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Abstract. National parks in the United States are protectedsome regions. We find that 17—25 US national parks will have
areas wherein the natural habitat is to be conserved for fuCL exceedances in 2050 based on the RCP8.5 and RCP2.6
ture generations. Deposition of anthropogenic nitrogen (N)scenarios. Even in total absence of anthropogenig &i@is-
transported from areas of human activity (fuel combustion,sions, 14-18 parks would still have a CL exceedance. Re-
agriculture) may affect these natural habitats if it exceedsturning all parks to N deposition below CL by 2050 would
an ecosystem-dependent critical load (CL). We quantify andrequire at least a 50 % decrease in US anthropogenig¢ NH
interpret the deposition to Class | US national parks foremissions relative to RCP-projected 2050 levels.
present-day and future (2050) conditions using the GEOS-

Chem global chemical transport model with1422/3° hor-

izontal resolution over North America. We estimate CL

values in the range 2.5-5kgNtayr—1 for the different 1 Introduction

parks to protect the most sensitive ecosystem receptors. For

present-day conditions, we find 24 out of 45 parks to be in CLNitrogen (N) deposition has greatly increased over the last
exceedance and 14 more to be marginally so. Many of thes€entury due to fossil fuel combustion and production of in-
are in remote areas of the West. Most (40_85 %) of the de_dustrial fertilizer (Aber et a.l., 2003; Fenn et a.l., 2003b,
position originates from NQemissions (fuel combustion). Galloway et al., 2004). Excess deposition of N to natural
We project future changes in N deposition using represen£c0systems can decrease biodiversity, disrupt soil nutrient
tative concentration pathway (RCP) anthropogenic emissior¢ycling, and cause acidification and eutrophication of wa-
scenarios for 2050. These feature 52—-73% declines in U4ers (Driscoll et al., 2001; Fenn et al., 2003a; Galloway et
NO, emissions relative to present but 19-50 % increases irftl-» 2003). This excess deposition is of particular concern in
US ammonia (NH) emissions. Nitrogen deposition at US US national parks, where legislation dictates that natural re-
national parks then becomes dominated by domestig NH Sources be preserved unimpaired (NPS, 2001). Here we use a
emissions. While deposition decreases in the East relative thested continental/global chemical transport model (GEOS-

present, there is little progress in the West and increases iffhem CTM) to examine the sources and processes contribut-
ing to present and future (2050) N deposition to US national
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Table 1. GEOS-Chem N@and NH; emissions over the contiguous The National Park Service (NPS) was established in 1916

US for 2006. under the Organic Act, which states as fundamental for na-
tional parks to “conserve the scenery and the natural and his-
Source  Emission (TgNyr) toric objects and wildlife therein, and to provide for the en-
NOy Fuel combustiof 50 joyment of the same in such manner and by such means as
Aircraft 0.13 will leave them unimpaired for the enjoyment of future gen-
Lightning 0.56 erations” (NPS, 2001). Perturbation of park ecosystems by
Soil 0.40 anthropogenic N deposition violates this charter. However,
Fertilizer 0.13 the NPS has no authority to control sources outside of the
Wildfires 0.05 lands that it manages. The N deposited to NPS lands may
Total 6.3 originate hundreds or thousands of kilometers away, which
complicates source attribution and regulation. There is a cur-
NH3  Anthropogenié 2.8 rently a concerted effort between the NPS, the US Environ-
Wildfires 0.04

mental Protection Agency (EPA), and the state of Colorado

Other naturdl 0.52 to protect resources at Rocky Mountain NP from N deposi-
Total 3.3 tion (Porter and Johnson, 2007; RMNPI, 2007).
2 Transportation (vehicles), energy production, and Determmmg the |.mpact of anthropogenic N dgposmon in
industry:5 agriculture (fertilizer and animals), national parks requires some knowledge of the link between
transportation, and biofuef;soil, vegetation, and deposition and ecosystem response. This can be expressed

ocean . . .
in terms of a critical load threshold, as an annual deposi-

tion flux in kg N ha®yr—1, below which significant ecosys-

parks, identifying parks that exceed thresholds for detrimentem damage does not occur. Research on N deposition and
tal ecosystem impact. critical loads has been carried out at a number of national

Elevated N deposition from human activity is mainly parks (Porter and Johnson, 2007). A focused field intensive
driven by emissions of nitrogen oxides (N&@ NO+NO,)  supported by regional modeling was conducted for Rocky
and ammonia (NB) (Table 1). NQ is produced in combus- Mountain NP during the Rocky Mountain Airborne Nitrogen
tion by oxidation of atmospheric Nand fuel nitrogen. It is ~ and Sulfur Study (ROMANS) in spring—summer 2006 (Beem
oxidized in the atmosphere on a timescale of a day to nitricet al., 2010; Gebhart et al., 2011; Rodriguez et al., 2011).
acid (HNG;), which is removed rapidly by wet and dry de- Measurements of dry deposition are particularly difficult and
position. The major source of NHs from livestock manure.  limited. A continental-scale model analysis evaluated with
NHjs is also produced industrially as fertilizer from reaction relevant observations, as presented here, can provide a gen-
of N2 and H (Haber-Bosch process). Part of this Ml lost eral perspective on N deposition to US national parks as well
to the atmosphere upon fertilizer application. Soil cycling of @s projections for the future.
fertilizer N is also a source of NQNHj3; is removed rapidly
from the atmosphere by wet and dry deposition, similarly
to HNOs. Both HNG; and NH; can partition into particles, 2 Methods
promoting long-range transport as particle dry deposition is
slow. We use the GEOS-Chem CTM v9-01-Ohttp://www.

Emissions (2006) in the contiguous US are estimateddeos-chem.ongin a continental-scale simulation of North
to be 6.3TgNal for NOx and 3.3TgNal for NHj, America with 1/2 x 2/3° horizontal resolution, nested
with anthropogenic sources contributing about 85 % of thewithin a global simulation with 2x 2.5 resolution (Chen
total for both species (Zhang et al., 2012). N@mis- €t al., 2009) and driven by GEOS-5 meteorological data
sions have decreased by 55% from 1992 to 2012 (NEI:for 2006-2008 from the Goddard Earth Observing System
http://www.epa.gov/ttnchiel/trendsfiue to national regula- (GEOS) of the NASA Global Modeling and Assimilation
tions targeting ground-level ozone and acid depositiong NH Office. Our simulation largely follows the work of Zhang
emission trends are more uncertain although measuremengs al. (2012), who used the same nested modeling approach
of ammonium (Nl—I) wet deposition fluxes provide useful Wwith GEOS-Chem v8-02-03 to estimate N deposition over
constraints (Gilliland et al., 2006; Pinder et al., 2006; Zhangthe US for 2006-2008. The reader is referred to that paper
et al., 2012), these measurements show a statistically signififor a detailed model description; here we will only give a
cant increase nationally over the past four decades (Lehmanbrief summary and elaborate on the differences.
etal., 2007). Recently, Xing et al. (2012) developed spatially Table 1 gives total 2006 NOand NH; emissions for
resolved emission inventories for the US from 1990 to 2010the US, which are 5% lower for NOthan Zhang et
and found NH emissions to have increased by 11% overal. (2012) and 10% higher for NHdue to the use of
that period. slightly different interannual scaling factors for anthro-

pogenic sources. Figure 1 (top) shows the distribution
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Fig. 1. NOx and NH; emissions in North America for 2006 and 2050. Numbers inset give contiguous US totals (T§NYear 2050
emissions are from the RCP8.5 and RCP2.6 scenarios (see text).

of emissions. Anthropogenic emissions for the US are Zhang et al. (2012) presented an extensive evaluation of
based on the EPA National Emission Inventory for 2005 GEOS-Chem N deposition with observations over the United
(www.epa.gov/ttnchiel/net/2005inventory.hfmithe CAC  States for 2006 including comparisons with the NADP net-
inventory for Canada www.ec.gc.ca/inrp-nprj/ and the  work (wet deposition), the IMPROVE and CASTNet net-
BRAVO inventory for Mexico (Kuhns et al., 2005). Previ- works (NG; and NH{ aerosol concentrations, HNQyas
ous studies have revealed regional/seasonal underestimatesncentrations), N&columns from the OMI satellite instru-
of NH3z emissions in GEOS-Chem (Fisher et al., 2011; Healdment, and other data. We focus our model evaluation here on
et al., 2012; Walker et al., 2012; Zhu et al., 2013). A global the wet deposition flux data in the US national parks.
inversion of wet deposition flux data by Paulot et al. (2013b) The National Atmospheric Deposition Program (NADP;
using GEOS-Chem yields an optimal NHmission esti-  http:/nadp.sws.uiuc.efluneasures wet deposition of NO
mate of 2.8 TgNyr! for the contiguous US, as compared and NHf at 29 of the 45 parks in the contiguous US. Fig-
to 3.3TgNyr* used here. ure 2 compares simulated and observed nitrates(Nénd
Nitrogen deposition in the model includes wet and dry gmmonium (NH) wet deposition fluxes for 2006-2008 at
contributions from NQ (NOx + nitrates) and N (NH3 9as  the ensemble of Class | US national park sites with NADP
+ NH; aerosol). Zhang et al. (2012) give a breakdown of themonitors. The model shows strong correlation with observa-
contributions of different processes to deposition averagedjons for both species and no significant national bias. Zhang
over the continuous US: wet NO(20 %), wet NH; (20%), gt al. (2012) found similar agreement in their comparisons for
dry NOy (44 %), and dry NK (16 %). Most of the dry NQ  the ensemble of NADP sites, with some degradation when
deposition is as HN@ Updates to the GEOS-Chem wet de- ¢onsjdering seasonal variations. The highest wet deposition
position simulation in v9-01-01 include allowance for rainout fi,yes in Fig. 2 are at Cuyahoga Valley NP in Ohio, both
and washout to occur in the same model grid box (Wang €{, the model and in the observations. At this site the model
al., 2011). This does not change significantly the depositiong 35 o4 too high for NG, which is mostly a winter bias and
patterns compared to Zhang et al. (2012). may be related to model chemistry (Zhang et al., 2012; Paulot
et al., 2013a). Wet deposition over California is relatively

www.atmos-chem-phys.net/13/9083/2013/ Atmos. Chem. Phys., 13, 9GE®5 2013
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Fig. 2. Annual mean wet deposition fluxes of nitrate (oand ammonium (NE{I) for 2006—2008. GEOS-Chem model results (background)

are compared to observations from the National Atmospheric Deposition Program (NADP) at national parks (circles). Scatterplots are given
in the right panels with correlation coefficients (reduced-major axis regression slopes,(and bootstrap errors on the slopes in green.

The 1: 1 line is also shown as dashed. Note that not all national parks have NADP monitors.

low in the model and observations, even though emissiongosition do not include organic N except for organic nitrates
are high, because of low precipitation. Deposition there isoriginating from NQ atmospheric oxidation, and these ac-
mostly in dry form as will be discussed below. count for less than 10 % of total NQleposition (Zhang et
al., 2012). For a comprehensive discussion of the concept
and use of CLs we refer the reader to Porter et al. (2005),
Groffman et al. (2006), and Burns et al. (2008).

Information on CLs in national parks is sparse, and often
. . “needs to be extrapolated from data in other regions. Recently,
pf an exposure to one or more pollutantg pelow which signif- Pardo et al. (2011a) synthesized research on N deposition ef-
icant harmful effects on specified sensitive elements of thefects on ecosystems. They estimated CLs in the US for Level
environment do not occur according to present knowledge"l Ecoregions as defined by the Commission for Environmen-
(Nilsson and Grennfelt, 1988). For a given national park, dif- tal Cooperation (CEC, 1997). They reported a range of CLs
ferent CLs may apply depending on the specified element or each ecoregion inéluding multiple receptors.
commonly referred t(_) as receptors _(Pardo et al., 2011b). For Here, we set the CL for a national park as the CL for
example, CLs are different for alpine lakes (Baron, 2006;the most sensitive ecosystem receptor identified in the cor-

Sa(rjofs et ?l'.’ 2011), ftort_llchensdm f(.JIresés (Geiser ?t ?I"Zzé)llzo)responding ecoregion. Our rationale is that the parks need by
2nL or a ;?medvege S ion an soi sf(hOW";aln ?f a = )-statute to be fully protected in their natural state. Often, the
S cah also depend on the type o narmtul ect. For &) tor 5 receptor includes a range of values that represent
_amp_le, in alpine lakes, different CLs might apply for_chang_esdifferent responses to N deposition (Pardo et al., 2011a). We
in diatom assemblages gnd for surface water aC|d|f|cat_|or{hen choose the low end of the range to provide the most con-
(Bafof" 2006). CLS for nitrogen are normaII_y based On IN°sepvative estimate. Pardo et al. (2011a) also gives confidence
organic N deposition, because very few studies report NPUe\ s for the range of CL values. For the receptors used here
) 0 ,

of organic N (Pardo et al., 2011a). More than 20 % of total N the confidence levels are either in the reliable or fairly reli-

deposition at Rocky Mountain NP could be from organic N able category. The lowest CL across Level | Ecoregions is

(Beem et al,, 2010). Thus CL estimates are likely ConsF“r\’a’generally for lichens, which are highly N sensitive (Geiser

tive (Cape et al., 2011). Our GEOS-Chem estimates of N de-

2.1 Critical loads

The critical load (CL) is defined as “the quantitative estimate

Atmos. Chem. Phys., 13, 90836095 2013 www.atmos-chem-phys.net/13/9083/2013/
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We find that NH, accounts for 54 % of total N deposition at
Rocky Mountain NP, which agrees with the value of 57 %
from the ROMANS experimental study (Beem et al., 2010).

The bottom panel in Fig. 4 gives the percent contribution
of wet deposition to total N deposition. Values in the na-
tional parks range from 10 to 70 %. They reflect not only the
frequency of precipitation but also the fraction contributed
by ammonia, since the wet/dry deposition ratio is higher for
NHy than for NG, (Zhang et al., 2012). Our results for Rocky
Mountain NP agree with the experimental study of Beem et
al. (2010), which found most of the deposition there to be
wet. However, we see from Fig. 4 that dry deposition domi-
nates for most national parks.

Most of the present-day N deposition to US national parks
Fig. 3.CL values for nitrogen deposition in different US ecoregions, is anthropogenic in origin according to GEOS-Chem. Zhang
based on estimates from Pardo et al. (2011a) to protect the mosét al. (2012) previously estimated that domestic anthro-
sensitive ecosystem elements. White circles indicate locations opogenic emissions contribute 81 % of N@eposition and
US national parks. See text for details. 71 % of NH, deposition over the contiguous US on an annual

basis, with natural source contributions ranging from 10 %
in the northeast to 30 % in the Intermountain West. Paulot et

et a!., 2.010)' Changes to lichen communities may signal theﬁl_ (2013a) used the adjoint of GEOS-Chem to determine the
beginning of other ecosystem changes that can eventually al-

ter the function and structure of the community as a whole>0Ur¢es co_ntrlbut_mg toN dep03|_t|on in biodiversity hotspots
worldwide including two US national parks, Rocky Moun-

(Pardo et al., 2011a). It is conceivable that our CL estimate:iain and Cuyahoga Valley. They found N deposition at these

may still be too high, considering that long-term effects are . . L
" wo parks to be mainly of domestic anthropogenic origin.
poorly understood and the most sensitive receptors may not _. .
Figure 5 (top) gives present-day CL exceedances over

have been identified (Pardo et al., 2011a). the contiguous US by comparing present-day N deposition
Figure 3 shows our CL estimates for the US, mapped onto 9 y paring p y b

the 1/2 x 2/3° grid of GEOS-Chem. Table 2 shows the val- (Fig. 4) to the CLs in Fig. 3. White areas have N deposi-

ues for each of the national parks. Values are in the range 2.5t—Ion below the CL. Colored areas have CL exceedance by

5kgNhalyrL, lower than the 10kgNhayr-1 value the indicated amount. We find that deposition exceeds the

commonly assumed in N deposition modeling StudiesCL at 24 parks, indicated by the red circles in Fig. 5. An

(Lamarque et al., 2005; Dentener et al., 2006) but based oﬁldd'tlonal 14 parks fall into what we call a "marginal CL

- exceedance” category, as they would have a CL exceedance
less sensitive European ecosystems (Pardo et al., 2011a). based on the mogelydepositi)cl)n in an adjacent ¥/2/%°

model grid square~ 50 km away).
3 Nitrogen deposition and critical load exceedances The highest CL exceedance (15kgNhgr=t) is for

Cuyahoga Valley NP in Ohio. The CL exceedance is also
Figure 4 (top) shows GEOS-Chem total annual N deposi-high for all other parks in the eastern US except southern
tion (wet+ dry) for 2006, which we take as representative Florida (marginal). Many national parks in the Intermoun-
of present day. There is little 2006—2008 interannual vari-tain West also have a CL exceedance or are marginal, in-
ability in the model (Zhang et al., 2012). Table 2 shows thecluding all California parks except Death Valley. Our re-
amount of N deposition simulated by the model for each ofsults for California are similar to Fenn et al. (2010), who
the 45 Class | national parks in the contiguous US. Deposiused simulations with the CMAQ regional CTM to diag-
tion exceeds 10kgNhayr—1 in much of the eastern US nose areas with CL exceedance. They used a lichen-based
and is typically 1-5kgNhatyr—1 in the West. Some ur- CL of 3.1kgNhalyr—1, as compared to our value of 2.5
ban/agricultural areas in the West exhibit higher N deposi-3kg N hatyr—1.
tion. Rocky Mountain NP receives 4.4 kg Ntayr—1 in the
model, which is similar to the value of 4.1 kg NHayr—1
previously derived by Baron et al. (2011) using observations4 Future nitrogen deposition
from NADP and modeled dry deposition values.

The middle panel in Fig. 4 shows the percent contributionChanging emissions of NOand NH; over the coming

of ammonia (NH) to N deposition as computed by GEOS- decades may have important implications for N deposition
Chem. This contribution ranges from 15 to 60 % in the na-and CL exceedances in US national parks. We project N
tional parks. National parks tend to be located away fromdeposition over the US in 2050 using the representative
agricultural areas so that N@eposition usually dominates. concentration pathway (RCP) projections of anthropogenic

I 3 Critical load

2.0 2.5 3.0 3.5 4.0 4.5 5.0 (kg Nhalyr?)
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Present-day
(2006)
total nitrogen
deposition
(kg N halyr?)

Percent
contribution
from ammonia
(NH,)

Percent
contribution
from wet
deposition
(NO; +NH,')

Fig. 4. Total annual (2006) nitrogen deposition over the US simulated by GEOS-Chem (top panel), with percent contribution from ammonia
(middle panel), and percent contribution from wet deposition (bottom panel). Circles indicate locations of US national parks.

emissions (van Vuuren et al., 2011). The RCPs are four sce- Figure 6 compares the 2050 anthropogenic emissions
narios (RCP8.5, RCP6, RCP4.5, RCP2.6) that assume infrom the RCP scenarios to present-day values, globally and
creasing emission controls for air quality as well as climatefor the contiguous US. Present-day values from GEOS-
regulations targeted to a radiative forcing endpoint of 8.5,Chem (2006) are compared to interpolated 2000-2010 RCP
6.0, 4.5, or 2.6 Wm? by 2100 (van Vuuren et al., 2011). values for reference. These show excellent agreement in the
Each RCP emission scenario derives from an ensemble of indS and thus we may view GEOS-Chem as consistent with
tegrated assessment models that make diverse socioecononREP. For NQ, emissions agree spatially as well but for NH
and technological development assumptions to achieve théhere are some small regional differences.
radiative forcing targets (Moss et al., 2010). RCP scenarios for 2050 project large decreases of Ug NO
The implementation of RCP emissions into GEOS-Chememissions relative to 2006, from 52 to 73 % depending on
follows Holmes et al. (2013). Annual RCP emissions for the scenario, reflecting emission controls to abate surface
2050 were downloaded at® x 0.5° resolution from the ozone as well as changes in the energy mix. Global anthro-
RCP databasehftps://tntcat.iiasa.ac.at:8743/RcpRband pogenic NQ emissions show a less dramatic decrease (14—
regridded to the GEOS-Chem globdl 22.5° and nested 28 %) from 2006 to 2050 across all scenarios, as emission
North American }2° x 2/3° resolution grids. The RCP sce- controls are offset by industrialization.
narios also include land use change in response to socioe- NH3z emissions increase from 2006 to 2050 for all RCP
conomic and energy policy changes, which would affect dryscenarios, both in the US (19-50 %) and globally (26-57 %).
deposition but we do not consider that effect here. There is little difference in NElemissions across scenarios,

Atmos. Chem. Phys., 13, 90836095 2013 www.atmos-chem-phys.net/13/9083/2013/
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Table 2. Nitrogen deposition and critical loads in US national parks.
National Park Ecoregidh Receptor Critical Loa GEOS-Chem

deposition (2006)
kgNhala?l kgNhalal

Acadia, ME (44 N, 68 W) Eastern Temperate Forests Hardwood forest 3-8 (R) 6.8
Arches, UT (39N, 110° W) North American Deserts Herbaceous plants  3-8.4 (F) 1.9
Badlands, SD (44N, 102 W) Great Plains Tallgrass prairie 5-15 (F) 3.2
Big Bend, TX (29 N, 103* W) North American Deserts Herbaceous plants 3-8.4 (F) 2.8
Biscayne, FL (28N, 80° W) Tropical Wet Forests Forest/trees 5-10 (E) 4.7
Black Canyon, CO (39N, 108’ W) Eastern Temperate Forests Hardwood forest 3-8 (R) 2.4
Bryce Canyon, UT (38N, 112 W) North American Deserts Herbaceous plants  3-8.4 (F) 1.9
Canyonlands, UT (38N, 110 W) North American Deserts Herbaceous plants  3-8.4 (F) 2
Capitol Reef, UT (38N, 111° W) North American Deserts Herbaceous plants 3-8.4 (F) 2
Carlsbad Caverns, NM (82, 104 W) North American Deserts Herbaceous plants  3-8.4 (F) 3.1
Channel Islands, CA (3N, 119 W) Mediterranean California  Lichens 3.1-5.2(R) 3.1
Congaree, SC (34, 81° W) Eastern Temperate Forests Hardwood forest 3-8 (R) 115
Crater Lake, OR (43N, 122 W) NW Forested Mountains Lichens 2.5-7.1(R) 1.9
Cuyahoga Valley, OH (41N, 82° W) Eastern Temperate Forests Hardwood forest 3-8 (R) 17.8
Death Valley, CA (38N, 117 W) North American Deserts Herbaceous plants 3-8.4 (F) 1.8
Everglades, FL (25N, 81° W) Tropical Wet Forests Forest/trees 5-10 (E) 55
Glacier, MO (49 N, 114 W) NW Forested Mountains Lichens 25-71(R)
Grand Canyon, AZ (36N, 113 W) North American Deserts Herbaceous plants 3-8.4 (F)
Grand Teton, WY (44N, 111° W) NW Forested Mountains Lichens 2.5-7.1(R) 2.9
Great Basin, NV (39N, 114 W) North American Deserts Herbaceous plants  3-8.4 (F) 1.3
Great Sand Dunes, CO (38l, 105 W) NW Forested Mountains Lichens 2.5-7.1(R) 2.6
Great Smoky Mountains, Eastern Temperate Forests Hardwood forest 3-8(R) 13.6
NC, TN (36° N, 83° W)
Guadalupe Mountains, TX (8N, 105 W)  North American Deserts Herbaceous plants 3-8.4 (F) 3.1
Hot Springs, AR (34N, 93° W) Eastern Temperate Forests Hardwood forest 3-8 (R) 10.8
Isle Royale, MI (48 N, 88° W) Northern Forests Hardwood forest 3-8 (F) 4.2
Joshua Tree, CA (3N, 116 W) North American Deserts Herbaceous plants 3-8.4 (F) 3.8
Kings Canyon, CA (37N, 118 W) NW Forested Mountains Lichens 2.5-7.1(R) 25
Lassen Volcanic, CA (40N, 121° W) NW Forested Mountains Lichens 25-71(R) 34
Mammoth Cave, KY (37N, 86° W) Eastern Temperate Forests Hardwood forest 3-8 (R) 12.1
Mesa Verde, CO (37N, 108 W) North American Deserts Herbaceous plants  3-8.4 (F) 2.9
Mount Rainier, WA (47 N, 122> W) NW Forested Mountains Lichens 25-71(R) 6.7
North Cascades, WA (4N, 121° W) NW Forested Mountains Lichens 2.5-7.1(R) 4.2
Olympic, WA (48 N, 123 W) Marine West Coast Forest  Lichens 2.7-9.2 (R) 3
Petrified Forest, AZ (35N, 110° W) North American Deserts Herbaceous plants  3-8.4 (F) 2.5
Redwood, CA (41N, 124 W) Marine West Coast Forest  Lichens 2.7-9.2 (R) 2.4
Rocky Mountain, CO (40N, 106> W) NW Forested Mountains Lichens 25-71(R) 4.4
Saguaro, AZ (32N, 110 W) North American Deserts Herbaceous plants  3-8.4 (F) 3
Sequoia, CA (386N, 119 W) NW Forested Mountains Lichens 2.5-7.1(R) 4
Shenandoah, VA (38N, 78 W) Eastern Temperate Forests Hardwood forest 3-8 (R) 14
Theodore Roosevelt, ND (4N, 103 W) Great Plains Tallgrass prairie 5-15 (F) 3.4
Voyageurs, MN (48N, 93° W) Northern Forests Forest/trees 3-8 (F) 5
Wind Cave, SD (44N, 103° W) Great Plains Tallgrass prairie 5-15 (F) 2.8
Yellowstone, WY, MT, ID (45 N, 110° W)  NW Forested Mountains Lichens 25-71(R) 2.6
Yosemite, CA (38N, 119 W) NW Forested Mountains Lichens 2.5-7.1(R) 2
Zion, UT (37 N, 113 W) North American Deserts Herbaceous plants  3-8.4 (F) 2.6

2 evel | Ecoregions from the Commission for Environmental Cooperation (CEC, 1997).

b Ranges of critical loads for different effects on the most sensitive ecosystem receptors in the park, based on the work of Pardo et al. (2011a) and using their level of confidence:

R = reliable, F= fairly reliable, E= expert judgment. We use the lower end of the range as measure of critical load in our work (see text).
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Fig. 6. Present and future anthropogenic jl@nd NH; emissions

in the contiguous US and globally. The 2006 estimates from GEOS-
Chem (2006) are compared to the corresponding estimate from the
RCPs (interpolated 2000-2010 values) and to future RCP projec-
Fig. 5. Critical load exceedance=(total deposition — critical load) ~ tions for 2050 in different scenarios (see text).

for nitrogen deposition in 2006 (top) and 2050 using RCP8.5 (mid-

dle) and RCP2.6 (bottom) scenarios. National parks with CL ex-

ceedance are shown in red, and those with no CL exceedance are .
shown in green. Marginal cases where the park itself does not havb'gheSt us a_nd_g|0ba| N emissions fqr 2050. RCP2.6 has the
CL exceedance but an adjacent model grid square de&®km lowest N emissions over the US, mainly because of the low

away) are shown in orange. overall NQ emissions. Our simulations use the same me-
teorology and natural sources as in our 2006 base case and
thus the only change is in the anthropogenic emissions. RCP
either spatially or in magnitude. The increase in the US isscenarios also project future biomass burning but here we re-
mainly due to increases in fertilizer use and livestock driventained the 2006 GEOS-Chem values (Table 1), as fires in the
by a growing population and thus higher food demand (K. Ri-US are considered natural. We do not consider effects of cli-
ahi and D. P. van Vuuren, personal communication, 2013)mate change on transport and precipitation patterns; these ef-
This can be partly offset by expansion of forests, which is afects are uncertain including in their sign (Jacob and Winner,
significant part of the carbon emission mitigation strategy in2009).
RCP4.5 (Thomson et al., 2011). Figure 7 shows the projected N deposition in 2050 using
We choose to conduct GEOS-Chem simulations for 2050RCP8.5 and RCP2.6 emissions (top). Also shown are the
with the RCP8.5 and RCP2.6 scenarios. RCP8.5 has thpercent contribution from Nfd(middle) and the difference
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Fig. 7. Projected annual nitrogen deposition in 2050 using RCP8.5 and RCP2.6 emission scenarios. The top panels give the total nitrogen
deposition, the middle panels show the percent contribution from ammonig) (sikt the bottom panels show the difference with our 2006
simulation. Circles represent national parks.

with present-day (2006) deposition (bottom). Deposition de-Rocky Mountain NP continues to exceed the CL under both

creases from 2006 to 2050 in the eastern US and along thecenarios. California parks show improvements under both

west coast, reflecting the decreases infN@hissions. How-  scenarios.

ever, increases are projected across much of the Intermoun- The increasing importance of agricultural pllmissions

tain West. There, RCP NQemissions are small and NH in causing CL exceedance at national parks needs to be em-

emissions are large (Fig. 1). Ammonia dominates 2050 dephasized. By 2050, Nilemissions are projected to account

position everywhere except along the west and east coasts, fior over 70 % of N deposition in much of the country, and can

sharp contrast to present-day when,Nd@minates (Fig. 4). alone cause a CL exceedance or marginal exceedance at 18

The percent contribution of NHs higher in RCP2.6 because parks (RCP8.5) or 14 parks (RCP2.6). Even if anthropogenic

the NQ emissions are lower than in RCP8.5; It reaches upNOy emissions were globally zero, avoiding CL exceedance

to 85 % at Theodore Roosevelt NP in North Dakota. at all national parks would require a 55% reduction of US
Figure 5 gives the CL exceedance maps for 2050 projecte@nthropogenic Nkl emissions relative to 2050 RCP2.6 val-

from the RCP8.5 (middle) and RCP2.6 (bottom) emissionues.

scenarios. There is major improvement relative to 2006 in

the East but some degradation in the West, particularly in

the Great Plains and the southwest wherlegmmssiqns in- 5 Policy implications

crease. Concerns over CL exceedance in US national parks

will persist. In 2006, we found 38 parks with a CL ex-

ceedance or marginal CL exceedance; in 2050, we find 3

such parks for RCP8.5 and 33 parks for RCP2.6. Parks i

the eastern US continue to exceed the CL although ther

are improvements. For example, at Cuyahoga Valley NP, Nr

deposition exceeds the CL by 7-9kg Nfgr—1 in 2050

ational parks in the US are by statute to be preserved in
heir natural state for future generations. Critical loads (CL)
rovide a metric to estimate the amount of N deposition that
cosystems can tolerate without harm over the long term. By
ocusing on the ecosystem receptors most sensitive to N de-
1 : position and using CL estimates from Pardo et al. (2011a)
vs. 15kgNha'yr~ in 2006. In the Intermountain West, for different ecoregions and receptors, we select CL val-

the number of parks with a CL exceedance increases inues in the range 2.5-5 ngh%lyr‘lfor the different parks.
the RCP8.5 scenario but decreases in the RCP2.6 scenari?his is lower than the value of 10 kg N hlyr—1 commonly
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assumed in N deposition modeling studies (Lamarque et al.ern US where NQ dominates N deposition. However, our
2005; Dentener et al., 2006). Choice of an appropriate CL igesults suggest that the benefit of these actions will be lim-
ultimately a matter of policy. Our work shows the implica- ited without a parallel plan to decrease pémissions.
tions of using a conservative estimate as may be appropriate There are several priority avenues for future work. Bet-
for national parks. ter understanding of NfIdry deposition and its coupling to

Total N deposition in national parks is not conveniently the terrestrial N cycle is critical. In our work we viewed de-
observed (particularly the dry component) and must thereposition as a terminal sink for anthropogenic N, effectively
fore be estimated from models. We used here the GEOSassuming eventual removal from the receptor ecosystem by
Chem global model with 22° x 2/3° horizontal resolution  denitrification or runoff. However, some of the N will be re-
over North America and successfully evaluated it with avail- emitted as NH or NOy. Improved model schemes have been
able observations. We find that 24 out of 45 US national parkgecently developed to account for bidirectional fluxes ofNH
have a CL exceedance. Another 14 have a marginal CL exfMassad et al., 2010; Bash et al., 2013; Flechard et al., 2013)
ceedance (adjacent model grid squares0 km away are in  and to relate soil NQ emissions to N deposition (Hudman
CL exceedance). Most of the deposition is from Nénis- et al., 2012). A major development would be to use a fully
sions, although Nklemissions dominate in much of the cen- coupled atmosphere—land model to track the fate of anthro-
tral US. Dry deposition usually accounts for most of total N pogenic N as it cycles between the atmosphere and terrestrial
deposition and this represents an important source of uncerecosystems. Such a model could eventually lead to a better
tainty, particularly in the West. Better understanding is alsounderstanding of critical loads for ecosystems as related to
needed of N cycling between the atmosphere and terrestrigdtmospheric deposition. Better information is also needed on
ecosystems, as increased N deposition is expected to drivéhe factors expected to determine pNEmission in the fu-
increased re-emission (not accounted here) that would exture, including projections of agricultural activity and fertil-
tend the range of influence from a particular anthropogenidzer use in different sectors.
source.

US anthropogenic emissions of NGre presently de-
creasing in response to clean air regulations targeted at supicknowledgementsThis work was funded by the NASA Applied
face ozone. This decrease is expected to continue in the fusciences Program as part of the Air Quality Applied Sciences
ture. Foreign anthropogenic emissions of N@®ay not sim-  Team (AQAST). We thank Eladio Knipping (EPRI) for valuable
ilarly decrease but make little contribution to N deposition comments.
in the US. As a result, we expect an increasing relative con-
tribution of agricultural NH to N deposition in the US in  Edited by: D. Spracklen
the future. No action is presently planned to control US agri-
cultural emissions of Nk although such actions have been
taken in Europe (Bull and Sutton, 1998). References
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