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Abstract. We examine the interannual variability in the BlO  ate of microbial nitrification and denitrification in soils (Con-
column over North America measured by the Ozone Mon-rad et al., 1996). Emissions vary greatly due to climatic and
itoring Instrument (OMI) in 2005-2008. By comparison to edaphic conditions, but the best correlations have been found
a model of soil NQ emissions driven by the North Ameri- with N-availability, temperature and water-filled pore space,
can Regional Reanalysis precipitation and 0—10 cm soil temso that &o, are highly dependent on local temperature, pre-
perature fields, we show the source of this observed intereipitation patterns, as well as fertilizer management practices
annual variability over much of the central United States in(e.g., Williams and Fehsenfeld, 1991; van Dijk et al., 2002;
June is fertilizer application. We find that dry, warm con- Ludwig et al., 2001; Schindlbacher et al., 2004; Meixner and
ditions followed by convective precipitation induces pulsed Yang, 2006; Stehfest and Bouwman, 2006). In addition to
emissions of N over the agricultural Great Plains. In June its effect on the chemistry of the atmospherggSare an in-
2006 we infer a 50% increase in soil N@mission and a dicator of the efficiency of soil N retention in both fertilized
30% increase in the tropospheric lWEolumn relative to the  and natural ecosystems. A better understanding of factors
June 2005-2008 mean. In a case-study of fertilized corn andffecting N retention is critical to developing effective and
soybean fields over SE South Dakota, we find an associatedfficient methods of application of fertilizer N and for un-
rain-induced pulsing event reaching %80 molec cnT?, derstanding the role of nitrogen in the carbon retention by
equivalent to a surface concentration~a? ppbv. We calcu-  biomass.

late that soil NQ emissions resulted in a mean daily max-  Syp, have been estimated on regional and global scales
imum 8-h ozone enhancement over the agricultural Greausing empirical models (Yienger and Levy, 1995; Yan et al.,
Plains of 5 ppbv in June 2006 (with predicted events reaching2005; Delon et al., 2007), process-based models (Potter et
16 ppbv) compared with a mean enhancement of 3 ppbv foal., 1996; Parton et al., 2001) and scaling-up of field obser-
soil NO in the years 2005-2008. vation estimates (Davidson and Kingerlee, 1997) with global
above-canopy estimates ranging from 4.7-13 Tg'NyrAt
present, most atmospheric chemical transport models (CTM)
employ the semi-empirical scheme developed by Yienger
and Levy (1995) (YL), following Williams and Fehsenfeld
Nitrogen oxide (NQ=NO+NO,) emissions from soils (;991), which computes emi§s_ioqs as a f.u.nction of_ vegeta-
(Sno,) affect local ozone air quality, secondary organic O type, temperature, precipitation, fertilizer apphganon,
aerosol formation, ecosystem acidification and eutrophicand @ canopy reduction factor (Bey et al., 2001; Steinkamp
tion, and the atmospheric lifetime of important greenhouse€t al., 2009; Emmons et al., 2010). Recent comparisons
gases (e.g., Cand CHy) through its effect on OH (Inter- ©f models and satellite observations reveal a factor of 2-4
governmental Panel on Climate Change, 2007). Nitric oxideunderestimate in N, with respect to the YL a priori es-

(NO) is produced as a by-product and obligatory intermedi-timate (Martin et al., 2003; Jaegle et al., 2005; Wang et
al., 2007; Boersma et al., 2008). For example, agricul-

tural regions show strong disagreement between the a pri-
Correspondence taR. C. Cohen ori estimate and top-down inventory over the United States
BY (rccohen@berkeley.edu) (0.41vs. 1.0 Tg N year) (Jaegle et al., 2005) and in Mexico
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(Boersma et al., 2008). To date revised inventories ef-monthly by state based on Goebes et al. (2003), with expo-
fectively assume a grid cell specific adjustment to sourcenential decay of fertilizer emissions € 1.5 months) (Mat-
strength which is not understood at the process scale makson et al., 1998). Manure is not included in the inventory.
ing predictions unreliable. Vegetation type is taken from the NASA TERRA/MODIS
Surface observations of\g, at the spatial scales needed HDF-EOS MOD12Q1 V004 Http://modis-land.gsfc.nasa.
to observe and infer mechanistic details affecting the emis-gov/landcover.htin regridded to 0.25x 0.25 resolution
sions have sparse spatial coverage, so generalizing thesdth the mode of each grid box taken as overall land type.
results to regional and global budgets has proven difficultThe canopy reduction follows Yienger and Levy (1995), Ta-
(e.g., Krupa et al., 2008; Ludwig et al., 2001; Conrad et al.,ble 6. We increase the dry soil criteria used in pulsing in
1996). To bridge the gap between global analyses that idenYL to <2 cm precipitation in previous two weeks based on
tify a need for enhanced emissions at regional scales (100Bertram et al. (2005) and allow subsequent pulsing events of
of km) and observations that can define processes affectingry soils to be additive. Monthly mean emissions for 2005—
NOy at meter scales, Bertram et al. (2005) used dailyyNO 2008 are shown in Fig. 1.
columns retrieved from SCIAMACHY at 30 kx 60 km to
explore Syo, following N-fertilization to dry agricultural
fields. They found that the information contained in satel- 2-2 GEOS-Chem
lite observations is such that inverse modeling studies could
tune mechanistic parameters that respond to climate and sofine GEOS-Chem global three-dimensional model of tro-

rather than a single parameter scale factor. pospheric chemistry (version 8.02fp://acmg.seas.harvard.
Here we build on these efforts to study links between cli- €du/geos/index.htrlis driven by assimilated meteorologi-
mate and soil state variables angcS. We use NQ col- cal observations from the NASA Goddard Earth Observing

umn densities from the Ozone Monitoring Instrument (OMI) Systém (GEOS-5). The model is applied to a global simu-
(Boersma et al., 2002), interpreted with a model gbS lation of O3 — NOy —\_/OC chemistry including a fully cou-
(Yienger and Levy, 1995), driven by daily soil temperature pled aerosql me<_:han|s_m (Bey et al., 2001; Park et al., 2004).
and precipitation from the North American Regional Reanal-Meéteorological fields in the GEOS-5 data have a tempo-
ysis (NARR) for 2005-2007, to show that satellite obser- ral resolution of 6_h (3h_for surface vquables and mixing
vations can detect interannual variability ing over the ~ depths) and a native horizontal resolution of"0<0.667,
United States. This interannual variability is a function of With 72 vertical hybrid-eta levels between the surface and
climate and soil state variables (e.g., top-soil temperature an§-01 hPa (including 14 layers below 2km). We degrade the
the drying-wetting of soils). We then use GEOS-Chem, ghorizontal resolution of the meteorological fields t022.5°

chemical transport model, which represents the variability infor input into GEOS-Chem. The simulations are conducted
N emissions to examine implications of this variability for for 2005-2008 and are initialized on 1 January 2005 with

ozone air quality. GEOS-Chem fields generated by a 12-month spin-up simu-
lation at 2 x 2.5° resolution.

Global anthropogenic emissions in the model are drawn

2 Model description from EDGAR 3.2FT2000 inventory (Olivier et al., 2001) for
the year 2000, implemented in GEOS-Chem by van Donke-
2.1 Soil NG, emissions laar et al. (2008). These are overwritten regionally with the

US Environmental Protection Agency National Emission In-
We construct Ro, for the contiguous United States at ventory for 1999 (EPA-NEI99) NEI 99 with modifications
0.25 x 0.25 resolution following Yienger and Levy (1995). described by Hudman et al. (2007, 2008), including a gen-
The semi-empirical scheme computegoS as a function  eralized 50% decrease in N@missions from power plants
of vegetation type, temperature, precipitation history, fer-and industry reflecting 1999—-2004 reductions (Frost et al.,
tilizer usage, and a canopy reduction factor. We use daily2006). We use Big Bend Regional Aerosol and Visibility Ob-
meteorological output from the National Center for En- servational (BRAVO) Study Emissions Inventory for Mexico
vironmental Prediction North Atlantic Regional Reanaly- (Kuhns et al., 2003). Biomass burning emissions are from
sis (NCEP/NARR), provided by the NOAA-CIRES Cli- the interannual GFED2 inventory with monthly resolution
mate Diagnostics Center, Boulder, Colorado, USA{: (van der Werf et al., 2006; Randerson et al., 2007)0,S
/lIwww.cdc.noaa.goy/ for 2005-2008 for top-soil tempera- are from the NARR-driven model described above. Emis-
ture (tsoil) and accumulated total precipitation (apcp) with asions of NG from lightning are linked to deep convection
spatial resolution of 36 km for the continental United Statesfollowing the parameterization of Price and Rind (1992) with
(Mesinger et al., 2006). Chemical fertilizer usage is based orvertical profiles taken from Pickering et al. (1998). We use a
0.5’ x 0.5° global dataset (Potter et al., 2010) and amountsNOy yield per flash of 125 moles in the tropics and 500 moles
to 70.2TgNyr? globally and 12.0 TgNyr! over the re-  at northern mid-latitudes (north of 38) (Hudman et al.,
gion [20° —65° N, 135 — 70° W]. We distribute fertilizer  2007). Lightning emissions are scaled based on monthly
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Monthly Mean Modeled Soil NO_Emissions
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Fig. 1. Simulated monthly mean soil NGemissions for 2005-2008 at 025 0.25 resolution. Emissions were derived using Yienger and
Levy (1995) algorithm, with modifications as described in the text. The model is driven by daily precipitation and soil temperature from the
North American Regional Reanalysis, NASA TERRA/MODIS HDF-EOS MOD12Q1 V004 land cover data, and fertilizer totals from Potter
et al. (2010) with seasonality from Goebes et al. (2003) regridded to model resolution.

average rates from the lightning imaging sensor and opticals distributed over 60 discrete viewing angles perpendicular
transient detector satellite instruments (OTD/LIS) (Murray etto the flight direction yielding a 2600 km ground swath, al-
al., 2010). lowing for daily global coverage, with pixel sizes that range
The boundary layer ventilation rate in the model has beerfrom 13 kmx 24 km to 128 kmx 40 km at the edge of the
evaluated through simulation of observed shapes of the measampling swath.
vertical profiles of short-lived species including propane We use the standard product (Level 2, Version 1.0.5,
(Hudman et al., 2008), acetylene (Xiao et al., 2007), andCollection 3) available from the NASA Goddard Earth
formaldehyde (Millet et al., 2006). This point is further sup- Sciences (GES) Data and Information Services Cen-
ported by analysis of NQemissions vented to the free tropo- ter DISC fitp://disc.sci.gsfc.nasa.gov/Aura/data-holdings/
sphere as N (observed =1610%, modeled=14-9%)  OMI/omno2v003.shtm) and DOMINO product (Level 2,
(Hudman et al., 2007) suggesting PBL exchange rates are natersion 1.0.3) available from KNMI hitp://www.temis.
a dominate source of model error in the analysis of surfacenl/airpollution/no2.html.  Here we use only data with

NOy sources. cloud radiative fraction<50%. Details concerning the
retrieval are provided in Boersma et al. (2002), Buc-
3 OMI NO , column measurements sela et al. (2006), Boersma et al. (2007) and Celarier et

al. (2008). The limit of detection for OMI is approxi-

OMI is a nadir-viewing UV/Visible CCD spectrometer mately 5x 10**molecules NQcm=2. For a 1km uniformly
aboard the EOS-AURA satellite launched in July 2004 into mixed boundary layer this corresponds to a detection limit of
a sun-synchronous orbit with a 13:38 local equator crossing~200 pptv (Buscela et al., 2006).

time (Boersma et al., 2002). Spectra are recorded at 0.45— Both products begin with the same NGlant column

1 nm resolution in the 270-500 nm window, using an imag-densities, determined using a non-linear least squares fit
ing array detector so that multiple locations on the Earth’son the ratio of measured earthshine radiance to solar irra-
surface are observed simultaneously. The®Xiiedd of view diance spectrums in the 405-465 nm window. Differences
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in the resulting tropospheric NOvertical column densities SOIL COLUMN STD DEV /
arise from differences in the methodology used to calculate 2Ot COLUMN/TOTAL COLUMN —  TOTAL COLIMN STD DEV
the stratospheric component of the slant column and theS&

tropospheric air mass factor, which converts the slant col-
umn to vertical column density. When inferred surface 2
concentrations are compared to surface measurements over
the Southeast United States, the standard product Version
1.0.5, Collection 3 have been shown to have a seasonal biags =
of 67-74% in summer and6% to —1% in winter, while
the DOMINO product version 1.0.2, Collection 3 is biased
high by 21-33%, with little seasonal variability (Lamsal et
al., 2009). These biases are consistent year to year and thus

JUNE 201

do not affect relative differences of the same month over sev-g S A P
eral years. & d g

In Sect. 5, we show there can also be large dn‘ferences>
between the retrievals on daily timescales in the vicinity of N N V.
storm systems due to differences in the stratospheric sub- 2" &V v
traction. For the DOMINO product, the stratospheric NO 0 01 02 03 04 0 0.25 0.5 075, o]

field is estimated by assimilating NGslant columns into

the TM4 chemistry-transport model. For the standard prod-—ig. 2. Simulated contribution of soil Nemissions to the monthly
uct, the stratospheric Nfield is determined by masking mean (left) and standard deviation (right) in tropospheric,N6I-
regions where tropospheric NGolumns are high. The umn over the United States using GEOS-Chem. The soil column is
remaining areas are used to generate a smoothed, interpdefined as the difference in the troposphereic,dGlumn between
lated stratospheric field using planetary wave-2 analysis ire simulation with and without soil Noemissions over the region

9° wide zonal bands. A global, comprehensive validation of 20-65 N, 135-70 W.

the stratospheric component in the vicinity of storms is war-

ranted to reduce uncertainty in the individual retrievals both ) ) _ _
(Fig. 1). In the model the emissions appear as large pulses

following dry, warm conditions.
4 Interannual variability in OMI NO » and Soil NO To determine whether this interannual variability should
be visible in the OMI tropospheric NOcolumn, we exam-

Figure 1 shows simulated meard over the United States ine the GEOS-Chem ratio of soil column N@ total tro-
and lower North America (20— 65° N, 1353 — 70° W) for pospheric column N& where the soil column is defined as
May-July 2005-2008. Average simulated yearly emissionghe difference between a simulation with and withoNbS
are 0.62TgNyr! (0.12TgNyr?! due to fertilizer appli- Figure 2 shows the soil column is predicted to comprise be-
cation) with 62% of emissions occurring between May—tween 15-40% of the total tropospheric N©olumn be-
August. At the low end, So, is 1-5ngNnm2s™! over  tween May—July 2006 over the United States, with anthro-
natural grasslands of the Western United Statego, 3s pogenic emissions, biomass burning, lightning, and back-
largest over the agricultural Great Plains reflecting fertilizer ground concentrations making up the remainder. Lightning
N input and high temperatures, with peak monthly meanwas a smaller than average source in June 2006. A measure
values reaching-15ngNnT2s~1. These values are con- of the Syo, contribution to the tropospheric column variabil-
sistent with mean summertime observations for fertilizedity can be diagnosed using the ratio of the standard devia-
fields over lowa (18 ngNm?s1) (Williams et al., 1992), tion in the soil fraction to the total column standard deviation
Virginia (9.7ngNnT2s™1) (Anderson and Levine, 1987), (Fig. 2). In the model §o, governs 50—-75% variability in
Texas grasses (12—-43 ng N‘&s 1) (Hutchinson and Brams, the columns suggesting the OMI N@ecord should reflect
1992), and for natural grasslands over Colorado (0.2-Sno, pulses.
10ng N nT2s71) (Parrish et al., 1987; Williams et al., 1987,  Figure 3 shows the OMI N®monthly mean columns and
1991; Martin et al., 1998). deviations from the June 2005-2008 mean for OMLNOI-

Modeled emissions are variable day-to-day with a stan-umn densities (standard product), temperature, precipitation,
dard deviation comparable to mean values (not shown), relightning counts, §o, emissions, and GEOS-Chem MO
flecting synoptic variability in temperatures and pulsing as-columns (run without lighting emissions) for regions with
sociated with wetting and drying of soils. Mean emissionsmean June OMI N@ column >1.25x 10® molec cnt?2,
show little interannual variability for the months of May and The presence of large anthropogenic emissions over the
July 2005-2008. Anomalously large emissions, howeverEastern United States, the West Coast and individual
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Fig. 3a. June mean OMI N@column densities (top) are compared to mean anomalies for OMI(NRidle) and Soil Model NQ emission
(bottom), calculated as difference with June 2005—2008 mean. Only regions with mean June @&BINGN >1.25x 10M° molec cm 2
are shown in anomaly plots. Color bar saturated at high and low end.

powerplants, scattered throughout the US are easily visigorithm. June 2006 had lower than average lightning counts
ble in maps of the OMI N@ tropospheric column. Over suggesting lightning is not a source of higher than average
the agricultural Great Plains mean values range fromNO; in that month.

1.25— 3 x 10 molec cnt?. ~In June 2006, OMI N@  |nthe GEOS-Chem model, however, the June;NiOpo-
columns were up to 30% higher than average over the agrispheric column anomalies are incorrectly governed by light-
cultural region in eastern North and South Dakota, Nebraskaning NO, emissions. The lightning parameterization cur-
Western Kansas and Northern Texas. Additionally, coastatently assumes-20% of lightning NQ emissions are placed
Mexico and the Southeast United States show anomalouslpelow 1 km (Pickering et al., 1998). More recent observa-
high Col_umns. There are no significant_differences in thes&jons, however, suggest most lightning N@riginates and
figures if the DOMINO product is used instead o_f the stan-remains in the middle and upper troposphere, with only a
dard product. The 2005-2008 OMI NGnomalies over small percentage~2%) found near the surface (Ott et al.,
the agricultural Great Plains are spatially similar to those 0f2010). Since NQ is primarily NO at higher altitudes, it
modeled Ro, (Fig. 4). The anomaly is not due to an in- does not impact the tropospheric l@nomalies, consistent
crease in energy use associated with warmer temperaturegith OM| anomalies shown in Fig. 3a. GEOS-Chem mod-
There has been a decreasing trend in powerplant emissions #led tropospheric N©anomalies for a simulation without

the month of June over the Great Plains-@f% from 2005—  |ightning are consistent with OMI. This anomaly disappears
2006,—19% from 2006-2007, and constant from 2007-2008when S0, emissions are removed, adding further support
(data available dtp://ftp.epa.gov/dmdnload/emissions/ to the conclusion that soil emissions are responsible for this

It is conceivable that the same storms that drive pulsedvariability and demonstrating that variations in transport of
Sno, Would also be associated with high lightning making it urban emissions are not responsible (Fig. 3a).
difficult to separate the effects of the two sources onthe NO  On average, June 2006 was warmer (by ©=Rand drier
column. Figure 3b shows monthly mean anomaly in daily (by 0-50%) over much of the central United States, while
flash counts from the National Lightning Detection Network rains began earlier than normal over the Southwestern United
for 2005-2007. June 2008 is not shown, as observed reporteSitates. These factors could lead to higher,NdGlumns due
flash rates are 3—4X higher than previous years for reason® increased decomposition of PAN, and to higher boundary
that are presently unclear but may be related to a change in alayer heights which increase the N@fetime, however, the

www.atmos-chem-phys.net/10/9943/2010/ Atmos. Chem. Phys., 10, 99832010
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Fig. 3b. Same as Fig. 3a except for flash counts from the National Lightning Detection Network (NLDN) (mean daily flashes), Temperature
(°C), Precipitation (%). NLDN flashes are X3 higher in 2008 than 2005-2007 for reasons that are unclear as such we take the anomaly from
2005-2007 mean.

spatial variability of the anomaly most closely matches that  soil NO Model June 2006 Anomaly OMI June 2006 Anomaly
of the modeled §o, suggesting §o, governs the variability = 5 LL\ = ﬁ,\
in the column over these regions (Fig. 4). 55N e

g

5 Case-study of fertilizer induced pulsing over 45N
South Dakota in June 2006

Figure 5 shows a timeseries of OMI tropospheric NO 35N
columns compared with predicteqi§, and daily precipita-
tion over an area of rural SE South Dakota (43-M598.75—
96.25 W; boxed region in Fig. 4). This region is primarily
not irrigated &4%), and is planted with corn and soy beans
as well as grassland (USDA, 2009, 2010). There is a low
population density. According to our inventory, an average of -is 7 0 7 s s o o
42 kg N halyr—1 are applied to the region yearly with 70% (NgNm?s] [10'* molec cm ] -
of that amount applied between March—-June. Shown are ) )
OM I tropospheric N@ columns for days with valid data cov- Fig. 4. The June ZQO6 modeled Soil N@nomaly is compared. to
erage (cloud radiance fraction50%) extending over more € OMItropospheric N@column anomaly over the central United
than 25% of the region. May—July OMI tropospheric NO States. The anomalies are calculated as in Fig. 3a. Bpxed region
L . (43-45 N, 98.75-96.25W) shown is used in case-study in Sect. 5
standard product (DOMINO product statistics in parenthesis) ¢ o+
columns range from 0.21-4.65 10" molec cn1? (—0.50—
4.16 x 10" molec cn12) with a mean of 2.02 10 molec
cm~2 (1.86 x 10®moleccnT?) and standard deviation of retrievals is a result of the method each uses for strato-
0.87 x 10'® molec cnT? (0.87 x 10 molec cnT?). The  spheric subtraction and that the differences are more im-
modeled Ko, ranges from 1-50ng Nnfs~! during this  portant in the vicinity of storm systems. Future improve-
time period. ments in an analysis of\g, pulses will require more com-
The Syo, model predicts four §o, pulses between May— prehensive validation of the stratospheric and tropospheric
July, each corresponding to peaks in the DOMINO OMI NO, products in the vicinity of storms. The largest pre-
NO, column, however not uniformly identified in the stan- dicted pulse in fo, is 14-18 June. An associated peak
dard product retrieval. Our detailed analysis shows the priis seen in both products on 15 June, with its peak reach-
mary difference between the appearance of peaks in theseg 4.6x 10®molec cnt?NO,. Assuming a 1 km BL, this

25N

Gausi

110w 100W 20w 110w 100W 0w
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140 160 180 200 NOx emissions for 2005 and 2007 (left) and 2006 (right) simulated
DAY OF YEAR .
using GEOS-Chem.

Fig. 5. May—July 2006 timeseries of soil NO pulsing events over

rural South Dakota (43-4%3N, 98.75-96.25W). OMI NO> col- ) . .

umn densities (top) for the Standard Product (black triangles) andNOrth America, with largest enhancements over the agricul-
DOMINO Product (grey circles) are compared with predicted soil tural Great Plains, where the ozone enhancement due to soil

NO emissions (top, green) and precipitation (middle, red). GEOS-increases from 3 to 5ppbv. Predicted daily 8-h maximum
Chem NG column density with soil NO emissions included (bot- ozone events rise by as much as 16 ppbv in 2006. No events
tom, black) and not included (bottom, gray). in 2005, 2007, or 2008 were larger than 12 ppbv.
Comparing simulated and observed 8-h maximum ozone
concentrations for June 2006 over a semi-rural surface sta-
pulse would correspond to-a2 ppbv surface concentration tjon in Sioux Falls, SD (43BN 96.7 W) within the case-
over the region. The modeled soil N@ulse begins on 14 study region, reveals an increase in ozone during the NO
June and peaks on 17 June, lags behind the observations byjise event. Ozone increases in GEOS-Chem, both with
about 1 day. The discrepancy between modeled and observeghd without o,, due to the strong relationship between
timing is likely due to the model threshold for precipitation ozone and temperature/stagnation, illustrating the difficulty
and our assumption that subsequent pulses are additive. Ry attributing ozone to o, in observational datasets due to
cent literature suggests that the magnitude of pulses is a funghe correlation of temperature angl&. We find, however,
tion of dry'Spe” Iength rather than amount of rainfall and is add|ng $|O>< emissions removes a low bias and improves
of shorter duration than in the YL scheme (Yan et al., 2005).the daily correlation with observations throughout the month
This timeseries suggests we can use OMI to test our undefr =0.38— 0.53), with maximum ozone enhancements due
standing of pulsing triggers, lengths and magnitude for largegqg Svo, in the model reaching 12 ppbv.
pulsing events, and that cataloguing a large numberef S
events will be a productive line of research.
The GEOS-Chem simulation with NARRNG, pre- 7 Conclusions
dicts a tropospheric N9column mean (standard deviation)
of 1.09x 10 moleccnfs™ (0.28x 10°moleccnts™1),  NO, column densities from the Ozone Monitoring Instru-
~40% lower than the retrievals (Fig. 5). The relative changement (OMI), together with a model of\®,, were used to
in magnitude of the GEOS-Chem column during pulsing examine the interannual variability ofg, over the United
events {~X2) is consistent with the OMI retrievals giving us States, its magnitude and pulsing behavior, and implica-
confidence in our §o, estimate. The largest variability inthe tions for ozone air quality. Anomolously larga&, (~50%
modeled column is due toNg, , suggesting thatNp, rather  greater than the June 2005-2008 mean) were predicted in
than changes in anthropogenic emissions resulting from indune 2006 over the agricultural Great Plains due to rain-
creased energy use or anthropogenic transport into the regionduced pulsing, triggered by warmer (+0>2) and drier
leads to the June anomaly and Npeaks. (+0-50%) than average conditions over the region. Mean
summertime tropospheric NOcolumns over the agricul-
tural Great Plains ranged from 1.25x30% molec cnt2.
6 Soil NOy impact on ozone air quality In June 2006, columns were 30% higher with a spatial pat-
tern consistent with our predictedi§ anomaly confirming
Figure 6 compares simulated June 2005-2008 mean dailthe presence of large interannual variation jpSemissions.
8-h maximum surface ozone enhancement due to sojl NO In a case-study over agricultural southeast South Dakota,
with those for June 2006. Surface enhancements range frowe examined rain-induced pulsing events in May—July 2006.
1-4 ppb over much of the central United States with largestOMI tropospheric columns reached 4@.0*° molec cnt?,
enhancements over Mexico and western Texas. June 200&quivalent to surface concentration-ef ppbv. The model
enhancements due tay§ are larger from 1-7 ppbv over and observations have a similar number of peaks and
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the amplitudes of the peaks are similar, more so for the to constrain NQ emissions over the eastern United States and
DOMINO product than for the standard product. The mod- Mexico, Atmos. Environ., 42, 4480-4497, 2008.
eled peaks occur later than in observations and persist foBucsela, E. J., Celarier, E. A., Wenig, M. O., Gleason, J. F,

longer, differences that suggest the model is not capturing Veefkind, J. P., Boersma, K. F., and Brinksma, E. J.: Algorithm
the dynamics of pulsed\, properly for NO, vertical column retrieval from the ozone monitoring in-
' :

Finally, we used the GEOS-Chem CTM driven by our Zt(;gglent, IEEE Trans. Geosci. Remote Sens., 44(5), 1245-1258,

_NARR SNo, 1o exa_m'ne implications for ozone air qual- Celarier, E. A., Brinksma, E. J., Gleason, J. F., Veefkind, J. P., Cede,

ity. We found that in June 2006\3, enhanced mean 8-h A., Herman, J. R., lonov, D., Goutail, F., Pommereau, J. P., Lam-

maximum surface ozone by 5 ppbv, compared with 3ppbv pert, J. C., van Roozendael, M., Pinardi, G., Wittrock, F., Schon-

for 2005-2008, with daily ozone enhancements due\g, S hardt, A., Richter, A., Ibrahim, O. W., Wagner, T., Bojkov, B.,

reaching up to 16 ppbv. These large enhancements suggestMount, G., Spinei, E., Chen, C. M., Pongetti, T. J., Sander, S. P.,

that reducing fertilizer use or increasing its efficiency would  Bucsela, E. J., Wenig, M. O., Swart, D. P. J., Volten, H., Kroon,

be a substantial benefit to air quality in the central United M., and Levelt, P. F.: Validation of ozone monitoring instru-

States. ment nitrogen dioxide columns, J. Geophys. Res., 113, D15S15,
doi:10.1029/2007JD008908, 2008.
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