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Abstract. This paper examines the operational performanceemissions associated with fertilizer applications and;dH

of the Community Multiscale Air Quality (CMAQ) model directional exchange. The model performance for estimates
simulations for 2002-2006 using both 36-km and 12-km hor-of NO3 wet deposition are mixed throughout the year, with
izontal grid spacing, with a primary focus on the perfor- the model largely underestimating NQwet deposition in
mance of the CMAQ model in predicting wet deposition of the spring and summer in the eastern US, while the model
sulfate (SG), ammonium (NH) and nitrate (NQ). Per-  has a relatively small bias in the fall and winter. Model es-
formance of the wet deposition estimates from the model istimates of NG wet deposition tend to be slightly lower for
determined by comparing CMAQ predicted concentrationsthe 36-km simulation as compared to the 12-km simulation,
to concentrations measured by the National Acid Depositionparticularly in the spring. The underestimation of N@et
Program (NADP), specifically the National Trends Network deposition in the spring and summer is due in part to a lack of
(NTN). For SG; wet deposition, the CMAQ model estimates  lightning generated NO emissions in the upper troposphere,
were generally comparable between the 36-km and 12-knwhich can be a large source of NO in the spring and sum-
simulations for the eastern US, with the 12-km simulation mer when lightning activity is the high. CMAQ model sim-
giving slightly higher estimates of SOwet deposition than  ulations that include production of NO from lightning show
the 36-km simulation on average. The result is a slightlya significant improvement in the NOwet deposition esti-
larger normalized mean bias (NMB) for the 12-km simula- mates in the eastern US in the summer. Overall, performance
tion; however both simulations had annual biases that wergor the 36-km and 12-km CMAQ model simulations is sim-
less thart=15 % for each of the five years. The model esti- jlar for the eastern US, while for the western US the perfor-
mated SG wet deposition values improved when they were mance of the 36-km simulation is generally not as good as
adjusted to account for biases in the model estimated precipeither eastern US simulation, which is not entire unexpected
itation. The CMAQ model underestimates [lkvet depo-  given the complex topography in the western US.

sition over the eastern US, with a slightly larger underesti-
mation in the 36-km simulation. The largest underestima-
tions occur in the winter and spring periods, while the sum-
mer and fall have slightly smaller underestimations ofleH

v_vet .de.p05|t|on. _The underestimation in I}II—Wet dep_05|- Atmospheric deposition of sulfur and nitrogen cause delete-
tion is likely due in part to the poor temporal and spatial rep- ;. impacts on terrestrial and aquatic ecosystems due to

resentation of ammonia (Ng)l emissions, particularly those acidification and excess nutrients (Lovett and Tear; 2008,

Driscoll et al., 2001, 2003; Fenn et al., 2003). Sulfur deposi-
tion from SGQ and S@ emissions contributes to acidification
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nitrogen nutrients. Estimates of wet and dry deposition of2 Input data and model configuration
nitrogen and sulfur are needed for sensitive ecosystems, as
total deposition estimates are used to assess whether currebtl Meteorology
or projected pollutant levels exceed a point where significant
harmful effects on sensitive elements of the environment arefhe CMAQ model requires gridded meteorological data to
likely to occur (Geiser et al., 2010). Monitoring of wet de- provide estimates of various meteorological parameters such
position is relatively sparse and monitoring of dry deposi- as temperature, wind speed and direction, relative humidity
tion is extremely sparse, contributing to significant interpo- and planetary boundary layer (PBL) height. The 5th genera-
lation errors when these data are used to estimate depositidion Mesoscale Model (MM5; Grell et al., 1994) is an Eule-
in unmonitored areas. Thus, a regional air quality model likerian meteorological model that provides estimates of the me-
the Community Multiscale Air Quality (CMAQ; Byun and teorological parameters required by the CMAQ model, and
Schere, 2006) model can be used to provide a more spatialljas been used and tested extensively with the CMAQ model
complete estimate of total deposition to the sensitive ecosysever the past 15 years. For this work, the MM5 version 3.7.4
tems. However, the model estimates must first be evaluatewas used for both the 36-km and 12-km simulations. The
to establish the credibility of the model in replicating the ob- 36-km MM5 domain consists of 165 by 129 grid cells cover-
served wet deposition. ing the entire CONUS, and includes portions of Canada and
Evaluating the ability of the air quality model to replicate Mexico. The 12-km domain consists of 290 by 251 grid cells
observed net (wet + dry) deposition is difficult. The National covering the eastern two-thirds of the US, southern Canada
Atmospheric Deposition Program (NADRftp://nadp.sws. and northern Mexico.
uiuc.edy monitoring sites provide the most complete spatial Boundary conditions for the 2002—2005 36-km and 12-
coverage of observed wet deposition across the US on a tenkm MM5 simulations were provided by the 40-km Eta Data
poral scale suitable for air quality model evaluations. Eval-Assimilation System (EDAS) data; while the 12-km North
uation of dry deposition is even more challenging becauseAmerican Model (NAM) data were used as boundary con-
monitoring network (e.g. Clean Air Status and Trends Net-ditions for the 2006 36-km and 12-km MM5 simulations,
work) dry deposition levels are based on modeled values ofvith any missing data filled in using the 32-km North Amer-
deposition velocity and hence are not a true measure of drycan Regional Reanalysis dathttp://www.emc.ncep.noaa.
deposition. Therefore, this work focuses on wet depositiongov/mmb/rreany. The 12-km NAM data are preferred for
to provide a test of the ability of the model to mix, trans- the boundary conditions, but were not available for years
port, transform and scavenge the pollutant emissions at therior to 2006. The MM5 simulations utilized the Kain-
regional scale. Many sensitive ecosystems are in complekritsch 2 (KF2) cumulus parameterization (Kain, 2004);
terrain where orographic effects influence the precipitationthe asymmetric convective model version 2 (ACM2) PBL
patterns and consequently wet deposition. Thus, quantifyinggcheme (Pleim, 2007a, b); the Reisner 2 explicit micro-
precipitation biases as part of the wet deposition evaluatiorphysics scheme (Reisner et al., 1998); the Dudhia shortwave
is critical. radiation scheme (Dudhia, 1989); the RRTM longwave radi-
This paper examines the performance of the CMAQ modelation scheme (Mlawer et al., 1997); and the Pleim-Xiu land
sulfate (S@), nitrate (NG ) and ammonium (NEﬂ) wetde-  surface model (LSM; PX; Xiu and Pleim, 2001; Pleim and
position estimates for the 2002—-2006 period over the conti-Xiu, 1995). Both the 36-km and 12-km MM5 simulations
nental United States (CONUS) using two model grid-spacingutilized 34 vertical layers, with the surface layer set at ap-
options, namely 12-km and 36-km grid spacing. The per-proximately 36 m. The meteorological outputs from both
formance of the CMAQ model estimates is examined tem-sets of MM5 simulations were processed to create model-
porally using various averaging periods (i.e. monthly, sea-ready inputs for CMAQ using the Meteorology-Chemistry
sonal, annual and multi-annual) and spatially across differ-Interface Processor (MCIP; Otte et al., 2005) version 3.4.
ent regions, as the model performance can vary significantly
in space. In cases where deficiencies in model performanc2.2 Emissions
are identified, model improvements, such as the production
of NOy from lightning and inclusion of bi-directional flux The 2002 National Emissions Inventory (NEI) version 3
of NHg, are tested and their impacts on model performancevas used as the primary basis for the 2002—-2006 emis-
assessed. Together, these analyses provide insight into tleons inputs.  Version 3 of the 2002 NEI is docu-
strengths and weaknesses of the CMAQ model in estimatingnented at http://www.epa.gov/ttn/chief/net/2002inventory.
wet deposition of sulfur and nitrogen to sensitive ecosystemshtml#documentation For the major point sources, namely
electric generating units, year specific continuous emission
monitoring systems data were used. Year specific updates
to mobile emissions were done using the MOBILE6 model,
and daily estimates of fire emissions based on satellite de-
tection of fires were included as well. NH:missions from

Geosci. Model Dev., 4, 35871, 2011 www.geosci-model-dev.net/4/357/2011/


http://nadp.sws.uiuc.edu
http://nadp.sws.uiuc.edu
http://www.emc.ncep.noaa.gov/mmb/rreanl/
http://www.emc.ncep.noaa.gov/mmb/rreanl/
http://www.epa.gov/ttn/chief/net/2002inventory.html#documentation
http://www.epa.gov/ttn/chief/net/2002inventory.html#documentation

K. W. Appel et al.: A multi-resolution assessment of the Community Multiscale Air Quality 359

agricultural cropping practices in CMAQ are provided by a the NADP’s National Trends Network (NTN). The NTN
separate model based on the Carnegie Mellon University ammeasures total weekly wet deposition of several atmospheric
monia emission model (Goebes et al., 2003), which are themollutants, including SQ, NH; and NG . Since all of the
combined with the NEI. Monthly Nglemissions from live- ~ SQ; in rainwater is oxidized to SP by the time the sam-
stock were adjusted according to the inverse-modeling recples are analyzed for the NTN (high prevalence of oxidants),
ommendations of Gilliland et al. (2006). For inventories out- the CMAQ estimates of SPwet deposition include 150 %
side of the US, which include Canada, Mexico and offshore(based on the ratio of the molecular weights ob2@d SQ)
emissions, the latest available base year inventories weref the model estimated SQvet deposition to account for the
used. The CMAQ model-ready emissions were created usSO, captured in the observations. Because in solution the
ing the Sparse Matrix Operator Kernel Emissions (SMOKE) favored phase of Nklis NHI at the pH of rainwater, the

modeling system (Houyoux et al., 2000). CMAQ estimates of NE wet deposition include 106 % of
the model estimated Ngwet deposition to account for re-
2.3 CMAQ model configuration duced nitrogen (both N and NHs) captured in the NTN

observations. Likewise, because in solution HNi®acts

The CMAQ simulations were performed at the 36-km hor- with water and dissociates to NCas the favored phase, the
izontal grid spacing for the CONUS, while for the eastern CMAQ estimates of NQ wet deposition include 98.4 % of
two-thirds of the US a CMAQ simulation using 12-km hor- the model estimated nitric acid wet deposition to account for
izontal grid spacing was performed. Chemical boundaryNO; captured as nitric acid and converted to N@ the
conditions for the 12-km simulation were provided by the NTN measurements.
36-km simulation, while boundary conditions for the 36-km  The NTN consists of approximately 185 sites in the east-
CMAQ simulation were obtained from a 2.0 degree by 2.5¢r Us (east of 110V longitude) and 38 sites in the west-
degree (latitude-longitude), 24-vertical layer 2002 GEOS-grpy Us (west of 110W longitude). Only observations that
Chem (Bey et al.,, 2001) simulation. Since only a single were flagged as valid in the NTN data file were used in the
GEOS-Chem simulation was available and boundary datgerformance analysis. The NTN measures deposition from
were needed for the 2002-2006 period, the median valugain, snow and sleet through a continuously operating wet
of the 2002 GEOS-Chem simulation output were extractedgeposition collector. The collector opens during wet weather
to create “profile” boundary conditions for the CMAQ sim- g allow precipitation to fall into the bucket, which is later
ulations. The median values were then averaged to creatgmoved for analysis and replaced with a clean collector
monthly values which were used as boundary conditions folh,cket. Each NTN site is also equipped with a weighing-
the 36-km CMAQ simulations. As such, the GEOS-Chem pcket rain gauge to provide a continuous record of rainfall
data used for the boundary conditions represent non-yeafrecorded to the nearest 0.01 in).
specific static monthly values. Observations and model estimates are paired in time and

The air quality simulations utilized CMAQv4.7 (Foley et space using the EPA's Site Compare program, which is avail-
al., 2010), the latest version of the model available at thatab|e for download as a tool from the Community Mod-
time. The simulations included a 10-day spin-up period foreling and Analysis System (CMAS) websithttp://www.
the 36-km simulations, while a 3-day spin-up period wascmascenter.o)g Visualization of observations and model
used for the 12-km simulations. The CMAQ simulations estimates, and computation of model performance statistics
were performed using the same horizontal dimensions ags accomplished through the use of the Atmospheric Model
their respective meteorology simulation except that the hori-gya|uation Tool (AMET; Appel et al., 2010), available for
zontal dimensions were reduced by five grid cells on each ofyownload through the CMAS website. It should be noted
the four lateral boundaries to avoid artifacts that can appeathat observations represent point measurements, while the
along the domain boundaries in the meteorological simulamodel values represent grid cell averages. No interpolation
tions. However, unlike the meteorOk)gical simulations which or any other type of post_processing has been app“ed to ac-
utilized 34-vertical layers, the CMAQ simulations used 24- count for the incommensurability between the observations

vertical layers. The CMAQ model simulations used the gnd the model estimates (e.g. Davis and Swall, 2006).
AEROS5 aerosol module (Carlton et al., 2010), the Carbon-

Bond 05 (CBO5) chemical mechanism with chlorine chem-2.5 Precipitation bias adjustment
istry extensions (Yarwood et al., 2005) and the ACM2 PBL

scheme (Pleim, 20074, b). At least some portion of the error present in the CMAQ esti-
mated wet deposition is due to errors in the precipitation es-
2.4 Assessing model performance timates from the meteorological model. Since both the NTN

observed and MM5 estimated precipitation data are avail-
Assessment of the CMAQ model’s wet deposition estimatesable for each NTN site, the modeled wet deposition can be
is accomplished by comparing the simulated wet depositioradjusted to account for the error present in the model esti-
estimates to observed wet deposition values available fronmated precipitation. This adjustment is accomplished here
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Table 1. Seasonal and annual NMB (%) for precipitation for the 12-km and 36-km CMAQ model simulations.

CMAQ Domain 2002 2003 2004 2005 2006 Five-Year

Average
12-km -04 -18 -14 -19 -18 -15
Winter 36-km East —2.6 -7.1 —-4.8 -4.9 -10.8 —6.0
36-km West  —10.0 06 -38 -36 -14 —-3.6
12-km 20.2 0.5 9.3 4.9 12.8 9.5
Spring 36-km East 89 -68 -16 -56 0.8 -0.9
36-km West 9.7 -—-17 24.2 8.7 20.8 12.3
12-km 44.8 12.3 20.2 23.9 15.0 23.2
Summer 36-km East 42.2 6.2 8.4 16.3 0.4 14.7
36-km West 64.3 85.3 43.9 49.5 29.7 54.5
12-km -169 -155 -16.1 -20.7 -154 -16.9
Fall 36-km East —-16.6 —-20.0 -184 -22.1 -22.2 —-19.9
36-km West —11.6 82 -738 9.5 14.2 25
12-km 129 -0.1 4.1 2.4 2.4 4.3
Annual 36-km East 90 -60 -35 -32 -84 —24
36-km West 0.5 5.7 5.8 10.7 10.9 6.7

by linearly adjusting the CMAQ estimated wet deposition of the correlation between the model errors in precipitation
by the ratio of the observed to estimated precipitation (seeand model errors in wet deposition for §ONO; and NI—[{

Eq. 1). For example, in the case where the observed precigior different years, seasons and regions is being documented
itation is greater than the model estimated precipitation, then a separate manuscript. The precipitation adjustment has
ratio is greater than one, and, therefore, the model estimatebeen found to be quite effective as an exploratory evaluation

wet deposition is increased. tool to help identify compensating errors in deposition pre-
dictions from the emissions and meteorological input data.
Z RTobserved . S . .
SeasonglAnnual The impact of the precipitation bias adjustment on model
3 RT X Z WDwmodeled performance will be presented for each of the wet deposition
Modeled  geasongiannual ;
SeasondlAnnual species.

In Eqg. (1), “RT" represents the seasonal/annual total accu3 Assessment of CMAQ wet deposition performance
mulated precipitation (either observed or modeled), “WD” ) )
represents the seasonal/annual accumulated raw wet depodft Order to provide a comprehensive assessment of the
tion estimate from the model, and the “Bias Adjusted WD” CMAQ wet .deposmon estimates, several different types of
is the precipitation bias adjusted seasonal/annual wet deposnalyses will be presented. The performance of the model
tion estimate from the model. estimates are assessed on several time scales, including
The precipitation adjustment technique assumes that th&0nthly, seasonally, annually and finally a multi-annual as-
observed to modeled precipitation ratio is well correlatedS€Ssment of model performance. The performance for the
with the observed to modeled deposition ratio. In other36-km and 12-km CMAQ simulations will be compared to
words, it is not assumed that the wet deposition scales lin®xamine how similar or dissimilar the model estimates are
early with precipitation, but only that the relationship be- for @ given time period. Since the 12-km CMAQ domain
tween the errors in the model precipitation estimates and th@nly covers the eastern two-thirds of the US, comparison to
error in the CMAQ deposition estimates is linear. Since theth® 36-km results will be limited to the same geographic re-
bias adjustment was applied over the aggregated seasonal aftPn (herein referred to as 36-km East). Results for the west-
annual totals, there were no instances in which the observe§M one-third of the US will be limited to estimates from the
precipitation was greater than zero while the model estimatec®-km CMAQ simulation (herein referred to as 36-km West)
precipitation was zero. However, in instances where there i©NlY; since no 12-km model data are available for the western
observed precipitation but no model predicted precipitation, US for the current analysis. The model estimates will also be
the current method of bias adjustment would keep the modegx@mined spatially to identify regional biases.
estimated wet deposition zero for all species. An analysis
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F1g. 1._l\l/|onth|y accumulated (across all S|t§s)§@/et depF)S|t|on Fig. 2. SO; wet deposition NMB for the 12-km CMAQ simulation
(kg ha ) for the eastern US NTN observations (black diamonds), (red squares), 36-km East CMAQ simulation (blue triangles) and
12-km CMAQ simulation (red squares), 36-km East CMAQ simula- the 36-km West CMAQ simulation (green circles).

tion (blue triangles), western US NTN observations (dashed; green

diamonds) and 36-km West CMAQ (dashed; yellow triangles). The

scale for the western US values is given on the right y-axis. . . . .
overestimated in the 36-km West simulation (summer aver-

age NMB =54.5 % for the five-year period). Seasonally, pre-
cipitation for the eastern US is overestimated in the summer
o and underestimated in the fall, and relatively unbiased in the
3.1 Precipitation winter and spring, while for the western US precipitation is
Simulated precipitation is a critical driver in the perfor- Overestimated in the spring and summer and relatively un-
mance of the CMAQ simulated wet deposition estimates, esbiased in the winter and fall. Across the five-year period,
pecially since large biases in model estimated precipitatiorthe annual NMB for precipitation for the 12-km simulation
can translate into biases in the CMAQ model estimates. TaWwas typically less than 5% (the exception being 2002 when
ble 1 presents the seasonal and annual normalized mean bifi¢ bias was significantly higher). The annual NMB for the
(NMB) for precipitation for the 12-km, 36-km East and 36- 36-km simulations tended to be slightly larger than 12-km
km West domains for the five years simulated (RMSE valuesSimulation. Overall for the entire five-year period precipita-
can be found in similar tables in the supplement). For thetion is slightly overestimated in the 12-km and 36-km West
eastern US, the precipitation bias and error are lowest in théimulations and slightly underestimated in the 36-km East
winter (December, January and February) and spring (MarchSimulation.
April and May) seasons, when the majority of the precipita-
tion is on the synoptic scale (i.e. large-scale frontal systems$.2 S wet deposition
and can generally be well resolved by the model. In the sum-
mer (June, July and August) and early fall (September, Oc-Model estimates from both the 12-km and 36-km simulations
tober and November) a large amount of the precipitation iscapture the seasonal trends in the observed monthly accu-
sub-grid scale convective rain, which meteorological modelsmulated SG wet deposition for the 2002—-2006 period, with
tend to have difficultly representing accurately through thethe estimates from the 12-km CMAQ simulation consistently
various parameterizations, which results in higher precipita-higher than those from the 36-km East simulation (Fig. 1).
tion biases in those seasons. See Fig. S1 in the supplemefihe CMAQ model on average overestimates, S@et depo-
for spatial plots of the NTN observed and MM5 estimated sition in the eastern US However, 88 % of the model esti-
annual precipitation (12-km simulation only). mates from the 36-km East simulation and 80 % of the esti-
While the precipitation estimates for the 12-km and 36- mates from the 12-km simulation have a NMB of less than
km East simulations have similar patterns in their bias, thet=15 % (Fig. 2). The largest overestimations of S®et de-
precipitation estimates for the 12-km simulation are consis-position occur in the late fall and winter, generally between
tently higher than those of the 36-km East simulation. ThisOctober and March.
results in a slightly larger bias in the winter, spring and sum- The bias in S§ wet deposition estimates for the eastern
mer and a slightly smaller bias in the fall for the 12-km sim- US was relatively small for both the 12-km and 36-km East
ulation. The bias and error in precipitation tend to be largersimulations (Table 2). The bias is highest in the winter, with
for the western US than for the eastern US, which is espethe annual NMB values ranging from 8.1 % to 30.7 %, and a
cially evident in the summer, when precipitation is grossly five-year average NMB of 17.2 % for the 12-km simulation.
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Table 2. Seasonal and annual NMB (%) for $Qvet deposition for the 12-km and 36-km CMAQ model simulations.

CMAQ Domain 2002 2003 2004 2005 2006 Five-Year

Average
12-km 8.1 12.7 26.4 30.7 8.1 17.2
Winter 36-km East —0.8 52 16.3 23.1 1.0 9.0
36-kmWest 14.1 497 394 325 22.1 31.6
12-km 8.1 2.8 7.8 3.5 3.8 5.2
Spring 36-kmEast -06 —-45 -13 -53 -58 -3.5
36-km West 27.7 29.3 38.5 2.5 23.6 24.3
12-km 14.5 3.9 8.1 1.7 2.1 6.1
Summer 36-km East 9.3 0.0 2.6 —2.4 —3.6 1.2
36-km West 87 -98 258 115 -26.8 1.9
12-km 11.5 12.2 13.3 -1.8 7.2 8.5
Fall 36-km East 59 59 51 -7.9 -1.4 1.4
36-kmWest —4.8 38.0 13.0 19.1 4.0 13.9
12-km 11.0 6.4 11.4 6.0 4.6 7.9
Annual 36-km East 4.2 0.5 3.7 -15 -3.0 0.8
36-km West 12.6 29.9 28.4 13.0 10.8 18.9

The bias for the 36-km East simulation was on average aboun improved performance, as some of the finer details of the
8% smaller than for the 12-km simulation. The bias is small-topography would be captured in the modeling system.
est in the summer, with annual NMB values ranging from  Spatially, annual S§p wet deposition is highest in the east-
1.7% to 14.5% and a five-year average NMB of 5.2 % for ern half of the US where the largest $@®missions occur
the 12-km simulation. As was the case in the winter, the biagsee Fig. S2, supplement). The highest amounts gf &€t
is slightly smaller for the 36-km East simulation. Bias in deposition occur in the Ohio Valley and Great Lakes regions,
the spring and fall periods generally falls between the perfor-and stretching into parts of the Northeast. While these spatial
mance for the summer and winter. features are well captured by the CMAQ model for all five
Sulfate wet deposition in the western US is much loweryears, the model tends to overestimate annugi %€t depo-
than the eastern US (Fig. 1). This is primarily due to few sition in the Ohio Valley region, with some model estimates
large SQ sources in the western US, while the eastern USexceeding 27 kg hd in areas where observations indicate
has a large number of coal fired power plants that emit largennual SG wet deposition of 19-20kgha. The model
amounts of S@ The S wet deposition performance for also underestimates the $Qvet deposition along parts of
the western US is considerably worse than for the easterithe coast of the Gulf of Mexico, although to varying degrees
US, with the NMB exceeding 40 % in 18 of the 60 months throughout the five-year period. Overall the model captures
(Fig. 2). This result is not surprising given the challenging the spatial variations in annual $Qvet deposition.
meteorological (recall the large precipitation biases in the
western US) and air quality conditions that exist in the west-3-3  NH, wet deposition
ern US due to its complex topography. Also note thagSO N
wet deposition in the western US is an order of magnitude! € pattern of N wet deposition closely follows the sea-
less than that in the eastern US (Fig. 1), which may also consonal SG wet deposition pattern, with a peak in [fHvet
tribute to the larger normalized bias. As was the case fordeposition in the eastern US in the summer and a minimum
the eastern US, the poorest model performance for the westn the winter (Fig. 3). Also similar to Sp wet deposition,
ern US was in the winter, which had an average NMB of the NH; wet deposition bias for the eastern US is largest in
31.6 % for the five-year period, while the summer had thethe summer. However, unlike the $Qvet deposition, the
lowest bias, with a five-year average NMB of just 1.9 %. The peak underprediction in N;{‘-Iwet deposition in the eastern
NMB was slightly higher in the spring (24.3 %) than the fall US typically occurs in late spring and early summer (April
(13.9%). For the entire five-year period the average NMB— June), whereas the underestimation irj S@t deposition
for the 36-km West simulation was 18.9 %. Given the com-typically peaks in the mid to late summer period. For the
plexity of the terrain over much of the western US, a sim- western US, Nlj{l wet deposition is more often underesti-
ulation utilizing finer grid spacing (e.g. 12-km) may result mated than overestimated (Fig. 3), however there are several
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Table 3. Seasonal and annual NMB (%) for l)‘b—lrvet deposition for the 12-km and 36-km CMAQ model simulations.

CMAQ Domain 2002 2003 2004 2005 2006 Five-Year

Average
12-km -19.4 -18.3 -13.3 2.0 -18.9 —-13.6
Winter 36-km East —23.5 -25.0 -18.9 15 -21.7 -17.5
36-km West —39.0 —-415 -356 —-422 -27.2 —-37.1
12-km -135 -28.1 -17.7 -20.0 -20.4 —19.9
Spring 36-kmEast —16.8 -30.5 —22.1 -245 -23.9 ~23.6
36-km West —-2.5 -—-19.7 0.8 -52 9.4 —-3.4
12-km —-7.8 —8.6 —-2.2 -7.8 -10.4 —7.4
Summer 36-km East —8.0 —-8.0 —2.2 -8.3 -—-119 —7.7
36-km West —19.3 -43.4 10.3 0.3 414 —18.7
12-km —8.6 -35 -6.5 =205 -85 -9.5
Fall 36-km East —11.9 —6.2 -9.7 -20.6 -11.8 —-12.0
36-km West —42.3 146 —-94 23.0 —-22.7 —7.4
12-km -11.2 -16.0 -9.8 -13.2 -140 —-12.8
Annual 36-km East -13.4 -179 -125 -155 -16.6 —15.2
36-km West —25.0 —-23.5 —-9.6 —-54 -152 —15.7
Monthly Accumulated NH," Wet Deposition NH," Wet Deposition Normalized Mean Bias
[—— NTN East —=— 12-km CMAQ —&— 36-km East CMAQ --+-- NTN West 36-km West CMAQ] [-=-12-km CMAQ —&- 36-km East CMAQ —e-36-km West CMAQ|
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Date Jan-2002 Jan-2003 Jan-2004 Jan-2005 Jan-2006

Date
Fig. 3. Monthly accumulated (across all sites) $Met deposition
(kg ha~1) for the eastern US NTN observations (black diamonds), Fig. 4. NH, wet deposition NMB for the 12-km CMAQ simulation
12-km CMAGQ simulation (red squares), 36-km East CMAQ simula- (red squares), 36-km East CMAQ simulation (blue triangles) and
tion (blue triangles), western US NTN observations (dashed; greerihe 36-km West CMAQ simulation (green circles).
diamonds) and 36-km West CMAQ (dashed; yellow triangles). The
scale for the western US values is given on the right y-axis.

NMBs of —13.6 % and—17.5% for the 12-km and 36-km

East simulations, respectively, areB7.1% for the west-
months, particularly in the spring and fall seasons, whenern US The NMB for the summer and fall periods is simi-
large biases occur (Fig. 4). lar for the eastern US and generally ranges betwe210 %

The largest bias in NEi wet deposition for the eastern 10 —20.0% across the_ _five.years. Ov.erall for the five—year

US occurs in the spring, with five-year average NMBs of Period NH; wet deposition is underestimated, with the five-
—19.9% and-23.6 % for the 12-km and 36-km East CMAQ Year average NMB ranging from12.8 % to—15.7 % for the
simulations respectively (Table 3). Conversely, the springthree simulations.
season has the smallest bias for the western US, with an av- Spatially, the highest observed annual;{\lwetdeposition
erage NMB of just-3.4%. The winter has a relatively large occurs in the mid-Atlantic, Great Lakes, Mid-West and por-
bias for both the eastern and western domains, with averagtons of Northeast (Fig. S3, supplement). While the CMAQ
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Table 4. Seasonal and annual NMB (%) for NOvet deposition for the 12-km and 36-km CMAQ model simulations.

CMAQ Domain 2002 2003 2004 2005 2006 Five-Year

Average
12-km 12.3 10.1 16.9 20.6 8.8 13.7
Winter 36-km East 3.9 0.5 7.4 12.0 1.8 5.1
36-km West 5.8 21.6 24.9 11.2 17.2 16.1
12-km -8.7 -13.3 -153 -156 -19.7 —-14.5
Spring 36-km East —-16.4 —-209 -23.6 -242 -28.1 —22.6
36-kmWest -73 -27 -66 -13 18.1 0.0
12-km -38.0 -394 -38.7 -39.9 -454 —40.3
Summer 36-km East —40.3 —419 —-43.2 -434 -49.9 —43.7
36-km West —49.6 —-62.0 -36.2 -26.4 —63.9 —47.6
12-km 3.7 2.4 11.5 -90 -11 15
Fall 36-kmEast -34 —-45 30 -141 9.2 —5.6
36-km West  —29.0 16.3 -6.2 9.2 -16.7 —-53
12-km -125 -156 -128 -14.6 -19.7 -15.0
Annual 36-km East —18.4 -21.6 —-20.1 -231 -26.4 —-21.9
36-km West -180 -60 —-47 -18 -74 —7.6

Monthly Accumulated NO,” Wet Deposition NO;” Wet Deposition Normalized Mean Bias

‘+ 12-km CMAQ —&— 36-km East CMAQ —e—36-km West CMAQ ‘

—— NTN East —#%— 12-km CMAQ —4— 36-km East CMAQ -- #-- NTN West 36-km West CMAQ ‘
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Date Date

Fig. 5. Monthly accumulated (across all sites) Ji@vet deposition Fig. 6. NO5 wet deposition NMB for the 12-km CMAQ simulation
(kg ha-1) for the eastern US NTN observations (black diamonds),(red squa?es), 36-km East CMAQ simulation (blue triangles) and
12-km CMAQ simulation (red squares), 36-km East CMAQ simula- the 36-km West CMAQ simulation (green circles).

tion (blue triangles), western US NTN observations (dashed; green

diamonds) and 36-km West CMAQ (dashed; yellow triangles). The

scale for the western US values is given on the right y-axis. o
g gnty duces the pattern of annual Ij[HNet deposition each year,

but consistently underestimates the magnitude oﬁf Ntet
deposition.
model estimates the highest annualj\lwet deposition over
the Great Lakes and Mid-West regions, the model consis3-4 NO;wet deposition
tently underestimates the spatial extent of the highesj NH
wet deposition in those regions (Fig. S5). The model doesThe NG, wet deposition performance is dominated by large
well estimating the localized peak in annual 1$Ihi\/et de- underestimations in the summer (Fig. 5), which is consistent
position in eastern North Carolina, where a large number ofwith the performance of CMAQ model estimates of aerosol
confined animal feeding operations contribute to a peak irfine particulate NQ (Appel et al., 2008). The CMAQ model
NHj,rr wet deposition in that area. Overall, the model repro-estimates of NQ wet deposition for the fall and winter
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3.5 Corrections impacting wet deposition
3.5.1 Precipitation bias correction

The change in annual SOwet deposition model bias as a
result of applying the precipitation bias adjustment described
in Sect. 2.5 for the 12-km simulation is shown in Fig. 7. At
least some improvement in model bias for each of the five
years occurs by applying the precipitation bias adjustment.
However, the improvement varies significantly from year to

year, with the largest improvement in model performance in
Fig. 7. Box plots of annual modeled — observed S@et depo- 2002, where the annual NMB decreases from 21 % to 2%,
sition for model wet deposition estimates without any adjustmentwhile for 2003 and 2006 the NMB improves by only 3%
for precipitation bias (“Base Model”; blue) and the for model es- or less. Spatially, the largest precipitation bias typically oc-
timates adjusted for precipitation errors (“Precip. Adjusted”; red). curs in the Northeast and Great Lakes regions (particularly
The black line within the box represents the median bias, shadingp 2002), and those regions show the largest improvement in
represents the range of the 25% to 75% quartile, and the dashedizs and error as a result of the adjustment for precipitation
lines represent the range of the 5% to 95% values. bias (see Figs. S5 and S6, supplement for regional statistics).
To test the robustness of the precipitation bias adjustment,
bootstrap sampling technique was applied. For each year,
the NTN observations were re-sampled with replacement
1000 times. The sample size for each of the 1000 samples
matched the number of observations available for that year.

seasons are relatively consistent for the eastern US, with th
NMB ranging betweent20 % for both the 12-km and 36-
km East CMAQ simulations (Fig. 6). In the spring, NO
wet deposition is underestimated in the eastern US, with av o . -
erage NMBs of-14.5 % and-22.6 % for the 12-km and 36- Thg b""?e model SPpwet depos!uon estimates and precipi-
km East CMAQ simulations, respectively (Table 4). For the tation bias corrected mo_del estimates were matched to these
western US the NMB is unbiased in the spring. For the sum Pseudo-sets of observations, ano_l th_e RMSE for each sample
mer, the NQ wet deposition is largely underestimated for was computed. The bootstrap distribution of RMSE values

both the eastern and western US, with NMBs greater thar{m the base model results and precipitation bias adjusted re-
—40 % for all three simulations. It should be noted thatjNO sults is shown in Fig. 8. The largest decrease in RMSE oc-

concentrations are small in the eastern US in the summer. FSf"> N 2002, 2_004 and 2005, while _the dec_rease in RMSE is
the entire five-year period the model underestimates; NO much smaller in 2003 and 2006, which confirms that the pre-

wet deposition, with a five-year average NMB o114.9 % cipitation bias adjustment significantly improves the model
and—21.4% fo’r the 12-km and 36-km East simulations, re- perfor.mance in 2002, but prqvides only a .minor improve-
spectively, and a NMB 0f-6.9 % for the 36-km West simu- ment in 2003 and 2006. The improvement in model perfor-
lation ' mance gained by applying the precipitation bias adjustment

There is a clear downward trend in the NTN observa- is highly dependent on the performance of meteorological

tions of NO; wet deposition from 2002-2006, which is model estimates of precipitation, with greater improvement

also seen in the CMAQ model estimates (Fig. 5) The'l model performance when the precipitation estimates are

trend toward lower NQ wet deposition may be due at poor (p.g. 2002). . . -
least in part to the implementation of rules under thexNO Unl'lfe for SOF wet deposmorj, applying the prec.:l.plta—
SIP Call fitp://www.epa.gov/tin/naags/ozonel/rto/sip/index. fion adjustment to the CMAQ estimated Ijlﬁvet deposition
html) in mid 2003, which greatly reduced the amount of _generally.results in an increase in bias (Flg.. 9) and a slight
NOy emissions in 22 states in the eastern US While theincrease in error (Fig. 10) for each of the five years. The
CMAQ model generally does well reproducing the overall INCréase in bias is Iarge_st in 2002, where the NMB increases
observed spatial pattern of NOwet deposition, the model from —3 %1t0—19%, while for the other years the increase in
consistently underestimates the N@et deposition in parts bias is smaller, generally ranging from 3% to 7% (Fig. 57).

of the Northeast and Great Lakes regions, specifically NeWTh|s suggests that the overestimation in model estimated pre-

York, eastern Pennsylvania and Michigan, while overesti-Cipit_atio_n is at least partia!ly comp'en.sating for an underesti-
mating the deposition in western Pennsylvania and West vir/nation in N_FE_ wet depo_smon. Itis important fo note that
ginia (Fig. S4). the NHg_em|ssu_)ns used in the CMAQ model S|n_1ulat|on are
constrained using the results of inverse modeling, so some

increase in Nlj wet deposition bias is expected when the
model estimates are adjusted for precipitation bias.

Similar to NH} wet deposition, applying the precipitation
bias adjustment to the NPDwet deposition model estimates
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Fig. 8. Distribution of SG; wet deposition RMSE for model and observation values re-sampled 1000 times. Model estimates without any
adjustment for precipitation bias (“Base Model”; blue) and the for model estimates adjusted for precipitation errors (“Precip. Ad].”; red).
The bold lines indicate the mean RMSE for each distribution.

Annual: Modeled - Observed NH4 Wet Depositon included in the emissions inventory. In order to estimate the
T - B B Procp adustd impact of lightning generated NO on NOwet deposition,

- P this source was added to the CMAQ model simulation using
! the process described in Sect. 3.5.3.

e e [m O
HI DI HI DI 3.5.2 Bi-Directional NH3 exchange

3 3 The underestimation in NHwet deposition may be due in
~ 4oL =0 = . large part to the poor temporal and spatial representation of
NH3 emissions, particularly those emissions associated with
fertilizer applications and bi-directional exchange of \NH
Fig. 9. Box plots of annual modeled — observed FM/et deposi-  from soil and vegetation surfaces. In order to improve the
tion for model wet deposition estimates without any adjustment forNH3 emissions, a bi-directional NfHexchange mechanism
precipitation bias (blue) and the for model estimates adjusted fofyas developed for the CMAQ model which was in turn cou-
precipitqtion errors (reQ). The black line within the box representsyed with an agricultural management tool and a soil nitro-
the m_edlan bias, shadmg_ represents the range of the 25‘? 0 75%ean geochemical cycling model to estimate fNémissions
32;’32!& and the dashed lines represent the range of the 5% to 95 bom fertilized croplands (Cooter et al., 2010). The agri-
' cultural management tool estimates fertilizer application as
a function of crop nutrient demand and the soil geochemical
model was used to estimate the nitrification and denitrifica-
generally results in an increase in bias (Fig. 11) and either dion processes in the soil column and provided the soil water
slight increase or decrease in error for each of the five yearsolution ammonium and hydrogen ion concentrations needed
(Figs. 12 and S8). One of the large sources contributing to thén the bi-directional NH model. Agricultural land use cate-
underestimation of NQ wet deposition is a lack of lightning ~ gories and crop profiles were provided by the US Department
generated NO. Lightning can be a large source of upper troof Agriculture’s 2002 Census of Agriculture (2002 Census
pospheric NO, especially in the summer when lightning ac-of Agriculture, 2004). A slightly more detailed description
tivity is high, and can contribute significantly to NQvetde-  of the bi-directional exchange mechanism is provided in the
position (Fang et al., 2010). The lack of NO produced from supplementary material, while a much more detailed descrip-
lightning is less of a problem in the western US, as lightningtion of the mechanism will be available in a future publica-
activity is generally much lower west of the Rocky Moun- tion focused entirely on the mechanism.
tains as compared to the eastern US In the base simulations To evaluate the impact that bi-directional Blldxchange
performed here, no lightning generated NO emissions werdias on the CMAQ estimated Wwet deposition, a 2002
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2002: RMSE for NH4 Wet Deposition 2003: RMSE for NH4 Wet Deposition 2004: RMSE for NH4 Wet Deposition

O Base Model O Base Model O Base Model
W Precip. Adj. | Precip. Adj. | Precip. Adj.

8 10 12
8 10 12
8 10 12

Density
6

Density
6

Density
6

r T T 1 r T T 1 r T T 1

0.0 0.5 1.0 15 0.0 0.5 1.0 15 0.0 0.5 1.0 15
RMSE (kgha) RMSE (kgha) RMSE (kg/ha)
2005: RMSE for NH4 Wet Deposition 2006: RMSE for NH4 Wet Deposition

O Base Model O Base Model
B Precip. Adj. B Precip. Adj.

8 10 12
8 10 12

Density
6
Density
6

r T T 1 r T T 1
0.0 0.5 1.0 15 0.0 0.5 1.0 15

RMSE (kg/ha) RMSE (kg/ha)

Fig. 10. Distribution of RMSE based on 1000 bootstrap samples of the modeled and obserjed/eﬁdieposition. Results for model
estimates without any adjustment for precipitation bias (“Base Model”) are shown in blue and for model estimates adjusted for precipitation
errors (“Precip. Adj.") are red. The bold lines indicate the RMSE values from the original dataset.

Annual: Modeled - Observed NOS Wet Deposiion state level fertilizer sales as a surrogate for emissions. Note
T B T T 0 dasetode that annual total N@ wet deposition changes little<(L %)
o~ T T when bi-directional NH exchange is implemented due to

offsetting increases in NDwet deposition in the spring and

: _ e Me e o summertime £ 2 %) and correspondingly large decreases in
HI HI HI HI HI NO; wet deposition in the fall and winter. It is anticipated

0

-2

that a beta version of the bi-directional Nigxchange will
be available for the next version of the CMAQ model.

Model value - Observed value (kg/ha)

-4

2002 2003 200 2005 2006 3.5.3 Lightning generated NO

-6

Fig. 11. Box plots of annual modeled — observed N@et deposi-  The lightning NO production is calculated using the convec-
tion for model wet deposition estimates without any adjustment fortjye precipitation rate from the meteorological model in order
precipitation bias (blue) and the for model estimates adjusted fort0 ensure that the lightning is co-located with clouds, con-

precipitation errors (red). The black line within the box represents : S P
the median bias, shading represents the range of the 25% to 75 0\/{Jectlon’ and precipitation. A more complete description is

quartile, and the dashed lines represent the range of the 5% to 95 (%vallablg in Allen et al. (2009), t?ut briefly, first the _flash fre.-
values. guency is calculated as a function of the convective precip-

itation rate. Then, for each grid cell, the flash frequency is

normalized such that the monthly sum of the modeled flash
12-km eastern US CMAQ simulation that included bi- counts is equal to the monthly sum of the flashes observed
directional exchange was performed, and the results werdy the National Lightning Detection Network (NLDN). The
corrected for precipitation bias (Fig. 13). Including the bi- NLDN cloud-to-ground (CG) flash rates are multiplied by
directional exchange significantly reduces the bias in the preZ+1 to account for the contribution of intra-cloud flashes (IC)
cipitation corrected annual l\[ﬁwet deposition, with the to the total flash rate, where Z is the climatological IC/CG ra-
NMB reduced by more than a factor of three (freft9 % to  tio from Boccippio et al. (2001). This method captures the
—6%). The reduction in the model bias was due to improv-day-to-day variability in flash rates, while retaining an accu-
ing the temporal resolution of Ndemissions from a monthly rate estimate of the monthly total (Allen et al., 2009). For
profile to an hourly profile, representing grid cell level spa- each flash, it is assumed that 500 moles of NO are produced
tial variability instead of county level, and modeling the soil (DeCaria et al., 2005; Ott et al., 2007), which is a reasonable
nitrification, de-nitrification, vegetative uptake, and soil eva- mid-latitude value. The NO is vertically distributed from the
sion of NH; following fertilizer application rather than using surface to the model layer containing the convective cloud
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Fig. 12. Distribution of RMSE based on 1000 bootstrap samples of the modeled and obseryewt@eposition. Results for model
estimates without any adjustment for precipitation bias (“Base Model”) are shown in blue and for model estimates adjusted for precipitation
errors (“Precip. Adj.") are red. The bold lines indicate the RMSE values from the original dataset.

top using climatological vertical flash rate information from the CONUS using a 36-km grid spacing and the eastern US
the Northern Alabama Lightning Mapping Array (Koshak et using a 12-km grid spacing. The resulting wet deposition es-
al., 2004). timates from the model were compared with surface based
For the summer of 2004, a CMAQ model simulation us- observations of wet deposition species available across the
ing 36-km grid spacing was performed for the CONUS thatUS from the NTN for the five-year period. For $Qvet de-
included lightning produced NO as described above. Ovelposition, the operational performance of the CMAQ model
the entire summer, NO produced from lightning was equal toestimates were generally comparable for the 36-km and 12-
30 % of the anthropogenic NO emissions. Because most okm simulations for the eastern US, with the 12-km simulation
the NO produced from lighting is created in the upper tro- on average yielding slightly higher estimates of,S@et de-
posphere, the impact to surface concentrations is small, as iposition than the 36-km simulation. When compared to ob-
Kaynak et al. (2008). However, over the eastern US whereservations from the NTN, the NMB for the CMAQ model
lightning flash counts are greatest, the impact to;Net estimates was slightly higher for the 12-km simulation; how-
deposition is substantial. Figure 14 shows the bias if;NO ever both simulations had annual NMBs that were less than
wet deposition at NADP monitoring sites for the CMAQ +15% each year. Bias and error in the modef;S@et de-
simulation without lightning NO, including lightning NO, position estimates were significantly reduced for three of the
and including lightning NO and the precipitation bias adjust- five years (smaller improvements for the other two years)
ment. For the monitoring locations east of 100 degrees Wwhen the estimates were adjusted to account for biases in
longitude, the CMAQ simulation with the lightning NO pro- the model estimated precipitation.
duction has a low bias and captures the range of variabil-
ity shown at the surface monitors. At the monitors west of The CMAQ modeling system underestimates Niet
100 degrees W longitude, the impact is small and the biagleposition in the eastern US in both the 36-km and 12-km
persists, owing to the low lightning flash counts in this re- Simulations, with the underestimation tending to be slightly
gion. An implementation of the method described above forlarger in the 36-km simulation. The largest underestimation

including lightning generated NO will be included in the next of NH; wet deposition occurs in the winter and spring pe-
release of the CMAQ model. riods, while the summer and fall have slightly lower under-

estimations. The underestimation is likely due in part to the
poor temporal and spatial representation ofg\dtinissions,
4 Summary particularly those emissions associated with fertilizer appli-
cations and bi-directional exchange of plftux from the soil
The CMAQ modeling system was used to estimat€; SO and vegetation. Implementation of a bi-directional {\ix
NHj,rr and NG; wet deposition for the years 2002-2006 for mechanism in the CMAQ model, along with improvements
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Fig. 13. Box plots of modeled — observed l)‘[HNet deposition for ~ Fig. 14. Box plots of modeled — observed NOwet deposition
the eastern US (12-km CMAQ simulation only) for 2002. Shown for the eastern (left) and western (right) US for the summer of
are the model N wet deposition biases for the base CMAQ sim- 2004. Shown are the model NOwet deposition biases for the
ulation (“Base Model”; light blue), the base simulation with precip- simulation without lightning N included (“Base Model”; light
itation bias adjustment (“Precip. Adjusted Base”; red), the simu-blue), the simulation with precipitation bias adjustment only (“Pre-
lation with bi-directional NH3 flux only (“Bidi NH3”; dark blue),  cip. Adjusted Base; red), the simulation with lightning NGnly
and the simulation with both precipitation bias adjusted Niet included (“LNC”; dark blue), and the simulation with both pre-
deposition and bi-directional NH3 flux included (“Precip. Adjusted cipitation bias adjusted NDwet deposition and lightning NOin-

Bidi NH3"; dark red). cluded (“Precip. Adjusted LNQ'; dark red).

in the temporal and spatial representation of fertilizer appli-Was generally not as good as either eastern US simulation.
cations, improved the underestimation of et deposi- On an annual basis, the model performance for all three wet

tion, and these changes will likely be included in the nextdeposition species was relatively consistent (NMBO %),
release of the CMAQ model. with mostly small variations in normalized bias (standard de-

viation <3 %) over the five-year period for the eastern US
Annual variations in NMB were larger for the western US,
with a standard deviation-5.5%. This suggests that the
modeling system does relatively well handling the year-to-
year variability in meteorology and emissions that occur over
longer periods of time, particularly for the eastern US As an-
nual air quality model simulations become more routine, it
is likely that the five-year performance assessment presented
here could be extended to cover a longer time-period (e.g. a

troposphere, which can be a large source of NO, particularhyécade). Additionally, expanding the 12-km simulation to
in the summer in the eastern US when lightning activity is "clude the western US may result in improved model per-

high. CMAQ model simulations that include production of formance over the 36-km simulation given the complexity of
NO from lightning show a substantial reduction in the NO the terrain in the western US.
wet deposition underestimation in the eastern US in the sum- : .
mer as compared to simulations without lightning NO. ThereSu_ppIe_mentz_:\ry mater_|al related to this
is little impact on bias in the western US when lightning gen- article is avallable_ online at:
erated NO is included due to the relatively low amount of http://www.geosm-model-dev.ngt/4/357/2011/
lightning activity in the western US. gmd-4-357-2011-supplement.zip
Overall, performance for the 36-km and 12-km CMAQ
model simulations was similar for the eastern US, while for
the western US the performance of the 36-km simulation

The performance for model estimates of N@et depo-
sition is mixed throughout the year, with the model largely
underestimating N© wet deposition in the spring and sum-
mer in the eastern US, while the bias in the fall and winter
is relatively small. Model estimates of NOwet deposition
tend to be slightly lower for the 36-km simulation as com-
pared to the 12-km simulation, particularly in the spring. One
large source of the underestimation of N@et deposition
is from a lack of NO produced from lightning in the upper
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