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Abstract: Ammonia (NH3) is an important atmospheric pollutant due to its contribution to secondary inorganic
aerosol formation and its deposition and impacts on (semi-)natural ecosystems. Therefore various efforts have
been made to limit emissions to the atmosphere. The predominant emission source in Switzerland is livestock
agriculture, wherein NH3 is volatilised from ammonium contained in animal manure. While modelled NH3 emis-
sions based on agricultural activity data indicate a minor decrease since 2000, concentration measurements do
not reflect this trend. This can at least partly be attributed to a decline in the transformation of NH3 to particulate
ammonium due to significantly decreased emission of oxidised nitrogen and sulfur compounds in the past dec-
ade. The partitioning between the gaseous and the particulate phase also determines the deposition pathway
(dry or wet deposition) and thus the average lifetime and transport distance in the atmosphere. Gaseous NH3 is
subject to fast dry deposition and is deposited preferentially to ecosystems close to the source. Once deposit-
ed into an ecosystem, NH3 leads to eutrophication and acidification of water and soils, which change the plant
community composition and microbial functioning, especially in N-sensitive ecosystems. Although NH3 can also
cause direct toxicity to plants, assessments of ecosystem impacts are generally collated using the critical load
approach, which includes the input of all N compounds. These reveal that in 2020, 87% of forests, 94% of raised
bogs, 74%of fens, and 42%of dry mountain grasslands likely experienced adverse impacts fromN exceedances
in Switzerland. To improve this situation, considerable NH3 emission abatement efforts are needed in the future.
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1. Introduction
Ammonia (NH

3
) is the most abundant alkaline component in

the atmosphere and constitutes one of the most reactive nitrogen
(N) species. It is considered an atmospheric pollutant due to its
adverse effects on N-sensitive ecosystems and contribution to
the formation of fine particulate matter[1] associated with ad-
verse human health outcomes.[2,3]Agriculture produces 86% of
NH

3
emissions to the atmosphere globally,[4] while its contri-

bution regionally can reach even higher values as is the case in
Switzerland.[5,6] A large part of the NH

3
emitted to the atmos-

phere is ultimately deposited in gaseous form or via precipita-
tion to (semi-)natural ecosystems. This implies a considerable
nutrient loss form agricultural production, but more importantly
an inadvertent excess N input to sensitive and partly protected
ecosystems including forests, wetlands, and lakes. There, it may
lead to eutrophication and soil acidification resulting in biodi-
versity loss.[7,8] Through its impact on N and carbon cycling,
the exchange of greenhouse gases can also be affected.[9,10]
Following the UNECE Gothenburg Protocol,[11] considerable
efforts have been initiated since the 1990’s to decrease anthropo-
genic emissions of nitrogenous compounds in Europe. However,
while the emission of oxidised N compounds (mainly NO

X
from

combustion processes) and the corresponding atmospheric
concentrations have decreased in Switzerland by half over the
last 20 years, the reduction of NH

3
emissions has been only

moderate and has not been fully reflected in observed concen-
trations.[6,14]

This review mainly focusses on the specific situation and re-
search activities in Switzerland concerning processes governing
the emission of NH

3
from agriculture, its subsequent transport

and transformations in the atmosphere, removal from the at-
mosphere by deposition, and resulting impacts in N-sensitive
ecosystems.
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instance with high concentrations close to strong sources (e.g.
within animal housings[15]), it is more problematic for medium to
low ambient concentrations.

One solution to this problem is the use of open-path in situ
spectroscopic instruments measuring the optical absorption of in-
frared or UV-light sources (such as lasers or lamps) over absorp-
tion path lengths of tens to a few hundred meters.[16]

For NH
3
emissions from agricultural fields after manure appli-

cation or during grazing, various flux measurement techniques are
available[17] andhavebeen applied inSwitzerland in thepast decades,
including wind tunnels,[18] integrated horizontal flux approaches,[18]
inversed dispersion methods,[12,16,19,20] aerodynamic gradient meth-
od,[21]and eddy covariance.[22]Except for the wind tunnels, the listed
approaches are based on micrometeorological principles and make
use of natural atmospheric turbulent transport near the surface, with-
out altering the ambient environmental conditions.

Although representing the largest local NH
3
sources, emis-

sions from animal housings are complex to quantify, as they en-
compass multiple heterogeneous sources, depositing surfaces,
variable gas exchange rates depending on the ventilation method,
and structures that affect atmospheric turbulence. Closed struc-
tures with controlled ventilation are suited to indirect gas balanc-
ing methods, whereby the emissions are calculated from indoor
and outdoor concentration differences and precise air exchange
rates. This is less feasible for open structures with natural venti-
lation,[23] which are prevalent in Switzerland. Another approach
is the tracer ratio method, i.e. the controlled release of an inert
tracer gas inside the structure with concentration measurements
inside or outside the building to determine the ratio between the
released gas and NH

3
, which is assumed to also represent the ratio

of emission rates.[23]
A method that operates at high time resolutions for longer

periods without the need for in-house installations is the inverse
dispersion method.[24] It is based on concentration measurements
up- and downwind of the structure combined with a backward
dispersion model to simulate the diffusion between the emission
source and measurement location.[25]

2.3 Emission Modelling and National Inventory
From the available experimental studies in Switzerland and

internationally, mean emission factors (i.e. NH
3
emitted as a

fraction of TAN) for the different stages of the manure cascade

2. Ammonia Emissions from Agriculture

2.1 Emission Sources
In 2022, agriculture produced 94% of NH

3
emissions in

Switzerland,[6] of which 93% resulted from livestock farm-
ing. Animals (cattle, pigs, poultry, etc.) excrete N in urine (ca.
50–70%, mainly in the molecular form of urea) and dung (ca.
30–50%, mainly in solid organic forms). Once deposited on ani-
mal housing floors or pasture surfaces and catalysed by the ure-
ase enzyme in the dung or soil, urea is rapidly hydrolysed and
equilibrates with aqueous NH

3
depending on pH and temperature

(Fig. 1). The NH
3
(aq) is in equilibrium with the gas phase accord-

ing to Henry’s law. Since the volatilised NH
3
is usually dispersed

and rapidly diluted in the air, the volatilisation can persist until
the pH in the aqueous phase is reduced which favours NH

4
+. This

NH
3
volatilisation process occurs similarly from soiled surfaces

in livestock housings as well as frommanure surfaces during stor-
age and after field application. Due to the fast transformation in
the aqueous phase, the water-soluble N compounds urea, NH

4
+,

and NH
3
(aq) are often quantified together as total ammoniacal N

(TAN). The particulate organic N of the excreted dung and con-
stituent of slurry shows a low chemical reactivity and little ex-
change with the TAN fraction.

2.2 Concentration and Flux Measurements
In order to investigate and quantify the exchange of NH

3
between sources (and sinks, see Sect. 4) at the surface and the
atmosphere, accurate concentration and flux measurements are
necessary. A traditional and relatively simple approach uses the
reactivity and water solubility of NH

3
by trapping/scrubbing it

from the air into an acidified liquid solution or surface coating ei-
ther by an active sample air flow (e.g. impinger[12] or denuder[13])
or by passive gas diffusion (passive samplers[14]) over time periods
of hours to weeks. The trapping solution or coating is then brought
to the lab for chemical or photometric analysis. However, this ap-
proach is labour intensive and unsuitable for continuous measure-
ments with high time resolutions. Continuously operating online
gas analysers are usually closed-path spectroscopic instruments
using inlet tubing and particle filters to protect the measurement
cell. However, due to its water-soluble characteristics, NH

3
ad-

sorbs readily to most surfaces including the inner walls and filters
of inlet systems and analysers. While this is less problematic for

Fig. 1. Schematic illustration of processes controlling the emission of NH3 from its primary source, livestock agriculture.



Atmospheric chemistry in switzerlAnd CHIMIA 2024, 78, No. 11 773

that reduce the exposed surface by 75-80%, which consequently
lowers NH

3
emissions by 30-50% compared to simple broadcast

spreading.[12]Another measure is the dilution of slurry by adding
water before spreading. This leads to reduced TAN concentrations
in the higher application volume and thus enhances the fraction
of slurry that rapidly infiltrates into the soil. As indicated by Fig.
2, grazing generally produces lower NH

3
emissions than keeping

the animals in housings, which could be observed in field exper-
iments.[20]This is because urine, containing most of the excreted
TAN, is deposited in small, confined patches on the pasture lead-
ing to fast infiltration into the soil. Within animal housings, NH

3
emissions can be reduced by facilitating a fast runoff of urine
into a (closed) storage tank and by regular removal of the solid
manure such as with a frequently operated automatic scraper. The
emission from slurry tanks is effectively diminished by a cover
that reduces the air exchange and dispersion into the atmosphere.

Another emission mitigation option is the acidification of
slurry by adding acids (mainly H

2
SO

4
) to lower the pH and in-

hibit the dissociation of NH
4
+ to NH

3
(Fig. 1). Naturally venti-

lated housings can reduce volatilisation from lower temperatures
during the cold season, but conversely lead to higher emissions
due to the more efficient air exchange that reduces the headspace
concentration and facilitates volatilisation. This also causes higher
emissions in the warm season compared to closed housings with
limited mechanical ventilation. An effective mitigation method
is a reduction of protein, the main N source in animal feed, as
this leads to significantly lower excretion of soluble N and thus
to less NH

3
emissions along the entire manure management

cascade.[20,30] A detailed survey of best available techniques for
preventing and reducing ammonia emissions from agricultural
sources has been published by the UNECE executive body for
the Convention on Long-range Transboundary Air Pollution.[31]

Between 1990 and 2000, NH
3
emissions decreased by about

1% per year. This can mainly be attributed to a reduction in ani-
mal numbers and a substantial increase in grazing activity (with
reduced emissions[20,31]) during that period. Afterwards, between
2000 and 2020, the reduction was smaller at only 0.6% per year
despite increased propagation and incentives for the implementa-
tion of abatement measures. The emission reductions were partly
offset by the increase in animal-friendly housing systems, which
provide a larger surface area per animal, but also produce a trade-
off of higher NH

3
emissions.[27]Band spreading (or incorporation)

and slurry tank covers, have recently become mandatory for most
farmers in Switzerland, and new technical measures are being devel-
oped but need to be tested in scientific projects. Historical time series
of NH

3
emissions since 1750 have been reconstructed for various re-

gions and countries worldwide including Switzerland.[32]They show
that the NH

3
emissions in Switzerland one hundred years ago were

about 30% lower than today and reached amaximum around 1980
when animal numbers peaked.

(Fig. 2) are derived, depending on animal category, farm system,
production method, etc. These are used together with agricultural
activity data in the Agrammon emission model[26,27] to derive an-
nual NH

3
emissions from agriculture for the Swiss national inven-

tory. The main emission sources in livestock production are ani-
mal housings and exercise yards (36%), slurry and solid manure
storage (11% and 6%, respectively), their application to fields
(34% and 10%, respectively), and grazing (3%).[5]

The emission factors and resulting emissions are subject to
considerable uncertainties, because they are based on a limited
number of international experimental studies and do not yet in-
clude all recent findings (e.g. experimental studies found signif-
icantly lower NH

3
emission factors for slurry spreading under

Swiss conditions than presently used[5,12]). In addition to the total
livestock-related NH

3
emissions of 38.5 kt N yr-1 (the sum of all

emission pathways in Fig. 2), there are also synthetic fertiliser-re-
lated emissions from plant production (2.8 kt N yr-1) and non-ag-
ricultural emissions (2.4 kt N yr-1) that represent minor contribu-
tions to the total emissions of 43.7 kt N yr-1. As part of the inven-
tory, annual emissions are also quantified in a spatially-resolved
emission map with a 100 m x 100 m grid resolution.[28,29]

2.4 EmissionMitigationMeasures and Temporal Trends
Measures to mitigate agricultural NH

3
emissions to the atmos-

phere try to reduce or inhibit the reaction and equilibration chain
in Fig. 1 that leads to NH

3
volatilisation. Since the emission oc-

curs at the surface of the liquid phase, an effective measure is to
reduce the surface area of the TAN-containing liquid exposed to
the atmosphere. For the field application of slurry, this is achieved
by using band spreading techniques (trailing hose, trailing shoe)

Fig. 2. Fate of N in Swiss livestock production after excretion in animal
housings or during grazing. Black values represent flows of water-solu-
ble TAN (urea / NH4

+ / NH3(aq); see Fig. 1) in kt N yr-1 through the manure
management cascade. The dotted arrows indicate losses of NH3 to
the atmosphere, with the red numbers (in percent) indicating the corre-
sponding emission factors (i.e. the relative loss) in the respective cas-
cade step. Numbers are for the year 2020, from ref. [5].

Table 1: Annual surface-atmospheric NHX exchange budgets for Switzer-
land including total anthropogenic NH3 emissions[5,6] and the different
deposition pathways of NH3 and NH4

+ [29] in units of kt N yr-1

1990 2000 2010 2020

Emissions NH
3 56.3 (100%) 50.1 (100%) 47.5 (100%) 43.7 (100%)

Dry deposition NH
3 21.6 (38%) 19.3 (39%) 19.0 (40%) 23.9 (55%)

Dry deposition NH
4
+ 2.2 (4%) 2.2 (4%) 1.8 (4%) 1.2 (3%)

Wet deposition NH
4
+ 24.2 (43%) 21.3 (43%) 17.3 (36%) 16.4 (38%)

Deposition NH
X
total 47.9 (85%) 42.8 (85%) 38.1 (80%) 41.5 (95%)
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The effectiveness of wet deposition of particulate NH
4
+ depends on

the occurrence and type of clouds and precipitation events.
The equilibrium of the reversible transformation of NH

3
to

particulate NH
4
+ depends on the ratio between NH

X
(the sum of

NH
3
and NH

4
+) and the acidic reaction partners (HNO

3
and H

2
SO

4
or their ions NO

3
− and SO

4
2-) as well as on the concentration of

other metal ions, the liquid water content and temperature.[36,37] It
can be calculated for a specified air volume by a thermodynamic
equilibriummodel like ISORROPIA.[38]Using this model, a study
from 2006 with data from Payerne showed that the atmospheric
boundary layer on the Swiss Plateau was over-saturated with NH

3
and therefore the particle concentration was only weakly depend-
ent on changes in NH

3
concentrations.[39]While a lowering of NH

3
emissions by 25% only led to a decrease of SIA by 1-5%, an NH

3
reduction of more than 50% was needed to decrease SIA produc-
tion by >10%.

For a more comprehensive investigation of the interaction and
partitioning between the different transport, transformation, and
removal processes in the atmosphere and their effects on the spa-
tial distribution of NH

3
and NH

4
+ over Switzerland and Europe,

three-dimensional dynamic atmospheric chemistry and transport
models (CTM) are employed.[40-42]These exhibited that the aerosol
formation in Switzerland was only weakly sensitive to NH

3
during

summer and only slightly more so in winter, while NO
X
emissions

(leading to the formation of HNO
3
/NO

3
-) from traffic, industry, and

domestic heating were more generally a leading cause. Since Swiss
NO

X
emissions have decreased considerably in the past decades[6,29]

but NH
3
emissions declined only slightly, this sensitivity of aerosol

formation to NO
X
(representing the limiting factor) even increased

in the past decades and probably will continue to in the future.[42]

3.2 Concentrations Monitoring
Tomonitor near-surface concentrations of NH

3
in Switzerland,

a network of passive sampler stations has been installed over the
past 20 years by national and cantonal authorities.[14] It grew from
13 permanent sites (presently still in operation) to over 100 sites in
recent years. The samplers yield average concentrations over two

3. Atmospheric Transport and Transformation

3.1 Processes and Lifetimes
Agricultural NH

3
emissions enter the atmospheric boundary

layer that comprises the lowest 100–1000 m of the atmosphere.
The boundary layer is vertically well mixed and thus closely cou-
pled to the terrestrial surface, while the exchange with the over-
laying free troposphere is relatively slow. Therefore, NH

3
can eas-

ily re-deposit onto the surface by dry deposition (Fig. 3), which
leads to a short atmospheric lifetime of emitted NH

3
of only a few

hours.[33,34]An alternative and potentially faster process is the con-
version to NH

4
+ in particulate matter (aerosols) through reactions

with atmospheric acids,mainly nitric and sulfuric acid.This results
in secondary inorganic aerosols (SIA) that have a longer lifetime
in the atmosphere of a few days on average. This is because their
deposition to the surface is much slower than for the gaseous NH

3
molecules. Consequently, SIA containing NH

4
+ can reach the free

troposphere, where they are transported with the mean wind over
longer distances. The main removal process for particulate NH

4
+

is wet deposition by rain and snowfall.[1]Compared to these depo-
sition processes, the oxidation of NH

3
to NO and N

2
O by reaction

with OH is very slow (chemical lifetime of several weeks[35]) and
thus can be neglected for the atmospheric NH

3
budget.

The effectiveness of the removal of NH
3
and aerosols from the

atmosphere by surface dry deposition can be described by the
deposition velocity Vd,s that is defined as the factor between the
(negative) deposition flux F

s
and the near surface concentration C

s
of species s:

For gaseous NH
3
, average deposition velocities range between

10 and 30 mm s-1 over vegetated surfaces and are thus one order
of magnitude higher than the corresponding values for SIA of 1 to
2.5 mm s-1.[28]Due to the slow deposition velocity and hence longer
atmospheric lifetime, NH

4
+ can be transported over long distances.

F
s
= –V

d,s
× C

s
(1)

Fig. 3. Schematic illustration of the fate of emitted NH3 in the atmosphere. The width of the arrows gives a rough indication of the quantitative impor-
tance of the processes in Switzerland.
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or four weeks. They exhibit a high spatial variability with annual
mean concentrations between 0.5 and 12 μg m-3, that mainly re-
flect the proximity of the monitoring site to intensive agriculture.
A seasonal pattern can be observed from monthly measurements
and especially in regions with a high livestock density, the concen-
trations follow agricultural activities with lowest values in winter
and highest in spring and late autumn, when slurry application
is widespread. The passive sampler networks were supposed to
monitor the effect of NH

3
emission reduction measures. However,

while the national emission inventory indicates a 13% reduction
of emissions between the years 2000 and 2020, most of the pas-
sive sampler monitoring sites showed no significant change or
even an increase in average NH

3
concentrations.[43]This discrep-

ancy could be explained by the reduction of the acidic compounds
(mostly in the form of nitric and sulfuric acids) during the same
time and thus a decreasing transformation to particulate NH

4
+. A

part of the effect may also be attributed to the temperature increase
due to climate warming and its positive impact on NH

3
volatilisa-

tion[44], which has not been considered hitherto in the emission
inventory (Sect. 2.3).

An additional recently developed option for monitoring the
larger scale spatial distribution and temporal trends of atmos-
pheric NH

3
levels are total column observations by satellites,[4,34]

assumed to mainly represent NH
3
concentrations in the lower

boundary layer.[33]

4. Surface Deposition

4.1 Deposition Measurements
The quantification of N deposition from the atmosphere to ter-

restrial surfaces is generally separated into two contrasting process
pathways according to dry and wet deposition (see Fig. 3 and Sect.
3.1). This applies to modelling (Sect. 4.2) as well as to measure-
ments, on which model parameters are based. The dominant spe-
cies for dry deposition is NH

3
, but the following methods similarly

apply to particulate NH
4
+, as well as to oxidised N compounds. The

simplest experimental approach to quantify dry deposition is the
inferential method (Eqn. 1) that requires local concentration meas-
urements and a more or less sophisticated and site-specific estima-
tion of the deposition velocity.[13,45]This approach heavily relies on
assumptions in the determination of the deposition velocity and,
therefore, can be considered as an estimate derived from a combi-
nation of measurement and modelling. More direct measurements
of NH

3
deposition have been performed using micrometeoro-

logical approaches (see also Sect. 2.2) such as the aerodynamic
gradient method[46-49] and, more recently, the eddy covariance
method.[50,51] With a time resolution of typically one hour, these
methods allow an investigation of seasonal and diurnal variations
and dependencies on surface vegetation and weather conditions.
Yet, such measurements usually require greater infrastructure
(mains power, measurement towers) and sophisticated instrumen-
tation, which limits the application to few selected sites.

Wet deposition can be measured by analysing the concentra-
tion of the compounds of interest in accumulated precipitation
samples. While wet-only samplers are closed by a moving lid
between precipitation events, the simpler bulk deposition sam-
plers are permanently open and thus include partial contribu-
tions of dry deposition as well.[52] A sampler positioned below
a forest canopy measures the so-called throughfall deposition.
This process also samples the substances deposited during dry
periods on the foliage and washed off during subsequent precip-
itation, hence it may be considered to represent the sum of wet
and dry deposition. However, it has been found that throughfall
N deposition is systematically lower than total N deposition (de-
termined from wet deposition samplers and dry deposition by
the inferential method),[53,54] which can be explained e.g. with
stomatal and cuticular uptake of NH

3
and NH

4
+ by tree leaves[55]

and possibly by microbial N processing on plant surfaces. The
average relationship between total deposition and throughfall
could be described by an empirical power function, yet with
considerable scatter,[52] and is likely to be highly site and species
dependent.

4.2 Modelling of Spatially Distributed Deposition
To quantify the spatial distribution of N deposition to (semi-)

natural ecosystems and to assess the exceedance of critical N
loads (see Sect. 5.2) within Switzerland, a semi-empirical diag-
nostic model approach was developed.[28,29] We refer to it here
as the ‘SND model’ (abbreviated for: Swiss Nitrogen Deposition
model) and briefly describe it. Deposition maps with a resolution
of 500 m x 500 m were produced for 1990 and since 2000 gener-
ated every five years and include the following compounds: wet
and dry deposition of ammonium (NH

4
+) and nitrate (NO

3
-) as

well as gaseous deposition of ammonia (NH
3
), nitrogen dioxide

(NO
2
) and nitric acid (HNO

3
).

For dry deposition of NH
3
, the spatial distribution of near sur-

face concentrations was determined in a first step. For this pur-
pose, the SNDmodel combines a spatially resolved NH

3
emission

inventory with a statistical dispersion model (source-receptor re-
lationship) as a function of distance up to 50 km from the source
taking prevailing wind directions into account. The raw model
concentrationsarecompared tomeasuredconcentrations frompas-
sive sampler networks (representing 80 sites across Switzerland in
2020)[14] and an empirical topography-dependent correction fac-
tor is applied. This correction showed a considerable trend from
2010[28] to 2015[56] and further to 2020,[29] wherein the measured
NH

3
concentrations increased relative to the emission-related

raw model values. This trend is in line with the finding of the
decreased transformation of NH

3
to NH

4
+.[43] Concentrations of

particulate NH
4
+ and NO

3
- in the SND model are derived from

mapped secondary particulate matter multiplied by the average
observed relative contents of 15% and 22%, respectively. In the
second step, the annual average concentrations maps for NH

3
and

NH
4
+ are multiplied with the deposition velocities for different

land cover classes[28] to obtain annual dry deposition fluxes (see
Sect. 3.1) for each grid cell.

For wet deposition, the available monitoring data from the
National Air Pollution Monitoring Network[57] and the long-term
forest ecosystemmonitoring network[53,58] in Switzerland forNH

4
+

andNO
3
- concentrations in precipitation are used to derive altitude

dependent relationships that are combined with gridded annual
precipitation maps. Finally, the total N deposition map (Fig. 4)
is produced from the sum of the different deposition pathways.
The resulting N deposition pattern is relatively similar to the NH

3
emission map with generally high values in the area of the Central
Swiss Plateau and northern Pre-Alps, especially in the central and
north-eastern regions with intensive livestock agriculture, and
lowest values in the Alps. The spatial patterns were comparable
to the results of a CTM model for 2006,[41,59] although the latter
had a lower resolution (ca. 5 km x 5 km). The high total N dep-
osition south of the Alps can be attributed to higher (advected)
concentrations of oxidised species from the Po valley.

The spatially integrated annual deposition values of the SND
model for the different pathways are listed in Table 1 with their
temporal development. The total NHX deposition is 5% to 20%
smaller than the NH

3
emission, which represents a good agree-

ment considering the uncertainties of both modelled values due
to assumptions and simplifications. In addition, a somewhat lower
deposition amount could be explained by a net export of partic-
ulate NH

4
+ to neighbouring countries.[60] Concerning the differ-

ent deposition pathways, NH
3
dry deposition has superseded wet

deposition as the most important contributor between 2000 and
2010. This trend is consistent with the findings of the reduced
transformation to particulate NH

4
+ discussed in Sect. 3. However,
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Emission potentials depend on leaf and soil N or NH
4
+ contents

making parameterisations highly ecosystem-specific. Due to a lack
of data for parameterisations, models often do not include the com-
pensation point, but this may lead to an overestimation of the mean
deposition when atmospheric concentrations are low.[65]

5. Impacts on Ecosystems

5.1 Investigation of Impacts
About 50% of the atmospheric NH

X
, mostly resulting from

agricultural NH
3
emissions, is deposited to natural or semi-natural

ecosystems in Switzerland including forests, (semi-)natural dry
grasslands, wetlands, and lakes.[10,29]Among these, forests cover
by far the largest area (75%) and are distributed over all parts of
Switzerland. However, the research and reporting on the effects
of enhanced N inputs to ecosystems generally considers the total
reactive N load and not specific N forms or deposition pathways.
This is partly because specific experiments with controlled dry
deposition (i.e. gaseous fumigation) of NH

3
[66,67] are difficult to

perform and thus uncommon. Instead, N is typically added in liq-
uid solution – resembling wet deposition – in most experiments
although this may be less detrimental to ecosystems than dry NH

3
deposition[66] and hence does not properly represent impacts ex-
perienced by ecosystems. In Switzerland, the NH

X
compounds (as

listed in Table 1) contribute on average about 70% to the total N
deposition while the other 30% are oxidized N compounds (NO

2
,

HNO
3
, NO

3
-).[29,59]

The impact of N deposition to (semi-)natural ecosystems de-
pends on the input rate and on the N-sensitivity of the ecosys-
tem. Increased N input can act as fertilizer and enhance plant
growth, but in excess leads to eutrophication. This alters the com-
petitive relationship between species, which can cause a loss of
biodiversity especially in ecosystems adapted to nutrient-poor
conditions.[68,69]Deposited N contributes to soil acidification due
to nitrification of NH

4
+ and nitrate leaching with percolation wa-

ter. This also accelerates the leaching of cations (Ca2+, K+, Mg2+)
from the system leading to nutrient deficiencies.[70] In forests, these
effects can cause unbalanced nutrition,[71,72] increased vulnerabil-
ity to storms,[73] changes in the composition of beneficial mycor-
rhiza,[74-76] increase and decrease of growth[77,78] and impact on tree
crown condition.[79] The processing of the additional N in the soil
produces increased emissions of the potent greenhouse gas N

2
O. In

the national greenhouse gas inventory, these additional emissions
are attributed to the original N source, i.e. the agricultural sector,
and are therefore denoted as indirect N

2
O emissions. They account

for 20% of the total N
2
O emissions in Switzerland.[10]

the CTM model results[59] for 2006 indicated a two times higher
dry deposition than wet deposition. This might have partly been
due to its different, more complex dynamic modelling of the dry
deposition. The co-operative programme for monitoring and eval-
uation of the long-range transmission of air pollutants in Europe
(EMEP) uses a CTM model to routinely calculate the transport
and deposition of NHX and other pollutants over all of Europe. It
is based on the same emission data but indicates a considerably
lower total NHX deposition for Switzerland of only 34 kt N yr-1 for
2020 compared to the SND (Table 1), implying a larger net NHX

export to neighbouring countries.[61]

4.3 Uncertainties and Improvements in Dry Deposition
Modelling

The uncertainty of model results is generally difficult to quan-
tify. Modelled near-surface concentrations of NH

3
and other com-

pounds can be validated with measured passive sampler concen-
trations from monitoring networks. In the CTM model study by
Aksoyoglu and Prévôt,[59] no overall systematic deviation but rel-
atively large differences for individual sites were observed. Such
an independent validation was not possible for the SND model,
because the same data were already used for its calibration (Sect.
4.2). Accordingly, the model showed no systematic deviation but
still a considerably high relative root mean squared error of 43%
for individual sites.[28] For both models, these uncertainties may
be explained by their limited spatial resolution in comparison to
point measurements and the high short-range variability of NH

3
due to its short lifetime.

Another limitation of the SNDmodel is the use of annual mean
V

d
values for the main land-cover classes. Since very fewmulti-an-

nual measurements of NH
3
dry deposition fluxes are available, the

derivation of representative annual values is difficult, and theymay
not account for (anti-)correlations betweenNH

3
concentrations and

deposition velocity at the diurnal and seasonal scales. Therefore,
process-based deposition modelling can be a suitable alternative
because the deposition is disaggregated into subprocesses driven
by environmental parameters. Multiple resistance models of dry
deposition[62] also used in CTMs[59] include dependencies on wind
speed and surface roughness as well as resistance parameters for
separate stomatal, cuticular and soil deposition under wet and dry
conditions. These process-specific parameters can be calibrated
with limited direct flux measurement data.

An additional complex factor that has been known for a long
time but not frequently implemented in deposition models for NH

3
is the ‘compensation point’.[63,64] It represents the surface emission
potential and, in relation to the atmospheric concentration, deter-
mines the direction of the NH

3
flux (i.e. deposition or emission).

Fig. 4. Maps of annual NH3 emission and total N deposition, both in kg N ha-1 yr-1, for 2020 in Switzerland (Source: Federal Office for the
Environment, ref. [29]).
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5.2 Critical Loads and Critical Levels
To characterize the sensitivity of (semi-)natural ecosystems to

inputs of N and other pollutants, thresholds using a critical loads
(CL) approach were developed within the UNECE Convention on
Long-Range Transboundary Air Pollution and are regularly up-
dated according to current scientific knowledge.[80] These values
are defined as annual inputs of a pollutant, belowwhich no signifi-
cant harmful effects occur. They were determined based on results
from scientific field studies with N addition experiments, from
field observation studies along N deposition gradients, mesocosm
studies, simple mass balance approaches, but also incorporating
expert judgement.[81-83] For total N, the CL values range between
4 and 20 kg N ha-1 yr-1 for Swiss ecosystems.[29] By combining
the CL values with vegetation and soil information as well as
the modelled annual N deposition map (see Sect. 4.2), a CL ex-
ceedance map for Switzerland is periodically produced.[28,29]The
map for 2020 showed that at 87% of forest sites the CL for total
N was exceeded, and similarly large shares of the protected areas
of raised bogs (94%) and fens (74%) showed exceedances. For
species-rich dry grassland the value was lower (42%), because
they are mainly situated in the Alps and thus more distant from
intensive agriculture. A recent review of observations at monitor-
ing stations in Switzerland supported these modelled results.[84]

An alternative ‘critical level’ concept also exists for NH
3

that indicates the (annual average) ambient concentration, above
which sensitive plant species can be damaged by the direct tox-
icity from exposure to a gaseous pollutant in the air. The criti-
cal level for NH

3
is set at 3 μg m-3 (with an uncertainty range of

2-4 μg m-3) for higher plants, including forest trees and grassland
species and only 1 μg m-3 for lichens and bryophytes.[80,85]As with
the CL approach for total N input, the critical levels for exposure
to NH

3
alone are also exceeded at a majority of monitoring sites

at or near sensitive ecosystems in Switzerland, except for montane
dry grasslands.[14] In contrast to other air pollutants like ozone,
NO

2
, or particulate matter, the critical level for NH

3
has less le-

gal/political impact. Because of the less substantial empirical evi-
dence for critical levels of NH

3
as well as the overlap with the CL

approach for total N deposition, the Swiss Federal Commission
forAir Hygiene has recommended to give a general priority to the
CL approach.[86]

6. Conclusions and Outlook
The processes governing the cycling of NH

3
in Switzerland

from the agricultural emissions through atmospheric transport and
transformation to dry and wet deposition back to the surface are
relatively well known, although considerable quantitative uncer-
tainties remain.Multi-year temporal trends in deposition pathways
(dry vs. wet deposition) can be attributed to changes in emissions
of oxidised N compounds and the resulting alterations in the par-
titioning between the gaseous and the particulate phase. However,
because of interactions between the different NH

3
cycling process-

es, observed mean NH
3
concentrations seem to be barely capable

of detecting interannual variations or moderate long-term trends
in emissions. Yet, they represent the (mean) spatial distribution
of NH

3
emissions fairly well, considering the short atmospher-

ic lifetime and associated transport distances. Monitoring efforts
with higher temporal resolutions in the order of one hour would
allow a more detailed consideration of diurnal meteorological ef-
fects (such as calm conditions and shallow stable boundary layers
during the night) on the average NH

3
concentrations.

The dry deposition process of NH
3
is highly variable in space

and time not only due to the short lifetime of NH
3
but also due

to the dependence of the deposition velocity on various mete-
orological and vegetation parameters. It is therefore still sub-
ject to high uncertainties, especially within short distances from
the source, where the majority of NH

3
deposition takes place.

In Switzerland, this issue is of special importance since most

N-sensitive ecosystems are close to agricultural emission sourc-
es due to the predominantly small-scaled agriculture with high
livestock densities.

For a comprehensive investigation of the entire NH
3
cycle

and its sensitivity to present and future climate change, a dynam-
ic CTM type model with high spatial resolution coupled with
high-resolution information about emission processes and veg-
etation conditions would be desirable. More detailed and accu-
rate modelling also requires corresponding accurate and direct
emission and deposition flux data for calibration of parameters
and validation of outputs. This implies a need for more detailed
flux measurements with high temporal resolutions. New commer-
cially available instruments like the recently developed open-path
laser-based instrument[87] may facilitate continuous direct flux
measurements[88] with the eddy covariance method to observe
emissions as well as dry deposition.

Currently, two Swiss research projects are in progress that link
aspects of NH

3
emission, atmospheric processing, deposition, and

impacts. The ETH domain joint initiative ReCLEAN (Reactive
nitrogen at the CLimate, Energy, Agriculture, water, and health
Nexus)[89] aims to “holistically understand and quantify nitrogen
fluxes across and within compartments to predict the effects of
energy transition and environmental changes from other drivers
(climate change)”. It includes various research groups from across
the ETH domain and encompasses the study of N cycling pro-
cesses in the atmosphere, in natural and in agricultural soils and
ecosystems, as well as in water bodies. The second, a SNF-funded
Sinergia project, Follow’N’Flow (Following the Nitrogen Fluxes
from agricultural Losses via deposition into Wetland ecosystems
causing climate impacts),[90] will investigate localised small-scale
processes that lead to excess N inputs from agricultural losses
into N-sensitive ecosystems, as well as impacts on ecosystem
functioning and subsequently on net ecosystem greenhouse gas
balances. This includes the emission, short-range transport, and
dry deposition processes of NH

3
using new technologies with the

aim to inform and improve emission abatement and ecosystem
protection measures.
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