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Abstract

The Colorado Front Range of the Rocky Mountains contains undeveloped, barren soils, yet in
this environmat there is strong evidence for a microbial role in increasteogen (N) export.
Barren soils in alpine environments are severely calibuted, and organic carbon (OC) tise

main energy source féreterotrophianicrobial activity and sustenance okliAtmospheric
deposition can contain high amount€a€. Atmospheric pollutants, dust events, and biological
aerosols, such as bacteria, may be important cotdribto the atmospheric®load.In this

stage of the researele evaluated seasonal trendglannual loadings in the chemical
composition and optical spectroscopic (fluorescence andiggbsorbance) signatures of wet
depositionand dry depositiom analpine environmentt Niwot Ridge inthe Rocky Mountains

of Coloradoto better understarttie sources and chemical charastesof atmospheric
depositionDry deposition was found to be an important source of OC to the aliré.

deposition contributed substantially greateoants of dissolved ammonium, nitrate, and
sulfate.There were atspositiverelationshipetweerdissolved organic carb®OC)
concentrations and ammoniunitrate and sulfate concentrations in wet deposition, which may
be derived from such sources as dust and urban air pollution. We also observed the presence of
seasonallyariable fluorescent componemmtsatmospheric samplélataredifferentfrom

aguatc dissolved organic matter (DOMjinally, thequality of atmospheric organic compounds
reflects photodegradation during transport through the atmosftese results are relevant
becausatmospheric inputs afarbonand other nutrients may influencerification in barren,

alpine soils and, ultnately, the export of nitrate froalpine watersheds.
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Chapter1-Dr ynda Wet Deémepuittsi am Al pi ne

as | mportant Contributions to t

the Colorado Rocky Mount

1. Introduction

Extensive research has been conducted in alpine catchments for decades showing that
biogeochemical and hydrologirocesses seasonally snowovered catchments are changing,
whichis directly affectingwater quality (Williams et al., 1996, 2011; Brookslafilliams,

1999. In alpine environmenthe soilis generally snow covered for greater than 9 months of the
year, thereforaccess t@arbon (C) and other nutrierttg microorganismss limited to the short
snowfree perial (Ley et al., 2004). As glaciend snow melt acceleratenore barren soilare

being exposetb physical and biological weathering processes while simultaneously producing
new hydrologic pathways and connections. In many alpine and high elevation catchments, a
trend of increasing niite export in surface waters has been observed, such as those in the
Colorado Rocky Mountains, USA (Williams et al., 199612; Baron et al., 2009) nd¢reaed

nitrate export from alpine streams in the Colorado Rocky Mounigarsindicatiorthathigh

alpine catchmentarecurrently in transition from nitrogen (N) limitation to N saturation

(Williams and Tonnessen 2000; Elser et al. 2009). This transition tesatuxhted system is

partly attributed to short growing seasons, sparse vegetation, shaileyasd harsh climate that
make highelevation catchments particularly vulnerable to environmental change (Williams and
Tonnessen 2000). The increase in nitrate concentrations in surface waters draining the Green

Lake (GL4) catchment, part of the Niwoitdge Long Term Ecological Research site (NWT

h e

a i

E

n



LTER), located in the Front Range of Colorado illustrates the transitiorstduyation of an

alpine catchmentincet h e mi dannud WdinNesveighteghean nitrate concentrations at

the outlet of GL4 havincreasecht a r at e o f!(Eanést al,2003).IThisNrengl e a r

of increasing nitrate export in surface waters in high elevation catchments has been detected in

several alpine catchments worldwi@@aron et al. 2009Rogora 2007;de Wit etal., 2007).As

full nitrogen saturation occurs in alpine environments, these alpine basins become a source of

nitrate in the headwaters of the primary drinking water source for many urban populated areas.

High nitrate concentrations in watggincause eutphication in rivers, lakes, and streams,ad

consumed in drinking watecan cause Blue Baby Syndronbespite the severely carbon

limited, undeveloped, barren soils of tBelorado Rocky Moumtins,high microbial activityis

occurring providing strowg evidencehat microorganismare playing an important role

increased nitrogen (N) export from high elevation catchments (Williams 294V, 2007).
Atmospheric constituents, such as ice, snow, rain, dust, biological organisms and

fragments, and aesols from the atmosphetigatoften deposit to thedtth's surfacarecalled

atmospheric depositiostudies have shown that alpine environments, usually located in remote,

high-elevation regions, are exceptionally sensitive to atmospheric depositenm@rs1999;

Mladenov et al., 2011). The transfer of atmosphawitstituentsnto alpine areas may also

providesignificant sourcesfaarbon and other nutrients tteese remote, highalevation

catchments. Dust emission may contributlessantial amoustof nutrients, such aon (Fe),

phosphorous (P), nitrogen (N)nd organic C to alpine are@¢eff et at., 2008; Lawrence and

Neff etal., 2009;Reche et al., 20QMladenov et al., 2009, 201L.(5tudies have showthat

organic C makes up0 to 20% ofAeolian depositiorthat is deposited intalpineenvironments

(Liator, 1987; Ley et al., 200Mladenov et al., 2009, 2010).



The atmospheris composed mainly a few abundamases, but also includasce
gases and aerosolghe simplesgroup of organicompounds isiydrocarbons, where molecules
are built up by carbon and hydrogen atoms ovibjatile organic compounds (VOCs) that are
emitted fromtrees, such as terpenésve been termed biogeMOCs (BVOCs)Biogenic and
anthropogenic VOCareessentl componers of secondaryrganic aerosol (SOA) formation.
Often secondary aerosol formation occurs due to reactions between gases that are in the
atmosphereOnce these SOA particles form, they tend to stabilize by nucleating and condensing
with other A particles. As the SOA particle continues to react with other atmospheric gases
and particles, its mass increases and can form ice nuclei (IN), cloud condensation nuclei (CCN),
or remain asmaerosobparticle. The SOA particle can undergeseaiesof physical or chemical
transformatios between the gas and particle phase and the particle gaowtiragmentation
stage Chemical transformation may occur quickly via bulk adsorption and reactions within
liquid particlesor occur ratheslowly via surface asbrption and reaction émsolid particles.

Organicmatterhas now been recogmid as an important atmospheric component that
contributes significaity to climate, air quality, and ecosystem heaRrecipitation is an efficient
scavenger of organic mattieom the atmospheric reservoBtudies have shown that DOC is an
abundant component in rainwater and can be higher in concentratidheiveell-studied
inorganic species, such as nitric and sulfuric acids (Willey at al., 20@d@¢over,organic acids
contribute 14 to 36% to the total DOC in rainwater and <10% of other known compounds, such
as aldehydes and amino acids (Avery et al., 2@®6)dies have shown that DOC is a major
component of marine and continental rainwater, yet appraglyna0% of rainwater DOC is
uncharacterized (Wiley et al., 2000) creating a difficult challenge to determine the role of

rainwater DOM in regional and global C budgets (Raymond, R@&sause organic aerosol



sources arsmdeterminatelikely this materiasignifiesa wide range of compounds of diverse
origin and not a single compound with a single souxdf(et al., 202).

All atmosphericaerosols and particulates can be removed from the atmosphere in two
ways: wet deposition or dry deposition. Wet deposition is a process that involves the dissolution
of gases and particles into droplets aitinebelow-cloud scavenging as fallingin orsnow
particles colliding with aerosols or-tloud scavenging where aerosol particles work as CCN or
IN. Dry depositionisa processhat transfers atmospheric specie
precipitation Instead it involvegravitational sedimeation of particles, interception of particles
and collision with an obstacle, impaction of particles and collision with an obstacle, turbulence in
eddies in the air which transfer particles which can collide, or diffusion or Brownian motion,
which is defired as random collisions with gas molecules. Both wet deposition and dry
deposition involve the transfer of atmospheric organic matter, which is a mixture of organic
compounds, to the biosphere, either onto the land or into the water

In this study we comfmd datacollectedduringtwo consecutive years (January 2012
Decembef013)on chemistryand fluorescence and absorbance propert@s atmospheric wet
depositionas well aghe water soluble (<0.7 um) compounds found in atmospheric dry
deposition Themaingoalsof this thesisvereto 1) quantify the nutrient loadings in deposition to
alpine environments, especiathe lessstudieddry inputs 2) assess the spectral properties of
fluorescent atmospheric organic matter for general characterization and evaluation of the
similarity to signatures of aquatic DQMnd 3) look for significant differences, relationships,
and trends in these datasets thal provide additional information about the sources and
chemical quality of atmospheric deposition to the alpifke quantification ofarbon and

nutrient inputs to the alpine, especially depositionhas not been previoustiopneand directly



analyzel over the course of several yearsl thereforeepresents missing link ¢ nutrient

cycles withinalpine catchment#\lso, organic matter has been extensively characterized in
aguatic environments, and rapid techniques, such as absorbance and flaersgeetioscopy,
have been used tndicate the quality and potential sourceogjanic matterHowever, there is

still much to be learned about the chemical and spectroscopic signatatesspheric

deposition] soughtto develop a better understandwfgatmospheric inputs of nutrients and

DOM for a remote, higlelevation watershed in the Colorado Rocky Mountains, USA by
examining the optical spectroscopic properties to provide additional information on the quality

and sources of DOM in atmospheric dsgion.

2. Hypotheses

My hypotheses wer1)dry deposition is just as significant as wet deposition asrasafl C

and other nutrients t@alpine environmenti the Rocky Mountain2) aamospheric pollutants,

NOx and SQ, and organi€ from Front Rangsources contribute substantially to the high
summer atmospheric load in the remote alpinérenment of the Rdcy Mountains 3) dust
particles especially during the spring seasare being transported in the atmosphere long
distances and atargelyregonsible for nutrient and DOC deposition in the alparal 4)the

guality of atmospheric organic compounds reflects photodegradation during transport through

the atmosphere



Chapter2-Seasonmd iGhyenmi c all Character
At mpheric Wet and RArdypnDeposimeatdos t

Col orado Rocky Mountains

1. Introduction

Alpine ecosystems contain a variety of unique plant and animal species that have lived in these
extreme environments for hundreds of thousands to millions of years, yet these alpesapec
considered to be highly endangered because of climatic changes that are altering biogeochemical
and hydrologigrocesses seasonally snowovered catchments (Parry, 2007; Theurillat and
Guisan, 2001; Williams et al., 1996, 2011; Brooks and Whi#a1999). Alpine environments are
often characterized as remote, fApristineo are
high altitude alpine soils are severely carbonli{@ited and highly deficient in mostutrients
(Williams et al., 1997; Legt al., 2001 Atmospheric wet and dry deposition may be important
sources of C and other nutrients to remote alpine environments. Alpine soils are generally snow
covered for the majority of the year with approximately 3 months of Sremwperiod
Therebre availability of C and other nutrient®r soil microorganismss limited to the short
snowfree period (Ley et al., 2004).

As alpine deglaciation and snow melt accelerate with increasing temperatures, physical
and biological weathering processesiangeasing in the exposed barren alpine soils.
Additionally, the increased melting of alpine glaciers and ice are producing new hydrologic
pathways and bgeahemical interactiongAn increasing trend in nitrate export from streams in
alpine and high elewimn catchmentias been observed in several locatiorthe Rocky

Mountains, USA (Williams et al., 1996, 2011; Baron et al., 2009). This tremtoasing



nitrate export from alpine streams is a sign of high alpine catchments currently transitioming
nitrogen (N) limitation to N saturation (Williams and Tonnessen, 2000; Elser et al., 2009).
Alpine ecosystems are typically very small N sinks compared to more densely vegetated forests
(Sievering, 1992) Thisrelatively rapidshift to an Nsaturategystem iprimarily in response to
high atmospheric Meposition, howevethe short growing seasons, sparse vegetation, shallow
soils, and hish climate are additional factors tmaake highelevation catchments particularly
vulnerable to environmental changes (Williams and Tonnessen, 2000)wot Ridge Long
Term Ecological Researdtation(NWT LTER) in the Front Range of Coloradelevateditrate
concentrationgn surface wates draining the Green Lake (GL4) catchmdnstrate the
transition to Nsaturation of an alpine catchment. From 1985 to 2009, annual volume weighted
mean nitrate concentrations at the outll et of
(Barnes eal., 2013). This trend of increasing nitrate export in surface waters in high elevation
catchments has been detected in several alpine catchments worldwide; in Rocky Mountain
National Park in Colorado (Baron et al., 2009), the Alps of northern Italyof@pg007), and
southern Norway (de Wit et al., 200YYith increasing temperaturthere haslsobeen a trend
of increasing concentratisiof base cations theoutflow of GL4 (Caine, 2011

Studies have shown that remote, hejavation catchments aegceptionally sensitive to
atmospheric deposition (Psenner, 1999; Mladenov et al., 2011). Atmospheric deposition is the
process in which precipitation (rain, snow, fog), particles (dust, fungi, bacteria), aerosols, vapors,
and gases move from the atspbee to the earth's surfacéhe Colorado Front Range of the
Rocky Mountains contains undeveloped, barren soils that are severely-taribea, which is
the main energy source for microbial activity and sustenance of life. Nevertheless, high

microbial actvity has been observed in these barren alpine soils providing strong evidence for a



microbial role in increased nitrogen (N) expisam high elevation catchmenfg/illiams et al.

1997, 2007)The transfer of atmospheric asols into alpine areas mhag asignificant source

of carbon and other nutrients for these remote,-kighiation catchments. Dust emission may
contribute substantial amounts of nutrients in the form of iron (Fe), phosphorous (P), and
nitrogen (N) to alpine areas, for instance in aggions of the western US (Neff et at., 2008;
Lawrence and Neff et al., 2009) and southern Europe (Reche et al., 2009). Wet deposition to
alpine environments is known to contain about 10% to 20% organic C in studies of the Colorado
Rocky Mountains (Liator1987; Ley et al., 2004) and the Sierra Nevada of Spain (Mladenov et
al., 2009, 2010). Mladenov et &009, 201Drevealed that dry deposition to the Sierra Nevada

of Spain originating from th8aharacomprisedabout 10 to 2% organic C.

Additionally, the atmosphere contains several hundred trace gasegssU€Cs VOCs
derived from vegetation, including terpenes, Pinene, and limonesté1§Cfrom pine trees, are
referred to as biogenic volatile organic compounds (BVOCSs). VOCs emitted from vegatation
aromatic essences that consist of hydrogen and carbon bonds also called biogenic hydrocarbons.
BVOCs are emitted by vegetation as a byproduct of photosynthesis and respiration. Humans also
contribute an extensive variety of trace gases to the atmesphe to transportation and other
industrial practices, including solvents and VOC byproducts from the combustion of fossil fuels.
Most trace gases have short mean residence times because they are highly reactive and
concentrations widely vary in spacedaime. VOCs, biogenic or anthropogenic, are essential in
the formation of secondary particles. Atmospheric measurement studies estimate that 10,000 to
100,000 unique organic compounds exist in the atmosphere (Goldstein and Galbally, 2007). The
formation d secondary particles in the atmosphere occurs bypgdicle conversion processes

such as nucleation, condensation and heterogeneous multiphase chemical reactions. The



mechanisms by which inorganic gases such as sulfur dioxidg, (8togen dioxide (N@ and
ammonia (NH) convert into particulate phase sulfate {8Qnitrate (NQ) and ammonium
(NH4") are now fairly well understood. However, there is considerable uncertainty over the
mechanismsef formation of secondary organic aerag@@0OA) from VOG. The structure of the
VOC compound along with the concentrations and behaviors of other oxidizers in the
atmasphere dictates the directionwmich reaction will likely occur. Although the kinetics of the
gasphase partitioning of BVOCs aweell undersbod, the products andactionmechanisms of
certain environmental conditions al not well known (Atkinson and Arey, 2003).

Once secondary aerosol formation occurs, the SOA may continue to evolve by a variety
of processand physical phase statssich as growth of homogeneoustfid and liquid
nucleated particles, heterogeneous oxidation mechaniemdensation, and evaporation
Depending on phase state and diffusivity, the cheraigdlphysicatransformationand
atmospheric oxidations reaatis with other trace compounds may proceed differently, such as if
the SOA particles are solid or sesulid, compounds that are of levelatility and viscous
oligomerized SOA material, including isoprene, may accumulate on the particle surface layer
uponevaporation and limit the loss of the other more volatile compounds (Roldin et al., 2014)
Chemical transformations may be relatively slow via surface adsorption and reaction on solid
particles, such as with dry deposition constituents, or relativelyitabulk absorption and
reaction in liquid particles, like wet deposition. Upon cloud formation, solid aerosol particles are
more likely to be activated as ice nuclei (IN), forming ice crystals, whereas liquid aerosol
particles are more likely to be actied as cloud condensation nuclei (CNN), forming water

droplets.



The average lifetime of molecular species in the atmosphere is cdledesidence time
of that species. Aerosols can persist in the atmosphere from around less than sorgneatier
than eight years. The mean residence time for aerosol nitrate, organics, sulfate, and ansnonium
about 37 days, and the lifetime of the total aerosol number density was estimated at 9.8 days
(Millet et al., 2004). Therefore, these aerosol particles masakeling from far distances before
reaching hese remote alpine environments. In additiocal SOA formation from BVOCs may
also play an important role to the deposition of other atmospheric constituents.

In the US, the National Atmospheric Depositirogram (NADP,
http://nadp.sws.uiuc.edu/) has letegm precipitation chemistry data of mainly the inorganic
fraction of atmospheric deposition. Few quantitative studies exist on organic C content of
atmospheric deposition, and often the dry form of aphesc deposition is not tracked.

Dissolved organic carbon (DOC) is common in rainwater and can be higher in concentration than
inorganic species such as nitric acid and sulfuric acid (Willey et al., 2000). Organic acids have
been the main focus of studiescause they contribute considerably to acidity in urban areas
(Pena et al., 2002) and primarily account for acidity98@6) in remote areas of the world

(Andreae et al., 1988). However, the contribution of the organic acids, specifically amahdt
caboxylic acids, accounts for only 436% to the total amount of DOC in rainwater (Avery et al.
2006). Therefore a large fraction of DOC in atmospheric deposition remains to be better
characterized.

In this study we compitkdata fortwo consecutive yeafdanuary 3, 2012 December
17. 2013 of chemistry from atmospheric wet deposition and the water soluble (<0.7 pm)
compounds found in atmosgtic dry deposition. Our goals veeto quantify theC andnutrient

loadings in deposition to alpine environmemispecially dry inputs. The quantification of
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nutrientsdepositedo the alpine, especially dryfall, is important because currently there is no
direct tracking of nutrients to alpine environments and theré@feg@ missing linkfor the

nutrient cyclesn these environment¥Ve seek to develop a better understanding of atmospheric
inputs ofC andnutrients for a remote, higklevation watershed in the Colorado Rocky

Mountains.

2. Site Description

Niwot Ridge Long Term Ecological Research Station (NMWER) located in the Colorado

Front Range of the Rocky Mountains, manages three ofNA&P sites,atwhich longterm

wet depositions collectedFigure 1) These sites are along an elevation gradient: CO94 at 2,524
m, CO91 at 3,287 m, and COO02 at 3,520and a fourth, unofficial & at Soddie (3,345 m

elevatior), located on the leeward side of the Rocky Mountagethe Continental Divide in

the Colorado Front RaNWJ€TERi4l6cAtedavapproximately 35A 3 5 6

km west of Boulder, Glorado, whicHies within the City of Boulder Watershet@ihe City of
Boulderalsooperates the Boulder Creek Critical Zone Obseryadt this research location
because this site contains the headwaters of the North Boulder Theeketeorology of this

site has been described extensi@sazel and Brazel, 1983; Parish et al., 198jiams et al.,
1996; Turnipseed et al., 2002 summer months, NWILTER commonly exhibits a typical
valley-mountain flow: typical wind patternseagenerally westerly at night (downslope drainage)
bringing relatively clean air from the continental divide, whereas daytime heating creates
easterly flow causing upslope wind conditions and bringing air from the D&wowéder metro

area(Brazel and Bazel, 1983.
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Figure 1. Map of Niwot Ridge and the Green Lake 4 (GL4) catchment (outlined), showing
Green Lake 4 (Gi4), Green Lake 5 (Gb), the gauging station at &4, the D1 climate station,
and sites of deposition collectdiSaddle site NADP collector CO02 and Soddie site collector).
Inset shows the location of the Niwot Ridge LTER, Colorado, USA. Art credit: Parrish, E.

3. Methods

3.1Sample Collection
Physical and chemical properties of wet deposition and dry depos#veell as amounts of wet
depositioncollected in NADP style precipitation collectors at the Soddie site on Niwot Ridge
measureas part of the NWT LTER progra(figure 2) Soddie contains the same
instrumentation as officidllADP sites, including an Aeroetrics Wet and Dry Chemistry
system consisting of bucket containers collecting wet and dry deposition. Both wet deposition
samples and dry deposition samples are analyzed for DOC, pH, and other cations and anions at
the NWT LTER Kiowa Environmental Chentig Laboratory. Trends in DOC concentration
measurements at Soddie and the 3 official NADP sites in the surrounding area (CO02, CO94,

and CO91) were determined to be statistically similar (Mladenov et al., }0diX)eposition is
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collected on a weekly badiollowing NADP protoco$ and dry deposition is collected on a
biweekly basisDry deposition collectors are composed of approximately 800 g (~150) marbles
that are placed into a plastic colander, which in turn rests inside a sealable Sterilite® gontainer
as described in Goss et al. (201B)is device sits on a platform that is 3.2 cm below the top of
the 5gallon dry deposition collection bucket and is exposed to dryfall for 14 @layest

whether marble inserts improved the retention of dry depos@isecond dry deposition
collectionstudywas conducted using agallon bucket without the marble insert during 7
consecutive collection events during summer and fall in 2012 and 8 events during spring and
summer 2013 for comparison. After the collectmeriod, the marble insemgeresealed with a
leakresistant Sterilite®lid, placed into a closed, transparent bag, and stored in a refrigerator at
4°C. Dry deposition (excluding visible insects) was collected by rinsing the bucket with 1000
mL of Milli -Q®, agitating for a minute, and thatlowing the solutiorto restfor 20 minutes.

The aqueous solutiomas filtered through combusted, preeighed and preinsed(with 100 mL
ultrapure waterd7 mm Whatman glass fiber (GFF) filters with an effective pprese o f 0. 7 ¢
After filtration, the GFF filtersvere dried at 60°C for 24 hours. Once removed from the oven,
the GFF filtersvere exposed to ambient air conditions for an hour beforepatéitulate matter
(PM) mass wasecorded. To determine the pauiiate organic carbon (POC) fraction, GFF

filters were combusted in a muffle furnace at 450°C for four hours to burn off all organic
particulate mass. The GFF filters were exposed to ambient air conditions for one hour, and the
mass was recordeBarticulaé organic carbon, or water insoluble organic carbon (WISOC), was

determined as the difference between the mass of the filter before and after combustion.
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Figure 2. NADP Style Collector at the Soddie site alNiwot Ridge with Marble Insert .

a) NADP syle oollector at the Soddie site at Niwot Riddp and c) Marble insert. A standard 5
gallon NADP deposition bucket holds the insert on a platform. The insert consists of a sealable
Sterilite© container that holds Chefmate © colander. Nominal widths were A=0.6 cm, B =0.9
cm, C = 0.8 cm, and D= 1.8 cm. The colander contains approximately three layers of marbles.
For space reasons, the lid of the container is placed between the insert and the platform when

deployed in the field. Diagram not to scale.

3.2Water Chemistry Analysis
Both wet and dry deposition samples were analyzed for several specific chemical constituents
such as pH, conductance, ammonium §NHcalcium (C&"), magnesium (M), nitrate (NQ),

sulfate (S@*), phosphate (P§), DOC, total nitrogen (TN), total dissolved nitrogen (TDN),
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total phosphorus (TP), and total dissolved phosphorus (&DiRg Institute for Artic and Alpine
Research (INSTAAR) Kiowa Environmental Chemistry Laboratorgonlder, CO. The dry

deposition filtered samples were stored in the dark at 4°C until analysis. Dissolved species of
interest (DOC, TDN, and TDP) are referred to
conductance and pH were measured using the Gramotititaithnique. Subsamples were

immediately filtered through preombusted and pmensed (300 ml) 44nm Whatman or

Gel man A/ E glass fiber filters with an effect
in the dark at 4 C for subsequent analysihkin 1 to 12 weeks. NH was determined by using

the BioTek Synergy analyzer C&*, Mg?*, potassium (K), andsodium (Na+)concentrations
weredetermined using the Perkin Elmer Atomic Absorptiaralyzer Chloride (Cl), NOs', and

SO were determinedsing the Metrohm 761 Compadon chromatographC). TDP, PQ*,

and silica (Si) was determined by digestion using the Lachat Quik Chem 8500 FIA series of
instrumentsTDN was determined by potassium persulfate digestion to oxidize all dissolved

forms ofN into NOs-N. DON was calculated by subtracting measured inorganic N{N©O

NH4"™-N) from the TN value of the filtered sample. DOC concentrations were measured by high
temperature catalytic oxidation with a Shimadzu T&BDA total organic carbon analyz&otal

organic carbon (TOC) in the dry deposition was calculagetthe sunof purgeable aganic

carbon, DOC, and nonpurgeable organic carldnch wasestimaed to be 60% of the mass lost

by combustion

3.3Wet Deposition Loadings

Wet deposition iseported asraaerialloading(kg ha' yr' J. Mean dailyloadings of solutes
were calculated by multiplying the precipitatiemo | ut e conc € fliythatotalon (¢ EQ
gauge precipitation amount gnamsfor the summary period and dividing the valenceharge

of the ion and by 100@ L), the area of the collection bucket3randthe number of days for
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the collection periodAnnual loadngs of solutes in wet deptien were calculatetdy the sum of
the weekly loadingsv/alues below detection limitsere treated dsalf the detection limit
(Williams et al., 2006).
Equationsused to determine deposition loadings
0 € 0QRE QWA Qo w
6é¢& Qe ol GNOOERIT A TEOWES & NICKBAQ 2 p Tt T G &
PITTTAQ z01 GDE a & QoddCIARD 2 6 d KOV O Wi
0 € OQWMEA
DEMQPEEN @I QOW 2QOBp MM "B 24 aQOOATHY A€ aQ
phrt mthi mihm 1T 11 °QQ"Q

3.4Dry Deposition Loadings

Dry deposition is reported as an aerial loading (kg yra 3. Mean daily loadings of solutes were
calculated by multiplyi nd§bythédtetanmauntoftlitrapueoncent r
water used to extract the solutes énd dividing by the valence charge of the ion, the area of the
collection bucket (f), and the number of days for the collection periodndal loadings of
solutes in drydeposition were calculatexs thesumof bi-weekly loadingsValues below
detection limits were treated as half the detedtmit (Williams et al., 200pTotal organic
carbon (TOC) was calilated as the sum of DOC an@gercent(Appendix A1) of the weight
of organic matter on the glasbédir filter which was lost during combustiah450° C.
The following equations were used to determine atmospheric deposition loadings:

DEOQREEN®I QOO

8t HQE O GROOEAR] OB O wdobana g p mnmaa
PIUT T8 o0 201 GODE & 0 QoCOTRD 2 £ 6 4 GO OO |

0 ¢ OQ@I A
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phrt mth th 1t 1" QQ
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3.5 ChemistryCorrelations
Correlations between the various chemical constituents were analyzed to better understand
patterns hidden the datAtmospheriaepositionaverage daily loadings reported as pumoles m
day! were used to determine correlations between chemical constituents. Various chemical
constituents were plotted against each other to determine the degree of a linear relationship by
coefficient of deternmiation (). The R value indicates how well data fit a statistical maated

the p value indicates the significance of the correlation

3.6 CASTNET Comparison
The Clean Air Status and Trends Network (CASTNET) is a national air quality monitoring

networkdesigned to provide data to assess trends in air quality, atmospheric deposition, and
ecological effects due to changes in air pollutant emissinds directed by the United States
Environmental Protection Agency (US EPA). CASTNET measurements priraasésfong
term, regional trends in sulfur and nitrogen pollutants. CASTNET tracks atmospheric wet and
dry deposition. Atmospheric wet deposition is obtained through the NADP program that is
directed by the EPA. Atmospheric dry deposition flux is catedldrom the estimated deposition
velocity and the measured pollutant concentration. Dry deposition velocity estimates are from
the Multi-Layer Model (MLM), a dry deposition model. Missing deposition velogitesording
to the EPA websitéhave been repted with historical averagés the interpolated dry
deposition loadingsPollutant concentration data are collected at each site withfaped, 3
stage filter packscontaininga teflon filter for collection of particulate species, a nylon filter for
nitric acid and a basenpregnated cellulose (Whatman) filter for sulfur dioxide.

At Rocky Mountain National Parki(0 A 1 6 6 N, 27430 Bldvati@n}ilter W;

packs are exposed forvileek intervals (i.e., Tuesday to Tuesday) at a fiate of3.0 liters per
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minuteand sent to the Harding ESE, Gainesville, FL laboratory for chemical an&8ysitarly,

dry depositiorat NWT-LTER was primarily also collected on Tuesday on-avbekly basis.

Since dry deposition in this study was collected every two sydekthis comparison, the

weekly measurements from CASTNET had to be added to the week that was also represented
during that same time period that our study was collecting dry depoditiareekly collection)

for each samplelrhe CASTNET site that wased to compare dry deposition from our study

was less than 20 miles away in Rocky Mountain National Park.

3.7Backwards Trajectories
For representativeet anddry deposition samples, we examined the source of air masses over
Niwot Ridge in the Colorado Rity Mountains (40.05 N, 105.58 W) by computing backward
trajectories (http://www.arl.noaa.gov/ready.html) over the collection dabesvet deposition,
the dateof heaviest rainfall events were determined usiegCommunity Collaborative Hail,
Rain, andSnow Network (CoCoRaHS) in conjunction witfieather Underground archived radar
images to determine the time of the rain fall event. Using the date and time of the rain fall event,
seven consecutive backward trajectories with 72 h run times were compditedra¢rvals
using the HYSPLIT model (Draxler and Rolph, 2003) and archived data from the Global Data
Assimilation System (GDAS) meteorological data3edjectories were only obtained for the
three highest loadings of DOC, MH C&*, Mg®*, NOs, SO, and PQ* during the two year
study. Some wet deposition samples had several trajectory inkagely deposition, the time
of collection or noomwas useds the starting point arsgven consecutive backward trajectories
with 72 h run timewere computeat 24 h intervals using the HYSPLIT model (Draxler and

Rolph, 2003) and archived data from the Global Data Assimilation System (GDAS)
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meteorological dataset. Eadly depositiorsample had about two imagdisplaying roughly 7

trajectoriedor analysis okach weelof deposition.

3.8 Imputations of Missing Data
We consider the issue of summarizaohgposition loadings seasonally and annualigrthe two
year study period when some samples are missing informatierfact thasomeor,
sometimes, altonstituentinalyses for a specific deposition sample wereetmrded during
this period unfortunately causs seasonal or annual loadsigp becomebiased The cause for
missing data pointsould be from an insufficient quantity of the sample to renahalysis,
contamination of the sample rendeyithe sample unusabler misplacement ofhe sample.
Linear interpolation waasedfor the missing data points by examining the strong correlations
between two constituents and using the linear equatioetéordine the rough value of the
missing nutrient loadingor example one sample in spring 2@&2 missing DOC loading was
determined by Nk using the linear function that was determinedhsybest fit line (Appendix
A-3). If the linear function retueda negative number, the sample was first analyzed to see if
concentrationsf other constituentaere low,thenhalf the detection limit was useldor samples
that were missing all the nutrient concentratjiaghese samples were excluded from the analysi
which will consequently reduce the total annual loadings and some sééisonal loadingShe
missing dates ar@1i 28 February 2012117 18 June2013, andB1 15 Octobe013 which
equas at total of 21 days in the wet deposition &ddDctoberi 13 November 201227
Novembeii 27 December 20187 22 October 2013, antl9 Novembeili 3 December 2013
which equad a total of 72 daysAll the missing dates for the dry deposition happened during the
fall season, therefore the dry depositeomual andeasonal loadings in the fall seasons would

likely be greater than the determined value
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3.9 StatisticalAnalysis

Statistical analysis was conducted on the wet and dry depositorelations ang values were
determined with these of Statistica softwar Twosided ttess with unequal variances were
conducted on the data to determine if there was a statistical significance between the annual and
seasonal average loadings of each constituent in wet and dry depasitigMMicrosoft Excel

Seasonal loadgs and standard deviations were obtained Udiogpsoft Excel. Onesided, two

sample pairedtest was used to determine if there was a significant difference between the
amounts of dry deposition collected using the marble insert method and the shD&rdtyle
collection method. Analytical precision for all solutes was assessed with spikes, blanks, and
replicates. Detection limits can be found on the Kiowa Environmental Chemistry Laboratory

website (http://snobear.colorado.edu Seiboldc/kiowa.html).

4. Results

4.1 Nutrient Loadingsin Wet Deposition
Wet deposition atrient loadings collecteduding theroughlytwo-year period3 January 2012
20 Decembef012 and 21 Decemb@013i 17 December 201%an be found il\ppendix A,
Table A.1 andaresummarized in Table 1 belowh& annual VWM DOC concentration in wet
deposiion at Soddie was 1.1fig C ! in 2012and0.84mg C I in 2013 Weekly DOC
concentrationsangedirom as low as 0.016g Cl in the winter 20130 a maximum value of
3.41 mg Aton7-21 August 2012The annual DOC loading in wet depositioas 6.3&g C
hat! yrlin 2012and 6.36kg C ha' yrtin 2013 DOC loadings pead in the summer durirte
3 - 10July 2012collectionperiodwith 1.69kg C hat deposited during that weekKhe mean

weeklyDOC loadingwas0.17+ 0.23kg C hat (Table 1)
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Annual NH:" loadings during tis period were 2.0kg NHs* ha yrtin 2012and 2.0kg

NHs" hat yrtin 2013 ThemeanweeklyNH4" loadingwas0.055+ 0.089kg NHs* hat (Table

1). Annual C&* loadings diring this period were 1.2% Cd ha' yrtin 2012and 2.64g Ca

hal yrtin 2013 The mearweeklyC&* loading wag).033 + 0.125kg Cd hal. Annual Mg

loadings during thisgriod were 0.1%g Mg?* ha' yrtin 2012and 0.24&g Mg?* ha yrtin

2013 The mean weekliyig?* loadingwas0.002 + 0.0082Mg?* hal. Annual NQ loadings

during this period were 5.7y NOs ha' yrtin 2013and 5.8%g NO; ha' yrtin 2013 The

meanNOs loadingwas0.156+ 0.197NOs™ hat. Annual SQ? loadings during this period were

5.89kg SO# ha' yrtin 2012and3.40kg SQ* ha' yrtin 2013 Themeanweekly SO

loadingwas0.126+ 0.155kg SQ? ha'. Annual PQ* loadingswere0.073PQ:* ha' yrtin

2012and0.151 kg PQ* ha' yrtin 2013 Themean weeklfPQs* loadingwas0.003+ 0.0049

kg PQ* ha'. NHs", NOs, and S@ loadings peaked in the summer daring the 310 July

2012 collection perioddepositingd.68kg NH4" ha?, 1.40kg NOs™ ha?, and1.04kg SO hat.

Ca* andMg?* loadings peaked in the spring b6 23 April 2013 depositingl.02 kg C&" hat

and 0.06 kg M§" hat, and PQ* loading peaked two weeks lafeom 30 April - 7 May 2013

depositing 0.02%g PQ:* hat.

Table 1. Summary of WeeklyWet DepositionLoadings and Annual Loadings

Minimum | Maximum | Mean Std. Dev. | Total 2012 | Total 2013
DOC (mgt) | 0.0155 3.4 1.02 0.75 - -
DOC (kg ha) | 0.0003 1.69 0.172 | 0.234 6.38 6.36
NH4* 6.36E° 0.68 0.055 | 0.089 2.07 2.0
cat 8.079E° 1.02 0.053 | 0.125 1.27 2.64
Mg?* 1.553E° | 0.057 | 0.0052| 0.0082 0.15 0.24
NOs 0.005 1.4 0.156 | 0.197 5.74 5.82
SO 0.0015 1.05 0.126 0.155 5.89 3.4
PQ* 3.84FE° 0.025 | 0.003 | 0.0049 0.073 0.151
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4.2 Nutrient Loadings in DryDeposition

Dry deposition ntrient loadings dring 3 January 2012 17 Decembef013collectedbi-weekly
can be found in Appendix A, Table A.2 and are summarized in Table 2 below. During this two
year periodDOC concentratiosin dry deposition ranged dm 0.23 mg Ct andreaché a
maximum of4.59mg C * on 18 Jund 2 July 2013 The annual DOC loading in dry deposition
each year during the twygear periodvas 4.0%g C hat yrtin 2012and 4.41 kg C hat yrtin
2013 DOC loadingpeaked in the summeuring18 June 2 July2013with 0.90kg C hat yr?
deposited during those two weaksek The mean DO@adingwas0.14 + 0.043kg C hat
(Table 2) The annual TOC loading in 2048s19.7kg C ha! yrl. Themean TOC biveekly
loadingwas0.8% kg C ha. Winter dry deposition loadings C, both as TOC and as DOC, were
significantly greater than wet deposition | oa

Annual NH" loadings during this periodeve 0.1%g NHs* ha' yrtin 2012and 0.16g
NH4* hat yriin 2013 ThemeanweeklyNH4* loading0.007 +0.013kg NH4* ha' (Table 3.
Annual C&" loadings diring this period were 11%kg Ca ha' yr!in 2012and 0.91kg Cé hat
yrlin 2013 The mean weeklg€&* loadingwas0.049+ 0.048kg C&* ha'. Annual Mg+
loadngs during this period wei@13kg Mg?* hat yrtin 2012and 0.09%g Mg?* ha' yrtin
2013 Themean biweeklyMg?* loadingwas0.005 + 0.0044&g Mg?* ha'. Annual NQ-
loadings diring this period were 2.4d4g NOs ha? yrtin 2012and 1.56kg NO; hat yrtin
2013 Themean biweeklyNOs loadingwas0.088 + 0.05Xg NOs hat. Annual SG* loadings
during this period were 1.118 SO ha' yrtin 2012and 1.2&g SQ? ha yr'in 2013 The
mean biweekly SO loadingwas0.053+ 0.0%6 kg SQ* ha'. Annual PQ® loadingsduring
this period were 0.1kg PQ* ha' yr' in 2012and 0.34g PQ* ha' yr'in 2013 Themean bi

weeklyPQ* loadingweek wa®.010 + 0.021kg PQ:* ha'. NHs*, SO, andPQ* loadings
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peaked in theummer orl8 Junei 2 July 2013 depositing).017kg NH4* hat, 0.062 kgSQs*
hat, and 0.13 kg P& ha’. NOs loadings peaked in the sumnaar 121 17 July 2012
depositing 0.09&g NOs ha' and PQ* loadng peaked in the summer @8 Junei 7 May2013
Ca* and M¢"* loadingspeaked in the spring dhi 23 April 2013

Table 2. Summary of Weekly Dry Deposition Loadings and Annual Loadings

Minimum | Maximum Mean Std. Dev.| Total 2012 | Total 2013
DOC (mg 1Y) 0.23 4.59 0.96 0.76 - -
DOC (kg hat) 0.045 0.9 0.14 0.043 4.09 4.41
TOC (kg hat) 0.125 7.94 0.855 1.62 - 19.7
NH.* 6.39E4 0.087 0.00® 0.013 0.15 0.16
ca? 7.12E4 0.27 0.049 0.048 1.31 0.91
Mg?* 9.6E5 0.025 0.005 0.004 0.13 0.095
NOs 0.02 0.26 0.088 0.0 2.41 156
SQ? 0.01 0.12 0.03 0.026 1.18 1.2
PQ* 5.9E4 0.13 0.010 0.02 0.11 0.34

4.3 Seasonal Dynamics for Wet Deposition

DOC concentrations in wet deposition showed a seasonal cycle of the lowest concentrations in
the winter and maximum concentration in gugnmer. Wet deposition DOC loadings followed
the same trend as the concentrations and wsantiallyhigher in the summer, especially in
July, than in other ssons (Figure)3Wet deposition loadings of DOC in the summer were
significantly greater thmwet deposition loadings of DO@ the spring (p value < 0.00Beaks
in NHz*, NOs™, and S@ loadings in wet deposition occurred during the summer mitiima in
the winter (Figures 4, 7, and.&&*, Mg?*, PO wet deposition loadings showed a sees
cycle of minima in the winter, but the maxima shifted from being maximum in the summer in
2012 aw then spring in 2013 (Figures 5, 6, and 9

Wet deposition loadings in the summer months were significantly greater than summer

dry deposition loadingsf NH4*, C&*, Mg?*, NO*, SO, and DOC (p value < 0.003). Wet
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deposition loadings for N¥l and SQ* were significantly greater than dry deposition loadings
for each season (p value O sWerdsdficantlyYveater dep o s i

than dry deposition loadings of NQ@Iuring the summer and spring seasons (p value < 0.001).

4.4 Seasonal Dynamics for Dry Deposition
DOC concentrations in dry deposition showed a seasonal cycle of lowest concentrations in the
winter and maximum concentrations in the spring and sur(ifigure 3) Dry deposition DOC
loadings wereubstantiallyhigher in the summer, especially in July, than during other seasons.
TOC loadings in dry deposition, which are the sum of DOC and pati#c@C, had maxima
during the summer @minima in the winter (Figure J0Dry deposition loadings of DOC were
not significantly different between each seastre loadings of only dissolved forms ©&,
Mg?*, and S@* , PO, NOs, etc. are presentdubre because concentrations of those species
were only measured in the water soluble fraction of dry deposition and not in the particulates.
Ca*, Mg?*,and SG* loadings in dry deposition occurred during the spring withima in the
winter (Figures 5, and 8. PQ:> dry deposition loadings showed a seasonal cycle of minima in
the winter and maxima in the summer (FiglyePeaks in N loadings &H4* showed minima
in winter and a maximum in the summer of 2012 and the spring 2013, yesiN@Wed minima

in winter and maximum in the spring of 20l&dahe summer of 2013 (Figures 4 and 7

24



5
4.5
4
3.5
3 = Wet 2012
2.5 Wet 2013

2 | m Dry 2012
15 || Dry 2013

1
0.5 -
0 -

Total Loadings of DOC (kg-ha

Winter Spring Summer Fall

Figure 3. Total Seasonal Loadings of DOC in Wet and Dry Depositian
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Figure 4. Total Seasonal Loading®f Dissolved Ammonium in Wet and Dry Deposition
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Figure 6. Total Seasonal Loadings of Bsolved Magnesium in Wet andry Deposition.
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Figure 8. Total Seasonal Loadings of 3solved Sulfate in Wet and Dry Deposition
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4.5 Chemistry Correlations
The two year data set showed that DIo&rings werestronglycorrelatedvith NH4* (R? = 0.826
p value< 0.01), NOs (R? = 0.8997 p value< 0.01),and SG* (R?=0.690Q p value< 0.01) in the
wet depositionDOC loadingsin the dry deposition wersignificantly correlated witiNH4* (R? =
0.6943 p value< 0.001)and RD:* (R? = 0.6765 p value< 0.001) yet TOC loadings in the dry
deposition were even more strongly correlated With* (R>=0.9116)p value< 0.001) and Bs*
(R? = 0.8781;p value< 0.001) (Appendix A3). Correlations were strongest in the summer for
both wet ad dry deposition constituent®r example the summer wet deposition of DOC and
NH4" correlationexplains 93% of the data during that sead®i=0.9324 p value< 0.001)and
summer dry deposition of DOC and MHorrelation explains 82% of the data?(®0.8256;p
value< 0.001) and the TOC and NHcorrelation explaingreater than 99% of the data?(R
0.9962;p value< 0.001) The summer season also introduces other oglshiips, such asHs*
and SQ? correlations were .strongest in wet depositioh£R.8383;p value< 0.001) and had a
significant relationship in dry deposition, but the data is not as well fit(R3913;p value<
0.001).C&*and Mg¢* were stronglycorrelated in both wet deposition{R 0.9166;p value<
0.001) and dry deposition R 0.8129;p value< 0.001) and were the mostrengly correlated
for both spring wet depositiafiR? = 09216; p value< 0.001)and dry deposition (R= 0.8567;p
value< 0.001).Additionally, TOC in the spring dry deposition is strongly correlated with*PO

(R? = 0.8696;p value= 0.007).

4.6 CASTNET Comparison
During the two year studyhe CASTNET datand our Niwot Ridge datallowed a similar
trend with peaks and minima occurriraughly during the sam&orrelations between the two

datasets were significant f@a* (p value= 0.001; R= 0.19), Mg?* (p value< 0.0001; R?=
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0.26), andSQs* (p value< 0.0001; R=0.42. The Niwot Ridge data for dry deposition loadings
werean order of magnitudgreater than the CASTNET data fo&*, Mg®*, NOg, and SG*
(Figures 11-15). NH4" concentrationandloadings in the CASTNET dataerenot significantly

differentfrom the Niwot Ridge data
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4.7 Backwards Trajectories

Backwards trajectories using the NOAA HYSPLtibdel showed that for the majority of the

year, both wet and dry deposition trajectories are coming from the west/northwest, some

reaching as far as the coast of Northern China, and from the southwest/Four Corners USA

(Appendix A4). A few trajectories shwed several turbulent paths for some wet and dry

deposition samples that appear to have started in the Rocky Mountains, west of the collection

site. For boh wet and dry deposition during the summer months, the majority of the trajectories

originated off the Gulf of Mexico, move west toward the Pacific Ocean and then nadove

northeast through the Four Corners USA beforeving at Niwot Ridge. $veralsummer wet

and dry deposition samples showed trajectories that were moving directly north from the Gulf of
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Mexico and then moving west across the Colorado Front Ranggginating in the southwest
off the coast of Baja California and traveling through the Four Carners

Table 3. Numbers d Biweekly Collection Periods with Backwards Trgectories Originating

from the Northwest, Northwest/Four Gorners, South/Four Corners, and Rocky Mountain

Directions*
Northwest/Fourl South/ Four Rocky
Northwest 4
Corners Corners Mountains

Winter 4 7 - -
Spring 2 8 2 1
Summer - 1 7 4
Fall 2 6 1 -

* Directions were determined by majority of the backwards trajectories.

4.8 Marbles vs. Bucket Collection Method
During the spring and summer of 2012 and the summer and fall 2@EHph buckets were
used to collect dry deposition simultaneously whileestihg dry dposition with the marble
insert method. The purpose of collecting two samples of dry deposition by these two separate
methods during the same collection period was to agsbe marble method waable to retain
higher amounts dbtal particulate mas# paired ttestreveakdthat the use aharble inseg
does result in significantly high@p value<0.02 amounts of total particulate mass than without

marble insertgFigure16).
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5. Discussion

Here, we present information about the chemical characteristics and the seasonality of
atmospheriavet and dry depositiofor a remote alpine environmefithe results provide
evidence that the atmospheric wet and dry deposition of C, N, P, aid@amportant inputef
these element® thecarbon limited andindevelopedlpinesoils at Niwot Ridgeand confirm
earlier estimates posed by Mladenov e{2012) The annual VWNMconcentrations of DO@
this study 1.10 mg CFin 2012 and 0.84 mg C lin 2013,are within the range 0.77 to 1.42 mg
C IY, as previously determined by Mladenov (20a8)IC&* loadingsin wet depositiorduring
this study, 1.27 kg CGaha' in 2012and 2.64 kg C4 ha' in 2013,werealsowithin the range

1.14 to 3.72 kg G4 ha'yr! asdetermined by Mladenost al.(2012) during the period of 2002
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to 2010.Atmospheric dy depositionnputshavenot been previouslguantifiedby direct
measuremenbut had insteadeenestimateckither by mass accumulation measurements in
snow (Mladeno\et al, 2012) or with atmospheric concentration measurements and deposition
velocity models, such as tliPA CASTNET methodA revised C budget usintge C budget
from Mladenov et al., 2012 for the Green Lakes 4 watershedavakulated using the dry
deposition POC valgedetermined from this study (Appendix). Dry deposition for this
alpine catchment nearly tripled; however, the dry depositidinarprevious study was
determined using the maximum accumulation of the snowpack. Maximum accumulation of the
snowpack typically occurs in late April or early Mdyut these results show that dry deposition
during the summer months are a substantial itgotliis alpine C budget.

The results of this study show that@spheric deposition into alpine environmeats
variable fromseason to season and frgear to year in both wet and digpositionCa* and
PQs> annual loadings analyzed during this tyear period were not significagtdifferent
betweerwet and drydeposition However,annualwet depositiooadingsof NHs*, Mg?*, NOs,
SQZ, and DOQwere significantly greatehan loadings of those constituents in the water
soluble fraction ofiry depaition (p values <0.03. This is inconsistent with previous studies by
Sievering et al. (1989which showed that the atmospheric loading ofsN&y wet, dry, and fog
deposition from the atmosphere to a lodgepole pine canopy at 3100 m elevation on Niwot Ridge
was more than double that of N@et deposition aloneAlso Lovett and Kinsman (1990
showed that deposition decreasegtaselevation gradnt increasedHowever, theSoddie
collection site, where our samples are collected, is at the upper limit of the treeline (bordering the
alpine) so the inputs to the canopy found in the studies by Sievering et al. (1989) and Lovett and

Kinsman (1990) cdd be different than a sparsely covered area such as in this study. If the
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deposition is not significantly different from the upper limit of the treeline and the forest canopy,
the lower values of those constituents in this stuaiydlikely reveal thatle water soluble

fraction of dry deposition contains less constituent mass than wet deposition and that the
particulate fraction likely contributes additional mass that could not be measured in this study.
Indeed,n the case o®C, for which POC mass waseasured, the particulaterin contributed

an additional 6% + 15%to the total OC loadingl'he extraction method for the water soluble
fraction of dry deposition calls for 20 minutes of contact time between water and particulates
collected in the marblengert, and this may not be enough time for complete dissolution of the
OC and nutrientsTherefore, the quantities measured here may be conservative or underestimate
the water soluble fraction of dry depositidmother difficult aspect to atmospheric dsjfimn
collection in this study is the unknown amount of cloud water or fog that may or may not have
been captured in the collection process as either wet or dry deposition. lEwvatyyith the use

of marble insertghe turbulent conditions that exut high elevation sitemay prevent
particulatedrom entering the collection contain@nd direct measures of dry deposition with
bucket style collectors tend to underestimate fifg@ction of depositionGoosens and Offer,

1995. Nevertheless, as wille discussed below, direct deposition measurements with NADP
style collectors are able to retrieve higher amountaasdt dry deposition chemical constituents,
compared to CASTNET filter packs.

Atmospheric wet and dry deposition showed a seasonal véyiawihich revealedvet
depositionmainly had maximum loadings that would occur during the summer, except?for Ca
Mg?*, and PG*, which occurrednainly inthe springDry depositionoadingsoften had
maximum loadings occurring in the spring, except fosP@hichwas highesin the summer

NOsz and DOC in 2012 andH4" and TOCin 2013were also highest in the summ#fet
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deposition DOC concentrations in this study are in agreement witlyastitativeresults;such
asthose fromWilley et al. (2000who found that overall the highest DOC concentrations in
wet depositionwerefrodm c ont i nent al -pressueisystems,docat thunderstbrrasw
and cold front s rainnAveryehal. (120%) tilsotfoand B@Caconcemteations
were highest during local thunderstorms, suggesting that thunderstorms [sudsstiential
vertical mixing in atmospheric regions wiglttremesunlight and high ozone, and may therefore
contribute toorganic acid formationFindings from both Willey and Avery are consistent with
the typicalsummemweather patterns and conditions of the Colorado Front Range

The significantrelationshipbetweerNH.* and S@* min both wet and dry deposition
may reveal that SOA formation is occurring in the summer months, coinciding with the growing
season when the vegetation is emitting the maximomunt oiVOCs (Pefieulas et al., 1999)
and upslope wind conditior{Brazel and Bazel, 1983}hat may be deliveringigher
concentrations of S{rom the DenveBouldermetro area and Nfifrom the Front Range area
Conifers exposed tigh concentrations of Save been found to engteater amounts of
monoterpenes than control trééschter and Wild, 1992FEhn et & (2014) found emmonium
sulphate (AS) seed addition causes a decreasdrigmely low volatile organic carbons
(ELVOCy), such asnterpenesdue to an increased particulate condensation sink, and a
corresponding increase in SQAass was detected (Appexé-5). ELVOCs area recently
discovered highly oxidizedroup ofmultifunctional products, which are important for the
nucleation and possibly make upi300% of SOA in early stages of particle growthHigytiala
(Ehn et al., 2012Higher summer loadirggof NHs*, C&*, Mg?*, NO*, SQ%, and DOC in wet
deposition compared to dry deposition suggest that some of these nutrients, sugh AORIH

SQO%, and DOC may be related to SOA formation which are elevated during the growing season
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due to maximunYOCs being emitted from trees. SOA formation is important for cloud
formation and may be additionally scavenging@amd Mdg* from the atmosphemuring the
summer, which i®ftenwhenthisregion experiences daily rainfafl the afternoons, especially
during the month of July, which is that start of the monsoon seasba south

Ca*and Md¢*were strongly coelated in both wet depositi@nd dry deposition,
especially during thepring Additionally, TOCin the spring dry depositias strongly
correlated with PG Theserelationshig may represent likely dust sources of these nutrients
from the dust events that often occur during the spninige arid west

CASTNET dry deposition recorded less than 20 miles away at Rocky Mountain National
Park, aU.S. EPA directed programhewed roughly a similar trend maximum and minimum
loadings during the same dates, but the data collected at Niwot Ridge for this study was an order
of magnitude greater than the EPA directed CASTNET data colldoti@ll constituents except
for NH4". This ordeof magntude difference could bdue tol) the Rocky Mountain collector is
located atin elevation that is 600 m lower than Niwot Ridge forested are&) Niwot Ridge
is located closeto the Denver metropoliteareaand thereforgreater influencef atmospheric
pollutantsmay be underwgwr3) CASTNETO6s filter pack technique
particles thatmay instead be preferentially capturedgogvitational depositin in the NADR
style collecteo. Previousstudies have found that an increase in elevation gradient causes a
decrease in chemical concentrations (Lovett and Kins@280) therefore, it is unlikely that the
alpine area at Niwot Ridge would contain more nutrients than the CASTNET Rimtkytain
sitewhich islocatedat a lower elevatiorAdditionally, previous tudies have shown that
CASTNET+ NADP estimates of N deposition in semiarid forests of the West can be several

fold lower than throughfall fluxe@olian & Haeuber2004) This is likely due to the CASTNET
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method is primarily obtaining the aerosol fraction of atmospheric constituents and not
necessarily the larger particulate form of atmospheric constituents.

Backwards trajectories show that the majority of the year, both wetrgrteposition
arecoming from thevesthorthwest, with some samples originating as far as off the coast of
Northern China, and th@sthwest/Four Corners USA. Both directions contain arid regions to
the immediate west of the continental divide which cdnddatontributing dust particles to the air
masses as they move through theggons These areas to the west have severalioeal
power plants, mining, oil and gas drilling, and millions of acres of farmland and large feedlots
Therefore emissiondgrom these sourceuld be contributingubstantiallyto the nutrieb
loading to the alpinéSummer trajectories that origieeoff the Gulf Coast appear to be
influencedby the summer monsoon seasord some of these trajectories move directly north
andalongthe Colorado Front Range, likely picking up pollutants such asad@® SQ. As the
air masses move across the subalpine folestetpollutants may then interact with oxidized
VOCsoriginating from vegetatigrwhich contribute to new particle forman asSOAs.

This study directly confirmed that the use of marble inserts described in Goss et al.
(2013) were more effective at retaining dry deposition than the wsbwfket that did rio
contain marblesp(value= 0.025. The marbles are likely provithy a greater surface area for
protecting the particulates from being blown out of the buckets during periods efihmHt is
likely that there is a large underestimate ofd¢hmulative loadingalues in this study due to the
missing of 72 days of datduring this two year study (714 days). Additionally, wim&nown to
what extent the nutrients in cloud and fog deposition contributed to either wet or dry deposition

collection during this study
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6. Conclusion

Our results demonstrated that atmosphaejgosition represents atstantial input of C, N, P,

Ca&* and M¢" to the alpine environment at Niwot Ridgaverall, wet deposition loadings were
significanty greaterthandry deposition loadings of DO®IH4", Mg?*, NOs", and SG*. Mg?*

and PQ* loadingswere not significantly different in wet depositithran indry deposition

loadings High summer loadings of DOGIH4*, and SG*, as well as their strong summer
correlation suggest SOA formation is occurring and implicate air pollutants and Vi@ig&s i

high summer DOC loading.drtge increases in summer deposition loadingy reflecta
combination of changg upslope wingattensin the summer that witd be expected to

transport NQ, SQ,, and possibly carbonaceous pollutandsn the large urban @nver metro

area and surrounding large agricultural argateed, lackwards trajectories showed thatthe
summer months, ivd directionsappear to changend storrs occurring over the Gulf Coast in

the south during the monsoon seatond to migrateorth, often coming from the east over the
Front Rangelikely picking up NQ and SQ pollutants from urban and large agricultural areas.
These summer trajectories also skdivajectories occurring over the Gulf Coagher moving
directly north orsometines movingnitially west, but then mang northeast through the Four
Corners of the USAefore depositing at Niwot Ridgéhese samples showing these trajectories
during the summeteearly July through early Augusiften had the highest loadings of nutrients
therefore the southern monsoon season may be influencing the increased nutrient loads during
the summerBackwards trajectories show that most air movements during the year come
predominately from the west, nmdy the northwest or southwest/Four Corners, USA, which may

also bring dust and air pollutants.
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Chapter3-Or gani ¢ Matter o€ChAt mospheenti
and Dr y tDeposAd prEcheii r onmeent Golimr ad

Rocky Mountains

1. Introduction

In recent decades, extensive research has been conducted on aquteddisganic matter
(DOM) to better understarttie biochemical structure of DOM and its role in the
biogeochemistry of aquatic systems. Significant improvements in Diavhcterization
techniques havied to the understanding that DOM is a complex mixture of soluble organic
compounds that differ in reactivity and ecological role, such as providing C (Wetzel, 1992) and
nitrogen (Keil and Kirchman, 1991) in aquatic food webs. Advancgsecti®scopic techniques
with absorbance and fluorescence provide an alternative to traditional approaches for DOM
characterization (Cobel et al., 1990; McKnight et al., 2001) Fluorescence characterization of
DOM is a rapid, yet precise and inexpensive méphe that provides information about the
source, redox state, and biological activity of DOM (Miller et al., 2009; Mladenov et al., 2010).
Recently studies have been using fluorescence spectroscopy to explore the characteristics of fog
and rainwater DOMo improve the understanding of atmospheric organic matter chemistry and
composition. These studies also examine how atmospheric organic matter affects the climate
system, atmospheric processes, and human health, yet there are few studies that explore the
spectral properties of atmospheric DOM in dry deposition.

Carbon (C) compounds, somes$di mes ouanltl §drd aa
fraction of atmospheric particulate matter. The dominant fraction of carbonaceous aerosol is

organic C, which inclues all organic compounds present in the particle phase. Atmospheric fine
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particulate matter can attribute 20 to 90% of aerosol mass in the lower troposphere (Kanakidou
et al., 2005)It has been shown thasanificant contribution to the total mass oganic

compounds present in atmospheric aerosols is from macromolecular sghemg €t al., 2007

The largest portion of these species were structurally similar to humic and fulvic acids and were,
therefore, termed HUmitlke Substances (HULIS ) (Havees al., 1998; Zappoli et al., 1999;
Decesari et al., 2000; Kiss et al., 2002). Atmospheric HULIS share some important features such
as polyacidic nature, yet mounting evidence suggests that HULIS differ substantially from
terrestrial and aquatic humic afudvic substances, for example in surface activity and droplet
activation efficiency (Graber and Rudich, 2006). HULIS can influence various aerosol
properties, including optical parameters, cloud condensation nuclei (CCN) and ice nuclei (IN)
action, surfae tension and hygroscopicity (Kiss et al., 2005). Spectroscopic techniques in
combination with air mass backward trajectories using the National Oceanic and Atmospheric
Administration (NOAA) Hybrid Single Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) were used by Mladenov at al. (2009) support the notion that dust emitted in Africa
and deposited in the Sierra Nevada Mountains of Spain contained significant amounts water
soluble organic carbon (WSOC) with huntike fluorescent compounds. Therhig-like

fraction of atmospheric aerosols is becoming a research topic that is gaining interest, yet sources
and chemical quality of this fraction are not well defined (Graber and Rublich, 2006). Recent
studies have indicated that the optical propertiehamophoric water soluble organic

compounds in the atmosphere may be similar to chromophoric DOM (CDOM) in terrestrial and
aguatic environments (Kiss et al., 2003; Kieber et al., 2006; Duarte et al., 200Vis UV
absorbance and fluorescence spectra 8O& found in atmospheric samples in the ultraviolet

and visible (U\Avis) range have been shown to provide some evidence that terrestrial and aquatic
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humic substances may be similar in chemical structure (Graber and Rudich, 2006 and references
therein). Meaurements of absorbance and fluorescence ratios andnd®alized specific UV
absorbance (SUVA) may be used to further evaluate the similarities between atmospheric

HULIS and terrestrial and aquatic humic substances (Kiss et al., 2003; Duarte et ak02J05

Kieber et al., 2006).

Irradiation from the sun can transform biologically recalcitrant DOM into labile
substances that promote bacterial growth (Moran and Zepp, 1997; Miller et al., 2002;
Obernosterer and Benner, 2004). These DOM phototransfomaatiorease both bacterial
respiration and biomass. The subsequent biomass transfers biologically recalcitrant, yet
photochemically reactive DOM to higher trophic levels (Vahatalo et al., 2011). Solar radiation
can also mineralize DOC directly to carbomdde (CQ, in the form of dissolved inorganic
carbon DIC) or to carbon monoxide (CO) (Mopper et al., 1991; Mopper and Kieber, 2000; White
et al., 2010), of which DIC is the governing photoproduct (Miller and Zepp, 1995). Solar
radiation may transform diskved organic nitrogen (DON) to ammonium (Nl which
increases bacteria and algal growth in nitrolyeited surface waters (Bushaw et al., 1996;
Morell and Corredor, 2001; Vahatalo and Zepp, 2005; Vahatalo et al., 2011).

In this study we compibtkdata br three consecutive years (2012013) of fluorescence
and absorbance properties from atmospheric wet deposition and the water soluble (<0.7 pm)
compounds found in atmospheric dry depositionr @al wa to assess the spectral properties
of fluorescenatmospheric organic matter for general characterization and evaluation of the
similarity to signatures adquatic DOM. This comparisos important to both verify the
presence of humi@nd proteinlike signatures in atmospheric DOM fluorescence and to

determine whether atmospheric DOM signatures differ from those observed in other natural
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aguatic environments. This work seeks to develop a better understanding of atmospheric inputs
of DOM for a remote, higlelevation watershed in the Colorado Rocky MoingaUSA by
examining the optical spectroscopic properties to provide additional information on the quality

and sources of DOM in atmospheric deposition

2. Site Description

Niwot Ridge Long Term Ecological Research Station (NMWMER) located in th€olorado
Front Range of the Rocky Mountains, manages three official National Atmospheric Deposition
Program (NADP) sites, which collects lotgym wet deposition (Figure 16). These sites are
along an elevation gradient: CO94 at 2,524 m, CO91 at 3,287dh¢@a2 at 3,520 m, and a
fourth, unofficial site at Soddie (3,345 m elevation), located on the leeward side of the Rocky
Mountains. The research site is located at N\WER approximately 25 km west of Boulder,
Colorado, which also lies within the City obBlder Watershed. The City of Boulder also
operates the Boulder Creek Critical Zone Observatory at this research location because this site
contains the headwaters of the North Boulder Creek. The meteorology of this site has been
described extensively (Bzal and Brazel, 1983; Parish et al., 1990; Williams et al., 1996;
Turnipseed et al., 2002). In summer months, N\WER commonly exhibits a typical valley
mountain flow during the summer months: typical wind patterns are generally westerly at night
(downslge drainage) bringing relatively clean air from the continental divide, whereas daytime
heating creates easterly flow causing upslope wind conditions and bringing air from the-Denver
Boulder metro area.

The NADP style wet and dry deposition collector uethis research is
dedicated to the NWT LTER program at the Soddie site, which is located near the Continental

Divide in the Colorado Front Range (40A0350
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instrumentation as officiallADP sites, including an Aeromats Wet and Dry Chemistry

system. Both wet deposition samples and dry deposition samples are analyzed for DOC, pH, and
other cations and anions. Weekly wet chemistry samples amedbily dry chemistry samples

are analyzed at the NWT LTER Kiowa Environrt@rChemistry Laboratory. Three official

NADP wet deposition sites are located in the surrounding area: CO02, CO94, and CO91. Trends
in DOC concentration measurements at Soddie and the 3 NADP sites were determined to be

statistically similar (Mladenov et.a2012)
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Figure 17. Site Map.

3. Methods

3.1Sampling Collection
Physical and chemical properties of wet deposition and dry depositiassassed in samples
collected in NADP style precipitation collectors at the Soddieasitéwot Ridge. The quantity
of precipitation is measured as part of the NWT LTER program. Wet deposition is collected on a

weekly basis and dry deposition is collected on a biweekly basis. Wet deposition is collected
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following NADP protocols. Dry deposdn collectors are composed of approximately 800 g

(~150) marbles that are placed into a plastic colander, which in turn rests inside a sealable
Sterilite® container. This device sits on a platform that is 3.2 cm below the top eftie®®

dry depositiorcollection bucket and is exposed to dryfall for 14 days. After the collection

period, the marble inserts are sealed with a-tealstant Sterilite®lid, placed into a closed,
transparent bag, and stored in a refrigerator at 4°C. Dry deposition (exchiglbig insects)

was collected by rinsing the bucket with 1000 mL of M®, agitating for a minute, and then
resting in the solution for 20 minutes. The aqueous solution is filtered through combusted, pre
weighed and preinsed with 100 mL ultrapure wat, 47 mm Whatman glass fiber (GFF) filters
with an effective pore size of 0.7 em. After
hours. Once removed from the oven, the GFF filters are exposed to ambient air conditions for an
hour before totgparticulate matter (PM) mass is recorded. To determine the particulate organic
carbon (POC) fraction, GFF filters were combusted in a muffle furnace at 450°C for four hours
to burn off all organic particulate mass. The GFF filters were exposed to ambmoriditions

for one hour, and the mass was recorded. Particulate organic carbon, or water insoluble organic
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carbon (WISOC), was determined as the difference between the mass of the filter before and

after combustio

Figure 18 NADP Style Collector at the Soddie site at Niwot Ridge

3.2Water Chemistry Analysis
Both wet and dry deposition samples were analyzed for several specific chemical constituents
such as DOC at the Institute for Artic and Alpine Research (INSTAAR) KiEnwéronmental
Chemistry Laboratory in Boulder, CO. The dry deposition filtered samples were stored in the
dark at 4°C until analysis. Subsamples were immediately filtered througiopreusted and
prerinsed (300 ml), 4mm Whatman or Gelman A/E glass filféters with an effective pore
size of 0.7 em. Filtered samples were stored
to 12 weeks. DOC concentrations were measured by high temperature catalytic oxidation with a

Shimadzu TOES50A total organic @bon analyzer
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3.3UV-vis Absorbance Measurements
Absorbance values were obtained using an Agilent 8453 ultraviolet (Wsiple (vis)
spectroscopy system. AL quartz cuvette with a path length of 1 cm was used and absorbance
was measured atrdm intervals from 200 to 900 nm. UVis absorbance was measured in
duplicate for each sample. For the wavelength range of interest (250 to 500 nm) the standard
deviations always were < 1% of the measured absorbance. The photometric accuracy of the
instrument is< £0.005 arbitrary units (AU). Scattering effects were removed by subtracting the
mean absorbance from 790 to 800 nm from all spectral absorbance values (Mitchell et al., 2003).
Naperian absorption coefficients{@and a.q m™) were used to indicatéoaorbance at 250 nm
and 320 nm wavelengths. Absorption from 250 to 280 nm reflects absorbance by aromatic
moieties (Weishaar et al., 2003). Absorption at 320 nm is, in general, used to signify UV
transparency in the water column (Morris et al., 1995).speeific UV absorbance (SUVA;
m?g-!) was calculated as the UV absorbance value at 254 nm measured in inverse rigters (m
divided by the DOC concentration measured in milligrams per liter (M @Weishaar et al.,
2003). SUVA i s an foid themokailesthatacdmprese thetDOQ antl has
been shown to be a useful parameter for estimating the dissolved aromatic carbon content, or
humic fraction, of the DOC. The slope values of the linear regression of thruhmformed
absorption spectnaere used to calculate the spectral slopes from 275 to 295 nm and 350 to 400
nm (Helms et al., 2008). The spectral slope ratio (SR) is a dimensionless parameter that was
calculated as the ratio of the slope of the shorter wavelength regidr2@5/6m) tathat of the
longer wavelength region (36800 nm) (Helms et al., 2008). Absorption spectral slope and
slope ratios appear to be a good proxy for DOM molecular weight and provide further insight

into the average characteristics about the chemistry, s@amdaliagenesis (Helms et al., 2008)
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3.4Fluorescence Spectral Acquisition
Fluorescence spectroscopy measures the intensity of photons emitted from a sample after it has
absorbed photons. Fluorescence occurs when fluorescent capable material (flusyaphore
DOM become excited into a higher electronic state by absorbing an incident photon (UV and
visible light) and cannot return to the ground state except by emitting energy as light or
fluorescence. Therefore, the excitation and emission wavelengthsvtypminfluorescence
occurscorrespondo particular molecular structures. The fraction of chromophoric DOM that
emits fluorescence when UV and visible light excite electrons of molecules is termed
Fluorescent DOM (FDOM) (Coble, 2007). Fluorescence excitamission (EEM)
spectroscopy offers information about the chemical composition of the fluorescing DOM pool.
EEMs are a @limensional fluorescence illustration of fluorescence intensities scanned over a
range of ex/em (ex/em) wavelengths. Hufike fluorescent peaks haween identified as Peak
A (ex/emat260nm/380 460 nm), Peak Cek/emat 350nm/420' 480 nm) and a marine humic
like peak Peak M (ex/em at 312 nm/38@20nm) (Coble, 1996). Amino acitike fluorescence
peaks have been identified figrosine referred to as Peak B (eriat275nm/310 nm) and
tryptophan referred to as Peak T (ex/e@ @ nm/340 nm) (Coble, 1996), but other compounds
may also contribute to fluoresce in these low excitation/emission regions (Mladenov et al.,
2011). EEMswere collected with a FAoriba Spex Fluoroma8 spectrophotometer equipped
with a 156W xenon lamp. To ensure stable instrument function, a lamp scan, cuvette check, and
water Raman scan were run during each time fluorescence was obtained. Samplas atere r
room temperature using 5 nm excitation and emission slit widths, an integration time of 0.25 s,
an excitation range of 24850 nm at 10 nm increments, and an emission range 66800hm

at 2 nm increments. Spectra were collected in sitmedfererce (S:R) mode with instrument
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specific excitation and emission corrections applied duringgasiessing in order to correct for
lamp spectral properties and to compare results with those reported in other studies. EEMs were
normalized to the area undeatle the water Raman scan to account for decay in lamp output

over time and to compare with other studies. Then, Ramamnalized MillkQ blanks were

subtracted to remove the Raman scattering signal. Instrespeaific corrections, Raman area
normalization blank subtraction, and generation of EEMs were completed using MATLAB
(version R2012a). Results of the intensities of the fluorescent peaks were reported with both the
mean and the median because a few samples fluoresced rather intensely which skeas the
upward. Twedimensional fluorescence index (FI) was determined to facilitate the evaluation of
microbial and terrestrial contributions to the DOM pool (McKnight et al., 2001). The FI was
calculated as the ratio of emission wavelengths from 470 n20t@f, obtained at excitation

370 nm. For aquatic systems, th® raph of the curve from which FI values are calculated
typically has a peak before 470 nm and the slope of the Fl line after the peak (470 nm to 520 nm)
at excitation wavelength 370 nm detenes the Fl value. Freshness index (Frl) is an indicator of
the contribution of recently produced DOM (value closer to 1) or more decomposed DOM (value
closer to 0) (Parlanti et al., 2000). Frl was calculated as the ratio of emission intensity at 380 nm
dived by the emission intensity maximum observed between 420 nm and 435 nm, obtained at
excitation 310 nm. Humification Index (HIX) is used as an indicator of humic substance content
or extent of humification based on the idea that as humification of D@bkpds, emission

spectra of fluorescing molecules will shift to longer wavelengths due to lower H:C ratios
(Zsonlay et al., 1999; Ohno, 2002). HIX is determined as the peak area under the emission

spectra 435 to 480 nm divided by the peak area 300 tom4bbtained at excitation 254 nm
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3.5PARAFAC Modeling
Initially, PARAFAC modeling was performed for two separate data batches, wet deposition
samples and dry deposition samples. EEMs were combined intodwaeBsional data arrays:
(105 samplesx13éxcitationx43 emissions) and (65 samplesx131 excitationx43 emissions) and
then each subgroup was assessed by PARAFAC individually according to the method described
by Bro(1997) and Stedmon et al. (2003). PARAFAC separates the data signal into a series of
three linear terms and a residual array.
® B Qo Q i= 16K j= 1éJ k= 1¢éK
In this applicationyix is the intensity of fluorescence for thile sample at emission wavelength
and excitation wavelengty ai is directly proportional to theoncentration (e.g., mM C) of the
fth analyte in theéth samplebj correlates linearly to the fluorescence quantum efficiency
(fraction of absorbed energy emitted as fluorescence) dfttlamalyte at emission wavelength
Similarly, cs is linearly proportional to the specific absorption coefficient at excitation
wavelengthk. F defines the number of components in the model and the residual efétrix
signifies variability not explained by the model. The model is calculated by mingrizensum
of squared residuals with an alternating least squares algorithm. This technique allows the signals
from a complex mixture of compounds (in this case, fluorescent DOM) to be separated with no
assumptions on their spectral shape or their numiberomly assumptions in the PARAFAC
algorithm are that each component has a unique specttheardire nmegative concentrations
or spectra. The analysis was carried out in
(Andersson and Bro, 2000). To definelaralidate the PARAFAC model, sphialf validation
was used according to Stedmon et al. (2003). The data array was divided into two halves and

analyzed separately. PARAFAC models ranging from 2 to 8 components were then derived for
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both data sets indepesgmtly. Validation of the model was achieved by comparing the spectral
shape of the components derived by the models.

The PARAFAC model returns only relative intensities of derived components called
scores because the specific absorption and quantum yi#li@scence of the components
remains unknown. The intensity of thiéln component in a given samplg,Wwas determined as
the fluorescence intensity at the peak excitation and emission maximum of the nth component
using the following equation:

In = Scaen*EXn(@ma)*Emn( magr
where Scorgs the relative intensity of thath component, Ex( @) is the maximum excitation
loading of thenth component, Ef( ) is the maximum emission loading of thi&
component derived from the model. The total feszence intensity of a given sample was
calcul ated as the sum o fa, Whckeis tlreonaxmum excitatisn pr e s e
loading of thenth component, Ea( mx), whichis the maximum emission loading of thig
component calculated from tineodel. The total fluorescence intensity of a given sample was
calculated as the sum of the components present in the sample:

§O) B O
The percent contribution of each component toward the total fluorescence intensity was
calculated as the ratio of tméh component intensity to a total fluorescence intensity of a given

sample.

3.6Solar Irradiation Experiment

Atmospheric constituents undergo intense solar irradiation; therefore an experiment was
conducted to see how solar irradiation affects the spectral prop#rtiesrescent organic

matter.Two different sample sets were irradiatéjia set of alpine soil microbes cultured by S.
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Schmidt at the University of Colorado and 2) a set of commercially available compounds,
including tryptophan, tyrose neopterinpyridoxine, and pyridoxaminienown to be present in
biological aerosolsRoehker et al., 201p Fluorescence spectodeach samplevere taken

before the solar irradiation was conducted and again once the sample reached room temperature
after each solar irradiation exposure to asdesny changes occurred. Samples were irradliate

in a quartz tube with a rubber topz5 W m?, roughly the average solar irradiation at Niwot

Ridge determined by the program CESORA @alculation of Effective Solar RadiatioBolar
irradiation of samples lastdédr 30 minutes anthenagain for 1 bur. Sanples of commercially
availablecompounds tryptophan, tyrosine, neoptepyridoxine, and pyridoxamine were also

irradiated for 30 min and again fohbur.

3.7 Statistical Analysis
Statistical analysis was conducted on the wet and drysttepospectroscopic data. Twsided
t-test with unequal variances were conducted on the data to determine if there was statistical
significance between the annual and seasonal average loadings of each constituent in wet and dry
depositionusing Microsoft ExcelSeasonal loadings and standdediations were obtained using
Microsoft Excel. Analytical precision for all solutes was assessed with spikes, blanks, and
replicates. Detection limits can be found on the Kiowa Environmental Chemistry Laboratory

website (http://snobear.colorado.e@eiboldc/kiowa.html).

4. Results

4.1 General Spectral Features of Wet Deposition
The values of the fluescent paks as described in section ®dthe wet deposition can be

found in Appendix BTable B.1and are summarized Table3 below.A leaching experiment
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determined that the plairdallon bucket leaches C into the sample in the bucket, therefore
affecting the fluorescence of spectra results. The use of a Teflombaduring the research
project prevented the plastic leaching. Unfortunately all samples before June 2012 could not be
analyzed because the previous protocol did not require a Teflon bag. Therefore, a total of 33
samples, out of 77 total wet depositi@mgples, were analyzed with fluorescence spectroscopy.
Additionally, some samples collected after June 2012 could not be analyzed for fluorescence
either due to not enough sample, missing sample, or the time after collection hgdelagen

than nine monthand there was concern that the orgaaidon may have been modifiby
microorganisms that may be present in the sample dtarfiliration. The 3D EEM spectra of

the wet deposition samples visually appeared to contain mainly characteristic peak$ Bsa
described in section 3.&reater than 3% of wet deposition spectra contained an intense peak
which | will call PeakP, centered at approximately ex/&80-310 nm/38430 nm (Figure 10

An additional 35% of the samples @g®edto have a peakiithe samareaat the P Peaglbut

with greater fluorescenagccurring more near the ex 240 nm wavelen@ththe five

characteristic peaks (A, C, T, B, and Mdsdribed by Coble (1996), peakvks the dominant

peak in the majority of samples, with peatensity values that ranged frdir016 to 129R.U,,

with amean peak intensity value of 43@32R.U. and amedian peak intensity value 0.082

R.U. The greatest intensity of peakwis collected froml6- 23 April 2013 The second most
dominant peak imost of the wet deposition samples using the fixed ex/em wavelengths for th
characteristic peaks waeak Bwhich has peak intensity values that range flb@i2 to 1056

R.U., with amean peak intensity value 88.0+ 190R.U. and a median peak intensitalue of
0.106R.U. Thesample with thenostintense peaB wascollected from 16 23 April 2013 The

third major peak exhibited in the wet deposition EEMs by the fixed excitation /emission
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wavelengths ofhe main characteristic peakssyaeak A, whicthas peak intensity values that
range from 0.01R.U. to 469R.U., with a nean peak intensity value of 38&A90R.U. and a
median peak intensity value 0.1B8J. The most intense pea@kwas also collected from April

167 23 April 2013. Finally, the two least dominant peaks using the fixed ex/em wavelengths of
the characteristic peaks were peak M and peak C, with mean peak intensity val68s &9.4
R.U.and 1.32t 6.95R.U., respeately, and median peak intensity values of 0.R08. and
0.036R.U., respectively. The most intense peaks for M and C occurred durisgrihg with

mean values of 6.6829.4R.U. and 1.32t 6.95R.U,, respectively. Each EEM appears to have
an intense @ak that exists at the excitation wavelength 240 nm, which is the lowest excitation
wavelength of the spectrum range for fluorescence capabilities using the FlotBomax
instrument. The peak generally appears to emit between 380 to 460 nm. Very fewEMbe E

seem to fluoresce beyond the excitation wavelength of 350 nm

Table 4. Average Seasonal Fluorescent Spectra Peaks in Wet Deposition.

Peak AR.U.) | Peak BR.U.) | Peak TR.U) | Peak CR.U. | Peak M R.U.)
Winter | 0.047 £ 0.052| 0.036 + 0.021) 0.035 +0.016 | 0.013+ 0.015| 0.026 +0.021
Spring 78.4 +191 176 £431.2 215 +527 6.5+15.8 27.6 +66.6
Summer| 27.1+100.2 7.8+26.1 3.78 £12.7 0.12+0.21 2.1 +6.15
Fall 0.62 +£0.79 0.14 +0.10 | 0.094 +0.076 | 0.08% 0.019 18.8 +1.81
Average| 29.3+109 38.0 £190 43.6 £232 1.32 +6.95 6.69+29.4
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Figure 19. Representative EEMs of wet deposition samples during aummer 2012 and b)
spring 2013

4.2 General Spectral Features of Dry Deposition
The values of the fluorescergaks as described in section ®dthe dry deposition can be
found in Appendix B, Table B.2 and are summarized in Table 4 below. During thestwo
study, 40 of the 50 dry deptish samples could be analyzed for fluorescence. Ten of the
samples could not be analyzed due to either missing samples or contaminatiofiD Efdv/3
spectra of the dry deposition samples visually apaarcontain examples of mainly the
characteristic @aks B ad T as described in section 2dd a slighpresence of the peak that
has an ex/em &90-310 nm/380430 nm (Figure 20 Of the characteristic peaks identified by
Coble (1996), the most commonthe dry deposition samples svReak Bn the mgority of the
samples with peak intensity values that range from 0RO¥@1to 59.4R.U., with a mean
intensity value of 3.# 10.5R.U. and a median intensity value of 0.3R8J. The most intense
peakB was collected during the spring on 58 June 2013The second most dominant peak in
the majoriy of the dry deposition sampless peak T, which has peak intensity values that

range from 0.02R.U.to 39.1R.U., with a mean peak intensity value of 208.47R.U. anda
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median peak value @ 254R.U. Thesample that contained theost intense peak was also
collected from 5 18 June 2013. The third major peak extadiin the dry deposition EEMs wa
peak A, which has peak intensity values that range from RR023o0 12.5R.U., with a nmean
peak intengy value of 0.85 = 2.1&R.U.and a median peak intensity value of 0.R/0. The
most intense peak A wasllected during thepsing from 5 18 June 2013 inally the two least
dominant peaks were peak M and peak C, with ampeak intensity value of 0.1#30.24R.U.
and 0.064 0.099R.U., respectively, and a median peak intensity value of (ROB4and 0.034
R.U, respectively. The most intense peaks for M and C occurr@tgdhie summer. Each EEM
appearedo have an intense peak that exists at théatian wavelength 240 nm, which is the
lowest excitation wavelength of the spectrum range for fluorescence capabilities using the
Flouromax3 instrumentVery few of the EEMs seeedto fluoresce beyondé excitation
wavelength 350 nm

Table 5. Average Seasonal Fluorescent Spectra Peaks in Dry Deposition

Peak AR.U) | Peak BR.U) | Peak TR.U) | Peak CR.U) | Peak M R.U)
Winter 0.12+0.071 | 0.32+0.37 0.20+0.16 | 0.028 £0.019| 0.062 + 0049
Spring 212+ 3.0 9.80+18.1 5.31+11.6 0.11+ 0.1/ 0.28+ 0.3
Summer| 0.51 + 047 0.72 £ 0.63 0.46 £+0.43 | 0.066 +0.047| 0.16%0.12
Fall 0.33+0.72 | 1.16+2.76 | 053+1.18 | 0.033£0049 | 0.091+0.5
Average| 0.85+2.14 3.35+104 1.82+6.47 | 0.064 + 0.099 0.16% 0.24
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Figure 20. Representative EEMs of dry deposition samples extracted in water during) a
summer 2012 and b) spring 2013

4.3 Fluorescence Indiceand UV-vis Absorbance Masurement$or Wet Deposition

The values of the three fluorescestivedindices described in section 3add U\tvis
absorbance measurements for the degtosition can be found in thegopendices Table B.1 and
are summarized in Table 5 below. The SUVA values range from 0.73 th 8x5C* m?, with

a mean value of 1.421.52L mg C! m™. Only two wet deposition samples had SUVA values
that were above 255 mg C! m?, one from 9 16 April 2013 at 4.93. mg C* m* and the other
from 167 23 April 2013 at 8.4% mg C* m'%, which occurred during a sprin§UVA values

were highest in the spring and falhe FI values range 0.91 to 3.40, with a mean value of+.38
0.4Q FI values werdighest in the spring and fall. The Frl values range 0.36 to 1.33, with a
mean value of 0.58 0.17 Frl values werdighest in the spring and fallhe HIX values range
0.018 to 3.06, with a mean value of 1#6.83 HIX values were ighest in the summemnd

winter.
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Table 6. Summary of Fluorescent Indices in Wet Deposition

SUVA (L mg C? Fl Fri HIX
m?)
Winter 1.34+0.42 1.29+£0.03 | 0.56+0.09 1.38+1.03
Spring 3.16x 2.99 1.73£0.86 | 0.74+0.30 1.36+ 0.72
Summer 0.79+£ 0.33 1.28+0.17 | 0.53+0.11 1.60x£ 0.76
Fall 1.53+0.71 1.39+£0.14 | 0.59+0.07 1.23+1.10
Average 1.42+1.52 1.38£0.40 | 0.58+0.17 1.46+ 0.83

4.4 Fluorescence Indiceand UV-vis Absorbance Masurement$or Dry Deposition

The values of théhree fluorescenederived indics described in section 3ahd U\tvis

absorbance measurements for dry deposition can be found in the appendices Table B.2 and are
summarized in Table 6 below. The SUVA values range 0.18 tol4n3@ C! m?, with an

annualmean value 1.68 0.88L mg C* m. SUVA values were highest in the spring and falll
(Figure 2). The 2D graph of the intensity of the FI for aquatic systems typically has a peak
before the emission wavelength of 470 nm and the slope of the FI linéhaffgzak (470 nm to

520 nm) at excitation wavelength 370 nm determines the Fl value. The Fl values ranged from
1.00 to 1.65, with a mean value of 187.16 FIl values werdighest in the winter and fall

(Figure 23. The Frl values range 0.56 to 0.97tlw& mean value of 0.71. Frl values were

highest in the winter and sprirfgigure 23. The HIX values range from 0.16 to 1.38, with an

annual mean value 0.53. HIX values were highest in summer and {Higere 24. Frl values
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were typically higher in dryhan in wet deposition and HIX values were lower in dry than in wet

deposition (Figure 23 and 24)

Table 7. Summary of Fluorescent Indices in Dry Deposition

SUVA (L mg C*mr FI Fri HIX
)
Winter 1.36+ 0.54 1.38+£0.14 | 0.74+0.10 0.49+0.24
Spring 1.96+ 1.07 1.37+£0.18 | 0.74+0.11 0.44+0.21
Summer 1.17+0.71 1.39+018 | 0.71+0.068 | 0.73+0.29
Fall 1.85+1.04 1.38+ 0.083 | 0.65+0.044 0.47+0.14
Average 1.58+0.90 1.38+£015 | 0.71+0.09 0.53+0.25
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Figure 21. Seasonal Changes in the Average SUVA values for Wet and Dry Deposition
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Figure 22. Seasonal Changes in the Average Fluorescence Indices for Wet and Dry
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Figure 23. Seasonal Chages in the Average Freshnedadices for Wet and Dry Deposition
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Figure 24. Seasonal Changes in the Average Humification Indices for Wet and Dry
Deposition

4.5 PARAFAC Modelingof EEMs from Wet and Dry Deposition
PARAFAC modeling was performed on the combined data set that contained samples with
matching excitation and emission spectra. Final dimensions of the data array were: 68
samplesx43 excitation wavelengthsx149 emission wavelengths. The PARAFAC model
identified 5 independently varying fluorest components in each sample (Figure 25 and Table
7). Component 1 contains a peak that fluoresces in the same area as thikbpaik A,
except the peak is located at a lower excitation wavelength, around 230 tongardemission
wavelength of 40@175 nm rather than at ex/em wavelengths of 260 nred880nm (for Peak A
from Coble 1996). Component 2 contains a peak in a similar area as the tiikespeak B,
except that the emission wavelength appears to beoatea Wavelength around 300 nm instead

of the emission wavelength of 310 nm. Component 3 contains the tryptophan peak, termed the T
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peak, but this component also contains an additional peak that seems to fluoresce at about ex/em
230-240 nm/340 nm. Compone#tdoes not have a distinct peak and is unlike any fluorescent
component that has been previously discovered or studied. Component 5 contains a peak in a
similar area as the marine huntfilkke peak M, but the excitation wavelength is around 290 nm
instead 6312 nm.

Wet deposition annual mean values for the 5 components are summarized in Table 7
below. The PARAFAC results revealed that component 4 was the most dominant in wet
deposition samples, representing on average of 30.3% of the total fluorescenieasth
common was component 3, representing on average of 11.3% of the fluorescence. Seasonal
analysis revealed that, on average, summer samples contained the highest percentage of
component 4 at 41.0%, fall samples contained the highest amount of cotnpan&4.8%, and
winter samples contained roughly equal amounts of components 1, 2, and 3 at 32.4%, 21.4%,

and 25.9% of the total fluorescence, respectively
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Figure 25. EEM spectra of fluorescent components identified by the PARAFAC model in

wet and dry deposition samples
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Table 8. Summary of the relative amount (%) of each d five PARAFAC Componentsby

Season in Wet [@position

Component Component 2| Component| Componeni Component 5
1 3 4

Peak O 2 30| 275/306310 | 275/340and O 2 4 0 | 290/380420 and
‘(’;?(‘/’g:ﬁ”ngrg;s (325/440) O 240/ 525 0240/386420
Winter 32.4 21.4 25.9 11.2 9.0
Spring 18.2 14.5 20.4 20.8 26.1
Summer 22.3 15.7 6.8 41.0 14.3
Fall 8.4 19.7 51 22.0 44.8
Average 20.2 16.9 11.3 30.3 21.3
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70% -

60% - m Component 5
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m Component 2

30% - m Component 1

20% -

10% -

0% - . . . .
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Figure 26. Seasonal Analysis of the 5 Components from the PARAFAC model in Wet

Deposition
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Dry deposition annual mean values for the 5 components are summarized in Table 8

below. In all seasons, the two most domifrRARAFAC compments were tyrosinkke

component 2, representing between 27 and 47% of the total fluorescence, and unidentified

component 4, representing between 19 and 42% of the total fluore¢Eenoe 27.

Table 9. Summary of therelative amount (%) of each offive PARAFAC Components by

Season in Dry Deposition

Component| Component| Component| Component| Component5
1 2 3 4

Peak O 230/ 275/300310| 275/340 and O 2 4 0 / 290/380420 and
wavelengths| 355,440 O 240 525 0240/380420
(ex/em nm)
Winter 11.6 30.3 20.6 33.4 4.1
Spring 6.6 36.1 12.7 42.3 2.4
Summer 14.6 27.1 14.1 42.1 2.1
Fall 15.3 a47.7 15.4 18.5 3.1
Average 11.9 34.4 154 35.5 2.8
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Figure 27. Seasonal Analysis of the 5 Components from tiPARAFAC model in Dry
Deposition

4.6Influence of Solar Irradiation on Fluorescence Properties
The solar simulation experimergxposed fluorescewirganiccompounds to solar irradiation for
30 minutes and then for 1 hofigure 28) Fluorescent peaks the longer excitation
wavelength region (> 300 nm) testtto readily disappear after the initial 30 minute exposure.
Other initially dominant fluorescent peaks at shorter excitation wavelengths (< 300 nm)
remained butreducel in fluorescence intensityPeak T fluorescence tends to be mostly resistant
to solar irradiation, reducing only slightly in intensity compared to other fluorescent peaks. The
fluorescence index, freshness index, and humification index were then analyzed to see if these
indices woull also change with irradiation. For most samples, the freshness index decreased with
increased time of exposure to solar irradiationglueO  0; Figude 29 and the humification

index increased under prolonged tinfeexposure to solar irradiatiop galueO 0 . @ord. ; F
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30). The fluorescence of the amino acid compounds, such as neopterin, tryptophan, tyrosine,
pyridoxine, and pyridoxamine, was extremely photodegraded after 30 mimatesd so much
that the freshness index and humification indexd ot be adequately determined due to all the

noise (Figure 31).
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Figure 28. Solar Irradiation Experiment .

Solar Irradiation Experiment that exposed laboratory grown alpinengmiborganisms to 545 W

m?-1 for 30 minues and then an hour. Figures a arate the EEMs for two different sarepl

before irradiation. Figuresandd ar e t he EEMs of sampledés a and
minutes of solar exposure. kigs e and are the EEMS for the two different samples after 1

hour of solar exposure.
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