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Abstract

Forests are an important biome that covers about one third of the global land surface and provides
important ecosystem services. Since atmospheric deposition of nitrogen (N) can have both
beneficial and deleterious effects, it is important to quantify the amount of N deposition to forest
ecosystems. Measurements of N deposition to the numerous forest biomes across the globe are
scarce, so chemical transport models are often used to provide estimates of atmospheric N inputs
to these ecosystems. We provide an overview of approaches used to calculate N deposition in
commonly used chemical transport models. The Task Force on Hemispheric Transport of Air
Pollution (HTAP2) study intercompared N deposition values from a number of global chemical
transport models. Using a multi-model mean calculated from the HTAP2 deposition values, we
map N deposition to global forests to examine spatial variations in total, dry and wet deposition.
Highest total N deposition occurs in eastern and southern China, Japan, Eastern U.S. and Europe
while the highest dry deposition occurs in tropical forests. The European Monitoring and
Evaluation Program (EMEP) model predicts grid-average deposition, but also produces deposition
by land use type allowing us to compare deposition specifically to forests with the grid-average
value. We found that, for this study, differences between the grid-average and forest specific could
be as much as a factor of two and up to more than a factor of five in extreme cases. This suggests
that consideration should be given to using forest-specific deposition for input to ecosystem
assessments such as critical loads determinations.
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Estimates of nitrogen deposition to global forests by global models may be a factor of 2 or more
higher if the forest-specific deposition is used, compared to the grid cell average estimate and is on
average 12 % higher for all global forests.
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1. Introduction

The global nitrogen (N) cycle has been dramatically accelerated by anthropogenic activities
since the industrial revolution, including an increase of atmospheric N emissions and a
consequent enhancement of N deposition (Galloway et al., 2004 and 2008). Forests cover
approximately one third of the global land area and provide fundamental ecosystem services
(Keenan et al., 2015). As an external nutrient input, N deposition often stimulates primary
production and CO, sequestration in N-limited forest ecosystems (De Vries et al., 2006;
Sutton et al., 2008; Hogberg, 2012; Schulte-Uebbing and De Vries, 2018; Du and De Vries,
2018). However, with high levels of N deposition (above 15-25 kg N ha~lyr~1, De Vries et
al., 2014a), the stimulating effect on forest growth likely diminishes over time due to
accompanying side effects, such as soil acidification, imbalances between N and other
nutrients such as phosphorous, calcium and magnesium, and increasing availability of toxic
metals (e.g., aluminum) (Aber et al., 1998; Bowman et al., 2008; De Vries et al., 2014b; Du
and Fang, 2014). Moreover, both N addition experiments in forest systems (e.g. Skrindo and
@Kkland 2002; Strengbom et al., 2003; Nordin et al., 2006) as well as observational studies
across N deposition gradients (e.g. Seidling et al., 2008; Van Dobben and De Vries 2010,
2017; Dirnbock et al., 2014) showed significant effects of N deposition on the understory
community, including a reduction in plant species diversity. In this context, there is an
increasing need for high-resolution and timely updated mapping of N deposition to improve
the understanding of its impacts on global forest biomes.

Continuous large-scale measurements of wet deposition have been routinely conducted by
several regional monitoring networks (Dentener et al., 2014). Data from these networks as
well as independent stations have greatly improved our understanding of spatial-temporal
patterns of wet deposition in these regions (Vet et al., 2014). Dry deposition is usually
estimated by multiplying the ambient concentrations of N-containing gas and particle
species by their modelled dry deposition velocities. Large uncertainties in dry deposition
remain due to incomplete measurements of N species and uncertainty in deposition
velocities (Dentener et al., 2014). At a global scale, monitoring datasets are still lacking in
many regions, especially in the southern hemisphere, and this hinders a global estimate of N
deposition based on a spatial extrapolation of measurements. Atmospheric chemistry
transport models are more comprehensive in that they estimate regional and global patterns
of N deposition by simultaneously considering both wet and dry deposition processes, and
are able to provide information in regions lacking monitoring. Existing modelling
assessments of present-day N deposition are, however, outdated in view of rapidly changing
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N deposition inputs (e.g., year 1995 for Dentener et al., 2006; year 2000 for Lamarque et al.,
2013; year 2001 for Vet et al., 2014; year 2010 for Tan et al., 2018), while simulations for
more recent years are based on uncertain emission projections (e.g. Lamarque et al., 2013).

Differences in temporal and regional atmospheric deposition trends have been reported for
oxidized and reduced N species (e.g., nitrate and ammonium). As a result of efforts to curb
NO, emissions, Europe and the U.S. have been experiencing a decrease in total N deposition
since the middle 1990s, while reduced N has increased significantly, since there have been
few programs targeting reductions in NH3 emissions (Waldner et al., 2014; Du et al., 2014b;
Du, 2016). However, total N deposition in China has increased dramatically from 1980 to
2010 due to increases in fertilizer use and the number of motor vehicles (Liu et al., 2013)
and industries. Therefore, large areas of China’s forests are exposed to high levels of N
deposition (Du et al., 2014a; Du et al., 2016). Moreover, the components of reactive N
(oxidized N + reduced N) do not result in the same biological and ecological effects. For
instance, plants usually have a specific preference in utilizing soil ammonium or nitrate
(Britto and Kronzucker, 2013), while ammonium can be more detrimental than nitrate by for
decreasing plant biodiversity (Britto and Kronzucker, 2002). Therefore, it is necessary to
separately consider oxidized and reduced N species when assessing N deposition across
global forest biomes.

This study reviews available atmospheric chemical transport models at global and
continental scales to estimate N deposition, including conceptual differences between the
models, the role of measurement-model fusion approaches and the use of remote sensing.
Furthermore, we present updated (base year 2010) global estimates of N deposition and its
components (wet vs. dry, oxidized N vs reduced N) across forests biomes by using the
HTAP2 multi-model ensemble (Tan et al., 2018). Using the EMEP MSC-W model (Simpson
etal., 2006, 2012, 2017), particular attention is devoted to distinguishing grid-average and
forest-specific deposition values in forested areas.

2. Overview of modeling approaches for estimating nitrogen deposition

2.1. Current monitoring and modelling efforts

Ecological assessments often require input of the loading of nutrients to the system. Wet
deposition of reactive N is routinely monitored by various networks across the globe
including the Acid Deposition Monitoring Network in East Asia (EANET; http://
www.eanet.asia/index.html), European Monitoring and Evaluation Programme (EMEP;
http://www.emep.int/), Canadian Air and Precipitation Monitoring Network (CAPMOoN;
(https://www.canada.ca/en/environment-climate-change/services/air-pollution/monitoring-
networks-data/canadian-air-precipitation.html), and the U.S. National Atmospheric
Deposition Program’s National Trends Network (NADP/NTN; http://nadp.slh.wisc.edu/).
Quality-controlled data from these networks as well as independent stations were used by
Vet et al. (2014) in a global assessment of wet deposition. Vet et al. (2014) noted that wet
deposition data are lacking in many areas of the world and that not all chemical species are
measured at existing monitoring sites. Notably absent from most of the networks are
measurements of wet deposition of organic N, which may contribute 20-30% of the total
reactive N in precipitation (Neff et al., 2002; Kanakidou et al., 2016).
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Dry deposition is not routinely monitored as direct measurements are difficult and
expensive, particularly in forest ecosystems. Most networks that report dry deposition
values, e.g. the International Global Atmospheric Chemistry Programme’s Deposition of
Biogeochemically Important Trace Species (IGAC/DEBITS), CAPMoN, and CASTNET use
an inferential method (Wesely and Hicks, 2000) in which the measured atmospheric
concentrations are multiplied by a modelled deposition velocity. These network values are
determined for specific sites and are not easily extrapolated to provide a spatial coverage of
dry deposition fluxes. Additionally, many dry deposition networks only measure the
concentration of a subset of N species and often exclude one or more important chemical
species such as NH3z, HNO3, NO,, and organic N components.

In addition to ground-based measurements, remote sensing technologies are increasingly
used to obtain deposition estimates and offer the ability to provide improved spatial
coverage of surface concentrations, particularly in areas where monitoring efforts are
limited. Similar to dry deposition monitoring networks, an inferential method is used where
satellite-based concentrations are paired with modelled deposition velocities to obtain the
dry deposition fluxes. For instance, Kharol et al. (2018) used satellite data to compute fluxes
of NH3 and NO, over North America. Jia et al. (2016) used OMI satellite measurements
supplemented with global ground-based measurements to estimate the dry deposition of
reactive N compounds over a 10-year time period (2005-2014).

Regional and global atmospheric models offer the ability to obtain spatially continuous
values of wet and dry deposition and typically include a more complete representation of the
N budget than is available from monitoring networks. However, atmospheric models are
subject to uncertainties in inputs including emissions and meteorology. By necessity, model
parameterizations are often simplifications of real atmospheric processes, which results in
additional uncertainty. Atmospheric models are continually being updated as new studies
provide additional details on processes, but advancements are still slow (World
Meteorological Organization, 2017). Of particular importance to the reactive N budget are
recent studies that focused on the chemistry of organic N. These recent studies have shown
that organic N can comprise 20-30% of the total N budget (Cornell et al., 2003; Cornell,
211; Cape et al., 2011; Kanakidou et al., 2012; Kanakidou et al., 2016; Jickells et al., 2013),
but characterizing the explicit chemical species and partitioning between the gas and aerosol
phases is challenging. In forest areas, the interaction between biogenic volatile organic
compounds and NOy can be an important pathway for the formation of organic nitrates (Ng
etal., 2017; Pye et al., 2015), which then can be deposited. Models such as EMEP contain
some limited treatment of the formation of organic nitrates (e.g. only PAN and isoprene-
derived compounds) while others such as Community Multiscale Air Quality Model
(CMAQ) have recently been updated to include more advanced treatment of organic N
chemistry (Appel et al., 2017; Xu et al., 2018).

Recent efforts have sought to take advantage of the strengths of both the measurements and
the models by combining them in a measurement-model fusion approach. The measurement
data are used to bias adjust the modelled values and the modelled values provide additional
detail in areas where monitoring sites are sparse. Schwede and Lear (2014) report on an
approach used in the U.S. for obtaining values of total deposition of N and S for the
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contiguous U.S. where gridded modelled concentrations from CMAQ are bias adjusted using
monitored data from the Clean Air Status and Trends Network (CASTNET). The bias
adjusted concentration surface is then multiplied by the CMAQ deposition velocities to
create the corrected grids of dry deposition fluxes for measured S and N species. For
unmeasured species, the (uncorrected) CMAQ deposition value is used. The modelled dry
deposition is combined with the measured wet deposition from NADP/NTN to obtain total
deposition estimates. This Total Deposition (TDep) product is available from NADP (http://
nadp.slh.wisc.edu/committees/tdep/tdepmaps/). A similar effort has been initiated in
Canada, using the Atmospheric Deposition Analysis Generated by Optimal Interpolation
(ADAGIO) approach (Environment and Climate Change Canada, 2018). The ADAGIO
approach uses measured concentration and precipitation to adjust estimates from the Global
Environmental Multi-scale - Modelling Air quality and CHemistry (GEM-MACH) model
(Moran et al., 2010). The US and Canada efforts differ in the data sources used and the
interpolation techniques. Based on these North American hybrid methods, an effort has been
initiated to develop a measurement-model fusion approach to obtain global estimates of total
deposition (World Meteorological Organization, 2017).

2.2. Approaches and uncertainties of nitrogen deposition modelling in chemical
transport models

There are a large number of global atmospheric chemistry transport/climate models used to
compute deposition fluxes and they vary in the treatment of atmospheric processes, chemical
reactions, and calculation of wet and dry deposition. Several recent studies have looked at
the range of deposition velocities, concentration and deposition values that are predicted by
various models.

Variations in nitrogen dry deposition—Variations in dry deposition values predicted
by chemical transport models (CTMs) result from differences in concentrations and
deposition velocities. Flechard et al. (2011), with updates in Simpson et al. (2012), extracted
deposition velocity models from several chemical transport models (CTMs) and used them
in conjunction with measured concentration values from field sites to examine the variability
in the predicted deposition of reactive N compounds for the ecosystems studied. The
deposition velocity for HNOs is controlled mainly by the atmospheric stability, so inter-
model differences in the deposition velocity were small in these studies. For other N
compounds, however, variations in deposition velocities used in the models were a factor of
2 or greater, being mainly attributed to differences in the surface resistance. Using data from
14 regional-scale (grid sizes ranging from 0.25°x 0.25° to 0.25°x% 0.4°) model simulations,
executed as part of the Air Quality Model Evaluation International Initiative (AQMEII) and
EURODELTA projects, Vivanco et. al. (2018) presented an intercomparison and evaluation
of N deposition. Measurements of dry deposition were not available for model evaluation
but model intercomparisons showed considerable differences in the magnitude and spatial
patterns of dry deposition. Model evaluation results were reported for the fractional bias in
wet deposition with values ranging from —1.5 to 0.07 and —0.81 to 0.17 for NO3~ and NH4*,
respectively, when annual values were considered. Simpson et. al. (2014) examined the
range of deposition values at the continental scale from four CTMs and found that while
total N deposition values were similar between models, there were differences of about 30%
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in the wet and dry deposition. Greater differences were noted for individual N species. Tan
et. al. (2018) examined the deposition values from 11 global models that participated in the
2010 Task Force Hemispheric Transport of Air Pollution (HTAP2) study. Comparing total
deposition of oxidized and reduced N, Tan et. al. (2018) found total deposition values from
the different models ranged from 15 — 26 Tg-N yr~1 globally and dry deposition of NH;
ranged from 11 to 19 Tg-N yr~L. Given the variations in deposition values shown by these
studies, further research is needed to understand the underlying processes and improve and
harmonize the parameterizations.

Treatment of resistances determining dry deposition velocity—The existing
models used in previous studies vary in their treatment of dry deposition processes. To
calculate the dry deposition of gases, most CTMs calculate a deposition velocity that is then
multiplied by the concentration to obtain the flux. The deposition velocity (vq) is usually
calculated using the resistance framework

vd = (Rg+ Rp+ Rc)_l

where R, is the aerodynamic resistance (s m™1), Ry, is the quasi-laminar boundary layer
resistance (s m™1), R is the canopy resistance (s m™1).

For CTMs, R, is typically calculated using similarity theory and is heavily dependent on the
meteorology and the surface characteristics. The canopy resistance is also very dependent on
the surface characteristics and further broken down into component resistances including the
vegetation (mesophyll, stomatal, and cuticular) and ground resistances. Models such as
GEOS-Chem (Bey et al., 2001) and CHASER (Sudo et al., 2002) define the component
resistances as in Wesely (1989). EMEP uses the approach of Emberson et al. (2001) and is
extended for other gases as in Simpson et al. (2012, 2017). GEM-MACH uses the approach
of Zhang et al. (2003) and CMAQ uses the framework of Pleim and Ran (2011). These four
approaches use a similar multiplicative formulation (e.g. Jarvis, 1976) for the stomatal
resistance, but vary considerably in their treatment of the cuticular and ground resistances.
Another common approach for calculating stomatal resistance is to link the stomatal uptake
to the photosynthetic processes as in CAM-Chem (val Martin et al., 2014). In addition, some
models have special considerations for the deposition of NH3. The EMEP model uses a co-
deposition approach in which non-stomatal deposition rates depend on an “acidity ratio’,
[SO,]/[NH3], as well as relative humidity and temperature; deposition of NH3 is for example
higher in areas with high acidity ratios and/or high humidity. In a crude accounting for bi-
directional exchange, ammonia deposition to crops (which are often sources rather than
sinks of NH3) is set to zero in EMEP while CMAQ contains a more explicit approach to
determine the stomatal and soil compensation points which determine the bidirectional flux
of NH3 (Bash et al., 2013). Similar explicit approaches are beginning to be included in other
CTMs such as LOTOS-EURQOS (Wichink Kruit et al., 2012). Bi-directional exchange may
impact all deposition estimates to some extent, but is most important in areas in and close to
NHj3 sources (e.g. agricultural areas). In such areas, emissions of NH3 are possible when
ambient NHs is low. In most forested areas, however, there are no major sources of NHg,
and deposition rates should be given adequately by standard uni-directional deposition
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approaches. Some exceptions to this assumption have been observed, e.g, Hansen et al. 2013
found large emissions of NH3 from deciduous forests after leaf fall, but this was over a
limited period from a region which experiences high N-deposition loads. In tropical forests,
the extensive biodiversity presents additional challenges in predicting the direction of NH3
exchange as emission potentials will vary widely with plant species and forest litter (Hedin
et al., 2009). Additional experimental work is needed to improve the understanding of
processes controlling the deposition of gases, particularly the surface resistances and the role
of leaf litter.

Dry deposition of aerosols is also typically modelled using a resistance framework and often
builds on the work of Slinn (1982) with parameterizations of the form

vg=(Rg+ RS)_1 + g

where R, is the aerodynamic resistance (s m™1), R is the surface resistance (s m™1), and Vg
is the gravitational settling velocity (s m™1). The surface resistance is parameterized to
consider the collection efficiency of the aerosols due to various processes including
Brownian diffusion, inertial impaction, interception by the vegetation, electrophoresis, and
thermophoresis. Similar to gases, the deposition velocity 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 reviews of modeling approaches currently used in atmospheric
models. Models differ in the treatment of the collection efficiency, with some models
including more components (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 approaches 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), and Zhang and Shao (2014). Khan
and Perlinger (2017) provide an evaluation of 5 aerosol deposition parameterizations and
found that model performance was sensitive to the particle size and land use. 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 are also suggestions that dry deposition rates for aerosols are much higher in unstable
atmospheric conditions than given by models, for reasons which are not fully understood
(Fowler et al., 2009). Continued research is needed to improve the understanding of aerosol
deposition processes.

Treatment of wet deposition—Wet deposition parameterizations in CTMs typically
consider in-cloud and below-cloud (rain/snow) scavenging. Vet et al. (2014) provide an
assessment of global precipitation and wet deposition predicted by models as part of the
HTAP project (Dentener et al., 2006). There are many differences between the
meteorological and chemical transport models in terms of their ability to predict clouds and
precipitation rate, type and intensity as well as the aqueous chemistry associated with
clouds. Most models use Henry’s Law to specify the solubility of gaseous pollutants and, for
some components, an effective Henry’s law coefficient that takes pH dependent dissociation
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(i.e. for SO,) into account. A review of the range of Henry’s law values for many chemicals
is provided in Sander (2015). Recently consideration of Kinetic mass transfer that accounts
for the diffusion across the air/water interfacial surface has been added to aqueous chemistry
modules (Fahey et al., 2017). The in-cloud scavenging of aerosols depends on the effective
nucleation of cloud droplets. Below-cloud scavenging is dependent on raindrop and particle
size, as well as the evaporation of rain. Zhang et al. (2013) and Wang et al. (2010) present
reviews of scavenging coefficients for below cloud scavenging of aerosols. Wang et al.
(2010) found that values for the scavenging coefficient could vary by a factor of 3-5 due to
the parameterization of the raindrop size distribution alone and that, when combined with
uncertainties in the parameterization of the collection efficiency and other factors, the
scavenging coefficient could differ by an order of magnitude across parameterizations.

Characterization of the land surface—In the descriptions of the major aspects of the
deposition calculations provided above, the characterization of the land surface is an
important model sensitivity. The land cover determines the leaf area index, surface
roughness, canopy height, stomatal response, biogenic emissions, bidirectional NH3
exchange and many other variables. A recent study demonstrated that analyses utilizing
outputs of grid-cell averaged biomass rather than that of detailed PFT (plant function type)-
level biomass resulted in larger biases of extratropical forest biomass simulated by Earth
System Models (Yang et al., 2018). Bias in biomass values are also important in CTMs since
these biases alter the heat, water, and carbon fluxes between the atmosphere and the land.
Different atmosphere-land fluxes result in different regional meteorological conditions and
thus increase the uncertainty of CTMs results. There are a number of different land cover
data sets available for use with CTMs with varying levels of detail. Data sets do not exist
that provide clear global values of LAI, surface roughness and other parameters based on
vegetation type, season and latitude. These values are specified by the individual models and
are often not validated for a wide range of biomes. It is unclear whether any work has been
done in multi-model studies to harmonize the surface characteristics used by the models.
CTMs use gridded representations of the land cover types and the surface characteristics. It
is expected that the heterogeneity of the land cover in the grid will increase with the grid
size. Some models use only the dominant land use category within a grid cell. Many models
such as EMEP, GEM-MACH, GEOS-Chem and others, however, make use of the mosaic of
land use types within the grid cell by calculating the deposition velocity to each land use
type, which is weighted by the area to obtain the deposition velocity and/or fluxes for the
grid cell. Other models, such as CMAQ, use a blended approach where surface
characteristics are blended for the grid cell in the land surface model and the stomatal
resistance for water vapor and the R, for the grid cell are passed to the chemical transport
model for use in calculating the deposition velocity for the grid cell. Flechard et al. (2011)
and Simpson et al. (2014) compared the deposition velocity predicted by different models
for a range of land use types and found that, for some chemical species, the deposition to a
forest can be a factor of 2 or greater than the deposition to grassland or crop areas, thus
illustrating the importance of consideration of sub-grid land use type. Bidirectional
exchange of ammonia, which is included in some chemical transport models, also varies
with land cover type as the canopy and soil compensation points can be quite different
across vegetation types as emission potentials can vary over several orders of magnitude
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(Massad et al., 2010). Since this analysis is concerned with total N deposition to forests, we
examine the potential impact, on a global scale, of using forest-specific deposition values
rather than grid-average deposition values on critical loads.

3. Modelled reactive nitrogen deposition to global forests

3.1 Modelling approach

We used two different modelled estimates for wet, dry and total deposition of NH, (NH3 +
aerosol NH,*), NOy (e.g. NO, HNO3, N,Os, HONO, PAN and other organic nitrates, and
aerosol NO3™) and total N deposition to forest biomes across the globe. The first is the
multi-model mean (MMM) deposition at the grid scale from an ensemble of global
deposition models used in the HTAP2 project (Tan et al., 2018). For HTAP2, 20 models
were run using a common emissions platform based on a compilation of different regional
gridded inventories for the USA, Canada, Europe, China, India and other Asian countries
and gap-filled with the emission grid maps of the Emissions Database for Global
Atmospheric Research (EDGARv4.3) for the rest of the world (mainly South America,
Africa, Russia and Oceania). Details of the regional gridded inventories are given in
Janssens-Maenhout et al. (2015) and Galmarini et al. (2017). The HTAP2 model MMM
deposition was derived from 11 models used in the HTAP2 study that provided sufficient
information on deposition. These models included CAM-Chem (Tilmes et al., 2016),
CHASER_rel (Sudo et al., 2002), CHASER_t106 rel (Sudo et al., 2002), EMEP_rv438
(Simpson et al., 2012), GEM-MACH (Moran et al., 2010), GEOS5 (Rienecker et al., 2008;
Colarco et al., 2010), GEOSCHEMAJOINT (Henze et al., 2007), OsloCTM3v.2 (Sgvde et
al., 2012), GOCARTV5 (Chin et al., 2000), SPRINTARS (Watanabe et al., 2010; Takemura
et al., 2005) and C-IFS_v2 (Flemming et al., 2015). The model descriptions and
configurations are introduced in Galmarini et al. (2017) (Table 3) and Stjern et al. (2016)
(Table 1). Two criteria were used to screen models for inclusion in the MMM. First, values
of deposition were compared against emissions. Only models having deposition values
within £20% of the emissions were included. Second, models were compared against the
mean value from all of the models. Models were only included when they deviated from the
multi-model mean by less than +£1.5 times the interquartile. The HTAP2 emission inventory
was provided at a resolution 0. 1° x 0.1°, but the spatial resolutions of the underlying
HTAP2 global models were model specific, ranging from 0. 5° x 0.5° to 2.8° x 2.8°. Output
from the resulting 11 models was interpolated to a common 1° x 1° grid, and the arithmetic
mean was calculated for each chemical species to create the MMM values. The model
ensemble performances have been evaluated in Tan et al. (2018) for wet deposition (Figs. 1-
2) and dry deposition (Figs. 3—4). The individual model performances are shown in Figs.
S2-S11 in the supplementary of Tan et al. (2018).

The second data set used in this study is from the EMEP MSC-W model (Simpson et al.,
2006, 2012, 2017, 2018), which was run at a global scale at 1° x 1° resolution. Version
rv4.17 of the model was used for this study, similar to that utilized in Mills et al. (2018) and
Stadtler et al. (2018). The model uses a mosaic approach for deposition, in which all land-
cover types within a grid are treated separately and uses similarity theory for calculating the
sub-grid atmospheric resistance values (Simpson et al., 2012). This makes deposition
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dependent on vegetation characteristics such as canopy height, LA, or stomatal
conductance, and deposition rates to forests are typically much greater than to low
vegetation such as grasslands. Anthropogenic emissions are from the ECLIPSE data set
(http://www.iiasa.ac.at/web/home/research/researchPrograms/air/ECLIPSEv5a.html,
Klimont et al., 2017). Biogenic emissions of isoprene and terpenes are calculated in the
model as described in Simpson et al. (2012, 2017). Soil and lightning NO are specified from
external datasets (see Simpson et al., 2012). The EMEP model was also used in the HTAP2
MMM, however version EMEP rv4.8 was included in that study and HTAP2 emissions were
used.

Values of deposition of NHy and NO, from the two data sources (MMM, EMEP) on a 1°x1°
lon-lat grid for the year 2010 were projected to an equal area (18.5 x 18.5 km?) (ALBERS)
projection. The resulting spatial map of global N deposition was combined with a global
forest cover map for the year 2000 from the Global Forest Monitoring Project (https://
glad.umd.edu/projects/gfm/global/gindex.html). This map is produced by calibrating
MODIS-derived forest cover extent with Landsat data and details the extent of individual
biomes. Forests were defined as areas with tree canopy coverage greater than 25% at the
Landsat pixel scale (30m x 30m spatial resolution) for trees >5 m in height. (Hansen et al.,
2010). Figure 1 shows the forest coverage over the world. The distribution of forests by
biome is provided in the Supplemental Information (SI) (Figure S1). Detailed information
on land cover data used as input to the models in HTAP2 are not available and likely vary
among the models. The EMEP MSC-W model uses a combination of European fine scale
data, global landcover data from GLC-2000 (http://bioval.jrc.ec.europa.eu/products/glc2000/
glc2000.php), and data from the Community Land Model (Oleson et al., 2010) as described
in Simpson et al. (2012, 2017). Future studies should look at harmonization of land cover
representations used for modeling and analysis.

3.2 Average total, dry and wet deposition of nitrogen compounds to grid cells

A comparison of the global scale deposition data for NH, NOy and total N to forests, as
calculated with the HTAP2 MMM, using different criteria for assessing the area of forests
(different thresholds of forest cover within an 18.5 x 18.5 km? grid) is given in Table 1.
Results show that there is little difference in the results for a threshold of 1% compared to
5%. However, the differences between a threshold of 5% and 10% are important, indicating
the need to account for the smaller forests in our analysis. The areas with 5% to 10% forest
coverage account for a small area mostly located in East and Southeast Asia that have higher
N deposition which increases the average global grid-based deposition. For the analyses
presented here, we used a threshold of 5% forest cover to delineate forested areas. It should
be noted that CTMs do not spatially resolve the location of subgrid landcover types within a
grid cell and only use the percent coverage of the land use type within the grid cell. Fine
scale exchange processes that might occur in reality, such as effects of the edges of forests or
interactions between two adjacent land use types, are not modelled.

Globally, the average rate of total N deposition to forests is about 6 kg N ha=1 yr=1 and the
total N input from atmospheric deposition is about 19 Tg N yr~1. Oxidized N (NOy)
contributes slightly more to the total N than reduced N (NHy) on a global basis (Table 1). To
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put the results for global forests into perspective with respect to other land uses, Table 2
presents information on the total deposition of NH3, NO, and total N all over the word,
distinguishing between forests, semi natural vegetation (mainly grasslands), croplands and
other land (bare land, urban areas). Results are based on an overlay of HTAP multi-model
ensemble results with the Global Land Cover map (GLC 2000) at 1° x 1° resolution. Results
show that the computed N global deposition fluxes to forests is 32 % of the global
deposition of N, while the percentage for the other land uses is 27 % for semi natural
vegetation/grasslands, 33 % for croplands and 8% for other land. The percentages are
(slightly) different when considering reduced and oxidized N species separately. As to be
expected, the contribution of reduced N deposition to given land uses as compared to the
global deposition of N is higher for croplands (where NH3 is mainly emitted), i.e. 38 %, and
lower for remote areas, such forests and (bare) other land, i.e. 29% and 6 %, respectively, in
view of the comparatively short residence times in the atmosphere. Inversely, the
contribution of oxidized N deposition is lower for cropland, i.e. 28 %, and higher for forests,
i.e. 35 % (See Table 2). Note that the estimated total deposition to forests is higher in Table 2
as compared to Table 1 due to the coarser schematization of forests in the Global Land
Cover map as compared to the global forest cover map.

A global map of the total deposition of N (kg N ha™! yr=1) to grid cells with a forest cover
>5% is shown in Figure 2. Total reactive N deposition is highest for forests in China, Japan,
Indonesia, and India as well as in Eastern United States and in areas in central Europe.
Lower deposition values are found in Western Canada and in Russia. To understand the
spatial variability in total N, it is helpful to look at the spatial patterns of ratios of wet versus
dry deposition and oxidized versus reduced N deposition. Maps of absolute deposition
values as derived from HTAP2 MMM are provided in the SI (Figures S2-S4).

Figure 3 shows the contribution of dry deposition to the total deposition for total N, NOy and
NHy. The contribution of dry deposition to total N is highest in the tropical forests of central
South America and central Africa (Figure 3 top). This is likely due to the high LAI which
provides increased surface area for deposition, long growing seasons, and high stomatal
conductances in these areas, but also the relatively strong contribution of biomass burning in
the dry season to the pollutant emissions. In Figure 3 middle, we see that dry deposition of
NOy contributes more than wet deposition of NOy, in these same areas (South America and
central Africa) as well as the eastern part of the US. The importance of NO,, dry deposition
in the US is driven not only by LAI, but also NOy emissions from industrial and mobile
sources (Jiang et al., 2018). For NH, deposition (Figure 3 bottom), wet deposition dominates
in the boreal forest areas while dry deposition dominates in the tropical forest regions.
Additionally, there is a high contribution of dry deposition to total NHy deposition in south
central Africa, the west coast of the US, and a few isolated areas of South America. It should
be noted that the models used in the HTAP2 study did not consider the bidirectional flux of
NH3. Models that do include bidirectional exchange may produce different spatial patterns
from those shown here depending on the relative magnitudes of the air concentration and the
canopy compensation points.

In Figure 4, we examine the relative contributions of NOy and NHy to the total, dry and wet
deposition. Considering total deposition (Figure 4 top), NHx contributes greater than 60%
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and as much as 90% to the total N budget in the broad tropical forest areas of central South
America and central Africa, whereas NOy deposition contributes more than 70% in the
northern boreal forests in Canada and Russia. The boreal forests also show a strong
contribution of NOy, deposition in the dry deposition budget, as do some small areas in
central South America and central Africa (Figure 4 middle). The dry deposition to temperate
forests is also mostly due to NO, deposition but the fraction is lower. For wet deposition
(Figure 4 bottom), NHy deposition exceeds NOy, deposition in the tropical forests of Central
America, India, and southeastern Asia while other topical forests in central Africa and South
America have a higher fraction of NOy, deposition.

The spatial patterns of deposition result from a combination of factors including emissions,
meteorology and land cover. These patterns help identify potential sources and sinks of N
across the forest types. A more detailed source apportionment study would be able to refine
the analysis, but is beyond the scope of this overview study.

3.3 Comparison of forest-specific nitrogen deposition with grid cell average nitrogen

deposition

The HTAP2 MMM only provides information on grid cell-average dry deposition.
Deposition to individual land cover types within a grid cell can be quite different, with
deposition velocities to forests typically being higher due to the higher LAI and canopy
height. This was demonstrated in Flechard et al. (2011) as shown in Figure S5. The EMEP
model sub-grid deposition module produces output of deposition by land cover type. We use
the results from this model to explore the differences between estimates of global deposition
from grid cell average values and forest-specific values.

The global scale deposition data for NHy-N, NOy-N and total N to different global forest
biomes (tropical, subtropical, temperate and boreal) as calculated with EMEP rv4.17, based
on grid cells with >5% forest cover is given in Table 3 and Table S1. As expected, total N
deposition to all forests is higher by 12 % when the forest-specific values are used (23.0 Tg
N yr~1) compared to the grid-average values (20.6 Tg N yr~1). Table 3, also allows
comparison of global deposition to the different forest biomes. The highest grid-average
total deposition rate is to subtropical forest areas with a value of 13 kg N ha=1 yr=1, but
tropical forests account for the largest portion of the global total N deposition due to their
large coverage area. The EMEP global total N deposition in 2010 for subtropical and
temperate forests is similar with grid-average values of 4.5 and 4.4 kg N ha=1 yr~1 and of
forest specific values 5.1 and 5.2 kg N ha=1 yr=1, respectively. However, the contributions of
reduced and oxidized N are quite different with reduced N deposition exceeding oxidized N
deposition in subtropical forests with the reverse being the case for temperate forests. The
temperate forests tend to be closer to more urbanized area and more exposed to emissions of
NOy.

Figure 5 and 6 provide information on the spatial variability of the ratio of forest-specific
deposition to the grid-averaged value for total deposition and dry deposition, respectively.
Again, results are presented for all grid cells with >5% forests. Plots of absolute deposition
are provided in the SI (Figures S6-S12). The spatial patterns of the ratios of forest-specific
deposition to grid cell average deposition are overall very similar for total N, NOy and NHy
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(Figure 5), but do have some important differences. For total N deposition, the areas that are
densely covered with forests such as the northern part of South America, central Africa, and
the boreal forest region in Russia have very low ratios as the grid cells are predominantly
forest and the grid cell value is close to the forest-specific value (Figure 5 top). In northern
China, there is an area of small forest (cover < 10%) where the differences between the grid
value and forest-specific value are high. In Western Europe and the United Kingdom, the
forest coverage is typically 10-20% and the deposition ratio is > 1.5 indicating that the
heterogeneity of the land cover is important. For NH, deposition (Figure 5 bottom), the
differences between the grid-based value and the forest-specific value are lower in the
temperate and boreal forests of Canada compared to the NOy, deposition (Figure 5 middle),
and there are some areas of Canada and Africa where the ratio is less than 1 (discussed
further below). It is important to note that no consideration is given to any sub-grid
variability in wet deposition and emissions in the models. Since total (wet + dry) deposition
is presented in Figure 5, the signal of the forest-specific deposition is masked in some areas
by the wet deposition which does not vary at the sub-grid scale in EMEP. Wet deposition
values for the grid cells are provided in Figure S12 for comparison with the dry and total
deposition values.

Figure 6 focuses on dry deposition only and allows us to examine the impact of the sub-grid
variability on deposition velocities. There is much more spatial variability in the ratios for
dry deposition than for total deposition for total N, NOy, and NHy. Some consistencies in the
spatial patterns across total N, NOy and NHy deposition are apparent, but some important
differences are also observable. Areas with high forest cover such as northern South
America, central Africa and the boreal forest of Russia have the lowest ratios for both NO,
and NHy since the grid value is dominated by the forest deposition. For total deposition, the
forest/grid ratio in the temperature forest of China is about 1.5 while the ratio is higher (2-5)
when only dry deposition is considered. Another noticeable feature can be found in the areas
in Figure 6 with a ratio for NOy, deposition of about 2. These areas are most apparent at the
edges of the denser forest cover in central Africa, India/Nepal, and northeastern China which
are areas with forest coverage less than 10%. These areas at the edge of the dense forests are
less pronounced for NH, deposition while areas in Europe have higher ratios for NHy
deposition than NOy, deposition indicating a greater difference between the grid-based
deposition and the forest-specific deposition in Europe. Similar to total deposition, there are
some grid cells where the ratio is less than 1 in Canada, South America, and Africa. Also in
Brazil, the ratios for NHy are much lower than for NO,. The lower ratios of forest/grid
deposition for NHx compared to NOy are due to the differences in deposition pathways.
Similar to Wesely (1989), EMEP deposition rates depend upon how water-soluble or
reactive the gases are. Many NO, compounds (especially NO;) are not very water-soluble,
and deposition is driven by stomatal uptake which is linked to reactivity, rather than non-
stomatal uptake. NH3 on the other hand is very water soluble, and deposits easily to water
and humid surfaces. In grids with substantial water surfaces the grid-average NH3 deposition
can easily exceed deposition rates to forests. In general, the relatively greater non-stomatal
deposition of NH, compared to NOy smooths out the deposition rates across different
ecosystems. Results from these analyses show the importance of considering the use forest-
specific deposition values in place of grid-average values in ecosystem assessments.
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4. Conclusions and future research needs

Measurements of N deposition to global forest ecosystems are not readily available.
Additionally, measurements are not always comparable across networks. Estimates from
atmospheric models allow us to examine the deposition globally and attribute the deposition
to wet or dry deposition and oxidized or reduced N deposition. Results from this study
showed high spatial variability of deposition to different forest biomes. Total reactive N
deposition is high for forests in China, Japan, Eastern U.S. and Europe. Asian forests
received the highest level of total N deposition (Table S1), which is consistent with a recent
synthesis of total N deposition in throughfall and stemflow across 33 forested sites (21.6,
ranging 15.0-31.2 kg N ha=1 yr~1) (Du et al., 2016). These deposition values include the
contribution of both wet and dry deposition and also reflect the impact of large contributions
from anthropogenic emissions of NO, and NH3. Considering only dry deposition, land use
specific parameters such as LAI are major controlling factors. Our results show that dry
deposition contributes more to total deposition for forests in tropical areas due to their high
LAl and long growing season. Spatial differences in the relative contributions of NH, and
NO, to total N deposition to forests reflect a combination of effects of emissions,
meteorology, and deposition processes.

To date, most studies that have examined deposition to forests have used grid-based values
rather than forest-specific values. This study shows that for global forests that are in areas
where the grid cell is not predominantly forested, deposition estimates may be a factor of 2
or more higher in grid squares with significant non-forest fraction if the forest-specific
deposition is used and is on average 12% higher for all global forests. Differences of that
magnitude could have an impact on the determination of critical load exceedance for forest
biomes. Therefore, our results suggest that the use of land use specific deposition values is
important for ecological assessments. Few models include this output routinely, but
providing land use specific deposition along with landcover information would provide
information to improve the understanding of the differences between model predictions of
deposition. We also note that this publication did not consider sub-grid heterogeneity in wet
deposition over forests and other surfaces. Especially in terrains with heterogeneous
orography, sloped hills may be less suitable for agriculture and be covered by forests, while
they can also be subject to different precipitation patterns depending on dominant weather
patterns. This publication also did not assess the possible interaction of sub-grid emission
variability and deposition to forests, which can be especially important for forests embedded
in agricultural regions. Higher spatial resolution, ‘forest-resolving’ models will be better
equipped to calculate deposition to forests.

It is important to note that currently available model parametrizations have been based on a
small number of direct deposition or process-level field studies over a limited number of
land covers and forest types. The models have been extended to represent all forest biomes,
but the specification of needed parameters to drive the models is uncertain. Additional
measurements, for example, of critical gaseous species such as NH3 and HNO3, as well as of
deposition rates, are needed to verify the models and the observed temporal and spatial
patterns. Further studies to improve the understanding of organic nitrates are also important
for characterizing the N budget, particularly in forests given the importance of the
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interaction of biogenic emissions with NOy. Also, meteorological and air quality models use
a variety of land use coverages and assumptions on LAI and phenology to drive the
characterization of the surface fluxes. The impact of the choice of land use coverage has not
been assessed and could be very important for combining model output to create ensemble
values which are more commonly being developed for use in ecological assessments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Global forest coverage (%) in 18.5x18.5 km? grid cells based on the Globcover data (http:/

due.esrin.esa.int/page_globcover.php).
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Figure 2.
Multimodel mean total N deposition (kgN ha=lyr~1) from the HTAP2 project on grid cells

with a forest cover >5%.
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Figure 3.
Contribution of dry deposition to total deposition at grid level for total N (top), NOy,

(middle) and NH, (bottom) based on HTAP Il multi-model model results.
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Figure 4.
Contribution of NHx deposition to total deposition (top), dry deposition (middle) and wet

deposition (bottom) based on the HTAP Il multi-model mean results.
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Figure 5.
Ratio of the forest-specific deposition to grid cell average deposition by the EMEP model

for total deposition of total N (top), NOy (middle) and NHy (bottom).
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Figure 6.
Ratio of the forest-specific deposition to grid cell average deposition by the EMEP model

for dry deposition of total N (top), NOy (middle) and NHy (bottom).
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Table 1.
Total deposition of NHy-N, NOy-N and total N on global forests using different criteria in assessing the area of

forests (different cut-off points of forest coverage within an 18.5 x 18.5 km? grid). All data are based on an
overlay of the Global Forest Monitoring Project data and the deposition at 1° x 1° in 2010, as calculated with
HTAP multi-model mean results.

Forest cover  Area (Million NH,-N dep (TgNyr  NOy-Ndep (TgNyr Total Ndep (TgN Average N de 2 (kg N ha!
km?) ) 1 yrY) Ay oe e e
yr)
>1% 323 9.3 10.2 19.5 6.0
>5% 32.2 9.2 10.1 19.3 6.0
>10% 315 8.9 9.8 18.7 59

The HTAP emissions inventory was provided at a resolution of 0.1° x 0.1° but the spatial resolutions of the underlying HTAP global models were
coarser, being mostly in the order of 1° x 1°

ZAverage N deposition was derived by dividing the total N deposition by the area.
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Table 2

Page 29

Total deposition of NHy-N, NOy-N and total N on worlds terrestrial ecosystems for the year 2010. All data are
based on an overlay of the Global Land Cover map (GLC 2000) and HTAP multi-model ensemble results,

averaged at 1° x 1°.

Land use class Area (Million NH,-N (Tg N yr NOy-N (Tg N yr Total N(Tg Nyr | Average N inputs! (kg N
km?) ) ) B hatyr?)

Forest 429 10.3 12.3 22.5 5.3

(SJre:swsilgﬁgural vegetation/ 445 96 96 192 43

Croplands 18.6 135 9.7 23.2 125

Other land 245 21 34 5.4 2.2

Total 130.6 354 35.0 70.3 54
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Table 3.

Page 30

Total deposition of NHy-N, NOy-N and total N on global forest biomes (topical, subtropical, temperate and
boreal) based on an overlay of the Global Forest Monitoring Project data and the deposition at 1° x 1° in 2010,
as calculated with EMEP rv4.17 model, based on forest-specific values (first value) and grid-average values
(value in brackets) in areas with >5% forest cover.

Forest biome Area (l\/zlillion NH,-N d?p (TgNyr | NOy-N d?p (TgNyr | Total N dlep (TgNyr Average N depl (kg N ha
km?) 1) b ) “Lyry
Total 32.2 11.9 (10.8) 11.1(9.8) 23.0 (20.6) 7.1(6.4)
Tropical 16.9 6.1 (5.6) 6.1 (5.5) 12.1 (11.1) 7.2 (6.6)
Subtropical 35 3.1(2.8) 1.9 (1.7) 5.1 (4.5) 14.6 (13)
Temperate 7.2 25(2.1) 2.7(23) 5.2 (4.4) 73(6.2)
Boreal 46 0.2 (0.2) 0.3(0.3) 0.6 (0.5) 1.2(1.2)

'ZAverage N deposition was derived by dividing the total N deposition by the area.
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