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Abstract 

While the overall effects of the emissions of biomass burning are not fully understood, evidence 

indicates that they have a notable impact on radiative forcing and air quality.  It is difficult, 

however, to determine the net consequences of these emissions on the global climate since the 

elemental carbon component of biomass soot is similar in composition to that emitted by 

industrial and automotive sources.  In order to overcome this obstacle, an analysis of atmospheric 

carbon emitted from natural and anthropogenic sources has been performed via absorption 

spectroscopy in order to identify differences in the properties of the carbonaceous aerosols 

produces by these various sources.  Multiple samples of ambient particulate matter as well as 

those emitted from combustion of various species of shrubs and timber were collected and 

processed.  The resulting spectra were analyzed to identify notable properties that could be 

attributed to varying carbon structures and compositions that can be used to fingerprint the 

individual sources and to identify the contribution from biomass burning to the overall air 

quality.  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 atmosphere, particles play a significant role in the dynamics of air pollution, radiative 

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

burning, for example, is a significant contributor to the trace gases and particles in the 

atmosphere.  These aerosols, generally composed of elemental and organic carbon and inorganic 

salts, acids and windblown dust, have been identified as significantly altering Earth’s radiation 

by scattering and absorbing solar radiation (Chen et al., 2006; Lewis et al., 2008) and they 
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potentially have important climatic implications.  Unfortunately the mitigation of the 

anthropogenic portion of emissions of the carbonaceous particles is a problem due to the 

difficulty in identifying the exact source of these carbon emissions.  The goal of this project is to 

aid in finding a solution to this problem by examining the absorption spectra of carbonaceous 

emissions in order to determine if defining characteristics exist in the various sources that could 

be used for positive identification. 

1.1 Production and Composition of Carbonaceous Aerosols 

Carbon emissions or “carbonaceous aerosols” as they are also commonly referred to, are the 

products of incomplete combustion.  While complete combustion of ideal fuels produces only 

water vapor and CO2, this occurs only at extreme conditions that rarely occur in nature.  In 

reality, all combustion is subject to varying degrees of efficiency which produces additional 

pollutants including “soot.”  Soot contains a mixture of amorphous particles including black 

carbon (BC), organic carbon (OC) and smaller amounts of sulfur and other chemicals 

(Bachmann, 2009).  

 BC is comprised primarily of elemental carbon atoms bonded together with few other 

constituents.  A defining characteristic of BC particles is that they absorb at all wavelengths, 

which produces the noticeable black color (Bachmann, 2009).  OC also has a core of elemental 

carbon atoms, although it contains a much larger number of constituents such as hydrocarbons, 

sulfur, nitrogen, and oxygen. In contrast to BC, OC absorbs very little light. The portion of OC 

that does absorb light is referred to as brown carbon (BrC).    Unlike that of BC, the absorption 

by BrC particles is strongly wavelength dependant, tending to absorb more efficiently in the 

ultraviolet and the shorter wavelengths of the visible range, giving the particles their brownish 
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color (Lewis et al., 2008).  The ratio of BC to OC that is emitted by biomass burning depends 

heavily on conditions such as season, location, temperature, fuel moisture and composition, and 

relative humidity (Bond et al,. 2004).  In general, hotter, more intense fires such as diesel engines 

tend to produce emissions that have a higher BC/OC ratio, while smoldering fires such as 

wildfires produce emissions with a lower BC/OC ratio.  As a whole, carbonaceous aerosols are 

the most abundant and efficient light absorbing particles in the visible spectrum (Lewis et al., 

2008). 

When freshly emitted, the structure of BC 

particles has been described as “aciniform” or 

grapelike (Bond et al, 2004) which implies that 

the molecules are chain aggregates of carbon 

monomer spheres such as those displayed in the 

transmission electron microscopy image in Figure 

1.  As this image suggests, there exists an 

unlimited variation as to the number of monomers 

contained within the overall particle.  This variety 

makes their exact structure difficult to predict. 

After their initial emission, however, the particles 

mix with the water vapor and other organic and 

inorganic compounds present in the atmosphere, 

causing them to collapse into spherical shaped 

carbon cores with a coating of water soluble 

compounds.  OC particles, such as those from wildfires, are emitted as smaller aggregates of 

Fig. 1. Carbonaceous aggregates (a) 

Diesel auto PM collected from tailpipe 

(b) Tire soot collected directly from 

burning source. Image credit: Murr & 

Garza, 2009.  
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carbon spheroids and can be surrounded by a thicker coating of other compounds.  They also 

change size due to coagulation and condensation of organic and inorganic compounds sometimes 

generated n photochemical reactions.  The transitions that both types of particles undergo have 

effects on their optical properties, as directly emitted organics tend to be less efficient at 

scattering light than sulfates and other water-soluble particles.  As the mix ages, the solubility 

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

1.2 Sources and Geographic Trends  

As mentioned above, carbonaceous emissions are the products of combustion, but there are many 

different sources that contribute to the global annual total.  Biomass burning, such as naturally 

occurring wildfires as well as burning for agricultural purposes accounts for approximately 40% 

of that quantity, while fossil fuel combustion for industry and automotives accounts for another 

40%., leaving about 20% which is produced by residential biofuel consumption during cooking 

or heating (Bachmann, 2009).  As different combustion processes produce distinct ratios of 

BC/OC and BC/BrC, it follows that the different sources mentioned here also produce varying 

amounts of the three components.  Biomass burning results in a much lower ratio than the 

industrial or biofuel processes associated with flaming conditions, which in turn have distinct 

implications for global climate which will be discussed later in this paper. 

There are also interesting trends in the geographic distribution of carbon emissions.  As BC is 

produced in higher quantities by industry and transport, the 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 countries.  OC emission is also significant in these areas, but not nearly as 

noteworthy as the concentration 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 concentration of OC is 

noticeable higher, and open biomass burning is the leading contributor to both BC and OC 

emissions (Jeong et al., 2010). 

1.3 Climatic Effects of Carbonaceous Aerosols 

There still exist many uncertainties associated with ambient carbonaceous aerosols and their 

effect on climate (Halthore et 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 make, however 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 current level of understanding, there are two 

processes that are generally considered to have important climatic implications.  The warming 

and cooling caused by the absorption and scattering of solar radiation by the particles themselves 

are referred to as the “direct effect.”  Carbonaceous particles warm the atmosphere by absorbing 

the incoming solar radiation and 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 through them and then absorb the infrared radiation emitted by the Earth’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 combustion.  The 

brown haze, know as atmospheric brown clouds, that forms in areas with high concentrations of 

organics, sulfates and nitrates scatters the incoming sunlight, thus reducing the amount of 

radiation which reaches Earth’s surface, resulting in cooling at the surface (Bachmann, 2009). 
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Fig. 2. Schematic diagram showing several “indirect 

mechanisms by which particle pollution, including BC, may 

influence temperature and precipitation through cloud 

modifications and depositions to snow and ice.  Image credit: 

Bachman, 2009.  

 

The interaction that 

particles have with clouds 

is known as the “indirect 

effect”. Cloud formation 

begins with the 

condensation of water 

vapor about small particles, 

called the cloud 

condensation nuclei (CCN), 

thus the addition of mass 

amounts of these CCN can 

have effects which result in a global redistribution of clouds, rain or snowfall.  Figure 2 

illustrates a few of the various mechanisms that can result in such phenomena. In the first 

drawing on the left is a normal, unpolluted cloud with large droplets and heavy precipitation.  In 

the next drawing, the increase of CCN has increased the number and decreased the size of the 

cloud droplets, resulting in more reflection and less precipitation, prolonging the life of the cloud 

and causing cooling.  In the third drawing, the soot particles which contain a high BC 

concentration and a high BC/OC ratio cause the solar absorption by the cloud to increase.  This 

may cause heating within the cloud, shrinking it and thus cause climatic heating.  Finally the 

image to the far right illustrates the effect that soot has when deposited directly 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 convection will melt the surrounding snow at a higher rate.  

This melting reveals the darker surface beneath it, which causes even less reflectivity, thus 
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resulting in a positive feedback cycle.  All of the processes mentioned are occurring at the same 

time around the globe, which makes estimating the net effects that ambient carbonaceous 

particulates are causing extremely difficult (Bachmann, 2009). 

1.4 Air Pollution Standards 

With the high level of uncertainty associated with aerosols, radiative forcing and the possible 

huge role that particulates are playing in the ever growing issue of global climate change, there 

has been a surge in recent decades to research the effects of carbon emissions as well as concern 

over the negative ecological and health effects they might be having.  In the 1970’s the federal 

Clean Air Act established the first National Ambient Air Quality Standards (NAAQS) which 

were created to help monitor and restrict air pollution emissions of various pollutants, including 

particulates. In 1990 the Clean Air Act was most recently amended, bringing the previously set 

standards down to new levels, and establishing a new standard for particulates specifically from 

diesel engines (Vallero, 2008).  These established standards limit emissions as well as hold cities 

and regional areas accountable if those limits are exceeded.  

Unfortunately, in certain areas such as in cities in the western United States, there are many days 

during the summer months when the air quality is compromised due to the emissions of nearby 

wildfires blowing into the cities and mixing with the pollution emitted by industry and 

automobiles.  The cities are still held responsible for meeting their standards on days such as 

these even though there are discrepancies as to the origin.  It is impossible for them to mitigate 

the violations of these standards if a positive identification of the source of the pollutants cannot 

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

urban settings and emissions from wildfires. It was with this issue in mind that this project was 
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designed.  The objective is to determine if a defining characteristic can be found within the 

absorption spectra of the two sources, fossil fuels and biomass burning, and even within the 

spectra of various species of trees and shrubs which could be used to address this problem.   

2. Procedure 

This research was conducted entirely in Reno, Nevada, during the months of January through 

April, 2010.  Ambient air samples were collected on quartz fiber filters, a media commonly used 

for particle sampling.  The samples were obtained from a sample line that penetrated through the 

wall of the third floor of Liefson Physics, on the University of Nevada, Reno campus. Samples 

were collected both on a continuous 24 hour basis, from 12pm on one day until 12pm the next 

and days were also divided into the morning hours (0400 – 1000) and the evening hours (1900-

0200) which were collected by operating two systems in parallel.  These specific hours of the 

day were chosen to accommodate for the fact that it was winter during the experimental period 

and there were no local wildfires in the region adjacent to Reno from which to collect biomass 

burning samples.  Instead, biomass burning aerosols came from the many homes in the Reno 

area which are heated by wood fireplaces.  These fireplaces are operated mostly during the late 

evening hours, and thus the samples collected in the evening hours would be representative of 

the biomass burning source.  The samples collected during the morning hours, which contained 

the particles emitted by morning rush hour traffic as well as some from the local industry, were 

more typical of emissions from the city’s fossil-fuel burning environment.   

As an alternate method for analyzing biomass burning emissions, samples of various species of 

wood were gathered: jeffrey pine, red fir, juniper, manzanita and sagebrush, which are pictured 

in Figure 3.  All are common fuels for wildfires in the Sierra Nevada.  Each of the species was 
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burned individually in a chamber designed specifically for this experiment.  The emissions from 

each species were collected using the same method of quartz fiber filters as used in the collection 

of ambient particles.  Using a sensor installed in line with the airflow from the burning chamber 

to the filter, the CO2 emitted during the burning process was measured.  With this measurement 

the plan was to calculate the mass of fuel actually consumed during the combustion process. 

However, there was an unidentified flaw in the system and the emissions managed to flow 

through the chamber without raising the CO2 levels recorded by the sensor to values which 

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

After collecting all the particle samples on the quartz fiber filters, it was possible to analyze them 

all using a fiber optic spectrometer.  The apparatus was equipped with multiple light sources in 

order to maximize the optical spectrum.  With three individual light sources used simultaneously, 

a clear spectrum from 360 nm to 870 nm was obtained, which includes the entire visible range 

and the longer end of the ultraviolet wavelengths.  The cross section of the filters was also 

analyzed using an optical microscope in order to study the depth of penetration of the particles 

on the filters.  It is undesirable for the particles to penetrate farther than one half the thickness of 

Fig. 3. Samples of biomass 

burning fuels. (a) 

manzanita (b) sagebrush (c) 

juniper (d) jeffrey pine (e) 

red fir. 

a b c 

d e 

30.48 cm 
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the filter, due to the possibility of them exiting 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 method used in analyzing the filters is essentially an application of Beer’s Law, which states 

that absorption by a particle is equivalent to the natural log of the initial intensity (I0) over the 

resulting intensity (I).  To obtain this information, a clean reference filter was analyzed with the 

spectrometer, and the transmission was used for the initial intensity.  The reference filter was 

then replaced with an exposed filter in order to get the resulting intensity.  Using this 

information, as well as the flow rate, the time sampled and the exposed area of the filter the 

absorption coefficient, Beta absorption, was calculated, which is a measure of the change in the 

transmission for the given sample. A multiple scattering enhancement factor of 2 was also 

included in the calculations to account for the multiple scattering effects that 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 a factor of 2 to account for 

this effect.  The absorption coefficient is given by equation 1; 

                                                  βabs= τ/(2*L) = (τ*A)/(2*F*Δt).                                                 (1) 

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

is calculated by the area (A), flow rate (F) and elapsed time (Δt) as shown in equation 2, 

                                                                     L = (F*Δt)/A.                                                            (2) 

Also included in the equation for the absorption coefficient is the optical depth (τ) which is a 

measure of a particles ability to block light.  The optical depth can be calculated by the 

relationship given in equation 3, 
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Fig. 4. The actual spectrum of the Reno ambient air 

samples (blue line) compared to the idealized 

spectrum of BC (red line.  

                                                                       (I/I0)=e
-τ .                                                                   (3) 

The absorption coefficient calculated using the methods given above is not constant for all 

wavelengths.  Instead it is known to be wavelength dependant for most substances, and it is the 

pattern of this dependence that was explored to determine the different sources analyzed in this 

experiment.   

The Rayleigh absorption cross section 

approximation gives that the absorption of 

pure BC is inversely proportional to 

wavelength, λ-1
( Moosmüller et al, 2009).  

Therefore, if BC were the only substance 

present in the Reno ambient air, a 

spectrum like the red line shown in Figure 

4 would result from analysis of the 

ambient samples. However, when 

analyzing the actual samples, the results consistently resembled the spectrum given by the blue 

curve in Figure 4.  The obvious difference in magnitude on the shorter end of the spectrum (λ < 

600 nm) is thought to be due to the BrC also present in the air, which tends to absorb more 

strongly at the UV and shorter visible wavelengths, although it is currently unclear to what 

magnitude BrC absorbs at these wavelengths (Moosmüller et al, 2009).  The structural 

differences mentioned in section 1.1 which result from the different sources are considered 

responsible for the spectral differences.   

3. Results 
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The first result of analysis was that the absorption coefficient, as a function of wavelength, could 

be fit into the model given by equation 4, 

                                              𝛽𝑎𝑏𝑠  𝜆 = 𝑈 ∗ 𝛽𝑎𝑏𝑠
𝐵𝐶  𝜆 +𝑊 ∗ 𝛽𝑎𝑏𝑠

𝑂𝐶  𝜆 .                                        (4) 

In this model, the total absorption is equal 

to the sum of the absorption due to urban 

emissions (U), which was composed 

primarily of BC, and the absorption due to 

the biomass burning or wood smoke 

emissions (W) which is composed 

primarily of BrC and other non-absorbing 

OC.  When looking at the spectra from the 

continuous samples, it was possible to 

divide the curve into two sections, the 

longer wavelengths (λ > 600 nm) being 

influenced primarily by BC and the shorter 

wavelengths (λ < 600 nm) being a sum of the 

two influences.  Figure 5 is an example of 

how one of the days (1200, Feb. 8 to 1200, 

Feb. 9) of continuous ambient sampling fit 

into this model and the power law expressions 

which described these curves. 
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The samples which were gathered during the specified periods of the day also adhered to this 

model. The nighttime measurements (1900-0200) consistently resulted in higher absorption 

coefficients in the shorter wavelengths than the morning measurements (0400-1000).  This is 

explainable by the higher concentration of BrC emissions from wood burning stoves during the 

nighttime hours which contain a much lower ratio of BC to BrC and, as previously mentioned, 

BrC tends to absorb more efficiently at the shorter wavelengths.  A comparison of the average of 

the morning spectra to the average of the evening 

spectra is shown in Figure 6.  An obvious difference in 

the shorter wavelengths could be seen for every 

sample, which is apparent in the averages.   

After analysis, the spectra that resulted from the 

combustion of the various wood species resulted in a 

large variation with respect to the absorption 

coefficient in the shorter wavelengths, which is inferred 

to be a result of the variation in the quantity of BrC 

released by each species.  A comparison of the 

absorption coefficient spectra for the different species , 

normalized to their value at 870 nm is shown in Figure 

7a.  Also included in this figure is the absorption 

contribution by BC, as represented as λ-1
.  The 

following image, Figure 7b, is the spectra that results 

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

normalized to their value at 360 nm for comparison purposes.  In this image the curves from the 
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individual species all exhibit a very similar shape, indicating that the wavelength dependence of 

each species with respect to BrC is similar. With more precise instrumentation it is likely that 

distinguishing characteristics could be determined due to the slight variations that do exist, such 

as the steeper slope displayed by the sagebrush as compared to the Manzanita. However 

considering the equipment that was available for this experiment, it was concluded that no real 

defining characteristic existed within the various species with respect to the wavelength 

dependence at the shorter wavelengths. 

The final result has important implications for the global climate.  A critical characteristic of 

ambient aerosols is their reflectivity.  This property is typically measured by their single 

scattering albedo (SSA).  The SSA is defined as the ratio of the scattering coefficient to the total 

light extinction, given in equation 5,    

                                              𝜔 =
𝛽𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

(𝛽𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 +𝛽𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 )
.                                 (5) 

If a particle has a SSA of greater than roughly 0.85 it indicates that high quantity of light is 

scattered back into space compared to that which is absorbed by the particle, and thus it has a 

cooling effect on the atmosphere, while a particle with a SSA of less than 0.85 indicates that it 

absorbs more radiation and thus heats the atmosphere.  SSA values are known to correspond to 

particles emitted by distinct fire behaviors, with hotter fires releasing particles with lower SSA 

values, and cooler fires releasing particles with higher SSA values (Chen et al., 2006).  During 

the combustion portion of my experiment, I observed behavior consistent with this trend.   
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While conducting the burning of the fuel samples, a photoacoustic instrument sampled 

simultaneously with the filter measurements and reported in-situ measurements of the absorption 

and scattering coefficient at four wavelengths, 355 nm, 405 nm, 532 nm and 870 nm.  These 

values were used to calculate the SSA at the given wavelengths.  The SSA was then compared to 

the fire behavior observed at that moment in time, which had been captured on a digital camera 

which recorded images every 10 seconds.  The result was consistent with previous results that 

during phases of the 

combustion with intense, 

hot flames, a low 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 higher SSA was 

produced which would result in a net cooling in the atmosphere. The absorption coefficient and 

corresponding SSA values for the wavelength 405 nm are shown in Figure 8, and similar 

behavior was observed at the other measured wavelengths as well. 
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4. Conclusion 

In summary, this experiment produced four significant results.  The first is that the spectral 

model 𝛽𝑎𝑏𝑠  𝜆 = 𝑈 ∗ 𝛽𝑎𝑏𝑠
𝐵𝐶  𝜆 +𝑊 ∗ 𝛽𝑎𝑏𝑠

𝑂𝐶  𝜆  accurately captures the spectral dependence of   

ambient carbon emissions.  Second, the variation of the morning spectrum from the evening 

spectrum is consistent with the proposed model, with the higher absorption observed during the 

evening hours attributed to the higher concentration of brown carbon from wood burning 

fireplaces.  Third, there exists a significant variation in the quantity of brown carbon and black 

carbon from different biomass burning sources; however the wavelength dependence of the 

absorption is similar for all sources.  Finally, the resulting climatic effects of biomass burning are 

dependent on fuel type and combustion characteristics.  

5. Future Research 

Improvements to this research could be made in several areas.  The most important of these 

recommendations is to perform additional air samples during periods when there is a high 

occurrence of wildfires in the nearby areas, and perform the same analysis to determine if actual 

wildfires produce consistent results as those from the wood burning fireplaces.  This would 

0

20

40

60

80

100

120

360 460 560 660 760 860

T
ra

n
sm

is
si

o
n

 (
%

)

Wavelength (nm)

Quartz Filter Analysis

1 filter

2 filters

3 filters

4 filters

5 filters
0

20

40

60

80

100

120

T
ra

n
sm

is
si

o
n

 (
%

)

Wavelength (nm)

Teflon Filter Analysis

1 filter

2 filters

3 filters

4 filters

5 filters

Fig. 9. Transmission during filter analysis of (a) quartz fiber filters (b) Teflon filters. 

a 
b 



  Atherton 

18 
 

confirm the assumption that the evening measurements made in this experiment were 

representative of biomass burning emissions.  

A more thorough analysis of the filter process would also benefit this research.  An initial 

attempt was made during this experiment to investigate the absorption effects that the filters 

themselves are contributing.  This was done by layering clean filter upon clean filter and 

observing the resulting change in transmission.  The result of this procedure is given in Figure 

9a.  The nonlinearity of the transmission as well as the slight wavelength dependence is apparent 

in this image.  A similar process was then performed using thin Teflon filters as well and the 

results are displayed in Figure 9b.  Also apparent in the Teflon filters was a distinct nonlinearity 

and wavelength dependence.  Unfortunately there was not sufficient time during the research 

period for continuation of this investigation of the filter behavior.  

A final suggestion for this research is to analyze the particles which are gathered from the filters 

via mass spectroscopy.  This process could result in a chemical analysis of the particles 

themselves to give a more complete explanation of the observed wavelength dependance.  

However, a higher quantity of particles is needed to run this procedure than was obtained in this 

experiment, thus the sample times would have to be considerable longer or flow rates would 

need to be increased to higher levels to reach the neccesary quantity for a significant result to be 

obtained. 
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