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Abstract

While the overall effects dhe emissions of biomass burning are not fully understood, evidence
indicates hat theyhave a notable impact on radiative forcing and air qualityis difficult,
however, to determine the net consequemdéabese enssions on the global climate sintiee
elemental carbon component of biomass soot is similar in cotigmoso that emitted by
industrid and automotive sourcesn order b overcome this obstaclan analysis of atmospheric
carbon emitted from natural and anthropogenic sources has been performed via absorption
spectroscopy in order to identify differences the propertiesof the carboaceous aerosols
produces byhese various sourcedultiple samples of ambient particulate matéer well as

those emitted from combustion of various speciestotibs andimber were collected and
processed The resultingspectra were analyzed to identify notable properties that could be
attributed to varying carbon structsrand compositiog that can be used to fingerprint the
individual sources and to identify the contribution from biomass burning to the overall air
qgudity. The shape of the absorption spectrum of the biomass burning organic carbon was found

to be very similar for all of the species studied.

1. Introduction

In the atmosphereparticles play a significant role in the dynamics of air pollution, radiative

forcing and global radiation. These particles can originate from a variety of soBioegass

burning for example is a significant contributor to the trace gases and particles in the
atmosphere. Theserosolsgenerallycomposed of elemental and ongacarbon and inorganic

salts, acid and windblown dusthave been identdd as significantly alteringar t hés r adi a

by scattering and absorbing solar radiation (Chen et al., 2006; Lewis et al., 2008)ewnd
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potentially have important climatic impétions. Unfortunately the mitigation ofthe
anthropogenic portion of emissions of tharbonaceous particles is a problem dueh® t
difficulty in identifying the exact source of these carbon emissidime goal of this project is to

aid in finding a ®lution to this problem by examining the absorption spectra of carbonaceous
emissions in order to determine if defining charasties exist in the various sources that could

be used for positive identification.

1.1 Production and Composition of Carbonaceus Aerosols

Carbonemissionso r icar bonacas theysare alsorcanmsnonlyseierred aoe the

products of incomplete combustionNVhile mmplete combustionf ideal fuels produces only

water vaporand CO,, this occurs only at extremeonditionsthat rarely occur in nature. In

reality, all combustion is subject to varying degrees of efficiency which produces additional
pollutantsi ncl udi ng HfAsoot . O Soot c o re$ iacludirgy black mi x t u
carbon (BC), organic carbon (O and smaller amounts of sulfur and other chemicals

(Bachmann, 2009)

BC is comprisedprimarily of elemental carbon atoms bonded together with few other
constituents. A defining characteristic of BC particles is that tredysorb & all wavelengths,
which produces the noticeabldack color(Bachmann, 2009) OC also has a core of elemental
carbon atoms, although it contains a much larger numbeoradtituentssuch as hydrocarbons
sulfur, nitrogenand oxygen. In contrast to BC, OC absorbs very littletlighe portion of OC

that does absorb light is referred to as brown carbon (BrC). Unlike that of BC, the absorption
by BrC patrticles is stronglyavelength dependant, tending to absorb neffieiently in the

ultraviolet andthe shorter wavelengths die visible range giving the particles theiorownish
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color (Lewis et al, 2008). The ratio of BC toOC that is emittedby biomass burninglepends

heavily on conditions such as season, location, temperature, fuel moisture and composition, and
relativehumidity (Bondet al. 2004) In general, hotter, more intense fires such as diesel engines
tend to produce emissiorteat have a higher BOC ratia while smoldering fires such as
wildfires produce emissions with a lowBC/OC ratio. As a whole, carboraous aerosols are

the most abundant and efficient light absorbing particles in the visible spedtewrs et al,

2008)

When freshly emittegd the structure of BC
particles has been described @& i ni f or mo
grapelike (Bond et al 2004) which implies that

the molecules are em aggregate of carbon
monomer spheresuch as those displayed the
transmission electron microscopy imageFigure

1. As this image suggests, there existan
unlimited variation as tahe number of monomers
contained withirthe overall particle This variety
makes their exact structumifficult to predict.

After their initial emission, however, the particles

mix with the water vapor and other organic and

Fig. 1. Carbonaceous aggregdt®s inorganic compoundgresent in the atmosphere
Diesel auto PM collected from tailpipe
(b) Tire soot collected directly from causing them to collapse into spherical shaped
burning source. Image credit: Murr & . :

carbon coreswith a coating of water soluble
Garza. 2009.

compounds. OC particks, such as those from wildfires, are emittedsrasller aggregates of
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carbon spheroids anthn besurrounded by a thicker coating of other compounds. They also
change size due mwagulation and comhsatiorof organic and inorganic compounds sometimes
generated mphotochemicaleactions The transitiors that both types of particles undergo have
effects on thie optical properties, as directly emitted organics tend to be less efficient at
scatteringlight than sulfates and otheratersoluble particles. As the mix ages, the bdity

and related scattering has bedrserved to increase (Bachmann, 2009).

1.2 Sources and Geographic Trends

As mentionedabove carbonaceousmissions are the prodsof combustion, but there are many
different sourceshat contributed the global annual totalBiomassburning, such as naturally
occurring wildfires as well as burning for agricultural purpasssouns for approximately 40%

of that quantity, while fasl fuel combustion for industry and automotivascouns for another
40%., leaving about 20%hich is produce by residential biofuel consumptiaturing cooking

or heating(Bachmann, 2009) As different combustion processes produce distinct ratios of
BC/OC and BC/BrG it follows that the different sources mentioned here also produce varying
amounts of thehree components Biomassburning reults in a much lower ratio thatme
industrial or biofuel process associated with flaming conditignghich in turn have distinct

implications for global climatevhich will be discussed later in thimper

There are also interesting trends in the geographic distribution of carbon emissions. As BC is
produced in higher quantities by industry and trarntsplee emissions of BC by fossil fuel usage

is concentrated in industrious, well developed areas of the globe such as in China and the
western European countrie©C emission is also significant in these areas, but not nearly as

noteworthy as the conceation that is released in lesser developed, more rural areas such as in
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Africa and South America where biomass burning for agricultural purposes as well as naturally
occurring wildfires are prevalent. On a global scale, the overall concentrati@C ois
noticeable higher, and open biomass burning is the leading contributor to both BOGCand

emissiongJeong et al2010).

1.3 Climatic Effects of Carbonaceous Aerosols

There still existmany uncertainties associated wdambient carbonaceous aerosols #meir

effect on climatgHalthoreet al., 2009) They are involved in many complex interactions with
solar radiation which have potential effects on the global climate, thus making it difficult to put
an exact number on the net contribution that they enhkbwever over the last decade an
increasing body of evidence indicates that soot and smoke from incomplete combustion possibly
play major roles (Bachmann, 2009)At the currentlevel of understanding, there are two
processes that are generally considécehave important climatic implicationsThe warming

and cooling caused by the absorption and scattering of solar radiation by the particles themselves
arer ef erred to as the fAdirect effect. o Car bonc:
theincoming solar radiatioand then emitting that energy through conduction to the air around
them. This is different than the warming caused by greenhouse gases, which allow the solar
radiation to pass througthém and then absotie infrared radiation emted by theEar t h 6 s
surface The warming by BC and greenhouse gases is offset by the scattering of solar radiation
that occurs due to the presence of other particles produced by incomplete tcmmbUshe

brown haze, know agraospherc brown clouds, ttat forms in areas with high concentrations of
organics, sulfates and nitrates scatters the incoming sunlight, thus reducing thd amoun

radiation whichreachdsar t hds s ur f ac eatthersefacgBadhmammg 2009h c ool i
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The interaction that

paticles have with clouds

is knovn as the \

ef f e claud .formalion

begins with the

condensation of  water

vapor abousmall particls,

called the cloud Suface TR /

Fig. 2. Schematic diagram
condensation nuclei (CCN)i mechanisms by which particle pollution, including BC, may
influence temperature and precipitation through cloud
modifications and depositions to snow and ice. Image cred
Bachman, 2009.

thus the addition of mass

amounts ofthese CCN can

have effecd which result ina global redistribution otlouds rain or snowfall. Figure 2
illustratesa few of thevarious mechanisra that can result in such phenomeha.the first
drawing on the left i& normal,unpolluted cloud with large dropketind heavy pogpitation. In

the next drawingthe increase of CCN has increased the number and decreased thetlsze of
clouddroplets, resulting in moneflection and less precipitation, prolonging the life of ¢twaud

and causing cooling. In the third drawjnthe soot pdicles which contain ahigh BC
concentration and a higBiC/OC ratio causethe solar absorption by the cloud to increase. This
may cause heating within the cthushrinking it and thus causéimatic heating. Finally the
image to the far rightlustrates the effect that soot has wheepositedirectly onto snow or ice.

As BC is a very powerful absorber, it decreases the reflectivity of normal clean snow or ice and
the heat that the particles release by conveotwdhmelt the surrounding snow at a Higr rate.

This melting revealghe darker surface beath it, which causes even less reflectivity, thus



Atherton

resulting in a positive feedback cycl@ll of the processesentioned ar@ccurring at the same
time around the globewhich makes estimating the netfects that ambient carboraceous

particulates are causing extremely difficult (Bachmann, 2009)

1.4 Air Pollution Standards

With the high level ofuncertaintyassociated with aerosols, radiative forcemy the possible

huge role that particulates are playim theever growingissue of global climate change, there

has been a surge in recent decades to resterdifects otarbon emissions as well as concern

over the egativeecological and health effectsey might be havingl n t he 19706s th
Clean Air Act established the firdlational Ambient Air Quality Standard®NAAQS) which

were created to help monitor and restrict air pollution emissabrarious pollutants, including
particulatesin 1990 the Clean Air Act was most recently amendeidgbrg the previously set

standards down to new levels, and establishing a new stamdgdrficulates specifically fro

diesel engines (Vallero, 2008 hesesstablishedgtandards limit emissions as well as hold cities

and regional areas accountablthibselimits are exceeded.

Unfortunately in certain areas such as in cities in the western United States, there are many days
during the summer monthghenthe air quality is compromised due tbe emissions of nearby
wildfires blowing into the cities rad mixing with the pollution emitted by industry and
automobiles. The cities are still held responsible for meeting their standards on days such as
theseeven thoughherearediscrepancies as to tloeigin. It is impossible for theno mitigate

the vioktions of these standards if a positive identification of the sairte pollutantsannot

be provided. This is difficult to obtain due to the similar properties shared by emission from

urban settingand emissions from wildfires. It was with this igsin mind that this project was
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designed The objectiveis to determire if a defining characteristic cdme found within the
absorption spectra of the two sourcésssil fuels and biomass burning, and even within the

spectra of various species of tread shrubsvhich could be used to addret$ss problem.

2. Procedure

This research was conductedtirely in Reno, Nevada, during the months of January through
April, 2010. Ambient air samples were collectedqourartz fiber filtersa mediacommonly used
for particle sampling. The samples wetgained from a sample line that penetrdtedugh the
wall of the third floor of liefsonPhysics, on the University of Nevada, Reno cam@asnples
were collectedboth on a continuous 24tr basis from 12pm on pe day until 12pm the next
and days were alstdivided into the morning hourg04007 1000)andthe evening hourg190G
0200) which werecollectedby operatingtwo systemsn parallel. Thesespecific hoursof the
daywere chosemo accommodatéor the fact that it wa winter during the experimentpériod
and there were nimcal wildfires in the region adjacent toeRofrom which to collectbiomass
burning samples. nktead biomass burning aerosols came from thany homes irthe Reno
area which g heated by wood fireplaces. These fireplaresoperated mostly during the late
evening hours, and thube samples collected in the evening houai be representative of
the bomas burning source. The sampladlected during thenorning hourswhich contained
the particles emitted bynorning rush houtraffic as well as some from the local industrnere

more typical o mi s si o n s dfassifioel durhiegenviiortmeri.

As an alternate method for analyzing biomass burning emissanglesof variousspeciesof
wood were gatheredeffrey pine, redif, juniper, manzanita ancggeérush which arepictured

in Figure 3 All arecommon fuels fowildfires in the Sierra Nevada. Each of the species was
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burned individually in a&hamberdesigned specifically for this experimenthe emissions from

each species were collected using the same method of quartz fiber filters as used in the collection
of ambient particlesUsinga sensomstalled in line with thairflow from the burning chaber

to the filter,the CQ emitted during the burning processas measted With this measurement

the plan wadgo calculate the massf fuel actually consumeduring the combustion press.
However there was @ unidentifiedflaw in the system andhe emssions managed to flow
through the chamber without raising the Ll@vels recorded by the senstr values which

would be expected from open burning, and thus this data was discarded

Fig. 3. Samples of biomas}

burning fuels(a)
manzanita (b) sagebrush (
juniper (d) pffrey pine (e)

N redfir.

’.

After collecting all the particle samples on he‘quarz filseers, it waspossibleto analyze them

all using a fiber optic spectrometehe apparatugias equippeadvith multiple light sources in
order to maximizehe optical spectrum. With thr@adividual light sources used simultaneously,
a clear spectrum from 360m to 870 nmwas obtainedwhich includesthe entirevisible range
and the longer end of thdtraviolet wavelengths The cross section of the filtekgas also
analyzedusing a optical microscopén order to study the depth of penetration of the particles

on thefilters. It isundesirabldor the particles to penetrate farther than one halthio&ness of

10
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the filter, due to the possibility of them ari out the opposite side, and although the images
were difficult to decipher, it was clear that the particles remained in the first third of the

thickness.

The methodised in aalyzingthefilters is essentiallan appl i cati on of Beer 6
that absorptiorby a particle is equivalent to the natural log the initial intensity(lo) over the
resulting intensity(l). To obtain this information, a clean reference filter \@aslyzedwith the
spectrometer, and thteansmissionwas used for the initial intensity. The reference filter was
then replacedwith an exposed filter in order to get the resulting intensity. Using this
information, as well as the flow rate, the timengded and the exposed area of the filtee
absorption coefficient, Beta absorptiomas calculatedwhich is a measure of the change in the
transmission for the given sampl&. multiple scattering enhancement factor of 2 was also
includedin the calculabns to account for the multiple scatterieffectsthat occurs in the filter
fibers. These fibers also scatter light, and although it is difficult to calculate exactly the
magnitude of this scattering, it seems accepted in the literature to use afactoraccount for

this effect. The absorption coefficient givenby equatiori;
bas U/ (2*L) =.(U0U*A)/ (2*F* qfl))

In this equation L is the length othe column of air that passed through the filter, which in turn

is calculated by the ar€A), flow rate(F) and elapsed timg goas slown in equation 2,

L = (E*mpt)/ A (2)
Also included inthe equation for the absorption coefficientthe optical depth(J which is a
measure of a particles ability to block light. The optical depth can be calculated by the

relationshipgiven in guation 3

11
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The absorption coefficientalculatedusing the methods given aboig not constant for all
wavelengths. Instead it is known to be wavelength dependant for most subsiaddess the

pattern of this dependence that veaploredto determine the different sourcasalyzed in this

experiment
Idealized Absorption for BC
The Rayleigh absorption cross sectiorz|
s, —Reno
approximation giveshat the absorption of g ﬁ_mblent
= Ir
o
pure BC is inversely proportional to§ 15 ] /
<
wavelength <*( Moosmiiler et al, 2009). |§, 4
-
Therefore, ifBC were the only substanca@ 05
() .
<
present in the Reno ambient air, |a 360 560 760
miike th i h ) ] Wavelength (nm)
spectrumike thered lineshown in Figure Fig. 4. The actual speatm of the Reno ambient air
4 would result from analysis of the| Samples (blue line) compared to the idealized
spectrum of BC (red line.

ambient samples However, when
analyzng the actuatamples, theesuls consistentlyresembled thepectrumgiven by the blue
curvein Figure 4. The obvious difference magnitude on the shortend of the spectrurfx <
600 nm) is thoughto be due to the Br@lso present in the air, whictends toabsorb more
strongly at theUV and shortervisible wavelengths, although it is currently unclear to what
magnitude BrC absorbs at these wavelengths (Moosmiller et al, 200Bg stiuctural
differencesmentioned in section 1.1 whictesult from the different sources amdnsidered

responsble for the spectral differences

3. Results

12
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The first result of analysis was that the absorption coefficient, as a function of wavetendth

be fit into themodelgiven by equation 4,

T — = Y2188 _+021 88 _. 4)

In this model, the total absorptios €qual February 8th to 9th
to the sum of the absorption due to urba@\Z'S

£
emissions (U), which was composedq 22 bBC

IS abs
primarily of BC,and the absorption due tp51.5 Urban contribution

2 y = 2.525x0.136
the homass burningor wood smoke ; 1 HOC 4 pBC

k=2 abs abs

-
emissions (W) which is composed |5 Urban + Woodsmoke

20.5 contribution

= - 1.254
primarily of BrC and other noabsorbing < y=3175.7x

0

OC. When looking at the spectiimm the 360 560 760

Wavelength (nm)

continuous samples, it was possible [td-ig. 5.The absorption coefficient spectrum for
Februaruy 8 to February 9. The blue portion of
€the spectrum is due to BC contribution, while th
red portion of the curve is the sum of both BrC

divide the curve into two sections, th

longer wavelengths(< > 600 nm) being
A d AM & PM Filter D

verage er bata influenced primarily by BC and the shorter
4 wavelengthg< 600 nm)being a sum of the

two influences. Figure 5 is an example of

—AM —PM

2 how one of the day§120Q Feb. 8 to 1200

Aerosol Light Absorbtion (Mm-1)
w

1 Feb. 9)of continuousambient sampling fit
360 460 560 660 760 860
Wavelength (nm)

Fig. 6.Absorption coefficients for Reno, NV| into this modelnd the power law expressions
with samples from the am hours (040000)
and the pm hours (196ZR00) analyzed which described these curves.
individually.

13
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The samples which were gathered durihg specified periods of the dalso adhered to this
model. The nighttime measurement$19060200) consistently resulted in higher absorption
coefficientsin the shortemwavelengthghan the morning measurements (04@@0) This is
explainable by the higher concentration of Br@issiondrom wood burningstovesduring the
nighttime hourswvhich containa much lower ratio of BC to BrC ands previouslymentioned
BrC tends to absorb more efficiently at the shorter wavelendttomparison of the average of

the morning spectra to the average of the evening

spectra is shown in Figure 6. An obvious difference

Various Woodsmoke Sources

i
I

i
N

— Jeffrey Pine

the shorter wavelengths could be seen for ey

=
o

—Juniper
8 —Red Fir

6 Sage
—1/Wavelength

4

2

After analysis, he spectra that resulted frorine

sample, which is apparent in the averages.

Aerosol Light Absorption (Mm 1)

350 450 550 650 750 850
a Wavelenath (nm)

combustion of the various wood specresulted in a

i : : : Woodsmoke S Normalized
large variation with respect tothe absorption z 00CSMOKE SOUTces Hormalze

— Jeffrey Pine
06 —Juniper
—Red Fir

04 %
w;ﬁh\. Sage .
02 W Manzanita
' M’m,, -
L T e

350 400 450 500 550 600 650 700
b Wavelength (nm)

Fig. 7.a) Plot of the light absorptior

normalized to their value at 870 rimshown in Figure| coefficients of the various species
wood burned for the expenent,

7a.  Also included in this figure is the abstigm compared with the model of
1/wavelength. b) Plot of éhvarious
species after the spectras
normalized for comparison with
each other.

after that BC contribution has been removed and the spectra from the individual species were

coefficient in the shorter wavelengths, which is inferr

to be aresult of the variation in the quantitf BrC

Aerosol Light Absorbtion (Mm -1)

released by each species. A comparison of

absorption coefficient gtra for the different species

contribution by BC, as represented &. The

following image, Figurerb, is the spectra that resul

normalized to their value at 360 nm for comparison purposes. In this image the curves from the

14
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individual species all exhibit a vesymilar shape, indicating that the wavelength dependence of
each species with respect to BrCsimilar. With more precise instrumentation it is likely that
distinguishing characteristics could be determined due to the slight variations that deusxist
as the steeper slope displayed by the sagbhbas compared to the Manzanitdowever
considering the equipment that was availdblethis experiment, it wasoncludel that no real
defining characteristic existed within the various species with regpethe wavelength

dependence at the shorter wavelengths.

The final result has important implications for the giblelimate. A critical characteristiof
ambient aerosols is their reflectivity. This property is typically measured by their single
scattenng albedo $SA). The SSA is defined as the ratibthe scattering coefficierio the total

light extinction, given in equation 5,

_ T 6% &inoes
1 ( aeinoer * iGmaeo ) ©

If a particlehas aSSA of greater thanoughly 0.85 it indicates that high quantity dght is
scattered back into spacempared to that which is absorbed by the partarel thusit has a
cooling effecton the atrospherewhile aparticle with aSSA of less tha.85 indicateghat it
absorbs more radiaticend thus heats the atmosphere. SSA values are kimoworrespond to
particlesemitted bydistinct fire behaviors, with hotter fires releasing particles wavdr SSA
values, and cooler fires releasing particles with higher SSA values (Chen2€0&l). During

thecombustiorportion of myexperment, | observed behavior consistent with this trend.

15
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While conducting the burning of the fuel samples, photoacousticinstrument sampled

simultaneously vth thefilter measuementsandreported iRsitu measurements of tiadsorption

and scatteringoefficient at fourwavelengths355 nm, 405 nm, 532 nm and 870 .nrfthese

values were used tmlculate the SSAt the given waveingths TheSSAwas then compadto

the fire behavioobservedat that moment itime, which hadbeencaptured on a digital camera

which recorded images every 10 seconds. The resdtonsistent with previousesuls that

Fig. 8. The single scattering albedo measurements at 405 nm
compared to the absorption coefficient measured by the
photoacoustic instrument during combustion.

during phases of the
combustion withintense,
hot flames, alow SSA

was produced, which if
emitted into the
atmosphere would

produce warming. During
phases with  cooler,

smoldering behavior and
minimal open flames,
with white ashy smoke a

much hgher SSA was

produced which would result in a net coolingthe atmsphere The absorption coefficient and

corresponding SSA values for the wavelength 405 nm are shown in Figure 8jnalzdt

behavior was observed at the other measured wavelengths as well.

16



