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1. Introduction

Forests cover nearly one third of the land area and provide
fundamental ecosystem services (Keenan et al., 2015).
Nitrogen (N) availability limits plant growth and function
in a considerable proportion of global forests, especially in
high latitude and high elevation regions (Du et al., 2020).
As an external nutrient input, atmospheric N deposition
exerts profound effects on forest ecosystems (Du et al.,
2019). These include a stimulation of forest growth and
CO2 sequestration in N-limited conditions (Gurmesa et al.,
2022; Schulte-Uebbing and de Vries, 2018; Schulte-
Uebbing et al., 2022). However, excessive N loads can
cause a loss of species diversity (Bobbink et al., 2010;
Gilliam et al., 2019; Simkin et al., 2016), an alteration of
non-CO2 greenhouse gases emissions (N2O and CH4)
(Deng et al., 2020; Xia et al., 2020), soil acidification, an
increase in the availability of toxic metals (Bowman et al.,
2008), and imbalances between N and other nutrients (Du
et al., 2016; Peñuelas et al., 2013). Considering the strong
interactions with the canopy, the process of N deposition to
the forest ecosystem is distinct from that measured in the
open field (Du et al., 2014; Ignatova and Dambrine, 2000;
Sparks, 2009). Therefore, understanding the spatial patterns
and temporal dynamics of N deposition to global forests is
a prerequisite to evaluate its ecological impacts and inform
management strategies.

Several regional monitoring networks have been
running to routinely measure atmospheric deposition of N

and other elements (Dentener et al., 2006; Vet et al., 2014).
Most of these monitoring networks are distributed in the
northern hemisphere, such as the National Atmospheric
Deposition Program in the United States, the European
Monitoring and Evaluation Program, and the Acid Depo-
sition Monitoring Network in East Asia (Beachley et al.,
2023). Of these monitoring sites, many are located in or
near forested environments and, together with independent
and short-term studies, they have provided important in-
sights into the characteristics of N deposition in regional
forests (Du et al., 2014, 2016; Lovett and Lindberg, 1993;
Waldner et al., 2014). However, monitoring data are lack-
ing in many developing regions, especially in those of the
southern hemisphere (Vet et al., 2014), hindering high-
resolution and timely updated mapping of N deposition
based on a spatial extrapolation of monitoring results.
Global assessments and mapping of N deposition have thus
been mostly dependent on atmospheric chemistry transport
models that are regularly validated against field measure-
ments (Dentener et al., 2006; Lamarque et al., 2013; Tan
et al., 2018; Vet et al., 2014), but such assessments have
rarely been conducted for regional and global forests
(Schwede et al., 2018).

Nitrogen deposition has shown distinct long-term trends
in its rates and components across different regions. For
instance, N deposition has decreased in many developed
countries in past decades (e.g., the United States, Europe
and Japan) (Chiwa, 2021; Du et al., 2016; Waldner et al.,
2014), while it has increased and will likely increase in
many developing countries (Ackerman et al., 2019; Kul-
shrestha et al., 2014). In China, N deposition increased
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dramatically from 1980 to 2010 (Liu et al., 2013) and
thereafter has started to decrease mainly due to the efforts
to curb NOx emissions (Wen et al., 2020). Moreover, at-
mospheric depositions of oxidized and reduced N species
generally show different spatial patterns and temporal
trends. For instance, Europe and the United States have
been experiencing a decrease in atmospheric deposition of
oxidized N, while the deposition of reduced N has
remained high because NH3 emissions have been less
controlled (Du et al., 2016; Li et al., 2016; Schmitz et al.,
2019; Waldner et al., 2014). These changes in rates and
components of regional N deposition have important
ecological implications in regional forests (Du et al., 2019).
On a global scale, modeling efforts are needed to provide
timely, updated maps of N deposition for the assessments
of ecological impacts.

Plant growth and reproduction show specific pheno-
logical phases (e.g., leafing, flowering, fruit production and
defoliation) that have different demands of nutrients and
other resources (Fenner, 1998; Piao et al., 2019). Moreover,
observational studies also show apparent seasonality of N
deposition due to temporal variations in emissions, mete-
orology and surface parameters such as leaf area index (Liu
et al., 2016; Zhao et al., 2015). This implies a temporally
heterogeneous asymmetric effect of N deposition on forest
ecosystems. Studies that neglect the seasonality of N
deposition might result in uncertainties in assessing its
ecological effects. For instance, N deposition in the
growing season likely exerts a stronger stimulation of forest
growth than N deposition during the nongrowing season in
N-limited temperate and boreal forests. Therefore, assess-
ing the seasonality of N deposition is relevant but such a
global assessment is still lacking.

Based on a literature review, this chapter briefly sum-
marizes the approaches in modeling N deposition (both wet
and dry deposition) to forests and reviews the modeling
studies of N deposition to regional and global forested
areas. Furthermore, this chapter presents modeling esti-
mates of N deposition (base year 2015) and its components
(wet versus dry, oxidized N versus reduced N) across
global forests using the Meteorological Synthesizing
CenterdWest of the European Monitoring and Evaluation
Program (EMEP MSC-W) model (Simpson et al., 2012,
2021). Particularly, modeling results are analyzed for
forest-specific deposition and are calculated on an annual
basis and for four 3-month periods (DecembereFebruary,
MarcheMay, JuneeAugust, and SeptembereNovember)
to show the seasonality of N deposition in global forests.

2. Approaches and uncertainties in
modeling deposition to forests

Estimates of atmospheric N deposition are an important
input for ecological assessments and can be used to assess
the effectiveness of a variety of policies that regulate the

emissions of NOx and NH3, from large industrial scales to
nutrient management plans on farms. Certainly, high-
resolution and observationally based estimates of wet/dry
deposition would ideally provide the most accurate esti-
mates. Chapter 2 of this book provides a detailed descrip-
tion of monitoring efforts in forest systems including
routine monitoring as well as special studies. Measure-
ments of dry deposition continue to be a large gap in
monitoring since it is more difficult and more expensive to
measure than wet deposition and it is challenging to mea-
sure all components of the nitrogen budget (Walker et al.,
2019). Notably absent from most measurements are values
for the deposition of gaseous HNO3, peroxyacyl nitrates
(PANs), NO2, and NH3. There is a particular need for
temporally-resolved and high-quality flux measurements of
these compounds to promote process level understanding of
air-surface exchange processes. Measurement data are also
often missing for organic N which may comprise 20%
e30% on average of the total reactive N in precipitation
with variations from site to site (Du and Liu, 2014;
Kanakidou et al., 2016; Neff et al., 2002). Additionally,
there are large areas of the world where measurements are
sparse. Modeling is a useful tool for providing spatially and
temporally continuous values of wet and dry deposition. In
this chapter, we review some of the conceptual frameworks
for modeling N deposition. More detailed discussions can
be found elsewhere (Fowler et al., 2009; Schwede et al.,
2018; Wesely, 1989; Zhang et al., 2003) and a compre-
hensive review is beyond the scope of this chapter. The
intent here is to provide an overview of approaches and
uncertainties in modeling atmospheric N deposition to
forests, examine spatial and temporal patterns of N depo-
sition, and highlight opportunities and needs for further
analyses.

2.1 Wet deposition

Wet deposition encompasses both in-cloud and below-
cloud (rain/snow) scavenging and is typically modeled
using chemical transport models (CTM) with modeled
meteorology as input or coupled meteorological-chemical
transport models. Approaches used to predict cloud cover
amounts as well as precipitation rate, intensity, location,
and type differ among meteorological models. This, in
combination with the approaches for aqueous chemistry
modeled in the CTM, can lead to very different estimates of
wet deposition. Precipitation is notably difficult to predict
using meteorological models which can lead to un-
certainties in wet deposition values. Accuracy in modeled
precipitation is also affected by model resolution, both
vertically and horizontally as changes in surface charac-
teristics will impact predicted model parameters. Many
sensitive forest ecosystems occur in high elevation areas
which are among the most challenging regions to model for
clouds and precipitation. Additionally, fog deposition can
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be significant in these high elevation areas and these local
phenomena are difficult for models to predict and is only
recently being included in some models (Katata, 2014).

For deposition of gaseous pollutants, another important
consideration is the solubility of the pollutant. Most models
use the Henry’s Law constant to specify the solubility of a
chemical species but may use different values. Sander
(2015) provides a review of the range of Henry’s Law
constants for a large number of chemicals and illustrates the
uncertainty associated with this parameter. The diffusion
across the air/water interfacial surface is an important
component and can be described using kinetic mass transfer
and this process has recently been added to aqueous
chemistry modules (Fahey et al., 2017). For aerosols, in-
cloud scavenging depends on the effective activation of
cloud droplets. Below-cloud scavenging of aerosols was
reviewed by Zhang et al. (2013) and Wang et al. (2010)
who noted that scavenging depends on raindrop and par-
ticle size and precipitations intensity. Wang et al. (2010)
suggest that values of the scavenging coefficient could vary
by as much as a factor of 5 due to uncertainties in the
raindrop size distribution, collection efficiency and other
factors which then translates into uncertainty in modeled
values of deposition. Vet et al. (2014) provides an extensive
review of global estimates of wet deposition, including
modeled values obtained from global chemical transport
models that participated in the Hemispheric Transport of
Air Pollution (HTAP) project. This is an extremely useful
data set; however, it should be recognized that the
modeling for HTAP was performed at a coarse grid size of
typically 2e3 degrees (regridded to a common 1 � 1 de-
gree grid). Substantial spatial variability in precipitation can
occur which may not be well captured by coarse grid sizes
and should be considered in assessing modeled wet depo-
sition to individual forested areas.

2.2 Dry deposition

Total dry N deposition is typically dominated by gaseous
deposition of HNO3 and NH3 with smaller contributions
coming from deposition of NO, NO2, particulate
NO3

�(pNO3), particulate NH4
þ (pNH4), and organic N

(OrgN). Fig. 3.1 illustrates chemical species-specific
deposition to three continents as calculated with the
EMEP model for four seasons in 2015. For this analysis,
we identified four 3-month periods: December, January,
February (DJF; December 2015 was combined with
January and February 2015); March, April, May (MAM);
June, July, August (JJA), and September, October,
November (SON). In all regions, HNO3 and NH3 are seen
to be the largest contributors to N deposition, with a
particularly large contribution of NH3 in the MAM period.
Both NO2 and pNO3 are the other large contributors from
the NOy species where NOy includes all oxidized N species
including NO, NO2, HNO3, N2O5, pNO3, PANs (in EMEP:

peroxyl acetyl nitrate (PAN) and methyl peroxyl acetyl
nitrate (MPAN)), other organic nitrates (o-OrgN in
Fig. 3.1), and other NOy (o-NOy in Fig. 3.1, comprised of
HO2NO2 and HONO). In JJA, both the PANs and the o-
OrgN are more significant than in DJF, reflecting both
increased photochemistry and increased emissions of
isoprene which contribute to isoprene nitrate in the o-OrgN
compounds. Reduced N species also make large contribu-
tions to deposition in all seasons, though largest in MAM,
with NH3 being the dominant deposited compound. It
should be noted that the dramatic peak in MAM for NH3
stems from the assumed monthly variations used in the
model. In these runs ECLIPSE data (International Institute
for Applied Systems Analysis, 2021) are used, and a strong
peak is seen in May for most of the Northern hemisphere.
Results from model runs (not shown) using data from the
CAMS-GLOB-ANT database (Granier et al., 2019) shows
a much smaller spring peak. Guevara et al. (2021) also
noted that different inventories have very different seasonal
patterns for NH3 emissions; these differences warrant
further study as these seasonal patterns impact not only
deposition estimates, but also our ability to evaluate model
performance.

Several comparisons of approaches for modeling
deposition of gases have been published including Flechard
et al. (2011, 2013), and Wu et al. (2018). Gaseous dry
deposition is typically modeled using a resistance frame-
work, e.g.,

vd ¼ ðRa þ Rb þ RcÞ�1 (3.1)

where Ra is the aerodynamic resistance (s m�1), Rb is the
quasi-laminar boundary layer resistance (s m�1), and Rc is
the canopy resistance (s m�1), with the canopy resistance
being comprised of several component resistances including
stomatal, mesophyll, cuticular, and soil resistance. The ap-
proaches for calculating the resistances vary among models
and values for the resistances depend greatly on the surface
to which the gas is depositing as well as the chemical prop-
erties of the gas itself. For example, deposition of NO2 oc-
curs mainly by stomatal uptake (Raivonen et al., 2009).
There are many factors, both meteorological and biological
that control stomatal uptake and the approach for modeling
these factors varies across models resulting in different
values across tree species or types (e.g., deciduous, conif-
erous). Other compounds such as HNO3 deposit readily to
surfaces with a deposition velocity that is typically
controlled by the aerodynamic resistance. The aerodynamic
resistance depends on the roughness of the surface as re-
flected in the surface roughness value, the canopy height,
and the friction velocity. These values can vary across for-
ests depending on many factors including tree species pre-
sent, the height of the trees, and spacing of the trees.
Chemical transport models often assign a single value for
each forest type (e.g., deciduous, coniferous) and are unable
to account for differences in species composition or forest
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architecture. So, in some models the sequoia forests of Cal-
ifornia in North America and the larch trees of a northern
boreal forest might both be modeled with similar values
of important parameters such as leaf area index, canopy
height, and roughness length. New data sets such as the
Global Forest Canopy Height (https://glad.umd.edu/
dataset/gedi) which provides maps of forest canopy heights
at 30-m resolution will be an important resource for
improving modeled characterizations of forests. Site-based
models are typically driven by measured values or site-
specific values that account for the tree species found at
that location. Deposition velocities of HNO3 for forests
are generally around 2e4 cm s�1 (Pryor et al., 2002),
though an important issue is that HNO3 is only measured
at a limited number of sites globally. This high deposition
velocity is, in part, why deposition of HNO3 is such a large
component of the total N budget.

Air-surface exchange of NH3 is a much more complex
calculation as in principle one should account for the
bidirectional nature of the flux. The flux parameterization
for NH3 can take the form of

F ¼ ��
ca � cz0

�

Ra
(3.2)

as in Nemitz et al. (2001) and Massad et al. (2010) where
Xa is the ambient ammonia concentration, Xz0 is the con-
centration at a height of d þ z0 (also called compensation
point) with d being the displacement height and z0 being
the roughness length. The direction of the flux will be
downward (deposition) if Xa exceeds Xz0 and will be up-
ward (emission) if Xa is less than Xz0. While leaf litter in
forests can be a source of ammonia (Hansen et al., 2013),
overall NH3 flux to the forest is generally downward
(deposition).

FIG. 3.1 Contributions of N-compounds to N deposition over regions denoted Europe (EUR, 37e75�N, 15�We50�E), North America (NAM,
13e75�N, 40e170�W) and South East Asia (SEA, 10�Se37�N, 65e170�E) for four periods: (A) DJF (December, January, February), (B) MAM (March,
April, May), (C) JJA (June, July, August), and (D) SON (September, October, November). See text for species definitions. Calculations from EMEP
MSC-W model for 2015.
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Modeling dry deposition of particles to forests has been
shown to be challenging (Emerson et al., 2020; Fowler
et al., 2009; Pryor et al., 2008; Saylor et al., 2019). Most
models follow the approach of Slinn (1982)

vd ¼ ðRa þ RsÞ�1 þ vg (3.3)

where Ra is the aerodynamic resistance (s m�1), Rs is the
surface resistance (s m�1), and vg is the gravitational
settling velocity (s m�1). The surface resistance is parame-
terized to consider the collection efficiency of the aerosols
due to various processes including Brownian diffusion,
interception by the vegetation, inertial impaction, electro-
phoresis, and thermophoresis. Similar to gases, the deposi-
tion velocity of aerosols is sensitive to the meteorology and
the surface characteristics but also the particle size. Petroff
et al. (2008a) and Pryor et al. (2008) provide extensive re-
views of modeling approaches currently used in many at-
mospheric models.

Models differ in the treatment of the collection effi-
ciency, with some models including more processes
(e.g., interception, thermophoresis) than others. The extent
to which different resistances and collection efficiencies are
important varies with the size of the aerosol. New ap-
proaches for calculating the dry deposition of aerosols have
recently been proposed including those by Petroff et al.
(2008b), Petroff and Zhang (2010), Kouznetsov and Sofiev
(2012), Zhang and He (2014), Zhang and Shao (2014) and
Emerson et al. (2020). Emerson et al. (2020) use advanced
measurement techniques to provide new size-resolved
particle flux measurements over a pine forest and a grass-
land. Similar to Petroff and Zhang (2010), Emerson et al.
(2020) suggest a far more important role for interception,
particularly in forests. Since the deposition velocity is size
dependent, differences in deposition flux between CTMs
will also depend on the characterization of the phase of the
pollutant (depending on relative humidity) and the size of
the particle as predicted by the variety of aerosol modules
in global models. There is a great need for additional size
resolved measurements of aerosol deposition in forests to
promote process level understanding of exchange processes
to inform development of models with less dependence on
empirical fits to observations.

2.3 Overview of modeling approaches and
related studies

As noted above, models have an important role in
providing spatially and temporally resolved and continuous
estimates of total N deposition to forests. The two most
common deposition modeling approaches are inferential
models and chemical transport models while measurement-
model fusion is an emerging type of deposition modeling,
all being discussed more detail below.

2.3.1 Inferential models

In the inferential approach, a measured concentration is
multiplied by a modeled exchange velocity (Wesely and
Hicks, 2000). Dry deposition is often estimated using an
inferential approach. For example, the Clean Air Status and
Trends Network (CASTNET; http://www.epa.gov/castnet/)
has followed this approach for many years to provide flux
estimates of O3, SO2, HNO3, pNO3 and pNH4 and other
species for over 90 locations in the US. The Canadian Air
and Precipitation Monitoring Network (CAPMoN; https://
www.canada.ca/en/environment-climate-change/services/
air-pollution/monitoring-networks-data/canadian-air-pre-
cipitation.html) also uses inferential modeling to predict
deposition at over 50 sites in Canada. Most CAPMoN sites
monitor a set of species similar to CASTNET. Different
inferential modeling approaches have been used for each of
these networks with intercomparisons(Schwede et al.,
2011; Wu et al., 2018) indicating differences in deposition
velocities that can be traced primarily to differences in the
cuticular resistance and aerodynamic resistance parame-
terizations. Differences in deposition velocity predicted by
the deposition modeling approaches can vary as much as a
factor of 2 for Borden Forest in Canada (Wu et al., 2018).
Flechard et al. (2011) applied the inferential approach to a
network of 55 sites throughout Europe for a 2-year period
as part of the NitroEurope Integrated Project (Tang et al.,
2021). Their modeling predicted fluxes of HNO3, NO2,
HONO, NH3, pNO3 and pNH4 using 4 different deposition
models. The study found that dry deposition was generally
largest over forests but exhibited strong spatial variations
due to differences in atmospheric concentration. Fluxes
were less than 2 kg N ha�1 year�1 in remote areas of
Scandinavia but exceeded 30 kg N ha�1 year�1 over parts
of Belgium and the Netherlands. Fu et al. (2019) used the
inferential approach to predict deposition to a forest in the
North China plain. Their approach used the deposition
velocities for forested areas from Flechard et al. (2011)
paired with concentration measurements of HNO3, NO2,
NH3, pNO3, and pNH4 and estimated the total dry depo-
sition to be about 44 kg N ha�1 year�1.

An extension of the inferential modeling approach has
been used to obtain deposition values at the landscape
scale. The Empirical Inferential Method (EIM) is described
in Bytnerowicz et al. (2015). EIM combines atmospheric
concentrations from passive samplers with species specific
surface conductance obtained from branch rinsing and
stomatal conductance based on species-specific values from
literature. Using this method, Bytnerowicz et al. (2015)
were able to develop spatially continuous fields of depo-
sition and capture important spatial gradients in complex
terrain that were not predicted well by chemical transport
modeling. Sensitive tree species are often found in high
elevation areas, making these spatial gradients particularly
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important. In a similar study García-Gómez et al. (2018)
used EIM to predict deposition to several holm oak forests
across the Iberian Peninsula, utilizing the Deposition of
Ozone for Stomatal Exchange (DO3SE) model (Alonso
et al., 2008; Emberson et al., 2000) to determine the sto-
matal conductance.

2.3.2 Chemical transport models

Chemical transport models (CTMs) are another important
tool for modeling deposition to forests that can provide
temporally and spatially continuous predictions of deposi-
tion and also include portions of the total nitrogen budget
that are often not available from measurement studies or
inferential modeling. Numerous studies have used CTMs to
predict deposition across individual countries and globally
(Ackerman et al., 2019; Wang et al., 2017). Similar to
inferential models, deposition values predicted by CTMs
vary between models, with differences resulting from het-
erogeneity in emissions, meteorology, and model parame-
terizations including those for deposition. Multi-model
studies such as the second phase of the Task Force on
Hemispheric Transport of Air Pollution (HTAP II (Tan
et al., 2018)), EURODELTA (Vivanco et al., 2018), Model
Inter-Comparison Study for Asia (MICS-ASIA (Itahashi
et al., 2020)) and the Air Quality Modeling Evaluation
International Initiative (AQMEII; https://aqmeii.jrc.ec.
europa.eu/) have been very important in analyzing model
to model differences in concentration and deposition.
CTMs are typically run with grid sizes of 0.5 � 0.5 degrees
and greater for global assessments while grid sizes for
regional modeling are on the order of 0.1 degree. At this
resolution, there can be large subgrid variability in depo-
sition due to concentration gradients, changes in land cover,
changes in elevation, etc. that may not be captured by the
CTM. Paulot et al. (2018) and Schwede et al. (2018)
showed the importance of considering land use specific
deposition estimates rather than simply grid cell average
values. Phase 4 of AQMEII (Galmarini et al., 2021) is
specifically focused on deposition and will include land use
specific deposition values for all grid-based models as well
as point-intercomparisons where the deposition models
from the CTMs are used with field study data. Both the grid
modeling and the point-intercomparison will also provide
additional diagnostic variables that will help elucidate
important differences in the parameterizations of the path-
ways of deposition. While these land use specific estimates
from CTMs provide important subgrid scale information
that can be important to assessing endpoint such as critical
loads exceedances, they do not provide information on
subgrid spatial gradientsdi.e., a deciduous forest in one
section of the grid will have the same flux as a deciduous
forest in another section of the grid despite potential un-
derlying concentration gradients that may actually occur.

The grid-scale values and the land use-specific values both
rely on the grid-averaged concentration of the chemical
species. Chemical transport models also only typically
model broad categories of land use types such as deciduous
or coniferous trees. Species specific or location specific
differences in key parameters such as minimum stomatal
resistance, canopy height and leaf area index may not be
considered which is a source of error or uncertainty in the
deposition values. These uncertainties can be important to
consider when using the modeling results to assess poten-
tial impacts for a specific forest.

2.3.3 Measurement-model fusion

An emerging type of modeling for predicting deposition is
measurement-model fusion. Observational data, including
information from ground-based measurements and satellite
data, can be merged with data from CTMs in several ways.
Vet et al. (2014) combined measurements of wet deposition
with modeled values of wet and dry deposition to create
global maps of deposition. In another approach, chemical
data assimilation is used to ingest the observational data
into the CTM as it is running to “nudge” the model toward
the observed value (Bocquet et al., 2015; Sandu and Chai,
2011). Yet another approach post-processes the fields from
the CTM to bias correct the model fields (Andersson et al.,
2018; Schwede et al., 2019; Schwede and Lear, 2014;
Zhang et al., 2019). The MMF approach is a current focus
of the WMO-MMF-GTAD project that proposes to use this
approach to develop global values of sulfur, N and ozone
deposition (Fu et al., 2022). The MMF approach reduces
model error that may result from errors in emissions,
meteorology, or processes and future MMF products may
also consider producing land use-specific values which
would be of great value for assessments of deposition on
forests.

3. Calculation of global scale total
nitrogen deposition

3.1 Modeling approach

We examined the spatial distribution of total N deposition
at the global scale as well as the contributions of wet versus
dry N deposition and oxidized versus reduced N deposition
using the EMEP MSC-W CTM model (hereafter EMEP
model) which is a three-dimensional Eulerian model whose
main aim is to support governments in their efforts to
design effective emissions control strategies in Europe. The
model has been extensively evaluated (Marchetto et al.,
2021; Simpson et al., 2006; Theobald et al., 2019) and has
also been widely used for global analyses (Jonson et al.,
2018; Schwede et al., 2018; Tan et al., 2018). In addition to
its long history of use, we selected the EMEP model for use
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in this analysis as forest-specific global deposition fields are
available from the EMEP model while most other models
do not provide this level of detail. The EMEP model’s
chemical mechanism, EmChem19a (Bergström et al., 2022;
Simpson et al., 2020), includes the inorganic species NO,
NO2, HNO3, HONO, HO2NO2, NO3, N2O5, fine and coarse
nitrate, as well as PAN-like species (PAN, MPAN), and
three other organic N species (Bergström et al., 2022). The
model uses meteorology from the European Center for
Medium Range Weather Forecasting Integrated Forecasting
System (ECMWF-IFS) model (http://www.ecmwf.int/
research/ifsdocs/). For this analysis, version rv4.44 of
EMEP (Simpson et al., 2012, 2021) was run at the global
scale at 0.5 � 0.5 degrees resolution with the lowest model
layer having a height of approximately 90 m. Anthropo-
genic emissions are from the ECLIPSEv6b inventory
(Evaluating the CLimate and Air Quality ImPacts of Short-
livEd Pollutant) inventory (International Institute for
Applied Systems Analysis, 2021; Klimont et al., 2017),
with monthly variations for these data provided by the
ECLIPSE team for use with the EMEP code. Monthly soil-
NO calculations are from v2.3 of the CAMS-GLOB-SOIL
inventory (Simpson et al., 2023) (excluding fertilizer-
manure induced emissions, which are part of the
ECLIPSE data). Total emissions from all sources into the
model domain are 56.6 Tg(N) for NOy and 53.4 Tg(N) for
NHx.

Dry deposition flux for gases in the EMEP model is
modeled using the resistance approach with a reference
height of approximately 45 m (mid-level of lowest model
layer), which is considered to be within the constant flux
layer. The model includes parameterizations for the aero-
dynamic, quasi-laminar and surface resistances. Important
to the consideration of N deposition, the surface resistance
for HNO3 is considered to be effectively zero, with a
minimum value of 10 s m�1 imposed for numerical rea-
sons. For NH3, the surface resistance for croplands is set to
a large number during the growing season to force the
deposition to be zero as most croplands exhibit a net
emission of NH3. Therefore, the more explicit bidirectional
flux approach used in other models (Bash et al., 2013;
Cooter et al., 2010; Massad et al., 2010; Nemitz et al.,
2001; Pleim et al., 2013) is not implemented in the current
version of the EMEP model. Since most flux to forests is
primarily downward, lack of a bidirectional flux approach
does not have strong implications for this analysis. At the
reference height, concentrations and meteorological vari-
ables are assumed to be representative of the grid cell rather
than a specific underlying land surface. The EMEP model
uses a mosaic approach to deposition, which pairs the grid
cell values with subgrid calculations of land cover-specific
u*, stability parameters, and resistances, as described in
Simpson et al. (2012), though the land cover treatment is
now global in scope (Simpson et al., 2017). Importantly,

the current model uses a hybrid system, which merges fine-
scale data from the CORINE system over Europe (de Smet
and Hettelingh, 2001), with the global GLC-2000 database
(http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.
php), and the more species-specific vegetation categories
from the Community Land Model (CLM (Lawrence, 2011;
Oleson et al., 2010). Both the GLC-2000 and CLM datasets
have pros and cons. The GLC-2000 data has the advantage
that nonvegetated areas such as water, ice, and urban are
explicitly delineated, and also that the density of vegetation
is indicated to some extent with qualifiers such as “sparse”.
The two main disadvantages of the GLC-2000 data for
EMEP purposes are that (i) many categories consist of
mixes of e.g., coniferous, and deciduous forest, and (ii)
there is no distinction between ecosystem zones, e.g., no
indication if a forest is boreal, temperate, or tropical. The
CLM database on the other hand has clearly delineated
types of forest, grouped as boreal, temperate, and tropical,
and thus these are easier to handle when assigning typical
foliar biomass emissions rates. In all, the EMEP model has
32 basic land-cover types, with each one assigned deposi-
tion and emission related characteristics. Fig. 3.2 shows the
global forest coverage based on the EMEP land use cate-
gorization. For all figures and analyses presented herein, a
lower limit of 5% forest coverage was imposed and areas
below that threshold are masked.

EMEP predicts hourly values of N concentration and
deposition for each grid cell and land use type within the
grid cell. Given the findings of Paulot et al. (2018) and
Schwede et al. (2018) of the importance of using land use
specific dry deposition values over values that have been
averaged across land use types in the grid cell, the results
below reflect a summary using the forest-specific dry
deposition from the EMP model runs. For total (wet þ dry)
N deposition, the forest-specific dry deposition value was
combined with the grid average wet deposition value.
Hourly values were summed to produce total annual fluxes
as well as total fluxes for four 3-month periods with the
latter being used to examine seasonal variations in
deposition.

3.2 Spatial distribution of annual total
deposition

Using the results from the EMEP model for 2015, the total
N deposition to global forests is mapped (Fig. 3.3). In
North America, the highest N deposition occurred in the
eastern U.S., the central valley of California and also in
southern Mexico. In South America, the highest values
occurred in southern Brazil with isolated regions of high
deposition in Columbia, Ecuador, and Venezuela. The
countries of Germany, the Netherlands, Belgium, Italy and
Switzerland had the highest values of total N deposition in
Europe. In Africa, the highest deposition fluxes occurred
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broadly in Nigeria, the Democratic Republic of the Congo
(DRC), and Sierra Leone with isolated higher values in
Kenya and Ethiopia. The highest N deposition over global
forests occurred in broad areas of India, Nepal, China and
South Korea with areas of China having deposition values
in excess of 60 kg ha�1.

Dividing the total deposition into reduced and oxidized
N provides some indication of the sources that underlie
these high values. Fig. 3.4 shows the fraction of the total N
deposition that is estimated to be attributable to reduced N
species. Many of the localized areas of higher deposition
noted in Fig. 3.3 have at least a 50% contribution from
reduced N sources and in some areas a greater than 80%
contribution which likely indicates the influence of agri-
cultural practices. However, biomass burning can also

contribute to reduced N deposition as shown by Chen et al.
(2010) who analyzed the N deposition to tropical forest
attributable to biomass burning using the GEOS-Chem
model and Bauters et al. (2018) who examined fire-
derived N deposition in Africa. EMEP predicts that most
nonagricultural regions are dominated by deposition of
oxidized N species which can be derived from a variety of
sources including energy production, motor vehicles soil
NO, and biomass burning.

Fig. 3.5 provides a comparison of the relative contri-
butions of wet and dry deposition to total N deposition.
Here we see that EMEP predicts dry deposition to account
for at least 50% of the total deposition in many forests of
the world, especially in Europe, the U.S., Zimbabwe, and
Zambia. This is an important finding as there are very few

FIG. 3.2 Global forest coverage (fraction) in 0.5 � 0.5 degree grid cells as used in the EMEP modeling. Areas with less than 5% forest coverage have
been masked (white color).

FIG. 3.3 Total (wet þ dry) N deposition to forests as predicted by the EMEP model for 2015. Areas with forest cover less than 5% have been masked.
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flux measurements of dry deposition and most are for short
periods. The modeled dry deposition values are therefore an
important input to the N budget emphasizing the great need
for additional field studies for model development and
verification to reduce uncertainties in this important
component of the budget.

3.3 Spatial distribution of seasonal total
deposition

Due to temporal changes in emissions, meteorology and
surface parameters such as leaf area index, seasonal depo-
sition values can be instructive in assessing impacts of N

deposition to forests and informing control strategies to
mitigate excess N deposition. For this analysis, we used the
same four 3-month periods identified for Fig. 3.1:
December, January, February (DJF; December 2015 was
combined with January and February 2015); March, April,
May (MAM); June, July, August (JJA), and September,
October, November (SON) and calculated the total flux for
each period by summing the hourly values. Seasonal values
are presented as a fraction of the total annual deposition for
the component plotted (e.g., wet deposition, oxidized N
deposition). First, we examine seasonal variations in wet N
deposition as shown in Fig. 3.6. Seasonality in wet depo-
sition is strongly influenced by precipitation patterns such

FIG. 3.4 Fraction of total N deposition that is from reduced N species as predicted by the EMEP model for 2015. Areas with forest cover less than 5%
have been masked.

FIG. 3.5 Fraction of total N deposition that is from dry deposition as predicted by the EMEP model for 2015. Areas with forest cover less than 5% have
been masked.
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as those associated with monsoons in tropical areas. A
strong seasonal signal in wet N deposition can be seen for
south central Africa with interesting finer scale spatial
variations. For example, a large fraction of wet deposition
occurs in the DRC in DJF with a secondary peak in JJA
while the secondary peak occurs in SON for the southern
portion of DRC and Angola. For India, the highest frac-
tional values occur in MAM. In South America, higher wet
N deposition amounts are predicted to occur in SON and
DJF, particularly in Brazil. Wet deposition in Russia and
northwestern Canada is highest in JJA while values are
highest for Europe and China in MAM. In Australia, most
of the wet deposition occurs in DJF.

Dry N deposition varies seasonally due to changes in
emissions, particularly those associated with agricultural
practices and fires, but also meteorology and land cover
changes such as leaf area index play an important role in
the seasonal differences in flux. In Figs. 3.7 and 3.8, we
examine the seasonal variations in oxidized and reduced
dry deposition to forests, respectively. For oxidized N
(Fig. 3.7), we see fairly constant flux fractions in many
regions of the world such as the southeastern U.S. and
Europe, reflecting a steady contribution from anthropogenic
sources. More pronounced seasonal variation in oxidized N

deposition can be seen in south central Africa with high
values in JJA which may result from contributions from
soil NO or biomass burning. Parts of Russia and Canada
also show a distinct high values in JJA which may partly be
due to soil NO as Simpson et al. (2023) indicate a high
seasonal variability for this region, and partly due to short
growing seasons where vegetation is most active and hence
deposition rates greatest. For reduced N (Fig. 3.8), seasonal
differences in dry deposition tend to be more localized and
agree with expected patterns for agricultural activities.
However, there is a quite notable seasonal difference pre-
dicted for south central Africa in the DRC and in Brazil
which may be due both to agricultural practices and
biomass burning. Bauters et al. (2018) note a strong impact
of biomass burning on reduced N deposition in dry seasons.
Russia also has relatively high values in JJA compared with
other seasons which is likely due to warming temperatures
and agricultural practices.

Combining the wet and dry deposition to calculate total
deposition (Fig. 3.9), we see that there are important spatial
differences in the seasonal values that point back to the
seasonal differences in wet or dry deposition. For example,
total deposition in Australia contains a stronger signal from
the wet deposition component whereas total deposition in

FIG. 3.6 Total seasonal wet N deposition flux predicted by the EMEP model for 3-month periods 2015 as a fraction of total wet N deposition. Areas
with less than 5% forest cover have been masked. (A) is the fractional deposition for December, January, and February. (B) is the fractional deposition for
March, April and May. (C) is the fractional deposition for June, July and August. (D) is the fractional deposition for September, October and November.
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the DRC reflects the influence of the dry deposition
component. It should also be noted that increased wet
deposition serves to cleanse the atmosphere which reduces
dry deposition. The temporal patterns of each pieceddry,
wet, oxidized, reduced N are all important as the temporal
changes in emissions and meteorology lead to different
opportunities for controlling the excess N deposition to the
forests. This implies significant interactions between N
deposition and forest canopies as well as seasonally
different effects of N deposition on forest ecosystems.

3.4 Implications for assessing ecological effects
of nitrogen deposition

This modeling analysis has useful implications for future
studies on the ecological effects of N deposition in global
forests. First, experimental treatments to simulate effects of
N deposition usually exceed 100 kg N ha�1 year�1 (Beb-
ber, 2021), while N deposition is below 25 kg N ha�1

year�1 in most forested areas, implying a gap between
research and reality. Considering the nonlinear effects of N
deposition (Xing et al., 2022), the high-level N treatments
might result in biased predictions of the ecological effects

caused by actual N deposition. Second, this modeling
analysis shows that dry N deposition accounts for at least
50% of the total N deposition in many forests of the world,
while most experiments simulate wet N deposition by
applying N solutions. The effects of dry deposition have
been rarely tested via experimental approaches and the
assumption remains untested whether the dry and wet N
deposition causes similar ecological effects. Third, there is
a considerable variation in the ratio of reduced versus
oxidized N deposition across global forests, while experi-
mental studies often use a 1:1 ratio for reduced versus
oxidized N (e.g., NH4NO3). Plant preference of one N form
over another can have distinct ecological consequences
(Boudsocq et al., 2012; Britto and Kronzucker, 2013),
highlighting needed future efforts to differentiate the effects
of reduced and oxidized N deposition. Finally, N deposi-
tion shows significant seasonal variations in most forests,
raising the question on the ecological effects of N deposi-
tion in different seasons. Nitrogen inputs during
nongrowing seasons might be subject to losses via deni-
trification, leaching and volatilization, while N deposition
in growing season can be readily used by plants for growth,
so the uncertainties in the seasonal variations in emissions

FIG. 3.7 Total seasonal dry oxidized N deposition flux predicted by EMEP for 3-month periods in 2015 as a fraction of total annual dry oxidized N
deposition. Areas with less than 5% forest cover have been masked. (A) is the fractional deposition for December, January, and February. (B) is the
fractional deposition for March, April and May. (C) is the fractional deposition for June, July and August. (D) is the fractional deposition for September,
October and November.
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FIG. 3.8 Total seasonal dry reduced N deposition flux predicted by EMEP for 3-month periods in 2015 as a fraction of total annual dry reduced N
deposition. Areas with less than 5% forest cover have been masked. (A) is the fractional deposition for December, January, and February. (B is the
fractional deposition for March, April and May. (C) is the fractional deposition for June, July and August. (D) is the fractional deposition for September,
October and November.

FIG. 3.9 Total seasonal deposition flux predicted by EMEP for 3-month periods in 2015 as a fraction of total annual N deposition. Areas with less than
5% forest cover have been masked. (A) is the fractional deposition for December, January, and February. (B) is the fractional deposition for March, April
and May. (C) is the fractional deposition for June, July and August. (D) is the fractional deposition for September, October and November.



noted in Section 2.2 may also impact even the predicted
annual N-uptake rate. However, the fates and effects of N
deposition in different seasons are poorly understood.

4. Conclusions and outlook

Chemical transport models provide important information
on N deposition to forests, filling in spatial gaps where
deposition is not monitored and providing information on
deposition of additional chemical species that are not
measured. Models are particularly important for estimating
global deposition of dry deposition as there are few mea-
surements made of this important component of the total N
deposition budget. There are inherent uncertainties in
deposition values predicted by models and important con-
siderations have been discussed in this chapter. Over the
globe, total deposition rates of NOy and NHx species are
comparable, at 56.4 and 53.6 Tg N yr�1, respectively, with
dry deposition accounting for ca. 28%e29% of both NOy
and NHx deposition.

Spatial patterns of annual and seasonal deposition for
2015 predicted by the well-used EMEP chemical transport
model were analyzed. Results demonstrate the globally
varying spatial patterns of N deposition to forests. Broadly,
away from populated areas, oxidized N contributes more to
the total deposition than reduced N based on this study.
However, deposition of reduced N can be more important
in populated areas with agricultural activities. Model fluxes
are sensitive to the emissions inventory used and further
studies should examine this aspect. Dry deposition can
contribute more than half of the total deposition in some
forested areas. This demonstrates the continuing need for
additional measurement studies to facilitate model devel-
opment and evaluation and reduce uncertainties for this
component of the total N deposition budget. Seasonal
values exhibit strong spatial variability which may be
associated with differences in ecological consequences.
However, the analysis was limited to 1 year, implying the
need for a more comprehensive analysis using a multi-year
dataset to confirm the results noted here.
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