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ABSTRACT: Anthropogenic enrichment of reactive nitrogen
(Nr) deposition is an ecological concern. We use the adjoint of
a global 3-D chemical transport model (GEOS-Chem) to
identify the sources and processes that control Nr deposition
to an ensemble of biodiversity hotspots worldwide and two
U.S. national parks (Cuyahoga and Rocky Mountain). We find
that anthropogenic sources dominate deposition at all
continental sites and are mainly regional (less than 1000
km) in origin. In Hawaii, Nr supply is controlled by oceanic
emissions of ammonia (50%) and anthropogenic sources
(50%), with important contributions from Asia and North
America. Nr deposition is also sensitive in complicated ways to emissions of SO2, which affect Nr gas−aerosol partitioning, and of
volatile organic compounds (VOCs), which affect oxidant concentrations and produce organic nitrate reservoirs. For example,
VOC emissions generally inhibit deposition of locally emitted NOx but significantly increase Nr deposition downwind. However,
in polluted boreal regions, anthropogenic VOC emissions can promote Nr deposition in winter. Uncertainties in chemical rate
constants for OH + NO2 and NO2 hydrolysis also complicate the determination of source−receptor relationships for polluted
sites in winter. Application of our adjoint sensitivities to the representative concentration pathways (RCPs) scenarios for 2010−
2050 indicates that future decreases in Nr deposition due to NOx emission controls will be offset by concurrent increases in
ammonia emissions from agriculture.

■ INTRODUCTION

Reactive nitrogen (Nr) deposition has more than tripled since
preindustrial times primarily due to Nr production and release
from the agriculture and energy sectors.1 Because Nr is a
limiting nutrient in many ecosystems, this increase in Nr
deposition has been associated with greater net primary
productivity2−4 but also with threats to biodiversity5 through
pathogens,6 eutrophication,7 and loss of species adapted to low
Nr availability.8

Anthropogenic Nr is released to the atmosphere either as
nitrogen oxides (NOx ≡ NO + NO2), mainly from combustion,
or as ammonia (NH3), mainly from agriculture. NOx is oxidized
in the atmosphere to nitric acid (HNO3), which is rapidly
deposited, and to organic nitrates including peroxyacetylnitrate
(PAN), which can serve as reservoirs of Nr and facilitate its
long-range transport.9,10 NH3 is removed efficiently by wet and
dry deposition. NH3 also partitions into aerosols as ammonium
sulfate and ammonium nitrate, which makes it more resistant to
dry deposition. In this manner, the long-range transport and
deposition of Nr is coupled by atmospheric chemistry to other
emissions including volatile organic compounds (VOCs) and
sulfur dioxide (SO2).
The observation network for Nr deposition is sparse and

incomplete (e.g, dry deposition is generally not measured).
Therefore estimates of Nr deposition generally rely on chemical

transport models (CTMs), which relate sources to deposition
through atmospheric transport and chemistry and can be
evaluated with available observations.11,12 The processes
controlling Nr deposition at a particular receptor site can in
principle be fully characterized by perturbing successive source
regions, source types, and other processes in the CTM.12,13

However, this approach is in practice severely limited by the
computational expense of conducting a large number of CTM
simulations.
The adjoint of a CTM allows the sources and processes

controlling Nr deposition at a given receptor site to be
characterized more efficiently. Through a single adjoint
simulation, we can calculate the model sensitivity of Nr
deposition at a particular location to a very large number of
model variables for a cost comparable to that of a few forward
simulations.14,15 This technique has been applied previously to
characterize source−receptor relationships for NOx,

16

ozone,17−21 and black carbon.22

Here we use the adjoint of the GEOS-Chem global CTM to
determine the sources and other processes contributing to Nr
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deposition to an ensemble of “biodiversity hotspots” around the
world (Figure 1). Biodiversity hotspots are regions that exhibit
exceptional richness in flora and fauna but are undergoing
major loss of habitat.23,24 Elevated Nr deposition in these
hotspots is of concern.25 We focus on a representative global
subset of biodiversity hotspots: Cerrado (Brazil, 2 000 000
km2), Madagascar (600 000 km2), Mesoamerica (central
America, 1 100 000 km2), Volcanoes National Park in Hawaii
(1300 km2), Southwest China (260 000 km2), and Sundaland
(Malaysia and Indonesia, 1 500 000 km2). We also consider two
U.S. National Parks, Cuyahoga in Ohio (130 km2) and Rocky
Mountain in Colorado (1100 km2), where elevated Nr
deposition is of concern.26 Cuyahoga is located in the vicinity
of large anthropogenic sources of Nr, while Rocky Mountain is
more remote but highly sensitive to Nr deposition enrich-
ments.27,28

■ METHOD
We use the adjoint of the GEOS-Chem CTM, a community
open-source model v8.2.1 (www.geos-chem.org29). We focus
our analysis on 2006, for which Zhang et al.12 previously
reported a detailed analysis of GEOS-Chem Nr deposition in
North America including extensive comparison to observations.
GEOS-Chem is driven by GEOS-5 assimilated meteorological
data from the NASA Goddard Earth Observing System with
horizontal resolution of 0.5° × 0.67° and 72 vertical levels. We
degrade the horizontal resolution to 4° × 5° for use in GEOS-
Chem. Anthropogenic emissions of NOx and SO2 are from the
EDGAR inventory30 and NH3 emissions are from the GEIA
inventory.31 These global inventories are superseded by
regional inventories for the U.S. (EPA NEI05), Europe
(EMEP32), East Asia,33 Canada (CAC34), and Mexico
(BRAVO35). NOx is also emitted from biomass burning
(GFED236), soil,37,38 and lightning.39 Anthropogenic emissions
of NH3 have seasonal variations in the U.S.,12 Europe,40 and
Asia.41 Natural emissions of NH3 follow the GEIA inventory

and include emissions from soil, vegetation, and oceans.31

Table 1 summarizes the global emissions of Nr in the model.
Biogenic VOC emissions are from MEGAN v2.0.42

Dry deposition is calculated using a standard resistance-in-
series model38,43 applied to a surface-type database from
Olson44 that includes local information for the receptor regions
of interest. Annual mean daytime dry deposition velocities in
the contiguous U.S. in GEOS-Chem are 2.7 cm s−1 for gaseous
HNO3, 0.65 cm s−1 for NH3, and 0.15 cm s−1 for aerosol NH4

+

and NO3
−.12 Wet deposition is treated as described by Liu et

al.45 for aerosols and by Mari et al.46 for gases. Deposition is
treated independently of emission, assuming that atmospheric
and surface reservoirs are not locally coupled. Accounting for
this local coupling with a surface reservoir linked to the
atmospheric model47 would extend the spatial range of

Figure 1. Reactive nitrogen (Nr) deposition in selected biodiversity hotspots and U.S. National Parks (purple) as simulated by GEOS-Chem for
2006. Monthly mean deposition fluxes are shown for reactive nitrogen oxides (NOy in red) and reduced nitrogen (NHx in blue). The fraction of Nr
removed via wet deposition is shown in green. For Hawaii, Madagascar, and Sundaland, the monthly Nr deposition fluxes have been multiplied by
the indicated factor in order to fit on the common scale.

Table 1. Global Sources of Reactive Nitrogen in GEOS-
Chem (2006)

source type Tg N a−1

NOx fuel combustion 27.8
fossil fuel (surface) 25.7
biofuel 1.6
jet fuel 0.5
soil 6.9
open fires 5.1
lightning 2.3
fertilizer 0.6
total 42.7

NH3 agriculture 36
naturala 14.3
open fires 5.3
biofuel 1.6
total 57.2

aOcean, soil, and excreta from wild animals.
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influence of sources through the re-emission process (grass-
hopper effect).
The model chemistry of NOy ≡ NOx + NO3 + 2N2O5 +

HONO + HO2NO2 + organic nitrates is based on Horowitz et
al.48 with updates summarized by Zhang et al.12 PAN, higher
peroxyacylnitrates, and alkyl nitrates are treated explicitly.
Following Paulot et al.,20 we assume that isoprene nitrates are
rapidly oxidized, behaving like a temporary NOx reservoir
rather than a sink. Formation of sulfate−nitrate−ammonium
aerosol is simulated with the RPMARES thermodynamic
equilibrium model.49 The model also includes heterogeneous
uptake on aerosols of N2O5 (N2O5 → 2HNO3

50), NO2 (2NO2
→ HONO + HNO3, γ = 10−4 51), and NO3 (NO3 → HNO3, γ
= 10−3 51).
Table 2 compares the GEOS-Chem Nr deposition fluxes for

the selected receptor regions to those from the TM3 CTM25

and to available observations. There is generally good
agreement between model and observations. The model is a
factor of 2 too low at Rocky Mountain National Park but that
could reflect topography not resolved on the coarse model grid
scale. A nested high-resolution version of GEOS-Chem shows
no such bias.52 It is a factor of 2−3 too high in Sundaland,
which suggests an overestimate of the biomass burning source.
More detailed evaluations of similar GEOS-Chem versions as
used here (including the same emissions) are presented by
Fisher et al.41 and Zhang et al.12 Zhang et al.12 conducted an
extensive full-year 2006 comparison for North America with
NHx and NOy atmospheric data and wet deposition fluxes.
They found good agreement for wet deposition fluxes of NO3

−

(annual normalized mean bias (ANMB) = 8%), NH4
+ (ANMB

= 1.2%), as well as for HNO3 (ANMB = 18%). CASTNeT
calculations of HNO3 dry deposition rates53 are about twice

lower than GEOS-Chem but do not account for the diurnal
correlation between HNO3 concentration and dry deposition
velocity and are thus likely biased low. Fisher et al.41 compared
GEOS-Chem NH4

+ wet deposition fluxes to observations in
Europe and East Asia in the spring of 2008 and found biases of
less than 10%.
Figure 1 shows the simulated Nr deposition at the different

receptor sites considered here. NHx is the dominant
contributor except at continental U.S. sites. Total Nr deposition
is highest at Cuyahoga and Southwest China, reflecting large
anthropogenic sources, and at Sundaland, reflecting large fires
in Indonesia during a moderate El Niño.54 Tropical sites show
little seasonality (except for biomass burning) as dry deposition
compensates for the low wet deposition during the dry season.
Overall the wet contribution to total deposition is about 50%.
The contribution of wet deposition to Nr deposition shows a
strong seasonal cycle at tropical sites (Madagascar, Cerrado,
and Mesoamerica), with a well-defined minimum during the
dry season (20% in Cerrado). In Hawaii, wet deposition
accounts for ∼80% of Nr deposition throughout the year.
The model adjoint provides a computationally efficient way

to derive the sensitivity of a given model variable (here the Nr
total deposition flux) to a large ensemble of model parameters
(here emissions and reaction rate constants). Briefly, at every
time step we can write cn = F(cn−1), where cn is a vector
describing the concentration of the different chemical species
simulated by the GEOS-Chem at time step n and F is the
GEOS-Chem operator. If a response metric J is a function of cn,
such as total deposition flux, it can be shown using the chain
rule that the gradient of J with respect to the model parameters
p is given by ∇pJ = ∑i = 1

n ((∂ci)/(∂p))
T ∇ciJ where ∇ciJ =

∏j = 1
n−1((∂cj+1)/(∂cj))

T((∂J)/(∂cn))
T. In the adjoint model this

product is evaluated from right to left, by propagating model
sensitivities backward in time. In this manner, the ensemble of
model sensitivities of a model response to a large number of
parameters p can be obtained by a single execution of the
adjoint model. The adjoint of GEOS-Chem has been described
before55 and applied previously to diagnose the sensitivity of
model concentrations to sources.17,56 As part of this work, we
constructed the adjoint component relating deposition flux to
local concentrations ((∂J)/(∂cn))

T in the above equation).
Adjoint simulations are conducted here for each receptor site

of Figure 1 with J defined as the total Nr deposition in the
receptor site. We explore seasonal differences in the factors
driving Nr deposition (Figure 1) by applying the adjoint
analysis to the months of January and July 2006 for the
northern hemisphere regions and to the months of April and
October 2006 for the southern tropical regions. The receptor
variable is the total Nr deposition to the region for that month
and the model parameter sensitivity variables are the mean
values for that month and the preceding month. We calculate
the sensitivity of Nr deposition to the grid-resolved emissions
of NOx and NH3 from each source type as well as to non-Nr
emissions (VOCs and SO2) and chemical rate constants.
Similar to Paulot et al.,20 we report the sensitivity of J to
processes occurring in the months under consideration and in
that preceding it. In the interest of readability, we will refer to
the sensitivity of Nr deposition to a specific Nr source as the
“contribution” from that source. We find that the sum of
adjoint sensitivities to Nr emissions closely matches total Nr
deposition (Supporting Information, Figure S1), implying that
the relationship between Nr sources and deposition is indeed

Table 2. Annual Nr Deposition (kg N ha−1 a−1) in Receptor
Regionsa

models

receptor region
GEOS-Chem (this

work) TM3b observations

Northern Hemisphere
Cuyahoga NP 15.9

wet NH4
+ 3.2 3.2c

wet NO3
− 3.2 2.8c

Rocky Mountain
NP

3.6

wet NH4
+ 0.6 1.0d

wet NO3
− 0.6 1.1d

Mesoamerica 4.4 4.5
Southwest China 12.3 10 (10−20e)
Hawaii 0.8 0.5
Southern Hemisphere
Cerrado 4.8 6
Madagascar 2.4 2
Sundaland 14.2 4

wet NH4
+ 4.5 1.5f

wet NO3
− 2.9 1.4f

aGlobal biodiversity hotspots and U.S. National Parks (Figure 1).
Values are for 2006 except TM3 (mid 1990s). bPhoenix et al.25 cSite
OH71 of the National Atmospheric Deposition Program (NADP;
https://nadp.isws.illinois.edu/). dSite CO19 (NADP). eFrom the
regional model of Lü and Tian.57 fAverage of sites Danum Valley and
Tanah Rata of the Acid Deposition Monitoring Network in East Asia
(EANET; http://www.eanet.cc/product/index.html).
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close to linear. Greater nonlinearity is to be expected in the
relationship of Nr deposition to non-Nr emissions. Our results
are for a single year (2006). Previous work for North America
shows little interannual variability of Nr deposition in GEOS-
Chem,12 although larger variability would be expected in the
tropics from biomass burning. In particular, 2006 biomass
burning emissions in Southeast Asia (affecting Sundaland) were
anomalously high.54

■ RESULTS AND DISCUSSION
Source Attribution. Figure 2 shows the spatial footprint of

the anthropogenic Nr sources (fuel combustion and

agriculture) contributing to Nr deposition (map) as well as
the contribution from the different Nr sources (pie charts). The
contribution of natural emissions to Nr deposition can be
further separated into a local component, where Nr is simply
recycled within the ecosystem, and an external component,
where Nr is transferred between ecosystems or generated by

lightning. For our purpose we define the local component as
that originating from the same 4° × 5° grid squares as the
receptor region. Only in Hawaii and Sundaland are natural
external Nr sources comparable to or greater than anthro-
pogenic inputs. Soil NOx generally provides 10%−25% of the
external natural Nr input with maximum contribution in Rocky
Mountain (50%) and negligible contribution in Hawaii.
Lightning NOx provides over 50% of the external natural Nr
input at tropical/subtropical sites but less than 10% at
midlatitude sites. The biomass burning contribution is small
except in Sundaland (90%). In Hawaii, oceanic emissions of
NH3 account for over 85% of the natural Nr input but this
source is very uncertain. Considering that Hawaiian ecosystems
can be Nr-limited,58 there is a need to better understand this
oceanic source. In the following, we focus on the footprint of
the anthropogenic perturbation to Nr deposition.
Anthropogenic contribution to Nr deposition ranges from

40% (Hawaii) to over 90% (Southwest China), highlighting the
anthropogenic perturbation to the nitrogen cycle worldwide.
Sundaland during the biomass burning season is an exception
with anthropogenic sources accounting for less than 10% of Nr
deposition. Most of the Nr deposition to the continental
receptor regions originates from sources within that region or
nearby (500 km footprint). The footprint extends further in
winter at Cuyahoga and Rocky Mountain because of slower
oxidation of NOx to HNO3. The US account for 30−40% of
the anthropogenic NOy deposited in Mesoamerica, and India
accounts for 7−13% of the anthropogenic Nr deposited in
Southwest China.
Intercontinental transport makes little contribution to Nr

deposition except at Hawaii, consistent with the previous model
study by Sanderson et al.13 For example, Asian anthropogenic
sources account for only 7% of NHx deposition at Rocky
Mountain and 3% at Cuyahoga. At Hawaii, however, trans-
pacific transport accounts for ∼40% of the anthropogenic Nr
deposition, with a marked seasonal shift between winter and
summer sources that reflects changes in the position of the
North Pacific anticyclone.59 In winter, sources are dominated
by Asia with China and India contributing, respectively, 19%
and 10% of the anthropogenic Nr. In contrast, in summer, the
U.S. and Mexico together contribute ∼30% of the anthro-
pogenic Nr deposition.

Sensitivity to Non-Nr Sources. SO2 emissions affect the
deposition of Nr through the formation of sulfate−nitrate−
ammonium aerosol, changing the partitioning of Nr between
the gas and particle phases. Figure 3 shows the sensitivity of Nr
deposition to SO2 emissions (blue bars) relative to NH3
emission. The effect can be large, up to 30% at Cuyahoga in
winter, and variable in sign. Greater SO2 emissions increase the
fraction of NHx in the particle phase as ammonium, which
generally lengthens the NHx lifetime as particles are more
resistant to dry deposition. Thus sources of SO2 located outside
of receptor regions generally increase Nr deposition in these
regions (e.g., SO2 sources in the U.S. for summertime
Mesoamerica), while SO2 emissions located within the receptor
region tend to favor Nr export (e.g., wintertime Mesoamerica).
However, increasing SO2 emissions can also promote the
volatilization of nitrate, particularly in winter, and hence
increase its local deposition as HNO3 as gaseous HNO3
deposits faster than particulate nitrate.12 This explains the
large positive sensitivity at Cuyahoga during that season.
Figure 3 also shows the response of Nr deposition to

increasing emissions of anthropogenic VOCs (AVOCs, red)

Figure 2. Source contributions to nitrogen deposition for the different
receptor regions of Figure 1. The maps show the anthropogenic
footprints as the fractional contribution of anthropogenic Nr emissions
in each 4° × 5° grid cell to the anthropogenic Nr deposition (in %) in
the receptor regions. The sum of all the contributions amounts to 99%
of the anthropogenic component of Nr deposition. Pie charts indicate
the relative contribution of different Nr source types to the total Nr
deposition. The total monthly Nr deposition flux for the region (in kg
N ha−1 month−1) is shown in inset.
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and biogenic isoprene (green). VOCs affect Nr deposition by
changing OH and ozone concentrations (thus changing the
lifetime of NOx against oxidation to HNO3) and by converting
NOx to organic nitrates that do not deposit as readily as HNO3.
The transport of these organic nitrates and the subsequent
release of NOx far from its point of origin9 causes the positive
response of Nr deposition in Hawaii to global VOC emissions.
In contrast, in low-NOx regions such as Cerrado, OH depletion
by isoprene photooxidation slows down the oxidation of NOx
to nitric acid and enables the conversion of a large fraction of
NOx to isoprene nitrates,20 causing a large negative sensitivity
of Nr deposition to isoprene emission.
We see from the above discussion that the sensitivity of Nr

deposition to SO2 or VOC emissions can change sign
depending on the chemical environment and the distance of
these emissions from the receptor region. Thus, the spatially
integrated sensitivities shown in Figure 3 often reflect some
cancellation between positive and negative regional depend-
ences. This is illustrated in Figure 4 with the sensitivity of NOy
deposition to spatially resolved isoprene emissions at Cuyahoga
(circle) in summer. Emissions of isoprene in the Northeast
U.S., close to Cuyahoga, inhibit NOy deposition while large
upwind emissions in the U.S. Southeast increase it.
The large positive sensitivity of NOy deposition to AVOC

emissions at Cuyahoga in winter (Figure 3) reflects the
importance of AVOCs in driving ozone production under NOx-
saturated conditions,60 in turn promoting NO3 formation from
the reaction of NO2 with ozone. This favors the production of
N2O5, hydrolysis of which is the primary source of HNO3 in
winter midlatitudes.61 Such polluted wintertime conditions also
cause Nr deposition to depend on chemical rate constants in
nonobvious ways. The sensitivity to the N2O5 reactive uptake
probability (γN2O5

) is small (<1% of the sensitivity to NOx

emissions) because its formation is limited by NO3. We find
that a decrease in the reaction rate coefficient for OH + NO2

62

would increase Nr deposition (∼−45% of the sensitivity to
NOx emissions). Though OH + NO2 is a source of nitric acid, it
is also a sink of hydrogen oxide radicals (HOx) and thus limits
ozone production. We also find a large positive sensitivity
(∼40% of the sensitivity to NOx emissions) to the reactive
uptake probability of NO2 on aerosols (2NO2 → HONO +
HNO3). The most important impact of this reaction on Nr
deposition is indirect: it contributes ∼45% of HOx production
at Cuyahoga in the wintertime and thus promotes the
production of N2O5. Recent laboratory studies63−66 suggest

Figure 3. Sensitivity of Nr deposition to global non-Nr emissions, expressed as percentages of the sensitivity to NH3 emissions (for SO2 (blue)) and
of the sensitivity to NOx emissions (for anthropogenic VOCs (AVOCs, red) and isoprene (green)) in January/April and July/October at northern/
southern hemisphere sites. Note the difference in scales among panels.

Figure 4. Sensitivity of NOy deposition in July at Cuyahoga National
Park (black circle) to spatially resolved isoprene emissions. The grid-
resolved sensitivity to isoprene emissions is divided by the sensitivity
to collocated NOx emissions. The sum of the absolute individual
sensitivities shown here amounts to 90% of the overall absolute
sensitivity of Nr deposition to isoprene emissions (see Figure 3).
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that the NO2 reactive uptake probability of 10
−4 used in GEOS-

Chem may be more than 1 order of magnitude too high.
Uncertainty in the wintertime sources of HONO67 could
contribute to the overestimate of nitrate deposition and
concentration in GEOS-Chem.12,68

Future Projections. The Intergovernmental Panel on
Climate Change (IPCC) has recently adopted four global
gridded emission projections for the 21st century as
Representative Concentration Pathways (RCPs) designed to
achieve a certain radiative forcing cap by 2100.69 The RCP
scenarios are defined by the magnitude of this cap (for example,
RCP2.6 assumes a cap of 2.6 W m−2). In these scenarios, future
NOx emissions decrease in response to stringent emission
controls in the U.S. and Europe,70,71 while NH3 emissions
continue to increase because of the world’s growing demand for
food (Supporting Information, Figure S1). The source−
receptor relationships calculated from the adjoint model allow
us to readily estimate the response of Nr deposition to these or
other emission projections, assuming that the response is linear
and time-invariant and that the meteorology does not change.
We find in our work that the sum of adjoint sensitivities to Nr
emissions closely matches total Nr deposition (Supporting
Information, Table S1), implying that the relationship between
Nr sources and deposition is indeed close to linear.
Figure 5 shows the projected changes in Nr deposition out to

2050 for Cuyahoga, Rocky Mountain, and Southwest China for
the four RCP scenarios. Nr deposition in Southwest China is
expected to increase by ∼20% in the next decade in all
scenarios. In the 2020s, Nr deposition decreases in the RCP4.5
and RCP8.5 scenarios reflecting the widespread adoption of air
pollution regulations. However, in the RCP6 scenario, delayed
regulation of industrial emissions results in an increase of Nr
deposition by ∼75% by 2050. Nr deposition is expected to
decrease at the U.S. sites except in the RCP8.5 scenario,
consistent with the results of Lamarque et al.72 due to lower
NOx emissions. By 2030, in all scenarios, NHx is predicted to
be the largest contributor to Nr deposition at Cuyahoga. As a
result, Nr deposition improves much less after 2025. At the
Rocky Mountain site, increasing NH3 emissions result in
increasing Nr deposition in the RCP8.5 scenario. For both
national parks, Nr deposition will continue to exceed the
ecoregion critical load (3−8 kg N ha−1 a−1 at Cuyahoga ; 3 kg
N ha−1 a−1 at Rocky Mountain73) in the coming decades.
Decrease of agricultural NH3 emissions will become necessary
after 2020 to significantly diminish Nr deposition.
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