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Abstract. A bidirectional air—surface exchange scheme for1 Introduction
atmospheric ammonia was incorporated into the Stochas-

tic Time-Inverted Lagrangian Transport air quality model as the primary basic gas in the atmosphere, atmospheric am-
(STILT-Chem v0.8). STILT-Chem v0.8 was then applied t0 monia (NH) plays an important role in several biogeochem-
simulate atmospheric ammonia concentrations at 53 meaia| processesSeinfeld and Pandig008. It acts as a ma-
surement s_ites in the province of Ontario, Canada for a siXjor agent in neutralizing acids in the atmosphere and sub-
month period from 1 June to 30 November 2006. In ad-stantially contributes to fine particulate matter (241 con-
dition fo the bidirectional scheme, two unlldlrectlonal dry centrations, which have impacts on air quality, acid deposi-
deposition schemes were tested. Comparisons of modeleghn, atmospheric visibility, and climate. For example, human
ammonia concentrations against observations show that allyorpidity has been shown to increase linearly with M
three schemes can reasonably predict observations. For sitggncentrationsRope et al.2009, and excessive deposition
with low observed ammonia concentrations, the bidirectionalpf atmospheric N and ammonium may lead to soil acidifi-
scheme clearly overestimated ammonia concentrations dugation and damage to sensitive species and ecosystem health
ing crop-growing season. Although all three schemes tendegiviorris, 1991; Van Bremen et a)1982.

to underestimate ammonia concentrations after mid-October ynlike most gas-phase atmospheric species, which are

and for sites with elevated observed concentrations, mainlyyredominantly either deposited to or emitted from the sur-
due to underestimated NHemission inventory after mid-  face, NH; is a semi-volatile species and exhibits bidirectional
October and/or underestimated emission potentials for thosgychange between the atmosphere and the Earth’s surface.
sites, the bidirectional scheme performed better because qfjowever, dry deposition and emission of ke simulated

its introduction of compensation points into the flux calcu- entirely separately in most atmospheric Nidodeling stud-
lation parameterization. In addition to uncertainties in thejes (Simpson et a).2012 Vieno et al, 201Q Geels et al.
emission inventory, the results of additional sensitivity testsp012). Such a decoupled treatment of these two processes
suggest that uncertainties in the input values of emission pojs |ess realistic than a combined, bidirectional, gradient-
tentials in the bidirectional scheme greatly affect the accu-griven flux model. Simulations with separate representations
racy of modeled ammonia concentrations. The use of muchyf emission and dry deposition likely underestimate ambi-
larger emission potentials in the bidirectional scheme andant NH; concentrations. Thus, the development of bidirec-
larger anthropogenic Ngemission after mid-October than  tional modeling of NH is important since the bidirectional
provided in the model emissions files is needed for accurat@pproach is responsive to combined changes of these two
prediction of elevated ammonia concentrations at intensivéyrocesses and allows for more accurate estimation of surface
agricultural locations. fluxes. Significant efforts have been made in the past two
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decades to develop bidirectional NHlux models Sutton  particle is transported by both interpolated mean wind fields
etal, 1998 Nemitz et al,200L Wu et al, 2009 Cooteretal.  as well as stochastic velocities representing turbulent eddies.
2010 Wichink Kruit et al, 201Q 2012 Zhang et al.2010. After back trajectories have been calculated, the concentra-

Most existing bidirectional flux models for NHvere pa-  tions of modeled species are initialized at the endpoint of
rameterized for applications at canopy scalds¢hard etal.  each back trajectory using values output from a global chem-
2013. Only a few models were developed for implementa- ical transport model. The initial parcel concentrations are
tion in regional-scale air quality models due to the lack of then evolved forward in time along each trajectory to take
required input parameters over a large number of differeninto consideration the influences of emissions, deposition,
land-use categorie®\ichink Kruit et al, 2010 2012 Cooter  and chemical transformation. STILT-Chem uses the Carbon
et al, 201Q 2012 Bash et al.2013 Pleim et al, 2013. For Bond IV (CB4) gas-phase chemical mechanigeiy et al,
example, required inputs of ground and stomatal emissiorl989 to simulate the time evolution of the concentrations of
potentials are generally not measured at regional scales or nat variety of gas-phase species in the atmosphere while using
explicitly calculated in regional-scale modehang et al.  an additional chemistry module to simulate the multiphase
(2010 developed a bidirectional exchange model forgNH species involved in the key atmospheric reactions of atmo-
that can be easily implemented in any regional-scale air qualspheric NH and ammonium. A comprehensive description
ity model: the required inputs of stomatal and ground emis-of the treatment of emission, transport, transformation, and
sion potentials were empirically derived for different land- deposition of atmospheric NHand ammonium in STILT-
use categories based on an extensive literature review. Chem can be found ien et al.(2013.

Although bidirectional exchange models of jlEre more
mechanistically realistic in principle, few studies have ex- 2.2 Two unidirectional dry deposition schemes
amined their actual performances against unidirectional dry .
deposition models at multiple measurement sites with a vari2-2-1  Wesely dry deposition scheme
ety of different levels of NH (Wichink Kruit et al, 2012). In
this study, the bidirectional exchange schem&luding et al.
(2010 was implemented in the Stochastic Time-Inverted La-
grangian Transport air quality model (STILT-Chem vO0.8).

The model was then used to simulate Nebncentrations 3199_0. The WDD scheme estimates the dry deposition ve-

at 53 measurement sites in southern Ontario, Canada, first S .
. S . - ocity by utilizing the resistance analogy method (Fig,
with the bidirectional scheme and then with two unidirec- . . . g - \
which each species-specific dry deposition velocityif

. - . i
tional dry deposition schemes that had already been included N
in the model. The main objective of this study was to assess > ) is calculated asijraxler and Hess1997)
the performances of these three dry deposition schemes ip _ + Rp+ Re+ RaRova) L+ v 1
atmospheric NB modeling using a detailed data set of NH d = (Ra+ Ko o RaRoug) v @
measurements. The uncertainties associated with using PrSvhere R, (s 1) is the aerodynamic resistance between a
defined emission potentials in the bidirectional scheme Wergpecified height and the surfacgy, (s m1) is the quasi-

also examined. laminar sublayer resistance, amit (sm 1) is the bulk
canopy surface resistance and is zero for partickes.
(sm 1) is computed using the friction velocity and the

A dry deposition scheme based on the work\tfsely(1989
(hereafter referred to as WDD) was used as the default in
STILT-Chem to compute dry deposition velocities of the
modeled gaseous and aerosol specl@sXler and Hess

2 Model description Businger stability functions for the surface lay&g (s m1)
is computed in different ways over land and sea: over the
2.1 STILT-Chem for NH3 land, it is parameterized through the friction velocity and the

) ) _ diffusivity characteristics of the gas and over the sea it is as-
STILT-Chem v0.8 was employed in this study to simulate gymed to be small and only limited by the atmospheric re-
emissions, transport, transformation, and deposition of atsjstance linn and Slinp 1980 Wesely 1989 Draxler and
mospheric NH as well as other key atmospheric species. jegg 1997). vy (Ms~1), gravitational settling velocity for

STILT_-Cher_n (/Ven et al, 2012 2013 is a stochastic La- _ particles is calculated a¥4n der Hoven1968§,
grangian air quality model developed from the Stochastic

Time-Inverted Lagrangian Transport model (STILT; bép: vg = ng(pg —p)(18w) 7L, )
[lwww.stilt-model.ord (Lin et al, 2003. A STILT-Chem

simulation begins with a stochastic back-trajectory simula-wheredp (m) is the particle diameteg is the gravity of
tion, followed by forward calculations that determine tracer Earth (9.801 m3?), p (gm2) is air density, pg (9 m—3)
concentrations along the generated back trajectories. In this particle density, angk is the dynamic viscosity of air
back-trajectory simulation, numerous virtual particles, each(0.01789 g mls-1). Note thatvg is zero for gases.
representing an air parcel, are released from a receptor and

transported backward in time for a specific period. Each
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Figure 1. Diagrammatic representation of the WDD, ZDD, and ZBE schemes. Resistances include the aerodynamic re®i3tahee (
guasi-laminar sublayer resistance above the can®&gy, @nd the overall canopy resistand®:). Rc can be decomposed into stomatal
resistance Rsy), mesophyll resistancekfy), in-canopy aerodynamic resistand@yf), soil resistanceKg), cuticle resistanceRcuyy), lower
canopy resistancerg)), and resistance for the gas transfer affected by buoyant convection in the catpyH; is overall flux at a
reference height above the canopy and Fy are bidirectional fluxes through stomata and above the soil surface, respegtiveythe
ambient concentration at the reference heighis the concentration at the top of canopy; and xg are the stomatal and soil compensation

points, respectively.

R depends primarily upon a number of plant physiolog-

(°C) is the surface air temperature in the canopy. For tem-

ical and ground surface characteristics and is parameterizeperatures outside the 0-40 temperature rangeis; is set

as Wesely 1989

Re =[1/(Rst+ Rm) +1/Rcut+ 1/(Rdc+ Rel)
+1/(Rac+ Rg)1 ™2, ®)

whereRg; (s m1) is the stomatal resistancgny, (s m1) is
the mesophyll resistanc&cy: (s 1) is the upper-canopy
leaf cuticle resistanceRqyc is the resistance to gas-phase
transfer by convectionRe (s m1) is the lower canopy re-
sistance Rac (s M~ 1) is the canopy height and density factor
resistance, andy (s m1) is the ground surface resistance.
Rstis parameterized as

Rst= R;

Dx[14 (200/(G + 0.1))?][400/ (T5(40— T9))]. 4)
whereR; (s m1) is the minimum resistance for water vapor,
which depends upon season and land-colgy, is the ratio

of the diffusivity of water vapor to that of the pollutan,
(Wm~2) is the solar radiation reaching at the canopy, @nd

www.geosci-model-dev.net/7/1037/2014/

to a very large value. The other resistancBs,( Rcut, Rdc

Rel, Rae: Rg) depend primarily upon the effective (relative
to SGQ) Henry’s constant and the specific reactivity of the
pollutant. The parameterization of those resistances can be
found inDraxler and Hes§1997).

2.2.2 Zhang dry deposition scheme

Another dry deposition scheme, based on the workhang

et al. (2001, 2003 (hereafter referred to as ZDD) has been
added to STILT-Chem from version 0.7 as another option for
calculating dry deposition of modeled gaseous and aerosol
species \Ven et al, 2013. The ZDD scheme (Figl) em-
ploys a methodology similar to the WDD scheme, but with
an improved representation of non-stomatal resistance com-
ponents and handling of seasonally dependent input param-
eters. The non-stomatal resistance components in the WDD
scheme consist of in-canopy aerodynamigd, soil (Rg),

and cuticle resistance®§;) and were assigned constant val-
ues for a particular season and land type. In contrast, the

Geosci. Model Dev., 7, 10854 2014
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ZDD scheme calculates these non-stomatal resistance conet al, 2004

ponents as a function of friction velocity, relative humidity,

and canopy wetness, as well as biological factors, such ag — 1.703x 10° (161 500) exp<— 10 378) Dst, )
canopy type, leaf area index (LAI), and growing period, and st Tt

is believed to be more realistic than using constant Values\‘/vhereTt(K) is the temperature of the leaf stomata, &xds
S l

Substantial information on land-use-category specified inpuEhe stomatal emission potential at 1 atmosphere and is given
parameters including LAl and roughness length is adopted tcby the expressiorNemitz et al, 2000

reflect more realistic seasonal variatiodg#ng et al.2003.

Note that the effects of low temperature and snow are also [NH/ 1st

considered in the ZDD scheme to obtain more realistic cuti-I'st= TH s ©)

cle and ground resistance in winter. The ZDD scheme, which

is formulated for 26 land-use categories, can calculate dry dewhere [N Fﬁ]st is the concentration of N}I (mol L=1) in the
position velocities for more than 30 gaseous species and 1dpoplastic fluid (fluid in a tissue-level compartment formed
particulate species that are usually considered in regional aiby the continuum of cell walls of adjacent cells as well as the
quality models. The scheme has been widely used in air qualextracellular spaces)H* ]s; = 10~PH is the stomatal concen-
ity models (e.g.Zhang et al.2002 Alexander et al.2005 tration of H" (mol L~1) with the pH of the intercellular fluid

Nopmongcol et a).2012. at 1 atmosphere.

Similarly, xg is calculated Nemitz et al, 2004 using the
2.3 Bidirectional NH3 air—surface exchange scheme formulas
In order to simulate bidirectional exchange of fbetween Xg=1703x 1010(161500) exp(— 10 378> Iy (9)
the atmosphere and the Earth’s surface, a bidirectional air— Tg Ty
surface exchange scheme developedbgng et al(2010 [NHj]g
(hereafter referred to as ZBE) was implemented into STILT- Ig= Wv (10)

Chem v0.8 in this study. The ZBE scheme (see Ejgyas
developed for application in region-scale air quality models,whereTy (K) is the temperature of the ground surfaCgis
in which stomatal and soil emission potentials are specifiedhe stomatal emission potential, and [ﬁl]d and [Hf]g are
according to land-use category and season, based on an ethe concentrations of Nj[—|and H" (mol L=1) in the ground
tensive review of measurement and model studies. cover.

In this scheme, the overall vertical fluk (ug n2 s~ 1) at In the ZBE scheme, a set of stomatBdf and ground[(g)
a reference height above the canopy can be calculated as emission potentials are specified (Tabjeas inputs for each
land-use category using empirically derived values to gener-
ate xst and xg using Egs. 7) and @), respectively. It should
be noted that soil emission potential is a soil property and
not a vegetation property and thus, assigning the soil emis-
wherexa (g n3) is the NH; air concentration at the refer- sion potential values based on land-use category might not
ence height, angc (ug n3) is the NH air concentration at  be appropriate in some cases. However, considering that a

(Xa— xc)

_ra2 e 5
(Ra+ Rp) ®)

F=

the canopy top and can be calculated as portion of soil emissions comes from decomposition of the
litterfall from previous years, soil emission potentials could,

Xa Xst Xg to some extent, be related to land-use category. It is worth

Xe= <Ra+ Rp + Rst+ Rm + Rac+ Rg) ' mentioning that other factors could dominate soil emissions,

1 (6) such as wet deposition at natural areas or fertilization over
( 1 + 1 + 1 + i) i agricultural lands. In the latter case, soil emission could vary
Ra+Rp  Rst+Rm Ract+Rg Reut substantially both spatially and temporally, under which con-
ditions the default values iZhang et al.(2010 are likely
where xst (Lg m3) is the stomatal compensation point and to require adjustment. For exampRigim et al.(2013 and
xg (Mg m-3) is the soil compensation point. The same formu- Wichink Kruit et al.(2010 made use of information on agri-
las used in the ZDD scheme are used in the ZBE scheme toultural activities to better estimate soil emissions. Know-
calculate all of the resistances in E).(All of those formu-  ing that soil properties are not available at regional scales in
las can be found in the work @hang et al(2003. many cases, the approach propose&fiang et al.(2010
xst is defined chemically as the concentration at which should be a reasonable first approximation. This is especially
there is both a thermodynamic equilibrium betweengNii  the case for non-managed forest canopies where soil emis-
the liquid and gas phases and an acid—base equilibrium besions are much smaller than stomatal emissions. These val-
tween Nl—[f and NH; in the liquid phaseyst can be either ues are based on an extensive review of model and measure-
measured or calculated according to the formNerfitz ment studies. As a result, they are generally representative of

Geosci. Model Dev., 7, 1037t05Q 2014 www.geosci-model-dev.net/7/1037/2014/
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Table 1. Stomatal and ground emission potential inputs (dimensionless) by land-use category in the ZBE Ztizemeial.2010. Note
that pairs of values correspond to low-N canopies and high-N canopies, respectively.

Land-use category Stomatal emission potential ~ Ground emission potential

st Ig

1 Water 0 0

2 Ice 0 0

3 Inland lake 0 0

4 Evergreen needleleaf trees 300, 3000 20, 1000

5 Evergreen broadleaf trees 300, 3000 20, 1000

6 Deciduous needleleaf trees 300 200, 2000

7 Deciduous broadleaf trees 300, 3000 200, 2000

8  Tropical broadleaf trees 300, 3000 20, 1000

9 Drought deciduous trees 300, 3000 500, 2000

10 Evergreen broadleaf shrubs 300, 3000 20, 1000

11 Deciduous shrubs 300, 3000 200, 1000

12 Thorn shrubs 300, 3000 20, 1000

13 Short grass and forbs 300, 3000 2000, 200000

14 Long grass 300, 3000 2000, 100000

15 Crops 800 5000

16 Rice 800 5000

17 Sugar 800 5000

18 Maize 800 5000

19 Cotton 800 5000

20 Irrigated crops 800 5000

21 Urban 0 0

22  Tundra 20 20

23 Swamp 100 20

24  Desert 0 0

25 Mixed wood forest 300, 3000 20, 3000

26  Transitional forest 300, 3000 20, 3000

emission potentials for each land-use category and seasoSampler Survey (SOAPSS), which ran from 4 April 2006 to
For forests and grasslands, two set§'gfandI'g values are 27 March 2007 Vet et al, 2008. The objective of SOAPSS
provided for the same land-use category to reflect differentwas to measure ambient concentrations of;Nitl approxi-
nitrogen contents — one for high-N canopies and the other fomately 79 sites, mainly located in southern Ontario but also at
low-N canopies. For the atmospheric dlkhodeling studies  a small number of Canadian sites outside of Ontario and US
in which anthropogenic Nglemissions are used as an exter- sites bordering the Great Lakes. The survey provided highly
nal input, following Eq. ) the air concentration of Nflat spatially resolved atmospheric Nlidoncentration data, with

the canopy togyc can be calculated a31ebs et al.2006 distances between sites in southern Ontario of approximately
20km. The NH measurements were made using passive
_ Xa st Xg F.). samplers and represent an integrated average of the near-
Xc + + + Fe X
Ra+Rp  Rst+Rm  Ract+ Ry surface NH concentration over a one-week (before Decem-

( 1 1 1 1 >—1 11 per 2006) or two-week (after November 2006) period. Out of
+ + + 5 ) all sites, 53 were selected as receptors and test sites in this
RatRo  RsttRm  RactRg ~ Reu study (Fig.2), consisting of 39 agricFL)JIturaI sites and 14 for-
where Fe (ug nT2s™1) is the NH; anthropogenic emission gst sites. The other 26 sites, which were very close to t_ransj—
flux from external inputs. tions from one land-use type to another, were not used in this

study because their land-use types cannot be assigned with

certainty at the model grid scale due to insufficient resolu-
3 Model simulations tion of the meteorological input.

3.1 Measurements used for simulation and comparison 3.2 Simulation setup

Detailed measurements of surface Nedbncentrations were  STILT-Chem v0.8 was used to simulate hourly NEon-
carried out during the Southern Ontario Ammonia Passivecentrations at the 53 sites (Fig) for a period from 1 June

www.geosci-model-dev.net/7/1037/2014/ Geosci. Model Dev., 7, 103849 2014
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NH, emission mole/s/gridcell cost. The paths of the particles were followed backward in
A ) - j time for six days, which usually allowed them to travel far

> - Tl aseN away from any sources near the receptors. The calculated
back-trajectories were 3-dimensional and their vertical mo-
L soen tions were calculated directly using vertical velocity fields
provided in the input meteorological data. The size of the in-
tegration time steps for the back-trajectory calculations var-
ied with time and location from 1 min to 1 h and was com-
puted based on the requirement that the advection distance
per time-step should be less than the grid spacing (Courant—
Friedrichs—Lewy condition). The same time steps were then
[#®™  alsoused in the forward simulation for deposition and chem-
&9 istry calculations.

Identical emissions and initial/boundary conditions to
those described iWen et al. (2013 were employed in
this study. A detailed description of the emissions and ini-
tial/boundary conditions can be found\ien et al.(2013,
but a brief summary is provided here. Concentrations of
modeled species were initialized at the endpoints of tra-
jectories using output from the Model for OZone And Re-
lated chemical Tracers, version 4 (MOZART-Znimons
et al, 2010, which was obtained from the WRF-Chem web-
site (ttp://www.acd.ucar.edu/wrf-chem/mozart.shtnThe
gridded MOZART-4 output fields have a8 x 2.8° horizon-
tal grid spacing with 28 vertical levels from the surface to ap-
proximately 2 hPa in 6-hourly intervals. No interpolation of
the output was performed for the particle concentration ini-
tialization. MOZART-4 chemical species were mapped onto
CB4 species according to the matching table giverEby
mons et al(2010. The initial concentrations of particles at
trajectory endpoints were then evolved forward in time to ac-
count for the influences of emissions, chemical reactions and
Figure 2. Locations and IDs of 53 measurement sites and spatialdeposition along each trajectory for each time step in the for-
distribution of gridded NH emissions fluxes (mols' gridcell')  ward trajectory integrations.
over the simulation domain (top panel) and their localg\#nis- The 2006 Criteria Air Contaminants emission inven-
sion fluxes (the bottom panel is a magnification of the area encloseqory (version 2) from Environment Canada (EC) was em-
b_y red lines in_the top panel). Megsuremen_t sites include 14 foresb|oyed as the Canadian emission inventory in the simula-
sites (green triangles) and 39 agricultural sites (yellow dots). Note;q ¢ \vhich incorporates facility-level emissions from the
:?Oadt the emission fluxes are averages over the entire simulation P& ¢ National Pollutant Release Inventory (i.e., point sources)

' plus province-level estimates of on-road mobile emissions,
off-road mobile emissions, and area emissidn§p{//www.
ec.gc.cal/inrp-npr/ A special inventory of 2006 Canadian

to 30 November 2006. The model was driven by Eta Dataagricultural NH emissions that was developed under the
Assimilation System (EDAS) data that were obtained from Canadian National Agri-Environmental Standards Initiative
NOAAs Air Resources Laboratory (ARL) meteorological (NAESI) was also includedMakar et al, 2009 to repre-
data archives. The EDAS data cover most of North Americasent regional differences in farming practices and climatic
using 185« 129 grid cells with a horizontal spacing of 40 km. conditions for each livestock category, and temporal varia-
The EDAS data consists of 26 vertical layers with a modeltion due to seasonally varying agricultural practices or tem-
top of 25 hPa and are available at 3-hourly intervals. In theperatures. The corresponding US and Mexican emissions in-
model simulations, ensembles of 500 particles were releasedentories that were used were the 2005 US National Emis-
every hour from each receptor site location at a height of 5 msions Inventory (version 4) and the 1999 Mexican emis-
above ground. A particle ensemble size of 500 was shown irsions inventory. Both were obtained from the US Envi-
a previous studyWen et al, 2013, using the same model ronmental Protection Agencwitp://www.epa.gov/ttn/chief/
and similar inputs, to be sufficient to achieve adequate aceiinformation.htm). These three national anthropogenic in-
curacy while not considerably increasing the computationalventories all included emissions of oxides of nitrogen (NO

- 35°N

21 30°N

1 2 3 4 5 6 7 8 9 10 11 12
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volatile organic compounds (VOC), NHcarbon monoxide
(CO), oxides of sulphur (S, and primary particulate mat- i
ter (PM) with an aerodynamic diameter less than or equal tos
10 um and 2.5 pum (PM and PM ). Each of the three na- ;;,
tional emissions inventories was processed with the Sparsé
Matrix Operator Kernel Emission (SMOKE) (v2.4UKC,
2009 emissions processing system for a domain (Bighat
consisted of 15& 106 grid cells with a horizontal grid spac-
ing of 42 km on a secant-polar-stereographic map projection
true at 60 N. The SMOKE-processed output emissions con-
sisted of hourly gridded emissions fields that accounted for
geographic variations and diurnal, weekly and monthly vari-
ations. For simplicity all point sources were treated as surface
sources, which is reasonable for pllEmissions because all

A BRI R R A R A A

)

NHj (ug/m

o DT DDV YD DG R

)

OFRPRNWAUIUON OFRPNWAUUION OFRPNWNMUOION

3

point sources together account for only a small fraction of % : : : : e

total NH3 emission kttp://www.ec.gc.ca/inrp-npri/default. Ivm ) ) ) ) o

asp?lang=en&n=0EC58C98- 1#Emission_Summaries = : i : : I ikl iI' ]I“ I
Three dry deposition schemes, including two unidirec- R EE

tional schemes — ZDD and WDD — and the bidirectional site

scheme ZBE, were used in different STILT-Chem simula- s \easurement WDD

tions for the 1 June to 30 November 2006 period to in- f— DD f—ZBE

vestigate their impacts on model predictions of N&mbi-  Figure 3. Observed (black) and modeled Nidoncentration aver-

ent concentrations. In the ZBE scheme, as mentioned abovgges with the WDD scheme (orange), the ZDD scheme (green), and

(Sect.2.3), two sets ofl's; andT'g values are available for the ZBE scheme (blue) for 53 measurement sites for the 1 June to

the same land-use category for forests and grasslands a80 November 2006 period. Sites 1 to 14 are forest sites.

cording to canopy nitrogen conte@hang et al(2010 sug-

gested that the higher values should be chosen for high-N

canopies and the lower values should be chosen for low-Nt  Results

canopies. The classification of high-N and low-N canopy for

each model grid cell can be determined according to a totah.1 Measured and modeled NH concentrations using

nitrogen deposition map for the model domain obtained ei- different dry deposition schemes

ther from measurements or previous mode runs. In this study,

due to a lack of such N deposition maps, we assumed low-N-igure 3 shows a site-by-site comparison of averagesNH

canopies for all forests and grasslands. This assumption agoncentrations between simulations and observations, in

pears to be reasonable because forest areas near the southetrich hourly modeled and weekly observed fNébncentra-

Ontario test sites have low Nfemission strengths and con- tions were averaged over the entire simulation period from

centrations (cf. Fig and3); thus N deposition in those for- 1 June to 30 November 2006 for each receptor site for

est areas should be low becausejgNehds to be a local pol- the three simulations that used each of the three deposition

lutant. Accordingly, in the STILT-Chem simulation with the schemes. Based on the good agreement obtained between

ZBE scheme, the minimum emission potential values listedsimulated and observed values for a similar simulatifar

in Table 1 were used and the simulation was treated as aet al, 2013, we assumed that the NHemission inventory

base-case simulation. However, the difference in the modeledsed in this study is reasonable and that the modeled physical

NH3 concentrations between simulations by assuming low-and chemical processes (other than dry deposition schemes)

N canopies and by assuming high-N canopies for all forestsdo not bias NH concentration systematically over the re-

and grasslands was examined. Some sensitivity simulationgional scale, so that differences in the modeledsdbihcen-

were also performed in which larger emission potential val-tration from using the three dry deposition schemes can be

ues were used for agricultural land-use categories in the ZBEEompared. Note again that the minimum values of stomatal

scheme (see Sea.3). emission potentials and ground emission potentials given in
Table1 were used in the simulation using the ZBE scheme.
We can see from Fig3 that the STILT-Chem model using
all three schemes generally performed adequately in predict-
ing the average levels of observations for most sites, and also
performed well in capturing the general transitional trend in
the observations going from forested regions to agricultural
regions (see FigR). This is a positive result considering the
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7 3 Table 2. Definition of statistical metrics.
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i observed concentrations. This phenomenon is more evident
g in the scatter plots (Figdb, c, and d) in which weekly
measured and modeled concentrations were used. Similar
results have been reported by a European study that used
the LONng Term Ozone Simulation — EURopean Operational
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Observed NH (ug/ma) Observed NH (ug/ma) . A
® ® Smog (LOTOS-EUROS) model(ichink Kruit et al, 2012,
WDD-forest WDD-agriculture + ZDD-forest : f : : :
v ZDD-agriculture  + ZBE-forest + ZBE-agriculture in wh|cr_1 NHs concentrations in natura_l areas were slightly
overestimated, whereas NHoncentrations in agricultural
Figure 4. Correlations between measured and modeled Noh- regions were underestimated, with more pronounced under-

centrations for the WDD (orange), ZDD (green), and ZDD (blue) estimations as observed NHevels increased. In terms of
schemes, respectively, includingp) for all 53 sites using mean  statistical values of the Ratio of the Means (ROM) and the
concentrations over the entire simulation perigi;for forest sites  Mean Fractional Bias (MFB) (Tablésand3), modeled NH
(+) using weekly concentrationgs) for agricultural sitesY) using  concentrations at agricultural sites were overall underesti-
v_veekly cc_)ncentrat_lonid) for all 53 S|t_es using weekly concentra- mated by WDD and ZDD in this study, and slightly over-
tions. Solid black fines represents 1 lines. estimated by ZBE, but all three schemes significantly under-
estimated NH concentrations for sites with observed levels
greater than 6.0 ugn¥, with a tendency to underestimate
fact that NH; is generally difficult for air quality models to more with increasing observed concentrations (B)g.The
simulate due to its strong spatial variability. Although STILT- performances of the three schemes at agricultural sites were
Chem is based on a Lagrangian reference framework and inot obviously different according to their correlations with
capable of capturing sub-grid-scale variabiliwen et al, observations but differed significantly from the perspective
2011, some processes such as emissions are associated with bias (Fig.4 and Table3). All three schemes performed
Eulerian grids in the simulation, and thus the model’s perfor-poorly in reproducing observed concentrations at the forest
mance is still affected by the spatial resolution of input fields. sites, with considerable overestimation and ineffective rep-
Overall, out of the three schemes, BlEloncentrations pre- resentation of the pattern of observations, probably due to
dicted using the ZDD scheme were smallest mainly becausenuch lower emissions strengths and concentration levels at
this scheme generally gives higher BlHry deposition ve-  those sites. The same uncertainty in the simulations may
locities (see Sectl.2). The highest NH concentrations were lead to more pronounced error/bias at low concentrations
predicted by the ZBE scheme due mainly to the inclusion ofthan high concentrations. According to the values of ROM,
additional NH emissions from ground and canopy vegeta- MFB and Mean Fractional Error (MFE) in TabBthe ZBE
tion. scheme performed the best for agricultural sites and for all
Figureda shows correlations between observed and modsites, whereas the ZDD scheme had the best performance in
eled mean NH concentrations that are presented in Hg. simulating NH concentrations for the forested sites.
for the three schemes. The ZBE scheme generally predicted Figure 5 shows time series of observed and simulated
higher NH; concentration averages over the entire simula-NHz concentrations, in which modeled hourly Bldoncen-
tion period than the ZDD and WDD schemes. However,trations were averaged according to corresponding weekly
all three schemes produced almost equivalent correlatiosampling periods, and then observed and modeled weekly
patterns with the observations. They underestimated NH concentrations were averaged over receptor sites for three
concentrations at sites with high observed concentrationsgroups: forest sites, agricultural sites, and all sites. All three
while overestimating Nkl concentrations at sites with low schemes generally performed well in capturing the timing of
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Table 3. Values of three statistical metrics for comparison of weekly modeled bidhcentrations against observations for the 1 June to
30 November 2006 period for three groups of sites: (1) all sites (53); (2) forested sites (14); (3) agricultural sites (39).

Metrics All sites Agricultural sites Forested sites

WDD ZDD ZBE WDD ZDD ZBE WDD ZDD ZBE
ROM 0.85 0.74 1.07 0.83 0.73 1.04 1.27 0.95 1.68
MFB (%) —2.40 -24.18 23.40 —-14.15 -26.48 12.72 32.77 —-17.30 55.32
MFE (%) 56.65 52.25 57.73 48.04 50.10 49.38 82.37 58.66 82.72

>
)

S over agricultural sites. Their performances also varied for
Forest different simulation periods. Before mid-October, both WDD
and ZDD can predict Nkl concentrations well, indicating
that the anthropogenic NHemissions used for this period
of time were reasonable. After mid-October, however, there
was a universal sharp decrease in modeled Nbhcentra-
tions (especially at agricultural sites), mainly in response to a
reduction of the estimated Ny€missions as a result of lower
emissions of NH from livestock production and fertilizer
application in southern Ontario in the winter monthsly-
man et al.2010, as well as by the presence of snow cover,
N D S S S S S S R Rt which typically begins in November in southern Ontario and
Al which can substantially reduce Nsoil emissions. How-
ever, the big difference between modeled and observegl NH
concentrations for all three schemes after mid-October may
suggest a significant underestimation of anthropogenig NH
emissions after mid-October, presumably as a result of ne-
glecting likely fertilizer application from October to Novem-
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S8883I38388888882ss552=2x ber in preparation for the following year's agricultural ac-
tivity. As for the period before mid-August, the two unidi-
——Measurement WDD - ZDD —-—-ZBE rectional schemes predicted Niell whereas ZBE clearly

overestimated. The overestimation of ZBE was probably due

Figure 5. Observed NH concentration time series (black continu- to th i tant st tal . tentials for th
ous line) vs. modeled time series using the WDD scheme (orange ,O € use of constant stomatal émission potentials for the en-

the ZDD scheme (green), and the ZBE scheme (blue), respectivel}.ire modeling period, which are likely too high for this period
Those time series are averages over forest sites (top), agriculturdlf time. By contrast the modeled results by ZBE agree well
sites (middle), and all 53 sites (bottom). with the observations at the forest sites after mid-October
and at the agricultural sites from mid-August to mid-October.
Since temperature generally decreases after mid-August and
peaks in the observations, albeit the exact predicted conce ’\—IH3 concentrations overall were overestimated before mid-
tration levels were differe,nt From statistics calculated us-rkuQUSt’ the good agreement later on could be a result .Of
' lower temperatures as stomatal and ground compensation

ing values of the mean time series dls_played in Bigthe oints decrease exponentially with decreasing temperature
ZDD scheme performed best in capturing average levels o Egs.7 and9)

observation for forest sites, with a ROM of 0.95, compared
with 1.27 for WDD and 1.68 for ZBE, respectively. The
ZBE scheme, on the other hand, performed best in captur4-2 Modeled dry deposition velocity and flux using

ing average levels for both agricultural sites and all sites. different schemes

For agricultural sites ZBE had a ROM of 1.04, compared

0.73 for ZDD and 0.83 for WDD, and for all sites the ZBE Hourly modeled results for the entire simulation period were
scheme had a ROM of 1.07, compared with 0.74 for ZDD used to calculate average diurnal variations of sNtbn-

and 0.85 for WDD. All three schemes had relatively poor centration, dry deposition velocity and air-surface exchange
correlations with observations for all three groups of sites,flux. The resulting average diurnal variations in these three
with a maximum value of 0.48. The ZBE scheme substan-quantities for the three schemes are presented inGHigr
tially overestimated Nklconcentrations over forest sites and the forest sites and the agricultural sites. Fighislhows that

the ZDD scheme clearly underestimatedqNténcentrations  the dry deposition velocities of NfHmodeled by the WDD
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o 40 o ! ! ' ' ' - of stomatal uptake (through the use of a very large value of
%, . B 10?5s m~1 for minimum canopy stomatal resistance) for the
% 207 - deciduous forest category in the autumn season. In WDD,
2 20 - September—October is treated as autumn and foliage loss is
% ] F thus assumed. The underprediction of dry deposition veloci-
g 7 - ties of O by the WDD scheme for September—October has
8 o0 4 - also been previously reporteV( et al, 2011). The ZBE
40 y P L scheme, on the other hand, calculatedsNidx directly and
] ‘ ‘ § § I no NHs dry deposition velocity was estimated in the ZBE
@ 20 N - scheme. In order to compare it with the other schemes, we
£ 1 : [ : SN divided NHs fluxes by corresponding NiHconcentrations
2 o= — i : j i to obtain an “effective” dry deposition velocity for the ZBE
x g I R e N i scheme. Hence diurnal patterns of effective dry deposition
L -20 DT : 3 - velocities for the ZBE scheme are presented in 6s well.
The effective dry deposition velocities from the ZBE scheme
Y L L i L L C clearly show strong Nklemission (negative values) from the
10 3 ‘ - surface to the atmosphere during the daytime for both forest
0.0 2 : and agricultural sites. During the nighttime, ZBE effective
g o 3 E deposition velocities are close to the dry deposition veloci-
S L, E 3 ties estimated by ZDD for forest sites, but they are small and
S 7 E negative for agricultural sites.
30 E ‘ 2 Modeled NH; fluxes using ZDD and WDD show evident
40 ‘ ‘ LN ‘ 2 diurnal patterns in which magnitude of fluxes were smaller at
50 i i 1 i = night and larger during daytime hours. All fluxes were nega-
0:00 4:00 8:00 12:00 16:00 20:00 tive (downward out of the atmosphere) due to consideration
Hour of day (local time) solely of dry deposition in those unidirectional schemes. Al-
_ vz\lgg_}?rr:;t ______ \’ngg_':grriﬁltt’rf though modeled NEidry deposition velocities by ZDD were
— ZBEforest  -e--e- ZBE-agriculture larger for forest sites than for agricultural sites, Nftlxes

modeled by both WDD and ZDD were higher for agricultural
Figure 6. Diurnal variations of modeled dry deposition velocity sjtes than for forest sites. The main reason is that dry depo-
(bottom), surface exchange flux (middle), and Neébncentration  sition flux is determined not only by dry deposition velocity
(top) using WDD (orange), ZDD (green), and ZBE (blue) schemes,;t gs0 by ambient concentration, and Nebncentrations

respectively, averaged over the entire simulation period for for-at the agricultural sites were much higher than those at the
est sites (solid lines) and agricultural sites (dashed lines). Nega; . .
tive fluxes represent downward movement out of the atmospherforESt sites as shown in the top panel of FigDownward

whereas positive fluxes represent emissions from the Earth’s suj-ques predicted by ZDD were greater tha'n those predicted

face to the atmosphere. Dry deposition velocities for ZBE represenfy WDD for both forest and agricultural sites: as a conse-

its effective dry deposition velocities, where negative values indi- queénce, modeled Nddconcentrations based on ZDD were

cate emissions from surface. generally smaller than those based on WDD (see also §igs.
and5).

Unlike the diurnal patterns of NHsurface fluxes pre-
scheme were smaller than those modeled by the ZDD schemeicted by the unidirectional schemes, in which all fluxes were
for the agricultural and especially for the forest sites. Thedownward (negative), the NHsurface fluxes predicted by
underestimation of dry deposition velocities by the WDD the ZBE scheme were mostly upward (positive), especially
scheme has been reported by other studiés ét al, 2012 for the agricultural sites where almost all fluxes were positive
and was attributed to the use of a prescribed minimum nonand had a much higher peak. Estimated fluxes over the forest
stomatal resistance without consideration of key biologicalsites were negative at night (Fi§) but reached maximum
factors (e.g., LAI). In contrast, the non-stomatal resistance(positive) values in the afternoon. Flux peaks for both the
parameterizations adopted in the ZDD scheme vary with bi-agricultural sites and the forest sites are coincident with the
ological (LAI), meteorological (friction velocity, relative hu- ambient concentration minima as expected from Bgy.The
midity), and surface (canopy wetness) conditions, and theremean flux of the diurnal pattern was abeut.2 ng m2s—1
fore are better able to capture the variations of dry depositiorfor the forest sites, and 19.2 ngths ! for the agricultural
velocity than the simple non-stomatal resistance parameterisites, indicating that Nglair—surface exchange at the agri-
zation in the WDD scheme. The NHiry deposition veloc-  cultural sites acted as an important source ofsNidithe at-
ity estimated by WDD for forest sites was even smaller thanmosphere during the study period, based on the ZBE results.
that for the agricultural sites, mainly due to the exclusion
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Site sion strengths for the three schemes for each test sites. All data

. . . ints are means for the entire simulation period.
Figure 7. Modeled average Nflconcentratior(c) using the set of points are means for the entire simulation period

minimum emission potentials (red) and using the set of maximum

emission potentials (blue) for 53 measurement sites and their corre-

lations with the observationa @ndb). The use of minimum emis-  were marked, especially for most forest sites. Using maxi-

sion potentials is the default. mum emission potentials not only greatly overestimated NH
concentrations, but also significantly reduced the correlation
between simulation and observations. The meary Néh-

4.3 Uncertainty associated with emission potentials in  centration for the forest sites was 2.25 pghwhen maxi-

the ZBE scheme mum emission potentials were used, about 4 times the mean

value of 0.54 pg m2 obtained when the minimum emission

As discussed in Se®.3, two parameters are required to de- potentials were used. This result indicates the importance of

termine air—surface exchange of ptt$tomatal emission po- using appropriate emission potentials in Nbidirectional

tential Csy) and soil emission potential'g). Although these  modeling. Although the same emission potential values were

parameters can be measured at selected locations, they ansed for both runs for agricultural locations (agriculture re-

not available at regional scales nor are they calculated idated land-use categories only had one emission-potential

regional-scale air quality models. For regional-scale air qual-value: see Tabld), differences in modeled concentrations

ity modeling applications, the ZBE scheme empldysand  for those locations were still evident. The mean N¢bn-

'y values that have been derived empirically for each land-centration for agricultural sites was 3.81 ughwhen max-

use category. Two empirical sets Bf; andI'g values were  imum emission potentials were used and approximately 1.5

provided (Tablel) to reflect different nitrogen contents for times the mean concentration of 2.42 pghobtained using

the same land-use category that forests and grasslands migitinimum emission potentials. This difference resulted from

have. Thus the use of different empirical emission potentialthe transport of higher Nficoncentrations from forest areas

values could lead to different simulation results. when maximum emission potentials were used.

In order to bracket uncertainties in modeled N¢bncen- Figure 8 shows relationships between deviations of mod-
trations associated with the use of the different emission-eled NH; concentrations from observations and correspond-
potential values, we ran the model twice — once using theng local mean anthropogenic NHemissions for each
minimum and again using the maximum emission potentialssite (see Fig.2). All data points in Fig.8 are means
given in Tablel — with the ZBE scheme for every location over the entire simulation period for the 53 sites for all
in the simulation domain. Note that for some land-use cat-three schemes. Those for the ZBE scheme were the out-
egories (e.g., crops) the same emission potential was usecbme of using minimum emission potentials. The devia-
for both runs due to only one value being available. Modeledtions of modeled N concentrations from observed val-
NH3 concentrations were then averaged over the entire simudes clearly show a negative correlation with anthropogenic
lation period for each test site, and the average concentrationsH3z emissions, which is more obvious for ZBE than for the
for the two runs are presented in Figfor comparison. Fig-  other schemes. When anthropogenic emissions strength was
ure 7 shows that differences in modeled hEoncentrations  greater than 6.0 mole'$ gridcell~2, all three schemes un-
from using the maximum and minimum emission potentialsderestimated Nglconcentrations. Even for the ZBE scheme,
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Table 4. Selected statistics for emission-potential sensitivity teststhese three schemes were compared against weekly passive-
with the ZBE scheme for five measurement sites with strong anthrosampler NH measurements for each site. The comparisons
pogenic Nk emissions. PEP are the pre-defined emission-potentiaindicate that in general all three schemes can reproduce the

values in Tabld for land-use categories related to agriculture. observed NH concentrations reasonably well. However, the
three schemes performed differently at locations with differ-

Tested emission  ROM ~ MFB  MFE ent NH; concentration levels. Modeled results show that the
potentials (%) (%) bidirectional scheme performed best at locations with high
1x PEP 0.79 —2259 2259 observed NH concentrations but overestimated pidvels
2 x PEP 0.88 —13.56 14.43 for locations with low observed N¥toncentrations. The two
3x PEP 099 -213 1111 unidirectional dry deposition schemes, on the other hand,
4 x PEP 1.09 815 1131 generally performed better than the bidirectional scheme at
6 x PEP 131 2587 2587 sites with low observed Niiconcentrations.

The absolute or relative errors in the modeledNtdn-
centrations obtained using the three different dry deposi-
which generally predicts the highest concentrations amongion schemes were examined and interpreted based on the
the schemes, the underestimation can still be significant. Th@ssumption that other processes did not cause any system-
underestimation of Nglconcentrations indicates that emis- atic biases. One possible systematic bias, however, could be
sion potentials specified in the ZBE scheme (Tablenight ~ caused by the underestimation of Blémissions, as emis-
be not large enough for those highly polluted sites. sions data for biogeochemical sources like biogenic N fixa-
In order to quantify how much emission potentials might tion in agricultural systems and/or atmospheric deposition of
potentially be underestimated, we conducted several sensNOy followed by soil N cycling processes (e.Bsusen et al.
tivity tests using different emission potentials for all loca- 2008 Galloway et al, 200§ are generally not available and
tions where mean anthropogenic Blidmissions exceeded hence are not included in available MlEmissions invento-
6.0 mole s gridcell~1. Out of 53 sites, there were five agri- ries. The omission of such emissions could lead to under-
cultural sites that satisfied this condition. Those five sitesestimation of atmospheric NHconcentrations. Though the
were selected as test sites in this sensitivity study. The valappropriateness of this assumption could not be verified di-
ues of emission potentials tested were 2, 3, 4, and 6 timegectly in this study, the good agreement between model sim-
the magnitudes of the pre-defined values in Tabléor ulations and observations suggests that systematic biases in
land-use categories related to agriculture (categories 15 téhe simulations are small. Moreover, the absolute or relative
20 in Tablel). Note that those categories only have one errors caused by those systematic biases might be shifted to
emission-potential value for each category. Modeled mearpne direction only because the same model and input data
NH3 concentrations over the entire simulation period werewere used for all three dry deposition schemes.
compared for these tests with observations and results are If stomatal and ground emission potentials were set to
summarized in Tablé. Examination of Tabld suggests that ~ zero in the ZBE scheme, the ZBE scheme and the ZDD
there is a strong sensitivity to the choice of emission po-scheme would yield the same NHux. The reason is that the
tential value. It further suggests that the pre-defined valueZBE scheme was developed from the ZDD scheme and both
of the emission potentials used in the ZBE scheme mightschemes uses the same formulas to compute the dry deposi-
be substantially underestimated for sites with strong anthrotion componentZhang et al.2010. In other words, the ZDD
pogenic Nk emissions. According to these tests, valuesscheme acts as a special case of the ZBE scheme rbNIH
of emission potentials at least three times larger than thoséectional exchange modeling. Since the ZDD scheme more
specified in Tablel are required in order to reasonably pre- accurately predicted Néconcentrations at locations with
dict NHz concentrations at sites with anthropogenic emissionlow NHz concentrations than the ZBE scheme (Mp.the
strengths greater than 6.0 motetgyridcell1. appropriateness of the application of the current version of
the bidirectional scheme to low NHtoncentration locations
needs reconsideration and further investigation. Uncertain-
5 Summary and conclusions ties in the magnitudes of the emission-potential values used
for both low-NH; and high-NH concentration locations also
An air—surface bidirectional exchange scheme developed forequire more research.
regional NH; modeling was incorporated in the STILT-Chem
v0.8 air quality model for this study. STILT-Chem v0.8 was
then applied to simulate Nf-toncentrations at 53 measure- Code availability
ment sites in southern Ontario for a simulation period from
1 June to 30 November 2006, using the bidirectional schem&TILT-Chem v0.8 is written in Fortran. Model runs are con-
(ZBE) and two unidirectional dry deposition schemes (WDD trolled by a shell script. A brief manual is included in the
and ZDD). Modeled NH concentrations obtained using model package. The STILT-Chem v0.8 model code will be
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available online for free access in the near future. For the biosphere-atmosphere ammonia exchange, Biogeosciences, 10,
time being, the model can be obtained by contacting John C. 5183-5225, doi0.5194/bg-10-5183-2012013.
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