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Atmospheric nitrogen and sulfur deposition is an important effect of atmospheric pollution
and may affect forest ecosystems positively, for example enhancing tree growth, or
negatively, for example causing acidification, eutrophication, cation depletion in soil or
nutritional imbalances in trees. To assess and design measures to reduce the negative
impacts of deposition, a good estimate of the deposition amount is needed, either by direct
measurement or by modeling. In order to evaluate the precision of both approaches and to
identify possible improvements, we compared the deposition estimates obtained using an
Eulerian model with the measurements performed by two large independent networks
covering most of Europe. The results are in good agreement (bias <25%) for sulfate and
nitrate open field deposition, while larger differences are more evident for ammonium
deposition, likely due to the greater influence of local ammonia sources. Modeled sulfur
total deposition compares well with throughfall deposition measured in forest plots, while
the estimate of nitrogen deposition is affected by the tree canopy. The geographical
distribution of pollutant deposition and of outlier sites where model and measurements
show larger differences are discussed.
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INTRODUCTION

Sulfur (S) dioxide, nitrogen (N) oxides and ammonia are the atmospheric pollutants that are
deposited in larger quantities, that play an important role in the chemistry of the atmosphere and that
affect ecosystem condition, structure and productivity. Sulfur dioxide and N oxides may be produced
by natural sources, such as volcanic activities and lightning, but they are emitted in much larger
quantities by combustion processes related to human activities, such as power generation, traffic,
industry, agriculture. Beside their effects on natural ecosystems (such as fertilization, growth
stimulation, acidification, eutrophication, increased sensitivity to pathogens, and tree defoliation
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(Galloway et al., 2004; Etzold et al., 2020), N oxides can interact
with atmospheric oxygen, increasing the production of
tropospheric ozone (Crutzen, 1970). Both S and N oxides can
be deposited in their original form, or be transformed into their
oxidized forms, e.g. sulfate (SO4

−), nitric acid (HNO3), or nitrate
(NO3

−), which can be deposited as particulate or incorporated in
clouds and travel for hundreds of kilometers before being
deposited (Hertel et al., 2012).

Reduced N enters the atmosphere in the form of ammonia,
mainly from agricultural sources, and it can be deposited in this
form or transformed into ammonium (NH4

+). The latter can be
deposited through the dry deposition pathway (aerosols), but it is
mainly incorporated in clouds and deposited by wet deposition in
the form of ammonium sulfate, if an excess of S dioxide is
available. However, in agriculture-rich areas, there is an excess
of ammonia, and reduced N will be deposited closer to the
emission source than S and N oxides (Asman et al., 1998).

Reactive N and S deposition may occur in the form of wet
deposition, when S and N compounds are included in rain
droplets or snow, and dry deposition, when they are deposited
either as particulate matter or in gaseous forms. The amount of
dry deposition is affected by the specific receptors, and in
particular forest canopies can collect large amounts of
particulate and gaseous air pollutants (filtering effect, Mayer
and Ulrich, 1977).

In the 1970s, large emissions of N and S oxides in Europe and
North America led to serious concerns about their effects on
ecosystems and human health. The ability of these compounds to
travel hundreds of kilometers made it evident that effective
actions to control these pollutants should be performed on a
trans-national basis. The Convention on Long-Range
Transboundary Air Pollution (in short “Air Convention”)
came into force in 1983 and proved effective in attaining its
pollution reduction objectives (Bull et al., 2008). A relevant role
was played by the presence of specific pollution control protocols,
a census of the emission sources, a predictive model of the
expected concentration or deposition both within the
framework of the ‘Co-operative Programme for Monitoring
and Evaluation of the Long-range Transmissions of Air
Pollutants in Europe’ (EMEP), and a series of International
Co-operative Programmes (ICPs) within the Working Group
on Effects of the Air Convention exploring the effects of air
pollution on the natural and human environment. Two
important centres within EMEP are the Chemical
Coordinating Centre (EMEP CCC), which looks after the
measurement networks, and the Meteorological Synthesizing
Centre–West (MSC-W), who perform atmospheric modeling
simulations for the compounds involved in acidification,
eutrophication, near-surface ozone and particulate matter (see
www.emep.int).

In order to support the Air Convention, an extensive emission
census is produced for S, N and other compounds every year by
EMEP, and used as input to the Eulerian chemical transport
model which was developed at the EMEP MSC-W (Simpson
et al., 2012). The EMEPMSC-Wmodel (see Sect. 1.1) is used here
to calculate air concentration and deposition fields for acidifying
and eutrophying compounds (S, N) across the European domain.

In order to evaluate model performance, the EMEP CCC
coordinates a network of around 100 monitoring stations
measuring inorganic ions in precipitation and aerosol and
gases in air covering most of Europe (Tørseth et al., 2012).

Within the Air Convention, the ICP on Assessment and
Monitoring of Air Pollution Effects on Forests (ICP Forests)
monitors forest condition in Europe. Two monitoring networks
are running: a systematic network (Level I), based on around
6,000 observation plots, to gain insight into the geographic and
temporal variations in crown and soil condition, and an intensive
monitoring network (Level II), featuring 14 surveys on around
500 plots in selected forest ecosystems, aiming at clarifying cause-
effect relationships within forest ecosystems. Currently at more
than 300 Level II plots, atmospheric deposition is collected and
analyzed following standard protocols (Lorenz and Fischer,
2013).

In this paper, we compare S and N deposition estimates from
the EMEP MSC-W model with measurements from both the
EMEP and the ICP Forests monitoring networks and we highlight
aspects that would potentially allow to further improve both
measurements and model-based estimates of S and N deposition
in Europe. This comparison is based on the period 2010–2014,
because the number of ICP Forests sampling sites increased
during 2009 thanks to the LIFE+ project FutMon, which also
allowed the development of quality assurance procedures that
became mandatory in 2010 for all laboratories operating in the
ICP Forests network. The number of active sampling sites was
slowly decreasing in the subsequent years, because of financial
constraints.

MATERIALS AND METHODS

EMEP MSC-W Model
The EMEP MSC-W model (hereafter EMEP model) is an
Eulerian chemical transport model that can be used on scales
ranging from local (e.g., Vieno et al., 2016) to global (e.g.,
Schwede et al., 2018). Here it is run with 20 vertical layers
and a horizontal resolution of 0.1 × 0.1 degrees driven by
ECMWF IFS meteorology (https://www.ecmwf.int/en/research/
modelling-and-prediction). It includes about 170 reactions
between approximately 130 gas- and particulate-phase species
and tracers (EmChem16 scheme, see Simpson et al., 2017;
Simpson et al., 2020), and uses the EQSAM module (Metzger
et al., 2002) to describe equilibria between the inorganic aerosols.
To calculate dry deposition, the model includes a stomatal
conductance algorithm, applied to all pollutants where
stomatal control is important (e.g. ozone, N and S oxides and
ammonia). Non-stomatal uptake is also included, and for NH4

+

and SO4
− this is calculated as a function of temperature, humidity,

and the molar ratio between S dioxide and ammonia. The model
version used here (rv4.17a) is described in Simpson et al. (2012,
2017, and references therein). Evaluation of the model against
EMEP data is performed every year as part of the annual EMEP
MSC-W reports (https://www.emep.int/mscw/mscw_
publications.html), as well as in several publications (e.g.
Simpson et al., 2006; Bian et al., 2017; Theobald et al., 2019).
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For this study, the EMEP model was run on a monthly basis
for the period 2010–2014, The simulations used here are part of
the time-series simulations discussed in Tsyro and Mortier
(2018). For this study, monthly results from these model runs
were extracted for the period 2010–2014. Anthropogenic
emissions for these runs were taken from a harmonized data
set used for trend analysis, as documented in Tista et al. (2018).

For this comparison exercise, wet and dry depositions of sulfur
and nitrogen calculated by the EMEP model were retrieved for
each deposition measurement site of both ICP Forests and
EMEP/CCC networks. Modeled total deposition is obtained by
summing up modeled wet and dry deposition. The ICP Forests
measurement sites have been classified into broadleaf and
coniferous plots depending on the main tree species. The
corresponding land-use specific dry deposition rates from the
EMEP for “deciduous” and “coniferous” forests were therefore
used for this study.

Deposition Measurements
EMEP Deposition Measurements
The reference method for sampling atmospheric wet deposition is
using “wet-only” samplers, which open automatically during the
precipitation event and close again after the event, avoiding the
collection of local dust and of particulate and gaseous deposition
during dry periods. Permanently open bulk collectors are also
used in areas where the dry deposition is low compared with wet
deposition. Sampling is generally performed on a daily basis but
weekly, fortnightly and monthly samples are also performed for
both sampler types.

The EMEPmonitoring sites are in areas where significant local
influences (local emission sources, local sinks, topographic
features, etc.) are minimised, to ensure that the data are
representative for a larger region. However, influence from

nearby source may occur to a varying degree, particularly
from agricultural activities and dust. The laboratories
submitting data to EMEP CCC are annually participating in a
laboratory intercomparison to make sure that the analyses are
within the data quality objective of the programme, i.e., 10%
accuracy or better for SO4

− and NO3
− in single analysis in the

laboratory and 15% for NH4
+. This was in general met by all the

EMEP laboratories.
Wet deposition data from 59 monitoring sites and bulk

deposition data from 36 monitoring sites were used, selecting
from the data reports (Hjellbrekke and Fjæraa, 2012; Hjellbrekke
and Fjæraa, 2013; Hjellbrekke, 2014; Hjellbrekke, 2015;
Hjellbrekke, 2016) sites and years of data with percentage of
analysed samples higher than 90%. The location of all sampling
sites in Europe is shown in Figure 1.

ICP Forests and SWETHRODepositionMeasurements
In the ICP Forests network, atmospheric deposition is collected
using permanently open bulk collectors. At the sites of this
network, two groups of samplers are installed. A first series of
collectors are located in the open-field to estimate deposition not
affected by the exchange processes within the canopies. As in the
EMEP network, the composition of the so-called bulk deposition
is assumed to be close to that of wet deposition, even though it
contains a small fraction of dry deposition, as gases and particles
can deposit on the surface of the collecting device during dry
periods. Wet-only precipitation collectors positioned in the open
field are also running in a small number of ICP Forests plots.

A second series of collectors are located under the forest
canopy across the typically 50 m × 50 m (approx.) monitoring
plots (throughfall collectors). Throughfall deposition accounts for
both wet deposition and dry deposition, because particles
deposited on the tree canopies during dry periods are later

FIGURE 1 | Geographical distribution of the sampling sites of the EMEP-CCC (red) and ICP Forests and SWETHRO (green) networks.
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washed down together with precipitation. Dry deposition is larger
in forests than in the open field because of the large surface area
and the roughness of the canopy. Throughfall deposition does not
fully reflect the total (wet + dry) atmospheric deposition,
however, because some substances are taken up or excreted or
leached by tree canopy. In this paper we do not attempt to evaluate
the effect of canopy interaction on throughfall deposition, discussed
for example by Draaijers and Erisman (1995), Staelens et al. (2008),
Talkner et al. (2010), or Ahrends et al. (2021). Sites of the Swedish
SWETHRO Network (Pihl-Karlsson et al., 2011) are not formally a
part of ICP Forests, but the data are reported to ICP Forests, and used
in this study. These data are collected with similar protocols to those
used in the ICP Forests network.

Samples were analyzed by different laboratories, typically one
per country or at the level of federal states in Germany. All
laboratories participated every 1–2 years in a mandatory working
ring test (König et al., 2013). Sampling frequency is weekly,
fortnightly or monthly.

In the period 2010–2014, deposition was sampled at 362 ICP
Forests sites. Here, we considered only those sites where the
samplers have been exposed for at least 330 days for at least
1 year. Stemflow is not considered in this paper.

In the ICP Forests data, the analytical quality of each sample
was tested by comparing its measured and calculated electrical
conductivity. For open field samples (wet-only or bulk), a
comparison between the sum of cation and anion concentrations
was performed. This second test was not applied to throughfall
samples, as they contain high amount of dissolved organic carbon
(DOC), generally carrying a negative charge. Details on the tests and
the minimum quality required for passing the tests are reported by
König et al. (2013). In the ICP Forests manual, it is requested to repeat
analysis of samples not passing the tests, but after the results are
confirmed, the results are accepted even if the test is still not passed.
For the present paper, plots were discarded on a year by year basis
when less than 50% of the samples passed the quality check. This
arbitrary limit was chosen as a compromise between good
geographical coverage and data quality, considering that a relevant
number of analyses not passing the check consist of samples with
small collected volume, for which complete analysis was not possible.

In conclusion, within the ICP Forests and the SWETHRO
network, data from 204 sites were retained for the open field bulk
deposition, from four sites for wet-only samplers and from 246
sites for throughfall deposition. Figure 1 shows the location of
these sampling sites in Europe. Almost one half of the ICP Forests
sampling sites used in this paper are in Germany, France and
Poland, i.e., in an area with high S and N emissions.

Data Treatment
Annual depositions of NO3

−, NH4
+, and SO4

� were obtained by
multiplying the volume weighted average concentrations by the
annual amount of precipitation. As the deposition of marine
aerosol may represent an important contribution to the total
deposition of SO4

�, a sea-salt correction was applied on the
annual deposition values, subtracting the marine contribution
from S deposition in order to obtain an estimate of non-marine
oxidized S deposition (SO4*). The correction factor was obtained
as fractions of the chloride or sodium deposition, using the formulas

reported in the manual of the ICP Modelling and Mapping
(CLRTAP, 2004). To limit the bias due to local sources of either
chloride or sodium, the smaller correction was applied.

The contribution of marine aerosol to SO4
� deposition, which

may be relevant in coastal areas, is not included in the EMEP
model, and the results are directly comparable with sea-salt
corrected SO4

� deposition provided by the monitoring networks.
The comparison between modeled and measured deposition

and between measurement networks was performed both graphically
and statistically, using regression analysis and testing the significance
of the differences between the bias of themodel using a Student’s t-test
for independent samples for each combination of substance and
sampler. Bonferroni correction (Dunn, 1961) was applied to
account for repeating the same test for several combinations.

For each variable and sampling method, modeled deposition
was plotted against measured deposition, considering an average
deposition value for each site, without distinguishing between
sites running for the whole study period (5 years) or for less. In
this latter case, we averaged only those years of modeled data that
are also available in the measured data on a plot-by-plot basis.

Bias was calculated as the difference between mean modeled
and measured values. Percent bias was obtained by dividing bias
by the measured value, and multiplying by 100.

Measured deposition data obtained in the same location
(i.e., at a distance lower than 10 km) using different samplers
were compared with each other. Also in this case, data were
averaged using only the years in which all the different samplers
were active, and the data obtained were validated.

To stabilize data variance, measured and modeled deposition
values were log-transformed before performing regression
analysis and the Student’s t-test was applied on percent bias.
One NH4

+ value reported in Iceland as zero because all data were
below the detection limits was replaced with the value 0.01 before
log transformation.

Samples with a Cook (1977) distance larger than 4/n (where n is
the number of data pairs) in the log-log regression were considered as
outliers and excluded from the data before statistic treatment, but
these outliers are present in the plots, identifiedwith a different symbol
in the maps and discussed in the text.

Most calculations were performed in a spreadsheet, Cook’s
distance was obtained using the base package in the R statistical
environment (R core team, 2020).

RESULTS

Non-marine Sulfate Deposition
The mean annual wet, bulk open field and throughfall deposition
of SO4* measured in Europe span over more than one order of
magnitude (Table 1), with average values across time and plots of
2.5, 3.0 and 4.2 kg S ha−1 y−1, respectively. Considering bulk open
field deposition, the average values measured in the ICP Forests
network are higher than those measured in the EMEP network,
on average by 12%, at least in part because most ICP Forests
samplers are located in central Europe, in areas with high S
emission (Figure 1). After outlier rejection and Bonferroni
correction, the Student’s t-test on log-transformed deposition
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TABLE 1 | Selected descriptive statistics of average yearly deposition of non-marine sulfate (SO4*, in kg S ha−1 y−1), nitrate (NO3
−) and ammonium (NH4

+, both in kg N ha−1

y−1) collected by wet, bulk open field (BOF) and throughfall (TF) samplers in Europe in 2010–2014, in the EMEP and ICP Forests and SWETHRO (ICPF) networks.

Variable Sampler Network Plots min Median Average 95th
percentile

Max

SO4* Wet all 62 0.60 1.82 2.54 4.36 30.4
EMEP 58 0.60 1.79 2.48 3.87 30.4
ICPF 4 1.84 3.19 3.38 5.00 5.29

BOF All 240 0.61 2.67 3.00 6.05 14.3
EMEP 36 0.70 2.11 2.73 6.30 9.5
ICPF 204 0.61 2.73 3.05 5.80 14.3

TF ICPF 246 0.48 3.39 4.19 10.7 21.2

NO3
− Wet all 62 0.50 2.23 2.51 4.29 8.04

EMEP 58 0.50 2.20 2.48 4.53 8.04
ICPF 4 2.11 3.17 2.97 3.43 3.44

BOF All 240 0.42 3.09 3.09 5.38 8.24
EMEP 36 0.53 1.93 2.24 5.83 7.31
ICPF 204 0.42 3.21 3.24 5.32 8.24

TF ICPF 246 0.21 4.35 4.69 11.0 14.9

NH4
+ Wet all 62 0.55 2.82 3.22 5.21 17.1

EMEP 58 0.55 2.74 3.12 5.19 17.1
ICPF 4 3.97 4.65 4.62 5.16 5.22

BOF All 240 0.00 3.72 3.97 7.86 15.5
EMEP 36 0.00 2.55 2.77 5.50 7.70
ICPF 204 0.63 3.93 4.18 8.17 15.5

TF ICPF 246 0.16 4.84 5.14 11.8 32.4

FIGURE 2 | Comparison between average non-marine sulfate deposition collected with different samplers in the same location (A), between modeled wet
deposition and measured wet deposition (B) and bulk open field deposition (C), and between modeled total deposition and measured throughfall deposition (D).
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values found significant (p < 0.05) differences between the
networks for wet deposition, but not for bulk open field
deposition. In the case of wet deposition, the results are
similar, but the number of wet samplers in the ICP Forests
network is too low to make the comparison meaningful.

In only four ICP Forests plots, wet, bulk open field and
throughfall collectors were all running in the same period, and
four ICP Forests plots with bulk samplers and 6 with throughfall
samplers were located at a distance smaller than 10 km from an
EMEP wet sampler. In these sites wet SO4* deposition showed
lower values than both bulk open field and throughfall deposition,
which include, beside wet deposition, the amount of dry
deposition collected by the constantly open bulk sampler in
dry periods and by tree canopies, respectively (Figure 2A).

In 75% of the forest plots where both were measured, SO4*
throughfall deposition was higher than open field bulk
deposition, as expected because the former also contains dry
deposition collected by forest canopy and washed off during
rainfall. However, in the remaining sites, throughfall deposition
was slightly lower than open field bulk deposition, most probably
because of the low levels of dry deposition coupled with analytical
uncertainty. It is also possible that there might be a small direct
uptake of S by foliage that becomes apparent at low levels of dry
deposition (Staelens et al., 2008).

Sites with the highest SO4* wet deposition values (Figure 3A)
are located in eastern Europe (in Croatia, Slovakia, and Hungary)
and in Italy, at the margin of the strongly industrialized Po plain.
A high SO4* deposition value was measured in Montenegro, in a
site relatively close (150–250 km) to three large point sources of S

emission, namely the Kostolac, Nikola Tesla, and Tuzla coal
power plants (Fioletov et al., 2016).

The geographical distribution of high values of bulk deposition
of SO4* (Figure 4A) extends more to eastern Europe than in the
case of wet deposition, also including Poland, Czechia, and
Slovenia. This different pattern may be partially due to the
different distribution of wet and bulk sampling sites: for
example there are no wet sampler in some countries where
bulk deposition is high, such as Poland, Belgium, or Romania.
A smaller area with high S deposition level includes Belgium and
some sites in Germany, Denmark, and Norway. A high S bulk
deposition value was measured in Serbia, not far from the site
where high wet deposition was measured.

The mean annual throughfall deposition of SO4* showed a larger
range than those of wet and open field bulk deposition (Table 1), and
the geographical distribution of throughfall deposition (Figure 5A) is
similar to the distribution of wet-only and open field bulk deposition,
but high levels are also found in Greece and the United Kingdom.

Modeled SO4pwet deposition (Figures 3B, 4B) compared well
(r2 � 0.61) with measured wet deposition (Figure 2B). After
removing two outliers (one in Montenegro and one in Spain), the
percent bias of the model is not significantly different from zero,
and no significant difference was found among the percent bias
for the different networks and sampling periods (Table 2). Apart
from one case, the differences between modeled and measured S
wet deposition are lower than 2 kg S ha−1 y−1 (Figure 3C). The
differences are generally lower than 40%, but higher percentages
were found in Spain, in one site in France and one in Montenegro
(Figure 3D).

FIGURE 3 | Measured (A) and modeled (B) wet non-marine sulfate deposition (kg S ha−1 y−1), and differences [(C), in kg S ha−1 y−1] and percent differences (D)
between them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.
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FIGURE 4 | Measured bulk open field (A) and modeled wet (B) non-marine sulfate deposition (kg S ha−1 y−1), and differences [(C), in kg S ha−1 y−1] and percent
differences (D) between them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.

FIGURE 5 | Measured throughfall (A) and modeled total (B) non-marine sulfate deposition (kg S ha−1 y−1), and differences [(C), in kg S ha−1 y−1] and percent
differences (D) between them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.
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In spite of the high correlation (r2 � 0.73 after the rejection of
13 outliers), measured SO4* bulk open field deposition was
generally higher than modeled wet deposition (Figure 2C),
and the percent bias (Figure 2D) was significantly different
from zero (p < 0.05 after Bonferroni correction) in sites with
monthly samples (Table 2), as expected considering that
constantly open bulk samplers collect some amount of dry
deposition in dry periods.

The differences betweenmodeled wet andmeasured bulk SO4*
wet deposition were in general lower than 2 kg S ha−1 y−1, but
higher differences were found in France, Czechia, Lithuania and

particularly in the southern Alps (Italy and Slovenia) a region
with strong orographic precipitation and close to large industrial
areas (Figure 4C). In spite of the small absolute differences,
percent differences were marked: in most of central Europe,
modeled deposition was lower than measured deposition by
more than 40% of the measured value (Figure 4D).

The comparison between measured throughfall (Figure 5A)
and modeled total (Figure 5B) SO4* deposition showed higher
scatter, and 15 outliers were detected. After outlier rejection, a
good correlation between log-transformed modeled and
measured deposition (r2 � 0.68) was found, and the percent

TABLE 2 | Relationship between modeled and measured deposition in 2010–2014. r2 coefficient of determination between log-transformed modeled and measured
deposition, n: number of sites, Bias %: percent average bias, *: bias significantly different from 0 at p < 0.05 (Student’s t-test).

Network (species for throughfall) Sampling frequency

Measured wet deposition vs modeled wet deposition

All EMEP ICPF daily weekly fortnightly monthly

SO4*
n (outliers) 60 (2) 56 (2) 4 42 (2) 8 4 6
r2 0.61 0.60 0.65 0.54 0.75
Bias % 6.9 7.5 1.4 17.8 5.8

NO3
−

n (outliers) 59 (3) 55 (3) 4 41 (3) 8 4 6
r2 0.72 0.73 0.74 0.42 0.48
Bias % 24.1 * 25.1 18.3 39.6 16.4

NH4
+

n (outliers) 58 (4) 54 (4) 4 40 (4) 8 4 6
r2 0.61 0.67 0.69 0.00 0.41
Bias % 36.6 * 40.6 * 39.3 * 45.8 −6.2

Measured bulk open field vs. modeled wet deposition

Bulk open field all EMEP ICPF daily weekly fortnightly monthly

SO4*
n (outliers) 227 (13) 34 (2) 193 (11) 18 (2) 12 38 (1) 159 (10)
r2 0.73 0.76 0.73 0.73 0.86 0.66 0.74
Bias % −14.3 * −3.3 −16.3 * −9.1 −10.4 −12.4 −15.7 *

NO3
−

n (outliers) 221 (19) 28 (8) 193 (11) 13 (7) 11 (1) 38 (1) 159 (10)
r2 0.81 0.81 0.80 0.77 0.95 0.83 0.79
Bias % 5.0 5.8 4.9 −1.7 −1.5 6.3 5.7

NH4
+

n (outliers) 223 (17) 28 (8) 195 (9) 14 (6) 10 (2) 39 160 (9)
r2 0.56 0.73 0.51 0.41 0.95 0.66 0.51
Bias % 10.9 * −2.6 12.8 * −12.0 −8.1 22.1 11.4

Measured throughfall deposition vs modeled total (wet + dry) deposition

all Broadleaved Coniferous weekly fortnightly monthly

SO4*
n (outliers) 231 (15) 80 (4) 181 (11) 4 37 (3) 190 (12)
r2 0.68 0.46 0.73 0.62 0.69
Bias % 16.78 * 32.27 * 11.72 * 14.40 17.91 *

NO3
−

N (outliers) 230 (16) 81 (3) 178 (14) 4 38 (2) 188 (14)
r2 0.71 0.26 0.78 0.64 0.72
Bias % 72.41 * 72.39 * 71.71 * 47.49 * 78.87 *

NH4
+

n (outliers) 226 (20) 82 (2) 173 (29) 4 39 (1) 183 (19)
r2 0.67 0.33 0.73 0.53 0.68
Bias % 77.1 * 94.4 * 68.5 * 77.6 * 78.6 *
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bias was low (17%) but significantly different from zero. Large
differences were found in central Europe, from England to
Poland, and in Greece and Romania (Figure 5C), while high
percent differences were also found in region with low deposition
values, such as in Spain and in Scandinavia (Figure 5D).

Nitrate Deposition
In the case of NO3

−, the range of the mean annual wet, bulk open
field and throughfall depositions is large (from 0.2 to 15 kgN ha−1 y−1,
Table 1), with average values of 2.5, 3.1 and 4.7 kgN ha−1 y−1. As for
SO4*, the average values measured in the ICP Forests network are
higher than thosemeasured in the EMEP network, on average by 20%
for wet deposition and 44% for bulk open field deposition. The
difference between the mean log-transformed values for the two
networks was significant only for bulk open field deposition (p <
0.001 after Bonferroni correction).

In sites where different samplers were exposed, NO3
− wet

deposition results were lower than from both bulk open field and
throughfall deposition, presumably because of the amount of dry
deposition collected by the constantly open bulk sampler in dry
periods and by the tree canopy, respectively (Figure 6A). As
expected, in 71% of the forest sites where both were measured,
NO3

− throughfall deposition was higher than open field bulk
deposition, probably because of dry deposition collected by forest
canopy.

However, in most sites where open field deposition was lower
than 2.5 kg N ha−1 y−1 and in a large share of sites where it was
lower than 3.5 kg N ha−1 y−1, NO3

− throughfall deposition was
lower than open field bulk deposition, reflecting the presence of
processes decreasing the throughfall deposition of NO3

− (“canopy
effects”), such as foliar uptake of N compounds (e.g., Garten and
Hanson, 1990) and the consequences of metabolism of
microorganisms in the phyllosphere (e.g. Guerrieri et al., 2015).

The area with high NO3
− wet deposition values (Figure 7A) is

smaller than in the case of SO4*, including Italy, part of France,
Switzerland, and Germany and some sites in Sweden and
Lithuania. The highest average NO3

− deposition was measured
in Montenegro, in the same site relatively close to large point
sources where the maximum SO4* deposition was measured, and
in Italy, in the southern slope of central Alps, in a site receiving a
high amount of orographic precipitation and located close to the
Po plain, where most of Italian industry and agriculture are
located.

The geographical distribution of high values of bulk deposition
of NO3

− (Figure 8A) is larger, including Slovenia, Belgium,
Czechia, Poland, southern Norway and southern Sweden, and
extends westwards to sites in southern France and Spain. High
values of throughfall NO3

− deposition (Figure 9A) were found in
the same area and in Switzerland, Austria, Wales, Denmark and
in central Sweden.

FIGURE 6 | Comparison between average nitrate deposition collected with different samplers in the same location (A), between modeled wet deposition and
measured wet deposition (B) and bulk open field deposition (C), and between modeled total deposition and measured throughfall deposition (D).
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FIGURE 7 |Measured (A) andmodeled (B)wet nitrate deposition (kg N ha−1 y−1), and differences [(C), in kg N ha−1 y−1] and percent differences (D) between them.
Squares indicates outliers in the regression between log-transformed modeled and measured deposition.

FIGURE 8 |Measured bulk open field (A) and modeled wet (B) nitrate deposition (kg N ha−1 y−1), and differences [(C), in kg N ha−1 y−1] and percent differences (D)
between them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.
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As in the case of SO4*, modeled NO3
− wet deposition (Figures

7B, 8B) compare well (r2 � 0.72) with measured wet deposition
(Figure 6B). However, after removing three outliers (in
Montenegro, Italy and Spain), the percent bias of the model
still was significantly different from zero (Table 2). In fact, for the
higher values of NO3

− deposition, modeled wet deposition was
higher than measured wet deposition, suggesting a small loss of N
from the samplers. or chemical transformation within the sample,
or a small model bias relating to high concentrations and/or
precipitation amounts.

After the rejection of 19 outliers, measured NO3
− bulk open

field deposition and modeled NO3
− wet deposition showed a high

correlation (r2 � 0.81) and the percent bias was not significantly
different from zero.

The differences between modeled NO3
− wet deposition and

both measured NO3
− wet and bulk deposition were generally

lower than 2 kg N ha−1 y−1 (Figures 7C, 8C) but percent
differences larger than 40% were common (Figures 7D, 8D).

As in the case of SO4*, the comparison between measured
throughfall (Figure 9A) and modeled total (Figure 9B) NO3

−

deposition showed a high scatter. In most of the sites, and in
particular all sites where throughfall deposition was lower than
2.9 kg N ha−1 y−1, modeled total deposition resulted higher than
measured throughfall deposition, suggesting that canopy effects
(see below)may also have an effect on NO3

−. After the rejection of
16 outliers, a good correlation between log-transformed modeled
and measured deposition (r2 � 0.71) was found, but the percent
bias was high (72%) and consistently different from zero, for both

coniferous and broadleaved forests and for both fortnightly and
monthly sampling (Table 2). Large differences weremainly found
in sites in central Europe (Figures 9C,D).

Ammonium Deposition
Average NH4

+ wet, bulk open field and throughfall deposition
(3.2, 4.0 and 5.1 kg N ha−1 y−1, Table 1) were larger than the
respective values for NO3

−. As for SO4* and NO3
−, the average

values measured in the ICP Forests network were higher than
those measured in the EMEP network, on average by 48% for wet
deposition and 51% for bulk open field deposition. The difference
between the mean log-transformed values for the two networks
was significant only for bulk open field deposition (p < 0.05 after
Bonferroni correction).

As in the case of SO4* and NO3
−, in sites where different

samplers were used simultaneosly, wet deposition results were
lower than both bulk open field and throughfall deposition.
Measured throughfall deposition was generally higher than
bulk open field deposition, because of the amount of dry
deposition collected by tree canopy (Figure 10A), but it was
very close to bulk deposition in all sites where the former was
lower than 2.1 kg N ha−1 y−1, because of canopy effects, which
may completely compensate both surface deposition of ammonia
and dry deposition of NH4

+ collected by the forest canopy and
washed off during rainfall on these plots.

The area with high NH4
+ wet deposition values (Figure 11A)

was larger than in the case of SO4* andNO3
−, including Germany,

Switzerland, northern Italy, and eastern France. As in the case of

FIGURE 9 | Measured throughfall (A) and modeled total (B) nitrate deposition (kg N ha−1 y−1), and differences [(C), in kg N ha−1 y−1] and percent differences (D)
between them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.
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FIGURE 10 |Comparison between average ammonium deposition collected with different samplers in the same location (A), betweenmodeled wet deposition and
measured wet deposition (B) and bulk open field deposition (C), and between modeled total deposition and measured throughfall deposition (D).

FIGURE 11 |Measured (A) andmodeled (B)wet ammonium deposition (kg N ha−1 y−1), and differences [(C), in kg N ha−1 y−1] and percent differences (D) between
them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.
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NO3
−, the highest average NH4

+ deposition values were measured
in Montenegro and in Italy, in the same sites remarked above.
However, the geographical distribution of high values of bulk and
throughfall NH4

+ deposition (Figures 12A, 13A) was large,
covering central Europe from France to Poland, and from
southern Scandinavia and England to Croatia.

As in the case of SO4* and NO3
−, modeled NH4

+ wet
deposition (Figures 11B, 12B) compared well with measured
wet (r2 � 0.61, Figure 10B) and bulk open field (r2 � 0.56,
Figure 10C) deposition. However, after removing 4 and 17
outliers, respectively, the percent bias of the model still was
significantly different from zero, with modeled values higher
than measured values. Modeled values higher than
measurements suggests small nitrogen loss from the sampler,
or an overestimation of the model, possibly due to the fact that the
model provides higher value for the spatial cell (within the grid)
in which the measurement site is located because the cell includes
locations with locally high NH3 sources while measurements are
performed in more remote areas.

Measured throughfall NH4
+ deposition (Figure 13A) was

lower than modeled total NH4
+ deposition (Figure 13B) in

most sites (Figure 10D), indicating again the presence of
relevant canopy effects. However, when throughfall deposition
was higher than 8 kg N ha−1 y−1, measured throughfall deposition
was higher than modeled total deposition at a number of sites,
suggesting that the canopy effects affecting NH4

+ deposition may
be less efficient when deposition values are very high.

After the rejection of 20 outliers, and in spite of a good
correlation between log-transformed modeled and measured
deposition (r2 � 0.67), the percent bias was high (77%) and
consistently different from zero, for both coniferous and
broadleaved forest and for both fortnightly and monthly
sampling (Table 2). As a consequence, large differences
between modeled total and measured throughfall NH4

+

deposition were found almost everywhere (Figures 13C,D).

DISCUSSION

The last comparison between measured and modeled deposition
data at ICP Forest sites was performed by Simpson et al. (2006).
The authors concluded that the comparability between the EMEP
model and the ICP Forests measured data could be improved by
1) introducing a stricter quality assurance/quality control (QA/
QC) procedure on the ICP Forests data, 2) verifying the precision
and comparability of deposition samplers used in the ICP Forests
network, 3) improving the ability of the EMEP model to simulate
different receptors (such as coniferous and broadleaved forests),
4) more specific evaluation of model results for different N
compounds (HNO3, NH4NO3, etc.), and 5) improving the
spatial and temporal resolution of the EMEP model (then ca.
50 km × 50 km).

Since the Simpson et al. (2006) work, many of these proposals
were implemented. In the EMEP MSC-Wmodel, a major change

FIGURE 12 | Measured bulk open field (A) and modeled wet (B) ammonium deposition (kg N ha−1 y−1), and differences [(C), in kg N ha−1 y−1] and percent
differences (D) between them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.
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has been the increase in the default resolution (for European
runs) to a finer model grid (0.1 degrees × 0.1 degrees) (Schaap
et al., 2015; Solberg et al., 2017). Many improvements have also
been made in the treatment of aerosols and the chemical
mechanism (Simpson et al., 2017; Stadtler et al., 2018), the
deposition scheme and boundary layer physics (see
Supplementary Table S1 of Simpson et al., 2012, Table 8.2 of
Simpson et al., 2017). In ICP Forests QA/QC procedures were
introduced, using internal quality controls based on ion balance
and conductivity checks and external quality controls, with
mandatory ring tests for the laboratories at least every 2 years
(Ferretti et al., 2009; König et al., 2013). Furthermore, Zlindra
et al. (2011) assessed the comparability of the deposition samplers
used in different countries between each other and versus a
standardized collector shaped following the rules used for
meteorological gauges. Results showed good agreement in the
amount and the chemical composition of precipitation between
all national collectors and the harmonized one.

Considering the large effort in improving the accuracy of both
modeled and measured N and S deposition data, we present an
updated assessment of the comparability of measured and
modeled atmospheric deposition at the EMEP-CCC and the
ICP Forests Level II monitoring sites and the modeled
deposition by the EMEP model. This evaluation was carried
out to verify the effectiveness of the improvements.

Modeled and measured values generally compare well. In
particular, measured wet deposition of SO4* and NO3

− was

close to modeled wet deposition, but in some sites, generally
located near to local sources, the differences between measured
and modeled values were substantial. For the higher values of
NO3

− deposition, modeled wet deposition was higher than
measured wet deposition, suggesting a small loss of N from
the samplers, or slight model overestimation.

Measured open field bulk deposition of SO4* was slightly
higher than modeled wet deposition, since bulk samplers,
being continuously open, also collect some dry deposition,
which causes a small increase in the value of the measured
deposition.

On the contrary, NO3
− bulk open field deposition was close to

the measured values, probably because the small amount of dry
deposition collected by bulk samplers reduced the difference
between modeled and measured wet deposition values.

Modeled wet and measured wet and bulk NH4
+ deposition

were less comparable than those of SO4* or NO3
−, which might be

explained by local sources of ammonia (NH3) being relevant for
ammonium (NH4

+) deposition. Ammonia emission estimates, in
terms of both amount and spatial distribution, are still
associated with considerable uncertainties, and an increase of
the model resolution would not reduce inaccuracies in NH4

+

deposition, unless the emission input is improved. For a better
prediction of NH4

+ deposition at a specific site of interest, the
analysis of the surroundings should also be included, identifying
the proximity of local sources such as animal farming or
agricultural fields.

FIGURE 13 |Measured throughfall (A) and modeled total (B) ammonium deposition (kg N ha−1 y−1), and differences [(C), in kg N ha−1 y−1] and percent differences
(D) between them. Squares indicates outliers in the regression between log-transformed modeled and measured deposition.
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Measured throughfall of SO4* compared well to modeled total
(wet + dry) deposition, with a bias not significantly different from
zero. On the contrary, measured throughfall of both NH4

+ and
NO3

− were significantly lower than modeled total deposition, as
expected because of canopy effects affecting N compounds. For
this reason, it is important to further improve the quantification
of N deposition to forests, including progresses in estimating dry
deposition, for example via surrogate surface/surface washing
approaches (Aguillaume et al., 2017; Karlsson et al., 2019), and to
obtain a better quantification of canopy exchange (Draaijers and
Erisman 1995) and a better understanding of the importance of
conversion processes by microorganisms in the phyllosphere
(e.g., Guerrieri et al., 2015). Also, we need to pay attention to
sites located close to large emission sources and receiving
orographic precipitation, as the distribution of outliers
suggests that sites located close to large emission sources show
relatively larger differences between modeled and measured
deposition. Attention must also be paid to sites with low
deposition values, such as those in remote areas, where the
differences between measured and modeled values are
comparable to the measured value (see for example
Figures 11D, 12D and 13D compared to Figures 11C, 12C
and 13C).

To evaluate the effect of the stricter quality assurance in
deposition monitoring and of the improvements in the EMEP
model, it is possible to compare the statistical parameters
(intercepts, slopes and percentage variance explained) of the
comparison between measured and modeled deposition
reported by Simpson et al. (2006) with those calculated for the
dataset used in the present study (Supplementary Table S1).

In the case of the comparison between modeled wet and
measured open field sulfate deposition, the intercept of the
linear regression between modeled and measured data
decreases from 1.20–2.76 to 0.26–0.66 and the slope increases
from 0.26–0.66 to 0.86–1.18 from the period 1997–2000 to the
period 2010–2014. This pattern indicates a marked improvement
in the comparability of the two estimates of sulfate deposition. An
improvement in the r2 values is also evident from 0.25 to 0.47 in
the period 1997–2000 to 0.66–0.70 from 2010 to 2013. A lower
value (0.39) was found in 2014, partially due to the presence of
outliers. In fact, in the 2014 data, rejecting one outlying result
imporves the r2 value from 0.39 to 0.59 (Supplementary
Table S1).

The same pattern is evident for the comparison between open
field measured and wet modeled NO3 deposition, with the
intercept decreasing from 1.02–1.38 to 0.59–0.84 and the slope
increasing from 0.22–0.43 to 0.70–0.82. The increase in r2 (from
0.45–0.50 to 0.51–0.69) is less evident than in the case of sulfate.

These results show an evident improvement in the
comparability between measured and modeled sulfate and
nitrate deposition, that can be ascribed to both model
refinement and extended quality control of the analytical
procedure.

On the contrary, in the case of NH4
+ deposition, there is

not an improvement in r2 values, nor an evident change in slope
and intercept of the linear regression. This coincides with the
lower comparability between measured and modeled ammonium

deposition discussed in the paper, which is likely due to the higher
importance of local sources for ammonium deposition than for
sulfate and nitrate deposition, making modeled NH4

+ deposition
less accurate.

In the case of throughfall deposition, as discussed before, a
direct comparison with modeled total deposition is possible only
for sulfate. Considering ICP Forests plots in coniferous forests, a
decrease in the intercept is still evident, from 2.39–3.71 to
−0.19–1.13, together with an increase in the slope from
0.51–0.76 to 0.77–1.09 from the period 1997–2000 to the
period 2010–2014. However, no evident improvement in r2

was detected. For plots in broadleaved forests, the pattern is
less clear, but it must be considered that the number of plots is
lower than for coniferous forests.

An improvement in the comparability of modeled and
measured deposition from 1997 to 2000 to 2010–2014 is
evident for wet vs open field SO4* and NO3 deposition,
suggesting that model refinements and stricter quality
assurance procedures improved deposition estimates by model
and measurement. However, for ammonium wet vs open field
deposition and for throughfall vs total sulfate deposition we did
not find a marked improvement in the comparability between
measured and modeled deposition.

In summary, deposition modeling on a continental scale is a
good tool for estimating both general patterns and trends in deposition
and model improvements have improved the accuracy of these
estimates in recent years. However, when more precise estimates
are needed, for example in evaluating the effect of pollutant deposition
on the ecosystem structure and functions or in developing more
detailed cause-effect relationships at different spatial scales, local
measurements and calculations of deposition are required.
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