta from housing, evaporation, and additional water that may be added (Fadded water):

dm

d—};zo = l/)housing(t' HZO) + Fadded water — Eevap - l/)to land (tr H20)~ (414)
By default, the DM content of liquid manure in AMCLIM-MMS is set to 5 %, but it is
allowed to vary by a factor of 2, between 2.5 % to 10 %, due to fluctuations in the water
pool. Additional water may be added to maintain the DM content within 10 % (fpbM.max), as

expressed by the following equation:

1
Madded water — Max (O' MDM <

DM,max

_ 1) — My0)- (4.15)

Covered storage of liquid manure is considered a variation of indoor storage in AMCLIM—
MMS. A reduction factor of 0.95 is applied to the NH3 emission from this management
system, which represents an effective mitigation by covering the manure with lids or

coverings.

Simulations of outdoor storage of liquid manure are similar to those of indoor storage, but
the physical and chemical processes are affected by different environmental conditions.
The primary difference is the level of turbulence, which is largely related to wind speed
and has a significant impact on NH; volatilization. While indoor storage provides a less
"windy" environment, outdoor storage exposes liquid manure to the outside environment.
Temperature differences between indoor and outdoor storage may be less pronounced. In
addition, the water pool of outdoor storage is influenced by rainfall (Frainfa, mm s), as

expressed by the following equation:
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dMy, 0
dtz = lphousing(t' HZO) + Fadded water T Frainfall - Fevap - l/)to land (t; HZO)

(4.16)

A specific management classified as outdoor storage in AMCLIM-MMS is lagoon systems.
Lagoon systems are artificial or natural earthen storage structures that usually provide a
largely anaerobic environment for liquid manure treatment. In this study, a simplified
representation of lagoon systems is used, where a constant TAN concentration of 600 pg
mL-!is set for lagoons (Aneja et al., 2001). This simplification is justified reasonable due
to the large amount of water present in lagoon systems, resulting in low TAN
concentrations. Therefore, the NH3 emissions are expected to be small, which only disturbs
the TAN pool to a limited extent. The process of NH3 volatilization is simulated by the
same two-film model as other liquid storage management systems. Details are presented in

Appendix A10.

Compared to liquid manure, solid manure has higher DM contents, typically ranging from
30 to 40 % for pigs and ruminants, and up to 50 to 70 % for poultry manure (Sommer and
Hutchings, 2001). With lower water content, solid manure storage can facilitate
nitrification, providing an additional chemical pathway that depletes the TAN pool, as

expressed by the following equation:

dm
d—FI;AN = lphousing(tr TAN) + FTAN - FNH3 - Fnitrif - l/)to land(t' TAN)- (417)

The process of nitrification in solid manure is similar to that in soils, but with some
variations in parameters. The details of these calculations can be found in Appendix A4. In

solid manure, ammonium can be adsorbed on solid particles, and the manure itself presents
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an additional barrier to N transport, as discussed in Section 4.2.2.3. In AMCLIM-MMS,
the partition of TAN into different phases in the bulk manure is determined, and the
concentrations at the surface are used to calculate NH3 emission. Further information is

provided in Appendix AS.

4.2.4 Simulations for land application of pig and poultry manure

Manure can be used as fertilizer on land either after being stored for a period of time or
directly after being removed from animal houses. The land application of pig and poultry
manure is simulated by AMCLIM-Land, which employs the four prescribed soil layers (as
described in Section 3.2.1). The N processes involved in the simulations for manure
application are described in Section 3.2.1 and are the same as those for chemical fertilizer
applications. Manure is assumed to be applied only to the soil surface. Modification to
allow soil incorporation and deep injection of manure and slurry is possible, but is not
included in the current version of AMCLIM applied here. Stored manure is assumed to be
spread on croplands, and its application is scheduled according to the local planting seasons.
Alternatively, manure can be applied daily if it is spread soon after being removed from

animal houses.

Manure application to land provides sources of N to the soil pools. The soil TAN pool in

the top layer can be expressed as:

dm
thAN = Ytoland (t; TAN) + Ytoland (t' urea/org N) + Fran — FNH3 N

FTAN runoff — Fdiffusion - Fleaching - Fnitrifa (418)
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where the application rate Y, 1anq(t) hase been shown in Equation 4.12. The production
of TAN (Fran) is mainly through the decomposition of organic N. The remaining fluxes
are removal processes explained in Section 2.3 and 3.2.1.1 (FTaN runoff — flux of surface

TAN runoff; Fitfusion — diffusive fluxes; Fieaching — flux of leaching; Friwrir— nitrification).

Urea in pig manure is assumed to be fully hydrolysed to TAN during storage upon land
application as a simplification, which keeps the soil pH constant. This is true for stored
manure and is a reasonable assumption for daily spread manure. Uric acid in poultry
manure and organic N are assumed to be retained in the top soil layer as these species
typically bond with manure and soil particles, and are assumed in AMCLIM not to move
to the underlying layers through diffusion or drainage. These N pools in soils are depleted

by hydrolysis or decomposition and surface runoff, which can be expressed as:

dMy;
dt = 1/"t0 land(t' Ni) - KNiMNi - FNirunoff- (419)

The runoff of N species (Fy;, runofr) such as uric acid and organic N is determined by the

following equation:
FNirunoff = qrrNMNia (420)

where rx (mm ') represents the wash-off factor for N species that is set at 1 % per millimetre

(Riddick et al., 2017a).

The application of manure, particularly slurry, can significantly affect soil water content.
Misselbrook et al. (2006) reported that 6 mm of pig and cattle slurry infiltrate into the soils

within an hour after application and cause an increase of the soil moisture content. In
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AMCLIM-Land, the immediate change in soil water content after manure application is
calculated using Equations 3.11 and 3.12. However, the model does not account for the
impact of manure application on soil properties such as porosity or organic matter content.
Additionally, AMCLIM-Land allocates N species in solid manure to the top soil layer

instead of a separate manure layer above the soils.

4.2.5 Global application

4.2.5.1 Global data for livestock and manure management systems

The Global livestock and MMS data used in the AMCLIM model are obtained from FAO
GLEAM2. The global livestock data include information on the geographical distribution
of livestock heads, average live bodyweight, and total N excretion rates, which are
categorized by production system. The reference year of these data is 2010, and changes in
livestock population and N excretion rates over time are based on the variations suggested
by Lu and Tian (2017), while the MMS data that determines the fraction of a manure
management system are assumed to be constant through the year. Urination and defecation
rates of pigs and excretion rates of poultry are derived from the N excretion rates. More
information on the properties and characteristics of livestock excreta, including urinary N

concentrations, faecal N content, dry matter content and pH, are presented in Appendix B6.

For pig farming, there are three production systems: industrial pigs, intermediate pigs and
backyard pigs. It is worth mentioning that only chicken is included in the poultry sector,

which accounts for over 95 % of poultry by numbers based on the Food and Agriculture
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Organization Corporate Statistical Database (FAOSTAT) data for 2010. Chicken has three
production systems: broilers, layers and backyard chicken. The characteristics and housing
features of pig and poultry production systems are summarized in Table 4.1, which is
adapted from the FAO GLEAM?2 model description (FAO, 2018a). The MMS data provide
geographical distributions of the fraction that a system is used for manure management,
which differs between livestock sectors and production systems for pigs and poultry. As
described in previous sections, these MMS are regrouped into the four divisions used in

AMCLIM-MMS. More details are available in Appendix B7.
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Table 4.1. Characteristics of livestock production systems for pigs and poultry used
in GLEAM (information is taken from FAO, 2018).

f;sot(elll:lctlon Characteristics Housing
Pigs
Fully market-oriented; high capital input requirements | Fully enclosed: slatted concrete
. including infrastructure, buildings, equipment); high floor, steel roof and support,
Industrial g .
level of overall herd performance; purchased non-local | brick, concrete, steel, or wood
feed in diet or on-farm intensively produced feed. walls.
Fully market-oriented; medium capital input Partially enclosed: no walls (or
requirements; reduced level of overall herd made of a local material if
Intermediate performance (compared with industrial); locally )
. . o present), solid concrete floor,
sourced feed materials constitute 30 to 50% of the
ration. steel roof and support.
Mainly subsistence driven or for local markets; level of | Partially enclosed: no concrete
capital inputs reduced to the minimum; herd floor, or if any pavement is
Backvard performance lower than commercial systems; feed present, made with local material.
oy contains maximum 20% of purchased non-local feed; Roof and support made of local
high shares of swill, scavenging and locally sourced materials (e.g., mud bricks,
feeds. thatch, or timber).
Poultry
Fully market-oriented; high capital input requirements; Broilers assumed to. be prlmarlly
. . . loosely housed on litter, with
Broilers high level of overall flock productivity; purchased .
. ) automatic feed and water
non-local feed or on-farm intensively produced feed. .
provision.
Fully market-oriented; high capital input requirements; ](::yjr;;lr?lu:zg }?ez_zzge;y of
Layers high level of overall flock productivity; purchased s fte,ms with automa tif feed and
non-local feed or on-farm intensively produced feed. y >
water provision.
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Simple housing using local wood,
Animals producing meat and eggs for the owner and bamboo, clay, leaf material and
Backyard local market, living freely. Diet consists of swill and handmade construction resources
scavenging (20 to 40%) while locally produced feed for supports plus scarp wire
constitutes the rest. netting walls and scrap iron for
roof.

4.2.5.2 Housing environments and housing density

There are two housing systems considered in AMCLIM—-Housing: fully enclosed houses
(with forced heating and ventilation) and partially enclosed houses as described in Section
2.2.1. The inside conditions of animal houses significantly influence the NH3 emission from
livestock housing as they can be very different from the natural environment, with indoor
temperature being the most prominent environmental factor. Pigs and poultry have a lower
critical temperature (i.e., the minimum managed temperature for optimum chicken
performance) of approximately 16-20 °C (Gyldenkearne, 2005b). Therefore, pigs and
poultry from commercial production systems that are intensively managed (e.g., industrial
pigs, broilers and layers) are typically kept in insulated buildings equipped with forced
heating and ventilation systems. These systems help maintain the ambient temperature
within a recommended range throughout the year as far as feasible (Seedorf et al., 1998b).
Heating is used on cold days when the temperature is low, while ventilation is used to cool
down the house when the temperature is high. Fully enclosed houses require a minimum
level of ventilation to remove odours and emissions like NH3 from the house, which aims
to maintain a healthy environment for the animal growth. However, the ventilation should

also be below a certain rate to avoid causing an induced draft in the house. For intermediate
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and backyard production systems, pigs and poultry are kept in barns that are naturally
ventilated. These barns have indoor environments that are closer to the natural
environments, with slightly higher temperatures than outdoor temperatures due to the
warmth generated by the animals, and local materials are used to block wind and to warm

the buildings in cold days.

In AMCLIM-Housing, the indoor temperature and ventilation of animal houses are
modelled using a set of empirically derived relationships in relation to the outdoor
temperature. These relationships are based on data from the Animal Feeding Operations
(AFOs) dataset by the US Environmental Protection Agency (EPA, 2012) and theoretical
parameterizations of indoor environments by Gyldenkarne et al. (2005). These
relationships can vary between livestock sectors and production systems as each production
system of livestock has a corresponding housing system and house type in the global
simulations. Table 4.2 lists the housing system and house type of pig and poultry by
production systems used in AMCLIM-Housing as described in Section 2.2.1. The

parameterizations of housing environments are presented in Appendix A12.

Table 4.2. Housing systems and house types for pig and poultry in AMCLIM-Housing.

Production system Housing system House type

Pigs

Industrial Fully enclosed house il%u:fsrzgéhpsigtted floors
Intermediate Naturally ventilated house Normal barns

Backyard Naturally ventilated house Normal barns

139



Chapter 4: Ammonia emissions from pig and poultry farming

Poultry

Broiler Fully enclosed house Poultry houses
Layer Fully enclosed house Poultry houses
Backyard Naturally ventilated house Poultry houses

Housing density varies depending on the livestock and production system. Industrial pigs
are assumed to be housed at a typical density of 120 kg liveweight per square meter (Lim
et al., 2010a). By comparison, intermediate and backyard pigs are housed at lower densities
than the industrial production system, with assumed values of 80 and 60 kg liveweight per
square meter, respectively. Regarding poultry housing, the assumed density for broilers and
layers are 15 and 30 birds per square metre, respectively (Cortus et al., 2010a, b; Wang et
al., 2010). Backyard poultry are less densely housed than broilers and layers, with an
assumed density of four birds per square meter. The housing area is calculated accordingly
by the following equation:
— i is pig

denpousing

Shouse = 4.21)

denhousing'l iis poultry
where nj and m; are the number of animals and average body weight (kg head!), and
dennousing s the housing density of the livestock (kg animal per m? for pigs and number of

animal per m? for chicken). It is worth noting that pig houses with slatted floor and pit have
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two NHs-emitting surfaces, so the slats areas (Ssiats, m?) and pit areas (Spi, m?) are calculated

separately:

{Sslats =(1- fgap)ShouSing (4.22)

Spit = fpitShousing

where fgap is the fraction of gap space in the slats (assumed to be 0.2, i.e., 20 % of gap space,
for global simulation), and f; is the relative area of the pit to the housing area (set to be 1.0
in AMCLIM-Housing, meaning that the pit surface has an equivalent size as the area of

the house).

To estimate housing NH3 emissions in global simulations, it is assumed that indoor and
atmospheric NH3 concentrations are negligible, given that animal houses are significant
NH;3 sources and their surface concentrations are much higher than indoor and outdoor
concentrations. However, as the global volume of animal houses is uncertain (as described
in Equation 4.2), the calculation of NH3 emissions is simplified by using the following
equation:

Fyp, = =X (4.23)

RG,house

4.2.5.3 Manure storage and manure application

Manure storage, land application of manure, and housing are closely interrelated. In
particular, there are several management systems related to housing that should be
specifically pointed out. In houses with slatted floor and pits, manure can be stored in the

house pit either for long-term or short-term periods. For long-term pit storage, excreta are
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assumed in AMCLIM to be stored for two months (60 days) before being applied to the
land. For short-term storage, excreta are removed from the pit daily and stored in a separate
storage unit (also for the naturally ventilated barns) before ultimately being applied to the
land. The specific in-situ storage management systems are determined by the MMS

information in the GLEAM database.

For broiler housing with litter management, AMCLIM assumes that excretions remain in
the houses for the entire year, being applied to land once being removed. It should be noted
that the NH3 emissions from in-situ storage are counted as part of housing emissions. In
contrast, naturally ventilated barns are assumed to be cleaned daily so that excreta are

removed from the house and are stored separately.

Livestock excreta removed from the houses are typically stored for a certain period before
being applied to the land. However, the area of the storage facilities is uncertain. In the
AMCLIM model, it is assumed that the area for manure storage (Sstorage) 1S proportional to

the housing area, which is expressed as:

Sstorage = fMMsttore—housingShousinga (424)

where fuums is the fraction of manure that is removed for separate storage as part of the
MMS. The ratio of storage area to housing area (fstore-housing) vVaries depending on the specific
management system. The ratio is set to be 0.5 for liquid manure storage and 0.25 for solid
manure storage, and 2.5 for lagoon management, given that liquid manure storage requires

a larger area because the volumes are larger than those of solid manure.
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In AMCLIM, it is assumed that the stored manure is kept for 180 days and then is applied
to the land twice a year during the spring and autumn planting seasons, respectively. The
application date is based on the average value of the crop calendars for 18 spring crops and
4 winter crops (see Section 2.4.1, 3.2.3.2 and Appendix B8). For slurry application, the
application rate is assumed to be 3 mm of slurry, which is equivalent to a recommended
rate of 30 tons per hectare. For solid manure application, a moderate fertilization rate of 10
tons per hectare is used. The N pools and the water pool are calculated accordingly. It
should be noted that all stored manure, with the exception of manure in lagoons, is assumed
to be applied to agricultural lands. The lagoon system is a small fraction among all
management systems, and manure in this system is assumed not to be applied to land but

to be kept in the lagoons in AMCLIM.

4.3 Results

4.3.1 Simulations for housing at the site scale

AMCLIM-Housing was applied at site scale and used the AFO monitored data to simulate
site-specific NH3; emissions from pig and chicken houses. The AFO monitored data were
gathered by the US EPA as a study of emissions from several types of livestock from 2007
to 2010 (Lim et al., 2010a; Wang et al., 2010). Four houses with slatted floor and pit storage
from a pig farm in Indiana (site IN3B) and two layer houses from a chicken farm in North

Carolina (site NC2B) were selected for the simulations, as listed in Appendix B9. The AFO
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datasets provided animal data and daily mean environmental data for the two sites. Animal
data included animal numbers, body weight and biomaterial data. Environmental data
included indoor and outdoor temperature and relative humidity and the interior ventilation
given as an airflow rate in m* s™!. To keep simulations continuous, missing values in the
environmental data due to the unavailable measurements were filled by linear interpolation
method. AMCLIM-Housing used excreted N that was determined from the livestock
excreta data (as shown in Appendix B6) as an input, together with the indoor environmental
data. Further information about the pig farm and the chicken farm can be found in USEPA
AFOs reports (Lim et al., 2010a; Wang et al., 2010). It is worth noting that the evaluations
focused on NH3 emissions from housing, as the processes involved in manure storage are
similar to those in housing, and there were limited available measurements for NH3
emissions from manure storage. Additionally, the land simulations for synthetic fertilizer

application were evaluated against the GRAMINAE experiment discussed in Chapter 3.

4.3.1.1 Pig houses with slat and pit

Figure 4.2 shows the results of simulated NH3 emissions from a pig house with slatted floor
and pit storage, along with comparisons to measurements, stocking data and the indoor
environments (other simulations shown in Appendix D1). The simulated period is for two
years from 1 July 2007 to 31 July 2009. Gaps shown in the figure represent unavailable
measurements, while the model was kept running to produce a continuous output. The
indoor temperature of the pig house range between 20 to 30 °C, showing moderate daily
and seasonal variations, with higher temperature in summer than winter. There are two
obvious temperature drops in March 2008 and March 2009 due to the emptying of pigs

from the house as illustrated in Figure 4.2b. This also leads to low values of TAN
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concentration on slats for the simulation periods. In contrast, the airflow rate inside the
house shows significant seasonal variabilities, with higher ventilation occurring in summer
and lower ventilation in winter. The relative humidity exhibits strong daily variations,

ranging from 40 % to 80 %.

There were several growth cycles during the simulated period (Fig 4.2b). Over 2000 weaner
pigs started in the house, and half of the pigs were moved to other house after three to four
weeks once the pigs gained weight (see Appendix D1). As a result, the house had twice as
many pigs at the beginning of each growth cycle. Approximately 1000 to 1200 pigs were

kept in the house during the subsequent fattening stage.

Daily NH; emissions from the pig house generally increase as ventilation increases. High
emissions occur mostly in summer, with the highest daily values of over 25 kg d! in July
2007. AMCLIM—-Housing is able to reproduce the overall trend of NH3 emissions in the
first year from July 2007 to July 2008. However, it underestimates the winter emissions
(January 2009) by 30 % and overestimates the summer emissions (June 2009 and July 2009)
by a factor of two for the second year. The average modelled daily NH3 emission is 10.4
kg d'! (when measurements available; 9.9 kg d-! for the entire simulation), compared to 8.8
kg d! recorded by the measurements. According to AMCLIM-Housing, 42 % of total
excreted N volatilizes as NH3. The slats and the pit contribute to 57 % and 43 % of the total
emissions, with the average daily emissions being 5.7 kg d! and 4.2 kg d’!, respectively.
As shown in Figure 4.3d, simulated NH3 emission originating from the slats is typically
larger than from the pits, especially in summer when the ventilation is high. Slat NH;
emissions increase periodically throughout the simulated period, which is closely

associated with the animal mass of the house. The pit has been cleaned for a few times as
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indicated by the blue dashed lines in Figure 4.2d and 4.2e. Modelled TAN concentrations
on the slats are compared with the measurements, as well as the N concentrations in the pit,

with reasonably close agreement being found between the modelled and measured values

(Fig 4.2¢).
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Figure 4.2. Site simulations of House 1 in a pig farm at site IN3B, Carroll, Indiana,
from 01 July 2007 to 31 July 2009. (a) Measured daily mean indoor temperature,
airflow rate, and relative humidity of the house. (b) Animal heads and mass density
of the house. (¢) Comparison between modelled NH3 emissions and calculated NHj3
emissions from measured indoor concentrations. (d) Modelled NH3; emissions from
the slats and the pit. () Comparisons between measured and modelled TAN
concentration of the slats and between measured and modelled N concentration of the
pit. Vertical blue dashed lines refer to excreta removal from the pit. See Appendix D1
for results from other pig houses.

4.3.1.2 Layer house

Figures 4.3 shows the simulated NH;3 emissions and indoor concentrations of a layer house
compared with the measurements, along with indoor conditions and modelled N species
(other simulations shown in Appendix D1). The indoor environments of the layer house are
similar to the pig house, with temperature being largely maintained between 20 to 30 °C
throughout the year and ventilation working intensively in hot summer. Relative humidity

inside the layer house shows strong daily variations, ranging between 40 to 80 %.

The simulated period is from 15 March 2008 to 15 March 2009. The house was fully
occupied by more than 90 000 layers for most of the time and was only emptied once (on
04 April 2008) for three weeks. Overall, the model captures the major changes of NHj
emissions and indoor concentrations well over the simulation period. High emissions occur
in summer as the ventilation increases, with the emissions peaking in early June 2008. The
maximum daily NH3 emission is more than 150 kg d!, and AMCLIM-Housing roughly
reproduces this value but with a lag of ~5 days, in the timing of the peak in early June 2008.
The average daily emission of NHs3 estimated by the model is 63.6 kg d! (when

measurements available; 62.4 kg d*! for the entire simulation), compared to 54.4 kg d’!
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reported by the measurements. Approximately 34 % of total excreted N is lost due to NH3

emissions according to the simulation.

The indoor NH3 concentrations show an opposite trend to the emission, which is inversely
related to the ventilation. The indoor NHj level is typically lower than 10 mg m™ when the
airflow rate is high in summer and was much higher in the winter when the ventilation
decreases, reaching to around 30 mg m™ from November 2008 to February 2009.
AMCLIM-Housing replicates the measured indoor NH3 concentration well. However, the
model largely underestimates both the emissions and concentrations in the first simulated
month before the house is emptied. The NH3 concentration at the surface is much higher
than the indoor concentrations, ranging from 0.5 to 4.0 g m (500 to 4000 mg m3), which

generates a concentration gradient that drives the emission fluxes.

As shown Figure 4.3c, the uric acid pool in the excreta gradually increases in the first three
months of the simulation and then generally stabilizes in the remaining period. There are
two decreases in the simulated uric acid pool, with the first drop due to the emptying of the
house in early April 2008 and the second due to a sharp increase of indoor temperature that
accelerates the hydrolysis process in late May 2008. By comparison, the TAN pool
accumulates throughout the year, building up to about 7 g N m at the end of the simulation.
It is notable that the variations in surface concentration of NH3 are similar to those in NH3
emissions. This is because the litter resistance (8640 s m™!) is much larger than the housing
resistance that range between 200 to 600 s m™'. As a result, the total resistances show small
variability. The NH3; emissions are mainly constrained by the litter resistance, so the

emissions and concentrations broadly display the same feature.
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Figure 4.3. Site simulations of House A in a layer farm at site NC2B, Nash, North
Carolina, from 15 March 2008 to 15 March 2009. (a) Measured daily mean indoor
temperature and airflow rate of the house. (b) Measured daily mean relative humidity
of the house. (¢c) Modelled TAN pool and UA pool. (d) Comparison between measured
and modelled indoor NH3 concentrations of the house and surface NH3 concentrations.
(e) Comparison between modelled NH3 emissions and calculated NH3 emissions from
measured indoor concentrations. Vertical blue dashed lines refer to emptying of the
house.

4.3.1.3 Sensitivity tests for model parameters of AMCLIM-Housing

Sensitivity tests were conducted to examine the effects of changes in model parameters on
the simulated NH3 emission from pig and chicken housing. Nine model parameters with
varying ranges were selected for the sensitivity analysis, based on expert judgement, and
the corresponding percentage changes in the NH3 emissions are highlighted in Table 3.3.
The pH of excreta used in AMCLIM is identified to be the most important parameter which
has significant impacts on the NH3 emissions, especially for layer chicken. Varying the
evaporation of water in animal houses (Fevap) by a factor of 2 only results in very small
changes in emissions compared with other parameters. Moreover, changes in NH;
emissions from layer chicken housing are almost negligible when varying the indoor NH3
concentration by a factor of 2 or set to a constant zero, which demonstrates the feasibility
of Equation 4.23 that neglects the indoor NH3; concentration in global simulations for

housing.

The NH3 emissions from pig and layer chicken housing change by the same extent as the
changes in N excretion rates (Fexcretn). The impact of the housing resistance (Rg, house) On

NH; volatilization in the animal house of pigs and layer chicken is different: NH3 from
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layer chicken housing is much less influenced by the housing resistance than pig housing.
In contrast, the litter resistance (Riier) plays a more dominant role in affecting the emission
than the housing resistance for the layer chicken. The partitioning coefficient for TAN
adsorption on excreta solids (Kq) is found to be important for NH3 emission from layer
chicken housing. Excluding the adsorption leads to a 60 % of increase of NH3 emissions,
while doubling the adsorption results in nearly 30 % of less NH3. Doubling the uric acid
hydrolysis rate (Kua) leads NH3 emissions to increase by 9 %, while the emissions decrease

by 15 % if halved the hydrolysis rate.

For pig housing, varying the excreta water (Furine and Frecal water) by 20 % results in around
5 % changes in NH3 emissions. Conversely, doubling or halving the urea hydrolysis
constant (kn; details given in Appendix A1) almost has no impacts on the NH; emission.
Increasing the gap space (fgap) from 0.2 to 0.3 of the house leads NH3 emissions to decline

by 8 %, while the NH3 emission increases by 9 % when decreasing the gap space to 0.1.

Although the site simulations and the sensitivity tests were only conducted for the housing
in this chapter, it still provides valuable insights on how model parameters affect the
simulated emissions and how AMCLIM respond to varying processes. AMCLIM was then
applied to the global scale to simulate NH3 emissions from global pig and poultry farming.
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Table 4.3. Percentage changes in NH3 emissions from pig and layer housing in the
sensitivity tests for the parameters in AMCLIM.

ANHj; emission %

Model parameters Value tested ANH3 emission % (pig) (layer)
Fexeren +10 % +10.0 +10.0
-10 % -10.0 -10.0
pH of excreta +0.5 +22.1 +46.1
—0.5 —37.4 -50.4
Fevap 0.5x 3.4 -1.3
2.0x +2.0 +0.6
RG, house 0.5x +15.4 +1.1
2.0x -21.1 -2.0
Riitter 0.5% - +32.3
2.0% - -33.1
Ky +100 % - —27.5
—-100 % - +59.7
Kua 0.5% - —-14.5
2.0% - +9.0
Furine and Frecal water +20 % 5.6 -
-20 % +4.1 —
kn 0.5x —0.5 -
2.0% +0.03 -
Jeap +0.1 -7.9 -
0.1 +8.9 -
Xin 0 - +0.4
0.5% - +0.2
2.0% - —0.4
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Fexcren— total N excretion rate from the livestock; Fevap— evaporation flux of water; R, house
— resistance for NH3 volatilization in the house; Riiwer — poultry litter resistance; Kaq —
adsorption coefficient of TAN on excreta solids; Kua — uric acid hydrolysis rate; Furine —
water from urination; Ffecal water — Water in feces; kn — urea hydrolysis constant; fgap — gap

space of the slats; y;, — indoor concentration of NH3

4.3.2 Global simulations for pig farming

4.3.2.1 Annual NH; emissions from pig housing

The AMCLIM model was applied at global scale as described in Section 4.2.5. It is
estimated that NH3 emissions from global pig housing are 2.37 Tg N yr! in 2010 and 2.43
Tg N yr!in 2018. Total excreted N from pigs is 13.51 Tg N yr! in 2010 and slightly
decreases to 13.43 Tg N yr! in 2018, with NH3 emissions accounting for 17.5 % and 18.1 %

of the excreted N in the two simulated years, respectively.

Figure 4.4 shows the geographical distributions of NH3 emissions from pig housing and the
volatilization rates for 2010 and 2018. The spatial distributions of both emissions and
volatilization rates are similar for both years, with the highest emissions occurring in Brazil,
China, northeastern US and Europe. Highest NH3 volatilization rates of over 35 % are
found in Australia, US, Thailand, Malaysia, the northern Africa and the northern South
America. European countries and Brazil also show relatively high volatilizations rates of
over 20 %, while the rest of the world show low to moderate volatilization, ranging from 5

to 20 %. China, with the highest pig housing emissions, generally have low simulated
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volatilization rates of around 10 %. In contrast, Australia shows high volatilization but low

emissions.

a) pig housing NH3 in 2010 b) pig housing Py in 2010 17.5%

4.7x10*
9.2x10°2
3.0x10-2
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2.2x10°?
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Figure 4.4. Simulated (a) annual global NH3 emissions (Gg N yr! grid!) from pig
housing in 2010. (b) Percentage of excreted N from pigs that volatilizes (Pv) as NH;3 in
2010. (¢) NH3 emissions (Gg N yr™!) from pig housing in 2018. (d) Py rates for pig
housing in 2018. The resolution is 0.5° x 0.5 °.

Statistical data of estimated NH3 emissions and volatilization rates for the three pig
production systems are presented in Table 4.4. Both industrial and backyard pigs excrete
more than 5 Tg N yr! in 2010 and 2018, while excreted N from intermediate pigs was
smaller, which is due to the animal population. Among the three production systems,
industrial pigs are the largest emitter group, contributing to over 65 % of estimated housing

emissions. Industrial pig housing also shows the highest volatilization rates, with nearly
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30 % of excreted N lost due to NH3 emissions in both simulated years. Backyard pigs are
the second largest emitter group, which are responsible for about 25 % of housing emissions,
with around 10 % of excreted N volatilized as NHs. Intermediate pigs have similar
volatilization rates of about 10 % as backyard pigs but only contribute less than 10 % of

housing emissions.

Table 4.4. Total excreted N (Tg N yr!'), NH3 emissions (Tg N yr!), and volatilization
rates (%) from housing for three pig production systems.

Production Year Total excreted Ei;gor?r N Average Pv
system N(TgNyr') 20 EUEN ()

2010 5.73 1.55 27.1
Industrial

2018 5.68 1.60 28.2

2010 2.18 0.22 10.1
Intermediate

2018 2.16 0.22 10.2

2010 5.60 0.60 10.7
Backyard

2018 5.59 0.61 10.9

2010 13.51 2.37 17.5
Total

2018 13.43 243 18.1
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4.3.2.2 Annual NH; emissions from pig manure management

According to AMCLIM-MMS, NH3 emissions resulted from pig manure management are
1.0 Tg N yr'! in both 2010 and 2018. As shown in Figure 4.5, high emissions occur regions
with high housing emissions, such as China and Europe. High volatilization rates of over
30 % for pig manure management are found in India, northwestern Australia, Southeast
Asia, Africa and several countries in South America, while other regions typically have

volatilization rates less than 20 %.

a) pig MMS NH3 in 2010 b) pig MMS Py in 2010 12.0%
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Figure 4.5. Simulated (a) annual global NH3 emissions (Gg N yr™!) from pig manure
management in 2010. (b) Percentage of managed N in pig manure that volatilizes (Pv)
as NH3 in 2010. (c) NH3 emissions (Gg N yr ') from pig manure management in 2018.
(d) Py rates for pig manure management in 2018.

157



Chapter 4: Ammonia emissions from pig and poultry farming

Based on the MMS data from GLEAM?2 and simulations using AMCLIM-MMS, more
than 2.7 Tg N yr! excreted by pigs are either burned as fuel or lost to the environment
through practices like dumping and sewage (together termed as “unmanaged” in Table 4.5)
for both simulated years, accounting for approximately 20 % of total excreted N from pigs.
For manure that are stored or left on lands, about 12 % of N volatilizes as NH3 from a total
managed 8.3 Tg N yr'!. Manure N under management for backyard pig manure is 3.6 Tg N
yr'! and leads to 0.6 Tg N yr'! of NH; emissions, accounting for 60 % of total estimated
manure management emissions. Managed manure N for industrial pigs is comparable to
that for backyard pigs, but the volatilization rates are about 7 % compared to 17 % for
backyard pigs. The higher volatilization rates of manure management for backyard pigs are
due to more manure that is left on land instead of being stored. The intermediate production
system results in less than 0.2 Tg N yr! of NH3 emissions in both 2010 and 2018, with

volatilization rates of 12 %.
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Table 4.5. Total managed N (Tg N yr!), NH; emissions (Tg N yr'), and volatilization
rates (%) from manure management for three pig production systems. * Total
unmanaged N (Tg N yr') includes manure N that is dumped to rivers and fishponds
and enters public sewage. Manure used as fuel are also included in unmanaged N
(although this is technically managed but is not simulated in AMCLIM).

Production Total NH; from Average P *Total
¢ . Year managed N MMS (TgN (%) ge v unmanaged N

system (TgNyr')  yr) ’ (Tg N yr')

2010  3.55 0.24 6.8 0.63
Industrial

2018 347 0.24 6.9 0.61

2010 1.23 0.15 12.2 0.73
Intermediate

2018 1.22 0.15 12.3 0.72

2010 3.58 0.62 17.3 1.42
Backyard

2018  3.57 0.63 17.6 1.41

2010 8.36 1.01 12.0 2.78
Total

2018 8.26 1.02 12.4 2.74

4.3.2.3 Annual NH; emissions from pig manure application to land

In 2010, estimated NH3 emissions from pig manure application to land are 1.9 Tg N yr!,
indicating that 33.9 % of applied manure N is lost due to NH3 emissions. As shown in
Figure 4.6, high emissions mostly occur in China and Europe, and most of the regions show

high volatilization. Highest volatilization rates that exceeded 50 % are found in northern
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and southern Africa, India and western Australia. China, Southeast Asia, Europe, US and
South America showed slightly lower volatilization rates but also higher than 30 % (Fig
4.6). Only certain countries in Africa, Canada, Scandinavia and northern and eastern Russia

exhibit lower volatilization rates less than 30 %.

By comparison, land application of pig manure results in 1.7 Tg N yr'! of NH3 emissions
for the year 2018, with high emissions found in the same regions as in 2010, such as China
and Europe. Globally, 34 % of applied N volatilizes as NHs. The regional pattern of Py for

the year 2018 is similar compared to 2010 but shows stronger spatial variation.
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Figure 4.6. Simulated (a) annual global NH3 emissions (Gg N yr™!) from pig manure
application in 2010. (b) Percentage of applied N in pig manure that volatilizes (Pv) as
NH3 in 2010. (¢) NH; emissions (Gg N yr™!) from pig manure application in 2018. (d)
Py rates for pig manure application in 2018.
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As presented in Table 4.6, all three production systems show relatively high volatilization

rates of manure application to land, particularly in 2010. Overall, volatilization rates of

2018 are lower than those of 2010 for all production systems. The backyard production

system 1is responsible for the largest emissions (over 40 %). Industrial pigs contribute

comparable emissions to backyard pigs, while the around 20 % of emissions are from the

land application of intermediate pig manure.

Table 4.6. Total applied N (Tg N yr!), NH3 emissions (Tg N yr'), and volatilization
rates (%) from manure application to land for three pig production systems.

) . NH; from
Production Total applied N S Average Py
system Year (Te N yr') ?}r)_}?;lcatlon (TgN (%)
2010 2.45 0.72 29.4
Industrial
2018 2.38 0.59 24.6
2010 1.00 0.37 37.0
Intermediate
2018 0.98 0.32 32.7
2010 2.26 0.85 37.6
Backyard
2018 2.25 0.77 34.2
2010 5.71 1.94 33.9
Total
2018 5.61 1.68 29.9
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4.3.2.4 Nitrogen flows and NH; emissions of global pig farming

Figure 4.7 illustrates the N flows of global pig farming for the reference year 2010, which
are allocated to housing, manure management and application to land, with a focus on NH3
emissions. Global total excreted N from pigs is 13.51 Tg N yr!in 2010. All excreted N is
allocated to housing, which resulted in NH3z emissions of 2.37 Tg N yr'!. A further 2.78 Tg
N yrlis lost because of manure burning (0.50 Tg N yr!) and unmanaged manure (2.27 Tg
N yr'!). The remaining 8.36 Tg N yr'! undergoes management and leads to 1.01 Tg N yr!
of NH3 emission. A small part (0.33 Tg N yr'!) is either washed off, nitrified or left in
lagoon systems, while 1.32 Tg N yr! are left on land without being stored. Subsequently,
5.71 Tg N yr'! from storage are applied to land, which results in 1.94 Tg N yr'! of NH3
emission, 2.87 Tg N yr! entering soils and plants and 0.90 Tg N yr'! being depleted by other
processes (e.g., runoff, nitrification, leaching and diffusion to deep soils). Manure left on
land was assumed to be completely incorporated into soils or used by plants and was not

simulated anymore by AMCLIM. Nitrified N was also not further simulated in the model.
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2manure used as fuel (0.50) unmanaged manure (2.27)
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this 1.32 represents the amount of manure N left on land (not stored) and is not further simulated;
NH3 emission counted as MMS emissions

drunoff (0.19) nitrification (0.48) leaching & diffusion to deep soil (0.23)

Figure 4.7. Nitrogen budget of global pig farming including housing, manure
management and application to land estimated by AMCLIM for the year 2010. Dark
blue arrows are N flows. Red arrows represent NH3 emissions. All numbers have the
unit of Tg N yr'l. Size of the arrows is proportional to the flux.

Global total NH3 emissions from pig farming (in housing, manure management and land
application) estimated by the AMCLIM model are 5.3 Tg N yr! in 2010 and 5.1 Tg N yr!
in 2018, with 39.3 % and 38.2 % of excreted N lost due to NH3 emissions in each year.
Around 40 to 50 % of the emissions are from housing, while manure management and
manure application result in 20 % and 30 to 40 % of emissions, respectively. As shown in
Figure 4.8, high emissions are found across Brazil, China, India, Nigeria, northeastern US

and Europe, as well as several countries in Southeast Asia. High volatilization rates can be
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seen in India, Australia, southern US, northern and southern Africa and South America.
Regions with high emissions are not always consistent with high volatilization. For
example, the overall percentage volatilization in China is smaller than India, Australia and
Africa. It is found that N lost through NH3 volatilization can reach up to 70 % of total

excreted N in some places, such as countries in northern Africa.
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Figure 4.8. Simulated (a) annual global NH3 emissions (Gg N yr!) from pig farming
(including housing, manure management and manure application) in 2010. (b)
Percentage of excreted N from pigs that volatilizes (Pv) as NH3 in 2010. (¢) NH3
emissions (Gg N yr!) from pig farming in 2018. (d) Py rates for pig farming in 2018.

As summarized in Table 4.7, industrial pigs contribute nearly 50 % of the total estimated
emissions from pig farming, whereas intermediate and backyard pigs are responsible for

37 % and 13 %, respectively. Industrial pigs are not only the largest emitter group but also
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have the highest volatilization rates of more than 40 %. For the two simulated years,
estimated emissions and the overall volatilization rates are higher for 2010 than 2018 for

all production systems.

Table 4.7. Total excreted N (Tg N yr'), total NH3 emissions (Tg N yr’, including
housing, manure management and application) and volatilization rates (%) from pig
farming categorized between three pig production systems.

Total NH3

Production Year Total excreted N emission (Tg N Average Pv
system (Tg N yr'h) yrh) & (%)

2010 5.73 2.50 43.6
Industrial

2018 5.68 243 42.7

2010 2.18 0.73 335
Intermediate

2018 2.16 0.70 324

2010 5.60 2.07 37.0
Backyard

2018 5.59 2.01 36.0

2010 13.51 5.30 39.3
Total

2018 13.43 5.14 38.2

Estimated global monthly emissions of NH;3 from pig farming in 2010 and 2018 are shown
in Figure 4.9. The seasonality of both years is very similar, with the highest emission

occurring in April and a second emission peak in September. Emissions in JJA are less
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varied compared to MAM and SON as shown in Figure 4.9. It is evident that the monthly
variations are largely due to the emissions resulting from manure application, and emissions

from housing and manure management are less varied throughout the year.

Application
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Figure 4.9. Global monthly NH3 emissions (Gg N month™) from pig housing, manure
management and manure application to land in 2010 and 2018 (hatched), simulated
by AMCLIM.

4.3.3 Global simulations for poultry farming

4.3.3.1 Annual NH; emissions from chicken housing

According to simulations using AMCLIM-Housing, estimated NH3 emissions from global

chicken housing are 3.1 Tg N yr! and 3.2 Tg N yr'!in 2010 and 2018, accounting for 27.8 %
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and 28.2 % volatilization of total chicken excretal N, respectively. As shown in Figure 4.10,
in both 2010 and 2018, highest emissions occur in China, India, Pakistan, the Middle East,
Southeast Asia and Western Africa, with emission hot spots in southeast US and south
Brazil. Highest NH; volatilization rates of around 40 % are found in tropical regions along
the equator, such as northern South America, central Africa and Southeast Asia. Meanwhile,
India and southeast China also show high volatilization rates of over 30 %. Northern Africa,
the Middle East and western Russia have moderate volatilization, ranging between 20 to

30 %, while the other parts of the world have volatilization rates of less than 20 %.

a) poultry housing NH3 in 2010 3.1TgN 1 b) poultry housing Py in 2010
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Figure 4.10. Same as Figure 4.4 but for chicken housing.

Estimated excreted N from chicken is 11.2 Tg N yr! in 2010 and 11.5 Tg N yr'! in 2018.
In both years, broiler chicken contribute over 1.3 Tg N yr! of estimated housing NH3
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emissions, which accounts for over 40 % of total housing emissions from chicken and is

the largest among all three production systems (Table 4.8). More than 35 % and 20 % of

housing emissions are from layer chicken housing and backyard chicken housing,

respectively. Regarding the volatilization rates, over 30 % of excreted N volatilizes as NH3

during housing for both layer chicken and backyard chicken, while broiler chicken housing

has slightly lower volatilization rates of around 25 %.

Table 4.8. Total excreted N (Tg N yr'), NHz emissions (Tg N yr ') and volatilization
rates (%) from housing for three chicken production systems.

Production Year Total excreted Iljo}lll;igor?T N Average Pv
system N(TeNyr) ) EUEN (%)

2010 5.37 1.32 24.7
Broiler

2018 5.47 1.37 25.1

2010 3.67 1.11 30.4
Layer

2018 3.70 1.14 30.8

2010 2.18 0.67 30.7
Backyard

2018 2.29 0.71 31.0

2010 11.22 3.10 27.8
Total

2018 11.46 3.22 28.2

168



Chapter 4: Ammonia emissions from pig and poultry farming

4.3.3.2 Annual NH; emissions from chicken manure management

Managing chicken manure results in 0.8 Tg N yr! of NH3 emissions in 2010 and 2018
based on simulations using AMCLIM-MMS. As shown in Figure 4.11, the highest
emissions occur in China, and high emissions are also found in India, Southeast Asia, with
hot spots occurring in southeast US. Overall, less than 10 % of managed manure N is lost
through NH3 emissions in both simulated years. Volatilization rates are generally lower
than 20 % across the globe, with larger values occasionally occurring in southeast Asia,

Africa and the Middle East.
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Figure 4.11. Same as Figure 4.5 but for chicken manure management.

According to the MMS data from GLEAM2 and simulations using AMCLIM-MMS, most

of the chicken manure is under management compared to pigs. Layer chicken result in 0.5
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Tg N yr! of NH3 emissions, accounting for 60 % of total NH3 emissions from manure
management and have the highest volatilization rates of 18 % (Table 4.9). By comparison,
broiler and backyard chicken have much lower volatilization rates of around 6 % and
contribute less to NH3 emissions than layer chicken, which together result in the remaining

40 % of NH3 emissions (0.3 Tg N yr!).

Table 4.9. Total managed N (Tg N yr!), NH3 emissions (Tg N yr!) and volatilization
rates (%) from housing for three chicken production systems.

Production Total managed NH; from
0
system Year N (Tg N yr') ?]/;1}/)[8 (TgN  Average Pv(%)
2010 4.02 0.22 5.5
Broiler
2018 4.07 0.22 5.5
2010 2.55 0.46 18.2
Layer
2018 2.55 0.47 18.5
2010 1.50 0.09 6.0
Backyard
2018 1.58 0.09 5.7
2010 8.07 0.77 95
Total
2018 8.20 0.78 96
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4.3.3.3 Annual NH; emissions from chicken manure application to land

Annual NH; emissions from chicken manure application to land estimated by AMCLIM—
Land are 0.9 Tg N yr'!in 2010 and 0.8 Tg N yr'! in 2018, accounting for 40.5 % and 37.6 %
of applied manure N, respectively. As shown Figure 4.12, high emissions mainly occur in
China, India, Iran, southeastern US and Europe. Highest volatilization rates that exceeded
50 % of total applied N can be seen in India, Australia, Mexico, part of US, northern and
southern Africa and the Middle East in both 2010 and 2018. China, Europe and South
America also show high volatilization rates of over 30 %. Volatilization rates are generally

lower for the year 2018 than 2010, with obvious difference found in Southeast Asia.

a) poultry manure application NH3 in 2010 0.9TgN N b) poultry manure application Py in 2010 40.5 %
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Figure 4.12. Same as Figure 4.6 but for chicken manure application to land.
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Layer chicken dominate the N application to land and the associated NH; emissions, while
broiler chicken only result in less than 10 % of total emissions (Table 4.10). The two
production systems show similar volatilization rates in both years, with layer chicken
having slightly higher values. As there is no manure from backyard chicken being stored
according to the GLEAM MMS data, the applied manure N for this production system was
zero in AMCLIM.

Table 4.10. Total applied N (Tg N yr!), NH3 emissions (Tg N yr') and volatilization
rates (%) from manure application to land for three chicken production systems.

) . NH; from
Production Total applied N S Average Py
system Year (T N yr') ?}r)_}?;lcatlon (TgN (%)
2010 0.24 0.08 333
Broiler
2018 0.23 0.07 31.2
2010 1.92 0.79 41.1
Layer
2018 1.91 0.73 38.4
2010 -- -- --
Backyard
2018 -- -- --
2010 2.15 0.87 40.5
Total
2018 2.14 0.80 37.6
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4.3.3.4 Nitrogen flows and NH; emissions of global chicken farming

Nitrogen flows of global chicken farming for 2010 are shown in Figure 4.13. Global total
excreted N from chicken is 11.22 Tg N yr!in 2010, which results in NH3 emissions of 3.10,
0.77 and 0.87 Tg N yr! from housing, manure management and application to land,
respectively. Only 0.04 Tg N yr'! is burned as fuel and the majority of manure N (8.07 Tg
N yr'!) is managed. Nitrification and N loss associated with runoff are tiny (0.11 Tg N yr'!)
during chicken manure management. By comparison, a large fraction of manure N (5.04
Tg N yr!) is left on land rather than being stored, which is mostly from the deeplitter system
of broiler chicken. Afterwards, 2.15 Tg N yr! of manure N from storage that is mainly from
layer chicken is applied to land. In addition to NH3 emission, 0.99 Tg N yr! entering soils
and plants, and the remaining 0.29 Tg N yr! is nitrified or lost via runoff, leaching and

diffusion to deep soils.
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Figure 4.13. The same as Figure 4.7 but for global chicken farming.

Using AMCLIM, it is estimated that the global NH; emissions from chicken farming are
4.8 Tg N yr'! in 2010 and 2018, accounting for about 42 % of the total excreted N (Table
4.11). No clear differences are found between the two simulated years. Housing contributed
to over two-thirds of total emissions, and both manure management and application are
responsible for 15 to 20 % of emissions. As shown in Figure 4.14, high emissions occur in
China, India, the Middle East, Europe, Southeast Asia and Western Africa, and high
volatilization rates are mostly found in tropical regions along the equator, with up to 60 %

of excreted N lost due to NH3 emissions.
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a) poultry total NH3 in 2010

1

3.4x107*

7.3x10°2
2.5x10°2
8.8x10
1.8x10°*
2.8x10*
4.9x10°°

NH;3 (Gg N yr~! grid~!)

3.7x10-°

6.6x10-*

1

3.4x10*

7.3x10°2

2.5x10?
8.8x10*
1.8x10-*
2.8x10"*

3 (Gg N yr~! grid1)

4.9x10* 3

3.7x10-°

6.6x10°*

b) poultry total Py in 2010

Figure 4.14. Same as Figure 4.7 but for chicken farming.

Among the three production systems, layer chicken are the largest emitter, which

contributed approximately 50 % of total NH3 emissions, followed by broiler chicken that

are responsible for over 30 % of emissions (Table 4.11). Backyard chicken result in the

lowest emissions of 0.8 Tg N yr!. Broiler chicken and backyard chicken have similar

volatilization rates of over 30 %, while layer chicken show much higher volatilization rates,

exceeding 60 %.
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Table 4.11. Total excreted N (Tg N yr!), NH3 emissions (Tg N yr!) and volatilization
rates (%) from chicken farming (in housing, manure management and application to
land) categorized between three chicken production systems.

Total NH3

Production Year Total excreted emission (Tg N Average Pv
system N (Tg N yr') o) EN (%)

2010 5.37 1.63 30.4
Broiler

2018 5.47 1.67 30.6

2010 3.67 2.37 64.6
Layer

2018 3.70 2.35 63.4

2010 2.18 0.76 34.9
Backyard

2018 2.29 0.80 34.9

2010 11.22 4.76 42.4
Total

2018 11.46 4.82 42.1

Figure 4.15 shows the global monthly emissions of NH3 from chicken farming in 2010 and
2018, with both years exhibiting generally the same seasonal variations. The highest
emissions can be seen in July and the second highest emissions are in April, exceeding 0.5
Tg N month™!. Emissions in MAM and JJA are generally larger than SON and DJF. Both
manure application and manure management show more significant seasonal variability

compared to housing, with MAM and JJA emissions being larger than other seasons.
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Figure 4.15. Same as Figure 4.8 but for chicken farming.

4.4 Discussion

4.4.1 General discussion

Ammonia emissions can occur from a variety of stages in livestock agricultural systems,
from housing to subsequent manure storage and the ultimate spreading of manure. All three
modules in the AMCLIM model are involved in simulating NH; emissions from pig and

poultry farming.
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AMCLIM—-Housing was applied at the site scale to simulate pig and chicken housing
emissions and provided reasonable estimates that had close agreement with the
measurements. The NH3 emissions are found to be strongly related to environmental
conditions of the animal house, where emissions increase as inside temperature and
ventilation increase. Meanwhile, management practices also play an important role in
affecting the emission. Emissions of NH3 vary with the growing cycles in the pig farm at

site IN3B, and the removal of the excreta causes a short “stoppage” of emissions.

Although AMCLIM is a dynamical process-based model, results of its simulations can be
converted into emissions factors. On the global scale, the estimated average NH3 EF using
AMCLIM is 5.5 kg N yr! head! (2.8 to 9.4 kg N yr! head between the 10" and 90™
percentile of global data) for pigs and 0.24 kg N yr! head! (0.11 to 0.29 kg N yr'! head"!
between the 10" and 90™ percentile of global data) for chicken. The EFs derived from
AMCLIM are generally comparable to values from literature, with EFs ranging from 1.2 to
7.2 kg N yr't head !for pigs and 0.08 to 0.37 kg N yr! head™! for chicken (Yang et al., 2023).
For housing-specific emissions, pigs have an average EF of 2.4 kg N yr'! head™! (0.8 to 4.4
kg N yr'! head™! between the 10" and 90" percentile), while the average EF for chicken is
0.15 kg N yr'! head! (0.08 to 0.21 kg N yr! head! between the 10" and 90™ percentile).

The spatial distributions of both emissions and the percentage volatilization rates show
significant variations. High emissions coincide with high animal populations in countries
and regions with intensive livestock farming, such as China, India, US and Europe. The
volatilization rates differ across the globe due to a combined effect of environmental
conditions and management practices. For example, high volatilization rates of chicken

housing are found in the tropical regions along the equator, showing how hot and humid
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conditions tend to cause larger emissions. Housing of industrial pigs show higher
volatilization compared to intermediate and backyard pigs because the industrial pigs are
kept in buildings with heating systems and excreta are kept longer in the houses as in-situ
storage is available. Moreover, the pits for manure storage provides an additional emitting

surface of NHs.

Various manure management practices can lead to very different volatilization rates. For
pig manure management, as shown in Appendix D3, manure that is left on land without
much management results in much higher NH3 emissions than manure that is stored either
as liquid or solid manure. Regions including Africa, Southeast Asia and India clearly
exhibit much higher total volatilization rates than other places because of warmer climate
and because manure is less often stored for further use but is simple left on land without
much further management. Conversely, manure storage with covering only leads to small

NH3 emissions.

As presented in the result section, the estimated volatilization rates of both pig and poultry
farming for the year 2010 are very similar to the value for the year 2018. Specifically, NH;
emissions from housing and manure management of both pigs and poultry show small
differences between 2010 and 2018, with slightly higher Pv occurring in 2018 compared to
2010, indicating that 2018 is generally hotter than 2010. Such “stable” housing and manure
management emissions are possibly due to largely controlled indoor environments of
animal houses and storage barns compared with natural conditions. Enclosed animal houses
have their own regulated temperature inside, and naturally ventilated barns are not as windy
as outside and the floor temperature of these barns are less varied than air temperature. In

contrast, emissions from land application of manure vary between the two years. There are
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relatively large differences between the two years, with 2010 showing both higher
emissions and volatilization rates than 2018. This annual trend of manure application to
land is found to be consistent with synthetic fertilizer application, as discussed in Chapter
3. The relevant processes that govern the NH; emissions from land application are
dependent on natural environmental conditions, and there are more N pathways, such as
runoff, drainage and diffusion. As more processes are involved under natural conditions,
NH; emissions may show larger variations. Simulations for synthetic fertilizer application
indicates that the lower volatilization rates in 2018 than 2010 can be attributed to larger
leaching and diffusive fluxes in 2018 that depletes the soil N and results in less significant
NH; emissions. The different Pv of manure application to land between the two years can
result from the same reason. Detailed analysis and further explanations are given in Chapter

6 (see Section 6.3.1).

4.4.2 Global chicken farming: comparison with the previous version of

AMCLIM

In Jiang et al. (2021), the development of the AMCLIM-Poultry model (“Poultry Model”
for short in the following text) is described, which is a starting point and a pilot study that
uses a process-based model to simulate NH3 emissions from global chicken farming. The
Poultry Model has been incorporated in the full AMCLIM model as a component unit, and
several processes have been improved. Major advances in the current AMCLIM model (for

simulating poultry farming) compared with the Poultry Model include the following:
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- The adsorption of TAN on manure particles is included in the current AMCLIM by
using a linear equation that describes the equilibrium between aqueous TAN and

solid exchangeable TAN (see Section 4.2.2.3 and Appendix A3).

- Initial water content of the excreta is taken into account rather than assuming an

immediate equilibrium moisture content of the excreta.
- Organic forms of N in the excreta are included in addition to uric acid.

- A separate manure management stage is included by operating the AMCLIM-MMS.

Litter management is distinguished from other management.

- Housing of backyard chicken and subsequent manure management replace the
original “manure left on land” scenario, according to the characteristics of the

production system and the corresponding MMS information (Table 4.1).

- The simulations for housing were operated in the updated model at an hourly

time-step instead of daily time-step.

- Land application of manure is simulated by the Land Module of AMCLIM, which
includes more soil processes and N pathways and employs a four-layer soil profile

compared to the simpler land application scheme in the Poultry Model.

- Nitrogen application rates are derived from recommended or reference manure

application rates.

Other changes in the AMCLIM model include:
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- The new resistance scheme in the poultry houses consists of a resistance for gas
transfer and a litter resistance rather than using a single constant housing resistance
in the Poultry Model. The former resistance is dependent on temperature and
ventilation inside the house, while the latter one is a constant value used the same

inversion method as in the previous Poultry Model (see Section 4.2.2.1 and 4.2.2.3).

- Manure is no longer only applied to the six prescribed crops based on expert
judgement. Instead, manure is assumed to be applied to land depending on a

generalised crop calendar which is derived from 16 major crops.

With the improvements and modifications, the current AMCLIM model provides very
similar estimates of the housing simulations at the site scale, which is due to the updated
processes that have opposite effects. The inclusion of organic forms of N gradually expands
the TAN pool, which leads to more N that is available for NH3 emissions. Conversely, the
adsorption of TAN on manure solids and more moisture in the excreta decrease the aqueous

TAN concentration so compensating this effect.

For the global simulations, NH3 emissions from chicken farming are 4.8 Tg N yr! in 2010
estimated by current AMCLIM, which is about 13 % less than those from the Poultry
Model’s estimation of 5.5 Tg N yrl. The relative contribution to the total emissions shifts
from the land application of manure to the housing, which is largely due to the fact that
emissions from backyard chicken were counted as housing emissions in current AMCLIM
rather than land application emissions as in the Poultry Model. Housing emissions from
broilers are comparable between AMCLIM and the Poultry Model, while AMCLIM

suggests higher housing emissions from layers compared to the earlier model. Lower land
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application emissions were estimated by the current AMCLIM model, which is possibly
because 1) less N is applied to land, 2) more N pathways that are included act as competing
fluxes to volatilization could decrease the emission, 3) the adsorption of TAN on soil solids

leads to lower emission potential.

4.4.3 Uncertainty and limitations

Uncertainty in NH3 emissions from pig and poultry farming simulations arises from
multiple sources of which stated by the sensitivity analysis (Table 4.3). For the housing
simulations, the relationships used to parameterize the indoor conditions may not be
representative, especially the ventilation in the naturally ventilated barns can be uncertain,
which can influence the rates of the simulated processes. In addition, the gap area and the
solid floor area of animal houses with slatted floor are uncertain, whilst AMCLIM used a
fixed value assuming a 20 % of gap space. Meanwhile, the surface area of the pit for manure
storage may not be the same as the floor area above but was assumed to be equivalent to

the floor area in AMCLIM.

For manure management simulations, the largest uncertainty comes from the source area.
In AMCLIM, the area for NH3 emissions in this stage was assumed to be proportional to
the housing area based on the logic that more area might be required for manure storage for
more animals, which is a reasonable assumption, but the ratio is unclear. The determination
of the emitting surface of NH3 emission during manure storage is a major limitation of

AMCLIM.
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For land spreading of manure, only broadcasting was simulated, which may not reflect the
reality in countries with policies that require manure to be incorporated in soils, such as
Netherlands and Demark. Emissions from manure application are probably overestimated
in these places. Other uncertainty in the land application has been discussed in the previous

chapter in Section 3.4.3.

According to the sensitivity tests (Table 4.3), the pH of excreta can greatly influence the
NH; emissions, which can result in uncertainty in the estimated emissions. The adsorption
of TAN on manure particles is represented by a linear relationship with a constant
coefficient that describes the equilibrium, which may influence the calculation for TAN
concentrations. Uncertainty associated with the adsorption scheme mainly exists in solid

manure simulations such as poultry simulations and solid manure storage.

As a result, these factors are likely to introduce 18 % uncertainty to pig housing emissions
and 37 % to chicken housing emissions based on the sensitivity tests. The uncertainty in
emissions from manure management and application is estimated to be 20 % and 26 % (the
same as synthetic fertilizer application in Chapter 3), respectively. However, it should be
noted that the NH3 emissions at different stage are dependent on each other. There is a
“compensating” effect on emissions from livestock farming, i.e., emissions tend to be
higher in subsequent manure storage and application when housing emissions decrease. By
assuming a negative correlation between emissions from different activities, the combined
uncertainty in pig farming NH3 is 0.4 and 0.3 Tg N yr'! for 2010 and 2018, while chicken
farming NH3 has uncertainty of 1.3 Tg N yr'! for both years.
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4.5 Summary and conclusions

This chapter presents the development and application of all three modules in AMCLIM to
simulate NH3 emissions from pig and poultry farming. AMCLIM follows the N flow from
animal housing, manure management to ultimate the land application of manure, with
impacts of environmental factors being included in the model. AMCLIM—Housing includes
two housing systems and three housing types, and AMCLIM-MMS includes four major
manure management divisions, which allows the impacts of management practices to be
reflected, i.e., simulations for livestock sectors and production systems can be differentiated.
AMCLIM also has substantial updates for simulating poultry farming emissions, with more

processes being included compared with the previous version (Section 4.4.2).

In this chapter, major effort has been given to the evaluation of AMCLIM—-Housing against
measurements by USEPA AFO. The simulated NH3 emissions from pig and chicken
housing showed close agreement with measurements. AMCLIM—Housing was able to
broadly reproduce the NH; emissions from two types of animal houses with different
processes and settings, and roughly replicate the daily variations in NH3 emissions. The
other two modules were not specifically tested against measurements because of the
similarities in the processes for housing and manure management and lack of available

datasets (AMCLIM-Land has been tested and details are given in Chapter 3).

Based on simulations using AMCLIM, pig farming is estimated to result in NH3 emissions
of 5.3+0.4 Tg N yr'! in 2010 and 5.1+0.3 Tg N yr'! in 2018, while chicken farming results
in 4.8+1.3 Tg N yr! NH; emissions in both 2010 and 2018. This indicates that overall,

around 40 % of total excreted N is lost due to NH; emissions. Specifically, NH3 emissions
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from housing and manure management account for 60 to 70 % of total emissions from pig
farming, which is equivalent to 24 % of total excreted N from pigs. The remaining 30 to
40 % of NH3 emission is from land application of pig manure. For poultry, over 80 % of
NH; emissions are from housing and manure management, and manure application only
contributes to less than 20 % of total emissions. It is evident that the manure application
shows lower volatilization rates in 2018 than 2010 (relative 7 to 12 % decrease in Pv),
which exhibits the same trend as the results of synthetic fertilizers (see Section 3.3.2). By
comparison, housing and manure management show less interannual variability in

volatilization rates than manure application.

High emissions from pig farming are found in Brazil, China, India, US and Europe, and
high emissions from chicken farming occur in China, India, Europe, Southeast Asia and
Western Africa, which is consistent with regions that have high livestock population
numbers. The volatilization rates show strong spatial variations across the globe, with the
highest volatilization rates being up to 60 % or 70 % of excreted N. This demonstrate that
simple EFs are not sufficient enough to reflect real world conditions, and the need to refine

current EFs to incorporate climate dependence of NH3 emissions.
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Chapter 5
Ammonia emissions from cattle, sheep

and goat farming

5.1 Introduction

Ruminant farming is a crucial source of agricultural NH3 emissions. In particular, cattle is
the sector that contributes to the largest NH3 emissions among livestock. Existing studies
have reported that over 50 to 60 % of animal-related NH3 originates from cattle agriculture
(including buffaloes), while sheep and goat farming together resulted in around 10 % of
livestock NH3 emissions (Dentener and Crutzen, 1994; Bouwman et al., 1997b; Behera et
al., 2013). According to FAO statistical data, stocks of ruminants have increased by 60 %
over the past 50 years (FAO, 2018b). Compared with pigs and poultry, excreted nitrogen
deposited on pastures during grazing is an additional source of NH3 emissions, which needs

to be investigated.

This chapter focuses on presenting the development of the Grazing Submodule of
AMCLIM-Land, and the application of the model to quantify NH; emissions from
ruminant farming. The AMCLIM model simulates ruminants including cattle, sheep and

oat, and focuses on four agricultural activities: housing, manure management, manure
2
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application and grazing. The application of AMCLIM at both the site and global scales and
the evaluation against measurements are presented. The results and implications are

discussed.

5.2 Methods and Materials

As described in Chapter 4, modelling NH3 emissions from livestock farming requires
utilizing all three modules of the AMCLIM model. Ruminant and pig farming share several
common features, such as housing and manure management. Ruminants can be kept in
animal houses, and the excreta are stored and are eventually used as fertilizers. However,
ruminants can graze outside year-round, which is an additional source of NH3 that must be
counted. In-depth descriptions of the processes involved in the simulations for livestock
housing, manure management and manure application have been covered in previous
Chapters. This section aims to expand upon and differentiate the processes specific to

grazing livestock.

5.2.1 Simulations for ruminant housing, manure management and land

application of manure

Ruminants including cattle, sheep and goats, are typically kept in naturally ventilated
animal houses as these animals have higher tolerances to cold temperatures than pigs and

poultry. In AMCLIM, it is assumed that the excreta from these animals are removed from
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the houses on a daily basis. Meanwhile, ruminants also graze outside, which leads to the
deposition of excreta on pastures. Two grazing systems are considered: year-round grazing
and seasonal grazing. In the case of year-round grazing, all ruminant excreta are assumed
to be deposited on pastures. For seasonal grazing, the excreta are split into two parts, with
a fraction of excreta remaining in the animal houses, while the rest is left outside while
grazing. The time evolution of N pools (Mx; given in per unit area; all masses have units
of g m2if not specifically explained) in the animal houses can be modified from Equation

4.6 as follows:

PN = (1~ forasing) Fexcretn g = KMy, = YateaningGND. (5.1)
where ferazing 18 the fraction of ruminant excreta that is deposited on pastures and is
dependent on the grazing time. As described in Section 4.2, Fexcrern 1S the total N excretion
rate from the livestock, and fy is the fraction of a N form in the excretion. Kx is the
conversion rate (s™') at which a N species decomposes. Y cjeaning (t) represents the cleaning

event of the house (see Equation 4.5).

The characteristics of ruminant excreta are similar to pigs, as they contain both urine and
dung, with excreted N mainly existing as urea in urine and organic N in faeces. The
differences between ruminant and pig excreta stem from the biological and behavioural
features that are varied between livestock, such as urinary N concentration, faecal N content,
urination and defecation volume/mass and frequency etc. Further information is given in
Appendix B6. The TAN pool can be calculated by Equation 4.4. Similarly, the water pool
is calculated from urination (Furine), Water in faecal excreta (Ffaccal water), 10Ss by evaporation

of water (Fevap, mm s!), and the cleaning event by the following equation:
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820 — (1~ furazing) Furine + Fraecal water) — Fovap — Weteaning(t H20). (5.2)
Ruminant excreta in houses are collected and stored (or managed in other ways, e.g., used
as fuel but not used as fertilizers to fields), and will eventually be mainly used as fertilizers
on land. Conversely, excreta deposited on pastures while grazing are assumed not to be
collected for storage or to be used as added fertilizers in the AMCLIM model. Emissions
of NH; from grazing are simulated by the Grazing submodule of AMCLIM-Land. Manure
management and land application of manure for ruminants are simulated by AMCLIM—
MMS and AMCLIM-Land respectively, as described in Sections 4.2.3 and 4.2.4. In
addition to the four MMS divisions, information on manure management for ruminants
includes a system in which manure deposited on pastures is simulated by the Grazing

submodule (discussed in the next section).

5.2.2 Simulations for ruminants grazing

Grazing practice is an important component of ruminant farming systems. Animals can
spend the whole year or part of the year outside (i.e., on pastures), corresponding to the
year-round and seasonal grazing, respectively. Based on the GLEAM2 livestock data,
ruminants are categorised into grassland and mixed production systems. In AMCLIM,
ruminants in the grassland production system are assumed to graze year-round, whereas
those in the mixed production system graze seasonally (Vira et al., 2020a). The NH3
emissions during seasonal grazing are considered as a counterpart to the housing emissions.

The N pools for seasonal grazing can be expressed as follows:
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dMy;
dt = fgrazingFexcrethNi - KNiMNi‘ (53)

The amount of ruminant excreta deposited on pastures depends on grazing time, and is
determined from the MMS information provided by the GLEAM?2 model and a temperature

condition. Specifically, the fraction of excreta deposited on pastures fgrazing, 1S calculated as

follows:
fMMS(pasture) ) lf Tlnolin 2 10°C N min
N_min_,0./365 if < _Thy">10°C
T19 >10°C » 1 fMMS(pasture) = 365
fgrazing = 0,if T3 < 10°C ,(5.4)
Npming jgec

fMMS(pasture)' if fMMS(pasture) > 365

where fims(pasture) is the fraction of annual total manure deposited on pastures. T3 (°C) is
the 10-day running average of daily minimum temperature (calculated for each day of the

year), and N oc 1 the number of days with TBIM higher than 10 °C in a year (Pinder

TRIN>10
et al., 2004). The temperature condition justifies the number of days suitable for grazing in
a year, while the MMS statistical data constrains the annual total value of excreted N that

is deposited on pastures.

If the values of MMS data (fmms(pasture)) are smaller than the fraction of suitable days
(N

Trl%in>1ooc) in the year, ruminants only graze on suitable days (i.e., when T;3!" is higher

than 10 °C). If the MMS value is larger, the AMCLIM model assumes that animals graze
throughout the year, but spend only a fraction of time outside on pastures every day. This
situation counts as seasonal grazing in AMCLIM, even though animals are grazing

year-round, as the grazing system is determined by the production system. Emissions
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during seasonal grazing can be crucial, particularly if animals are kept outside for a

considerable amount of time.

As previously mentioned, grazing practices can result in NH; emissions. The AMCLIM
model includes two schemes for simulating these emissions: the urine patch scheme and
the dung pat scheme, as shown in Figure 5.1. The urine patch scheme is focused on NHj3
emission from urine deposition, while the dung pat scheme considers NH; from both
dung-only and dung/urine mixtures situations. These two schemes are analogous to land
application of slurry and solid manure, respectively, with the same simulated processes as

for the manure application to land (as described in Section 4.2.4).

) . Dung deposition Urine and Dung
Urine deposition l l l 1 l
Soil surface L r’i“j Soil surface
Source layer Source layer
Deeper soil Deeper soil
Urine patch scheme Dung pat scheme

Figure 5.1. Sketch of the urine patch scheme and the dung pat scheme used in the
AMCLIM model for grazing simulations.

Urine can infiltrate into soils relatively quickly and change the water content of the soil
surface. Meanwhile, urinary N mainly exists as urea. Hydrolysis of urea in fresh urine

results in soil pH change (as introduced in Section 3.2.1.4), which is different from slurry
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application where urea is assumed to be completely converted to TAN and not to affect soil
pH. Another difference is the vertical soil layering. In the urine patch scheme, only the
surface soil layer is modelled, rather than all four soil layers as in simulations for fertilizer
applications. Also, considering the smaller water volume of ruminant urine compared with
slurry application or irrigation, AMCLIM defines a 4 mm source layer in which all
simulated processes take place. The thickness of this source layer is based on Moring et al.

(2016).

In the dung pat scheme, NH3 is mainly emitted from the excreta rather than the underlying
soils, as the excreta act as a substrate to hold the excreted N. Therefore, an excreta layer is
set up above the soil surface in the dung pat scheme, and the underlying soils are not further
simulated. All simulated processes in both schemes are the same as those for the top soil
layer of manure applications, and the transport distances for diffusive transport are

modified accordingly.

Simulating NH; emissions from grazing is challenging due to the heterogeneity of grazing
fields. It is crucial to determine the area of emitting surfaces with the matched N pools.
Since animals roam freely and do not urinate and defecate in the same area during every
excretion event, fresh excreta do not accumulate on old excreta. In AMCLIM, excreta and
excreted N from each day are simulated independently, and not accumulated into the
common pools. This means that each day’s excreta go into new pools instead of being
added to the previous day’s pools. The total NH3 emission from a grazing field can be

calculated by the following equation:

FNH3 = Zg=1 FNH3(n): (5.5)
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where Fyp,m) represents the NH3 emission from the area where excreta are deposited on

day n. Pools from each day are simulated for 60 days, after which, all N pools are assumed
to be naturally incorporated into soils and are not simulated further. During the simulation
period, input is only from the first day of this 60-day window, and the source area for
emissions of each day is a constant value under the assumption that daily excretion rates

(urine and dung) remain the same.

5.2.3 Global application

Global application of the AMCLIM model for simulating NH3 emissions from ruminant
farming requires input of livestock and MMS data. The model is driven by reanalysis
meteorology, which has been introduced in previous chapters. Information about ruminant
excreta is provided in Appendix B6, along with data for pigs and poultry. Livestock and
MMS data are available for cattle, sheep and goats. GLEAM2 provides five types of cattle:
beef, dairy, other dairy, feedlot cattle and buffaloes. Ruminants typically have two
production systems: grassland and mixed production systems, except for feedlot cattle,
which is treated as a specialized production system: feedlot. In feedlots, cattle are fed with
a specialized diet to stimulate weight gain and are normally kept in concentrated areas to
facilitate the fattening processes with high stocking densities according to FAO (FAO,
2018a).

An important parameter for the global simulations is stocking density, which determines
the source area for emissions. For cattle, the housing density of 100 kg liveweight per

square meter is assumed for beef, 80 kg liveweight per square meter for all dairy, and 150
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kg liveweight per square meter for feedlot cattle. The grazing density for all cattle is set at
2500 square meter per head (equivalent to four animals per hectare; Saarijarvi et al., 2006;
Saarijarvi and Virkajarvi, 2009). For sheep and goats, a housing density of 50 kg liveweight
per square meter is assumed and a grazing density of 400 square meter per head (equivalent
to 25 animals per hectare). The housing areas are calculated by Equation 4.21 as for pigs.

For grazing, the area (Serazing, m?) can be calculated by the following equation:
Sgrazing = nidengrazinga (56)

note that grazing “density” (dengrazing, m* head™!) has a different unit from housing density
(dennousing, kg animal weight m2) as mentioned. It is important to clarify that the source
areas of NH; emissions from grazing are not equivalent to the grazing area. Saarijdrvi et al.
(2006) have shown that the annual average surface coverage of urine and dung on a grazing
field is 17 % and 4 %, respectively. In AMCLIM, the source areas of NH3 emissions from

urine patch (Surine patch) and dung pat (Saung pat) can be expressed as follows:
Surine patch = furineSgrazinga (57)
Sdung = fdungsgrazinga (58)

where furine 18 0.17 and fung 18 0.04. The areas for dung-only and dung mixtures in the dung

pat scheme are the same, which accounts for 2 % of the total grazing area.

The housing environments are close to the natural environments as ruminants are kept in

naturally ventilated barns. The generalised relationships used for parameterizing the
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temperature and ventilation rates of animal houses are presented in Appendix Al12. The

simulations for manure storage and land application have been described in Chapter 4.

5.3 Results

5.3.1 Simulations for dairy housing at the site scale

AMCLIM—-Housing simulated NH3 emissions from dairy barns and were compared with
USEPA AFO measurements. Two free stall barns in a dairy farm in Indiana were monitored
for two years (as presented in Appendix B8), with around 1600 Holstein cows being housed
in each barn. The barns have exhaust fans to facilitate ventilation, and scrapers were used
to clean the barns and to remove manure. More information about the dairy farm can be

found in Lim et al. (2010).

The simulated period is from 01 July 2007 to 31 July 2009, as shown in Figure 5.2. Daily
average temperature inside the barn is very close to the outdoor temperature, ranging
from -10 to 25 °C (Fig 5.2 and Fig E1). Strong seasonal variations are found in ventilation,
with higher ventilation in summer and lower ventilation in winter, while inside temperature
exhibits the same trend. The relative humidity also shows strong daily variations, with the

highest RH being over 85 % and lowest values being below 55 %.

Overall, AMCLIM—-Housing well reproduces the NH; emissions and captures the daily

variations of the emissions (Fig 5.2). The average modelled NH; emission from the dairy
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barn is 32.4 kg d! (when measurements available; 35.2 kg d! for the entire simulation),
compared with 32.5 kg d! reported by the measurements. As shown in Figure 5.2, high
NH3; emissions occur not only in summer but also in spring, especially in 2009, resulting
from high temperature and high ventilation. Meanwhile, emissions decrease in winter when
both temperature and ventilation are low. The highest emission is over 100 kg d™! in April
2009, while the lowest emission is less than 10 kg d! in winter days. According to the

model, 15 % of excreted N from dairy is lost due to NH3 emissions.
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Figure 5.2. Site simulations of Barn 1 in a dairy farm at site INSB, Jasper, Indiana,
from 01 July 2007 to 31 July 2009. (a) Measured daily mean indoor temperature and
airflow rate of the barn. (b) Measured daily mean relative humidity of the barn. (c)
Comparison between modelled NH3; emissions and calculated NH; emissions from
measured indoor concentrations.
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5.3.2 Global simulations for ruminants housing, manure management

and land application of manure

5.3.2.1 Cattle NH; emissions

Global cattle housing results in 3.49 Tg N yr'! of NH; emissions in both 2010 and 2018,
according to simulations by AMCLIM-Housing, accounting for about 12 % of total
excreted N from cattle. The geographical distributions of the housing NH3 emission and
the volatilization rates are shown in Figure 5.3ab and 5.4ab, with no significant difference
between the two years. India has the highest emissions, and high emissions also occur in
the southern Brazil, North China Plain (NCP), France, Pakistan and middle US. Countries
in South America such as Bolivia, Brazil, Paraguay and Venezuela show the highest
volatilization rates of over 25 %, as well as New Zealand. Part of India and several Sahel
countries show moderate volatilization rates of 15 to 20 %, while the other regions in the

world generally have volatilization rates of less than 10 %.

Emissions of NH3 from cattle manure management estimated by AMCLIM-MMS are 3.59
Tg N yr'! in 2010 and 3.65 Tg N yr'! in 2018, respectively. In both years, approximately
17 % of managed N is lost due to NH3 emissions. The spatial distributions of the manure
management emissions (Fig 5.3c and 5.3d) are similar to the housing emission (Fig 5.3a
and 5.3b). Highest emissions occur in India and Pakistan, with hot spots being found in
NCP, southern Brazil and part of US. For the volatilization rates (Fig 5.3d and 5.4d), highest
rates of more than 35 % are found in countries in northern South America (Bolivia, Brazil,
Paraguay and Venezuela), the Sahel and Southeast Asia. India, Pakistan, central and

southern Africa also show high volatilization rates of over 20 %. China, US and Europe
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have lower volatilization than the regions mentioned above, with typically less than 10 %

of N lost through NH3 emissions.

Using AMCLIM-Land, it is estimated that NH3 emissions from cattle manure application
are 3.1 Tg N yr''in 2010, accounting for 36 % of applied N in cattle manure. High emissions
can be seen across India, NCP, mid US and Europe (Fig 5.3e¢ and Fig 5.4e). The
volatilization rates are high across most of the regions on the globe (>36 %), with India
having particular high rates of nearly 60 % (Fig 5.3f and Fig 5.4f). Only Brazil, northern

Europe and Southeast Asia show lower rates of less than 30 %.

In 2018, cattle manure application results in 2.7 Tg N yr'! of NH3 emissions. Globally,
about 32 % of applied N is estimated to be volatilized as NHz. Compared with 2010, Russia,
eastern US and Europe show lower volatilization rates, while volatilization rates remain

high in Australia, India, NCP and western US.
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Figure 5.3. AMCLIM cattle simulations for the year 2010: NH3 emissions (a, ¢, ¢) and
percentage volatilization rates (Pv) (b, d, f), for housing, MMS and manure
application, respectively. The resolution is 0.5° x 0.5 °.
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Figure 5.4. Same as Figure 5.3 but for the year 2018.

Simulated NH3 emissions from cattle housing and volatilization rates for each cattle type
are presented in Table 5.1. Dairy (including other dairy) and beef cattle are the largest
emitters, which contribute to 1.6 Tg N yr! and 1.1 Tg N yr'!, respectively, accounting for
around 12 to 13 % of excreted N in houses. Among all types, buffalo (including buffalo
beef and dairy) housing has the highest volatilization rates of more than 15 %, while the

volatilization rates are less than 10 % for feedlot cattle.
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Similar to housing, dairy (including other dairy) and beef cattle are responsible for the
largest NH3 emissions from manure management. Buffalo (including buffalo beef and
buffalo dairy) show substantially higher volatilization rates compared with other types of
cattle, exceeding 25 %, while the volatilization rates for the remaining cattle species

typically range between 13 to 17 %.

Application of dairy (including other dairy) and beef manure to land contribute over 90 %
of total manure application NH3 emissions in both simulated years (Table 5.3).
Volatilization rates in 2010 are typically higher than those in 2018 for all types of cattle.
Emissions from buffaloes are almost negligible compared with other types of cattle due to

buffaloes contributing much less manure N application.
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Table 5.1. Total excreted N (Tg N yr'), NHz emissions (Tg N yr ') and volatilization
rates (%) from housing for major types of cattle.

Total excreted Nin ~ NHj3 from housing  Average Py

Ruminants Year houses (Tg N yr!) (TN yr) (%)
Beef cattle 2010 8.78 1.08 12.3
2018 8.76 1.07 12.2
Dairy cattle 2010 7.19 0.93 12.9
2018 7.31 0.93 12.7
Other dairy 2010 7.02 0.65 9.3
2018 7.24 0.65 9.0
Feedlot cattle 2010 1.60 0.15 9.4
2018 1.51 0.14 9.3
Buffalo beef 2010 1.22 0.19 15.6
2018 1.21 0.19 15.7
Buffalo dairy 2010 2.95 0.49 16.6
2018 3.09 0.51 16.5
Total 2010 28.76 3.49 12.1
2018 29.12 3.49 12.0
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Table 5.2. Total managed N (Tg N yr!), NH3 emissions (Tg N yr!) and volatilization
rates (%) from manure management for major types of cattle.

Total managed N NH3 from MMS

Ruminants Year (Te N yr) (Tg N yr') Average Pv (%)
Beef cattle 2010 6.91 1.13 16.4
2018 6.89 1.15 16.7
Dairy cattle 2010 5.40 0.75 13.9
2018 5.49 0.75 13.7
Other dairy 2010 543 0.80 14.7
2018 5.61 0.81 14.4
Feedlot cattle 2010 1.45 0.23 15.9
2018 1.36 0.22 16.2
Buffalo beef 2010 0.80 0.22 27.5
2018 0.79 0.22 27.8
Buffalo dairy 2010 1.78 0.46 25.8
2018 1.87 0.50 26.7
Total 2010 21.77 3.59 16.5
2018 22.01 3.65 16.6
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Table 5.3. Total applied N (Tg N yr!), NH; emissions (Tg N yr!) and volatilization
rates (%) from manure application to land for major types of cattle.

Total applied N NHj3 from application ~ Average Py

Ruminants Year (Tg N yr) (Tg N yrl) (%)
Beef cattle 2010 2.84 1.00 35.2
2018 2.77 0.90 325
Dairy cattle 2010 2.79 1.01 36.2
2018 2.77 0.88 31.8
Other dairy 2010 2.37 0.87 36.7
2018 241 0.77 32.0
Feedlot cattle 2010 0.43 0.17 39.5
2018 0.39 0.14 35.9
Buffalo beef 2010 0.03 0.01 333
2018 0.03 0.01 333
Buffalo dairy 2010 0.05 0.02 40.0
2018 0.05 0.01 20.0
Total 2010 8.51 3.08 36.1
2018 8.42 2.71 32.2
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5.3.2.2 Sheep and goat NH; emissions

Emissions of NH3 from sheep and goat housing are estimated to be 0.27 Tg N yr!in 2010
and 2018, accounting for 20.5 % and 19.7 % of excreted N in housing each year,
respectively. As shown in Figure 5.5a, India, NCP and Europe typically show higher
emissions than other regions in the world. However, regions with high emissions are not
consistent with regions with high volatilization rates. Highest volatilization rates are found
in Africa, South Africa and southern North America, while Asia and Europe generally have

lower volatilization rates of less than 20 % (Fig 5.5b).

Management of sheep and goat manure are estimated to result in 0.27 Tg N yr! NH3
emissions in 2010 and 0.28 Tg N yr'! NH; emissions in 2018. For each simulated year,
26.6 % and 26.1 % of managed N is lost through volatilization, respectively. Emissions
from manure management are the same as the housing emissions for sheep and goat, and
the geographical distributions are also very similar (Fig 5.5a and 5.5¢; Fig 5.6a and 5.6c¢).
Overall, the volatilization rates for manure management are higher than housing. High
volatilization rates are found in Africa, Central and South Asia, Europe, South America

and Southeast Asia (Fig 5.7b and 5.7d).

Estimated NH3 emissions from sheep and goat manure application are 0.18 Tg N yr!in
2010 and 0.17 Tg N yr'!in 2018. The emissions from manure application are lower than
emissions from housing and manure management, but the volatilization rates are higher.
Figure 5.5ef and 5.6ef show the geographical distributions of emissions and the
corresponding volatilization rates. High emissions mostly can be seen in India, NCP,

Pakistan and Europe. In 2010, high volatilization rates are found across all the regions with
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emissions, while high volatilization rates occurr only in NCP, Spain, western US and South

Asia.
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Figure 5.5. Same as Figure 5.3 but for sheep and goat in year 2010.
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Figure 5.6. Same as Figure 5.5 but for the year 2018.

Estimated NH3 emissions from both sheep and goat housing are comparable, with sheep
contributing to about 60 % of the total emission (Table 5.4). Sheep housing shows higher
volatilization rates than goat housing. Both the emissions and the volatilization rates from

two simulated years are very similar, with 2018 having slightly lower volatilization rates.
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On average, over 25 % of managed sheep and goat manure N is lost due to NH3 emissions
(Table 5.5). Both years have very similar volatilization rates, and sheep result in slightly

higher emissions and show higher volatilization rates than goat.

Unlike housing and manure management, application of goat manure is responsible for
higher NH3 emissions than sheep, and the volatilization rates for goat manure application
are also higher than sheep (Table 5.6). In 2018, the overall volatilization rates are lower
than in 2010, which is consistent with other land simulations (synthetic fertilizer application

in Chapter 3; pig and chicken manure application in Chapter 4).

Table 5.4. Total excreted N (Tg N yr''), NHz emissions (Tg N yr ') and volatilization
rates (%) from housing for sheep and goat.

Total excreted Nin ~ NHj3 from housing ~ Average Pv

Ruminants Year houses (Tg N yr!) (TN yr) (%)
Sheep 2010 0.71 0.16 22.5
2018 0.74 0.16 21.6
Goat 2010 0.59 0.11 18.6
2018 0.60 0.11 18.3
Total 2010 1.30 0.27 20.5
2018 1.34 0.27 19.7
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Table 5.5. Total managed N (Tg N yr!), NH3 emissions (Tg N yr!) and volatilization
rates (%) from manure management for sheep and goat.

Total managed N NH3 from MMS Average Py

Ruminants Year (Tg N yr) (T N yrh) (%)
Sheep 2010 0.55 0.15 273
2018 0.57 0.16 28.1
Goat 2010 0.48 0.12 25.0
2018 0.49 0.12 245
Total 2010 1.03 0.27 26.6
2018 1.06 0.28 26.1

Table 5.6. Total applied N (Tg N yr!), NH; emissions (Tg N yr!) and volatilization
rates (%) from manure application to land for sheep and goat.

Ruminants  Year Total applied N NHj from application ~ Average Pv

(TgNyr') (Tg N yr) (%)

Sheep 2010 0.23 0.08 34.8
2018 0.24 0.07 29.2

Goat 2010 0.26 0.10 38.5
2018 0.28 0.10 35.7

Total 2010 0.49 0.18 364
2018 0.52 0.17 33.9
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5.3.3 Global simulations for ruminants grazing

Ammonia emissions from ruminants grazing consist of two parts: emissions from seasonal
grazing and emissions from year-round grazing. For the mixed production system, N
excreted in houses and on pastures both results in NH3 emission. Such ruminants graze
seasonally, so the emission is counted as seasonal grazing emission. For the grassland
production system, as ruminants stay outside throughout the entire year, the emission is

counted as year-round grazing emission.

5.3.2.1 Cattle NH; emissions

According to simulations using AMCLIM—-Land, NH3 emissions from cattle grazing are
7.5 Tg N yr'tin 2010, with 3.3 Tg N yr'! of emissions from the mixed production system
(“seasonal grazing”) and 4.2 Tg N yr'! of emissions from the grassland production system
(“year-round grazing”). By comparison, total grazing emissions are about 10 % lower (6.7
Tg N yr!) in 2018. The mixed production system contribute to 3.0 Tg N yr!, while the

grassland production system contribute to 3.7 Tg N yr!,

For the seasonal grazing, N excreted by the mixed production system cattle is 15.3 Tg N
yr'!in 2010 and 15.8 Tg N yr! in 2018, respectively, accounting for around 35 % of total
excreted N, with the remaining 65 % of N being excreted in animal houses (Table 5.7 and
5.1). Overall, 21 % and 19 % of the N volatilized as NH3 in 2010 and 2018, respectively.

High emissions are found in India, Pakistan and South America (Fig 5.7a and 5.7¢), and
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high volatilization rates are found in France, Mexico, Spain, southern US, Africa, South

Asia and the Middle East (Fig 5.7b and 5.7d).
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Figure 5.7. Simulated (a) annual global NH3 emissions (Gg N yr!) from cattle seasonal
grazing in 2010. (b) Percentage of excreted N from cattle while grazing seasonally that
volatilizes (Pv) as NH3 in 2010. (¢) NH;3 emissions (Gg N yr!) from cattle seasonal
grazing in 2018. (d) Pv rates for cattle seasonal grazing in 2018.

Beef is the largest emitter that contributes to over 50 % of emissions, whereas dairy and
buffalo are responsible for 30 % and 20 % of emissions, respectively (Table 5.7). Buffaloes
have the highest volatilization rates of more than 25 %, while beef and dairy generally have

lower volatilization rates of less than 20 %.
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Table 5.7. Total excreted N (Tg N yr'), NHz emissions (Tg N yr ') and volatilization
rates (%) from seasonal grazing for major types of cattle.

‘ Tptal exgreted N NH} from Average Py

Ruminants Year while grazing (Tg N grazing (Tg N o

yr) yr) 7

Beef cattle 2010 8.67 1.67 19.3

2018 8.98 1.58 17.6

Dairy cattle 2010 2.09 0.45 21.5

2018 2.16 0.40 18.5

Other dairy 2010 2.25 0.52 23.1

2018 2.33 0.46 19.7

Buffalo beef 2010 0.67 0.18 26.9

2018 0.66 0.16 242

Buffalo dairy 2010 1.59 0.46 28.9

2018 1.63 0.42 25.8

Total 2010 15.27 3.28 214

2018 15.76 3.02 19.2
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For the year-round grazing, total excreted N from the grassland production system cattle is
23.8 Tg N yr!in 2010 and 24.4 Tg N yr! in 2018, with 18 % and 15 % of excreted N being
lost through NH3 emissions in each simulated year, respectively. The overall estimated
volatilization rate for year-round grazing of cattle is lower than that for seasonal grazing.
Countries and regions with high seasonal grazing emissions also have high emissions from
year-round grazing (e.g., Argentina, Brazil, India and Pakistan). Moreover, high emissions
also occur in Mexico and US. Compared to seasonal grazing, the volatilization rates of
year-round grazing are generally smaller. High volatilization rates are found across the

Africa, South Asia, the Middle East and part of Australia (Fig 5.8b and 5.8d).
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Figure 5.8. Simulated (a) annual global NH; emissions (Gg N yr™!) from cattle
year-round grazing in 2010. (b) Percentage of excreted N from cattle while grazing
year-round that volatilizes (Pv) as NH3 in 2010. (¢) NH;3 emissions (Gg N yr!) from
cattle year-round grazing in 2018. (d) Pv rates for cattle year-round grazing in 2018.
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As summarised in Table 5.8, beef contributes over 50 % of total year-round grazing
emissions, which is the largest emitter. Dairy contributes 40 % of emissions, while
buffaloes result in less than 10 %. All types of cattle exhibit similar volatilization rates,

with rates in 2018 being lower than 2010.

Table 5.8. Total excreted N (Tg N yr'), NHz emissions (Tg N yr ') and volatilization
rates (%) from year-round grazing for major types of cattle.

‘ Tot'al excre;ted N NH3'from Average Py

Ruminants Year while grazing (Tg N grazing (Tg N o

yr!) yr!) 7o

Beef cattle 2010 12.01 2.18 18.2

2018 12.47 1.99 16.0

Dairy cattle 2010 5.48 0.86 15.7

2018 5.54 0.71 12.8

Other dairy 2010 4.88 0.91 18.6

2018 4.88 0.72 14.8

Buffalo beef 2010 0.54 0.10 18.5

2018 0.56 0.08 14.3

Buffalo dairy 2010 0.87 0.19 21.8

2018 0.92 0.17 18.5

Total 2010 23.78 4.24 17.9

2018 24.37 3.67 15.1
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5.3.3.2 Sheep and goat NH; emissions

Sheep and goat grazing results in 1.4 Tg N yr! of NH3 emissions in 2010 and 2018
according to simulations using AMCLIM. The mixed production systems contribute 0.6 Tg

N yr! of emissions, while the grassland production systems contribute 0.8 Tg N yr!.

Contrary to cattle, around 65 % of N in excreta from mixed production system sheep and
goat is deposited on pastures rather than in houses, with 25 % and 20 % of excreted N being
lost through NH3 volatilization in 2010 and 2018, respectively. High emissions occur in
India, Iran, NCP, Pakistan, Spain, Turkey and several Sahel countries (Fig 5.9a and 5.9¢).
The highest volatilization rates are found in southwestern Russia. India, Africa and Europe
also have high rates (Fig 5.9b and 5.9d). Sheep contribute to over 60 % of total emissions,
while goats contribute to the remaining 40 % (Table 5.9). The volatilization rates for both

livestock were comparable.
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Figure 5.9. Same as Figure 5.7 but for sheep and goat.
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Table 5.9. Total excreted N (Tg N yr''), NHz emissions (Tg N yr') and volatilization
rates (%) from seasonal grazing for sheep and goat.

‘ Tptal exqreted N NH} from Average Py

Ruminants Year while grazing (Tg N grazing (Tg N o

yr) yr!) v

Sheep 2010 1.51 0.37 245

2018 1.59 0.32 20.1

Goat 2010 0.89 0.22 24.7

2018 0.96 0.19 19.8

Total 2010 2.40 0.59 245

2018 2.55 0.51 20.2

For the grassland production system of sheep and goat, it is estimated that around 25 % and
20 % of excreted N volatilizes as NH3 during the year-round grazing in 2010 and 2018,
respectively. As shown in Figure 5.10, high emissions are found in southeaster Australia,
northern China, eastern Africa, the Middle East and South Asia. High volatilization rates
occur in Australia, Mexico, part of US, Africa, the Middle East, South Asia and South
America (Fig 5.10b and 5.10d). Sheep are responsible for two-thirds of the emissions, and
the volatilization rates for sheep and goat are around 20 % (Table 5.10). It is notable that
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year-round grazing of sheep and goat generally result in similar volatilization rates to

seasonal grazing, which is different from cattle grazing.
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Figure 5.10. Same as Figure 5.8 but for sheep and goat.
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Table 5.10. Total excreted N (Tg N yr!), NH3 emissions (Tg N yr!) and volatilization
rates (%) from year-round grazing for sheep and goat.

Total excreted N NH; from grazing  Average Py

Ruminants Year while graz_ilng (TgN (Tg N yr) (%)
yrr)
Sheep 2010 2.23 0.55 24.6
2018 2.32 0.43 18.5
Goat 2010 1.09 0.27 24.8
2018 1.09 0.23 21.1
Total 2010 3.32 0.82 24.6
2018 3.41 0.66 19.1

5.3.3.3 Emissions from urine patches and dung pats

Emissions of NH; from the different grazing schemes estimated by AMCLIM—Land are
summarised in Table 5.11. In both years, urine patches contribute the highest estimated
NH; emissions, along with the highest volatilization rates. About 70 to 75 % of NHj3
emissions from grazing result from urine patches according to AMCLIM, while the
remaining 25 to 30 % is from dung pat (dung only and mixed dung and urine). Within the
dung pat scheme, around 3 % of excreted N volatilizes as NH3 from dung itself. By

comparison, about 17 % N is lost as NH3 from the mixture of dung and urine.
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Table 5.11. Total excreted N (Tg N yr!), NH3 emissions (Tg N yr!) and volatilization
rates (%) from each grazing scheme for ruminants.

Total excreted N NH;3 from Avera
Year Scheme while grazing (Tg N grazing (Tg N verage
-1 -1 Pv (%)
yrr) yre)

urine patch 24.66 6.78 27.5

dung pat (dung 8.61 0.25 2.9
2010 °MY)

dung pat (mixed) 11.51 1.92 16.7

Total 44.78 8.95 19.9

urine patch 2542 5.64 22.2

dung pat (dung 8.87 0.29 33
2018 Onb)

dung pat (mixed) 11.88 1.96 16.5

Total 46.17 7.89 17.1

5.3.3.4 Comparison of AMCLIM grazing with measurements

The simulated NH3 volatilization from grazing by AMCLIM were compared with
measurements, which mainly focuses on evaluating against experimental studies that
measured NH3 emissions from urine deposition, as NH3 emissions are mainly resulted from
urine patches during grazing. Two types of observations were selected for the comparisons:
real livestock grazing or urine application. Since there are insufficient input data in the

reported measurements to operate AMCLIM, simulated volatilization rates were extracted
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from the global results and compared with the measured volatilization rates from these

experimental studies, depending on geographical locations and time of the year.

Figure 5.11a shows the comparisons between modelled and measured Py for real livestock
grazing. Simulated Pv of the urine patch for cattle grazing is comparable to the
measurements at sites in the UK (Ryden et al., 1987; Jarvis et al., 1989a), Switzerland
(Voglmeier et al., 2018), France (Bell et al., 2017) and New Zealand (Laubach et al., 2013).
The annual mean volatilization rate (% NHs/total excreted N) of grazing in the northern
Europe estimated by AMCLIM (9.5 %) also agrees with Hutchings et al. (1996) (<10 %).
However, large differences exist in between the modelled and measured Pv (% NHz/urinary
N) for cattle and sheep grazing in the UK (Jarvis et al., 1989b, 1991), as well as the
volatilization rate (% NHas/total excreted N) of cattle grazing in the Netherlands (Bussink,
1992), where AMCLIM largely overestimates the volatilization rates. These
overestimations might be due to local management practices. Bussink (1992) and Jarvis et
al. (1989; 1991) measured NH3 loss from grazed land with different levels of synthetic
fertilizer inputs that varied between 210 kg N ha'! to 550 kg N ha'!. The observed
volatilization rates are normally very low (< 5%), while simulated volatilization rates are
much higher (8 to 22 %). It remains unclear how additional fertilizer affects the NHj3

volatilization from livestock excreta on grasslands.

By comparison, there is closer agreement between the volatilization rates estimated by
AMCLIM and those measured for urine application than for real animal grazing (Fig 5.11a
vs. Fig 5.11b). Figure 5.11b shows that the majority of the modelled Pv is within a factor
of 2 relative to the measured Pv (FAC2 = 0.86), and the correlation between the model and

measurements was 0.47 (1=0.47). Specifically, Pv estimated by AMCLIM is generally
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consistent with real livestock urine application experiments conducted at sites in Australia
(Vallis et al., 1982, 1985), Ireland (Fischer et al., 2016) and New Zealand (Ball et al., 1979;
Sherlock and Goh, 1984; Laubach et al., 2012), as well as two studies using artificial urine
in Finland (Saarijérvi et al.,, 2006) and US (Frank and Zhang, 1997). In particular,
AMCLIM captures a very high Py measured for cattle urine application in a tropical place
in Australia (symbol “A” in Fig 5.11b). However, only very limited measurements have
been taken under tropical climates, indicating a need for more experiments in hot regions.
It is worth mentioning when comparing with experiments carried out under dry soil
conditions, the volatilization rates of urine application estimated by AMCLIM are either
overestimated for three experiments in UK summer by Lockyer and Whitehead (1990), or
underestimated for one experiment in New Zealand summer by Carran et al. (1982). Low
Py measured by Lockyer and Whitehead (1990) in June and July at a UK site shows clear
differences compared to other measurements of the same study (symbol “D”’s in Fig 5.11b),
which remained unclear to the original authors, and no explanations were provided
(Lockyer and Whitehead, 1990). However, since AMCLIM was not applied at each site
and was not driven by the same environmental and meteorological variables, the modelled
Py is not distinguished between dry or wet soil conditions. Higher Pv in dry soils (soil
moisture close to wilting point) than wet soils (soil moisture close to field capacity)
reported by Carran et al. (1982) might be related to the retention of urine in soils and slower

drainage.

There is less literature on investigating NH3 volatilization from dung compared to urine. In
general, the Py of dung was found to vary between 1 to 5 % in Europe (Whitehead, 1990;
Fischer et al., 2016), while Laubach et al. (2013) reported that 11 % of N in dung was lost
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through NH3 emissions in an experiment in New Zealand. Meanwhile, it is broadly agreed
that NH; emissions from grazing mainly comes from urine deposition, which ranges from
87 to 96 % based on existing studies (Saarijarvi et al., 2006; Laubach et al., 2013).
Simulations using AMCLIM suggest a lower contribution from the urine patch because the
mixture of urine and dung in the dung pat scheme were also included in the model. So the

results from AMCLIM can be considered as broadly consistent with experimental studies.
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Figure 5.11. Modelled percentage volatilization rates (Pv, %) compared with field
measurements. Measurement data were from literature that studied real ruminant
grazing (a) and ruminant urine application (b). Pearson’s correlation coefficient (r),
fraction of values within a factor of 2 (FAC2) and number of measurements (n) are
presented at the top left corner. “In Jarvis et al. (1991), Py of the grazed land with 0
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respectively.
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5.3.4 Nitrogen flows and NH3 emissions of global ruminant farming

5.3.4.1 Nitrogen flows of ruminant farming

Figure 5.12 shows the N flows of global ruminant farming for the reference year 2010.
Global total excreted N from ruminants including cattle, sheep and goats is 74.84 Tg N yr-!.
About 40 % of excreted N (30.06 Tg N yr'!) is allocated to housing, and 60 % (44.78 Tg N
yr!) is from grazing. Ruminant housing results in 3.75 Tg N yr! of NH3 emission, while
3.53 Tg N yr! of manure N is used as fuel. Manure management results in 3.89 Tg N yr!
of NH3 emission, accounting for 17 % of total managed manure N (22.79 Tg N yr!). During
manure management, nitrogen that is left on land without being stored was 8.28 Tg N yr!,
while runoff and nitrification together account for 1.62 Tg N yr!. Nitrogen that is
introduced to land consisted of two parts: 9.01 Tg N yr! from manure storage and 44.78
from grazing, which together result in 12.20 Tg N yr'! of NH3 emission. Meanwhile, 26.07
Tg N yr! enters soils and is used by plants, and 15.55 Tg N yr'! of N undergoes other

processes (e.g., runoff, nitrification, leaching and diffusion to deep soils).
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Figure 5.12. Nitrogen budget of global ruminant farming including housing, manure
management, manure application to land and grazing estimated by AMCLIM for
year 2010. Dark blue arrows are N flows. Red arrows represent NH3 emissions. All
numbers have the unit of Tg N yr'l. Size of the arrows is proportional to the flux.

5.3.4.2 Cattle NH; emissions

According to simulations using AMCLIM, the estimated global NH3 emissions from cattle
farming are 17.7 Tg N yr'! in 2010 and 16.6 Tg N yr'! in 2018, indicating 26 % and 24 %
of excreted N lost through NHj volatilization in each year, respectively. Housing, manure

management and manure application each contribute to around 20 % of total NH3, and
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grazing resulted in the remaining 40 % of emissions. As shown in Figure 5.13, high
emissions occur in Brazil, China, India, eastern US, Caribbean and Europe, as well as
several African countries. High volatilization rates are found across India, NCP, part of
Russia, Ukraine, eastern US, Africa, Europe and Southeast Africa. Regions with high

emissions are broadly consistent with high volatilization.

a) cattle total NH3 in 2010 17.7TgN b) cattle total Py in 2010 26.1%
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Figure 5.13. Simulated (a) annual global NH3 emissions (Gg N yr!) from cattle
farming (including housing, manure management, manure application and grazing)
in 2010. (b) Percentage of excreted N from cattle that volatilizes (Pv) as NH3 in 2010.
(¢) NH3 emissions (Gg N yr') from cattle farming in 2018. (d) Py rates for cattle
farming in 2018.

Figure 5.14 shows the global monthly emissions of NH3 from cattle farming in 2010 and
2018, with emissions from each stage. The two simulated years show similar seasonal

variability, with the year 2010 exhibiting more significant seasonality. In 2010, the largest
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monthly emission exceeds 2.0 Tg N month™! in April, and a second emission peak occurs

in September. Monthly emissions in 2018 are generally lower than the year 2010.

Housing and manure management have very similar monthly emissions, and both show
much higher emissions in MAM and JJA than other seasons. Meanwhile, NH3; emissions
from grazing are also high in MAM and JJA, with seasonal grazing exhibiting more varied
monthly emissions compared to year-round grazing. By comparison, NH3 emissions
resulting from manure application showed seasonality that is different from other activities
but similar to the total emissions, indicating that the seasonal variations in cattle farming

emissions are largely driven by the manure application.
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Figure 5.14. Global monthly NH; emissions (Gg N month™') from cattle housing,
manure management, manure application, seasonal grazing and year-round grazing
in 2010 (a—bars on the left; b—solid lines) and 2018 (a—bars on the right with hatch; b—
dashed lines) simulated by AMCLIM.
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5.3.4.3 Sheep and goat NH; emissions

The global NH; emissions from sheep and goat farming estimated by AMCLIM are 2.1 Tg
Nyr!and 1.9 Tg N yr'! in 2010 and 2018, accounting for 30 % and 26 % of excreted N in
each year, respectively. Grazing results in around 60 % of the total emissions, while
housing, manure management and application are each responsible for about 10 to 15 % of
emissions. As shown in Figure 5.15, high emissions are found in southeastern Australia,
India, NCP, western and eastern Africa, Europe and the Middle East, and high volatilization

rates generally occurred in these regions with high emissions, as well as the US.

a) sheep and goat total NH3 in 2010 21TgN b) sheep and goat total Py in 2010 30.2 %

2.1x10*
5.3x10?
1.8x10-?
6.8x10°*
1.7x10"?
2.0x10-*
3.5x10~*

NH3 (Gg N yr~! grid~?)

3.1x10°¢

2.4x10°*

2.1x10*
5.3x10?
1.8x10-?
6.8x10*
1.7x10*
2.0x10-*

NH3 (Gg N yr~! grid~1)

3.5x10°°
3.1x10°¢

2.4x10°*

Figure 5.15. Same as Figure 5.11 but for sheep and goat farming.

As shown in Figure 5.16, the highest monthly emissions from sheep and goat farming are

in April in both simulated years, with high emissions from May to October. Compared with
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cattle farming, seasonal variations in NH3 emissions from sheep and goat housing and
manure management are less pronounced, and grazing generally shows slightly higher
emissions in JJA than other seasons. The most predominant seasonal variations are found
in emissions from manure application, with the highest emissions occurring in April, which

is largely related to the simulated planting seasons.
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Figure 5.16. Same as Figure 5.14 but for sheep and goat farming.
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5.4 Discussion

AMCLIM-Housing applied at the site scale was capable of reproducing the NH3 emissions
from a dairy barn, with close agreement between the modelling results and measurements.
Both simulated and measured emissions show a positive relationship with indoor
temperature and ventilation. Distinct from the site simulation of pig and layer chicken
housing presented in Chapter 4, the indoor conditions of the dairy barn are closer to the
natural environment than the pig and layer houses. The simulated processes are similar to
those in the simulations for the “slatted floor” in the pig house. With less processes involved
(only one emitting surface in the dairy houses for simulations), the model performance is

actually better.

The global application of AMCLIM focused on cattle, sheep and goat. The cattle sector
includes six types of cattle, and this is the largest NH3 emission sector in livestock farming.
Estimated NH3 emissions resulted from cattle farm are nearly nine times the emissions from
sheep and goat farming. Large emissions related to cattle farming occur in regions with
high animal populations, such as India, NCP, US, Caribbean, Europe, South America and
several Sahel countries. These regions generally show high volatilization rates, and high
volatilization rates are also found in Australia and southeast Asia. The geographical
distribution of high emissions from sheep and goat farming are also consistent with high

animal populations.

The impacts of environmental conditions and management practices on NH3 volatilization
can be reflected on multiple aspects from the simulations for ruminant farming. First, it is

notable that the simulated volatilization rates of housing, manure management and grazing
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for buffaloes are higher than other types of cattle. This is because buffaloes are
predominantly reared in hot regions such as southern China, South Asia and southeast Asia
compared to cattle that are widely distributed across the globe, resulting in higher Pv due
to generally hotter conditions. Second, the estimated Py rates of ruminant housing are
slightly higher for the year 2010 than 2018, which is different compared with pig and
poultry housing. This can be partly attributed to the management for ruminants, which are
often not confined to housing throughout the year but can let the animal spend considerable
time outdoors on pastures, particularly in warmer weather. Therefore, the lower Py in 2018
might result from a warmer condition that influences the allocation of excreta, leading to
different distributions between houses and pastures. Meanwhile, land application of manure
and grazing show relatively higher volatilization rates in 2010 than 2018. The same feature
has also been found for land applications of synthetic fertilizer (see Chapter 3), pig and
poultry manure (see Chapter 4). The lower Py of these outdoor activities in 2018 than 2010
might be due to larger leaching and diffusive fluxes that transport N to the deeper soils and
result in less NH3 released to the atmosphere, which has been discussed in Chapter 3 and

4.

Ruminant-specific NH3 emission factors (EFs) derived from ACMLIM simulations and
comparisons with EFs from literature are summarised in Table 5.12. Global average EFs
for beef, sheep and goat estimated by AMCLIM are generally within the range reported by
literature (Yang et al., 2023). AMCLIM predicted higher EFs for buffaloes and lower EFs

for dairy cattle than literature.
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Table 5.12. Simulated animal NH3 emission factors (EFs) (kg N head! yr') for
ruminants based on simulations of AMCLIM compared with Yang et al. (2023) which
summarizes the range of EFs from literature. The AMCLIM values in the first row
are the global mean EF, and values in the brackets represent the 10" and 90
percentile, respectively.

Ruminants EFs (kg N head™! yr'!)

Study

Beef Buffaloes Dairy Goat Sheep

9.7 11.8 11.6 0.8 1.2
AMCLIM

(2.5-159) (3.7-15.5) (2.1-19.1) (0.2-1.7) (0.2-2.0)
Yang2023* 3.0-143  2.8-8.7 145-21.8 0.6-5.0 0.6-2.5

?Yang et al., 2023

Globally, the estimated volatilization rates for sheep and goat farming are higher than those
of cattle farming (see Fig 5.13 and 5.15), which is partly due to the higher N concentration
in sheep and goat’s urine compared to cattle. Another reason is that sheep and goat are more
“concentrated” in the Middle East and South Asia where they tend to have higher
volatilization rates due to warmer climates. For housing, the housing density used in
AMCLIM also affect the volatilization rates. It is worth noting that the volatilization rates
of feedlot cattle housing are the second lowest among ruminants, partly because the feedlot
cattle had the highest stocking density in the model. Increasing the stocking density results
in smaller source area for NH3; emission, which leads to lower emissions. Application of
ruminant manure showed the highest volatilization rates among all activities, with the

volatilization rates being lower in 2018 than 2010, which is also found for pig and poultry
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manure. By comparison, housing and manure management showed less variations in

volatilization rates between years.

Grazing is an additional component of simulations for ruminant farming compared to pigs
and poultry. Overall, the estimated NH3 emissions from grazing are 7.9 to 9.0 Tg N yr!,
accounting for around 16 to 19 % of excreted N from ruminants while grazing. Emissions
related to grazing exhibit the largest annual difference between the two simulated years
compared with other activities. The grazing emissions estimated by AMCLIM are lower
than the 12 Tg N yr'! suggested by FANv2, but the volatilization rates are comparable to
the 18 % by FANv2 (Vira et al., 2020a). The differences in emissions between AMCLIM
and FANv2 are partly due to the different estimates of excreted N on pastures. In general,
excreted N on pastures during grazing results in lower simulated volatilization loss of NH3

compared with manure application.

For the “mixed” production system, about 65 % of N in cattle excreta is excreted in animal
houses, compared with less than 40 % for sheep and goat, based on the GLEAM2 MMS
data. The volatilization loss of excreted N during seasonal grazing of cattle is around 20 %,
which is similar to the value for sheep and goats. It should be noted that the regional
variations in the volatilization rates of year-round sheep and goat grazing are more
significant than the seasonal grazing (Fig 5.9 b, d and Fig 5.10 b, d). By comparison, the
regional variations in year-round grazing of cattle are similar to the seasonal grazing (Fig
5.7b, d and Fig 5.8 b, d). As a result, with the “grassland” production system (year-round
grazing) being more spread across the globe especially in temperate and cold regions than

the “mixed” production system, year-round grazing of cattle shows lower volatilization
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rates compared with seasonal grazing, while there is not much difference between

year-round and seasonal grazing for sheep and goat.

It is evident that the urine patch scheme in the grazing simulations results in much higher
NH; emission and higher volatilization rate compared with the dung pat scheme. Urea in
urine deposited on pastures is readily to hydrolyse to TAN, which can lead to higher
emission than dung itself due to the slower decomposition of organic forms of N in dung.
As presented in Section 5.3.3.3, existing experimental studies have reported that NH3 loss
accounts for 0.5 % to up to 46 % of urinary N, while AMCLIM predicted 5.5 to 41 %. The
differences can be caused by different environmental and meteorological conditions such
as temperature, soil moisture, precipitation and soil texture, between the year when
experiments were conducted and the modelled year 2010. It also remains unclear why
several experiments showed very small volatilization rates, which were not clearly
provided by experimentalists, and needs further investigations. Overall, estimated
volatilization rates by AMCLIM are broadly consistent with measurements, especially in
warm regions such as Australia and New Zealand. The differences indicate that the
infiltration and drainage (also diffusion) in AMCLIM might not be representative enough
and need improvement. By comparison, dung contributes less NH3 emissions than urine
resulting from the lower volatilization rates. However, from the mixture of dung and urine
scheme, it implies that urine deposited on dung can also result in considerable NH3
emissions, which is due to the slow infiltration of urine to the soil underneath as dung holds

the liquid. A similar example is farmyard manure which can cause large NH3 emissions.

Uncertainty in NH3 emissions from livestock housing, manure management and application

has been discussed in Chapter 4. For ruminants, uncertainty related to these activities is
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assumed to be the same as that of pigs, with additional uncertainty also existing in emissions
from grazing. Uncertainty of grazing emissions is considered the same as urea application,
which is 20 % (as discussed in Chapter 3). The overall estimated uncertainty of NH3 from

ruminants farming is 8 to 10 % for cattle and 11 to 14 % for sheep and goat.

5.5 Summary and conclusions

This chapter presents the quantification of NH3 emissions from ruminants farming,
including cattle, sheep and goat. In addition to housing, manure management and land
application of manure (where the modelling is similar to pigs and poultry, as described in
Chapter 4), the AMCLIM Grazing Submodule has been developed for ruminants compared
to pigs and poultry. The AMCLIM model simulates both seasonal and year-round grazing
of ruminants and implements two grazing schemes (seasonal and year-round) that consider
emissions from urine and dung. Ruminant housing and seasonal grazing are closely
associated with each other, in which AMCLIM incorporates the meteorological condition,
production system information and MMS information to determine the quantity of N

excreted in animal houses and on pastures.

In this chapter, AMCLIM was applied at the site scale to simulate the NH3 emission from
dairy houses. The simulated NH3; emissions from dairy housing agree well with
measurements. For global simulations, it is estimated that NH3 emissions from ruminants
farming are 19.8+1.5 Tg N yr'! in 2010 and 18.5+1.3 Tg N yr! in 2018, with cattle
contributing to 17.7+1.5 and 16.6+1.3 Tg N yr'! and sheep and goat contributing to 2.1+0.3
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and 1.9+0.2 Tg N yr'! emission in each simulated year. This indicates that over a quarter of
excreted N from ruminants volatilizes as NH3. For cattle, about 40 % of emissions result
from housing and manure management, while over 17 % of emissions come from manure
application. The remaining 42 % of emissions are from the two types of grazing. For sheep
and goat, grazing is the most important source, which results in over 60 % of total emissions
because of shorter housing periods. Emissions from other activities are comparable to each
other (ca. 10 to 14 %). Emissions from the land simulations (manure application and
grazing) for ruminants also exhibited the same trend as application of synthetic fertilizers,

pig and poultry farming, of which higher volatilization rates occurred in 2010 than 2018.

High emissions from cattle farming are found in Brazil, China, India, US, Europe and
several African countries, while high emissions resulting from sheep and goat farming are
found in Australia, China, Europe, the Middle East and South Asia. These regions are

largely consistent with places with high livestock population numbers.
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Chapter 6
Outlook: present and future agricultural

ammonia emissions

6.1 Introduction

Global agricultural NH3 emissions are estimated to have more than doubled over the past
50 years, from about 20 Tg N yr'! in the 1970s to over 45 Tg N yr! in the 2010s (EDGAR,
2022), mainly as a result of large increases in livestock farming and fertilizer use. As an
unintentional nitrogen loss from agricultural systems, NH3 emission not only compromises
the resource use efficiency (i.e., increase the fraction of nitrogen that is not used by plants
or livestock), but also adversely affect the environment (i.e., reducing air, water and soil
quality and damaging vegetation). Agricultural NH3 emissions have been found to be
strongly dependent on environmental conditions such as temperature, wind speed, water
availability and many other meteorological factors (Gyldenkerne, 2005b; Misselbrook et
al., 2005; Sommer et al., 2006; Sutton et al., 2013; Bittman et al., 2014). Global NHj3
emissions have been projected to treble the present value by the end of the century when
considering climate warming and increasing agricultural activities (Sutton et al., 2013).

Meanwhile, local management practice is a crucial factor that determines the NH3
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emissions. Better management practices can effectively reduce NH3; emissions, which is

beneficial for the environment, while wasting less nitrogen as a valuable resource.

In this chapter, estimated NH3 emissions from the whole agricultural sector by AMCLIM
are presented that synthesize the results from previous chapters (Chapter 3 — synthetic
fertilizer; Chapter 4 — pigs and chicken; Chapter 5 — ruminants). Analysis, sensitivity tests
and experimental tests are reported that investigate the impacts of environmental variables
and local management practices on NH3 emissions, with explorations of potential measures
and techniques for NH3 abatement. This chapter also presents past NH3 emissions for the

last two decades and projects the future NH3 emissions to the end of the 21 century.

6.2 Ammonia emissions from the agricultural system

6.2.1 Annual global agricultural NH3 emission and nitrogen flows in the

agricultural sector

Using AMCLIM, it is estimated that NH3 emissions from global agriculture are 44.9+4.4
Tg N yr! in 2010, indicating that approximately 22+2 % of a total 201.8 Tg N yr'! from
synthetic fertilizer and livestock excreta is lost due to NH;3 volatilization. As shown in
Figure 6.1, high NH3 emissions (per grid) occur in Brazil, China, eastern US, Europe, South
Asia, and several African and South American countries, which largely corresponds to the

regions with intensive agricultural activities. Specifically, China, India, US, Brazil and
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Pakistan are estimated to be the top five countries that have the largest emissions as 8.8,
7.4,4.5,3.0 and 2.0 Tg N yr!, respectively, accounting for nearly 60 % of the global total

NHj3 emissions.

NH3 emission: 44.9 Tg N in 2010

Fl

F4.9x10°1

- 1.8x10°*

r 3.5x10°2

NH3 (Gg N yr~! grid~1)

4.7x10-3

8.8x10~*

4.4x10-°

Figure 6.1. Geographical distribution of global agricultural NH3 emissions (Gg N yr!
grid™!) in 2010 estimated by AMCLIM. The resolution is 0.5° x 0.5 °.

About 1/3 of NH; emissions result from the use of synthetic fertilizer (as presented in
Chapter 3), with 2/3 of emissions from livestock farming (as presented in Chapter 4 and 5;
including housing, manure management, land application of manure and grazing). Cattle
(including buffaloes) is the largest emitter group among livestock, contributing nearly 40 %
of total emissions and over 60 % of livestock emissions (Fig 6.2b). Both pigs and poultry
result in more than 10 % of total NH3 emissions, while sheep and goats are responsible for

the remaining 5 %.
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a) b)
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Figure 6.2. Global agricultural NH; emissions from different (a) agricultural activities
and (b) sectors for 2010 as estimated by AMCLIM. The cattle sector includes beef
cattle, dairy cattle, other dairy, feed cattle and buffaloes. The poultry sector only
includes chicken that accounts for over 95 % of poultry numbers globally
(FAOSTAT). Other minor livestock such as non-chicken poultry (e.g., duck and
turkey), horse and camel, which only account for a small fraction are not simulated
in AMCLIM.

AMCLIM was also used to assess the nitrogen budget for the whole agricultural sector,
with a focus on NH3 emissions and processes associated with anthropogenic activities as in
previous chapters. Global total nitrogen intake by livestock is estimated at 122.2 Tg N yr!
in 2010, with 99.6 Tg N yr! excreted, according to GLEAM?2 that provides input data of
livestock to AMCLIM (FAO, 2018a; Uwizeye et al., 2020). As illustrated in Figure 6.3, it
is estimated that 14.8 Tg N yr'! is lost as NH3 emissions from livestock housing and manure

management, with further 6.4 Tg N yr! being used as fuel/biogas or lost to other
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environmental compartments due to lack of proper management (e.g., excreta dumped into
fishpond). During manure management, a small fraction of nitrogen is estimated to be
washed away (0.2 Tg N yr'!) by surface runoff and converted into nitrate (and nitrite)
through nitrification (1.8 Tg N yr'!). Meanwhile, 14.6 Tg N yr! is either left on land without
further attention (without being stored) or applied to field directly (without being stored),
which is assumed to be added to the soil nitrogen pool or uptake by plants. The remaining
61.7 Tg yr'! of livestock excreted nitrogen is introduced to land through two pathways: 16.9
Tg N yrlis applied as manure fertilizer after storage, and 44.8 Tg N yr!is directly deposited

on pastures through grazing.

Land receives nitrogen input from both livestock manure and synthetic fertilizer. An
additional 102.3 Tg N yr'!is added to land as synthetic fertilizer, and the majority of which
is in the form of urea and ammonium (85.1 Tg N yr!), with 15.2 Tg N yr'! added as nitrate.
A total 30.0 Tg N yr! of NH3 emissions are estimated by AMCLIM to result from these
activities, with both manure and synthetic fertilizer contribute half of these emissions.
Around 53 % (86.9 Tg N yr!) of nitrogen input to land is either used by crops or stored in
soils, 10 % (16.7 Tg N yr'!) is nitrified, and about 20 % (30.4 Tg N yr!) was lost due to

runoff, leaching and diffusion.

Overall, around 50 % (101.5 Tg N yr!) of the total nitrogen input from anthropogenic
sources (201.8 Tg N yr!) enters the soil including plant uptake, and over 40 % (81.9 Tg N
yr'!) of nitrogen is estimated to be lost through different processes. The remaining 10 % of
N that undergoes nitrification is not simulated further, which potentially ends up being

converted to N2O and N through denitrification and leaching.
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Figure 6.3. Global nitrogen budget of the agricultural sector by AMCLIM. Natural
nitrogen input or sources are not included. Dark blue arrows are nitrogen flows. Red
arrows represent physical processes including emissions, runoff, leaching and
diffusion. Light blue arrows represent nitrification or nitrate inputs. All numbers
have the unit of Tg N yr'l. Size of the arrows is proportional to the flux. The fluxes of
NH; are labelled by al — a5, and N flows enter the soil including plant uptake are
labelled by el — e2, detailing the individual sources or pathways.

6.2.2 Ammonia emissions from agricultural activities

Annual NH3 emissions from each agricultural activity as estimated by AMCLIM are
summarised in Table 6.1, along with the corresponding percentage volatilization rates. In
2010, both livestock housing and grazing result in an estimated 9 Tg N yr'! NH3, together

accounting for approximately 40 % of total emissions. Manure management and
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application to land each contribute around 6 Tg N yr! NHjs, respectively (Fig 6.2a and
Table 6.1). The highest percentage volatilization rate is from manure application, with 36 %
of applied manure nitrogen estimated to be lost through NH3 emissions. Grazing has the
second highest estimated volatilization rates of nearly 20 %. Use of synthetic fertilizer,

livestock housing and manure management show similar volatilization rates, ranging from

14 to 17 %.

Table 6.1. Annual global NH3 emissions (Tg N yr!) and corresponding volatilization
rate Py (%) for agricultural activities in 2010.

NH3 emission N available for Average Py

Agricultural activities
s (Tg N yr'h) Emissions (Tg N yr'!) (%)

Synthetic fertilizer 15.0 102.3 14.7
Livestock housing 9.2 54.8 16.8
Manure management 5.6 39.2 14.4
Manure application 6.1 16.9 35.9
Grazing 8.9 44.8 19.9

Whole agricultural

44.9 201.9 222
sector

Table 6.2 compares the NH3 emissions simulated by AMCLIM with estimates from other
studies, including models and inventories. The comparisons are against research conducted
later than 2000 with volatilization rates if available. DLEM, FAN (both introduced in
Chapter 3; see section 3.4.1) and CAMEO (Beaudor et al., 2023) are processed-based
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models, while the other studies or inventories mainly use EFs methods (see Table 6.2 for
references of all model descriptions/studies). For global agricultural emissions, AMCLIM
produces similar results to other process-based models, i.e., CAMEO (44 Tg N yr'!) and
FANv2 (48 Tg N yr!). Emissions estimated by AMCLIM are also similar to the EDGAR
emission inventory (44.2 Tg N yr'!), with slightly higher emissions estimated by AMCLIM
than EDGAR. By comparison, NH3 emissions reported by EFs-based studies vary between
32 to 54 Tg N yr!. Paulot et al. (2016) estimates global agricultural NH3; emissions at 34
Tg N yr! for 2008, which is more than 20 % lower than the process-based models (in year
2010 or averaged over the 2010s) and is close to the results for year 2000 suggested by
Beusen et al. (2008; 32 Tg N yr!) and FANv1 (33 Tg N yr!; Riddick et al., 2016), while
emissions by Yang et al. (2023; 54.4 Tg N yr'!) are 23 % higher compared with models and
the EDGAR inventory.

Each of these studies used a different methodology and estimated emissions based on
different sectors or activities. For example, CAMEO and the EDGAR inventory reported
NH; from two major sources: agricultural soils and manure management (EDGAR) or
indoor emissions (CAMEQO; including housing, animal yards and manure storage), and the
estimated emissions from these two sources were in close agreement between CAMEO and
EDGAR. By comparison, AMCLIM and FANv2 have more detailed component emissions
that are related to agricultural activities. Emissions from synthetic fertilizer use estimated
by AMCLIM (as discussed in Section 3.4.1) are higher but emissions from livestock
farming are lower than the estimates from FANV2. This is partly due to the different inputs
used by the two models as discussed in Chapter 3. The overall volatilization rates for

emissions from the whole agricultural sector, synthetic fertilizer use and livestock farming
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are comparable between AMCLIM and FANv2. The largest difference between the two
models exists in the volatilization rates of manure application, where AMCLIM suggests a
volatilization rate that is nearly double that of FANv2. Compared with FANv2, DLEM is
closer to AMCLIM for the NH3 emissions from synthetic fertilizer use (16.7 Tg N yr! vs.
15.0 Tg N yr!), as well as the estimated volatilization rates (16.3 % vs. 14.7 %).

There are also variations in the simulated processes among the process-based models.
AMCLIM is the only model that has a detailed simulation for processes involved in all
agricultural activities, including use of synthetic fertilizers (as discussed in Chapter 3),
livestock housing, manure management, land application of manure and grazing (as
discussed in Chapter 4 and 5), which accounts for climatic effects on NH3 volatilization.
Other models are considered as semi-empirical process-based models that also use EFs for
several agricultural components. For example, CAMEO and FANv2 applied EFs for
livestock housing and manure management, with corrections for environmental conditions.
Meanwhile, AMCLIM also considers the impacts of local management practices on NH3
emissions by including several housing systems and housing types, as well as the manure

management systems that vary across the globe.
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Table 6.2. Comparison of NH3; emissions (Tg N yr!) from global agriculture and
agricultural activities, and corresponding volatilization rates of total N inputs (%)
between AMCLIM and other inventories, models and studies.

Housing and
Model/ Global  Synthetic Manure . ¢ Livestock
Stud Year total fertilizer ~ PP lication Grazing - manure total
uey to land management
a 2005-20 34* (fertilizer and 10** (livestock housing,
CAMEO 15 44 manure application) yarding and storage)
DLEM® 2000s, 13.6
. 16.7
DLEM 2010 (16.3%)
FANv1¢ 2000 33 12
FANv2® %210-20 ?283 oy 1103%) 65(19%)  12(18%) 18 37 31%)
Beusen2008" 2000 32 11 21
Yang2023¢ 2010s 54.4 28.6 25.8
11.1%*
EgﬁAR 2011 442 31.8* (agricultural soils) 1.3 (manure
burning)
MASSAGE_
NH: 2008 34 9.4 24.6
NH;_stat 2012 5.9
AMCLIM 44.9 15.0 8.9 29.9
. . N . 0 .
(this study) 2010 223%)  (14.7%) 6.1 (35.9%) (19.9%) 14.8 (15.8%) (30.1%)

aBeaudor et al. (2023) ® Xu et al. (2019) ¢ Xu et al. (2018) ¢ Riddick et al. (2016) ¢ Vira et
al. (2020) f Beusen et al. (2008) & Yang et al. (2023) " EDGAR (2023)  Paulot et al. (2014)
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J Aneja et al. (2020) “NH3 emissions from agricultural soils ** NH3 emissions from livestock

manurc management.

The geographical distributions of NH3 emissions from each activity are shown in Figure
6.4, and the corresponding percentage volatilization rates are shown in Figure 6.5. Results
and discussion for synthetic fertilizer and grazing have been given in Chapter 3 and Chapter
5, respectively. For livestock housing and manure management of all livestock sectors, the
spatial distributions of NH3 emission are similar, with high emissions occurring from China,
India and Pakistan and hot spots in Brazil, US and Europe. The dominant source of NH3
emissions differs across the globe (Fig 6.4; also as shown in Fig F1 in Appendix F1). For
example, the Northern China Plain (NCP) has high NH;3 emissions from the use of synthetic
fertilizer but rather low grazing emissions, while Brazil shows the opposite, with low
emissions related to synthetic fertilizer use and high emissions from grazing. Grazing is
identified to be the most frequent dominant source for NH3 emissions (Fig Fla), which is
largely due to its wide spatial coverage while other activities concentrate in particular

regions. Further discussion is presented in Section 6.2.4.
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a) total NH3 in 2010 449Tg N b) synthetic fertilizer NH3 15.0Tg N

4.4x10-° 8.8x10-* 4.7x103 3.5x10-2 1.8x10-1 4.9x10* 1 3 10 25
NH3 (Gg N yr~1 grid~1)

Figure 6.4. Simulated annual global NH3; emissions (Gg N yr ! grid!) from (a) the
whole agricultural sector, (b) synthetic fertilizer use, (c) livestock housing, (d) manure
management, (¢) manure application to land and (f) grazing in 2010. The resolution
is 0.5° < 0.5 °.
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As shown in Figure 6.5a, estimated NH; volatilization rates differ across the globe. For
2010, up to 40 % of nitrogen are estimated to be lost due to NH;3 volatilization in regions
such as Australia, Pakistan, the Middle East and several countries in eastern Africa and the
Sahel region. High Py is not necessarily consistent with high emission regions (Fig 6.5a
and Fig 6.4a), but often occurs in hot regions. Manure application showed very high Py
values across the globe. This is partly because the pH of manure can be higher than soil pH
in regions with acidic soils, which facilitates NH3 volatilization. Meanwhile, nitrogen in
applied manure has decomposed to TAN after being stored for weeks to months and is
readily volatilized. In addition, manure is assumed in AMCLIM to be applied only at the
surface. Therefore, the volatilization of manure application is generally higher than that of
synthetic fertilizer application (some of which is incorporated or placed below the soil
surface). Particularly high volatilization rates for manure application can be found in dry
regions, e.g., the Middle East and Sahel region, which is consistent with that of synthetic
fertilizer. Grazing Pv displays similar geographical distributions to that of manure
application, but with lower volatilization rates (Fig 6.5f). Compared with manure
application and grazing, livestock housing and manure management exhibited lower
volatilization rates. High volatilization rates of housing and manure management mostly
occurred in tropical regions (Fig 6.5¢ and 6.5d). The spatial variation in the simulated Pv
is driven by the combined effects of both the environmental conditions and local
management practices. For example, land application in hot and dry regions tends to have
higher Py than cold and wet places. High volatilization rates of indoor practices (e.g.,
housing or manure storage) are frequently found in hot tropical regions, which reflects the

environmental dependences inherent in AMCLIM. Moreover, the volatilization rates for
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fully enclosed animal houses with heating and ventilation are normally higher than

naturally ventilated barns.

It is worth emphasizing that N species decompose to TAN at different rates, i.e., the
hydrolysis of urea to TAN is much faster than the decomposition of organic N. Therefore,
the majority of NH3 emissions related to livestock farming have been found to be originated
from urine, of which urea is the major composition (Sommer and Hutchings, 2001). By
comparison, NH3 emissions due to organic N break down can be lower as a result of slower
mineralization rates on a longer time scale. Figure F2 (see Appendix F2) shows a variation
of the volatilization rates (Pv(ran)) that is expresses as percentage of TAN (approximated
by urea or urinary N) that volatilizes as NH3. The regional patterns of Py(ran)are generally

the same as Pv, while the values of Py (tan)are higher than those of Py.
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Figure 6.5. Percentage of nitrogen that volatilizes (Pv) as NH3 in 2010 as estimated by
AMCLIM for (a) whole agricultural sector, (b) synthetic fertilizer use, (c) livestock
housing, (d) manure management, (¢) manure application to land (note the different
scale) and (f) grazing.
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6.2.3 Ammonia emission factors for livestock farming as estimated using

AMCLIM

As a process-based model, AMCLIM does not depend on fixed EFs, i.e., NH3 emission per
animal or per unit fertilizer input. This is one of the key advantages of AMCLIM compared
with many other inventory approaches (e.g., Yang et al., 2023). Nevertheless, for
comparison with other inventories, it is of interest to derive EFs, and show how these vary

spatially.

Livestock-specific EFs were derived from the normalised NH3; emissions simulated by
AMCLIM as shown in Figure 6.6. Ruminants EFs exhibit similar features in spatial
distributions, with regions such as Australia, US and Europe having high EFs, which is
mainly due to animals in these regions excrete more nitrogen (see Fig F3 in Appendix F3).
The regional patterns of EFs for pigs and chicken are different from ruminants. High EFs
for pigs are mostly found in India, southwestern Russia and Ukraine, while EFs for chicken
are high in Australia, Brazil, India and Southeast Asia. High EFs for pig and chicken not
only result from high nitrogen excretion rate, but also are affected by the environmental
conditions and management practices (Fig F3 in Appendix F3; Fig 4.4 — 4.6 and Fig 4.10
—4.12).

The global average EFs for major livestock estimated by AMCLIM have been compared
with values reported from literature, which has been presented in Chapter 4 and Chapter 5.
Estimated EFs derived from AMCLIM’s simulations are generally comparable to livestock
in Europe, but different values in China, India, US and other countries or regions (cf. Yang

et al., 2023). Moreover, it should be noted that livestock EFs can also vary across
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sub-national scale according to AMCLIM, which is not normally reflected from existing
EF studies. For example, cattle and chicken EFs differ across China, with high cattle EFs
in the NCP and high chicken EFs in the south and east regions in China reflecting climatic
and soil differences. Such sub-national variations in EFs can also be found in countries that
have different climates and soil types such as Argentina (Fig 6.6a, b, c, f), Australia (Fig
6.6¢), Brazil (Fig 6.6a), Canada (Fig 6.6a, b, ¢, d), Russia (Fig 6.6 a, c, d, e) and US (Fig
6.6¢, f). These indicate that current EFs might not be representative enough depending on
the purpose or interests. Using a single EF for a country may satisfy the requirement of
reporting national emissions, but EFs need further refinement and improvement for
investigating other scientific questions such as providing input to atmospheric chemistry
and air quality modelling, assessing the environmental impacts of NH3 emission and

proposing mitigating measures.
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a) dairy cattle 11.55 kg N head~! yr~!

EFs (kg N head™1 yr~1)

Figure 6.6. Estimated EFs (kg N head™! yr!) of (a) dairy cattle, (b) non-dairy cattle, (c)
sheep, (d) goat, (e) pigs and (f) chicken based on simulations for year 2010 using
AMCLIM.

6.2.4 Spatial distribution and temporal profile of NH3 emissions

As shown in Figure 6.7, over 80 % of global NH3 emissions in 2010 come from the northern
hemisphere (NH), with extremely high emissions occurring between 20 ~ 40 °N, where

several large emitter countries are located, such as China, India, Pakistan and US. In
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contrast, NH3 emissions are negligible beyond 40 °S or 60 °N (Fig 6.7). Emissions related
to synthetic fertilizer use are mainly from the NH compared with other agricultural
activities (Fig 6.7a). By comparison, NH3 emissions from grazing are found to be more
evenly distributed across each latitudinal band. For sectoral emissions, emissions from pig
and chicken farming are concentrated between 20 ~ 60 °N (Fig 6.7b), while the SH NH3

emissions are dominated by emissions resulted from cattle farming.
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Figure 6.7. Simulated latitudinal NH; emissions (Tg N yr!) from (a) agricultural
activities and (b) sectors in 2010 by AMCLIM. Emissions are aggregated every 2.5 °.
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Agricultural NH3 emissions exhibit important seasonal variation as shown in Figure 6.8. In
the NH, emissions in JJA are higher than other seasons, and the highest monthly emissions
from the NH are in July, exceeding 6 Tg N month™!. By comparison, emissions are generally
smaller in the SH. Highest emissions from the SH are from November to January, with the
highest emission of 0.7 Tg N month™! occurring in January, mainly from grazing, synthetic
fertilizer application and livestock housing. The seasonal variations in NH3 from both
hemispheres are largely due to the monthly variability in synthetic fertilizer use, which is
linked especially to the estimated timing of planting seasons, i.e., high emissions associated
with synthetic fertilizer use occurred from May to August in the NH and occurred from
November to February in the SH. It is also found that manure application resulted in higher
emissions in May to August in SH than other months, which can be explained by the
planting seasons used in AMCLIM (as shown in Fig B5 in Appendix BS8), i.e., the planting
season mostly begin in May to July in SH. The planting season suggests that most of the
manure was applied to land in SH autumn/winter, which might be an overestimation,
indicating the application date derived from the average crop calendar needs further
improvement. However, it is worth noting that the NH3 emissions from manure application
to land in the SH are relatively small compared to other sources in the SH, so this problem
only influences the temporal profile of the SH NH; emissions and have very limited impacts
on the global emissions. For other activities such as livestock housing, manure management
and grazing, the seasonal variation is less significant, especially in the SH. On the global
scale, emissions resulting from manure application to land show large monthly variation
but differ from the synthetic fertilizer emissions, with the highest emission occurring in
April and a second peak occurring in September (Fig 6.8b). Meanwhile, the NH3 emissions

from housing, manure management and grazing in JJA are generally higher than other

262



Chapter 6: Outlook: present and future agricultural ammonia emissions

months, which indicates that higher temperature in the NH results in more NH3 emissions

from these practices.
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Figure 6.8. (a) Monthly NH3; emissions from the northern hemisphere (NH) and the
southern hemisphere (SH). Columns with hatch represent emissions from SH. (b)
Global monthly NH3 emissions (Gg N month') from synthetic fertilizer use, livestock

housing, manure management, manure application and grazing in 2010, as simulated
by AMCLIM.
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6.3 Effects of environmental conditions on ammonia emissions

6.3.1 Investigation of influences of environmental factors on NH3

volatilization rates

Ammonia emissions are primarily associated with N source activities (i.e., more fertilizer
application and more intensive livestock farming tend to result in higher NH3 emissions),
while the volatilization rates are more often influenced by environmental conditions than
the amount of nitrogen input. Temperature, wind speed and water availability have been
found to have the most prominent impacts on the NH3 volatilization (Gyldenkarne, 2005b;
Misselbrook et al., 2005; Sommer et al., 2006; Sutton et al., 2013; Bittman et al., 2014).

Figure 6.9 shows the latitudinal mean of annual air temperature and wind speed for where
NH; emission occurs, along with the percentage volatilization rates. The highest
volatilization rates occur between 10 ~ 15 °N, corresponding to the latitudinal zone with
the highest temperature of around 25 °C and moderate wind speed of 2.5 to 3 m s!. The Py
in most of latitudinal zones is between 15 to 25 %, while zones with high NH3 emissions
(20 ~ 40 °N; as shown in Fig 6.7) show less variation in Py, ranging between 20 to 25 %.
The Py values are generally lower in the subpolar regions in the NH than the tropical and
temperate regions, and there is a sharp decline in the Pv beyond 55 °N, which can be
explained by the low temperature. The zonal mean Py is occasionally lower than its 25%
percentile value (solid black line vs. low end of shaded grey area in Fig 6.9b) because
regions with particularly large emissions have lower volatilization rates than most other

grids in the same latitudinal band, indicating that high volatilization rates frequently occur
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in places with low emissions in these latitudinal bands. This can also partly explain the
spikes in Py between 45 ~ 50 °S and 60 ~ 65 °N (Fig 6.9b), i.e., regions with large emissions

and high volatilization rates.

The zonal mean volatilization rates increase towards higher temperature (Fig 6.9c¢). It is
evident that the volatilization rates increase as a function of temperature in the low
temperature regime of which annual mean temperature was less than 0 °C (T-r1). In the
high temperature regime (T-r3), higher Py broadly corresponds to higher temperature, but
itcan vary from 18 % to over 25 % under similar temperature condition, e.g., around 25 °C.
By comparison, the relationship between temperature and Pv is much less obvious in the
intermediate temperature regime (T-r2). The volatilization rates are found to vary by up to

five times different under similar temperature conditions, e.g., around 10 °C.

The volatilization rates are found to be lower in high wind speed zones than low wind speed
zones as shown in Figure 6.9d. However, it does not necessarily mean higher wind speeds
result in low Py values. In the low wind regime (u-rl), the volatilization rates exhibit an
increasing trend as wind speed increases. In contrast, in other two regimes (u-r2 and u-r3),
Py is scattered instead of showing either positive or negative correlation with wind speed
(Fig 6.9d). The lower Py values for u-r3 may simply reflect high wind speeds in cold

locations (T-r3).

The T-rl regime indicates that temperature is often the limiting factor that affects the
volatilization rates under cold conditions, and a small increase in temperature potentially
leads to a relatively large increase in NH3 emissions in these regions (Fig 6.9¢). Figure 6.9a

shows that the zonal mean wind speeds increase northward beyond 60 °N, while the
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temperature decreases to negative values. The corresponding Py drops, which is positively
correlated to the temperature, demonstrating that temperature plays a more important role
in influencing NH3 volatilization than wind speed. Meanwhile, as temperature has a
dominant impact in cold environments where wind speeds are usually high (i.e., zonal mean
wind speeds are larger than 3.5 m s! when zonal mean temperature is lower than 0 °C), this
partly explains the scattered Py in the high wind regime u-r3. In hot regions represented by
T-r3, since temperature still positively affect the volatilization but is no longer a limiting
factor, the variability in wind speeds results in the varying volatilization rates. In regions
with zonal mean temperature higher than 15 °C, the zonal mean wind speed ranges from
less than 2 m s°! to around 3 m s! (Fig 6.9a), which illustrates that T-r3 corresponds to u-rl.
Therefore, higher Py under similar temperature conditions in T-r3 might be the result of
higher wind speeds. For T-r2 and u-r2, the large variations in the volatilization rates are
partly due to an integrated effect of both temperature and wind speed. It is worth noting
that regimes T-r2 and u-r2 align with regions where large NH3 emissions occur and
intensive agricultural activities take place (Fig 6.7 and 6.9a), so local management practices
can also lead to very different Py. The impacts of management practices are discussed in

later sections.
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Figure 6.9. Annual mean meteorological variables and NH3 volatilization rates. (a)
Zonal mean air temperature at 2 m and wind speed at 10 m at locations where NH3
emissions occurred in year 2010. Shaded areas represent the standard deviation. (b)
Zonal mean Py (%) simulated by AMCLIM. Shaded areas represent the 25t to 75
percentile values (25" and 75" percentile of grids with valid values). The simulated
zonal mean Py plotted against zonal mean air temperature at 2 m (c¢) and wind speed
at 10 m (d). There are three temperature regimes: T-r1 (< 0 °C), T-r2 (0~15 °C) and
T-r3 (> 15 °C), and three wind speed regimes: u-r1 (<3 m s'), u-r2 (3 ~4 ms') and
u-r3 (>4 msh).

The latitudinal mean volatilization rates of individual agricultural activities are shown in
Figure 6.10, and volatilization rates are plotted against zonal mean temperature. Manure
application generally show the highest Py (over 30 %) across the world, which is consistent
with the geographical distributions shown in Figure 6.5. Applications of synthetic fertilizer

show relatively high Pv of up to 30 % in 10 ~ 20 °N and 30 ~ 40 °S and very low Py near
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the equator and subpolar zones. Manure management and grazing exhibit similar features,
with Py peaking in 10 ~ 20 °N and decreasing towards polar regions. A notable spike in Pv
for grazing in the SH polar region, i.e., ca. 50 °S can be seen (Fig 6.10a). Grazing is the
dominant source of NH3 emissions for this latitudinal bands (see Fig F1 in Appendix F1),
and the high Py is also displayed in the whole agricultural sector, as shown in Figure 6.9b.
This is probably due to the high soil pH in Argentina (see Fig B4 in Appendix BS) The Pv
of livestock housing ranges from 10 to 25 % in most regions, with the highest values

reaching 35 % in southern hemispheric tropics between 5 ~ 10 °S.

The volatilization rates increase as temperature increases for all agricultural activities (Fig
6.10b-d). Specifically, a strong temperature effect on NH3 volatilization is found in manure
management and grazing, especially in cold environments (Fig 6.10b and 6.10d). For
housing, the overall volatilization rates are not as sensitive as those for manure management
and grazing, but higher temperature generally results in higher Py (Fig 6.10b). This is
largely because the Pv varies between different livestock sector and the overall Py of
housing is an averaged-out value of all livestock. Compared with other activities, the
temperature effect in land application is much less obvious, especially in intermediate and
high temperature regimes, which is due to the complicated interactions between more
processes and factors involved, such as soil moisture, substrate pH (i.e., manure or soil pH)

and fertilizer types.
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Figure 6.10. Zonal mean Pv (%) of five agricultural activities in 2010 simulated by
AMCLIM (a). Simulated Pv of housing (b) and manure management (c¢) plotted
against air temperature at 2 m, and simulated Pv of manure and synthetic fertilizer
application (d) and grazing (e) plotted against ground temperature.
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In addition to temperature and wind speed, water availability can also greatly impact NH3
volatilization. The effect of water availability is more important for land emissions such as
NH; from fertilizer and manure application. Figure 6.11 shows the latitudinal mean of
volumetric soil water content and subsurface percolation flux (where NH3 emissions occur),
along with the NH3 volatilization rates of synthetic fertilizer and manure application to land.
Low Py related to synthetic fertilizer use in the equatorial regions (5 °S ~ 5 °N) might be
explained by wet soils and large drainage and leaching. Between 5 ~ 10 °N, both the soil
moisture and the percolation flux drop dramatically, corresponding to the sharp increase in
Py of these two activities, which is difficult to explain by the changes in temperature or

wind speed.

From Figure 6.11 c-f, volatilization rates generally display a reverse correlation with soil
moisture, as well as the subsurface percolation flux, suggesting Pv decreases as soil
moisture and percolation flux increases. As discussed in previous chapters, in principle,
NH; emissions tend to be larger in dry soils than wet soils because of higher TAN
concentrations. Meanwhile, drainage/leaching is closely associated with the soil water
conditions, which can also influence the emission by transporting nitrogen to deeper soils
instead of being volatilized. However, the gaseous and aqueous diffusion that move TAN
in soils are influenced by soil moisture (and other variables and parameters such as soil pH
and adsorption), which result in a non-linear response of NH3 emissions to the soil moisture.
The emission does not always increase towards higher soil moisture but is also dependent
on soil pH (Vira et al., 2020, Fig 2; also see Fig F4 — F5 in Appendix F4). This suggests
that low soil moisture alone may not always result in high emissions. Therefore, lowering

the soil moisture affects the NH3 emissions in three possible aspects: 1) it increases aqueous

270



Chapter 6: Outlook: present and future agricultural ammonia emissions

TAN concentrations, which has a positive impact (+), i.e., emission increases; 2) it either
accelerates or slows down diffusion depending on soil pH and temperature, which can be a
positive (+) or a negative impact (—); and 3) it potentially decreases the subsurface
percolation fluxes so drainage and leaching becomes less significant, which results in

higher volatilization rates and has a positive impact (+).
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Figure 6.11. Annual mean environmental variables and NH3 volatilization rates. (a)
Zonal mean soil moisture (0-7 cm) and subsurface percolation flux where NH3
emissions occurred in year 2010. Shaded areas represent the standard deviation. (b)
Zonal mean PV (%) of land application of synthetic fertilizer and manure in 2010
simulated by AMCLIM. Simulated PV of synthetic fertilizer (c) and manure
application (d) plotted against soil moisture, and PV of synthetic fertilizer (e) and
manure application (f) plotted against subsurface percolation flux.

The water availability effect is also reflected by the interannual variability in the NHs
volatilization of three outdoor activities. As presented in previous chapters and summarised
in Table 6.3, the Py of synthetic fertilizer use, manure application and grazing are lower in
2018 than year 2010, but temperatures in 2018 were generally 0.1 to 0.2 °C higher than
2010, indicating that there are other processes affecting the volatilization. The soil water
contents were slightly higher in 2018 than that in 2010, while the subsurface percolation
fluxes were much larger in 2018 than 2010 by 40 to 50 % (Table 6.3). It is notable that
there are more estimated N leaching and diffusion to deep soils in 2018 compared to 2010
(see Section 3.3.2, Figure 3.12). Overall, year 2018 was a “hotter” but “wetter” year
compared to 2010, and the effect of water availability outweighed the temperature effect in
2018, which resulted in larger leaching and diffusive fluxes but smaller NH3 volatilization

fluxes from outdoor activities.

It is worth mentioning that precipitation is also an important indicator for the water
availability, which influences runoff and soil water, but is not investigated in the analysis.
This is because AMCLIM does not explicitly take precipitation into account for
determining water availability when simulating emissions from synthetic fertilizer and

manure application to land. Instead, reanalysis data of soil moisture and runoff are used as
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input variables which implicitly included the impacts of precipitation (as described in

Section 3.2.1.3).
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Table 6.3. Annual mean volatilization rates of land application of synthetic fertilizer
and manure and grazing in years 2010 and 2018. Annual mean temperature, soil
water content and subsurface percolation flux for locations where NHi; emissions
occur and where these three activities took place in 2010 and 2018.

Year
Activity
2010 2018

Synthetic fertilizer 14.6 13.9
Py (%) Manure app 359 322

Grazing 19.9 17.0
Meteorological and environmental variable

Synthetic fertilizer 15.8 159
T (°C) Manure app 12.2 12.4

Grazing 10.9 11.0

Synthetic fertilizer 0.26 0.28
Soil water (m?® m™) Manure app 0.25 0.26

Grazing 0.23 0.26

Synthetic fertilizer 2.3 33
EﬁiSElji%C? ;Zrlcg_lfa)ﬁon Manure app 2.0 2.8

Grazing 1.8 2.7
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Further investigations for influences of environmental factors on NHj3 volatilization rates
were carried out for livestock housing, manure management and land application of
synthetic fertilizer and manure. For livestock housing, industrial pig, backyard chicken and
beef cattle that are kept in different types of houses and different housing systems were
selected for analysis. For land application, analysis for synthetic fertilizer use mainly
focused on maize and wheat, which are the major crops that have the largest coverage
across the globe, while both manure management and manure application to land were

investigated as whole sectors.

Each panel of Figure 6.12 shows heat maps (number density of grid points) of annual mean
Py against annual mean air temperature, wind speed and RH, using values from each model
grid point for a different agricultural system. Among the three investigated factors,
temperature has the most profound impacts on the volatilization rates, with a strong impact
on the industrial pig housing (Fig 6.12a). The volatilization rates of backyard chicken
housing and manure management also show positive correlation with temperature (i.e., the
volatilization rates with high number density increase as a function of temperature), while
exhibiting some variation as shown in Figure 6.12b and 6.12d. By comparison, the Py of
beef cattle housing shows large variations and is less well correlated with temperature,
reflecting a role of other factors. It is obvious that there are two “hot zones” with high
number density of Py points for beef cattle housing when temperature is over 20 °C (Fig
6.12c), indicating that temperature is not the sole limiting factor that influences the NH3

volatilization.

The features in the temperature-Pv plots may be explained as follows. Houses for industrial

pigs are typically fully enclosed with self-regulating heating and ventilation systems, which
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why the Pv is between 10 to 20 % even when temperature is below 0 °C. The indoor
conditions such as temperature and ventilation rates are dependent on the outdoor
temperature, so temperature becomes the most important factor impacting the volatilization.
Backyard chicken and beef cattle are kept in partially enclosed, naturally ventilated houses,
so the Py can be affected by wind speeds. The Py of backyard chicken and beef cattle
housing is between 0 to 10 % under negative temperature conditions, which is lower than
that of industrial pig housing. Meanwhile, grazing may result in different volatilization
from housing as some beef cattle are allowed to graze on pastures rather than staying in
houses if weather conditions are ideal, which partly explains the two “high density zones”
in Figure 6.12c. For manure management, the storage condition is closer to the ambient
environment than housing, and Py generally increases as temperature goes up. However,
there is also management other than storage, such as lagoon or manure that is simply left
on land without further treatment. As a result, the Pv of manure management has a scattered

relationship with temperature (e.g., compared with industrial pigs housing).

Compared with temperature, wind speed and RH have less consistent impacts on the
volatilization rates of housing and manure management. This is largely due to the fact that
industrial pig houses have their own ventilation that is independent from the outdoor wind
speed. Other types of animal houses can also have facilities that mechanically block strong
wind. The RH effect is also not obvious, suggesting it plays a less important role than
temperature in affecting the volatilization. RH is expected to have a critical impact on
chicken housing, but little evidence was found from this analysis in Figure 6.12. Further

investigation is presented in Section 6.3.2.
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Figure 6.12. Simulated Py plotted against annual mean air temperature at 2 m, wind
speed at 10 m and RH for (a) industrial pig housing, (b) backyard chicken housing,

278



Chapter 6: Outlook: present and future agricultural ammonia emissions

(c) beef cattle housing and (d) manure management in 2010. Each point is the result
of a grid taken from the global simulations. Contour colours represent the number
density of points.

Compared with NH3 emissions from housing, NH; related to synthetic fertilizer use and
manure application can be influenced by more environmental variables, such as soil
moisture and soil pH. Consequently, the volatilization rates are less clearly related to a
single factor. For instance, Py of land applications is less as temperature-dependent than
livestock housing and manure management (cf. Fig 6.13 vs. Fig 6.12). Moreover, as more
processes were included in the land simulations, increasing temperature also accelerates
the rates of other processes, e.g., nitrification and downward diffusion, which are
competing pathways that act to reduce NH;3 volatilization. Figure 6.13 shows that Py does
not correlate well with the investigated variables, and the negative correlation between soil
moisture and Pv found in the previous analysis (Fig 6.10) does not explicitly show here.
Maize and wheat show consistent features, while manure application exhibits a different
pattern due to its characteristics (e.g., moisture and substrate pH). Slurry application to land
is common in many places, so the impact of soil moisture might not be critical when
investigating at smaller scales, e.g., each grid point (Fig 6.13c), because there is lots of
water from slurry. In addition, manure pH is often higher than soil pH so that the
volatilization rates are less influenced by soil pH. The complex interactions between
processes make it difficult to isolate a specific variable that affects the NH; volatilization

from land applications.
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Figure 6.13. Simulated Py plotted against ground temperature, wind speed at 10m,
volumetric soil water content and soil pH for (a) application of ammonium fertilizer
for maize, (b) application of ammonium fertilizer for wheat and (c) manure
application in 2010.

6.3.2 Sensitivity analysis to environmental factors

Sensitivity tests were conducted using AMCLIM to further investigate the impacts of

environmental factors on NHj3 volatilization at both site scale and global scale.
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6.3.2.1 Housing emissions

For three animal housing sites (as introduced in Section 4.3.1 for pigs and layer chicken,
and Section 5.3.1 for dairy cattle), AMCLIM-Housing simulated NH3 emissions by varying
a single variable with two sets of values: 10 % of the difference between the maximum and
the minimum and 1x standard deviation (standard deviation of all values across the
simulated period) of the tested variable, while keeping other variables unchanged over the
simulation period. Table 6.4 presents the percentage changes in NH3 emission from the
sensitivity tests compared with the results from the base run. Emissions are found to be the
most sensitive to the changes in indoor temperature and less sensitive to ventilation, while

varying RH only has very small effects on the emission.

In addition to the sensitivity tests, AMCLIM-Housing was used to conduct two sets of
experimental tests to simulate NH3 emissions using constant temperature or constant RH
for the three sites. The differences in NH3; emissions between the experiments and the base
run are shown as percentage change in Figure 6.14. When simulating with the mean
temperature, the emissions from IN3B and NC2B are almost the same as the base run, while
emission from IN5B decreased by 18 % (Fig 6.14a). Houses of pigs and layer chicken have
heating systems, and the temperature inside is generally higher than the dairy house,
especially during winter. The indoor temperature of the dairy house has larger variability
as shown in Table 6.4. Therefore, when using the mean temperature that is lower than that
of hot days for simulations, less NH3 is resulted from a more moderate conditions (i.e., no
significant NH3 volatilization occurs under hot conditions), so the overall emissions are
lower from the dairy house than the base run. It is also found that perturbing temperature

conditions has greater impacts on dairy (and layer chicken housing) than pig housing,
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which is due to the same reason. Meanwhile, the rate of urea hydrolysis is typically faster
than uric acid hydrolysis, which can explain the more significant impacts of temperature

on layer chicken housing than pig housing.

Contrary to the consistent effects of perturbing temperature conditions on the emissions
(i.e., higher temperature resulted in more emissions for all livestock), the RH effects differ
across the three sites. For pig and dairy cattle, higher emissions result from lower RH,
because the TAN concentration increases when the water pool is depleted due to higher
water evaporation. However, the RH effect is much less prominent for pig housing as the
water pool of the pit is rather stable compared with dairy housing, which does not have the
pit. By comparison, decreasing RH of the layer housing led to lower emissions (Fig 6.14b).
This is because the hydrolysis of uric acid is also RH dependent, and hydrolysis rate can be

very slow under a relatively low RH condition.
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Table 6.4. Results of sensitivity tests to perturbed indoor environmental variables for
livestock housing of three sites, including IN3B for pigs, INSB for dairy cattle and
NC2B for layer chicken. Indoor temperature (7i,), airflow rate (Qin) and relative
humidity (RHin) were changed by +1xdiff (i.e., (max-min)/10) and £1xSD (standard
deviation). The changes in NH3 emissions due to perturbed variables are presented as

percentage change compared with the base run.

Value tested

ANH3 emission (%)

Site Variable 1xdiff 1xSD  +diff  -diff = +SD -SD
IN3B (pigs)
Tn(°C)  2.50 4.20 +10.85 1170 +17.99  —20.47
SQl) (m* 450 1150  +2.57  -3.76  +570  -8.99
RHn(%)  4.00 6.90 031 4024  —0.67  +0.40
INSB (dairy)
Tu(°C)  3.60 8.30 +31.67 2447  +81.84 4791
SQl) (M* o180 5530 4285 284 4724 719
RHin (%)  3.60 7.30 085  +0.87  -1.70  +1.77
NC2B (layer)
Tn(°C)  1.80 3.00 +15.72  —16.14 42527 2628
SQl) (M 5570 9780 4125 346 1246 —6.67
RHn(%) 420 8.10 048  +0.19  -131  +0.13
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Figure 6.14. Summary of changes in NH3 emissions based on experiments that use
constant (a) temperature and (b) RH for livestock housing simulations for three sites.
Five rounds of experiments using fixed indoor temperature throughout the
simulations include: 10 °C lower or higher than mean temperature, S °C lower or
higher than mean temperature, and mean temperature. Four rounds of experiments
using fixed RH throughout the simulations include: 40 % (absolute value) lower than
mean RH, 20 % (absolute value) lower or higher than mean RH, and mean RH.

6.3.2.2 Fertilizer emissions

The sensitivity of NH; emissions to environmental variables for fertilizer was tested using
the GRAMINAE site conditions. Here, simulated NH3 emissions are found to be the most
sensitive to soil pH and temperature (Table 6.5). Emissions change by around 40 % and 80
to 90 % when soil pH varies by 0.5 unit and 1.0 unit, respectively, which is the largest
change. A 2.8 °C and 5.5 °C increase in ground temperature result in 15 % and 31 % of
higher simulated emissions, while decreasing the ground temperature by the same degrees

causes emissions to decrease by 15 % and 28 %. Changes in simulated NH3 emissions are
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found to be positively correlated with wind speed, which is the same as soil pH and ground
temperature, but the effects are smaller. The sensitivity of temperature and soil pH is

broadly linear, while the wind sensitivity exhibits non-linearity.

Increasing soil moisture alone results in higher simulated emissions at the GRAMINAE
site, according to the sensitivity test. This does not necessarily contradict the results from
large scale analysis, because the impact of soil moisture on drainage was ignored, i.e.,
subsurface percolation fluxes were kept unchanged. A similar phenomenon is reported by
Vira et al. (2020) at a soil pH of 7. When the soil pH is modified to 8.5, an opposite trend
is found as emissions decrease at higher soil moistures (Table 6.5). The results of tests with
a broader range of perturbed soil pH and moisture are presented in Figure F5 in Appendix
F4, illustrating the complex interaction between these two variables. By comparison, it is
evident that emissions are lower due to larger subsurface percolation fluxes. The relatively
small change in emissions is mainly due to a small perturbation (2 % and 7 %) of the fluxes.
Precipitation has the same effect on the NH3 emissions as the percolation flux. Emissions
are not very sensitive to the increasing rainfall, but reduction in rainfall tends to have bigger

impacts on the emissions.
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Table 6.5. Results of sensitivity tests to perturbed environmental variables for

GRAMINAE site simulation. Ground temperature, wind speed, soil water content

and precipitation were changed by +1x diff (i.e., (max-min)/10) and £1x SD (standard
deviation). Soil pH were changed by £0.5 and £1 unit. The changes in NH3 emissions
due to perturbed variables are presented as percentage change compared with the
base run. Note that the wind speed, soil moisture and precipitation cannot be negative

in tests of —diff and —SD. Changes in precipitation only occur when there was

precipitation originally. *Excluding changes in subsurface percolation flux, soil pH is

6.3, the same as the base run. PExcluding changes in subsurface percolation flux, but

soil pH was modified to 8.5.

Value tested % ANH;3 emission

Variable 1x diff 1xSD +diff —diff +SD -SD

Tena (°C) 2.8 5.5 +15.01 —-14.51 +30.53 —28.30
u (msh) 0.56 1.36 +4.20 —8.66 +5.15 —27.94
0 (m3 m3)? 3.1x10°%  8.2x10°7 +4.27 —4.37 +11.09 —-11.68
0 (m* m3)° 3.1x10°  8.2x107 —0.97 +0.99 —2.36 +2.61
gp (mm d1) 1.5x102  4.9x1072 -1.79 +1.83 —5.68 +6.14
Frain (mm hr') 1.1 1.9 -1.56 +5.51 —-1.58 +6.31
Variable Value tested +0.5 -05 +1.0 -1.0

soil pH +38.27 —41.96 +87.28 —-81.31
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6.3.2.3 Global sensitivity tests

Two global sensitivity tests were carried out using AMCLIM. Temperatures were
increased/decreased everywhere by 2 °C, while other conditions were kept the same as the
base simulation. As presented in Table 6.6, a 2 °C rise in temperature results in global
agricultural NH3 increasing by 6.9 %, while emissions decline by 6.7 % when temperature
decreases 2 °C. The largest percentage change in emissions is from livestock housing
(+10.3 % and —9.4 %). Global NH3 emissions from each activity increase in the +2 °C test
and decrease in the —2 °C test. The relative Pv changes are the same as the changes in
emissions for synthetic fertilizer application, livestock housing and grazing because these
are independent activities, compared with manure management and application of which
available nitrogen is dependent on the loss from previous stages. As higher NH3; emissions
are originated from housing and manure management, less nitrogen in livestock excreta is
available for NH3 volatilization for the subsequent application stage. As result, NH3
emissions from manure application only increase by 1.6 %, when temperature increases by

2°C.
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Table 6.6. Results of sensitivity tests of perturbed temperature for global simulations.
Percentage changes in global NH; emissions and Pv due to perturbed variables are
presented by agricultural activities. Note that the unit of Py is also in percentage, while
the reported values are relative changes expressed in percentage.

ANH3 emission (%) APv (%)
Activity +2 °C -2°C +2 °C -2°C
Synthetic fertilizer +7.4 —6.4 +7.4 —6.4
Livestock housing +10.3 94 +10.3 9.4
X:E;;mem +8.5 83 +10.4 103
Manure application +1.6 -3.0 +6.1 5.8
Grazing +5.3 54 +5.3 -5.4
Total +6.9 —6.7 +6.3 —7.1

The temperature sensitivity of volatilization, kpy) (% K1), was derived from a linear
approximation based on the global sensitivity tests. The overall temperature sensitivity of
Py for the whole agricultural sector is 3.4 % K'!, indicating a 3.4 % relative increase in NH3
volatilization for each 1 K increase in mean temperature (equivalent to 3.4 % of increase
in NH3 emissions for each 1 °C increase in mean temperature; a direct comparison between
NH; emissions under 2 °C warming and the base NH3 emissions expressed as a ratio is
shown in Figure F6 and F7 in Appendix F5), compared to the base simulations for the year

2010. As shown in Figure 6.15a, high kpy(1) is found not only in cold temperate regions in
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the NH such as Canada, Russia and northern Europe, but also in hot and humid regions like
southern China, central Africa, northern South America and Southeast Asia. The grazing
kpv(t)shows a spatial distribution similar to that of the whole agricultural sector (Fig 6.15f),
as well as manure application (Fig 6.15e). The temperature sensitivities for synthetic
fertilizer application (Fig 6.15b) and manure management (Fig 6.13d) show large but
different regional patterns. High values of kpyt) for synthetic fertilizer are generally
consistent with the agricultural sector, with much higher values being over 10 %. For
manure management which has the highest overall temperature sensitivity (5.2 % K1)
among all activities, high kpy(t) mainly occurs in cold places, but Iran, Mexico and Oceania
also have high values. By comparison, the temperature sensitivities for livestock housing
show smaller spatial variations, with higher kpy(t) in tropical and temperate regions than in
cold regions (Fig 6.15c). The effect of warming is estimated to be less significant compared
to Sutton et al. (2013). Specifically, the temperature sensitivity is found to be extremely
low for manure application to land and grazing in Australia, the Middle East and Sahel
regions, which is largely because a big fraction of N (see Fig 6.5¢f) and particularly TAN
(see Fig F2 cd) has already lost as NH3. Hence it is difficult for regions with high Py (and
Pv(ran)) to further increase the volatilization rates due to hotter temperature. Similarly, high
temperature sensitivities for synthetic fertilizer use occur in places that show low Py values

(see Fig 6.5b and Fig 6.15a).
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Figure 6.15. Simulated temperature sensitivity of the NH3 volatilization rates (kpv(t), %
K1) for (a) whole agricultural sector, (b) synthetic fertilizer use, (¢) livestock housing,
(d) manure management, (¢) manure application and (f) grazing derived from the
global sensitivity tests in 2010.

The AMCLIM simulations estimate that the largest absolute increases in agricultural NH3
emissions due to 2 °C warming occur between 20 N ~ 40 °N, with the majority of increased

emissions in the NH, as shown in Figure 6.16a. The highest relative increase in NH3 (and
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also the Pv) is found in polar regions beyond 60 °N where very little emissions occurred,

while the changes for other regions range between 5 to 9 %.

The zonal mean temperature sensitivities for individual activities are shown in Figure 6.16b.
The kpyr) of manure management, manure application and grazing showed higher
temperature sensitivities in the polar regions than the temperate and tropical regions. It
indicates that the temperature sensitivities of these activities tend to be higher in colder
areas, which is also demonstrated by Figure F8 (see Appendix F6). By comparison, the
latitudinal kpy(t) of synthetic fertilizer application is higher, not only in polar regions, but
also in equatorial regions than regions between 20 ~ 40 °S and 20 ~ 60 °N, with a
remarkable peak between 5 ~ 10 °N. These zones with high temperature sensitivity
generally have low Py in the base simulation. The kpy(T) of synthetic fertilizer use shows a
reverse correlation with the base Py (Fig F8 in Appendix F6), indicating that substantial
increase in NH3 volatilization due to temperature increase might occur in places with low
original volatilization rates. The housing kpy(r) typically ranges between 4 to 6 % K! in most
latitudinal bands, but is lower (2 to 4 % K'!) in polar regions, which is also reflected in
Figure 6.15c. This is largely because the indoor temperature of animal houses for livestock
like pigs and poultry are regulated especially in cold regions (e.g., western Russia), so the
changes in ambient temperature in cold places do not lead to a change in indoor temperature

so do not have significant impacts on the NH3 volatilization from housing.

291



Chapter 6: Outlook: present and future agricultural ammonia emissions

F 60
12{3)
50
—~ T
X ] >
<10 Lao 2
g5 8
X3 8 30 §
%5
£
T t20 @
= m
61 T
< =2
ANH; % 10 <
T APV % (+2 °C)
4 ANH3 (+2 °C)
T T T T T T 0
40S 20S EQ 20N 40N 60N
18
b) synth fert
16 housing
MMS
14+ manure app
—— grazing
—~ 12
I
X 10
L
£ 8
&
< el
44
2 4
0 T T T T T T
40S 20S EQ 20N 40N 60N

Figure 6.16. Zonal percentage change in Pv (%) and agricultural NH3 emissions when
temperature increases by 2 °C based on global sensitivity tests for 2010 using
AMCLIM (a). Zonal mean kpy(t) for the agricultural activities (b).
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6.4 Impacts of management practices on ammonia emissions and

potential mitigation measures

6.4.1 Investigation of influences of management practices on NH3

volatilization rates

Agricultural NH3 emissions are determined by agricultural activities and influenced by
environmental conditions (Gyldenkarne, 2005b; Sommer et al., 2006; Vira et al., 2020a).
The impacts of environmental factors on NH3 volatilization have been discussed in the
previous section. This section mainly investigates how local management practices affect

NHs.

AMCLIM was used to perform two sets of model experiments for both indoor simulations
and land simulations with modified management practice. In each set of experiments, a
single model parameter that represents a management practice was selected and perturbed
in a certain range. In experiments for livestock housing, a 10 % change in nitrogen excretion
rate (under the assumption that reducing nitrogen excretion does not change the behaviour,
e.g., urination and defecation, and biomaterial characteristics of livestock) resulted in the
same change of 10 % in NH; emissions for all livestock (Fig 6.17a). Varying the indoor
temperature by 2 °C results in large change in emissions especially for dairy cattle and layer
chicken, which has also been tested in the previous section. For pigs and dairy cattle,
decreasing emitting surface area of the excreta by 20 % leads to around 20 % of reduction
in emissions, and an expansion in the emitting surface results in the NH; increasing linearly.

While layer housing is slightly less responsive to the 20 % varying emitting surface, with
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emissions changing by —14 % and 13 %, respectively (Fig 6.17a). The differences are
mostly due to the different characteristics of chicken as chicken excreta is much drier than

other livestock, which poses additional surface resistance for NH3 volatilization.

From the experiments for land application of fertilizer (the GRAMINAE site), the changes
of NH; emissions resulting from different nitrogen application rates and application
techniques were estimated. Modifying the nitrogen application rate by 10 % and 20 %
causes NH3 emissions to vary by 12 % and 25 % accordingly. Unlike livestock housing,
decreasing the nitrogen source (i.e., nitrogen fertilizer) does not result in the same amount
of reduction in emission for land application for a relatively short time period of 11 days.
Meanwhile, incorporation and deep placement of fertilizer resulted in massive NH3

emissions reduction by 85 % and 100 %, respectively.
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Figure 6.17. Changes in NH3; emissions based on experiments with varying
management practices for (a) livestock housing and (b) fertilizer application
(GRAMINAE). For livestock housing (a), livestock nitrogen excretion rate (/Vex) was
varied by 10 %. Indoor temperature was varied by 2 °C, and the area of emitting
surface (excreta surface) were varied by 20 %. For experiments of fertilizer
application (b), nitrogen application rates (/Vapp) were varied by 10 % and 20 %.
Application techniques including incorporation and deep placement were simulated.

6.4.2 Measures for mitigating NH3 emissions

Since NH3 emission is a major unintentional loss of nitrogen input from various agricultural
practices, which impacts the environment, reducing NH3z emissions not only can improve
the nitrogen cycling efficiency within the agricultural system but also have great
environmental benefits. As discussed, management is a critical factor that determines the
agricultural NH3, which implies that improvement in local management practices can be
helpful for NH3; emission abatement. This section focuses on presenting and discussing the

effects of mitigation measures.
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Based on the simulations using AMCLIM, a primary reduction of NH3 emissions is found
to be related to lower amount of nitrogen in sources as shown in Table 6.7. Decreasing the
N application rate by 20 % (measure A1) leads to 20 % less NH3 emissions from synthetic
fertilizer use. Note this impact is slightly different from the site analysis for GRAMINAE
(Fig 6.17) because global simulations had longer period (i.e., whole planting seasons) than
site simulations (11 days for GRAMINAE). Similarly, emissions from livestock housing
and grazing also decrease by 10 % if nitrogen excretion rates of livestock were 10 % lower
(measure B1), which can be achieved by improving the diets and feeds of the livestock.
Another effective measure is improving the application techniques. If the fraction of using
incorporation techniques rise 0.2 in each country (measure A2; compared to the base
scenario used in AMCLIM, see Appendix B3), it is estimated that NH3 emissions resulting
from application of synthetic and manure fertilizers decline by 24 %, while NH3 emissions
decline by 34 % if the fraction of using deep placement techniques rise 0.1 globally. More
specifically, incorporation of fertilizers can reduce more than 50 % emissions, and fertilizer
deep placement may potentially cut down all the NH3 volatilized to the atmosphere (over
97 %). Meanwhile, AMCLIM also suggests that roughly 20 to 30 % of less nitrogen
fertilizer is required globally to achieve the equivalent nitrogen uptake by crops if

incorporation and deep placement are used.

For livestock housing, decreasing the surface area fouled by manure is helpful for emissions
reduction (measure B2), which is also proved from the site analysis (Fig 6.17).
Improvements in manure management, including covering the stored manure (measure C1)
and storing manure rather than leaving it uncovered on land (measure C2) are very effective

measures that can reduce about 30 to 40 % of NH3 emissions. Meanwhile, if ruminant
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manure (mainly dung) can be collected timely from the pasture (measure D1), there will be

roughly a quarter less NHj3 resulting from grazing.

AMCLIM estimates that 16.6 Tg N yr'! or 37 % of current total agricultural NH3 emissions
(for the reference year 2010) can be avoided globally by applying all mitigation measures
A1-DI as listed in Table 6.7. About 1/3 of the NH3 reduction is due to improvements in
synthetic fertilizer use, which is equivalent to 40 % of less emissions from this single
activity. For livestock farming, grazing emissions decreased by about 40 %. Emissions
from manure management and application are dependent on previous stages, i.e., housing
and storage, and 35 % of emissions from these three activities can be mitigated when
applying measures A2 and Bl — C2. Manure management has the largest mitigation
potential. A substantial decline of nearly 70 % in manure management NH3 emissions can
be achieved if manure can be stored in a better way, e.g., apply coverings. Details of the
calculations and methods are presented in Appendix F7. A critical point is that sometimes
it is necessary for mitigation measures to target on multiple activities at the same time,
otherwise the effectiveness may be compromised. For example, higher NH3 emissions can
be resulted from the manure management and land application when only focusing on the

reduction of housing emissions.
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Table 6.7. Reductions (Ra1 to Rpi) in global NH; emissions as a result of each
mitigation measure (A1l — D1) for agricultural activities. Changes are expressed as
percentage difference compared with the original base simulations of the
corresponding activities (not the total emission). * Overall changes in NH3 by assuming
the fraction of using incorporation and deep placement techniques in each country
increased 20 % and 10 % compared to the original value, respectively. * Changes in
NH; when all synthetic fertilizer is applied by incorporation or deep placement. ¢
Changes in NH3 relative to total NH3z emissions from the whole manure management
systems. ¢ Changes in NH; relative to component NH3 emissions from a specific
manure management system. * Faeces/manure collected within a day after being

excreted on pastures.

Activity Measure ANH3 emission %
Al:-20 % N application rate Ra1: 20 %

Synthetic fertilizer

use . : Ra2 (syn fert)- —24 %* (—
A2: incorporation, deep placement 50 %, -97 %)
B1: -10 % N excretion rate Rp1: —10 %

Livestock housing
B2: -20 % manure surface area Rp2: —16 %
C1: covering manure Rci: 29 %° (95 %)¢

Manure management

C2:

storing manure left on land

Reo: —41 %° (-60 %)¢

Manure application ~ A2:

incorporation, injection

Raz (manure)- —34 %* (—57 %,
98 %)P

Bl
Grazing

D1:

: —10 % N excretion rate

collecting faeces/manure*

Rp1: —10 %

RD1: —24 %
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In addition to the above measures, there are several other effective techniques for NH3
mitigation that are reported by literature and recommended by the UNECE Ammonia
Guidance Document (Bittman et al., 2014). For example, adding bedding, separating urine
and faeces, cleaning the floor more frequently, acidifying manure and drying manure can
reduce housing NH3 emissions (Misselbrook and Powell, 2005; Bittman et al., 2014).
Decreasing the velocity and temperature of the air is also reported as a potential mitigation
method, which is also demonstrated by the sensitivity tests by AMCLIM. However, it
remains uncertain how livestock performance is influenced, and also it is not easy to adjust
the temperature for naturally ventilated barns. For land application, lowering the DM
content of slurry is found to result in less NH3 due to faster infiltration (Misselbrook et al.,
2005; Bittman et al., 2014), and proper irrigation (with at least 5 mm of water) is also
beneficial. Using urease inhibitors and polymer coated urea granules are good options for
reducing NH3 from urea application because the hydrolysis process is slowed down

(Bittman et al., 2014).

6.5 Global agricultural ammonia emissions in the 21% century

6.5.1 Ammonia emissions from 2000 to 2018

Global agricultural NH3 emissions in the reference year 2010 estimated by AMCLIM have
been discussed in detail in Section 6.2, along with emissions from a more recent year in

2018 having been presented in Chapters 3 to 5. In addition, three full AMCLIM simulations
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for the years 2000, 2005 and 2015 were made, as shown in Figure 6.18a. This shows that
estimated global NH3 emissions have increased from 39.8 Tg N yr'! to 47.8 Tg N yr'! over
the period 2000 to 2015 and decreased to 45.2 Tg N yr'!in 2018. From 2000 to 2015, China
and India have experienced a substantial increase in NH3 emissions with annual increase
rates of 0.11 Tg N yr'! and 0.09 Tg N yr!, respectively, due to more synthetic fertilizer use
and the larger scale of livestock agriculture (Fig 6.18a). By comparison, NH3 from Brazil,
US and Africa have a lower rate of increase, varying between 0.02 to 0.07 Tg N yr'.
Estimated emissions from Europe have declined from 5.7 Tg N yr! in 2000 to 2010 by
about 4 % and then increased to 6.0 Tg N yr! in 2015.

In 2018, global NH3 emissions, as well as emissions from the major regions mentioned
above were lower than 2015, but larger than 2010 (Fig 6.18a). However, the NH3
volatilization rates in 2018 expressed as Py are lower than previous years as shown in
Figure 6.18b. In particular, Py of manure application and grazing in 2018 drop by 10 %
relative to 2010 and 2015, which results in an overall lower volatilization rate. For other
years, the Py of the whole agriculture sector is around 22 %, with relatively small
inter-annual variability. As Py of housing and manure management exhibits a slightly
increasing trend from 2010 to 2018, the lower Py in 2018 than other years is largely due to
less intensive volatilization of outdoor simulations including synthetic fertilizer use,
manure application to land and grazing. The lower Py of these outdoor activities are largely
associated with wetter soil conditions and larger drainage/leaching as discussed previously
(see Section 6.3.1), resulting in more nitrogen being transported to deeper soils instead of
volatilizing from the surface. Moreover, the simulated atmospheric resistances in 2018 are

found to be generally larger than earlier years, which can be due to lower wind speeds or
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different atmospheric conditions, e.g., stability etc. Nonetheless, it should be noted that the
overall yearly variability is driven by complex integrated effects from multiple factors, and

it is difficult to isolate completely the impact from a single variable or process.
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Figure 6.18. Global agricultural NHs; emissions and volatilization rates of year 2000
to 2018. (a) Global NH3 from agricultural activities and regional NH3 emissions from
major countries and regions with high emissions. (b) Volatilization rates of
agricultural activities.

6.5.2 Projections of future NH3 emissions to the end of 21% century

Future NH3 emissions are expected to keep increasing due to more intensive agricultural
activities and the changing climate. With more livestock and synthetic fertilizer use, the
amount of N introduced to the Earth System goes up. More nitrogen inputs to the

environment in a warming planet tend to result in higher NH3 emissions in the future.
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AMCLIM was used to simulate future agricultural NH3 emissions to the end of 21 century
(including 2100) based on N scenarios developed from expert judgement under three
Shared Socioeconomic Pathways (SSPs) (Van Vuuren et al., 2017). These three simple N
scenarios are summarised in Table 6.8. As discussed, NH3 originates from two types of
nitrogen in the agricultural systems: nitrogen from synthetic fertilizer and nitrogen from
livestock excreta. AMCLIM assumed that synthetic fertilizer is likely to increase by 0.5 %,
1.0 % and 2.0 % per year under SSP126, SSP245 and SSP370, respectively. These values
are derived from x0.25, 0.5 and x1 of the mean annual increase rate for the period from
2005 to 2015 relative to the value in the reference year 2010. Similarly, livestock numbers
increase by 1.4 %, 2.8 % and 5.6 % per 10 years under the three SSPs, respectively, based
on the same assumptions. As presented in Table 6.8, projected nitrogen varies enormously
between different SSPs. For example, synthetic fertilizer nitrogen under SSP370 in 2100
(286.4 Tg N yr!) is almost double the value from SSP126 (148.3 Tg N yr!), and the
nitrogen from livestock excreta in 2100 is over 30 % higher under SSP370 compared to
SSP126. For the intermediate SSP245, annual total nitrogen reaches to 254 Tg N yr! in
2050 and 319 Tg N yr! in 2100, which is higher than the 2010 value by 26 % and 59 %,

respectively.
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Table 6.8. Nitrogen scenarios based on three Shared Socioeconomic Pathways (SSPs)
in AMCLIM. “Changes in “Livestock N” are due to changes in livestock number while
the nitrogen excretion rates are assumed to be constant values.

SSP126 SSP245 SSP370
%(0.25 mean annual %(0.5 mean annual %1 mean annual
N scenarios increasing rate of ~ increasing rate of year  increasing rate of
year 2005 to 2015 2005 to 2015 year 2005 to 2015
Syn fert N +0.5 % per year +1.0 % per year +2.0 % per year

Projected (Tg N yr)
2050 122.8 143.2 184.1

2100 148.3 194.4 286.4

Livestock N* +1.4 % per 10 years ~ +2.8 % per 10 years ~ +5.6 % per 10 years
Projected (Tg N yr)
2050 105.2 110.8 121.9

2100 112.1 124.6 149.8

In addition to the changes in nitrogen inputs and excreta, the changing climatic conditions
are also critical factors influencing future NHs. As full simulations for future predictions

are not achievable due to insufficient environmental and meteorological inputs such as soil
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moisture and runoff fluxes, AMCLIM focused on addressing the temperature effect and
used air temperature projections by UKESM1-0-LL under three SSPs from the Coupled
Model Intercomparison Project Phase 6 (CMIP6) (Senior et al., 2020). The original
temperature projections were monthly average and were converted to annual means.
Combining the projected annual mean temperature and the temperature sensitivity derived
from the global sensitivity tests (as shown in Figure 6.13), the projected annual mean

volatilization rates were calculated from the following equation:

PV,future(Tfuture) = kPV(T) (Tmean - T2010) + CPV(T)a (61)

where Tfuwre and 72010 are annual mean temperature of a future year and year 2010, and

Cpy(ry 18 solved from the global sensitivity tests for year 2010. Subsequently, the NH3

emissions were calculated from the following equations:
FNH3 = Z PV,activity FN,actiVitya (62)

where Factivity 18 the annual total nitrogen from an agricultural activity such as synthetic
fertilizer application, housing and grazing etc. Since it is difficult to determine the amount
of nitrogen from manure management and application as it is related to previous stages, an
aggregated temperature sensitivity is determined to calculate the overall volatilization from
housing, manure management and application together. Equations 6.1 and 6.2 include the
spatial variability of the temperature sensitivity, and the global total projected emissions

are the sum of emissions from each grid box.

Figure 6.19 shows the estimated NH3 emissions from 2000 to 2100 using the temperature

sensitivity method, along with NH3 emissions from the AMCLIM full simulations. For the
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period from 2000 to 2018, NH3 estimated by the simplified kpv(t) method agrees well with
the AMCLIM full simulations, indicating that this method is reasonably robust and
generally are able to predict comparable global totals. The temperature sensitivity method
provides higher estimations for year 2018 than the full simulations, which is largely due to
the effects of variables other than temperature such as soil moisture and subsurface drainage

as discussed previously.

There are two sets of projections as shown in Figure 6.19: future NH3 due to temperature
effect alone and with N scenarios. It is evident that with increased nitrogen use and inputs,
there will be higher NH3 emissions (dashed coloured lines vs. solid coloured lines). In each
set of projections, NH3 emissions vary due to different temperature conditions under SSPs.
Simply speaking, the extent of global mean temperature rise is the smallest under SSP126
and the highest under SSP370 (see Figure F9 in Appendix F8). By the end of the century,
NH3 emissions increase to 51 to 55 Tg N yr'! when soley considering the temperature effect
and can reach 59 to 102 Tg N yr'! when also combining with the growing livestock numbers

and synthetic fertilizer usage.
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Figure 6.19. Global annual agricultural NH3 emissions from 2000 to 2100. The
triangles represent results from AMCLIM full simulations for year 2000, 2005, 2010,
2015 and 2018. The black solid line is the estimated annual NH3 using the temperature
sensitivity method with ERAS reanalysis temperature as inputs. The solid lines in
green, blue and red are projections for NH3; emissions only due to temperature change
(nitrogen inputs are the same as year 2018) under three SSPs, while dashed lines are
projections that also consider the different N scenarios.

Unlike Sutton et al. (2013), that estimated future NH3 emissions can increase from 45 to 85
Tg N yr! in 2008 to 64 to 125 Tg N yr'! due to warming alone (under a 5 °C warming
scenario) and 89 to 179 Tg N yr'! with increased livestock and fertilizer, AMCLIM’s
projections are more conservative, especially for the global total emissions. Based on
simulations using AMCLIM, regions that contribute to large NH; emissions already have
high volatilization rates, such as India and Pakistan, then the future warming effect might

be little on these places, hence the increase of global total agricultural NH; due to
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temperature increase is moderate. However, the temperature effect plays a more crucial
role on the regional scale (see Fig F10 in Appendix F8). Areas with relatively low emissions
and low volatilization rates can experience dramatic increase under a warming climate,
which subsequently harm the air quality and reduce nutrient use efficiency. These locations
generally have temperate or relatively cold climates, such as Canada, Russia, Tibet,
northeastern US and northern Europe (see Fig F10). Also, when considering the potential
activity change, i.e., more synthetic fertilizer use and livestock, the situation can be even
worse, not only for these areas with low Py, but also for the globe. As shown in Figure 6.19,
global total NH3 emissions can more than double 2010s’ value by the end of 215 century
under SSP370, indicating that food production is still likely to be the primary driver

resulting in NH3 emissions increases in most regions.

These projections suggest that climate change will pose a threat on regional and local scales,
while food demand can lead to global challenges. The results further imply that it is of great
importance to follow an ideal pathway that is sustainable, e.g., SSP126, to limit nitrogen
losses through the NH3 emission and its adverse effects. If mitigation measures can be
applied effectively (as discussed in Section 6.4.2), it is possible to control the future NH;

emissions to a level that benefits both the environment and the human society.

It is worth acknowledging the limitations of these projections. The N scenarios are quite
simple and do not explicitly consider potential future policies and regulations, and the
projections only take into account of the temperature effect. Changes in future wind
conditions, soil conditions as well as land use change can also significantly influence the
NH; emissions that are originated from the agricultural activities. Although it remains

extremely difficult and complicated to carry out more comprehensive future projections,
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AMCLIM currently still provides very insightful and useful implications on how NH; will

vary in the future.

6.6 Summary and conclusions

This chapter synthesizes the global agricultural NH; emissions from individual sectors
(Chapter 3 — synthetic fertilizer; Chapter 4 — pigs and chicken; Chapter 5 — ruminants). In
2010, global NH3 emissions from agriculture are estimated at 44.9+4.4 Tg N yr'! based on
simulations by AMCLIM, equivalent to 2242 % of anthropogenic nitrogen input being lost

due to NH3 volatilization.

The results by AMCLIM are comparable to process-based models and EDGAR emission
inventory. Around 1/3 of the emissions result from synthetic fertilizer use, with 2/3
associated with livestock farming (including housing, manure management, land
application of manure and grazing). Cattle is the largest emitter group among livestock,

following by pigs, chicken, and sheep and goats.

AMCLIM also focuses on simulating the NH3 emission from five major agricultural
activities: synthetic fertilizer use, livestock housing, manure management, manure
application to land and grazing. Both livestock housing and grazing contribute
approximately 20 % of total emissions, and manure management and application to land

contribute around 13 %, respectively. The highest percentage volatilization rate is from
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manure application, reaching 36 %. Other activities show volatilization rates that are

generally lower than 20 %.

Agricultural NH3 emissions show large spatial variations. High emissions are found in
regions with intensive agricultural activities. In particular, China, India, US, Brazil and
Pakistan result in the largest emissions, together accounting for nearly 60 % of the global
NHj3 emissions. Meanwhile, over 80 % of global NH3 emissions are found to be resulted
from the NH, with extremely high emissions occurring between 20 ~ 40 °N. Temporal
variation in NH3 emissions is also large. Highest emissions occur from June to August in
the NH and from November to February in the SH, which is largely driven by the
seasonality in NH3 emissions related to synthetic fertilizer use, depending on the planting

s€asons.

As NHj; emissions are greatly influenced by environmental conditions, three major factors
were mainly analysed to investigate the impacts on NH; volatilization, including
temperature, wind speed and water availability. Overall, high volatilization rates are found
in hot and dry places. Temperature is the most critical factor affecting NH3 volatilization
under cold environment, and increasing in temperature facilitates volatilization to cause
more NH; emissions. Wind speed also positively affects NH3 volatilization, but its impact
is less significant compared to temperature especially when temperature is the limiting

factor.

Contrary to temperature and wind speed, water availability plays a more complicated role
on NH3 volatilization. In general, NH3 emissions tend to be larger under dry conditions due

to a higher concentration, which generates higher emission potential. Soil moisture and
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subsurface percolation flux are two indicators for water availability, and volatilization rates
are found to be reversely correlated to these two variables. However, wetter soils can either
result in higher or lower emissions, depending on interactions with other variables. For
global simulations of year 2018, the estimated volatilization rates of outdoor emissions
(land application of synthetic fertilizer and manure and grazing) are lower than 2010. This
is mainly due to larger subsurface percolation fluxes that caused larger drainage and

leaching, which depletes soil nitrogen and results in less NH3 emission.

Mitigation measures were simulated and were found to be effective in reducing NH3
emissions, including decreasing nitrogen application rates and improving livestock feeding
materials, covering stored manure and better land application techniques (e.g.,
incorporation and deep placement) etc. It is estimated that a potential 40 % abatement of

global NH3 emissions can be achieved when applying a suite of the tested measures.

Based on simulations using AMCLIM, NH3 emissions have increased from 39.8 Tg N yr!
in 2000 to 45.2 Tg N yr! in 2018. Temperature sensitivity was derived from global
sensitivity tests, indicating that global total NH3 emissions can increase by 3.4 % each 1 K
warming relative to year 2010. For each agricultural activity, temperature sensitivity varies
across the globe, with the highest temperature sensitivity being over 12 % K-! in cold
regions for land application of fertilizer and manure. Future NH3 emissions are projected
to go up to 51 to 55 Tg N yr'! due to warming alone (with 2018 activity) and can reach 59
to 102 Tg N yr! when also combining with the growing livestock number and synthetic
fertilizer usage. It is suggested that climate change and food production pose risks for future

agricultural NH3 emissions at different spatial scales. Regional and local environment and
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agricultural systems may suffer the consequences of the warming effect, while the globe

may face challenges due to increased food production.
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Chapter 7

Conclusions

7.1 Thesis overview

Ammonia emissions mainly originate from agricultural activities, as a result of NH3
volatilization from synthetic fertilizer and livestock excreta. As a major unintended N loss,
NH; emissions not only compromise the nutrient recycling within the agricultural systems
but also have adverse impacts on the environment (Galloway et al., 2003a; Sutton et al.,
2011b). Previous studies have found that NH3 emissions are strongly dependent on the
environmental conditions, such as temperature, water availability and many other factors
(Gyldenkarne, 2005b; Misselbrook et al., 2005; Sommer et al., 2006; Sutton et al., 2013;
Bittman et al., 2014). However, existing emission inventories that use emission factors (EFs)
to estimate NH3 emissions usually lack consideration of the impacts of these factors, which
may introduce uncertainty and bias in estimations of the NH3 emission. In addition to the
environmental factors, management practices also influence NH3 emissions. To address the
deficiencies in current EFs-based approaches, process-based models have been developed
and used, which simulate the processes that determine NH3 emissions (Riddick et al., 2017b;

Moring et al., 2016; Pinder et al., 2004; Beaudor et al., 2023; Vira et al., 2020a).
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In this thesis, the development of a dynamic emission model AMmonia—CLIMate
(AMCLIM) for simulating climate-dependent NH; emissions has been described.
AMCLIM has high spatial and temporal resolution, with high level of detail. The AMCLIM
model focuses on modelling NH3 emissions from the use of synthetic fertilizer and major
livestock farming that includes cattle (including buffaloes), pigs, poultry (chicken), sheep
and goats. AMCLIM simulates climate-sensitive physicochemical and biological processes
involved in the agricultural activities that determine the NH;3 emissions, including livestock
housing, manure management, land application of both synthetic fertilizer and manure, as
well as ruminant grazing. There are three main modules in AMCLIM: the Housing Module
(AMCLIM-Housing), the Manure Management Module (AMCLIM-MMS) and the Land
Module (AMCLIM-Land). Site scale simulations were carried out using AMCLIM for
livestock housing and synthetic fertilizer applications, and the modelled results have been
evaluated by comparison with measurement data from the USEPA AFO and the
GRAMINAE projects, respectively, and a wide range of grazing studies. When AMCLIM
was applied on the global scale, it was driven by the ERAS reanalysis meteorology and
used a variety of input data, such as livestock and manure management information from
the GLEAM2 model (FAO, 2018), nitrogen application rates and crop calendar from
GGCMI 3 (Mueller et al., 2012; Hurtt et al., 2020; Jagermeyr et al., 2021) and soil data

from multiple databases.

Global simulations were performed using AMCLIM for the period from 2000 to 2018, with
full model runs for the years 2000, 2005, 2010, 2015 and 2018. The results of estimated
NH; emissions produced by AMCLIM are thoroughly explained and discussed, with a

focus on the reference year 2010 and a comparative analysis for the year 2018. Budgets
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detailing the N flows within individual livestock sectors and the entire agricultural sector
have been generated based on the AMCLIM simulations, which emphasizes the NH3
volatilization process. The thesis contains a range of analyse aimed at investigating the
impacts of environmental factors and management practices, as well as identifying
effective measures for reducing NH3 emissions. Sensitivity tests were conducted at both
site-specific and global scales, with a particular emphasis on how temperature affects the
volatilization and other processes. Furthermore, projections for future NH3 emissions by
the end of the 21st century have been developed by combining temperature sensitivity with
various N scenarios under different Shared Socioeconomic Pathways (SSPs) (Van Vuuren

etal., 2017).

7.2 Summary of key results

The key results of this thesis are summarised below, which addresses the objectives and

research questions as presented in Chapter 1 (Section 1.1).

1. Presenting the development and evaluation of a dynamic, process-based NH3

emission model.

a) How can a model be developed for quantifying climate-dependent NH3
emissions based on knowledge at the process-based level? In general, the
development of AMCLIM focused on three core aspects: 1) representation of

the volatilization process of NH3 from the emitting surface to the atmosphere;

315



Chapter 7: Conclusions

2) determination of masses and concentration of TAN (and other N species);
and 3) simulations for processes/pathways that deplete the TAN pool. First, the
volatilization of NH3 is calculated by assuming a resistance model that uses the
gas concentration gradient of NH;3 between the surface and a reference height,
which is constrained by a set of resistances that are dependent on atmospheric
conditions. Gas phase NH3 concentrations at the surface are determined from
both a temperature response of combined Henry’s constant and dissociation
equilibria and the emission potential ([NH4]/[H']). Second, the mass of the
TAN pool is solved by estimating the sources and losses. The sources include
direct input of ammonium fertilizers, hydrolysis of urea and uric acid and
decomposition of organic forms of nitrogen that can be temperature-dependent.
The concentration of TAN depends on the water pool of the system (e.g., water
and urine in livestock houses or manure stores, and soil moisture on croplands
and grazed pastures) and is also related to substrate (e.g., manure or soil)
characteristics as adsorption processes are important. Third, the depletion of the
TAN pool (or the loss pathways of the TAN) includes multiple processes. For
indoor simulations such as livestock housing and manure storage, the TAN pool
is mainly depleted by NH3 volatilization. For outdoor simulations such as land
application of synthetic fertilizer and manure and grazing, AMCLIM also
simulates surface runoff, nitrification, plant uptake of N, leaching and diffusion
to deep soils. These physical, chemical and biological processes are influenced

by environmental conditions.
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b) How well does the model agree with the measurements for NH3; emissions
from different agricultural activities? AMCLIM was applied at site scale, and
the simulated results were evaluated against measurement data for NH;
emissions from livestock housing and fertilizer application to land. By
comparing with measurements of eight livestock houses by USEPA AFO
(Cortus et al., 2010a, b; Lim et al., 2010a, b; Wang et al., 2010), the simulated
NH; emissions from dairy cattle, pig and chicken housing showed close
agreement with measurements. AMCLIM was able to reproduce the NHj
emissions from three different types of animal houses with different processes
and settings, and generally replicate the daily variations in NH3 emissions. For
the simulation of a fertilized grassland at the GRAMINAE site (Sutton et al.,
2009b), AMCLIM model captured the main features (long-term decay
following application and diurnal variation) of the measured NH3 emissions
throughout the simulated period and produced estimates for daily NH;
emissions and sub-hourly variations comparable to the measurements.
AMCLIM broadly reproduced the measured NH3; emissions, with

overestimation on the first day and during night time.
2. Applying the model at the global scale to estimate agricultural NH3z emissions.

a) What is the magnitude of global agricultural NH3; emission? For the
reference year 2010, global agricultural NH3 emissions estimated by AMCLIM
are 44.9+4.4 Tg N yr'!, equivalent to globally 22+2 % of anthropogenic nitrogen
input from synthetic fertilizer and livestock excreta being lost through NH;

emissions. China, India, US, Brazil and Pakistan are the top five countries that
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b)

resulted in the largest emissions, together accounting for nearly 60 % of the
global NHj3 emissions. The global estimates of AMCLIM are consistent with
other models, e.g., CAMEO, 44 Tg N yr! for 2005 to 2015 (Beaudor et al., 2023)
and FANV2, 48 Tg N yr'! for 2010s (Vira et al., 2020a) and the EDGAR
emission inventory, 44.2 Tg N yr-! for the year 2010 (EDGAR, 2023). However,
the climate-dependent estimates of AMCLIM generate a different spatial
pattern of emissions (see details in Section 6.2.2). and also allow year-to-year
fluctuations from meteorological variability and longer-term influences from

climate change to be simulated (see Section 6.5)

What are the sectoral NH3 emissions (e.g., from synthetic fertilizer use and
different livestock types) and what is the contribution of each major
agricultural activity? Around 1/3 of the emissions result from synthetic
fertilizer use (15.0 Tg N yr!), with 2/3 associated with livestock farming (29.9
Tg N yr'!; including housing, manure management, land application of manure
and grazing). Cattle (17.7 Tg N yr'!) are the largest estimated emitter group
among livestock, contributing about 40 % of total NHs emissions. Both pigs
(5.3 Tg N yr'!) and poultry (4.8 Tg N yr'!") contribute more than 10 % of total
emissions, with sheep and goats (2.1 Tg N yr!) together responsible for about
5 %. Regarding the agricultural activities, the NH3 emissions from both
livestock housing (9.2 Tg N yr'!) and grazing (8.9 Tg N yr'!') each represent
about 20 % of the total emission. Manure management (5.6 Tg N yr!) and
manure application to land (6.1 Tg N yr'!) contribute 13 and 14 % of the total

emission, respectively.
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c) What is the spatial distribution of agricultural NH3; emissions and the
corresponding volatilization rates (i.e., the percentage of agricultural N
that is volatilized as NH3)? According to simulations by AMCLIM, in general,
high NH3 emissions are found to have occurred in regions with intensive
agricultural activities (i.e., countries with the largest emissions as mentioned
above). Over 80 % of NH3 emissions are from the NH, and the largest NH;
emissions are found between 20 ~ 40 °N (i.e., where large parts of China, India,
US and Pakistan are located), where also the highest emissions related to
synthetic fertilizer use are found. Emissions from grazing are more evenly
distributed across latitudinal bands compared to other activities. Compared with
studies that do not take account of climatic impacts or only to a limited extent,
AMCLIM estimates more NH3 emissions from in warm and dry locations and
less NH3 emissions in cold and wet places. An exception is emission for poultry,
where a certain amount of water is necessary to stimulate hydrolysis of uric acid
(UA). This tends not be a barrier for other livestock as urine typically provides

sufficient water to allow hydrolysis of urea.

The spatial distribution of volatilization rates is not always necessarily consistent with the
spatial distributions of emissions. The regional patterns of the volatilization rates of
individual practices are different. A common feature is that high volatilization rates are
frequently found in hot and dry places, while cold regions typically show lower
volatilization rates. Specifically, the volatilization rates of manure application to land are

generally higher than other activities across the globe.
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d) What are the daily/seasonal temporal profiles of agricultural NHj3
emissions? Meanwhile, NH3 emissions also show strong temporal variations.
At a daily scale, the highest NH3 emissions typically occur in the hottest period
of the day, i.e., early afternoon. Over the year, the NH3 emissions are the highest
in summer, with the seasonality being largely determined by the temporal
variations in the emissions resulted from synthetic fertilizer use, which is
associated with the planting season. Different agricultural activities show
different seasonality, i.e., manure application emissions peak in April and
September, while emissions related to other activities including housing,
manure management and grazing are generally higher in the NH summer than

other seasons.

e) What are the major N flows and pathways in the agricultural systems? The
amount of N in livestock excreta and synthetic fertilizer input in 2010 is
estimated to be 99.6 Tg N yr'! and 102.3 Tg N yr'!, respectively. Based on
simulations using AMCLIM, around 22 % of this nitrogen is estimated to be
lost through NH3 volatilization (44.9 Tg N yr'!), and approximately 50 % of
nitrogen enters the soil pool and is used by plants (101.5 Tg N yr'!'). About 3 %
of nitrogen is lost due to burning or lack of proper management (6.4 Tg N). Less
than 10 % of nitrogen undergoes nitrification (18.5 Tg N yr!), and the remaining
15 % is lost through runoff (4.7 Tg N yr!), leaching and diffusion in soils (25.9
Tg N yr).

3. Enhancing understanding of the impacts of environmental factors and

management practices on NH3 emissions.
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a)

b)

How do environmental conditions/factors affect NH3 emissions from
agriculture? The impacts of temperature, wind speed and water availability on
NHs volatilization have been mainly investigated. Increasing temperature and
wind speed facilitates volatilization, thus producing higher NH3 emissions.
Temperature is found to be the most critical factor especially under cold
conditions. Ammonia emissions tend to be larger under dry conditions, but
wetter soils can result in emissions either increasing or decreasing, depending
on interactions with other variables such as soil pH. Wetter conditions can
generate larger subsurface percolation fluxes, which lead to lower NHj3
emissions by depleting soil nitrogen through larger drainage and leaching.
Sometimes the water availability effects outweighed the temperature effects. As
2018 was a generally hotter and wetter year compared to 2010, the estimated
volatilization rates of grazing and land application of fertilizer and manure in
2018 were lower than 2010, which was largely the result of larger drainage in
2018 compared with 2010. Moreover, soil pH is also a critical factor that
determines the NH3 emissions from land applications, with simulated emissions

increasing at higher pH conditions.

How to improve agricultural practices to reduce NH3 emissions? Improved
management practices are found to have positive effects on NH3 mitigation. For
land application of synthetic fertilizer and manure, AMCLIM estimated that
using better application techniques such as incorporation and deep
placement/injection can reduce NH3 emissions by a large degree, i.e., emissions

might decrease by over 50 % and 95 % when applying the techniques
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themselves. Using AMCLIM, it is estimated that by combining sophisticated
application techniques with lower N application rates, NH; emissions can be
reduced whilst saving fertilizer and achieving comparable crop yields. For
livestock farming, more scientific feeding strategies can possibly decrease N
surplus and there will be less N excreted from the livestock. Meanwhile,
reducing the manure surface area, covering stored manure, and not leaving
excreta on land without attention will all also benefit NH3 abatement. By
incorporating a suite of mitigation measures mentioned above in AMCLIM, it
is estimated that global agricultural NH3 emissions could be reduced by up to

40 %.
4. Estimating present and future NHs emissions.

a) How have NH; emissions changed over the past two decades in this century?
Using AMCLIM, it is estimated that global NH3 emissions have increased from
39.8 Tg N yr!in 2000 to 45.2 Tg N yr'!in 2018, mainly as a result of agriculture
intensification (i.e., more N from synthetic fertilizer use and increasing
livestock numbers). The small inter-annual variability of the volatilization rates
indicates that environmental change (i.e., temperature, wind and water
availability) has not been the main drive of increasing in NH3 emissions over

the past two decades.

b) What could future NH3 emissions from agriculture look like (emission
totals and spatial patterns)? A global sensitivity test to temperature indicates

that annual NH3 emissions may increase by around 7 % due to a (uniform) 2 °C
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warming, compared to the base value of year 2010. The temperature responses
vary between individual activities and regions. The largest absolute increase in
emissions occurs between 20 ~ 40 °N, while the most significant relative
increases tend to take place in cold regions. By applying a simplified
temperature sensitivity method, AMCLIM estimated that future NH3 emissions
by the end of the 21% century are projected to rise to 51 to 55 Tg N yr! due to
the temperature effect alone (with 2018 activity). When combining with the N
scenarios developed under different SSPs in which livestock number and
synthetic fertilizer usage keep increasing, NH3 emissions can go up to 59 to 102
Tg N yrl. Climate change and food production are found to have significant
impacts on future agricultural NH3 emissions but on different spatial scales.
Locations with low volatilization rates (usually in cold and temperate regions,
such as Canada, Russia, Tibet, northeastern US and northern Europe) tend to be
most influenced by the effects of warming, in these regions the local air quality
and nutrient use efficiency may be adversely affected. On the global scale, food
production is growth likely to be the primary factor that generates increasing of
NH; emissions. In summary, these projections suggest that climate change
poses a threat on regional and local scales, while food production pressures will

lead to global scale challenges.
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7.3 Significance and implications

This thesis presents the quantification of climate-dependent NH3 emissions from global
agriculture. The development, evaluation and application of a dynamic process-based
emission model, AMCLIM, have been elaborated and explained, with detailed
parameterization given. Simulations have been performed for estimating historical NH3
emissions over the past two decades, and future NH3 emissions have been projected based

on a simplified temperature sensitivity method derived from the model sensitivity analysis.

The AMCLIM model itself is considered to be a valuable asset. AMCLIM has been
specifically designed and built from scratch to simulate the NH3 volatilization by modelling
the N flows within global agricultural systems. AMCLIM is thought to be the first
dynamical emission model that simulates NH; emission from all individual sectors by a
consistent process-based modelling approach, with high levels of detail. AMCLIM not only
includes important N processes that are sensitive to environmental factors, but also takes
into account the impacts of management practices. AMCLIM can be applied at multiple
scales depending on the objectives. Global application of AMCLIM is operated at a
relatively high temporal and spatial resolution, i.e., hourly time-step and 0.5° latitude x 0.5°
longitude (equivalent to 39 km x 55 km at 45° latitude), which can more accurately capture

the temporal and spatial features of NH; emissions compared with previous studies.

AMCLIM results were used to calculate EFs for livestock NH3 emissions on the model’s
native grid (Figure 6.6). Comparing these EFs with existing national values in the literature
(Yang et al., 2023), it is clear that there are important sub-national variations due to local

variations of environmental and management factors that are typically overlooked in these
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national values. It is emphasized that conducting more experimental studies on measuring
NHs fluxes is necessary, especially in hot tropical regions where there very few published
studies. Such studies need to report sufficient environmental and soil data to make them
most useful for comparison with model simulations. AMCLIM is suitable for further
development or augmented to investigate other N; fluxes and provides a starting point for
modelling the wider nitrogen cycle. Code of the currently version of the AMCLIM model
is written in Python and is managed on github (https://github.com/jjzwilliam/AMCLIM)
with version control and can be run on a local PC or on a High Performance Computing
(HPCs), depending on the workload and purposes. The full application of the AMCLIM
model has been ported on the UK National HPC ARCHER2.

The major output of the AMCLIM model is a dataset that documents daily agricultural NH;
emissions with a global coverage for several years, with meteorological inputs from ERAS.
This emission dataset may serve as a reference for national and regional monitoring needs
and can be used as input for atmospheric chemistry/transport modelling, with implications
for air quality evaluation. The volatilization rate (Pv) is a useful indicator to identify where
and which activity results in a large fraction of N loss due to NH3 volatilization and needs
particular attention when seeking to avoid significant nutrient losses. From a broader
perspective, the N budgets derived from the AMCLIM simulations are helpful for
developing a comprehensive assessment of N; recycling within the agricultural system and
the environmental impact of N; from anthropogenic sources. By carrying out analysis,
sensitivity and experimental tests, this thesis provides insights on how environmental
factors and management practices influence NH3 volatilization. The future projections of

NH; emissions highlight the critical impacts of global warming and increasing
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anthropogenic N due to activity change. Potential measures for mitigating NH3; emissions
have been examined, with effectiveness quantified at the global scale. Consequently, this
thesis can provide a basis for guiding policy development and regulations, which has

real-world impacts.

7.4 Limitations and future work

Major limitations of this study exist in two aspects: limited measurement data for model
evaluation and uncertain model parameters or parameterizations of simulated processes.
First, AMCLIM has been intensively evaluated against measurement of livestock housing
and synthetic fertilizer application, which represents two major categories of NHj
emissions that are from indoor facilities and from land application, respectively. However,
simulations for manure management, manure application to land and grazing are not
explicitly evaluated in detail with any measurements at site scale. This is partly due to the
difficulties in measuring NH3 fluxes and also because of insufficient input data from
experimental studies to drive the AMCLIM model. Since the simulations for manure
management and application to land are at least similar to what has been evaluated against
site scale measurements, this leaves NH3 emissions from grazing estimated by AMCLIM,
which is considered to be the most uncertain model subcomponents. To address this
limitation, simulated grazing volatilization rates were compared with reported values from

literature, as a broader method of evaluation.
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Second, several modelled processes in AMCLIM are uncertain and need further
investigation, which is either due to very complicated processes that are challenging to
simulate or due to lack of knowledge and measurement data, including soil pH dynamics
after urea application, the drainage and diffusion processes in soils, the adsorption of TAN
on manure solids and the land-air exchange process of NH3 when considering vegetation
effects. In AMCLIM, these processes are generally simplified under various assumptions.
Therefore, it is important to note that all the results must be interpreted carefully within the
context of a modelling approach with uncertainty and limitations. Another limitation that
is worth mentioning is from the computational perspective. AMCLIM requires large
number of inputs (as presented in Chapter 2), while the computational requirements for

running the specific Grazing Submodule can be high.

This research can be further expanded in a variety of directions. In principle, future work
could be carried out to address the limitations summarised above. Conducting more
experimental studies that take NH3 emission measurements in regions from a wide
spectrum of climatic conditions, e.g., measurements in tropical regions where NH;
volatilization can be intense, is very likely to benefit model development. This includes the
benefit of sufficient observations for evaluation, which can also advance a better

understanding of the critical processes involved in the NH; emission modelling.
Additional possible future work includes, but is not limited to:
1) Developing a bi-directional exchange scheme for NHs.

Current evidence indicates that the air-surface flux of NH3 can be either uni-directional or

bi-directional, influenced by ambient NH3 concentrations. This dynamic behaviour is
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particularly relevant for semi-natural vegetation in agricultural regions, especially in wet
and cold areas. To capture this complexity, it is worth developing a sophisticated exchange
scheme for NHs. Conventional deposition velocity methods in atmospheric models can be
enhanced by accounting for the multi-dimensional surface interactions, including leaf
surfaces, stomatal exchange, and interactions with the underlying soil. Sutton et al. (2013)
proposed a resistance-based approach for NH3 exchange including cuticular, stomatal and
ground pathways, and several studies have demonstrated the feasibility of implementation
of the bi-directional exchange into large scale atmospheric modelling (Bash et al., 2013;
Fu et al., 2015; Chen et al., 2021). Though it is a great challenge to develop models at the
process level because of the relatively complicated dynamics exchange, the integration of

such processes into AMCLIM could provide better insights into quantifying net NH3 fluxes.

2) Running atmospheric chemistry/transport models with the high resolution
NH; emissions estimated by AMCLIM or incorporating the AMCLIM model
into a sophisticated Earth System Model (ESM).

Precise NH; emissions are crucial for accurate atmospheric modelling, particularly on a
global scale. Existing atmospheric chemistry/transport models often rely on prescribed NH;
emissions or emission inventories with limited consideration for climatic influences. These
emissions typically have low temporal resolution, reflecting only monthly averages based
on simplified activity profiles. This can introduce uncertainty in simulating NH;
concentrations, deposition, and aerosol formations. By substituting the prescribed NHj
emission inputs with estimates from AMCLIM, atmospheric models could potentially
generate more accurate simulations, benefiting air quality assessments (Ge et al., 2023).

Running atmospheric models with AMCLIM-derived NH3 emissions can be a useful way
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to further evaluate emission quality. Additionally, integrating AMCLIM into an Earth
System Model (ESM) is promising as it can allow for comprehensive coupling of nitrogen
and carbon cycles and more consistent meteorological and environmental drivers, i.e.,

making the AMCLIM model online rather than offline, expanding the scope of research.

3) Evaluating economic damage cost linked to NH3; emissions and cost-benefit

measures for NH; emission abatement.

Future research could explore different N scenarios and assess the economic damage costs
associated with NH; emissions, and conduct cost-benefit analysis to identify the cheapest
measures for reducing net NH3 emissions. The increasing challenges posed by N; emissions
could have substantial environmental and societal impacts. Evaluating these costs from an
economic perspective can provide insights into potential policy development. A
climate-dependent modelling approach (such as AMCLIM) is helpful for providing more

reliable estimates.
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resistance that constrains the aqueous or
gaseous diffusion processes

atmospheric resistances
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Ry

RG,house

RaL

Riitter
Rmanure,aq/ gas
RH
Sdung pat
S grazing
Shouse
Spit
S slats
S storage

Surine patch

Sc

t cleaning

Ifc

tmax

topt

boundary layer resistance

resistance for NH3 volatilization in animal
house

combined resistance for transfer of NHj3
across the gas-liquid interface

surface resistance of poultry litter
manure resistances

relative humidity

area of dung pat of pastures
area of grazing pastures
surface are of animal house
area of pit in animal house
area of slats in animal house
area of manure storage unit
area of urine patch of pastures
Schmidt number

cleaning time

reference time for soil water content
reaching field capacity

maximum temperature for microbial activity

for nitrification

optimum temperature for microbial activity
for nitrification
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%

24 h
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h1

4%

T
T2010
Thoor
Thuture

Tond

Tin

Tmax

T min

min
T10

T out
T ref

Vi

temperature correction constant for organic
N decomposition

temperature correction constant for organic
N decomposition

temperature

annual mean temperature of year 2010
floor temperature of animal house
annual mean temperature of future year
ground temperature

indoor temperature of animal house

indoor temperature when ventilation reaches
maximum in animal houses with forced
ventilation

indoor temperature when heating is installed
in animal houses with forced ventilation

10-day running average of daily minimum
temperature

outdoor temperature

recommended temperature for livestock
wind speed at reference height z
friction velocity

kinematic viscosity

root activity weighting parameter
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0.12979 K!

Kor°C
Kor°C
°C
°C
°C
°C

12.5°C

°C

°C
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Vhouse

Vi,0

Vin
Vmax

Vinin
WFPS
Wirr
Wi
Waptake
Z0

Zi

CxI‘OOt

Emanure

0
efc

volume of animal house
volume of water

ventilation of animal house
maximum ventilation of animal house

minimum ventilation of animal house
water-filled pore space

irrigation

root structural dry matter components
water uptake by crops

roughness length

thickness of soil layer i

integrated root activity parameter for N
uptake

emission potential ((NH4")/[H'])

reference root activity parameter at 20 °C

temperature-dependent root activity
parameter

porosity of soil
porosity of manure
soil volumetric water content

field capacity
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0.38 m s! (pigs) or
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m
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0.05 (20 °C)
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Oinr
Omanure
Orea
Osat
Owp
$aq/gas(0)
Pair
Pfacces
Pwater
X
Xatm
Xin

Xout

Xsfc
x(z)

Weleaning
Whousing

Wm

Who land

soil water content of irrigated croplands
volumetric water content of manure
reanalysis soil water content

soil water content at saturation

soil wilting point

tortuosity factors

air density

density of manure solids

density of water

concentration of gas NH3

concentration of atmospheric NH3
concentration of gas NH3 in animal hosue

concentration of free atmosphere NH3
outside animal house

concentration of gas NH3 at the surface
concentration of gas NH3 at height z
cleaning for animal house

transfer of excreta from animal house to
storage unit

stability correction function

stored manure used for land application
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[N]
[N(sfc)]
[N(soil)]

[NH3(g)]

[TAN(aq)]

[TAN(s)]
At

A ]-VIOW

AZmanure
AZsoil

AG

Z]\H g

3

Zar ‘
i

concentration of N species
surface concentration of N species
concentration of N species in soil

concentration of gaseous NH3 in soil
air-filled pore space

concentration of aqueous TAN in soil
water-filled pore space

concentration of exchangeable solid TAN
adsorbed on soil particles

model time step

temperature dependency for temperatures
below LCT

thickness of manure layer
transport distance in soils

incremental change in soil moisture

atomic diffusion volumes for NHj3

atomic diffusion volumes for air
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Appendix A Simulated processes in

AMCLIM

A1l Hydrolysis of urea/uric acid and mineralization of organic

nitrogen

A general term, Kx (s!) is used in Equation 2.7 for expressing the conversion rates of
multiple nitrogen forms to TAN, e.g., urea, UA and organic nitrogen. These processes are
strongly dependent on the environmental factors, such as temperature, RH, water content
and the pH of soils or manure. The hydrolysis rate of urea (Kurea, s'!) is parameterized as

follows by assuming a first order reaction according to (Sherlock and Goh, 1984):

dam rea

# = —KyreaMurea- (A.1)
KUrea =1- exp (_kh -WFPS - Ah), (A2)
Ay = 0.25exp(0.0693 (T — 273.15)), (A3)

where kn is the urea hydrolysis constant for urine (6.4x107 s! or 0.23 h'!; Sherlock and
Goh, (1984)) and for urea in soils (8.3x10 s*! or 0.03 h*!; Dutta et al. (2016)). Real urine

from animals is found to have a faster decomposition rate than chemical urea fertilizer
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(Sherlock and Goh, 1985; Haynes and Williams, 1993). WFPS is the water-filled pore space
and is set to 1 for livestock urine. Ay is a temperature correction dependence, and 7 is the

temperature in Kelvin (K).

The hydrolysis rate of uric acid (Kua, s!) is calculated from the product of a series of

conversion rate functions (Elliott and Collins, 1982), as follows:
KUA - O'kaHkaRH’ (A.4)

where kpn, kr and kru are the functions of pH, temperature and RH influencing uric acid
hydrolysis rate, respectively. The maximum estimated hydrolysis rate of uric acid is 0.2 d-!.
The temperature (in °C), RH and pH dependence of UA hydrolysis rate is shown by the

following equations:

exp(0.149(T—273.15)+0.49)

(A.5)

exp(0.149(35)+0.49)

The temperature dependence follows an exponential relationship and is normalised to the

maximum rate at 35 °C (Jiang et al., 2021).
kry = 0.0124 RH — 0.0014 (A.6)

The RH dependence increases linearly as RH increases, reaching the maximum rate of 1 at
RH 80 % (Jiang et al., 2021). Note that the humidity level can be a key limiting factor in
determining the rate of uric acid hydrolysis and subsequent TAN emissions.

1.34(pH)-7.2
1.34 (9)-7.2

kpyy = (A.7)
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A fixed pH of 8.5 is the typical value of poultry manure (Elliott and Collins, 1982; Sommer
and Hutchings, 2001).

Organic N is categorised into three types: a) available organic nitrogen, b) resistant organic
nitrogen and c) unavailable organic nitrogen, referring to how readily that the organic
nitrogen is available to decompose to form TAN (Riddick et al., 2016). A fraction of 50 %
organic nitrogen is assumed to be available organic nitrogen, 45 % is in the resistant form,
and the rest of 5 % goes to the unavailable nitrogen pool (Riddick et al., 2016). The rate of

mineralization of organic nitrogen is determined by the following equation:
KOrgN = Ba,rAma (AS)
Am =ty exp(t,(T — 273.15)), (A.9)

where Bar (Ba = 8.94x107 s7!'; B, = 6.38x10°® s!) are the mineralization constants for
available and resistant organic N (Vigil and Kissel, 1995; Gilmour et al., 2003). Ay, is a
temperature correction dependence, with #1 and # are equivalent to 0.0106 K-! and 0.12979

K-!, respectively.
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A2 Budgets of TAN and other nitrogen species in soil layers for

simulating chemical fertilizer applications

The budget of TAN in each soil layer (Mran, 1, g N m™, given in per unit area; all masses
have units of g mif not specifically explained) varies as processes can be different. For

the top soil layer (0-2 cm), the time-dependent TAN pool is expressed as:

dMTAN,L1

dt = ITAN + FTAN - FNH3 - FN runoff — Fdiffusion - Fdrainage - Fnitrif
(A.10)
For soil layer 2 and 3:
dMTaANL23 _
dt - ITAN + FTAN - Fdiffusion - Fdrainage or leaching — Fnitrif - Fuptake
(A.11)

The bottom soil layer acts as a boundary layer of the deeper soils where dissolved nitrogen
is lost from the soil column through leaching and diffusion, where the pools and
concentrations of nitrogen species are set to 0. The bottom soil layer has a thickness of 14
cm in order to define the transport distance for diffusive fluxes and also to be consistent

with the layering of the reanalysis soil data used in the model.

AMCLIM also simulates urea and nitrate in soils. In the top soil layer, the time-dependent

urea and nitrate pools are expresses as:

dMurea,Ll _
dt - Iurea - KUreaMUrea - Furea runoff — Fdiffusion - Fdrainagea (A12)
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dMnitrate,Ll _

dt - Fnitrif - Fnitrate runoff — Fdiffusion - Fdrainage- (A13)
For soil layer 2 and 3:
dMurea,L2,3 _
dt - Iurea - KUreaMUrea - Fdiffusion - Fdrainagea (A14)

W = Fuierit — Faiffusion — Farainage — Fuptake- (A.15)
The fluxes have been explained in Sections 2.3 and 3.2.1 (/tan — direct input of TAN
species, such as ammonium or ammonia; Itax — direct input of urea from fertilizer; Fran —
TAN production through urea or UA hydrolysis and decomposition of organic N; Fyy, —
flux of NHj3 volatilization; FraN/ureamitrate runoff — flux of surface TAN, urea or nitrate runoff;
Flitrusion — diffusive fluxes; Frainage — flux of drainage; Ficaching — flux of leaching; Fhiwir—
nitrification; Fuptake — flux of N uptake by plants/crops; all N fluxes/flows have units of g N

m2sif not specifically explained).

A3 Adsorption coefficient of NH4" on solid particles (soils and

manure)

Soils can adsorb NH4" due to cation exchange, and the adsorption of NH4" on soil solids
varies between different soils (Buss et al., 2004). The cation exchange capacity of soils is
difficult to simulate especially on a global scale. Therefore, the partitioning coefficient Kq

used to determine the NH4" adsorption is derived from an empirical relationship depending
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on the fractional soil clay content (fc1ay) to which the soil cation exchange capacity is related

(Dutta et al., 2016). The equation is expressed as:
Ky = 0.5(7.2733fuay” — 11.22f10y") + 5.7198f15y + 0.0263.  (A.16)

For NH4" adsorbed on manure solids, there is lack of knowledge on the K, so it is set to

1.0.

A4 Nitrification process

Nitrification is considered to take place in soils and solid manure systems exposed to
oxygen. In contrast, for liquid systems, such as slurry system or lagoon, nitrification is
considered to be absent or negligible due to the high water content that reduce the oxygen
availability. In the model, nitrification is included for calculating the TAN pool in solid

phase manure management simulations.

A first-order reaction is used to determine nitrification as shown in Equation 2.8. The
optimum nitrification rate (Kkniuifopt) 1S set to be 10 % per day, and the nitrification rate
Kiwir 1s affected by temperature, water content, and pH as shown in Equation 3.6 (Parton
etal., 1996a,2001a). The dependence of each factor is expressed by the following equations.
The temperature dependence is taken from Stange and Neue, (2009):

tmax n max n
KnitinieT = (—“)azexp (az((—“n (A.17)

tmax—topt x~lopt
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where Tgng is the ground temperature. The maximum temperature (fmax) and optimum
temperature (Zopt) for microbial activity is 313 K and 301 K, respectively. as is an empirical
factor that equals to 2.4 for manure; optimum temperature is 303 K and as is 1.8 for

synthetic fertilizer (Stange and Neue, 2009).

The water content and pH dependence are taken from the empirical function of Patron et
al. (1996)

WFPS=b\ d-(>=%) (WFPS—C

knitrif,WFPS = (T) )da (A.18)

a—c

where WFPS is the water-filled porosity of soil and is set to 1.0 for solid manure storage.
Coefficients a, b, ¢c and d equal to 0.60, 1.27, 0.0012 and 2.84, respectively (Parton et al.,
1996a).

tan~1(0.45m(pH-5))

knitrif,pH = 0.56 + (A.19)

Nitrification is found to taking place in soils at pH ranging between 5.5 to 10, with the
optimum pH is around 8.5 (Parton et al., 1996a), and the processes ceases in soils under
natural pH less than 5.0 (Parton et al., 1996a). In AMCLIM-Land, the pH dependence for

nitrification rate is a trigonometric function from Patron et al. (1996).
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AS Nitrogen and water uptake by crops

Nitrogen uptake by plants in AMCLIM-Land is assumed to take place in soil layers 2 and
3 and is not counted in the top soil layer, which can be calculated by Equation 3.7. Crops
can uptake both ammonium and nitrate from the soils, together termed as Mnefr, as

expressed by the follows:
MNeff = MNHI + aplantMNoga (A20)

where My and Myo; are ammonium and nitrate pools in soils. A dimensionless

parameter aplant Vary between 0.5 to 1.0 depending upon temperature is calculated by the

following equation:

(20-Tgnd)
(20-10) ’

Qplant = G20 — (azo — a10) (A.21)

where a,, and a,, are reference values at 20 and 10 °C, respectively. However, this
equation is only applicable between 10 and 20 °C so is extrapolated to a broader

temperature range as the following equation:

@plant = 0.25€%06%3Tgnd, (A.22)

The integrated root activity parameter &, is determined by the following equation:

Aroot—ON Z?:l Ui Wr,ia (A23)
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where W;i(g m?) is the root structural dry matter components, vi is the corresponding root
activity weighting parameter. oy (g N g!' d'!) is the temperature-dependent root activity

parameter, which is calculated by the following equation:

ON = 020/, (A.24)

0, 1s a reference value that equals 0.05 at 20 °C, and the temperature dependence (fr) is

identical as Equation A.22.

The combined response factor Jcn for substrate carbon and nitrogen is calculated by the

following equation:

Jon =1+ (14 ), (A.25)

c JNUN

where Kcun (0.05[C]) and Jnun (0.005[N]) are constants. C (g C m2) and N (g N m™?) are
substrate concentration of carbon and nitrogen, respectively. As the model does not
simulate plant dynamics, C and N are represented by fixed values of 40 and 4, respectively

(Riedo et al., 1998). Another root activity parameter Knesris a constant of 5 g N m™.

Combining these terms, plant uptake of N (Fuptake) can be expressed as (Riedo et al., 1998;
Thornley, 1991; Thornley and Cannell, 1992b):

MNHI+ap1ant,nitMNO§ 1

Fuptake = ON Zéil=1 Vi Wr (A26)

i . _ K¢ N °
MNHI +aplant,n1tMNO3 +KNeff 1+T(1+m)

There are four components in W;;that represents structural dry matter of root at different

stage (i.e., young and mature roots). Mature roots have larger W;; values. The root activity
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weighting parameter v; changes as plant grows, i.e., larger values refer to more mature roots
of the plant. AMCLIM-Land uses a set of empirical values to represent vi, which describes
the status of roots at six growing stages (Table Al). The six growing stages are evenly

distributed during the growing season of a crop.

Table Al. Root activity weighting parameters at different crop growing stage.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Vi 0.1 1.0 1.0 0.5 0.25 0.1
V2 0.1 0.5 1.0 1.0 0.5 0.25
V3 0.1 0.25 0.5 1.0 1.0 1.0
V4 0.1 0.1 0.25 0.5 1.0 1.0

The water uptake by crops is represented by a simple empirical equation that is related to

the soil water content (Dardanelli et al., 2004), which is expressed as follows:
Wuptake = uptake(e - pr)a (A27)

where Kupiake is an empirical coefficient that equals to 0.096 d! (Dardanelli et al., 2004).
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A6 Calculation of atmospheric resistances

Atmospheric resistances consist of aerodynamic (R,) and boundary layer resistance (Rp).
The value of R,, which is dependent on the stability of air, is calculated from (Seinfeld and

Pandis, 2016):

@) un)

k2u i

R, (A.28)

where u (m s!) is the wind speed measured at z (m) height above ground, zy (m) is the
roughness length, L (m) is the Monin-Obukhov length, yi is a stability correction function,
and k is the von Karman constant of 0.41. The stability correction function is calculated for

stable and unstable atmospheric conditions:

Stable conditions:

¥ (E) - _SL_Z- (A.29)

Unstable conditions:
¥ () = 10 () + 10 () - 20an 00 + % (A30)
x=(1-16%)" (A31)

The Monin-Obukhov length L is parameterized from:
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3,
[ = [ Pairtp ’ (A.32)
kgH

where T (K) is the air temperature at a reference height above ground, u+ (m s!) is the
friction velocity with zo roughness height, pair (kg m™) is air density, ¢, (J kg'! K!) is the
specific heat capacity of dry air, and g (9.81; m s7?) is the acceleration of gravity, and H is

the sensible heat flux (J m? s!). The friction velocity is calculated from:

ku

T ) )

(A.33)
The value of Ry depends on diffusivity through the quasi-laminar sub-layer, where the
entrained transfer is described by the boundary layer Stanton number (B) and is

approximately equal to 5 (Nemitz et al., 2000; Riddick et al., 2017):

R, = (Bu,)™!. (A.34)

A7 Calculation of soil resistances and manure resistances

The aqueous and gaseous diffusion of nitrogen species in soils are constrained by soil
resistances, as shown in Equation 2.9. The soil resistance is determined by the following
equation:

Azsoi)

Rsoil,aq/gas: g\pad/eas > (A35)
$aq/gas( )DNH4_/NH3
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where Azg,;; (m) is the transport distance in soils, which is the distance between the

mid-points of each soil layer. The molecular diffusivity (D;}‘E{4 g/ZLSHS , m? s!) is multiplied by

the tortuosity factor, §,q/gas(6), to adjust for the soil water content as well as the porosity
(Millington and Quirk, 1961; Moring et al., 2016; Vira et al., 2019). The molecular

diffusivity and tortuosity factor are calculated by the following equations:

9.8 x 10710.1,037-27315  for NH}

a as —
D q/g — 10 7,T1.75(1/mair+1/mNH3)0.5

NH,/NH3 na) (A.36)
PlCairv) Y3+ (Enua vi) 12

for NH;’

where mair and myy, are molecular weight of air and NH3, respectively. ¥ir v; (20.1) and
YNH, Vi (14.9) are atomic diffusion volumes for air and NHs (Perry and Green, 2008), and
p is pressure in the atmosphere.

8.5
0—05at) 3 o
O %) gi_a;) , for gaseous diffusion

S;aq/gas (6) = ;t ) (A37)

P for aqueous diffusion

sat

where Osat 1s soil water content at saturation. The tortuosity factors are calibrated by site

simulations using AMCLIM under GRAMINAE’s conditions.

Manure is considered to be similar to soils, and the manure resistances (Rmanure,aq/gas) fOr
determining the NH3 emission from solid manure are calculated by the same method, as

expressed by follows:
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— AZmanure
Rmanure,aq/gas - gypaa/gas (A38)
$aq/gas( )DNH4/NH3

The thickness of the manure layer (AzZy, nure) 1S approximated by

M aeces
AZmanure = —faeces (A39)

b
BDmanure

where Miaeces is the faeces pool, and BDmanure (g cm™) is the bulk density of manure which

is derived from the density of manure solids (Pgieces, & cm™) and manure porosity (Emanure)

(Khater, 2015).

BDmanure = pfaeces(l - gmanure)- (A'40)

The density of manure solids is 1.46 g cm™. The manure porosity used for calculating
manure bulk density and the tortuosity corrections is set to be 0.42 for all livestock (Khater,
2015). The volumetric water content of manure (fmanure) is calculated by the following

equations:

MwaterBDmanure . (A.41)

emanure = min (gmanurer
PwaterMfaeces

It should be noted that the equations above for manure resistance calculations are under the

assumption that the characteristic of manure is similar to soils.
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A8 Concentrations of nitrogen species at surface

Volatilization and runoff take place at the land surface, which is primarily driven by the
concentrations at the surface. To take into account the soil resistance and heterogeneity of
the soil, the surface concentrations of nitrogen species are not calculated from dividing the
mass by the volume (or the thickness over unit areas), but are solved by assuming that the
upward diffusion (from the mid-point of the top soil layer to the surface) is equal to the
volatilization and runoff, as expressed by Equation 3.9 and illustrated by Figure Al.

Therefore, Equation 3.9 can be expanded as:

NH srf—Aatm TAN —|TAN sr
[ S(g)] f— Xat + qr . [TAN(aq)]Srf — [ (aq)]Ll [ (aq)] f_I_

Ratm RLl,aq

[NH3(g)lL1—[NH3(g)lsre
RLl,gas

: (A.42)

the aqueous concentration of TAN at the surface can be solved as:

1 KNH3 Xatm
TAN(a : } }
[ @®)lLs (RLl,aq RL1,gas> Ratm

[TAN(aq)]srf = (A43)

9
1 1
qr+ +ENHg | 7——+
Ri1,aq RL1,gas Ratm

and gaseous NH3 concentration at the surface can be solved subsequently (combined with

Equation 3.3).
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xatm

Ram @ F volatlization

[TAN (aq)]srf
N ~ [NH3 (g)] srf
@ F runoff
RLl,aq T RLl,gas T
@ F diffusion, aq [TAN(aq)],, @ F diffusion, gas

é [NH3(8)]L1

Figure Al. Sketch of the physical transport for nitrogen species (TAN as an example)
in the top soil layer in AMCLIM-Land. Upward diffusions including aqueous and
gaseous diffusive flux are equivalent to the surface runoff and volatilization to satisfy
mass conservation (process 1+2 = 3+4; the sum of the fluxes represented by orange
arrows = the sum of the fluxes represented green arrows).

For simulating NH3 emissions from solid manure storage, the processes are similar to the
land simulations. TAN is assumed to be evenly distributed in the stored manure, so the
TAN concentration represents the concentration of the bulk manure ([TAN(aq)]ouik). TAN
is transferred from the manure to a source layer at the surface through diffusions. The

diffusion is in aqueous phase considering the water content and is constrained by manure
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resistance. Manure resistance is determined by dividing the thickness of the surface layer
which has a maximum thickness of 2 cm by the aqueous diffusivity of NH4". The upward
diffusive fluxes are equal to the volatilization flux (as there is no runoff for housing and
storage). Therefore, the TAN concentration at the manure surface can be solved by the

following equation:

}
Rmanure,aq/ Rstore

[TAN(aq)]sf = [TAN(aqQ)]puik * LT (A.44)

}
Rmanure,aq Rstore

A9 Water drainage and percolation flux

Leaching of nitrogen from the soils is determined by multiplying the aqueous
concentrations by the percolation flux of water. The percolation flux of water is the
minimum value between the soil hydraulic conductivity and the drainage potential as

shown in Equation 3.10.

The soil hydraulic conductivity (Ks) is related to the soil water content and the soil

characteristics, which is calculated by the following equation (Li et al., 2019):

6
Ks = aKsat: (A45)
K. =22x10"7e*, (A.46)
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x = 7.755 + 0.0352f4 — 0.967BDgq” — 0.000484f,,,,> — 0.000322f;;,” +

0.001 0.748

— 0.643l0g, fuiit — 0.01398BDyj; * fuite — 0.1673BDgoit * faoms (A.47)

Fsilt fsom

where Kt (m s!) is the soil hydraulic conductivity at saturation, which is dependent on the
fractional soil silt (fsi) and clay content (feiay), bulk density of soil (BDsoil, g cm™) and

fractional soil organic matter content (fsom).

The drainage potential of a soil layer is calculated by the following equation:

), (A.48)

where f¢. is a reference time that soil water content reaches field capacity, which is 24 h.
The field capacity of soil is determined from the bulk density (BD) (Li et al., 2019), as

expressed by the following equation:

B¢ = 0.45 — 0.06BDg;°. (A.49)

A10 Two-film model for the gas exchange across the air-liquid

interface

The two-film model proposed by Liss and Slater (Liss and Slater, 1974) for estimating the
gaseous flux across the air-liquid interface is used to model the NH3 emissions from pit

storage in animal houses and lagoon systems in the AMCLIM model because these systems
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hold large amount of water (as mentioned in Sections 4.2.2 and 4.2.3). Figure A.2 illustrates
the flux of NH3 is transferred from the liquid to the air across the interface. The main body
of the liquid is assumed to be well-mixed, so the main resistances are from the gas and
liquid phase interfacial layers (gas and liquid “films”). There are two transport processes.
The first process is TAN from the bulk liquid to the interface (Fran to surface) through

molecular transfer that is driven by concentration gradients, which can be expressed as:

FTAN to surface — kL([TAN (aq)]bulk liquid — [TAN (aq)]interface)a (ASO)

where ki (m s!) is an aqueous transfer coefficient for TAN (NH3 and NH4"). The second
process is NH; transported from the interface to the atmosphere (house atmosphere for
housing simulations and free atmosphere for lagoon simulations), which can be expressed

as:

FNH3 = kG([NH3(g)]interface - [NH3(g)]in/atm)a (ASI)

where kg (m s™!) is a gaseous transfer coefficient for NHs. The aqueous TAN concentration
and the gaseous NH3 concentration at the interface is in equilibrium as shown in Equation
3.3, and it is assumed that the transfer of NH3 across the interface is in a steady state so that

the two transport processes in aqueous and gaseous phase are equivalent.

kL([TAN (aq)]bulkliquid - [TAN (aq)]interface) = kG([NHS(g)]interface -
[NH3(g)]in/atm)' (A52)

In AMCLIM, the calculations of NH3; emissions and other transport processes such as

diffusion use resistances, some of which are the reciprocals of the transfer coefficients as
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shown in Equation 4.3. In addition, as NH; emissions take place from wet surfaces, the
gaseous NHj3 concentration at the interface in the two-film model is represented by ygf in
AMCLIM. By combining Equations A.49 to A.51, the NH; emission can be calculated by
simulating the TAN concentration of the bulk liquid using the following equation (under
the simplification that atmospheric indoor NH3 concentration are 0; as expressed by
Equation 4.23):

_ Xsrf __ [TAN (aq)]
FNH3 = E = R—GL , (A53)

where RgL is a combined resistance that limits the NH; transfer across the gas-liquid

interface, which is expressed as:

1

Rg = L (A.54)

ky = kgKNHs

The aqueous and gaseous transfer coefficients are empirically derived (Ni, 1999), which

are calculated by the following equations:
k;, =1.417 x 1071274, (A.55)
kg = 0.001 + 0.0462u,S5c°7, (A.56)

where Sc is the Schmidt number which is calculated from the kinematic viscosity (v, m? s!)

and diffusivity of NH; as follows:

Sc = Dg%, (A.57)

NH3
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T+273.15.3
v = 1.56 X 1075 ()2, (A.58)
298.15
[NH3 (g)] in/atm
Gasfi/m [NH3 (g)] interface -=" - t Gas
Interface - —
Liquid film 227 [TAN(aq) e ¥ Liuid

[TAN (aq)] buik liquid

Figure A2. Sketch of the ammonia transfer processes across an air-liquid interface
(adapted from Liss and Slater (1994)). In AMCLIM, [NH3(g)linterface in the figure is
represented by Y.r, and [NH3(g)]in/atm is represented by Yi, Or Xaim-

A11 Evaporation in animal houses

The evaporation rate in the animal houses is approximated by applying an aerodynamic
method using a vapor transfer coefficient (Bvap, m Pa’! s71) and vapor pressure deficit as

follows (Chow et al., 1988):

Fevap = Bvap (es - ea)a (A59)
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0.622k?pLirt

PwaterP[In (%)]2 ’

Bvap = (A.60)
where e is the saturation vapor pressure, and e is the actual vapor pressure at present state.
pwater is the density of water, respectively. The wind speed u (m s™!) is calculated from the
housing ventilation at an assumed reference height of z that equals 2 m, with roughness

height zo is assumed to be 2x10~ m (2 mm).

The moisture in poultry litter and solid manure due to evaporation cannot decline further
than a threshold and will eventually reach an equilibrium state to the ambient humidity, and
evaporation is assumed to stop at this point. The litter moisture content exerts a vapor
pressure on the adjacent air, and the ratio of this moisture vapor pressure to the saturated
vapor pressure of pure water in air at the temperature of the material is called the
equilibrium relative humidity (Henderson and Perry, 1976). If the air RH is higher than the
equilibrium relative humidity of the material, the material will increase in moisture content.
Conversely, the material will decrease in moisture content if the air RH is lower than the
equilibrium. The equilibrium moisture content is calculated by the following equation

(Elliott and Collins, 1982):

1

_[-ma-2 e
mg = lo.0000534xr ' (A.61)
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A12 Housing environments

For the enclosed houses with heating and ventilation systems for pigs, the parameterizations
of housing environments are taken from Gyldenkaerne (2005), as shown in Figure A3. The

indoor temperature (7, °C) is a function of outside temperature (Zou, °C), as the following:

Trec + ATlow X (Tout - Tmin)' if Tout < Tmin
Tin = Trec) if Trin < Tout < Thax , (A.62)
Trec + AThigh X (Tout - Tmax)' if Tmax < Tout

where Trec 1s the recommended temperature (20 °C), ATiow is the temperature dependency
(0.5 °C °C") for temperatures below Tmin (0 °C), AThigh is the temperature dependence (1.0
°C °C!) above Tmax (12.5 °C).

For the enclosed poultry houses, the temperature relationships are derived from the USEPA

AFO dataset as the follows (as shown in Fig A3):

Ti:

2.0 X 107*T, > + 1.0 X 1073T, . * + 2.4 X 1072T,,; + 22.1, for broilers
1.4 x 107*T, > + 2.3 x 1073T, % + 1.1 X 1072T,, + 23.8, for layers

(A.63)

The ventilation (Vi,, m s!) of the enclosed animal houses calculated as follows (as shown

in Fig A3):
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Vminr if Tout < Tmin
(Vmax—Vmin)y ;

Vin = { Vmin + Tout X (m); if Tmin < Tout < Tmax, (A.64)
Vmaxr if Tmax < Tout

where Viin is the minimum ventilation (0.2 m s™'), and Vmax is the maximum ventilation rate
(0.38 m s°! for pigs; 0.40 m s™! for poultry). It is worth noting that the unit of ventilation is
expressed in meter per second, which should be distinguished from the ventilation rate used

in Equation 4.2 for conceptualising the indoor NH3 concentration of animal houses.

a) enclosed house temperature b) enclosed house ventilation
0.45
354

— 2 0.40
S) ll/]
~ 30 -
g Eo3s
= fe
O 25+ 2
g 5 0.30 1
= IS
9 204 g
& Z 0.254
8 o

[ i ]
T 154 pigs ]
- broiler £ 0.20 _ pigs

104 — layer poultry
T T T r : : 0.15 +— T T r : :
-20 -10 0 10 20 30 -20 -10 0 10 20 30
Outdoor temperature (°C) Outdoor temperature (°C)

Figure A3. Modelled indoor temperature and ventilation of fully enclosed animal
houses for pigs and poultry in relation to outdoor temperature.

For naturally ventilated barns where ruminants, intermediate pigs, and backyard pigs and
poultry, the relationship between indoor temperature and the outdoor temperature is

expressed as follows as shown in Figure A4:

Tin = Tout + Dtempa (A65)
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Tfloor = Tout + 0.4 % (Trec - Tout)a (A66)

where Diemp 1s the temperature difference between indoor and outdoor temperature due to

the warmth generated by animals (3 °C) and T} is floor temperature.

naturally ventilated barn

301

201

10 1

Indoor ventilation (m s™1)

—10+ —— indoor air T
indoor ground T

~20 _10 0 10 20 30
Outdoor temperature (°C)

Figure A4. Modelled indoor air and ground temperature of naturally ventilated
animal barns in relation to outdoor temperature.

The ventilation in the barns is related to the wind speed outside (ugye, m s™!), which is

expressed by the following equation:

Vin = (1 - fblocking)uouta (A67)

where folocking 1 @ blocking factor due to mechanical blocking, which is larger in cold days

and smaller in warm days.

0.2,if Tout > Taoor — Deemp

folocking = {0.8, if Tout < Thoor — Dremp (A.68)
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Appendix B Supplementary information

for the development and operation of

AMCLIM

B1 Major crops simulated by AMCLIM-Land

The 16 major crops that are simulated by AMCLIM-Land are: 1) barley, 2) cassava, 3)
cotton, 4) groundnut, 5) maize, 6) millet, 7) potato, 8) rapeseed, 9) rice, 10) rye, 11)

sorghum, 12) soybean, 13) sugarbeet, 14) sunflower, 15), sugarcane and 16) wheat.

B2 Fertilizer types from IFA and disaggregation of total

nitrogen rates

AMCLIM-Land uses nitrogen chemical fertilizer consumption statistics at country-level
from the International Fertilizer Association. Nitrogen fertilizer types provide in the IFA
dataset includes direct NH3, ammonium phosphate (AP), ammonium sulphate (AS),
ammonium nitrate (AN), calcium ammonium nitrate (CAN), NK compound fertilizer (NK),

NPK compound fertilizer (NPK), nitrogen solution, other NP fertilizer (other NP), urea,
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and other N straight fertilizer. It is assumed that NK compound fertilizer, NPK compound
fertilizer and other NP fertilizer have equivalent amount of ammonium and nitrate.
Nitrogen solution contains 75 % of ammonium and 25 % nitrate (Vira et al., 2020a). Other
N straight fertilizer is treated as urea in AMCLIM-Land. The nitrogen in ammonium
fertilizer, urea fertilizer and nitrate fertilizer can be calculated accordingly by the following

equations:

other NP) + 0.75Nsolution, (B.1)

Ureay = Urea + Other N straight, (B.2)
Nity = 0.5(ANy + CANy + NK + NPK + other NP) + 0.25Nsolution. (B.3)

The fraction of the major three nitrogen fertilizer groups (ammonium, urea and nitrate) is

then calculated as follows:

Mfert(j)
ey B.4
ffert(]) Zi3=1 Mfert(j) oY

The nitrogen application and fraction of three types of fertilizers in 2010 and 2018 are

shown in Figure B1 and B2.
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a) total N application c) fraction of urea fertilizer

Figure B1. Fertilizer information of 2010. (a) Total nitrogen application rate. (b)
Fraction of ammonium fertilizer. (¢) Fraction of urea fertilizer. (d) Fraction of nitrate
fertilizer.

a) total N application c) fraction of urea fertilizer

100 1.0
0 ~ 0.9
N s 0.8
z 0.7
107 8 06
1072 % 0.5 j
10 2 0.4
104 - 03
0.2
10 = 01
1076
1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
E -
055 0.5 .5
0.4 0.4
03 0.3
02 0.2
0.1 01

Figure B2. Same as Figure B1 but for 2018.
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B3 Techniques used for chemical fertilizer application

Table B1. Fraction of techniques used for chemical fertilizer application at
country-level, based on the income classification (WB, 2022).

Broadcasting Incorporation Deep placement
High income 0.7 0.2 0.1
Upper middle income 0.8 0.15 0.05
Lower middle income 0.95 0.05 0
Low income 1.0 0 0
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B4 Geographical regions defined in AMCLIM

Figure B3. Geographical regions (SREX scientific region) used in AMCLIM
(Seneviratne et al., 2012).
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BS Global soil pH

[(+H)60j-] 1212m Ul Hd jlosdoy

Figure B4. Global soil pH. Data from HWSD v1.2 (Wieder et al., 2014).
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B6

characteristics

Livestock behavioural

information

and

excreta

Table B2. Biomaterial and characteristic information of livestock excreta (Vu et al.,
2009b, a; Andersen et al., 2020; Haynes and Williams, 1993; Marsden et al., 2020;
Dong et al., 2014; Waldrip et al., 2013; Nahm, 2003; Hoogendoorn et al., 2011;
Choirunnisa et al., 2019; Zhao et al., 2016; Reed et al., 2015; Sommer and Hutchings,
2001; Misselbrook et al., 2016; Selbie et al., 2015).

Ur.lnary Urinary N Faecal N Fraction Urlnfiltlo_rll (L DM (g
. N: . content (g | of head” d*) and
Livestock concentration 2 . . per kg pH
Faecal N (g N L' urine) Nkg urinary N | defecation (kg xcreta)
ratio & faeces) as urea head! d!) excre
Beef/Feedl . 12.0 (U)
ot Cattle 3:2 7.2 4.85 0.75 20.9 (D) 181.5 7.8
Dairy/Othe 21.0 (U)
. 8.8:5 6.9 4.85 0.75 181. .
r dairy 27.0 (D) 8.5 1 78
2.4 (U)
Sh 2:1 8.7 6.40 0.80 155. .0
eep 12 (D) 55.0 8
24
Goat 1:1 12.0 6.40 0.80 ©) 155.0 8.0
1.2 (D)
. 3.8 (U)
P 2:1 6.4 11.90 0.75 222.0 .
1gs 12 (D) 7.7
50 (gN 0.6 0.0 (U
Poultry - - kg! (excreted 0 E L) , 574.0 8.5
excretion) | Nas UA) 0.03 (Excretion)

UA is uric acid; U is urine; D is dung.
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B7 Divisions of Manure Management Systems (MMYS)

The MMS defined by the FAO GLEAM2 model and the divisions used in the AMCLIM

model are summarised in Table B3 and B4, respectively. It should be noted that manure

used as fuel, manure sold and thermal drying are not simulated in AMCLIM. Unmanaged

manure (e.g., dumping, fishpond) are treated as nitrogen loss from the system in AMCLIM.

Table B3. Definitions of manure management systems used in GLEAM. From

Uwizeye et al (2020).

Aerobic lagoon

A type of liquid uncovered manure storage with varying
lengths of storage (up to a year or greater). Lagoons can both
be a tank construction or an earthen basin and are
characterised by natural or forced aeration.

Aerobic processing

Manure is treated through natural or forced aeration processes
for oxidation of organic and nitrogenous compounds.

Burned Manure is collected and burned, usually as (cooking) fuel.
Manure is stored and turned into compost before using it as
Compost fertilizer. Often, manure is frequently turned and mixed
during composting process.
. Manure is routinely removed from a confinement facility and
Daily spread

applied to cropland or pasture within 24 hours of excretion.

Deep litter

An in-house system where, as manure accumulates in the
stable, bedding material is continuously added to absorb
moisture over a production cycle of 6 to 12 months.
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Digester

Also called biogas installation, which converts liquid and
solid manure into biogas. As a by-product a digestate is
formed which can be used as fertilizer.

Discharge

Manure is discharged in the environment. This is done after a
period of storage and activities are often not recorded as many
regions do not allow for such practices.

Dry lot

A paved or unpaved open confinement without any cover and
where manure is stored for several months (up to a year or
more) and may be removed periodically.

Dumping

Manure is dumped in an (often nearby) river. This can be
done after a period of storage and activities are often not
recorded as many regions do not allow for such practices.

Fishpond

Manure is used as fertilizer to increase production of food
organisms that are eaten by the fish.

Lagoon

A liquid storage system designed to combine waste
stabilization and storage. Lagoons can both be a covered tank
construction or an earthen basin and are characterised by the

creation of an anaerobic environment.

Liquid

A system where manure as excreted (slurry) is stored in tanks
or earthen ponds, sometimes with some addition of water and
storage periods of usually less than a year.

Liquid crust

Same storage as ‘Liquid’, but with a naturally or artificially
formed crust on the top, which reduces gas emissions.

Manure with litter
(poultry)

As manure accumulates in the barn, bedding material is added
to absorb the moisture over an entire production cycle.
Typically used for poultry breeder flocks and meat type

chickens.
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Manure without litter
(poultry)

Manure is dried as it accumulates and can be similar to an
open confinement storage system.

Outdoor Confinement
Area

Manure is allowed to lie as deposited on outdoor confinement
areas and is not managed.

Pasture

Manure that is deposited on pasture and grazing land and not
managed.

Pasture + paddock

Animals held on pasture and outdoor confinement areas
deposit their manure and no further manure management is
applied.

Pit 1,2

Manure is collected and stored below a slatted floor in an
enclosed animal confinement for 1) less than 2 months, 2) a
period of 2 months or more.

Public sewage

Manure enters the public sewage system and further processed
at a treatment plant.

Sold

Solid manure is sold as fertilizer or fuel, usually after a period
of storage.

Solid storage

Manure is stored, typically for several months, in unconfined
piles or stacks.

Thermal drying

Manure (solid) is treated through a drying process and is
commonly used to remove volatile contaminants from
livestock manure.
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Table B4. Divisions of manure management used in AMCLIM.

Category Solid Liquid
composting, deep litter, litter
A (poultry)?, pit storage aerobic processing, pit storage
(intensive layers)?, solid (livestock except for intensive layers)
storage
B - aerobic lagoon, liquid®
C -- lagoon, liquid crust

daily spread (cattle, small
D ruminants, chickens)®, dry lot, daily spread (dairy cattle, pigs)®
outdoor confinement area

Grazing pasture, pasture + paddock
Fuel burned, digester (biogas)
Unmanaged discharge, dumping, fishpond, public sewage
Other sold, thermal drying

2 Counting as housing emissions. ° To differentiate with “liquid crust”, “liquid” is assumed

to be an uncovered storage. ¢ Counting as MMS emissions.
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B8 Planting seasons for manure application to land

a) spring planting season start

300
275
250
225
200

Day

175
150
125
100

75

300
275
250
225
200

Day

175
150
125

100

75

Figure BS. Planting seasons for manure application to land (a) spring (for the NH)
and (b) autumn/winter (for the NH). The dates (expressed as Julian days) were
derived from the mean planting seasons of 18 spring crops and 4 winter crops. If there
is no difference between the spring season and autumn/winter season, it indicates that
there is only one planting season.
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B9 Information of US Environmental Protection Agency Animal

Feeding Operations monitoring data

Number of

Site . Livestock/Production Monitored
Location rooms/houses .
name system . period
monitored
Carroll, . 01 July 2007 to
3B Jndiana Pig 4 31 July 2009
15 March 2008
NC2B Nash,‘North Chicken (layer) 2 to 15 March
Carolina
2009
Jasper, . 01 July 2007 to
INSB v diana Dairy 2 31 July 2009
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Appendix C Supplementary results for
Chapter 3

C1 Site simulations for NH3 from fertilizer applications

a) —— modelled b)

3500 +  measured 3500 -

3000 3000 ey
= T .
¥ 2500 ¥ 2500 S,
0
o £ &
‘ g
E. 20007 X 2000

3

£ 2
2 15004 Z 1500
" 3
z 3
=z o .

1000 2 10004 *

500 ] n=835

500 R? = 0.63
FAC2 = 0.50
o 24 o]
05jun  06jun  07jun  08jun  09jun  10jun  1ljun  12Jun  13Jun  14Jun  15Jun 0 500 1000 1500 2000 2500 3000 3500

Measured NH; flux (ng m=2 s71)

Figure C1. Modelled NH3; emissions by AMCLIM-Land at site scale compared with
measured NH3 emissions by AGM in the GRAMINAE field experiments. (a) Modelled
NH; emissions compared with measurements of NH3 emissions. (b) Scatter plot of
modelled NH; vs. measured NHa.
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C2 Crop-specific NH3 emissions and volatilization rates

a) barley c) cotton

e) maize f) millet h) rapeseed 493.6 GgN

i) rice

n) sugarcane

I
107° 10°8 1077 10-° 107° 1074 103 1072 107 1 10
NH3 emission (Gg N yr~1)

Figure C2. Ammonia emissions from 16 major crops for 2010 as simulated using
AMCLIM.
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a) barley

b) cassava

e) maize

) millet

i) rice

n) sugarcane

p) wheat

1077

10-6 1073 1074 1073 1072 107t
NH3 emission (Gg N yr~1)

Figure C3. Same as Figure C2 but for 2018.
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a) barley 18.1 % b) cassava 10.6 % c) cotton 19.0 %

i) rice

Figure C4. Percentage of applied nitrogen that volatilizes as NH3 (Pv, %) for 16 major
crops in 2010 as estimated by AMCLIM.
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24.7 % d) groundnut 21.9 %

f) millet

g) potato

i) rice

12

18 24 30 36
Py (%)

Figure C5. Same as Figure C4 but for 2018.
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C3 Global fertilizer use in the 21% century

1209 —— ammonium

urea
100{ —— nitrate

80 A

60 1

40 1

Global fertilizer nitrogen use
(Tg Nyr ™)

20 A

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

Figure C6. Global total use of three types of fertilizers in the 21% century.

388



Appendix

Appendix D Supplementary results for
Chapter 4

D1 Site simulations for NH3 from pig housing
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Figure D1. Site simulations of House 2 in a pig farm at site IN3B, Carroll, Indiana,
from 01 July 2007 to 31 July 2009. (a) Measured daily mean indoor temperature,
airflow rate and relative humidity of the house. (b) Animal heads and mass density of
the house. (¢) Comparison between modelled NH; emissions and calculated NH3
emissions from measured indoor concentrations. (d) Modelled NH3; emissions from
the slats and the pit. () Comparisons between measured and modelled TAN
concentration of the slats and between measured and modelled nitrogen concentration
of the pit. Vertical blue dashed lines refer to manure removal from the pit. (Same as
Figure 4.2 but for House 2)
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D2 Site simulations for NH3 from layer chicken housing
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Figure D4. Site simulations of House B in a layer farm at site NC2B, Nash, North
Carolina, from 15 March 2008 to 15 March 2009. (a) Measured daily mean indoor
temperature and airflow rate of the house. (b) Measured daily mean relative humidity
of the house. (¢) Modelled TAN pool and UA pool. (d) Comparison between measured
and modelled indoor NH3 concentrations of the house and surface NH;3 concentrations.
(e) Comparison between modelled NH3 emissions and calculated NH3 emissions from
measured indoor concentrations. Vertical blue dashed lines refer to emptying of the
house. (Same as Figure 4.3 but for House B)

D3 Emissions from pig manure management

Table D1.. Global total managed nitrogen (Gg N yr'), NH; emissions (Gg N yr!) and
volatilization rates (%) from different manure management systems for three pigs.

Total managed NH; from
0
MMS Year N (Gg N yr) MMS _(1Tg N Average Pv (%)
yr)

2010 2211.6 171.6 7.7
Indoor storage,
liquid 2018 2188.9 175.5 8.0
Outdoor 2010 1310.6 155.3 11.8
storage, liquid 2018 1283.0 158.7 12.3
Covered 2010 1247.9 45 0.3
storage, liquid 2018 1214.7 438 0.4
Lagoon 2010 423 7.1 16.8
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2018 42.9 77 17.9
2010 1784.4 185.2 103
Indoor storage,
solid 2018 1786.9 187.0 10.4
2010 17673 478.9 27.1
Left on land
2018 1746.4 487.1 279
2010 8364.2 1002.7 11.9
Total
2018 8263.0 1021.0 12.3
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Appendix E Supplementary results for
Chapter 5

E1 Site simulations for NH3 from dairy cattle barns
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Figure E1. Site simulations of Barn 2 in a dairy farm at site INSB, Jasper, Indiana,
from 01 July 2007 to 31 July 2009. The barn is equipped with exhaust fans to facilitate
ventilation. (a) Measured daily mean indoor temperature and airflow rate of the barn.
(b) Measured daily mean relative humidity of the barn. (c) Comparison between
modelled NH3 emissions and calculated NH3 emissions from measured indoor

concentrations.

E2 NH;3 from different grazing schemes

Table E1. Total excreted N (Tg N yr!), NH; emissions (Tg N yr!) and volatilization
rates (%) from each grazing scheme for cattle, sheep and goats as simulated by

AMCLIM.
‘ Tota! excret@d NH3 from Average Py
Ruminants Year Scheme N while grazing grazing (Tg N o

(TgN yr!) yr) oo
Cattle 2010  urine patch 21.54 5.65 26.2
dung pat 7.49 0.22 2.9
mixed 10.02 1.67 16.7

2018 urine patch 22.14 4.72 21.3

dung pat 7.69 0.25 33
mixed 10.29 1.74 14.6
Sheep 2010  urine patch 2.23 0.78 35.0
dung pat 0.62 0.01 1.6

mixed 0.88 0.13 12.7

2018 urine patch 2.33 0.62 26.6

dung pat 0.65 0.02 3.1
mixed 0.92 0.11 10.4
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Goat 2010  urine patch 0.89 0.35 39.3
dung pat 0.50 0.02 4.0

mixed 0.60 0.12 17.1

2018  urine patch 0.95 0.30 31.6

dung pat 0.53 0.02 3.8

mixed 0.64 0.11 14.5

Total 2010  urine patch 24.66 6.78 27.5
dung pat 8.61 0.25 2.9

mixed 11.55 1.92 19.9

2018 urine patch 2542 5.64 22.2

dung pat 8.87 0.29 33

mixed 11.86 1.96 14.3
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Appendix F Supplementary results for
Chapter 6

F1 Dominant source of agricultural NH3 emissions
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Figure F1.. Dominant source of NH3 emissions from agricultural activities (a) and
sectors (b) as estimated by AMCLIM.

404



Appendix

F2 Volatilization of NHj3 relative to TAN

Pv (%)

Figure F2. Percentage of TAN that volatilizes (Pv(ran)) as NHs in 2010 as estimated by
AMCLIM for (a) the use of ammonium and urea in synthetic fertilizer, (b) urinary N
in excreta deposited in livestock houses, (c) TAN application in manure to land (note
the different scale) and (d) the urine patch scheme (urinary N) of grazing.
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F3 Nitrogen excreted by livestock
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Figure F3. Annual mean excreted nitrogen (kg N head! yr!) by (a) dairy cattle, (b)
non-dairy cattle, (c) sheep, (d) goat, (e) pigs and (f) chicken based on GLEAM?2 for
year 2010 (FAQO, 2018).
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F4 The impact of soil moisture on NH3 volatilization under

different temperature and soil pH conditions
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Figure F4. The fractional volatilization rates as a function of temperature and soil

water content (left) soil pH = 7.0, (right) soil pH = 8.5 simulated by FANv2 (figure
taken from Vira et al., 2020).
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Soil pH

0.05 0.10 0.15 0.20 0.25 0.30 0.35
Volumetric soil water content
(m3m™3)

Figure F5. The percentage volatilization rates as a function of soil water content and
soil pH under temperature conditions of the GRAMINAE site simulated by AMCLIM.
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F5 Response of ammonia emissions due to 2 °C warming
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Figure F6. Ratios of NH3 emissions due to 2 °C warming to base NH3; emissions for (a)
whole agricultural sector, (b) synthetic fertilizer use, (c) livestock housing, (d) manure
management, (¢) manure application and (f) grazing derived from the global
temperature sensitivity tests in 2010 using AMCLIM.
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Figure F7. Same as Figure F6 but for a combined source term of livestock housing,
manure management and land application of manure.
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F6 Relationships between temperature sensitivity and

temperature and volatilization rates
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Figure F8. Simulated kpy(1) of the (a) whole agricultural sector, (b) synthetic fertilizer
use, (¢) housing, (d) manure management, (¢) manure application to land and (f)
grazing plotted against air temperature at 2 m and simulated Py from the base run.

F7 Estimates of NH3 emission reduction

The total agricultural NH3; emission (Fyp,agric) estimated by AMCLIM is the sum of
emissions from synthetic fertilizer use (Fyu, syn fert) and livestock farming (Fy, livestock)-
Livestock farming emissions consist of housing ( Fym,housing ), Manure management
(Fnu,,MMs), manure application (Fyi, manure app) @nd grazing (Fyu, grazing)» @8 €xpressed

by the following equations:
FNH3,agric = FNHg,syn fert + FNH3,livest0cka (Fl)

FNH3,livestock = FNH3,h0using + FNH3,MMS + FNH3,manure app + FNH3,grazing- (F2)

The mitigation measures and corresponding impacts on volatilization have been presented
in Table 6.7. The overall reduction in NH3; emissions of the whole agricultural sector by
applying all methods equals to subtracting the reduction in each component from the

original emissions, which can be calculated by the following equations:

FNH3,total agric' = FNH3,syn fert’ + FNHg,housing' + FNH3,MMS' +

FNH3,manure app' + FNH3,grazing'9 (F3)
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FNH3,total agric! = FNH3,agric - (FNH3,syn fert = FNH3,syn fertreduction) -
(FNH3,h0using - FNH3,housingreduction) - (FNH3,MMS - FNH3IMMSreduction) -

(FNH3,manure app ~ FNH3,manure appreduction) - (FNH3,grazing - FNHg,graZingreduction)a (F4)

where Fyy, source’ Tepresents updated NH3 emissions of a source after applying mitigation

measures, and Fyy,,, represents the reduction of NH3 emissions from a source.

SOurcCereduction

The NHj3 reduction for synthetic fertilizer use (Fyms,syn fert,equerion) 1S €XPressed as:
Fag syn fert’ = (1 = Ra1) (1 — Raz(syn fert)) FNHg syn ferts (F.5)
FNH,,syn fertrequction = T'NHs,syn fert (Ra1 + Raz(syn ferty — Ra1 * Raz(syn fert))»(F.6)
where Ra1 to Rpi is the percentage reduction of NH3 emission due to a mitigation measure.

The NH3 reduction for housing (Fypy,, ) is expressed as:

housingreduction
FNH3,housing' = (1 - RBl)(1 - RBZ)FNH3,housinga (F7)
FNH3,h0usingreductiOn = FNH3,h0using(RB1 + Rp; — Ry " Rpy). (F.8)

The NH3 reduction for manure management (Fyp, mms ) is expressed as:

reduction

FNH3,MMS' =1 —R¢y — Rcz)(FNH3,MMs + FNH3,housingreduction ' PV,MMS)a (F.9)

FNH3 MMS equetion = INHsMMs (Rei + Rez) — (1 — Rep — Rez) (R + Rz —
RBlRBZ)FNHg,housing * Py Mums- (F.10)
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Note that measure Cl1 and C2 are independent. Meanwhile, stored manure nitrogen

increases due to less emission from housing.

The NHj3 reduction for manure application (Fy, manure appyeguction) 18 €XPressed as:

FNH3,manure app’ = 1- RAZ)(FNH3,manure app T FNHS'MMSreduction ’

PV,manure app)a
(F.11)
FNH3,manure apPreduction FNH3,manure app RAZ(manure) - (1 -
RAZ(manure))(RC1 + RCZ)FNH3,MMS ) PV,manure app ~— (1 - RCl - RCZ)(RBl + RBZ -
RBlRBZ)FNH3,houSing ’ PV,MMS ' PV,manure app- (F12)

Note that manure nitrogen that applied to land increases due to less emission from previous

stages, i.e., housing and manure storage.

The NHj3 reduction for grazing (Fyu, grazing,eqyetion) 1S €XPressed as:
FNH3,grazing' = (1 - RAl)(1 - RDI)FNH3,graZinga (F.13)

FNH3,grazingreduction = FNH3,grazing(RA1 + RD1 - RAlRDl)- (F14)

As a result, the total reduction (Fyp, total agricyequetion) 1S €XPressed as:

FNH3:t0tal agricreduction FNH3,Syn fertreduction + FNHS'hOUSingreduction

FNH3'MMSreduction + FNH3,manure aPPreduction + FNH3'graZingreduction’ (AIS)
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FNH, total agricequetion = PNHasyn fert(Ra1 + Raa(syn fert) — Ra1 * Razsyn fert)) +
Fxi, housing(Re1 + Rp2 — Re1 - Rea) + (Fyugmms(Rer + Rea) — (1 — Ry —
Rc2)(Rg1 + Rgz — Re1RB2) Fnug housing * PV,MMS) + (FNHgmanure app * Ra2(manure) —
(1 — Raz(manurey) (Re1 + Rea) Fny Muts * Py manure app — (1 = Re1 — Re2) (Re1 + Rpz —

RBlRBZ)FNH3,houSing ’ PV,MMS ' PV,manure app) + FNH3,grazing(RA1 + RDl - RAlRDl)-(F-IS)

It is worth noting that this is an approximating estimation of NH; emissions at the global

scale.
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F8 Change in temperature and NH3 emissions under different

SSPs
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Figure F9. Projected change in air temperate at 2 m in 2050 (a, b, ¢) and in 2100 (d, e,
f) relative to 2010 under three SSPs: SSP126 (a, d), SSP245 (b, €) and SSP370 (c, f).
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a) NH3 in 2050 under ssp126 (51.0 Tg N yr™*) " d) NH3 in 2100 under ssp126 (51.4 Tg N yr?) o
50
40 _
g
30 %
=
g
20
10
0
60
50
= 40
£ g
2 30 %
< z
3 z
20
10
0
60
50
40 _
9
30 ¥
=
z
20 <
10
0

Figure F10. Projected change in agricultural NH; emissions in 2050 (a, b, ¢) and in
2100 (d, e, f) relative to 2018 under three SSPs: SSP126 (a, d), SSP245 (b, ¢) and
SSP370 (c, ). The projections only consider the temperature effect and use the same
activity data in 2018.
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