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Abstract. Increases and expansion of anthropogenic emissions of both oxidized nitrogen
compounds, NOy, and a reduced nitrogen compound, NH3, have driven an increase in nitrogen
deposition. We estimate global NOx and NHj3 emissions and use a model of the global
troposphere, MOGUNTIA, to examine the pre-industrial and contemporary quantities and
spatial patterns of wet and dry NOy and NHy deposition. Pre-industrial wet plus dry NOy
and NHy deposition was greatest for tropical ecosystems, related to soil emissions, biomass
burning and lightning emissions. Contemporary NOy + NHy wet and dry deposition onto
Northern Hemisphere (NH) temperate ecosystems averages more than four times that of pre-
industrial N deposition and far exceeds contemporary tropical N deposition. All temperate
and tropical biomes receive more N via deposition today than pre-industrially. Comparison
of contemporary wet deposition model estimates to measurements of wet deposition reveal
that modeled and measured wet deposition for both NO; and NHZ were quite similar over

the U.S. Over Western Europe, the model tended to underestimate wet deposition of NO3_

and NHZ‘ but bulk deposition measurements were comparable to modeled total deposition.
For the U.S. and Western Europe, we also estimated N emission and deposition budgets. In
the U.S., estimated emissions exceed interpolated total deposition by 3—6 Tg N, suggesting
that substantial N is transported offshore and/or the remote and rural location of the sites may
fail to capture the deposition of urban emissions. In Europe, by contrast, interpolated total N
deposition balances estimated emissions within the uncertainty of each.

Abbreviations: EMEP - FEuropean Monitoring and EBEvaluation Program; GEIA -
Global Emissions Inventory Activity; NADP/NTN — National Atmospheric Deposition
Program/National Trends Network in the U.S.; NH — Northern Hemisphere; NHy = NH3 +
NHI; NOy = NO + NOj; NOy — total odd nitrogen = NOx + HNO3 + HONO + HO,NO,
+ NOj3 + radical (NO3)+; Peroxyacetyl nitrates + NpOs + organic nitrates; SH — Southern

Hemisphere; Gg — 10° g; Tg — 1012
g Tg g
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Introduction

Inputs of nitrogen to terrestrial and aquatic ecosystems have increased
several-fold over the last one hundred and fifty years, with the steepest
increases during the last four decades. The expansion of fertilizer manu-
facture and use, the increase in fossil fuel combustion, the intensification
of animal husbandry, and widespread cultivation of N, fixing crops have all
contributed to the dramatic increase in N inputs. The increase has been most
rapid in Northern Hemisphere (NH) temperate ecosystems, but presently
subtropical and tropical regions of Asia are also experiencing an explosive
increase in N inputs to terrestrial ecosystems (W. Chameides, pers. comm.;
Galloway et al. 1996). Projected increases in N deposition for these trop-
ical and subtropical regions, with a high natural background of N inputs,
exceed increases projected for temperate and arctic regions (Cleveland et al.
submitted; Galloway et al. 1994; Holland & Lamarque 1997a). Compared
to biological N fixation, N deposition is becoming a proportionately greater
source of N to terrestrial and aquatic ecosystems worldwide (Vitousek et al.
1997).

The nitrogen contained in the atmosphere as Ny, 3.9 * 10¢ Tg (Tg =
10'2 g), is the largest reservoir of N in the Earth system (Warneck 1988).
However, this paper focuses on the nitrogen emissions and deposition that
have been transformed from N into reactive forms that are biologically avail-
able (e.g. Vitousek et al. 1997). We consider the emissions of NO, (NO +
NO,) and ammonia (NH;3) as well as their respective deposition products:
NH, (NH; + NH{) and NOjy (total odd nitrogen, NOy + HNO; + HONO
+ HOoNO;, + RC(0)O,NO; + NO; + NoOs + RONO;, where R is a higher
alkyl group) (Ridley et al. 1996). Although deposition of all of these chemical
species can be modeled, the deposition products most frequently measured
are deposition of nitrate, NO5 , and ammonium, NH;L, in precipitation. Nitrate
in rainwater is most commonly the dissolution product of nitric acid (HNO3),
but may also be the product of the dissolution of salts (e.g. Ca(NOs),, NaNOs,
and NH4NOs3), as well as organic nitrates. Ammonium is the dissolution
product of compounds such as (NHy4),SO4 and NHsNOj3. There is increasing
evidence that deposition of organic N may be important but there are few
measurements (Cornell et al. 1995; Elkund et al. 1997; Rendell et al. 1993).
Since there is little chemical interconversion between NO, and NH, in the
atmosphere, on a global basis deposition of oxidized nitrogen (NO,) and
ammonia containing compounds (NHy) will balance their respective emis-
sions according to the law of mass conservation. The nitrogen-containing
compound emitted (e.g. NOy & NH3) is not always the same as the compound
deposited (e.g. HNO3; and NH,), but the nitrogen itself is conserved. The
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aim of this paper is to examine the patterns, sources and magnitudes of
pre-industrial and contemporary N deposition onto different ecosystem types.

Methods

To begin to understand how humans have changed N inputs to terrestrial
ecosystems, we first used extant data to provide an up-to-date estimate of
the global inventory of NO, and NH; emissions. We then used a model
of the troposphere, MOGUNTIA, to estimate N deposition inputs for both
pre-industrial and modern scenarios (Dentener & Crutzen 1993; Dentener
& Crutzen 1994). MOGUNTIA is currently the only global 3-D chemical
transport model that simulates both NO, emissions and its deposition (wet &
dry) as NOy, as well as NH3 emissions and its deposition (wet & dry) as NH,
(Dentener & Crutzen 1994). In a previous study, MOGUNTIA-simulated
NOy deposition was similar to other models ranging in resolution from 2.4°
by 2.4° up to the coarse resolution of 10° by 10° (Holland et al. 1997b). We
then examined which vegetation types receive the wet and dry deposited N
based on pre-industrial and contemporary vegetation distributions. Relatively
clean Southern Hemisphere (SH) temperate ecosystems contrast strongly
with NH temperate ecosystems, where human influence on N emissions and
deposition is the greatest, and with tropical ecosystems where biological
inputs and natural emissions of N containing trace gases are greatest.

Emission estimates

We reviewed the literature to construct global estimates of pre-industrial and
modern emissions of the two most important classes of N emissions: NOy
and NHj. The purpose of this exercise was: (1) provide a background against
which to interpret the emissions used in the MOGUNTIA simulations, and
(2) incorporate these newest estimates into the budget. A large number of
global compilations of natural and anthropogenic NO4-N emissions have
been published recently (Benkovitz et al. 1996; Davidson & Kingerlee 1997;
Delmas et al. 1997; Galloway et al. 1995; Holland et al. 1997b; Lee et al.
1997; Logan 1983; Prather et al. 1995; Price et al. 1997a; Price et al. 1997b;
Sanhueza et al. 1995; Whelpdale et al. 1997). Two of the compilations, one
of soil NO4 emissions and the other of global NOy emissions, were the
direct result of the SCOPE activity convened in Tsukuba, Japan in the spring
of 1996 (Davidson & Kingerlee 1997; Delmas et al. 1997). A somewhat
smaller number of contemporary global compilations of NH3-N emissions
have been published (Bottger et al. 1978; Bouwman et al. 1997; Dentener &
Crutzen 1994; Galloway et al. 1995; Schlesinger & Hartley 1992; Soderlund
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& Svensson 1976; Stedman & Shetter 1983; Warneck 1988). The most recent
contemporary NH3 emission inventory (Bouwman et al. 1997) is the most
comprehensive.

Deposition estimates

Global estimates of total N deposition onto land were made using a model of
the troposphere, MOGUNTIA, described by Zimmerman (1987) and modi-
fied by Dentener and Crutzen (1993, 1994). The modifications enable large
scale modeling of atmospheric cycles of oxidized N: NO, and NO,, and
reduced N: NH;3 and ammonium sulfate, (NH4),SO4. Like other 3-D chemical
transport models, MOGUNTIA incorporates emissions of NOx-N and NH-
N (the latter is unique to MOGUNTIA) which are released on a latitude by
longitude grid and transported. The sources of NH3 and NOy used in both the
pre-industrial and contemporary runs are described in Tables 1 and 2. The
emitted compounds undergo chemical transformation, and are then either
deposited back to the surface as wet or dry deposition. We do not include
surface emissions of nitrous oxide (N,0O), the largest source of surface-
emitted N to the stratosphere, because it is unreactive in the troposphere.
The primary mechanisms for NOx-N, NO,-N, and NH,-N removal from the
atmosphere are through wet deposition (via precipitation) and dry deposition
of gases and particulates.

MOGUNTIA has a relatively coarse resolution of 10° by 10° grids; the
modeled atmosphere extends from the surface to approximately 16 km and
is divided into 10 layers of 100 hPa thickness (Zimmermann 1987). The
model is driven using monthly average winds and temperatures from QOort
(1983) and precipitation climatologies from Jaeger (1976). The time step of
the photochemical portion of the model is two hours. Important features of
the transport scheme include deep cumulus convection (Feichter & Cruizen
1990) and eddy diffusion based on the standard deviation of the monthly
mean winds. The chemical species transported include NO,, HNO3, O3, CO,
CH., H,0,, HT, SOﬁ", NH;, NH4+, CH,0, DMS, SO,, C,-C;, and peroxy-
acetyl nitrate (PAN). The chemical scheme includes CH4-CO-NO, and HO,
with the associated photochemistry, heterogeneous destruction of N,Os, and
the integration of sulfur and NHy chemistry. Dry deposition is calculated
according to

F = VynY, 1
where V; is the deposition velocity, 7 is molecules cm ™2, and Y is the mixing
ratio of the gas. The deposition velocities are specific to the chemical species
considered and vary depending on surface cover. The deposition velocities
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Table 1. Global emissions of NOx in Tg N y‘1 to the troposphere for the mid 1800s and the
1980-90s compiled from a literature review (Benkovitz et al. 1996; Davidson & Kingerlee
1997; Delmas et al. 1997; Galloway et al. 1994; Holland et al. 1997b; Lee et al. 1997;
Logan 1983; Prather et al. 1995; Price et al. 1997a; Sanhueza et al. 1995; Whelpdale et al.
1997). Values in parentheses are those used in the MOGUNTIA simulations described below
(Dentener & Crutzen 1993; Dentener & Crutzen 1994).

Source Pre-industrial Contemporary
Fossil fuel combustion 0 20-24 (20)
Aircraft emissions 0 0.23-0.6 (0.6)
Biomass burning 0.25-7 (1.5) 3-13 (6.0)
Lightning 3-25 (5.06) 3-25 (5.06)
Soil NOy emissions 3.59-18.2 (4.76) 4-21 (4.76)
Natural 4-15.5 4-15.5
Agricultural ? 1.8-5.4
NHj oxidation 0.2-0.6 0.5-3
Stratospheric injection 0.1-0.6 (0.5) 0.1-0.6 (0.5)
Total 7.8-41 (11.82) 23-81 (36.1)

Table 2. Global emissions of NHy in Tg N v~ to the troposphere for the mid 1800s and the
1980-90s (Bottger et al. 1978; Bouwman et al. 1997; Dentener & Crutzen 1994; Galloway
et al. 1995; Schlesinger & Hartley 1992; Soderlund & Svensson 1976; Stedman & Shetter
1983; Warneck 1988). Values in parentheses are those used in the simulations described below
(Dentener & Crutzen 1994).

Source Pre-industrial Industrial
Fossil fuel combustion 0 0.1-2.2 (=)
Industrial process 0 02
Domestic animal excreta 20-43 (22)
Biomass burning 2.0-8.0 (2.0)
Domestic animals + biomass burning 8.95 (8.95)

Crops -) 3.6(-)

Wild animal excreta 2.5(2.5) 0.1-6 (2.5)
Synthetic fertilizer use 0 1.2-9.0 (6.4)
Oceans 8.2-13 (8.2)
Soils and natural vegetation 3.8(3.8) 2.4-10 (5.1)
Humans and pets 2.64 (-)

Total 15-21 (15.2) 45-83 (46.2)
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are: the NO, Vy over land is 0.25 cm s~ and over the sea is 0.1 cm s™'; the
NO V; over land is 0.04 cm s~ and over the sea is 0.0 cm s™'; the HNO; V4
over land is 2.0 cm s~! and over the sea is 0.8 cm s™1; the NO5 V over land is
2.0 cm s™! and over the sea is 0.8 cm s™! (Dentener & Crutzen 1993); sulfate
aerosols including (NHI)stﬁ_ have a deposition velocity of 0.1 cm s~ and
dry deposition of NH; on land surfaces was calculated in the canopy using a
temperature and biomass dependent canopy compensation point (Dentener &
Crutzen 1994). Wet deposition is calculated according to

p=% @
L
where P (s7!) is the wet deposition rate constant, ¢ is dimensionless para-
meter correcting for less soluble species (for highly soluble species, € = 1);
L (g m™) is the liquid water content of the rain cloud; R (g m™ s7')is a
function of Ry, the precipitation rate at the surface. R is calculated from Ry
using the function g (m™1) describing the fraction of precipitation released at
a given height interval calculated from the zonal mean data on the release of

latent heat (Newell et al. 1974):
R(@, A, Z,1) = Ro(¢p, 1, Z,1) - g(A, Z, 1), (3)

where ¢ is latitude, A is longitude, Z is height and ¢ is time. The following
chemical species are subject to scavenging by precipitation: HNO;, HNOy,
CH,0, H,0,, CH30,H, H,S04, (NH4),SO4, SO,, and NHj. The gas phase
species were corrected for their solubility using Henry’s law coefficient.

This description of MOGUNTIA provides a basic overview of the model.
More detail on how NO,/NOy and NHy chemistry is implemented in the
model is available in Dentener & Crutzen 1993 and 1994. The transport
scheme and the photochemical schemes are described in Zimmerman 1987
and Crutzen & Zimmerman 1991. A comparison of the deposition scheme
and simulated N deposition with the schemes and results of four other 3-D
chemical transport models is available in Holland et al. 1997a.

Deposition measurements

We compared the wet deposition of NH, and NO, simulated by MOGUNTIA
to wet deposition measurements from various sources. Although compar-
ison with dry deposition data would have been valuable, dry deposition
measurements are spatially and temporally sparse and most estimates of
dry deposition rely on inferential models of dry deposition (Hicks 1989;
Wesely 1989). By contrast, the network data used, NADP/NTN for the U.S.
and EMEP for Europe, spanned 17 years of measurements at more than
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350 sites and included measurement of precipitation necessary to calculate
the wet deposition flux. We also compared the MOGUNTIA results to our
recent compilation of NH, and NOJ wet deposition measurements over the
United States and Europe (Sulzman et al. 1997; Figure 1). We compared
MOGUNTTA simulated deposition with the mean of all the sites which had
measured the N deposition flux within a MOGUNTIA 10° by 10° grid cell.
In addition, we compared the model to a global data set of wet deposition
compiled by Dentener and Crutzen (1994).

In the United States, data on deposition inputs were provided by
the National Atmospheric Deposition Program/National Trends Network
(NADP/NTN, see http://nadp.sws.uiuc.edu for more information; Figure 1).
Within the U.S., precipitation was collected in buckets which were triggered
to open at the onset of rain, rather than using bulk precipitation collectors,
which are subject to contamination and may sample significant amounts of
dry deposition. Precipitation buckets were collected weekly at between 21—
203 sites throughout the United States (average 156, although between 1985
and 1994, the number of sites was close to 200). All available measurements
which met the criteria of: (1) more than 90% of the data had to have simul-
taneous measurement of both precipitation and chemistry and (2) more than
75% valid chemical measurements, were included in the spatial analyses. The
precipitation was sent to a central laboratory for chemical analyses, including
hydrogen ions (acidity as pH); associated anions: sulfate, nitrate and chloride;
and base cations: ammonium, calcium, magnesium, potassium and sodium.

Wet deposition data for ammonium (NH,) and nitrate (NO3') for Europe
were provided by the Cooperative Programme for Monitoring and Evalua-
tion of the Long-Range Transmission of Air Pollutants in Europe (European
Monitoring and Evaluation Programme, EMEP; Figure 1). In Europe,
precipitation was collected daily using either the precipitation only samplers
similar to those described above for the U.S. or bulk sampling devices
which are continually open to the atmosphere. Forty three of the 108 sites
used bulk precipitation collectors. Chemical analyses were done on a site
by site or country by country basis rather than at a central laboratory.
Across Europe, we used data from 108 out of the 188 sites which satis-
fied the same criteria for completeness described above. This filtering of
EMEP data was done to enhance the comparability of the U.S. and European
data sets. Some of the sites including Lazaropole, formerly Yugoslavia;
Neuglobsow, Germany; Jarczew, Poland; Rarau, Seminic, Paring, Fundata,
Turia, and Masun, Romania; and Ivan Sedlo, Bosnia-Herzegovina collected
data monthly and the data should be viewed more critically. We used all
available data reported for the time period 1978-1994. Data for 1994 are
published as ‘Data report 1994° by Anne Gunn-Hjellbrekke, Jan Schaug and
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Jan Erik Skjelmoen (EMEP/CCC 4/96), Kjeller, Norway 1996. Variations
in collection procedures, analytical techniques, and the spatial coverage of
the measurement sites as well as the representativeness of the site locations
complicate the comparison across NADP and EMEP networks and amongst
sites within the EMEP network. For both the European and U.S. data, we
used data collected between 1978 and 1994.

To calculate the integrated deposition over the U.S. and Europe, we first
mapped the wet deposition of NH] and NO; by spatial interpolation of
the annual mean site observations of wet deposition using moving window
Kriging (Haas 1990) with precipitation and elevation covariates. The spatial
interpolation (the Kriging analysis) was done using 237 sites for the wet
deposition within the United States, and 108 sites for the wet deposition
estimates within Burope. The spatial integration for Europe included both the
bulk precipitation and wet-only deposition measurements. Some sites made
measurements for only a few years, while others continued for the whole
time period; thus, these numbers represent the total number of sites which
made measurements in the 1978 and 1994 time period. For the U.S., we used
gridded precipitation and elevation from the VEMAP Phase I data set (Kittel
et al. 1995). This choice was made after evaluating the effects of using a wide
range of covariates (including temperature, humidity, etc.) on Kriging model
statistics. These statistics are based on a series of cross-validation studies in
which each site in turn was withheld from the analysis, and the distribution of
residuals (modeled minus predicted deposition) was examined. For Europe,
we used precipitation and elevation from the Leemans and Cramer global
data set (Leemans & Cramer 1991). All covariates and our desired output
base map for both regions were defined on a 0.5° x 0.5° grid. To calculate
the NH,, NOy and NHy + NOy wet deposition over a region we summed
the wet deposition in each of the grid cells. The same summation procedure
was applied to the MOGUNTIA simulated deposition, after the output was
regridded to the same 0.5° by 0.5° grid.

Vegetation maps

The type of vegetation receiving the N deposition is important to deter-
mining the ecological impact of the added N (Aber & Driscoll 1997; Aber
et al. 1989). We used global maps of potential and present-day vegetation
to examine the quantitiecs of N being deposited on different biomes. For
examination of pre-industrial N deposition onto terrestrial ecosystems, we
use the potential natural vegetation map of Cramer et al. (1995), which is
the same map used for global CENTURY simulations (Schimel et al. 1996;
Schimel et al. 1997), and for estimation of global N, fixation (Cleveland et
al. submitted). For examination of contemporary N deposition to terrestrial
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ecosystems, we used the global map of vegetation distributions by DeFries
and Townshend (1995). The vegetation classes used for the contemporary
scenario included only 15 classes compared to 35 potential natural vegetation
classes defined for the pre-industrial scenario.

The MOGUNTIA deposition fields and the DeFries and Townsend
vegetation map were re-gridded to a 0.5° by 0.5° grid, without spatial inter-
polation or smoothing. For each half-degree cell a land cover type was
assigned, and the deposition estimate was multiplied by the area of a vegeta-
tion type within each half-degree cell. We then calculated an areal-based
summary deposition for each biome type on the common half-degree cells
(Table 3).

Results and discussion

NO, emissions

Emissions of oxidized N (NOx = NO + NO,) generate NO; and NO, deposi-
tion. The most common mechanism for NOy removal from the troposphere is
via the following reaction:

OH + NO, — HNO;(g), )
and via hydrolysis of N,Os:
N205 -+ HZO —> 2HNO3, (5)

Once formed, the HNO; is removed from the atmosphere via precipitation
resulting in wet deposition. Gaseous HNO3; may also be removed by dry
deposition (Prather et al. 1995; Ridley & Atlas 1999).

Lightning, biomass burning and soil emissions of NOy constitute the
major sources of oxidized N in the pre-industrial atmosphere. Modeled NO,
fluxes from lightning and soil emissions are the same for the pre-industrial
and contemporary time periods (Dentener & Crutzen 1994). Biomass burning
NOy fluxes are four-fold higher in contemporary simulations (Dentener &
Crutzen 1994).

During the past decade, estimates of lightning production of NOy have
ranged from 2-100 Tg N y~! (Table 1). Five 3-D chemical transport models
that estimate deposition patterns based on emissions include global estimates
of lightning production of NO, ranges from a low of 3.0 Tg NO,-N y~!
for GCTM (Levy et al. 1996a; Levy et al. 1996b) to a high of 10 Tg NO
for GRANTOUR (Penner 1991; Penner 1994). The most recent estimates of
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lightning NOy emissions of 12.2 and 13.2 Tg NO,-N y~! have been based on
both lightning physics (Price et al. 1997a) and the global atmospheric electric
circuit, respectively (Price et al. 1997b). Extrapolation of aircraft measure-
ments made during thunderstorms in New Mexico, suggest global lightning
emissions of 2.4-4.9 Tg NO,-N y~! between 8 and 12 km in altitude, but
do not include the NO production rate below that altitude (Ridley et al.
1996). IPCC 1994 estimated lightning production of NO, to be 8 Tg NO,-
N y~! (Prather et al. 1995), while the 1994 Scientific Assessment of Ozone
Depletion estimated lightning NO, fluxes to be 7 Tg NO,-N y~! with a range
of 3-20 Tg NO,-N y~! (Sanhueza et al. 1995), underscoring the uncertainty.
There is substantial agreement that lightning emissions of NOy lie somewhere
between 3 and 25 Tg NO,-N y~!, with the most likely estimates falling
between 10 and 15 Tg NO-N y 1. This is considerable progress from a few
years ago, when the estimates reached 100 Tg NO,-N y~! (Franzblau & Popp
1989).

Estimates of contemporary soil NOy emissions range from 4-21 Tg NO,-
N y~! (Table 1). Soil NO, emission estimates used in five different global
chemical transport models range from 4-10 Tg NO-N y~! (Holland et al.
1997b), and some of the variability amongst the estimates can be explained
by whether a soil NO-N emission estimate considers canopy uptake of NO,.
Both the ECHAM model estimate of 10 Tg NO,-N y~! and the MOGUNTIA
estimate of 4.76 are based on the same studies (Galbally & Johansson 1989;
Galbally & Roy 1978), but ECHAM neglects canopy scavenging of NOy.
Two models of soil NO4-N emissions estimate the global soil NO, flux to
be 9.7 and 10.2 Tg NO,-N y~! (Potter et al. 1996; Yienger & Levy II 1995
respectively). The Yienger and Levy estimate was reduced to 5.45 Tg NOy-
N y~! when parameterization of canopy scavenging was included in the
simulation. However, a recent compilation of available measurements of soil
NO,-N emissions estimated below-canopy emissions of NOx-Ntobe 21.2 Tg
NO,-N y~! and above-canopy emissions of NO,-N to be 13 Tg NO,-N y~!
(Davidson & Kingerlee 1997). The likely error of the measurement compila-
tion estimate is between 4 and 10 Tg NO.-N y~!. The error is attributable to
uncertainties in estimated land areas, particularly for tropical woodlands and
savannas, as well as a limited number of measurements in-some biomes and
vegetation types, particularly tropical agricultural ecosystems and deserts.

Production of NO-N related to biomass burning may be divided into
two parts: that NO4-N emitted during burning, and the NOx-N emitted from
the soil post-burning. Both fire-related sources of NOy have increased with
human activity. The emission of NOy following biomass burning is neglected
in most of the global compilations (both the soil and biomass burning portions
of the budget), because clear documentation of the increase in flux and
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its duration were measured only recently (Neff et al. 1995; Veldkamp &
Keller 1997). The major sources of uncertainty associated with estimation
of NOx-N production during biomass burning are the quantification of the
area burned, biomass burned, the timing and duration of the burn, and the
amount of NOy produced per unit of CO; released during the burn (Table 1).
Crutzen and Andreae (1990) estimate 2.1 and 5.5 Tg NO,-N y~! emitted by
biomass burning globally, with the greatest contribution by tropical fires. In
1987, burning in the Amazon alone contributed 1 Tg NO, N y~! (Setzer &
Pereira 1991). A current inventory of biomass burning fluxes of both NOy and
NHj; is underway as part of the Global Emissions Inventory Activity (GEIA,
http://blueskies.sprl.umich.edu/geia/). Estimates of modern day contributions
of biomass burning to the global NO,-N budget differ by 4-fold (Table 1)
and the pre-industrial estimates of biomass burning contributions range from
0.25 to 7 Tg NO,-N y~!, an even greater range. The difficulty of quantifying
the area and biomass burned is a problem for both the pre-industrial and
contemporary estimates of NOy and NH3 emissions.

Combustion of fossil fuel and aircraft NOy emissions are by-products of
industrialization, and have increased from almost O in the last century to
between 20 and 25 Tg N for the last two decades. Ninety percent of indus-
trial NOy emissions originate from countries located at northern temperate
latitudes (the U.S., Canada, Western and Eastern Europe, the Former USSR,
China, Japan, and the Middle East) (Olivier et al. 1995). The energy statistics
and emission factors (NOy per unit CO, emitted) used to quantify fossil fuel
combustion for both NO, and CO; are known, but the emission factors vary
by an order of magnitude from fuel type to fuel type. Uncertainty arises from
limitations of reporting fossil fuel consumption statistics on a country by
country basis, and the re-gridding necessary for use in 3-D global models.
The differing years for which statistics are reported also contribute to the
uncertainty. There have been a number of global compilations of fossil fuel
NOy emissions (Benkovitz et al. 1996; Dignon & Hameed 1989; Logan
1983; Muller 1992). The Benkovitz et al. (1996) compilation is available
through GEIA (http.//blueskies.sprl.umich.edu/geia/). Uncertainties for fossil
fuel NOy emissions remain +30%, and may be as high as 50% for some
regions of the world (Lee et al. 1997). Uncertainties for the potentially large
natural sources (e.g. biomass burning, lightning and soil emissions), remain
at £100% and greater as shown here (Table 1).

NH; emissions

NH, exchanges are important because of their magnitude (Table 2). NH;
is involved in aerosol formation, plays a central role in the global nitrogen
cycle, and is the most abundant atmospheric base with the ability to neutralize
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harmful acids. In addition, when NH; or NH} is oxidized in soils, through
nitrification, acidifying hydrogen ions are liberated (van Breemen et al. 1982).
Estimates of global NH; emissions exceed those for NOy (Bottger et al.
1978; Bouwman et al. 1997; Dentener & Crutzen 1994; Galloway et al.
1995; Schlesinger & Hartley 1992; Soderlund & Svensson 1976; Stedman
& Shetter 1983; Warneck 1988). Fossil fuel contributions to global NHj
emissions are small, but domestic animal excreta dominates both the pre-
industrial and contemporary NH; budgets (Table 2). Present day domestic
animal populations are quantified to within 10%, but pre-industrial estimates
rely on extrapolations through time based on a much sparser data set or by
analogy to the better quantified human population (Bouwman et al. 1997;
Olivier et al. 1995). The total estimate of uncertainty for NH; emissions
from domestic animal excrement is +50%, which is reflected in the range
of the estimates in Table 2. Emission of NH; from well fertilized crops and
from soils following the application of animal waste and synthetic fertil-
izer is substantial. The percentage of fertilizer returned to the atmosphere
as NHj varies between 2 and 30% depending on the type of fertilizer, soil
characteristics, and fertilizer management, particularly the timing method of
application. Although, fertilizer use is well quantified (FAO 1985; Matthews
1994), estimates of NH; emissions following fertilization vary (Bouwman et
al. 1997; Warneck 1988). Furthermore, the most recent estimates of 5-9 Tg N
y~! are much greater than the previous estimates of 1.2-3.5 Tg N y~! (Botiger
et al. 1978; Crutzen & Gidel 1983; Stedman & Shetter 1983; Warneck 1988),
and the differences cannot be explained by the rise in fertilizer use between
the two sets of estimates. Crop emissions are estimated to be 2.5 kg N ha~! for
all arable land. The extensive data available for NHs emissions from a wide
array of industrial processes including fertilizer and chemical manufacture
allow for the robust determination of a rather small number (Bouwman et
al. 1997). Estimation of NH; emission by fossil fuel combustion is limited
by the availability of algorithms for different fuel types, but the most recent
estimate of Bouwman et al. (1997) is quite low at 0.1 Tg N y~! with an
uncertainty of 0.0-0.3 Tg N y~!. All animals, including humans and their
pets, emit NHj in their breath and sweat. The latest globa] estimate of 2.6 Tg
N y~! (Bouwman et al. 1997) assumed an emission of 0.5 kg N person™! (or
animal) y~!. Agriculture contributes more than 50% of the NHj emissions
globally. Emissions of NH3-N from sub-tropical and tropical latitudes are
much more important than they are for global NO,-N, which are dominated
by Northern Hemisphere fossil fuel emissions.

As with the NO, emissions budgets, quantification of the natural sources
of NHj;, including emissions of NH;3 from the excreta of wild animals, soils
and natural vegetation, and the ocean, are uncertain, and estimates vary
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by two to four-fold. These natural sources comprise the pre-industrial NH3
budget and so their uncertainty dominates estimation of pre-industrial NHj
emissions. Many factors contribute to the uncertainty. Wild animal popula-
tion censuses are rare and global censuses even rarer (Bouwman et al. 1997).
Soil and vegetation NH; emission estimates are complicated by plant scaven-
ging of atmospheric NHj3. Over the course of a few days, plant uptake can
completely counterbalance emissions (Langford et al. 1992). Global soils
emissions have been estimated as high as 38 Tg N y~! (Dawson 1977) but
it is unlikely that all of the NH; emitted escapes to the atmosphere (Warneck
1988). Oceanic emissions estimates suffer the same problem as plant and
soils emission because NH3 may be either consumed or emitted (Bouwman
et al. 1997). Thus, the sole estimate of pre-industrial NH; emissions made by
Dentener and Crutzen (1994) is highly uncertain. A complication is the extent
to which natural emissions and associated deposition of NO, and NHj from
soils/vegetation and biomass burning represent a net input into an ecosystem.

Modeled nitrogen deposition

Simulated pre-industrial N deposition was greatest over tropical ecosystems
according to the MOGUNTIA simulations (Figure 2; Dentener & Crutzen
1994). Rates of total N (NH; + NOy) deposition ranged from 0-3.1 kg
N ha~! y~! before industrialization with the highest rates of deposition in
northwestern South America, Central Africa, and Southern Asia including the
Indonesian Islands. Total NHy deposition was highest over northeastern South
America, and greater than 0.5 kg ha™! over large areas of tropical Africa,
South America, and Asia, and less than 1 kg N ha~! for both northern and
southern temperate ecosystems. Total NO, deposition was greatest in Central
Africa, greater than 0.75 kg N ha~! over most of the tropical land mass, and
less than 1 kg N ha~! for both northern and southern temperate ecosystems.
These high rates of pre-industrial N deposition onto tropical latitudes are
driven by biomass burning and soil emissions of NOy and NHj3 as well as
lightning production of NO, all of which are greatest in the tropics (Holland
1997a). Thus, the pre-industrial pattern of high emissions and deposition at
tropical latitudes causes a continental scale recycling of N in ecosystems
where the only other source of N is via biological N, fixation. However,
the rates of N fixation for tropical ecosystems are estimated to be between
10 and 20 kg N ha~! y~! (Cleveland et al. submitted), 10 times the average
pre-industrial N deposition.

Pre-industrial and contemporary total N deposition had strikingly different
magnitudes and spatial patterns (Figures 2 and 3). In contrast with the tropical
distribution of the greatest pre-industrial total N deposition, contemporary
total N deposition is greatest at northern temperate latitudes (Figures 2 and
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MOGUNTIA Pre-industnal NO, deposition

Figure 2. Modeled pre-industrial wet and dry NOy-N deposition (a) and NHx-N deposition
(b) deposition onto terrestrial ecosystems. The results were generated using a model of the
troposphere, MOGUNTIA (Dentener & Crutzen 1994).

3; Table 3; Appendix 1; Dentener & Crutzen 1994). Across all of the biomes
at tropical and temperate latitudes, contemporary total N deposition exceeds
pre-industrial total N deposition (Table 3). The northern temperate biomes
most affected by total N deposition, cultivated lands and mixed forests,
receive >16 times more N today than they did a century ago according to
the MOGUNTIA simulations. On average, there was more than a four-fold
increase in the rates of N deposition onto NH temperate ecosystems for the
contemporary compared to the pre-industrial scenario. The increase in nitrate
concentration in NH ice cores shows a similar increase over the last century
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Figure 3. Modeled contemporary wet and dry NOy-N deposition (a) and NHx-N deposition
(b) deposition onto terrestrial ecosystems. The results were generated using a model of the
troposphere, MOGUNTIA (Dentener & Crutzen 1994).

(Mayewski et al. 1990; Wagenbach et al. 1988). Total NO,, deposition exceeds
10kg Nha™! y~! over the Eastern U.S. and Western Europe, which are among
the most industrialized regions of the modern world. Southern Asia, one of
the fastest developing regions of the world, is receiving more than 5 kg N
ha~! annually. By contrast, the increase in the average rate of N deposition
onto tropical and SH temperate ecosystems was more modest for the contem-
porary compared to the pre-industrial scenario. The MOGUNTIA simulations
demonstrate a tremendous increase in global total N deposition over the last
century and a half corresponding to the expansion of industrialization, per
capita consumption of N, agriculture, and the world population. '
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For both the pre-industrial and contemporary N deposition scenarios, the
range of N deposition onto an ecosystem or vegetation type often spanned an
order of magnitude (Appendix 1, Tables 1 and 2). The range in deposition
rates was much narrower when a vegetation type covered less than 20 million
hectares within a latitudinal band. Because the lifetime of many reactive
nitrogen species is relatively short, hours to days for NHj3, 4.5 days for NH,
(Dentener & Crutzen 1994), and one day for NOy (Prather et al. 1995), a
large fraction of the N tends to be deposited near the location where it was
emitted. Some grid cells containing a specific vegetation type were located
near modeled sources while others were remote. The distribution of sources
and atmospheric dynamics thus determine the amount of N an ecosystem
receives through deposition. The vegetation type itself influences the amount
of N scavenged from the atmosphere via deposition velocity (see Equation
1). Vegetation may also influence deposition via emission. Some vegetation
types, like savannas, emit a great deal of NOj via soil emission and biomass
burning, and the NO, generated is mostly deposited back onto a savanna,
since the lifetime of NOy and its reaction products are rather short. Intensity
of emission, and vegetation interact with the short lifetime of these gases to
generate the within biome variability demonstrated by this coarse resolution
model. The simulated average rates of deposition onto the biomes should be
considered against this background of high spatial variability.

Model/measurement comparison

Globally, modeled and measured rates of N wet deposition were often
different. Modeled NO; deposition agreed well with measurements in the
United States (Figure 5a). By contrast, the model predicted fluxes of 50% of
the measured for NO; fluxes for the European wet deposition data (EMEP)
and the compilation of global measurements made by Dentener and Crutzen
(1994) (Figures 6 and 7a). Modeled NH, deposition followed a similar
pattern. For the U.S. network, the model predicted wet deposition fluxes of
NH; that were 97% of the measured wet deposition (Figure 4b). However,
the model predicted only 43% of the measured deposition for the European
network, and only 37% of the measured NH, deposition for the Dentener and
Crutzen (1994) global compilation (Figures 6b and 7b). In addition, the low »2
for the European (EMEP) NH, and NOy comparisons suggests that the model
was also unable to capture the correct spatial pattern of wet deposition. These
results suggest that model tends to underestimate wet deposition over Europe
and in remote areas, but agrees well with wet deposition measurements in the
U.S.

Incorrect partitioning of wet and dry deposition may explain some of the
discrepancies between the model and measurement data. In Europe, modeled
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Figure 4. Modeled pre-industrial (a) and contemporary (b) total global N deposition including
wet and dry deposition of both NOy-N and NHx-N. The results were generated using a model
of the troposphere, MOGUNTIA (Dentener & Crutzen 1994).

total deposition of NH and NO, corresponded to bulk precipitation measured
deposition (Figure 6a and b). However, bulk deposition measurements of NHy
and NO; are only 4-34% higher than wet-only deposition measurements,
because they do not fully capture dry deposition inputs. Thus, differences in
methodology offer only a partial explanation of model/measurement discrep-
ancies. To further examine the partitioning of wet and dry deposition, we
compared the spatially interpolated wet deposition over Europe and the U.S.
with estimated emissions, and the wet and dry deposition fluxes predicted
by this coarse resolution model (Table 4). Over both the United States and
Europe, dry deposition of NHy was 50% of total deposition, and dry deposi-
tion of NOy was 65 and 59% of total deposition for the U.S. and Europe,
respectively. By comparison, a recent WMO compilation of global deposition
measurements found dry deposition of oxidized N (HNO; and particulate

(b)
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Figure 5. Comparison of simulated NOy deposition in precipitation with measured wet NO7
deposition (a) and of simulated NHx deposition in precipitation with measured wet NHZ’
deposition (b) for the United States (NADP/NTN). The bars represent +/— standard deviation
of the measured annual N deposition for the sites within a single grid cell. The standard
deviation reflects only the spatial variation.
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Figure 6. Comparison of European (EMEP) measurements with simulated deposition. (a)
Comparison of simulated NOy wet deposition with measured wet NO;  deposition and
simulated NOy wet + dry deposition with measured bulk NO3 deposition rates, and (b)
Comparison of simulated NHy wet deposition with measured wet NHI deposition and simu-

lated NHyx wet + dry deposition with measured bulk NHI deposition rates. The bars represent
+/— standard deviation of the measured annual N deposition for all of the sites within a single
grid cell. The standard deviation reflects only the spatial variation.
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Figure 7. Comparison of simulated NOy wet deposition, wet + dry NOy deposition and meas-
ured wet NO3 deposition (a), and of simulated NHx wet deposition, wet + dry NHy deposition
total with measured wet NH}rL deposition (b) for the compilation of global measurements
(Dentener & Crutzen 1994).
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Table 4. Spatially integrated emissions, measured wet deposition from NADP/NTN and
EMEP, and modeled wet, dry and total deposition. More information on the measurements
and integration is provided in the methods section.

NOx/NOy NH3/NHyx NOx/NOy + NH3/NHx
TgNy™! TgNy™! TgNy™!
United States'
Emissions? 63 52 115
Measured wet 1.42 1.18 2.60
Deposition modeled:
wet deposition 0.94 1.04 1.98
dry deposition 1.72 1.03 2.75
total deposition 2.66 2.07 4.73
Europe3
Emissions? 6.07 52 11.27
Measured wet 2.34 3.96 6.30
Deposition modeled:
wet deposition 1.26 1.81 3.07
dry deposition 1.83 1.85 3.69
total deposition 3.09 3.66 6.76

! Land area of the U.S. considered is 7.7 million km~2.

2 Fossil fuel NOx emissions are according to Benkovitz et al. 1996 from the NAPAP and
EMEP inventories. NHsz emissions for the U.S. are for all of North and ‘Middle’ America
according to Dentener & Crutzen 1994.

3 Land area of Europe considered is 8.99 million km™2.

NOJ) to be 30-50% of wet + dry oxidized N deposition over the United
States, and 20-50% of wet + dry oxidized N deposition over Europe (Whelp-
dale et al. 1996; Whelpdale et al. 1997). The MOGUNTIA partitioning of
wet and dry deposition was more biased toward dry deposition, and likely
contributed to the model/measurement data discrepancy for NOy.

The partitioning hypothesis is consistent with the fact that these
MOGUNTIA simulations did not consider deposition of particulate nitrates.
There is a growing body of evidence that particulate nitrates (e.g. ammonium
nitrate) are present in significant amounts (Erisman & Draaijers 1995). The
deposition velocity of particulate nitrate is lower by a factor of 5-10; and
hence, wet deposition may be a more important removal mechanism. Under-
estimation of wet NH, deposition may be explained by problems in correctly
representing the oxidized sulfur cycle in MOGUNTIA, which is usually
referred to as the ‘oxidant limitation’ problem. An underestimate of NHj
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uptake on acidic sulfuric estimate may lead to an increased gas phase NHj
deposition, and incorrect partitioning of dry and wet deposition fluxes.

Another constraint on our understanding is provided by a look at the total
emission and deposition (wet + dry) budgets for the two regions where we
have measurements: the U.S. and Europe. Interestingly, estimated NH; and
NOy emissions for the U.S. are more than 2 times the total of interpolated
wet N deposition for both NH, and NO, deposition (Table 4). The Whelp-
dale et al. 1996 and 1997 compilations suggest that wet deposition in the
U.S. (and Europe) is between 50 and 70% of total deposition for oxidized N.
Thus, increasing integrated wet deposition by the fraction of dry deposition
provides a simple, albeit uncertain, way of estimating total N deposition.
Accordingly, the wet + dry oxidized N deposited onto the United States is
likely to be between 2.03 and 2.84 Tg NOy-N y~!. For the reduced species,
the picture is somewhat more complicated because the mechanism for atmo-
spheric removal depends on the emissions and the chemical environment
(Asman 1994). In areas of high emissions, the dominant removal is via dry
deposition, and in areas of low emissions, the dominant removal is via wet
deposition (Asman 1994). A single measurement suggests that wet deposi-
tion of NHj3 is 70% of total (Harrison & Allen 1991) and model calculations
suggest that wet deposition is between 56 and 86% of total deposition (Asman
& Van Jaarsveld 1992). Application of these multiplication factors (1/0.56
and 1/0.86) estimate wet + dry reduced N deposition onto the U.S. to be
between 1.37 and 2.11 Tg NH,-N y~!. Thus, we estimate total wet + dry
N deposition onto the United States, including both oxidized and reduced N
species, to be between 3.40 and 4.95 Tg Ny~ L,

In the U.S., spatially interpolated total (wet + dry) deposition meas-
urements are only 30-43% of the estimated emitted N, and modeled total
deposition onto the U.S. is only 53% of the emitted N. Simulated deposition
is sensitive to emission estimates (Dentener & Crutzen 1993; Dentener &
Crutzen 1994; Holland et al. 1997b; Holland & Lamarque 1997a). As pointed
out above, the emission estimates themselves are uncertain. For example,
Bouwman et al. 1997 estimates U.S. NHj3 emissions. to be 3.6 Tg NO,-N
y~! compared to the 5.2 Tg NH,-N y~! used in these simulations. The imbal-
ance between estimated N emissions and deposition measurements may be
explained by off-shore deposition of N. Using a simple model, Whelpdale
and Galloway (1994) argue that the U.S. exports 0.8-1.2 Tg of oxidized N
onto the North Atlantic. A more recent of estimate of the deposition onto
the North Atlantic Ocean (excluding the continental shelf) is higher at 4.3
Tg N with deposition onto the Carjbbean estimated to be another 4.3 Tg N
(Prospero et al. 1996). Inclusion of offshore export places total N deposition
within the uncertainty of the estimated emissions. An additional explanation
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may be that the measurement sites are located far from urban centers and
thus do not reflect the substantial impact that cities and metro-agro-plexes
have on regional N deposition patterns (Chameides et al. 1994). The most
likely scenario is that off-shore transport, uncertainties in emissions, and the
representativeness of the sites together contribute to the calculated imbalance
in the U.S. N deposition/emission budget.

Estimated NH; emissions for Western Europe are 1.24 Tg N greater
than the interpolated NHy; wet deposition measurements. Consistent with
the grid cell comparisons of Europe, modeled NHy wet deposition is less
than half of the interpolated NX, wet deposition (Table 4). Using the same
procedure described for estimation of US total NH deposition, wet + dry
NH, deposition onto Europe is between 4.60 and 7.07 Tg NH,-N y 1. Estim-
ated NH; emissions balances estimates of wet + dry NHy deposition within
the uncertainty of each. Emissions of oxidized N exceed wet + dry oxid-
ized N deposition estimates of 3.34—4.68 Tg NO-N y~! (calculating using
the procedure outlined for the U.S. The inclusion of the bulk precipitation
measurements may also contribute to balancing the emissions and deposition
budgets. Moreover, European wet deposition measurement sites may capture
some of the urban influence missed in the U.S. because the population density
is so much greater in Europe. In Europe, oxidized and reduced N emissions
come much closer to balancing N deposition given the substantial uncer-
tainties, and suggests that Europe exports much less of its N than does the
U.S.

Conclusions

The magnitude and spatial distribution of N deposition has changed substan-
tially over the last 150 years. The greatest rates of pre-industrial N deposition
were in the tropics, while contemporary rates of N deposition are highest
in NH temperate ecosystems. Some NH temperate ecosystems, cultivated
lands and mixed forest, receive 16 times more N now than they did before
industrialization, but the average increase in N deposition over NH temperate
ecosystems was four-fold. The fate of deposited N varies with ecosystem type
and degree of N loading. Contemporary NH temperate forests are able to
retain between 20 and 100% of the deposited N depending on the history of
N deposition, land use history, and soil texture (Aber & Driscoll 1997; Gosz
& Murdoch 1998; Nadelhoffer et al. in press; Nadelhoffer et al. 1995). The
NH grasslands and tundra are able to retain between 50 and 100% of the
deposited N, an ever greater proportion than forests (Gosz & Murdoch 1998).
The ability of cultivated lands to retain nitrogen is limited because the only
storage reservoir for nitrogen is soil organic matter which often declines with
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cultivation. Furthermore, agricultural lands are fertilized with N and may not
be able to retain the additional deposited N because these ecosystems are
already saturated with N (Holland 1997b; Townsend 1996). On cultivated
lands, the remainder of the nitrogen is removed through harvest, returned to
the atmosphere through trace gas production, or lost to groundwater, streams,
rivers, and oceans through runoff and leaching. The observation that large
quantities of N are deposited onto a relatively small area of cultivated lands
may partially explain the strong correlation between NO, deposition and
riverine N fluxes (Howarth et al. 1996; Howarth, this issue).

Our comparisons of measured and modeled deposition suggest that global
N deposition modeled by the Dentener and Crutzen 3-D chemical trans-
port model (1993 and 1994) may under-estimate deposition in some regions
when compared to measurements. Furthermore, examination of the U.S. and
European N emission/deposition budgets point out important imbalances. In
the U.S., estimated emissions exceed interpolated total deposition by 3-6 Tg
N, suggesting that substantial N is transported offshore and/or the remote
and rural location of the sites may fail to capture the deposition of urban
emissions. In Europe, interpolated total N deposition came much closer to
balancing emissions. Comparison of regional and global modeled deposition
with the available measurements will continue to provide critical tests of our
understanding of global and regional N cycles.
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