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Ammonia (NHs) is an important atmospheric pollutant and despite significant management efforts, trends of NH;
concentrations have not shown progressive decreases over the last few decades across much of Europe. To
investigate this issue, long-term NH3 concentrations from passive sampling tubes were analysed at 32 locations
across Switzerland and Liechtenstein. A trend analysis controlling for changes in meteorology employing
generalised additive models (GAMs) between 2000 and 2021 showed that 29 of the 32 (91 %) sites experienced
no significant change or increasing NH3 concentrations with the greatest trend being 0.17 yg m~3 y~!. These

results conflict with an indicated 13 % reduction in NH; emissions from the Swiss emission inventory. The
sensitivity of the NHz -ammonium (NH}) system to reductions of NHs ‘s acidic sinks (mostly in the form of nitric
and sulfuric acids) was investigated with thermodynamic equilibrium modelling to explain this disconnect. The
simulations indicated that the reductions in NHs ‘s acidic sinks resulted in less NH; transformation, thus
increasing the NH3/NH, ratio and this process has compensated for the reduction in NH3 emissions. The average
effect of the sink reductions was an increase of 0.9 yg m—3 in NH3 between 2004 and 2021. Increases in the
NH3/NH, ratio have likely occurred in many European countries due to reductions of acidic precursor emissions
and will have consequences for reactive nitrogen deposition and alter import-export budgets among neigh-

bouring regions and countries.

1. Introduction
1.1. Background

Ammonia (NH3) is an important component of reduced nitrogen
(NH,) and is classed as an atmospheric pollutant due to its ability to
drive the eutrophication of terrestrial and aquatic environments that can
lead to biodiversity loss (Nair and Yu, 2020). NHj3 is also an important
particulate matter (PM) precursor (Ansari and Pandis, 1998). NHg is the
only significant base in the atmosphere and this makes it a principal
component when considering the neutralisation of acids and related
chemical pathways (Finlayson-Pitts and Pitts, 2000; Nair and Yu, 2020).
When NHj is emitted into the atmosphere, it is short-lived (between an
hour and a day) and undergoes rapid deposition to surfaces, or experi-
ences a gas-to-solid/liquid phase shift to ammonium (NH;) in the

presence of nitric and sulfuric acid (HNO3 and H2SO4) (Hertel et al.,
2006; Pinder et al., 2008). The result of these reactions is the formation
of ammonium nitrate and ammonium sulfate (or bisulfate). Such nitrate-
and sulfate-rich PM that results from this NH3 to NH; conversion pro-
cess often forms large portions of the secondary PM load in European
locations, and therefore, makes NH; an important PM precursor to
control across Europe (Wichink Kruit et al., 2017; Jacobsen et al., 2019;
Aksoyoglu et al., 2020).

The main NH3 emission source is the agricultural sector, specifically
losses from livestock manure and synthetic, nitrogen-rich fertilisers
(Sutton et al., 2013; Nair and Yu, 2020; Van Damme et al., 2021).
Although there are efforts to control and manage NH3 emissions from
agriculture and reduce activities' emission factors, the efforts to control
NH; have generally not been effective enough to reduce emissions to
meet the targets that have been set. This can be contrasted with the
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rather successful control efforts that have been applied to other nitrogen
species such as NOy (oxides of nitrogen) where emission reductions have
been achieved for road traffic, domestic combustion, energy production,
and other industrial processes (Degracuwe et al., 2017; Sofia et al.,
2020). Even though ambient standards are not yet met at many places,
NOy concentrations in Western Europe have substantially decreased
over the last two decades. Sulfur dioxide (SO2) is another gaseous
pollutant especially relevant to the atmospheric chemistry of NH3 and
the European decreases in ambient SO, concentrations have been even
more striking than those seen for NO, (Vestreng et al., 2007; European
Environment Agency, 2020). In contrast, trends of NHs concentrations
are more variable and some countries observe persistently increasing
NHj3 trends (van Zanten et al., 2017; Wichink Kruit et al., 2017; Jacobsen
etal., 2019; Yao and Zhang, 2019; Nair and Yu, 2020; Van Damme et al.,
2021). These features of NH3 and NH, in general, are making NH, an
increasingly important management priority and is set to be an atmo-
spheric pollutant that remains an issue over the next few decades, even
as other reactive nitrogen species continue to decrease (The Royal So-
ciety, 2021).

The lack of decrease in NH3 concentrations is apparent in some lo-
cations even when modest decreases in emissions have been known to be
achieved, thus highlighting a disconnect between emissions and
ambient concentrations. This observation has been labelled as the
“ammonia gap” (Sutton et al., 2003; Bleeker et al., 2009). Studies in
North America (Butler et al., 2016; Schiferl et al., 2016; Yao and Zhang,
2016; Yu et al., 2018), Europe (Sutton et al., 2003; Alebic-Juretic, 2008;
Tang et al., 2009; Ferm and Hellsten, 2012; Wichink Kruit et al., 2017;
Tang et al., 2018), and other locations (Warner et al., 2017) have
investigated or speculated on the importance of reductions in acidic
precursor emissions (primarily NO, and SO3), and the consequential
decreasing generation of particle phase NH; and persistence of gas
phase NHs concentrations to explain this disconnect. The change in
chemical environment and its influence on NH3 concentrations has been
approached by different models, such as GEOS-Chem (Yu et al., 2018)
and the Operational Priority Substances (OPS) model (Wichink Kruit
et al., 2017). To complement chemical transport modelling studies, this
work couples long-term observations and thermodynamic equilibrium
modelling together to investigate the sensitivity of the changing chem-
ical environment on ambient NH3 concentrations.

1.2. NH; in Switzerland

NH; emissions in Switzerland are dominated by the agriculture
sector with the 2021 national emission inventory (Federal Office for the
Environment, 2021, 2022) indicating 94 % of NH3 emissions are sourced
from agricultural activities, mainly from stables and the field-
application and storage of slurry and manure. NH;3 emissions from the
agricultural sector have become an increasing focus in Switzerland and
despite significant management efforts (Kupper et al., 2015; Frei, 2021),
decreases in NH3 concentrations have been elusive at most measurement
locations (Philipp and Locher, 2010; Seitler and Meier, 2022; Hani and
Kupper, 2021). The strong influence of local sources on local concen-
trations and the impact of atmospheric processes on the relationship
between emissions and measured NH3 concentrations complicates the
comparison of the trends of emissions from bottom-up estimates and
measurements of ambient concentrations.

The lack of ambient concentration reductions has been apparent,
despite the reported reduction of total NH3 emissions of 13 % between
2000 and 2020 (61.6 to 53.3 kt) (Federal Office for the Environment,
2022b). Concerns around eutrophication of sensitive ecosystems is an
issue that authorities continue to address (Bundesamt fiir Umwelt,
2020), as is the continued reduction of PM;o and PM, 5 concentrations
across Switzerland (Bundesamt fiir Umwelt, 2022). Because secondary
nitrate (NO3) and sulfate (SO?7) make up a significant portion of
Switzerland's PM load (Grange et al., 2021), these product's precursors
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(including NH3) are also a priority to control to enable future compli-
ance to the World Health Organization's (WHO) air quality guideline
values (World Health Organization, 2021). Switzerland has one indus-
trial NHs production facility located in Visp, Valais that is not consid-
ered a significant NH3 emission source (Federal Office for the
Environment, 2022a).

1.3. Objectives

This work has two primary objectives. The first is to conduct a robust
trend analysis of NH; concentrations between 2000 and 2021 using
passive sampling observations taken at 30 locations in Switzerland and
two locations in Liechtenstein. NH3 concentrations will be exposed to a
data analysis technique to reduce the influence of weather and weather-
driven changes in emission processes on ambient NH3 concentrations.
This approach reduces the year-to-year variability of NHs and allows the
estimation of trends with smaller uncertainties. The second objective is
to quantify the effect of changes in atmospheric sinks on the trend of
ambient NH; using thermodynamic equilibrium model simulations —
specifically investigating the sensitivity of changes in concentrations of
acidic precursors during the analysis period. The latter allows a better
understanding of the ambient NH3 observations and trends and can be
used to verify bottom-up emission estimates.

2. Methods
2.1. Data

2.1.1. NH; sampling locations and methods

Atmospheric NH3 concentrations were measured with passive sam-
plers between August 1999 and December 2021 at 30 locations in
Switzerland and two locations in the Principality of Liechtenstein
(Fig. 1). The sampling activities did not all commence at the same time
and the start dates for each sampling location are shown in Table 1. The
majority of sampling locations were located on the Swiss plateau, with a
noticeable cluster in the centre of Switzerland in the canton of Lucerne
where the Swiss agricultural activities are at their most intense (Bun-
desamt fiir Statistik, 2021; Federal Office for the Environment, 2021).
However, Sion-Aeroport is located in the Rhone Valley and two sam-
pling locations were also located south of the Alps. A map of Switzer-
land's geographic regions, also called production areas (Federal Office
for the Environment, 2020), can be found in the appendix (Fig. Al).

Three different passive NH3 sampling methods were used throughout
the 22 years of sampling: Ziircher samplers (Thoni et al., 2003), Radiello
samplers (Radiello, 2021), and Ferm samplers (Ferm and Svanberg,
1998). The majority of samples were taken by the Radiello sampler
design, but the later sampling periods (from 2019) exclusively used
Ferm samplers. The NH3 sampling duration was variable among the
locations, but 63 % of the sampling durations were 14 days, 34 % were
28 days, and 3 % (one site) had a sampling duration of 29 days (Table 1;
Fig. A2). The number of samples available for analysis was 11,808 with
the number of samples for each site ranging from 181 to 547.

The operation of the passive samplers was conducted by eight
different authorities or companies but was managed and overseen by
Forschungsstelle fiir Umweltbeobachtung (FUB) (FUB - Forschungsstelle
fiir Umweltbeobachtung AG, 2022) on behalf of the Swiss Federal Office
for the Environment, Swiss cantons, and Liechtenstein. FUB conducted
the tubes' analysis and handled the quality control and assurance of the
measurement procedures. Notably, intercomparisons of the passive
sampling methods have been done to demonstrate consistency among
the sampler types, see Seitler and Thoni (2009) and Seitler and Meier
(2022, page 63). The move from Ziircher to Radiello samplers was
accompanied by 294 co-located measurements from eight monitoring
sites and based on these parallel measurements, NH; concentrations
obtained from Ziircher samplers were systematically 10 % lower than
those determined by Radiello samplers. Therefore, the observations
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Fig. 1. Locations of passive NH; sampling locations in Switzerland and Liechtenstein between 1999 and 2021. The internal lines show Switzerland's geographic
regions and the filled blue areas show larger lakes and reservoirs.

Table 1
Information on the 32 NH3 sampling sites in Switzerland and Liechtenstein included in the analysis. The sample duration is the mode and is represented in days. A map

of the geographical areas can be found in Fig. Al.

D Country Site name Canton Geographical region Latitude Longitude Elevation (m) Start date Sample duration
1 CH Chaumont Neuchatel Jura 47.05 6.98 1134 1999-09-09 14
2 CH Magadino-Cadenazzo Ticino Southern Alps 46.16 8.94 204 1999-09-09 14
3 CH Rigi-Seebodenalp Schwyz Alps 47.07 8.46 1008 1999-09-07 14
4 CH Schénis Sankt Gallen Pre-Alps 47.15 9.06 713 1999-11-16 28
5 CH Payerne Vaud Plateau 46.81 6.95 488 1999-09-09 14
6 CH Zugerberg 1 Zug Pre-Alps 47.13 8.53 950 1999-11-02 29
7 CH Bachtel Ziirich Plateau 47.30 8.90 907 1999-11-01 28
8 CH Mauren 1 Thurgau Plateau 47.56 9.16 439 1999-08-31 14
9 CH Wauwil 16 Luzern Plateau 47.17 8.02 495 2006-02-02 14
10 CH Steinegg Appenzell Innerrhoden Pre-Alps 47.33 9.44 826 2003-02-27 28
11 CH Héggenschwil Sankt Gallen Plateau 47.49 9.35 563 2003-02-27 28
12 CH Téanikon Thurgau Plateau 47.48 8.91 535 1999-08-31 14
13 CH Basel-Binningen Basel-Landschaft Jura 47.54 7.58 297 1999-08-30 14
14 FL Balzers Liechtenstein Liechtenstein 47.07 9.50 472 2008-01-08 28
15 CH Eschenbach 8 Luzern Plateau 47.15 8.30 496 2004-01-07 14
16 FL Eschen Liechtenstein Liechtenstein 47.19 9.52 437 2008-01-08 28
17 CH Kloster Frauental Zug Plateau 47.21 8.42 392 2007-01-04 28
18 CH Friiebiiel Zug Pre-Alps 47.12 8.54 976 2007-01-04 28
19 CH Harkingen Solothurn Plateau 47.31 7.82 428 2005-04-21 14
20 CH Holderhus 1 Luzern Plateau 47.10 8.19 586 1999-11-08 14
21 CH Hudelmoos 3 Thurgau Plateau 47.53 9.29 523 2001-01-18 28
22 CH Inwil Zug Plateau 47.19 8.53 439 2007-01-04 28
23 CH Lugano-Universita Ticino Southern Alps 46.01 8.96 289 1999-09-09 14
24 CH Misery Fribourg Plateau 46.86 7.07 594 2007-08-10 14
25 CH Neudorf 2 Luzern Plateau 47.17 8.23 745 2006-01-31 14
26 CH Rapperswil Sankt Gallen Pre-Alps 47.23 8.82 414 2002-12-12 14
27 CH Root Michaelskreuz Luzern Plateau 47.11 8.41 757 2001-01-26 14
28 CH Schiipfheim 0 Luzern Pre-Alps 46.96 8.03 718 1999-09-15 14
29 CH Sion-Aeroport Valais Alps 46.22 7.34 480 1999-09-08 14
30 CH Vuisternens-en-Ogoz Fribourg Pre-Alps 46.71 7.04 831 2005-12-15 14
31 CH Wauwil 13 Luzern Plateau 47.17 8.03 497 2004-01-07 14
32 CH Zigerhiittli Zug Pre-Alps 47.13 8.65 974 2007-01-04 28
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from Ziircher samplers between 2000 and 2003 were corrected with a
1.1 multiplier (Seitler and Thoni, 2009). Parallel measurements between
Radiello and Ferm samplers have occurred since 2009 and no systematic
differences between these two methods have been found, therefore, no
data correction was applied when the Radiello samplers were replaced
by Ferm passive samplers in 2019. Other measurement techniques,
notably mini denuders (discussed below) have also been used as part of
the quality control process.
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2.1.2. Supplementary measurements

Between 2007 and 2021 at three locations, Rigi-Seebodenalp,
Payerne, and Magadino-Cadenazzo (Fig. 1; Table 1), NH, sampling
was conducted with mini denuder samplers as part of the NABEL
monitoring network's extended operations. Full details of the instru-
mentation and analysis procedure can be found in Empa (EMPA, 2020,
Section 3.12.3), but the use of mini denuders allowed for NH,, NH3,
NHj, HNO3, and NOj3 to be quantified every two-weeks in three loca-
tions that represent three of Switzerland's geographical regions (Fig. 1;
Fig. Al). Daily impregnated filter sampling and analysis methods also
quantified NH, and total NOj at Rigi-Seebodenalp and Payerne between
2000 and 2021, again as part of NABEL's ancillary operations Empa
(EMPA, 2020, Section 3.12.2). Particulate sulfur measurements at
Payerne, Rigi-Seebodenalp, and Lugano-Universita were also used in the
analysis. The sulfur measurements were transformed into SO3~ by
assuming all sulfur was in the form of SO;". Finally, daily observations
of so-called “crustal elements” — sodium, chloride, calcium, potassium,
and magnesium for Payerne and Magadino-Cadenazzo were sourced
from an intensive PM sampling campaign where samples were taken
between 2018 and 2019 (Hiiglin and Grange, 2021; Grange et al., 2021,
2022).

The use of these supplementary measurements was required for some
simulations and exactly what species and data sets were used is
explained fully in Section 2.2.2. The mini denuder and impregnated
filter observations were prepared and were exposed to the same analysis
method used for the NH3 passive sampling tube observations that
controlled for changes in meteorology over time (Section 2.2.1).

2.1.3. Meteorological data

The analysis of NH3 observations required access to meteorological
data. The data source used for meteorology was the ERAS5 reanalysis
fields (Copernicus Climate Change Service (C3S), 2017) that have
spatial resolutions of 0.25 x 0.25 decimal degrees (in Switzerland, this is
approximately equal to 19 x 28 km) and a temporal resolution of one
hour. The use of the ERAS5 reanalysis fields required pre-processing to be
matched with the NH; observations. The steps included: the extraction
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of hourly time series for each NH3 sampling location, the transformation
of many of the supplied variables into variables that were suitable for
analysis (for example, u and v wind components to wind speed and di-
rection), the isolation of the hourly time series for a particular NHg
sampling period (generally 14 or 28 days), and finally the aggregation of
this sampling period to represent the average meteorological conditions
for each NH3 sampling period. The result was a synchronous dataset of
NH; observations, average air temperature, atmospheric pressure,
boundary layer height, precipitation, relative humidity, downwards
solar radiation, wind speed, wind direction, the number of precipitation
hours, the sum of precipitation, and the maximum duration of consec-
utive dry days (CDD), which were defined as days with less-than 1 mm of
precipitation.

2.2. Modelling

2.2.1. Controlling for the influence of weather

To control for the influence of weather on the NH3 time series to
improve trend estimates, several steps were required to prepare the time
series. These steps included the training of regression models, sampling,
prediction, and aggregation. The procedure is outlined below.

Separate generalised additive models (GAMs) were calculated for
each of the 32 NH;3 sampling locations for the period where observations
were available. NH3 concentrations were modelled using air tempera-
ture, relative humidity, atmospheric pressure, boundary layer height,
precipitation, CDDs, wind direction, wind speed, Unix date (number of
seconds since 1970-01-01), and Julian day (day of the year 1-366). The
sample durations' means were used for the meteorological independent
variables, with the exception of precipitation and CDDs where the
sample durations' sum and maximum were used respectively. All inde-
pendent variables were modelled with smooth terms in the GAMs with
cubic splines. The number of knots was set to the default value of nine
for all variables apart from CDDs because of the very few numbers of
unique values for some sampling periods, and Julian day where the
number of knots was set to 20 to allow for additional “wiggliness” that
was required to better represent the seasonal cycle of NH; concentra-
tions. However, the restricted maximum likelihood (REML) smoothing
method was employed that can iteratively adjust smoothing parameters
if the model fails to converge. The GAM modelling was conducted using

the mgev R package (Wood, 2011; R Core Team, 2019).

The chosen set of independent variables was determined by running
1500 models with different independent variable combinations and
evaluating the models' R? values and the best model formulation was
selected. The correlation of independent variables was also tested to
avoid multicollinearity within the GAMs. At this step, incoming solar
radiation was removed from the model formulation because it was well
correlated with air temperature and on average, air temperature was a
superior predictor. The models' residuals were approximately normal,
but the GAMs were unable to accurately predict peak NH3 values at most
sampling locations. The modelling was not conducted with log-
transformed NH; concentrations, unlike some other previous works
(Thoni et al., 2004; Philipp and Locher, 2010; Hani and Kupper, 2021).
The use of log-transformed concentrations was tested, however, and it
was found that using transformed dependent variables did not system-
atically improve model performance and only made minor improve-
ments to the normality of the models' residuals' distributions. The
models' residual diagnostic plots can be found in a persistent data re-
pository (Grange, 2022b). As a final validation step, the models' partial
dependencies were investigated to ensure the GAMs were using the in-
dependent variables in an intuitive and understandable manner. The
average R? of the models was 62.4 % with a maximum of 86.9 %. Three
model error metrics for all 32 models are shown in Fig. A3.

After the GAMs were trained and validated, they were used to control
for the influence of changes in weather on NH3 concentrations during
the sampling period (1999-2021). First, all independent variables
except Unix date (the trend term) were sampled with replacement to
create a randomly shuffled set. Second, the GAM was used to predict
NH; concentrations with the shuffled set. This is the same logic imple-
mented in the meteorological normalisation approach (Grange et al.,
2018; Grange and Carslaw, 2019), but this method usually uses a
random forest model. However, here, an additional piece of logic was
introduced where each calendar year was sampled and predicted indi-
vidually to allow for investigations into the difference among the years
(Lang, 2020). For the cases where the passive sampling tube period
traversed two calendar years (1.7 % of the observations), these samples
were included in both years. For each year where observations were
available, the sample-predict process was repeated 100 times and
summarised at the arithmetic mean to create a normalised time series
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representing NH3 concentrations in “average weather” for the entire
sampling period. Because the GAMs cannot represent all processes that
influence NH3 concentrations and indeed represent the processes that
are present imperfectly, the model residuals were added to the nor-
malised time series and this final product can be expressed as the trend
plus remainder. No sites were excluded from the analysis due to poor
GAM model performance because even with poorer than desired model
performance, some of the variability driven by meteorology was
removed and this reduction still helped in the trend analysis procedure.
GAMs were chosen over the random forest algorithm because, during
testing, GAMs had a superior performance for the passive sampler data
set where several hundred observations were available, rather than
several thousand observations typically found for datasets formed by
online measurements.

The trends of NH3 were tested using the robust and non-parametric

Theil-Sen slope estimator (Wilcox, 2004; Carslaw and Ropkins, 2012).
The trend tests were conducted at the 0.05 significance level and block
bootstrapping was applied to allow the calculation of uncertainty
around the slope and intercept coefficients. Although some NHj3 sam-
pling locations commenced sampling in 1999, the trend analysis period
began at the start of 2000 to avoid introducing a partial year of obser-
vations for some of the time series.

2.2.2. Partitioning of gas and aerosol phases

The ISORROPIA II thermodynamic equilibrium model (Fountoukis
and Nenes, 2007) was used to model the NH; - NH, gaseous and particle
phase system in 30 locations across Switzerland and two locations in
Liechtenstein (Table 1). ISORROPIA II was run in forward mode and the
isorropiar interface was used to interact with ISORROPIA II's input and
outputs (Grange, 2022a).
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Fig. 8. Annual means of nitrate (NO;) and sulfate (SO%’) for three representative locations across Switzerland between 2000 and 2021.
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Fig. 9. ISORROPIA II-derived NH3 trend slopes between 2004 and 2021 for 32 sampling locations in Switzerland and Liechtenstein. The sites are ordered by their

mean NHj concentration.
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ISORROPIA 1II requires a number of species to be supplied to
correctly resolve the NH; - NHj partitioning and in most locations
where passive NH; sampling tubes were installed, data for these addi-
tional species do not exist. Therefore, representative “northern”,
“southern”, and “elevated” time series were constructed for the simu-
lations. A representative time series here refers to one containing ho-
mogeneous concentrations of secondary inorganic PM species
experienced within the three defined areas. This assumption was justi-
fied because the concentrations of such species have been found to be
very similar across Switzerland's geographic areas (Grange et al., 2021).
The northern time series used observations from Payerne and covered a
period between 2004 and 2021, the southern time series used a com-
bination of Magadino-Cadenazzo and Lugano-Universita data that began
in 2009 and ran to 2021, and finally, the elevated time series used ob-
servations from Rigi-Seebodenalp and like the northern time series ran
between 2004 and 2021. For full clarity, Table A1 contains the details of
what representative data were used for each location and what time
periods the observations covered. For all ISORROPIA II model runs, the

Table Al
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input time series was at monthly resolution.

Two groups of ISORROPIA II models were run: the first used
observed concentrations of the input species required for the modelling,
and the second was a synthetic set where the SO~ and NO; concen-
trations were fixed at their past concentrations, generally 2004 and
2006, but there was some shifting of this past period due to site-specific
data availability (see Table Al for full details). The synthetic sets rep-
resented past concentrations of two ions that represent HNO3 and HSO4
which are key species that dictate the partitioning of NH3 - NHj .

After modelling with ISORROPIA II, a model validation step was
conducted to test whether the reconstituted NH; concentrations were
correct and thus suggested that the representative time series were
appropriate for each NH3; sampling location. Scatterplots comparing
observed and ISORROPIA II modelled NH; monthly means for example
sites are shown in Fig. A4. Admittedly, using monthly observations for
scenario modelling of this type is sub-optimal and observations at say,
hourly resolution would be preferable. However, based on Fig. A4, the
ISORROPIA II model was able to reconstitute NHz from the model's
input data in all three representative environments very well. This gives
evidence that although we do not have access to high-resolution ob-
servations (because these data do not exist), monthly simulations can be
used with confidence in further analysis of NH3 concentrations.

Once the ISORROPIA II modelled NH; monthly means were vali-
dated, the time series were subjected to the same controlled-for-
meteorological trend analysis (Section 2.2.1) to allow for all trend es-
timates in this work to be calculated in the same way. However, the
meteorological variables were joined using calendar-month periods and
the trends were calculated for the period where ISORROPIA II outputs
were produced.

3. Results and discussion
3.1. NH; concentration summaries

Atmospheric NH3 concentrations in Switzerland between 2000 and
2021 were variable among the sampling sites included in the analysis.
Sampling locations in areas with intensive livestock farming had the
highest mean and greatest peak NH3 concentrations (Fig. 2). Most of
these polluted sampling sites are located on the Swiss plateau and in the
pre-Alps, the two geographic regions with the most intensive agricul-
tural activities in Switzerland (Bundesamt fiir Statistik, 2021; Federal
Office for the Environment, 2021). In areas where mainly arable farming
is practised, as well as in urban and suburban environments, mean and
peak NH3 concentrations were lower. The two sampling locations in
Liechtenstein were also within the ten most polluted sampling locations.
The two least polluted NH; locations were Chaumont and Rigi-

Details on what datasets were used for what sites for the ISORROPIA Il modelling. Note that what is defined as “past” changes depending on what site is being discussed

due to limitations of data coverage.

Simulation Location Past years Sites
Payerne, Basel-Binningen, Eschenbach 8, Hiaggenschwil, Holderhus 1, Hudelmoos 3, Mauren 1, Rapperswil, Root Michaelskreuz,
Observed Northern Schanis, Schiipfheim 0, Sion-Aeroport, Steinegg, Tanikon, Wauwil 13, Harkingen, Vuisternens-en-Ogoz, Neudorf 2, Wauwil 16,
Inwil, Kloster Frauental, Misery, Balzers, Eschen
Observed Southern Lugano-Universita, Magadino-Cadenazzo
Observed Elevated Bachtel, Chaumont, Friiebiiel, Rigi-Seebodenalp, Zigerhiittli, Zugerberg 1
Past nitrate & 2004. 2005 Payerne, Basel-Binningen, Eschenbach 8, Higgenschwil, Holderhus 1, Hudelmoos 3, Mauren 1, Rapperswil, Root Michaelskreuz,
sulfate Northern 200 6’ ? Schanis, Schiipfheim 0, Sion-Aeroport, Steinegg, Tanikon, Wauwil 13, Harkingen, Vuisternens-en-Ogoz, Neudorf 2, Wauwil 16,
Inwil, Kloster Frauental, Misery, Balzers, Eschen
Past nitrate & 2009, 2010, . o .
sulfate Southern 2011 Lugano-Universita, Magadino-Cadenazzo
Past nitrate & 2004, 2005.
El ’ ’ Bachtel, Ch: igi-Seeb Ip, Zigerhiittli
sulfate evated 2006 achtel, Chaumont, Rigi-Seebodenalp, Zigerhiittli
Past nitrate & 2007, 2008,

Elevated

sulfate 2009 Friiebiiel, Zugerberg 1
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areas represent significant lakes and reservoirs.

Seebodenalp, both elevated and somewhat isolated mountain sites at
over 1000 m of elevation (Table 1; Fig. 1).

The NHj; time series (Fig. A5) shows that all sites experienced highly
variable concentrations during their sampling duration with isolated
peaks of high concentrations. Such events most likely represented pe-
riods where high emissions from nearby agricultural activities coincided
with either wind directions that favoured NH3 transport to the nearby
sampling tubes, or periods where atmospheric dispersion and trans-
portation were low. The most polluted sites, including Wauwil 13,
Steinegg, and Eschenbach 8 (all on the Swiss plateau or in the pre-Alps),
all experienced low NHj3 concentrations at times, but the minimum
concentrations experienced were higher than the less polluted locations.
This enhanced minimum is indicative of the increased regional loading
of NHj in such locations and can be demonstrated even for a short-lived
pollutant such as NHs.

Fig. A5 also shows the durations of when the three different types of
passive sampling tubes were in operation. Among the three sampler
types that were used between 2000 and 2021, no dramatic shifts were
observed in NHj3 concentrations. However, for some of the more
polluted locations, such as Magadino-Cadenazzo, Mauren 1, Holderhus
1, and Eschenbach 8, the change to the Ferm sampler (the change in
sampler usually occurred in 2019) somewhat corresponded with in-
creases in minimum (and average) NHs concentrations. In other loca-
tions, including other less and more polluted sites, this effect was not
observed. The different sampler types have been exposed to intensive
comparisons and these results show very good agreement between
sampler types (Seitler and Meier, 2022), thus giving confidence that the
increase in baseline concentrations was not an artefact of changing
sampler type. Additionally, in the case of Magadino-Cadenazzo, alter-
native NH3 sampling techniques (an NH3 gas analyser and a mini
denuder) show the same increases in concentrations as the diffusion
tubes, thus giving evidence that the increase in NH3 concentrations by
the Ferm sampling tubes during and after 2018 reflect increasing NHs
concentrations at this location and this is discussed further below.

10

3.2. Trend analysis

The goal of controlling the NH3 time series for weather was to reduce
the influence of both the atmospheric dispersion characteristics on
concentrations and weather-driven changes in emission processes. The
reduction of such variability uncovers the changes in emissions more
clearly and increases the power of statistical tests of trends due to the
errors being smaller.

Examples of the reduction in variability are displayed in Fig. 3 where
NH; annual means for the Payerne and Tanikon rural sampling locations
are shown. The observed annual means demonstrate significant year-to-
year variability, partially due to the changeable state of atmospheric
dispersion characteristics and the impacts of meteorological conditions
on NHj generation during the 1999-2021 sampling period. Once the
time series has been normalised (or controlled) for meteorology over
time, the intra-annual variability was substantially reduced. However,
because the GAM modelling procedure cannot perfectly remove the in-
fluence of meteorology, the models' errors were added to the predictors
that resulted in the normalised and remainder time series. The annual
means of for example 2018, showed the reduction of variability clearly
and the high concentrations of NH; were driven by high ambient air
temperatures and drought conditions that were experienced across
Switzerland during this year.

Normalising the NH; trends by every calendar year contained in the
observational record allowed for the evaluation of the amount of vari-
ation in NH3 concentration that can be attributed to the meteorological
conditions of a given year. Fig. 4 shows three sampling sites and dem-
onstrates the range of predictions by each year between 2000 and 2021.
The “bundle” of predictions show what NH3 concentrations could be
expected based on the weather conditions experienced within a year for
a sampling location. The average amount of variation of the annual
mean among the sampling years was 33 %. This mean variation of 33 %
is substantial and suggests that given identical NH3 emissions for any
given year, the influence of weather-driven processes could change
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Fig. A2. Histograms of the passive sampler NH3 sample durations for the 32 locations included in the analysis. The majority of samples were of two-week duration,

but four-week samples were also common for some sampling years.

observed concentrations by up to a third.

Once the NHj3 time series were prepared to control for the changes in
meteorology over the 2000-2021 sampling and analysis period, much of
the short-term variation in NH3 concentrations was removed. The results
in Fig. 5 show the sum of the trend component and the models' residuals
to more clearly represent the trends of NH3 concentrations over time.
The results of the formal trend tests are also printed in the upper section
of Fig. 5's panels with the units of yg m=3 y~1.

The first noticeable feature of the trend analysis shown in Fig. 5 is the
lack of obvious decreasing trends of NHj3 concentrations across
Switzerland and Liechtenstein during the analysis period. Twenty-nine
of the 32 sites (91 %) had either statistically insignificant or signifi-
cantly increasing trends of NH3 between 2000 and 2021. The three sites
with significantly decreasing trends were Sion-Aeroport (next to a
motorway) and the only two urban sites Lugano-Universita and Rap-
perswil, and their trends ranged from —0.02 to —0.03 yg m=3 y~L.
Seventeen sites had significantly increasing trends that ranged from 0.02
(at Bachtel and Rigi-Seebodenalp) to 0.17 ug m~3 y~! (at Eschenbach
8). Both of the sampling locations in Liechtenstein showed significant
increasing trends and their NH3 time series commenced in 2008.

The NH; trend estimates are shown in Fig. 6 and it is immediately
noticeable that the weight of the NH3 trends are in the positive direction.
It is also observable that there is a tendency for the more polluted sites to
be more likely to have positive trends at a greater magnitude. To put the
NH; trends into context with other NH, species, observations from mini
denuders were exposed to the same method to control for changes in
weather using GAMs and prediction that the passive samplers were.
There are three locations in Switzerland where the mini denuders were
active and the sampling period was shorter because their operation
started in 2007. Fig. 7 shows the trend slopes between 2007 and 2021
for the three mini denuder sites including the passive sampler trends for
NH; as well.

The NHj trends calculated for the two sampling methods were
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similar with the mini denuder estimates having less error due to the
increased sampling rate and therefore, an increased number of samples
were available for the modelling process and trend tests. The NH3 trend
at Rigi-Seebodenalp determined by the mini denuder was insignificant,
but the passive sampler trend showed significantly increasing trends
(Fig. 7). The error bars of the two trend estimates do overlap, but at this
location, there was a difference in the NH;3 trend estimate between the
two sampling methods.

In contrast to NHj, the mini denuder samples show that NH; con-
centrations significantly decreased between 2007 and 2021 across the
Swiss plateau (Fig. 7). This significant decrease was even present at
Magadino-Cadenazzo where NHs concentrations increased rather
rapidly during the same time period. NH, concentrations have been
found to be rather homogeneous across Switzerland (Hiiglin and Grange,
2021; Grange et al., 2021) and the processes that drive this PM
component include larger scale regional processes that are rather
different to those that influence gaseous NH3. NH, (the sum of NH3 and
NH}) decreased between 2007 and 2021 at the two sites located north of
the Alps. However, because NH3 concentrations are increasing more
rapidly at Magadino-Cadenazzo, the NH, trend estimate is also signifi-
cantly increasing.

The critical conclusion of the NH trends in Fig. 7 is that the
NH3/NH; ratio has changed in Switzerland with a tendency of a greater
proportion of NH, being composed of NHs, even when NH} concen-
trations are decreasing over time. This suggests that the chemical pro-
cesses that govern the partitioning between NH3 and NH; have changed
over time leading to an increasing NH3/NH, ratio across Switzerland.
NH; emissions in Switzerland have been subject to significant control
efforts, but despite the management policies, NH3 concentrations have
not decreased due to the atmospheric chemistry changes that have
occurred as NHj sinks have progressively decreased. Therefore, this
creates a situation where increasing NH3 concentrations can be
observed, even when NHj3 emissions remain constant or even decrease.
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Fig. A3. Model error statistics for the 32 NH3; GAMs used for the analysis. The sites have been ordered by their mean NH; concentration.

3.3. NH; - NH; partitioning investigation

To investigate the causes of why NH, has decreased across much of
the Swiss plateau while NH3 concentrations have increased during this
study's analysis period, the ISORROPIA II thermodynamic equilibrium
model (Fountoukis and Nenes, 2007) was used to investigate the influ-
ence of the reduction of the NHj3 sinks, i.e., HNO3 and H,SO4 on the NH3
- NHj partitioning. Synthetic datasets were constructed that were
compared to the observational records to determine the effect of changes
in the acids on ambient NH3 concentrations for where passive NHj3
samples were taken.

NO; and SO~ concentrations have decreased across Switzerland
between 2000 and 2021 (Fig. 8) and these inorganic particulates are
predominantly products of the reaction of NH3 with HNO3 and HpSO4
and can be thought of as representative of the availability of these two
acids. Therefore, these two acids that are NH3’s greatest atmospheric
sinks have decreased across Switzerland during this study's analysis
period (2000—2021).

The NHj3 passive sampler trend analysis (Section 3.2) showed that
only three of the 32 sampling sites experienced significantly decreasing
trends across their sampling periods. For example, Payerne had a trend
that was insignificant between 2000 and 2021 (Fig. 5; Fig. 6). However,
when the mean monthly NO; and SO?~ concentrations that were
experienced in 2004-2006 were used for the 2004-2020 observational
record, a significantly decreasing trend of 0.06 g m~3 y~! in NH; was
determined (Fig. 9). This gives evidence that the reduction of acids
across the Swiss atmosphere has altered the NH3 - NH; partitioning
system towards less NH; formation and therefore, more NHj in the gas
phase. The shift towards a higher NH3/NH ratio was observed at three
locations with mini denuder samplers too (Fig. 7). In other locations that
were more polluted with NHj3 the loss of the acid sinks over time did not
change the trend estimate from insignificant to significantly negative
but did nevertheless push the trend estimate downwards (towards a flat
or negative trend). For some sites, the observed trends in Fig. 6 and
Fig. 9 are slightly different. This occurred because the time period used
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for the ISORROPIA II modelling was shorter for some of the long-
running sites (see Section 2.2.2 for details).

To quantify the effect of the reductions of the HNO3 and H,SO4 sinks
on NHj trends during the time when passive sampling was taking place,
the differences between the observed NH3 trend slopes were compared
to the slopes calculated from the synthetic datasets using higher past
NO; and SO3~ concentrations. Fig. 10 shows the differences between
the two trend estimates between the 2004 and 2021 period, not by year.
The mean effect of reduced HNO3; and H>SO4 concentrations on NH;
concentrations was 0.9 ug m~3 and ranged from a minimum of 0.45
ug m~3 at Eschen (Liechtenstein) to a maximum of 1.2 ug m~3 at Kloster
Frauental for the period between 2004 and 2021. Additionally, there
was no clear dependence between calculated sink reductions and mean
NH; concentrations between 2004 and 2021, except that the calculated
sink reductions were smallest at elevated sites, where the ambient
concentrations of NO; and SO%’ are at their lowest (Fig. A6; Fig. A7).

The magnitude of the effect of sink reductions on the NH3 trends
across Switzerland between 2004 and 2021, was on average, 0.9
ug m~3. This means that today's ambient NH3 concentrations would be
lower (on average) by this amount when the concentration of acids
would have remained at the levels of 2004. To put the effect in context,
mean concentrations of NH3 across Switzerland ranged from 1.0 and 9.9
ug m~3 among the sampling sites included in this analysis. In areas of
intensive livestock farming, the highest annual averages have been re-
ported as 12 yg m~3 by others (Seitler and Meier, 2022). The effect of
the sink reductions in the past on ambient NH3 concentrations is
therefore rather substantial, even more so for sites with lower
concentrations.

A striking difference between the observed monthly NH3 and the
synthetic time series calculated with past ion concentrations was that
the synthetic time series showed during some winter months at many
sampling sites, NH3 concentrations were predicted to be zero (for
example, Fig. A8). This feature can be explained by the greater con-
centrations of sinks that were available in the synthetic time series and
that were great enough to completely deplete NH3 during some winter
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Fig. A4. Predicted and observed NH3 concentrations between 2004 and 2021 from the ISORROPIA II model for six sampling locations with different mean NHs
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Fig. A6. Scatterplot of mean NH3 concentrations (between 2004 and 2021) and the difference of NH; trend estimates for 32 sampling locations between what was
observed and what was simulated using past nitrate (NO3) and sulfate (SOﬁ’) concentrations.

months. ISORROPIA II modelling was also conducted with perturbing
NO; and SO3~ individually and it was not clear what ion had a stronger
effect on the NH; - NHj} partitioning process on average. However, some
locations did show that SO3~ was the more potent ion (for example,
Fig. 11; Fig. A9), perhaps due to the transformation to ammonium sul-
fate (or bisulfate) is an irreversible process, unlike the transformations to
ammonium nitrate (Renner and Wolke, 2010).

4. Conclusions

The processes discussed above were able to be illuminated due to the
long-term and high-quality atmospheric sampling and monitoring ac-
tivities across Switzerland since 2000. However, the implications of the
findings extend well beyond Switzerland to many European locations
and are very likely relevant and important to consider in other European
countries. Indeed, all countries surrounding Switzerland and
Liechtenstein show similar behaviour in their reported NH3 emissions
(Fig. A10). The investigation of the increase in the NH3/NH; ratio due to
a reduction of sinks is worthy of investigation in other locations where
NH; emissions and concentrations appear to be somewhat disconnected,
especially where NH3 emission control is active, but ambient concen-
trations have failed to decline in line with the calculated emission re-
ductions. This analysis also shows that there is substantial value in
monitoring or sampling at least two of the NH, - NH3 - NH} triad in
parallel to get a more complete understanding of NH, at a particular
location. The extra information gained by using mini denuder samplers
(that measure NH3 and NH}) has been demonstrated and can be rec-
ommended for authorities that wish to better understand the behaviour
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of NH, in their jurisdictions. It can be noted that in contrast to NHs,
particulate NH; concentrations are spatially rather homogeneous and
this may allow for some optimisation of NH, monitoring networks.

An implication that has not been investigated in this analysis is the
impact of an increasing NH3/NH, ratio on the import and export of NH,
within and across European countries. For example, the increasing
NH3/NH, ratio in Switzerland will increase local and regional NHg
deposition around the immediate vicinity of emission sources and will
potentially lead to excessive nitrogen deposition due to the flux being
greater than the local terrestrial and aquatic ecosystems' critical loading
thresholds. Further exacerbating this issue is that NH3 has a far greater
dry deposition rate than NH; (Paulot et al., 2013). However, these
processes will also have the side effect of reducing NH; formation,
reducing secondary PM generation, and therefore may lead to less PM
transport and exported nitrogen to neighbouring countries. Investiga-
tion into these processes is beyond the scope of this work, but the
altering of nitrogen deposition budgets is an important feature for Eu-
ropean collaborative efforts such as those contained in EMEP (European
monitoring and evaluation programme). The long-term trend of
country-to-itself contributions to reduced nitrogen deposition was
investigated by Fagerli et al. (2021), where increasing trends have been
found for half of the considered European countries including
Switzerland. Furthermore, the coupling of the above issues with the
increasing temperatures resulting from climate change (Masson-Del-
motte et al., 2021), trends of NH3 emissions and concentrations can be
expected to increase because the increase of temperatures influences not
only emissions but also gas-to-particle conversion rates (Sutton et al.,
2013).
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Fig. A7. Scatterplot of mean NH3 concentrations (between 2004 and 2021) and the difference of NH; trend estimates for 32 sampling locations between what was
observed and what was simulated using past nitrate (NO3) and sulfate (SO%~) concentrations adjusted for sampling duration.

It seems that reduced nitrogen species will continue to be a prob-
lematic group of pollutants throughout Europe, even as the importance
of oxidised nitrogen species is poised to become less of an issue over the
next couple of decades mostly due to effective vehicular emission con-
trol. With the revised World Health Organization's (WHO) global air

Monthly NH3 concentration (ug m’3)

(o)

quality guidelines of 2021 (World Health Organization, 2021) stating
very ambitious guideline values for PM;o and PM2 5, NH, will continue
to be a priority to ensure ambient PM concentrations continue to
progress downwards towards the new WHO guideline values. In order to
achieve reactive nitrogen deposition fluxes that are below critical load

Payerne
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Scenario —©- Observed Past nitrate & sulfate

2020

Fig. A8. An example of wintertime NH3 depletion at the Payerne sampling location when nitrate (NO3) and sulfate (SO%’) concentrations were fixed at their past
(2004-2006) values. Observed NH3 concentrations are shown for comparison.
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thresholds to avoid further degradation of sensitive and semi-natural
ecosystems, substantial NH3 emission reductions are still required.
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