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TECHNICAL PAPER

Ambient sampling of real-world residential wood combustion plumes
Alexander F. Lia, K. Max Zhang a, George Allen b, Shaojun Zhang a, Bo Yanga, Jiajun Gu a, Khaled Hashada, 
Jeffrey Sward a, Dirk Feltonc, and Oliver Rattiganc

aSibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, New York, USA; bNortheast States for Coordinated Air Use 
Management, Boston, Massachusetts, USA; cDivision of Air Resources, New York State Department of Environmental Conservation, Albany, 
New York, USA

ABSTRACT
Wood smoke contains large quantities of carbonaceous aerosols known to increase climate forcing 
and be detrimental to human health. This paper reports the findings from our ambient sampling of 
fresh residential wood combustion (RWC) plumes in two heating seasons (2015–2016, 2016–2017) 
in Upstate New York. An Aethalometer (AE33) and a pDR-1500 were employed to monitor residen-
tial wood smoke plumes in Ithaca, NY through a hybrid mobile-stationary method. Fresh wood 
smoke plumes were captured and characterized at 13 different RWC sources in the city, all without 
significant influence from other combustion sources or atmospheric aging. Wood smoke absorp-
tion Ångström exponent (AAE) was estimated using both a one-component model, AAEWB, and 
a two-component model, AAEBrC (assuming AAEBC = 1.0). Consistent with the recent laboratory 
studies, our results show that AAEs were highly variable for residential wood smoke for the same 
source and across different sources, with AAEWB values ranging from 1.3 to 5.0 and AAEBrC values 
ranging from 2.2 to 7.4. This finding challenges the use of using a single AAE wood smoke value 
within the range of 1 to 2.5 for source apportionment studies. Furthermore, the PM2.5/BC ratio 
measured using optical instruments was demonstrated to be potentially useful to characterize 
burning conditions. Different wood smoke sources can be distinguished by their PM2.5/BC ratio, 
which range between 15 and 150. This shows promise as an in-situ, cost-effective, ambient 
sampling-based method to characterize wood burning conditions.

Implications: There are two main implications from this paper. First, the large variability in wood 
smoke absorption Ångström exponent (AAE) values revealed from our real-world, ambient sam-
pling of residential wood combustion plumes indicated that it is not appropriate to use a single AAE 
wood smoke value for source apportionment studies. Second, the PM2.5/BC ratio has been shown 
to serve as a promising in-situ, cost-effective, ambient sampling-based indicator to characterize 
wood burning conditions. This has the potential to greatly reduce the costs of insitu wood smoke 
surveillance.
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Introduction

Residential wood combustion (RWC) has been increas-
ingly adopted as an alternative to fossil fuel-heating in 
parts of Europe and the U.S., motivated by environmen-
tal and economic considerations. However, RWC has 
led to significant environmental and health impacts. The 
health effects of wood smoke are found to be comparable 
to those of fossil-fuel combustion sources (Naeher et al. 
2007). According to the 2014 U.S. National Air Toxics 
Assessment (https://www.epa.gov/national-air-toxics- 
assessment), RWC is estimated to account for 36% of 
all non-point stationary source air-toxic cancer risks 
nationwide. A recent analysis indicates that biomass 
and wood are the leading sources of stationary source 
air pollution health impacts in 24 states across the U.S. 
(Buonocore et al. 2021). In New York State (NYS), RWC 

currently provides less than 2% of the overall residential 
heating market (NYSERDA 2016) but contributes to 
over 79% of primary PM2.5 emissions from the residen-
tial sector, estimated by the 2017 U.S. National Emission 
Inventory (https://www.epa.gov/air-emissions-invent 
ories/2017-national-emissions-inventory-nei-data). In 
fact, primary PM2.5 emissions from RWC exceed those 
from the entire transportation sector in NYS. RWC 
contributes to not only regional air pollution, but also 
localized air pollution hotspots. Furthermore, excessive 
smoke from inefficient RWC devices often generates 
smoke nuisance complaints even in relatively less- 
populated areas.

Additionally, black carbon (BC) and brown carbon 
(BrC) aerosols emitted during biomass burning 
(including RWC) have been shown to cause climate 
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forcing. BrC, more recently, has also been found to 
play an important role in light absorption (Saleh et al. 
2013), especially in the UV range (Wang et al. 2016). 
Synergistically, these aerosol light absorption proper-
ties have been utilized to characterize the impact of 
biomass burning particulate matter (PM). The depen-
dence of light absorption on wavelength is described by 
the absorption Ångström exponent (AAE) (Zhang et al. 
2017). In source apportionment studies, the AAE 
values help identify the quantity of aerosols produced 
by either wood burning, fossil fuel combustion or bio-
genic emissions (Martinsson et al. 2017). In climate 
science studies, the AAE is an important parameter 
for modeling the effect of aerosols on Earth’s radiative 
balance (Pokhrel et al. 2016). However, the AAE from 
RWC aerosols is not a stable value over time. 
Atmospheric aging and photochemistry change the 
composition of the organic carbon aerosol (Jimenez 
et al. 2009) reducing the aerosol AAE. Values for wild-
fire aerosol AAE in the US have been found to be 
around 4 after several hours of atmospheric aging, 
but fall to around 1.5 after 50 hours (Healy et al. 
2019). This has implications for using AAE in biomass 
burning source apportionment models. The AAE 
values reported here are all for very fresh ambient 
aerosol, typically no more than a few minutes old in 
dark wintertime conditions, and would typically repre-
sent an upper bound for AAE from RWC aerosols in 
ambient air.

A general assumption in source apportionment stu-
dies is that AAE for wood smoke falls in the approximate 
range from 1 to 2.5 (Grange et al. 2020; Martinsson et al. 
2017; Titos et al. 2017) and a single AAE wood smoke 
value is chosen within this range to separate biomass 
burning PM from traffic-generated PM. However, stu-
dies have shown that the absorption properties mea-
sured for aerosols emitted during biomass burning are 
influenced by the type of fuel (Garg et al. 2016,) burning 
conditions of the fuel (Wang et al. 2020) and aging in the 
atmosphere (Kleinman et al. 2020; Pratap et al. 2019). As 
AAE is a crucial input for characterizing and mitigating 
PM pollution, it is necessary to have a robust under-
standing of wood burning AAEs in real-world condi-
tions. This paper reports the findings from our ambient 
sampling of fresh RWC plumes in two heating seasons 
in Upstate New York. There are two main objectives in 
our study. First, we quantify the real-world AAE values 
from fresh RWC plumes compared with those adopted 
in source apportionment studies and derived from 
laboratory experiments. Second, we aim to develop an 
in-situ, cost-effective, ambient sampling-based method 
to characterize the wood burning conditions. Such 
a method can greatly equip local communities in 

enforcing and responding to wood smoke pollution, 
which in turns reduces RWC emissions and related 
human exposure.

This paper is organized as follows. First, we describe our 
methodology for gathering and processing real-world wood 
smoke data. Then we show the variability of fresh wood 
burning AAE values and discuss the promise of PM2.5/BC 
for characterizing burning conditions. Finally, we conclude 
by providing a more nuanced understanding of real-world 
AAE and suggest further investigation of PM2.5/BC.

Methodology

Field measurements

A hybrid mobile-stationary technique was adopted to 
collect residential wood smoke data in Ithaca, NY. The 
city is located in central New York State and has 
a population around 30,000. Field measurements took 
place in Winter 2015–2016 and Winter 2016–2017, pri-
marily during the evenings. During this time, traffic was 
very low on the road and RWC was the dominant local 
PM emission source. Many neighborhoods in Ithaca are 
densely populated so RWC may cause localized air pol-
lution hotspots. Our field measurements sought to cap-
ture these hotspots.

The sampling apparatus has been reported pre-
viously (Zhang et al. 2017) and only a brief description 
is provided here. Two fast-responding instruments, 
a personal DataRAMTM Aerosol Monitor (Model 
pDR1500, Thermo Fisher Scientific, USA) and a seven- 
wavelength AethalometerTM (370 nm, 470 nm, 520 nm, 
590 nm, 660 nm, 880 nm, and 950 nm; Model AE33, 
Magee Scientific, USA) were employed to capture indi-
vidual wood smoke plumes, both being operated at a 1s 
time resolution. The AE33 was operated with T60 
(Magee 8020) filter tape during Winter 2015–2016, 
but was switched to T×40 (Magee 8040) filter tape 
during Winter 2016–2017 due to manufacturer issues. 
The sampling inlets of both pDR-1500 and AE33, 
equipped with 2.5 µm sharpcut cyclones (BGI SCC 
1.197 cyclone at 2.3 L min-1 for pDR-1500; BGI SCC 
1.829 cyclone at 5 L min-1 for AE33), were mounted 
one foot above the sunroof of a hybrid electric vehicle 
(HEV). Although the AE33 employs automated real- 
time loading compensation, it is not appropriate for 
mobile monitoring where different combustion sources 
are sampled in rapid succession. Rather, we used the 
uncompensated channel data and manually advanced 
the tape whenever the readings from “Sen1Ch1” 
dropped more than one-third from the initial clean 
spot value. In doing so, filter loading was kept relatively 
low (370 nm ATN less than 40) to minimize any 
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loading effects. By not using corrected data and keep-
ing filter loading low, differences between the T60 filter 
tape and T×40 filter tape were also minimized. A flow- 
through type CO2 probe (Model CARBOCAP 
GMP343, Vaisala, Woburn, MA), being operated at 
a 2s time resolution, was connected to the outlet of 
the AE33 to record the CO2 levels. The pDR-1500 
operated without RH correction. RH in the pDR-1500 
sensing chamber was always less than 35% without 
additional sample heating as the instrument was inside 
a heated vehicle and the chamber temperature was well 
above the ambient dew point. The pDR-1500 was zer-
oed prior to each mobile run. The monitoring routes 
were recorded at 1s intervals from a Delorme BU- 
353S4 GPS receiver using Delorme Street Atlas 2015 
PLUS Software.

All instruments were powered primarily by the HEV 
battery without self-pollution. The internal combustion 
engine of the HEV occasionally turned on to recharge the 
battery and caused brief periods of self-pollution. We 
recorded those conditions, generally characterized by 
both high CO2 and low PM2.5 levels, and removed them 
from subsequent data analysis.

The mobile monitoring occurred periodically from 
December 2015 to March 2016, and then from 
December 2016 to March 2017. Field measurements were 
conducted on days when the New York State Department 
of Environmental Conservation (NYSDEC) forecasted low 
temperatures and low wind speeds. On these days the local 
air quality impact from wood smoke was expected to be 
significant. We made a total of 38 data gathering trips (two 
in December 2015, seven in January 2016, five in 
February 2016, six in March 2016, eight in January 2017, 
seven in February 2017 and three in March 2017).

The early part of the 2015–2016 field campaign was 
dedicated to surveying general air quality levels in the 
Ithaca area and identifying a number of recurring hot-
spots. The rest of the 2015–2016 campaign and most of 
the 2016–2017 campaign focused on the recurring hot-
spots. In total, 13 different hotspots were identified. These 
hotspots are referred to as sources in the paper. The HEV 
was parked right outside the property lines of residential 
wood smoke sources in the downwind direction, which 
was determined by visual observation of the plume. This 
hybrid mobile-stationary monitoring technique allows 
for data collection from multiple sources as well as data 
collection from the same source on multiple days.

Plume identification

Two criteria were used to distinguish wood smoke 
plume data gathered near a wood smoke source from 
extraneous ambient data gathered, for example, while 

the car is driving. The first uses only AE33 measure-
ments. The AE33 samples air through a spot on a filter 
tape. The instrument measures transmission of light 
through the spot on the filter at seven optical wave-
lengths as described in Section 2.1 and reports mea-
surements as black carbon concentrations, BC(λ), in 
units of μg m−3 for each wavelength. Previous wood 
smoke studies and analysis of the 2015–2016 data 
suggest that elevated DC, also referred to as Delta 
C and defined as BC(370 nm)-BC(880 nm), is a good 
indicator of wood smoke plumes (Allen, Babich, and 
Poirot 2004; Wang et al. 2012; Zhang et al. 2017). 
Based on prior experience, DC values greater than 
1.5 µg m−3 are indicative of ambient wood smoke 
plumes in Ithaca, NY and a threshold DC value of 
1.5 µg m−3 was used to distinguish wood smoke plumes 
from ambient data.

The second criterion uses both AE33 and pDR1500 
instruments. Wood smoke plumes should result in 
simultaneous elevated DC from the AE33 and elevated 
PM2.5 from the pDR1500. However, the screening of 
raw data indicated a time offset between the DC and 
PM2.5 values. This time offset varied among different 
data collection trips but remained constant within the 
same trip. The offset was always within 10 seconds. 
This implies that differing tubing setup, flow rates 
and instrument response times between the AE33 and 
pDR-1500 were main causes of the offset. Figure 1 
illustrates an example on 30 January 2017 showing 
the offset between raw DC and raw PM2.5 data. This 
offset is corrected by shifting DC to better align with 
PM2.5. The time offset for this example is 6 seconds. As 
a necessary procedure, we shifted the raw DC data to 
synchronize the spikes of DC and PM2.5 for all the 
trips.

These methods identified wood smoke plumes that last 
between a few seconds and up to about a few minutes. The 
start and end of a plume are identified when DC values 
cross the 1.5 µg m-3 threshold, with data between the start 
and end of a plume maintaining DC values above the 1.5  
µg m-3 threshold. After the start and end of a plume are 
determined, the 1s interval AE33 data is averaged over the 
duration of the plume to smooth the data and return one 
reading between the start and end of the plume event. As 
the time averaged data is used for a plume, effects such as 
time offset or noise are minimized.

Absorption ångström exponent (AAE)

The AE33 analyzes aerosols by measuring the transmis-
sion of light through sampled aerosol particles at seven 
different wavelengths. It reports the absorption as black 
carbon concentrations, BC(λ), in units of μg m−3 for 
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each wavelength. BC(λ) can be converted to an absorp-
tion coefficient, babs (λ), by multiplying by the mass 
absorption coefficient, σ(λ), as shown in Equation (1):

BC λð Þ¼ babs λð Þ=σ λð Þ (1) 

Light absorption at different wavelengths is attributed 
to AAEWB (WB for wood burning) (Favez et al. 2009; 
Grange et al. 2020; Martinsson et al. 2017; Sandradewi 
et al. 2008). AAEWB can be approximated by fitting 
Equation (2) to the seven-wavelength data points using 
a fitting coefficient, C. Because this method outputs 
a single AAEWB for wood smoke, it is referred to as the 
one-component model:

babs λð Þ¼C�λ � AAE WB (2) 

Adapted from Chow et al. (2018), we also employed 
a two-component model which assumes that wood 
smoke light absorption can be attributed to two 
components, BC and BrC. The two-component model 
shown in Equation (3) has AAEBC with a fitting coeffi-
cient qBC to model BC light absorption, and AAEBrC 

with another fitting coefficient qBrC to represent BrC 
light absorption. AAEBC is widely accepted to be around 
1.0 (Kirchstetter, Novakov, and Hobbs 2004).

babs λð Þ¼qBC�λ
� AAE BCþqBrC�λ

� AAE BrC (3) 

The mass absorption coefficient, σ(λ) can be calcu-
lated from σ(880 nm) as shown in Equation (4):

σ λð Þ¼ σð880nmÞ � ðλ=880nmÞ� AAE BC (4) 

Assuming AAEBC = 1.0, BC(λ) can be expressed as 
shown in Equation (5):

BC λð Þ¼babs λð Þ=σ 880nmð Þ�λ=880nm (5) 

Combining Equations (2) and (5) results in Equation 
(6) where C’ = C/σ(880 nm) · 1/880 nm:

BC λð Þ¼ C0�λ 1� AAE WBð Þ (6) 

Similarly combining Equations (3) and (5) results in 
Equation (7) where q’BC = qBC/σ(880 nm) · 1/880 nm 
and q’BrC = qBrC/σ(880 nm) · 1/880 nm:

BC λð Þ¼ q0BCþq0BrC�λ 1� AAE BrCð Þ (7) 

Both AAEWB and AAEBrC can be estimated by fitting 
data points from all seven wavelengths in the AE33, 
while C’, q’BC and q’BrC are fitting constants (different 
from qBC and qBrC in Equation (2)). Data was processed 
with Python and the curve_fit function from the SciPy 
library was used to perform the fitting (www.scipy.org). 
The fitting resulted in R2 values predominantly above 
0.98. Fit data with R2 values below 0.9 were discarded, 
but this affected less than 1% of measured plumes. 
Figure S1 in the Supplemental Materials shows examples 
of the time averaged AE33 data for wood smoke plumes 
and corresponding model fits.

PM2.5/BC ratio

With synchronized AE33 and pDR-1500 plume data, we 
calculated the ratio of PM2.5 concentration to BC con-
centration. The data obtained from the AE33 channel 6, 
BC6 or BC(880 nm), is the standard for reporting BC 
concentration. Each time an AAE is calculated for 
a wood smoke plume, a PM2.5/BC ratio is also calcu-
lated. The PM2.5/BC ratio is referred to as PM2.5/BC in 
the remainder of this paper.

Figure 1. Time-Aligning the DC and PM2.5 data.
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Results and discussion

AAE distributions from real-world RWC plumes

As mentioned in Section 2.1, wood smoke plumes were 
measured at 13 distinct sources. In total, over 300 dis-
tinct plumes were identified and AAEWB and AAEBrC 

values were calculated for each plume. There was varia-
tion in the duration of plumes measured, with 
a minimum plume duration of 5 seconds, an average 
duration of 21 seconds, and a maximum duration of 
254 seconds. Figure (2) displays the AAEWB and 
AAEBrC calculated from all the sources. It is clear that 
fresh, real world AAEWB and AAEBrC values range 
greatly. As expected, the AAEBrC values tend to be 
greater than the AAEWB values.

As shown in Figure 2, the observed AAEWB distribu-
tion has a median of 3.3 and the standard deviation is 
0.68. The greatest AAEWB value calculated is 5.0 and the 
lowest calculated is 1.3. The observed AAEWB median 
value is slightly greater than commonly reported ranges 
for fresh AAEWB identified through laboratory testing. 
Fresh woodsmoke from seven types of forest wood 
showed AAEWB ranging from 0.9 to 2.2 (Day et al. 
2006). Testing of fresh woodsmoke from burning wood 
pellets shows AAEWB ranging from 1.6 to 2.0 (Olson 
et al. 2015). Aerosols emitted from fresh wood-burning 
in a modern masonry heater and a pellet boiler were 
found to have AAEWB values ranging from 1.0 to 1.5 
(Helin et al. 2021). The AAEWB values observed in our 
real-world measurements more closely resemble those 
from the fresh residential wood smoke measurements 
reported by Thatcher et al. (2014) that range from 1.9 
to 3.3.

Real-world AAE values vary from some published 
laboratory results likely due to different burning condi-
tions or fuels. Popovicheva and Kozlov (2020) compared 
AAEWB during different burning phases, finding 
AAEWB values up to 4.4 during a smoldering phase, and 

AAEWB typically around 1 for open flaming smoke. 
Real-world burning-conditions may be higher-emitting 
than idealized laboratory conditions. The data highlights 
that fresh AAEWB, even before any aging, varies with 
many burning parameters, and one cannot assume 
a constant value.

The AAEBrC distribution is wider and has a greater 
median value than the AAEWB distribution, with 
a median of 5.1 and a standard deviation of 0.97. The 
greatest AAEBrC value found is 7.4 and the lowest is 2.2. 
This wider range of values is consistent with ranges of 
AAE values observed for laboratory studies of BrC. 
Fresh BrC emissions from cookstove wood combustion 
was found to have AAE values ranging from 4.75 to 10.9 
(Xie et al. 2018). Isolated BrC from wood pyrolysis was 
shown to have AAE values ranging from 6.1 to 6.8 (Li 
et al. 2020). Data gathered from wood chips burned 
under smoldering conditions using a wood grill stove 
show that the AAE for light absorbing organic carbon 
(OC), another term for BrC (Xie et al. 2018,) has an 
average value of 4.74 (Zhong and Jang 2014). Further, 
these results are consistent with residential wood smoke 
data measured outside houses in California that shows 
the AAE for OC ranging from 3.02 to 7.39 and averaging 
5.0 (Kirchstetter and Thatcher 2012). An additional 
consideration for evaluating AAE values across studies 
is the different approaches adopted for determining 
AAE. Using different wavelengths and fitting methods 
has been shown to impact AAE values (Lack and Cappa 
2010) and may account for some of the variation across 
reported values.

Figure 3 shows the AAEBrC and AAEWB distributions 
for each of the 13 RWC sources. Each location is given 
a unique name in this paper to indicate the street in 
Ithaca where the data was captured without revealing 
the exact source locations. Note that TIOGA16 and 
TIOGA17 refer to the same location (i.e., the same 
wood smoke source), but the data was gathered 

Figure 2. Aaebrc and AAEWB from RWC sources, including over 300 distinct plumes sampled in two heating seasons.
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one year apart. For the following discussion in 
Section 3.2, they are treated as separate sources. 
Within each location, there is variability in measured 
AAE values. The AAE distribution gathered from 
a single source can have a range as wide as 4.5.

The sources are ordered in Figure 3 based on des-
cending median AAEBrC values. This ordering helps 
contrast the AAEBrC distributions from the AAEWB dis-
tributions. It is clear that variability between sources is 
more evident in the AAEBrC distributions than for 
AAEWB distributions. The median AAEBrC values 
among the sources range between about 4 to 7. In con-
trast, median AAEWB values for all sources, except for 
one, fall between the range of about 3 to 4.

While the sources are ordered by descending median 
AAEBrC values, this same ordering does not result in 
descending median AAEWB values. This implies median 
AAEBrC values and median AAEWB values are not 
strongly correlated. However, sources with the widest 
AAEBrC distributions (i.e., TIOGA16, TIOGA17, 
AURORA) also have the widest AAEWB distributions, 
indicating that operating conditions affect both AAEBrC 

and AAEWB. Laboratory experiments have shown that 
using the same device with different burning conditions 
can result in biomass burning emissions with different 
absorption properties (Holder et al. 2019).

Although BC makes up a relatively smaller portion of 
wood smoke PM when compared to BrC, BC still plays 
a significant role in light absorption. This is evidenced 
by comparing AAEWB and AAEBrC distributions. 
AAEWB shows the combined effects of BC and BrC on 
light absorption, while AAEBrC only shows the effects of 
BrC on light absorption. If all absorption were caused by 
BrC, we would expect AAEBrC and AAEWB to have 
similar distributions. However, we observe notable dif-
ferences between the distributions which implies that 
the mixing state of BC and BrC influence the AAE of 
wood burning PM, even for fresh emissions.

Further, the range of AAE values observed both across 
different sources and within the same source underscores 
that AAE for wood burning emissions can be highly vari-
able. We do not recommend assuming a fixed AAE value 
for source apportionment efforts. More accurate results 
could be obtained by sampling ambient conditions to 
understand the AAE distribution for aerosols in a local area.

PM2.5/BC distribution

In addition to calculating AAEBrC and AAEWB, the PM2.5 

and BC concentrations were also analyzed for each wood 
smoke plume. Our analysis suggests that different sources 
can be distinguished from one another when PM2.5 vs BC 

Figure 3. AAEbrc and AAEWB distributions for each RWC source location. Sources are placed in descending order based on median 
AAEBrC value.
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is plotted. These unique distributions were initially noticed 
while examining TIOGA16 and TIOGA17, which repre-
sent data collected from the same source, just one year 
apart and under very different burning conditions.

Data from TIOGA16 were collected during the Winter 
2015–2016 campaign. Near the end of the 2015–2016 
campaign, the homeowner (i.e., the owner of the wood 
stove) approached the research team for advice as neigh-
bors frequently complained about emissions from the 
homeowner’s wood stove. Since homes in Ithaca are rela-
tively close together, wood smoke plumes do not need to 
travel far to enter nearby properties. To address this con-
cern, the research team worked with this homeowner on 
clean burning practices. In particular, the homeowner was 
advised to stop burning wet wood, which was often used in 
Winter 2015–2016, and to start with smaller pieces of wood 
at first to help the fire heat up quickly when starting up. 
The research team returned to the same site and gathered 
data labeled TIOGA17 in Winter 2016–2017. The home-
owner self-reported successfully adopting clean burning 
techniques and improved relations with neighbors as the 
wood smoke became less noticeable.

Figure 4a illustrates the PM2.5 vs BC distribution for 
TIOGA16 and TIOGA17. The TIOGA16 data, repre-
senting high-emitting conditions, generally have 
a steeper slope and higher PM2.5 concentrations. In 
contrast, TIOGA17 data, representing low-emitting 
conditions, have a shallower slope. There is a cluster of 
data points running parallel to the x-axis and a few 
points showing elevated PM2.5 concentrations.

Figure 4b shows that the TIOGA16 PM2.5/BC distri-
bution is shifted to the right of the TIOGA17 PM2.5/BC 
distribution. TIOGA16 has a mean PM2.5/BC of 142.5, 
while TIOGA17 has a median PM2.5/BC of 34.9.

Based on the patterns seen in TIOGA16 and 
TIOGA17, the thirteen sources were placed into two 
groups. The groups were determined by visually compar-
ing the PM2.5/BC distribution for each source with the 
known high-emitting and low-emitting sources. Group 1 
sources show distributions similar to the high-emitting 
conditions in TIOGA16. These include TIOGA16, LAKE, 
LOWER, BUFFALO, YATES. Group 2 sources show dis-
tributions similar to the low-emitting conditions in 
TIOGA17. These include TIOGA17, GILES, UPPER, 
HAN, SUN, HUDSON, COURT, AURORA. These 
groupings are intended to highlight the variety in burning 
conditions across sources rather than specifically defining 
the burning conditions of any particular source.

Figure 5a shows that Group 1 (high-emitting) and 
Group 2 (low-emitting) sources occupy different regions 
of the PM2.5 vs BC plot. Figure 5b shows that the Group 2 
PM2.5/BC distribution is centered around 40. Almost all 
data from low-emitting Group 2 sources have PM2.5/BC 
below 100. On the other hand, the PM2.5/BC distribution 
for high-emitting Group 1 is centered around 100. Group 
1 sources can frequently achieve PM2.5/BC above 100.

It is promising to observe different burning conditions 
represented by different PM2.5/BC distributions, which 
suggests that PM2.5/BC could serve as a cost-effective 
metric for monitoring wood smoke emissions. For exam-
ple, while collecting data from the LAKE source, the wood 
smoke plumes emitted from the chimney were very visible 
and dark in color and a strong burning odor was detectable 
even from inside the hybrid electric vehicle parked on the 
road. Later on when the data was processed, the PM2.5/BC 
from LAKE was found to have a median value of 109.2, and 
frequently took on values between 100 and 200. This dis-
tribution is similar to that of the high-emitting TIOGA16 

Figure 4. (A) PM2.5 vs BC for TIOGA16 and TIOGA17. (b) the distribution of PM2.5/BC ratios. TIOGA16, prior to adopting clean burning 
techniques, shows greater PM2.5/BC values.
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source so LAKE was categorized as Group 1. The PM2.5/BC 
distribution for the LAKE source characterizes it as a high- 
emitting source of wood smoke, which is consistent with 
field observations.

Conclusion

Fresh ambient wood smoke emissions measured from 13 
different sources in Ithaca were found to have a wide dis-
tribution of AAE values. The AAEWB distribution ranged 
from 1.3 to 5.0 with a median of 3.3, higher than AAEWB 

values from laboratory studies of fresh woodsmoke which 
fell between 0.9 to 2.2 (Day et al. 2006; Helin et al. 2021; 
Olson et al. 2015). However, the AAEWB observed in our 
real-world measurements did resemble AAEWB intention-
ally measured during different burning phases in laboratory 
studies, which ranged from 1.0 to 4.4 (Popovicheva and 
Kozlov 2020). The AAEBrC distribution ranged from 2.2 to 
7.4 with a median of 5.1. This range of values is similar to 
studies that found AAE for BrC of fresh wood smoke to fall 
between 3 and 10.9 (Kirchstetter and Thatcher 2012; Li et al. 
2020; Xie et al. 2018; Zhong and Jang 2014).

AAEWB and AAEBrC for fresh ambient wood smoke 
were not observed as constant values. Wood smoke plumes 
measured from the same location, and on the same evening, 
were found to have a range of AAE values. The data high-
lights that fresh AAE, even before any aging, varies with 
many burning parameters. In particular, choosing a single 
AAE for wood burning emissions can cause source appor-
tionment studies to incorrectly identify emission sources. 
This is problematic as accurate source apportionment is 
necessary to mitigate detrimental climate forcing and 
human health effects caused by wood burning emissions.

Additionally, PM2.5 and BC measurements were also 
analyzed and the PM2.5/BC ratio was found to be affected 
by burning conditions. Residential wood smoke emissions 
confirmed from high emitting sources had greater PM2.5 

/BC ratios while low-emitting burning sources showed 
smaller PM2.5/BC ratios. This introduces the prospect of 
assessing wood stove combustion conditions using widely 
available PM2.5 and BC data. PM2.5/BC distributions for 
a source are related to burning conditions based on 
experiences from one site where we observed different 
PM2.5/BC distributions from high-emitting and low- 
emitting conditions. Based on this, the 13 sources were 
organized into two groups based on their distinguishable 
distributions of PM2.5/BC values. One limitation of this 
study is the lack of data correlating the actual burning 
conditions for every source with PM2.5/BC. Further inves-
tigation of the PM2.5/BC is needed to examine its relation-
ship with burning conditions and to understand if it is 
a viable and cost-effective monitoring measurement.
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