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Abstract. Atmospheric ammonia (N§J is the primary atmo- 1  Introduction
spheric base and an important precursor for inorganic partic-

ulate matter and when deposited Nebntributes to surface ) ) _ )
water eutrophication, soil acidification and decline in speciesAmmonia (Nh) is the primary atmospheric base and an

biodiversity. Flux measurements indicate that the air—surfacét€rosol precursor (Seinfeld and Pandis, 1998). Atmospheric
exchange of NH is bidirectional. However, the effects of particulate matter has been shown to have adverse affects on
bidirectional exchange, soil biogeochemistry and human actespiratory and cardiovascular systems (Pope, 2000) and can
tivity are not parameterized in air quality models. The US exacerbate preexisting respiratory and cardiovascular con-
Environmental Protection Agency’s (EPA) Community Mul- ditions (Pope and Dockery, 2006). The deposition ofsNH
tiscale Air-Quality (CMAQ) model with bidirectional N1 and ammonium (NE,j) aerosols contributes to surface wa-
exchange has been coupled with the United States Depart€" eutrophication, soil acidification, and alters the soil ni-
ment of Agriculture’s (USDA) Environmental Policy Inte- trogen geochemistry (Galloway et al., 2003). Vegetation in
grated Climate (EPIC) agroecosystem model. The coupledCosystems can be damaged via acute toxicity of nitrogen
CMAQ-EPIC model relies on EPIC fertilization timing, rate dioxide (NG), NHs, and NH; (Sutton et al., 2011) and
and composition while CMAQ models the soil ammonium long term nitrogen deposition has been linked to declines
(NHZ) pool by conserving the ammonium mass due to fertil- in species biodiversity in nutrient-poor ecosystems ([2upr
ization, evasion, deposition, and nitrification processes. Thi€t al., 2010). The total ecosystem and human health costs
mechanistically coupled modeling system reduced the biase@f nitrogen pollution are cumulative because nitrogen cas-
and error in NK (NH3 + NHD wet deposition and in ambi- cades through the environment with multiple human health
ent aerosol concentrations in an annual 2002 Continental U@nd ecosystem costs (Birch et al., 2011; Sutton et al., 2011).
(CONUS) domain simulation when compared to a 2002 an- NH3 emissions are challenging to estimate and concen-
nual simulation of CMAQ without bidirectional exchange. trations are difficult to measure. It is critical to understand
Fertilizer emissions estimated in CMAQ 5.0 with bidirec- the factors that lead to episodes of poor air quality and at-
tional exchange exhibits markedly different seasonal dynamMmospheric deposition for the development of effective miti-
ics than the US EPA's National Emissions Inventory (NEI), gation strategies. As climate change leads to increased vari-

with lower emissions in the spring and fall and higher emis-ability in meteorology, relying on seasonal averages as the
sions in July. drivers of NH; emissions estimates, as is done in most air-

quality models, adds additional uncertainty to simulations.
It is necessary to capture the dynamic and episodic na-
ture of NHz emissions, including the influences of meteo-

rology, air—surface exchange, and human activity to reduce
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uncertainty in model scenarios of Nle#missions mitigation derstand the importance of these processes. Cultivated crops
strategies, agricultural food production and the effects of cli-and pastures cover 22 % of the land area of the continental
mate change. US (CONUS) and 38% of Earth’s ice free land (Homer et
A reduction in oxides of nitrogen (N emissions in the al., 2007; Foley et al., 2011). The growing of crops represents
US over the past 15 to 20yr from power plants and mo-a large spatial area where the impact of agricultural manage-
bile sources has been documented (Gilliland et al., 2008)ment practices alters the balance of atmospherig diitirces
but NHz emissions remain uncertain and are expected to inand sinks. This manuscript describes an analysis in which
crease with increased livestock production and crop cultivathe Community Multiscale Air-Quality (CMAQ version 5.0)
tion (Reis et al., 2009). Nglemission inventories for regional modeling system was modified to include bidirectionalNH
air-quality models have been developed based on annual feexchange and coupled to a soil nitrogen model (Cooter et
tilizer sales and animal density with spatial resolution at theal., 2012) based on the routines in the United States Depart-
US county level and monthly temporal resolution (Goebes etment of Agriculture’s (USDA) Environmental Policy Inte-
al., 2003; Pinder et al., 2004), and from mechanistic mod-grated Climate (EPIC) agroecosystem model (Williams et
els based on reported agricultural data and semiempiricahl., 2008) for the US continental domain. The reduced ni-
relationships between emissions and meteorological obsetrogen (NH(=NH3+NHj{) wet deposition results of this
vations with spatial resolution as fine as 50 km by 50 km coupled modeling system were evaluated against the Na-
and hourly temporal resolution (Skjgth et al., 2011). The im-tional Atmospheric Deposition Program’s (NADP) National
provements in spatial and temporal resolution and top downTrends Network (NTN) NK observations. Nitrate ambient
inverse modeling constraints on MHemissions have im-  aerosol concentration results were evaluated against obser-
proved air-quality models’ skill regarding the estimation of vations from the Interagency Monitoring of Protected Visual
NH3z and aerosol NEﬂ concentrations (Skjgth et al., 2011; Environments (IMPROVE: Malm et al., 1994) and Specia-
Pinder et al., 2006; Gillland et al., 2006). Despite thesetion Trends Network (STN: Chu, 2004).
model improvements, a systematic difference between am-
bient NH; observations and model estimates on the order
of 30% persists (Erisman et al., 2007). Underestimation of2 Methods
emissions and/or the overestimation of dry deposition in agri-

cultural areas have been proposed as explanations of the sycs:-'vIAQ (Foley et al., 2010) version 5.0 with bidirectional

tematic difference between model estimates and observeg)égci?iggeaezrg?;e;;\%ﬂ;fiiggmer?%gﬂu“:éilr]gxgrmg a-
NH3 concentrations (Erisman et al., 2007). ' P g 9 9 y P

. ameterization, and meteorological parameters. The agricul-
Measurements have shown that the air—surface flux o . L . o 2
B L X ural cropping activity data required are fertilizer application
NH3 is bidirectional and the direction of the flux is dependent - . .
. ; rates, depths, and timing. These variables are provided on
on the land use, land management, and ambienédidcen- a daily basis from CONUS EPIC simulations (Cooter et al
trations (Fowler et al., 2009; Sutton et al., 1993a, b). Fertil- Y Y

izer application to agriculturally managed land is character—2012)' EPIC estimates of the I\IH:ontent in applied fertiliz-

ized by NH; emission peaks lasting a few days (Flechard etérsare ust by CMAQ as an input to the smlj\lpbo_l. The

al., 2010). Bidirectional NBlexchange is typically observed .CMAQ soil .N.HX budget follows the paramete”za“or.‘ used
in flux measurements, but current regional and global scald” EPI_C. (Williams et_al., 2008) and cons!sts. o_f.sollvmg. for
air-quality models do not include a mechanistic descri|otiond(3pos't'c,)n and evasion I\g—rlgxeg and SQ” n|tr|f|cqt|on n

of these processes. However, several recent regional sca MAQ smultaneously to maintain the soil ammonium mass
modeling studies have included canopy compensation point alance n a 0.01m g_nd O-OE”T‘ S(.)'I layer t(.) represent sur
used to parameterize bidirectional exchange (Wichink Kruit ace and injected fertilizer application. Evasive and deposi-

et al., 2010, 2012: Dennis et al., 2010). The Jeobmpen- 110N fluxes of N were modeled using a two layer (vege-
sation point in this study is defined as a nonzero concentra—at'oln ;%racip);anddsmI)é(;ﬂs;\stagcedmode.l .Slm”ar. to Nemitz
tion in the canopy or within the mesophyll or soil air—spaces.et a.t( ) t') asil on d S ryzoipl)osmgnthresllstznce fpa—
Ambient concentrations above this concentration will resultra":je Ie_rlza;]mr\;\? ( heImRan a?], ; F) an evslngur a:jcei
in deposition to the surface and ambient concentrations pefnodel in the Weather Research an orecast ( ) mode

low this value will result in evasion from the surface. For the (I?fl.eim. an(_j Xci:l:\'/lig%;. fi‘).gf‘d Rleiml, 5001)' ﬁoil S"-hi'
first time on a regional scale, an agroecosystem model hagfication in : Q with bi |rect|c.)na. H exchange was
been coupled to a photochemical air-quality model to Cap_modeled following the parameterization in EPIC (Williams

ture the dynamics of observed Nfuxes from fertilized and tet al., 2008);[ _N'ﬂtﬂg);es andhmlcgom_zteohollogécal paratme-
unfertilized land where Nklemissions and deposition from ers were estimated for each sub grid cell fand use category

seminatural vegetation and fertilizer application are modeled-n CMAQ with bidirectional NH exchange and then aggre-

dynamically as a function of the soil and canopy;{\lblon- gated up to the modeled 12km grid cell.
tent and ambient Ngliconcentrations. This coupled model-
ing system was evaluated against observations to better un-
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2.1 Soil and vegetation emission potentials cation exchange complex and should be immobile, thus in-
filtration of NHZ is not modeled (Sutton et al., 2011). Eva-

A NH3 bidirectional exchange model was developed for thegjgn of NH; from the soil N"If pool in CMAQ is mod-

CMAQ modeling system using field scale (00 ha) obser-  gjeq in parallel from both soil pools. This assumes that the

et al,, 2013), and published Nrair-surface exchange pa- compared to the evasive and nitrification losses of;NH
rameterizations (Massad et al., 2010 and references thereingom the soil pool.
To support bidirectional exchange estimates, two soil layers - gmjssjon potentials from NHin the vegetation’s apoplas-
and a canopy compensation point model was incorporateg. <q|ution Cs=[NH;J[H*]) and nonagricultural soils
into CMAQ. Soil NH,", pH, and the soil emission potential 4 ;

: 4 g X were modeled as a function of land cover type ranging from
(T ,defined as [NEFJ/[H*]) were modeled as a function of 10 to 160 with agricultural and heavily vegetated areas hav-
fertilizer application rate, crop type, soil type, and meteo-jng the highest values similar to Zhang et al. (20IQ)val-
rology. Agricultural practices including fertilizer application e ysed for this simulation are on the low end of the val-
and timing were modeled following Cooter et al. (2012), and yes measured in the field. To assess the models’ sensitivity
I'q due to inorganic fertilization application was calculated ¢ these values, a simulation was run following the param-

following Massad et al. (2010). eterization of Massad et al. (2010), whdtewas modeled
Napp/ (6sMnds) . as a funpuon of the annual N deposition field qnd fertilizer
g= BT L (1) application. These changes increasgdby approximately a

factor of three in background sites and by as much as a factor
where Ny is the fertilizer application in gN me, 6s is the  of 30 in agricultural regions (Dennis et al., 2013; discussed
soil volumetric water content in fim—2, My is the molar  in Sect. 3).

mass of nitrogen (14 g mot), ds is the depth of the soil layer o . )

in m, and pH is the pH of the soil water solution. Fertilizer 2-2 Emissions and deposition estimate

application rates, dates and methods, injected to 0.05m o

surface applied, for 21 major US crops were provided from.li-he _bidirectional exchange _model in the regional scale air-
a CONUS simulation of EPIC (Cooter et al., 2012). Unlike duality model CMAQ 5.0 estimates a net MRux. However

Massad et al. (2010), who used an exponential decay funct_he base case of this model and most other air-quality mod-

tion to adjustl"y as a function of time after fertilization, the els separates the air—surface exchange of Mk emission

atmosphere-soil NE‘ budget was simulated in CMAQ as be- and deposition fluxes. NdHemissions are typically based on

. . . emissions factors that can vary seasonally (Goebes et al.,
ing dynamically coupled to hourly soil I\EHIOSSES due to 2003). Atmospheric deposition is typically modeled as the
evasion and nitrification, and increases in soil{\tdie to de- ) P P pically

o . . X product of a deposition velocity and the ambient concentra-
pos!tlon. The S.O'I Nlj‘ bgdget was.smulated n C.M.A.Q l:_)y tion. In the CMAQ bidirectional NH exchange model, the
adding two soil layers, incorporating the EPIC nitrification

routines into CMAQ, and coupling the soil I\IHconcentra— NH3 air—surface fI.ux |s.modeled as a function of th'e gradient
. . . 1 ._between the ambient first layer model concentratior 20
tion to atmospheric reduced nitrogen deposition and evasioll " o' and the canopy compensation boint modeled at 0.5
following Reddy et al. (1979). Py P P '

of the in-canopy resistance. Note, all ambient and compen-
d[NH] 1 sation point concentrations in this section are in g nall
Tdr dsfsRsoil

(INH3lsoil — [NHzlc) — KnINHZT - (2) - 21 : :
sol ¢ 4 fluxes are in pgm?s-1, and all resistances are in St

1 2 F 1
where [NH{] is the soil NHf concentration in mol £2, " Ra+05Rinc
[NH3]soil is the soil compensation point in mottL calcu-
lated from the solubility and Henry’s law equilibria from
NHj,rr in the soil water solution, [NEl¢ is the in-canopy
concentration (modeled as the canopy compensation poin
in mol L~ calculated following Nemitz et al. (2001Rsoi
is the resistance to diffusion through the soil layer &m
and Ky is the nitrification rate in st following Williams
et al. (2008). Deposition and evasion from the soil is rep-
resented in part 1 of Eqg. (2), with evasion occurring when¢:=
[NH3]soil > [NH3] ¢, and nitrification represented according
to part 2 of Eqg. (2)K\ is estimated from the soil water con- where Ry, is the quasi laminar boundary layer resistance at
tent, soil pH, and soil temperature according to Williams etthe leaf surfaceRs; is the stomatal resistanc®yg is the quasi
al. (2008). Note that NEI is readily absorbed on the soil laminar boundary layer resistance at the ground surface, and

(Cc—Ca,) ®)

where F; the total air—surface exchange of BlHR; is the
aerodynamic resistanc®nc is the in-canopy aerodynamic
esistance( is the canopy NKB compensation point, and
té‘a is the atmospheric NgiconcentrationCe is a function of
C,, the stomatal compensation poidk;, and the soil com-
pensation pointCy.

Ca + G4 Cy
Rat05Rinc '+ RotRst | 05Rinc+Rogt+Rsoi (4)
_ _ _ -1
(Ra+0.5Rinc) ™  + (Ro + Rsp ™ + (Ro + Rw) ™1 + (0.5Rinc + Rog + Rsoil)
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Rw is the cuticular resistance. Note thRy, is a function of  and Weather Research Forecasting (WRF v3.1, Skamarock
C. similar to Jones et al. (2007), and th@t and R, are et al., 2008 ) meteorology using the Pleim-Xiu land surface
solved simultaneously. £and G are calculated following  scheme (Pleim and Xiu, 1995) and Asymmetric Convective

Nemitz et al. (2001). Model version 2 (Pleim, 2007). CMAQ was run with 24 ver-
tical layers using terrain following coordinates with a surface
Cst= Mn/ Vin 161 SOOe (— %80) Ts, (5) layer thickness of approximately 40 m. The upper most layer
Tc was located at 7500 Pa.

Emissions were identical between the two cases except
for NH3 emissions from agricultural fertilizer application.
1615006(—%’%)%, (6) Agricultural fertilizer emissions in the base case are the
s product of annual fertilizer activity (applications) follow-
ing the Carnegie Mellon University (CMU) emissions model
(Goebes et al., 2003) and fixed emission factors. The to-
tal annual NH emissions (fertilizer emissions plus animal
husbandry) were seasonally allocated using inverse model-

comparable to the estimates used by emissions models wheing techniques that relied on wet de_position (Gi_lliland E.}t E.il"

gradient processes are not modeled. This was done to be cop)- 06). The seasonall_y adjusted animal operatlon.e_m|ss.|ons
. ' L . ' . . were kept the same in the base case and the bidirectional

sistent with NH emissions estimates from fertilizer applica-

tion due to agricultural management practices used in mosﬁ

air-quality models.

Cg == Mn/ Vm

whereM,, is the molar mass of Nk¥1.7 x 10’ug mot1), Vi

is to convert L to m (1 x 10-3), T, and7s are the canopy and

soil temperature in K. The following modification to Eq. (3)
was used in order to estimate an emission from soiE{NH

ase. The NEI fertilizer emissions were removed from the
idirectional case and fertilizer emissions were estimated dy-
namically within CMAQ using the EPIC agricultural man-
agement output. Information regarding inorganic fertilizer
Femis= Rat0BRme (Cc[Ca=0].) (7)  application amounts and timing were simulated for bidirec-
tional CMAQ using EPIC (Williams, et al., 2008; Izaurralde
where Cc[Ca=0] is the compensation point calculated as- et al., 2006) as described above and in Cooter et al. (2012).
suming that there is no Ndfpresent in the atmosphere and The vegetation apoplastic emission potenfia)was param-
Femis is the emission flux. Likewise, the deposition flux is eterized as a function of the land cover type.
estimated by modifying Eq. (3), assuming that there is no The model simulations were evaluated on a domain-wide
atmospheric compensation point. basis for the CONUS on annual and monthly time frames
against NH wet deposition observations and PMam-
= ! (CelT's=0andlg = 0] — Ca) (8) monium (NH}), nitrate (NG;) and sulfate (SﬁT) aerosol
Ra+0.5Rinc monitoring network observations. NHvet deposition and
where C¢ is calculated as a function of the ambient atmo- Precipitation were measured by the National Acid Deposi-
spheric NH concentration alone, the emission potentials 10N Program’s (NADP) National Trends Network (NTN).

from the soil and apoplast are set to zero @ghis the de- CMAQ modeled deposition and WRF modeled precipitation
were evaluated against the NTN wet deposition and precip-

Fdep

model andFemis+ Fgep= Ft. The net flux was used to model

the soil NI—Q’ budget. interpolated Parameter-elevation Regression on Independent

Slopes Model (PRISM, Daly et al., 1994) gridded data are
2.3 Model simulation available for the entire CONUS domain on a monthly fre-
guency and compare quite well with the NADP precipitation
Two CMAQ model cases were run to evaluate the appli-site data. Assuming that the errors in precipitation and depo-
cation of this bidirectional Nkl exchange model on a re- sition are linear, an adjustment of the observed to estimated
gional scale (1000-5000 km). The bidirectional case mod-precipitation was applied to the CMAQ wet deposition fields
eled dynamic NH emissions and deposition depending on to evaluate precipitation biases on a monthly deposition ba-
I's andI'g and a base case in which Nle¢missions and de- sis using PRISM interpolated observations (Eq. 9) to gener-
position were modeled separately. In the bidirectional caseate CONUS NH wet deposition fields following Appel et
NH3 deposition increased and evasion decreased the vahl. (2011).
ues of I'y. The base case used the EPA National Emis-
sions Inventory (NEI) fertilizer emissions estimates and 2 Pprism
CMAQ’s unidirectional deposition velocity parameterization ~*&WP™= S~ p, 2_ Fwo.
for NH3. Annual 2002 simulations on the 12 km horizontal
grid cell resolution CONUS domain use 2002 NEI emis- whereFp,, wo is the bias adjusted wet depositidPrrism IS
sions fittp://www.epa.gov/ttnchiel/net/2002inventory.Html the monthly total PRISM precipitatioyogel is the monthly

©)
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CONUS NHj3 Total Emissions vations than other seasons and low observed precipitation
o in high NHs emission regions when inverse modeling tech-
. B CMAQ bi-decctionsl Ferlzer niques were used to determine the seasonal emissions based
g on wet deposition observations used in the NEI fertilizer and
CAFO emissions (Gilliland et al., 2006). Inverse modeling

g of NH3 emissions was sensitive to the lack of observations in
these agricultural regions and resulted in a likely overestima-
tion of emissions in the spring and fall (Gilliland et al., 2006).
The total NH; emissions were lowered by as much as 45 %

in March and increased by as much as 7% in July. A por-
é tion of these emission differences stems from the EPIC simu-

millions of kg NH3 month™
200
|

100
|

lated cropland fertilization rates beingl2 % lower than to-

tal agricultural and nonagricultural inorganic fertilizer sales-
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec based aCtiVity values used bythe NEI (Cooter et a|,2012)A
much larger portion of these differences likely relates to the
dynamic emissions response to local temperature conditions
| present in bidirectional CMAQ (see Sect. 2.2).

The dry deposition of NElwas decreased by 45 % across

| the CONUS domain in the bidirectional case. The reduced
modeled NH emissions from fertilized crops were more
than offset by the reduction in the dry deposition sinks re-

= D:
] u sulting in a net increase in atmospheric Nih most ar-
eas. Overall, there was an increase inyNtret deposition of

Normalized Difference in Fertilizer Emissions

0.4

0.2

0.0

-0.2
Il

14 % and an increase of 10 % in Nldnd decrease of 7% in
3 NH4ambient concentrations in the CONUS domain. The to-
' tal NHy deposition was reduced by 15 %, total N deposition
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec was reduced by 5% over the base case primarily due to the
reduction in NH dry deposition, and bidirectional total NH
Fig. 1. Total domain wide NH emissions estimated by the NEI emissjons were reduced by 16 %. Thus, the export of NH
and CMAQ with bidirectional exchange coupled to the EPIC agroe- ¢ the continent was increased by 2%. A June 2006 sensi-
cosy_stem m_od_el (top panel) and the fractional difference_inthg NH tivity run using the apoplast compensation point of Massad
fe”"'zef emissions (bottom papel) on the. CONUS domain from the et al. (2010) resulted in a 17 % increase in June bidirectional
NEI estimated in CMAQ 5.0 with bidirectional exchange. NH3 emissions from agricultural cropping operations and a
5% increase in the domain wide total Midmissions (Den-
nis et al., 2013).

(Bi-directional — NEI)/NEI NH; Fertilizer Emissions

total WRF precipitation, andiyp is the monthly model wet
deposition.

Modeled inorganic N@, and sci* aerosol concentra-
tions were evaluated against speciated particulate matter . . . e
(PM) measurements from the mostly rural IMPROVE sitesNHX wet deposition estimated using the bidirectional ex-

and Nl-[f NO=. and S(j‘ measurements from the mostly change parameterization increased the model bias over the
urban ST,N sit3e,s base case by 8% at NADP sites on an annual bases (Ta-

ble 2). However the 2002 modeled precipitation was biased
by 18.1 %. The precipitation biases were highest in the sum-

3.2 NHy wet deposition evaluation

3 Results and discussion mer when convective precipitation was highest with a peak
mean bias in the precipitation of 49.8 % at NADP sites dur-
3.1 Model nitrogen budget ing July resulting in a July correction factor ef36.0 % and

—35.1% in the modeled base and bidirectional wet deposi-
The annual domain-wide 2002 fertilizer emissions estimatedion cases, respectively. The monthly biases in the bidirec-
using CMAQ with bidirectional exchange and EPIC sim- tional wet deposition correlated well with the monthly mete-
ulated fertilizer applications were lower than the totals re-orological precipitation biase${=0.581, p < 0.05) while
ported in the 2002 NEI, Table 1. The bidirectional case esti-the base case NHvet deposition biases did not significantly
mated lower NH emissions in the spring and fall and higher correlate with precipitation biases?(=0.08, p =0.373).
emissions in January and July (Fig. 1). Spring and falgNH When the annual wet deposition is corrected for precipita-
emissions in the NEI have a higher degree of uncertainty dud¢ion using PRISM interpolated precipitation data following
to compensating errors related to a lower number of obserAppel et al. (2011), the absolute magnitude of the normalized

www.biogeosciences.net/10/1635/2013/ Biogeosciences, 10, 1f3%-2013



1640 J. O. Bash et al.: Evaluation of a regional air-quality model with bidirectional NH; exchange

Table 1. Annual 2002 NEI and bidirectional NdHemissions estimated for the CONUS domain.

Fertilizer emissions % change Total emissions % change % of emissions
1012gNHzyr~1  fromNEI  10"2gNHzyr~1  from NEI  from fertilizer

NEI 1.0 0% 3.5 0 30%
Bidirectional 0.4 —66 % 2.8 —20% 13%
Annual 2002 Bi-directional NH, Wet Dep. Annual 2002 Bi—directional NH, Wet Dep.

Model Precip.
PRISM Adjusted

0 133 267 4 5.33 667 8 0 133 267 4 533  6.67 8
Annual 2002 Base NHy Wet Dep. Annual 2002 Base NH, Wet Dep.

Model Precip.
PRISM Adjusted

0 133 267 4 533 6.67 8 0 133 267 4 533 6.67 8

Fig. 2. Maps of bidirectional and base annual flidet deposition fields, top two panels respectively, annual Néposition maps scaled by
annual 2002 PRISM precipitation fields for bidirectional and base cases, bottom two panels respectively. Mean annual NADP observations
at each measurement sit€ £ 243) are plotted in the same color scales over the modeled results.

bias in the bidirectional case is slightly reduced from 10.2 tothe emissions, transport and fate in the chemical transport
—9.8% and the absolute magnitude of the normalized biasnodel (Appel et al., 2011). The bias introduced in,Niet

in the base case increases from 1.9-tt6 % (Table 2). This  deposition estimates by the bidirectional model parametriza-
indicates that the relatively unbiased wet deposition in thetion is largely mitigated if one accounts for the biases in the
base case was likely due to meteorological model precipitamodeled precipitation of the driving meteorological model.
tion errors. The model precipitation biases are greatest during Bidirectional surface exchange improved the model sea-
periods of summertime convective precipitation. These pre-ssonal and spatial comparisons to Niket deposition ob-
cipitation biases are well documented and will be difficult to servations. The underestimation in the Niet deposition
resolve in mesoscale models due to the localized/small scale the upper Midwest was reduced in the bidirectional case
nature of convective precipitation (Tost et al., 2010). Precip-(Fig. 2). Both models underestimated the wet deposition in
itation post processing techniques are necessary to accouttie spring/early summer observed at NADP sites (Fig. 3).
for potential precipitation biases in chemical transport mod-The bidirectional case NHwet deposition in June, July and
els to illuminate the differences between biases propagatedugust was biased high by 21.8, 42.3 and 29.6 % respec-
from errors in the simulated precipitation field and errors in tively (Fig. 3) as a result of model biases in the precipitation

Biogeosciences, 10, 1635645 2013 www.biogeosciences.net/10/1635/2013/
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Monthly Variability in 2002 NH, Wet Deposition Monthly Variability in 2002 NH, Wet Deposition
3 T B Base-NADP S N T O NADP
O Bi-directional-NADP : : B Base

O Bi-directional

04
|
1

0.8
4

0.2
0.6
|

kg NHy ha ™t mon™
0.4

-0.2

Model — Observations kg NHy ha* mon*
0.0
b
0.2

-0.4
|

Precip. Adjusted + Precip. Adjusted
4 B Base-NADP : O NADP
- ! O Bi-directional-NADP | W Base
; . T : O Bi-directional

0.0

0.2
1

0.8

-0.2
1
0.4
|

0
'
'
b
'
Fe
F--[H
'
kg NH, ha mon™
0.6
|
1
]
4
1
4
|

-0.4
1
0.2

p

Model(Obs. Precip.)/(Mod. Precip) — Obs. kg NH, ha™ mon™

18

T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec

| | A

. CERN I
ol !
+[Me o
o
o
T

0.0

Fig. 3.Box plots of NH; wet deposition monthly model bias (top two panels) and total simulated wet deposition (bottom two panels) paired in
space and time with NADP observatioré £ 560 to 863 per month) for the CMAQ base case estimates (red) and CMAQ with bidirectional
case (blue). Monthly biases and total deposition for the raw model output are presented in the top panel of each set and precipitation correctec
biases are presented in the bottom panel of each set. The boxes enclose the 25th to 75th percentiles, the whiskers represent the 5th and 9t
percentiles, the horizontal bar represents the median, and the black diamond represents the mean.

Table 2. Annual base and bidirectional Pearson’s correlation coef-3.3 Ambient aerosol evaluation
ficient, NMB and NME compared to annual NADP observations.

Correlation) NMB  NME NH3 preferentially partitions to S§ aerosol, and in sul-
fate poor conditions excess NMill react with other species

Base 0.766 1'92/" 30'62/" (Nenes et al.,, 1998). Thus, large differences in the to-
ggj;ree;tlgré?\l/l 00'779510 —110620 /OA) 3208'30 /OA) tal sulfate aerosol were not observed nor expected. How-
Bidirectional PRISM 0.'777 _9.8% 3123% ever, changes in the ambient Wkere expected and these
WRE vs. PRISM 0851 18.1% 255% changes affected the modeled N@erosol concentrations.
precipitation CMAQ NO3 PM; 5 aerosol estimates were compared to STN

PMz 5 observations located primarily in urban sites and IM-
PROVE observations P4 located primarily in rural sites.

At STN sites the mean annual domain base case M
during these periods of 44.7, 69.3 and 37.8 % NMB, respecNOj; concentration was nearly unbiased (0.2 % NMB) while
tively. The application of bidirectional exchange in CMAQ, the bidirectional case introduced-a10.5% negative bias
together with the precipitation correction, increased the biagunderprediction). At the more rural IMPROVE monitoring
and error in wet deposition from the mid-Atlantic to the sites, the normalized mean annual bias was reduced from
northeastern US states where the base case was relatively8.2 % in base case to 0.6 % in the bidirectional case. The
unbiased (Fig. 2). However, improvements in the domainoverprediction in PMs NO; aerosol concentrations in the
wide model wet deposition performance with the bidirec- Ohio Valley and Midwest in the base case is reduced in the
tional NHz parameterization offset localized degradation in bidirectional case (Fig. 4). Incorporation of the bidirectional
the model performance and resulted in a net improvement irexchange model in CMAQ improved the annual mearp,BM
the regional scale simulation in NHvet deposition. NOj; concentrations at almost all IMPROVE sites, but both
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Fig. 5. Density scatter plots of monthly mean N@erosol observa-
tions paired with base and bidirectional CMAQ modeled values at
IMPROVE sites,N = 1745 (top panels), and STN sitg$,= 2320
(Bottom panels). Annual data were aggregated into 20 bins on a
logyg scale spanning the range of the observations and model re-
sults, from 1x 10~4 to 10 ugn3 for the IMPROVE data and a
5x 1073 to 25 ug 3 for the STN data. The dashed line repre-
sents a least squares local polynomial regression fit of the model

0.02 0.0632 0.2 0.632 2 6.32 20 data to the observations.

Fig. 4.2002 annual mean NDaerosol concentration in the bidirec-

tional (top panel) and base case (bottom panel). Mean annual STNyncentrations (Fig. 6). The bidirectional case reduced the
observations ¥ 220.8) are plotted over the map as dlamon_ds and overestimation of PMs NO; aerosol observations at ru-
IMPROVE observatlonsM_z 156) for each measurement site are ral IMPROVE sites dljring tﬁe winter and fall (from 44.6 to
p:otted over Ithe map as circles. Note that the color scale has beeglg% NMB and 29.5 to 12.8 % NMB respectively) and re-
plotted on a log axis. duced the summertime underprediction of the nitrate aerosol
by 15.8 % (from a NMB of 29.2 to 13.4 %). At both STN and

_ _ IMPROVE sites, the underprediction of BMINO3 aerosol
model cases still underestimated annual mean$£MO;  during the spring was increased in the bidirectional case
concentrations at many Western US STN sites (Fig. 4). Thqfrom —7.2 to—23.7 % and—6.6 to—23.5 % respectively).

pOSitive bias in modeled P4 NOg concentrations at IM- These results show that ambient EM\]OE aerosol con-
PROVE sites was reduced in the bidirectional case for al'centrations are sensitive to N}emissions and that the re-

most the entire distribution of the observed concentrationsqyction in the seasonal aerosol biases (Fig. 6) have simi-
while the bidirectional case reduced the over prediction injgr patterns as the change in Nidmissions, Fig. 1. How-
PM25 NO3 aerosol concentrations at STN sites for observedeyer, it is not clear if the reduction in the bias was due to
concentrations below approximately 3 ug¥and both mod-  an underestimation of the fertilizer application and, subse-
els underestimated observations with concentrations abovguently, an underestimation of the Ni¢mission, or due to
5ug nt 3 (Fig. 5). Both model cases overestimated the;BM  the bidirectional exchange parameterization. To evaluate this
NOj; concentrations in the mid-Atlantic region of the US. question, March 2002 was rerun with the bidirectional ex-
The bidirectional case underestimate of MNO; aerosol  change model with approximately a seven fold increase in
concentrations at STN sites was due to an over-reduction ofertilizer application. This introduced a positive bias in the
the winter (7.2 % base and10.2 % bidirectional NMB) and  PM; s NO; aerosol evaluation in these bidirectional simula-
fall (7.2% base and-3.9 % bidirectional NMB) base case tions, but this bias was still approximately half of the bias in
concentrations. On the other hand, the bidirectional case rethe base (82.0 % NBM at IMPROVE sites and 35.2 % NMB
duced the summertime base case underpredicid®(1 %  at STN sites) case for March 2002. The increase ingNH
base and-4.5 % bidirectional NMB) in PMs NO; aerosol  evasion in March 2002 was not as sensitive to increases in
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Fig. 6. Box plots of modeled monthly ambient NOaerosol biases and concentrations at STN (top two paNeisg871 to 1236 per month)

and IMPROVE sties (bottom two panels;= 691 to 1135 per month). The base case is in red, the bidirectional case is in blue and STN and
IMPROVE observations are in grey. The boxes enclose the 25th to 75th percentile, the whiskers represent the 5th and 95th percentiles, the
horizontal bar represents the median, and the black diamond represents the mean.

fertilizer applications as the June 2006 simulations reportechental US in the fall of 2007, thus long term monitoring data

in Dennis et al. (2013). Thus it appears that the reductionof NH3 was not available to compare against these 2002 an-

in the NH; emissions and, therefore, the bias in the winter nual simulations. However, simulations are planned to eval-

aerosol observations were likely due to the parameterizatiomate CMAQ modeled NEglconcentrations to AMoN obser-

of NH3 bidirectional exchange and the exponential tempera-vations as well as satellite derived and aircraft observations.

ture function of the N compensation point (Eq. 6). Additionally, multiyear simulations are planned to evaluate
The gap in observed and modeled PAMNO; aerosol con-  how NHg bidirectional exchange may alter estimated trends

centrations at STN sites may be partially closed by adoptingn total N deposition to sensitive ecosystems.

the Massad et al. (2010) apoplast compensation point model.

The June 2006 simulation with this parameterization resulted

in proportionally (relative to the change in emissions) higher4 Conclusions

PM25s NOj aerosol concentrations than resulted from in-

creases in modeled fertilization rates (Dennis et al., 2013)A photochemical air-quality model has been coupled with

The increase in the Pp NO; aerosol concentrations using an agroecosystem model in CMAQ version 5.0 to simu-

the Massad et al. (2010) Compensa“on po|nt model may béate the bidirectional EXChange of NHThlS allows for the

from the parameterization dfs as a function of the annual direct estimation of NH emissions, transport and deposi-

total N deposition field. This increased the apoplastic com-tion from agricultural practices from the parameterizations

pensation point and atmospheric Nk urban areas where Of soil geochemistry, transport and dynamic Nebmpen-

there was often abundant ambient N@ufficient HNQ for ~ Sation point processes. This coupled modeling system im-

PM,5 NO; aerosol formation, and higher oxidized N depo- Proved the simulations of NHwet deposition (when com-

sition rates relative to the total N deposition budget result-Pe€nsating precipitation biases were accounted for) and im-

ing in an increased’s. The Ammonia Monitoring Network proved the simulation of ambient nitrate aerosol concentra-

(AMOoN; Purchalski et al., 2011) began sampling in the conti- tions. The largest improvements in the aerosol simulations
were during the spring and fall. NEI estimates at these times

www.biogeosciences.net/10/1635/2013/ Biogeosciences, 10, 1f3%-2013
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are particularly uncertain since significant precipitation pre-Erisman, J. W., Bleeker, A., Galloway, J., and Sutton, M. A.: Re-
diction biases were incorporated in the inverse modeling duced nitrogen in ecology and the environment, Environ. Pollut.,
adjustments to the seasonality (Gilliland et al., 2006; Pin- 150, 140-149, 2007.

der et al., 2006; Henze et al., 2009). The CMAQ bidirec- Flechard, C. R., Spirig, C., Neftel, A., and Ammann, C.: The annual

tional model can likely be improved with additional soil and
vegetation geochemical and ambient Nédbncentration and

flux data to enhance and evaluate these parameterizationlgb
The coupled CMAQ-EPIC model estimates dynamic bidirec-

tional NHs fluxes from seminatural and agricultural ecosys-

tems connecting air-quality and nitrogen deposition to agri-
cultural management practices and variability in meteorol-

ogy and climate.

AcknowledgementsThe authors wish to thank Lucille Bender at

CSC in Research Triangle Park, NC for her assistance in conduct-

ing the annual CMAQ simulations and Kristen Foley at the US
EPA's Atmospheric Modeling and Analysis Division for her helpful

suggestions in the analysis of the model simulations. Although this

work was reviewed by EPA and approved for publication, it may
not necessarily reflect official agency policy.

Edited by: E. Nemitz

References

ammonia budget of fertilised cut grassland — Part 2: Seasonal
variations and compensation point modeling, Biogeosciences, 7,
537-556d0i:10.5194/bg-7-537-2012010.

wler, D., Pilegaard, K., Sutton, M. A., Ambus, P., Raivonen, M.,
Duyzer, J., Simpson, D., Fagerli, H., Fuzzi, S., Schjoerring, J.
K., Granier, C., Neftel, A., Isaksen, I. S. A, Laj, P., Maione,
M., Monks, P. S., Burkhardt, J., Daemmgen, U., Neirynck, J.,
Personne, E., Wichink-Kruit, R., Butterbach-Bahl, K., Flechard,
C., Tuovinen, J. P., Coyle, M., Gerosa, G., Loubet, B., Al-
timir, N., Gruenhage, L., Ammann, C., Cieslik, S., Paoletti,
E., Mikkelsen, T. N., Ro-Poulsen, H., Cellier, P., Cape, J. N.,
Horvath, L., Loreto, F., Niinemets\)., Palmer, P. I., Rinne,

J., Misztal, P., Nemitz, E., Nilsson, D., Pryor, S., Gallagher,
M. W., Vesala, T., Skiba, U., Biggemann, N., Zechmeister-
Boltenstern, S., Williams, J., O’'Dowd, C., Facchini, M. C., de
Leeuw, G., Flossman, A., Chaumerliac, N., and Erisman, J. W.:
Atmospheric composition change: Ecosystem-atmosphere inter-
actions, Atmos. Environ., 43, 5193-5267, 2009.

Foley, K. M., Roselle, S. J., Appel, K. W., Bhave, P. V., Pleim, J.

E., Otte, T. L., Mathur, R., Sarwar, G., Young, J. O., Gilliam,
R. C., Nolte, C. G., Kelly, J. T., Gilliland, A. B., and Bash, J.
O.: Incremental testing of the Community Multiscale Air Quality
(CMAQ) modeling system version 4.7, Geosci. Model Dev., 3,
205-226d0i:10.5194/gmd-3-205-201Q2010.

Appel, K. W,, Foley, K. M., Bash, J. O., Pinder, R. W,, Dennis, R. Foley, J. A., Ramankutty, N., Brouman, K. A., Cassidy, E. S., Ger-

L., Allen, D. J., and Pickering, K.: A multi-resolution assessment
of the Community Multiscale Air Quality (CMAQ) model v4.7

wet deposition estimates for 2002—2006, Geosci. Model Dev., 4,

357-371d0i:10.5194/gmd-4-357-2012011.
Birch, M. B. L., Gramig, B. M., Moomaw, W. R., Doering Ill, O. C.,

ber, J. S., Johnston, M., Mueller, N. D., O’Connell, C., Ray, D.
K., West, P. C., Balzer, C., Bennett, E. M., Carpenter, S. R., Hill,
J., Monfreda, C., Polasky, S., Rockstrom, J., Sheehan, J., Siebert,
S., Tilman, D., and Zaks, D. P.: Solutions for a cultivated planet,
Nature, 478, 337—-342,0i:10.1038/nature10452011.

and Reeling, C. J.: Why metrics matter: evaluating policy choicesGalloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P,

for reactive nitrogen in the Chesapeake Bay watershed, Environ.

Sci. Technol., 45, 168-174d0i:10.1021/es1014722011.

Howarth, R. W., Cowling, E. B., and Cosby, B. J.: The nitrogen
cascade, Bioscience, 53, 341-356, 2003.

Cooter, E. J., Bash, J. O., Benson, V., and Ran, L.: Linking agri-Gilliland, A. B., Appel, K. W., Pinder, R. W., and Dennis, R. L.:

cultural crop management and air quality models for regional to

Seasonal Nglemissions for the continental united states: Inverse

national-scale nitrogen assessments, Biogeosciences Discuss., 9,model estimation and evaluation, Atmos. Environ., 40, 4986—

6095-6127d0i:10.5194/bgd-9-6095-2012012.

4998, 2006.

Chu, S.-H.: PM 2.5 episodes as observed in the speciation trendsilliland, A. B., Hogrefe, C., Pinder, P. W., Godowitch, J. M., Fo-

network, Atmos. Environ., 38, 5237-5246, 2004.

Daly, C., Neilson, R. P., and Phillips, D. L.: A statistical-
topographic model for mapping climatological precipitation over
mountainous terrain, J. Appl. Meteorol., 22, 140-158, 1994.

ley, K. L., and Rao, S. T.: Dynamic evaluation of regional air

quality models: assessing changes mistemming from changes

in emissions and meteorology, Atmos. Environ., 42, 5110-5123,
2008.

Dennis, R. L., Mathur, R., Pleim, J. E., and Walker, J. T.: Fate of Goebes, M. D., Strader, R., and Davidson, C.: An ammonia emis-
ammonia emissions at the local to regional scale as simulated sion inventory for fertilizer application in the United States, At-

by the Community Multiscale Air Quality Model, Atmospheric
Pollution Research, 1, 207-214, 2010.

Dennis, R. L., Schwede, D., Bash, J. O., Pleim, J. E., Walker, J.

mos. Environ., 37, 2539-2550, 2003.

Henze, D. K., Seinfeld, J. H., and Shindell, D. T.: Inverse model-

ing and mapping US air quality influences of inorganic £V

T., and Foley, K: Removal of gaseous and particulate nitrogen precursor emissions using the adjoint of GEOS-Chem, At-
compounds from the atmosphere, Philos. T. R. Soc. B., accepted, mos. Chem. Phys., 9, 5877-5908j:10.5194/acp-9-5877-2009

2013.

2009.

Dupre, C., Stevens, C. J., Ranke, T., Bleeker, A., Peppler-LisbachHomer, C., Dewitz, J., Fry, J., Coan, M., Hossain, N., Larson, C.,

C., Gowing, D. J. G., Dise, N. B., Dorland, E., Bobbink, R.,

Herold, N., McKerrow, A., VanDriel, J. N., and Wickham, J.:

and Deikmann, M.: Changes in species richness and composition Completion of the 2001, National land cover database for the
in European acidic grasslands over the past 70 years: the con- conterminous United States, Photogramm. Eng. Rem. S., 70,

tribution of cumulative atmospheric nitrogen deposition, Global
Change Biol., 16, 344-357, 2010.

Biogeosciences, 10, 1635645 2013

337-341, 2007.

www.biogeosciences.net/10/1635/2013/


http://dx.doi.org/10.5194/gmd-4-357-2011
http://dx.doi.org/10.1021/es101472z
http://dx.doi.org/10.5194/bgd-9-6095-2012
http://dx.doi.org/10.5194/bg-7-537-2010
http://dx.doi.org/10.5194/gmd-3-205-2010
http://dx.doi.org/10.1038/nature10452
http://dx.doi.org/10.5194/acp-9-5877-2009

J. O. Bash et al.: Evaluation of a regional air-quality model with bidirectional NHz exchange 1645

Izaurralde, R. C., Williams, J. R., McGill, W. B., Rosenberg, N. Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and
J., and Jakas, M. C. Q.: Simulating soil C dynamics with EPIC: physics: From air pollution to climate change, John Wiley &
model description and testing against long-term data, Ecol. Sons Inc., New York, 1998.

Model., 192, 362—-384, 2006. Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker,

Jones, M. R., Leith, I. D., Fowler, D., Raven, J. A., Sutton, M. D. M, Duda, M. G., Huang, X.-Y., Wang, W., and Powers, J. G.:
A., Nemitz, E., Cape, J. N., Sheppard, L. J., Smith, R. |., and A description of the advanced research WRF version 3, NCAR
Theobald, M. R.: Concentration-dependent NH3 deposition pro- Tech Note NCAR/TN 475 STR, 125 pp., available from UCAR
cesses for mixed moorland semi-natural vegetation, Atmos. En- Communications, 2008.
viron., 41, 2049-2060, 2007. Skjgth, C. A., Geels, C., Berge, H., Gyldenkaerne, S., Fagerli, H.,

Malm, W. C., Sisler, J. F., Huffman, D., Eldred, R. A., and Cahill, T. Ellermann, T., Frohn, L. M., Christensen, J., Hansen, K. M.,
A.: Spatial and seasonal trends in particle concentrations and op- Hansen, K., and Hertel, O.: Spatial and temporal variations in
tical extinction in the Unites States, J. Geophys. Res., 99, 1347— ammonia emissions — a freely accessible model code for Europe,
1370, 1994. Atmos. Chem. Phys., 11, 5221-528j:10.5194/acp-11-5221-

Massad, R.-S., Nemitz, E., and Sutton, M. A.: Review and param- 2011, 2011.
eterisation of bi-directional ammonia exchange between vegetaSutton, M. A., Fowler, D., and Moncrieff, J. B.: The exchange of at-
tion and the atmosphere, Atmos. Chem. Phys., 10, 10359—-10386, mospheric ammonia with vegetated surfaces, I: Unfertilized veg-
doi:10.5194/acp-10-10359-2012010. etation, Q. J. Roy. Meteor. Soc., 119, 1023—-1045, 1993a.

Nemitz, E., Milford, C., and Sutton, M. A.: A two-layer Sutton, M. A., Fowler, D., Moncrieff, J. B., and Storeton-West, R.
canopy compensation point model for describing bi-directional L.: The exchange of atmospheric ammonia with vegetated sur-
biosphere-atmosphere exchange of ammonia, Q. J. Roy. Meteor. faces, Il: Fertilized vegetation, Q. J. Roy., Meteor. Soc., 119,
Soc., 127, 815-833, 2001. 1047-1070, 1993b.

Nenes, A., Pandis, S. N., and Pilinis, C.: ISORROPIA: A new Sutton, M. A., Howard, C. M., Erisman, J. W., Billen, G., Bleeker,
thermodynamic equilibrium model for multiphase multicom-  A., Grennfelt, P., van Grisven, H., and Grizzetti, B.: The Euro-
ponent inorganic aerosols, Aquatic Geochem., 4, 123-152, pean Nitrogen Assessment, Cambridge Univ. Pres, Cambridge,
doi:101.1023/A:1009604003981, 1998. UK, 2011.

Pinder, R. W., Strader, R., Davidson, C. |., and Adams, P. J.: Atem-Tost, H., Lawrence, M. G., Bihl, C., dckel, P., The GABRIEL
porally and spatially resolved ammonia emissions inventory for Team, and The SCOUT-O3-DARWIN/ACTIVE Team: Uncer-
dairy cows in the United States, Atmos. Environ., 38, 3747-3756, tainties in atmospheric chemistry modelling due to convection
2004. parameterisations and subsequent scavenging, Atmos. Chem.

Pinder, R. W., Adams, P. J., Pandis, S. N., and Gillland, A. B.:  Phys., 10, 1931-19511pi:10.5194/acp-10-1931-2012010.
Temporally resolved ammonia emission inventories: Current es-\Walker, J. T., Jones, M. R., Bash, J. O., Myles, L., Meyers, T.,
timates, evaluation tools, and measurement needs, J. Geophys. Schwede, D., Herrick, J., Nemitz, E., and Robarge, W.: Pro-
Res., 111, D1631®0i:10.1029/2005JD0066023006. cesses of ammonia air-surface exchange in a fertilized Zea mays

Pleim, J. E.: A combined local and nonlocal closure model for the canopy, Biogeosciences, 10, 981-9€8j:10.5194/bg-10-981-
atmospheric boundary layer. Part I: Model description and test- 2013 2013.

ing, J. Appl. Meteorol. Clim., 46, 1383—-1395, 2007. Wickink Kruit, R., van Pau, W., Sauter, F., van den Broek, M., Ne-
Pleim, J. E. and Ran, L.: Surface Flux Modeling for Air Quality mitz, E., Sutton, M., Krol, M., and Holtslag, A.: Modeling the
Applications, Atmosphere, 2, 271-302, 2011. surface-atmosphere exchange of ammonia, Atmos. Environ., 44,

Pleim, J. E. and Xiu, A.: Development and testing of a surface flux 945-957, 2010
and planetary boundary-layer model for application in mesoscaléWichink Kruit, R. J., Schaap, M., Sauter, F. J., van Zanten, M. C.,
models, J. Appl. Meteorol. 34, 16-32, 1995. and van Pul, W. A. J.: Modeling the distribution of ammonia

Pope, C. A.: Epidemiology of fine particulate air pollution and hu-  across Europe including bi-directional surface-atmosphere ex-
man health: Biologic mechanisms and who’s at risk?, Environ. change, Biogeosciences, 9, 5261-52¥;10.5194/bg-9-5261-
Health Persp., 108, 713-723, Supplement 4, 2000. 2012 2012.

Pope lll, C. A. and Dockery, D. W.: Health effects of fine particulate Williams, J. R., Izuarralde, R. C., and Steglich, E. M.: Agricul-
air pollution: lines that connect, J. Air Waste Manage., 56, 709— tural Policy/Environmental eXtender Model: Theoretical doc-
742, 2006. umentation version 0604, Blackland Research and Extension

Purchalski, M. A., Sather, M. E., Walker, J. T., Lehmann, C. M. B.,,  Center, Texas, AgriLIFE Research, Texas A&M University,
Gay, D. A., Mathew, J., and Robarge, W. P.: Passive ammonia Temple, TX,http://epicapex.brc.tamus.edu/media/12550/apex%
monitoring in the United States: Comparing three different sam-  20theoretical%20documentation.pd008.
pling devices, J. Environ. Monitor., 13, 3156-3167, 2011. Xiu, A. and Pleim, J. E.: Development of a land surface model.

Reis, S., Pinder, R. W., Zhang, M., Lijie, G., and Sutton, M.  Partl: Application in a mesoscale meteorological model, J. Appl.
A.: Reactive nitrogen in atmospheric emission inventories, At-  Meteorol., 40, 192-209, 2001.
mos. Chem. Phys., 9, 7657-76d@0j:10.5194/acp-9-7657-2009  Zhang, L., Wright, L. P., and Asman, W. A. H.: Bi-directional air-
2009. surface exchange of atmospheric ammonia: A review of mea-

Reddy, K. R., Khaleel, R., Overcash, M. R., and Westerman, P. W.: surements and a development of a big leaf model for applica-
A nonpoint source model for land areas receiving animal wastes: tions in regional-scale air-quality models, J. Geophys. Res. 115,
II. Ammonia volatilization, Trans. ASAE, 22, 1398-1405, 1979.  D20310,d0i:10.1029/2009JD013582010.

www.biogeosciences.net/10/1635/2013/ Biogeosciences, 10, 1f3%-2013


http://dx.doi.org/10.5194/acp-10-10359-2010
http://dx.doi.org/10.1029/2005JD006603
http://dx.doi.org/10.5194/acp-9-7657-2009
http://dx.doi.org/10.5194/acp-11-5221-2011
http://dx.doi.org/10.5194/acp-11-5221-2011
http://dx.doi.org/10.5194/acp-10-1931-2010
http://dx.doi.org/10.5194/bg-10-981-2013
http://dx.doi.org/10.5194/bg-10-981-2013
http://dx.doi.org/10.5194/bg-9-5261-2012
http://dx.doi.org/10.5194/bg-9-5261-2012
http://epicapex.brc.tamus.edu/media/12550/apex%20theoretical%20documentation.pdf
http://epicapex.brc.tamus.edu/media/12550/apex%20theoretical%20documentation.pdf
http://dx.doi.org/10.1029/2009JD013589

