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CAMBRIA CHAMBER OF COMMERCI 

Clovis neighborhoods, using an infrared camera to detect chimney activity and a portable 
condensation nucleus counter to detect elevated particle concentrations. Filter samples were also 
placed at two different homes to collect overnight samples.  However, these surveys revealed 
many non-ideal features of this region.  For instance, evening traffic made it difficult to conduct 
the surveys and the prevalence of fog significantly reduced the number of available sampling 
days. One of the most significant disadvantages was that since Fresno represents a large region 
with significant wood smoke emissions, any 1 km2 study area chosen would experience 
significant transport of wood smoke emissions into the study area.  However, since these 
emissions were from sources located at varying distances from the study area boundary, 
characterizing the entry of particles into the study area would be very difficult.  Although 
winter-time PM levels can be very high in Fresno, the magnitude of the PM concentration is not 
critical for the purposes of this study since the focus is on the variability of the contribution from 
near-field sources as opposed to overall concentrations. During the selection process, several 
other California locations were also considered.  Based on the results from the selection process, 
Cambria, California (Figure 5.1) was chosen because it most effectively meet both the primary 
and secondary requirements for the study.  Situated along the California coast, Cambria is 30 
miles northwest of San Luis Obispo in San Luis Obispo (SLO) County, between San Francisco 
and Los Angeles.  The town spans about 3 km2, is populated by approximately 6,500 people, and 
lists tourism, light industry, and agriculture as its main industrial activities (Cambria Chamber of 
Commerce, 2010).  

Figure 5.1 Map of Cambria, California neighborhoods 

One of the most significant advantages of Cambria over other locations was the nearly 
complete lack of potentially interfering sources.  Cambria is located on the central coast of 
California (35.554030, -121.087394) with elevations ranging from sea level to 250 feet. It is 
bordered to the west by the Pacific Ocean and to the east by the Santa Lucia Range.  Cambria has 
nearly no conflicting PM2.5 sources such as industry or vehicular traffic. There are no major 
freeways in the area and little or no traffic during the evenings and nighttime.  The largest road, 
Highway 1, is one lane each way and serves only local truck traffic.  There are no major PM2.5 
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producing local industries. The nearest major cities are Monterey (population 410,000) 
approximately 80 miles northwest, San Luis Obispo (population 270,000) approximately 30 
miles south-east, and Paso Robles (population 28,000) approximately 20 miles east.  Due to the 
distance, topography, prevailing meteorology, and relatively good air quality in these nearby 
regions, transport of pollutants does not significantly impact air quality in Cambria. 

Although Cambria does not have other significant pollutant sources, residential wood 
burning is common. Because of the age of the neighborhoods and the characteristics of the 
homes, a large percentage of the homes in Cambria have fireplaces and/or woodstoves. In 
addition, the close proximity to available wood results in many homes using wood for all or a 
significant portion of their heating needs.  Cambria lies in a rural portion of San Luis Obispo 
County. Over the entire county, residential wood combustion was estimated to constitute 26 
percent of the total winter PM2.5 in 2005 (CA ARB, 2006). However, other majors PM2.5 
sources within the county, such as managed burning and disposal, paved/unpaved road dust, and 
farming operations, are not significant in the area surrounding Cambria so wood burning was 
expected to form a larger fraction of PM2.5 emissions in Cambria. Additionally, road dust and 
farming operations that suspend dust would not contribute to carbonaceous PM, which is the 
measurement focus of this study. 

As part of the assessment of the Cambria location, an aethalometer was placed within the 
study area for a 10 day period in December, 2008. Aethalometers use the optical absorbing 
properties of the fraction of carbon containing particles known as black carbon to determine 
concentrations based on optical attenuation through a particle-laden filter.  Since black carbon is 
a by-product of combustion, the aethalometer measurements shown in Figure 5.2 were used to 
determine whether residential wood combustion was a potentially significant source within the 
proposed study area. The data shows that during the evenings, shaded in the figure, there is 
generally a sharp increase in black carbon concentration that lasts until at least midnight. This 
pattern is consistent with residential wood burning since most residential fireplaces are lit as the 
temperature drops in the late afternoon/evening and are then allowed to burn out overnight.  The 
lack of morning/evening peaks indicates that commuter driving is not a significant source in this 
area. This lack of significant car and truck traffic was also confirmed by observation of the area 
during the evening and nighttime. 

Cambria also has generally favorable weather conditions for the study.  The area typically 
experiences relatively cool winter temperatures (historical average highs around 62°F and lows 
around 42°F) and frequent wintertime inversions.  Rainfall is fairly low with about 3.5” per 
month in the winter and an average of 31 rain days per winter.  Although low fog is a common 
summertime phenomena, there is seldom ground level fog during the winter. 

The Cambria location yielded many opportunities for relatively easy access to study 
locations and excellent support from the local APCD (San Luis Obispo County Air Pollution 
Control District).  Not only is Cambria a small town where it was safe to work at night and 
uncomplicated to disseminate information regarding the study, the APCD had logged a history of 
complaints regarding wood smoke levels from several residents in the area, and therefore had a 
ready list of potentially cooperative home owners. A subset of these concerned residents 
provided access for the indoor study, placement locations for outdoor samplers, and locations 
with power for aethalometers. 
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Figure 5.2 Black carbon concentrations over a ten day period in Cambria, CA.  Data was collected 
during the location selection phase of the project to assure that wood smoke 
concentrations were detectable within the selected neighborhood. The hours from 
approximately 9 p.m. to 3 a.m. are shaded to help identify the period which is expected 
to have the highest wood burning emissions 

5.2 Study Area Description 
The study area within Cambria was approximately 1 km2 and located in northern 

Cambria in portions of neighborhoods known as “Leimert” and “Happy Hill” (south of Leimert), 
encompassing about 400 homes.  This section of Cambria was chosen because it is representative 
of typical Cambria neighborhoods, with a prevalence of chimneys, chimney use, and homes 
ranging from 1 to 50 years old. Chimney use was confirmed using thermal imaging prior to the 
start of the study.  Additionally, to assure that BC concentrations were measurable, the study area 
was scanned over several evenings under different meteorological conditions using a mobile 
portable aethalometer driven through the neighborhood. The chosen study area, shown in 
Figure 5.3, is comprised of residential homes within an area with substantial tree coverage in the 
northern portion and more open area in the southern portion.  The 2000 US census indicated a 
median population age of 50.9, and 46 percent of structures (including homes) built before 1980 
and 32 percent built between 1980 and 1989 (US Census Bureau, 2000). 
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Study Area 
Total Area Pixel Count: 164424 
Tree Cover Area Pixel Count: 100937 
% Tree Cover= 61 

Figure 5.3 Approximate tree coverage within the study area (Cambria, CA) showing the variation 
of land usage within the 1 km2 sampling domain. 

In areas of higher housing density (mostly the Happy Hills neighborhood), homes are 
spaced closely together, often with the backs of two houses facing one another, and almost every 
house contains trees on two sides of the residence.  In the area of lower housing density (mostly 
the Leimert neighborhood), homes are often spaced greater than 50 feet apart with trees 
surrounding the homes on all sides.  Cambria’s downtown is located just south of the study area, 
comprised of mostly one long street running south-east from the study site.  The downtown area 
located closest to the study site consists of restaurants, novelty shops, art galleries, hotels, a 
couple of gas stations, and other small retail businesses. 

Once this area was confirmed to be suitable, daytime visits were made to locate sampling 
locations. Contact was made with local law enforcement to inform them of our activities. The 
Cambria contacts made through the APCD helped to spread the word about the research project, 
facilitating access to more homes. Figure 5.4 shows the study area location on a Cambria map 
and the locations of the sampling devices for the sampling period starting on February 28, 2010.  
To the extent possible, the same sampling locations were used throughout the study.  However, 
some changes in locations occurred between sampling seasons and slight variations occurred due 
to access changes and equipment availability. 
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6.3 Comparisons Between Analytical Methods 
On March 7th and March 15th, 2009, methods comparisons field tests were executed. The 

goal was to compare methods for determining wood smoke EC and OC. To compare different 
methods, four filter samples and one or two aethalometers were co-located at four different sites 
in Cambria, California. Filter samples were collected using SKC Inc. Model 200 Personal 
Environmental Monitors (PEMs) with PM2.5 size selection. The Model 200 PEM is designed to 
operate at a 10 L/min flow rate.  Leland Legacy flow-controlled pumps (SKC Inc.) were used to 
achieve the desired flow rate. In addition, either a battery operated mini-vol sampler (loaned 
from the California Air Resources Board) or an FRM PM2.5 sampler was also placed at each 
location to obtain PM2.5 filter samples. Figure 6.1 Method comparison IOP showing four PEMs, 
two aethalometers, and a mini-vol sampler co-located in a resident’s backyard shows a method 
comparison IOP set-up at one site. 

Figure 6.1 Method comparison IOP showing four PEMs, two aethalometers, and a mini-vol 
sampler co-located in a resident’s backyard. 

For each co-location site, two of the PEM quartz filters were sent to Sunset Laboratories 
(Tigard, OR) for EC/OC analysis by the NIOSH 5040 method.  One of these quartz filters 
collected particulate matter whereas the other was placed in the PEM underneath a Pall Fiberfilm 
(Teflon-coated glass fiber) filter and was used to measure a sampling artifact that affects the 
determination of particulate OC.  Quartz fiber filters adsorb gaseous organic compounds in 
addition to collect particulate OC. Therefore, when these filters are analyzed by TOA, the 
quantified OC overstates the particulate OC. This overestimation is known as the positive OC 
sampling artifact (Kirchstetter et al., 2001).  Since the Teflon filter does not significantly adsorb 
organic gases but does remove particles, the quartz filter behind the Teflon will only adsorb 
organic gases.  Therefore, the OC on the backup filter provides an estimate of the OC sampling 
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The trend between levoglucosan and elemental/black carbon concentrations appears to be 
generally good with high R2 values, as shown in Figure 6.6.  However, the trend lines are highly 
influenced by the one measurement with significantly higher concentrations (Sample 2).  If 
Sample 2 is removed from the comparison in Figure 6.5 the R2 values for all trend lines drop to 
less than 0.5.  This poorer fit may be due to variations in the composition of the wood smoke 
concentrations for the other samples.  If there were multiple samples at higher concentrations 
then this variability might be evident in higher concentration samples too.  The correlation 
between levoglucosan and the organic fraction may be expected to be better than the correlation 
between levoglucosan and the non-organic carbon fraction. Since levoglucosan is part of the 
organic fraction of wood smoke, burning conditions that lead to an increase in levoglucosan may 
also increase the emission rate of other organic particles in the smoke, leading to an overall 
increase in OC. However, conditions that favor organic particle formation will not favor BC and 
EC formation.   
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Figure 6.6  Comparison of BC and EC concentrations to levoglucosan for 12 hour integrated filter 
samples collected at 4 different locations within Cambria, CA on 2 different days 

6.3.3 Spectral dependence of light absorption 
Biomass smoke contains light-absorbing organic carbon in addition to light-absorbing 

black carbon.  Unlike black carbon, which absorbs light broadly over the solar spectrum, the 
organic carbon in biomass smoke absorbs light much more strongly in the blue and near 
ultraviolet spectral region.  Consequently the light absorption of biomass smoke exhibits a strong 
spectral dependence (Kirchstetter et al., 2004). 

In this study, an overwhelming majority of the samples displayed a strong spectral 
dependence on light absorption, as exemplified in Figure 6.7.  The short dashed line represents 
the light attenuation of Sample 1 over the range of 350 to 600 nm, which increases with 
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decreasing wavelength.  The high AAE value for this sample (2.5) indicates the presence of light 
absorbing organic carbon typical of biomass smoke. The long dashed line is included in Figure 
6.7 to show how much of the total sample attenuation is due to black carbon. This line is 
extrapolated from the sample’s attenuation at 880 nm using the power law and assuming an AAE 
of 1.1, a typical value for black carbon (Kirchstetter et al., 2004; Schnaiter et al., 2003).  
Therefore, the sample attenuation above the long dashed line is due to organic carbon as opposed 
to black carbon. 

For biomass smoke, an AAE of around 2 is generally observed.  The exponents for each 
sample from the methods comparison are listed in Table 6.1.  The spectral selectivity of all but 
one sample, Sample 2, resembled wood smoke rather than traffic-derived aerosols, which 
typically exhibit AAE values of about 1.  The low AAE value of Sample 2 is consistent with the 
high EC/TC ratio for the sample.  The EC/TC ratio of Sample 2 was double the next highest 
EC/TC ratio. The high ratio along with the spectral data suggests that Sample 2 was influenced 
by motor vehicle exhaust.   

The spectral variation in attenuation was generally greater than predicted by the power 
law fit to the data when a wide wavelength region was considered.  Restricting the fit to 
wavelengths less than 600 nm resulted in an improved fit for most samples. 
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Spectral Dependence on Sample 1  in Cambria, CA 
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Figure 6.7  The light attenuation of sample 1 collected in Cambria, CA on 3/7/09 (short dashes), and 
the portion of the attenuation attributed to black carbon (long dashes) 
Curves determined by extrapolating from the sample attenuation at 880 nm and assuming an 
AAE of black carbon of 1.1. The solid line is the best-fit power law regression for Sample 1 

At wavelengths greater than 600 nm, there was little to no difference in attenuation 
between the sample and that expected for black carbon.  However, at wavelengths less than 
600 nm, the sample attenuation diverges rapidly from that expected for black carbon.  This 
implies that black carbon is the dominant light absorbing species at wavelengths greater than 
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600 nm. At wavelengths less than 600 nm, however, the organic carbon in the sample absorbs a 
significant amount of light. One group of organic compounds that are present in biomass burning 
aerosols and absorb light at short wavelengths are humic-like substances (HULIS), which have 
been found in isolated form to have AAE values near 6 and 7 (Hoffer et al., 2006). 

In Figure 6.8, the absorbance due to organic carbon is illustrated by the total attenuation 
in the sample less the attenuation in the BC equivalent line, or ATNOC = ATNT - ATNBC. 
This figure illustrates what was observed for other samples, with exception of sample 2, that at 
wavelengths below about 450 nm, the amount of light OC absorbs is comparable to or greater 
than the amount of light BC absorbs. The reason is that these wood smoke samples contained 
much more OC than BC. 

Based on the AAE and the EC/TC ratio, sample 2 is more representative of black carbon 
dominated aerosols, such as emitted from a diesel vehicle, rather than biomass aerosols.  Hence, 
the attenuation difference between the black carbon equivalent line and sample line was small 
compared to the amount of OC present in the sample. 

Table 6.1 Absorption Ångström Exponent for each sample determined from a best-fit power law 
regression over two spectral regions and corresponding sample EC/TC ratio for 12 
hour integrated filter samples collected at 4 different locations within Cambria, CA on 
2 different days (samples 1 through 4 were collected on 3/7/09 and samples 5 through 8 
were collected on 3/13/09) 

Sample # Ångström Exponent 
Best Fit 350-1000 nm 

Ångström 
Best Fit 350-

600nm 

NIOSH 4050 
EC/TC Ratio 

(artifact corrected) 

1 

2 

3 

4 

5 

6 

7 

8 

2.0 

1.1 

1.7 

1.9 

1.7 

1.5 

1.7 

1.8 

2.5 

1.3 

2.5 

2.6 

2.3 

2.1 

2.3 

2.4 

0.02 

0.23 

0.16 

0.09 

0.30 

0.09 

0.64 

0.12 
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Spectral Dependence on Sample 3 in Cambria, CA 
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Figure 6.8 Light attenuation of a sample collected in Cambria, CA on 3/7/09 (short dashes line) 
showing the amount of attenuation due to black carbon based on the extrapolation from 
the sample attenuation at 880 nm and assuming an AAE of black carbon of 1.1.  The 
solid line is the best-fit power law regression for Sample 3 

6.4 Comparison of Methods with PM2.5 

Although measurement of PM mass was beyond the original scope of work, the study 
took advantage of an opportunity which arose to perform limited PM2.5 filter measurements 
during the method comparison runs. A battery operated  mini-vol sampler or FRM sampler was 
placed at each method comparison site, however 2 of the 8 runs yielded unusable data due to 
equipment problems. Results from the six PM2.5 samples are show in Figure 6.9 by date 
sampled.  Samples 3 and 7 were taken in the same location on different days, as were samples 4 
and 8. Concentrations were higher at all sampling locations on the second day than on the first 
and concentration variation was similar on the two days, but as a fraction of the sample average 
concentration, the concentration variation was lower on the second day. 
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Figure 6.9  PM2.5 concentrations for 12 hour integrated filter samples collected using mini vol 
samplers at 4 different locations within Cambria, CA on 2 different days (samples 1, 3, 
and 4 were collected on 3/7/09 and samples 6 through 8 were collected on 3/13/09) Two 
pairs of samples, 3 & 7 and 4 & 8, were collected at the same locations, respectively, on 
different days. 

Figure 6.10 compares the concentrations for levoglucosan, EC (NIOSH), BC (LBNL 
TOA), BC (ATN), and BC integrated from aethalometer measurements with corresponding 
PM2.5 concentrations.  A notable feature of the graph is that all measurement methods show 
considerable variability in the percentage of PM2.5 represented.  This is particularly important in 
this application since almost all of the ambient PM2.5 in this region is expected to be wood 
smoke.  Therefore, if wood smoke concentrations were to be estimated from one of these 
methods there would be significant uncertainty in the outcome.  For example, levoglucosan 
ranges from 0.6% to 3.7% of the sample, so 1µg/m3 of levoglucosan could result from a PM2.5 
wood smoke concentration between 30 and 170 µg/m3. Although the NIOSH method was used 
instead of the IMPROVE method to determine EC concentrations, it is expected that the results 
would be similar if IMPROVE had been used since the variability appears to be due more to 
changes in the wood smoke composition than inaccuracies of the analytical method chosen. 

In addition to general variability, there is a trend for all methods to represent a smaller 
fraction of total PM2.5 on the second sampling day (samples 6, 7, and 8).  This is particularly true 
for sample 6, which for all methods had the lowest percentage of any sample (aethalometer BC 
data is not available to compare with PM sample 6).  However, the PM2.5 concentration was 
similar at each location (samples 6, 7, and 8) on the same day.  The difference between the two 
days is illustrated in Figure 6.11 with PM2.5 represented by the wide black bars in the 
background with the other concentrations superimposed on top of them.  Although PM2.5 
concentrations were higher on the second day, levoglucosan and EC concentrations were lower. 
BC concentrations were higher on day two than day one, but still did rise in proportion with 
PM2.5 concentrations.   
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Figure 6.10  Results for levoglucosan, EC, and BC as a percentage of the PM2.5 concentration at 12 
hour integrated filter concentrations for each sample.  Samples 1, 3 and 4 were collected 
on 7 March 2009. Samples 6, 7, and 8 were collected on 13 March 2009. Two pairs of 
samples, 3 & 7 and 4 & 8, were collected at the same locations, respectively, on different 
days. 
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Figure 6.11  Concentrations for BC, EC, levoglucosan, and PM2.5 averaged over all of the 12 hour 
integrated filter sampling periods for which PM2.5 samples were obtained (samples 1, 3, 
and 4 on 3/7/09 and samples 6, 7, and 8 on 3/13/09).  The wide bars represent PM2.5 . 
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7 Variability of Outdoor Wood Smoke Concentrations 
The main portion of the study was devoted to investigating the variability of black carbon 

(BC) concentration within the study area. The field study consisted of 15 intensive operation 
periods (IOP) over the course of two winter seasons (2009 and 2010). An IOP refers to a 12 hour 
sampling period where BC was collected throughout the study area using a combination of 
aethalometers and integrated filter measurements. Due to the project objective of determining 
the near-field contribution of wood smoke sources, a twelve hour sampling period was preferable 
to a twenty four hour sample since wood burning occurred primarily between 5 or 6 pm and 5 or 
6 am. IOP nights were chosen based on favorable meteorological forecasts. Ideal IOP weather 
included a combination of low temperatures (to encourage wood burning), moderate to low wind 
speeds (to reduce dispersion), inversions (to reduce vertical dispersion), and dry weather (to 
eliminate precipitation scavenging and prevent filter moisture). The original proposal specified 
10 IOPs over a single winter season, however contracting delays and a State of California Stop-
Work-Order made it impossible to conduct 10 IOPs during the first sampling season, requiring 
sampling during a second winter season. The project was able to conduct five additional IOPs 
during the second sampling season due to the favorable conditions at the Cambria, CA study 
area. Indoor measurements were only collected during the first sampling season.  For the second 
sampling season, the filter samplers that had been deployed indoors were reallocated to the 
outdoor sampling array to improve spatial coverage. 

7.1 Methods 
Each intensive operation periods (IOP) required instrument and equipment preparation 

and placement, wood burning source identification, and equipment and instrument pickup.  
Black carbon (BC) measurements were performed using both integrated filter samples and real 
time aethalometer measurements. In addition, local meteorological data was supplemented with 
instruments placed within the study area for some IOPs. 

Filter samples were collected using SKC Inc. Model 200 Personal Environmental 
Monitors (PEMs) with PM2.5 size selection. A mask containing a 2 cm opening was used to 
decrease the deposit area and thus increase measurement sensitivity. The Model 200 PEM is 
designed to operate at a 10 L/min flow rate. Leland Legacy flow-controlled pumps (SKC Inc.) 
were used to achieve the desired flow rate.  The pumps were calibrated using a Model DC-HC-1 
Bios DryCal DC-2 calibrator.  To protect the pumps and decrease noise disturbance in the 
neighborhood, the pumps were placed inside of a plastic container surrounded by pieces of foam 
during sampling. PEM were placed either on top of or near the housing depending on the 
sampling location, as shown in Figure 7.1. For each IOP, all SKC pumps were programmed to 
run for 12 hours either between 6 p.m. and 6 a.m. or 5 p.m. and 5 a.m., depending on when 
sunset occurred. The twelve hour sampling period was chosen to coincide with the hours where 
wood burning is most prevalent and exclude daytime hours where burning is not prevalent and 
other aerosol sources are more dominant.  After collection, samples were analyzed using light 
attenuation methods. 

The original proposal anticipated a study area with a significant number of interfering 
sources for both black carbon and organic carbon.  Consequently, in the initial analytical plan it 
was anticipated that analysis of the absorption spectrum would be required to determine the 
fraction of the overall particle loading that could be attributed to wood smoke emissions. 
However, the study area selected had no significant interfering sources. As shown in Sections 6.3 
and 6.4, spectral analysis indicated that wood smoke was the dominant particle source and that 
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black carbon concentration performed as well as any of the other surrogate measurements of 
wood smoke particle concentration.  As a result, the analysis of the variability of wood smoke 
concentrations within the study area has been performed using black carbon (BC) concentrations 
to represent the amount of wood smoke at the sampling locations. 

BC measurements were performed using Magee Scientific aethalometers at 1- or 2-
minute time resolution. Of the four different aethalometers used in this study, one was multi-
wavelength, measuring light attenuation at 370, 470, 520, 590, 660, 880, and 950 nm and three 
were dual wavelength, measuring light attenuation at 370 and 880 nm. Aethalometers were co-
located with a PEM and placed outside of the homes of volunteers in locations where they would 
not be disturbed and where an outdoor power source was available. The original sampling plan 
specified one mobile aethalometer driven around within the study area.  However, due to the 
large temporal fluctuations in concentration, data from the mobile aethalometer was not useful 
and its deployment was discontinued during the site selection screening processs. 

It is important to note that due to the algorithm used in the aethalometer, extremely low 
BC concentrations can be read as negative values.  This has been attributed to desorption of 
organic vapors from the filter surface as relatively clean air passes through the aethalometer. 
This desorption results in a decrease of UV absorbing material, which is then interpreted as a 
negative value in the aethalometer algorithm (Hansen, 2005).  To correct for negative BC 
readings, the lowest detection limit (LDL) was used to replace each negative value.  In 
accordance with the aethalometer manual, the LDL was calculated assuming 1 ng noise per 20 
liters air flow (Hansen, 2005). 

For this study, the aethalometers were calibrated by adjusting their internal calibration 
values, σSG, to more precisely represent one another.  Aethalometers were simultaneously run 
side-by-side over a period of 24 hours once early in the winter sampling period and then a 
second time after sampling was completed.  The multi-wavelength aethalometer was not tested 
after sampling completion because the aethalometer filter tape was unexpectedly used up and 
changing the tape may have changed calibrated σSG values.  Determined σSG values for winter 
2010 demonstrated a percent difference from between 17 and 31 percent in comparison to values 
for winter 2009.  The difference in instrument response between 2009 and 2010 may have been 
due to drift in the calibration of the internal flow meters or other factors such as relative 
humidity. 

For each side-by-side aethalometer run, the σSG values for each aethalometer was 
reduced or increased over one time interval of measured BC concentrations to achieve the 
average BC concentration of all aethalometer BC readings.  The σSG values were then applied to 
the second time interval of BC concentrations and a statistical Analysis of Variance (ANOVA) 
conducted in Minitab on the adjusted readings in the second time interval to determine whether 
significant differences existed between the different aethalometers.  The ANOVA test evaluates 
whether or not significant differences exist under the assumption that the responses, or measured 
BC concentrations in this case, are independent from one another, are normally distributed, and 
that the samples from each machine have equal standard deviations.  Based on probability 
distributions, the ANOVA test determines whether the mean response for each machine deviates 
enough from the mean response of all machines to be considered different.  If differences were 
found based on the ANOVA test, σSG was adjusted until the test indicated no statistical 
difference between machines. σSG values  were only adjusted using time segments where all 
machines were similar in concentration-trends.  Selecting only segments displaying the same 
behavior eliminates influences of readings that deviated significantly from the others.  BC 
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readings were averaged over ten minutes to reduce noise in the calibration.  Values for σSG 
determined for the two simultaneous runs were averaged and used for the study readings. 

Figure 7.1 Personal Environmental Monitor (PEM) shown deployed on top of the protective 
housing with the sampling pump and sound proofing material inside. 

The original proposal called for 3 to 5 sonic anemometers to be deployed within the study 
area to determine wind speed and direction. However, delays in the contracting process and the 
State of California Stop-Work-Order which occurred at the beginning of the project delayed the 
field deployment so that these units were no longer available. Local weather stations deployed by 
other entities (weather underground and fire department stations) were used to collect the needed 
meteorological data.  In addition, two meteorological instruments were deployed for some of the 
IOPs during this study: an EBAM weather station and an ultrasonic anemometer.  The Met One 
Instruments, Inc. E-BAM (Beta Attenuation Monitor) 9800 Rev K, borrowed from the San Luis 
Obispo Air Pollution Control District (SLO APCD) was used to measure PM10 and 
meteorological parameters.  The E-BAM was operated using the standard PM10 measurement 
mode, which uses a flow rate of 16.7 L/min, and PM10 measurements were taking at 10 minute 
and 1 hour intervals.  Wind speed and direction were measured using a wind combination sensor 
Model 034B mounted on the E-BAM; the ambient temperature sensor has a range between -50 
and 50°C with an accuracy of 0.1°C; and the Model EX-593 relative humidity sensor has a range 
between 0 and 100 percent with an accuracy of 3 percent (Met One Instruments, Inc., 2001). 

25 



 

   
    

  
 

  
 

     

   
     

   
    

 
 

  
  

     
   

  
 

  
  

 
   

  
  

    

 
 

 
 

   
    

   
   

   
 

For this study, the E-BAM recorded meteorological data at the Cambria California 
Department of Fire (CDF) station at an elevation of 227 feet within a field approximately with 
adequate clearance on 3 sides and about 30 feet away from the closest trees and fences on the 
fourth side.  While the Met One Instruments, Inc. manual (2001) recommends placement at least 
20 meters from the drip line of trees, due to particle deposition on tree surfaces, such a large 
amount of space was unavailable within the study area.  Before operation, the E-BAM was flow 
and leak checked, the temperature was compared to an external thermometer, and the E-BAM 
was properly aligned. Because the E-BAM is capable of withstanding even rainy conditions, the 
E-BAM was left to run during and in between IOPs, starting with IOP 4b.  Although 
meteorological data was recorded for the last seven IOPs, and instrument error occurred during 
IOP 9b which prevented PM10 measurements. 

Additional meteorological data was collected using a Young Model 81000 Ultrasonic 
Anemometer which was used to measure meteorological data within the study area during IOPs 
8b, 9b, and 10b.  The ultrasonic anemometer is capable of high resolution readings, up to 32 Hz 
and its wind speed threshold is 0.2 m/s (any lower wind speeds are read as 0 m/s).  Wind speed 
accuracy between 0 and 30 m/s is ± 0.05 m/s and wind direction between 1 and 30 m/s is ±2°.  
The ultrasonic anemometer tracks temperature ranges between -50 and 50°C to correct for wake 
effects caused by the anemometer structure and agrees with ambient temperature within 2°C. 
For this reason, the anemometer temperature was used as a proxy for ambient temperature. 

During the IOPs, the anemometer was placed in the backyard of a Cambria resident at an 
elevation of 207 feet approximately 5 feet away from any obstructions.  While fewer 
obstructions would have been preferred; options were limited based on the configuration of the 
yard.  Before operation, the anemometer was aligned with true north and the temperature was 
compared to a thermometer.  The sonic anemometer was run during three of the nine IOPs (8b-
10b) taking measurements 4 times each second.  The ultrasonic anemometer was co-located with 
an aethalometer and a PEM. 

In addition to the meteorological data collected at the sampling sites, statistical and 
dispersion modeling analyses also used data collected from existing stations near the study area.  
Cambria weather data was available through the Weather Underground website which provides 
free historical and real-time weather data in both national and international locations.  In addition 
to providing meteorological data from its own stations, Weather Underground’s Personal 
Weather Station (PWS) project allows any resident, organization, or business to contribute 
meteorological measurements in their area to the Weather Underground website.  While PWSs 
are typically not certified, Weather Underground provides free meteorological archives. 

PEMs, aethalometers, and meteorological instruments were distributed as evenly as 
possible over the whole the study area.  Sampling locations were restricted to volunteers’ homes 
and locations where the PEMs would be less likely disturbed.  The sample arrangement from 
IOP 7b is displayed in Figure 7.2. The original proposal also specified collecting filter samples at 
the nearest regional monitoring stations, however there are no APCD monitoring stations within 
the Cambria area. Table 7.1 below summarizes sampling period date and time, number of PEMs 
and aethalometers deployed, and meteorological instruments used. 

26 



 

   
        

   

   
  

   

  
    

   
  

  

   

 
 

Figure 7.2 Sampler arrangement for IOP 7b showing locations of 12 hour integrated filter 
samplers (PEMs) and aethalometers within the Cambria, CA study area. 

The identification of wood burning sources was conducted using a Fluke Ti25 Thermal 
Imager.  The Fluke Ti25 can measure the temperature of objects ranging from -4°F to 662°F 
within accuracy of ±2°C or 2% and capture thermal images. To identify wood burning sources, 
the Fluke Ti25 was used to determine chimney temperature.  Chimney temperatures detected 
above 75°F were considered to be burning wood and images of burning sources were captured.  
A sample image from IOP 3b taken on January 30th is displayed in Figure 7.3. 

7.2 Summary of Intensive Operational Periods 
Several statistical analyses were conducted to understand BC variability and interactions 

with meteorology and site characteristics.  BC variability was observed through averages, 
medians, and standard deviations at each sampling location, between sampling locations, and 
between IOPs.  Spatial variability between meteorological data at different sites was observed 
through averages, medians, and standard deviations for wind speeds, wind directions, 
temperature, and humidity. 
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Figure 7.3  Sample infrared camera image showing the chimney base at 48.8°F with a peak 
temperature of approximately 130°F at the spark arrestor on top of the chimney 

7.3 Variability of Real Time Measurements 
BC variability was determined for each IOP using 30 minute averaged aethalometer 

readings. Table 7.2 details the average, median, and standard deviation these BC concentrations 
over each IOP.  In general, the variability within IOPs increases when average black carbon 
concentrations are elevated and decreases at lower concentrations.  The temporal and spatial 
variability can be seen in the aethalometer BC concentrations versus time graph for IOP 7b 
shown in Figure 7.4 for the different aethalometer locations shown in Figure 7.5.  This graph 
indicates that at each location there is a significant temporal variation in concentration at all 
locations and a significant spatial variation during the early evening hours when concentrations 
are higher. Comparison of IOPs 5b through 9b, all containing the same number of aethalometers, 
in Table 7.2, indicates that although the number of aethalometers in operation may affect the 
magnitude of the standard deviation since averaging BC at more sites increases the spatial 
variability captured by the statistic, it is not the dominate consideration.  Spatial variability likely 
accounts for a smaller portion of the standard deviation, because typical differences in BC 
concentration between locations are much smaller than the differences between the highest and 
lowest BC concentrations measured at a single location.  This effect can also been seen when 
analyzing the data collected every minute. For one minute BC concentrations over all IOPs the 
standard deviation was much larger, 2,640 ng/m3, than for the 30 minute data, 438 ng/m3. The 
high standard deviation in the data is likely the result of turbulent fluctuations when the source is 
near the receptor, but also includes the effect of higher measurement noise in the one minute 
readings. 
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Table 7.1 Summary of instruments deployment and sampling times of Intensive Operational 
Periods (IOPs) for the field study conducted in Cambria, CA. 

IOP Date Sample 
Time 

Number of 
Outdoor 

PEMs 

Number of 
Outdoor 

Aethalometer 
s 

Meteorological Data 
(Yes=y, No=n) 

EBAM Ultrasonic 

Winter 2009 

1a Jan 31 -
Feb 1 

6 PM - 6 
AM 9 2 n n 

2a Feb 18 -
Feb 19 

6 PM - 6 
AM 11 2 n n 

3a Feb 26 -
Feb 27 

6 PM - 6 
AM 8 1 n n 

4a Feb 27 -
Feb 28 

6 PM - 6 
AM 11 2 n n 

7a* Mar 15 -
Mar 16 

6 PM - 6 
AM 12 1 n n 

8a* Mar 20 -
Mar 21 

6 PM - 6 
AM 12 2 n n 

Winter 2010 

2b Jan 23 -
Jan 24 

6 PM - 6 
AM 11 3 n n 

3b Jan 30 -
Jan 31 

6 PM - 6 
AM 16 3 n n 

4b Feb 13 -
Feb 14 

5 PM - 5 
AM 15 3 y n 

5b Feb 28-
Mar 1 

5 PM - 5 
AM 15 4 y n 

6b Mar 4 -
Mar 5 

5 PM - 5 
AM 14 4 y n 

7b Mar 11 -
Mar 12 

5 PM - 5 
AM 15 4 y n 

8b Mar 15 -
Mar 16 

6 PM - 6 
AM 15 4 y y 

9b Apr 3 -
Apr 4 

6 PM - 6 
AM 15 4 y y 

10b Apr 23 -
Apr 24 

6 PM - 6 
AM 15 3 y y 

*These IOPs were not included in some results and analyses due to a high prevalence of PEM BC concentrations 
lower than the detection limit. 

Over the course of the study, aethalometers were placed at five different locations, 
labeled A through E in Figure 7.5. Variability by sampling site across all IOPs is displayed in 
Table 7.3 and Figure 7.6 based on aethalometer black carbon measurements averaged over 30 
minutes.  The highest BC average and standard deviation were observed at site B where the 
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highest BC concentrations were also detected. However, the median at B was similar to the 
medians at other sites. This difference is due to the fact that the average for site B is highly 
influenced by data from IOPs 4b and 5b when a home adjacent to the site was burning and 
influence from this source created very high concentrations. The average and median 
concentration for sites A, C, and D were fairly similar, while the median concentration at site E 
was lower. Standard deviations were also fairly similar with the clear exception of site B and a 
slightly higher standard deviation for site A.  

Table 7.2 Aethalometer black carbon (BC) concentrations averages and variability for 12 hour 
sampling periods over thirteen Intensive Operational Periods (IOPs) conducted in 
Cambria, CA during the winters of 2009 and 2010. 
Statistics are based on 30 min averaged BC concentrations measured during each IOP 

IOP # 

Number of 
Outdoor 

Aethalometers 
in Operation 

Average 
(ng/m3) 

Median 
(ng/m3) 

Max 
(ng/m3) 

Min 
(ng/m3) 

Standard 
Deviation 
(ng/m3) 

1a 2 385 359 902 238 132 

2a 2 110 69 397 32 88 

3a 1 54 32 139 14 42 

4a 2 137 99 883 7 191 

2b 3 141 125 298 77 47 

3b 3 184 91 1060 4 245 

4b 3 626 237 16720 13 1996 

5b 4 511 194 18160 7 1843 

6b 4 167 77 1063 7 227 

7b 4 151 131 896 4 99 

8b 4 141 82 2006 7 252 

9b 4 192 100 4134 4 461 

10b 3 144 123 553 87 62 
Average 226 132 3630 38 438 

30 



 

        
 

 

   
 
   

     
     
     
     
     

    
 

 

 
      

    
 

800 

rt) 

< 
E 600 
bi 
C 

u 
C 

400 0 
0 
u 
co 

200 

0 

·<::,<::, 
'\·· 

'\, 

R:> <::,<::, R:> .d:::, _<::,r:::, 
oj~ ;,,;- ~<:;5 

"):: '),, '); '\,· ..,,. 

Time 

- A ~ B -- -tr -- C •• ♦ • • D 

Table 7.3 Black carbon (BC) concentrations averaged by sampling location for all IOPs using 30 
minute averaged aethalometer data.  Note: Aethalometers were not deployed at all 
locations for every IOP 

Site Cases 
Average 
(ng/m3) 

Median 
(ng/m3) 

Std 
Dev 

A 11 214 144 228 
B 10 381 125 1632 
C 6 157 112 169 
D 9 175 126 168 
E 3 128 50 151 

Average 211 111 470 

Figure 7.4  30 minute average aethalometer black carbon concentrations at 4 locations within the 
study area, as shown in Figure 7.5, during IOP 7b (collected from 5 p.m. 3/11/10 to 
5 a.m. 3/12/10) 
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Figure 7.5 Aethalometer sampling locations used during the Intensive Operational Periods (IOPs). 

Note: Aethalometers were not deployed at all locations during every IOP. 
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Figure 7.6  Box plot comparing aethalometer black carbon (BC) concentrations between sites, as 
shown in Figure 7.5, over all IOPs.  Note: Aethalometers were not deployed at all 
locations during every IOP. 

Boxes denote the 1st and 3rd quartile and median value for all concentrations.  The 
whiskers indicate the maximum and minimum values. 

7.4 Variability of Filter BC Measurements 
During each IOP, between 8 and 16 Personal Environmental Monitors (PEMs) 

successfully collected 12 hour outdoor filter samples within the study area. These filters were 
subsequently analyzed using light attenuation and the results were used to determine black 
carbon (BC) concentration, as well AAE values.  Figure 7.7 shows all of the PEM sampling 
locations used during the study. Not all sites were used for all IOPs. Although PEM locations 
were kept as consistent as possible between IOPs, location changes occurred between sampling 
seasons and sites sometimes shifted due to access issues. 
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Figure 10.9  ISCST3 contour plot for IOP 9b and ISC-PRIME contour plot for IOP 10b. Modeled values have been adjusted so that the 
average modeled concentration equals the average measured concentration. Measured values are represented by circles 
shaded to match the concentration scale of the model. 
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The model described by Equation 11.3 has 2 concentration parameters (indoor and 
outdoor concentration) and three transport parameters (penetration, air exchange rate, and 
deposition loss rate).  The penetration factor (P) refers to the fraction of particles that pass 
through the shell of the building with the infiltrating air. The deposition loss rate defines particle 
losses due to deposition onto all indoor surfaces (/hr).  The final transport parameter is the air 
exchange rate which describes the airflow through the building divided by the building volume 
(/hr). 

Infiltration 

Deposition 

Exfiltration 

Formation 

Resuspension 

Filtration 

Sources 

Coagulation 
Growth 

Figure 11.1 Important processes which can influence the concentrations of particles in the indoor 
environment 

Because mechanical and natural ventilation were not present in the study homes, the only 
method of air exchange was infiltration through the building shell.  The primary driving force for 
infiltration is indoor/outdoor pressure differences.  These pressure differences arise from wind 
impacting on exterior surfaces and/or the temperature difference between the interior and 
exterior.  

Due to homeowner concerns, we were unable to provide direct measurements of air 
exchange rate for the study home.  Consequently, a series of testing using aethalometers placed 
indoors and outdoors at a residence were used to estimate the air exchange rate using a time 
dependent model.  In addition, the values obtained from the aethalometer model were compared 
to the air exchange rate estimated using a model developed Lawrence Berkeley National 
Laboratory which estimates infiltration rates based upon the temperature difference, wind speed, 
and building and environmental factors (Sherman & Grimsrud, 1980).  The model shown in 
Equation 11.4 describes infiltration rate (hr-1). 
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-✓ ALEAK 2W 2λ = 3600 fS 
2∆T + fW (11.4) AFLOOR H 

where Aleak (m2) = the total leakage area of the building, 
Afloor (m2) = floor area of the building, 
H (m)  = building height, 
fs (ms-1K1/2) = the stack parameter determined by the geometry of the building,  
∆T (K)  = absolute temperature difference, 
fw (unitless) = the wind factor determined environmental shielding, and 
W (m/s) = the wind speed. 

11.2 Indoor/Outdoor Ratios 
The average indoor/outdoor ratio is a traditional and easy to use method for describing 

the relative concentration of a pollutant in the indoor environment.  Typically the time integrated 
indoor and outdoor concentrations are measured and the ratio between them is used to estimate 
the indoor concentration for a given outdoor concentration. It is important to note that only long 
term averages are useful for determining the ratio.  Since changes in outdoor concentration are 
transmitted slowly through the building shell (often described as an apparent time lag in the 
concentration series), the indoor/outdoor ratio at any particular time is more dependent on recent 
changes in outdoor concentration than on characteristics of the home or pollutant.  Figure 11.2 
illustrates the theoretical indoor concentration response for a hypothetical spike in the outdoor 
concentration for a conservative pollutant when the air exchange rate is 0.5/hr.  For a 
conservative pollutant with no indoor sources, the theoretical indoor outdoor ratio (I/O) is 1.0 for 
long sampling periods. In this example, the I/O for the 24 hours shown is 0.98, close to the 
theoretical value of 1, indicating that only a small portion of the indoor concentration ‘tail’ is not 
accounted for.  However, for shorter sampling periods, the I/O ratio obtained is dependent on 
where the sampling period lies in relation to the outdoor concentration peak. Figure 11.3 
illustrates the importance of choosing an appropriate sampling period by showing the 
dependence of I/O ratio on the start time for a hypothetical 8 hour sampling period.  The I/O 
ratio has a minimum of 0.16 that occurs when samples are taken from hours 1.6 to 9.6.  In that 
instance, sampling includes the start of the outdoor peak but concludes before the indoor 
concentration rises significantly.  Conversely, the maximum I/O ratio of 6.8 is obtained for 
integrated samples taken between 10 and 18 hours.  In this example, hour 10 is the point where 
the outdoor concentration has decreased and is equal to the indoor concentration.  Since the 
indoor concentration decays slowly, the I/O ratio is artificially high. 

In addition to the need to collect samples over an entire peak event, there are also 
inherent uncertainties introduced when extrapolating a given indoor/outdoor ratio to represent 
indoor concentrations under differing circumstances.  This is illustrated in Equation 11.5 which 
is a rearrangement of Equation 11.3 for steady state conditions.  This formulation assumes that 
indoor generation is negligible and the outdoor concentration is uniform across the building 
shell, a condition that is typically well satisfied for ambient pollutants but which may not hold 
when sources are near the building. 

91 



 
 

 
        

  

   
 

 
 

 

  

     
     
  

" " II 
I 
I 

140 
Indoor Response at an Air Exchange Rate of 0.5/hr 

120 

Outdoor Concentration 
Indoor Concentration 

Co
nc

en
tr

at
io

n 
fo

r a
 C

on
se

rv
at

iv
e 

Po
llu

ta
nt

 

100 

80 

60 

40 

20 

0 
0 4 8 12 16 20 24 

Time in Hours 

Figure 11.2 Calculated indoor concentration response to a theoretical spike in outdoor 
concentration for a conservative pollutant with an air exchange rate of 0.5/hr (based on 
a mass balance model) 
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Figure 11.3  Indoor/outdoor ratios that would be obtained from the data in Figure 11.2 for 8 hour 
integrated filters started at different times 
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Figure 11.5  Modeled versus measured indoor black carbon aethalometer concentrations for Home 
E on March 16-17, 2009 
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Figure 11.6  Model fit for the burning event on March 16-17, 2009 shown in Figure 11.5 
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Figure 12.1 Study area divisions used for intake fraction calculations 

Table 12.1 Fractional area and number of houses in each division shown in Figure 12.1 

Area Fraction of Total Area Number of Houses 
A1 0.11 9 
A2 0.23 35 
A3 0.24 22 
B1 0.08 30 
B2 0.09 52 
C1 0.12 63 
C2 0.13 122 
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The intake fraction ratio calculated here is not affected by the impact of sheltering 
indoors, since the calculation is based on the assumption that individuals spend an equal amount 
of times indoors for both the iFLocal and iFave scenarios.  However, the iF for an individual will 
be impacted by the amount of time spent indoors.  In Section 11.2, average indoor/outdoor ratios 
between 0.74 and 0.88 were estimated, depending on which method was used. This means that, 
based on the relative efficiency with which wood smoke enters the indoor environment, 
sheltering indoors will reduce an individual’s risk by about 15 to 25 percent over the risk to an 
individual spending the entire time outdoors. 

The intake fraction ratio calculations did not require the determination of the local or 
average intake fractions.  To determine these values, it is necessary to estimate the average 
source strength, the average emission duration, the number of people per household, the average 
breathing rate, the time spent indoors, and the indoor/outdoor ratio. Table 12.3 shows the intake 
fractions calculated using the following parameters: the number of sources per IOP from 
Table 7.1, a source strength of 1.42 g BC/ hour, a source duration of 4.5 hours, a breathing rate 
of 0.83 m3/hr, an exposure duration of 12 hours, an indoor/outdoor ratio of 0.88 with all people 
indoors, and a home occupancy of 3 people/home. 

Table 12.3 Intake fractions calculated using local concentration by study area divisions (iFlocal) and 
the area weighted average concentration for the entire study area (iFave), listed by IOP. 

IOP iF local iF Ave 

1a 5.2E-05 5.3E-05 
2a 2.0E-05 1.5E-05 
3a 1.7E-05 1.4E-05 
4a 3.6E-05 3.3E-05 
7a 6.9E-06 6.8E-06 
8a 3.9E-06 4.0E-06 
2b 1.6E-05 8.9E-06 
3b 2.4E-05 1.6E-05 
4b 3.9E-05 3.0E-05 
5b 3.7E-05 3.4E-05 
6b 2.3E-05 1.9E-05 
7b 3.1E-05 2.0E-05 
8b 2.2E-05 1.7E-05 
9b 1.3E-05 1.2E-05 

10b 9.6E-06 7.4E-06 

Intake fractions for black carbon ranged between a minimum of about 4 x 10-6 to a maximum of 
5 x 10-5 . The average iFlocal was 2.3 x 10-5 and the average iFave was 1.9 x 10-5 .  These values are 
slightly higher than the intake fraction of 1.3 × 10-5 reported by Ries, et al. (2009) for PM2.5 from 
urban wood combustion using regional data for Vancouver, Canada.  However, Vancouver is 
very different from the area used for this study.  It is important to note that the iF ratio 
calculations are not affected by the assumptions used in the iFlocal and iFave calculations. 
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13 Summary and Conclusions 
The purpose of this project was to improve our understanding of the impact of near-field 

effects on wood smoke exposures to individuals within a residential area. To accomplish this, 
field experiments were performed within a residential neighborhood of Cambria, CA. Cambria 
was chosen due to the favorable meteorology, prevalence of wood burning, and lack of 
prominent non-wood smoke PM sources.  Fifteen, 12 hour Intensive Operational Periods (IOPs) 
were conducted during the winters of 2008-09 and 2009-10 when forecasts predicted favorable 
weather for the study (low wind speeds, inversions, low temperatures, and no precipitation). 
During each IOP, 8 to 16 outdoor filter samplers (PEMs) and 1 to 4 aethalometers (measuring 
time resolved black carbon concentrations) were deployed at sample locations distributed 
throughout the study area.  In addition, for some IOPs, samplers and/or aethalometers were 
placed indoors in up to four residences within the study area. Black carbon, a significant 
component of soot, was used as an indicator compound for wood smoke.  The absorption 
Ångström exponent, a metric of how the light absorption of particulate matter varies with 
wavelength and an indicator of wood smoke, was determined by measuring samples using a 
spectrometer. The study was designed to answer four main research questions: 

1. What is the concentration variability associated with wood burning within a residential 
neighborhood? 

2. Can near-source contributions be properly estimated based on information on burning 
patterns, meteorology, and regional monitoring site data? 

3. Does indoor exposure to outdoor wood smoke sources correlate with expected values 
based on simple indoor-outdoor models? 

4. How does the near-source contribution affect intake fraction calculations for wood 
smoke exposures? 

In response to the first research question, the variability of wood smoke within a 1 km2 

residential neighborhood was found to be significant. Filter based measurements of 12 hour 
average concentrations illustrated that the highest concentration was typically several times the 
average concentration of all locations each evening and often nearly an order of magnitude 
higher than the lowest concentration. The standard deviation of concentrations for all of the sites 
measured during a single IOP ranged between 20 and 150 percent of the average concentration 
for that IOP.  Aethalometer black carbon measurements also showed substantial temporal 
variability.  Concentrations typically rose in the early evening (between 5 and 7 p.m.) and peaked 
before midnight. Over a single sampling period, peak black carbon concentrations were 2 to 100 
times higher than the average concentration and up to 2500 times larger than the minimum 
recorded concentrations.  The timing and strength of these peaks varied between aethalometer 
sites. Although the relative concentration between sampling sites was not always consistent, 
general trends indicated that the regions with higher home density in the southwestern portion of 
the study area generally had higher concentrations. Filter black carbon concentrations averaged 
across all IOPs were 2 to 10 times higher at sites with elevated concentrations than they were at 
the sites with the lowest average concentrations. 

The second research question, “Can near-source contributions be properly estimated 
based on information on burning patterns, meteorology, and regional monitoring site data?”, was 
investigated using both statistically-based multiple linear regression models and physically-based 
dispersion models.  Regression models suggest that meteorology, time, and site characteristics 
can potentially account for between 47 and 81 percent of variability in BC concentration and 
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deviation.  However, these models detected curvature and interactions that could not be 
accounted for in the models.  The correlations between BC concentration and deviation and 
explanatory variables determined to be significant were often visually unclear with high 
variability in BC concentration for the same values of explanatory variables. There was little 
consistency between average BC and BC deviation analyses using aethalometer data to indicate 
the more representative weather station for the study area. The analyses suggest a stochastic 
relationship between meteorological representations of an area that may be difficult to resolve in 
the absence of an intensive grid of weather stations within the area of interest.  

Regression analyses of PEM and aethalometer data collected during this study suggest 
that BC is significantly correlated with sampling day, time of day, BC concentrations occurring 
30 minutes apart, location of BC sampling, wind speed, humidity, and potentially wind direction 
and number of burning sources. The relationship between average BC concentration and 
sampling day and time of day was expected due to variations in residential wood burning 
patterns.  Residential wood burning often occurs during periods of cold weather and wood 
burning often begins in the evening when residents return home, with fireplaces allowed to burn 
out as the evening progresses.  Likewise, the high correlation of black carbon concentrations 
occurring 30 minutes apart was expected because of relationships between wind speed, direction, 
and burning sources over this time scale.  Other expected associations include the number of 
wood burning sources and wind direction.  The more wood burning sources present during an 
IOP, the more wood smoke emitted. Still, no 95 percent significance was found for average BC 
concentration and number of sources.  This may indicate that number of burning sources has a 
larger impact on BC variability than on average BC concentrations themselves in the near-field.  
Correlations between average BC concentration and wind direction were also expected and were 
demonstrated for PEM BC.  Wind directions directing wood smoke toward receptors are 
expected to result in higher BC concentrations.  This relationship was only detected for PEMs, 
likely due to the higher fluctuation of high time resolution aethalometer data. The results of the 
physical modeling provide some insight into the difficulties encountered during the statistical 
modeling process.  Physical modeling showed complex concentration contour lines that varied 
substantially over short distances and often had multiple “peaks” and “valleys” within the study 
area. These sort of complex inter-relationships are difficult to capture using basic statistical 
parameters such as wind speed and source location. 

Two dispersion models were used to predict BC concentrations within the study area: 
ISC-PRIME and ISCST3. Both models under-predicted BC concentrations with modeled-to-
measured ratios averaging 0.25 and 0.15 for ISC-PRIME and ISCST3, respectively.  When 
modeled concentration contour patterns were compared to measured concentrations, ISC-PRIME 
typically performed better than ISCST3, especially when modeling the location of the highest 
measured PEM BC concentration.  Still, while ISC-PRIME was sometimes able to model the 
location of the highest measured PEM BC concentrations and the general direction of decreasing 
BC concentration, there were also many instances where there was no observable correlation 
between measured and modeled concentration patterns.  Contours indicated that ISC-PRIME and 
ISCST3 could not consistently model BC variability within the study area. 

For the third research question, “Does indoor exposure to outdoor wood smoke sources 
correlate with expected values based on simple indoor-outdoor models”, results showed that a 
simple indoor mass balance model could adequately represent the average protection provided by 
the indoor environment.  Aethalometer data was collected during 16 nights in a single residence 
which did not burn wood during the testing.  This data was used to estimate wood smoke model 
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parameters: penetration factor, deposition loss rate, and air exchange rate. A time dependent 
mass balance model of the aethalometer data yielded an average air exchange rate of 
0.26/hr ± 0.08, a deposition loss rate of 0.08/hr ± 0.03, and a penetration factor of 0.97 ± 0.02.  
The values for penetration factor and deposition loss rate are consistent with expectations, based 
on the anticipated size of wood smoke particles in the near-field.  The air exchange rate was 
lower than expected.  The LBNL infiltration model estimated an average air exchange rate of 
0.44/hr for the same periods. Using these average values in a steady state mass balance model 
predicted an average indoor/outdoor concentration ratio of 0.74 using the air exchange from the 
time dependent model and 0.84 using the air exchange rate from the LBNL infiltration model. 
These values compare favorably with the measured indoor/outdoor ratio of 0.88 ± 0.41 derived 
from 13 PEM measurement pairs at 4 different residences. 

The final research question, “How does the near-source contribution affect intake fraction 
calculations for wood smoke exposures”, was investigated by comparing the intake fraction 
derived using specific concentrations within the neighborhood to those derived using the average 
concentration. The intake ratio was defined as the intake fraction calculated when concentration 
variations within the region were included divided by the intake fraction calculated using the 
average concentration for the region. For the 15 sampling periods in this study, the average 
intake ratio was 1.26 ± 0.22.  The intake ratio ranged between 0.95 and 1.8, with all but two of 
the values being greater than 1, meaning that, in general, including local effects increased the 
intake fraction.  The increased intake fraction seen in this study is due to the fact that higher 
concentrations were observed in areas with higher home density.  Further study is needed to 
determine whether it is the home density or the nature of the specific geography of the area that 
led to this intake fraction increase. 

An additional topic investigated in this study was a comparison of analytical methods for 
detecting wood smoke in ambient air. Cambria, CA offered a fairly unique opportunity to study 
ambient wood smoke in the near absence of confounding particulate matter from other sources. 
Black and elemental carbon concentrations estimated using four techniques (aethalometer, two 
methods of thermal-optical analysis, and light transmission) showed significant differences, 
illustrating the degree of measurement uncertainty, but followed similar trends. Although 
general trends were apparent, there was some variability between levoglucosan and the organic 
particle fraction. This variability was even more significant when comparing levoglucosan with 
elemental and black particle fraction. Comparison of PM2.5 concentrations with levoglucosan, 
EC, BC (TOA), and BC (ATN) concentrations showed variability in the fraction of PM2.5 
represented for all measurements.  No one metric appeared to be better suited than the others for 
representing the PM2.5 concentration from wood smoke generated in the near-field. 

14 Recommendations 
Near-field wood smoke concentration variations have been shown to have a significant 

impact on exposures for residents in a neighborhood where wood burning is prevalent.  The 
results show that near-field exposure variations are potentially important and deserve additional 
research to be better quantified.  There are still many research questions to be answered.  
Although the implications of this study are significant, extrapolating the data from one 
neighborhood to the entire state of California is difficult.  Intake fraction was shown to increase 
in areas with higher home densities.  If this increase is caused by the increase in source density, 
as opposed to geographic causes, then this would increase general intake fraction as well as lead 
to higher concentrations in the most populous regions, which are also typically of lower income.  

105 



 
 

 
   

  
 

  

 
 

  
 

 
  

Additional field studies to quantify the concentration variation and intake fraction effect would 
increase certainty in exposure calculations.  In addition, no single metric was found to adequately 
represent PM2.5 from wood smoke.  Although this was not a significant issue for this study, since 
wood smoke was nearly the only source of PM2.5, the ability to quantify the wood smoke 
contribution to PM2.5 amidst a complex aerosol mixture is needed if field studies are to be 
conducted in large urban and suburban areas.  Ideally this methodology would be simple and 
inexpensive enough to allow for large sample numbers within a study area.  Finally, the failure of 
dispersion models to adequately represent near-field concentrations within a complex residential 
terrain suggests that additional work is required in this area.  In particular, further work is needed 
to determine the data requirements for obtaining an adequate concentration representation in 
terms of meteorology, source description, and geographic representation. 
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