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Reactive nitrogen (Nr) is removed by surface fluxes (air–surface exchange) and

wet deposition. The chemistry and physics of the atmosphere result in a compli-

cated system in which competing chemical sources and sinks exist and impact

that removal. Therefore, uncertainties are best examined with complete regional

chemical transport models that simulate these feedbacks. We analysed several

uncertainties in regional air quality model resistance analogue representations

of air–surface exchange for unidirectional and bi-directional fluxes and their

effect on the continental Nr budget. Model sensitivity tests of key parameters

in dry deposition formulations showed that uncertainty estimates of continental

total nitrogen deposition are surprisingly small, 5 per cent or less, owing to

feedbacks in the chemistry and rebalancing among removal pathways. The

largest uncertainties (5%) occur with the change from a unidirectional to a

bi-directional NH3 formulation followed by uncertainties in bi-directional

compensation points (1–4%) and unidirectional aerodynamic resistance (2%).

Uncertainties have a greater effect at the local scale. Between unidirectional

and bi-directional formulations, single grid cell changes can be up to 50 per

cent, whereas 84 per cent of the cells have changes less than 30 per cent. For

uncertainties within either formulation, single grid cell change can be up to

20 per cent, but for 90 per cent of the cells changes are less than 10 per cent.

1. Introduction
Owing to the increase in the anthropogenic input of reactive nitrogen (Nr) over

the past century and a half [1], the input and removal of atmospheric Nr has

increased substantially [2] leading to deleterious impacts on ecosystem health

and associated human health [3–5]. Nr gases and particles in the atmosphere

are removed by surface fluxes (air–surface exchange) and wet deposition.

Chemical transformation of the form of Nr can impact the rate of deposition

by effectively changing the reactivity of Nr species with land surface receptors.

The rate at which different forms of Nr are emitted and deposited affects their

relative contribution to ecosystem and human health impacts.

The chemistry and physics of the atmosphere result in a complicated system

in which competing chemical and physical sources and sinks coexist. Regional-

and global-scale air quality models are an important tool capable of exploring

the effects of these system dynamics on the Nr budget. These models, through

representation of atmospheric chemical transformations, physical partitioning

between gases and particles, wet deposition and air–surface exchange, can

help to understand the impact that the anthropogenic alteration of the nitrogen

cycle has on air quality and atmospheric removal.

Of particular interest to ecosystem studies are the aspects of the models that

control atmospheric exchange, especially dry deposition. Dry deposition models

are developed from parametrizations of air–surface exchange processes based

on limited field studies. Our understanding of turbulent trace gas exchange is

largely drawn from similarity with meteorological heat, moisture and momentum
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fluxes in the planetary boundary layer [6]. The turbulent air–

surface exchange is typically described as analogous to an elec-

trical circuit in terms of resistances that operate in series and in

parallel, which are used to define a transfer velocity [7]. The

transfer velocity is calculated following Ohm’s law as the reci-

procal of the sum of the atmospheric (Ra), quasi-laminar

boundary layer (Rb) and surface resistances (Rs). Ra is the resist-

ance to transport through the atmosphere above the surface

receptors. Rb is the resistance to transport across the thin layer

of air that is in contact with the surface and varies with the dif-

fusion of the pollutant transported. Rs is the resistance to the

uptake of the pollutant by the surface receptor, typically

vegetation or soil. The surface resistance can collectively com-

prise stomatal uptake (Rst), deposition to leaf cuticles (Rw)

and deposition to ground surfaces (Rg). Surface exchange is

further influenced by canopy structure, and resistance to

absorption into the apoplastic solution and reactivity with the

mesophyll tissue inside the stomatal cavity (Rm).

The resistance representation becomes more complica-

ted when accounting for bi-directional surface fluxes. The

complication arises from having to account for non-zero con-

centrations in surface reservoirs. An electrical analogue can

again be drawn where the emission potential from a receptor

can be modelled as a capacitance. Ammonia is the key nitrogen

species that exhibits bi-directional exchange with primarily

evasive fluxes (emissions) for fertilized crops and predomi-

nately deposition for unfertilized semi-natural vegetation.

Compensation points, the ambient concentrations at which

the net flux is zero, are usually different for the soil, stomata

and cuticle (i.e. leaf surface water). The ammonia flux depends

on the relation of the soil or canopy compensation points to the

ambient concentration of ammonia. Two-layer models based

on the work of Nemitz et al. [8] and Sutton et al. [9] that account

for soil and canopy compensation points have been able to

describe this bi-directional exchange.

While turbulent flux through the atmospheric surface

layer is similar to gases, for aerosol dry deposition there are

several key processes that are unique relative to trace gases,

including gravitational settling, Brownian diffusion, surface

impaction, surface interception and rebound, which depend

on the size of the aerosol. Unlike gas deposition, the quasi-

laminar boundary layer resistance Rb is usually the limiting

resistance for aerosols, because Brownian diffusion is much

slower for particles than molecular diffusion is for gases.

In this study, we examined the effects of uncertainties

in the parametrization of the air–surface exchange on the

Nr budget, with a focus on aggregating to continental

United States budgets. Using the Community Multi-scale

Air Quality (CMAQ) modelling system, we used sensitivity

tests to vary key resistances in the air–surface exchange

algorithms for gases and analysed the resulting changes in

individual Nr species, total oxidized and reduced Nr and

total Nr budgets. Using CMAQ can uncover the dynamic

interactions of the system that would not be apparent in

simpler models.
2. Overview of the Community Multi-scale Air
Quality model system

The CMAQ modelling system incorporates output fields from

emissions (Sparse Matrix Operator Kernel Emissions;

SMOKE) and meteorological (Weather Research and
Forecasting; WRF) systems and several other data sources

into the CMAQ chemical transport model (CCTM). The

SMOKE system [10] is an emissions processing system

designed to create gridded, speciated, hourly emissions for

input into CMAQ. SMOKE provides area, biogenic, mobile

(both onroad and non-road) and point source emissions of

gases and fine and coarse particles. For biogenic emissions mod-

elling, SMOKE uses the Biogenic Emission Inventory System, v.

3.14 (BEIS3). The WRF model [11] is a mesoscale numerical pre-

diction system designed to serve both operational forecasting

and atmospheric research needs. It features a three-dimensional

variational and a four-dimensional [12] data assimilation system

for developing three-dimensional meteorological fields. CMAQ

[13] is intended to provide a ‘one-atmosphere’ modelling capa-

bility based mainly on ‘first principles’ descriptions of the

atmospheric system. CMAQ simulates atmospheric processes

affecting the transport, transformation and deposition of such

pollutants as ozone, particulate matter, airborne toxics, and

acidic and nutrient pollutant species. Evaluation results for uni-

directional and bi-directional CMAQ are given in Foley et al. [14]

and Bash et al. [15], respectively.

Approaches in CMAQ for modelling dry deposition

have evolved as our understanding of the surface exchange

processes has improved. CMAQ v. 4.7 only considered uni-

directional surface exchange, but introduction of a state-of-

the art bi-directional surface exchange parametrization for

chemicals such as ammonia and mercury was begun in a

research version of CMAQ v. 4.7.1 and released to the

public in CMAQ v. 5.0. The unidirectional dry deposition

flux of each chemical species is calculated by multiplying

the concentration in the lowest model layer by the dry depo-

sition velocity (Vd). The flux is accumulated at each

computational time step and output for each hour. The Vd

is computed by the resistance analogy, using the suite of

resistances described earlier. The aerodynamic and stomatal

resistances are calculated in WRF in the Pleim-Xiu land surface

model [16] and passed to CMAQ so that they are consistent

with the momentum and moisture fluxes. In WRF, subgrid

land-use-specific parameters such as surface roughness and

leaf area index are averaged to produce values for each grid

which are then used in the resistance calculations. In CMAQ,

Rst is scaled by the diffusivity of the chemical relative to

water vapour to create species-specific values. For the dry

cuticular and ground resistances, CMAQ assumes that the rela-

tive propensity to deposit to these different surfaces is similar,

so a common scaling factor is used to scale these resistances

relative to O3. For wet surfaces (cuticle and ground), the resist-

ance is a function of the Henry’s law constant for the specific

chemical. A detailed description of the CMAQ Vd model for

unidirectional exchange can be found in Pleim & Ran [17].

The focus of the bi-directional air–surface parametriza-

tion for Nr to date has been on NH3. The CMAQ bi-

directional approach estimates NH3 fluxes by integrating a

two-layer resistance model, based on the resistance frame-

work of Nemitz et al. [8], with an agro-ecosystem model.

The details of this model can be found in Bash et al. [15].

Two soil layers were added to CMAQ to parametrize the sur-

face application and injection of fertilizer. To compute the soil

emissions potential, CMAQ uses the United States Depart-

ment of Agriculture’s Environmental Policy Integrated

Climate (EPIC) model [18] to simulate crop-specific agri-

cultural management practices for each model grid cell

following Cooter et al. [19]. A crop-specific soil emission
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Figure 1. Maps of 2002 annual total nitrogen deposition (kg per hactare) for
(a) unidirectional CMAQ and (b) bi-directional CMAQ; (c) total N deposition ratio.
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potential (Gg ¼ NH4
þ/Hþ) is estimated daily from the agricul-

tural soil ammonium concentration modelled in CMAQ and

the crop-specific fertilization rate, application depth and pH

from EPIC. The soil and atmospheric NH3 and NH4
þ budgets

are maintained in CMAQ by accounting for soil evasion,

deposition and soil nitrification (incorporated from EPIC) at

each model time step, fully coupling the soil NH4
þ biogeo-

chemistry with the air–surface exchange.

Both WRF and CMAQ simulations use fractional land cover

information for each grid cell from the National Land Cover

Database (NLCD; [20]) to estimate the micrometeorological

variables, canopy height, leaf area index, canopy resistances

and bi-directional NH3 fluxes for each land cover category. Indi-

vidual crop-type soilGg values are merged into a general NLCD

agricultural category to estimate the NH3 fluxes to agricultural

ecosystems [15,19]. Vegetation (Gs) and non-agricultural soil

(Gg) emission potentials are modelled as function of land

cover type similar to Zhang et al. [21]. We included additional

diagnostic calculations to separate the net flux into emissions

and deposition for use in the budget analyses.

To calculate the Vd for aerosols, CMAQ considers aerosol

size distributions by three log-normal modes and computes

aerosol Vd as a function of particle diameter and meteorologi-

cal conditions for each mode for mass, surface area and

number. An integrated Vd is computed for each mode by inte-

grating these equations over each log-normal size distribution

as described by Binkowski & Shankar [22] and Feng [23].

The modal-integrated Vd is a function of modal mass mean

diameter Dg. Aerosol treatment in CMAQ v. 5.0 includes a

dynamically interactive coarse mode for NO3, hygroscopic

growth of particles and advanced treatment of secondary

organic aerosols. Recent reviews of air–surface exchange [24]

indicate the need to account for the canopy structure and its

effects on particle Vd. Characterizing the fine scale morphology

in a regional air quality model remains a challenge and will be

a future focus area for CMAQ model development.

In CMAQ, pollutant scavenging is calculated by two

methods, depending on whether the pollutant participates

in the cloud water chemistry [13]. For those pollutants that

participate in the cloud chemistry, the amount of scavenging

depends on Henry’s law constants, dissociation constants

and cloud water pH. For pollutants that do not participate

in aqueous chemistry, CMAQ uses the Henry’s law equili-

brium equation to calculate cloud water concentrations

based on the liquid water content of the cloud. The wet depo-

sition of a chemical species depends on the precipitation rate

and the cloud water concentration.
3. Approach
In this study, we examined US continental oxidized, reduced

and total Nr budgets and assessed the sensitivity of CMAQ

estimates of the budgets to uncertainties in the parametriza-

tions of the Vd. The calculation of the stomatal resistance

(Rst) is an integral part of the evapotranspiration budget in

the Pleim-Xu land surface model used in this study. The

Pleim-Xu model constrains the surface energy balance,

including transpiration and soil moisture, using four-dimen-

sional data assimilation of 2 m temperature and moisture

analyses [25]. This approach, therefore also constrains Rst,

so it was not included in the sensitivity analysis. For ammo-

nia, the Rst is more naturally examined as part of the study of
the bi-directional vegetation emission potential. Instead, we

focused on the parametrizations that are not constrained

in the meteorological model and for which measurements

are scarce or unavailable, resulting in higher uncertainty.

We first used the CMAQ Vd algorithm as a box model to

identify uncertainties that caused the greatest change in (uni-

directional) Vd. Sensitivity ranges were selected based on the

range of observed values in the literature and expected or

documented uncertainty in specific variables. To complete

the analysis, we used the sensitivity tests with the full

CMAQ model to examine the effect of parameter variations

on nitrogen flux budgets.

Two modelling periods were used in this study. Full annual

simulations were carried out using unidirectional and bi-

directional CMAQ v. 4.7.1_research for the year 2002 to

establish annual budgets and compare the results from the



Table 1. Continental scale nitrogen budgets for 2002 annual and June 2006 simulations for unidirectional and bi-directional CMAQ versions.

species
deposition
(106 kg N) relative portion

deposition
(106 kg N) relative portion

unidirectional CMAQ annual 2002 deposition, continental

United States

unidirectional CMAQ June 2006 deposition, continental

United States

Ox-N total 3927 100.0% 63.01% 360 100.0% 56.19%

wet Ox-N 1667 42.44% 26.74% 165 45.94% 25.81%

dry Ox-N 2261 100.0% 57.56% 36.27% 195 100.0% 54.06% 30.38%

NOx 216 9.57% 3.47% 19 9.67% 2.94%

HNO3 1440 63.69% 23.10% 152 78.08% 23.72%

NO3 125 5.54% 2.01% 8 4.14% 1.26%

PANs 218 9.66% 3.50% 8 3.95% 1.20%

organic-N 176 7.79% 2.82% 5 2.39% 0.73%

other 85 3.76% 1.36% 3 1.76% 0.54%

Red-N total 2306 100.0% 36.99% 281 100.0% 43.81%

wet Red-N 1195 51.83% 19.17% 148 52.67% 23.07%

dry Red-N 1110 100.0% 48.17% 17.82% 133 100.0% 47.33% 20.73%

NH3 1001 90.17% 16.07% 124 93.34% 19.35%

NH4
þ 109 9.83% 1.75% 9 6.66% 1.38%

total 6233 100.0% 641 100.0%

bi-directional CMAQ annual 2002 deposition, continental

United States

bi-directional CMAQ June 2006 deposition, continental

United States

Ox-N total 3917 100.0% 66.09% 360 100.0% 59.70%

wet Ox-N 1581 40.36% 26.67% 165 45.79% 27.34%

dry Ox-N 2336 100.0% 59.64% 39.42% 195 100.0% 54.21% 32.36%

NOx 216 9.25% 3.65% 22 11.49% 3.72%

HNO3 1513 64.78% 25.53% 149 76.08% 24.62%

NO3 119 5.09% 2.01% 8 4.06% 1.32%

PANs 223 9.56% 3.77% 7 3.77% 1.22%

organic-N 178 7.63% 3.01% 5 2.33% 0.75%

other 86 3.69% 1.45% 4 2.26% 0.73%

Red-N total 2010 100.0% 33.91% 243 100.0% 40.30%

wet Red-N 1358 67.55% 22.91% 159 65.43% 26.37%

dry Red-N 652 100.0% 32.45% 11.00% 84 100.0% 34.57% 13.93%

NH3 548 83.96% 9.24% 75 89.18% 12.42%

NH4
þ 105 16.04% 1.77% 9 10.82% 1.51%

total 5927 100.0% 604 100.0%
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bi-directional exchange algorithm with those from the unidirec-

tional approach. Further sensitivity studies were conducted

using meteorological and emissions data for June 2006 as it

was impractical to perform the needed number of model runs

for an annual simulation. CMAQ v. 5.0_beta was used for

these sensitivity studies owing to the availability of input data.

All model runs used a 12 � 12 km2 grid size. We compared

the CMAQ Nr budgets from the 2002 annual runs with those

from the June 2006 run to establish comparability. Because con-

clusions on model sensitivity are based on comparisons of runs

from the same model version, differences in model version used

for the 2002 and 2006 data are unimportant.
4. Results
(a) Unidirectional versus bi-directional air – surface

exchange
Total annual nitrogen deposition for 2002 using the uni-

directional and bi-directional versions of CMAQ v. 4.7.1 is

shown in figure 1. CMAQ deposition outputs are summarized

in table 1 for the continental United States domain for the

annual simulations and the June 2006 sensitivity base case.

For the 2002 annual simulation, CMAQ suggests that at the con-

tinental scale roughly half of the total nitrogen deposition is



Table 2. Mass balance estimates for the continental United States for oxidized and reduced nitrogen for successive versions of CMAQ compared with successive
global model estimates.

mass balance estimates for the continental United States

year model version exported (%) deposited (%)

Ox-N

2002 CMAQ v. 4.7 at 36 km without lightning 42 58

2002 CMAQ v. 4.7.1 at 12 km without lightning 38 62

2002 (this study) CMAQ v. 4.7.1_research at 12 km with lightning 33 67

2006 CMAQ v. 5.0_beta at 12 km with lightning 36 64

Kasibhatla et al. [26] 25 – 30

Liang et al. [27] 30

Dentener et al. [28] and median 23 global models 37 63

Red-N

2002 (this study) CMAQ v. 4.7.1 at 12 km, unidirectional NH3 22 78

2002 (this study) CMAQ v. 4.7.1_research at 12 km, bi-directional NH3 29 71

2006 CMAQ v. 5.0_beta at 12 km, unidirectional NH3 20 80

Dentener et al. [28] and median 23 global models 22 78

Table 3. Sensitivity of the continental nitrogen deposition to a 40% decrease in aerodynamic resistance across all nitrogen species.

sensitivity to 40% decrease in aerodynamic resistance June 2006

continental domain

species absolute change (106 kg-N) relative change (%)

sensitivity species dry total nitrate 13.28 8.3

other dry Ox-N 2.01 5.8

dry Red-N 13.98 10.5

dry total change 29.27 8.9

competing species wet total nitrate 29.49 25.9

other wet Ox-N 20.015 20.4

wet Red-N 28.07 25.5

wet total change 217.57 25.6

resultant total N deposition change 11.70 1.8
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associated with HNO3 þNO�3 ð¼ TNO3 or total nitrateÞ wet

and dry deposition. Oxidized nitrogen (Ox-N) dominates

with 63 per cent and 66 per cent of the total N deposition for

unidirectional and bi-directional cases, respectively. TNO3

is the dominant form of Ox-N deposition, at approximately

70 per cent, peroxyacetyl nitrate (PAN) þ oxidized organic

nitrogen (ORGN) is next, at 17 per cent, and NOx is third, at

9.4 per cent. The ‘other’ category includes N2O5 and HONO.

Continental dry deposition of Ox-N is 36 per cent and 48 per

cent greater than wet deposition of Ox-N for unidirectional

and bi-directional cases, respectively. Annual NH3 emissions

estimated for the two runs were fairly comparable, because

confined animal feeding operation (CAFO) emissions were

unchanged, even though the bi-directional run used EPIC ferti-

lizer application rates and the internal CMAQ conversion to
emissions. Dry deposition of reduced nitrogen (Red-N; ¼

ammonia þ ammonium), is 93 per cent and 48 per cent of the

Red-N wet deposition for the unidirectional and bi-directional

cases, respectively. Interestingly, except for Red-N dry depo-

sition, the relative fractions of the total N budget are fairly

similar between unidirectional and bi-directional models. The

mean continental change in annual total N deposition is 5 per

cent; however, local changes can be higher. Comparing the

bi-directional with the unidirectional case (figure 1c), there

are decreases in total N deposition of up to 20 per cent in

roughly 60 per cent of the cells, and decreases of 20–50 per

cent or more in 11 per cent of the cells. Decreases are principally

in cells with significant agricultural emissions with the largest

decreases in cells dominated by large CAFO emissions. There

are increases of up to 20 per cent in 29 per cent of the cells



−40% Ra sensitivity
total N dry deposition

base unidirectional

(a)
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with just a few cells having increases of 20–50%. Increases are

principally in low emission areas in western US with semi-natu-

ral land cover, owing to introduction of an emission potential

where none existed, thus, creating an emission source lacking

in standard inventories. Semi-natural areas in eastern US iso-

lated from agricultural emissions have less than a 1 per cent

change owing to abundant NH3 in transported air masses.
(b)

(c)

−40% Ra sensitivity
total N wet deposition

base unidirectional

−40% Ra sensitivity
total N deposition

base unidirectional

0.886 0.941 1.000 1.1291.063 1.2000.833

0.886 0.941 1.000 1.1291.063 1.2000.833
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(b) Continental budgets
For the 2002 annual CMAQ simulations, 67 per cent of the US

NOx (as N) emissions are deposited back onto the US,

whereas 78 per cent and 71 per cent of the US NH3 emissions

(as N) are deposited back onto the US for the unidirectional

and bi-directional cases, respectively (table 2). As shown

in table 2, with CMAQ improvements and the inclusion of

lightning NOx, the CMAQ estimate of the fraction of NOx

emissions exported has decreased. At the global scale,

Dentener et al. [28] summarized year 2000 deposition budgets

for the continental US for 23 models. The median global

model estimates are that 37 per cent of the NOx and 22 per

cent of the NH3 emissions are exported off the continent

(table 2). For NOx, the 2000 global model export estimates

are larger than earlier ones of Kasibhatla et al. [26] and Liang

et al. [27]. The global models include lightning NOx; thus,

recent CMAQ and median global model budgets have con-

verged. However, for the global models, 80–90% of the Ox-N

is associated with HNO3 and particulate nitrate deposition, a

significantly larger role for nitric acid deposition than in the

regional CMAQ model results, perhaps owing to differences

in grid size, photochemistry and aerosol physics.

A comparison of the 2002 annual and 2006 June simu-

lations indicates a fair degree of similarity of the nitrogen

deposition budgets. Wet plus dry deposition of TNO3 still

contributes about half of the total nitrogen budget in both

simulations. As expected, the fraction of PAN þ ORGN is

smaller in the summer, owing to higher temperatures, and

the fraction of Red-N deposition is larger, owing to higher

fertilizer application in June compared with the annual aver-

age. Previous testing with CMAQ [14] suggests that insights

gained from sensitivity studies with June 2006 regarding

system responses can be generalized to annual values.
0.886 0.941 1.000 1.1291.063 1.2000.833

Figure 2. Ratio of sensitivity case to base case for aerodynamic resistance
sensitivity (40% decrease): (a) increased dry Ox-N þ Red-N deposition;
(b) decreased wet Ox-N þ Red-N deposition; (c) total N deposition ratio.
(c) Gaseous oxidized nitrogen air – surface
exchange uncertainties

Removal of oxidized nitrogen from the atmosphere is primarily

due to deposition of the gaseous species of NOy, particularly

nitric acid (HNO3), PAN and associated ORGN, and nitrogen

dioxide (NO2). The Vd of nitric oxide (NO) is low and it is

rapidly transformed to other oxidized forms through atmos-

pheric chemistry, so its contribution to the budget is very

small. Initial box model sensitivity testing of the CMAQ uni-

directional Vd parametrization indicated that the main

sources of uncertainty in VdPAN and VdORGN are the cuticular

and soil resistances. VdHNO3
is most sensitive to the aerody-

namic resistance (Ra). VdNO2
is more affected by changes in

the mesophyll resistance than by changes in the cuticular and

soil resistances. Thus, three sets of sensitivities with CMAQ

were conducted for the month of June 2006 to explore the

impact of the uncertainties for these three sets of chemicals

on the overall oxidized nitrogen removal budget.
(i) Cuticular and ground resistance sensitivity involving
peroxyacetyl nitrate and oxidized organic nitrates

The exchange of PAN and other acyl peroxy nitrates with

ground and cuticular surfaces remains poorly characterized

[29,30]. In the absence of measurements to define the uncer-

tainty in the ground and cuticular resistances, a range of

+50% was applied to both ground and cuticular resistances

by varying the reactivity scaling factor for PAN. Dry depo-

sition of ORGN is modelled in CMAQ using the PAN Vd

as a surrogate, so changing the reactivity scaling factor for

PAN also changes the Vd for ORGN. Continentally, increas-

ing cuticular and soil resistances for PANs and ORGN by

50 per cent decreases their dry deposition by 18 per cent.



Table 4. Sensitivity of the continental nitrogen deposition to a 90% decrease in mesophyll resistance of NO2 (Vd cut in half ).

sensitivity to NO2 mesophyll resistance decrease June 2006

continental domain

species absolute change (106 kg N) relative change (%)

sensitivity species dry NO2 N 7.70 37.0

competing oxidized species dry total nitrate 22.56 21.6

wet total nitrate 21.96 21.2

dry NO nitrogen 20.62 238.1

resultant Ox-N total oxidized nitrogen 2.44 0.68

total reduced nitrogen 0.06 0.02

total deposition change 2.49 0.39
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Importantly, because PAN decomposes to release NO2 for

later HNO3 production in the dynamic atmosphere, the

total nitrate dry and wet deposition is increased by a

modest amount sufficient to offset 57 per cent of the decrease

in PAN and ORGN deposition. There is also a negligible

increase in reduced nitrogen deposition. Because PAN and

ORGN are small fractions of the overall oxidized nitrogen

budget, the change in the overall nitrogen budget related to

this change in the cuticular resistance is small, with a mean

continental change of only 0.2 per cent and no cell has a

relative change greater than 1 per cent.
(ii) Sensitivity to Ra
The aerodynamic resistance was modified by applying an

adjustment factor of +40 per cent within the CCTM. While

estimates derived from measurements are well constrained

to 10 per cent or less [31,32], we considered the additional

error introduced by meteorological model error. Modifying

the aerodynamic resistance changes the dry deposition of

all oxidized and reduced nitrogen species, as shown in

table 3 and illustrated in figure 2. For the continental

domain, a reduction in the aerodynamic resistance by

40 per cent leads to an increase in nitric acid dry deposition

of 9 per cent, which leads to a decrease in the concentration

of HNO3 and a decrease in its availability for particulate

nitrate formation. This leads to a decrease in the particulate

nitrate deposition of 9 per cent, giving an overall total nitrate

dry deposition increase of 8 per cent. The increase in reduced

nitrogen dry deposition is approximately 11 per cent, leading

to an overall increase in dry deposition of total nitrogen of

9 per cent. The resulting decrease in concentration results in

lower wet deposition. Over half (62%) of the oxidized nitro-

gen dry deposition increase is offset by the reduction in

wet deposition, and 58 per cent of the reduced nitrogen dry

deposition increase is offset by the reduction in wet depo-

sition. For total nitrogen, 60 per cent of the increase in dry

deposition is counterbalanced by a reduction in wet depo-

sition of nitrogen. So, the mean continental change in total

N deposition is 1.8 per cent. In the majority of the cells

(94%) changes were less than 5 per cent, mostly associated

with semi-natural areas with some agriculture. The cells

with changes larger than 10 per cent are principally
associated with water. This sensitivity demonstrates the

strong oppositional interplay between dry and wet depo-

sition, buffering the overall atmospheric removal of

nitrogen from changes in the rate of air–surface exchange.

(iii) Mesophyll resistance sensitivity involving nitrogen dioxide
As a result of box model testing, the parametrization in

CMAQ for calculating the mesophyll resistance was changed

from a lookup table to an empirical function based on solubi-

lity and reactivity with mesophyll or stomatal guard cell

surfaces following Wesely [33]. The change in the mesophyll

resistance affects NO2 and NO deposition in opposite direc-

tions, but the change is dominated by NO2, which increases

by 37 per cent (table 4) because NO is rapidly converted to

NO2 and because VdNO � VdNO2
: However, for the continen-

tal domain the increase in NO2 deposition is significantly

offset by decreases in wet and dry total nitrate deposition

and therefore the oxidized nitrogen budget increases by

only 0.68 per cent. The mean continental reduction in total

N deposition is 0.4 per cent. Total N deposition changes in

a grid cell ranged from 0 per cent to a maximum of 14 per

cent. However, 89 per cent of the cells have a change of less

than 1 per cent in predominantly semi-natural and agricul-

tural areas. Changes greater than 5 per cent (only 0.7% of

cells) are associated with urban cells and adjacent semi-natu-

ral areas. In summary, the NO2 change is largely offset by the

change in total nitrate owing to compensations by the

dynamic photochemical system. The change is further dimin-

ished by the lack of change in the reduced nitrogen species,

leading to minimal change on a continental scale.

(d) Bi-directional air – surface exchange uncertainties
The parametrization of soil gammas with respect to fertilizer

applications remains uncertain [34]. Measured values of soil

gammas for arable land and grassland receiving fertilizer

range from 360 to 6.3 � 106 ([34] and references therein,

[35]). This range of values represents differences in fertilizer

type and amount, soil type and time since fertilization. In

CMAQ v. 5.0_beta, for arable land, the soil gamma is pre-

dicted using crop-specific fertilizer information and soil pH.

For the apoplast gamma, a value of 100 is applied to forest

and grassland and a value of 160 applied to fertilized crops



soil Gg sensitivity

0.500 0.630 0.794

0.667 0.763 0.874 1.145 1.310 1.5001.000

0.667 0.763 0.874 1.145 1.310 1.5001.000

1.000 1.260 1.587 2.000

NH3 emissions(a)

(b)

(c)

base bi-directional

soil Gg sensitivity
total reduced N deposition

base bi-directional

soil Gg sensitivity
total  N deposition

base bi-directional

Figure 3. Ratio of sensitivity case to base case for soil gamma sensitivity
(50% increase): (a) increased NH3 emissions; (b) increased wet þ dry Red-
N deposition; (c) total N deposition ratio.
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in CMAQ v. 5.0_beta. The majority of values of apoplast

gamma for forest and semi-natural vegetation summarized

by Massad et al. [34] range from 250 to 500; higher values cor-

respond to sites with higher atmospheric N deposition rates.

Values for fertilized systems fall within a similar range

though the average peak value is higher (approx. 900) than

that for unfertilized vegetation. This sensitivity simulation

covers the range of values of vegetation emission potentials

estimated from in situ measurements and from bioassay tech-

niques, the former generally yielding higher estimates [34,36].

The effect of these uncertainties in the bi-directional

exchange of NH3 on the atmospheric N deposition budget

was explored by adjusting soil gamma and crop fertilization
rate by +50 per cent and evaluating the change in the N

budget owing to the incorporation of a dynamic leaf apoplast

gamma following Massad et al. [34]. It is noteworthy that, in

the bi-directional approach, changing the gammas will simul-

taneously affect the emissions as well as the deposition.

The soil gamma sensitivity is dominated by the influence

of the agricultural component that is associated with fertilizer

application. For the continental domain, as shown in figure 3

and summarized in table 5, increasing the soil gamma by 50

per cent increases the fertilizer emissions of ammonia by 42.3

per cent while an increase in the fertilization rate by 50 per

cent increased the emissions by 31.0 per cent. The 50 per

cent increase in soil gamma resulted in the Red-N deposition

being increased by 8.9 per cent and the total N deposi-

tion being increased by 3.8 per cent. Only 1.7 per cent of

the cells have a change greater than 10 per cent and 0.15

per cent of the cells had a change greater than 15 per cent,

principally in agricultural areas with adjacent semi-natural

land use. The 50 per cent increase in the fertilization

rate resulted in the Red-N deposition being increased by

6.3 per cent and the total N deposition being increased

by 2.6 per cent. Total N deposition changes less than 5 per

cent and 10 per cent in 84 per cent and 99 per cent of the

cells, respectively, predominantly in mixed agricultural

semi-natural areas. The dynamic apoplastic compensation

point following Massad et al. [34] resulted in an increase in

the apoplastic gamma of approximately 3 times to more

than 10 times in areas that were recently fertilized. This

resulted in an increase in the NH3 emissions from agricultural

areas of 17.5 per cent and an increase in the total NH3 emissions

of 4.9 per cent and increased the reduced and total N depo-

sition on the continental domain by 3.7 per cent and 1.6 per

cent, respectively. No cell has a change in total N deposition

greater than 5 per cent and 15 per cent of the cells have a

change less than 1 per cent. The change in ammonia deposition

does not match the change in emissions, because the compen-

sation point has also been changed, feeding back to the flux of

ammonia to the surface. Semi-natural land cover was the most

sensitive to the change in apoplastic gamma, and these areas

are also sensitive to changes in the soil gamma owing to the

transport of ambient NH3 from agricultural areas.
5. Conclusions
Based on this study’s results, changing from a unidirectional

to a bi-directional NH3 formulation produces the largest

change in total nitrogen deposition. However, within each

of these two approaches to air–surface exchange, the dry

deposition parametrizations are not a major source of uncer-

tainty regarding the continental nitrogen removal budgets,

owing to the feedbacks in the chemistry and removal path-

ways of the atmospheric nitrogen system. The uncertainty

estimates of total nitrogen deposition at the continental

scale are surprisingly small (5% or less): unidirectional

versus bi-directional NH3 (5%), bi-directional Gs (1–4%)

and unidirectional Ra (2%). At the local scale, differences in

a single 12 km grid cell between unidirectional and bi-direc-

tional simulations can be up to 50 per cent or more, but 28

per cent of the cells have changes within 10–30% and 66 per

cent of the cells have changes less than 10 per cent. Uncertain-

ties within either the bi-directional or the unidirectional

formulation can lead to changes per grid cell of up to 20 per



Table 5. Sensitivity of emissions, concentration and deposition in the bi-directional ammonia system to a 50 per cent increase in the soil gamma, a 50 per cent
increase in the fertilization rate and parametrizing the apoplast gamma as a function of the annual nitrogen deposition and fertilizer application following Massad
et al. [34].

sensitivity of the bi-directional ammonia system June 2006 continental domain

50% increase in soil gamma 50% increase in crop fertilization Massad et al. [34] appoplast gamma

relative change (%) relative change (%) relative change (%)

fertilizer emissions 42.3 31.0 17.5

total NH3 emissions 11.8 8.6 4.9

NH3 air concentration 9.3 6.8 3.2

NH4
þ air concentration 0.7 0.4 0.9

Red-N dry deposition 11.4 8.5 4.1

Red-N wet deposition 7.7 5.2 3.5

Red-N total deposition 8.9 6.3 3.7

Total N deposition 3.8 2.6 1.6
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cent; but for 90 per cent of the cells changes are less than 10 per

cent and for 80 per cent of the cells less than 5 per cent.

It is crucial to use advanced regional and global models

with advanced representations of transport, gas-phase chem-

istry, particle physics, clouds and wet removal to represent

the interactions and feedbacks between species and pathways

in the system. Simpler models would inadequately represent

the feedbacks and compensations. Obtaining good emissions
estimates for these models would appear still to be at the

heart of the uncertainties.

We gratefully acknowledge Rohit Mathur and two anonymous
reviewers for their suggestions. The United States Environmental Pro-
tection Agency through its Office of Research and Development
funded and managed the research described here. It has been subjected
to the Agency’s administrative review and approved for publication.
References
1. Galloway JN, Townsend AR, Erisman JW, Bekunda
M, Cai Z, Freney JR, Martinelli LA, Seitzinger SP,
Sutton MA. 2008 Transformation of the nitrogen
cycle: recent trends, questions, and potential
solutions. Science 320, 889 – 892. (doi:10.1126/
science.1136674)

2. Liu S, Lu L, Mao D, Jia L. 2007 Evaluating
parameterizations of aerodynamic resistance to heat
transfer using field measurements. Hydrol. Earth Syst.
Sci. 11, 769 – 783. (doi:10.5194/hess-11-769-2007)

3. Canfield DE, Glazer AN, Falkowski PG. 2010 The
evolution and future of Earth’s nitrogen cycle.
Science 330, 192 – 196. (doi:10.1126/science.
1186120)

4. Compton JE, Harrison JA, Dennis RL, Greaver TL, Hill
BH, Jordan SJ, Walker H, Campbell HV. 2011
Ecosystem services altered by human changes in the
nitrogen cycle: a new perspective for US decision
making. Ecol. Lett. 14, 804 – 815. (doi:10.1111/j.
1461-0248.2011.01631.x)

5. Vitousek PM, Aber JD, Howarth RW, Likens GE,
Matson PA, Schindler DW, Schlesinger WH, Tilman
DG. 1997 Human alteration of the global nitrogen
cycle: Sources and consequences. Ecol. Appl. 7,
737 – 750. (doi:10.1890/1051-0761(1997)007[0737:
haotgn]2.0.co;2)

6. Pleim JE, Finkelstein PL, Clarke JF, Ellestad TG. 1999
A technique for estimating dry deposition velocities
based on similarity with latent heat flux. Atmos.
Environ. 33, 2257 – 2268. (doi:10.1016/S1352-
2310(98)00162-9)

7. Businger JA. 1986 Evaluation of the accuracy
with which dry deposition can be measured
with current micrometeorological techniques.
J. Clim. Appl. Meteorol. 25, 1100 – 1124.
(doi:10.1175/1520-0450(1986)025,1100:
EOTAWW.2.0.CO;2)

8. Nemitz E, Milford C, Sutton MA. 2001 A two-layer
canopy compensation point model for describing
bi-directional biosphere – atmosphere exchange of
ammonia. Q. J. R. Meteorol. Soc. 127, 815 – 833.
(doi:10.1002/qj.49712757306)

9. Sutton MA, Burkhardt JK, Guerin D, Nemitz E,
Fowler D. 1998 Development of resistance models
to describe measurements of bi-directional
ammonia surface – atmosphere exchange. Atmos.
Environ. 32, 473 – 480. (doi:10.1016/S1352-
2310(97)00164-7)

10. UNC. 2013 SMOKE - Sparse Matrix Operator Kernel
Emissions. Chapel Hill, NC: Center for Environmental
Modeling for Policy Development, University of North
Carolina at Chapel Hill. See http://www.smoke-model.
org/index.cfm. (accessed 5 March 2013)

11. Skamarock W, Klemp J, Dudhia J, Gill D, Barker D,
Wang W, Huang X.-y, Duda M. 2008 A description
of the Advanced Research WRF Version 3. University
Corporation for Atmospheric Research, NCAR Tech.
Note NCAR/TN-475þSTR. (doi:10.5065/d68s4mvh)

12. Huang XY et al. 2009 Four-dimensional variational
data assimilation for WRF: formulation and
preliminary results. Mont. Weather Rev. 137,
299 – 314. (doi:10.1175/2008mwr2577.1)

13. Byun D, Schere KL. 2006 Review of the governing
equations, computational algorithms, and other
components of the Models-3 Community Multiscale
Air Quality (CMAQ) modeling system. Appl. Mech.
Rev. 59, 51 – 77. (doi:10.1115/1.2128636)

14. Foley KM et al. 2010 Incremental testing of the
Community Multiscale Air Quality (CMAQ) modeling
system version 4.7. Geosci. Model Dev. 3, 205 – 226.
(doi:10.5194/gmd-3-205-2010)

15. Bash JO, Cooter EJ, Dennis RL, Walker JT, Pleim JE.
2012 Evaluation of a regional air-quality model
with bi-directional NH3 exchange coupled to an
agro-ecosystem model. Biogeosci. Discuss. 9,
11 375 – 11 401. (doi:10.5194/bgd-9-11375-2012)

16. Xiu A, Pleim JE. 2001 Development of a land
surface model. I. Application in a mesoscale
meteorological model. J. Appl. Meteorol. 40,
192 – 209. (doi:10.1175/1520-
0450(2001)040,0192:DOALSM.2.0.CO;2)

17. Pleim J, Ran L. 2011 Surface flux modeling for air
quality applications. Atmosphere 2, 271 – 302.
(doi:10.3390/atmos2030271)

http://dx.doi.org/10.1126/science.1136674
http://dx.doi.org/10.1126/science.1136674
http://dx.doi.org/10.5194/hess-11-769-2007
http://dx.doi.org/10.1126/science.1186120
http://dx.doi.org/10.1126/science.1186120
http://dx.doi.org/10.1111/j.1461-0248.2011.01631.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01631.x
http://dx.doi.org/10.1890/1051-0761(1997)007[0737:haotgn]2.0.co;2
http://dx.doi.org/10.1890/1051-0761(1997)007[0737:haotgn]2.0.co;2
http://dx.doi.org/10.1016/S1352-2310(98)00162-9
http://dx.doi.org/10.1016/S1352-2310(98)00162-9
http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.1002/qj.49712757306
http://dx.doi.org/10.1016/S1352-2310(97)00164-7
http://dx.doi.org/10.1016/S1352-2310(97)00164-7
http://www.smoke-model.org/index.cfm
http://www.smoke-model.org/index.cfm
http://www.smoke-model.org/index.cfm
http://dx.doi.org/10.5065/d68s4mvh
http://dx.doi.org/10.1175/2008mwr2577.1
http://dx.doi.org/10.1115/1.2128636
http://dx.doi.org/10.5194/gmd-3-205-2010
http://dx.doi.org/10.5194/bgd-9-11375-2012
http://dx.doi.org/10.1175/1520-0450(2001)040%3C0192:DOALSM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2001)040%3C0192:DOALSM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2001)040%3C0192:DOALSM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2001)040%3C0192:DOALSM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2001)040%3C0192:DOALSM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2001)040%3C0192:DOALSM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2001)040%3C0192:DOALSM%3E2.0.CO;2
http://dx.doi.org/10.3390/atmos2030271


rstb.royalsocietypublishing.org
PhilTransR

SocB
368:20130124

10
18. Williams JR, Jones CA, Kiniry JR, Spanel DA.
1989 The EPIC crop growth model. Trans. ASAE 32,
497 – 511.

19. Cooter EJ, Bash JO, Benson V, Ran L. 2012 Linking
agricultural crop management and air quality
models for regional to national-scale nitrogen
assessments. Biogeosciences 9, 4023 – 4035. (doi:10.
5194/bg-9-4023-2012)

20. Wickham JD, Stehman SV, Fry JA, Smith JH, Homer
CG. 2010 Thematic accuracy of the NLCD 2001 land
cover for the conterminous United States. Remote
Sensing Environ. 114, 1286 – 1296. (doi:10.1016/j.
rse.2010.01.018)

21. Zhang L, Wright LP, Asman WAH. 2010 Bi-
directional air – surface exchange of atmospheric
ammonia: a review of measurements and a
development of a big-leaf model for applications in
regional-scale air-quality models. J. Geophys. Res.
115, D20310. (doi:10.1029/2009jd013589)

22. Binkowski FS, Shankar U. 1995 The regional
particulate matter model I. Model description
and preliminary results. J. Geophys. Res. 100,
26 191 – 26 209. (doi:10.1029/95jd02093)

23. Feng J. 2008 A size-resolved model and a four-
mode parameterization of dry deposition of
atmospheric aerosols. J. Geophys. Res. 113, D12201.
(doi:10.1029/2007jd009004)

24. Fowler D et al. 2009 Atmospheric composition
change: ecosystems – atmosphere interactions.
Atmos. Environ. 43, 5193 – 5267. (doi:10.1016/j.
atmosenv.2009.07.068)

25. Pleim JE, Gilliam R. 2009 An indirect data
assimilation scheme for deep soil temperature in
the Pleim-Xiu land surface model. J. Appl. Meteorol.
Climatol. 48, 1362 – 1376. (doi:10.1175/
2009jamc2053.1)

26. Kasibhatla PS, Levy II H, Moxim WJ. 1993 Global
NOx, HNO3, PAN, and NOy distributions from fossil
fuel combustion emissions: a model study.
J. Geophys. Res. 98, 7165 – 7180. (doi:10.1029/
92jd02845)

27. Liang J, Horowitz LW, Jacob DJ, Wang Y, Fiore AM,
Logan JA, Gardner GM, Munger JW. 1998 Seasonal
budgets of reactive nitrogen species and ozone over
the United States, and export fluxes to the global
atmosphere. J. Geophys. Res. 103, 13 435 – 13 450.
(doi:10.1029/97jd03126)

28. Dentener F et al. 2006 Nitrogen and sulfur
deposition on regional and global scales: a
multimodel evaluation. Glob. Biogeochem. Cycles
20, GB4003. (doi:10.1029/2005gb002672)

29. Turnipseed AA et al. 2006 Eddy covariance fluxes of
peroxyacetyl nitrates (PANs) and NOy to a coniferous
forest. J. Geophys. Res. 111, D09304. (doi:10.1029/
2005jd006631)

30. Wolfe GM, Thornton JA, Yatavelli RLN, McKay M,
Goldstein AH, LaFranchi B, Min KE, Cohen RC. 2009
Eddy covariance fluxes of acyl peroxy nitrates (PAN,
PPN and MPAN) above a Ponderosa pine forest.
Atmos. Chem. Phys. 9, 615 – 634. (doi:10.5194/
acp-9-615-2009)

31. Nemitz E et al. 2009 Turbulence characteristics in
grassland canopies and implications for tracer
transport. Biogeosciences 6, 1519 – 1537. (doi:10.
5194/bg-6-1519-2009)

32. Walker JT, Robarge WP, Shendrikar A, Kimball H.
2006 Inorganic PM2.5 at a US agricultural site.
Environ. Pollut. 139, 258 – 271. (doi:10.1016/j.
envpol.2005.05.019)

33. Wesely ML. 1989 Parameterization of surface
resistances to gaseous dry deposition in regional-
scale numerical models. Atmos. Environ. 23,
1293 – 1304. (doi:10.1016/0004-6981(89)90153-4)

34. Massad RS, Nemitz E, Sutton MA. 2010 Review and
parameterisation of bi-directional ammonia
exchange between vegetation and the atmosphere.
Atmos. Chem. Phys. 10, 10 359 – 10 386. (doi:10.
5194/acp-10-10359-2010)

35. Cooter EJ, Bash JO, Walker JT, Jones MR, Robarge W.
2010 Estimation of NH3 bi-directional flux from
managed agricultural soils. Atmos. Environ. 44,
2107 – 2115. (doi:10.1016/j.atmosenv.2010.02.044)

36. Wang L, Xu YC, Schjoerring JK. 2011 Seasonal
variation in ammonia compensation point and
nitrogen pools in beech leaves (Fagus sylvatica).
Plant Soil 343, 51 – 66. (doi:10.1007/s11104-
010-0693-7)

http://dx.doi.org/10.5194/bg-9-4023-2012
http://dx.doi.org/10.5194/bg-9-4023-2012
http://dx.doi.org/10.1016/j.rse.2010.01.018
http://dx.doi.org/10.1016/j.rse.2010.01.018
http://dx.doi.org/10.1029/2009jd013589
http://dx.doi.org/10.1029/95jd02093
http://dx.doi.org/10.1029/2007jd009004
http://dx.doi.org/10.1016/j.atmosenv.2009.07.068
http://dx.doi.org/10.1016/j.atmosenv.2009.07.068
http://dx.doi.org/10.1175/2009jamc2053.1
http://dx.doi.org/10.1175/2009jamc2053.1
http://dx.doi.org/10.1029/92jd02845
http://dx.doi.org/10.1029/92jd02845
http://dx.doi.org/10.1029/97jd03126
http://dx.doi.org/10.1029/2005gb002672
http://dx.doi.org/10.1029/2005jd006631
http://dx.doi.org/10.1029/2005jd006631
http://dx.doi.org/10.5194/acp-9-615-2009
http://dx.doi.org/10.5194/acp-9-615-2009
http://dx.doi.org/10.5194/bg-6-1519-2009
http://dx.doi.org/10.5194/bg-6-1519-2009
http://dx.doi.org/10.1016/j.envpol.2005.05.019
http://dx.doi.org/10.1016/j.envpol.2005.05.019
http://dx.doi.org/10.1016/0004-6981(89)90153-4
http://dx.doi.org/10.5194/acp-10-10359-2010
http://dx.doi.org/10.5194/acp-10-10359-2010
http://dx.doi.org/10.1016/j.atmosenv.2010.02.044
http://dx.doi.org/10.1007/s11104-010-0693-7
http://dx.doi.org/10.1007/s11104-010-0693-7

	Sensitivity of continental United States atmospheric budgets of oxidized and reduced nitrogen to dry deposition parametrizations
	Introduction
	Overview of the Community Multi-scale Air Quality model system
	Approach
	Results
	Unidirectional versus bi-directional air-surface exchange
	Continental budgets
	Gaseous oxidized nitrogen air-surface exchange uncertainties
	Cuticular and ground resistance sensitivity involving peroxyacetyl nitrate and oxidized organic nitrates
	Sensitivity to Ra
	Mesophyll resistance sensitivity involving nitrogen dioxide

	Bi-directional air-surface exchange uncertainties

	Conclusions
	We gratefully acknowledge Rohit Mathur and two anonymous reviewers for their suggestions. The United States Environmental Protection Agency through its Office of Research and Development funded and managed the research described here. It has been subjected to the Agency’s administrative review and approved for publication.
	References


