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ABSTRACT

OBSERVATIONS OF ATMOSPHERIC REACTIVE NITROGEN SPECIES

AND NITROGEN DEPOSITION IN THE ROCKY MOUNTAINS

Many national parks are experiencing increased nitrogen deposition due &s@tcesmissions

of reactive nitrogen, especially in the western United States. Excesgenitdeposition can
adversely impact ecosystem function, in some cases leading to degradatider afuahty and

forest decline. One region of particular interest is the Rocky Mountainsg \nge increases in
wet deposition of oxidized and reduced nitrogen have been observed in recent decade®s Here
present results from several field campaigns in Rocky Mountain NationalFdiR) and a

field campaign in Grand Teton National Park (GTNP) focused on identifying impaiteogen

deposition pathways and factors that are contributing to nitrogen deposition.

At both RMNP and GTNP, measurements included precipitation chemistry and atmospheri
concentrations of gases (NHHNOs) and particles (N, NOs, organic nitrogen). A year-long
measurement period took place from November 2008-November of 2009 in RMNP, and two
different reactive nitrogen source regions of Colorado: the Front Range urbidorcand

eastern Colorado agriculture. Additional observations were made in RMNP in 2006 when a
network of sites operated across the state for 5 weeks in the spring and summe0d:d i
when measurements were made from April-September in RMNP. In GTNP a netwiés of

measured air quality and atmospheric deposition across the park from Ageairber 2011.



To understand nitrogen deposition in RMNP we focused on understanding the spatialtyariabil

of reactive nitrogen concentrations across the state of Colorado. We obsereepddignts in

the reactive nitrogen species that reflected the different source regioss # state. In

eastern Colorado, home to large agricultural operations, we observed high concentrations of
ammonia and ammonium. Concentrations decreased moving westward toward the Front Range
urban corridor and the Rocky Mountains. Concentrations of nitric acid, an important oxidation
product of nitrogen oxides emissions, were highest in the Front Range urban corridor.
Concentrations of gaseous ammonia and nitric acid were much lower in RMNP thausiéds

to the east. Particle concentrations of ammonium and nitrate were gelosvallyn RMNP as

well; however, concentration gradients were sometimes not as strong asgas {hease

compounds.

Upslope (easterly) winds were observed to be important for transporting highentations of
ammonium and nitrate into RMNP. These upslope events often generated heavy mountain
precipitation and were important contributors to RMNP wet deposition of ammonium and

nitrate. More than 50% of wet nitrogen deposition occurred during upslope wind events.

Wet deposition of ammonium and nitrate were the two largest reactive nitrogertidepos
pathways in RMNP, yielding inputs of 1.97 kg N*ha@ 56% of total nitrogen deposition. Dry
deposition of ammonia and wet deposition of organic nitrogen were the next most important
deposition pathways; together they accounted for 40% (1.37 kg‘Nehannual total nitrogen
deposition. These two pathways are of special interest because they have ncdlhidieen

monitored as part of regional deposition budgets. The remaining deposition pathways (dr



deposition of nitric acid, and P\ ammonium, nitrate, and organic nitrogen) accounted for

approximately 3% of total nitrogen deposition.

In GTNP there was a strong gradient in ammonia concentrations, with hignaga
concentrations to the west (0.6 udyrand lower average concentrations to the east (0.3%g/m
consistent with the presence of large agricultural operations west of theQxamkentrations of
nitric acid, nitrate, and ammonium did not exhibit any clear spatial trends. oAram
concentrations were higher at GTNP than at RMNP whilg fMrate and ammonium
concentrations were similar in the two regions. Average nitric acid coattens were similar
between the two parks as well, with the exception of one high elevation GTNP siéchigiear
concentrations were observed. Wet deposition of ammonium and dry deposition of ammonia
were the largest reactive nitrogen deposition pathways in GTNP followeedtyeposition of

nitrate and wet deposition of organic nitrogen.

Previous ecological assessments have led to the establishment of alcatidal wet

deposition of inorganic nitrogen to RMNP and GTNP. A critical load is the maxienehdf
nitrogen input that can be sustained by an ecosystem without irreversible ddmagssliof
biodiversity. Our observations reveal that the critical load is currenthgl@iceeded in both
RMNP and GTNP. It is important to recognize that substantial additional inp@tsabive

nitrogen are occurring in both parks through dry deposition of ammonia and wet deposition of

organic nitrogen. Neither pathway is currently considered in the U.S. claachframework.



In both RMNP and GTNP organic nitrogen was an important component of deposition. Organic
nitrogen comprised on average between 14-29% of aerosol nitrogen and 12-25% ef mitrog
precipitation across all of the studies. In aerosol, concentrations of ajjemtspecies were

higher when influenced by biomass burning. The fraction of fvanic nitrogen was also

higher during biomass burning episodes, climbing as high as 48%. Analysis of aegasid
nitrogen using liquid chromatography with electrospray ionization and timégbt-fhass
spectrometry led to the detection of more than 404 different organic nitrogen compadteds
majority of these compounds were identified as positive ions in the electrospgagesting

important contributions from compounds with a high proton affinity such as alkaloids orcorgani
bases. Identification of specific chemical structures and emission sedllaesjuire additional

research.



ACKNOWLEDGEMENTS

Any research project that has a large field component could not be completed without
help from numerous individuals. The results from the four field campaigns presented in this
dissertation would not be of such high quality without those who helped collect and analyze
samples, including Doris (Xi) Chen, Misha Schurman, Ezra Levin, Amy Sullivan, Tremyi?

Yi Li, Kip Carrico, Florian Schwandner, Mandy Holden, and Yury Desyaterik. | would
particularly like to thank Yury for his help with analyzing and interpretiisglte from LC/MS
ESI analysis. There are several behind-the-scenes people who helped igithplasning, and
logistics. These include Bret Schichtel and Bill Malm of CIRA and thieoNal Park Service,
and research coordinators Shannon Irey and Karrie Butler.

Access to the Rocky Mountain and Grand Teton National Parks was important for this
research, and | am grateful to the personnel at these parks who allowed uxessyoaour
research sites. We also had sites outside of the parks, and | thank all of the land owners
particularly the US Forest Service, for helping us to conduct sampling on theirtpropeould
also like to thank the Grand Targhee Ski Area, especially Rick Swanker, foaghistance in
setting up the GT sampling sites and allowing access to the mountain throughoutrtiez.sum

| would like to thank my committee for their time and insightful comments throughout
my Ph.D. Jeff Collett, Sonia Kreidenweis, Jay Ham, and Sue van den Heever have been
supportive during all stages of the Ph.D. process, and | have enjoyed learning fromdhem a
getting to know all of them better. | am especially grateful to Sue fimigaas a substitute

committee member and for providing guidance on meteorological aspectsrestasch.

Vi



During my time at Colorado State University, | have learned so much thanks to the
knowledge and guidance of my advisor Jeff Collett. | truly appreciate havingdiad t
opportunity to collaborate with such a great scientist and person. From individuzdtiotes to
group dynamics, it's hard to imagine doing research elsewhere. Workingnditeaaning from
the Collett and Kreidenweis research groups has been a great expefibagdave provided
guidance and laughter when | needed it. The knowledge and expertise in these gréeghs ha
me to an improved understanding of gases and aerosols that has contributed positively to this
dissertation.

| would also like to thank my friends and family for their support along the way.dl nee
the science part of my brain to have downtime and you have definitely provided ge Plea
continue to do so into the future.

This work was funded by the National Park Service. The assumptions, findings,
conclusions, judgments, and views presented herein are those of the authors and should not be

interpreted as necessarily representing the National Park Service.

Vil



Y 2 1S 3 ¥ AN O USSR i
ACKNOWLEDGEMENTS ...ttt et e e e e e e e e e e e e e e s e e e e s et bb e b neeeeees Vi
LIST OF TABLES ...ttt ettt e et e e e e e e e e e e e e e e e e s s s aaannnnnes Xil
LIST OF FIGURES ... .ottt et e e e e e e e e e e e e e e ettt ettt e e aaaaaeaeeeeeeeeeaasaannnsssssensnnneees Xiv
O [ o1 (oo 18 ox 1o o HNU TSSO PPPPPPP 1
I I I 1= T o o = o I 8 o] [P 1
1.1.2 Changes to the NIitrogen CYCIE ........ccoo i 2
I I [ g o = Tox (= o) O o =T o = 1S 3
O R A O i Tor= | I 0= To £ PP PP TP P PP 4
1.2 Nitrogen in the AtMOSPNEIE........uue e e e e e e 6
L.2.0 INQ ceeiiiiiiii et e e bbbttt et ettt e e e e e e e e e e e e e e e e e abarrre e 6
R\ [l o [ PP ST PR PP PR 7
2R N 0 ] 1 (o] | = VPSR UPPPPPPTTRTRPPPRN 7
N O = g 1o (W] = = AN 0= o P 8
2R ST @ 1 (o =T o Tl AN 111 o T = o 8
1.4 DEPOSITION PIOCESSES ....iiiiiiiiiieeeeeeetitite s s e e e e e e e e e e et e et e e et tbbae e e e e e e e e e e e eeeeeeeeesssstbnnna e eeeeas 9
1.5 Ecological Impacts of Excess Nitrogen DepOSItiON ..........ccoovvieiiiiiiiiiiiiinieee e eeeeeeeeeiiieeens 11
1.6 The Study Area: Regional Emissions, Transport, and Previous studies.............cccccceeeeennn. 15
1.6.0 SOUICES ...ttt ettt ettt oo ettt et e e e ettt e e e e et et b e e e e e e eeaa e e e e e eeban e e eeeenraa e aaaenrnan 16
1.6.2 WINA CHMALOIOQY . ..eetteniiiiiiee ettt a e e e e e e e e e e e eeeeeeeeennnes 21
1.6.3 Historical Records from National Network ...t 27
1.7 StUAY ODJECLIVES ...ttt e e e e e e et et e e et et s tb e e e e e e e e e e e eaeeeeeeeesssnnnnns 34
2.0 MEENOUS. ...t e e e e e e e e e e e et e et ettt bt e b e e e e e e e e aaeeeeeeanrrrannas 36
P RS Y- 14T o] (=K o | =T ox 1 o o PP 36
2.1.1 URG Denuder/Filter Pack SAmpPliNg ......ccouuuuuuuummiiieeeeee ettt 36
2. L. 2 PSS ittt e —— bttt rrt et aaaaaaaaaaaaaaaaaaannnnana 38
2.1.3 Precipitation COlECHION ........ooeieeeeeeee e e e e e e e e e e e e e e e eeeerarenannnn 40
2.1.4 High Volume Filter Sampling.........uuuuuueiiiiiie e 42
2.1.5 MeteorologiCal MEaSUIEMENTS ........uu ittt e e e e e as 43
A Y- 14 0] (= N g T 1LY A 45
2.2.2 10N ChromMatOgrapiy ..... oo e e e e e e e et e e te b s e e e e e e e e e e eeeeeeeeessennes 45
2.2.2 Total NIitrogen ANAIYSIS .....ccooie ittt e e e e e e e e e e e eeeeeeeennenee 48

TABLE OF CONTENTS



2.2.3 Liquid Chromatography/Mass SPeCIrOMELIY.........ueuiiiiiiieieeeiieeeeeeeei e 52

2.3 Determining Dry DEPOSIION ......uuuiiiieiei i e eeeeeie ettt s s e e e e e e e e e e e e e e e e e e e e e e e aaaaeeeees 60
G RS- 14T o] 1T S (= 62
2.3.1 Colorado and Rocky Mountain National Park............cccceeeiiiiiiiiiiiiiiiiicceee e 62
2.3.2 Grand Teton National Park ... 65
3.0 Atmospheric concentrations in and around RMNP ..., 67
3.1 Summary of atmosSpheric ODSEIVALIONS ............uiiiiiiie e 67
3.2 Gradients and PartitioNiNg .........cooeeeeuriiiiiiiir e e e e e e e e e a e ——————— 79
3.3 Effect of upslope events 0N dePOSItION ...........uuuuuiiiiiiiee e e e e e e e e e e eeeeeaeennnes 81
G o TSR N[ o To =] o I P TST 85
3.5 Summary of RMNP atmospheric measuremMentS..........ccccovvvivieeeiiiiiiiiieee e e eeeeeeeeeeeeeeennnnens 85
4. Nitrogen Deposition Budget for RMNP .........eiiiiiii e e e e e e 88
4.1  Precipitation CREMISTIY ......coiiiiiiiiiiiiee e e e e e e e s 88
4.4 Annual nitrogen deposition BUAQEeL.............uvuiiiiiiiiii e 93
VL= D 1= 0T 1= 1 o o 97
4.3 Atmospheric Concentrations and Dry DEPOSIION ........cccooeeeiiiiiiiiiiiiiiiiiiiiiee e 100
4.4  Wet Deposition of Organic Nitrogen in RMNP ... 106
T TS U {1 01 0 1= Y PP 108
5. Observations of Reactive Nitrogen in Grand Teton National Park ............cccccoviiiiiiiiinnnn. 110
5.1 Atmospheric concentrations in the vicinity of GTNP ... 110
o0t 0 [ (o o = [0 1T o [ PSSR 110
5.1.2 FOrmic acid and ACEEIC ACI ......uuuuiiii e 117
5.2 Spatial and temporal variability of ammonia across GTNP ..........cccccceeiiiiiiiiiiiiie e, 120
5.3 Precipitation Chemistry and Wet DepOSItiON ............uuuuiiiiiiiiieeeeeeeeeeeeeee e 123
5.4 Nitrogen deposition budget for GTNP ... 126
5.5 SUIMIMIANY oottt e e e et ettt e e et e et a e e e e e eeeba e e e e eeennn e eaeaenes 132
6. Organic nitrogen in precipitation and @eroSOl..............ceiiiiiiiieee e 135
6.1 Types of nitrogen-containing organic COMPOUNGS. .......uuuuuuiiiiiereeeeeeeeeeeeeeeeeiiiine s 135
6.1.1 AMINES and AMINO ACIUS ......iiiiiie et e e e e e e e e eeees 135
6.1.2 Nitrophenols and CateCholS ..........oooveiiiiiiiei e e e 137
6.1.3 Nitrogen-Containing Secondary Organic A€roSOl.........cccoueiiieiiiiiiiiiiiiiiiiiee e 138
6.1.2 Previous measurements of total organic nitrogen in precipitation and aerosossample
............................................................................................................................................. 139



6.2 Observations of PM water soluble organic Nitrogen ... 142

6.3 Species of water soluble organic nitrogen i PAErosol ..........ccccceevvveieieeeeiieeeeeeeiiiis 147
GIC 0 A [0 [T 111 o= 14 0] o PP PPPPPPPPPRPPPPR 147
6.3.2 MASS CONIDULIONS ..o et e e e e e e e e eeee e 157

6.4 Observations of total organic nitrogen in Precipitation ..................eciiiiiieeeeeeeeeeeeeeeeeeinenns 160

6.5 Identification of ON species in precipitation SamPIes. .......ccccooeeeeeiiiiiiiiieii e, 165

I OIS U 0 011 4 F= T TP OO TR PSPPI 167

7.0 Summary, Conclusions, and Recommendations for Future WOork .............cccccevvvvvvvviiinnnnnns 170
0 R U 11 111 4 T= 1 VPP UUPPTUPPPTRPPIN 170
7.2 Conclusions and Recommendations for Future Work ............cccccooiviiiiiviiiiiiiiccininn . 174

8.0 REIBIEINCES ... .ottt ettt e e e e e e e e e e e e e e e e 180

Appendix A Information about Meteorological Station Operation ................cccvviiiiiiiieeeeeeeeeenn, 200
A.1 Downloading Data from the Vaisala Met Station..............cccceiiiiiiiiiiiiiiiii e 200
A.2 Setting North on Vaisala Met Station ..........ccoooeiiiiiiiiiieeeees e 201

Appendix B Structures of organic nitrogen compound standards .............ccceeeeeevviveeeiiiiiiiiennnn. 202

Appendix C Details of identifying organic nitrogen compounds using Agilent MasHunt

(@ T = 11 e= LY S g =LY £ PP PURUPR 204

Appendix D Data from Rocky Mountain National Park ..............ccccooiiiiiiiiiiiiiiiiiiceeenn 206

D.1 RoMANS Il Particle Chemistry Data from URG sampling .........ccoovviiiiiiiiiiiiiinneeeeeeeeee 206

D.2 ROMANS Il Gas Chemistry Data from URG Sampling.........cccccovvvvvviiiiiiiiiiiii e 218

D.3 ROMANS lll (2010) Particle Chemistry Data from URG Sampling.............cccccevvvvvvnnnns 227

D.4 RoMANS lll (2010) Gas Chemistry Data from URG sampling ............ccceeeiiiiinniieininnnn. 234

D.5 RoOMANS Il — Precipitation lon Concentrations, Sample Volume (mL) and pH............ 239

D.6 RoOMANS lll (2010) — Precipitation lon Concentrations, Sample Volume (mL) and pH

................................................................................................................................................ 244

D.7 ROMANS Il —Nitrogen Deposition, TN Concentration...............couuvvvevviiiiiiiiineeeeeeeeeeeee, 246

D.8 ROMANS lll (2010) — Nitrogen Deposition Amounts, TN concentration ..................... 251

D.9 RoMANS Il Dry Deposition Velocities and Dry Deposition AmMounts ............ccccoeeene... 253

D.10 RoMANS lll (2010) — Dry Deposition Velocities and Dry Deposition Amounts ........ 262

Appendix E Data from GrandTRENDS STUY .......ccooeiiiiiiiiiiiiiieie e 266

E.1 Driggs Particle Chemistry Data from URG Sampling ............coooiiiiiiiiiiiiiiiiiiieeeeeeeeee 266

E.2 GTNP Driggs Gas Chemistry Data from URG Sampling.........c.ccccceeeevviviiiiieiiiiiiiieeenn 273

E.3 GTNP — Targhee Base Particle Chemistry Data from URG Sampling.........ccccccvvvvvnnnnnnn. 278

E.4 GTNP - Targhee Base Gas Chemistry Data from URG Sampling ..........cccoevviiiiiiiiinnnnn. 284

X



E.5 Upper Grand Targhee Particle Chemistry Data from URG Sampling ...........ccccceeeeeeeenee. 288

E.6 Upper Grand Targhee Gas Chemistry Data from URG sampling...........ccccccceeiiiiieennen.n. 291
E.7 NOAA Climate Center Particle Chemistry Data from URG Sampling..............cccoeevvee 294
E.8 NOAA Climate Center Gas Chemistry Data from URG Sampling ..........cccceeeviiiieieeennnnn. 299
E.9 Driggs Precipitation Concentrations, pH, Sample Volume (ML) ........coceeeiiiiiiiieeeeennnene, 303
E.10 Upper Grand Targhee Precipitation: Sample Volume, pH, concentration (uUN, uM for
(0)1C= 1 F= =) SRR 306
E.11 NOAA Climate Center Precipitation: Sample Volume, pH, concentration (N
(0)1€= 1 F= 1= ) SRR 307
E.12 Driggs: TN Concentration and Wet Nitrogen Deposition AMOuUNts ...........ccceeeeeeeeeeen. 308
E.13 Upper Grand Targhee TN Concentration and Wet Nitrogen Deposition Amounts....... 310
E.14 NOAA Climate Center TN Concentration and Wet Nitrogen Deposition Amounts..... 311
E.15 Driggs Dry Deposition Velocities and Dry Deposition AMounts...............eevvveeeiennennnn. 313
E.16 Grand Targhee Dry Deposition Velocities and AMOUNES .......ccooeevvieeeeeiieveeeeeiiiiiinn 317
E.17 NOAA Climate Center Dry Deposition Velocities and Dry Deposition Amounts318...
E.18 Passive NEdata for GTNP Sampling SiteS .........uuuuiiiiiiiiieie e e e e e 322
13 o o 1RSSR 322
Upper Grand Targhee (DR) ... ..ottt e e e e e e e e e e eeeeeenne 323
N (@Y N O 110 0 F= T( I O =T | (] TP 324
Other GTNP PaSSIVE SITES ...ttt ettt e e et e e e e e e e e e e e aaaasaaans 325
Appendix F Backward trajectories May-July fOr DriggS......cooouuueeeieiiiiiiiiieiiiiiiiiene e 327
Appendix G August Backward Trajectories for GT ... 335
Appendix H Nitrogen-containing organic compounds identified in other studies. .................... 338

Xi



LIST OF TABLES

Table 2.1 Minimum level of detection calculated from the weekly URG blank sangblested

during €ach field CamMPAIGN. .. .oii i e e e e e e e b s 38
Table 2.2 Precision from replicate filter and denuder samples collect throubbadigtid

campaigns. Concentrations areu m°. Samples used to determine the relative standard

deviation (RSD) were above the MDL and had samples volumes within 13%..................cc........ 38
Table 2.3 Comparison of volumes (mL) collected during the same Driggs préaipéaénts for

DOth Of the SAMPIEIS USEU. ... ..ot e e e e e e 42
Table 2.4 Average of blank precipitation samples and the minimum detection levie) (MD

calculated from the DIANKS. ... s 42
Table 2.5 Precision and accuracy of the analysis of cation standards analyzagdRaMANS
2008/2009, ROMANS 2010, and GrandTreNDs. Units aggdNiinless otherwise noted. ........ 47
Table 2.6 Precision and accuracy of the analysis of anion standards analyzed dMiANSR
2008/2009, ROMANS 2010, and GrandTreNDs. Unitsuddainless otherwise noted. ............. 47
Table 2.7 The gradient method for the separation used to detect formic an@edstic........ 48

Table 2.8 Precision of the analysis of organic acid standards analyzed during GRDsITr

Units arepM unless Otherwise NOLEd. .........cooo i 48
Table 2.9 Results from testing the sensitivity of the Shimadzu TNM module tcediffetrogen
containing compounds and concentrations levels for inorganic SPECIES. ...........uuveiiiiiiieeeeeeeeeennn. 51
Table 2.10 The slopes of the calibration curves for the organic compounds analyzed to
characterize the response Of the LC/MS-ESI. ........uuiiiiiii e 57
Table 2.11 Site coordinates and URG measurement interval for data collectedtoruring t

ROMANS campaigns. The spring 2006 study took place March 25- April 28 and the summer

2006 study took place July 6 — August 10 at the sites indicated. The yearlong study in 2008-
2009 took place Nov 11, 2008-November 11, 2009 at the Core Site and December 11-December

10 at Brush and LOVEIAN. ........ooeiiiiiiiiiiee s e e e e e s s e e e e e e e e e e eeeees 64
Table 2.12 Site information for 2011 Grand Teton National Park Study including coordinates,
elevation, and measurements Of INTEIEST. ..........ovviiiiiiiiiiiii e e e e e e e e e e e eeaeneanes 66
Table 4.1 Average volume weighted concentrations for each month sampling was conducted and
LT g =T [ (I =T -V 92

Table 5.1 Altitude adjusted average atmospheric concentrations’jifigym 7/13-9/21/2011 for

sites from this study and from 7/13-9/21 each year for Rocky Mountain Natiokadifar... 113

Table 5.2 Average volume weighted concentrations (iUN) from precipitation saahpkesh of

L0 TSIRST= T 1T T ] L =S 125
Table 5.3 Total deposition flux per week by pathway for each site where wet aepsainples

were collected (kg N/ha/week). Deposition flux at RMNP was caladifaten both the 2009 and

2010 datasets for the same dates of operation as the three SitesS. ..., 132
Table 6.1 Review of organic nitrogen concentrations in aerosol and precipitatiplesémm

LAV T T SRS (1 [0 =S 141
Table 6.2 Summary of particulate organic nitrogen concentrations (ud)Mmd water soluble

organic carbon to organic nitrogen ratios during the three study periods............ccccvvviviieiiinnnnn. 145
Table 6.3 Summary of identified organic nitrogen compounds according to carbon number using

oxygenation and the carbon-hydrogen relationsShip. ..........oooiiiiiiiiiiiiii e 149
Xii



Table 6.4 The elemental formula of compounds identified in this study and othes stittlie
compound name as identified by Previous StUdY. .........cccooeeiiiiiiiieeeiicer e 156
Table 6.5 Average (Lg N/L) and maximum concentrations and percentagesad@asur

precipitation samples. Negative values and samples with greater than 60%®©d&kaaded.

..................................................................................................................................................... 164
Table 6.6 Rvalues for ON and the listed variable for sampling periods in RMNP and GTNP.
Values in bold are significant at the 95% confidence level. ..., 165
Table 6.7 Organic nitrogen compounds identified in precipitation samples. .............cccevvvvnnnnee 167

Xiii



LIST OF FIGURES

Figure 1.1 The components of the NItrOGEN CYCIE. ........oivvveiiiiccce e 2
Figure 1.2 Schematic of the resistances that control a deposition velocity. .................... 11........
Figure 1.3 Topography and larger population centers around RMNP (top panel) and GTNP
(oo g T o= =T ) TS RSRRPRPP 17
Figure 1.4 Emissions by county from the 2008 EPA National Emissions InventojyNblza

= 0 1N o) T [ PP TPPTPPPIR 19
Figure 1.5 Annual average emission rates fog ktbp) and NQ (bottom) in mol- ht for

(@ o (o] o =T g I G 2 00 F OSSR PPPTURTRPT 20

Figure 1.6 Results from Stewart et al. (2002) indicating the wind flow pattering) dine
summer months in the Snake River Valley. The white star in (a) represenpptbeimate

location of the westernmost sampling site from our Study. ...........uuvviiiiiiiiiiieeeeen 23
Figure 1.7 Mesowest sites located in the eastern end of the Snake River \fallghew

corresponding wind rose diagrams for June through AUQUSTL. ...........ccoooviiiiiiiiiiiiiierre e 24
Figure 1.8 Long-term monthly average 825 hPa, 700 hPa, 500 hPa wind and 500 hPa
geopotential height for a) May, b) JUNE, C) JUIY. .....ccooeeiiiiie e 26

Figure 1.9 Diagrams of the transition of the Mexican Monsoon showing mean winds,

streamlines, and dewpoint (°C) from Douglas et al. (1993) for a) May, b) Juné&y.c)fbe

transitions of the monsoon in these idealized plots are followed closely by the hongroathly
AVEIAgES IN FIGUIE 1.8, ..o e s ettt s e e e e e e e e e e eeeeeeeeasesasss e e eeeeaaeeeeeeeeeeeennnes 27
Figure 1.10 National network sites located in RMNP (top) and around GTNP (bottom). The
symbols indicate which network is located at a given site where (") iadicatlocated NADP

and CASTNet, {) indicates only NADP, and (+) indicates co-located CASTNet and IMPROVE.

Figure 1.11 Yearly wet deposition from the NADP Beaver Meadows site and drytaeposi

from CASTNET ROMA406. Precipitation measured at the NADP site is shown ineorang.. 30
Figure 1.12 Monthly average deposition (bars) from 2000-2005 at the Beaver Meadows (CO19)
and Loch Vale (CO98) NADP sites plotted with the average precipitatidridogach month.30
Figure 1.13 Historical wet deposition of inorganic nitrogen from the NADPrsiBy/psum

(O =TS T A PO PPPPPPPPI 32
Figure 1.14 Seasonal deposition for the national networks sites around GTNP. .............ceeeeeee. 33
Figure 1.15 Timeline of ammonia concentrations from the Craters of the Moon Adfoplisg

] L= PP 34

Figure 2.1 Automated precipitation samplers deployed to collect samplesNi? R GTNP.
In (a) the Yankee Environmental Systems TPC-3000 is shown and in (b) and NCOMNsSyste

ADS/NTN IS SNOWIN. L.ttt e ettt e e e e e e e e e e e e e e e e s s s a b bbbbbbeeeeeees 41
Figure 2.2 The (a) Vaisala MAS 201 and (b) Climatronics AlO-210 meteorolotatians. ... 45
Figure 2.3 Response of standard compounds to different concentrations of methanol. ............... 55

Figure 2.4 Average enrichment at each methanol concentration relative to 208t ohet..... 55

Figure 2.5 Example chromatograms in the positive (top) and negative (bottom) moithes f

filter samples from July 27, 2009 at RMNP. Organic nitrogen compounds are outlined in blue
with the assigned elemental fTOrmMUIAL..........ccooo oo e e 59
Figure 2.6 Sites operated in Colorado and Rocky Mountain National Park...............ccccceeevvvninnns 63

Xiv



Figure 2.7 Map of sites operated during the 2011 GrandTreNDsS Study............uuuuvriiiiinniereeennenn. 66
Figure 3.1 Map of Colorado with site locations and average concentrations of k&g speci
measured during the spring 2006 campaign. RMNP is outlined in yellow. ..............cccceeiiviniins 68
Figure 3.2 Seasonal average concentrations of ammonia, ammonium, nitric ac¢el, suthar

dioxide and sulfate are plotted for spring and summer of 2006. Error bars represeniidrel sta

deviation of daily concentrations measured during each SeasoN. ...........cccceeeeieeiieeeeeeeeeeeeeeeeeneinnnns 69
Figure 3.3 Comparison of the 2006, 2008/09, and 2010 atmospheric concentrations measured at
the RIMINP COME SITE. . .iiiiiiiieiieitie et s e et e e et e ettt e e e e e e e e e e e e e e e e eeeeeasass s ann e aaaaeaeeeanaeeeeeenennnnns 73
Figure 3.4 Seasonal cycles of (&), NH,"(b), HNOs(c), and N@(d) at the Brush, Loveland,

and RMNP SAMPIING SILES. ...eeeiiiiiiiiiiiiiie st e e e e e e e e e e e e et e eeaaaetaa s s e aeeeaeeeaeeeeennnnees 75

Figure 3.5 PMscomposition as measured by PILS-IC plotted with wind direction showing a a)
spring trend and b) a typical fall trend. Wind direction (black), ammonium (greeiatesiied),

and nitrate (blue) are plotted. Precipitation events are also indicated ondheetintEach

plotted symbol represents a time period when precipitation was collected. ............ccccceeeviieeenen.n. 78
Figure 3.6 Partitioning across sites during the spring (grey) and sumnu) @086 studies for

both ammonium/ammonia () system and nitrate/nitric acid () system. For reference,

elevation is also plotted using the righthand axis. ............uuuiiiiii e, 81
Figure 3.7 a) Hourly wind data were plotted according to the fraction of time wiétrava a

given 5 degree sector. b-f) Conditional probability functions fos NNOs, SQZ, Na', and CI
calculated based on the number of @@rcentile of concentrations in a 5 degree wind sector,
compared to the total number of samples in the same 5 degree wind sector. .............ccccceveeeeeenes 84
Figure 4.1 Seasonal cycle of pH from precipitation samples collected duringRsM........ 89

Figure 4.2 Average monthly atmospheric concentrations for a) gasegunNHNQ and b)

PM.s NH;" and NQ". Concentrations are displayed as the mass of N in a given species per
volume of air, to facilitate comparisons between concentrations of differenespddie 2008
December observations are plotted at the right of the figure to visually cowititra typical

annual calendar arrangement. Average monthly atmospheric concentrationsHgaraand

o IO TaTe l o) 1L S-SR 90
Figure 4.3. Total deposition by pathway for a year of measurements beginniegb&n2008.
Measurements of organic nitrogen dry deposition began in April 2009 and continued through
NOVEMDET 2009. ... ..ottt e e e e e e e e e e e e e e et eeetat e bbb e e e e e e e aeaaeeeeeeearees 94
Figure 4.4. Relative contributions to total nitrogen deposition for each pathwagrily.nThe

monthly average is also included. The blue shades indicate N(V) specieshelgteeén shades

indicate the N(-11l) species. Organic nitrogen is ShOwn in Orange. ........cccceevveeeeeeeeeeeeeeeeeeiiennnnnnns 95
Figure 4.5 Timeline of the annual molar ratio of Nkb NOs;” wet deposition at both NADP

SiteS located iN RMINP. ... e e e e e e e e e e e e e e e e e et aae e e e e aaaeaeaeaaeeeeees 96
Figure 4.6. Monthly deposition totals for all three wet deposition pathways (négrateonium,

organic nitrogen). The amount of precipitation for each month is also included. ....................... 98
Figure 4.7 Comparison of monthly wet deposition totals for each study period and the amount
precipitation for €aCh MONTN. .........e e e e e e e e e e e eeeeeeene 99

Figure 4.8 Total dry deposition by pathway and month for N(V) and N(-11l) spd2egposition
velocities were not available for 4/2-4/7, 4/19, and 4/20/12 and dry deposition was not ahlculate
FOF TNOSE AAYS. ... e e e e e e e e e e ettt e et et bbb e a e e e e e e e aaaeeeees 101

XV



Figure 4.9 The relationship between nitric acid concentration and dry depadsixiaf fitric
acid. The solid line is the 1:1 line while a 30% deviation from the line is shown as dasked line

..................................................................................................................................................... 101
Figure 4.10 Distribution of daily dry deposition velocities (cm/s) for padi¢black) and nitric

= Tod [0 B (0] () ) TSRS PP 102
Figure 4.11 Total monthly dry deposition including ;NOIH,", HNOs, and NH for each of the
ROMANS Sampling CAMPAIGNS. ... ..t e e e e e e et et ae b a e e e e e e e e e eaeaeeeeeeneeees 104
Figure 4.12 Monthly dry deposition of NH NOs, NHz, and HNQ for each ROMANS sampling

(0= 11 0] 0 F= 1o | o 1R PP 105
Figure 4.13 The ratio of dry NAto dry NG deposition from the CASTNet site located in

RIMIN P L e et e e e e e e e e aan 106

Figure 4.14 a) Monthly fraction that organic nitrogen contributes to total wetitiepas

nitrogen. b) Organic nitrogen deposition for each month during all three study periodsl08......
Figure 5.1 24 hr altitude adjusted concentrations of g)HHNO;, c)NH,", d) NO;™ at all of the
sampling sites. Only ammonia concentrations are available from the AMoNrkdétwated in

Craters of the Moon National Park during the same sampling period..............ccccoevvvvviviiiiinnnnns 112
Figure 5.2 Example Hysplit back trajectories from days when highddhcentrations were

observed at DR. Characteristics transport during these periods werespdtrdrom the south,

b) transport along the Snake River Valley, and ¢) stagnation...........cccooveeieeiiiiiiiiiiiiiiiiiiceenn 115
Figure 5.3 NOAA HYSPLIT backward trajectories for GT on August 21 and Aug 26............. 116
Figure 5.4Timeline of K+ during GrandTReNDS indicating time periods wherikely was

INflueNCING OUr SAMPIING SIEES. ...oiiiiiiieeiiet et e e e e e e e e e e e e e e e e e aaaeran e e eeeas 117

Figure 5.5 Timelines of a) acetic acid and b) formic acid concentraticaxsuneel in GTNP.. 119
Figure 5.6 Concentrations of formic and acetic acid plotted against eachaoteaclh of the
samples that were analyzed for theSE gAaseS. .......ccoo i 119
Figure 5.7 Spatial distribution of NHrom July to September 2011 from bi-weekly passive
samplers. Data from the AMoN Craters of the Moon sites are from weagbyve samplers.
The color of each circle represents the average concentration abegiing site. In the inset,
sites are plotted according to longitude, west to east, and the error basemefhre standard
deviation of concentrations during the study period at each site. At the threehstes
precipitation was measured the average contribution of each deposition pathin@yris.s. 123
Figure 5.8 Timelines for wet nitrogen deposition (kg NbHaroughout the study period at all
three sites where precipitation samples were collected. Precipitatmmain millimeters is
also plotted as determined from the volume of precipitation collected in the bucketrdviag ar

indicate when sampling began at GT and NC. ... 126
Figure 5.9 Comparison of deposition velocities for a) nitric acid and hyRMhe two

CASTNEL SItES ClOSESE t0 GTINP. .ttt e e e e e e e e eaaeas 128
Figure 5.10 Contribution to total deposition for each pathway at Driggs from April 6 —

YT 01T 0] 01T 2 N2 0 5 SRS 129
Figure 5.11 Comparison of precipitation amounts during 2011 to previous years at DR and GT.
..................................................................................................................................................... 130
Figure 5.12 The monthly contributions of each nitrogen deposition pathway to total N deposition

= L 1D PPN 131
Figure 6.1 Example reaction mechanisms to form nitrophenols from reaction of phénol wit

NOs3 and NQ from Harrison et al. (2005). .....ooouuiiiiiiiiiii e e e e 138

XVi



Figure 6.2 Concentrations of nitrogen species and percent contribution to totamitrog

weekly PM2.5 aerosol samples at RMNP in 2009. Ammonium is shown in green, nitrate in blue,
and water soluble organic nitrogen in orange. Potassium (red) and levoglucosan (pairple) a
included as a biomass burning Markers. ..........coooiiiiiiiiii e 143
Figure 6.3 Concentrations of nitrogen species and percent contribution to totamitrog

weekly PM2.5 aerosol samples at RMNP in 2010. Ammonium is shown in green, nitrate in blue,
and water soluble organic nitrogen in orange. Potassium (red) and levoglucosan (pairple) a
included as a biomass burning Markers. ..o 144
Figure 6.4 Concentrations of nitrogen species and percent contribution to totamitrog

weekly PM2.5 aerosol samples in GTNP 2011. Ammonium is shown in green, nitrate in blue,

and water soluble organic nitrogen in orange. Potassium (red) is included as a biomiass

R AF T T PO 145
Figure 6.5 Average peak area and frequency of occurrence for each identifigound. ..... 148

Figure 6.6 Elemental ratios of the nitrogen-containing compounds identified in all 36 PM

samples. The marker colors indicate the DBE. Each marker corresponds to aieddentif

€1eMENTAl TOIMUIAL .....eeeiiiiiiei et e e e e e e e e e e e e e e e e e e e aaans 151
Figure 6.7 Kendrick diagrams for GHomologues for all identified PM organic nitrogen

compounds. The marker colors indicate the DBE. Each marker corresponds to amdlentifi
elemental fOMMUIAL .......ooe et e s e e e e e e e e e e e e eeeeeeeebnnnnes 153
Figure 6.8 Structures of &)caprolactan, b) 1-nitroheptane, c) 2-nitrophenol, and d) 3-methyl-6-
nitrocatechol, nitrogen-containing organic compounds that we may have observegsin PM

STz 1101 0] (=SSR 154
Figure 6.9 Comparison of organic nitrogen mass calculation from speciatiomddtedotal

water soluble organic nitrogen (WSON) measurement. The 1:1 line is shown foncefars

red markers indicate samples influenced by biomass burning...............oviiiiiiiis 159
Figure 6.10 Relative amounts of identified organic nitrogen compounds clasyitieel umber

of oxygen atoms present in the positive mode RMNR fdmples. Samples impacted by

biomass burning are indicated by the red DOX. ...........ccoeiiiiiiiii e 159
Figure 6.11 Relative amounts of identified organic nitrogen compounds clasyifieel umber

of oxygen atoms present in the positive mode GTNR fdmples. Samples impacted by

biomass burning are indicated by the red DOX. ...........ueiiiiii 160
Figure 6.12 Timeline of organic nitrogen concentration and amount of precipitation from

ROMANS [l (11/2008-11/2009). ....ovviveeieieeeeeeeeeeeeeeeeeee et seee st s et s et te s seseeesensee s s saeeean e, 161
Figure 6.13 Timeline of organic nitrogen concentration and amount of precipitation from

L0V N A S T2 0 O 161
Figure 6.14 Timeline of organic nitrogen concentration and amount of precipitatiofiggs

(o (U] qT o €] = TaTo I R U=T 1 1 TR 162
Figure 6.15 Distribution of the percentage of organic nitrogen (to total nitrogeaghn e

[l oL =N o] g IST=Ta 1] o] PP PR 163

XVil



1. Introduction

The research presented here is motivated by a desire to understand the aitnoppker
of reactive nitrogen to ecosystems, specifically those in Rocky Mountain and Geton
National Parks. To put this research in the context of the nitrogen cycle, natural and
anthropogenic sources of atmospheric nitrogen, deposition processes, and the impeessof e
nitrogen on sensitive ecosystems will be discussed. In addition, a descriptigionéle

emissions, transport, and previous measurements in both regions are included.

1.1. The Nitrogen Cycle

The most abundant constituent in the atmosphere ImitNfrom an atmospheric
chemistry standpoint it isn’t especially interesting since it does notyeadct under typical
tropospheric conditions. Nitrogen fixation convertstdlother nitrogen species at which point it
becomes available to most organisms for biological activity. Therérae main biological
pathways that make up the nitrogen cycle. The first is nitrogen fixation which edoens
certain microorganisms converp b NHs, NH;", or organic nitrogen. Fixation can also occur
by ionizing phenomena onyither by cosmic radiation or lightning. Industrial fixation of N
by the Haber-Bosch process also covegsad\themically active forms.

The second biological process is nitrification which occurs under aerobic (crghe
conditions) when some types of bacteria can oxidize ammonia to nitrite and theat& nitr
Plants can then use the processed nitrate to get nitrogen needed for growthraBotamtalso
be reduced in a process called denitrification where bacteria convert tuthgtand NO, the

third biological process. This process usually occurs under anaerobic (lowaorgitions).



Emissions from soils, biomass burning, and decomposition are all natural prodeistesmit
reactive nitrogen (forms of nitrogen other thaf) bmpounds to the atmosphere completing the
cycles as terrestrial nitrogen returns to the atmosphere. Figure 1.1 sz@smay processes in

the nitrogen cycle.

Anthropogenic Emissions Natural Processes
A
r . A Fixation
NO, NG, NH; — various Lightning or Cosmic Radiation
reactions— HNO;, NH,", N,—NO
NO3
\ Y g Bidirectional
3 Exchange of
.3 NH Removal by
N,O 3 L Removal by
-|D|_||:| ZT T Dry Deposition l Precipitation
o0 l l
| - ...
oo | =

Microorganisms and Bacteria

Denifcation Fixation o
Np— NH; or NH,"
NO;—N,—N,O 2> NHsor NH, or NH; —NO, —NO5

Organic Nitrogen

Figure 1.1 The components of the nitrogen cycle.

1.1.2 Changes to the Nitrogen Cycle
Human activities have increased the atmospheric concentrations of regtctigen
species and changed the nitrogen cycle. These changes have resultée fsooduction and
use of fertilizer, fossil fuel combustion, increased production of nitrogen fixing,dsmpsass
burning, land clearing and conversions, and drainage of wetlands (Vitousek et al., 1997).
Biomass burning, land clearing, and drainage of wetlands release nitrogeorigterdm
storage pools and increase the biologically available nitrogen. A major compbnareased

atmospheric reactive nitrogen is from the industrial fixation olbyNthe Haber-Bosch process to
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produce NH. Emissions from the Haber-Bosch process have increased exponentially &om ne
zero in the 1940s. Ammonia released from the Haber-Bosch process is estimateg8ito be
million tons a year (Smil, 1999). This is a significant contribution to the nitrogea.c@fl the

total reactive nitrogen budget approximately 25% could be attributed dite¢Hg Haber-Bosch
process in the early 1990s and it is estimated that by 2050 33% of the reactive nitragetn bud
will be from the Haber-Bosch process (Galloway et al., 2004). As a resulredsec nitrogen

emissions, more nitrogen gets deposited in ecosystems, pushing them toward s#tagsion.

1.1.3 Impacts of Changes

With increasing nitrogen deposition soil nitrification occurs (Aber, 1992). When
nitrification occurs nitrous oxide @) is released (Aber et al., 1989),(Nis a radiatively
important gas and is the fourth largest contributor to positive climate forogrgasing by 5 ppb
from 1998-2005 (IPCC, 2007). Anthropogenic sources & Mclude fossil fuel combustion in
vehicles (12%) and industry (8%). But soils are the main source, contributing 6@#sstoas
in the United State (Reis et al., 2005). Enhanced emissions from agriculture anld natura
ecosystems are believed to be caused by increasing soil N (IPCC, 2001). ebhere&sions
from natural ecosystems are a direct result of changes to the nitrogeifrogtincreased
deposition. In agricultural soils increased emissions result from fatitlig, application of
manure, grazing animals, and cultivation of N fixing crops (Reis et al., 2005).

Increased nitrogen deposition can also lead to soil acidification and euttaphica
resulting in ecosystem decline and reduction in carbon uptake. When the ratio of nuttieats i

soil is higher than the primary producers need, the excess nutrients move into tlzesaing
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coastal waters (Lerman et al., 2004). These excess nutrients, such as nitrogeiracespdted
to other ecosystems where nitrogen saturation has not yet occurred and will ecatarigut
saturation of these new ecosystems.

Nitrogen contributes to acidity when ammonium is nitrified to producehks and
through nitrate directly as it moves though soils and water (Vitousek et al., 1997) rafe nit
moves through these systems it is able to take cations, like calcium (and othersplatedtde
system of nutrients. Acidification is an issue both in terrestrial and ageasystems. In
aquatic ecosystems with sufficient phosphorous increased N deposition can caydeocation
(Vitousek et al., 1997). Eutrophication can affect ecosystem function and composition in
estuaries. Acidification of the ecosystem results in decay of orgarterraatl release of carbon

as dying organisms can no longer store the carbon.

1.1.4 Critical Loads

To protect ecosystems from the negative effects of nitrogen deposition, ¢oiidsl
have been established for ecosystems around the world. Ciritical loads camla¢echtr
empirically measured depending on the available information and measuremennts lzaxkd
on the level at which negative changes occur. Critical loads have been usedeytansi
Europe as a tool to aid in setting emission reduction targets (De Vries, 1998nglet¢ al.,
1995; Skeffington, 1999; Matejko et al., 2009).

There are large differences between critical loads set in the Unétda®d Europe
which highlight historical levels of N nitrogen deposition and important policy difée® In
the United States the critical loads have been set at the point where tloestiBcsevidence
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for negative ecosystem effects and protecting ecosystems issthaifarity. In Europe critical
loads are usually calculated using the Steady-State Mass Balance Méthothny
uncertainties and therefore provide uncertain estimates of relative risilifty makers
(Skeffington, 1999). Skeffington (1999) also points out that the critical loads set byetisd
are not precise damage thresholds determined by scientific processes aotiutian control
strategies need to go beyond critical loads to assess the effect pdlicgwgilon ecosystems.
The critical loads in RMNP and GTNP areas were established by examiaimgeshin
diatoms in lake sediment cores and wet inorganic nitrogen deposition recordsis Hwience
that around 1950 diatom assemblages changed from ultra-oligotrophic to mesotropiic in f
lakes in RMNP (Wolfe et al., 2003) with similar changes observed in the Greai®vdtehe
Ecosystem (Saros et al., 2011). Critical loads for Rocky Mountain and Grand &gionaN
Park are set at 1.5 and 1.4 kg N*ha*, respectively (Baron, 2006; Saros et al., 2011). The
median critical load for all of Western Europe is 14 kg N- & (Reinds et al., 2008). In the
Netherlands, the average critical load for all vegetation and soil tyg8skig N-ha-yr' (Van
Dobben et al., 2006). Bobbink and Roeloefs (1995) put the critical load between 5-10 kg N-ha
L.yrfor the most sensitive ecosystems while15-20 kg N-yrdis a more average value in the
Netherlands. For forest sites across Germany the majority of 1800 gadatplkave critical
loads between 5-10 kg N-har! (Augustin et al., 2005). Some differences are expected since
the critical load is dependent on soil, vegetation, and climate, but the differente<inital
load values vs. U.S. values are very large. Measurements of critical |estiarces and
ecosystem health in Germany indicated that there was no clear effect atatigebut the

ecosystem’s “water filtering” function was impaired and there wasnesldanitrogen output at



current levels of deposition which are close to the critical load (Augustin 005). The

authors suggested a new threshold be considered to better protect ecosystem health.

1.2 Nitrogen in the Atmosphere

The nitrogen cycle includes both atmospheric and terrestrial nitrogen. $tuithjswe
are specifically examining atmospheric nitrogen species to understand lyosnthep as
terrestrial nitrogen. The main focus is on trace compounds in the atmosphare ttfsmically
important nitrogen species. Compounds in the gas phase include nitric oxide (NO), nitrogen
dioxide (NQ), nitric acid (HNQ), and ammonia (N§J, while particulate nitrogen species
include ammonium (Ni) and nitrate (N@). This is not a comprehensive list of nitrogen-
containing compounds but these tend to be the most important. There is growing interest in
better understanding nitrogen-containing organic compounds and we will discuse ¢imé ¢

level of understanding.

1.2.1 NQ

Nitrogen oxides, NQor NO + NQ, have large anthropogenic combustion sources and
are important for the tropospheric ozone cycle. Global emissions from on-roads/ehicle
contribute 32% and off-road vehicles (ships, aircraft, construction equipment) contributé 30%
anthropogenically emitted NQvhile electricity generation and industry contribute ZFRis et
al., 2005). NQis important in controlling ozone production and destruction which can impact
air quality and ecosystem health. Néan also react to form nitric acid (HN)s discussed
next. Other products of atmospheric NsDemistry include a variety of gas phase organic

nitrates, including peroxyacetyl nitrate (PAN), and particle nitrates.



1.2.2 Nitric Acid
Nitric acid forms via several different reactions. The first is fronstrea of nitrogen dioxide
with the hydroxyl radical:
NO + O; (or RGQ) — NO,
NO, + OH + M — HNGO;+ M
N2Os is an important nighttime source of Hi@rough reaction with $D:
N20s(g) + H20 (g,1) — 2HNG; (9,a0)
- The nitrate radicalNOs'), formed from reaction of NOwith ozone, can also react to
form HNGO; directly or via NOs:
NGs (g) + NOx(g) — N2Os
NO; (9) + H20(I) — HNG; (aq)

NO; (g)+ RH(g)— HNG; + R

1.2.3 Ammonia

The nitrogen species discussed so far are all oxidized forms of nitrogentmisplaere
is oxidizing and as chemical reactions take place molecules typicatiyneamore oxidized.
Ammonia (NH) is an important base and reduced form of nitrogen in the atmosphere. It is
directly emitted and not appreciably formed by reactions in the atmosphemairhsources of
ammonia (80% of emissions) are related to agriculture, including emissioméestock
manure management and application of fertilizers. A minor source gfdNiéhicles with

catalytic converters, accounting for 7% of global emissions (Reis et al.,. 2005)



1.2.4 Particlulate Nitrogen
In addition to gas phase species, nitrogen also is present in atmosphegiesparti
Reactions of gas phase nitrogen species with other constituents form ntla@yafticulate

nitrogen species we are interested in. Several of these reactions anéeprbstow.

HNO;(9) + NHs(g) —NH4NOs(p)
H2SQy(p) + 2NHs(g) — (NH4)2SQy(p)

HNGO; + NaCl -HCI + NaNG;

2HNQ; + CaCO; — Ca(NQ),
Both ammonium nitrate and ammonium sulfate, which form by gas-to-particlersmmve
reactions, tend to be found mostly in submicron aerosol particles. Calciura artchsodium
nitrate, by contrast, are typically associated with coarse mode, sop@rmarticles due to their
formation by reaction of nitric acid or its precursors with coarse moddussiiland sea salt
particle. The formation of semi-volatile ammonium nitrate is a revensghlgion and depends
strongly on concentrations of ammonia and nitric acid as well as environmemnialatumne and
relative humidity. Accumulation mode particles, such as ammonium nitrate and ammoni
sulfate, have slow removal rates (compared to gases and particles of of)dr@mze¢he
atmosphere and can be transported long distances before being deposited yetiry o

processes.

1.2.5 Organic Nitrogen
The least understood of atmospheric nitrogen compounds are nitrogen-containing organic

compounds. This category includes a variety of compositions and structures butcalatays



both carbon and nitrogen. All compounds of this type will be referred to as organiemitrog
unless we know specific information about the chemical composition. This class pdwas
includes both oxidized and reduced forms such as organic nitrates and amines and tosh gase
and particulate forms. There has been growing interest in this class pdwods as we learn
about their importance, chemical characteristics, and abundance. Furtheialisctidse

formation and types of organic nitrogen will be presented in Chapter 6.

1.4 Deposition Processes

Atmospheric nitrogen can be deposited to the surface of the earth by wet and dry
deposition. There are two different processes which can lead to wet deposition phaimcos
nitrogen. The first takes place close to the source, below cloud level, when®sol ar gas
phase species is scavenged by rain and snow and is then deposited (Asman et al., 1998). The
second process occurs when gases or particles are scavenged inside a cloud,drgplets
which in turn are incorporated into precipitation hydrometeors or directly qyréogpitation
hydrometeors themselves; this is called in-cloud scavenging. The amounbtsphémnc
nitrogen deposited typically depends on the microphysics of the cloud and priecipitdiich
influences in-cloud and below-cloud scavenging efficiencies, as well akdhecteristics of the
species of interest: its concentration, hygroscopicity/solubility, and, if ticleafiorm, its size
and mixing state. For both particles and gases, the ability of a chemidakgpdee scavenged
is strongly dependent on its hygroscopicity/solubility. Insoluble particlesomagavenged by
diffusion, impaction, and interception, which are particle size and concentration dependent
(Samara and Tsitouridou, 1999). The importance of aerosol scavenging to precipitat

chemistry varies with environment and atmospheric concentrations of gasestmhespaNet
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deposition is a function of the atmospheric concentration of scavenged species amultiteofm
precipitation that occurs. While the interactions between gases, particlesdoops, and
hydrometeors are complex, making precipitation chemistry and wet depositionltitf

predict, wet deposition is actually relatively easy to measure. Typitalepesition

measurements are made using an open bucket of known size. The composition and amount of
collected precipitation provide the information needed to quantify wet deposition. HEnéngs
somewhat more complex, however, under high wind conditions, especially when collecting
snowfall.

Dry deposition is inherently much more difficult to quantify because it depends on
chemistry and environmental factors including relative humidity, tempeyatowadary layer
thickness, and the surface to which deposition occurs (Tarnay et al., 2001). Theffecateedif
associated with measuring dry deposition (Burns, 2003) and the variable nature ofateposit
velocities means direct measurements are not practical especialtiftmral networks like the
Clean Air Status and Trends Networks (CASTNet) (Clarke et al., 1997). CASikdetre
operated to understand the spatial variability and levels of dry deposition derassibtry. The
network infers dry deposition from measured concentrations and modeled depositiareseloci
(the rate at which a species is removed from the atmosphere). Dry deposidilcnlsted as the
product of the concentration and deposition velocity.(V4s are different for each species and
change under varying atmospheric conditions.

Deposition velocities are inversely proportional to the sum of three terms sicabee
the resistance faced by gases and particles as they to deposit to a Bigtaeel(2). The first
resistance is the aerodynamic resistance. This term describ@®ttahsugh the boundary

layer and it is controlled by turbulent diffusion. Meteorological parameatelsding wind speed,
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surface roughness, and atmospheric stability are included in the aerodyesistance and it is
independent of the chemical species. The next resistance term descong@srtriarough the
laminar sub-layer which resides between the surface and the turbulent atnoasphedary
layer. This term, the laminar sub-layer resistance, depends on the frictioiyahacmolecular
diffusivity of the species. Closest to the surface is the surface resistareh depends on plant
and surface characteristics and, for gaseous species, the solubility arfets seactivity of the
species. Deposition velocities for particles include a particle setilogity (V). Particle
deposition velocities are strongly influenced by size while solubility and@ireactivity are

the important factors controlling the deposition velocity of gases (SeameldPandis, 2006).

U
Vd~a+rb+rc+(vs)

Aerodynamic layer ¢}
v Laminar sub-layer g
Surface layer {§

Figure 1.2 Schematic of the resistances that coatieposition velocity.

1.5 Ecological Impacts of Excess Nitrogen Deposition

The rate of reactive nitrogen deposition in the Rocky Mountain region and around the
world has risen due to increased use of fertilizers and burning of fossil juelsrians
(Galloway et al., 2008; Sutton et al., 2008; Burns, 2003). The increase of nitrogen inputs from

these sources have large and long-lived effects on both ecosystem produadivity@gen
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losses through hydrological and trace gas pathways (Schimel et al., 1997) nafianay plant
communities are nitrogen limited and altering the N content may damagejttieern@mmunity
functions, degrade water quality, and lead to forest decline (Rattray andr&je2601).

There is a growing weight of evidence that nitrogen deposition is adverselgtimgpa
ecosystems in the western United States (Craig and Friedland, 1991; Wétiaims1996;
Williams and Tonnessen, 2000; Baron et al., 2000; Kocky and Wilson, 2001; Fenn et al., 2003).
Understanding the processes and sources that lead to increased nitrogerodeépasipiortant
to keep protected areas from being severely and irreversibly impacted.tiBnadéecosystems
is mandated by Federal Statutes, including the Clean Air Act, the Wildekngsnd the
National Park Service Organic Act of 1969. The main goals of these Aclatasl te
environmental changes are for “prevention of significant deterioration” (429U 70) in
national parks, forests, and wilderness areas and to “leave them unimpaired éousetand
enjoyment” (16 USCS 1131) .

Previous research in Rocky Mountain National Park (RMNP) has shown that atmospheri
deposition of nitrogen is a concern as changes in biological species have beendhoted a
correlate with increasing nitrogen deposition (Baron 2006). Identifying whegeit saturation
occurs or reaches a critical threshold can be difficult (Fenn et al. 2003)dAdftnational parks
in the northern Great Plains showed a strong positive relationship between N de@wsiti
forest expansion suggesting that even low rates of N deposition may change plaohdaes,
in this study the expansion of forest into temperate grasslands (Kochy awhV2001).
However, even with multiple studies examining N deposition the spatial extent qioNlitien

in the West and levels at which the effects occur are not well defined (Fdnr2603a).
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There are three main ways nitrogen deposition and saturation can affecsgsta;
chemically, biologically, and through indirect effects (Fenn et al., 2003). Chlesfiiects
include increased soil mineralization and leaching of nitrate to streams ansd tbdeter
(Rueth and Baron, 2002, Bergstrom and Jasson, 2006; Elser et al., 2009) while biologisal effect
include alteration of biota in a system and increased biological production or euttiophica
(Bergstrom and Jasson, 2006). Indirect effects include growth of invasive spéeragion of
fire cycles, and impacts on threatened and endangered species (Fenn et al., 2003tudiles
have linked changes in soils, lakes, and plants to increased nitrogen deposition (heanRuet
Baron, 2002, Bergstrom and Jansson, 2006, Bowman et al., 2006)

The timing and intensity of deposition may be an important factor in determining the
impact of nitrogen deposition on an ecosystem. Snow builds up during cold winter months
withholding much of the deposited nitrogen until snow melts in the spring, while summer
rainstorms deposit nitrogen directly to the surface. Melt water in the stitiges of snow melt
can have higher concentrations than the whole snowpack; maximum concentrationgmelsnow
can be 3-6 times higher than the bulk concentrations of snow from the same snow pin@Villia
et al., 2002). The release of strong ions from snowpack melt has resulted in episodic
acidification of surface waters altering organic matter in high etevaatchments of the Rocky
Mountains. Changes to organic matter at the bottom of the food chain can have unexpected
effects on larger mammals near the top of the food chain such as big horn sheepiratheee
Rocky Mountains (Williams et al., 2002).

The Rocky Mountains are more susceptible to reactive nitrogen deposition than other
areas because nitrogen is not well retained in local soil and plants. Redudeadtpbgen

demand results from a short growing season, which decreases nitrogennetédtlitionally,
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the soil types in the area (exposed bedrock, talus, coarse soils) reduce tnathetween
drainage water and soil (Fenn et al., 1998). The greatest changes in RMNP hanezlaotthe
eastern slope of the continental divide as upslope winds are sufficient to transpedi®s from
the urban corridor located east of the park to well above 3000 meters (Wolfe et al., 2003).
Sediment cores have been used to examine ecological communities through time in
RMNP lakes. There is evidence that diatom assemblages changed frooligditra@phic to
mesotrophic in four lakes in RMNP (Wolfe et al., 2003). Analysis of wet deposition records
indicate inorganic nitrogen deposition was approximately 1.5 kg'jirHavhen the change in
diatoms took place between 1950 and 1964 (Baron, 2006). This level, where negative changes to
the ecological community occur, is called the critical level. Burns (20@8hieed mean
deposition from the National Atmospheric Deposition Program/National Trend®itetw
(NADP/NTN) sites in the Rocky Mountains for 1995-1999. East of the continental dieide w
inorganic nitrogen deposition ranged from 0.7 kg Nymd to 4.6 kg N hdyr. This range of
deposition indicates the high spatial variability of nitrogen deposition. Addityoraélliof the
sites east of divide except for one are above the critical load.
Research in the Greater Yellowstone Ecosystem (includes GTNP) e@sdihat changes
in diatom assemblages from nitrogen enrichment began around 1980 and the corresponding
critical load is estimated to be 1.4 kg N*g&’* for wet inorganic nitrogen deposition (Saros et
al., 2010). Increasing nitrogen deposition is a concern in both RMNP and GTNP because the
ecosystems are very sensitive to excess nitrogen. Nitrogen deposition ihf@$khainly been
examined as an extension of research in Yellowstone National Park. However jsSaioser
to several important source regions suggesting that nitrogen deposition there could be ver

different from Yellowstone. A comparison of measurements of lake and pagoipichemistry
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from 1985 and 1999 in Yellowstone and GTNP indicated slightly lower nitrate concamdrati

and no significant differences in ammonium concentrations in 1999 (Clow et al., 2003). Several
reasons for lower nitrate in 1999 included precipitation right before the 1985 sampiaing w

may have resulted in runoff of soil into the lakes increasing nitrate congamsrair extra
phosphorous in the lakes may have stimulated phytoplankton activity and consumed nitrate.
These results don't indicate a clear trend in precipitation or lake chemistrgyéQuhe
concentrations in the lakes had a similar geographic pattern as the pieaipiteasurements,
highlighting the importance of precipitation chemistry to lake chemi€tigw et al., 2003).

While this study specifically targeted GTNP, there is still an incompiletare on the current

level and trends of nitrogen deposition.

1.6 The Study Area: Regional Emissions, Transport, and Previous studies

This study focuses on the Rocky Mountain and Grand Teton National Park regions. Both
of these national parks are located in the North American Rocky Mountains atdvghagls
where increasing nitrogen deposition is of special concern because the ecosysteery
sensitive to excess nitrogen. The high elevation ecosystems in both RMNP and GTNP have
several common characteristics, including low buffering capacity frony smks and short
growing seasons, which contribute to their sensitivity. Research has foub8%naf lakes in
RMNP and GTNP are very sensitive to acid deposition and have high rates of inorgag&nnit
and sulfate deposition (Naus et al., 2009). Specifically, lakes above 2790 meters im@TNP
predicted to have the greatest sensitivity to acidification from atmospegosition (Nanus et

al., 2005).
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1.6.1 Sources

The pollution sources influencing the region are affected by the terrain apeople
and industries tend to live in flat or gently sloping areas and not the steep texraar@end the
National Parks in Figure 1.3. In this figure the National Parks are outlined and pograhe
region is shown. The major cities in the region are also shown. RMNP has severeitiasgn

close proximity including Denver (pop. 600,158, 2010 US Census

http://www.census.gov/popfindeand Fort Collins (pop. 143,986). The population centers

closest to GTNP including Jackson, WY (pop. 9,577), Idaho Falls (pop. 58,813), and Pocatello
(pop. 54,255) are much smaller. The differences in population may reflect importarendiéie

in the regional sources as more populated regions tend to have highemi¥éSions.
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Figure 1.3 Topography and larger population cerdesand RMNP (top panel) and GTNP (bottom panel).
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The EPA 2008 National Emission Inventory for the counties in the region surrounding
RMNP and GTNP are shown in Figure 1.4. Focusing first on theeRttssion, there are large
emissions of ammonia in eastern Colorado and adjacent to RMNP. Confined animal feedin
operations (CAFOs) are important sources of ammonia in this region. Ammonsoassre
also large southwest of GTNP in the Snake River Valley from agriculturalesouilhe largest
ammonia sources in this region are livestock waste and fertilizer applicatiomoiia
emissions are low in western Wyoming. The differences in regional ammoissiam may
play an important role as we expect the prevailing winds to be from the vibeth aites.
Further from the study sites, there are several counties both in Utah andkletiraie may be
important sources of ammonia to the national parks. There are higan\§sions on the
eastern plains of Colorado and especially along the urban Front Range cdrri@otorado,
NOy emissions are also high in some areas in the western part of the stat&TN®@athere are
high emissions to the east and west of the park. In Utah and Nebraska therecanentezs
with high emissions of NQ

In addition to the county emission, higher resolution emissions inventories asbbasail
An example in Figure 1.5 for one day, October 16, 2008, shows the spatial distribution of
emission rates for NiHand NQ from the Western Regional Air Partnership
(http://www.wrapair2.org/emissions.aspx) West Jump Project at 36 km fesol{this higher
resolution data provides better identification of sources compared to emissiacsanty level.
In these plots, we can more clearly see the sources of ammonia in the Snake Riyeandahe
localized sources of ammonia. In addition, importani BiQissions can be seen associated
with interstate highway routes (e.g., I-80 through southern WY), population coyiahoks

regions of oil and gas production.
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Figure 1.4 Emissions by county from the 2008 EPAd@| Emissions Inventory for a) NHind b) NQ.
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1.6.2 Wind Climatology

The differences in geographic location of the source regions in relation to RMNP and
GTNP National Parks are important for understanding the likely impactssbesse regions
have on pollutant concentrations and deposition levels in the national parks. The mountainous
nature of these regions means they are both influenced by more local mountain-valley
circulations in addition to large-scale synoptic scale flow. In RMNP, the predatwind
direction is from the northwest but easterly upslope flows can move air frompolbreed Front
Range locations into the park. In GTNP, the predominant wind direction is also froraghe w
upslope flow can occur on both sides of the mountain range and impact the park sincerthe Tet
Range is very narrow.

There have been several studies in Colorado to characterize the climatalggoénd
understand transport and precipitation patterns along the Front Range. Resu#is finalysis
by Barry (1973) indicate that in January westerly flow dominates, while iutheaer 700 mb
air flow direction is more variable. In the summer there is weak flow @letik synoptic
forcing) and mesoscale factors begin to play a more important role in thel dveather cycle
(Abbs and Pielke, 1986). Over northeastern Colorado there is a consistent diurnalrp#teern i
summer months, similar to classic mountain valley wind flows (Toth and Johnson, 1985).
Although winds in northern Colorado are strongly influenced by terrain effectacs flow is
not independent of synoptic flow (Abbs and Pielke, 1986). When mountain-valley circulations
occur the downslope and upslope winds don’t happen simultaneously at all elevations. The
easterly winds begin near the foothills of the Rocky Mountains and then move eastwasd a
plains (Toth and Johnson, 1985). During the summer there is with more precipitatioatadsoci

with southerly and easterly winds than with southwest or northwest winds alongtié&RBnge
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of Colorado and during the winter heavy precipitation events are often associajgedsure
systems, when winds at 500 mb have a strong southerly to easterly flow (Barry, 1973)

There haven't been the same intensive studies to characterize wind climatatbgy
precipitation near GTNP. An observing network, MesoWest, collects meteicedldgta
throughout the Intermountain West (the elevated semi-arid region betwegadt@de-Sierra
Nevada Mountains and the eastern Rocky Mountains) (Stewart et al., 2002). An afidghssis
observing stations located in the Snake River Valley for June-August 1997-2000 itftkcate
synoptic-scale flows are usually weak and the thermally driven winds dortonateirculation
(Figure 1.6) (Stewart et al., 2002). During this time of year, the Snake RivereRfmriences
plain-parallel flows from either the southwest, as westerlies areled by the mountains, or
from the northeast as downslope winds are channeled. This analysis also irstlioatgs
upvalley flow can last many hours after sunset (Stewart et al., 2002).

While this analysis is useful in understanding general wind flow in the region and longer
range transport, our sampling sites and Grand Teton National Park are locatbe eea of the
valley near more complex terrain and results from Stewart et al. (2002)ahegpresent flow in
the region of interest. In order to better understand the winds impacting ouinggragion,
data from MesoWest sites located closer to GTNP were analyzed to findtthritics of
winds during different times of day and different seasons from observationsembliering

2010 using wind rose diagrams (Figure 1.7).
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Figure 1.6 Results from Stewart et al. (2002) iatlig the wind flow patterns during the summer rhenn the
Snake River Valley. The white star in (a) represehné approximate location of the westernmost saggite from
our study.

In Figure 1.7 the wind rose plots from nine stations in the MesoWest network are shown
for June, July, and August for hours 10:00-14:00, when upslope flow is expected. Surface flow
in the region does show characteristics of local upslope from the complex topographgréout t
is always a strong southerly component during this summer period. Only when c¥loapis
weak do we expect the thermal flow to dominate, suggesting that there isalikatpptic
forcing causing the strong southerly component in the surface data. To exansiyieoibiec-
scale winds, long-term monthly average (1979-2000) winds and geopotential heigtitdrom
North American Regional Reanalysis (NARR) are plotted for May (Fiji#&), June (b), and
July (c). Between May and July, a ridge in 500 mb geopotential height forms and stiengthe

over the southern Rocky Mountain region. Southerly flow associated with the rigdgs iss
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both the lower to middle troposphere and also in the local surface observations. Dodglas et a
(1993) have classified this flow as a Mexican Monsoon and in the figures from tegaper
(Figure 1.9) we can see the same characteristic flow as in the NARR@atshorter timescales
the dominance of each type of flow, local thermal or synoptic, varies depending tneig¢hs

of the ridge.

Figure 1.7 Mesowest sites located in the eastalroéthe Snake River Valley with the correspondivigd rose
diagrams for June through August.
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July — Long Term Monthly Average (1979—2000)
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Figure 1.8 Long-term monthly average 825 hPa, 7%, B00 hPa wind and 500 hPa geopotential heiglat) iMay,
b) June, c) July.
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(a)
MAY 500 mb

(c)
JULY 500 mb

Figure 1.9 Diagrams of the transition of the Meriddonsoon showing mean winds, streamlines, and diwp
(°C) from Douglas et al. (1993) for a) May, b) dun) July. The transitions of the monsoon in¢hiesalized plots
are followed closely by the long-term monthly awgsiin Figure 1.8.

1.6.3 Historical Records from National Network

Several monitoring networks - the Interagency Monitoring of Protected Visual
Environments (IMPROVE) network, the Clean Air Status and Trends Network (CA} ENd
National Acid Deposition Program National Trends Network (NADP/NTN) lecosamples for

air quality and deposition analysis at sites around the country. There are twoWA®ENd a
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co-located IMPROVE and CASTNet site in RMNP (Figure 1.10a) which proviterices
context and the current level of understanding of nitrogen deposition. There is notéHesam
of information in GTNP as there are no network sites located in there (Ride). However,
there are several sites in the region to provide some context and to motivate further

measurements.

Figure 1.10 National network sites located in RMp) and around GTNP (bottom). The symbols ingieghich
network is located at a given site where (") intisaco-located NADP and CASTNe{) {ndicates only NADP, and
(+) indicates co-located CASTNet and IMPROVE.
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In RMNP, measured nitrogen wet deposition (ammonium and nitrate) rategater gr
than estimated dry deposition (nitric acid and,RNMitrate and ammonium) rates (Figure 1.11).
In Figure 1.11 the yearly deposition in Rocky Mountain National Park is plottedwsing
deposition totals from Beaver Meadows (CO19) and dry deposition from the RMNP site
(ROM406). Wet deposition dominates the deposition total, contributing approximately two
thirds to total deposition. From 1995-2005, deposition was fairly similar, around 3 kg, Koha
every year with the exception of 2004, when wet deposition was much higher than any of the
other years plotted. Seasonal variability in wet deposition is plotted in Figure 1lHEa®tage
monthly deposition from 2000-2005. Data from both of the NADP sites in RMNP are plotted
showing the difference in precipitation at the two NADP sites but the moraisaverage
deposition. Wet nitrogen deposition has two peak periods: April, when precipitation isrtdgh, a
July, when concentrations and precipitation rates are large (Figure 1.12). The ywebk i
deposition is driven by higher monthly mean precipitation amounts during this timer of yea
(Baron and Denning, 1993). The dry deposition rates are greatest during the soomtiney,
peaking in June, when the particle and gaseous nitric acid concentrations thbgSDASTNet

are highest.
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Figure 1.11 Yearly wet deposition from the NADP BeraMeadows site and dry deposition from CASTNET
ROM406. Precipitation measured at the NADP sighmwn in orange.
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Figure 1.12 Monthly average deposition (bars) f2000-2005 at the Beaver Meadows (C0O19) and Lock Val
(C098) NADP sites plotted with the average preatpn total for each month.

As previously mentioned, very little is known about deposition in GTNP because of the

lack of air pollutant concentration or deposition measurements in the park. The NADP si
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closest to GTNP is in Gypsum Creek, WY, approximately 70 km southeast of Jackson, WY, and
the southernmost tip of GTNP. Inorganic nitrogen deposition and precipitation atgkent
Creek NADP site for each season since 1985 are plotted in Figure 1.13 along withdhed
over the 16 year period. Since the wet deposition amount is dependent on precipitation, it is
important that we examine both factors. From the trend lines we can see thatbipitation
and inorganic nitrogen deposition are increasing, but deposition is increasifagtar aate than
precipitation.

An important caveat to the data presented here is record completeness. NADP provides
information about the quality of the data including the percent of valid sampleseabthiring
the sampling period, the percent of valid precipitation measurements, the jpémeaisured
precipitation sample associated with the valid sample, and a percentagemfgi@c collected
in the bucket for chemical analysis compared to rain gauge measurementgpsAmECreek
the first three criteria are met for most of the data plotted in Fig@® The criterion for the
comparison of volumes to the rain gauge is only met for 22% of the data. For alleof thes
samples the volume collected by the bucket was less than measured by theg&in gau
representing a lower limit of deposition as the rain gauge volume is useduiatealc
deposition. However, given the limited information on nitrogen deposition in the region, these
data currently provide the best estimate even if it is a lower limit for depobkvels in GTNP.
If the data that do not meet the set criteria are omitted, the observed trenttgndegzosition is
increasing at a faster rate than if all data points are included. Therefdeeleconfident that
deposition is increasing and the rate of increase observed in Figure 1.13 is eslivate.

To further examine nitrogen deposition in the region, seasonal deposition data beginning

in 2008 at the four NADP sites closest to GTNP are shown in Figure 1.14. Two of theesites ar
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co-located with CASTNet sites so dry deposition is also included in the deposiélsn tot

(currently available only through DecembeWet deposition peaked at three of the sites in
summer during 2009 and 2010. Wet deposition at Craters of the Moon peaked in summer only
during 2009. During 2008 deposition was greatest during winter and in 2010 deposition was
greatest during spring at Craters of the Moon. Dry deposition at Pinedasesafmpeontribute
proportionally more to total deposition than at Yellowstone. Deposition totals fordahe ye

plotted and species measured at a given site range from 0.73 KN t@raters of the Moon)

to 1.7 kg N hdyr* (Pinedale). However, Craters of the Moon does not have data on dry
deposition. The difference in deposition patterns at Pinedale and Gypsum Creeg,tbespit
proximity, indicates the importance of making measurements of higher spaailitgrthan

currently available to assess deposition levels in GTNP.
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Figure 1.13 Historical wet deposition of inorganitrogen from the NADP site in Gypsum Creek, WY.
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Figure 1.14 Seasonal deposition for the nationlowks sites around GTNP.

In addition to the deposition data in the region, an ammonia sampler was recerdly adde
to the Craters of the Moon monitoring site in Idaho as part of the NADP Ammoniadviogi
Network (AMoN). A timeline of this data is shown in Figure 1.15. Monitoring began in June
2010 limiting our knowledge about the seasonal cycle of ammonia concentrationsegitims r
From the initial data, concentrations are highest in the summer and drop in threawwwvee
might expect with seasonal changes in emissions. The increase in ammoerdreings

began in late January during 2011 increasing through March when concentrations dewkased a
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leveled out. There were a few weeks in 2011 with higher concentrations but compared to 2010

concentrations in 2011 were lower.
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Figure 1.15 Timeline of ammonia concentrations ftbm Craters of the Moon AMoN sampling site.

1.7 Study Objectives

The goals of this study include increasing the understanding of species landysathat
contribute to reactive nitrogen deposition and impact the ecosystems in Rocky Maunatai
Grand Teton National Parks. We will examine the importance of differeagerirspecies,
different wet and dry deposition pathways, and the role atmospheric transpsingiagse
regions. Several field campaigns were conducted in Rocky Mountain Nationab Paitker
understand these factors. An additional study in Grand Teton National Park mex aatr to
compare to RMNP and to better understand the regional factors at play in a secotahtimpor

Rocky Mountain alpine ecosystem. In Chapter 2 the field sites will be desciopgdnath the
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different types of equipment operated and analyses that were performechfstiely. In

Chapter 3 atmospheric observations of reactive nitrogen species concenimalMs$P and

across the state of Colorado will be discussed along with the influence of trarspottutant
concentrations in RMNP. In Chapter 4 we will focus on nitrogen deposition in Rocky Mountain
National Park including the importance and variability of the different depogiathways. The
nitrogen deposition budget for the region was calculated from a year-long study,expanded
analysis beyond the limited spring and summer campaigns of the original R8Ny (Beem

et al., 2010). In Chapter 5 observations from the Grand Teton Reactive NitrogeniDeposit
Study (GrandTReNDS) will be discussed, including atmospheric and depositsanaments.

A comparison of findings from RMNP and GTNP will also be included in this section. Chapter
6 presents findings concerning organic nitrogen in both parks and its speciation. Tatal wa
soluble organic nitrogen measurements will be presented for batbdhd precipitation

samples. Analyses to examine the different types of organic nitrogentprese performed

and these results will be discussed. The final chapter will discuss the nsajts hreom the
dissertation and bring them together to discuss how this study has improved our ndithey st
nitrogen deposition in the Rocky Mountains. A discussion of areas where morehesesdl

needed will also be included.
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2.0 Methods

The data presented here include results from several field campaigns ad0aad
Rocky Mountain National Park and in and around Grand Teton National Park. In both these
regions samples were collected to observe gas, particle, and precipitatrostgheFirst the
sampling and analysis techniques will be discussed, followed by samplingrsitegich

measurements occurred at each site.

2.1 Sample Collection

2.1.1 URG Denuder/Filter Pack Sampling

24 hour samples were collected using URG annular denuder/filter-pack sangsters fr
8:00 a.m. to 8:00 a.m. MST with a nominal flow of 10 L-thiThe sample was first drawn
through a Teflon-coated cyclonefp2.5um) followed by a denuder coated with a sodium
carbonate solution for collection of nitric acid and sulfur dioxide (Lee et al., 2688
denuder coated with phosphorous acid solution to collect ammonia. The sample was then
filtered through a nylon filter (PALL 37 mm Nylasorb 1 pm pore size) to collettphkate
matter. Particulate nitrate collected on this type of filter has been shdyerétained and is not
lost to volatilization (Yu et al., 2005) unlike ammonium. To capture volatilized ammonium, the
flow finally traveled through a backup denuder coated with phosphorous acid. Weeglgsam
were also collected at some of the sampling sites; because of the lmgdéing time the flow
rate was lowered to 3 L mifrso the capacity of the denuder was not exceeded. Denuders were
extracted with 10 mL deionized (DI) water and shaken for 10 minutes. Samplésexiae

then decanted into a 15 mL Nalgene bottle and refrigerated until analysis. Wdters
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ultrasonically extracted in 5 mL of DI water and then decanted into a 5 mL cyrdvese T
extracts were also stored refrigerated until analysis.

Blanks and replicate samples were collected weekly. Blanks werkeidstathe field
and left until the next site visit, approximately 2 days. Blanks were then retariige
laboratory and treated as a sample. Replicate samples were garwdiathed on Wednesdays
and operated for the same sampling period as the normal Wednesday sample. lirtlyenera
average blank values for all species of interest were low except foCfifteand SG* in the
denuder (Table 2.1). The minimum detection limit (MDL) is used to understand thedirthits
measurement but samples were not excluded from the analysis and interpretaeotadé tif
they were below the MDL. Samples below the MDL were excluded from the atabcubf
precision (Table 2.2). The replicate measurement relative standard aev{&®BD) were
within 15% for all species except ammonium and nitric acid. The number of sampleipairs
concentrations above the MDL was much lower than the number of replicate sampbdg per
(63) and for several species (&', K*, and HNQ) the number of usable sample pairs was less

than 10 indicating low confidence in the calculated precision.
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Table 2.1 Minimum level of detection calculatednfrthe weekly URG blank samples collected durindhdadd
campaign.

Species  Number Average Sb t MDL  MDL*

# (LN) (UN) (HN)  (Hg/im3)
cr 82 0.73 0.73 1.984 1.46 0.022
NO, 82 0.18 0.51 1.984 1.02 0.026
NOs 82 0.43 0.94 1.984 1.88 0.049
Slo%s 82 0.35 223 1.984 4.46 0.089
Na' 82 0.48 0.80 1.984 1.59 0.015
NH," 82 0.36 1.22 1.984 2.44 0.018
K* 82 0.13 0.70 1.984 1.39 0.023
Mg 82 0.66 0.66 1.984 1.33 0.007
ca* 83 2.56 210 1.984 418 0.035
HNO; 86 0.47 1.34 1.984 2.67 0.112
NH3 143 0.36 456 1.984 9.09 0.129
SO, 86 2.69 2.13 1.984 4.25 0.091

*the average 24 hour sample volume was used taeggvDL as pg/m

Table 2.2 Precision from replicate filter and degrusamples collect throughout the field campai@uicentrations
are inpg- m®. Samples used to determine the relative standanctibn (RSD) were above the MDL and had
samples volumes within 13%.

Average  Spooled #Sets RSD

NH; 0.38 0.042 19 11%
HNO; 0.18 0.030 9 16%
SO, 0.20 0.030 13 13%
o} 0.030 0.00054 1 2%
NO; 0.21 0.025 12 12%
SO* 0.30 0.040 22 13%
Na' 0.030 0.0044 5 15%
K* 0.042 0.0062 2 15%
Mg?* 0.040 0.0022 16 5%
ca’ 0.29 0.011 20 4%
NH," 0.18 0.031 29 17%

2.1.2 PILS
High time resolution Pl¥s composition was measured using a Particle into Liquid
Sampler (PILS)(Orsinii et al., 2003; Weber et al., 2001,2003; Lee et al., 2008b) forensaisu
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of major inorganic ion (N&f, NOs, Na', K*, Mg®*, C&", CI, SQ?) concentrations. The PILS

was coupled to two Dionex ICS-1500 ion chromatographs which detected the speciesst inter
For both the anion and cation systems a 100 pl injection loop was used. Cations weredseparat
with a 3 x 150 mm Dionex CS12A-5 um column followed by a 2 mm CSRS ULTRA Il
suppressor and a Dionex DS6 Heated Conductivity Cell with an eluent of 20 mM methane
sulfonic acid flowing at 0.5 L-mih Anions were separated with a 2 x 250 mm Dionex AS14A
column followed by an 4 mm ASRS ULTRA Il suppressor and a Dionex DS6 Heated
Conductivity Cell with and eluent of 1.8/1.7 mM sodium carbonate/bicarbonate flowing at 1.5
L-min™.

Sample air first entered a cyclone to remove particles greater than 2.5 pmerand t
entered two denuders to remove gas phase species that are detectabledlydiseechnique.
One denuder removed nitric acid and the other removed ammonia. Upon exiting the second
denuder the air sample entered the supersaturated environment in the PILS. Gles,paot
in droplet form, impacted a plate and the aqueous solution was directed to tubing for online
analysis. A known concentration of lithium bromide (LiBr) solution was added to the
supersaturated environment to determine the dilution factor of the sample which wasage a
0.14. The LiBr standard was analyzed whenever a new batch was made (usughyeekgr
along with standard from the calibration curve. The PILS was calibrated aarthef svery
field deployment and during the yearlong study it was calibrated and then apgiedyievery
two months throughout the study. Denuders were changed every two weeks and tha impact
was cleaned once a month.

The atmospheric concentration from the PILS is calculated using the fajj@guation:
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. ml Std LiBr Area . . pmol
umol) _ LiBr Flow Rate (0'11mm)XSample LiBrAreaXSpeaes Concentration ( i3 ) eqn 1

Flow Rate (LPM)

Atmos. Conc ( 3
m

2.1.3 Precipitation Collection

Daily precipitation samples were collected using an automated preoipitatiector
(Yankee Environmental Systems TPC-3000 (Figure 2.1a) and NCON Systen DS/
Atmospheric Precipitation Sampler (Figure 2.1b)). Sampling buckets veanmeed with DI
water, shaken to remove water, covered with clean Al foil, and allowed to dry. Thet luas
weighed prior to installation in the field and upon returning to the lab to determinéahe to
sample volume. Blanks were taken periodically by pipetting 30 mL of Dirwdtethe bucket.
Sample pH was measured after returning to the lab using a combination pbdelectibrated
with pH 7 and 4 buffers. The remaining sample was frozen until analysis. The TPC-3000
detects precipitation both through a conductivity measurement and optically. Cibie N

systems sampler detects precipitation only through an optical sensor.
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Figure 2.1 Automated precipitation samplers deplayecollect samples in RMNP and GTNP. In (a) tlemkee
Environmental Systems TPC-3000 is shown and im@ld) NCON Systems ADS/NTN is shown.

A comparison of 12 samples collected by each of the samplers at Driggsas dint
there are no significant differences in the measured concentrations at the 9s#ncentkvel.
There is, however, a difference in the volume of sample collected by each dftdrasgven
though the buckets are the same size. On average, the Yankee sampler esdl@cisine than
the NCON collector (Table 2.3). This may indicate there is a sampling braghe different
ways precipitation is detected by each sample, from the time it takesagagleisto open once
precipitation has been detected, or the geometry of the sampler. More informatiomtlaer
testing of the two samplers would be necessary to determine the source of thigldoiks for
the precipitation samples were in general low?*@athe only species with a high background

(Table 2.4).
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Table 2.3 Comparison of volumes (mL) collected dgithe same Driggs precipitation events for botthef
samplers used.

Yankee NCON
Event 1 341.3 407.3
Event 2 11.4 29.2
Event 3 1675 1682.3
Event 4 47.9 47.2
Event 5 342.7 358
Event 6 151.4 183.4
Event 7 17.4 18.5

Event 8 8.6 12.5
Event 9 18.1 21.1
Event 10 7.8 12.7
Event 11 4.1 11.4

Event 12 562 575.2

Table 2.4 Average of blank precipitation sampled #ae minimum detection level (MDL) calculated freine
blanks.

Number Sb MDL

Species Average t
# (HN) (HN)
cr 88 0.328 0.831 1.984 1.67
NOy 88 0.044 0.145 1.984 0.29
NOs 88 0.048 0.150 1.984 0.30
So%s 88 0.021 0.088 1.984 0.18
Na" 88 0.110 0.441 1.984 0.88
NH," 88 0.549 0.684 1.984 1.37
K* 88 0.058 0.198 1.984 0.40
Mgz+ 88 0.305 0.479 1.984 0.96
ca* 88 2.555 4.018 1.984 8.05
TN (mg N- L% 57 0.069 0.046 1.984 0.09
ON (mg N- L% 57 0.006 0.025 1.984 0.13

2.1.4 High Volume Filter Sampling
A Thermo Fisher Scientific TSP (total suspended particulate) High Vabameler with
a PMsimpactor plate was operated to collect daily and weekly samples at afaf30

ft*/min. Samples were collected on Whatman Quartz Microfibre Filters ®.8xm) which
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were pre-baked to remove background carbon and nitrogen. For total nitrogeamély¢js

(see below) 10 punches (4.909%®ach punch) were extracted in 20 milliliters of DI water by
sonicating for 1.25 hours with heat. The extracts were allowed to cool for 2.5 hours and then
were filtered (Whatman Puradisc 0.2 pum). Ten milliliters of extrace wduted with 10 mL of

DI water to get sufficient sample for analysis. For speciation analydiguid chromatography
coupled to mass spectrometry with electrospray ionization (LC/MS ESl)lIteropunches were

extracted in 5 ml by the same sonication and filtering procedure.

The atmospheric concentration was calculated using the following equation:

m,
Aqueous Conc.(Tg)xExtract Volume (L) Total Filter Area (400.5 cm?)

Air Volume (m3) Number of Punches X(4.909cm?2)

Atmos. Conc. (%) =

eqn. 2

2.1.5 Meteorological Measurements

At the main sampling site in Rocky Mountain National Park meteorological
measurements were made on-site by a 10 m tower operated by the CASTNet pfOgeam
meteorological observations from this site are only available at hogdiut®n. In GTNP there
were no existing meteorological stations at our sampling sites, insteadatiosestations
(Vaisala MAS201 and Climatronics AlO-210) were deployed at three of the saajgling
sites. The wind measurements on both types of stations deployed during GrandareNDs
located at 3 meters.

The MAWS201 (Figure 2.2a) is a portable meteorological station designed to take
continuous high resolution meteorological measurements at field sites. sSkenswind

direction, wind speed, air temperature, barometric pressure, relative lyimnditsolar radiation
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are attached to a tripod stand and data are recorded by a data logger. Wiimh @inelctvind

speed measurements are taken every second while solar radiation, prespemtiee and

relative humidity measurements are taken every ten seconds. These medsuaeiaternally
averaged to 10 minute data and only the 10 minute averages were permanently recorded. To
accurately record the wind direction north needs to be set by the user (Appenddarg were
downloaded weekly by connecting a laptop to the station.

The Climatronics AIO-210 (Figure 2.2b) electronic weather station mesasumd speed,
wind direction, air temperature, relative humidity, barometric pressure, acigigation volume.
An all-in-one (AIO) weather sensor is attached to the top of a tripod which also voéddheer
proof box that contains the data logger and power supply. All of the measurementsaxcept f
precipitation which is measured by a tipping bucket placed on the ground are included in the
AlO. An internal sensor detects magnetic north and only the true north/magprétic
correction needs to be made for the wind direction. Five minute averages coededeand

downloaded weekly by connecting a laptop to the station.
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Figure 2.2 The (a) Vaisala MAS 201 and (b) Climairs AlO-210 meteorological stations.

2.2 Sample Analysis

2.2.1 lon Chromatography

Denuder extracts, filter extracts, and precipitation samples wengzaddbr both cations
(Na', NH,", K*, Mg?*, and C&") and anions (GINOs, NO,, and SG*) by ion chromatography.
Denuder extracts were analyzed either for ammonium (phosphorous acid-coatgelrsleor for
sulfate and nitrate (carbonate-coated denuders). Cations were sepétated w150 mm
Dionex CS12A-5um column followed by a CSRS ULTRA Il suppressor and a Dionex CD-20
conductivity detector using 20 mM methane sulfonic acid as eluent. Anions werdexkpaita
a 4 x 250 mm Dionex AS14A column followed by an ASRS ULTRA Il suppressor and a Dionex
CD-20 conductivity detector using 1.8/1.7 sodium carbonate/bicarbonate as eluent. Each ion
chromatograph was calibrated daily using standards prepared from ah@idae salts.
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Periodic standard analyses and Dionex NIST traceable check standards wéoenugeitor
calibration stability and analytical precision of the analysis (TablerziSable 2.6).

lon chromatography was also used to detect acetate and formate in the denpbis. sa
The separation was performed using a gradient separation with an AS11-HC cohergluéint
was a mix of sodium hydroxide and deionized water. Prior to entering the columuehe el
went through an ion trap (ATC-1, P/N37151) and gradient mixer (GM-3, P/N42126) to remove
excess carbonate in the eluent and to ensure the eluent was fully mixed to dpemize
separation. The column was heated to 27°C using the oven in the autosampler (AS3000). Three
eluent bottles were used for the separation to get the proper concentrations duepgriusos
(A: DI water, B: 5 mM NaOH, C: 100 mM NaOH). Table 2.7 shows the time steps of tm¢ elue
changes for the analysis using a 1.5 mLhiiow rate. An ASRS ULTRA Il suppressor and a
Dionex CD-20 conductivity detector were in line for detection. For this analgsidastls were

analyzed periodically to monitor the stability of the calibration (Table 2.8).
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Table 2.5 Precision and accuracy of the analystatién standards analyzed during ROMANS 2008/2009,
RoMANS 2010, and GrandTreNDs. Units arqubh unless otherwise noted.

True Absolute Relative
Value Average Sor Sp Error Error RSD N
(%)
Na’ 6.52 6.60 0.47 0.08 1.2 7% 54
NH," 10.31 12.31 0.96 2.00 194 8% 54
DX1 K 9.59 8.59 0.75 1.00 10.5 9% 54
Mg** 15.36 15.43 1.80 0.06 0.42 12% 54
ca” 18.68 18.86 3.41 0.18 0.99 18% 54
Na' 13.05 13.43 0.86 0.38 2.9 6% 54
NH," 20.62 23.66 2.52 3.04 14.8 11% 54
DX2 K 19.18 18.16 1.43 1.03 5.3 8% 54
Mg** 30.73  31.35 3.19 0.62 2.0 10% 54
ca* 37.35 36.90 4.61 0.45 1.2 12% 54
Na" 86.99 8941 7.53 2.41 2.8 8% 54
NH,” 137.46 138.04 17.56 0.58 0.42 13% 54
DX3 K 127.88 123.71 11.90 4.16 3.3 10% 54
Mg®  204.85 199.34 28.83 5.51 2.7 14% 54
ca” 249.00 226.48 26.78 22.52 9.0 12% o4
Na’ 10 10.18 0.79 0.18 1.8 8% 400, 46 sets
NH," 20 21.86 1.82 1.86 9.3 8% 400, 46 sets
Std3 K" 10 9.45 0.83 0.55 55 9% 400, 46 sets
Mg?* 10 9.75 0.82 0.25 2.5 8% 400, 46 sets
ca” 10 11.79 2.18 1.79 17.9 18% 400, 46 sets

Table 2.6 Precision and accuracy of the analyséafn standards analyzed during ROMANS 2008/2009,
RoMANS 2010, and GrandTreNDs. Units aifd unless otherwise noted.

True Absolute Relative
Average S or Sp Error RSD N
Value Error
(%)
cr 8.43 7.98 0.70 0.45 5.3 9% 45
DX 1 NO, 21.73 20.95 1.71 0.78 3.6 8% 45
NO; 15.85 15.28 1.36 0.57 3.6 9% 45
SO* 31.23 29.95 2.82 1.28 4.1 9% 45
cr 42.17 43.12 4.18 0.95 2.3 10% 45
DX 2 NO, 108.67 111.21 11.22 2.54 2.3 10% 45
NO; 79.26 81.85 8.02 2.59 3.3 10% 45
SO* 156.14 160.72 15.42 458 2.9 10% 45
Cr 10 9.70 0.81 0.30 3.0 8% 276, 38 sets
Std 3 NOZ: 10 9.09 0.89 0.91 9.1 10% 276, 38 sets
NO; 20 18.74 1.35 1.26 6.3 7% 276, 38 sets
SO” 20 18.80 1.35 1.20 6.0 7% 276, 38 sets
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Table 2.7 The gradient method for the separatied ts detect formic and acetic acids.

Time DI H,O 100 mM 5mM
NaOH NaOH

0 85% 0% 15%
12 85% 0% 15%
23 0% 0% 100
23.1 95% 5% 0%
49 90% 10% 0%
55 90% 10% 0%
55.1 80% 0% 20%

Table 2.8 Precision of the analysis of organic atithdards analyzed during GrandTreNDs. Unitubtainless
otherwise noted.

True Absolute Relative
Value Average Std Dev Error Error RSD  Number
(%)
Acetate 2 2.21 0.79 0.21 10.7 36% 7
Std1l Formate 2 2.09 0.59 0.09 4.5 28% 7
Acetate 20 21.83 3.67 1.83 9.1 17% 38
Std 3 Formate 20 16.33 4.75 3.67 18.4 29% 38
Acetate 100 106.85 10.91 6.85 6.9 10% 7
Std5 Formate 100 103.65 9.57 3.65 3.7 9% 7
Acetate 400 418.80 20.32 18.80 4.7 5% 7
Std7 Formate 400 408.58 23.38 8.58 2.2 6% 7

2.2.2 Total Nitrogen Analysis

Several methods have previously been used to quantify total water soluble nitrogen
(TWSN) in agueous samples. Two techniques that have been widely employed in thegast ha
been UV photo-oxidation and persulfate wet chemical oxidation; however, both of these methods
are labor intensive and have different oxidation efficiencies (Scudlark #98B). In addition,
detection of inorganic nitrogen compounds,/;NHNOs’, and NQ, must take place before and
after the oxidation to determine the amount of organic nitrogen. A newer technique, high
temperature catalytic oxidation, in which all nitrogen compounds are convertedaadNO

detected by chemiluminescence, only requires an initial measuremenirodripenic
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components. This technique has been used by several studies (Rastogi et al., 2004t; deene
2002; Kieber et al., 2005; Gioda et al., 2008; Lin et al., 2010) to determine TWSN and water
soluble organic nitrogen (WSON) concentrations in precipitation and aerosol sample
Shimadzu manufactures a total organic carbon instrument with a total nitrogen rhatlule t
performs the high temperature oxidation and has an analyzer for detection of N@d&hi

TOC Vst TNM-1). This instrument converts all reactive nitrogen (ngtifhlthe samples to

NO at 720°C and then detects NO by a chemiluminescence gas analyzdesNiitates,
ammonia, and many organic nitrogen compounds have high detection rates according to
Shimadzu while hydrazines, pyrazolones, and azide compounds have detection retgs rang
from 10-60% depending on the concentration (Shimadzu Manual).

Miyazaki et al. (2011) measured the conversion efficiencies of eight saitdyle
organic nitrogen compounds — L-alanine, diethylamine, anthranilamide, SuwannetRiger
acid, 4-imidazole carboxylic acid, imidazole-2-carboxaldehyde, 4-pydraadi@xylic acid, and
acetohydrazide with the same instrument. Of these, only 4-pydrazole caclamigliand
acetohydrazide had poor conversion efficiencies of 43% and 11%, respectively. €k pos
reason given for the low conversion efficiency of these compounds are the adjaogen
atoms in their structure (Miyazaki et al., 2011).

A variety of nitrogen containing compounds were analyzed in this study fortesty
biases in conversion efficiency of other types of compounds including a variety of araigh
amines, and other organic nitrogen compounds that may be similar in structure to atimospher
organic nitrogen. These compounds are listed in Table 2.9 (structures in AppendixgB)igh
the precision and accuracy of analysis. The cation and anion standards lishedsaree that

are used for IC analysis containing ammonium and nitrate and nitrite, resfyedn general
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there was good sensitivity to the tested compounds. The lowest concentrationslstartia

mg N-L-1) have some of the lowest accuracy and precision values indicaticgrifidence in
concentrations below the same value. Previously, in Table 2.4, the MDL for TN analgsis w
listed as 0.09 mg N-L-1 based on the sample blanks. The precision values from Table 2.8
indicate there may be a bias at low concentrations; however, there isn't stexunsegative or
positive trend. For the organic nitrogen compounds tested the replicate injectiens wer
consistent (<10%) and for many compounds the RSD was also good (<15%). The expected
concentrations were calculated based on stock standards that were made fromitkiigh pur
chemicals. The stock standards were then diluted to the appropriate concentratiog.tHe
initial analysis it appeared there was a bias in the instrument but upon furthégatias it
appeared that the stock standard was not made correctly and in several cadewasanst

fully dissolved in solution. For these compounds (dibutylamine, 2,4-dinitrophenol, 2-
nitrophenol, 4-methyl-2-nitrophenol, ethylamine) stock standards were remaderetiston
improved for the analysis of all of these compounds. We do not have another way to test the tru
concentration of the standard solution so there may be some discrepancies agtbdahand

expected concentration.
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Table 2.9 Results from testing the sensitivityhaf Shimadzu TNM module to different nitrogen camtey
compounds and concentrations levels for inorggpécies.

Name  Nominal (mg N/L) X c CV RSD (%) N

2 mg N/L 2.0 1.92 0.07 4% 4% 48

di water 0.0 0.022 0.025 109% 39

cation 1 0.03 0.09 0.01 8% 215% 15

cation 2 0.1 0.19 0.02 13% 33% 15

cation 3 0.3 0.35 0.02 4% 27% 15

cation 4 0.6 0.67 0.02 2% 19% 15

cation 5 14 1.50 0.02 1% 8% 15

cation 6 2.8 3.04 0.05 2% 9% 15

cation 7 5.6 6.04 0.20 3% 8% 15

cation 8 11.2 11.00 1.22 11% 1% 15

anion 1 0.04 0.06 0.02 27% 32% 15

anion 2 0.2 0.24 0.03 14% 14% 15

anion 3 0.4 0.44 0.02 4% 3% 15

anion 4 0.8 0.94 0.05 5% 11% 15

anion 5 21 2.08 0.06 3% 2% 15

anion 6 4.2 4.13 0.06 1% 2% 15

anion 7 8.5 8.37 0.07 1% 1% 15

anion 8 16.9 15.51 0.08 0% 8% 15

amylamine 0.7 0.68 0.02 2% 2% 15
butylamine 0.7 0.65 0.02 3% 7% 15
dibutylamine 0.7 0.83 0.01 1% 18% 15
diethanolamine 0.1 0.15 0.02 15% 12% 15
diethylamine 0.7 0.60 0.02 3% 14% 15
dimethylamine 0.7 0.70 0.01 2% 1% 15
dipropylamine 0.7 0.81 0.03 4% 15% 15
ethanolamine 0.8 0.78 0.03 3% 2% 15
ethylamine 0.5 0.36 0.02 5% 26% 15
methylamine 0.7 0.75 0.02 2% 6% 15
propylamine 0.7 0.59 0.02 3% 16% 15
triethylamine 0.7 0.78 0.01 1% 12% 15
trimethylamine 0.7 0.75 0.02 2% 7% 15
2,4-dinitrophenol 1.4 1.19 0.07 6% 16% 15
2-nitrophenol 0.7 0.60 0.02 4% 14% 15
4,6-dinitro-2-cresol 1.4 1.20 0.02 1% 15% 15
4-methyl-2-nitrophenol 0.7 0.64 0.02 2% 9% 15
2-methyl-4-nitrophenol 0.7 0.75 0.05 7% 7% 15
4-nitrocatechol sulfate 0.3 0.29 0.02 7% 3% 15
4-nitrophenol 0.7 0.71 0.01 1% 1% 15
5-nitro-2-furoic acid 0.7 0.68 0.01 2% 4% 15
*CAS: 123000-45-3 0.7 0.79 0.02 3% 13% 15
p-nitrophenyl sulfate 0.7 0.70 0.02 3% 1% 15

* The name of CAS: 123000-45-3 is [1$@,3p)]-(+)-3-Methyl-2-(nitromethyl)-5-oxocyclopentanestic acid (GH1gNOs).
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Sodium nitrate was used for the calibration curves during sample analysisckAaslution of
1000 mg N-[* was made yearly and calibration and check standards were diluted to the
appropriate levels from 0.5 mg N*ito 32 mg N-[*. Deionized water and a 2 mg N*L
standard were analyzed during every batch of sample analysis to checktéonimation and the
instrument calibration. There was an average 3% difference in repledysia of samples
(Spooled0.035 mg N- ). Organic nitrogen was determined as the difference between total

nitrogen and inorganic nitrogen (NHNOs+NO,) measured by ion chromatography.

2.2.3 Liquid Chromatography/Mass Spectrometry

Liquid chromatography coupled to mass spectrometry with electrospray ionigat-
ESI/MS) was used to identify and quantify nitrogen containing organic compounds. This
method was used because LC provides the ability to separate compounds based oh chemica
properties and electrospray ionization into a time of flight mass specéoafietvs
determination of the elemental composition. Time of flight (TOF) mass epestity provides
high mass accuracy measurements, which results in unambiguous assignmentsriafible
formulas. ESI is a soft ionization technique that produces parent molecules as ahediters
and adducts for some species. ESI-TOF-MS can be operated in both positive and negative
modes. The positive mode is well-suited for detecting ionized basic compounds including
amino, amide, and compounds that form adducts like compounds with ester, aldehyde, and keto
groups, while negative mode is sensitive to ionized acidic compounds like organic acids or
others that contain OH.

Samples were analyzed with an Agilent 1100 Series liquid chromatograph tblgvee

time-of-flight mass spectrometer (Agilent LC/MCD TOF G1969A) withedectrospray
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ionization source. No pH control was used. A 50 pL injection volume was used and the flow
rate was 0.5 mL-mih A Kinetex C18 column (Phenomenex - 100 x 3 mm with 2.6 um particle
size) was used for the separation. A gradient separation was used with 0.01%cé&é&arrm
water and methanol as an organic solvent. The methanol concentration was 5% from the
beginning until 5 minutes after injection when the methanol concentration stamedetase
linearly to 95% at 10 minutes. The methanol concentration was held at 95% for another 5
minutes when the separation ended. The electrospray needle voltage was 3000 V,glgadryin
flow rate was 10 L-mih, temperature was 350 °C, the nebulizing gas pressure was 50 psi, and
the in-source fragmentor voltage was 130 V.

A drawback of this method is that the concentration of a given species cannot be
determined without a standard for the compound because the ionization efficiersywidaly
for different compounds (Chalcraft et al., 2009; Oss et al., 2010). This is problemagiclas w
not know the identity of many of the expected compounds and there are limited stamdards f
typical atmospheric organic nitrogen species. Surrogate compounds like camphot sgifbni
have been used to quantify nitrooxy organosulfates (Kristensen and Glasius, 2011). Given we
want to know which organic nitrogen compounds are the most important contributors to nitrogen
deposition in RMNP and GTNP we take a similar approach by using the 24 orgargemitro
compounds listed in Table 2.9 and camphor sulfonic acid to characterize the response of the
instrument to various compounds. Calibration curves for each of these compounds veere mad
for concentrations between 0.5451. During the initial analysis it was apparent that several
compounds had much lower responses than others for the same concentration. Higher
concentration standards for 2-nitrophenol, 4-methyl-2-nitrophenol, and 5-nitro-2-faidic a

were made to characterized the instrument response to these compounds.
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Another issue that developed during positive mode analysis of the amine standards was
co-elution of other compounds in the standard mixture. For most of the amine compounds, a
single component standard was analyzed to identify the retention time andagassnt
associated with the compound. Then a mixture of the compounds was analyzed at the various
concentration levels. Several compounds that were easily detected in the singla&om
standard disappeared at the next highest standard when in a mixture. For our steatykisd a
we reanalyzed single component standards for those compounds co-eluted but in ar@lysis of
atmospheric samples we have no way to account for co-elution of compounds and we may not
detect some of the compounds that are present.

An additional complicating factor is the dependence of compound response on the
amount of methanol (MeOH) in the eluent during ESI analysis (Henriksen et al., 2005;
Kostiainen and Kauppila, 2009). The evaporation of the eluent from the droplets depends on the
surface tension of the solution and lower responses are seen when water is ussolhzenthe
(Nizkorodov et al., 2011). Since a water/MeOH gradient method was used for thesanalysi
several isocratic analyses were performed to understand the diffeneangation efficiency at
different MeOH concentrations. To correct for the different responses@aiyieOH
concentrations, the areas of standard compounds and sample compounds were corrdcted base
on retention time, to not bias the results. The responses of several compounds to different
fractions of methanol in the eluent are shown in Figure 2.3. There is a strong non-linear
dependence of the response on methanol concentration. Since the slope of each line istdepende
on the ionization efficiency for each compound, the relative responses were useddifeor
the differences. The ratios of response were calculated at every Me©éhtation to 20%

MeOH (50:20, 70:20, 80:20). An average was taken at each concentration ratio over all of the
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compounds and the average ratio was used to calculate the dependence of response on MeOH
concentration (Figure 2.4). The equation representing the relationship to MeGatitcation
was then used to adjust the response of all measured compounds according to the methanol

concentration at the retention time of each compound.
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Figure 2.3 Response of standard compounds to elifferoncentrations of methanol.
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Figure 2.4 Average enrichment at each methanolerdration relative to 20% methanol.
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The slopes of the calibration curves (concentration = response*slope) vary widilg f
organic compounds analyzed (Table 2.10). For the positive mode compounds there is a ~2 order
magnitude difference between the highest and lowest slopes. There is a 4 ordeaysitfda
difference between the lowest and highest slopes in the negative mode. 2-nitraplefol
methyl-2-nitrophenol have very different slopes than the other negative mode compounds;
excluding these compounds the difference in calibration curves is approximatdbr2 af
magnitude. These different slopes for both of the 2-nitrophenol compounds highlight that
compounds of the same elemental formula can have very difference responsess & fector
of approximately 300 difference in response of 2-nitrophenol and 4-nitrophenol highlighting on
limitation of ESI-MS analysis. The substitution of the nitro-group in the 2 position stiba
reduces the response for both 2-nitrophenol and 4-methyl-2-nitrophenol when compared to nitr
present in the 4 position. One explanation for this difference is that when NO is in thigoh pos
and close to OH (position 1) there is interference between the groups and the compound doesn’t
ionize effectively. We are basing the mass calculation on the elementaldanu general
chemical characteristics but we have no information about the placement arfahgtoups
next to each other so we will not be able to account for these differences ispiese
Calibration curves will be applied to each compound based on similarities in carbon amehber
predicted compound type (eg. amine, phenol, sulfur-containing). In some cases thetslepe of
calibration curves were averaged together. Further discussion of cafibratives used to

determine concentration is included in Chapter 6 when discussing the resutigplef aaalysis.
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Table 2.10 The slopes of the calibration curvegterorganic compounds analyzed to characterizesgponse of
the LC/MS-ESI.

Compound Mode Slope C H N O DBE
triethylamine + 623E08 6 15 1 0 O
dipropylamine + 876E-08 6 15 1 O 0
amylamine + 936E-08 5 13 1 0 0
diethanolamine + 1.18E-07 4 11 1 1 0
butylamine + 155607 4 11 1 O 0
dibutylamine + 16E-07 8 19 1 0 0
propylamine + 585E-07 3 9 1 0 0
trimethylamine + 707E-07 3 9 1 0 0
4-nitrocatechol sulfate ) 1.01E-06 6 3 1 7 6
diethylamine + 1.09E-06 4 11 1 O 0
p-nitrophenyl sulfate ) 1.43E-06 6 5 1 6 5
2,4-dinitro-phenol ) 3.23E-06 6 4 2 5 6
ethanolamine + 512E-06 2 7 1 1 0
camphorsulfonic acid ) 592E-06 10 16 0 4 3
5-nitro-2-furoic acid ) 7.99E-06 5 3 1 5 5
2-methyl-4-nitrophenol ) 8.23E-06 7 7 1 3 5
4-nitrophenol ) 1.16E-05 6 5 1 3 5
4,6-dinitro-2-cresol ) 1.77E-05 7 6 2 5 6
CAS: 123000-45-3 - 6.02E-05 9 13 1 5 4
2-nitrophenol ) 0.00362 6 5 1 3 5
4-methyl-2-nitrophenol ) 0.048184 7 7 1 3 5

Initial attempts to analyze precipitation samples revealed that cortcamgraere very
low and few compounds could be identified. Precipitation samples were pre-condeugnate
a Strata C18-E Online Extraction Cartridge (Phenomenex 20 x 2.0 mm). A Spysteen
AS3500 autosampler was used with an injection volume of approximate|yL7&d the Strata
cartridge was installed in place of the sample loop to concentrate theedangfactor of 14.
The compounds that were trapped by the cartridge were eluted with eluent intc B&/MS
system described above. From analysis of pinonic acid at four concentratisruirg both

the column for pre-concentration and regular analysis the slope of the caloatve from the
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concentrated samples was 14 times larger than that of the regular anBggasise of the

concentration step the precipitation samples could only analyzed in the negative racdeseB

of the method used, compounds with reduced nitrogen (amines) are not retained by the C18

column and will not be concentrated, so it does not make sense to analyze in the positive mode.
Filter samples were extracted as described in section 2.1.4. Severbldities were

also extracted and analyzed. Organic nitrogen compounds were identified imthéltea

samples and compounds that were observed in both blanks and samples were excluded from the

analysis. The filter sample extracts were filtered to remove dfilagtzs from the sample

extract. Precipitation samples were not filtered because organigamtommpounds on the

syringe and filters were observed at higher concentrations than the arilagen compounds

in the samples. Example chromatograms for a filter sample from RMNP2(3#Aug 3, 2009)

are shown for both the negative and positive mode analysis in Figure 2.5. ldentifieit org

nitrogen compounds are outlined in blue with the elemental formula for the compound.
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Figure 2.5 Example chromatograms in the positigp)(nd negative (bottom) modes for the filter skmfrom
July 27, 2009 at RMNP. Organic nitrogen compouar@ésoutlined in blue with the assigned elementahida.

Organic nitrogen compounds were identified using Agilent Mass Hunter glivatit
Analysis (Version B.03.01) software. For each sample compounds were identifredldzular
feature and formulas were assigned for each nitrogen-containing compourst ofAHe
compounds, masses, and retention times was made and used to extract the adasfftreea
nitrogen-containing compounds (see Appendix C for more detail). Formulas wegs#igned
to the masses of the extracted areas which compared to the original kdtetsune only the
compounds of interested were selected as there could be interference froocomibeunds at a

similar retention time.
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2.3 Determining Dry Deposition

Dry deposition was calculated as the product of the atmospheric concentration and
deposition velocity of a given a given compound. The ROMANS core site was co-loddted w
CASTNet site which uses the same type of approach to determine dry depdsitilois study
the atmospheric concentrations were measured and the CASTNet depositidresei@e
used. CASTNet sites are located across the country for inference of drytidednsi
calculating a deposition velocities for the site and meteorological vasiabld measuring
atmospheric concentrations. The model used to determine the deposition velarcities f
CASTNet is the National Oceanic and Atmospheric Administration multilayerential dry
deposition velocity model (MLM) (Meyers et al., 1998; Cooter et al., 2000). Inputs into this
model include vegetation and surface characteristics like distribution of plant species and
leaf area index (Clarke et al., 1997). Meteorological conditions are also stkastine site for
inclusion in the model including wind speed, wind direction, temperature, relative hyrardi
surface wetness. In this model the surface resistances that were digcesgaisly are
combined into stomatal and leaf boundary layer resistance. Canopy radiatifey sadswvind
profile models are used to estimate stomatal and leaf boundary layer resiste@ach of the 20
layers of the plant canopy (Meyers et al., 1998). The MLM doesn’t mgder @mmonia but
does model deposition velocities for HYBG O, Oz, and PM 5. In some environments ammonia
has been found to be both emitted and deposited depending on atmospheric conditions,
concentrations, and the time of day (Langford and Fehsenfeld, 1992; Pryor et al., 20G1; Wye
and Erisman, 1998).

For the species that are modeled by the MLM several, studies have compared the

modeled deposition velocities to observations (Finklestein et al., 2000; Meyers et al.; 1998)
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Meyers et al. (1998) found that average deposition velocities showed good agregmktiew
average bias except for specific periods when the model under- or over-preducisdiae
velocity. Similar results were found by Finkelstein et al. (2000) who also daeaisthat the
seasonal and diurnal cycles are reproduced quite well but the timing andudegrithe
average daily peaks are missed. More observations were availableaiod SQ, so both of
these studies focused on those species. However, some daytime measureme@tswereN
available and Meyers et al. (1998) observed that for HiR®model biases the deposition
velocity low but the ranges of predicted and observed values are similar.

To test the precision of the equipment used for calculating dry deposition velbtities
collocated field sites are operated as part of CASTNet (Sickles and $kad@02). An
analysis of these data indicates more variability in the concentratiassired by CASTNet
than in the deposition velocities. Coefficients of variations (CV) for weellesaf HNQ and
aerosol deposition velocities were 2.6% and 2.8%, while hourly values had higher T¥&at
and 6.6%, respectively (Sickles and Shadwick, 2002). There are other possible eners in t
deposition velocities associated with uncertainties the parameterizatezsh®ugpresent
physical processes like the soil water budget. Uncertainties assboaithh vegetation and soil
moisture parameterizations and instrument-derived error can res@bd error for HNQ V4

estimates (Cooter and Schwede, 2000).
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2.3 Sampling Sites

2.3.1 Colorado and Rocky Mountain National Park

In 2006, a network of sampling sites around the state of Colorado (Figure 2.6) was
established. Two of the sampling sites were located within Rocky Mountain N&@anhalthe
core sampling site (CS) and Beaver Meadows (BM). Three were locatedteghef the park,
Timber Creek (TC), Gore Pass (GP), and Dinosaur (DI) while three wertediogast of the
park: Lyons (LY), Brush (BR), and Grant, Nebraska (NE). The last sitéowated in the
southeastern corner of the state in Springfield, CO (SP). These siteho®za to examine the
variations in atmospheric reactive nitrogen across the state of Coloradoousvswurce regions.
During the summer sampling campaign the sites farthest away fronPRBPINNE, and SP,
were not operated. Samples were collected from Mar&icBpril 28" and from July 6 to
August 18" to observe the times of year when nitrogen deposition is historically highest.
distribution of these sites across the state can be seen in Figure 2.6.

After the initial field campaigns in 2006, a yearlong campaign was launched in
November 2008 at the core sampling site in RMNP to capture the variability ientcatons
throughout the year. Precipitation samples were collected as wellyat)B&# annular
denuder/filter-pack measurements and PILS-IC. This site operated through No266the
During this same time period two additional URG annular denuder/filter-pagiiagmites
were operated; a Front Range site in Loveland, CO and an eastern plains site in 8rush, C
collected weekly samples beginning in December 2008. These sites operated thicrighdde
2009. A third study at the core sampling site was operated from April 23 — Sep&mBed0.

The dates of sampling and types of measurements are summarized in
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Table 2.11. Additional instruments were operated at core site at various timeghthut
these three studies including high volumes samplers for both weekly and dailyenesssy
instruments to measure particle size distribution, high time resolution a@mmetruments, and

an Aerodyne aerosol mass spectrometer (AMS).
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Figure 2.6 Sites operated in Colorado and Rockyfiin National Park.
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2.3.2 Grand Teton National Park

In 2011 measurements were made at a network of sites in and around Grand Teton
National Park (Figure 2.7) as part of the Grand TReNDS study. A list ofrsiteding
coordinates, elevations, and abbreviations are included in Table 2.12. Sampling began in April
2011 at Driggs, ID and sites were added to the base of Grand Targhee Ski Re$miNMDAA
Climate Center at Moose Junction, WY as personnel and weather permitted. Thendeplafy
the other sampling sites was delayed due to large snowpack accumulation du2ObOH291 1
winter season. Sampling start dates are listed in Table 2.12 and a map of the sesnplesi
Figure 2.7. A core measurement site was located at a peak of the Grand BkigResort.
Due to the high winter and spring snowfall, the majority of measurements did motnsilethe
mountain road to access the site was clear of snow on July 24, 2011. Prior to this date, on April
28, 2011, a passive ammonia sampler was deployed at this site and accessed by suerwyshoe e
two weeks. Table 2.12 also lists the type of sampling at each site. Additionakemeasts at
the Grand Targhee Ski Area included high volume samplers for both weekly and daily
measurements, high time resolution ammonia measurements, instruments t@ ipedsle
size distribution, and an Aerodyne aerosol mass spectrometer (AMS) fdrom pdthe study.
Of these measurements only the weekly high volume samples will be discussedrolMgical
stations were located at Driggs, Upper Grand Targhee, and the NOAA C8iatiten. High

volume samplers for daily samples were also located at the NOAA ClinzdienS
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Figure 2.7 Map of sites operated during the 201dn@FreNDs study.

Table 2.12 Site information for 2011 Grand Tetoridal Park Study including coordinates, elevatiamg
measurements of interest.

Latitude Longitude Ele(\r/%t'on Ssatr?]glic:fg Pesl?tse' ve azrﬁjgraﬁiage Precipitation
Driggs (DR) 43.7404 -111.8703 1947 4/6/2011 X X X
Upper Grand Targher (GT) ~ 43.7782 -110.9438 2722  4/28/2011 X X X
Lower Grand Targhee (TB) ~ 43.7891 -110.9558 2454  4/21/2011 X

NOAA Climate Station (NC)  43.6614 -110.7120 1978  5/15/2011 X X X
Flagg Ranch (FR)  44.0827 -110.6828 2086 7/5/2011 X
Holly Lake (HL) 437890 -110.7939 2826  7/24/2011 X
Moran Junction (MJ)  43.8276 -110.5156 2062 7/5/2011 X
Rendezvous Pea (RP) 435969 -110.8703 3176  7/21/2011 X
South Badger (SB)  43.8504 -110.9543 2166  7/21/2011 X
Surprise Lake (SL)  43.7291 -110.7768 2922  7/24/2011 X
Death Canyon (DC)  43.6566 -110.7818 2088  7/21/2011 X
Tetons Science Schoc  (TS)  43.6709 -110.5996 2131  7/21/2011 X

"Precipitation and 24 hour gas and particle sampling began 7/24/2011.
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3.0 Atmospheric concentrations in and around RMNP

3.1 Summary of atmospheric observations

The large network of measurement sites during ROMANS 2006 provided a unique
opportunity to look at the distribution of reactive nitrogen species concentratross Hte state
of Colorado. In Figure 3.1 average concentrations during the ROMANS spring 2006 campaign
are shown in the bars plotted at each sampling site; particle concentratichewan extending
up from the origin of the bar while gas concentrations are shown extending down.
Concentrations of both reduced and oxidized nitrogen were, on average, much higher east of the
park. Focusing on the sampling sites centered near RMNP, the concentration platdealas

a function of longitude to allow for comparison between species and seasons irBRigure
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urces

Figure 3.1 Map of Colorado with site locations average concentrations of key species measuregigine
spring 2006 campaign. RMNP is outlined in yellow.
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In Figure 3.2 the seasonal average concentrations of ammonia, ammonium, ditric aci
nitrate, sulfur dioxide and sulfate are plotted for both the spring and summer 2006. Average
ammonia concentrations are higher than those of the other measured species, on gisjofar ba
both the spring and the summer. Ammonia and ammonium exhibit similar trends:ethey ar
highest on the eastern plains and concentrations drop at higher in elevation siteseti.the w
While Figure 3.2 depicts the average seasonal gradients, the patterns obgerf@dreduced
nitrogen species concentrations are qualitatively similar on most indiddyslof the study as
well. The average ratio of ammonia concentrations at the easternmosRyite (Be
westernmost site (GP) included in Figure 3.2 is 43.1 in spring and 25.9 in summer. For
ammonium concentrations, the equivalent site concentration ratios are 9.3 fgrasytid.4 for
summer. The larger spatial gradients observed for ammonia are considtdatgetsources of
ammonia emissions in NE Colorado and the shorter atmospheric residence tinmecofia vs.
ammonium. Brush is located in a region where there are many confined amidiag fe
operations (CAFOs); however, the monitoring site location was selected gonthatnot in the
immediate vicinity (within several km) of such an operation. Results fromeDaly (2012)
indicate concentrations of Nkt Brush fall in the middle concentration range of ammonia
observations in the region. Ammonia concentrations are higher at all sites in thersum
compared to spring, while ammonium concentrations at all but Gore Pass areisisplang
and summer. The average ammonium concentration at Gore Pass approximatelyfidoables
spring to summer.

In contrast to ammonia and ammonium, nitric acid concentrations, on average, were
highest at Lyons (Figure 3.2), located in the urban Front Range corridor, andddodipjoeboth

the east and the west. This is consistent with &l@issions centered in the Front Range urban
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corridor, and the loss of nitric acid due to deposition and reaction to form ammonium nitrate
particles. Not surprisingly, average summertime nitric acid con¢iemsavere higher than
spring concentrations at all sites, consistent with greater photocheuntiedland higher
temperatures that cause more nitric acid to remain in the gas phase duestathity of
ammonium nitrate at higher temperature. A sharp gradient was also observeddpothg and
summer for PMs nitrate concentrations, which were highest at LY and BR and decreased
moving westward into the mountains. The similarity in nitrate concentrationsdr@BR and

LY reflects the importance of ammonium nitrate formation as the nitricdesived from urban
NO, emissions mixes over the eastern plains with ammonia from agricultisdiens. Watson
et al. (1998) observed a similar regional phenomenon a decade earlier in the Nodhern Fr
Range Air Quality Study. It is also interesting to note that, while redoiteogen species
concentrations at the westernmost site (GP) are similar to or lower tlnenTa® site on the
western boundary of RMNP, the oxidized nitrogen species concentrations at GP teadtb be
higher than at TC. This may reflect an increase iry Bi@ission sources west of RMNP,
including growing oil and gas recovery activities.

Both nitrate and sulfate concentrations are low at all sites. The spriageawveaximum
concentration of nitrate was 0.01 pmof 1§0.85 pg i) and the summer average maximum
concentration was 0.006 umol°’nf0.37 ug ). The spring and summer average maximum
concentration of sulfate was 0.01 pmof (.99 pg nit). While the focus of discussion here is
on reactive nitrogen species, it is interesting to note that fairly strotgvestsgradients were
observed in sulfur dioxide concentrations during both spring and summer (highest atiocentr
in the east), while spatial gradients in Pdulfate concentrations are fairly small. The lack of

strong sulfate spatial gradients suggests a fairly uniform concentddtsulfate is typical in the
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region, likely reflecting the regional distribution of sulfur dioxide emissemmbined with the
secondary nature of sulfate. The regional nature of particulate sulfdtedrasoted at locations
throughout the United States (Hand et al., 2012).

While the spring and summer seasonal average trends provided important iiormati
about the differences between concentrations in the plains, Front Range, and mountains,
investigating full annual cycles of these species’ concentrations is ampéot identifying
transport patterns and/or sources that might change seasonally. The 2008/09 RbMANS
sampling campaign at the RMNP main site, Loveland, and Brush provides insight iaton tia
cycle of species concentrations in the park and spatially focuses eastwegdstubieg gradients
were observed in 2006. The atmospheric concentrations of the nitrogen speciesdrshasug
the three ROMANS campaigns are plotted in Figure 3.3. Ammonia was observed at simila
levels during the three studies; the average concentration was 0.29mg086, 0.20 pg/thin
2009, and 0.21 pgfhin 2010. Summer 2006 ammonia concentrations were higher than
observations during other years. Only in the yearlong set of observations isstireategcle
observable, with the lowest concentration observed during the winter. Nitric ace&ht@tions
were similar in 2008/09 and 2010 with the average during each was 0.13ang/®.17 pg/mh
respectively. Nitric acid concentrations in 2006 were consistently highemaanceeage of 0.41
pg/nt.

Ammonium concentrations were similar throughout all three sampling cgngpai he
average ammonium concentration in 2006 was 0.29 jugich was slightly higher than in
2008/09 (0.20 pg/frand in 2010 (0.22 ugfn A similar pattern is observed in the nitrate data
with the average 2006 concentration slightly higher (0.23 Pglran 2008/09 (0.17 pgAnand

2010 (0.14 pg/i) averages. In timelines for all of these species we observe short-teeaseEs
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in concentration associated with local events during the year but no consistenaactanhges

in concentration over time.
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Figure 3.3 Comparison of the 2006, 2008/09, and2@@ospheric concentrations measured at the RMixPsite.
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In Figure 3.4 the daily concentrations measured at RMNP and the weekly caticestr
measured at Brush and Loveland are plotted by species. As in the spring and 20@éner
observations, a sharp concentration gradient is observed tmi¥ing from the eastern plains
and urban Front Range corridor into the mountains. gHét@centrations are similar to or
slightly higher in the urban Front Range corridor than on the eastern plains butstidisgeinto
the mountains. Concentrations are typically much lower at RMNP for most spediéme

periods.
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Ammonia concentrations at Brush are highest in the winter and summer and
concentrations are generally highest at Brush among all three siteshibubtite year. High
concentration in winter may be a result of a lower boundary layer and decredgxad vexing
(Day et al., 2012). At Loveland the change in ammonia concentrations throughoutrtisengea
as dramatic as at Brush but the highest concentrations also occur during trex.séthRMNP
ammonia concentrations are always much lower than at the other two sites bate¢heceeases
in concentration beginning in the spring. Ammonium concentrations tend to be faitgr simi
Brush and Loveland, as observed in the spring and summer 2006 Brush-Lyons comparison
(Lyons is 16 km northwest of Loveland). RMNP ammonium concentrations are stitbtjgn
lowest of the three sites, especially in the fall and winter, but gradients darngewtimes of
the year are suppressed. While fleoncentrations at Brush and Loveland tend to rise in winter
and fall and summer, a somewhat different pattern was observed at RMNP. nitacgiam
concentrations are low in late fall and early winter, then increase moving thnouigr into
spring and summer. It appears that both changes in transport and in gas-patikbning
contribute to the observed annual cycles of ammonium concentrations and the obsemed spati
gradients. The low concentrations of both ammonia and ammonium at RMNP in winter suggest
that this high elevation region is typically fairly isolated from loweration emission sources,
especially large sources east of the park, at this time of year. As teumgeraarm up in the
region moving into spring and summer and greater vertical mixing and enhanced mountai
valley circulation patterns are strengthened, transport of pollutanthepatk is increased
(Day et al., 2012). The cooler temperatures at high elevation in RMNP, however, continue to
favor particle phase formation of ammonium nitrate even at generally wamesr af the year,

while higher temperatures at Brush and Loveland are associated with goshiftarticle phase
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ammonium and nitrate to gas phase ammonia and nitric acid. Further anafyasspairticle
partitioning will be discussed below.

Nitric acid concentrations (Figure 3.4c) show a strong seasonal patiecentrations at
both Brush and Loveland are highest from mid-March through September. Winteriagd spr
are the times when nitrate concentrations are highest at Brush and Lovietelad is the
seasonal pattern observed for ammonium described above. Distinct sample to saatyliéyvar
in nitrate concentrations is also observed. Nitrate concentrations are ainidlash and
Loveland throughout much of the year. An increase in nitrate concentrations at RIVEYR doe
occur until June and there are several instances when daily average RMNP atiansntr
approach weekly average concentrations at Brush and Loveland. Overall, dormgrs2008
the spatial gradient in nitrate concentrations between the plains and mountaiasefease
previously observed in 2006.

To understand changes in concentrations on shorter time scales, semi-contingigus PM
speciation observations made at RMNP using a PILS-IC were examined. As meoiedgly
for the 2006 ROMANS campaign (Beem et al., 2010), during the spring easterly upsidpe w
transport aerosol and aerosol precursors from the Front Range and eastsmapplaiRMNP.

In Figure 3.5 ammonium, nitrate, and sulfate concentrations are plotted alongdth w

direction for the spring and fall 2009 time periods. Precipitation events are aitbade

Almost every day during late May between 10 am and 2 pm the wind changed to blow from the
east or south east (easterly upslope flow channeled by local topograptwetblhy an increase

in ammonium concentrations (Figure 3.5a). Most of the days in this timeline hgaitpter

associated with the development of upslope flow which can contribute to precipitétietron.
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precipitation was collected.

In the fall 2009 timeline (Figure 3.5b), one does not see the same regular, diueral patt
of upslope/downslope winds observed in spring. During this 20 day period, however, several
upslope events were recorded and were associated with significant ptiea@tents. While
the spring upslope wind events illustrated in Figure 3.5a lasted several hours ddridaynthe
fall upslope events lasted much longer and were associated with larger,sgoaj@ievents.

The larger scale forcing driving the fall upslope events also resulted in siddistéangher PM s
reactive nitrogen concentrations reaching RMNP, with several periods re#tuhibgt pg i

range. Note the rapid drop in BMspecies concentrations observed in tHgQct. 9-10) and
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last (Oct. 21) upslope events. This drop-off occurs following the onset of preoip il

despite sustained upslope winds, indicating the effective scavenging and remarge of
amounts of fine particulate matter by wet deposition. These events are srtile large spring
2006 RMNP upslope deposition event described by Beem et al. (2010) and illustrates that t
important pattern (down-gradient transport of pollutants from eastern Colorado up int8 RMN

followed by precipitation scavenging and wet deposition) can also be importamamma

3.2 Gradients and patrtitioning

Large changes in atmospheric concentrations of reactive nitrogensspecig across the
state of Colorado. These differences are largely the result of diffeggohal emissions and
transport. In northeastern Colorado there are extensive agricultural estivitiuding large
confined animal feeding operations. These agricultural operations ar@mangenia sources
(Bouwman et al., 1997; National Research Council, 2003; Steinfield et al., 2006) and our
observations during both 2006 and 2009 show the largest ammonia concentrations were
measured at Brush in NE Colorado. The peak at Brush appears to reflect maddydxeio
ammonia emissions. Even though higher ammonia emission regions exist furtifergeast
Nebraska and lowa), the spring 2006 observations at Grant, Nebraska (Figune\8.&) s
concentration decrease from Brush to Grant, suggesting that transport fizen éadt is not
likely a primary determinant of NE Colorado ammonia concentrations. This poimntfierced
by observations discussed by Day et al. (2012) who used a network of passive ammomia sampl
to examine spatial gradients in ammonia concentrations in NE Colorado. They observed
substantial variability in ammonia concentrations, with higher concentratiai®s closer to

Colorado animal feeding operations. Ammonia concentrations at Brush were iitldhe of
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the observed concentration range. Large ammonia concentration gradierttsefieastern
plains westward into the mountains are not limited to just spring and summer; theyear-
round. Nitrate concentrations at Loveland and Lyons were often similar to Brushnttc
acid concentrations were usually higher at these two suburban Front Range cibesdor s
consistent with higher NCGemissions in this region.

East-west spatial concentration gradients are stronger in the suminethfammonia
(NHsz) and nitric acid (HNG), probably reflecting both higher concentrations in the source
regions and a change in the thermodynamic partitioning of theH\WNDs-NH4NO3 gas-patrticle
system. Changes in partitioning have implications for the atmospheric &fahohtravel
distance of each species, affecting the locations and amounts of nitrogenialepdsitch lower
deposition rates for accumulation mode ammonium nitrate particles, versosigagric acid
and ammonia, result in longer lifetimes and a greater chance that they trahbported to areas
of interest, such as RMNP, that are spatially separated from large em@sicess On the other
hand, dry deposition fluxes of reactive nitrogen will be greater in cases whal@artitioning
favors gaseous ammonia and nitric acid over fine particle ammonium nitrate.

In Figure 3.6 we examine the change in gas-particle partitioning acrasisethduring
the 2006 ROMANS spring and summer studies. Ratios of ammonium to the sum of ammonium
and ammonia and of nitrate to the sum of nitrate and nitric acid are considered. Asdexpect
during summer when temperatures are warmer, there is at all sresster graction of oxidized
nitrogen (N¥) = HNO; + NO3) in the gas phase compared with spring. A similar pattern is
observed between spring and summer for reduced nitrog&h #\NH; + NH,") at most sites.
Due to a large excess of ammonia, th&Npartitioning doesn’t change much between seasons

at Brush. Additionally, the higher elevation sites generally have a Iagtion of N in the
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particle phase, consistent with cooler temperatures at higher elevatiomsiyed. Higher K"
and NY) concentrations in RMNP during summer (Figure 3.4) along with the shift iniquairti
toward gas phase species possessing higher deposition velocities (Figure I3faydydtigher

amounts of RMNP nitrogen dry deposition in the warmer months.

1 - 3000 1 - 3000
A v\ A == Summer A veoA A =S Summer
" o 3® . o o o )
08 | A =—e—Spring | 2500 08 A == Spring L 2500
~ ’ '. e++A«« Elevation - +  eeeAee Elevation
T : -2000m 2 . - 2000 m
06 A g 0.6 . g
I . - 15002 9 - - 1500 &
zZ . S P .. S
S04 &~ <04 =
< - 10002 3 - 10003
z b4 -
0.2 - 500 0.2 . | 500
AN
0 T T T 0 0 T T T 0
-107  -106  -105  -104  -103 -107  -106  -105  -104  -103

Figure 3.6 Partitioning across sites during théngpfgrey) and summer (black) 2006 studies for both
ammonium/ammonia (N") system and nitrate/nitric acid {f system. For reference, elevation is also plotted
using the righthand axis.

3.3 Effect of upslope events on deposition

Upslope events have previously been shown to be important contributors to deposition in
RMNP (Beem et al., 2010). The movement of polluted air from the east up against the
mountains, accompanied by heavy precipitation can produce large wet depositiomolluta
fluxes. As mentioned above, the inclusion of fall monitoring in 2009 revealed that important
upslope deposition events occur in the fall as well (Figure 3.5b). To better explore the
relationship between high PMspecies concentrations and wind direction, a conditional

probability function (CPF) was calculated based on the numbef"gi€@@entile concentrations
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in a 5 degree wind sector compared to the total number of samples in the same 5 delgree wi
sector (Kim et al. 2003; Xie and Berkowitz 2006; Lee et al 2008b) for the erdir@fyBILS

data. The hourly wind distribution was also plotted according to the fraction of timeitlaa

was blowing from a given 5 degree sector (Figure 3.7a). Winds at the samplinigwitaost

often from the northwest. There is a sharp decrease in wind frequency outside of the 270°-360°
range with a secondary maximum centered at 150°. Winds from approximately 158p@adre

to upslope flow channeled by local topography. Conditional probability function plots are show
for several key species in Figure 3.7b-f. The highest concentrations of amniyppiceiy

occur when winds are from the east or SE, corresponding to upslope transport frogrothe re
east of RMNP. Nitrate shows a similar pattern. Figure 3.5 also indicatgsebipitation often
occurs during upslope events in 2009 (e.g. on 5/28, 5/29, 10/20) but not always (5/27) and
upslope flow is not a necessary condition for precipitation (10/14-10/15).

Returning to the CPF plots (Figure 3.7), higher concentrations of sulfate ase not a
strongly skewed to the southeast; there is a broader sector across whighéise hi
concentrations originate reflecting the more uniform spatial pattern ofesafacentrations
discussed earlier. In comparison, sodium indicates a very different transpenm, paith
highest concentrations when local winds are from the west. We might expegxttare since
the Great Salt Lake and Pacific Ocean to the west could be important souteesafium we
are measuring (Pratt et al., 2010). While chloride might be expected to betasswdiathe
same source, it can be displaced to the gas phase as the aerosol is procesdeandpony and
it readily reacts with stronger acids such as nitric or sulfuric agdR@bbins et al., 1959;
Keene et al., 1990; Mclnnes et al., 1994). Lee et al. (2008a,b) demonstrated ttwat ofacti

nitric acid or its precursors with both sea salt and soil dust commonly lead &titorraf coarse
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mode nitrate particles in the U.S. The conditional probability function for chlorigeré=3.7f),

in fact shows no obvious directional signal.
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3.4 Excess Nitrogen

The high nitrogen concentrations to the east of RMNP and periodic transport from the
east produce higher concentrations of nitrogen species in the park than occuramsgertr
from the west, reflecting contributions of emissions from eastern Coloratdpassibly beyond.
The 2006 ROMANS study included two sites west of the Continental Divide, Timber Ci@gk (T
and Gore Pass (GP), where the impact of these eastern Colorado emissisndlsilesthe
average of the concentrations measured at these two western slope siess,” ‘@xogen at
sites in RMNP can be calculated to provide another perspective on the impacts of human
activities east of the park. Because spatial/altitudinal gradients petatare and relative
humidity strongly affect gas-particle partitioning, we consider beoess concentrations of'N
the molar sum of N@ and HNQ@, and N, the molar sum of Nif and NH. At the RMNP
Main Site in spring 2006, { concentrations were 83% (4 nmolhyreater than at the two
west slope sites while®f) concentrations were 61% (8 nmol®hgreater. During summer, N
was 61% (4 nmol-i) greater at the RMNP main site east of the Continental Divide than at the
western slope sites whilé ¥ was 51% (14 nmol-1) greater. These increases, all exceeding
50%, are another measure of the substantial impact of anthropogenic actagtiesthe park on
RMNP air quality and ecosystems, despite the fact that winds in the region masbraigrblow

from the west.

3.5 Summary of RMNP atmospheric measurements
Atmospheric observations of reactive nitrogen species concentrationsseuvag|

gradients across the state of Colorado. Concentrations of both oxidized and reduced anigroge
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by far highest east of the park. Observations in RMNP and from the surrounding arat indi
the highest concentrations of atmospheric reactive nitrogen originate&strof the park. High
concentrations of both ammonia/ammonium and nitric acid/nitrate east of the Gtaitdieide
in RMNP are associated with periods of upslope transport which move emissionga$tarh e
the park westward and up the east slope of the Rockies into the park itself. Thesterthea
plains of Colorado are an important source of ammonia emissions while the FngetiRban
corridor is an important source of nitrogen oxides emissions which react in thglhasmeo®
form nitric acid. Atmospheric reaction of ammonia and nitric acid results ifotmation of

fine particle ammonium nitrate. Because the atmospheric lifetime obamm nitrate is much
longer than the lifetimes of gaseous ammonia or nitric acid, the interactiopaof amd
agricultural reactive nitrogen emissions that occurs in NE Colorado may tpartant factor
contributing to the production of material that survives long enough to be effectaretported
into RMNP. Results from ROMANS I indicated spatial trends in wet deposition erudatheric
concentration that support these conclusions (Malm and Collett, 2009)

While atmospheric transport into RMNP typically brings air from the westgseof
upslope transport from the east occur often enough that they are important cansttiut
reactive nitrogen deposition within the park, especially east of the Continentad¢ DiRiear
association between defined periods of upslope transport from the east and elegated rea
nitrogen species concentrations in the park indicate the importance of thittgathway.
Upslope transport can occur as part of diurnally occurring mountain-valley widbtions or
in conjunction with larger scale, synoptically forced events. Because thg bftair up the
eastern slope of the Rockies also helps give rise to precipitation, these @velofseare

particularly effective at delivering emissions from the east into tHegidhe same time that
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precipitation can scavenge and deposit that material into park ecosystems pnéthdas work
during the ROMANS 2006 study indicated the importance of such upslope major deposition
events in spring, evidence presented here also indicates the importance of llaisisnem the
fall.

The importance of contributions from sources east of RMNP to reactive nitrogeesspeci
concentrations in the park is also illustrated by a simple comparison of conoardifierences
between the east and west sides of the Continental Divide. Concentrationsleasliofie
exceeded concentrations west of the divide by more than 50% for both N(V) and N(-111) i
spring and summer, providing another indicator of the large impact anthropogerimemesast
of the park have on RMNP air quality. An analysis of back-trajectories to detesurces
important to RMNP indicate that more than half of ammonia measured at theteavasirom
sources in Colorado (Gebhart et al., 2011). For all atmospheric species, sourceodh@ns
west contributed more than areas east consistent with the main wind directioneigiohewhile
areas east of the site had larger source attributions during the summezastexly upslope
flow occurs more often (Gebhart et al., 2011). Understanding transport patterngarsdadri
key reactive nitrogen species is a first step to identifying importantestywes and regions
currently contributing to reactive nitrogen deposition in RMNP and its impact cecpedt

ecosystems.
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4. Nitrogen Deposition Budget for RMNP

In this chapter we analyze the results of precipitation measurementsnabidedhem
with dry deposition to understand how deposition in RMNP compares with the criticabload f
the region. Understanding the components of nitrogen deposition, the magnitude, the relative
importance, and seasonal variations is important for understanding the steps thhedalien

to reduce the amount of nitrogen deposition that occurs in a region.

4.1 Precipitation Chemistry

The complete year of daily precipitation measurements provides insight into the
variations in amount of precipitation and sources. First, examining the trends in pH
measurements throughout the year (Figure 4.1) we see that the pH generadises from
December through the end of February at which time there is a peak in pH ndaoughout
the spring there were more precipitation samples and a larger range otpbl weasured in the
samples. However, there is a decrease in pH from March through July followetighy a s
increase through the end of the sampling period. The changes in pH throughout thggestr s

sources of the various species are changing with time and impacting the pH.
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Figure 4.1 Seasonal cycle of pH from precipitasamples collected during ROMANS 1.

Deposition occurs when species are removed from the atmosphere and deposited to the
surface by dry deposition or by precipitation scavenging. Occult depositiorh iwbiades
scavenging and deposition by fog or cloud droplets, without precipitation, is not cedsider
this study. Occult deposition can be important in areas with frequent fog. Atlsevera
mountaintop sites in Austria nitrogen deposition measurements were made and gogelh nit
deposition contributed between 1-18% with the higher fractions associated withreoorent
fog/cloud events (Kalina et al., 2002). Atmospheric concentrations of nitrogeaspgert an
important influence on deposition fluxes. In Figure 4.2 the monthly average cotioastod
ammonia, nitric acid, ammonium, and nitrate are presented for the yearlopgestiodi. Both
nitric acid and ammonia had similar monthly trends with concentrations highbetlate

summer and lowest in the winter (Figure 4.2a). Monthly average ammonia coticestnaere
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highest during May and from July through September at approximately 0.24 |1y Niitric

acid concentrations peaked during August and September at approximately 0.0531g N-m

Monthly average nitric acid concentrations were always lower than amnfogueig 4.2a) in

RMNP and nitrate concentrations were always lower than ammonium (Figure 4.2b).

Concentrations of all four species were low from November through January.

If we compare the monthly average atmospheric concentrations (Figure thg) t
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In addition to pH and atmospheric concentrations, we can examine the relativesadhange
the agueous concentrations of the precipitation samples to see which speciesmpytaat
for the seasonal changes in pH (Figure 4.1). The volume-weighted monthly average
concentrations are presented in Table 4.1 along with the amount of precipitatiochfanazh.
Aqueous nitrate concentrations were on average largest ( >1000 )dyring February,

August, September, and OctoBerAugust nitrate concentrations were closer to 2000 f1grid
sulfate was also higher, ~1000 pg-which both contribute to the acidity seen in late summer.
Concentrations of Gaand NH," were the largest of the positively charged or cation species.
The relative importance of each changes throughout the yegat;ddkcentrations are higher (in
ng/L) in January and May-August while Cand NH* concentrations are similar October-
December.

During April the largest monthly volume of precipitation fell, 109 mm, while thx ne
largest months, July, May and June, had approximately half of the volume (61 mm, 57 mm, and
57 mm). October and January also had high precipitation volumes with 50 mm and 42 mm.
Previous measurements at the Beaver Meadows NADP site show (Figure 1.Apyithatthe
month that on average gets the most precipitation followed by July, August, and btaythis
6 year average of precipitation amounts, January is the month with the secondcioost of

precipitation while October is thé'dowest.
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4.4 Annual nitrogen deposition budget

Total reactive nitrogen deposition from November 2008 to November of 2009 was
determined to be 3.46 kg N-haThe totals include both wet deposition of organic nitrogen and
dry deposition of Nl As mentioned previously, the critical load was established based on the
sum of wet deposition of nitrate and ammonium and without wet deposition of organic nitrogen
or any dry deposition pathways. In the current study, wet deposition of ammonium gltgs nitr
was 1.97 kg N-Hafor the year, well in excess of the critical load for the region of 1.5 kg N-ha
Yyr! (Baron, 2006). These results indicate deposition in Rocky Mountain National Park is at the
level where nitrogen deposition will negatively impact ecosystems irethe. Other regional
studies have found similar and in some cases higher (Williams et al., 1996; Burns, 2003)
deposition totals which is likely a function of the complex transport and topography egtoe r
as well as interannual variability in precipitation.

Wet deposition is the largest contributor to reactive nitrogen deposition as seemré Fig
4.3. Wet deposition of ammonium contributes the most to total deposition followed by wet
deposition of nitrate and wet deposition of organic nitrogen. Dry deposition of ammonia and
nitric acid are the most important dry deposition pathways followed by dry depasitPM, 5
ammonium, organic nitrogen, and nitrate. Dry deposition of nitric acid was onethird
ammonia dry deposition for the year. The contribution of ammonia dry deposition faay in
be even larger since we consider the deposition velocity relationship used to be watweser
estimate (see discussion in Beem et al., 2010). Several studies have found thiemleposit
velocity of ammonia to be similar to or greater than the deposition velocity fioragtd
(Harrison and Allen , 1991; Neirynck et al., 2007; Andersen and Hovmand, 1995) while the

ammonia deposition velocity assumed here, also based on a literature reviél@%wakthe
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nitric acid deposition velocity. Deposition of particles is low for all speciesusecof slow
removal to the surface (Seinfeld and Pandis, 2006). While dry deposition,gfdPdanic
nitrogen (PON) is included in this plot it is based only on concentrations meé&supedt of the
year, from April to November. A yearly total for this pathway will be somevanger but the
increase is likely to be modest because the missing months (December throughavkaectime

period when concentrations of all nitrogen species tend to be low at this high elevation si

Wet NH4
Wet NO3
Dry NH3
Wet ON
Dry HNO3
Dry NH4
Dry PON
Dry NO3

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Total Deposition 11/08-11/09
(kg N/ha)

Figure 4.3 Total deposition by pathway for a year of measurgmbeginning November 2008. Measurements of
organic nitrogen dry deposition began in April 2G08 continued through November 2009.

Measurements of gas phase organic nitrogen (ON) were not included in tlisiatied
we did not have a reliable measurement method. A lack of knowledge about the spseiets pr
or their concentrations, makes estimating the amount of dry ON deposition flaxldifin

addition, very little is known about the deposition velocities of gaseous ON species wBkme
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has been done to investigate the deposition of several ON species (e.g., Farnz0@a)abut

we lack sufficient information to quantify this component of nitrogen deposition for ouioloca

Examining the relative inputs of nitrogen (excluding PON) by month (Figure 4eddew

that monthly reactive nitrogen deposition amounts varied from 0.06 to 0.53 Kg. NAfet

deposition was greater than 50% of total nitrogen deposition in every month excluding

December. Wet deposition of NHs almost always the single largest contributor; however, in

March wet deposition of organic nitrogen exceeded wet deposition of ammonium. Wet

deposition of N@ varies between 8 and 28% of the monthly total. Dry deposition of nitrate and

ammonium are always small and ammonia deposition always exceeded nitrigyacid dr

deposition. In the sections below we investigate the deposition pathways individuatigto be

understand the factors that control deposition at this site.
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Figure 4.4. Relative contributions to total niteogdeposition for each pathway by month. The nigrtherage is
also included. The blue shades indicate N(V) g=ewihile the green shades indicate the N(-III) gsecOrganic
nitrogen is shown in orange.

A shift in the relative amounts of NHand NQ has been observed in the NADP record

at the Beaver Meadows site (Figure 4.5) with increasing’ Ktative to NQ. This same trend
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is not as strong in the Loch Vale data. In the ROMANS data sets tiigddNG; ratio was

1.23 and 1.41 in spring and summer 2006 and was 1.23 in April — September 2010. In the
yearlong data set (2008/09) the ratio ranged from 1.09-5.22 with an average of 2.14. In this set
of data there were higher ratios in March, April, January, and December. Thengeeof

ratios observed during the events in 2008/09 and seasonal trends in the ratio suggest the ai
masses associated with atmospheric circulation impact this ratio. Mteofricreasing Nif

relative to NQ suggests a shift in the important nitrogen sources over time. Furthesisudly

this trend is necessary to determine if it is statistically sigmfiand to better understand how

the ratio changes with different atmospheric conditions - during upslope flow fopeéxa

1.4
¢ Beaver Meadows . 2
(IDM 1.2 1 [OLoch Vale
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£ 1 LN R .’
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i 08¢ . g PPN D.Q’Q Ug 0" Uoe
o
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Figure 4.5 Timeline of the annual molar ratio di,Nto NO;” wet deposition at both NADP sites located in
RMNP.
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4.2 \Wet Deposition

Wet deposition is the largest contributor to total nitrogen deposition. Here ménexa
the relative amounts of each wet pathway and the relation to precipitationevolarrigure 4.6
the total monthly deposition is plotted for each species along with the preeipitatal for the
month. Wet deposition is expected to be correlated with precipitation amount and often highe
deposition totals are observed when there was more precipitation (e.g., April). HaolVeenery
illustrates that this isn’t always the case; total precipitation amoulainimary was rather high
while the deposition for the month was low. The precipitation and nitrate depositicratatal
similar for May, June, and July but the ammonium deposition totals for these months are very
different. In Benedict et al. (2012) and Chapter 3 the importance of eastedgaipshds
transporting pollutants to RMNP was illustrated and during these events pteripféen
occurred. Based on the local wind direction measured at RMNP, upslope flow from the east
occurred less than 20% of the time (based on hourly winds) and during upslope winds (40-160°),
precipitation fell less than 15% of the time. However, more than 50% of the yeastyenitwet
deposition occurred during easterly upslope winds (from source areas east B) RMi¢se
observations support the expectation that wet deposition fluxes depend on metedrologica
conditions that yield high nitrogen species concentrations in RMNP and dipngeipitation.
The efficiency with which pollutants are scavenged and deposited by precipiati also be
strongly influenced by cloud microphysical processes (e.g., Collett et al., 19993uamot

investigated in the current study.
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Figure 4.6. Monthly deposition totals for all thiet deposition pathways (nitrate, ammonium, orgaitrogen).
The amount of precipitation for each month is ateduded.

NADP records indicate April and July are the most important months for tnagemn
deposition at the RMNP Loch Vale and Beaver Meadows sites (Figure 1.12)s Tdiityi
consistent with the results of our three field campaigns. In Figure 4.7 vegfemtdeposition
totals are plotted for our three field campaigns (2006, 2008/2009, 2010) along with the
precipitation total for each month of measurements. Wet nitrogen deposition isfrogher
April to July. Interestingly, wet nitrogen deposition fluxes in all three syedys are fairly
similar, despite more than a factor of three variability in precipitation atnothis further
illustrates the important interplay between airborne pollutant concentrationgrecipitation
occurrence and amount in determining total pollutant wet deposition.

In 2009 October deposition was similar to April deposition which contrasts to the 2000-
2005 average monthly deposition shown in Figure 1.12. Wet nitrogen deposition in October is

on average much lower than nitrogen deposition in April. The total precipitation during October
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2009 was similar to the 6 year average possibly suggesting that the observeiibdeposi
enhancement may have resulted from greater pollutant transport into the pa&ter goupling
between periods of pollutant transport and precipitation. We have shown elsewherer (&hapte
Benedict et al., 2012) that October 2009 featured several upslope precipitation $lyatems
brought pollutants from sources east of RMNP into the park; the lifted air masséarseously
generated precipitation to scavenge and deposit those pollutants into RMN§texogsyLower
precipitation amounts and lower gas and particle nitrogen species catioestm the fall and
winter tend to keep wet deposition low during those months. These results from seaesalfy
measurements highlight the variability in the precipitation amounts and tdtaitvegen
deposition from year to year. Overall, wet deposition of ammonium and nitratehfiostudy
(1.97 kg N-hdyr?) is slightly lower than the six year average (2000-2005) for both Beaver

Meadows (2.2 kg N-Hyr?) and Loch Vale (3.0 kg N- Hsr™).
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Figure 4.7 Comparison of monthly wet depositioat®for each study period and the amount of pretiph for
each month.

99



4.3 Atmospheric Concentrations and Dry Deposition

Dry deposition was calculated using deposition velocities determined from kbeated
CASTNet monitoring station. Deposition velocities vary with the chemicalespand the
surface to which deposition is occurring. Figure 4.7 shows the monthly dry depositisfiotota
HNOs;, NOs, NHz and NH*. Dry deposition changes daily proportional to atmospheric
concentrations and any change in deposition velocity. Summer features higher cooosmfat
species of interest (Figure 4.2) and deposition is also higher (Figure 4.8). Gas@basition
of NHj3 is the largest contributor to dry deposition. Deposition of Mhties more month to
month than HN®@due to larger changes in atmospheric concentrations. In Figure 4.9 computed
dry deposition and measured concentration are plotted against each other. The slope of the
regression line (0.9993) included in the plot represents the typical deposition velotity f
species of interest. Deviation from the line represents the influence of shargposition
velocity on the calculated flux. In Figure 4.9 we see that there is scattaobufall within
+30% of the regression line as shown by the dashed lines. The dependence of flux on

concentration is similar for particles (not shown) but there is more scatter

100



Dry HNO3  ODry NH3
®Dry NO3 B Dry NH4

0.14 -
0.12 ]
0.10 - u
0.08 -
0.06 -
0.04 -
0.02 -
0.00

Deposition (kg N/ha)
|

c I
@ 8 E o ®©
D WL =S =

© 2 8 3 3
I »n ©

Z 0O
Figure 4.8 Total dry deposition by pathway and thdar N(V) and N(-11l) species. Deposition velaes were not
available for 4/2-4/7, 4/19, and 4/20/12 and drpaigtion was not calculated for those days.
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Figure 4.9 The relationship between nitric acidagariration and dry deposition flux of nitric acithe solid line is
the 1:1 line while a 30% deviation from the linesi®own as dashed lines.

Modeled RMNP deposition velocities for nitric acid and fine particles arerdhbest in
Figure 4.10. Here we see both the spread in deposition velocities across foe ye&gven
species and the much larger values computed for nitric acid than for firdgsarfihe phase,
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gas or particle, of the species is an important factor influencing the depdsital; HNQ
deposition velocities are typically approximately ten times higher tharpfrticle deposition
velocities. This is an important factor when considering seasonal differiers&sosition.
Even if concentrations of I (NHz+NH,4") or N (HNOs+NOs) do not vary much across
seasons, changes in gas-particle partitioning can have a large impact on ditodehoges.
For example, higher temperatures and lower relative humidities would both fesaeidion of
particulate ammonium nitrate to release gaseous nitric acid and ammoreaanine the
impact of partitioning on deposition fluxes we considered a scenario wher&"and N are
in the gas phase, as this would yield the maximum amount of nitrogen depositetbniPey il
N in the gas phase would increasé"Ndeposition by 59% or 0.5 kg N-half all NV is in
the gas phaseR deposition would increase by approximately 55% or 0.2 kg'N- faese
numbers aren’t insignificant; gas phase dry deposition('Hf Would be 1.23 kg N- iigfor the

year and become the second largest nitrogen deposition pathway.

Hm Particle: OHNO3

Figure 4.10 Distribution of daily dry depositionleeities (cm/s) for particles (black) and nitridd¢grey).
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Another important consideration is how species lifetimes differ betweenolparind
gases. Particles have longer lifetimes (due to their lower depositiontispand are more
likely to get transported to RMNP while ammonia and nitric acid gases witlstteto surfaces
faster. Large emissions of ammonia on the eastern plains of Colorado and lssjensnof
NOy (reacts to form HNg) in the Front Range urban corridor create an ideal situation for
formation of particulate ammonium nitrate which has a longer lifetime thagathphase
precursors and is more likely to survive long enough in the atmosphere to be trangporte
RMNP. If only urban emissions existed, N@ould still form nitric acid but much of this fast-
depositing gaseous product would be removed from the atmosphere before it could be
transported all the way to RMNP. Likewise, if only agricultural sourceseeimuch of the
emitted ammonia would be rapidly removed by dry deposition and the amount surviving
transport to RMNP would be reduced. The combination of &@ ammonia emission sources
east of RMNP, along with the periodic occurrence of upslope easterly windsrtiggheae
reacting emissions west into the park and simultaneously produce substaoitagien, all
combine to produce elevated reactive nitrogen deposition fluxes in the park.

Total monthly nitrogen dry deposition varied from year to year and was highedt-Ma
September (Figure 4.11). The average monthly dry nitrogen deposition for both the 20d8/09 a
2010 RoMANS studies was 0.08 kg N/ha/month. In 2008/09 the range of monthly deposition
was larger (0.03-0.15 kg N/ha) than in 2010 (0.06-0.12 kg N/ha). Each of the individual
inorganic dry deposition pathways tends to be higher in the spring and summer (Figuaad.12)
again deposition in each month is quite variable from year to year. While a muchdatayset
is needed to access how dry deposition is changing with time this limitecetidtzesn’t suggest

a trend of either increasing or decreasing dry deposition.
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Figure 4.11 Total monthly dry deposition includiNg@s, NH,", HNO;, and N
sampling campaigns.

for each of the ROMANS

The pattern of deposition for each of the inorganic dry deposition pathways varies month
to month and between years. In Figure 4.12a where monthly dry deposition ‘osNibtted,
the highest rates of nitrogen deposition occur in the spring peaking in May h&&a bimodal
trend where deposition peaks in both the spring and fall and the spring peak is larger. Dry
deposition of ammonia is the largest dry deposition pathway as discussed previddgly. N
deposition is high throughout the summer when concentrations are higher, ddpl3ition is
fairly steady throughout the year with no clear months of minimum or maximumitiepos
These trends are most readily apparent in the yearlong dataset but the 201i0atisdasbews a
similar trend. An analysis of these trends would be aided by more years af ohat@ase our
confidence in the seasonal trends and to analyze how dry nitrogen deposition is clwihging

time.
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Figure 4.12 Monthly dry deposition of NH NOs, NHs, and HNQ for each ROMANS sampling campaign.

In contrast to the ratio of NFito NO;” observed in the wet deposition record, the ratio of
dry NH;" to dry NQ™ deposition appears to be decreasing with time in the CASTNet data set
(Figure 4.13). The ratio is also higher ( approximately 4) than observed in the weticiepos
data ( approximately 1). During the ROMANS studies a range of ratios wasexhsém 2006,
the NH,;" to NO;™ dry deposition ratio was 2.9 in the spring and 6.9 in the summer. Over the
yearlong data set the average ratio was 3.9 and during the 2010 study (April-Septendse
5.0. Wet deposition includes both gases and particles that are scavenged from thieesémos
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which could account for the difference in the ratio between wet and dry deposition. €imange
absolute atmospheric concentrations with time and the relative amounts tef aitlenitric acid
and ammonium and ammonia may be reflected in the trend. Further analysissanyeices

understand factors that influence the ratio of;Nté NOs™ in both dry and wet deposition.
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Figure 4.13 The ratio of dry NAto dry NQ deposition from the CASTNet site located in RMNP.

4.4\Wet Deposition of Organic Nitrogen in RMNP

This study provided the first opportunity to examine how RMNP organic nitrogen
deposition varies throughout the year. Previous studies have measured organic mitrogen i
precipitation but often for shorter time periods. Previous measurements in SouikeertQ
found that organic nitrogen was 38% of total wet nitrogen deposited (Dillon et al., 183hg |
Colorado Front Range 16% of wet nitrogen deposition was organic (Williams et al.,a2@01)

higher contributions have been estimated in some coastal areas (e.g., 59% il@aiResida
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(Hendry and Brezonik, 1980)). However, in Tampa Bay, Florida, organic nitrogen wasf8.9%
total nitrogen in rainwater (Calderon et al., 2007). Previous measurements iR BMiNg
spring and summer of 2006 found organic nitrogen to contribute 17% and 12%, respectively to
total nitrogen deposition (Beem et al., 2010).

In the year-long 2008/09 RMNP dataset, wet deposition of organic nitrogen codstitute
18% of total measured reactive nitrogen deposition and 25% of wet nitrogen deposition. The
highest relative contributions to wet deposition are seen in January (40%) and3&84ghand
the lowest in February (3%), December (6%), and May (13%). Relativebtgiuns for the
remaining months vary between 17% and 30% (Figure 4.14). The relative contributiomd depe
not just on changing organic nitrogen sources but on changes in ammonium and nitrédlte as we
We might expect higher concentrations of organic nitrogen during the spring ametsurien
biological activity is high as others have observed (Kieber et al. 2005; Jordgri808) but if
atmospheric concentrations of inorganic nitrogen are higher because of@ucesaissions the
relative change would be small. If instead we examine the absolute deposiiestyamonth
(Figure 4.14b) we see that organic nitrogen deposition is high throughout the spring aret sum
and low in the winter. However, this could be a result of seasonal precipitationsrdtes a
pattern is similar to total wet deposition (Figure 4.7). More information is needdtéer
understand the sources of organic nitrogen and what controls atmospheric conoentiidie
impact of organic nitrogen on ecosystems is not fully understood but determining the
anthropogenic contribution to atmospheric organic nitrogen will improve our understanding of
the impact of organic nitrogen on sensitive ecosystems and whether total wet argagen
fluxes are likely to have changed substantially with increased humanyaictithe Rocky

Mountain region.
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Figure 4.14 a) Monthly fraction that organic ngem contributes to total wet deposition of nitrogenOrganic
nitrogen deposition for each month during all theaely periods.

4.5Summary

Nitrogen deposition in Rocky Mountain National Park has exceeded the catiebbkt
for the present ecosystems. If emissions continue to increase further chrardesyao be
seen in the ecological communities. These results help close a gap in our wderstanding
of nitrogen deposition by including wet deposition of organic nitrogen and dry deposition of
ammonia. These two pathways contribute 1.37 kg Naffeor 40% of the total nitrogen
deposition budget for this region. Both of these deposition pathways are more impottant to t
total nitrogen deposition budget than the other dry deposition pathways which are bette
guantified. How these deposition pathways are changing with time is stittainceFurther
work to quantify the types of organic nitrogen that are important to deposition is needed t
understand potential sources and how much of it is anthropogenic.

Total monthly deposition nitrogen ranged from 0.06-0.53 kg N-®aerall, the
combined wet deposition pathways are greater than dry deposition almost evdry kivent
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deposition was highest April through July when upslope precipitation events bring both highe
concentrations of atmospheric species and more precipitation to RMNP. In thetinerdame
upslope events that bring air from more polluted regions do not occur as often resulting in a
cleaner environment. Precipitation was also lower in the winter. The combinati@seftivo
factors results in lower fluxes of nitrogen during the winter months. The obses/atesented
here highlight the need to combine observations of emissions and atmospheric comeentrat
with regional weather and precipitations patterns to understand the impaet iggions have

remote environments.
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5. Observations of Reactive Nitrogen in Grand Teton Btional Park

This chapter discusses the results of measurements made during Grargliir@QDL. The
average concentrations at the measurement sites for both atmospheric an@jvacpimples
are included in the discussion. We focus on the variations in ammonia concentration$iacross t

national park and the nitrogen deposition budget.

5.1 Atmospheric concentrations in the vicinity of GTNP

5.1.1 Inorganic Species

Among measured nitrogen species, ammonia concentrations varied the most between
sampling sites and throughout the sampling period (Figure 5.1a). Ammonia caimesnere
usually highest at Driggs. Average ammonia concentrations during the comnmsrensant
period from 7/13-9/21/2011 were 0.77 u§*at Driggs, 0.52 pg-that TB, 0.55 pug-mat GT
and 0.40 pg-mat NC. Included in Figure 5.1a are weekly average concentrations from the
NADP Ammonia Monitoring Network (AMoN) site at Craters of the Moon, located
approximately 200 km west of Driggs and north of the Snake River Valley. ConcenteaBons
similar to Driggs and our other sampling sites during the first part of the studyugust,
however, concentrations at the AMoN site are very low compared to those mdeas@rand
Trends.

Nitric acid concentrations were similar across the GrandTReNBS§ siith averages for
the 7/13-9/21/2011 common measurement period of 0.24 }igt Briggs, 0.22 pg-that TB,
0.37 pg-rit at GT and 0.23 pug-fat NC. The longer time records available at DR and TB show

low nitric acid concentrations in spring, increasing concentrations during summehnearal t
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drop in concentrations moving into September. During the latter part of August, ndric ac
concentrations were much higher at Upper Grand Targhee than at any ot{fégsie5.1b).
Concentrations of both ammonium and nitrate were low throughout the sampling period and
similar at the four GrandTReNDS sites. There was a slight decreaseenaation of both
nitrate and ammonium at the end of May at DR and TB. An increase in nitric acid and
simultaneously decrease in nitrate concentrations is evident during Juneisgggésinsition in

the gas-particle partitioning, as expected, toward the gas phase.
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Figure 5.1 24 hr altitude adjusted concentratidre)NHs, b)HNO;, c)NH,", d) NO;™ at all of the sampling sites.
Only ammonia concentrations are available fromARBN network located in Craters of the Moon NatibRark

during the same sampling period.
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In Table 5.1 the average concentration for each atmospheric nitrogen species g@mmoni
ammonium, nitric acid, and nitrate) are given for the period when all four sitesoperating,
July 13 - September 21, 2011. Ammonia was the most abundant of all four atmospheric nitrogen
species while nitric acid and nitrate concentrations were lowest. DRe#temmost site, had
the highest average ammonia concentrations. DR and TB had similar averageiam, nitric
acid, and nitrate concentrations and GT had the highest average nitric acidrediocent
Concentrations at NC were generally the lowest, suggesting importantsoopeeting the
region are likely to the west. As noted previously sources gfadxid NQ emissions are largest
directly to the west of the park and lower directly east. While concentrateneson average
lowest at NC, the maximum daily Nidoncentration (2.73 pg-during the study was
measured there indicating periods of higher concentration occur and may benitrfjporta
understanding conditions when pollutants are transported into the park. The highgst HNO
concentration was measured at GT (1.11 j{)g/the highest N@ concentration (2.0 pgffnwas
measured at TB, and the maximum [oncentration was measured at DR (0.92 fg/m

Table 5.1 Altitude adjusted average atmosphericeoinations (ug/f from 7/13-9/21/2011 for sites from this
study and from 7/13-9/21 each year for Rocky Moumhéational Park site.

RMNP RMNP

DR B GT NC 2009 2010

NH3 060 0.38 0.38 0.30 0.25 0.17
HNO; 0.19 0.16 0.25 0.18 0.18 0.16
SO 0.09 0.09 0.10 o0.08 0.12 0.13
NO3 0.08 0.07 0.08 0.08 0.12 0.08
SO 0.35 0.32 0.29 0.33 0.40 0.25
NH,” 0.17 0.16 0.16 0.16 0.20 0.16
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Average concentrations from Rocky Mountain National Park measurements made over a
similar time period in 2009 and 2010 (Chapter 3) are also included in Table 5.1. In comparison
to measurements at RMNP, the average ammonia concentration was similar @ el
NH," and NQ concentrations were higher at RMNP compared to GrandTreNDs sites. Average
nitric acid concentrations were similar to RMNP observation at DR, TB andN€ at GT
they were much higher. The high average HN@nhcentrations at GT are influenced by high
concentrations from August 19-September 2 (Figure 5.1b), when concentrations asttatde
times higher than during the rest of the sampling period. In general, teedoncentrations of
HNOs, NOs, and NHand higher concentration of Nkh GTNP compared to RMNP may
indicate important differences in the types of sources and reactive nitrqusitibe pathways
impacting these two national park sites in the Rocky Mountain region.

Back trajectories from the study period were examined to see if dayhighidr
concentrations of Ngland HNQ have different transport patterns compared to other days during
the study. 24-hour back trajectories were run using NOAA HYSPLIT, the HyimgteSParticle

Lagrangian Integrated Trajectory Modkttp://ready.arl.noaa.gov/HYSPLIT.phpThe model

was run every three hours using NCEP/NCAR reanalysis. Days wiltditdentrations in the
highest 10% of all values measured at Driggs considered higlu&its. There are several
common scenarios for the high BleEbncentration days observed at Driggs: stagnation, southerly
transport from Utah, and parcel movement along the Snake River Valley (egsampigure

5.2). On other sampling days, trajectories were more likely to be from a mdrerhort

direction, southeast, or even west but not in the heart of the Snake River Valley. mlackwa

trajectories for May-August at the Driggs sampling site are in Appendix F.
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Figure 5.2 Example Hysplit back trajectories froayslwhen high Nklconcentrations were observed at DR.
Characteristics transport during these periods apteansport from the south, b) transport alorgShake River
Valley, and c) stagnation.

The high HNQ concentrations in observed at GT during August are also interesting to
consider. The highest 10% of nitric acid concentrations at GT occurred duringehedat of
August beginning 8/13 through the end of the month. During these periods high HNO
concentrations were not observed at either DR or NC suggesting loftecsagswantained
higher concentrations. Back trajectories from these time periods indmatevfis mainly from

the east or southeast and likely was lofted over the mountains. Trajectotigs @drthe highest
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HNO; concentration days are shown in Figure 5.3 (more backward trajectories fan®€ c
found in Appendix G). During this same period of high HNOncentration fires were burning
northeast of GTNP which could explain the high concentrations of#Nt. On several
occasion air masses showed signs of smoke. In Figure 5.4 the timelihendfith is often

used as a biomass burning tracer, is shown for each of the sampling sites. The high
concentrations of Kand HNQ do not overlap in August suggesting a different source of HANO
aloft or a highlighting the secondary nature of H{N@mation. Another source of HN@ould

be the extensive oil and gas operations in Wyoming.

NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 21 Aug 11 Backward trajectories ending at 0000 UTC 26 Aug 11
CDC1 Meteorological Data CDC1 Meteorological Data

4378 N 110.94 W

Source * at 4378 N 11094 W

Source * at

Figure 5.3 NOAA HYSPLIT backward trajectories fof ®n August 21 and Aug 26.
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Figure 5.4Timeline of K+ during GrandTReNDS indiogttime periods when fire likely was influencingro
sampling sites.

5.1.2 Formic acid and Acetic Acid

Acetic acid and formic acid were also measured in the 24-hr gas phasessaiiae
concentrations at DR, GT, and NC are presented in Figure 5.5. Acetic acid coimrentrat
increased gradually throughout the spring into the summer as did concentrafamnsiofcid.
Concentrations of formic acid were higher and the increases in concentratinararebvious.
In general concentrations at GT were slightly lower than the two other sResndNC, which
had similar concentrations. Concentrations for the summer period where all nreagsre
overlapped, ranged from below detection to 0.37 pmd(MC) for formic acid and below
detection to 0.24 pmol-F(NC) for acetic acid. Average concentrations at each site from July
13-September 21 were 0.08, 0.05, 0.08 pmdfanacetic acid at each site respectively, DR,

GT, and NC. For formic acid for the same period average concentrations were 0.16, 0.11, 0.16

pmol-m?3,
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These gases mainly form from the photochemical reaction of biogenic VOCarifyrim
isoprene (Paulot et al., 2011). Other sources include vehicle and biomass burnirgnemissi
(Khare et al., 1998). Glasius et al. (2000) observed that 80-100% of the formic acid theasure
was from biogenic VOCs emitted from terrestrial sources in Demarktbeegh during several
periods their measurements were influence by direct anthropogenic esesiblong range
transport. Many studies examine the ratio of formic acid to acetic acidteggarious sources
emit different relative amounts (Talbot et al., 1988; Harrington et al., 1993;|Kesseet al.,

1998; Glasius et al., 2001). In GTNP, formic acid concentrations were approyitmatel the
acetic acid concentrations for the average concentrations and for the individpssgfigure

5.6). The ratio between formic acid and acetic acid is consistently 2 atradl sites.
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Figure 5.6 Concentrations of formic and acetic g@bidted against each other for each of the santpltsvere
analyzed for these gases.
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Other studies have found similar results in remote areas. Measurensawsrat sites
from Sierra Nevada, CA showed formic to acetic acid ratios that rangedii(Yosemite) to
3.6 (Tehachapi) and there were also two sites that were closer to the ratio ofigatBForest
(1.96) and Grant Forest (1.64) (Harrington et al., 1998). Formic to acetic acidnmatpsg
daytime observations from the Venezuelan Savannah were 2.2 (Sanhueza et al., 1996) while
ratios at Mace Head were greater than 1 (Glasius et al., 2001). Kesselnati¢1998) report
that ratios between 1.6-2 are expected if forests are an important sourdeaniangas, ratios
have been shown to be less than one (Talbot, 1988; Khwaja, 1995) and in biomass burning
plumes the ratios are approximately 0.1 (Talbot 1988).

The similarity of formic to acetic acid ratios between our measurerardtthose in
remote areas suggest that the main sources of formic and acetic acid anicbidgwever, in
all of the studies cited here it is unclear how consistent the ratio betweea émchracetic acid
was and the results presented here provide insight into the low seasonal andespeatity in

this region.

5.2 Spatial and temporal variability of ammonia across GTNP
In Figure 5.1a we begin to see how concentrations vary spatially and temporally
Ammonia concentrations at DR were generally highest while concentratibi@& generally are
low. Ammonia concentrations at DR, GT, and NC are all statistically diffatehe 95%
confidence level while there was no significant difference between GTBwndt is expected
that GT and TB concentrations should be similar since they are close spmtiatydifferent

elevations. NHconcentrations at all sites are fairly consistent with only a few dagsew
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concentrations increase well above the average. Concentrations arg Bigitet in the spring

than in the summer at DR and at the end of the study, in September, concentrations appear to b
decreasing at all sites. There are several periods of highgcdwidentrations in August at all of

the sites. A change in the transport pattern that brings air in from a diffegest may explain

some of the increases in concentration.

In addition to the main sampling sites already discussed, there were a netRakaifo
passive samplers to determine ammonia spatial distribution across GTNRe Basglers
collect given species of interest by chemical or physical absorption vehstibsequently
extracted and analyzed by ion chromatography. In this study passive sam@deaieployed for
two-week sampling periods at 11 sites across GTNP (Table 2.12). The data frossthe pa
sampling network provides higher spatial resolution to better understand how the atiocentr
of ammonia change across GTNP. In Figure 5.7 average ammonia concentratnodsly to
September 2011 are plotted according to latitude and longitude with the color of the circle
indicating the concentration. Included in this figure is the average amnumuantration from
the Craters of the Moon AMoN site for the same sampling period. This site exldietow
Driggs even though it is ~200 km west of Driggs. The inset in Figure 5.7 shows how the
concentration changes with sites (the sites are sorted by longitude).theserfigures we can
see there is a general decrease in concentration to the east but conosmteatiease further
west at the Craters of the Moon AMoN site.

There are two sites that don't follow this trend, RP and SB. RP (Rendezvous Point) is
located at the top of Jackson Hole Ski Area, near the top of the tram which operates in the
summer to carry hikers and tourists to the top of the mountain. A building at the top has

restrooms and sells food souvenirs. This site may be influenced by local swumreger range
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transport. More information and additional measurements are needed to determine i
concentrations at 3100 m are as high as suggested by these measurements; hovoaver, the
concentrations measured at Surprise Lake indicate local activitiebenmportant Nkl
sources.

South Badger is located on the western slope of the Tetons in the nationaltfggest. |
located in a small isolated valley. This site may represent background catioastas it
appears to be sheltered from regional transport. Additionally, concentragomsonsistent at
this site over the study period, the standard deviation of concentrations as this sitesnall
that the error bars cannot be seen on the plot. The only other site where concentesitass
consistent was Death Canyon, also a site isolated by topography. The auaragesa
concentrations at these two sites were 0.15 {fgma 0.20 pg- M the lowest two average

values measured in the study.
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Figure 5.7 Spatial distribution of NHrom July to September 2011 frorr-weekly passive samplers. Data from
AMoN Craters of the Moon siseare from weekly passive samplers. The color off ercle represents the aver:
concentration at each sampling site. In the irstes are plotted according to longitude, wesast, and the err
bars represent the standard deviation of conctions during thestudy period at each site. At the three sites &
precipitation was measured the average contributiGgach deposition pathway is sho

5.3 Precipitation Chemistry and Wet Depositior

Precipitation samples were collected at DR, G'd NC during the time periods wh:

the 24 hour gas and particle measurements were. Again sampling did not start at the sa

time at all of the sites, because of difficulty @esing some sites early in the campaign. Ac
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all sites the sample pH ranged from 4.76 (GT) to 6.88 (DR) with average pH values of 5.45,
5.28, 5.25, at DR, GT, and NC, respectively. In June and July precipitation at DR (~54 mm each
month) was much greater than at NC (~ 30 mm), consistent with their locatiorsndesist of

the Teton Range, and wet deposition was also greater at DR. In August amib®eptenthly
precipitation was less than 10 mm at both DR and NC while at Grand Targhee 29 mm of
precipitation fell in August and 36 mm fell in September. The highest average wekigtged
concentrations were of ammonium, calcium, nitrate, and sulfate at all tte®e At Driggs
average volume weighted concentrations for the entire study period were 20.1 wN (NH

N (C&"), 9.1 uN (NQ) and 8.9 uN (S&). Average volume-weighted concentrations of
NH,*, C&*, NOs were higher at both GT (21.4 pN, 14.7 uN, 12.7 pN ) and NC (29.9 uN, 18.8
1N, 15.7 uN) when compared to DR. Average volume weighted concentrations’ ofv&@

higher at NC (10.9 puN) and lower at GT (8.1 uN).
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Table 5.2 Average volume weighted concentratioM) fpom precipitation samples at each of the sangpsites.

DR NC GT

Na" 321 187 213
NH," 20.12 29.93 21.39
K* 041 581 064
Mg** 156 577 227
ca’ 11.41 18.76 14.68
cr 1.88 284 235
NO, 0.02 0.03 0.01
NO; 9.12 1566 12.68
SO” 885 1085 8.10

ON (ug N/L) 45.62 448.44 105.92
NH, (ug N/L)  281.74 419.09 299.26
NO; (ug N/L)  127.63 219.22 177.06

In Figure 5.8, daily nitrogen deposition and precipitation amounts are plotted for each of
the three sites. At DR (Figure 5.8a) daily precipitation events occurretydha beginning of
the study and began to decrease in frequency in June. Throughout the summer at iddishree s
there was very little precipitation, leading to low amounts of wet nitrogen dieposThere
were a few large precipitation events; for instance, on July 31 a large fatmipevent
occurred at all three sites. The bars in Figure 5.8 represent the amount ohrd&pgsition by
each pathway for the event. In general ammonium is the largest contributdrdepesition at
each site while the relative contributions of nitrate and organic nitrogen kaAugust wet
deposition of ammonium and nitrate were greatest at Grand Targhee, consistendnsi
precipitation, while organic nitrogen deposition was greater at NC. In Septalhiheee
deposition pathways were largest in GT compared to the two other sites. For bosh @)

September wet deposition at NC was greater than at DR.
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Figure 5.8 Timelines for wet nitrogen depositiog (k- ha'") throughout the study period at all three sitegngh
precipitation samples were collected. Precipitaimount in millimeters is also plotted as detegdifrom the
volume of precipitation collected in the bucketeTdrrows indicate when sampling began at GT and NC.

5.4 Nitrogen deposition budget for GTNP

As discussed above wet deposition was calculated based on the amount of collected
precipitation and the agueous concentration for each sample. Dry depositionasegstima
deposition velocity multiplied by the atmospheric concentration. In construRkigP

126



deposition budgets, deposition velocities were calculated based on observations from a co
located CASTNet station (Beem et al., 2010; Chapter 4); however, the closesN&AST
monitoring site is in Pinedale, WY 110 km SE of the NC sampling site and the next closes
CASTNet site is located 140 km north in Yellowstone NP (Figure 1.10). CASTNeatatake

dry deposition with the NOAA Multilayer Deposition Velocity Model (MLM) debed by
Meyers et al. (1998) using meteorological and site conditions including vegeta®e In

Figure 5.9 the weekly deposition velocities from 2000-2009 are compared for the twiNEAST
sites (Yellowstone and Pinedale) for nitric acid (Figure 5.9a) and parédiigiure 5.9b). The
comparison of nitric acid deposition velocities doesn’t fall along the 1:1 line betithsill

good agreement between the two sites. The deposition velocities for the particles/a

similar at both sites with the points evenly distributed around the 1:1 line. A coarpafis
modeled and measured deposition velocities of glal@dhree CASTNet sites show similar
scatter and a bias between 0.09-0.47 cm/s (Meyers et al., 1998). Even though theee2dfes a
km apart, 476 m different in altitude, and have different vegetation, the agreement of the
deposition velocities suggests a regional deposition velocity may be usednateshy
deposition in GTNP. Additionally, we previously showed from RMNP data that dry depositi
depends more on the atmospheric concentration than deposition velocity when beiageckalcul
(Chapter 4). To estimate the dry deposition velocity, the weekly deposition \esdoaim
2000-2009 for Pinedale and Yellowstone were averaged to estimate represevtatige a

monthly deposition velocities for GTNP.
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Figure 5.9 Comparison of deposition velocitiesdpnitric acid and b) Pl at the two CASTNet sites closest to
GTNP.

In Figure 5.10 the percent contribution of each reactive nitrogen deposition pathway is
shown for April to September at Driggs. Wet deposition of ammonium is the largestgat
followed by dry deposition of ammonia, wet deposition of nitrate, and wet deposition of organic
nitrogen. Low atmospheric concentrations of particles and nitric acid sulieeir low
deposition totals. The similarity in deposition amount for ammonium wet deposition and
ammonia dry deposition contrasts with results from other studies and locatioesweter

deposition typically is greater than dry (Burns, 2003; Beem et al., 2010)
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Figure 5.10 Contribution to total deposition fockgathway at Driggs from April 6 — September 211 2.

To compare how deposition varies among the three sites, deposition is shown in Figure
5.7 for only the periods where all three sites were operating. Deposition araanisithe
largest pathway at Driggs for the July 27-September 21 period; dry deposition of @amadni
wet deposition of ammonium are similar at GT and NC for the same period. The low
precipitation amount during the summer contributed to the low amount of wet deposition at al
sites. Average precipitation from the Driggs Airport is shown for 2006-2010 with the
precipitation measured at the airport during 2011 and the precipitation we meaddireth at
Figure 5.11a. A similar plot for the Targhee Snowtel site and GT is shown e Bidgub. In
Driggs, precipitation in 2011 was greater than the average of the previousxegpsfor
August and September. Precipitation volumes at the airport and DR samplingrsitenikar.
In comparison to other years, monthly precipitation was higher in 2011 for all mewot e
May in the Grand Targhee Ski Area. Our measurements were signifiamtiythan the 2011

precipitation measured at the Snowtel site suggesting high variability iocgoh of storms
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and precipitation intensity. The higher than average precipitation during 2@1duggest wet

deposition is less important in the region than our data indicate.
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Figure 5.11 Comparison of precipitation amountsrdu2011 to previous years at DR and GT.

In this subset of Driggs data (July-Sept), the relative importance of theep@asition
pathways decrease compared to the entire study period (April-Septygs Drilicating a
seasonal shift of the important components in nitrogen deposition. In Figure 5.12thvat see
there is a large increase in the contribution oMK deposition to total nitrogen deposition and
a decrease in the wet deposition pathways in August and September. This chielye is |
driven by less precipitation during these months (Figure 5.11) and higheradeentrations.
However, at both GT and NC wet deposition of organic nitrogen and nitrate contribute emually

total nitrogen deposition for the July-September period.
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Figure 5.12 The monthly contributions of each mjgn deposition pathway to total N deposition at DR.

Most important for understanding the ecosystems impacts and how deposition totals
relate to the critical load is the deposition flux. In Table 5.3 the flux of nitrogengek was
calculated from the deposition totals for time each site was operateddedddtuthis table is dry
deposition of particulate organic nitrogen (PON) which was only sampled atd>degosition
fluxes from RMNP from 2009. Data from RMNP are included to provide a relativeuneeaf
deposition since RMNP has been more extensively studied. Total nitrogen depatéisoare
similar at NC in GTNP and the RMNP site. The pathways have differenvesttengths
which appear to be the result of low particulate and nitric acid concentrationgyaed hi
ammonia concentrations near GTNP. GT has the next highest total nitrogen depatsition r
followed by Driggs. Dry deposition rates of ammonium and nitrate are lower ab@Jaced to
RMNP while all other deposition pathways including dry deposition of organic nitrogen are
larger at GT. Estimating a yearly deposition budget is not realisticting dataset since we

don’t have enough information about the wintertime concentrations of nitrogen spdbies i
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atmosphere or in precipitation. Extrapolating the weekly wet deposition ratesmafraum and
nitrate we estimate the critical load is exceeded at both GT (2.2 kg hand NC (1.5 kg
N-ha'yr?). The similar weekly deposition rates in GTNP and RMNP support the exceedance of
the critical load, as the critical load has also been exceeded in RMNP and the 2Ry ate is
calculated from the year of measurements.

Table 5.3 Total deposition flux per week by pathd@yeach site where wet deposition samples welteated (kg

N/ha/week). Deposition flux at RMNP was calculatienn both the 2009 and 2010 datasets for the sates df
operation as the three sites.

RMNP RMNP
DR GT NC 2009 2010

Dry NH3 0.032 0.024 0.017 0.014 0.0022

Wet NH4  0.012 0.027 0.018 0.023 0.026
Wet ON 0.003 0.0096 0.0095 0.009 0.0038

Wet NO3 0.009 0.016 0.012 0.013 0.023

Dry HNO3 0.004 0.0061 0.0037 0.0041 0.0035

Dry NH4  0.0014 0.0015 0.0013 0.0018 0.0013
Dry NO3  0.0002 0.0002 0.0002 0.0003 0.0002

Total N Deposition per week 0.061 0.084 0.061 0.065 0.061

4/6-9/21 2.38 2.32 2.11
Total N
Deposition __5/15-9/21 1.77 1.23 1.66 1.48
7/28-9/21 0.62 0.85 0.62 0.65 0.61
5.5Summary

The comprehensive set of observations presented here provides key information about the
atmospheric concentrations of nitrogen species in the region and their impootasaetive
nitrogen deposition. Ammonia concentrations are the largest of the reactosphéric
nitrogen species measured followed by nitric acid. In comparison to previagsm@eents

from RMNP, ammonia concentrations were higher at GTNP and concentrations of the othe
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nitrogen species were similar, except for HINDGT, the high elevation site. The deposition
budget in the region was strongly influenced by the low precipitation totals iartiraex
compared to RMNP. Precipitation in the region was actually above average sugdgsting
deposition of ammonia may be even more important than indicated by these observations.
Nitrogen deposition was dominated by wet deposition of ammonium and dry deposition of
ammonia. Wet deposition of nitrate and organic nitrogen were the next most impohasé T
measurements highlight the need for continued monitoring of ammonia and orgagiemitro
which have traditionally been left out of the national monitoring networks. The eb@itibns

of AMoN NHz and IMPROVE NH (NHs+NH;") measurements help to address one missing
piece of the nitrogen deposition budget but more measurements and research int@ammoni
deposition velocities is important for understanding the magnitude and spatialliadbi
ammonia deposition. Wet deposition of organic nitrogen is not addressed easily betagise of
difficulties of making the measurements including stability and contarom§tlill et al., 2005;
Cornell and Jickells, 1999). In Chapter 6 we focus on measurements of water sgjabie or
nitrogen and the types of species that may be important to learn more aboutc¢he sair
might be important.

The observations from this study are insufficient to determine yearly depdsitals for
comparison to the critical load since we don’t have information about winter deposition or
atmospheric concentrations. However, extrapolating the weekly wet deposiésrof
ammonium and nitrate we estimate the critical load is exceeded (GT:2.2 kiyN:HdC:1.5 kg
N-ha'yr?). The weekly rates are similar to those at RMNP (greater for GT) $e theie might
be some difference due to seasonal changes the RMNP 2009 weekly rate includes that

variability. Additionally, if we compare RMNP 2009, the year-long study, witiNR\2010,
133



April-September, the rates are very similar. A comparison of the wegkbgidien rates at DR
and NC to GT, indicate higher deposition occurs at GT but most of the differenoe ihé
relatively higher nitric acid concentrations that were measured ateéheSsnce nitric acid is a
secondary pollutant, it is likely that high concentrations observed at GT areuhefésng
range transport and not locally produced. Further investigation of this possshititgortant,
since long range transport of reactive nitrogen pollutants at altitude could beamport
contributions to nitrogen deposition at other high altitude, sensitive ecosysteral. as

More research also needs to be done to examine regional transport patterns and source
regions in this area. There are high emissions of ammonia in the Snake Riegr Makted
west of GTNP; however, our measurements suggest the majority of thoseesisaly not
reach GTNP since measured concentrations were low. A brief look into local nilcistes
flow from the south is important, and regions of Utah are more likely to be importacésour
under some atmospheric conditions. However, the question still is open as to what happens to
the large ammonia emissions in the Snake River Valley. Are they localbgiteed or, perhaps,
transported further north toward the western parts of Yellowstone Natiok&l R¥ith
increased understanding of the source regions, seasonal changes in sourcaspaabictanges
in transport we can better understand the sources of nitrogen deposition in GTNP throughout the

year.
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6.  Organic nitrogen in precipitation and aerosol

There have been two main approaches to understanding atmospheric organic nitrogen
(ON). The first is measuring the total organic nitrogen concentrations to tamdetise levels of
ON present (e.g. Cornell et al., 1995). The second focuses on identifying ON compounds in the
samples. These measurements range from a single class of compounds such asidsni
(Samy et al., 2011), to identifying the chemical formulas for all nitrogatacong compounds
using high resolution mass spectrometry (Ozel et al., 2010; Altieri et al., 2012)stkthas
have combined approaches to determine if we can account for the total organic niitbgea w
identified species. In this study we take both approaches to better understand #sethatiare
contributing to organic nitrogen deposition in RMNP and GTNP. First, a brief overview of
nitrogen containing organic compounds is given followed by a discussion of previous
measurements of water soluble organic nitrogen (WSON) to give context teuhe tieat

follow.

6.1 Types of nitrogen-containing organic compounds.

6.1.1 Amines and Amino Acids

Amines and amino acids are important basic compounds in the atmosphere. There are
many different types of amine compounds in the atmosphere; the smaller amine congpe&unds
carbon atoms) are the most abundant (Ge et al., 2011). Natural sources of aruides inc
oceans, biomass burning, and vegetation, while anthropogenic sources include animalriusba
industry, and combustion (Ge et al., 2011). Gaseous measurements of aliphatidramines

livestock operations indicated that trimethylamine mixing ratios werermrasaighest
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concentration followed by methylamine and dimethylamine in source regionad&and
Crutzen, 1995). More recently, gas phase aliphatic amines have been shown to resot and f
nitrogen-containing secondary organic aerosol (Angelino et al., 2001; Silva2&08; Malloy
et al., 2009).

There are two types of amino acids — free and combined. Free amino acids are
dissolvable and the basic structures that make up peptides and proteins as combmedidmi
(Milne and Zika, 1993). Sources of amino acids include bubble bursting from the marige surfa
layer, bacteria, pollen, spores, algae, fungi, and biomass burning (Samy et al., 20id havee
been several studies that have measured amino compounds in agueous samples and found them
to comprise a fairly significant fraction of total nitrogen. In Californigeater, amino acids
and alkylamines represented 3.4% of dissolved organic nitrogen while combined anoigennitr
concentrations were higher, accounting for an average of 16% of dissolved orgagemit
(Zhang and Anastasio, 2001). A similar percentage (17%) of organic nitrogentm@arolina
precipitation samples was identified as free amino acids (Kieber et &), 200precipitation
samples from Charlottesville, Virginia, total amine nitrogen (amine A@iacids) constituted 1-
10% of ammonium concentrations and several amino acid compounds were more abundant than
the measured aliphatic amines (Gorzelska et al., 1992). In addition, meassarehaenino
acids and amines in recent laboratory studies have shown that amino acids caitlreact w
methylglyoxal to form nitrogen containing oligomers and imidazole productsiéiae et al.,

2011) which also could be detected in atmospheric samples.
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6.1.2 Nitrophenols and Catechols

Reactions to form nitrophenol compounds can take place in both the gas and liquid
phases and they can be directly emitted from combustion processes (HaraispR0€5).
There are several proposed reaction mechanisms including phenol nitration inghasgwith
OH and NQ during the day to produce 2-nitrophenol or withyN&hd NQ at night which
produces both 2- and 4-nitrophenol (Harrison et al., 2005). An example reaction mechanism
from Harrison et al. (2005) for reaction of phenol withgNé&hd NQ is shown in Figure 6.1. In
the condensed phase electrophilic nitration can occur wiii b CING, and other mechanisms
involving NGs/, nitrate, nitrite can produce nitrophenols (Harrison et al., 2005). More highly
substituted nitrophenols, containing methyl-groups called catechols, have beeedbsaged
biomass burning samples and are thought to be oxidation products of m-cresol in the presences
of OH and NQ (linuma et al., 2010). Field samples collected in a region dominated by wood
smoke combustion observed methyl-nitrocatechol concentrations as high as 2®nogmore

typically around 5 ng-m(linuma et al., 2010).
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Figure 6.1 Example reaction mechanisms to fornophienols from reaction of phenol with N@nd NQ from
Harrison et al. (2005).

6.1.3 Nitrogen-Containing Secondary Organic Aerosol

A few examples of secondary organic aerosol (SOA) organic nitrogen haagydireen
mentioned but those SOA compounds generally form from reaction of an organic nitrogen
compound and result in the same (e.g. amine to imidazole). There are other rdaations t
produce organic nitrogen compounds when organic molecules react witbr @' to form
organonitrates. Organonitrates have been observed in the atmosphere (Kristendasiasd G
2011) and in laboratory studies (e.g. Ng et al., 2008; Fry et al., 2009; Darer et al., 2011), often

with sulfate functional groups in the molecule as well. Kristensen and G{@6iL&) observed

138



organosulfates and nitrooxy organosulfates in daily fine aerosol samplewestesite. The
maximum concentration of nitrooxy organosulfates was 8 Higmd there was a strong

correlation between these compounds and organic acids suggesting photochemicah@dat
aging of volatile organic compounds (VOCSs) as potential sources (KristandeGlasius,

2011). Observations from an urban air mass also observed organonitrates which accounted for
up to 10% of the organic mass of submicron particles (Day et al., 2010). High NO
concentrations observed during this study suggests that organonitrate functionaigneups

produced during SOA formation (Day et al., 2010).

6.1.2 Previous measurements of total organic nitrogen in precipitation and aerosol samples

There have been many studies that examined water soluble organic nitrogen in
precipitation or aerosol; however, several of these examined marine or cosestg|Gornell et
al., 1998; Cornell et al., 2001; Mace et al., 2003a,b; Chen et al., 2010; Violaki and Mihalopoulos,
2010; Miyazaki et al., 2011). While they may not be completely relevant to the contsitagal
we are investigating here, the overall number of studies that have looked at orgagennit
aerosol and precipitation are limited. There is a good summary of ON observatierfs ét al.
(2002) so we mainly focus on studies published since then. The average organic nitrogen
concentrations from coastal observations and continental observations are sudhimdiatse
6.1.

These data reveal no clear differences between the coastal and continetbaisloca

Concentrations of organic nitrogen in aerosol, for all reporting sites, range3fB-76 nmol- i
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and from 13-33% of total nitrogen in the aerosol. The percent contribution of ON to total

nitrogen was slightly lower for precipitation, ranging from 2.6-20%. Severdiest cited in

Neff et al. (2002) have higher fractions of ON in precipitation, above 40% in Florefad (i

and Brezonik 1980), Brazil (Brinkman, 1983; Williams and Melack., 1997), and Africa (Visser,

1964; Simpson and Hemens, 1978) but more recent studies tend to have lower fractions of ON.
A wide variety of organic nitrogen compounds have been identified in atmospheric

samples including amines (Ge et al., 2011), nitrooxy organosulfates (Kristenselasing,G

2011), nitrophenols (Harrison et al., 2005; linuma et al., 2010), amides and nitriles (Ozel et a

2010). The sources of these compounds vary widely. By identifying the elementabfooh

different organic nitrogen compounds in RMNP and GTNP we hope to provide evidence for the

types of compounds present and potential sources impacting these environments.
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6.2 Observations of PM s water soluble organic nitrogen

PMg s organic nitrogen (PON) concentrations were often similar to nitrate coatiens
at RMNP. In both 2009 and 2010 there were periods where nitrate concentrations atere gre
and less than water soluble organic nitrogen (WSON) concentrations. In geoecahtrations
were consistently around 0.05 pg N®in 2009 except at the end of August when concentrations
reached 0.6 g N-fr(Figure 6.2a). No seasonality in the concentration of PON is evident from
these measurements; however, we do not have measurements during the winbera Bigh
concentration event, from August 31- Sept 2, the RMNP measurement site was auflbgnc
wildfire smoke event from a fire burning in Southern California
(http://www.inciweb.org/incident/1856/). A higher fraction of nitrogen in the aerosel wa
organic during this fire impact period, with a maximum contribution of 48% compared with the
background average of 21% (Figure 6.2b). A smaller smoke event associated with thieeFour
Canyon Fire burning near Boulder, Colorado (http://www.inciweb.org/incident/2ihfi®¢nced
the site in Sept 1-8, 2010 (Figure 6.3a). Again, the concentration of all nitrogen spddiés a
peaked this period. The average PON concentration during the 2010 study was 0.03pg N-m
with the largest PON concentration measured during the fire at 0.15 iy N'+re influence of
smoke at the site during both periods is confirmed bgrd levoglucosan which are used as
tracers for biomass burning plumes (e.g. Andreae, 1983; Simoneit et al., 1999). Tdwe dfact
WSON in aerosol ranged from 3-30% during non-fire periods across both RMNP studies
During the fire periods a larger fraction of the nitrogen in the aerosol \gagior(2009:39%,

2010:48%).
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Figure 6.2 Concentrations of nitrogen species andgmt contribution to total nitrogen in weekly P& 2erosol
samples at RMNP in 2009. Ammonium is shown in gredrate in blue, and water soluble organic & in

orange. Potassium (red) and levoglucosan (pugpie)ncluded as a biomass burning markers.
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samples at RMNP in 2010. Ammonium is shown in gredrate in blue, and water soluble organic & in
orange. Potassium (red) and levoglucosan (pugpie)ncluded as a biomass burning markers.

In GTNP there was some evidence of fire impacting the site usiag K tracer (Figure
6.4) and from field observations during the study (levoglucosan is not available). There wer
two sampling periods when concentrations were slightly higher (Figure 6.4#)is Atte
concentrations of organic nitrogen were always greater than nitrate cheiBgiteek study
period and concentrations seemed to increase slightly throughout the period. The mmtifbut
organic nitrogen to the total nitrogen in the aerosol was consistently around ig0% @4b),
slightly higher than in RMNP. Concentrations were more consistent in GTNP witroaea
range of concentrations (0.05-0.16 pg Nymand fractional contribution to the total N in aerosol
(24%-35%). The average PON and ranges in concentrations and organic nitrogamdract
summarized in Table 6.2 for comparison of all three studies. The average PON ctaonattra
GTNP was similar to the average during 2009 at RMNP. However, the maximum catcentr

was more similar to the 2010 RMNP study since there was not a strong firlarsidpeadata.
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Table 6.2 Summary of particulate organic nitrogencentrations (ug N-fi and water soluble organic carbon to
organic nitrogen ratios during the three studyqusi

Concentration WS OC/ON
Minimum Average Maximum Average Range
RMNP 2009 0.013 (12%) 0.08 (21%) 0.6 (48%) 33.5 5.9-160
RMNP 2010 | Below Detection 0.03 (14%) 0.15 (39%) 98.5 23.5-486
GTNP 2011 0.05 (24%) 0.07 (29%) 0.1 (35%) No data No data

*2009 without fire sample: max: 0.16 (30%), average 0.05 (20%)

Also included in Table 6.2 are the ratios of water soluble organic carbon to WSON wahidh ¢
be helpful in identifying sources of organic nitrogen (Neff et al., 2002). Naff €002)
examined several studies and a wide range of OC/ON ratios were observ@ui2h0 with

an average of 12.3. More recent results from the southeast had an average /Naatio Gf

21.4 with lower ratios in the winter (11.7) than in the summer (27.2). C/N ratios in thisarange
thought to be close to ratios expected from humic-like substances (Lin et al., 2010).

Measurements of the OC/ON ratios over the open ocean were lower with an afé&age
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(Miyazaki et al 2011). Low OC/ON ratios were observed in submicron (2.33) and stnoermi
(1.87) particle size ranges of marine aerosol in areas of high marine bibfygidactivity
(Miyazaki et al 2010). In RMNP wide ranges in OC/ON ratios were obseneetha average
OC/ON ratios during both study years were much higher than observed in thesagstwvdies.
The lowest ratios in RMNP are comparable to previous studies; these occurreSeptimber
and October 2009 while in 2010 the samples with the lowest OC/ON ratios were observed in
July. In 2009 OC/ON ratios from April — June ranged from 11-25 and the highest ratio®dcc
during the summer. This may indicate seasonality in the types of organi@enipogsent but
more likely biogenic emissions of organic carbon compounds increased during the warmer
months (Guenther, 1997; Karl et al., 2003) and a similar increase may not be observed for
nitrogen-containing compounds. If the organic nitrogen compounds are direct emfigsions
biogenic source they might not have the same seasonality as other biogenic compdueds. If
organic nitrogen compounds are SOA produced from biogenic emissions gand NQ limited
regime would not show the same increase in concentration as the precursor VO@#g; To f
understand the temporal changes in organic nitrogen we need more information about the
structure and sources. And while bulk OC/ON ratios may seem to provide information on the
types of organic nitrogen present, it is misleading since included in tleaairatcarbon
compounds that do not have nitrogen associated with them. An analysis of by Qz@I04i0a
observed that only 2-7% of organic compounds in their samples contained nitrogen.

Relationships between several inorganic species insBMl PON were examined with
Pearson correlation. PON was significantly but weakly correlated witfi {®40.151), K
(0.264), Mg* (0.247), C&' (0.188), and S£3(0.179) in RMNP. In GTNP, PON was

significantly and strongly correlated with NH0.926) and S¢ (0.836). The samples from
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GTNP were more highly correlated but the number of samples was lower than. R P
shorter sampling period may have captured less source and atmospheritityagablting in a

higher correlation.

6.3 Species of water soluble organic nitrogen in PM aerosol

6.3.1 Identification

LC/MS analyses of 36 PM extracts from RMNP and GTNP were completed on the
CSU time of flight mass spectrometer with electrospray ionization. @imbgen-containing
peaks with heights larger than 1000 were examined. A total of 404 different nitrogeniogntai
elemental formulas were identified in Rbsamples from RMNP and GTNP. There were 14
formulas that were present in both the negative and positive mode, 372 formulas wéreddent
in the positive mode, and 46 in the negative mode. The maximum number of compounds
identified in an individual filter sample was 164 and the minimum was 32. On average there
were 71 compounds identified in a single filter extract. In Figure 6.2 tagevpeak area of an
identified compound is compared to the number of samples the compound was identified in.
Here we see that many compounds were only identified in a few samples anticfaterenost
abundant compounds were identified in the majority of samples. There weren’t goguca®
that were identified in all 36 filter samples10819NO4 was observed in 32 samples, the most of
any compound. The elemental formula of nitrogen containing compounds are summarized in
Table 6.3 according to the relative number of oxygen atoms and the relationshimbesvioes
and hydrogen, where the numbers in the table are the number of carbon atomsmpte, exa
CsH11NOs is shown by the 5 in the cell where the first line (2n+1) and &¢@umn intersect.

We can also go the other direction, maybe we want to know which elemental fornud&s ha
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carbons and a NO group. For every row with a three in the NO column we can retadnstruc
formula. For this example, two compounds were observed where the number of carbons or n=3

CnHn+1yand GHzn+3)0r GH7NO and GHgNO.

7000000
6000000 - X

S CsH1NO,

% 5000000

(]

& 4000000

[¢)]

>

< 3000000 C.H..NO

C,H;sNO; > 713N
2000000 - CuHNO, X ¢ CHUN
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O S R

0 10 20 30 40
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Figure 6.5 Average peak area and frequency of oecce for each identified compound.
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There were also isomers present, compounds with the same elemental fotmula bu
different retention times. Changing the location of functional groups alters teeutaslvolume
of the molecule and yields different interactions with the separation columng#us
compounds to elute at different times. Elemental formulas that were idérifmultiple
retention times in the same sample includgHgNO,, CioH19NO3, CioH19NO4, CioH17NOg,
C4H7/NO, GH15sNO4, CgH1sNOg, and GH7NO,. This is not a comprehensive list as many other
formulas fit into this category. The presence of these isomers is a goodeehiat knowing
the elemental formula isn’t sufficient information to fully understand the typgerpounds
present.

When compared to other studies that have analyzed atmospheric samples for organic
nitrogen species, 193 of the formula seen here have previously been observed (Cheng et al
2006; Laskin et al., 2009; Laskin et al., 2010; Mazzoleni et al., 2010; Ozel et al. 2010;ehltier
al., 2012). A few of these studies identified the structures for some of the forneutdoserved.
Identified structures include nitrophenols, amines, amides, and simple carbon dtramsiwo-
group (e.g. nitropentane). While our measurements don't allow the same deéitniiteral
identification we can use the double bond equivalency (DBE) and atomic ratios of C, Hp N, O
group these elemental formulas and try to understand as much about the organic nitrogen
compounds as we can. DBE is the total number of C-C double bonds and rings in a compound,
hinting at potential structural characteristics of the molecule.

One way to analyze complex mixtures of organic compounds is with van Krevelen
diagrams. Traditionally H:C ratios are plotted against O:C ratios as shdviguire 6.6a. In the
case of these samples, we are interested in nitrogen and have also plottgdifnsC-aC in

Figure 6.6b. The identified compounds are colored according to DBE in both figuresura Fig
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6.6a the compounds cluster according to DBE and separate into lines. In Figure 6.6b the
compounds fall along single lines of DBE which is also the relationship betwsdsmnd
hydrogen listed in Table 6.3. The green dots in Figure 6.6b show the compounds with a DBE of

zero, or no double bonds or rings, indicating the structures of these molecules areladkase

3.5 L g i gy [T S SR T BT 3‘5 v b oo o by oy o by o by
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Figure 6.6 Elemental ratios of the nitrogen-coritajrcompounds identified in all 36 BMsamples. The marker
colors indicate the DBE. Each marker correspondsitmentified elemental formula.

To examine these data in a slightly different way a €enhdrick plot is shown in Figure
6.7. In a Kendrick plot the Kendrick mass defect (KMD) is plotted against the Hdfeindrick
mass (KM). Equations 1 and 2 show the formulas for how KM and KMD are calculated for the
CH, family. The nominal masses are the rounded masses calculated using tbéthmagsost
abundant isotope for each element. Other families may be used to analyzeta @ateer
families used by other investigators includgi¢O,, H,, H,O, and O (Sleighter and Hatcher,

2007; Mazzoleni et al., 2010).
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Nominal Mass of Family (14)
Exact Mass of Family (14.01565)

KM = Observed Mass X Eqgn. 3

KMD = Nominal Kendrick Mass (Integer) — Kendrick Mass (Exact) Egn. 4

The horizontal lines in a Kendrick plot indicate different chain lengths of (indlses addition of

CH, groups to the right) the same compound type (Sleno, 2012). In Figure 6.7a the compounds
are once again colored by DBE and we can see the compounds that fell on the samigeline in t
van Krevelen plots separate into different horizontal lines; for this Kendrickaubtheorizontal

line of the same DBE represents a different number of oxygen atoms. The dliferenf the

same DBE in Figure 6.7a have different numbers of oxygen, which increase with §iBte

While the horizontal lines signify compounds with differences in @tdups, the structure aren’t
necessarily related through addition or removal of a @Hup, completely different structures

could fall along the same line.

These plots are often used to examine the reaction products of a single compound
because we can easily see how the reaction products are related to eactddtieeparent
molecule. In this case, we have multiple initial products that could be differenChly unit
and the result of chemistry by the addition or loss 0$.CFhis is true for all of the Kendrick
plots we could make. We can get information about differences in compounds but we don’t

know if they are a result of chemistry.
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Figure 6.7 Kendrick diagrams for GHomologues for all identified PM organic nitrogen compounds. The marker
colors indicate the DBE. Each marker correspondsitmentified elemental formula.

While these plots help visualize the data and show the existence of compound families
and the relationship of compounds to each other, we still don’t have structural inforroation t
more clearly connect compounds to source types. As mentioned previously, we know &omer
several species exist but the isomers of a given compound would all appear inetspaaenin
any of these diagrams. Development of standards and other types of analysisgrteludiem
mass spectrometry where an ion can be further fragmented to determnitgrstare needed to
learn more about the compounds and potential sources. Since these techniques were not
employed in this study, the elemental formulas of compounds identified in thisvstuely
compared to other studies where specific compounds were identified as beindforgsee an
idea of the types of compounds likely present.

&-caprolactan (gH1:NO, structure shown in Figure 6.8a), the cyclic amide of hexanoic

acid, identified by Cheng et al. (2006), has the same elemental formula as a compound we
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identified. This compound appears in one of the lines in the Kendrick plot and we appear to
have cyclic amides for carbon numbers 4-8 and may have an amide series for carbes Bumbe
6 and 9-12. There is also a series of nitroalkanes for carbon numbers 3 and 5-12, an example
structure is shown in Figure 6.8b. 1-nitropentane was observed by Ozel et al. (2009) and 1-
nitroheptane was observed by Ozel et al. (2009) and Laskin (2009). We also obsemndsC

a methyl-nitrophenol and&;NO, a nitrocatechol which have also been observed by Ozel et al.
(2010), Mazzoleni et al. (2010), and linuma et al. (2010). The only compound that may
potentially be an amino acid isl;NO, (alanine). There were amine-like compounds identified
but once again more information is needed to understand the structure and compound type. The
formulas that were identified as specific compounds in other studies arerliigble 6.4 and a
complete listing of elemental formulas that were observed in other studies lagtsp#cific

compounds are in Appendix H.

a Hyﬂm b o
nz\___//l B N
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Figure 6.8 Structures of &caprolactan, b) 1-nitroheptane, ¢) 2-nitropheaal] d) 3-methyl-6-nitrocatechol,
nitrogen-containing organic compounds that we meetobserved in PpMsamples.

In the earlier discussion of bulk carbon-nitrogen ratios we observed the raged ran

from around 6 to above 400 depending on the sample. From what we’ve seen so far in the

154



speciation data the ratios of individual compounds aren’t nearly as high. In thBadesgecies
for PM, 5 ON compounds water soluble C/N range between 4-25 with an average of 10.3 in
RMNP and in GTNP range between 2-21 with a similar average. The average isghbedvey

relative amount of each compound.
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6.3.2 Mass contributions

As discussed in Section 2.2.3 calibration standards were analyzed to account for the
response of different compounds during LC/MS-ESI analysis. Standard compoundkasere ¢
based on previous atmospheric observations, their similarity to observed formdlas, a
availability. While informative, these standard compounds (see Table 2.9) do yotfué#sent
all of the elemental formulas identified, especially since structunegertant for determining
ionization efficiency.

In the negative ion mode detection the slopes of the calibration curves (cainmensa
response) varied by four orders of magnitude because of the difference in edspioveen 2-
and 4-nitrophenol. Observations of nitrophenols suggest that 2-nitrophenol is mainly present i
the gas phase while 4-nitrophenol is more likely to be associated with droplets &ilespart
(Harrison et al. 2005) so the calibration curve for both of the 2-nitrophenol compounds will be
excluded from the mass calculation for these particle samples. The renmagatye mode
calibration curves are more similar, the highest and lowest slopeshdiftemagnitude of 60.

Given the uncertainty in matching compounds to the appropriate curve, an averagéaralibr
curve is chosen to estimate concentrations.

In the positive mode the maximum and minimum slopes differ by a factor of 8hd-or t
positive mode, the majority of compounds had at least one but often more oxygen atoms. Of the
standards analyzed in positive mode only two had oxygen, diethanolamine and ethanolamine.
We use an average of the calibration curve slopes from these two compounds gtherefor
represent the response of compounds measured in positive mode. Before applyeigpoalibr
curves to the data the average area of positive mode compounds was approximately &s800 tim

greater than those in the negative mode.
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The calculated mass is of nitrogen contained in all observed compounds are compared to
the total water soluble organic nitrogen measurement in Figure 6.9. In gbeezatitnate of
nitrogen mass from the identified organic species is lower than meas@®#WThe
deficiency in speciated organic nitrogen mass may come from unidentfigabcinds or errors
in the calibration response factors used. Several samples associatec\witmfies that had
high WSON had very low speciated organic nitrogen fractions. This may stiygesis
something very different about the organic nitrogen associated with biomass bhatiwg tid
not capture by assuming one calibration curve for the positive and negative raxdesining
the relative contributions of the various types of organic nitrogen compounds identifigaire
6.10 and Figure 6.11 we see that the same samples with associated with biomasslbarning a
have relatively higher contributions of compounds identified in the positive mode with only
oxygen atom and few compounds without oxygen compared to the other samples. lti&aalso ¢
from these figures that the negative mode compounds contribute a very smalh fi@the total
area of ON compound. On average, the mass of positive mode compounds is approximately

29,000 times greater than those in the negative mode but the range is large (70-203,000).
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Figure 6.9 Comparison of organic nitrogen massutaiion from speciation data and the total watéutse organic
nitrogen (WSON) measurement. The 1:1 line is shfoawmeference and red markers indicate sampléseinted
by biomass burning.
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Figure 6.10 Relative amounts of identified orgamitcogen compounds classified by the number of exygtoms
present in the positive mode RMNP Pidamples. Samples impacted by biomass burning dieabed by the red
box.
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Figure 6.11 Relative amounts of identified orgamitcogen compounds classified by the number of exygtoms
present in the positive mode GTNP PMamples. Samples impacted by biomass burningidreaied by the red
box.

6.4 Observations of total organic nitrogen in precipitation

Organic nitrogen was also measured in precipitation samples collected tthersame
study periods as discussed previously (ROMANS Il - 2008/09 and GrandTReNDS) awgd durin
the Rocky Mountain 2010 study. Concentrations of ON varied widely, just like the other
measured ions in the precipitation samples. ON concentrations ranged from belbwrditec
2200 pg N-I*. The aqueous concentration can depend on the amount of precipitation and the
amount and efficiency of scavenging atmospheric gas and particle phase argagen
species. In Figure 6.12, Figure 6.13, and Figure 6.14 the timelines of organic nitrogen
concentration and precipitation amount are shown for the RMNP and GTNP studies. During al

three of these study periods there is large concentration variabilitp day tand there appear to
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be slightly higher ON concentrations spring through fall.

Concentratioresloxger at Driggs,

near GTNP, than during either of the RMNP studies; however, concentrations gheredtiGT

and NC.
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Figure 6.12 Timeline of organic nitrogen concembraand amount of precipitation from RoMANS Il (2008-

11/2009).

Figure 6.13 Timeline of organic nitrogen concemdratind amount of precipitation from RoMANS 2010.
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Figure 6.14 Timeline of organic nitrogen concembratind amount of precipitation from Driggs during
GrandTReNDs.

It is also instructive to examine the fractional contribution of organic nitrogen tottie
nitrogen in precipitation as this fraction varied from below detection (0%) to 95%. Hig
fractions of organic nitrogen may indicate contamination from biologicalriakite the samples.
The exact cutoff from contamination is uncertain but examining the distributioganfior
nitrogen fraction we can estimate a value above which we consider to be cotedr(fingure
6.15). The majority of precipitation samples have between 0-40% organic nitrobenavé
than 60 samples with 10-20% ON. There is a gradual decline in the frequency of aectoren
the next 5 bins. There were few samples with ON above 60% and no clear trend as toavhy thes
samples have such high ON fractions. Here we consider samples with grea@%harganic
nitrogen to have some level of contamination. In many cases field and labo@tesyndicated
possible contamination from organic debris in these same samples. When we cbeasider t
average in Table 6.5 the organic nitrogen fraction includes only those samplesinbast 20

mL of sampler were collected for the TN analysis and below 60 % ON.
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The average ON concentration at RMNP was very similar between theuyoystars at
170 ug N/L. However, the average fraction was different at 17% in 2009 and 12% in 2010.
These differences could be a result of several factors including the reladowents of inorganic
species (N@, NH;") and the distribution of ON concentrations. These studies were also
conducted over a different set of months. In comparison to the RMNP study, the prenipitati
samples from GTNP had higher averages (except DR) and lower maxinues.vdhe
narrower distribution of concentrations may suggest a more consistent sourcerofh@N
region due to atmospheric transport or fewer anthropogenic influences or it reay tredl

limited summer measurement period.
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Figure 6.15 Distribution of the percentage of oiganitrogen (to total nitrogen) in each precipibatisample.
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Table 6.5 Average (pg N/L) and maximum concentregtiand percentages measured in precipitation sample
Negative values and samples with greater than 60P4vE€re excluded.

Average Max
RMNP 08/09 170 17% 1500 51%
RMNP 2010 170 12% 1600 60%
GTNP -DR 120 18% 480 52%
GTNP -GT 300 21% 880 32%
GTNP -NC 400 25% 1000 50%

Pearson correlation coefficients were calculated to explore theonsaip between
concentrations of ON and the inorganic species measured. In Table 6°6/4ieeR are listed
for correlations between ON and other parameters including precipitation amouanhdH
inorganic ion concentration. ON was consistently significantly correlaitbdNi,*, K*, Mg?*,
NOs, and SG@*. But the strength of the correlations varied and no single species was the most
significant for all field sites or campaigns. During the 2010 RMNP stutjyMig**, and Cl
were more highly correlated with ON than during the 2008/09 RMNP study. Ovemtlee s
sampling period in GTNP, NAwas highly correlated with ON at GT but was only weakly
correlated at DR and NC. The variability in these correlations indicategfimformation is

needed to understand the factors controlling ON.

164



Table 6.6 Rvalues for ON and the listed variable for sampliegiods in RMNP and GTNP. Values in bold are
significant at the 95% confidence level.

ROM 08/09 ROM 2010 DR NC GT

Precipitation  0.018 0.053 0.049 0.105 0.305
pH 0.001 0.010 0.000 0.053  0.012
Na* 0.004 0.141 0.036 0.003 0.012
NH," 0.349 0.266 0.423 0.370  0.900
K* 0.153 0.955 0.406 0.678 0.561
Mg** 0.244 0.523 0.203 0.280 0.566
cat 0.118 0.083 0.139 0.151 0.408
CI 0.075 0.635 0.087 0.038 0.254
NO, 0.002 0.047 0.000 0.148  0.003
NO3 0.310 0.210 0.376  0.323  0.440
SO# 0.302 0.198 0.322 0.268 0.687

6.5 Identification of ON species in precipitation samples

Only species in the negative MS mode were identified due to the pre-concentragtion ste
required to measure compounds in the precipitation samples. A total of 23 organic nitrogen
compounds were identified in the negative mode analysis of precipitation sar@plese
there were several isomers (compounds with the same elemental formuléebemndietention
times) including 3 isomers of;@H;7NO; and GHsNOs and 2 isomers of ££1;NOsand
CgHgNOs. Structures for these compounds could include nitrophenolsfaNO; C;H/NOs
and GHgNOs, C;0H17/NO7 may be product from oxidation of biogenic VOCs but more
information is needed to confirm the structure and potential sources of thisieefoamula.

Carbon number ranged from 6 to 19, several compounds had 2 nitrogen atoms in the molecule,
and elemental formulas were identified that contained sulfur (Table 6.7he @fantified

compounds only seven were also observed in thgsREmMples. Further comparison to aerosol
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ON is difficult since the samples were not analyzed for compounds in the positile where
the majority of ON compounds were identified in the aerosol samples. The oveolay @f
compounds in both the precipitation and filter samples may suggest agueous phaseychemistr
plays an important role. Or precipitation scavenging of volatile organic nitregapounds
from the gas phase.

To understand more about ON in precipitation, the samples should be analyzed in
positive mode using a different pre-concentration technique. The distribution of ONiedkintif
each mode in aerosol samples and results from Altieri et al. (2012) support fuaimenaion
of ON in the positive mode. Altieri et al. (2012) examined the elemental compositamaorg
nitrogen in rainwater samples identifying 2281 nitrogen containing compounds, jureymia
CHNO+, CHNOS+, CHNOP+, and CHONSP+ classes. Mass calculations werad®ftonthe

precipitation samples since it is likely the majority of compounds arengifsim this analysis.
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Table 6.7 Organic nitrogen compounds identifiegnecipitation samples.

Elemental Retention
Formula Time Mass
C6 H5 N O3 7.197 138.0203
C6 H5 N O3 6.832 138.0204
C6 H5 N O3 6.929 138.0205
C7H7NO3 8.955 152.0357
C7H7NO3 8.404 152.0364
C8H9 N O3 9.814 166.0515
C8H9 N O3 10.199 166.0519
C7H5N O5 6.511 182.0116
C9H17 N O3 6.338 186.1151
C7 H6 N2 O5 9.339 197.0223
C6 H13 N O7 2.202 210.0627
C10 H15 N O5 11.014 228.09
COHI9ONO4 S 9.276 236.0979
C13 H25 N O3 10.795 242.1797
C7 H10 N2 O8 8.672 249.0353
C10 H16 N2 O8 11.2 291.0828
C10H17NO7S 10.156 294.0686
C10H17NO7 S 9.727 294.0688
C10H17NO7 S 8.677 294.0689
CO9HI5SNO8S 6.492 296.0488
C14 H26 N2 O5 5.917 301.1812
C11 H19 N 09 9.027 308.1033
C19 H37 N O5 11.387 358.2653

6.6 Summary

Organic nitrogen is an important component of nitrogen in precipitation and aerosol in
RMNP and GTNP. On average between 15-30% of Piater soluble nitrogen was organic
with a maximum 48% of organic nitrogen across all studies periods discussedic@rgagen
in precipitation samples was on average 12-25%. In general, the higher cdorendiad
fractions of organic nitrogen were observed when samples were influenbezhiass burning.
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Fires are an important source of PON and the elemental formulas of organiemftay fires
appear to be different than from other sources. We observed much higher concemtrations
organic nitrogen that contained only 1 oxygen atom in biomass burning-impacted samples
compared to other samples collected throughout the field studies. PON was only ¢&oag
significantly) correlated with Nif and S@* at GT in GTNP and in RMNP there were only
weak (but significant) correlations with PON including NHK*, Mg?*, C&*, and SG*. For the
precipitation samples ON was weakly correlated withy NNK*, Mg®*, NOs, SQ consistently
across the different study periods and sites.

These fractions of organic nitrogen observed are similar to other observations made
around the world. The similarity in fractional contributions of organic nitrogeriesasting
because we expect the sources to change with location, especially wigaringmarine air
masses to remote continental air masses. Our work examining the eleoremizhd of ON in
the Rocky Mountains is a good first step to understanding some of the sources that edotribut
ON in remote regions. However, more work to analyze the elemental formula iof @der
regions could help to uncover differences or similarities in ON spatially.

The majority of WSON compounds identified were observed in the positive mode and
the amount of ON compounds was much higher than in the negative mode. Compounds
identified in this mode are likely to include amino, amide, ester, aldehyde angrkefms. We
did observe the same elemental formulas of compounds identified by other groupsjrsyiggest
some ON compounds may be common to multiple locations. The nitrogen-containing
compounds observed in this study had an average DBE of 4.4, the average N/C and ©O/C were
and 0.32, respectively. Our analysis of the ON species indicated homologous serigsvef&€H

present. This series could potentially indicate loss of i@ oxidation; however, there is not
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enough information to fully understand why this relationship exists. Future ieguesi to
observe the oxidation chemistry of organic nitrogen species is necessaryurdetbe role of
oxidation in these relationships. We also need to continue to investigate the atructur
characteristics of atmospheric ON to understand the chemistry that taGesyith or to form
these compounds.

The relative importance of different sources (photochemistry, biomass burnigenisio
combustion) to the observed organic nitrogen compounds is difficult to determine. We lack
observations in the positive analysis mode to compare our identified elementabkformul
Structural information and more studies of mechanisms that lead to formatioarsfdrimation
of nitrogen-containing compounds are needed. The amine-like compounds that we did observed
are likely from biogenic sources. We observed that fires are an importacg sbuitrogen-
containing organic compounds. The types of compounds we measured in the positive mode and
presence of many oxygen atoms per compound suggest there are important cherhwad rea
the atmosphere. In the negative mode, we observed examples of a few reactions mitdduct
biogenic emissions of terpenes; however, these contributions were satalered compounds
observed in the positive mode. Formation of organic nitrogen compounds that would be
identified in the positive mode have not been as thoroughly studied as those in the negative
mode. More research to observe nitrogen-containing compounds in the positive mode is

necessary to attribute sources to the compounds we identified.
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7.0 Summary, Conclusions, and Recommendations for Futa Work

7.1Summary

Nitrogen deposition is an important environmental and atmospheric issue. Atmospheric
reactive nitrogen concentrations are increasing as a result of incesasstbns from many
sources leading to increased deposition. Measurements across the stadbeaaioGoghlighted
large differences in concentration that result from local activitigseth# reactive nitrogen
species. In eastern Colorado we observed high concentrations of reduced nitrogsn spec
ammonia and ammonium, consistent with extensive agricultural activity ingios réncluding
numerous large confined animal feeding operations. Along the urban Front Ramds oo
observed higher concentrations of oxidized species, nitric acid and nitrate, thaidareed in
the atmosphere by photochemical reaction of anthropogenic combustion emissions @f nitrog
oxides. The physical proximity of these two regions creates an idealasitt@tformation of
fine particle ammonium nitrate, a major component of the Denver “Brown Cloud.”
Accumulation mode ammonium nitrate aerosol particles have much longer atnmobfatienes
than their gas phase precursors. Both gaseous ammonia and gaseous nitric adityare hig
reactive toward surfaces and, consequently, have high dry deposition velocitidendgére
lifetimes of particles allow them to be transported further and moreyeadith downwind
receptor regions like RMNP than the gas phase precursors.

Observations presented here clearly illustrated the importance of upssterl(g winds
that carry PMs ammonium and nitrate from eastern Colorado to the national park. These
upslope events occur daily during summer when strong solar heating givesdiisenal

mountain-valley wind circulations. Synoptically driven upslope events are alyactanmon
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in the region during spring. Upslope events appear to happen less frequently duritighethe
of the year; however, we did observe several events during the fall of 2009 thahperant
contributors to RMNP nitrogen deposition. Synoptic scale systems clearly eanrbportant
mechanism for bringing pollutants from large emission sources in eastemad@yland beyond,
into the park from spring through autumn.
These upslope events, in both the spring and fall, were often associated with
precipitation. Precipitation combined with higher concentrations of reactiogeitin the
aerosol and gas phases produced large nitrogen deposition events. More than 50% of annual
RMNP wet nitrogen deposition occurred during upslope events, even though these events
occurred less than 20% of the time during the year-long measurement periot arhis
significant contribution to nitrogen deposition in RMNP, especially since vpetsiteon of
ammonium and wet deposition of nitrate are the two most important deposition pathways.
Dry deposition of ammonia and wet deposition of organic nitrogen aré’taed34"
largest contributors to the measured reactive nitrogen annual deposition budget twihe
pathways have not traditionally been measured by any of the national monitawaogkse This
work in RMNP highlights the need to better understand and increase monitoring of these
deposition pathways. The critical load for nitrogen deposition is set at 1.5 KgyN* fira
RMNP and only includes wet deposition of ammonium and nitrate. During the yearlong study
we measured deposition by these two pathways to constitute 1.97 ko -5ied6 of all
measured pathways. In comparison, dry deposition of ammonia and wet deposition of organic
nitrogen contribute 1.37 kg N-har 40% to the nitrogen deposition budget for the region.
These measurements suggest that nitrogen deposition has been severestiomaded. There

are continual observations by CASTNet of dry deposition of nitric acid, nitrat@namenium
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at this site but results from this study indicate that over a year, they arntipbate 3% of total
nitrogen deposited.

Spurred partly by our findings, increased activity is underway in the IMPRA¥BP,
and CASTNet monitoring networks to better quantify additional atmospheritveeaittogen
species concentrations and their deposition fluxes. NADP has increased imgoitovet
organic nitrogen deposition, including new efforts in the western U.S. NADP bas als
established a growing national ammonia monitoring network (AMON), using IRapi@ssive
ammonia samplers to quantify atmospheric gas phase ammonia concentratehglPROVE
program has implemented a pilot NKonitoring network, centered in the Rocky Mountain
region. This network measures the sum of gaseous ammonia ag@Pktonium through
collection of both on an acid-coated filter.

For comparison to RMNP and because few measurements exist in the regige filidr
study was conducted in GTNP to examine concentrations of reactive nitrogeitragein
deposition. Concentrations of ammonia were greater in GTNP than in RMNP while
concentration of nitric acid and ammonium were similar. Nitrate and sulfatentatms were
lower in GTNP than in RMNP. The differences between these two regions likelst ref
differences in population distribution, source types, and transport. GTNP is clogecudtare
but lacks a large urban region such as that located along the Front Range of Colorado. Bot
regions are home to extensive oil and gas development.

Weekly nitrogen deposition rates measured in GTNP are similar to thoseeabse
RMNP. The nitrogen deposition critical load is set at 1.4 kg Maffain GTNP and again only
includes wet deposition of ammonium and nitrate. Wet deposition of ammonium was the most

important reactive nitrogen deposition pathway in GTNP followed by dry deposition of
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ammonia, wet deposition of nitrate, and wet deposition of organic nitrogen. Again, we see that
two pathways (dry ammonia and wet organic nitrogen), not included in measurements by
national networks, are major contributors to regional nitrogen deposition. It cullifb assess
current levels of GTNP nitrogen deposition relative to the establishezhtlitad due to the
short sampling time. If we simply extrapolate the weekly wet depositiea chammonium and
nitrate we can estimate the critical load would be exceeded with 2.2 kdyN*td nitrogen
deposition at Grand Targhee on the west side of GTNP and 1.5 kdyN*fa the NOAA
climate monitoring site on the park’s east side. We are missing informatwever, regarding
the seasonal deposition pattern in GTNP, which can strongly influence the scdfurac

simple extrapolation. Additionally, the GrandTReNDS study period was Wettierthe
previous 6 years. In a drier year wet N deposition may decrease whilemirsittbn of
ammonia and other species would be likely to increase. In GTNP dry depositioncodaidri
nitrate, and ammonium contributed approximately 10% of quantified nitrogen deposition,
slightly more than in RMNP.

Dry deposition of ammonia and wet and dry deposition of organic nitrogen are two
pathways that need more investigation. To improve our understanding of ammonia dry
deposition, more measurements ofd\ddncentrations and more research on the bi-directional
nature of ammonia atmosphere-surface exchange and associated depositibesvislogeded.
Uncertainties in our estimates of ammonia dry deposition are rather |@assbef the
uncertainties in assigning appropriate dry deposition velocities. Ammonia can benitted e
from and deposited to surfaces, depending on atmospheric conditions and concentratimes, surf

properties, and the prior history of surface exposure to ammonia. Improving mesagurem
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techniques and obtaining more ammonia flux measurements under a variety of coslddidds
improve our estimates and understanding of ammonia deposition.

Wet deposition of organic nitrogen is also poorly quantified. Many studies have
measured ON deposition but they usually occur over a short time period and are notetistribut
well over different environment types or geographic regions. The sourcesosiphienic
organic nitrogen are also poorly understood. In this study we analyzed orgasgemit
concentrations and chemical composition in precipitation and fine aerosol padidasn more
about this important component of nitrogen deposition. Fine particle organic nitrogen
concentrations are strongly influenced by biomass burning; concentrations weaatsalbs
higher when sites were influenced by fire. The speciation of organic mtedge differed when
smoke impacted the sampling sites. Higher concentrations of positive mode ortyagien
containing 1 oxygen atom were observed by LC/ESI-MS during these events abhopatieer
sampling periods. A majority of organic nitrogen compounds were observed in the positive
mode. On average, organic nitrogen contributed 17% to total nitrogen in aerosol and 15% in

precipitation at RMNP and 29% and 22%, respectively, in GTNP.

7.2 Conclusions and Recommendations for Future Work

We have attempted to better understand nitrogen deposition in the Rocky Mountain
region including the relative importance of different deposition pathways, thepdtenizs
concentrations of key gas and particle phase species, key reactive nibogenregions, and
important meteorological situations that lead to nitrogen deposition in sensigptme=gions.

To improve our understanding of organic nitrogen, an often overlooked component of nitrogen
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deposition, we focused on quantifying the contributions of organic nitrogen to totakenitrog

deposition, investigating what species contribute to organic nitrogen in tba,ragd learning

what we could about regional organic nitrogen sources. Our major findings are:

The critical loads in RMNP and GTNP are exceeded based on our measurements
of wet deposition of ammonium and nitrate. These wet deposition pathways are
continuing to increase as shown by measurements at the NADP sites in these
regions. To protect these sensitive ecosystems we need to identify stepga that ¢
be taken to reduce nitrogen deposition.
Knowledge about atmospheric concentrations and about phase partitioning, where
relevant, are important to understanding nitrogen deposition. Gases and particles
are scavenged by precipitation or directly deposited to the surface. The unique
situation in Colorado, where we have both large urban and agricultural sources in
close proximity, is a contributing factor to increased nitrogen deposition in
RMNP. In GTNP, agricultural sources of reactive nitrogen are important to
nitrogen deposition in the region. The strength of the urban source influences the
chemical reactions and phase partitioning of reactive nitrogen speciestimgp
the lifetime of these species and the distance they can travel.
Atmospheric transport is important for understanding how concentrations change
as reactive nitrogen species from different sources mix and how air roasses
high concentration from source regions impact sensitive areas, even in situations
where those source regions are typically downwind of sensitive recepgtmgeg

o0 Atmospheric transport was clearly an important factor for high

concentrations and deposition in RMNP. In RMNP, wet deposition during
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upslope events contributed more than 50% of annual wet nitrogen
deposition. The higher atmospheric concentrations and precipitation
associated with the upslope winds drive this important deposition
pathway. Understanding the relative importance of nitrogen deposition
pathways is crucial to formulating effective strategies for reducing
nitrogen deposition. Focusing on emission control in source regions east
of RMNP during these events could help to effectively reduce nitrogen
deposition in RMNP through a targeted source reduction strategy (e.g.,
altering manure management plans at a CAFO).

o In GTNP, the connections between observations and meteorology were
not as easily defined. We did observed several situations that may be
important for bringing high concentration air into the region. Reducing
nitrogen deposition in the GTNP region requires more research to
understand the spatial variability of atmospheric concentrations and
atmospheric transport. Our results suggest northern Utah may be an
important ammonia source region for GTNP, but further measurements
and modeling are needed to assess this hypothesis and evaluate if there are
other important sources areas that impact GTNP. In particular, the
absence of clear evidence of a large impact from the Snake River Valley
in south central Idaho is surprising.

» Nitrogen deposition is not fully represented by wet deposition of ammonium and
nitrate. At the very least, dry ammonia and wet organic nitrogen deposition

should be included in all nitrogen deposition budgets analyses and, to the extent
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possible, in critical load calculations. Together these two pathways acoount f
40% of the estimated annual nitrogen deposition budget in RMNP and 44% in
GTNP. Critical loads should be reevaluated in the context of deposition
contributions from these four pathways in the Rocky Mountain region. This
assessment is complicated, however, by the absence of long-term monitoring of
both ammonia and organic nitrogen and their deposition fluxes. Ideally all
nitrogen deposition pathways including dry deposition of gaseous nitric acid and
dry deposition of particulate ammonium, nitrate, and organic nitrogen should be
included in assessments of ecosystem impacts and associated critealltoad
other regions these pathways may be more important contributors to reactive
nitrogen deposition than observed in RMNP and GTNP.

Dry deposition of gas phase organic nitrogen, not considered in this thesis but as a
(challenging) subject of investigation during ROMANS and GrandTReNDS it
should also be considered. While fraught with measurement challenges, data
from both ROMANS and GrandTReNDS suggest that dry deposition of gas phase
organic nitrogen may be an important contributor to total reactive nitrogen
deposition budgets. This is particularly true when regions are influenced by
wildland fire smoke, which raises both particle and gas phase organic nitrogen
concentrations in the atmosphere.

Organic nitrogen is an important fraction of total nitrogen in both fine particles
and precipitation. We observed higher RJMVSON concentrations during

periods when smoke influenced the sampling site. In addition, the nature of ON

changed — more basic compounds with 1 oxygen atom were identified in these
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samples. Overall, there were many more compounds identified in the positive
mode of LC/ESI-MS analysis, suggesting a preponderance of compounds with
high proton affinities (e.g., amines) vs. compounds with a tendency to deprotonate
(e.g., nitrophenols). Other studies have focused more on identification of
negative mode atmospheric organic nitrogen compounds so there isn’t yet much
structural information available in the literature to aid in identifyingsthérces of
these compounds. To better understand the sources of these compounds more
measurements are necessary to measure the types of organic nitwagan fr

variety of sources. In addition, determining chemical structures of icehtifi
compounds would aid in understanding important sources of atmospheric organic
nitrogen. Ultimately, determining whether deposited organic nitrogen came f
natural or anthropogenic sources is important for understanding its impacts on
sensitive ecosystems and potential control strategies. In some casssy¢his
becomes complex. For example, nitrated products of monoterpene oxidation,
observed in some of our samples, likely reflect the interaction of natural
biogenically emitted VOCs with anthropogenic Nénissions.

Estimating mass contributions of different classes of organic nitragapaunds

is possible using surrogate standards with LC/MS ESI. More work still needs to
be done to find and/or synthesize standards that represent the atmospheric
compounds we measure. The agreement between direct ON measurement and the
estimated sum of masses from the LC/MS ESI analysis conducted in this study
was reasonable, but the identified mass estimates still contain largainyge

In general, the calculated mass was low. In samples influenced by biomass
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burning the estimated mass was very low. This suggests (1) our standards did not
adequately represent the ionization efficiencies of the different types of
compounds detected in these samples or (2) we are missing important compounds

that represent substantial contributions to aerosol WSON.

These results have helped to fill in some knowledge gaps with regard to the impomaetnit
deposition pathways in the Rocky Mountain region and how they change temporally and
spatially. We highlighted the need for further research to examine dry ti@pasiammonia

and wet deposition of organic nitrogen. In GTNP and RMNP these two pathways contributed
significantly to the nitrogen deposition budget but we don't fully understand the fwdbrs
control their deposition. The influence of meteorology and transport in GTNP is ardard a
where more research is necessary. In RMNP we have a more completegibtuwe

meteorology influences nitrogen deposition but this is not the case in GTNP. Tdw tren
observed in N&f/NO;3 ratios in both the wet and dry deposition record and the different values
of the dry and wet ratios are an interesting topic that could use more investigate also lack
good information concerning atmospheric concentrations of many important reaicbgemi
species and their deposition fluxes throughout large regions of the Rocky Mountains and the
western U.S. Nitrogen deposition will continue to be an important issue and thestegge
taken here to better understand it will help to identify strategies to evaitraggen deposition in

other regions, reduce nitrogen deposition, and protect sensitive and important ecsystem
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Appendix A Information about Meteorological Station Operation

A.1 Downloading Data from the Vaisala Met Station
-Connect cable from laptop to COMO

-Open MAWS Terminal — wind data usually starts appearing immediately, ifta@ppears dial
connection

-From the Tools menu choose Download Log Files

-A new window opens where you can select the files to download. Generally younavithdit

the current files being written are stored in the internal memory and al$ @iteestored in the
external memory.

-Add the files you wish to download to the panel on the right. Click start download. The first
two characters of the data name are related to the log group followed by the date
LXYYMMDD.dat

-A new window will open related to the download preferences. These should not need to be
changed. We are deleting the files from the instrument after download to ooakéar the next
batch of files. Files should be converted to .csv so that we can easily read them. ifloadiow
directory should be different for each field study/site. For the first downloaditd please make
a new folder to store the data in.

-Start download — This can take a while depending on the number of files.

-After completing download, hangup and disconnect cable.
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A.2 Setting North on Vaisala Met Station
-Connect cable from laptop to COMO

-Open MAWS Terminal — wind data usually starts appearing immediately, ifta@ppears dial
connection

-Type OPEN, a prompt should appear

-hold nose of wind vane to a known direction and type winddircal# where # is the known
direction (0-360)

-Type close to end the connection

-Watch the next few readings of wind direction as they read out on the screen. Dalkleey m

sense?
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Appendix B Structures of organic nitrogen compoundstandards

2-nitrophenol 2-methyl-4-nitrophenol 4-methyl-2-nitrophenol
0 0
7 9 9
0 0? \@ 0? :@/
0
4-nitrophenol 2,4-dinitrophenol 5-nitro-2-furoic acid
BN /©/ﬂ O /©i # A\
[ I I 7 O
0 )
4,6-dinitro-2-cresol 4-nitrophenyl sulfate 4-nitrocatechol sulfate
| | |
0 1 - 1
Ong 0
Ny’ /@/ ~o < :©/ ™o
0% ™o o
0” o
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Camphorsulfonic Acid

D“"‘-H =

CAS: 12000-45-3

o?

0 0
0 o
Ethylamine Trimethylami Propylamine
s Hi G A CHs
|
/,N\\ ':H3
H3C’ \CH3

Diethylamine Butylamine Amylamine Ethanolamin

lil HTG/\[/ CH, H HO\/\
\/N\/ - MH, J Y\/ \/Y 3 NH2

Triethylamine Dipropylamine

-

N
~ N

CHa

H3C

CHj;

Gty CH,

Diethanolamine

HO\/’\N/\/OH
H
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Appendix C Details of identifying organic nitrogencompounds using Agilent

Mass Hunter Qualitative Analysis

For each sample and analysis mode, compounds were identified using “Find Compounds
by Molecular Feature” for peak heights above 1000. Once mass, retention timeg,\arhaim
height are extracted to the compound list, the compounds in the list were highlighted and
formulas were generated for each compound. Formulas were first genetatécditiogen and
no sulfur atoms. The formulas were checked by comparing the base peak reessadiftDiff)
of the compounds in the sample. During a single run there is generallyax siifidrence in the
base peak throughout the run but it does change slightly with absolute mass. For gatimdom
there may be several possible formulae that fit the mass but using the neassciffand
isotopic information in the mass spectrum we can assign the correct foimsiame cases
there is not a not a good formula fit for a given compound using only 1 N and no S atoms so the
allowed species should be changed to allow 2 nitrogen and 1 sulfur atoms. The following
masses were identified as containing 2 N and 1 S: 236, 250, 263, 282, 294, 297, 295, and 343.
Once the compounds in the sample are identified, the response area of each compound is
still needed. A database was made using the template provided by the sefttvéine masses,
retention times, and formula for each sample from the previous steps to identigntleatal
formula of each compound. The database created for each sample was then loaded under
database in “Find Compounds by Formula” under “Options”. This function extracte#dsecd
the compounds in the database. To ensure the correct areas were extractetitas foere
regenerated for this table of compounds. In several instances the ger@ratdds did not

match the extracted formulas (forced from database). One possible reasendisctepancies
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includes interference from other compounds at similar retention time. These compeuads

eliminated from the mass analysis since an area couldn’t be extracteel &pptiopriate mass.
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D.2 RoMANS Il Gas Chemistry Data from URG Sampling

24 hr URG Denuder and Filter Pack Sampling data from the Core Site at Rockiaiioun
National Park for 11/11/2008-11/11/2009

* These data are not blank corrected.
* The minimum detection limits are given for all species before #redtthe daily data.

* The flags listed below indicate known issues with the samples. Data points were
removed if there was known contamination or a low sampling volume.

* Pressure drop correction has been made

Flags: LoVol sample volume too low (<7 m3), because of power or programming issue

LongS sample was collected for more than 24 hours, see start and end times for
sampling time

ContD_A The ammonia denuder was contaminated at some point and there is no
NH3(g) concentration for this sample

ContD_B The backup ammonia denuder was contaminated at some point and the
backup NH4 concentration was not added to the filter NH4 concentration

ContD_N The nitric acid denuder was contaminated at some point and there is no
HNO3(g) or SO2(g) concentration for this sample

ContF The filter was contaminated at some point and there are no particle
concentrations for the sample

HiAn high anion/cation ratio >1.5
LoANn low anion/catio ratio <0.4
HN03 SOZ NH3
Blank Average (ug/ﬁ) 0.039026 0.063436 0.021674
MDL (pg/n?) 0.2051 0.6309 0.1131
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Start Time

11/11/08 0:00
11/12/08 0:00
11/13/08 0:00
11/14/08 0:00
11/15/08 0:00
11/16/08 0:00
11/17/08 0:00
11/18/08 0:00
11/19/08 0:00
11/20/08 0:00
11/21/08 0:00
11/22/08 0:00
11/23/08 0:00
11/24/08 0:00
11/25/08 0:00
11/26/08 0:00
11/27/08 0:00
11/28/08 0:00
11/29/08 0:00
11/30/08 0:00

12/1/08 0:00

12/2/08 0:00

12/3/08 0:00

12/4/08 0:00

12/5/08 0:00

12/6/08 0:00

12/7/08 0:00

12/8/08 0:00

12/9/08 0:00
12/10/08 0:00
12/11/08 0:00
12/12/08 0:00
12/13/08 0:00
12/14/08 0:00
12/15/08 0:00
12/16/08 0:00
12/17/08 0:00
12/18/08 0:00
12/19/08 0:00
12/20/08 0:00
12/21/08 0:00
12/22/08 0:00
12/23/08 0:00

End Time

11/11 23:59
11/12 23:59
11/13 23:59
11/14 23:59
11/15 23:59
11/16 23:59
11/17 23:59
11/18 23:59
11/19 23:59
11/20 23:59
11/21 23:59
11/22 23:59
11/23 23:59
11/24 23:59
11/25 23:59
11/26 23:59
11/27 23:59
11/28 23:59
11/29 23:59
11/30 23:59

12/1 23:59

12/2 23:59

12/3 23:59

12/4 23:59

12/5 23:59

12/6 23:59

12/7 23:59

12/8 23:59

12/9 23:59
12/10 23:59
12/11 23:59
12/12 23:59
12/13 23:59
12/14 23:59
12/15 23:59
12/16 23:59
12/17 23:59
12/18 23:59
12/19 23:59
12/20 23:59
12/21 23:59
12/22 23:59
12/23 23:59

Sample
Volume

m”3
21.50
13.93
13.21
12.77
13.50
12.94
12.69
13.28
12.64
12.63
12.90
13.55
12.14
13.19
12.65
13.52
12.95
12.71

8.24
12.27
6.17
13.41
12.80
2.33
12.07
13.19
12.63
13.00
12.31
12.70
13.00
13.07
13.05
12.48
7.52
12.59
8.94
13.13
12.62
0.00
12.32
12.85
12.57

NH;
Denuder
pg/m3
0.225
0.220
0.134
0.149
0.038
0.179
0.086
0.081
0.289
0.275
0.116
0.056
0.119
0.069
0.068
0.089
0.164
0.183
0.173
0.157
0.139
0.095
0.113
0.119
0.070
0.128
0.180
0.122
0.062
0.074
0.053
0.074
0.054
0.073
0.037
0.046
0.038
0.088
0.056

0.028
0.034
0.023
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Denuder
HNO;

pg/m3
0.244
0.252
0.187
0.263
0.266
0.221
0.336
0.293
0.460
0.197
0.329
0.257
0.521
0.151
0.250
0.077
0.204
0.099
0.044
0.048
0.111
0.093
0.057
0.000
0.083
0.072
0.091
0.117
0.363
0.269
0.055
0.047
0.077
0.917
0.081
0.039
0.104
0.270
0.064

0.060
0.046
0.061

Denuder
SO
pg/m3

0.051
0.000
0.000
0.196
0.179
0.079
0.089
0.049
0.301
0.030
0.300
0.085
0.386
0.086
0.061
0.145
0.830
0.095
0.050
0.083
0.083
0.058
0.063
0.000
0.059
0.023
0.025
0.150
0.065
0.033
0.153
0.076
0.008
0.137
0.108
0.023
0.070
0.193
0.046

0.104
0.023
0.083

Flags

OArnL

LloVo
dloV

LloVo

LoVol, LoAn

OArL



220

12/24/08 0:00 12/24 23:59  17.79 0.028 0.076 0.083
12/25/08 0:00 12/2523:59 12.13 0.027 0.067 0.013 oArL
12/26/08 0:00 12/26 23:59  12.79 0.063 0.055 0.063
12/27/08 0:00 12/27 23:59 491 0.046 0.000 0.110 Vdlo
12/28/08 0:00 12/28 23:59 11.91 0.040 0.042 0.000
12/29/08 0:00 12/29 23:59 12.28 0.046 0.060 0.044
12/30/08 0:00 12/30 23:59  12.07 0.068 0.069 0.147
12/31/08 0:00 12/3123:59 19.02 0.035 0.084 0.142
1/1/09 0:00 1/1 23:59  11.67 0.022 0.133 0.087
1/2/09 0:00 1/223:59 12.38 0.041 0.075 0.028
1/3/09 0:00 1/323:59 12.40 0.082 0.059 0.071
1/4/09 0:00 1/423:59 11.54 0.053 0.069 0.035
1/5/09 0:00 1/5 23:59 7.85 0.024 0.061 0.058
1/6/09 0:00 1/6 23:59  12.27 0.026 0.152 0.102 LoAn
1/7/09 0:00 1/7 23:59  12.00 0.231 0.116 0.018
1/8/09 0:00 1/8 23:59  12.40 0.069 0.157 0.000
1/9/09 0:00 1/923:59 12.72 ContD_A, ContD_N
ContD_A, ContD_B,
1/10/09 0:00 1/10 23:59 10.44 ContD_N
ContD_A, ContD_B,
1/11/09 0:00 1/11 23:59 12.17 ContD_N
1/12/09 0:00 1/12 23:59 11.94 0.044 0.605 0.102
1/13/09 0:00 1/13 23:59 12.38 0.079 0.121 0.015
1/14/09 0:00 1/14 23:59 12.60 0.095 0.138 0.041
1/15/09 0:00 1/1523:59  11.65 0.031 0.115 0.046 tGoA
1/16/09 0:00 1/16 23:59  12.73 0.029 0.131 0.030
1/17/09 0:00 1/17 23:59  12.68 0.025 0.164 0.059
1/18/09 0:00 1/18 23:59  12.08 0.027 0.202 0.058 oA
1/19/09 0:00 1/19 23:59  12.20 0.035 0.506 0.084
1/20/09 0:00 1/20 23:59  13.07 0.035 0.127 0.016
1/21/09 0:00 1/21 23:59 12.36 0.040 0.122 0.000
1/22/09 0:00 1/22 23:59  11.77 0.057 0.183 0.015
1/23/09 0:00 1/23 23:59 12.12 0.467 0.221 0.072
1/24/09 0:00 1/24 23:59  12.49 0.164 0.133 0.000
1/25/09 0:00 1/2523:59 12.69 0.147 0.129 0.044
1/26/09 0:00 1/26 23:59 0.00 LoVol
1/27/09 0:00 1/27 23:59  12.56 0.886 0.060 ContD_A
1/28/09 0:00 1/28 23:59  11.25 0.029 0.121 0.052
1/29/09 0:00 1/29 23:59  11.46 0.034 0.126 0.098
1/30/09 0:00 1/3023:59 12.95 0.108 0.146 0.020
1/31/09 0:00 1/3123:59 11.62 0.064 0.181 0.034
2/1/09 0:00 2/123:59 12.02 0.043 0.174 0.119
2/2/09 0:00 2/223:59 11.47 0.082 0.188 0.075
2/3/09 0:00 2/323:59 12.60 0.152 0.021 ContD_A
2/4/09 0:00 2/423:59 11.59 0.069 0.191 0.030
2/5/09 0:00 2/523:59 11.74 0.204 0.065 ContD_A
2/6/09 0:00 2/6 23:59  12.69 0.039 0.197 0.075
2/7/09 0:00 2/723:59 11.51 0.334 0.189 0.470



2/8/09 0:00

2/9/09 0:00
2/10/09 0:00
2/11/09 0:00
2/12/09 0:00
2/13/09 0:00
2/14/09 0:00
2/15/09 0:00
2/16/09 0:00
2/17/09 0:00
2/18/09 0:00
2/19/09 0:00
2/20/09 0:00
2/21/09 0:00
2/22/09 0:00
2/23/09 0:00
2/24/09 0:00
2/25/09 0:00
2/26/09 0:00
2/27/09 0:00
2/28/09 0:00

3/1/09 0:00

3/2/09 0:00

3/3/09 0:00

3/4/09 0:00

3/5/09 0:00

3/6/09 0:00

3/7/09 0:00

3/8/09 0:00

3/9/09 0:00
3/10/09 0:00
3/11/09 0:00
3/12/09 0:00
3/13/09 0:00
3/14/09 0:00
3/15/09 0:00
3/16/09 0:00
3/17/09 0:00
3/18/09 0:00
3/19/09 0:00
3/20/09 0:00
3/21/09 0:00
3/22/09 0:00
3/23/09 0:00
3/24/09 0:00
3/25/09 0:00
3/26/09 0:00

2/8 23:59

2/9 23:59
2/10 23:59
2/11 23:59
2/12 23:59
2/13 23:59
2/14 23:59
2/15 23:59
2/16 23:59
2/17 23:59
2/18 23:59
2/19 23:59
2/20 23:59
2/21 23:59
2/22 23:59
2/23 23:59
2/24 23:59
2/25 23:59
2/26 23:59
2/27 23:59
2/28 23:59

3/1 23:59

3/2 23:59

3/3 23:59

3/4 23:59

3/5 23:59

3/6 23:59

3/7 23:59

3/8 23:59

3/9 23:59
3/10 23:59
3/11 23:59
3/12 23:59
3/13 23:59
3/14 23:59
3/15 23:59
3/16 23:59
3/17 23:59
3/18 23:59
3/19 23:59
3/20 23:59
3/21 23:59
3/22 23:59
3/23 23:59
3/24 23:59
3/25 23:59
3/26 23:59

11.83
11.30
12.76
7.50
11.36
12.14
11.29
12.35
11.48
12.34
12.17
12.93
12.23
12.14
11.92
12.54
12.36
12.64
12.47
12.33
11.25
12.45
12.92
11.88
12.92
12.35
12.40
12.23
12.63
12.03
12.26
12.07
11.95
12.24
12.44
11.60
11.86
12.94
12.14
12.15
12.35
12.15
12.42
11.20
12.24
11.78
11.42

0.424
0.072
0.224
0.203

0.227
0.112
0.074
0.067
0.142
0.061
0.000
0.040
0.043
0.036
0.332
0.339
0.106
0.060
0.086

0.045
0.180
0.099
0.058
0.029
0.183
0.215
0.037
0.620
0.130
0.124
0.695
0.214
0.096
0.118
0.271
0.037
0.123
0.301
0.300
0.284
0.209
0.217
0.189
0.216
0.208

221

0.253
0.148
0.166
0.220
0.197
0.191
0.223
0.166

0.138
0.106
0.127
0.161
0.079
0.133
0.283
0.170
0.113
0.065
0.095
0.112
0.112
0.550
0.191
0.162
0.131
0.182
0.407
0.116
0.174
0.117
0.105
0.181
0.239
0.089
0.175
0.217
0.088
0.087
0.183
0.215
0.178
0.171
0.102
0.071
0.103
0.098

0.403
0.031
0.064
0.000
0.116
0.058
0.084
0.061
0.051
0.056
0.095
0.052
0.114
0.067
0.097
0.199
0.000
0.050
0.017
0.077
0.130
0.141
0.795
0.140
0.103
0.107
0.118
0.259
0.112
0.111
0.057
0.069
0.222
0.308
0.060
0.118
0.094
0.090
0.237
0.181
0.157
0.264
0.095
0.073
0.040
0.239
0.095

ContD_A

ContD_N

ContD_A

tallesl Upside Down
LS ()



3/27/09 0:00 3/27 23:59  13.17 0.160 0.103 0.034
3/28/09 0:00 3/28 23:59  11.97 0.088 0.139 ContD_A
3/29/09 0:00 3/29 23:59  11.06 0.223 0.127 0.087
3/30/09 0:00 3/3023:59 11.09 0.195 0.086 0.163
3/31/09 0:00 3/3123:59 10.65 0.074 0.096 0.073

4/1/09 0:00 4/123:59 11.83 0.184 0.084 0.032
4/2/09 0:00 4/2 23:59  11.47 0.183 0.076 0.037
4/3/09 0:00 4/323:59  10.92 0.247 0.106 0.010
4/4/09 0:00 4/423:59  11.78 0.241 0.119 0.050
4/5/09 0:00 4/523:59  10.17 0.153 0.104 0.043
4/6/09 0:00 4/6 23:59 9.19 0.120 0.105 0.056
4/7/09 0:00 4/7 23:59 1255 0.177 0.128 0.027
4/8/09 0:00 4/8 23:59 1253 0.283 0.165 0.155
4/9/09 0:00 4/9 23:59  11.47 0.447 0.125 0.074

4/10/09 0:00 4/10 23:59 12.32 0.334 0.168 0.102
4/11/09 0:00 4/1123:59 12.06 0.337 0.241 0.165
4/12/09 0:00 4/12 2359  11.93 0.402 0.135 0.021
4/13/09 0:00 4/13 23:59 11.69 1.327 0.105 0.041
4/14/09 0:00 4/14 23:59  12.49 0.141 0.124 0.102  n,d@ontF
4/15/09 0:00 4/1523:59 11.45 0.204 0.214 0.141
4/16/09 0:00 4/16 23:59  11.83 0.271 0.143 0.086

4/17/09 10:00 4/17 23:59 4.47 0.150 0.083 LoVol
4/18/09 0:00 4/18 23:59  11.69 0.176 0.205 0.027
4/19/09 0:00 4/19 23:59 0.00 LoVol, LoAn, ContF

4/20/09 0:00 4/20 23:59  11.67 0.139 0.247 0.217
4/21/09 0:00 4/21 23:59 8.22 0.201 0.245 0.185
4/22/09 0:00 4/22 2359  11.56 0.333 0.212 0.341
4/23/09 0:00 4/23 23:59  12.00 0.260 0.210 0.113
4/24/09 0:00 4/24 23559  14.32 0.981 0.316 0.313
4/25/09 0:00 4/2523:59 1154 0.575 0.177 0.329
4/26/09 0:00 4/26 23:59  12.63 0.409 0.110 0.065
4/27/09 0:00 4/27 23:59  11.25 0.140 0.189 0.084
4/28/09 0:00 4/28 23:59  12.98 0.365 0.269 0.089
4/29/09 0:00 4/29 23:59  28.19 0.684 0.184 0.213

4/30/09 0:00 4/30 23:59 0.00 LoVol, LoAn
5/1/09 0:00 5/123:59 12.94 0.863 0.151 0.117
5/2/09 0:00 5/223:59 11.34 0.154 0.186 0.136
5/3/09 0:00 5/323:59 13.37 0.534 0.193 0.046
5/4/09 0:00 5/423:59 11.48 0.117 0.137 0.003
5/5/09 0:00 5/523:59 13.05 0.454 0.136 0.044
5/6/09 0:00 5/6 23:59 1157 0.286 0.113 0.133
5/7/09 0:00 5/723:59 11.63 0.243 0.274 0.121
5/8/09 0:00 5/8 23:59  13.07 0.293 0.142 0.168
5/9/09 0:00 5/923:59 11.40 0.370 0.342 0.311

5/10/09 0:00 5/1023:59 12.46 0.607 0.126 0.171
5/11/09 0:00 5/1123:59 11.583 0.308 0.208 0.191
5/12/09 0:00 5/12 23:59  11.37 0.375 0.219 0.116

222



5/13/09 0:00
5/14/09 0:00
5/15/09 0:00
5/16/09 0:00
5/17/09 0:00
5/18/09 0:00
5/19/09 0:00
5/20/09 0:00
5/21/09 0:00
5/22/09 0:00
5/23/09 0:00
5/24/09 0:00
5/25/09 0:00
5/26/09 0:00
5/27/09 0:00
5/28/09 0:00
5/29/09 0:00
5/30/09 0:00
5/31/09 0:00

6/1/09 0:00

6/2/09 0:00

6/3/09 0:00

6/4/09 0:00

6/5/09 0:00

6/6/09 0:00

6/7/09 0:00

6/8/09 0:00

6/9/09 0:00
6/10/09 0:00
6/11/09 0:00
6/12/09 0:00
6/13/09 0:00
6/14/09 0:00
6/15/09 0:00
6/16/09 0:00
6/17/09 0:00
6/18/09 0:00
6/19/09 0:00
6/20/09 0:00
6/21/09 0:00
6/22/09 0:00
6/23/09 0:00
6/24/09 0:00
6/25/09 0:00
6/26/09 0:00
6/27/09 0:00
6/28/09 0:00

5/13 23:59
5/14 23:59
5/15 23:59
5/16 23:59
5/17 23:59
5/18 23:59
5/19 23:59
5/20 23:59
5/21 23:59
5/22 23:59
5/23 23:59
5/24 23:59
5/25 23:59
5/26 23:59
5/27 23:59
5/28 23:59
5/29 23:59
5/30 23:59
5/31 23:59

6/1 23:59

6/2 23:59

6/3 23:59

6/4 23:59

6/5 23:59

6/6 23:59

6/7 23:59

6/8 23:59

6/9 23:59
6/10 23:59
6/11 23:59
6/12 23:59
6/13 23:59
6/14 23:59
6/15 23:59
6/16 23:59
6/17 23:59
6/18 23:59
6/19 23:59
6/20 23:59
6/21 23:59
6/24 12:31
6/23 23:59
6/24 23:59
6/25 23:59
6/26 23:59
6/27 23:59
6/28 23:59

11.49
11.77
11.74
11.51
11.54
11.35
11.40
10.08
8.82
11.22
8.62
12.01
8.45
11.96
8.64
8.15
12.37
8.33
11.73
7.84
11.78
7.80
7.85
12.41
8.15
12.08
10.74
10.60
13.35
12.85
11.36
13.39
11.64
11.07
12.43
9.78
9.51
12.37
9.50
12.00
22.85
12.34
5.68
9.21
12.37
9.26
11.80

0.308
0.076
0.560
0.987
0.435
0.417
0.481
0.464
0.612
0.789
0.682
0.316
0.359
0.446
0.153
0.301
0.294
0.336
0.434
0.319
0.138
0.198
0.088
0.224
0.041

0.223
0.213
0.184
0.144
0.254
0.129
0.326
0.000
0.253
0.156
0.079
0.260
0.000
0.262
0.231
0.312
0.191
0.376
0.232
0.381
0.673
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0.323
0.199
0.192
0.252
0.261
0.291
0.281
0.219
0.250
0.234
0.236
0.209
0.262
0.171
0.181
0.138
0.109
0.093
0.092
0.100
0.025
0.082
0.147
0.164
0.144
0.091
0.171
0.114
0.093
0.073
0.111
0.219
0.171
0.143
0.076
0.097
0.121
0.413
0.286
0.096
0.235
0.253
0.441
0.272
1.389
0.139
0.321

0.386
0.202
0.091
0.090
0.182
0.381
0.129
0.048
0.099
0.110
0.067
0.029
0.013
0.038
0.055
0.058
0.055
0.033
0.020
0.051
0.062
0.048
0.070
0.126
0.036
0.029
0.068
0.052
0.037
0.031
0.039
0.145
0.142
0.042
0.168
0.096
0.093
0.267
0.227
0.055
0.136
0.107
0.184
0.113
0.025
0.083
0.168

ContD_A

gSon



6/29/09 0:00
6/30/09 0:00
7/1/09 0:00
7/2/09 0:00
7/3/09 0:00
7/4/09 0:00
7/5/09 0:00
7/6/09 0:00
7/7/09 0:00
7/8/09 0:00
7/9/09 0:00
7/10/09 0:00
7/11/09 0:00
7/12/09 0:00
7/13/09 0:00
7/14/09 0:00
7/15/09 0:00
7/16/09 0:00
7/17/09 0:00
7/18/09 0:00
7/19/09 0:00
7/20/09 0:00
7/21/09 0:00
7/22/09 0:00
7/23/09 0:00
7/24/09 0:00
7/25/09 0:00
7/26/09 0:00
7/27/09 0:00
7/28/09 0:00
7/29/09 0:00
7/30/09 0:00
7/31/09 0:00
8/1/09 0:00
8/2/09 0:00
8/3/09 0:00
8/4/09 0:00
8/5/09 0:00
8/6/09 0:00
8/7/09 0:00
8/8/09 0:00
8/9/09 0:00
8/10/09 0:00
8/11/09 0:00
8/12/09 0:00
8/13/09 0:00
8/14/09 0:00

7/1 14:00
6/30 23:59
7/1 23:59
7/2 23:59
7/3 23:59
7/4 23:59
7/5 23:59
7/6 23:59
7/7 23:59
7/8 23:59
7/9 23:59
7/10 23:59
7/11 23:59
7/12 23:59
7/13 23:59
7/14 23:59
7/15 23:59
7/16 23:59
7/17 23:59
7/18 23:59
7/19 23:59
7/20 23:59
7/21 23:59
7/22 23:59
7/23 23:59
7/24 23:59
7/25 23:59
7/26 23:59
7/27 23:59
7/28 23:59
7/29 23:59
7/30 23:59
7/31 23:59
8/1 23:59
8/2 23:59
8/3 23:59
8/4 23:59
8/5 23:59
8/6 23:59
8/7 23:59
8/8 23:59
8/9 23:59
8/10 23:59
8/11 23:59
8/12 23:59
8/13 23:59
8/14 23:59

23.08
12.05
3.84
8.73
11.42
11.46
11.98
11.20
12.91
11.58
12.33
12.85
11.48
11.85
11.49
12.86
11.48
11.51
12.26
11.30
12.61
11.39
12.52
10.07
9.61
12.60
8.94
12.18
9.55
12.25
9.55
9.39
12.55
9.52
12.33
9.20
12.31
13.85
6.60
11.60
9.64
12.12
9.37
12.36
10.87
11.42
12.41

0.311
0.293
0.000
0.374
0.238
0.232

0.933
0.243
0.349
0.385
0.449
0.345
0.249
0.300
0.215
0.779
0.842
0.798
0.307
0.407
0.388
0.375
0.297
0.263
0.492
0.275
0.276
0.204
0.211
0.093
0.175
0.157
0.188
0.185
0.349
0.350
0.381
0.480
0.427
0.676
0.473
0.171

0.259

224

0.286
0.270
0.058
0.268
0.136
0.040
0.174
0.206
0.253
0.085
0.279
0.180
0.222
0.198
0.288
0.254
0.173
0.328
0.126
0.339
0.131
0.293
0.284
0.167
0.273
0.395
0.376
0.138
0.129
0.080
0.158
0.060
0.115
0.135
0.171
0.231
0.231
0.182
0.195
0.352
0.260
0.340
0.394
0.351
0.243
0.620
0.206

0.161
0.148
0.096
0.080
0.018
0.055
0.037
0.064
0.137
0.090
0.160
0.102
0.109
0.038
0.037
0.172
0.259
0.347
0.134
0.221
0.136
0.196
0.074
0.152
0.141
0.223
0.123
0.052
0.051
0.045
0.059
0.052
0.073
0.116
0.174
0.165
0.168
0.113
0.085
0.287
0.303
0.213
0.280
0.275
0.147
0.398
0.041

Song

ContD_A
ContD_A

rHiA

rHiA

HiAn

ContD_A

ContD_A



8/15/09 0:00
8/16/09 0:00
8/17/09 0:00
8/18/09 0:00
8/19/09 0:00
8/20/09 0:00
8/21/09 0:00
8/22/09 0:00
8/23/09 0:00
8/24/09 0:00
8/25/09 0:00
8/26/09 0:00
8/27/09 0:00
8/28/09 0:00
8/29/09 0:00
8/30/09 0:00
8/31/09 0:00

9/1/09 0:00

9/2/09 0:00

9/3/09 0:00

9/4/09 0:00

9/5/09 0:00

9/6/09 0:00

9/7/09 0:00

9/8/09 0:00

9/9/09 0:00
9/10/09 0:00
9/11/09 0:00
9/12/09 0:00
9/13/09 0:00
9/14/09 0:00
9/15/09 0:00
9/16/09 0:00
9/17/09 0:00
9/18/09 0:00
9/19/09 0:00
9/20/09 0:00
9/21/09 0:00
9/22/09 0:00
9/23/09 0:00
9/24/09 0:00
9/25/09 0:00
9/26/09 0:00
9/27/09 0:00
9/28/09 0:00
9/29/09 0:00
9/30/09 0:00

8/15 23:59
8/16 23:59
8/17 23:59
8/18 23:59
8/19 23:59
8/20 23:59
8/21 23:59
8/22 23:59
8/23 23:59
8/24 23:59
8/25 23:59
8/26 23:59
8/27 23:59
8/28 23:59
8/29 23:59
8/30 23:59
8/31 23:59

9/1 23:59

9/2 23:59

9/3 23:59

9/4 23:59

9/5 23:59

9/6 23:59

9/7 23:59

9/8 23:59

9/9 23:59
9/10 23:59
9/11 23:59
9/12 23:59
9/13 23:59
9/14 23:59
9/15 23:59
9/16 23:59
9/17 23:59
9/18 23:59
9/19 23:59
9/20 23:59
9/21 23:59
9/22 23:59
9/23 23:59
9/24 23:59
9/25 23:59
9/26 23:59
9/27 23:59
9/28 23:59
9/29 23:59
9/30 23:59

11.48
12.00
11.02
12.02
11.73
11.22
12.13
11.44
11.37
11.02
11.82
10.66
10.13
13.01
10.25
11.71
10.28
12.32
10.41
10.06
12.44
10.45
11.99
9.92
12.30
9.87
9.82
12.10
9.80
11.93
9.67
12.19
9.51
9.50
11.80
9.46
11.74
9.39
11.19
9.48
9.45
12.14
9.87
12.29
9.61
12.25
9.86

0.239
0.225
0.389
0.380
0.172
0.410
0.546
0.355
0.510
0.391
0.410
0.000
0.000
0.326
0.347
0.348
0.777
0.678
0.393
0.410
0.382
0.407
0.383
0.325
0.296
0.391
0.226
0.073
0.196
0.222
0.283
1.303
0.667
0.383
0.604
0.443
0.220
0.218
0.059
0.303
0.085
0.209
0.220
0.811
0.339
0.128
0.220
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0.195
0.269
0.288
0.200
0.198
0.451
0.410
0.315
0.595
0.249
0.177
0.087
0.138
0.160
0.098
0.343
0.331
0.317
0.433
0.293
0.073
0.171
0.302
0.404
0.312
0.323
0.423
0.196
0.112
0.248
0.192
0.215
0.168
0.376
0.403
0.301
0.316
0.142
0.120
0.261
0.181
0.152
0.225
0.377
0.541
0.336
0.172

0.071
0.294
0.177
0.084
0.269
0.396
0.416
0.187
0.284
0.084
0.142
0.060
0.082
0.138
0.189
0.226
0.167
0.259
0.495
0.085
0.085
0.302
0.088
0.075
0.058
0.312
0.277
0.270
0.090
0.061
0.055
0.184
0.104
0.319
0.602
0.340
0.088
0.062
0.046
0.148
0.098
0.133
0.193
0.263
0.576
0.179
0.049



10/1/09 0:00
10/2/09 0:00
10/3/09 0:00
10/4/09 0:00
10/5/09 0:00
10/6/09 0:00
10/7/09 0:00
10/8/09 0:00
10/9/09 0:00
10/10/09 0:00
10/11/09 0:00
10/12/09 0:00
10/13/09 0:00
10/14/09 0:00
10/15/09 0:00
10/16/09 0:00
10/17/09 0:00
10/18/09 0:00
10/19/09 0:00
10/20/09 0:00
10/21/09 0:00
10/22/09 0:00
10/23/09 0:00
10/24/09 0:00
10/25/09 0:00
10/26/09 0:00
10/27/09 0:00
10/28/09 0:00
10/29/09 0:00
10/30/09 0:00
10/31/09 0:00
11/1/09 0:00
11/2/09 0:00
11/3/09 0:00
11/4/09 0:00
11/5/09 0:00
11/6/09 0:00
11/7/09 0:00
11/8/09 0:00
11/9/09 0:00
11/10/09 0:00
11/11/09 0:00

10/1 23:59
10/2 23:59
10/3 23:59
10/4 23:59
10/5 23:59
10/6 23:59
10/7 23:59
10/8 23:59
10/9 23:59
10/10 23:59
10/11 23:59
10/12 23:59
10/13 23:59
10/14 23:59
10/15 23:59
10/16 23:59
10/17 23:59
10/18 23:59
10/19 23:59
10/20 23:59
10/21 23:59
10/22 23:59
10/23 23:59
10/24 23:59
10/25 23:59
10/26 23:59
10/27 23:59
10/28 23:59
10/29 23:59
10/30 23:59
10/31 23:59
11/1 23:59
11/2 23:59
11/3 23:59
11/4 23:59
11/5 23:59
11/6 23:59
11/7 23:59
11/8 23:59
11/9 23:59
11/10 23:59
11/11 23:59

9.40
11.23
6.37
11.25
9.48
11.41
9.75
9.52
12.11
2.63
12.45
9.64
12.50
9.47
9.44
12.85
9.41
12.83
9.42
12.80
9.37
8.25
7.12
9.43
12.31
5.76
12.25
9.39
2.05
11.83
9.75
12.24
9.36
12.81
9.82
9.48
13.02
9.76
12.40
9.31
12.74
9.65

0.044
0.241
0.100

0.089
0.165

0.036
0.089
0.135
0.162
0.145
0.095
0.159
0.073

0.078

0.046
0.069
0.056
0.045

0.056
0.079
0.035
0.260

0.101
0.110
0.285
0.114
0.102

0.100
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24.282
0.157
0.244
0.243
1.836
0.174
9.884
0.107
0.038
0.188
0.160
0.195
5.093
0.080
0.098
0.374
0.179
0.197
0.289
0.130
0.150
11.420
0.311
0.168
0.139
1.005
0.083
0.131
0.312
0.054
0.070
0.228
0.210
0.121
0.309
0.443
0.172
0.154
0.307
0.212
0.095
0.162

0.092
0.149
0.293
0.368
0.059
0.110
0.161
0.075
0.040
0.192
0.170
0.200
0.035
0.033
0.038
0.169
0.306
0.108
0.145
0.166
0.052
0.070
0.148
0.012
0.057
0.064
0.049
0.115
0.000
0.068
0.013
0.020
0.108
0.120
0.234
0.228
0.193
0.098
0.429
0.448
0.122
0.165
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D.4 RoMANS 11l (2010) Gas Chemistry Data from URG sampling

These data are not blanks corrected and the concentrations discubsedisadrtation are also not blank
corrected.

Concentrations ipg/nt

Replicates are included in list of samples

Individual missing values indicate no peak was detected in the chromatograre ardenunable to
detect the ion.

Indicates on Fiter Anion or Cation total below 15 uN

pg/nt pg/nt pg/nt

NH; (9) HNO; (9) SG:(9)
Blank Average 0.02983 0.00563 0.00266
MDL 0.03261 0.03797 0.01702

ug/n? ug/n? g/t
Sample Start Time  Sample Stop Time  Sample Volume s@H HNG;(g) SG(9)

4/23/10 0:00 4/23/10 23:59 12.25729 0.204646  0.067916 0.038579
4/24/10 0:00 4/24/10 23:59 13.49845 0.121548  0.8824 0.057537
4/25/10 0:00 4/25/10 23:59 12.67565 0.292685  0.85240.024057
4/26/10 0:00 4/26/10 23:59 12.79555 0.222896  0.6996 0.039299
4/27/10 0:00 4/27/10 23:59 8.922431 0.174524  0.00910.112979
4/28/10 0:00 4/28/10 23:59 13.85845 0.245256  0.48920.090762
4/28/10 0:00 4/28/10 23:59 9.518005 0.213872  0.88740.069761
4/29/10 0:00 4/29/10 23:59 12.6272 0.238376  0.0587@.059081
4/30/10 0:00 4/30/10 23:59 8.665339 0.13689  0.068688 0.102135
5/1/10 0:00 5/1/10 23:59 12.56194 0.116007  0.071797041369
5/2/10 0:00 5/2/10 23:59 8.311676 0.259158  0.07174 0.013763
5/3/10 0:00 5/3/10 23:59 12.55966 0.167625  0.1247@041573
5/4/10 0:00 5/4/10 23:59 10.82049 0.143556 0.06128B071229
5/5/10 0:00 5/5/10 23:59 12.44361 0.207344  0.1974@248001
5/5/10 0:00 5/5/10 10:20 4.268999 0.201731  0.055209 0.049655
5/6/10 0:00 5/6/10 23:59 12.08526 0.39465  0.134924  0.09104
5/7/10 10:29 5/7/10 23:59 8.839559 0.298464  0.181560.099473
5/8/10 0:00 5/8/10 23:59 12.16122 0.339869  0.1875@R479587
5/9/10 0:00 5/9/10 23:59 14.2926 0.147618 0.0664@084699
5/10/10 0:00 5/10/10 23:59 12.44273 0.50633  0.0749D.070289
5/11/10 0:00 5/11/10 23:59 13.79205 0.344688 0.98320.210986
5/12/10 0:00 5/12/10 23:59 12.43627 0.220995  0.08323  0.044252
5/12/10 0:00 5/13/10 23:59 13.91344 0.154117 0.056969 0.026642
5/13/10 0:00 5/14/10 23:59 12.84515 0.1391 0.2025@186055
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5/14/10 0:00
5/15/10 0:00
5/16/10 0:00
5/17/10 0:00
5/18/10 0:00
5/19/10 0:00
5/19/10 0:00
5/20/10 0:00
5/21/10 0:00
5/22/10 0:00
5/23/10 0:00
5/24/10 0:00
5/25/10 0:00
5/26/10 0:00
5/26/10 0:00
5/27/10 0:00
5/28/10 0:00
5/29/10 0:00
5/30/10 0:00
5/31/10 0:00
6/1/10 0:00
6/2/10 0:00
6/2/10 0:00
6/3/10 10:48
6/3/10 10:48
6/5/10 0:00
6/6/10 0:00
6/7/10 0:00
6/8/10 0:00
6/9/10 0:00
6/9/10 0:00
6/10/10 0:00
6/11/10 0:00
6/12/10 0:00
6/13/10 0:00
6/14/10 0:00
6/15/10 0:00
6/16/10 0:00
6/16/10 0:00
6/17/10 0:00
6/18/10 0:00
6/19/10 0:00
6/20/10 0:00

5/15/10 23:59
5/16/10 23:59
5/17/10 23:59
5/18/10 23:59
5/19/10 23:59
5/20/10 23:59
5/20/10 23:59
5/21/10 23:59
5/22/10 23:59
5/23/10 23:59
5/24/10 23:59
5/25/10 23:59
5/26/10 23:59
5/27/10 23:59
5/27/10 23:59
5/28/10 23:59
5/29/10 23:59
5/30/10 23:59
5/31/10 23:59
6/1/10 23:59
6/2/10 23:59
6/3/10 10:48
6/3/10 10:48
6/5/2010 10:56
6/5/2010 23:59
6/6/2010 23:59
6/7/2010 23:59
6/8/2010 23:59
6/9/2010 23:59
6/10/2010 23:59
6/10/2010 23:59
6/11/2010 23:59
6/12/2010 23:59
6/13/2010 23:59
6/14/2010 23:59
6/15/2010 23:59
6/16/2010 23:59
6/17/2010 23:59
6/17/2010 23:59
6/18/2010 23:59
6/19/2010 23:59
6/20/2010 23:59
6/21/2010 23:59

13.81253
12.36169
18.40486
13.26461
13.04655
14.4121
13.35552
13.1919
13.30598
14.1029
14.38607
12.24603
13.83879
14.11678
13.33306
14.11865
14.07768
14.57144
13.23195
12.87687
14.19915
6.169794
6.162373
25.35439
36.20343
13.01738
14.61204
12.71878
14.53031
13.09157
15.45016
12.36512
13.76819
12.7391
14.92343
12.27866
14.20321
13.26839
14.94061
12.36775
14.19507
13.23871
14.8777
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0.209455
0.176242
0.078986
0.249248
0.269664
0.146564
0.132277
0.245914
0.273
0.115784
0.175778
0.148396
0.270345
0.037987
0.352677
0.342325
0.304673
0.644998
0.25624
0.207831
0.250014
0.509753
0.406931
0.284987
0.331957
0.546986
0.317858
0.330533
0.493211
0.596929
0.382472
0.399334
0.444537
0.110391
0.116931
0.146209
0.166214
0.243975
0.17464
0.167143
0.409819
0.703346
0.386954

0.8867 0.061869
0.121823  0.05602
0.84120.041617
0.2344 0.249557
0.2032 0.123388
0.09349  0.026367
0.068395 0.024644
0.1805D.087954
0.2408M4275054
0.1263®.145616
0.7211 0.238288
0.09640.055824
0.25580.727455
0.8864 0.145856
0.7678 0.132534
0.3306 0.295211
0.2946 0.234329
0.0784 0.23128
0.18958.505495
0.26458.269523
0.1707@113778
0.054318067136
0.03119 0.056419
@2@7 0.086507
287 0.076084
0.2331 0.399108
0.6206 0.148759
0.3154 0.109796
0.22430.158432
BS38 0.230487
@®@201 0.190576
9929 0.256845
3B&8 0.132578
0.019189 0.066818
0.011887 0.050967
0.0642  0.035268
36 0.416198
maz 0.541704
233 0.430877
1883 0.150462
me2 0.328267
m46 0.252823
(r1z2 0.096393



6/21/10 0:00
6/22/10 0:00
6/23/10 0:00
6/23/10 0:00
6/24/10 0:00
6/25/10 0:00
6/26/10 0:00
6/27/10 0:00
6/28/10 0:00
6/29/10 0:00
6/30/10 0:00
6/30/10 0:00
7/1/10 0:00
7/2/10 0:00
7/3/10 0:00
7/4/10 0:00
7/5/10 0:00
7/6/10 0:00
7/7/10 0:00
7/7/10 0:00
7/8/10 0:00
7/9/10 0:00
7/10/10 0:00
7/11/10 0:00
7/12/10 0:00
7/13/10 0:00
7/14/10 0:00
7/14/10 0:00

7/15/2010 0:00
7/16/10 0:00
7/17/2010 0:00
7/18/10 0:00
7/19/2010 0:00
7/20/10 0:00
7/21/2010 0:00
7/21/2010 0:00
7/22/10 0:00
7/23/10 0:00
7/24/2010 0:00
7/25/2010 0:00
7/26/10 0:00
7/27/10 0:00
7/28/2010 0:00

6/22/2010 23:59
6/23/2010 23:59
6/24/2010 23:59
6/24/2010 23:59
6/25/2010 23:59
6/26/2010 23:59
6/27/2010 23:59
6/28/2010 23:59
6/29/2010 23:59
6/30/2010 23:59
7/1/2010 23:59
7/1/2010 23:59
7/2/2010 23:59
7/3/2010 23:59
7/4/2010 23:59
7/5/2010 23:59
7/6/2010 23:59
7/7/2010 23:59
7/8/2010 23:59
7/8/2010 23:59
7/9/2010 23:59
7/10/2010 23:59
7/11/2010 23:59
7/12/2010 23:59
7/13/2010 23:59
7/14/2010 23:59
7/15/2010 23:59
7/15/2010 23:59
7/16/2010 23:59
7/17/2010 23:59
7/18/2010 23:59
7/19/2010 23:59
7/20/2010 23:59
7/21/2010 23:59
7/22/2010 23:59
7/22/2010 23:59
7/23/2010 23:59
7/24/2010 23:59
7/25/2010 23:59
7/26/2010 23:59
7/27/2010 23:59
7/28/2010 23:59
7/29/2010 23:59

12.50615
14.42421
13.20136
14.86443
12.39272
14.59385
12.87208
14.71612
12.48863
13.01009
13.63025
15.39548
13.04247
14.49026
13.89197
14.97749
13.27989
14.47923
12.87487
14.92432
13.2128
14.61185
12.9535
13.71465
13.29606
14.06799
15.3946
13.00102
13.32076
14.19654
13.35363
15.14088
12.25634
14.37444
14.15512
14.00254
12.40619
14.65968
13.10453
14.92639
12.23794
13.88024
13.21085
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0.358695
0.211702
0.441777
0.362303
0.297818
0.233457
0.382494
0.430082
0.583482
0.158103
0.321214
0.275275
0.340174
0.254842
0.232951
0.261499
0.118604
0.303133
0.143569
0.135172
0.124853
0.214707
0.124024
0.144071
0.303572
0.338002
0.393541
0.27958

a6 0.321906
gri18 0.089225
gh63 1.257934
38 0.855674
136 0.191297
3ras  0.15007
gpa3 0.092695
4588 0.242942
gr2z8 0.370954
4788 0.85425
(1682 0.250425
®326 0.195194
0.8857 0.141799
0.8302 0.061199
0.8811 0.081361
0.03330.115189
0.048132 0.033893
0.88790.391797
0.124006 0.079064
0.096269 0.085817
0.095046 0.054424
®2%7 0.116596
#VELU 0.083672
ma1T 0.073922
3285 0.088455
P28 0.094623
®B889 0.082175
(1396 0.046873

0.361505

0.253079 313863
0.210933 &r26e
0.376774 406117
0.300832 W29
0.349283 168683
0.36378

0.326199 076238
0.143444 3BET
0.259874 38918
0.340263 776B78
0.330089 371@8
0.400202 5228
0.371529 1226
0.507199474722

0.173882
0.141309
0.205139
0.366589
0.065516

@296 0.117062
0.274517

0.038652
0.009675
0.041354
0.132961
1.05824
0.527347
0.394542
0.178857
0.390006



7/28/2010 0:00
7/29/10 0:00
7/30/2010 0:00
7/31/2010 0:00
8/1/10 0:00
8/2/2010 0:00
8/3/2010 0:00
8/4/10 0:00
8/4/10 0:00
8/5/2010 0:00
8/6/2010 0:00
8/7/10 0:00
8/8/2010 0:00
8/9/2010 0:00
8/10/10 0:00
8/11/2010 0:00
8/11/2010 0:00
8/12/2010 0:00
8/13/10 0:00
8/14/2010 0:00
8/15/2010 0:00
8/16/10 0:00
8/17/2010 0:00
8/18/2010 0:00
8/18/2010 0:00
8/19/10 0:00
8/20/2010 0:00
8/21/2010 0:00
8/22/10 0:00
8/23/2010 0:00
8/24/2010 0:00
8/25/10 0:00
8/25/10 0:00
8/26/2010 0:00
8/27/2010 0:00
8/28/2010 0:00
8/29/2010 0:00
8/30/2010 0:00
8/31/2010 0:00
9/1/2010 0:00
9/1/2010 0:00
9/2/2010 0:00
9/3/2010 0:00

7/29/2010 23:59

7/30/2010 23:59
7/31/2010 23:59
8/1/2010 23:59
8/2/2010 23:59
8/3/2010 23:59
8/4/2010 23:59
8/5/2010 23:59
8/5/2010 23:59
8/6/2010 23:59
8/7/2010 23:59
8/8/2010 23:59
8/9/2010 23:59
8/10/2010 23:59

8/11/2010 23:59

8/12/2010 23:59
8/12/2010 23:59
8/13/2010 23:59

8/14/2010 23:59

8/15/2010 23:59
8/16/2010 23:59

8/17/2010 23:59

8/18/2010 23:59
8/19/2010 23:59
8/19/2010 23:59

8/20/2010 23:59

8/21/2010 23:59

8/22/2010 23:59
8/23/2010 23:59

8/24/2010 23:59
8/25/2010 23:59

8/26/2010 23:59
8/26/2010 23:59

8/27/2010 23:59

8/28/2010 23:59

8/29/2010 23:59
8/30/2010 23:59
8/31/2010 23:59
9/1/2010 23:59
9/2/2010 23:59
9/2/2010 23:59
9/3/2010 23:59
9/4/2010 23:59

15.5684
11.47721
12.03618
13.91269
13.84407
12.45327
13.98789
13.60738
15.21252
12.41819
14.10495
13.56619
15.78814
11.99408

13.32604
12.15484
13.77902
12.89902
12.84289
12.59103
14.99923
10.9739
14.09809
14.61857
14.39597
13.9268
14.37387
13.3942
15.7136
12.7323
14.04907
13.14567
14.75552
12.93289
8.894065
13.08357
15.42069
12.56226
1457713
13.3529
15.29246
12.84483
14.87917

237

0.389216 49237

0.311696
0.303025
0.407607
0.220012
0.143908
0.196701
0.200691
0.132277
0.210075
0.187526
0.256132
0.166463
0.203478

0.153795
0.120322
0.257604
0.112939
0.094664
0.137363
0.137805
0.123256
0.109506
0.108335
0.220992
0.086052
0.09294

0.277517

0.037349
0.046423
0.10651

0.055878
0.037884
0.054415
0.148449
0.104081
0.058773
0.041565
0.065989
0.046528
0.06701

0.130509 ™16
0.169358 181M57
0.113953 056853
0.104634 121m87
0.215578 3818
0.134567 196m91
0.582589 19108
0.227041
0.234226 162854
0.253673 233m34
0.214608 160B49
0.205645
0.224483 1407
0.174446
0.188089
0.372582 83m32
0.293304 2291
0.28922
0.208344 161
0.202016 379m77
0.276177
0.251163 613389
0.134603 148¥56
0.153042 138119
0.236777 55837
0.167296
0.128067 (2TI2
0.385724 9B48
0.222927 8239

0.102516

0.076263

0.215916
@315 0.135939

0.226031

0.0413
0.017023
0.013312
0.037702
0.213613
0.225382
0.222123
0.063122
0.130732
0.151977
0.131487
0.01477
0.070416
0.032384

0.081905
0.195347

483 0.417306

0.30126
0.371771
0.12296
0.368956
0.127723
0.01946
0.910478

385 0.199567

0.135495
0.197273
0.235479



9/4/2010 0:00
9/5/2010 0:00
9/6/2010 0:00
9/7/2010 0:00
9/8/2010 0:00
9/8/2010 0:00
9/9/2010 0:00
9/10/2010 0:00
9/11/2010 0:00
9/12/2010 0:00
9/13/2010 0:00
9/14/2010 0:00
9/15/2010 0:00
9/15/2010 0:00
9/16/2010 0:00
9/17/2010 0:00
9/18/2010 0:00
9/19/2010 0:00
9/20/2010 0:00

9/5/2010 23:59
9/6/2010 23:59
9/7/2010 23:59
9/8/2010 23:59

9/9/2010 23:59
9/9/2010 23:59
9/10/2010 23:59

9/11/2010 23:59

9/12/2010 23:59
9/13/2010 23:59

9/14/2010 23:59
9/15/2010 23:59
9/16/2010 23:59
9/16/2010 23:59
9/17/2010 23:59
9/18/2010 23:59
9/19/2010 23:59
9/20/2010 23:59
9/21/2010 23:59

14.92095
15.44611
13.42606
14.37693
11.87058
15.38381
12.83825
13.61743
13.15252
15.21233
13.02714
14.29666
13.69818
15.34168
13.12369
14.71961
12.94596
15.55547
12.89326

238

0.201632 4h%83 0.113706
0.12429 @349 0.108511
0.69927 @894 0.627567
0 0.614245353431
0.300356  0.221656 0.050147
0.261736  0.076455 0.036519
0.299829 7@B&7 0.086975
0.227855 146h1  0.130594
0.113824 0.109774 0.063023
0.100732  0.056525 0.199134
0.124943 219871 0.160562
0.144371212266 0.150615
0.448662 194194 0.187563
0.301621 13706 0.155148
0.185374219521  0.16449
0.200198 22161 0.182818
0.186978 25ar2  0.128435
0.223383 181891 0.125966
0.256007 356895 0.204903
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D.9 RoMANS Il Dry Deposition Velocities and Dry Deposition Amounts
Deposition velocities (Vd) are from CASTNet.

The NH; dry deposition velocity was calculated as 70% of the nitric acid deposition velocity.

Average Average NH,; Dry  NOj Dry NH; Dry  HNO; Dry

Date Particle Vd HNOs;Vd Deposition Deposition Deposition Deposition
cm/s cm/s ng N/nf ng N/nf ng N/nf ng N/nf
12/1/08 0.224 2.757 18.682 2.809 190.886 58.615
12/2/08 0.291 2.543 9.403 2.662 120.736 45.593
12/3/08 0.133 1.398 47.767 18.055 78.839 15.246
12/4/08 0.024 0.616 18.340 11.708 36.502 0.000
12/5/08 0.207 2.702 6.109 2.030 93.516 43.190
12/6/08 0.255 2.672 7.040 1.217 170.848 36.691
12/7/08 0.160 1.733 6.339 0.752 155.513 30.335
12/8/08 0.051 1.308 2.557 0.878 79.436 29.277
12/9/08 0.117 1.180 8.973 1.833 36.688 82.238
12/10/08 0.230 2.217 6.350 1.001 81.519 114.590
12/11/08 0.233 2.038 8.784 1.380 53.847 21.650
12/12/08 0.190 1.908 6.189 0.931 69.874 17.198
12/13/08 0.093 1.885 4.801 1.181 50.287 27.977
12/14/08 0.043 1.065 8.335 2.231 38.633 187.551
12/15/08 0.121 0.996 5.193 2.576 18.312 15.410
12/16/08 0.041 1.006 2.383 0.722 22.924 7.563
12/17/08 0.111 1.977 2.933 1.062 37.228 39.399
12/18/08 0.157 2.527 9.439 8.740 110.583 131.142
12/19/08 0.088 1.785 3.876 0.660 49.630 21.880
12/20/08 0.246 2.652 0.000 0.000 0.000 0.000
12/21/08 0.200 1.977 5.029 2.264 27.231 22.752
12/22/08 0.124 1.810 1.569 0.246 30.430 15.916
12/23/08 0.139 2.048 2.866 0.912 23.845 24.044
12/24/08 0.366 2.711 5.979 1.300 37.427 39.577
12/25/08 0.385 2.605 4.470 0.000 35.425 33.542
12/26/08 0.060 1.551 1.203 0.563 48.761 16.263
12/27/08 0.332 2.703 14.150 5.799 62.144 0.000
12/28/08 0.360 3.033 3.207 1.401 60.386 24.232
12/29/08 0.263 2.146 5.574 0.991 48.653 24.806
12/30/08 0.120 2.432 6.849 5.000 82.813 32.292
12/31/08 0.279 2.780 13.473 8.375 48.008 44.640
1/1/09 0.374 3.340 11.181 2.579 35.810 85.440
1/2/09 0.264 2.632 3.419 1.101 53.628 37.834
1/3/09 0.112 1.342 16.291 5.608 54.777 15.267
1/4/09 0.073 0.779 26.186 14.311 20.487 10.333
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1/11/09
1/12/09
1/13/09
1/14/09
1/15/09
1/16/09
1/17/09
1/18/09
1/19/09
1/20/09
1/21/09
1/22/09
1/23/09
1/24/09
1/25/09
1/26/09
1/27/09
1/28/09
1/29/09
1/30/09
1/31/09
2/1/09
2/2/09
2/3/09
2/4/09
2/5/09
2/6/09
2/7/09
2/8/09
2/9/09
2/10/09
2/11/09
2/12/09
2/13/09
2/14/09
2/15/09
2/16/09

0.294
0.302
0.373
0.382
0.161
0.240
0.208
0.073
0.337
0.231
0.190
0.203
0.196
0.295
0.280
0.125
0.278
0.170
0.028
0.158
0.017
0.033
0.237
0.376
0.287
0.238
0.337
0.255
0.247
0.282
0.149
0.174
0.241
0.131
0.131
0.451
0.093
0.181
0.142
0.153
0.135
0.311
0.402

2.690
2.600
3.293
2.920
1.792
2.437
2.288
1.771
2.814
2.231
2.031
2.147
1.923
2.339
2.275
1.365
2.141
2.298
0.751
1.565
0.390
0.840
2.282
3.016
2.484
2.227
2.715
2.452
2.518
2.081
1.074
1.725
1.556
1.679
0.993
3.275
1.148
1.608
1.430
1.332
1.185
2.382
2.944

2.044
4.312
4.963
13.669
3.860
9.892
6.019
2.809
8.488
10.897
19.580
5.438
3.547
7.754
5.570
1.778
5.942
7.997
14.363
4112
5.778
0.000
9.252
19.027
17.549
12.088
25.447
19.544
14.802
16.329
7.335
5.590
35.071
41.714
65.931
12.386
13.345
8.371
34.615
88.336
73.997
23.413
31.482

254

3.467
3.508
1.663
4.461
1.810
3.633
2.591
0.993
0.000
0.170
5.446
1.183
1.076
3.138
3.220
1.537
3.033
2.226
4.575
1.939
1.839
0.000
4.007
6.372
7.006
3.507
6.378
5.822
4.486
4.375
2.719
1.392
5.793
16.968
27.491
6.582
4.141
1.168
14.454
39.065
36.082
8.542
8.913

32.382
33.507
379.631
100.318
0.000
0.000
0.000
39.039
110.456
105.773
31.176
31.412
23.733
31.097
40.077
23.914
42.602
64.992
174.588
127.661
28.619
0.000
0.000
43.200
42.455
119.817
86.973
53.007
102.598
0.000
36.937
0.000
30.482
279.712
209.722
117.027
127.903
162.313
0.000
150.784
65.905
88.046
98.781

31.465
75.990
73.426
87.898
0.000
0.000
0.000
205.758
65.605
58.948
45.018
54.109
60.549
90.797
221.110
33.347
50.100
80.592
31.836
39.866
9.649
0.000
387.986
69.934
60.038
62.374
94.419
81.689
90.669
60.662
39.329
67.453
58.827
60.859
48.246
93.255
36.677
67.748
54.008
48.929
50.638
75.861
0.000



2/17/09
2/18/09
2/19/09
2/20/09
2/21/09
2/22/09
2/23/09
2/24/09
2/25/09
2/26/09
2/27/09
2/28/09

3/1/09

3/2/09

3/3/09

3/4/09

3/5/09

3/6/09

3/7/09

3/8/09

3/9/09
3/10/09
3/11/09
3/12/09
3/13/09
3/14/09
3/15/09
3/16/09
3/17/09
3/18/09
3/19/09
3/20/09
3/21/09
3/22/09
3/23/09
3/24/09
3/25/09
3/26/09
3/27/09
3/28/09
3/29/09
3/30/09
3/31/09

0.367
0.326
0.292
0.319
0.312
0.210
0.288
0.427
0.199
0.263
0.255
0.171
0.279
0.299
0.207
0.277
0.221
0.165
0.108
0.477
0.214
0.412
0.230
0.123
0.187
0.164
0.228
0.229
0.149
0.173
0.201
0.133
0.198
0.312
0.463
0.375
0.256
0.039
0.119
0.348
0.309
0.422
0.428

2.864
2.876
2.011
2.662
2.204
2.105
1.958
2.682
1.931
2.000
2.209
1.598
2.153
2.728
2.092
2.325
2.107
1.398
1.682
3.242
1.912
2.741
1.810
1.258
1.195
1.297
1.716
2.261
1.950
1.568
1.248
1.254
1.276
2.277
2.939
2.755
1.701
1.062
1.098
2.164
2.260
2.841
2.775

26.581
27.181
16.920
21.348
4.481
19.166
36.553
20.617
6.327
40.646
7.848
11.457
16.936
66.395
38.284
24.023
14.569
24.100
21.583
41.663
115.866
47.786
44.318
60.511
92.732
10.856
29.850
33.046
32.384
63.320
33.737
34.165
58.943
73.076
57.901
75.465
70.314
10.095
22.163
94.927
67.405
113.465
133.678

255

6.874
1.977
4.629
10.084
5.975
2.808
5.831
2.948
4.644
8.145
6.241
4.270
3.090
2.832
3.633
5.008
7.303
14.989
8.344
9.131
52.958
16.780
21.394
38.448
49.605
4.709
12.302
16.709
8.714
22.151
18.168
17.898
23.518
18.533
0.687
10.291
14.404
2.535
4.486
17.918
14.198
18.297
23.152

202.098
87.334
0.000
52.832
47.433
38.064
323.655
453.144
102.260
59.569
95.146
0.000
48.314
244.266
103.185
66.812
30.899
127.101
179.737
59.050
589.900
177.657
111.582
435.407
127.223
61.884
100.734
305.279
36.251
96.458
187.231
187.324
180.728
236.784
317.601
259.730
182.673
109.873
87.409
0.000
250.701
275.714
101.916

75.650
58.727
49.041
82.422
33.367
53.574
106.263
87.363
41.869
24912
40.324
34.335
46.459
288.209
76.887
72.154
53.058
48.734
131.375
72.268
63.903
61.777
36.442
43.607
54.833
22.223
57.524
93.953
32.996
26.049
43.807
51.714
43.540
74.895
57.752
37.345
33.606
20.076
21.621
36.658
54.864
46.686
51.238



4/1/09
4/2/09
4/3/09
4/4/09
4/5/09
4/6/09
4/7/09
4/8/09
4/9/09
4/10/09
4/11/09
4/12/09
4/13/09
4/14/09
4/15/09
4/16/09
4/17/09
4/18/09
4/19/09
4/20/09
4/21/09
4/22/09
4/23/09
4/24/09
4/25/09
4/26/09
4/27/09
4/28/09
4/29/09
4/30/09
5/1/09
5/2/09
5/3/09
5/4/09
5/5/09
5/6/09
5/7/09
5/8/09
5/9/09
5/10/09
5/11/09
5/12/09
5/13/09

0.223

0.174
0.357
0.108
0.091
0.193
0.300
0.170
0.157
0.068
0.049
0.024

0.312
0.269
0.241
0.335
0.032
0.364
0.181
0.119
0.164
0.215
0.092
0.059
0.371
0.409
0.366
0.327
0.287
0.268
0.225
0.152
0.232
0.320
0.300

1.879

2.379
2.372
1.127
0.901
1.688
2.064
1.162
1.275
1.109
1.301
0.623

1.974
1.757
1.857
2.328
0.856
2.233
1.572
1.362
1.658
1.432
1.116
0.946
2.457
2.669
2.489
2.457
2.101
2.400
1.614
1.361
1.615
2.396
2.446

44.007
0.000
0.000
0.000
0.000
0.000
0.000

39.866

131.194

48.118

52.230

22.265

30.655

16.197

29.995

11.311
0.719
0.548
0.000
0.000

41.294

51.293

27.432

172.735
6.376

66.624

54.473

34.490

94.126
0.000

43.495

11.818

82.555

60.260

122.146

46.973

29.613

46.244

83.118

30.940

81.726

63.474

65.320

256

6.705
0.000
0.000
0.000
0.000
0.000
0.000
16.440
60.198
22.284
19.191
2.394
0.150
4.501
6.122
2.826
1.174
0.251
0.000
0.000
8.016
6.396
7.366
78.660
3.409
18.383
18.939
11.260
46.869
0.000
12.273
2.259
18.713
11.778
14.994
16.283
22.255
11.919
24.510
8.342
18.410
20.946
18.543

171.901
0.000
0.000
0.000
0.000
0.000
0.000

335.480

528.002

187.470

151.339

337.560

1363.900
81.483
129.298
149.783
97.422
54.582
0.000
0.000

197.365

291.335

240.735

1137.594

245.117

454.698

109.706

247.731

564.660
0.000

479.304

72.423

653.950

155.877

563.060

350.312

254.379

350.349

297.171

411.819

248.144

447.864

375.424

30.227
0.000
0.000
0.000
0.000
0.000
0.000

75.453

56.822

36.367

41.626

43.819

41.436

27.673

52.382

30.394
0.000

24.494
0.000
0.000

92.943

71.374

74.766

141.296

29.051

47.206

56.947

70.242

58.665
0.000

32.304

33.806

91.022

70.269

64.918

53.188

110.654
65.491
106.084
32.902
64.463
100.785
151.587



5/14/09
5/15/09
5/16/09
5/17/09
5/18/09
5/19/09
5/20/09
5/21/09
5/22/09
5/23/09
5/24/09
5/25/09
5/26/09
5/27/09
5/28/09
5/29/09
5/30/09
5/31/09

6/1/09

6/2/09

6/3/09

6/4/09

6/5/09

6/6/09

6/7/09

6/8/09

6/9/09
6/10/09
6/11/09
6/12/09
6/13/09
6/14/09
6/15/09
6/16/09
6/17/09
6/18/09
6/19/09
6/20/09
6/21/09
6/22/09
6/23/09
6/24/09
6/25/09

0.432
0.321
0.208
0.252
0.205
0.258
0.253
0.077
0.224
0.031
0.101
0.091
0.085
0.246
0.198
0.157
0.158
0.156
0.064
0.069
0.216
0.314
0.237
0.409
0.398
0.150
0.200
0.179
0.204
0.246
0.167
0.249
0.248
0.132
0.294
0.278
0.251
0.098
0.179
0.252
0.205
0.218
0.114

2.544
2434
1.479
1.711
1.457
2.213
2.232
1.060
1.509
0.966
0.952
0.980
0.943
1.562
1.331
1.373
1.366
1.650
0.916
1.407
1.968
2.180
2.305
3.329
2.743
1.328
1.637
1.588
1.622
2.042
1.630
2.009
2.104
1.408
2.200
2477
2.056
0.857
1.971
1.985
1.536
1.655
1.112

53.640
73.324
109.755
59.500
27.014
36.622
74.756
46.067
92.117
15.024
11.897
13.709
26.831
69.431
48.234
17.781
13.022
16.937
4.294
1.059
16.006
32.717
37.305
26.159
32.115
89.556
30.160
31.004
6.507
45.336
50.771
48.908
29.592
25.242
37.463
33.266
44.700
23.592
31.847
56.517
32.581
58.086
23.737

257

13.156
18.506
22.647
10.620
7.355
10.361
10.101
11.832
18.426
0.562
0.833
9.816
1.903
9.010
4.682
1.519
1.286
1.023
0.725
0.582
3.877
6.101
6.735
10.934
7.476
36.227
7.101
7.360
0.726
9.052
5.617
9.195
2.529
2.569
10.239
6.945
5.575
3.722
3.254
5.981
2.686
9.882
2.937

96.558
679.379
726.997
370.915
302.691
530.551
515.310
323.103
593.165
328.344
149.687
175.347
209.568
118.872
199.258
200.916
228.325
356.491
145.465

96.603
193.850

95.855
256.700

67.890

0.000
147.460
173.941
145.512
116.629
257.957
105.096
326.651

0.000
177.380
171.338

97.819

266.509
0.000
257.012
228.424
239.002
157.385
208.146

97.413
89.721
71.594
85.715
81.371
119.324
93.624
50.812
67.806
43.764
38.172
49.379
30.922
54.267
35.249
28.708
24.468
29.229
17.504
6.881

30.952
61.398
72.703
92.124
48.102
43.624
35.683
28.369
22.626
43.404
68.613
66.027
57.811
20.652
41.129
57.568
163.111
47.074
36.240
89.502
74.568
140.246
58.025



6/26/09
6/27/09
6/28/09
6/29/09
6/30/09
7/1/09
7/2/09
7/3/09
7/4/09
7/5/09
7/6/09
7/7/09
7/8/09
7/9/09
7/10/09
7/11/09
7/12/09
7/13/09
7/14/09
7/15/09
7/16/09
7/17/09
7/18/09
7/19/09
7/20/09
7/21/09
7/22/09
7/23/09
7/24/09
7/25/09
7/26/09
7/27/09
7/28/09
7/29/09
7/30/09
7/31/09
8/1/09
8/2/09
8/3/09
8/4/09
8/5/09
8/6/09
8/7/09

0.269
0.277
0.207
0.201
0.185
0.231
0.150
0.250
0.119
0.195
0.276
0.227
0.326
0.218
0.115
0.184
0.203
0.253
0.286
0.319
0.284
0.233
0.198
0.245
0.350
0.178
0.210
0.212
0.138
0.132
0.073
0.137
0.089
0.092
0.087
0.304
0.236
0.307
0.280
0.145
0.198
0.115
0.236

2.376
2.100
1.476
1.667
1.412
2.114
1.355
2.102
1.336
1.668
2.040
1.843
2.240
1.712
1.432
1.882
1.843
2.101
2.138
2.167
2.222
1.896
1.514
2.097
2.515
1.459
1.582
1.641
1.393
1.245
0.989
1.462
1.102
1.101
1.102
2.376
1.779
2.271
2.182
1.347
1.641
1.259
2.066

10.143
39.140
55.809
24.538
13.572
20.373
21.001
22.817
16.325
30.123
35.428
33.003
43.847
31.145
12.975
24.801
26.910
37.717
38.063
38.482
36.004
35.119
44.818
36.295
38.537
84.800
44.602
27.243
18.797
28.472
11.421
13.631
25.015
23.259
5.829
38.276
19.041
40.191
38.851
24.170
23.709
18.599
42.206

258

1.393
7.440
5.136
2.667
2.188
3.770
5.349
1.749
2.511
3.090
4.510
7.735
8.532
7.596
2.874
4.707
2.427
4.074
9.260
4.841
4131
3.922
5.231
2.987
7.597
15.429
3.242
2.566
0.692
5.031
1.225
0.290
8.840
8.805
0.000
0.983
4.132
1.570
4.382
2.573
4.641
3.599
9.231

274.055
398.285
494.567
258.343
205.920
0.000
252.551
248.920
154.189
0.000
0.000
856.473
270.701
297.841
274.729
420.440
316.642
260.053
319.590
232.330
861.654
795.452
601.654
320.718
510.295
282.248
295.303
243.082
182.469
304.939
135.491
200.871
111.700
115.793
51.004
206.725
138.884
212.590
200.811
234.372
286.501
238.708
494.095

633.679
56.077
90.977
91.459
73.118
23.478
69.803
54.673
10.322
55.856
80.716
89.499
36.518
91.804
49.473
80.316
70.161

115.947

104.359
71.885

139.773
45.969
98.633
52.708

141.350
79.636
50.660
86.020

105.516
89.770
26.178
36.098
16.888
33.314
12.783
52.552
45.964
74.526
96.732
59.720
57.201
47.011

139.668



8/8/09

8/9/09
8/10/09
8/11/09
8/12/09
8/13/09
8/14/09
8/15/09
8/16/09
8/17/09
8/18/09
8/19/09
8/20/09
8/21/09
8/22/09
8/23/09
8/24/09
8/25/09
8/26/09
8/27/09
8/28/09
8/29/09
8/30/09
8/31/09

9/1/09

9/2/09

9/3/09

9/4/09

9/5/09

9/6/09

9/7/09

9/8/09

9/9/09
9/10/09
9/11/09
9/12/09
9/13/09
9/14/09
9/15/09
9/16/09
9/17/09
9/18/09
9/19/09

0.239
0.228
0.226
0.172
0.206
0.147
0.111
0.214
0.247
0.146
0.251
0.308
0.076
0.188
0.177
0.144
0.127
0.068
0.131
0.225
0.169
0.123
0.117
0.202
0.167
0.196
0.178
0.138
0.148
0.145
0.166
0.296
0.129
0.133
0.209
0.024
0.132
0.080
0.054
0.133
0.175
0.185
0.151

2.049
1.798
1.710
1.558
1.614
1.292
1.534
2.167
1.844
1.298
2.026
2.410
0.850
1.460
1.402
1.616
1.483
1.108
1.580
1.674
1.267
1.298
1.247
1.803
1.360
1.401
1.248
1.220
1.366
1.319
1.350
1.814
1.230
1.178
1.452
0.764
1.180
1.177
0.890
1.191
1.187
1.229
1.278

20.585
42.260
20.483
12.392
21.394
19.923
3.033
16.351
14.268
24.229
24.866
24.846
5.416
34.551
24.129
26.971
19.322
17.302
18.166
22.261
23.987
17.621
34.641
79.146
83.428
22.592
22.248
15.553
27.853
24.853
20.790
39.433
25.925
21.571
113.021
1.728
12.110
8.283
16.407
117.745
116.193
140.173
64.691

259

10.498
15.739
10.880
2.890
5.688
4.461
1.512
7.322
5.952
14.439
14.074
4.937
1.816
2.512
2.529
1.765
1.070
1.995
1.545
0.000
1.800
1.145
3.152
21.006
38.653
8.542
2.230
0.000
3.349
0.617
4.506
8.932
7.090
4.332
11.947
0.566
2.127
1.628
3.032
12.000
19.404
23.424
7.138

435.630
605.663
403.124
132.618
0.000
166.758
0.000
258.400
207.008
251.525
383.753
206.211
173.619
396.772
248.227
410.614
288.670
226.508
0.000
0.000
205.538
224.398
216.096
697.492
459.175
274.543
254.663
232.160
276.751
251.786
218.203
267.826
239.363
132.823
52.813
74.597
130.439
165.930
577.396
395.472
226.202
369.727
282.341

102.132
117.428
129.249
104.849
75.424
153.858
60.709
80.979
95.197
71.712
77.846
91.590
73.605
114.827
84.679
184.496
70.876
37.625
26.510
44.326
38.850
24.534
82.075
114.405
82.684
116.366
70.115
17.178
44.720
76.484
104.655
108.750
76.285
95.515
54.510
16.444
56.135
43.451
36.638
38.444
85.707
95.126
73.795



9/20/09
9/21/09
9/22/09
9/23/09
9/24/09
9/25/09
9/26/09
9/27/09
9/28/09
9/29/09
9/30/09
10/1/09
10/2/09
10/3/09
10/4/09
10/5/09
10/6/09
10/7/09
10/8/09
10/9/09
10/10/09
10/11/09
10/12/09
10/13/09
10/14/09
10/15/09
10/16/09
10/17/09
10/18/09
10/19/09
10/20/09
10/21/09
10/22/09
10/23/09
10/24/09
10/25/09
10/26/09
10/27/09
10/28/09
10/29/09
10/30/09
10/31/09
11/1/09

0.255
0.171
0.115
0.180
0.167
0.228
0.358
0.340
0.137
0.254
0.310
0.429
0.333
0.164
0.145
0.149
0.348
0.280
0.045
0.223
0.065
0.226
0.178
0.173
0.250
0.254
0.211
0.138
0.360
0.127
0.097
0.014
0.141
0.286
0.354
0.007

2.393
1.651
2.078
1.795
1.554
1.991
2.803
2.521
1.040
2.158
2.568
3.198
2.235
1.131
1.008
1.768
2.479
2.319
1.173
1.925
1.104
1.897
1.670
1.352
2.594
2.336
1.517
1.014
2.321
1.197
0.789
0.317
1.463
2.419
2.590
0.131

45.552
16.071
8.850
30.355
44211
40.409
28.794
50.632
35.867
33.366
30.748
24.245
25.257
13.042
100.648
11.374
36.829
36.307
4.241
65.271
16.344
31.895
29.033
15.169
8.361
10.606
17.514
14.392
14.309
9.080
21.091
0.365
7.615
41.879
16.202
0.907
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3.488
2.176
0.913
4.052
3.250
3.565
5.804
9.979
6.247
5.191
4.602
6.179
7.708
8.907
46.434
7.789
8.960
21.308
2.412
21.600
7.724
7.001
11.181
3.313
4.237
2.028
7.199
4.658
3.006
2.995
7.998
0.152
0.689
5.777
6.142
0.280

262.823
179.153
61.144
270.407
65.506
206.745
307.694
1018.607
175.617
137.539
281.631
0.000
0.000
24.863
120.746
87.947
0.000
102.437
96.263
0.000
19.966
84.308
112.567
109.006
187.815
110.292
120.367
37.079
0.000
46.743
0.000
0.000
0.000
0.000
0.000
3.032

145.352
45.123
48.064
89.894
53.852
58.257

121.308

182.392

107.991

138.994
84.669

0.000
67.296
53.020
47.084

0.000
82.897

0.000
24.133
14.098
39.939
58.111
62.521

0.000
39.672

44.082

108.985
34.788
87.709
66.508
19.654

9.151

0.000

144.346
83.712

3.497



11/2/09

11/3/09

11/4/09

11/5/09

11/6/09

11/7/09

11/8/09

11/9/09
11/10/09
11/11/09
11/11/08
11/12/08
11/13/08
11/14/08
11/15/08
11/16/08
11/17/08
11/18/08
11/19/08
11/20/08
11/21/08
11/22/08
11/23/08
11/24/08
11/25/08
11/26/08
11/27/08
11/28/08
11/29/08
11/30/08

0.229
0.282
0.272
0.163
0.132
0.098
0.195
0.136
0.207
0.312
0.347
0.235
0.308
0.294
0.219
0.145
0.198
0.020
0.276
0.322
0.300
0.268
0.080
0.168
0.023
0.177
0.203
0.230

2411
2.553
2.586
1.450
1.598
0.890
1.501
1.326
1.962
2.667
3.057
2.294
2.607
2.402
1.979
1.465
1.722
0.590
2.476
2.770
2.429
2.103
1.321
1.305
0.589
1.440
2.260
2.423

37.405
34.812
24.997
10.500
27.292
16.897
26.123
23.580
5.927
5.087
7.274
24.580
12.415
7.978
8.547
2.237
26.478
3.369
27.364
10.782
43.380
6.970
1.902
2.875
8.119
23.102
9.623
7.733
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5.887
6.325
5.295
1.353
7.129
4.593
2.215
2.152
0.623
4.918
6.687
6.076
5.268
5.229
4.594
0.000
11.371
1.201
9.260
3.730
15.727
1.679
0.639
0.000
5.317
6.401
1.581
1.109

0.000
128.319
141.758
205.711

90.362
45.400
0.000
66.207
220.065
292.153
203.506
170.168
49.317
214.617
85.032
58.889
247.897
80.751
143.589
77.636
144.050
72.527
44.696
57.544
48.185
131.043
195.241
189.938

143.180
217.292
85.215
42.843
94.125
36.291
27.514
41.189
92.037
128.997
109.802
115.600
133.124
102.010
127.606
82.478
152.011
22.306
156.594
136.709
242.681
60.749
63.470
19.225
23.050
27.318
19.032
22.405



D.10 RoMANS 11l (2010) — Dry Deposition Velocities and Dry Deposition Amounts
Historical monthly average deposition velocities were used from the RMNSTR&t Site since
the daily values were not available for 2010 at the time of analysis.

HNO; Particulate  Dry Dep. Dry Dep. DryDep. Dry Dep.

vd vd NH, NO;s HNO; NH;
cm/s cm/s ng N/nf ug N/mf pg N/t pg N/nf

4/23/2010 1.94 0.25 9.06 0.84 22.95 34.33
4/24/2010 1.94 0.25 22.31 4.16 17.43 52.85
4/25/2010 1.94 0.25 29.93 8.14 17.27 20.43
4/26/2010 1.94 0.25 37.48 12.69 34.86 35.14
4/27/2010 1.94 0.25 117.95 33.33 37.41 104.94
4/28/2010 1.94 0.25 32.45 8.44 38.60 84.92
4/29/2010 1.94 0.25 17.76 3.50 19.61 54.16
4/30/2010 1.94 0.25 12.01 4.63 22.28 94.38
5/1/2010 2.00 0.25 17.85 1.87 25.20 38.21

5/2/2010 2.00 0.25 19.03 5.92 23.98 9.35
5/3/2010 2.00 0.25 46.86 9.24 45.48 38.41
5/4/2010 2.00 0.25 27.26 8.81 20.77 67.39
5/5/2010 2.00 0.25 56.66 22.61 73.32 243.28
5/6/2010 2.00 0.25 60.13 0.14 49.30 87.40
5/7/2010 2.00 0.25 58.12 37.09 35.63 94.68
5/8/2010 2.00 0.25 70.65 25.65 69.50 473.09
5/9/2010 2.00 0.25 28.59 12.55 23.41 81.57
5/10/2010 2.00 0.25 50.28 15.05 26.39 66.89
5/11/2010 2.00 0.25 52.36 16.53 29.81 206.82
5/12/2010 2.00 0.25 18.71 9.21 29.55 41.04
5/13/2010 2.00 0.25 97.82 43.52 75.35 181.89
5/14/2010 2.00 0.25 54.01 15.44 88.65 58.82
5/15/2010 2.00 0.25 17.82 3.83 44.33 52.71
5/16/2010 2.00 0.25 19.99 1.98 14.24 39.36
5/17/2010 2.00 0.25 63.09 13.36 87.67 245.01
5/18/2010 2.00 0.25 77.95 10.29 75.67 119.73
5/19/2010 2.00 0.25 9.63 2.11 33.81 23.69
5/20/2010 2.00 0.25 50.32 18.44 66.98 84.59
5/21/2010 2.00 0.25 80.45 18.72 90.12 270.32
5/22/2010 2.00 0.25 33.06 9.30 46.37 142.00
5/23/2010 2.00 0.25 34.34 17.21 44.42 234.03
5/24/2010 2.00 0.25 36.68 8.98 34.57 52.49
5/25/2010 2.00 0.25 54.83 21.83 95.95 719.47
5/26/2010 2.00 0.25 139.73 35.44 27.24 142.24
5/27/2010 2.00 0.25 59.14 8.78 124.68 290.49
5/28/2010 2.00 0.25 390.28 7.06 110.87 230.05
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5/29/2010
5/30/2010
5/31/2010
6/1/2010
6/2/2010
6/3/2010
6/3/2010
6/5/2010
6/6/2010
6/7/2010
6/8/2010
6/9/2010
6/10/2010
6/11/2010
6/12/2010
6/13/2010
6/14/2010
6/15/2010
6/16/2010
6/17/2010
6/18/2010
6/19/2010
6/20/2010
6/21/2010
6/22/2010
6/23/2010
6/24/2010
6/25/2010
6/26/2010
6/27/2010
6/28/2010
6/29/2010
6/30/2010
7/1/2010
7/2/2010
7/3/2010
7/4/2010
7/5/2010
7/6/2010
7/7/2010
7/8/2010
7/9/2010
7/10/2010

2.00
2.00
2.00
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.06
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21

42.58
54.01
22.72
25.79
44.57
31.84
31.33
34.49
20.78
25.67
93.76
82.96
45.49
88.93
0.84
2.82
12.27
34.86
42.86
25.54
36.29
72.19
44.97
45.61
27.72
53.29
36.77
22.81
31.62
50.21
34.13
113.36
30.64
23.39
24.72
19.88
52.24
8.58
18.72
7.80
15.68
27.10
18.17
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21.93
12.79
3.06
4.31
8.77
5.58
5.47
7.34
4.21
3.34
29.13
17.67
8.41
31.58
0.00
0.20
1.15
3.51
7.31
12.69
9.88
16.68
9.15
10.21
8.16
16.75
5.77
3.42
3.50
12.31
3.64
4.80
0.00
0.00
1.74
2.29
10.18
0.00
5.30
0.00
3.53
6.77
443

66.38
70.47
76.14
65.36
16.59
88.61
100.82
137.28
41.69
122.32
86.62
131.67
114.55
70.31
5.22
2.68
22.92
119.37
166.57
49.70
124.80
176.03
66.25
103.45
57.10
266.40
143.22
114.07
179.49
110.45
159.16
193.27
259.67
144.29
88.41
135.54
60.70
15.30
123.67
42.61
32.21
98.21

227.11
499.04
264.74
113.86
62.73
87.09
76.86
405.70
149.74
109.48
159.63
233.11
259.92
133.03
65.50
49.70
33.09
423.43
551.72
151.03
333.42
256.00
96.19
326.56
88.77
1284.85
192.83
151.08
92.01
246.17
376.76
871.59
253.63
129.91
54.86
73.59
105.38
29.13
363.75
71.26
48.30
106.64
75.58



7/11/2010
7/12/2010
7/13/2010
7/15/2010
7/14/2010
7/16/2010
7/17/2010
7/18/2010
7/19/2010
7/20/2010
7/21/2010
7/22/2010
7/23/2010
7/24/2010
7/25/2010
7/26/2010
7/27/2010
7/28/2010
7/29/2010
7/30/2010
7/31/2010

8/1/2010

8/2/2010

8/3/2010

8/4/2010

8/5/2010

8/6/2010

8/7/2010

8/8/2010

8/9/2010
8/10/2010
8/11/2010
8/12/2010
8/13/2010
8/14/2010
8/15/2010
8/16/2010
8/17/2010
8/18/2010
8/19/2010
8/20/2010
8/21/2010
8/22/2010

1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70

0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18

17.16
20.98
27.50
30.65
28.51
15.86
22.68
29.16
32.49
50.20
26.82
21.69
27.26
46.49
41.56
28.84
23.36
60.06
18.13
26.53
26.56
20.76
16.64
20.83
23.61
18.22
15.44
17.61
1041
17.97
20.21
23.78
18.32
12.95
60.45
43.88
37.10
24.76
22.79
14.84
15.50
14.78
18.63
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3.28
2.94
3.01
3.50
3.14
1.54
3.00
5.43
3.51
4.87
2.18
4.04
3.18
5.41
3.97
5.78
2.46
11.13
0.33
1.96
1.87
1.11
0.92
0.86
1.63
1.21
0.86
1.32
0.62
0.79
2.01
1.47
0.84
2.48
3.83
8.34
2.03
1.33
1.84
0.89
1.63
0.96
1.20

4.15
89.32
82.29

111.14
131.22
105.85
144.49
83.98
58.62
69.14
97.11
96.53
65.20
278.05
134.55
165.62
146.41
169.22
53.10
41.13
90.98
35.14
28.96
43.15
43.25
33.81
33.67
70.45
26.57
28.32
33.22
57.17
37.68
58.19
62.16
60.62
31.26
51.50
74.52
23.16
46.35
68.77
36.05

66.61
80.11
86.01
159.88
74.25
129.66
189.15
340.30
58.46
107.03
33.73
35.92
121.93
986.20
490.47
365.89
164.69
361.85
31.96
40.57
97.10
45.12
29.63
43.91
123.49
47.32
33.04
53.64
37.47
54.21
32.69
11.90
29.56
178.55
188.48
186.10
50.68
108.56
126.64
10.32
57.52
25.15
113.20



8/23/2010
8/24/2010
8/25/2010
8/26/2010
8/27/2010
8/28/2010
8/29/2010
8/30/2010
8/31/2010
9/1/2010
9/2/2010
9/3/2010
9/4/2010
9/5/2010
9/6/2010
9/7/2010
9/8/2010
9/9/2010
9/10/2010
9/11/2010
9/12/2010
9/13/2010
9/14/2010
9/15/2010
9/16/2010
9/17/2010
9/18/2010
9/19/2010
9/20/2010

1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64

0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19

26.31
40.83
29.57
20.44
14.60
26.59
17.75
17.35
36.89
17.19
29.35
17.85
9.87
22.89
68.14
88.94
24.24
27.23
17.67
4.82
9.08
18.25
22.17
29.47
17.70
20.82
20.66
13.38
22.32
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4.01
5.26
3.50
1.88
1.78
2.38
2.90
251
7.83
4.24
3.78
3.66
2.13
4.08
30.81
57.35
1.52
191
4.41
1.19
1.08
2.33
2.11
8.66
3.85
2.36
1.74
1.65
2.31

58.21
73.17
146.34
122.37
71.13
199.40
47.04
43.29
81.98
87.83
54.66
95.27
106.70
35.86
27.85
191.39
67.65
53.72
44.29
32.68
16.19
67.27
65.04
59.38
67.17
70.49
77.58
57.36
110.22

66.97
163.29
351.14
312.53
100.71
310.18
106.20

14.05
769.10
160.21
158.26
189.67

90.57

86.41
508.54

1099.42

38.34

68.50
104.12

49.06
160.13
128.42
120.52
150.50
131.63
146.79
102.26
100.63
164.48
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E.2 GTNP Driggs Gas Chemistry Data from URG Sampling

NHs is blank corrected

All start and stop times are 8:00 AM except 9/21 when sampling stopped at 15:17
Weekly replicates are included in the list of samples

NH; HNO; SG,
Average (ug/m3) 0.04834 0.00425 0.00077
MDL (1g/m3) 0.17138 0.03378 0.00488

ng/nt ng/nt ng/nt pmol/n? pmol/n?

Date NH () HNGO;(g) SQ(g) Acetate (g) Formate (Q)
4/6/2011 0.3271 0.1394 0.1391 0.0359 0.0746
4/7/2011 0.6692 0.1134 0.0745 0.0116 0.0199
4/8/2011 0.4591 0.1156 0.1139 0.0000 0.0000
4/8/2011 0.3204 0.0873 0.0687 0.0201 0.0376
4/9/2011 0.5889 0.0828 0.0552 0.0222 0.0342
4/10/2011 1.5255 0.0331 0.0745 0.0197 0.0384
4/11/2011 0.5860 0.0840 0.0434 0.0156 0.0307

4/12/2011 0.8911 0.0321 0.0337 0.0185 0.0344
4/13/2011 0.5994 0.1020 0.0886 0.0188 0.0294
4/14/2011 1.1982 0.0315 0.1092 0.0214 0.0381
4/15/2011 0.4768 0.1038 0.3068 0.0214 0.0429
4/16/2011 1.1741 0.0556 0.0988 0.0181 0.0225
4/17/2011 1.3262 0.0333 0.0919 0.0282 0.0531
4/18/2011 0.7665 0.0323 0.0266 0.0052 0.0042
4/19/2011 0.7841 0.0482 0.0581 0.0104 0.0127
4/20/2011 0.4911 0.0589 0.0633 0.0266 0.0424
4/21/2011 0.7068 0.0488 0.0814 0.0224 0.0286
4/22/2011 0.8050 0.0867 0.0673 0.0283 0.0486
4/22/2011 0.7523 0.0463 0.0480 0.0078 0.0170
4/23/2011 0.7227 0.0445 0.0470 0.0142 0.0233
4/24/2011 0.8179 0.0743 0.1448 0.0197 0.0391
4/25/2011 0.5117 0.0582 0.0420 0.0099 0.0131
4/26/2011 0.6806 0.0279 0.0138 0.0039 0.0092
4/27/2011 0.7000 0.0749 0.0858 0.0217 0.0500
4/28/2011 0.4677 0.0912 0.1141 0.0122 0.0272
4/29/2011 0.4373 0.0586 0.0174 0.0102 0.0194
4/29/2011 0.4057 0.0485 0.0258 0.0110 0.0206
4/30/2011 0.3386 0.0389 0.0642 0.0131 0.0234
5/1/2011 0.2222 0.0976 0.0280 0.0145 0.0276
5/2/2011 0.7160 0.0964 0.1034 0.0105 0.0254
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5/3/2011
5/4/2011
5/5/2011
5/6/2011
5/6/2011
5/7/2011
5/8/2011
5/9/2011
5/10/2011
5/11/2011
5/12/2011
5/13/2011
5/13/2011
5/14/2011
5/15/2011
5/16/2011
5/17/2011
5/18/2011
5/19/2011
5/20/2011
5/20/2011
5/21/2011
5/22/2011
5/23/2011
5/24/2011
5/25/2011
5/26/2011
5/27/2011
5/27/2011
5/28/2011
5/29/2011
5/30/2011
5/31/2011
6/1/2011
6/2/2011
6/3/2011
6/3/2011
6/4/2011
6/5/2011
6/6/2011
6/7/2011
6/8/2011
6/9/2011

0.6426
0.6856
0.7764
0.7788
0.9588
0.3591
0.4448
0.8928
0.2433
0.4566
0.2487
1.1109
1.0359
0.9665
0.8229
0.7600
1.0161
0.7284
0.8453
0.6266
0.5953
1.6796
1.3247
0.3447
0.4824
0.4390
0.6426
0.9645
0.7380
0.2029
0.4931
0.5595
0.3965
0.4661
0.5944
0.4237
0.4035
0.6055
0.7142
0.4105
0.8251
0.1851
0.5007

0.1454
0.0624
0.0987
0.1070
0.1065
0.0532
0.0401
0.0501
0.0458
0.0850
0.2441
0.1240
0.2009
0.0907
0.1552
0.0971
0.1331
0.0830
0.0672
0.0718
0.0737
0.1227
0.0922
0.0784
0.0644
0.1167
0.0503
0.0608
0.0924
0.0762
0.0700
0.0483
0.1243
0.2985
0.0780
0.0746
0.0674
0.1775
0.3091
0.2284
0.0951
0.0642
0.0473

0.2067
0.0749
0.1280
0.0908
0.1033
0.0161
0.0561
0.2002
0.0830
0.1516
0.1710
0.1715
0.1681
0.0967
0.0891
0.0651
0.0482
0.0509
0.1220
0.0674
0.0673
0.0731
0.0348
0.0280
0.0560
0.0868
0.0146
0.0292
0.0381
0.0601
0.0339
0.0439
0.2376
0.2835
0.0277
0.0138
0.0220
0.1711
0.3588
0.2315
0.0238
0.0188
0.0307
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0.0331
0.0185
0.0170
0.0378
0.0297
0.0141
0.0086
0.0127
0.0102
0.0365
0.0359
0.0661
0.0297
0.0308
0.0461
0.0282
0.0385
0.0185
0.0208
0.0129
0.0175
0.0313
0.0304
0.0218
0.0000
0.0529
0.0269
0.0544
0.0370
0.0446
0.0128
0.0195
0.0386
0.0584
0.0239
0.0261
0.0326
0.0408
0.0737
0.0210
0.0248
0.0226
0.0251

0.0604
0.0397
0.0406
0.0694
0.0564
0.0247
0.0134
0.0164
0.0201
0.0768
0.0806
0.1434
0.0772
0.0774
0.0907
0.0669
0.0775
0.0384
0.0430
0.0278
0.0362
0.0662
0.0688
0.0497
0.0000
0.1080
0.0626
0.1054
0.0792
0.0870
0.0271
0.0433
0.0918
0.1186
0.0533
0.0560
0.0912
0.0875
0.1576
0.0525
0.0400
0.0467
0.0505



6/10/2011
6/10/2011
6/11/2011
6/12/2011
6/13/2011
6/14/2011
6/15/2011
6/16/2011
6/17/2011
6/17/2011
6/18/2011
6/19/2011
6/20/2011
6/21/2011
6/22/2011
6/23/2011
6/24/2011
6/24/2011
6/25/2011
6/26/2011
6/27/2011
6/28/2011
6/29/2011
6/30/2011
6/30/2011
7/1/2011
7/2/2011
7/3/2011
7/4/2011
7/5/2011
7/6/2011
7/6/2011
7/7/2011
7/8/2011
7/9/2011
7/10/2011
7/11/2011
7/12/2011
7/13/2011
7/14/2011
7/15/2011
7/16/2011
7/17/2011

0.8454
0.6499
0.7958
0.6064
0.5399
0.8637
0.3111
0.5082
0.6524
0.6663
0.7779
0.4590
0.9239
0.8905
0.9693
0.6846
0.6227
0.6263
0.4649
0.5266
0.5915
0.5449
0.9577
0.7263
0.7148
0.6438
0.8466
1.0420
0.9128
0.9163
0.9808
0.9198
1.0895
0.8524
0.5688
0.6855
0.7800
0.8710
0.8821
1.1964
0.6671
0.6138
0.6876

0.0900
0.1538
0.1834
0.0706
0.1167
0.1336
0.0736
0.1475
0.0900
0.1289
0.1041
0.0394
0.1202
0.2088
0.2530
0.2094
0.2054
0.2129
0.2019
0.1559
0.1882
0.5442
0.3023
0.1782
0.1617
0.1443
0.2639
0.5145
0.3438
0.2400
0.3124
0.3624
0.1834
0.2391
0.1943
0.1852
0.3124
0.1260
0.3026
0.2087
0.2124
0.2345
0.4744

0.0449
0.0431
0.0669
0.0178
0.0375
0.1004
0.1226
0.0500
0.0478
0.0651
0.0710
0.0107
0.0290
0.0963
0.0850
0.0837
0.1145
0.0831
0.0770
0.0524
0.1322
0.2233
0.1612
0.0481
0.0474
0.0757
0.1559
0.3480
0.1024
0.1782
0.0774
0.1005
0.0798
0.0860
0.1033
0.0368
0.0782
0.0543
0.1667
0.1516
0.2058
0.1753
0.2714
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0.0263
0.0419
0.0000
0.0297
0.0361
0.0267
0.0311
0.0335
0.0447
0.0314
0.0413
0.0156
0.0254
0.0614
0.0749
0.0436
0.0422
0.0807
0.0694
0.0619
0.0515
0.0727
0.0599
0.0439
0.0511
0.0492
0.0719
0.0989
0.0997
0.1113
0.0872
0.1077
0.1272
0.0779
0.0656
0.0548
0.0858
0.0446
0.0529
0.0646
0.0357
-0.0018
0.0980

0.0576
0.0923
0.0000
0.0664
0.0828
0.0761
0.0916
0.0755
0.0935
0.0736
0.0860
0.0328
0.0604
0.1322
0.1717
0.1006
0.0981
0.1678
0.1418
0.1244
0.1158
0.1660
0.1495
0.0992
0.1225
0.1085
0.1470
0.1989
0.2039
0.2228
0.1824
0.2019
0.2508
0.1612
0.1448
0.1034
0.1606
0.1048
0.1253
0.1403
0.0932
0.1028
0.2007



7/18/2011
7/19/2011
7/20/2011
7/20/2011
7/21/2011
7/22/2011
7/23/2011
7/24/2011
7/25/2011
7/26/2011
7/27/2011
7/28/2011
7/29/2011
7/30/2011
7/31/2011
8/1/2011

8/2/2011

8/3/2011

8/3/2011

8/4/2011

8/5/2011

8/6/2011

8/7/2011

8/8/2011

8/9/2011

8/10/2011
8/10/2011
8/11/2011
8/12/2011
8/13/2011
8/14/2011
8/15/2011
8/16/2011
8/17/2011
8/17/2011
8/18/2011
8/19/2011
8/20/2011
8/21/2011
8/22/2011
8/23/2011
8/24/2011
8/25/2011

0.7831
0.7416
0.5265
0.5691
0.6399
0.6790
0.6187
0.7513
0.8042
0.9190
0.5455
0.6253
0.9908
1.0354
0.9524
0.4775
1.3020
0.6568
0.7385
0.6754
0.6570
0.5770
0.6557
0.6431
0.6000
0.6554
0.6563
1.0462
0.6881
1.9678
0.6306
1.0234
0.6828
0.8964
0.8094
0.6999
0.8299
0.8013
0.6758
0.7648
0.9071
0.7990
1.2293

0.3768
0.3039
0.1536
0.1317
0.1985
0.2124
0.1387
0.2612
0.5408
0.1704
0.1689
0.1570
0.3042
0.2514
0.2567
0.1108
0.2388
0.2708
0.2162
0.2697
0.3220
0.1818
0.1800
0.1323
0.1385
0.2559
0.2220
0.1383
0.2981
0.3940
0.2626
0.2074
0.2695
0.2989
0.2948
0.3192
0.2391
0.2922
0.3578
0.4838
0.2081
0.3760
0.4268

0.1507
0.1284
0.0675
0.0725
0.0500
0.0768
0.0822
0.0789
0.2867
0.1542
0.0697
0.0624
0.2056
0.0953
0.0930
0.0441
0.0757
0.0393
0.0476
0.0402
0.0766
0.0457
0.0386
0.0274
0.0461
0.0655
0.0309
0.0482
0.0974
0.1625
0.0815
0.3570
0.1452
0.1399
0.1325
0.1206
0.0860
0.0579
0.1399
0.2237
0.1012
0.1567
0.1847
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0.0846
0.0386
0.0317
0.0420
0.0602
0.0743
0.0449
0.0797
0.1340
0.0762
0.0628
0.0728
0.0989
0.1620
0.0856
0.0351
0.0528
0.0428
0.0658
0.0445
0.0796
0.0537
0.0445
0.0638
0.0685
0.1077
0.0600
0.0502
0.0942
0.1078
0.0931
0.0893
0.0837
0.0905
0.0614
0.0720
0.0829
0.0857
0.0753
0.0996
0.0874
0.1099
0.1310

0.1756
0.0905
0.0811
0.0960
0.1411
0.1692
0.1083
0.1731
0.2664
0.1513
0.1411
0.1656
0.2301
0.3051
0.1650
0.0802
0.1090
0.1022
0.1458
0.0997
0.1741
0.1142
0.0943
0.1307
0.1277
0.2103
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0.1164
0.1891
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0.1579
0.1573
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0.1733
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0.1461
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0.2056
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8/26/2011
8/27/2011
8/28/2011
8/29/2011
8/30/2011
8/31/2011
8/31/2011
9/1/2011

9/2/2011

9/3/2011

9/4/2011

9/5/2011

9/6/2011

9/7/2011

9/10/2011
9/11/2011
9/12/2011
9/13/2011
9/14/2011
9/14/2011
9/15/2011
9/16/2011
9/17/2011
9/18/2011
9/19/2011
9/20/2011
9/21/2011

1.1598
1.0605
0.9279
0.6987
0.7291
0.8989
0.8303
0.6023
0.7069
0.9790
0.6528
0.8689
0.7511
0.5351
0.5028
0.7321
0.7343
0.8087
0.7136
0.7412
0.6294
0.6080
0.7767
0.6635
0.6885
0.3127
0.5587

0.4027
0.4201
0.2597
0.2337
0.2523
0.2087
0.4178
0.2079
0.1289
0.1727
0.1949
0.1389
0.2293
0.3119
0.2746
0.3132
0.2058
0.1923
0.1152
0.2054
0.1506
0.0616
0.1120
0.0769
0.1213
0.1013
0.1609

0.1715
0.1465
0.0500
0.1029
0.1127
0.1805
0.1904
0.1789
0.1138
0.1275
0.1821
0.0693
0.1052
0.1169
0.2092
0.1291
0.0761
0.0636
0.0280
0.0377
0.0699
0.0214
0.1066
0.0787
0.0859
0.0546
0.1360
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0.0963
0.1401
0.1123
0.0816
0.0782
0.0725
0.0951
0.1052
0.0697
0.0000
0.0773
0.1132
0.1551
0.0953
0.0866
0.0685
0.0820
0.1051
0.0863
0.0968
0.0863
0.0575
0.0446
0.0422
0.0645
0.0479
0.0695

0.2074
0.2713
0.2055
0.1510
0.1660
0.1515
0.1759
0.1693
0.1301
0.0000
0.1518
0.2091
0.2750
0.1772
0.1749
0.1464
0.1516
0.1729
0.1686
0.1844
0.1579
0.1040
0.0851
0.0853
0.1151
0.1115
0.1508
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E.4 GTNP - Targhee Base Gas Chemistry Data from URG Sampling
NHs; is blank corrected

Average (ug/m3)
MDL (ug/m3)

Date
4/21/2011
4/22/2011
4/23/2011
4/24/2011
4/25/2011
4/26/2011
4/27/2011
4/28/2011
4/29/2011
4/30/2011

5/1/2011
5/2/2011
5/3/2011
5/4/2011
5/5/2011
5/6/2011
5/7/2011
5/8/2011
5/9/2011
5/10/2011
5/11/2011
5/12/2011
5/13/2011
5/14/2011
5/15/2011
5/16/2011
5/17/2011
5/18/2011
5/19/2011
5/20/2011
5/21/2011
5/22/2011

NH;

Start Time

4/23/11 8:00
4/24/11 8:00
4/25/11 8:00
4/26/11 8:00
4/27/11 8:00

4/29/11 8:00
4/30/11 8:00
5/1/11 8:00
5/2/11 8:00
5/3/11 8:00
5/4/11 8:00
5/5/11 8:00
5/6/11 8:00
5/7/11 8:00
5/8/11 8:00
5/9/11 8:00
5/10/11 8:00
5/11/11 8:00
5/12/11 8:00
5/13/11 8:00
5/14/11 8:00
5/15/11 8:00
5/16/11 8:00
5/17/11 8:00

5/19/11 8:00
5/20/11 8:00
5/21/11 8:00
5/22/11 8:00

0.04834
0.17138

HNO;
0.00425
0.03378

End Time

4/24/11 8:00
4/25/11 8:00
4/26/11 8:00
4/27/11 8:00
4/28/11 8:00

4/30/11 8:00
5/1/11 8:00
5/2/11 8:00
5/3/11 8:00
5/4/11 8:00
5/5/11 8:00
5/6/11 8:00
5/7/11 8:00
5/8/11 8:00
5/9/11 8:00
5/10/11 8:00
5/11/11 8:00
5/12/11 8:00
5/13/11 8:00
5/14/11 8:00
5/15/11 8:00
5/16/11 8:00
5/17/11 8:00
5/18/11 8:00

5/20/11 8:00
5/21/11 8:00
5/22/11 8:00
5/23/11 8:00

0.00077
0.00488

Sample Vol (M)

13.73
6.98
14.49
11.10
10.99
12.11
11.64
12.59
9.33
11.82
9.92
11.21
12.53
10.86
12.58
11.26
12.47
11.37
11.07
12.33
11.00
12.68
10.22
11.08
10.33
10.49
12.49
9.77
12.10
11.12
12.23
10.85

284

ug/nt
NH; (9)
0.4025
1.5195
0.4030
0.6769
0.0476
0.6727
0.6657
0.3676
0.3503
0.1702
0.6786
0.6039
0.4302
0.7339
0.6257
0.7608
0.2217
0.1357
0.4756
0.2219
0.5981

0.8487
0.1616
0.5993
0.5701
0.6427
0.2030
0.2799
0.3054
0.7563
0.6205

ug/nt
HNO; (g)
0.0279
0.0748
0.0862
0.0795
0.1290
0.1083
0.0713
0.0948
0.1207
0.0292
0.0681
0.1123
0.0529
0.0883
0.0527
0.0890
0.0360
0.0362
0.0420
0.0428
0.0616

0.0989
0.0813
0.1174
0.0881
0.0734
0.0610
0.0661
0.0725
0.0857
0.0690

ug/nt

SO (g)
0.0228
0.0761
0.0393
0.1972
0.0546
0.0182
0.0539
0.0802
0.0671
0.0773
0.1242
0.1133
0.1363
0.1238
0.1186
0.0851
0.0104
0.0595
0.1561
0.0924
0.1457

0.0886
0.0951
0.1172
0.0446
0.0315
0.0635
0.1267
0.0899
0.0432
0.0231



5/23/2011
5/24/2011
5/25/2011
5/26/2011
5/27/2011
5/28/2011
5/29/2011
5/30/2011
5/31/2011
6/1/2011
6/2/2011
6/3/2011
6/4/2011
6/5/2011
6/6/2011
6/7/2011
6/8/2011
6/9/2011
6/10/2011
6/11/2011
6/12/2011
6/13/2011
6/14/2011
6/15/2011
6/16/2011
6/17/2011
6/18/2011
6/19/2011
6/20/2011
6/21/2011
6/22/2011
6/23/2011
6/24/2011
6/25/2011
6/26/2011
6/27/2011
6/28/2011
6/29/2011
6/30/2011
7/1/2011
7/2/2011
7/3/2011
7/4/2011

5/23/11 8:00
5/24/11 8:00
5/25/11 8:00
5/26/11 8:00
5/27/11 8:00
5/28/11 8:00
5/29/11 8:00
5/30/11 8:00
5/31/11 8:00
6/1/11 8:00
6/2/11 8:00
6/3/11 8:00
6/4/11 8:00
6/5/11 8:00
6/6/11 8:00
6/7/11 8:00
6/8/11 8:00
6/9/11 8:00
6/10/11 8:00
6/11/11 8:00
6/12/11 8:00
6/13/11 8:00
6/14/11 8:00
6/15/11 8:00
6/16/11 8:00
6/17/11 8:00
6/18/11 8:00
6/19/11 8:00
6/20/11 8:00
6/21/11 8:00
6/22/11 8:00
6/23/11 8:00
6/24/11 8:00
6/25/11 8:00
6/26/11 8:00
6/27/11 8:00
6/28/11 8:00
6/29/11 8:00
6/30/11 8:00
7/1/11 8:00
7/2/11 8:00
7/3/11 8:00
7/4/11 8:00

5/24/11 8:00
5/25/11 8:00
5/26/11 8:00
5/27/11 8:00
5/28/11 8:00
5/29/11 8:00
5/30/11 8:00
5/31/11 8:00
6/1/11 8:00
6/2/11 8:00
6/3/11 8:00
6/4/11 8:00
6/5/11 8:00
6/6/11 8:00
6/7/11 8:00
6/8/11 8:00
6/9/11 8:00
6/10/11 8:00
6/11/11 8:00
6/12/11 8:00
6/13/11 8:00
6/14/11 8:00
6/15/11 8:00
6/16/11 8:00
6/17/11 8:00
6/18/11 8:00
6/19/11 8:00
6/20/11 8:00
6/21/11 8:00
6/22/11 8:00
6/23/11 8:00
6/24/11 8:00
6/25/11 8:00
6/26/11 8:00
6/27/11 8:00
6/28/11 8:00
6/29/11 8:00
6/30/11 8:00
7/1/11 8:00
7/2/11 8:00
7/3/11 8:00
7/4/11 8:00
7/5/11 8:00

11.03
12.22
11.33
11.86
10.51
11.92
10.57
10.05
12.45
11.86
11.75
10.64
12.21
11.80
11.51
11.98
11.13
11.83
10.62
12.43
10.67
10.91
12.40
11.00
11.89
10.78
12.02
11.06
10.58
12.23
10.92
11.85
7.30

8.60

10.05
11.15
12.65
11.56
13.91
10.20
12.16
11.86
12.75

285

1.2660
0.4180
0.1288
0.4641
0.5364
0.5213
0.3101
0.5587
0.1756
0.1868
0.3523
0.2258
0.1390
0.3107
0.2825
0.4254
0.4253
0.2775
0.3036
0.3659
0.3903
0.2692
0.6049
0.7111
0.3023
0.6418
0.4064
0.2631
0.6489
0.5940
0.5685
0.3066
0.4855
0.2847
0.3786
0.3525
0.3541
0.5929
0.4923
0.5045
0.5365
0.8053
0.6017

0.1462
0.0722
0.1370
0.0600
0.0559
0.1234
0.0635
0.0591
0.0726
0.1452
0.0487
0.0804
0.1553
0.1701
0.1463
0.0567
0.1116
0.0441
0.0838
0.1094
0.0632
0.0927
0.1105
0.1825
0.0624
0.0693
0.0813
0.0246
0.0915
0.0837
0.1554
0.1227
0.1814
0.0869
0.0981
0.2521
0.2380
0.2198
0.1010
0.2143
0.1794
0.4255
0.2285

0.0735
0.0942
0.1037
0.0161
0.0090
0.0342
0.0603
0.0416
0.2170
0.2592
0.0346
0.1425
0.2107
0.2399
0.2103
0.0381
0.0253
0.0097
0.0467
0.0419
0.0247
0.0525
0.0900
0.1601
0.0330
0.0514
0.0773
0.0067
0.0246
0.0594
0.0624
0.0931
0.0871
0.0500
0.0700
0.2006
0.1616
0.1801
0.0353
0.0935
0.0974
0.3186
0.1103



7/5/2011
7/6/2011
7/7/2011
7/8/2011
7/9/2011
7/10/2011
7/11/2011
7/12/2011
7/13/2011
7/14/2011
7/15/2011
7/16/2011
7/17/2011
7/18/2011
7/19/2011
7/20/2011
7/21/2011
7/22/2011
7/23/2011
7/24/2011
7/25/2011
7/26/2011
7/27/2011
7/28/2011
7/29/2011
7/30/2011
7/31/2011
8/1/2011
8/2/2011
8/3/2011
8/4/2011
8/5/2011
8/6/2011
8/7/2011
8/8/2011
8/9/2011
8/10/2011
8/11/2011
8/12/2011
8/13/2011
8/14/2011
8/15/2011
8/16/2011

7/7/11 8:00
7/8/11 8:00
7/9/11 8:00
7/10/11 8:00
7/11/11 8:00
7/12/11 8:00
7/13/11 8:00
7/14/11 8:00
7/15/11 8:00
7/16/11 8:00

7/18/11 8:00
7/19/11 8:00
7/20/11 8:00
7/21/11 8:00
7/22/11 8:00
7/23/11 8:00
7/24/11 8:00
7/25/11 8:00
7/26/11 8:00
7/27/11 8:00
7/28/11 8:00
7/29/11 8:00
7/30/11 8:00
7/31/11 8:00
8/1/11 8:00
8/2/11 8:00
8/3/11 8:00
8/4/11 8:00
8/5/11 8:00
8/6/11 8:00
8/7/11 8:00
8/8/11 8:00
8/9/11 8:00
8/10/11 8:00
8/11/11 8:00
8/12/11 8:00
8/13/11 8:00
8/14/11 8:00
8/15/11 8:00
8/16/11 8:00

7/8/11 8:00
7/9/11 8:00
7/10/11 8:00
7/11/11 8:00
7/12/11 8:00
7/13/11 8:00
7/14/11 8:00
7/15/11 8:00
7/16/11 8:00
7/17/11 8:00

7/19/11 8:00
7/20/11 8:00
7/21/11 8:00
7/22/11 8:00
7/23/11 8:00
7/24/11 8:00
7/25/11 8:00
7/26/11 8:00
7/27/11 8:00
7/28/11 8:00
7/29/11 8:00
7/30/11 8:00
7/31/11 8:00
8/1/11 8:00
8/2/11 8:00
8/3/11 8:00
8/4/11 8:00
8/5/11 8:00
8/6/11 8:00
8/7/11 8:00
8/8/11 8:00
8/9/11 8:00
8/10/11 8:00
8/11/11 8:00
8/12/11 8:00
8/13/11 8:00
8/14/11 8:00
8/15/11 8:00
8/16/11 8:00
8/17/11 8:00

4.66
20.12
11.79
12.54
10.95
13.07
11.63
12.34
11.78
12.75
11.85
12.83
10.19
12.49
11.18
11.90
10.89
12.13
10.66
12.21
11.33
12.07
10.80
12.28
11.54
12.59
10.78
11.59
12.76
12.04
12.04
12.88
11.15
12.52
11.63
13.13
11.73
12.91
11.39
13.15
11.65
12.66
11.23

286

1.0228
0.7124
0.7892
0.5843
0.4473
0.5206
0.6036
0.5124
0.5208
0.4108
0.3570
0.2999
0.4009
0.4894
0.4802
0.3919
0.4239
0.5144
0.3729
0.4985
0.5862
0.5821
0.4663
0.0408
0.6325
0.5306
0.8208
0.5954
0.9234
0.5451
0.4971
0.6644
0.5083
1.0736
0.5305
0.4269
0.5263
0.5184
0.4774
0.6489
0.5289
0.8150
0.4837

0.3509
0.2220
0.2771
0.1838
0.2471
0.1636
0.3059
0.1416
0.2052
0.1359
0.2867
0.2162
0.4268
0.3812
0.2948
0.1946
0.2088
0.1270
0.1927
0.2217
0.4900
0.2073
0.3899
0.3047
0.4760
0.2350
0.2891
0.0831
0.2161
0.1882
0.1603
0.1184
0.2276
0.0987
0.1885
0.1502
0.1662
0.1580
0.1406
0.1765
0.2322
0.1593
0.1246

0.2830
0.0975
0.0949
0.0827
0.0869
0.0539
0.1352
0.0869
0.1436
0.2179
0.3105
0.2223
0.3465
0.1376
0.1355
0.0878
0.0546
0.0905
0.0747
0.1204
0.3210
0.1580
0.0799
0.0902
0.0953
0.1486
0.1045
0.0261
0.0477
0.0155
0.0360
0.0668
0.0703
0.0325
0.0630
0.0176
0.1114
0.0728
0.0731
0.1200
0.1050
0.2961
0.1178



8/17/2011
8/18/2011
8/19/2011
8/20/2011
8/21/2011
8/22/2011
8/23/2011
8/24/2011
8/25/2011
8/26/2011
8/27/2011
8/28/2011
8/29/2011
8/30/2011
8/31/2011
9/1/2011
9/2/2011
9/3/2011
9/4/2011
9/5/2011
9/6/2011
9/7/2011
9/10/2011
9/11/2011
9/12/2011
9/13/2011
9/14/2011
9/15/2011
9/16/2011
9/17/2011
9/18/2011
9/19/2011
9/20/2011
9/21/2011

8/17/11 8:00
8/18/11 8:00
8/19/11 8:00
8/20/11 8:00
8/21/11 8:00
8/22/11 8:00
8/23/11 8:00
8/24/11 8:00
8/25/11 8:00
8/26/11 8:00
8/27/11 8:00
8/28/11 8:00
8/29/11 8:00
8/30/11 8:00
8/31/11 8:00
9/1/11 8:00
9/2/11 8:00
9/3/11 8:00
9/4/11 8:00
9/5/11 8:00
9/6/11 8:00
9/7/11 8:00
9/10/11 8:00
9/11/11 8:00
9/12/11 8:00
9/13/11 8:00
9/14/11 8:00
9/15/11 8:00
9/16/11 8:00
9/17/11 8:00
9/18/11 8:00
9/19/11 8:00
9/20/11 8:00
9/21/11 8:00

8/18/11 8:00
8/19/11 8:00
8/20/11 8:00
8/21/11 8:00
8/22/11 8:00
8/23/11 8:00
8/24/11 8:00
8/25/11 8:00
8/26/11 8:00
8/27/11 8:00
8/28/11 8:00
8/29/11 8:00
8/30/11 8:00
8/31/11 8:00
9/1/11 8:00
9/2/11 8:00
9/3/11 8:00
9/4/11 8:00
9/5/11 8:00
9/6/11 8:00
9/7/11 8:00
9/10/11 8:00
9/11/11 8:00
9/12/11 8:00
9/13/11 8:00
9/14/11 8:00
9/15/11 8:00
9/16/11 8:00
9/17/11 8:00
9/18/11 8:00
9/19/11 8:00
9/20/11 8:00
9/21/11 8:00
9/22/11 8:00

13.11
11.56
13.04
11.87
12.87
10.28
12.79
12.05
13.08
11.69
13.04
12.01
12.68
11.89
12.74
11.23
12.89
11.99
12.59
12.18
12.67
34.92
13.07
11.57
12.45
11.25
12.54
9.43
11.90
10.22
12.11
10.35
12.03
10.49

287

0.5882
0.4940
0.4810
0.5580
0.5408
0.5859
0.5942
0.4413
0.7901
0.7138
0.8696
0.7191
0.5092
0.4346
0.5086
0.3458
0.5562
0.6993
0.4848
0.5746
0.5839
0.3307
0.2496
0.4901
0.5015
0.5972
0.3600
0.4135
0.3247
0.5387
0.4183
0.5269
0.1377
0.4470

0.1727
0.2022
0.1540
0.3883
0.3014
0.3724
0.2449
0.5094
0.3333
0.5265
0.2390
0.3263
0.1843
0.2470
0.2090
0.2168
0.0870
0.1917
0.2121
0.1957
0.1324
0.3265
0.1579
0.2542
0.1485
0.1585
0.1019
0.2312
0.0663
0.1709
0.0514
0.1111
0.0774
0.1032

0.1481
0.0928
0.0803
0.1238
0.2291
0.2216
0.1090
0.1976
0.1472
0.2090
0.0809
0.0603
0.0883
0.1318
0.1466
0.3060
0.1222
0.1384
0.2102
0.0655
0.0835
0.1974
0.1931
0.1604
0.0552
0.0728
0.0357
0.1120
0.0227
0.1388
0.0777
0.1145
0.0654
0.1113
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E.15 Driggs Dry Deposition Velocities and Dry Deposition Amounts
Deposition velocities are monthly average of deposition velocities atribdd?, WY and
Yellowstone National Park CASTNet Sites from 2000-2009.

HNO3 Particulate Dry Dep Dry Dep Dry Dep Dry Dep

Date VD VD NH," NOs HNO; NH;

cm/s cm/s g N/t pg N/nf ng N/nf ng N/nf
4/6/2011 1.273 0.136 42.137 4.946 34.069 207.391
4/7/2011  1.273 0.136 38.076 13.134 27.706 424.365
4/8/2011 1.273 0.136 37.298 9.564 28.248 291.134
4/9/2011 1.273 0.136 28.437 12.535 20.224 373.437
4/10/2011 1.273 0.136 51.912 13.948 8.078 967.338
4/11/2011 1.273 0.136 36.444 9.455 20.522 371.607
4/12/2011 1.273 0.136 58.110 16.010 7.853 565.030
4/13/2011 1.273 0.136 37.533 9.049 24.934 380.079
4/14/2011 1.273 0.136 59.729 12.912 7.702 759.802
4/15/2011 1.273 0.136 84.116 12.298 25.358 302.328
4/16/2011 1.273 0.136 33.405 7.738 13.576 744.491
4/17/2011 1.273 0.136 39.128 8.980 8.138 840.959
4/18/2011 1.273 0.136 38.465 9.921 7.899 486.028
4/19/2011 1.273 0.136 39.745 20.570 11.783 497.171
4/20/2011 1.273 0.136 24.515 5.045 14.401 311.428
4/21/2011 1.273 0.136 27.423 4,994 11.930 448.168
4/22/2011 1.273 0.136 59.500 19.371 21.188 510.467
4/23/2011 1.273 0.136 50.459 13.025 10.878 458.296
4/24/2011 1.273 0.136 60.636 15.235 18.149 518.623
4/25/2011 1.273 0.136 12.531 2.653 14.220 324.445
4/26/2011 1.273 0.136 12.960 4,223 6.823 431.558
4/27/2011 1.273 0.136 18.904 8.200 18.303 443.850
4/28/2011 1.273 0.136 17.677 4,121 22.279 296.595
4/29/2011 1.273 0.136 9.096 3.394 11.853 257.246
4/30/2011 1.273 0.136 22.586 1.961 9.513 214.730
5/1/2011 1.526 0.179 17.486 4.058 28.582 168.888
5/2/2011 1.526 0.179 29.150 7.031 28.246 544.264
5/3/2011 1.526 0.179 33.228 8.310 42.598 488.451
5/4/2011 1.526 0.179 15.872 6.334 18.274 521.168
5/5/2011 1.526 0.179 18.332 4.756 28.898 590.130
5/6/2011 1.526 0.179 23.441 4.344 31.198 728.797
5/7/2011 1.526 0.179 12.472 1.655 15.595 272.989
5/8/2011 1.526 0.179 9.482 5.563 11.758 338.086
5/9/2011 1.526 0.179 20.912 13.055 14.685 678.594
5/10/2011 1.526 0.179 8.977 2.014 13.411 184.971
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5/11/2011
5/12/2011
5/13/2011
5/14/2011
5/15/2011
5/16/2011
5/17/2011
5/18/2011
5/19/2011
5/20/2011
5/21/2011
5/22/2011
5/23/2011
5/24/2011
5/25/2011
5/26/2011
5/27/2011
5/28/2011
5/29/2011
5/30/2011
5/31/2011
6/1/2011
6/2/2011
6/3/2011
6/4/2011
6/5/2011
6/6/2011
6/7/2011
6/8/2011
6/9/2011
6/10/2011
6/11/2011
6/12/2011
6/13/2011
6/14/2011
6/15/2011
6/16/2011
6/17/2011
6/18/2011
6/19/2011
6/20/2011
6/21/2011
6/22/2011

1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.526
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647

0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193

28.151
78.220
32.150
32.001
28.741
52.214
60.192
31.393
8.601
4.687
51.231
38.795
31.070
23.019
26.986
17.759
25.827
30.879
10.547
15.422
40.290
39.500
27.885
11.388
25.836
24.992
25.741
19.118
20.455
15.156
24.202
37.189
39.461
9.376
39.503
33.750
38.019
22.361
19.820
1.043
22.902
26.949
26.856

1.707
30.382
5.298
2.111
4.355
23.045
22.304
4.365
0.973
0.327
7.429
3.259
4.721
4.984
1.652
2.989
3.816
4.803
3.230
3.962
2.796
7.718
4.319
1.889
2.956
3.303
1.776
2.955
3.635
3.646
3.570
2.474
2.546
1.736
2.316
1.942
2.033
2.498
1.934
1.207
2.650
3.328
1.345
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24.895
71.492
58.857
26.570
45.461
28.437
39.000
24.325
19.694
21.043
35.954
26.995
22.965
18.860
34.174
14.739
27.058
22.315
20.516
14.142
36.403
94.350
24.673
23.580
56.109
97.717
72.192
30.063
20.287
14.952
28.454
57.970
22.319
36.878
42.249
23.256
46.626
40.749
32.917
12.440
38.010
66.016
79.967

347.043
189.038
787.416
734.640
625.465
577.710
772.341
553.659
642.511
476.291
1276.677
1006.952
261.983
366.713
333.671
488.421
560.938
154.220
374.800
425.291
301.400
382.337
487.544
347.535
496.652
585.817
336.733
676.848
151.860
410.747
693.479
652.820
497.394
442.901
708.458
255.224
416.869
546.601
638.079
376.531
757.848
730.432
795.095



6/23/2011
6/24/2011
6/25/2011
6/26/2011
6/27/2011
6/28/2011
6/29/2011
6/30/2011
7/1/2011
7/2/2011
7/3/2011
7/4/2011
7/5/2011
7/6/2011
7/7/2011
7/8/2011
7/9/2011
7/10/2011
7/11/2011
7/12/2011
7/13/2011
7/14/2011
7/15/2011
7/16/2011
7/17/2011
7/18/2011
7/19/2011
7/21/2011
7/22/2011
7/23/2011
7/24/2011
7/25/2011
7/26/2011
7/27/2011
7/28/2011
7/29/2011
7/30/2011
7/31/2011
8/1/2011
8/2/2011
8/3/2011
8/4/2011
8/5/2011

1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.611
1.611
1.611
1.611
1.611

0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.187
0.187
0.187
0.187
0.187

41.312
24.805
22.956
22.885
11.913
36.710
52.293
24.158
26.070
24.114
37.434
29.517
31.431
25.796
24.048
27.302
19.991
18.391
31.767
32.003
38.287
50.048
35.152
42.941
28.145
35.065
33.705
6.441
16.490
15.564
21.775
33.320
27.177
27.403
22.815
39.115
29.105
34.423
8.135
32.093
27.182
23.010
23.105

1.798
2.366
1.760
1.979
2.140
5.101
7.503
2.030
2.760
3.837
4.198
4.199
4.675
2.518
2.223
3.359
1.951
1.834
2.666
2.606
9.530
7.719
6.833
4.263
3.128
4.541
3.646
1.451
1.952
1.980
1.611
5.794
3.669
2.501
2.444
3.232
2.138
3.017
1.058
6.594
3.368
4.212
2.897
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66.199
67.298
63.820
49.290
59.492
172.032
95.571
56.326
44271
80.967
157.875
105.494
73.641
95.860
56.272
73.361
59.617
56.825
95.864
38.657
92.856
64.025
65.186
71.956
145.570
115.623
93.257
60.917
65.165
42.563
80.138
165.931
52.293
51.840
48.164
93.346
77.127
78.773
34.266
73.855
66.874
83.398
99.574

561.570
513.782
381.333
431.971
485.207
447.000
785.584
595.772
512.643
674.090
829.658
726.817
729.575
780.940
867.466
678.695
452.923
545.803
621.071
693.517
702.378
952.604
531.182
488.701
547.458
623.514
590.500
509.530
540.627
492.592
598.164
640.308
731.765
434.358
497.912
788.896
824.395
758.306
383.181
1044.893
592.662
542.003
527.246



8/6/2011
8/7/2011
8/8/2011
8/9/2011
8/10/2011
8/11/2011
8/12/2011
8/13/2011
8/14/2011
8/15/2011
8/16/2011
8/17/2011
8/18/2011
8/19/2011
8/20/2011
8/21/2011
8/22/2011
8/23/2011
8/24/2011
8/25/2011
8/26/2011
8/27/2011
8/28/2011
8/29/2011
8/30/2011
8/31/2011
9/1/2011
9/2/2011
9/3/2011
9/4/2011
9/5/2011
9/6/2011
9/7/2011
9/10/2011
9/11/2011
9/12/2011
9/13/2011
9/14/2011
9/15/2011
9/16/2011
9/17/2011
9/18/2011
9/19/2011

1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467

0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154

20.929

19.114
17.703
21.494
23.656
18.583
26.556
15.372
41.662
20.082
26.895
19.884
56.994
26.181
47.100
37.568
32.436
34.295
35.903
40.101
41.358
27.354
20.722
19.622
31.747
27.638
20.708
15.854
18.506
22.900
39.904
27.638
22.920
24.979
11.829
34.129
24.988
32.853
23.109
20.273
13.077
17.672

2.509
1.252
1.904
1.767
1.126
2.060
2.661
3.457
1.593
24.312
5.324
5.414
2.532
3.734
3.445
5.891
6.618
3.601
3.321
3.808
3.839
3.106
1.272
2.857
2.077
4.210
11.924
7.553
4.368
1.576
2.909
2.805
2.888
2.679
1.175
3.700
4.230
2.580
2.905
1.757
2421
1.028
1.824
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56.213
55.670
40.902
42.819
79.152
42.760
92.193
121.847
81.206
64.143
83.359
92.449
98.715
73.941
90.369
110.651
149.637
64.346
116.284
131.989
124.540
129.914
80.330
72.262
78.039
64.548
58.548
36.287
48.641
54.895
39.115
64.579
87.831
77.335
88.189
57.960
54.158
32.436
42.403
17.344
31.531
21.651
34.149

463.067
526.244
516.120
481.528
525.993
839.557
552.242
1579.205
506.025
821.263
547.956
719.374
561.642
665.984
643.088
542.346
613.760
727.948
641.232
986.541
930.718
851.098
744.617
560.695
585.106
721.348
440.104
516.537
715.373
477.007
634.913
548.814
391.040
367.431
534.983
536.532
590.948
521.432
459.948
444275
567.517
484.835
503.105



9/20/2011 1.467 0.154 13.141 1.409 28.527 228.530
9/21/2011 1.467 0.154 21.491 6.517 45.305 408.216

E.16 Grand Targhee Dry Deposition Velocities and Amounts
Deposition velocities are monthly average of deposition velocities atribdd®, WY and
Yellowstone National Park CASTNet Sites from 2000-2009.

HNO3 Particulate Dry Dep DryDep DryDep Dry Dep
Date VD VD NH," NOs HNO; NH;

cm/s cm/s ug N/ ugN/nf  ug N/t pg N/nf

7/13/2011 1.599 0.188 36.831 7.849 120.121 389.819
7/14/2011 1.599 0.188 36.708 6.228 153.922 334.526
7/16/2011 1.599 0.188 31.993 5.455 108.453 294.630
7/18/2011 1.599 0.188 32.448 2.414 13.686 350.893
7/20/2011 1.599 0.188 13.263 1.051 98.249 347.951
7/22/2011 1.599 0.188 13.800 1.168 67.596 370.664
7/24/2011 1.599 0.188 27.222 3.445 157.365 456.685
7/26/2011 1.599 0.188 27.186 3.228 95.693 463.483
7/27/2011 1.599 0.188 32.125 2.232 48.235 320.875
7/28/2011 1.599 0.188 21.904 1.627 35.547 369.081
7/29/2011 1.599 0.188 24.768 1.945 61.569 489.818
7/30/2011 1.599 0.188 31.451 2.270 153.787 395.477
7/31/2011 1.599 0.188 34.715 4.243 111.667 543.935
8/1/2011 1.611 0.187 7.969 2.390 27.438 336.490
8/2/2011 1.611 0.187 33.560 11.582 74579 802.296
8/3/2011 1.611 0.187 28.783 3.814 114.531 476.052
8/4/2011 1.611 0.187 19.041 2.051 103.652 465.484
8/5/2011 1.611 0.187 28.678 3.512 111.463 469.230
8/6/2011 1.611 0.187 25.479 2.361 129.605 396.074
8/7/2011 1.611 0.187 24.036 2.046 85.170 552.176
8/8/2011 1.611 0.187 25.864 2.110 94.369 465.530
8/9/2011 1.611 0.187 85.779 1.433 81.466  58.390
8/10/2011 1.611 0.187 17.167 1.855 99.198 434.550
8/11/2011 1.611 0.187 12.729 1.799 89.867 350.620
8/12/2011 1.611 0.187 17.117 1.841 70.680 384.440
8/13/2011 1.611 0.187 21.412 2.571 197.971 457.669
8/14/2011 1.611 0.187 16.240 1.848 113.323 379.791
8/15/2011 1.611 0.187 47.473 24.324 60.558 993.551
8/16/2011 1.611 0.187 14.513 3.285 55.035 434.956
8/17/2011 1.611 0.187 26.616 4.893 145.432 549.970
8/18/2011 1.611 0.187 13.189 1.577 105.716 324.032
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8/19/2011 1.611 0.187 24.415 2.076 88.206 423.103
8/20/2011 1.611 0.187 34.228 2.853 212.384 399.479
8/21/2011 1.611 0.187 87.160 7.229 234.748 478.654
8/22/2011 1.611 0.187 32.966 4.376 251.215 474.528
8/23/2011 1.611 0.187 24.830 2.364 142.207 509.010
8/24/2011 1.611 0.187 43.142 2.654 321.477 400.643
8/25/2011 1.611 0.187 35.798 3.226 248.524 559.199
8/26/2011 1.611 0.187 34.604 3.077 344.818 502.498
8/27/2011 1.611 0.187 45.456 3.893 226.766 735.169
8/28/2011 1.611 0.187 26.244 2.042 180.371 510.829
8/29/2011 1.611 0.187 19.450 1.997 143.140 539.292
8/30/2011 1.611 0.187 22.864 2.359 114.160 378.944
8/31/2011 1.611 0.187 31.562 3.620 148.840 491.664

9/1/2011 1.467 0.154 35.818 16.873 83.465 358.870

9/2/2011 1.467 0.154 24.026 8.490 53.781 638.238

9/3/2011 1.467 0.154 16.834 5.306 79.155 605.425

9/4/2011 1.467 0.154 20.582 2.285 102.134 397.866

9/5/2011 1.467 0.154 23.003 3.527 87.506 461.858

9/6/2011 1.467 0.154 30.850 3.056 82.750 382.902

9/7/2011 1.467 0.154 34.470 3.019 128.215 372.974

9/8/2011 1.467 0.154 27.813 3.086 137.461 214.931
9/10/2011 1.467 0.154 23.324 2.814 114.663 226.739
9/11/2011 1.467 0.154 30.816 3.167 116.776 314.837
9/12/2011 1.467 0.154 26.282 4.024 52.684 406.744
9/13/2011 1.467 0.154 29.501 5.309 84.657 470.421
9/14/2011 1.467 0.154 31.155 2.422 67.519 311.721
9/15/2011 1.467 0.154 31.389 3.683 65.372 361.635
9/16/2011 1.467 0.154 15.704 3.162 22.188 306.671
9/17/2011 1.467 0.154 22.322 2.753 20.907 360.480
9/18/2011 1.467 0.154 12.623 2.149 34.044 383.284
9/19/2011 1.467 0.154 16.719 0.797 26.815 345.538
9/20/2011 1.467 0.154 19.377 0.858 26.368 102.508
9/21/2011 1.467 0.154 25.328 3.312 48.280 363.333

E.17NOAA Climate Center Dry Deposition Velocities and Dry Deposition Amouts
Deposition velocities are monthly average of deposition velocities atribdd®, WY and
Yellowstone National Park CASTNet Sites from 2000-2009.

HNO3 Particulate DryDep DryDep DryDep DryDep
Date VD VD NH," NOs HNO; NH;

cm/s cm/s ug N/nf - pugN/nf pg N/nf pg N/nf

5/24/2011 1.526 0.179 87.994 9.008 15.004 311.934

5/25/2011 1.526 0.179 28.354 1.653 22.999 186.060
318



5/26/2011
5/27/2011
5/28/2011
5/29/2011
5/30/2011
5/31/2011
6/1/2011
6/2/2011
6/3/2011
6/4/2011
6/5/2011
6/6/2011
6/7/2011
6/8/2011
6/9/2011
6/10/2011
6/11/2011
6/12/2011
6/13/2011
6/14/2011
6/15/2011
6/16/2011
6/17/2011
6/18/2011
6/19/2011
6/20/2011
6/21/2011
6/22/2011
6/23/2011
6/24/2011
6/25/2011
6/26/2011
6/27/2011
6/28/2011
6/29/2011
6/30/2011
7/1/2011
7/2/2011
7/3/2011
7/4/2011
7/5/2011
7/6/2011
7/7/2011

1.526
1.526
1.526
1.526
1.526
1.526
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.647
1.599
1.599
1.599
1.599
1.599
1.599
1.599

0.179
0.179
0.179
0.179
0.179
0.179
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.193
0.188
0.188
0.188
0.188
0.188
0.188
0.188

16.577
0.000
53.865
4.225
17.924
38.342
51.538
21.712
12.165
26.439
20.839
15.138
5.630
12.134
10.291
16.819
36.268
34.288
0.206
0.354
0.433
0.239
0.186
0.129
0.000
14.430
24.165
18.278
15.206
25.191
24.886
21.031
28.205
35.231
41.655
0.000
21.492
0.000
31.247
26.693
26.860
23.284
30.030

2.488
0.000
2.339
0.640
1.998
1.859
5.794
3.126
1.387
1.868
2.371
2.282
1.097
1.276
2.733
1.981
1.796
1.390
1.275
1.635
1.604
2.265
1.523
1.054
0.410
1.161
1.439
1.274
1.630
1.743
2.165
1.194
1.770
3.028
4.065
0.000
1.263
0.000
2.540
1.816
2.749
2.600
1.749
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19.673
0.000
28.086
11.067
17.442
27.080
89.176
22.902
18.260
22.589
99.778
74.467
24.902
32.578
20.009
26.365
42.757
21.521
41.589
27.149
20.759
44.611
30.292
27.324
11.173
24.564
49.651
78.079
42.857
47.403
37.866
33.114
54.771
58.091
99.730
0.000
96.949
0.000
113.470
73.547
68.649
89.301
62.760

424.896
0.000
367.922
57.578
239.597
206.734
169.491
317.835
271.531
295.273
271.211
429.826
273.827
130.926
238.144
343.689
182.797
148.323
246.432
267.497
339.503
141.767
257.157
180.393
116.620
244959
288.883
333.561
306.687
322.185
302.587
250.377
236.933
258.738
387.126
0.000
210.807
0.000
375.417
392.157
338.084
373.291
330.218



7/8/2011

7/9/2011
7/10/2011
7/11/2011
7/12/2011
7/13/2011
7/14/2011
7/15/2011
7/16/2011
7/17/2011
7/18/2011
7/19/2011
7/20/2011
7/21/2011
7/22/2011
7/23/2011
7/24/2011
7/25/2011
7/26/2011
7/27/2011
7/28/2011
7/29/2011
7/30/2011
7/31/2011

8/1/2011

8/2/2011

8/3/2011

8/4/2011

8/5/2011

8/6/2011

8/7/2011

8/8/2011

8/9/2011
8/10/2011
8/11/2011
8/12/2011
8/13/2011
8/14/2011
8/15/2011
8/16/2011
8/17/2011
8/18/2011
8/19/2011

1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.599
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611

0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187

26.168
21.083
18.826
34.945
24.213
22.496
46.180
38.388
26.746
25.078
30.875
31.208
12.217
18.136
18.800
28.240
16.193
39.288
27.625
26.942
26.192
22.897
24.348
32.466
10.953
22.484
30.674
22.146
14.933
19.915
16.058
24.389
19.331
14.009
31.157
20.994
16.787
13.440
36.214
20.608
21.807
18.677
13.478

2.626
2.170
4.210
2.679
2.465
4113
7.412
4.483
4514
2.253
2.678
3.258
1.342
2.017
1.620
1.010
1.504
5.823
3.115
1.696
2.680
1.914
2.834
3.050
2.287
3.228
2.401
2.734
1.572
1.330
2.620
3.383
2.093
1.367
2.924
1.737
2.872
1.854
10.666
5.499
3.321
3.447
2.265
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49.707
55.237
61.105
78.260
52.430
46.928
99.404
44.956
86.614
77.053
101.566
104.450
32.602
56.182
61.722
39.429
72.640
153.280
64.615
28.098
90.814
73.252
55.984
51.210
37.870
80.158
47.425
101.887
51.569
262.173
64.257
107.494
31.009
44.131
53.005
63.314
85.713
28.780
62.523
30.120
64.475
70.940
39.904

310.150
257.990
239.910
380.592
183.233
264.616
278.881
239.837
192.503
272.746
333.797
306.809
183.353
194.126
292.663
224.174
243.759
377.883
309.631
246.625
326.411
289.368
253.735
250.397
114.581
291.963
197.175
272.717
212.063

260.569
319.085
236.454
258.640
465.974
165.392
251.071
273.562
397.654
264.634
247.053
274.730
205.381



8/20/2011
8/21/2011
8/22/2011
8/23/2011
8/24/2011
8/25/2011
8/26/2011
8/27/2011
8/28/2011
8/29/2011
8/30/2011
8/31/2011

9/1/2011

9/2/2011

9/3/2011

9/4/2011

9/5/2011

9/6/2011

9/7/2011

9/8/2011

9/9/2011
9/10/2011
9/11/2011
9/12/2011
9/13/2011
9/14/2011
9/15/2011
9/16/2011
9/17/2011
9/18/2011
9/19/2011
9/20/2011
9/21/2011

1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.611
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467
1.467

0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.187
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154
0.154

32.306
28.341
40.560
28.479
50.221
50.201
43.518
0.000
21.590
20.685
19.420
25.839
25.986
18.736
13.506
19.036
25.976
31.639
9.025
34.815
28.827
33.573
23.394
26.746
32.222
28.368
28.388
10.790
13.018
13.248
14.749
11.628
9.727

1.841
5.981
4.560
5.933
9.870
10.535
10.273
0.000
1.886
3.008
2.313
2.922
3.947
3.730
2.596
4.737
4.034
4.155
1.435
3.562
4.100
4.127
2.345
3.326
3.851
1.419
3.043
1.248
1.528
1.406
2.128
1.574
6.746
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41.918
62.662
162.571
66.901
163.855
106.861
153.392
0.000
68.184
66.962
88.932
78.787
52.588
29.709
27.634
50.528
92.463
40.005
13.899
78.309
93.282
59.578
42.559
53.932
58.590
26.238
39.518
20.722
16.441
28.356
33.319
20.700
238.216

306.731
303.000
410.605
617.430
2190.791
839.253
692.620
0.000
253.428
340.538
293.977
341.117
209.002
185.538
313.901
235.557
544.941
317.375
125.408
272.322
268.855
367.038
242.261
335.597
205.450
155.509
210.110
122.142
164.087
115.195
350.062
58.659
139.913



E.18 Passive NHdata for GTNP Sampling Sites
At some sites replicate samples were collecteds@lata are included here.

322

Driggs
NH," Exptime Temp NHs(g)  Average NH(g)
Time on Time off (UN) (min) (°C) pg/m' ng/m3
4/10/2011 8:00 4/24/2011 9:00 23.831 20220 0.8511 0.8425 0.8952
4/10/2011 8:00 4/24/2011 9:00 26.525 20220 0.8511 0.9478
4/27/2011 10:05 5/11/2011 9:15 14.871 20110 3.4956  0.4865 0.4933
4/27/2011 10:05 5/11/2011 9:15 15.222 20110 3.4956  0.5001
5/11/2011 9:35 5/25/2011 9:20 23.674 20145 7.2962  0.8049 0.8038
5/11/2011 9:35 5/25/2011 9:20 23.615 20145 7.2962  0.8027
5/25/2011 9:20 6/8/2011 13:20 16.837 20400 8.4559  0.5369 0.5126
5/25/2011 9:20 6/8/2011 13:20 15.518 20400 8.4559  0.4883
6/8/2011 15:00 6/22/2011 17:00 18.170 20280 10.8201 0.5806 0.5806
6/8/2011 15:00 6/22/2011 17:00 18.170 20280 10.8201 0.5806
6/22/2011 17:00 7/6/2011 12:29 22.450 19889  18.9606 0.7139 0.7125
6/22/2011 17:00 7/6/2011 12:29 22.371 19889  18.9606 0.7111
7/6/2011 12:29 7/18/11 11:18 21.699 17209 20.1362 0.7887 0.7976
7/6/2011 12:29 7/18/11 11:18 22.141 17209 20.1362 0.8066
7/18/2011 11:24 8/1/2011 8:45 24.675 20001 20 0.7832 0.7569
7/18/2011 11:24 8/1/2011 8:45 23.174 20001 20 0.7307
8/1/2011 8:45 8/15/2011 8:46 23.027 20161 20 0.7198 0.7291
8/1/2011 8:45 8/15/2011 8:47 23.563 20162 20 0.7384
8/15/2011 8:49 8/29/2011 8:51 25.847 20162 20 0.8176 0.8471
8/15/2011 8:49 8/29/2011 8:51 27.547 20162 20 0.8765
8/29/2011 8:55 9/12/2011 8:10 23.469 20115 20 0.7368 0.7214
8/29/2011 8:55 9/12/2011 8:10 22.581 20115 20 0.7060



Upper Grand Targhee (DR)

Time on
4/28/11 13:20
4/28/11 13:20
5/12/11 10:35
5/12/11 10:35
5/25/11 13:20
5/25/11 13:20
6/8/11 12:00
6/8/11 12:00
6/22/11 12:00
6/22/11 12:00
7/6/11 12:24
7/6/11 12:24
7/18/11 9:51
7/18/11 9:51
8/1/11 17:08
8/1/11 17:08
8/15/11 11:20
8/15/11 11:20
8/29/11 10:21
8/29/11 10:21

Time off
5/11/11 12:00
5/11/11 12:00
5/25/11 13:20
5/25/11 13:20
6/8/11 12:00
6/8/11 12:00
6/22/11 12:00
6/22/11 12:00
7/6/11 12:17
7/6/11 12:17
7/18/11 9:44
7/18/11 9:44
8/1/11 17:04
8/1/11 17:04
8/15/11 11:18
8/15/11 11:18
8/29/11 10:19
8/29/11 10:19
9/12/11 9:33
9/12/11 9:33

NH,"
(N)
30.2362
30.9183
16.8615
15.87
8.6664
9.5636
19.9336
14.1468
22.0461
21.6398
19.2206
19.8436
17.9327
17.8508
17.8006
17.5644
18.2139
18.8344
18.6347
18.0016

Exp
time(min)
18640
18640
18885
18885
20080
20080
20160
20160
20177
20177
17120
17120
20593
20593
19810
19810
20099
20099
20112
20112
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Temp
(°C)

6.3197
6.3197
13.8916
13.8916
15.9482
15.9482
16.0230
16.0230
16.3332
16.3332
15.5053
15.5053
13.3993
13.3993

NHs(9)
ug/nt
0.9822

1.0062
0.5058
0.4714
0.2085
0.2377
0.5736
0.3856
0.6416
0.6285
0.6443
0.6680
0.4947
0.4921
0.5089
0.5012
0.5177
0.5378
0.5381
0.5172

Average NH(g)

ug/nt
0.9942

0.4886
0.2231
0.4796
0.6351
0.6562
0.4934
0.5051
0.5277

0.5277



NOAA Climate Center

Time on
5/15/11 15:30
5/15/11 15:30
5/26/11 16:00
5/26/11 16:00
6/9/11 13:20
6/9/11 13:20
6/23/11 16:00
6/23/11 16:00
7/5/11 10:58
7/5/11 10:58
7/17/11 12:24
7/17/11 12:24
7/31/11 11:54
7/31/11 11:54
8/14/11 14:45
8/14/11 14:45
8/28/11 12:33
8/28/11 12:33

Time off
5/26/11 16:00
5/26/11 16:00
6/9/11 13:20
6/9/11 13:20
6/23/11 16:00
6/23/11 16:00
7/5/11 10:54
7/5/11 10:54
7/17/11 12:19
7/17/11 12:19
7/31/11 11:50
7/31/11 11:50
8/14/11 14:38
8/14/11 14:38
8/28/11 12:32
8/28/11 12:32
9/10/11 15:20
9/10/11 15:20

NH,*
(UN)
6.103
8.0099
7.5486
6.918
9.4467
9.7418
10.5359
10.5324
10.2748
11.1223
12.2919
11.8595
9.87
10.1805
18.6901
19.1073
12.7975
12.3604

Exp time
(min)
15870
15870
20000
20000
20320
20320
16974
16974
17361
17361
20126
20126
20324
20324
20027
20027
18887
18887
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Temp
(°C)

7.882

7.882

9.800

9.800

17.213
17.213
18.025
18.025
16.865
16.865
15.698
15.698
16.222
16.222
13.695
13.695

NHs(9)
ug/n?
0.1734

0.2598
0.1896
0.1669
0.2622
0.2730
0.3450
0.3449
0.3250
0.3595
0.3536
0.3383
0.2675
0.2784
0.5846
0.5995
0.4038
0.3870

Average NH(g)

ug/n?
0.2166

0.1782
0.2676
0.3450
0.3422
0.3460
0.2729
0.5920

0.3954



Other GTNP Passive Sites

If no temperature is listed 15°C was used.

Start Date
Flagg Ranch
7/5/2011 12:40
7/17/2011 13:47
7/31/2011 13:30
8/14/2011 16:19
8/28/2011 13:52

Moran Junction
7/5/2011 13:53
7/17/2011 14:41
7/31/2011 14:14
8/14/2011 17:19
8/28/2011 13:51

Stop Date

7/17/11 1:43 PM
7/31/2011 13:30
8/14/2011 16:16
8/28/2011 13:48
9/11/2011 15:25

7/17/11 2:37 PM
7/31/2011 14:13
8/14/2011 17:16
8/28/2011 14:40
9/11/2011 15:25

Death Canyon Trailhead

7/21/2011 12:44
7/31/2011 11:21
8/14/2011 13:46
8/28/2011 11:43

Rendezvous Peak
7/21/2011 11:03
7/31/2011 10:18
8/14/2011 12:05
8/28/2011 10:31

7/31/2011 11:17
8/14/2011 13:30
8/28/2011 11:41
9/11/2011 12:55

7/31/2011 10:17
8/14/2011 12:02
8/28/2011 10:31
9/11/2011 10:55

Teton Science School

7/21/2011 14:18
7/31/2011 14:49
8/14/2011 17:57
8/28/2011 15:13

7/31/2011 14:49
8/14/2011 17:55
8/28/2011 15:13
9/10/2011 15:30

NH," Exp

(UN) time(min)
11.3477 17343
9.5546 20143

7.262 20326
9.4142 20009
10.3185 20253
12.877 17324
12.927 20132
11.4634 20342
11.6395 20001
11.4625 20254
6.2351 14313
8.0705 20289
8.7508 20035
6.9972 20232
25.0651 14354
52.6012 20264
35.7496 20066
38.7134 20184
9.6904 14431
10.1325 20346
17.4397 19996
13.9624 18737
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Temp(°C)

16.4884
16.4598
14.7682
14.6918
12.1569

12.9616
12.2889
14.6526
10.4365

19.7705
14.7296

NH3(9)
ug/n?

0.3675
0.2540
0.1743
0.2535
0.2868

0.4353
0.3764
0.3213
0.3330
0.3227

0.1962
0.2026
0.2292
0.1655

0.9941
1.5616
1.0334
1.1486

0.3624
0.2644
0.5357
0.4399



Holly Lake
7/24/2011 12:33
7/30/2011 13:00
7/30/2011 13:00
8/13/2011 13:58
8/27/2011 15:14
8/27/2011 15:14

Surprise Lake
7/24/2011 13:51
8/3/2011 12:00
8/3/2011 12:00
8/15/2011 11:39
8/29/2011 12:04
8/29/2011 12:04

7/30/2011 13:00
8/13/2011 13:50
8/27/2011 15:11
8/27/2011 15:13
9/12/2011 13:13
9/12/2011 13:13

8/3/2011 12:01
8/15/2011 11:38
8/29/2011 12:04
8/29/2011 12:04
9/13/2011 11:15
9/13/2011 11:15

South Badger (North Leigh Creek)

7/21/2011 13:38
8/1/2011 11:26
8/15/2011 14:58
8/28/2011 13:53

8/1/2011 11:24
8/15/2011 14:56
8/28/2011 13:52
9/12/2011 15:00

7.223
12.3806
13.0434
22.1658

11.521
12.3355

10.4511
9.11106
22.5078
15.7021
11.2021
12.1169

6.0853

5.9103

7.1391
6.199
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8667
20210
40451
20235
22919
22919

14290
17258
37444
20185
21551
21551

15706
20370
18654
21667

14.30951
12.78476
14.84991
10.80069

0.3691
0.3232
0.1720
0.6352
0.2607
0.2837

0.3653
0.2529
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Appendix H Nitrogen-containing organic compounds i@ntified in other

studies.
Mode Elemental Formula Measured by
pos C7H15 N O2 Laskin et al 2009; Ozel et al 2010
pos C5H11NO2 Ozel et al 2010
pos C4H7TNO Altieri et al. 2012; Ozel et al 2010
pos C14 H11 N Ozel et al 2010
pos CO9H1I3NO Laskin et al 2010; Ozel et al 2010
pos C7H7N O3 Ozel et al 2010; Mazzoleni et al 2010
pos C3 H7NO2 Ozel et al 2010
pos C4HIN Altieri et al. 2012; Ozel et al 2010
pos C10H21NO Cheng et al. 2006
pos C12H25NO Cheng et al. 2006; Ozel et al 2010
pos C12 H23 N Altieri et al. 2012; Ozel et al 2010
pos C6 H11 NO Cheng et al. 2006, Laskin et al. 2009, Ozel et al 2010
pos C6H1I3NO Ozel et al 2010
pos CO9HI9NO Ozel et al 2010
pos C7H1I3NO Ozel et al 2010
neg C7H7 N O4 Mazzoleni et al 2010
neg CO9H1I5S5NO8S Mazzoleni et al 2010
neg C10 H17 N O8 Mazzoleni et al 2010
neg C10H17NO10S Mazzolenietal 2010
neg C6 H5 N O3 Ozel et al 2010; Mazzoleni et al 2010
pos C5H11NO Ozel et al 2010
pos C16 H33NO Altieri et al. 2012
pos C5H11N Altieri et al. 2012
pos C4 H7 N O2 Altieri et al. 2012
pos C4 H7 N Altieri et al. 2012
pos C7H11NO2 Altieri et al. 2012
pos C18 H33 N O4 Altieri et al. 2012
neg C18 H33 N O5 Altieri et al. 2012
neg C19 H35 N O5 Altieri et al. 2012
pos Cl17H31 N O5 Altieri et al. 2012
pos C18 H33 N O5 Altieri et al. 2012
pos C8H11NO Altieri et al. 2012
pos C7H9 N O2 Altieri et al. 2012
pos C14 H23 N O2 Altieri et al. 2012
pos C17 H29 N O3 Altieri et al. 2012
pos C18 H31 N O4 Altieri et al. 2012
pos C12H17NO Altieri et al. 2012
pos C8 H9 N O2 Altieri et al. 2012
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pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
neg
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos

C18 H29 N O2
C20 H33 N O3
C12 H11N
C20 H27 N
C18 H15 N
C5HOINO
C5HI9NO2
CI9H13NO2
C10 H21 N O5
C7H13 N OS5
C11 H21 N O5
C15H27 N O6
C14 H23 N O3
C12 H19 N O4
C12 H19 N O4
C9H11NOS3
C11 H1I5N O3
C12 H17 N O3
C4 H11 N O2
C6 H15 N O3
C4 H11N

C8 H19 N

C6 H13 N O2
C9H19N O2
C10 H21 N O3
C14 H29 N O3
C16 H33 N O3
C6 H13 N

C13 H25N O3
C18 H35 N O4
C5H5NO
C6H7NO
C7THOINO
C5H5NO2
C12 H11 N O2
C13H13 N O2
C9H17 N O3
C10 H19 N O4
C9H11NO2
C16 H25 N O3
C18 H27 N O4
C19 H25 N O4
C9 H17 N O4

Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.
Altieri et al.

2012

2012

2012

2012

2012

2012, Laskin et al., 2009
2012, Laskin et al., 2009
2012, Laskin et al., 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010
2012; Mazzoleni et al 2010

Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009
Laskin et al 2009

Laskin et al 2009; Mazzoleni et al 2010

Laskin et al 2010
Laskin et al 2010
Laskin et al 2010
Laskin et al 2010
Laskin et al 2010

Laskin et al 2010; Mazzoleni et al 2010
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pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
neg
neg
pos
neg
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
neg
neg
neg
pos
pos

CI9H15N O3
C9H13 N O3
C17 H23 N O5
C18 H25 N O5
C8 H17 N O4
C4 HI9 N O5
C5H11NOS
C8 H17 N O5
CI9H19 N OS5
C10 H21 N O6
C8 H15 N O3
C9H17 N O3
C8 H15N O3
C9H17 N O4
C6 H11 N O4
C7H13 N O4
C8 H15 N O4
C6 H11 N O5
C8 H15 N O5
C9H17 N OS5
C10 H1I9 N O5
C12 H23 N O5
C13 H25N O5
C5H9 N O6
C6 H11 N O6
C7H13 N O6
C8 H15 N O6
C9 H17 N O6
C10 H19 N O6
C11 H21 N O6
C6 H11 N O7
C7 H13 N O7
C10 H19 N O7
C11 H21 N O7
C5H7 N O3
C6 HO N O3
C10 H17 N O3
C11 H1I9N O3
C9H15N O4
C10 H17 N O4
C11 H19 N O4
C7H11NO4
C8 H13 N O4

Laskin et al 2010; Mazzoleni et al 2010
Laskin et al 2010; Mazzoleni et al 2010
Laskin et al 2010; Mazzoleni et al 2010
Laskin et al 2010; Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
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pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
neg
pos
pos
pos
pos
pos
pos
neg
pos
pos
neg
pos
pos
pos

C9H15N O4

C10 H17 N O4
C11 H19 N O4
C12 H21 N O4
C13H23 N O4
C8 H13 N O5

CI9H1I5N OS5

C10 H17 N O5
C11 HI9NO5
C12 H21 N O5
C13H23 N O5
C14 H25 N O5
C8 H13 N O6

C9H15N O6

C10 H17 N O6
C11 H19 N O6
C12 H21 N O6
C13 H23 N O6
C14 H25 N O6
C16 H29 N O6
C9 H15 N O7

C10 H17 N O7
C12 H21 N O7
C13 H23 N O7
C14 H25 N O7
C15H27 N O7
C12 H21 N O8
C13 H23 N O8
C14 H25 N O8
C10 H1I5N O3
C12 H1I9 N O3
C9 H13 N O4

C11 H17 N O4
C12 H1I9 N O5
C13 H21 N O5
C15H25 N O5
C10 H15 N O6
C14 H23 N O6
C15H25 N O6
C8 H11 N O7

C8 H11 N O7

C13 H21 N O7
C14 H23 N O7

Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
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pos
pos
neg
neg
pos
pos
neg
pos
pos
neg
pos
pos
pos
pos
neg
neg
pos
pos
pos
pos
pos
pos
pos
pos

C13 H21 N O8
C15H25 N O8
C10 H1I3 N O3
C14 H21 N O3
C8 HI9 N O3
C13 H19N O3
C6 H5 N O4
C8 HI9 N O4
C14 H21 N O5
C10 H11 N O3
C11 H13N O3
C13 H17 N O3
C12 H15 N O4
C13 H17 N O4
C7H5NO5
C8 H7 N O5
C12 H15 N O7
C13 H15N O3
C14 H17 N O3
C20 H29 N O4
C15H19 N O7
C10 H7 N O4
C12 H11 N O4
C17 H21 N O6

Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
Mazzoleni et al 2010
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